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A STUDY OF THE TOXICITY OF SALINES
THAT OCCUR IN BLACK ALKALI SOILS

By J. F. BREAZEALE

INTRODUCTION

In investigations upon alkali tolerance, as well as in all investigations
upon soil fertility and nutrition problems, the last referee is the plant.
Except in extreme cases, it is impossible to predict, from the chemical
analysis of a soil, what plant foods will be most needed by a plant grow-
ing in that particular soil. In like manner, unless many other factors are
known, it is often impossible to predict, from an analysis of the water-
soluble salts in a soil what the behavior of a plant will be when grown
in that soil. An irrigation water, with a high percentage of salts, may
be injurious when applied to certain soils and certain crops, and bene-
ficial when applied to other soils and other crops. In doubtful cases, the
farmer is usually told to "try it out," and in this way get an answer from
the plant itself.

In this bulletin, soil alkali is studied from the standpoint of the plant.
It will be shown that the plant deals with the soil solution and with that
only, and that; an expression of the alkali tolerance of a plant should be
based upon the soil solution and not upon the soil. Aside from furnish-
ing a storehouse of food materials and a reservoir for water supply, the
insoluble matter of a soil is concerned chiefly in holding the plant in
position. The inert materials such as sand and clay, have little effect upon
the alkali tolerance of a plant.

Every alkali salt has a definite position in the order of toxicity> and
the toxicity of a mixture of alkali salts is the sum of the toxicities of
the different salts that compose the mixture. An effort is made in this
paper to prove that all salts, when acting as soil alkalies, obey certain,
definite chemical laws.

The behavior of plants in black alkali soil corroborates the data that
have been published in technical bulletins 12 and 13 of this Station, rel-
ative to the chemical nature of the zeolites in these soils. Every indica-
tion points to the fact that few) black alkali soils, actually contain any
sodium carbonate, and that the alkalinity of extracts of such soils is due
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to sodium hydroxide that is dcrhcd fiom the hydrolysis of sodium zeo-
lite. Furthermore, it is probable that in the true soil solution, /. e., the
solution that the plant corncb in contact with, there is very little hydroly-
sis of the sodium zeolite, and few, if an}, hydroxvl ions in solution.
The unproductKenebs, or toxicity, of black alkali soih is due, therefore,
either to their physical condition or to soil components other than sodium
carbonate or sodium hydroxide.

THE LIMIT OF ENDURANCE OF PLANTS

In a previous bulletin of this Station,* it was shown that, during its
era of development or adaptation, c\er\ plant becomes adapted to a cer-
tain amount of salts in solution. The fully developed plant of today
will endure the amount of salts that it has become adapted to> therefore,
if a plant is grown in increasing amounts of soluble .salts or alkalies, a
concentration will be reached when the grovith of the plant will cease.
This concentration of salt is called the limit of endurance of the plant.

The limit of endurance of a plant for alkali in solution, may be
easily and accurately measured in water cultures, and the value of such
a determination is obvious, but it has always been a source of disappoint-
ment that so little practical use has been made of such determinations.
It is evident that our failure to apply our results to field conditions has
been due largely to the fact that we do not know their full meaning.

One serious objection to the determination of the limit of endurance
in solution cultures has arisen from the fact that certain salts, when added
to soils, behave very differently from the same salts when added to solu-
tions. Sodium carbonate, for example* while stable in aqueous solutions,
seems to disappear from the solutions when certain components of the
soil are present, and this phenomenon makes it sometimes difficult to
apply data obtained with solution cultures to soil conditions. As will be
shown later, often, when a soil extract is made by digesting the soil
with 20 times its own weight of water, the total amount of black alkali
dissolved will be 10 times as great as would be the case if the soil were
digested with an equal weight of water. Sodium chloride and sodium
sulphate, however, do not behave in this way, as practically the same
amounts of these salts would be dissolved in each extraction. While seem-
ingly different, all three of these salts are obeying the same chemical
laws, as far as alkali tolerance is concerned. The presence of certain soil
components, however* seems to affect the toxicity of sodium carbonate by
removing it from solution, but not the toxicity of sodium chloride or

Tech. Bui. 11. Ariz. Agr. Exp Station, 1926.
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Fig. 1—Wheat seedlings grown in: (1) Control—distilled water; (2) 500
p.p.m. NaClj (3) 1,000 p.p.m. NaCl; (4) 2,000 p.p.m. NaClj (5) 3,000
p.p.m. NaClj (6) 4,000 p-p-m. NaCl

sodium sulphate. The following experiments show that it makes no dif-
ference to the plant, whether the alkali exists in solution alone, or in a
solution that is in contact with insoluble matter such as sand or clay. As
long as the alkali is in solution it will retain its order of toxicity.

EFFECT OF FINELY DIVIDED SUBSTANCES
UPON ALKALI TOLERANCE

If wheat seedlings are grown in solutions of pure sodium chloride in
increasing concentrations, the plants will grow until a concentration of
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about .4 percent, or 4,000 parts per million, is reached. This is the
limit of endurance of wheat for this salt, and the plants will die. A
drawing of a group of cultures that were grown in concentrations rang-
ing from 0 to 4,000 parts per million of sodium chloride is shown in
figure 1.

If pots of pure sand are planted to wheat, and the potb are watered
continuously with increasing concentrations of sodium chloride, the plants
will grow until a concentration of about 4,000 paits per million is
reached, when the plants will die. In such an experiment, in order to
prevent an accumulation of salt due to evaporation and transpiration, it
is necessary to maintain a continuoub downward flow of the sodium chloiide
solution through the pots.

Fig-. 2.—A. Wheat seedlings that were grown in pots of sand and watered with:
(1) Control—distilled water, (2) 500 p.p m. NaCl, (3) 1,000 p.p.m.
NaCl, (4) 2,000 p.p.m. NaCl, (5) 3,000 p.p m. NaCl, (6) 4,000 p.p-m.
NaCl. B Wheat seedlings that were grown in solutions that had passed
through pots of sand (1) Control—distilled water; (2) 500 p.p.m. NaCl,
(3) 1,000 p.p.m. NaCl5 (4) 2,000 p.p.m. NaCl, (5) 3,000 p.p.m. NaCl}
(6) 4,000 p.p.m. NaCl.

If the leach water from such a group of sand culture pots is caught
in jars, and wheat seedlings are grown in these solutions, the seedlings
will cease growing at a concentration of about 4,000 parts per million,
as they did in the sand cultures. A drawing of a group of wheat seed-
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lings that were grown in pots of sand> and one of a group that were
grown in solutions that had passed through the sand, is shown in figure 2.

If cultures in pots of pure carbon black, pure, freshly precipitated
ferric hydroxide or aluminum hydroxide, as examples of extremely finely
divided substances, are treated in the same way, that is, if a continuous
stream of solutions of sodium chloride is passed through the pots, the
limit of endurance of wheat will be found to be the same, about 4,000
parts per million, in the presence of carbon black, ferric hydroxide, and
aluminum hydroxide respectively. This phenomenon is true with sodium
sulphate and other alkalies as well as with sodium chloride. In figure 3,
are shown drawings of two groups of wheat plants that were grown in
pots of aluminum hydroxide and in carbon black respectively, that illus-
trate this phenomenon.

A

Fig. 3.—A. Wheat seedlings that were grown In pots of aluminum hydroxide and
watered with: (1) Control—distilled water; (2) 4,000 p.p.m. NaCI. B. Wheat
seedlings that were grown in pots of carbon black and watered with: (1) Con-
trol—distilled water} (2) 2,000 p.p.m. NaCI, (3) 3,000 p.p.m. NaCI; (4)
4,000 p.p.m, NaCI.
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All insoluble and especially finely divided substances, have the power
of absorbing salts upon their surfaces, and thus removing them from free
solution. This adsorption is more pronounced with some salts than it is
with others. In the studies with sodium chloride and sodium sulphate,
the adsorption was so slight as to be negligible, and under the condit'ons
of the experiments, the adsorption by the culture media was satisfied at
the very beginning of the work. In experimenting with salts that have
a higher degree of adsorption than sodium chloride? it is necessary, be-
fore planting the seedlings, first to percolate the culture pots with the
alkali solutions until the percolates are found to have the same concen-
trations as the original solutions.

Under the conditions of the above experiments, the presence of in-
ert, insoluble substances, does not increase or materially decrease the tox-
icity of alkali salts in solution.

ALKALI TOLERANCE IN SAND AND CLAY SOILS

It is a well-known fact that, under field conditions, a plant will
tolerate more alkali in a clay than it will in a sandy soil, if the perecent-
age of alkali is expressed in terms of the dry soil. The reason for this
is evident. Suppose one pot culture containing a kilogram of clay and
another pot culture containing a kilogram of sand, should each receive
4 grams of salt. When the pots are planted with seed and brought up to
the optimum moisture content, the sand will carry about 5 percent, or a
total of 50 cc. of water, while the clay may carry 30 percent, or 300 cc.
of water. In the sand, the 4 grams of salt will be dissolved in 50 cc. of
water and will represent an 8-percent salt solution, while, in the clay,
the 4 grams of salt will be dissolved in 300 cc. of water, which will
represent only a 1.3-percent salt solution. The plant will be dealing with
an 8-percent salt solution in the sand and with a 1.3-percent salt solution
in the clay. It is evident that, in alkali tolerance, the plant deals with
the soil solution and with the soil solution only. It is therefore, the per-
centage of alkali in the soil solution* and not the percentage of alkali in
the dry soil that determines the limit of endurance of plants.

A plant can draw moisture from a soil until a definite percentage of
water is reached. This is called the wilting point, or wilting coefficient,
and all plants wilt and die when the percentage of water falls below,
and is maintained below this point. Since the concentration of alkali in
the soil solution increases as the water is evaporated, or as it is drawn
out of the soil by the plant, it is evident that the amount of salt, expressed
in percentage of the water in the soil at the wilting point, represents the
alkali tolerance that a plant must have for that solution in order to main-
tain growth in that particular soil. Below the wilting point the
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will die, the lack of water and not alkali, being the cause. Therefore, we
may conclude: that

The toxic limits of a given salt or a ghen combination of salts,
when expressed in terms of percentage of dry soil is represented
by the toxic limit of the salt or salts in free solution, multiplied
by the wilting coefficient of the soil, provided the soil is in ad-
sorption equilibrium with the free solution at its toxic concen-
tration.

The above conclusion is probably true for all salts and under all ordi-
nary circumstances, and it is just as true for sod1*um carbonate as it is
for sodium chloride. We make a mistake when we attempt to express
alkali tolerance in terms of percentage of alkali in the dry soil. The
plant deals with the soil solution only, and the measure of the limit of
endurance of a plant for alkali solutions, if properly done, should not be
misleading.

EXPERIMENTS WITH SODIUM CARBONATE

Sodium carbonate differs from other alkali salts in being a combina-
tion of a strong base, sodium, with a weak acid, carbonic. When in con-
tact with water this salt partially hydrolyzes and sodium hydroxide is
brought into solution. Under certain soil conditions* when sodium car-
bonate is present in excess of sodium hydroxide, and these conditions are
exceedingly rare, if a limited amount of carbon dioxide is generated in
the soil, a part of the sodium carbonate will be transformed into sodium
bicarbonate, so in the soil solution, there may be occasionally three com-
ponents, sodium hydroxide, sodium carbonate, and sodium bicarbonate.
However, no free carbon dioxide can exist in a soil that contains sodium
carbonate or free hydroxyl ions, and vice versa no sodium carbonate or
hydroxyl ions can exist in a soil that contains free carbon dioxide.

TOXICITY OF SODIUM HYDROXIDE, SODIUM CARBONATE,
AND SODIUM BICARBONATE

A standard solution of pure sodium hydroxide was prepared with
carbon-dioxide-free water and this was diluted to a concentration equiva-
lent to 1 percent of sodium. The solution was then divided into three
parts5 No. 1 was corked and set aside; carbon dioxide was bubbled through
No. 2 until all of the sodium hydroxide was converted into sodium car-
bonate. This was determined by titrating the solution frequently against
standard acid, with both phenolphthalein and methyl orange indicators.
When the titration with phenolphthalein balanced exactly the titration
witji methyl orange, the solution was assumed to contain only sodium
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carbonate j to No. 3, carbon dioxide was added until all of the sodium
hydroxide was converted into sodium bicarbonate. The three solutions
were thus pure, and all derived from the same alkali.

Another set of solutions, similar to the foregoing, was made up with
potassium hydroxide instead of sodium hydroxide, and standard solutions
of calcium hydroxide and ammonium hydroxide were also prepared.

The limit of endurance of wheat seedlings was determined for all
of these alkalies, using root elongation as a criterion, and the results are
shown in Table I. For ease in comparison, the results are calculated to
the cation.

TABLE I.—LIMITS OF ENDURANCE OF WHEAT SEEDLINGS IN ALKALINE
SOLUTIONS OF SODIUM, POTASSIUM, CALCIUM, AND AMMONIUM.

Culture
No. Alkali Limit of endurance

1 Na as NaOH ISO p. p. m.
2 Na as Na2CO3 400 p. p. m.
3 Na as NaHCO^ 1000 p. p. m.
4 K as KOH 175 p. p. m.
5 K as BCsCOa 700 p. p. m.
6 K as KHCO3 2300 p. p. m.
7 Ca as Ca(OH) 2 40 p. p. m.
8 NH 3 as NH4OH - 20 p. p. TO.

It must be understood that the limits of endurance for the hydroxides,
cannot be made very accurately, and the same is true, to a lesser degree,
for carbonates. These solutions were exposed to the air as little as pos-
sible, but even if kept in a carbon-dioxide-free atmosphere under a bell
jar, the plants will exude carbon dioxide from their roots, which will
lower the hydroxyl-ion concentration of the solution. These determin-
ations, however, give a relative idea of the toxic properties of the hydrox-
ides, carbonates, and the bicarbonates as they exist in solution.

It will be seen that the alkalies of potassium are less toxic than are
those of sodium, while the hydroxides of calcium and ammonium are a
great deal more toxic than are the hydroxides of sodium or potassium.

Determinations of the limit of endurance were also made with chem-
ically pure salts of sodium carbonate and sodium bicarbonate that were
purchased in the market, and these determinations agreed with those
obtained with salts that had been made from sodium hydroxide.

THE TOXICITY OF ALKALI SALTS, A FUNCTION OF BOTH
MOLECULE AND ION

In studies upon the limits of endurance of plants for salts and acids,
some investigators have attributed the toxic properties to the basic or
cation. It has been the experience of the writer that while this is true
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with certain acids it is not true for all salts. The toxicity of an alkali
salt seems both a funct;on of the molecule and of the ion. It is true
that the toxicity of an acid, hydrochloric, for example, is due largely to
the H ion, but the toxicity of sodium chloride is not due altogether to
the Na ion.

In the high concentrations that often exist in the soil solution, in
the film layers next to the soil particles? and under the tremendous pres-
sure that the soil solution is subjected to, the ionization of most alkali salts
is forced back partially, or sometimes almost completely. A plant growing
in such a soil would, therefore, come in contact with soil alkali both in
molecular and ionic forms.

Practically every phenomenon in plant nutrition that the writer has
come in contact with during 25 years' experience? has been a phenomenon
of adaptation. The plant in its era of adaptation came in contact with
alkali salts, sodium chloride for example, in its most concentrated form,
in the innermost film layers that surround the soil particles. As the sodium
chloride is here only partially ionized, the plant adapted itself to, and
established its limit of endurance for, both the molecule and the ion.
If the plant had never come in contact with the molecule NaCl during
its era of adaptation, but if it had come in contact with the ions Na and
Cl frequently, the molecule would now be toxic, while the ions would
be non-toxic. If, on the other hand, the plant had never come in con-
tact with the ions Na or Cl, but with the molecule NaCl, the ions would
now be toxic while the molecule would be non-toxic.

The toxic limit of sodium chloride in the presence of calcium, is
6,500 or more parts per million* depending upon the amount of calcium
that is present in the solution. At this concentration, 6,500 parts per
million, the salt is about 95 percent ionized. This would, therefore, re-
present a concentration of over 3,000 parts per million of chlorine ions
in solution at the toxic concentration of sodium chloride. However, if
chlorine is added to a culture solution as the molecule, or as chlorine gas,
it is exceedingly toxic. The plant can endure chlorine as an ion but
not as a molecule.

The toxicity of an alkali, either as molecules or as ions, is determined
by the units of times the plant has come in contact with the alkali in
that form during its age of adaptation. In the case of the toxxity of
hydrochloric acid, with the exception of those plants that are adapted to
acid soils, it may be assumed that few plants ever came in contact with
the acid in appreciable amounts in molecular form, nor did they come
in contact with a high concentration of the H ion as neither the acid nor
the ion exists in any except acid soils under natural cond'tions. How-
ever, it did come in contact with the ion Cl in relatively large amounts,
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derived from other sources, such as sodium chloride, and became adapted
to it. As a matter of course, when the plant is now placed in a solution
of hydrochloric acid> the toxicity of the chlorine is obscured by that of
tht hydrogen, and the limit of endurance will depend almost wholly
upon the concentration of the cation. A wheat plant will endure about
6,500 or more parts per million of sodium chloride, but only 6 or 8
parts per million of hydrogen chloride, or hydrochloric acid.

EFFECT OF GELATINE UPON T H E TOXICITY
OF SODIUM CARBONATE

For many leasons black alkali^soils are not suited to studies upon the
limits of endurance of plants. As mentioned before, plants appear to
endure more alkali in a black alkali soil than they do in solution cultures.
Such soils are usually dispersed and colloidal. The following experiment,
therefore, was made to determine what effects these colloidal compon-
ents have upon the toxicity of sodium carbonate, and if the alkali is re-
moved from solution by colloidal gels. A set of wheat cultures was pre-
pared in duplicate and placed in solutions of sodium carbonate ranging
from 600 to 1,400 parts per million, and to one-half of the cultures
enough gelatine was added to form a thin gel at room temperature.

Gelatine will remain dispersed in a weak solution of sodium carbon-
ate, and there is no reaction between it and salt.

The presence of this gel did not change the limit of endurance of
the wheat plants for sodium carbonate, the toxic limit in both sets proved
to be between 850 and 900 parts per million of sodium carbonate, or
about 400 parts per million of sodium. This experiment indicated that
sodium carbonate must become a part of the colloid before it disappears
from solution and loses its toxicity.

SODIUM CHLORIDE AND SODIUM CARBONATE

The same laws of toxicity govern all alkali salts, so, as long as sodium
carbonate exists in the soil solution, it must retain its order of toxicity.
The following comparison was made between sodium carbonate and sodium
chloride, using the toxic limit of wheat plants in solution as an indicator.
In order to imitate soil conditions as nearly as possible, the work was done
in the presence of a small amount of calcium carbonate, which salt mater-
ially increases the limit of endurance of most plants for many alkali salts.

The limit of endurance of wheat seedlings for sodium chloride under
the above mentioned conditions was found to be 6,500 parts per million?
while the limit for sodium carbonate was about 900 parts per million.
The limits of endurance for mixtures of these two salts were then de-
termined, by decreasing the concentrations of sodium chloride while in-



TOXICITI OF SALINES IX BLACK ALKALI SOILS 347

creasing the concentrations of sodium carbonate. In order to do this a
definite concentration of sodium chloride was prepared, 4,000 parts per
million, and sodium carbonate was added to the solutions in varying
amounts until the limit of endurance of wheat seedlings was established
for this mixture. Wheat seedlings will not survive in a solution of 6,500
parts per million of sodium chloride, vet they will grow in a solution of
4,000 parts per million until a concentration of 85 parts per million of
sodium carbonate is reached. The toxic limit of seedlings under these
conditions was 4,000 parts per million sodium chloride, and 85 parts per
million of sodium carbonate. This procedure was followed with lower
concentrations of sodium chloride and higher concentrations of sodium
carbonate. In a solution of 2,000 parts per million of sodium chloride,
for example, it required 300 parts per million of sodium carbonate to
cause the death of the plant. These determinations are shown in Table
II, and when plotted with sodium chloride as the ordinate and sodium
carbonate as abscissa, the curve is very regular, as shown in figure 4.
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Fig. A—-Graph illustrating the interchangeable character of the tcoriclties of sodium
chloride and sodium carbonate.

The ratio of the toxicities of single salt solutions of sodium chloride
and sodium carbonate, in the presence of a small amount of calcium
carbonate, is as 6,500 is to 900> or as 7.2 is to 1. If the toxic properties
of these salts were interchangeable in this proportion in all mixtures, the
curve would be represented by a straight line, instead of a segment of an
ellipse, as is shown in figure 4. Evidently, either the sodium chloride or
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the sodium carbonate, or both, under the conditions of this experiment,
become more toxic in mixtures than they are in single salt solutions.

As explained before, a small amount of calcium carbonate was added
to each of these cultures, in order to imitate as nearly as possible natural
conditions. The presence of calcium has a decidedly ameliorating, or
neutralizing effect upon the toxicity of sodium chloride, but its effect
upon sodium carbonate is not marked.*

TABLE IL—LIMITS OF ENDURANCE OF WHEAT SEEDLINGS IN SOLU-
TIONS OF SODIUM CHLORIDE, SODIUM CARBONATE, AND IN MIX-
TURES OF THESE SALTS

Paits per million
No Sodium chloride Sodium caibonate

1
2
3
4
5
6
7
8
9
10

6500
4000
3500
3000
2500
2000
1500
1000
500
0

0
85
125
175
225
300
375
500
650
900

Calcium salts, even calcium carbonate, are more soluble in sodium
chloride solutions than they are in water, but all soluble inorganic cal-
cium salts are precipitated by sodium carbonate. Calcium carbonate is
very slightly soluble in solutions of sodium carbonate. Therefore, when
a small amount of solid calcium carbonate was added to each of the cul-
ture solutions* 1-10, Table II, the amount of calcium that went into
solution gradually decreased from a maximum of about 20 parts per
million of calcium carbonate in No. 1, to almost nothing in No. 10.

The ameliorating effect of calcium upon the toxicities of alkali saltb,
depen-ds upon the amount of calcium in solution. If no calcium had been
present in solution No. 1? the limit of endurance of wheat for sodium
chloride would have been 4,000 instead of 6,500 parts per million.
Twenty parts per million of calcium carbonate apparently were required
to raise the limit of endurance from 4,000 to 6,500 parts per million.
Upon the gradual addition of sodium carbonate to the solution, the solu-
bility of calcium carbonate was reduced, and the toxicity of sodium chlor-
ide was correspondingly increased. The effect of calcium upon the tox-
icity of sodium carbonate is negligible, due largely to the insolubility
of calcium carbonate in sodium carbonate solutions, so it is probable that
the sodium carbonate in the experiment just cited, retained its original

*Tech. Bui. 11, Ariz. Agu Exp. Sta. 1926.
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toxicity throughout the series. It was evidently the effect of calcium upon
the toxicity of sodium chloride, that was largely responsible for the dip
in the curve in figure 4. The tendency of this cune is to end at 4,000
instead of at 6,500 parts per million, of sodium chloride.

As mentioned before, the ameliorating effect of calcium upon the
toxicity of alkali salts is determined by th& amount of calcium in solu-
tion. Kearney and Harter* found that the maximum effect is to be ob-
tained by a concentration of 147 parts per million of calcium, as cal-
cium sulphate. The minimum amount that is effective must be exceed-
ingly low. The writer has grown seedlings in high concentrations of
sodium chloride, and has found that decidedly beneficial effects ma\ be
obtained by the addition of even 1 or 2 parts per million of calcium.
This neutralizing effect is exceedingly important in practical agriculture.
All of our alkaline soils are either calcareous, or they contain calcium in
solution. If it were not for this fact, plants would not endure one-half
of the amount of white alkali, i. e.y sodium chloride or sodium sulphate,
that they now endure.

TOXICITY OF PURE SALTS COMPARED WITH THE
TOXICITY OF SOIL ALKALI SALTS

Many investigators have a dislike for experiments that call for the
addition of pure salts to soils. They feel as if the salts that occur natur-
ally in the soil, are in some way different from those added in the pure
form. This apparently is not true, as is shown by the following experi-
ment.

A large sample of surface soil or crust, was collected from the Uni-
versity Farm, from a bad spot in the field, that contained sodium chloride
and sodium sulphate in addition to black alkali. An extract of this soil
was made, and when the alkalinity, or phenolphthalein titration, was cal-
culated to sodium carbonate, and the bases and acids balanced, it gave the
following percentage composition:

Sodium carbonate 159 percent
Sodium bicarbonate 083 percent
Sodium chloride _ 145 percent
Sodium sulphate 468 percent
Calcium sulphate - .. - .001 percent

A solution of exactly the same chemical composition was prepared
from pare salts, and the toxic limit of wheat seedlings was determined
by diluting both solutions and growing wheat seedlings in them. The

*The Comparative Tolerance of Various Plants for the Salts Common in Alkali
Soils. U. S. D. A, Bureau of Plant Industry. Bui. 113, 1907.
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two extracts were alike, except that the alkali in one was derived from
the soil and in the other from pure salts. The results are shown in
Table III.

TABLE III.—THE TOXICITY OF ALKALI OBTAINED FROM THE SOIL,
AS COMPARED WITH THAT OBTAINED FROM PURE SALTS

No. Dilution Artificial extract Natural extract
1 Distilled watei, control Good growth Good growth
2 13 cc. extract diluted to 100 cc. Good growth Good growth
3 16 cc. extract diluted to 100 cc. Good growth Good growth
4 20 cc. extract diluted to 100 cc Good growth Good growth
5 23 cc. extract diluted to 100 cc. Good giowth Good growth
6 27 cc. extract diluted to 100 cc. Slight growth Slight growth
7 30 cc. extract diluted to 100 cc. No growth No growth
8 33 cc. extract diluted to 100 cc. No growth No giowth
9 37 cc. extract diluted to 100 cc. No growth No growth

The concentration of the different salts in the mixture, at the limit
of endurance of wheat seedlings, is shown in the following table.

TABLE IV.—CONCENTRATION OF SALTS IN MIXTURE AT THE LIMIT
OF ENDURANCE OF WHEAT SEEDLINGS.

Sodium carbonate „_„. .0530 percent or 530 p. p. m.
Sodium bicarbonate 0277 percent or 277 p. p. m.
Sodium chloride 0483 percent or 483 p. p. m.
Sodium sulphate 1560 percent or 1560 p. p. m.
Calcium sulphate 0003 percent or 3 p. p. m.

By referring to Table IV it will be seen that the concentration of
sodium carbonate in the mixture of salts, at its toxic concentration was
530 parts per million. The toxic concentration of sodium carbonate
alone is about 900 parts per million. The solution, therefore, contained
about 59 percent of the amount of sodium carbonate that would have
been sufficient to kill wheat seedlings. If the amount of sodium bicar-
bonate that was present in the mixture, 277 parts per million, is calcu-
lated to the percentage of its toxic concentration which is about 2,600
parts per million, it will be found that sodium bicarbonate existed in
the mixture to the extent of 10.7 percent of its toxic concentration.
If sodium chloride and sodium sulphate are calculated in like man-
ner, using 6,500 parts per million as the toxic concentration o± each,
they will be found to exist in the mixture in 7 percent and 24 percent,
respectively, of their toxic concentration. Calcium sulphate is not toxic
in any concentration.

The percentages of the toxic concentrations of all of these salts are
shown in Table V.

As shown in figure 4, the effect of 3 parts per million of calcium sul-
phate probably had an ameliorating effect upon the toxicities of sodium
chloride and sodium sulphate, that could not be determined, so the cal-
culations in Table V must be considered with this probable error in mind.
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TABLE V.—PERCENTAGE OF TOXIC CONCENTRATION OF SALTS IN
MIXTURE AT LIMIT OF ENDURANCE OF WHEAT SEEDLINGS.

Sodium carbonate 59 percent
Sodium bicarbonate 11 percent
Sodium chloride 7 percent
Sodium sulphate 24 percent
Calcium sulphate 0 percent

Total 101 percent

It will be seen that the percentage toxicity under these conditions
totals 101, which is very close to the theoretical, or 100, so it appears
that each salt has a definite place in the order of toxicity, and that if all
errors could be eliminated, the toxicity of one salt may be substituted for
the toxicity of another, both in the soil and in solution cultures.

This ameliorating effect of one salt upon the toxicity of another is
not pronounced with any salts except those of calcium. The presence of
sodium chloride, for example, does not materially increase the limit of
endurance of a plant for sodium sulphate.

SODIUM CARBONATE IN SOILS

As there is a definite order of toxicity for all alkali salts, if sodium
carbonate exists in the soil solution at or below the optimum moisture
content of the soil its toxicity would be about 7 times that of sodium
chloride, or in the ratio of 900 to 6,500. In growing plants In alkaline
soils, the presence of such a toxic salt should be easily detected, but
strange to say, we have no evidence either from the behavior of plants
or from chemical studies of soil components, that, under field condi-
tions, any appreciable amount of sodium carbonate exists in a black alkali
soil, even when the soil alkali seems to be near the limit of endurance of
the plant.

While the term, "black alkali" is used ordinarily to designate a soil
that is supposed to contain sodium carbonate, the application of the term
is misleading. Extracts of such soils do contain hydroxyl ions, but these
hydroxyl Ions are usually produced by the hydrolysis of sodium zeolite
and not by the hydrolysis of sodium carbonate.

It has been shown in a previous bulletin,* that, if a high ratio of water
to soil is used in making a soil extract, 50 of water to 1 of soil for ex-
ample, the sodium zeolite may be hydrolyzed almost completely. If the
ratio of water to soil is gradually reduced, the hydrolysis of the sodium
zeolite is likewise reduced. In most of the black alkali soils that have
been studied, at the optimum moisture content of the soil, only a trace

*Tech. Bui. 13, Ariz. Agr. Exp. Sta, 1926,
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of hydroxyl ions appears in solution, while at or near the wilting point
often no hydroxyl ions and no sodium carbonate can be detected. There-
foie, a plant growing in such soils would probably never have any sodium
carbonate, and little sodium hydroxide, to contend with.

STIMULATING EFFECT OF SODIUM CARBONATE
ON PLANTS

While toxic in high concentrations, most alkali salts aie stimulating
in low concentrations. Nearly all cultivated crops grow best in a slightly
alkaline solution. It has been the experience of the writer that, in order
to get the best results with cultures of the cereals, it is necessary to main-
tain a low hydroxyl-ion concentration in the solution. Calcium carbon-
ate, on account of its slight solubility ib well adapted to this purpose,
however, sodium carbonate or sodium hydroxide are often quite as effec-
tive. \ concentration of 20 or 30 parts per million of sodium carbonate
is often maintained in cultures with decidedly beneficial effects. This
represents a concentration of hydroxyl ions that is greater than that ex-
isting in the soil solution in the root zone of any ordinary black alkali soil.

Occasionally sodium carbonate, in a mixture of other salts, will ap-
pear as a crust upon the surface of a soil. Such a crust is usually very
toxic and plants will not grow in the soil. Even when seeds do germinate
in the lower layers of such a soil, the seedlings are often killed by the
alkali as soon at> they appear above the surface. However, after many
years' experience with black alkali, the writer cannot recall a single in-
stance when the concentration of either sodium hydroxide or sodium car-
bonate, in the root zone? was sufficiently high to be toxic to plants.

In figure 5 is shown a group of wheat seedlings that were grown in
distilled water, and in relatively high concentrations of sodium carbon-
ate. When the plumules of the seedlings were about 2 cm. in length, the
plants were placed in the sodium carbonate solution, as indicated in Table
VI, After remaining in the solutions for 24 hours, the roots had elong-
ated in all the cultures up to a concentration of about 848 parts per mil-
lion, but beyond this concentration root development ceased.

The seedlings were allowed to grow in the same solutions for 7 days,
without the addition of water. As the plants were continually exuding
carbon dioxide from their roots, the sodium carbonate was gradually con-
verted into sodium bicarbonate, and at the same time the solutions were
gradually concentrated, due to the transpiration of the plants. The solu-
tions were then analyzed for carbonates and bica"rbonates, without being
made up to their or'ginal volume, and a drawing was made of the plants
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as, they appeared in the culture bottles. The results are shown in Table
VI.

TABLE VI.—TOXIC CONCENTRATION OF SODIUM CARBONVTE, AND
T H E CONVERSION OF SODIUM CARBONATE INTO SODIUM BICAR-
BONATE BY W H E A T SEEDLINGS.

Parts per million, Analysis of solutions after plants had grown 7 days
No NaaCOs added NX2CO3 NaHCOi

1
2
3
4
5
6
7
8

0
424
530
636
742
848
954
1060

0
0
0

Trace
127

Trace
296
508

0
806
941
1075
1008
1209
1176
974

As seen in the drawing, there was a stimulating effect noticeable
up to a concentration of about 530 parts per million of sodium carbonate,
added. This concentration of normal carbonate was not long maintained,
but the plants were at least forced to endure it until they had exuded
enough carbon dioxide to remove the hydroxyl ions wholly or in part
from the solutions. If the plant had come in contact with sodium car-
bonate in these concentrations in the soil, the same reactions would have
taken place, the normal carbonates would have been converted into the
bicarbonate. A concentration of 500 parts per million of sodium car-
bonate, or even one-tenth of that amount in the root zone, is exceedingly
unlikely.

Almost invariably the alkalinity of the soil solution is so low as to be
a stimulant rather than a depressant.

SODIUM BICARBONATE IN T H E SOIL SOLUTION

If carbon dioxide is generated by bacterial action in a calcareous black
alkali soil, one of the first effects will be to bring some calcium into solu-
tion as calcium bicarbonate. The calcium will then displace the sodium
in the zeolite> and sodium bicarbonate will be formed. As long as car-
bon dioxide is generated and a supply of water is maintained in the soil,
the plant will have some sodium bicarbonate to contend with. If this re-
action is very pronounced and if there is no drainage, there is a possibil-
ity that a sufficient amount of sodium bicarbonate may be formed to be
injurious to plants. If, however, the soil is dried down, the reaction
above described will be reversed, carbon dioxide will be driven off, the
sodium in the sodium bicarbonate will replace the calcium in the zeolite
and calcium will go out as calcium carbonate. This second reaction, or
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the reversion, may take place very rapidly and will continue until the
moisture content of the soil gets so low as to put an end to the ionization
of the calcium zeolite. The extent of the first reaction will depend upon
the formation of carbon dioxide and upon other factors. In a black alkali
soil that ib alternately irrigated and dried out, there is, a regular inter-
change of bases, the calcium, for example, goes from the carbonate into
the zeolite and back again into the carbonate, depending upon the amount
of water in the soil, upon the carbon dioxide present, and also upon other
factors. At any rate, under ordinary conditions, there i* seldom enough
sodium bicarbonate present in the soil solution to cause injury to plants.

If the black alkali soil from the University Farm, which is typical
of a great many soils in the Southwest, is dried out> then moistened with
water up to a content of 8 or 10 percent, and allowed to stand for 24-
hours, its soil solution, when displaced by alcohol, will show only a trace
if any hydroxyl ions, no sodium carbonate, and usually only a small
amount of sodium bicarbonate. It may be stated, fairly definitely, that
the infertility, or the toxicity of most black alkali soils is not due to the
presence of sodium hydroxide, sodium carbonate, or sodium b'carbonate
in the soil solution. It would be necessary for the soil solution to have a
concentration of about 200 parts per million of sodium hydroxide or 600
or 800 parts per million of sodium carbonate before it would be toxic to
most plants, and this concentration seldom exists.

UNPRODUCTIVENESS OF BLACK ALKALI SOILS
DUE T O THEIR PHYSICAL CONDITION

Black alkali soils are usually very unproductive. Even when the dis-
persed or puddled areas, or the barren spots in otherwise good fields, show
only a small amount of soluble salts, it is often impossible to grow crops
on them. Such soils may be barren yet non-toxic, and their barrenness
may be attributed largely to the fact that the soils do not take water, or
if they do take water they do not drain readily.

Many surface soils contain no black alkali, yet the subsoils may be
alkaline and badly dispersed. Black alkali may also occur in thin layers
at any depth in the soil. Therefore, if the surface is irrigated, wTater will
penetrate the soil and saturate the subsoil or a dispersed layer, and this
layer will become water-logged. Plants will often show signs of distress
or they may actually die, on account of a water-logged condition of the
subsoil or of a layer of soil only a few inches in thickness.
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TOXICITY OF OTHER SALINE COMPONENTS OF BLACK
ALKALI SOILS

Nearly all black alkali soils contain sodium chloride and sodium sul-
phate in varying amounts. When the soil is at optimum, these salts may
not exist in toxic concentrations, but when the moisture in the soil is re-
duced to near the wilting point, the concentration of these salts may often
be high enough to cause the death of a plant. In such cases the toxic
salts are white alkali and not black alkali.

Water extracts of black alkali soils nearly always contain iron, man-
ganese, aluminum, and silica. The writer is of the opinion that the salts
of these elements, as they exist in calcareous, black alkali soils, have little
or no toxic properties. In the humid regions of the East, acid soils are
very abundant, and these soils usually contain relatively large amounts of
soluble aluminum. The nature of these soils will not be discussed here,
but it may be said that infertility in such soils has been attributed largely
to the presence of aluminum in solution. As is well known, aluminum
exists in acid soils as a base, and the ion Al carries a plus charge. In
alkaline soils the aluminum exists as an aluminate, and the ion A1O3 car-
ries a minus charge.

From a standpoint of water penetration, the presence of aluminum
in alkaline soils is exceedingly important, but as a toxic salt, it apparently
is of little importance. While relatively large amounts of aluminum
are brought into solution when a soil is extracted with water, very little
soluble aluminum exists in the true soil solution. Aluminum is most in-
soluble at a pH of about 8> that is, at this pH the sodium aluminate is
almost completely broken down, and aluminum is precipitated as an
hydroxide. It requires a pH of 9 or above in the soil solution, before
much aluminum appears in solution. It has been shown in many experi-
ments that have been made at this Station, that the hydroxyl-ion concen-
tration becomes toxic to plants before toxic amounts of aluminum appear
in the solution.

Work is now being carried on at this Station upon the toxicity of
aluminum under different conditions and these results will be reported
later. At present all our results indicate that the toxicity of black alkali
soils is not due to the presence of soluble aluminum in the soil.

Acid soils also contain reduced salts of iron, and such salts are more
toxic than are the oxidized salts. Both iron and manganese occur in ex-
tracts of black alkali soils, but it is difficult to conceive of reduced salts
occurring under alkaline conditions and in calcareous soils. There are,
as yet, no indications that either iron or manganese is closely associated
with the infertility of alkali soils.
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CONCLUSIONS

1. The plant deals with the soil solution and with the soil solu-
tion only. In order to be toxic to plants, all alkali salts must be in the
form of solution in the soil.

2. The presence of finely divided, insoluble substances, such as
sand, clay, or s;lt, does not affect the toxicity of alkali salts in solution.

3. The expression of the limit of endurance of a plant for an
alkali, should be based upon the composition of the soil solution at the
wilting point of the plant, and not upon the percentage of dry soil.

4. If the toxicity is expressed in terms of sodium, sodium carbon-
ate is more than twice as toxic as is sodium bicarbonate, while sodium
hydroxide is more than twice as toxic as is sodium carbonate.

5. The toxicity of alkali salts seems to be a function of both the
molecules and the ions.

6. Colloidal bodies such as gelatine, dispersed in solution, do not
affect the toxicity of sodium carbonate.

7. The toxicity of pure> artificially-prepared salts is the same as
ib that of the same salts occurring naturally in the soil.

8. Judging both by the behavior of plants and by chemical
analyses, sodium carbonate does not exist in toxic concentrations in ordin-
ary black alkali soils.

9. Both sodium hydroxide and sodium carbonate act as stimulants
to plants in all concentrations that are usually found in the soil solution
of black alkali soils.

10. Sod'um bicarbonate seldom occurs in toxic concentrations in
black alkali soils.

11. The infertility of black alkali soils is not due to the presence
of sodium hydroxide, sodium carbonate, or sodium bicarbonate, but rather
to the fact that such soils do not take water readily or that they do not
drain rapidly and that they often contain toxic amounts of sodium chlor-
ide and sodium sulphate.




