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INTRODUCTION

Oxldation and solution ere two chemlcsl processes that
are involved in the development of the soll body. There 1is
e differential solubility in the oxldized and reduced state
of such metallic lons as iron and manganese. For example,
ferrous hydroxide is & million times more soluble than fer-
ric hydroxide. This variation 1n the state of oxidation
within the soill body, may be a means whereby such elements
are brought into solution, translocated, and precipitated
in horizous of different oxidation-reduction status. There-
fore a knowledge of the oxldation-reduction potentlials 1in
solls may glve information usable in explaining soll forma-
tion phenomena.

Recently Quispel (29) has described e method whereby
the oxidation state of the soll body can be measured in
situ. An adasptation of hils method has been used in this
study to measure the oxldetlion state of the soll body 2t
depths corresponding to key soll horizons and to relate
these findings to soil genesis in the podzol region. A lab-
oratory experiment was also performed to see i1f a redox
profile would form in a sand column and what effect thils

might have on tne status of the 1iron present,



KEVIEW OF LITxKATURE

Glllespie (10) was one of the tirst investlgators to
work with oxidation-reduction votentlals in solls. In lsb-
oratory studles he found that solls became hignly reduced
when sublected to waterlogging. Thls recucing condition
was emphasized by the addition of dextroege. Tne 1lncregse
in the intensity of the reducing conditions was accompanied
by a foul odor. He dilscussed tane significance of reducing
conditions snd ot reduction potentiels in soil study. The
toxic effect of freshly incorporated green manure may possi-
bly be the result of extreme reduction.

Neller (22), in 1922, found that growing green plants
accelerated the oxidation processes in tne soll, Using car-
bon dloxide as the index of the eftect of the plents, he
found that the averege total carbo. diloxide recovery from
planted cultures vias 12.1 percent higher than that from un-
planted cultures. PBuckwheat, field beans, and soybeans gave
respectively 116.5 percent, 70.8 percent, 60.0 percent, in-
crease in carbon dloxide production. He elso found that the
second crop gave greater incresses than tne first. All evi-
dence obtained showed that growing plants of buckwheat, field

beans, and soybeans had a bteneflcial effect on the oxldatlve



Se

processes in the substrata in which they were grown and
suggested a symbilotlc relationshin between tne soll oxi-
dizing organisms and the growing green plants.

Bouyoucos (2), in 1923, found that difrerent chemicel
agents have a decidedly different effect on the oxidation
of 1ron both as to rate and extent. The non-oxidizing
effect of some reagents may dominate the oxidlzing efrect
of others; and the oxidation can take place even in the
absence of oxygen accesecible from tne air.

In 1932, Willis (39), usiag Dunbar fine sandy loam,
determined the Eh-pH relationship in the soil. He used a
speclal apparatus to provide a nitrogen atmosvhere. The
soll was treated with lime at retes of from 1/2 ton to four
tons per acre. Eh readings and pH measurements were taken
and curves prepared. There was an 1lnverse relationship be-
tween Eh and pH. Extracts of the limed solls were made and
titrated with hydrochloric acid. The same Eh-pH reletion-
ship was observed in the extracts, l.e. a decrease in Eh of
about sixty millivolts for each unit increase in pH.

In 1934, Bradfield, Batjer, and Oskamp (3) used redox
potentisls to eveluate soils for orchard purposes. They
found thet maximum differences occurred in éoils in April
and May, and that they could elimlnate 80 to 90 percent of

the poor orchard sites o: the basls of redox potentials,



At the same time Brown (4) reviewed the principles
involved in the study of solls by means ot oxidation-reduc-
tion potentials. He stated that by means of data obtasined
in this way, 1t may be possible to determine the more exact
nature of certaln soil processes which are important 1in
plant growth. Brown used a rapld method of measuring Eh in
the laboratory, and éeveloped the method of prepariig elec-
trodes which were later ucsed by Quispel (29) and Lemon (18).

In the same year Helutze (11) used the glass instead
of the calomel electrode as the reference electrode in order
to minimize polarization and to facillitate instantaneous |
Eh-pH measurements. Sne found that the retio ot soil to
water was of little imnmortance in a suspension; and that the
presence of air or nitrogen did not airect the vpotential.

She also found that solle, known to countain readily decom—-
posible organic material, on being waterlogged, showed a
marked drop in potentlal as soon as conditlons. of tempera-
ture and pH are favoreble; while solls that contained 1little
orgenic matter tended to resist any drop in Eh. Sne ob-
served that oxidation-reduction potentisls of soils depended
so largely on pH that the values sinould not be considered
separately. Highly contrasting soll types with egual pH val=-
ues ggve simllar oxldatiou-reduction potencials. She found
that waterlogging brought about a greater change in potential

in the Chernozem soils of Russla tnan in any other soll studiled.



In 1935, Kohnke (15) found that the oxygen supply of
a soll determines the oxidation-reduction potentisl. A
high potential is indicative of a well drained and oxidilzed
80ll 2nd a low potential 1s indicative of a poorly dralned
de-aerated soil. The principle substances entering into
the oxldation-reduction reactions of soils are colloidel
clay, organic substances and humus, snd compounds of iron
and manganese., He found the Eh change per unit change in
pH to be fifty-nine millivolts in the pH range of two to
seven. Colloildal clays showed Eh-pH relationships compara-
ble to those of soils. Aeration increased the oxidation-
reduction potential orf a soll and waterlogging lowered the
potential, The chenges took place within two to three days.
Seasonal variations in the years 1933=34 were small due to
unusually dry weather. Kohnke also found that the oxidation-
reduction potentials of surfece solls are lower than those
of the deeper horizons during the spring. Later on those
differences tended to disappear. Quantitative determinations
of oxidized and reduced substances in the soil gave large
slgnificant differences between well and poorly aerated soils.
The experimental error was rather large.

In the same year, Peech and BatjJer (24) used 0.1 N sul-
phuric acid as the suspension medium. They found that the
previous use ot the electrodes had little effect on the read-

ings and that the suspension was better polsed. Some soils



appeared to be less susceptible to oxidation 1in H5804.
They found that no aporeclable reduction took place in
solls below temperature ot SEOF.

In 1938, Sturgis (34) found that low potentizls in
waterlogged solls were largely caused by tne decomposltion
of fresh organlc matter. The solubility of pnosphorus
was reduced under low potential conditions. In the absence
of actively cdecomposing orgenic matter, large amounts of
iron compounds precipltated on and around the roots of rice
plants. Adding gyﬁsum to a waterlogged soll caused the pro-
ductlion of sulphldes waich reduced the yleld of rice. The
application of leguminous organic matter increased the yleld.
Sturglis also found that the addition ot fresh organic matter
to waterlogged solls resulted in potentials as low as elgnty
millivolts as compared with two hundred millivolts in a wa-
terlogged soil low in oréanic matter.

At the same time, Darnell and Elsenmenger (8) tound that
there was little or no change 1n potential with the addition
ot fertilizers carrying nitrogen. The changes correlated
better with the change in pH. Tne rapid decomposition of
freeh orgenic matter brought about a marked fzll in potential,
They explalined this fall as being due to oxygen depletion.

Burrows and Cordon (6), in 1938, found that the type of
decomposatble orgaenic matter in a soll was an important fac-

tor in the determination of the reducing intensity that



prevailed. They found that the cdecomnosgition of casein re-
sulted in highly positive potential levels, while the de-
composition ot cerbohycdrate resulted in negative potentials
which did not appeer to difter greatly from those produced
in soil to which organic metter had not been adcéed. They
found thet moisture d1d not appreciebly aftect potentials.

Willis (40) showed that manganese deficlency caused by
liming could be explalned by consideratioh of Eh as well as
pH. He also stated that the two goll components, organic
matter, and oxygen, appeared to govern the oxidation-reduction
equilibrium in the soll. Both recuired activation, the former
by micro-organisms, and the latter by catslysis. He further
discussed tne role of oxidatlon and reduction in soll ferti-
1ity, end suggested evidence that phosohorus, potassium, cop-
per, manganese, boron, sllicic acid, organic metter, pH,
aeration, and temperature are to some degree interdependent
variables.

In 1939, Buehrer et sl (5) found that the Eh-pH relation-
ship could be determined by simply diluting a soll suspension
with water. They showed that the Eh change amounted to about
slxty-eight to seventy millivolts per unit change in pH; and
they showed that bubbliag nitrogen through tlhe soll tended to
lower the Eh value. They found that puddling caused a érop
in 801l Eh which they belleved was due to factors other than

oxygen depletion, that the presence of gbundant oxygen ceused



an increase 1n Eh. The addition of alfelfa to a soil sus-
penslon caused a merked decrease in Eh, which was taken to
be indicative of the nature of the reduced compounds formed
during its decomposition.

Stevenson et al (33) workling with Oregon solls found
that different soll types under tield conditions showed little
variation 1in oxidation-reduction potentlial with the methods
used. There was lilttle variation in potentiel between hori-
zons even when there was a tight subsoll, They also found
.that fresh organic matter alone in a molst soill did not cause
a fall 1n potential, but waterlogging a wet soll caused a ré—
pid fall in potential., Anserobic conditions in the eoil were
not indicated by the oxidatlion reduction potential in a rella-
ble manner.

Volk (37), working with Alasbama soils, did more than any-
one to establish a standard technique for the messurement of
oxidation-reduction potentlals in the laboratory. Batjer,
Bradfield, Kohnke, Peech, and Stevenson had sll used 0.1 N
HoS804 as the suspension medium to 1nhibit bacteriasl activity
and thus prevent the development of reducing conditions in
the soll, and to add polse to the system. Volk claimed that
results obtained in this way were not comparable to water
suspensions sluce the sulphuric acid dissolved materlals that
were not ususlly active in the soll. Only Kohnke and Willis

considered the expulsion of air with nitrogen gas; while Brown,



Darnell, Heilntze, Sturgls and others dilsregarded the possi-
bility of a chenge in potential during the znsglysis. Volk
found thet arable solls in a high state of oxidation changed
little, but those that were in & reduced state beceme rapld-
ly oxidized uhless elr was expelled with nitrogen. He elso
found thet all preservatives used to inhircit tacterial action
changed the Eh of tke soll. As a substltute for a preserva-
tive, Volk cooled all his samples to a point just above freez-
ing. He found thls procedure to be effective. Oxidation

was prevented by use ot water from which the free oxygen was
removed .. by bolling and replaced with nitrogen. All analy-
ses were pertformed in a nitrogen atmosphere. Volk also

found that the Eh-pH relationship was varlable between 59 and
101 millivolts for each pH unit. Potential drift was found
to be due to the past history or the electrode. Wire elec-
trodes were round to be superior to foil electrodes. He used
a battery of thnirty glass electrodes and 120 blank electrodes
and was able to run fifteen to twenty samples per hour.

Also, about the same time, Volk (35) made extensive stu-
dles of Alabama solls. He found that cultivated soils, in
general, had a higher Eh value than d1d virgin soills in the
zero to elght inch depth; but there was little difference 1in
the subsoils. He found that differences resulting from soil
type varilations rarely exceedéd fitty millivolts. These he

did not think important eince they could have been due to
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differences in soil material rather then to state of oxida-
tion. Swampy solls, for example, frecuently had higher Eh
values then 414 well drained upland solls. After a raln the
Eh rose for & time whiich Volk explalned by suggesting that
the railnwater carried oxygen into tne soil. Wnen the excess
oxysen was removed and conditlions were once agein stsble,
the Eh of the soll returned to normal., Seasonsl verlations
in Alabama solls did not exceed sixty millivolts. Volk does
not think that Eh 1s an indicater of tne oxidation state of
the soll since 1t 1is dependent, not only on the relative
amounts and kinds ot the lons present but also on the ratio
of oxldized to reduced substances present. In another paper
in 1939 (36), Volk mede a study of the effect of Eh on the
growth of plants. He controlled conditions so that no other
factor was limiting, and was eble to adjust the Eh of the nu-
trient solutlon from 525 to 325 millivolts by use of hydro-
quinone. The hydrooulnone hed no toxic eftect on young seed-
lings in concentrations up to fifteen pom. and in later sta-
ges of growth, he could use concentrations up to sixty to
seventy ppm. There was no limliting effect of Eh on plants in
the range of 325 to 535 millivolts. He concluded that Eh was
not limiting to plant growth on Alsbama solls.

Keaton and Kardos (14), in 1940, concluded that the
oxidative character of the soll wss reflected in the redox

potential. Recsause ot the complexlty of the soll medium,
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however, they dild not consider potential to be that of an
individual system; but regarded 1t as the function of many
complex interlockling systems. With this in mind, they sug-
gested thet redox potential may be used in the study and in-
terpretation of the general chemical processes tsking place
in the soll. They studled the effect of various materials

on the arsenlte-srsenate system. They were able to show

that ferric oxide raised the potential and czused arsenite

to be oxidized to arsenate. Alumina produced no effect on
the system. Clay collolds tended to shift the ecuilibrium

in the opnosite direction, 1l.e., aresenate was reduced to ar-
senlte; and at the same time the potentlal was lowered.

Their interpretations were based on calculations using the
Nernst equation. They further councluded that the addition
of iron 1n the oxidized form caused increases 1in plant growth
in s0ills polsoned with arsenicel spray residues; and that the
beneficial effect was primarily due to increased fixetlon of
arsenate as 1t was oxidized from areenite to arsenate.

The next significant advance occured in 1947 when Quis-
pel (29) measured redox potentials in situ. He studied the
golls in Holland that were inundated during World War II,
and found potentiels as low as =250 millivolts. He used
platinized, platinum electrodes, and found the results more
reproducible. Due to the great varlesnce between measure-

ments 1n sltu, Quispel recommended that a great many readings
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be taken. He found that oxygen also aftected the potential
greatly; thus the Eh or the so0ill was determined in part by
the state of aeration of the soll. When the potential df a
80ll was determined in the tleld, it was possible to defilne
the aeroblc or anaeroblc character of the soll in terms of Eh.

In the same year Roberts (30) working with micro-organisms
found that B. polymyxa, in the presence ot glucose, reduced
ferric oxldes or ferric hydroxide. The fermentetion ot glu-
cose was more raepld in the presence ot ferric hydroxide and
the production of hydrogen wae reduced. Roberts tested a
great number of cultures isoleted from the soil and he found
that only B. polymyxa and oune culture of Clostridium sp. re-
duced 1iron in eppreclable asmounts. These were facultative aero-
blc becilli.

Bertramson and White (1) glve an excellent review of the
literature dealing with oxidation-reduction potentials 1in re-
cent yeers., They concluded that tne Ea of the soll represen-
ted the sum total or tne oxidizing and reducing tencencles
in the 801l and depended on the nature of the system. The
redox system varied with the nature of the soil, and there-
fore varied from soll to soll. They were critical of present
laboratory technigues since there are no sultable methods for
measuring En in the soil in a manner similar to the measure-
ment of pH. According to them the preseat fleld quick test
for ferrous lron may be more sultable for the measurement of

reducing conditlions in the soil.
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In 1949, LaFonde (16) investigated the redox character—
1stlics of seversl types of forest humus trom Wieconsin and
Quebec. He measured pH, redox potentizl, and the total quan-
tity of reduced substances by titration with permanganate
solution., His results showed that mull humus was cheracter-
1zed by a positive redox potential and strong acidity. La
Fonde concluded that redox potentials could be used to charac-
terize forest humus types.

In the same year, Wilde and others (38) studied the elec-
tro-chemical properties of the ground water in the four major
types of organic soils in Wisconsin. They measured pH, spe-
cific conductlivity and redox potentlal 1in moss peat, wood
peat, sedge pest, and muck. The ground water underlying the
four solls possessed specific electro-chemicel properties.
All results were ﬂignly slgniticant. They concluded tnat
electro-chemical enaslysis of ground water was important in
dealing with problems in dreinage of muck or peat solls and
regulation of the water table.

In 1950, Pierce (28) stuaied the prairie-like mull of
Downs sllt loam, one of the most conspicuous forms of mull in
the prairie forest region. Measurement of pH, specific con-
ductance and redox potentlsl indicated an intermediate posi-
tion between Carringto:r silt loam and Miami silt loam which
was taken to indicate that the soll was originally a prairie
801l which had undergone a slight modification as a result of

becoming forested.
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In 1953, Pierce (25) measured pH, specific conductance
and redox potentials in situ in swamps supporting dlfferent
types of forest vegetation. There was a close correlation
between redox potential end the oxygen content of the ground
water and with the rate of tree growth. The specific con-
ductance, a messure of the electrolyte content, was found to
influence the forest tyne rather than the rate of growth.
These studies were carried out in Wisconsin., Further studles
in the Hearst region of Onterio geve similsr results.

From the literature it 1s appsrent thet the measurement
of the redox potential of the egoll has been hampered in the.
past by lack of consideration of all the factors involved.
From the scattered stucles ot the nature ot these factors 1t
1s suggested that thelr normal effect on the soil can best
be studied in the fileld, or if laboratory studies are carried
out, fileld conditions should be eimilated as closely as possl-
ble. The redox potentisl of the soll appears to be tied up
very closely with the oxygen content; and also with some of
the meterials within the soll such as iron, organic matter and
manganese. There may also be other materials involved. Plants
seem to 1ndlcate that a deflclency of oxygen exists in the soll
before the deficlency can be observed through change in the
redox potential. This is true becmuse the redox system in the

801l is more or less well polsed or buffered. Nevertheless,
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the study of the redox system in the soll may be useful in
the study of so0ll genesis since those factors that determine

the redox state are also important in soll genesis.



THEORETICAL CONSIDERATIONS
Redox Potentlals

When & metal 1s plsced in contact with a solution of
its lons, 1t acoulres a charge; and i1f two such electrodes
are connected to form a cell, a current will flow which 1s
an expression ot tne difference 1n potentiel between the two
electrodes. The positive cell becomes reduced, and the nega-
tive one becomes oxldized. Thus, where ever oxidation 1is
taking place, reduction is also taking place. The system is
spoken of as an oxidation-reduction system. In this paper
the contraction, redox, 1s theretore used to replace the
longer term, oxidstilon-reduction.

When a cell 1s reversible, 1t 1s possible to relate the
electrical phenomena observed to the chemical activity taking
place by meens ot tne Nernst ecuation.

Eh Eo -/- RTLog (Ox)
- / nF oo {Red)

To date, no one has been sble to establish the sctual value
of a half cell in volts; but two half cells together have a
potentlal which can be measured. When one ot the half cells
such as the hydrogen electrode or the calomel electrode 1is

selected as a standard all cells can be given definlte rela-

tive values. The Eh value is taken as the potential Gifference
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betwveen two half cells when they have been connected. From
the Nernst eguation, 1t 1s evident that waen (95).3 1, then
Eh = Eo. This mekes 1t possible to express ré?ggzve oxlda-
tion-reduction intensities in terms of electrode potentials.

It should be made clear that redox potentials are not a
measure of the amount of oxidation or reduction tnat tzkes
place. They are a mezssure of the oxidilzing or reducing in-
tengity or tendency. Tiis 1s quite a difterent matter tron
the capaclity of a system to oxldize or reduce. Some 1idea of
the capacity of a system to oxldize or reduce can be obtalrned
by titration withn s strong oxidiziug or reducli.g agent.

Eo can be determined for a system. It represents tne
potentlal at fifty percent oxlidatlion and fifty perceut reduc-
tion of the system; and depending on tae flatness of the En
curve as tne system becomes relatively more oxiéized or re-
duced the system will be well or poorly polsed. If a system
1s well polsed at a certein Eo value, it will tend to be
oxidized by any other such system that has a higher Eo value;
and it will tend to be reduced by any other such system that
has a lower Eo value. Therefore redox potentials can be
plotted on a scale and comoared in their ability to oxidize
or reduce other systems.

Another important consideration is tnat any particular
system cen be measured if it is reversible and tne Nernst

equation 1s apnlicable to that system.
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as a natural dynamic system, 1t is inferred that some of
the processes involved in soll development may be redox
preceegses. If such i1s the case, then the Eh o the soil
will be indicative of the overall state of oxidatlion of
the soil.
Factors Aftrecting Redox
Potentlals of Soils

Since Glllesple's time much work has been done; and
apart from tne contribution made in the fileld of oxidation
end reduction in blology, a number of factors which affect
redox potentlials in the soil have’been observed. These may
be considered to be of three main types. First, there are
the environmental factors, climate, aeration, end soil dis-
turbances such es cultivation end compaction. Second, there
are factors active in the 01l medium such as minersl ele-
ments, cley colloids, organlc matter, micro-orgsnisms and
growing plants. Third, there are variations 1in the redox
potential walch are csused by the trestment of the soll prior
to the meesurement of tine potential and by the metnod used
in obtaining the mezsurement.

Volk found that reduced solls oculckly become oxidized
when they are exposed to the ealr, For tnis rezson he placed
his samples 1n nitrogen saturated water and froze tnem before
storage for analysis. Other investigators placed the samples

in water and allowed them to stand for a number of hours be-

fore measuring the redox potential. Some have used sulphuric



acld instead of water as the medium for tnelr messurements.
In all ceses the relatlonship tetween the soll samnle end ite
environment 1s destroyed and tne results obtained &re not
representative ot tne true oxidative state of tae soil. It
1s maintained thnat e much more representative plcture or the
oxldation state or tane soil can be otbttalned by measuring

the redox potentials of the soll in situ as some investiga-
tors have done (1o, 25, 29, 38). All investigators except
Quispel and those who followed him heve neglected to consider

thies point.
Significence of Eh

From the discussion above, it can te seen that tke fac-
tors affecting the redox potential or Eh of thke soll are
numerous and varied. Because ot the complexity in the soil
medium, the oxidation-reduction system should be regarded as
a number otf individuel systems operating simultaneously.

The redox potentisl of the soll 1s a measure of the oxidation-
reduction status of all the component systems. Variastions

in any one of such tactors as degree of aerastion, moisture
content, temperature, microblal population, or stage of de=-
composition of organic matter will cause changes in tne
oxldatlion state of the =01l end will be reflected in the re-

dox potential. Such factors are also consicered among the
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factors or soil formation (12). On tnis basis, tane redox
system in the soll may be considered as relsted to soil
genesis. The measurement oi redox potentials may therefore

serve as a useful tool in the study of soil formling processes.
The Podzolization Process

In general, Podzollzation is the group of soil formation
processes that result in development of Poézol solls. This
involves the leasching of btases and translocsastion of sesqui-
oxides and organic matter from tne A to the B horizon. 1In
the B horizon the sesgul-oxldes and organic matter ere deposi-
ted, often in layere with the orgenic matter sbove, but often
in one layer with the sesqui-oxides and organic matter inti-
mately mixed.

Morphologlcally speaking, the profile produced 1s very
striking. The gray, ashy Ap horlzon, sometlimes called tlel-
cherde, contrasts greatly with the reddish brown to dark
brown ortstein or orterde B horizon. The overlying Ay hori-
zon may be lacking, in which caese, the Ao and Aoo horizons
make up the surface leyers. There 1s then a very sharp boun-
dary between the surface horizons and the underlylng As horil-
zon. This mey indicate e very complete conversion of organic
matter lnto materiales which become mobtile 1n the Ap and Ay
horlizone end are trensported through the Ag horizon into the

B horizon where preclpitation tekes place. Not all materials
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are precipitated in the B horizon however (13, 31). Puust-
Jarvi et al (28), in Sweden, noted the accumulation of rust
precipitetes in dralnage lines and ditcnes. Tnis trouble
occured in recently gleciated areas. Jofte (13) noted the
aluminum in the drainage waters or New Jersey streeams.

A most commonly accepted theory of podzolizetion 1is
that the seequl-oxidee and organic matter ere translocated
in the colloical estate, and precipltated in the B horizon
due to the preesence of electrolyte. In Europe, Dr. Albert
found a relationship between the depth of penetretion of sum—-
mer ralns and depth to the B horizon or ortstein. He also
investigated the possibility of the oxldes telng precipitated
by oxygen in the B horizon, and found nelther a deficlency of
oxygen in the A horizon nor any excess in the B horizon. He
concluded that oxygen pleyed llttle part in the development
of the profile. In Sweden, Aarnio conducted kboratory experi-
ments in connection with the precipitation of oxides and or-
ganic matter in the B horizon. He was arle to show that or-
ganlc matter and iron 1in colloidal solution could be preci-
pltated due to mutual eftects at certain concentrstions. In
addition to the 1iron oxides and orgenic metter, manganese and
phosphorus are deposited in the B horizon.

An excellent discussion ot these works and tnelr impor-

tance 1s given in lectures by Marbut (79).
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Most theories on podzolization are connected with or-
ganic matter in some manner. Thls gerves to indlcate the
importence or orgenic matter in the process. Podzols occur
in a cool humid climate, and are commonly found in Michigan
under harcéwood or conlferous tyves of vegetation, although
they may occur under a gress type &8 well. Podzols also
develop on a varlety of parent materisle renging from alka-
line to acid in reaction and from sends to loams or finer
textured materials.

There seems to be no doubt that orgsnic matter and its
decomposition products play a very important part in the
podzolizstion process as do iron, alumlnum, ané mangsasnese.
Organic matter and its decomposition products have been shown
to be effective in lowering the redox potential of soils (29).
Iron and manganese also play an lmportant paert in the oxida-
tion-reduction procecsses that operate in the soil mecium, and
there are aleso other minersl elements that could pley a part
as well. Therefore it 1s loglcal to expect that oxidation
and reduction may elso pley en important part in the develop-
ment of podzols. Since podzols have teen shown to form in a
relatively short time, they ofter possibilities for redox

studies in reletion to soil development.



TEE FIELD EXPERIMENT

For the fleld experiment, two siltes were selected in
Sanilac County, Michigan. They showed development of the
podzol type profile commonly found in the transition zone
between the Podzol region in northern Milchigan and tne Gray
Brown Podzolic region in southern Michigan. A discussion
of these soils may be found in a publication by Gardner and
Whiteside (9). Tne solls at both sites developed on gleclal
érift of Cary Age. McBride fine sandy loam 1s a well dralned
soll developed on sandy loam perent material. Marlette loam
1s another well dreined soil developed on loam parent meterial.
A third soll, Pesrkhill loam, is & poorly dreined soil, which
occurred in assoclilation with Marlette loam. It gleo is devel=-
oped on loam parent meteriasl., The selectlion of these soils
permitted tne comparison of solls that differed in both tex-
ture and drainage. The following profile descriptions are

of these solls.

McBride Fine Sandy Loam

Location: T 12 N - R 13 E Section 27, SE}, of:the NEZ,
Sanlilac County, Michigan.
Vegetative The present cover conslists ot a mixture
cover: of White Birch (Betula papyrifera), and

Trembling Aspen, (Populus tremuloides).
The original cover was White Pine (Pinus
strobus), and Hemlock (Tsuga canadensis).



Physiography:

Slope:
Profile:
Horizon

Ao, Aoo

A

AxGB

Bogs
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Rolling till plain of Cary Age at the
western edge of tne Wnittlesy lake bed
in Sanilac County, Michigan.

Six percent.

Depth

1-0"

O-1"

1-2"

3-9"

9-15"

15-48"

48=-72M

72"

Description

Leaf litter and partially decomnosed
organic matter black in color.

Dark graylsh yellowish brown, (10 YR
2/2)*, fine sandy loam with a crumb
structure, high in orgenic matter,
friable when molst, pH 5.3.

Light yellowlsh brown (10 YR 7/3),
loamy ssnd, wesk crumb structure,
pH 5.3.

Strong yellowish brown (7.5 YR 5/8),
loam, crumb structure, frisbtle when
molet, pH 4.5.

Light yellowish brown (10 YR 6/3),
sandy loam, weak platy structure,
friable, pH 5.8,

Moderaste yellowlsh brown (10 YR 5/4),
sllt loam, weak blocky structure,
friable when moist, pH 5.1.

Light yellowish brown (10 YR 6/4),
sllt, massive, frisble when moist,
pH 5.0.

Light yellowish brown (10 YR 6/4),
sllt, stone free glaclal drift,
pH 6.5.

* Munsell color notation. and ISCC - NBS color names.



Location:

Vegetation:

Physlography:

Slope:
P rofile:
Horizon

A

B2GB

ab]
(o2)

Yarlette Loem

T11 N - R 12 E Section 30 NW3 of NEi, Sanilac
County, Michigan.

The present cover 1s American Elm (Ulmus
americana), end Wnite Birch. Tane original
cover was sugar meple, elm, hemlock, and birch.

Tne slte 1s located at tne western extremity
of the Yale moreine, of Cary ege.

Six percent.

Depth
0-3"

3-6"

6-11"

11-15"

15-30"

30"

Description

Brownish gray (10 YR 4/1), loan,
fine granular structure, frisble
when moist, pH 6.0,

Light grayish yellowieh brown (10
YR 6/2), loam, fine grenular etruc-
ture, friesble when molst, pH 5.0.

Moderate yellowlsh brown (10 YR 5/4),
loam, fine granular structure, frila-
ble when moist, pH 5.0.

Graylsh yellowish brown (10 YR 5/3),
light clay loam, weeak medium angular
blocky structure, sticky when wet,
pH 5.2.

Moderate yellowish brown (10 YR 4/4),
cley loam, plestic when wet, pH 6.8,
medium to coarse angular blocky
structure.

Graylsh yellowish brown (10 YR 5/2),
light clay loam, with dark grayish
(10 YR 4/2) mottles, medium to coaree
angular blocky structure, glaclal
t111, calcareous.



Location:

Vegetation:

Physlography:

Slope:
Profille:
Horizon

Ay

ag

27

Parkhill Loam

T 11 N - R 12 E Section 30 NWi of NE%, Ssnilac
County, Michigan.

The present cover 1s American Elm, and Whilte

Birch.

The origlinal cover wes sugar meple,

elm, hemlock, and tirch.

The site 18 located at the western extremlty
of the Yale moraine, of Cary ege.

Level to depressional.

Depth

6-10"

10-16"

16-42"

42"

Description

Brownish black (10 YR 2/1), loanm,
fine granular structure, friable
when moist, pH 6.5.

Light grayish yellowish brown

(10 YR 8/2), light loam, weak fine
angular blocky structure, friable
when moist, pH 6.5.

Grayish yellowish brown (10 YR 5/2),
clay loam with light yellowish trown
(10 YR 6/4) mottles, medlum angular
blocky structure, sticky when wet,
pH 6.5.

Light grayisah yellowish brown

(10 YR 6/2), mottled, medium angular
blocky structure, mottled brownish
yellow, light clay loam, sticky when
wet, pH 7.5.

Light grayish yellowish brown (10 YR
6/2), mottled light yellowlsh brown
(10 YR 6/4), loam to light clzy loam
till, pH 7.8.
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Installation of Electrodes

Electrodee, prepared in the manner described by Guls-
pel (29), were instslled in groups. Copper connectlions were
made of éifferent lengths so thet the electrodes could be
installed at tne selected devths. Tie most sultable time
for installation of the electrodes was in early spring after
the frost was gone but whille the soll was still saturated.
At that time there was little difficulty in forcing the elec-
trodes into the soll and little breakage occurred. After
the s0l1ll became dry the electrodes were checked to make sure
that the soll had not shrunk away to allow an excess of air
to enter the soil.

After a general examlnation of each site to select a
sultable profile, three auger holes were mede tnree feet
apart in a triangular pattern as shown in Figure 2. The
depth and thickness of each horizon in the profile was mea-
sured. Holes were then punched in tne wet soll within the

triangle to the required depth with a sharpened steel rod.

O < 3FT. >0
' 2 345
(4] o_’r‘i‘o
3SFT. 3FT.

Figure 2. Layout of Electrodes 1in situ.
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The probe was selected of a diameter slightly smaeller than
the electrodes to insure a Eight fit and thus prevent the
passage of excess alr to the electrode. Electrodes ot the
proper length to reach the desired soill horizon were then
forced carefully into the soll through the holes made with
the probe.

Three sets of electrodes were installed in the Marlette
loam at the Kenneth Knight site and two sets were installed
in McBride fine sandy loam at the Dan Jurn site. Each of
these sets consisted of five electrodes. An additional two
sets consisting of three electrodes each were installed in

the Parkhill loam at the Kenneth Knight site.
Measurement of Redox Potentlals

The electrodes were installed in the latter pert of
Aprlil and readings with a Beckman vecuum tube potentiometer
wvere tezken weekly during the first month. Later they were
taken only monthly. The saturated calomel electrode served
as the standard, or reference electrode. The cell was as
follows:

Pt / HgCl, KC1 // Soil / Pt

The KCl bridge was formed by wetting the soll with a
saturated KCl solution, and inserting the calomel electrode
a few inches into the soil, The potentiometer could then

be connected to the calomel and platinum electrodes, and the



30

reading tsken. Polarlzation ot the nlatinum electrocde was
prevented by msking an aporoximsate adjustment of the poten-
tiometer before comnleting the connection. Then only small
corrections were reculred to get the reedlng and a minimum
ot current flow took place. Severel precautlons were necessary
to insure satisfactory reedings. The electrode leads had to
be perfectly dry to prevent shorting of the circuilt when the
connection was mede. The most suilteble time for taking read-
ings was in the early arternoon. The readings were easily
etiected by plents in close proximity, If the plant stems
touched the lezds they ariected tne readings. In the early
spring when the soil was saturated and there was a breeze,
the trees rocked; ana the roots in the vicianity ot tane elec-
trode disturbed the goll enough to cause very unstesdy read-
ings. At the same time wheun the soll was saturated, the soil
solution was very dilute and theretfore poorly polsed. Tals
resulted in some very unsteedy resdings. Lzter when tne soll

was drier, tne readiungs were culte stable and reproducible.
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Saturated calomel
Electrode Potentiometer

N

\' Surface

”t Soaked with saturated
KCl solution to insure

Subsoll good contact

Platinized Platinum
Electrode

Figure 3. Method of making redox
measurements in situ.

The electrodes were set out on the 25tn of April aend
readings teken regularly untll the 10th of November. The
electrode sets at the Dan Jurn site were then dug out, pro-
file descriptions taken, and samples collected for laboratory
enalysis. In November the weather was too cold for working
out of doors. The Beckman pH meter would not function pro-
perly below 10°C, and ssmples for pH measurement had to be
teken to a warm place before pH readings could be taken. Due

to these difficulties the remailning electrode sets were left
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in the soil over winter to observe what occurred. Little
change was observed during the early part of the winter;

and conslcersble difficulty was experienced getting readings
through the snow. Frost heaved the electrodes; and they had
to be reset a number of times., Moisture shorted out the
readlngs, and great care was regulrecd to get reacdings. Spe-
clal equlpment 1s needed to measure redox potentisls during
winter weather; and to prevent heaving of the electrodes by
the frost.

Figures 4, 5, 6 show the data for McBride fine sandy
loam, Marlette loam and Perkhill loam. All results were
corrected to pH 5.0 to make them comparsble and et the same
time to represent the naturszl soll condition as closely as

possible.
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Figurt-; 8... Effect of season and horizon
on the redox potentials for Parkhill loan.
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LABORATORY EXPERIMENTS
The Eh-pH Relatlonship

The data collected in the flelc could not be considered
comparable until 1t had been corrected for pH. A modifica-
tion of Willis' method (39) was used to determine the Eh-pH
relationship. The apparatus, shown in Figure 7, was set up
as follows: &a glass electrode, a2 calomel electrode and two
platinum electrodes were fitted tightly for support into a
large rubber stopper which would fit a heavy glass tumbler.

N

Nitrogen\w To

N - Platinum
Tank cell ’.\HI}?IL ] Electrodes
‘ Glass
| Electrode\
| ) Stopper
U Calomél
Electrode H‘i Glass Tumbler
T |Pyrogallol
+ | Serubber
‘ Suspension
i: Stirrer
_/

Figure 7. Nitrogen cell for measuring
Eh-pH relationships.
Inlet and outlet holes for nitrogen gas were also cut in the
stopper. A glass stirring rod was fitted into the center of

the stopper through a glass sleeve and adjusted so that 1t
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could be rotated with an electric motor. Nitrogen gas was
introduced through a small glass tube so that it was distri-
buted over the surface of the soll suspension and the alr
was excluded. The nitrogen gas used was first conducted
through an alkealine pyrogallol scrutber to remove all traces
of oxygen. Bolled water wes used for preparastion of the soil
suspensions. A 1l:l suépension could be used and this made 1t
possible to measure both Eh and pH at the ssme time. The pH
values of the soll sucpension were varied by the addition of
different amounts of 0.1 N sulphuric acid and O.1l normal so-
dium hydroxide. The sample was stirred for five minutes and
the Eh measured as soon as the streaming potentlal had sub-
slded and the reading became steady. Tne pH was measured at
the seme time. Beckman equlpment was used for both Eh and pH
meesurements.

In Figure 1 of the appendlx it can be seen thet there
1s a straight line relationship between Eh and pH. Thls
agrees with the findings of Willis (39). However, results
also 1ndicate that the theoretical values of fifty-nine milli-
volts 1s not a constant for all soils but may be a value which
is characteristic for eacn soll. This result agrees with the
findings of Volk (33). There was not a significant difference
between values for the individual horizons in thils case.
Therefore the Eh-pH relationship should be determined for each

eoll etudied.
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Uslng these date, all horizons were corrected to pH 5.0
in order to make the readings most representative of the
natursl soll condition. For the Dan Jurn Site this required
the lesst amount of correction. For the Kennetnh Knight Site
the samples were not taken until tne following summer. For
this reason, Willis' theoreticsel value of 59 millivolts was
used to correct the resdings for the Marlette and the Park-

hill loams.
The Lzboratory Experiment

All results obtalned in the field were extremely varlia-
ble. Therefore, there was a large experimental error. For
this reasson, it was decided to set up a laboratory experiment
to try and control some otf the variables 1n such a way as to
reduce some of the variability and still simulate natural
fleld conditlons as closely as posslible. Enough replicates
were used so that the dats could be analyzed statistically
for significance. By this .method.:, it was hoped that the
experimental error could be evaluated. For this experiment,
a sample of the C; horizon taken from a Weare sand profile
on an 0ld horse shoe dune in Sanilac County was used. At
the same time, a sample of an Ay, Aj mixture was obtalned.

The profile description follows:
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Weare Sand

Location: T 13 N - R 13 E Section 22 BW% of the NW}
Sanilac County, Michigan. The site is locae-
ted 1% miles south of the village of Argyle
on the east side of M-19.

Vegetation: The silte supported a moderately dense cover
of Trembling Aspen with a ground cover of
Wintergreen and Bracken.

Physlographic
position: The site was located on an o0ld sand dune in
the interlobate regsion of the Thumb region
of Michigen.

Profile:

Al 0-5 inches Grayish brown (7.5 YR 3/2),
loamy send, high in organic
metter, pH 5.0.

Ao 5-12 inches Graylsh yellowish pink (7.5
YR 7/2), sand, pH 4.5.

B, 12-30 inches Strong yellowish brown (7.5
YR 5/6), loamy sand, discon-
tinuous ortstein, pH 4.5.

Cy 30 inches Light yellowish brown (10 YR

7/€), sand, pH 5.0.

A large sample was collected from the C3 horlzon and
allowed to dry. The sample was then thoroughly mixed to
eliminste veriability of the mzterial and to get a reessonably
homogeneous sample perticularly with respect to pH. This elim-
inated the need for determination ot the Eh-pH relationship.

At the same time a semple or the Ay and Ay horlzon was taken,
dried, and thoroughly mixed. Using these materials, the
following experliment was performed to simulate, as closely as

possible, naturel field conditions.



A tenslon table was constructed using the ourest obtain-
able plaster of paris.with an srrangement ol glass beskers
for édjustment of the water tension. A cylinder or three
inch metal downspouting twenty-iour incnes long wes palnted
on the inslde with Tygon paint, placed on the tension table
and supported by a ring stand. The Joint btetween the teble
and cylinder was seesled with wax to make it water tight. The
cylinder was then filled with the sand from the Weare sample
to within three inches of the top, and four platinized plat-
inum electrodes prepared as in the fleld experiment were
placed in the sand at selected depths for redox measuremenﬁs.
An additional four shiny platinum electrodes were placed at
the same depths, and used to measure oxygen diffusion accord-
ing to the method ot Lemon (18). The cylinders were then
filled with sbout 2% inches of the Ao, Ay mixture. Two methods
of watering were then compered, with each treatment replicated
five times. A third treztment, &lso replicated five times,
provided for only enough water to molsten the organic layer.
Due to ditriculties encountered with this trestment it was
dlscontinued ancd the results are not ghown. The apparatus
for a single sand column and the entlre green house set-up

are shown in Figures 8 and 9.
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Treatment A was continuous leaching with distilled water.
Treatment B was leaching every three to four cdays, each time
with 100 ce. of distilled water. Due to tne continuous water
flow, in trestment A, and the solubility of the Plaster of
Paris used, 1t was very difticult to maintein the tension on
the tables. 1In spite of these difficulties some results were
obtained. The tenslon tatles in treatment B worked very well
throughout the course of the experiment. Redox potentlals
were measured every three to four days for slx weeks using
the Beckman vacuum tube potentiometer end tae saturated cal-
omel electrode in the same manner as for the field experiment.
Results are shown in Tables II and III of the appendix and
Figures 10 and 11 of the text.

At the same time, using the shiny platinum electrodes,
and a speclally prepared saturated celomel electrode, oxygen
diffusion readings were obtailned ty the method of Lemon (18).
The instantaneous readings are the inltlal swing of the
ammeter needle and are a measure of the oxygen concentration
at the electrode. The difruslion reacdings are a measure~of
the rate at which oxygen diffuses to the electrode. The re-
sults obtained are shown in Table IV of tne appendix.

At the conclusion of the experiment, the sand columns
were opened and examined. Samnles of the sand taken at se-
lected depths, were extracted with normal ammonium acetate

solutlion buffered at pH 4.8 with acetic acid. The extracts
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were tested for ferrous 1ron using a moditication of Olson's
method (23) which uses o-phenantnroline &s the color reagent.
The intensity of color development vas measured on the Cole-
man Junior Spectrophotometer set at a wavelengta of 480
millimicrons. The extracts were then treated with hydroxyl
amine hydrochloride to recduce all the iron to the ferrous
form, and the iron was agaln determined. This gave a measure
of the proportion of the totzl extracteble iron that wes
ferrous in form. The molsture content of the samples was
also determined at the seme time. Results of the iron deter-
minetions are shown in Table I of the text and the molsture
content of the sznd columns at the time of opening in Tatle

V' of the appendix.



RESULTS AND DISCUSSION

There 1s considerable variability between readings of
electrodes in any horizon in situ due to the small portion
of the soll body sampled. Variations in texture, structure,
organic mstter distributlion, seration, or molsture content
of the soll es well as tane vroximity of the electrode to
rootls oOor worm channels cause veriations in the redox poten-
tlals. Replacemeut o1 tne electrodes during the course of A
the experiment indicated tnat the error wes not due to eftects
on the electrodes tnemselves., The error caused by this varia-
bility could be evaluated statistically by the use of msny
replicates. Further error may be introduced unless care 1s
used 1n the measurement of the potential in the field.

Large Junction pnotentlials can be introduced unless csare 1is
used 1n meking the contact between the calomel electrode and
the soil.

In spite of the limited number of electrodes used in this
exploratory field experiment the trends are very interesting.
The results of the field experiment are shown in Figures 4,

5 and 6. The redox potentials for McBride fine sandy loamn,
Marlette loam and Parkhill loem are shown plotted agalnst
dates. The 1n1t1a1\read1ngs were taken lmmediately after the

electroces were inserted on April 28 and probably before they



Figure 10. Effect or depth on the
redox potentials for treatment A of
the sand column expmeriment,
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Figure 11. Effect ot denth on the
redox potentlial for treatment B of
the gand column experiment,
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came to equilibrium with the soll. Atter s week the soil
had settled sufficlently that equilibrium was estebliched.
The redox potentials for lcBride fine sandy loam Figure 4,
had risen very high by the second week in Meay with little
variations between horizons. In the Marlette loam, Figure
5, the redox potentials had not reached a level comparsable
to those in McBride fine sandy loam until the third week in
May. They were also more variasble between horizons than
were those for the McBride in the first weeks.

Since both soils were well dreined, the differences 1n
redox potential were mailnly associated with cirferences in
texture throughout tne profiles. McBride fine sandy loam
dried out and warmed more quickly tnan did the Marlette loam.
During the summer, the redox potentials for both solls were
high, probably because of improved eeration. There was also
a tendency for higher resdings in the lower horizons than
in the surfece horizons.

It hes been generally observed (8, 8, 11, 15, 16, 29,
34, 35) that orgenic matter tends to lower the redox poten-
tial of the soll. Since the surfece layers of the soill, in
general, contain more orgenic matter then the subsoil lgyers,
these observatlons are substantiated 1n McBride fine sandy

loam and Marlette loam. Figure 6 shows the results obtailned

in the poorly drained Parkhill loam. These results are of
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Interest since this soil was waterlogged throughout the
spring and the soil had not commnletely recovered from the
effects of this condition until July 1lst. The early read-
ings were extremely low.

The reedlings were lowest in thne twelve inca denth,
indicating the zone of highest recuction in the profile.
After July lst, the redox potentlals compared favorably with
those or the well dreined solls. These results indicate
outstanding sessonal differences in the Farkhill loam as
compared to the well érained solls; the difference being
assoclated with variations in drsilnage.

In the sand column experiment, the redox potentiels were
treated statistically and checked by Nair's quick test (21).
Treatment A was not considered a good test since the tension
tables gave so much difriculty. However tne means for both
trestments are shown in Tables II and III in tne appendix
together with the statisticsl analysis for treatment B.
Results for both treatments are similer. There is little
dirference between the genersl means for both treatments.
The average redox potentiels plotted ageinst depths for five
replicates are chown in Figures 10 and 11 for both treatments
A and B, The potentlels in the three inch éepth were signi-
ficantly lower (at the five percent level) than they were at
lower depths. Oxygen diffusion readings by Lemon's method

(18), shown in TableIV in the appendix, were =2lso higher in
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the deeper portions of the profile. Examlinztion of Tgble

I shows that by fer the greatest amount of ferrous lron was
contained in tie three inch leyer. Generally the proportion
decressed witn depth in the column. This would indicate

that 1ron was being reduced in the three inch layer. 1In

this state iron 1s more soluble than in tne ferric state. It
could therefore move downward in the leaching wateres to the
lower levels. Since there existed in the soil column a state
of higher oxidation in the lower levels, the ferrous iron
could be oxidized to ferric iron end partially precipitated.
Although certalnly not conclusive, these data are considered
as evlidence of a possible method whereby iron may be translo-

cated in tre soll and precipitzted in the B horizon,

TABLE I. FERKOUS IRCH CCKTENT COF THE EXTARACTABLE IRCN FOR

THEATYNXNTS A ARD B.
Depth Treatment
Inches A2 A2 A4 Bl B2 B5
3 52.5 £5.0 47.5 38.5 42.5 52.0
9 14,1 40.0 37.5 18.4 16.8 14.2
15 13.0 13.2 26.5 15.3 24.3 28.0

22 10.6 15.2 18.0 12.6 32.0 30.5
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Thies 1s not cdue to the redox potentlal itself, but to the
combination of factors which results in the differential
redox potentials.
If the process involved in the development of Podzols
is defined 2s the translocation of sesgui-oxides from the
A horlzons and their precipitation in the B horizon, then
the sand column experiment would indicate a possible mech-
anism important, among others, in the development of Podzols.
The fleld results indicate thet tne season of the yesr when
thls process would be most active on well drsined solls 1is
in the esrly spring. ore fleld stucles are now underwey.
The sand column experiment hss ehown that the use of
sufficlent replicates and a statistical treatment of the da-
ta 1s feasible when some of the variebles are controlled.
It may also be feasikle to use statistical methods in the
field and thus make 1t possible to overcome the large experi-

mental error involved in the use of this tool.



SUMMARY

Redox potentials have been measured with varistions in
time and space in McBridé fine sandy loam, lMsrlette loam, and
Parkhill loam. In addition, redox potentlals were studled
in sand columns in a greenhoucse experiment. The followlng
observations were mede:

(1) Extremely low redox potentials persisted until
July 1 in poorly dralned Perkhill loam, _

(2) The potentials observed in the well drained McBride
fine sandy loam, and Marlette loam, were high in early sopring,
indicating that the state ot oxldation ot these two solls
would not 1limit plant growth, even early in the growing
season.

(3) Tne Marlette loam showed e tendency toward a lower
state of oxidation than McBride fine sandy loam until about
Mey 12th. ‘

(4) The protracted measurements of redox potentials of
the various soll horizons in the fleld gives a more complete
picture of the true orgenic conditions in the soill body.

(5) Redox potentlals measured in situ may be useful as
a tool for checking soil conditions affecting plant growth,

partiéularly in the case of poorly drained soils.
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(8) A redox profile has been observed in a latoratory
study on sand columns which is submitted as evidence of a
possible mechanigm of Podzol formation. Reduced iron in
solution was produced in the upper peart of a well drained
sand column. This could be precipitated lower in the sand
column by oxidation. Redox potentials were significantly
higher, oxygen concentratlons were greater, and the propor-
tion of soluble iron in the ferrous state was less lower in
the sand columns,

(7) The sand column experiment indicates that many
replicates and the use of statistical methods might meke
the use of redox potentials feaslible in the field.

(8). It is suggested that the measurement of redox
potentials may be useful in studlies of soll formation, par-
ticularly of Podzols, Ground Water Podzols, and Humlc Gley

solls.
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FIGURE 1. Eh - pH Relationship for McBride
fine sandy loam.
TABLE I. AVERAGE VALUES OF FIVE KEPLICATES OF
TrEATMENYT A BY DEPTH AND DATES
depths General
dates 1 2 3 4 5 6 7 8 9 lMean
3 420 409 388 367 369 412 221 491 322 378
9 439 430 435 463 490 488 385 444 392 438
15 554 553 539 608 601 572 520 544 575 563
22 482 498 495 583 575 508 485 489 357 497
Means 474 473 464 505 509 495 398 482 412 469

469
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TABLE II., TABLE OF MEANS FOR TREATMENT B OF
THE SAND COLUliw EXPERIMENT.
depths ‘eans

dates 1 2 3 4 5 6 7 8 9 10

3 1in., 354 381 374 420 474 342 338 311 312 306 361
9 in. 477 499 477 513 549 477 479 470 487 475 490
15 in. 536 551 541 576 577 541 537 501 492 511 536
22 In. 416 420 446 448 460 473 488 456 457 453 453

446 483 400 489 515 460 460 435 437 436 460%

*By using K.R. Nair's test (21) we find that the average for
the three inch deptn is significantly different from the
general sverage end of course is slgniricently difterent from
all the other averages.
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TABLE III, ANALYSIS OF VARIANCE FOR DAYS, DEPTHS
AND REPLICATES FOR TREATILZwI B OF THE
SAND COLULN EXPu=INENT

D.F. s.S. M.Sq. F. Nec.F.

Total 199 3,850,589
Rep. (R) 4 1,393,499
Depth (D) 3 829,499 276,500  3.08 2.67
Days (&) 9 117,170 13,019
d.0D 27 97,415 3,608
D-R 12 1,078,077 89,673%
d « R 36 109,512 3,042
R.d.D 108 227,417 2,106

Err. 156 1,413,006 8,564

*Using the largest possible error term a difference of 83
millivolts or greater 1s signiticant at the five percent level.

Bl .-‘Wrtgl
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TABLE V. MOISTURE VARIATICN IN THE SAND COLUMNS
WITH DEPTH FOR TREATLENTS A AND B,
Electrode Moisture Content in Percent
Set
Depth

No. inches

15

T I

22

8. 7. 9. 8. 7. 12,
12. 10. 11. 12. 9. 10.
14. 15. 13. 16. 14. 10.
16. 15. 17. 13. 13. 14,







