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OXIDATION OF SULPHUR IN ARIZONA SOILS
AND ITS EFFECT ON SOIL PROPERTIES

BY W. T. MCGEORGE AND R. A. GREENE

INTRODUCTION

The study of soil conditions which contribute to certain nutri-
tional disturbances encountered in the cropping of alkaline cal-
careous soils has been a major project in this laboratory for sev-
eral years. The term "alkaline calcareous" as used here signifies
soils containing 2 to 10 per cent or more of calcium carbonate
and some replaceable sodium, and which usually have pH values
within the range of 8 to 10. These soils contain very little or-
ganic matter, possess widely varying physical characteristics, and
comprise the major percentage of the soils in the irrigated valleys
of this state.

Briefly stated, the work thus far has shown that most of the
so-called black alkali soils which are at present being cropped do
not contain toxic concentrations of NaOH or Na2CO3 (2). There-
fore, if these alkali compounds are in any way associated with
the low productivity of these soils we must consider their influ-
ence as an indirect one.

Since the development of highly accurate methods of measur-
ing the hydrogen- and hydroxyl-ion concentration of soils or
soil solutions and plant cultures, chemists and plant physiologists
have turned their attention to the effect of the presence of these
ions on the absorption of many of the essential nutrient ions by
plants. It has been rather definitely shown (2, 3) that in the
presence of hydroxyl ions the plant has some difficulty in absorb-
ing negatively charged ions, such as nitrate or phosphate, and
therefore will absorb an excess of positively charged ions. In
the presence of an excess of hydrogen ions the opposite condi-
tion exists, namely, negatively charged ions are absorbed with
greater ease. Most of this work has been confined to water cul-
tures, and its significance and application to field conditions have
been largely overlooked.

On calculating the hydroxyl-ion concentration of soils from
the pH values, it is evident that the concentration present at pH
values between 8 and 10 is too low to be considered as directly
toxic. This is rather convincing evidence that alkaline soils in
which sufficient alkali is present to exercise a direct toxic effect
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upon the crop are the exception rather than the rule, and that
fertility problems connected with the cropping of arable alkali
soils are in some way related to the effect of hydroxyl ions on the
absorption of essential ions in properly balanced proportions.
Results obtained in experiments support the truth of the above
statement. That is, when acids or acid-forming compounds are
added to these soils, plant growth is benefited, and a better-bal-
anced ion absorption takes place (11).

It is the standard practice to utilize animal manures and green
manure cover crops in ameliorating many of the undesirable
properties of alkali soils. These organic materials are considered
residually acid materials because of the products formed during
their decomposition, but high taxes and scarcity of animal ma-
nures limit the feasibility of continued, extensive use of organic
fertilizers. One of the principal functions of organic matter in
alkaline soils is to supply carbon dioxide to the soil environs as
carbon dioxide is intimately related to the reaction of the soil
through its influence upon the carbonate-bicarbonate ratio. In
fact, we have been led to state that carbon dioxide is one of the
greatest growth-limiting factors in the productivity of alkaline
soils. It reduces the pH value, functions in the availability of
phosphate, potassium, and nitrate, in the flocculation of clay, in
water penetration, and in fact in most of the desirable characters
or properties of these soil types.

As a mild soil amendment for the reduction of hydroxyl-ion
concentration of soils and the production of carbon dioxide with-
in the soil confines, organic matter stands at the head of the list
of available materials. On the other hand, the same results may
be accomplished with sulphur and acids, and their use is entirely
feasible. Both have been used effectively in the reclamation of
alkali soils, but have not been used like manure for improving
the fertility of alkali soils already under cultivation and produc-
ing fair crops, in other words, for correcting the adverse influ-
ence of small concentrations of hydroxyl ions on ion absorption
by plants. In the cropping of alkali soils, a distinction must be
drawn between the use of potentially acid materials for reclama-
tion and for continued productivity. Sulphur, after oxidation to
sulphuric acid in the soil, should produce gypsum and calcium
bicarbonate together with the highly desirable hydrogen, cal-
cium, and bicarbonate ions.

There has been an existing impression that Arizona soils are
low in sulphofying power, and so in connection with our soil
productivity studies, in which the effect of hydroxyl ions upon
plant growth is a major part, it became necessary to give some
time to the study of sulphur and sulphofication in Arizona soils.

LITERATURE

The oxidation of sulphur or its conversion to sulphuric acid in
the soil may be brought about either by chemical or biological
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agencies, but the latter process is of far greater importance than
the purely chemical transformation. Kappen and Quensell (5)
have shown that milk of sulphur will undergo oxidation to sul-
phuric acid in sterile soils while flour of sulphur is not appreci-
ably changed. They offered the suggestion from their work that
sulphur transformations were chiefly chemical rather than bio-
logical. Maclntire, Gray, and Shaw (6) also studied the chemi-
cal oxidation of sulphur but found that this played a rather in-
significant part in the transformation which sulphur undergoes
in soils.

The biological oxidation of sulphur in soils is carried out chiefly
by the genus Thiobacillus which is described by Bergey (1) as:
"small rod-shaped organisms deriving their energy from the
oxidation of sulphides, thiosulphates or elementary sulphur,
forming sulphur, persulphates and sulphates under acid or alka-
line conditions and deriving their carbon from carbon dioxide or
from bicarbonates and carbonates in solution; some are obligate
and some facultative autotrophic, one species is anaerobic." This
group is especially interesting because of their ability to secure
energy for growth from the oxidation of these inorganic com-
pounds of sulphur and to use this energy in the synthesis of car-
bohydrates from carbon dioxide or bicarbonates and carbonates
in solution.

The biological oxidation of sulphur, its effect upon soil fertil-
ity, the physiology of the sulphur-oxidizing bacteria, and other
phases of the problem have been studied and reviewed so exten-
sively that no attempt will be made to review the literature. Ex-
cellent discussions and bibliographies have been given by Waks-
man (9), Joffe (4), and Starkey (8). It should be mentioned,
however, that investigations show quite definitely that biological
transformations are of far greater importance than purely chemi-
cal transformations.

The value of sulphur as a soil amendment is manifested by
several characteristic properties.

Plant-food value: All plants contain some sulphur, both as
organic and inorganic compounds, and many plants require more
sulphur than phosphorus. On the other hand, because of the
presence of sulphur in rain water, irrigation water, and as an
incidental constituent of commercial fertilizers, sulphur rarely
appears in agriculture as a plant-food deficiency. The one ex-
tensive area in which sulphur fertilization is practiced to supply
a plant-food deficiency is in northwestern United States.

Biological value: Many soil workers look upon lowered pro-
ductive capacity of soil as largely due to neglect of the microbio-
logical machinery of the soil. They lay great stress upon the value
of microorganisms in the elaboration of available plant food and
the production of a healthy medium for root development. For
this reason some of the beneficial effects of sulphur oxidation
have been attributed to a stimulation of biological activities.
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Indirect effect: As a result of the biological activities con-
nected with the conversion of sulphur into sulphuric acid and
finally into alkali or alkaline-earth sulphates, there is a solvent
action toward several important plant-food elements which are
present in the soil in insoluble or unavailable forms. This is
especially true of soils deficient in available phosphorus, potas-
sium, iron, manganese, and calcium.

Physical effects: On .incubating a clay soil with sulphur, that
is, on mixing a soil with sulphur, bringing to optimum moisture
content and allowing to stand for a week or more, a flocculation
of the clay particles into larger aggregates will result, accom-
panied by a notable improvement in the mechanical condition of
the soil. This flocculation is due to the formation of calcium
sulphate and bicarbonate, both of which are active flocculating
agents, and to the temporary presence of sulphuric acid during
the sulphofication of the sulphur.

Reducing soil alkalinity: As an acid-soil amendment, sulphur
has been shown to be an effective agent for the reclamation of
alkali soils. The alkalinity is neutralized by the acid formed
during the oxidation of the sulphur, while accompanying chemi-
cal reactions improve the physical character of the soil in such
a manner as to contribute to a ready removal of alkali by
drainage.

EXPERIMENTAL

PRELIMINARY SULPHOFICATION EXPERIMENT

There is no evidence of a deficiency of sulphur as plant food in
Arizona soils. Most of the irrigation waters are well supplied
with sulphates, and there are extensive deposits of gypsum, sul-
phide ores, and other sources of sulphur in the state. Therefore,
we were not interested in the plant-food value of sulphur. Our
interest in this investigation was in its oxidation, and after this
the effect of this oxidation upon the activities of the microbio-
logical life of the soil, upon the physical condition of the soil,
upon soil reaction, and upon the availability of plant food, par-
ticularly phosphate. We were not especially interested at this
time in its value for the reclamation of alkali soils but only for
the correction of slight concentrations of hydroxyl ions which
may often promote an unbalanced ion absorption by crops.

The first experiment was conducted to determine whether
Arizona soils contain sulphofying bacteria. One-hundred-gram
portions of soil were weighed into glass tumblers, 1 gram of sul-
phur was added to each after which the whole was thoroughly
mixed. Sufficient distilled water was added to bring the soils
to optimum moisture content; they were then incubated at 30
degrees C. Distilled water was added at weekly intervals to
maintain the moisture content at optimum. A series of the same
soils containing no sulphur was treated in a similar manner for
controls. At the end of one- and two-week periods, treated and
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control soils were analyzed in the following manner: The con-
tents of the tumblers (100 grams of soil) were transferred to
wide-mouth bottles with 500 cc. of CO2-free distilled water. They
were then placed in an end-over-end shaking machine and
shaken for one hour. The bottles were then allowed to stand for
a few minutes so that the heavier soil particles could settle.
Total soluble salts Were determined on this supernatant liquor
by means of a portable conductivity bridge. The pH values
were determined colorimetrically. Following this, 1 gram of
aluminum chloride was added to each bottle to aid flocculation
of the colloidal clay; the bottles were then shaken and the con-
tents filtered. Sulphates were determined turbidimetrically in
this filtrate. The results obtained are given in Table 1.

An examination of the data in Table 1 shows that there was an
increase in total soluble solids, notably sulphates, and a decrease
in pH in each case where sulphur was applied. There was also
an improvement in the physical condition of the soil as evidenced
by a more rapid rate of sedimentation of the soils treated with
sulphur. Where sulphur had been added to the soils, they settled
rapidly, leaving a clear supernatant liquor, while the unsulphured
soils settled more slowly and left a turbid supernatant liquor.

EFFECT OF SIZE OF SULPHUR PARTICLES ON OXIDATION

There is some evidence that the chemical activity of elemental
sulphur increases with decrease in size of the particle of sulphur,
and this is indicated by the work of Kappen and Quensell (5).
Their investigations showed that colloidal sulphur was oxidized
chemically in sterile soils while ordinary flour sulphur was not
measurably changed. Colloidal sulphur as a soil amendment is
too costly to permit its use. On the other hand, there are many
grades of sulphur available which vary principally in their de-
gree of fineness. In view of this the next series of experiments
was conducted to study the relation of degree of fineness to rate
of oxidation.

The soil used for this experiment was a Gila loam which was
obtained from the new University farm near Tucson. In order
to approximate field conditions, the amount of sulphur used was
reduced to 0.2 gram per 100 grams of soil, which corresponds to
2 tons per acre 8 inches of soil, assuming 2,000,000 pounds as the
weight of an acre 8 inches. The experimental procedure was
the same as described for the previous experiment, and incuba-
tions were made at 30 degrees C. At the end of the incubation
periods given in Table 2, the soils were transferred to wide-
mouth bottles with 500 cc. of CO2-free water and shaken as in
the previous experiment. Total soluble salts were determined
by conductivity, and pH measurements were made potentiomet-
rically with the hydrogen electrode. After these determinations
had been made, the soil suspensions were treated with carbon
dioxide by passing a stream of gas through the suspension for
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15 minutes with occasional shaking. These were then filtered
through filter paper and the clear filtrates analyzed turbidimet-
rically for sulphates and for phosphate by a modification of the
Deniges method.

The soils were treated with carbon dioxide, partly in order
that a clear extract could be obtained, and partly because pre-
vious investigations in this laboratory (7) have shown that the
phosphorus extracted by this treatment is an excellent indica-
tion of its availability. The reason for this is that solid-phase
calcium carbonate depresses the solubility of phosphates in Ari-
zona soils in the absence of carbon dioxide, and the introduction
of carbon dioxide into the soil offsets this undesirable 'property.

The grades of sulphur used in these incubations were all com-
mercial grades, and the outline of the experiment was as follows:

A. Checks, soils incubated without sulphur additions
B. Commercial flour sulphur (Mule brand)
C. Sulphur flour passing a 200-mesh sieve
D. Sulphur flour passing a 300-mesh sieve
E. Sulphur flour passing a 400-mesh sieve
F. Mist brand wettable sulphur
G. Sun land agricultural sulphur

The following data are presented as a partial analysis of the
soil used in this experiment.

Total solute solids 850 p.p.m.
PH (1:5 soil-water ratio) 8.90
Sulphate trace
Phosphate (PO4) (CO2- soluble) 0.70 p.p.m.

The data obtained from the analyses of the soils from this
series of incubations are given in Table 2.

These data do not show any consistent relationship between
the degree of fineness of sulphur and reduction in pH value, sul-
phates produced, or amount of phosphate rendered soluble. The
experiment shows quite conclusively that it makes little differ-
ence what grade of sulphur is used as a soil amendment for
Arizona soils.

On the other hand, there are many data of interest in this
table. They show that there was a progressive increase in solu-
ble salts, sulphates, and available phosphate and a decrease in
pH in the sulphur-treated soils. Attention is called to similar
changes, though of much less magnitude, in the control incuba-
tions. In this case the decrease in pH is probably due to absorp-
tion of carbon dioxide from the air and the increased microbio-
logical activity after bringing the soils to optimum moisture
content at a favorable temperature. These factors also explain
the increase in soluble salts and sulphates in the control incu-
bations.

During the first two weeks there was a fair agreement be-
tween the total soluble salts and the sulphates. In the last two
weeks the soluble sulphates had increased so greatly that they
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reduced the accuracy of the conductivity method for determin-
ing total solids. The limitations of the conductivity method for
determining total solids when composed in large part of sulphates
is well known. With a few exceptions, notably series F and G at
one and two weeks and Series G at three weeks, the quantities of
sulphates were of the same general magnitude.

THE EFFECTS OF RATE OF APPLICATION OF SULPHUR

Table 2 shows that in general the pH values were at a mini-
mum at the end of three weeks, and at four weeks there was a
slight increase in pH. The data also indicate that the rate of
oxidation had reached a maximum at four weeks. The amount
of sulphur added, if completely oxidized should have yielded
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Figure 1.-The relation between percentage of sulphur oxidized, sul-
phates produced, and the solubility of phosphate during a period of

four weeks.



TABLE 4.-EFFECT OF RATE OF APPLICATION ON RATE OF SULPHUR OXIDATION.

Grams sul-
phur added 0 .1 .5 1.0 0 .1 .5 1.0 0 .5 1.0 .1 .5 1.0 0 .1 .5 1.0

Time (weeks) PH value Sulphate (SO4) Phosphate (PO4) Nitrate (NO3) Sulphur oxidized
p.p.m. p.p.m. p.p.m. per cent

GILA FINE SAND

0 8.54 8.54 8.52 8.53 0 0 0 0 7.5 7.5 7.5 7.5 10 10 10 10 0 0 0

1 8.54 8.18 7.77 7.69 0 750 2,250 2,825 11 11 10 10 40 42 5 tr 0 25 15 9.4

2 8.34 6.93 7.08 6.83 0 2,700 4,125 7,900 13 12.7 12.7 12 50 10 tr tr 90 26.1 26.3

3 8.63 7.84 7.69 7.47 tr 3,200 6,500 8,750 10.5 10 10.2 12 60 10 tr tr 0 106 43.3 29

5 8.69 8.10 7.75 7.64 0 1,800 5,500 7,750 10 10.5 11 10.5 80 40 tr tr 0 60 36.6 25.6

9 8.82 7.88 7.65 7.50 tr 3,200 8,000 8,200 11 12.5 12 11.5 80 15 tr tr 0 106 53.3 27.3

18 8.71 8.00 7.73 7.48 tr 3,200 8,500 9,400 11 11 11 13 80 100 10 tr 0 106 56.6 31.3

GILA FINE SANDY LOAM

0 8.67 8.67 8.69 8.60 0 0 0 0 19 19 19 19 10 10 10 10 0 0 0

1 8.77 8.03 7.60 7.52 0 1,875 6,100 7,500 15 17.5 17.5 18.5 70 47 7 2 0 62.5 40.6 21.4

2 8.71 7.56 6.97 6.93 0 3,350 9,000 11,250 17.5 19.5 22 23.8 70 40 tr 5 111 60 37.2

3 8.52 7.89 7.60 7.35 0 3,000 10,000 12,225 14 23 26.5 28 75 45 tr tr 0 100 66.6 40.7

5 8.77 8.01 7.60 7.61 0 3,000 10,000 9,000 15 17.5 20.5 29.5 100 50 tr tr 100 66.6 30

9 8.75 7.94 7.46 6.65 tr 3,200 10,000 9,000 17 21 25 46 180 100 5 tr 0 106 66.6 30

18 8.77 7.93 7.66 4.85 tr 3,400 10,000 11,500 19 21 31 110 200 120 25 tr 0 113 66.6 38.3

GILA LOAM

0
1

8.41
8.66

8.41
8.19

8.45
7.65

8.44
7.46

350
370

350
1,150

350
5,850

350
150

17.9
15

17.9
18.2

17.9
18.7

17.9
18.8

50
60

50
55

50
3

50
0 0

30.3
38.3

0
39

0
25

2 8.60 8.13 7.46 7.44 350 1,875 9,000 12,000 16.5 19.7 22 27 45 35 tr tr 0 62.5 60 40

3 8.62 8.05 7.66 7.40 400 3,125 8,123 13,000 14 19.5 20 29 50 15 tr tr 104 54.2 43.3

5 8.71 8.18 7.75 7.29 400 2,450 8,750 10,000 15 16.7 17.7 37.5 70 40 tr tr 0 81.6 58.3 33.3

9 8.64 7.89 7.63 6.72 400 3,000 9,000 11,000 16 19 24 50 100 40 tr tr 0 100 60 36.6
18 8.68 7.90 7.60 5.61 450 3,000 9,000 12,500 17.5 21 26 100 60 40 tr 0 0 100 60 41.7
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6,000 parts per million of sulphate (SO4). The calculations
given in Table 3 show the average amounts of sulphates pro-
duced and the percentage of sulphur oxidized.

TABLE 3.-SHOWING AMOUNT OF SULPHUR OXIDIZED AND THE
INCREASE IN SOLUBILITY OF PHOSPHATE.

Time SO4
% sulphur

oxidized
CO2 sol.

phosphate (PO4)

1 week 982 p.p.m. 16.47 0.75 p.p.m.
2 weeks 1866 p.p.m. 31.10 1.09 p.p.m.
3 weeks 3175 p.p.m. 52.92 1.36 p.p.m.
4 weeks 4312 p.p.m. 71.87 2.26 p.p.m.

These data show that there is a general but not an absolute
relation between sulphate production and percentage of sulphur
oxidized as well as increase in availability of phospate. These
data are shown graphically in Figure 1, and it is quite clear from
this figure that the greatest increase occurred between the third
and fourth week.

FURTHER EXPERIMENTS ON RATE OF APPLICATION

In view of the results obtained in the preceding experiment
another series was started in order to obtain further information

12000
0
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10000
z
0

8000
_1

6000

o_ 4000

cr)
I- 2000

0_

0.5 GM.

1 .0 GM

0.1 GM.

00 1 2 3 5 9 18

TIME IN WEEKS
Figure 2.-The effects of rate of application of sulphur on the quantities

of sulphates produced in Gila fine sandy loam.
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on the effects of rate of application over a longer incubation
period. The experimental technique and procedure already
described were used. The rates of application were 0.1, 0.5, and
1.0 gram of sulphur per 100 grams of soil. The sulphur used in
this experiment as well as those to follow was the commercial
grade of agricultural sulphur. The data obtained in this experi-
ment are given in Table 4.

The data in Table 4 show that a larger percentage of sulphur
is oxidized in a shorter time when small applications are made
to the soil. In general the sulphur was completely oxidized in
the 0.1 gram application at the end of three weeks. The heavier
applications of sulphur produced larger amounts of sulphate
and a greater reduction in pH as well as a greater availability
of phosphate. It appears that heavy applications of sulphur will
have a more pronounced and possibly a more lasting and per-
manent effect upon Arizona soils.

The biological oxidation of sulphur is generally believed to
favor nitrification. In this experiment there was an increase in

9.0

8.

8.0

7.5

7.0

p H 6.5

6.0

ao.
0.1 G

C .5 G ..

4-7

5.5

5.0

4.5
0 1 2 3 5 9

TIME IN WEEKS
Figure 3.-The effect of rate of application of sulphur on the pH of Gila

fine sandy loam, using a 1:5 soil-water ratio for the determination.

18
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nitrates in the controls, but in all those to which sulphur had
been added there was a decrease in nitrates. The greater the
amount of sulphur oxidized the smaller the amount of nitrate
found in the soil extract. It is evident that the sulphur oxidizing
bacteria were withdrawing nitrate for their own nitrogen meta-
bolism. It is also interesting to note that the finer the soil texture,
regardless of rate of application, the greater the amount of sul-
phur oxidized. This same relation exists between texture and
increase in phosphate availability. The reduction in pH is of
especial interest on account of the large amounts of calcium
carbonate which these soils contain. Selecting the data for the
Gila fine sandy loam as typical, the results are shown graphically
in figures 2, 3, and 4.
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Figure 4.-The effect of rate of application of sulphur on the solubility
of phosphate in carbonic acid, Gila fine sandy loam.
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SULPHOFICATION EXPERIMENTS WITH ADDITIONAL ARIZONA
SOIL SERIES

In the preceding experiments only soils of the Gila series
were used, and so the experiment was repeated with two soils
from the Mohave series and one each from the Cajon and
Pima series. The experimental procedure followed was the
same as in the previous experiment. Only one rate of applica-
tion, namely 0.2 gram per 100 grams of soil was used. In the
analyses of these soil extracts, potassium determinations were
included. The potassium determinations showed a rather wide
variation and for that reason are omitted from the table. In
general, there was a slight increase in both water-soluble potas-
sium and the potassium solubility in carbonic acid. The data
obtained from these four soils are given in Table 5.

The results obtained with these four soils are similar to those
already given for the Gila series, namely a rapid oxidation of
sulphur accompanied by an increase in total soluble salts, sul-
phates and available phosphate, and a decrease in pH. In gen-
eral, a decrease in nitrates accompanied the increase in sulphates.

PERCOLATION EXPERIMENTS

The preceding experiments have definitely shown that sul-
phur will undergo rapid oxidation in Arizona soils and that the
application of sulphur will be accompanied by an increase in
total soluble salts, sulphates and available phosphate, and a
decrease in pH. In order to approximate more closely field con-
ditions where the soils are irrigated, another series of incuba-
tions was conducted in large glass percolators and the soils
leached at specified periods. The experimental procedure was
as follows:

Two 1500-gram portions of each of four soils were weighed
out in duplicate and to one portion 3 grams (2 tons per acre) of
sulphur were added and the whole thoroughly mixed. The soils,
sulphured and unsulphured, were then gently packed in Oldberg
percolators, having a small plug of nonabsorbent cotton at the
outlet. Each percolator was then leached with 1 litre of dis-
tilled water and the percolate collected and analyzed. The
leachings, which may be compared to displacement by irriga-
tion, were repeated at intervals, using 1 litre of water for
each. Between leachings the soils were allowed to remain in
the percolators at approximately 27 degrees C., and protected
from drying. The results obtained from the analyses of these
percolates as well as the time intervals are given in Table 6.

The data obtained in this percolation experiment show the
same general effects of sulphur on the soil as the incubation
experiments and that the products of sulphofication will be
leached into the lower soil horizons if sufficient irrigation water
is applied. In each case there was a rapid oxidation of sulphur
accompanied by a decrease in pH and nitrate and an increase
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TABLE 6.-SHOWING EFFECT OF SULPHUR OXIDATION ON COMPOSITION OF SOIL PERCOLATES (p.p.m.).

Treatment Period
(weeks)

Time for
percolation

to start
(min.)

Time for
250 cc. to
percolate

(min.)

Total
volume

percolate
(cc.)

check 0 51 154 468
sulphur 0 56 141 458
check 4 25 240 650
sulphur 4 50 240 700
check 7 44 375 700
sulphur 7 35 298 720
check 11 74 434 600
sulphur 11 59 284 610

check 0 59 100 480
sulphur 0 55 100 490
check 4 135 700
sulphur 4 100 740
check 7 120 730
sulphur 7 180 730
check 11 11 183 630
sulphur 11 34 142 640

check 0 235 275 248
sulphur 0 295 215 270
check 4 650
sulphur 4 710
check 7 155 1,400 620
sulphur 7 75 1,300 670
check 11 281 2,510 450
sulphur 11 136 1,440 490

check 0 18 72 250
sulphur 0 18 48 280
check 4 340
sulphur 4 540
check 7 170
sulphur 7 129 L136 566
check 11 1,420 15*
sulphur 11 280 5,760 305

Total
solids

Calcium
(Ca)

Magnesium
(Mg)

Sodium
(Na.)

Potassium Chlorine
(K) (Cl)

Sulphate
(504)

Carbonate
(CO3)

Bicarbonate
(HCO3)

Nitrate
(NO3)

Phosphate
(PO4) PIS

99
1,00

40
4,10

24
4,73

30
2,89

Gila Fine Sand
, 187 0 91 32 96 110 0 439 40 2.2 8.10

187 0 92 30 96 120 0 439 40 2.2 8.06
75 15 tr 22 10 35 0 165 80 1.1 7.72

I 900 75 tr 36 10 2,750 0 146 tr 1.1 7.41
; 52 7 tr 22 8 30 0 146 30 .6 8.45
) 915 30 451 30 6 3,200 0 105 2 .7 8.05

45 15 tr 24 24 40 0 120 40 .9 8.60
1 854 15 tr 26 12 1,880 0 85 20 1.1 7.95

Gila Fine Sandy Loam
1,123 150 15 95 81 52 150
1,126 150 15 95 84 52 150

394 30 11 17 60 10 30
4,518 900 75 236 150 10 3,000

309 22 7 14 58 8 25
5,928 108 52 547 135 8 4,000

346 45 11 tr 48 12 50
4,384 955 22 300 93 12 3,000

Gila Loam

5,589 1,050 244 197 240 1,520 1,300
5,202 1,050 244 40 270 1,360 1,300

793 30 11 114 105 16 140
5,336 1,050 112 182 300 16 3,500

580 15 7 60 111 12 50
5,043 735 30 550 300 8 3,250

583 22 7 85 72 12 80
5,691 930 37 624 228 8 3,750

Pima Silty Clay Loam

10,590 1,500 112 1,780 240 3,920 1,500
10,652 1,500 112 1,912 170 3,920 1,500
1,548 22 4 408 37 20 140
5,874 750 75 877 99 20 3,750

5,734 1,004 30 630 90 8 3,750

4,532 975 52 235 93 16 3,000

*This soil "froze up" from hydrolysis of NaZ. At the end of three weeks only 15 cc. percolate had been obtained so analysis of last two checks was omitted.

0
0

0
0
0
0
0

0

0

0
0
0

tr
14
tr

0
0

67
24

17

7

537
537
185
141
139
105
139
97

40
40
50

5
35

1

40
3

3.0
3.0
1.3
1.7

.6
.9

1.0
1.9

8.05
8.10
7.75
7.20
8.48
7.80
8.48
7.71

537 500 1.5 7.93
537 400 1.5 7.75
376 30 1.0 8.18
175 tr 1.5 7.80
310 15 .8 8.68
171 tr 1.0 8.10
254 36 1.4 8.83
112 tr 1.6 8.23

537 1,000 1.4 8.00
537 1,000 1.4 7.87
828 20 2.0 8.62
278 tr 5.6 8.10

.4 9.04
204 tr 1.1 8.40

154 tr .9
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in sulphates, total salts, and water-soluble phosphate. The in-
crease in phosphorus is small but definite and increases with
the amount of sulphur oxidized. There was a definite increase
in solubility of potassium due in most part to replacement by
the large amount of calcium dissolved during the oxidation of
sulphur. This indicates that there may be a loss of potassium
from sulphur fertilization on such soils as these. The data show
that the increase in soluble salts accompanying sulphofication
is largely calcium sulphate.

The sulphur treatments markedly improved the physical con-
dition of all four soils. In general the rate of percolation and
volume of percolate were increased. It was also very noticeable
that the percolates from the sulphured soils were clear while
those from the unsulphured soils were quite turbid.

There was a general increase in the pH of successive teach-
ings. However, in each case the pH value of the percolates from
the sulphured soils was lower than in the checks. The fact that
the leachate from the sulphured soil contained more sodium and
potassium is further evidence of replacement by calcium.

PRODUCTION OF CARBON DIOXIDE

As already mentioned, the evolution of carbon dioxide formed
during the decomposition of organic matter in alkali soils repre-
sents one of the most important properties of this material.
Likewise such a property is desired in sulphur or any other
material used as a substitute for organic matter in alkaline cal-
careous soils. Alkalinity is due largely to the absence of
sufficient carbon dioxide to convert soluble normal carbonates to
bicarbonates. Likewise, phosphate unavailability is due to solid-
phase calcium carbonate and the absence of appreciable amounts
of carbon dioxide and probably calcium bicarbonate. The
preceding tables have shown that sulphur will materially reduce
the pH of alkaline calcareous soils. The pH of Gila fine sandy
loam was reduced in eighteen weeks from 8.60 to 4.85 by sulphur
treatments at the rate of 10 tons per acre. In Table 6, the
increase in soluble salts is due largely to the increase in soluble
calcium and in sulphates. The calcium obviously comes from
the calcium carbonate in the soil.

Assuming that the following reactions represent the oxida-
tion of sulphur

S 0, -> SO,
SO, + IA 0, - SO,
SO, ± H2O H2SO4
CaCO3 H2SO4 -> CaSO4 H2O + CO,
2CaCO3 H2SO4 ---> CaSO4 + Ca (HCO3)
Ca (HCO,), H2S0, -> CaSO4 2H20 2CO2

there is evidence in these reactions that carbon dioxide should
be a product of sulphur oxidation in calcareous soils.
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In order to determine whether carbon dioxide is produced by
the oxidation of sulphur in calcareous soils five 1,500-gram por-tions of Gila fine sandy loam were prepared as follows. Two
portions were left untreated for checks and to each of the re-
maining three 15 grams of sulphur were added. These werewell mixed in order to get the sulphur evenly and thoroughly
distributed throughout the soil, and the soils were transferred
to five Fernback flasks of 2,800-cc. capacity. Sufficient distilled
water was then added to bring the soils to optimum. Following
this, the flasks were connected in an aeration unit of the type
described by Fred and Waksman (10). The air drawn through
the flasks was washed with 40 per cent sodium hydroxide to
remove carbon dioxide and then with water in order to keepthe air well humified and prevent desiccation of the soils. Allincubations were conducted at room temperature and the carbon
dioxide produced was absorbed in standardized barium hydrox-ide solution. Aeration was not conducted continuously but for
seven-hour periods each day. Carbon dioxide was measured by
TABLE 7.-CARBON DIOXIDE PRODUCTION BY GILA FINE SANDY

LOAM (MG. OF CO2 PRESENT AT STATED TIMES).
Time (days) Check (mg.) S (mg.)

1 31.46 53.132 56.98 95.153 88.22 154.855 144.98 257.15
6 201.18 357.357 245.95 462.298 278.90 567.899 321.70 761.0310 356.68 997.3312 402.99 1387.7813 441.80 1627.0714 481.04 1832.5715 514.41 2014.2716 538.92 2172.0417 567.94 2294.5819 602.34 2492.1220 663.90 2611.4521 693.35 2734.9322 729.75 2860.4623 761.30 2990.2124 791.07 3119.3726 837.27 3367.3928 903.50 3613.0330 962.50 3874.9433 1023.00 4124.2337 1095.82 4433.3841 1173.37 4786.1945 1247.30 5079.4950 1329.47 5406.6955 1435.51 5712.7257 1501.18 5936.1761 1589.18 6196.3271 1753.48 6629.28

75 1842.74 6864.83
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titrating the excess of barium hydroxide used as absorbent and
calculating therefrom the carbon dioxide absorbed.

These data are given in Table 7, in which the amounts of
carbon dioxide produced in the respective time intervals are
given. The results reported are the average of two checks and
three sulphured soils.

These data not only reveal that large quantities of carbon
dioxide are produced by sulphuring Arizona soils but also that
appreciable amounts will be formed by unsulphured soils if
maintained at optimum moisture and temperature conditions.
The relation between the sulphured and unsulphured soils as
well as the amounts of carbon dioxide evolved are shown graph-
ically in Figure 5.
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Figure 5.-The production of carbon dioxide from sulphured and unsul-

phured Gila fine sandy loam.

This experiment shows that in so far as offering a potential
supply of carbon dioxide is concerned sulphur can be considered
as an excellent substitute for organic matter on these soils. As
a matter of comparison some data obtained by incubating
organic matter with the same apparatus are submitted in Table
8. These data show the amount of carbon dioxide produced from
1,000 grams of Mohave sandy loam to which 10 grams of glucose,
starch, cellulose, or lignin were added.
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TABLE 8.-CARBON DIOXIDE (IN MG.) FORMED FROM ORGANIC
MATTER (1000 GRAMS OF MOHAVE SANDY LOAM AND 10

GRAMS ORGANIC MATTER).

Time
(days) Check Glucose Starch Cellulose Lignin

1 16.94 99.5 6.6 14.26 44.46
2 27.72 240.8 35.6 16.26 102.76
3 37.34 374.9 76.6 23.85 144.45
4 45.04 516.8 112.9 33.75 176.35
5 54.12 653.7 134.0 58.17 207.37
6 61.38 705.4 155.1 94.89 239.49
8 75.90 997.3 170.5 124.32 299.11
9 86.46 1110.2 194.3 155.56 346.85

10 98.78 1203.6 210.6 171.94 358.51
11 107.58 1286.8 226.2 187.34 371.05
13 115.38 1416.8 246.2 252.66 402.07
16 130.78 1496.8 266.2 292.66 442.07

The data given in tables 7 and 8 show that the sulphuric acid,
produced during sulphofication, generated larger amounts of
carbon dioxide than did the incorporation of organic matter. It
should be mentioned, however, in this connection that the two
sets of data are not entirely comparable as different soils were
used and the data given in Table 8 were obtained during the
winter months when the room temperature was slightly lower
than during the time the sulphur experiments were conducted.
In spite of this, it is believed that the results show sulphur to
be an excellent potential source of carbon dioxide for our
alkaline calcareous soils.

PLANT CULTURE STUDIES

The value of sulphur in the cropping of alkaline calcareous
soils especially from the standpoint of ion absorption by plants
and the availability of some essential plant-food elements has
also been studied by means of the Neubauer method, by pot
experiments in which corn was grown and to a limited extent
with citrus trees in field studies.

EFFECT OF SULPHUR AS MEASURED BY THE NEUBAUER
METHOD

The Neubauer method has been used quite extensively in
studying the availability of phosphate and potassium in Arizona
soils. With few exceptions, this method has shown a great
deficiency of phosphate and an ample supply of available potas-
sium. Briefly, the Neubauer method consists in growing one
hundred rye plants in 100 grams of soil for a period of fourteen
to eighteen days and determining, by chemical analysis, the
amount of phosphate and potassium which the one hundred
plants contain or have absorbed from the soil during this period.
The difference between this analysis and the analysis of the
same number of plants grown in silica sand gives the amount
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of phosphate or potassium removed from the soil by the plant.
The value obtained, which is known as the Neubauer value, has
been standardized by several workers, notably Neubauer him-
self, and Thornton, by the designation of a minimum limit value
below which the soil is considered deficient in one or both of
these elements.

In applying the Neubauer method to a study of the effect of
sulphur on plant-food availability in these soils a comparison
was made, in the first experiment, of sulphur, animal manure,
and ground alfalfa. The series of soil treatments was divided
so that one test of each treatment was incubated and the other
was not. The incubation period was from October 3 to Novem-
ber 13 and was conducted by bringing 100 grams of soil to
optimum moisture content after adding the sulphur, manure, or
alfalfa. The whole was maintained at optimum moisture content
throughout the period of incubation. The Neubauer values ob-
tained in this experiment are given in Table 9 together with the
description of the treatments.
TABLE 9. -EFFECT OF SULPHUR, STABLE MANURE, AND AL-
FALFA ON NEUBAUER VALUES OF AN ALKALINE CALCAREOUS

SOIL.

Num-
ber

Treatment

1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17

100 gms. soil 1 gm. manure incubated
100 gms. soil 5 gms. manure incubated
100 gms. soil 10 gms. manure incubated
100 gms. soil 1 gm. manure not incubated
100 gms. soil 5 gms. manure not incubated
100 gms. soil 10 gms. manure not incubated
100 gms. soil 1 gm. alfalfa incubated
100 gms. soil 5 gms. alfalfa incubated
100 gms. soil 10 gms. alfalfa incubated
100 gms. soil 1 gm. alfalfa not incubated
100 gms. soil 5 gms. alfalfa not incubated
100 gms. soil 10 gms. alfalfa not incubated
100 gms. soil .5 gm. sulphur incubated
100 gms. soil 1.0 gm. sulphur incubated
100 gms. soil .5 gm. sulphur not incubated
100 gms. soil 1.0 gm. sulphur not incubated
100 gms. soil control

Neubauer
values

K
2.3

45.4 12.1
52.9 21.1
27.4 1.5
28.2 17.5
39.4 19.5
27.4 7.8
56.3 11.3
57.4 13.4
24.4 3.7
34.9
33.8
24.4 2.6
35.7 3.1
30.0 4.1
24.4 4.7
23.3 .8

Phosphate: The limit value, that is, the value below which
soils are considered deficient in phosphate, has been placed at
10.7 mg. PO4 for European soils by Neubauer, and 5.3 mg.
PO4 for American soils by Thornton. The data in Table 9 show
a Neubauer value of 0.8 for this soil which indicates a great
deficiency of phosphate. Manure increased the value but it
required excessive amounts to raise the soil above the limit
value of deficiency. There was not a great deal of difference
between the incubated and unincubated manure. Like the
manure, the alfalfa greatly increased the value when the ma-
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terial was allowed to decompose before planting the rye. Tox-icity was shown where the alfalfa was allowed to decompose
during the growth of the plants and the Neubauer values wereless than for the controls. The sulphur showed a fair increase
in Neubauer value with little difference from previous incuba-tion. The values are still less than the limit recognized as anindication of phosphate deficiency.

It will be noted that the values obtained for the sulphur tests
not previously incubated are higher than for those which had
been incubated before planting, and this indicates that the carbon
dioxide generated during the decomposition of the sulphur has
materially aided phosphate availability and absorption by theplant.

Potassium: The limit value established for potassium in Euro-
pean soils by Neubauer is 19.9 mg. potassium (K) and for
American soils, as established by Thornton, is 8.3 mg. potas-
sium. The data given in Table 9 shows an ample supply of
potassium in all the tests made in this experiment. The valuewas increased by the organic materials in proportion to the
amount added. Sulphur also increased the value in every case,but the results are not so consistent as those obtained with
organic materials. They do, however, show that the availability
of potassium is increased by sulphur and indicate that the differ-
ences would probably be more outstanding if a potassium-
deficient soil had been available for the experiment.

EFFECT OF SULPHUR UNDER FIELD CONDITIONS
For the next Neubauer test soils were taken from the field.In this particular case the sulphur had been applied to citrus

trees at the rate of 50 pounds per tree and 25 pounds per tree;
application was made in a trench about 1 foot deep circling the
tree at the drip. The trench was filled with soil, after applying
the sulphur, in order to cover it. At the end of one year's time,
after the sulphur had been applied, soil samples were taken atthe tree drip from this field experiment. Both first and secondfeet of soil were sampled and kept separate. The Neubauer
values obtained from these samples together with the pH values
of the soil are given in Table 10.
TABLE 10.-SHOWING NEUBAUER VALUES OF SOILS WHICH HAD

BEEN SULPHURED IN THE FIELD.
Sulphur
applied

Depth of
sample

pH of
soil

Neubauer
value PO.

Neubauer
value K

25 lbs. 1st ft. 7.70 13.0 3525 lbs. 2nd ft. 9.05 1.1 3250 lbs. 1st ft. 6.25 25.5 4450 lbs. 2nd ft. 8.70 0.0 3225 lbs. 1st ft. 8.95 4.6 3825 lbs. 2nd ft. 9.05 1.3 32Check 1st ft. 8.95 1.9 35Check 2nd ft. 9.25 .0 35
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Here again we find a soil greatly deficient in available phos-
phate and well supplied with available potassium. The soil
from the check tree which received no sulphur shows the lowest
phosphate value, namely 1.9, for the surface foot and zero for
the second foot. In one case where sulphur was added at the
rate of 25 pounds per tree the pH of the soil is still quite high,
while in the other soil which received 25 pounds of sulphur the
pH is materially reduced. The phosphate Neubauer values are
directly related to the reduction in pH of the soil. That is,
where there was little or no reduction in pH the Neubauer value
had only been increased to 4.6 while it was increased to 13.0
where the pH was reduced to pH 7.7. In the case where 50
pounds of sulphur were added the pH of the soil was reduced
to 6.25, and accompanying this was a greatly increased Neubauer
value, namely 25.5. It is quite evident from this experiment
that under field conditions sulphur will exercise a great in-
fluence upon the availability and absorption of phosphate, and
that this is related to the pH of the soil or the evolution of
carbonic acid arising from the reaction between sulphuric acid
and calcium carbonate. It is of interest that in every case the
effect of the sulphur had failed to appear in the second foot of
soil at the end of one year's time, and that there had been little
or no influence upon the Neubauer value of the subsoils.

POT EXPERIMENT

In this experiment a comparison was made between the effects
of stable manure, alfalfa, and sulphur on the availability and
absorption of phosphate by corn plants. The soils were again
alkaline-calcareous types. Each pot contained 2 kilos of soil.
Manure was added at the rate of 20 grams per pot when used
alone and 10 grams per pot where applied in combination with
sulphur. Sulphur was added at the rate of 5 grams per 2 kilos
of soil and ground alfalfa at the rate of 10 grams. The pots
were planted to four corn plants each and the plants were grown
for six weeks, harvested, and analyzed for phosphate. This
experiment was conducted in two series, using two different
soils. The data obtained are given in Table 11 as per cent phos-
phate (PO4) in plant dry matter.
TABLE 11.-AVAILABILITY OF PHOSPHATE IN CALCAREOUS

SOILS AS INFLUENCED BY SULPHUR AND ORGANIC MATTER.

Treatment
Soil No. 1
per cent

phosphate (POO

Soil No. 2
per cent

phosphate (P0,)

Check 0.41 0.141
Manure 0.59 0.241
Sulphur 0.49 0.201
Sulphur and manure 0.63 0.254
Alfalfa 0.43
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This experiment gives further evidence that sulphur will
materially increase the availability of phosphate in the soil and
absorption of phosphate by plants and indicates that its effective-
ness is greatly enhanced by mixing with manure.

DISCUSSION

It is clearly shown in this study that Arizona soils are well
supplied with a biological flora capable of oxidizing sulphur to
sulphuric acid. Also that during the progress of this oxidation
the physical condition of the soil will undergo a material im-
provement, there will be an appreciable reduction in soil
alkalinity, a material increase in availability of phosphate and
potassium and associated with these changes a measurable evo-
lution of carbonic acid which is of fundamental value and related
to the above changes.

Phosphate exists in Arizona soils largely as calcium carbonato-
phosphate, a compound in which tricalcium phosphate and cal-
cium carbonate are chemically combined, and the properties of
which are such that its lowest solubility is shown in the presence
of the solid-phase calcium carbonate. Its greatest solubility
under soil conditions is shown when carbon dioxide or hydrogen
ions are present and attack the calcium carbonate of the car-
bonato-phosphate complex. The data presented in this bulletin
definitely show that sulphur as well as organic matter will
accomplish these things and consequently will increase phos-
phate availability.

While an increase in solubility and availability of potassium
is also evident from this investigation, this fact is less important.
Potassium salts are nothing more nor less than alkali salts, as all
soluble salts are considered, and so in semiarid districts where
there is a tendency for alkali to accumulate, potassium salts also
accumulate and with few exceptions potash is the last plant
food which it becomes necessary to use in fertilizing semiarid
soils. Even in the absence of organic matter or sulphur, plants
grown on Arizona soils will absorb ample supplies of potassium.

As already mentioned, the principal solvent effect of sulphur
oxidation is on the calcium carbonate in the soil, and this investi-
gation shows that the principal increase in soluble solids is repre-
sented by calcium salts. This property of sulphur, too, is of
great importance in the fertility of alkali soils. Many of our
semiarid alkaline calcareous soils contain no measurable amounts
of water-soluble calcium. This is due to the fact that the solu-
bility of calcium carbonate decreases with increase in pH. As
will be shown by a later publication, an apparant calcium
deficiency is an outstanding character of citrus trees growing on
these soil types. Sulphur will therefore increase the availability
of calcium as plant food in alkaline calcareous soils. But in
addition, we must consider the part which calcium plays in the
physical condition of our soils. Calcium exercises a very strong
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flocculating effect upon clay, and the presence of calcium salts
in the soil solution promotes a better mechanical condition in
the soil.

While on the subject of calcium, a discussion of irrigation
water will be of interest. The physical condition of a soil is
largely governed by the amount or ratio of calcium and sodium
combined with the base-exchange complex. A certain excess of
calcium in the water usually assures a soil of good mechanical
texture, while a certain excess of sodium works for puddling or
poor mechanical texture. In irrigated agriculture the quality of
the irrigation water is the greatest factor contributing to the
ratio of calcium to sodium in the base-exchange complex of the
soil. If the waters are high-sodium waters, that is soft waters,
the exchange complex will absorb sodium in excess of calcium
while the opposite condition will exist if the waters are hard,
that is high-calcium waters. Most of the waters of Arizona are
predominantly soft or high-sodium waters, and the solubility of
calcium brought about by the solvent effect of sulphur in the
soil will tend to change soft waters into hard waters just as soon
as they come in contact with the soil.

The size of the sulphur particles has no great effect upon the
rate of oxidation or the effects produced. Therefore, the cheap-
est form of agricultural sulphur will be suitable for Arizona
soils. Also all the soils used in the experiment contained sulpho-
fying bacteria which indicates that there is no reason for using
inoculated sulphur for Arizona soils.

The effect of sulphur upon the ionization of orthophosphate
is also of interest. As shown in a previous publication, ortho-
phosphates undergo step ionization as follows:

H3PO4 : HPO4 -, and PO- - -
Above pH 6.8, HPO4 is the dominant ion, while below this pH
1-1,PO4 is the dominant ion, and PO4 ion is present at all pH
values in soils in too small amounts to be considered. In view
of the fact that evidence indicates that 11,PO4 is the ion pre-
ferred by plants, sulphur should exercise a favorable influence
upon the ionization of phosphates in alkaline soils. Our obser-
vations that plants do not absorb phosphate ion if the pH of the
soil-root contact film is approximately 7.6 or higher (2) is further
evidence of the value of sulphur in the cropping of alkali soils.
That is, the decrease in pH following the application of sulphur
will help the crop to meet its phosphate requirements through
enhanced absorption by the roots.

The experiment showing the evolution of carbon dioxide
during the incubation of sulphur in alkaline calcareous soils
shows that as a potential source of carbon dioxide sulphur is a
good substitute for organic matter. The occurrence of sulphuric
acid in the presence of calcium carbonate must be transitory.
The action occurs in two steps:

1. 2CaCO3 H2SO4 Ca (HCO,), CaSO4
2. Ca (HCO,), CaSO4 21120 2CO2
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The first reaction occurs at pH 8.0 to 8.5 and the second at pH
4.2 to 4.5. Table 7 shows that considerable quantities of
carbon dioxide are produced during sulphur oxidation. While
we recognize that a pH determination as made on a 1:5 or 1:10
soil-water mixture is not always the same as the true soil solu-
tion due to the effect of soil-water ratio on the pH value of soils
it is not believed that the soil reached a pH of 4.5 except possibly
in localized spots. In Table 6 the increase in concentration of
the leachate was chiefly due to calcium sulphate and there
is no increase in bicarbonate. Therefore the carbon dioxide
produced must have been liberated as gaseous carbon dioxide
and the action of sulphuric acid on calcium carbonate may be
considered as:

H2S0, CaCO3 --> CaSO4 + H2O + CO,
It is believed that this reaction is extremely localized and prob-
ably occurs only within the immediate vicinity of the sulphur
particles and does not occur throughout the entire soil. It is
clearly evident, however, from the experimental evidence sub-
mitted that even though largely localized the carbon dioxide
produced is able to markedly influence soil properties especially
plant food availability.

Recommendations regarding the use of sulphur as an amend-
ment for alkali soils is often problematical. The alkalinity of
Arizona soils is due to replaceable sodium and calcium car-
bonate. The former is developed by the absorption of sodium
from the soil solution by clay. The latter is developed by poor
aeration of the soil which tends to convert bicarbonates to
normal carbonates. As such, calcium carbonate may have a pH
value of 9.5 or higher. It is usually considered feasible to
remove or reduce replaceable sodium below the point of injury
by applications of sulphur at the rate of 1 or 2 tons per acre.
Obviously though a complete neutralization of calcium carbonate
is out of the question. A soil containing 5 per cent calcium car-
bonate would contain 100,000 pounds, per acre 8 inches, weighing
2,000,000 pounds. However, it is not necessary to neutralize the
calcium carbonate as the presence of a small amount of carbon
dioxide in the soil atmosphere or a small percentage of calcium
bicarbonate will reduce the alkalinity of calcium carbonate
below the point of injury. This is proven by our experiments.
It is evident then that so far as calcium carbonate is concerned
the better aeration following an application of sulphur and its
attendant reactions with certain soil constituents will correct
the injurious effects of calcium carbonate alkalinity without the
complete elimination of the solid phase.

With regard to the methods of applying sulphur to such soils,
another problem arises. That is, when broadcast and distributed
throughout the soil the amounts required may be prohibitive.
The following example will illustrate. One ton of sulphur per
acre was applied, broadcast and plowed under. At the end of
one year soil samples were taken from two places in the sul-
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phured areas and from the adjacent unsulphured check soil.
These soils were analyzed for pH, total soluble solids, and
sulphate (SO4), and the results are given in Table 12.
TABLE 12.-EFFECT OF BROADCASTING 1 TON PER ACRE SUL-

PHUR ON YUMA-MESA CITRUS GROVE.

PH
Total

solids, p.p.m.
Sulphate

(SO4), p.p.m.

1 sulphur topsoil 8.50 2025 1500
1 sulphur subsoil 9.15 1065 225
2 sulphur topsoil 9.15 1005 375
2 sulphur subsoil 9.25 615 100
3 check topsoil 9.18 735 160
3 check subsoil 9.20 555

The data indicated an uneven distribution of sulphur. In the
first soil sample there was an appreciable reduction in pH,
probably a complete neutralization of the hydroxyl ions from
calcium carbonate. The soil was in a well-flocculated condition
and so, on the whole, a measurable reaction from sulphur was
obtained. In the second sample there was little or no reduction
in pH, the soil was not well flocculated, and the sulphate deter-
mination shows that little of the sulphur was present in the spot
where this sample was obtained.

Its use in basins or trenches for citrus trees appears more
hopeful. As already mentioned we are not, at present, inter-
ested in the reclamation of soils highly impregnated with black
alkali but rather in creating a medium within a certain portion
of the root zone where a balanced absorption of inorganic ions
by the roots can take place. In order for this to be accomplished
only a slight reduction in pH of soils which are not excessively
high in pH is required. It is not necessary to broadcast the
sulphur in citrus groves for by applying it in the trenches around
the trees its effectiveness is increased, and amounts of sulphur
required may be reduced.

SUMMARY

1. An examination of several typical Arizona soils revealed
that they possess a very active sulphur-oxidizing flora.

2. Within the usual particle size limits of agricultural sulphur
the coarse-grained material gave practically as good oxidation
as the finer and more expensive grades.

3. Small applications, namely 1 ton per acre, are oxidized
very rapidly, and oxidation was usually complete in two or three
weeks at optimum moisture content and temperature.

4. Heavy applications of sulphur, 2 to 10 tons per acre, have
a more prolonged and more pronounced effect upon the soil.

5. In every case the oxidation of sulphur was accompanied
by increases in soluble salts, calcium, sulphates, potassium, and
phosphate with a decrease in pH and soluble nitrate.
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6. Percolation experiments showed that the physical condi-
tion of the soil is improved by sulphur oxidation. The percolates
from the sulphured soils were also higher in soluble salts men-
tioned in 5.

7. There is a very active production of carbon dioxide during
sulphofication in Arizona soils. Apparently some of the sul-
phuric acid formed neutralizes some of the calcium carbonate,
liberating gaseous carbon dioxide.

8. Sulphur is a very efficient agent for reducing the alkalinity
of Arizona soils, for improving their physical condition, and for
increasing the availability of calcium, phosphorus, and potas-
sium. Since there is an increased production of carbon dioxide
it can be well recommended as a substitute for organic matter.

9. It is shown by the Neubauer method and by pot experi-
ments that the availability of phosphate and potassium in the
soils and their absorption by plants in alkaline calcareous soils
is greatly increased by sulphur fertilization.
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APPENDIX

In view of the high cost of sulphur in Arizona which is prin-
cipally due to excessive freight rates the question of substitution
of other acid materials which can be obtained locally arises, and
most important among the available substitutes is sulphuric acid
which is a by-product of the smelters that smelt sulphide ores.
This acid has been used in a number of nutrition experiments
which will be reported in a later bulletin. On the other hand
it appears rather an opportune time to present some unpublished
data obtained by C. N. Catlin and S. P. Clark in 1922, in order
that their work may be given proper recognition and priority.

The purpose of their experiments was to test the practicability
of sulphuric acid as an agent for the reclamation of alkali soils.
The experiments were conducted in the Casa Grande Valley on
nine different areas. The acid was applied with a tank wagon
equipped with a sprinkler. After application the soil was disced,
irrigated, plowed, and planted. While the experiments were
conducted under trying conditions, from a quantitative basis, due
to lack of sufficient water for irrigation and leaching, destruction
of crops by jack rabbits and other hazards, the results are of
interest. One of these experiments will be given here to illus-
trate the results obtained.

The soil, a McClellan loam, was a hard, deflocculated soil con-
taining from .047 to .148 per cent Na2CO3 in the top 6 inches of
soil and .4 to 1.18 per cent total soluble salts. Acid was applied
at the rates of 200, 350, 500, and 700 gallons per acre. After the
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reaction from the acid had stopped the soil was diked, irrigated,
plowed. and planted to wheat. Due to uneven distribution of
alkali and inadequate supply of water. the growth of the crop
was very -spotty" in many of the borders receiving the smaller
amounts of acid. A comparison of a check border with one
receiving 700 gallons of acid per acre is given in Plate I which
is taken from their unpublished report.

Pate T. --The value of sulphuric. acid in the reclamation of alkali soils:
left, 70i) gziddirs GO degree:, Bzrumd Ich:f per acre rig ht, check

which received ro, ;cid,

While it was unfrtunati,. that these experinients of Catlin and
Clark were discontinued they nevertheless demonstrated that
sulphuric acid can be used for the reclamation of alkali soils.
Percolation experiments which they conducted on the soils from
the acid-treated plots showed that a considerable increase in per-
colation rate had been developed which they attributed to the
calcium sulphate and calcium bicarbonate if( wined during the
reaction between sulphuric acid and calcium carbonate. A com-
parison between sulphuric acid and gypsum indicated the
superiority of the former. which they attributed ti calcium.
bicarbonate.

However, in order to make its use economically feasible, it
would be necessary to accomplish the reclamation with less acid
than used in these experiments. Seven hundred gallons of acid,.
equivalent to about 950 pounds, w()Illd cost about S35 at the
smelter at the rate of S8 per ton in carload lots. It is believed
that much smaller amounts of acid will suffice if plenty of water
is available for leaching.

It is our opinion that the place of sulphuric acid in the crop-
ping of alkali soils lies in its use in very small amounts in. the
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irrigation water for the purpose of correcting slight concentra-
tions of hydroxyl ions which interfere with normally balanced
ion absorption. This phase of the problem is now under study
in this laboratory.
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