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and a drying interval. Can. Agric. Eng. 32:163-170. Alaboratory
study was conducted to investigate the effect ofa freeze-thaw cycle
and ofadrying interval on the saturated hydraulic conductivity (k) of
soils treated with soil-incorporated sodium carbonate (N&2CO3) and
enhanced gleization (i.e. a buried straw layer). Gleization caused k to
decline with time, with the decline being more rapid with a buried
straw layer than for soil alone. Soil-incorporated Na2CC>3 caused an
immediate reduction of k to very low values provided the soil con
tainedat least15%clay.Thek of soil aloneandsoil witha buriedstraw
layer after a freeze-thaw cycle or a drying interval rebounded to the
initial vaiues which had existed before gleization. The sealing effect of
Na2C03 was largely lost after freezing and thawing following pro
longed flooding butadrying interval didnotincrease k of thesoilwith
20% clay which was treated with Na2CC>3 and a buried straw layer.
Sealing earthen hydraulic structures with enhanced gleization and
Na2C03 would only be practical where the initial k of the untreated
soil in the structure bed was approximately lxlO"6 ms"1 or less and
where seepage could be tolerated during initial flooding and after a
freeze-thaw cycle or a drying interval.
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INTRODUCTION

Excessive seepage from many earthen reservoirs and irrigation
canals is a serious problem. The addition of organic materials
to the soil has been found to reduce seepage from earthen
hydraulic structures (Mirtskhulava et al. 1972; Powell 1977;
Nicholaichuk 1978; Tollner et al. 1983). The enhanced glei
zation method of seepage control consists of burying atleast
3 kgm" of organic material beneath a thin layer of soil
(Mirtskhulava et al. 1972; Nicholaichuk 1978). Nicholaichuk
(1978) found that oat straw was a slightly inferior organic
material to barley or wheat straw for reducing the saturated
soil hydraulic conductivity (k). Livestock manure reduced k
more rapidly than straw but both organic materials produced
an equally low k after prolonged soil flooding (Powell 1977;
Nicholaichuk 1978). Tollner et al. (1983) demonstrated that
cotton gin trash sealed reservoirs more effectively than ground
corn cobs. The reduction of k from enhanced gleization was
the same for subsoil and topsoil (Nicholaichuk 1978).
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Gleization isaanaerobic biochemical process which occurs
in a flooded soil. Although the rate of gleization is propor
tional to the amount of decomposable organic material
available, gleization willoccur evenwith virtually nodecom
posable materials in the soil or water (Gupta and
Swartzendruber 1962). Zaydel'man et al. (1979) identified
dozens of species of bacteria and fungi responsible for gleiza
tion. The soil sealing from gleization is believed to be due
primarily to the clogging of pores with "slime" or "gums",
principally polysaccharides, which result from the decomposi
tion of organic compounds by anaerobic microorganisms
(Allison 1947; Gupta and Swartzendruber 1962; Avnimelech
and Nevo 1964). There existsaninverse relationship between
k and polysaccharide content in the soil (Mitchell and Nevo
1964; Chang et al. 1974). Live anddead microorganism in the
"slime" are alsothought to contribute to the clogging of pores
(McCalla 1945) although Gupta and Swartzendruber (1962)
calculated the volume of microorganisms in the soil it did not
explain the observed reduction in k. Biochemical reduction of
the ferric sesquioxides and humic organic matter during glei
zation contribute to the reduction in k through destruction of
soil structure and subsequent collapse of soil pores (McCalla
1950; Mirtskhulava et al. 1972). Finally the entrapment of
gases produced by the microorganisms in a flooded soil (Mc
Calla 1950; Poulovassilis 1972) has been linked to the k
reduction although the role of gas entrapment is relatively
minor(Gupta and Swartzendruber 1962).

Sodium salts are widely used toreduce seepage losses from
earthen reservoirs by blocking soil pores with clay dispersed
with adsorbed sodium ions(Sewell 1969; Reginato et al. 1973;
Powell 1977; Nicholaichuk 1978; Pepper 1978; Neff 1980).
Sodium polymetaphosphate has been found to be the most
effective sodium salt for sealing ponds although, for calcare
ous soils, sodium carbonate (Na2C03) was equally effective
because the carbonate ion precipitated the calcium ions as
CaC03 (Nakayama 1966; Reginato et al. 1973). Nicholaichuk
(1978) reported that one farm reservoir had excellent seepage
control when treated with Na2C03 but subsequentobservation
(unpublished) showed seepage from this reservoir increased
with time. Periodic additions (every 2 to 3 years) of sodium
salt to the pond are recommended to maintain acceptable
seepage losses (Reginato et al. 1973; Neff 1980) because
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adsorbed sodium is gradually replaced by divalent cations
added with incoming water. Sodium salts applied tothe soil do
not affect gleization (Hills 1976; Nicholaichuk 1978).

The effect of freezing and thawing onthe k of the bed ofa
farm pond is important on the Canadian Prairies. Typically
snowmelt accounts for most of the inflow so, for successful
water conservation, the portion of the pond bed which was
frozen must develop a low k very soon after spring runoff is
complete. Nicholaichuk (1978) used a buried straw layer to
seal two earthen farm ponds. One of these ponds has shown
reduced seepage since treatment but the other pond no longer
held water after the treatment year (unpublished data). Since,
unlike the former, this latter reservoir had been drained before
the winter, we postulated that freezing had destroyed the seal
produced by enhanced gleization.

Freezing and thawing has been found to increase the kwhen
soil wasfrozen undersaturated conditions (Leo 1963; Akram
and Kemper 1979; Chamberlain and Gow 1979) or under
conditions slightly below saturation (Benoit 1973). Benoit and
Bornstein (1970) and Benoit (1973) measured decreased k
following thawing ofsoil frozen atsaturation but these studies
were designed to represent only very loosely packed aggre
gates such as would occur at the immediate soil surface. The
increasesin k froma freeze-thawcycle (F-T) haverangedfrom
less than one order of magnitude (Leo 1963) to one or two
orders of magnitude (Chamberlain and Gow 1979) Several
examples exist where soilhadgone from a virtually imperm
eable condition tohaving a k exceeding 1x10" ms" afteraF-T
(Gardner 1945; Akram and Kemper 1979). The largest in
creases in k from a F-T occurred in clay loam and clay soil.
Most of the increase in k occurred after the first F-T. Addi
tional F-T increased k by a smaller factor and the magnitude
of this factor increased with soil clay content (Chamberlain
and Gow 1979).

Themechanism proposedby whichF-T increases k depends
on the soilclay content. In soils witha highclay content such
that thecoarsersoil particles(i.e., non-colloidal silt and sand)
are separated bycolloidal clay, Chamberlain and Gow (1979)
identified numerous vertical cracks in a soil which had been
frozen with the freezing front oriented horizontally. These
microscopic cracks were attributed todehydration andshrink
age caused bywater movement from the soil aggregates tothe
freezing front. Water flow through these cracks was responsi
ble for the dramatic increase in hydraulic conductivity after
thawing. In soils with lower clay contents such that the clay
resides primarily in the pores between touching coarser silt
and sand particles, vertical shrinkage cracking was notobserv
ed. In these soils, mechanical expansion of the freezing water
collapsed thelooseflocculated colloidal particles intoa denser
structure which remained after thawing (Richardson 1976;
Chamberlain and Gow 1979). This compression process dur
ing freezing opened previously-blocked pores and thereby
dramatically increased k.

The effect of drying on the k of any potential lining is
important because many earthen hydraulic structures, particu
larly lateral irrigation canals, are subject to periodic drying.
Akram and Kemper (1979) found that k increased by one to
three orders of magnitudes after a drying interval. The soils
usedhadclay contents ranging from 10to44%.The increases
in k were attributed to pores which were produced by soil
shrinkage during drying. A major problem with land disposal
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of waste water is decreased k of the disposal site land due to
gleization. Marshall and Holmes (1979) reported that drying
intervals ofup to three weeks are sometimes intentionally used
on such land disposal projects to restore k in the soil to initial
values.

The objective ofthis study was toinvestigate the effect ofa
freeze-thaw cycle and of a drying interval on the sealing of
several soils with enhanced gleization andNa2C03 ina labo
ratory setting. Asecond paper (McConkey etal. 1990) deals
with the effect of natural freezing anddrying on seepage from
a small irrigation canal treated with enhanced gleization and
incorporated Na2C03.

MATERIALS AND METHODS

Two separate gleization experiments, test 1 and test 2, were
conducted to investigate the effect of a freeze-thaw cycle
(F-T). Test 3 investigated the effect ofa drying interval on k.
Soils with a range of textures and CaC03 equivalents were
used (Table I). Each of the three tests used different soils.
Soils D, S22.7 and H are Chemozemic Brown soils of the
Haverhill, Swinton, and Hatton Associations, respectively
while soil W is a Chemozemic D&rk Brown soil of the Wym-
ark Association (Ayres et al. 1985). Field soils were collected
in southwestern Saskatchewan near Swift Current. The clay
fraction of the soils generally contained 45% illite with the
remainder montmorillonite (Warder 1950). Kaolinite was ab
sent or at most a minor constituent. Soils were air-dried and
passed through a 2-mm sieve before packing into the cylin
ders.

Table I. Selected Soil Physical and Chemical Properties.

Approx

CaCo3

equiv

Soil Horizon (%)*

Particle Sizes +
(%wt)

Sand Silt

H A O 78.5

D A O 32.8

W A O 16.6

S15** C** 8 56.0

S22.7 C 12 33.5

S10** c** 5 70.5

S20** C** 11 41.0

Test 1 -

10.1

41.5

52.9

Test 2 -

43.8

Test 3 —

19.8

39.0

Clay Texture

11.4 Sandy Loam

25.7 Loam

30.5 Silty Clay Loam

15.0

22.7

10.0

20.0

Sandy Loam

Loam

Sandy Loam
Loam

* Ayres et al. 1985.
+ Determined by dydrometer method
** Soil S20, S15, S10 consisted of soil S22.7 mixed with fine sand to

acheive a set clay content. The sand was assumed to containno
CaC03

The three treatments were soil alone (C), soil with a buried
straw layer (G), andsoilwith buried straw andNa2C03 mixed
intothecovering soil (GN). Thesoil treatments were prepared
in 32 mm diameter, 300 mm long plastic cylinders.
Nicholaichuk (1978) determined cylinders of this size were
satisfactory for predicting the seepage reduction from gleiza
tion in earthen reservoirs. The bottoms of the cylinders were
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sealed with rubber stoppers having a hole for drainage. Above
the stopper was a fine metal screen covered with 15 g of fine
gravel. For the C treatment the gravel was covered with 100 g
of soil packed to a uniform density of 1.3 Mg m"3 with a
mechanical packer (Jackson et al. 1962). For the G and GN
treatments, the gravel was covered with 50 g of packed soil
above which was applied coarsely ground wheat straw which
was then covered with 50 g of soil packed to a density of 1.3
Mgm" (Fig. 1). The straw application rate was 5kg m"2.

A

%

^r^z_-^=

Constant Water Level

Plexiglass Cylinder

Soil Layer

Straw Layer

Soil Layer

Gravel Layer
Metal Screen

Rubber Stopper

Drain Tube

Beaker

Fig. 1, Schematic of apparatus for hydraulic conductivity
measurement.

For sealing earthen hydraulic structures, Graveland and
Olynyk (1973) recommended Na2C03 be applied at the rate
based on the following equation:

Na2C03 = 0.77D(0.25CEC-ES)

where: Na2C03 = application rate of Na2C03 (kg m"
D = depth of soil to be treated (m),
CEC = cation exchange capacity (meq/lOOg),
ES = exchangeable sodium (meq/lOOg).

A linear regression, using soil clay content alone, was used
toestimate theNaiCOirequirement per metre of soildepth as
calculated from Eq. 1. For the linear regression, data from 95
soil samples taken from the A and B horizons of chemozemic
soils throughout southwestern Saskatchewan were used
(Ayres et al. 1985; unpublished data of third writer). Clay
contents ranged from 2.3 to 65.4 %, CEC ranged from 3.8 to
45.0 meq/lOOg, and ES ranged from 0.04 to 0.70 meq/lOOg
(data not shown). Na2C03 requirement was an approximate
linear function ofclay content (Fig. 2).Using soilclay content
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(1)

\

(Table I), the Na2C03 application rate was calculated from the
regression equation (Fi&. 2). The applied Na2C03 for test 1
ranged from 0.26 kg m for soil Hto 0.50 kg m'2 for soil W.
For tests 2 and 3, three times the estimated application rate of
Na2C03 was applied to investigate if these higher rates would
extend the sealing effect of Na2C03 for the calcareous S soils.
Consequently, the application rate of Na2C03 for tests 2 and 3
ranged from 0.75 kg m"2 for soil S10 to 1.22 kg m"2 for soil
S22.7.
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Fig. 2. Regression of calculated sodium carbonate require
ment against clay content of Chemozemic soils in
southwestern Saskatchewan.

All treatment-soil combinations were conducted in dupli
cate cylinders except for the G and GN treatment for test 1
which were conducted in quadruplicate. A second replicateof
k measurements for test 1, using new soil and straw, was
conducted after the first replicate of measurements. In test 1,
the cylinders were flooded with distilled water at a head of 150
mm. Distilled water simulated snowmelt runoff with a very
low electrolytic concentration. In test 2 and 3, the cylinders
were flooded to a constant head of 150 mm with 0.005M
CaS04 solution for five days after which distilled water was
used exclusively. The CaS04 solution was used to observe the
influence of divalent cations on the initial k. The rate of
outflow from the cylinders was measured periodically from
which k was calculated according to Darcy's Law.

Freeze-thaw cycle

After the initial flooding, the cylinders were allowed to drain
for four days before freezing.

In test 1 the drained cylinders wereput into a styrofoambox
filled with expanded vermiculite insulation. The cylinders
were uncovered so that the freezing front would be primarily
vertical and migrate from the top downwards. The cylinders
were placed in a -10°C freezer until a thermocouple at the
bottom of the centre cylinder reached a temperature of -10°C
for one week. The cylinders within the insulated box were
placed in a room with a controlled air temperature of 20°C. A
small fan blew air over the cylinders. A small quantity of
distilled water was sprayed on the soil surface whenever the
surface appeared dry. The thawing process lasted approxi-
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mately one week until the bottom of die centre cylinder had
reached 20°C. The cylinders were then removed from the insulat
ing box and placed into a room with a controlled temperature of
25°C. A head of 150 mm of distilled water was applied and the
hydraulic conductivity was measured.

In test 2 the cylinders were put directly into a freezer with a
controlled air temperature of -10°C. Therefore the freezing
front would be primarily vertical and migrate from the cylin
der wall inwards. After four days of freezing the cylinders
were thawed for five days at a controlled air temperature of
4°C. Then the cylinders were removed to a room with a con
trolled air temperature of 25*C and the seepage tests were
conducted again with a head of 150 mm of distilled water.

Freezing rates in both tests 1 and 2 would have been slow
enough for appreciable water migration to the freezing front
(Baver 1956).

Drying interval

Following the initial flooding, the cylinders were allowed to
drain freely for four days after which a small fan blew air over
all the cylinders for a period of 12 days. To simulate a rainfall
event, distilled water was then added to each column equal to
8.7 mm depth. Then the previous drying procedure was re
peated for 25 days. Based on daily weighings, the water
evaporation rates were 1.6 and 0.9 mm per day for soils S10
and S20, respectively. After the drying interval, the cylinders
were flooded again to a constant head of 150 mm with distilled
water.

Statistical analysis

Results were subjected to analysis of variance and the pro
tected least significant difference method (i.e., least significant
difference method not applied unless F significant at 5% level
of significance) was selected as the appropriate test for multi
ple mean comparisons (Snedecor and Cochran 1980). Test 1
was analyzed using a randomized block model treating indi
vidual cylinders as subsamples. Test 2 and test 3 were
analyzed using a completely randomized model.

RESULTS AND DISCUSSION

Once flooded, all soils slowly changed to the dull blue-gray
color associated with gleization. There was little variation in
k between repeat cylinders for any soil-treatment combination,
especially for soils with more than 15% clay (data not shown).
In addition, there was no significant difference (p0.10) be
tween replicates within test 1 (data not shown). Therefore, the
plot of k against time is presented as the mean of all cylinders
for each soil-treatment combination for test 1, 2, and 3 (Figs.
3,4, and 5 respectively). There was never any visual indication
of water movement along the cylinder walls. The small in
crease in k occasionally observed for several days immediately
following flooding was attributed to degassification
(Christiansen 1944; Allison 1947).

Gleization reduced k for both the C and the G treatments

(Figs. 3, 4, and 5). Because it contained more decomposable
organic material, treatment G showed more pronounced k
reductions due to gleization. The lower k for the G treatment
as compared to the C treatment was readily apparent for all
soils within a few days. For the initial 10 to 30 days after
flooding, gleization reduced k much more rapidly for the G
treatment than the C. After this initial period the rate of decline
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of k with time was generally similar for both the C and G
treatments.

C Treatment

G Treatment

GN Treatment

(a) Soil H

(b) Soil D

(c) Soil W

Time of Initial Flooding (d) Time of Flooding Since
Freeze - Thaw Cycle (d)

Fig. 3. Effect of time and a freeze-thaw cycle on hydraulic
conductivity for test 1.

10

S -9ZZ I08 J L

C Treatment

G Treatment

GN Treatment

(a) Soil S15

(b) Soil S22.7 £

Time of Initial Flooding (d) Time of Flooding Since
Freeze - Thaw Cycle (d)

Fig. 4. Effect of time and a freeze-thaw cycle on hydraulic
conductivity for test 2.
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C Treatment

G Treatment

GN Treatment

(a) Soil S10 J

(b) Soil S20

0 30 60 90

Time of Initial Flooding (d)

-4A

A

Time of Flooding Since
Drying Interval (d)

Fig. 5. Effect of time and a drying interval on hydraulic
conductivity for test 3.

The GN treatment provided almost immediate sealing
against water movement of all soils containing at least 15%
clay.Thisconfirmed the finding of Reginato et al. (1973) that
Na2C03 produced a satisfactory soil seal providing the soil
clay content was 15% or greater.

Comparison of the first fivedaysfor test 1 (Fig. 3) to test2
(Fig. 4) or test 3 (Fig. 5) revealed no discernible effect of the
CaS04 solution on the behavior of k for the C or G treatments.
Therefore, there was no indication that k was lowered by the
physical dispersion of the soils not treated with Na2C03.
Similarly, otherresearchers concluded thatsoildispersion and
swelling was an unimportant cause for the decrease of k from
flooding (Allison 1947; Davis et al. 1973; Barrington et al.
1987) even when the distilled water was used (Poulovassilis
1972).

Effect of a freeze-thaw cycle

After the F-T, k for the C and G treatments increased to
approximately the values which existed at the initialization of
gleization (Figs. 3 and 4). This increase was attributed both to
soil shrinkage cracks andtocompression ofblocking materials
in the pores. The decline of k with time after the F-T was
approximately the same as had occurred before the F-T. Evi
dently, gleization required approximately the same time to
block these new pores as had been required to block the
original pores.

The dramatic increase of k for theGN treatment following
a F-T (Figs. 3 and4) was unexpected because Gardner (1945)
had found that even repeated F-T did not increase the k of a
soil which had been dispersed with Na+. However, Gardner
(1945) only flooded his test soil for several days before apply
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ing the F-T. In our study, the biochemical reactions associated
with prolonged flooding would have reduced insoluble Fe3+ to
more soluble Fe + which then would replace Na+ on the ex
change complexes (Rowell 1988). However, the flocculating
action of the Fe +would notbring the soils into a permeable
condition until the clay was brought into a compact arrange
ment by the mechanical forces imposed by water freezing
within the soil (Gardner 1945). For soils D and W, k of the GN
treatment tended to be lower than that of the G treatment after
the F-T which likely indicated that there was still sufficient
adsorbed Na+ present to bring about some dispersion of the
clay. In test 2, Ca + from the CaS04 solution and from very
slow dissolving of the free CaC03 in the S soils probably
supplemented Fe + in replacing Na+ on the exchange com
plexes. Consequently, after the F-T, any dispersing action of
the added Na+ would beabsent and this would explain why the
GN treatment in test 2 was essentially a repeat of the G
treatment (Fig. 4). Even three times the recommended applica
tion rate did not maintain the sealing action of Na2C03 past
one F-T following prolonged soil flooding.

After the F-T, the average k for the first week of flooding
and the average k for the seventh week of flooding of the GN
treatment were never significantly less (P0.05) than the G
treatment (Table II). For all soils the k of G and the GN
treatments were less than the C treatment although the differ
ences were not always significant (p)

There was no effect of the orientation of the freezing front
as the behavior of k, following the F-T, was similar for a
horizontally-(test 1) as for a vertically-(test 2) oriented freez
ing front.

This laboratory study suggests that freezing will be very
detrimental to the sealing of farm reservoirs with either incor
poratedNa2C03 or enhancedgleization. Freezingandthawing
has been reported to produce excessive seepage from earthen
ponds previously sealed with sodium salts (Sewell 1969).To
have acceptably low seepage of snowmelt from farm reser
voirs, the pores opened by a F-T need to be quickly blocked
again by the gleization process. Because soil sealing by glei
zation is very slow at soil temperatures below 7.2°C (McCalla
1950; Gupta and Swartzendruber 1962; Barrington et al.
1987), preventing excessive seepage losses of ponded snow-
melt with the enhanced gleization method may be difficult at
the soil temperatures expectedsoon after spring runoff.

Effect of a drying interval

Following drying, the hydraulic conductivities of the C and G
treatments for both soils returned to the approximate values
which had existed before gleization (Fig. 5). Allison (1947)
and Chang et al. (1974) also found that a drying interval
caused k to increase to values which had been present before
prolonged flooding.

For soil S20, the G treatment sealed much more quickly
during the secondflooding than during the first flooding (Fig.
5b). This contrasted to the behavior of k for the similar soil
S22.7 after the F-T. There were several probable reasons for
thedifferent effectsof drying and freezing. Creation of pores
from dehydration is common to both soildrying andfreezing
(Miller 1980) but freezing alsoopens pores through compres
sion caused by the mechanical expansion of freezing water.
Consequently, freezing a wet soil affects soil structure more
than drying a wet soil (Willis 1955; Sillanpaa and Webber
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Table II. Saturated hydraulic conductivities (10*6 ms"1) for first and seventh week of flooding.

TreatmentWeek

of

Flooding Soil

Before Freezing or Drying
G GN

After Freezing or Drying
G GN

Least

Sig.
Difference

Testl

H

D

W

H

D

W

S15

S22.7

S15

S22.7

S10

S20

S10

S20

77.3a* 21.2b

1.8b 1.4b

3.7ab 3.0ab

8.8a 1.1a

0.7a 0.1b

0.5a 0.3ab

11.8a 6. lab

7.1ab 2.8ab

6.7a 0.5b

2.2b 0.4d

37.4a 15.0bc

9.4a 4.6c

6.6a 0.3b

2.1a 0.2b

2.1c

0.0b

0.0b

0.2a

0.0b

0.0b

63.2a 20.7b 28.5b 17.7

4.9a 0.7b 0.4b 2.1

6.9a 4.7ab 0.9b 5.4

10.8a 0.4a 0.4a 14.2

0.8a 0.0b 0.0b 0.5

0.4ab 0.4ab 0.0b 0.4

15.1a 8. lab 6.2ab 10.1

10.0a 7. lab 7.4ab 8.0

6.1a 1.5b 1.6b 2.8

4.4a 1.4c 1.8bc 0.8

21.4b 1.1c 9.2bc 15.2

6.4b 0.7d 0.7d 1.1

2.2b 0.3b 0.3b 2.2

2.1a 0.0b 0.0b 0.6

Test 2

0.0b

0.0b

0.1b

O.Od

Test 3

0.0c

O.Od

0.5b

0.0b

means within rows not followed by same letter are significantly different (P<0.05).

1961). Drying and rewetting stimulates microbial growth more
than freezing and thawing (Soulides and Allison 1961). This
may also help to explain why gleization sealed the soil more
quickly after a drying interval than after a F-T.

The rapid resealing after the drying interval only occurred
for the G treatment for soil S20. The C treatment for this soil

did not reseal quickly after drying but instead required similar
time as was required before drying. The reason was thought to
be due to the lack of organic material which limited the rate of
gleization. The G treatment for soil S10 did not behave like
that for soil S20 probably because the reduction in k during
flooding for a coarse-textured soils is much slower than for
finer textured soils (McCalla 1950; Nicholaichuk 1978;
Rowsell et al. 1985).

For soil S20, the GN treatment resulted in an immediate seal
which was unaffected by drying (Fig. 3b). Again this con
trasted to the behavior of k for the similar soil S22.7 after the

F-T. Drying of a wet soil does not have the intense flocculat
ing effect of freezing because the pressure exerted by the water
as it expands upon freezing is absent (Baver 1956). Con
sequently, although Fe + probably replaced the Na+, the
flocculating action of Fe +was unable to bring theclay into a
dense, flocculated structure. In addition, some of the Fe * was
possibly removed from the exchange complexes during drying
via oxidization and precipitation as iron-oxides, -oxy-
hydroxides, and/or -hydroxides. Although not as intense as
freezing, dehydration does aid flocculation (Baver 1956) so
repeated drying-flooding cycles have been found to diminish
the sealing effect of soil-incorporated sodium salts (Sewell
1969).

This laboratory study suggests that one drying interval of
the bed of an earthen hydraulic structure will not be very
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detrimental to the seepage control with either enhanced glei
zation or soil-incorporated Na2C03 providing the soil
contained more than 10% clay.

Effect of soil type

Generally the initial k at the start of gleization varied inversely
with the proportion of clay plus silt in the soil.

Expressed as a proportion of the average k of the C treatment
during the initial week of flooding (Table III), the average k of
the G treatment varied widely among soils during die first week
of flooding both before and after a F-T or a drying interval. This
variability probably reflects the different pore size distribution
and pore stability among the different soils. However, after seven
weeks of flooding both before and after a F-T or a drying interval,
the k with enhanced gleization was more predictable and ranged
from 0 to 20% of initial k of untreated soil. Thus, after prolonged
flooding, the k with enhanced gleization depended considerably
on the initial k of the untreated soil. Similarly, DeTar (1979)
determined the final seepage from earthen manure lagoons
was roughly proportional to the initial k with before manure
addition or flooding. The non-calcareous soils (H, D, and W)
behaved similarly to the calcareous soils (S10, SI5, S20, and
S22.7).

For satisfactoryseepage control, a k of less than 138x10 ms
(Nicholaichuk 1978) to less than lxlO"8 ms"1 (DeTar 1979) is
required. The degree of k reduction from initial values of un
treated soils (Table III) suggests that die initial k of untreated
soil during die first week of flooding should be approximately
lxlO"6 ms"1 to achieve ak with enhanced gleization ofless than
1x10" ms"1. In fact, in our study, only soil Dwhich had the
lowest initial k of 1.8xl0"6 ms' attained a k with enhanced

7 1gleization of less than 1x10" ms" within 60 days of flooding.
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Table III. Ratio (%) of average k of G treatment during
week 1 and 7 of flooding to average k of C
treatment during initial week of flooding.

Before F-T After F-T

Soil Weekl Week 7 Weekl Week 7

H 27 1 27 1

S15 52 4 69 13

S22.5 39 7 100 20

D 77 5 39 0

W 81 8 127 10

Before Drying After Drying

Weekl Week 7 Weekl Week 7

S10 40 1 3 1

S20 49 2 7 0

CONCLUSIONS

Sealing of earthen hydraulic structures with enhanced gleiza
tion, both with or without soil-incorporated Na2C03, can be
detrimentally affected by a freeze-thaw cycle and, to a lesser
extent, by a drying interval. Freezing and thawing may be
especially detrimental because, although not investigated in
this study, soil resealing would be expected to be slow at the
soil temperatures encountered after thawing. The best soils for
seepage control using enhanced gleization would probably be
those having initial k of lxlO"6 ms"1 or less. This laboratory
study, also suggested that the enhanced gleization method for
seepage reduction should only be considered where seepage
can be tolerated during initial flooding and after freeze-thaw
cycles and drying intervals.
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