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ABSTRACT

The purpose of this research was to study the 
surface area characteristics of representative irrigated 
Arizona soils and soil clays and its relationship to 
cation exchange capacity and per cent clay content. The 
Glycerol retention method developed by Kinter and Diamond 
(1958a) was used for the determination of surface area.

Total soil surface area ranged from 24 m2 /g for 
Vinton loamy sand (5.8$ clay) to 148 m2 /g for Cashion clay 
(40.0$ clay). Total surface area of the less than two 
micron clay fraction varied from 221 m2 /g to 385 /g 
for Gila and Cashion soils respectively. These variations 
were mostly due to the type of clay minerals present in the 
samples.

Total soil and soil clay surface area values were 
closely related to the cation exchange capacities of these 
two fractions with correlation coefficient values of O .9 8  

and 0.95 respectively. Cation exchange capacity data were 
better correlated with total soil surface area than with 
external or internal surface area. A 0.95 correlation 
coefficient value was found between soil surface area and 
per cent clay content. It was concluded that a close 
estimation of cation exchange capacity or per cent clay con 
tent can be made from total soil surface area values.

viii



ix
The influence of the removal of amorphus material on 

the soil clay surface area measurement by the glycerol 
retention was studied. Total surface area of all ten soil 
clay samples was increased after the removal of amorphus 
material. It was theorized that boiling the clay samples 
2.5 minutes in o.5 N NaOH probably altered the structure.of 
the crystalline clay minerals. The increase in surface 
area might also be due to extreme dispersion of clay by the 
sodium.



INTRODUCTION

The most important chemical and physical property of 
soils such as cation exchange capacity, degree of mineral
weathering, and water retention are related to the surface

" •area of soil minerals. Until recently the importance of 
surface area measurement has not been fully recognized in 
soil science. Both soil scientists and clay minerologists 
have done much work in this area in the last 30 years. They 
have developed several techniques for measuring the total 
soil surface area as well as the clay fractions. Retention 
of polar liquids such as glycerol and ethylene glycol, and 
adsorption of gases such as nitrogen, ammonium and HgO on 
the surface of soil or clay fractions are widely used for 
surface area determination.

The values of external, internal and total surface 
are are practically used in qualitative and quantitative 
determination of the mineral composition of clays such as ' 
per cent montmorillonite and vermiculite, and in the study 
of certain physical properties of soils such as water 
retention, etc.

The main purpose of this research was to study the 
degree of relationship (correlation) between total soil and 
soil clay surface area and cation exchange capacity and also 
between total soil surface area and per cent clay content

1



2
of soil. The values for the above correlations allow us to 
determine the reliability of estimating the cation exchange 
capacity values or soil texture from the surface area data. 
The degree of relationship between external, internal and 
total surface area and cation exchange capacity may help us 
determine the source of the negative charge on soil clays.

Another objective of this work was to evaluate the 
effect of removal of amorphous material on determination of 
surface area by the glycerol retention method. Amorphous 
materials are believed to have high surface area and high 
cation exchange capacity values which can influence the 
amount of surface area determined by the polar liquid 
retention (Jackson, 1956) or the gas adsorption method 
(Follett, McHardy and Mitchell, 1 9 6 5).

The third purpose of this work was to determine the . 
surface area characteristics for Ap horizon of ten representa
tive Arizona soils. During the literature review the author 
found no work pertaining to surface area values for Arizona 
soils.



REVIEW OP LITERATURE

Methods of Surface Area Determination
Three methods have been widely used for determining 

the surface area of soils and clays. Each method will be 
considered separately in this discussion.

Glycerol Retention Method
The measurement of internal and external surface area 

using the glycerol retention technique was first reported by 
Diamond and Kinter (1958). Using x-ray diffraction they 
showed that in the presence of free glycerol vapor and 110°C 
temperature, glycerol was adsorbed as a monomolecular layer 
both on the internal and external surfaces of the clay.

; The surface area due. to a given amount of adsorbed 
glycerol can be calculated using the volume and thickness 
data for a glycerol molecule. The thickness of a glycerol 
molecule is calculated from the difference between basal 
spacing of heated (collapsed) montmorillonite samples and 
the spacing of a monolayer of glycerol or two layer glycerol 
complexes.

MeEvan (1948) reported 8.6 ^ thickness for two layer 
glycerol complexes which is in close agreement with the
8.4 A value by Kinter and Diamond (1958b). Spacings of
4.5 A, 9.6 X, 14.1 A and 18,0 A was found by the same 
authors for the thickness of monolayer glycerol, basal

3



4
spacing of heated collapsed montmorillonifce, average spacing 
of monolayer glycerol solvated montmorillonite, and two 
layer glycerol solvated montmorillonite respectively.

The determination of expanding clay .surface areas by 
both glycerol and ethylene glycol methods requires elimina
tion of the internal surface in order to find the amount of 
polar liquid which is adsorbed on the external survace area. 
Two different physical and chemical pretreatment methods have 
been used to prevent glycerol adsorption on the internal 
surfaces of expanding clay minerals.

Kinter and Diamond (1959) showed that saturation of 
samples with triethylamine cations (TEA) prior to determina
tion of surface area prevented the entry of glycerol 
molecules into the internal layer positions of expanding 
clay minerals and did not have any effect on glycerol 
adsorption on the external surfaces of clays. They further 
stated that soil treatment with TEA fixed the basal spacings 
of montmorillonite at 1 3 «3 8 and theoretically glycerol 
molecules with 4.5 R thickness could not enter 3.7 & 
(13.3-9.6) spacing.

Greene-Kelly (1956) saturated montmorillonite
with different organic and inorganic cations and concluded 
that the basal spacing of TEA saturated samples are fixed at 
13.3 %. They further observed that this spacing did not 
change when the samples were air dried immersed in water or 
glycerol.
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Kinter and Diamond (1959) heated TEA saturated

n Omontmorillonite at 110 C and observed that the 13*3 A spac
ing was not changed with this treatment. They surmised that 
at this temperature the glycerol molecules cover the surface 
of clay or soils as a monomolecular layer.

Diamond and Kinter (1963) saturated montmorillonite
with different short chain amine cations and showed that any
short chain of normal, primary, secondary, tertiary amine,
or quanterary ammonium cations will form a basal spacing
which consists of a monolayer of cations. The basal spacing
of samples did not change with air drying; however, as a

oresult of oven drying they did get a 0.2 A or less decrease 
for 6 carbon organic molecules and a 0.7 X decrease for TEA 
cations. Kinter and Diamond (1963) in further work showed 
that ?a small amount of glycerol can enter the internal 
layers of expanding clay minerals. They concluded that 
entry of glycerol molecules into internal layers of clay can 
not be prevented 100 per cent by TEA saturation. In this 
case the value of surface area obtained for clay or soil 
might be a little high. However, they stated that this 
method is as good as any other pretreatment for the 
measurement of surface area.

Several workers employed a.physical pretreatment of 
samples in order to eliminate internal adsorption effect of 
clay. It has been shown that if an expanding clay is 
heated to 600°C its internal layers will be irreversibly
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collapsed and glycerol or other polar liquids will be 
adsorbed only on external surfaces of clay.

The effect of heating at different temperatures and 
for different lengths of time on ethylene glycol retention 
was studied by Dyal and Hendricks (1950). They calculated 
the external surface area for several H-saturated clays and 
then heated the samples to 6 0 0°C. They found their results 
to be in agreement with the values obtained for external 
surface areas by the.BET equation. The amount of ethylene 
glycol retained by illite slightly increased at 500°C.

Nelson and Hendricks. (19^3) studied the effect of 
various temperatures on surface area of soils and hydrous 
minerals. Their data showed a considerable amount of change 
in surface area for kaolinite, gibbsite, and illite as the 
tempe.rature was increased. They concluded that heating 
removed the water of crystallization of clay minerals with
out any essential change in particle size.

Dyal and Hendricks (1950) reported that the effect 
of temperature on collapsing interlayers of expanding clay 
minerals depends on the type of. saturating cation. These 
workers showed that a Ca-saturated clay did not collapse at 
500°C. Diamond and Kinter (1958a).conducted an experiment to 
study the effect of temperature on collapsing of internal 
layer of several montmorillonite clays. They heated samples 
to 350oC --650°C and compared the x-ray diffraction peaks of 
heated and unheated samples.
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They suggested that each sample should again be glycerol 
solvated after heating and the accuracy of an irreversible 
collapse be examined using x-ray diffraction patterns.
These authors showed that irreversible collapse of the 
internal layer of montmorillonite can be attained at 6 0 0°C.

Lopez-Gonzales and Deitz (1952) studied surface change
in an original and activated bentonite and reported that 
heating the samples at temperatures higher than 600°C may. 
reduce external surface area.

The influence of heating time upon ethylene glycol 
retention was studied by Bower and Gschwend (1952). They 
heated eight soil samples at 6 0 0°c for 1, 2 and 4 hours 
and showed that the amount of ethylene glycol retention 
tended to decrease as the time of heating increased. They 
also reported that a longer time of heating increased the 
amount of.glycol retained by those samples which contain an 
appreciable amount of alkaline earth carbonates. A reverse 
reaction was observed by these authors for low carbonate 
containing samples. .

With regard to data presented by various workers and 
the factors affecting irreversible interlayer collapse of 
expanding clay minerals at 600oC, it is believed that the 
determination of external surface area by heat treatment 
method is not an accurate way and will only give approximate 
values.

Mehra and Jackson (1959) employed the glycerol
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retention method for quantitative determination of per cent ' 
expandable clay (montmorillonite + vermiculite) in clay 
samples. They based their method on the theory that mont
morillonite and vermiculite both adsorb one layer of 
glycerol between their interlayers. However, at 35°C 
glycerol will be adsorbed as a monomolecular layer by ver
miculite and as a duomolecular layer by montmorillonite. 
Therefore, quantitative glycerol adsorption difference 
between these two temperatures is proportional to the amount 
of montmorillonite present in the sample. The above authors 
developed the following equations for calculation of per 
cent expandable clay in the sample.
Planar specific _ Total specific. External specific surface
surface, m2/g ** surface 6

% (Mont. + Verm.) = Planar specific surface, m2^
Theoretical planar surface, 
808 to 76O m2/g

X 100

^ M0nt = Planar specific surface attributable to Mont.m2/g 
^ * Theoretical planar surface of mont.,

808 to 760 m2/g
They concluded that accuracy of per cent montmoril

lonite depends on the removal of amorphous material, and
accuracy of per cent vermilulite depends upon accurate
determinations of external surface and a correction for the 
per cent halloysite type clay in the sample.

Desorption of glycerol from clay as a function of 
glycerol vapor pressure was investigated by Hajeck and 
Dixon (1 9 6 6). They developed the glycerol desorption
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isotherm for montmorillonite, veraiculite, and kaolinite.

pThe authors reported 1742 m for one g of monolayer 
glycerol which was calculated based on 8l0 theoretical 
value for one g of montmorillonite. This value is in close 
agreement with 1765 m^ /g reported by Diamond and Kinter 
(1958).

* •

Ethylene Glycol Retention Method
A simple gravimetric method for measurement of sur

face area based on retention of ethylene glycol was developed 
by Dyal and Hendricks (1950). They postulated that the 
ethylene glycol molecules under certain conditions will cover 
the surface of clay and soils as a monomolecular layer. On
the basis of data obtained for bentonite the authors calcu-

-4lated that 3.1 X 10 g of ethylene glycol correspond to one 
square meter assuming the surface of clay or soils is 
covered with a monomolecular layer of ethylene glycol. The 
Dyal and Hendricks procedure can be summarized as follows:
(l) drying the clay in an evacuated desiccator over PgO^ 
in order to get the dry weight of the sample, (2) adding 
ethylene glycol to the sample and soaking it for several 
hours, (3 ) removing excess ethylene glycol in an evacuated 
desiccator over Ca Clg, (4) weighing the samples at equi
librium and finding the amount of ethylene glycol adsorbed 
by the sample.

Diamond and Kinter (1958) on the basis of the data 
obtained for the molecule of ethylene glycol stated that the
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Dyal and Hendricks.(1950) conversion factor (3.1 X 10 g 
ethylene glycol for each square meter) is about 1/3 high.
They suggested a new factor for converting retained ethylene 
glycol to surface area. .

Bower and Gschwend (1952) showed that the vapor 
pressure of ethylene glycol is an important factor in this 
method and should be kept low. They further suggested that 
if clay or soil can be evacuated over dry Ca Clg in the 
desiccator, the vapor pressure remains low and equilibrium 
can be reached sooner than in the original method. Based on 
this modification they proposed a new procedure for determi
nation of surface area. <

Bower and Gschwend (1952) further stated that '
vermiculite, eridellite and the hydrated form of halloysite
adsorb only one layer of ethylene glycol between their? ‘
layers. Since the calculation of surface area in this method 
is based on adsorption of two layers of ethylene glycol be
tween structural units, the total surface area for a 
sample containing the above minerals will be low. They gave 
the following equations to calculate external, internal and 
total surface area.
Total surface area (m^ /g) = weight of ethylene glycol 

retained by unheated soil (g) 4- wt. of vacuum dried 
unheated soil (g) X 0.00031.

-4
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External surface area (m2 /g) = wt. of ethylene glycol . 

by heated soil (g) -r wt. of vacuum dried unheated soil
(g) X .0 0 0 3 1.

Internal surface area- = total surface area - external surface 
area.

Dyal and Hendricks (1952) investigated the effect of
" •cations on ethylene glycol saturated bentonite and showed

that samples saturated with Ca , H and La3 and solvated
owith ethylene glycol had spacing of 17.1 A which is charac

teristic of ethylene glycol saturated montmorillonite.
Whereas they got lower spacing maxima for samples saturated

+ .+ ' +  + with K, NH4 , Rb and Cs .
Kunze (1955) studied the ethylene glycol solvation 

technique for x-ray diffraction and observed that some 
montmorillonite samples saturated with ethylene glycol 
showed diffraction maxima lower than 17.1 This indicates 
that not always two. layers of ethylene glycol is adsorbed 
by interlayers of montmorillonite under normal solvation 
and drying conditions. If this is true, the surface area 
obtained by the Dyal and Hendricks (1950) method is low in . 
some soils or clays. These authors presented a new pro
cedure for solvation of clay or soil to overcome this 
deficiency.

The ethylene glycol method was further modified by 
Martin (1955). He suggested that a source of free ethylene 
glycol in the desiccator during the evacuation and also
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reducing sample size will reduce the time .of true 
equilibrium. He further found that sample size, tempera
ture, and free iron oxide will have little effect on the 
equilibrium glycerol retention values.

Quirk (1955) reported that polar molecules (ethylene 
glycol)are likely to be adsorbed around the cations on the 
surface of clay minerals. He suggested that surface area 
measured by the ethylene glycol method might not give 
acceptable results.

Sor and Kemper (1959) modified the ethylene glycol 
retention method by including a large amount of ethylene 
glycol bentonite mixture in the system in order to buffer 
the ethylene glycol vapor pressure. They suggested that 
this mixture which contains enough ethylene glycol to cover 
the bentonite surface as a monolayer will reduce the number 
of sample weighings. It was shown by these authors that the 
shape of sample container and size of the samples did not 
have any great effect on the values of ethylene glycol 
retention.

The ethylene glycol method was further improved by 
Bower and Goertzen (1959)• They suggested a modified pro
cedure where the clays or soils are dried over PgO^ at 
25°C, and then equilibrated at 25°c in the ethylene glycol 
vapor pressure which is produced by a mixture of Ca Clg and 
ethylene glycol solvate. The presence of Ca Cig-ethylene 
glycol solvate at 25°C provides enough ethylene glycol
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vapor pressure for monolayer adsorption on the surface of 
clay minerals„ The above authors showed that ethylene gly
col retention was not changed when the ethylene glycol 
content of Ca Clg varied 0.19 - 0.94 mole per mole.

In addition to the glycerol and ethylene glycol 
adsorption methods, Lawrie (1 9 6 1) developed a rapid method, 
for an approximate measurement of the surface area of clay.
He saturated the clay with ortho-phenanthroline and measured 
the amount of ortho-phenanthroline adsorbed by clay from 
the difference in concentration of initial and final solu
tion. The following formula was given for the surface area 
occupied by ortho-phenanthroline:

A = M X 3.61
Where A is the area in square meter per g of clay, M is the 
measured amount of ortho-phenanthroline adsorbed expressed 
as millimoles per 100 g of clay. The surface area of 
several clays obtained by this method and ethylene glycol 
method was also compared by Lawrie (1 9 6 1). With the excep
tion of some montmorillonite groups, there was little 
agreement between the results of these two procedures.

Adsorption of Gases
Adsorption of gases such as nitrogen, argon, oxygen 

and HgO on the surface of solids has been investigated since 
early in this century. This phenomenon is based on the 
theory that when the concentration of a gas on the surface 
of a solid is more than the bulk of the gas it will be 
adsorbed on the surface of the solid.

Brunauer, Emmett and Teller (1938) developed a formula 
known as the BET formula, for measuring the surface area by
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multilayer adsorption of gases on the surface of soils in 
low temperature van der waals'.

Brook (1955) employed a nitrogen adsorption method
to determine the surface area of kaolinite, illite, halloy- . 
site, and montmorillohite. He stated that the nature of 
cations and water content had a considerable effect on 
nitrogen adsorption of those clays which hapl high CEC.
There was little relationship between gas adsorption capacity 
and water content for low CEC clay minerals such as kaolin- 
ite and pyrophillite.

Several other workers like Orchiston (1953)* Quirk 
(1955), and others tried to apply BET equation for determina
tion of surface area by water vapor adsorption. '

Quirk (1955) compared the surface area of several 1
clay minerals and soils obtained by nitrogen adsorption and 
water vapor adsorption isotherm and reported that the

' ‘ Vresults of these two methods were not in good agreement.
Orchiston (1953) measured the surface area of 

several New Zealand soils by using the water vapor adsorp
tion method. He found that 0.21 relative vapor pressure is 
necessary for monolayer adsorption.

Puri and Murari (1964) studied surface area deter
mination from a single point of water isotherm. Based on 
values obtained by Orchiston (1953) and their data for 
several soils and clays, they reported that monolayer water - 
adsorption by clays or soils may be attained at 0.53 rela
tive vapor pressure. The above authors developed the 
following formula for surface area measurement:
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Specific surface area NA where:
X = Amount of moisture adsorbed per g of soil in equilibrium 

with 0.53 relative vapor pressure.
poN = Avogadro's number (6.02 X 10 )

A z Area occupied per molecule of water (10.8a^)
This equation will be reduced by substituting the value 
for A and N and can be written as;
Specific surface area (X • 3.615 * 10^) m^ /g 

Other Methods
In addition to the methods explained previously, 

there are several other techniques for measurement of surface 
area of soils and clays. The two most important of them are 
as follows:

Mechanical analysis: Determination of surface area
by the mechanical analysis suggested by Puri (19^9)• They 
reported the following formula:
S = 6 Ojoij) in which:
A = Surface area in cm2 /g 
d = density of soil (usually 2 .6 5 )
P = Percentage of particles with mean diameter d.

Negative adsorption: The measurement of surface
area by negative adsorption method is based on the negative 
electrical charge on the surface of clay. As a result of 
this property, cations are adsorbed and anions are repelled 
by the clay surface. In a salt-clay solution concentration 
of cations on the clay surface is more than in the bulk of 
the solution; the reverse is true for the anions.. Since
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surface area is related to the negative charge, it can be 
calculated from measurement of negative adsorption (Mort- 
land and Kemper, 1 9 6 5).

Several workers, such as Schofield (19^9) and Bower 
and Goertzen (1955), studied the use of the negative adsorp
tion for determination of surface area but they attained no 
agreement between the results obtained from this method and 
the ethylene glycol procedure.

The Effect of Different Cations on Retention of Polar 
Liquids

Hendricks and Dyal (1950) studied the effect of 
different cations on ethylene glycol retention by mont- 
morillonite. They saturated different types of montmoril- 
lonite with H, K, Ca and Na and reported that the least 
ethylene glycol was adsorbed by the K-saturated sample.

Bower and Gschwend•(1952) investigated the
*influence of cations on external and internal surface area 

by ethylene glycol method on heated and unheated samples. 
They concluded that the kind of exchangeable cations did not 
have any significant effect on external surface area; 
however, retention values obtained for Ca and H-saturated 
samples for total.surface area tended to be higher than 
sodium and magnesium saturated samples. The lowest reten
tion values were obtained for those samples saturated with 
K or Al.
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The effect of Na+, H*, Ll+, NH4+, Ca-*2 , Mg'15, Fe*2,
•4*3Fe and A1 J on glycerol retention by montmorillonite was 

studied by Kinter and Diamond (1958a). They found a wide 
range of glycerol retention values as a result of saturation 
with the above cations. The total glycerol retention ranged 
from 10^ calculated on the dry weight basis for K - saturated 
samples and 17.50 for A1-saturated samples. The higher 
values reported for A1 were not in agreement with the results 
reported by Bower and Gschwend (1952). Their values were 
generally higher for polyvalent cations than for monovalent 
cations. The external glycerol retention values ranged from 
200 for Mg-saturated samples to 6.00 for Na-saturated ,
samples and usually were higher for monovalent cations than 
polyvalent cations. .

McNeal (1964) reported that ethylene glycol reten- • 
tion can be changed considerably as a result of sample 
saturation with different cations. He showed that ethylene 
glycol was retained by homoionic clay in the following 
order: Ca A1 ^ Na ) K, as temperature increases, the
decrease in relative retention is in the order of K Na 
^  Ca ^ Al. The relative effect of cations on ethylene 
glycol retention for different types of clay was reported 
by McNeal (1964) to be in the order of montmorillonite 
^  vermiculite } illite kaolinite.
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Ralston (1 9 6 7) compared the surface area of 

Ca-saturated and nontreated samples obtained from the 
glycerol retention, the ethylene glycol monoethylether 
retention and the water adsorption methods. He reported 
that the total surface area of nine Indiana soils was 
increased as a result of Ca-saturation. The maximum change 
in surface area was obtained for the soil which had the 
lowest pH and minimum change occurred in the soil with the 
highest pH. Based bn this observation he concluded that the 
average increase in surface area, of Ca-saturated samples is 
inversely proportional to the pH of the soils.

Surface Area Relationship with CEC and Per Cent of Clay 
Content

The cation exchange phenomena is one of the mostt
important surficial chemical reactions which occurs in soils. 
It seems probable that the soil's surface area is directly 
related to cation exchange capacity. The range of surface 
area and CEC values of montmorillonite, illite, and 
kaolinite, are as follows:
Type of Clay Specific Surface, m2 /g CEC,meg/100 g
Montmorillonite 750 - 800 80 - 100
Illite 80 - 100 15 - 30
Kaolinite 1 5 - 3 0  3 - 5
Dyal and Hendricks (1950) stated that CEC of clays can be
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approximated from the measurement of specific surface.

Mortland (1954) correlated CEC with surface area of 
several soils and reported a high correlation coefficient 
(O.9 8 5) between CEC and total surface area. He further 
correlated both internal and external surface area with CEC 
and found that CEC is better correlated with internal than 
external surface area.

Dean and Rubins (194?) measured the specific surface 
of seven soils and found that a high surface area is related 
to a high anion exchange capacity.

Kelley and Jenny (1936) investigated the relation 
between crystal structure and cation exchange capacity and 
reported a substantial increase in cation exchange capacity 
of several clays as a result of grinding.

Grim (1953) studied the source of cation exchange 
capacity of montmorillonite and reported 80$ of CEC is due 
to planar surface area and the rest arises from broken 
bonds.

The relationship between total soil surface area and 
per cent of clay content was investigated by Mortland (1954) 
and Ralston (1 9 6 7). They both found a high correlation 
coefficient (0.918 in both cases) between the above vari
ables and reported that soil cation exchange capacity can 
be estimated from the value of surface area.
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Influence of Soil Amorphous Material on Surface Area

The amorphous material in soils or clays are 
believed to influence the determination of surface area by 
both retention of polar liquids (glycerol and ethylene 
glycol) and the gas adsorption technique (Jackson, 1956 and 
Follett et al., 1 9 6 5)•

Follett et al. (1955) studied the effect of removal 
of inorganic amorphous material by the NagCo^ dissolution 
technique and reported an increase in the surface area of 
clays obtained from a podsol soil and a humic gley soil.

The surface area of allophane which is the predomi
nant part of amorphous material has been reported by 
several workers. Birrell and Gradwe11 (1956) and Follett et 
al. (1 9 6 5) determined surface area of allophane by using 
the nitrogen adsorption method and reported 36O m^ /g and 
200 m2 /g respectively. Kinter and Diamond (1958b) using 
the glycerol retention method found 260 m2 /g for total 
surface area of allophane. Most of these workers reported 
the effect of amorphous material on surface area measure
ment as being very difficult to evaluate.



METHODS AND MATERIALS

Sample Collection and Preparation
The Ap horizons from ten representative irrigated 

Arizona soils were sampled for this experiment. The site 
location for each sample is given in Table 1, and the 
detailed profile description is included in the Appendix. 
These sites were selected with the help of the Soil Conser
vation Service to assure getting representative samples for 
each soil series. The samples were dried at room tempera
ture, passed through the 2 mm sieve and stored for future 
analysis.

Particle Size Analysis
A particle size analysis was made on the soil 

( <f 2 mm). Both the hydrometer and the pipette method were 
employed for this determination. The detailed procedures 
for these two methods are given by Day (19S5 ).

Clay Separation
The clay size ( ^ 2u) particles from the ten soils 

were separated from the total soil by the sedimentation 
methods of Jackson (1956). The brief procedure is as 
follows:

Fifty grams of soil was placed in a one liter cup.
21



Table 1. Soil Sample Location in Arizona

Depth in
Soil Name Horizon inches Location

Cash!on AP
Mohave AP

Vekol AP

Pima AP

Grabe AP

Glendale AP
Laveen AP
Gila AP

Valencia AP

Vinton AP

0 - 1 0
0 - 1 2

0 - 14

0 - 14

O'— 18

o - 14 
0 - 1 3
0 - 1 3  

0 - 1 0  

0 -  17

1200 feet W. of SE Corner of Sec. 18, TIN, R5E
75 feet S., 50 feet E. of NW Corner, Sec. 14, 
T1S, R6e

1760 feet S., 30 feet W. of NE Corner, Sec 14,
T1 S, R6E
680 feet E., 260 feet N. of the SW Corner of 
Sec. 1, Tl8S, R13E ' .
50 feet S., 50 feet W. of E. quarter corner of 
Sec. 2 6, T12S, R12E
200 feet N. of the s£ corner of Sec 6,T3S, R8E
500 feet W. of Center, Sec. 32, TIN, R5E
950 feet W., 40 feet N. of SE Corner, NE £ of 
Sec 1, T2S, R7E
1850 feet W., 50 feet S of NE corner of Sec. 19# 
T1S, R4E
1250 feet W., 100 feet S. of NE corner.
Sec. 17# T2S, R7E

toto

s



400 ml distilled water was added and allowed to stand for 10 
minutes. Then 40 ml of 50 sodium methaphosphate (calgon) 
was added to each sample. The suspension was stirred with 
an electric mixer for five minutes and then placed into a 
one liter graduated cylinder. The volume of cylinder was 
raised to one liter with distilled water. The content of 
the cylinder was stirred with a hand stirrer*for one minute, 
and the temperature was recorded. The time required for 
the clay-size particles to sediment 10 cm was based on the 
Stokes Law as reported in the table.given by Day (1965, 
pp. 548).

The upper 10 cm of each suspension was siphoned off 
into glass bottles. The clay suspension was centrifuged at

»

10,000 RPM for 10 minutes, the supernatant was discarded.
The separated clays were kept in a moist condition for« • • ' " . - 
.later use.

Cation Exchange Capacity
Cation exchange capacity of both soils and soil clays 

were determined by the sodium saturation method as described by 
Chapman (1 9 6 5) and Bower, Reitemeier and Fireman. A modifica
tion of this procedure was used as follows: Exactly 4 g of
each sample was weighed and transferred to a 50 ml metal 
centrifuge tube. Then 35 ml of 1 N sodium acetate solution 
was added. The samples were shaken by a mechanical shaker 
for five minutes and centrifuged at 8,000 RPM for 15 minutes.
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This procedure was repeated twice more and the supernatant 
disregarded each time.

The excess NaOAC was removed from each sample by 
washing three times with 35 ml isopropyl alcohol as de
scribed above. The washing was continued until the test of 
soluble salt in the supernatant was negative.

The samples were then washed and centrifuged three 
times with I N  NH^OAC with the supernatant being collected 
in 100 ml volumetric flasks and adjusted to volume with 
additional 1 N NH^OAC. The PPm of Na in each flask was 
measured by a Perkin-Elmer Model 303 atomic adsorption unit 
using the standard recommended instrumental conditions for 
Na. The. results were calculated in meq/100 g of dry soil 
as shown in the following formula:

CEO, meq/100 g = ^  .% DlllutIon factor.X. 10
Wt. of sample X eq. wt. of Na

The cation exchange capacity for the soil clays 
were determined by the above procedure except the sample 
size was reduced to 0 .8  g.

Measurement of Surface Area
The surface area of these ten soils and soil clays 

were determined by the glycerol retention method developed 
by Kinter and Diamond (1958a)and Diamond and Kinter (1958). 
It is a simple gravimetric procedure based on the adsorption 
and retention of glycerol molecules as monolayers on sur- 
faces of clays under controlled conditions.
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The following assumptions are made when using this

method:
1. Under certain experimental conditions (110°C 

and an excess glycerol vapor pressure) a monolayer of 
glycerol molecules are adsorbed on the external and internal 
layers of soil or clay mineral particles. The glycerol 
adsorbed on external surfaces is bonded to one layer whereas 
the internally adsorbed glycerol is bonded to two surfaces.

2. Triethylammonium chloride molecules are adsorbed 
between the layers of expanding clay mineral such as mont-
morillonite and vermiculite and fixed the basal spacing at

o , o13•3 A therefore blocking the entry of the 4.5 A glycerol
molecules.

3. The glycerol molecule which is cuboid can be
adsorbed on the clay surface in three forms: horizontal,: ‘ 
inclined or a combination of these two. The calculation of
surface area in this experiment is based on the assumption
that glycerol molecules are adsorbed in a horizontal
position.

Procedure. About 10 gram of each soil was gently 
pulverized and passed through a 60 mesh sieve. Any coarse 
sand remaining on the sieve was subsequently mixed in with 
the pulverized sample. The samples were placed in the metal 
centrifuge tubes and saturated by washing three times with 
1 N CaClg and the excess CaClg removed by washing three
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times with isopropyl alcohol. The washing with isopropyl 
alcohol was continued until no trace of chloride remains in 
the supernatant as indicated by the AgNO^ test. After 
drying at 50°C half of the Ca-saturated samples were placed 
in the centrifuge tubes and washed three times with 1 N TEA. 
The excess TEA was removed from the samples by washing them 
three times with 120 ml of isopropyl alcohol.

Both Ca-saturated and TEA saturated samples were 
dried at 50°C, pulverized and passed again through the 60 
mesh sieve. Any sand remaining on the sieve was again 
mixed with the pulverized sample.

The tare weight of aluminum dishes previously heated
to 110°C were obtained within 1 0.1 mg. About 1 g of soils
from each Ca and TEA saturated samples were placed in the
aluminum dishes and dried for 10 hours at 110°C. Each 

;
sample was removed from the oven, placed on a clean surface 
for 30 seconds and weighed within the next 20 seconds to 
the nearest 0 .1  mg.

Then 5 ml of 2$ glycerol solution was added to each 
aluminum dish by a pipette. The dishes were gently shaken 
several times until no unwetted portion remained. The 
samples were allowed to soak at least for 8 hours. During 
this time samples were swirled for two more times to insure 
a complete soaking. The samples were placed in a Fisher 
type forced draft oven which contained a source of glycerol



vapor and heated to 110°C. Three petri dishes (1.5 cm deep 
X 8 cm diameter) containing glycerol were placed into the 
oven to supply adequate vapor pressure. Ralston (196?) 
reported that this amount of glycerol is adequate to supply 
enough vapor pressure in theiFisher type one cubic foot oven. 
The original solid metal oven shelves were replaced with wire 
mesh shelves to permit a better air and glycerol vapor cir
culation around the samples.

The samples were weighed after 24 hours and every 12 
hours until an equilibrium of glycerol adsorption was reached. 
In this experiment equilibrium was considered reached if two 
consecutive weighings agreed within ±0.5 mg. The time 
required to reach equilibrium ranged from 36 - 48 hours.

I
Since the weighing techniques in this experiment are 

critical and can introduce a large source of error, the 
following points should be considered.

1. The aluminum dishes should only be handled with 
a forceps, never by hand.

2. Each sample should be removed from the oven and 
placed on a clean surface for 30 seconds and weighed within 
the next 20 seconds. If weighed prior to the 30 seconds 
cooling period, the balance is unsteady and weighing after 
50 seconds in the atmosphere introduces an error due to 
moisture adsorption by the samples.

Surface areas of the soil clays were determined by

27
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the same procedure as the total soil described above; 
however the sample size was reduced to 0.25 S»

Calculation of surface area from the weight of 
adsorbed glycerol. The external and internal surface areas 
were calculated from the amount of glycerol retained by 
using the following equations:

Volume of 1 g glycerol = —  •- 0 ,̂ glycerol
Density of glycerol
= -i£ 

1 .2 6 .794 cm3

Area covered by 1 g monolayer = glycerol
.794 cm3 

4.5 X 10“8 cm 
1765 m2 /g

The above calculation assumes a 4.5 A thickness of 
a glycerol molecule as reported by Diamond and Kinter (1958). 
Each per cent glycerol retained by external surface of soils 
or clay then corresponds to 1 7 .6 5 m2 . Since glycerol 
molecules which are internally retained are bonded to the 
upper and lower surface of clays, each per cent of glycerol 
adsorbed internally corresponds to 2 X 17.65 = 35.3 m2 /g.

* glycerol adsorbed = %  ̂  .glycol ,X. .1.00wt. of oven dry soil

External surface area = ^ glycerol retained by TEA
saturated sample X 17.65

Internal surface area = (/S glycerol retained by Ca-
saturated sample minus fo 
glycerol retained by TEA 
saturated sample) X 35.3
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Total surface area = Sum of external and internal

surface areas

Removal and Measurement of Amorphous Material
Amorphous material was removed from the soil clay 

samples using the Hashimoto and Jackson (i9 6 0) and Jackson 
(1965) methods. The summary of the procedures used is as 
follows:

About 100 mg of the soil clay was placed into a 250
ml stainless steel beaker. Then 100 ml of boiling 0.5
N NaOH was added to the sample and boiled for exactly 2.5
minutes. After boiling the beaker with sample was placed
in a cold water bath and cooled to room temperature. The
solid sample was centrifuged down and the supernatant used
for subsequent silicon and aluminum determinations.

; The treated clay was washed three times with 
isopropyl alcohol and one time with acetone and then dried 
at room temperature. The surface area of these samples free 
of amorphous material was measured by the same glycerol 
retention method explained before.

Per cent silicon in supernatant was determined by 
the molybdenum blue spectrophotometric method (Shapiro and 
Brannock, 1956). Per cent aluminum was measured spectro- 
photometrically by Chrome Azurol S (unpublished method 
developed by D. M. Hendricks, Department of Agricultural 
Chemistry and Soils, University of Arizona).
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Determination of Soil Organic Matter

Per cent organic matter in 10 soil samples was 
obtained by multiplying per cent organic carbon by a 
factor of 1.72. The conversion factor is based on the 
assumption that organic matter contains about 58$ organic 
carbon. Organic carbon was measured by the Walkly-Black 
Method given by Allison (1 9 6 5)• . .

X-ray Diffraction Techniques
All clay samples for x-ray diffraction were Mg or

K-saturated and dried on glass slides to form oriented
mounts. The diffraction patterns were recorded with a
Norelco diffractometer using copper K << radiation.

The identification of clay minerals present was made
using the outline of Whittig (1965)• Montmorillonite was
identified by its expansion to approximately 18 2 when Mg-

osaturated and glycerol solvated; vermiculite by its 14 A
ospacing when Mg-saturated and its collapse to 10 A upon

K-saturation; illite by its 10 2 spacing both Mg and K-
osaturated; kaolinite by its 7.1 - 7.2 A first order and

3.56 A second order reflection; and quartz by its 4.26 and
,03.34 A reflections. The presence of interstratified clay 

minerals was recognized by variable spacings and broad peaks 
or shoulders.
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Minerological Composition of the Soil Clays

Surface area measurements and chemical analyses,
plus using the x-ray tracings as a guide, were used to calcu
late the percentages of clay minerals and amorphous material 
present in each soil clay.

The per cent montmorillonite and vermiculite in the
soil clay samples were calculated from the surface area 
values (Jackson, 1956, and Mehra and Jackson, 1959)• The
following equations were used:

Planar specific 
surface, m2/g
^(Mont. +Verm.)

Total specific^ External specific surface 
surface 5

_ Planar specific surface, m^/g x 100 
Theoretical planar surface,
760 m2/g

Per cent illite in soil clay specimens were approx
imated by assuming 10^ KgO in the mica fraction (Jackson, 
1956). The amount of KgO in the samples was extracted by 
the HP-HClOzj. dehydration dissolution treatment (Riley, 1958) 
and measured by the Perkin-Elmer Model 303 atomic adsorption 
unit using the instrumental conditions recommended by the 
manufacturer.



RESULTS AND DISCUSSION

Errors in the Glycerol Retention Method
Original results obtained by the glycerol retention 

method (Kinter and Diamond, 1958a)at the beginning of this 
study gave excessively high values and non-reproducible 
results. Therefore, it was decided to study the source of 
error which might influence the glycerol retention values.

The following points were found to be critical in 
the glycerol retention procedure:

Effect of Washing Solvent 
" The large glycerol retention values obtained for 

these samples was not totally due to the weight of glycerol 
adsorbed on the surface of the soils, but due to the weight

tof water adsorbed by electrolytes not washed from the 
samples by the acetone solvent. As explained previously, all 
soils and clays were Ca-saturated using 1 N CaClg. Since 
CaClg is a strong moisture adsorbent, the greatest error in 
the initial determination of surface area was introduced by 
the existence of free salts in the samples.

The effect of 8 wash solvents on the cation exchange 
capacity values of several soils and clays was studied by 
Frink (1964). He found that using acetone, t-butanol or 
dioxene as wash solvents for removing extra salts gave

32
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higher CEC values for montmorillonite than using other 
solvents. .

The comparative effect of isopropyl alcohol and 
acetone as two solvents for removing excess CaClg and TEA 
is given in Table 2. The results showed that washing with 
acetone clearly gave higher surface area values.

The electrical conductivity test for total salts 
and the silver nitrate test for chlorides proved that even 
after six sample washings with acetone, complete removal of 
salt had not been achieved. On the contrary, isopropyl 
alcohol removed almost all free electrolytes after 3 to 4 
sample washings. Although the published solubility value 
for CaClg in acetone is high enough to be considered 
soluble, the following possible reasons can be given why 
exces.s salts can not be washed by this solvent from the 
soil solution."

1. The flocculating property of acetone is so great 
that it immediately will flocculate the soil particles and 
consequently CaClg or TEA ions will be entrapped between 
particles.

2. It was reported by Frink (1964) that washing
the soil or clay with a solvent may produce a mixed solvent

\
system which has a different solubility value depending on 
the type of salt and nature of the solvent. He further 
considered that although the solubility of salts in a
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Table 2. The Effect of Acetone and Isopropyl Alcohol as

Wash Solvents on Total Soil Surface Area Measure 
ments

Soil Name
Total Soil Surface Area,m2 /gXsopropyl aiconoi 

Washing Solvent
Acetone

Washing Solvent
Cashion 148 215
Mohave 130 202
Vekol 115 255
Pima 114 235
Grabe 121 199
Glendale 80 154
Laveen 61 182

Gila 53 152
Valencia 33 115
Vinton 24 67
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solvent is very important it can not be fully reliable for 
using that solvent.

3. Dielectric constant is an important factor in the 
solubility of the solvent. As dielectric constant increases 
the force between the ions decreases. Therefore, the sol
vent with high dielectric constant should have a high 
solubility power. But acetone with an intermediate dielec
tric constant has a lower solubility than isopropyl alcohol 
with a lower dielectric constant.

Influence of Oven Conditions
The importance of oven conditions was thoroughly 

studied by Ralston (1 9 6 7). The following four recommenda
tions were made:

1. Relatively small oven 
, 2. Low air flow

3. Using perforated shelves in place of solid shelves
4. Placing three petri dishes with glycerol in var

ious places in the oven.
It was found that samples placed on the upper shelf 

of the oven adsorb less glycerol than the lower one. This 
is thought to be caused by greater air flow in the upper 
part of the Fisher type oven. The samples under higher air 
flow desorbe more glycerol than those under lower pressure.
It was found that in order to get reproducible results all 
samples should be placed on the middle or lower part of the
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oven where the most uniform airflow is attained.

Sample Weighing Techniques
The sample weighing procedure is one of the most 

critical steps in this procedure. The balance and the oven 
should be in close proximity to each other. It is not 
practical to carry the specimens.by desiccator from the oven 
to the balance as the specimens will adsorb moisture from the 
air during the. weighing process. It was found that the 
effect of moisture adsorption when the samples are in the 
desiccator can introduce up to 20^ error in the surface area 
values. Even using PgCy, a very efficient water adsorbent, 
did not eliminate the adsorption of water by the samples 
during the weighing process. It should also be considered 
that after a few weighings the adjustment of the balance 
will ‘"be changed as a result of heat interchange. In order 
to reduce the error it is recommended that the balance be 
adjusted after every two or three weighings.

Effect of Amorphous Material Removal on Surface Area
The influence of removal of amorphous material on 

the surface area of ten soil clays was investigated by 
comparing the surface area of untreated specimens with 
amorphous material removed samples. The results are given 
in Table 3.

It was found that the removal of amorphous material 
generally tended to increase total surface area of the soil
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Table 3* The Effect of Removal of Amorphous Material on 

Total Soil Clay Surface Area Measured by the 
Glycerol Adsorption Method

♦ Soil Clay Total Surface Area, m2 /g
Soil Name

Amorphous Material 
Removed Untreated Difference

Cashion 401 385 16

Mohave 357 286 . • 71
Vekol 356 309 47
Pima 351 341 10
Grabe 363 275 88
Glendale 300 285 15
Laveen - 229 -
Gila 271 221 50
Valencia 395 329 66
Vinton 328 253 75
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clay samples. This is in agreement with the results 
reported by Follett et al. (1985)•

According to Table 3 and 7* per cent amorphous 
material is not correlated with the differential surface 
obtained between untreated and amorphous material removed 
samples. It is suspected that the method used for removal 
of amorphous material attacked the structure of the 
crystalline clay minerals.

Dissolution of amorphous materials by boiling the
samples for 2.5 minutes in 0.5 N NaOH would probably cause
some alteration in the structure of crystalline or weakly
crystalline clay minerals. Jackson (1 9 8 5), Dixon. (1 9 6 6),
and Post (1 9 6 7) reported that this technique may dissolve
some crystalline clay minerals and that there is no clear
analytical distinction between crystalline clay mineral and
amorphous clay material. The high ratio of Si02AI2O3
in the amorphous material analysis indicates that some 2:1 
clay minerals were attacked by the hot NaOH.

A second possible explanation is that sodium which 
has a highly dispersing property caused an excess dispersion 
of clay in the Na solution. An increase in surface area on 
samples treated with successive cold and hot 5/5 NagCOg as a 
result of high clay dispersion was reported by Follett et al. 
(1 9 8 5). Kinter and Diamond (1958a) also reported an increase 
in Volclay bentonite external surface area for samples
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saturated with sodium .

Thirdly, it is possible that the colloidal amorphous 
fraction exists in soil in two forms, (a) combined with clay, 
and (b) free or uncombined form. The existence of amorphous 
material in the latter form may prevent the proper entry of 
glycerol molecules in the internal layers of expanding clay 
minerals. However, samples with amorphous material removed 
will show higher surface area values than untreated samples. 
This is in agreement with Mehra and Jackson (i9 6 0) who 
proposed that amorphous material can act as a cementing 
agent between the layers of clay minerals.

The precise effect of amorphous material on the 
determination of surface area is difficult and at best only 
an approximate estimation. Visual observation after glycerol 
solvation during the surface area measurement clearly

s

showed a dispersed condition resulting from the NaOH treat
ment.

Characterization of the Ap Horizon of Ten Irrigated 
Soils . . .

Surface area and Particle Size Analysis 
'The results of external, internal and total surface 

area for the soils and the soil clays are given in Table 4. 
The texture of these soils which is shown in Table 5 ranged 
from loamy sand (5.8$ clay) for Vinton to clay (40.0$ clay) 
for Cashion. As can be observed, these soils have widely
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Table 4. Results of External, Internal, and Total Surface 

Area (m2 /g) of Soils and Soil Clays.

Soil Name
Surface

Soil g
Area, m /g

Soil Clay 
Surface Area, m2 /gExternal Internal Total External Internal Total

Cashion 63 85 148 .129 256 385
Mohave 51 79 130 99 187 286

Vekol 51 . 64 115 104 205 309
Pima 53 61 114 120 221 341
Grabe 58 63 121 113 162 275
Glendale 32 48 80 92 183 275
Laveen 41 20 61 109 . 120 229
Gila 27 26 53 85 136 221
Valencia 14 19 33 81 248 329
Vinton 11 13 24 98 155 253
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Table 5. Mechanical Analysis Data for Soils

Soil Name Sand % Silt 0 Clay Textural Class

Cashion 15.6 44.4 40.0 Clay
Mohave 37.2 25.5 37.3 Clay loam
Vekol 37.1 . 29.2 33.7 • Clay loam
Pima 13.2 56.5 30.3 Silty clay loam
Grabs 1 6 .1 59.7 . 24.2 Silt loam
Glendale 44.8 34.2 21.0 Loam
Laveen 44.9 34.3 20.8 Loam
Gila 5 6 .2 31.1 ' 12.7 Loam
Valencia • 61.5 31.5 7.0 Sandy loam
Vinton 8 2 .8 11.4 5.8 Loamy sand



different textural composition. The lowest total surface 
area, 24 m2 /g, was obtained for Vinton loamy sand and the 
highest, 148 m2 /g, for Cashion clay soil. The total surface 
area for the soil clays ranged from 385 m2 /g for the Cashion 
soil to 221 m /g for clay separated from Gila soil. The 
fluctuation of surface area values for soil clays are mostly 
due to the type of clay minerals present in.these samples.

In addition to the texture of the soils and type of 
clay and per cent amorphous material, the organic matter 
content is thought to be important in the determination of 
surface area in different soils. Organic matter was not 
removed from the soils or the soil clays prior to the sur
face measurement for the following reasons:

1. The per cent organic matter in most of the ten
samples as shown in Table 6 is relatively low. The experi- ?
mental error in the determination of surface area by this 
method is between about 5 - 100, and the assumed surface 
area of organic matter is about 500 m2/g. Thus, for all 
samples the contribution of organic matter to surface area 
occurs within the experimental errors.

2. According to Burford et al. (1964) two kinds of 
organic matter can exist in soils. One is free or uncom
bined organic matter, and the other is the organic matter 
which is combined with clay and forms organic matter-clay 
complexes. The removal of the first type of organic matter 
will decrease and oxidizing the second type of organic
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matter will increase surface area of soils or soil clays.
If the soil contains both types of organic matter, the 
removal of organic matter may show little net effect on 
surface area. This is in agreement with the results of the 
effect of the removal of organic matter on surface area 
reported by Ralston (1 9 6 7). He studied the effect of 
organic matter on surface area and concluded that the 
removal of organic matter might decrease or increase the 
surface area of soils depending on the nature of the organic 
matter association with clay. Because.the type of.organic 
matter in the soils or clays studied in this work is not known 
the effect of organic matter on surface area is difficult to ' 
evaluate. ,

3. Boiling the soil or clay in 30^ HgOg might alter 
the structure of the clay and affect the adsorption of 
glycerol molecules.

Cation Exchange Capacity
Cation exchange capacity of the ten soils and soil 

clay samples were obtained to characterize these soils and 
to correlate, the values with external, internal and total 
surface area data. The results of cation exchange capacity 
for soils and soil clays are given in Table 6 .

The cation exchange capacity of the total soils 
varied from 40.5 meq/100 g in the Cashion clay soil to 10.8 
meq/lOO g in the Vinton soil. The. CEC of the soil clay, 
fraction ranged from a high of 77 meq/100 g again in the



44
Table 6 . Cation Exchange Capacity and Per Cent Organic 

Matter of Soils.

Cation Exchange 
Capacity, meq/100 g $> Soil

Soil Name Total Soil Soil Clay O.M.

Cashion 40.5 77 1.23
Mohave 33.0 59 1.31
Vekol 36.7 65 0 .7 8

Pima 3 8 .6 72 1.90
Grabe 32.4 60 1 .8 7

Glendale 2 1 .6 57 0.72
Laveen 2 0 .2 54 1.05
Gila 17.5 54 0 .6 6

Valencia 1 2 .1 69 0 .6 3

Vinton 10.8 60 0.46
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Cashion soil clay to 54 meq/100 g in the Laveen and Gila 
soils. Similar to the surface area, the variation of the 
soil clay cation exchange capacity is mostly due to the type 
of clay.

Several observations in the CEO method are worthy of 
comment here. It was found that using the vacuum filtration 
apparatus for saturation of samples with sodium or ammonium 
acetate and removal of extra salts from these samples is 
quite difficult for fine textured soils and almost impracti
cal for soil clay samples. Therefore, this procedure was 
replaced by the washing centrifugation method. This method 
is equally as accurate as the filtration technique, if done 
carefully. The source of errors in this procedure can be 
summarized as follows:

1. Care should be exercised in the centrifuging and
twashing process to not discard any fine clay which might be 

present in the supernatant solution.
2. Fine-textured soils and the clay samples tend to 

stick to the bottom of the centrifuge tubes. The shaking 
process should be adequate to assure complete resuspension 
of the samples.

3. The greatest source of errors, I believe, is in 
the presence of free electrolytes not washed out of the 
sample. Great care should be taken to assure the complete 
removal of these salts.
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Minerological Composition of the Soil Clay
1. Interpretation of X-ray Diffraction Data 
Routine Mg-saturated, glycerol solvated, and K-satur- 

ated x-ray diffraction patterns were obtained for the ten 
soil clay samples and are given in Figures 1 and 2. These 
tracings were used to qualitatively identify the type of 
clay minerals present in the ten soils. The general inter
pretation of x-ray diffraction data showed that the 
expanding clay minerals(montmorillonite, vermiculite), illite 
and kaolinite exist in all ten soil clay specimens.

Montmorillonite, which usually should be identified 
„ oby showing 17.7 - 18.0 A peak upon treatment with Mg and

glycerol, did not show any clear peak in this range. As it
can be seen in Figure 1, only Cashion clay showed a distinct'
peak at 15.2 X. The appearance of 12.4 - 12.8 A peaks in 

: ' samples of Cashion, Mohave, Vekol and Laveen soils in Figure
2 when the clay is saturated with K and air dried (Whittig,
1 9 6 5) indicates the presence of montmorillonite. The

oabsence of 1 7 .7  - 18.0 A peaks does not necessarily indicate 
the absence of montmorillonite in those specimens. It could 
be due to the presence of montmorillonite as an interstrati- 
fied mineral. Imperfect glycerol solvation also might pre
vent the expansion of montmorillonite basal spacing to 1 7 .7  - 

- O ' .18.0 A or at least make the spacing undetectable to x-rays.
Vermiculite was qualitatively identified by showing

14.0 $ peak in Mg-saturated glycerol solvated samples
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(Figure 1) and collapse to near 10 8 with K-saturation and 
air drying.

The distinct appearance of 10 - 10.15 A peaks in the 
Mg-saturated glycerol solvated specimens were indicative of a 
considerable amount of illite in all ten clay samples.

Kaolinite was distinguished by its 7.13 $ first 
order and 3.56 second order peaks. It was present in all 
soil samples. Quartz, which was identified by 3.35 8 peaks, 
was present in all ten soil clay specimens.

A quantitative evaluation of the type of clay 
mineral present is not possible from the present x-ray 
diffraction patterns. Jackson (1956) and Whittig (1965) re- , 
ported that several factors such as chemical composition,

i
particle size, crystal imperfection and amorphous material 
influence the intensity of x-ray diffraction peaks and make 
them quite difficult to be used for quantitative determina
tion of the type of clay in the sample.

2. Quantitative Determination of Clay Minerals
An attempt to quantify the clay mineral composition 

of ten soil clay samples was made by using external, inter
nal and total surface area values and by chemical analyses 
as explained in the methods and material section. The 
results are given in Table 7.

The expansible clay ranges from 47/» for Cashion 
Clay to 27$ for the clay from Gila soils. Generally speak
ing, per cent expansible clay minerals for those clay samples
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Table 7. Minerologlcal Composition of Soil Clays

# Expanding
Soil Name Clay (Mont. ^ Illite

Compositions and ^ Amorphous 
Material /̂ i02 * AI2O3 

' 0.9 ; ^ Kaolinite, 
Quartz, etc.

and Verm.)
^ S102 ^ ai2o3 ^ 3 ^m" U3

Cashion 47 22 3.95 1.17 5.6 5.7 25.3
Mohave 35 34 5.18 1.72 5.1 7.7 23.3
Vekol 38 32 5.51 1.72 5.4 8.0 22.0
Pima 41 25 4.45 1.38 5.4 6 .5 2 7 .5

Grabe 33 30 4.30 1.50 4.5 6.4 3 0 .6

Glendale . 35 32 4.90 1.68 4.9 7.3 2 5 .7

Laveen 27 27 3.50 0.96 6.1 4.9 41.1
Gila • 27 32 4.06 1.34 5.1 6.0 35.0
Valencia 41 27 4.74 1.96 . . 4.1 7.4 24.6
Vinton 31 28 3.95 1.17 5.7 5.7 35.3



separated from fine textured soils tended to be higher than 
those obtained from coarse textured soils.

The per cent illite did not vary greatly in these 
soils. The highest per cent illite was obtained for Mohave 
clay loan (34£) and the lowest value estimated for Cashion 
clay (22$y). The latter sample had the highest per cent 
expansible clay. Field observation also showed that large 
mica grains can often be seen in these soils with the naked 
eye.

The per cent amorphous material, as measured by the 
selective dissolution technique, ranged from 8$ for Vekol 
to 4.9$ for Laveen. The ratio of SiOg to AlgOg was high in 
all samples ranging from 4.1 to 6.1.

Statistical Analysis 
:

In order to study the degree of relationship between 
surface area, per cent clay, and cation exchange capacity, a 
series of statistical correlation analyses were made. The 
surface area of these soils was considered to be the inde
pendent variables and CEO and per cent clay to be the 
dependent variables.

Correlation of Soil Surface Area with CEC
The relationship between total, external, internal 

soil surface area and cation exchange capacity are shown in 
Figures 3, 4a and 4b respectively. Correlation coefficients 
of 0.92, 0.95 and 0.96 were obtained between internal.

51



40

30

20

10

0

r = • 98

Y = 4 .37+.25X

40 80 120 160

TOTAL SURFACE AREA, m2 /g

3. Relationship between Total Soil Surface 
Area and Soil Cation Exchange Capacity.



C
A

TI
O

N
 

EX
C

H
A

N
G

E 
C

A
PA

C
IT

Y,
 

m
eq

/IO
O

g

53

EXTERNAL SURFACE AREA, mVg

INTERNAL SURFACE AREA,  m V g

FIGURE 4 . (a) Relationship between Soil External 
Surface Area and Cation Exchange 
Capacity.

(b) Relationship between Soil Internal 
. Surface Area and Cation Exchange Capacity.



external, total surface area and CEO respectively. As it 
can be seem from the correlation coefficient and the shape of 
the linear regression line, the total soil surface area was 
better correlated with cation exchange capacity than both 
external and internal surface area with CEC. The results 
of these correlations are in agreement with Grim (1953) who 
reported that about 80%, of cation exchange capacity of mont- 
morillonite is due to planar surface and the rest is due to 
the broken bonds. Kinter and Diamond (1$63) also cited 
experimental evidence that the cation exchange capacity of 
mica, vermiculite and montmorillonite is related exclusively 
to the sum of external and internal (total) surface area.

The results of this experiment clearly showed that 
the CEC of these soils is a function of the amount of total 
surfa'ce area of soils regardless of what per cent of this ‘ 
area is related to the internal or external area. From the 
linear correlation shown in Figure 3# it is possible to 
estimate the cation exchange capacity of a soil from its 
total surface area.

Correlation of Soil Clay Surface Area with CEC
The relationship between total surface area and 

cation exchange capacity of ten soil clay fractions is given 
in Figure 5. The cation exchange capacity of the soil clays 
varied from 77 meq/100 g to 55 meq/100 g. Again, a high 
significant correlation coefficient (0.95) was found between
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total clay surface area and CEC. The reason that the r 
value (0 .9 5) Is a little less than the r (O.9 8) value 
obtained for the last experiment might be due to a greater 
effect of clay type on CEC or glycerol adsorption than the 
effect of total soil.

As it is shown in Figure 5, the y intercept does not 
coincide with the zero point. Since no valiies were avail
able for the less than 221 m^ /g and more than 385 m^ /g, 
the discussion about the shape of the regression line and the 
degree of correlation should be limited to this range.It 
is significant to note that both regression lines in clays 
and soils vs. CEC graphs (Figures 3 and 5) intercepts y-axis • 
at 20.5 and 4.3 meq/100 g respectively. If a complete linear

1

relationship is expected between soil or clay total surface 
area and CEC, the line of regression should pass through the 
origin. This assumption is not valid because the surface 
area values less than 221 m2 /g for the clays or 24 m2 /g 
for the soils are not available. However, the deviation of 
the regression line from the origin could be explained as 
follows:

1. The effect of organic matter, mostly for those 
soils with more than 1^ organic matter, may cause some of 
this deviation from the origin in both the soil or clay 
surface area vs. CEC.

2. One may conclude from the y intercept of the
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regression line that the values of CEC might be over
estimated or that the total surface area values have been 
underestimated.

3. Some factors other than total surface area'such 
as charge denisty and broken bonds may contribute to CEC and 
change the type of correlation between total specific sur
face and cation exchange capacity.

Correlation of Soil Surface Area with Per Cent Clay
Content'
A significant correlation coefficient (r = 0.95) was

found between soil surface area and per cent clay content.
The results of this correlation are given in Figure 6. This
regression line does intercept the y-axis very close to the
origin. It should be noted that the surface area, is not
only related to the per cent clay present in the soil but 

: * 
also to the type of clay mineral, especially expanding clay
mineral species present in the sample. Since the minerologi-
cal clay composition of these ten soils did not vary much,
there was a high correlation coefficient between the above
two variables. This suggests that one could reasonably
estimate the clay content of these soils from surface area
measurements. There was no significant relationship between
per cent sand or per cent silt in these soils and the surface
area
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SUMMARY AND CONCLUSIONS

Surface area measurements were determined on the 
total soil and the clay fractions from the Ap
horizon of ten irrigated Arizona soils. The glycerol reten- 
tion technique which gives both internal and external surface 
area values was used. Total surface area ranged from 
24 m2 /g of soil in Vinton loamy sand to 148 m2 /g of soil 
in Cashion clay. Surface area measurements on the 2 ^  
clay fraction ranged from 221 m2 /g in the Gila soil to 
385 m2 /g in the Cashion soil.

Two factors were found to be critical in this pro
cedure to assure getting accurate and reproducible results.
1. The effect of the washing solvent is very important. 
Acetone did not remove the excess salts from the samples and 
gave excessively high values. This was caused by the 
adsorption of water by CaClg which was not washed from the 
samples. Valid results were obtained when isopropyl alco
hol was used as the washing solvent. 2. The samples should 
be carefully transferred from the oven, cooled for 30 seconds 
and then placed directly on the balance. Using dessica- 
tors for transporting samples can introduce a large error 
due to adsorption of atmospheric moisture.

Removal of amorphous material increased the surface
59



area from 10 to 101 /g of soil clay. From this data and 
the visible puddled state of the clay after amorphous 
material removal, it was concluded that boiling in hot 0.5 
N NaOH might alter the structure of the crystalline clay 
fraction. The high ratio of ^12%. in treated clay 
suspension probably indicates that some 2:1 layer clay 
mineral was dissolved in hot NaOH. The dispersing effect of 
Na was thought to be the major cause for high total surface 
area values.

Qualitative determinations of clay types in the less 
than 2 fractions were obtained by x-ray diffraction of ■ 
oriented samples. Montmorillonite and vermiculite, illite 
and kaolinite were qualitatively recognized in all ten soil 
clay samples. Per cent expanding clay minerals were obtained 
from .external and total surface area values. They ranged 
from 47 to 27/6 depending on type of clay in the sample. Per 
cent illite was determined by chemical analysis and did not 
vary much in most samples. Per cent amorphous material was 
estimated by the selective dissolution technique (0.5 N 
NaOH) and ranged from 4.9 to 8 per cent.

The main objective of this study was to investigate 
the degree of relationship between surface area and cation" 
exchange capacity in the soils and the soil clays and also 
between soil surface area and per cent clay content. The 
correlation coefficients between total, external and
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internal surface area and CEO were highly significant with 
O.9 8, 0.95, and 0.92 values respectively. From the above 
values it was suggested that cation exchange capacity is 
mostly related to planar surface. The correlation

I '

coefficient between total clay surface area and CEO was 
0.95. The correlation coefficient between soil surface 
area and per cent clay was also high and had a value of 
O.9 6 . The high correlation of CEO, per cent clay and sur
face area can be attributed to a rather uniform distribu
tion of clay types in the ten soils. "

It was concluded that external, internal and total 
surface area values of soils or soil clays are useful 
factors in soil science. Besides practical use.of these 
values in studying other physical and chemical properties 
of soils, they can be employed for estimation of cation 
exchange capacity arid soil texture.



APPENDIX: SOIL PROFILE DESCRIPTION

Soil Name: Cashion
Location: 1200 feet W. of SE corner of Sec. 18, TIN, R5E
Profile Description:
Ap 0-10" Brown (7.5YR 5/2) clay, dark brown (7.5YR

3/2) when moistj massive to weak fine granu
lar structure; slightly hai:d, friable, 
slightly sticky and plastic; few very fine 
and fine roots; few fine and very fine 
interstitial pores; strongly effervescent; 
moderately alkaline (pH 8.2); clear smooth boundary.

Cl 10-26" Brown (10YR 5/3) clay, dark brown (10YR
3/3) when moist; massive; hard, friable,

. sticky and plastic; few very fine roots; 
few very fine and fine interstitial and 
tubular : pores; strongly effervescent; 
moderately alkaline (pH 8.2); clear wavy 
boundary.

IIC2 2 6-3 8" Brown (7 .5YR 5/4) clay loam, reddish-brown
(5YR 4/4) when moist; massive, slightly hard, 

s friable, slightly sticky and slightly plastic;
few very fine roots, common fine old root 
holes filled with soil material from Cl hori
zon, few fine white (10YR 8/2 mycelia-like 
lime veins; common very fine and fine tubu
lar pores; strongly effervescent; moderately 
alkaline (pH 8.3); clear smooth boundary.

IIIC3 38-46: Light brown (7 .5YR 6/4) loam, dark brown
(7.5 YR 4/4) when moist; massive; slightly 
hard, friable, slightly sticky and slightly 
plastic; few very fine roots; few fine 
white (10YR 8/2) mycelia-like lime veins; 
common very fine and fine tubular pores; 
strongly effervescent; moderately alkaline 
(pH 8.3)j clear smooth boundary.

Soil Name: Mohave
Location: 75 feet S., 50 feet E of NW corner. Sec. 14, T1S,

R6E
62, . . • ;
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Profile Description:
Ap 0-12" Reddish-brown (5YR 5/^0 clay loam, dark red

dish brown (5YR 3/4).when moist; weak coarse 
granular and subangular blocky structure; 
hard, friable, sticky and plastic; abundant 
very fine and fine roots; common very fine 
and fine interstitial pores; slightly 
effervescent; moderately alkaline (pH 8.1); 
abrupt smooth boundary.

B21t 12-25" Reddish-brown (5YR 3/4) clay loam (<35$
clay), dark reddish-brown (5YR 3/4) when 
moist; moderate medium and coarse prismatic 
breaking to moderate medium and coarse sub- 
angular and angular blocky structure; hard, 
friable, sticky and plastic; plentiful very 
fine roots; many very fine and medium tubu
lar pores; common thin clay films occur on 
ped faces and line tubular or interstitial 
pores; slightly effervescent; moderately 
alkaline (pH 8.0); gradual wavy boundary.

B22tca 25-38" Light reddish-brown (5YR 6/4) clay loam (<
35$), dark reddish-brown (5YR 3/4) when 
moist, with many fine and medium distinct 
pink (5YR 8/3 ) lime mottles, pink (5YR 7/4) 
when moist; moderate medium subangular and 
angular blocky structure; hard, friable,

' sticky and plastic; plentiful fine and very
fine roots; common very fine and medium 
tubular pores; common moderately thick clay 
films occur on ped faces and line tubular 
or interstitial pores; violently efferves
cent; moderately akalirie (pH 8.4); gradual 
wavy boundary.

B23tca 38-47" Light reddish-brown (5YR 6/4) clay loam,
reddish-brown (5YR 4/4) when moist, with 
many fine and medium distinct pink (5YR 8/3 ) 
lime mottles, pink (5YR 7/4) when moist; 
weak medium and coarse subangular blocky 
structure; hard, friable, slightly sticky 
and plastic; few very fine roots; many very 
fine and medium tubular pores; common thin 
clay films occur on ped faces; strongly to 
violently effervescent; moderately alkaline 
(pH 8.4); gradual wavy boundary.

B3ca 47-6 6" Light reddish-brown (5YR 6/4) heavy loam,
reddish-brown (5YR 4/4) when moist, with
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common fine and medium distinct pink (5YR 
8/3).lime mottles, pink (5YR 7/4j when moist; 
weak coarse subangular blocky structure; hard, 
friable, nonsticky and slightly plastic; few 
very fine roots; many very fine and medium 
tubular pores; few thin clay films occur on 
ped faces; strongly effervescent; moderately 
alkaline (pH 8.4).

Soil name: VekolLocation: 1760 feet S., 30 feet W. of NE corner of Sec. 14,
T1S, R6E

Profile Description:
Ap 0-l4" Reddish-brown (5YR 5/4) heavy clay loam, dark

reddish-brown (5YR 3/4) when moist; massive 
breaking to weak fine, medium and coarse sub- 
angular blocky structure; hard, friable, 
slightly sticky and plastic; plentiful very 
fine and few fine roots; few fine intersti
tial pores; slightly effervescent; moder
ately alkaline (pH 8.2); abrupt smooth 
boundary.

B21t 14-27" Reddish-brown (5YR 5/4) clay, reddish-brown
(5YR 4/4)when moist, few very fine white 
(5YR 8/1) mycelia-like lime veins and mottles; 
weak coarse prismatic breaking to moderate 

’’ medium angular and subangular blocky struc
ture; very hard, firm, sticky and plastic; few 
very fine roots; many very fine and micro 
tubular pores; common thin clay films occur 
on ped faces and line tubular or interstitial 
pores; slightly effervescent; moderately 
alkaline (pH 8.2); clear wavy boundary..

B22tca 27-53" Reddish-brown (5YR 5/4) clay, reddish-brown
(5YR 4/4) when moist, with common fine dis
tinct white (5YR 8/l) lime veins and mottles; 
weak medium and coarse subangular and angular 
blocky structure; very hard, firm, slightly 
sticky and plastic; few very fine roots; 
common micro tubular pores; common thin clay 
films occur on ped faces and line tubular 
or interstitial pores; strongly effervescent; 
moderately alkaline (pH 8.2); gradual wavy 
boundary.
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B23tca 53-62" Light reddish-brown (5YR 6/4) light clay,

reddish-brown (5YR 4/4) when moist, with 
many medium distinct pinkish-gray (5YR 7/2) 
lime mottles; moderate fine and medium sub- 
angular and angular blocky structure; hard, 
friable, sticky and plastic; few very fine 
roots; many very fine and micro tubular 
pores; many thin to moderately thick clay 
films occur on ped faces and line tubular 
or interstitial pores; common thin dark- 
colored manganese coatings on ped faces; 
strongly effervescent; moderately alkaline 
(pH 8.4); gradual wavy boundary

B3ca 6 2-7 2" Light reddish-brown (5YR 6/4) clay loam,
reddish-brown (5YR 4/4)when moist; massive 
breaking to weak, medium and coarse subangu- 
lar blocky structure; hard, friable, slightly 
sticky and plastic; many very fine and micro 
tubular pores; common thin manganese coatings 
on ped faces and in pores; violently effer
vescent; moderately alkaline (pH 8.4). ,

Soil Name: Pima
Location: 680 feet E, 260 feet N of the SW corner of

Section 1, Tl8s, R13E.Profile Description: .
Ap 0-l4" Grayish-brown (10YR 5/2) clay loam, dark

brown (10YR 3/3) when moist; massive; slightly plastic; few fine and medium roots; 
many very fine interstitial and common fine 
tubular pores; slightly to strongly effer
vescent; moderately alkaline (pH 8.2); clear smooth boundary.

Cl 14-28" Grayish-brown (10YR 5/2) clay loam, very
dark grayish-brown (10YR 3/2) when moist; 
massive; hard, friable, sticky and plastic; 
few fine and medium roots; slightly to 
strongly effervescent; moderately alkaline 
(pH 8.2); clear smooth boundary.

C2 2 8 -6 0" Brown flOYR 5/3) clay loam, dark yellowish- •
brown (lOYR 3/4) when moist; massive; hard, 
friable, sticky and plastic; few fine and 
medium roots; strongly effervescent; moder
ately alkaline (pH 8.2)
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Soil Name: Grabe
Location: 5 0 ‘feet S, 50 feet W of the E quarter corner.

Section 26, T12S, R12E
Profile Description: •
Ap 0-18’1 Grayish brown flOYR 5/2)loam, very dark

• grayish-brown (loYR 3/2) when moist; massive; 
slightly hard, friable, slightly sticky and 
plastic; few very fine roots; common very 
fine tubular pores; very slightly effer
vescent; moderately alkaline (pH 8.0); clear 
wavy boundary. 10 to 20 inches thick.

Cl 18-28" Grayish-brown (10YR 5/2) loam, dark yellow-
■ .ish-brown (10YR 3/3) when moist; massive;slightly hard, friable, slightly sticky and 

plastic; plentiful very fine and fine roots; 
few fine white lime filaments; common fine 
and very fine tubular pores; strongly effer
vescent; moderately alkaline (pH 8.0); clear 
wavy boundary. 10 to 24 inches thick.

C2 28-40" Pinkish-gray (7.5YR 6/2) stratified silt loam
and very fine sandy loam, dark brown (7.5YR 
3/2) when moist; massive; slightly hard, very 
friable, slightly sticky and slightly plastic; 
abundant very fine and fine and few medium 
roots; common very fine and fine tubular 
pores; slightly to strongly effervescent; 
moderately alkaline (pH 8.0); clear wavy 
boundary. 10 to 18 inches thick.

C3 40-60" Grayish-brown flOYR 5/2) loam, very dark
grayish-brown (10YR 3/2) when moist; massive; 
hard, friable, sticky and plastic; few very 
fine roots; common very fine tubular pores; 
slightly effervescent; moderately alkaline 
(pH 8.0).

Soil Name: Glendale
Location: 200 feet N of the S £ corner of Sec. 6, T3S, R8E
Profile Description: •
Ap 0-l4" Light brown (7.5 6/4) clay loam, brown (7-5YR

4/4) moist; massive; hard, firm, sticky and 
plastic; few fine and medium roots; common 
fine and medium tubular and interstitial 
pores; slightly effervescent; moderately 
alkaline (pH 8.0); clear smooth boundary.
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Cl

C2

C3

C4

14-20" Brown (7.5YR 5/4) clay loam, brown (7.5YR 
4/4) moist; massive, hard, firm, sticky and 
plastic; very few very fine roots; common 
fine tubular and interstitial pores; 
slightlv effervescent; moderately alkaline 
(pH 8.0); clear, smooth boundary.

20-34" Light yellowish-brown (10YR 6/4) clay loam 
brown (10YR 4/3) moist; massive; hard, firm, 
sticky and plastic; very few very fine roots; 
common fine tubular and interstitial pores; 
violently effervescent; moderately alkaline 
(pH 8.2); gradual, smooth boundary.

34-47" Light brown (7.5YR 6/4) light clay loam,
brown (7.5YR 4/4) moist; massive, slightly 
hard, friable, slightly sticky and slightly 
plastic; very fdw very fine roots; common 
fine tubular and interstitial pores; strong
ly to violently effervescent; moderately 
alkaline (pH 8.2); abrupt, smooth boundary.

47-50" Light yellowish brown (10YR 6/4) very fine
sandy loam, brown (10YR 4/3) moist; massive; 
soft, very friable, slightly sticky and non
plastic; strongly effervescent; moderately 
alkaline (pH 8.0).

Soil Name: Laveen
Location: 500 feet V/. of center. Sec. 32, TIN, R5E
Profile Description:
Ap O-1311 Yellowish-brown flOYR 5/4) loam, dark

yellowish-brown (10YR 4/4) when moist; 
massive breaking to weak medium granular 
structure; slightly hard, friable, slight
ly sticky and slightly plastic; few 
medium, fine and very fine roots; many 
very fine interstitial pores; strongly 
effervescent; moderately alkaline (pH 8.2); 
abrupt smooth boundary

Cl 13-34" Light brown (7.5YR 6/4) loam, dark brown
(7.5YR 4/4) when moist, with few fine pink 
(7.5YR 7/4) lime mottles and concretions; 
massive; slightly hard, friable, slightly 
sticky and slightly plastic; few fine and 
very fine roots; common fine interstitial 
pores; violently effervescent; moderately
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alkaline (pH 8.2); gradual wavy boundary.

C2ca 34-44" Light brown (7.5YR 6/4) loam with many
fine and medium pink (7.5YR 7/4) lime 
mottles and lime nodules, dark brown 
(7.5YR 4/4) when moist; massive; slightly 
hard, friable, slightly sticky and plastic; 
few fine and very fine interstitial and 
tubular pores; violently effervescent; 
moderately alkaline (pH 8.4); clear wavy boundary.

C3ca 44-72“ Mottled light brown (7.5YR'6/4) and pink
(7.5YR 8/4) loam, mottles are many fine 
and medium and distinct, dark brown (7.5YR 
4/4) and pink (7.5YR 7/4) when moist; 
massive; slightly hard, friable, slightly 
sticky and plastic; few very fine roots;

. common very fine interstitial and tubular 
pores; violently effervescent; moderately 
alkaline (pH 8.4); clear wavy boundary.

Soil Name: Gila
Location: 950 feet V/., 40 feet N. of SB Corner, NE£ of

Sec. 1, T2S, R7E •
Profile Description:
Ap 0-13" Pale brown (lOYR 6/3 ) loam, dark brown

tlOYR 4/3) when moist; massive; slightly 
hard, friable, slightly sticky and slight
ly plastic; few very fine and coarse roots; 
common very fine interstitial pores; 
strongly effervescent; moderately alkaline 
(pH 8.0); abrupt smooth boundary.

Cl 13-22“ Light yellowish-brown (lOYR 6/4) loam, dark.
yellowish-brown (lOYR 4/4) when moist; 
massive; slightly hard, friable; slightly 
sticky and slightly plastic; few very fine 
and medium roots; common very fine inter
stitial and tubular pores; strongly 
effervescent; moderately alkaline (pH 8 .3 ); 
clear wavy boundary.

C2 22-70" Light yellowish-brown (lOYR 6/4) loam, dark
yellowish-brown (lOYR 4/4) when moist, with' 
common very fine faint, very pale brown 
(lOYR 7/4) mycelia-like lime veins; massive; slightly hard, friable, slightly sticky and
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plastic; common very fine roots; many very 
fine interstitial and tubular pores; vio
lently effervescent; moderately alkaline 
(pH 8.2); gradual wavy boundary.

Soil Name: Valencia
Location: 1850 feet W., 50 feet S. of NE corner of Sec. 19,

T1S, R4E.
Profile Description:
A1 0-1" Light brown (7 .5YR 6/4) loam, brown (7YR

5/4) moist; massive; slightly hard, very 
friable, slightly sticky and slightly 
plastic; plentiful fine roots; many fine 
vesicular pores; very slightly effer
vescent; moderately alkaline (pH 8.2); 
abrupt smooth boundary.

Cl 1-8" Light brown (7.5YR 6/4) sandy loam, brown
(7.5YR 5/4) moist; massive; slightly, hard, 
very friable, nonsticky and nonplastic; 
plentiful fine roots; many very fine and 
fine interstitial pores; slightly effer
vescent; moderately alkaline (pH 8.0); 
clear wavy boundary.

02 8-17" Light brown (7 .5YR 6/4) gravelly sandy loam,
brown (7.5YR 5/4) moist; massive; loose,

; nonsticky and nonplastic; abundant fine
roots; many very fine and fine interstitial 
pores; very slightly effervescent; moder
ately alkaline (pH 8.2); abrupt wavy 
boundary.

C3 17-21" Brown (7 .5YR 5/4) light loam, dark brown
(7.5YR 4/4) moist; massive; very hard, firm, 
slightly sticky and slightly plastic; few 
fine foots; common fine interstitial pores; 
strongly effervescent; moderately alkaline 
(pH 8.2); abrupt wavy boundary.

C4 21-28" Light brown (7.5YR 6/4) loam, brown (7 .5YR
4/4) moist; massive, hard, friable, slight
ly sticky and slightly plastic; few fine 
roots; common fine interstitial and few 
fine tubular pores; slightly effervescent; 
strongly alkaline (pH 8.4); clear wavy 
boundary.
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IIBltcab 28-32" Brown (7.5YR 5/4) light clay loam, dark

brown (7.5YR 4/4) moist; weak fine sub- 
angular blocky structure; hard, friable, 
slightly sticky and slightly plastic; few 
fine roots; common fine tubular and inter
stitial pores; few thin clay films on ped 
faces and in pores; strongly effervescent; . 
strongly alkaline (pH 8.6); clear wavy 
boundary.

IIB2tcab 32-48" Reddish-brown (5YR 5/4) gravelly sandy clay
loam, reddish-brown (5YR 4/4) moist; moder
ate medium subangular blocky structure; 
hard, firm, sticky and plastic; very few 
very fine roots; few fine tubular and 
interstitial pores; common thin clay films 
on ped faces and in pores; strongly effer
vescent; moderately alkaline (pH 8.4); 
clear wavy boundary.

IIC5ca 48-57" Brown (7.5YR 5/4) gravelly loam, brown
7.5YR 4/4) moist; massive; hard, friable, 
slightly sticky and slightly plastic; few 
fine tubular and interstitial pores; 
stronglv effervescent; strongly alkaline 
(pH 8.8); gradual smooth boundary.

IIC6ca 57-62" Light yellowish-brown (10YR 6/4) gravelly 
' loam, brown (10YR 5/3) moist; massive;

hard, firm, nonsticky and nonplastic; few 
fine tubular and interstitial pores; violently effervescent; strongly alkaline 
(pH 8.6).

Soil Name: Vinton
Location: 1250 feet V/., 100 feet S of NE corner. Sec. 17,

T2S, R7E
Profile Description:
Ap 0-17" Pale brown (10YR 6/3 ) loamy fine sand, dark

brown (10YR 1/3) when moist; massive; 
slightly hard, very friable, nonsticky and 
nonplastic; few very fine roots; many fine 
and very fine interstitial pores; slightly 
effervescent; moderately alkaline (pH 8.2); 
clear smooth boundary.

Cl 17-31" Pale brown (10YR 6/3 ) loamy sand, dark
brown (10YR 4/3) when moist; massive; 
slightly hard, very friable, nonsticky and



nonplasticj few very fine roots; many fine 
and very fine interstitial pores; strongly 
effervescent; moderately alkaline (pH 8.2); 
clear wavy boundary

C2 31-44" Brown (10YR 5/3) gravelly loamy sand
fapproximately 30^ gravel), dark brown 
(10YR 4/3) when moist; massive breaking to 
single grain; slightly hard, loose, non- 
sticky and nonplastic; few very fine roots; 
many very fine and fine interstitial pores; 
strongly effervescent; moderately alkaline 
(pH 8.3); abrupt broken boundary.

03 44-73" Brown (10YR 5/3) loamy sand and light sandy
loam, dark yellowish-brown (10YR 4/4) when 
moist; massive; slightly hard, very friable, 
nonsticky and nonplastic; few very fine 
roots; many very fine and fine interstitial 
pores; slightly effervescent.

7.1'

r
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