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INTRODUCTION

That the presence of abnormal amounts of magnesium 
in soils may have some effect on the structure of such 
soils has been suggested by several investigators. As 
early as 1921, Blackshaw (1) reported that certain South 
African soils were unproductive because of their abnormal 
magnesium content. In 1927 Hance and Stewart (10) work
ing with Hawaiian soils noticed that when treated with 
magnesium sulfate these soils became rubbery and impeme- 
able. A study of two heavy-textured and somewhat puddled 
Northern Arizona soils by Caster (4) and (5) revealed that 
the exchangeable magnesium in the base exchange complex in 
each soil was abnormally high. These two soils, represent
ing the Mingus and Joseph Series* are the subject of the 
research reported in this thesis.

The Mingus type, a problem soil, is found on the Verne 
Harbeson ranch near Camp Verde, Arizona. Here the soil has • 
from year to year become increasingly more difficult to 
manage, and the condition seems to be spreading to nearby 
areas previously fairly productive. Water penetration is 
slow, and the soil has the characteristics of a heavy, gummy 
clay. It is so slowly permeable to water that only crops

* The Series names of these soils, Mingus and Joseph, are 
tenative and not yet correlated by the Soil Conservation 
Service.
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using small amounts of water such as small grains should 
be grown on it. It is not well adapted to summer crops 
such as alfalfa. A more detailed description will be 
given in a later section.

The George Millet ranch in R m t  Valley, near St. Johns, 
Arizona, is a typical location of Joseph clay. This is an 
alluvial soil even heavier than the Mingus type and is 
characterized by poor percolation of water and a water
logged condition which is very difficult to control. In 
recent years much of the farm land in this vicinity has 
become useless because of bad structural condition and high 
alkali content.

Over a period of twenty years these two soils have 
changed from fair agricultural soils to the unmanageable 
and unproductive condition which they exhibit today. Al
though the total acreage involved at the present time is 
not large, it is possible that other areas in Northern 
Arizona may in time become involved. The magnesium content 
of the limestone and dolomite formations in the northern 
parts of Arizona have been investigated by McKee (18) and 
Wilson (24) and has been found to be rather high. These 
high magnesium rocks are possible parent materials.

If magnesium does have some relation to soil structure, 
the problem which presents itself is the determination of 
the state of the magnesium that influences such a relation
ship, is it the magnesium in the soil solution, in the base 
exchange complex, or its presence as an integral part of
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the crystal lattice of the clay minerals, which is respons
ible for the poor structure? Very few investigators have 
considered the magnesium problem from the point of view 
of its effect on soil structure. The information available 
in the literature with respect to this problem is very 
limited. It was therefore necessary to make a rather 
complete preliminary study of these soils in order to deter
mine what might be the cause of the poor structure in high- 
magnesium soils.
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LITERATURE REVIEW

The role that magnesium plays in the structure of 
soils, if any, is one that has not yet been too well studied. 
However, in 1921, Blackshaw (1) reported that certain soils 
occuring on the so-called Great Dyke in Southern Rhodesia, 
which appeared to be unproductive loams, actually possessed 
a considerable reserve of fertility. On analysis, these 
soils showed an abnormal amount of magnesium present. When 
the lime to magnesia ratio exceeded a value of 1:3, poor 
yields of the common crops were obtained. He did not state 
whether the decreased yield was.due to a toxic effect of 
the magnesium or to the structural condition of the soil.

In 1927, Hance and Stewart (10), studying the soils 
of Central Maui, Hawaii, found that in irrigated cane 
fields there were spots of poor soil on which the cane 
was stunted and some had died. In the determination of 
replaceable bases, a constant relationship appeared to 
exist between the good and the poor areas. The good soil 
had a lower content of replaceable magnesium. The ratio 
of calcium to magnesium in the poor soil was 0.95 to 1.00, 
and in the good soil, 1.75 to 1.00. Their pot experiments 
were interesting and the results most applicable to this 
problem. Four pots set up as controls were leached with 
fifteen gallons of distilled water. Three pots were leached
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with five gallons of H/10 magnesium sulfate followed by- 
ten gallons of distilled water. The soil in all pots had 
originally high calcium-magnesium ratios. The outstanding 
observation was that the soil in the magnesium treated pots 
underwent a noticeable change in texture and became rubbery 
and impermeable. In these pots the plants were stunted, 
the secondary roots were deficient, and the entire root 
system was bleached. Here, then, is a definite relation of 
magnesium to the structure of the soil, the poor structure 
in turn affecting plant growth.

In studying the behavior of magnesium in the soil 
Maclntire, Shaw, and Robinson (15) presented the results 
of work four years after the addition of large amounts of 
oxides and carbonates of magnesium. They treated plots 
with the equivalent of eight and thirty-two tons per acre. 
They found that more magnesium was absorbed from the thirty- 
two-ton additions, but the minimal absorption greatly 
exceeded the exchange capacity. The absorbed magnesium 
was resistant to eight successive Teachings and to four 
successive extractions with normal ammonium chloride. They 
also found that the base exchange capacities of the treated 
and the untreated soils were the same. A definite increase 
in the AlgOg dissolved from the magnesia-treated units 
indicated that the magnesium had disrupted the alumino
silicate complex. However, no indication was given as to 
the effect of magnesium on the structure of the soil.
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Shavruigin (21) saturated samples of chestnut brown soils, 
solonetz, and chernozem with calcium, magnesium, and sodium 
and subjected them to a series of tests. The magnesium-saturated 
soil did not filter as well as the calcium-saturated soil, and 
its swelling, maximum hygroscopicity, and moisture capacity 
were higher than for the calcium-saturated and lower than for 
the sodium-saturated soils.

Joffe and Zimmerman (13) made a study of the ratio of 
calcium to magnesium in the presence of various amounts of 
sodium in the base exchange complex of several solonetz soils. 
They observed that the outstanding feature of the "B" horizon 
in solonetz profiles was the unusually low calcium to magne
sium ratio in the exchange complex. They also found that 
magnesium acts very much like sodium. However, magnesium is 
able to counteract the unfavorable effects of sodium. If, 
when the ratio of exchangeable calcium to magnesium was low, 
the soil behaved like one of high exchangeable sodium content. 
Hence, if sodium is present in high concentrations, the ratio 
of calcium to magnesium must be high to overcome its undesire- 
able physical effects.

The bad structural condition of soils in the St. Johns, 
Arizona, area was best described by Harris (11) in 1936. Of 
the 6,000 acres of farm land in the layman Dam Project, he 
estimated that at least one-third of this land had a heavy 
blue clay subsoil which caused the soil to become water
logged and alkaline. In many instances the soil was under
lain by the Chinle formation which is the predominant
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clay-bearing shale in the vicinity. A base exchange study 
of a sample of Joseph clay from Hunt Valley near St. Johns, 
by Caster (5) showed the following results:

Joseph Clay - adjacent to the Little Colorado River, 
at Millet ranch, Hunt Valley, Arizona.

Depth
• 
. 
o

• 
O
H Exchangeable 

» Magnesium
per 100 grams of soil)

0-6" 34.93 21.64
6"-18" 31.18 22.28
18"-30" 39.73 30.90

Previously, in 1943, Caster (4) had made determinations
of the exchangeable bases in certain Yavapai County soils 
which included the Mingus soil from the Harbeson ranch at 
Camp Verde. His results were as follows:

Mingus Clay Loam - Camp Verde, Arizona.
Sample Total Ha K %  Ca tjy

B.E.C. difference
(M. E. per 100 grams of soil)

West End of
Field-lst Ft. 30.61 0.58 1.45 14.95 13.63

West End of
Field-3rd Ft. 29.67 0.58 0.90 18.36 9.83

East End of
Field-lst Ft. 24.34 1.06 2.18 20.65 0.45

East End of
Field-3rd Ft. 34.66 1.32 1.36 29.14 2.84
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PURPOSE AND PLAN OF INVESTIGATION

In order to understand better the role of magnesium 
in the soils under investigation it was necessary to make 
a complete soil analysis to correlate their chemical and 
physical properties. Some knowledge of the composition of 
possible parent materials was also considered important so 
that the source of the magnesium could be determined. For 
the same reason samples of the irrigation water used in 
these areas were secured for analysis*

The work in this investigation may be divided into 
four parts:

1. Physical and chemical studies of the problem soils.
2. Studies on the extracted colloids.
3. Analysis of parent shales and limestones.
4. Analysis of irrigation and area waters.
The soil studies included mechanical analysis, capillary 

rise, percolation rate, and the determination of the percent 
colloid. These indicate the structural and textural condition 
of the soils. Chemical analysis included the determination 
of water-soluble ions, pH, and base exchange data. It was 
hoped that the physical studies would show some correlation 
with magnesium content as determined by chemical analysis.

The colloids were extracted from the soils so that the 
clay minerals present could be identified by thermal analysis.
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Further investigation by fusion analysis was made to deter
mine the chemical constituents of the colloids. It was 
expected that the colloids would show considerable amounts 
of magnesium that had substituted for aluminum in the crystal 
lattice.

The parent material consisting of shales and limestones 
collected from areas in the vicinity of these soils was 
analyzed for calcium and magnesium. These determinations 
were also made on the irrigation waters.
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DESCRIPTION OF PROBLEM AREAS

The Verne Harbeson ranch on which the Mingus Samples 
were obtained lies about 1^ miles southeast of Camp Verde 
in North-central Arizona. (See Figure 1) The farm lands 
in this vicinity total approximately 5,000 acres, most of 
which are situated along the Verde River. The Verde drains 
a considerable area to the northwest, north, and northeast.
In most instances Verde River water is used for irrigation.

The problem area included in this study consists of • 
about ten acres of the Harbeson farm. At the present time 
small grains and alfalfa are grown on this land. Since the 
Camp Verde area is known as a "feed deficit" area (ie., all 
hay and grain crops are sold for feed to nearby ranchers), 
very little of the crops grown is returned to the soil. Soil- 
management practices in this area are generally unwise, a 
fact substantiated by Smith (22) in 1943. Irrigation water 
for the Harbeson farm is obtained from the Verde River.

Hunt Valley, where the Joseph soil sample was obtained, 
is about fifteen miles northwest of St. Johns in Northeastern 
Arizona. (See Figure 1.) This valley is drained by the 
Little Colorado River which extends to the east and south
east into the White Mountains. Most farms in this vicinity • 
are situated on alluvial soil close to the river. In some 
cases, for example in the Lyman Dam Project, the water from
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the Little Colorado River is used for irrigation.
The problem area in Hunt Valley is on the Millet ranch 

and consists of approximately 30 acres close to the Little 
Colorado River which flows across the center of the farm. 
Irrigation water is pumped from wells that were formerly 
artesian. River water is not used. The soils near the 
river are very heavy clays, highly alkaline, and showing 
a marked tendency to become water-logged.

$



Legend for Figure 1
Number Sample

1. - Limestone........... .
2* - Limestone.............
3. - Limestone.............
4. - Limestone.............
5. - Limestone..... .......
6. - Limestone..........
7. - Moenkopi shale.......
8. - Alluvium. ............ •
9. - Chinle-purple member..
10. - Chinle-brown member.. •
11. Chinle-purple member..
12. - Chinle-green member...
13. - Dark-gray shale,.....
14. - Dark-gray shale.......
15. - Red Sandstone........
16. - Verde Limestone......
17. - Mingus soil...........
18. — Shale.................
19. — Shale.................
20. - Chinle-black member•..
21. - Chinle- red member....
22. - Chinle-gray member...,
23. -: Shale......... .
24. - Limestone.............
25. - Joseph soil...... .

. 26. - Garcia soil...... .
27. - Bonito soil..... .
28. - Red S a n d s t o n e ,

Location
5 mi. south of Canyon Village 
Rim of Canyon at Village 
Yaki Point, Grand Canyon 
1/4 mi. west of Lipan Point 
Desert View
Little Colo. River Gorge View 
4 mi. west of Cameron 
8 mi. north of Cameron 
8 mi. north of Cameron 
8 mi. north of Cameron 
8 mi. north of Cameron
8 mi. north of Cameron 
8 mi. north of Cameron 
4 mi. north of Cameron 
8 mi. south of Sedona 
Montezuma’s: Castle 
Camp Verde
10 mi. west of Holbrook 
10 mi. west of Holbrook 
Petrified Forest area 
2 mi. northeast of St. Johns 
2 mi. northeast of St. Johns 
North of St. Johns 
St. Johns area 
Hunt Valley
1/2 mi. from Joseph sample 
4 mi. north of Bvy 66 on Hwy 89 
Sedona



Grand
Canyon

National
Park

Cameron

Painted
Desert

Petrified Forest

Flagstaff

Winslow

olbrook r J r1
Sedono

Clorkdale
Jerome

CottonwoodV

Horbeson Ranch
Comp Verde

St.Johns
Scale

5 10 30 Mi.

Fig, 1, Map showing location of problem areas and sampling stations
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DESCRIPTION OF SOILS AND ROCKS STUDIED

The samples collected for study in this investigation 
include four soil series, eight limestones, sixteen shales, 
and five waters. These were collected between June 14th 
and June 18th, 1946, with the exception of the Mingus soil 
sample which was collected on September 1, 1946. Figure 1 
and its legend give the locations of all samples.

Soils
A description of the Mingus Series from the unpublished 

report by Smith (22) on Yavapai County soils follows:
"Mingus Series - The Mingus soils occur on 

broad, nearly level, alluvial fans and are confined 
largely to the west side of the Verde Valley. They 
are formed largely from outwash of mixed origin but 
shales and limestones predominate. The soils are 
heavy textured and quite compact; plastic and sticky 
when wet but friable and easily crumbled when dry.
They are dark grayish-brown to brown in color, but 
much of this color is due to the source of the parent 
material. The surface soils crack extensively on 
drying. The soils are calcareous throughout with a 
zone of lime accumulations in the form of mycelia, 
blotches, and streaks. This zone ranges from 24 to 
36 inches in depth from its surface and from 12 to 
24 inches in thickness. The lower subsoils are of 
heavy texture, and there is little difference in 
texture throughout."

"The Mingus series supports a luxuriant growth 
of mesquite in its virgin state. The cropped areas are 
devoted largely to the production of alfalfa and 
other feed crops. Very little erosion is apparent 
except where waste water has been allowed to run 
uncontrolled over a steep bank which has resulted 
in severe galley erosion. Some stream-bank cutting 
occurs where the series adjoin the river,"
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The Mingus soil with which this investigation is con
cerned consists of two separate samples. One, a clay loam, 
was taken from the east end of the alfalfa field (Plate 1), 
and the other, a sandy clay loam from the west end of the 
same field some 200 yards away (Plate 2). The soil in the 
east end of the field supports a poor growth of alfalfa, 
with bare "slick" spots in evidence. This soil has large 
surface cracks and is distinctly heavier than the soil in 
the west end of the field. Water penetration is difficult, 
and the soil once wet remains wet and soggy for a long 
period of time. Ploughing and cultivating are extremely 
difficult.

A profile study of the soil in the east end of the 
field shows a uniform structure and texture to a depth of 
six feet at which the soil is underlain by fine sand. 
Striations occur throughout the profile. The soil is brown 
in color with occasional dark accumulations of partly 
decomposed organic matter. The soil is calcareous throughout.

The soil at the west end is very similar to that in 
the east end except that it is not so heavy in texture and 
supports a heavier, growth of alfalfa. The subsoil has a 
grayish-brovm color, and shows numerous striations. It is 
underlain by fine sand at a depth of six feet. This soil 
is also calcareous throughout. Because the soils are so 
uniform throughout the profile, the following arbitrary 
depths were adopted for sampling each end of the field;
0 - 6 " ,  6" - 18", 18" - 30", 30" - 48", and 48" - 66".



Plate 1, Alfalfa stand in east end 
of field, Harbeson ranch.

Plate 2. Alfalfa stand in west end 
of field, Harbeson ranch
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The Joseph series soil is a heavy clay with large hard 
clods on a surface which cracks badly on drying. With in
creasing depth the soil becomes heavier. It is a deep soil, 
showing no sign of substrata at eight feet. Its color is a 
reddish-brown, and it is calcareous throughout that depth.
A profile description follows:

0 - 2" - Top layer - large hard clods, large cracks 
to depth of 1 foot; heavy clay.

2U- 6" - Heavy clay, no salt concretions, sticky 
when wet.

6'>-i6n - First appearance of segregated lime, and a 
few other salt concretions. Texture same.

16M-26" - Texture the same. Increase in number of salt 
concretions.

26^-72" - Fewer salt concretions. Slightly heavier 
texture.

72"-102"- Texture same as 26" - 72" layer. Large 
number of salt concretions.

This soil was sampled at the above mentioned depths 
approximately 50 feet from the Little Colorado River. At 
the time of sampling, the field was in pasture, and the 
vegetation present was mostly alkali weeds.

Two other series, the Garcia and the Bonito, were sampled 
for comparison with the problem soils. The data concerning 
these soils are of importance chiefly to show the character 
of some other northern Arizona soils. It is suggested for
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example that farming operations be shifted from the Joseph 
soil to the Garcia.

The Garcia Sandy Loam is a virgin soil from Hunt Valley. 
The sampling location is approximately one-half mile south 
of the location of the Joseph clay described above. This 
soil is a shallow alluvial-fan soil, dark red in color and 
containing numerous rocks, especially in the B horizon.
The surface is leached free of lime, but the subsoil is 
calcareous. Sampling was done at depths of 0 - 12" and 
12" - 36".

The Bonito Loam sample was taken on the Copeland ranch, 
four miles north of Highway 66 on Highway 89. This soil is 
dark gray in color. It is underlain at 12" by loose rock 
material. Sampling was done at depths of 0 - 6" and 6" - 12".

Limestone and Shale Samples
Limestone and shale samples were obtained for analysis 

for calcium and magnesium to determine, if possible, the source 
of the magnesium in the high-magnesium soils that form the 
basis of this study. Figure 1 and its legend give accurately 
the location of each of these samples.

The limestone samples have a geographical relation
ship to the Camp Verde area since there are massive limestone 
formations in that vicinity. Plate 3 shows the massive 
limestone formation at Montezuma’s Castle, three miles north 
of Camp Verde. Wilson (24) describes many dolomite and dolo- 
mitic limestone formations in northern Arizona, some con
taining as much as 20% Magnesium Oxide. McKee (18) states
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that, across Arizona, the magnesium content increases from 
west to east. The locations of limestone samplings are as 
follows:

1. Five miles south of Grand Canyon Village
2. Rim of Canyon at Grand Canyon Village
3. Yaki Point, Grand Canyon
4. ^ mile west of Lipan Point, Grand Canyon
5. Desert View, Grand Canyon
6. Little Colorado River Gorge View
7. Two miles northeast of St. Johns
8. Montezuma*s Castle
The shale samples are mainly Chinle formations of the 

Painted Desert region. (Plate 4.) According to Camp (3), 
Chinle in Northern Arizona is one-thousand feet thick in 
places. It is characterized by great deposits of bentonite. 
Soils developed from Chinle would naturally be high in clay 
content. The locations of the shale samplings are as follows:

1. Moenkopi - Four miles west of Cameron
2. Chinle Alluvium - Eight miles north of Cameron
3. Chinle, purple member - Eight miles north of Cameron
4. Chinle, brown member - Eight miles north of Cameron
5. Chinle, purple member - Eight miles north of Cameron
6. Chinle, green member - Eight miles north of Cameron
7. Chinle, gray member - Four miles north of Cameron
8. Chinle, gray member - Four miles north of Cameron
9. Red Sandstone - Eight miles south of Sedona 
. Chinle, black member - Petrified Forest• 10



Plate 3, Massive limestone formation 
at Montezuma's Castle

Plate 4. Chinle formations of 
the Painted Desert
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11. Chinle, red member - Two miles northeast of St. Johns
12. Chinle, gray member - Two miles northeast of St. Johns
13. Shale - Ten miles west of Holbrook
14. Shale - Ten miles west of Holbrook
15. Shale - Forth of St. Johns
16. Red Sandstone - Sedona

Water Samples
Water samples for analysis, particularly for calcium 

and magnesium were obtained from irrigation waters, rivers, 
and taps in the areas concerned with this investigation.
They are as follows:

1. Verde River water - Camp Verde - used for irrigation 
on Harbeson farm.

2. Tap water - Cameron
3. Little Colorado River water - Two miles east of 

Winslow.
4. Little Colorado River water - Hunt Valley
5. Irrigation water used on Joseph clay - artesian well
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METHODS EMPLOYED IN THIS INVESTIGATION

For convenience in describing the methods employed 
in this investigation the determinations have been classed 
under the headings of (1) Physical, (2) Chemical, and (3) 
Thermal. Where methods are standard the references and 
brief descriptions are given, but in some instances the 
methods have been altered, a circumstance which necessitates 
a more detailed description.

The samples were prepared as follows: Soils - dried at
room temperatures, and then carefully rolled to break down 
the aggregates to pass a 20-mesh screen; Colloids - extracted 
by sedimentation and ground in a ball mill to 100-mesh; 
and Limestones and Shales - pulverized to 100-mesh.

A. Physical Determinations
1. Mechanical Analysis: The Bouyoucos (2) method

was followed with certain modifications. To 50 grams of 
oven-dry soil in approximately 500 ml. of water, 5 ml. of 
saturated and filtered sodium oxalate and 5 ml. of 0.1 N 
sodium hydroxide were added. The soil was dispersed by 
stirring with an electric stirrer for 15 minutes. The 
Bouyoucos hydrometer was used, the readings being taken at 
the end of 40 seconds, 1 hour, and 2 hours, to give the 
percent sand, clay, and fine clay respectively. The per
cent silt was calculated from this data.
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2. Capillary Rise: Capillary rise tubes of 1.6 cm.
diameter were filled with soil and uniformly compacted by 
dropping 10 times from a height of 10 cm. Tubes were then 
placed in 250 ml. beakers of ordinary tap water, and the 
rise noted after 1, 3, and 20 hours.

3. Percolation: 100 grams of soil were placed in
each percolation tube, a small wire-screen disc being 
inserted in the bottom to retain the soil in the tube. 
Uniform compaction was obtained by dropping 10 times from 
a height of 5 cm. A 250 ml. volumetric flask filled with 
tap water was inverted over the tube, the neck of the flask 
extending down into the percolation tube about 3 cm. The 
volume of water that had percolated through was measured
at the end of every hour for the first 12 hours and once 
a day thereafter.

4. Percent Colloid by Moisture Adsorption: The
•technique of Gile (7) and Robinson (20) was closely
followed. A 2-gram sample of each soil was weighed into 
a tared aluminum moisture dish and the samples placed in 
a desiccator over 3.3% sulfuric acid. The desiccator was 
evacuated to 50 mm. of mercury and placed in an air 
thermostat at 25° Centigrade for eight days. The samples 
were then weighed, dried overnight at 110° C., and the 
loss of water determined by weighing again.

B. Chemical Determinations:
1. pH of the Soil: The pH of the soil was 

determined according to the method of McGeorge (17).



20

The pH of the soil paste and of the 1 to 10 dilution were 
determined, and the hydrolytic pH was found by taking the 
difference between these two values.

2. Analysis of the Water-soluble Salts: A 1:5 extract 
of the soil was made by placing 100 grams of soil in a 
liter shaking bottle and adding 500 ml. of water. The 
bottle was tightly stoppered, shaken try hand thirty times 
every five minutes for one hour, allowed to stand overnight, 
again shaken vigorously, and filtered. Aliquots were taken 
from the filtrate.

(a) • Carbonate: Two drops of phenoIphthalein
indicator were added to 50 ml. of the filtrate. If a pink 
color developed, the aliquot was titrated with lf/50 sulfuric 
acid.

(b) . Bicarbonate: To the solution from (a), four
drops of methyl orange indicator were added and the solution 
titrated- with M/50 sulfuric acid.

(c) • Chloride: 20 drops of potassium chromate 
indicator were added to the solution from (b)• This was 
titrated with silver nitrate solution (1 ml. equivalent to 
20.0 p.p.m. chloride)

(d) . Sulfate: The gravimetric method of Magistad,
Reitemeier, and Wilcox (16), involving the determination 
of the sulfate as barium sulfate, was followed.

(e) . Calcium: 40 ml. of distilled water and one
drop of phenlphthalein were added to 10 ml. of the 1-5 
extract in a 200 ml. bottle. To this, 3 ml. of alkaline
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tartrate solution was added, and the solution titrated 
with sodium oleate solution. The end-point was a foam 
that persisted for 5 minutes.

(f). Magnesium: The procedure was the same as that 
for calcium,except that in place of the alkaline tartrate 
solution, 3 ml. of alkaline ammonium chloride was added.

'(g). Sodium: The zinc uranyl acetate method was 
employed as described by Magistad, Reitemeier, and Wilcox (16).

3. Analysis of Water Samples: The ions, carbonate,
bicarbonate, chloride, calcium and magnesium were determined 
by the same methods used in the analysis of the 1-5 extract.

I

4. Base Exchange: The method used is an adaptation
of that described by Kelley and Brown (14) and Chapman and 
Kelley (6). A 10-gram sample of air-dry soil was weighed 
into a 100 ml. centrifuge tube. 50 ml. of water added,
and the tube placed in boiling water for ten minutes. The 
mixture was stirred and then centrifuged at 1800 r.p.m.
for five minutes. The supernatant solution containing the water- 
soluble salts was discarded.

The process was repeated substituting 50 ml. of 2-N 
ammonium acetate for the water. The supernatant solution in 
this case was retained for the exchangeable base determinations. 
This process was repeated two times.

The soil was then washed by centrifugation twice with 
distilled water and twice with 60% methyl alcohol to remove 
the excess ammonium acetate. After washing, the soil was 
transferred to a Kjeldahl flask, 15 ml. of 30% NaOH added,



22

and. the mixture distilled into N/IO HC1. The excess acid 
was titrated with H/10 NaOH using modified methyl red indi
cator. The ammonium ion adsorbed and thus the total base 
capacity were determined.

The ammonium acetate washings were evaporated to dry
ness, ignited to remove the ammonium salts, and made up to 
a volume of 250 ml. The individual replaced bases were 
then determined in this solution.

(a) . Exchangeable Magnesium: A 25 ml. aliquot of
the solution from (4) was taken. The calcium was removed 
by precipitation as calcium oxalate. The filtrate was 
evaporated to dryness, ignited to remove ammonium salts, 
taken up again with HC1, the magnesium precipitated as 
magnesium ammonium phosphate, ignited to the pyrophosphate, 
and weighed.

(b) . Exchangeable Sodium: The zinc uranyl acetate
method for the determination of sodium was used.

(c) . Exchangeable Potassium: Potassium was deter
mined by precipitation as the cobalti-nitrite and oxidation 
by permanganate.

(d) . Exchangeable Calcium: Calcium was determined
by the difference between the total base exchange capacity 
and the sum of the other exchangeable bases.

5. Fusion Analysis: The method of fusion of the
colloid samples was that of Robinson (19). Briefly, the 
colloid was fused with sodium carbonate after a moisture 
determination had been made. The melt was dissolved in
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HC1. The determination of the individual bases is also the 
method of Robinson, with the exception of the determination 
of iron and of potassium.

(a) . Silica: The silica was determined by ignition
of the acid-insoluble portion of the sodium carbonate melt. 
The silica so isolated was then hydrofluorized and the 
residue weighed to determine the true weight of the silica.

(b) . Sesquioxides: The sesquioxides were determined
by precipitation of iron and aluminum hydroxides, washing, 
igniting, and weighing.

(c) . Iron Oxide: Iron was determined on the fused
sesquioxide precipitate by the Zimmerman-Reinhardt method.
The iron is reduced t6 the ferrous state by stannous chloride 
and titrated with permanganate which oxidizes it back to
the ferric state.

(d) . Alumina: The alumina was determined by taking
the difference between the total amount of sesquioxides and 
the iron oxide content.

(e) . Magnesium Oxide: The magnesium was precipitat
ed as magnesium ammonium phosphate, ignited to the pyro
phosphate, and weighed as. under 4(a).

(f) . Calcium Oxide: Calcium was precipitated as
calcium oxalate, washed, and finally titrated with perman
ganate .

(g) . Potassium Oxide: Potassium was determined
by the sodium cobalti-nitrite method as under 4(c).

6 . Shale Analysis: To determine the calcium and
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magnesium content of the shales, hydrofluoric acid was 
first used to decompose the sample. Ths 2-gram sample in 
a platinum dish was ignited to red heat to break down its 
crystal structure. Then the shale was treated with two 
successive 15 ml. portions of hydrofluoric acid, the 
second addition followed by two or three drops of concen
trated sulfuric acid. The hydrofluoric acid was driven off 
by heating the sample on a sand bath. The residue left 
after the silica had gone off was dissolved in HC1. After 
the iron group had been removed by precipitation with 
ammonium hydroxide, calcium and magnesium were determined 
as in the fusion analysis.

7. Limestone Analysis: The limestones were dissolved
in hydrochloric acid, and the calcium and magnesium determined 
as before.

C. Thermal Analysis: The colloid was extracted from
the soil by sedimentation from suspension 24 hours after 
dispersion with sodium hydroxide. The organic matter was 
oxidized by sodium hypobromite, and the carbonates removed 
by treatment with hydrochloric acid. The base exchange 
complex of the colloid was completely saturated with calcium 
by repeated washings with calcium acetate.

The excess calcium acetate was removed from the colloid 
by repeated washings with distilled water and finally with 
60% methyl alcohol. After final washing by centrifugation,
the colloid was dried under an infrared lamp. It was then



- t - 1

25

ground in the ball mill to pass through a 100-mesh screen. 
Prior to making1 the differential thermal analysis, the colloid 
was humidified over 50% sulfuric acid.

The differential thermal method follows closely that 
of Grim (9), Hendricks (12), and Speil (23). Figure 2 is 
a sketch of the apparatus used. A 0.3500 gram sample of 
colloid was carefully compacted around the thermocouple 
in the sample hole. Ignited alumina was used to fill the 
remainder of the hole. The temperature of the thermocouple 
block was increased at a rate of 10 degrees per minute up 
to 1,000 C., and the galvanometer and pyrometer readings 
were recorded at one-minute intervals.
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EXPERIMENTAL RESULTS 
Mechanical Analysis

The results of the mechanical analysis of the soils 
included in this study are given in Table 1. In the 
Mingus soil the clay content of the east end of the field 
is approximately twice that of the west end. The soil 
from the east end falls into the classification of a clay, 
while that of the west end would be called a clay loam.
This difference in texture accounts in largest measure for 
the physical behavior of the soils. It is probably 
responsible to a great extent for the unproductiveness of 
the east end of the field.

The high clay content of the Joseph soil definitely 
labels it as a clay. The data indicate that the texture 
of the soil is uniform down to a depth of 8 feet. The 
samples from the three lowest layers were the most difficult 
to disperse. Eight successive washings with 1-liter 
volumes of distilled water were necessary to remove the 
excess ' salts so that the soil would disperse. This is
readi. 'y understood since the total soluble salt content

• J  - -

of these lower layers is about 32,000 p.p.m.
pH Values

The pH values as shown in Table 1 can scarcely have 
much bearing on the magnesium problem, since they are
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TABLE 1. MECHANICAL ANALYSIS AND pH

M. A._____________________ pH
SOIL %sand %Silt %

Clay.
Soil
Paste 1:1bDil. Hydrolytic

Mingus-E. 0 -6 " 5 .6 3 1 .2 6 3 .2 7 .9 0 8 .6 0 0 .7 0If 6"-lS" 1 .6 3 1 .4 6 7 .0 7 .9 0 8 .6 5 0 .7 5
tl 1 8 " -3 0 " - 0 .6 1 0 .2 8 9 .2 8 .0 0 8 .8 5 0 .8 5
11 SO"-4 8 " 1 1 .6 2 8 .2 6 0 .2 8 .0 0 8 .7 5 0 .7 5
ft 4 8 " -6 6 " - 3 0 .0 7 0 .0 8 .0 0 8 .7 0 0 .7 0

Mingus-We 0 -6 " 2 3 .4 3 8 .6 3 8 .0 7 .8 5 8 .5 0 0 .6 5
it 6 " -1 8 " 3 0 .4 3 6 .0 3 3 .6 7 .9 0 8 .5 0 0 .6 0T! 1 8 "-3 0 " 3 5 .4 3 3 .8 3 0 .8 7 .8 0 8 .6 0 0 .8 0
tl 3 0 "-4 8 " 3 1 .4 3 1 .8 3 6 .8 . 7 .8 0 8 .6 5 0 .8 5
ft 4 8 " -6 6 " 3 2 .6 3 2 .0 3 5 .4 7 .8 5 8 .5 5 0 .7 0

Joseph . 0 -2 " 1 2 .4 1 8 .0 6 9 .6 7 .6 5 8 .7 0 1 .0 5
ti 2 " -6 " 1 0 .4 1 3 .2 7 6 .4 7 .8 0 9 .1 0 1 .3 0
It 6 " -1 6 " 1 1 .6 7 .4 8 1 .0 7 .6 0 8 .5 0 0 .9 0
tl 1 6 " -2 6 " 1 0 .4 1 9 .0 7 0 .6 7 .6 0 8 .4 5 0 .7 5
tt 2 6 " -7 2 " 9 .6 1 5 .0 7 5 .5 7 .7 0 8 .3 0 0 .6 0
ft 1 1 .6 1 4 .0 7 4 .4 7 .8 0 8 .2 0 0 .4 0

Garcia 0 -1 2 " 7 1 .5 6 .5 2 2 .0  11 7 .9 0 8 .7 0 0 .8 0
tt 1 2 " -3 6 " 6 7 .0 5 .5 2 7 .5  11 7 .8 0 8 .4 0 0 .6 0

Bonijio 0 -6 " 5 1 .6 3 4 .0 1 4 .4  11 7 .5 5 7 .8 5 0 .3 0
it 6 " -1 2 " 4 6 .4 3 5 .2 1 8 .4  11 7 .7 5 8 .2 5 0 .5 0
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essentially the same for all four soils, approximately 
7.8. Moreover, where the exchangeable sodium and 
magnesium were high, the hydrolytic pH values were 
generally high. The exception to this is in the case 
of the Joseph sub-soil where the concentration of these 
cations in the exchange complex is higher, but the 
hydrolytic pH lower than in the surface soil. This may 
be due to the large total salt concentration in the sub
soil.

Soluble Salts
Table 2 gives the analytical data pertaining to the• 

soluble salt analysis of these soils. It is interesting 
to note that in the east end of the field the concentrations 
of bicarbonate, magnesium, sodium, and sulfate are greater 
than in the west end of the field, while there is more 
soluble calcium in the west end. The total soluble salt 
contents by summation (excluding potassium) are much higher . 
in the east end of the field. The higher clay content at 
this end evidently prevents the leaching-out of the soluble 
salts.

In the Joseph sample, the concentration of all ions, 
with the exception of the bicarbonate, increases with depth 
through the 2 '̂ - 6 * layer where the total soluble salts 
exceed 32,000 p.p.m. The salt concretions in the lower 
layers of this soil were found to consist chiefly of calcium 
sulfate.
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TABLE 2. WATER-SOLUBLE SALTS

Soil P,
Ca Mg Na HC03 Cl SO4 TSS *

Mingus-E. 0-6" 105 85 78 674 73 156 1171
ft 6"-18" 85 80 90 620 77 90 1052
It 18"-30" 55 90 106 623 61 82 1007
If 30"-48" 55 100 119 622 65 164 1135
II 48"-66" 65 130 140 610 74 300 1325

Mingus-W, 0-6" 100 65 50 610 70 895
ii 6"-18" 90 30 39 478 57 • 694
it 18"-30" 90 45 46 476 62 - _ 719
i i 30"-48" 90 50 50 461 58 — 709
it 48"-66" 200 5 50 492 72 - 814

Joseph 0-2" 218 8 99 530 1160 576 2591
II 2"-6" 147 0 248 635 1140 724 3099
II 6"-16" 679 192 1207 470 2910 4505 9963
II 16"-26" 1178 424 1632 340 6436 8847 18815
II 26"-72" 3488 913 1954 365 7800 17592 32102
II 6 '-8&' 3582 902 1772 470 6850 17118 30694

Garcia 0-12" 79 6 29 395 120 Tr 629
12"-36" 102 0 24 310 65 Tr 501

Bonito 0-6" 132 0 43 310 . 90 123 698
6"-12" 79 0 41 310 70 247 747

* No Carbonate ions present

"X
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Base Exchange
The results for the base exchange capacity, exchange

able bases, and percent colloid may be found in Table 3. 
For this and all subsequent determinations the samples 
for analysis were reduced in number to the following:

1.
Mew Designation 

Mingus-East End, Surface
Old Designation 

Soil - 0-6" Layer
2. Mingus-East End, Subsoil - 30"-48" Layer
3. Mingus-West End, Surface Soil - 0-6" Layer
4. Mingus-West End, Subsoil - 48"-66" Layer
5. Joseph-Surface Soil - 0-2" Layer
6. Joseph-Subsoil - 2^'-6' Layer
7. Garcia- - 12"-36" Layer
8. Bonito- - 6"-12" Layer

In the Mingus soil, the east end of the field has a 
higher base exchange capacity than the west end, as would
be expected from the results of the mechanical analysis.
However, these results are on the basis of M. E. of total 
and exchangeable bases per 100 grams of soil.

To eliminate the texture factor in deriving a comparison 
between the soils of the east and west ends of the field it 
was necessary to re-calculate the data and express the results 
in M.E. per 100 grams of colloid. These results may be found 
in the lower half of Table 3. To further correlate the data, 
the ratio M. E. of calcium to M. E. magnesium and the percent 
magnesium of the total base capacity were calculated and 
included in the table.
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The similarity in exchange data between the surface 
soils of each end of the field and between the.subsoils of 
each end is outstanding. The results are only slightly 
higher for the colloids in the east end of the field. This 
indicates strongly that the differences in the two ends of 
the field are due to texture primarily and not to the 
exchangeable magnesium content.

The similarity in the ratio of exchangeable calcium 
to magnesium between the surface soils and between the 
subsoils again indicates a similarity in the colloidal 
fractions of those samples. This is true also for the per
cent magnesium of the total base capacity. It further 
substantiates the conclusion that texture alone is 
responsible for the structural differences in the east and 
west ends of the field.

The base exchange capacity of the surface samples was 
higher than for the subsoil samples. This may be due to 
the presence of more organic matter in the surface than in 
the subsoil, and possibly to differences in nature and 
content of clay minerals in the 'complex.

The total base capacity of the Joseph clay is very 
high for both the surface and the subsoil. On the basis 
of M.E. per 100 grams of colloid they are practically the 
same. The calcium-magnesium ratio is much higher than in 
Mingus, and the percent magnesium of the total base capacity 
is much lower. The base exchange complex throughout the 
soil is apparently quite uniform.
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TABLE 3. TOTAL BASE EXCHANGE CAPACITY, EXCHANGEABLE BASES, AND 
PERCENT COLLOID.

Soil M. E. per 100 grams of Soil %Total
B.E.C. Exchangeable Bases 

Me Na K CaCbv Jiff.) Col
loid

Mingus-E. Surf. 
" Sub.

43.08
35.86 20.46 0.92 

27.81 0.97 2.18
1.45 19.52

5.36 53.6
55.8

Mingus-W. Surf. 
" Sub.

30.93
28.10

14.91 0.78 
19.75 0.75

1.42
1.13

13.82
6.47

40.9
48.1

Joseph Surf. 
" Sub.

50.69
60.33

11.85 4.24 
14.72 6.70

2.28
2.02

32.32
36.89

58.8
71.7

Garcia 12.50 4.85 0.34 1.34 5.97 19.6

Bonito 19.95 4.67 0.62 1.07 13.61 14.8

M.E. Ca %
Me

Re-calculated - M. E, per 100 grams of Colloid M.E. Mg TBC
Mingus-E• Surf. 

" Sub.
80.3
64.3

38.2 1.72
49.8 1.74

4.07
2.60

36.4
10.1

0.95
0.20

47.5
77.6

Mingus-W. Surf. 
" Sub.

75.6 
58 # 5

36.4 1.91
41.1 1.56

3.47
2.35

33.8
13.8

0.93
0.33

48.2
70.3

Joseph Surf.
" Sub.

86.3
8412

20.1 7.21
20.5 9.35

3.88
2.82

54.951.5
2.73
2.50

23.424.4
Garcia 63.8 24.8 1.73 6.84 30.5 1.23 38.8
Bonito 134.8 31.6 4,20 7.23 92.0 2.91 23.4
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In the Joseph soil the structural difficulties are
most likely due to the high clay content. However, the
high amount of sodium and magnesium in the exchange complex 
may do much to disperse the soil. Joffe and Zimmerman (13) 
found that magnesium behaves very much like sodium in the 
complex. '

Structure Factors
Capillary Rise: In Figure 3, the rates of capillary

rise in each of the soils studied are compared. The rise 
was most rapid in the Garcia and Bonito samples as had 
been expected. The slowest rate was observed in the sub
soil of the Joseph sample. With the exception of the sub
soil of the east end of the Harbeson farm, the rate of
capillary rise increased with a decrease in the clay con
tent of the samples. We have no explanation for the fact 
that the subsoil of the east end had a slower rate of 
percolation than the surface soil.

The rise was more rapid in the Mingus soil from the 
west end of the field than in the samples from the east 
end. This correlates very nicely with the results of the 
percolation experiment (Figure 4), and with the textures 
■of these soils.

Percolation: Figure 4 gives a comparison of the
percolation rates for the problem soils studied. The 
data for the Garcia and Bonito soils were not'plotted™" "4n 
Figure 4 because the percolation rates were so rapid that 
they can scarcely be classed as "problem soils". Suffice
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it to say that these two soils allowed the 250 ml. of 
water to percolate through them in less than eight hours. 
However, this was not the case with the Joseph samples 
and the surface soil from the east end of the Mingus 
field. After 45 days percolation through these samples 
had completely stopped. The swelling of the soils in 
the percolation tubes was evident.

In the Mingus soil, the subsoils in both ends of 
the field were more permeable than their respective surface 
soils. This fact can be correlated only with the results 
of the mechanical analysis which showed slightly higher 
clay contents in the surface soils, and the base exchange 
capacity which was higher in the surface soil in each case.
The samples from the west end of the field were more permeable 
than those of the east end, a relationship which again 
correlates with the textural factors.

The Joseph subsoil was not as permeable as the surface 
soil. This would be expected for several reasons: (1) The
clay content as determined by mechanical analysis was higher; 
and, (2) The total base exchange capacity was higher than 
that of the surface.
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Study of the Colloidal Fractions
Thermal Analysis? The colloidal fractions from the 

eight soils were extracted and purified prior to the 
determination of their mineral constituents by differential 
thermal and by fusion analysis. The latter was made 
primarily to determine if magnesium was present in unusually 
large amounts as an integral part of the crystal lattice of 
the montmorillonite. The procedure followed has already 
been described in an earlier section.

The curves for standard montmorillonite and illite 
are found in Figures 5 and 6. The chief mineral constitu
ents of each of the soils studied were montmorillonite and 
illite as seen qualitatively from the differential thermal 
curves in Figures 7, 8, and 9.

The Kanab sample, a bentonitic clay from Northern 
Arizona, was montmorillonite. Its strong peaks came at

■otemperatures of 150-160 C, which was the most pronounced, 
and 725-730* C. By measuring the area between the zero 
line and the curve at the 155"peak and comparing it with 
the same area of an unknown sample it is possible to make 
a semi-quantitative determination of the amount of 
montmorillonite present. This was done as shown by the 
data in Table 4. The area used for the standard was 1.32 
sq. in.

The standard illite sample has strong peaks at about 
130 C. and 590* C. The peak at 590* is the most pronounced 
and gives the greatest dip below the zero axis. It is not
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TABLE 4. PERCENTAGE COMPOSITION OF THE COLLOIDAL FRACTION

Colloid Montmorillonite
Area %
(Sq. in)

Illite 
55K2° % Total

%
Mingus-E. Surf. 1.10 81.5 2.69 44.8 126.3

" Sub. 0.62 45.8 2.61 43.5 89.3
Mingus-1Y. Surf. 0.74 54.7 2.76 45.0 99.7

" Sub. 0.70 51.8 2.81 46.8 98.6
Joseph Surf. 0.45 33.3 2.29 38.2 71.5

" Sub. 0.82 60.6 2.78 46.4 107.0
Garcia 0.43 31.8 3.14 52.4 84.2
Bonitb 0.22 16.3 2.43 41.3 57.6
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possible to estimate accurately the amount of illite 
quantitatively from the standard curve, hut it can be 
calculated from the percentage of K20 in the sample, 
since potassium occurs in considerable amounts in the 
hydrous micas and is absent from the other clay minerals 
except in mere traces. For this purpose, the average 
value of 6.00% for the percentage of KgO in illite as 
found in the literature was used. The results of these 
quantitative estimations are shown in Table 4. The per
centage of KgO had been determined by fusion analysis on 
the colloid (Table 5).

The results of the thermal analysis on the colloids 
and standard minerals agree well with those of Grim and 
Rowland (8). The chief mineral constituents were found 
to be montmorillonite and illite.

The four Mingus colloids gave nearly identical 
curves (Figure 7), except that the surface, east end, 
contained more montmorillonite than the other samples.
This would account partly for the higher base exchange 
capacity of that sample. However, it appears that the 
east-end surface sample does not contain as much 
montmorillonite as shown by the curve.

The thermal curves (Figure 8) for the Joseph colloids 
indicate the presence of more montmorillonite in the 
subsoil than in the surface. This correlates very nicely 
with the base exchange data of Table 3. The capillary 
rise data (Figure 3) and the percolation rate (Figure 4)
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also point to a heavier subsoil in the Joseph profile.
Like the foregoing samples the Garcia and the 

Bonito colloids consist chiefly of montmorillonite and 
illite (Figure 9). The Bonito colloid exhibited an 
unusual behavior, as seen in Figure 9, where a strong 
exothermic reaction appears at 800° Centigrade. In 
previous studies by Buehrer (2a) and by Robinson (18a) 
a sharp inflection of this kind indicated that the 
colloid contained considerable amounts of organic matter 
which decomposed at temperatures near 800 ° C. This was 
true for the Bonito sample, which was extracted from a 
soil high in organic matter. In the extraction and 
purification process, the oxidation by NaBrO apparently 
failed to remove all the organic matter. The presence 
of this organic matter in the colloid is probably respons
ible for the low summation of the colloid constituents 
for Bonito, as shown in the last column of Table 4. It 
will also be noticed in Table 5 that the percentage of 
the constituent calculated as crystal lattice water was 
high in comparison with that of the other samples. This 
figure probably includes the organic matter lost on 
ignition. The presence of organic matter in this sample 
may also be responsible for its high base exchange capacity 
as shown in Table 3.

Fusion Analysis: The results of the fusion analysis
on the extracted colloids are presented in Table 5, in 
terms of percent oxides on the oven-dry basis. The most
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outstanding figures are those for the MgO content.
Magnesium appears to have substituted for aluminum in the 
crystal lattice to some extent in all the colloids 
studied, but in the Mingus samples the MgO content is 
approximately 6%. "In these samples the magnesium also 
shows the highest percentage base exchange capacity 
(Table 3).

The CaO percentage is a measure of the exchangeable 
calcium with which the colloid was saturated. Since the 
amount of calcium correlates so closely with the base 
exchange capacity of the colloid, it evidently is not 
an integral part of the montmorillonite crystal lattice.
The percentage of CaO in the Joseph subsoil colloid is 
greater than that of the surface soil. This is in agree
ment with the base exchange data in Table 3. The CaO 
percentages of the Mingus colloid samples are nearly 
identical, therefore the base exchange capacities of the 
whole colloids should agree closely.

The KgO content of each colloid was the basis for 
computing the amount of illite present. These results 
are found in Table 4. The percentage of K%0 in the 
Mingus colloid is higher in the west-end samples, than in 
the east end. This would be expected from the base exchange 
data of Table 3. The KgO content of the surface colloid 
of the Joseph soil is lower than that of the subsoil.
This o b s e rv a tio n  cannot, however, be explained on the basis 
of the base exchange data.
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TABLE 5. FUSION ANALYSIS ON THE COLLOIDAL FRACTION

Percent
Colloid h2o Si02 r2°3 FegOg AlgOs

Mingus-E. Surf. 8.54 51.49 27.65 6.59 21.10
" Sub. 7.71 52.17 27.76 6.71 21.05

Mingus-W. Surf. 8.01 51.59 28.32 7.20 21.12
" Sub. 8.71 51.46 27.79 7.68 20.12

Joseph Surf. 7.84 56.78 ' 29.70 4.40 25.30" Sub. 7.33 55.68 28.86 4.29 24.56
Garcia 9.13 52.72 31.54 5.47 26.07
Bonito 10.03 58.21 25.01 3.85 21.11

__________ Percent (continued) _____________________

Colloid Mgo Cao KS0 Total Fe20f  ̂  2/SMg0

Mingus-E. Surf. 6.15 2.95 2.69 99.47 2.46
" Sub. 5.97 2.94 2.61 99.16 2.50

Mingus-W. Surf. " 5.71 3.06 2.76 99.45 2.47
" , Sub. 6.07 2.99 2.81 99.83_____ 2.47

Joseph Surf. 2,52 2.10 2.34 101.28 2.98
" Sub. 3.20 2.49 2.78 100.34 2.90 * •

Garcia_______  2.00 1.54 3.14 100.07 2.72
• Bonito 1.46 2.56 2.48 99.75 3.79
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The silica-sesquioxide ratios were computed by 
dividing moIs SiOg by the moIs Fe^Og plus mols Al^Og 
plus 2/3 mols MgO. The MgO was included because it had 
replaced aluminum in the lattice. The differences in 
silica-sesquioxide ratio within the soil series are not 
great enough to be significant.

Analysis of Water Samples 
The results of the.water analysis are given in 

Table 6 . The Verde River water used on the Harbeson 
farm contained appreciably more magnesium than calcium.
This is true also of the Little Colorado River water at 
Hunt Valley. However, the artesian water used for 
irrigating the Joseph soil contained very little mag
nesium. In all of the water samples the magnesium 
content was relatively low, but in the case of the 
Mingus soil this water was probably partly responsible 
for the high percentage of exchangeable magnesium in 
these impervious soils.

• Analysis of the Shales and Limestones 
Table 7 shows the results of the analysis of the shales 

and the limestones. These samples were analyzed for calcium 
and magnesium in an attempt to establish the source of the 
high magnesium content of the soils under investigation.
The calcium content of the limestone rocks varied from 5% 
to 37% and in the shales from 0.20% to 8.60%. The 
magnesium content varied from 0.57% to 11.88% in the
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TABLE 6. ANALYSIS OF IRRIGATION WATERS

Sample P.p.ra.
C0% HCOa Cl Ca Mg

Irrigation water 
for Harbeson 
farm from Verde 
River

- 347 37 35 51

Tap water at 
Cameron on edge 
of Painted Desert

- 261 2082 82 80

Water from the 
Little Colorado 
River 2 mi. west 
of Winslow

' 24 153 26 62 46

Water from the 
Little Colorado 
River in Hunt 
Valley

- 88 682 62 78

Irrigation water 
for Joseph soil 
in Hunt Valley 
(Former artesian)

- 194 240 52 17
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TABLE 7. CALCIUM AMD MAGNESIUM CONTENT OF LIMESTONES AND SHALES

Limestones
Sample * % %
No.______ Ca______ Mg

1# • • • • • •  21 •35  • • •  1 1 .8 8
2 # . # . # .  20#80 • •#  5 •2 0
3 1 9 .0 8  • • .  9 .5 6
4 .  ###### 2 0 .7 5  . . .  5 .0 7
5 . . . . . .  4 .6 5  . . .  2 .0 6
6  ............ 1 9 .8 7  . . .  6 .7 4

16 . . . . . .  3 7 .3 0  . . .  0 .7 3
24 ............  3 0 .8 7  . . .  0 .5 7

Shales
Sample *
No._________ Ca_______Mg
7 ....... 0.23 ... 0.50
8 ....... 0.64 ... 0.80
9 ....... 0.73 ... 0.75
10 ....... 0.75 ... 0.72
11 ....... 1.53 ... 1.03
12 ....... 1.67 ... 1.15
13 ....... 0.54 ... 0•84
14 ....... 0.65 ... 0.74
15 4.27 ... 0.57
18 ....... 3.54 ... 1.76
19 ....... 3.78 ... 1.71
20 .. 0.97 ... 0.48
21 ... 1.17 ... 0.87
22 ....... 0.40 ... 0•90
23 ....... 1.53 ... 0.71
28 ....... 8.60 ... 1.79

* Refer to Figure 1 for the types and locations 
of these samples.
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limestones and from 0.50% to 1.79% in the shales.
McKee (18) found that the limestone formations in 

Northern Arizona increased in magnesium content geograph
ically from west to east. This fact was not substantiated 
by this investigation, probably because of the manner and 
limited area of sampling. Hence no correlation could 
logically be made. The samples obtained for this study 
were not representative of any particular area, but 
instead were loose rocks gathered at random with no special 
reference to geologic formations.

The limestone formations in Northern Arizona are in 
all probability responsible for the high exchangeable mag
nesium content of the Mingus soil. The shales may contribute 
some magnesium to the soils, but the differences in magnesium 
content between the shales and the limestones indicate that 
the limestones are the source. The shales do, however, 
give to the soil a high clay content because of their high 
bentonite (montmorillonite) content (Camp (3)).

184242
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DISCUSSION"

On the basis of the chemical and physical determinations 
on the two problem soils, chosen for this study, it is 
apparent that the texture is mainly responsible for their 
poor structure. There was reason to believe that magnesium 
in the base exchange complex played a major role in the 
development of these soils. Although the exchangeable 
magnesium may affect their physical properties, these soils 
have much the same characteristics as any heavy clay soils*

The original suggestion for the differences between 
the Mingus soil of the east and the west ends of the 
Harbeson field was that the higher exchangeable magnesium 
content in the east-end soil was responsible for its poor 
structure. The sample sites were only a few hundred yards 
apart, and it was hardly conceivable that difference in 
texture alone would account for the differences in structure. 
The base exchange data appeared to substantiate the mag
nesium theory by showing a higher content of replaceable 
magnesium in the east end of the field. However, when the 
percent colloid was determined and the base exchange data 
re-calculated to a basis of M.E. per 100 grams of colloid, 
the results showed but little difference between the two 
ends of the field. The clay content of the soil from the 
east end of the field as determined by mechanical analysis 
was twice that at the west end. This difference in texture
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accounts practically for the physical and chemical 
behavior of these two soils.

The exchangeable magnesium may be responsible in 
part for the poor structure of these soils, and it is 
probable that magnesium in other soils, not as heavy in 
texture, may cause poor structure. The investigators 
previously mentioned have correlated poor soil structure 
with exchangeable magnesium content. Further studies of 
Northern Arizona soils may reveal such relationships.

The differential thermal analysis on the extracted 
colloids showed the presence of montmorillonite and illite, 
with a greater content of the former. This fact together 
with silica-sesquioxide ratio of the colloids explains the 
high base exchange capacity.

The ultimate analysis established the presence of 
illite in the colloids and each sample contained K20 in 
fair amount. It also established the presence of magnesium 
as an integral part of the crystal lattice of the mont
morillonite having replaced aluminum.

The limestone and shale samples gave evidence that 
magnesium is present in the parent materials of these 
soils. The limestones, particularly, contained relatively 
large amounts of magnesium. The predominance of limestone 
formations, dolomitic limestones, and the Chinle shales 
in the problem areas make it seem highly probable that these 
are responsible for the high magnesium content of the 
soils. Another source of magnesium is the stream waters
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used for irrigation.
The fine fractions of both soils were probably 

derived from the clay-bearing shales of Northern Arizona, 
in view of the high bentonite content of the Chinle shales. 
In addition, these soils are alluvial, having been laid 
down by stream action in fine-textured deposits.
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SUMMARY"

1. A physical and chemical study has been made on 
two soils representing the Mingus and Joseph series from 
two locations in Northern Arizona, and their colloids.

2. The chemical studies included the determination 
of pH value, constituents of the soluble-salt fraction, 
total base exchange capacity and exchangeable bases, and 
fusion analysis of the extracted colloid. Calcium and 
magnesium determinations were made on a number of lime
stones and shales found in the vicinity of the locations 
of the soils in question, and on the irrigation waters 
for these soils.

3. Physical determinations of textural composition, 
capillary rise, percolation rate, and percent colloid were 
made and mineral composition of the colloid was determined 
by thermal analysis.

4. The mechanical analysis indicated that these soils 
are extraordinarily high in clay content - from 65% to 70%. 
There was little difference in the clay content of the 
surface and the subsoils of the Mingus series. However, 
the soil at the east end of the field contained almost 
twice as much clay as the west end.

5. The pH values for all samples averaged 7.80. The 
hydrolytic pH was generally high in cases where the
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exchangeable sodium plus magnesium were high.
6. The soluble-salt content of the Joseph clay sub

soil was 32,000 p.p.m., representing a high concentration 
of sodium, calcium, chloride, and sulfate ions. The east- 
end soil of the Mingus series contained more sodium, 
magnesium, bicarbonate, chloride and sulfate ions but less 
calcium ions than that of the west-end.

7. The base exchange capacity of the soil from the 
east end was higher than that of the west end. The ratio 
of calcium to magnesium in the exchange complex of the 
surface of the Mingus soils was 0.95 and of the subsoils,
0.20. Calculated on the basis of M.E. per 100 grams of 
colloid, the base exchange capacities and the exchangeable 
bases of the two ends of the field were quite similar.
This leads to the conclusion that the physical differences 
between the two ends of the field were purely textural.

8. In the Mingus soil the rate of capillary rise was 
more rapid in the soil from the west end of the field. The 
Joseph soil had a very low rate of capillary rise, especially 
in the subsoil. In the percolation studies, the Joseph soil 
was found to be extremely impermeable, especially the subsoil. 
The Mingus soil from the east end of the field was less 
permeable than the soil of the west end, which correlates 
with both chemical and physical data.

9. The colloid fractions of all soils studied were 
found to be composed of montmorillonite and illite, as 
shown by differential thermal analysis. The montmorillonite
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content of the colloid of the Joseph subsoil was greater 
than that of the surface soil. The montmorillonite content 
of the colloid from the east-end surface soil of the Mingus 
series was greater than for the other Mingus samples.

10. Fusion analysis established the presence of an 
unusual amount of magnesium by substitution in the crystal 
lattice of the montmorillonite. Potassium determinations 
were used to indicate the amount of illite.

11. Calcium and magnesium determinations on the lime
stones and shales indicate that the limestones may be 
responsible for the high exchangeable magnesium content of 
these Northern Arizona soils. The shales contained small 
amounts of magnesium, but may have served mainly as the . 
source of supply of clay for these soils.
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