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INTRODUCTION

A technique that will adequately deseribe the physicsl conditien
of water in the soil has long been desired by secientists, The meth-
od should include the effect of soluble materials on the csmotic pres-
sure of the soil solution, and slso the effect of surface force action
between the soll and soil water,

Parker (8) demonstrated that the freesing point wes reduced in
the mm of finely divided materisl, This suggested the possibile
ity of using the eryoscopic mdm to measure the vhysical conditien
of water in soll, Hore mmtiy, the introduction of Thermistors for
accurate temperature measurement have made 1t desirable to investigate
in greater detail the freesing point of water in soil,

The experimental work reported here deals with the freesing
point of water in soil and 1its relation to soil moisture tension as
determined on three soils in a puddled and unpuddled condition,
Several freezing treatments were included in this study to investigate
improvements in the freeszing technique. The treatments were srranged
in 2 standard split plot experimental design, Bighteen hundred 1&'&!—
ing measurements were made and analyzed statistically.



REVIEW OF LITERATURE

The oryoscopic method was used by Sowyouscos and MoCoel (4) and
later by Hoagland (7) to debermine the concentration of soluble salts
in the soil sclutions At a later date, Parker (8) domensirated that
finely divided material, in the sbsenoe of soluble salts, depressed
the freesing pointe Since then, a musber of investigators have used
ﬁammwmmmmmiumwmunwmm
plant wilting renge and at the molsture equivalents
leached free of soluble salts at the molsture equivalents These freez=
ing point depression walues varded from 0.043 to 0«70 degrees centis
grades A oonversion of freeszing point depression to eguivalent soil
moisture stress ylelds a range of stress values from 0480 to 0,92
atmospheress Similar freesing mosswements at the moisture equivalent
on & group of seveu solls were mmde by Schofield and la Costa (18).
values of from 02l to Q88 atmosphores. In these measurements the
influence of soluble salts on the freesing point depressiom of the
soil solutlon was not soparated from soil molsture tensions BHodman
and Day (2) caloulated the camotic potential at the moisbure oguivae
lent from the electrical conductivity of & 11l goil suspension an ten
soilse These osmotic potential walues averaged =0.0¢ x 106 ergs per
was «1420 % 100 ergs por gram. The difference between averase ommobtic
potential and aversse moisture potential ylelds =0.35¢ x 10° ergs per
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gram, This difference converted %o soil moisture tension is 0,349
atmospheres,

A number of investigators (3, 12, 14, 15, 17) have used freesing
point to evaluate the physical condition of water in soil in the wilt=-
ing range, Richards, Campbell, and Healton (13) have summarized the
results of the above authors and have found the freesing point depres=
sion values to range from 0,59 to 3,56 degrees centigrades This core
responds %o a soil moisgture tension range from 7.1 to 43 atmospheres.
Some recent freezing point measurements in the wilting range were made
by Blair, Richards, and Campbell (1), These measurements indicate
that variability associated with replicates of the same soil sample
was less than the variability between individual soils that represent
a textural oclass range.

Schofield and Da Costa recogniged that freeging dries the soil,
and consequently pF values calculated from freezing point depression
correspond to the moisture contents at the time the freezing point is
read from the thermometer, Thus, to make a moisture content correction
for undercooling, they calculated the amount of ice that formed during
freezing and subtracted it from the initlal moisture content, Bodman
and Day (3) measured the observed freezing point on replicate samples
of Yolo silt loam soil at various undercooling levels and from these
freezing measurements plotted an underdooling=-freezing point curve,
The amount of ice formed as a result of wmdercooling during freeszing
ﬁs calculated in order to obtain a corrected freezing pointeundercool=
ing curves An inspection of these curves show that at undercooling

values greater than three degrees centigrade, the undercooling correce

tion does not keep the corrected freezing point curve invariant with
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respect to undercooling. The failure of the corrected and uncorrected
freezing point depression curves to correspond when interpolated to
gero undercooling, indicates the inadequacy of this method for calcu-
lating the undercooling correction.

The foregoing type of undercooling correction is related to a
moisture content change due to ice formed during freezing, but the cor-
rection does not account for the concentrating of soluble salt in the
soil solution when freezing occurs. In some unpublished undercooling
studies 1/, it was found, contrary to expectations, that soil in the
§ to 15 atmosphere soil moisture tension range gave a decrease in freezw
ingepoint depression rather than an incresse with increasing undercool-
ing. In these undercooling studies, many of the seils in the low soil
moisture tension range gave little or no change in the observed freezing
point depression with change in undercooling in an undercooled range
from one halt to three degrees centigrade. Consequently no undercool-
" ing correction has been applied fur freezing point calculations mede
in this paper. .

. A sample calculation to indicate the magnitude of the undercooling
correction may be made as follows: Take a soil sample in the wilting
range that conteins 100 grams of dry soil end & grams of water, and
assume that the sample has been frozen with an undercooling of one de-
w centigrade. Also assume the specific heat of the soil to be .25

calories per gram, The grams of ice formed upon freezing is taken to

1/ The undercooling studies connected with freezing point measurements
soil were done by the author at the U.S. Regional Salinity and
Rubidoux Leboratories, Riverside, Calif.
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bo(m_:‘ggl # 8 x 1 which reduces the seil from 6 percent to
5e64 percent of waters A O] percont change of water contemt in soil
in the wilting range produced appreximately a ene atmosphere change
in soil molsture stress, as obtained from data reported by Richards,
Campbell, and Healton (13)s An everage soil moisture stress value
caleulated from observed freesing point dopression data on 52 soils
by Blair, Richards, end Canpbell (1) is 1645 atmospheress Iaking this
value as the soil moisbure stress corresponding to 5,64 percent, weo
caloulabe the molsture stress at 6 percent water by subtracting 3.8
atmosphores fro: 18,8 to give 14.9 atmospheress

Jouyoucos and MoCool (6) obsorved that the freesing point deprese
sion in soll decreomsed whon a sample wme frozen, thawed, and then re=
frogens In a later investigation 4t was found that ssnds, dburned silio-
ic acid, and molin depressod the freozing point to lesser degree than
clay soils upon repeated freesings They reasoned that f{reezing causes
coagulation of the hydrogels and hydrosols in the soll and that this
coagulation is agoompanied by & docrease in the moisture absorptive
power of soilss Schofield and la Costa (16) have indicated that the
difference in freesing point depressiocn between sucoessive freesings
wns minindsed by use of thelr freesing procedure "A%s This proceduwre
was used to reduse ocooling due to the soil swromdings during the
freesing process in soils These authors further suggest that possibly
upen freesing, ice crystals produce cavities in the soll which do not
return to their original sise upon thewing,



EXPERIMENTAL PROCETURE

Three soil types, whose salinity and moisture characteristics
are given in table 1, were solected to represent a texburel range for
mineral soilss The soils were alr dried, passed through a 2 mme roumnds
hole sieve, and subdivided inte pint jerse. Thus, replicate smuples
wore available for the study. One half of the eoil sauples were molste
ened to approximately field capaoity and stirred with a rod to dbtain
a high degree of puddling, These soils were saturated with water and
poured on porous membranese The wnpuddled soils were divided into
brass rings on the porous membranecs and were saturated by applying waber
bo the upper soil surface, Cersmic plabtes (10) were used for the ene
third tc one atmosphere pressure renge with cellulose membranes (9) be-
ing used for pressures above one atmosphere. The puddled and umpuddled
soils were brought to equilibrium at 1/8, 1, 6, and 16 atmospheres of
pressures The corresponding freesing points were then determined.

Hard rubber ¢ylinders with plastic caps similar to those deseribed
by Richards and Campbell (12) were used as soil containers. Cores were
cut from the layers of soil on the porous membranes and inserted into
the cylinders, MmmmmWWIAMgm
test tubes closed with a rubber stopper to prevent moigture losss The
gamo test tubes were ingerted into an air jacket mowmmted in a frees-
ing bath as desoribed by Richards and Campbell (11).

Five successive freesings and thawings were made on fifteen rep-
licate core samples for each soil at fowr tension levels in both & pude
dled and wmpuddled condibtion, The ocores were thewed in an ice bath



Table 1,—Some salinity and moisture characteristies
of soils selected for study,

Soil ® ! AJ"/
Ace. e x 10° | 0.P. of 3 | 15 >
No. | Soil type sat. ext. | Sat'n| atm., | atm. re
% # %
3044 | Pachappa fine sandy
a1 o e
83 | Ft. Collins loam 0,76 w2 42 21.1 2.9 /.25
RE o525 L dag
377 | Chino clay loam 0.98 .31 62 57.4 17.2 4o
! (!1 RT3 378 27 X%

* Electrical conductivity of the saturation extract expressed in

millimhos per centimeter. Bty
3 & % Tf‘ : p
' 4 15
3
Fed4d i d b2
3 247 # 8
als B LA

3F
.
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Fifteen cores representing each soil at four tension levels were
randaniged into three groups of five cores eachs These ocores were sube
jocted to a "normal frecze”, a "deep freese”, and an "adisbatic freezo”.
In the "normal freese” process, the cores were undercooled to 140 %o
1.5 degrees centizrade below the expected freesing point, Freesing was
initiated and the temperature maximm cbserved dwring freesing were ro=
corded and are referred to as the cbserved freesing points, Tye The
sauples given the "deep freese” treatment were frogem initially by the
"normal freeze” procedwre and Lmmediately transferred to a deep freese
unit at minus 20 degrees centigrade, After three howurs the ssmples
were transferred fron the deep freese unlt to a bath at serc degrees
centigrade for thawings All subsequent freezings of these soll cores
wore completed by the mormal freeszing procedures For the "adiabatic
freose” the temperature difference between the sauple and its surrounds
ings was kept small to minimise heat loss from the sample during freege
inge To mccoamplish this, the core was wundercooled approximately one
degree centigrade, freesing was initiated, and the sample then transe
ferred to a bath previously adjusted to the expected freesing point,
The soils were selected for the experiment on the basis of their
low salt content in order to reduce the effect of soluble salts en
the freesing peints The magnitude of this effect is indicated in the
osmotic pressure data listed in table ls The ommotic pressure of the
soil solution was calculabted from the electrical eonductivity of the
extract obbained from the saturated scll paste, The extraction of
water from the soil on the porous membrane was initiated when the soil
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motle pressure saloulation ab any tension level it has been assumed
that the Senoeiteabicn of the selublon 43 the sedd 414 net change dure
ing the moisture extraction prosesss In other words, ab sny bime
during the moisture extraction tho salt contemb of the solubion in
the soil is asowmed %o be equal to the enlt conoentration in the exw




~ Boil moisture tension is plotted against soil moisture content

in fizure 1 The cbserved freesing point depression valucs are plote
tod in figwre 2 against the corresponding molsture percentages at

cach soll moisture level as given in the first figures The curves in
both figures are hyperbolic in forme To convert freesing point deprec~
sion values to soil molsbure temsion, the ommotie pressure, 0P, of the
soll solubion was subtractod frem the quantiity 12408 x ATy Soll molsbe
ure tension date obtainmed on the porous membrane apparatus are also
plotted in figure S,

The relation botween soil moisture temsion and the observed frees~
ing point depression are plotted in figures ¢ and 5, In figure &, the
curve for puddled soil is shown adjacent to the corresponding curve
for the wmpuddled soils In figwre 5, the puddled soils are separated
from the unpuddled seil treatments to show differences between the ine
dividual solls under best. The freezing point depression values for
mpuddled soil were statistically higher than values which were obtainw
ed In puddled soil at any soil molsture temsion level, Chine clay
loan or Fts Colling loam ab corresponding soil moisture tension levelss

Averaze obeerved freesing~point depression values for soil frosea
adisbationlly, i.es, cores frosen in a bath adjusted to the expected
froesing point, wore not atatietically different from walues cbiained
in soll cores frosen by the normal freesing methods To obtain this
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regult, the thermsl time comstaxt of the Thermistor 2/, in water, was
about 2 to ¢ seconds, which gives an indication of the low thermal ca=
pacity of the temperature-sensitive element used to measure the frevz=
ing point of soils Usually the time required to cbiain a measurable
tenporature of the core muroundings was 1 to 2 minutess This time
depends mainly wpon the thickmess and type of insulation ebout the soil
core and the thermal diffusivity of the soil,

The effect of alternate freesing and thawing on the freesing point
depression, PD, is seen in figwes 6 and 7, larger decroases in the
FPD were observed between the first and second successive freesing
than botween any other pair of sucoossive freezing values, Thess ro=
sults are in agreement with data reported by Bouyoucos and MeCoel (5),
Schofield and a Costa (168), snd Bushrer and Rose (8)s The soils given
the "deep freese” treatment gave larger decreases in the FPD than soils
frosen by the normal freesing procedure between the first and secend
freezings Thereafter, these soils gave FPD decrenses that were nearly
miforn for the remaining three freezingss (me half of the successive
freesing curves terninate with a gradual docrease in freesing point
depression, whereas the remaining half terminate with no change or only
a 8light inorease in the FPD as a result of repeated freesings. The
deereasos in the PP at the high soil molsture tension levels were
greater than at low tension lovels.

2/ The Thermistor used was a Western Electric Type 143+ The Thermistor
rosistence minims chsorved during freesing were recorded and comnverted
to temperatures from a previously determined calibration curve,
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The freesing point depression values and the standard error in
degreos contigrade for puddled and unpuddled Chine olay loam, Fte Collins
loanm, and Pachappe sandy losm at several soil moisture tension levels
are given in table 2, The average standard error for the solls teated
over the molsture tension range considered here varies bebtween 0,006
and 04000 dogreos centigrades The coofficients of variebility for soils
in the 1/8 to 16 atmosphere pressure renge vary from 35040 to 1444 percents
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Table 2.~--The standard error, SE, of the freezing measurements
at several soil moisture tension levels

Soil Moisture Tension

Soil type '
1/3 atm. T atm, 5 atm, 15 atm,
P* Unp.*'l ¥ UHEQ P Unp. V5 Unpo
oC oC oC cC e oC oC oC
Pachappa fine | FPD| 0,063 0.075] 0,124 0.180} 04527 0.844| 2,504
sandy loam SE | 04002 04003 ] 04006 04014 04053 06058] 04133 ==
Ft, Collins FPD| 0002 0.075[ 0104 0104 | U.526 04640 1.930
loan SE | 0006 0e007] 0,005 0,007} Co025 06029} 04044 ~-=
Thino clay FPD| 0e0B5 04087 0e119 O.102| 0.010 O0.401| 1.722 2.130
loam SE | 04007 04009} 04004 06005| 0,007 0.007] 0,066 0,092
Avgd Stde Error 0,005 0,006 0,004 0,008 0,028 0,031 0,081 0,092
Avge Stde. Deve 06019 04024 | 04017 04032 04109 04120) 04314 04357
Avge FPD*%* OC 06070 04079 0ell6 04159| 04414 04653 240562 2,117
CoefTicient of
variability 2007 9049 | 1444 20e1 | 2646 18e4 | 1543 1648
* Puddled soil
*%*  Unpuddled soil
*** FPD = Freezing point depression



The differences between the caleulated soil melstwre tension owrves
and the aotual goil moisture temsion cwrves probably srise from assup=
tions comnected with the osmotic pressure caloulation and alse fram the
fact that no wmdercooling correction was made on the observed freesing
point depressions Irrors from both of these sources tend to increase
at low moisture, high temsion levels.

For the experimental teclmique used, the averaze cbserved freesing
point values for soil cores frosen by the normal freesing method at the
undercooled temperaiure were essontilally the same as for cores frosen
adiabatically in & bath adjusted to the expected freesing point. Fre~
cautions assocdabed with the adiabatic freezing teclnigue are made
Ww:mmmwmmuumgmuwm-
ation and by reducing the heat capacity and the thermal lag of the
temperature=gensitive olement uged in the freezing measurement,

In the successive freesing study it was obecrved that larger de-
creages coouwr between the first and second freesings than between any
two later freesingss Thils decresse in the freesins point depression
nay be due o @ doorease in the "moohanical resistance” of soil te ice
erystal formations mmm.mhwm.ﬁ-m
re-form in ocavities that were produced dwring the earlier froesings.
Also there i8 the possibility that there may cocwr s change of soil
structure which causes some water to be held less secwrely by the soil
after freeszing and thawinge Doth of these effects mey cause the ob=
serve: change in freesing point depression with successive freesing,



Pachappa fine sandy loam, Fort Collins loam, and Chino clay loam
soils contained higher percentages of water (oven dry basi=) =i the
same soil moisture tension level in a puddled conditior ihan in an
unpuddled condition within the =0il moisture tum{;n range up to fifteen
atmospheres., These same soils gave freezing point depression values
which were larger in the case of a puddled sample than for an unpuddled
sample at the same moisture content.

It was found that the average cbserved freezing point depression
values for soil cores frozen by the usual freezing procedure at the
undercooled temperature were the same as for cores frogzen adisbatically
in & bath adjusted to the expected freezing point.

A relationship between soil moisture tension and freezing point
depression, AT, is presented. To obtain soil moisture tension values
from freezing point depression, the osmotic pressure of the soil solution
was subtracted from the quantity 12.05 xAT,.

lLarger decreases in the freezing point depression were cbserved
to occur between the first and second freezing than between any two
later freezings in all the soils under test.



1.
2.

3.

T

8.

LITERATURE CITED

Blair, G. Y., Richards, L. 4., and Campbell, R, B. 1950, The rate
of elongation of sunflower plants and the freezing point of soil
moisture in relation to permanent wilt., Soil Sei. T70:h31-439.

Bodmen, G. B, and Day, Psul R. 1942. Freesing points of a group
of California soils and their extracted clays. Soil Sci. 55:226-
26,

Bodman, G, B. and Day, Paul E. 1937. Thermoelectric method of
determining the freezing points of soils. Soil Sel. Soec. Amer,
Proc. 2:65-71,

Bouyougos, G, J. and McCool, M, M, 1915, The freezing point method
as a new means of measuring the concentration of the soil solution
directly in the soil, Mich., Agr. Expt. Sta. Tech. Bul, 2L.

amm@oﬂ’ G. 8. and Hecml’ M, M, 1916| Further studies on the
freezing point lowering of soils., Mich., Agr. Expt. Sta, Tech, Bul,
3.

Buehrer, T. F, and Rose, M, S, 1943. Studies in soil structure V,
Bound water in normal and puddled soils. #Ariz. Exp. Sta. Tech, Bul,
100.

Hoagland, D, R. 1918. The freezing point as an index of variations
in the soil solution due to season and crop growth., Jour., Agr. Res.

123369-395.

Parker, F. W. 1921. The effeet of finely divided material on the
freezing point of water, benzene, and nitrobenzene., Jour. Amer, Chem,
Soc. ha’ 1013—1018-

Richards, L. A. 1947. Pressure membrane apparatus -- construction
and use, ‘-m,'t Eng. 233!}51"“9&.

Richards, L, A, 1948, Porous plate appsratus for measuring moisture
retention and transmission by soil. Soil Sei. 66:105-110,

Riﬁhﬂt‘dﬂ, L, A. and Glmpball, R. B, 19’45. Use of Thermistars for
rusuring the freezing point of solutions and soils., Soil Sei. 652
29-436.

Richards, L. A, and Campbell, R, B, 1948. The freezing point of
moisture in soil cores. Soil Seci. Soc. Amer. Proc. 13:171-Th.



13.

17.

2k

Richards, L, A,, Campbell, R, B,, and Healton, L, ¥. 1949, Some
freezing point depressions on cores of soil in which cotton and sun-
flower plants were wilted, Soil Sei, Soc. Amer, Proe. 1L:l7-50,

Robertson, L. S, and Kohnke, Helmut 1546. The pF at the wilting
point of several Indimmna soils., Soil Sei. Soe. Amer. Proc. 11150~
53.

Schofield, R. K, and Da Costa, J. V, B, 1935. The determination of
the pF at permanent wilting and at the moisture equivalent by the
freezing point method. Trans, Third Internat, Cong. Soil Sei., 1l:6=-

Schofield, R, K, and Da Costa, J, V. B, 1938, The measurement of
the pF in soil by freezing point. Jour, Agr. Sei. 28:6LL-6l2.

Veihmeyer, J. F. and Hendrickson, A, H, 1950. Methods of measuring
field ;miﬁv and permanent wilting percentages of soils, Soil Sei.
668175-9L



APPENDIX
Tables of Freesing Points and the Corresponding
statistical Analyeis,

To siuplify the presentation of the freesing point date and the
statistical amalysis of these measwrements the following group of
gymbols were adopteds

5081 pes Sot) muber
wmwm . S " . 3044
Fort Collins loam + « s s » & & 83
Chino olay loam B3 B R R B AR 377

R O
. " " 8 5 e e
eS8 EHa

> & 8 & 8 " 0@

¢ tmospheres)
nmwwmmnawuﬁmfuuunuMMHu)
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Table 3. [Teczing poiant resistance dace for Pachappa fine sandy
. loam soil i 5044, at the 1/3 atmosphere soil moisture
tengion level.

Ireaiments Successive Freezing

S fT SIT 1 2 3 4 5

P NF 1/3 6607.1 660542 660449 060446 660341
I3 AP 1/% GB0G43 660743 660061 66044,0 6803,0
P IOF 1/3 6608,1 660G.2 660446 C60344 6602,7
Averaze FFR 660842

Avera e I'PD 0063 751

np NF 173 601246 G009.9 ©60940 £60943 66089
Np AP 1/8 6612.4 060843 660747 560747 660743
P DF 1/5 8601245 G00T7.9 660340 E80C.1  6607.1
Averapge v'PL GE1245

Avera e I'PD 0075 Yi.e5 < 494




Table 4. Ireozing point r?sistance data for Pachapps fine
sendy loam soil 3044 at the 1 atmosphere soil
moistwre tension level,

Treatments Successive Freozing

S Pr 8T 1 2 3 4 5

Fig NF 1 602045 BO02543 0062340 6623486  CG2Z47
P AF 1 662646 662346 6623.1 06622.1 6622.6
B oF 1 GBET49 B62040 661949 6620.1 662041
Averase FPR 662740

Averaze FPD 0,124 /. 49

P F 1 G641le7 GC3640 06366l G63648  6630l1
NP AF 1 664448 6640,7 6638.3 €641l.1l 6641.2
mp w1 G643,0 663440 0663342 6634,1 63444
Average FPR 8643,.2

Averaze FPD Oe130 169
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Table 5¢ Freezing point resistance date for Pachappa fine
sandy loam soil ;3044 at the & atmosphere soil
moisture tension level,

Treatments Successive Freezing
S FT  SMT 1 2 3 4 5
2 NF & 6731s9 070242 669342 668540 667949
P AF 5 674740 671046 6701le3 669445 668847
F OF 65 B6762,3 671641 6706s1 670048 669746
Average FPR 67471
Averagze FPD 04527 - 32
P K®F & 6841.9 6827.,8 6827,0 68l7,7 68052
NP AF 6 684049 6814.8 6806,9 67978 678845
NP DF 6 685240 6776.3 6765,7 67613 67597
Average FPR 684449
Averaze FPD 0844 Jo 177

28
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. Table 8. Freezing point resistance date for Pachappa fine
1 sandy loam soil 3044 at the 15 atmosphere soil
noisture tension level.

Ireatments Successive ireezing

S FT  SMT 1 2 3 4 5

¥ e 16 7371 7516 7509 7290 7288
P AF 15 7394 7306 7288 7281 7270
P DF 16 7376 Teee 7218 7216 7198
Averae FPR 7380 |

Average FPD 2,504 2ot}

BP NF 15

NP AF 15 (Data incomplete)

Wp or 15




Table 7. Treezing point resistance data for Ft. Collins loam
soil ‘83 at the 1/3 atnosphere soil noistwre tension

level,
Ireaments Successive Freezing
i FT SMT 1 g 3 4 5
P NF 1/3 G600e2 C605.2 660240 660142 6601,3
P AF 1/3 06075 6604.9 0660244 6602.0 060149
P o 1/3 €606.8 6599.2 6599,8 6599.8 6599,8
Avera e I'PR 6607.9
Average TI'PD 04063 X
P OuF 1/3 661342 060746 060643 660640 660543
TP AR 1/3 8611s5 6610.5 6608,0 66075 660640
WP DF 1/ 6612.4 660448 6604.5 660444 660447
Average PR 6612.4
Averaze FPD D.075 Lq04

30




Teble 8, TFreezing point resistance data for Ft. Collins loam
soil /83 at the 1 atmosphere soil moisture tension

2

levels

Ireatments ' Sucéessive Freezing
S FT SuT 1 2 3 4 5
B r i G6C2led  6617,7 661643 661642 661546
R AF 1 662047 661747 6618.9 661646 6615.7
P OF 1 6621.2 661342 6612.3 6612,4 6612.4
Average TPR 6621.1
Averare FPD 0104 ].25"3
mwp ur 1 653842 663645  6634,9 663447 063445
Hp AF 1 G63Ce6 603242 (063146 €B83l.8 0631.2
P DP 1 603861 662546 662248 6622, 7 662344
Average FPR 663746

Avera-e FPD 0.184 .76




soil 83 at the 5 atmosphere soil moisture tension

level.

Treatments Successive Freezing
8 FT BM 1 2 3 4 5
P WF 5 668743 66T0.3 666Ts1 666347 6663.4
P AF 5 668740 6669,2 66644,5 6661le7 665940
P LF 5 B668Te0 665443 6650.7 664946 (64745
Averare FFR 66871
Average FPD 0.526 2.923
NP WP 5 6793.6 676948 67712 677042 677040
¥P AP S 678342 G757.0 6T764.7 6753 o & 6752,2
NP DF 5 6768.1 6712.4 6707.9 6706.,0 670543
Average FPR 6701.6
Averace FPD C.640

7.1l -

4

Table 9 Freezing point resistance data for Ft. Collins loan e
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Table 10+ Freezing point resistance data for Ft., Collins loan
soil 83 at the 15 atmosphere soil moisture tension

level.
Treatments Suceessive Freezing

S FT _Sur 1 2 3 4 5

P NF 15 7186 7142 7149 7139 7136

p AF 15 7189 7151 7129 7119 7104

P oy 15 7202 7066 7044 7035 7051

Average FPR 7192

Averaze FPD 1,930 23.35 b

p INF 15 7628 7530 7517 TH23 7489
| WP WP 15 7621 7542 7546 7534 7511

P AF 106

(Data incomplete)

ol oF 156

Averape FIR 7628

Average FPD 34227 v§-¢9




Table ll. Freezing point resistance data for Chino clay loam
soil /B77 at the 1/3 atmosphere soil moisture
tension level. .
Treatments Successive Ireezing

S T SMT ] 2 3 4 5

P NF 1/3 €61248 G608.9 5608,3 6607.7 6606,5

P AF 1/ 661347 6611s3 661040 6608.3 6607.8

P OF 1/3 6617.6 ©5611.8 660346 660843 GGO7.8

Avorare FPR 66814.7

Averaze I'PD 0.085 [ o299

WP NF 1/3 661549 6611.0 6609.,7 6608.5 660842

P AF 1/3 6614e5 60107 G609.2 660643 660640

P DF 1/3 661548 61042 660844 660745 660645

Averare FPR 6015.4

Averare FPD 0,087 l-a‘ff
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able 12, Freezing point resistance data for Chino clay loam
soil 377 at the 1 atmosphere soil moisture tension

—J

level.

- Ireatments Successive ITeezing
S FT  SMT 1 2 3 & 5
P Hr 1 B6629.9 6619.,2 6618.8 €618.7 €617.4
P‘ AR 1 663042 661942 661T7.6 ©617.5 ©617.0
P DF 1 66307 GG20eS  6617.5 606l7.9 561640
Average PR 663043
Averare FPD 0e134 1.6l 5
P NWF 1 6625.1 BE22.0 G621.,7 €621.5 662145
NP OAFM 1 662346 6620,3 6621.0 ©6621.0 6620,9
TP DF 1 6624.7 6C184,1 G617.4 GE617.6  €617.8
Average FFR 6624,.5

Average FPD 04119 T e




Table 13, Ffreezing point resistince data for Chino clay loan
soil ;877 at the 5 atmosphere soil moisture tension-
leovel,

Ireatments Successive Freezing
S FT SMT | 2 3 4 _ 5
F NF 5 GUB3 o3 66779 667046 666045 6664 44
iz AF 3] 668049 66T5aT 6671.1 6666+1 666446
P DF 5 6681.0 660342 665948 6657.5 (65740
Averape FPR 668149
Average FPD 04310 2y 7 5'('
NP NF 6 B6732.7 6728,3 6728,9 672T.5 6724.8
WP AF & 6750.6 ©6722,6 6722,0 6718s1 671646
p DF o 6753 8k 668746 6693 ,.,0 6690.9 669143
Average FPR 673242
Average FPD 0.481 o 7
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Table 14, Treczing point resistance data for Chino clay loam
soil 377 et the 15 atmosphere soil moisture tension

level,

Troatments Successive Iresezing
S PP SuT 1 2 5 4 5
F mr 15 7145 7097 7059 7060 7057
i A 15 7111 70E5 7031 7028 7028
P DFF 15 7119 6986 6948 6948 G955
Averane FPR 7124
Avera e FPD 1,722 207
Ep H® 15 72380 7255 72286 7220 7209
3P AY 15 7250 7230 7201 7188 7197
WP DF 18 7240 7038 7061 7060 7056
Average FPR 7257

Averare FPD 24130 2 -




Table 15 Analysis of variance of freezinpg type and suecessive

freezing treatments at the 1/3 atmosphere ‘soil
noisture tension level.

38

Soil SMT Puddled Unpuddled
Variance - F Variance F

FT 2 3e46 0.17 10.58 038
Rep < 10,08 25.79

3044 1/3 Frror; 8 19489 27.06
ST 4 65451 T7e98%* 52438 24,91 %%
SFxFT 8 1l.64 1.95 0481 0e38
Erroro 48 084 2o11

~ Total 74 10,71 15.05

FT 2 59423 9 o G4 %% 56486 2449
ep 4 3489 29.68

83 1/3 Error; 8 6421 22.83
SF 4 127.11 123 440 %* 110.21 109.10%*
SFxFT 8 6«40 Goll¥%* «21 Bald**
Erroro 48 1.03 1.01
Total 74 10.28 14,47
FT 2 51449 11,33+ 11.42 0e63
Rep 4 17.57 23.94

377 1/3 GError; 8 2,78 18,04
SF 4 132,29 64 488*x 174,85 894,20%»
SFxPFT 8 5e42 2.85 1.76 0«90
Erroro 48 1.90 1.96




39

Table 16, Analysis of variance of f{reezing type and successive
freezing treatments at the 1 almosphere soil
noisture tension level.

Soil SMT Puddled Unpuddled

Variance F Variance F

Total 74 Ge60 42.64
FT 2 46,46 Je29 230401 1,13
ep 4 2551 128,99

3044 1 Error; 8 15.28 - 202,60
8F 4 7182 107420%* 112,95 50 g4dsx
SFxFT 8 Je18 135, 70 ** 731 S aBLx%
Errors 48 0.67 1,590
Total 74 Yend o6ltl
rT P 84,99 33410%x 606,78 14,84%+

83 1 Errory 8 2456 40488
SF 4 106.65 100,40%* 177486  157440%%
SFx¥T & GeT7 12,10%% 41,30 56D %%
Errors 48 0.56 1.13
Total 74 27e32 74468
FT 2 1.22 0.10 70.94 GeB0%
Rep 4 4ell 5.15

377 1 lrrory 8 11.75 10,19
SF 4 458,90 392.00** 56440 644 1C**
SFxrT 8 2416 1.85 S.12 Ce82%
bErrors 48 kPl 0.88




Table 17,

Analysis of variance of freezing type and successive
freezing treatments at the 5§ atmosphere soil

moisture tension level.

40

Seil SMT Puddled Unpuddled
Variance F Varience F

Total 74 681.9 1384,.6
FT 2 204845 2467 1082443 5«83
Pep 4 1652,6 3709.0

3044 5 Error; 8 7676 2824,9
SF a4 8135.8 709 00 ** 8279.8 403 ¢ SO**
SFxFT 8 G348 55 460%* 1149.7 - BB .O0**
Frror, 48 11.5 2065
Total 74 22049 1029.4
FT 2 1118.3 D404 % 17962,.5 22 420 %%
Rep & 704,56 53342

83 L) Errory 8 201.6 80845
SF 4 2324,3  624,80%= 577G e3 644 o 6T#*
SFxFT 8 T1le3 19,17+ 100543 112 ,20%*
Error, 48 3e7 9,0
Total 74 TTal 244,86
FT 2 560,3 29,52*x% 5061.68 24 41 %%
Rep 4 Bed 16,5

377 & Errory;. 8 19.0 20.8
SF 4 995.,2  $£81.90%% 1123,0 192 ,30%=
SFxFT 8 42,5 24 ,80%% 369,.7 6l.60%*
El"rora 48 y Y4 5 . 3]
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Table 18. Analysis of variance of freezing type and successive
freezing treatments at the 10 atmosphere soil
moisture tension level.

Soil SMT Puddled tnpuddled

Variance F Variance F
- Total 74 00,178
FT 2 29,013 56
Rep - 14,590

2044 15 Errory 8 0,042 Data Incomplete

SF 4 45,589 163,0%*
SFxFT 8 3986  14.2%*
Errcro 48 280

Total 74 01,040
FT 2 39,268 23.0%%*
Lep 4 5,032

83 15 Errory @ 1,664 Data Inconplete
SF 4 23,207 23,9%*

SIxFT B 4,261 4o %%

Brrorg 48 97

Total 74 3 990 6,602

FT 2 56,720 3Z,8%x 136,961 1G42%%
Tep 4 865 665

377 15 Errory 8 1,725 6,426
SF & 35,200 240,1%* 26,597 16, G**
SFxI'T 8 2,044  13,0%* 5,449 3o dkk
Errorg 48 147 1,601
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Table 16, +nalysid of variance of freezing type and successive freezing
at each soll texture, puddling and moisture tension level

Variance ratio
Soil Source 1/5‘ _iﬁ? 5t 15
Ace. of
o, Puddling |wvariation F F F F
FT 0.2 3.3 247 2.5
Puddled SF 78 . O% 107,2%% 709, Q%** 163,0%#
SFXFT 2.0 13,7 556" b I ey
3044
Unpuddled FT 0.4 1.1 3.8 e
SF 24.9%* 59.4%* 403,5%% —
SFXFT 0,4 3.8%% 56,0% —
FT 9, 5% 33,2 B 23,6%%*
Puddled SF 123 ;" 190, 4% 62/4,8%% 23,9%%
SFXFT 6, 2n% 12,1 %% 19, 2% Lo 45N
83
FT 245 14, 8%% 22,2%% —
Unpuddled | SF 109,1## 157 4 644, THR -
SFXFT 8,1k 36,6%* 112,2%* —
FT 11, % 0.1 29, 5%% 32,9
Puddled SF YR L 392,0%# 581,9%% 2.0, 1%*
SFXFT 2% 1.9 - 24.8%% 13,9%%
377 -
FT 0.6 6.9“ 24.4'* 16-2**
Unpuddled | ST 89, 2%# 6. 108 192,34 16,6%%
SFXFT 0.9 D.0% 61 ,6%3 3. 40"

* Soil moisture tension level in atmospheres
FT = Freezing type, F = Variance ratio
SF = Successive freezing

* Sipnificant at 5 percent level (19:1)
#gionificant beyond 1 percent level (99:1)
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Puoled analysis of wariance of soll texture, puddling,
freczing type, and successive freezing treatments at
the 1/3 atmosphere soil moisture tension level.,

Jource Degrees Sues
of of of Hean F

Variation Freedon Squares syuare Value
Total wGq U T5082.7T7 16,89

5 2 Lyo65,.67 Tul.u9

‘s 1 630.tY 0d0.Cu

SxP g 47900 £39 70
FT & 4o.o0 e o60 1.55
PTxsS & 118,77 9,69 1.74
PP “ 54 .08 17.44 1.02
FTxsxP s T2x78 18.1Y i
Error (1) 72 L B018 17..8

SF = Ky4dladl 610,450 430,055
SFxS 8 128.67 l6.08 1l .49
SFxP 4 15.00 Belo a6
SFXFT 8 7C.2C E.78 6 42 T3¢
SFXFTXS 16 I 24 0.64 4 JURH
SFXITXP 8 6.69 V.t U.80
SFxSxP 6 £B.59 5.62 58
EFXFTXS4P 16 391 l.4u 1.80
Frror (2) 288 403.:8 1.40




Table 2l. Pooled analysis of wvariance of suil texture, pudaling,
freezing type, and succescive freezing treatments at
the 1 atmosphere soil woisture tension level.

fource Negrees Sums
of | of of llean F

Variation Freedom  Sijuares Square Value

Total 449 54,858,567 77.09

g 2 T,775.81 5,087.u1

P 1 11,756.15 11,736.1%

SxP 2 09445.07 2,706.53

FT 2 1,138.58 569,19 1357

FTxS “ 450.22 112.56 N G

FTxP 2 RE5,T2 117.86 A« 81

FTXPXS 4 255,17 63429 1.50

Frror (1) T2 5,019.17 41,93

SF 4 3,340415 848,78 616 o 13+

SFxS 8 104.72 13.C9 12 56

SFxP “ Td.21 16450 17,54+

SFxFT B oT4.47 46,81 45,003

SFxSxP b 365,73 45.72 43 .96

SFxFTxS 16 98.51 6.14 + 5 o DA

SFXFTXP 8 42.81 535 5eldH

SFXFTxSxP 16 62 .50 3.91 B Thise

Error (2) <88 500.50 1l.04
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Table 22. Pooled analysis of variance of scil texture, puddling,
freezing type, and successive freezing treztments at
the b atwosphere soil moisture tens.on level.

hHource Degrees Sums

of of of Mean F
Variation Freedom  Squares Syusre Value
Total Gy 1,006,033 M
S 2 Led w97 162,.49
P 1 688,045 688,043
3xP 2 02, V57 6,468
FT P o, 781 17,3580 2l
¥TXS 4 0,843 1,401 2
TP & 9,007 la,uos L7t
"MPxPiS 4 4,619 1,156 1
w“rror (1) 72 Byt 54 o7
SF @ 89,431 22,477 1,605
SFxS 3] 14,063 1,819 130
SFxP 4 9ol 258 173
SFXFT 8 14,070 1,054 15
SxExP 8 1,040 130 Gz
SFXFTxS 16 1,104 69 o
SFxI'TxP & 4,012 oll 353
SFXFTx5xP s 1,758 10w G

rrror () 288 4,.07 14




T'c'_ble 2354

Summary of analysis of variance where the error

hes been pooled for analysis at three soil
moisture tension levels.

Source
of
Vuriation

So.il solsture Tenszon Led

rel

i/3

1

S

1o é/

Statistical Significunce

46

}/ Data were not sufiiciently complete for analysis.
¥ Significant at 5 percent level (19:1).
% Significunt beyond 1 percent lovel (wusl).
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