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ABSTRACT 

In an effort to determine the agronomic necessity of K fertilization of cotton 

(Gossypium spp.) in Arizona, a five-year study was initiated in 1991, with a single field study 

near Gila Bend. Subsequent sites selected ranged firom western (Yuma) to eastern (Safford) 

Arizona which totaled 11 site-years. Both Upland (G. hirsutum L.) and Pima (G. barbadense 

L.) cottons were cultivated, using soil and foliar applications of K. In 1992, study sites 

included the Safford Ag. Center (SAC), Maricopa Ag. Center (MAC), and a farmer 

cooperator site at Coolidge. In 1993, the experiment stations (SAC and MAC) were 

continued and Yuma Valley was added. The 1994 sites included only the experiment 

stations (SAC and MAC). In 1995, SAC and MAC were again maintained and a third 

location, a farmer cooperator site at Buckeye was added. Results fi-om the study (12 site-

years) indicated no lint yield increases due to K fertilization in all locations with either 

Upland or Pima cotton. However, in 1995 at Buckeye, the result revealed a significant yield 

reduction due to the K foliar treatments. There were, however, no significant differences 

among the soil-only or the soil-plus-foliar treated plots at this location. 

Potassium (K) release kinetics of clay samples firom 10 agricultural representative 

soils of Arizona was determined by successive extraction using a Ca-saturated cation resin. 

A preseason physical and chemical characterization of the soils showed all soils contain 

smectite-mica minerals. Four mathematical models (power fimction, Elovich, parabolic 

diffusion and first-order) were used to describe the nonexchangeable K release reaction 

involving 700-hour cumulative extraction time. Comparison of the models using the 
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coefficient of determination (r) and the standard error of the estimate (SE) indicated that the 

Elovich and the power function equations overall displayed the best fit. The first-order, and 

for the most part, the parabolic difEiision equation did not describe the K release very well. 

The constants a (initial rate) and b (release rate) for the Elovich and the power function 

equations, are at least in the order of magnitude as those foimd by others in several previous 

studies. 
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CHAPTER I 

INTRODUCTION 

Introduction. Problem, and Statement of Objectives 

Mineral nutrient availability and balance are important for plants to successfully 

complete their life cycle. Nutrients required in large amounts are referred to as macro-

nutrients, and include nitrogen (N), phosphorus (P), and potassium (K). Potassium (K), like 

P and unlike N, is found mostly in the inorganic fraction of the soil. Potassium is taken up 

by plants as K* and is required in all stages of plant development (Kerby and Adams, 1985; 

Rosolem and Mikkelsen, 1991; Basset et al., 1970). 

Potassium is required in plants as a cofactor for more than 40 enzymes (Jones and 

Pollard, 1983). Its catalytic functions are associated with the attachment of a substrate to the 

protein portion of the enzyme or promote a change in enzyme conformation, and as a free 

ion, K" plays a role in stomatal movement because of its osmolitic property. In addition, K 

serves in the process of charge balance in plants cells (Rykered and Overdahl, 1972). 

Potassiiun deficiency is most likely to occur during relatively dry growing seasons 

since some important K compounds are only slightly soluble in the soil solution. There may 

not be a sufficient amount of the nutrient available when the season is dry. Hence, soil 

moisture is a prerequisite for K release to occiu-. 

Soil factors are of prime importance and have direct relevance in K availability and 

the need for K fertilization. These factors include soil physical properties, type and content 

of clay minerals present in soil, K dynamics (absorption, fixation, and release), transport of 
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in the soil, ion exchange and pH-dependent charges, and pH of the soil solution 

(Ranganathan and Natesan, 1985). Based on the aforementioned factors, K fertilizer 

application method may be varied. In porous soils that show low K fixation capacity, 

broadcast applications of K fertilizer may be the most economic method; however, in soils 

with low available K and high fixation capacity, band placement can be used to localize K 

in the root zone thereby lessening fixation (Mengal and Kirby, 1978). 

Most researchers agree that there are three soil conditions imder which K fertilization 

is required for crop growth, most commonly on highly leached sandy soils, on clay soils with 

high fixing capacity, and under conditions where soil-borne disease organisms can afifect root 

health and the plant's ability to assimilate nutrients. Application of K fertilizer is also found 

to reduce the incidence of stem weevil and leaf roller in cotton with an increase in the level 

of applied K (Muthuvel et al., 1982). 

Plant available K. is present in the soil solution or in an exchangeable form on soil 

colloidal surfaces (McGeorge, 1933). Where soils are intensively cropped, this supply may 

be exhausted in a relatively short period of time, especially where the crop is entirely 

removed, as in the case of forage crops such as alfalfa (McGeorge, 1933; Rhykered and 

Overdahl, 1972; Silvertooth et al., 1991). Bassett et al. (1970) provided these general values 

for crops as ranges of amount of macronutrients removed fix>m the field at harvest: N = 63 

to 83 kg/ha; P = 9 to 12 kg/ha; K = 10 to 24 kg/ha. 

In the cotton plant, the developing cotton boll, especially the bur, has been found to 

contain large amounts of mineral nutrients uicluding K which are subject to export at various 
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stages of growth (Leftler and Tubertini, 1976). Rosolem and Mikkelsen (1991) showed a 

decreasing order of accumulation of K in the following plant parts: green bolls and burs > 

seeds > leaves and stem > lint. They also showed a sequence of increasing sensitivity to K 

deficiency symptoms as: leaves < bolls < roots < stem; thus, claiming that visible K 

deficiency symptoms in leaves suggest that all other parts have been affected. The literature 

provides the following as typical visual symptoms of K deficiency in cotton: 

1) older leaves turning light yellow green; 

2) yellow spots appear between veins; 

3) tip and leaf margin break down and then curl downward; 

4) in the acute case of K deficiency, leaves turn reddish brown, dry up, and shed 

prematurely; 

5) premature shedding of leaves leads to improper boll development; 

6) plant is dwarfed (develops short intemodes); and 

7) stem becomes slender which leads to lodging. 

In a review of K nutrition of cotton, Kerby and Adams (1985) have associated small 

bolls to K deficiency. In this review they also described that improved K nutrition serves to 

increase the size and number of bolls, seed production, and delayed maturity which allows 

plants to continue to set bolls later into the season without premature cut-out (Kerby and 

Adams, 1985). 

The maximum K uptake by cotton plants occurs fi-om early square to early bloom, 

and peaks 72 to 84 days after emergence (Rosolem and Mikkelsen, 1991; Leffler and 
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Tubertini, 1976). These researchers indicated that the burs are a strong sink for K during the 

reproductive stage, and may lead to K deficiency in the upper leaves of cotton as plants 

approach maturity especially if the soil BC levels become sub-optimal. Leffler and Tubertini 

(1976) also mentioned that the boll served as a strong physiological sink throughout 

development and growth; which is reasonable, since it is the premiere reproductive organ. 

The need to consider K fertilization is appropriate because of its continuous need through all 

growth stages, its relatively high uptake, plus the fact that the cotton plant itself is a 

relatively inefficient K absorber (Rosolem and Mikkelsen, 1991). 

The soils in Arizona differ appreciably from other parts of the country with regards 

to K fertility and K soil chemistry. Information describing cotton response to K fertilizer in 

Arizona is limited (Silvertooth et al., 1991). In Arizona, where little rainfall occurs, excessive 

natural leaching is not prevalent. Therefore, K fertilization may not be necessary. However, 

since agriculture in the desert southwest depends heavily on irrigation, potential potassium 

displacement in the soil solution that could be further moved out of root zone is worthy of 

consideration (McGeorge, 1933). Furthermore, Hendricks (1985) also noted that agricultural 

soils of Arizona often have parent materials originating from igneous rocks, which upon 

weathering, produce K bearing minerals such as mica and felspar, and are therefore relatively 

rich in total soil K. Applied K may be subject to luxury consumption if prior knowledge of 

K concentration and exchanges are not obtained. 
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Fate of K Fertilizer in Soil 

A knowledge of kinetics of K reactions between the solution, exchangeable, 

nonexchangeable (fixed), and mineral phases of soil K is necessary to predict the fate of 

added fertilization in soils. The rate and direction of these reactions determine whether 

applied K will be leached into lower soil horizons, absorbed by plants, converted into 

unavailable forms, or released to available forms. Potassium fertilization will increase the 

K activity ratio( AR) value, which is a measiu^ of availability and intensity of labile K in soil 

(Sparks and Huang, 1985). 

Several kinds of K fertilizer exist, consisting of K in combination with chloride, 

sulfate, nitrate or polyphosphate. When any of these salts are added to the soil, K* is released 

into the solution as a function of dissociation from the solid phase of the salt in question. 

Practically all of the K fertilizers are water soluble (Tisdale et al., 1985). In most 

well fertilized soils, the existing equilibrium is more dynamic, however the added K is 

usually subject to immediate release (Bertsch and Thomas, 1985). Bertsch and Thomas 

(1985) observed that the exact nature of these equilibrium reactions is system specific (soil) 

and depends on the type of crop grown. Literature directly examining the release kinetics of 

fertilizer is limited. However, the general concept is that an added K fertilizer would boost 

the labile pool, and slow down the rate of K release from the exchangeable, nonexchangeable 

and mineral pools. The review of several papers has shown that K adsorption and desorption 

rate reactions are on-going processes in the soil. There is not a single equation that describes 

K release in all types of soils, since soils vary with parent material, mineralogy, climate, and 
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location. The first order equation, the power function equation and the parabolic difilision 

law seem are the models which best describe K reactions in soils. To describe K desorption 

or adsorption for a soil, comparison of the various models may be necessary to establish 

which one best describes a given soil. 

A soil with a particularly slow tC-release value can quickly be depleted, and hence, 

fertilization may be necessary. Mclean and Watson (1985) noted that when a crop removes 

K, the exchangeable K begins to replace it rather promptly; however, its rate of replacement 

can often be inadequate to maintain crop BC needs and may affect the maximum yield 

potentials. 

The rate of K release fi'om the fixed and mineral phases depends on the concentration 

and composition of the soil solution (Beckett, 1977) and the mineralogical composition of 

the soil minerals (Rich, 1972). Weathering of K bearing minerals and exchange reactions 

will enhance the release of K. Temperature and moisture are rate enhancing factors too. Soil 

texture, structure, as well as the type and amount of clay content also influence the rate of 

exchange of applied K. Based upon the review of literature which included Havlin and 

Westfail, 1983&1985, Sparks and Jardine, 1984, and Mengel and Uhlenbecker, 1993, it is 

hypothesized that the power function and the Elovich equation would describe K release 

(desorption) kinetics of the clay fractions in Arizona soils. 

The focus of this study was to explore the K nutritional base regarding cotton 

producing soils in Arizona. An evaluation of the chemical and physical features of 

representative agricultural soils regarding K nutrition is needed. These factors were also 
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considered within the context of specific growth and developmental stages of cotton for 

establishing fimctional K guidelines. Hence, the objectives of the study were: 

a) To determine the effects of K fertilizer application on Upland and Pima cotton 

development, growth and yield; 

b) To evaluate die K release kinetic models describing K release (desorption) in 

several agriculturally important soils of Arizona. 

Overview of the Dissertation 

Including this introductory chapter, this dissertation is composed of four chapters. 

Chapter I examines the general literature account of K in agronomy and the interaction 

between added K fertilizer and the soil. Chapter 2 deals with the studies initiated to 

determine the agronomic benefits, if any, that might be realized firom K fertilization of cotton 

in Arizona. Chapter 3 involves the study of K release kinetics of 10 clay samples from 10 

representative soils collected across Arizona from Yuma in the west to Safford in the east. 

Chapter 4 presents the simunary and conclusions, and also provides suggestions concerning 

fiiture K studies. 
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CHAPTER 2 

EFFECT OF POTASSIUM FERTILIZATION ON 
UPLAND AND PIMA COTTON 

Introduction 

Potassium fertilization of cotton can produce varying effects. Cassman et al. (1990) 

evaluated the effects of K fertilization on lint jaeld and fiber quality of irrigated cotton on 

a soil where growth was limited by K deficiency in Kings Coimty, California. Rates used 

for this study were 0, 120, 240, and 480 kg K20/ha. They found a progressive and 

significant increase in lint yield and fiber length for each of the three years of their study. 

This study also showed that lint yield increased relatively more than seed yield, with an 

increase in K supply. 

Rao et al. (1980) in Andra Pradesh, India evaluated the higher levels of K on yield 

and its attributes to cotton. They varied K. at a step-wise increment of 30 kg/ha fi-om 0-120 

kg/ha while keeping N constant at 60 kg N/ha. They also varied N while keeping K constant 

using similar values as above and concluded that varying K had a greater influence on yield 

than did the N. 

Tupper et al. (1991) performed an interaction study similar to Rao et al. (1980) in the 

Mississippi Delta. Their report on the two-year average lint yield suggested that every 60 

lb KjO/A increment in K (O to 180 lb KjO/A) produced significantly higher lint 5deld. 

Silvertooth et al. (1991) in an initial field study in Arizona applied K foliarly and to 

the soil. In the soil applied treatments K2SO4 was applied at the rate of75,150, and 225 lbs 

KjO/A. In the foliar application, they used KNO3 at the rate of 10 lb K2O/A with 
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approximately 25 gallons/A carrier. Results from this study indicated that K fertilization was 

not warranted under the conditions characterized; since differences were not detected by any 

growth measurement taken, plant tissue concentration of K, lint yield or lint quality. 

Limited research involving K effects on cotton quality, fiber development and lint 

size has been done in Arizona. Further east, in the U.S. cotton belt, recent research on K 

fertility of cotton has shown positive responses in Alabama (Mullins et al., 1991), 

Mississippi (Tupper et al., I99la&b) and Arkansas (Oosterfiuis et al., 1991). It was 

hypothesized that the effects of K on cotton growth, development and yield in Arizona will 

display similar results seen in the eastem cotton belt. Due to increased interest and reports 

of increased cotton yield as well as lint quality, from various locations across the U.S. cotton 

belt from potassium (K) fertilization, a five-year K fertility study was initiated in 1991. 

Some notable studies of success on lint quality and yield improvement resulting from K 

input included those ofKerby and Adams (1985); Cassmanetal. (1986,1989a, 1989b, 1990, 

and 1992); Mullins et al. (1991); Oosterhuis et al. (1991); and Tupper et al. (1991a&b). 

Potassium is an important nutrient to cotton plants for many physiological processes; 

however, it has received considerable attention in its relation to fiber development. The 

development of individual fiber cells is dependant upon the maintenance of adequate turgor 

pressure within the cell (in the vacuole), which is controlled by a K* malate solute system 

(Dhindsa et al., 1975). As a result of the role of K in both the vegetative and the 

reproductive structures of the plant, a study involving K fertilization on cotton yield could 
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be valuable. The objective of this study was to assess the response of commonly grown 

varieties of cotton in Arizona to foliar and/or soil applied K. 

Materials and Methods 

1991 K Fertility Trial 

Beginning in 1991, a single field experiment was initiated at Paloma Ranch in 

western Maricopa County (Gilman loam). A preseason soil sample was taken in April to 

determine the concentration of exchangeable cations (Table 2-1). The treatments imposed 

in the field were arranged as split plots within a randomized complete block design (RCBD) 

with four rephcations. Soil applied treatments were arranged as mainplots, and foliar 

treatments as subplots. Soil applied treatments were broadcast and preplant incorporated as 

K2SO4. Mainplots consisted of 20; 36-inch rows, which extended the full length of the 

irrigation run (1200 ft.). Each mainplot area was split into two, 10 row subplots, also 

extending the full length of the irrigation run. Upland cotton (DPL 90)was planted and 

irrigated on 12 April. Foliar KNO3 fertilizer was applied to the entire subplot areas at four 

Table 2-1. Preseason soil test result for Paloma Ranch, AZ, 1991. 

Depth 
(cm) 

Ca* 
(mg/kg) 

Mg 
(mg/kg) 

Na 
(mg/kg) 

K 
(mg/kg) 

Zn" 
(mg/kg) 

NO,-N*" 
(mg/kg) 

EC, 
dS/m 

pH' ESP« 

0-30 6060 330 606 315 0.66 15.7 5.8 7.9 1.73 

Exchangeable cations using neutral molar anunonium acetate 
"DTPA extractable Zn 

"*NOj-N using specific ion electrode 
^Computed exchangeable sodium percentage 
^1:1 soil/water extract 
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dates throughout the fruiting cycle of the crop using a ground-rig applicator with a carrier 

rate of 25 gallons per acre (Table 2-2). First bloom occurred on 15 June and plots were 

progressing into cutout based upon nodes above the top (first position) white flower (NA WF) 

Table 2-2. Soil and foliar K application dates, rates, and lint yields of Pima cotton (S-6), 
Paloma Ranch, AZ, 1992. 

Treatments 

Soil^ Foliar^ 

Treatment 26 June 
(1420)* 

lbs. KjO/acre 

16 Jaly 6 August 
(1957) (251S) 

27 August 
(3107) 

Lint Yield 
IbsJacre 

I 0 0 0 0 0 1578 

2 0 4.6 4.6 4.6 4.6 1599 

3 75 0 0 0 0 1687 

4 75 4.6 4.6 4.6 4.6 1683 

5 150 0 0 0 0 1608 

6 150 4.6 4.6 4.6 4.6 1542 

7 225 0 0 0 0 1639 

8 225 4.6 4.6 4.6 4.6 1668 

OSL« 0.072 

LSDqos NS' 

CV(%) 4.32 

broadcast-applied, preplant, and incorporated using KjSO^ as source. 
^Foliar applications using KNOj as source. 
^Observed significance level for treatment differences or the probability of a greater F value, 
^ot significant. 
*HUAP, heat units (86/55°F thresholds) accumulated after planting on 12 April (683 HU after 1 
January). 
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and bloom counts by 19 August. The final iirigation was applied 31 August. The entire 

center eight rows of each subplot were mechanically picked for yield analysis on 24 October. 

1992 K Fertility Trial 

The locations of the three K fertility trials included the University of Arizona (UA) 

Safford Agriculture Center (SAC, Pima clay loam), UA Maricopa Agriculture Center (MAC, 

Casa Grande sandy loam), and a cooperator site located near Coolidge, AZ on a Mohall 

sandy loam soil series. Initial soil test was conducted for each location (Table 2-3). The 

exchangeable cations (Ca, Mg, Na, and K) were extracted using 1 M NH4AC (pH 7), and the 

exchangeable Zn was extracted with DTP A. Phosphate (P) was extracted with sodium 

bicarbonate, and NO3-N was determined using a select ion electrode (in a 1:1 soil:water 

extract). Soil pH was detemiined using a glass electrode (1:1 soil-to-water ratio). 

At the SAC both Upland (DPL 90) and Pima (S-6) cottons were planted 21 April and 

irrigated on 23 April. Plots consisted of eight, 40-in. rows, each 34 ft. in length. Treatments 

included both soil and foliar K applications. All soil K applications were broadcast and 

preplant incorporated using K2SO4 as the K source. Four foliar applications of KNO3 were 

applied over the primary fruiting cycle, the date, HUAP, and rate of each foliar application 

is given in Table 2-4. All foliar applications were made using a ground-rig applicator with 

25 gal./acre carrier. The soil and foliar K appUcations were combined to form a factorial 

arrangement of treatments with five replications as shown in Table 2-4. The Upland and 
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Pima cotton had a final irrigation on 29 Sqjtember and the center four rows of each plot were 

mechanically picked on 18 November for yield estimates. 

Table 2-3. Preseason soil test results for three Arizorif EC fertility experiments in 1992. 

Sou 
Depth 

Exchangeable 

Ca* Mg Na K Zn" NOj-N*** pH^ EC, ESP« 

cm ds/m cm ds/m 

Safford Agriculture Center 

30 800 840 184 72 1.5 10 10 8.4 2.8 14.1 

60 580 500 155 40 1.8 6 5 8.6 2.4 16.5 

90 220 221 850 21 1.6 6 10 9.0 1.9 21.6 

120 145 184 810 19 1.4 4 10 9.2 1.9 27.5 

Maricopa Agricultural Center 

30 322 340 206 56 18.0 18. 8.4 1.4 4.2 

60 680 430 211 52 8.0 8.4 1.4 2.3 

90 740 400 209 35 4.4 8.4 1.4 2.2 

120 740 382 211 28 5.2 8.4 1.4 2.2 

Coolidge, AZ 

30 665 412 202 32 10.4 4.1 8.5 1.9 2.3 

60 688 445 307 30 8.0 5.5 8.5 1.6 3.3 

90 710 547 610 31 4.4 3.0 8.4 2.5 6.1 

120 690 475 377 23 7.6 2.2 8.6 2.1 4.0 
Exchangeable cations using neutral molar ammonium acetate. 
DTP A extractible Zn. 
NOj-N using specific ion electrode. 
Computed - exchangeable sodium percentage. 
NaHCOs extractable P. 
1:1 soil/water extract. 
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Table 2-4. Soil and foliar K application dates, rates, and lint yields of Pima (S-6) and 
Upland (DPL 90) cotton, SafiFord Agriculture Center, AZ, 1992. 

Treatments 

Soil^ Folian Lint Yield 
IbsJacre 

lbs. KjO/acre 

Treatment 3 Aug. 
(1626)* 

19 Aug. 
(201(>) 

4 Sept. 
(2326) 

14 Sept. 
(2510) 

Upland 
(DPL 90) 

Pima 
(S-7) 

I 0 0 0 0 0 1109 515 

2 0 4.6 4.6 4.6 4.6 1075 495 

3 200 0 0 0 0 1052 464 

4 200 4.6 4.6 4.6 4.6 1082 491 

5 400 0 0 0 0 1035 447 

6 400 4.6 4.6 4.6 4.6 1170 526 

OSU 0.300 0.300 

LSD NS' NS 

CV(%) 10.7 17.6 

broadcast-applied, preplant, and incorporated using IC2SO4 as K source. 
^Four foliar applications using KNOj as K source. 
^Observed significance level for treatment differences or the probability of a greater F value, 
^ot significant. 
*HUAP, heat units (86/55°F thresholds) accumulated after planting on 19 May (978 HU after 1 
January). 

The K fertility trial at the MAC included only foliar K applications applied over the 

primary fruiting cycle to Pima cotton (S-6). Cotton was planted on 19 April (686 HU after 

1 January) in plots consisting of four 40-in. rows that were 40 ft. long. The six foliar 

treatments (Table 2-5) were arranged over the experimental area in a RCBD with five 
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replications. The experimental area received a final irrigation on 28 August and the center 

four rows of each plot were mechanically picked on 19 November. 

Table 2-5. Foliar K. application dates, rates, and lint yield of Pima cotton (S-6) at 
Maricopa Agriculture Center, AZ, 1992. 

Date 28 July 10 Aagust 26 August 9 Sept. Lint 
(2427)J (2762) (3200) (3515) Yield 

Treatment lbs. KjO/acre IbsJacre 

1 0 0 0 0 1173 

2 4.6 4.6 4.6 4.6 1170 

3 9.2 9.2 9.2 9.2 1203 

4 0 4.6 4.6 0 1217 

5 0 9.2 9.2 0 1182 

6 0 9.2 0 0 1169 

OSL« 0.100 

LSDO.05 NS^ 

CV (%) 5.7 

^All foliar treatments were applied with a ground-rig applicator. 
^Heat units (86/55°F thresholds) accumulated after planting (19 April, 604 HU after 1 January). 
^Observed significance level, or probability of a greater F value. 
^ot significant 

At Coolidge, K treatments were preplant, band-applied approximately 8 in. to the side 

of the seed row to a depth of 8 in. using two shanks per row applicator. Plots were eight 

rows, 40 in. wide, and extended the full length of the irrigation run (1200 ft.). The K source 

was K2SO4 and the rates of application are shown in Table 2-6. Upland cotton (STV KC311) 
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was planted on 14 April (512 HU after 1 January) and treatments were applied in a RCBD 

with four replications. The last irrigation was applied on 10 September prior to mechanical 

picking the entire center eight rows of each plot on 29 October. 

Table 2-6. Lint yields for soil K treatments applied preplant to Upland cotton (STV 
KC311) at Coolidge, AZ, 1992. 

Treatment Rate Lint Yield 

lbs. KjO/acre ibsVacre 

I 0 I30I 

2 218 1238 

3 436 1234 

4 654 1213 

OSL^ 0.300 

LSDQ.os NS« 

CV (%) 4.4 

^Observed significance level, or probability of greater F value from the analysis of variance. 
^ Not significant. 

1993 K Fertility Trial 

Three K fertility trials were conducted in 1993, which included the SAC, MAC, and 

the Yuma Valley (Gadsden clay loam) locations. The experimental designs applied to SAC 

and MAC sites were identical to those of the previous year(1992). 

At the SAC, both Upland (DPL 90) and Pima (S-7) cottons were planted 26 April 

(525 HU after I January). Three foliar applications of KNO3 were applied over the primary 
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fruiting cycle (Table 2-7). The final irrigation was applied on 2 August and the center four 

rows of each plot was mechanically picked on 11 November for yield analysis. 

Table 2-7. Soil and foliar K application dates, rates, and lint yields of Pima (S-6) and 
Upland (DPL 90) cotton, Safford Agriculture Center, AZ, 1993. 

Treatments 

sor Foliar* Lint Yield 
IbsJacre 

lbs. KjO/acre 

Lint Yield 
IbsJacre 

Treatment 23 July 
(1910)* 

17 August 
(2529) 

14 September 
(3406) 

Upland 
(DPL 90) 

Pima 
(S-7) 

1 0 0 0 0 1109 515 

2 0 4.6 4.6 4.6 1075 495 

3 200 0 0 0 1052 464 

4 200 4.6 4.6 4.6 1082 491 

5 400 0 0 0 1035 447 

6 400 4.6 4.6 4.6 1170 526 

OSL« 0.200 1.00 

LSD NS' NS 

CV(%) 24.5 28.4 

'^Incorporated by banding after planting using K^SO* as K source. 
^Three foliar applications using KNOj as K source. 
^Observed significance level for treatment differences or the probability of a greater F value, 
^ot significant 
*HUAP, heat units (86/55°F thresholds) accumulated after planting on 19 May (586 HU after 1 
January). 
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At MAC, cotton (Pima, S-7) was planted on 5 April (471 HU after 1 January). Foliar 

treatment rates and dates (HUAP) are given in Table 2-8. The experimental area had a final 

irrigation on 17 August and the center two rows of each plot were mechanically picked on 

18 October. 

Table 2-8. Foliar K application dates, rates, and lint yields of Pima cotton (S-7) at 
Maricopa Agricultural Center, AZ, 1993. 

22 June^ 8 July 23 July 4 August Lint 
(1595) (2042) (2446) (2779) Yield 

Treatment lbs. K^O/acre IbsJacre 

1 0 0 0 0 1322 

2 4.6 4.6 4.6 4.6 1276 

3 9.2 9.2 9.2 9.2 1288 

4 0 4.6 4.6 0 1355 

5 0 9.2 9.2 0 1336 

6 0 9.2 0 0 1389 

OSL« 0.60 

LSDO.05 141 

CV(%) 8.1 

^ All foliar treatments were applied with a ground-rig applicator using KNOj as the K source. 
^ Values in parentheses are the heat units (86/55°? thresholds) accumulated after planting (5 April, 

471 HU after 1 January ) associated with the fertilization dates. 
^Observed significance level for the treatment differences or the probability of a greater F value. 
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In the Yuma Valley, Upland (DPL 5409) Cotton was planted and irrigated on 11 

April (773 HU after I January) and treatments were applied to plots arranged in a RCBD 

with four replications. Cotton received aerial applications (10-gal carrier/acre) of 

foliar-KN03 over the course of the growing season (Table 2-9). Plots were 24 (40-in.) rows 

that extended the full length of the 640-ft irrigation run. The final irrigation was applied on 

15 August prior to mechanical picking of the entire center eight rows of each plot on 21 

September. Initial soil sample was taken in April to ascertain the concentration levels of the 

basic cations (Table 2-10). 

Table 2-9. Foliar K application dates, rates and lint yields of Upland cotton (DPL 
5409) at Yuma Valley, AZ, 1993. 

30 Jane* 14 July 28 July 10 Aagust Lint 
(1809) (2206) (2548) (2975) Yield 

Treatment lbs. KjO/acre IbsJacre 

1 0 0 0 0 1301 

2 0 0 4.6 4.6 1187 

3 4.6 4.6 4.6 4.6 1283 

OSU 0.6 

LSDo.O5 299 

CV(%) 13.8 

^ All foliar treatments were aerial-applied using KNO, as the K source. 
I HUAP, heat units (86/55°F thresholds) accumulated after planting (11 April, 773 

HU after 1 January) associated with the fertilization dates. 
^ Observed significance level for the treatment differences, or the probability of a 

greater F value. 
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Table 2-10 Soil sample result from the K fertility study at Yuma Valley, AZ, 1993. 

Depth 
(cm) 

Ca* 
(mg/kg) 

Mg 
(mg/kg) 

Na 
(mg/kg) 

K 
(mg/kg) 

EC, 
(dS/m) 

NOj-N" 
(mg/kg) 

ESP« 

30 8.1 6800 830 210 380 1.7 15.7 0 

60 8.3 6300 610 160 210 1.5 15.0 0 

90 8.3 7200 760 240 230 1.5 9.4 0 

120 8.3 770 1050 280 270 1.7 2.1 0 

'Exchangeable cations using neutral molar ammonium acetate. 
'* N03-N usmg specific ion electrode. 

^Computed exchangeable sodium percentage. 
' 1:1 water extract. 

1994 K. Fertility Trial 

Two K fertility studies were undertaken in 1994 and the locations included MAC and 

SAC. The experimental designs for both sites were continued. 

At SAC, Pima (S-7) cotton was planted on April 7 (411 HU accumulated after 

January 1) and replanted on 27 April (659 HU acciraiulated after January 1) due to an 

irregular plant stand. Upland (DLP 90) was planted on 7 April (411 HU accumulated after 

January I). The date, HUAP, and the rate of each foliar application are given in Tables 2-11. 

The entire center two rows of all plots were mechanically picked on 22 November. 
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Table 2-11. Soil and foliar K application dates, rates, and lint yields of Pima (S-7) and 
Upland (DPL 90) cotton, Safford Agriculture Center, AZ, 1994. 

Treatments 

Soir FoUar^ Lint Yield 
IbsJacre 

lbs. KjO/acre 

Treatment 8 July 21 July 4 August 15 August Upland Pima 
(1784)* 
(1536) 

(2108) 
(1860) 

(2477) 
(2229) 

(2758)' 
(2510)^ 

(DPL 90) (S-7) 

1 0 0 0 0 0 813 382 

2 0 4.6 4.6 4.6 4.6 836 363 

3 200 0 0 0 0 784 407 

4 200 4.6 4.6 4.6 4.6 809 357 

5 400 0 0 0 0 818 302 

6 400 4.6 4.6 4.6 4.6 788 355 
OSL« 0.900 1.00 

LSD NS' NS 
CV(%) 11 20 

broadcast-applied, prqjlant, and incorporated using K2SO4 as source. 
^Foliar applications using KNO, as source. 
^Observed significance level for treatment differences or the probability of a greater F value. 
'Not significant. 
*HUAP, heat units (86/55°F thresholds) accumulated after 'planting on 7 April = 411 HU after I 
January; (T*ima was replanted 27 April, 659 HU after I January). 

At MAC, Cotton was planted on 29 March (428 HU accumulated after January 1). 

Foliar treatments, rates, and dates (HUAP) are given in Table 2-12. The entire center two 

rows of all plots were mechanically picked on 29 October for yield estimates. 
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Table 2-12. Foliar K application dates, rates and lint yields of Pima cotton (S-7) at 
Maricopa Ag. Center, AZ, 1994. 

16 Jane^ 6 July 21 July 10 August Lint Yield 
(1448) (2021) 2432) (3015) 

lbs. KzO/acre Ibs^acre 

0 0 0 0 1040 

4.6 4.6 4.6 4.6 895 

9.2 9.2 9.2 9.2 986 

0 4.6 4.6 0 933 

0 9.2 9.2 0 962 

0 9.2 0 0 900 

OSL« 0.1 

LSDO.O5 NS 

CV(%) 8.3 

^ Foliar treatments were applied with a ground-rig applicator using KNO3 as the K source 
^ HUAP, (86/55''F thresholds) accumulated after planting (29 March, 428 HU after 1 

January) associated with the fertilization dates. 
® Observed significance level for the treatment differences or the probability of a greater F 

value. 

1995 K Fertility Trial 

Three K fertility studies were conducted in 1995. The locations included SAC, MAC 

and a farmer cooperator site at Buckeye, AZ on a Laveen sandy loam soil series. The 

experimental design used in SAC and MAC were identical to the three preceding years. 

At SAC, the same varieties as the previous years were planted on 4 April (389 HU 

accumulated after January I) and replanted on 26 April (581 HU accumulated after January 
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I) due to an irregular plant stand. The date, HUAP, and the rate of each foliar application 

are given in Table 2-13. Plots were mechanically picked on 31 October for the Upland (DPL 

90) and 29 November for the Pima (S-7) cotton. 

Table 2-13. Soil and foliar K application dates, rates, and lint yields of Pima (S-6) and 
Upland (DPL 90) cotton, Saiford Agriculture Center, AZ, 1995. 

Treatments 

SoU^ Foliar^ Lint Yield 
IbsVacre 

lbs. KjO/acre 

Treatment 19 June 
(979)* 

13 July 
(1559) 

3 August 
(2083) 

19 Sept. 
(3201) 

Upland 
(DPL 90) 

Pima 
(S-7) 

1 0 0 0 0 0 1089 458 

2 0 4.6 4.6 4.6 4.6 1008 511 

3 200 0 0 0 0 986 563 

4 200 4.6 4.6 4.6 4.6 1018 521 

5 400 0 0 0 0 n i l  538 

6 400 4.6 4.6 4.6 4.6 1095 510 

OSL* 0.300 0.400 

LSD NS"" NS 

CV(%) 10 15 

broadcast-applied, preplant, and incorporated using K2SO4 as source. 
^Foliar applications using KNO3 as source. 
^Observed significance level for treatment differences or the probability of a greater F value. 
'Not significant. 
*HUAP, heat units (86/5S'F thresholds) accumulated after planting on 26 April (581 HU after 1 
January). 
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At MAC, cotton was planted on 4 April (517 HU accumulated after 1 January). 

Foliar treatments, rates and dates (HUAP) are given in Table 2-18. Plots were mechanically 

picked on 21 November. 

Table 2-14. Foliar K application dates, rates and lint yields of Pima cotton (S-7) at 
Maricopa Ag. Center, AZ, 1995. 

26 June^ 10 July 26 July 7 August Lint Yield 
(1448) (2021) (2432) (3015) 

Treatment lbs. KiO/acre Ib/acre 

1 0 0 0 0 1107 

2 4.6 4.6 4.6 4.6 1092 

3 9.2 9.2 9.2 9.2 1032 

4 0 4.6 4.6 0 1100 

5 0 9.2 9.2 0 1111 

6 0 9.2 0 0 

OSL« 

LSDQ.OS 

CV(%) 

1090 

0.45 

NS 

5.9 

^Foliar treatments were applied using KNO3 as the K source. 
^HUAP, heat units (Sd/SS'F thresholds) accumulated after planting ( 4 April, 517 HU after 
I January ) associated with the fertilization dates. 

^Observed significance level for the treatment differences. 

The Buckeye site study was conducted with a farmer-cooperator. Pima (S-7) cotton 

was planted on 3 March (363 HU accumulated after 1 January) and received one foliar K 

treatment in split plots that had received all combinations of soil applied K rates (Table 2-
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15). Each plot was 8, rows 38 in. wide, with a run of 1216 ft., and was split into two 4-row 

subplots to accommodate the in-season foliar treatment applied on 2 August. The K sources 

for the foliar and soil applications were KNO3 and K2SO4 respectively. The entire center two 

rows of all plots were harvested on 18 November. In-season soil samples were taken at two 

dates to determine K concentration levels (Table 2-16). 

Table 2-15. Soil and foliar application rates and lint yields of Pima cotton (S-7)at 
Buckeye, AZ, 1995. 

Treatment Rates Lint Yield 
(IbsJacre) 

lbs. K^O/acre 

Soil-only 1 0 880 

2 108 901 

3 215 902 

4 294 934 

OSL« 0.55 

LSDQ.OS NS 

CV (%) 8.4 

Soil + Foliar 1 0 + 4.6 804 

2 108 + 4.6 825 

3 215 + 4.6 810 

4 294 + 4.6 875 

OSL« 0.85 

LSDO.05 NS§ 

CV (%) 2.4 

^Observed significance level for the treatment differences or the probability of a greater F value. 
§Not significant. 



39 

Table 2-16. Soil sample results fix)m the K. fertility study at Buckeye, AZ, 1995. 

Sou Exchangeable 
Depth 

Ca* Mg Na K NO,-N** pH EQ ESP« 

cm — mg/kg 1:1 H20 ds/m 

Sample Date - 28 July 

30 5825 435 295 17 36.35 5.88 8.38 3.03 3.58 

60 6550 449 250 17 10.50 3.36 8.48 2.30 2.85 

90 6950 425 261 13 8.25 2.68 8.65 2.03 2.85 

120 6800 405 232 12 8.00 3.37 8.65 1.65 2.60 

Sample Date - 26 August 

30 6600 372 357 17 13.45 6.35 8.45 2.98 4.08 

60 6675 397 297 16 9.00 4.25 8.53 2.38 3.38 

90 7050 405 335 13 7.75 3.25 8.58 2.38 3.60 

120 7100 417 280 11 9.25 2.53 8.63 2.83 2.98 

' Exchangeable cations using neutral molar ammonium acetate. 
'* NOj-N using ion specific electrode. 

"* NaHCOj extractable P. 
^ Computed exchangeable sodium percentage 

For each site-year of the project (1991-1995), all crop inputs (irrigation, pest control, 

and nitrogen (N) fertilization, etc.) were applied as needed throughout the season. Routine 

plant measurements were obtained every two weeks for all plots, including plant height, 

number of mainstem nodes, bloom counts, number of nodes above the topmost white flower 

to the terminal (NAWF), and percent canopy closure. Figures generated from the in-season 

plant monitoring scheme often referred to as "plant mapping" were used to illustrate the 
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pattern of crop growth, development and general balance of the crop. Heat unit data was 

collected from AZMET weather stations at each location and heat units accumulated after 

planting (HUAP) was determined using 86/55 °F maximum and minimum thresholds, 

respectively. Statistical analyzes of all resultant data (12 site-years) collected in this 

experiment were performed by procedures outlined by Steele and Torrie, 1980, and the S AS 

Institute (1985) 

Results and Discussion 

There were no apparent symptoms that would indicate any BC nutritional problems 

at any of the 12 site-years utilized in this project- None of the plant measurements collected 

in this project revealed any differences due to treatments. Fruit retention (PR) levels were 

favorable for all treatments, as was the vegetative/reproductive balance (height to node ratio, 

HNR) maintained by the crop. Typical results of the PR and the height to node HNR for the 

Upland and Pima cotton for the K fertility study from 1991-1995 seasons are illustrated in 

Fig. 2-1. In the five seasons of the study there were heavy fruiting patterns with a low HNR 

for both Upland and Pima cotton. As the results show in Fig. 2-1, the treatments resulted in 

measured parameters (HNR and FR) falling between the long term 95% confidence intervals 

for both Upland and Pima cotton. The development of a substantial boll load is an indication 

of a strong K sink and a high K demand. This figure demonstrates well-balanced growth 

between the reproductive and the vegetative structures for all the treatments. Generally, this 

is an indication for normal growth and development and good FR and hence a strong sink 
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Fig. 2-1. Typical pattern of height to node ratio (HNR) and fruit retention (FR) from 
K fertility studies from 1991-1995 in Arizona (Fig. from SAC, 1994 data). 

for K nutrition. The early season FR levels were high relative to the thresholds which is an 

indication of a good harvest. 

It seems reasonable to suggest that circumstances which may result in potential 

responses to K fertilization on cotton would include high firuit retention and good size 
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bolls(boIl load), well-developed HNR, low soil test K (< 150 mg/kg K), and a coarse soil 

texture. Resultant field inspections revealed no visual symptoms which would indicate any 

BC nutritional problems associated with all the crops in the five seasons (1991-1995) of the 

K study. All plots experienced vigorous and well-balanced growth and development through 

all the growing seasons (Fig. 2-1). A good boll load developed and was maintained through 

harvest as was evidenced by high FR levels recorded for all the plots at several dates of plant 

measurements. Similarly, yield results for all the studies indicated that there were no 

significant effects (yield increases) due to K fertilization. 

It was hypothesized that since reports from other producing regions of the country 

resulted in increases in yield and fiber quality due to K fertilization, that the same would 

occur to the field trials in Arizona. However, the yield results of all the trials and the field 

plant measurements taken in all locations for the period 1991-1995 indicated no significant 

differences among the treatments when compared to their respective controls. The observed 

significance level (OSL) for the K soil/foliar interaction studies for all locations (Tables 2-2 

through 2-18) revealed no differences among K fertihzation treatments for both Pima (S-7) 

and Upland (DPL 90). Generally, the OSLs were about an order of magnitude greater than 

an alpha value (=0.05) commonly used for declaring statistically significant differences in 

the testing of hypotheses. At the Buckeye location (Table 2-17), the OSL indicated a 

significant difference associated with the foliar treated plots. The results indicated a 

reduction in yield associated with the soil-plus-foliar treated plots which may have resulted 
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from an "osmotic inhibition." Excess salt on the plant are generally known to have a 

dehydrating effect since salt build-up can compete with plant for water. The dehydrated 

upper bolls may have been impeded from reaching physiological maturity and hence might 

have resulted to reduced jdeld on foliar treated plots. 

Table2-17. Comparisonof Soil-only and Soil+Foliar mean lint yields ofPima cotton (S-
7) at Buckeye, AZ, 1995. 

Treatment Mean lint yield (IbsVacre) 

Soil-only 904 

Soil + Foliar 829 

OSU 0.019 

LSDo.O5 52.5 

CV (%) 24.7 

^Observed significance level for the treatment differences or the probability of greater F value. 

Foliar K. applications at Buckeye in 1995 were undertaken at the time (2 August) 

when plant nutrient uptake may be receding and just prior to an irrigation event when soil 

and plant water levels were low. The combination of the above factors may have been 

responsible for the reduction in yield of the foliar treated plots. However, the OSLs (Table 

2-15) for the soil-only and soil-plus-foliar treated plots indicated no yield response due to 

K fertilization. The results (Table 2-16) of the soil samples taken at two dates at the Buckeye 

location revealed that the exchangeable K for the two upper horizons at the study site was 
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barely higher than the minimum threshold of 150 mg/kg critical level currently used in UA 

cotton fertility guidelines to support cotton production in Arizona soils (Silvertooth, 1998). 

Also, in 1992, a physical and chemical characterization of southern Arizona 

representative agricultural soils was undertaken and the result of these analyzes revealed 

mixed clay mineral composition (Unruh et al., 1994). None of the soils contained less than 

150 mg/kg exchangeable K. except the Superstition soil. An important feature of these 

analysis is that all soils contain K bearing mica, and none contain significant amounts of 

vermiculite, which possesses a high capacity for K fixation. 

Statistical comparison of means of treatments enabled significant difTerences among 

treatments to be determined. As mentioned earlier, there were no significant differences 

among the treatments for each study in the 12 study site-years. However, in research such 

as the one conducted here, the detection of any trends between the applied K and yield (%RY 

= percent relative yield), may contribute toward pro-active knowledge required in the 

economics of crop production. The data from the 12 study site-years were pooled together, 

and the relationship between the applied K and %RY was fitted with linear, quadratic, and 

cubic regression models (Fig. 2-2). None of the three models displayed a high degree of crop 

response to K. Results indicate that the linear relationship displayed the best fit with an 

= 0.012. The slope (b = -0.00715) value of the linear plot (Fig. 2-2) has a p-value of 0.727 

(> a = 0.05). The quadratic fit presented a relationship which supports the linear fit (%RY 

= 94.607 - O.O246K2O + 0.0000407(K20)^. The p-values for the three regression coefiBcients 
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Fig. 2-2 Effect of applied K on cotton yield (%RY)in some 
Sonoran Desert soils of Arizona. 

of this equation are 0.0001,0.0377, and 0.116 respectively. It is obvious from these numbers 

that the third quadratic term is not significant at a = 0.05 level. Fig. 2-2 does illustrate the 

linearity of the relationship which, though is marginally negative indicates that K application 

is not warranted under Arizona cotton production condition with respect to K fertiUty. For 

the 12 site-years in this study, the relationship between the applied K and %RY can be 

summed as follows: 

Individual analysis by locations and species also provided similar evidence of slight 

reduction in yield associated with K fertilization, although not statistically significant. One 

%RY = 95.3082 - O.OO287IK2O 
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slight exception however, was with the Buckeye cooperator site, where a marginally positive 

linear relationship between applied K and yield (%RY) resulted (Fig. 2-3). 
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The outcome in Buckeye that is displayed in Fig. 2-3 is not at all surprising, given 

that the soil test result (Table 2-21) taken at two dates barely exceeded the current UA 150 

mg BC/kg NH4OAc extractible K soil testing guideline (Silvertooth, 1998). Buckeye had the 

lowest soil test K level of all. The soil test K levels from the Ap horizon taken from the 

control plots and composited at two dates were 178 and 170 mg K/kg respectively. The linear 

relationship between the applied K and %RY is summarized as follows: 

%RY = 89.9424 + O.OI996K2O 
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The cotton plant can sequester excess K. This is often referred to as 'luxury 

consumption', and it enables the plant to store more K than is needed for optimum yields. 

Howard et ai. (1998) found an increasing petiole K concentration with increasing K 

fertilization. They also found that their highest level of applied K produced the highest 

petiole concentration but not the highest yield. This finding is in good agreement with the 

observations that are displayed in Fig. 2-2 and 2-4. Soil test K was regressed against %RY 

to verify if any form of relationship existed. The quadratic expression (Fig. 2-4) provided 

the best fit between the soil test K and the %RY for the observed relationships between K 

and %RY as alluded to in the previous two figures (2-2 and 2-3). 

Fig. 2-4 illustrates the pattern of the relationship between soil test K levels that may 

sustain optimum cotton production in the sites used for the studies. At about 300 mg K/kg 

soil K and beyond the impact of soil K may have a slightly negative effect on yield based 

upon the pooled data curve shown in Fig. 2-2 and also displayed in Fig. 2-4. However, based 

upon a practical interpretation of the data, cotton was not found to respond to K fertilization. 
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Fig. 2-4 Relationship between soil test K level (sK) on cotton yield (%RY - percent 
relative yield of maxim urn) in some Sonoran Desert soils of Arizona. 

Conclusions 

Results of the 12 site-years from this project indicate no yield increases due to K 

fertilization. Figure 2-2, which was generated from pooling the data of the 12 study-sites 

indicate a very marginal decline in yield associated with increasing levels of K fertilization. 

However, in reiteration of the earlier assertion there were no significant differences among 

treatments for all study-sites. In Buckeye a trend toward yield improvement occurred, and 

is illustrated in Fig. 2-3. This very marginal(non-significant) response in yield increase may 
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have resulted from the low soil test K (178 mg K/kg) that was barely higher than the 150 mg 

K/kg baseline. 

In general, the results provide the basis for these important observations; I) when soil 

test K reveals high levels of exchangeable K as displayed in Table 2-22 (>150 mg BC/kg), K 

fertilization may be unwarranted; 2) the 150 mg K/kg soil K threshold for cotton does not 

appear to be too low in that yields were not improved with fertilization (Silvertooth, 1998); 

and 3) in view of the outcome at the Buckeye study(1995), caution should be exercised in 

the application of foliar fertilizers, particularly just prior to an irrigation or late into the 

season. Foliar applications should be applied earlier than cutout, a period when the nutrient 

demand and supply may have the most benefits. Once again, the current University of 

Arizona base line of 150 mg K/kg soil K level serves as a useful guideline in cotton 

production. 
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CHAPTERS 

POTASSIUM RELEASE KINETICS OF 10 REPRESENTATIVE 

SOILS OF ARIZONA 

Introduction 

Soil K can be divided into four categories, namely, solution, exchangeable, fixed and 

structural K (Sparks and Huang, 1985; Sparks, 1987). The proportion of the total K in soils 

held in solution and exchangeable form is usually relatively small; the majority of soil K 

resides in K bearing mica and feldspars (Sparks and Huang, 1985; Sparks, 1987). Potassium 

unavailability can also be enhanced when it reacts with Al-hydroxides and acid phosphate 

solutions to form tarankite (Taylor et al., 1963). In addition, K can precipitate with A1 and 

S04^' to form alunite in acid soils. Upon hydration these compounds are only slow release 

BC sources (Sparks and Huang, 1985). 

The replenishment of a K-depleted soil solution is affected predominantly by the 

release of exchangeable K from clay and organic matter. In order for continual crop growth 

and optimal K nutrition to occur over time, the soil solution and exchangeable K need to be 

continually replenished through the release ofbound K from the nonexchangeable phase, and 

the weathering of K reserves or the addition of K fertilizers (Tisdale et al., 1985; Parker et 

al., 1989; Barber, 1985). 

In terms of the readily available K for plant uptake, factors of intensity (I) and 

quantity (Q) have been regarded as very vital because they affect diffusion and mass flow 
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(Tisdale et al., 1985). In an extensive review of the literature, McLean and Watson (1985) 

described quantity/intensity (Q/I) relationships of exchangeable/solution as generally 

associated by soil-solution equilibrations in O.OIM CaCU, to which increasing increments 

of K are added. Generally, Q/I measures the ability of soil solution to maintain a consistent 

level of the soil solution K" and has been found to be proportional to the CEC. The "Q" 

corresponds to "quantity'*, that is, the amount of extractable exchangeable using a IM 

NH4OAC solution, and the'T' for "intensity", which is the activity of the soil solution K. 

The amount of K* absorbed or desorbed by the soil are plotted (y axis) against the activity 

ratio: BC/(Mg+Ca)"^ in solutions (x axis). The slope of the line is inversely related to the 

capacity of the exchangeable K* of that soil to maintain a near-constant concentration of 

in solution. The activity ratio (AR''J in equilibrium with a soil provides a reasonable 

estimate of the availability or potential of potassium. Thus, to describe fully the K status of 

soils, it is necessary to not only specify the current potential of K in the labile pool but also 

the way in which the intensity depends on the quantity of labile K present. The total amount 

of K that can diffuse through the soil solution is directly related to the intensity of K in soil 

solution at any given time. The activity ratio is a measure of the intensity of the readily 

available (labile) K, and represents the K available to crop roots. The activity ratio indicates 

the effectiveness of the soil solution to provide K"" for plant uptake taking into consideration 

the presence of other cations. These cations include and Mg^^. In acidic soils the 

influence of Al^"^ is considered, and in saline and sodic soils, Na"". 
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Equations and Techniques to Determine 
tC Dynamics in Soils and Clav Minerals 

A number of equations are used to describe FC dynamics in soils and clays. These 

include the first-order, Elovich, parabolic diffusion, zero-order, and power-fimction 

equations (Sparks, 1987). These equations have also been used to determine reaction rate 

coefficients between the four phases of soil K. 

1. First-Order Equation. 

This equation is used extensively to describe K exchange on clays and soils (Sparks 

et al., 1980b; Sparks and Jardine, 1984; Martin and Sparks, 1983; Scott, 1968; Havlin and 

Westfall, 1983; and Havlin et al., 1985). 

The forms of first-order equations used to describe K desorption and adsorption using 
batch and miscible displacement techniques are given in the table below (a plot of log K vs 
t is a straight line). 

Table 3-1. First-order equations for describing potassium adsorption and desorption 
processes using batch and miscible displacement methods. 

Kinetic method 
process Batch Miscible Displacement 

Adsorption InK = InK,-k,f In(I - BC/K, = kj:/ 
Desorption In(K„ -K) = InK,-k,f In(K/Ko) = kjtj 

*K = concentration of K in solution at time t: = initial concentration of K added at time zero: k, 
= adsorption rate coefficient, 
•"K, = amount of K on the colloid at time t: = amount of K on the colloid at equilibrium. 
"Ko = total amount of K that could be released at equilibrium: K = amount of K released at time t: 
kj = desorption rate coefficient. 
''Ko = amount of K on the exchange sites of the colloid at zero time of desorption: K, = amount of 
K on the exchange sites of the colloid at time t. (Sparks, 1987) 



53 

2. Elovich Equation. 

The Elovich equation was developed originally to describe the kinetics of 

chemisorption of gases on solid surfaces and was employed to describe BC release (Havlin et 

al. (1985). It can be expressed as: 

dy/dt = ae*^ 

where y is the amount of K released or adsorbed at time t, a and b are constant. The constant 

a represents the initial rate because dy/dt a, as y o. The plot of y versus In t should give 

a uniform slope I/b. Sparks and Jardine (1984) in their comparison of the equations to 

describe K-Ca exchange in pure and mixed systems claimed the Elovich equation did not 

describe K adsorption well. 

3. Parabolic Diffiision law. 

The parabolic diffiision equation for released or adsorbed K can be expressed as: 

JCyK,= Rt°-^ + constant 

where K, is the amount of K released or adsorbed at time t, K. is the amount of K adsorbed 

or released at equilibrium and R is the overall diffusion coefiBcient, and t is time. Several 

researchers have used this equation with great success, though Sparks et al., (1980b) and 

Jardine and Sparks (1984) noticed a nonlinearity in the initial minutes of K desorption. This 

was attributed to K release from the mica fraction of the soil and to mass-action exchange. 
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4. The Power Function Equation. 

This is expressed as: 

y = at'' + b 

where y is the amount of K released at time t, and a and b are constants. Havlin and Westfall 

(1985) found that the equation described K release from soil well. They also found that a 

and b are highly correlated with nonexchangeable K release. The rate of K release plotted 

against the square root of time gives a linear relationship. 

Miscible Displacement or Flow Technique 

This technique is used in studying soil K dynamics. This method involves the 

introduction of the adsorbate solution of known concentration onto a thin layer of moist soil 

held in a special formulated cylindrical chamber. The release (desorption) reaction is then 

followed by monitoring the decreasing concentration of the previously adsorbed ion. The 

adsorption reaction is studied in a similar way, the reaction being followed by monitoring 

the increasing concentration of the leachate with time. Sparks (1988) indicated that it has 

several advantages, some of which are, ease of measurement of the rapid ionic exchange 

reactions and examining K sorption and desorption phenomena on colloids, as it relates to 

kinetics of solute transport under field conditions. Additionally, with solution flowing 

through the soil system, the solution not only brings in ions but also removes adsorbed ions 

of other species present at potential sorption sites. This latter advantage is important in 
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studying K reactions because small amounts of K in the soil solution at equilibriimi may 

prevent further release of adsorbed K. A similar behavior transpires when applied K slows 

down K release from the exchangeable and fixed phases of the soil. 

Batch Terhniqiie 

This method is widely employed for K release or desorption studies; its major flaw 

being that during centrifliging to separate the solid and the liquid, the phase boundaries 

collapse and it does not allow observation of rapid reactions (Sparks, 1988; van Ophen, 

1977). The technique involves the placement of the adsorbent (resin) and the adsorptive 

(soil-K) in a vessel such as a centrifuge tube. The stispension is agitated using a 

reciprocating shaker. The suspension is then centrifixged or filtered to separate a clear 

supernatant for subsequent analysis. 

Whatever method is adapted for determining the kinetic reactions will depend on 

available resources. It has been shown that when similar time intervals are used, both the 

miscible displacement and the batch techniques yield similar results (Brusseau et al., 199 Ic). 

Model of K reaction in Soils 

Selim et al. (1976) proposed a mathematical model for reactions and transport of K 

in soils. They submitted that kinetic reactions govern the transformation between solution, 

exchangeable, nonexchangeable (secondary minerals) and primary mineral phases of K in 
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soil. Selim et al. (1976) expressed transport and transformation processes of K in the 

solution phase as: 

at "^ad^ ' d 1 

where: C = concentration of K in solution 

Dj = dispersion coefficient 

d = depth below soil surface 

Upw = pore water velocity 

S, = amount of K in exchangeable phase 

p = bulk density 

kj = absorption coefficient 

kd = desorption coefficient 

0 = volumetric water content 

t = time 

The first two terms to the right side of the equation account for transport and are 

referred to as dispersion (diffusion) and mass flow terras respectively. The third and fourth 

terms represent adsorption (forward) and desorption (backward) reactions between the 

exchangeable and solution phases. Selim et al. (1976) assumed that the backward reaction 

exhibited first-order kinetics. The forward reaction was nth-order (less than unity). The 
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implication of this is that K in solution can be lost easily due to adsorption (an important 

factor that guides method of K fertilizer application). 

The transformation of the exchangeable phase (S,) may be written as: 

ds,/dt = (0/pb)kiC" + k2S2 - (ki+k'd)S, 

Where S2 is K. in nonexchangeable phase. Similarly, the transformation of the 

nonexchangeable phase (S,) and of the mineral phase (S3) could be expressed, respectively 

as: 

DSj/dt = k,S| + kjSs - (r2 +k3)S2 

DSs/dt = k3S2 - ktSs 

52 = amount of K in non-exchangeable phase 

53 = amount of K in primary mineral phase 

t = time (hr) 

k|, k,, k3, and are reaction coefficients 

The positive side of the terms of the right side of the equations represent uiput to each 

of the phases. The reactions between exchangeable and nonexchangeable and those between 

nonexchangeable and primary materials were assxmied to be first-order kinetic reactions. 

The three equations above describe transport and reactions of potassium phases as 

represented by Fig.3-1. 
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Figure 3-1. Schematic representatioa of K level reactions in solution, exchangeable, and 
non-exchangeable (secondary and primary minerals) phases in soil (Selim et 
al., 1976). 

Sparks et al. (1980b) observed that little information exists in the literature concerning the 

kinetics of K desorption in soil systems. However, since that time a considerable amount of 

work has been conducted concerning K desorption (release). Sparks et al. (1980b) indicated 

that the knowledge of the reaction rates between the solution and exchangeable phases of soil 

K is essential for predicting the fate of added K fertilizer in soils and to properly make K 

fertilizer recommendations. Cumulative desorption (pig K/g soil) for each soil treatment was 

plotted against time (minutes); showing that K release conformed to first-order kinetics. 

Sparks and Jardine (1984) did a comparison of kinetic equations to describe K. 

adsorption. The first order equation best described K adsorption kinetics in soils and clay 

minerals. Values for correlation coefficients and standard error (SE) were used for this 
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assessment. The first-order had the highest overall rvalue and the lowest SE values. Hence, 

in their view the first order equation best describes the reactions of applied K to the soil. 

Kinetics of chemical reactions involving soil K, and other elements, always proceed 

towards reaching an equilibrium condition. Sparks and Jardine (1984) found that the first 

order equation best described K adsorption kinetics on clay minerals and soils. Desorption 

of K on the other hand was found to be described well by the power-function equation: y = 

at'' (Havlin & Westfall, 1985 and Havlin et al., 1985). The linear transformation is Iny = Ina 

+ k Int; where y is the quantity of K released at time t, and a and k are constants. The k value 

is a rate coefficient value. Havlin and Westfall (1985) reported that the power fimction 

equation described nonexchangeable K release kinetics better than the first-order equation, 

or a number of other models. This submission contradicts an earlier study conducted by 

Sparks et al. (1980) in which they claimed that K desorption conformed to first-order 

kinetics. Sparks et al. (1980) also found that the desorption apparent rate coefficient (k'j) 

decreased with increased clay content of the soils. This was linked to increased intra-particle 

transport and to increased diffusion in the more clayey samples. 

Martin and Sparks (1983) evaluated K release using the Elovich, parabolic diffusion 

law, first-order diffusion and zero order equations. Their findings support Sparks et al. 

(1980) that the first-order equation best describes the K release kinetics. Martin and Sparks 

(1983) findings also repudiates Havlin and Westfall's (1985) conclusion, indicating that 

nonexchangeable K release conformed to the first-order kinetics. 



60 

The parabolic diffiision law was also found to describe release kinetics, indicating 

K movement is governed largely by difiusion (Martin and Sparks, 1983; Sparks and Jardine, 

1984; Havlin and Westfall, 1985). 

Sharpley (1987) used the power-form equation similar to a power function equation 

advocated by Havlin and Westfall (1985) with success. This equation can be expressed as: 

Kd = kKot» 

where is the amount of K desorbed at time (t), at water/soil ratio W, with Ko the initial 

amount of exchangeable K present in the soil, and k, a and (3 constants for a given soil. 

According to Sharpley (1987), this equation, unlike the other models, accounts for the effects 

of Ko on K desorption, t and W, and may thus have application to modeling plant uptake of 

K and its movement within the soil. 

Feigenbaun and Levy (1977) compared three factors affecting K release, i.e., the 

distribution of K in particle size fractions; its total content and the salinity of the soil 

samples. They indicated that the first two factors were of major importance; salinity had 

only a minor effect on release. Feigenbaun and Levy (1977) reiterated that when K is mainly 

in the silt fraction, the K-release rate is higher than when it is in the clay fraction. This 

follows K release characteristics from mica, which is a function of particle size (Scott, 1968). 

The ability of the nonexchangeable K phase to release K to the labile phase has been 

successfully studied over the years using various techniques. Extensive and excellent 

literature capitulations of this subject are given in Beckett (1977), Havlin et al. (1985), 



Mengel and Kirby (1978), Rich (1985), Sparks and Jardine (1984), and TaUbudeen et al. 

(1978). Several models and techniques have been employed in the study of K release 

kinetics. Both the miscible displacement and the batch techniques are popular and have been 

used with great success and are also known to yield similar results when similar time 

intervals are used (Brusseau et al., 1991c; Sparks, 1988). For its simplicity, the batch 

method has been used frequently and involves the placement of the adsorbent and the 

adsorptive in a centrifuge tube. The suspension is then agitated and centrifuged to separate 

a clear supernatant for analysis (Sparks, 1988). Using the batch method, it has been 

demonstrated that extraction using the Ca-resin best simulates K release from the 

nonexchangeable to the exchangeable phase; or more appropriately, the relationship between 

the interlayer K and plant roots (Feigenbaum et al., 1981; Havlin et al., 1985; Jardine and 

Sparks, 1984; Martin and Sparks, 1983). Plant roots take up the soil solution K creating a 

diffusion gradient as a result of keeping the solution BC concentration very low; this is 

essential for further K release from the interlayer (Mengel, 1985). The efforts to describe K 

release kinetics has led to the successful use of several models which include; parabolic 

diffusion, first order rate, Elovich, and the power flmction equations (Feigenbaum et al., 

1981; Havlin and Westfall, 1983; Havlin et al., 1985; Martin and Sparks, 1983; Sparks and 

Jardine, 1981; and Talibudeen et al., 1978). 

However, most of the K kinetics studies in the literature have been reported for 

highly weathered, relatively acidic, and K responsive soils of moderate to high rainfall 
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climates. Kinetic studies that involve relatively unweathered, calcareous or alkaline semi-arid 

to arid region soils are still minimal. In fact, inforaiation describing K kinetics of arid soils 

of the Sonoran Desert agricultural soils, where responses to K fertilizer are not usually 

observed due to high native labile K levels, is very limited. The previous studies 

(McGeorge, 1933; Hendricks, 1985; Silvertooth et al., 1992; Unruh et al., 1993 & 1994; and 

Galadima et al., 1995 and 1996) were focused on the immediate concentration levels of the 

labile K in the soils, and its (labile K) ability to support crop production. The purpose of this 

investigation was to determine the K release kinetics of ten agricultural soils of the Sonoran 

Desert soils of Arizona by the batch technique using the aforementioned mathematical 

models (Havlin et al., 1985; Mengel and Uhlenbecker, 1993; Talibudeen et al., 1978). 

Materials and Methods 

Soil Preparation 

The ten soil samples used for the potassium (K) release studies were collected from 

ten sites across Southern Arizona that were representative of the common agricultural soils 

of the Sonoran Desert (Unruh et al., 1994). The soils were sampled from the Ap horizon and 

air-dried before fractionated using the ultrasonic dispersion of the whole sample in IM 

NaOAc (pH 8.3). NaOAc was used to disperse the soil as well as to remove the 

exchangeable K (Jackson, 1950). Prior to the use of NaOAc, coarse sand size particles were 

separated from the whole sample by wet sieving. The clay fraction was separated by the 
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pipette method which is based on Stoke's law for sedimentation of particles in fluid (Hillel, 

1994). Using Stoke's law (t = I8h /d-g(Ps-Pf), the time (t) for a given particle size (d) to 

sediment or drop by height (h) in an aqueous solution (at a given temperature) is calculated. 

The clay in the suspension was pipetted from the sedimented sand and silt particles after time 

(t) had elapsed. Six repetitive settlings and pipetting of the resulting suspension was a 

requisite for effective separation of the clay from the sample. The separated clay fractions 

were subsequently air dried after repeated decantation of the supernatant. 

Resin Preparation 

The resin used for the reaction was Dowex-50 (HCR-W2) X8, dry mesh 16-40, 

strongly acidic cation exchanger (hydrogen ionic form). Prior to being used for the exchange 

reaction, the resin was transformed to the calcium (Ca) form. This form used in the K 

release reaction is believed to closely simulate the natural soil K. release reaction (Havlin and 

Westfall, 1985). The moist resin was air dried overnight imder the flraie hood before being 

passed over a 20-mesh sieve. This enabled the particle size sSSO^im to be retained and 

transformed to the Ca form. The process of transformation was as described in Havlin et al., 

1985, and Talibudeen et al., 1978. This process involved a series of washes of the resin with 

deionized water, followed by titration with IM NaOH until thepH stabilized between 6.5-7.0 

for two days. The resin was then slowly leached with IM CaCIz until the sodium (Na") level 

in the leachate was less than I mg/1. The now Ca saturated resin was washed with 0.0IM 
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CaCU followed by another wash with deionized water until the leachate contained less than 

2 mg/1 Ca^*. The resin was then stored under deionized water for subsequent use. 

Subsequently, the used resin was regenerated for further use by following the treatments 

described above. The transforaiation of the resin from the hydrogen to the calcium form may 

be summarized by three steps as follows: 

1) R2SO3H + NaOH = RjSOjNa +H2O (titration step) 

2) 2R2S03Na + CaCla = (R2S03)2Ca + 2NaCl (leaching step) 

3) (R2S03)2Ca + 2NaCl = (R2S03)2Ca (a final washing step). 

Prior to being used for the BC release reaction the stored resin (R2S03)2Ca was placed into 

a porcelain funnel (whose false bottom was covered with a filter paper) and leveled off. This 

charge of wet resin was then evacuated for two minutes so that a lOg weight of resin was 

reproducible to approximately ±0.02g. 

Soil:resin Reaction 

The K release reaction involved weighing out the air-dried clay (l.OOg, <2 ^m) 

samples into capped plastic centrifuge tube. An aliquot of 0.5 ml deionized water was added 

to each tube and allowed to equilibrate overnight. Two grams of the evacuated Ca-resin 

together with 10ml of deionized water were added to each tube. The mixture of soil, resin, 

and water was then gently and continuously agitated at intervals representing the K release 

reaction periods. The reaction temperature was 22°C ± 2°C. At the end of each reaction 
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period, the resin was quickly separated in less than 5 minutes from the soil on a 48-mesh 

sieve with 25 ml deionized water. The resulting soil suspension was centrifuged at 12,000 

rpm for 10 minutes; 25 ml of the supernatant was then decanted, and its K concentration was 

determined by atomic absorption spectrophotometer (AAS). A fresh charge of Ca-resin was 

again added to the centrifuged soil to initiate the next reaction period. The separated resin 

was leached at the rate of about 10-11 ml/hr with 150nil of O.OIM CaCl2 and the leachate 

was analyzed for fC concentration by AAS. 

The set-up for leaching the separated resin involved inserting the needle a 60-cc 

syringe needle into the piston of a 3-cc syringe mbe. The 60-cc tube served as a reservoir 

for the O.OIM CaCl2 leaching solution. The 3-cc tube, to which a stop valve was attached 

held the separated resin. The stop valve enabled the flow rate to be adjusted so that a flow 

rate of about 10-11 ml/hr was achieved. A needle attached to the stop valve enhanced the 

effective control of the flow rate and directed the leachate to the collecting flask. Two grams 

of Ca-resin in each duplicate were weighed out and leached the same way to determine their 

K content, if any, which was used to correct the measured K concentration of the 

soil-reacted resin. The total K released during a reaction period was the sum of the K 

concentration from the leached resin and the supernatant decanted after the centrifliging 

process. 
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Results and Discussion 

A complete physical and chemical characterization of selected properties of the ten 

agriculturally productive representative soils used in this study were previously reported 

Unruh et al.(l994). The X-ray difBraction analysis of the clays revealed a mixed mineral 

composition of smectite, mica, kaolinite, palygorskite, calcite and small amounts of quartz. 

The chemical analysis indicate none of the soils in the study contained less than 150 mg/kg 

exchangeable K, except the Superstition sand. The CEC of the soils ranged from 25 cmol/kg 

to 4 cmol/kg, where the Gadsden and Indio soils showed the highest CEC levels, and the 

Superstition soil, the lowest. Sonoran Desert soils generally possess low to moderate CEC, 

yet demonstrate a strong capacity for base saturation. This may be an attribute of soils still 

in relatively early stages of development with parent materials rich in basic cations. 

Cumulative K Release Curves 

The total K released from the soil after each reaction period was the simi of the BC in 

the resin and the K in the supernatant liquid after centrifugation of the separated soil 

suspension. The K content desorbed from the nonexchangeable phase of the clay samples 

were cumulatively added and plotted against the cumulative desorption time so that 

cumulative release curves were obtained as shown in Fig.3-2. The amount of K desorbed 

(released) from the 10 clay samples were in the range of6.5-172.89 mg/kg. The cumulative 

curves displayed in Fig. 3-2 show two segments of the three that are typically associated to 
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Rg. 3-2 Cumulative K released to caldum resin by ten representative soils. 

K release studies of more than 1000 hr cumulative desorption time. The first segment of the 

curves, which comprised about 35 hours represent the so-called "initial phase", and varies 

with the soil. This first segment is believed to represent the rapid K release firom the mica 

Section of the soil and to mass action exchange fi-om the planar surface of the clay (Jardine 

and Sparks, 1984). The second segment following a transition stage is the intermediate 

phase representing K release from the interlattice edge and correponds to the first 1000 hrs 

of K release. This second segment is known to be crucial for the replenishment of the labile 

soil K (Talibudeen, et al., 1978). The third segment, which is the second long-term rate 
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usually occurs after 1000 h of release time and is lacking in this study since only 700 h 

cumulative time was attempted. This third phase corresponds to K release fix)m the 

interlattice exchange site and is very slow. Exchangeable BC was removed during the particle 

separation procedure using the NaOAc, hence, the clay samples employed in the K release 

(desorption) study were saturated with Na prior to the release reaction with the Ca-resin. The 

initial K release rates (0-35 h) were higher than the rates observed after 35 h, with about 55% 

of the total K release occurring during the first 35 h (Fig. 3-2). The cimiulative K release 

plot (Fig. 3-2) shows a pattern similar to that demonstrated by Talibudeen et al., 1978, 

Sparks and Martin, 1983, and Mengel and Uhlenbecker, 1993. Out of the 10 soil series 

involved in the study, the Casa Grande sandy loam curve showed the highest K release rate. 

This may have resulted from high amounts of coarse micaceous mineral present in this soil, 

which has also possessed one of the highest level of NH4OAC extractible K. Coarse soil 

materials which harbor K are known to have high K release rates (Sparks, 1988). 

K Release Kinetic Models 

Four mathematical models were used to describe the kinetics of nonexchangeable K 

release in this 10 soil series. The power ftmction equation applied to BC release is expressed 

as: 

Iny = hia + b Int 
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where y is the amount of K released at time t, and a and b are constants. The constant a 

represents the initial rate and refers to the y intercept of the straight line plot of Iny vs. Int. 

The constant b is the slope of the plot, and is the rate constant of the reaction. The Elovich 

equation applied for the description of K release reaction is in the form expressed below: 

y = a + b Int 

where the elements of the equation are as described for the power fimction equation above. 

According to Havlin and Westfall, (1985) this form of the Elovich equation is suitable for 

describing cumulative reaction time ofbelow lOOOh. When cumulative time exceeded 1000 

h, the equation may be applied as in the form shown below: 

y = a + b ln(t +1^) 

The form of the linear parabolic diffusion equation applied to the K desorption is expressed 

as 

y = a + bt"^ 

and the linear first order equation is of the form: 

Iny = Ina - bt 

where the elements of the equations are as described for the power function equation. 

Plotting the K+ released (y or Iny) versus the term of the duration of the extraction (Int, t or 

t"^), straight lines were obtained (Fig. 3-3 - 3-5). 
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Fig. 3-5. Relationship between observed and predicted nonexchangeable K release 
over time as described by the Parabolic Diffusion (y = a + bt^^^j equation. 

Results of the statistical analysis obtained by plots, which were fits between the 

models and the experimental data, are reflected by the Coefficients of Determination (r^) and 

the Standard Errors of the estimates (SE) (Table 3-4). The best fit (highest and lowest SE) 

overall were obtained by the Elovich equation and the power flmction equation. This finding 

is in good agreement with the results obtained by Mengel and Uhlenbecker (1993), Havlin 

and Westfall (1985), Sparks and Jardine (1984), Martin and Sparks (1983), and Sparks et al. 

(1980b). The first order model consistently did not describe K release reactions of the 

nonexchangeable phase (Table 3-4), and displayed the poorest fit with the experimental data. 

This finding contrasts with those of Feigenbaum and Shainberg (1975), and Martin and 
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Sparks (1983), but is in agreement with Havlin and Westfall (1985) and Mengel and 

Uhlenbecker (1993). The parabolic diffusion equation similar to the first order model did 

not adequately describe K release of the nonexchangeable phase of the samples employed 

in the study. In Table 3-4 however, exception can be made for the Casa Grande soil series 

where this model was only exceeded by the power fimction, which adeqiiately descnbed the 

K release process. In general, the finding associated with the parabolic diffiision equation 

is in contrast with Havlin et al. (1985). The low r^ values, and particularly the relatively high 

values of the SE of the estimates of the parabolic diffusion model provide a strong case for 

its non-fit (Table 3-4). 



Table 3-2. Coefficient of determination (r^) and standard error of the estimate (SE) of various kinetic models for K release in 
ten Arizona soils. 

Models Pima Casa Mohall Gilman Indi Gadsden Glenbar Antho Grabe Superstition 

Power 0.97 0.95 0.948 0.964 0.98 0.964 0.974 0.962 0.936 0.943 

Iny = SE 0.06 0.11 0.109 0.082 0.06 0.081 0.075 0.079 0.114 0.109 

Parabol 0.86 0.91 0.861 0.850 0.91 0.873 0.904 0.860 0.829 0.841 
y = a SE 4.55 6.76 5.329 4.424 4.05 4.81 5.97 4.81 5.97 4.941 

Elovich r^ 0.98 0.82 0.990 0.987 0.97 0.992 0.945 0.993 0.994 0.997 

y = a SE 1.40 9.76 1.403 1.251 1.65 1.130 3.061 1.077 1.126 1.145 

First- 0.49 0.61 0.445 0.469 0.52 0.479 0.537 0.474 0.418 0.432 

Iny = SE 0.29 0.32 0.358 0.314 0.32 0.306 0.318 0.293 0.341 0.343 



Table 3-3. Intercept (a) and Slope (b) values for the kinetic models which best describe K release in ten Arizona soils. 
Models Pima Casa Mohalt Gilnia Indio Gadsden Glenbar Antho Grabe Superstition 

Power Function a 2.69 2.763 2.619 2.522 2.337 2.674 2.485 2.799 2.791 2.586 

Iny = Ina + b b 0.21 0.266 0.244 0.221 0.242 0.218 0.241 0.207 0.226 0.231 

Parabolic a 21.7 21.03 22.177 18.919 15.49 27.724 17.649 24.24 25.961 21.13 
y = a + bt"^ b 1.46 2.911 1.7074 1.308 1.377 1.493 1.606 1.534 1.688 1.460 

Elovich a 11.7 6.807 10.348 9.749 6.785 11.547 7.863 13.56 13.623 10.686 

y = a + b Inl b 6.35 11.23 7.433 5.719 5.791 6.458 6.665 6.690 7.504 6.434 

First-Order rate a 3.31 3.501 3.345 3.174 3.039 3.314 3.178 3.408 3.468 3.275 

Iny = Ina-bt b 0.00 0.002 0.0016 0.0014 0.002 0.0014 0.0017 0.0014 0.0014 0.0015 
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The Elovich equation (y = a + b int) generally had the best fit of all the models which is in 

agreement with Havlin et al. (1985) and Mengel and Uhlenbecker (1993). 

K Release Constants (a and b) 

The constants a and b of each model represent the intercept and the slope of the linear 

curves resulting from plotting the released vs. time (Table 3-5). The constant b mirrors 

the release rate of the nonexchangeable K"". The b values are known to correlate well with 

crop K released from the nonexchangeable K phase (Havlin and Westfall, 1985; and Mengel 

and Uhlenbecker, 1993). When plant uptake does not positively correlate with the b value, 

this may represent the soil's inability to meet the K demand by the crop. On the other hand, 

a high positive correlation can be an indication of adequate K release from the 

nonexchangeable K to meet the crop K needs. Out of the four models used to describe K 

release in the 10 samples in the study, the Elovich equation which demonstrated the best fit 

(r^ and SB) and displayed the highest b values (Table 3-5). The b values (also referred to as 

rate constant, k) of the Elovich equation are at least two orders of magnitude greater than 

those shown by Havlin et al., 1985. If the b values shown by Havlin et al. (1985) are an 

indication of soils with high K potentials, then the clay fraction in Arizona soils has a high 

capacity to release K to compensate for crop uptake. It is also evident from Table 3-5 that 

the power fimction equation which displayed the second highest fit, also showed a rate 

constant (k) for its model indicative of a healthy K release rate typical for non-fixing clays. 

Figures 3-3 to 3-5 illustrates the fit between the models and the K release data. The 
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similarities of these plots (r^ and SE) particularly. Fig. 3-3 - 3-5 attest to the fact that the K 

release kinetic reaction is diffusion controlled, particularly between Fig. 3-3 and 3-5. 

Conclusions 

Based on the consensus from the literature review, it was earlier hypothesized that 

the Elovich and the power function equations would describe K release well in Arizona soils. 

The outcome of the study provides a basis for these important observations: 

1) The Elovich and the power function equations adequately described the K release 

kinetics of the soils tested. 

2) The K release rates (b) (Table 3-5) are at least in the order of magnitude in 

comparison to those obtained elsewhere. 

3) None of the soils contain K fixing minerals but rather K bearing minerals. 

The cumulative plot (Fig. 3-2) also reveals the nature of the clay behavior with 

respect to the BC. The slopes of curves representing clay source locations appear to be 

gentle and very similar in their pattern. The magnitude of these slopes is an indication for 

good KBC. The similarity in the pattern of curves may be an indication of similarities in 

clay behavior irrespective of their location provided they have similar properties. However, 

differences exist with respect to % clay content and some mineralogy, which shape the 

differences in rates as well as the displays in Figures 3-2 to 3-5 and Tables 3-2 and 3-3. 
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CHAPTER 4 

Summary and Conclusion 

The plant measiurements taken from all locations revealed excellent FR without an 

in-balanced vegetative growth (i.e., HNRs within long-term 95% confidence interval). This 

indicates ample nutrient demand so that if the labile soil K is inadequate to meet crop needs, 

deficiency symptoms and depressed yields should occur. 

As was mentioned earlier, there were no visual symptoms detected for any of 

treatments including the controls. 

A unique phenomenum resulted in consistent reduction in yield associated with the 

foliar treatments at Buckeye 1995 and yielded a comparison OSL of 0.019 at a=0.05 

confidence level (Fig.2-17). This consistent reduction in yield, as hinted earlier, may have 

resulted from an "osmotic inhibition". A situation which may have been caused by deposit 

of salt on leaf surface causing it to dehydrate. A high "solubility salt" such as KNO3 that was 

used for the foliar application may have had an osmotic inhibitory effect on the crop. Bolt 

and Bruggenwert (1976) found that soluble salts deposited on the plant exert high osmotic 

pressure (e.g., in excess of 5-10 bars), which may have a detrimental effect on subsequent 

crop growth and development. When the leaf surface is affected, a consequential effect on 

the photosynthetic apparatus is inevitable, hence, the amount of photosynthate synthesized 

and allocated to the reproductive structure is reduced. Since the foliar application was 

performed at this site in August, a reasonable amount of time beyond the active boll filling 

(loading) period of late June to July had elapsed and nutrient uptake was in the decline. It 
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is apparent that the foliar application would have a negative effect. This detrimental effect 

may have been worsened by the foliar application when crops had not been well watered 

perpetuating the inhibitory effects of the salt deposit on the crop. Nevertheless, the Buckeye 

BC fertility trial like the rest of the locations did not result in yield increases due to K 

fertilization. Care needs to be exercised in K fertilization in Arizona soils where Soil test K 

is relatively high. Aside from economic waste of resources, it is important to know that 

cotton, even though it has the capability to sequester excess K fed to it, may also be diverting 

energy source from the reproductive structiu-es to cope with the situation of excess K. 

Clay mineralogy is a very strong factor when studying KBC (K buffering capacity). 

The BC and the mechanism of K releases and adsorption complicate soil K chemistry. 

Sandy soils low in K, which show little yield response to applied K may have BC release 

from the fixed and mineral phases rapidly enough to maintain adequate exchangeable 

solution EC level. As displayed in Unruh et al., 1994, most of the soils possess less than 25% 

clay content yet possessed high levels of exchangeable K. The implication of this is that the 

soil K in some agricultural soils of the Sonoran Desert of Arizona may possess low KBC. 

Sound agronomic management practices would prove to be helpful as well, particularly in 

irrigation application (inevitable in Arizona). Irrigation needs to be undertaken so as not to 

lose K released to a sandy soil with very low clay content (low KBC). 

Results of the K release study show that the clay fractions of Arizona soils have a 

healthily comparative K release chemistry as elsewhere in the US. The measured parameters 

such as a, b, r, and the SE for the K. release reaction were as those obtained in similar studies 
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conducted by Havlin et al., 1985 and Mengel and Uhlenbecker, 1993. Like the above-named 

researchers, we found that the Elovich and the Power Function equations describe K release 

of clay fractions very well. 

Future Research 

A study could be conducted to evaluate K potential (KBC) using Quantity and 

Intensity (Q/I) factors, and hence, rank the soils of Arizona on the basis of their K supplying 

power to maintain cotton production. 

Havlin et al. (1985) found that clay contribution to total K release to Ca-resin ranged 

from 65.1 - 79.7 percent and that of silt from 20.3 - 34.7. It would seem appropriate that 

since both clay and silt fractions contribute to total K release, a study of the contribution of 

the silt fraction would be valuable for determining the percent contribution of each fraction. 



AppendxA. 

Data of cunutaUwtime in houn (Cum. T(h)) and Krelease in mg/ko of 10 day samples ftam 10 sod series (Replicate 1). 

Cum.t(h) Pima 
0.25 9.04 
0.75 13.22 
1.75 15.53 
2.75 17.28 
4 18.37 

5.5 19.88 
7 21.52 

8.5 22.87 
10 24.3 
12 25.5 
14 26.73 
16 28.32 
18 29.83 
21 30.86 
24 31.79 
27 33.06 
32 34 
37 34.87 
41 36.81 
46 36.66 
51 37.13 
56 37.68 
84 38.52 
72 39.37 
80 39.84 
32 40.46 
104 41 
118 41.54 
128 42.08 
143 42.81 

158.5 43.47 
175.5 44.2 
193.5 44.83 
213.5 45.52 
233.5 46.2 
253.5 47.08 
277 47.72 
301 48.38 
325 48.M 
348 40.53 
373 40.S7 
403 50.53 
433 sa75 
466 51.13 
501 51.63 
537 52.12 
573 52.64 
613 53.16 
655 53.69 
700 54.57 

CGrande Mohali 
8.1 6.69 

13.07 10.89 
16.68 129 
19.71 15.24 
22.91 18.02 
25.57 20.7 
28.S7 23.16 
30.78 24.79 
33.08 27.02 
34.46 28.5 
35.93 29.6 
37.2 30.94 
3a62 3202 
39.73 33.04 
40.94 34.03 
42.27 35.06 
43.48 36.24 
44.78 37.22 
45.91 38.21 
46.91 39.25 
47.64 39.89 
48.73 40.46 
49.69 41.37 
50.49 4212 
51.18 4274 
51.77 43« 
52.7 44.28 
53.36 44.96 
54.04 45.66 
54.94 46.46 
55.93 47.19 
56.86 47.88 
57.76 48.7 
58.58 49.52 
59.48 50.27 
60.29 51.16 
61.18 51.96 
82.25 5273 
63.76 53.62 
65.07 54.29 
67.16 54.90 
70.71 55.57 
74.72 56.07 
81.53 56.7 
84.06 57.32 
92.07 57.92 
94.5 58.53 

101.34 59.22 
106.61 59.88 
116.3 60.72 

Gilman Indio 
744 5.64 
10.79 9.44 
123 11 
13.9 1246 
15.31 13.72 
16.88 15.54 
18.58 17.18 
19.9 18.09 
21.37 19.24 
2255 20.06 
23.91 20.73 
25.09 21.74 
26.06 2230 
28.91 2296 
28.06 2388 
29.18 24.44 
30.06 25.28 
30.99 26.11 
31.7 26.78 
3238 27.54 
3274 28.46 
33.39 29.08 
33.96 29.81 
34.71 30.63 
35.22 31.22 
36.60 31.58 
36.21 3239 
36.66 33.01 
37.15 33.89 
37.84 34.88 
3a44 36.64 
39.04 36.35 
39.57 37.06 
40.28 37.94 
40.88 38.75 
41.5 39.61 
4201 40.29 
4257 40.9 
43.02 41.44 
43.54 41.96 
43.98 4245 
44.39 4284 
44.75 43.23 
45.1 43.56 
45.53 44.06 
45.96 44.47 
46.38 44.87 
46.84 45.38 
47.28 46 
47.98 48.73 

Gadsden Gienber 
7.64 6.5 
11.87 10.93 
15.18 1294 
17.46 14.71 
19.27 15.91 
21.29 17.49 
2294 19.22 
24.04 20.5 
25.2 21.69 
26.28 226 
27.38 23.63 
28.96 24.7 
30.26 25.76 
31.18 26.67 
3219 28.51 
33.04 29.54 
33.88 30.34 
34.67 31.28 
36.51 3219 
36.40 33.19 
36.9(7 33.67 
37.67 3428 
38.28 34.86 
38.79 35.66 
39.27 36.24 
39.73 36.86 
40.40 37.58 
4123 3822 
41.82 38.86 
4271 39.66 
43.47 40.33 
44.30 41.02 
44.90 41.50 
45.72 4235 
46.37 43.06 
47.05 43.8 
47.72 44.44 
48.33 45.03 
40.16 45.61 
50.17 46.16 
50.74 46.73 
51.12 47.22 
51.56 47.81 
5212 48.52 
52.68 49.36 
53.12 50.91 
53.59 51.82 
54.15 53.29 
54.67 55.21 
55.4 68.37 

Anttxj Gratie 
9.21 793 
13.8 11.39 

15.98 16.31 
18.42 19.51 
21.19 21.78 
23.96 24.54 
25.55 26.14 
29.96 28.06 
28.33 29.72 
29J27 31.31 
30.33 33.02 
31.29 34.6 
3225 36.00 
3294 37.16 
34.34 38.39 
36.66 39.72 
36.62 40.8 
37.42 41.8 
38.41 4276 
39J29 43.66 
39.91 44.2 
40.51 44.77 
41.16 45.58 
'0.02 46.27 
42,83 46.88 
43.22 47.46 
44.02 48.11 
44.72 48.77 
46.44 40.43 
46itl 50.31 
46.96 51.07 
47.71 51.92 
46.42 526 
40.21 53.47 
40.96 54.15 
50.7 54.9 
51.46 55.83 
5217 56.38 
5281 57.14 
53.36 57.78 
53.80 58.28 
54.33 58.71 
54.74 59.15 
56.17 59.67 
56.73 80.24 
56.21 60.8 
56.67 61.35 
57.18 6204 
57.58 6268 
58.31 63.08 

Superst 
6.48 
10.81 
13.15 
14.92 
16.45 
18.68 
21.62 
23.62 
25 

26.33 
27.9 
28.94 
29.94 
30.67 
31.8 
32.98 
33.87 
34.56 
35.32 
36.06 
38.27 
36.74 
3724 
37 87 
38.4 
38.96 
39.94 
40.67 
41.38 
42.29 
4Z99 
43.78 
434.38 
45.15 
45.78 
46.36 
46.96 
47.54 
48.18 
48.87 
49.32 
49.74 
50.14 
50.47 
50.92 
51.28 
51.74 
52.18 
52.6 
53.24 



Replicate 2 81 

Cuin.t(h) Pfma 
0.25 9.45 
0.75 13.9 
1.75 18.08 
Z75 17.4 

4 18.35 
5.5 19.19 
7 20.1 
85 20.92 
10 21.58 
12 22.09 
14 22.3 
16 2ZS9 
18 22.8 
21 2297 
24 23.41 
27 23.94 
32 24.25 
37 24.47 
41 24.92 
46 25.32 
51 25.89 
56 25.86 
64 25.96 
72 26.84 
80 27.27 
92 27.86 
104 28.36 
116 28.86 
128 29.51 
143 29.97 

158.5 30.41 
175.5 30.8 
193.5 31.37 
213.5 31.96 
233.5 32.37 
253.5 3289 
277 33.07 
301 33.42 
325 33.76 
349 33.89 
373 33JS 
403 34.38 
433 34JS 
466 3225 
501 35.6 
537 36.01 
573 38.4 
813 36.77 
655 37.2 
700 37.81 

CGrande MotafI 
9.59 7.11 
14.82 10.92 
18.15 1Z86 
20.77 14.19 
22.93 15.23 
24.89 18.22 
28.58 17.11 
28.06 18 
29.4S 18.85 
30.11 19.54 
31.94 20.08 
33.13 20.54 
34.12 20.84 
35.17 21.18 
36.28 21.8 
37.34 22.17 
38.24 2ZS2 
39.88 22.92 
41.48 23.53 
44.08 24.18 
48.83 24.88 
50.31 24.93 
58.74 25.41 
58.03 28.1 
81.00 28.87 
84.96 27.24 
75.09 27.72 
89.49 2a42 
93.16 29.36 
98.84 30.01 
104.92 30.58 
107.83 31.1 
108.31 31.72 
115.49 3Z34 
122.84 33.83 
129.78 34.28 
132.96 34.75 
137.86 36.19 
140.52 35.64 
140.83 36.72 
143.09 35.83 
144.86 36.34 
146.76 36.99 
148.97 37.53 
15Z53 37.96 
157.60 38.43 
185.06 38.98 
189.26 39.46 
17Z84 40 
172.89 40.5 

GBman Indio 
5.22 5.8 
7.98 8.88 
9.18 10.28 
10.93 11.35 
1211 1217 
13.28 1286 
14.31 13.47 
15.09 14.11 
15.83 14.59 
18.45 14.94 
16.95 15.15 
17.38 15.28 
17.89 15.36 
18.21 15.47 
18.85 15.84 
19.26 16 
19.66 16.15 
20.11 18.31 
20.57 18.57 
21.13 16.9 
21.8 17.29 
21.86 1734 
2215 17.43 
228 17.91 
23.33 18032 
23.9 18.79 
24.55 19.19 
25.2 19.72 
26.06 20.41 
28.7 20.91 
27.31 21.39 
27.84 21.86 
28.86 2257 
29.76 23.04 
30.37 23.36 
30.86 23.84 
31.3 24.17 
31.71 24.51 
31.23 24.91 
31.36 24.96 
31.41 25.06 
31.92 25.47 
3233 25.89 
3287 26.42 
33.28 26.85 
33.86 27.16 
34.08 27.51 
34.8 27.92 
35.13 28.46 
35.83 28.92 

Gadsden Glentnr 
6.87 6.14 
10.49 9.68 
1248 11.75 
13.82 13.23 
14.46 14.07 
15.31 14.93 
16.21 15.67 
16.88 16.36 
17.49 16.9 
17.88 20.33 
18.12 20.61 
18.27 20.82 
18.4 20.96 
18.58 21.14 
18.75 21.8 
19.24 2231 
19.4 2258 
19.69 2287 
19.98 23.27 
20.36 23.73 
20.7 25.06 
20.87 25.25 
21.03 25.41 
21.65 28.02 
2209 28.56 
2266 27.19 
23.21 27.66 
23.88 28.13 
24.41 28.9 
24.93 29.46 
25.42 29.86 
25.92 30.44 
26.58 31.1 

27 31.82 
27.28 3204 
27.87 3241 
2B.0S 3271 
28.4 33.1 
28.77 33.43 
29.09 33.81 
29.17 33.78 
29.57 34.23 
30.03 34.72 
30.43 35.23 
30.47 35.89 
31.1 36.SS 
31.52 37.43 
31.94 38.78 
3244 39.88 
3292 41.81 

Antho Grate 
3.96 8.3 
14.7 1222 
17.16 1407 
18.72 15.28 
19.75 18.42 
20.62 17.41 
21.4 18.54 
22.2 19.51 
2296 20.49 
23.48 21.25 
23.91 21.78 
24.24 2219 
24.5 2284 
24.73 23.04 
25.42 23.T7 
26.1 24.48 
26.49 25.02 
28.96 25.53 
27.33 26.05 
27.81 26.6 
28.29 zr.2 
28.59 27.52 
28.94 27.8 
29.66 28.54 
30.19 29.22 
30.76 29.67 
31.33 30.03 

32 30.43 
328 31.06 
33.38 31.46 
33.83 31.97 
34.37 3251 
35.2 33.33 
35.86 34.01 
38.34 34.48 
36.82 34.93 
37.21 35.35 
37.59 36.86 
38.02 36.17 
38.24 36.28 
38.37 36.47 
38.86 36.89 
39.34 37.44 
39.77 37.94 
40.1 38.37 
40.46 38.77 
40.94 39.21 
41.37 39.74 
41.85 40.28 
42.3 41 

Superst 
8.33 
9.84 
11.23 
12.23 
13.03 
13.75 
14.38 
14.95 
15.46 
15.78 
15.9 
18.06 
19.11 
18.2 
18.71 
18.94 
17.1 
1754 
17.5 
17.72 
17.91 
17.96 
18.02 
18.51 
18.96 
19.4 
19.76 
20.18 
20.78 
21.18 
21.45 
21.85 
2Z38 
23.72 
24.66 
2431 
24.58 
2488 
25.15 
25.26 
25.34 
25.71 
26.1 
28.39 
28.68 
26.94 
27.24 
27.58 
27.95 
28.3 



Appendix B 

Setup for Resin Conversion to the Calcium form. 

ank (l.OM CaClz) 



Appendix C 

Set-up for Leaching Resin of Adsorbed K after Reaction 

Stop valve Tank (0.01M CaCb) Reacted resin holder 
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