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FOREWORD

The application of research to specific, practical problems is often pre-
ceded by efforts aimed at more fundamental ones. To help solve both types
of problem in agricultural research, radiation and radioisotopes are widely
used,

The International Atomic Energy Agency supports research contracts,
panels, symposia and planning meetings concerned with the whole range of
such investigations. Among the activities sponsored by the Joint FAO/IAEA
Division of Atomic Energy in Agriculture is '"A Co-ordinated Programme on
Plant Nutrient Supply and Movement in Soil Systems''. It covers some of the
basic aspects of soil-plant relationships, and under its aegis contracts have
been awarded and meetings held.

A meeting of the contractors and invited participants was held in Vienna
from 9 to 13 November, 1964, to discuss the results reached under specific
contracts and some related scientific topics. This publication contains the
papers presented at the meeting; they give the results, obtained by using
isotopes, of some basic research on soils,






CONTENTS

Opening address ...... e e e et e e e it e e e 1
H. Seligman

Ion uptake in the soil plant nutrient system ............couvununn 2
M. Fried

Toward a connection between ionic equilibrium and ionic
migrationin clay gels ... ...t i e e i 4

H.C. Thomas
A unified treatment of two ion-exchange formulations commonly

used in soil science ... ... i i e e 20
H. Laudelout
New trends in ion-exchange studies on saline and alkali soils ..... 24

I. Szabolcs and K. Darab
Mobilities of cations in soils and clays at very low moisture

T o3 51103 ¢ L I 36
J. Chaussidon

Diffusion of cations in goils .......... . i 42
I.J. Graham-Bryce

Jonic migrationinsoilsand clays .......civiiiiiiinienrniennns 57
C. Dakshinamurti

Diffusion of phosphate to plant roots ....... e et 71
D.G. Lewis and J. P. Quirk

Diffusion in soil CrUMDbS ... v it ittt ns ittt sonnns ) 78

S. Larsen and D. Gunary
Self-diffusion of calcium—-45 into certain carbonates and

calcareous sOils ... i i i e, 85
P. Reiniger and N. Lahav
Tortuosity effects in clay gels ... ... . i iiiiiiiinen, 20
H., Laudelout and A. Cremers _
Interactions between anions and soil constituents ................ 94

G.H, Bolt and F.A.M. de Haan

Determination of some macrocomponents of soil solutions by
neutron activation analysis ......... e 110
W. Zmijewska and J. Minczewski

Activation analysis in soil/plant relation studies in
south-east Asia ...... PN (PP 122
S. Nishigaki

Determination of micro—-quantities of several elements in soil

solution by isotope dilution and activation analyses ............ 125
C.M. Cho and H. Axmann

Phosphorus diffusiontoplantroots ............... ... . o aan, 130
S.R. Olsen '

Tentative integration of new trends and methods in the study

of soil/plant relationships ........... ..o it 142
C.G. Lamm ] )
Summary and Recommendations ....,....... ... i, 144

LIST OF PARTICIPANTS ...ttt iiiiiiiiie i it iannanans 159






OPENING ADDRESS

H. SELIGMAN
DEPARTMENT OF RESEARCH AND ISOTOPES,
INTERNATIONAL ATOMIC ENERGY AGENCY, VIENNA, AUSTRIA

Most of you know that the bulk of the work supported by Agency research
contracts in the field of agriculture is devoted to practical problems of
soil fertility and fertilizer utilization. Among these are the co-ordinated
programmes concerned with rice and maize fertilization, the former now in
its third year. These programmes have the objective of obtaining information
of immediate practical value to the food supply and the economy of the de-
veloping countries.

Despite the emphasis given by the Agency to this practical field experi-
mentation, it is obvious that any long-term programme of soil fertility re-
search must also take into account the fundamentals of plant nutrient supply
and movement. Thus a large -gap exists between the present methods used
for predicting the response of a crop to fertilizer on any given soil and funda-
mental knowledge in soil physics, chemistry and biology. Only when precise
determinations can be made of the quantity of ions in the soil solution, the
adsorption'complex, and the rate at which the exchange processes occur,
will it be possible to develop a scientific basis for the evaluation of the nutrient
status of soils and to make efficient fertilizer recommendations.

Study of these processes, and others, such as ion movement as affected
by water flow and diffusion phenomena, have been carried out on a very
limited scajle by individual scientists in widely separated institutes. Com-=-
parative lack of progress in this field is, at least in part, due to the absence
of co-ordinated planning and exchange of information among scientists working
on these problems, and it is for this reason that this meeting has been orga-
nized by the Agency. .

From the research point of view a co-ordinated research contract
programme on plant nutrient supply and movement has already beeninitiated
and at present there are six contractors. An essential feature of the
programme is co-ordination, andthis Panel partly represents the second
planning meeting of these contractors. The discussions will, however, have
wider scope, as other acknowledged specialists in the subject are partici-
pating in this Panel.

It is hoped that at this meeting you will hear something of the latest
research being carried out in the field and that afterwards in the discussions
you can establish the major gaps that exist in our knowledge. It is hoped,too,
that you will be able to make some positive contribution to our present
programme by making recommenddtions to guide us in our future planning
and work.



ION UPTAKE IN THE SOIL-PLANT NUTRIENT SYSTEM

M. FRIED
JOINT FAO/IAEA DIVISION OF ATOMIC ENERGY IN AGRICULTURE,
INTERNATIONAL ATOMIC ENERGY AGENCY, VIENNA, AUSTRIA

From the standpoint of practical agriculture, the inorganic nutrition
of plants essentially concerns the uptake of nutrient ions from the soil-plant
system.

As long as the plant is alive and its roots are in the soil, the soil-plant
system with regard to inorganic nutrition is an open system in which ions
are continuously removed from the system at one end (the soil) and accumu-
lated at the other end (the plant) as shown in Eq.(1):

M(soil) == M(solution) = M(plant root) = M(plant top) (1)

The movement of ions from soil to plant top has been written as an
equation not only to emphasize that all the processes taking place are physical-
chemical processes but to suggest that knowledge of the concentrations of the
reactants and the rate constants of the processes gives a rather complete
description of the overall process with the concomitant potential of process
regulation.

Energy must be supplied to the system for the ion accumulation process
to continue. In higher plants this energy comes from the absorption ofquanta
of light energy from the sun. To understand fully the process of inorganic
nutrition from the soil-plant system one must also understand this energy
process (photosynthesis). For living higher plants this energy process is
quite capable of changing the concentration of reactants and the magnitude of
the rate constants (as might other factors in the environment); yet the
physical-chemical description of the overall process will not normally change,

In an open system, such as that described in Eq.(1), the amount of ion
accumulated in the plant top in a given short unit of time will equal the net
loss of ion from the soil. When all the intermediate reactions are occurring
at the same.rate, none of the reactants are changing in concentration and
dMi/dt = 0. The system is then considered to be in a steady-state condition.

Ionuptakeis a continuous dynamic process and all the reactions suggested
and implied in Eq. (1) are going on all the time. To solve the kinetic equation,
even involving only two consecutive reactions, is extremely complex. Re-
actions involving more than two steps lead to yet greater difficulties. Practi-
cal solutions normally necessitate certain approximations. The steady-state
approximation is one of the most useful. The ion uptake process may be
treated as a steady-state system which reacts to changes in concentration of
one of the reactants, or of one of the rate constants, by the necessary ad-
justments in all other reactions, to result in a new steady-state level.

The individual reactions making up this continuum of ultimate accumu-
lation of an ion initially present in the solid phase can be studied individually.
But their significance to the accumulation process cannot be evaluated without
consideration of the rest of the continuum.

2
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Equation (1) describes the uptake of nutrient ions by the plant as a
sequence of reactions which can be describéd in the quantitative terms of
physical chemistry. .The first term in this sequence is M(soil) which refers
primarily to adsorbed ion ingofar as the next term in the sequence M(solution)
is concerned. However, over a long period of time minerals containing
nutrient ions can be a further source of supply, as can organic matter if it
is decreasing in amount over the years. In the absence of plant roots the
concentration of a nutrient ion depends upon the nature of the reaction be-
tween the ion in solution and ion in the solid phase, and the quantitative de-
scriptions available for describing this relationship need elucidation. They
include, in addition to the concentration, a capacity factor and an apparent -
dissociation constant. However, the nutrient ion, after it is in solution,
must traverse a physical distance in order to reach the ion-accumulating
mechanism in the plant. This movement must take place either by diffusion
or by bulk movement with the water phase.

Under ordinary transpiration conditions bulk movement can account for
the movement of most nutrient ions. Should this bulk movement actually
result in more ions reaching the root than are taken up by the plant, then
diffusion gradients are set up away from the plant. Also, since water is
not always moving, all ions at times move to the root under the driving force
of diffusion.

It would appear that for most nutrient ions the concentration of the ion
in the soil solution is the concentration most common to the root surface,
and ion uptake rates should be predictable upon this basis. However,
phosphate and, under low transpiration conditions or very low potassium
concentration in the soil solution, potassium, may not reach the root surface
at the concentration in the soil solution but at some lower concentration. The
prediction, andthe possible modification of this concentration is not at present
possible due to lack of sufficient experimental information.

Even with phosphate, and under the special conditions mentioned,
potassium, bulk movement and diffusion determine the concentration that
reaches the root but the relative importance of these two mechanisms is not
known and thus the relative importance of soil solution concentration as
compared to diffusivity is not known. Since both mechanisms are affected
by the same factors, the concentration gradient on the one hand and the amount
of ion moved by bulk movement on the other hand, and the capacity factor
determining the distance of movement necessary by either mechanism, there
are certain experimental difficulties that have not yet been resolved.

Once the ion reaches the ion-accumulating surface of the root it is either
‘accumulated by the root or passes into the xylem, through a step requiring
metabolism, from whence it is translocated to the tops. This active ion-
accumulation process can be described in the normal physical-chemical
sense by three constants, LR, the total amount of a specific carrier, kya
specific reaction rate constant, and Km, a constant which relates the concen- -
tration of the solution bathing the root to the amount of ion which would be
attached to a given amount of total carrier. The nutrient ion which reaches
the xylem probably went through a prior active step; it is not normally the
ion which was previously accumulated by the root, although it can be. This
ion is then translocated to the top of the plant where it is removed by the
cells and utilized in the metabolic system.
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This overall picture of ion uptake in the soil-plant system may be sum-
marized by the following equation, Eq.(2), where M is the ion and R refers
to carrier: :

trans-
M (organic matter or minerals) M(in xylem) piration M(in shoot)

-/ slow (2 )

M(adsorbed) = M(soil solution) ~ M(root absorbing surface) = M(R) = M(accumulation in root)

In this continuum the rate-limiting step under steady-state conditions
is probably the active accumulation step that occurs in the root of the plant
although the rate limiting step undoubtedly differs for different ions. In
this case all the reactions before this step are going on at approximately the
same rate and are essentially at a pseudo-equilibrium. Since this is a
metabolic process occurring in the root, ion uptake should be directly re-
sponsive to the concentration at the ion-accumulating surface and be markedly
affected by temperature changes in the soil.

In addition to these concentrations and temperature functions any internal
plant factors that result in higher carrier concentrations and higher turnover
rates would markedly affect ion uptake. Of course, at the extreme, the
continuum may be broken by a moisture content low enough to give discon-
tinuity in the solid-liquid-plant system, thus preventing any ions from
reaching the root; indeed another prime candidate for the rate-limiting
step for some ions is the movement to the root surface.

The above brief glance at the soil-plant system as’ a whole can set the
framework for the discussions to follow. They deal primarily with individual
reactions within the framework. But their interpretation can only have
validity when viewed as a part of the overall system.

TOWARD A CONNECTION BETWEEN IONIC
EQUILIBRIUM AND IONIC MIGRATION IN CLAY GELS

. H.C, THOMAS
DEPARTMENT OF CHEMISTRY, UNIVERSITY OF NORTH CAROLINA,
N.C., UNITED STATES OF AMERICA

To point out some of the inherent limitations to the meaning of most,
if not all, of the fundamental work on ion-exchange and ionic diffusion in
soils, I would like to start by developing very briefly a thermodynamic for-
malism for handling ion-exchange on clays. There are differences of opinion
as to the best ways of expressing these ideas, but this does not matter so
much as long as we keep clearly in mind the distinction between the results
of our experimental work and the results of our mental work. Particularly
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amongst soil scientists in my country there seems to be a tendency toward
forcing experimental results to fit formulas derived from highly idealized
models. There is certainly no objection to this if it is taken as an aid to
visualizing complex processes, and if one is not too serious about it and
end in vain attempts to prove that such-and-such an ion-exchange formula
is "correct' or that such-and-such an idea about the structure of an interface
must surely give the correct explanation of some very complex effect, such
as diffusion. I am sure we will get ahead faster if we stick as closely as
possible to paths indicated by carefully planned and objectively interpreted
experiments; trying to recognize the large areas where theory does not fit
simply because: it is fundamentally inadequate.

What I propose to discuss now has no theory in it whatsoever. It is
merely a scheme for formulating in a fairly general manner a class of ex-
periments of real importance in our work. Furthermore, there is nothing
new in what comes next; most of those present at this meeting are completely
familiar with it. '

When one studies ion-exchange phenomena on large beads of, say, Dowex
50X 8, there need be little discussion as to what is the object of the study.
With a pair of forceps and a bit of blotting paper one can do a fair job of
characterizing the ""ion-exchanger phase''. We must do something much
more elaborate with a clay mineral. Any separation process of which I am
aware leaves us in real doubt as to whether the material separated is in
fact the material we have studied. It is necessary to define the exchanger
phase for a clay mineral in terms of some measurement that can be made
without disturbing the system under study. This can undoubtedly be done
in a variety of ways. I wish to point out the consequences of defining the
composition of the clay phase, insofar as cations and water are conéerned,
as excesses over the total anion conternt of the system. This scheme will
certainly not be satisfactory in every case, but at least for clays of fairly
high exchangeable cation content, because the anion is known to be repelled
from the surfaces, it has the advantage of supplying us with positive numbers
for the ions of most interest. If, then, we suppose that we are dealing with
a chromatographic column of definite material content, say for a barium-
sodium-water-montmorillonite system, the defined contents of the clay phase
(moles) are:

o _ mMp, d n° = 55.51
Dy =Ny - Ny~ , an K0 - M0~ % m
cl Cl
g _ MNa
Ny, = Dy

-n
C ’
a lmcl

where n mole in adsorbed phase, and
o clay phase
The m's are the molalities in the exterior equilibrating solution, that is,
the concentrations of the solution fed to the column.
This method also serves to define the volume of the clay phase, its en-
tropy, and its other extensive thermodynamic properties:
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A\ [} S
VO =V-ng—%, § =8-ng0-
mg mcy

where V = volume, and
S = entropy,

with Vi; and Sy, (per kilo of water) again referring to the exterior solution.

At least in principle we have a means of measuring all the properties
of a clay-ion-water system, but, it is to be noted, only in one equilibrium
state. When the system is carried to another state, we have no immediate
assurance that our defined excess quantities will behave in a manner reason-
able for a bulk phase. It is possible that a surface excess concentration
might take on a negative value. We have only one course: we assume that
our excess quantities define a ""sensible'" bulk phase, carry out as many
experiments as we can and search for inconsistencies in the results. In
some cases, of course, we do get sensible results, This is in part true
because we have selected systems for investigation where such results might
be expected. .

Everyone does the development of formal thermodynamics in equivalent
ways up to a certain point; then arbitrary choices become possible and the
arguments start as to whose choice is the best. Almost everyone, for ex-
ample, looks for an equilibrium constant expression. The very existence
of such an expression depends on whether one can observe experimentally
a definite stoichiometry in the defined clay phase. In terms of our defined
excess quantities is there such a relation as:

a, dngél +a2dnf'qa = 0.

Chloride ion cannot enter in the system we discuss; it is defihed away. If
we find such a relation with @y = 2 and a» = 1, we say ''this is sensible,
and merely means that the clay carries a definite number of negative charge
sites''. We must, however, look for this relation experimentally and not
be too surprised if it fails to appear. Some of the sites may be occupied by
hydrogen ion; and if one does not greatly enlarge his study, he will find a's
variable and indeed difficult to interpret, We are, in fact, bothered with
the meaning of just such a case in connection with the zeolite clinoptilolite.

If we do find a definite stoichiometry, we can proceed to write an equi-
librium constant expression governing the transfer of ions between exterior
solution and defined ¢lay phase. It is here that arise all sorts of variations
in expression according to the tastes of the workers. All the final ex-
pressions should at least be interconvertible if nothing fundamental is left
out by assuming too specific a model. One form of the result is

2
(Nga fsa)z(’YNamNa) = K (P, T),
(N, £ o) (g g,)
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equivalent fraction,

where N =
f = activity coefficient of ion in adsorbed state,
¥ = activity coefficient of ion in solution,
K = equilibrium constant, and

P,T = pressure and temperature.

In this we assume that "'sensible" stoichiometry has been established, If
it has not, such an expression does not apply and its use may be quite
meaningless,

A remark or two about some of the quantities in this expression may
be in order. The N's mean equivalent fractions and constitute a natural,
though not necessary, choice for the stoichiometry assumed established.
It turns out that, for a highly idealized "clay", about which one can make
theoretical calculations, the clay phase activity coefficients, the f's, then
have their simplest forms. Even for this idealization the f's depend on the
composition of the exchanger. In any case, the f's can be determined from
experiment. They do not have the nature of individual ion activity coef-
ficients but refer to a neutral combination of ion and clay. They must appear
in any complete formula whatever the choice of units in which we express
clay composition., Their absence would imply that we know, or assume,
the exact form for the free energy expression of the clay-ion system. Gener-
ally this is a very large assumption indeed. ]

It is to be noticed that the effect of water is implicit in the activity coef-
ficients; it has not been neglected. If we write

N, (v an P I
K :;# = f_Na KN‘Z(P-T),
Nya (Ypa Mg, ) Ba '

where K¢ = an equilibrium constant defined as the equation,

then it can be shown that

(a in K0> _ (a nHzo>
9lnay N 8 Ng, 24,0 ’

where ap,0 is the water activity according to the usual definition, in terms
of vapour pressures of solution and solvent., Professor Laudelout is respon-
sible for the above formula. We hope to exploit it in the near future.
Another point to be noticed is that, regardless of the complexity of the
system, if it is ""sensible" in the sense we imply, the value of the true equi-
librium constant should be independent of the presence of other ions in the
clay. Dr. K.B. Deshpande, in our Laboratory, is just now finishing some
work on a three-ion system (Ba, Cs, Na montmorillonite) in which this is
nicely demonstrated. His excess quantities have, in fact, been determined .
on the basis of the weight gain of chromatographic columns, not strictly
as above described. In the case of a high capacity montmorillonite the dif-
ference is within experimental error. This procedure does, however, con-
stitute the definition of another bulk clay phase. In Fig.1 are shown his
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CciC,

Fig,1

Exchange isotherms for Ba-Cs for increasing sodiurn content (K,B, Deshpande)

exchange isotherms for Ba-Cs for increasing sodium content. From
these data, in the usual manner, the average values of the InK. have been
calculated

1
InK§ (P, T) = 1+f1an>< dN ¢ -
0

These are given in Table I. We feel that the agreement between these quan-
tities does show that we can sensibly calculate a standard free energy
corresponding to definite phases for the reaction

BaMg + 2 Cs =22 CsM + Ba' .

Perhaps the most significant and important result of equilibrium studies
of this type is this: if they are carried out at different temperatures, we
can deduce from them a heat of exchange for a pair of ions in a clay phase
at a given composition A

9lnK, 2L5.-Lf

9T RT? ’
where T = absolute temperature,
R = gas constant, and
L = enthalpy of ion at adsorbed state,

the L's being referred to solution standard states. It must be remarked at
once that very accurate work is required to produce reliable results for
these heats., It seems probable that the direct calorimetric approach may
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TABLE 1

TERNARY ION EXCHANGE EQUILIBRIA
Na-Cs-Ba-~Montmorillonite

(30°C)

Eq. per cent Na in solution Min. per cent Na on clay* K ;::
Binary 0 0 6.10
13k 60 : 3.9 . 6,04
2 - 70 5.0 5,99
3 80 9.9 5,88
4 90 16.9 5,94
5 95 32,1 5,99
6 99 65,86 6,11

-AG® = 3,62 kcal/mole Ba

* The Na uptake of the clay varies very little with Cs/Ba.
%% No. of isotherm in Fig. 1.

be better. We do no such work in our laboratory, and I again refer you
to Professor Laudelout and others who are competent in calorimetry.

At best we can get only the difference of a pair of heats from exchange
data. To connect such results with the energies of activation for a corres-
ponding diffusion process is the announced topic of this paper, IL.et me continue
to avoid it by describing to you first some of our work on diffusion. The
extent of the project proposed will become more apparent.

THE DIFFUSION EXPERIMENT

Evidently in any soil system of practical interest there are always sev-
eral mobile chemical components of importance. The study of diffusion
in polycomponent systems is anextremelylarge and complex endeavour. For
example, in an isothermal ternary liquid system there is a total of four dif-
fusion coefficients to be measured, As a purely practical matter we must
severely limit the scope of the experiments attempted. Perhaps the ultimate
simplification is the study of isotopic diffusion in systems at chemical equi-
librium. In our work at the University of North Carolina we have found that
even this relatively simple experiment is sufficiently difficult to carry out
with any degree of accuracy. We are now only in our first year of experi-
ments on clay systems, and it will be some time before we make connection
with really practical problems.

Let me describe our experiment and show you some recent results, as
yet unpublished, which demonstrate what can be done in measuring isotopic
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diffusion in gels of the well-known substance, agar. This work might be
called preliminary to the matter of interest here; that is, the study of clay
systems. ’

In principle the experiment is quite simple. The gel is brought to equi-
librium with a given solution, and, within the gel one of the chemical species
present in gross amount is marked with a radioactive tracer. The nature
of our equipment, and especially the design of the diffusion cell, is such
that we are limited to the use of gamma emitters. This, however, leaves
us many systems available for study, but unfortunately we cannot do ex-
periments directly with calcium and only with much more difficulty with
potassium. We are using instead barium and caesium.

The radioactive gel is confined behind a thin membrane permeable to
water and to all the other chemical species present, except the matrix of
the gel itself. For this membrane we use a thin unwaterproof cellophane.
The gel, in a metal container of exactly known depth, is placed in the well
of a scintillation counter. Over the exterior of the membrane passes a rapid
flow of non-radioactive solution, the solution which is in chemical equilib-
rium with the gel. Diffusion of the tagged species takes place through the
membrane, and as time passes we measure the amount of radioactivity left
in the gel. ‘

The experiments require some hours; we are now fortunately equipped
with a recording spectrometer which prints on paper tape the results of the
counting. _

The computation of a diffusion coefficient from the results of an experi~
ment is done by the method of least squares, So much arithmetic is re-
quired that the experiment would be useless without a high-speed electronic
computer. Some four or five minutes of computer time are required for
each experiment. This is five to seven dollars at the rates we are charged —
no small item when a busy man does fifty or sixty experiments in a month.

We have now convinced ourselves that we can determine self-diffusion
coefficients in agar and in clay gels with an accuracy approaching one per-
cent. As will be seen, a smaller accuracy would leave us little to discuss,
and any improvement in the experiment will indeed be welcome. Let me
show you some results obtained by Dr. Laird Slade with sodium and caesium
chlorides in agar gels. )

Figure 2 shows the course of a single experiment in which the ratio of
the counting rate of the gel to its initial value is plotted against the square
root of the time. To a rough first approximation, near the central portion
of the experiment, this curve is a straight line. If one wants only a 10%
accuracy in D, a straight edge and a piece of graph paper are all that is
required. The difficulty is that one never knows just where to start and
where to stop his straight line, and then its slope, which determines D,
remains uncertain. Only with a digital computer is it possible to do real
justice to the experiment,

Table II shows the results obtained with two different gels and several
kinds of cellophane. Each value of D is the result of an experiment in which
perhaps 50 to 100 counts were made.

The degree of precision attainable in the experiment is here apparent.
In the theory of this experiment we assume a straight-line gradient in the
confining merr_lbrane, and it is necessary then to show that the diffusion coef-
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Diffusion experiment, 0.05M NaCl
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ficients for the gels are independent of the nature and thickness of the mem-
brane. Part of the evidence for this is in Table II.

The most interesting feature of Dr. Slade's work is contained in his
study of the dependence of the diffusion coefficient on the agar content of the
gel, To within the precision of the experiment Slade found that his observed
values of D were linear with the weight per cent of agar in the gel and so
he was able to extrapolate to zero agar content, that is, to the pure aqueous
solution of the concentration in question. Figure 3 shows such an extra-
polation, with the precision of the observed values of D indicated. Table III
shows the results of these extrapolations for his most dilute solutions, where
the extrapolated results might be expected to agree with the limiting equation
in terms of ionic conductances. As can be seen, we do get this agreement
for sodium and caesium. Such a simple extrapolation is not possible with
divalent ions; we are now investigating cobalt and barium. These ions ap-
parently interact much more strongly with the gel. With them agar behaves
as a clay gel behaves with sodium,

It is interesting to see what these results for sodium and caesium mean
in terms of the formation factors of the gels. If the agar offers only amecha-
nical obstruction to the motion of an ion, lengthening the diffusion path by a
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TABLE 11

SELF-DIFFUSION COEFFICIENTS OF 22Na* IN

0.0100 M NaCl AT 25°C

Agar D x 10° g z5? :
(we. %) (em?/s) (cm) (TJ) x 207
EXPT. Cello. 1,249 0,0115 1.29
1.255 0. 0081 1,29
300-PUD Cello. 1.244 0.0130 1.51
1,249 0.0118 1.25
300-NR Cello, 1,239 0. 0081 1.46
1,245 0.0088 1.13
1.946 0.0116 1.35
1,253 0.0094 1.20°
1,249 0.0106 1.15
1.244 0.0115 1.17
1.248 0.0095 1.30
1.240 0.0109 1.41
1,252 0.0092 1,51
1.249 0.0108 1,29
300-GF Cello. 1,245 0.0103 1.51
Av.(15): 1.247 + 0.004
2.0% Agar 1,227 0.0084 1,68
EXPT. Cello. 1.221 0.0087 1.51
1,231 04,0068 1,26
1.207 0.0081 1,72
300-PUD Cello, 1,222 0.01686 1,37
1,915 0.0168 1,34
1.938 0.0161 1,42
1,242 0.0168 1,39
1,227 0. 0154
300-NR Cello. 1,206 0.0130 1.35
1,212 0.0118 1.51
300-GF Cello. 1,204 0.0132 1.55
’ 1,212 0,0131 1,61

Av.(13): 1,220 £ 0.010
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Dependence of D on agar gel content, 0.050 M NaCl 10°C

COMPARISON OF RESULTS AT 0.0010 M SODIUM AND CAESIUM

TABLE III

WITH RESULTS FROM A LIMITING LAW

13

D x 105 (em?¥/s)

Experimental Calculated
0,0010 M 2Na* 1,321 1,326 25°C
0,8871 0. 8810 10°C
0,0010 M 13 st 2,012 2,041 25°C
1,410 1,420 10°C

factor JF, we can get the formation factor directly from the extrapolated

values of D, say D(0):

F = D(0)/D.

If the Weight fraction of agar, w, is proportional to the volume fraction, and
in addition is small, we must have
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(F-1)/w=(kv) (1+w+...)=~kv

where k depends on the geometry of the gelled agar "molecule" and v is its
specific volume.

Since F does not differ greatly from unity for these gels, this is a rather
stringent test., For sodium and caesium (for which the F-factors are indis-
tinguishable) we get:

Agar (%) 1 2 2.5 3 .4
(10°C)
F 1.026 1,052 1.059 1,086 1.105
(F-1)/w 0.026 0.026 0. 024 0.029 0.026
(Av. 0,028)
(25°C) ,
F 1.026 1.057 1.052 ‘ 1.090 1.110
(F-1)/w 0.023 0.029 0.021 ' 0.030 0. 027
(Av. 0.026)

It is further found that when the heats of activation are calculated these
prove to be independent of agar content,

It thus seems quite clear that at least for these two ions the idea of a
purely mechanical barrier to diffusion is adequate to account for the results
in the agar gels.

We need a much more complex formalism to describe the results when
definite interaction takes place with the surface. This is the case which
Dr. Adrien Cremers, from Louvain, is now treating by measuring diffusion
coefficients in gels of Camp Berteau montmorillonite.

Perhaps the whole significance of these experiments lies in the possi-
bility of a study by this means of a true surface diffusion coefficient. By
"true' I mean here a coefficient defined in an operational manner, so that
eventually it will be possible to attack the results theoretically, or, more
optimistically, so that eventually the results may become guides in the de-
velopment of theory.

We need first of all the formation factor for the clay gels and suspen-
sions. ' The determination of these formation factors has been carried out
by Professor L.audelout and Dr. Cremers, essentially by measuring the
conductance of the gels at high-salt content where the surface conductivity
is negligible and where the effect of the clay particle is wholly mechanical.
A similar experiment might be done by diffusion measurements, but the
amount of work involved would be almost prohibitive.

For our definition of surface diffusion coefficient we also need the values
of diffusion coefficients in pure water solutions.

’ When an observed gel diffusion coefficient is multiplied by the appro-
priate form factor, we may imagine the result as giving the average D(0)
for a fictitious gel in which all the surfaces are aligned in the direction of
diffusive flow. Near such a surface we might have concentration profiles
somewhat as depicted in Fig. 4. B
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Concentration profiles

Since we know nothing experimentally (and theoretically only for highly
idealized systems) as to the actual shape of the concentration profiles, it
is proposed to use an arbitrary but operational definition of the concentra-
tion of the ions assigned to the surface region. We might do this in terms
of anion exclusion — as here shown — but in any case we are to use the
same definition as is employed in ion-exchange experiments on the same
system. Then with n® and n' the number of moles of ions in surface region
and in solution, we have for the "'aligned' gel ‘

and ntotal - (-EL
for L the average half distance between the aligned surfaces and
L=x°+x,

The total diffusive flux is thus given by

e 9(C0) _ no.00(c’0) _ 1.1 2(c'6)
JL = D(O)L YA D9x YAl + D'x 5z

with 6 the fraction of ions tagged, constant in the x-direction,
J = flux, and '
Z = distance.

We get for the explicit definition of the surface region diffusion coefficient D°

D(0) = D°X° + D!x!

with X° = n°/n*®l = 1 . X' the fraction of ions defined by the convention of
the ion-exchange experiment to be in the surface region,

It is to be reiterated that this approach is meaningful only if we can find

D(0) = FDgel (measured)
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that is, if we can by some means determine the formation factor for the
system under study.

In the above ¢ is some average concentration which gives the total ion
content of the gel. In the aligned gel all the c's (¢, ¢9, cl) are constant,
in the Z direction at least up to the boundary of the gel, Under these condi-
tions the value of 96/9Z is independent of x, and there results the above
expression for D(0). .

It is important to notice that we have here made essential use of chemi-
cal and isotopic equilibrium. No examination has been made of the enormous
difficulties which arise in non-steady systems. It seems probable, however,
that even these severe limitations leave us much of interest to learn about
the motion of ions near surfaces.

I should now like to show you results obtained by Dr. Cremers during
the past six or eight months. He has measured self-diffusion coefficients
for sodium, at two concentrations of sodium chloride, at 25°C and 35°C, for
five different weight percentages of the montmorillonite. His experimental
results and values of surface diffusion coefficients are given in Table IV.
Surface region coefficients have been calculated on the basis of an exchange
capacity of the clay taken to be 1.00 meq/g and using solution coefficients
from two sources, either from extrapolations of our work with agar or by
computation from Onsager's formula involving ionic conductances, He used
formation factors supplied by his own work in Louvain.

Perhaps the most uncertain number that goes into this calculation is
the value of the solution coefficient. There are serious discrepancies when
one considers how the error is magnified in the calculation of D°. Table V
gives some comparisons. At35°C"agarvalues' were obtained by extrapola-
tion of results obtained at 10°C and 25°C., This is another uncertain procedure.
Neitheris it known how reliable the Onsager equation is at these concentrations.

Table VI compares the values of DY obtained by these two routes.

So many uncertainties remain in the work at this stage that it is some-
what presumptuous to attempt any calculation of quantities related to the
activation process. We have nevertheless done so, and one very interesting
point seems at least partly established. If we use the equation of Eyring
to describe the diffusion coefficient

o _,2 kT TAST - AHF
D" =2 hex< RT

A = jump distance,
R = Boltzmann's constant,
h = Planck's constant,
ASt = activation entropy,
+ = activation enthalpy, and
¥ = activation free energy,
and if we assume that the "jump distance' A is independent.of temperature,
we can calculate the free energy of the activation process

AGT = AHT - TAST,
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TABLE IV
SELF-DIFFUSION OF SODIUM IN MONTMORILLONITE

SUSPENSIONS
(D' from Onsager Equation)

Clay X0 v D(obs'd) X 10 5‘ D% x 105
(%)‘ (25°C) (35°C) @5°c) | (35°G)
0,0107 M NacCl

0.79 0.425 | 1,028 0.8325 1,039 0.240 0,299

0. 8327 1.055'
1,070

1,55 0,593 1.055 0.6370 0,798 0.225 0,291
0. 6314 0.803 '
0. 6295 0,813

2.15 0.669 1,077 - 0,5429 0,684 0.226 0.278
0. 5446 0.689
0. 5389 0.679

2,98 0,738 1,108 0,4784 0. 582 0.253 0,288
0.4782 10,584
0.4790 .0.589

3,71 0.779 1,135 0. 4297 0,589 | 0,246 0,321
0,4179 0,541
0.4262 0,553

0. 0537 M NaCl

1.26 0,191 1,045 1,082 . 1,857 0.476 0.534
1,080 1,348
1,083 1,364 .

1,19 0.251 1,064 1,000 1,270 0,411 0,554
1,001 1.272
1.002 1,280

2,25 0,297 1,081 0.945 1.216 0.401 0. 552
0,944 1,198
0.946 1,213
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TABLE IV (cont'd)

Clay o D (obs'd) x 105 DY x 105
2 X F ) . . .
(25°C) (35°C) (25°C) (35°C)
0.0537 M NaCl-
2.67 0,334 1,097 .0.8853 1.147 0.357 0.539
0. 8907 1,148
0.8885 1.159
3,21 0,377 1,116 0.8348 1,104 0, 350 0,533
0.8353 1,079
1,082
3,70 0,412 1,135 0.8206 1,023 0. 409 0,483
0.8144 1.015
0. 8062
4,32 0,450 1,159 0.7560 0.400
0.7696
0,7649
TABLE V

SELF-DIFFUSION COEFFICIENTS FOR Na* IN WATER

5 .
M Nscl Dx 10
Agar extrapolation Onsager calculation
(25°C) (35°C) (25°C) (35°C)
0,0107 1,277 1,606 1311 1.633
0.0537 1.282 1.604 1.284 1.626
and we get the following results:
AG* (kcal/mole)
M NaCl Agar Onsager
0.0107 3.86 3.31
0.0537 -6.05 4.60
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TABLE VI

SURFACE DIFFUSION COEFFICIENTS OF Na* "ON"
CAMP BERTEAU

Montmorillonite
. o 5
M Nacl D7 x10%
Agar extrapolation Onsager calculation
(25°C) (35°C) (25°C) (35°C)
0.0107 0.260 % 0,014 0.332 £ 0,026 0.238 + 0,011 0.295 ¢+ 0,014
0,0537 0,407 + 0,040 0,586 + 0,037 0,400 £ 0, 038 0,532 + 0,024

In the first place it is at once apparent how strongly the results are af-
fected by inconsistencies in the data. It is however interesting that what-
ever route we take for the calculation we find higher free energies of
activation at higher concentrations.

We have at this point used up all our information and are uncertain that
this result is in fact correct. It will be some time before we are in a posi-
tion either to bolster or refute the above discussion.

In conclusion let me return for just a moment to the advertised subject
of this paper. Is there a connection between

- _ o~ 1 1
RT? <81_nK_c> N Li-Tp - (Lix - Ty
N

(Hj - Hy) - (A - Hy)
and -AHY = (HS - Hyt) + (A - Th¥).

We might expect this to be so if the "activated state' for our defined surface
diffusion corresponds to a pair of ions in an environment closely similar
to that of the bulk solution. But we do not know that this is correct, and the
answer to the question at present is certainly subject to experiment. The
route seems to be through studies of self-diffusion.
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A UNIFIED TREATMENT OF TWO ION-EXCHANGE
FORMULATIONS COMMONLY USED IN SOIL SCIENCE

H., LAUDELOUT,
UNIVERSITY OF LOUVAIN, BELGIUM

The study of ion-exchange processes undoubtedly belongs to the very
first attempts towards an understanding of some of the physical chemical
processes which determine soil fertility. More than a hundred years have
elapsed since the first studies on this subject were pﬁblished by WAY [1]
and interest in it has not abated since then. In spite of this, comparable
quantitative data onexchange processes between cations of agricultural im-
portance are still relatively scarce, this being due, among other causes,
to the fact that empirical formulations of ion-exchange constants may differ
considerably when applied to heterovalent €xchange. It would thus seem
desirable, before undertaking a compilation of the ion-exchange data to be
found in the soil literature, to examine the possibility of reducing the for-
mulations most used to a common expression.

It seems obvious that the common denominator to which empirical or
semi-empirical formulations should be reduced must bé the thermodynamic
expression of the ion-exchange equilibrium constant, were it only for the
reason that any two values of the equilibrium constants referring to the ex-
change between cations A and B or A and C, allow the calculation of a third
equilibrium constant, that of the exchange between B and C. We may con-
sider the displacement of sodium by potassium ions as an example of homo- -
valent exchange and that of potassium by calcium ions as an example of he-
terovalent exchange. . '

These two exchange reactions may be written as

Soil Na+ K* === "Soil K+ Na* (1)

2 Soil K+ Ca** === Soil Ca+ 2K" (2)

and for each of these a ''selectivity coefficient''. K¢ may be defined by

K D= NK(Na:)sgl

Na K )sol

2
Kc( 2) = NCa(Kﬂ\) sol
2
NK(Ca++)

sol

where the parentheses refer to activities in the equilibrium solutions and
the N to the equivalent ionic fractions in the surface phase defined by the
experimental method chosen for isolating the equilibrium solution.

It has been shown by GAINES and THOMAS [2] that the free energy of
exchange between the two ions considered is very nearly given by the result

20
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of a graphical integration of K. over the entire composition range of the
surface phase

1

AF?/RT=-1n KD = - fln KD dNg
o

1

AF (2 /.RT =-In K®=1- fln 1Kq(2)dNK
0

where R is the gas constant, T the absolute temperature, AF,; and K the
free energy change and equilibrium constant respectively for the reactions
considered. )

The approximations involved in this calculation of AF, have been dis-
cussed [2]. They introduce a negligible error if the purpose of the calcula-
tion is to compare compiled data on ion-exchange processes in different soils
and clays. The same can be said if we substitute on K. the ratio of con-
centrations to the ratio of activities.

A correlation of two empirical ion-exchange formulatlons with the ther-
modynamic expression mentioned above is very easy.

If we take Gapon's [3] equation

_Nea (K9
G N (Ca™)i

sol

K

‘it can be seen that

2_ @
K=K,

G N

Ca*

Taking the logarithms of both sides, multiplying by dNK and 1ntegrat1ng from
Ng=01t0o Ng=1, gives

fan dNy = fan<2>dN =In K,
0

where use has been made of the fact that dNy = - dNg,.

Twice the result of the graphical integration of the logarithm of Gapon's
constant will thus give the thermodynamic exchange constant. It is neces-
sary that Kg varies with Ny, and even though it may seem that Kg is con-
stant over a fairly wide range of composition, this constancy cannot extend
to the whole range of composition. Attempts to interpret changes in the
value of Kg as due to the presence of a mixture of clays with different ex-
change properties are thus not warranted.
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Another empirical formulation which has been fairly commonly used
is that of VANSELOW [4].
It is usually written as follows:

[K+] (Cazal ) 1

Kv= [camImNmE, < K+ [Ca™)

in which the square brackets refer to the amounts of exchangeable cations.
If we define the molar fraction by

[Ca™]

—1ca ] (K]
TG+ KT

Xc [Ca~ ]+ [K]

Xg=

It is apparent that K is analogous to K since it takes the form

9 .
K. = XKfcaH)sol
VT XK,

and a thermodynamical treatment of the reaction on the basis of the molar
fractions would be as easily feasible as on the basis of equivalent ionic
fractions.

The activities would then be defined by

ads <
aCa++ - Ca++yCa++ ‘

In homovalent exchange this difference is of no importance, while in the
case of heterovalent exchange a relation between K and Ky can easily be
found. Since we have the following relationships between the molar fractions
and the equivalent ionic fractions in the case of the K, Ca exchange

2Nk
T+ Ng

Nca
1+ Ng

Xy = Xca®

we obtain the following relation between Ky, and K,

1+ Ng
Ky=K% .

Taking the logarithms of both sides, multiplying by dNg and integrating from
Ng =0 to Ng=1 gives:

1

‘ J[InKVdNK=1nK.
0

Graphically averaging In Ky over the entire composition range will give the
logarithm of the thermodynamic equilibrium constant. Since a fairly large
number of data exist on the range of variation of Ky or K5 with composition
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of the surface phase it would not be very difficult to tabulate the correspond-
ing thermodynamic constants. Since only a part of the composition range
is generally covered by the experimental data, it should be necessary to
use an extrapolation formula similar to the one proposed by THOMAS and

GAINES [5] or to make use of semi-empirical relationships relating the
change of activity coefficients in the surface phase with its composition.
Further, the calculation of the electrical work involved in the exchange be-
tween mono- and divalent cations becomes possible on the basis of the dif-
fuse double layer theory, since it has been shown by BOLT [6] that Kg could
"be calculated from this theory. This may help to extend heterovalent
exchange correlations such as those which were found by MARTIN and
LAUDELOUT [7] in the case of the uni-univalent exchange.between the po-
larizability differences of the cations and their free energy and enthalpies
of exchange.
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DISCUSSION

G.H. BOLT: The calculation of the standard free energy of exchange
and the adsorbed-phase activity coefficients, as based upon the considera-
tion of electrostatic interaction only, was performed recently for the case
of mono-divalent exchange. The method consisted of
(a) calculation of the equivalent fraction monovalent adsorbed,. by means

of equations based on the Gouy-Chapman theory, using a range of values

for the surface density of charge, the total electrolyte concentration
and the ratio mono- to divalent ions in solution¥;
(b) calculation of the functional relationship between the different K values

(i. e. the K value based on the use of mole fraction adsorbed, Ky, the

K value based on the use of equivalent fraction adsorbed, Ky, and the

K value defined by the Gapon exchange equation, K¢) and the equivalent

fraction adsorbed.

The outcome of the calculations set out in (b) above indicates that AF0
(for the reaction proceeding from Ca-clay to Na-clay) varies from about
-2RT for a surface charge density of 10-6.5 meq/cm? at a total electrolyte
level of 1 N to about -1.5 RT for the same charge density at 1073 N; for

* BOLT, G.H. and PAGE, A.L., "Ion exchange equations based on double layer theory”, Soil
Science (June 1965) p, 357,



24 I. SZABOLCS and K. DARAB

a charge density of 10-7 meq/cm?2 AF? varies from about zero to +RT at
the above electrolyte levelsi*,

B. ULRICH: When calculating free energy from exchange data one
should -be aware of the fact that a measured exchange constant may reflect
differently-bound fractions of cations, as shown by recent work of Bolt
et al., Scholienburg et al. and Beckett. '

NEW TRENDS IN ION-EXCHANGE STUDIES ON
SALINE AND ALKALI SOILS

I. SZABOLCS
RESEARCH INSTITUTE OF SOIL SCIENCE AND AGRICULTURAL CHEMISTRY,
HUNGARIAN ACADEMY OF SCIENCES
AND
K. DARAB
ISOTOPE LABORATORY, NATIONAL INSTITUTE FOR AGRICULTURAL
' QUALITY TESTING, BUDAPEST, HUNGARY

From the beginning of this century, studies of ion-exchange processes
in salt-affected soils, a term referring to both saline and alkali soils, have
had an ever-growing importance.

Three general problems make the consistent study of these processes

necessary in theory and in practice, and the same problems require the
quantitative description and determination of the ion- exchahge processes
in salt-affected soils.
1. The first of these three problems comprises the evolution and genetics
of the various kinds of salt-affected soils, e.g. the solonetz-forming pro-
cess, in the course of which the adsorption of Na-ions on the soil colloids
became dominant; the de-solonetzation in the opposite direction; the solid-
forming process, etc. All these processes develop in the presence of various
anions and cations, and the soil properties are also different depending on
the environmental conditions.

The direction and rate of ion-exchange processes are also different and
need positive investigation.

. 2. The second process, in which the ion-exchange phenomenon plays an
important role and has special importance, is the interaction between water
and soils in the course of irrigation. It is well known that both irrigation
water and ground water have an influence on soil salinity and alkalinity. In

*% Note added after the meeting:

It wasdecided that a comparison willbe ' made between experimental data as obtained by Laudelout
et al. and the above computed values as a joint project between Louvain University and Wageningen State

" Agricultural University. Tt is expected that the detection and interpretation of specific effects present,
aside from the electrostatic effects, will thus become more straightforward. The results of the comparison
will be published in due course.
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the literature and in practice this interaction has been better elaborated
than the other two mentioned in this paper. Theoretical and practical
equations and formulas are available all over the world in countries inter-
ested in irrigation, concerning the amounts of irrigation water and the physi-
cal and chemical properties of soil and water in order to dvoid the danger
of secondary salinization and alkalization of soils.

This problem, however, makes further investigation necessary of the
interaction between water and soil in relation to the wide variety of natural
conditions and soil properties.

3. The third problem, which is especially important from the poiht of view
of ion-exchange studies of salt-affected soils, is that of the reclamation of
these soils. .

A large proportion of salt-affected soils belongs to the solonetz type, or-
to types related to it. The practical method of reclamation of these soils
is the exchange of the Na-ions adsorbed on the soil colloids by Ca-ions. This
way the disadvantageous physical and chemical properties of these soils
are ameliorated.

As is pointed out in the literature, this reclamation takes place more
or less according to the laws of ion exchange. To estimate the necessary
quantity of reclamation material and to select the material for the best effect,
as much as possible about the ion-exchange processes taking place under
the natural conditions of the soil in question should be known.

It is clear from the above that among soil cations Na-ions have aspecial
importance as regards soil alkalization and salinization in the interaction
between water and soil, and in the reclamation of alkali soils.

In the study of ion-exchange processes in salt-affected soils, any practi-
cal approach has to deal with the nature of Na-ions taking place in the pro-
cess, the relationship with other ions, adsorbing materials and the con-
ditions of the soil medium.

: The Na compounds present in soils may be classified as follows:
(a) Primary minerals containing Na;

(b} Soluble Na salts in soils; and

(c) Na-ions adsorbed on the organic mineral complex of the soil.

Of these, the soluble Na salts and the so-called exchangeable Na-ions
play a direct part in the formation of salt-affected soils and in the definition
of their characteristics.

In soils where there is a considerable: quantity of soluble Na salts, the
low productivity of the soil is caused by the high concentration of Na-ions
in the soil solution. Therefore the purpose of soil amelioration and the pre-
condition of utilization is to leach out the Na salts from the soils. ’

In cases where the low productivity of the soil is caused by considerable
saturation of the organic-mineral complex with Na-ions with consequent
disadvantageous characteristic physical properties and water economy, the
purpose of the amelioration is to decrease the absolute and the relative
quantity of the exchangeable Na-ions. )

Experimental data and practical experience gained in the course of -
studying the formation of sodic soils and their amelioration have also shown
that it is advisable to make further distinctions withinthe above two groupings.
One means of further differentiation is to take into account the kind of anions
to which Na-ions are bound, causing alkalization [5,6]. Accordingly,
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there are chloride-, sulphate- and carbonate-type saline soils. The con-
siderable increase in the amount of soluble salts in the soil is generally a
necessary phenomenon of chloride and sulphate salinization during the for-
mation of solonchak-1like and solonchak soils.

In many cases the formation of sodic soils is not coupled with a con-
siderable increase in the amount of soluble salts in the soil. Much ex-~
perience proves that, even in the case of a relatively low concentration of
ions in the soil solution, the organic-mineral complex of the soil is saturated
to a great extent with Na-ions [6,12]. According to experimental data, in
the presence of soda a total salt concentration as low as 0.05 N is quite
sufficient to have the colloid-complex of the soil saturated with Na-ions to
60-70% of the total exchange capacity [6].

Amelioration of these soils also shows great variance. In the course
of leaching chloride and sulphate solonchak soils, generally when decreasing
the amount of soluble salts, the quantity of the soil's exchangeable Na-ions
is also decreased, if the water used for leaching contains a low level of
relative Na-ion concentration. With the leaching of so-called sodic solonchak
soils of high salt content, however, the decrease in the amount of the soluble
salts in the soil does not go together with a considerable decrease in the
exchangeable Na-ions. The result of the leaching in this case, therefore,
will be the solonchak-solonetz transformation. In the course of irrigation,
even in the case of a relatively low level of salt concentration, the quantity
of exchangeable Na-ions may increase.

This is why, in selecting a practical method of amelioration, differences
must be made in handling the chloride and sulphate types and the sodic type
of salt-affected soils. '

In the course of irrigation it is not only the maximum permissible salt’
concentration of the irrigation water and the maximum permissible relative
value of Na salts that are required, but also the maximal value of soda or
that of Na salts capable of alkaline hydrolysis e.g. (soda, NaHCO;, NaySiOj)
[9,11].

This procedure is correct and necessary because in the presence of
soda and other Na salts capable of alkaline hydrolysis certain changes take
place, partly in the chemical composition of the soil solution and partly in
the colloid-chemical state of the soil's organic-mineral complex. These
changes are often not taken into account, or are taken into account only
partially, by the theoretical and empirical equations interpreting the laws
of ion exchange.

The effect of the soil solution's anions on the soil's saturation with Na
and on the exchange of Na-ions may be traced back to several factors:
1. Difference in the average activity coefficient of Na salts bound to various
anions. ]

The difference that originates in the activity coefficients can be already
observed in the cases of Na-chloride and Na-sulphate. BABCOCK made certain
calculations in this respect [2, 3] .

2. Difference between the various solubilities of Ca compounds,

In respect of the chloride-sulphate type of salinization, this prevails
primarily with higher concentrations, and the equilibrium solution takes
into account the concentration of Ca-ions on the basis of the solubility of
gypsum,



ION-EXCHANGE STUDIES ON SALINE AND ALKALI SOILS 27

This is more important in respect of carbonates, where, especially in
an alkaline medium, the Na-ion has an almost exclusive role in the soil
solution.

“An example of the chemical composition of a sodic solonetz profile's
soil solution is given in Table I.

According to the data presented in Table I, at a total salt concentration
of 17 meq/1 the amount of the Na-ions reaches about 85% of the eations, and
at a total salt concentration of 48 meq/l 97% of the cations are Na-ions. In
cases like these, presumably the rate of the Na-~ions' exchange adsorption
is essentially a function of the sodium ions' concentration in the soil solution.
3. The changes in the pH value of the adsorbent soil-solution system and
the colloid-chemical changes brought about by the former.

Many authors [1, 12] trace the strongly alkalizing effect of solutions con-
taining soda to these latter factors. '

If the pH value of the medium becomes alkaline it involves the following
changes:

(a) The organic matter in the soil becomes soluble;

(b) It increases the degree of dispersion of the soil's mineral colloids; and
(c) It brings about a change in the colloid particles' surface charge.

At a relatively lower pH value, the latter two factors lead to a decrease in
the relative quantity of the exchangeable Na-ions [4] through the increase
of the adsorption capacity, under the same conditions. These include the
same concentration of the solution and the same relative amount of the Na-
ions in the liquid phase, provided that the surface charge changes solely
in proportion to the colloid particles' degree of dispersion. )

The organic colloid particles becoming soluble, the low solubility of
calcium carbonate, and hence the vastly increased importance of the Na-ions
in the soil solution, have an opposite effect. It is also probable that in a
more strongly alkaline medium, where the pH value is over 8, the value
of the surface charge increases to a higher degree than the value corres-
ponding to the degree of dispersion, because of the adsorption of the OH~
ions [12].

The above processes show that in soils containing salts capable of
alkaline hydrolysis, the adsorption of the Na-ions is very extensive, even
in the case of relatively low concentrations; also, from the point of view
of the soils' alkalization, the use of ground-water containing soda, or irri-
gation water containing Na salts capable of alkaline hydrolysis, is much
more dangerous than the use of solutions which contain neutral Na salts.

There are relatively few numerical data characterizing the effect of
anions, and especially that of Na salts, capable of alkaline hydrolysis.
Therefore it seems highly advisable to extend studies concerning ion ex-
change in this direction.

The conditions of conducting the investigations are as follows:

1. The organic and mineral parts of the soil should be examined separately
because the effect of the medium becoming alkaline manifests itself in
different forms. }

2.  When examining the mineral part, it is practical to choose a model
material of homogeneous composition on which the colloid-chemical effects
appearing in alkaline medium can be clearly observed.
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TABLE I

ANALYTICAL DATA OF THE SOIL-SOLUTION, THE AQUEOUS
EXTRACT AND THE GROUND WATER OF
KOPANCS-PROFILE No. 301

Depth Humidity HCO,  CO, cl SO, Ca Mg - Na
(cm) (%) (meq/l)

Analysis of the soil-solution

0-10 25.4 3.456 | 0.29 10.32 6.74 5.78 "1.94 19.61
10-20 22.4 2.279 | - . 6.12 . 0.54 1.85 0.48 14.32
20-40 24.9 3.755 | 0.26 27.38 0.39 1.18 0.83 46.45
40~ 60 24.4 6.501 | 1.64 15.40 0.79 1.21 0,57 33.15
60-80 21.5 2,260 | - 48,80 9.39 1,587 1.13 75.65
80-100 20.6 1.878 | - 68.74 70.26 4,35 2.67 136.87

Dry ' Analysis of the aqueous extract (meq/100 g soil)
residue” '
%

0-10 0.192 1.154. . 0.280 0.345 0,714 0.394 0.771
10-20 0,229 1.412 | - 0.360 0,545 0.229 0.197 1.891
20-40 0.376 2.288 | 0.152 0.480 1.218 0,209 0.098 3.679
40-60 0.311 ° 2.476 | 0.132 0.760 1.279 0.124 0.139 4,252
60-80 0,460 2.158 | 0.210 1.040 2.372 0.334 0.156 5.080
80-100 0.523 1,800 | 0,210 1,560 4,027 0.499 0,222 6.666

Water analysis ('meq/l)
10,05 - 48,42 103.74 27,15 17.71 81,66

3. During the experiments, special attention should be paid to ensure that
the ratio of the Na*, Cat** concentrations of the liquid phase is large, corres-
ponding to the concentration conditions prevailing in the liquid phase of sodic
soils.
4. In the course of the experiments it is necessary to watch the changes
occurring in the system's colloid-chemical state, and in its surface charge,
in a relatively wide range of concentrations.
5. Comparative experiments must be conducted with systems containing
neutral Na salts. As the first step in the evaluation of the experimental data
comparison should be made on the basis of an index proportional to the sur-
face size of the adsorbent relating to the ion (sodium ion) in question.

The examinations were started by studying the physico-chemical and
colloid-chemical processes taking place in the mineral part of the soil.

EXPERIMENTAL

In the authors' investigations, bentonite from Istenmez6, Hungary,
was used. According to chemical and mineralogical examinations (cations'
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adsorption capacity, composition of exchangeable cations, differential
thermal-analysis, X-ray diffraction analysis) it contains Ca-montmorillonite
in high purity.
1. Fractions smaller than 2 um diam. were separated by sedimentation
from a water-suspension of the material to be examined. The separated
fraction was used partly in its natural condition in further investigations,
and partly saturated with the corresponding cations.
2. Kinetic determinations in systems of bentonite-NaCl solution 1:5
aqueous suspension of the bentonite's separated fraction was used in the
determinations by diluting it with Na-chloride solution of corresponding
concentration, so that the ratio of the solid and liquid phases of the sus-
pension was 1:10. For the kinetic determinations the suspension was
labelled with 24Na isotope; under constant mixing, samples were taken
from the suspension at 2, 15 and 30 min respectively and at 1, 2, 4, 6, 24,
48, 96 and 120 h respectively. The samples were centrifuged immediately
and the activity and total concentration of the Na-ion of the solution were
determined (TableII), The activity of the solid phase plotted against time
formed a graph sharply increasing at the beginning and then becoming flat.
A similar graph was produced by the result of our kinetic determination
carried out with soil-Na chloride solution in a similar arrangement (Fig.1).
3. Examinations were conducted with systems containing neutral Na-salts,
namely: Ca-bentonite - NaCl solution, and Ca-bentonite - NagSO, solution.
In an arrangement identical with that of the kinetic determinations, the extent
of the 24Na isotope adsorption of these systems as a function of Na-ion
concentration in the equilibrium state was determined. The ratio of the
solid and liquid phases of the suspension was also 1:10, The initial con-
centrations of the solutions containing Na-ions were:0.01 N; 0.05 N; 0.1N;
0.25 N; 0.5 N; and 0.75 N respectively. When a state of equilibrium was
achieved'samples were taken, the solid and liquid phases separated by
centrifuging, and we determined the solution's 24Na and 43Ca activity, as well
as the equilibrium concentration of the Na and Ca ions. From the values,
the quantity of 24Na adsorbed on the surface (Fig. 2), and the value of the
distribution quotient of 24Na isotope between the liquid and solid phases,
(Table III), were calculated. The amounts of the exchangeable Nat* and Ca*t
ions were determined, and on the basis of the Vanselow equation the
equilibrium constants were also determined. The data show that the isotope
adsorption of the two systems, disregarding higher concentrations, were
almost identical. :
4. Experiments conducted with Na-salts capable of alkaline hydrolysis.

The experiments were conducted with bentonite - NagCOgsolution systems,
where the initial pohbentrations of NagCOg3 were as follows: 0.01 N; 0.05 N;
0.25 N; and 0.5 N. '

The rate of swelling of the above systems was examined, together with
the changes in the time of thyxotropic consolidation, the changesinitselectro-
kinetic potential, depending on the NaoCOj concentration, and the rate of
the 24Na adsorption on the solid phase as a function of the Na-ion concen-
tration of the NagCOj; solution.

(a) The experiments conducted show that the system's swelling ability
grew in the Na,COj3 solution and gives a maximum value at an initial Na-ion
concentration of 100 meq/1 (Fig. 3).
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TABLE I

THE ADSORPTION OF 24Na ISOTOPE AND THAT OF THE
Na* ION AS A FUNCTION OF TIME

Time Na* adsorbed as % Activity adsorbed as %
(min) of initial Na+ conc. of initial activity
2 16.55 8.05
15 ‘ " 17,08 © 18,85
30 18,10 22.30
60 19,50 24,60
120 19,40 | 25.35
E 2500 BEN.TONITE ———
s .
& 2000
>
= 1500 . SOIL
2 v
S 1000 .
<
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Fig.1

Change in the adsorption of 24Na plotted against time in systems of bentonite - 0,05 N NaCl and
soil - 0.05 N NaCl. The scale from 700 to 2500 refers to bentonite and the scale from
0 to 500 refers to soil.
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Fig.2
The activity taken up by bentonite in the percentage of the initial activity as a function of the

equilibrium Na concentration in systems of bentonite - NaCl solution, bentonite - Na,80, solution and,
bentonite - Na,CO, solution, :
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TABLE III

RATIO OF THE #Na ACTIVITY OF THE EQUILIBRIUM SOLUTION
AND OF THE BENTONITE'S SURFACE AS A FUNCTION OF THE
EQUILIBRIUM SOLUTION'S IONIC STRENGTH IN SYSTEMS OF
BENTONITE - NaCl SOLUTION AND BENTONITE - NaySO4 SOLUTION

Ionic strength of Activity of solution Activity of solution
equilibrium solution Activity of surface Activity of surface
(mol/1) NaCl (ml/g) Na, SO, (ml/g)
0,01 0.235 0.275
0.02 0.26 0.285
0.05 0.335 0.338
0.1 0.42 0.415
0.2 0.49 0.4
0.3 0.62 0.56
0.4 0.776 0.735
6F
L
ok .
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Fig.3

Swelling of bentonite suspension

(b) The time of the thyxotropic consolidation of these same systems
considerably decreased due to the effect of the NagCOg solution: it reached
the minimum at an initial Na-ion concentration of 100-500 meq/l, then it
rapidly increased with further increaseé in the concentration (Fig.4). Between
100 - 500 meq/1 the system showed a characteristic reopexy.

(c) Similarly the electro-kinetic potential values determined on the
basis of electroforetical migration velocity also reached the maximum with
the increasing NagCOs concentration (Table 4).

(d) To determine the rate of 24Na adsorption on the solid phase in
systems of bentonite - NagCOj3 solution, experiments were carried out in a
similar manner as with systems of bentonite - NaCl solution and bentonite -
NagS304 solution. )

The experimental data obtained show (Fig.2) that while in systems con-
taining neutral Na-salts the quantity of 2¢Na adsorbed by the bentonite was
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Fig.4

-Time of the thyxotropic consolidation of bentonite suspensions treated with Na,CO, solutions
of different concentration

TABLE IV

THE DEPENDENCE OF THE ELECTRO-KINETICAL POTENTIAL
(S POTENTIAL) UPON THE CONCENTRATION OF THE NayCO4
SOLUTION, ON THE EDGE SURFACE OF BENTONITE SUSPENSION -~
Nay,CO3 SOLUTION (1: 100)

Concentration Electroforetic Electrokinetic (S)
of Na,CO, migration potential
solution (N) velocity: (mv)
(em/s) .

0 0.000467 25.6
0,005 0,0008 . 44,2
0.01 0.00113 60.8
0.05 0,00115 - 63.0
0.1 0.00122 66.4
0.25 0.00102 55.6
0.5 0.00095 51.9
0.75 : 0.00088 o 48.1

almost identical, as a function of concentration it decreased to an ever
greater extent. In the bentonite-NayCO3 solution system the quantity of 2¢Na
isotope adsorbed by the bentonite increased at the beginning with the con-
centration of the Na-ions, and it reached maximum values at a Na-ion con-
centration of 50 meqg/l. A similar picture is obtained when plotting the
isotope's distribution quotients against the equilibrium 24Na concentration
in the solution.
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DISCUSSION

From the graphical evaluation of data relating to the kinetics of the
sodium isotope adsorption in the system of bentonite-NaCl solution (Fig.1),
three part processes can be distinguished. They seem to satisfy the formal
kinetic equation applied by L. IMRE [7] to describe the processes taking
place on the surface of a crystallized solid system which is in equilibrium
with its saturated solution:

t k,t

X, = Ag- [Ay eXit 4 A et 4 A ekt

where x: = the amount of isotope taken up by the absorbent till t, point of
time.

Ay, Ay, A, A= constants

ki, kg, ks = rate constants of the part processes.

Constants (k3 = 1.9 minl; ky= 0.362 min-1; k3 = 0.0253 mimrl), determined
by graphical evaluation, show that the part processes proceeded with essen-
tially different velocity. The first part process occurs in the first 12-15min,
the second, marked by k, rate constant, ends in the 1.5 - 2 h of the exami-
nation, and the third process is a very slow one.

After two hours the amount of 2¢4Na adsorbed, on the surface (Table II)
was 6% higher than the amount of sodium ions exchanged. If it is considered
that, in the second period, between 15 - 120 min, around 7% of the total
activity of the solution came to the surface, the second part process, marked
by k, rate constant, seems to be identical with the isotope exchange.

When plotting the logarithm of the quantity of the bentonite's exchange-
able Na-ions as a function of the logarithm of the solution's initial Na-ion
concentration, a linear logarithmic relation is obtained for the first two
hours' period, which seems to satisfy the isotherm by Freundlich (Fig.5),

x=KCP

where K and p are constants (the numerical value of K = 0, 142 and that of
p = 1.14). Thus the amount of the adsorbed Na-ions is in proportion to the
initial concentration of sodium ions in the solution.

The isotope exchange characteristic of the second phase seems to be
supported by the fact that, when plotting the isotope's distribution quotient
between the liquid and solid phases against the Na-ion concentration of the
Ky process, a linear relation is obtained (Fig.8):

LS, W 4
So-S, A’

where S; = the amount of 24Na in the solution in equilibrium with the
Sp - S; = the amount of 24Na on the surface. C = the Na-ion concentration
of the solution in the second process (equilibrium sodium ion concentration),
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Distribution quotient of *Na between the solid and liquid phases as a function of the Na™* ion
concentiration relating to the second part process

The slope of the line gives the isotopically‘-exchangeable surface size
relating to 24Na. It is the first part process, however, which exercises
influence on the precision of the determination.

It is apparent from the above that the first two part processes of the
kinetic process may be characterized by cation exchange and by isotope
exchange and it seems that, considering the very low velocity of the third
reaction stage, the state of the isotope exchange near the equilibrium in an
analogous system is achieved in about 2 h, and that the value of the isotope's
distribution quotient is the measure of the surface size exchangeable with
the given isotope.

To clarify the character of the third phase further examinations would
be necessary. This, however, was not the aim of the authors' experiments.

The effect of anions in systems containing neutral Na-salts.

According to the data of the authors' comparative examination of systems
of bentonite-NaCl solution and bentonite- NagSO,4 solution, the adsorption of
the 24N isotopes was nearly the same in both systems,' which indicates that
the nature of the process is essentially the same in the presence of either
anion.
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A slight deviation was shown in the degree of isotope adsorption, which
was always slightly higher in the case of a bentonite-NayS04 solution system
than in the case of a bentonite-NaCl solution system. This deviation in-
creased parallel with the increase in Na'* ion concentration in the equili-
brium solution. - Accordingly, the distribution quotient of 2¢Na is smaller
between the solution and the surface of the adsorbent in the case of solutions
of greater ionic strength (Table III).

Considering that the appearance of the isotope adsorption graphs is the
same, the nature of the process is also the same, and it is therefore pro-
bable that the small deviation originates in the difference between the average
activity coefficients and can be eliminated by taking the activity coefficients
into account. This is indicated by the fact that the average value of the
equilibrium constants, calculated on the basis of Vanselow's equation with
respect to the average activity coefficients, showed good agreement in both
systems. It was 0.0253 in the bentonite-NaCl solution system and 0. 0258
in the bentonite-NaySO, solution system. It must be noted, however, that
in the calculations only those data were taken into account where the ionic
strength of the solution, in equilibrium with bentonite, was less than 0. 5mol.
This was because, in the case of solutions of higher concentration, it would
be necessary to deal with deviations caused by the different solubility of
CacCl; and CaSOy4 formed in the course of exchange. The colloid-chemical
experiments carried out in a bentonite-soda solution system show clearly
that the adsorbant's colloidic characteristics markedly changed in the pre-
sence of NagCO;. The experimental data obtained this way are in accordance
with the experimental data published by ANTIPOV-KARATAEV [1]. He treated
the horizon A of a chernozem soil with soda solution and examined the
changes in the system's degree of dispersion, swelling ability, and in the
amount of soluble humus. On the basis of his experiments Antipov-Karataev
found that, along with an increase in the concentration of NayCOjg, the amount
of the particles smaller than 1 yum diam. also increased. The experimental
data, in accordance with the above data in the literature, clearly show that
along with an increase in the solution's NagCQ5 concentration, the colloid
particles' degree of dispersion also increases, as well as their swelling
ability, while their colloid-chemical status undergoes a change, with the
time of thyxotrope consolidation lessening. The electro-kinetic potential
of the bentonite-NayCOj solution changes parallel with the colloid-chemical
change of state.

The change in the degree of dispersion and in the electro-kinetic poten-
tial involves a change in the size of the surface exchangeable with Na-ions.
This fact is supported by the authors' isotope adsorption experiments carried
out in a system of bentonite-NapCOj3 solution.

When comparing the data of these determinations (Fig. 2) with the data
of determinations carried out in systems containing neutral sodium salts,
it appears that, while in the latter systems the amount of 24Na isotope bound
by the adsorbent was nearly the same, in systems containing Na,COj
Eolutions the nature of isotope adsorption was definitely different. In this
case the amount of 24Na bound by the bentonite increased first, along with’
the increase in the Na-ion concentration of the Na solution, and it reached
maximum value at a Na* ion concentration of about 50 meq/l. This con- -
siderable adsorption of 2¢Na seems to support the previous assumption,
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namely, that a change in the degree of dispersion and in the surface charge
of a system brings about an increase in the surface exchangeable with sodium
ions. This is one of the main factors causing the sodium ions' extensive
adsorption in alkaline medium.

The precise measurément of the above correlations and the numerical
determination of the effects of the different factors is a further task to be
carried out in the future.
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MOBILITIES OF CATIONS IN SOILS AND CLAYS
AT VERY LOW MOISTURE CONTENT

J. CHAUSSIDON
INSTITUT NATIONAL DE LA RECHERCHE AGRONOMIQUE
STATION CENTRALE D'AGRONOMIE, VERSAILLES, FRANCE

Very often the cation exchange capacity of a soil depends more upon
organic matter than upon inorganic colloids. It is not known what happens
to the soil organic matter at very low moisture contents, but it is almost
certain that very complex denaturation phenomena affect the ability of the
product to bind ions so that study of cation mobilities is very difficult.

When considering the mechanism of cationic mobility, practically all
questions which arise may be inferred from the state of adsorbed water.
Water determines the electrical work required to remove a cation from the
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close vicinity of lattice oxygens, through its dielectric constant. It deter-
mines the geometry of the diffusion path., It determines the properties of
the cation itself towards a migration process, if we assume, as in the case
of solutions, that hydration is a factor governing diffusion.

This is why the study of cationic mobility is a difficult matter. If
systems are investigated of rather high water content colloidal effects, such
as tortuosity, axial ratios of particles, etc., must be taken into account.
If systems of low water content are investigated the problem of the solvent
state of these conditions arises. )

Many highly qualified researchers have worked on the question of water
and it would not be of interest to abstract what has been published (1, 2].
However, it may be useful to make some elementary remarks concerning
what can be imagined when speaking of low water content.

Consider an expanding lattice clay, such as a montmorillonite, for which
the hydration phenomena are very important (referred to-in this paper as
Camp Berteau montmorillonite, of which there is good knowledge of surface
areas, crystallography data, etc.). The minimum homogeneous hydration
state for such a clay is one layer of water molecules on the external surface
and one layer intercalated between the platelets. Assuming a coverage of
11 A2 per water molecule, that is 66 m2/18 mg, it is seen that this coverage
corresponds to a content of 11%: :

18(—2—2—+ 26;26> = 18(1.21 + 4.89) = 109; 8 mg HoO/g.

It is then evident that, chemically speaking, this content cannot be con-
sidered as a very low water content. This is the first difficulty as, if it is
not admitted that a difference of scale in appreciation of water content may
exist, investigation must be made of systems which are mixed layers and
in which ionic mobility involves at least two distinct phenomena, such as
migration in the presence of solvent and solid state diffusion. It is con—
sidered by the author that the scales used to define the water content are
different for a clay and for a current chemical product.

Even so some things still remain difficult. In the case of potassium
montmorillonite X~ray data and water adsorption isotherms show that a
12.5 A rational spacing is obtained for a P/Po value of the order of 0. 8,
which corresponds to a water content of 6 H,O mM/g. As the exchange ca-
pacity of this materialis 1 meq/g this means that, sfatistically, 6 HoO mole-
cules must be found around 1 cation. Taking into account the size of the
water molecule, it is difficult to place 8 H50 molecules around 1 cation in
a plane configuration. It is almost possible, but the packing having to be
considered for two consecutive oxygen planes, which limit the interlayer
space, 12.5 A instead of 15 & is obtained for the basal reflection. It is then
evident that for 12.5 & the hydration of interlayer and external cations is not
the same.

Chemicaland crystallographic analyses of Camp Berteau montmorillonite
show that statistically one finds 0.72 K atom per unit cell. As one unit cell
contains two hexagonal holes, there is 0.36 K atom per hexagonal hole, that
is about one cation every three holes. This statistical repartition is favour-
able to a type—3 symmetry which leads to the assumption that interlayer K
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atoms are surrounded by 3 HoO molecules. It is then easily observed that,
under these conditions, a 12.5 R structure is realized in which:

(1) Protons are equally distributed as to their distance from the lattice
oxygen atoms;

(2) Water molecules are bound to the exchangeable cation by one free
orbital of the water oxygen atom, the other being engaged in a bond
with a proton of the neighbouring water molecule;

(3) Water molecules keep a rotational degree of freedom through libera-
tion of the dipolar moment axis, which would give to the interlayer '
spacing a ""dynamic'' definition. _

Moreover it must be pointed out that this configuration is not in contra-
distinction to the well-known turbostratic arrangement of montmorillonite
since, as MERING and OBERLIN have shown [3], in Camp Berteau Mont-
morillonite "'the particle is an ordonnated association of primary platelets,
with a mutual orientation defined by a rotation of k X 60°, this orientation
being held in a thick pseudocrystal'.

The direct consequence of such a state of affairs is that some water
must be repelled towards the external surface. Inthe case considered above,
a very simple computation shows that the external surface must be coveredby
about three layers of water molecules. It might be argued that such a con-
figuration is not thermodynamically stable. In fact, for potassium mont-
morillonite the plot of d ool spacings against water content does not exhibit
a very wide plateau around 12.5 or 15 A values. It is then possible that these
spacings are interesting for crystallography because they correspond to a
series of rational reflections, but that they are not correlated to a particularly
stable thermodynamic arrangement. A stable arrangement seems realized
with an intercalation of 3-in water layers between the platelets. A rational
basal spacing of 17.5 A is effectively observed for systems ranging from 4%
clay suspensions-up to solid samples containing at least 65% clay.

MERING and PEZERAT [4] have investigated the position of exchange-
able cations close to the oxygen planes, under a vacuum or in the 12.5 A
state. For sodium and caesium they showed that in the hydrated case atoms
stay ''inside' the hexagonal holes. It may be presumed that this is also the
case with K ions under the same conditions, but it may be questioned whether
this is still true when the hydration layer thickness increases. It is possible
to remove, by ion exchange, K ions of a K clay, in conditions where the ratio
clay /liquid is at least equal to the minimum value where a 17.5 & rational
spacing is still observed. This implies that the 3-in water layers between
the platelets are not a barrier preventing ions from diffusing, and then the
ability of external cations to move might not be precluded for a 12.5 &
hydration state.

It is possible to discuss this question in the same way for sysiems equi-
librated with very low relative humidities. When outgassing a K mont-
morillonite at room temperature up to a vacuum of 10-8 Hg mm, it was ob-
served that nitrogen and water adsorption isotherms enable surfaces to be
computed which are only half the external surface. This has been inter-
preted as being due to the presence of residual water, the properties of
which have been extensively investigated by various workers {5,6,7]. This
residual water amounts to 1. 2%, and, for the K clay,.the comparative studies
of hydration isotherms and d ool against P/Po plots ensure that
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(1) this water is located upon external surfaces; and

(2) upto P/Po=0.3, water molecules hydrate only the external surface.

When distributing the number of residual and newly-adsorbed water
molecules per cation, at P/Po=0, 6 H2O per ion is found and at P/Po=0.3,
12 H9O per ion is found. )

Then there is the question of whether in this range of hydration external
cations can move or not. It is difficult to answer for P/Po = 0, but at
P/Po = 0.3 the situation is no worse than it is for internal cations located
in 7.5 A-thick interlayer spacing, for which the hydration number is not
greater than 9.

It is somewhat disappointing to see that experimental data are not very
numerous in the literature. However, among others, the following may be
mentioned: LOW [8, 9, 10] who has developed several studies on ionic migra-

tion either by diffusion or by electrical conductivity measurements, MORTLAND
{11, 12], who measured the self-diffusion of radioisotopes, CREMERS [13]
in Laudelout's laboratory, who determined the electrical conductivity of sus-
pensions and gels, and PONCELET |14], in Fripiat's laboratory, who
measuredthe dielectric properties of Naand Ca clay pelletsinthe low-moisture
content range. At present, in Versailles, Mamy and Weiler are applying
dielectric relaxation measurements to K clays, especially, over the whole
range of water content,

Chemical determinations of ionic diffusion enabled Husted and Low to
say that below a water content of 25%, no cationic diffusion occurs. In a
recent paper, Oster and Low were able to determine activation energies for
ion movement in Li, Na, and K clays, at three different hydration levels.
The "low" moisture content refers to systems in which the percentages of
water are: 18.3% for Li clay, 15.2% for Na clay and 10% for K clay. If the
measured electrical effects are really to be attributed to cation movement,
it seems that the first given limit of 25% is over-estimated. This con—"
clusion would agree with Mortland's results, which show that Na ion diffusion
is still appreciable in a 100%-clay sample on an oven-dry basis. Mortland
does not give any indication as to the exact water content of the clay at this
stage, but it is presumably close to the 'residual water' state, for which
we have seen that as much as 6 HpO molecules are still statistically present
around an external cation.

Fripiat and Poncelet have recently studied the hydration of montmoril-
lonite by entropy measurements and electrical conductivity. They showed,
firstly, that if o is the specific conductivity, for a given frequency there
is a linear correlation between logo and the number of charge carriers.
Secondly, it is experimentally observed that if log ¢ is plotted against the
number of adsorbed water molecules a linear correlation is obtained. The
validity.of this result for K clays at 30°C, from P/Po = 0 up to P/Po=0.95
was checked for frequencies ranging from 0.1 kHz to 20 kHz. For these
hydrations plots -were made of several linear parts. The only interpretation
is that the charge carrier is hydrated with a constant hydration number within
certain ranges of relative humidities. From this result it is impossible to
infer that the charge carrier is a cation or, for instance, a proton which
comes from the dissociation of residual water. It can only be noted that
STAMIRES [15], working in the same way on zeolites, concludes that these
plots are characteristic for cationic conductivity.
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A difficulty follows from the examination of Cremers's experiments
performed in Professor Laudelout's laboratory. It was observed that, in the
adsorbed state, limiting conductivities of exchangeable alkaline ions depend
upon the crystallographic radii and not upon the hydrated radii. Laudelout's
conclusion is that, in the adsorbed state, ions move in a dehydrated state
even in gels which are highly hydrated. This is evidently in contradistinction
to results which have been noted previously. There is no decisive explana-—
tion of this, but it is questionable whether these results clash with the others
as much as it appears at first sight.

It seems well-established that, if regular water has, within a short
distance from a central (reference) molecule, an arrangement which looks
like the tetrahedral arrangement of ice, dissolved cations bring to this struc-
ture modifications ‘which depend at the same time upon the size and charge
of the ions. GURNEY [16] classified ions in water structure as disrupting,
inactive, or structure-forming, according to these two parameters. This
concept agrees with and explains various anomalies of electrolyte solutions.
When considering solutions of alkaline ions it is clear that the only para-
meter to be taken into account is the size, because all the ions bring the
same charge. In the adsorbed state the constancy of charge may be queried.
The largest ions cannot make their way into the hexagonal holes like the
smaller ones, and it is not impossible that, with a large cation, a residual
interlayer positive charge still exists, more important than with a small
cation. Then, two "opposite' parameters (size and charge) increase jointly,
and the resultant effect may reverse properties usually found in solution.
If, as Gurney says, the behaviour of a "structure-former'" is favoured both
by a small size and a large charge, it could occur that in the adsorbed state
Cs is more a structure-former than Na because of the residual charge, and
in spite of the larger size. Then the limiting cationic conductivity of Cs
would be smaller than that for Na, If this schematic outline proved to be
sound, it would be an implicit argument for ionic hydration. It may be noted
that a very similar explanation has been given in different terms by FRIPIAT
et al,[7], to explain differences in exchange selectivities between ion ex-
change resins and clays.

Howevér, the problem of the charge carrier in low-moisture-content
systems is not solved. DUCROS et al. [17], working with nuclear magnetic
resonance measurements, showed that for a Na montmorillonite containing
14% water, the width of the resonance line of hydrogen was small at high
temperatures and increased by a factor of six from -100°C to ~-200°C. He
attributed this phenomenon to high mobility of protons with an activation
energy of 2 kcal/M. However at low-water content (5%), the width of the
resonance line does not differ more than 3-4 G from room temperature down
to —200°C. He considers then that proton diffusion is hindered, and that
protons are either motionless or moving around preferential sites which
could be the exchangeable cations. This does not disagree with the fact that
chemical transformations of adsorbed molecules due to residual water are
only noticeable at very low moisture content, but this is not in full agree-
ment with a protonic conductivity theory in weakly-hydrated systems. Ex-
planations given by Ducros suggest more a group of HoO molecules rotating
around a cation than an atmosphere of dissociated protons.
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CRANICHER et al. [18] has postulatedthatinanice-crystal network, two
types of defects could be present: translational defects due to a translation
of proton along the O—H bond direction, and orientational defects due to a
rotation of water molecule around an O—H bond.

Hwo_g-:- O<g = ENo... H+—-O<§

.0
H__ . _-H- N - O T S ."O®
O—H O\H = O H® H O\H

The first case only involves a real ionization of water molecule with proton
transfer, because of the displacement of the co-ordination link. The trans-
lational defect has an activation energy of 0.33 eV, whereas the orientational
defect has an activation energy of 0.5-0.6 eV. As dielectric absorption of ice
occurs at low frequencies, these defects can be studied easily with a current
impendance bridge. The author recorded the hertzian spectrum of various
montmorillonite samples in a frequency range from 0.1 kHz to 20 kHz, for
temperatures which vary from 130°K to room temperature; K clays have
been investigated both at'low-moisture content and as pastes. Recently two
Na samples, the concentrations of which are 35% and 20%, have also been
studied. '

In the range of temperatures and frequencies used experimentally, two
types of dielectric effects are found: a dielectric relaxation of water and a
free charge carrier conductivity which appears as a background all the more
intense as the water content is high. '

For Kmontmorillonites, the activation energy of the dielectric relaxation
is 11 kcal/M on average.

For Namontmorillonites besides, a d1e1ectr1c absorption withEa= 7 kcal/ M
=0.3 eV is found.

If an attempt is made to correlate these results with Granicher values,
it is seen that the activation energies would correspond to orientational
defects due to a rotation of water molecules and, the case of Na-clays ex~-
cepted, no absorption due to translational defects is detectable.

The activation energy of 0.3 eV found in the Na sample at temperatures
between 240 and 263 deg K could be compared withthe values given by Granicher
for translational defects, that is, water ionization. Taking into account the
difference in temperatures, this is perhaps not in contradistinction to
Ducros's results. . '

For potassium the situation is different: a free carrier conductivity is
observed, and only activation energies of orientational defects are obtained.
The protonic conductivity might then be questioned and these results show,
at least, that more experiments are needed before reaching any final
conclusion.

This paper is devoted mainly to the state of water rather than cationic
mobility itself. It is difficult to separate these two topics and, as a conse— "
quence, it may appear that direct methods, such as ion diffusion measure-
ments, do not have the same power of explanation as more sophisticated
ones, which theoretically provide information on cation and solvent. Un-

4
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fortunately these latier are seldom unequivocal, and this is why any real
progress must involve close connection between them.
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DIFFUSION OF CATIONS IN SOILS

1.J. GRAHAM-BRYCE
ROTHAMSTED EXPERIMENTAL STATION,
HARPENDEN, HERTS,, UNITED KINGDOM

INTRODUCTION

The rate at which nutrients move through soil can possibly limit their
availability to plants; in some cases this movement is mainly by diffusion.
Several studies of cation diffusion in soils have been reported(e.g. GRAHAM-
BRYCE (1,2], PATIL etal. [3], EVANS and BARBER [4], PLACE and
BARBER [5]). For soils or similar materials, the most easily interpreted
diffusion measurements relate to self-diffusion which can be studied when
a concentration gradient of radiotracers is set up in a system where the
non-radioactive ions are uniformly distributed. In this paper a method of
determining self-diffusion coefficients for cations is described and pre-
viously published results obtained by this method are reconsidered together

.
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with some unpublished data. The role of cation diffusion in plant nutrient
supply is discussed in the light of these results.

DETERMINATION OF SELF-DIFFUSION COEFFICIENTS

Fick's Law of Diffusion can be solved to give diffusion coefficients for
many boundary conditions corresponding to both steady-state and transient
experimental systems., Although steady-state experiments are easier to
analyse mathematically, they are difficult to set up, particularly with un-
saturated soils, so transient systems have an advantage. Because diffusion
in soils is slow and the root mean square displacement of the diffusing ions
is proportional to Jtime, the distances over which diffusion is measured
must be small for experiments not to take unduly long periods. Also, it
is desirable to study diffusion under different soil conditions (for example
different compaction or moisture content). The diffusion coefficients dis-
cussed here were determined by a method designed to meet these require-
ments (SCHOFIELD and GRAHAM-BRYCE [6]). The basic model for this
method consists of two similar cylindrical sections of soil, prepared in
the same way except that one contains uniformly-distributed radiotracers
of the ion being studied. When two such sections are placed in contact, the
tracer ions diffuse from the labelled to the unlabelled soil and the value of
the coefficient of diffusion (D) can be obtained from the quantities of radio-
activity in the two layers after a suitable time interval by applying the ap-
propriate solution of Fick's Law:

Q/sz 1- 8/7T2[e-Bt+ e-QBt/g + e'25Bt/25 + etc. ]

where
B =Dg?%/4L2,
L. = Length of soil section,
Q = Quantity of radioactive ions that has diffused across the boundary
in time t, and
Q.= Quantity of radioactive ions that would diffuse across the boundary
in infinite time, i.e. half the total quantity of radiotracers present
in the two sections. . .
When Q/Q,, is less than 0.5, the system approximates to one of infinite
length and the simpler relationship

Q/Q. =2/LNDt/7

can be used.

In practice it is difficult to place two thin sections of soil firmly in con-
tact so that the boundary is sharp and to separate them precisely for ana-
lysis at the end of the experiment. With sections so large that errors at
the boundary can be neglected, experiments take a long time to corhplete.
However, the pattern of diffusion in the model is such that the tracer con-
centration at the boundary becomes half the initial value in the labelled soil
as soon as transfer to the unlabelled section starts, and it remains at this
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value throughout the period that the sections are in contact. When a per-
meable ion-exchange material in equilibrium with this boundary concentra-
tion is inserted between the sections, the effect on the movement of the
tracer is negligible, provided that diffusion through the material is fast
enough and the exchange capacity of the material large enough relative to
the soil. Permaplex ion-exchange membrane satisfies these conditions,
The membrane is thin, but makes a sufficiently rigid barrier between the
sections. Keeping the layers separate in this way facilitates removal for
analysis and the dimensions of the sections are precisely defined, so that
thin layers can be used and results obtained quickly. To set up the experi~
ment,two aliquots of air-dry soil converted to the appropriate ionic form
are shaken individually in excess of the pore solution to be used for the dif-
fusion measurements, together with a membrane disc. Radioactive tracers
of the ion under study are included with one aliquot. The membrane discs
are cut to fit brass cylinders (length 0.5 in, diam. 1 in) used for diffusion
measurements. After equilibration the two discs are removed and held in |
contact until the radioactive ions are uniformly distributed as a result of dif-
fusion - this takes about 24 h, Either of these discs can then be used to
separate the soil layers in the diffusion cylinders; the other is kept to check
so that the disc in the cylinder does not gain or lose radioactivity during the
experiment. The soil suspensions are centrifuged, and the soils removed
and adjusted to the desired moisture content before packing into the diffusion
cylinders, where labelled and unlabelled soils are separated by the membrane
disc. The cylinders are closed by air-tight lids and kept at constant tem-
perature for a suitable time, after which the soil sections are removed and
the radiotracers extracted for liquid counting. )

In soils, sources or sinks for the diffusing ions could interfere with the
simple diffusion pattern, so that diffusion coefficients calculated as des-
cribed from Fick's Law would change with time. However the experimental
results discussed here followed the theoretical predictions and constant dif-
fusion coefficients were obtained.

DIFFUSION IN HOMOIONIC SOILS

Table I shows self-diffusion coefficients for several cations in homoionic
forms of a Lower Greensand soil.

In general these diffusion coefficients are approximately one hundredth
of the corresponding values in aqueous solution, As in ion exchange resins,
KITCHENER [7], monovalent ions diffuse faster in soil than divalent ions,
possibly because the divalent ions retain their hydration spheres more firmly,
or because they have a greater affinity for the exchange sites.

DIFFUSION IN SOILS CONTAINING MIXED EXCHANGEABLE CATIONS

In practice ions diffuse in heteroionic soils. Two of the most important
nutrient cations are K and Mg; their diffusion coefficients in the presence
of other ions, particularly Ca, are therefore of interest - K#%2has a very
short hali-life, so Rb was studied instead. Because Rb* and K* are both



DIFFUSION OF CATIONS IN SOILS 45

Table I

SELF-DIFFUSION COEFFICIENTS (D)
IN HOMOIONIC FORMS OF A LOWER GREENSAND SOIL*

Diffusin ioni Composition of equilibrium Dx107
8 soil solution (cm2f%)
2K [KC1] =M/500 2,2
86Rb [RbC1] =M/500 1.1
#Mg [MgCl,] =M/100 0.71
88 [SrCL,) = M/100 0.21

* At 37% volumetric moisture content (pF2), Bulk density 1.6 g/nl. Temperature 21°C.
Values of D are the means of 9 determinations,

monovalent cations of similar size, the effects of soil conditions on their
diffusion coefficients should be similar, although their behaviour will not
be identical (cf. FRIED et al. [8]). Lower Greensand soil prepared in equi-
librium with two different mixtures of Rb and Ca was used. The activity
ratios in the equilibrium soil solutions were

(i) {Rb} AlCal=0.014;* this corresponds to the ratio {K} /J{Ca}l in
the equilibrium soil solution for the natural soil. Two solution concentra-
tions were used: [CaCly] =M /5, M/500;

(ii) {Rb}/J{Cal = 0.001. This value was chosen to represent levels of
ik} /N {Cal below which uptake of K by plants would be reduced by Ca anta-
gonism. [CaCls] in this solution was M/500.

For Mg one heteroionic soil was 1nvest1gated The composition of the
equilibrium soil solution was {K}: J {Ca}: J {Mg}=0.0025:1:0.2, [CaClg]
=M/100. Self-diffusion coefficients for Rb and Ca in these mixed soils are
given in Table II. :

In these heteroionic soils, values of Dgy, are intermediate between those
for monovalent ions and divalent ions alone in homoionic soils (Table I) and
for the two cases where [CaCls] =M /500, Dgbis smaller in the soil contain-
ing the larger proportion of Ca. The presence of the slow moving divalent
ion seems to have a considerable retarding effect on Rb. Dumg was unaffected
by the presence of other ions in the soil studied; Mg diffuses more slowly
than Rb in homoionic soils and it was present in much greater proportion
than Rb in the soils referred to in Table II, so that the smaller effect of
Ca is understandable. The effect of soil solution concentration on Dgyin-
dicated by the first two results in Table II will be discussed later.

Diffusion in soil is slower than in aqueous solution because of two
factors: first an electrical factor associated with the charges on soil part-
icles, and secondly a geometrical factor due to the longer path and smaller
cross-section available for diffusion in a porous medium than in free solu-
tion. The electrical factor will be considered first; the geometrical factor

* {M} denotes the activity of ionic species M,



46 I.J. GRAHAM-BRYCE
TABLE II

SELF-DIFFUSION COEFFICIENTS FOR Rb AND Mg
IN HETEROIONIC FORMS OF A LOWER GREENSAND SOIL*

Diffusing cation Composition of equilibrium soil solution Dx 107
(cm¥s)

86Rp {rb} /¥{Ca} =0. 014, [CaCl,] =M/5 1.2

85Rb {rb} /¥{Ca}=0.014, [ CaCl,1=M/500 0.8

$Rb {rb} /Y{cCa} =0. 001, [CaCl,] =M/500 0.6

%Mg {K}:v{Ca} : Mg} =0,0025:1 :0.2 [CaCl,] =M/100 0.8

* At 87% volumetric moisture content (pF2), Bulk density 1.6 g/ml. Temperawre 21°C.
Values of D are the means of 9 determinations. {M} denotes the activity of ionic species M.

will be discussed in more detail in connection with effects of moisture
content. ‘

The predominantly negative charges on soil particles influence ion move-
ment by their interaction with water, which increases viscosity near the
surfaces, and their interaction with the charges on the diffusing ions in the
exchange phase. The geometry of the diffusion path for ions within the ex-
change phase also differs from those in free pore solution. When this dif-
ference in path and the increased viscosity are allowed for, the electrical
factor should not affect diffusion rates, provided the fields from the fixed
charges overlap sufficiently to be continuous in the direction of diffusion.
Only where there are gaps would additional energy be required for forward
movement.

Diffusion within the exchange phase was studied by measuring Dy, in
heteroionic soils of the same activity ratio but with different soil solution
concentrations (Table II). The diffusing ions in solution are in equilibrium
with those in the exchange phase at all points in the system because ion-
exchange is a fast process relative to diffusion. A decrease in solution con-
centration will therefore increase the proportion of diffusing ions in the ex-
change phase and so increase the contribution of these ions to the apparent
diffusion coefficient. For the soils in Table II the relative quantities of ions
in solution and exchange phases (calculated on the basis of volumetric ex-
change capacities) were approximately equal for [CaCl,]=M/500 and 100 to
1 for [CaClg]=M/5. If the energy barriers for diffusion in the exchange
phase are so great that the exchangeable ions can be regarded as stationary,
a large difference in diffusion coefficients will be observed at these two con-
centrations, whereas if the exchangeable ions diffuse at the same rate as
those in free solution, allowing for the different diffusion path and for in-
creased viscosity, concentration will affect D much less. (The effect of
concentration on aqueous self-diffusion coefficients is of minor importance
in this range). The effect of concentration shown in Table II does not suggest
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Fig.1

Effect of compaction on Dpy, in Lower Greensand soil

1. {ro}/¥{ca} =0. 014, [CaCl,] =M/5
2. {rb}/¥Y{Ca} =0.014, [Cacl,] =M/500.
3. {Rb}/f{ca} =0.001, [CaCl,] =M/500.

[By courtesy of Journal of Soil Science 14 (1963) 191]

that the exchangeable ions are stationary; it appears that they diffuse within
the exchange phase, although at a slower rate than in free solution. A simi-
lar conclusion has been reached in studies of counter ion diffusion in other
ion-exchange materials such as clays (e.g. LAI and MORTLAND [9, 10],
BLOKSMA [11]) and resins (e.g. JAKUBOVIC et al. [12,13], LAGOS and
KITCHENER |14]). These results do not indicate how far the slower diffusion
in the exchange phase depends on geometrical and viscosity effects or on
energy barriers associated with discontinuities in the overlap of the elec-
trical fields from fixed charges. However the effect of compaction on Dgy,
discussed in the next section, suggests that the continuity of the exchange
phase affects the diffusion rate, particularly for concentrations where a
large proportion of the ions are restricted to the exchange phase.

EFFECT OF COMPACTION

Figure 1 summarizes the effects of compaction on Dg, in the three he-
teroionic soils referred to in Table II; the soil moisture tension was ad-
justed to pF2 (corresponding to 37% volumetric moisture content) before
the diffusion cylinders were packed, and different bulk densities were pro-
duced by packing increasing weights of the moist soil into the cylinders and
compressing to a constant volume. ) '

For the soil in which {Rb} /J{Ca}=0.014, [CaCly] =M /5, (curve 1) Drp
‘rises rapidly as the compaction is first increased, after which there is little
change on further compression.. The initial rise may be explained by the
establishment of a continuous aqueous diffusion pathway as the water-filled
pore space increases, air pockets-are removed and the crumbs are pressed
into contact. However, compression also increases obstruction by the solid
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particles; the flat portion of the curve may be attributed to the increasing
obstruction by the solid particles balancing the further removal of air
pockets and increase in water-filled pore space once continuity has been
established. As compaction increases, the pores become saturated and
solution is expelled. The increasing obstructional effect is no longer ba-
lanced and diffusion coefficients fall, The reliability of values for diffusion
coefficients obtained at these large bulk densities is doubtful however, be-
cause some soil solution is expelled, so they are not presented in detail.
When the soil solution is more dilute (curve 2), Dgpincreases more gra-
dually on compression and the curve does not show a plateau in the range
of compaction studied. The difference from curve 1 may be related to the
greater proportion of ions in the exchange phase at the smaller concentration.
With the dilute solution the continuity of the liquid network is less important
because it affects a smaller proportion of the ions, and the sharp rise coin-
ciding with the establishment of continuity is therefore not observed. At
this concentration the increased contact of the solid surfaces on compression
assumes greater significance, for it results in a greater overlap of electri-
cal fields from the fixed charges and permits more continuotis movement’
in the exchange phase, which contains a larger proportion of the diffusing
ions. The electrical double layer will also be thicker in the more dilute
solution, and this may increase the importance of movement in the exchange
phase. The greater continuity of the exchange phase (together with that of
the aqueous system as with concentrated solutions) appears to outweigh
the obstructional effect, so that no plateau is observed. Curve 3 for
{Rb} /JICal = 0.001, [CaClg] =M /500 is similar to curve 2 over the whole _
range of compaction, but lies below it as would be expected from the greater
proportion of Ca in the system.

The effects of compaction on Dpgy can be compared with results for self-
diffusion in Bentonite reported by LAI and MORTLAND [10], where the ac-
tivation energy for cation diffusion decreased with increasing clay content.
This was attributed to the "hopping distance" between clay plates becoming
smaller as the clay content increased.

EFFECT OF TEMPERATURE

The effect of temperature on diffusion can also be discussed in terms
of the electrical factor. Table III shows the effect of temperature on Dgy
at two bulk densities in one of the soils previously described.

Temperature has a much greater effect at the smaller bulk density.
Activation energies calculated from the Arrhenius type of equation are
3.4 kcal/mole at 1.64 g/ml bulk density and 16. 9 kcal/mole at 1. 34 g/ml.
The first value is very close to that for diffusion in water, whereas the se-
cond clearly implies some form of energy barrier. If, as suggested in dis-
cussing the effects of compaction, the solid particles are well separated
at small bulk densities, there will be discontinuities in the exchange phase
and ions will have to leave the double layers to diffuse through the soil. Ac-
tivation energy will be required to cross the gaps. For soil which is more
compressed the electrical fields from neighbouring charges overlap suf-
ficiently for uninterrrupted movement in the exchange phase, and the ac-
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TABLE III

EFFECT OF TEMPERATURE ON Dgp
IN LOWER GREENSAND SOILx*

Bulk density Temp. Dgp X 108
(g/ml) °0) (em%)
1.34 A 3.5 0. 28
1.34 21.0 1.8
1.64 3.8 5.8
1l.64 21.0 8.1

* {Rb}/¥{cCa} =0. 014, [CaCl,] =M/500, Each value is the mean of 9 determinations.

tivation energy is correspondingly less. The value for the activation energy
at the smaller bulk density appears large when compared with values re-
ported for clays (e.g. LAI and MORTLAND |9, 10], WALKER [15]) orion
exchange resins (MEARES {16]), and some other factor (for example some
aspect of microbial activity*) may also be involved.

EFFECT OF MOISTURE CONTENT

The path for the diffusing ions is modified by the changes in compaction
described above - the geometrical factor may also be altered by changing
the soil-moisture content. Figure 2 shows the relationship between Dgp and
moisture content for the heterocionic form of the Lower Greensand soil
({rb} /J{Ca}l=0.014, [CaCl,]=M/500). Measurements were made at three
bulk densities (1.36, 1.7 and 1. 95 g/ml) over a range of moisture content
from the air-dry condition to roughly field capacity. The temperature was
21°C. '

The effect of moisture content was similar at the three compactions.
At small moisture contents diffusion was extremely slow and diffusion coef-
ficients were smaller than 10°9 cm?2/s. As the soil was made more moist,
D increased rapidly over the range 5-15% moisture content depending on
compaction, followed by a more gradual increase as more water was added.
Except at very small moisture contents, where results are less reliable
because of unavoidable errors in counting the small quantities of radiotracers
crossing the boundary, values of D increased with compaction at all moisture
contents. .

It is apparent from Fig. 2 that Dgpis not linearly related to moisture
content in these soils over the whole range studied and an equation of the
form D/Dj=af+b (where D, = diffusion coefficient in free solution,
6 = moisture content and a, b = constants) does not apply. For a porous solid

* Iam indebted to Dr. B. Ulrich for this suggestion.
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Effect of moisture content on Dy, in Lower Greensand soil

of length I, the theoretical relationship D/Dg= (L /L2 (where L, is the
length of the effective diffusion path and f is a factor allowing for the non-
uniform cross-section of the pores) may be derived for diffusion coefficients
calculated as described here, assuming no electrical interaction with the
diffusing ions (cf. PORTER et al. [17]). However, although results by Porter
et al. show that (L/L¢)f is Fearly related to moisture content for chloride
diffusion, there seems no theoretical reason why this should be expected
over 'a large range of moisture content in all cases of diffusion in systems
of irregularly shaped crumbs which are themselves porous even in a sieved
soil. Figure 2 suggests that there are several distinct phases in the relation-
ship between diffusion coefficient and moisture content corresponding to dif-
fusion in different pore systems. When the saturated soil is dried, the
largest pores, which are mostly between the crumbs, empty first (phase 1).
On further drying water is lost from the crumb pores whose geometry is
likely to differ from that of the intercrumb pores, so that in this second
phase the relation between D and moisture content differs from that in
phase 1. If clay plates are arranged in packages in the crumbs, this could
give rise to a third phase at smaller moisture contents and a further cor-
responding change of slope. )

. The large increase in D over the 5-15% range of moisture content pro-
bably corresponds to phase 2. At smaller moisture contents the path for
the diffusing ions would be very tortuous because only the clay packages,
many of which must be isolated, would contain water. In phase 2, the es-
tablishment of a continuous aqueous network from crumb to crumb through
their points of contact would reduce tortuosity considerably, leading to the
rapid increase in D. Once this continuity has been established, adding more
moisture apparently decreases tortuosity less and the slope decreases again
in phase 1. The changes of slope shown by the curves in Fig. 2 may thus be
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related to the structure of the soil. Because soil structure varies widely,
it seems unlikely that there is a unique relationship between ionic diffusion
coefficients and moisture content in different soils. Also, results obtained
in the laboratory are likely to depend onthe method of packing and compacting
the soil. This interpretation of the shape of the moisture content/diffusion
coefficient curves is similar to that proposed by CURRIE [18] for gaseous
diffusion in wet granular materials.

The possibility that moisture content and diffusion coeff1c1ent are re-
lated by a simple power law fitting the equation D/Dj =1n6° (where n and ¢
are constants) was tested by plotting the results on a log-log basis. This
type of equation has been applied with moderate success to gaseous diffusion
in porous media (e.g. BUCKINGHAM [19], MILLINGTON [20], CURRIE [18]),
but Fig. 3 shows that, for the results obtained in this work, it holds over
only a limited range of moisture content.

In discussing these effects of moisture content, the electrlcal factor
has been assumed to be constant and only variations in the geometrical fac-
tor have been considered. However as the volume of pore solution increases,
wider pores are filled and the proportion of ions in free solution increases
compared with those in the exchange phase. Consequent changes in the elec-
trical factor will complicate interpretation of the effects of moisture content.

DIFFUSION IN DIFFERENT SOIL TYPES

The results discussed above were all obtained with the Lower Greensand
soil that contains little clay. Dgp was also determined under standard con-
ditions in eight other widely different soils. The results (Table IV) indicate
limited variation of Dy, in the different soils.

The correlation of these values with soil properties, such as pH, cation
exchange capacity, exchangeable K in the natural soil, clay content and vo-
lumetric moisture content was tested, but no simple relationship was found.
This is not surprising because the value of the diffusion coefficient is con-
trolled by both electrical and geometrical properties for which there can be
no simple parameter.

ROLE OF DIFFUSION IN PLANT NUTRIENT SUPPLY

It is tempting to use the values for diffusion coefficients given here to
assess the importance of diffusion in transporting nutrients to plant roots.
This can be done only with many reservations. The results presented here
are for self-diffusion whereas in practice nutrients are transported along
a concentration gradient so that diffusion coefficients would not be constant.
Further, because of the selective uptake or rejection of components of the
soil solution by plant roots the composition of the solution around the root
is likely to differ greatly from that in the bulk of the soil. In this situation
inter-diffusion and mutual diffusion will modify diffusion coefficients in a
manner difficult to predict. The presence of a sink for the diffusing ions
(e. g. fixation of K) or the release from fixed forms, or from primary
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Logarithmic diffusion/moisture content relationships for Lower Greensand soil

TABLE IV

SELF-DIFFUSION COEFFICIENTS FOR Rb
IN DIFFERENT SOILS AT 21°C

Soil 2::“];3:)
Lower Greensand 7.1
Lower Lias (Banbury loam) ’ 13.6
Middle Lias (Banbury loam) .6
Upper Lias (Banbury loam) . 8.1
Gault clay 8.8
Oxford clay 11.6
Calcareous grit : 15. 5
Red trepical clay 13.7
Kilberanga ) 9.8

% Bulk density 1.7 g/ml. Moisture tension pF2. {Rb}/Y{Ca} =0. 014, [CaCl,] =M/500.
Values of D are the means of three determinations,

minerals by weathering, would also disturb diffusion. In this work diffusion
coefficients were constant with time indicating that irreversible or slowly
reversible processes were not significant, or that their effects remained
constant over the period of measurement, but the cylinders were small and

v
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the experiments brief so that slow processes are unlikely to have been ap-
parent. A few results suggest that exchange diffusion coefficients are
smaller than those for self-diffusion. For example, CHENG [21] reported
values of the order of 1079 cm?2/s for the exchange diffusion coefficient of
Na in soil columns, the exact value depending on the exchanging cation. These
exchange diffusion coefficients decreased with time; a similar result was
found by HESLOP and BLACK [22] for phosphate. Heslop and Black attri-
buted this slowing to adsorption and fixation of the diffusing phosphate. A
further major difficulty in applying these results to natural soils is that the
self-diffusion coefficients were determined with sieved soils. Although some
small stable porous crumbs survive sieving, the pores will be arranged
differently from a soil made up of natural aggregates.

In spite of these and other possible reservations, some general con-
clusions about cation diffusion can be drawn and its contribution to nutrient
supply indicated. The effect of moisture content on D is large and has been
discussed. The importance of this factor has been reported in many other
studies of cation and anion diffusion (HESLOP and BLACK [22], STEWART
and ECK [23], CHENG {21], PORTER et al. [17], PATIL et al. [3],
GRAHAM-BRYCE [1]). When compared with soil type, temperature etc.,
moisture content appears to be the factor that would influence D most under
field conditions. In this work, D decreased rapidly on drying at moisture
tensions in the region of the permanent wilting point. Nutrient cations cannot
therefore be transported to the root by diffusion when mass flow in the trans-
piration stream is not also able to operate. For some nutrients selective
rejection when the plant is taking in water causes the ion to accumulate in
the root zone, when it will diffuse away from the root rather than towards it.

The role of diffusion in nutrient transport can be estimated by calculat-
ing the ionic flux to an idealized cylindrical root assuming a constant dif-
fusion coefficient. The condition of a constant concentration at the root sur-
face, or of a constant rate of uptake is imposed. Analogous problems have
been solved for heat flow and the corresponding mathematical treatments
may be applied. Assuming constant surface concentration, the appropriate
equation is (CARSLAW and JAEGER [24]):

4b Q(C C,) o Du't/a’
F = 0 f u[J2(au) + Y2(au)]

where

F = flux of ions in meq/unit area root surface/s

Cy = concentration in bulk of soil in meq/ml

C, = concentration at the root surface in meq/ml
ratio of exchangeable to solution ions
diffusion coefficient in cm?/s

Jo and Y, = Bessel functions

t =timein s

a = radius of root.
One of the principal objections to the use of this type of equation is that the
value to use for C,, or for the rate of uptake by the plant, is not known and
cannot be measured in conditions wholly free from the effects of film dif-

(w2
non
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fusion, even with well-stirred culture solutions. For the equation given,
however, if uptake at the root surface is not rate-limiting for the overall
nutrient supply, C, will probably be small in comparison with C; and its value:
will have little effect on the flux. This condition will be assumed hére. To
calculate the flux of K and Mg diffusing to the root the following representa-
tive values may be inserted into the flux equation:

a 0. 05 cm (BOULDIN [25], OLSEN et al. [26])

b 100 (estimated from data giver by REITEMEIER [27])

Co =4 ppm K, 24 ppm Mg

Dy =1.0X10"" cm?/s

Dyg = 8X10-8cm?2/s.
Inserting these values, the calculated flux at the root surface changes with
time, as shown in Figs. 4 and 5. Curves for two values of the surface con-
centration are plotted - 1 ppm and 0.1 ppm; values of C; less than
0.1 ppm give curves which are almost identical with those for 0.1 ppm. The
total quantity of ions transported in'time t may be found by graphical inte-

t

gration of J Fdt, i.e. from the areas under the curves. For the curves
0

in Fig. 4 this gives 2.9X10-3 meq K transported per unit surface area in
70 h when C; =1 ppm, and 3.7X10-3 meq when C,=0.1 ppm. For Mg the
corresponding figures are 5.1X10°2 meq and 5.43X10-2meq. Bouldin has
estimated that 1 g of roots has a surface area of approximately 40 cm? and
if 10% of this area is active in uptake, then diffusion could supply
1-1.5X10"2meq K per g of roots in 70 h and approximately 0.2 meq Mg in
the same period. These estimates do not allow for possible overlap of the
volumes of soil in which ions diffuse to adjacent roots, or for the effects
of root hairs.

These calculations are subject to many assumptions and reservations,
so that they can be regarded as giving only the order of magnitude of the
quantities of ions which can be transported. The curves in Fig.4, however,
indicate the pattern of nutrient supply by diffusion and points of practical
usefulness are suggested by the flux equations. If rate processes such as
transport by ionic diffusion limit the availability of nutrients, then many
of the analytical methods (such as equilibrium extractions) used in advisory
work appear to have little theoretical justification and their success, if any,
seems fortuitous. The dynamic approach, however, supports some of the
established methods. Flux equations, such as that given here, indicate that
the total flux over a given time is proportional to CoXb, provided D is con-
stant and C; small enough to be neglected. CoXb is a measure of the ex-
changeable ions, so that when diffusion is the major method of transport
(such as seems likely for K) the supply to the root will depend on the quan-
tity in exchangeable form. Measurement of the exchangeable ions could
thus be used to assess availability in soils where diffusion coefficients were
similar. These nutrients may be contrasted with those for which mass flow
is the dominant method of transport, for example Mg. For these ions, the
quantity transported is given by the product of the concentration in the soil
solution and the rate of mass flow. If the soil solution is well buffered so
that the nutrient concentration remains effectively constant during uptake,
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Change of ionic flux with time for diffusion of Mg to a cylindrical root,
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and if uptake by the plant is directly. related to this intensity, the concentra-
tion in the soil solution flowing to the root would give a measure of the avail-
ability. It will be fortunate if the assumptions on which these conclusions
are based prove to be justified in practice, because measurements of ionic
movements in soil are time-consuming and could not easily be made part
of routine analysis.

SUMMARY

The rate at which a nutrient diffuses through soil may possibly limit
its availability to plants. In this paper some previously published self-
diffusion coefficients (D) for cations in soil are reconsidered together with
some unpublished data. The self-diffusion coefficients were measured by
determining the quantities of radiotracers diffusing from labelled to initially
unlabelled soil sections through suitably prepared ion exchange membrane
barriers. Diffusion coefficients in soil were found to be approximately 10-2
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of the values in aqueous solution; this is attributed to geometrical and elec~
trical factors. In homoionic soils, monovalent ions diffuse faster than di-

valent ions and in soils containing both monovalent and divalent ions, dif-

fusion coefficients for monovalent ions are reduced. Effects of soil solution
concentration, compaction and temperature on Dy, suggest that cations dif-
fuse in the exchange phase although more slowly than in free pore solution,
and that diffusion in the exchange phase is affected by the extent to which

the electrical fields from the fixed charges overlap. Moisture content has

a large effect on Dy, and would probably be the most important factor af-

fecting diffusion in the field. It is suggested that there are several phases
in the relationship between diffusion coefficient and moisture content, cor-
responding to diffusion in different pore systems. The effect of soil type
was investigated by measuring Dy, in eight widely different soils under stand-
ard conditions. No simple relationship with any of the soil properties mea-
sured was found. Estimation of the quantities of K and Mg supplied to a
cylindrical root under idealized conditions are calculated by means of a
flux equation. On the basis of the dynamic picture of nutrient supply, me-
thods of assessing nutrient availability are discussed.
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IONIC MIGRATION IN SOILS AND CLAYS
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Migration of ions in soil to plant roots takes place either by the viscous
movement of the soil solution through the pore space, or by ionic diffusion.
As long as there is drainage viscous flow is possible, but when once the
drainage stops ionic diffusion alone migrates the ions. The amount of the
nutrient ion that diffuses at a given temperature in a.soil depends upon the
soil structure and the moisture condition.

In free liquids, or in straight uniform channels, the diffusing ions are
not obstructed in the course of their migration along the direction of
measurement. In such cases the whole fractional area of the cross-section
will be effective. But in a bed of soil where the channels bend round corners,
forming twists and constrictions, the quantity of the ion diffused falls short
of the expected value and the decrease inthe ion diffused in such cases should
be attributed to the twists and constrictions. The effective fractional areas
obtained under different conditions of compaction give a measure of the effect
of twists and constrictions on the migration of ions in each case.

EFFECTIVE FRACTIONAL AREAS

The tortuosity experienced by the migrating ions should be the same for
a bed of inert materials, whether the migration is recorded by diffusion
measurements or by electrical conductivity.

Diffusion experiments were carried out under conditions of constant
total ionic concentration, following the treatment of EINSTEIN (8]. The
amount, q, of ions that diffuse across area A in time 7 is related to the.
diffusion coefficient, D, and the root mean square displacement of an indi-
vidual ion, AX by the equation

I = =—
\/zxﬁ»—CBA J2D7 = Ax (1)

where Cg is the concentration of the ions at the boundary. In the case of
porous beds where f is the fractional area of cross-section, Cg is related
to the concentration of the electrolyte Co by the equation

f

Cs = 17z

X Cyp. . (2)
If g, A, f and C; are measured D is obtained by combining equations 1 and 2.

If D is known Cp can be calculated in an unknown porous bed and the effective
value of f can then be obtained by using EQq. (2).
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TABLE I

FRACTIONAL AREAS CALCULATED FROM DIFFUSION AND
CONDUCTIVITY MEASUREMENTS IN INERT MATERIALS AND CLAYS

Diffusion measurements Conductivity
measuremernts
Material . . .
Experiments " Porosity Porosity
made fgr- fNHI .| fcond.
(No.) (P (P)
Glistening
dew 6 0. 289 0. 327 0. 366 0. 367 0.290
Glistening
dew and
glass beads 2 0,179 - 0.236 - -
Sand 2 0.273 0.291 0. 352 0. 352 0,269
Bentonite 4 0. 808 0.970 0.996 0. 996 0. 836
Rothamsted
subsoil clay 4 0.1790 - 0. 909 0. 909 0. 790
Kaolin 4 0. 462 - 0.716 - -
* f=fraction

(After Schofield and Dakshinamurti, 1948)

Table I gives the fractional areas calculated from diffusion and con-
ductivity measurements in inert materials and clays. Electrical conductiv-
ities were measured, using a cell with parallel rectangular electrodes.

For a bed of coarse particles, there is no doubt that the ratio f/P is
simply an indication of the twists and constrictions in the water channels.
The ratios obtained in Table I for the kaolin and subsoil clay are readily
interpreted in this way. In the case of bentonite, however, it will be seen
that f conductivity is 0. 836 while fp;- is only 0.808, This difference is out-—
side the experimental error and should be due to the excess of cations
balancing the negative charges on the particles. The kaolin and the subsoil
clay also give rise to additional conductance that can be observed in very
dilute salt solutions, but which would not give rise to significant differences
in Table I. The 0.91% suspension of bentonite in N/10 KBr is a thixotropic
gel, and has a conductivity 16% less than that of the salt solution. The part-
icles, although they occupy only 0.4% of the total volume, consist of plates
only- 10 A thick. The weak rigidity of the gel and the hindrance to ionic mi-
gration could both be due to the existence of a network in which the particles
tend to adhere by their edges. .

The relative conductivity of bentonite suspension in potassium bromide
solutions at different concentrations is given in Table II. In a solution con-
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TABLE II

RELATIVE CONDUCTIVITY OF BENTONITE SUSPENSIONS
IN POTASSIUM BROMIDE SOLUTIONS
AT DIFFERENT CONCENTRATIONS

Normality of electrolyte Weight (z:]o?entonite Relative conductivity
0.1 0.91 0.836
0. 05 1.14 0.924
0.0333 0.176 0.974
0.025 0. 57 1.028
0.0167 0.38 . 1. 026
0.0125 o 0.217 1.037
0. 0083 0.19 1. 033

(After Schofield and Dakshinamurti, 1948)

taining N/40 KBr, or less, the bentonite is deflocculated, and the suspension
exhibits no rigidity. Measurements of electrical conductivity, recorded in
Table 1I, show that the adding of bentonite to these solutions produces a net
increase of about 3% in the conductivity. Evidently the positive contribution
made by the electrophoresis of the negatively-charged particles and the op-—
posite migration of the corresponding excess of cations, more than offsets
the obstruction caused by the bentonite particles when they are separated
from one another,

The low ionic migration in the suspensions of bentonite in N/10 KBr,
when first observed, seemedtopointtoanincrease in the viscosity of the water.
When, however, no such effect was apparent in N/40 KBr, this idea was
abandoned. It is hardly conceivable that a drastic change in the viscosity
of water could occur in the stronger, but not in the weaker, salt solution.
There is thus no escape from the conclusion that this bentonite reduces the
conductivity of N/10 KBr mainly by a process of obstruction due to the
manner in which the particles are linked in the thixotropic gel.

These results throw light on the formation of gel structure. The
existence of long-range forces of attraction is usually attributed to be the
cause of thixotropy. Clay particles which repel each other, due to their
negative charges, are surrounded by an atmosphere of cations in the
electrolyte. Between any two such clay particles parallel to each other,
there would be a layer of increased anion concentration due to negative ad-
sorption (SCHOFIELD, R.K.,{10]). Thus the clay electrolyte system might
be considered as concentrated groups of opposite charges. If the electrolyte
concentration is such as to balance or overcome the repelling forces between
the charged atmospheres of two clay micelles, the gel structure would form
and would immobilize the fluid. Under these conditions it is likely that a
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central anionic concentration might repel the clay particles so as to form

the end-to-end network suggested earlier (SCHOFIELD and DAKSHINAMURTI,
{10]).

ISOCONDUCTIVITY VALUE AND CATION EXCHANGE CAPACITY

With decreasing concentrations of the electrolyteused, the rigidity of
the gel is lowered; and below a critical concentration the clay suspension
deflocculates and increases the conductivity of theelectrolyte in which the
clay is suspended. At a critical concentration value of the electrolyte the
conductivity of the clay electrolyte system remains constant with increasing
quantities of clay added to the system (Dakshinamurti,1948). This critical
concentration is termed the "Isoconductivity Value' of the clay.

The isoconductivity value is not influenced by the valéncy of the cation
of the electrolyte, as was noted with calcium <chloride and potassium bromide
in a large number of samples studied. Further, a linear relationship be-
tween the cation exchange capacity of the clay and the isoconductivity value
was observed for clays separated from soils of different originas wellas for pure
clay minerals (DAKSHINAMURTI, [3]). Recently this technique has been ex—
tended for the determination of the cation exchange capacity of soils as well
(CHANDOOL, [2]). ) )

All the clays -studied were first converted, as required, into calcium or
potassium clays. The homoionic clay so prepared was suspended in a
calcium chloride solution of a concentration suitable for the formation of a
thixotropic gel. By repeated washings, the clay was brought into equilibrium
with the electrolyte under study. The conductivity of the gel so formed (Cg)
was compared with that of its equilibrium electrolyte solution (Ce). The
ratio of the conductivities (Cg/Ce) is termed the relative conductivity of the
clay electrolyte system. At each concentration of the electrolyte the relative
conductivity values for different percentage weights of the clay were de-
termined. As the concentration of the electrolyte decreased, the rigidity
of the gel also decreased. The results obtained for Kaolin are given
in Fig. 1. )

At any one concentration of the electrolyte studied, the relative con-
ductivity values were found to be proportional to the percentage clay content
and, as expected, the line connecting different points passed through unit
relative conductivity value with zero clay. Decrease in the concentration of
the electrolyte used would tend to make the lines more and more horizontal
to the percentage weight axis, At a concentration called the isoconductivity
value, the relative conductivity value was 1,0 with all the percentage weights
of the clay studied. For concentration of electrolytes lower than the critical
concentration the relative conductivity value worked out to be greater than
1.0. Under these conditions the clay would dissociate.

The relative conductivity values obtained from Fig.1 for constant weight
of kaolin, say ten percent,were plotted in Fig. 2 against their respective
electrolyte concentrations. For all electrolyte concentrations above the
critical value the relative conductivity was found to vary directly with the
concentration of the electrolyte. The isoconductivity value is found to be
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(After Dakshinamurti, [3])

a linear function of the cation exchange capacity of the clay, irrespective
of the type and size of clay particles studied (Fig. 3).

The isoconductivity values for a large number of clays separated from
s0ils of four major groups in India viz., Black cotton soils, alluvial soils,
laterite soils and hill soils,were détermined by Chandool in our Laboratory
and further established this linear relationship.

The technique developed for clays has recently been extended by Chandool
to determine the isoconductivity values of soils as well. The procedure used
in this case is the same as that for clays. In the case of soils, however,
the relative conductivity values obtained for 30% weight of soil were taken
instead of 10% weight preferred in the case of clays. This is only for practi-
cal convenience, as the soil electrolyte system could not be kept homogeheous
during the period of study and is not so convenient to handle with low con-
centrations of soil. In spite of varying proportions of clay and inert material
present in the different soils studied, the isoconductivity value was found
to be a linear function of the cation exchange capacity. The results recorded
for both clays and soils are given in Fig. 4.

It is gratifying to note that the isoconductivity values obtained for clays
and soils, when plotted against their respective cation exchange capacity
values, fall on the same straight line passing through the origin,

Isoconductivity value determines the limiting concentration of the
electrolyte above which the charged particles of a system get immobilised,
due to the interaction of the ionic concentrations between clay particles, and
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Relation between cation-exchange capacity of clays
and the iso-conductivity value of clay-electrolyte systems

(After Dakshinamurti, [3])

below which dispersion results. The most probable explanation may be the
double-layer formation and interaction between clay plates. The surface
conductance should also play a role, in that the excess cations in the diffuse

layer (Stern) might contribute to the conductivity by easily rolling over the
plates, the isoconductivity value that determines the ionic excess in that
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layer becoming a function of the cation exchange capacity. Although it is
possible to work out the distribution of ion concentrations between particles
of known surface charge density placed in an electrolyte of known concentra-
tion, experimental measurements using more sensitive techniques are likely
to throw more light on clay-electrolyte interactions.

DIFF USION IN SOILS

As long as the porous beds are saturated, the conditions are similar
to those described above. In actual field conditions, however, except under
water—-logged soils the soil pore space contains partly liquid and partly air.
The distribution of the pore space between liquid and air for a given porous
bed, depends upon the suction applied to the soil in removing the moisture.
With increase in suction, the liquid in larger pores gets emptied, leaving
the more tortuous, finer, pores filled up. In the three-phase system of the
soil, the air and the solid material can be assumed to act together in forming
the twists and the constrictions in the channels. Diffusion measurements of
bromide ion under such conditions are recorded in Table III.

The results recorded at the three different suction pressures applied,
indicate that the bigger pores that are emptied in the beginning effectively
reduce ionic migration, but do not proportionately seem to reduce the total
pore space filled by the liquid. At a suction of 7.5 cm, applied bromide
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TABLE III

EFFECTIVE FRACTIONAL AREAS CALCULATED FROM
DIFFUSION MEASUREMENTS IN WOBURN SOIL

T Suction A Poron‘ty Porfmt(y a/C, for fpr-
pressure of air of liquid bromide fpe- Peliquid)

(d | (cm Hg) (cm?) | (P(air) (P(liquid)) .

1.0 25.1 33.03 0.293 0.174 0.37 0.015 0.085
1.0 25.1 17. 69 0.212 0.179 0.26 0. 020 0.109
1.0 13.5 33.03 0.298 0.174 0.90 0. 040 0.228
1.0 1.5 33.03 0.224 0,244 1,76 0. 071 0,294
.o | 1.5 17. 69 0.223 0.238 0.71 0. 054 0.225

(After Dakshinamurti, 1955)

ion contained in 1. 76 ml of liquid diffused in one day. For the same quantity
of ion to diffuse at suction values of 13.5 cm and 25.1 c¢m, the time required
works out to be about 3 d and 23 d respectively. This rapid decrease in the

amount of ion diffused with increase in applied suction is important for
understanding the movement of salts in soils. The diffusion measurements

thus indicate that at high values of applied suction the migration of ions due
to diffusion is practically negligible.

EFFECTIVE POROSITY

Tortuosity, which is mainly due to the twists and constrictions in porous
beds, should be the same for either the movement of gas molecules through
gas-filled pores, or the migration of ions by diffusion when the pores are
completely filled up with an electrolyte, or for conductivity measurements.
The effective fractional areas of cross—section worked out by these methods
are the same as the effective porosity of the medium. The data for actual
and effective porosity values collected for inert and active materials are
given in Table IV and Fig. 5.

The results show good accord between the observations of Penman, ob-
tained by measuring gaseous diffusion, and those of the present author
measured by ionic diffusion. Throughout the region of porosities studied,
they fall on a smooth curve which tends to reach a value Pegt = 1 as would be
expected when P = 1, The line drawn to a porosity value of about 0.65 shows
a tortuosity factor a= Peff /P= 0.70. Above the value of P= 0.65 the course
of the curve changed, suggesting a change from the non-colloidal to the
colloidal size of the particles that constitute the porous bed; in the former
the electrolyte fills the porous bed, while in the latter the solid is suspended
in the electrolyte.
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TABLE IV

EFFECTIVE POROSITY VALUES OBTAINED WITH INERT AND
ACTIVE MATERIALS FROM DIFF USION MEASUREMENTS

By ionic diffusion By gaseous diffusion
Materials Penman Bavel
P Peff P Peff P Pesf
Sand 0.372 0.245 0.415 0.244
0.35 0.267 0.378 0.252 0. 355 0.205
0. 352 0.270 0.381 0.2562
0.155 0.109
Glistening dew 0. 366 0.289
0. 368 0.299
0. 378 0.299
Glistening dew 0.271 ©0.193 0.185 0.151 0.250 0.125
and glass 0. 237 0.178 0.397 0. 319
Kaolin 0.716 0.46 0.1772 0. 598
0.715 0.46 0.782 . 0.600
Bentonite 0. 996 0. 807
0.997 0.840
0.995 0.790
0. 995 0, 80
Rothamsted 0.909 0.79
subsoil clay 0.859 0.67
0.896 0.75
Kieselguhr 0.844 0,677
0. 924 0. 805
0.93 0. 815
Penman Flegg
Soils
F 2. 53 0.174 0. 015 0. 518 0.298 0. 55 0.35
pr e 0.179 - 0. 020 0.518 0. 304 0.65 0.37
pF 2.26 0,174 0. 040 0. 547 0. 346 0,48 0.30
2. 01 0.244 0. 471 0.55 0,358 0. 61 0.38
pr = 0.238 0. 054 0.64 0.36
0. 55 0.35
0. 65 0.38

(After Dakshinamurti, 1959)
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In soil under different suction pressuresthe pointsfall very much below
the expected value. Here the air and the solid material are assumed to act
together in the formation of twists and constrictions of the water channels.
Porosities of the same value as those recorded in the suction experiments
were also obtained in the regularly packed inert porous beds of spherical
particles, but in these instances the effective pore space values measured
were of the expected magnitude. In soils subjected to a high suction force,
the larger pores through which the ions could migrate with ease are devoid
of liquid, leaving only the smaller pores which are filled with liquid. Effective
porosity apparently depends not on total porosity but on the size distribution
and shapes of pores.

A second set of points which do not fall in line belong to bentonite, which
formed a thixotropic gel with a porosity about 0. 996. In such cases it is
the structural arrangement of the 10 A—~thick bentonite plates that is res-
ponsible for the high value of tortuosity. The tortuosity factor also depends
upon the size of the pores. A relationship should therefore exist between
the tortuosity factor and the pF value. Between the pF values 2.0 and 2.5
studied, this relationship seems to be approximately linear (Fig. 6).

SOIL SOLUTION

It has been suggested that ionic diffusion plays an important role in
the extraction of soil solutions by the displacement method, but no satis-
factory evidence has ever been established. The water channels in the soil,
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though quite irregular may, to a first approximation, be treated as irregular
capillaries. Streamline flow of one liquid displacing the other is shown in
Fig. 7.

Study of the flow of electrolytes, one (sodium nitrate) displacing the
other (sodium bicarbonate) in capillary tubes, under different velocities
within the limits of streamline flow, indicated that the volume, Vy; of the
liquid, L, that gets displaced as the displacing liquid moves through the
tube of length L, can be calculated from the geometry of the tube and the
flow pattern, as given by

_m L
Vi, = ERZ <2L-;1—>,

where n represents the number of lengths of the tube over which the dis-
placing liquid in the paraboloid is supposed to have been extended. If the
boundary of the paraboloid is rigid the above equation should determine the
amount of liquid L that is present in a known volume of liquid collected at
the open end. When n=1, i,e, the tip of the paraboloid, M, just touching
the open end, half of the'liquid Lp originally present in the tube should be
displaced before the displacing liquid appears in the liquid collected.
Experimental results shown in Fig. 8 indicate that, up to a volume of
ligquid displaced equal to half the volume of the capillary tube (1.9 mm diam.
and 100 cm long), there is a linear relation, as expected, between the total
volume of the liquid collected and the volume of the sodium bicarbonate dis-
placed. This is irrespective of the velocity of the flow within streamline
limits. For greater volumes of the liquid collected, however, the curves
for different velocities of flow spread out and the lower the velocity of flow,
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the greater is the sodium bicarbonate solution displaced. For the same
weight of the liquid collected, the curve corresponding to a higher velocity
of flow is closer to that drawn from geometrical considerations than the one
corresponding to a lower value. With decreasing values of the velocity of
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flow, however, the linear part of the curve increased and at an average
velocity of 0.017 cm/s studied, as high as 95% of the sodium bicarbonate
solution originally present in the tube is displaced, before the sodium
nitrate solution would flow out of the tube. This observation cannot be ex-
plained by Poiseuille!s flow alone. This can be explained only as due to ionic
diffusion between the two liquids inside the tube during the course of flow.
At the common boundary of the paraboloid, bicarbonate ions diffuse towards
the centre of the tube and thus pick up higher and higher speeds, while nitrate
ions diffuse away from the centre losing their speed. The smaller the veloc-
ity of flow, the greater is diffusion.’

It is possible to work out the order of the diffusion coefficients with this
technique, as the parameters involved in these measurements work out to
a non-dimensional constant K for each curve given by '

- DL
K= 5 X

where D is the diffusion constant, r the radius of the tube and V the mean
velocity of flow. . '

In a fairly uniformly packed soil, the diffusion measurements indicated
that at high values of applied suction, the migration of ions due to diffusion
is practically negligible, On the other hand, a study of the flow of liquids
through narrow tubes showed that a Poiseuille flow coupled with diffusion is
very effective for the movement of salts, while a Poiseuille flow alone was
not so effective. This explains the principle behind the results obtained by
LAWES, GILBERT and WARINGTON (9] with drainage solutions.In one of their
experiments, where air-dried arable soil was wetted from the top, they
observed that 75% of the diffusible salts were removed in about 50 cm?3 of
the drainage water. The soil in that case contained some moisture and the
more easily soluble and diffusible salts are in the ionic form. As the water
slowly percolates from the top these ions diffuse into the pore space, acquire
greater speed and appear as if they were being pushed down by the percolat-
ing solution. Subsequent work of BURD and MARTIN [1] shows that water
could be used to displace the soil solution by the process of percolation, and
successive displaced solutions in the first few fractions collected had equal
concentrations. The concentration thus measured in each case was the same_
as that of the liquid obtained without the use of displacing water. In all these
cases ionic diffusion is responsible for the soil solution being displaced be-
fore the displacing liquid would appear.

Ionic Diffusion and Electrical Conductivity measurements thus open par-
allel lines of investigation for understanding the mobility of plant nutrients
in soils. The conductivity methods, being expedient and accurate enough,
might prove to be sensitive tools for exploring the various interactions not
only in the soil-water system, but also in the soil-water—plant systems.
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DISCUSSION

H. LAUDELOUT: The existence of an isoconductivity value may be de~
monstrated in the following way:

If we split quite formally the measured conductivity, Kg, of the clay gel
imbibed by an electrolyte solution of conductivity K, into two terms:

-K

KBF

+ AX,

thereby defining the contribution AX of the surface phase to the conductivity
of the gel, F is a factor (> 1) by which the conductivity of the solution is re-
duced due to the presence of p solid matrix.

If A; is the surface conductance, S, the surfac_e per unit volume and ¢
the porosity we have’

S
.Fkg‘K1=As_¢%.

At the isoconductivity point K, =K, = K;,
AsSy  _ 2.5 AsSo(l - o)

KiSO=(F_1)¢_ (F_l)(p ’.

where Sy is the specific surface (per g) of the solid matrix. Kis will be in-
dependent of the porosity if F -1 has the form

F—1=kl%£.

Thié is precisely the form of Burger's equation (Phys. Zeitsft 20 (1919) 73)
which has been found to be valid even in the case of montmorillonite gels
(Cremers and Laudelout, to be published).
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The correlation between Kiso and the base exchange capacity (BEC)

follows if we replace S, by BEC]cr where o is the surface charge density.
Thus )

2.5 As

Kiso = ko

BEC,

which ensures a correlation between K, andthe BEC, providedthe variations

in the three parameters X, k and ¢ have a tendency to compensate one
another,

DIFFUSION OF PHOSPHATE TO PLANT ROOTS

D. G. LEWIS
DEPARTMENT OF AGRICULTURAL CHEMISTRY, WAITE INSTITUTE,
UNIVERSITY OF ADELAIDE
AND
‘J.P. QUIRK
DEPARTMENT OF SOIL SCIENCE AND PLANT NUTRITION,
INSTITUTE OF AGRICULTURE,
NEDLANDS, UNIVERSITY OF WESTERN AUSTRALIA, AUSTRALIA

Following suggestions of earlier workers, SCHOFIELD [1] has stressed
the necessity of considering both capacity and intensity factors when assess-
ing the availability of plant nutrients. Plant growth, however, is a dynamic
process in which ion-transport phenomena are involved, both within the soil
and within the plant. A number of workers, including FRIED and SHAPIRO
[2,3,4], BARBER [5], OLSEN et al. [6], LEWIS and QUIRK [7], and
GRAHAM-BRYCE [8] have stressed this fact and have made diffusion mea-
surements. Diffusion measurements of cations (Rb and K) have also been
made by KLUTE and LETEY [9], WALKER and BARBER [10], SCHOFIELD
and GRAHAM-BRYCE [11], and GRAHAM-BRYCE [12].

If one refers specifically to anions, HoPOz and NO3 represent extremes.
This may be seen by reference to Table I, where the mean velocity of dif-
fusion is represented for three different levels of phosphate and for chloride.

For anions where reaction with soil colloids is very limited, the ideas
on diffusion in inert granular materials, as discussed by MILLINGTON and
QUIRK [13, 14] apply. These authors have used probability of continuity in
preference to the tortuosity concept which was proposed by KOZENY and
CARMAN [15]. This method has been used extensively by oil industry re-
search workers and, recently, by PORTER et al. [16]. The model used by
Millington and Quirk allows ready consideration of ionic and gaseous diffu-
sion for partially-saturated media.
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TABLE 1

DIFFUSION COEFFICIENT AND MEAN VELOCITY
OF PHOSPHATE IONS IN SEDDON POT SOILS

(v=2D)

Added Self-diffusion Mean
phosphate coefficient velocity
(ug P/g soily (cm?/d) (mm/d)

100 0.1x10™ 0,04

300 0.36x1074 0.08

1000 ©8.4x1074 0,26

Chloride 0,46% 6.5

% predicted [13]: 0.44 cm?%d.

The authors have measured diffusion coefficients of phosphate and have
adopted a model root system to analyse diffusive flux. The flux to the model
system has been compared with uptake by wheat plants. As our approach is
different in some respects from BOULDIN [17] and OLSEN et al. [6], a brief
summary of this is given. The results will be published in greater detail.

The accumulation of phosphate by wheat plants has been followed as a
function of time over a complete growth cycle, and the rate of uptake com-
pared with a computed uptake if diffusion alone contributed. The soil used
for both pot experiments and laboratory studies was the Seddon sandy loam
for which some data on phosphate retention have been obtained by KANWAR
[18]. Phosphate additions of 150, 300 and 600 ug P/g soil were made to
bulk samples of soil by spraying on appropriate amounts of calcium phos-
phate solution, followed by drying and thorough mixing. Wheat plants were
grown under conditions of controlled environment in small pots of these soils
and the plant tops were harvested and analysed at intervals of two weeks
from sowing to maturity (22 weeks). The rate of phosphate uptake was al-
most constant during the period of 2 to 12 weeks and the mean rates for the
three phosphate levels were 2.7, 5.6 and 12. 0 ug P/plant per hour.

For the calculation of phosphate supplied to the root by diffusion, a
physical model was adopted in which the root was considered to be a cy-
lindrical sink towards which phosphate ions would diffuse under the influence
of a concentration gradient induced by active uptake at the root surfaces,
i.e. flow would be radial at all times from an infinite unstirred medium
of uniform initial phosphate concentration Py. Since the concentration of
phosphate near the root surface could not be measured, some estimate was
necessary to enable mathematical calculations to be made. In this work
the boundary condition imposed was that the phosphate concentration at the
root surface decreased exponentially with time from the initial value P,.
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For this system a general diffusion equation can'be written as follows,
using cylindrical polar co-ordinates:

-

oC 9 2C
37 <I‘Dar> . (1)

t

PRI

valid for

where

C= C(r’ y " concentration of phosphate for any time 't' at a distance 'r!

from the centre of the root;

D = diffusion coefficient; and

a =root radius.

As no published data were available on the diffusion of phosphate in soil,
experiments were carried out to evaluate the diffusion coefficient for Seddon
soil using different levels of added phosphate. The techniques given by
LEWIS and QUIRK [7] were used to determine the self-diffusion of P32 in
samples of soil to which KH,PO, solution had been added to give phosphate
additions ranging from 100-2000 ug P/g soil. The soils were stored at 20%
water content for seven days before the diffusion cells were assembled. The
measured diffusion coefficient was calculated from the amount of P32 trans-
ported across the boundary for six days' contact, The calculated diffusion
coefficients were very small, ranging from approximately 2X1071° cm2/s for
the lowest addition to 4X10-8 cm?2/s after the addition of 2 mg P/g soil.

Over this range there was a very marked curvilinear relationship be-
tween diffusion coefficient and level of phosphate addition, which could be
described approximately by '

D=KP? (2)

where

D =measured diffusion coefficient of the phosphate ion in the porous

medium;

K =constant; and

P = concentration of added phosphate {ug P/g soil).

Since the measured diffusion coefficient is not constant, it is not pos-
sible to give a general solution to the diffusion Eq. (1) given above, but nu-
merical solutions can be obtained for specific initial concentrations and
prescribed boundary conditions.

On substituting relation (2) into Eq. (1) a non-linear equation results
which, subject to the imposed boundary conditions, was solved by numerical
methods (using an IBM1620) to give the change in concentration at any point
out from the surface of the root with time, Calculations were performed
for three levels of added phosphate (150, 300 and 600 ug P/g soil) and two
different root dimensions (0.2 and 0. 005 mm) corresponding to the observed
radii of the main root and the root hairs. Subsequent integration of each
set of results around the root axis gave the cumulative change in concentra-
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TABLE IT

PHOSPHATE UPTAKE RATES: COMPUTED AND MEASURED

Phosphate addition
(ug P/g soil)
150 300 600
Computed uptake (p g P/m per hour)
for main root 0.074 0.33 1.57
for root hairs 0, 0084 0. 034 0.13
for proposed model root™ 0,494 2,03 7.9
Measured uptake (pg P/plant per hour) 2.1 5.6 12.0
Required length of model root
(m/plant) 5.5 2.8 15

* Model root proposed had 50 mm of root hair per millimetre of main root.

tion per unit length of root with time, i.e. the mass of phosphate which
had moved from the soil to the root surface as a result of diffusion. The
mean uptake rates for the different root dimensions at the three levels of
phosphate are given in Table II.

To convert these data to total plant uptake a model of the nutrient ab-
sorbing root must be used. On the-basis of microscopic observation of the
root systems of wheat plants grown in the Seddon soil a model root was
adopted, in which every millimetre of main root has 50 root hairs attached
to it, each of an average length of 1'mm, i.e. each millimetre length of
root is associated with 50 mm of root hairs. The total uptake rates per
unit length of model root for each of the three levels of added phosphate are
also given-in Table II together with the mean uptake rate per plant deter-
mined in the pot experiment.

By comparing the computed rate of uptake per unit length with the mea-
sured uptake rate of the growing plant, the length of model root required to
achieve the measured uptake can be calculated, assuming diffusive move-
ment to the root surface to be totally responsible. The calculated lengths
shown in Table II must be recognized as minimum values of activity ab-
sorbing root under ideal moisture conditions. The lengths required (2 to
6 m per plant) are not excessive and may be even less if the root hair
numbers or lengths are greater than the estimates used. Field measure-
ments of root lengths of wheat plants indicate values ranging from 32 m [19]
to half a mile [20] when sown in drills, and up to 50 miles for isolated plants
[20]. These suggest that the values obtained would represent only a small
fraction of the total root system.

At maturity the plants in the uptake experiment had a root volume of
7 to 12 em3/plant which would correspond to 50 to 90 m of model root per
plant. FAWCETT ([21] conducted similar pot experiments and after six
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weeks' growth found oven-dry root masses of 0.67 g/plant, which would -
correspond to 15 to 17 m of model root. At the six-week stage, the plants
would be absorbing phosphate at the mean rate given in Table II, so about

40% of the calculated length would need to be active at the lowest P addition
or only 7% at the highest level. These results suggest that, for the ideal

model systems considered, diffusion alone could supply the phosphate ad-

sorbed by plants. In practice the conditions are less than ideal, e.g. where
the water content .is less than saturated it is probable that the diffusion coef-

ficient would be lower. On the other hand, it is also likely that older tissue

continues to be active in uptake, although perhaps not as efficiently as newer
tissues near the root tip.

In the experiments discussed above, the diffusion coefficients were
measured under saturated conditions. In the plant growth experiments the
water content of the soil was maintained near to '"field capacity''. However,
interesting differences in the effect of water stress on phosphate uptake have
been noted by WATANABE et al. [22] and FAWCETT and QUIRK [23].

The application of the approach as outlined here to water and other
nutrient fluxes should lead to a more satisfactory appreciation of the complex
physical relationships which exist between the soil and plant-root systems.

The results given in Table III serve to illustrate the relative importance
of the root as compared with its associated root hairs. This information,
when coupled with autoradiographic observations, helps to define the region
in-the soil from which phosphate is drawn,

It is of some interest to note that, for the model root system, and a
distance of exploitation of 0.1 mm from main root and root hairs, the vo-
lume of a soil is 1. 82 cm3/m so that, for a root length of 60 m, the volume
of soil from which roots withdraw phosphate would be 110 ml. The plants
were grown in pots containing approximately 600 ml of soil.

With a root hair density of 50 per mm of main root, it may be calculated
that each root hair is associated with a cylinder of soil of radius 0.1 mm
immediately adjacent to the main root. )

Other experiments relating to the nature of the diffusion process lead
to the tentative suggestion that

D,=D,XR', (3)

where
Dp= diffusion coefficient for non-reacting anions, which is simply ob-
tained from the diffusion coefficient in solution and the tortuous
nature of diffusion path;
D_= experimentally determined diffusion coefficient for phosphate;
. _Labile P31
Solution P31
or R'= ————-————Sg‘lc‘);?ifgsz associated with a unit mass of soil.
On this basis it may be suggested that D, combines intensity, capacity
and transport factors. Data illustrating Eq. (3) are given in Table IV.
The results in Table IV imply that diffusion through solution rather than
surface migration is the important process. The results, therefore, sup-

associated with a unit mass of soil;
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TABLE III

EFFECT OF RADIAL DISTANCE FROM THE SURFACE ON THE
VOLUME OF SOIL SURROUNDING ROOTS AND ROQT HAIRS

R = Radial V; = Volume V, = Extra volume
thickness surrounding associated with UN
of soil 1 cm of root root hairs 271
(mm) (cm3x 103) (cm3x 10?)
0.01 0.16 0.031 1.9
0. 05 0.86 0.448 5.2
0.1 1.89 , 1.55 8,2
0.18 3.06 3.20 10. 4
0.2 4. 40 5.28 12.0
0.3 7.54 10,2 13.5
Root diam. =0,5 mm Root hair diam, =0, 01 mm
Length = 1 mm each Root hair population =50/mm root
TABLE IV

RELATIONSHIP BETWEEN EXPERIMENTAL SELF-DIFFUSION
COEFFICIENT AND SOLUTION PHOSPHATE

Added Total P D DeXR
t =" e ¢

1:2};(;51;)}};)6 Solution P (ecme/dx 108) (cm¥d)
100 3570 1.40 0.05
300 A 7150 5.23 0.36
500 1515 13.4 0.20
750 664 36.3 0.24
1000 471 51,0 0.24
1250 190 76.4 0.15
1500 110 136. 0 © 0,15
2000 : 58 332.0 0.19
Mean 0.20

* Conditions of experiment different from those in Table I with respect to diffusion
period and time of storage,
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port the basic assumption made by OLSEN et al. [6] in their analysis of
phosphate flux to a root. It should be stressed, however, that more ex-
tensive experimental observations are required to verify Eq. (3).
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DISCUSSION

C. DAKSHINAMURTI: The phosphate content in the main root decreased
with increasing time of diffusion. Is the blackening observed in the auto-
radiographs a real deficiency of phosphorus or photographic blackening due
to excess of phosphorus?



DIFFUSION IN SOIL CRUMBS

S. LARSEN AND D. GUNARY
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INTRODUCTION

In a multi-component system matter can move as a result of mass-flow
and by diffusion. In soil both means of transport occur, but while mass-
flow is largely restricted to the coarse pores between the soil aggregates
(crumbs), transport by diffusion prevails inside the soil crumbs where the
media in which diffusion occurs (water and air) are held in the fine pores
by capillary forces. A similar situation exists in compacted (structureless)
soil but as soil with a erumb-structure is the normal and more favourable
medium for plant growth, a discussion of diffusion in soil crumbs ‘is
desirable.

A. DIFFUSION COEFFICIENTS IN RELATION TO SPHERES.

By diffusion we mean the process by which matter is transported from
one part of a system to another as a result of the random thermal move-
ment of molecules or ions. Characteristic of this type of transport is the
fact that the amount of material transported is not proportional to the time
elapsed but 1o its square root. In the transport of matter over long distances
diffusion may be neglected but it becomes very important over distances of
a few millimetres particularly from or to the surface of a porous solid in
which mass flow of the external medium is retarded.

The diffusion coefficient, D, is defined by the following expressions:

Rate of transfer per unit area of section = -D dC/dX where C is the
concentration of the diffusion substance and Xthe space co-ordinate measured
normal to the section, or

dc _d%C
& " axe (P

where t=time.

These two expressions are usually referred to as Fick's first and second
laws of diffusion. These equations are applicable to linear diffusion in one
dimension. Considering radial diffusion in a sphere - and we shall for
simplicity assume soil crumbs to be spherical - the diffusion equation takes
the form '

dc _p/dC | 2c
dt dr? rdr )’

where r is the radius of the sphere.

78
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Putting u = Cr we get

d2y

re?’

&g

which is basically the same equation as for linear diffusion in one dimension,
CRANK, [1].

B. DIFFUSION IN POROUS MEDIA
(i) Inert porous media filled with either liquid or gas

The diffusion in inert porous material is reduced by two factors com-
_pared with diffusion in a system consisting of liquid or gas only: firstly,
the physical barrier provided by the skeleton of the porous solid through
which molecules and ions cannot diffuse, secondly by the crooked shapes
of the pores. A correction for the first factor is usually made so that the
unit area of the section is reduced by the fraction of the total volume occu-
pied by solid particles. Another way of allowing for the fact that only a
fraction of the volume is available for diffusion is to express the concen-
tration as unit amount per unit volume. This way expression of concen-
tration will also allow for other obstacles, such as air pockets incapillaries,
where a solute is diffusing in a solution.

The second factor — the so-called tortuosity factor — reduces the dif-
fusion in soil by a factor of about 0.6. This was established in a water-
saturated soil by PENMAN [6], who also showed that the factor was almost
constant for a variety of soils.

(ii) Inert media filled with liquid and gas

The fine pores of a moist soil crumb are filled with water; bubbles of
trapped air will, however, occur. Such bubbles provide an obstruction to
diffusion in the liquid phase and reduce the tortuosity factor. Reduction of
the moisture content will decrease the tortuosity factor, which becomes zero,
before all moisture is removed, i.e. when continuous water-filled pores
no longer exist. PORTER et al. [7] found that after a threshold moisture
content was exceeded the tortuosity factor increases linearly with increased
moisture content.

(iii) Diffusion in porous material which combines with the diffusing matter

When molecules and ions are sorbed by the surface of the solid skeleton
of the porous material, diffusion can take place in the liquid, in the pores
and along the surfaces, and in the solid.

It is reasonable to assume that the rate of diffusion in the liquid phase
is much greater than the rates of diffusion on the surface and in the solids,
and the only way in which the sorption can affect the rate of diffusion in the
liquid phase is by influencing the concentration gradient. If the distribution
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between the three fractions is the same, regardless of the concentration in
the liquid phase, the rate of diffusion will be unaffected. However, this
is not so when ions are sorbed to solids in soil, as the proportion of
ions in solution will increase as the saturation percentage of the sorption
capacity increases. This sorption to the surface of the solids introduces
a complication.

When self-diffusion is considered, i.e. diffusion of 'carrier-free!'
labelled atoms in the absence of a concentration gradient, the exchange of
ions between the liquid and the solid phase is important, for this will cause
a loss of the label and the apparent diffusion coefficient calculated by use
of labelled ions will be vastly different from the diffusion coefficient calcu-
lated on the basis of a concentration gradient. Relative to the rate of dif-
fusion in liquid the rate of isotopic exchange is not a slow process and the
bulk of this exchange takes place within a few days. GRAHAM-BRYCE [2]
was therefore not right when he stated: ''The isotopic exchange between the
different soluble and insoluble forms of soil P is a relatively slow process,
so that it may be assumed that little exchange takes place during the 2-3d
period of the diffusion experiments'",

Diffusion in the liquid phase of a porous body, where there is an equi-
librium between the solid/liquid phase with respect {0 the diffusing com-
ponents, may be compared with diffusion in a granule of a sparingly-soluble
salt. Assuming this granule is surrounded with pure water, the rate of dis-
solution depends at time zero on the solubilization which is a chemical re-
action. As the concentration around the granule builds up diffusion (assuming
no stirring) of matter away from the surface, this becomes important and
may be the factor limiting the rate of dissolution.

Let us assume that a sparingly-soluble salt is mixed with a fine powder,
such as clay, and granules are made of the mixture. In a static system the
dissolution of the sparingly-soluble salt will depend on diffusion of matter
through the porous shell, formed after dissolution, and diffusion in the
bathing solution. If fresh water is passed through a bed of such granules
the diffusion in the porous shell should be the limiting factor.

Experiments with simplified soil granules of this type may provide a
quantitative measure of transport of matter out of soil crumbs.

C. SPECIAL CONDITIONS IN SOIL CRUMBS
(i) The influence of biological activity on diffusion of ions in soil crumbs

An important aspect of soil is the activity of soil micro-organisms which
consume oxygen and produce carbon dioxide. Renewal of oxygen and dis-
posal of carbon dioxide are brought about by diffusion and mass flow. If
we consider a soil in which the coarser pores between the crumbs are filled
with air and the finer pores in the soil crumbs are filled with water (a con-
dition which is approximated at 'field capacity') the two gases will be trans-
ported by mass flow and diffusion in coarser air-filled pores and by diffusion
in the liquid in the finer pores of the soil crumbs. In this situation an ac-
cumulation of carbon dioxide will, as shown by GREENWOOD and GOODMAN
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[3], occur towards the centre of the crumbs. It is well known that an in-
crease of the carbon dioxide in neutral and calcareous soil increases the
hydrogen ion concentration and the concentration of ions in solution. As
the carbon dioxide concentration rises towards the centre of a soil crumb
the concentration of ions will also rise, bringing about a concentration
gradient. This will cause the ions to diffuse towards the surface of the
crumbs and an accumulation will occur on or near the surface. This could
be particularly important for ions of low mobility in soil, such as phosphate
ions.

Phosphate deposited near to the surface of the crumbs would be, so
far as uptake by plants is concerned, in a more favourable position than
phosphate distributed throughout the crumbs; such migration of phosphate
by diffusion could affect the phosphate uptake by plants, particularly in the
‘early stages. .

This hypothesis has the advantage that it can be tested by a relatively
simple experiment in which phosphate uptake can be compared on soils re-
ceiving the following treatments:

(a) Wet to field moisture capacity for x months;

(b) Dry for 1 month, wet for x - 1 months; and

(¢) Dry for 2 months, wet for x - 2 months, etc.

The experimental soil should have a crumb structure, be of neutral
or alkaline reaction and phosphate should limit plant growth. The experi-
ment would, of necessity, be in pots. If the hypothesis is supported, phos-
phate uptake should be greatest in treatment (a).

Supporting evidence for the hypothesis is given in some results by
GUNARY [4] who investigated the diffusion of 32P-labelled phosphate in soil
crumbs. During perfusion of two soils with 0.01 M CaCly he found little
sign of migration of labelled phosphate placed on the surface of soil crumbs
(Fig.1). In spite of that isotopic dilution as measured in the perfusing so-
lution has gone on all the time and was approaching an equilibrium level
(Fig.2). This can only mean that unlabelled phosphate had diffused from
the centre of the crumbs towards the surface and into the perfusing solution.

It should be noted that the perfusing technique employed by GUNARY [4]
ensured aeration of the solution and thus a low concentration of carbon di-
oxide outside the soil crumbs.

(ii) Diffusion of ions from surface to centre of soil crumbs

The concentration of ions in the soil solution outside the crumbs may
be raised by application of fertilizer salt. In this situation a diffusion to-
wards the centre of the soil crumbs will occur. This is of particular im-
portance in relation to slow-moving ions, such as phosphate. Immediately
after application the phosphate ions, of which the majority will be sorbed
by the solid skeleton of the crumb, will be in a favourable position for ab-
sorption by plants. As time passes more and more phosphate will move
towards aless favourable positionatthe centre of the crumbs. A consequence
of this is that the 'positional' availability will decrease with time. Recently-
applied phosphate will thus be better utilized by plants than phosphate which
has been in the soil for some time although no 'fixation', i.e. transfer from
available forms to unavailable forms, or chemical change, has taken place.
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Fig. 1

Distribution of 3% across sections of soil crumbs before (b) and after (a) perfusion
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Isotopic dilution during perfusion with 0. 01 M CaCl, of crumbs of the two soils shown in Fig. 1.
Soil IR is of basaltic origin withalarge phosphate sorption capacity. Soil 191 is a culm measure clay.

In crop experiments with phosphate it is difficult to differentiate be-
tween the fall in availability and fall in accessibility. It is, however, rela-
tively easy to devise an experiment in which allowance can be made for the
former process. A determination of 'labile' phosphate by 32P dilution would
provide means for such an allowance.

(iii) Diffusion of ions to discrete spots within soil crumbs

During experiments in which the diffusion of 32P from the surface to
the centre of soil crumbs was followed, discrete spots of 32P accumulation
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Distribution of 32P across sections of soil crumbs after four weeks' incubation
in solutions of varying phosphate concentration.
Zones of 32P concentration can be seenin Soil 191 at the 10mM phosphate level,
and soil 219 at the 100mM phosphate level.

within the soil crumbs have become apparent. An example of this is shown
in Fig.3 where 32P has diffused, together with carrier phosphate, into
crumbs of different soils. In the crumbs of soil 191 where 10 mmol
of carrier phosphate was added, a good example of this 32P accumulation
can be seen. The simplest explanation is to assume that these zones co-
incide with zones which are highly active with respect to phosphate sorption.
Such zones may well be small ion or manganese concretions which have
formed within the soil crumbs. Micropedological techniques, together with
radioautography, should assist in furthering our understanding of the nature
of these phosphate-sorbing zones.

From this discussion it is apparent that diffusion of phosphate in soil
crumbs may bring about changes in the phosphate status of soils to which
phosphate has neither been added nor removed. How important this is has
yet to be determined. Itis, however, clear that a study of diffusion in soil
crumbs may yield results and conclusions which may not be apparent from
a study of diffusion in structureless soil.
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DISCUSSION

I1.J. GRAHAM-BRYCE: The sentence quoted by Dr. Larsen was used
in discussing apparent self-diffusion coefficients (D) for phosphate ions,
calculated from the rate of transfer of radiotracers from soil sections
labelled uniformly with 32P to exactly similar sections initially without
tracer, GRAHAM-BRYCE [1]. The labelled soils were prepared by shaking
with solutions containing 32P for five weeks, by which time the rate of
further isotopic equilibration between the soil and the added tracer wasnegli-
gible. The calculation of D requires knowledge of the fraction of the radio-
tracers initially present in the labelled section which has crossed the
boundary between the sections in a given time. Three different soil ex-
tractants were used to obtain values for this fraction (i) M/100 CaCl,,
(i) 0.2 NH,SO,, (iii) 2 N H,SO, after ignition at 550°C. These extractants
"~ are of increasing effectiveness for soil P — the CaCl, solution removes only
the relatively easily extracted phosphate (principally that in the soil solution)
while the acid extractants will also remove solid phase phosphate. The value
of the apparent self-diffusion coefficient calculated in this way would be ex-
pected to depend on the method of extraction if the rate of isotopic equili-
bration is slow compared with the diffusion process (mainly in the soil so-
lution) which transfers ions across the boundary, so that the system ceases
to be in isotopic equilibrium once diffusion has started, GRAHAM-BRYCE [1].
It was in developing this argument that the sentence quoted was used.

Dr. Larsen's criticism of the statement depends on the interpretation
of the term "isotopic exchange'. This term was intended to include all pro-
cesses in solution, surface and solid phases involved in the equilibration
between 32P and 31P. This interpretation of the term, together with the use
of '"Exchangeable phosphate' ("E'" value) to describe the amount of soil 31P
which equilibrates with added 32P in a given time can be found frequently
(e.g. MATTINGLY [2] RUSSELL, RICKSON and ADAMS [3]. It is generally
agreed that the "E' value changes with time and that for most soils 80-90% of
the equilibration would not be completed for considerably longerthan 2-3 days
(RUSSELL, RICKSON and ADAMS [3] TALIBUDEEN [4]). Iftheterm "isotopic
exchange' is used in this way, as it was in the publication referred to by
Dr. Larsen, then the sentence quoted is valid. If exchange is taken to refer
only to the so-called ''surface exchange'' - the initial relatively rapid phase
of isotopic equilibration ~ then clearly the process cannot be regarded as
taking place only to a small extent during the 2-3 d period of the experiment.
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SELF-DIFFUSION OF CALCIUM-45
INTO CERTAIN CARBONATES
AND CALCAREOUS SOILS

P. REINIGER AND N. LAHAV:
LABORATORY OF SOILS AND FERTILIZERS,
STATE AGRICULTURAL UNIVERSITY
WAGENINGEN, NETHERLANDS

INTRODUCTION

The investigations described in this paper were prompted by the lack
of a reliable and accurate method for measuring exchangeable calcium in
calcareous soils., Alarge group ofarid-zone soils contains calcium carbonate
and is under irrigation or planned to be irrigated in the future. For the pur-
pose of predicting and measuring the influence of various types of irrigation
water on these soils, especially the degree of alkalinization to be expected,
an exact determination of exchangeable calcium i% necessary.

In the various stripping procedures used for the determination of ex-
changeable cations, the amount of calcium found depends on the solubility
of calcium carbonate in the stripping solution and thus on the solution-soil
ratio employed. Therefore, the use of an isotopic dilution method of °Ca
seemed most advantageous, also in view of the favourable characteristics
of this isotope and its relatively low price. An accurate and easy counting
technique employing an ordinary end-window G-M counter and dried-down
samples had been developed, overcoming the disadvantage of the low-energy
level of the beta-radiation of the isotope and placing its use within the reach
even of small laboratories [ 2].

Before the use of %Ca to measure exchangeable calcium in calcareous,
soils could be considered, better insight into its interaction with the solid
calcium carbonate present in those soils seemed imperative. This inter-
action could be foreseen to consist of surface exchange with calcium adsorbed
on the surface of the carbonate crystals, and of diffusion into the crystal
itself, As in the isotopic dilution method the amount 'adsorbed' is calcu-
lated by subtracting the amount in solution from the total; this ‘adsorbed!

*% At present at the Hebrew University, Rehovot, Israel
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amount would, in the case of a considerable infusion of 45Ca into the carbonate
crystal, consist of calcium exchanged by surface exchange and that lost by
infusion, and would be time-dependent, Knowledge, particularly of thisin-
fusion process, therefore, seemed most important, To obtain a basis of re-
ference, well-defined systems of pure carbonates were first investigated.

EXPERIMENTAL TECHNIQUE

Full details of the experimental techhiques have been given in other
publications, in journals and in reports to the Agency [ 1, 4, 5]. Neverthe-
less, a few points may be stressed again here. In all the studies where sus-
pensions of the pure or impure minerals or soil particles were used, three
main conditions in preparing the systems were observed, The first two of
these served to fulfil theboundary conditions necessary for solving the dif-
fusion equation, the third one to attain sufficient accuracy in the measure-
ments, These conditions were:

(a) To fulfil the boundary condition relevant to the mathematical solution
chosen, the calcium concentration in the supernatant liquid had to be kept
constant, This was attained by suspending the particles in a CaCly solution
at least 0,008 N, which is well above the solubility of calcium carbonate
under the experimental conditions,

(b) Also, the specific activity of *°Ca at the particle surface had to
be the same as in the bulk solution. For this purpose the suspensions were
agitated in a shaker during the experiment, ’

(¢) To attain satisfactory accuracy of the measurements, the ratio of
calcium in solution to calecium to be exchanged was kept below unity by ad-
justing the suspension concentration.

A short description of the experimental procedure reads as follows:
The material under investigation was suspended ina CaClysolution andbrought
to equilibrium with the solution by shaking. Amounts of 5-6 ml were trans-
ferred to 10-ml plastic bottles and at zero time a similar solution tagged
with #°Ca was added and agitation was started. At various time intervals
bottles were taken out, centrifuged, and the specific activity of %°Ca in the
supernatant liquid determined. These determinations gave a picture of how
the specific activity of 4°Ca in solution decreased with time, or, according
to the law of conservation of matter, of its increase in the material investi-
gated, i.e., the amount adsorbed or infused.

THEORETICAL

To compare the values of 45Ca infusion found by the experimental tech-
nique described above with values to be expected from diffusion theory, the
self-diffusion coefficient, D, of calcium in the various materials was calcu-
lated [4]. It appearedthatthe process couldbe described as one-dimensional
diffusion of 45Ca with a constant carrier concentration and a falling head,
as the specific activity of 45Ca in the solution decreased with time while the
isotope entered the crystal. One-dimensional diffusion could be assumed, as
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maximum average penetration was about 40 A compared with particle dia-
meters smaller than 5 or even 50 um,

One could, therefore, use Fick's Second Law, which was solved for-
the system by using the appropriate boundary conditions,. stating:

(1) That the specific activity of 45Ca in the crystal at zero time was zero;

and :

{2) That the crystal was semi-infinite for the time of the experiment,

The resulting differential equation was solved by applying the Laplace
transformation, Allowing for various values of D, the decrease of 4Ca acti-
vity in solution could be calculated as a function of time and a capacity factor,
h, In the same way, the increase in specific activity in the crystal and the
amount of isotopically-exchangeable calcium, i.e, that adsorbed and that
lost by infusion into the crystal, could be calculated for various values of
the diffusion constant, as a function of time.

EXPERIMENTAL

Following the theoretical equation, the amounts of Ca exchangeable in
pure carbonates (calcite and dolomite) were plotted as a function of the capa-
city factor times the square root of time for different trial values of D, As
is seen from Fig.1, which gives the amount of isotopically-exchangeable
Ca per cm? crystal for three size fractions of calcite plotted in the way
described, the amount of isotopically exchangeable calcium increased with
time, As the equilibration with adsorbed calcium is attained in a matter
of minutes in the suspensions used, the increase in isotopically-exchangeable
Ca is caused by the diffusion of 4°Ca into the calcite crystal with a diffusivity
constant of about 10-%m?s-1(slope of the line plotted). A value of 10-20¢cm?2g-1
was found for dolomite. Should natural carbonates in soils behave similarly,
the amount of adsorbed calcium determined with the aid of 45Ca would have
to be corrected for the infusion according to the equilibration time and the
diffusion constant of the carbonate salt.

The next step was, therefore, totakeanaturalimpure calcium carbonate
and measure its isotopically-exchangeable calcium as a function of time,
EMKAL, a liming material containing some clay, was chosen for this pur-
pose, and as may be seen in Fig.2 it behaved entirely differently from the
pure calcite, The amount of isotopically-exchangeable calcium did not in-
crease with time, at least the increase was not detectable with the methods
used, and thus the maximum possible value of the diffusion constant for Ca
was a factor of 100-200 lower than that of calcite. The amount of isotopically-
exchangeable calcium measured could be ascrlbed entirely to the surface ad-
sorbed form of the cation,

Two further questions were therefore raised:

(1) What was the possible reason for the different behaviour of pure calcite
and the impure EMKAL?

(2) Did soil carbonates interact in the same way with 4Ca as the impure
calcium carbonate EMKAL? If so, 45Ca should lend itself very well
to the determination of exchangeable calcium in calcareous soils, as
all the isotopically-exchangeable calcium measured would be surface-
adsorbed,



88 R. REINIGER and N. LAHAV

-60

003 ® 151 mg
0 182 milg 150

i & 0.09 mig
18 2 - 440

0.02 D=10" cm’s

D=08x10" em? 5! 430

D=10"" em’s 10

ISOTOPICALLY EXCHANGEABLE Ca
(}J.eq/cmz)

1

EQUIVALENT DEPTH OF PENETRATION
(%)

1 1
10 20 30 40 50
hsvt 108 §/2cm’

Fig. 1

Amount of calcium exchangeable against 45Ca in three size fractions of calcite
as-a function of hS vt (h = capacity factor,
S = specific surface of crystal, t = time).
The solid lines are the calculated theoretical curves.
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Amount of calcium exchangeable against 45Ca in EMKAL
as a function of hS vt

Regarding 1., two answers suggested themselves:

(a) EMKAL was an entirely different form of calcite with a very low self-
diffusion constant for calcium; this seemed improbable, as theD ofdolo-
mite was lower than that of calcite only by a factor of 10;

(b) Asurface coating of some material was present on the calcium carbonate
crystals, slowing down the infusion of #Ca, Along this line of thought a
further experiment. was carried out, comparing the amount of isotopically-
exchangeable calcium as a function of time of pure CaCOyprecipitate with
that of the same precipitate plus Ca-bentonite [ 3]. Again, infusion was great-
ly inhibited in the presence of the clay, as compared to the infusion into the
pure calcium carbonate. As the slowing down of infusion might be caused
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Exchangeable calcium of four calcareous soils
measured after various equilibration times with45Ca

either by a coating with clay particles, or by the adsorption of some dis-
solved material, such as silicate, the experiment was re-run, using adialy-
sate of calcium bentonite and Na-silicate, respectively, instead of the clay
itself. Both the clay dialysate, which contained about 6 ppm SiOg as well
as sodium silicate, inhibited the infusion process of 4Ca. It should be noted
here that the supernatant of the EMKAL suspensions contained about 4 ppm
Si0y. It was proposed, therefore, that silicate is adsorbed at the imper-
fections in the crystal structure where most of the diffusion takes place,
these being the most active places, thus stopping the infusion of 4%Ca. In
popular terms, one might think of silicate plastered like masking tape on
the lines of imperfection, closing them for the diffusion of calcium.

Now for the second question, the behaviour of soil carbonates. There, *
the amount of isotopically-exchangeable calcium was measured as a function
of time for three calcareous soils from Israel, containing between 24 to 44%
CaCOgs. In Fig.3 one can see clearly that no measureable infusion into the
soil carbonates took place at equilibration times as long as 1000 h, the amount
of exchangeable calcium staying constant with time. The comparative data
for pure calcite given in the same figure show an increase in isotopically-
exchangeable calcium with time, i.e. infusion took place and the amount
exchangeable is composed of a constant surface exchange and an exchange
by diffusion varying with time. In the case of the soil, all theisotopically-
exchangeable calcium measured could be attributed to surface exchange with
the clay and carbonate particles, Soil carbonates, therefore, behaved as the
impure EMKAL and not like pure calcite. In the supernatant of the soil sus-
pensions, as in that of EMKAL, a SiOgconcentration of 6 - 9 ppm was mea-
sured, pointing to the same 'masking tape' effect of silicate.

In conclusion, the following picture may be drawn of the interaction of #Ca
with carbonates:

(1) In the case of pure calcium carbonates, 4°Ca is exchanged on the

surface of the carbonate crystal and by diffusion into the crystal.
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This diffusion may be described with Fick's Second Law [ 4], worked
out for the appropriate boundary conditions.

(2) In systems such as soil suspensions and impure calcites containing
silicates in solution, 4°Ca is exchangedwith surface-adsorbed calcium,
Its infusion into the carbonate crystals is being suppressed by the
'masking tape! effect of adsorbed silicates [ 3, 4].

(3) In view of (2) the isotopic dilution of 45Ca may be used to measure
adsorbed calcium in calcareous soils. Successful measurements
on a variety of calcareous soils from Holland, Israel and Turkey *
were carried out at this laboratory [ 5].
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TORTUOSITY. EFFECTS IN CLAY GELS

H. LAUDELOUT AND A. CREMERS
INSTITUT AGRONOMIQUE, UNIVERSITE DE LOUVAIN
BELGIUM

The purpose of this paper is to show that the factor by which the mo-
bility of ions is reduced in clay gels imbibed with an electrolyte solutioncan’
be predicted from the relationship which has been found to describe tor-
tuosity effects in porous media formed by thé random packing of particles
less anisometric and coarser than clay plates, Estimating thesetortuosity
effects in a wide range of porosity by means of self-diffusion experiments
would involve an almost prohibitive expense of labour. Electrical conduc-

' tivity measurements provide an easy and rapid method for achieving the same
result, .

Since surface conductivity effects play an important role in determining

‘the electrical conductivity of a clay gel, they must be eliminated in order to

e

% The work on Turkish soils was carried out at this laboratory by M.S. Yesilsoy, Toprak ve Gubre
Aras. Enst., Ankara, Turkey, and will be published elsewhere.
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Reciprocal of the formation factor,
i.e. ratio of electrical conductivity of a clay gel corrected
for surface conductance effects to conductivity
of imbibing electrolyte (NaCl) solution plotted versus porosity.
The curves represent Eq. (1) with shape factor k calculated for the axial ratios indicated.
The experimental points are as follows:

@ Wyoming- Bentonite; ¥ Camp Berteau montmorillonite;
‘A Zettlitz kaolinite; ¢ illite; @ Boluvit kaolinite.
Other data from published information have been plotted:
© self-diffusion of Na+ in kaolinite;

A self-diffusion of Na+ in montmorillonite [4]

¢ self-diffusion of Cat+ in montmorillonite [3]

estimate the factor by which the conductivity of a given electrolyte solution
would have been reduced in the absence of surface conductance.

This is fairly easily achieved by techniques which have been fully des-
cribed by CREMERS and LAUDELOUT [2]. When a set of experimental
values of this factor at various porosities of the clay gel have been obtained
it is possible to ascertain whether a formula such as that of BURGER([1], for
instance, correctly describes the relationship between this factor and the
porosity,

As is customary in petroleum exploration terminology the reciprocal
of this factor is used and is called the formation factor; it is then defined by

1/F = Kg/Ky

where Kgis the electrical conductivity of the clay gel corrected for surface
conductance effects and K; is the electrical conductivity of the electrolyte
solution with which the porosity p of the gel is completely filled,



92 H. LAUDELOUT and A. CREMERS

According to Burger F should be given by
F=1+k %E (1)

where k is a shape-dependent parameter which may be calculated when the
axial ratio of the clay particles is known. Independent measurements, such
as electron microscope observations, or viscosity measurements on clay
suspensions, may provide an estimate of these axial ratios which can then
be compared to those obtained from electrical conductivity measurements.
Such a comparison has been presented by CREMERS and LAUDELOUT [2].

For practical purposes, however, it suffices to examine whether the
formula correctly describes the change of F with p.

Figure 1 shows that this is actually the case for five clays of widely
different properties: one illite, two montmorillonites and two kaolinites, for
which one has chosen k parameters corresponding to axial ratios of 16 for
the illite, 60 for the Wyoming bentonite, 36 for the Camp Berteau mont-
morillonite, 11 for the Boluvit kaolinite and 20 for the Zettlitz kaolinite,
We have further drawn on this graph the curves corresponding to axial ratios
of (spheres) and 5,

The agreement between the calculated value represented by the fulllines
and the experimental points may be deemed satisfactory. It may thus be
concluded that even though clay particles exhibit a large anisometry and
their packing in a gel may thus form a network of very fine pores, asimple
formula may describe the tortuosity of the pore system.
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DISCUSSION

J.P. QUIRK: In discussing tortuosity Professor Laudelout has referred
to electrical conductivity measurements and derived formation factors, In
the equations presented he has used o, the surface density of charge, It is
not clear what meaning should be given to o,

DESHPANDE and MARSHALL [1] have shown that cations in the diffuse
part of the double layer have normal mobilities, whereas those in the Stern
layer have zero mobility in D.C. conductance and normal mobility at high
frequencies (10000 cycles). A further feature, to which I will refer ingrea-
ter detail in discussions on negative adsorption, is that ion bonding varies
a great deal from one clay mineral to another, depending on the stoichio-
metric surface density of charge (exchang'e capacity divided by the nitrogen
surface area for fixed lattice clays and total surface for expanding lattice
clays), In these circumstances, it appears that the common procedure of
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using concentrated electrolyte solutions should be adhered to, as the variable
conductivity due to double-layer ions may be safely neglected.

The tortuosity concept arises from the Kozeny-Carmanequation (CARMAN
{2]), which has been modified and further developed by oil industry research
workers, WYLLIE and SPANGLER [3] for predicting permeabilities of oil-
bearing rocks,

MILLINGTON and I [{4] have used a different approachin which the proba-
bility of continuity replaces tortuosity. This is a statistical approach based
on.the pore size distribution and an interaction model similar to the one pro-
posed earlier by CHILDS and COLLIS-GEORGE (5]. I will not discuss the
detail of this work, which is already published, but will refer to a couple
of aspects which are relevant to the subject of ion diffusion in soils,’

An appropriate representation of phase continuity in partly-saturated
porous materials may be obtained by arranging area interactions in rows
and columns ("'matrix'' form). If there are m pore classes, eachoccupying
the same fraction of the porosity, there is as a result of interaction m? terms.
If only n of these pore classes remain full of liquid the following gives the
pore continuity:

Air/Air Air/Water
(m-n)2 n(m-n)
Air/Water Water/Water
n(m-n) n?

¢———————m pore classes ——— >

Where permeability is being considered, eachofthe m? terms is combined
with value for r2 for each pore class and a porosity function €43 Diffusion
of ions in the water-filled space is given by

<§_>=£2ﬁ/3= 1
0/ m?2 Fn’

where (D/Dy), is the ratio of diffusion of the ion when n pore classes remain
full of liquid to the diffusion of the ion aqueous solution. F represents the
formation factor relating to the same conditions.

There has been some confusion in the literature because diffusion in
partially-saturated materials is often regarded as being equivalent to dif-
fusion in a saturated material with a lower porosity. That is, a unique curve
obtained by measuring gas diffusion (D/Dy) in dry materials with different
values of € is referred to. In actual fact, the relationship as shown by the
above equation leads to a series of curves.
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INTERACTIONS BETWEEN ANIONS AND SOIL
CONSTITUENTS

G.H. BOLT AND F,A.M. de HAAN
LABORATORY OF SOILS AND FERTILIZERS,
STATE AGRICULTURAL UNIVERSITY, WAGENINGEN, NETHERLANDS

1. INTRODUCTION

Clay mineral crystals are characterized by a non-isotropic structure,
in which a pattern is recognized (see schematic presentation in Fig.1). It
is known that the planar sides are negatively charged (as a result of the iso-
morphic replacement of Si%* by AI¥* and/or AI* by Mg?'). Under certain
conditions the exposed alumina groups at the edges are charged positively.

Order of magnitude: Surface density of charge of the planar sides equals
1-3 X 107 meg/cem? (or 1-3 electronic charges per 200 Az)_ The corres-
ponding cation exchange capacity ranges from about 4 meq/100 g for well-
crystallized kaolinites to 40 meq/100 g for illites and 100 meq/100 g for
montmorillonites,

The number of exposed edge-alumina groups depends mainly on the crys-
tal side (i.e. length and width of the clay plates). For a 2500-A plate of
the 2:1 type one finds about 2 mmol/100 g; for a 1000-& plate about
5 mmol/100 g.

The different types of interaction between ions and clay crystals may
be listed as follows:

(a) Cations: positive adsorption on planar side (electrostatic interaction
modified by — non-electrostatic — specific factors); and possibly negative
adsorption at positively charged edges (electrostatic effect).

(b) Anions: negative adsorption (exclusion) on planar side (electrostatic
-effect); and positive adsorption on the edges — in part electrostatic, if edge
positively charged; furthermore chemisorption of certain anions, as e. g.
POy, Si0Oy.

Because the negative and positive adsorption occur simultaneously for
both cations and anions, it is necessary to decide on the expected relative
magnitude of counter-ion adsorption and co-ion exclusion. To this purpose
the co-ion exclusion is expressed as a fraction of the total surface charge.
Then one finds for the mono-monovalent symmetric system:
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PR (1)

" in which ¥ - = co-ion exclusion, in meq/g, ¥ = counter-ion adsorption capac-
ity, in meq/g, T = /S = surface density of charge, in meq/cm?, T' = I\JBUN,,
B8 = 1.06 X 1015 cm/meq, No = total electrolyte concentration, in meq/cma. ’

Using the charge density values suggested above, one finds for Nys1071,
T'=10- 300, From Eq. (1) follows:

¥

A

0.16 (107 Ng)

and

A

Y 20,05 (1072 Np).
v
Thus, the general conclusion is that v~ /vy varies between 1-15%. The

suggested adsorption capacities for the edge and planar side yield the follow-
ing situation for the 2: 1-type clays (meq/100 g):

negative charge Al groups at edge
40-100 2-6
I A\
r \ g Al
positive . positive :
: exclusion . exclusion
adsorption adsorption
cations anions anions cations
30-99 1-15 2-6 0-1

Obviously the cation exclusion is always negligible in comparison with
the cation adsorption. In contrast, the exclusion of anions at the planar side
is comparable in magnitude to the anion adsorption at the edges. Thus a
study of anion adsorption by clays must include the investigation of the anion
exclusion at the planar side of the crystal. '

Experimental data will, in principle, yield the overall adsorption:
Yot = Yin - Yap- The separation of the two terms may be effected by (a) the
use of an internal standard for y,,, in combination with (b) calculation of the
contribution of v;, as a function of system variables. As an internal standard
an anion is used which is a non-preferred species as regards anion adsorp-
tion (e.g. Cl1). If a highly preferentially-adsorbed anion is also present
(e.g. PO,) the positive adsorption of the anion used as internal standard is
effectively suppressed, thus yielding information on the contribution of the
anion exclusion. Through calculation the corresponding exclusion of the pre-



96 G.H. BOLT and F,A,M. de HAAN

tetrahedral Si0;,; groups

__________ - octahedral “04/4(0”)2/2 groups

tetrahedral SiOU2 groups

Fig.1

Schematic representation of the crystal structure of 2: 1-type clay minerals

ferred anion may be found which, upon addition to the overall adsorption,
gives the correct value for the positive adsorption of the latter. The validity
of the above combined approach may be verified by observations on extreme
systems.

II. GENERALIZED CALCULATIONS

Introducing a system containing Ng meq/cm?® of total electrolyte, divided
over different cation and anion species of valence z;, each at an equivalent
concentration f; N, the Poisson-Boltzmann equation of the diffuse double
layer in the integrated form may be written as:

< BN F [I] - e, ()

i

in which y = -ey/kT = electric potential in units of 25 mV. The expressmn
for the exclusion of anion j becomes:

- &4
f(l e’ )dy 3)

e

in which T “is the anion exclusion in meq/cm? colloid surface, ys is the value

of y at the particle surface, Y is the same at the end of the liquid layer
in contact with this surface.

The combination of Eqs. (2) and (3) then gives:

- z.y
FJ‘ _ (L-e! )d 4
£ =3 f\/ . | (4)

y _ eziyc)

Equation (4) may be solved for all mixtures of interest, although some of
these solutions are cumbersome. In a recent publication by de HAAN [1]
solutions are given for the following combinations (for all anions involved):
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(a) Ye °© O: Zi = +1: -1: -2: -3
andz; = +2, +1, -1, -2, (-3)
(®) y. #0, z; = +2, +1, -1

andz; = +1, -1, -2, (-3).

The results of these computations may all be expressed as:

]B NO = 6] s ] (5)

in which Q; is a number varying roughly between 1 and 3, and 8, is a dis-
tance varying (for the charge densities mentioned) between 1 and 4 A. The
quantity T'"/fNo may be termed the distance of exclusion, d~. Egquation (5)
may then be written:

dj =Dj - 8, (5a)

as illustrated in Fig. 2.

.For the freely-expanded double layer the value of Q depends solely on
the mixing ratio of the ions involved. In systems containing only a mono-
monovalent salt, Q equals 2. In this case the value of & is.found as a series
expansion of T', according to: '

BP6'=4-1E7+—..... (6)

For T z 10 the first term suffices, which makes 6~ identical with §, the
extrapolated distance (behind the colloid surtace) at which the anion con-

centration reaches the value zero. In systems containing a mixture of mono-
and divalent cations, in addition to a monovalent anion one finds the value
of the first term of 6™ as:

a'zagng,-uh/"_ul{-m, (N

with K = £**/[2(1- f*%)2]x ['?, Obviously K varies between zero and infinity;
as a result 6~ varies between 4/fI' for the monovalent cation, and Z/BI‘ for
the case of the divalent cation, when combined with a monovalent anion.

Finally it follows that the experimentally determined "volume of exclu-
sion", ¥;/fjNo (with ¥~ = exclusion per gram of colloid = S X I'"), when plot-
ted against Q;/\JBN,, should yield a straight line with a slope équal to the
specific surface’ area of the colloid, S, as long as 8 remains constant (i.e.
at large values of I'). The above may be illustrated by the generalized plot
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of (I"*/ng)/(1/BT) against (1/\/7§m)/(1//3r‘) valid for all systems containing
mono-monovalent electrolytes (Fig. 3). )

It should be noted that in this plot the quantity 1/8I" in fact corresponds
roughly to one-~half of the Debye -Hiickel parameter 1/K,, i.e. the value of
1/K pertaining to a solution concentration equal to that occurring at the col-
loid surface. Thus it is easily shown (from Eq. (2)) that C;, the counter-ion
concentration at the surface, equals about fT"%/4, so 1/K; = 1/JBCs = 2/BL.
For the particular case of montmorillonite (I' = 10”7 meq/cm?) one finds
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that 18T equals roughly 1 A . The above plot thus indicates the relationship
between d”, expressed in units of (1/2)/K,, and 1/K (pertaining to the equi-
librium solution), also expressed in units of (1/2)/K;. The latter quantity
then equals I, It follows from Egs. (5) and (6): ’ ,

-1 = 16 128
d/_B—f‘=2F-4+%2--F’

and thus for large values of I' the above plot will yield a straight line with
a slope of 2 at a vertical distance of 4 units of 1 /BI‘ from a line through the
origin, ForT approaching zero (i.e. at low values of I" or high values of
No) the line curves towards the origin.

I1I. DISCUSSION OF THE LIMITATIONS OF THE MODEL CALCULATIONS
USED .

(a) Tail-end interaction

Although the effect of double-layer interaction is already shown in Eq.(4),
mention should be made of the anion exclusion in systems with interaction
in terms of the maximum value that would be found in the absence of inter-
action. Introducing Dj,, and D~ for the corresponding (extrapolated) dis-
tances of exclusion it follows that

Din /D™ = Qint/Q.

The quantity Qj,/Q is now easily expressed as a function of D/D-, in which
D indicates the thickness of the liquid layers in contact with the colloid sur-
face. As shown in Fig. 4, this relationship appears to be very similar for
the different mixtures considered. The general conclusion is that, for
D/D” = 2 the reduction of Dj, in comparison to-D~ is negligible, whereas
it is still small for D/D" = 13. For D values equal to or below D" a con-
siderable decrease in Dy, is apparent, and for these cases the exact compu-
tation of the corresponding Qin: value may be necessary, Aside from the
labour involved in these computations it appears that tail-end interaction
offers no serious objection to the application of the above theory.

(b) Head-end disturbances

Under this heading one might classify all uncertainties incurred in ap-
plying the Gouy-Chapman theory. Obviously these uncertainties mainly con-
cern the first few layers.

Giving attention first to the application of the simplified Boltzmann equa-
tion to the distribution of the anions themselves it is found that the uncer-
tainties have little influence. As is evident from Eq. (3), the exclusion of
the anion is computed by integrating the deficit, (1 - e?), over the entire
layer, The Boltzmann factor e*” now takes into account only the electro-
static repulsion of the anion. Actually other factors will co-determine the
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The influence of double-layer interaction on anion exclusion

concentration of the anions in the first layers, as e.g. polarization energy,
activity coefficients differing from unity, etc. Because in this region the
"electrostatic' component of the Boltzmann factor amounts to a number as
small as 1072 or 1073, it is obvious that even the uncertainty of a factor of
2 or 3 will hardly change the magnitude of the deficit in these first layers.

Of greater importance is the uncertainty about the actual potential distri-
bution, which follows from the application of the above simplified theory
to the distribution of the cations. For the cations an under- or overestimate
of the correct Boltzmann:factor makes a considerable difference in the cal-
culated concentration, and thus in the potential distribution. Upon closer
consideration, however, it appears that here again the effe¢t on the anion
deficit will be of relatively small magnitude. In order to illustrate this,
and for lack of a second (better) approximation for the actual cationic dis-
tribution, the effect of some fairly extreme deviations will be considered.
Using NaCl-montmorillonite as an example one finds that for 10-3 N NaCl
the distance of exclusion for "ideal" behaviour amounts to:

d=D" - 6"

200 - 4 = 196 &.

This "ideal" distance is calculated, assuming that the counter-ions may
closely approach the colloid surface which has a uniform charge density of
10°7 meq/cm?. In actuality one may visualize any or all of the following
conditions to.be partly or fully applicable:

(a) A minimum distance of closest approacﬁ exists betwee‘n' cations and col-
loid surface of about 3 8. The resultv_is: d =196 +3 =199 X.
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(b) Specific (short-range) attraction forces cause the formation of cation—
colloid bonds to such an etfect that 50% ot the surtface charge is already neu-
tralized at the surface (counter-ions sunk into the surface). Thus

B 4% 108 o
R ] = .
6 B X %X 1077 8 A

Therefore d- = 196 - 4 = 192 A,

(c) The combination of (a) and (b) (which appears as likely as (b) alone)would
give

d =195 A,

It may safely be assumed that all the above effects remain undetectable, if
present, since the experimental error in v~ will normally be at least 3%.

Obviously condition (b) will eventually ruin the applicability of the theory,
if the short-range forces lead to reduction of the freely-diffusible counter-
charge to, e.g. less than 10%. However, disturbances in the cationic dis-
tribution must be rather gross disturbances before their effects will be felt
on the anion exclusion. Particularly if such a reduction of free counter-
charge is coupled with a high electrolyte concentration (yielding small values
of TI') it should also be noted that the second and third terms of the series
expansion of 6  (Eq. (6))may no longer be neglected. This indicates that in
such a case a plot of the experimentally determined quantity ¥y /n, , against
Q/JBI—\I_, will no longer yield a stralght line with a slope equal to the specific
surface area (Fig.5).

Apart from the above it is concluded that'anion exclusion in clay systems
may be described satisfactorily by the relations derived from the Gouy-
Chapman theory, :

IVv. EXPERIMENTAL DATA

A short description of some experimental data on anion-clay interaction
is presented below. For more data and detailed description of those given
here see [1].

Figure 6 presents the results of Cl exclusion measurements in Na-Cl-
" montmorillonite systems (Osage, fraction < 2 um). The exclusion was
measured by means of titration and by means of isotopic dilution. The data
indicate a specific surface area of about 700 m2/g. At low concentration
levels the titration data start to deviate as a result of inaccuracy of
the measurements.

‘The results of C1 exclusmn by this same clay at different cationic com-
positions (0, 50 and 100% Ca at the adsorption complex, respectively) are
showh in Fig. 7. Within experimental error all points come to the 700 mz/g
line. ‘
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The exclusion of Cl1 in Na-Cl-montmorillonite systems as measured according to different methods

Figure 8 presents results of the simultaneous determination of chloride
and sulphate exclusion by Na-illite (Winsum, a fraction < 2 ym), indicating
a specific surface area of 300 m?/g.

) Chloride exclusion was also measured in soil systems. To this purpose
the fraction < 50 um of three Dutch clayey soils was used. The lines ofFig.9
indicate the values of the specific surface area as measured five-fold at a
N, value of about 0.01 N. The points indicate exclusion values at different
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Simultaneously measured exclusion of Cl and SO, by Na-illite

electrolyte concentrations. In this experiment phosphate was added to the
soils to prevent a possible positive adsorption of chloride.

Chloride and sulphate exclusion data, measured simultaneously in mont-
morillonite, with a Ca composition of 0, 80 and 100% Ca, are shown in Fig10,
The deviations from the 700 m'z/g line are interpreted as the result of floccu-
lation of the clay (especially occurring at high Ca saturation, combined with
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Simultaneously measured exclusion of C1 and SO, by montmorillonite at different
cationic composition
high electrolyte levels).

Since the exclusion distance of sulphate is larger
than that of chloride,

it could be expected that sulphate exclusion is more
sensitive towards flocculation than chloride exclusion. It could be shown

that the depression of sulphate relative to that of chloride was in accordance
with theoretical expectations [1].
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Phosphate adsorption isotherm for illite

Figure 11 presents the relationship between pH and net adsorption of
chloride by kaolinite (Drybranch, fraction < 2 um). The net positive ad-
sorption was found from the over-all adsorption measurements after correc-
tion for anion exclusion. ' '

The necessity to correct anion adsorption measurements for anion ex-
clusion is shown in Fig. 12, indicating phosphate adsorption isotherms for
illite with and without organic matter, The increase of phosphate adsorption
after removal of the organic matter indicates that organic substances may
cover, at least in part, the reactive spots at the edges.

Figure 13 presents the phosphate adsorption on montmorillonite at a
phosphate level of about 4 X 104 E as a function of the total electrolyte con-
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The influence of silicate on the net positive adsorption of phosphate by Na-montmorillonite

centration. The dotted line, representing the uncorrecied adsorption data,
shows that the neglect of anion exclusion would indicate a negative phosphate
adsorption, whereas actually a considerable positive adsorption prevails.

The influence of silicate on phosphate adsorption is presented in Fig.14.
It is evident that silicate serves as a good competitor for phosphate.

This competition has been used in an experiment in which the phosphate
adsorption was completely suppressed by silicate addition. The exclusion
of chloride, sulphate and phosphate was then measured simultaneously, ap-
plying the titration method with respect to chloride and the tracer method
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Simultaneously measured exclusion of three different anions by Na-montmorillonite

with respect to both sulphate and phosphate (making use of the difference in
half-life of S35 and P32 to distinguish between both isotopes). In Fig.15 it
is shown that all three anions behave, within experimental error, as would
be expected from the theory of anion exclusion.
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DISCUSSION

J.P. QUIRK: The results presented by Professor Bolt on negative ad-
sorption of mixed ion montmorillonite systems were extremely interesting
and, in a general way, these results agree with results Edwards and I have
published! and some more detailed results for montmorillonite that Dr.
Edwards, Dr. A, M. Posner and I are preparing for publication. We have
also made extensive investigations on monovalent and divalent homoionic
illites. For the principal illite we used, the stoichiometric charge density
was about 2.5 times that for montmorillonite. We have found for the alkali

1], Coll. Sci, 17 (1962) 872.
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metal cations a series of straight lines when the volume of exclusion is plot-
ted against q/JVBCy; the slope decreased from Li to Cs. For Cs-illite nega-
tive adsorption was not measurable. The most significant feature of our
results is that the straight lines all project very close to the origin. If the
decreasing slope were simply due to an increase in ion binding and the
remaining dissociated or free ions (i.e. free to participate in double-layer
formation) were regarded as smeared out, then a series of lines not passing
through the origin should be obtained. These curves will be clearly different
from a series of straight lines passing through the origin as they will show
increasing intercepts on the x-axis as the surface density of charge
decreases. .

We have interpreted our results as evidence for discrete charged sites.
An ion at each site may be free or bound. At a free site the ion forms
double layers. The slope of the lines for the various cations is determined
by the number of free sites and hence

2
“n(2) . B
Slope—A—N<K> = NX—+

where N is the number of free sites, 1/K is the Debye-Hiickel characteristic
length, B is a constant and C; is the concentration in the external solution.
Clearly, since the slope of the lines is constant, the number of sites must
decrease with decreasing concentration. Because the charge density at the
discrete sites is high, the straight lines project to the origin and the slope
reflects the number of free sites.

The significance of these results for our immediate purpose is that the
behaviour ions at a clay surface will obviously influence the movement of
cations and anions in the system. The results also mean that negative ad-
sorption measurements are not well suited for the measurement of surface
areas. It should be remembered that kaolinite can vary widely in its
surface charge density?2. ‘ ’

In speaking of phosphate adsorption measurements, Professor Bolt has
rightly suggested that care should be taken to allow for negative adsorption.
. The particular case he has taken of an illite with a large surface area and
relatively low phosphate adsorption emphasizes this point. In very dilute
solutions this difficulty could be resolved by carrying out measurements in
the presence of high concentrations of an indifferent electrolyte, such as
potassium nitrate.

Muljadi, Posner and I have studied the uptake of phosphate by kaolinite,
gibbsite and pseudoboehmite. We have found it possible to describe the ad-
sorption in terms of three regions which can be clearly seen on the iso-
therms. Regions I and Il are associated with A1(OH)s; thus Al:igg III.. at
the edge face of the crystal or on an exchange site: Regionl = Region II.
. The amount of phosphate adsorbed in Region I corresponds to the amount of
chloride adsorbed at low pH values. Region Il is linear and corresponds
to penetration into an amorphous region, probably at the crystal edges. The

2GREENLAND, D.J. and QUIRK, J.P,, Trans, Internat. Cong. Soil Sci, Soc, New Zealand (1962) 79.
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mechanism of adsorption is that a proton is adsorbed and HoPOy4 is exchanged
for OH™. Calorimetric measurements and isotherms determined at a number
of temperatures have shown that AH is very small and that the driving force
is entropic, corresponding to the displacement of two water molecules.
Some of these results will be published in the Transactions of the VIIIthInter-
national Congress of Soil Science. :

G.H. BOLT: An example of such extreme reduction of the free counter-
charge appears to be present in certain systems studied by Professor Quirk
(e.g. Cs-illite), Assuming that reduction of the surface area through plate-
condensation did not occur in this case (as was indicated by Professor Quirk)
it remains to be explained why the observed relationship between the exclu-
sion volume and 1/JB Ny appeared to be linear with a deficient slope. One
explanation seems to be that the observed range falls entirely at the beginning
part of the curve of Fig.3. A slight curvature might remain unnoticed if
only very small values of I' (corresponding to a small fraction of free
countercharge) occurred in the systems studied. In Fig.5 the expected be-
haviour for small values of the free countercharge is indicated. Obviously
the expected life for a free countercharge amounting to 0.3 X 1078 meq/cm2
might be regarded as close to linear in the range from 0-40 A for 1/JBN,.
At the same time the above will never explain an observation of a straight
line with a slope of, say 0.7 times the true surface area. Such a line appears
to indicate, as was pointed out by Professor Quirk, a 'free' countercharge
which is continually decreasing with increasing values of 1/BNy.

Using the first-term approximation for 6~ (Eq. (6))it can easily be
shown that, for a reduction of the observed slope with a factor p, the Gouy-
Chapman calculations above then require that

Cee __ 2 /f,: 2 /rJ—
r 1-p 1-p \INO.

Using the value of 3 X 10-7 meq/cm? for the charge density of illite produces
results shown in Table I. Whether the above assumptions are tenable, i.e.
a decreasing amount of free countercharge with decreasing electrolyte con-
centration, remains to be seen.

TABLE 1

RELATION BETWEEN ELECTROLYTE CONCENTRATION, N,, AND
DISTANCES BETWEEN FREE CHARGES, FORIWpB = 10 and p=0.5

N, (meg/cm?) 1 0,25 0.04 0,01 0.0025 0.0004
2/K (&) 6 12 32 62 126 314
Tiee/T 0.40 0,20 0,08 0.04 0.02 0,01

Distance between
free charges (&) 10 15 25 35 50 70
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The explanation forwarded by Professor Quirk, that is, the formation
of isolated exclusion spheres around localized ''free'" charges, according
to the present authors, leads to the same conclusions as the one above, That
is to say, that again a decrease in free countercharge upon a decreased elec-
trolyte concentration must be made acceptable. In addition, Professor Quirk's
hypothesis requires the fractional free charge to be proportiocnal to the first
power of the electrolyte concentration, indicating that the decrease would be
much steeper than the one required in the above treatment. In conclusion,
the present authors feel that the data presented do not warrant a decision
as to the necessity of introducing the localized charge treatment, without
further calculations. In fact the case shown in Table I indicates that only-
at concentrations above 0.1 N would such a treatment appear to be necessary,

DETERMINATION OF SOME MACROCOMPONENTS
OF SOIL SOLUTIONS BY
NEUTRON ACTIVATION ANALYSIS

W. ZMIJEWSKA AND J. MINCZEWSKI
INSTITUTE OF NUCLEAR RESEARCH, ANALYTICAL DEPARTMENT,
WARSAW, POLAND

This paper reports on part of the investigation on the possibility of ap-
plying the neutron activation method to the analysis of soil solutions. The
problem is being worked on in the authors' laboratory under an IAEA re-
search contract.

The first part of the work was devoted to the study of some analytical
parameters, i.e. detectability and precision of the determination of indivi-
dual elements. The mutual influences of the elements to be determined were
studied and a suitable analytical procedure was worked out, The experi-
ments were performed on synthetic mixtures prepared in the laboratory.
The composition of the mixtures was established on the basis of literature
data. It has been accepted that the concentration of individual macrocom-
ponents of the soil solutions varies approximately in the ranges shown in
Table 1. )

Experiments were restricted to the use of radioisotopes of relatively
long half-lives, since the nuclear reactor EWA used for irradiation is lo-
cated in Swierk, a distance of about 30 km from the laboratory in Warsaw,
This requires time for transportation of the irradiated samples and short-
lived radioisotopes cannot be used. For example, it was impossible to de-
termine magnesium, since magnesium radioisotope Mg?’ (T4 = 9.45 min)
can only be used for the determination of this element if the cooling period
is of the order of several minutes. Nuclear characteristics of the radio-
isotopes used in the experiments are given in Table II. According to this
data the macrocomponents of the soil solutions can be divided into two groups:
elements which, on neutron irradiation yield radioisotopes emitting beta
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TABLE 1

CONCENTRATION OF INDIVIDUAL MACROCOMPONENTS OF
THE SOIL SOLUTION

Component Concentration range

(ug/ml) - (mg/ml)
Na* 100 - 10
K 0 - 1
Mg 2+ 10 ) 5
Ca®* 100 - 5
Fel*, 3+ ' ) N
POy ' 100 - 1
50" ; 00 - 10
cr- 100 - 10

and gamma radiation; and elements which, on neutron irradiation yield pure
beta emitters. The elements of the first group were determined by gamma-
spectrometry; those of the second required radiochemical separation.

GAMMA SPECTROMETRIC DETERMINATION OF Cl, Na, K, and Fe

All gamma-emitters pi-esented in Table II can be divided into three
groups:

(a) Short-lived radioisotopes, C138;
(b) Medium-lived radioisotopes, Na2?¢, K%2; and
(¢) Long-lived radioisotopes, Fe?d9,

Determination of individual gamma emitters was carried out according to
these groups.

To determine chlorine, samples were irradiated in the thermal column
of the nuclear reactor at a neutron flux of 1 X 1012 n/cm? . s for 30 min. The
cooling period was approximately 2 h, Determination of sodium and potas-
sium was carried out after irradiation in the thermal column of the reactor
for 24 h, and cooling for 4 h. To determine iron the samples were irradi-
ated in the reactor core at a neutron flux of 1 X 1013 nfcm?2- s for two weeks
and cooled for one week,

The gamma-ray spectra were taken by means of a 256-channel gamma
spectrometer (Finska Kabelfabriken), with a 2" X 2" Nal(Tl)crystal, except
for preliminary experiments, which were carried out with the aid of a single
channel spectrometer.



112 W. ZMIUEWSKA and J. MINCZEWSKI
TABLE 11

NUCLEAR DATA OF SOME MACROCOMPONENTS OF THE
SOIL SOLUTION ‘

Natural Cross Radio- Energy of radiation
Target . . Half-
Element X abundance section isotope )
nuclide life Beta Gamma
(%o (b) formed
. (MeV)
Na Na® 100.0 0.51 Na? 15,0 h 1.39° | 1,87
2,15
Mg Mg® | 11,3 0,026 Mg 9.45 min 1.8 0.84
1,02
p p3t 100.0 0.19 ps? 14,6 d 1,71 -
S s 4,21 0.26 §3% 87.1d 0.165 -
c1 C187 37.3 0.56 c1% 37,3 min 4,81 1,60
‘ 2,15
K K4t 6.91 1.0 K4 12.5h 3.58 1,53
Ca Ca¥ 2.06 0.63 Ca® 152.0 d 0.25 -
Fe Fe58 . 0,81 0.9 Fe % 45.0 d 0.46 1,10
1,28

The analytical data obtained in experiments performed on pure solutions
of individual elements are given in Table III. They characterize generally
the detectability and precision of the method. To work out the analytical
procedure it was necessary to study the mutual influence of all elements
determined. The following results were obtained:

Determination of C1

Experiments have shown that Ca?*, Mg?*, SO% and PO§" do not inter-
fere with the determination of chlorine, even if present in amounts higher
by two orders of magnitude. Calcium, sulphur and phosphorus form pure
beta-emitters on neutron irradiation but during the short period of irradi-
ation they are scarcely activated at all. The activity of the short-lived mag-
nesium radioisotope, Mg?7, decays during the cooling period (about 2.5 h)
to a low level. Both Mg27 photopeaks occur on the left side of the C1%® photo-
peaks, and thus do not interfere with the determination of chlorine. )

1f potassium is present in a concentration ten times higher than that of
chlorine, the determination of chlorine should be based on the 2.15-MeV
photopeak.
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Serious interferences occur if sodium is present. Determination of
chlorine is possible if the concentration ratio Na : Cl is less than 1. Deter-
mination should be based on the 1.62-MeV photopeak; determination on the
basis of the 2.15-MeV photopeak leads to error because of the coincidence
of the C138-2.15-MeV photopeak and the 2.24 MeV Na?2¢ escape peak.

1f sodium is present in higher concentration, separation of chlorine
from sodium is necessary. This, of course, would extend the cooling period
and result in lower C138 activity. In the authors' laboratory, separation
was impossible due to the time which had already elapsed in the course of
transportation of the irradiated samples,

Determination of sodium

Ca?", Mg?*, K*, PO?{ in concentrations up to 100 times higher than
that of sodium do not interfere with the determination of sodium.

Determination of potassium

Mg?*, Ca2*, C1°, SO% and PO} in concentrations up to 100 times higher
than that of potassium do not interfere with the determination of potassium.

The most serious interference is caused by sodium. Non-destructive
determination of potassium in the presence of sodium is possible if the con-
centration ratio K/Na > 100. The results presented in Table 111 were ob-
tained from samples containing sodium. If the ratio K/Na < 100, a non-
destructive determination cannot be carried out and separation from sodium
is necessary. lon-exchange chromatography was the most convenient tech-
nique for this purpose.

The results obtained using amberlite IR-120 (diam. 0.1 mm), flow-rate
about 0.7 ml/min, temperature 24°C and 1 N HCI solution are given in
Table IV.

The anions C17, SO% and POY are not absorbed on the cation exchanger
and appear in the effluent in the first fractions up to 8 ml. Magnesium and
calcium ions are absorbed on the exchanger and must be eluted from the
column. .

As has been stated above, magnesium and calcium do not interfere with
the determination of potassium; nevertheless their presence must be con-
sidered, because they lower the exchange capacity of the column and must
be taken into account during the regeneration process of the resin in the
column.

Determination of iron

During the cooling period all short- and medium-lived radioisotopes of
the elements investigated decay to a negligible level, Calcium, phesphorus
and sulphur produce the long-lived isotopes Ca%®, P3 and $% on irradiation
in the reactor. All of them are pure beta-emitters; S35 and Cat® emit soft
beta radiation which does not interfere with the determination of iron. Con-
centrations higher by two orders of magnitude than that of iron do not in-
fluence the gamma-ray spectrum of the latter. However P32 emits hard



ANALYTICAL DATA FOR PURE SOLUTIONS OF INDIVIDUAL GAMMA EMITTERS (Cl, Na, K, Fe) OBTAINED BY THE
GAMMA SPECTROMETRIC METHOD

TABLE II1

Photo-peak Spectru,
io- Irradiati i ber of m
Neutron Radl? energy of the n'a‘ iation Céolmg Added Found (the range Num.er o Mean + standard deviation storage
flux nuclide gamma time time of the results) experiments !
spectrum time
(/en? - 5) (MeV) ((C:4] (1) (g (7)1 (min)
101 c1® 1,60 30 min 2-3h 10,0 8.8 - 13,0 9 11,2 £0.42 (3.7) 2
9.0 - 12,0 10,2 £0.36 (3,5)
1012 Na2 1,317 24 h 4h 0,10 0,096 - 0.11 6 0.10 + 0,0075 (7,5)
2,75 ) 0,086 - 0,11 5 0.098 + 0,0038 (3.9)
1.37 0.01 0.010 - 0,013 S 0,011 + 0. 0006 (5, 5) 10
1otz K42 1.53 24h 4h 10,0 9,6 -12,0 12 10,4 +0,39 (3.7)
10 L0 - 1.4 6 1,1 20,1 (9.0) 10,
108 Fe % 1,10 2 weeks 1 week 11,4 10.4 -11,5 [ 11,2 +0.17 (1.5) 30
1.28 7.8 -12,2 [ 10,2 +£0.51 (5.0) ’
1.10 3.4 3.4 - 4.8 4 3.8 £0.20 (5.2)
1,28 2.7 - 3.3 4 3,1 +0.17 (5.4)

PIT
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TABLE IV

DETERMINATION OF POTASSIUM AFTER SEPARATION FROM
SODIUM BY ION-EXCHANGE

Potassi
Experiment sstum (4g)
(No,)
Added Determined Determined

(@ (b)
1 10,0 9.8 11,2
2 10.0 10,6 10,4
3 10,0 11,0 12,4
4 10.0 9.2 11,4
5 2,0 1.7 1.9
6 2.0 1.7 1.8
7 2.0 2.0 2.1
8 2,0 ' T2l -

beta radiation which gives rise to a continuous spectrum of bremsstrahlung.
1f the concentration ratio P/Fe > 100, the bremsstrahlung of P32 interferes
with the determination of iron,

Determination of calcium, phosphorus and sulphur

Determination of calcium, phosphorus and sulphur was carried out after
irradiation in the reactor core at the neutron flux 1X1013 n/cm?- s for two
weeks and cooling for one week. ‘

Phosphorus-32, Ca*>, and S35 are long-lived radioisotopes, while other
macrocomponents of the soil solutions (expect iron) yield short- or medium-
lived radioisotopes on irradiation with thermal neutrons. This is of great
advantage since only iron must be considered as a radioactive contaminant,
when elaborating a method for the determination of calcium, phosphorus
and sulphur. The radioisotopes of the other macrocomponents are allowed
to decay to a negligible activity level by choosing a suitable cooling period.

Though, on irradiation with thermal neutrons chlorine forms a short-
lived radioisotope C138, it must be considered as a radioactive contaminant,
because of the interfering nuclear reaction C1%5(n,a)P® and CI135 (n,p)S35.
These reactions are discussed below.

The scheme of separation elaborated for this system is shown in Table V.,

An end-window G-M counter was used for.counting P32, An aluminium
filter (60 mg/cm?) was used to check the radiochemical purity of the isolated
precipitate of ammonium-12 molybdophosphate. The ratio of the activity
counted without a filter to the activity counted through the filter was 1.44 for



TABLE V

THE SEPARATION SCHEME OF PO, SOZ°, Ca?t, Fe®*

3= 2~ 2: 3+
POJ", SOZ°, Cat*, Fel* |

+ carriers
+ HNO,
+ molybdate reagent

I Ammonium-12

molybdophosphate
dissolution Fe (OH)
in NH aqs; to be ’
acidifying; i
. d
+ holdback carriers discarde

’ ['s‘olution containing Fei?, SOﬁ", catt l

+ molybdate reagent

II Ammonium-12°
molybdophosphate

jr as above

III Ammonium 12-molybdophosphate
to be filtered, dried, weighed *
and counted

|

PO

1 C3C204

+ NH; aq
Filtrate
+ HC1

+(NH),C,0,
filtration

+ HC1
+ Holdbaek carrier SO -
+ (NH4 ), C,0,

I Cac,0, |

as above

III CaC, 0,
to be filtered, dried,
weighed and counted

v
Ca?t

Filtrate

[

containing SO2”

+ HC1
+ BaCl,

4

BasO,

sO 2~
4
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pure phosphate standard, The same ratios were obtained for the precipitates
isolated from synthetic mixtures,- indicating the precipitates» to be radio-
chemically pure.

The B-rays of Ca%’ were counted in the same way. The radlochemlcal
purity of the precipitate of calcium oxalate was checked by means of the
same aluminium filter. If the precipitate was not contaminated by any
v-emitters or B-emitters of energy higher than that of calcium, its activity
counted through the filter was equal to the background activity.

Since the B-rays of Ca45 are soft, the self-absorption effect is con-
siderable and must be taken into account. The self-absorption corrections
were taken from a graph which had been constructed experimentally. There
are some nuclear reactions which interfere with the determination of cal-
cium and phosphorus by this method and must be therefore taken.into account.
Two of them lead to the formation of Ca%®;

Sc45(n, p)Cats

Ti48 (n,a)Ca?s,

Both reactions occur with fast neutrons. Since the irradiation of calcium
is carried out in the reactor core where the fast neutron flux is significant,
these reactions may lead to erroneous results for calcium.

We have studied the effect of these reactions and found that 1 ug of Ti.
and Sc gives rise to Ca® activity, equivalent roughly to 0. 005 ug or 0.2 ug
of Ca, respectlvely

Titanium may be present in the soil solution; its concentratlon however
is not likely to be higher than that of calcium, hence the effect of the second
above-mentioned reaction can be regarded as negligible.

The effect of the Sc45(n, p)Ca4d reaction is more significant. Fortuna-
tely, Sc occurs in trace amounts in soils, i.e. the concentration of Sc is
by several orders of magnitude lower than that of calcium, Hence, no inter-
ferences from this reaction should be expected in the determination of cal-
cium in the soil solution.

Serious interferences arise in the determination of phosphorus in the
presence of chlorine and sulphur owing to the following nuclear reactions
with fast neutrons:

S32(n, p)P32 and
C135 (n, a)P 32,

‘The authors' experiments pointed out that 1 ug of sulphates or chlorides
gives rise to P32 activity roughly equivalent to 0. 05 ug PO}~ when the ir-
radiation was carried out in the reactor core. The same amount (1 ug) of
sulphates’ or chlorides irradiated in the thermal column of the reactor gives’
rise to P32 activity equivalent to 0,0005 ug of P32,

As both sulphates and chlorides may be present in the soil solution in
concentration exceeding that of phosphorus, the irradiation should be carried
out in the thermal column of the nuclear -reactor instead of irradiating the
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sample in the reactor core. However, the sensitivity of the determination
in this case will be approximately 100 times lower, owing to the lower ther-
mal neutron flux in the thermal column (101! n/cm? - s as compared with
1013 n/em? - s in the reactor core).

' 1f the concentration of PO%‘ ions in the sample is so low that it requires
irradiation in the reactor core, corrections for the content of chlorine and
sulphuI:" are necessary. These corrections require preliminary deter-
mination of chlorine and sulphur in the analysed sample.

Some results. of calcium and phosphorus determinations are shown in
Tables VI and VII.

The results shown in Table VI indicate that calcium can be determined
in the presence of phosphates, sulphates, chlorides and iron with reasonably
good accuracy. The ratio of other ions to calcium does not influence the
accuracy of the determination of calcium in the range 1-10 for POJ" and
10-100 for other ions {(compare Experiments 1 and 2, Table IV).

The accuracy of the determination of calcium decreases when the con-
centration of calcium approaches the sensitivity 1limit™(0.2 ug Ca). This is
undoubtedly due to the error involved in counting low-level activity. Net ac-
tivity equal to the background activity of the counter was regarded as the
sensitivity limit.

Analysis of the results of the determination of phosphorus presented
in Table VII indicates that the ratio of sulphur and chlorine to phosphorus does
not influence the accuracy of the determination of phosphorus within the range
1-10 if the correction for S and P contents is applied. The accuracy of the
determination in series 6 and 7 is roughly the same, though the ratio of Cl
and S to phosphorus is different.

The results of series 6 and 7 show a negative bias. This is probably
due to the error involved in estimating the value of the correction for the
contents of P and S,

The concentration level within the range investigated influences the ac-
curacy of the determmatlon The sensitivity of the determination of phos-
phorus is 0.003 ug PO4 , when the net-activity of the sample equals the back-
ground activity of the counting unit.

‘The determination of sulphur presents a rather difficult problem due to
interfering nuclear reactions,

Determination of sulphur by the neutron activatioh method can be based
upon two nuclear reactions: .

S*(n,v)S% (1)
5% (n, p) P32 o {2)

Reaction (2), takes place with fast neutrons; reaction (1) occurs with thermal
neutrons. Sulphur-35 is a pure beta emitter with a half-life of 87,1 d. The
relatively long half-life and the low natural abundance of the target isotope
S3 (4.2%) result in a very low sensitivity of about 20 ug. Separation of
sulphur -35 in a radiochemically pure state is inconvenient, owing to the
insolubility of barium sulphate which makes reprecipitation difficult, The
measurement of S3 activity presents difficulties owing to the strong self-
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TABLE VI

RESULTS OF Ca DETERMINATIONS

- - - Calci Stand
Series Po: Ei L re’ Calcium ?cilcx:;m d:?ataigi
2+ 2+ 24 2%
Ca Ca Ca Ca added (mean) of the
(No.) kg (g) mean
1 1 10 10 10 1,00 0,97 0,0141
2 10 100 100 100 1,00 0.99 0.0138
3 10 100 100 100 0.20 0.22 0,0122
TABLE VII
RESULTS OF PHOSPHORUS DETERMINATIONS
03"
Series o S04 ca’ Fe’” ~ 'dset:;i:;g
b0 3= - o - 3= )
PO PO} PO} PO 4 Added Found of the
(No.) (g (mean) mean
5 10 10 10 10 1.0 0.95 0,0478
6 1 1 1 1 0.1 0..090 0,00265
7 10 10 10 10 0.1 0. 090 0.00239
8 10 10 10 10 0,02 0,020 0.00077

absorption effect of the soft beta rays (Eg = 0,16 MeV). Chlorine interferes
with the determination of sulphur, due to the reaction with fast neutrons:

C135(n, p)S 35,

The interferences from this reaction are very serious. Our experiments
have shown that 1 ug of chlorine gives rise to S% activity, equivalent
to 500 ug of sulphur, when the irradiation is carried out in the reactor core
at a neutron flux of 1013 n/cm?2 -s. Hence, the determination of sulphur

cannot be carried out in the presence of chlorine. Since so many disad-
vantage's were encountered, the method based upon reaction (1) has beén
abandoned. .

The following nuclear reactions must be considered when the deter-
mination of sulphur is based on reaction (2):
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$% (n, p)P % 2)
C1%¥m,a)P%2 3)

Psl(n,v)P2. (4)

The nuclear data concerhing these reactions are shown in Table VIII,

TABLE VIII

INTERFERING NUCLEAR REACTIONS

) Cross- Natural
(No.) Nuclear reaction Neutron energy section abundanee of the
target isotope
(mb) (%)
1 $32(n, p)Ps2 fast,0,9 MeV 60 95,0
2 CP%(n, o) P% fast 140 75,53
3 P¥(n,y)p%? thermal 190 100, 0

Chlorine and phosphorus are likely to be present in the soil solution,
hence reactions (3) and (4) interfere with the determination of sulphur.

Since reaction (2) occurs with fast neutrons and reaction (4) with thermal
neutrons, it is possible to determine sulphur and phosphorus in the presence
of each other by the application of the double-irradiation technique.

The double-irradiation technique consists in the irradiation of sample
and standards at two different positions in the nuclear reactor. These posi-
tions should differ with regard to the ratio of fast/thermal neutrons, The
contents of sulphur and phosphorus in the sample can be then calculated.
Unfortunately, reaction {3), i.e. Cl13(n, @)P32 interferes with the determina-
tion of sulphur by this technique,

Some results of sulphur and phosphorus determinations performed by
this method are shown in Tables IX and X.

It follows from Tables IX and X that sulphur can be determined in the
presence of phosphorus, if the ratioc SO% /POY is greater than unity. Phos-
phorus can be determined with I"easonable accuracy when the ratio POEZ' /SO%'
is greater than 0.1, If this ratio approximates to 0.01 a positive bias (about
40%) is observed.

The sensitivity of the determination of sulphur by this techmque is about
0.1 ug S.

The interferences caused by the reaction C135 (n,a)P32 have been men-
tioned already. It has been found that 1 ug of Cl gives rise to P32 activity,
equivalent to 1 ug of S. '
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TABLE IX

RESULTS OF SULPHUR DETERMINATIONS

so¥”
E - nts $02/POY” Standard deviation
Xperime ratio Added Found of the mean
(mean)
(No.) ) @)
1- 4 10 100 101,8 4,57
5- 9 100 100 94,5 2.3
10-14 1 10 9,98 0,81
TABLE X

RESULTS OF PHOSPHORUS DETERMINATIONS

PO}"
Experiment SO:-/ PO i- Standard deviation
Xperiments ' Added Found of the mean
(mean)
(ug) (1g)
1- 4 10 10 10, 37 0,485
5- 9 100 1 1.34 0,051
10-14 1 10 9.54 0,345

The determination of sulphur can then be carried out in the:presence of
chlorine only when the ratio SO?{/CI exceeds 100. In this case, the error
caused by the presence of chlorine does not exceed several pér cent.

) e .
iy
CONCLUSIONS .

Neutron activation analysis can be used for the determination of some
macrocomponents of soil solution, i.e, chlorine, sodium, potassium, phos-
phorus and calcium. Determination of sulphur by this technique is strongly
restricted by the content of chlorine and phosphorus in the sample solution,

If the application of the neutron activation method to the determination
of some macrocomponents of the soil solutions is codnfined to the use of
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medium-lived or long-lived radioisotopes, as in the case of the present
investigation, it does not show any advantages over other analytical methods,
e.g. flame photometry, spectrophotometry, and should be used in general
only as a comparative method. _

Since the neutron activation technique offers great sensitivity, it can
be of great value when the sample of the soil solution to be analysed is very
small, or when the content of the element to be determined is very low. It
should be stressed, however, that a nuclear reactor equipped with pneumatic
facilities would allow making use.of the short-lived radioisotopes, e.,g. Mg?7,
Ca*’ and would increase the sensitivity of the determination based on re-
latively short-lived radioisotopes, i.e. chlorine. It would also shorten the
-time of analysis for most macrocomponents yielding medium-lived radio-
isotopes, e.g. Na. In this case activation analysis could successfully com-
pete with other analytical techniques. Finally, neutron activation analysis
will be of great value for the determination of microcomponents of the soil

solution. This problem will be the objective of the next part of our
investigation. )

ACTIVATION ANALYSIS IN SOIL/PLANT
RELATION STUDIES IN SOUTH-EAST ASIA

S. NISHIGAKI
 DEPARTMENT OF CHEMISTRY
NATIONAL INSTITUTE OF AGRICULTURAL SCIENCES
NISHIGAHARA, KITAKU, TOKYO, JAPAN

1, ATOMIC REACTORS AND THEIR USE

Seven countries, Ceylon, Indonesia, Japan, Korea, Philippines, Thai-
land and Viet Nam were visited during 1963-1964, Six of these seven coun-
tries possess atomic reactors, and reactors are ready for activation ana-
lysis in five countries. However, active use of atomic reactors for agri-
cultural activation analysis was observed in two countries only; how acti-
vation analysis can be used more widely for agricultural research is the
point of this discussion,

Ceylon has been devoting its efforts exclusively to the use of isotopes,
This country intends to develop the full use of isotopes first, and thenacti-
vation analysis will be 'considered as the next step. This plan is one of the
wise ways of establishing steady development of atomic energy while con-
serving national funds, .

Installation of the Triga Mark II experimental atomic reactor in Indo-
nesia is progressing, Activation analysis in this country will be started in
late 1965,
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The Philippines Research Reactor I reached criticality in the middle
of August 1964, A training course of four weeks on activation analysis was
held in September 1964 to promote the use of activation analysis in the Phi-
lippines, so research on methods of activation analysis for agricultural
studies will be started in the near future,

~The condition of the Viet Nam Triga Mark lI atomic reactor is suchthat
it can be used for activation analysis, but this reactor has not yet been used
for such purposes, as the country is more interested in the production of
isotopes than activation analysis. However, following my visit, Viet-Nam
has started to show interest in activation analysis.

Since 1962 the condition of the Korean Triga Mark II atomic reactor has
been such that it could be used for activation analysis, and it has been put
to limited use for agricultural analysis,

The Thai Research Reactor I has been in good condition for activation
analysis since it reached criticality in October 1962, Trials in the use of
it for activation analysis were carried out in 1962 and 1963. In December
1963 a large-scale project was started for its use in activation analysis in
research for practical improvements in agriculture., As a first step methods
for agricultural activation*analysis were studied and, starting in July 1964,
non-destructive methods of the activation of Al, Mn, Na and Zn in agri-
cultural samples were tentatively employed. Since that time, routine ana-
lysis of Al, Mn and Na in soils was carried out by activation analysis in-
stead of by the convential chemical method. In September 1964 a prelimi-
nary soil/plant relations study of physiological diseases of rice was started
to improve practical rice culture in the country. Sets of samples, con-
sisting of soil, soil solution and rice plants were collected from farmers'
fields in many districts where physiological diseases were common, The
samples are now being subjected to activation analysis for Al, Na and Mn.

In Japan, studies on methods of activation analysis for agricultural samples
were begun in 1959, and non-destructive methods for Mn, Cu, Na, Zn
and Sb were employed, starting in the same year., Also a methodof chroma-
tographic activation analysis for the separation and determination of seven
rare earth elements was also established. These methods were utilized
for fundamental studies on soil/plant relations and such methods were also
employed in practical studies to solve farmers' problems,

2. WHY USE ACTIVATION ANALYSIS IN AGRICULTURE?

Activation analysis is the only tool toanalyse certain elements in samples
required by agricultural researchers,

It is well known that activation analysis provides the highest sensitivity
among many methods of analysis. Yet, agricultural research in South East
Asia does not always require the very high sensitivity of activation analysis.
The writer nevertheless strongly advocates promotingthe use of activation
analysis because of its applicability in routine analysis in agricultural re-
search and because of its high sensitivity in some special kinds of agricul-
tural research,
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(a) How activation analysis can enter into routine agricultural analysis

In the fundamental and practical agricultural studies now going on in
South East Asia, the content in samples of various elements is too high in
many cases to require the very high sensitivity of activation analysis. Essen-
tial elemenis mostly have a higher concentration than certain threshold level
in media or plants, In many cases, this threshold concentration is not too
low for conventional chemical methods. Therefore, the high sensitivity of
activation analysis need not be used, :

However, if a method of activation analysis of an element is more time-

" saving or labour-saving than the conventional chemical method of analysis agri-
cultural researchers will use activation analysis, so simple specific methods
of activation analysis for specific groups of samples in agricultural research
should be studied, The non-destructive method of activation analyses of Al,
Mn, Cu and Zn, etc, employed in Japan and Thailand are good examples,

(b) How the high sensitivity of activation analysis can be efficiently utilized
in agricultural research

For example, plant nutrients in soil can be discussed, Recent advances
in soil chemistry have indicated the importance of available nutrients in the
solid phase of the soil, but they have also shown the importance of the con-
centration of nutrients in the liquid phase of the soil. The former is im-
portant for the capacity factor of the nutrients in soil and the latter is im-
portant for the intensity factor of nutrients in rice soils, If it is intended
to study nutrients in soil solution, the high sensitivity of activation analysis
will be very helpful, The concentration of phosphorus in soil solutions of
rice soil which has been heavily fertilized annually, as in Japan, can be de-
termined by colorimetric methods, However, the concentration of phos-
phorus in the soil solution of rice soils, which have received little or no
fertilizer, as inSouth East Asia,can be determined by activation analysis,
although it is difficult to determine by colorimetric methods, -

Concentration of nutrients in soil solution is also important for practical
problems in South East Asia. In this region the rainfail is very heavy in

the rice season, and almost all rice fields depend on rainfall or river water
which overflows uncontrolled into the rice field during floods.

Therefore,the rice is subjected to substantial excesses of water,and
loss of nutrients from the soil will occur when nutrient concentration in the
liquid phase of the soil exceeds the same limits,

Also, some rice fields in this region have failed to give good yieldseven
under adequate fertilization and good plant protection, and these problems
are referredto as the ''physiological diseases' of rice*, Some of the physiolo-
logical diseases are probably due to deficiency, or excess, or balance of
some elements in the soil, Activation analysis of the soil-liquid phase should
be effective in research to uncover the causes of these physiologicaldiseases,

% The Food and Agriculture Organisation of the United. Nations International Rice Comrmission
meeting held in November 1964 discussed this problem.



DETERMINATION OF MICRO-QUANTITIES
OF SEVERAL ELEMENTS IN SOIL
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AGRICULTURE SECTION, SEIBERSDORF LABORATORY,
INTERNATIONAL ATOMIC ENERGY AGENCY, VIENNA, AUSTRIA

INTRODUCTION

Determination of small quantities of plant nutrients in the soil solution
of flooded rice soils is a difficult problem. The concentrations of Mn, Fe
and P, for example, in some soil solutions are so small that no chemical
method gives any accurate result.

Neutron activation analysis was reported to give a much lower limit of
detectability [1,2, 3, 5] for several elements, while for elements with low-
induced activity after neutron irradiation, substoichiometric isotopic dilution
analysis was applied [4, 7].

One of the advantages of neutron activation analysis lies in the fact that
simultaneous activation of every inducible element in a sample takes place.
This gives an opportunity to determine many elements by one sample pre-
paration and irradiation. This, however, is not a simple task since iden-
tification of the activated products and their quantitative estimation becomes
very difficult, Certain operations of separation must be carried out before
activity measurements. '

Ion-exchange resin columns [ 6] and chemical separation following the
addition of carriers [ 1, 2] were successfully used for the determination of
many elements after neutron irradiation, These procedures, however, can-
not be directly applied to the determination of the elements of agronomic
interest,

A procedure was developed to determine several elements of agronomic
interest, Times of irradiation and cooling, quick separation by ion-exchange
columns, together with chemical precipitation for B-emitters of relatively
long half-lives, were all combined to get the maximum benefit from neutron
activation analysis.

For Fe, for which no satisfactory neutron activation analysis has yet
been developed, a modified substoichiometric double isotope dilution proce-
dure is applied.

THEORETICAL CONSIDERATION

Of the elements of agronomic interest the following were tentatively
chosen for determination: Na, K, Mn, Fe, P, S and Cl. The isotopic abun-
dance, reaction products, cross-section for (n,y) reaction and the propertles
of the reaction products of the elements are shown in Table I,

125
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TABLE I

NUCLEAR PROPERTIES OF THE ELEMENTS FOR (n, v) REACTION

Elements Abundance Cross-section Half-life Decay
(%) (b)
“Na 100 0.5 14.97 In By
4K 6.9 1.1 12.52 In By
*Mn 100 13.0 2.57 In By
¥Fe 0.31 1.0 45.1 d By
Slp 100 0.19 14.2 d 8
Mg 4,2 0.2 87 d )
%icy 25.0 0.5 37.3 min By

. With the short irradiation time of 1~2h at a flux of 1013n cm-2 s, for
an amount of 1 ppm in 1 ml, the elements which will give appreciable acti-
vity are: Na, K, Mn and Cl. If, however, the irradiation time is prolonged
for several days, phosphorus will give appreciable activity, while no de- -
tectable activity from %°Fe and 355 is to be expected. Because of the low
abundance of %%Fe (0,3%) and 3% (4, 2%), one ppm each of natural Fe and S
corresponds to 0, 003 and 0, 04 ppm of 58Fe and 348 respectively, Acti-
vation analysis by (n, v) reaction does not seem to be suited to the deter-
mination of these elements, Because of the high abundance of 32S (95%) and
relatively high flux of fast neuiron in a reactor, 325 (n, P)%P reaction is
chosen for the determination of S'by reactor activation analysis, while for
Fe, substoichiometric isotopic analysis is chosen,

In the determination of P by 3!P (n, v)32P reaction there is always inter-
ference from 325 (n, P)32P and 35Cl (n, «)32P if the sample contains 31P,
325 and 35C1 together, The presence of P and Cl also interferes in the de-
termination of S by 32S (n, P)32P, The double irradiationtechnique [2] enables
the simultaneous determination of P and S in a given sample, If, however,
asample contains an appreciable amount of C1, %2P formed from 35C1 (n,q)32P
becomes significant and direct application of the double irradiation tech-
nique cannot be carried out. Phosphorus-32 activity originating from
35C1 (n, )®P should be subtracted from measured 32P activity of the sample.

The following simultaneous equations are used for P and S determi-
nation:

Cuy - Ccllxé;S—lL= E:—Elxp -9-—c-‘-s-lxs (1)
Acl; Wp Ws

Cus- CopxAcla_ Cpa, Coy @

Acly, Wp Ws
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where Cuj and Cug are the measured 32P activities of the same amount of
unknown sample irradiated at reactor positions 1 and 2;

Cclyand Ccl; are the measured 32P activities of the same amount of standard
Cl samples irradiated at positions 1 and 2;

Acly and Aclp are the measured 38Cl activities of the unknown samples at
positions 1 and 2;

A*cly and A*cly are the measured 38Cl activities of the standard samples
at 1 and 2;

1 and 2;

Cs; and Csg are the measured 32P activities of the standard S samples at
1 and 2; _

W stands for the weight of the respective standards of phosphorus and sulphur;
xp and x; are the unknown weights of P and S in the sample.

It is, therefore, necessary to irradiate at least four samples consisting
of 1 unknown, 1 Cl standard, 1 P standard and 1 S standard at a particular
position (position 1) of a reactor, where the ratio of fast neutrons to thermal
neutrons is different from the other irradiation position (position 2).
Phosphorus-32 activities from all the samples, andthe 38Clactivities from the
unknown and Cl standards must be determined in order to solve the simul-
taneous equations,

The substoichiometric isotope dilution analysis as originally proposed
[7] was slightly modified to include the double isotope dilution analysis pro-
posed by LANDGREBE et al. [4].

The equation used is

= 21b1- 3gbs o (3)
3.2 - al

where b; and bg are the amounts of carrier added to the same amount of
sample 1, and 2; ai and ag are the activities of equal amounts of
substoichiometrically-separated samples, after labelling the samples with 3%Fe
with a carrier level of y; x is the quantity of Fe in the sample, In cases
where the carrier level of the 3Fe is not specified, the value of y is deter-
mined by the above equation on the basis of x = 0, i.e, with blank dilution
analysis,

PROCEDURE

Na, K, Mn, and CI determination

Approximately 2 ml of standard solution consisting of 5 ppm Na, 5 ppm K
and 1 ppm Mn prepared from either chloride or chloride and nitrate salts
are placed in a plastic vial and sealed tight; 2 ml of sample is also prepared
in the same way.

The two vials are irradiated in a reactor for 30 min at 1083 n ecm™2 s%,
or an integrated flux of approximately 106n cm™2, After cooling for 20 min,
the vial is opened and 1 ml each of the standard and sample is separately
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added to the top of Dowex 2 X 10 C1” columns. The column has an
inside diameter of 2 c¢m, filled with 10 ml of wet resin. The resin is
washed with 15 ml of water at the rate of 2 ml/min and the effluent isdirectly
passed onto a Dowex 2 X 10 C1 OH column, The OH column has a dia-
meter of 2 cm and a wet resin volume of 10 mi,

The Dowex 2 X 10 CI' resin is.transferred to a plastic counting vial of
4 cm diam., and the 1,6 MeV photopeak area of 38Cl is determined by a
Y-spectrometer,

The Dowex 2 X 10 OH ™ resin is washed with 20 ml of HyO at the rate of
2 ml/min, the effluent being collected in a 50-ml beaker. The resin in the
column is then transferred into the counting tray and the 0. 85-MeV photo-
peak area of 56Mn is determined by a y-spectrometer.

To the effluent in the beaker, 3 mg of K-carrier and 3 ml of 3% Na-
dipicrylate solution are added and warmed. To minimize the co-precipitation
of Na with K, the precipitation is carried out by cooling the solution very
slowly from approximately 50° C to about 2°C. The K-dipicrylate formed is
filtered with a demountable filter stick, washed with saturated K-dipicrylate
solution and the activity of the precipitate on the filter paper is counted for
42K activity by an end-window G-M counter,

The filtrate is directly passed through a Dowex 50 X 12 H' column, and
after transferring the resin into a counting vial the 1.37-MeV photopeak area
of 2*Na is determined by a y-spectrometer. The amount of the element in
the sample is calculated from the equation:

G (4)

where C stands for count-rate, W for the weight, and subscripts i and s are
the element i in the sample and in the standard.

P, S AND C1 DETERMINATION

Quartz vials of P standard (2 ml, 1 ppm P), S standard (2 ml, 5 ppm S),
Cl standard (2 ml, 10 ppm Cl), and sample (2 ml soil solution) are prepared
in duplicate. The quartz vials should be carefully checked for complete
sealing.

A set consisting of four vials, one each of P, S, Clstandards and sample
is irradiated at the centre of the core of the reactor while the other set is
irradiated at the edge of the reactor, The irradiation time generally chosen
is 3 d at 1013n cm-2 s°1, or an integrated flux of over 2.5 X 108n cm-2,

After irradiation and cooling for approximately 20 min, phosphorus is
separated from all the samples as follows. An aliquot of 1 ml is takenfrom
a sample and is placed on top of a Dowex 2 X 10 NOj column of 1 cm inside
diam. and a resin height of 7.5 cm; 25 ml of water is used to elute cations
from the resin, at a rate of 3 ml/min. The eluate is discarded.

Phosphate is eluted from the resin with 20 ml of 0,1 N HNOQ, at a rate
of 2 ml/min and the effluent is received in a 50-ml beaker,
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Chlorine-38 activities in the resins from both soil samples and C1” stan-.
dards are determined y-spectrometrically, after transferring the resin to -
counting trays.

The 32P activity in every sample is counted directly by liquid G-M coun-
ter after making the volume of the effluent in every sample equal. Alterna-
tively, it may be counted by end-window G-M counter after precipitating the
P as ammonium phosphomolybdate with 5 mg carrier and collecting on filter
paper,

If the presence of 76As is detected in the samples by y-spectrometry,
the samples should be left until 76As (t} = 26 HV) activity decays to a negli-
gible quantity.

The measured activity of 32P from every sample, and the photopeakarea
measurements of 1,6-MeV v of 38Cl from the two Cl standards and the soil
solutions, are substituted in Eqs. (1) and (2), and the amounts of phosphorus
and sulphur in the sample are calculated,

Fe DETERMINATION

To each of five 50-ml Erlenmeyer flasks, 5 ml of soil solution and 1 ml
of 99Fe solution are added. To the first flask is ‘added 1-¥ Fe carrier and 1
ml of 105 M EDTA, to the second 0.1-v Fe and 10-6 meq EDTA, to the third
0.01-y Fe and 10-6 meq EDTA, to the fourth, 0.001-y Fe and 107 meq EDTA
and to the fifth 0. 0001-y Fe and 10-7 meq EDTA. Before the EDTA solutions
are added, the solution is mixed well., Each solution is adjusted to pH~3 by
adding 1 ml of 0.01 M HC1, and then heated to about 50°C on a sand bath for
30 min, After cooling the solution 1 g of Dowex 50X 12 - H* is added toevery
flask, shaken constantly for 20 min and then allowed to stand for the resin
particles to settle, '

Two millilitres of each supernatant is pipetted into an Al-planchet, dried
under an infrared lamp and the $-activity measured by end-window G-M
counter or y-activity measured by scintillation counter. Before calculating
the amount of Fe present in the soil solution, using Eq. (3), the activities
of 2-ml aliquots should be adjusted to either the 10-5 meq EDTA or the 106
meq EDTA addition. '

In cases where the value of Y, the carrier level of YFe solution is not
known, the same procedure as above is followed, except that 5 ml of water
is run instead of 5 ml of soil solution.

By observing the decreasing activities of 2-ml aliquots adjusted by
carrier addition, the best pair is chosen for calculation of the Fe in the soil
solution and the carrier content of %9Fe solution, using Eq. (3)

SUMMARY

A routine method of determining Na, K, Mn, Cl, P and S in soil solution
by activation analysis has been developed. The method employs quick sepa-
ration of y-emitters by ion exchange resin, and chemical precipitation of
the principal S-emitters.
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The technique of double irradiation was applied for P and S determi-
nations, If the sample contains much chlorine, the correction for 32Pformed
by (n, @) reaction from ®Cl is applied. .

For Fe determination in a sample, double substoichiometric isotope
dilution analysis was applied,

It has been confirmed that the present method gives accurate measure-
ment of the elements listed.
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PHOSPHORUS DIFFUSION TO PLANT ROOTS
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A knowledge of ionic diffusion rates is important in solving many soil
and plant nutrition problems. Most phosphate uptake mechanisms by plant
roots involve a transport phase by diffusion and mass flow, but very few
quantitative measurements of diffusion rates have been reported (1,6,
7,9,12,14,17].

This paper describes two methods based on transient and steady-state
systems for measuring the diffusion coefficient of P in soils. The paper
shows also how to apply the diffusion coefficients to explain and predict soil
P - plant behaviour as related to soil differences. Details of the methods
have been reported elsewhere {14]. In this paper are discussed mainly the
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theoretical aspects and the significance explained of introducing the capacity
factor for P diffusion measurement and for transfer of P to plant roots.
From previous studies the author concluded that diffusion of P appears to
account for the observed rate of P uptake by corn roots. Mass flow of water
and P contributes to the supply of P at the root surface, but this process is
not essential in the soil-plant system for uptake of P.

THEORY AND ASSUMPTIONS

Movement of P can be detected by using 32P tracer in a system of con-
stant chemical composition. Diffusion of 32P ions occurs as a direct conse-
quence of thermal motion and a concentration gradient. The process is an
interchange of labelled and unlabelled ions such that nonet transfer of charged
ions occurs. The self-diffusion coefficient of P is measured, but this value
should be nearly the same as the mutual diffusion coefficient of a phosphate
salt in the soil [14].

In this paper diffusion of P ions is assumed to take place-in the soil
solution. Surface diffusion along soil particles is assumed to be small or
negligible. The rate of transfer between P in the labile part of the solid
phase and the soil solution is assumed to be fast and non-limiting compared
to the rate of diffusion and rate of uptake by roots [5].

THE CAPACITY FACTOR

An import_ant idea in understanding P diffusion in soil involves the role
of the capacity factor. Often, we associate this term with an amount of
available P but in this paper the capacity factor is the slope of the line re-
lating labile P to concentration of P in the soil solution for soils where the
relationship is linear as indicated in Fig.1l, Thus, the amount of labile P
in a soil could vary for different samples or treatments, but the capacity
factor would be a constant., Labile P is defined as the amount of P in the
soil that readily exchanges with the 32P isotope. This amount is not an
absolute quantity because the exchange reaction does not come to a definite
equilibrium, but the amount exchanging in a 24-h reaction period includes
most of this form. '

The soil P system is somewhat more complex than simple Cl” or NO;
diffusion where all the ions exist in the solution phase. Most of the P poten-
tially available for diffusion exists in the solid phase and this P contributes
to the total amount of P diffusing by renewing the solution concentration.
Therefore, a relationship must be determined between the solid phase and
the solution, which we have termed a capacity factor [12,14]. This capacity
factor enters into the diffusion equation for transient state systems, but it
does not appear in the equations for steady-state systems. To calculate the
quantity of P arriving at a cylindrical surface, such as a root in soil, or
a spherical surface, values must be known for the diffusion coefficient and
the capacity factor. Apparent diffusion coefficients, such as a diffusion coef-
ficient divided by a capacity factor, cannot be used correctly in such cases.
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Relation between labile P and concentration of P in solution on three soils

A better conception of the capacity factor can be obtained by considering how
it enters into the diffusion equation., Equation (1) based on Fick's law is
modified to apply to a porous system [14],

i? DAa’y(L/Le) 6—— (1)

By substituting,
D, = Day(L/L,)26, (2)

equation (1) is simplified as follows,
= DA Az’ (3)

where
DP is a porous system diffusion coefficient,
D is for P in bulk solution (cm?2 s-1),
is the amount diffusing,
is the time (seconds),
is the cross—sectional area (cm?),
is the concentration in the solution (g/em™3),
is the thickness of soil (cm),

o »TO
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a is a factor for viscosity of water,

v is a factor for negative adsorption related to non-uniformity of pore
size,

(L/L.)? is a tortuosity factor, and

6 is the volumetric moisture content.

When At and Ax approach zero and Q/A equals g, equation (3) becomes,

0 oc ;
3§=Dp§. (4)

The diffusive flow of P in a linear system may be evaluated as follows for the
rectangular co-ordinate case with flow in one direction. The rate of accu-
mulation in a volume element, V=1X1X dx, contained between the planes
x and x+dx, is expressed as Eq. (5) for flow left to right,

dg' _dg,. _dg ..o foe] _2ec ,
at Cat ™ Tar o7 Pe % wrax, 0%, J " (5)

Equation (5) results from combining the equation of continuity and Fick's
first law of Eq. (4).
To proceed, it is necessary to express q' in terms of ¢, the concentra-

tion in solution. Whenh P may be adsorbed or released by the solid phase,
q' does not equal C6V, but q' equals some function of the concentration, i.e.
q'=f(c). Then,

] \ .
dc ot
and
2q' _ df(e) de
t = 3c at ° (7)

By substituting Eq.(7) into Eq. (5) we find,

e Dy fac] _ae] .
Bt ~ Bf(c)/ac 0% |y .q 8%, ) (8)

Now refer to the relationship shown in Fig.1. If q'= CV{(6+b)+k, where
V=1X1Xdx, and b is the amount of labile P in the solid phase per cm3 of
soil volume per unit of solution concentration increase, then

f{c) = CV{(6+b)+k (9)
and

of

T(cc—)= (6+b)dx. . (10)
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By substituting Eq (10) into Eq. (8), then Eq.{11) follows by definition of the
second derivative,

2c_ Dp c |
Bt 6+b ax%’ (11

when (0+b) is a constant, independent of ¢, t, and x. In Fig.1, 6+b is the
slope, or the capacity factor. This development is essentially the same as
the equation shown in earlier work except that & was dropped previously
because it was less than 1% of b. '

Equation (11) is identical to the heat-flow equation where D, corres-
ponds to K, Dp/(6+Db) is equivalent to small kappa and ¢ corresponds to the
temperature. Solutions for many boundary values are published for Eq. (11)
in CARSLAW and JAEGER [3].

COMPARISON OF Dp BY TWO INDEPENDENT METHODS

By using Eq. (3) the diffusion coefficient for P was measured for a steady-
state system. A capacity factor does not enter into Eq. (3) because there
will be no net exchange of ions between the liquid and solid phase when
Ac/At=0, a steady-state condition reached experimentally.

The transient system is described by Eq. (11) and Eq. (12) presents an
integrated form applicable for measuring Dp,

D T 2
where q is the total quantity diffused per unit of soil, q; is the initial quantity
of diffusible ion per unit of soil, 1 is the thickness of the soil into which net
diffusion occurs, b+ 6 is the capacity factor, and the other terms have been
described.’ .

The self~diffusion coefficients calculated from Eq.(12) and (13) for P
in two soils are shown in Fig. 2 as a function of 6. Although a direct com-
parison between Dp by these two methods is not possible at the same value
of 0, data obtained by either method fit on a curve of a type expected between
Dp and f, as indicated in Egs. (1) and (2). The value of a/'y(L/Le)2 increases
linearly as 6 increases [15]. From Eq. (1), if Ac/Ax remains constant as
0 changes, the rate of diffusive movement of ions will be a hyperbolic
function of the moisture content, i.e. as in Fig. (2). The relationship be-
tween 0 and concentration of P is not exactly known, but existing data have
indicated only small changes in concentration of P would be expected as 0
changes over the range shown in Fig. 2 [10]. Thus, values of Dp found by
each method can be considered in agreement.

The standard errors of the mean values as 6 decreased, shown inFig.2,
‘were 0.08, 0.46, 0.26, 0.20, and 0.11, respectively, for the Tucumecari
soil, and the standard errors were 0.09, 0,14, 0.45, 0.06, 0.12 and 0. 20,
respectively, forthe Apishapa soil. The bulk density was1.32and 1.56 g/cm3
for each method for the Apishapa and Tucumcari soils, respectively. The
capacity factor for Eq.{13) was 163 and 123 for the Apishapa and Tucumecari
soils, respectively.
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Porous system self-diffusion coefficients of P in soil as related to volumetric moisture content

In Fig.2, as 6 increased the corresponding values for soil moisture

suction were 1, 0.33, 0.1, 0.1, and 0. 05 bar on the Tucumcari soil and
These data clearly

6, 1, 0.33, 0.1 and < 0.1 bar on the Apishapa soil.
illustrate the marked dependence of Dp on 6, the volumetric moisture

content.
The important significance of the agreement in Dy by these two methods

stems from the necessity of measuring a capacity factor when Dp is to be
In addition, the necessity of know-

determined by a transient state method.
ing Dp and Dy /b has been demonstrated for uptake equations describing the

flow of phosphate to plant roots [12].
. Diffusion coefficients in porous systems can be measured with less effort’
and simpler equipment with the transient state method than by steady-state
experiments, especially for moisture suctions >0. 2 bar. The validity of
the transient state method must be established, however, by comparing the
results with an independent method that does not rely on evaluating the ca-
pacity factor, This statement applies particularly to systems where the
relationship between the potentially diffusible ion in the solid phase and the

same ioninsolution is not well known or established. The linear relationship
Non-linear cases can

used in this work is not expected to hold for all soils.
be approached by.numerical integration procedures (4, 12].
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EVALUATION OF D FROM POROUS SYSTEM D,

In a porous soil system, Dp is related to D in bulk solution by Eq. (2).
In the steady-state experiment, D, was measured for P in Apishapa soilfrom
which values of ay{L/L.)? had been measured by CI" diffusion [15].  The
linear relationship between ay{L./L.)? and 6 was assumed to extend to higher
values of 6 [15], such as observed in the steady-state experiment (Fig.2).
By using Dp from the steady-state experiment and a value of ay(L/L.)2 from
previous data {15], with Eq.(2), D was found to be 5.1X 106 cm?/s, which
compares favourably with the value of D=5.0X10-6 cm?2/s, reported by
MORENO (18], and SALVINIEN et al. [16] for P concentrations and pH
values commonly found in soils. This agreement serves as evidence that
the factors in Eq.(2) adequately accounted for the differences between a
porous system and bulk solutions at low moisture suctions.
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Absorption of P by corn seedlings as a function of concentration of P
in solution on three soils varying in clay content
(uptake period is 24 h)

PREDICTION OF PLANT UPTAKE OF P FROM DIFF USION

Some earlier work [11,13] had produced the data shown in Fig. 3, but
without a satisfactory explanation. The interesting feature of these data
stems from the unequal rate of uptake from the same concentration of P in
the soil solution, i.e. compared at 0,15 and 0. 20 ppm. When values for Dy
and b+ 8, the capacity factor, were obtained on these soils, as shown in
Table I, a probable explanation appeared. The clay soil had a higher diffu-
sion coefficient and capacity factor than the sandy soil.
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TABLE I

RELATIONSHIP BETWEEN Dy AND CLAY CONTENT,
AND RELATED SOIL PROPERTIES

t i ti
Soil type Clay f]c;me" Mom(ul::rss)uc ton 6 ayL/Le)? | b+ | D, x107
e (cm?/s)

Pierre cl. 51.1 0.33 0. 54 0. 428 178 5.40
Apishapa

si.cl. 1, 36.6 0.33 0.35 0.308 140 3.23
Tucumcari

f.sa.l, 17.0 0. 33 0.22 0.236 110 2.11

TABLE II

COMPARISON OF UPTAKE OF P BY CORN ROOTS, CALCULATED
AND OBSERVED, ON THREE SOILS DURING 24 h

Soil P in solution Q calculated Q observed
i e

P (ppm) (Hg/g (rg/g
Pierre cl. 0.20 21. 4 18.7
Apishapa

si.cl. 1. 0.20 ] 14. 5 13.1
Tucumecari

f.sa. 1, 0.20 10. 3 9.0

An integrated form of Eq.(11) is shown in Eq. (13), defined for the boun-
dary condition assuming a constant concentration at the root surface,

Q = a(b+6)(c, —cr)[\% TY? + %T - GL\/%TW ] (13)

where Q is the amount of P adsorbed by the root per unit surface area in
time, t, a is the root radius, (b+ 6) the capacity factor, cg the initial con-
centration, ¢, the concentration at the root surface, and T=Dpt/(b+ 0)a2.
Equation (13) is valid when T = 1.

The uptake, Q from Eq.(13), was calculated and these values are com-
pared with the observed uptake of P in Table II. The calculated values de-
pend on the assumed boundary condition for Eq. (13) and also by assuming
that one-half of the final root surface area was effective during the 24-h up-
take period. An average value, cr = 0,65 cy, was obtained from calculating
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Calculated P concentration in the soil solution near a root surface
(assurning constant uptake rate)

¢; from three boundary conditions, i.e. two from OLSEN et al. [12] and
one from BOULDIN (2].

The significant feature of the data in Table II is that the differences
in rates of P uptake at a constant P concentration are explained by the va-
riationsinDp andthe capacityfactor. The relationship of these observations
to the fertilizer P needs of soils varying in texture has been discussed [13].

CONCENTRATION OF P NEAR A ROOT SURFACE

The concentration of P inthe soil solution is shown in Fig.4 as a function
of distance from the root surface. These data were obtained from Eq. {14),

_ . _2aq (g V2 e . r-a _3r+a, ;.2 r-a
Co—C D, \q T 1erch i T 1erfc—2-;r—g , (14)

where r-a equals the distance in centimetres from the root surface and the
other terms have been defined [13]. The boundary condition was assumed
for a constant rate of uptake per unit of root surface area.

The curves in Fig, 4 indicate that phosphate ions can diffuse to root sur-
faces at rates fast ehough to account for the observed uptake. In 24 h the
concentration at the root surface dropped to 0.6 of the initial value. Other
calculations show that root hairs, if present, could increase the uptake rate
fourfold per centimetre of main root cylinder. The observed uptake rate of
these roots is similar to the rates calculated from field experiments.
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SUMMARY

Self-diffusion coefficients for phosphorus in soils have been measured
by two independent methods. The results agree and thereby confirm the
necessity of determining a capacity factor in transient systems. The dif-
fusion equations necessary to calculate the transfer of P to plants or to cal-
culate the flux at the root surface require a knowledge of the diffusion coef-
ficient and the capacity factor.

The nature of the capacity factor was emphasized. It should not
be identified with an amount or quantity of labile P.

Differences in the diffusion coefficients of P and capacity factor between
clay and sandy soils were applied successfully to explain the observed varia-
tions in rates of P uptake by corn seedlings.

Phosphate ions can diffuse to root surfaces at rates fast enough to ac-
count for the observed uptake.
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DISCUSSION

H.C. THOMAS: I suggest that it might be misleading to assume that the
self-diffusion coefficient is necessarily near in numerical value to a salt
diffusion coefficient. In general there is no simple necessary relation be-
tween the self-diffusion coefficient of an isotopic species and that of the che-
mical species in which it happens to be found. Particularly in complex sys-
tems, such as those involved in soil phosphate, care should be taken to ensure
that no gross error is incurred by such an assumption,

B. ULRICH: The model underlying this theoretical and experimental
treatment makes the basic assumptions that during plant growth neither the
soil nor the plant change their relevant properties. Regarding the soil, one
has to consider the influence of root respiration acting as a hydrogen ion
generator, which may change the soil properties near the root surface quite
drastically, Besides this one can think of other ways in which plant growth
influences soil properties. A better knowledge of these facts seems
desirable too.

1.J. GRAHAM-BRYCE: To calculate the theoretical quantity of ions
supplied to a plant by diffusion, using flux equations of the kind presented by
Dr. Olsen, it is necessary to assume a value for ¢, (the concentration at the
root surface) or to estimate its value indirectly. In Dr. Olsen's treatment
cr was calculated from experimentally determined values for @Q (the quantity
of ions taken up by the plant in a given time) and it is shown that the value
of ¢; is similar whatever boundary conditions are inserted into the flux equa-
tions used for the calculations. However, these estimations must involve a -
number of assumptions, such as that D (the diffusion coefficient) remains
constant and that diffusionis the only significant nutrient transport mechanism.
On the basis of the estimated c¢; the agreement between experimentally de-
termined values of Q, and those calculated from flux equations, was tested
for various time periods. It is perhaps not surprising that the agreement
was good since the value of c¢; used for the calculation of Q was itself ob-
tained by calculations from experimentally determined @ values in previous.
experiments. Any error in this value of c¢: would therefore possibly be such
as to compensate for lack of agreement between experimental and theoretical
values of Q. This sort of uncertainty seems to be a fundamental difficulty
in testing the applicability of the theoretical equations to measured nutrient
uptake.

The agreement between the observed and calculated guantities of phos-
phate supplied to the plant depends also on the use of the correct value for
b, the capacity factor - this requires a correct assessment of the ''labile
pool". Dr. Olsen has used the quantity of P which undergoes isotopic ex-
change with 3P in the 24 h for the labile pool, but other measurements could
be proposed which would give different values forb. For the situation which
Dr. Olsen is considering the labile pool should be that portion of the soil P
whose equilibration with solution P is not rate-limiting in comparison with
the transport tothe roots. Agreement betweenthe experimentally-determined

and calculated uptake quantities suggests that the 24 h exchangeable P coin-
cides with this fraction of the soil P,
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J.P. QUIRK: There are similarities between the work Dr. Olsen has
described and that which Dr. Lewis and I have given in our paper. There
are, however, two notable points of difference.

(1) Dr. Olsen's work has been based on what is, in effect, a linear iso-
therm between adsorbed phosphate and solution phosphate. In our experiments
we have used a relationship between added phosphate and diffusion coefficient
and there is a curvilinear relationship between added phosphate and solution
concentration. .

Crank! has discussed the case of simultaneous diffusion and cliemical
reaction by reference to a general isotherm equation:

S = RC",

wher'e S is the amount adsorbed and C is the solution concentration, R and
n are constants. For a linear isotherm n is 1 and diffusion is governed by
a diffusion coefficient D/(R+ 1) where D is the diffusion coefficient of the
ion in aqueous solution. The solutions of diffusion problems for given initial
boundary conditions are the same as the corresponding problem in simple
diffusion.

When the isotherm is not linear the effective diffusion coefficient,
given by

(D/n)(1/R)Vns@-n/n

increases as the concentration S increases, and the situation is obviously
more complex.

(2) Dr. Olsen has referred to the fact that some of our solution con-
centrations are high. The very high ones, 20 ugp/ml and greater, refer to
those cases where large additions of phosphate have been made. However,
the concentration of solution at which phosphate sufficiency was achieved
was about 0.2 to 1.5 pgp/ml, These solutions were obtained by a displace-
ment technique and might thus be expected to be somewhat larger than those
reported by OLSEN and WATANARBE [1]: 0.1 to 0.4 ug/ml obtained by using
solution: soil ratio of 10;1, For the Seddon so0il we used, differences as
much as-four-fold were obtained befween the displacement.- and 10:1
solution : soil ratio.

In addition to these comments, there are a few relatively minor points.
The agreement between the phosphate diffusion coefficient derived from ex-
periments with phosphate and chloride in soils and that in aqueous solution
is remarkable, but I feel it should be viewed with some caution. For a cal-
careous soil HPO3; would be the diffusing species and in the soil solution
Ca* would be the dominant cation, and hence the good agreement with
measured diffusion coefficients for NaHo PO4 is to a certain extent fortuitous.
One interesting feature is that as Hy PO, is regarded as the ion absorbed by
plants rather than HPOg, hence a transformation to the monovalent ion pre—
sumably takes place at the root surface.

1 "Mathematics of Diffusion”, Clarendon Press, Oxford.
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When Dr. Olsen was presenting the theoretical background to the dif-
fusion measurements he referred to the work of PORTER et al. [2] and used
in one of his equations a factor y which is supposed to take into account
ionic interaction and increased viscosity of water in the porous system. I
would prefer to see this and similar factors lumped into a single factor be-
cause the use of specific symbols implies that we know very much more
about the factor concerned than we actually do.

It is interesting that the root hair density for corn plants observed by

BOULDIN [3] is very similar to that Dr. Lewis and I have measured for
wheat roots.
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TENTATIVE INTEGRATION OF NEW TRENDS
AND METHODS IN THE STUDY OF
SOIL/PLANT RELATIONSHIPS

C.G. LAMM
TECHNICAL UNIVERSITY OF DENMARK,
COPENHAGEN, DENMARK

SUMMARY

The planning meeting held at the IAEA in Vienna in 1964 under the co-
ordinated research programme of ''Plant Nutrient Supply and Movement in Soil
Systems' gave the impulse for a joint Scandinavian research programme
to co-ordinate research efforts and apply modern techniques in questions
relevant to soil/plant relationships. The countries involved work through
specialized committees of the N,J,F, (Nordiske Jordbrugsforskeres Fore-
ning). * These committees consist of three to five scientists from each coun-
try and they represent scientific institutions or laboratories*.

Basically the joint efforts would be those of applying modern ideas and
techniques to a limited number of representative Scandinavian soils to gain
more information on the availability of soil nutrients than that obtained
through conventional soil testing or fertilization experiments. In this con-
text, and with regard to phosphorus, the assessment of P-potentials, E-values,

* The author represents these committees at this Panel.
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P-adsorption isotherms or diffusion patterns could be mentioned, Thermo-
dynamic as well as kinetic approaches would be investigated in the over-all
study of the mechanism by which soil-P is transported from the solid pha-
ses and through the soil solution to the root surfaces,’ Thus isotopic ex-
change might tell us the rate at which various solid soil-P fractions aredis-
solved, and the diffusion experiments would elucidate the rates at which dis-
solved phosphorus migrates through the soil solution as, e.g. a function of
the water content, ‘

Parallel to this work, fertilization experiments might complete the pic-
ture, Yield curves should be established under standardized conditions, and
by using labelled fertilizers we would obtain additional information on soil-P
availability or capacity parameters, Soil-solution concentrations should be
evaluated through activation analysis.

Although at a preparatory stage, this work could be started possibly
early next year,

Here is a situation where a number of people in these countries are pre-
pared to apply new methods in practice and to unite their efforts in a co-
ordinated programme because no one could possibly undertake it alone, My
question to the Panel is: Are we today in a position to take practical advan-
tage of these new methods?

DISCUSSION

During the discussion which followed the foregoing paper, the author asked the Panel a question concerning
the significance of activity coefficients for the exchanger phase of a soil. The following is a summary of
the discussion in which remarks were made by G.H. Bolt, H. Laudelout, 'S.R. Olsen and H.C. Thomas~

Given an experimental definition of a:surface region it is often possible
to demonstrate experimentally that there exists a well-defined exchange re-
action for which a standard free energy may be deduced from sufficiently
complete experiments, Only in highly exceptional real cases, or in purely
theoretical cases is a chemical potential in a condensed phase expressible
in terms of a known function of composition. A practical approachistoassume
some simple function of solid phase composition, such as will refer to some
idealized case, and then on the basis of experiment to deduce numerically
the excess chemical potential which summarizes the deviations of the real
from the ideal system. For example, if solid phase (or surface region) com-
positions are expressed in terms of equivalent fractions N, the excess chemi-
cal potential may be expressed in terms of an activity coefficient f given by

RTInf= piohsd - °+RTInN),

The numerical value but not the significant behaviour of f is determined
by the arbitrary choice of the level u’from which ¢ is measured. A change
in this level merely changes f by a constant factor.

Nothing in the foregoing implies that the exchanger ‘phase need be a pure
substance, An arbitrary uniform mixture of several exchangers would exhi-
bit qualitatively the same behaviour as a single substance and neither would
necessarily be expected to show simple behaviour,
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' SUMMARY

Analysis of the processes by which a nutrient ion, potassium for in-
stance, is removed from its position in the lattice of a potassium-bearing
. mineral, moves through the soil and becomes incorporated in the plant,
shows that a very complicated set of rate processes is being dealt with., Any
of these may be rate-limiting for the overall process of ion uptake by the
plant. As was shown by the papers presented at this Panel, and by perusal
of recent literature, various phases of these rate processes are now being
actively studied, notwithstanding the complexity of the problems involved.
It is realized that to rationalize the empirical practice of improving plant
nutrition by methods at the disposal of the agriculturist, such as rate and
time of fertilizer application, irrigation, choice of variety, spacings and
S0 on,. it is necessary to know where the rate-limiting process is located.

Two types of approach are possible, as shown by the papers presented
here, which comprise a representative sample of present trends in research
in this subject.

Examination of the very complicated system represented by a plant
growing in natural soil necessitates numerous and sweeping assumptions to
make it amenable to study, whereas simplified systems can be studied with
few or no assumptions. The latter may consist of the investigation of only
one of the rate processes involved in the overall process of ion uptake, for
example the diffusion of ions in soils and clays, the rate of uptake by intact
plants in solution, the rate of solubilization of primary or secondary soil
minerals, the rate of mineralization of soil organic matter, and so on.

For instance, in self-diffusion studies, even though the process is one
of the simplest that can be isolated, the answer is by no means easy. Fortu-
nately, it seems that electrical conductivity measurements, which are very
cheap and rapid, provide the information needed to estimate the effect of
such factors as the tortuosity of the pores of the system on the self-diffusion
coefficients. Even when results on the mobility of ions in soil systems are
obtained, there still remains the very serious problem of obtaining the actual
interdiffusion constant of the ion - essential for maintaining the electrical
neutrality of the system — when considered against a counterflow of other
ions originating from the root system.

An entirely different type of simplification of the system is represented
by equilibrium studies. The interest in a problem where rate processes
only are involved lies in the fact that, at a given point in the chain of pro-
cesses, the rate may be so slow that it does not disturb the equilibrium con-
centrations of preceding reactions. It could be said that there is an obvious
advantage in knowing the ease with which hydrogen ions introduced in the
system by root respiration will replace other cations adsorbed on the soil
surface.

Description of the experimental results concerning the equilibrium con-
centrations of ions in solution, and on the surface of soil colloids, may be
made either by correlating them with the consequences derived from physical
models, such as the diffuse double-layer theory, or by the classical thermo-
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dynamic methods. It is not useful to attempt to prove that empirical ion-
exchange formulae are of value just because it can be proved that the most
commonly-used formulae, those of Gapon and Vanselow, can be correlated
with thermodynamic formulae. It is preferable to use the thermodynamic
formulae directly. ) , .

The approach that consists of studying the system in its whole com-
plexity by a variety of simplifying assumptions is subject to criticism. How-
ever, until enough is known of the individual processes involved there is
no substitute for looking at the process as a whole. The fair agreement ob-
served between the rate of accumulation of phosphate by plants growing in
soil and the calculated fluxes of phosphate through the soil system may be
due to a fortuitous compensation of the errors in the several assumptions
made. This would not be a fair judgement on the usefulness of this method
since, if it can provide us with a means of correlating several important pa-
rameters of the soil-plant system with total uptake, it has amply fulfilled
its purpose. That such is the case has been actually demonstrated and it
may be hoped that a more "integrated" approach to the problem of evaluating
response to phosphate fertilizer can be found, even though its fundamental
basis is not very certain. On the other hand, it may not be said that such
a treatment, because it is to some extent successful, demonstrates that
diffusion processes are, or are even likely to be rate-determining in nu-
trient uptake by plants.

The same could be said of course about the knowledge which may be
gained from the study of simple rate processes in the soil system.. Over-
simplification of the processes implies that the significance in the whole

picture of any rate process which is studied separately may become seri-
ously diminished. This is apparent from some of the remarks which were
made after the papers presented at this Panel,
" The classical thermodynamic approach is restricted to equilibrium situ-
ations and, even when a state of quasi-equilibrium has been reached, trans-
lating the results obtained by this method in terms of quantities of immediate
 interest for plant nutrition may not always be easy, or even feasible.

There may be speculation why programmes such as those sponsored by the
Agency to assist developing countries, often at the level of subsistence.
agriculture, should have as their basis the most recent trends in soil-plant
relationship studies. There is a natural tendency to believe that at a low
level of intensification of agriculture simple techniques and simple concepts
are preferable. In other words that, since the technical knowledge of agri-
cultural practice cannot be simply transposed from the temperate regions
of the world to the dry or humid tropical regions, development of agriculture:
in the latter should occur in the same empirical way that has characterized
the intensification of agriculture during the last 150 years. This neglects,
however, a very important difference; the intensification of agriculture in
the temperate zone occurred parallel to the development of medical science.
Therefore, increase in life expectancy achieved by medical progress did
not strain the supply of foodstuffs, which continuously increased, par-
ticularly since, at the same time, the enormous agricultural potentials of
North America were developed. The situation is entirely different in the
tropical countries where agricultural development cannot keep pace with
the increasing population pressure brought about by progress in medicine,
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the techniques of which, contrary to those in agriculture, can be trans-
ferred immediately, /regardless of the country of origin.

Time is thus essential to solve the practical problems of agricultural
development, and this precludes the empirical approach alone. If the aim
is to solve a given problem empirically, the number of experimental pos-
sibilities is always enormous. Any conceptual guide, whether the most
recent trend or not, any method, whatever its apparent sophistication, that
limits the choice to a few alternatives to be decided upon by local experi-
mentation, should be welcomed. This also applies when practical results,
obtained in a specific region, have to be generalized to other soil types,
climates or plants. Then the most of what modern soil science has to offer
will be needed to generalize in the safest possible way.

RECOMMENDATIONS

The Panel emphasized the necessity of bridging the gap between new
information on the nature of the rate processes which determine nutrient
uptake by plants and the research programmes on the efficient use of phos-
phate and nitrogen fertilizers which are sponsored by the Agency for the
benefit of developing countries in South East Asia and South America.

The following steps might be the key to implement this:

1. In their individual capacity, or as a group, the members of the Panel
are ready to provide the Agency with the information it will need for
the interpretation or the planning of its co-ordinated programmes.

2. To make the information available to a wide circle of persons interested
in the new trends in studying plant nutrient supply and movement in the
soil, it is recommended that a technical report embodying the papers
given at the Panel meeting and the essence of the discussions should
be published by the Agency.

3. Meetings such as the present Panel held on the initiative of the Agency
fulfil a very useful purpose and it is recommended that they be organ-
ized whenever it is deemed suitable.

4. Research is needed on the subject matter; this could be promoted by
the Agency by the grant of research contracts which may, in certain
cases,, be on a cost-free basis.

5. Close contact should be maintained between the various members of
the Panel interested in this rapidly changing field. It is therefore re-
commended that individual members should circulate to other Panel
members summaries of their papers which are accepted for publication.
Finally, the Panel was of the opinion that the solution of problems of

wide concern will be advanced by the co-ordination of research effort. In

this respect the Panel acknowledges with interest the suggestions on such
co-ordination in Scandinavian countries, as outlined by Dr. C.G. Lamm.
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RESUME

L'analyse des processus, sousl'effet desquels uniond'élément nutritif
comme le potassium est enlevé & la position qu'il occupe dans le réseau
d'un minéral porteur de potassium, se déplace dans le sol et s'incorpore
4 la plante, montre que l'on se trouve en présence d'un ensemble trés com-
plexe de phénomeines qui tous peuvent limiter la vitesse du processus général
de fixation des ions par la plante. Comme on a pu le constater en consultant
les mémoires présentés au Groupe d'étude et en parcourant les ouvrages
- récemment publiés sur la question, les problémes qui se posent sont com-
plexes, mais les différentes phases de ces processus font 1'objet d'une étude

attentive, On se rend compte que pour rationaliser les procédés empiriques
qu'utilise l'agriculteur pour améliorer la nutrition des végétaux, tels que
1'application d'engrais en certaines quantités et & des époques déterminées,
llirrigation, le choix de la variété, l'espacement des plants, etc., il faut
pouvoir localiser le processus qui limite la vitesse de fixation des ions.

Il est possible d'aborder le probleme de deux manitres différentes, ainsi
qu'il ressort des mémoires présentés au Groupe d'étude, qui expriment
bien les tendances actuelles de la recherche dans ce domaine,

Pour étudier le systéme tres complexe que représente une plante
croissant sur un sol naturel, il est nécessaire d'établir des hypothtses nom-
breuses et audacieuses afin de pouvoir poser le probleme, alors que la sim-
plification des systdmes permet de les étudier & partir de quelques hypo-
thtses ou méme en l'absence d'hypothtses. Dans ce cas, il peut suffire
de faire des recherches sur l'un des processus qui interviennent dans la
fixation des ions, par exemple la diffusion des ions dans les sols et les ar-
giles, la fixation des éléments nutritifs par des plantes intactes en solution,
la solubilisation des minéraux primaires ou secondaires, la minéralisation
des mati®res organiques des -sols, etc, Si l'on veut par exemple étudier
l'autodiffusion, qui est pourtant 1'un des processus les plus simples pouvant
étre isolés, il n'est pas facile d'arriver & des résultats, Heureusement, il

semble que des mesures de la conductivité électrique, qui sont trés rapides
et trés peu cofiteuses, fournissent les renseignements nécessaires pour éva-
luer 1'effet de facteurs tels que la tortuosité des pores du systéme sur les
coefficients g'autodiffusion, Méme si 1l'on obtient des données sur la mobi-
lité des ions dans les différents sols, il faut encore résoudre le probléme
difficile consistant & mesurer la constante d'interdiffusion des ions essen-
tielle au maintien de la neutralité &lectrique du syst®me - en présence d'un
mouvement contraire d'autres ions provenant du systéme radiculaire.

Un type de simplification entidrement différent consiste & étudier le
systtme dans des conditions d'équilibre, L'intérét d'un probl¥me qui ne
met en jeu que des processus continus tient & ce que, en un point donné de
la chaine des processus, 1'évolution peut &tre assez lente pour ne pas dé
‘ranger les concentrations & 1'équilibre lors des réactions précédentes. On
pourrait dire qu'il est manifestement utile de savoir avec quelle facilité les
ions hydrogene introduits dans le systéme par la respiration au niveau des
racines remplaceront d'autres cations absorbés & la surface du sol.

147
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Pour décrire les résultats expérimentaux concernant les concentrations
dt'ions & 1'équilibre soit en solution soit & la surface des colloides du sol,
on peut rapporter ces résultats aux déductions établies & partir de modeles
physiques, telles que la théorie de diffusion a double couche, ouutiliser les
méthodes thermodynamiques classiques. Il est inutile de vouloir trouver
que des formules empiriques d'échange ionique sont intéressantes simplement
parce qu'il est possible d'établir une corrélation entre les formules les plus '
courantes, celles de Gapon et Vanselow, et les formules thermodynamiques.
Il est préférable d'utiliser directement les formules thermodynamiques.

On peut critiquer la méthode qui consiste & étudier le systéme danstoute
sa complexité en établissant des hypotheses tres diverses pour ensimplifier
les données. Cependant, tant que l'on ne connditra pas suffisamment les dif-
férents processus en cause, il n'y a pas d'autre solution que de considérer
le phénomene dans son ensemble. La bonne concordance que l'on observe
entre le taux de fixation du phosphate par les plantes croissant dans un sol
et les mesures du flux de phosphate & travers ce sol peut &tre due & une
compensation fortuite des erreurs inhérentes aux différentes hypotheses que
l'on a établies. Toutefois, il ne serait pas juste de juger par 1a del'intérét
de 1la méthode; en effet, si celle-ci peut nous fournir un moyen d‘'établir une
corrélation entre plusieurs parametres importants du systeme sol-plante et
la fixation des éléments nutritifs, son utilité sera largement démontrées.
11 a été prouvé que tel est bien le cas, et on peut espérer qu'il sera possible
de trouver une méthode plus synthétique pour évaluer la réponse des plantes
aux applications d'engrais phosphatés, encore que les bases de cette méthode
ne soient pas absolument slires., D'autre part, le succes relatif de cette
méthode ne permet pas d'affirmer que les processus de diffusion influent
sur la vitesse de fixation des éléments nutritifs par les plantes, ni m€me
que cela soit probable.

Cette observation pourrait naturellement s'appliquer également aux
données que l'on peut obtenir en &tudiant les processus continus simples
intervenant dans le sol, En simplifiant les processus & l'exces, onrisque
d'amoindrir sérieusement l'importance relative des processus considérés
séparément. Certains des membres du groupe qui ont formulé des obser-
vations i la suite de la présentation des mémoires ont fait ressortir ce
danger.

La méthode fondée sur la thermodynamique classique ne s'applique qu'aux
conditions % 1'équilibre, et mé&me lorsqu'un &tat proche de 1'équilibre est
atteint, il n'est pas toujours facile ni méme possible d'exprimer lesrésul-
tats obtenus au moyen de cette méthode en quantités présentant un intérét
immédiat pour la nutrition des plantes,

On peut se demander pourquoi des programmes comme ceux que l'Agence
organise pour aider les pays en voie de développement, souvent au niveau
d'une ‘agriculture de subsistance, devraient s'appuyer sur les résultats les
plus récents des études de phytopédologie. On a naturellement tendance a
penser que dans les pays ol llagriculture est peu intensive, il estpréférable
d'utiliser des techniques simples reposant sur des notions simples. Autre-
ment dit, étant donné qu'il est impossible d'appliquer directement dans les
régions tropicales séches ou humides les techniques agricoles des régions
tempérées, le développement agricole de ces régions devrait avoir le méme
caractére empirique que celui des régions tempérées, au cours des 150
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dernidres années. Cependant, en raisonnant ainsi, on néglige une différence
tres importante; dans la zone tempérée, le développement de l'agriculture
est alléde pair avec le progres des sciences médicales. L'augmentation
de l'espérance de vie résultant des progres de la médecine n'a pas pesé sur
les ressources en denrées alimentaires, qui n'ont cessé d'augmenter éiant
donné, surtout, qu'hla m&me &poque 1'énorme potentiel agricole de 1'Amérique
du Nord se développait. La situation est entitrement différente dans les
pays tropicaux ot le dévoloppement de l'agriculture ne peut faire face a la
pression démographique croissante résultant des progrets de la médecine,
domaine dans lequel, & la différence de l'agriculture, les techniques nou-
velles peuvent &tre immédiatement appliquées, quel que soit leur pays
d'origine. .

Le temps est donec un facteur essentiel pour la solution des probl®mes
pratiques du développement de l'agriculture, et c'est pourquoi il est im-
possible de se limiter aux méthodes empiriques. Si l'oncherchea résoudre
de manidre empirique un probléme donné, le nombre des possibilités ex-
périmentales est toujours énorme, Il faut donc accueillir favorablement
tous principes directeurs, qu'ils se fondent ou non sur les données les plus
récentes, et toute méthode, quelle que soit sa complexité apparente, qui.
limite le nombre des possibilités entre lesquelles un choix sera fait enfonc-
tion de 1'expérience locale, Ceci s'applique également au cas ol il y a lieu
d'étendre les résultats pratiques obtenusdans une région déterminée 3 d'autres
types de sols, d'autres climats, ou d'autres plantes, Pour généraliser dans
les meilleures conditions, il faudra donc faire appel A toutes les connais-
sances de la pédologie moderne,

RECOMMANDATIONS

Le Groupe d'&tude a souligné lanécessité d'intégrer les données récentes
sur la nature des processus qui déterminent la fixation des éléments nutritifs
par les plantes aux programmes de recherches sur l'utilisation des engrais
phosphatés et azotés que 1'Agence organise i l'intention des pays en voie
de développement de 1'Asie du Sud-Est et de 1'Amérique du Sud. A cette
fin, le Groupe a présenté les recommandations suivantes:

1, Les membres du Groupe, 2 titre individuel ou collectivement, devraient
fournir 2 1'Agence les renseignements qui lui seront nécessaires pour
interpréter ou établir des programmes de recherches coordonnées,

2, Afin de mettre ces renseignements & la disposition de tous ceux quis'in-
téressent A 1'étude de la présence et du mouvement des éléments nutri-
tifs des plantes dans le sol, 1'Agence devrait publier un rapport technique
contenant le texte des mémoires présentés lors de la réunion et uncompte
rendu analytique des discussions,

3. L'Agence devrait organiser chaque fois qu'il y a lieu des réunions comme
celles du Groupe d'étude, dont 1'utilité est démontrée,

4, Comme la question doit &tre étudiée plus 4 fond, 1'Agence pourrait en-
courager les recherches nécessaires sur la question en accordant des
contrats de recherche, dans certains cas sans frais pour elle,

5. Les différents membres du Groupe d'étude s'intéressant & ce domaine
qui évolue rapidement devraient demeurer étroitement en rapport les
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uns avec les autres, Chacun d'eux devrait donc communiquer aux autres
membres du Groupe des résumés des mémoires rédigés par lui dont
la publication aura été acceptée,
Enfin, le Groupe a estimé qu'il serait plus facile de résoudre les probl¥mes
dlintérét commun en coordonnant les efforts de recherche., A ce propos,
il a reconnu 1'intérét d'un systtme de coordination analogue i celui qui existe

dans les pays scandinaves, et dont Dr C.G. Lamm a exposé les grandes
lignes,

BEIBOIbI U PEKOMEHIALIUN

BBIBOIbI

AHanH3 npoueccoB, B pe3yJbTaTeé KOTOPHIX NMUTaATEJNbHbIe HOHBI, HANpU-
'Mep MOHBI Kaius, YAAAAOTCA CO CBOUX MeCT B KPHCTANIHYeCKOl pemeTKe MHU-
HepajioB, ColepXaliuX Kajiuii, nepeMemanTCsa B NOYBEe U MOTJIOMAKTCA pacTe-
HHUSIMH, MOKa3bBaeT, YTO C 3THM CBSI3aH OYeHb CAOXHBI KOMIUIEKC NpOLECcCOoB,
onpeensioMuX CKOPOCTh NOrJIOMEHHs TUTATeNbHLX BemecTs. J060i U3 3THX
MPOLECCOB MOXET OUPaHHUYNBATh CKOPOCTh OOWETO npouecca NOTACMEeHHs HOHOB
pactenneMm. Kak nokasanu paboThl, nmpelcTaBleHHble HAa JAaHHOE COBEIaHHE
SKCNEepTOB, U HM3y4YeHUHe BhlMeAmeR B nNocjaelHee BpeMs JUTepaTyphl, B HACTOS™
mee BpPeMs aKTHBHO MCCIAEAYITCA pa3juuHele a3kl 3THX, ONpEeAeI0LUX CKO-
POCTE MOTJIOWEHHUs, MPOLUEeCCOB, HECMOTPS Ha CJIOXHOCTEL 3TOoi npobnemsl. QOue-
BHIHO, IJI TOTO, YTOOH palHOHAH3HPOBAThH CIOXHBIYIOCS MPAaKTUKY yayulle-
HHA NUTAHHUSA PACTEHHHA C MOMOWbBI MMEIUMHXCS B PACNOPsSXEHUH arPOHOMOB Me-
TOROB, TaKHX Kak BHOOD KOAWYECTBAa M BpeMeHH BHeCeHus yaobpeHui, uppura-
LHsi, BRBIGOD COPTOB, YaCTOTHI NOCAAOK U T. 1., HeOOXOAUMO 3HATH, B KAKOM Me-
CTe LIeMH HaXOAMTCS NpouecC, OTPaHHYUBA KA CKOPOCTD .MOT/IOWEHUS .

Kaxk nokasanu npeAcTaBieHHble Ha COBEllaHHE 3KCNEPTOB AOKIAAH, cyme-
CTBYKT ABa BO3MOXHBIX NyTH pelleHHs NpobrieMsl, KOTOpble NpPeACTaBAALT
cymecTBylomue TEHIAEHUVMH B MCCAEAOBaHHHM 3TOr'O BOMpoca.

Jns Mcclie ZOBAHUA OYEHB CIOXHOHN CHCTEMbBI, KAKOBOH fABJASIETCS pacTreHHe,
BhpallHBaeMOe Ha €CTEeCTBEHHOMH nMouyBe, Tpe6yIOTCS MHOTOUMC/EHHbIe U pain-
KaJbHble NPeANno/oXeHUsI, TOrAa KaK ynpoumeHHbe CUCTEMBl MOTYT OBITE U3y~
YeHbl C oueHb HeGONBUWMM YHCHOM NpelnonoxeHuit unu 6e3 takopeix. Hccne-
IDOBaHHE yNpOmMEHHBIX CHCTEM MOXET BKJIOUYATh TOJBKO OAWH U3 OnNpeReasiomux
CKOpOCTH nornomennd $akTopor, CBA3aHHBIX ¢ o6IUM NpoLecCoM NOTAomeHUs
MOHOB, HanpuMmep npouecc AMPPy3nn HoHOB B nouBax U TJIHHAX, CKOPOCTE MO-
TIOWEHUA MUTATEJbHBIX BEMECTB W3 pacTBOpa UeJBIMH pacTeHHIMH, CKOPOCTH
pacTBOPEHHS NEePBUYHBIX H BTOPHYHBIX MUHEPAJIOB MOYBLI, CKOPOCTH MHHEpanu-
3alMM OpPTaHHYECKUX BEMEeCTB MOYBL U T.X.

HanpuMep, npu HccleloBaHuH camoiuddysuu, ABASLULEHCT OAHUM U3 ca-
MBIX MPOCTHIX NPOLECCOB, KOTOPhle MOTYT ObITHL BhIAEJI€Hbl, HAHTH OTBET COB-
ceM He npocro. K cuacTeio, H3MepeHus 9JIeKTPONPOBOAUMOCTH, KOTOPBIE MPO~
BOLSATCSH odeHb GHICTPO U He TpebylT Gonbmwux 3aTpaT, NO3BOJNAKNT, Kaxercd,



. BbIBOJAbLI U PEKOMEHIAIIUHU 151
MOJyYUTE AaHHbE, HeoOGXoZuMbie NNS OLEHKM BJHAHHS Takux dakTopoB, Kak
KPHBHU3HA NoOp CHUCTeMbl, Ha Kodd dunuentrl camoand dysuu. JHaxe nocne mony-
‘yeHUsI RAHHBIX O MOOWIBHOCTH HOHOB B MOYBEHHBIX CHCTeMaX, BCe elle oCTaeTrcs
OYEeHB cepbe3Has npobieMa onpeneeHUs KOHCTAaHThl PaKkTHYeCKOHN B3aUMHOMR
aud dysuu s moHa (MMebmeit BaXHOe 3HaAYEHHe NS MOAAEPXAHUS SMEKTDPH -
YeCKOit HeHTPaNbHOCTH CUCTEMBI) B 3aBUCUMOCTH OT BCTPEYHOTO NOTOKA APY ™~
TUX MOHOB, 06pa3youuxcs B KOPHEBOH CHCTeEMeE.

CoBepmeHHO ApYroidl THUM YNpomeHHs CUCTEeMHl NpeAcTaBAsnT coboft uc-
cleaoBaHus paBHOBECHOTO cocTosfHus. MHTepec k npobneMe, cBA3aHHON TONb-
KO C mpolleccaMH, OnpelensoMUMH CKOPOCTE NOTNOWeHHUs, 06BbACHAETCS TeM
dakToM, UTO B JAaHHON LEMHNPOLECCOB CKOPOCTH MOXET GHTH HACTONBKO HeBoNb -
mWoil, YTO OHA HEe HapymaeT PaBHOBECHBIX KOHUEHTPAUUi npejmleCTBYOIHX pe-
akuuii. MoXHO CKa3aThk, UTO UMEETCSH OUEBHIHBIH NMPOrpecc B MNO3HAHUM TOTO,
HAaCKOJIbKO.JIETKO HOHH BOAOpOJa, NonaBllie B CUCTEMY B pe3ylbTaTe AblXa-
HUS KOpHe#l, 3aMeHSAT Ipyrue KaTHOHBI, MOTJIOMEHHEe C NOBEPXHOCTH MOYBH .

OnucaHue 9KCNepPUMEHTANBHHX Pe3yNbTATOB, KacaWMUXCSH paBHOBECHHIX
KOHIL[eHTpalluii HOHOB B paCTBOPE M Ha NMOBEPXHOCTH KOJJIOUAOB MOYBEl, MOXET
6bITh NPOHU3BEAEHO WIM NyTEM YCTAHOBJEHHS MX CBS3H C Pe3y/lbTaTaMH, Noay-
YeHHBIMH Ha OCHOBaHHH qmsnﬁecxnx Mogjeneil, TaKHX KaK JBYyXCJjiofHas TeopHs
auddysun, WIM C MOMOWEBI KIAaCCHYECKUX TePMOAHHAMUYECKUX MeTolJoB. He
‘MMeeT CMbIC/la MBITATHCS KOKasaTh, YTO SMNUpHYECKHe HOHooEMeHHBle dopMy-
JIB IPEACTaB/SKT LEeHHOCTH, XOTsA 6B MOTOMY, YTO Haubonee pacrnpoCTpaHEHHbIE
dopmynst (dopmynsr TanoHa U Bauzenoy) MOoTyT 6bITh yBA3aHb C TePMOAHHAMHK-
yeckuMHu fopmynamu. Jlyume HenocpelCTBEHHO HMCIOAL30BAaTh TEPMOJIWHAMU-
yeckve GoOpMyIsl.

Ilyte pemeHus npobieMbl, COCTOSmMUN B H3YUEeHHN CHCTEMBEI BO BCel ee
CJIOXHOCTH C HCNOJb30BAHHEM Pa3JIMYHBIX yHPOMAaKMHUX NPeAnosokKeHHH, NoABEp-
raercsd KpuTuke. OZHAKO AO TeX MOp Moka He GyLeT AOCTATOYHO U3BECTHO 06
OTIeNbHBIX MpoLeccaXx, He CymecTByeT APyTroil BO3MOXHOCTH PaCCMOTPEHHUS Npo-
necca B nenoMm. Xopomee cornacue, HabniogaeMoe MeXAy CKOPOCTHIO MOTJO-
meHusa docdara pacTeHHUsIMH, paCTylIMMH Ha NOYBE, U PACUETHLHIMHU MOTOKaMH
docdara yepe3 JaHHYyO MOYBEHHYK CHCTeMYy, MOXeT 6bITb 06BACHEHO Clay4daii-
HO KOMNeHcaluei omMHUGOK B HECKOABKUX NPHHATHIX NpeAnonoxerHusx. O3To 60
651 HecrnpaBe JIKBOA OLIEHKOH MOJIEe3HOCTH 3TOrO MeToda, TakK Kak, eClIH OH MO -
KeT CTaTh WISl HAC CPeICTBOM KOPPeJsLUUHM MeXIy HEeCKONbKHMH BaXHBIMHU napa-
MeTpaMy CHCTEMBI MoYBa-pacTehue ¥ O6MUM MOTIOMEHHUEM, OH TTONHOCTHI0 BBI-
nonHuT 3adady. To, 4To 3TO Tak, b0 MO CYmMECTBY yXe npOl[eM(;HCTpHPOBaHO,
M MOXHO HaZesiThCs, 4YTO OyAeT HaideH Gonee "nonHb#" nyTh pemenus npobaeMsl
olleHKH peakuuu Ha docdarHbie yROOpPEHHA, XOTS U HE COBCEM SICHHl TEOPETH-
YyeCKHe OCHOBH 3TOrO siBleHusa. C Apyroit CTOPOHHI, HENb3s CKa3aThb, YTO Ta-
Ko#t MyTh pemMeHHUst, NOCKONbKY OH SIBASeTCS OO HEKOTODPOH CTENeHH YRadHBIM, NO-
Ka3piBaeT, 4To AN dy3uoHHBIe NPOUEeCCH SABAAITCS WM, BEPOSTHO, NOIXHBI
6pITH MpoLiecCcaMy, OoNpelensomMUMH CKOPOCTh MOTJIOMEHHS MUTATENbHHX Be-
meCcTB PaCTEHHUSIMH.

" To %e camoe MOXHO, KOHEYHO, CKa3aTh O CBEJEHUSX, KOTOpble MOTYT
GHITL MONYYEHH B PEe3yibTaTe U3yJYeHUS TIPOCTHIX MPOIIECCOB, OMpPeAeIsio mMuX
CKOPOCTH IMOIJIOMEHUsI B NOYBEHHOM cucteMe. UpeaMepHoe ynpolieHHe NMpo-
LeCCOB MOXET NMPUBECTH K TOMY, UTO 3HAUeHHe Bcell KapTUHH A060ro onpene-
NA0IEro CKOPOCTh NOTAOIEHUS Npolecca, U3y4YaeMoro OTAeJbHO, MOXeT GBTH
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3Ha4YUTeNbHO YMeHbIeHO. OTO SIBCTBYeT U3 HEKOTOPHIX 3aMedyaHuil, CAeJaHHbIX
-Nocje npeAcTaBJeHUs] AOKAAAOB Ha HAaHHOM COBEIaHUH KCNEepTOB.

B03MOXHOCTE nMpUMeHeHHS KJIAaCCHUECKOH TEepPMOAHHAMUKH Ll peleHUs
npobneMsl orpaHUYeHa PaBHOBECHBIMH COCTOSHUAMH, W, Jaxe B TOM Cilydae,
KOTAa AOCTHTHYTO KBa3HPAaBHOBECHOE COCTOSIHUE, NepeBOl Pe3ynbTaTOB, NOAYy -
YEHHBIX C MOMOIBI0 3TOI'O0 METOAa, B BEJIMYMHEL, [IPeACTABAA0 IHEe HEIOCPEACT -
BEHHHA HHTepecC Ljis MOHHMMAaHUS MUTaHUA pacTeHHN, He BcerAa SBASETCS po-—
CTHIM MIIH JaX€ BO3MOXHBIM .

MOXHO MOpa3MBICAUTL O TOM, NOUYEMy NMPOTPAMMEL, OCYyMeCTBJseMble,
HanpuMep ATEHTCTBOM, C LIeJIbI0 OKa3aHHS [MOMONIH Pa3BUBalIMMCS CTpaHaM,
AOJIKHBI OCHOBBIBATHCS Ha CaMBIX MOCJAEIHUX TEHAEHLHUAX, CYmMEeCcTBYOmHUX B 06—
JIACTH U3y4eHUs CBSI3H pacCTeHUi ¢ nouBoil. CymecTByeT eCTeCTBEHHas Te€H-
AeHLHSA CUUTATh, YTO [PH HU3KOM yPOBHE HHTEHCHPHUKALMHU CENIbCKOI'O X035~
CTBa NpeANOYTUTENBHBIMH ABASIOTCSA NPOCTHE METOMAB M MPOCTHE KOHIENLUH.
JApyruMH CIOBaMH, NOCKOJAbLKY ONBIT CEJbCKOXO3AHCTBEHHON NPAKTHKH HEJIb3
APOCTO NMEePeHeCTH U3 palioHOB C YMEpEeHHBIM KJIMMAaTOM B CyXHe WIM BjiaXHble
TPONHYECKHE PalloHBl, pA3BHTHE CEJIbCKOTO XO3fAHCTBA B 9THX NOCHEAHUX AOM-
XHO NMPOUCXOXUTH TE€M Xe SMNUPUYECKHM NyTeM, KOTOpbIHl 6bl XapakTepeH AN
MHTeHCUPHUKALUKU CEeJIECKOT'O X03siicTBa B TeueHHe nociaeguux 150 ner. Ilpm
9TOM, ONHAKO, HE YUHTHBAETCH OUYEHb BaXHafd pasHHUA; MHTeHCUPHKALUA cenb-
CKOI'O X035iCTBa B palioHaX C YMEPEeHHHM KJIUMATOM NPOUCXOAWIa napasaiensb-
HO C pPa3BUTHEM MEIHUUHCKON Hayku. IlosTomy yBeJlUUeHHE BE€POATHON Npo-
AONIXUTENBHOCTH XU3HH, JOCTUTHYyTOE Onaroiapsa ycrnexaM MeAHLHHbl, He CO3-
JaBano TPYAHOCTeM co cHabXeHUeM NpoAyKTaMy MUTAHUS, NPOU3BOACTBO KO-
TOPBIX HENMPEePHIBHO YBeJHYUBaANOCh bnaroaaps, I'/71aBHAM 06pa3oM, HCNONbL30-
BaHHIO OT'POMHBIX MTOTEHUHANbHbIX BO3MOXHocTeH CeBepHOH AMEPHKH B OTHO-
MEeHUH CeNbCKOTO Xo3siicTBa. CoOBepHIEeHHO HHave Jeno oOCTOUT B TPOMUYeCKHX
CTpaHaX, B KOTOPbIX pa3BUTHE CEJbCKOTO XO3diCTBa OTCTAET OT YBeJHYEHHUSA
HAaCeJIeHUS BCIEACTBUE PA3BUTHSA MeIULUHHBI, METOABI KOTOPOH, BOT/IHYHE OT Me=<
TOAOB CEJbCKOTO XO35HCTBa, MOTYT OBITh HeMeAJEeHHO NepeHeCeHbl B 9TH CTpa-~
HBl U3 JPyTHX CTPaH He3aBUCHUMO OT TOTO, B KaKo# CTpaHe OHU BO3ZHHKIIH.

Takum o6pa3oM, BpeMs MMeeT OCHOBHOE 3HadeHHe NS pPelleHHS NPakTH -
YyeCKHX npobjieM pa3BUTHUS CeJbCKOTO XO38HCTBa, U 3TO JejlaeT HeBO3MOXHBIM
HCKJIIOUYHTENHHO SMNHPHYECKUA NOAXOA K pemeHU 3Tol npobnemr. Ecau uens
COCTOMT B TOM, 4TOOBl PeHUTh naHi—lyxo npobieMy SMNHUPHYECKHM NYTeM, SKCNe-
PUMEHTANBHEIX BO3MOXHOCTEH IJIs 3TOTO BCerja UMeeTCs OTPOMHOE KOJAU4YecT=
Bo. Jlio6as KoHLeNnuus, COOTBETCTBYET OHA CAMBIM IOCJHeAHUM TEeHAeHUHIM
Uy HeT, N060H MeTOA, KAKUM 6Bl OH HH Ka3aJcs CHOXHBIM, OTpaHUYHUBaKUHE
BbIOOP HECKONBKUMH anbTepPHATHBAMK, KOTOPHIE NOMXHB OBITH OnpeneseHsl ny-
TeM NpPOoBeJCHUS IKCMEPHMEHTOB HA MeCTe, LOMKHB BCAUECKHU NPUBETCTBOBAThH™
cd. 3TO TakXe OTHOCHTICS M K Te€M Cjly4yasM, KOoTrJaNpaKTHYeCKUe pe3yabTaThl,
nojiydeHHble B KOHKPETHOM paiioHe, LONXHBL 6bITh PaclpOCTPaHeHbl HA ApyTHe
BHUABI TTOYB, APYTO# KAMMAT WIH ApyTHe KynbTypbl. Torzaa Gonpmas 4yacTbh TO-
ro,4eM pacnonaraeT coOBpeMeHHoe nouBoBeleHHe, noTpebyercs ans Haubonee
NMPaBUIBHOI'O PACMPOCTPaHEHUsI TAKHX Pe3yJbTaTOB.

PEKOMEHIALUYU

CoBeulaHNe SKCMNepTOB NOAYEpPKUBaeT HeoOXOAMMOCTDH JIMKBUAALMH pa3phl-
Ba MexIy HOBBIMM JAaHHRIMH O XapaKTepe NpoleccOB, KOTOPhIe onpeaeasioT no-
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I'I0mMeHHe MUTATe/NbHbIX BelleCTB PpaCcTeHUAMHU, U HCCeloBaTeNbCKUMH NPOT-
pamMamu no 3@ PexruBHOMy ucnoab3oBaHuo GocdaTHX M a30THEIX yLoOpeHHUit,
OpraHu3dyeMbIMH AT€HTCTBOM B KayeCTBe NOMOMMU PAa3BUBAK MUMCS CTPaHaM
IOro-BocrtouHoit Asuu u IOxHoON AMepuku.

Pemawmee 3nayenue a1 9TOro MOXeT UMEThH cieiypollee:

1. YneHsl coBemaHUsA SKCNEPTOB, BHICTYyNas B KaYeCTBe YaCTHHIX JUI WIH B
BUJle T'PYMNNE, TOTOBH NPeAOCTaBUTh ATeHTCTBY HHPOpPMaUHI, HEOOXOAM~
MY eMy Il HHTEeprpeTalky WIH [JIaHHPOBaHUS CBOMX COTIJiaCOBaHHMX
nporpamMm.

2. [ns obecneuenus uHdopManueii MUPOKOTO KPyTa JINI, HHTEPECYIOMUXCS
HOBbIMH TEHJEHUUSIMH B U3yUYEeHHH CHabXeHHS paCTEHHH NUTAaTENbHEIMU
BEMECTBAMHU U MX MEepeMemeHus B NouBe, peKOMEeHAyeTcs, 4To6bl ATeHTCT-
BO ony6IHKOBANO TEXHHYECKHUH JOKJAalk, BKAHYabnmuid paboTsl, npeacTas-
JleHHbBle Ha JJaHHOe COBellaHHe SKCIEPTOB, U KpPaTKOe U3JIOKEHHEe IUCKYC-
cunt. : C

3. CoBemaHnus, nojobHbe HACTOAWEMY COBEMAHNI SKCNEPTOB, KOTOpPhie NMPoO~
BOJSITCS 11O MHMLHMATHBE ATEHTCTBA, OUeHb NONAE3HH . [T03TOMY peKOMEHAY-
eTCs NPOBOAUTH TaKHWe COBeMAaHHsA BCAKHI pa3, Korga 3To 0yAeT npu3Ha-
HO HeOOXOAUMBIM . S .

4. . Heo6xoAuMO NMPOBOAUTE UCCJie JOBAHMSA MO JAHHOMY BONPOCY; ATEHTCTBO
MoXeT cnoco6CTBOBAaTH 3TOMY NyTeM NPeAOCTABJIEHHUS UCCIeNOBATENbCKUX
KOHTPAKTOB, KOTOpPHIEe B ONpeliefleHHEX CAy4YasiX MOTYT BHINONHATBCA Hec-
MIaTHO. . .

5. Mexay uneHaMU HacTOSIETrO COBEIKAHUS SKCIEPTOB, HHTEPECYIo LIUMHUCS
3Tol GhHICTPO pa3BUBalomedics 061acThI0, NOMXHB NOAAEPXKUBATLCS TEC—
Hbl€ KOHTAKTEl. Il03TOMYy peKOMeHAyeTCs, OTIeJibHBIM uUjJieHaM HacTosa~
mero CoBellaHUs 3KCNePTOB nepelaTh JPyT'HM YYaCTHHMKaM KpaTKoe U3~
NoXeHHe. CBOMX AOKNaNOB, NPUHATHX A ONyGAMKOBAHUS . .

W, HakoHell, coBemaHHe 3KCMEPTOB CUUTAET, YTO B pelleHuu npobuem,
uMeomMUx 6onbmoe 3HaveHue, 6yayT BOCTHUTHYTH ycnexu 61arojaps KOoOpAu-
HallU¥ MccreloBaTeNbCKUX pabor. B aTol cBA3u coBelmaHHe IKCNEPTOB C HHTe -
pecoM oTMeuaeT NpelasoXeHHUs O Takol KOOpAMHAIMM B CKaHAMHABCKUX CTpa-
Hax, o ueM coobumun a-p C.I".Jamm.

[ - .
RESUMEN Y RECOMENDACIONES

RESUMEN

El estudio de los procesos en virtud de los cuales un ionde una sus-
tancia nutritiva -el ion potasio, por ejemplo-se ve separado del lugar que
ocupa en la red de un mineral de potasio, se mueve a través del suelo y
termina incorporindose a una planta, pone claramente de manifiesto que
el investigador se enfrenta con un conjunto sumamente complejo de procesos
cinéticos, Cualquiera de esos procesos puede constituir la fase limitadora
de la velocidad con que se desarrolla el proceso total de la absorcién de los
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iones por la planta, Conforme se desprende de las memorias presentadas
en la reunidén de este Grupo de expertos y de la lectura de las publicaciones
aparecidas recientemente sobre la materia, en la actualidad se estian in-
vestigando activamente diversas fases de esos procesos cinéticos, a pesar
de la complejidad de los problemas que tal labor entrafia, En efecto, se
ha llegado a la conclusidén de que para poder aplicar con un criterio racional
los métodos meramente empiricos que el agricultor tiene a su alcance para
mejorar la nutricidn de las plantas (frecuencia y momento de la aplicacidén
del fertilizante, riego, seleccibn, espaciado de las plantas, etc.), es ne-
cesario conocer el lugar que ocupa la fase limitadora del proceso total,

Las memorias presentadas en esta reunidn, representativas de las
actuales tendencias de la investigacidon sobre esta materia, ponen de ma-
nifiesto que existen dos formas principales de abordar el problema,

El estudio de un sistema muy complejo, como el representado por una
planta que crece en un suelo natural, exige el planteamiento previo de gran
nimero de supuestos de cardcter muy general; por el contrario, el estudio:
de sistemas simplificados puede realizarse partiendo de muy pocos supuestos
e incluso de ninguo. Este filtimo tipo de estudio puede consistir en la in-
vestigacién de uno solo de los procesos cinéticos que intervienen en el pro-

, ceso total de la absorcidn de los iones, entre los que cabe mencionar la di-
fusién de los iones en los suelos y arcillas, la velocidad de absorcidn por
plantas intactas cultivadas en solucidn, la velocidad de solubilizacién de los
minerales primarios y secundarios de los suelos, la velocidad de minerali-
zacidn de la materia orgénica del suelo, etc.

Por ejemplo, en los estudios sobre la autodifusidn, si bien el proceso
investigado es uno de los méis sencillos que resulta posible aislar, su ex-
plicacidn no es en modo alguno ficil, Afortunadamente, parece ser que las
mediciones de la conductividad eléctrica -cuya realizacién es muy econdémica
y répida- proporcionan la informacidn necesaria para evaluar la influencia
que sobre los coeficientes de autodifusidn ejercen factores tales como la
tortuosidad de los poros del sistema, Incluso cuando se obtienmen resultados
sobre la movilidad de los iones en al suelo, sigue sin resolver el dificil pro-
blema de obtener el valor real de la constante de interdifusion del ion -funda-
mental si se quiere mantener la neutralidad eléctrica del sistema- cuando
se la considera en relacidén con una circulacién en contracorriente de otros
iones provenientes del sistema radicular.

Un tipo completamente distinto de simplificacidon del sistema es el re-
presentado por los estudios sobre el equilibrio. El interés que ofrece un
problema en el que solamente intervienen procesos cinéticos estriba en el
hecho de que, en un determinado eslabbn de la cadena de procesos, la velo-
cidad puede ser tan lenta que no perturbe el equilibrio de las concentra-
ciones resultante de reacciones anteriores, Cabria decir que constituye
una ventaja evidente conocer la facilidad con que los iones hidrdgeno in-
troducidos en el sistema por la respiracidén radicular, sustituiran a otros
cationes adsorbidos en la superficie del suelo.

Los resultados experimentales relativos a las concentraciones en equi-
librio de iones en solucidn y a los coloides de la superficie del suelo pueden
exponerse correlacionindolos con las conclusiones derivadas de modelos
fisicos (como el empleado en la teoria de la doble capa de difusidn) o re-
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curriendo a los métodos termodindmicos clasicos, No tiene utilidad alguna
tratar de demostrar que la validez de las formulas empiricas del intercambio
idnico se debe Gnicamente a que puede probarse que la mayoria de las{ormu-
las de empleo més corriente -las de Gapon y Vanselow- pueden correlacio-
narse con formulas termodinamicas. En efecto, es preferible emplear di-
rectamente estas Gltimas,

- La forma de abordar el problema que consiste en estudiar el sistema
en toda su complejidad partiendo de una serie de supuestos para simplifi-
carlo, ha sido y sigue siendo objeto de criticas, Ahora bien, hasta que no
se haya profundizado lo suficiente en el conocimiento de los diversos pro-
cesos que integran el proceso total, no es posible prescindir del estudio de
este Gltimo. Es cierto que la notable concordancia observada entre la ve-
locidad de acumulacibén de fosfatos por plantas cultivadas en el suelo y los
flujos calculados de fosfatos a través-del suelo, puede deberse a una compen-
sacién fortuita de errores-debidos a los diversos supuestos utilizados. Sin
embargo, esta posi‘bilidad no puede servir de criterio para juzgar sobrela
utilidad de ese método que cumple sobradamente su finalidad si facilita un
medio para correlacionar varios parémetros importantes del sistema suelo-
planta con los valores de la absorcidn total, Que éste es efectivamente el
caso es algo que ha quedado ya perfectamente demostrado, y es de esperar
que sea posible encontrar una forma més ''completa’ de abordar el problema
de evaluar la respuesta a los fertilizantes fosfatados, aun cuando la base
de dicho problema adolezca de cierta imprecisién, En cambio, no cabria
afirmar, por ejemplo, que tal método, simplemente por haber resultado
hasta cierto punto satisfactorio, baste para demostrar que los procesos de
difusidén son (ni siquiera que es probable que sean) los que determinan la
velocidad del proceso total de absorcidn de sustancias nutritivas por las
plantas. .

Lo mismo podria decirse, como es natural, de los conocimientos que
pueden adquirirse del estudio de procesos cinéticos simples que tienen lu-
gar en el suelo, La simplificacidn excesiva de esos procesos entrafia el
riesgo de que quede muy reducida la importancia que realmente tiene en el
conjunto cualquiera de los procesos que se estudie por separado, Esta po-
sibilidad se desprende de manera inequivoca de algunas de las observacio-
nes formuladas sobre las memorias presentadas en la reunidn del Grupo
de expertos, - )

La posibilidad de recurrir al empleo de los métodos termodinimicos
clisicos queda circunscrita a las situaciones de equilibrio, e incluso cuando
se ha alcanzado un éstado de cuasiequilibrio la conversidén de los resultados
obtenidos por este método en valores numéricos de interés inmediato en la
esfera de la nutricidén de las plantas no siempre resulta ficil y, emocasiones,
ni siquiera es posible, )

Puede que haya quienes se pregunten por qué razones los programas
que el Organismo patrocina a fin de prestar asistencid alos paises endesarro-
llo, (asistencia limitada con frecuencia al nivel de la explotacidn agricola
imprescindible para la subsistencia de sus habitantes), deben basarse en
las corrientes que se manifiestan en los estudios mis modernos sobre las
relaciones suelo-planta, Existe una tendencia natural a creer que, cuando
se trata de fomentar la agricultura en un nivel modesto, es preferible em-
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plear métodos y conceptos sencillos, En otras palabras, que como el co-
nocimiento técnico de las practicas agricolas propias de las regiones tem-
pladas de nuestro planeta no puede.transferirse sencillamente a las regio-
nes tropicales, tanto aridas como hiimedas, el desarrollo de la agricultura
en estas Gltimas regiones debe tener la misma forma empirica que hatenido
durante los 150 Gltimos afios. Este razonamiento no tiene en cuenta una
diferencia muy importante: la intensificacidén de la agricultura en la zona
templada tuvo lugar paralelamente al progreso de las ciencias médicas; por
tanto, el aumento de la vida probable debido a ese progreso no se tradujo en
una disminucién de la oferta de productos alimenticios, que fue aumentando
continuamente, en particular debido a que, al mismo tiempo, se explotaron
las enormes posibilidades agricolasde América del Norte. Ahora bien, la
situacidn es totalmente distinta en los paises tropicales,en los que eldesarro-
llo de la agricultura no puede mantener el mismo ritmo que el aumento de
la demanda de alimentos por parte de una poblacidn que aumenta continua-
mente debido a los progresos de la medicina, cuyas técnicas, a diferencia
de las empleadas en agricultura, pueden llevarse immediatamente hasta esos
paises, cualquiera que sea aquel en que se idearon,

Se tiene, de esta forma, que el factor tiempo es fundamental para re-
solver los problemas précticos que plantea el fomento de la agricultura, con
lo que queda descartada la posibilidad de recurrir exclusivamente a métodos
empiricos, Si la meta perseguida es resolver empiricamente un problema
dado, el niimero de posibilidades experimentales de lograrlo es siempre
enorme, Toda orientacidn conceptual -tratese o no de la tendencia mds
reciente- y todo método -por complicado que pueda parecer- que limiten las
posibilidades de eleccidn a un nimero reducido de alternativas sobre las
que se decidiri segin lo aconsejen los resultados de una experimentacién
local, deben ser bien acogidos. Esta afirmacidn se aplica también al caso
en que hayan de generalizarse, haciéndolos extensivos a otros tipos de sue-
los, de climas o de plantas, los resultados practicos obtenidos en una de-
terminada regidén. En este caso, para proceder a esa generalizacidn con
el menor riesgo posible de error, se necesitaré casi la totalidad de cuanto
puede ofrecer la moderna ciencia del suelo.

RECOMENDACIONES

E1l Grupo de expertos subraya la necesidad de colmar la laguna exis-
tente entre la nueva informacidn sobre la naturaleza de los procesos ciné-
ticos que determinan la absorcién de sustancias nutritivas por las plantas
y los programas de investigaciones sobre el empleo eficaz de los abonos
nitrigenados y fosfatados que el Organismo patrocina en beneficio de los
paises endesarrollo del Sudeste de Asia y de América del Sur.

Para conseguir esa finalidad, podria tener importancia fundamental
la adopcidn de las siguientes medidas: '

1., Los miembros del Grupo estin dispuestos a facilitar al Organismo, a
titulo individual o colectivamente, la informacibén que éste necesite para
la interpretacidén o la preparacidén de sus programas coordinados de
investigacion.
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A fin de poner la informacibén aportada a la reunidn del Grupo de ex-
pertos al alcance de un amplio circulo de personas que se interesen por
las nuevas tendencias imperantes en los estudios de la disponibilidad
y movimiento de las sustancias fitonutritivas en el suelo, serecomienda
que el Organismo publique un informe técnico que incluya las memorias
presentadas en la reunién del Grupo de expertos asi como la esencia de
sus deliberaciones, .

Reuniones como la que este ‘Grupo de expertos ha celebrado por inicia-
tiva del Organismo cumplen una finalidad sumamente Qitil, por lo que se
recomienda que se convoquen otras siempre que se estime oportuno.
Es preciso intensificar las investigaciones sobre la materia examinada
en la reunidn; el Organismo puede contribuir a ello adjudicando con-
tratos de investigacidén que, en ciertos casos, podrian tener carécter
gratuito, _

Los diversos miembros del Grupo de expertos que se interesan por es-,
tas cuestiones en constante y ripida evolucidn deben mantener un es-
trecho contacto, Por ello se recomienda que cada miembro facilite a
los demés resGimenes de las memorias que le sean aceptadas para su
publicacién.

Por iiltimo, el Grupo de expertos opina que la resolucién de diversos proble-
mas de amplio alcance se veri facilitada si se coordinan los trabajos de
investigacién, A este respecto, el Grupo de expertos acoge con interés las
sugerencias que el Dr., C.G, Lamm ha formulado en relacidn con la forma
en que se procede a esa coordinacidn en los paises escandinavos.
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