TABLE OF CONTENTS
PAGE

INTRODUCTION

155

A. Properties of Normal and Bound Water
B. Definition of Bound Water
C. Purpose and Plan of the Investigation

156
157
160

EXPERIMENTAL PART

160

A. Description and Analytical Data for the Soils Studied
B. General Nature of the Puddling Phenomenon
C. Bound Water as Determined by Freezing Point Lowering

160
162
164

THE DILATOMETRIC METHOD AS A MEANS OF DETERMINING BOUND WATER 173

A. Description of a New Dilatometer
174
B. Calibration of Dilatometer with Respect to Fundamental Variables 177
C. Details of Procedure Finally Adopted
181

DILATOMETRIC STUDIES ON VARIABLES AFFECTING THE BINDING OF WATER
IN PUDDLED SOILS
183

A. Effect of Puddling at Various Moisture Contents
B. Effect of Various Treatments on Amount of Water Bound by Soils
C. Effect of Allowing Puddled Samples to Stand for Different Periods
of Time before Measurement
D. Effect of Successive Freezing and Thawing on Water Binding in
Soils
E. Effect of Exchangeable Bases with Which the Soil is Saturated
upon the Amount of Water Bound
F. Comparative Binding of Water in Different Soils

183
187

189
192
194
200

DISCUSSION

201

SUMMARY
ACKNOWLEDGMENTS
LITERATURE CITED

212
214
215

A. Structure of the Water Molecule and of Liquid Water in Relation
to Water Binding in Soils
204

ILLUSTRATIONS
PAGE

PLATE

I.—PHYSICAL APPEARANCE OF PIMA CLAY AFTER PUDDLING AT
MOISTURE CONTENTS INDICATED
163
PLATE II.—COMPLETE ASSEMBLY OF DILATOMETER APPARATUS WITH
THERMOSTAT FOR MAINTAINING LOW TEMPERATURES AND
WATER BATH FOR SUPPLYING WATER AT CONSTANT TEMPERATURE TO THE CAPILLARY JACKETS
176
FIGURE 1.—CURVE SHOWING VARIATION IN APPARENT SPECIFIC GRAVITY OF
PARTICLES OF PIMA CLAY AT MOISTURE CONTENTS INDICATED
FIGURE 2.—EFFECT OF PUDDLING ON FREEZING POINT DEPRESSION OF NORMAL AND PUDDLED PIMA CLAY, GILA SANDY LOAM, AND
CLARION LOAM
FIGURE 3.—CROSS SECTION OF DILATOMETER WITH CONSTANT TEMPERATURE JACKET AND FREEZING TUBE
FIGURE 4.—GRAPHICAL TEST OF THE EXPERIMENTAL VARIABLES AFFECTING
THE ACCURACY OF DILATOMETRIC MEASUREMENTS
FIGURE 5.—EFFECT OF PUDDLING ON WATER BOUND BY PIMA CLAY AND
CLARION LOAM AS DETERMINED BY THE DILATOMETER
FIGURE 6.—EFFECT OF TIME OF CONTACT ON THE BINDING OF WATER BY
UNPUDDLED GILA SANDY LOAM AND PUDDLED PIMA CLAY
FIGURE 7.—EFFECT OF ALTERNATE FREEZING AND THAWING ON THE BINDING OF WATER BY PIMA CLAY AND CLARION LOAM
FIGURE 8.—DISTRIBUTION OF ELECTRONIC ISOMERS IN LIQUID WATER
FIGURE 9.—DIAGRAMMATIC SKETCH TO ILLUSTRATE HOW WATER MOLECULES MAY ORIENT THEMSELVES BETWEEN CLAY OR ORGANIC
MATTER PARTICLES

164
168
175
178
184
191
193
206
211

BOUND WATER IN NORMAL AND PUDDLED SOILS
BY T. F. BUEHRER AND M. S. ROSE

INTRODUCTION
A puddled soil may be defined as one whose structure has been
destroyed by mechanical manipulation while wet, so that the
aggregates have lost their identity and the soil is converted to a
structurally homogeneous mass of ultimate particles. The effect
of puddling upon the physical characteristics of the soil, the
activity of microorganisms, and soil-plant relationships has been
set forth in previous bulletins of this series by McGeorge (31),
McGeorge and Breazeale (32), and Breazeale and McGeorge (12).
In these investigations it was shown that when a soil is puddled
over a range of moisture contents ranging from saturation to
below the moisture equivalent, the settling volume, puddling
ratio, and other physical constants of the soil pass through a maximum (or minimum) at or near the moisture equivalent. Microbiological studies have indicated that puddling brings about an
anaerobic condition manifested by the reduction of nitrates and
the development of toxic substances in the soil.
The possibility that such puddling may affect the condition of
the soil moisture was suggested by plant studies of McGeorge and
Breazeale (32), who observed that plants growing under normal
conditions will wilt after the soil is puddled, even though an
abundant supply of moisture may be present. Puddling was found
to hinder the germination of seeds and to affect vitally the response of plants to fertilizer treatments. These abnormal conditions were attributed in part to a decreased availability of the soil
moisture as a result of puddling. It was believed that by this treatment the water had been converted to an inactive form; that is,
"bound," as the term has been employed by Bouyoucos (8), Jones
and Gortner (27), and others.
Although the moisture relations of soils have been studied by
numerous investigators, the effect of such puddling has, with
the exception of the original researches of Bouyoucos (8, 9, 10)
and Thomas (46), received but little attention. In irrigation
agriculture where moisture is the limiting factor, it is of vital
importance to inquire to what extent water may become unavailable to plants and to what extent the mechanical treatments of
cultivation influence the forms in which the moisture is distributed in the soil. It is reasonable to assume that the mineral
and chemical composition of the colloidal fraction of the soil, its
texture, organic matter content, the amounts and nature of the
soluble salts and the manner in which the puddling is brought
about will all have some bearing upon the proportions of free and
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bound water in the soil at any given moisture content. Of these
the clay fraction exerts the most pronounced effect, as Buehrer
(15) in the first publication of this series has shown. He finds that
even when present in relatively small amount in a sandy soil, the
clay reduces the effective diameter of the pores in the soil mass
to such an extent that it greatly restricts the movement of air
through such a system.
A study of the effect of puddling upon the soil moisture was
accordingly undertaken, based upon freezing point, dilatometer,
and other physicochemical methods, in relation to the soil factors
enumerated above. The authors recognize the pioneer work done
in this field by Bouyoucos, and the results of the present investigation have confirmed his findings in several respects. The
present moisture studies concern themselves primarily with the
quantitative aspects of the phenomenon and the extent to which
water becomes bound under different treatments. In the bulletin
of this series to follow, the nature of the mechanism of water
binding, based upon studies of the part played by the individual
soil constituents, will be presented.
PROPERTIES OF NORMAL AND BOUND WATER

Bound water has been found to possess a number of unusual
properties as compared with those of liquid water in its normal
state. Ewing and Spurway (18) in their experiments on the
adsorption of water on silica gel found that its density varies between 0.5408 and 1.0285, as compared with the normal density of
water—namely, 0.9970 at 25 degrees C. It has been estimated that
water so adsorbed exists on the surfaces of the gel particles under
a pressure of the order of 750 atmospheres. Bound water is found
to have a dielectric constant of only 2.2 as compared with a value
of 81 for normal water. Its low dielectric constant indicates a
greatly reduced polarity, and therefore its solvent power and
dissociating action on salts and other substances must be considerably less than that of pure normal water, Parker (35) found
that the freezing point of water is lowered by the presence of
finely divided substances like ferric hydroxide and silica, even
though the amount of the material in suspension and in solution
may be relatively minute. Because of this reduction in solvent
power, the freezing point depression method cannot be used to
determine the concentration of the soil solution at low moisture
contents. These evidences show that the activity of water, and
hence its polarity, is definitely decreased when it becomes associated with the active surfaces of colloidal particles, by way of
sorption, chemical combination, or electrostatic attraction.
Recent investigations on the structure of the water molecule
itself, as well as water in the liquid state, have been made by
Bernal and Fowler (5), Llewellyn (29), and Morgan and Warren
(33) on the basis of X-ray diffraction, and by Rao (39) using
Raman spectra. It has been found that water in the solid state
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possesses a definite structure in which four molecules are oriented
tetrahedrally about a given water molecule. With rising temperature above the melting point, the arrangement becomes more or
less random, giving way to double and triple molecular aggregates present in varying proportions at different temperatures.
At the boiling point water passes into the vapor state as individual
molecules which still retain much of their polarity and hence
exhibit large deviations from the laws of perfect gases. The
arrangement of the molecules in the liquid state is due to the
fact that the water molecule is a dipole, and the orientation is the
result of simple electrostatic attractions. Stewart (45) has shown
that dissolved salts present in water solution actually produce a
contraction of the water, as indicated by a considerably greater
density than that of water in the pure state. This evidence points
to a closeness of packing of water molecules around the ions of
the electrolyte which possess an electrostatic field by virtue of
their charge.
It may therefore be expected that the polar properties of the
water molecule which reside primarily in its structure and
electrostatic nature will determine its behavior in a complex
mixture of mineral particles, colloidal organic matter, and soluble
salts which make up the soil. These factors without doubt influence the ease or difficulty with which water can be taken up
from the soil by the plant.
DEFINITION OF BOUND WATER

In terms of the foregoing considerations, bound water must
be looked upon as that portion of the total water present in a
soil which is held by forces of electrostatic orientation, or by
capillarity, or in chemical combination so that the properties
which characterize normal water have been markedly reduced in
magnitude. Thomas (47) employed the static vapor pressure
method in studying the effect of puddling and found that puddling a clay decreased its relative vapor pressure and increased
its water-absorbing power. He defines as "bound" that portion of
the total water so held that it reduces the relative vapor pressure
of the soil to 85 per cent or less. Bouyoucos (8, 9) employed the
freezing point and dilatometric methods and defined as "bound"
that portion of the total water which failed to freeze.
At present there appears to be some controversy as to the
quantitative significance of the term in biocolloidal systems (22).
Gortner (21) has pointed out that the difficulty lies primarily in
the fact that there is no definite line of demarcation between
"free" and "bound" water. Newton and Gortner (34) define
bound water in sols of hydrophilic colloids as that portion of the
water associated with the colloid in such form that it will no
longer act as a solvent having the properties of normal water.
Bouyoucos (8) defines bound water as that portion of the total
water which fails to freeze at — 1 degree C. Briggs (13,14) bases
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his concept of bound water upon vapor pressure measurements.
Working with various colloid-water systems such as gelatin,
casein, agar, and fibrin, he defines it as:
that portion of the water m a system containing both colloid and crystalloid
which is associated with the colloid portion, together with those ions which
form a part of the colloidal complex. Thus bound water is not a fixed
quantity of water associated with the colloid, but will vary with the total
quantity of water in the system in a manner consistent with the vapor
pressure isotherm of the colloid.

Woodruff (49) employed the pF function of Schofield (43) in
his investigation of the nature of the forces that retain moisture
in soils, extending his experiments over the entire range of
moisture contents from saturation to the oven-dry condition. He
distinguishes between "free" water as that portion of the total
water which is held in the soil capillaries by the attractive forces
of surface tension, and rigid or "gel" water, as that portion which
is sorbed on the surfaces of the particles. Hefindsan inflection in
the pressure-moisture curve below pF 3, which he interprets as
the transition point between free and sorbed water. He finds,
moreover, that the moisture held above pF 4.2 is not available to
plants. The continuity of the pF-moisture curve appears to indicate that an equilibrium is established which is consistent with
the methods employed in the pF determination. The ultrafiltration method was used for the pF range from 0 to 4.34, and the
static vapor pressure method for the range from 4.34 to 7.0. On
the pF scale 0 represents the soil at the saturation percentage
and 7.0 in the oven-dry condition.
It is apparent therefore that the binding of water in colloidal
systems is not a stoichiometric process and hence not chemical in
the ordinary sense, but is determined largely by space relationships and the nature of surface of the soil particle. The binding of
water may thus be provisionally regarded as involving any or all
of the following processes:
a) The water molecules may be held by electrostatic attractions
of soil particles, ions of electrolytes, or exchangeable cations on
the clay, by virtue of existing fields of force.
b) The water may in the process of puddling be forced into
micropores created by working the soil particles closer together
and displacing the air from existing pore spaces.
c) The water molecules may exist as thin films between platy
clay particles brought into alignment in the puddling operation,
as suggested by McGeorge and Breazeale (32), or the water may
be caused to enter the expanding lattices of montmorillonitic
clay minerals. In each case the forces of attraction would be
expected to reduce the activity of water as a solvent and its other
properties as a polar liquid.
There is some evidence from the work of Hauser (23) on bentonite and Jones and Gortner (27) on elastic and nonelastic gels
that water associated with colloids exists in the state of a thixo-
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tropic gel. The swelling of clay and organic colloidal material in
water lends support to such a theory. It is indicated also by the
work of Alexander and Haring (1) on the change in free energy of
soil colloids on wetting as a function of the water content. They
show on the basis of vapor pressure isotherms for various soil
colloids that the "two-phase" theory of water absorption by wood
and cellulose applies also to soil colloids. The "a" phase is interpreted as that portion of the water combined with the clay
(aluminosilicate) complex. This phase predominates in colloids of
soils of the chernozem group. The "b" phase is held on the surfaces of colloidal particles and is not a function of the chemical
composition of the colloid but primarily of its surface. The colloids
having high base exchange capacities show a dominant tendency
to adsorb water as the "a" phase.
The evidences here cited indicate the existence of water in various states of combination. In the present bulletin the emphasis
is primarily on the effect of puddling upon the relative distribution of the water between these possible states. The different
methods that have been studied tend to confirm the idea that it is
possible for free water to be converted to a bound form merely by
way of mechanical working, and the question of first importance
was the conditions under which this transformation occurs. The
definition of bound water chosen in this work was based upon the
dilatometric principle of the amount of expansion obtained on
freezing, assuming that water held by the forces of sorption and
chemical combination is toofirmlybound to permit orientation of
the molecules into the lattices of ice crystals. It is recognized that
the determination of bound water by this procedure is of necessity
to a large extent empirical—hence, the conditions of the experiment enter into the definition of the quantity. Such conditions
cannot, however, be chosen at random without some knowledge as
to the experimental factors which determine accuracy and reproducibility. After the technique had been standardized on the
basis of sufficient preliminary experiments, the quantitative relations between these variables were accurately established so that
the results could be reduced to any other set of conditions, if
necessary, for purposes of comparison. In this manner the methods
yield reliable comparative data to serve as a basis of judging what
happens to the moisture when a soil is puddled. It will be shown
in a later section that the variables in question are connected by
a strikingly simple linear relation, making possible a choice of
experimental conditions which could easily be reproduced and
maintained. In terms of these conditions, we have accordingly
chosen to define bound water as that percentage of the total
moisture content of a soil which fails to freeze at a temperature of —3 degrees C. when the soil has been completely evacuated
of its air content and the dilatometer capillary maintained at a
constant temperature of 30 degrees C.
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PURPOSE AND PLAN OF THE INVESTIGATION

The present investigation had a twofold purpose, the first of
which was the determination of the magnitude and nature of the
effect of puddling on the soil moisture. The experimental work
was based on two accepted methods: (a) freezing point depression; and (b) expansion of water on freezing as measured by the
dilatometer. In the latter of these two methods a new dilatometer
technique was developed upon which all subsequent studies were
based. The second section is devoted to a study of the factors which
affect the amount of water bound by soils, as follows: (a) puddling at various moisture contents; (b) effect of time allowed for
the establishment of moisture equilibrium on the amount of
water bound; (c) the effect, if any, of alternate freezing and thawing on the conversion of bound to free water; (d) the part played
by soluble salts and organic matter in the binding of water; and
(e) the extent and manner in which the exchangeable bases affect
water binding.
EXPERIMENTAL PART
DESCRIPTION AND ANALYTICAL DATA FOR THE SOILS STUDIED

The soils chosen for this study were selected to represent a
fairly wide range of textures, pH values, organic matter content,
base exchange capacity, and content of individual exchangeable
bases. They were as follows:
a) Clarion loam, from the College Farms, Iowa State College.
b) Pima clay, from the City Farm, near Tucson, Arizona.
c) Gila sandy loam, from the University Farm on North
Campbell Avenue.
d) Houston clay, from the Division of Soils, Texas Agricultural
Experiment Station, College Station, Texas.
e) Yolo silty clay from the University of California, at Davis.
f) Sunrise sandy clay loam from tlk miles south of Tempe,
Salt River Valley, Arizona.
g) Chester loam, sent by Dr. R. P. Thomas, Department of
Agronomy, Maryland Agricultural Experiment Station.
Of the above soils, all except the Clarion and Chester series
were calcareous. The soils were first crushed gently with a rubber
pestle to break down the aggregates, then screened to 80 mesh and
thoroughly mixed. Texture was determined by a modified
Bouyoucos* hydrometer method, pH value by the Beckmann pH
meter, organic matter by wet oxidation with chromic acid, base
exchange capacity by saturation with neutral normal ammonium
acetate and distillation of the ammonia; and the individual exchangeable bases in the leachate by the standard analytical
methods. The data are assembled in Table 1.
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GENERAL NATURE OF THE PUDDLING PHENOMENON

The physical nature of the puddling phenomenon is set forth
in an exhaustive study by McGeorge (31) who showed that the
moisture content at which a soil is puddled influences many of
those physical properties which are related to, or are indicative
of, structure. Applying the Bouyoucos technique to aggregate
analysis, McGeorge found that puddling decreases the apparent
specific gravity of the soil-water system at the settling volume.
He found, moreover, that puddling at moisture contents below
the moisture equivalent resulted in a build-up of aggregates.
Within a narrow range near the moisture equivalent there is a
breakdown of aggregates which results in the puddled condition.
Above the moisture equivalent and at moisture contents approaching saturation, mechanical working tends to disperse the soil, but
to a lesser degree than occurs at the lower moisture contents.
As a preliminary experiment in the present investigation, various means of producing the puddled condition were tried: (a)
kneading with a rubber pestle in a porcelain mortar; (b) vibrating
with an electric vibrating machine (32), in which case the extent
of puddling was never complete; (c) use of a steel spatula on a
glass plate (31). The last of these proved most effective and in
general gave the most reproducible results. Since this investigation primarily concerned itself with moisture relations, the loss
of water by evaporation during puddling could not be neglected.
Separate moisture determinations were usually made on each
sample after puddling.
In order to illustrate the effect of puddling on the physical
appearance of the soil, a series of samples of Pima clay, each
weighing 25 grams, was puddled with different amounts of water
covering a range of percentages from 18 to 50, on the basis of the
oven-dry soil. The samples after puddling were transferred to
Petri dishes and allowed to air-dry. The appearance of the
samples is illustrated in Plate I.
The moisture equivalent of this soil was 32.23 per cent. It will
be seen that mechanical working at 18 and 20 per cent water
resulted in small friable aggregates. At 24 per cent the masses
became hard, compact, and coherent, and this effect was evident
to an even greater degree through 27,30, and 35 per cent moisture.
At 40 per cent the lumps again became friable and at 50 per cent
(near saturation) they could easily be crumbled between the
fingers. The saturation percentage of Pima clay was 47.5 per cent.
This experiment illustrates the unfavorable condition to which
the soil may be reduced when puddled by field methods of cultivation within this critical range of moisture content, immediately
below and above the moisture equivalent. It also indicates that,
although drying out is the only feasible procedure for overcoming the puddled condition, the reduction of such clods of virtual
sun-dried brick, formed in soils of low organic matter content and
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Figure 1 —Curve showing variation in apparent specific gravity of dried
particles of Pima clay after puddling at moisture contents indicated. Point
at right extremity of dotted portion represents specific gravity of original
unpuddled soil.

It is seen that the specific gravity decreases from 18 per cent
moisture as the moisture percentage increases, passing through
a minimum in the vicinity of the moisture equivalent and thereafter rising. The apparent specific gravity of the original soil was
2.54. These results are consistent with those of McGeorge (31),
who arrived at his deductions on the basis of weight and settling
volume of his samples. His results, however, refer specifically to
the suspended aggregates of soil in water where swelling was
presumably at a maximum, whereas the present results represent the state of the puddled soil after all water had been removed by drying. It might be pointed out that even after the
thorough puddling which the soil had received in these experiments, a certain amount of air was seen to come off slowly in the
form of exceedingly fine bubbles from the interior of the compact
lumps. The primary effect of puddling is evidently a crowding
closer together of the ultimate soil particles with the formation of
a large number of fine pores. Thus the capillary binding of water
involves a free energy change, according to Anderson, Fletcher,
and Edlefsen (4), of Aj> due to the pressure of the gravitational
and adsorptive fields surrounding the particles, and a free energy
change due to the change in the inner surfaces created by the
formation of micropores.
BOUND WATER AS DETERMINED BY FREEZING POINT LOWERING

The freezing point lowering is a measure of the activity of the
water in aqueous solutions and hence also in moist soils. If puddling a soil converts water to a less active form, such an effect
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should manifest itself in the lowering of the freezing point. The
freezing point method involves certain logical implications when
applied to soils. In the first place, it is not a normal soil condition
and one must assume that the phenomena observed or measurements made at a temperature below 0 Centigrade will represent
conditions as they exist in the field at ordinary temperatures.
Secondly, since freezing is essentially a dehydrating action, it
must be assumed that there has been no change of state produced
by the freezing in the mineral or organic fraction of the soil.
Thirdly, as Alexander and Shaw (2) have pointed out, it must
be possible to assume that equilibrium conditions prevail in the
soil-water system during the process of measurement. Such
changes are indicated in the extent to which the freezing point
changes upon successively freezing and thawing the soil.
Bouyoucos (8) defines as free water that portion of the total
water which is capable of dissolving soluble salts and hence lowering its freezing point; the unfree portion is assumed to be
without effect on the freezing point. He finds the texture of the
soil to be an important factor. In sands, for example, the relationship between freezing point depression and moisture content
is strictly hyperbolic, but it becomes exponential in soils containing the finer fractions of silt and clay. In sandy soils where
the inverse relationship holds, the percentage of unfree water can
readily be calculated from the freezing point depression. The
constants must in other cases be determined for each soil. Parker
(35) has found that finely divided materials lower the freezing
point of water to a slight degree, even though no soluble salts may
be present, as a result of capillary films formed on particle surfaces which lower its activity. This effect has been studied by
Fisher (19), who estimates that water held in capillary pores is
under considerable tension, possibly of the order of 1,000 atmospheres. For this reason Parker concludes that at low moisture
contents where such lowering is added to that produced by the
soluble salts, the true concentration of the soil solution cannot be
determined by the freezing point method. The effect of the finer
textural fractions will thus be greater in heavy clay soils, and it
may be expected that when a soil is puddled the capillary binding
to which Parker refers will be increased considerably over that
which exists normally in the aggregated, unpuddled soil.
The technique employed in this investigation was the conventional Beckmann method, applied by Bouyoucos and McCool (11)
and by Hoagland (25) to their studies on the concentration of
the soil solution directly in the soil, Anderson and Edlefsen (3)
combine freezing point with dilatometer technique in their studies
on the irreversibility of certain soil moisture processes as a result
of the liberation of air dissolved on freezing. Alexander and
Shaw (2) have developed a dielectric method based upon a
change in the dielectric constant of water when frozen to ice or
melted. The moist soil is made a part of the dielectric of an
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electrical condenser, and the capacitance of the condenser measured over a range of temperatures above and below the freezing
point, a sharp break in the curve occurring at the freezing point.
Keen (27a) has derived a mathematical relation, based upon the
experimental data of Bouyoucos and McCool (11), which connects
total, free, and unfree moisture in the soil and has shown that the
proportion of water rendered unfree is not a constant for any one
soil as Bouyoucos assumed, but itself varies with the moisture
content. He finds that the amount of unfree water continuously
increases as the total moisture content decreases.
The effect of puddling upon the freezing point lowering of a
soil has apparently not been investigated, and it is not evident
from the work of Bouyoucos or the more recent investigations of
Anderson and Edlefsen (3) as to the extent to which the samples
had been subjected to mechanical manipulation before freezing.
In view of the peculiar effects which puddling has upon the soil,
it seemed of considerable interest to determine the effect of puddling upon the freezing point lowering of several different soils,
both in the normal state and when puddled over a range of moisture content above and below the moisture equivalent.
The amount of soil used in these determinations was uniformly
50 grams, made up to moisture contents ranging between 15 and
60 per cent on the air-dry basis. One set was puddled according
to the procedure previously described and the other left unpuddled. The tubes containing the sample, together with a larger
tube serving as an air jacket, were suspended in an ice-salt bath
maintained at a temperature of —-6 degrees C. The lowerings
were measured with a calibrated Beckmann thermometer. Since
soil samples at moisture contents below saturation cannot be
stirred to secure temperature uniformity within the samples themselves, the difficulty of considerable supercooling manifests itself.
Fortunately the moist soil has a fairly high heat conductivity. The
puddled samples in particular showed considerable tendency to
supercool, and it was at first difficult to terminate the supercooled
condition and cause freezing to occur. The simple device of
Schofield and Botelho da Costa (44) was employed—namely, to
twist the thermometer slightly so as to cause gentle friction or to
give it a sharp tap, which was in all cases sufficient to start the
freezing. The temperature would then rise suddenly in the usual
manner and quickly come to a constant value.
A more serious difficulty which sometimes arises in making such
determinations on puddled samples is the fact that at the lower
moisture contents the supercooled condition, since it is more
difficult to overcome, introduces uncertainty in the temperature
measurement. Since the moisture content is small, the heat
evolved during the freezing is correspondingly small. This means
a greatly reduced time during which the plateau temperature in
the freezing curve remains constant. As a result, the time interval
may be so short that the temperature begins to drop almost as
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soon as it has reached its maximum. If care is not taken at this
point, the true freezing point may be entirely missed.
The range of moisture contents within which the freezing point
method can be satisfactorily used lies above the wilting percentage of the soil. Obviously it is, and should be, reproducible
at moisture contents above 40 per cent, but results obtained on
soils at higher moisture contents have no meaning in relation to
the problem of puddling, since, as McGeorge has shown, there is
little tendency for soils to puddle at such moisture contents. At
the lower moisture contents, as pointed out above, supercooling
limits the precision of the measurements. The most reproducible
results are obtained when samples are supercooled a constant
amount—namely, about 2 degrees below the estimated freezing
point—before the freezing is made to take place. It is also highly
important to allow time for moisture equilibrium to establish
itself in the unpuddled samples. The puddled samples can be
frozen soon after puddling, and the results are readily reproducible
at any given moisture content if the extent of the supercooling is
limited to 2 degrees.
The results of the freezing point studies are summarized in
Figure 2 for Gila sandy loam, Pima clay, and Clarion loam, in both
the normal and puddled condition. It will be observed that puddling in each case caused a greater lowering than is exhibited
by the normal soil. As the moisture content is increased, the
curves approach the 0 degree line for pure water asymptotically.
An unexpected feature of these curves for the puddled soils is that
they are in every case continuous and do not exhibit a maximum
at or near the moisture equivalent, as was later observed when
experiments were made by the dilatometric method on the Pima
clay. The effect of puddling on the lowering observed in the case
of Clarion loam is evidently much less than on the slightly organic Gila and Pima soils of the desert. This would suggest that
the binding of water is a function largely of the mineral fraction
of which the soil is composed. The magnitude of the lowering is
also consistent in part with the soluble salt content of these soils:
Gila sandy loam, 6,460 p.p.m.; Pima clay, 1,545 p.p-m., and Clarion
loam 660 p.p.m.
In connection with these studies, freezing point determinations
were made to determine whether there might be a progressive
change in the state of the water due to alternate freezing and
thawing in the puddled soils. A set of typical data is presented in
Table 2.
The tabulated results show that in every case there is a sharp
decrease in the value of the freezing point depression after the
initial freezing, and the effect is more pronounced in the two
Arizona soils. Further freezing and thawing in the case of these
two soils did not greatly decrease the lowering, which fact indicates that moisture equilibrium had been established, and there
was no considerable transformation of water from the bound to
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TABLE 2.—EFFECT OF ALTERNATE FREEZING AND THAWING ON
FREEZING POINT DEPRESSION OF PUDDLED SOILS.
(Data expressed in degrees C.)
Number of
freezings
and thawings

Gila sandy loam
20%
H2O

30%
HaO

36%
H>O

46.4%
H2O

24%
H2O

Start

1.295
0.849
0.891
0.883
0.880

0.870
0.604
0.596
0.613
0.604

1.380
0.835
0.905
0.910
0.867

0.648
0.640
0.602
0.602

0.149
0.129
0.102
0.083
0.080

0.098
0.087
0.076
0.059
0.061

Unpuddled

0.820

0.565

0.670

0.550

0.079

0.055

1
2
3
4

Pima clay

Clarion loam
32%
H2O

the free form. It is particularly significant to note that even after
the fourth freezing these soils had not attained the freezing point
of the normal unpuddled soil, which indicates that the original
structure had not been entirely restored. In the case of Clarion
loam, the freezing point after the third freezing had attained the
value of the normal soil. This shows that in organic soils the
original structure is readily restored by freezing. It is also apparent that puddling had not appreciably altered the original
structure of this soil, as was indicated by the amount of water
bound. The Gila sandy loam at 20 per cent moisture yielded a
final freezing point not greatly below that of the normal unpuddled soil, notwithstanding the fact that it had been puddled at
a moisture content near the moisture equivalent (17.1 per cent).
In this case we note the diluting effect of the sand fraction as well
as the phenomenally low percentage of organic matter. Bouyoucos (8) has shown that highly organic soils like peats and
mucks bind water to a considerable extent: peat 60 per cent and
muck 56 per cent at a moisture content of 200 per cent on the dry
basis. The relatively high initial freezing point depression of
Gila sandy loam must therefore be attributed to the high salt
content and the clay fraction. These freezing and thawing results
are in substantial agreement with those of Bouyoucos (8) on
similar soils. He finds that there is a considerable reduction in
water binding after the first freezing in the case of loams and
clays, peats and mucks, but no difference in the case of sandy
loams. The present results with puddled Gila sandy loam show
that there must have been a considerable conversion of water
from the bound to the free state in the first freezing, and it is of
the same order of magnitude as the change observed with Pima
clay. The experiments of Buehrer and Aldrich with various types
of organic matter (to be reported in the next bulletin of this
series) have shown that water bound by such substances as agar
and gelatin in the gel state is much more readily frozen out of the
gel than from nonorganic clays at corresponding moisture contents. We are therefore of the opinion that water is held by much
more powerful forces by the clay fraction than by the organic
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matter; hence, freezing does not restore the low organic soils of
the desert readily to the aggregated structural condition.
Experiments have also been made on the effect of drying a
puddled soil and rewetting upon its freezing point depression.
Pima clay, after having been puddled at 28 and 35 per cent
moisture contents, respectively, was frozen and its freezing point
determined. Thereafter the samples were allowed to dry out
completely in the air at room temperature. They formed the
typical hard, compact masses on drying, and when crushed and
rewetted and puddled, the freezing point lowering was again determined. The freezing points of these samples, unpuddled, were
found to be 0.761 degree at 28 per cent moisture as compared with
0.756 degree for the normal unpuddled soil. At 35 per cent the
observed lowering for the dried and rewetted sample was 0.674
degree as against 0.667 degree for the normal soil. From these
results we may conclude that drying out a puddled soil restores it
to its original condition from the standpoint of water binding.
It was considered of interest to estimate the amount of water
bound in the normal and puddled Pima clay from the observed
freezing point depressions. As a basis for such calculation the
ability of the water to hold salts in solution was taken to be a
measure of the "free" portion of the total water. Since the salts
present in this soil are almost wholly sodium chloride, it was
deemed theoretically desirable to base the calculation upon the
soil with its natural content of soluble salts rather than to add
other salts or solutes to it. The soluble salt content of Pima clay
was 1,545 p.p.m. of dry soil (see Table 1); hence, a 100-gram
sample contained 0.1545 gram, or 0.002643 mol of Nad.
The relationship between freezing point depression and concentration of a uni-univalent electrolyte is given by the following equation:
AT/ = 2Kfym
in which AT/ is the observed lowering of freezing point; K/, the
molal lowering for water, numerically equal to 1.858; m, the
molality of the solute in terms of mols NaCl per 1,000 grams of
water; and y, the mean activity coefficient of the solute.
The object of this calculation is to obtain the amount of free
water which holds 0.002643 mol NaCl in solution at the freezing
point, and for this purpose we must obtain the value of m corresponding to the moisture content of each sample measured. From
the equation, knowing both AT/ and Kf3 we can calculate ym.
Since, however, y itself is a function of the molality, it is necessary
to find the value of m corresponding to the respective values of
ym so calculated, which can most simply and reliably be accomplished by a graphical method. From the most trustworthy recent
values of y for sodium chloride over a range of molalities,1 the
^acDougall, F. H. Physical Chemistry. Macmillan Co., New York, 1941,
p. 594.
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values of ym are plotted against m, and the desired molalities are
taken directly from the curve. Since the definition of molality is
mols solute per 1,000 grams water, the amount of water in "the
soil solution containing 0.002643 mol NaCl is obtained and the
percentage of water bound in terms of total water initially present is calculated. The data so obtained are shown in Table 3.
The percentages of water bound by Pima clay as calculated by
the foregoing method are shown in Column 8 of Table 3. For comparison we have given in Column 9 the percentages of water bound
by the same soil at the same moisture contents as were determined
by the dilatometric method, details of which will be presented
in the next section and are illustrated in Figure 7. It will be noted
first that puddling resulted in a considerable increase in the
amount of water bound, the increase being well beyond the limits
of error of the method. Secondly, we note that in both unpuddled
and puddled series the percentage of water bound at first rises,
passes through a maximum, and then decreases as the total moisture content is varied from below the wilting percentage to above
saturation. In both cases the maxima occur at about 37 per cent
moisture. Comparing with the dilatometric results on the unpuddled series, we find a continuous decrease in percentage of water
bound as the total moisture content is increased. However, in the
puddled series the amount of water bound passes through a sharp
maximum at about 34 per cent moisture. An interpretation of this
behavior will be given in a later section.
Another significant point is evident from these freezing point
results—namely, that the percentages of water bound in both
unpuddled and puddled samples are of the same order of magnitude. This suggests that a certain amount of puddling may
unavoidably occur when the Beckmann technique is employed.
The pF values are given in the last column of Table 3. It will be
noted that these pF values, as calculated from freezing point
lowerings for the range of moisture contents studied, are generally
higher than those given by Baver (4a) and Keen (27a). These
authors have shown that the pF value of soils at the moisture
equivalent varies between 2.7 and 3.2, and its value at the permanent wilting percentage (16 atmospheres) is 4.2. Only in the
case of the puddled soil at 17.97 per cent moisture (approximately
the wilting percentage) was the pF value of the correct order of
magnitude 4.3. The higher values for the pF of the puddled series
of samples would be expected from the increased compaction
which results from puddling. In the case of the unpuddled samples, the lack of agreement below the moisture equivalent is
probably due to nonuniform moisture distribution. At the higher
moisture contents, however, the conditions favor an even distribution of the moisture. We are unable to account for this divergence from the accepted theoretical values, except on the assumption that some puddling occurs even in the normal undisturbed
soil.
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The freezing point results here presented are in close agreement
with those of Bodman and Day (5a), who investigated a series of
California soils of different geologic origin and over the moisture
range between the moisture equivalent and the permanent wilting percentage. The extent to which the soil structure is altered
by puddling is indicated by the magnitude of the difference
between the freezing point depression of the soil in the puddled
and unpuddled condition. In general, puddling increases the
freezing point depression by an amount which is inversely proportional to the structural stability of the soil.
Of particular interest in this connection are the results of Bodman and Day on soils of the Aiken and Altamont series. In terms
of the above criterion the structure of the Aiken soil, consisting
predominantly of a kaolinitic clay of high structural stability, was
not changed by the puddling operation. The Altamont soil, a
residuum from sedimentary rock which weathered under semiarid conditions, showed increases in freezing point depression
ranging between 0.08 degree at 26 per cent total moisture and 0.13
degree at 17 per cent total moisture. In this case the aggregates
had evidently been destroyed. Our work with Pima clay, an arid
soil of extremely unstable structure (containing only 35.8 per cent
total clay as compared with 46.3 per cent for Altamont and 41.8
per cent for Aiken) showed increases due to puddling over the
same moisture range varying between 0.16 and 0.64 degree. Preliminary determinations have shown this clay to be dominantly
montmorillonitic. These results emphasize the important role
played by the dominant clay mineral in determining the ease or
difficulty with which a soil passes into the puddled state.
THE DILATOMETRIC METHOD AS A MEANS OF
DETERMINING BOUND WATER IN SOILS
The dilatometric method affords a measure of the amount of
water which separates out on freezing and is based upon the
assumption that the water which appears as ice was present in
the soil as free water. In other words, it assumes that the freezing operation per se does not bring about a change from bound
water to free under the conditions of the determination. Physically it assumes that only that portion of the water present in a
soil is bound which is held by forces of sorption or capillarity
greater than those which act to orient the water molecules into
the crystal lattice of ice. Determinations by the dilatometer
method are furthermore based upon an expansion, which is
essentially the difference between the volume of liquid water and
of ice at the freezing temperature. Dorsey (17) has assembled the
existing knowledge regarding the density of the various forms of
ice at temperatures below the freezing point, and it is evident
that conclusions based upon dilatometric measurements at temperatures as low as —78 degrees C. are likely to be in error because the density of ice itself varies considerably with tempera-
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ture. The expansion actually measured is therefore a summation
of various volume changes: (a) conversion of supercooled liquid
water to ice, (b) changes in the solid phases which make up the
clay and organic matter fraction, (c) liberation of dissolved air as
the water freezes (which factor can, of course, be taken care of by
adequate evacuation of the sample), and (d) the expansion of the
reference liquid if the dilatometric expansion of the sample itself
is determined in a capillary at a temperature above that of the
freezing bath. This condition must be taken into account by way
of appropriate corrections based on temperature rise and coefficient of expansion of the liquid.
The dilatometric method has been employed in soil studies by
Anderson and Edlefsen (3), Bouyoucos (8, 9, 10), Jones and
Gortner (27) in gel systems, McCool and Millar (30) in a study of
soil-plant relationships, and Newton and Gortner (34) on the
estimation of hydrophilic colloid content of expressed tissue
fluids. Sayre (42) has made a critical comparative study of various methods of determining bound water in plant tissue, including freezing point depression, dilatometer, and calorimetric
methods.
In the present investigation a new dilatometric technique has
been developed which takes into account the variables above
referred to, so that it might be applicable to a more satisfactory
study of the puddled condition in soils, particularly with respect
to the state of the soil moisture. A condensed description of the
dilatometer is set forth in a paper by the authors (16). It was
found that fluctuations in temperature of both freezing bath and
measuring capillary seriously limited the applicability of the
dilatometer method to soil studies. The method is obviously
subject to all the errors inherent in the measurement of the
volumes of liquids. Even the amount of reference liquid permitted
to be present in the freezing tube was found to introduce uncertainty, and it was therefore necessary to keep fairly constant the
volume of the material itself which was being studied. The dimensions of the freezing tube were reduced so as to keep the
volume of reference liquid as small as possible. Another necessary
condition for a satisfactory technique is the complete evacuation
of air from the sample, before freezing, as well as a convenient
device by which the reference liquid could be set at any desired
initial point prior to the freezing.
'DESCRIPTION OF A NEW DILATOMETER

The new dilatometer is shown in cross section in Figure 3. The
principal feature is a special freezing tube with ground joint
which is connected to the measuring capillary by way of a threeway stopcock. The freezing tube was designed to promote a
rapid heat interchange and hence more rapid freezing after the
level of the liquid in the capillary indicated that the temperature
had become constant. Anhydrous toluene was used as the refer-
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ence liquid. It has a fairly high coefficient of
expansion and hence is widely used in lowtemperature thermometers. In the present
instance it served the purpose of indicating
accurately when the temperature of the soil
had attained the temperature of the bath. The
high heat diffusivity of moist soils usually
aids in bringing them to constant temperature in a short time. The length of the freezing tube below the ground joint was 11 cm.
and its outside diameter 22 mm. The soil
samples were not, however, placed directly
into this freezing tube. For this purpose
smaller tubes, 10 cm. in length and 18 mm.
outside diameter, were provided. The use of
such smaller sample tubes is very advantageous, for it allows the preparation of a large
number of soil samples in advance and a quick
replacement of a measured sample with a
fresh one. The annular space between sample
and freezing tubes serves as a jacket and
prevents too rapid cooling, hence also premature freezing.
The ground joint of the freezing tube has
a taper corresponding to Corning No. 24/40,
and all tubes and joints were thus interchangeable. The bore of the special ground
joint of the freezing tube was 1 mm., as were
those of the stopcock and measuring capillary. The cone-shaped enlargement at the
bottom of the joint permits the easy removal
of air bubbles during the evacuation. The
Figure 3.—Cross
wide extension at the upper end of the tube
section of dilatometer with conis also a desirable feature. It is imperative
stant temperature
that the ground joint be protected against
jacket and freezthe liquid of the freezing bath, in view of the
ing tube.
fact that the grease employed to seal the
ground joint to the freezing tube must itself be an aqueous medium, in which toluene is insoluble. The grease must of necessity
be composed of substances insoluble in toluene and capable of
being made up to the consistency of a paste. For this purpose a
mixture consisting of 60 per cent anhydrous glycerine, 20 per
cent mannitol, and 20 per cent dextrin was used. It is entirely
insoluble in toluene, and on cooling sets to a highly viscous,
sticky mass, thus affording a perfect vacuum-tight joint at the
temperature of the freezing bath. The enlarged extension at the
upper end of the freezing tube thus protects the joint from any
possible contact with the thermostat brine and also makes the
entire assembly more sturdy for handling in the course of the
measurements. Hooks are provided on the freezing tube so thaf
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regulator was capable of maintaining the freezing bath at a temperature of ± 0.1 degree.
It has been mentioned that the temperature of the capillary
must be maintained constant during the course of the measurement. If the measurements are carried out in a constant temperature room, no particular precautions are required. In general, however, it is desirable to jacket the capillary and to maintain a
constant temperature. This may be accomplished either by passing tap water through a tubular slide wire rheostat at a rate to
give water of the desired temperature, or an auxiliary thermostat
may be provided as a supply of constant temperature water from
which the water can be pumped through the capillary jackets
and the temperature maintained in this manner. The latter procedure was found more acceptable. A temperature of 30 degrees
C. was chosen. The thermostat shown to the right of the dilatometer assembly in Plate II was built of galvanized sheet iron,
double walled and insulated with silocel. It was provided with a
DeKhotinsky regulator which maintained the temperature constant to within 0,1 degree. The circulation of the water was
accomplished by means of a Sargent centrifugal pump capable
of giving a rate of flow of 4 liters per minute.
The tubes of the measuring capillaries were made of carefully
selected Pyrex tubing of 1 mm. bore. A 50 cm. length of this tubing therefore had a volume of about 0.8 ml. The tubes themselves
were not graduated. A scale etched on a strip of white porcelain
was provided with subdivisions similar to those on a Bechmann
thermometer.^ The scale had such subdivisions that it could be
read to 0.2 mm., which corresponds to a volume of 0.0003 ml. When
the capillary jacket is filled with water, the jacket itself acts as a
lens, magnifying the scale and making it possible to obtain very
accurate readings. A thermometer attached to this scale made it
possible to keep close check on constancy of temperature of the
capillary during the determinations.
CALIBRATION OF DILATOMETER WITH RESPECT
TO THE FUNDAMENTAL VARIABLES

Several calibrations were considered necessary to determine
the reliability and reproducibility of this technique for bound
water determinations: (a) calibration of the capillary itself for
true volume in terms of scale divisions, (b) determination of
expansion of the toluene with temperature, (c) effect of variations
in temperature of freezing bath on the dilatometer measurements,
(d) determination of the expansion which occurs when water is
frozen under the conditions of measurement.
The foregoing calibrations were carried out under carefully controlled conditions and the results shown graphically in Figure 4.
2

For the careful construction of these scales and supplying the capillaries
and special ground joints, credit is due Rascher and Betzold, Chicago,
Illinois.
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Figure 4.—Graphical test of the experimental variables affecting the accuracy of dilatometric measurements.

The first of these, that of the bore of the capillary, was made
under constant temperature conditions of 30 degrees C. by weighing mercury delivered between successive scale readings. This
was done by attaching a small bulb at the lower end of the capil-
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lary fitted with a stopcock, and into this bulb a small amount of
mercury was placed. On top of the mercury toluene was placed,
extending to the upper end of the capillary. Since toluene was to
be used as the nonaqueous reference liquid, this technique made
it possible to make the scale readings under exactly the same
conditions as in the subsequent dilatometer determinations, and
moreover, it obviated possible error due to the fact that mercury
does not wet glass. The evident advantage of using mercury was
the fact that its high density makes possible a calibration to
0.0001 ml. without difficulty.
The results when plotted with scale readings against true
volumes (calculated from weights of mercury delivered) gave
a straight line throughout the entire volume range. See Figure
4A Three such capillaries gave straight lines for which the
equations were as follows:
y = 0.01581 x
y = 0.01542 x
y = 0.01553 x
in which y represents true volumes and x, the scale readings of
the levels in the capillary tube. The close agreement of the constants indicates the degree of uniformity that may be realized in
the careful selection of capillary tubes. In all subsequent measurements these equations were employed in converting observed
scale readings into true volumes.
The second calibration was to determine the extent of expansion of toluene with the temperature. The entire dilatometer system, including freezing tube and capillary, wasfilledwith toluene.
The freezing bath wasfixedat —3 degrees C, and the temperature
of the capillary varied between 8.5 and 40 degrees C. The points
when plotted were found to lie on a straight line as shown in
Figure 4B. The slope of the line gave a value of 0.001099 ml. per
degree C. as the coefficient of expansion of toluene within this
range of temperatures, which result agrees closely with the best
average value in the literature (50). This coefficient makes it
possible to apply a correction to the observed expansion of a soil
sample for the unavoidable expansion of the toluene which is
forced up into the capillary when the water in the sample freezes.
The final volume as measured in the capillary is therefore too
high by an amount due to the expansion of the reference liquid,
and a subtractive correction must be applied to convert back the
volume of toluene, warmed to a temperature of 30 degrees C, to
the freezing bath temperature of —3 degrees C. Obviously it
would be best if the volume measurement could be made at the
same temperature at which the sample is caused to freeze, but
such measurement is not practical when capillaries are used in
determining the expansion.
A simple equation yields the necessary correction for the toluene
expansion:
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(t2 — ti) = expansion of toluene
due to the temperature change, where V is the observed rise
m the capillary, B is the cubical coefficient of expansion of toluene,
and t2 — ti the temperature change which occurred. An important deduction which grows out of this calibration is that the unavoidable expansion of the reference liquid which is forced into
the capillary in consequence of freezing may be of considerable
magnitude, about 3 or 4 per cent of the total expansion. The
error is even greater when such measurements are made at lower
freezing temperatures.
The third calibration consisted of a test of the effect of changing
the freezing bath temperature. In this case the temperature of
the capillary jacket was held at 30 degrees C. =t 0.1 degree and
the temperatures of the freezing bath varied successively from
—8.5 degrees to —1.5 degrees C. The results are plotted in Figure
AC. The curve is again a straight line, having a slope of 0.0293 ml.
per degree C. Accuracy in dilatometric measurements therefore
depends upon constancy of temperature at which freezing is
allowed to take place.
The final test consisted in determining the amount of expansion
to be expected per gram of water under definite conditions of
measurement. In this experiment various amounts of water were
taken, ranging from 1 to 7 grams, and the temperature of the
capillary maintained at 30 degrees ±0.1 degree and that of the
freezing bath at —3 degrees C. ± 0.1 degree. The appropriate corrections were applied to the observed expansions. The data are
tabulated in detail elsewhere (14). These data are shown graphically in Figure 4JD, in which corrected expansion on freezing is
plotted against weight of water taken. Again a straight line of
positive slope is obtained, and the numerical value of the over-all
slope is 0.09206 ml. per gram of water. There is apparently a wide
variation in the value for the expansion of water recorded in the
literature (16), ranging from 0.09073 to 0.1000 ml. per gram of
water, which must be attributed in large measure to differences
in conditions of measurement.
By means of an equation such as the following for a given
dilatometer capillary whose calibration constant is 0.01581, it is
possible to calculate the corrected volume expansion and the
amount of water frozen when all the experimental variables are
taken into account:
0.01581 (St - Sx) [1 - 0.001099 (t» - ti)]
• — — — x 100 = % water frozen
0.0921 W

in which St and & and the final and initial scale readings,
respectively, t2 the temperature of the jacket (in this case, 30
degrees C.) tx the temperature of the freezing bath (in this case,
—3 degrees C.), and W the weight of water initially present in
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the soil sample. When the numerical constants obtained in the
foregoing calibrations are introduced into this equation, it simplifies to:
0.1643 (S f - S{)
x 100 = % water frozen

w

A test was then made to determine how closely the different
dilatometers would agree in the determination of expansion for
samples of water closely approximating the same weight—about
4 grams. The conditions were controlled as described above. The
results of this test, in which the appropriate corrections had been
applied, are shown in Table 4.
TABLE 4 —TEST OF REFRODUCIBILITY OF EXPANSION MEASUREMENTS MADE
WITH DIFFERENT DILATOMETERS ON PURE WATER UNDER
IDENTICAL CONDITIONS.
Expansion
ml per gram
of water

Mean
expansion
(ml. per gm )

0 3699
0 3630
0.3746

0 09259
0 09104
0.09398

0 09254 ± 0 00147

3 9514
3 9886
3 9928

0.3587
0 3581
0.3670

0.09078
0.08978
0 09191

3 9686
3 9850
3.9887

0 3658
0 3672
0.3758

0.09217
0.09214
0.09422

Dilatometer
no

Detn.
no.

Weight

water
(gms)

True
expansion
(ml)

1
1
1
2
2
2
3
3
3

1
2
3

3 9951
3 9876
3.9859

1
2
3
1
2
3

i

0 09082 ± 0 00106
0.09284 ± 0.00119

General average 0 09207 ± 0 00144

It will be noted that the general mean of these values is in
close agreement with the value derived from the straight line of
Figure 4D, which was 0.09206 ml. per gram. We have therefore
adopted the value 0.0921 as the most reliable value for this constant within the range of conditions of the dilatometric method
here used.
DETAILS OF PROCEDURE FINALLY ADOPTED

The considerations set forth in the preceding experiments have
led to the following procedure which was used in all subsequent
dilatometric studies on soils:
The soil sample with the required amount of water is weighed
into the sample tube and allowed to stand sufficiently long to
assure reasonable uniformity of moisture distribution. The freezing bath and jacket temperatures having been carefully regulated,
the sample tube is introduced into the freezing tube, to which a
small amount of toluene had previously been added, which serves
as a cushion and safeguards the sample tube against breaking
when it is introduced. Toluene is then added to pover the sample
and the freezing tube attached to the ground joint, which previously had been lubricated with the special grease. The freezing
tube is securely attached to the capillary by means of rubber
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bands extending over the shoulder of the stopcock. The thistle
tube at the top is now filled with toluene.
The apparatus is then lowered into the freezing bath and allowed
to come to temperature. Connection is made through the side
arm of the stopcock with a vacuum pump and the system evacuated several times to remove air. The size of the bubbles which
come off usually indicates when all the air has been removed.
The toluene boils under the reduced pressure, and this serves to
sweep air out of the system. The entire apparatus is then filled
with toluene by opening the stopcock to the capillary and allowed
to come to final temperature of the freezing bath, which can be
observed when there is no further drop in level of toluene in the
capillary. The excess toluene in the capillary is then drawn off
through the side arm of the stopcock to any convenient point above
the zero, and readings are taken at intervals until the level becomes constant. Under these conditions the sample will supercool
without premature freezing.
The sample is then frozen by surrounding the freezing tube
for an instant with an ice-salt mixture3 at about —10 degrees C. A
sudden rise in the toluene column, following the momentary drop
while the tube was chilled, indicates the beginning of ice formation. The apparatus is immediately returned to the freezing bath,
and the freezing completed at the standard temperature of —3
degrees C. Observations of the toluene level are taken at intervals
until it becomes constant. From the initial and final scale readings, the calibration constant for the dilatometer capillary used
and the weight of water taken, the percentage of water frozen
is calculated by means of Equation 2 above, and the amount of
water bound is obtained by difference.
The foregoing technique may require slight modification as far
as preparation of the sample is concerned, when the sample is
puddled. The most advantageous procedure was to puddle the
sample with the required amount of water on a plate-glass slab
and introduce a part of it into a previously weighed sample tube.
Immediately after weighing, the sample is covered with toluene
to prevent loss of moisture. The remainder of the puddled sample
is placed in a weighed weighing bottle, weighed, and its moisture
content determined by oven drying. Thus it is possible to determine not only the true weight of soil and water involved in the
dilatometer determination, but also to estimate in advance about
how much of an expansion may be expected on freezing, assuming
all the water were frozen. In some instances it may be difficult
to introduce the sample into the tube, and the technique then is to
roll the sample into the shape of a rod to fit the tube snugly. Wrapping tin foil was also employed in cases where the sample was too
sticky to be easily introduced into the tube. In general, however,
tin foil is undesirable because of its high heat conductivity, which
often results in premature freezing of the sample.
'Used only when freezing could not be started by tapping.
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DILATOMETRIC STUDIES ON VARIABLES AFFECTING THE
BINDING OF WATER IN PUDDLED SOILS
EFFECT OF PUDDLING AT VARIOUS MOISTURE CONTENTS

The primary factor which determines the binding of water,
aside from its chemical and colloidal composition, is the moisture
content at which the soil is puddled as found by McGeorge (31).
For this reason it seemed of great interest to determine what
happens to the soil moisture under these conditions. Reference
has already been made to the ease with which the soil assumes
the puddled condition. Breazeale (32) found, for example, that
vibrating with a simple electrical vibrating machine throws the
soil at least partially into the puddled state which immediately
manifests itself in a stressed condition of growing plants and in
other ways. He also found that mere jarring of a pot of soil on the
surface of the laboratory desk was sufficient to cause puddling.
We find in examining the literature on soil moisture that investigators have apparently overlooked this possibility in their techniques. For example, Schofield and da Costa (44) gave as their
procedure in preparing the soil for the freezing point measurement, "packing" the soil firmly around the Beckmann thermometer. Bouyoucos (9) states that he stirred his samples with
a rod or wire in order to facilitate the removal of air. Both these
devices result in partial puddling of the soil. It will be shown in
the results now to be presented that puddling brings about serious
changes in the soil moisture, and the experimenter must exercise
exceeding care not to subject such samples to mechanical disturbance where it is desired to determine the relative magnitude
of the amount of bound water in normal and puddled soils or for
certain other soil studies. In either event one should see to it that
the soil is either completely puddled or not puddled at all if the
results are to have significance.
In the present study we have chosen Pima clay and Clarion
loam as two widely different soils, representative of arid and
humid regions, respectively, as a basis for studying these bound
water relationships. The moisture range chosen was from a point
below the moisture equivalent to approximately the saturation
percentage, and, to afford a basis of comparison, one series was
left unpuddled while the other was puddled as completely as
possible, Separate moisture determinations were made on these
samples. They were allowed to stand a sufficient length of time
to assure reasonable attainment of moisture equilibrium. The
determinations were made dilatometrically un<fer carefully controlled conditions. The results are shown graphically in Figure 5,
We shall discuss first the curves for Clarion loam. It will be
noted that the amount of water bound in the unpuddled samples
remained substantially constant over the range of moisture con-
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Figure 5.—Effect of puddling on water bound by Pima clay and Clarion
loam as determined by the dilatometer. The data on axis of ordmates are
expressed in terms of percentage of the total water present which failed
to freeze.
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tents, with a mean value of about 20 per cent. When samples of
this soil were puddled at corresponding moisture contents, the
curve was again a straight horizontal line, but the per cent of the
total water that was bound had risen to a mean value of 46 per
cent. The striking aspect of these results is the fact that in both
cases the amount of water bound was constant over the entire
range of moisture contents. At the low moisture contents the
difficulty of securing uniform moisture distribution affects the
consistency of the results, and the data therefore do not fall on a
smooth line. Incidentally, the same is true of all puddled Clarion
loam samples. In fact, it was difficult to puddle the Clarion loam.
This peculiarity is attributed in part to its relatively high content
of organic matter and the fact that its base exchange complex is
saturated principally with calcium. The specific part which these
constituents play in the binding process will be discussed later.
The problem of securing moisture distribution in the unpuddled
samples (except below the moisture equivalent) was solved in
part by adding soil and water alternately to the sample tube as
follows: first, one fourth of the necessary amount of water, then
one half of the weighed amount of soil; one half of the water, then
the other half of the sample, andfinallythe remaining one fourth
of the water. It was believed that, after standing, the moisture was
fairly evenly distributed throughout all the samples.
The interpretation of the behavior of Clarion loam under the
two sets of conditions may, in the opinion of the authors, lie in
the ability of the organic matter to increase the stability of the
aggregates. Without doubt the increased binding on puddling
indicates a destruction of aggregates, but the constant amount of
such binding with the total moisture content appears to indicate
that the binding is largely a capillary effect. We imagine the clay
particles are coated with a film of organic matter which renders
the particles less polar in their behavior. As a result, the particles
are able to approach one another only within a certain limiting
distance when puddling or compaction is constant. We have
observed this effect independently by centrifugation experiments
on Clarion loam puddled over the same range of moisture contents. As is shown by the moisture equivalent determination, the
amount of water held against centrifugation is practically independent of the moisture content initially present. The amount of
organic matter present in this soil is not sufficient to produce an
appreciable amount of binding per se, but it can give a more or
less constant porosity to the soil; this is reflected in the amount of
water bound. On puddling, a certain amount of water must enter
the clay fraction over and above that which entered the normal
soil—a circumstance which accounts for the increased binding.
Such an assumption of the existence of a coating is consistent also
with the "chlamydomorphic" type of fabric, characterized by
Kubiena (27b), in which the mineral grains are surrounded by a
colloidal coating and the intergranular spaces are empty, and ir
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part with the "intertextic" type of fabric in which the organic
matter provides the braces between the granules.
The case of Pima clay is strikingly different. Here we have a
soil in which the percentage of clay is 35.8 per cent, colloidal
matter as indicated by sedimentation, 21.2 per cent, and organic
matter, 1.21 per cent. In the unpuddled condition the percentage
of bound water increased continuously as the moisture content
decreased. It is evident that water binding must to a considerable extent be spontaneous, for these samples were not disturbed
during the determinations. The clay fraction is characterized by
strong polar bonds and high adsorptive properties due to the
electrostatic polarization at its surfaces, as Winterkorn (48) has
shown. We may thus explain the increased binding in terms of
the more powerful attraction of water molecules by the clay
particles—an attraction which increases as the film thickness
decreases. Swelling also occurs and brings about a decrease in
pore size, so that more powerful capillary forces come into play.
The organic matter present is evidently not great enough to overcome the polar attractions of the clay particles. The high colloidal
clay content favors the formation of inelastic inorganic clay gels,
giving a structure approximating the "porphyropeptic" fabric
(27b), in which the mineral grains are cemented together in a
ground mass of clay gel. Pima clay is notably thixotropic in its
gel behavior, which lends support to this view.
The most striking behavior of Pima clay, however, is shown by
its water binding in the puddled state. We find the binding to be
not only much greater in magnitude at any given moisture content, but that the amount passes through a maximum at the moisture equivalent. Below this point the amount of binding decreases,
passing through a minimum at a moisture content estimated at
approximately the wilting percentage. Below this point the
amount of water bound again rises. The amount of water bound
at the moisture equivalent was 93 per cent, which is phenomenal,
indicating that powerful forces are acting to prevent the water
from freezing. The moisture equivalent is the point of moisture
where the particles have a lubricating film just sufficient to
enable them to slide over one another. They are probably within
the closest distance which they can ever approach under puddling
conditions, since the air has been substantially worked out of the
soil and the attractive forces between the exposed surfaces of the
clay particles are great enough to hold the water molecules in a
rigid state of orientation. The structure in this case would most
closely approximate the "plectoamictic" fabric of Kubiena (27b).
Below the moisture equivalent there is a decrease in binding
and a corresponding build-up of aggregates, as may be observed
from the appearance of the soil in Plate I. The binding which is
observed under these conditions is evidently localized within the
individual aggregates. At moisture contents above the moisture
equivalent where bound water again decreases, there is not the
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alignment of the platy clay particles (with its increased compaction) observed at the moisture equivalent. The particle arrangement becomes more and more random as the water content is
increased and the number of water molecules that can be oriented
between the randomly distributed particles is greater. The forces
holding them are less because of greater average distance between the particles. Thus a greater proportion of the water freezes
out. It is significant, however, that beyond a puddling moisture
content of about 47.5 per cent (which is the saturation capacity of
Pima clay), the amount of bound water remains constant at approximately 60 per cent. This is still a high percentage, and in the
opinion of the authors the water so held must be in the form of a
gel, which with greater dilution passes into the form of a sol, with
lesser binding of water.
EFFECT OF VARIOUS TREATMENTS ON AMOUNT
OF WATER BOUND BY SOILS

It is generally recognized that when water is added to a dry soil,
each of the groups of constituents plays a part in holding the moisture against evaporation, its movement through the soil, and its
absorption by the plant. It seemed of interest in connection with
these studies to determine the extent to which soluble salts, organic matter, and drying and rewetting affected the amount of
water binding as determined by the dilatometer.
A quantity of Pima clay, Clarion loam, and Gila sandy loam
which differed widely in these respects (as shown in Table 1) was
accordingly subjected to a series of treatments: first, leaching with
50 per cent ethyl alcohol solution to remove the soluble salts. A
portion of the soil so treated was dried and samples taken for the
bound water determination. Leaching with alcohol did not remove
an appreciable amount of organic matter. The remainder of the
soil was treated several times with 30 per cent hydrogen peroxide
to remove the organic matter. While it is realized that hydrogen
peroxide never completely oxidizes the organic matter, the
authors assume that at least the active portion which might be
effective in water binding was removed. The soil was again dried
at room temperature and samples taken for determination. Finally a quantity of each of the soils was puddled with water corresponding to the moisture equivalent and allowed to dry out
completely at room temperature. It was then broken up to a
fairly small particle size, about 40 mesh, and bound water
determined on this soil, both puddled and unpuddled, after it was
moistened to the same moisture contents.
The dilatometer determinations were made on each soil at two
moisture contents: (a) the moisture equivalent and (b) the saturation percentage (Scofield) which was as follows: Clarion
loam, 43 per cent; Pima clay, 47.5 per cent; and Gila sandy loam,
33.8 per cent calculated on the dry basis. The results are presented
in Table 5.
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TABLE 5.—THE EFFECT OF DIFFERENT TBEATMENTS ON THE EXTENT OF
WATER BINDING IN PUDDLED SOILS AS DETERMINED BY
THE DILATOMETER.
(Percentages of moisture with which soils were puddled are on oven-dry basis
Bound water as per cent of total water present.)
Clarion, loam
Treatment

Pima clay
M.E.
Satn.
32.2%
47.5%

Gila sandy loam
M.E.
17.1%

Satn.
33.8%

58.9

49.7

38.5

95.7

59.7

52.6

46.0

40.5

92.8

55.7

45.0

34.9

48.5

46.6

93.8

58.3

49.1

37.5

Preceding sample:
Bound water detnd on unpuddled sample

21.2

20.5

68.7

33.6

24.7

18.7

Salt concentration per cent by
wt. in soil solution

0.26

0.15

0.46

0.33

3.64

1.59

M.E.
24.99%

Satn.
43.0%

Original soil

47.7

47.1

93.0

Same, after washing with
50% EtOH

48.3

48.4

Preceding sample:
Oxidized with 30% H2O2

41.6

Original soil:
Puddled, dried, and repuddled

1

The foregoing results bring out several significant relationships. First, it will be noted that the removal of soluble salts had
the effect of actually increasing the amount of water bound. This
effect is not great, however, and probably is more pronounced in
the case of Gila sandy loam. This might be due to the fact that
the salts at the concentrations as they exist at the moisture contents in question (see last horizontal row in Table 5) have a coagulating action on the soil colloids. At least in the case of the
mineral colloids this is in the nature of a dehydrating action.
When the salts are removed, the colloids seem to be able to bind
more water. The magnitude of the effect was greater in the case
of the Pima and Gila soils where the salt content was greater.
However, the effect is not proportional to the concentration of the
salt present In the case of Clarion loam, the effect observed is
probably within limits of error of the method. The content of salt
in this soil is considerably less than in the other two soils. The
increase of 3 per cent in binding in Gila sandy loam at the moisture equivalent where the salt content in the original soil was
3.64 per cent is apparently consistent with the above interpretation. The effect of the salt appears to be primarily on the
hydrophobic colloids, for the concentration is hardly sufficient to
have an appreciable salting-out effect on the hydrophilic ones.
The effect of oxidation with hydrogen peroxide is not as pronounced as one might expect from the hydrophilic nature of organic colloids and their tendency to take up water and swell. In
the case of Clarion loam, which contains 4.47 per cent organic
matter, the reduction was of the order of -6 per cent below that of
the original soil. In general, however, it appears reasonable to
assume that organic matter after humification loses a considerable portion of its ability to bind water.
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Buehrer and Aldrich (in an investigation to be published
shortly) applied the dilatometer to the measurement of bound
water in soils as influenced by incorporations of fresh alfalfa,
and they found that fresh organic matter has a high binding
power. Agar and gelatin gels, within the concentration range to
which the dilatometer method is applicable, do not bind water
appreciably. We are therefore of the opinion that water binding
probably occurs more generally in cellulosic and other complex
organic materials. It is higher in fresh cellulosic material than
after it has undergone decomposition in the soil. When only the
more resistant residues remain, there is no very pronounced
tendency to bind water. We note that in the case of Pima clay and
Gila sandy loam the effect of oxidation did not reduce the amount
of bound water appreciably below that of the original soil.
The effect of drying a puddled soil has been noted in connection
with the freezing point studies. The data in Table 5 indicate that
drying restores the soil substantially to its original state, as is
shown by the amounts of bound water obtained with the dried
soil in the unpuddled condition. (Compare with curve in Figure
7.) The same dried soil upon repuddling gave the same amount
of binding as did the original soil under similar conditions.
EFFECT OF ALLOWING PUDDLED SAMPLES TO STAND FOR
DIFFERENT PERIODS OF TIME BEFORE MEASUREMENT

The primary criterion by which we judge whether equilibrium
has been established in any system is whether or not changes
occur in any of its properties with the time. In these water
binding studies the question arose as to whether the time factor
entered into the establishment of moisture equilibrium, particularly in the puddled samples, and whether there might be
a gradual transformation from bound water to free, by diffusion
or otherwise, when time is allowed for such changes to take place.
From the nature of the puddling operation it was surmised that
equilibrium should be attained fairly promptly because of the
close contact of the particles. In the unpuddled samples where
air films must be replaced by water films and where water movement is chiefly by way of such films from aggregate to aggregate,
the attainment of equilibrium would be expected to be much
slower. These considerations were of fundamental importance
in the dilatometric method, for the question soon arose as to how
long one must allow the samples to stand before measuring the
expansion. The rate at which equilibrium is reached was also
expected to be a function of the initial moisture content. From the
standpoint of the general problem of water binding this question
is of interest, since internal changes such as swelling of the
colloidal fraction alter the dimensions of the micropores, and
water movement from areas of higher to those of lower moisture
content might conceivably occur by way of slow molecular diffusion rather than film movement.
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It was accordingly decided to prepare a quantity of puddled
Pima clay (at 40 per cent moisture content) from which individual samples were taken, placed in the small sample tubes, and
covered with toluene to prevent loss of moisture by evaporation.
This procedure obviated variations which necessarily occur in the
preparation of many individual samples and guaranteed uniformity of moisture content in all the samples. The unpuddled samples
were weighed out separately into the dilatometer sample tubes,
and the water was added, as previously described: first one fourth
of the water needed, then one half of the total soil sample, one
half water, one half soil, and finally the remaining one fourth of
the water. This procedure gave as uniform a moisture distribution
as it is possible to obtain without puddling the sample. Soils investigators generally will concede the difficulty involved in making up a soil to a predetermined moisture content without disturbing its state of aggregation. Hence it is not surprising that
considerable variation in the amount of bound water may be
expected in unpuddled soils. The best one can hope for is general
trends. In view of the slow rate at which moisture distribution
occurs in unpuddled soils, it was deemed unwise to cover these
samples with toluene because it is immiscible with water; such a
condition would prevent easy water movement. The tubes were
accordingly stoppered and in those in which moisture tended to
condense to a slight extent on the walls of the tube above the
sample, the moisture was removed with tissue before the sample
was weighed to obtain the true moisture content by difference.
For the unpuddled series Gila sandy loam was chosen, and the
moisture content was close to an average value of 29.7 per cent.
The determinations on the unpuddled samples were made in
duplicate to afford an indication as to uniformity of moisture distribution and reproducibility of the measurements.
The experiment extended over a period of sixty days, but the
greater proportion of the determinations was made at brief intervals soon after the start, since it was anticipated that any changes
which did occur in the moisture distribution might occur soon
after preparation of the samples. The results are shown graphically in Figure 6.
Considering first the results for the unpuddled Pima clay samples, we note that there does not appear to be any definite trend up
or down in the amount of water bound, even after a lapse of sixty
days. The mean percentage of bound water for the seventeen
determinations is 26.9 per cent. It appears therefore that in unpuddled soils, from the standpoint of water binding, time does not
enter into the phenomenon. The authors are of the opinion that
the reason for this behavior probably lies in the fact that in the
aggregated soil the interparticle spaces are relatively large, which
condition makes it possible for air to be displaced much more
readily and for water to move from particle to particle in the
form of a film. The magnitude of the amount of water bound by
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represent "elastic" gels, and the wetting and drying curves indicate that their moisture equilibria are to a considerable extent
reversible. In such cases the capillary movement of water and
entrance of air bubbles into capillaries which form on drying are
entirely absent. Freundlich (20), Hauser (23), and Hauser and
Reed (24) have set forth the fact that gel formation consists first
in the formation of primary clusters of individual particles,
followed by a secondary aggregation into a network in which the
free dispersing medium is intermeshed. Evidently a time factor
must be involved in these successive transformations, and it is
reasonable to assume that even with as nearly complete puddling
as our method permits, the ultimate clay particles may be surrounded with a gel film through which the penetration of water
into the interior proceeds slowly by diffusion. Such a process,
however, should result in increased binding, whereas we find a
decrease. We believe therefore that in Pima clay we have the
equivalent of an inelastic gel first formed which holds more
water than corresponds to its stable condition. The excess water
apparently diffuses out of the micelles spontaneously, entering the
capillaries where it is free to freeze. It must be realized, however, that only a limited amount of the water thus becomes free,
for according to the curve for Pima clay in Figure 8, 60 per cent of
it remained bound without further decrease after the tenth day.
EFFECT OF SUCCESSIVE FREEZING AND THAWING
ON WATER BINDING IN SOILS

In both freezing point and dilatometer determinations it occasionally happened that the samples froze prematurely. This
raised the question as to whether freezing had caused any changes
in the condition of the soil moisture and whether a measurement
made on the same sample after thawing out would be trustworthy. An experiment was accordingly planned to study this
effect. A sample of Pima clay, puddled at 34.6 per cent moisture,
was frozen in the normal way and its dilatometer expansion determined. The freezing tube was then raised out of the freezing
bath and the samples were allowed to thaw at room temperature.
The sample was then returned to the freezing bath and the determination repeated. Six such freezings and thawings were carried out on the same sample. A similar experiment was carried
out with Clarion loam puddled at 29.2 per cent moisture, The
results are shown plotted in Figure 7.
The graph shows that in the case of Pima clay the first freezing
reduced the amount of water bound from 93 to about 65 per cent,
and thereafter it remained constant. In the case of Clarion loam,
the successive freezings and thawings w"ere without effect. It
was observed incidentally that the Pima clay sample, from
which considerable air was liberated upon evacuation prior to
the first freezing, gave off no more air when evacuated the second time, nor any thereafter. Another significant observation in
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Figure 7 —Effect of alternate freezing and thawing on the binding of water
by Pima clay and Clarion loam.

the course of these determinations with Pima clay was the formation of pits in the surface of the sample and slender longitudinal
cracks where the soil mass had evidently been pushed apart during the initial freezing of the ice.
A similar effect was noted in the freezing point determinations
given in Table 2, in which a considerable reduction in the freezing point lowering occurred during the first freezing in the Gila
sandy loam and Pima clay. Thereafter the freezing point depression remained constant. In the case of Clarion loam the freezing
point decreased successively with each freezing until it became
" constant at the value corresponding to that of the unpuddled soil.
The effect here noted is evidently a consequence of the expansion of the ice in the first freezing to produce larger pores, or
cavities, into which an additional amount of water moves by
capillarity from portions of the sample where the capillaries are
too small to permit freezing of the water. In the course of the
thawing, these cavities, according to Schofield and da Costa (44),
do not collapse or shrink to their former size; thus it is possible
for ice crystals to form more easily. Such a view also accounts for
the slowness with which the maximum reading on the dilatometer
scale is reached during the first freezing. The movement of the
water through these finer pores is slow, but the water, being in
the supercooled liquid state, can move by capillarity to the larger
cavities to form ice crystals.
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Another significant fact, however, is evident from Figure 7 in
the case of Pima clay—namely, that even after the first freezing,
a very considerable proportion of the total water remained bound
against freezing. Notwithstanding the larger number of cavities
formed during the freezing, much of the water is still retained by
the soil either in the gel state or in capillary form or held as thin
films between platy clay particles which neither freezes nor is
able to move through the capillary potential gradients that may
exist. Such water must be included in the general classification
of bound water.
Additional support for this concept of the manner in which the
moisture equilibrium appears to be attained in puddled soils is
given in Figure 6 which shows the effect of time of standing on
water bound by Pima clay. In that case the moisture content at
the time of puddling was 40.4 per cent as against 34.6 per cent in
the present case. However, it will be noted that the two curves
have the same configuration and are practically superimposable.
In the time experiment, with the soil at 40.4 per cent moisture,
the percentage of water bound at equilibrium was 59 per cent,
while in the same sample puddled at 34.6 per cent moisture, the
final equilibrium value was 65 per cent. It thus happens that one
freezing accomplishes the same effect as allowing the sample
to stand undisturbed for ten or twelve days. The conclusion therefore appears to be justified that when the soil is initially puddled
the moisture is in an unstable state and seeks to adjust the inequalities of distribution that resulted from the mechanical manipulation by movement through the extremely fine capillaries,
from regions of low to regions of high tension—a process which
of necessity is slow. When the soil is frozen, this process is
greatly hastened by the formation of larger cavities, pits, and
crevices, through which the soil water can move to a more stable
condition.
EFFECT OF EXCHANGEABLE BASES WITH WHICH THE SOIL IS
SATURATED UPON THE AMOUNT OF WATER BOUND

Because of differences in the extent to which the exchangeable
cations are hydrated, it was thought that the base with which a
soil was saturated might influence the extent to which it would
bind water. In his soil structure studies McGeorge (31) found
that in sodium-saturated soils there was no difference between the
soil in the completely dispersed state and the puddled state at
any of the moisture contents studied. Sodium saturation evidently
causes maximum dispersion, and under certain conditions increases the ease with which such a soil becomes puddled. The
same soil saturated with calcium remains in the aggregated condition and shows pronounced resistance to puddling. These experiments suggested that puddling may have a different effect on
the amount of water bound by a soil, according to the base with
which it is saturated.
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A study was therefore undertaken on the Pima clay, of which
separate portions had been respectively saturated with copper,
hydrogen, calcium, magnesium, ammonium, potassium, and sodium ions. Two moisture contents were chosen at which the
samples were puddled: the moisture equivalent and the water
holding capacity. It seemed of interest to confine our studies to
these two moisture contents, since in a sense they represent critical points. The soils were puddled with amounts of water approximating these percentages as closely as possible. Moisture
determinations were separately made on the puddled samples and
the dilatometric expansion was determined in the manner previously described. A parallel set of samples was similarly prepared,
but the samples were left unpuddled to afford a comparison between the amounts of water bound under the two different moisture conditions.
The results are assembled in Table 6, in which the initial moisture data are expressed in terms of percentage on the oven-dry
basis and bound water in terms of per cent of the total initial
water which failed to freeze. In Table 6 the cations are grouped
into two valence groups, and within each group they are arranged
in decreasing order of ionic radius. For each cation two sets of
data are given, the first representing the moisture percentage
approximating the moisture equivalent of the Pima clay (32.33
per cent) and the second approximating the water holding capacity
(49.5 per cent). The amounts of water bound per 100 grams of
soil are easily calculated from the moisture data in Table 6.
The data of Table 6 present several items of information which
make possible deductions as to the part which the cations play
in the water equilibrium of the exchange complex. Comparing
first the extent of water binding between the unpuddled and
puddled samples, we note that in all instances there is a greater
amount of binding in the puddled soils, with the sole exception of
the sodium-saturated clay in which puddling brings about a
decrease in the amount of water bound. The percentage increase
brought about by puddling is shown in Column 6 of the table,
and it appears that the greatest increases occurred in the case of
the copper- and hydrogen-saturated samples. With the exception
of the three cases just noted, the remaining clays show increases
of about the same order of magnitude, due to puddling.
Comparing next the extent of binding observed in the different
cation-saturated samples, with respect to initial moisture content,
we note the general fact, also observed in previous experiments,
that there is considerably more binding at the moisture equivalent
than at the water holding capacity. In the case of the sodium
clay, for example, puddling at the moisture equivalent more than
doubled the amount of water bound over that occurring at the
water holding capacity. The calcium clay, on the other hand,
showed the same amount of binding at both moisture contents,
within limits of the determination. The magnesium clay binds
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the same amount of water at the moisture equivalent as the
sodium clay (about 70 per cent of the total water present), which
agrees with the generally known similarity in behavior of soils
saturated respectively with these two cations. A very striking
fact is the amount of binding in sodium clay in the unpuddled
state, which is without doubt related to the ease with which
sodium clay passes into the dispersed state. The amount of binding in the copper clay may be attributed to the ionic hydration of
cupric ion and the well-known tendency of copper salts to take
on water of crystallization. The remarkably high binding of the
hydrogen-saturated clays is consistent with the deductions of
Jenny (26), working with the amount of water held by permutite—namely, that such clays possess the ability to take up
unusually large amounts of water owing to the extremely small
size of the hydrogen ion, thus making it possible for the cavities
of the permutite lattice to be largely occupied by water molecules.
It is interesting to investigate as to whether the water binding
observed with these cations might be correlated with any of their
ionic properties. It was at first thought that the ability to bind
water would follow the base-replacing or flocculating power of
the cations as expressed by the Hofmeister or lyotropic series. But
such was not the case. The extent to which an ion is able to cause
water molecules to enter the clay or organic matter complex of a
soil must be in some manner related to the electrical properties of
the cation, as Jenny (26) has shown. Each cation by virtue of
being a charged body is surrounded, by an electric field, the intensity of which is inversely proportional to its radius and directly
to its charge. If a cation is surrounded by water in an aqueous
solution, such a field manifests itself by an orientation of water
molecules about the cation. This is commonly referred to as the
"hydration" of the ion. Being an electrostatic orientation, such a
hydration is obviously not a stoichiometric combination between
cation and water molecules. Such an attraction and orientation of
water molecules does occur however, as Stewart (45) has shown,
to an extent determined by the radius of the cation and its charge.
The smaller the cation, and the greater its charge, the greater will
be its electric potential, or "polarizing power," and hence the
greater the tendency for molecules to be electrically attracted to
"it.
The correlation between water binding and electric potential
to be presented is based upon the number of mols of water associated with each gram-ion of cation, and upon the potential, eft,
calculated from the charge and crystal lattice radius of the cation.
The first of these two quantities—namely, mols of water per
gram-ion of cation—was calculated from the total base exchange
capacity of Pima clay—namely 28.2 m.e. per 100 grams (see
Table 1)—and the number of grams of water bound by 100 grams
of the same clay at the moisture equivalent. It may be stated here
that these calculations were made only for the puddling data
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obtained at the moisture equivalent, since we consider those data
more reproducible and accurate because of more uniform moisture
distribution and because they are closer to true equilibrium conditions. The operation of saturating the clay with the respective
cations was done with thoroughness sufficient to justify the
assumption that each of the samples was completely saturated
with the cation in question. The data so obtained are shown in
Columns 7 and 13 of Table 6. When the data were plotted, with
mols water bound per gram-ion of cation against electric potential as abscissae, a straight line was obtained, and the values
for++Na+, K+,++NH4+, and Mg++ were found to lie sharply on the line.
Cu and Ca were off the line, thus giving values for water bound
considerably higher than correspond to the straight line relation.
It appears, therefore, that the amount of water bound by a clay is
determined in large measure by the electric potential of the cation
with which it is saturated. Such reasoning also suggests an even
more fundamental fact that when base exchange occurs in soils
there is not only the simple take-up of one cation and release of
another, but changes in the water content of the clay must accompany such ionic replacements.
Another interesting relation can be deduced from a correlation
between amount of water bound at the moisture equivalent and
the normal degree of hydration of the cation. Bourion et al (7)
have determined the degree of hydration of these cations by diffusion experiments with half-normal solutions of simple electrolytes containing these cations. Various values of ionic hydration
are on record in the literature, but it seemed to the authors that
those obtained by the diffusion method on solutions at a concentration more nearly approximating that existing in Pima clay at
the moisture equivalent corresponded most closely with the conditions of our experiments and hence were more reliable for correlation purposes. Their data are given in Column 9 of Table 6.
The correlation between ionic hydration and mols of water
bound by Pima clay is certainly striking. If now we assume that
the cation entering the clay complex carries with it its normal
hydration water, it is evident from the data that considerably
more water has gone into the clay than corresponds to the amount
associated with one equivalent of each cation. It follows that the
properties of the clay lattice must play some part in this water
binding process. Since all these experiments refer to the same
clay, it seemed of interest to determine whether the amount of
water not associated with the cation itself might be a constant
amount characteristic of the clay in question. By subtracting the
ionic hydration from the total water bound by the clay (Column
8 minus Column 9), we obtain in Column 10 the number of
mols of water bound by 100 grams of the oven-dry clay. It will
be noted that these values are of the same order of magnitude and
give an average value of 34 mols of water per 100 grams of clay.
This deduction is of considerable interest in that it relates the
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phenomenon of water binding to the nature of the clay complex
of which the soil is composed, and of which the lattice structure
is doubtless the most important determining factor.
A final comparison with the data of Jenny (26) on water held
by permutite saturated with different cations is of interest. His
data are cited in Column 11, although it is not evident that his
samples were puddled, and it will be noted that the general order
of magnitude, at least, corresponds with the results of bound
water determinations, and in particular with the data in Column
10 just discussed. It is evident that the nature of the cation with
which a soil is saturated, or which predominates m the soil under
field conditions, determines in large measure the water relations
of the soil. In their studies on the structure of the water molecule
as influenced by ions in solution, Bernal and Fowler (5) have
found that the cations show a much greater tendency to undergo
hydration than the anions. The cations, they find, are responsible
mainly for the hydration effects, while the anions bring about
changes in the water equilibrium, not through hydration per se,
but in an indirect way upon the activity of water as a liquid. The
oxygen atom in water has a higher co-ordinating power and its
high negative covalence makes it possible for water molecules to
be attracted to the cations rather than to the anions.
The foregoing results are in accord with the findings of Thomas
(47), who studied the vapor pressure relations of soils saturated
with various bases as a function of the moisture content. He
found that the vapor pressure is greatly influenced by the base
with which the mineral complex of the soil is saturated.
Potassium-saturated soils give vapor pressure curves which indicate that it possesses a low water-absorbing power as compared
with the same calcium-saturated soil, which shows the highest
water absorbing power of all. This difference is doubtless due to
the high ionic hydration of calcium as compared with potassium.
He attributes the high absorbing power of sodium to the formation of "hydrates" of the clay mineral.
This effect of the exchangeable bases on water binding shows
how intimately the base exchange property is linked up with the
soil moisture relations. When we consider the amount of water
bound by Pima clay, Clarion loam, and Gila sandy loam at the
moisture equivalent in relation to the total base exchange capacity, we find that the nature of the exchangeable bases with
which the soil is saturated apparently plays a more fundamental
role than the total base exchange capacity. Russell (41) has made
a statistical study of the relation between this property and the
moisture relations of Natal soils. He states that "the base exchange
capacity of the soil. . . appears to be of predominant importance
for predicting several of the soil properties, as for example the
sticky point and moisture content at 50 per cent relative humidity. On the other hand, the clay content seems to be of minor
importance in predicting these soil properties." We observe from
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our present results, for example, that Clarion loam with a base
exchange capacity of 23.4 m.e. per 100 gms. binds 47.7 per cent of
the total water at the moisture equivalent, whereas Gila sandy
loam with an exchange capacity of 16.3 per cent binds 49.7 per
cent. The Clarion soil contains more clay and more organic
matter but less colloidal matter, yet its water binding power is
found to be less than that of the Gila soil. Again, the Gila soil contains 10 m.e. of replaceable sodium per 100 gms., whereas the
Clarion contains 18 m.e. of replaceable calcium and practically no
sodium. On the other hand, Pima clay with 21 per cent colloidal
matter, containing calcium as the principal exchangeable base, has
a binding power of 93 per cent. We are of the opinion that the
nature of the dominant clay mineral of which the exchange
complex is composed must play an important part in this
phenomenon.
COMPARATIVE BINDING OF WATER IN DIFFERENT SOILS

It was considered of interest to determine the extent of water
binding in soils of widely different regions when puddled at the
moisture equivalent, and to correlate, if possible, such binding
with the properties of the soils given in Table 1. The results of
such a study are shown in Table 7.
TABLE 7.—PERCENTAGE OF WATER BOUND BY VARIOUS TYPICAL SOILS
WHEN PUDDLED AT THE MOISTURE EQUIVALENT.
Water
Sticky
Colloid
Organic
Clay
M.E.
bound
Soil
point
matter
(%)
at
M.E.
(%)
(%)
(%)
(%)
(%)
Clarion loam
Pima clay.
Gila sandy loam
Houston clay.
Yolo silty clay..
Sunrise sandy
clay loam
Chester loam ...

24.99
32.2
17.1
55.1
31.1

14.4
35.8
10.8
56.8
31.8

7.2
21.2
9.2
18.2
22.2

4.47
1.21
0.52
2.14
2.45

46
93
37
98
90

22.60
27.16
18.25
46.05
24.13

21.96
35.9

25.3
17.2

18.1
15.7

0.63
6.20

75
54

24.99
30.27

When the bound water data of the foregoing table are plotted
against the various soil properties, several significant correlations
can be made. Plotting against percentage of clay gives a curve
which is substantially sigmoidal, closely similar to the curve
obtained when plotted against the moisture equivalent. Within
the range between 10 and 30 per cent clay, the percentage of
bound water varies almost linearly with the clay content, the
slope indicating about 3 per cent of water binding for each per
cent of clay present. This variation parallels the sigmoidal variation that is found between moisture equivalent and clay content
and suggests that bound water may, like the moisture equivalent,
be a unique point. There is a roughly linear relation between
bound water percentage and colloid content as determined by
sedimentation, but little significance may be*attached to such a
deduction until a more accurate value for the colloid content has
been obtained.
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There is no correlation between percentage of water bound and
the organic matter content of these soils. It appears from these
results that the clay fraction is the primary factor which determines whether and to what extent water will be bound by a soil
when puddled. The lack of proportionality between bound water
and organic matter content points to the fact that the organic
matter present represents largely the residual lignic and cellulosic
fractions after microbial decomposition has taken place—fractions
which are in general less reactive and show a lesser tendency to
take up water, as is indicated by their slight hygroscopicity and
tendency to swell.
Since the clay fraction plays such a dominant role, there is no
doubt that the nature of the clay minerals which predominate in
that fraction, whether kaolinitic, montmorillonitic, or hydromuscovitic, will determine in large measure how and to what extent
the water is bound. This phase of the investigation will, however,
be presented in the next bulletin of this series.
DISCUSSION
The present investigation has shown that puddling a soil influences the proportions of bound and free water it contains, in a
manner which depends: first, upon the moisture content at which
the mechanical working occurred; and secondly, upon the nature
and composition of its colloidal fraction, which must be hydrophilic in character and therefore possess the property of binding
water. The binding of water has been found to be in considerable
measure spontaneous, since even the unpuddled soil holds a portion of the water in a form that will not freeze. We are therefore
dealing with a complicated process in which film and capillary
movement of water is impeded or restricted, and the water is converted, either spontaneously or by mechanical manipulation, into
a quasichemical form which resembles that of a gel—elastic, if the
soil is highly organic; and dominantly inelastic and thixotropic,
if inorganic clay colloids predominate.
Movement of soil water must therefore occur either through
microcapillaries or by diffusion through a gel phase. The rate of
establishment of moisture equilibrium in puddled soils is limited
also by the fact that air must be removed from the interior of the
particles, and its escape from such micropores occurs at a very slow
rate. The effect of thawing a soil after freezing is to cause such
cavities containing air to collapse, as Anderson and Edlefsen (3)
have shown. Thereafter the apparently irreversible condition of
the soil moisture disappears, confirming the finding of the present
authors that the amount of water bound becomes constant. It
must be borne in mind, however, that such thawing does not
result in a total conversion of water from the bound to the free
form. The proportion of the total water which remains bound
under conditions of puddling will be determined by the forces
which are acting upon it. According to Anderson, Fletcher, and
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Edlefsen (4), the total free energy of the soil moisture at any
given point is a summation of several free energies as follows:
AfT = A/P + A/o + A/P + AfK + A/,
(a)

(b)

(c)

(d)

(e)

in which the separate terms on the right-hand side of the equation have the following significance:
a) The free energy due to hydrostatic pressure if greater than
that of ordinary water at 1 atmosphere.
b) The free energy due to dissolved salts in the soil moisture.
c) The free energy due to gravitational and adsorptive fields
surrounding the soil particle.
d) The free energy due to the kinetic energy of the water if in
mass motion.
e) The free energy due to the extension of surface of the water
film around the particle.
In a puddled soil (a) and (d) become 0 and (b), the free
energy component due to dissolved salts, will obviously vary
with the moisture content so long as the amount of soil sample is
held constant.
Thus the principal forces that determine the free energy of
soil moisture in the bound state will be those involving the effects
of dissolved salts, and forces of gravitation, adsorption, and surface tension. The data obtained by freezing point depression make
it possible to determine the magnitude of only one of these components—namely, the effect of dissolved salts. That a decrease in
free energy of the soil moisture does occur on puddling is evidenced by the fact that not all of it freezes out.
The close relationship between the effects of puddling upon the
structure of the soil, as found by McGeorge (31), and upon the
soil moisture makes it appear that one may be taken as a measure
or indication of the presence of the other. In other words, since
water binding has been found to be the result of a breakdown of
structure, we have deemed it equally logical to assume that in any
process in which bound water is rendered free, there is a restoration of an aggregated structure. This generalization is consistent
with observed results with both organic, humid soils like Clarion
loam, and a typically low organic and highly mineral Pima clay.
Clarion loam, for example, binds about one half of its moisture
against freezing when puddled, and that amount of binding is
independent of the moisture content at which the soil was puddled. When the soil is frozen, thawed, and refrozen, the amount
bound is immediately reduced to that of the normal, unpuddled
soil. We are led to conclude from this result that freezing is able
to restore a puddled organic soil to its original aggregated condition. Since freezing is a dehydrating action, and since the organic
colloid in the soil is elastic, the water is readily frozen out of it,
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and the dehydrated colloid does not of itself pass back into the
puddled state.
The opposite effect is noted in the case of Pima clay. When it is
puddled and frozen, particularly at the moisture equivalent,
nearly all the water is bound against freezing (93 per cent). When
it is thawed and refrozen, the amount which remains bound
against freezing remains constant at about 65 per cent, regardless
of how often the thawing and freezing process may be repeated.
The soil is still in its impermeable puddled state. The colloids in
this case are mineral in character. They are inelastic, and water is
bound by polar bonds which hold it rather firmly. Complete drying is necessary to break up such a hydrated colloid condition, andeven when such drying occurs at the prevailing atmospheric temperature in the field, the soil is dried out sufficiently to restore it
to its original condition. Even when dried out, however, the soil
clods are hard and compact, as illustrated in Plate I, and must be
broken down by suitable implements to put the soil into a satisfactory physical condition.
Perhaps the most striking fact regarding the phenomenon of
puddled soils, revealed by the studies of McGeorge (31) and
Breazeale and McGeorge (12), as well as by the studies presented
in this bulletin, is the peculiar critical condition which exists at
the moisture equivalent in the heavy mineral soils of the desert.
Various physical soil properties at this point of moisture content
pass through a maximum (or minimum) in such soils. In results
of as yet unpublished studies, one of us has found that the electrical conductivity of puddled soil pastes, as well as water held
against centrifugation, exhibits critical behavior at the moisture
equivalent. Why should the moisture equivalent represent a critical condition with respect to soil properties? We are of the
opinion that these phenomena are closely related to the sticky
point of the soil. Bodman and Perry (6) and Prescott and Poole
(38) have found high correlations, of the order of r = 0.9 with 34
pairs, between moisture equivalent and sticky point. At the sticky
point the soil is completely puddled, as is the case in our present
experiments; hence we may presume that the conditions are
comparable. >
The percentages of water bound by puddled soils at the moisture
equivalent, as listed in Table 7, show that there is a close correspondence between water bound and the sticky point. At the
moisture equivalent the moisture present is just sufficient to
lubricate the particles so that they easily slide over one another.
At this point also the air is more or less completely forced out,
compaction increased, and the particles on the whole are brought
much closer to one another—so close that the water can be held
more or less rigidly between them by way of "water bridges."
Such water is held by the powerful polar attractions exerted by
the particles themselves. Above the moisture equivalent, as the
moisture content increases, water molecules enter the spaces be-
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tween the particles, forcing them apart and thus lessening the
attractive force. Under such conditions the water molecules are
not held as firmly, nor are they held in definitely oriented positions. Since the motion of the water molecules is thus less restricted, their arrangement becomes more or less random, and
their condition approximates more closely that which exists in
pure water. Thus, with increasing moisture content water becomes progressively less bound.
The bound water relations of puddled soils below the moisture
equivalent are opposite to those just described. Here we have increasing aggregation as the puddling moisture content decreases,
and the moisture films become thinner and thinner. While the
water still exhibits considerable binding, it continues to decrease
until the wilting percentage is reached and a minimum appears in
the curve. (See Figure 5.) The water so bound is, however, held
within the aggregates themselves. The water existing as a thin
film on the outer surfaces of the aggregates is too strongly attracted
(adsorbed) to be able to form ice crystals when frozen.
The foregoing deductions have been made with reference to the
orientation of water molecules between soil particles, in relation
to the nature of the surfaces and the closeness with which the
particles are brought together in the operation of puddling. Another important determining factor in this phenomenon is the
nature of water itself. In view of the extensive investigations in
recent years on the structure of the water molecule and of water
in the liquid and solid states, it is now possible to present a semiquantitative picture of the state of water in puddled soils. The
structural implications of water binding will be presented in the
following section.
STRUCTURE OF THE WATER MOLECULE AND OF LIQUID WATER
IN RELATION TO WATER BINDING IN SOILS

Water is such a commonplace and universal substance that one
is prone to take its properties for granted and to assume that those
properties will be more or less constant under all conditions. Our
earth with its mineral crust and its diverse plant and animal life
is essentially a hydrophilic colloidal system whose very properties depend upon the presence of water. Since all life and growth
processes depend upon water, it is of primary importance to
agriculture and a serious limiting factor in irrigation agriculture.
Hence it is not surprising to find an extensive portion of the
scientific literature of soils devoted to the soil moisture problem.
Simple as its composition is, pure liquid water is nevertheless a
fairly complicated substance. It exhibits properties which are
altered to a considerable extent by substances dissolved in it,
and by colloids with which it may be associated. Stewart (45),
for example, has shown that the presence of ions of strong electrolytes produces a contraction of the water, ie., such compounds
increase the density of water. Water is a polar substance. It
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possesses a high degree of reactivity, a high dielectric constant,
and is a strong ionizing solvent. It dissociates to a very small
extent into its ions, but even though such dissociation is very
small, it is sufficient to bring about a variety of chemical reactions,
such as hydration, hydrolysis, oxidation, etc., all of which are
involved to some extent in soil behavior. Base exchange as it
occurs in soils involves water in its mechanism. The solvent action
of water on salts, soil minerals, organic compounds, and even the
atmospheric oxygen, makes it an important carrier of nutrient
constituents for plants.
The structural properties of water, both the simple molecule
and its more complex liquid and solid states, have been studied
by X-ray diffraction technique (5, 29, 33, 36, 37, 40, 45) and by
Raman absorption spectra (39). Rao (39) has studied the changes
in constitution of water in the presence of dissolved substances
and at various temperatures, using Raman spectra. The whole of
our present knowledge concerning water is summarized in an
excellent monograph by Dorsey (17).
From measurements on the absorption spectrum of water it has
been established that the water molecule is triangular in shape,
and the angle between the lines connecting the hydrogen atoms
to the oxygen is 105 degrees but capable of varying between 105
and 109 degrees, depending on the conditions. The oxygen atom
has a diameter of 2.70 Angstrom units. The distance between
centers of hydrogen and oxygen nuclei in the water molecule is
0.99 Angstrom unit, whereas the diameter of the water molecule
as a whole is 2.76 Angstroms. These dimensions represent the
distances between atomic centers. This means that the diameter
of the water molecule is only slightly greater than that of the
oxygen atom itself. The single water molecule thus appears to be
approximately spherical, and suggests that, by reason of the
extremely small size of the hydrogen atom as compared with
oxygen, and the strong negative electric field which surrounds
the latter, the hydrogen nuclei are actually located, in part at
least, within the electric field of the oxygen atom.
While the water molecule appears to be symmetrical it is
nevertheless unbalanced electrically. We know that upon dissociation the water molecule yields hydrogen and hydroxyl ions.
Since one part of the molecule is definitely more positive than
the other, water is commonly referred to as a dipole* Evidence for
the existence of such dipoles in water is shown by its abnormally
high dielectric constant, which is 81 at 20 degrees C. as compared
with that of ethanol, 25.8; ethyl ether, 4.3; chloroform, 5.2; and
benzol 2.3.
We may illustrate the dipole character of water by considering
two plates of a condenser, one charged positively, the other negatively. When water is introduced between two such plates, the
intensity of the electric field between them is greatly weakened
because of a reduction in the surface density of charge on the re-
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spective plates. Such an effect could occur only if the water molecules were capable of orienting themselves between the plates
in such manner that the positive ends of the molecules are attracted to the negative plate and vice versa. The fact that these
dipoles are thus able to orient themselves in the electric field
accounts for the high dielectric constant of water. It has, in fact,
been calculated that if the dipole orientations of water could be
entirely eliminated, its dielectric constant would be only about
1.77.
In the light of the foregoing picture we must conclude that the
two hydrogen nuclei in water are not attached to the oxygen
nucleus in the same manner or by the same type of bond. It has
been shown by Pauling (36) that in water a mixed type of bonding is possible. One of the hydrogen nuclei is attached to the
oxygen through a covalent (double electron) bond and the other
through a polar or tonic bond. Since such a mixed type of bonding
is possible, Pauling has estimated that in ordinary water the
molecules are distributed among four possible types, each of
which is present in a certain average amount, as illustrated by the
diagram in Figure 8.

o p p p
48%

22%

22%

8%

Figure 8.—Distribution of electronic isomers in liquid water.

In the foregoing diagram the covalent, or double-electron, bond
is indicated by a pair of dots, and the polar or ionic bond by a
positive charge between the hydrogen and oxygen atoms.
In those molecules where the hydrogen ionizes off (the 8 per
cent having only ionic bonds), the remaining ions, OH"" or O""",
have their usual negative charges. The hydrogen atoms held by
covalent bonds do not ionize oft except at high temperature and
in the gaseous state, and under such conditions atomic (or molecular) hydrogen and oxygen are formed. It will be seen that
nearly one half (48 per cent) of the molecules in liquid water
exhibit covalent binding. The two isomeric forms which exhibit
the mixed type of binding are present to an extent of 22 per cent
each. A very small proportion of the molecules (only 8 per cent)
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show ionic binding exclusively, and therefore we find that liquid
water shows only a slight tendency to form O~ ions. Because of
the strongly opposite electrical character of H+ and OH", they are
strongly attracted toward each other, and thus water in the pure
state exhibits an extremely slight degree of dissociation.
A highly significant property of water resulting from its dipole
character is its tendency to undergo "association." The mutual
attraction of the dipoles for each other makes it possible for
water molecules to combine with each other. In liquid water,
however, such association does not stop with the formation of
double or triple molecules as was formerly supposed. Recent
X-ray investigations by Bernal and Fowler (5) and Morgan and
Warren (33) on both ice and liquid water have shown that these
water dipoles form a continuous network throughout the body of
the liquid as they do in crystals of ice, but because of thermal
motion the configuration is more or less random and not rigid as
it is in solid water. Hence these "association complexes" apparently combine and split apart more or less easily in liquid water.
Contemporary investigators in this field are inclined to look upon
water as having a more or less definite structure even in the liquid
state.
As indicated above, the water molecule is essentially spherical,
with a diameter of 2.76 A. It should be possible, therefore, to build
up a structural arrangement of such molecules either by open or
close packing, such as one finds in atomic crystals of minerals
and crystalline compounds generally, without the necessity of
postulating true chemical combination between the molecules. In
a close-packed arrangement the theoretical density of water at 0
degrees C. has been calculated to be 1.84 grams per cc. Actually
the density of liquid water at that temperature is 0 91 and that
of ice 1.00.
The X-ray investigations of Morgan and Warren (33) have
furthermore shown that in solid water each water molecule has
four other water molecules arranged symmetrically around it and
equidistant from it, so that the centers of the external water
molecules lie at the corners of a tetrahedron. This arrangement is
repeated indefinitely throughout the entire structure in all three
dimensions. In such an arrangement it is obvious that the hydrogen atoms will lie between adjacent oxygen atoms, joined to one
of them by a polar or ionic bond and to the other by a covalent
bond. Thus it is possible, as Latimer and Rodebush (28) originally
suggested and as Robertson (40) has recently summarized the
subject, for the hydrogen atom to form a "bond" or "bridge" between two oxygen atoms. The concept of the "hydrogen bond"
and the "bonding power" of the hydrogen atom is due, as Robertson points out, to the fact that "it has the capacity to act as a bare
proton without any impeding electron shell." Anions or negative
atoms or groups can thus come very close to each other before the
conventional repelling forces begin to manifest themselves. Such
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hydrogen bonds are important in the structures offluorides,nitrogen compounds, and complex organic polymers, and they account
for the addition of water to certain salts and other compounds in
the form of water of crystallization.
Hydrogen "bridges" are also responsible for the manner in
which water molecules form polymeric association complexes.
It is of interest to inquire how water molecules are bonded
together in such structures. The theory that hydrogen atoms or
nuclei are capable of forming fairly strong bonds or bridges
between such atoms as oxygen, nitrogen, fluorine, etc., was advanced by Latimer and Rodebush (28) to explain the fact that
certain types of association and polymerization were most prevalent in hydrogen compounds, such as water, ammonia, hydrogen peroxide, hydrogen fluoride, etc. They represent the di- and
tripolymers of water by electronic formulas thus:
H
H : O:H: O:H
••
*•

H

H

H : O: H : O: H : O :
••
••
••
H

Dihydrol
Trihydrol
in which two molecules are bonded together through the hydrogen
nucleus of one of them which acts as a bridge. Thus wherever
there is an exposed oxygen atom, it is theoretically possible for
water to be attached by way of a "hydrogen bridge"—namely,
one of its own hydrogen atoms. It has been estimated that such
hydrogen bridges are approximately one tenth as strong as a
single "valence" or "chemical" bond in ordinary organic molecules. This behavior accounts for the union of aminoacid units
into long protein chains. It accounts for the ease with which
water is driven off from salt hydrates and from silicic acid and
organic gels. In some cases the water is readily given off at ordinary temperature; in others higher temperatures are required.
Thus it seems reasonable to assume that the swelling of gels,
starches, celluloses, and proteins may be due to the attachment of
water through such hydrogen bridges. Similarly, water molecules
are able to attach themselves to exposed oxygen atoms in the
layers of clay mineral lattices, causing them to swell and
form gels. Presumably such water molecules can attach themselves to water molecules already combined with, or adsorbed on,
the surfaces of such solid or colloidal materials.
The X-ray evidence of Morgan and Warren (33) also shows
that if such hydrogen bonding occurs in water, every hydrogen
nucleus will then lie on a line connecting two oxygen nuclei 2.76
Angstrom units apart, but it will not be equidistant from the
respective oxygen atoms, since it is 0.99 A. from its own oxygen
atom and 1.77 A. from the nucleus of its nearest oxygen neighbor,
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That these hydrogen bridges are very strong is evidenced by the
abnormally high heat of vaporization of water—namely, 9,720
calories per mol.
X-ray studies have shown that under certain conditions two or
three water molecules may arrange themselves with respect to any
given molecule, instead of with the usual fourfold co-ordination.
In ice the fourfold co-ordination predominates, and under this
condition there is the greatest (maximum) degree of hydrogen
bonding. When ice melts at 0 degree C, approximately 15 per
cent of the hydrogen bonds still present break, and there is a
shrinkage of about 9 per cent when ice melts, or a corresponding
expansion when water freezes, as the experimental data of the
present authors as set forth in a previous section have shown. It
is well known that the density of water increases between 0 and
4 degrees C, and as the temperature continues to rise, the density
decreases continuously. Between 0 and 4 degrees there is a further breaking of hydrogen bonds and the shrinkage resulting from
the breaking of such bonds more than compensates for the expansion due to thermal motion of the molecules. At 4 degrees the
density of water reaches a maximum. Above 4 degrees the breaking of bonds continues to occur and the density correspondingly
decreases until the boiling point is reached, when all the remaining hydrogen bonds are broken and the water in the vapor state
passes off as single molecules.
The surface tension and cohesion of water molecules is due
primarily to such hydrogen bonding. These bonds are apparently
fairly strong, requiring an energy of 4,500 calories to break the
bonds of one mol of water. (Vaporization obviously requires an
additional amount of thermal energy.) This cohesive property is
evidenced by the abnormally high surface tension of water,
namely, 72.7 dynes per cm. at 20 degrees C, as compared with 26.8
for carbon tetrachloride, 24.0 for ethanol, and 17.0 for diethyl
ether.
The dipole nature of the water molecule can also be employed
to explain the hydration of ions in solution. Positive ions tend to
attract the negative ends of the water dipoles. Ions which have
water molecules oriented about them are said to be hydrated, but
such water of hydration, in relation to ions in solution, is not
stoichiometrically combined; the orientation of water molecules
in such cases is purely an electrostatic effect in which the attraction between ions and water molecules is governed by Coulomb's
law. From the nucleus of every cation there extends an electrostatic field the intensity of which is a function of the charge of
the cation and the distance of the cation from the center of the
water molecule. The greater the distance, the less the intensity;
hence the less the attractive force. We may therefore expect a
gradual transition from oriented and strongly attracted water
molecules near a cation nucleus, to normal water molecules not
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oriented with respect to the cation because the intensity of the
field is too weak at that point to orient them.
The criterion which determines the number of spheres of
water molecules which can touch any cation simultaneously is the
radius ratio. If a tetrahedron of water molecules, or of anions, is
to touch or come close to a cation, the radius ratio rc : ra, or
rc : rw, must be at least 0.225 (for closest packing). In these
ratios the letter r signifies radius and the subscripts c, a, and w
signify cation, anion, and water molecule, respectively. For six
spheres arranged in the octahedral configuration, this radius ratio
must have a value of at least 0.414. For eight spheres symmetrically arranged about a cation as in a body-centered cube, the ratio
must be at least 0.713.
The foregoing structural relations of the water molecule and of
liquid and solid water have been presented to serve as a background for the interpretation of the experimental results of this
bulletin as to what happens to the water when a soil is puddled.
We recognize that the soil is made up of a variety of substances,
clay and other minerals, carbohydrate, protein and humic materials, cations and anions in solution, in most of which there are
present exposed oxygen atoms or hydroxyl groups, so situated
that they can attach water molecules through "hydrogen bridges."
In Figure 9 we have prepared a diagrammatic sketch representing
the projection of a possible space model in which six water
molecules are oriented between two particles, which may be clay
or organic matter. The water molecules are here represented as
having the same orientation and interatomic distances they have
in pure liquid water. The solid lines represent the "polar" or
"ionic" bonds drawn to a scale which represents approximately 1
Angstrom unit (actually 0.99 A.) as found by X-ray measurements. The dotted lines represent the covalent bonds, and their
lengths correspond to 1.76 A., the distance of separation of
oxygen and hydrogen nuclei by this type of bond. The water
molecules are represented as being connected to one another by
hydrogen bridges, and they can in turn attach themselves to
exposed hydrogen or hydroxyl groups, if such are available or
spatially accessible.
The concept of hydrogen bonding affords at least a partial picture of how water may become bound in soils. The extent to
which such binding will occur must depend upon the nature of the
clay lattice and of the organic matter. In the latter case the
extent to which the organic matter has undergone decomposition
may influence its power to bind water in this manner. Broken
particles of primary soil minerals and of rocks which have exposed
oxygen atoms will be capable, in a limited way, of binding water.
For this reason the texture of a soil and the nature of the surfaces
of soil particles determine in so large a measure the extent to
which water is bound.
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Figure 9.—Diagrammatic sketch to illustrate how water molecules may
orient themselves between clay or organic matter particles. (Dotted lines
represent covalent bonds of length corresponding to interatomic spacing of
1.76 A. Solid lines represent polar or ionic bonds with interatomic spacing
of 1 A.)

It is the closeness of packing between particles, however, which
determines the firmness with which water is so bound. As has been
set forth previously, while there exists considerable hydrogen
bonding in ordinary water, such water will nevertheless freeze
readily and completely. In other words, the hydrogen bond
energy between water molecules in the liquid state is considerably less than that which binds them together in the ice lattice.
When we consider water molecules held by hydrogen bridges
between soil particles, the force or firmness with which they are
held will be determined by the closeness with which these particles approach each other. What the limiting distance is we do
not know, but the fields of force extending out from exposed
oxygen or hydroxyl groups on the surfaces of soil particles become progressively weaker the greater the distance in accordance with Coulomb's law. Beyond this critical distance water
behaves substantially like pure, or free, water and will freeze.
When the particles are worked intimately together, as in puddling,
only a few molecules of water are oriented through hydrogen
bridges, and such water is held by the powerful electrostatic
forces of atoms within the surfaces of the particles, and they will
not freeze. Obviously, then, the amount of water with which the
soil was originally puddled will determine the number of molecules of water that will be so bound, as well as the distance
of separation of the surfaces to which the water molecules can
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attach themselves. Hence we should find a variation in the
amount of bound water with the amount with which the soil was
initially puddled. It also becomes evident that there may be
degrees of puddling, as McGeorge (31) has shown, depending
upon the extent to which the particles have been brought into
alignment and the closeness with which they approach the critical distance of separation.
The Pima clay soil, largely mineral in character, exhibited a
maximum amount of binding in the vicinity of the moisture
equivalent. It appears that the moisture equivalent represents
that moisture content at which the particles can approach one
another most closely and where the most stable hydrogen bond
structure can exist.' The low extent of binding in the case of
Clarion loam then becomes evident from the fact that covalent
hydrogen bonds in the less polar organic molecules are much
weaker than are the corresponding bonds in the inorganic clay
lattices. As a result the water readily freezes, the organic colloids
are dehydrated to a considerable extent, and the soil assumes an
aggregated structure. This concept also explains why drying out
a soil restores it to its original condition. The thermal agitation
of such hydrogen-bonded water molecules is sufficient to disrupt
the bonds and to liberate the water molecules as vapor. The
individual soil particles are restored to their original condition,
with the same exposed oxygen or hydroxyl groups in their surfaces as before.
In the light of this concept of hydrogen bridges which water is
capable of forming, either with itself or with other molecules or
lattices, we are thus forced logically to consider as bound that
portion of water in a soil which is held by the electrostatic forces
of attraction, through covalence, as hydrogen bridges. Such a
view will explain the swelling of gels, the vapor pressure equilibria in soils, and other phenomena. In the bulletin to follow,
further evidence obtained by other independent methods and
based upon the part played by individual soil constituents in the
water binding process will be presented in substantiation of this
point of view,
SUMMARY
1. A study has been made of the effect of puddling on the
amount of water bound by typical arid and humid soils under a
variety of conditions.
2. Puddling is defined as the destruction of the aggregated condition of the soil by mechanical manipulation within a narrow
range of moisture contents, above and below the moisture equivalent, so that the aggregates lose their identity and the soil is converted into a structurally more or less homogeneous mass of ultimate particles.
3. Studies on the apparent specific gravity of particles of Pima
clay after puddling at various moisture contents and subsequent
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drying have shown that this property passes through a minimum
at or about the moisture equivalent. It is concluded that puddling
consists essentially of a displacement of air in the pores of the
aggregates and the creation of a large number of micropores by
a closer alignment of the clay particles.
4. Freezing point studies have shown that puddling increases
the lowering over that of the normal soil. The evidence indicates
that after the effect of the soluble salts on the lowering is eliminated, there is still a considerable portion of the lowering that
must be attributed to the binding of water by the organic matter
fraction and the clay containing the exchangeable bases.
5. Water is bound to a considerable extent in the normal, unpuddled soil, which fact indicates that the process is largely spontaneous. In arid soils the results can be interpreted by assuming
the existence of a thixotropic inelastic gel. In humid soils the
existence of an elastic gel which serves as a coating for the mineral
particles explains in part the binding of water.
6. Arid soils low in organic matter are found to bind water to
a much greater extent than do highly organic humid soils.
7. Drying out a soil destroys the puddled condition and restores the soil to its original state, as evidenced by the amount of
water bound.
8. A new dilatometer has been developed which makes possible an accurate determination of bound water. A more precise
value has been obtained for the volume expansion on freezing of
pure water—namely, 9.21 per cent.
9. A critical dilatometric comparison has been made between
water binding in Pima clay and Clarion loam, both in the normal,
unpuddled condition and over a range of moisture contents from
saturation to below the moisture equivalent. In unpuddled Pima
clay the amount of water bound increases continuously as the
total moisture content decreases, but not linearly. When the
same soil is puddled at corresponding moisture contents, the
amount of water bound passes through a maximum of 93 per cent
very close to the moisture equivalent. At lower moisture contents
the curve passes through a minimum. In the case of Clarion loam
the amount of water bound in both puddled and unpuddled conditions is practically independent of the total initial moisture
content, with an average of 20 per cent bound in the unpuddled and
46 per cent in the puddled.
10. Removal of soluble salts had the effect of increasing water
binding slightly. Removal of organic matter showed a greater
reduction in binding in Clarion loam. Drying and rewetting of the
original puddled soil gave binding in agreement with the value for
the original unpuddled soil, showing that the original structure is
restored.
11. Allowing samples to stand for periods of time before measurement results in a pronounced decrease in binding in the puddled samples, and the percentage bound remained constant after
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the tenth day of standing. The unpuddled samples showed no significant trend in either direction. This is interpreted to indicate
that "ageing" occurs to a limited extent in such systems. The
puddled state is looked upon as an unstable condition, but the
process of rearrangement is undoubtedly slow.
12. Studies on alternate freezing and thawing of Pima clay and
Clarion loam puddled at moisture contents near the moisture
equivalent showed that the Pima soil after the first freezing and
thawing underwent a reduction in bound water from 93 per cent
to 67 per cent thereafter remaining constant. In the case of the
Clarion loam, thawing was without effect on the water bound, the
percentage remaining constant at about 43 per cent. The similarity in behavior and shape of the curves obtained in freezing and
thawing experiments with those in the preceding time experiment, indicates that probably the same mechanism in converting
bound to free water is involved.
13. The effect of saturating Pima clay with various uni- and
divalent cations upon the amount of water bound was investigated,
with the soil both in the normal and puddled condition and at
two initial moisture contents—namely, the moisture equivalent
and at saturation. In all cases puddling at the moisture equivalent bound more water than the same treatment at moisture saturation, with the exception of the sodium-saturated clay, where a
decrease occurred. The amount of binding is closely correlated
with the water of hydration of the cation at corresponding concentration, and with its polarizing power (electric potential). It is
concluded that base exchange in soils involves not only an interchange of ions, but changes in the water regime as well.
14. The phenomenon of water binding in soils is interpreted in
terms of the existence of elastic and inelastic gels in soils under
these conditions, and in a more fundamental respect with the
structure of the water molecule and of liquid and solid water, as
indicated by recent X-ray investigations. The water molecules
are pictured as orienting themselves between, and tying together,
the clay mineral lattices and large organic molecules by way of
hydrogen bridges. Water held between organic complexes is
much less firmly bound than when oriented between the highly
polar mineral lattices of the clay; hence, organic matter would
tend to favor the breakdown of the puddled state. Water which
acts in this manner as a bonding medium between the ultimate
mineral and/or organic matter particles of the soil must therefore
be looked upon as being bound.
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