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Freezing Effects on Aggregate Stability
of Soils Amended with Lime and Gypsum

G.A. Lehrsch, R.E. Sojka & P.M. Jolley

Summary

Aggregate stability, which influences soil
response to raindrop impact and other
erosive forces, is affected by freezing. We
hypothesized that lime or gypsum added
at agriculturally feasible rates may act
as bonding agents to mitigate the ef-
fects of freezing on the stability of aggre-
gates from different soils. Thus, the ob-
jectives of the laboratory study were to
determine the effects of freeze-thaw cy-
cles, water content at freezing, and lime
and gypsum additions on the aggregate
stability of six soils differing in texture,
mineralogy, and organic matter. To all
samples but the control, either CaCO 3
or CaSO4 • 2H2 0 was added at a rate
of either 0.2 or 1.0% by weight of oven-
dry soil. Field-moist aggregates were
vapor-wetted to either a low water con-
tent (5-10% w/w) or a high water con-
tent (25-30%), then frozen and thawed
either 0, 1, or 3 times in brass cylin-
ders. After thawing, they were vapor-
wetted to 0.30 g g' and their stability
was characterized by wet sieving. For all
soils, aggregate stability decreased sig-
nificantly with increasing water content
at freezing. When averaged over bond-
ing agents and addition rates, soils corn-
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monly increased in stability, at times
significantly, after one freeze-thaw cy-
cle. Soils with clay contents of 20% or
more and organic matter contents over
3% were the most stable after freez-
ing. When averaged over soils and freeze
thaw cycles, aggregate stability was not
affected by bonding agents at low wa-
ter contents. At high water contents,
however, stability increased significantly
(P<0.05) when CaSO 4 at a rate of 0.2%
was added. Though the differences from
agent to agent at high water contents
were not significant at the 0.05 level,
CaSO4 appeared to increase aggregate
stability more than CaCO 3 . Surpris-
ingly, stability tended to be greater at
the lower rather than higher application
rates. In conclusion, aggregate stability

1. decreased with increasing water
content at freezing, and

2. increased after CaSO 4-amended soil
samples at high water contents were
frozen.

1 Introduction

Aggregate stability, a measure of a soil
aggregate's resistance to breakdown, in-
fluences many soil physical and hy-
draulic characteristics, such as surface
sealing, infiltration, and hydraulic con-
ductivity. Processes that affect aggre-
gate stability are not well understood
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and should be studied further.
Freezing is one process that has been

shown to affect aggregate stability. Sev-
eral studies have indicated that aggre-
gate stability decreases with increasing
soil water content at the time of freez-
ing (Bullock et al. 1988, Bryan 1971,
Lehrsch et al. 1991, Logsdail & Web-
ber 1959). Aggregates from poorly ag-
gregated soils, however, are more sta-
ble when frozen at intermediate water
contents (Mostaghimi et al. 1988, Per-
fect et al. 1990b, Sillanpaa & Webber
1961). The number of freeze-thaw cycles
to which aggregates have been subjected
is important. The stability of air-dried
aggregates generally decreases with in-
creasing number of freeze-thaw cycles
(Logsdail & Webber 1959, Mostaghimi
et al. 1988) but may increase for some
soils (Mostaghimi et al. 1988, Richard-
son 1976). For aggregates maintained
at field moisture levels until analyzed,
Lehrsch et al. (1991) found stability to
increase with the first few freeze-thaw
cycles.

No consensus exists in the literature
regarding the effects of lime and/or gyp-
sum amendments on soil aggregation
and aggregate stabilization in non-sodic
soils. For sodic soils, however, gypsum
is commonly used to improve drainage.
Gypsum amendments enhance the floc-
culation of clays and thus facilitate both
the formation and stabilization of soil
aggregates. The effects of gypsum ad-
ditions to non-sodic soils, however, are
less clear. Rimmer & Greenland (1976)
noted that CaCO 3 can act as a bonding
or cementing agent between soil parti-
cles and, since it is slightly soluble, as
a source of Ca ions which reduce dif-
fuse double layer thicknesses of clay do-
mains. Kemper et al. (1974) suspected
both CaCO 3 and CaSO 4 to be bonding

agents, whereas Uehara & Jones (1974)
discounted CaCO3 and CaSO4 as ce-
menting agents. Uehara & Jones (1974)
stressed that silica was most important
in arid and semiarid regions. They also
noted the importance of the bonding
agent's solubility in water (affecting dif-
fusion to contact points) as well as the
equilibrium attained (if any) between
the agent's solid phase and dissolved
phase.

The dissolution of lime or gypsum
does affect soil structure. Exchangeable
polyvalent cations (e.g., Ca) near clay
particle surfaces reduce the thickness of
the diffuse double layer and thus the re-
pulsive forces acting between clay par-
ticles (Emerson 1983) and cause strong
flocculation of clays and increased resis-
tance to dispersion (the Schultze-Hardy
rule). Calcium rather than Mg or K
on the exchange complex was associated
with stable aggregates in Australian
subsoils (Emerson & Bakker 1973). Po-
jasok & Kay (1990) found aggregate sta-
bility to increase with Ca concentrations
in soil solution.

Because of the lack of consensus in
the literature, the influence of inor-
ganic bonding agents on the aggregate
stability of non-sodic soils has been
widely studied. For example, Rimmer
& Greenland (1976) presented evidence
that CaCO 3 cemented clay tactoids 0.1
to 0.3 microns apart. Al-Ani & Du-
das (1988) found that aggregate mean
weight diameter increased with addi-
tions of calcium carbonate from 0 to 4%
by weight but thereafter decreased with
CaCO3 additions from 4 to 32%. In con-
trast, Chepil (1954) reported that the
addition of 3% calcium carbonate to a
soil had no effect on aggregate stability
but that 10% increased it. Others (Kern-
per Si Koch 1966, Shanmuganathan
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Oades 1983, Toogood 1978) found no
significant effect due to lime content.

Some of the above inconsistencies
were related to the nature and prop-
erties of the soils studied. This study
was conducted under a uniform set of
conditions with six different soils hav-
ing paired soil properties. Since soils re-
spond differently to the freezing process
and to amendments, it was hypothesized
that aggregate stability, after freezing,
of soils differing in texture, mineralogy,
and organic matter would be affected
by lime and gypsum additions. A lab-
oratory experiment was designed to test
this hypothesis. The objective was to de-
termine the effects of number of freeze-
thaw cycles, water content at freezing
and the addition of two common inor-
ganic amendments at two agriculturally
feasible rates on the aggregate stability
of six continental U.S. soils differing in
texture, mineralogy, and organic matter.

2 Materials and methods

Samples of six agriculturally impor-
tant soils (AP horizons only) were ob-
tained from across the United States.
The soils differing primarily in tex-
ture were a Barnes loam (fine-loamy,
mixed Udic Haploboroll) from Morris,
MN, and a Sharpsburg silty clay (fine,
montmorillonitic, mesic Typic Argiu-
doll) from Lincoln,- NE. The soils dif-
fering in mineralogy were a Cecil sandy
loam (clayey, kaolinitic, thermic Typic
Kanhapludult) from Watkinsville, GA,
and a Sverdrup sandy loam (sandy,
mixed Udic Haploboroll) from Elbow
Lake, MN. The soils differing primarily
in organic matter content were a Palouse
silt loam (fine-silty, mixed, mesic Pachic
Ultic Haploxeroll) from Pullman, WA,
and a Portneuf silt loam (coarse-silty,

mixed, mesic Durixerollic Calciorthid)
from Kimberly, ID. Properties of the
six soils (tab. 1) were determined (Soil
Conservation Service Staff 1984) by the
personnel of the National Soil Survey
and Soil Mechanics Laboratories, Lin-
coln, NE.

These six soils also differed in proper-
ties other than the contrasted primary
property (clay content, mineralogy, or
organic matter). For any given soil
pair, however, the difference between
the soils in their primary property was
much greater than any difference in a
secondary property. For example, the
organic matter of the Palouse is 144%
greater than that of the Portneuf while
the clay content differs by less than half
that amount, the clay in the Palouse be-
ing only 67% greater than that in the
Portneuf. Even so, lesser effects on ag-
gregate stability may be related to dif-
ferences in other properties among the
soil pair.

All soils had a similar cropping and
tillage history. In the growing season
prior to sample collection, a monocot
crop species, either corn, sorghum, or a
small grain, was grown. After harvest,
crop residues were removed from the
soil surface and the sampling sites were
moldboard plowed, then lightly disked.
Thereafter, the sites were fallowed for
three to twelve months to allow roots
and other organic residue to decompose
before sampling.

This study which focused on the ef-
fects of lime and gypsum amendments
on aggregate stability was similar in
experimental approach to but separate
from an earlier study (Lehrsch et al.
1991). For this study, a randomized
complete block design with three repli-
cations and a factorial arrangement of
treatments was used. Sources of vari-
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Particle size distribution Pre-
Soil type Very dominant	 Organic

fine	 Total Base Exch. mineral	 pH	 matter
sand	 sand	 Silt	 Clay sat. Ca	 CEC t type	 (in	 content s

%	 %	 % cmolc kg-1	 CaC1 2 )

Barnes loam 11	 49	 34	 17 100t -t	 19.5 2:1	 7.1	 3.41

Sharpsburg silty clay 3	 3	 56	 41 94 19.4	 29.4 2:1	 5.4	 3.19

Cecil sandy loam 6	 67	 16	 17 87 2.2	 3.5 1:1	 4.6	 1.24

Sverdrup sandy loam 4	 76	 15	 9 100 9.5	 11.8 2:1	 6.0	 2.21

Palouse silt loam 9	 10	 70	 20 82 12.7	 19.6 2:1	 4.5	 3.03

Portneuf silt loam 20	 22	 66	 12 100t -t	 12.6 2:1	 7.8	 1.24

t Acid-equivalent lime was present.
t Determined using NH 4 OAc at pH 7.
§ As estimated from the organic C content using the Van Bemmelen 1.724 factor.

Tab. 1: Soil properties.

ation were soils, number of freeze-thaw
cycles, water content, and potential in-
organic bonding agents added at two
rates. Freeze-thaw cycles were either 0,
1, or 3 with the 0 level signifying no
freezing. All samples were constrained
in brass cylinders 5 cm high with an in-
side diameter of 2.75 cm. Before freez-
ing, the water content (qualitatively ei-
ther low or high) was adjusted to ei-
ther 0.05 or 0.25 g/g for the coarse-
textured Cecil and Sverdrup soil or 0.10
or 0.30 g/g for the remaining soils. For
each soil, water contents at matric po-
tentials of -1500 and -33 kPa are given
in Elliot et al. (1989). Statistical anal-
yses were performed on arcsin (x)°•5-
transformed data (to stabilize the vari-
ance) using an analysis of variance (SAS
Institute, Inc., 1985) 1 . For presentation,
the treatment means have been back-
transformed to the original scale of mea-
surement. The subsequent results and
discussion have focused mainly on three

'Trade names are included for the benefit of
the reader and do not imply endorsement of or
preference for the product by the USDA.

statistically significant interactions that
describe the variation in aggregate sta-
bility caused by all four factors. Means
were separated using confidence inter-
vals constructed to be equivalent to tests
of significance at the 5% level. Ad-
ditional pre-planned, single degree-of-
freedom comparisons of selected treat-
ments were also made.

Samples were prepared by sieving
field-moist soil (gravimetric water con-
tents at sieving ranged from 7 to 22%
and averaged 13%) through a 4-mm
sieve. After the soil was sampled in
the field, it was not dried but rather
stored at field water content in air-
tight containers at +6°C until ana-
lyzed in the laboratory. The moist,
freshly sieved soil was coated with pow-
dered reagent-grade CaCO 3 or CaSO4 .
2H2 0 (as a potential inorganic bonding
agent) at a rate of either 0.2 or 1.0%
by weight of oven-dry soil. To coat
the soil, the desired mass of CaCO 3 or
CaSO 4 was distributed over all surfaces
of a known mass of sieved soil on plas-
tic sheeting. The soil was then thor-
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oughly mixed. The water content of the
amended soil was then adjusted to ei-
ther the low or high level. The soils'
water content was lowered, if necessary,
by evaporating slowly in air or raised
using a non-heating vaporizer (Humid-
ifier Model No. 240, Hankscraft, Reeds-
burg, WI) 1 . Each soil sample was
subsequently packed by tapping into a
brass cylinder to a dry bulk density of
1.15 1g/cm3 . Each packed cylinder was
sealed in a polyethylene bag to both in-
hibit water loss and prevent water up-
take, inserted into a styrofoam tray,
and stored at +6°C until the remaining
cylinders were packed. The styrofoam, a
minimum of 7 cm underneath and 2 cm
around each cylinder, served as insula-
tion so that freezing occurred primarily
downward from the surface (confirmed
by subsequent thermocouple measure-
ments).

All prepared samples were subjected
to either 0, 1, or 3 freeze-thaw cy-
cles. One cycle was completed when pre-
pared soil samples were frozen convec-
tively (without access to water) at -14°C
for 24 hours, then thawed at +6°C for
48 hours. Little, if any, freezing-induced
vertical expansion of the soil in the cylin-
ders occurred. For all samples, a data
logger within each enclosure recorded
ambient air temperatures. The 0 cycle
samples were not frozen but were stored
at +6°C for a minimum of 48 hours. Be-
fore the aggregate stability analysis, all
samples were brought to room tempera-
ture on a lab bench for 2 hours. Aggre-
gate stability was determined using the
procedure of Kemper Si Rosenau (1986)
modified by Lehrsch & Jolley (1989) so
that field-moist 1- to 4-mm aggregates
were vapor-wetted to 0.30 g/g prior to
wet sieving.

3 Results and discussion

3.1 Interaction between soils,
freeze-thaw cycles, and water
content

In the statistical analysis, freeze-thaw
cycle was considered a discrete rather
than continuous variable. When freeze-
thaw cycle was initially modeled as con-
tinuous, a trend whenever statistically
identified, was seldom a type that aided
interpretation or summarization.

Freeze-thaw cycle effects on aggre-
gate stability (averaged over amend-
ments and addition rates) are illustrated
in fig. 1. Large differences in aggregate
stability existed from soil to soil even
at the same water content. For exam-
ple, Palouse and Portneuf, two silt loams
from the Pacific Northwest, differed in
stability by over 30 percentage points af-
ter one freeze-thaw cycle at a 10% wa-
ter content. When frozen at least once,
the most stable soils were the Sharps-
burg and, to a lesser degree, the Palouse,
each having 20% or more clay and over
3% organic matter.

From 0 to 1 freeze-thaw cycle (one oc-
currence of freezing), aggregate stabil-
ity generally increased (fig. 1). Others
(Mostaghimi et al., 1988, Perfect et al.
1990a and 1990b) have also found ag-
gregate stability to increase with freeze-
thaw cycles. This increase in stability
was statistically significant (P<0.05) at
water contents of 0.10 and 0.30 g/g for
the Palouse silt loam and at 0.10 g/g
for the Barnes loam, two of the three
soils highest in organic matter (tab. 1).
In contrast, stability decreased signif-
icantly only for the low organic mat-
ter Portneuf silt loam at 10% with one
freeze-thaw cycle.

Several factors may have caused some
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FREEZE-THAW CYCLE

BARNES SHARPSBURG CECIL	 SVERDRUP PALOUSE PORTNEUF

I- TEXTURE -1	 I-.- MINERALOGY --I 1- ORGANIC MAT. -I

Fig. 1: Aggregate stability as a function of freeze-thaw cycle for each soil at each
water content. The water contents were 5 and 25% (w/w) for the Cecil and Sverdrup
soils and 10 and 30% (w/w) for the remaining soils. The first pair of soils differs
primarily in texture, the second in mineralogy, and the third in organic matter.

or all of this increase in stability with
freeze-thaw cycle(s). First, particles
could have been brought into contact
with one another due to ice lens growth.
Second, water moving toward a devel-
oping ice lens from the soil matrix sur-
rounding and below the lens could have
encouraged soil drying (Hoekstra 1966,
Miller 1980). This drying could have po-
sitioned polysaccharides on soil particle
surfaces (Myers 1937; Reid & Goss 1982)
and/or precipitated bonding agents at
points of contact between soil particles
(Kemper et al. 1987; Lehrsch et al.
1991). Third, water flowing to an ice
lens would have increased the concentra-
tion of ions (notably Ca) in the soil so-

lution near the lens. Once there, the Ca
as a counter ion would diffuse into the
double layer between clay platelets and
help to bond the platelets to each other
due to electrostatic attraction (Kemper
et al., 1987). Thus, upon thawing, ag-
gregates could have re-formed as well as
increased in strength.

As portions of each soil sample dried
during the first few freezes, bonding
agents from the soil solution likely pre-
cipitated at particle-to-particle contact
points. This precipitation would have
taken place because, as water was re-
moved from the soil below an ice lens,
the meniscus at the air-water interface
approached a contact point between soil
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particles. There, due to the agent's con-
centration exceeding its solubility limit
in the unfrozen water film, precipitation
could occur, thus bonding the soil parti-
cles to one another (Kemper et al. 1974,
Wada & Nagasato 1983). Since this
bonding probably involved irreversible
or slowly reversible reactions (Kemper
et al. 1987), these newly precipitated
bonding agents did not go back into so-
lution during the subsequent thawing
period. As freeze-thaw cycles continued
to accrue with additional aggregate re-
orientation and reshaping, more of the
bonding agents that had remained in so-
lution in the thin unfrozen water films
surrounding the soil particles (Miller
1980) during the first cycle likely precip-
itated from the soil solution. This pre-
cipitation mechanism and/or Ca's elec-
trostatic bonding of clay platelets men-
tioned above could account for the of-
ten observed gradual increase in stabil-
ity with freeze-thaw cycles (fig. 1).

The aggregate stability of every soil
was greatest at the low water content
(0.05 or 0.10 g/g) at every level of freeze-
thaw cycle (fig. 1). Moreover, aggregate
stability decreased significantly from low
to high water contents for all soils at
all levels of freeze-thaw cycle. Pack-
ing would have weakened the wet aggre-
gates more so than dry aggregates (For-
manek et al. 1984). This would ac-
count for the observed decrease in the
aggregate stability of the samples that
were not frozen (freeze-thaw cycle 0).
This same weakening may also have ac-
counted for some of the decrease in ag-
gregate stability for the frozen samples
(freeze-thaw cycles 1 & 3). However,
Lehrsch et al. (1991) presented evidence
in their fig. 1 that demonstrated that,
even for soil samples that were not sub-
jected to stress by packing, after freez-

ing aggregate stability decreased signifi-
cantly (i.e., a statistically significant lin-
ear trend) with increasing water content.
In the frozen samples at the high water
content, pressure exerted by expansion
of ice crystals within the constrained
samples could have developed planes of
weakness in the aggregates whose hori-
zontal displacement was limited by the
brass cylinder walls. During subsequent
wet sieving, these aggregates likely frac-
tured along these planes. The decrease
in aggregate stability as water content
increased varied from soil to soil. In gen-
eral, stability decreased most for coarse-
textured soils and least for fine-textured
soils.

One can compare the two soils dif-
fering primarily in organic matter con-
tent. Aggregates of a Palouse silt loam
(two and one half times as much or-
ganic matter as Portneuf, tab. 1) were
more stable than aggregates of Portneuf
(fig. 1). Elasticity provided by organic
matter may have enabled Palouse aggre-
gates at low water contents to withstand
ice lens expansion pressures before frac-
turing. High molecular weight organic
molecules, while remaining attached to
mineral particles, may be able to un-
fold or flex to a degree before break-
ing. In contrast, at high water contents,
there may have been insufficient elas-
ticity present to prevent fracture. In-
deed, stability differences among these
two soils were least at the high water
content level.

As mentioned earlier, the high organic
matter soils, Barnes and Palouse, usu-
ally increased significantly in stability
with freeze-thaw cycles. In contrast,
the Sverdrup and Portneuf soils (organic
matter contents of 2.21% or less and clay
contents of 12% or less) in general ei-
ther decreased in stability or did not
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Fig. 2: Aggregate stability of each soil as a function of bonding agent and rate of
addition.

change significantly with freeze-thaw cy-
cles. The Barnes with its high organic
matter content likely had more solu-
ble organic matter (a potential bond-
ing agent) in its soil solution than did
the other soils. The quite stable Sharps-
burg also exhibited properties (high or-
ganic matter content and relatively high
base saturation, tab. 1) that could ac-
count for relatively high concentrations
of bonding agents in solution. Also,
the Sharpsburg's high clay content hints
that clay platelets, suspended and mov-
ing in the soil solution, could form clay
bridges between soil particles.

The effects of clay content can also
be seen in fig. 1. The soil highest in
clay content (Sharpsburg, 41%, tab. 1)
had the highest aggregate stability at

both water contents. Mostaghimi et al.
(1988) found a similar relationship.

3.2 Interaction between soils,
bonding agents, and rates of
addition

Of particular interest was the influence
of CaCO 3 and CaSO 4 on each soil's ag-
gregate stability (fig. 2). Statistically
significant effects of a bonding agent on
aggregate stability averaged over freeze-
thaw cycles and water contents were
identified only for the Sharpsburg. Ag-
gregate stability, when compared to the
control, increased significantly (P<0.05)
when CaSO 4 at a rate of 0.2% was added
and also when CaSO 4 at a rate of 1.0%
was added (P<0.06). The Sharpsburg
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None	 CaCO 3, 0.2	 CaSO 4, 0.2
CaCO 3, 1.0	 CaSO 4 , 1.0

BONDING AGENT AND RATE (%, w/w)

Fig. 3: Aggregate stability (averaged over soils and freeze-thaw cycles) as a function
of bonding agent and rate of addition at each water content. The water contents
were 5 and 25% (w/w) for the Cecil and Sverdrup soils and 10 and 30% (w/w) for
the remaining soils.

was fine-textured with less than 100%
of its exchange capacity saturated with
bases, tab. 1. For five of the six soils,
calcium sulfate increased aggregate sta-
bility the most, though at a probabil-
ity level much higher than 0.05. The
relative ranking of the two agents and
rates was similar only for the two silt
looms, Palouse and Portneuf. For the
other soil pairs, the rankings were not
consistent. On the whole, fig. 2 reveals
that, on an individual soil basis, neither
of the amendments at either of the ap-
plied rates exerted a marked influence
on aggregate stability.

Both lime and gypsum additions
tended to increase aggregate stability
(i.e., strengthen bonds between soil par-
ticles) when compared to a control
(fig. 2). Though the increases were not

significant at the standard 0.05 level,
the trend for five of the six soils in
this experiment was clearly for stabil-
ity to increase when either amendment
was added. Only for the weakly sta-
ble Portneuf silt loam did the addition
of potential bonding agents tend to de-
crease aggregate stability. The Portneuf
probably responded differently because
it was Ca-saturated initially, tab. 1. As
such, it was among the least affected by
the addition of the Ca-containing bond-
ing agents. Complete base saturation of
the exchange complex does not entirely
explain this phenomenon, however, be-
cause the Barnes and Sverdrup also had
base saturations of 100% yet showed
improvements in stability with bonding
agent additions, fig. 2.
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3.3 Interaction between water
contents, bonding agents,
and rates of addition

When averaged over soils and freeze-
thaw cycles, at the low water content,
bonding agents and addition rates did
not affect aggregate stability (fig. 3). At
the high water content, however, the ad-
dition of CaSO 4 increased stability over
that of the control. When gypsum was
added at a rate of 1.0%, the increase was
significant at P<0.072 and when added
at a rate of 0.2%, the increase was sig-
nificant at P<0.05. Shanmuganathan
& Oades (1983) found gypsum applica-
tion rates of 0.2% (w/w) to coagulate
clay and thus encourage aggregate for-
mation. For soil management, they rec-
ommended annual gypsum additions of
0.2% rather than higher rates.

In this experiment, the aggregate sta-
bility (averaged over freeze-thaw cycles)
of soil samples at relatively high water
contents having received either lime or
gypsum, was increased more by calcium
sulfate than calcium carbonate (fig. 3).
This could well be attributed to CaSO 4
being more soluble (well over 150 times
as soluble in water) than CaCO 3 . More
gypsum could have dissolved in the soil
solution where the Ca could have moved
by mass flow to the enlarging ice lens.
Once there, due to solute exclusion upon
water freezing (Miller 1980), it could
have precipitated as CaSO 4 or some
other Ca-containing molecule at points
of contact between soil particles or clay
domains (Rimmer Si Greenland 1976),
thus strengthening bonds within aggre-
gates. Perfect et al. (1990b) detected
both water and solute (Ca) movement
to freezing zones of a medium-textured
soil. They found as well that Ca min-
imized dispersion and was thus impli-

cated as compressing the diffuse double
layer surrounding clay particles. This
double layer compression could permit
electrostatic bonding by Ca of adjacent
clay platelets, as mentioned above.

Other studies provide additional ev-
idence of gypsum being more effective
than lime as a soil additive. Shan-
muganathan Oades (1983) found ex-
changeable Ca to be increased more by
CaSO4 than by CaCO 3 . Uehara & Jones
(1974) expected gypsum to be more ef-
fective than lime as a soil amendment
because CaSO 4 raised neither soil pH
nor surface charge density.

Though the differences in stability be-
tween addition rates within a bonding
agent averaged over all six soils were not
significant at the 0.05 level, aggregate
stability decreased consistently with in-
creasing bonding agent addition rates.
One may speculate why this would oc-
cur. Three explanations can be of-
fered. First, supersaturation seldom oc-
curs when a compound is present in a
solution at a concentration greatly ex-
ceeding its solubility limit. At the lower
rate (slightly over the solubility limit),
the soil solution may have been super-
saturated with Ca. As a consequence,
more Ca moved in the water stream to
the ice lens, there to be precipitated. In
contrast, at the higher rate (far above
the solubility limit), no supersaturation
occurred and less Ca was transported
via mass flow. Second, at the higher
rate a much greater proportion of the
bonding agent would have been present
as undissociated molecules or discrete
particles. It was likely much more dif-
ficult for these relatively large particles
to pass through the unfrozen water films
and come to rest at the particle con-
tact points. Third, with increasing addi-
tion rates, precipitated lime or gypsum
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molecules rather than Ca ions alone may
have occurred between clay platelets or
clay domains. The resultant weak Ca-
lime or lime-lime van der Waals bonds
so formed were thus broken more easily
than the stronger Ca-clay electrostatic
bonds formed at the low addition rates.
In other words, at the higher rates, the
bonding forces per unit of separation
distance were weaker than at the lower
rates.

3.4 Additional single
degree-of-freedom
comparisons

Statistical comparisons of the two soils
in each pair were made using single
degree-of-freedom contrasts. Without
exception, the soils differing in texture
(Barnes and Sharpsburg) and the soils
differing in organic matter (Palouse and
Portneuf) responded differently to both
freeze-thaw cycles at each level of water
content and also to bonding agents and
rates of addition. In contrast, the miner-
alogically dissimilar Cecil and Sverdrup
responded alike. Thus, as figs. 1 and 2
imply, texture and organic matter sig-
nificantly affected aggregate stability in
this experiment. Mineralogical differ-
ences, however, had little influence.

3.5 Results in relation to others'
findings

The results of this investigation are sim-
ilar in many but not all respects to the
results obtained by other investigators.
The finding of this study that aggre-
gate stability increases with at least the
first freeze-thaw cycle (the Barnes and
Palouse data of fig. 1) is supported by
the results of Mostaghimi et al. (1988)
for a Crofton silt loam (fine-silty, mixed,

mesic Typic Ustorthent) with 0.5% or-
ganic matter. On the other hand,
Mostaghimi et al. (1988) reported de-
creases in stability with the first freeze-
thaw cycle for two other soils. This
discrepancy may have occurred because
their soils were air-dried before their
experiment was conducted. Air-drying
could have strengthened bonds within
the aggregates, thus effectively masking
the increase in aggregate stability often
detected in this study for the first few
freeze-thaw cycles (fig. 1). When, as in
this study, soils are not air-dried prior to
analysis, this increase in stability with
freeze-thaw cycles may commonly occur
(Lehrsch et al., 1991). The finding that
CaCO 3 added at either 0.2 or 1.0% by
weight did not significantly affect aggre-
gate stability agrees with the results of
Chepil (1954), Kemper & Koch (1966),
and Toogood (1978) but disagrees with
those of Al-Ani Dudas (1988). There
were, however, differences in both soils
and procedures between the study of Al-
Ani Dudas (1988) and this study. The
soil samples used by Al-Ani Dudas
(1988) were from the BC horizons of two
soils with clay contents of 32 or 42%
whereas the soil samples used in this
study were from the A p horizons of soils
generally with much less clay (tab. 1).
The pH values and/or ions present on
the clays were also surely different. Pro-
cedurally, air-dry soil and 4- to 8-mm
aggregates were used by Al-Ani & Du-
das (1988) while field-moist soil and I-
to 4-mm aggregates were used here. A
number of the earlier studies that found
CaCO3 to affect aggregate stability used
very high calcium carbonate application
rates. The application rates considered
in this investigation were more feasible
for agricultural production.
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4 Conclusions

Soil texture and organic matter, but not
mineralogy, affected aggregate stability
after freezing. The stability of field-
moist aggregates usually increased with
at least the first freeze-thaw cycle. The
addition of either lime or gypsum tended
to increase aggregate stability, but at a
probability level much higher than 0.05.
At low water contents, neither poten-
tial bonding agents nor addition rates
affected aggregate stability after freez-
ing. In contrast, at high water contents,
CaSO4 added at a rate of 0.2% by weight
significantly increased aggregate stabil-
ity over that of a control. The one re-
sponse most consistent throughout the
experiment was that aggregate stabil-
ity decreased significantly with increas-
ing water content at the time of freezing.
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