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Acidity distribution within any given soil profile is dependent on

mineralogical make-up of the parent material as well as environ

mental conditions prevalent during the weathering history of the soil.

An experiment was designed to study the distribution pattern of ex

change acidity, exchangeable aluminum, exchangeable manganese and

pH of six acid soils of Western Oregon. IN KC1 extracts of four

depths of each soil were obtained and the levels of the parameters

mentioned above were measured. It was found that various soil serie;

had different acidity distribution patterns within their profiles. Also,

a highly significant linear correlation was observed between exchange

acidity and exchangeable aluminum of each soil.



Liming acid soils raises pH of the soil extract and improves

its fertility status. The rise in pH is due to neutralization of acid

groups or acid-producing species present in various forms and on

various sites in the soil system. One group of these acid producing

species is the exchangeable form of various hydrolyzable cations,

+3 + +2 +3
especially Al , H O , Mn , also perhaps Fe , and others. These

cations are extracted with solutions of 1N neutral salts such as KC1

and are neutralized by hydroxyls of the applied lime. A second ex

periment was designed to study the effect of liming, using an incuba

tion procedure, on exchange acidity, exchangeable aluminum, ex

changeable manganese and pH of these soils. It was observed that

additions of increments of Ca(OH) to soil resulted in progressive

increase in pH of the soil extract and the relationship between pH and

amounts of lime applied was curvilinear with the titration curves

approximating linear patterns. As lime rates increase, there was a

+3drop in both Al and exchange acidity content of the soil extract as

+2
well as the amount of Mn extracted. For all these three para

meters the initial drop was much sharper than the subsequent reduc

tions occurring due to further additions of lime. Point of zero acidity

or zero exchangeable aluminum did not necessarily coincide with pH

of neutrality.

Applications of lime to acid soils improves their crop raising

ability, especially with regard to legumes. A third experiment was



set up to study the response pattern of alfalfa (Medicago sativa L.

var. Du Puits) to lime and phosphorous applications and the effect of

such applications on aluminum, manganese, phosphorous, and

calcium concentrations of plant tops. Significant yield responses

were obtained in some cases but not in others. Phosphorous concen

tration of the tops was not significantly affected, but aluminum,

manganese, and calcium concentrations were affected to varying

degrees.
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THE RELATIONSHIP OF EXCHANGE ACIDITY AND

EXCHANGEABLE ALUMINUM IN LIMED AND UNLIMED

PROFILE SAMPLES OF SOIL FROM WESTERN OREGON TO

THE YIELD AND CHEMICAL COMPOSITION OF ALFALFA

INTRODUCTION

Distribution of soil acidity and its components within a given

soil profile is dependent on many factors prevailing during the evo

lutionary stage of the particular soil. Nature of the parent material,

environmental factors, and geographic features of the weathering

locale are all important in determining the characteristics of the soil.

Thus, one would expect wide variation in profile distribution of soil

acidity for soils having developed under different conditions and from

different materials.

A review of literature indicates that components of exchange

acidity--that portion of soil acidity extracted with normal solutions of

neutral salts--are primarily monomeric aluminum and hydronium

ions present on the exchange site. Contribution of other hydrolyzable

cations such as manganese and possibly iron has also been recognized,

but their significance is by far less than the former two. One method

for studying the significance of these parameters in determining ex

change acidity of soils is to study the distribution pattern of exchange

acidity and its components within a given profile. This was done in

an experiment using 6 acid soils of Western Oregon.

Applications of lime to acid soils result in neutralization of soil



acidity and increase in soil pH. The shape of these so-call titration

curves--curves obtained by plotting the number of milliequivalents of

lime added to a given soil versus the equilibrium pH of that soil after

a certain lapse of time--is highly dependent on the nature and magni

tude of various components of soil acidity. Curves with several

inflection points have been reported in literature.

Progressive additions of lime result in preferential neutraliza

tion or precipitation of various components of soil acidity. Behavior

of components of soil acidity with respect to lime may be studied by

incubating any given amount of soil with various increments of lime

and subsequently making appropriate measurements on the equili

brated system. An experiment was designed to evaluate the trend of

exchange acidity and its components with additions of lime.

Performance of many crops is adversely affected in acid soils.

Many hypotheses have been proposed over the years as to the parti

cular nature of the component of soil acidity responsible for poor

growth of plants on such soils. Presence of excessive hydronium

ions, toxic quantities of such cations as aluminum and manganese,

and lack of sufficient calcium in the root environment are some of

the factors suggested in literature. One possible technique to study

such problems is to grow a given plant on soils having received dif

ferent amounts of lime, measure uptake of the desired elements, and

correlate these data with yield of plants. This was done in a



greenhouse experiment using alfalfa (Medicago sativa, L. var.

Du Puits) as indicator plant.



LITERATURE REVIEW

Over the past years soil acidity and pH have been closely asso

ciated and one has most often been thought of in connection with the

other. This notion has been borrowed from purely chemical systems,

being far less complex than soil, in which a lower pH corresponds to

a stronger acidity. Moreover, based upon the older notion of acidity,

as being the ability to donate hydrogen ions, soil acidity has been

visualized as arising due to existence of hydrogen ions on the ex

change site, broken edges of the clay minerals, or organic matter

present in the soil. This concept of soil acidity was widely ac

cepted and went undisputed as late as the 1940 !s. Even then ways

were being devised to measure exchangeable hydrogen ion in soil

systems (Mehlich, 1942 and 1943). Existence of proton-donor speicies

other than hydrogen ion was either not known or went ignored and the

findings of Veitch (1902), Paver and Marshal (1934) and Schofield

(1949) that a salt-exchangeable aluminum definitely occured in soil

systems passed unnoticed. Based on these ideas, workers have tried

over the years to improve crop-raising ability of acid soils by trying

to raise their pH in an attempt to overcome or lessen the adverse

effects of hydrogen ion present in the root environment (Arnon and

Johnson, 1942). Thus, liming a soil to a given pH has been and still

is a very wide practice in regions where soil acidity is a problem.



In the early 1950's, however, as a result of observations made

by Jenny (I960), Coleman and Harward (1953), Low (1955), and

others, the idea of acid soils being regarded as aluminum saturated

systems found wide acceptance. This idea has been further substan

tiated by the very voluminous literature appearing on the subject

since then (Ayres, Hagihara and Stanford, 1965; Bhumbla and McLean,

1965; Clark, 1966; Coleman and Thomas, 1964; Jackson, 1956; Lin

and Coleman, I960; McLean et al. , 1964; Pionkee and Corey, 1967;

Turner, 1965; Turner, Nichol and Brydon, 1963; Yuan, 1963).

According to the recently accepted theory of soil acidity then, the

.+ +3
proton-producing species in soils are: HO , Fe (OH ), , and

3 2 6

Al (HO), present on the exchange site, hydrogen ions present on

the mineral edges, organic matter, and aluminum present as

+x
Al (OH) (HO) in the crystalline and amorphous materials

n 3n-x 2 m

+3
of clays (Jackson, 1956), hydroxy-Fe present in intergrade miner

als (Coleman and Thomas, 1967) and probably manganese present in

various forms and on different locations (Yuan, 1963).

Methods of Extraction

To measure soil acidity and the degree of contribution of its

various components, many different extractants have been used and

various soil-extractant parameters such as soil to solution ratio,

time of extraction, pH oi extracting agent, ionic strength of extractant.



have been evaluated. Puri and Asghar (1938) found that soil to water

ratios of 1:5 to 1:25 did not affect the pH. Comparably, when

IN KCl was used a pH depression of up to 2 units was observed..

Their findings are supported by more recent work (Yuan, 1963;

Keeney, 1963). Schofield has used CaCl with various ionic strengths

to measure soil pH and recommended 0.01M CaCl as a suitable

extractant (Schofield, 1955). Very recent work by Clark (1966a)

attempts to show that increasing salt concentration of the extractant

reduces the junction potential that may develop when measuring pH

with glass-calomel electrodes. It appears reasonable to conclude,

from the literature on the subject, that pH measurement in salt is a

better indication of active acidity in soil systems than that measured

in soil water suspension (Puri et al. , 1938).

Various workers have employed different extracting agents

buffered or unbuffered at various pH's to extract aluminum in soils.

Most workers make the general distinction between two kinds of

aluminum in soils: (1) that present on the exchange site as mono-

meric aluminum, called "exchangeable aluminum" and (2) that

found as various forms of hydroxy-aluminum in the amorphous

material of the soil system, or part of the clay lattice, referred to

as "nonexchangeable aluminum. " General agreement prevails on the

point that neutral IN KCl extracts the exchangeable form of alumi

num (Lins I960; McLean et al. , 1964; Pionkee et al., 1967). When



Lin et al. (I960) used neutral IN KCl to extract aluminum of alumi

num saturated materials, they found that the aluminum extracted is

very close to the exchange capacity. Furthermore, prolonged

leaching did not displace quantities of aluminum significantly larger

than those present on the exchange site. Their results are in agree

ment with the conclusions reached by McLean _et al. (1964) and

Pionkee _et al. (1967). McLean et al. (1964) conclude that aluminum

on the exchange site is the trivalent form; whereas, the polymerized

forms of aluminum are not leached with neutral IN KCl. This same

conclusion has been reached by others as well (Chernove, 1964;

Jackson, 1956; Rich, I960; Thomas, I960). In contrast, various

portions of the nonexchangeable aluminum are extracted by using

buffered or unbuffered acidified extractants (Lin, I960; McLean

etal. , 1964).

Work done by Chernove (1959), Harward and Coleman (1954)

and Low (1955) has shown that exchange acidity is primarily due to

aluminum. That part of exchange acidity extracted by neutral IN

KCl is considered to be the permanent acidity in contrast to the pH-

dependent acidity (Bhumbla et_ al. , 1956). Yuan and Fiskell (1959a)

have compared the extracting ability of various neutral extractants

of aluminum and found that the following situation holds: BaCl >

CaCl >KC1 > NH CI > NH Ac. All are IN solutions.

Yuan et al. (1959a) report that as pH of NH Ac is lowered,



more aluminum shows up in the filtrate. They also report that very

high amounts of aluminum wr.*"<? extracted bv NaF. In a subsequent

paper, Yuan (1959) reports that the action of NaF is due to the highly

3stable complex A1F" which is formed. McLean et al. (1964) and
6

Ayres et al. (1965) used IN NH Ac at pH 4. 8 to extract aluminum and

concluded that it extracts more aluminum than a neutral salt and that

the difference is responsible for the pH-dependent acidity. Other

acidified extractants have also been reported to extract aluminum

other than that on the exchange site (Lin et al., I960). Thus, the conclu

sion may be reached from these data that if both exchange acidity and

exchangeable aluminum are obtained with neutral IN KCl their values

are quite comparable in magnitude, if not equal, and that these values

correlate much better with pH(KCl) than with pH(H O) (Pionkee et al.,

1967).

Determination of Lime Requirement

Several methods for determination of lime requirement of

soils--defined to be that amount of lime required to bring a particu

lar soil up to a desired pH value--have been devised by various

workers (Coleman et al. , 1967). In one method, increments of

Ca(OH) are added to soil and the pH is taken after a certain length

of time (called incubation period); the so-obtained pH values are

plotted against number of milliequivalents of base added to obtain the



so-called titration curves. From these curves one could predict the

expected pH value after addition of a given amount of lime (Bradfield,

1942). Various modifications of this technique have been used by dif

ferent workers (Dunn, 1943; Shoemaker, McLean and Pratt, 1961;

Vodraska, 1966). However, the shapes of the titration curves ob

tained by different workers are widely variable depending on the par

ticular technique and the kind of soil used. Vodraska (1966) has

determined the titration curves for 61 Kansas soils and in almost all

of his curves an inflection point is observed at or around 0. 97 tons

per acre of CaCO . However, each soil, has its own characteristic

titration curve depending on its mineralogical and morphological

characteristics. The titration curves obtained by Shoemaker et al.

(1961) do not follow any particular linear or curvilinear pattern.

Dunn has obtained curvilinear titration curves with a progressive

decrease in slope as 100 percent base saturation is approached

(Dunn, 1943). All the workers agree on the point that there is a

steady decrease in soil acidity with increases in lime application

(McLean, 1964).

Coleman et al. (1964) have determined the titration curves for

hydroxy aluminum complexes, hydroxy iron complexes, aluminum

clays, iron (III) clays, and hydrogen saturated clays using mont-

morillonite as the clay component and have shown that depending on the

kind of saturation, one would obtain different titration curves with
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different buffering capacities. The hydrogen saturated clay behaves

like a strong acid (Chernove, 1964; Coleman and Harward, 195 3),

but overwhelming evidence is available to show that hydrogen clays

are unstable and lose their strong acid properties to approach those

of aluminum saturated systems (Barshad, I960; Chernove, 1959;

Chernove, Beliaeva and Maximova, 1956; Coleman and Craig, 1961).

+ +3
Moreover, according to Yuan (1963), if both HO and Al are

present in a system, two distinct inflection points are obtained, the

first being due to complete neutralization of HO and the second due

to complete neutralization of Al « Working with naturally acid soils,

+3
he found that if H 0:A1 ratio is less than 1, a two-step titration

+3
curve is obtained; if H 0:A1 is greater than 1, a hardly noticeable

Al-zone is observed; and if one of the two species is present in very

small amounts, only one-step curve is obtained. Therefore, since

+ +3
various soils are quite different in their HO :A1 ratios, one

would expect varying shapes for titration curves. Yuan's statement

that HO is neutralized first is in good agreement with the results

obtained by Harward (1954).

Unfortunately, enough data are not available on the subject of

exchange- acidity- exchangeable-Al-titration- curve relationships.

Pionkee points out that liming neutralizes both exchangeable and

nonexchangeable aluminum, but neutralization of the nonexchangeable

form is relatively slow (Pionkee, 1967). Coleman _et al. (1967, p. 33)
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give graphs of salt exchangeable aluminum as a proportion of C. E. C.

plotted against soil pH for various Virginia soils. However, these

data are for different soils and do not, of course, reflect the data

obtained from titration experiments. Also, the author has not been

able to find data on the behavior of available manganese as related

to titration curves.

Effect of Liming on Fertility Status of Acid Soils

The subject of acid soil infertility has been dealt with exten

sively and voluminous literature is available on the various aspects

of the topic. Most workers have linked acid soil infertility to ele

mental imbalance which arises due to low pH, whether from exces

sive availability or deficiency. Some early attempts have been made

to associate unproductiveness of these soils with excess hydrogen ion

present in the root environment and to hold pH per se responsible for

poor growth of plants on acid soils (Line, 1927; Arnon, 1942). How

ever, the idea has not found wide acceptance and most workers have

attributed the indirect pH effect rather than its direct adverse action

on plants, especially at pH values higher than 4 (Jackson, 1967,

p. 47; Morris and Pierre, 1949). Recent work gives partial credit

to the effect of hydrogen ion toxicity on plant performance, but it is

not recognized as a major factor (Heslep, 1951; Schmehl, 1950;

Vlamis, 195 3). These investigators and others (Gilbert, 1931;
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Magistad, 1925) consider the pH effect on elemental availability as

the major contribution of hydrogen ion to poor productivity of acid

soils.

Solubility of both aluminum and manganese increases with an

increase in hydrogen ion concentration of the medium. The first

attempts at linking aluminum toxicity to soil infertility were made in

1901 by Coupin (Pratt, 1966). His reports were followed by those of

House and Gies (Pratt, 1966) and Miyake (1961), all of whom sug

gested that aluminum was available in toxic amounts and was respon

sible for poor plant growth. More convincing work along this line

followed later by Hartwell and Pember (1918).

Recent work, however, has shown that since a number of soil

parameters change as the acidity is altered, it is very difficult to pin

point any single factor or even any number of factors working inde

pendently or in any simple manner to affect plant performance under

acid conditions (Foy, 1964; Jackson, 1967). Bearing in mind the

complex nature of these interactions, one could still study the effect

of each individual factor and then try to integrate these effects in

some fashion. Thus, aluminum status of a growth medium is a major

factor in determining plant performance in that medium. This ele

ment has not been conclusively shown to be essential for growth of

plants (Pratt, 1966), but small amounts of it may stimulate growth

(Chenery, 1955; Liebig _et al, 1942). Also, Hutchinson (1945) reports
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that an increase in frost resistance of wheat may result from small

aluminum applications. A_nd Liebig, Vanselow and Chapman (1942)

demonstrated that aluminum protects citrus cuttings from injurious

effects of excess copper. However, excess aluminum in growth

media has been conclusively shown to have definite toxic effects

(Jackson, 1967; Moschler, Jones and Thomas, I960; Pratt, 1967).

Gilbert et al. (1931) have used data obtained from solution cultures

and shown that aluminum, rather than pH, is responsible for poor

growth. Besides, Ligon and Pierre (1932) have shown that in case

of aluminum sensitive crops, yield reduction is a continuous function

of aluminum concentration. Threshold values have been reported and

are quite varied depending on the growth medium and the type of

indicator plant used. Hutchinson (1945) reports that 2 mg. aluminum

per liter was found injurious to wheat in solution cultures whereas,

in soil cultures, the threshold was at 5-10 mg. Magistad found 10

p. p. m. of aluminum in solution to be toxic to alfalfa (Magistad, 1925).

As to the mode of action of toxic quantities of aluminum, com

plete understanding has not been attained to date, but there is rather

general agreement that aluminum is a root poison (Jackson, 1967,

p. 45; McLean and Gilbert, 1927; Pratt, 1967; Schmehl, 1950). First

evidence of aluminum injury usually appears as root discoloration

followed by slow-down of growth of branch roots. Finally, the entire

root ceases to grow (McLean _et al. , 1927). At this stage, the roots
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appear very abnormally thickened (Magistad, 1925; Peter Kerridge,

unpublished data).

There appears to be a strong direct relationship between

aluminum toxicity and phosphorous fixation either inside the root or

on the root surfaces (Foy and Brown, 1966; Heslep, 1951, McLean

et al. , 1958; Schmehl, Peech and Bradfield, 1950; Wright and

Donahue, 1953). Foy and Brown (1966) report that chelation of

aluminum with EDDHA resulted in higher uptake of phosphorous, dis

appearance of aluminum toxicity symptoms and improved growth.

Their split-root experiments showed that EDDHA increased aluminum

solubility, but reduced its toxicity. They conclude that aluminum

tolerance of tolerant species may be due to their ability to absorb and

utilize phosphorous in the presence of excess aluminum and that

organic acids produced by plants may act as chelating agents. These

same conclusions have been reached by Jones (I960). McLean et al.

(1958) conclude that phosphate precipitates aluminum both outside and

inside the plant and that the plant in the presence of higher concentra

tions of phosphorous can tolerate much more aluminum than other-

wise. Radioactive P experiments conducted by Wright et al. (1953)

indicate that precipitation occurs inside the plant roots.

A number of investigators attribute poor growth of plants on

acid soils to manganese toxicity (Heslep, 1951; Jackson, 1967;

Morris et al. , 1949; Ouellette and Dessureaux, 1958; Schmehl, 1950;
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Schmehl, 1952; Vlamis, 1953; Vose, 1962; Weeks, 1967). Morris

et al. (1949) consider manganese toxicity as the primary cause of

poor growth of legumes under certain acid soil conditions. Their

results show that concentrations of manganese from 1-10 p. p. m.

were injurious to lespedzas, soybeans, cowpeas, peanuts, and sweet

clovers. However, other workers hold that manganese toxicity is

one of the reasons plants grow poorly on acid soils (Heslep, 1951;

Vose and Randall, 1962; Weeks and Lathwell, 1967). Weeks et al.

(1967) report that addition of lime which changed soil pH from 4. 0

to 6.8 reduced replaceable manganese from 27 to 2 p. p. m. They

conclude that beneficial effects of liming acid soils may be attributed

primarily to reduced aluminum and manganese levels. However,

Vlamis (195 3) holds that manganese toxicity may account for part of

reduction in yield, but it is not very significant. He attributes poor

growth primarily to aluminum toxicity and pH effect per se.

Investigators differ on the significance of calcium levels as

causal agent for poor growth on acid soils. Wallace and Hewitt (1948)

report one instance where calcium deficiency seems to be responsible

for poor growth of potatoes. Their results were obtained under very

acid conditions (pH=4). Jackson (1967, p. Ill) reports that data ob

tained by Foy indicate calcium deficiency to be partially responsible

for poor growth of alfalfa on an acid soil. Both Schmehl et_al. (1950)

and Heslep (1951) conclude that calcium may be partially involved in
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determining plant performance on acid soils. Ouellette _et _al. (1958)

and Schmehl et al. (1952) suggested an antagonistic effect of mangan

ese and aluminum on absorption of calcium, and based on this hypo

thesis gave calcium a part in determining plant performance in acid

45
soils. However, Ririe and Toth (1952) report that Ca had no

apparent effect on the uptake of other mineral nutrients. And Weeks

et al. (1967) and Vlamis (1953) hold that calcium is not a cause for

poor growth of plants in acid soils. In their opinion, it is manganese

and aluminum that are responsible rather than calcium.

Some workers report molybdenum deficiency to be partly res

ponsible for acid soil infertility. Jones (195 7) reports an increase in

water soluble Mo with liming. Other workers have presented evi

dence for Mo retention by clays, oxides of iron and aluminum and its

subsequent release with increases in pH of the medium (Barshad,

1951; Reisenauer, 1962).

Whatever the exact cause of acid soil infertility, liming is--

beyond any shadow of doubt--a remedial measure. Many acid-soil

sensitive plants have been shown to respond significantly to lime

applications (Adams, 1967; Moschler, _et al. , I960; Singh and

Seatz, 1961; Weeks, 1967; Woodruff, 1967). Moschler et al. report

that application of relatively small amounts of dolomitic lime reduced

exchangeable aluminum of the soil sharply, and that these were

closely correlated with increased alfalfa yield. Their data show a
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sharp rise from zero ton per acre of alfalfa at zero lime to about 7

tons per acre of alfalfa at about 2 tons per acre of lime. Beyond 2

tons per acre of lime the yield curve approaches an asymptote at 8

tons per acre of alfalfa very quickly. Singh et al. (1961) found highly

significant yield increases to both lime and phosphorous. Further

more, they found that phosphorous applications to unlimed soils were

not as effective.

To summarize, one might draw the conclusion that lime appli

cation increases yield of acid sensitive crops, especially legumes,

and its action may be due to a combination of the following factors:

(1) reduced aluminum levels; (2) reduced available manganese levels;

(3) increased availability of phosphorous; (4) increased availability of

molybdenum; and (5) in certain rare cases increases in calcium avail

ability. Of course, one must bear in mind that any soil parameter

that is affected by soil pH may exert an influence on plant response.



DISTRIBUTION PATTERN OF EXCHANGEABLE

ALUMINUM, MANGANESE, EXCHANGE ACIDITY, l
AND pH IN SOIL PROFILE

Introduction

Any given soil profile consists of various horizons, each of

which is characteristically different from its immediate neighbors in

terms of its mineral content and morphological features. Further

more, soils differing in their genetic and morphological characteris

tics are expected to exhibit variations in pH, exchangeable Al,

exchangeable Mn, and exchange acidity at selected increments of

depth in the soil profile. Thus, in order to gain a knowledge of dis

tribution patterns of the above-mentioned, it becomes necessary to

study representative soils of each series individually. The purpose

of this study was to gain some knowledge of distribution patterns of

exchangeable Al, exchangeable Mn, exchange acidity, and pH with

in the profiles of six representative soils of Western Oregon.

1
In this report the terms exchangeable Al and exchangeable Mn indi
cate quantities of these elements found in the equilibration extract
(1:10 soil to solution ratio) obtained with IN KCl. Exchange acidity
is the amount of acidity in the same extract that is determined by
titration with standardized NaOH using phenolphthalein as end-point
indicator.
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Materials and Methods

Description of Soils Used in the Study

Six different soils from Western Oregon with the series names

listed in Table 1 were selected for use in the study. Information on

the classification of these soils with complete profile descriptions are

given in the Appendix. Representative samples of soil were collected

at each of the sampling sites (Table 1) and brought to the laboratory

for analysis.

Table 1. Series and legal description of soils used.

Soil series

Astoria

Dayton

Jory

Oakland

Powell

Willakenzie

County

Tillamook

Linn

Benton

Douglas

Multnomah

Polk

Legal description

NW 1/4 sec. 15.T.2S,

R. 9 W.

SW 1/4 sec. 6T. 12S,

R.2W.

SW 1/4 sec. 18T. 13S,

R.5 W.

Not available.

SW 1/4 sec. 23T.1S.

R3 E.

ES 1/4 sec. 14T.6S.

R6W.

Notes on sampling site

George Milne farm; sample
collected on hill southwest of

old house.

Jackson farm.

W. Worthington farm.

C. Becker farm; sample

collected from cultivated field

north of farmhouse.

V. Thompson farm; west side
of road near farmhouse.

B. Emerson farm; sample

collected on hill north of

farmhouse..

At each sampling site an auger-type sampler was used to col

lect four individual samples from the soil profile by starting at the

surface and sampling to a depth of 120 cm. by increments of 30 cm.
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Three cores of soil from each of the specified increments by depth

were composited to make an individual sample. After drying at room

temperature in the laboratory, the samples were passed through a 10-

mesh sieve. A portion of each sample was analyzed immediately and

the rest of the sample was stored for use in the study covered in

Chapter III of this thesis. Also, a bulk sample was collected from

the surface of each soil (0-30 cm. ) at the time the profile samples

were obtained and was brought into the greenhouse. The bulk samples

were dried at room temperature, passed through a 4-mesh sieve and

stored for use in the experiment reported in Chapter IV.

Analysis of the Soil Samples

The standard methods of analysis employed to characterize the

samples of soils used in the study are reported in Table 2. The

analytical data for each of the samples are summarized in Table 3.

Table 2. Analytical methods used for characterization of samples of soil used in the study.

Analysis

PH (H2Q)

Phosphorous (P)

Potassium (K), Calcium (Ca),

Magnesium (Mg), Cation-exchange

capacity (C. E. C. )

Organic matter

Boron (B)

Reference to method

01sen_et_al., 19S4

Schollenberger et al. ,

1945

Walkley et al. , 1934

Dible et al. , 1954

Notes

Soil to water ratio of 1:2; mea

sured with glass electrode pH

meter.

Sodium bicarbonate (NaHCC>3)

method; 1:10 soil to solution ratio.

IN ammonium acetate (NH4OAC)
extraction at pH 7; soil to solution

ratio of 1:10.

Hot water extractable B, 1:2 soil

to water ratio. Simplified cur-

cumin method.
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Determination of Exchange Acidity, Exchangeable Aluminum,
Exchangeable Manganese, and pH in Salt Solution

Soil extracts were obtained using a solution of IN KCl with a

1:10 soil to solution ratio and these extracts were analyzed for Al,

Mn, and exchange acidity. An outline of the analytical methods used

is presented in Table 4. The procedure followed in making the 1:10

IN KCl extracts is as follows: mix a 4-g. sample of soil with 40 ml.

of IN KCl in a 50 ml. centrifuge tube; shake for 30 minutes using a

2 3mechanical shaker; centrifuge the suspension 5 minutes at 1000 rpm,

and filter through a Whatman No. 5 filter paper. Store the filtrate for

analysis in a screw-cap polyethylene bottle or other suitable

container.

The procedure for determining pH in neutral salt suspension,

pH (KCl), is as follows: 5 g. air-dry soil was placed in 100 ml.

shaking bottles with 50 ml. of IN KCl and shaken in a mechanical

shaker for 30 minutes. The entire suspension was decanted into a

paper cup without filtration, let stand for half an hour and pH read

ings were taken using a pH-meter equipped with glass electrode.

The IN KCl extracts were analyzed for the following:

The shaker used had a horizontal shaking action with a 5 cm. thrust
on each side and 180 cycles a minute. The 30-minute shaking time
was adopted from previous work where effect of various shaking
times on extractions were investigated (see Appendix).

The centrifuge used was a Serval angle centrifuge, type SPX.



Table 4. Methodology employed in analysis of soil acidity parameters.

Determination Extractant

Exchange acidity IN KCl

Method of analysis

Titration with 0. 1 N NaOH to phenolphthalein

end-point.

23

Exchangeable Al

Exchangeable Mn

pH in neutral salt

IN KCl

IN NH CI
4

IN KCl

Determination with the Perkin-Elmer atomic
3

absorption spectrophotometer 303.

Electrochemical determination using pH-meter

with glass electrode.

Soil to solution ratio was 1:10 for all.

"NH CI was used on a trial basis in an attempt to eliminate salt accumulation on the burner;

see p. 27 for discussion.

For instrument settings, see Table 5.

Table 5. Instrument settings for the Perkin-Ehner atomic absorption spectrophotometer.

Wavelength, of

Analysis (A)

Flow Rate* Hollow- Cathode

Tube Current

(ma)

Recorder

Scale

Expansion

Parameters

Element

Analyzed Fuel Oxidant

Noise

Suppression

Al

Mn

3086

2801

6.5

9.0

8.0

9.0

30

18

x 10

x 3

4

2

For Al analysis, oxidant is NO; fuel is C H .

For Mn analysis, oxidant is air; fuel is C H .

Flow rates are in arbitrary units as shown on the flow-rate meter.
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1. Exchange acidity: the extracts were titrated with standard

ized NaOH using; phenolphthalein as end-point indicator. A 50 ml.

burette graduated in 0. 1 ml. markings was used for titration and the

volume of titrant was read to the nearest 0. 1 ml. A titration blank

was run, but the volume of titrant used was found to be negligibly

small, thus no further corrections were made.

2. Exchangeable Al and exchangeable Mn: analysis of these

two parameters was made using the Perkin-Elmer atomic absorption

spectrophotometer Model 303. The unit was equipped with a recorder

and the appropriate electronics. Permanent recordings of the analy

tical data were obtained from the recorder and were used in making

calibration curves and calculating concentrations of analytical para

meters. The instrument settings used are those recommended by the

manufacturer and are found in Table 5.

Results and Discussion

Nature of Extracted Acidity in Relation to
Extraction Techniques

As indicated in the Introduction, the purpose of this study was

to obtain additional information on the nature of acidity in samples of

soil from Western Oregon. It was necessary to outline and define the

entities or parameters which were of primary interest in the study,

and then to select analytical methods for making the appropriate



25

quantitative measurements.

Of primary interest were the exchange acidity, exchangeable

Al, and exchangeable Mn. Exchange acidity, in accordance with the

definition forwarded by Peech (1964), is defined as the total titratable

protons found in a neutral soil extract. Here, it is appropriate to

make the distinction between this terminology and such terms as

"total titratable hydrogen" and "exchangeable hydrogen" used by other

workers. As Peech points out, the term "titratable hydrogen" in

cludes all the acidity titrated in a particular soil extract. This would

include, of course, acidity originating from sources other than the

exchange site, such as weakly dissociable acid groups associated

with organic matter. Exchangeable hydrogen, on the other hand,

would be a measure of the acidity originating from the exchange site

and comprising both exchangeable hydronium and exchangeable Al

plus any acidity arising from other hydrolyzable species present on

and displaced from the exchange site regardless of their magnitude

of contribution. The term "exchange acidity" seems to refer more

appropriately to that portion of acidity which is displaceable by

neutral salts regardless of the specific nature of contributing ions

and would therefore be appropriately defined as exchange capacity of

the soil less total bases both extracted with the same neutral salt

(Peech, 1964). Even though both terms "exchange acidity" and

"exchangeable hydrogen" refer to the same entity, the former seems
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more fitting, especially when used in connection with the terms

"exchange capacity" and "exchangeable bases. "

As shown in Table 4, IN KCl was chosen as the extractant for

the determination of exchange acidity, exchangeable Al, exchangeable

Mn, and pH. Previous work has shown that a solution of salt extracts

predominantly H- or Al-ions from exchange sites (Lin et al. , I960).

Moreover, it has been shown that there is very little difference among

various chlorides of Na, Ca, or K as to the magnitude of extracted

aluminum (Lin et al. , I960).

The technique was adopted for this study whereby the neutral

salt extract from the soil sample was obtained with a single equili

bration using a 1:10 soil to solution ratio by shaking for 30 minutes

rather than by the leaching technique recommended by Yuan (1959).

This was felt to be justified due to the findings of Lin and Coleman

(I960) that the first 10 ml. of IN KCl leached 90 percent of the Al

that was obtained by leaching five times with similar quantities of

salt solution. The 30-minute shaking time was chosen based on pre

vious work where we found that shaking longer than 30 minutes did

not increase the magnitude of the extracted acidity for a single

extraction.

McLean (1964) has pointed out the possibility that Al once dis

placed from the exchange site may precipitate prior to completion of

extraction. If this occurs, then the magnitude of Al detected in the
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leachate will not reflect the true magnitude of Al present on the ex

change site. However, occurrence of such a reaction will not affect

the magnitude of the exchange acidity since the latter is obtained by a

titration procedure, but would decrease the apparent value for

exchangeable Al.

Some difficulty was encountered in the burner flame of the

atomic absorption spectrophotometer during Al determinations where

N O was used as the oxidant. There was an excessive build-up of

salt residue on the burner which resulted in clogging of the burner

slot and required frequent cleaning of the burner. To eliminate this

problem, suitability of ammonium chloride (NH Cl) as the extractant

for exchangeable Al was investigated. The resulis obtained for ex

changeable Al on six sample extracts are compared in Table 6 for the

two extractants, NH.C1 and KCl. They appear very similar and the

NH Cl extractant proved superior to KCl in that the problem of salt

accumulation on the burner was minimized. However, NH^Cl ex

tracts have a distinct disadvantage with respect to exchange acidity

due to difficulties encountered in titration of these extracts. The

end-point is not sharp and very hard to detect. Thus, it was felt that

if one extractant is to be used for both exchangeable Al and exchange

acidity, KCl is the better of the two.



Table 6. Comparison between N KCl and N NH^Cl as extractants
of Al and Mn.

Soil series Exchange

N KCl

able Al

N NH4C1
Exchange able Mn

and depth N KCl N NH4C1

Powell

30-60 0.22 0.21 0. 10 0. 11

Willakenzie

30-60 12.20 11.56 0. 07 0.07

Dayton
30-60 0.67 0. 78 0.19 0.20

Jory

30-60 3.67 3.22 0. 06 0.06

Oakland

30-60 0.69 0.59 0. 10 0. 10

Astoria

30-60 6.89 8.44 0.06 0.06

Behavior of Exchangeable Al, Exchangeable Mn, Exchange
Acidity and pH with Respect to Profile. Depth

The data showing the variation of exchangeable Al, exchange

able Mn, exchange acidity, pH (^O), and pH (KCl) with respect to

depth within soil profile are presented in Figures 1 to 7 and Table 7.

The analytical data are presented for soil samples from each of the

four increments of depth. The behavior of soil acidity in subsoil is

both of academic and practical significance. Academically, it is

interesting to evaluate the significance of the various parameters

making up the soil acidity with changes in profile depth. Practically,

these findings are of value since the depth of root penetration varies
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Table 7. Summary of profile data.

Soil Type: Powell Willakenzie Dayton Jory Oakland Astoria

Exchangeable Al

m. e. /100g.
1* 0.8 0.6 1.0 1. 1 0.2 7.9

2 0.2 12.2 0.7 3.7 0.7 6.9

3 0.4 22.2 0.4 6. 7 1.0 11.0

4 0. 8 22.2 0. 1 16.7 0.6 13.9

Exchangeable Mn

m. e. /100 g.

1 0. 11 0.55 0.55 0. 12 0.20 0. 11

2 0. 10 0.07 0. 19 0.06 0. 10 0.06

3 0. 16 0.03 0. 15 0.07 0.05 0.07

4 0.07 0.01 0. 10 0.03 0.04 0.02

Al + Mn

m. e. /100 g.

1 0.91 1. 15 1.55 1.22 0.4 8.01

2 0.32 12.27 0.86 3.73 0.79 6.95

3 0.56 22. 23 0.55 6.74 1.05 11.07

4 0.86 22.23 0.21 16. 70 0.61 13.91

Exchange Acidity

m. e. /100 g.

1 1.3 1.3 1.9 1.3 0.3 8.1

2 0.64 17.88 1.28 4.47 1.28 8.94

3 0.8 32.7 1.0 9.00 2.0 12.0

4 1.28 30.8 0.64 21.71 0.96 15.48

H4" =EA-(A1+Mn)
m.e. /100 g.

1 0.4 0,05 0.35 0.08 0.09

2 0.32 5.61 0.42 0.74 0.49 1.99

3 0.24 10.5 0.45 2.26 0.95 0.93

4 0.32 8.6 0.43 5.01 0.35 1.57

pH (H20)

1 5.6 5. 3 5.4 5.3 5.4 5.2

2 5.6 4.7 5.3 5.4 5.7 5.2

3 6.6 4.7 6,0 5.3 5.9 5.2

4 5.2 4.4 6.4 5. 1 5.7 5.2

pH (KCl)

1 4.2 4.2 4.2 4.4 4.6 4. 1

2 4.5 4.0 4.3 4.2 4.3 4.2

3 4.4 3.8 4.4 4.0 4.0 4.3

4 4.3 3.6 4.8 3.9 4.2 4.2

1 - refers to 0- 30 cm. depth

2 - refers to 30- 60 cm. depth

3 - refers to 60- 90 cm, depth

4 - refers to 90-120 cm. depth
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from one crop to another; therefore, the acidity of the subsoil may

affect the performance of some plants more than others (Hourigan

et al. , 1961; Adams et al. , 1966; Longnecker et al. , 1940).

Distribution with depth of exchangeable Al in these soils does

not follow any fixed pattern. In general, these patterns emerge:

( 1) a steady increase in exchangeable Al content with increasing depth;

(2) a steady decrease with increasing depth; or (3) a more random

pattern where the peak of aluminum distribution pattern would fall

within one of the intermediate increments of depth. In both the Willa

kenzie and Jory series there is a steady increase in exchangeable Al

with increasing depth (see Figures 3 and 6). For instance, the first

30 cm. of the Willakenzie contains only 0, 6 m. e. /100 g. of ex

changeable Al. This value rises sharply to 12, 2 in the 30-60 cm.

depth and increases even more to 22. 2 m. e. / 100 g. in the 90- 120

cm. depth. But the Dayton series behaves in exact contrast to the

Jory and Willakenzie. In this soil, the 0-30 cm. depth contains the

highest quantity of exchangeable Al (Figure 2) equal to 1. 0 m. e. /

100 g. which drops steadily to a low of 0. 2 m. e. / 100 g, in the 90-

120 cm. depth increment. In the Powell series there is 0. 8 m. e. /

100 g. of exchangeable Al in the surface sample, only 0. 2 in the

30-60 cm. range, and 0. 8 m. e. / 100 g. in the last increment. The

Astoria series behaves somewhat similarly to Powell, but the

Oakland series more nearly resembles the Dayton with regard to
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the distribution of exchangeable Al.

The behavior of exchange acidity is very similar to that of

exchangeable Al as illustrated by Figures 1 through 6. In general,

the exchange acidity exceeds the exchangeable Al in any given soil;

the magnitude of the difference varies from one soil to another. A

plot of exchange acidity versus exchangeable Al indicates a linear

relationship between the two for all the six soils studied as illus

trated by Figures 8 and 9. For the six samples the coefficients of

correlation for the relationship between exchange acidity and ex

changeable Al were greater than 0. 99 which is highly significant.

This linear relationship between exchangeable Al and exchange

acidity is not in agreement with the findings of others. Coleman

et al. (1959), as well as Rich and Thomas (I960), cited by McLean

(1964), indicate that the acidity in topsoils is attributed predomi

nantly to hydrogen ions; whereas, Al ions predominate in the

subsoils.

In the present study it appears that the soil samples investi

gated do not follow the pattern observed in other studies in which

there were higher proportions of exchangeable Al in the subsoil and

greater dominance of hydrogen ions in surface soils. It is possible

that these soils are indeed different in behavior from those used by

the workers mentioned above or that the results obtained in part

reflect differences in methodology.
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The pH (KCl) follows the distribution of exchange acidity in the

soil profile as one would anticipate. But pH (HO) does not, in gen

eral, follow either the Al or the exchange acidity pattern. In one

extreme example, namely the sample from the Astoria series, the

pH (HO) is constant at 5. 2 throughout the profile but exchange

acidity increases from 8. 1 m. e./lOO g. for the 0-30 cm. of depth

to 15.5 for the 90-120 cm. of depth. If one assumes that the three

4- +3
most important components for acidity in soil are HO , A-l , and

+2 +Mn , then the contribution of HO to acidity is equal to (exchange

+3 +2acidity)- (Al + Mn ). These data were plotted against both

pH (HO) and pH (KCl) in Figure 10. It is observable that the pH

(KCl) follows more closely the calculated concentration of hydronium

ion than does the pH (HO).

With regard to the distribution of exchangeable manganese, it

is worth noting that in samples of all soil series studied except the

Powell series, Mn is highest in the 0-30 cm. of the soil profile, and

usually there is a steady decrease with depth. Especially in the

Willakenzie and Dayton series, and to some extent in the Oakland

series, there is a substantial Mn accumulation in reduced form in

the depth increment of 0-30 cm. This might at first sight seem con

tradictory to what one would expect, since higher availability of

atmospheric oxygen would be expected to result in a greater magni

tude of oxidized species of Mn (lower solubility) in the surface soil,
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but it can be accounted for when one considers the much greater

microbial activity prevailing in the surface soil as compared to the

subsoil. Biological activity of both micro- and macro-organisms

tends to keep Mn in reduced form. Moreover, plant uptake of Mn

from the deeper zones results in a cyclic process leading to accu

mulation of reduced Mn in the surface soil. Thus, it seems that in

this instance biological activity is more dominant than availability

of atmospheric oxygen in determining the status of Mn in surface

soils.

When comparing the distribution pattern of exchangeable Mn

with that of exchange acidity, an apparent anomaly is observed in

that exchangeable Mn does not follow the acidity pattern. Two ex

treme examples are the Willakenzie and Dayton (Figure 7). In the

case of the Dayton series, a sharp increase in Mn is apparent as

exchange acidity increases in the profile. The opposite situation is

observed in the Willakenzie series where increases in exchange

acidity are associated with steady and sharp decrease in exchange

able Mn. The other four soils exhibit no correlation between the

two parameters. From these, one could probably conclude that soil

acidity may not be the dominant factor affecting Mn availability in

the field. Other soil-environment parameters must be responsible

for this seemingly strange behavior. Besides, air-drying of the

samples in the present study might have affected the level of
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exchangeable Mn determined.

In general, pH (KCl) values are lower than pH (HO) for any

given soil. These results are in general agreement with those ob

tained by other workers (Woodruff, 1966; Adams and Pearson, 1966;

Weeks and Lathwell, 1966). The salt effect was to lower pH values

by at least 0. 7 of a pH unit and in some soils by as much as 2. 2

units. The highest pH-depression reported by Woodruff was 1. 2

for acid, highly leached sands. As mentioned earlier, a much

better correlation is found to exist between pH (KCl) and aluminum

or exchange acidity than between pH (HO) and these parameters.

Summary

From this brief study of soil profile, the following observa

tions are made: distribution as well as magnitude of exchangeable

Al, exchangeable Mn, exchange acidity and pH within soil profile

are dependent on the particular soil series. In the six soils studied,

exchangeable Al ranged from 0. 1 m. e. / 100 g. to 22. 2 m. e. / 100 g.

Exchangeable Mn varied from 0.01 m. e. /1 00 g. to 0. 55 m. e. / 100 g.

The range in exchange acidity was from 0. 3 m. e. / 100 g. to 32. 7

m. e. / 100 g. and pH variations were from 4. 4 to 6. 6 for pH (HO)

and from 3. 6 to 4, 8 for pH (KCl).

Furthermore, exchangeable Al and exchange acidity patterns

follow one another in any given profile, whereas exchangeable Mn
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does not necessarily follow exchange acidity. pH (KCl) correlates

much better with soil acidity parameters than pH (HO), and, neutral

salts have a depressing effect on pH of soil extracts.



EFFECT OF LIMING ON EXCHANGEABLE ALUMINUM,

MANGANESE, EXCHANGE ACIDITY AND pH
OF SOILS USING AN INCUBATION PROCEDURE

Introduction
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Liming acid soils has been in practice for as long as acid soils

have been farmed. The first effect of liming to have been noticed is

an increase in pH of the soil. Thus, liming has always been thought

of as a technique to raise soil pH and its subsequent remedial effect

on soil infertility due to its influence on reduction of hydrogen ion

concentration. Many techniques have been devised to make quantita

tive estimates of pH changes with lime applications (Dunn, 1943;

Shoemaker, et al. , 1961; Vodraska, 1966), but so far no common

trend has been observed when dealing with different soils. Also,

variations in techniques employed have certainly contributed to non

conformity of data obtained by various workers.

Despite great attention given to the topic of liming acid soils,

the literature is quite meagre on the subject of the effect of lime

treatment on the status of proton-donor species of acid soils. The

present experiment -was conducted with the following objectives:

1. To determine the pattern of increase in soil pH, decrease

in exchange acidity, exchangeable Al, and exchangeable Mn when

increasing increments of lime are added to samples of surface soil
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and subsoil from Western Oregon.

2. To determine the "apparent" stoichiometry of the neutrali

zation reaction of exchange acidity and the precipitation of exchange

able Al with lime in samples of these same soils.

3. To determine the significance of exchangeable Al as a

component of soil acidity. The experiment is basically an incubation

technique similar to those conducted by Dunn (1943) and Alban,

et al. (1957).

Materials and Methods

Samples of soil collected from the surface 0-30 cm. and from

the 60-90 cm. increment of depth of the same six soils used in

Chapter III and summarized in Table 2 were employed in this experi

ment. Analytical methods used are those reported in Chapter III,

Materials and Methods, Table 4.

Experimental Procedure

Finely ground samples consisting of 150 g. of air-dry soil were

mixed with reagent grade Ca (OH) to furnish the desired level of

lime as indicated in Tables 8 through 13. Each soil was given a dif

ferent number of lime treatments depending on its estimated value

of C. E. C. - (total bases); however, in each case the highest lime

level was sufficient to bring the soil to 100 percent base saturation.



48

The lime-amended samples were placed in plastic bags, cooled

to 0°C. and mixed with sufficient pulverized ice to bring their respec

tive moisture contents to field capacity (moisture content data are

presented in the Appendix). A 2 ml. aliquot of toluene was added to

each plastic bag. In addition to toluene-treated samples, selected

soils were incubated without the addition of toluene. The bags were

tied and stored in growth chambers from July 2 until July 24 at 25 C.

After termination of the experiment, the bags were opened, let

dry to air-dry moisture content, sieved and mixed for analysis. The

following analyses were done on these samples: exchange acidity,

exchangeable Al, exchangeable Mn, and pH (HO). The methodology

is described in Chapter II, Materials and Methods.

Results and Discussion

The data for this experiment are presented in Tables 8 through

13. Incubation data were obtained on both surface soil 0-30 cm. and

60-90 cm. samples for all six soils in order to evaluate soil-lime

relations as affected by depth and profile characteristics.

Effect of Toluene Treatment on pH of Incubated Samples

The results of an experiment to evaluate the effect of toluene

on pH of incubated samples are presented in Table 14. Some workers



Table 8. Titration data for the Astoria series.

Profile

Depth*

m.e. /100 g.( Ca(OH)2 applied

Soil Parameter

PH

1:2 H20

Exchangeable Al

Exchangeable Mn

Exchange Acidity

(EA)

(A1+ Mn)

H =EA-(A1+Mn)

12 16 24

5.31 5.39 5.53 5.74 5.91 6. 15 6. 53

5.27 5.40 5.44 5.63 5.88 6.29 7.00

7.9 7.2 5.2 3.0 0.8 0. 1 0.0

9.0 8.5 7.1 3.5 2.5 0.4 0. 1

0. 11 0.08 0.07 0.04 0.04 0.03 0.01

0.07 0.06 0.05 0.04 0.03 0.02 0.00

8. 1 6.4 4.9 2.7 1.2 0.6 0.0

12.0 9.9 7.9 4.6 2.2 0.7 0.2

8.01 7.28 5.27 3.04 0.84 0. 13 0.01

10.07 9.96 7.15 3.54 2.53 0.42 0. 10

0.09 0.36 0.47

1.93 0.75 1.06 0.28 0. 10

All except pH are in m. e. /100 g. of soil.
*

1 refers to 0-30 cm. depth; 3 refers to 60-90 cm. depth.
*

pH's and exchange acidities are means of duplicates.

30

7.37

0.0

0.00

0.0

0.00

0.00

32 36 40 50

6.79 7.27 7.62

7.85

0.0 0.0 0.0

0.0

0.01 0.00 0.00

0.00

0.2 0.0 0.0

0.0

0.01 0.00 0.00

0.00

0. 19 0.00 0.00

0.00



Table 9. Titration data for the Dayton series.

Profile

Depth*

m. e /100 g. , Ca(OH)2 applied

Soil Parameter 0 2 4 6 8 10 12 15

**

pH 1 4.90 5.33 5.81 6.19 6.67 7.05 7.50 7.96

1:2 HO
2

3 5.62 6.25 7.07 7.55
- - - -

Exchangeable Al 1 1.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0

3 0.4 0.0 0.0 0.0
- - - -

Exchangeable Mn 1 0.55 0.31 0.19 0.10 0.08 0.04 0.01 0.01

3 0.15 0.09 0.03 0.01
- - - -

**

Exchange Acidity 1 1.9 0.7 0.3 0.2 0.0 0.0 0.0 0.0

(EA) 3 1.0 0.25 0.0 0.0
- - - -

(Al + Mn) 1 1.55 0.71 0.19 0.10 0.08 0.04 0.01 0.01

3 0.55 0.09 0.03 0.01
- - - -

H+=EA- (Al+Mn) 1

3

0.35

0.45

0.00

0.16

0.11 0.10

All except pH are in m. e. /100 g. of soil.
*

1 refers to 0-30 cm. depth; 3 refers to 60-90 cm. depth.

*

pH's and exchange acidities are means of duplicates.

O



Table 10. Titration data for the Jory series.

Profile

Depth

m. e. /100 g. , Ca(OH)2 applied

Soil Parameter

PH
1:2 HO

2

Exchangeable Al

Exchangeable Mn

Exchange Acidity

(EA)

(A1+ Mn)

H =EA-(A1+Mn)

*
10

5. 15 5.50 5.75 6. 13 6.42 6.60

4.97 5.05 5.09 5. 16
-

5.70

1. 1 0.3 0.1 0.0 0.0 0.0

6.7
-

6.2 4.3
-

1.6

0. 12 0.08 0.05 0.04 0.02 0.02

0.07 0.06 0.07 0,05 - 0.03

1.3

1.22

6.74

0.08

0.5

0.38

0. 12

0.3 0.0 0.0 0.0

9.7 7.3
-

4.2

0.15 0.04 0.02 0.02

6.27 4.35
-

1.63

0.15 0.00 0.00 0.00

3.40 2.95 - 2.57

All except pH are in m. e. /100 g. of soil.
*

1 refers to 0-30 cm. depth; 3 refers to 60-90 cm. depth.
**

pH's and exchange acidities are means of duplicates.

14 16 18 22 28

7.29 - 7.58

6.35 - 7.01 7.49

0.0 0.0

1.3 - 0.0 0.0

0.01 - 0.00

0.03 - 0.00 0.00

0.0

0.01

0.0

0.6 0.0 0.0

0.00 0.00

1.33 - 0.00 0.00

ui



Table 11. Titration data for the Oakland series.

Profile

Depth*

m. e. /100 g. Ca(OH)2 applied
a

Soil Parameter 0 2 4 6 8

**

PH 1 5.61 6.40 6.96 7.55 .

1:2 HO
2

3 5.12 5.70 6.33 7.05 7.67

Exchangeable Al 1

3

0.2

1.0

0.0

0.4

0.0

0. 1

0.0

0.0 0.0

Exchangeable Mn 1

3

0.20

0.05

0.06

0.04

0.03

0.02

0.01

0.01 0.00

**

Exchange Acidity

(EA)

1

3

0.3

2.0

0.0

0.8

0.0

0.2

0.0

0.0 0.0

(Al + Mn) 1

3

0.40

1.05

0.06

0.44

0.03

0.12

0.01

0.01 0.0

H+=EA-(A1+Mn) 1

3 0.95 0.36 0.08 0.00

All exept pH are in m. e. /100 g. of soil.
*

1 refers to 0-30 cm. depth; 3 refers to 60-90 cm. depth.
*
pH's and exchange acidities are means of duplicates.

ru



Table 12. Titration data for the Powell series.

Profile

Depth*

m. e. /100 g. Ca(OH)p applied
a

Soil Parameter 0 2 4 6 8 10 13

**

pH 1 5.23 5.65 6. 10 6. 30 6.75 7.05 7.36

1:2 HO
2

3 5.43 6.14 6.83 7.36 7.73
- -

Exchangeable Al 1 0.8 0.3 0.1 0.0 0.0 0.0 0.0

3 0.4 0.1 0.0 0.0 0.0
- -

Exchangeable Mn 1 0.11 0.07 0.06 0.04 0.06 0.03 0.02

3 0. 16 0.05 0.02 0.01 0.00
- -

**

Exchange Acidity 1 1.3 0.5 0.3 0.2 0.0 0.0 0.0

(EA) 3 0.8 0.2 0.0 0.0 0.0
- -

(A1 + Mn) 1 0.91 0.37 0. 16 0.04 0.06 0.03 0.02

3 0.56 0.15 0.02 0.01 0.00
- -

H =EA- (Al+Mn) 1 0.40 0.13 0.14 0.16 0.00 0.0 0.0

3 0.24 0.05 0.0 0.0 0.0
- -

All except pH are in m. e. /100 g. of soil.

1 refers to 0-30 cm. depth; 3 refers to 60-90 cm. depth.

pH's and exchange acidities are means of duplicates.
**



Table 13. Titration data for the Willakenzie series.

Profile

Depth

m. e. /100 g. , Ca(OH)2 applied
Soil Parameter

pH

1:2 H O
2

Exchangeable Al

Exchangeable Mn

Exchange Acidity

(EA)

(A1+ Mn)

H =EA-(A1+Mn)

10

5.12 5.34 5.62 6.02 6.43 6.68

4. 10 4.35 4.37 4.65
-

4.85

0.6 0.2 0. 1 0.0 0.0 0.0

22.2 22.2 18.9 17.2
-

13.4

0.55 0.20 0. 11 0.07 0.05 0.03

0.03 0.03 0.03 0.03
-

0.02

1.2 0.5 0.2 0.0 0.0 0.0

32.7 30.5 27.0 26. 5
-

22.3

1.15 0.40 0.21 0.07 0.05 0.03

22.23 22.23 18.93 17.23
-

13.42

0.05 0.10 0.0 0.0 0.0 0.0

10.50 8.30 8.10 9.30 - 8.80

All except pH are in m. e. /100 g. of soil.
*

1 refers to 0-30 cm. depth; 3 refers to 60-90 cm. depth
*

pH's and exchange acidities are means of duplicates.

14

7.29

0.0

0.01

0.0

0.01

0.0

18 26 34 42

5.15 5.40 5.95 6.78

7.3 3.1 0.6 0.0

0.02 0.01 0.01 0.00

14. 5 7. 3 1.6 0.0

7.32 3.11 0.61 0.00

7.20 4.14 1.00 0.00
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have advocated use of toluene or chloroform to retard microbial

activity during the incubation period (Dunn, 1943; Vodraska, 1966).

A comparison of the toluene treated samples with those having no

toluene treatment indicated that there was no significant difference

between the treated samples and those not treated. Waksman, et al.

(192 3) concluded that toluene may have a "decidedly stimulating effect

upon soil bacteria. " Also, Dalton (1948) concluded that chloroform

decreases the number of viable organisms, but does not sterilize the

soil. These seem to indicate that this step in the experiment might

not be necessary.

Table 14. Effect of toluene treatment on pH of incubated samples.

Soil series

Dayton

Dayton

Oakland

Oakland

Lime treatment

m. e. /100 g.
Ca(OH)2

4

6

1
These are averages of duplicates

pH (H20)

+ toluene

5.81

6. 67

6.96

7. 55

Effect of Lime Applications on Soil pH, Exchange Acidity,
Exchangeable Al, and Exchangeable Mn

check

5. 83

6. 57

6.94

7. 45

The titration curves for each of the samples representing six

different soil series are presented in Figures 2 through 16. In each

graph pH (H-O) is plotted against the increments of added Ca (OH)~.



56

The last increment of Ca (OH) corresponds to the amount of lime

needed to produce 100 percent base saturation of the soil. Further

more, for each titration curve the best-fitting straight line is super

imposed on the experimental data.

All titration curves show a steady increase in soil pH with in

creasing rates of liming (McLean, et al. , 1964), although each soil

has its own characteristic titration curve depending on its mineral-

ogical components. Mehlich (1941) observed that different kinds of

clay minerals may give different pH versus base saturation curves

and that such differences should be considered in determinations of

lime requirement. Various workers have obtained titration curves

with distinct inflection points which do not follow any particular

linear or even curvilinear pattern (Shoemaker, 1961; Vodraska,

1966). Vodraska's report on titration curves for 61 samples of acid

soil from Kansas shows a sharp change in slope at or around 0. 97-

1.00 T/acre of lime in almost all cases.

Graphs of lime added versus pH for the present study follow a

more or less linear pattern with coefficients of correlation greater

than 0. 83 (see Table 15). Alban et^ al_. (1957), who worked with

samples of soil from Oregon, obtained titration curves similar to

the ones reported in the present experiment. By examining the data

of Table 15, one observes that the lowest correlation coefficient for

the lime-pH relationship was obtained for the surface sample
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(0-30 cm. ) of the Astoria series (r = 0.83); the highest value is that

of the surface sample (0--30 cm. ) of the Dayton series (0.91). From

a practical point of view, the fitting of a linear function to the titra

tion curve may provide a convenient means for approximating the

pH of a given soil after liming. From a theoretical standpoint, these

linear functions may not always give a close fit of the data since the

soil system exhibits some buffering action which provides distinct

inflection points in the neutralization curves. However, the approxi

mate linearity is of value in routine considerations of pH variations

with lime application. Moreover, since the values of coefficients of

correlation were quite high (0. 83 or greater), we were led to develop

the equations of the best-fitting straight lines for each titration curve

having the general form pH = ax + b, where x is m. e. of

Ca (OH) applied, a is the slope of the straight line, and b is

the intercept with the pH-axis (ordinate). The numerical values of

these parameters are presented in Table 15 and the calculated straight

lines are superimposed on their corresponding experimental data in

Figures 11 through 16<



Table 15. Parameters of the best-fitting straight lines for
titration curves. •*•

Profile depth
Soil series cm. r a b

Astoria 0-30 0.83 0. 047 5. 35

60-90 0.85 0. 074 5. 16

Dayton 0-30 0. 91 0. 208 4. 95

60-90 0.86 0. 330 5. 63

Jory 0-30 0.87 0. 138 5.23

60-90 0. 83 0. 097 4. 79

Oakland 0-30 0.86 0. 319 5.67

60-90 0. 89 0. 322 5. 08

Powell 0-30 0.88 0. 166 5. 33

60-90 0. 88 0.291 5.53

Willakenzie 0-30 0. 88 0. 161 5. 06

60-90 0. 84 0. 056 4. 18

pH = ax + b; where a - slope of the straight line;
b = ordinate intercept;
x = concentration of Ca (OH)2 applied in

m. e. /100 g. ;
pH = expected pH after one month of

incubation.

I 2 2r (coefficient of correlation -- 2 (x • pH)/ \j (2x * (pH)

If the same straight line were obtained for all members of each

soil series, then one would be able to predict pH of each soil after

addition of a given increment of lime. This might be of value in deter-

4
mmations of lime requirement and would, of course, eliminate the

necessity of determining lime requirements of each individual soil by

Lime requirement of a soil is the number of tons of CaCOo needed
per acre to raise the pH of that soil from its original value to a
desired level.
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one of the many laboratory techniques currently in use throughout the

United States (Woodruff, 1948; Shoemaker, et al. , 1961). However,

the validity of this generalization requires further testing.

When comparing the titration curves of the surface soil with that

of the subsoil for any given soil, one observed variations in both posi

tion of the curves and their slopes. For instance, the curves for the

samples of subsoil from the Willakenzie, Jory and Oakland series fall

below the curves for their surface samples; whereas, in the data for

samples from the Powell, Dayton and Astoria series, the opposite

trend is shown (Figures 11-16). Comparing the position of these

curves with their corresponding exchangeable Al and exchange acidity

curves (Figures 17 through 27), one can observe a direct relationship

between the position of titration curves for the profile depths of each

soil and their Al and acidity content. In all samples for which the

titration curves for the subsoil fall below the curves for the surface

sample, the exchangeable Al and also the exchange acidity curves for

the subsoil fall above the corresponding curves for the surface

samples. This indicates that for a given profile, the comparative

behavior of titration curves of various depths of the profile depends

on the acidity and aluminum distribution within that profile, and since

the latter two vary from soil to soil (Figures 1 through 6), one should

logically expect variations in titration curves with respect to profile

depth.



SoiLAstoria

0-30cm,pH= .047X+5.35

60-90cm.,pH=.074X +516
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Ca(OH)2>rri.e./100gm.

Figure 11. Titration curves for two profile depths of the Astoria series. Straight
lines are the calculated best-fitting lines for each set of data.

O



Soil= Dayton

0-30cm.,pH= .2Q3X+495

6090cm,pH=.330X+5.63

8 10 12 14

Ca(OH) m.e./100gm.

Figure 12. Titration curves for two profile depths of the Dayton series. Straight
lines are the calculated best-fitting lines for each set of data.



SoihJory

0-30cm.,pH= 138X+5.23

60-90cm.,pH= .097X+479

4 8 12 16 20 24
Ca(OH) ,m.e./100gm.

Figure 13. Titration curves for two profile depths of the Jory series. Straight
lines are the calculated best-fitting lines for each set of data.



Soil-.Oakland

0-30cm,pH=.319X+ 5.67

60-90cm.,pH=. 322X+5.08
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Figure 14. Titration curves for two profile depths of the Oakland series. Straight
lines are the calculated best-fitting lines for each set of data.



Soil: Powell

030cm.jpH=.166X+5.33
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2^46 8 10
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Figure 15. Titration curves for two profile depths of the Powell series. Straig
lines are the calculated best-fitting lines for each set of data.
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60-90cm.,pH=.056X+4S

8 12 16 20 24 28 32 36 40
Ca(OH) , m.e./100gm.

Figure 16. .titration curves for two profile depths of the Willakenzie series. Straight lines
are the calculated best-fitting lines for each set of data.
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Figure 17. Effect of lime applications on exchange acidity, exchangeable Al,
and exchangeable Mn of 0-30 cm. depth of the Astoria series.
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Effect of lime applications on exchange acidity, exchangeable
Al, and exchangeable Mn of 60-90 cm. depth of the Astoria
series.
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Figure 19. Effect of lime applications on exchange acidity, exchangeable Al,
and exchangeable Mn of 0-30 cm. depth of the Dayton series.
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Figure 20. Effect of lime applications on exchange acidity, exchangeable Al,
and exchangeable Mn of 60-90 cm. depth of the Dayton series.
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0-30cm.
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Mn
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m.e./100gm.
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Figure 21. Effect of lime applications on exchange acidity, exchangeable Al,
and exchangeable Mn of 0-30 cm. depth of the Jory series.
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Figure 22. Effect of lime applications on exchange acidity, exchangeable Al,
and exchangeable Mn of 60-90 cm. depth of the Jory series.
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Figure 2 3. Effect of lime applications on exchange acidity, exchangeable Al, and
exchangeable Mn oi 0-30 and 60-90 cm. depth of the Oakland series.
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Figure 24. Effect of lime applications on exchange acidity, exchangeable Al,
and exchangeable Mn of 0-30 cm. depth of the Powell series.
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Figure 2 5. Effect of lime applications on exchange acidity, exchangeable Al,
and exchangeable Mn of 60-90 cm. depth of the Powell series.
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Figure 26. Effect of lime applications on exchange acidity, exchangeable Al,
and exchangeable Mn of 0-30 cm. depth of the Willakenzie series.
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Figure 27. Effect of lime applications on exchange acidity, exchangeable Al,
and exchangeable Mn of 60-90 cm. depth of the Willakenzie series.
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pH (H O) does not correlate with base saturation in that 100

percent base saturation does not in general correspond to pH of neu

trality. In fact, 100 percent base saturation almost always gave pH

values greater than 7. This is in agreement with the results reported

by Keeney, jet al. (1963) who conclude that neither pH (HO) nor

pH (KCl) is closely related to the lime requirement. On the other

hand, the point of zero exchange acidity as determined by the exchange

acidity intercept with the lime-axis (Figures 17 through 27) when

referred to the titration curves (Figures 11 through 16) correlates

more closely with pH of neutrality. In fact, the greatest deviation

(one unit of pH) of zero exchange acidity from pH 7 for any of the

samples is found in the surface sample (0-30 cm. ) of the Willakenzie

series. This value of pH corresponds to (H ) equal to 10 moles per

liter. Therefore, a 1 unit pH deviation from neutrality corresponds

7 - 7 + - 7
to (10.0x10" -1.0x10 ) or a (H ) of 9.0 x 10 moles per liter

which in turn corresponds to 9 x 10 liter of 0. 1 N NaOH per liter

4
of soil extract or 4. 5 x 10 ml. of a 0. 1 N NaOH per 50 ml. of soil

extract (which is the volume used in our titrations). This deviation

can easily be due to experimental error involved. Therefore, it

should be quite clear that a pH deviation of unity from the neutral

point does not really correspond to any significant amount of acidity.

Based on this kind of reasoning and studies on pH correlations with

acidity and exchangeable Al in profile discussed earlier, one would
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come to the conclusion that pH measurements, whether in salt solu

tions or in water, should not be used as an index of acidity in soils.

One must realize that pH is an expression of that part of soil acidity

that is present in equilibrated system in the form of hydrogen ions

regardless of its sources. Besides, since proton producing species

may stay unhydrolyzed, soils with the same aj^+ and different amounts

of unhydrolyzed Al will have the same pH, and therefore, soil pH

does not indicate the actual amount of acidity that a soil has and must

not be used, by itself, to determine lime requirements of soils

(Gilly, 1958). Rather, measurement of exchange acidity or exchange

able aluminum should give an estimate of soil acidity and of the lime

required for its neutralization.

It is interesting to note the qualitative relationship between the

titration curves and exchangeable Al curves. A steady increase in

soil pH due to increasing increments of Ca (OH) applications is asso

ciated with an initial sharp decrease in exchangeable Al with a pro

gressively decreasing slope very much the same as exchange acidity

curves.

In general, in any given soil available Mn decreases with in

creasing applications of Ca (OH) , but the slopes of available Mn

curves seem to be much less steep than those for exchangeable Al or

exchange acidity curves. These data are plotted in Figures 17 through

27. Furthermore, the slope of these curves is dependent upon the
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initial Mn content of any particular soil. Looking back at what has

been observed with regard to Mn distribution and its relation to

exchangeable Al and exchange acidity in soil profile, one may wonder

about the apparent discrepancy that does seem to exist in the two

experiments. This discrepancy, however, can be resolved through

the following considerations: as pointed out earlier, factors affecting

Mn distribution in profile are moisture, pH, soil temperatures,

organic matter content, natural drainage conditions, and subsequently

redox processes taking place in soil seasonally as well as over longer

periods of years (Rosa Somera, 1967). Furthermore, it is believed

that soil moisture is the main physical characteristic of soils in situ

affecting Mn availability (Piper, 1931). All the aforementioned fac

tors have had their influence to various degrees on Mn status of the

profile samples. Therefore, one should not expect the Mn distribu

tion pattern in soil profile to exhibit a simple relationship with res

pect to soil acidity. In contrast to this, in the incubation experiment

for any given sample having an initial content of Mn, the only variable

factor is soil pH and its very closely associated parameters. Thus,

by keeping other factors constant, one would be observing Mn varia

tions with changes in. soil acidity alone which would be expected to be

an inverse relationship.

In agreement with the observations made in the profile study

with respect to exchangeable Al- exchange acidity relationship, a close
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association is found between these two soil variables with increases

in lime application?. L*\ -J1 s:«^ F'>ils studied, the very same behavior

is observed in both exchangeable Al and exchange acidity curves as

related to changes in percent base saturation.

The exchange acidity as well as exchangeable Al curves do not

follow a linear pattern when plotted against milliequivalents of

Ca (OH) added. This is to be expected. Consider the exchange

reaction in its simplest form:

or:

and

++ +3 , ,
3Ca. + 2A1 (es)

2A1+3 + 6.0H"

2A1+3 + 6HOH

4-

6H + 60H ^

where (es) = exchange site.

k.

++ +3
3Ca (es) + 2A1

2Al(OH).

+
2Al(OH)^ + 6H

6HzO

(1)

(2)

+3
If m equivalents of Al are originally present on the ex

change site, then after addition of n equivalents of Ca, (m-x)

+3equivalents of Al will remain en the exchange site which is what

is supposedly measured as exchangeable Al after a given lime treat-

+3 ++
ment; where x is equivalents of Al displaced by Ca . At

equilibrium, one may write:



and

+3 2 3
= (Al ) (Ca(es))

1 (Ca ) (Al (es)T
k

? x3 - 3
C (Al ) (OH ) k

sp

and, therefore:

or

y = K(-

_£E_

3/2
_,_ (3/2 x)

(m-x) = y - /2 r 3 • 3/2
k\/Z(OH ) (n- 3/2 x)^

x

3/2

n - 3/2

(3)

(4)

5)

where K =^~ ^ which can be calculated at any given pH.
kj/2 (OH")

From equation (5) one would not expect a linear relationship

between exchangeable Al and lime treatment. The same reasoning

can be applied to exchange acidity curves.

Comparison of Neutralization of Exchange Acidity and
Exchangeable Al with Lime

It is generally agreed that exchange acidity is greater than

exchangeable Al in soils, even if by a slight amount, and that the
+

difference corresponds to other acid producing species such as H30

originating from the exchange sites or broken edges of clay minerals,

organic matter, or the hydrolysis of exchangeable Mn, etc. (Gilly,
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19 58). Our data are in agreement with this generalization. In all

cases studied the initial exchange acidity is greater than the exchange

able Al, and the magnitude of the difference is highly dependent upon

the particular sample of soil (Figures 17 through 27). Addition of

lime decreased both parameters, but in all the soils studied except

surface 0-30 cm. of the Astoria series, exchangeable Al remained

less than exchange acidity. These observations lead one to conclude

that Al alone does not account entirely for soil acidity, even though

its contribution is by far the most important in the samples investi

gated (Coleman, et al. , 1967; Lin, I960; Low, 1955). The final con

clusion depends upon whether all of the aluminum displaced in the

process of extraction with neutral salt shows up in the extract, or

whether part of this aluminum precipitates in the soil system after

displacement. If precipitation after displacement is a factor, then

Coleman, et al. (1967, p. 22) may be correct in assuming that ex

change acidity is almost entirely due to monomeric aluminum.

Otherwise, our data do not agree with their conclusions. From these

data we may calculate the difference between exchange acidity and

exchangeable Al to be as great as 10. 5 m. e. per 100 g. (for subsoil

sample of the Willakenzie series). It seems unlikely that in soils

such as subsoil of the Willakenzie series, aluminum is the only

species responsible for acidity.

No matter what other proton donors are operative in the soil
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system, the contribution of exchangeable Al is definitely very signi

ficant. When exchange acidity is plotted against exchangeable Al,

linear relationships are observed in most of the soils investigated

(Figures 28 through 31). This is in keeping with the data obtained

from the profile studies discussed previously and seems to indicate

that even if exchangeable Al is not entirely responsible for acidity,

it may be taken as an index of soil acidity. From these, seven out

of ten sets of data give strictly linear patterns. But for samples of

surface soil from both the Dayton and Powell series, one seemingly

observes two linear patterns with two different slopes. At higher

acidities both soils have a wider ratio of exchange acidity to

exchangeable Al than at lower levels of acidity. This might be indi

cative of the presence of significant amounts of proton donors other

than Al which neutralize faster than Al ; in particular H3O could

be the responsible species. This is further supported by the fact that

in both of these samples the slope of the lines approaches one at lower

+3
levels of acidity, indicating that Al is the only acid species of major

importance in these low acidity ranges for both soils. A third soil

which exhibits deviation from linearity is the subsoil of the Willa

kenzie. This soil has a very high exchange acidity as well as ex

changeable Al. Its behavior could probably be attributed to the pre

sence of significant amounts of acid producing species other than

aluminum which manifest themselves to various degrees at different
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Figure 28. Relationship between exchange acidity and exchangeable Al
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Figure 30. Relationship between exchange acidity and exchangeable Al with increasing
lime applications.
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acidity levels.

The data from this experiment seem to support the voluminous

literature attesting to the role of monomeric aluminum as the primary

proton donor in soils (Turner, 1965; Clark, 1966; Brydon, 1966;

Pionkee, 1967; Yuan, 1963; Coleman, 1964; Jackson, 1956; McLean,

1964). However, it does not sound reasonable to ignore the presence

of other species which do affect soil acidity to various degrees.

Apparent Stoichiometry of Lime Reaction with Exchange
Acidity and Exchangeable Al

Observing the pattern of variations in slope of the curves for

lime additions versus either exchange acidity or exchangeable Al

(Figures 17 through 27), one notes that there is a decrease in slope

for all the soils studied which indicates that the change in exchange

acidity or exchangeable Al for any two successive lime treatment

levels is greater at initial levels of lime treatment and this decreases

at higher levels of lime application. This is in agreement with the

findings of McLean, jet _al. (1964). If one plots the exchange acidity

or exchangeable Al content of these soils against an estimate of the

lime required to neutralize the acidity or to precipitate the Al (lime

reaction), one obtains the curves of Figures 32 and 33. These fig

ures demonstrate that at low levels of acidity or exchangeable alumi

num much more lime is required for the lime reaction per unit of

acidity or Al than when larger amounts of acidity or Al are present
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in the sample. Moreover, in Figure 32 one notes that from the six

soil samples studied, five follow a common pattern, whereas the

Astoria displays considerable deviation. On the other hand, it is

apparent that when exchangeable Al is plotted versus the amount of

lime needed for the lime reaction, the plots for the samples from the

six soil series are similar. Regardless of which criterion is used for

liming, complete neutralization of acidity as shown by these curves

may require amounts of lime which are economically not feasible

under present costs and returns. For instance, complete neutraliza

tion of exchangeable Al in 60-90 cm. depth of the Willakenzie requires

about 80 tons of lime per acre.

Summary

Results of an incubation experiment indicate a curvilinear rela

tionship between pH (HO) of incubated samples and amounts of lime

applied. Correlation coefficients for straight lines approximating

this relationship are 0.83 or greater, thus from a practical stand

point these linear approximations may prove useful. pH of neutrality

does not necessarily correspond to 100 percent base saturation on

these curves, while good correlations between pH (HO) and zero

exchange acidity are observed.

Applications of lime result in reductions in exchangeable Al,

exchange acidity and exchangeable Mn. The initial increments of
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lime result in greater reductions in the three parameters than the

subsequent increments. The stoichiometry of neutralization of the

exchange acidity and precipitation of exchangeable Al is not straight

forward and reflects the complex nature of reactions involved.



EFFECT OF LIME AND PHOSPHORUS TREATMENTS

ON THE PLANT YIELD OF ALFALFA AND ON THE

UPTAKE OF ALUMINUM, MANGANESE,

CALCIUM, AND PHOSPHORUS
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Introduction

Voluminous literature is available on elemental interactions and

plant response to the applications of lime and phosphorous to acid

soils (see the literature review). Work done in the past has shown

repeatedly that different plant species (particularly leguminous plants)

exhibit markedly different response patterns to these treatments.

Alfalfa, in particular, is sensitive to acidity and, therefore, com

prises a suitable indicator plant for this study. In previous field work,

Jackson, jet _al. (1964) have pointed out that alfalfa (M.edicago sativa L.

variety Du Puits) responds significantly to lime applications on acid

soils of Western Oregon. As a follow-up on Jackson's work, a green

house experiment was conducted using alfalfa to study the effect of

lime-phosphorous treatments on plant yield, total uptake of aluminum,

manganese, calcium, and phosphorus on selected samples of soil

from Western Oregon.

Soils Used

The surface samples representing the six soil series employed

in the previous two experiments were used. Bulk samples were
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obtained from unlimed areas representative of each series.

Experimental Procedure

The soils were air-dried and passed through a 4-mesh screen.

For each soil represented, 10 treatments consisting of lime and phos

phorus combinations (see Table 16) were applied in three replications,

Samples equivalent to 3 kg. of air-dry soil were mixed with the appro

priate amount of reagent grade Ca(OH) to give the desired lime level

(except for Astoria where 2500 g. soil was used). The treated sam

ples were put in plastic bags which were in turn placed inside number

10 cans. Each pot was moistened to 90 percent of the field capacity,

closed to prevent loss of moisture, and let stand for one month.

After the one month period of incubation, the soil sample in

each can was mixed with the proper amount of P as H PO and trans

plants of alfalfa were established in each pot. The transplants were

prepared from cuttings of Du Puits (Medicago sativa L. var. Du Puits)

alfalfa which were rooted in permalite flats for ten days in the pres

ence of added innoculant to initiate nodulation. The pots were

brought to field capacity, the soil surface in each pot was covered

with 200 g. of polyethylene beads in order to reduce water loss by

evaporation, and the pots were arranged on a bench in a completely

randomized arrangement. A continuous fluorescent light of 1000

foot-candles was installed over the entire bench.
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Table 16. Yield of dry matter for two harvests of alfalfa grown on samples of five soils in

the greenhouse.

Yield of dry in atter - g. /pot

Phosphorus applied Lime applied, m.e. /100 g. Phosphorus

Soil ppm

0

0 4 8 12 mean

Dayton 0.83 - 4.83 3.33

23 1.20 - 4.87 -
3.04

23 - 4.37 - 4.70 4.54

45 - 2.97* 4.83* - 3.90

90

Lime mean

_ 5.13

4.75 4.85a

5.03

4.87

5.08

1.52a

C.V. = 12. 3%

Jory 0 0.37 - 3.70 - 2.04C

23 0.57 - 4.17 -
2.37C

23 - 2.70 - 3.70 3.20D

45 - 3.77* 4. 80* _ 4.29

90

Lime mean

- 3. 13

2.92B

- 5.80

4. 75B

4. 47D

0.47A 3.94A

C.V. = 14. 4%

Oakland 0 2. 13 - 3.40 - 2.77

23 2.67 - 3.23 - 2.95

23 - 4.10 - 2.73 3.42

45 - 3.20* 2.47* _ 2.84

90

Lime mean

- 4.17

4. 14b

- 3.57

3. 15b

3.87

2.40a 3.32a

C.V. = 20. 8%

Powell 0 2.40 - 4.53 - 3.47

23 3. 10 - 3.56 -
3.33

23 - 3.93 - 4.97 4.45

45 - 4.80* 3.36* - 4.08

90

Lime mean

- 4.93

4.43

- 4.39

4.95

4.93

2. 75A 4, 05A

C.V. = 18. 7%

Willakenzi e 0 3. 50 - 3.53 - 3. 52b

23 3.63 - 5.37 -
4. 45b

23 - 4. 57 - 4.00 4. 29C

45 - 4.73* 6.07* - 5.40

90

Lime mean

_ 4.43

4.50

_ 6.50

5.25

5. 47C

3. 57a 4. 45 a

C.V. = 13. 8°/o

Not included in mean for lime rate.

*
Treatment means within each soil series that are followed by the same letter are

significantly different from each other. Upper and lower case letters represent

the 0.01 and 0.05 levels of probability, respectively.
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After two weeks, the pots were thinned to 5 plants per pot

(except soils Oakland and Astoria, whose stands were too poor to

give 5 vigorous plants). At this time, 1 ppm. of Mo as (NH ) MoO

and 2 ppm. of B as H BO were applied as preventive measures against

deficiencies.

The pots were watered one to two times a week, each time

bringing their water content up to field capacity as needed. Plant

clippings of the entire tops were taken and discarded 15 days after

thinning. Then two harvests were taken at 30-day intervals. The

individual plant height from the soil surface was recorded, the entire

tops were then rinsed in distilled water, put in paper bags and placed

in a drying chamber at 60 C for three days.

Dry weight data were taken for the two harvests combined by

weighing the entire tops. They were then ground using the Wiley Mill

and digested by the HNO - HC104 method (Jackson, 1965, p. 331).

The digests were analyzed for phosphorus by the Ammonium Vanadate

Method (Jackson, 1965, p. 165), and for calcium, manganese, and

aluminum by Atomic Absorption Spectrophotometer (Perkin-Elmer,

30 3). Since Al levels were found to be too low for satisfactory detec

tion by this instrument, a modification of the method by Jones and

Thurman (1957) was used to determine total Al. The data were treated

statistically.
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Results and Discussion

Effect of Lime and Phosphorus Treatments on Plant Yield

The data for yield of dry matter for five soils are presented in

Table 16 and the data on the statistical test of significance are sum

marized in Table 17. In evaluating the plant response to lime appli

cations, the following comparisons are made: the mean of dry matter

yields of the pots with no lime (for two levels of P) are compared to

the mean of those which had 8 m. e. of calcium/100 g. of soil; also

two levels of P were combined for comparing the mean of the yield

obtained with 4 m. e. of lime/100 g. versus 12 m. e. of lime/100 g.

Evaluation of the data by these comparisons is based on the concept

that if there is no significant response between 4 m. e. of lime/100 g.

and 12 m. e. of lime/100 g. treatments, then there is not going to be

any significant response between 4 m. e. of lime/100 g. and 8 m. e.

of lime/100 g. treatments. Tests of significance show that plants on

all five soils showed a significant response to 8 m. e. of lime/100 g.

applications. These data are significant at 5 percent for the Willa

kenzie and Oakland series, but at 1 percent for the other three soils.

However, when 4 m. e. of lime/100 g. applications were compared

with those receiving 12 m. e. of lime/100 g. , three out of five soils

showed no improvement in terms of plant response. The only two

soils whose plant yields increased significantly were the Jory and



Table 17. Statistical summary of treatment effects on yield of alfalfa for the five soils used
in the greenhouse experiment.
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Treatment means

used for comparison

Statistical significance of mean differences

for indicated soil series
Dayton Jory Oakland Powell Willakenzie

0 8

L vs. L,„
4 12

0 45

P vs. P
45 180

LxP[(LoPo+L4P4s)/2

VS- <L0P45+L4P0,/2]

0.01 0.01 0.05 0.01 0.05

N. S. ** 0.01 0.05 N. S. N. S.

N. S. 0.01 N. S. N. S. 0.05

N. S. 0.01 N. S. N. S. 0.01

N.S. 0.01 N. S. N. S. 0.01

L refers to lime mean; subscript refers to lime treatment in m. e. /100 g. P refers
to phosphorus mean; subscript is P-treatment in lbs. /acre.

N. S. = Not Significant; 0. 01 and 0. 05 designate the level of significance.
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Oakland series.

Evaluation of plant response to P applications is made by com

paring the mean plant yield (for two levels of lime combined) of the

treatment having received no phosphorous application versus the other

which received 23 ppm. of P; also comparisons were made using two

levels of lime combined for the plants which received 2 3 ppm of P

versus those which received 90 ppm. of P. For both comparisons

only plants grown on the Willakenzie and Jory showed significant yield

increases. Both these samples were low in NaHCO^ -extractable P

(6. 4 and 8. 6 ppm. respectively). The behavior of the Powell sample

is not surprising since it contained 55 ppm. of NaHCO -extractable

P. Neither the Dayton nor Oakland samples is high in P content

(14. 3 and 1.8 ppm. respectively), yet no response to phosphorous

applications was evident. Jackson, using alfalfa (Du Puits) on the

Willamette series, concludes that significant response to lime was

observed but phosphorous applications did not increase the yield

significantly (Jackson, et al. , 1964). This is not surprising since P

status of this soil is 30 ppm.

For evaluation of lime-phosphorus interactions, the mean of

plant yield for zero-lime zero-phosphorous and 8-lime-2 3-phosphorus

treatments was compared with that of zero-lime 23 phosphorus and

8 lime zero-phosphorus. . Results show that here again significant

interaction was observed only on the Willakenzie and Jory.



Effect of Lime-Phosphorus Applications on P, Ca,
Al, and Mn Uptake in Alfalfa
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Lime-phosphorus applications have been known to have vary

ing effects on Ca, P, Al, and Mn uptake of alfalfa (Dawson, 1958;

Jackson, 1967; Jackson, _et al. , 1964 and 1966; Ouellette, et al. ,

1958). Jackson, jet al. (1964) have reported that P content of the

forage was not affected by P or lime applications. The P values

reported ranged between 0. 35 and 0. 41 percent of dry weight for Du

Puits alfalfa and there was not a response from phosphorus. Our

results seem to further substantiate their findings. In Table 18 one

notes that no significant increase in P content of tops results from

any of the lime-phosphorus treatments for samples from either the

Powell or the Willakenzie series. In the case of Dayton, the only

apparent significant values were obtained at treatments 7 and 9. How

ever, even at these two levels, the differences are not very much

larger than the LSD (+0. 12 and +0. 14 as compared to LSD of +0. 102).

When the effect of lime alone on P content of tops is studied, it again

shows no significant variations in P content due to lime applications.

The very same is observed when P effect alone is studied. Note

that at no phosphorus level was there any significant increase in P

content of plant tops. From these considerations, one may conclude

that the P status of these soil samples was sufficiently high so that

the soil supply of P was not regulating the concentration of P



Table 18. Test of significance, using LDS lor P-content of alfalfa tops. *
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reaching the plant tops. The range of plant content of P was from

0.23 to 0. 39 percent. Moreover, phosphorus deficiency could not

have been a major cause in slow growth of the check pots.

When studying the effect of lime-phosphorus application on Ca

content of tops, it is interesting to note that at all levels Ca content

of plant tops grown on Willakenzie is higher than the corresponding

treatment from the Powell series (Table 19). Moreover, in all cases

application of lime significantly increased the Ca concentration in the

tops of plants grown on Powell. On the contrary, all but treatment 9

gave no significant increase in Ca content of tops grown on Willakenzie.

This is easily resolved when one considers the initial Ca status of

these two soils. Powell has an initial Ca content of 3 m. e. /100 g. ,

whereas Willakenzie has 11.2 m. e. /100 g. The Dayton has an inher

ent content of 4.2 m. e. /100 g. and significant increases in Ca content

of tops are obtained at higher lime applications. Note that when lime

effect alone is considered for both Powell and Dayton soils, the signi

ficant increase is obtained at the 4 m. e. /lOO g. lime treatment. Both

these soils have comparable initial Ca status. Phosphorus alone, it

appears, had no effect on varying Ca content of the tops either in the

Powell or in the Willakenzie series. For Dayton, however, it appears

that initial applications of 45 lbs/acre of P result in a decrease in

Ca status of plant tops. This is observed in both treatments 2 and 7.

Our conclusions agree with those drawn by Jackson, et al. (1964) in
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that an increase in Ca content of alfalfa tops due to lime application

is observed for the plants grown on soils whose initial Ca content is

somehow low (they report an initial Ca content of 7. 0 m. e. /100 g. in

their experiment).

According to Ouellette, jet al. (1958), if Mn content of aerial

parts of alfalfa is less than 175 ppm. , no toxicity due to Mn is ob

served in the plants. Concentrations over 325 ppm. result in mani

festation of medium to severe toxicity effects. Moreover, their data

show an increase in plant content of Mn as a function of increasing

concentrations of Mn in the root medium and a resultant decrease

in yield. At plant concentrations approaching 350-400 ppm.

there is a severe reduction in yield. Comparing our results (Table

20) with their findings, we note the following: (1) in both the Powell

and Willakenzie series, the tops contain far less Mn than those re

quired for toxic effects to set in, and (2) in the case of the Dayton

series, plants having received treatments 1 and 2 contain 350 and

408 ppm. of Mn in their aerial parts, respectively. Both these con

centrations are sufficient to cause plant injury. Moreover, treat

ment 3 results in a sudden and very sharp decrease in Mn content

of plant tops. Comparing plant yield at these various treatments

with the respective Mn concentrations, one notes a very clear inverse

relationship in agreement with those reported by Ouellette. Treat

ment 3, which resulted in a sharp decrease in Mn content of plant
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Table 20. Total Al and Mn content of alfalfa tops grown on three soils in the greenhouse.

Treatment Treatment*

L P

Mn content of tops

(ppm)

Al content of

(ppm)

tops

No. Dayton Powell Willakenzie Dayton Powell Willakenzie

1 0 0 350 53 85 133 64 66

2 0 45 408 90 95 97 78 87

3 4 45 57 65 37 70 55 95

4 4 90 58 70 42 75 81 65

5 4 180 57 73 45 69 65 79

6 8 0 52 53 38 70 85 92

7 8 45 47 52 28 82 90 87

8 8 90 47 53 28 67 99 7S

9 12 45 57 68 32 68 81 86

10 12 180 57 58 37 74 77 75

L refers to lime applied in m. e. /100 g. ; P refers to phosphorus applied in lbs/acre.

LSD for Mn = 7. 4 at 0. 05 level

LSD for Al = 34. 7 at 0. 05 level
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tops to below toxicity levels for the Dayton series, also resulted in a

significant yield increase from 1. ?,0 g. to 4. 37 g. of dry matter for

treatments 2 and 3 respectively. Thus, it appears quite definite that

Mn toxicity was one reason for poor performance of plants on the

Dayton soil. Mn contents of plants, however, do not correlate so well

with the exchangeable Mn of the soil. Both Willakenzie and Dayton

had an initial Mn status of 0.55 m. e. /lOO g. whereas Mn content of

plant tops grown on them was 85 and 350 ppm. respectively. The

Powell series had an initial exchangeable Mn of 0. 11 m. e. /lOO g.

Another interesting phenomenon to observe is the significant increase

in Mn content of all three plants on all three soils as a result of appli

cation of 2 3 ppm. of P alone (treatment 2), followed by a significant

decrease at treatment 3. Thus, it might be that applications of P

alone result in increase in Mn uptake and lime treatments decrease

Mn availability to the plants.

As far as Al content of plant tops is concerned, values below

200 ppm. are reported to be accompanied by no toxic effects

(Ouellette, et al. , 19 58). Al toxicity becomes significant once this

level is surpassed. All plant tops in our experiment had Al contents

of less than this threshold value; thus, it is probable that Al toxicity

was not encountered in these three soils (Table 20). Al contents of

plant tops grown on all the three soils are quite comparable except

for treatment 1 of the Dayton series whose plant Al content is
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significantly higher than others. The Al content of plants on Dayton

is significantly lower than the control for all the treatments. Also,

after treatment 2 there is no longer any significant decrease in Al

content of plant tops.

Relationship Between Plant Response to Lime, Residual
Exchange Acidity, and Residual Exchangeable Al

Table 21 shows the residual exchange acidity and exchangeable

Al at any one lime application for the five soils used in the green

house study together with the plant response to further additions of

lime. One observes that lime applications resulted in significant

yield increases over the zero-lime treatment for all five soils.

Additions of 4 m. e. /100 g. of lime resulted in substantial decreases

in both exchange acidity and exchangeable Al of all the soils and fur

ther addition of lime gave no significant increase in yield for the

Dayton, Powell, and Willakenzie series, while there was an actual

negative response in the Oakland series. The Jory series had a posi

tive response. In the case of the Oakland series, the negative res

ponse is probably the result of overliming (note both exchange acidity

and exchangeable Al are zero) and its effect on the availability of sum

of the essential plant nutrients. In the Dayton, Powell and Willa

kenzie series, a reduction of exchange acidity to 0. 3 or below corres

ponds to no further response to lime, while a decrease in exchangeab";



Table 21. Relationship between plant response to lime, residual exchange acidity, and residual exchangeable Al.

Dayton Jory Oakland Powell Willakenzie

Lime Exchange Exchangeable Exchange Exchangeable Exchange Exchangeable Exchange Exchangeable Exchange Exchangeable

treatment Acidity Al Acidity Al Acidity Al Acidity Al Acidity Al

m.e./lOOg. m.e./lOOg. m. e. /J.00 g. m. e. /100 g. m. e. /lOO.g. m. e. /100 g.

0 1.9 1.0 1.3

R

1.1 0.3 0.2

R

4 0.3 0.0 0.3 0.1 0.0 0.0

NR R R(- )*

0.0 0.0 0.0 0.0 0.0 0.0

This is a sigB.ificarit decrease in yield.

1.3 0.8

R

0. 3 0.

NR

0.0 0.0

1.2 0.6

R

0.2 0.1

NR

0.0 0.0

o

00
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Al to 0. 1 m. e. /100 g. occurred. This might be of some significance

in determining lime requirements of various soils.

Summary

In a greenhouse experiment alfalfa was grown on soils having

received different lime-phosphorus treatment combinations. Plant

response to these treatments was highly dependent on original levels

of soil P and soil acidity. On soils where initial NaHCO -extract-

able P content was high, no response to P applications were ob

served, whereas those plants grown on soils with low P content

responded to applications of P . Plants grown on all soils responded

significantly to one or more levels of lime applications.

Plant concentration of P was not affected by lime-phosphorus

treatments and it ranged from 0.2 3 to 0. 39 percent. The Ca content

of plant tops was dependent on the Ca level of the corresponding soil,

and in cases where inherent Ca content of soil was low, increases in

plant Ca content were observed as a result of the application of lime.

Probably, Mn toxicity was encountered only in the Dayton series.

Plants grown on the Dayton without lime applications contained 350

ppm. or more Mn, which is in the toxic range. Applications of P

alone seem to enhance Mn-uptake and lime applications seem to de

crease plant content of Mn. No toxic levels of aluminum were en

countered in any of the treatments.
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APPENDIX A

Appendix Table 1. Moisture content data for soils used.

Soil Used Percent moisture content

Astoria

Dayton

Jory

Oakland

Powell

Willakenzie

The data are for the 0-30 cm. depth.

The data are means of duplicates.

9. 71

2. 44

4. 84

2.21

2. 89

5. 38
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Appendix Table 2. Effect of shaking time on exchange
acidity. "1"

Soil No.

52 54

5255

52 56

5257

52 58

5260

5261

5262

5263

5264

5265

1 5 min. 60 min.

5. 10 5.09

4.89 5. 08

4. 36 4.42

5. 13 5. 33

6. 54 6. 75

5.21 5. 52

5.08 5. 36

4. 73 5.06

4. 73 4. 78

6.98 7. 34

6. 52 6.65

1:10 N NaOAc, pH - 8. 2
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Dayton Series

Horizon Depth (in. )

Ap 0-8

A2 8-13

B21tg 13 - 23

B22tg 23 - 31

B3it 31 - 39

B32 39 - 50

50 - 60+

APPENDIX B

Profile Descriptions

122

Description

Dark gray, (10YR 4/1.2) silt loam; light gray (10YR 6/1) dry; weak

coarse granular structure; slightly hard, friable, slightly sticky and

slightly plastic; abundant medium iron-manganese concretions;

common fine dark brown (10YR 3/3) mottles; abundant roots, common

medium and many fine pores; abrupt smooth boundary.

Grayish brown (2. 5Y 5/1. 6) silt loam; light gray (10YR 7/1) dry;

moderate medium subangular blocky structure; slightly hard, friable,
slightly sticky and slightly plastic; abundant large and medium iron-

manganese concretions; common fine distinct brown (10YR 4/3)

mottles; many fine and medium pores; abundant large roots; abrupt

wavy boundary.

Dark grayish brown to dark gray (4Y 4/1. 4) clay or silty clay, mas
sive when wet to moderate coarse prismatic breaking to weak coarse

blocky structure; very hard, very firm, very sticky and very plastic;
common gray silt coatings on ped surfaces in upper part; few patchy

clay films on peds; few roots; common fine iron-manganese concre

tions; gradual wavy boundary.

Olive gray (5Y 5/2) clay; weak coarse prismatic breaking to weak

coarse blocky structure; very hard, very firm, very sticky, and very

plastic; moderate patchy clay films on peds; common fine and few

medium iron-manganese concretions; few roots; few medium and

common fine olive (2, 5Y 5/4) mottles; clear smooth boundary.

Oliye brown (2. 5Y 4/3) heavy silty clay loam; moderate coarse

prismatic breaking to weak coarse blocky structure; hard, firm,

sticky and plastic; moderate continuous dark grayish brown (2. 5Y

4/2) clay films on prism faces and some peds and pores; many fine
iron-manganese concretions; common medium and many fine pores;

common fine faint (2. 5Y 4/3 and 5/2) mottles; few roots; gradual

smooth boundary.

Brown (1Y 4/3) silty clay loam; weak coarse prismatic structure;
friable, sticky and plastic; few thin and patchy clay films on prism
faces and in pores; many fine pores; many fine iron-manganese con

cretions; common fine faint browner and grayer mottles; gradual

wavy boundary.

Brown (10YR 4/3) fine silt loam; massive structure; friable, sticky
and plastic; many fine pores; common fine iron-manganese concre

tions; common fine faint dark brown (10YR 3/4) mottles and few

medium grayish brown (2. 5Y 5/2) mottles.



Powell Series

Horizon Depth (in. )

Al 0-5

B21 5-12

B22 12 - 20

Clx 20 - 33

C2x 33 - 45

C3 45 - 60+

Jory Series

Horizon Depth (in. )

Ap 0-6

A12 6-16

A3 16 - 19

B21t 19 - 29

123

Description

Very dark grayish-brown (10YR 3/2) silt loam, dark grayish brown

(10YR 5/2) when dry; few fine, distinct, threadlike mottles of

brownish yellow (10YR 5/6); moderate, medium, granular structure,

hard, friable, slightly plastic; many prominent, dark wormcasts;

gradual boundary.

Brown (10YR 4/3) silt loam, pale brown (10YR 6/3) when dry; few,
fine, distinct, threadlike mottles of brownish yellow (10YR 5/6);
moderate, coarse, granular structure; hard, friable, slightly plastic;

common, iron and manganese concretions 2 to 5 millimeters in

diameter.

Brown (10YR 5/3) silt loam, very pale brown (10YR 7/3) when dry;

many, coarse mottles of strong brown (7. 5YR 5/6); weak, fine, sub-

angular blocky structure; hard, firm, plastic; splotches and nearly

black concretions of iron and manganese.

Yellowish-brown (10YR 5/4) silt loam, very pale brown (10YR 7/4)

when dry; many, coarse mottles of strong brown (7. 5 YR 5/6) and
nearly black; streaks of very pale brown (10YR 7/3); brittle when

moist; gradual boundary.

Similar to Clx horizon but is slightly lighter in color; medium, sub-

angular blocky structure, and somewhat less brittle when moist.

Strong-brown (7. 5YR 5/6) silt loam; white (10YR 8/2) mottles;

massive; firm, nonplastic; micaceous.

Description

Dark reddish brown (5YR 3/4) silty clay, reddish brown (5YR 4/4)

when dry; moderate fine and very fine granular structure; slightly

hard, friable, plastic, and sticky; many roots; many very fine and

fine interstitial pores; few medium red and black concretions;

medium acid (pH 5.6); abrupt smooth boundary. 5 to 7 inches thick.

Dark reddish brown (5YR 3/4) silty clay, reddish brown (5YR 4/4)

when dry; weak coarse subangular blocky breaking to moderate fine

and very fine granular structure; slightly hard, friable, plastic; and

sticky; many roots; many very fine and fine interstitial pores; few

medium red and black concretions; medium acid (pH 5. 6); clear

wavy boundary. 8 to 12 inches thick.

Dark reddish brown (5YR 3/4) clay, yellowish red (5YR 4/6) when

dry; moderate coarse and medium granular structure; hard, firm,

plastic, sticky; many roots; many very fine and fine interstitial and

tubular pores; few medium red and black concretions; strongly acid

(pH 5. 4); clear wavy boundary. 3 to 7 inches thick.

Dark reddish brown (2. SYR 3/4) clay, reddish brown (2. 5YR 4/4)

when dry; strong medium and fine subangular blocky structure; hard,



B22t

B23t
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very firm, very plastic and very sticky; few roots; many very fine

tubular pores; few thin clay films on ped surfaces; many fine red and

black concretions; strongly acid (pH 5.3); clear smooth boundary.

6 to 10 inches thick.

29 - 48 Dark reddish brown (2. 5YR 3/4) clay, reddish brown (2. 5YR 4/4)
when dry; strong medium subangular blocky structure; very hard,

very firm, very plastic, and very sticky; many very fine pores; no
roots; many fine red and black concretions; many moderately thick

and thick clay films; strongly acid (pH 5. 1); gradual smooth boundary.

4 to 10 inches thick.

48-100+ Dark red (2. 5YR 3/6) clay, red (2. 5YR 4/6) when dry; moderately
strong medium subangular structure; very hard, firm, very plastic and
very sticky; many very fine tubular pores; many thin clay films; many

medium prominent black coatings on ped surfaces (30%); strongly acid
(1H 5. 3); many feet thick.

Astoria Series

Horizon

OI

All

A12

B21

B22

B3

Depth (in. ) Description

2-0 Duff layer--litter of bracken fern, leaves, twigs and wood.

0-9 Very dark grayish brown (10YR 3/2) silt loam, brown (10YR 5/3)
dry; strong medium fine and very fine granular structure; slightly

hard, friable, slightly plastic; slightly sticky; many roots; many

interstitial pores; common medium firm shot; very strongly acid
(pH 4. 9); clear smooth boundary. 5 to 10 inches thick.

9-19 Very dark grayish brown (10YR 3/2) silty clay loam, brown (10YR 5/3)
dry; strong medium fine and very fine subangular blocky structure;
slightly hard, friable, slightly sticky, plastic; many roots; many inter
stitial pores; few medium firm shot; very strongly acid (pH 4. 8);
clear smooth boundary. 5 to 12 inches thick.

19 - 28 Dark yellowish brown (10YR 3/4) light silty clay, yellowish brown
(10YR 5/4) dry; moderate fine and very fine subangular blocky struc
ture; hard, friable, sticky and plastic; many roots; few fine and very-
fine tubular and many exceedingly fine interstitial pores; common thin
patchy coatings (cutans); very strongly acid (pH 4. 8); clear wavy
boundary. 9 to 13 inches thick.

28 - 45 Dark yellowish brown (10YR 4/6) light silty clay, brownish yellow
(10YR 6/6) dry; strong medium fine and very fine blocky structure;
hard, firm, sticky, plastic; common roots; many fine and very fine
tubular and many exceedingly fine interstitial pores; many very thin
coatings (curtans) on peds; common fine fragments sedimentary rock;
very strongly acid (pH 4.6); gradual wavy boundary. 13 to 21 inches
thick.

45 - 50 Yellowish brown (10YR 5/6) heavy silty clay loam, brownish yellow
(10YR 6/6) dry; moderate medium and fine blocky structure; hard,
firm, slightly sticky, plastic; common roots; few medium and fine

and common very fine tubular pores; many thin patchy (cutans) on
vertical ped surfaces; 30 percent medium size fragments of sedimentary



Oakland Series
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rock; very strongly acid (pH 4. 5); clear wavy boundary. 4 to 8

inches thick.

50-68 Yellowish brown (10YR 5/6) heavy silty clay loam (a mixture of

7. 5YR 5/8, 10YR 6/4, and 10YR 7/2 apparently derived from vary
ing rock strata); massive; firm, sticky, plastic; very few roots; about

60 percent medium fragments of sedimentary rock; very strongly acid

(pH 4. 8); gradual wavy boundary. 14 to 22 inches thick.

Horizon Depth (in. )

Ap 0-9

Description

Brown (10YR 4/3) moist, pale brown (10YR 6/3) dry, silt loam, very

weak very fine subangular blocky structure, hard, friable, slightly

plastic, slightly sticky, common roots, common medium and fine

pores, pH 5. 8. 7 to 10 inches thick, lower boundary clear and

smooth.

Brown (10YR 4/3) moist, silty clay loam, weak medium prismatic

breaking to weak fine and very fine subangular blocky structure,

friable, sticky plastic, few roots, few very fine pores, few thin

patchy clay flows, pH 5. 8 . 6 to 8 inches thick, lower boundary

clear and wavy.

Yellowish brown (10YR 5/4) moist, silty clay, weak medium pris

matic breaking to moderate fine angular blocky structure, firm, very

plastic, very sticky, few roots, common very fine pores, common

thin patchy clay flows on vertical and horizontal ped surfaces and in

pores, pH 6.0. 12 to 20 inches thick, lower boundary clear and wavy.

Yellowish brown (10YR 5/4) moist with few faint fine mottles, clay,

weak medium prismatic breaking to weak fine angular blocky struc

ture, firm, very plastic, very sticky, few roots, few very fine pores,

common thin patchy clay flows, pH 6.0. 6 to 10 inches thick, lower

boundary clear and wavy.

Yellowish brown (10YR 5/4) moist with few faint fine mottles, clay

to clay loam, massive with few irregular clearage surfaces, firm,

plastic, sticky, few very fine pores, patchy clay flows in pores and

on clearage surfaces, few rounded pebbles of sedimentary rock,

pH 6.0.

9-15

18 - 35

35 - 42

42+

Willakenzie Series

Horizon. Depth (in. )

Al 0-4

4-12

Description

Dark brown (7. 5YR 3/2) silty clay loam, brown (7. 5YR 5/3) dry,

weak medium and fine subangular blocky structure; hard, friable,

slightly sticky, slightly plastic; many fine roots; many very fine

pores; very few fine concretions; medium acid (pH 6.0); clear

smooth boundary. 3 to 9 inches thick.

Dark brown (7. 5YR 3/4) silty clay loam, strong brown (7. 5YR 5/6)

dry; moderate medium and fine subangular blocky structure; hard,

friable, sticky, plastic; many fine roots; many very fine pores;
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322t

B23?

IICf-R
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medium acid (pH 6.0); clear wavy boundary. 7 to ten inches

thick.

32 - 18 Dark brown (/. jiR 4/4) silty clay ioam, strong brown (7. 5'YK j/6;

dry; weak medium breaking to moderate fine and very fine sub-

angular block structure; hard, friable, sticky, very plastic; many

fine roots; common very fine and fine pores; few thin clay films in

pores and on some ped surfaces; medium acid (pH 6.0); clear smooth

boundary. 5 to 8 inches thick.

18 - 26 Dark brown (7. 5YR 4/4) silty clay loam, strong brown (7. 5YR 5/6)
dry; weak medium subangular blocky breaking to moderate fine

subangular blocky structure; firm, very sticky, very plastic; common

fine roots; many very fine pores; few very thin clay films on ped

faces; medium acid (pH 5.0); gradual wavy boundary. 6 to 12

inches thick.

26 - 32 Dark brown (7. 5YR 4/4) silty clay loam, strong brown (7. 5YR 5/6)
dry; weak medium and fine breaking to moderate very fine sub-

angular blocky structure; firm, very sticky, very plastic; common

fine roots; many very fine pores, many thin clay films; strongly

acid (pH 5. 4); abrupt wavy boundary. 5 to 7 inches thick.

32 - 36 Yellowish red (5YR 5/6) silty clay loam, weak fine angular blocky
structure; friable, very sticky, very plastic; few fine roots; few fine
pores; common thick films on the coarse fragments; 80 percent of
horizon is composed of siltstone fragments; very strongly acid (pH

4. 7); abrupt smooth lower boundary. 3 to 4 inches thick.




