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THE SELF-RECLAMATION OF THE SALINE ALKALINE SOILS "
' " OF THE CASA GRANDE AREA, ARIZONA '"

INTRODUCTION  ̂ :

The need for bringing more land under cultivation to 
supply food for the world’s increasing population is recog
nized all over the globe. About 25 tb 30- per cent of the 
earth!s surface is sufficiently arid to make saline accumu- 
lations common. Alkaline as well as saline soils occur in 
the seventeen states west of the 100th meridian in the 
United,States, in the arid regions of western Canada,, in the 
arid high plains of Mexico and the Pacific slopes of South 
America. Such soils are also extensive in northern and 
southwestern Africa, including the Union of South Africa, 
Rhodesia, Egypt, Algeria, Morocco and Tunis. In Asia, saline 
alkaline soils are, most extensive in Iran, northern India, 
and parts of Palestine, Turkey, Russia and China. Since • 
most of the more desirable agricultural areas of the world 
are under cultivation, and since productivity is reduced by 
undesirable chemical, physical, and biological conditions 
caused by the presence of excess salts in the soils, the 
reclamation or utilization of such soils is of great eco
nomic importance.
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The last few decades have witnessed remarkable develop
ments and advances in our knowledge concerning the various 
phases of saline alkaline soil reclamation. The problem has 
been studied from many different angles, namely, inundation, 
prevention or lowering of surface evaporation, the cultiva
tion of salt-enduring plants, and the use of chemicals. A 
voluminous literature has accumulated on this subject.

In the early 1920*s the use of gypsum was looked upon 
as a general method of reclamation of saline alkaline soils. 
It has since been found that the results by the use of gyp
sum have been variable and often contradictory, and the rea
sons for the discrepancies are not definitely known.

The ineffective and the economically impracticable pro
cedures in the past are giving way to more modern practices 
such as subsoiling, deep-plowing, and crop rotation. Never
theless, it is felt that the use of these simple farm prac
tices has not been given the attention they deserve. Inas
much as very few critical data are available with respect to 
these methods of reclamation, it is the object of this inves 
tigation to study the problem in its various theoretical and 
practical aspects.
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REVIEW OF THE LITERATURE

The works of Hilgard (k7, k9t 52), de Sigmond (111,
112), Glinka (34), and others indicate that saline soils ap
pear in almost every arid and semi-arid region of the world. 
Many different hypotheses lhad been advanced concerning the 
origin of these salts, until Hilgard (42, 43, 44, 45, 46, 47, 
4 8, 4 9, 5 0, 51, 52) published his fundamental observations 
on the saline alkaline soils in United States of America dur
ing the period of 1886-1900.

Hilgard (52) differentiates between "white” and "black" 
alkali on the basis of the nature of the accumulated salts. 
The salts consist chiefly of sodium chloride, sodium sulfate, 
and sodium carbonate. The sodium carbonate hydrolyzes al
kaline and thus has the property of dissolving humus. This 
humus forms a brown or black crust on the surface of the 
soil, hence the name "black alkali." Other sodium salts 
which are neutral in reaction do not dissolve humus but of
ten occur on the surface as a white crust, hence the name 
"white alkali.” Sodium carbonate is much more harmful than 
other sodium salts because the sodium hydroxide from the 
hydrolysis of sodium carbonate attacks and kills the roots 
of plants. Moreover, it deteriorates the physical properties 
of the soil, deflocculating the colloids and forming an



impervious crust on the surface which in dry weather ,may be 
stone-hard. "White alkali" does not have such harmful ef
fects, and crops endure it in greater.concentrations than 
"black alkali." : V

Hilgard (5 2) explains the formation of sodium carbonate 
in the soils by assuming that sodium chloride or sulfate will 
react with calcium carbonate in the presence of water accord
ing to the following reactions:

(a) 2 NaCl + CaCO^szz^^CO^ + CaClg T

(b) Na2S0^ + CaC03^=2. Na2003 + CaSO^

Gedroiz (2 7) in 1912 estimated the colloidal dispersion 
in soil solution of different soils, and came to the conclu
sion that ordinary soils contain but small amounts of colloid 
dispersed in the water solution of the soil, whereas in really 
alkaline soils their amount may be considerable. He found 
that sodium carbonate cannot be completely leached from a 
soil to which it had been added. He did not find any notice
able production of sodium carbonate from the interaction of 
sodium chloride and calcium carbonate, and but a very slight 
amount in the case of sodium sulfate and calcium carbonate.
He concluded therefore that the sodium ions may be adsorbed 
by the colloids and leached out gradually by the water. On 
the strength of the above considerations, Gedroiz (29) pre
sented a theory in regard to the formation of sodium car
bonate in slkaline soils. If a soil containing soluble sodium
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The soil solution will contain the ions of 
calcium and sodium; if the salinizing is appreci
able, and the concentration of sodium salts in the 
solution is high, then the presence of calcium 
ions in solution will not hinder the sodium ion from 
entering the zeolitic portion of such a soil, forc
ing out more calcium, since the concentration of 
the calcium ion in soil cannot be high due to the 
low solubility of calcium carbonate. /While the con
centration of sodium salts in the soil solution 
remains high the calcium ion on account of its 
small concentration cannot hinder the sodium ion 
from entering the zeolitic portion of the soil, not
withstanding the higher energy of absorption of 
the calcium ion; under such conditions the calcium 
ion cannot compete with the sodium ion and replace 
it in the zeolitic portion. However, as soon as 
the excess of soluble salts disappear or their con
centration is lowered, the calcium ion begins to 
force out the sodium ion from the zeolitic portion.
The equations for this reaction may be as follows:
Zeolitic sodium + CaCO^^r^Zeolitic Salcium + NagCCy
Zeolitic sodium + Ca(HC0 3)2 s=*Zeolitic calcium

+ 2  NaHC03

Thus sodium carbonate is formed when the soils con
tain zeolitic sodium and calcium carbonate.
In the light of Gedroiz’s theory outlined above, it is 

the sodium from the exchange complex that reacts with the 
carbonate, after some of the calcium from calcium carbonate 
has been released and has exchanged with the sodium.

The works of Gedroiz (27, 28, 29, 30, 31, 32, 33) 
served as a stimulus to a series of researches on base ex
change the world over, and to the application of its princi
ples in the study of saline alkaline soils. His interpreta
tion of the nature and properties of saline alkaline soils

salts, saturated with sodium cations, also contains calcium
carbonate, the conditions are as follows:
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has been accepted by most Investigators. Among the first to 
investigate the base exchange phenomena on the saline alka- . 
line soils in United States of America were the California 
and Arizona Agricultural Experiment Stations. The investiga
tions of Kelley and Brown (65, 67, 6 8), Kelley and Arany 
(70), Cummins and Kelley (22), and Hibbard (41) should be 
considered in connection with the work on saline alkaline 
soils in California. •

In a series of publications from the Arizona Experiment 
Station the problem:of saline alkaline soils has been treated 
with special reference to the chemical composition of these 
soils. In general the investigations of Breazeale (7, 11,
12), Burgess (17), Breazeale and McGeorge (10, 13), MoGeorge 
(88, 89) and others on the base-exchange complex in these 
soils are in accord with those of Gedroiz, and his interpre- 
tion of the changes produced in the base-exchange complex 
under the influence of the salinizing process. ;

From the investigations of Hissink (53, 54), de Sigmond 
(111), Gedroiz (28, 3 1), Kelley (69), Kelley and Brown (6 8), 
Botkin (5), Breazeale and McGeorge (10) and others, it seems 
that the low productivity of saline alkaline soils is usually 
caused by a change in chemical composition of the soil solu
tion and also the interchange of sodium ions for calcium in 
the exchange complex. ' ^ ......

The process of alkalization indicates that in all cases
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the proportion of calcium to sodium ions in the exchange com
plex is diminished. Consequently it is evident that the first 
step in the reclamation of alkaline soils is to increase the 
amount of exchangeable calcium in the soil. The investiga
tions of Arany (3), Burgess (17), Breazeale and Burgess (8 ), 
Gatlin and Vinson (19), Colby (21), Headley (38), Hibbard 
(40), Hilgard (44,49), Ince (55), Johnston and Powers (59), 
Kelley and Arahy (70), Kelley and Brown (72), Kelley and 
Thomas (6 6, 71), Lipman (70), Lipmn and Gericke (80), Lough- 
ridge and Shinn (83), Powers (98), Knight (77), Thomas (115), 
Kelley (73), Reeve, Allison and Peterson (101) and others 
show the beneficial effect of increasing the proportion of 
calcium ions by application of gypsum.

The beneficial effects of the chemicals of acidic na
ture such as ground or sublimed sulfur, different kinds of 
inorganic acids, ferrous sulfate, alum or finely ground 
pyrites have been shown by the works of Symmonds (113),
Lipman (82), Hibbard (39), Scofield (106), Arany (3), Haynes 
(37), Joffe and McLean (58), Ames and Richmond (2), Kelley 
(73), Kelley and Arany (70), Kelley and Thomas (6 6, 71),
King and Leding (75), Powers (98), de Sigmond, Arany and 
Herke (110), McGeorge and Greene (89), Thomas (115, 116) and 
others.

The use of organic matter, such as stable-manure, green- 
manures, composts, straw, leaves, etc., may also be bene
ficial in the improvement and reclamation of saline alkaline
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soils as reported by Arany (3), Harris and Butt (35), Johns
ton and Powers (59), Lipman and Gericke (81), Breazeale and 
MeGeorge (13), Peterson (94), Powers (98), and others.

The possibility of reclaiming saline alkaline soils by 
growing special plants which absorb the salts is shown by the 
extensive data of Harris and Pittman (36), Jaffa (56, 57), 
Kearney and Means (61), Kearney and Harter (6 2), Kearney and 
Cameron (60), Kearney and Scofield (64), Kearney (63), 
Breazeale (9), Magistad (87), Shinn (109), Vinson and Gatlin 
(117), and others.

Water as a means of reclaiming saline soils has been 
employed with success for many years. Removal of the salts 
from the surface of the soil has been employed in Hungary 
(ill) and Iran (96). Leaching the salts down into the sub
soil has been employed in Egypt (4, 92), Iran (96), the 
United States (18, 20, 24, 74, 101, 105, 107), and India 
(93, 99, 114).

Recently special cultivating implements have been in
vented for improving the poor physical properties of saline 
alkaline soils, but their effect is primarily in altering 
the surface texture for the purpose of improving water pene
tration. When, for instance, the base-exchange complex is 
highly saturated with sodium, the reclamation cannot be 
effected by physical methods alone. The method of
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reclamation, therefore, must be based on the results of 
careful examination of soil; otherwise it may entail tre 
mendous cost without assurance of success.
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THE AREA STUDIED

The investigations reported herein have been carried 
out on two soils of the Casa Grande valley. This valley lies 
in Pinal County in the south-central part of Arizona., The 
surveyed area (9 7) includes 552,960 acres and occurs; in a 
hot, arid section of the state where irrigation is neces
sary for the production of crops. Water is obtained by 
gravity-flow diversion from the Gila River-'and by pumping 
from wells. The limited supply of water for Irrigation is 
the chief factor restricting the agricultural development of 
this area. Cotton is the main cash crop. Alfalfa is second 
and plays an important part in crop rotation. Small grains 
and grain sorghums are grown as feed crops. Among the truck 
crops, head lettuce and asparagus are grown commercially.

The most important soil series in the agriculture of 
the area are Pima, Gila, Mohave,and Casa Grande. The Pima 
and Gila series represent recent alluvial soils without lime 
accumulations and produce high yields of the crops commonly 
grown. The Pima soils are the most productive, as they are 
well supplied with plant nutrients and absorb and retain 
moisture well. The Gila soils differ from those of the Pima 
series principally in color of the surface soil, which is 
lighter owing to a lower organic matter content. The Gila



PLATE I
SALT INJURY AND PROFILE OF MOHAVE LOAM 

AT SITE VI, RIPPED 1947, DEEP-PLOT7ED 1948

A. Bare alkali spot on Me* ave Loan, showing failure 
of cotton. Photographed November 10, 1948.

B. Profile of Mohave Loan, Brown lilted Phase



PL/.T3 II
SALT IIvJUHY a I:D PROFILE OF OASA GRANDE SANDY 

LOAI.l, SITE III, RIPPED 1946 AND 1948

A. Stand of cotton showing salt injury. ^ield 
1/2 bale lint cotton per acre. Photographed

November 10, 1948.

B. Profile of Casa Grande,Sandy Loan, Silted Phase



soils are less fertile than the Pima but have a wider range 
of texture. The Mohave series (see Plate IB) is a zonal, 
red desert soil. These soils are typically of pale, reddish- 
gray or pinkish cast to pronounced deep-red color, the red 
color being most pronounced where moist and in the. area of 
more mature development. They are formed in a region of pro
longed high summer temperatures, excessive evaporation, un
certain and spasmodic rainfall, with protracted drought .. 
periods which may be broken,by precipitation of cloud-burst 
proportions. These soils are characterized by a 12-14 inch 
reddish-brown non-calcareous surface soil over the upper part 
of the subsoil which is redder than the surface soil, and has 
a considerable accumulation of clay. It contains little or 
no lime, but below this, lime accumulates in light-colored 
veins or splotches which give the soil a mottled appearance. 
This layer is concentrated just above an underlying, more 
friable and porous parent material. The entire subsoil is 
somewhat plastic and colloidal. These fairly productive 
soils are either naturally so or have become artificially 
modified by silting.

The soils of the Casa Grande series (see Plate IIB) 
exhibit a solonetzlike structure and are the principal soils 
on which reclamation has been attempted. Nearly 80,000 acres 
have been mapped in the immediate vicinity of Casa Grande, 
much of which is in the gravity-canal and the shallower 
ground-water belt. These soils have developed under the

11
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influence of poor drainage and a high concentration of solu
ble salts. They are highly alkaline, contain high percent
ages of sodium in the base-exchange complex, and are un
favorable both chemically and physically for the growth of 
crops without special farm practices.

In the early 1920fs the Casa Grande valley was looked 
upon as one of the largest solonetzic areas in the state. 
Barren slick spots were common, and only salt-tolerant plants 
grew on these soils. The completion of the Coolidge Dam in 
1929 gave impetus to the agricultural development of the val- 
ley. The trend of agricultural expansion of the area is 
shown by the great increase in the acreage under cultivation 
between 1930-1948. The acreage in 1930 was about 60,000 
acres; it increased to approximately 80,000 in 1939 and to 
about 230,000 in 1948. This is nearly four times the acre
age under cultivation in 1930. By far the greatest increase 
in acreage has taken place on the soils of the Casa Grande 
series. Favorable economic conditions and an increased and 
more stable water supply account largely for the rapid de
velopment of the Casa Grande soils, but the chief reason is 
that yields have increased four-fold as a result of employing 
simple farm practices which greatly contribute to the rec
lamation of these soils. For example, yields of cotton have 
increased.from less than 1 /2 bale per acre on unreclaimed 
soils to more than 2 bales per acre on the fully reclaimed 
soils.



PLATE III
MOLD BOARD OF SUBSOIL PLOW



PLATE IV
SUBSOIL PLOWING IN CASA GRANDE VALLEY,ARIZONA

A. Subsoil Plovr

B. Field plowed to a depth of 26 inches



One of the first attempts to reclaim the Casa Grande 
soils was made by Gatlin and Clark* in 1922. They applied 
70-80 per cent commercial sulfuric acid and found the soils 
thus treated to be more permeable to water and to give in
creased yields. They came to the conclusion that acid treat
ment may not be profitable on extended areas, but isolated 
slick spots could be treated to advantage by the use of acid.

Poulson, Wildermuth and Harper (97) recommend deep- 
plowing as a special practice to aid in reclamation and as 
a means of increasing crop yields. Mr. Divan Singh, a farmer 
from India who has for many years been farming in the Casa 
Grande valley, has pioneered the farm practices which make 
possible the higher yields of cotton being obtained at the 
present time. In the early 1930*8 when he first came to 
the valley, plowing was done by horses, and yields of 100 

pounds of cotton per acre were common. However, he found 
that the yields could be increased to 3 /4 of a bale per 
acre by plowing 12-14 inches deep with a disc plow. Plowing 
to a depth of about 26 inches with a subsoil plow (see 
Plates III and IV) has made yields of 2 to 2 1/2 bales of 
cotton per acre quite common.

13

*Unpublished work
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PLAN AND SCOPE OF INVESTIGATION

The Casa Grande series of soils, being solonetzio in 
character, present special problems in management if they 
are to be farmed successfully. These soils when first 
brought under cultivation are alkaline and exhibit unfavor
able physical conditions. Usually they are relatively un
productive for several years, after which they slowly im
prove. The problem of developing and maintaining favorable 
physical conditions in this otherwise fertile valley is one 
of great economic importance. The dispersed condition of 
these soils, resulting from high alkalinity, leads to poor 
internal drainage and to cumulative salinity, conditions 
unfavorable to the best growth of crops. This investigation 
is concerned with a study of the physical and chemical rela
tionships in such a profile, as influenced by such simple 
farm practices as crop rotation, ripping, and deep-plowing, 
as well as the extent to which certain amendments may be 
expected to ameliorate adverse physical conditions.

The experimental work of this investigation involves 
laboratory, field, and greenhouse studies on the soils in 
the area. A preliminary survey in the area showed the de
sirability of selection of the Gilbert Ranch (see Plate V) 
at Casa Grande for this investigation. The farm lies in the



LEGEND TO PLATE V
Surface texture - Subsoil permeability - Substratum 

Composite Soil Symbol = permeability - Depth of soil _____ _____
Slope - Erosion

1221 = Heavy surface texture - Slowly permeable subsoil - Slowly permeablesubstratum - Deep soil _____'
A-o Slope of 0-1% - Erosion - None apparent

Nu
meral

Surface
texture

Soil
permeability

Substratum
permeability Depth to in

hibiting layer
1 Heavy Very slowly permeable Very slowly permeable Deep, 36M+
2 Moderately heavy Slowly permeable Slowly permeable Mod.deep, 20-36'
3 Medium Moderately permeable Moderately permeable Shallow, 10-20”
4 Moderately light Rapidly permeable Rapidly permeable
Slope Erosion

A = 0-1% o = No apparent erosion
B = 1-3% K * Moderate wind accumu

lation
2 - class of land according to use capability
I - class of land to which it can be changed by special practices

II -
III
.17

2 =

? = 
S =
s2= 
A =
h = 
U =
L*

I - suitable for cultivation
without special practices 

suitable for cultivation 
with simple practices

- suitable for cultivation with complex or
- not suitable for continuous cultivation

Special factors and symbols
Lime accumulation in upper subsoil 
Lime accumulation in lower subsoil
Impaired surface condition 
Salinity S^ = Slight salinity
Moderate salinity S3=severe salinity 
Alkalinity A]= Slight alkalinity
Lime accumulation in subsoil.
Eractured^or^goorjLg^^mented or
Crop lands PMte Cresote bush 
Sites under investigation
intensive practices



PLATE V. AERIAL PHOTOGRAPH OF AREA UNDER INVESTIGATION
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center of a large area of Casa Grande sandy loam, silted 
phase, portions of which consist of virgin land, and land 
which has been under cultivation for 2 , 3 , 9 and 12 years, 
respectively. It is thus possible to determine the effect 
of the various agronomic and cultural practices on the 
physical and chemical status of the virgin soil and any 
changes it may;have undergone as a result.of such practices.

The legal description of the various fields chosen for 
this investigation (see Plate Y), the year in which they 
have been brought under cultivation, and the various cul
tural and cropping practices employed on them are as follows:

Field 1: 80 acres in west 1/2 of southwest l/4,
-------- .

Section 8 , Township 6 South, Range 6 East (see Plate V). It 
was brought under cultivation in 1947s the crop rotation be
ing as follows: ....

1947- 1 9 4 8, cotton
1948- 1949 cotton

This field had been ripped 18 inches deep in 1947 and 
plowed to a depth of about 26 inches in 1948 (see Plate T7B). 
Yield of cotton in 1948-1949 was 1 1 /2  bales per acre (see 
Plate y i::a ). ‘ : - - ■ -

Field 2: 160 acres in Section 8 , Township 6 South,
Range 6 East, due east of the above 80 acres (see Plate Y). 
This was brought under cultivation in 1946, and the crop ro
tation schedule was as follows:

1946- 1947 cotton
1947- 1948 cotton
1948- 1949 cotton
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This field had "been ripped to a depth of about 18 
inches in 1946 and 1948. The yield of cotton in 1948-1949  

was 1/2 bale per acre (see Plate IIA).
Field 2: 480 acres in Section 16, Township 6 South,

Range 6 East, which includes the whole section except the 
northwest l/4 (see Plate V). It was brought under cultiva
tion in 1940, the crop rotation being as follows:

1940- 1941 barley
1941- 1942 cotton
1942- 1943 barley
1943- 1944 barley
1944- 1945 barley1945- 1946 cotton
1946- 1947 cotton
1947- 1948 cotton
1948- 1949 cotton

Barley when grown was plowed under. This field had 
been ripped three times to a depth of about 18 inches, the 
last time being in 1948. Yield of cotton in 1948-1949 was 
1 l/2 bales per acre (see Plate VILA.).

Field 4: 160 acres, comprising 80 acres in the east
l/ 2  of the southeast 1/4 , 40 acres in the northwest 1 /4 of 
the southeast 1/4, and 40 acres in the southwest 1 /4  of the 
north,east. 1/4, Section 1% Township 6 South, Range 6 East 
(see Plate V). It was brought under cultivation in 1937, 
the crop rotation being as follows:

1937- 1938 cotton
1938- 1939 cotton
1939- 1940 cotton
1940- 1941 cotton
1941- 1942 alfalfa
1942- 1943 alfalfa
1943- 1944 alfalfa



PLATE VI
STAND OF COTTON ON SITE II RIPPED IN 1947 

AND DEEF-PLC'/ED IN 1948

B. Rubber Siphons for diversion of irrigation 
water from canal to field.



PLAxE 711
COTTON 3TA;TD ON TULLY PECLAIL!EB CASA GSLTIOE 

LOAM, SIT' S r r / '0 7, EACH RIPPI T THREE TI'^S

A. Cotton stand on Site 17. Under cultivation 9 
years. Four crops of barley plowed under as 
green manure. Yield, Xl bales lint per acre. 
Photographed November 10, 1948.

• _ -' on >ite V. Under cultivation 12years. Four crops of alfalfa and one of barley
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1944- 1945 alfalfa1945- 1946 barley
1946- 1947 cotton. 1947-1948 cotton
1948-1949 cotton

Alfalfa and barley when grown were plowed under. This 
field has been ripped three times to a depth of 18 inches, 
the last time being in 1948. Liquid phosphoric acid was 
applied at the rate of 100 pounds per acre to this field in 
1948. The yield of cotton in 1948-1949 was 21/4 bales per 
acre (see Plate VIIB).

Physical, chemical, and mineral analyses have been made 
on the soils from the above fields, as well as on the vir
gin soil, to gain information on the extent of changes which 
the soils have undergone as a result of ripping, deep- 
plowing, and plowing-under of barley and alfalfa. The part 
played by these farm practices in the reclamation of these 
soils is discussed.'

The irrigation waters used on the soils under investi
gation were analyzed and their influence on the reclamation 
of the soils evaluated.

Neubauer studies were made with barley plants to de
termine the availability of potassium and phosphate in the 
virgin soil and the data so obtained correlated with the 
response of hegari to nitrogen, potassium, phosphate, gypsum 
and sulfur applications in greenhouse studies.

The effect of sulfur, gypsum, manure, ferrous sulfate
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and ferric sulfate application in the field on the physical 
condition of the soil and on the response of cotton plants 
in the field is reported and discussed.

It is hoped that the information gained from the above 
studies will help clarify the effect of the various farm 
practices in the self-reclamation of these saline alkaline 
soils. :



. EXPERIMENTAL PROCEDURE j m >: RESULTS 

Sampling of Soils
The virgin field and the fields which have been under 

cultivation for 2, 3 , 9  and 12 year® were simultaneously sam
pled. Soil samples were taken from pita 4 feet deep. Six 
different profiles were thus sampled. The exact location 
of the pits is shown by asterisks:and;Roman numerals in 
Plate Y. .% . . ■ :•

Site I. virgin field: The soil samples from this lo
cation were taken from a pit which had been dug by the Amer
ican Telegraph and Telephone Company in connection with the 
laying of a transcontinental coaxial cable through the area. 
The pit was located 150 feet west and 50 feet south of the 
northeast corner of the northwest 1/4 of the northwest 1/4, 
Section 17, Township 6 South, Range 6 East. The soil at 
this point is mapped as Casa Grande sandy loam, silted 
phase. Table 1 shows the character of the horizons obser
vable at this site.
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Table 1. Characteristics of Soil Profile
at Site I

Laboratory 
soil no.

Depth at which 
sampled Horizon characteristics

m o
in.

1-3 Silted layer
m i 3-7 Triable sandy layer
m 2 7-15 Highly calcareous layer
M13 15-22 Extremely compact layer
M14 22-30 Friable sandy layer

--M l5 ..... ___ 30-38 Moderately compact layer
m 6 38+ Friable sandy layer

Site II: This site was 250 feet north and 150 feet
east of the southwest corner of the southwest 1/4 of the 
southwest 1/4, Section 8, Township 6 South, Range 6 Bast. 
This site has been under cultivation for 2 years (since 
1947) and was ripped about 18 inches deep in 1947 and plowed 
to a depth of about 26 inches in 1948. It is mapped as Casa 
Grande sandy loam, silted phase. Table 2 shows the nature 
of the horizons sampled at this site.
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Table 2. Characteristics of Soil Profile
at Site II

Laboratory 
soil no.

Depth at mich 
sampled Horizon characteristics

- in.
M26 0-6 Silty surface layer mixed 

with soil from lower
horizons

M2? 6—3.8 Same as above
M28 ---18-28 " Sandy layer ' — ..

■ M29 • T-: • . 28-34 - Sandy layer spotted with clay
... - \ lime and salt crystals

¥30 : 34-42+ - ■ Sandy layer .

Site III: This site was’150 feet’ west and 2$ feet
north of the southeast corner of the southeast 1 /4 of the 
southwest l/4. Section 8, Township 6 South, Range 6 East. 
This site has been under cultivation for three years (since 
1946) and was ripped about 18 inches deep in 1946 and 1948. 
It is mapped as Casa - Grande sandy loam, silted phase.
Table 3 shows the nature of the horizons sampled at this 
site;
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Table 3. Characteristics of Soil Profile
at Site III

Laboratory 
soil no.

Depth at which 
sampled . Horizon characteristics

M31
in.

0-9 Silted layer
M32 9-23 Moderately tough silty layer
M33 23-35 Tough silty clay layer
M34. 35-49+ Very friable calcareous layer

Site IV: The location of this site was 150 feet east
and 25 feet north of the southwest corner of the northwest
l A  of the southwest 1/4, Section 16, Township 6 South,
Range 6 East. This field has been under cultivation for 9
years (since 1940), and has been ripped about 18 inches deep
three times, the last time being in 1948. It is mapped as
Casa Grande sandy loam, silted phase. Table 4 shows the na-

' ' - ' . ■ i ' .ture of the horizons sampled at this site.

Table 4. Characteristics of Soil Profile
at Site IT

Laboratory 
.soil no.

Depth at which 
sampled Horizon characteristics

M38
in.

0-7 Silty layer, friable
M39 7-12 Compact layer
M40 12-32 Friable layer with lime con
M41 32-48+

centrations 
Friable sandy layer
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Site V: - The location of this site was 150 feet west 
and 25 feet north of the southeast corner of the northeast 
1/4 of the southeast 1/4, Section 17, Township 6 South,
Range 6 East. This site has beennMer cultivation for 12 
years (since 1937), and has been ripped 18 inches deep three 
times, the last time being in 1948. Liquid phosphoric acid 
was applied at the rate of 100 pounds per acre to this site 
in 1948. This soil is also mapped as Casa Grande sandy 
loam, silted phase. Table 5 shows the nature of the hori
zons sampled at this site.

Table 5• Characteristics of Soil Profile
. . .i": .'I,..:,.... ....... {  :  at Site 7 . ..... . .: . '-..-

Laboratory soil no. Depth at which 
sampled Horizon characteristics
in.

M3 5 0-10 - Friable sandy layer
M36 10—16 Very friable sandy layer, some

what calcareous
M37 16-30+ Very compact limy layer

Site VI: The location of this site was 450 feet north
and 400 feet east of the southwest corner of the southwest 
1/4 of the southwest 1/4, Section 8 , Township 6 South, Range 
6 East. This site has been under cultivation for 2 years 
(since 1947), and was ripped 18 inches deep in 1947 and 
plowed to a depth of about 26 inches in 1948. This site is
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in a slick spot in the field. This spot has been farmed 
in the same way as the rest of the field but, because of 
alkaline and poor physical conditions, field crops are un
able to maintain any stand (see Plate IA). The soil in this 
slick spot is mapped as Mohave loam, brown silted phase. 
Table 6 shows the nature of the horizons sampled at this 
site.

Table 6. Characteristics of Soil Profile
at Site VI

Laboratory 
soil no.

Depth at which, 
sampled Horizon characteristics

Ml9 •
. in. 
0 -6 Very compact silty clay layer

M20 6-12 Same as above
' M21
M22 :

12-19
- 19-23 '

Moderately compact sandy 
clay layer 

Same as above
M2 3 23-31 Very compact silty clay layer
' \ '
M24 V ' 31-42 Moderately compact layer under

lain by ferruginous hard pan

Mechanical Analysis
-. Mechanical analyses were made on all the soils by
means of the Bouyouoos hydrometer technique (6). The data 
are shown in Table 7.
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Table ?. Mechanical Analyses of the Soils Studied

Site Sand Silt Clay Textural
no. Depth 2-0.05 0.05-0.002 <0.002 classification

mm; mm. mm.
-....In:—  • % : .--------55----------- -

I 1-3 50.7
3-7 56.7
7-15 5 2 .2

15-2 2 , 55.7V ... . , : : 22-30 70.7
30-38 62.738+ 80.2

II 0-6 58.8
6-18. 58.318-28 66.3
28-34 65.8
34-42+ 69.8

III 6-9 53.8
9-23 66.8' ; 23-35 64.3

: V • ‘ 35-49+ 71.8
IT 0-7 51.8

7-12 53.8
12-32 54.3
32-48+ 66.8

T 0-10 59.310-16 62.3■■ 16-30+ 56.8
VI 0-6 50.36-12 57.3

12-19 63.3
19-23 62.3
23-31 58.331-42 . 64.8

44.5 4.8
41.5 1.845.0 2.8
19.5 24.8
9.5 19.8

14.5 22.817.0 2.8
22.5 18.7
19.0 22.7
31 .0 2.7
23.5 10.7
23.5 6.7
16.5 29.7
18.5 14.7
14.5 21.2
8.0 20.2
20.5 27.7
15.0 31 .2
23.5 22.2
23.0 10.2
15.5 25.2
17.5 20.2
38.5 4.7
16.5 33.2
20.5 22.2
19.5 17.2
17.5 20.2
21.5 20.2
17.0 18.2

Sandy loam
n  t ttt »

Sandy clay loam 
Sandy loam 
Sandy clay loam 
Loamy sand ‘
Sandy loam 
Sandy clay loam 
Sandy loamf* ##

Sandy clay loam 
Sandy loam 
Sandy clay loam 
Sandy loam
Sandy clay loam

tt t t  it

tt t t  ft

Sandy loam
Sandy clay loam 
Sandy loam

tt i t

Sandy clay 
Sandy clay loam 
Sandy "loam 'M M

n
It
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The textures of the soils in the Casa Grande series 
range from sandy loam to sandy olay loam, while the Mohave 
soil ranges in texture from sandy loam to sandy olay.

The various horizons of the soil from Site I (virgin 
soil) contain 50 to 80 per cent of sand, with higher per
centages being found at depths below 22 inches. The effect 
of various farm practices upon the mechanical composition 
of the soils is shown by comparing the analyses of the ' 
soils at Site I (virgin soil) with those from other sites 
which have been under cultivation for various lengths of 
time. At Site II the range in sand in various horizons is 
59 to 70 per cent. The soils at this site were ripped In
1947, the first year of cultivation, and deep-plowed in
1948, the second year of cultivation. The effect of ripping 
on the soils that were brought under cultivation in 1946 
(Site III), 1940 (Site IV), and 1937 (Site V) was to de- : 
crease the percentage of- sand in the lower horizons and in
crease" the percentage of clay. ■ This shows that such farm 
practices, as ripping and deep-plowing have had the effect of 
mixing the various soil horizons to a greater or lesser ex
tent. They also have the effect:of breaking up the various 
compact and cemented layers,-permitting water to enter the 
soil more readily. It may be well to point out that in 
spite of the fact that the above soils are mapped as Casa 
Grande sandy loam, silted phase, there is the normal series 
variation in each of the profiles as they exist in nature.
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A comparison of the soils from the sites brought under 
cultivation in 1946 (Site III) and 1947 (Site II) indicates 
that a higher percentage of clay occurs throughout the pro
file at Site III than at Site II. Site II shows a decline 
in percentage of clay from 22.7 at 6-18 inches to only 2.7 
at 18-28 inches. Site III on the other hand shows a much 
smaller drop in clay percentage, from 29.7 at 0-9 inches to 
I4 .7 per cent at 9-23 inches. The clay content then rises 
to 21.2 per cent below 23 inches. This may explain the 
relatively slow reclamation of the soil at Site III. Site 
III has only been ripped to a depth of 18 inches, whereas 
Site II has been deeprplowed.to a depth of about 26 inches.
It appears that deep-plowing at Site II has played an im
portant part in mixing the heavier-textured soils from*the 
upper horizons with the sandy layers beneath them, thus im
proving the permeability of the soil to water and hastening 
its reclamation. In this connection the soils at Sites TV 
(1940) and V (1937) should be compared with the soil at 
Site III. They are of similar mechanical composition. The 
soils at Sites IV and V have both been ripped. Both are 
now producing excellent yields of cotton, yet they have textures 
similar to the soils at Site III. The reason for the 
greater productivity of the soils at Sites IV and V seems 
to be the favorable crop rotations to which they have been 
subjected. The alkaline spot (Site VI) in the field 
brought in in 1947 also contains a high percentage of clay
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throughout the profile. This seems to hinder the leaching 
of salts and the removal of sodium from the base-exchange 
complex, two processes which have not yet proceeded far 
enough, in spite of the fact that the site has been deep- 
plowed.

The mechanical analyses of the soils show that a high 
percentage of clay in the profile slows down the reclama
tion of the soil. Plowing to a depth of 26 inches seems to 
break up the compact layers and mix the various horizons.
This improves permeability and hastens the processes re
sponsible for reclamation. Soils which contain high per
centages of clay seam to require certain cultural prac
tices in addition to the physical methods employed here. 
Carbon dioxide liberated by plant roots (86, 104) m y  aid 
in this type of reclamation.

Aggregate Analysis
An aggregate analysis aims to measure the per cent of 

water-stable secondary particles in the soil, and the extent 
to which the finer mechanical separates are aggregated into 
coarser particles. This determination was made on all of 
the soils under investigation to find the relationship be
tween aggregation and crop yields.

The aggregate analyses were made by the Bouyoucos tech
nique (6). One aliquot was analyzed by dispersing the soil 
with sodium hydroxide and another without dispersion. The
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difference in the silt and clay content of the dispersed and 
non-dispersed samples divided by the sum of the silt and clay 
content of. the dispersed soil, times 100, is reported as the 
degree of aggregation of the soil. The data are assembled 
in Table 8... ....  .... ..  .....
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Table 8. Degree of Aggregation of the Soils

Site
no. Depth

Silt and clay 
dispersed soil

Silt & clay non- 
dispersed soil Degree of 

aggregation
in. % % %

I 1-3 49.3 33.5 32 .0
3-7 • 43.3 ; - 22.0 w7-15 47.8 17.5 0 3 .4
15-22 44.3 • 34.5 22.1• " - .22-30 ...— '''OQ • - -- - V. " 22.5 15.3 -- :
30-38 . 37.3 10.0

• -  M. : >8+ 19.8 6.5 6 7 .2

II" ’ 0-6 41.2.... . —  3 2 .0 22 .3
6-18 41.7 34.0 18.5
18-28 33.7 23.5 30.3
28-34 34.2 13.0 62.0
34-42+ 30.& .. 21.0 30.5

III 0-9 46.2 40.5 12.3
9-23 33.2 32 .0 3.7

23-35 35.7 34.0 3 * 4 .
35-49+ 28.2 2 7 .0 4.2

IV 0-7 48.3 ' . ' 39.0 19.5
7-12 46.2 37.5 19.0

12-32 45.7 27.5 .. 39.8
32-48+ 33.2 . 20.0 • 39.7

• y ■ 0-10 4 0 .7 31 .0 • .. 2 8 .7 ■
10-16 37.7 26 .0 31.0
16-30+ 43.2 1 7 .5 59*5

H 0-6 49.7 49.5 0.4
6-12 42.7 42.5 0.5

12-19 36.7 36.0 1.9
19-23 . 37.7 32.5 13.8
23-31 41.7 13.5 81.1
31-42 35.2 9.5 73.0
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A study of the aggregate analyses of the soils from 
the various sites reveals some Interesting relationships, 
particularly when degree of aggregation is compared to crop 
yields. The data are assembled in Table 9.

Table 9. Yields of Cotton in 1949 on the Fields Representing the Different Sites

Site Years under Farming and cropping
ho. cultivation practices employed Yield
'I; : . , ■; . ” ' ■ Bales/Acre

I —  Virgin
II . 2 Ripped once and deep-plowed . 1 l/2

once
III 3 Ripped two times , 1/2
IV; 9 ; Ripped 3 times and 4 crops 1.1/2

barley plowed under
V 12 Ripped 3 times and 4 drops 21/4

alfalfa and 1 crop bar
ley plowed under

VI 2 Ripped once and deep-plowed 0: ' ' once

The soil at Site I, because of the high content of 
salt and the natural wetting and drying of surface soil, is 
well aggregated. Since this land is as yet uncropped, no 
crop yields were available. In trying to explain the differ 
cnees between the lands brought under cultivation in 1946 
(Site III) and 1947 (Site II), one need consider only the 
degree of aggregation as shown in Table 8. Although Site 
II was brought under cultivation a year later than Site III,
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the soils are in a satisfactory state of aggregation and 
the percentage of sodium on the exchange complex is low 
compared with that in the soils at Site III. The yields 
in 1948-1949 at Sites II and III were 1 1/2 and 1/2 bale 
of cotton per acre, respectively. The rapid reclamation 
of the soils at Site II may be attributed to plowing 26 
inches deep with the subsoil plow.

Similar differences occur between Sites IV and V.
The soils at these sites were first cultivated in 1940 and 
1937, respectively. Site V in 1948-1949 produced 2 1/4 
bales of cotton per acre as compared with 11/2 bales at 
Site IV. The soils at both sites had been ripped, but those 
at Site V in addition have had 4 crops of alfalfa and 1 
crop of barley plowed under since 1937, while Site IV has 
received green manure in the form of barley four times 
since 1940. The improvement in soil structure, the decrease 
in soluble salts, and the reduced percentage of exchangeable 
sodium present are all reflected in increased crop yields.

This comparison emphasizes the value of green manure 
in a reclamation program.

The alkaline spot, Site VI, occurs in soil mapped Mo
have loam, brown silted phase. This soil, unlike those of 
the Casa Grande series, is heavy-textured throughout the 
profile and therefore is less permeable throughout the 
profile, hence less easy to reclaim. This soil is badly 
dispersed in the upper two feet, relatively impermeable to
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air and water, and therefore relatively high in soluble 
salts. The use of deep tillage, organic matter additions, 
soil amendments, and leaching are all indicated if marked 
improvement is to be expected at this site.

pH and Total Soluble Salt.Content
To determine the effects of the farming practices em

ployed on the salinity of these soils, the soluble salt 
content was determined. This was done by means of the U.S. 
Bureau of Soils Conductivity Method (23)» using a 1:5 
soil:water ratio. Measurements of pH were made on the soil 
paste; with the Beckman pH meter.

The beneficial effects of the cultural practices em
ployed in the area are shown in the decrease in soluble 
salts at the various sites. Deep-plowing and ripping seem 
to be equally effective as an aid to the removal of soluble 
salts. As was expected, the presence of high percentages 
of clay hinders the leaching out of soluble salts and pro
longs the process. The results are given in Table 10.
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Table 10. pH and Total Soluble Salt Content
of the Soils

Site
Depth :

' pH 
(paste)

Soluble
salts

in. ppm. .
I 1-3 8.15 690

3-7 8.30 1,475
7-15 8.00 4,025
15-22 : 8.10 4,375 ’ - *
22-30 8.45 4,625
30-38 8.00 10,810

38+ 8.00 7,525 • ■ - _
II 0-6 8.15 565

6-18 8.00 520
18-28 8.00 315
28-34 8.05 340
34-42+ 7.95 410

v ' • . ■
i n 0-9 8.05 1,000

- 9-23 9.05 1,750
23-35 9.45 1,950
35-49+ ; v 9.60 2,940

IV 0-7 8.35 415
7-12 8.25 405' ' - • . • • • - 12-32 8.05 400 -
32-48+ 8.00 465

V 0-10 8 .3 0 545
10-16 8.15 860
16-30+ 8.05 1,750

VI 0-6 8.50 1,750
: 6-12 8.60 1,625
12-19 8.95 1,690
19-23 9.05 . 2,210
23-31 9.00 3,480
31-42 8.90 3,940
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: The reduction in soluble salt content in the soils
which have been irrigated for various lengths of time as 
compared with the salt content of the virgin soil is strik
ing. The salt content of the soils at Sites II, IT and V 
is generally low, but at Site III, where the soils are some
what heavier-textured and less aggregated, the salt content 
is slightly higher although still far below that at Site I. 
At Site VI a partial removal of the salts has been accom
plished .by irrigation. This has had the effect of changing 
the surface structure from one which was loose and fluffy 
to one which is massive and cemented. With further reduc
tion in salts, the incorporation of organic matter and deep 
tillage, this "bare spot't should become as productive as 
the rest of the field. -- . ..- ..v - . •

The pH of the virgin soil ranges between 8.00-8.45 
which is weakly alkaline but normal for the soils in the 
area, namely 7.5-8.5. This pH range generally indicates 
the presence of the carbonates of calcium and nagnesium.
This may not be the true pH of the virgin soil, as it has 
probably been repressed by the soluble salts present. At 
the sites brought under cultivation in 1947 .(Site II),
1940 (Site IT), and 1937 (Site V), where the excess soluble 
salts have been leached away, the pH range of 7.95-8.35 
represents the normal pH of the calcareous soils of this 
area. The site brought , under cultivation in 1946 (Site 
III) is strongly alkaline, having pH values between



8.05-9.60. The leaching of the salts and the resulting 
alkalinity of the soils at this site are responsible for 
the high degree of dispersion. This condition points to 
the fact that the reclamation processes have been set into 
action, and cultural practices such as the plowing-under of 
alfalfa in addition to ripping or deep-plowing should 
greatly accelerate reclamation at this site. The same 
could be said of the bare spot (Site VI) brought under cul
tivation in 1947. Although the pH range is 8.50-9.00, it 
has probably been repressed by the soluble salts that are 
still present in the soils at this site.

The measurement of the pH values of the soils has 
shown that the farming practices employed in the area help 
set in motion the first step in the reclamation of saline 
alkaline soils, namely, the leaching of the soluble salts. 
The second step in the reclamation process, that is, the 
removal of sodium from the base-exchange complex, seems to 
begin then. Soils containing high percentages of clay and 
consequently having restricted drainage have lost the salts 
which have kept them aggregated, but are not thoroughly 
enough leached to have their sodium content reduced to a 
point where its adverse effects are not felt in the soil.

The soils at Sites III and VT are in the intermediate 
stages of reclamation, and as a result are badly dispersed.

Satisfactory aggregation was found in the soils at 
Sites II, IV and V. The soils at these sites may be

36
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considered to be in the final stage of reclamation inasmuch 
as the salinity and alkalinity have been reduced to such a 
level that the sodium on the base-exchange complex has been 
reduced below 15 per cent, which is the limit above which 
the soils are classified as alkaline by the XT.S» Regional 
Salinity"Laboratory (102). .....

Moisture Equivalent Determination 
The moisture equivalent represents the per cent mois

ture in a sample of soil at pE 3,0. It is determined by 
saturating the soil with water, draining and centrifuging 
at a speed equivalent to 1,000 times gravity for 30 minutes 
in a special centrifuge, using the technique of Briggs and 
McLane (15). Thirty grams of soil were used for each deter
mination. This determination has been widely used as a 
means for characterizing the moisture-retaining character^ 
istics of soils. A preliminary experiment on the effect of 
the various cations on the base-exchange complex, on the 
moisture equivalent values undeniably pointed to the fact 
that the highest moisture equivalent values are obtained 
when the dominant replaceable base on the soil complex is 
sodium. Table 11 shows the effect of various cations on 
the moisture equivalent values of the virgin soil (Site I).
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Table 11. Effect of Exchangeable Cations 
... on Moisture Equivalent Values .

Site
no. Depth

" Moisture equivalent values when base 
exchange complex saturated with

Hydrogen Calcium Magnesium sodium
in. ' . ; ̂ io

I 1-3 19.57 20.86 21.95 45.41
3-7 17.68 15.10 19.03 27.98
7-15 16.73 15.16 19.02 30.22
15-22 16.28 15.60 16.50 38.52
22-30 8.33 12.52 15.43 23.50

- ; 30-38 14.71 13.32 15.66 21.94
38+ 8.53 8.57 10.90 15.02

The moisture equivalent values of all the soils under 
investigation also show the effect of the various farm 
practices bn the moisture equivalent and the reclamation 
of these soils. The data are given in Table 12.



39

Table 12. Moisture Equivalent Values of the Soils

Site
no. Depth

. ^Moisture : equivalent V;
Siteno. Depth Moistureequivalent

in. $ in. *
I 0-3 19.60 H IV 0-7 20.50

3-7 17.03 i 7-12 14.66
7-15 14.89 12-32 15.87

15-22
22-30

19.60
17.87

32—48+ 17.89
30-38 14.73 V 0-10 18.20

II
38+

0-6
9.16

17.17
10-16
16-30+

12.02
14.13

6-18
18-28 17.1113.81

VI 0-6
6-12 31.1326.32

28-3434-42+
10 .72
14.35

12-19
19-23
23-31

20.15
24.57
25.75

III 0-9
9-23

23-35
35-49+

22.42
24.31r,:U ;

31-42 25.75

Table 12 shows clearly the higher moisture equivalent 
values associated with the soils from the partially re
claimed sites (III and VI) when compared with those which 
have been more nearly reclaimed. This may be attributed 
in part to their higher exchangeable sodium content.

Capillary Rise 'of- Water in the Soils
: : ;The capillary rise determination has been used by von 

Klenze (76), Wollny (118), Loughridge (84), Briggs and 
Lapham (14), Alway and McDole (1), and Puri (100) to mea
sure the rate of capillary movement of water in soils of



Figure 1

1.4 to 1.6 cm.

S c a le -

Apparatus for capillary rise determination
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different textures. McGeorge (88) used the determination 
to demonstrate the "freezing up” of soils due to the pres
ence of aluminum hydroxide. Gardner (26) used the deter
mination; for estimating the effect of various treatments on 
saline alkaline soils. The method is simple, rapid and 
easily reproducible and does riot require special equipment.

A series of experiments was set up to determine the ef
fect of variations in technique and conditions under which 
the determinations were made, upon the results obtained.
The factors studied are as follows: (1) Degree of compac
tion of the sample; (2) Hydrostatic head of water; (3) Par
ticle size; (4) Temperature; (5) Kind of exchangeable ca
tions; and (6) Soluble salts. This paper presents the re
sults of a study of these factors and, in addition, the ef
fect of gypsum additions to the soil on the capillary rise.

The following procedure was adopted after appraising 
the experimental results of the above tests: Pyrex tubes
of about 60 cm. length and 1.4-1.6 cm. inside diameter are 
fitted at the bottom with two-hole rubber stoppers, notched 
to permit the entry of water (see Figure 1). A wire gauze 
placed on top of the stopper retains the soil and permits 
the water to enter and rise by capillarity. About 125 gm. 
of air-dry soil screened to 2 mm. is poured into the tube 
to within about 15 cm. of the top and compacted by allowing 
the tube to drop vertically on the laboratory table top 
five times from a height of 10 cm. The tube is then placed
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in a 250-co. beaker containing sufficient water to extend 
1.5 cm. above the bottom of the soil in the tube. The rise 
of the water in the tube is measured 1 hour, 3 and 20 hours 
after being placed in the water.

Reproducibility of the Method: The degree of repro
ducibility of this method was determined by measuring the 
capillary rise in a series of ten tubes filled with Mohave
clay loam and treated according to the above procedure.

' i! :results are shown in Table 13.
The



Table 13. Replicate Capillary Rise Values for Mohave Clay Loam. V - . : . . _ I ' .....

Tube
no.

Rise 
after 
1 hr.

Deviation from 
■ the mean

Rise 
after 
3 hr.

Deviation from 
the mean

! ■
Rise after 
20 hr.

Deviation from , 
. the mean

cm. om. % cm. cm. : # om. cm.
1 20.1 - -0.19 -0.94 28.8 -0;08 -0.28 41.8 -0.65 -1.53
2 19.8 -0.49 -2.41 . 29.6 +0.72 +2.50 ' 4 2 .6 j; . +0.15 +0.35
3 21.0 +0.71 +3.50 29.9 +1.02 +3.53 ; 43.4 +1.05 +2.47
4 19.6 -0.69 -3.40 28.1 -0.78}• -2.70 42.0 -0.45 -1.06

; 5 20.8 +0.51 +2.51 27.8 -1.08 -3.74 42.1 , -0.35 -0.82
6 21.1 +0.81 +3.99 28.6 ; -0.28 -0.97 43.0 +0.55 +1.29
7 19.5 -0.79 -3.89 29.1 +0.32 +1.11 42.6 +0.15 +0.35
8 19.9 -0.39 -1.92 28.8 -0.08 -0.28 41.9 ■ 1 -0.55 -1.29
9 20.1 -0.19 -0.94 29.1 +0.22 +0.76 42.3 -0.15 -0.35

10 21.0 +0.71 +3.50 2 M +0.02 +0.07 . A M ♦0.35 +0.82
Mean.. 20.29 ' . \." ■ ' . 28.88 ' - '' ' : . . 42.45
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■ Table 13 shows the magnitude of the deviations that 
may be expected,in capillary rise tubes when" ten replicates 
are used. It is safe to assume that the agreement between 
replicates is as good as. the uniformity of the soil sam- 
pies themselves.

" Effect of Compaction; Table 14 shows the effect of 
the number.of impacts employed in filling the tubes.

Table 14. Capillary Rise as Influenced by 
Degree of Compaction

" : ■ - • "
No. of Capillary rise

Soil impacts 1 hr. 3 hr. 20 hr.
cm. cm. ■ - cm#

Mohave clay loam
,5

-*o
.■88 29.3

29 .2
4 2 .2
43-0

Grila::fine’':~.v::::...:".r.::
sandy loam* 10

" - O  # JL - -
8.2

-12.5
12.0

_:z23.0 •;22.6
Gila sandy loam 510 23.321.6 29.728.8

>50 .
>50 .

*A highly alkaline soil

No attempt was made to determine the degree of uni
formity of compaction. The results in Table 14 show that 
the capillary rise is not seriously affected by the number 
of impacts employed in preparing the sample. Since varia
tion in compaction evidently has no significant effect upon 
capillary rise, the choice of conditions is arbitrary. For



convenience,i dropping the filled tube five times from a 
height, of 10 cm. was accordingly chosen as the standard in 
all determinations.

r - . Effect of Hydrostatic Head of Water: Since the height
of the capillary rise is measured from the bottom of the 
soil column in the tube and not from the water surface in 
the beaker, it is necessary that the depth of water in the 
beaker be adjusted, so that the hydrostatic head of water 
will be uniform in all tubes. Table 15 shows the extent of 
the variations in capillary rise observed when the water in 
the beaker is not at a uniform depth.

Table 15. Capillary Rise'in Mohave Clay Loam 
as Influenced by Height of Water 
, above Lower End of Column —

Height of water 
above lower end

' :
Capillary rise

of soil column 1 hr. ... 3 hr. 20 hr.
cm. . cm. V  .: cm. cm.

, . - . 18.0 26.5 ‘ 39.1
2.5 20.3 28.0 40.0
5.0 20.6 29.1 42.0

,It may be seen that with increasing depth of water in 
the beaker, the capillary rise is proportionately higher. 
This shows, that the rise of water in the tubes is uniform,



Effect of Temperature: Since the density and surface
tension-of water'are reduced by a rise in temperature, such 
variation might conceivably affect the rate of capillary 
rise. To test this point, the soil tubes and the water 
were maintained during the course of the experiment at tem
peratures of 5° C., 30° C. and 65° C., respectively. The 
results are assembled in Table 16.

Table 16. Capillary Rise in Gila Fine Sandy Loam 
as Influenced by Temperature

provided it is measured from the water surface in the •
beaker.

Temperature : Capillary rise 
1 hr. 3 hr. 26 hr.

. oc. cm. cm. cm.
" ' :: C 7.7 12.1 25.1

30 7.7 12.4 24.1
65....... 8.0 12.2 >5.3

Table 16 shows there is no significant difference in 
capillary rise throughout the range of temperatures studied 
The change in density and surface tension of water through
out this temperature range apparently is not great enough 
to affect the capillary rise. It may be concluded that 
this determination can be made without any uncertainty due
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Effect of Particle Size; Since, capillary rise of water 
was originally assumed to be a function of texture (1 , 1 4, 
7 6, 8 4, 100, 118), the effect of varying this factor was 
studied, using a series of tubes filled with sea sand of 
various sizes. The data are shown in Table 17.

Table 17. Capillary Rise in Sea Sand as 
Influenced by Particle Size

to temperature variations over the normal range of room
temperatures.

Capillary rise
Particle size i hr,. 3 hr. 20 hr.

mm. cm. om. cm.
-2 .0 to -f 1 .0 3.2 3.5 4.1 ...
-1 .0 to + 0 .5 3.9 4.3 5.0
-0 .5 to +0.25

* • ’• ' -• " -
, 20.9 2 2 .2 25 .2

-0.25 to +0.125 3 8 .0 .4 8 .1 . 68 .0

Table 17 shows the capillary rise in sea sand of vari
ous mesh sizes. This confirms the findings of von Klenze 
(7 6), Wollny (118), and others as to the effect of the par
ticle size on the capillary rise. In choosing the aggre
gate size to be used for determining the capillary rise in 
soils, capillary rise determinations were made on Mohave 
clay loam and Cajon sand, each screened to 2 mm. and 1 mm.,



respectively. The data on these two soils are given in
Table 18. V

Table 18. Capillary Rise as Influenced 
by Particle Size

Soil . Screened
to

Canillary rise 
1 hr. 3 hr. 20 hr.

-- * mm. cm. cm. cm.
Mohave clay loam 2 .0 2 0 .2 29.1 4 2 .0

1 .0 2 2 .6 30 .8 43.6

Cajon sand 2 .0 20 .6 3 2 .8 >50
1.0 2 2 .1 33.1 >50

Cajon sand was so permeable that the water rose to the 
top of the 50 cm. of soil in the tube in less than 20 hours. 
However, after 1 hour and 3 hours, the capillary rise in 
the tubes containing soil screened to 2 mm. and 1 mm., re
spectively, shows very little difference. Mohave clay loam 
showed a slightly higher capillary rise in the soil screened 
to 1 mm. As this difference is not great and since soil 
screened to 2 mm. is used for mechanical analysis, moisture 
equivalent and other soil measurements in the laboratory, 
this mesh size was chosen as standard in all subsequent 
determinations.
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Effect of Exchangeable Cations: To find the effect
of various cations, either singly or accompanied by other 
cations, portions of Gila fine sandy loam were saturated 
with hydrogen, calcium, magnesium, and sodium, respective
ly. The samples after saturation were washed free of 
soluble salts, allowed to air-dry, screened to 2mm. and the 
capillary rise determinations made. The data are assembled 
in Table 19.

Table 19. Influence of Exchangeable Cations on 
Capillary Rise in Gila Fine Sandy Loam

Exchangeable cations 1 hr.
Capillary rise

3 hr. 20 hr.
yo : : cm. cm. cm.

100 hydrogen 1 2 .6 20.9 4 6 .1 '
100 calcium 13.5 2 2 .1 43; 8
100 magnesium 1 1 .1 18.3 :v' 39.0
100 sodium 4.7 6.7 1 3 .8

50 H + 50 Mg 1 2 .1 20.4 4 2 .8

50 Ca + 50 Mg 1 1 .8 18.7 36.5
50 Ca + 50 Na 6.5 9.5 17.4
50 Mg + 50 Na 5.6 8 .0 1 3 .8

80 Ca + 20 Na 9.0 1 3 .8 28.4
80 Mg + 20 Na 7.1 10.9 22.7
20 Ca + 80 Na 5.3 7.7 1 4 .8

20 Mg + 80 Na 4.9 7.1 13.5
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The observed values of the hydrogen-, calcium-, 
magnesium-saturated soils after 20 hours were of the same 
order of magnitude. Hydrogen gave a slightly higher rise 
and magnesium a slightly lower one. The sodium-saturated 
soil gives very low capillary rise values. As was to be 
expected, an increase in the percentage of exchangeable 
sodium in a soil in the presence of either calcium or mag- 
negium reduces the capillary rise appreciably below that of 
the soil saturated with calcium or magnesium alone.

Effect of Gypsum Applications: Gardner (26) has used
capillary rise measurements to test the effectiveness of 
gypsum applications to soils. His aim was to develop a 
simple laboratory method for predicting the effect of such 
applications. In the-present study, three -soils- were treat
ed with gypsum prior to the capillary rise determinations. 
The data for these tests are given in Table 20.
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Table 20. Capillary Rise of Water in the Soil as 
Influenced by Application of Gypsum

Gypsum Capillary rise
Soil application 1 hr. 3 hr. 20 hr.

tons/acre cm. cm. cm.
0 8 .0 1 1 .8 1 9 .8

Gila fine 1 . . : 7.0 10.5 28.0
sandy loam 2 9.2 13.7 31.5

■ ' 5 11.5 17.7 4 1 .0
10 12.7 19.5 43.5

0 14.6 21 .6 46.5
1 15.5 22.3 45.0

Tucson sandy loam 2 1 3 .0 19.5 4 2 .1
5 18.0 24.3 44.5

10 1 4 .0 2 0 .8 43.6
0 1 0 .8 1 6 .2 37.4Casa Grande clay 1 1 2 .2 18.8 43.8loam 2 1 3 .6 20.5 42.7
5 10.5 16.9 39.5

10 12.5 18.8 40.4

The Gila fine sandy loam is a river-bottom, highly 
alkaline soil of low permeability. Gypsum applied at the 
rate of two tons per acre increased the capillary rise. An 
application of five tons per acre gave a still greater rise, 
which probably is optimum since gypsum applied at the rate 
of 10 tons per acre did not increase the capillary rise ap
preciably. Tucson sandy loam is a highly calcareous upland 
soil of good permeability. It was not expected that this 
soil would respond to gypsum because of its high calcium 
saturation. Tests showed that there was no increase in the 
capillary rise within limits of the method. Casa Grande
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clay loam, a solonetzic soil, shows some response to gypsum
applications.

;; : ' 1 '.... '
Effect of Soluble Salts; It was expected that the 

presence of soluble salts, either in the soil or in the ir
rigation water, would flocculate the soil colloids and in
crease the capillary rise. Various soluble salts were ac
cordingly added to Mohave clay loam at concentrations of 
500; 1000; 2000; 5000; 10,000 and 20,000 parts per million. 
The salts used were calcium chloride, calcium nitrate,

•; ■' ; .V -sodium chloride,- sodium bicarbonate, sodium sulfate, andi . •
sodium nitrate. The data for these tests are given in 
Table 21. ;

•• ; ;



Table 21. Capillary Rise in Mohave Clay Loam as Influenced
by Soluble Salt Additions

Concen- Calcium chloride Calcium nitrate ... - Sodium ‘chloride ,;. ..
tration 1 hr. 3 hr. 20 hr. 1 hr. 3 hr. 20 hr. I'hr. 3 hr. 20 hr.
ppm. cm. O d e cm. cm. cm. cm.. \ cm. cm. cm.
O' 2 0 .2 29.1 4 2 .0 20 .2 2 9 .1 4 2 .0 20 .2 29.1 4 2 .0

500 20.5 24.7 39.2 21.0 2 6 .8 4 2 .0 16.1 24 .2 39.5
1000 22.4 27.9 3 8 .2 2 0 .8 2 5 .8 39.5 16.1 24.3 37.1
2000 20.3 24.7 3 6 .1 1 9 .8 24 .6 38.9 15 .6 21 .2 37.3
5000 20.5 25 .0 36.3 19.2 25.5 38 .0 17.5 21 .8 36 .1

1 0 ,0 0 0 21 .0 27.3 36.3 20 .6 24.7 3 6 .2 15 .0 21 .8 36.3
20 ,0 0 0 21.4 26 .0 33.5 19.5 23 .6 35.7 17 .0 23.5 34.0



Table 21 (cont.)

Concen
tration

Sodium bicarbonate 
1 hr. 3 hr. 20 hr.

Sodium sulphate 
1 hr. 3 hr. 20 hr.

Sodium nitrate 
1 hr. 3 hr. 20 hr.

ppm. cm. cm. cm. cm. cm. - cm. cm. cm. cm.
0 20 .2 29.1 4 2 .0 2 0 .2 29.1 4 2 .0 20.2 29.1 4 2 .0 .

500 18.1 27.3 40.5 21.5 27.5 40.4 19 .0 24.5 40.5
1000 1 9 .6 25 .0 37.0 1 9 .0 24.3 3 8 .6 19.6 25 .0 4 0 .1

2000 18.9 25 .6 37.0 18.5 25.3 36.9 20 .1 25.1 39.5
5000 19.3 26 .1 35.5 18.0 23.5 36 .0 17.9 24.4 38.4

1 0 ,0 0 0 1 9 .2 27 .1 35.1 16.4 22.9 35.3 18.1 23.4 3 6 .8

20 ,000 1 5 .8 23 .2 32.5 15.5 2 1 .8 32.3 1 6 .1 2 2 .1 33.3
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There is- a gradual decrease in capillary rise with 
increase in salt concentration, when the salt is mixed with 
soil and the capillary rise determined.

IfThen, however, the capillary rise determination is made 
with the original soil and the respective salts present are 
in solution in the beaker, no significant effect on the 
capillary rise is observed. The data are assembled in
Table 22. i

;It seems that the increase in the density of the solu
tion offsets the increase in the surface tension, and hence 
the salt solutions at the concentrations employed do not 
affect the capillary rise.



Table 22. Capillary Rise in Mohave Clay Loam,as Influenced by Salt
Solutions

*

Concen
tration

Calcium chloride 
1 hr. 3 hr. 20 hr.

Calcium nitrate .
1 hr. 3 hr. 20 hr. CSMlim chloride 

1 hr. 3 hr. 20 hr
ppm. cm; cm. cm. cm. cm. cm. • cm. cm. cm.

0 20 .2 29.1 42 .0 20.2 29.1 . 42 .0 2 0 .2 29.1 4 2 .0

500 19.6 29.1 4 2 .6 2 1 .0 30.5 44.2 20 .0 29^0 42.4
1000 20.4 30 .0 4 2 .8 21 .2 3 0 .8 43.8 2 0 .2 28.9 42.5.
2000 1 9 .8 29.3 43.0 21.3 3 0 .6 44.0 2 0 .8 29 .2 4 2 .8

5000 2 0 .8 29.9 43.9 2 1 .8 3 1 .0 44.5 20.9 3 0 .0 42 .6

1 0 ,0 0 0 2 1 .0 3 1 .0 4 2 .8 21 .6 30.9 44.8 21.3 29.4 43.4
20 ,0 0 0 21 .6 30.9 42.9 . 2 1 .6 31.4 44.8 21 .1 29.6 43.8

ViVi



Conoen-
Table 22 (cont.)

tration 1 Sodium bicarbonate
1 hr. 3 hr. 20 hr.

Sodium sulphate ■’
; 1 hr. 3 hr. 20 hr.

Sodium nitrate 
1 hr. : 3 hr. 20 hr

ppm. cm. cm. cm. cm. cm. cm. cm. cm. cm.
0 2 0 .2 29.1 4 2 .0 ■ 2 0 .2 29.1 4 2 .0 20 .2 29.1 4 2 .0

500 18.9 28.8 4 2 .0 : 19.1 2 7 .8 4 2 .1 20.4 28.8 4 1 .8

1000 20 .2 29 .0 4 2 .8 1 9 .0 28.1 4 2 .8 2 0 .8 • 29.1 4 2 .0

2000 20 .6 29.1 41.9 • 1 9 .8 28.2 43.0 20.3 29 .0 4 2 .2

5000 20 .6 29 .2 42.8 : 18.8 29 .0 42 .8 21 .0 29 .2 4 2 .8

10 ,000 21.0 2 9 .8 43.2 18.6 2 9 .2 43.4 21 .2 29.6 42 .6

20 ,000 2 0 .2 30 .0 43.0 :! 1 9 .2 29 .6 .42.6 21 .0 29.4 4 2 .6



57

were made on Cajon sandy loam, deep-silted phase from the 
University farm at Safford, which is highly impermeable to 
water. The percolation-rate measurements were made in glass 
tubes about 5 cm. in diameter and 15 cm. long. They were 
filled with soil to within 3 cm. of the top, compacted as 
in the capillary rise determination, and subjected to a 
uniform head of water. Percolation rates.are expressed in 
pc. of water passing through, the soil tube per hour during 
the first 24 hours. The data are shown.in Table 23.

Table 23. Comparison of Capillary Rise with Rate 
of Percolation in Cajon Sandy Loam

Relationship between Capillary Rise and Percolation
Rate: Percolation rate "and capillary rise determinations

Depth
Gypsum
treatment Percolation rate •

Capillary rise "
(20 hours)

in. tons/acre oc./kour cm.
0-4 0 3 27.0

2 29 - >. 45.0
: 4-12 0 0 21 .0

2 24 39.0
12-24 0 110 22 .0. . .  2 ....... 216 45.0

•• .

There is a close relationship between the 20-hour 
capillary rise and the percolation rate. The consistency 
in the results obtained by the two methods suggests that
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the capillary rise determination m y  be used as a criterion 
of soil permeability.

Correlation between Capillary Rise and Moisture Equiva
lent: It.seemed of interest to compare the capillary rise
with a well-known single-valued constant. Since moisture 
equivalent is widely used.as a means of characterizing the 
moisture-retaining characteristics of the soils, it was 
chosen for this comparison.

Eorty soils were chosen at random from official soil 
survey samples, and their moisture equivalent and capillary 
rise values.determined. Without exception, the soils show
ing good permeability in the field gave high capillary rise 
values and low moisture equivalent values. The correlation 
coefficient was -0 .579* with -0.393 being highly significant.

Observations on hundreds of soil samples so analyzed in 
the laboratories of the Department of Agricultural Chemistry 
and Soils for the past two years have led to the conclusion 
that soils showing a capillary rise of 30-35 cm. in 20 

hours exhibit a satisfactory degree of permeability in the 
field.

Application of the Capillary Rise Method to the Soils 
of the - Casa Grande Valley: To gain some knowledge of the
permeability of the Casa Grande soils to water, they were 
subjected to the capillary rise determination. The results 
are given in Table 24.
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Table 24. Capillary Rise Values of the Soils of 
the Casa Grande Area

Site no. ' ' Depth 1 hr. 3 hr. 20 hr.
In# cm. cm. cm.

I 1-3 7.9 14.3 3 0 .8
3-7 18.3 22.5 3 0 .8
7-15 14.5 17.3 2 6 .1

15-22 6 .6 7.6 9.5
22-30 4.0 4.8 6 .6
30-38 15.3 • 18.4 2 7 .0

38+ 21 .8 27.1 38.7
..... II . 0-6. 12.4 19 .6 41.9

6-18 " 8 .0 12.7 31.118-28 11.5 18.0 42.7
28-34 16.3 2 4 .8 52.7
34-42+ _ 1 0 .2 15.4 4 1 .0

Ill . 0-9 . 2.7 4.2 10.5
9-23 2 .8 3.8 6.9

. 23-35 2.5 2.9 3-9
35-49+ 1.7 2 .0 2 .8

v ■ IV . ' • ■ . .■’0-7 ' 13.3 21; 4 44.1
. 7 -12 .... 1 6 .2 25.7 44.7
12-32 2 2 .2 31.5 58.3
32-48+ 2 7 .2 36 .0 ' 50.5

V 0-10 . 1 5 .0 22.9 4 2 .0
10-16 26.5 3 6 .2 55.8
16-30+ 25.0 30.5 39.8

VI 0—6 1 .8 2.3 3.5
6-12 2.3 3.0 3.9

12-19 2 .0 2 .2 3.4
19-23 1 .8 2 .0 3.0
23-31 20.4 24.9 36 .1
31-42 20 .0 29.5 4 8 .0
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The beneficial effect of plowing to a depth of 26 
inches is demonstrated by the increase in capillary rise of 
the soil at Site II brought under cultivation in 1947 over 
that of the virgin soil at Site I. The compact layers have 
been broken up and the soil made more permeable to the water. 
This result in turn is reflected in the good yield of cotton 
at this site. The land brought in in 1946 (Site III) shows 
a very low rate of capillary rise, which points to low per
meability. The uniformly low yields of cotton at this site 
are doubtless the result largely of this low degree of per
meability. " The lands brought under cultivation in 1940 
(Site TV) and 1937 (Site V) show high capillary rise values 
and therefore should not present any permeability problems. 
The high yields of cotton at these two sites testify to 
the •permeability of these soils. The bare spot on the land 
first cultivated in 1947 (Site VI) shows lower capillary 
rise values than even the 1946 Site III, and is therefore 
very impermeable to water. This is substantiated by the 
fact that there is no stand of cotton at this spot (see 
Plate IA). ; " : -

Capillary rise values thus explain why either no 
yields or poor yields of cotton were obtained on Sites III 
and VT. This low level of productivity may be ascribed, 
in part at least, to the low permeability of tolls tbs water, 
which-hinders the leaching of the soluble salts and the re
moval of sodium from the base-exchange complex, both of
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which are necessary for reclamation.
The lands brought in in 1947 (Site 13), 1940 (Site IV), 

and 1937 (Site V) are in good physical condition, are per
meable to water, hence good yields of cotton were obtained 
on all of these sites.

The soil represented by the bare spot at Site 7% (see 
Plate IA) showed low capillary rise values as seen in Table 
24. They were plowed to a depth of 26 inches, like the soil 
at Site IX, but did not respond to this treatment like the 
soil at Site II due to the heavy-texutre of the soil through
out the profile at this site.

In comparing the reasons for differences in yields at 
Sites III, IV and V, it may be noted that the soils at 
Site III have a very low capillary rise value in comparison 
with those from the other two sites. Since all three sites 
have about the same clay content and all have been ripped, 
the reason for the lower crop yields on Site III as compared 
with those on Sites IV and V must lie either in the cul
tural treatments applied or in the longer time that the land 
at these sites has been under cultivation.

Organic Carbon
Organic matter is an important constituent of soils be

cause of its biological, physical and chemical effects. It 
provides food and energy for the microorganisms of the soil. 
It improves the physical condition of the soil and increases
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its water-holding capacity. It is a source of carbon 
dioxide which renders plant nutrients available. The or
ganic matter fraction of the soil undergoes base exchange, 
exerts a buffering action on the soil, and thus helps to 
maintain a more or less constant hydrogen ion concentration. 
Organic carbon was determined in all the soils under inves
tigation by Walkley and Black's rapid titration method (95). 
In making the determination the soil is digested with 
chromic and sulfuric acids containing sufficient silver sul
fate to precipitate all of the chlorides of the soil. The 
excess of chromic acid is titrated with standard ferrous 
sulfate. Table 25 gives the organic carbon content of the 
soils. ' , - . -
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Table 25. Organic Carbon Content of the Soils 
(Walkley-Blaok Values)

Site
no. Depth

Organic
carbon

Site
no. Depth Organic

carbon
. ■ " ; " In. 1° in. #
I 0-3 0.327 IV 0-7 0 .266

3-7 0.151 7-12 0 .111
7-15

15-22
0.139
0.103

12-32
32-48+

0.076
0.031

22-30
30-38 0.049

0 .0 6 8 V 0-10 0 .246
38+ 0.040 10-16 0.201vS ;r: • ■

iiy , ‘ . . : 6-18 0.095 
' 0.137 VI

16-31+
0—6

0.118
0.158

... 18-28 - 0.043 6-12 0.121
28-34 0 .102 12-19 0:0?0
-34-42+ 0.065 19-23

23-31
0.039
0.061

III „ 0-9 0.233 31-42 0.059 .
9-23 0.104

23-35 0.03135- 49+ 0 .032

It is of interest to note that the organic carbon con
tent of the land brought under cultivation in 1937 (Site V) 
is high throughout the profile in comparison with the other 
sites which had beenunder cultivation for some years. This 
was to be expected since this Site V has had 4 crops of al
falfa and 1 crop of barley plowed under as green manure.

In comparing the organic carbon content in the profile 
of Sites.IV and V, it can be seen that there is more carbon 
throughout the profile at Site V than at Site-IV. Both 
sites have been ripped the same number of times. The higher
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yields at Site V (2 1/4 bales per acre) as compared with 
the yield at Site IV (1 1/2 bales per acre) may be due, in 
part at least, to its higher organic carbon content. Site 
IV has had 4 crops of barley plowed under, and Site V has 
b'enefitted by 4 crops of alfalfa and 1 crop of barley being 
plowed under as green manure. Although no studies have been 
made on the soil microorganisms, it is likely that the 
plowing-under of alfalfa stimulated certain microorganisms 
whose activity may have been responsible for the higher 
yields at Site V.

Organic carbon determinations have shown that the high
er content of organic carbon throughout the profile in the 
land brought in in 1937 (Site V), in comparison with other 
sites may be one of the factors responsible for the higher 
yields of cotton obtained. "

Exchangeable Cations and Total 
' Base Exchange CapaoTHTy -

Since the nature and content of exchangeable cations 
in a soil have an important bearing on its properties, it 
was considered important to obtain information concerning 
the exchangeable cation status of the soils to show the ex
tent to which the reclamation processes have progressed.
This determination was therefore made on all the soils under 
investigation. . :

In making the determination of the individual bases, 
the soluble salts were first removed. This was done by .



•washing the soil in centrifuge tubes with 50-cc. portions 
of 60 per cent methyl alcohol, then heating for 10 minutes 
in a water bath, and then centrifuging at 1800 revolutions 
per minute for 10 minutes. The clarified supernatant 
liquid is then decanted. The soil is stirred with another 
50-cc. portion of alcohol, and the process repeated until 
the supernatant liquid gives no test for chlorides. This 
is usually accomplished in from 3 to 6 washings.

After the soluble salts have been removed, the soil 
is treated with 4 successive 50-cc. aliquots of 2N neutral 
ammonium acetate, heated and centrifuged as above. The 
replaced solutions are retained for analysis. To them are 
added two distilled water washings and two washings with 
60 per cent methyl alcohol to free the soil from the excess 
ammonium acetate. The washings are made up to volume, 
thoroughly mixed, and aliquot portions taken for the deter
mination of exchangeable sodium, potassium, and magnesium. 
Exchangeable calcium in calcareous soils can only be ob
tained by difference.

The soil from the centrifuge tube is transferred 
quantitatively to a Kjeldahl flask with 300 cc. of water. 
Twenty-five cc. of 30 per cent sodium hydroxide are added 
to liberate the adsorbed ammonia, which is distilled into 
50 cc. of saturated boric acid solution. The ammonia is 
titrated with N /1 0 hydrochloric acid. The total base ex
change capacity, in milliequivalents per 100 gm. of soil,

65
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is calculated from the ammonia determination.
Exchangeable bases were determined on the combined ex

tracts and washings as follows:

Sodium: A 50 cc. aliquot of the solution is evaporated
to dryness on a steam bath and then heated to dull red heat 
in a muffle furnace to destroy organic matter and to remove 
ammonium acetate. To the residue 10 cc. of dilute (1:5) 
nitric acid is added to destroy carbonates. It is then 
evaporated to dryness oh a steam bath. The residue is then 
taken up with 6 cc. of water and the sodium precipitated 
according to the modified Kahane’s method (95) with uranyl 
magnesium acetate solution. The precipitated 
Na(UO2 )̂ Mg(CH3COO)g.8H2O is collected in a tared, sintered- 
glass crucible and the amount present determined by weigh
ing on an analytical balance. From the weight of the 
sodium precipitate.the exchangeable sodium is calculated in 
terms of milliequivalents .of sodium per 100 gm. of air-dry

S O i 1 ,  . : -  . ; ' - , '

Potassium: A 50 cc. aliquot is taken for this deter
mination, and the organic matter,■ eunmonium acetate and car
bonates destroyed as in the case of the sodium determination. 
The residue is taken up with 2 cc. of water and 2 cc. of 
30 per cent sodium cobaltinitrite solution added while 
stirring vigorously. The mixture is allowed to stand over
night and then filtered through a sintered-glass crucible•
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The precipitate is washed with three 2 cc. portions of 2 per 
cent acetic acid. The crucible containing the precipitate 
is put in a 400 cc. beaker which contains 150 cc. of boiling 
water and 25 cc. of 0.05N potassium permanganate solution, 
and the whole digested for five minutes. After this pre
liminary digestion 6 cc. of dilute (1:1) sulfuric acid is 
added and the digestion continued for 5 minutes longer.
After this 25 cc. of 0.05 N sodium oxalate is added, and the 
solution stirred - and heated to complete the solution of the 
manganese dioxide formed. The excess of sodium oxalate is 
titrated with 0.05N potassium permanganate. The volume of 
potassium permanganate used in the titration is a measure 
of the exchangeable potassium in the soil. The results are 
calculated as milliequivalents of potassium per 100 gm, of' 
SO 11. ;' ' ' ' :' ■ ■ . .. ■

Magnesium: Organic matter and ammonium acetate are
destroyed in a 50 cc. aliquot as in the determination of 
sodium. The ignited residue is taken up with 20 cc. of 
dilute (1:4) hydrochloric acid and warmed on a steam bath 
until solution is complete. Iron, aluminum and manganese 
are precipitated by adding 5 cc. of 8 per cent ammonium 
persulfate solution, heating to boiling and adding dilute 
ammonia (1:1) in slight excess. The solution is filtered 
while hot and the precipitate washed several times with 
hot water. The precipitate consists of ferric and aluminum
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hydroxides and hydrated manganese dioxide. The combined 
filtrate and washings after the separation of iron, aluminum 
and manganese are heated to boiling. Ten oc. of ammonium 
hydroxide is then added and calcium precipitated from the 
boiling solution by the addition of 10 cc. of hot 10 per 
cent ammonium oxalate solution. The precipitate is allowed 
to stand overnight, then filtered and washed twice with 
hot water. The calcium oxalate precipitate is dissolved in 
dilute (1 :4 ) hydrochloric acid and the calcium precipitated 
again as above. This reprecipitation, repeated a second 
time, is made to reduce the amount of magnesium co
precipitated with calcium. The filtrates and washings from 
the calcium precipitation are concentrated by evaporation 
to 50 cc. Magnesium is then precipitated by adding 5 c0» of 
a 10 per cent solution of sodium ammonium hydrogen phos
phate, stirring well and then adding 25 cc. of ammonium 
hydroxide. The precipitate is allowed to stand overnight, 
when it is filtered and washed several times with dilute 
(1:9) ammonium hydroxide. The filter and the precipitate 
are ignited until a white residue is obtained. It is 
cooled in a desiccator and weighed as magnesium pyrophos
phate (Mg2p2°7 ^e From the weight of magnesium pyrophosphate 
obtained, the amount of exchangeable magnesium in milli- 
equivalents per 100 gm. of soil is calculated.
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Calcium: Exchangeable calcium.is obtained by sub
tracting the sum of milliequivalents per 100 gm. of soil 
of exchangeable sodium, potassium, and magnesium from the 
total base exchange capacity of soil. Exchangeable calcium 
is found thus by difference. Due to the presence of large 
amounts of calcium carbonate, some of which is likely to 
dissolve in the extracting solution, it is impossible to de
termine calcium by direct methods. ^

The results are shown in Table 26.



Table 26. Exchangeable Bases and Total Base 
Exchange Capacity of the Soils
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The amounts of the exchangeable bases and total base 
exchange capacity as revealed by the data in Table 26 show 
that one of the causes of poor physical condition of the 
soil at Site III and the bare spot at Site VI is due to 
the\ high sodium saturation of the base-exchange complex. 
The extent of reclamation of the soils at Sites II, TV and 
V is indicated by the decrease in sodium and the increase 
in the exchangeable calcium.

It is fairly well established (102) that when sodium 
occurs in excess of 15 per cent of the exchangeable bases

-'i " ■ :in the soil, the soil will be strongly alkaline unless an
excess of soluble salts is present. In either case, crop
yields will be repressed. It is of interest to correlate 

- : - ' • : : the percentage of sodium on the base-exchange .complex at
various sites with yields of cotton. This has been done
in Table 27. ;



: Table 27. Effect of Exchangeable Sodium on the Yield of Cotton

Site ; 
no.

Years' 
under culti

vation
Cultural and cropping 

- practices employed

Exchangeable 
sodium per 
cent of 

total bases
Cotton
yield

bales/acre
I 0 v ;; Virgin 15.4-62.0 —

II ' 2 Hipped once and deep-plowed once 4.1- 6.6 11/2
III : ; 3 Ripped t'twoo times : 28.0—40.4 1/2
IT 9 Ripped 3 times and 4 crops barley plowed under 3.2-11.0 1 1/2
V 12 Ripped 3 times and 4 crops alfalfa and 1 of barley plowed under 2.8-13.5 2 1/4

71 2 Ripped once and deep-plowed once 29.8-41.5 . 0
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Site I, located on virgin soil, has a range of ex
changeable sodium of 15.4-62.0 per cent. Crops can scarcely 
be expected to grow under such adverse conditions. At Sites 
II, IV and V the percentage of sodium throughout the profile 
was below 15 per cent, and good yields were obtained on 
all" of these sites. On Sites III and VT, however, with the 
exchangeable sodium occurring between 28.0-41.5 per cent, 
cotton yields are low or the site is entirely bare.

During the short time of. two years the amount of ex
changeable sodium at Site II, as a.direct result of deep- 
plowing, has been reduced from a toxic concentration to an 
extremely favorable one.

.. A comparison of the percentages of exchangeable sodium 
at Sites IV and V, which have been ripped three times to a 
depth of 18 inches, and at Site II, which has been once 
ripped as above and deep-plowed once to a depth of 26 
inches, illustrates the superiority of.deep-plowing in the 
respect that it hastens the reclamation processes.

A striking fact revealed by Table 26 is that the soils 
contain no exchangeable magnesium and only small amounts of 
exchangeable potassium. It is of interest to note that the 
exchangeable potassium increases with the number of years 
of cultivation.

: Gypsum Content of the Virgin Soil 
It is difficult to.explain the rapid reduction in the 

percentage of exchangeable sodium in these soils and their
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equally rapid conversion to calcium clays without accounting 
in some way for the large amount of calcium in the soil 
either in a soluble form or in a form capable of becoming 
soluble during the course of reclamation. If the soils were 
rich in gypsum, for example, a supply of soluble calcium 
would be continuously available. To gain some insight into 
this matter, the virgin soil (Site I) was analyzed for 
gypsum by a method proposed by the U.S. Regional Salinity 
Laboratory (102). This determination is based on the fact 
that gypsum is more readily soluble in neutral N/l ammonium 
acetate than in water. The sulfate ion concentration is 
determined in the water and ammonium acetate extract of the 
soil and constitutes the basis of computing the percentage 
of gypsum. It was found that in all of the horizons at 
Site I the concentration of sulfate ion in the water and in 
the ammonium acetate extract was about the same, indicating 
that no gypsum was present in the soil. Therefore this 
source of soluble calcium is ruled out.

Calcium Carbonate Content of the Soils 
The analytical evidence of the preceding section estab

lished the absence of naturally occurring gypsum in these 
soils. Thus the only other extensive source of calcium ions 
is calcium carbonate. Kelley and Brown (72) have suggested 
the possibility that calcium carbonate may be a source of 
calcium in the base exchange reactions that occur in the 
reclamation of such soils.
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In order to gain some insight into the lime content of 
the soils under investigation, calcium carbonate determina
tions were made'on samples from each horizon at each of the 
six sites. The method used consisted of measuring the 
volume of carbon dioxide evolved from the sample on treat
ment with hydrochloric acid. The results are given in 
Table 28.

- : -• v ,

: •: ' ; :■
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M Table 28. Calcium Carbonate Content 
of the Soils

Site
no. Depth

Calcium
carbonate

Site
no. Depth Calcium

carbonate
in. : °jo in.

I 1-3 1.48 IV 0-7 1.89
3-7 6 .0 7 7-12 1.91
7-1$ 11.91 12-32 5.1315-22

22-30
: 7 .23
5.17

32—48+ 7.99
30-38 5 .09 v 0-10 3.03." - 38+ 2 .86 10-16 5.17

n  :: 0-6 3.48
16-30+ 10.34

6-18 :: 2.94 VI 0—6 5-52
- 18-28 3.39 6-12 5.77

28-34 7.57 12-19 5.30
34—42+ 5.04 19-23 6.74

23-31 7.55
i n 0-9 2.13 31-42 3.90

9-23 1.9123-35 3.9335-49+ 4.96

The foregoing data show that all of the soils under 
investigation are calcareous. The normal distribution of 
lime in the virgin soil may be seen in the data for Site I. 
This profile has the largest accumulation of lime at a depth 
of 7 -1 5 inches. After being under cultivation for a period 
of years and having been ripped or deep-plowed and irrigated, 
the lime is! seen to have moved to a much lower depth, as
shown by the data for the soils at Sites II to VI. Table: : •
29 shows the depth of maximum lime accumulation at each of 
the sites.



Table 29. Depth of Lime Accumulation at the Various Sites 
as Influenced by Cultural Practices

v'.; _ : : _ ' ■ : v1 ' ■ 1/

Site
no.

Years under 
cultivation

. • ' . w
Cultural and cropping practices employed

Depth of 
maximum 

lime accumu
lation

in.

1 0 Virgin 7-15
II 2 . Ripped once and deep-plowed once ... 28-34

III :L " 3 . Ripped two times 35-49
1Y 9 Ripped 3 times, and 4 crops barley plowed under 32-48
V 12 Ripped 3 times, and 4 crops 

barley plowed under
alfalfa and 1 crop

16-30
VI 2 Ripped once and deep-plowed once ..... 23-31



79

It is evident therefore that the calcium carbonate has 
moved to a lower level in these soils as a result of cul
tural 'practices employed. This movement of lime from the 
surface to lower horizons seems to have played an important 
part in the reclamation of these soils. After the concen
tration of salts is reduced by leaching, the exchange of 
sodium by calcium begins to take place. Calcium carbonate 
is usually very finely subdivided and intimately mixed with 
the soil. The close contact between the soil particles and 
calcium carbonate makes interaction between them by base 
exchange possible only if there is a localized reduction of 
pH of the film of water or solution existing between them. ' 
Such a pH reduction can easily occur if there is organic 
ratter present along with ah active heterotrophio microbial 
flora to supply carbon dioxide. Even if the soil:is some
what compact, the anerobic organisms can be depended upon to 
produce some carbon dioxide. The carbon dioxide so produced 
has the effect not only of rendering the calcium carbonate 
somewhat more soluble, but also of flocculating the dispersed 
sodium clay to some extent, thus providing more favorable 
conditions for the cation exchange.

The reaction which can then conceivably occur may be 
written as follows: ,

(1) 2 NaZ + CaC03 + H2C03^ = ±CaZ2 + 2. NaHC03 .

Where Z represents the complex of clay and organic matter 
in)the soil which undergoes cation exchange.
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It is seen from this reaction that when replacement 
occurs, sodium is replaced and exists in solution as sodium 
bicarbonate. Since the reaction is reversible, it is evi
dent that it can be made to proceed from left to right only 
if the sodium bicarbonate is removed, as it can be by leach
ing, provided the soil is sufficiently permeable. For this 
reason also there can be but little exchange of sodium from 
the complex unless the sodium salts initially present Eire 
largely removed by leaching.

. The solubility of calcium carbonate is a function of 
both salinity and alkalinity (1 6). If a sample of calcium 
carbonate is shaken with distilled water and phenolphthalein 
added, the indicator turns pink, indicating a pH of 8 .6 or 
higher, due to hydrolysis. If sodium chloride is added to 
the suspension and shaken, the pink color is intensified, 
showing that the pH has increased. This is evidence that 
the hydrolysis of calcium carbonate is increased by the ac
tion of sodium chloride which has been held by some inves
tigators to be due to the direct reaction between sodium 
chloride and calcium carbonate as follows:

(2) 2 NaCI + CaC03 + ^ 0 CaCl2 ♦ NaHC03 + NaOH
This reaction can occur only if one assumes that the sodium 
chloride increases the thermodynamic activity of the water. 
This reaction proceeds at best only to a very slight extent 
because of the effect of sodium hydroxide in reducing the 
solubility of calcium carbonate. However, to whatever
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extent it does proceed, an equivalent amount of calcium 
ions is put. into solution. . If there is a source of carbon 
dioxide, as from the microbial decomposition of organic 
matter, this alkalinity is neutralized and Reaction (1 ) can 
take place. Leaching out the sodium salts will of course 
reduce the extent to which Reaction (2) takes place, but 
it does favor Reaction (1 ). Thus as the salinity is reduced 
and carbon dioxide is supplied, the reclamation can readily 
proceed according to Reaction (1), even though it may occur 
only in the restricted moisture film between soil and cal
cium carbonate particles.

... The sodium bicarbonate formed in the above reaction
is leached deep into the subsoil, as far as the soil condi
tions permit. This depth is evident from Table 26 which 
shows that the exchangeable sodium is higher in the lower 
horizons than in the surface soil, indicating that the 
almost complete replacement of the sodium has not occurred 
at the lower depths due to the existence of higher sodium 
concentrations there.

The effectiveness of calcium carbonate varies with 
the carbon dioxide tension in the soil, inasmuch as its 
solubility increases with the carbon dioxide tension. The 
data in Table 30 by I’rear and Johnston (25) show the rela
tionship between the pressure of carbon dioxide and the 
solubility of calcium carbonate.
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Table 30. Solubility of Calcium Carbonate 
in Water at 25° C. and Various Pressures of 

Carbon Dioxide

Pressure of COg 
in atmosphere

CaCO^
(Ga++)xl0% pH

0.000310 0 .5 2 8 .30

0.00334 .. :, •- 1.17 7 .6 2

: 0.0160 2 .01 7.18
/ 0 .0432 2.87 6 .90

_ 0.1116 ... . 4.03 6.64

On the basis of these data it is apparent that calcium 
carbonate can be a source of calcium for the replacement of 
sodium on the exchange complex. The replacing power of 
calcium ions is considerably greater than that of sodium 
ion. The decomposition of organic matter by microorganisms 
and the carbon dioxide so generated, as well as that given 
off by roots of growing plants, make calcium ions available 
for the replacement of sodium from the soil complex.

Irrigation Water
The fact that the irrigation water used may have con

tributed to the reclamation of the soils in this investiga
tion should also be considered. The waters from six wells 
used for irrigating the various fields were analyzed for
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carbonate,: bicarbonate, chloride, sulfate, nitrate, cal
cium and magnesium ions, and the sodium content found by 
difference. :

Carbonates and bicarbonates were determined by titra
tion with N/5O H 2SO4 using phenolphthalein and methyl orange 
indicators. Chlorides were found by titrating with silver 
nitrate solution, using potassium chromate as an indicator. 
Sulfate was determined turbidlmetrioally as barium-sulfate. 
Nitrate was determined colorimetrieally by the phenoldi-

>: I
sulfonic acid method, after removal of chlorides with 
AggSO^. Calcium and magnesium were determined by titration
with standard soap solution. The data are given in Table
on ' . " : • ' : r. ' ■ • - • :

■/- : >



Table 31. Chemical Analyses of the Waters Used for Irrigation 
(Results Expressed in Terms of Parts per Million)

Well 
no. TSS G0~~ h c o^ ci- S O " NO3 Ca++ Mg++

Na+ by 
differ- 
enoe Na/Ca

1 3,790 nil 379 491 1,683 10 288 1 938 3.3
2 866 m 145 169 275 5 171 0 101 0.6
3 394 w 135 47 93 3 67 1 48 0.7
4 2,065 M 213 395 788 7 359 1 302 0.8
5 535 M 148 71 152 2 78 1 83 1.1
6 3,011 m 218 466 1,362 8 439 0 518 1.2

Average 1,777 all 206 273 726 6 234 1 335 1.4 .
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The analyses, show that the salt content of the well 
waters used varies from well to well. Since one site
received water from more than one well, it is not possible 
to discuss the effect.of each of the waters on the site to 
which it was applied. In discussing the overall effect of 
the irrigation waters on the soils, averages were taken of 
their salt content and the various ions found by analysis. 
The.average total salt content of the irrigation water is 
1,777. parts per million. This is quite high but still under 
the limit of 2,000 pa,rts per million generally regarded 
as the maximum concentration permissible for use on a sandy 
loam soil. McGeorge (90) classifies a water as poor if it 
contains 2,000 ppm. of salts. Since the soils under culti
vation are found to have been largely leached of their ' 
soluble salts as shown in Table 10, the high salinity of 
the water does not seem to have caused an increased salt 
accumulation in the soilsii nor to have had any serious ad
verse effect on crop production. Table 10 also shows no 
indication of the accumulation of salts in the cultivated 
soils. Since 41/2 to 5 1/2 acre-feet of water is used an
nually for irrigation, it appears that the salts so added 
have in time moved downward in the profile as a result of 
the favorable drainage conditions created by the various 
farm practices employed.

The average ratio of sodium to calcium is 1.4, that is 
sodium is about 58 per cent of all the cations in the water.



It is not possible to give a quantitative value to the ef
fects produced by the cations in the irrigation water, owing 
to the complexity of the soil components. The effect which 
the irrigation water would theoretically have on the ex
changeable sodium content of the soil was estimated jfjrom 
Figure 8 based on Gapon’s equation as proposed by the U.S. 
Regional Salinity Laboratory (102). When the cation concen
trations are converted to the basis of milliequivalents per 
liter, it is found that, at equilibrium, 6 to 10 per cent 
of the exchangeable cations on the exchange complex will be 
sodium if the soil is irrigated with the Irrigation waters 
listed in-Table 3!• This shows that the irrigation water, 
in addition to serving as a medium for the removal of the 
soluble salts originally in the soil, also contributes to 
a considerable extent toward the conversion of the sodium- 
soil into a calcium-soil. These deductions show that the 
irrigation water used has played a very important role in 
the reclamation of these soils.

Neubauer Studies
In order to gain an insight into the nutrient status 

of the virgin Casa Grande sandy loam (Site I), Neubauer 
studies were made for phosphorus and potash on the various 
horizons of the soil at Site I. The technique as modified 
by McGeorge (91) is described in detail below:

One hundred gm. of soil are mixed with 50 gm. of sea 
sand and put in an enameled pot about 11 cm. in diameter

86
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and 7 om.. in depth. One hundred gm. sea sand is then 
spread over this soil-sand mixture, and 100 Sacramento bar
ley seeds spread on the sand. Sea sand is then spread on 
the barley seeds.until the weight of the pot and its con
tents became 570 gm. About 150 gm. of sand are required. 
Water is then sprinkled on the contents in the pot, bring
ing its weight to 640 gm. The pot is weighed every 24 
hours and the weight brought back to 640 gm. by sprinkling 
with water. The barley seedlings are harvested on the,
16th day. ,

The seedlings are then analyzed after drying them in 
the oven. They are ignited at dull red heat in the muffle 
furnace until all organic; matter is burned off , leaving a 
clean ash. To the ash, 10 cc. of water and 25 cc. of dilute 
(1:4) hydrochloric acid are added and warmed on the steam 
bath until solution is complete. It is then transferred to 
a 250 cc. volumetric flask and made up to volume with water. 
. , A 50 oc. aliquot is taken for the potassium determina
tion. Potassium is precipitated with 30 per cent sodium 
cobaltinitrite and titrated with standard permanganate as 
described in a previous section. From the amount of potas
sium permanganate used, the number of milligrams of KgO per 
100 gm. of soil is calculated. The difference between the 
weight of K2O found in the plants grown in pots containing 
the soil-sand mixtures and those containing only sea sand 
represents the amount of available potash in the 100 gm. of



88

soil used.
: Phosphate was determined volumetrically on another

aliquot portion of the solution. Fifty oc. of the solution 
was transferred to a 250 eo. beaker, and 3 gm. of ammonium 
nitrate and 1 oc. of 10 per cent ferric nitrate solution 
added to it. Ammonium hydroxide was then added until ferric 
hydroxide began to precipitate. Dilute (1:5) nitric acid 
was added slowly until the precipitate just dissolved and 
the solution became entirely free of precipitate. After 
this, 25 cc. of ammonium molybdate solution (made accord
ing to A.O.A.C. methods, 1945, sixth edition, p. 19) was 
added from a pipette, while stirring constantly. The solu
tion was stirred continuously for 30 minutes while precipi
tation of ammonium phosphomolybdate was taking place. The 
precipitate was filtered, washed twice with 10 per cent 
ammonium nitrate solution, and three times with water. The 
filter paper, with precipitate, was then transferred to the 
original beaker. Fifty cc. of water and.25 cc. of standard 
1J/2 sodium hydroxide were added. The excess sodium hydroxide 
was titrated with standard M/2 hydrochloric acid, using 
phenolphthalein as an indicator. From, the amount of sodium 
hydroxide used the weight of P2°5 j-n 'bhe aliquot was found, 
and from this was calculated the milligrams of P2O1; per 
100 gm. of soil. The difference between the milligrams of 
p205 in the seedlings grown in the soil-sand mixtures and 
those grown on sea sand represents the amount of available
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phosphate In 100 gm. of soil. The results are shown In 
Table 32. :

Table 32. Neubauer Values for K20 and P2O5 
on Virgin Soil, Site I

Site no. Depth K20 P2O5

I ... in #
1-3

mgm./iod gm. 
25 .6

mgm./lOd gm. 
1.7

3-7 24.4 4.2
7-15 1 2 .8 4.4

15 -22 13.1 5.0
22-30 2 2 .8 2.4
30-38 22 .6 : 1 .3  : y- '
~ 38+ - 2 2 .8 - 2 .0 :" "

The limiting Neubauer values for barley are 19 mgm.
IC2O and 5 mgm. PgO^ per 100 gm. of soil; the values in 
Table 32 show that the virgin soil is well supplied with 
potassium, but the status of phosphate is doubtful. It is 
likely that crops in this field.will respond to phosphate 
fertilization.

The land brought under cultivation in 1937 (Site V) 
had a 100-pound application of liquid phosphoric acid per 
acre in 1948. This site produced 2 1/4 bales of cotton per 
acre in 1948-1949. >Vhile no exact yield figures are
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available for cotton before the 1948-1949 crop, it is felt 
by the owners that phosphate applications made early in the 
seedling stage tend to give, the young plants a better start 
and produce slightly higher yields. It should be noted 
that the yields at Site V have consistently been higher than 
those from the other sites under investigation.

Greenhouse Studies
: To gain more information on the probable response of

the soils here being studied to fertilizers and soil amend
ments, a sample from the surface 10 inches of Site II was 
screened to 10-mesh and mixed thoroughly. Two-kilogram 
portions of this soil were placed in pots, treated with fer- 
tilizers and amendments, and planted to hegari. .The appli
cations were made to duplicate pots, each receiving six 
seeds which after sprouting were thinned to four plants 
evenly distributed in the pot. The materials used and rate 
of application are given in Table 33.
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Table 33. Kind of Material and Rate of Treatment
Applied in Fot Testa to the Soil from

the Surface 10 Inches at Site II

- ..:111 J " 1 1 1 1 1 1 ■ . . . .
Fertilizer or..... .

amendment
Plant nutrient 

supplied
Rate of

application
lbs./acre

Ammonium sulfate N 100
Potassium sulfate K . ; 100
Superphosphate P 200
Yellow sulfare - 2,000
Gypsum 2,000

Crop responses were noted by measuring the average 
height of the hegari plants in duplicate pots after 30, 45 
and 60 days, as well as determining the dry weight of the 
above-ground part of the plants at harvest time (60 days). 
The results are assembled in Table 34.
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Table 34. Average Height and Dry Weight after Harvesting 
of 8 Hegari Plants Grown on Surface 10 Inches 

of Soil from Site II

Treatment
30 days

Height -
45 days 60 days

Dry weight

om. cm. cm. gnu
Check 11.2 21.0 25.7 1.3N 12.2 22.1 25.5 2.2
P 11.6 20.2 24.5 1.7
K : 11.9 19.5 23.4 1.2
s 9.4 15.2 19.6 1.0
G 14.0 21.9 26.5 1.8
N,P 11.6 24.1 29 .0 3.2N,S 12.6 18.3 23 .2 1.6
N,K • . 13.0 20.9 22.9 2.4P,K 13.1 ' 21.0 25.1 1.4P,S 10.. 5 18.2 23.7 1.1
K,S 10.1 1 5 .6 21.2 1.0
N,G . . 15.5 31.0 36.2 3.8
P,G 11.2 18.4 22.1 1.2
K,G . 11.7 21.1 25.7 1.6
N,P,K 23.1 30.5 34.4. 4.2
N,P,S 16.6 24.0 29.7 2.4
P,K,S 12.9 ; 18.2 21.2 1.2
N,K,S 13.7 24.1 28.1 2.3N,P,G 18.9 28.2 34.4 4.7
N,K,G 16.4 3 0 .6 35.1 4.0
K,P,G 13.9 21.5 24.7 2.0
N,P,K,S 13.4 19.2 22.2 1.3
n ,p ,k ,g 15.9 31.7 36.4 4.0

In these tests, hegari was found invariably to
to nitrogen, whether applied alone or in conjunction with
some other plant nutrient. Nitrogen applied to the soils 
at Site 7 by the plowing-under of alfalfa improved the physi 
cal condition of these soils, which no doubt was responsible
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for increased yields at this site. The crop response to 
phosphate was positive, confirming the writer's Neubauer 
studies presented in a previous section. Only where phos
phate is applied in combination with sulfur are the yields 
depressed. The soil used in the pot experiments was heavy 
and impervious, and it is therefore possible that the sul
fur-oxidizing bacteria were not able to oxidize the sulfur 
readily and that other organisms were oonpeting with the 
plants for the available plant food. Ilhen phosphorus is 
applied along with nitrogen, the crop seems to show an added 
response. When sulfur is applied in combination with nitro
gen and phosphorus or with nitrogen and potassium, the 
yields are lower than those obtained by the application of 
nitrogen and phosphorus or nitrogen and potassium alone.
1 The crop gave little response when potassium along 

with nitrogen was applied over nitrogen alone, but when po
tassium was applied,along with nitrogen and phosphorus it 
gave a definite response.

The crop responds to gypsum when it is applied in com
bination with nitrogen, but not appreciably when it is ap
plied with phosphorus or potassium. However, when gypsum 
is applied in combination with nitrogen and phosphorus 
or nitrogen and potassium, the yields are increased.

After harvesting the hegari, the soils in the pots 
were examined to determine if the treatments had affected 
them in any way which might have been reflected in the
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crop yields. The total soluble salt content, the pH, and 
the capillary rise values of the soils from each of the 
pots were accordingly determined and are given in Table 35.

Table 35. Total Soluble Salts, pH, and Capillary Rise 
Values after the Harvesting of Hegari Grown on the 

. Surface 10 Inches of Soil at Site II

Treatment
Total sol
uble salts PH(paste)

Capillary rise 
1 hr. 3 hr. 20 hr.

ppm. cm. cm. cm.
Check 710 7.5 11.5 19.1 42.8
N . . . 640 7.9 8.9 13-9 39.8P • - 790 7.8 10.2 16.3 38.6
K  ■ .... 890 7.9 10.9 17.5 41.0
s .... 1885 8.0 11.4 17.9 41.4

: 1290 8.1 9.8 15.2 36.2
N,P 1030 ...7.9 : 10.0 16.9 . 38.3N,S 2240 8.0 9.5 14.8 34.9N,K. 710 8.1 8.9 15.3 36.4P,K 835 8.1 10.5 16.3 37.2
P,S 745 8.0 . 10.3 16.5 38.0
E,S 1030 8.1 10.6 16.5 38.0
H,G . 850 . 8.2 .8.9 1 5 .0 35.0
P,G 3340 7.9 9.5 15-5 34.0
K,G , 4750 8.1 9.0 15.0 3 2 .2

N,P,K 640 8.1 9.8 16.3 36.1
N,P,S 890 8.1 9.5 15.8 36.0
P,K,S 790 . 8.1 8.8 14.9 36.3N,K,S • " 3850 7.9 9.6 15.6. 37.0
N,P,G. 1790 8.2 9.5 15.9 36.7N,K,G 1550 8.0 9.7 15.5 36.8
K,P,G 1320 - . 8,2

9.1 14.5 35.1
N,P,K,S 1790 8.0 8.8 15.4 37.4N,P,K,G 1555 8.1 8.9 14.3 34.3
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The total soluble salt content was in no case ex
tremely high, and it is not likely that an excessive salt 
concentration was responsible for the low yield.

The pH values are all within the normal range for Ari
zona soils, namely 7.5-8.5, and do not explain the crop 
responses obtained by the use of fertilizers, nor do they 
explain the reduction of yields on the pots receiving sul
fur.

The capillary rise values ranged from 3 2 .2 to 42.8 cm. 
in-20 hours. There is no indication that structure or water 
permeability is responsible for the low yields on the 
sulfur-treated pots. There is a general reduction in capil
lary rise values on the pots which are high in soluble 
salts. This observation confirms those previously obtained 
in experiments to test the capillary rise method.

; Several weeks after the hegari was harvested, the dry 
soils along with the roots of the previous crop were gent
ly rolled to reduce the size of the clods, screened to 10- 
mesh; and replaced in their original pots. They were again 
planted-to hegari- without any new treatment. - It was hoped 
by using this procedure to again check the effect of sulfur 
on crop yields. The average height and dry weight of the 
8 plants from the duplicate pots are given in Table 36.
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Table 36. Average Height and Dry Weight After 
Harvesting of 8 Hegari Plants,
Replanted after the First Crop

Height Dry
Treatment 30 da. 45 da 60 da. weight

cm. cm. cm. gm.
Check 20.2 26.7 30.4 3.6N ■ 20.4 25.0 27.4 3.4P 18.9 23.2 28.4 2.7K- : 19.0 24.2 27.4 2.4G 14.1 21.5 2 3 .0 1.9G ' ::' , ■ 16.0 21.6 2 5 .6 2.2
N,P 16.4 20.5 25.7 3.1N,S 19.1 23.1 26.4 2.3N,K: 18.0 21.1 28.1 2.6
P,K 18.0 23.7 29.7 2.8
P,S 14.2 19.1 20.9 2.0
K,S 15.9 21.6 26.4 2.4N,G 19.2 2 3 .6 27.1 2.5
P,G 18.5 23.7 28.2 2.6
K,G 14.0 22.2 27.4 2.7
N,P,K .... 19.2 2 3 .6 29.1 2.8
N,P:,S , 14.0 21.7 26.2 2.0
P,K,S 12.5 18.2 24.1 1.8
N,K,S 13.0 19.1 23.9 : : 2.1
N,P,G 16.6 21.7 25 .6 2.5
N,K,G ; . 18.1 24.1 28.9 2.5
K,P,G 18.1 22.2 25.4 2.4
N,P,K,S 17.1 22.6 25.7 2.5
n ,p ,k ,g ,.. 17.6 25.7 28.7 2.5

Fertilization with N , P, K <cr S singly gave crop
yields lower than the check pots , the presumption being
that the first crop used .most of the available elements
added, leaving little for the second crop. Sulfur in com-
bination with other elements produced less dry weight of



crop than the fertilizer without sulfur. Evidently the 
sulfur had not.yet decomposed, and the sulfur organisms were 
competing with1 the plants for the small amount of available 
nitrogen. ;

! ! . ....... ..' ' ' ■"Farmers in-the Casa Grande valley have noted an in
crease in cotton yields after a crop of alfalfa had been
plowed under. ! This..increase in yield may have been due to
an increase in nitrogen, or.to an improved physical eon-! ... ‘... •.— ’ ” ___ . .... — f - . -
dition of the soil, dr“both. The increased cotton yields 
are greater :'aft.er..-plowing-under alfalfa than after plowing-

! j ------under barley, which indicates the beneficial effect of the 
organic nitrogen'so'added. - - .' -

W.
Field Studies

In order to secure some informtion on the effect of
I i ..... .... ..... ... ■ ........ .- .r _ j

soil amendments'qn crop response,"structure and permea
bility of ;the iCasa Grande soils, a series of field plots 
was laid out in the vicinity of Site II, the arrangement

I i .of which was as shown in Figure 2.
Fourteenjcheck plots and an equal number of plots

! lH  ■__________**!...... -.......fdesigned tofreceive amendments were laid out; in alternate
strips acrossithe field. The plots were"20 x 25 feet in
size, and spaced so that no part of the plot was nearer
than 100 feet from the edge of the field. The amendments

: : I ! :
were applied on April 1, 1948, and are given in Table 37.
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Table 37. Soil Amendments Applied to
Field Plots at Site II

Plot
no. Soil amendment

1 5 gal. of ferric sulfate* solution containing
15 gnu acid equivalent of sulfuric acid 
per 100 cc.

2 Same as Plot 1 '
3 100 pounds equivalent of yellow sulfur per acre
4 500 pounds equivalent of yellow sulfur per acre
5 Same as Plot 1
6 10 gal. ferric sulfate solution containing

15 gm. acid equivalent of sulfuric acid per 
100 cc.

7 1 ton equivalent of gypsum per acre
8 500 pounds equivalent of yellow sulfur and 10

tons equivalent of manure per acre9 No treatment
10 2 tons equivalent of gypsum per acre
11 100 pounds equivalent of yellow sulfur per acre
12 5 tons equivalent manure per acre
13 5 gal. neutral ferrous sulfate solution contain

ing 60 gm. iron per litre
14 4 pounds commercial, granular, anhydrous ferric

sulfate

*A11 iron salts supplied by Mr. H.E. Keyes, and were pre
pared by autoxidation process, Chem. Met. Eng., May 1946.

It was not feasible to harvest the cotton from the 
field plots as a measure of crop response. As an alterna
tive index of response to the treatments, the heights of
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24 cotton plants in each plot were measured. These mea
surements were made on November 7, 1948 and are shown in 
Table"38. .......... .....  ....... ' --

■ iU:

?.f)32R4
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Table 38. Average Height of 24 Cotton Plants
on Field Plots at Site II

Plot
no. Treatment Height

cm.
• 1 . , Cheek 81it 5 gal. ferric sulfate solution 84
' 2 Check 82

Same as Plot 1 88
Check 80M ^ 100 pounds yellow sulfur per acre 93

■- - f- .4 Check 85500 pounds yellow sulfur per acre 97
5 Check 94W Same as Plot 1 99
6 Check 94W 10 gal. ferric sulfate solution 96
7 Check 91W 1 ton gypsum per acre 96
8 Check 84tt 500 pounds yellow sulfur and 10 tons manure

per acre 104
9 Check 81tt No treatment 81

10 Check 86M 2 tons gypsum per acre 103
11 / Check 90100 pounds yellow sulfur 106
12 Check 875 tons manure per acre 108
13 Check 90tt 5 gal. neutral ferrous sulfate solution 107
14 Check 97tt 4 pounds commercial, granular, anhydrousferric sulfate 104
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In every Instance the average height of the cotton 
plants on the treated plots was greater than on the un
treated plots. The greatest responses were on the plots to 
which manure had been applied. Heavy applications of gypsum, 
sulfur, and ferric sulfate seem to give an increase in plant 
height. No attempt was made to correlate plant height with
yield.;

As a measure of permeability, capillary rise determina
tions were made dtn soils from each of the plots at depths 
of 0-3 and 3-6 inches. The results are presented in 
Table 39.
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Table 39. Capillary Else in the Soils from
the Field Plots at Site II

Plot
no. Depth

Capillary rise
Treatment 1 hr. 3 hr. 20 hr.

in. cm. cm. cm.
1 0-3 Check 9.4 15.8 35.11 M 5 gal.; ferric sulfate soln. 9.7 15.9 35.8
1 3-6 Check 8.2 1 3 .2 28.2
1 M 5 gal. ferric sulfate soln. 9.5 15.8 35.4
2 0-3 Check 11.1 17.4 37.2
2 w 5 gal. ferric sulfate soln. 11.7 19.8 42.12 3-6 Check 10.8 17.4 36.1
2 ■.”... 5 gal. ferric sulfate sola. 10.9 17.8 39.5
3 0-3 Check 11.8 18.4 38.1
3 H 100# yellow sulfur per acre 14.0 23.4 50.43 3-6 Check 9.3 15.2 29.8
3 it 100# yellow sulfur per acre 11.8 18.6 31.3
.4 0-3 • . Check . 13.7 21.4 44.44 n ■ 500# yellow sulfur per acre 14.3 22.9 50.54 ... 3-6 . v . Check . 10.2 16.3 33.0
4 500# yellow sulfur per acre 11.9 19.5 44.1
5 0-3 ! 5 gal. ferric sulfate soln. 14.1 22.8 49.8
,5 . .. 3-6 . . 1-,:- : 9.8 18.8 36.2
6 0-3 10 >. >  ...... .. 14.1 23.2 . 50.96 3-6 - - it " n 13.1 20.5 44.3
7 0-3 1 ton gypsum per acre 13.1 * 20.2 42.8
7 3^6 ft 14.7-4 •• • - . . 23.3 49.5
8 0-3 500# yellow sulfur and

10 tons manure per acre 14.2 23.9 50.58 3-6 ....« . , ll'l 18.8 42.8
9 0-3 No treatment 15.1 24.2 52.09 3-6 m ■" - - '' 14.4 23.4 51.8

10 0-3 2 tons gypsum per acre •4: :• ~!' 4 - '15.4 24.7 51.910 3̂ *6 12.7 20.8 44.9
11 0-3 100# yellow sulfur per acre 13.1 21.7 50.511 3-6 n « 10.4 17.3 39.6



Table 39 (oont.)

Plot / 
no'. Depth Treatment

Capillary rise 
1 hr. 3 hr. 20 hr.

j
12 / 12
13
13
14 
14

/ in.

i t ’ "
3-6
0-3
3-6

5 tons manure per acre
n n

5 gal."neutralferrous
sulfate soln.« «

cm. cm. cm.
15.2 24.6 50.8
15.0 24.3 51.1

15.2 24.3 50.310.2 16.3 35.2
4# commercial, granular, . 1 1

anhydrous ferric sulfate 13.1 20.8 4715"
. H . 9  19.8 47.3

! 1 ■!.. _In each .case -the—capillary rise values on the treated
! 1 ; I: \ ' :plots were greater than on the untreated plots, showing a

general improvement in the physical condition of the soil.
: , . - - ' ; ; :The highest capillary rise values were recorded on the
: ■ ■ . ' ^  : ■ ' :plots receiving manure and the heavier applications of soil

amendments. The capillary rise determinations indicate im
provement in permeability of the soil to water, but they do 
not indicate why there has been an Improvement. If aggre-
gation has occurred, there should be an increase in the

. . .. . - ... ! !

larger pores. The pore spaces, both capillary and non-
• : 5 Mcapillary, were determined on the suction table (see Figure

■ : : i3) adjusted to a tension of 40 cm. of water. The method of
: i : i

Learner and Shaw (78) was used. It is briefly described as 
follows: ..-v



Blotter
Screen

Figure 3* Suction table for measuring non-capillary porosity of soils (after Leaner and Shaw)
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: A 4-ounce galvanized iron sampling can having 3 holes 
in the bottom is placed in the sampling device (see Figure 
4) and forced into the soil at the depth desired with as 
little disturbance of the soil as possible. The tool and 
can are removed and the excess soil struck off even with 
the top of the can, and the can tightly covered. It is 
taken to the laboratory where the cover is replaced by a 
piece of muslin secured with a rubber band. .The soil is then 
saturated by immersing the can in water and allowing it to 
soak until all of the pores have been filled. It is re
moved from the water, wiped very quickly to remove the ex
cess from the outside of the can, and weighed. It is then 
transferred to the suction table (see Figure 3), fitted with 
a fresh desk blotter and adjusted to a tension of 40 cm. 
of water. It is allowed to remain on the suction table un
til it loses no more water and is in equilibrium with the 
40 cm. tension. It is weighed again and the loss of water 
determined. This water is only loosely held in large 
spaces. It can be easily removed by gentle suction, and is 
classified as non-capillary water. The pores from which it 
came are termed "non-capillary" pores. Following the suc
tion period the can containing the soil and the water not 
removed by suction is placed in the oven at 105° C. and 
dried to constant weight. The water lost on drying is the 
water which is held in the capillary pores of the soil. It 
represents the "capillary porosity” of the soil. From these

104
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capillary and non-capillary porosity data, the percentage 
of each is calculated. The data are assembled in Table 40. •

• i )i

t j



Table 40. Capillary and Non-capillary Porosity of the Soils 
from the Field Plots at Site II

r? &

Plot
no. Depth Treatment No

n-
ca
pi
ll
f

po
ro

si
ty

Ca
pi
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y
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ty

po
rS

lf
lJ

■ ' 
;
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?
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*
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y
po
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ty
*

in. $ 1o . f >
1 0-3 Cheek 11.03 36.77 47.80 23.08 76.92
1 M 5 gal. ferric sulfate solution 7.63 31.87 39.50 19.31 80.691 3-6 Cheek 7.63 31 .10 38.73 19.69 80.311 5 gal. ferric sulfate solution 5.68 36.61 42; 29 13.43 86.57
2 0-3 Check 8.22 33.90 42.12 19.52 80.482 5 gal. ferric sulfate solution 7.88 33.80 41.68 19.38 80.622 3-6 Check 7.03 32.72 39.75 17^70 82.302 M 5 gal. ferric sulfate solution 8.33 36.27 44.60 18.32 81.68
3 0-3 Check 9.32 34.15 43.47 21.45 78.553 M 100# yellow, sulfur per acre 7.20 34.15 41.35 17.42 82.58
3 Check 10.43 33.56 43.99 23.70 76.30
3 M 100# yellow sulfur per acre 8.05 35.76 43.81 18.37 81.63
4 0-3 Cheek 7.97 34; 66 42.63 18.69 81.31
4 n 500# yellow sulfur per acre 11.44 34:92 46 .36 24.68 75.324 ' 3—6 Check 10.68 34.66 45.34 23.55 76.454 w 500# yellow sulfur per acre 9.15 34.32 43.47 21.06 78.94
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Table kO

Plot
no. Depth Treatment

In.
5 0-3 , 5 gal. ferric sulfate solution
5 3-6 M ft
6 , 0-3 10 gal. ferric sulfate solution
6 3-6 M ft

7 0-3 1 ton gypsum per acre
7 3-6 ft

8 ,0-3 500# yellow sulfur and 10 tons
manure per acre

8 3-6 n it

9 0-3 No treatment
9 3-6 «

10 0-3 2 tons gypsum per acre
10 3-6 M

11 0-3 100# yellow sulfur per acre
11 3-6 **

(cont.)
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*

% 7* % %
8.05 36.10 44.15 18.24 81.76
8.64 35.68 44.32 19.50 80.50
9.07 34.58 43.65 20.77 79.23
6 .69 35.84 42.53 15.74 84.26
8.90 34.58 43.48 20.47 79.539.24 38.14 47.38 19.50 80.50

9.91 37.31 47.22 21.00 79.00
10.43 35.00 45.43 22.95 77.05
9.49 37.37 46 .86 20.25 79.7510.34 35.76 46.10 22.47 77.53
8.55 37.12 45.67 18.74 81.267.37 35.51 42.88 17.20 82.80
7.54 38.14 45.68 16.51 83.497.71 38.98 46.69 18.46 81.54
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Table 40 (oont.)
>> :• :: V i»fi ft

Plot
no.

:
Depth ; Treatment , No
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In * * si si
12 0-3 5 tons manure per acre . 6.27 36.44 42.71 14.68 85.32
12 3-6 tt

i '
8.31 35.51 43.82 18.95 81.05

13 0-3 5 gal. neutral ferrous sulfate 
solution 7.97 36.78 44.75 17.80 82.20

13 3—6 n ## 11.02 36.78 47.80 23.05 76.95
14 0-3 4# commercial, granular, anhydrous 

ferric sulfate 9.24 38.55 47.79 19.32 80.68
14 3—6 M ## 9.24 38.48 47.72 19.36 80.64

♦Percentage of the total
*
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The total porosity or voids in the soil should occupy 
about half the volume of the soil for best aeration and 
drainage, and the pores should be equally divided between 
the capillary and non-eapillary pores. In all of the soils 
investigated the total porosity lies in a satisfactory 
range slightly below 50 per cent, but the distribution be
tween capillary and non-capillary pores is not ideal. The 
non-capillary pores represent in the neighborhood of 20 per 
cent ■'■■of the total pore space instead of the more desirable 
50 per cent. It may be concluded that none of the treat
ments "applied have had a significant effect on the porosity 
of the surface 6.inches of the soil, therefore the response 
of cotton on the treated plots is not due to any change in 
the pore space of the soil.

Mineral Composition of Soil Colloids 
Since the physical and chemical properties of clay 

minerals, either separately or in mixtures, influence struc
ture, fertility, permeability and ease of reclamation of a 
soil, the mineral composition of the soils under investiga
tion was found by hydrothermal analysis.

.. <• •• ■■;"*. » ' ■ ■ ' " * . -• . -

Separation and Purification of the Soil Colloids: The
clay fraction with ah effective diameter of less than 0.1^* 
is separated from the soil sample by dispersion and
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sedimentation. The colloid thus separated is purified for 
analysis by removing organic matter and carbonates. It is 
then saturated with calcium and washed free from soluble 
salts. The procedure of Robinson (103) was used in separat
ing and purifying the colloid samples, and is as follows:

A"convenient sample of the soil is put in a Hamilton- 
Beach stirrer cup with 500 cc. of water and 5 co. of normal 
sodium hydroxide and stirred. The suspension is screened 
through a 300-mesh sieve, put into a Bouyouoos cylinder and 
set aside for sedimentation. After 24 hours the suspended 
material:is siphoned off to a depth of 30 cm. The suspen
sion is then coagulated by adding about 50'0eo. of 2N calcium 
chloride. After the suspension has settled, the clear 
supernatant liquid is siphoned off and the thick suspension 
transferred to a large beaker. Sufficient sodium hypobromlte 
solution is added to make the suspension approximately
0.3N in that reagent. The suspension is adjusted to a pH 
of between 9 and 10, and a small amount of sodium bicar- 
bonate added to act as a buffer. The suspension is then 
heated while stirring until oxidation of the organic matter 
is complete. After oxidation 0.5N hydrochloric acid is 
added to the suspension to remove all carbonates. The 
acidity of the suspension is not allowed to exceed a value 
of pH 2.0. The suspension is then centrifuged and the clear 
supernatant solution poured off. The colloid is treated 
with 2N-calcium chloride solution and heated by putting the
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centrifuge tubes in a beaker of boiling water to hasten 
replacement; The suspension is centrifuged, the clear 
supernatant solution poured off, and the process repeated 
until four such treatments have been given. The excess 
calcium chloride is removed by washing and centrifuging twice 
with distilled water and then with 60 per cent methyl alco
hol until the supernatant liquid after centrifuging.gives 
no test for chlorides. The colloid sample is then air-r. 
dried and ground to 100-mesh, preferably in a ball mill.
It is then humidified for not:less-than; 96 hours over 50 per 
cent sulfuric acid,, which gives a relative humidity of about 
37 per cent. : v. : V  ;■ - : ; % :-

Chemical Analysis of Soil Colloids: The purified col
loids were analyzed for total base exchange capacity, per
centage of non-exchangeable potassium, and crystal-lattice 
water. These quantities are needed as a basis for cal
culating the amount of montmorillonite, illite, and kaolinite 
in the soil colloid.

The base exchange capacity is determined by saturating 
the colloid with ammonium ion and measuring the amount re
tained by distilling the ammonia liberated into saturated 
boric acid solution and titrating the ammonia with standard 
acid. Approximately 1 gm. of, purified colloid,precisely 
weighed, is put into a tared screw-capped centrifuge tube.
The sample is dried for at least two hours at 105° C.,
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cooled In a desiccator and weighed. It is then mixed well 
with neutral aN-amoonium acetate solution, heated for a few 
minutes in boiling water and centrifuged until clear. The 
clear supernatant liquid is poured off and the treatment 
repeated until four such treatments are given. To remove 
the:.excess ammonium acetate, the colloid sample is washed 
by centrifugation, twice v/ith water, four times with 60 per; 
cent and once with absolute methyl alcohol. The colloid is 
then transferred to a Kjeldahl flask with 300 cc. of water 
and a few unglazed.porcelain boiling chips added. An 
Erlenmeyer flask containing 50 cc. of saturated boric acid 
solution and a few drops of modified methyl red indicator 
is placed under the delivery tube of the nitrogen still,
25 cc. of 30 per cent sodium hydroxide is .poured into the 
Kjeldahl flask and the liberated ammonia distilled into the 
saturated boric acid solution. The distillation is stopped 
when the volume in the receiving flask is approximately 
250 cc. The distillate is then titrated with N/lO hydro- . 
chloric acid, and the results calculated to milliequivalents 
of bases per 100 gm. of the colloid. . .

. -For determining non-exchangeable potassium the soil 
colloid is put into solution by a modified hydrofluoric 
acid treatment as described in Scott's Standard Methods of 
Chemical "Analysis (108) . An accurately-weighed colloid 
sample of about 1 /2 gm. is put into a tared platinum 
crucible, which in turn is placed in a tared weighing
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bottle, dried at 105° C. for at least 2 hours, cooled in a 
desiccator and weighed. The sample in the platinum crucible 
is then ignited to about 1000° C. for about 20 minutes to 
break down the crystal structure of the colloid. The ig
nited sample is transferred to a platinum dish, moistened 
with a few drops of water, covered with 10 ce. of hydro
fluoric acid, and evaporated to dryness on a sand bath. The
: < ; ' ' ' i . " "" t 'residue is treated with another 10 co. of hydrofluoric acid 
and again taken to dryness. The process is repeated with 
a third 10-cc. portion of hydrofluoric acid plus 1/2 cc. 
of concentrated sulfuric acid and taken to dryness.

The residue is then transferred with 25 co. of water 
to a 50 cc beaker. The potassium in the solution is deter
mined by precipitating with trisodium cobaltinitrite solu
tion according to the procedure used at the U.S. Regional 
Salinity laboratory (102). The precipitate is filtered 
through a tared sintered-glass crucible, washed ten times 
with 2 cc. portions of 0.01N nitric acid and five times with 
2 cc. portions of 96 per cent ethanol, dried for one hour 
at 110° 0., cooled in a desiccator, and weighed as 
K^NaCofNOgJ^.HgO. From the weight of the precipitate, the 
percentage of EgO in the colloid sample is calculated.

Hydrothermal Analysis of Soil Colloids: The dehydra
tion curves of soil colloids were obtained by use of a 
modified analytical balance used by Robinson (103). The
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"balance gives direct and continuous readings of the weight 
loss of colloid samples while being heated at a constant 
rate to 1000° C. The data obtained are given in Table 41.

The data in this table show that the water loss be
tween 300-1000° 0., that is, the crystal lattice water, is 
in all cases in the neighborhood of 5 per cent. Since both 
montmorillonite and illite have a crystal lattice water 
content of 5 per cent, it is apparent that the colloids 
contain little or no kaolinite.

I



Table 41. Analytical Data for the Soil Colloids 
and their Calculated Mineral Composition
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Quantitative Calculation of Clay Mineral Composition 
of Soil Colloids: For the purpose of this investigation
it was very desirable to. know the mineral: composition of 
the colloidal clay of the soils studied.- Since it appears 
that there is no kaolinite present, it is necessary to cal
culate. only the.percentages of montmorillonite and illite. 
This was done by applying the method proposed by Buehrer, 
Robinson and Deming (16A), which is based on the following 
assumptions: (1) that illite and montmorillonite in the
colloid samples are wholly responsible for both the base 
exchange capacity and the water loss on ignition; (2) that 
illite contains 6 per cent EgO and can be calculated from 
chemical analysis of the colloid; and (3) that the base 
exchange capacity of pure illite and montmorillonite is 
respectively 30 and 100 milliequivalents per 100 gm.

The per cent of illite and montmorillonite can then 
be calculated from the following equations, where x repre
sents the percentage of illite and y the percentage of 
montmorillonite in the colloid sample:

30x + lOOy = Base exchange capacity of the soil colloid 
6x = Per cent EgO in the colloid.

The total percentage of the minerals in the soil colloids, 
obtained by the above method, is found to be in the neigh
borhood of 100, showing that the assumptions made in the 
calculations are valid. The percentages of illite and 
montmorillonite so calculated are shown in Table 41.
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This indicates that the poor physical condition of these 
soils is due to the cations on the exchange complex rather 
than the swelling properties of the colloids themselves.
This is also confirmed by the greater permeability to water 
of these soils after the undesirable dispersed condition due 
to high sodium saturation is removed. The large percentage 
of illite in the soils under investigation seems to be par
tially responsible for the ease with which these soils are 
reclaimed.

The predominant mineral in the colloid is seen to be
illite, which has only a very slight tendency to swell.
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DISCUSSION

: The soils involved in this study are characterized fcy
; the fact that they contain excessive amounts of soluble 
salts in the virgin state. Such salts tend to lower the 
.productivity.of these soils and develop undesirable physi
cal conditions because they maintain a high degree of satura
tion of the soil colloids with respect to exchangeable ; 
sodium and increase the osmotic pressure of the soil solu
tion, thus making water less available to the growing crop.

de Sigmond (111) list s three factors which take part 
,in the formation of such soils:

(1) The arid climate -
o (2) An impermeable subsoil

(3) Meteorological conditions which bring the soil 
periodically under the influence of excessive 

' '. moisture. :
The presence of the impermeable subsoil layer hinders 

infiltration and drainage, and permits .salts to accumulate 
at or near the surface. The arid climate causes rapid 
evaporation of water from the surface, and the resulting 
concentration of soil solution leads to the formation of 
sodium clays:and humates. : ;

The reclamation of impervious saline alkaline soils 
may therefore be regarded as taking place in three distinct



119

stages: . , . ■: - ' . .
• • Sta^e I: Opening of the impervious soil to provide 
drainage. : \
vr The first step in the reclamation of saline alkaline 
soils is to provide good drainage so that the soluble salts 
may be leached out and the salt ooneentration in soil solu
tion reduced. The primary requisite to good drainage is a 
permeable surface and subsoil. Since the soils under in
vestigation are not permeable but contain compact, imper
meable layers in the surface as well as in the subsoil, it 
becomes necessary to break these compact layers before the 
reclamation of these soils can be attempted. This has been 
accomplished in the Casa Grande valley by ripping and deep- 
plowing. The difference between the two practices is that 
when a soil is ripped, the impermeable layers are broken to 
a depth of 18 inches without any mixing of the soil. In 
this case there is the possibility of the layers sealing up 
again. The soils of the Casa Grande area which have been 
deep-plowed have not only been broken up to a depth of 26 
inches or more, but have also been thoroughly mixed. This 
mixing of the sandy subsoil layer with the heavier-textured 
surface soil improves the texture of the entire plowed zone. 
Permeability is improved and there, is little likelihood that 
the compact, impermeable layers found originally in the soil 
will be re-formed.
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Deep-plowing such as is shown in Plate BTB, when done 
on soils containing sandy layers in the subsoil within 
reach of the plow, hastens the first step in reclamation 
of saline alkaline soils and the removal of soluble salts. 
This has been shown at Site II where the sandy layers are 
within reach of the plow. Deep-plowing on this site breaks 
up the compact layers and mixes the lower sandy horizons 
with the heavier surface soils, makes the profile more per
meable to water, and hastens the removal of soluble salts.
In contrast, the Mohave soil at Site 71 after this mixing 
is still heavy-textured throughout the profile. The compact 
surface and subsoil layers are broken up, but the soils do 
not become permeable, due to their heavy-texture. Leaching 
of the soluble salts is thus hindered and the reclamation 
processes slowed down.

Ripping Casa Grande soil is not as effective as deep- 
plowing because of the lack of mixing of the sandy and 
heavy layers. When these soils are ripped, the compact im
permeable layers are broken but, due to their heavy-texture, 
they soon run together and the rate of leaching of soluble 
salts is slowed down. An example of such a condition Is 
found at Site III. On the other hand, when ripping is ac
companied by additions of green manure such as barley or 
alfalfa, as was the case at Sites 17 and 7, the effects of 
the green manure and the action of the roots on soil aggre
gation seem to make the soil more permeable to water. This
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naturally aids.in removing soluble salts, de Sigmond (111), 
Luoas (85) and Kelley (73)» in their investigations on the 
reclamation of saline alkaline soils, also point out that 
the presence of a loose subsoil near the heavy surface 
layer promotes and accelerates leaching. Magistad and 
Christiansen (86), de Sigmond (111) and Peterson (9k) have 
also noted the beneficial effects of green manure on soil
: ■ ' i-: V  - ■ : V .
aggregation. They point out that the improvement in soil 
structure, by the action of roots of alfalfa and other crops 
used as green manure,.Improves the permeability of the soil 
and hence the removal of the soluble salts. This is the 
first step towards the reclamation of saline alkaline soils.

It has been shown that deep tillage improves the per
meability ofthe soils. Ripping is hot so effective as 
deep-plowing:if there is a sandy subsoil layer within reach 
of the plow. Ripping is relatively cheap in comparison 
with deep-plowing, which is usually done by contract at 
$14.00 per acre; Leveling and land planing usually bring 
the total costs to $20.00 per acre.* This is not an an
nual expense, as are some other farm operations. In some 
cases deep-plowing may never be repeated. The expenses due 
to deep-plowing therefore can be charged against the in
itial preparation of the land being brought under cultiva
tion.

^Communication from Mr. K.K. Henness, County Agricultural 
Agent, Pinal County, Arizona.



The cost of applying one ton of gypsum per acre as an 
amendment.is §25.00, and two-ton applications may be neces
sary to secure.beneficial results on some soils.

Compared with the application of soil amendments, deep- 
plowing is relatively, cheap and seems to give quicker re
sults..,, It may be pointed out that some of the farmers in 
the Casa Grande valley prefer to deep-plow their farms 
rather:than to.spend an equal amount of money on fertilizer 
application. , . . . , ^

Stage II; Replacement of sodium by calcium.
After the concentration of soluble salts has been 

sufficiently'reduced, the second step in the process of 
reclamation, namely, the replacement of sodium by <m.lcium 
on the exchange complex, must be accomplished. The greater 
the concentration of calcium in the irrigation water used 
for reclamation or in the soil solution, the' more rapidly 
will reclamation take place, provided the sodium salts 
formed"during the exchange can be leached but.

Since gypsum does not occur naturally in the soils but 
large amounts of calcium carbonate are present throughout 
the profile, it would appear that calcium ions from calcium 
carbonate, augmented by those in the irrigation water, should 
be sufficient to replace sodium, at least in part, with cal
cium. 1 : ' 1 " . : / :

de Sigmbnd (111) has reported the reclamation of saline 
alkaline soils in Hungary by leaching, when the soils '

122
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contained calcium carbonate. Kelley arid Brown (72> have 
also shown that the calcium carbonate present in the Fresno 
area of California is responsible for the reclamation of 
the saline alkaline, soils in that area. On the basis of re
sults of electrodialysis experiments, they showed that 
calcium ions from calcium carbonate can replace sodium . 
from artificially sodium-saturated soils. .
f./ . f  /  /  ■ -. J.' ■ . . . .  : - '  - ' ;• - - - • ■ ' '

This replacing action of calcium carbonate, however,
"... v  . v. . ' ' : .  ' ■ '■ : .........................

must not be looked upon as due to calcium carbonate itself. 
Calcium, carbonate hydrolyzes in water to give a pH value 
of well over 9.0. This in itself would limit its effec
tiveness in such replacement.

The .solubility of calcium, carbonate in water is so 
slight that one might regard it too low to bring about much 
replacement of sodium in the. soil. Its solubility de- . 
creases.under alkaline conditions; however, in the presence 
of carbon dioxide and other acids produced by the decomposi
tion of organic matter in the soil, the solubility increases 
appreciably. In the presence of decomposing plant material 
plowed under as a green manure, and an active microbial 
flora, large amounts of carbon dioxide and other, acids are 
produced. Another factor favoring the replacement of 
sodium by calcium is the fine state of subdivision of the 
calcium carbonate and its dissemination throughout the soil. 
The intimacy of contact may permit a localized reduction in 
the pH value, followed by an increase in solubility of
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calcium carbonate and a replacement of sodium with calcium 
on :the exchange complex.

Stage III: Removal of sodium salts formed by leaching.
The next important stage in reclamation is the removal 

of the sodium salts formed in the replacement from the ex
change complex. This also requires a permeable soil for 
the rapid leaching of the sodium salts thus formed, permit
ting a gradual reclamation of the soil. Tfhen heavy soils 
are deep-plowed and the sandy horizons are mixed with the 
heavy surface soils and the compact, cemented layers broken 
up, these cemented layers do not re-form and hence remain 
permeable. This type of reclamation appears to have occurred 
at Site II. Their slow reclamation of the , soil at. Site 71 is 
due to the heavy-texture of the soil throughout the profile.
As is the case at Site III, ripping- alone does not promote 
the replacement of sodium with calcium, but when green manure 
is plowed under, such replacement can take place. In spite 
of the"heavy-textured soil at Sites 17 and 7, the beneficial 
effect of green manure on the physical condition of the soil 
is apparent. That this treatment makes the soil more per
meable is demonstrated at these two sites.. In contrast to. the 
soil at Sites 17 and 7, the soil at Site III, where no green 
manure was plowed under has only been partially reclaimed.

The works of Hissink (53, 54), de Sigmond (111),
Gedroiz (28, 31), Breazeale and He George (10) and others
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show that the low productivity of saline alkaline soils is 
usually caused by a change in the chemical composition of 
the soil solution and also the interchange of calcium ions 
in the complex with sodium. This change is chiefly chemical 
in nature and is accompanied by a change in various physical 
properties of the soil. This study has confirmed their 
findings.

: Since the phenomenon which occurs during the process 
of alkalinization involves ordinary base exchange and is 
therefore reversible, the process of reclamation of such 
soils is the reverse of that which originally caused the 
soils to reach this undesirable state.

The three stages here discussed bear a definite rela- 
tionship to the productivity of the soil. The physleal and 
chemical soil properties affecting productivity at these 
various stages are tabulated below:

Stage in rec- 
. lamation ,

. ' • -.- Degree of Produc-Salinity Alkalinity Dispersion tivity
1st (initial) High Low Low Very low
2nd (intermediatej Low High High Very low
3rd (final) Low - • Low -- Low High
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From the data presented in the course of this study 
it is obvious that the nature of the soil will determine the 
method of treatment that can be applied for reclamation in 
any given case. The scientific examination of the soil is 
both logical and necessary. Soils which may appear quite 
similar to the eye may differ markedly in chemical compo
sition and physical properties. The method of reclamation 
must therefore be carefully considered and adapted to the 
properties of the soil in question.

The economic feasibility of reclamation must also be 
considered. This depends not only on the properties of the 
soil, but also on the cost of reclamation and the mrket 
price of the crops to be grown. There may conceivably be 
other possible methods of reclamation, but if they are too 
expensive or cannot be used because of physical or other 
limitations, they will have no practical value. The recla
mation of saline alkaline soils is not a simple problem. 
Reclamation of practically any soil may be accomplished if 
suitable methods are employed. The cost of reclamation, 
however, may not justify reclaiming some lands. If proper
ly managed, reclaimed soils are productive and give good 
returns. No method of reclamation can be applied univer
sally, but the existing conditions and especially the prop
erties of the soil and of the irrigation water must be taken 
into consideration in choosing the method of reclamation which 
is most likely to be effective in any given area.
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• • ' SXBStoEY

1. A striking example of the self-reclamation of a 
saline alkaline soil based on cultural, cropping and irri
gation practices alone, and without the use of chemical 
amendments, has been investigated to elucidate the factors 
contributing to such reclamation.

2. The area studied lies in the irrigated Casa Grande 
valley of Arizona, where the soils, which are solonetzio in 
character, are mapped as the Casa Grande Series. They are 
characterized by heavy-textured, impervious layers in their 
profile, contain large concentrations of soluble salts and 
high sodium saturation of the exchange complex.

3. On the basis of extensive physical and chemical 
determinations on the soils, the effects of such cultural 
practices as ripping, deep-plowing and plowing-under of 
green manures have been evaluated..

4. The fact that the area is divided into four fields 
under cultivation for different number of years and subject 
to different cultural and cropping practices made it possi
ble to trace the changes occurring in the soils as a result 
of these practices. A virgin area of the same soil series 
was included in the study as a basis of comparison.
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5. On the basis of these studies, a mechanism to 
represent the reclamation process has been deduced, which 
includes three distinct stages:

Stage I: Altering the texture by deep tillage to im
prove permeability.

Stage II: Reducing the amount of exchangeable sodium 
in the base-exchange complex by replacement with calcium.

Stage III: Leaching out of the sodium salts formed by 
the foregoing replacement.

6. This• investigation has shown that with suitable 
improvement of the permeability of the profile of a saline 
alkaline, calcareous soil by deep tillage, the use of an 
irrigation water high in calcium, and piowing-under of a 
green manure such as alfalfa, it is possible to effectively 
reclaim these soils without the use of any amendment . •
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