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1 1 5 macronutrient fertier when applied 

, Mthis way to prevent locally high con-Surces centrto Inthe sol. 
Ammonium and sodium molybdate 

are the primary sources of Mo. TheyAnd Agronomic Ac are water soluble while molybdic oxideResponses 
slightly soluble. Mo'ybdenum is 

applied with seed, as foilar spray, or 

mixed with fertilizer, lime, or gypsum. 
Sulfates of h e av y metal micronu. 

trients can be granulated for blending 

with macronutrient fertilizers. WaterRay B.Diamond 
insoluble forms are not suitable 
sources in granular form because of 
the small surface area exposed for 
reaction in soil. Several of the re-Micronutrient fertilization has been fertilizers does not affect the water latively insoluble sources are applied


recognized as an important partofcrop solubility of the B (1, 2) although the as powders alone to the soil, incor
production In some locations for hydrated borates react withsuperphos- porated in fluid or granular macro
several years. A "cop production is phate and release water which causes nutrient fertilizers, and coated ongran
intensified and more concentrated pri- problems in granulation (3). Anhy- ular fertilizers. Methods of incorpora
mary nutrient fertilizers are used, drous sodium tetraborateissuitablefor ting micronutrients in fertilizers were
 
micronutrient fertilizers will become granulation with superphosphate. The discussed by Young (4).
 
a more important consideration for sodium borates are soluble in fluid N Inorganic sources of MnandZnform
 
efficient crop production. This paper and mixed fertilizers and may be ap- insoluble reaction products when ap
lists several important sources of the plicd in this way. Due to the narrow plied with macronutrient fertil:zers
 
micronutrients, discusses factors af- range between deficiency and toxicity having a saturated salt solution of
 
fecting their availability to plants, and of B, it must be uniformly mixed with relativelyhigh p1t (5, 6). Acid-forming

gives examples of the relative agron- fertilizers are better carriers of Mn and
 
onic effectiveness of several .ources. Zn than non-acid-forming fertilizers.
 

Properties and Reactions: Proper- Table I. Inorganic Sources of Micronutrients. Ammoniation during production de
ties of micronutrient sources varycon- Common or Percent of creases the solubility of Zn (7, 8).
 
sidc,,ably. Sources may be completely Trade Name Element Reaction products of Zn with triam
water soluble or very slightly soluble. monlum pyrophosphate (a major com-

Inorganic sources may be supplied as Boron
 
relatively pure compounds, mixtures Borax II ponent of ammonium polyphosphate


Rorate-46, Agribor, Tronabor 14 fertilizers) are more soluble than withof compounds containing one or more Borate-65 20 ammonium orthophosphate (5) while 
micronutrients, or mixtures with non- Boric acWd 17 the opposite is true with Mn (6). Cop
micronutrient compounds. Organic Sotubor 21
 
sources are available as synthetic che- Calcium borate 10 perThe iseffects uponas and oxide.
used thesolubiitysulfate of mixing
lates or natural organic complexes of Copper: Cu sources with macronutrients have 
metal ions. Inorganic salts are also Copper sulfate 25-40 been studied very little, but it is likely 
incorporated into a glass-like matrix Basic copper sulfate 453 
(frits) to delay their release. There- Copper oxide 60-86 that behavior inmanysltuationswould 

Copper cL.,bonate 52 be like Zn. Soil applications of infore, one classificationof micronutrient 
organic Fe sources are generally inef

sources is: (1) Inorganic salts, (2) from: fective for crops because Fe is easilySynthetic clielates, (3) Natural organic Ferros sulfate 20-37 
complexes, and (4) Fritted micronu- Ferric sulfate 20-28 changed in unavailable forms in soil. 
trients. Ferrous ammonium sulfate 16 Recent work has shown some promise 

Inorganic Salts: Sulfates of Cu. Fe, Nu-Iron (oxalale)' 30 in maintaining ferrous and ferric sul-

Mn, and Zn and borates and molyb- Magonesr. fates in an available form in soil when 

dates are the most common sources Manganous sulfate 22-35 applied with fluid ammonium poly
30-65 phosphate fertilizers (9).of micronutrients. In general, these Manganous oxide 

Manganous-manganic oxide 69forms are more soluble than others Manganous carbonate 27.46 Synthetic Chelates: %chelating 
in the inorganic class. See .al com- Basic manganous sulfate 53 agent is a compound (usually organic) 
mon inorganic salts used as micro- Manganous chloride 43 which can combine with a metal ion 
nutrient fertilizers are listed in table Molybdenum: in such a way that a ring structure is 
1. The concentraton of element in a Sodium molybdate 39-46 formed between a portion of thechela
source varies because of the degree Ammonium molybdate 56 ting agent molecule and the metal. 
of hydration of a compound or the Molybdic oxide "47-66 This combination prevents the metal 
relative purity. Zinc:ion from reacting with other sub-

Boron sources used most aresodium Zinc sulfate 22-36 stances to form insoluble compounds. 
tetraborates with various levels of Zinc oxide '60-80 A chelate is the compound formed by
hydration which result in B concentra- Zinc carbonate 56 the' combination of chelating agent
tions of 11 to 20 percent These ma- Zinc oxysulfate 52 and metal. Commercially available 
terials are relatively water soluble but Zinc chloride 50Zinc nitrate (fluid) 15 synthetic chelating agents and theconhighly soluble boric acid or sodium Zinc manganese ammonium sulfate 15 centrationoi mironutrient in chelates 
octaborate (Solubor) are often used Zinc ammonium sulfate 10 of each are shown in table 2. The 
as foilar sprays. Calcium borate is general stability sequence ,of these 
the least soluble of the B materials *The metallic salt of an organic acid is chelates of micronutrients and Cade
listed. Incorporation of sodium te- commonly classified as Inorganic. creases as follows: Fo ++ - Cu+ + 

n +traborates into conventional granular ZoV Fe - _ Mn- - Ca - . 



__ 

However, factors other than relative 
stability of metal chelates determine 
the relative quantities present in a 
given set of conditions. The relative 
stability of ferric chelates decreases 
in the order of IMDItA> DTPA > 
EDTA>IIEE)rA>NTA while the stabi-
lity of these chelates of the other ions 
listed above decrease as follows: 
DTAP> EDTA liEEDTA> NTA> 
EDDIIA (10). In other words, EDDIIA 
chelation of Fe is greatly favored over 
the other micronutrients. 

(enerally, the stability of metalche-
Ltes is greater near neutral than at 

low or high p1l. 'Ibis is an important 
consideration in incorporationof metal 
chelates into macronutrient fertilizers, 
Mixing ZnEDTA with phosphoric acid 
prior to ammoniation resulted in a 
breakdown of the chelate but adding 
ZnEDTA with the ammoniating solu-
tion left a stable chelate (11). 

According to Wallace (10), the Im-
portant reactions of metal chelates in 
soils are: release of the metal, fixa-
tion on clay, and metal substitution. 
Resistance to microbial breakdownand 
mobility on many soils make them use
ful sources of micronutrients. 

Natural Organic Complexes: Many
naturally occurring nawalyrgaicean-Mcom-organic 

pounds contain chemically reactive 
groups similar to synthetic chelating 
agents. Those used commercially to 
complex micronutrients usually are 
prepared from byproducts of wood 
pulp industries. Metal chelates of 
these compounds have relatively lower 
stablity than the common synthetic 
chelates. Also, these chelates are more 
readily broken down by microorgan-
Isms in soil. The natural organic 
complexes of micronutricnts are low-
er in cost than synthetic chelates and 
can be economically used in many 
situations. Most are suitable for foliar 
sprays and mixing with fluid fertili
zers. Some common natural organic 
complexes of micronutrients areshown 
in table 3. 

Fritted Trace Elements: Frits are 
micronutrient fertilizers prepared by 
fusing inorganic micronutrient com-
pounds into a silicate matrix. The 
materials 	 are slowly soluble in soil, 
but the rpte of dissolution is contrail-
ed to some degree by varying the parti
cle size and the composition of the 
matrix. A wide range inmicronutrient 
concentration may be produced, and 
more than one micronutrient may be 
included 	 in a fritted material. Fritted 
materials may be incorporated in 
granular fertilizer or applied separate-
ly. 

Plant Availability: Crop uptake of 
applied micronutrients depends upon 
the source and physical state of the 
micronutrient, type of carrier, method 
of iriclusion with the carrier, method 

of application, nature of the soil, and 
characteristics of the crop. Probably 
the most important propertyof amicro-
nutrient source is water solubility. 
Water-soluble sources are agrono-
mically effective when applied in the 
granular statewhile insoluble materials 
are not. Several relatively insoluble 
sources are solubilized in soil and thus 
are available to plants when applied 
in powdered form. The method of 
application ofmicronutrients which are 
relatively mobile in soil is not critical 
while less mobile micronutrients are 
more available when distributed in the 
rooting zone. Soil characteristics in
fluence micronutrient availability 
through their effects upon solubility 
and mobility of the nutrient. The 
crop may influence the apparent avail-
ability of micronutrients because of 
its rooting pattern, nutrient require-
ment, and specific ability to take up 
the nutrient. 

In the remainder of the paper, the 
above principles for various sources 
of micronutrients will be illustrated. 
However, because of limited research 

data on source comparisons of some 
micronutrients and the lack of pub
lished agronomic data on most of the 
natural organic complexes, these areas 
are necessarily incomplete Also, 
much data on source comparisons Is 
of limited usefulness because criteria 
necessary for evaluation of sources 
were not met in the experiments. To 
determine the relative effectiveness of 
fertilizer sources (macronutrient or 
micronutrient), the following condi
tions m us t be met: (1) A positive 
response to the nutrient in question 
must be obtained. (2) Growth-limiting 

Table 2. Synthetic Chelates. 

Micronutrient Content, 
Chelating Percent Element 
Agent Cu Fe Mn Zn 

EDTA 7-13 5-14 5-12 6-14 
HEEDTA 4-9 5-9 5-9 9 
NTA - 8 - 13' 
DTPA - 10 - -
EDDHA - 6 - -

ccurig 	 drcal Aviable.Table 3. Common Natural Organic Complexes Com ercolly Availa 

Company 

Brandt Chemical Company 
Davies Nitrate Company 
Georgia Pacific 
Kaiser Agricultural Chemical 
MacAndrews and Forbes Company 
Rayonler, Inc. 
West Virginia Pulp and 

Paper Company 

Trade 
Name 

Claw-El 
Danitra 
Ke-Min 
Key-El 
SIlviplex 
Rayplex 

Reax 
,__ 


Micronutrient* 
Cu Fe Mn 

X X X 
X IX X 

Y 
X X 
X X X 
X X X 

X X X 

*Range of elemental concentration-4.5 to 14.5 percent. 

Zn Multiple 

X X 
X X 
X X 
X X 
X X 
X X 

X 

Table 4. 	 Response of Cor n to Zinc Sources, Physical State, and Place
ment inGreenhouse Experiments. 

Applied Zn Relative Yield 1 
Physical Zn at 1.6 Mg./Pot Zn at 6.4 Mg./Pot 

State Source Mixed Placed Mixed Placed 

None 29 29 29 29 

Solution ZnSO 4 91 40 100 46 
Solution Zn-Rayplex 89 50 92 61 
Solution ZnEDTA Ti 86 89 96 
Powder ZnNH4 PO4 92 26 87 27 

Gronulo ZnSO 4 54 34 43 32 
Granular Zn-Rayplex 37 26 46 39 
Granular ZnEDTA 107 80 96 94 
Granular ZnNH4 PO4 29 21 44 20 

1. ZnSO 4 	 solutiont rate of 6.4 mg./pot =100. 

Soil Sc Sac. Amer. Proc. 30:86-89. 1966. 
So____o_. __ac.__mer._Prec._30:86-89._1966.
 



Table 5. Relative Agronomic Effectiveness of Granular Macronutrient 
Fertilizers as Carriers of Zinc From Zinc Oxide and Zinc Sulfate. 

Agronomic Effectiveness 
for Forage Yield] 

Macronutrient Fertilizer ZnSW Zn 

Ammonium nitrate 	 59 8 
Urea 	 40 12 

Ammcnolum polyphosphate 78 70 -

Monoammonium phosphate 75 24 
Concentrated superphosphate 93 91 

Diammonium phosphate 20 "15 , 
Ammonlated superphosphate 17 "13 
Ammonium phosphate nitrate 19 12', 
Nitric phosphate I 7 
Urea-ammonium phosphate 8 8 

Ammonlated N-P-K (0 percent)2 48 
Ammoniated N-P-K (10 percent)2 49 
Ammoniated N-P-K (30 percent )2 40 
Ammonlated N-P-K (40 percent)2 18 
Ammonlated N-P-K (50 percent)2 6 
Ammoniated N-P-K (100 percent )2 2 

i. 	 Relative to finely divided ZnSO4 or ZnO which equals 100. 
2 	 Formulated from ammonium sulfate, ordinary and concentrated super-

phosphates, potassium chloride, and zinc sulfate. Numeral In paren-
theses is degrec .,mmonlation of superphosphates. 

J. Agr. Food Chem 171,2, 2-1,275. 

factors other than the nutrientinques-
tion must be minimized. (3) Onetreat-
ment must be a zero rate of the nu-
trient in question. (4) More than one 
nonzero rate of the nutrient from each 
source must be included; one of these 
rates should be less than that needed 
to obtain optimumn response. 

Obviously, Lha date must show a 
response to th'e nutrient and the ap-
plied rate must be low enough to per-
mit possible differences to be express-
ed. Unfortunately, these points are 
often forgotten. 

Boron: Boron in soluble forms can 
be leached from sandy soil when rain-
fall Is relatively high. Under these 
conditions, it may be necessary to 
make repeated applications of soluble 
sources of B or use a slowly soluble 
source. Winsor (12) reported leaching 
and toxicity problems with borax, 
Borax at the lowest rate of application 
gave a slight increase in yield but high-
er rates were quite toxic. Boron de-
ficiency symptoms with borax treat-
ments occurred as the season pro-
gressed. Calcium borate was less toxic 
readily to supply B throughout the 
reason wtosupplyrea t oc le 
season without reaching toxic levels 
In mldseason. Borosilicate was less 
tox ic th an eith er of the other sources 
and supplied adequate levels of B 
when applied at a rate equivalent to 
about 3pounds of B per acre. 

1969. 

On soils where leaching is less of 
a problem, maximum yields during 
the year of application may be ob-
tained with a single application of 
borax. This was illustrated by Ovell-
ette (13). Also, he showed that alfalfa 
response was good to residual B from 
frit of fine particle size 3 years after 
it was applied to soil. There was no 
response where borax had been ap-
plied 3 years earlier. Calcium borate 
was intermediate in effectiveness for 
supplying residual B. 

Boron is incorporated ii several 
commercial fertilizers. Motvedt(1, 2) 
has shown that incorporation of 
sodium tetraborate ingranules of nitric 
phosphate and concetrated superphos-
phates does not appreciably change 
the solubility of B. Similar responses 
of alfalfa and corn to borax alone and 
incorporated in concentrated super-
phosphate were shown (2). 

The sodium tetraborates cost from 
B. 150 cents to 80 cents per pound of 

Copper: Copper ulfate and oxide 
are applied separately and in com-
binationwith macronutrientfertilizers. 
Crop responses were good to these 
sources applied separately or in com-
bination with fertilizers on organic 
soils where Cu deficiency occurs most 

1. Approx. costs supplied by Dr. 
John Mortvedt, TVA, Muscle 
Shoals. 

often (14). There appears to be ilttle 
agronomic data on responses to Cu 
chelates,and it is questonablewhether 

there is an agronomic need fororganie 
sources of Cu. However, chelates or 
complexes may be desirable to incor
porate adequate levels in fluid ferti
lizers. Current prices of Cu from 
CSG4, CuO, and CuEDTA are about 
$1, 70 cents, and $5 per pound of 
Cu, respcctively. 

Iron: Inorganic sources of Fe gen
erally are agronomically ineffective as 
soil applications. Crop response to the 
sulfates are sometimes obtained at ex
tremely high rates. Mortvedt and 
Giordano (9) recently have shown re
sponses of greenhouse-grown sorghum 
to ferric and ferrous sulfates when ap
plied in fluid ammonium polyphos
phate fertilizers. 'lhe data illustrates 
the lack of response to the inorganic 
sources applied alone and that these 
sources incorpoiated in fluid ammo
nium polyphosphate fertilizers are 
about 50 percent as effective as Fe-
EDDIIA (the most effective of the 
soil-applied Fe sources). Field trials 
are being conducted in Kansas, Ne
braska, and Oklahomatodeterminethe 
practical significance of thesefindings. 
The relative effectiveness of 3common 
Fe chelates was shown by Boxma and 
DeGroot (15). The results appear to be 
typical of those in many reports show
ing that FeEDDIIA is the most effec
tive source of soil-applied Feincalcare
ous soils. However, FeIDTA is ef
fective on acid soils and FFIIEEDTA 
on slightly alkaline soils. One pound 
of Fe costs about $40 in FeEDiIIA, 
about 815 in FeDlT11A, S5 in FeiEI)TA, 
and about 25 and 30 cents in FeSO4 
and Fe2 (SO )3" 

Manganese: The inorganic Mn 
sources except lnO29 are agronomical
ly effective. Shepherd et al. (16), 
obtained no difference among sulfate, 
oxide, carbonate, and frit sources test
ed for onions on a muck soil. Mn-
EDlA generally appears to be no more 

effective than inorganic sources of 
M.n; on organic soils it Is sometimes 
less effective. Apparently, the inef
fectiveness of MnIDTA is due to rapid
stti onof foriie 
chelating agent and subsequent fixa
ion of Mn by soil organic matter (17). 

Recent greenhouse woik Indicates that 
MnDTPA may be more effective than 
MnEDTA (15). Leaching experiments 
sho',.,ed that considerablymoreMnwas 

maintained in a soluble form when 
MnDTl'A was appliedratherthanwhen
MnEDTA was applied. 'The relative
prices of MnU, M~nSO 4 , and MnEDTA 
are 15 cents, 30 cents, and 5 per 
p o u ndofAi n,_resp ectiv ely . 
pound ofMn, respectively. 

Molybdenum: Mo deiciencies occur 
most often in legume crops grown on 



acid soils In many instances, Mo 
fertilization is a substitute for liming 
since neutralizing soil acidityincreases 
the availability of soil Mo. 'Ibis sub-
stitution is probably justified in some 
cropping situations, for example, in 
clover pasture where rough terrain 
makes it almost impossible to apply 
lime and in a rice-soybei-n rotation 
If it is undesirable to raise tn,, soil 
pll. Ammonium and sodium molyb-
date, as well as molybdic oxide, are 
effective sources of Mo when applied 
as seed treatment, foliar sprays, separ-
ately, or with macronutrient fertili-
zers. These sources must be uniform-
lyapplied to prevent toxicity. Toxicity 
to animals eating forage of high Mo 
concentration is the greatest problem, 
although toxicities to plants have been 
observed. Recommended rates of Mo 
is around 1 ounce per acre. 'rhe cost 
is about $2.25 to $2 50 per pound of 
Mo. 

Zinc: More research effort has been 
placed on Zn fertilization than o all 
other micronutiient piobleis. Like-
cyuthisreslts fromtefidncesiado 
many sources of Zn available on the 

market. Since Zn is ielatively nn-
mobile in soil, factois which affect 
solubility and "listribution within soil 
greatly affect avlability to crops. 
Some of these factors aie solubdity 
and particle sie of niateiials applied,
metod articleie ati, and pheacnmethod of applicatn, and reactionproducts formed in soil. 'ihe rela

tive mobility of the classes of Zn 
sources were shown by Soiensen et 
al. (18) by leaching studies in soil 
columns. ZnEI)TA was maintaneda wte-sob watermTA aintained 
a water-soluble orm and leached 
through the soil columns bv excess 
lvewater, while Zn-Hayplex andZ nSO4 
moved about 4 inches into the soil; 
ZnO remained in the upper 1 inch of 
soil. Movement of other relatively 
insoluble materials such as Zn fiits 
and ZnNII4i'04 would be similar to 
that of ZnO. This effect of mobility 
on avalablity to plants as shown byBrown and Krantz (N). Table 4 waeqalrow fctewhn andpp1Tle n ~so-. 
equally effective when applied in solu-
tlon or granular form and mixed or 
spot placed. 'lhe other sources were 
equal to ZnE)TA when solutions or 
powders were mixed with soil but less 
ei-,ctivewlien appliedingranularform 
or spot placed. 

Concentration of Zn in granulesalso 
influences distribution within soil and 
agronomic effectiveness of the source, 
Mortvedt and Giordano (11) calculated 
that 1,040, 26, and 2 granules of -8+9 
mesh size per square foot containing 
0.05, 2.0, and 36 percent Zn, respective-
ly, will provide 1 pound of Zn per 
acre. They also calculated from Zn 
movement studies that granules con-
tu-ning 0.5, 2.0, and 8.0 percent Zn 

in concentrated superphosphate In-
fluenced Zn levels in 5.0, 1.2, and 0.3 
percent of the soil in pots when Zn 
was applied at a rate of 1 ppm. 

Soil pH has a great effect upon the 
solubiity of Zn. Terman a (20),et s. 
sh r il and e enaupta e 
with rising soil pH and that the ef-
carriers of Zn was related to their In-

farrie on s pi I. 

fluence on soil p1l. 


TVA researchers have completed a 
considerable amount or work cam-
paring macronutrient fertilizers as carr- 
iers of several sources of Zn. In gen-
e'al, the effectiveness of Zn both ap-
plied alone and in carriers is related 
to its water solubility, particularly 
when granulated and/or spot or band 
placed in soil. The relative effective-
ness of several combination of carr-
iers and sources are shown in table 
5. The relative effectiveness of some 
P carriers of ZnEDTA, Zn ltayplex, 
fritted Zn, and a finely ground Zn 
alloy were studied by Mortvdt and 
Giordano (21). The carrier had no ef-fect on tie availablity of ZnEDTA 
which was an effective source of Zn. 

other souices weie less effective al-
though ammonium polyphosphate and 
concentrated superphosphateappeared 
to be satisfactory carrieis of /n-Ray-
plex and Zn frit. 

Approximate costs of ZnO, ZnSO4,
and ZnEIDTA are 15 cents, 35 cents,and ',3 per pound of Zn, respectively, 

Summary: The agrcnomic efffec-
tiveness of micronutrient fertilizer 
sources is dependent laigely upon the 
interilationships of pioduct solubility,
particle size, and placement or distri-
bution in soil (;enerally, limiting 
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distribution in soil through increasing 
particle size, increasing concentration 
in granules, or band application re
duces the effectiveness of relatively 
immobile forms of micronutrients as 
compared to greater contact with soil. 
Limiting distribution of the more 
mobile chelated forms of micronut
rients has little effect upon the avail
ability to crops. In selecting sources 
of mlcronutrients to use, one should 
consider cost per pound of element, 
the adaptability of sources to the de
sired cropping and fertilization sys
tem, and the relative quantity of ele
ment required from various sources 
for the application system chosen. 
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