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ABSTRACT

The rate and magnitude of the oxidation of elemental sulfur (S)

and ammonium polysulfide (APS) were compared in five Arizona soils.
-2Fine textured soils accumulated more sulfate-sulfur (SO^ -S) but ex

hibited less pH decrease relative to the coarsest soil.

Providing the soil with an organic source of carbon as glucose,
-2significantly reduced the rate and magnitude of SO^ -S accumulation 

from the oxidation of S°, more so in the case of the finer textured 

soils. The effect of glucose in suppressing the oxidation of APS was 

much less than its effect on the oxidation of S°, most likely because 

of more heterotrophic species involved in the oxidation of APS.

Amending the S° and APS treated samples with benefin and MSMA 

herbicides, significantly increased the rate of oxidation of both com

pounds .

Concentrations of Mg, Mn, Cu, Fe, and B were significantly in

creased due to the oxidation of S° in all soils. The concentrations of 

P were not significantly changed in the case of S° amended samples but 

were significantly reduced when glucose was added together with S°, 

probably due to the immobilization of the phosphate anion. Although a 

significant increase in the concentration of Zn was detected, the dif

ference between replicates were also significant.

Results on nutrient concentration levels in APS treated samples 

were inconclusive.

viii



CHAPTER 1

INTRODUCTION

Sulfur (S), an essential element to all forms of life, is taken
-2up by plants mainly in the form of sulfate (SO^ ) (Starkey, 1966).

_oReduced inorganic forms of S in soils are oxidized to SO^ by chemical 

and biological means of which the latter is of far greater importance 

(McGeorge and Greene, 1935). Biological oxidations are brought about 

by autotrophic and heterotrophic bacteria. Of these, the autotrophic 

Thiobacilli are considered the most important S oxidizing micro

organisms in soils (Pepper and Miller, 1978a).

The occurrence of S deficiencies in soils is common and increas

ing in many parts of the world (Burns, 1967; Beaton, Bums and Platou, 

1968). Sulfur deficiencies are increasing because of recent stricter 

antipolutant rules, the use of purer forms of soil amendments which con

tain less S impurities, and more intensive and extensive crop production. 

Thus the oxidation of S in soils assumes paramount importance in the S 

nutrition of plants.

Recent studies of S oxidation have shown some organic compounds 

inhibit oxidation of S in liquid media (Butler and Umbriet, 1966; 

Borichewski, 1967; Tuttle and Dugan, 1976; Pepper and Miller, 1978b) and 

in soils (Pepper and Miller, 1978b). On the other hand, Lewis, Papavizas 

and Hora, (1978), have shown that some organic herbicides increased the 

rate of S oxidation in soils. Further work in this area is needed
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to investigate the effects of the various soil amendments applied to 
the soil on S oxidation.

In Arizona soils, no S deficiency incidents have been detected 

(McGeorge and Greene, 1935; Beaton et al., 1968), nevertheless, salinity 

and sodicity problems are common and have been the concern of many in

vestigators . Micronutrient deficiencies are often associated with high 

pH soils. For these reasons, S compounds have been used in the reclama

tion of such soils. For example, sulfuric acid (EgSO^) has been used to 

improve soil permeability and soil structure, and to reduce the hazard

ous effects of salinity and alkalinity (Overstreet, Martin and King, 

1951; Stroehlein, Miyamoto and Ryan, 1978; Ryan, Stroehlein and Myamoto, 

1975). Beaton et al. (1968) reported that the use of ammonium thio

sulfate, HgSO^, sulfur dioxide (SC^), elemental sulfur (S°), and ammo

nium polysulfide (APS) increased crop yields through improved soil 

structure, water penetration and increased availability of certain 

plant nutrients, e.g., phosphorus (P), zinc (Zn), iron (Fe), and man

ganese (Mn). Ammonium polysulfide is now being sold in large quan

tities in Arizona and may be used more intensively in the future.

The objectives of this present study are:

1) To examine the oxidation rates of S° and APS in five non- 

sterilized Arizona soils of different properties.

2) To investigate the effect of two commonly used herbicides, 

namely MSMA, applied to cotton fields, and Benein, used with lettuce 

in Pima County, on the oxidation of S° and APS.
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3) To determine the effect of the decrease in pH accompanying the 

oxidation of S compounds on the availability of some plant nutrients 

with special reference to micronutrients.
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CHAPTER 2 

LITERATURE REVIEW

Sulfur deficiencies in soils are becoming more frequent and ex

tensive throughout the world (Beaton, 1966). The increasing occurrence 

of S deficiencies in soils has been attributed to several factors. Of 

these, the main cause was thought to be the use of high analysis S-free 

fertilizers (Burns, 1967). Superphosphate and ammonium sulfate which 

have been used intensively in the past contain substantial amounts of S 

(Burns, 1967). The second factor is the enforcement of stricter anti

pollution rules which limited the use of high S coals and fuel oils.

This in effect reduced the amount of SOg emitted into the atmosphere 

(Bertramson, Cried and Tisdale, 1950). Finally, the noticeably in

creasing crop production due to the increasing world's population re

sults in more depletion of the S reserves in soils. The distribution 

of S deficiencies in U.S. soils and in the world have been reviewed 

and schematically represented (Burns, 1967; Beaton et al., 1968).

In humid regions, most of the S is in the organic form
—2(Starkey, 1950). Sulfur of organic materials is transformed to S0^ 

during decomposition and this fact makes organic-S an important reser

voir of the element for plant growth. The main forms of soil organic S 

are; S containing amino acids (e.g., crystine, cysteine and methionine, 

organic sulfates, humic molecules containing S amino acids, and C-S

A



bonded compounds). The identity of many of the organic forms of S is 

still unknown (Freney, 1967).

A great diversity of inorganic forms of S exists in nature and

S exhibits various states of oxidation: sulfide, -2; disulfide, -1;

elemental sulfur, 0; thiosulfate, +6 and -2; sulfite, +4; and sulfate,
—2+6 (Starkey, 1966). Under aerobic conditions, SO^ is the stable form. 

But under anaerobic environments sulfate (S0^ ^) will be reduced to 

sulfide (S ^). Sulfate is the principal form absorbed by plants. Re

duced inorganic forms of S have to be oxidized to SO^  ̂before they 

can be utilized by plants (Nor and Tabatabai, 1977). Therefore, the 

oxidation of reduced forms of S represents a critical step in the S 

nutrition of living organism^.

Oxidation of S in Soils

Factors Affecting S Oxidation

Several factors have been reported to affect the oxidation of 

S compounds in culture media and in soil. Factors which have been 

studied include: particle size of the S compound, soil texture, tem

perature, moisture, pH, light, and the type and abundance of the S 

oxidizing microorganisms.

Nor and Tabatabai (1977) have shown that the rate of S oxida

tion increased with increased incubation temperature up to 30°C.

This effect was attributed to increased metabolic activity and en

hancement of biological reactions of the microorganisms. An optimum 

range of temperature was suggested to be between 27 and 37°C (Li and 

Caldwell, 1966). Pepper (1975) has shown that maximum accumulation
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6
of SO^-S, in Goodfellow’s culture medium, occurred at 25°C, with no ox

idation of thiosulfate at 4°C or 45°C by a heterotrophic organism. Op

timum temperature for S oxidation to SO^ ^ was found to be 35°C with 

another isolate of the same genus (Pepper, 1975).

Water is essential to all microbial activity since most reac

tions occur in aqueous solutions. Elemental S flour added to dry soils 

did not undergo any noticeable change, while milk of S° was oxidized 

slowly to sulfuric acid in sterile soils amended with S bacteria 

(McGeorge and Greene, 1935). Soil moisture also indirectly affects 

soil aeration. An increase in soil moisture beyond field capacity will 

substantially reduce the concentration of oxygen in the soil. Subse

quently the activity of the aerobic S oxidizers will be reduced or 

totally inhibited (Pepper, 1975). Several investigators have shown 

that maximum S oxidation occurred at or near field capacity (Halversen 

and Pollen, 1923 and Attoe and Olson, 1966).

Particle size of S compounds added to the soil was shown to 

affect S oxidation markedly. Generally, the smaller the size of S° 

particles, the more surface area and hence more oxidation of S° 

(McGeorge and Greene, 1935; Attoe and Olson, 1966; Li and Caldwell, 

1966; Pepper, 1975).

Increasing the rate of S application generally resulted in an 

increased oxidation of S (McGeorge and Greene, 1935; Nor and Tabatabai, 

1977). Nor and Tabatabai (1977) found that increasing the rate of S° 

application from 50 to 200 u g/g, increased the rate of S oxidation 

proportionately in six different soils. The amount of S° oxidized, 

however, when expressed on percentage basis remained fairly constant.
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Although Simon and Schollenberger (1925) reported that S oxida

tion depended on soil texture, most investigators seem to agree that 

soil texture does not affect S oxidation (Halversen and Bolien, 1923; 

Attoe and Olson, 1966; Rehm and Caldwell, 1969; Vitrolins and Swaby, 

1969).

Many soil scientists have reported that S oxidation is in

versely related to soil pH (Brown, 1923; Simon and Schollenbarger,

1925; Quispel, Harmsen and Otzen, 1952; Attoe and Olson, 1966; Li and 

Caldwell, 1966; Pepper, 1975; Pepper and Miller, 1978a). On the other 

hand, Vitrolins and Swaby (1969) showed little correlation of S oxida

tion and soil pH which agrees with the results of Halversen and Bolien 

back in 1923. This contradiction is probably due to the different pH 

optima exhibited by the various S oxidizing microorganisms.

Finally a major factor influencing S oxidation in soil is the 

type and abundance of the S oxidizing organisms present in the soil 

and this will be discussed below.

Organisms Involved in 
S Oxidation

Various types of soil microorganisms are capable of oxidizing 

reduced inorganic S forms in soil but the sulfur-oxidizing bacteria 

are considered the most important organisms in this respect (Starkey, 

1966). Both heterotrophic and autotrophic bacteria which include 

aerobic and anaerobic species could oxidize S in soil (Pepper, 1975).

Of all these, the aerobic, obligate chemoautotrophic Thiobacilli 

have been considered the most important group and have been intensively 

studied by many scientists. The aerobic and facultative aerobic
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heterotrophs, which include Bacillus, Aerobacter, and Micrococcus, have 

received much less attention. Recently Vitrolins and Swaby (1969) have 

shown that heterotrophic bacteria were the dominant species in a study 

which involved 288 Australian soils. Pepper (1975) compared the rela

tive importance of two strains of Micrococcus (heterotrophs) to that of 

the autotroph Thiobacillus thiooxidans. He concluded that "heterotro

phic oxidation of reduced inorganic sulfur compounds can be as effec

tive as autotrophic oxidation".

The obligate chemoautotrophs use S compounds as electron donors 

and carbon dioxide as their sole carbon source. T̂. thiooxidans, an 

obligate autotroph, was first isolated by Waksman and Joffe (1922.) from 

a compost of pulverized rock phosphate, sulfur, and soil. This organism 

is unique in that it is tolerant to extremely acid conditions (Starkey, 

1966). It develops best under acid conditions, p H < 4, and shows little 

or no development under neutral pH. It is capable of rapidly oxidizing 

S°. Sulfides, thiosulfates, tetrathionates and sulfites could also be 

oxidized by this species (Starkey, 1966).

ferrooxidans, another obligate chemoautotroph, is also acid 

tolerant and is capable of oxidizing S° and SgO^ ^. A distinctive 

characteristic of this bacterium is its ability to utilize the energy 

released from aerobic oxidation of ferrous iron under acid conditions 

(Starkey, 1966).

%. thioparus is widely distributed in soils, grows at nearly 

neutral reactions, and oxidizes S2 O2 ” to SO^” (Happold et al., 1954).

%. novellus is an exception because of its ability to use 

organic compounds (Vavra and Frederick, 1952); hence it is referred to
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as a facultative autotroph. It is incapable of oxidizing S° but can 

oxidize ^ (Starkey, 1966).

Photoautotrophic microorganisms were considered of little sig

nificance in S oxidation (Vitrolins and Swaby, 1969). These organisms 

are anaerobic and include species belonging to Chlorobium, 

Chlorobacterium, Chromatium and Thlocystis (Pepper, 1975).

Heterotrophic oxidation of S compounds has been demonstrated by 

many workers. Starkey (1934) has shown that several heterotrophic 

microorganisms oxidized thiosulfate to polythionates. When growing on 

organic substances, various species of Pseudomonas, some actinomycetes 

and filamentous fungi were able to transform thiosulfate to tetrathio- 

nates (Starkey, 1935). In 1953, Gleen and Quastel isolated heterotrophs 

capable of oxidizing thiosulfate to tetrathionate. Heterotrophic S 

oxidizers were considered more important than autotrophs by Vishniac 

and Santer (1957). They suggested that species belonging to the genera 

Pseudomonas and Achromobactes were the main organisms involved in the 

process of S oxidation in soils. Vitrolins and Swaby isolated 

heterotrophic S oxidizers more frequently than autotrophs in Australian 

soils. About 66% of the microorganisms they isolated were heterotro

phic in nature, and about half of the autotrophs belonged to the genus 

Thiobacillus. They suggested that in neutral and alkaline soils, S 

oxidation is carried primarily by heterotrophs until the pH declines 

appreciably to make the environment suitable for the activity of the 

autotrophs.
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Inhibition of S Oxidation 
by Organic Compounds

Autotrophic microorganisms grown in culture media are known to 

be inhibited by a variety of organic substances which are normally 

metabolized by heterotrophs. This inhibitory effect has been demon

strated in T_. thiooxidans and T_. ferroxidans (heathen. Kins el and 

Braley, 1956; Borichewiski, 1967; Tuttle and Dugan, 1976). %.

thloparus, on the other hand, has shown increased growth in presence 

of malate, fumarate, or succinate together with carbon dioxide and 

thiosulfate (Vishniac and Santer, 1957). thiooxidans was shown to 

be inhibited by a wide variety of organic molecules. Pyruvate and 

oxalacetate prevented the growth of pure cultures of this organism

growing on nutrient media amended with S° (Borichewski, 1967). When 
—3pyruvate (10 M) was added to TN thiooxidans culture, a rapid intra

cellular accumulation of pyruvate occurred and S oxidation was in

hibited (Rao and Berger, 1970). Some strains of JC. thiooxidans, 

however, were either unaffected or showed enhanced growth by organic 

compounds (Butler and Umbreit, 1966). For example, dicarboxylic acids 

have been shown to increase the rate of S oxidation in T_. thiooxidans.

In contrast to other Thiobacilli, T. ferrooxidans has been 

shown to be inhibited but not stimulated by a wide variety of organic 

substances. Tuttle and Dugan (1976) suggested that a major factor 

contributing to the inhibitory effects on this organism and on the 

oxidation of iron is the relative electronegativity of the organic

molecules.



Most of these inhibitory effects have been identified in ex

periments conducted in culture media. Only scant information on the 

inhibition of S oxidation in soil is available. Sodium azide and 

sulfanil amide have been reported to inhibit thiosulfate oxidation in 

soil (Gleen and Quastel, 1953) . Thiosulfate oxidation was also re

ported to be inhibited by N-ethylmaleimide, todoacetamide, and mercuric 

chloride (Trudinger, 1967). Duncan, Landesman and Walden (1967) reported 

that sodium azide and nethylamaleimide inhibit S° oxidation. Finally 

Pepper (1975) showed that gluocse, pyruvate, oxalacetate, and 

pentachloronitro-benzene (PCNB) inhibited the oxidation of both S° and 

thiosulfate in soil. This inhibitory effect was demonstrated in both 

Thiobacillus and a heterotroph, Micrococcus (Pepper, 1975).

Effect of Pesticides 
on S Oxidation

In modern agriculture, pesticides are added to the soil di

rectly or indirectly through runoff from treated fields. These pes

ticides may influence the growth and activity of soil microorganisms 

which play an important role in the maintenance of soil fertility 

(Russel, 1973). Microorganisms mineralize, oxidize, reduce and im

mobilize most of the essential elements in the soil. Therefore, any 

substance which influences the activity of soil organisms in one way 

or another will ultimately affect soil fertility and crop growth 

(Wainwright, 1978).

Although a few studies have been conducted on the influence 

of pesticides on S oxidation in soil, wide variety of pesticides have 

been shown to affect S oxidation in soil. Paraquat slightly reduced

11
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S oxidation (Tu and Bollen, 1968). Tu (1970) reported that organo- 

phosphorus insecticides had little effect on the levels of sulfate in 

soil, while some nematicides (e.g., dasanit, DD, vorlex and carbofuran) 

slightly reduced S oxidation (Tu, 1972). Jones, Anderson and Dowler 

(1974) using herbicide combinations on a field of Tifton soil reported 

that S oxidation was slightly reduced but not inhibited. The fungicide 

PCNB was found to inhibit S oxidation in both sterile and non sterile 

soils (Pepper and Miller, 1978b). On the other hand, Lewis et al. 

(1978) have found that 18 out of the 25 herbicides and herbicide com

binations used in their study, increased S oxidation in silty clay 

loam and loamy sand soils almost up to threefold. This surprising 

result opens a new area of investigation for the possible mechanisms 

involved in the enhancement of S oxidation by herbicides. Further 

work is also needed to investigate the effects of the various soil 

ammendments on S oxidation. This present study investigates the ef

fects of two herbicides, commonly used in Arizona, on the oxidation 

of S° and APS.

Use of S Compounds 
as Soil Amendments

Sulfur compounds are added to the soil not only as a source 

of S to supplement plant nutrient need, but also for various other 

purposes. Sulfur compounds have been used to reclaim saline and 

sodic soils and to improve the penetration of water into the soil 

(Overstreet et al., 1951; Ryan et al., 1975). Also, high pH soils which 

are normally deficient in certain plant nutrients could be ammended by 

the use of S compounds (McGeorge and Greene, 1935; Overstreet et al.,
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1951; Hoeft and Sorensen, 1969; Clement, 1978). The biological activity 

connected with the conversion of S into sulfuric acid and finally into 

alkali and alkaline-earth sulfate, will result in a solvent action to

ward several important nutrient elements which are present in the soil 

in insoluble or unavailable forms (McGeorge and Greene, 1935; Overstreet 

et al., 1951; Clement, 1978).

Improvement in soil structure is often noticed in soils ammended 

with S compounds. Aggregation of clay particles and improvement in the 

mechanical condition of the soil is due to the formation of calcium 

sulfate and bicarbonate, both of which are active flocculating agents 

and to the temporary formation of sulfuric acid during the oxidation 

process (McGeorge and Greene, 1935).

Other beneficial effects of S fertilization include: increasing

the persistence of legume stands, increasing drought tolerance, im

proving the decomposition of organic residues, increasing cold toler

ance of some species, control of plant pests and diseases, and earlier 

crop maturity (Beaton et al., 1968).

Yield responses to S fertilization can vary from as little as 

5%, with marginal S deficiency, to more than 1000%, in very severe 

deficiencies (Beaton et al., 1968). Increased yields are generally 

the most obvious effect of S fertilization, but improvement in crop 

quality may sometimes be equally apparent. Numerous crops have been 

found to respond to S applications in many parts of the world. In 

Senegal, for example, ground nut yields increased 100% or more due to 

S fertilization (Tisdale, 1966). Yields of alsike and red clovers, 

alfalfa, and various grass-legume mixtures were increased by S addition
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in the greywooded and grey forested soils in Canada (Beaton, 1966). 

Yield responses of crops to S fertilization have been collected by 

Beaton et al. (1968) from a large number of sources in the United 

States for the different geographical regions.

Relationship between S Oxidation, 
pH and Availability of Plant Nutrients

Most investigators have shown that the oxidation of S is gen

erally associated with a decrease in pH. The following equation 

summarizes the overall reactions involved in the oxidation of S° by T. 

thlooxidans (Alexander, 1977).

s° + 1% o2 + h 2o h2so4
Sulfuric acid so formed will react with soil minerals and other insol

uble material resulting in nutrient mobilization (Alexander, 1977;

Ryan et al., 1975).

Decrease in soil pH associated with S oxidations could be 

quite pronounced (Pepper, 1975; Alexander, 1977; Pepper and Miller, 

1978a), The pH of soils ammended with 1% S° dropped from an initial 

pH of 5.0 to about pH of 2.0 (Alexander, 1977). Hassan and Olson (1966) 

have shown that the decrease in pH upon addition of S° was greater on 

an acid than on an acid than on alkaline soils. This study investi

gates the possible effects of this pH drop on the availability of some 

plant nutrients.

Macronutrients

Phosphorus. Phosphorus is largely absorbed by plants as the 

primary and secondary orthophosphate ions (H^O^ and HPO^ ^) present
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in soil solution (Tisdale and Nelson, 1975). The concentration of the 

various phosphate species is influenced by soil pH. dominates in

acid solutions whereas HPO^ ^ is the dominant species above pH 7.0 

(Tisdale and Nelson, 1975).

The acidifying effect of S compounds influences the dissolution 

of phosphate. The composting together of rock phosphate, S, and soil 

has been proposed as a means of solubilizing phosphate in the field 

(Waksman and Joffe, 1922). The idea, however, was not utilized on a 

commercial scale. Phosphate availability of organic soils increases 

with increasing acidity up to pH 5.0 then declines due to P fixation by 

sequioxides (Lucas and Davis, 1961). Above pH 6.5, P availability in 

organic soils decreases sharply then starts to increase again above pH 

8.5 (Lucas and Davis, 1961). The favorable pH range for P availability 

in mineral soils is nearly one pH unit higher than that of organic 

soils. Besides pH, P availability is largely influenced by the content 

of calcium (Ca), Fe and A1 and by organic matter content (Tisdale and 

Nelson, 1975).

Calcium and Magnesium. Calcium and magnesium (Mg) are ab

sorbed by plants in the cationic forms,Ca+  ̂and Mg+^ respectively.

These cations are either present in soluble form in soil solution or 

as exchange cations on the exchange complex. Generally, coarse tex

tured, humid region soils originating from low Ca-containing rocks are 

low in Ca (Tisdale and Nelson, 1975). Likewise Mg content is low in 

coarse, sandy soils in humid regions. Unlike Ca, Mg may become fixed 

in the lattice structure of certain minerals.
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Very acid soils often contain adequate amounts of Ca for nor

mal plant growth (Î ucas and Davis, 1961). In most soils, the major 

portion of the Mg is associated with the silicate clays as a part of 

the silicate structure or in the interlayer of the mineral (Rice and 

Kamprath, 1968). Rice and Kamprath (1968) postulated that H ions 

could be quite effective in releasing Mg from the non-exchangeable 

form. From this we might expect the acidifying effect of S compounds 

to increase Mg availability even more than Ca. This effect may be 

expected to be more pronounced in light sandy soil which have a very 

low buffering capacity. More investigation, however, is needed in 

this respect.

Micronutrients

Zinc. The availability of Zn is conditioned mainly by the 

following factors: organic matter content, pH, phosphorus content

and adsorption by clays (Tisdale, 1966). It has been recognized that 

soil reaction is the most important factor influencing Zn availabil

ity in soils. As pH decreases, Zn availability increases; thus, 

calcareous soils, which inherently have high pH values, may be Zn 

deficient (Saeed and Fox, 1977). Most pH induced Zn deficiency occurs 

within a range of 6.0 to 8.0 pH values (Tisdale, 1966). Overliming 

of acid soils has frequently induced Zn deficiency, which is mainly 

attributed to pH rather than to calcium ion effect (Wear, 1956).

Saeed and Fox (1977) found that the relationship between Zn solubil

ity and pH was non-linear in calcareous soils. It was assumed that 

at high pH, Zn precipitates as Zn(OH^), ZnCO^ or Ca-Zincate (Lucas
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and Davis, 1961; Saeed and Fox, 1977). Below pH 7.7, the predominant

+2species is Zn , and above this pH the neutral species ZnCOH^, is 

predominant (Lindsay, 1972). At high sulfate levels, ZnSO^ forms 

which is highly mobile in soils. This may explain why sulfate fertil

izers often increase Zn availability (Lindsay, 1972). However, Hoeft 

and Sorensen (1969) have found that S application had limited effects 

on the uptake of Zn, Fe, and Mn. It is possible that the soil they 

used had a high buffering capacity. The effect of pH and SO^ ion on 

the availability of this micronutrient needs further investigation.

Manganese. Manganese is generally considered to exist in
+2three valence states in soils, divalent Mn , present as exchangeable

cation or in soil solution, trivalent manganese occurring as a highly
+4reactive oxide, Mng 0^, and tetravalent, Mn , which exists as 

manganese oxide (MnO^) (Tisdale, 1966). The availability of Mn is 

known to increase with a decrease in soil pH. Generally an alkaline 

or near alkaline soil reaction is usually associated with Mn defi

ciency (Tisdale and Bertramson, 1949; Tisdale, 1966). Lucas and Davis 

(1961) have shown Mn availability decreases above pH 5.5. They also 

reported that serious Mn deficiency in many crops occurs at pH ranges 

of 6.5 to 7.5. Tisdale and Bertramson (1949) have shown that the 

application of S° resulted in the correction of lime induced Mn 

deficiency in soybean. They suggested that increased Mn availability 

is probably due to either a S-Mn relationship in which increased 

amount of SO^-S may cause increased amount of available Mn, or to the 

possibility of a direct reducing action of S on the manganese dioxide
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of the soil (Tisdale and Bertramson, 1949). Sims and Patrick (1978) 

have shown that the distribution of micronutrients was influenced by 

both pH and Eh. Iron and Hn were shown to be more affected than Zn and 

Cu. Manganese in the water-soluble fraction was inversely related to 

pH and Eh (Sims and Patrick, 1978). Reduction of MnOg to more soluble 

forms by certain reducing compounds in sterilized soils has led to the 

suggestion that although pH changes may be well correlated with Mn 

deficiency, the lowering of pH is not of itself the cause of increased 

Mn availability (Tisdale, 1966).

Molybdenum. Molybdenum (Mo) is involved in protein synthesis in 

plants and in nitrogen fixation in legumes. It is also a constituent of 

the enzyme reductase (Gupta and Munro, 1969). Molybdenum is required 

by plants only in very small amounts; 0.5-5 ppm.

Molybdate (MoO^ ^) is the predominant soluble ion (Lindsay,

1972). Unlike all other micronutrients the availability of Mo decreases

under acid conditions. Lindsay (1972) reported that the solubility of 
_2MoO^ increases linearly with increase in pH. He noted a 100-fold in

crease for each unit increase in pH. The conversion of molybdenum
—2oxide to soluble MoO^ salts is favored by an alkaline reaction 

(Tisdale, 1966). Thus we might expect acid and organic soils to be 

deficient in Mo. Lucas and Davis (1961) reported that acid organic 

soils high in Fe are particularly low in available Mo.

One direct effect of adding S° to the soil is to decrease Mo 

uptake by plants (Stout et al., 1951; Gupta and Munro, 1969). Gupta 

and MacLeod (1969) have shown that Mo applications to the soil con

sistently decreased the S content of spinach but didn’t affect the S
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content of barley, timothy or alfalfa. Reisenauer (1963) suggested
—2that SO^ has two effects on Mo utilization i.e., reduced absorption of 

Mo, and apparent inhibition of Mo utilization within the plant. He 

attributed the first effect to competition for root absorption sites be

tween the similarly sized and charged S0^~ and MoO^** ions. He thought 

that inhibition of Mo utilization within the plant is probably due to a 

similar competition for preutilization sites.

Boron. Like most other micro elements, the availability of B 

is increased under acid conditions. It has been shown that the symp

toms of B deficiency is usually associated with high pH and high lime 

content and that B uptake by plants is reduced by increasing soil pH 

(Tisdale, 1966). The neutral species H^BO^ predominates in soil solu

tion. Only about pH 9.2 does HgBOg" become predominant (Lindsay, 1972). 

Little information is known about the mineral forms of B in soils. The 

information about the effect of SO^ on the availability of B is also 

scant.

The Ca-B ratio was thought to greatly influence the availabil

ity of B in organic soils (Lucas and Davis, 1961). Sodium was thought 

to reduce the Ca-B ratio in plants and hence it increases B availabil

ity (Lucas and Davis, 1961).

Copper. Deficiency of Cu is confined chiefly to soils high in 

organic matter or to light mineral soils. It also may occur in newly 

reclaimed soils (Tobia and Hanna, 1957). Lindsay (1972) demonstrated 

the solubility of the various species of Cu in soil solution in 

equilibrium with the Cu-soil complex. He showed that below pH 7.3
+2 -f»Cu predominates while above this pH, CuOH is most abundant. A
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+2linear increase in Cu concentration is observed with decreasing pH. 

Beside soil reaction, Cu availability depends on the amounts bound by 

mineral material and by organic complexes (Tobia and Hanna, 1957; 

Tisdale, 1966).

Iron. Plant deficiency of Fe is most likely to occur in soils 

high in pH, sodium and/or carbonate (Lucas and Davis, 1961; Tisdale, 

1966). Iron deficiency is seldom a problem in organic soils, however, 

some peat soils with a pH of 4.5 or less had very little Fe content 

probably due to a low Fe-high Mn balance in plants (Lucas and Davis, 

1961).

The solubility of Fe in soil is largely controlled by the

solubility of hydrous ferric oxides (Lindsay, 1972). Total inorganic 
+3Fe in solution varies with pH and reaches a minimum in the pH range

of 6.5-8.0. Above pH 8.0 Fe(OH)^ is the predominant species

(Lindsay, 1972). Lindsay (1972) also demonstrated a linear increase

in the solubility of Fe species with decreasing pH values. The ac- 
+3cumulation of Fe in the weathered zones of Fe sulfide deposits is

well known. Ryan et al. (1975) reported that H^SO^ added to the soil,

was most effective in correcting Fe deficiency in a calcareous Fe-
—2deficient soil. The oxidation of reduced S compounds to S0^~ will 

similarly be expected to alleviate Fe deficiency but a longer time 

may be needed depending on the rapidity with which these compounds 

are oxidized.

Cobalt. Cobalt (Co) has not definitely been shown to be re

quired by higher plants; however, it is found to be essential for the 

fixation of elemental nitrogen (Tisdale, 1966). Addition of Co
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improved legume growth and nitrogen assimilation in soils deficient in 

this element (Alexander, 1977). Deficiency of Co is more pronounced in 

coarse sandy soils and under conditions of high rainfall. Cobalt has 

been found deficient in some soils in southern United States, Australia 

and New Zealand (Tisdale, 1966). Because of it’s relatively unimportant 

role in plant nutrition it has not received much attention.

This present study aims to investigate the possible effects on 

the availability of the above mentioned plant nutrients as affected by 

sulfur oxidation and the subsequent lowering in soil pH.



V

CHAPTER 3

MATERIALS AND METHODS

Five soils were used in this study: Pima clay loam (fine-silty,

mixed (calcareous), thermic Typic Torrifluvents) collected from the 
University of Arizona Farm at Marana, Gila loam (coarse-loamy, mixed 

(calcareous), hyperthermic Typic Torifluvents) from Campbell Avenue Farm, 

Guest clay (fine, mixed (calcareous), thermic Anthropic Torrifluvents) 

from Safford Experimental Farm, Comoro sandy loam (coarse-loamy, mixed 

(calcareous), thermic Typic Torrifluvents) from Santa Rita Experimental 

Range, and Pimer silt loam (fine silty, mixed (calcareous) hyperthermic, 

Typic Torrifluvents) from Yuma Valley Experimental Farm. The soils used 

were surface (0-15 cm) samples selected to represent some of the major 

soil types in Arizona and to include a wide range of physical and 

chemical properties. Before use, the field moist samples were air 

dried at room temperature (25°C) for two days, ground to pass a 0.5 mm 

screen, mixed thoroughly and stored for subsequent use.

Duplicate 1000 g bulk samples of each soil were placed in 2000- 

ml glass beakers. Various amendments were added and thoroughly mixed 

with the soil samples. Samples were brought to field capacity and 

covered with a thin plastic material (Handiwrap) to keep moisture in 

and yet allow for the diffusion of air. The samples for each experi

ment were incubated in the laboratory at room temperature (25 + 2°C).

The plastic covers were removed every other day for a few minutes to
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further aerate the samples. All samples were maintained at field ca- . 

paclty by weighing every four days and adding deionized water to com

pensate for the moisture lost.

Elemental S and APS, with and without glucose, were added to 

all soils in two separate incubation experiments. The S° used was sub

limed S, N.F. (Mallinckrodt, Inc.) applied at the rate of 10,000 ug g 

(1%). Ammonium polysulfide, a widely used soil amendment in Arizona, 

was applied at a rate equivalent to that recommended by the manufac

turing company (Kerley Chem. Corp.),i.e., 40 pounds/acre or approxi

mately 20 ug g soil. D-glucose, anhydrous (Mallinckrodt, Inc.) was 

applied at the rate of 20,000 ug g (2%) as a carbon source for hetero- 

trophic S-oxidlzers.

The herbicide treatments were conducted in one selected soil 

(Comoro sandy loam). Benefin (N-butyl-N-ethyl-a, a-triflouro-2, 6- 

dintro-p-toluidine), used on lettuce fields in Pima County, was applied 

at the recommended rate,l.e., 1.25 pounds/acre of 0.625 Ug g soil. 
Monosodium methanearsonate (MSMA), used on cotton fields in Arizona, 

was applied at the higher recommended rate,i.e., 9 pounds/acre or 4.5 

Ug g soil (recommended rate: 6-9 pounds/acre). Unamended controls were 

included in all experiments. The incubation period was 55 days.

Extraction and Analysis of Sulfate 
from Soil

At preset time intervals (0, 1, 3, 5, 10, 15, 20, 30, 40, and 

55 days of incubation), a 10 g subsample was taken from each bulk sample 

and placed in a polyethylene bottle with 25 ml of extracting solution 

(0.1M LiCl). A scoop (0.25 g) of activated charcoal (Norit A) was added



to each sample to remove colored organic impurities. The bottles were 

stoppered, shaken for 45 minutes and subsequently the suspensions were 

filtered through Whatman No. 42 filter paper.

Sulfate was determined by a modified Bardsley and Lancaster 

(1965) procedure.

A 10-ml aliquot of the filterate was pipetted into a 50-ml

Erlenmeyer flask. One millileter of acid seed solution (1:1 HC1 con-
_2taining 20 ppm SO^ -S) was added followed by 1 ml of freshly prepared 

0.5% gum arable solution. The contents of the flask were mixed by 

swirling. A scoop (0.5 g) of BaClg finely ground crystals were then 

added and allowed to stand for one minute. Again the contents were 

swirled until the BaClg crystals were dissolved. The turbidity of each 

suspension was measured exactly five minutes after dissolving the BaClg 

crystals, using a Bausch and Lomb (Spectronic 20) spectrophotometer. A 

blank (0 standard) was used to set the transmittance at 420 mn to 100 

(absorbance ■ 0).

A standard curve was prepared with different standard solutions 

—  ranging from 0 to 40 ppm SO^ ^-S —  for the interpretation of the 
turbidities recorded for the unknowns (Appendix D).

pH Determination

Ten grams subsamples were taken from the bulk samples and placed 

in 100-ml plastic beakers. 1:2 (soil:water) suspensions were stirred 

with glass rods for five minutes, allowed to stand for one hour and pH 

was then measured by a glass electrode (Leeds and Northrop) pH meter 

using standard buffer solutions to standardize the instrument.

24
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Analysis of Nutrient Elements

Analysis of soils, before and after incubation, was conducted by 

the Soils, Water and Plant Tissue Testing Laboratory (Soil, Water and 

Engineering Department), for the determination of Ca, Mg (water soluble) 

and Cu, Zn, Mn, Fe, and B (hot water extract). Other routine chemical 

analyses (pH, EC^, ESP, Na, K (water soluble), N, and P (CO^ extract- 

able) were also run on all samples.

Analysis for Mo and Co were carried out at the Analytical Center, 

University of Arizona.



CHAPTER 4

RESULTS AND DISCUSSION

Oxidation of S0  in Five Arizona Soils 

The rate of oxidation of 1% S0, with and without added 2% glucose 

was monitored for a period of 55 days in five different Arizonan soils. 

Sulfate concentrations were analysed and soil reaction concurrently de

termined in a 1 : 2  soil:water suspension.

Figure 1 shows the oxidation of S° in Pimer silt loam soil. In 

the first three days of incubation, the oxidation of S° was slow result

ing in only a small decrease in pH. This probably indicates an ini

tially low population of S° oxidizing organisms. These organisms, however,

seem to have multiplied rapidly as indicated by the large increase in 
-2SO^ -S level after five days resulting in a considerable decrease in 

soil pH. The level of SO^ ^-S continued to increase exponentially reach

ing a maximum level of 2385 ug/g soil after 40 days. At 55 days, the 
-2S04  -S level had stabilized. In these incubations, soil pH dropped from 

an initial value of 8.4 to 7.1 on the 20th day. After 30 days, soil pH 

remained constant around 7.1. The large increase in SO^-^ level between 

the 20th and 40th day did not affect soil pH probably because of the 

high buffering capacity of this soil.

Samples treated with S° + glucose showed comparable SO^ ^-S 

level to those without glucose after the first day. After three days, 

the SO^ ^-S level dropped then started increasing slightly after five
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days of incubation. This initial decrease is likely due to immobiliza

tion by non S oxidizing organisms utilizing glucose as a substrate. On 

the fifth day, the SO^ ^-S level was much less in the glucose treated 

samples (197 Ug/g) than those samples without glucose (894 ug/g). This 

significant difference can be explained by the fact that glucose in

hibits the growth of and the oxidation of S° by Thiobacillus spp. 

(Pepper, 1975). Furthermore, the addition of this large amount of glu

cose (2 %) enhances a variety of heterotrophic microorganisms most of 

which are incapable of oxidizing S compounds. These organisms immo

bilize the SO^ ^ already present and compete with the S° oxidizing

heterotrophs for glucose. Glucose treated samples gradually continued 
-2to accumulate SO^ -S between 3-15 days of incubation resulting in a 

small decrease in pH. Between 15-30 days, S0^ ^-S level remained 

essentially constant probably due to a die back of all heterotrophic
_n

species due to lack of substrate. After 30 days, the S0 ^~ -S level 

started increasing slowly until the end of the incubation period prob

ably indicating the recovery of autotrophic S oxidizers. Soil pH de

creased rather quickly in the first ten days from an initial value of 

8.4 to 7.4. A slower decrease in pH was then noticed until the 30th 

day after which pH increased to 7.5. The pH values of S° + glucose 

amended samples was lower than S° treated samples up to the 30th day 

most probably because of glucose.

In the non-treated control samples, the SO^ ^-S level essen

tially remained constant throughout the incubation period. Soil pH was 

increased from 8.4 to 8 . 6  by the 55th day. Control samples receiving
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only glucose, showed a considerable decrease in pH in the first 20-30
-2days of incubation after which pH slightly increased but SO^ -S values

were similar to the non-amended controls.

Figure 2 shows the oxidation of S° in Pima clay loam soil. In

this soil, S° oxidation initially proceeded at a slow rate in the first

ten days. This relatively longer lag period may be due to an initially

lower microbial population compared to Pimer silt loam soil. After 15
-2days of incubation, SO^ -S level increased rapidly. This period most

likely coincides with an active logarithmic phase of growth of the

autotrophic population. By the 15th day, the pH decreased to 7.2 from

an initial value of 8.3. Further increase in SO. ^-S level did not af-4
feet soil pH significantly indicating a high buffering capacity of this

-2soil. A maximum SO^ -S concentration was reached after 30 days of 

incubation which then levelled off indicating the possible death of 

Thiobaclllus spp.

Glucose treated samples did not show any appreciable SO^ ^-S ac

cumulation in the first ten days probably due to a low population of 

heterotrophic S oxidizers competing with a relatively large number of 

other heterotrophs, resulting in immobilization of any SO^ ^ produced. 

After ten days, the SO^ ^-S level increased to the 30th day. Again the 

differences between the S° treatment and the glucose amended S° treated 

soils were significant. Sulfate immobilization was also apparent be

tween the 30th and 40th day. Thereafter, SO^ ^-S level increased once 

again indicating either further oxidation by autotrophic organisms, or 

a slow mineralization of previously immobilized S0^”^-S. In glucose and 

S° amended samples, pH declined in a similar pattern to S° treated
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samples but was slightly lower in the first 15 days of incubation after 

which pH increased slightly over that of S° amended samples.

Figure 3 shows the oxidation of S° in Gila loam soil. The oxi

dation of S° in this soil proceeded in a similar manner to that of Pima 

clay loam (Figure 2). They exhibited a similar lag period in oxidation 

and a similar maxima of SO^ ^-S. The rate of oxidation, however, was a

little slower in Gila loam. Glucose amended samples did not accumulate
—2 —2 SO^ -S up to the seventh day after which SO^ -S levels increased

slowly with a corresponding decrease in pH. Like the previous soils,

the maximum difference between glucose treated and non treated samples

occurred between 30-40 days. Again the unamended controls remained

almost constant in both pH and SO^” -S levels.

Figure 4 represents the oxidation of S° in Guest clay soil. The 

oxidation of S° was faster in this soil with a very short lag period. 

Between day 3 and 30, S0^ ^-S accumulation assumed a linear relation

ship with time producing a maximum of 2419 ug S0 ^-^-S/g soil with a 

corresponding pH value of 6.9. After 30 days, S0^”^-S concentrations 

stabilized. In this soil, glucose and S° amended samples oxidized S° 

at a higher rate and resulted in a greater S0 ^~^-S level after 5 5  days 

than previous soils. The rate of oxidation in this latter treatment, 

however, also decreased between 20-30 days of incubation and remained 

constant between day 40 and 55. A possible explanation of this rela

tively higher oxidation rate is that this clay soil may have contained 

more heterotrophic species capable of oxidizing S°. This soil is 

possibly a more favorable environment for microbial proliferation. The 

pH decrease in this soil in the S° treatment was not as much as expected
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compared to the coarse sandy loam soil (Figure 5), indicating a higher 

buffering capacity. Once again, the control samples essentially re

mained constant.
Figure 5 shows S° oxidation in Comoro sandy loam. This soil be

haved differently from all other soils. Here, the S° + glucose treatment 

oxidized as much or more S° than samples receiving only S°. In the first 

five days slight oxidation occurred resulting in a slight pH decrease. 

After one week of incubation, the rate of oxidation increased in both 

treatments. On the 20th day, S0^ ^-S levels in the glucose + S° treated 

samples were higher than their counterparts without glucose, resulting 

in a lower pH. Glucose + S° treatment maintained a higher S0^ ^-S level 

up to the 30th day and showed similar SO^ ^-S levels between 40-55 days. 

This unusual behavior could be accounted for by the following hypothesis:

In this coarse-textured soil with increased aeration, the activity of 
-2SO^ reducing microorganisms was at minimum. On the other hand, the 

other soils, with more clay content, may develop anaerobic conditions 

in some microsites. A few black spots indicating the formation of 

sulfides were observed in all samples with the exception of the sandy 

loam soil. In addition to competing with SO^ ^ forming heterotrophs, 

the anaerobic SO^ ^ reducing bacteria will act on already formed SO^  ̂

producing sulfides. Creation of anaerobic conditions will further be 

promoted by the enhancement of a large number of heterotrophic organisms 

through the addition of glucose. The results further indicate the 

likelihood of more heterotrophic bacteria capable of oxidizing S° in the 

Comoro sandy loam.
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Relative to other soils, this soil accumulated much less SO, ^-S4
at the end of the incubation period, about 900 ug/g, most likely because 

of its low nutrient content. The pH decrease was relatively much 

greater (pH dropped from an initial value of 6.3 to 4.1). This reflects 

a very low buffering capacity of this soil due to its low CaCO^ content 

(Appendix A).

The analysis of variance conducted on these results showed 

highly significant differences between the oxidizing capacities of the 

different soils (Appendix C), treatments (1% S°, 1% S° + 2% glucose, 

and control), the incubation time. The pH decrease with incubation 

time and in both treatments (S° and S° + glucose) was also highly sig

nificant (Appendix C).

At the end of the incubation period, the highest level of S0 ^ ^

-S accumulation was reached by both Pimer silt loam (2297 Ug/g) and
Guest clay (2295 ug/g) with corresponding pH values of 7.2 and 7.1,

respectively. Gila loam accumulated 1798 ug S0 ^ ^-S/g soil which was

similar to the final S0 ^ ^-S level reached by Pima clay loam (1763 ug/

g). The final pH values in Gila loam and Pima clay loam were 6.9 and

6 .8 , respectively. Obviously, the coarse textured Comoro sandy loam
-2accumulated the least amount of SO^ -S (911 Ug/g). The pH in Comoro 

soil decreased 2.3 units compared to 1.2 units decrease in Pimer silt 

loam, Gila loam and guest clay and 1.5 units in Pima clay loam.

The glucose amendment reduced the rate of S° oxidation to the 

same extent in Pimer silt loam, Pima clay loam and Gila loam (approxi

mately 60% reduction), and to a lesser extent in the clay soil (5 3 %) 

and resulted in similar SO^ ^-S levels in Comoro sandy loam.
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Oxidation of APS In Five 

Arizona Soils

Ammonium polysulfide was chosen as another source of S for this 

study because of current use as a common soil amendment in Arizona. The 

recommended rate of application, 40 Ibs/acre which is equivalent to 

about 20 pg/g soil, was used. Similarly, the oxidation of this compound, 

with and without added 2% glucose, was followed as well as soil pH for a 

period of 55 days in all soils under investigation.

Even with this small amount of APS added a significant amount of 

oxidation in both treatments occurred in all soils. Sulfate levels in 

glucose treated samples were generally lower than those samples without 

glucose. Generally a similar trend was shown in all soils (Figures 6 - 

10). A significant lowering of pH was also detected in all soils.

Figure 6  shows APS oxidation in Pimer silt loam. Net SO^ ^ 

values (i.e., treatment minus control) were plotted versus time. As 

shown, the oxidation of APS proceeded relatively faster than that of S° 

and at 15 days most of the added APS had been oxidized. The pH was de

creased by 0.4 units at the end of incubation. This decrease in pH is 

fairly large considering the small rate of application of APS. Beside
-2 4.the oxidation of S , the oxidation of ammonium (NH^ ) also contributes 

to acid production.

Such a large amount of added glucose would be expected to in

hibit the oxidation of this small amount of APS. However, significant 

amounts were oxidized and resulted in decreased pH. A likely explana

tion could be that more heterotrophic species are involved in the 

oxidation of APS relative to those oxidizing S°. Moreover, the activity
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of the microorganisms may have been enhanced by the Increased availabil

ity of nitrogen. More research is needed to isolate the various species 

involved in the oxidation of this compound and to evaluate the relative 

importance of autotrophic and heterotrophic oxidation of APS.

The oxidation of APS in Pima clay loam, Gila loam. Guest clay

and Comoro sandy loam are shown in Figures 7-10, respectively. Maximum 
—2SO^ accumulation occurred between day 15 and 20 in all soils, possi

bly indicating maximum population numbers of sulfur oxidizers. Slightly 

more SO^ ^-S accumulated at 55 days in the Guest clay. Glucose and S° 

amended samples had slightly lower pH values than S° treated samples

but there were no significant differences. Differences between soils
-2 -2 in S0^ -S levels were significant. The accumulation of SO^ -S in

both treatments with time was found to be highly significant in all

soils.

Generally, the oxidation of APS in all soils produced signif- 
-2leant amounts of S0^ -S in a relatively short time. Although the de

crease in pH seems to be slight, it was found to be significant.

Effect of Herbicides on S Oxidation 

Previous work has indicated that certain herbicides reduced the 

rate of S oxidation (Jones et al., 1974) while others increased the 

rate substantially (Lewis et al., 1978). In particular, benefin and 

MSMA have been tested in a herbicide combination and have been found 

to slightly reduce the oxidation of S° (Jones et al., 1974). The ef

fect of each individual herbicide, however, has not been investigated.
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This study examined the effect of benefin and MSMA on the oxidation of 

S° and APS in Comoro sandy loam soil.

Figure 11 shows the effect of benefin on the oxidation of S° in 

the presence and absence of glucose. Surprisingly, a significant in

crease occurred in both benefin amended treatments. The increase in 
-2SO^ -S level due to the herbicide was maintained throughout the in

cubation period. A maximum increase in SO^ ^-S level occurred in the 

20th day (98%). This increase dropped to 72% on the 30th day but was 

apparent at the end of the incubation where a 24% enhancement was ob

served .

Benefin also increased the rate of S° oxidation in the glucose+S° 

amended samples but the enhancement was much lower than glucose non- 

treated samples. Again, maximum enhancement occurred on the 20th day 

(55%). Oxidation enhancement decreased with time until on the final 

day benefin treated samples were only 9% greater than the corresponding 

non benefin treated samples. The pH of benefin amended samples was 

consistently lower than that of both check treatments (S°, S° + glu

cose) . The fact that the maximum oxidation enhancement occurred after 

2 0  days in both cases is possibly due to maximum population of oxi

dizers at this time.

When added to APS treated samples, benefin also significantly

increased the rate of oxidation (Figure 12). A maximum of 16 mgS0^-^/g

was reached after 20 days relative to 10 ug/g in check samples. This

level was maintained to the end of the incubation. Glucose + APS
* -

treated samples also showed a significant increase in SO. -s level
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Figure 12. Effect of benefin on the oxidation of APS.
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due to benefin, with a maximum increase on the 30th day. At the end 

of incubation, about 50% increase in S0 ^ ^-S was detected.

The oxidation of S° and S° + glucose was also significantly 

enhanced by MSMA (Figure 13), but its effect was less than that of 

benefin. In the first ten days of incubation only a slight increase 

due to the herbicide was observed. This increase was more obvious after 

15 days in both treatments. After 30 days, however, the oxidation en

hancement was very low in S° treated samples. Thereafter, S0^ ^-S 

levels in MSMA treatments increased and by the 40th day a 27% enhance

ment was observed. The difference decreased to approximately 10% by 

the 55th day. Glucose + S° treated samples were even less enhanced by 

MSMA. Maximum increase occurred on the 40th day. By the 55th day, 

this difference was reduced to only 7 ug SO^ ^-S/g of soil.

Figure 14 shows the effect of MSMA on APS treated samples.

Similar to benefin, both treatments were significantly increased by
—2MSMA. A maximum increase in SO^ -S level of 6  yg/g was reached 

after 30 days. This level was nearly constant to the end of incuba

tion.

The explanation for this increased rate of S oxidation due to 

herbicide treatments is not yet known. Probably the degradation of 

those herbicides may have released certain products which enhanced 

the growth of sulfur-oxidizing bacteria. Another possibility is that 

these compounds may enhance S oxidizing bacteria indirectly by in

hibiting competing organisms which are incapable of oxidizing S.

These herbicides, when tested in combination with other herbicides by 

Jones et al. (1974) showed reduced oxidation of S probably because



48

S + MSMA
glucose + MSMA.
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Time (days)

Figure 13. Effect of MSMA. on the oxidation of S°.
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APS + MSMA
APS + glucose + MSMA

APS + glucose

Figure 14. Effect of MSMA on the oxidation of APS.



their individual promoting effects might have been negated by the in

hibitory effects of others. More investigation, however, is needed to 

understand the mechanism behind this enhancement of S oxidation.

Availability of Nutrient Elements

The availability of most essential plant nutrients, especially 

micronutrients, is pH dependent. Most of the essential trace elements 

with the exception of Mo, are more available at low pH values (Lindsay, 

1972). Generally, the oxidation of S compounds in soil is accompanied 

by a decrease in soil pH. This study investigated the effect of the 

oxidation of S compounds on the availability of the following nutrient 

elements: P, Mg, Mn, Cu, Zn, Fe, B, Co, and Mo. Soils were analyzed

for these nutrients before and after incubations with the various amend

ments .

Table 1 shows the data obtained for P, Mg, Mn, Cu, Zn, Fe, and B. 

Phosphorus

As shown in Table 1, P concentration did not show any significant 

change in the S° treatment while it was significantly decreased in the S° 

+ glucose amended samples. Likewise P remained almost constant in APS 

treated samples but decreased significantly in the APS-glucose treatment. 

In the S° treatment, P did not increase as expected perhaps because of 

low indigenous P in unavailable forms in these soils. In Comoro sandy 

loam, pH dropped to approximately 4.0. At this low pH, P is likely to 

be fixed by iron and aluminum oxides. A recent study (Clement, 1978) 

has shown that S° needs a long time, more than 120 days, to produce a 

significant increase in P concentration. In this present study, however.
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Table 1. Effect of S compounds on the availability of some nutrients

Soil Treatment
Time
(days)

p
ppm

Mg
ppm

Mn
ppm

Cu
ppm

Zn
ppm

Fe
ppm

B
ppm

Pimer Control 0 0 1.4 2 0 1 . 0 0 . 2 0 . 2 1 . 1 0 .6 **
silt 55 0.9 38 0 . 2 0.5 0 . 2 0.9 0.5
loam S II 1.4 145** 4.2** 0 .8 ** 0.3 1.5** 1 .8 **

S + Glu II 0 .0 ** 166** 7.3** 1 .1 ** 0.3 1 .6 ** 2 .0 **
APS II 1 . 2 4 4 ** 0 . 0 0 . 0 0 . 1 0 . 6 0 . 6

APS + Glu II 0 .6 ** 32 0 . 1 0 . 0 0 . 2 0 . 6 0 . 6

Comoro Control 0 0 3.2 6 1 . 0 0.5 0 . 1 1 . 2 0.3
sandy 55 2.9 5 0.3 0 . 1 0 . 1 0.7 0 . 2

loam S ii 2.9 132** 75.0** 0.7 0 .6 ** 1.5 0 .6 **
S + Glu n 3.5 297** 98.0** 1 .1 ** 1 .8 ** 20.5** 0.9**
APS ii 3.1 36** 3.4** 0 . 6 0.3** 0 . 8 0 .8 **
APS + Glu ii 2.4** 132** 7.2** 0 . 8 0.3** 3.5** 0 .6 **

Pima Control 0 0 0 . 8 5 0 . 2 0 . 2 0 . 2 1.5 0 . 6

clay 55 0.7 4 0 . 0 0 . 1 0 . 1 1 . 1 0.5
loam S ii 0 . 8 48** 6 .6 ** 0.7** 0 . 2 1 . 1 1.3**

S + Glu ii 0.9 77** 39.2** 1 .1 ** 0 . 2 32.0** 1.3**
APS n 0.4** 6 0 . 1 0 . 1 0 . 1 2.5** 0 . 6

APS + Glu ii 0.3** 4 0 . 1 0 . 1 0 . 1 0 .2 ** 0 . 6

Guest Control 0 0 0.7 6 0.3 0.3 0.3 0.9 0 . 6

clay 55 0 . 8 8 1 . 0 0 . 8 0 . 1 1.7 0.5
S ii 0.7 54** 4.9** 0.9 0 . 2 1.3 2 .6 **

S + Glu ii
0 .0 ** 199** 18.4** 5.0** 0.3 6.9** 3.6**

APS ii 0.9 5 0 . 2 0.3 0.3 2 .1 ** 1.3**
APS + Glu ii 0.7 7 0.5 0.4 0 . 2 3.1** 1 .6 **
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Table 1, Continued

Soil Treatment
Time
(days)

P
PPm

Hg
ppm

Mn
ppm

Cu
ppm

Zn
ppm

Fe
ppm

B
ppm

Gila Control 00 9.9 21 2.6 0.5 0.1 0.5 0.4
loam 55 11.2 23 4.4 0.8 0.1 1.5 0.8

S • 1 9.0 84** 22.4** 0.8 0.3** 1.4 1.0**
S + Glu II 4.3** 138** 16.4** 0.9 0.3** 9.4** 1.3**
APS II 12.8 36** 0.0** 0.0** 0.1 2.7** 0.6
APS + Glu It 7.0 9** 0.2** 0.0** 0.1 0.4 0.5

Values are means of duplicate samples 

** Significant at the 1% level.
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with this large rate of application, P concentration would be expected 

to increase. Other factors affecting P availability,e.g., organic matter, 

iron and aluminum oxides, and indigenous P need to be considered along 

with soil pH to evaluate the effect of S oxidation of P availability.

Glucose + S° and glucose + APS treated samples showed a signif

icant decrease in P concentration probably due to P immobilization by the 

large number of microorganisms enhanced by glucose.

Magnesium

The amount of soluble Mg in the S° and S° + glucose amended 

samples was significantly increased over the unamended controls in all 

soils. Samples amended with APS and APS + glucose did not show a sig

nificant increase in Mg concentration except in Comoro sandy loam where 

a highly significant increase in Mg was observed. Magnesium was also 

significantly increased in the APS treated Gila loam, but was signif

icantly reduced in the case of APS + glucose treatment in the same soil.

The large increase in Mg concentration in the S° and S° + glu

cose amended samples could be due to the increased H ion releasing Mg 

present in non-exchangeable forms. In these treatments, the pH sig

nificantly decreased while in APS treatments pH drop was relatively 

small hence less effect in solubilizing Mg would be expected. An ex

planation for the inconsistency of the change in Mg concentrations in 

the different soils could be due to different amounts of Mg initially 

present in the nonexchangeable form, or is probably dependent on the 

extraction procedure.
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Glucose + S° amended samples showed a higher increase in Mg con

centrations over those samples receiving S° alone. This was probably 

due to the effect of glucose in lowering pH as the former samples had a 

slightly lower pH. Treatments receiving glucose + APS had a slightly 

lower pH when analyzed for the elements in question in the Comoro soil, 

hence it was not surprising to find that these samples had higher 

amounts of Mg than their counterparts without glucose.

Manganese

Manganese concentrations increased significantly in both S° 

and S° + glucose amended samples in all soils. Again, glucose amended 

samples contained greater amounts of Mn except in Gila loam. With APS 

treatment, Mn concentrations did not show any significant change in 

Pima clay loam, Pimer silt loam, and Guest clay. Magnesium was sig

nificantly increased in the Comoro soil and decreased significantly in 

Gila loam.

The greatest increase in the concentration of Mn was exhibited 

by the coarse textured Comoro sandy loam soil. Initially this soil 

had the lowest pH value and further decrease in pH due to S oxidation 

increased the solubility of this element. The other soils initially 

had an alkaline soil reaction. Even when pH decreased due to S oxida

tion, soil pH was near neutrality. Hence, the effect of H ion will be 

less than in Comoro sandy loam.

Copper

Concentration of Cu increased significantly due to S° oxida

tion in both S° and S° + glucose amended samples in Pimer silt loam
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and Pima clay loam. There was a significant increase in Cu in the S°

+ glucose treated Guest clay and Comoro sandy loam. Copper concentra

tion did not change in Gila loam. In APS and APS + glucose samples Cu 

concentrations decreased significantly in Gila loam. This probably 

reflects low reserve Cu in this soil. Again, concentration values 

largely depend on extraction methods.

Zinc

Zinc concentrations were significantly increased in Comoro 

sandy loam in all treatments and in the S° and S° + glucose treatment 

in Gila loam. With the exception of the Comoro soil, all other soils 

had a soil reaction near neutrality at the end of the incubation 

period. The solubility of Zn would likely increase in a more acid soil
ireaction. Hence, increased Zn concentrations were noticed in Comoro 

sandy loam which was initially acidic. These significant increases in 

Zn concentrations, however, must be viewed with caution since there 

were also significant differences between replicates (Appendix B).

Iron

A significant increase in the concentration of Fe was noticed 

in both S° and S° + glucose treatments in Plmer silt loam. Glucose 

treated samples showed a considerably higher Fe in Comoro sandy loam, 

Pima clay loam, Gila loam, and Guest clay. Surprisingly, the Fe con

centrations were much greater in glucose amended samples than those 

receiving only S°. This large difference is unlikely to be due to only 

differences in pH. Whether glucose or its degradation products are in

volved in the availability of Fe is not yet known.
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Samples treated with APS and APS + glucose did not show consis

tent results. In APS treated samples, Fe concentration increased sig

nificantly in Pima clay loam. Guest clay and Gila loam. Ammonium 

polysulfide and glucose amended samples showed increased Fe concentra

tions in Comoro sandy loam and Guest clay but Fe decreased significantly 

in Pima clay loam. This inconclusive result is probably due to the ef

fect of other factors controlling the solubility of this element which 

will have to be considered along with soil pH.

Boron

Once again, S° and S° + glucose treatments exhibited increased 

B concentrations which were highly significant in all soils. In con

trast to the other elements previously mentioned which showed the 

largest increase in the coarse textured Comoro soil, B increased to a 

greater extent in the fine textured Guest clay and Pimer silt loam 

soils. The increase in B concentrations, though significant was much 

lower than Mn and Fe. Samples amended with APS increased significantly 

in B concentrations in Comoro sandy loam and Guest clay soils.

Cobalt and Molybdenum

The availability of Co was expected to increase at the end of 

the incubation period. On the other hand, Mo was expected to show a 

decreased availability with increasing soil acidity. Unfortunately, 

however, the differences arising due to the decrease in pH could not 

be detected because the values for these two elements were beyond the 

lowest detection limit of the apparatus used by the Analytical Center 
laboratory.



CHAPTER 5

SUMMARY AND CONCLUSIONS

Studies on the oxidation of S° in five Arizona soils showed that

the oxidation proceeded slowly during the first ten days, increased

rapidly between the 10th and 30th day, and stabilized thereafter. Fine

textured soils (Guest clay and Pimer silt loam) accumulated highest 
_2levels of SO^ -S than the coarser soils, yet the decrease in pH was 

greatest in the coarse textured Comoro sandy loam because of its low 

buffering capacity. In all incubations, pH values were inversely re

lated to the accumulation of SO, ^-S.

Amending the S° treated samples with glucose significantly re

duced the oxidation of S° in Pimer silt loam, Pima clay loam, Gila loam,
—9and Guest clay (53 to 60% reduction). However, SO^ -S levels were 

only 6% less in Comoro sandy loam soil amended with both S° and glu

cose. In the latter soil, SO^ ^-S levels were even higher in the S° + 

glucose treatment between 20 and 40 days of incubation. The reduction 

in S° oxidation due to glucose in the other four soils was most likely 

due to the formation of anaerobic conditions in some microsites due to 

higher clay content. In these soils, few black spots indicating the 

formation of sulfide were observed. It is also likely that the Comoro 

soil contained more heterotrophic species capable of oxidizing S°.
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The analysis of variance indicated significant differences in
-2SO^ -S levels and pH values —  between soils, treatments, and incuba

tion periods.

Studies on APS oxidation showed significant levels of SO^ ^-S 

formation although the rate of application was comparatively very small 

(20 yg/g soil), ammonium polysulfide was oxidized in a relatively 

shorter time compared to S° with maximum levels of S0^ ^-S accumulation 

occurring between 10 and 20 days of incubation. Considerable lowering 

of pH (about 0.5 units) was observed.

The effect of glucose in reducing APS oxidation was much less 

than its effect on S° oxidation probably because of more heterotrophic 

species involved in the oxidation of APS.

Both herbicides used in this study significantly increased the 

rate of oxidation of S° and APS. Enhancement of oxidation of both S 

compounds was also observed in glucose treated samples.

The amount of S0^ ^-S in the S° and benefin amended samples, 

was almost doubled by the 20th day. This enhancement dropped to 24% 

at the end of the incubation period. When benefin was added to glu

cose and S° treated samples, S0^ ^-S levels were 55% more than samples 

without benefin (S° + glucose amendes samples). This increase was 

much less (9%) at the end of the incubation.

The oxidation of APS was also significantly increased due to 

the addition of benefin. A maximum of 60% enhancement was observed on 

the 20th day. This level was maintained until the end of the incuba

tion period.
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A 50% enhancement was detected in the APS + glucose amended 

samples when benefin was added.

MSMA also enhanced the oxidation of S° in both treatments (S° 

and S° + glucose) significantly. Its effect, however, was less than 

that of benefin. A maximum of 27% increase due to MSMA was detected on 

the 40th day which dropped to approximately 10% on the final day of the 

experiment. Samples treated with S° + glucose were even less affected 

by MSMA. An increase of 132 ug SO^ ^-S/g soil (17%) was observed by 

the 40th day. By the 55th day only a 7 ug/g increase was observed.

The oxidation of APS was also significantly enhanced by MSMA 

in both APS and APS + glucose treated samples, with a maximum enhance

ment occurring after 15 days of incubation.

The fact that maximum enhancement of oxidation of both S° and 

APS occurred around 2 to 3 weeks of incubation is probably due to 

maximum population of S oxidizers in this period. The mechanism of 

this enhancement is not yet known. Further investigation should in

volve the chemistry of those herbicides and their biochemical degrada

tion in the soil as well as their effects on the growth and activity 

of the microorganisms involved in the oxidation of reduced S compounds.

The oxidation of S° significantly increased the concentrations 

of Mg, Mn, Zn, Fe, B and Cu in all soils in both S° and S° + glucose 

treatments. The increased levels of these elements was primarily due 

to the solubilizing effect of the H ion on the unavailable forms of 

these elements. Phosphorus concentrations were not significantly 

changed by the S° treatments but were significantly reduced in the S°
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+ glucose amended samples. This significant decrease In P concentra

tions is most likely due to P immobilization.

The effect of APS oxidation on the solubility of these elements 

was not conclusive.

This initial attempt to evaluate the effect of S oxidation on 

the availability of other plant nutrients, only considered soil reaction 

as a factor governing the availability of those nutrients. Various 

other factors are equally important and should be considered in more 

detail in future work.



APPENDIX A

SOME PROPERTIES OF 

THE SOILS USED
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Soil
Moisture content 
at 1/3 bar tension

V
PH ECexl03

mmhos/cm
Na K

q/L---
ESP
%

N P so ”2-s4— me — ppm----------

Pimer silt 
loam 23.3 8.4 2.2 10.1 0.6 6.0 1.0 1.4 110
Comoro sandy 
loam 14.3 6.4 0.3 0.4 0.3 0.0 0.5 3.2 14
Pima clay 
loam 28.3 8.3 0.6 3.5 0.4 3.6 1.0 0.8 70
Guest clay 42.3 8.3 2.4 20.2 0.6 19.1 2.8 0.7 62
Gila loam 15.2 8.3 2.1 3.5 3.3 1.4 2.0 9.9 28

Soil
Ca Mg Mn Zn Fe Cu B Co Mo

CaCOo
equivalent
(approximate
values)ppm

Pimer silt 
loam 139 20 1.0 0.2 i.i 0.2 0.6 All samples 11
Comoro sandy 
loam

27 6 1.0 0.1 1.2 0.5 0.3 <10
ug/g

<250
ug/g

0

Pima clay 
loam 43 5 0.2 0.2 1.5 0.2 0.6 soil soil 3
Guest clay 45 6 0.3 0.3 0.9 0.3 0.6 2
Gila loam 212 21 .3.1 0.1 0.5 0.5 0.4



APPENDIX B

ANALYSIS OF VARIANCE OF PLANT NUTRIENT DATA

Source of Degree of Mean F
Element variation freedom square value

Replicates 1 0.24 1.58
p Days 1 4.53 29.8**

Treatments 4 3.1 20.5**
Soils 4 275.1 1808.8**

Replicates 1 6.7 0.1
Days 1 83521.0 1281.0**ng Treatments 4 22039.4 338.0**
Soils 4 6724.7 103.1**
Replicates 1 0.96 0.4

Mh Days 1 3258 1744**
Treatments 4 1294 587**
Soils 4 988 448**

Replicates 1 0.12 8.63**
Zn Days 1 0.23 17.19**

Treatments 4 0.16 11.95**
Soils 4 0.15 11.47**
Replicates 1 0.06 0.89

Cu Days 1 3.6 51.89**
Treatments 4 2.2 31.82**
Soils 4 1.1 14.96**
Replicates 1 0.3 - 0.24

Fe Days 1 213.7 162.9**
Treatments 4 159.1 121.3**
Soils 4 35.9 27.4**
Replicates 1 0.04 1.00

B Days 1 9.1 251.0**
Treatments 4 1.5 41.2**
Soils 4 1.8 . 49.7**

** Significant at the 0.01 level of probability.
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APPENDIX C

ANALYSIS OF VARIANCE OF PH AND 
-2SO. -S FOR THE OXIDATION EXPERIMENT 4

Source of 
variation

Degree of 
freedom

Mean
square

F
value

PH

Replicate 1 0.001 0.26

Day 10 3.7 1449**

Treatment 4 13.7 5401**

Soil 4 101.4 39839**

-2SO. -S — 4

Replicate 1 584 1.16

Day 10 2181761 4335**

Treatment 4 13615503 27055**

Soil 4 1278594 2540**

** Significant at the 0.01 level of probability.
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