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ABSTRACT

The effects of cyclic flooding and organic matter amendment
on water infiltration for ground-water recharge were studied in a
soil contained in barrel-type lysimeters., The top 6 inches of soil
was amended with cotton gin trash at a rate equivalent to twenty tons
per acre. The total volume of water transmitted through the lysimeters
was used as a measure of the effectiveness of the cycles investigated.
Within 150 days a, seven day flood-seven day dry cycle appeared to be
better than either a ten day flood-four day dry cycle or continuous
flooding.

Hydraulic conductivity was determined for the total length of
the lysimeter, the O to 3 cm, and 3 to 10 cm surface increments. Re-
sults of these measurements indicated that a clogging occurred in the
0 to 3 cm increment, Hydraulic conductivity under cyclic flood-dry
conditions increased to a maximum value at 75 days and then gradually
declined during the remainder of the 150 day study. Under continuous
flood conditions, conductivity decreased throughout the experiment,

Aggregate stability, pore radii, and hot water extractable
carbohydrate measurements followed the same trends as did the hydraulic
conductivity., These changes were associated with the growth and accum-

ulation of microbial tissue.



INTRODUCTION

One of the problems inherent in water spreading, a method of
artificial ground-water recharge, is a rapid decrease in the infiltra-
tion rate of the soil over which the water is spread. It has been sug-
gested that a hemicellulose-like polysaccharidé of microbial origin
causes a decrease of infiltration rates and may eventually cause seal-
ing of the soil surface. As a result, the volume of water which will
move through the soil and into the ground-water aquifer is reduced.
Since the cost of water spreading is inversely related to the infiltra-
tion rate, it is essential that high infiltration rates be maintained.
Combinations of organic matter amendment and cyclic flood-dry manage-
ment have been helpful in alleviating the problem of soil surface
sealing. Although the combinations were effective, surface sealing
still occurred. Further, little definitive work has been done on water
spreading which can be evaluated statistically.

It is well known that soil structure alteration is stimulated
by alternate wetting and drying of the soil., Microbial polysaccharides
are known to be one of the important agents which stabilize soil struc-
tural units. Thus, if a polysaccharide type of material is present,
proper management of the microbial population should result in the
formation and stabilization of water stable aggregates.

This investigation was initiated to evaluate various water

management practices with respect to changes in soil properties‘which
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could influence infiltration, Of particular interest was the location
and characterization of the site of clogging within the soil profile,
‘changes in soil structure and soil porosity, and statistical evalua-

tion of water spreading experiments.



LITERATURE REVIEW

Today's demands for water have focused attention on its conser-
vation as a natural resource. Wadleigh and Klingbiel (1966) estimated
that 37 percent more water will be needed in 1980 than was consume& in
1960. They state that it will be necessary to develop new methods and
techniques to improve the present efficiency of water use. Concern
over water supplies, pollution, and conservation is being expressed in
the popular literature, best illﬁstrated by an extensive review by
Dugan (1966). Because of the current transportation costs of irriga-
tion water relative to the return from the crops produced, technologi-
cal advances such as desalinization cannot, at present, economically
provide water for agriculture. Consequently, it is often economically
advisable that locally available sources of water such as flood waters,
sewage effluent, and industrial waste waters, be conserved. Artificial
ground-water recharge techniques may be used effectively in a conserva-
tion program by placing water supplies in underground storage beyond
the range of evaporative forces, In addition, underground storage
eliminates the need to construct expensive surface facilitiés. To a
certain extent, underground formations may serve to transport water to

areas of demand.



Water Spreading

Artificial ground-water recharge may be accomplished by one of
three basic methods; injection well recharge, pit recharge, or water
spreading. Injection well recharge involves a large diameter well
lined with a perforated casing. Water is introduced down the well
under sufficient pressure to force it into the ground-water aquifer,
Pit rechafge is accomplished by excavating a pit to a depth sufficient
to intercept a highly permeable stratum and impounding water in this
pit. The hydraulic head provided by the depth of water in the piﬁ ef-
fects recharge into the permeable stratum; The third method is water
spreading, which consists of impounding a shallow depth of water over
a permeable soil material and allowing it to infiltrate and percolate
to the ground-water table,

Tolman (1937) states that in 1889, the Denver Water Company

in Colorado was the first to utilize water spreading to increase the

amount of ground-water in storage. This operation was followed by a
spreading project on Santiago Creek in California. Since then, the
number of spreading projects have increased rapidly in California and
other semi-arid regions,

When using water spreading as a means of recharge, the per-
meability of the soil is of major interest., The relationship between
infiltration and porosity as stated by Baver (1963)‘15 well known,
Under conditions of saturated flow and under the influence of a posi-

tive hydraulic head gradient, water percolates through the soil, moving



primarily in the macro ‘pores. These are the conditions one expects to
find associated with a water spreading operation,

Koenig (1964) calculated that the cost of water spreading, in
dollars per one thousand gallons, is roughly equal to the negative ex-
ponential function of the infiltration rate and that such capital items

as land costs have very little importance economically.

Factors Affecting Infiltration

The technique of artificial ground-water recharge by water
spreading has inherent problems, Laverty et al. (1961) reported that
recharge of high rate acﬁivated sludge sewage effluent was unsuccessful
due to sealing of the soiL surface and he attributed this effect to mi-
crobial activity. L. E. Allison (1947) reported that the infiltration
rates of some California ponds decreased as much as fifty percent in 16
days. He postulated that rates were reduced because of microbiél “seal-
ing," Allison (ibid,) described a typical three phase infiltration
rate curve (Figure 1). The initial decrease in permeability, phase I,
was caused by a physical rearrangement of aggregates and dispersion of
aggregates probably due to a decrease in electrolyte conceﬁtration in
the soil solution, Allison stated that phase I may be absent in highly
permeable soils.- Phase II was explained by the removal of air from the
water conducting pores by solution in the percolating water. The de-
crease in permeability observed in phase III was thought to have
several possible causes; a) physical disintegration of aggregates, b)
ciogging of pores by byproducts of microbial metabolism and cellular

tissue, c) dispersion of aggregates due to microbial attack omn
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aggregate stabilizing compounds, or d) a combination of these factors.
Allison tested the hypothesis that decreases in permeability during the
infiltration of sediment free waters were due to microbial activity,
His work indicated that a sterile soil did not seal up as rapidly or as
much as a non-sterile soil., Gupta and Swartzendruber (1962) found a
similar relationship between sterile and non-sterile soils. They ap=-
proached sterile conditions by using a 0.l percent phenol solution as a
microbial inhibitor in the water supply.

Bliss and Johnson (1952) suggested five possible types of
treatment for alleviating the problem of surface sealing: a) mechani-
cal treatment, b) chemical treatment, c) operational techniques, d)
vegetative cover, and e) organic matter additions, They concluded that
organic matter amendments in combination with cyclic spreading might be
the best approach,

C. E. Johnson (1957) utilized the decomposition of organic
residues to increase infiltration rates in water spreading. A compari-
son was made between recharge surfaces treated with either cotton gin
trash, alfalfa, or redwood sawdust applied at rates of twenty and forty
tons per acre. Cotton gin trash applied at a rate of twenty toms per
acre gave the best results, He suggested that the increase in infil-
tration rates was due to the intermediate decomposition rate of cotton
gin trash, 51,8 percent in 120 days, as compared to alfalfa which de-
composed too rapidly and redwood sawdust too slowly. Johnson also
found that the addition of twenty tons per acre of organic material

resulted in higher infiltration rates than did the forty tons per.acre
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rate, Clyde (1950) arrived at the same conclusion regarding the use of
cotton gin trash,

The addition of a fourth phase to Allison's curve has been sug-
gested.l This phase would be the drying phase of cyclic flooding. The
hypothesis was that this phase was important through its effect on air
porosity and as a method of controlling the microbial activity to main-
tain high infiltration rates. Flooded conditions favor proliferation
of microbial tissue and accumulation of insoluble metabolic byproducts. -
During the drying phase, part of the microbial tissue and products

would be removed by decomposition processes.

Air Entrapment

The relationship between porosity and air movement during in-
filtration has an important, although somewhat obscure, influence on
infiltration rates. When water is applied to a soil, the gas phase,
which is in pressure.equilibrium with the atmosphere and bounded at
some depth by an air impermeable layer, is entrapped, Wilson and
Luthin (1963) investigated the effect of air flow ahead of a wetting
front on infiltration. They found that three distinct phases existed,
Initially, the infiltration rate exceeded the air flow rate and an in-
crease in pore air pressure resulted. Following, there was:a period of
'short duration when infiltration and air flow rates were approximately

equal and a constant pore air pressure resulted., Finally, pore air

l. Personal communication with Dr, T. H. McIntosh, Department
of Agricultural Chemistry and Soils, Univ. of Arizona, Tucson, Ariz,



pressure, air flow rate, and infiltration rate all declined, The de-~
creased infiltration rate is a point of considerable importance with
respect to ground-water recharge.

Youngs and Peck (1964) and Peck (1965) examined air compres-
sion in somewhat more detail, Youngs and Peck (1964) described the
process of pore air escape through the surface of the soil, During the
intake of water, the pore air pressure becomes equal to the air entry
value of the pores aﬁ the soil surface and a meniscus is formed such
that air escapes to the atmosphere., As long as the volumetric rate of
alr escape at a given pore air pressure exceeds the infiltration rate
of the water, there will be a decrease in pore air pressure., When this
pressure decrease occurs, the soil surface is rewetted and the pore air
pressure then increases until a sufficient pressure is reached to allow
air escape again.

Peck (1964) noted a field application which has bearing on re-
charge work., He stated that if a soil were crusted or if the surface
were dense and the pores small, upon the application of water, a point
would be reached in pore ai; pressure where the saturated surfacé would
rupture to form new, large pores to permit pore air escape. Springer
(1958) reported that in dry desert soils when rain water saturated the
surface, large vesicular pores were formed which resulted in reorienta-~
tion of the soil particles. This change gave rise to the formation of
large pores containing the air which had displaced the water and soil
particles. The situation was reproduced in the laboratory and it was

noted subsequently that repeated wetting and drying resulted in an
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enlargement of these pores, but they were not stable. Bianchi and
‘Haskel (1966) stated that if a recharge site is of areal extent suffi-
cient to negate the effects of lateral flow, and if air permeabilities
are decreased at some depth by higher soil moisture contents or by a

dense stratum, air may be entrapped ahead of the wetting front,

‘Soil éﬁgregation

A well aggregated soil is porous; however, high water infil-
tration rates are possible only if the aggregates are water stable,
Since continuous, high infiltration rates are essential to economical
watef spreading recharge, the development and stabilization of a por-
ous soil structure at the soil surface is of prime consideration.

A high degree of stable soil aggregation is generally asso-
ciated with a high clay content; however, fine textured soils are not
as permeable as the sandy to gravelly textured soils which are pre-
ferred for water spreading sites. Baver (1963) states that as soils
become higher in percent sand content, organic matter plays an in-
creasingly important role in aggregation, W. W. Emerson (1959)
proposed a model of a soil aggregate wherein organic materials served
as the cementing agent between quartz crystals and clay micelles.
Greenland (1965) in a review of organic-inorganic interactions in
soils stated that naturally occurring organic compounds play a very
important role in the stabilization of soil aggregates. Organic ani-
onic polymers and long chain, uncharged polymers appeared to act as

cementing agents by forming bridges or coatings to hold particles
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together. It was noted in the review that drying and simple aging were
both important and necessary in the formation of stable interparticle
bonds., Organic compounds then act as an aid to porosity and mainten-
ance of stable aggregates and, thus, permeability.

Telfair et al, (1957) studied the effect of certain additives
on the regeneration of soil structure., Using buried cores, they found
that added organic matter resulted in a rapid increase in aggregate
stability, They concluded that, essentially, the restorative process
appeared to be the result of a combination of physical and biological
factors.

Turelle and McCalla (1961) studied the aggregation of soils
which had been either plowed or mulched for twenty years, Larger and
more stable aggregates occurred in surface samples under mulching.
Thin sections of these aggregates indicated that lower density and
higher organic matter content occurred under mulching.. The types of

aggregates they observed would permit high infiltration rates,

H. E. Myers (1937) found organic matter to have a favorable
effect on aggregation, but noted that stable aggregates did not form
without dehydration. Sillanpda and Webber (1961) reported that wetting
and drying increased the mean weight diameter of large aggregates as

determined by wet sieving,

Microbial Effects on Aggregation and Infiltration

Thus far, attention has been directed toward the physical and

physico-chemical aspects of aggregation, porosity, and infiltrationm.
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It is, of course, impossible to divorce soil organic matter from micro-
organisms, One of the major points of Allison's thesis was microbial
activity., Turelle and McCalla (1961) noted the presence of large num-
bers of microorganisms in connection with mulching and aggregation,

Bond (1960)‘found that sand grains were often held together by
partially decomposed organic matter and fungal filaments., Harris et al,
(1964) found that when soils were amended with sucrose, fungal hyphae
were often found entangled with soil particles. They concluded, how-
ever, that ;ggregate stabilization was not a direct function of numbers
of o;ganisms but was more closely related to chemical substances.
Martin and Anderson (1942) tested several soil-borne fungi and con-
cluded that they were inflﬁential in soil aggregation. Peele (1940)
established a similar relationship.‘
| Martin et al. (1959) reported evidence of a definite relation-
ship between organisms and organic substances acting together as
cementing agents, They reported that fungal materials decomposed more
rapidly than plant materials and resulted in more stable aggregates.,
The effect reached a maximum in twenty days and was evident for 200
days. Myers and McCalla (1941) reported that calcium nitrate and su-
crose additions. caused a maximum increase in aggregation in eight days
followed by a decrease in aggregation to the original level in 47 days,
However, maximum bacterial numbers (one to four days) did not ‘concur
with maximum aggregation,

McCalla (1945) stated that quality and stage of decomposition

of organic matter were important factors affecting aggregation and that
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biological activity was a factor only as long as an organic energy
source was present. This relates to an earlier citation (C. E. John-
son, 1957) concerning the relative rates of decomposition of organic
materials and their relationship to aggregation., McCalla and Haskinms
(1961) treated soil with sucrose and ammonium nitrate and concluded
that a period of incubation affected decomposition and markedly in-
creased aggregation and permeability.

Chesters et al, (1957) stated that the most important single
factor in soil aggregation was microbial gums, Other investigators
such as McCalla (1942) have pregented evidence for the existence of

other cementing agents, Martin (1945), working with Cladosporium and

Bacillus subtilis, supplied various organic and inorganic nitrogen

sources and several different sugars to soils, Results from his work
indicated that microbial synthesis of a hemicellulose-like polysacchar-
ide was responsible for a large increase in the stable aggregates.

This polysaccharide was not water stable and was susceptible to attack
by fungi and actinomycetes. Such substances, it was concluded, may
serve as an intermediate energy source for the synthesis of stable ag-
gregating compounds.

Clapp et al, (1962) inoculated soils with 16 rhizobial polysac-
charides and several other organic compounds. Aggregates were artifi-
cially prepared under pressure. Results of ethanol-water slaking tests
indicated that several of the rhizobial polysaccharides were effective
in forming stable aggregates at low concentrations. Acton et al,

(1963) found that approximately 35 percent of the aggregation observed
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in their study could be attributed to microbial gums. They also
found that the maximum ievel‘of aggreggtion occurred at a time differ-
ent from that of the level of polysaccharide content. They concluded
that the level of aggregation is a function of microbial gums and car-
bohydrate carbon content of the humic acid-humin fraction of the soil
organfc matter.

Watson and Stojanovic (1965) made a detailed examination of the
relationship between carbohydrates and aggregation. They examined
sterile and non-sterile soilﬁ with and without added nitrogen and cal-
cium, They concluded that polysaccharides, labile to 0.01 M sodium
periodate, accounted for 1/3 of the aggregate stabilization observed in
pure culture work and 1/5 in mixed culture work, With a mixed soil
population, the increase in aggregate stabilization was correlated with
an increase in carbohydrate-carbon content as determined by the an-
.throne method.

Greenland et al, (1962) investigated the importance of polysac-
charides in stabilizing naturally and artificially formed aggregates by
using periodate oxidation followed by sodium borate treatment to
destroy the polysaccharides., Samples which contained freshly added
organic materials appeared to be stabilized by polysaccharides and
polyuronides. Soils which contained older, more decompo;ed organic
matter, seemed to be stabilized by some other unidentified material,

Mehta et al, (196l) reviewed the role of carbohydrates in soil
aggregate stabilization and the methods for their analysis. They con-

cluded that the fractionation and identification of soil
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polysaccharides gives only an indication of their heterogeneity and
supports their genesis by microbial origin. Mehta et al, (ibid.) also
noticed the presence of other compounds which appeared to play in im-
portant role in soil aggregation., Although polysaccharides did appear
important, these other compounds also contribute and should not be
overlooked, They did not elucidate these compounds., However, it ap-
pears that polysaccharides are influential in soil aggregate stabiliza-
tion and that they are of microbial origin,

It has been tacitly assumed thus far that all systems under
consideration are aerobic., However, an anaerobic system could develop
especially if the waters being used for spreading werelcarrying an of-
ganic loading. Harris et al. (1964) amended aoils with sucrose and
incubated them anaerobically. They found that stable aggregates were
formed, but that the stabilization was the result of bacterial activity
almost to the exclusion of all other types of microorganisms. When the
anaerobically incubated soil was allowed to become aerobic, a decrease
in aggregate stability was noted which they ascribed to a degradation
>of the stabilizing agents of bacterial origin.

Thomas et al., (1966) noted, while using septic tank sewage for
recharge, three phases of infiltration rate reductions, They were:
phase I, a slow reduction under aerobic conditions; phase II, a rapid
decline under anaerobic conditions; phase III, a gradual decline under
anaerobic conditions, It was further noted that, although sulfides
were indic;tive of anaerobic conditions, they were not primary clogging

agents, Total organic matter appeared to have accumulated in the 0 to
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-1 em surface increment and to have been related to pore clogging.
Amramy (1964) noted a similar relationship between organic accumula-
tions and reduced infiltration rates, but indicated the 0 to 10 cm

surface layer as being restrictive to flow.
Discussion

A general review of the pertinent literature reveals almost
immediately that very little attention has been paid to statistical
replicate sampling in recharge studies (Orlob and Butler, 1958). Al-
though much work has been done on soil aggregation and carbohydrates,
few attempts have b;en made to relate these to artificial ground-water

recharge and Allison's three phase curve as presented here.



PROCEDURES

This study was undertaken to evaluate experimentally the effect
of cyclic flooding in combination with organic amendment on the effec-
tiveness of water spreading as a means of artificial ground-water re-
charge., Testing required equipment capable of measuring changes in
infiltration rates as a function of time. The principal equipment
items were twelve barrel-type 1ysimgters patterned after those of Orlob
and Butler (1958). Equipment and methods were also developed to meas-

ure structural changes at the soil surface.

Barrel Lykimeter Installation

The field installation was located in an open area on the Water
Resources Research Center Field Laboratory near Tucson,.Arizona, as
seen in Figure 2. The barrel lysimeters were constructed from one and
one-half 55 gallon steel drums welded together as shown in Figure 3.
The lysimeters were 130 cm high with a diameter of 60 cm, Outlets were
installed and adjusted such that the point of atmospheric pressure oc-
curred 8.0 cm above the bottom of the lysimeter. The bottom of the
outlet was used as the datum plane for all ensuing measurements., Piez-
ometers were installed at the soil surface and at depths of 10, 26, 48,
and 78 cm below the soil surface. The piezometers were construcﬁed
from 0.6 cm (% inch) diameter copper tubing and were positioned so they

reached across the 60 cm diameter of the lysimeter. The tubing was

17
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Figure 2.--Spatiai arrangement of field lysimeters and water
supply system, Asterisks indicate those lysimeters

used for core sampling for laboratory analysis.
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drilled randomly with 0.02 cm (1/64 inch) holes and closed on one end.
The open end was connected to a U-tube manometer constructed of 0.6 cm
(% inch) I;D. plexiglas tubing. The positioning of the piezometers at
these depths served to partition the lysimeters into four zones for the
purpose of calculating incremental hydraulicvconductiVity values.

Tensiometers were installed at depths of 3, 40, 70, and 110 cm
below the soil surface. The tensiometers were of standard construction
utilizing porous ceramic cups 6 cm by 2 cm as suggested by L. A. Rich-
ards (1942), The cups were connected to U-tube water-type~manometers
of the same construction as those used with the piezometers.

A 1,25 cm (% inch) I,D. copper tube was installed at a depth of
60 cm below the soil surface to serve as a thermometer well, This tube
was closed on one end and drilled at random with 0.3 cm (1/8 inch)
holes to allow water movement, A thermometer was seated in a rubber
stopper and inserted in the well in such a manner as to reach to the
bottom of the well, The thermometer was removed briefly to read the
temperature of the percolating water.

The lysimeters were filled to a depth of 100 cm with a gravelly-
sand textured Mohave subsoil material. "It had a pH value of 8.3 and
contained 0.53 percent organic matter. The material was taken from the
bottom of a former recharge pit at Beardsley, Arizona, at a depth ;f
approximately 15 feet, The material was screened to remo§e the coarse
skeleton greater than 0.6 cm (% inch) in diameter before it was placed
in the lysimeters, This material was packed by tamping into the lysi-

meters and left exposed to natural environmental conditions for one
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year, After this period of stabilization, it was assumed that the
material approached undisturbed conditions. Subsequént to this stabi-
lization period, a recharge study of 377 days was initiated. The sur-
face 17.25 cm (6% inches) of material employed in the 377 day study was
removed following the experiment.

All lysimeters then received 17.25 cm (6% inches) of soil ma-
terial into which had been incorporated cotton gin trash at a rate
equivalent to twenty tons per acre. The surface material was identical
to the subsurface material on six of the lysimeters, numbers 1 through
6. The surface material on the remaining six lysimeters, numbers 7
through 12, was from the same origin as the subsurface material, but
the coarse skeleton greater than 1.0 cm (3/8 inch) was removed before
adding the cotton gin trash,

The cotton gin trash contained 13,3 percent ash, 0.22 percent
N, and 0.3 percent P, This combination gave a C:N:P ratio of
200:1:1.5. Physically, it consisted of 20 percent burrs, 34 percent
stems and leaves, and 46 percent lint and seeds by air dry weight.
Seeds composed the major portion of the lint and seed fraction. The
simulated plow depth of 17,25 cm (6% inches) consisted of 4,82 pounds
of cotton gin trash thoroughly mixed with 201 pounds of soil and packed
in the lysimeters to an approximate bulk density of 1.74 grams per cc.

After the lysimeters were filled, they were carefully flooded
to avoid disturbance of the soil surface. A head of apbroximately 15
cm of water was maintained by a plastic float valve. Water was ob-

tained from a 385-foot deep well located at the Water Resources
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Research Center Field Laboratory, Tucson, Arizona. A standard water
analysis was run by the Soil and Water Testing Laboratory, The Univer-
sity of Arizona, Tucson. The water had an electrical conductivity of
1.20 mmhos per cm and an SAR value of 1,90, U.S.D.A., Handbook 60 clas-

sifies this as a class C3-Sl irrigation water. It had a pH value of

7.4,

Experimental Design

Three flood-dry cycles were chosen for investigation: a) con-
tinuously flooded, b) seven days flooded-seven days of drying condi-
tions, and c) ten days flooded-four days of drying; this combination
resulted in flooding the soil for 100, 50, and Zl percent of the total
time, respectively. The number of days chosen was such that the cycles
would fit into a standard work-week schedule employed in commercial re-
charge operations.

Data collected daily included piezometer and tensiometer read-
ings, temperature of the influent wéter, temperature at the 60 cm
depth, and volume of effluent per increment of time. Most effluent
collections were made for two minutes, but where the effluent volume
was less than 100 ml, the collecﬁion time wasAextended in one minute
increments until at least 100 ml of effluent was obtained. All data
were recorded on specially designed data collection sheets and then
transferred to standard 80 column IBM punch cards by the Numerical
Analysis Laboratory, The University of Arizona, Tucson. The IBM 1401-
7072 computer system was used to make all calculations using the For-

tran language program presented in Appendix A,
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Two basic quantities were calculated from the field data. They
were hydraulic conductivity by the Darcy Equation and the total volume
of water discharged from the lysimeters, hereafter referred to as total
throughput Qolume. These quantities were deemed sufficient to charac-
terize the hydraulic nature of the material under investigation.

The general equation used to calculate the hydraulic conductiv-

ity was:

K=ng+u)C-ZL(?qu)]
11 2 2
where: Q = flow, ml/min,
K = hydraulic conductivity, cm/min,
L = length of soil increment, cm.,
A = cross-sectional area, cmz.
21’2 = c¢m from the datum plane to the piezometers
at stations 1 and 2,
H1,2 = cm of hydraulic head above the piezometers

at stations 1 and 2.

From this equation it can be seen that the quantity (Zl+ﬂ1) - (ZZ+H2)
is equal to the total hydraulic head difference between piezometers 1
and 2, The placement of the four piezometers served as stations I, 2,
3, and 4, partitioning the lysimeters into four separate increments
each., This technique allowed the calculation of the hydraulic conduc-
tivity of each separéte increment plus that of the entire lysimeter.

Since the temperature of each lysimeter varied both diurnally and



24
seasonally, it was deemed necessary to correct all hydraulic conductiv-

ity values to 20 C, This was accomplished by the following equation:

20 = Kio/Mp0)

.where:

KZO = temperature corrected hydraulic
conductivity, cm/min,
K = hydraulic conductivity at the
temperatufe recorded, x°c, cm/min,
ﬁk° = viscosity of water at the temperature
recorded, x°C, centipoises,

00 = viscosity of water at 20°C, centipoises.

Total throughput volume was estimated by calculating the mean
floﬁ from two consecutive daily readings, assuming that flow was con-
stant during the period between the two readings. Knowing the number
of minutes elapsed between the readings, a multiplication of flow per
minute by minutes elapsed gave an approximation of the actual through-
put volume for that period. A summation of daily throughput volumes
gave the total throughput volume. Several errors are inherent in this
type of calculation, The assumption that flow was constant for the
period of calculation may not be accurate. The amount of flow that oc-
curred between the initiation of the flooding and the first reading,
usually a period of 4 hours, was not accounted for. The amount of
flow which occurred after the final reading and the actual cessation of

flow was not accounted for either. This procedure introduced bias in
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'total throughput volume favoring the continuously flooded lysimeters.
The Benson-Lehner incremental digital plotter was used to plot
all calculations directly from the IBM 7072 computer output tape as

shown by the FOS language programs presented in Appendices B and C.

Penetrometer

A falling weight penetrometer was designed and constructed as
shown in Figure 4, It was used to measure the changes in soil strength
of the top few centimeters of the soil in the lysimeters with time.

The top and surface bearing plate (B and F) were constructed of
one-inch plexiglas plate. The stainless steel tube in the center
served as the shaft (A) which guided the falling weight (C). The top
nylon bushing can be removed for interchange of weights. With the de-
sired weight in place, the stop (D) was clamped to the shaft to adjust
the length of fall. The length of fall was measured on the top scale
from the striker plate (E) to the bottom of the weight where it rested
against the stop. The bottom of the striker plate was threaded to re-
ceive a shaft which passed through a nylon bushing in the surface bear-
ing plate. The lower end of the shaft was threaded to receive points
(G) of various sizes. These threads were cut such that points from a
commercially available Proctor Needle Penetrometer could be used.

Visual observation indicated that a surface bearing plate area

of 134 square cm caused very little disturbance to fragile soil sur-
faces, The use of plexiglas for the construction of the surface bear-

ing plate permitted visual observation of the work area. Penetration
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was measured on the lower scale from the top of the striker plate. All
penetration readings made during this study employed a one square cen-
timeter point, a 250 gram weight, and a fall of 20 cm. This combina-
tion produced 4.9 x 106 ergs of work done per square centimeter,
Frictional losses were considered negligible and thus not considered in
this work calculation,

A graph of the Aata obtained from penetrometer usage is pre-
sented in Figure 5, After a period of saturation, the undisturbed sur-
face was allowed to dry to approximately 1.20 percent water content.
The instrument was placed on the soil surface at five random locations
and the weight dropped ten times at each location, Graphi;al analysis
'indicated that readings at two locations were sufficient to yield the
precision desired for this study.

In field usage, the periodic readings were made at two random
locations on the soil surface of each of the lysimeters chosen for

penetrometer sampling. The readings were made at the end of the drying

phase of each cycle,

Moisture Characteristic Curves

Changes in soil structure are often reflected in the shape of a
moisture characteristic curve, Feng and Browning (1946) found a highly
significant correlation between changes in this curve through the 0 to
50 cm tension range and the Yoder index of aggregation. The method

used here was that of Feng and Browning, The system consisted of a
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Pyrex glass Buchner funnel1 with a fritted glass plate of medium poros-
ity connected with Tygon tubing to a 50 ml burette fitted with a three-
way stopcock., The burette was positiomed such that the zero reading
was level with the top of the fritted glass plate in the Buchner
funnel.

Plexiglas tubes 6.8 cm (2% inches) long by 2.8 cm (1% inches)
I.D. and having 0,08 cm (1/16 inch) thick walls were inserted 3.8 cm
(1% inches) into the soil prior to initial flooding. They were allowed
to remain in place until randomly sampled in duplicate at predetermined
dates, All sampling dates occurred at the termination of the drying
portion of a cycle. The moisture characteristic curves thus repre-
sented the condition of the surface prior to the subsequent flood
cycle, After air drying, the cores were placed on the fritted glass
plate of the Biichner funnel and saturated with water from the bottom.
The water was from the same source as that used in the lysimeters and
therefore of the same quality. With the core saturated, the water
level in the burette was adjusted to the top of the fritted plate and
coincidentally with zero on the burette scale. Tension was then ap-
plied in 5 cm increments by opening the stopcock on the burette and
draining 5 ml of water, After draining each 5 ml increment, the system
was allowed to equilibrate and the burette read again. As the pores
drained and the system approached equilibrium, the water level rose in
the burette. The difference between the final value at equilibrium and

the initial setting represented the volume of pores drained at the

1. Van Waters and Rodgers, Inc., No. 30298, Tucson, Arizona.
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tension read as the equilibrium value on the burette and was referred
to as dV. The change in tension from one reading to the next was re-
ferred to as dT. By plotting dV/dT against T, the absolute tension at
each reading, a moisture characteristic curve was drawn,

After the sample was analyzed as described above, a hot water
extraction of carbohydrates was made and the moisture characteristic
was determined again on the extracted core sample, A shift in the peak
value of the moisture characteristic curve should reflect a change in
pore size and would presumably be the result of changes in aggregation
brought gbout by extraction of hot water soluble carbohydrate. A pair
of typical curves are presented in Figure 6.

By dividing the peak value of dV/dT by T, a stability factor
was calculated. This factor is closely related to aggregate stability

according to Feng and Browning (1946).

Carbohydrate Analysis

Mehta et al, (1961) reported that carbohydrates are important
in the stabilization of soil structure., Therefore, carbohydrates were
extracted from the cores used for moisture characteristic analysis.

The free sugars extracted were determined by the method of Brink et al.
(1960).

To accomplish the extraction, the fritted glass Biichner funnels

employed for moisture characteristic curve analysis were utilized, The

Buchner funnels were wrapéed with a Briskeat silicone rubber embedded,
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- 115 volt, 48 watt, electrical heating tape.l The tape provided an
operating temperature of 85°C, The Biichner funnel, with soil core and
heating tape in place, was filled from the bottom with water at 85°C,
It was held at this temperature for four hours., A tension was applied
sufficient to remove the water and carbohydrates solubilized during the
hot water treatment. All extracts were stored in a deep freeze until
sampling was complete, At this time, the samples were removed from the
freezer and thawed in a controlled temperature bath at 65°C, Five ml
of the extract was placed in a 150 mm by 25 mm test tube. Ten ml of
0.20 percent anthrone was added. The anthrone was prepared by mixing
4,0 grams of anthrone reagent in 1084 ml of concentrated sulfuric acid.
The sample and anthrone were mixed on a Vortex mixer at speed "5" for
30 seconds, allowed to stand at room temperature for 15 minutes, and
read in a Bausch and Lomb Spectronic 20 at 625 mu wave length, The
concentration of carbohydrate, as glucose equivalent, was read directly
from a standard curve,

The standard curve was prepared from analytical grade dextrose
by mixing 25 mg in one liter of deionized water to give a 25 ppm solu-
tion., Appropriate dilutions were made to give 20, 15, 10, 5, and 2.5
ppm glucose solutions. |

Dreywood (1946) published one of the earliest works on the use
of anthrone reagent in carbohydrate analysis, He found a positive
qualitative test for 18 carbohydrate materials including several cellu-

lose derivatives. Organic acids, aldehydes, phenols, fats, terpenes,

1. Van Waters and Rodgers, Inc., No. 33738, Tucson, Arizona.
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alkaloids, and proteins gave a negative test. Morris (1948) noted pos-
itive quantitative reﬁctions with mono-, di-, and polysaccharides, dex-
~ trins, dextrans, starches, and some plant polysaccharides., Koehler
(1952) achieved good qﬁantitative results on some bacterial carbohy-
drates. He also noted that polymers tended to react in a manner
similar to their monomeric constituents. Acton (1963) studied the
suitability of the anthrone method for use with soil extracts and found
it satisfactory. Viles and Silverman (1949) stated that the color
which developed was stable for 3 to 4 hours, The method of Brink et
al. (1960) thus appeared satisfactory for ﬁhe analysis of carbohydrates

extracted with hot water from soils,



RESULTS AND DISCUSSION

Introduction

This study was initiated to evaluate various water management
systems and to measure their effect on soil properties influencing
water infiltration, The location and characterization of the site of
pore clogging within the soil profile, changes in soil porosity and ag-
gregate stability, and statistical evaluation of water spreading exper-

iments were points of particular interest,

Total Throughput Volume

The final goal of ground-water recharge is the transmission of
a maximum volume of water per unit time to the ground-water aquifer,
An examination of Figures 7, 8, and 9 reveals that the continuously
flooded lysimeters put through 22,600 liters of water during a 150-day
period, During the same 150-day period, those lysimeters flooded only
71 percent of the time, alternately flooded ten days and dried four
days, transmitted 21,400 liters of water, By gomparison, those lysi-
meters on a seven day wet-seven day dry cycle, while flooded only 50
percent of the time, transmitted 26,200 liters of water. The figures
represent a mean value for four replicate samples and can be converted
to acre feet of water per acre by multiplying by 0.0112,

After initiation of flooding and until approximately 65 days,
the continuously flooded lysimeters had put through more water than

34



Figure 7.--Total volume of water transmitted by the continuously
flooded lysimeters,
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Figure 8.--Total volume of water transmitted by the seven day wet-
seven day dry cycle lysimeters,
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Figure 9.--Total volume of water transmitted by the ten day wet-
four day dry lysimeters.,
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either of the cyclic flooded lysimeters. At 65 days, the 71 percent
flood time lysimeters were approximately equal with the continuously
flooded lysimeters, From 65 days to the termination of the experiment
at 150 days, these two cycles remained nearly equal in to£a1 throughput
volume, At the end of about 45 days, the throughput volume of the 50
percent flood time lysimeters was equal to that of the continuously
flooded lysimeters and exceeded that of the 71 percent flood time lysi-
meters, 'The total throughput volume of the 50 percent flood time
treatment continued to exceed that of the other two treatménts by an
ever increasing amount until the termination of the experiment at 150
days,

An analysis of variance, Table 1, indicated that the difference
in flow volumes was not statistically significant, having an F value of
3,76, An F value of 4,11 would have given statistical significance at
the 10 percent level. It is interesting to note that the total
throughput volumes from the 50 and 71 percent flood time lysimeters
were not statistically greater or lesser from the 100 percent flood
time lysimeters,

It appears that cyclic flood-dry management of a water spread-
ing site was at least as effective as continuous flooding in permitting
the infiltration and percolation of clear water of the type used in
this study. A wet time of 71 percent offered no apparent advantage
over continuous submergence, but 50 percent flood time did appear to

allow the transmission of a slightly larger volume of water.
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Table l.--Analysis of variance of total throughput volume data.

e

Source of

Variation df SS Mean Square F
Cycle 2 19968500.0 9984250,0 3,76 ns®
Date 2 628662500.0 314331250,0 118.00 **b
Error 4 10612000,0 2653000.0
Total 8 659243000.0 )

3 ns = not significant,
LT significant at the 17 level.
CV = 21.070;

Two points bear emphasis here, First, it may be noted that
-most of the work reported in the literature has been done with only
one or two replications of treatments., It is obvious that a larger
number of replications are needed to assure that true differences can
be measured. In this study, the coefficient of variability was 21
percent. Thus, a minimum of 17 replications would be needed to detect
significant differences of 1000 liters at the 95 percent level of sig-
nificance with 90 percent assurance of detecting a true difference of
this size. Secondly, it is obvious that differences in flow rates oc-
curred between the three cycles since those lysimeters flooded 50 and
71 percent of the time put through a total volume of water at least

equal to those lysimeters flooded 100 percent of the time.
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Total and Incremental Hydraulic Conductivity

Introduction: Hydraulic conductivity is a measure of the abil-

ity of a saturated porous material to transmit a fluid, Placement of
several piezometers at selected locations in the lysimeters permitted

the use of Darcy's Equation for calculation of hydraulic conductivities

for several increments within each lysimeter. The hydraulic conductiv-:y

ity for the total length of soil in the lysimeter, approximately 100
cm, will be referred to as KT20; K is Darcy's proportionality constant,
T indicates the total lysimeter length, and 20 refers to a temperature
correction to 20°C. This temperature correction was necessary for com-
parative purposes. The variations of influent water temperature with
time can be seen in Figure 10. The hydraulic conductivity of the up-
permost increment of the lysimeters, from the surface to a depth of 3
cm, will be referred to as K120; the 1 refers to the surface 3 cm in-
crement and all other designations are the same, The hydraulic con-
ductivity of the second increment, the layer 3 to 10 cm below the
surface will be referred to as K220, where 2 refers to the second in-
crement,

Partitioning of the soil column was done in an attempt to lo-
cate the region(s) of flow restrictions. Since Allison (1947)
attributed surface sealing to microbial activity, it appeared logical
to expect any biologically induced restriction to flow to occur at the
surface, If this was a valid assumption, changes should occur in KT20
with similar, but greater, changes in K120. The changes in hydraulic

conductivity of the second increment, K220, should also be similar to
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changes in K120, but of a lesser magnitude. The observed changes in
hydraulic conductivity indicated that the assumptions mentioned above
were valid (Figures 1l through 19). The supporting data for these
curves appear in Appendix D. -

Continuously Flooded: Figures 11, 12, and 13 are the graphs

of the hydraulic conductivity as calculated in cm per minute for the
continuously flooded lysimeters. These values are plotted against time
for the entire 150 day experiment. The values of KT20, K120, and K220
ranged from 0.05 to 0.10 cm per minute. Marshall (1959) lists this hy-
draulic conductivity as indicative of moderate or adeqﬁate permeability
of subsoil material, All the hydraulic conductivity curves tended to
follow the same changes with time. A low value was observed at approx-
imately five days followed by a maximum value at twelve days. A rapid
decrease from the maximum conductivity value occurred for approximate-
ly 45 days after which time the changes in conductivit}“became
asymptotic with time,

The hydraulic conductivity curves for continuous flooding all
exhibited similar trends; however, the absolute values for the several
increments in the soil column were different. This relationship would
suggest that the restriction to flow occurred in the O to 3 cm surface
increment, If the restriction had not occurred in the surface incre-
ment, K220 would have been lower than or equal to KT20,

Seven Day Cycle: A similar situation was observed with respect

to incremental conductivities under 50 percent flood time conditions.

The value of KT20 exceeded K120, but was lower than that of K220



Figure 1ll,--Hydraulic conductivity of the entire length of the soil
column in the continuously flooded lysimeters,
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Figure 12,--Hydraulic ;:onduct:ivity of the 0 to 3 cm surface increment
of the continuously flooded lysimeters,
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Figure 13.--Hydraulic conductivity of the 3 to 10 cm increment of the
continuously flooded lysimeters.
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(Figures 14, 15, and 16)., The differences were of much greater magni-
tude than appeared under continuous flooding. Again, the indication was
that flow restriction occurred in the 0 to 3 cm surface increment, The
overall shape of the curves should be noted, During the first flood
period, the total hydraulic conductivity decreased., For each succeed-
ing cycle, the value of KT20 increased, reaching a maximum in 55 days
and then decreasing slowly until at the termination of the 150 day ex-
periment they were nearly equal to the initial values, A plot of these
values resulted in the generation of an envelope curve,

Ten-Four Day Cycle: Under the 71 percent flood time conditions

the flow restriction could again be assoclated with the 0 to 3 cm sur-
face increment as seen in Figures 17, 18, and 19. The effect of the
restriction to flow on KTr20 was evident, The differences between KT20
and K220 was of a much-greater magnitude, The envelope curve noted
previously also assumed a different shape. A peak in hydraulic con-
ductivity was reached in 40 days, followed by a decline to a minimum
at 70 days. This minimum was followed by an increase to a maximum at
130 days and the beginning of a decline which extended to the termina-
tion of the experiment.

Discussion: A comparison of the three sets of hydraulic
conductivity curves indicates that high hydraulic conductivities can
be obtained with a 50 percent flood time treatment relative to 100 per-
cent flood time and under the environmental conditions of this experi-

ment. A hydraulic conductivity value relatively intermediate between



Figure l4.--Hydraulic conductivity of the entire length of the soil
column in the seven day wet-seven day dry cycle
lysimeters,
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Figure 15.--Hydraulic conductivity of the O to 3 cm surface
increment of the seven day wet-seven day dry
cycle lysimeters,
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Figure 16.--Hydraulic conductivity of the 3 to 10 cm increment
of the seven day wet-seven day dry cycle lysimeters.
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Figure 17.--Hydraulic conductivity of the entire length of the soil
column in the ten day wet-four day dry cycle lysimeters.
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Figure 18.--Hydraulic conductivity of the 0 to 3 cm increment of
the ten day wet~four day dry cycle lysimeters,
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Figure 19.--Hydraulic conductivity of the 3 to 10 cm increment
of the ten day wet-four day dry cycle lysimeters,
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50 and 100 percent flood time was attained when the soil was flooded
for 71 percent of the total cycle time.

Twenty-two days after the initiation of flooding, no statis-
tically significant differences were found between the hydraulic con-
ductivities of the various cycles and replicates (Table 2). At 63
days, the hydraulic conductivity of the 50 percent flood time lysi-
meters was found to be highly significant, The hydraulic conductivity
of the'SO percent flood time lysimeters was statistically greater than
that of the 71 and 100 percent flood time lysimeters., The terminal

4

samples at 150 days were again not statistically different,

Structural Changes and éggregation

Introduction: The data presented in the previous section-

demonstrated that cyclic flooding was at least as effective as contin-
uous flooding with respect to the volume of water transmitted through
the soil. The difference in flow rates probably resulted from changes
in porosity. As Baver stated (1963), porosity is directly related to
aggregation. If then a change in aggregation can be demonstrated, the
effects of cyclic flooding and organic matter amendment on hydraulic
conductivity, as noted above, may be explaiped.

Photographic Observations:

Initial conditions - A detailed photographic record was made of
the soil surface of each of the lysimeters at the termination of each
flood cycle. These photographs were taken from a height of 18 inches

above the soil surface using natural sunlight supplemented with



Table 2.--Analysis of variance for hydraulic conductivity on selected

54

days.

Day Source of df SS Mean Square F
Variation )

22 Cond. (K) 2 0.003468 0.001734 0.55 ns®
Cycle (C) 2 0.003182 0.001591 0.51 ns
Reps (R) 3 0.004280 0.001427 0.45 ns
KC 4 0.013262 0.003315 1.05 ns
Error 24 +0,075502 0.003146
Total 35 0.099693

63 K 2 0.013882 0.006941 1.02 ns
c 2 0.163412 0.081706 12,00 #**
R 3 0.034140 0.011380 1.67 ns
KC ‘ 4 0.020502 0.005126 0.75 ns
Error 24 0.163426 0.006809
Total - 35 0.395362

150 - K 2 0.003559 0.001779 0.81 ns
c 2 0.007588 0.003794 1.72 ns
R 3 0.013141 0.004380 1.98 ns
KC 4 0,001258 0.000315 0.14 ns
Error 24 0.053051 0.002210
Total 35 0.039299

ns = non-significant.

*% = significant at the 1% level,

Cv = 32.87%.
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artificial lighting., Photographs representative of typical conditiomns
are presented in Figures 20 through 29,

The condition of the soil surface just prior to the initiation
of the first flood period is shown in Figure 20. The cotton gin trash
is evident on the uniformly compacted surface. This soil surface is
representative of all lysimeters, regardless of cycle, at the initia-
tion of the study.

Seven day cycle - Figures.il, 22, 23, and 24 are representa-
tive of the surface of the 50 percent flood time lysimeters at various
times through the experiment, The condition of the surface at the end
of two cycles, 29 days, is shown in Figure 21, The abundance of
crusts is very noticeable, Visual observation revealed that these
crusts were composed of alggl material entangled with soil particles,
During the flooded portion of each cycle, algae proliferated in the
influent water and were subsequently deposited somewhat uniformly
across the surface. During the drying phase, the mat contracted into
crusts carrying with it soil particles. It should also be noted in
Figure 21 that there was an abundance of pores at the surface. It
is assumed that these pores resulted from air escape., The previous
flood-dry cycle created a condition of a dry surface and a moist sub-
surface, The subsequent flood cycle trapped air above the moist
soil, Sufficient pore air pressure was finally reached to permit up-
ward movement of pore air through the soil surface. This pore air es-
cape resulted in the formation on new, large pores and compressed the

soil surrounding these new pores. At this time, however, the pores



Figure 20.--Representative photograph of the condition of the soil
surface prior to initial flooding.

Figure 21.--Representative photograph of the condition of the soil
surface at the end of 29 days of seven day wet-seven
day dry cycling.
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Figure 22.--Representative photograph of the condition of the
soil surface at the end of 71 days of seven day
wet-seven day dry cycling.
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Figure 23.--Representative photograph of the condition of the
soil surface at the end of 98 days of seven day
wet-seven day dry cycling.
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Figure 24.--Representative photograph of the condition of the
soil surface at the end of 150 days of seven day
wet-seven day dry cycling.

Figure 25,--Representative photograph of the condition of the
soil surface at the end of 29 days of ten day
wet-four day dry cycling.
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Figure 26.--Representative photograph of the condition of the
soil surface at the end of 58 days of ten day
wet-four day dry cycling.
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Figure 27.--Representative photograph of the condition of the
soil surface at the end of 98 days of ten day wet-
four day dry cycling.
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Figure 28.--Representative photograph of the condition of the
soil surface at the end of 150 days of ten day
wet-four day dry cycling,

JAN ¢ 67 s

Figure 29.--Representative photograph of the condition of the

soil surface at the end of 150 days of continuous
flooding,

60
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were not water stable as they were observed to collapse upon subsequent
flooding.

Figure 22 represents the condition of the soil surface at the
end of five cycles, 71 days., The cotton gin trash was not as evident
‘at this point in the experiment as it was originally, but many large
pores were evident, The hydraulic conductivity values reached a maxi-
mum coincident with the observation of these large pores. The soil
particles at the surface and surrounding the pores appeared to be quite
stable since they did not collapse upon flooding. This stability may
have been partially due to physical entanglement of the particles by
microbial filaments and partially due to cementation by microbial
products such as polysaccharides. In addition, solution and reprecipi-
tation of such inorganic materials as Fe, Al, and SiO2 may have con-
tributed to particle cementation,

In Figure 23, the end of seven cycles, 98 days, the_abundance
of algal material began to mask the surface pores and the cotton gin
trash was barely identifiable.

Figure 24 represents the condition of the surface at the end
of eleven cycles, 150 days. Cotton gin trash was no longer identifi-
able, The surface was covered with algal material to such an extent
that the soil surface was barely discernible. Although the algal
material appe;;ed to be porous, large pores were not as evident as they
were previously,

The original, dense soil material has gone through a gradual

transition as shown by these photographs. Algal material first
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accumulated on a very porous soil surface, and, under the influence of
drying, contracted and became physically entangled with soil particles,
The mat continued to grow by receipt of fresh additions at the end of
each flood cycle, The accumulation of organic materials continued to
increase until it covered the entire surface and the cotton gin trash
was no longer evident.

Ten-four day cycle - Figures 25, 26, 27, and 28 are representa-
tive of the surfaces of the 71 percent flood time lysimeters at the
various times throughout the experiment. Figure 25 represents the
condition of the soil surface at the end of two cycles, 29 days. The
surface appeared porous and algal crusts were present. Large pores
can be readily seen at the surface, Hydraulic conducfivity values
were high at this time, but decreased coincident with an accumulation
of organic materials on the soil surface. The great accumulation of
organic materiﬁls on the surface at the end of four cycles, 58 days,

.can be seen in Figﬁre 26, This accumulation was noticeably greater
than the accumulation observed under 50 percent flood time conditioms,
The ten days of flood time allowed a greater amount of algal prolifer-
ation than did the seven days of flooding. Cotton gin trash was not
readily discernible, but surface pores‘were visible, Figure 27 repre-
sents the soil surface at the end of seven cycles, 98 days. Algal
material nearly covered the entire soil surface. This ;overage was
quite uniform, and thus most of the cotton gin trash was covered. Very
few pores in the soil surface were visible through this extensive algal

crust,
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Figure 28 represents the surface condition after the completion
of eleven cycles, 150 days, The accumulation of organic materials was
quite extensive. Cotton gin trash could no longer be identified nor
could the soil surface be readily seen,

Continuous flooding - Figure 29 represents the condition of the
soll surface of the continuously flooded lysimeters at the termination
of the 150 day study. At this time, all the material which had prolif-
erated in the influent water was deposited on the surface as a mass,
The accumulation of organic materials was so massive that neither the
cotton gin trash nor the soil surface could be seen, This mass was
primarily algal in nature. Relatively few types of algae were

present.1 The predominant flora were small Cosmarjium, Diatoms, Chara,

Chlorcoccales, and Oscillatoria. The cyclic treatments did not appear

to affect the distribution of the kinds of algae present,

From the photographs presented, it can be seen that irrespective
of the cycle imposed, definite changes occurred at the soil surface,
The original, dense, compacted surface gradually became more porous and
microbial proliferation increased during the successive flood cycles.
At a point during the experiment, depending on the cycle,‘the open and
porous surface became covered with a dense mat of organic material,
This material appeared to consist of living, dormant, and dead micro-
bial tissue and partially decomposed cotton gin trash, If this mat

were lifted to expose the underlying soil surface, many large pores

could be seen., A predominance of these pores coincided with high

1, Personal communication with Dr. R, W. Hoshaw, Botany De-
partment, The University of Arizona, Tucson,
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hydraulic conductivity values., It was evident that -cotton.gin trash
was slowly being decomposed,

Penetrometer Measurements: Penetrometer measurements were made

in an effort to quantify surface changes previously discussed qualita-
tively. The penetrometer was designed, constructed, and used as dis-
cussed in the procedures section of this thesis, The results of these
measurements are presented in Table 3 and Figure 30, The basic assump-
tion underlying the use of the penetrometer was that as the surface
strength increased, less penetration would occur from the same input of
work.

The original surface material appeared to be quite loose as re-
flected by a penetration of 0.44 cm per 4.9 x 106 ergs of work dome.
At the end of one flood-dry cycle, the penetration was reduced to 0.23
cm per 4,9 x 106 ergs. The increased strength was probably due to a
physical rearrangement and reorientation of the soil particles as a
result of water and pore air movement during flooding. At the termina-
tion of the second complete flood-dry cycle, the strength of the soil
surface had decreased, since a penetration of 0.3l cm was obtained from
4,9 x 106 ergs of work. This decrease would presumably be the result
of the formation of unstable pores by air escape as previously dis-
discussgp. Little pore formation probably occurred during the first
flood cycle because air flow could occur ahead of the wetting front,
It is possible that the pores formed during the second flood were very
unstable and presumably collapsed as the pore air bubble escaped.

Little change was found in surface strength from the termina-

tion of the second cycle to the termination of the experiment, An



Table 3.--Variations in surface strength as measured by a penetrometer. Each value represents the
cm of penetration per 4.9 x 106 ergs of work done on the surface. The values are means

of two measurements,

Days
Lysimeter Cycle

0 15 29 43 58 : 85 98 150
No. ' cm/4.9 x 10° ergs
3 10-4 0.4350 0.1950 0.3000 0.3200 0.3200 0.2275 0.3450 0.2250
5 10-4 0.4950 0.2800 0.3450 0.3100 0.3025 0.2800 0.3600 0.2250
9 10-4 0.4750 0.2900 0.4100 0.4000 0.3550 0.3175 0.3880 0.3500
10 10-4 0.4750 0.2950 0.3750 0.4400 0.3750 0.3550 0.3425 0.3200

Average 10-4 0.4700 0.2650 0.3575 0.3675 0.3381 0.2950 0.3601 0.2800

1 7-7 0.1400 0.1450 0.1650 0.1600 0.2275 0.3625 0.2400 0.1850

6 7-7 0.4400 0.1900 0.2800 0.2550 0.3175 0.3675 0.1925 0.2200

8 Y747 0.4950 0.1850 0.3300 0.3100 0.3300 0.3800 0.3750 0.2450

11 7-7 0.5000 0.2800 0.3000 0.2950 0.3925 0.4275 0.3275 0.3500
Average 7-7 0.3948 0.2000 0.2688 0.2500 0.3169 0.3844 0.2848 0.2500

<9
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analysis of variance (Table 4) indicated that differences between cy-

cles and sampling dates were statistically significant at the 10 per-

cent level,

The cyclic flooded lysimeters were not compared

statistically with the continuously flooded lysimeters because no

penetrometer readings could be taken on the continuously flooded sur-

faces during the course of the study.

The greatest changes in soil strength were found to occur dur-

ing the first two flood-dry cycles.

Since hydraulic conductivity

values reached a maximum after five cycles, further changes obviously

occurred, but were beyond the sensitivity of the method of measurement,

during subsequent cycles.

Table 4,--Analysis of variance of penetrometer data.

Source of

Variation df SS Mean Square F
Date 7 0.047563 0.006795 3.37°
Cycle 1 0.009240 0.009240 4,582
Error 7 0.014119 0.002017
Total - 15 0.070921

a

Cv = 12%.

significant at the 107 level.
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Variations in Porosity and Carbohydrates:

Introduction - The methods of Feng and Browning (1946) as dis-
cussed in the procedures section of this thesis were used to evaluate
changes in aggregate stability and pore size in the 0 to 3 cm soil sur-
face with time, These measurements were made in an effort to discover
the relationships between water extractable carbohydiate, pore size,
and aggregate stability,

A stability factor was used (ibid.) as an index of the resis-
tance of the aggregates to water induced slaking. The stability factor ‘1
is defined as the peak value, dV/dT, of the differential moisture curve
divided by the tension, T, corresponding to the peak value. A typical
curve was presented in Figure 6., The term dV is the volume of water
removed at a tension T, The term dT is the incremental change in ten-
sion, This value, dV/dT, is rel#ted to aggregate stability by the as-
sumption that a soil with a given peak value of dV/dT should have a
predominance of pores of a radius defined by the equation r = 2P/T.
Then if r, the pore radius, remains constant and since P, the surface
tension of water at the temperature used, is a constant of 71.97 dynes
per cm, the tension, T, required to drain the pores will also remain
constant, If r becomes smaller, T must become correspondingly larger.
Therefore the expression (dV/dT)/T should be a measure.of the aggregate
stability since the only cause of decreasing r values would be slaking'
of aggregates (ibid.). The two quantities, pore radius and aggregate
stability, are independent of sample size,

The total pore volume was calculated as ml per ten grams of

soil on a dry weight basis, It represents the volume of water
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extracted at a tension of 50 cm of water plus that volume of water sub-
sequently removed by oven drying at 110°C, Any changes noted in pore
‘volume would be due either to (1) a change in aggregation and its ef-
fect on the water content of macro-pores or pore volume, or (2) removal
of hot water extractable carbohydrates lining the pores.

The carbohydrate content represents that portion of the total
carbohydrates extracted with 25°C water during the determination of the
differential moisture curves plus that extracted with 85°C water. An
examination of Table 5 reveals some'definité trends which can be re-
lated to characteristics previously discussed. The samples labeled
zero time represent the condition of the surface 0 to 3 cm increment of
soll before the first flooding., All quantities designated "1" and
listed in that column of the table represent those quantities before
hot water extraction and may, therefore, be considered to reérgsent the
soil as it existed in the lysimeters at the time of sampling. Those
quantities labeled "2" and listed in that column represent the values
of those quantities and the condition of the soil after hot water ex-
traction of carbohydrates.

Continuous flood - At time zero, stability factor 1 had a value
of 0,036 as compared to factor 2 with a value of 0.027, This would in-
dicate that little change in aggregation occurred both before and after
extraction., A pore radius of 0,0165 cm was found before extraction and
0.0161 cm after extraction. Evidently no aggregates underwent slaking
reaction if indeed any aggregates were even present. Total pore volume
was reduced by the extraction process from 3.56 to 3,04 ml per ten

grams of soil., A trace, 0,97 micrograms, of glucose equivalent



Table 5.--Variations in aggregate stability, pore radius, pore volume, and water extractable
carbohydrates.

.

Pore Radius

Pore Volume

Stability Factor Carbohydrate

Cycle Time Extracted
1a 2b 1 2 1 2 xtracte
Days cm x 1072 ml/10 g. ug./g.
Cont, 0 0.036 0.027 1.65 1.61 3.56 3.04 0.970
150 0.055 0.018 2.46 1.31 4,21 4.06 4,824
7-7 0 0.036 0.027 1.65 1.61 3.56 3.04 0.970
' 29 0.040 0.004 2,32 1.29 2.67 2,02 5.692
43 0.018 0.080 2,34 1.36 1.88 1.54 9.294
71 0.192 0.048 3.93 2,54 2.95 2,77 11.137
99 0.058 0.015 2.38 1.25 3.25 3.11 10.544
150 0.016 0.009 1.70 0.81 3.06 3.14 7.723
10-4 0 0.036 0.027 1.65 1.61 3.56 3.04 0.970
29 0.030 0.006 2.49 0.99 2.74 2.35 7.228
43 0.008 0.009 1.24 1.23 2,83 2.52 7.384
71 0.063 0.019 2.77 1.79 2,63 2,55 3.800
99 0.036 0.018 1.91 1.43 2.83 2,74 " 6,620
150 0.012 0.010 1.01 1.02 3.10 3.02 6.678

a. Columns headed 1 are before a four hour, 85°C carbohydrate extraction,
b. Columns headed 2 are after a four hour, 85°C carbohydrate extraction.

0L
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carbohydrate was extracted., The small reduction in aggregate stability
pore radius, pore volume, and visual observations indicated the pres-
ence of individual or single grains and little or no aggregation,

Since intact representative samples could not be taken during
continuous flood conditions, only the initial and terminal conditionms
can be presented. The aggregate stability of the terminal sample was
0.055 before extraction and decreased to 0,018 after extraction., The
pore radius changed from 0.0246 to 0,013l cm upon extraction, Total
pore volume was measured at 4,21 ml per ten grams of soil and reduced
to 4,06 upon extraction., All of these physical quantities increased
markedly during flooding as compared to the original soil., Water ex-
tractable carbohydrate increased.from 0.97 to 4,82 micrograms per gram
of soil, It would appear that carbohydrate materials ;éré imﬁortant in
aggregate stabilization and Consequently pore volume and pore size,

Seven day cycle - At the 29 day sampling date for the seven day
wet-seven day dry cycle lysimeters, the stability factor before extrac-
tion had increased only slightly to 0.040 as compared to the 0.036 in-
itial value, but after extraction, the value decreased to 0.004, Pore
radius had increased to 0.0232 cm, but after extraction this radius was
reduced to 0,0129 cm, Pore volume decreased from an original value of
3.35 to 2,67 ml per ten grams of soil, After 5.97 micrograms of carbo-
hydrate was extracted, the pore volume was reduced to 2.02 ml. The
slight increase in aggregate stability was associated with a large in-
crease in pore radius, but the aggregates were unstabie. The great in- .
crease in carbohydrate appeared to have contributed only slightly to

aggregate stabilization at 29 days,
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At the 43 day sampling date, the aggregate stability before ex-
tréction was very low and of dubious validity, After extraction of
9.29 micrograms of carbohydrate per gram of soil, the stability factor
was 0,080 which was the second highest value observed during the study.
It appears that the high carbohydrate level did benefit #ggregate sta-
bility, The aggregates were apparently small as indicated by pore
radii of 0,0234 cm before and 0.0136 cm after extraction. These radii
are only slightly greater than the previous sample., Also, the pore
volume was smaller, 1,88 ml, and after extraction 1,54 ml per ten grams
of solil,

A major change was observed at the 71 day sampling date. The
stability factor was 0,192 before and 0.048 after extraction, Extract-
able carbohydrate again increased over the previous extraction to 11,14
micrograms per gram of soil. The change in aggregate stability Before
extraction would suggest that carbohydrate was contributing to the
formation of water stable aggregates. Pore radius was also greater,
0.0393 cm before and 0,0254 cm after extraction, respectively, than
.previous sampling dates, Pore volume also increased, 2.95 and 2,77 ml
per ten grams of soil, Thus, after five cycles of flooding seven days
and drying for seven days, a maximum value occurred for hydraulic con-
ductivity, stability factors, extractable carbohydrate, and pore radii,.
Total pore volume was greater than at 29 and 43 days, but still less
than at zero time,

At the next sampling date, 99 days, all quantities were lower

except pore volume as compared to values at 71 days, Stability factors




73
were reduced to 0,058 and 0,015 before and after extraction, respec-
tively. Pore radius similarly decreased to 0,0238 and 0,0125 cm, Ex-
tractable carbohydrate declined slightly to 10.54 micrograms per gram
of soil, Hydraulic conductivity was also lower than at 71 days. The

decrease in pore size may have resulted from slaking of previously
water stable aggregates or an accumulation of carbohydrate materials
and microbial tissue in the pores. A combination of these two is a
probable explanation for the reduction noted in hydraulic conductivity,
A large amount of organic materials had accumulated at the soil surface
(Figures 20 through 29),.

The stability factor for the terminal sample, at 150 days, had
decreased to 0.016 before and 0.009 after extraction., Pore radius had
similarly decreased to 0,0170 cmAand 0.0081 cm, The radius 0,0081 cm
is less than the value of 0.0161 cm at zero time. If slaking of ag-
gregates did not occur in the original samples, as was proposed, the
reduction in hydraulic conductivity could be accounted for by an accum-
ulation of some microbial products or tissue in the pores., In accord-
ance with this proposal, pore volume was reduced relative to that of
the previous sample date. Carbohydrate was determined to be 7.72
micrograms per gram of soil,

An analysis of variance was run on the stability factor, pore
radius, and carbohydrate content., The results are presented in Tables
6, 7, and 8. Statistical significance was noted at the 10 percent
level between sampling date, cycle, and stability before and after ex-

traction, Since samples were not taken from the continuously flooded




Table 6.--Analysis of variance of stability factor data.

32:§:§1g§ df SS Mean Square F
Treatment 1 0.310538 0.310538 4,63°
Date 5 1.156871 0.231374 3.45%
Cycle 1 0.301504 0.301504 4,492
D 5 0.865438 0.173088 2.58 ns®
TC 1 0.027338 0.027338 -
DC 5 0.497471 0.099494 1.48 ns’
Error 5 0.335538 0.067108
Total 23 3.494696

8 significant at the 10% level,

b

ns = not significant,

Cv = 22%.




Table 7.--Analysis of variance of pore radius data.

75

Source of

Variation df SS Mean Square F
Treatment 1 2.982151 2.982151 38,384
Date 5 5.800935 1.160187 14,93%%
Cycle 1 0.680068 0.680068 8.75%>
D 5 1.110549 0.222110 2.86 ns©
TC 1 0.252149 0.252149 3.24 ns
DC 5 0.693032 0.138606 1.78 ns

Error 5 0.388451 0.077690
Total 23 11,907335
® #% = significant at the 99% level,

b * = significant at the 957 level.

CVv = 57.0

ns = not significant,
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Table 8,--Analysis of variance of water extractable carbohydrate data.

Source of

Variation df SS Mean Square F
Date 5 79.413980 15.882796 3.20 ns®
Cycle 1 13.377410 13,377410 2.70 ns
Erxror S 24,794240 4,958848
Total 1 117.585630

ns = not significant.

Cv = 10%.

lysimeters, they were not included in the analysis, The difference be-
tween dates occurred between the 71 day samples and all other dates.
This difference coincides with the maximum hydraulic conductivity.

Statistical differences were noted in pore radius at the 99
percent level between sample dates and before and after carbohydrate
extraction. As with stability factor analysis, the pore radii at thé
71 day sampling date were statistically greater than pore radii at all
other dates of sampling. There was a highly significant difference be-
tween pore radius before and after carbohydrate extraction. The maxi-
mum content of carbohydrate material also occurred on this sampling
date. The difference between cycles was significant at the 90 percent
level,

Ten-four day cycle - At the end of 29 days for the ten day wet-
four day dry cycle lysimeters, the aggregate stability factor was lower

as compared to the zero time values which suggested the presence of
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weak, water stable aggregates. Pore radius before extraction had in-
creased from 0,0165 cm to 0,0249 cm. The accumulation of hot water ex-
tractable carbohydrate was greater for the 50 percent flood time
lysimeters at the same date. After extraction of 7.23 micrograms of
glucose equivalent carbohydrate, the pore radii was reduced to 0.0099
cm apparently due to physical rearrangement of soil particles.

At 43 days, aggregate stability, pore radius, and hydraulic
conductivity had all decreased. The reason for this decrease was ob-
scure, However, in the sample taken at 71 days, values of these quan-
tities were higher, except for extractable carbohydrate, It may be t
that all the carbohydrates were not extracted or that the sample was
not representative. The 99 and 150 day samples reflected changes sim-
ilar to those noted for the seven day wet-seven day dry cycle lysime-

ters.
Discussion

Physical changes in the soil can be expected to occur with the
advent of flooding, but as Gupta and Swartzendruber (1962) demonstrated,
these changes are not of sufficient magnitude to fully explain the de-
creases noted in phase II1 of the typical hydraulic conductivity curve.
For this reason, microbial activity has been promulgated as the causa-
tive agent (Allison, 1947). Organic matter additions and cyclic flood-
ing have been used in an effort to manage the otherwise detrimental
biological activity to maintain a high hydraulic conductivity.

During cyclic flooding, three sources of energy are available

to the microorganisms; incident sunlight energy, added organic matter,
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and organic constituents in recharge water. Algae, being photosynthe-
tic, proliferate in the influent water and utilize the incident sun-
light energy during flooding. Non-photosynthetic organisms derive
their energy from the organic matter additions such as the cotton gin
trash amendment employed in this study. If other than clear water is
used for recharge, it will probably contain some organic materials
which can also be utilized as an energy source. The final goal of
water management systems then is the efficient utilization of the
energy provided to the microbial population to produce in the soil, a
physical condition conducive to high infiltration rates,

A series of events may be proposed to explain the changes in
soil structure, porosity, and hydraulic conductivity discussed thus
far, During the first flood cycle, the soil particles underwent a re-
orientation which resulted in an increase in bulk density and a subse-
quent decrease in aeration porosity. Microbial activity began with the
decomposition of the least resistant portion of the ;dded cotton gin
trash during the flooded portion of the cycle., Then, upon drying, a
change in ecology resulted. The algal material which had grown in the
influent water was deposited on the soil surface and, in turn, was par-
tially decomposed. This microbial activity resulted in the production
of extracellular carbohydrates, The hydraulic conductivity was low at
this time,

Upon reflooding, pore air was entrapped and pore air pressure
became great enough to permit movement of air bubbles through the soil
surface. This air movement resulted in the formation of large pores,

It also resulted in an increase in the proximity of adjacent soil
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particles and an orientation and closer packing of theée particles,
During subsequent drying phases, more algal material was deposited on
the soil surface, The algal filaments became entangled with the soil
particles and probably helped stabilize the soil surrounding the pores
formed during previous flood periods. This algal material contracted
upon drying, forming surface crusts. With succeeding flood periods,
additional carbohydrate material would accumulate and, under dehydrat-
ing conditions, could contribute to aggregate stabilization and, hence,
maintenance of a high porosity.

At approximately 75 days after the initiation of flooding,
porosity, aggregate stability, and carbohydrate content had increased
to a maximum, Only the material in the cotton gin trash highly resis-
tant to microbial attack remained and the energy source for the micro-
- - organisms active during the drying phase of the cycle was the accumu-
lated algal material, ’Hydraulic conductivity values were at a
maximum. From this time until the termination of the experiment,
hydraulic conductivities decreased.

During subsequent flood periods, both living and dead microbial
materials continued to accumulate and probably began to fill the macro-
pores, If the extracellular carbohydrate material which previously
contributed to aggregate stability were now utilized as an energy
source, the aggregate stability would decrease and upon subsequent
fiooding, some aggregates would undergo a slaking reaction. This phy-
sical disintegration in combination ﬁith an accumulation of organic
materials in the pores, could lead to a decrease in pore radius, hy-

draulic conductivity, and flow rate.
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It appears from the measurements and statistical analysis dis-
cussed in this thesis that the 50 percent flood time was the most
effective of the cycles studied. It further appears that this was the
result of the longer dry time which allowed the microbial activity dur-
ing that phase of the cycle to stabilize effectively the open, porous
structure formed during flooding. Apparently four days was not suffi-
cient time to allow adequate activity for aggregate stabilization. The
continuously flooded conditions were even less effective, It seems,
then, that éhe dry phase of the cycle is very important, but that it
must be of sufficient duration to allow microorganisms to stabilize the
soil structure formed during flooding and drying. Drying is also es-

sential in that it effects contraction and inorganic cementation.



SUMMARY AND CONCLUSIONS

The effects of cyclic flooding and organic matter amendment on
water infiltration for ground-water recharge were studied in a soil
contained in barrel-type lysimeters., The top 6 inches of soil was
amended with cotton gin trash at a rate equivalent to twenty tons per
'acre. The total volume of water transmitted through the lysimeters
was uséd as a measure of the effectiveness of the cycles investigated.
Within 150 days, a seven day flood-seven day dr& cycle transmitted more
water (26,200 liters) than either a ten day flood-four day dry cycle
(21,400 liters) or continuous flooding (22,600 liters).

During the course of the experiment, measurements of hydraulic
conductivity, soil strength, aggregate stability, pore radii, and car-
bohydrate content were made. In cyclic flooded lysimeters, hydraulic
conductivity increased to a maximum value in about 75 days. After this
time and until the termination of the study, infiltration rates de-
clined under cyclic flooding. The hydraulic conductivity values under
continuous flooding declined throughout the study. Hydraulic conduc-
tivity was determined for £he total length of the lysimeter, the O to 3
cm, and 3 to 10 cm surface increments. Results of these measurements
indicated that a clogging occurred in the 0 to 3 cm increment. Aggre-
gate stability, pore radii, and carbbhydrate content measurements

changed coincidentally with hydraulic conductivity changes.
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Soil surface strength did not vary greatly after two flood
cycles, Photographs showed that an accumulation of.algal material
occurred in conjunction with surface changes,

Aggregate stability, pore radii, and carbohydrate content meas-
urements changed coincidentally with hydraulic conductivity changes.,

It was concluded that air movement upward through the soil
surface created large pores, Microbial filaments and metabolic by-
products aided in the stabilization of the porous surface.

Two sources of energy were available to the microbial popula-
tion: 1) the added cotton gin trash and 2) an accumulation of photo-
synthetically produced algal materials. Drying effected a contraction
of organic materials and apparently led to the formation of water
stable aggregates., During the drying portion of a cycle, the accumu-
lated material was partly decomposed. The combination of aggregate
formation and biological removal of materials from pores aided in main-

taining high infiltration rates for 75 days.
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