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Foreword 

The mission of the international Fertilizer Development Center is to increase 
food production th,:)ugh the improvement of fertilizers and fertilizer practices 
for the devcloping countries with special emphasis oil tropical and subtropical 
agriculture. The principal aim is to clsure that fertilizer technology is not a 
limiting factor to food production in those regions. Although the full extent 
to which deficiency of ,nicronutli ients hampers food production is yet up
known, there is ample evidence that problem areas eCist and more will be 
identified as crop production is intensified and marginal land. are exploited. 
Therefore, it seems fully appropriate at this time that IFDC.asan international 
organization, take a leadership role ini developing microniutrient fertilizer 
technology appropriate for the tropics and subtropics. 

The gravity of micronutrient deficiencv as a limiting factor to crop pro
duction v'aries f'rui crop to crop and from soil to soil. The effects may range 
from slight yield ieductions to complete crop failure. While the economic 
impact of omitting micronutrients in seriotusly affected areas (e.g., Zn in 
Brazilian Cerrado ) is convincing, it is difficult to estimate tile yearly loss in 
crop production due to unsuspected micronutrien t deficiency. Active soil 
and crop testing programs in regions with advanced agricultural systems are 
aimed at recognizing micronutrients as a limiting plant nutrient intime to 
allow corrective measures and prevent yield loss. Successful micronutrient 
monitoring systems are generally limited to developed economies or to 
developing econolics producing export cash crops. 

The extent to which microntitrien fertilizers are used on food crops in 
the tropics and subtropics is very limited and is no indication of the extent 
to which muicronutrient deficiencies occur. On the other hand, the increased 
number of published papers on micronutrients in some countries should not 
be interpreted as an index of the problem. In India alone, as many as 800 
papers appeared during tire seventies. With such coil'licting indicators it is 
difficult to assess the future role of' micronut ient fe -tilizers in the tropics 
and subtropics, the mandate area of IFI)C. For this reason IFDC conducted 
a survey of micronutrient problems in its mandate region. The results of this 
survey and related contributions from invited authors have been collected 
in this monograph entitled: "Micronutrients in Tropical Food Crop Pro
duction." 

Tire University of Florida cosponsored the effort by making available 
Dr. J.J. Street. Associate Professor, Soils, as a micronutrient expert. In addition 
to his survey involvement, several authors benefitted from his careful reading 
of their manuscripts. Other chapters were reviewed by Dr. R. Iloweler (CIAT), 
Dr. IE.Borneriisza (University of Costa Rica), Dr. P.). Tanner (Soil Pro
ductivity Research Laboratories, Zimbabwe). Dr. G.W. Cooke (England), 
I)r. R. Menor (FAO). Dr. 13.11. Janssen (Agricultural University, Wageningen, 

Vl
 



The Netheilands). Special mention is due to the able help provided by IFDC 
staff, Ernest Frederick and Mrs. Beth Roth for general editing, and the Word 
Processing Center of IFDC for many hours of typing. 

It is our sincere hope that the compilation of the information provided in 
this monograph will spur renewed interest in research and development of 
micronutrient fertilizers. It will form the basis for future activities of IFDC 
in this important area. 

June 1984 Donald L. McCune, Managing Director, IFDC 
1-1.Popenoe, Director, Center for Tropical 

Agriculture, University of Florida 
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1.The chemistry of micronutrients in soil 

K I(ARMSIN' and PLG VLEK' 

Soil C'hemii . I AR I)A and :l)irector. Agro-Economnic Division, IFDC 

Introduction 

Of the 17 elements known to be essential for plants, 7 are required in such 
small amounts as to be called tuicronutrients. Micronutrient elements 
include boron (B). manganese (\I n), iron (Fe), copper (Ci), Zinc (Zn), 
niolybdeni (Mo). and chlorine (l). This text will be limited to B,Mn, Fe, 

(u. Zn, and Mo since natural deficiencies of ('I are essentially nonexistent. 

Tie term micronutrients does not imply that all of these elements would 

occur in nuute quantities in the lithosphere or in soils. In fact. 2 of the 

Inicronutrien t elements. Fe and Mn, are among the 12 most abundant 

elements in tlhe lithosphere. The remaining muicronutrients occur at concen

trations of less than 0.11 ' in the lithosphre and may be referred to as minor 
or trace elements. 

The occurrence of micronutrients in soils generally reflects the influence 
of type and age of the parent materials, climatic conditions during weathering 

i.ld soil format ion, vegetation, and other soil-forming factors. Locally, micro
nut ient contents of soils may he affected by mining or industrial activities. 
InI agricult oral lands, micronutrient contents may be influenced by the 

application of fertilizers, such as phosphates, containing traces of micro

nutrients. In the trop-pcs. where levels of fertilizer application are generally 
b . fertilization is not presently considered a major contributor to micro
nutrient contents of soils. 

The relationships between total and plant-available micronutrient contents 
of soils are rather complex, and they differ among the micronutrient elements. 
Total contells of Inicronutrients, whlch reflect the influence of parent 
materials and soil formation, are quite stable in time. Available micronutrient 

contents in soils are more dynamic: they depend or soil and climatic 
conditions during the growing season and may change with time and depth in 

the soil profile. 
In the present chapter, some aspects of the chemistry and natural 

abundance of micronutrient elements and sonic of the factors and processes 
that determine the availability of these elements in soils will be discussed. No 

Fertilier Research, Iolimne 7, 1985. 
i'lek
PL ;(ed). Micronutrientsin Tropical Foods. ISBN 9024730856.
 
1985 Alartintus Niiho.tf/l)r . Junk Iuhlishers.Printed in the Netherlands.
 



attempt is made to compile an exhaustive review of the chemistry and 
occurrence of micronutrients in soils. References to selected textbooks and 
scientific publications are given in the text. For the interested reader, the 
publication Alicrontitric'tts inAgriculture 1311 would serve as an excellent 
introduction to the subject. 

Natural abundance
 

About 95'; of the earth's crust is made up of igneous rocks and the remainder 
of' sedillenary rocks. The surface of the earth shows a greater proportion 
of sediments, which tend to form a relatively thin layer overlaying igneous 
rocks. About ,0'; of" the rocks of sedimentary origin are shales, about 15% 
sandstones, and 5";limestones. 

Twelve elements constitute more than 991I (by weight) of the earth's 
crust [271: 0 (46.611;). Si (27.71;), Al (8.1'1), Fe (5.0%), Ca (3.6%), Na 
(2.8(), K (2.61; , NIL,(2.1V, ),Ti (0.44,), 11 (0.14/), P (0. 121,), and Mn 
(0.10"; ). The remainder consists of sone 70 elements, which include 4 of the 
6 inicronutrient elements considered in this chapter. In abundance, the six 
micronutrient elements range from the fourth most abundant element in 
the earth's crust, Fe. to the 'ery scarce metal Ni, (Table 1). Additional 
information regarding the occurrence of micronutrients in various geological 
environments is lrviled in ('hapter 10. 

The distribution ot the nicronut rient elemients in igneous and sedimentary 
rocks is not uniform (Table I). The selected averages for soils are close to 
the average contents in the earth's crust, which indicates that soils are formed 
in parent materials derived from all rocks. 

Ii'iic'nousrocks 

Igneous rocks may be classified as ultrabasic (less than 457 SiO 2 ), basic 
(45"; 52%- SiO, ).intermediate (52w.'; 65% SiO, ),and acid rocks (65%-75% 
SiO2). The chemical conposition of' these rock types is quite different as 
can be seen from Table 2. tlltrabasic and basic rocks are richer in Mg, Fe, and 
Mn but poorer in Si. At, and K than are the more acid rock types. From Table 
I it follows that contents of ('u and Zn also tend to be higher in basic rocks 
such as basalt than in acid rocks such as granite. The distribution of B and Mo 
inigneous rocks is less well established. but acid rocks are probably richer in 
these elements than are basic rocks. These trends are further illustrated in 
Figure 1. 
InGoldschimidt's geochemical classification of the elements, the six micro

nutrient elements have been classified as lithophile (B and Mni), chialcophile 
(Cu and Zn), and siderophile (Fe and IN). Most of the micronutrients, 
however, have properties of more than one group: B and Mn occur mainly in 
silicate minerals (lithopltile). Zn in silicates and sulfides (lithophile and 
chtalcophile), Cu and M in sulfides or as the native elements with iron 



Table 1. Abundance of micronutrient elements in the earth's crust 1121. igneous and sedimentary rocks 1211, soils 1421 and seawaier 161. Selected
 
averages for soils are gi%en in parentheses [26 I
 

Igneous rocks Sedimentary rocks 
Seawater 

Element Unit Earth's crust Granite Basalt Limestone Sandstone Shale Soil (ppmr)
 
Fe 1; 5.00 2.70 8.60 0.38 0.98 4.70 1.0-10.0 (3.8) 2 x --
10Mn ppm 1000 400 1500 1100 10-100 800 20-3000 (600) 2 X -
10Zn ppm 80 40 100 20 16 95 10-300 (50) 1 x 10-"
Cu ppm 70 10 100 4 30 45 2-100 (30) 5 X 10 4
B ppm 10 15 5 20 35 100 2-100 (10) 4.4
 
Mo ppm 2.3 2 1 0.4 0.2 2.6 0.2-5 (2) 0.01
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Figure 1. Abutndance of mnicroltut rien 1 elements in ultra basic (UB), basic (13), inter
mediate (1) and acid (A) rocks, and sediments (S), according to Vinogradov 1431 (solid 
lines) and Iilovsky 28 broken lines) 

(chalcophile and siderophile). and Fe in silicates, sulfides and as the native 

mietal (all three groups) 1221. 
Boron occurs in comlex horosilicates, such as tourmalinec (about 3%B), 

and as a trace constittuent in micas. Manganese occurs in silicate minerals such 
as rhodonite, MnSiO 3 , or as a trace constituent of ferromagnesian silicates. 
The most abundant zinc mineral is sphalerite, ZnS, but zinc also occurs in 
silicate minerals. Copper Occurs tainly in sulfides, with Fe or other elements. 
The most abundant copper mineral is chalcopyrite, uFeS2 , and copper may 
substitute for Mg2 

+ or Fe 2 
I in ferromagnesian silicates. Molybdenum occurs 

mainly as the simple sulfide molybdente. MOS 2 although it can probablyM, 

substitute for Ti, Fe. and Al in silicates such as biotites and feldspars. 
molybdeut is also found in trace quantities in olivines, probably substituting 
for Si. Iron fors stable compounds with both S and 0 plus Si, The common 
sulfides include pyrite, FeS and pyrrotite, FeranS. Silicates include 
olivinest(abnd i . Otpher conmon iron minerals are magnetite, FeFe22 4 , 

and ilnoenite, l:cTi i d 
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lt'eathri-h 

Rock materials that are exposed to tile atmosphere are subject to physical 
and chemical weatherinlg. Water is tile most important agent in the chemical 
weathering of rocks, both because water itself is an active agent ill weathering 
and because several substanccs that react with rock materials dissolve in 
water. \\'hen carbon dioxide dissolves in water it forms carbonic acid. I I ,'O 3 , 
which is a weak acid. The predominant ionic species in water at equilibrium 
with the atmosplhere (which contains 0.03"'; CO, by voline) would be 
1l('() 3. alld tile resulting pll would be about 5.7. The solution of inorganic 
acids, such as IINO. or I NO3 , would further lower tile pil of rainwater. 
Therefire. natnral s, aters are usually slightly acidic, which helps to speed up 
weathering processes such as dissointion and dissociation of minerals. 

Most of the rock-f orming minerals were formed ill reducing environments, 
that is. under conditions of high electron activities (low redox potential). 
Therefore, many of the elements are present ill these minerals in ono of 
their lower oxidation states (e.g., Fez +. ('. Mto 4 

+, S 7 -) that are unstable 
ill an oxidiliine elnvilOlllmeni. As a result, oxidation reactions are ofinportance 
ill the geochenistry ol' micronntrient elements. 

Oxidation reactions involving metals in their lower oxidation states may 
decrease the plI of' tile aqueous medium, which in turn speeds up the dis
solution and dissociation of more resistant minerAls. The lowering of the pll 
of aqtueOuS solutions in tile oxidation zone of sulfidic minerals may also be 
caused by thle oxidatioll o" stIlfides. such is in Fe( II)S, (pyrite): 

2S (or: S o ) + 70+ 110 w 2SO- 4- 211+ 

[hIe lwer inig of the p11 aid the slightly reducing conditions that develop 
upon the oxidation of' Fe 2 + and Mn2 ' and the precipitation of the (hydrous) 
oxides increase the mobility of' elements such as Cu and Zn. Some of the Fe 
and MnI may rcmllaill in solution, either as Fe - + ald MNl2 , as hydrolysis 

products, or as complexes (e.g.. FeSO') ). and be transported over consider
able distances with subsurface waters. I mn exposure to the atimosphere, 
rmost of' the Fe2 and Mn' 2 would precipitate ;!s the hydrous oxides and 

(0 2+ +thereby lower tile solubility of4 and Zn as well, through copre
cipitationi. occlusi,r or adsorption 119]. The mobility of' No and B is 
less affected by pII than is tIle rilobilitv of Mn. Fe. Cu, and Zn. because Mo 
and B occilr inl srrl lion as tire weak acids I l 2MoO2 and l13 BO° or their 
dissociation products. The crystalline f'orrns of these acids and oxides formed 
bh Mo aid 1 are quite soluble ill aqueous ellvironlllenlts; therefore, these 
elements tend to be rather mobile. 

The decrease ini the pll upoii tire oxidation of' meial sulfides also creates 
coriditions 'avorale for the dissolution of silicates. For example, the 
dissolution of'(Nlg,l:e)2Si0 4 (olivine) may be written as: 

(Mg.Fe),SiO 4 4 411 + - 2(MgFe) 2 + 4- 114 SiO0 



Table 2. Average chemical composition of igneous rocks, adapted from Milovsky 1281 (% w/w) 

Rock Type SiO2 TiO, AIO Fe O FeO MnO MgO CaO NaO KO 

Acid Granite 72.54 0.32 12.98 1.97 1.68 0.07 0.34 0.68 3.68 4.96 
Granodiorite 66.88 0.57 15.66 1.33 2.59 0.07 1.57 3.56 3.84 3.07 

Intermediate Svenite 58.79 0.88 15.39 2.92 4.01 0.14 2.72 4.17 4.67 5.37 
Andesite 54.20 1.31 17.17 3.48 5.49 0.15 4.36 7.92 3.67 1.11 

Basic Gabbro 48.36 1.32 16.84 2.55 7.92 0.18 8.06 11.07 2.26 0.56 
Basalt 47.71 1.75 13.70 3.15 8.43 0.16 10.38 10.35 2.22 0.81 

Ultrabasic Pcridotite 43.54 0.81 3.99 2.51 9.84 0.21 34.02 3.46 0.56 0.25 
Dunite 40.16 0.20 0.84 1.88 11.87 0.21 43.16 0.75 0.31 0.14 
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Tahle 3 shows that many of the micronutrients are present in easily 
weatherable minerals. Part of the Fe and Mn will oxidize to relatively 
insoluble oxides and remain with the weathered matenais instead of being 
carried off' in soilition. The precipitation of the oxides is enhanced by tile 
increase in pit resulting from the hydrolysis of primary silicate minerals. 
Ilence, part o&" the Fe and Nn and trace, of Cu and Zn tend to precipitate in, 
the proximity of the partly decomposed AI-Si-O frameworks of the original 
silicate minerals and thus create an environment favorable for the formation 
of complex alumino silicates, such as cay min,-rals. 

Table 3. Relative stability of sctCCtCd mincrals of igneous rocks and their associated
 
trace etem lls
 

Major 
t)egree of Constituents
 
slahlitv Mineral (except Si. 0) Minor constituents
 

Slablc "Tourmalin : (',a. M. Fe, 11. At 
Magnetite t:e Zn 
Itroenite Fe, 'i 
Muscovite K. A 1 (13) 
Orl Ioclase K,A I Cu 
Garnet Ca, M-. Fe, At Mn 
Athite Na,At Cu 
Oligoctasc Na, Ca, A Cu 
Andesinc Ca, Na, Al Cu, Nut 
Anorthite C. AI Cu,Nb 
Biotite K,Mg, I:c, At Nt, Zn,Cu, (B,Mlo) 
Auvite ('a. Nm, Zn, CuiMg. At 
I lornbltolde Mg. Ie,Ca, At Mn, Zn,CI
 

Easily \weat!'red ()tivin Mg. Fe Mn. Zn. Cu. Mo
 

Source: Adapted f'loMitchell 1291. 

Micronutrient elements form part of a range of secondary minerals, 
including oxides, carbonates, silicates, borates, and molybdates. In surface 
enviromncnts. Fe and Mn mainly occur as the oxides in which the elements 
may be present in more than one oxidation state. In aqueous environments, 
Fe and Mn tend to form hydroxides or hydrated oxides rather than well
defined crystalline oxides. Upon dehydration these amorphous precipitates 
may rccry'stalli/C and forn. thermodynatnically stable minerals, such as Fe304 
tmgnetite)e :c 203 (1hlematite). FeO(Il I (9goethite). Mn1304 (hausiannite), 

MnOOl (manganite), and MnO (pyrolusite). Both Fe and Mn also form 
silicates and carbonate,, the latter being particularly important for Mn. 

Copper occurs illweathered rocks or soils as oxides, silicates, and 
carbonates, including the complex carbonates. ('u12(011) 2CO3 (malachite) and 
Cu3(011)(('O. )2(azturite). Zin, forms oxides, carbonates, and several silicates, 
stuch as Zn2SiO4 (willemite) and Zn4 (OIl-) 2Si207 .11,O (hemlimorphite). 
Both ('u and Zn occur as trace constituents of hydrous oxides of Fe and Mn. 
Solubilities of a r mher of common oxides, carbonates, silicates, and sulfates 
of Fe. Mn. Cu, and Zn are discussed in the section on Solubility Relationships. 
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Boron and molybdennn, do form oxidcs, but these are quite soluble. Tile 
minerals of major importance are borates and miolybdates. Among the many 
anhydrous and hydrous borates known, Na2 B4 07" 101-120 (borax) is probably 
the most widespread. Among the molybdates, PbMoO 4 (wulfenite) and 
CaMoO 4 ( powellite) predominate, although molybdates are formed with 
many metals including Mn, Fe, Cu, and Zn. Because of the high mobility of 
B and Mo, their contents in seawater are relatively high as compared to those 
of other micronutrient elements (Table I). 

MYev imurals 

Clay minerals may be formed upon the weathering of primary silicates in 
surface or near-surface environments. Most of the clay minerals belong to the 

A13+ phyllosilicates, consisting of alternating sheets of in octahedral 
coordination with 02- or Oil-, and of Si4 + in tetrahedral coordination with 
0- or OW1-. The structure of the octahedral or gibbsite sheet (0-sheet) is 
similar to the structure of the mineral gibbsite, Al2 (O1)6, and the tetrahedral 
or silica sheet (T-sheet) is structurally related to the mineral tridymite, a high
temperature polymorph of SiO2 . 

of AI 3 + An important characteristic of clay minerals is the replacement 
ions in tle O-sheet and of Si4+ ions in the T-sheet by other cations of 
approximately the same size. This phenomenon is referred to as isomorphous 

Si 4 + substitution. In the T-slheet, may be replaced by A13 + because these ions 
have similar ionic radii in tetrahedral cooruination with oxygen. In the 

A 3+ O-sheet. may be replaced by a variety of cations, such as Fe 3 +, Mg2 + , 
Zn 2 ' ' ,. Cu 2 and Fe2'. Ions with a higher charge would be preferred, but 
these ions are usually not present in sufficient amounts in aqueous solution. 
Therefore, higher charged cations are often replaced by lower charged 
cations, and the process of isomorphous substitution usually results in an 
excess of negative charge in the clay mineral, which may be balanced by 
substitution of OI- for 02-, by introduction of excess cations in the 
O-sheet, or by adsorption of cations on the surface of the mineral. Some of 
the excess negative charge of clay minerals is always compensated for by 
adsorption of cations. so that an important characteristic of most clay 
minerals is their capacity to adsorb cations from solution. 

The surface charge densities of the different clay minerals are of tile order 
- 2of 0.1 (muontmorillonite), 0.2 (kaolinite), and 0.3 Coulmbl (illite). The 

specific surface areas range from 1.40 1112g-1 for kaolinite and 50-- 200 1n 
2 

1 2 1g- for illite to about 600 800nm g- for montinorillonite [5]. The 
effective charge densities per unit weight, or cation-exchange capacities 
(CEC), are usually expressed in milligraniequivalents (nleq) per 100 g of clay. 
The electric charge of I gramequivalent is 96487 C (Faraday's constant). 
Hence, the CEC would range from about 0.2-- 8.0 for kaolinite and 15--60 for 
illite to about 60- 80 meq/ 100 g for montmorillonite. 
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Tile inpoi tance of clay minerals for tile micronutrient elements is twofold. 
First, clay minerals contain elements such as Fe, Zn, and Cu that have 
become part of structure of the minerals through isomnorphous substitution. 
These elements may be released when clay minerals decompose or transform, 
and hence become available to the plant. Second. micronutrient elements 
may he adsorbed by clay minerals. which would prevent them from being 
leached with infiltrating rainwater. Reversibly adsorbed ions form a very 
important pool of available nutrients for plants. 

Cations captured between layers of clay minerals are relatively unavailable 
to plants, but ions adsorhed onto the surface of units of layers are more 
readily available, depending ol soil conditions and composition of the soil 
solution. Anions. such as tnolybdates, and uncharged compounds, such as 
undissociated boric acid, may be adsorbed on the edges of clay minerals 
whele the AI-O)I ald Si-OIl groups are exposed. ihe mechanismt of anion 
adsorption oil these groups is rather complicated, and the reaction is not 
truly reversible. -tie process is important, however, because it prevents the 
anions from being leached, and the adsorbed anions constitute a source of 
nutrients for tileplant. 

.'cdimcits 11hl soils 

The mnicronutrient contents of shales are generally close to the average 
contents in the earth's crust, which reflects the fact that shales are formed 
of uehris from all other rocks (Table 1). Boron contents of shales are 
exceptionally high, which suggests that dissolved borates have been present in 
relatively high concentrations in seawater ftotn earliest times on 1211. Boron 
is also a raller volatile eletnent and may be transported as the acid vapor from 
the sea to the latd through the atmosphere. 

,licronutrient contents are lower iii sandstones than in shales. Tile 
relatively high levels of' B may be due to the occurrence of B in stable 
minerals, such as tourmaline (Table 3). Micronutrient contents of limestones 
are generally low. except for Nin which tends to concentrate in limestone. 
Tltc high Mn contents of limestone are probably due to substitution of Mn2 + 

for ('a 2' in carbonates. The ionic radii of Ca2 + and N 2 + are in the same 
range, and they are larger than those of Fe2 , (u 2 ', and Zn 2+ . 

The micronutrient contents of soils vary widely reflecting differences in 
parent materials: age of the soils: and climatic, topographic, and biological 
conditions. 

The abundance of' inicronutrients in parent materials is one of the major 
factors determining micronutrient contents in soils, particularly, in younger 
soils. Soils formed in acid rock materials, such as granites, may be expected 
to be lower in elen, s sucht as Cu and Zn than are soils formed in basic 
materials, such as b,.salts. These differences are even more pronounced 
atnong soils formed from different sedimentary rocks. Soils formed from 
sandstones would be inherently low in elements such as .Mo, Cu, Zn, and Mn. 



I() 

The fact that many of the micronutrients in these sediments occur in resistant 
minerals, and the generally high permeability and low adsorption capacity of 
these materials mean that micronutrient deficiencies can easily develop in 
soils formed from sands or sandstones. Soils Formed from limestones could be 
deficient in Fe, Zn, or Cu. also because the generally high pil in these soils 
would tend to decrease the availability of these elements to the plant. 

The age of the materials in which the soils are formed and the climatic 
conditions during weathering and soil formation are also important factors 
in determining micronutrient contents in soils. Ill general, the ratio of 
secondary to primary minerals will increase with time. Processes of weathering 
and soil formation proceed faster in warm, humid climates than under cooler 
or drier conditions. 

Soils t'orned from recent volcanic deposits in the humid tropics may be 
rich in Mn, Zn, and Cu and may be very fertile. Soils formed from old basaltic 
materials in the humid tropics may be low in fertility because all mobile 
elements have been leached with the percolating rainwater and only insoluble 
oxides of elements such as Fe. Al. and Si are left in the soils. 

If weathering and soil formation occur under climatic conditions in which 
clay minerals are tile stable endproducts of weathering of primary minerals, 
the fertilitV of soils does not necessarily decline with time. Under humid 
conditions, the more mobile elements will be leached from soils, and this 
will result in changes in tie composition of the soil solution and cause the 
further transformation of secondary minerals formed. 

Mobile elements such as Mo and 13are likely to be leached first among 
the micronutrients. In humid climates they may be carried off with the 
percolating rainwater, whereas in semiarid and arid climates they are likely 
to accumulate ill soils owing to capillary rise and evaporation of soil moisture. 

Topograplhic conditions are of importance in weathering and soil 
formation. Water may collect in depressions in the landscape, and this may 
result in tile deposition of salts, including niolybdates or borates, or ill the 
development of peat soils. 

Micronutrient contents of peat soils are directly related not to the 
composition of inorganic rock materials but rather to the composition of the 
aqueous medium in which the peat develops. Tile development of peat soils 
is generally associated with reducing conditions, and thus metal ions in 
solution may precipitate as the sulfides. The generally low availability of 
copper in peat soils may be iLe to low aqueous concentrations of Cu or to 
tile strong bonds that are formed between ('u and organic materials. 

Biological factors play an important role ill the occurrence and dis
tribution of micronutrients ill soils. Trees and deep-rooting crops may extract 
micionutrients from deeper layers and deposit them on the soil surface in 
organic form (biological enrichment). The decomposition of organic materials 
iiiay result in the release of micronutrients but also of organic acids and 
chelating agents that form soluble complexes with elements such as Fe, Mn, 
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Cu, and Zn. These elements may then leach down and accumulate in a 
B-hoizon or leach down to deeper layers and be carried away with natural 
waters. 

General chemistry 

The six micronutrients form a rather diverse group of elements. According 
to Mendeleev's Periodic System of' the Elements, they would ae classified as 
a light nom etal (13): three murals of the first transition group (Mn. Fe, and 
('t,): ole metal that follows on the first transition group (Zn); and one metal 
of tile second transition group (Mo) (Table 4). Although Zn is generally not 
classified as a transition metal, there are similarities between Zn and tile 
elements of the first transition series, in particular the ability of Zn to form 
complexes [8]. Metals with a specific gravity greater than 5 are sometimes 
referred to its 'heavy' metals. It follows from Table 4 that all micronutrient 
elements, except for B, could be classified as heavy metals. 

TFilc 4 ('Ia Nffcltion td micrnutient clements in ttle periodic sy'stem (tf' the elements
 
(Mtetndelc) 1 thSIcA are
Aid 0 jflli dlta. Atotmtic weights (g not l) based on 12C= 
I2.o(lI . SpecitIc ura iwie,,p cu ' \%ere cAtcllitaed from Robie et al. 1371 for the ele
ilt-l In then Irlto sittc forlml t I bar (0.987 a1m) pressure and 298.15 K. Atomic 
jd tllS i111)( 1 

A1ut l(1IC Periodic s\stem Atolic Specific Atotnic
 
I ICHICtlt 
 l l bel ( atoip Period weight r'ravity radius 
S1111) 2 10.81 2.46 0.80

Mn 25 VIa 4 54.94 7.47 1.17
1c 20 VII 4 55.84 7.87 1.17
Ori 29 lb 4 63.54 8.93 1.17
Zn 30 1it 4 65.38 7.14 1.25 
Mo 42 Via 5 95.9 10.22 1.29 

The atomic radii listed in Table 4 provide a qualitative basis for 
comparison [34] . Within one group in tie Periodic System, atomic radii 
tend to increase from the first to tile higher periods. The electronic con
figuration of the microtmtrieut elemettts is sIch that most elements can 
occur in more than one oxidation state. Elements tend to assume the 
electronic configuration of noble gases. This would be the case for B3" 
(helium)., .N, (argon), and Mo' (krypton). These oxidation states play a 
role in the chemistty of these elements, but they do not occur as the shnple 
aqLuo ions ill these high oxidation states. This is because there is considerable 
energy required to reach these oxidation states, more than would be com
pensated for by hydration energies of these ions in aqueous solution. 

The anount of energy required to remove one electron from all element 
in the gaseous state iscalled the (first) ionization potential: 

M(g) - N*(g) + e
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It follows fr n Table 5 that for every element tile ionization potentials 
increase with the number of electrons removed. Tile oxidation state in which 

an element occurs in a natural system is determined by a number of factors, 

such as (I) the ionization potential of the atom, (2) the electronic structure. 
(3) the ionic radius, (4) the nature of the anions or ligands involved with 

respect to their polarizability and bonding capacities, (5) the stereochemistry 
either in a complex compound or a crystalline lattice, and (6) tile nature of' 

solvents or other media. In addition, the conditions of the natuoral medium, 

such as the plI and the free electron activity (redox conditions), play a role. 

Table 5. Ioniziation potentials of the micront ricllt clements ill tl' gdiou%sttc (eV 
allt 

()xidation stalie 

EIlment 1 I1 111 IV' V VI VII 

It 8.3 25.1 37.9 b 259 3 
119 ' 

Mn 7.4 15 6 a.b 33.71) 52 76 

Fe 7.9 6.2 a 
3 0.W '-b 56.8 

aCu 2 0 .3 a-l 36.87 7 

Zn 9.4 18.o") 39. 7 
MO 7.1 16.2 27.1 46.4 | 61.2 6 8 b 126 

a. Commnton ouidoi)ln states ot ion%in aqueou% sltution. 
b. Comtmtiton o\idition states o t1l1 i l \ide%or o\() co itlle\eS. 
Source: Weatst 145 1. 

Re'+hx relatiMships 

In reduction and oxidation (redox) reactions, electrons are transferred from 

all electron donor (e.g., Fe 2 +) to an electron acceptor (e.g., 0). The electron 

donor itself is oxidized in this process (Fe3+), and time electron acceptor is 

reduced (02-). The (relative) activity of time (free) electrons is a measure for 

the redox conditions of a medium. The electron activity is usually expressed 

as pe, the negative logarithm of the electron activity. The redox limits of 

aqueous systems are set by the reduction of water to hydrogen gas on tile 

reduced side: 

110+C - ll1 (g)+Oil

and by the oxidation of water to oxygen gas on the oxidized side: 

112,0 2114 + 2e-+ 102 (g) 

Hence, reduction of water would increase the pll, and oxidation of water 

would decrease the p1l. It follows that there is a relation between pe and pil, 

and the parameter pe + )ll has been proposed as a single-term expression for 

defining the redox status of aqueous systems. This parameter would range 

from zero on the reduced side to 20.78 on the oxidized side 1261. Tle 

relation between pe and tIme redox potential, Fim (i Volts), at 298.15 K is 

given by: 
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Eh = 0.059 PC 

The oxidation states in which the micronutrient elements are most 
likely to occur in aqucous systems can be calculated from thermodynamic 
data. The elalion between the elulilibriul constant for a chemical reaction, 
K", and the standard free energy change of the reaction, AG', at 298.15 K 
is given by: 

Log K" 
1.364 

where AG'? is i,, kcal moli (I kcal = 4.184 k). The standard free energy 
change of a chemical reaction can be calculated from the free energies of 
format ion. A(; ' of products and reactants in their standard states: 

AG Gr( (products) X'AG(' (reactants) 

For example, for tle iedox reaction: 

FC2'  - Fe3" + e

the log K" is calculated as - 13.04. 1lence, the ratio of the activities of 
Fe 3 

+ and Fe 2 
+ in aqueous solution is given by: 

log Fe 3 
+ log Fe2 

+ = -- 13.04 4 pe 

It follows thal even under mildly oidiing conditions Fe2+ would be the pre
dominant ion ill aqueous solution (Figure 2). I lowever, the solubility of Fe 3 + 

in aqueous solution is strongly increased through hydrolysis and complex 
f 1t ;.IIJoll.

Thc free energies of formation (kcal mol- ) of the divalent metal ions 
decrease in the following order: 

(u2 (15.67) > Fe2 +( 21.80) > Zn 2 + (- 35.19) 

> Mn (-- 55.11 ) 

lIenc-, Uu is the most noble metal in this series and the most resistant to 
oxidation. Copper cart exist in solid form, ('u(c), in reducing aqueous environ
ments, ill equilibriuri with (01 and ('u2 (Figure 2), but Fe(c). Zn(c). and 
Mn1)c would be unstable and dissolve as Fe2 

+ (Fe 3 *), Zn12 + and Mn2+ 

N1n3+ , ions. The trivalent form of manganese, is generally unstable in 
aqteuous s.liutions, either because it is reduced to Mn+ or because it dis
p1 )lp ll iollates: 

2Mn 3 4- 2112O - N11 2 +±Mn0 2 (s) + 411+ 
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U 

log Fe- 4
 

ac t iv i ty ------- ---------- - - - -. ....
 
1Cu

0 5 10 15 

pe 

Figure 2. Activities of ('iuand Cut in equilibrium with solid Cu(c) in aqueous solu
tion, as a function ot" pe (solid lines). Activity of le" in aqueous solution, when the 

-activity of le:" is fixed at 1I0 lbroken lines)t 

Iligher oxidation states of Fe and Mn may be stable in oxides or 
hydroxides under conditions where Fe2" and Mn2 + are the predominant ionic 
species in solution. For exanple, Mn(IV)O 2 (pyrolusite) can exist in equili
brium with aqueous Ni,+ over a wide range of redox conditions, whereas in 
mildly reducing environmerns Fe( I )e( Il )F04e(magnetite) catl exist in equi
librium with aqueous Fe2+ . ilehi.-hest oxidation state of manganese, 
MNn(VIl), only occurs itt oxo compounds, such as MnO 4. Il aqueous environ
ments. however. Nln04 is unstable and acts as an oxidizing agent. 

Boron always occurs in tire trivalent oxidation state. but the total energy 
required to produce 11

3
+ ions is far more than would be compensated for by 

lattice energies of ionic compounds or by hydration of such ions in solution. 
('0osequenttly. covalent bond formation is of major importance, and boron 
compourds usually resemble those of other nonmetals, notably silicon (Si), 
in their iropcr tics a1d reactions. Oxygen compounds of boron are among the 
most important. comprising nearly all the naturally occurring forms of the 
element [ I. Illaqueous systems. 1131B30 or 0(0)3 is tilestable form under 
all redox conditions. 

Molybdenum occurs inaqueous solutions in the Mo(VI) oxidation state 
illtle forrt of oxo compounds, such as the dissociation products of ritolybdic 
acid, 12,MoO.l . In concentrated, acidic solutions polynuclear oxo anions may 
be foned. Under reducing conditions the Nio(IV) oxide would be stable, 
and under oxidizing conditions the Mo(VI) oxide (ruolybdite). 
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Cooninatofil,compo u(Is amid cii'rstalSluCtlI'S 

In crystal stroctures and aqueous solotlions, atomls or ions are surrounded by 
a set (usually between 2 and ()) of other atoms, ions, or small molecules 
(ligands). ('harged or uncharged compounds. in which a central aton or ion 
is surrounded by a set of ligands. are refclrred to as coordination compounds 
Of Cotntplexes. lttllatlnt properties of coordilaliol COtllpOulds are tile 

cOrditlutioll Ittnber . ftte nttnlcr oi1ligands bonded to the central atol 
or ion. nid the eeonetric :raltlgcttenlt o these ligand atoms. 

('oorditatiOl contipotmnds will generally adopt the geometric arrangement 
that provides the greatest stability, that is. the lowest energy. The optimum 
arrmmuienent 	 of ions in a crystal (or cotmplex) is the one allowing the greatest 
mnmber ot 	 oppositely charged ions to touch tile central ion (attractive 
'oulomb imrces) v ithout amly squeezing together of ions with the same charge 
Itelplsive (Coulomb forces). Thereftre the crystal ionic radii of the elements 
3re otfinpotaMtnce ill determining which geometric conliguration is most 
likely to be 	 aclieved. Ionic radii for an octahedral confliguration of ligands 

art0udtl tile 	centtdl ion (-coo rdination have been presented by Goidschnidt 
1121 antd PIlitl" 135 1.The iomtic radii listed itt Table 6 were taken from Weast 
14§1. Most 	 mticrtnutrient elements (except for 1) occur in 6-coordination 
v,Ithoxygent, e.g.. octalhedral nlto), and I:e 2 O., and in 4-coordination with
 
sultut, e.g.. teraledral ZnS. At a given coordination noumber, more than
 
otne cm,,stal ionic situcture Imav be formed. For example, tetrahedral ZnS may
 
,ccntr s Iexagoual Iwu rtiite. (3-ZnSI or as cubic crystals (sphalerite or zinc
 
I1lende, -/in. I.
 

I'thle 0. [ nl 	r tit.I ( i 11n) ini,. I Otentials, and electronerzitivities 

tonic Ionic O\(idatior 
I Iciuu tr 'ht'iuC Iutditl, potlertial State Flectronegatl ivily 

If 	 3 (1.23 13.0 Ill 2.04 

Mn 	 2 (.81) 2.5 11 1.55
 
3 + .60 4.5
 
4 4 0.60 0.7 
7 0.46 15.2 

IC 	 2+ 0.74 2.7 II 1.83 
3 + 01.64 4.7 

(f 	 t + 0.96 l.) II 1.90 
2 1 0.72 2.8 

Z11 	 2 - 11.74 2.7 II 1.65 

Mo 	 4 1 1.7) 5.7 II 2.16 
6 o1.1,2 9.7 

The concept of ionic potentia!, de-fined as the quotient of the positive 
charge of a simple cation divided by its radius 1221 , has been used in geo
chemistry to explain the behavior of elements in aqueous environments. 
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Cations with ionic potentials less than 2.5 tend to remain in aqueous solution 
as aquo ions, whereas cations with ionic potentials between 2.5 and 9.5 tend 
to precipitate as hydroxides and at values greater than 9.5 form stable oxo 
compounds and remain in solution as complex ions. It follows from Table 6 
that Cu +would tend to remain in solution as the simple aquo ion, whereas 
B(III) and Mo(VI) would remain in solution as the oxo compounds 13(011.)3 
and MoO Most are between 2.5M-. of the ionic potentials listed in Table 6 
and 9.5. and thelefore these elements tend to piecipitate as the hydroxides 
in the oxidation states listed. Ionic potentials of divalent cations of Mn, Fe, 
Cu, and Zn are between 2.5 and 2.8: therefore, these cations would be 

4 + . relatively mobile as compared with Fe 3 +, Mn3+ , 
or Mn 

Ions with a high ionic potential, such as 1 33+ and Mo6 
+ tend to form 

stable oxo compoundls. The bonding energies in these compounds arise from 
electron pair sharing (covalent bonds) rather than from electron transfers 
and Coulonlibi attraction (ionic bonds). Most covalent bonds are polar, the 
electronic charge being unequally distributed over the atoms in a molecule 
or complex compI)ound. The power of an aton in a molecule to attract 

electrons to itself is referred to as the elect ronegativi ty of an atom [351. 
If two atoms in a molecule have different elect ronegativities, tli electronic 
charge will be concentrated on the more electronegative atoni and the 
resulting bond will be partly ionic in character. Bonds between ,ricronutrient 
elements and oxygen are generally more ionic in character thmn bonds with 
sulfur, which ae largely covalent in character. This may pardy explain why 
the sulfides of these elements are generally less soluble than the oxides. The 
B(III)-0 and 1Io(ll)-() bonds are more covalent in character, and oxides of 
these elements are quite soluble. This is because these elements dissolve as the 
oxo compounds. rathel than file aquo ions. 

Chemical equilibria 

Micron-trient elements in soils and natural waters occur in aqueous solution 
or associated with one or more solid phases. Most chemical reactions and 
plant uptake occur through the solution phase. involving hydrated ions or 
aqueous complexes. Aqueous complex formation and the solubility of 
mineral phases can be described by chemical thermodynamics, provided 
equilibrium exists between different phases and the elements occur in well
defined states in the systeni. The latter conditions, however, are rarely met in 
soils. Soil temperature, 0, and ('O, levels, redox conditions, moisture 
contents, and the composition of the soil solution are cot tinuously changing 
because of changing conditions at the soil surface, transport processes, and 
biological activity ill tile soil. 

In addition to changing conditions, the mechanisms and kinetics of 
chemical reactions have to be considered. Rates of dissolution, in particular 
of primary minerals, are generally slow. Precipitation often occurs via 
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adsorption onto charged surfaces; many solid phases thus occur as (amrphous,
hydrated) surtace coatiugs rather than as discrete crystalline phases. 
Therefore mostf natural sylstems cannot be considcrcd true equilibrium 
systems, but rather transient systems, approaching equilibrium. The principles, 
howsver, ol hydrolysis and comlex foration and the solubility of mineral 
phases do apply to soil systems and providc a guide to the nature and 

direct ion of processes occurring insoils. 

lydIration,
 

The concept of the ionic potential is based on the Coulombic attraction 
between the positively charged cation and the negative charge on tilewater 
molecules surrounding the central cation in aqueous solutions. Water has 
a relatively large dipole moment, 1.87 1)(1 Debye unit = 10-18 e.s.u. cm), 
and water molecules interact with positively charged ions through ion-dipole 
and other electrostatic interactions.' The energy of solvation of an ion is a 
measure fOr the energy involved in the electrostatic interactions between an 
ion and the solvent. The hydration energy is the energy change accompanying 
lie solution of a gaseous ion in excess water at I atmosphere pressure and29)8. 15 K. The chanbe in entlialpy (or: Ilelmioltz free energy) accompanying 

a chemical reaction, Al I isrelated to the change in free energy (or: Gibbs 
free energy), A(;. through the thermodynamic relation: 

;= All TAS 

where T is the absolute teillpelature (K) and AS the change in entropy 
(Jnol 1K-'). In any chemical reaction the system tries to minimize I-1andto maniie S. and equilibrium isreached when (I is at minimum. For an ion 

like Na*. the energy of hydration is about 400 LJ mol- , which is relatively
small. lolls with a low ionic potential, such as Na*, tend to remain free insoluition,. st,rrotindine theniselves with a loosely hlcd layer of water molecules. 

In the case of the divalent ions of Mn, Fe, ('i,and Zn, the ion-dipLIC inter

]able 7. lFznth.iip1e, of hydration ki mot ) and hydrolysis constants for zero ionic 
slrengt h 

Ilydrolysis Constants 

Ilemcnct Charge OIhtitration K K K" K" 

Mn 2 4 1841 10.95 34.00 - 48.29 
Ic 2 1946 6.74 16.04 31.99 46.38 

3 4430 2.19 5.69 13.09 -- 21.59 
('1 
Zn 

2 1 
2 , 

2100 
2046 

7.70) 
7.69 

13.78 
16.8) 

- 26.75 
- 27.68 

-- 39.59 
- 38.29 

Source: (01ton aMn\VilkinOn 18]. Lindsay 1261.
 

IIon-induced tipole anid ion-quuadru pole interactions 121.
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actions are strong because of the small ionic radii and the high charge, and the 
energies of hydration are low. Absolute values for energies (enthalpies) of 
hydration (Table 7) ale based on the assignment of-- 1091 i 10 k tool' to 
If1l8. 

l)ivalent metals forll well-defined aquo ions of the form I II2O) ,j24 in 
aqueous solution. The six water molecules ,irround the central cation in all 
octahedral arrangement, thus cleating an electrostatic field around the central 
ion. which may produce an adoitional bonding effect, the ligand field 
stabilization energy [71. The six water molecules bonded to the metal ion 
cannot move freely illthe solution, and tie water molecules in the immediate 
vicinity of the metal ion are restricted in their translational imotioln because 
of ion-dipole intcractions and the fornation of hydrogen bonds. The number 
of water molecules bonded to a cation illaqueous solution probably ranges 

from 3 to 5 in the case ofNa " and K',and frol 10 to 12 in] tile case of'Zn2 + , 
. 2+
C'u2 and I:e 1-. The water molecules bonded to a cation inlaqueous 

solution increase tie effective size of the ion and affect the reactivity of the 
cation in a nuiber chemical as complex formation and"of reactions, such 
adsorption onto charged surfaces. 

llr'(rol'sis 

The present-day use of the term hydrolysis islargely confined to the reaction 
between water and tihe ion of a weak acid or a weak base. In tile present text, 
the term hydrolysis will be used to describe the reaction of metal ions with 
water. The reactioi of anions of weak acids in water will be described in 
terms of acid dissociation reactions. 

If : ,alt of a stroig acid and a weak base, such as zinc chloride, Zn('12 , is 
dissolved illwater, the zinc ion reacts with water: 

Zn 2' 4-110 --I ZnOll + 4-11 

and as a result, the pil of the solution decreases. It may be more appropriate 
to write this hydrolysis reaction as follows: 

+
[Zn(ll 2 0),1j 2 + l- + IfjZn(II20)s5011]
+ 


that is,as the dissociation of the coordinated water molecules of the aquo 
ions. The hydrolysis of the aquo ions of Mn, Fe, Cu, and Zn may be written 
as: 

+
N '" + nil2 M(OII)"'"- + nill

where it has to be noted that the metal ions are present as aquo ions, rather 
than as unhydrated cations. The equilibrium constant for the above hydro
lysis reaction may be written as: 

log K01 = log M(01 -log Mm + - npl I 
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where the logarithms on the right-hand side refer to the activities of the 
aqueous species. Activity coefficients of ions in dilute solutions can be 
calculated from the extended l)ebye.lluckel equation. A detailed description 
of' the thermuodynatmic calculation procedures used in this section, is provided 
h%Iuindsay 1201. 

Fro m tile lyd rolysis constants listed in, fable 7 it follows that Fe3 
+ 

hydrolyzes more strongly than any of the divalent metal ions. If the aquo 
ions re desciihed as I ewis acids (electron pair acceptors), one would say that 
Fe' is tile strotgest acid and Mn2+ is tile weakest. 

lhe activitv of, Mn 2 in aqueous solutioti under oxidizing conditions, in 
equilibriunl with -Mi( IV1)0, pyrolusite, is given by: 

i-MnO2 + 411' +-e- - Mn2' + 21120 log K° = 41.89 

It follows frottt Figure 3 that Nmn 2 
+ is the predominant aqueous species at all 

pI I values. 1he NMn 2 aquo ion is stable and resistant to oxidation. 

log I 

activity 

-0
 

-I, .. ... .. ... ..... ... .. .. ................ 


Mn(OH)3
 

-20, 
2 3 4 5 6 7 8 9 10
 

pit 

I:igrc 3. Aqueous species of Mn2 in equilibrium with i-MNNO1(pyro lusite) at pc + 
pil -- 18. The activity of Mn(OIly. is estimated (dotted line) 

Under less-oxidizing conditions (pe + p11 < 16.6) y-Mn(III)OOI manga
nile. would be the stable oxyhydroxide, whereas under mildly reducing 
conditions (pe 4- p11 < 13.7 at 0.0003 atm ('0 2 pressure) Mn(II)C03, 
rhodochrosite, would be the stable solid phase determining the solubility of 
aqteOtS MnIit2+ 
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3
The aqueous activity of Fe under oxidizing conditions in equilibrium 
with a--F 2 O3, hematite, is given by: 

-
-F 20 3 + 611 2Fe3F - 31120 log K0 = 0.18 

0
 

iCtl Ity 

-5
 

.10 

", . - re(oH);
 

FO?F 
-20 

2 3 4 5 6 7 8 9 10
 

pH 

Figure 4. Aqueous species of I'e" in equilibriumn wvith -le 2 0 (hematite) inanoxidizing 
environment. 
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Figure 5. Aqueous species of Fe in equilibrium with a-Fe2 0 (hematite) at two 
values of pe + p1l: 5 (reducing)and 15 (oxidizing) 
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As is seen in Figure 4, even in slightly acidic solutions Fe3+ is strongly
hvdrolyzed. tihe predominant species being Fe(Ol) .Ilematite also controls 
tile solrbility of aqueous Fe-* (lFigtrre 5), according to: 

+ 6 11+ -i-'e,O3 4 2e 2Fc2 + + 311,0 ° logK = 26.16 

Thus, the ferrous ion predominates over the ferric ion except under highly
oxidizin,, conditions (cf. Figure 2). The solubility of Fe3* is strongly
increased, however, through the formation of several hydrolysis products.

As in the v'ase of Mn, the Fe(Ill) oxides are more resistant to reduction 
tharr tire ueous :e3 PC + plI =arq + ions. At 3.7, hematite would be in
eC(jiliIritrr with magnetite. Fe(ll)Fe(ll)204. At lower values of1PC+ pit,
inagnetite or siderite, F:eC03, would be the solid phase determining the 
sOlIrbility of aleoL. rS :e2+. 

Both (u ard Zn fori mixed oxides with Fe(Il): o-Cu-e 2 0 4 (cupric
felrrite) and ZIuIFc0.. which is a forn of franklinite, a mixed oxide of the
rcr'..ra!~ 6rnHr (Zr, Fe. Mn) (Fe, Mn)204. These oxides may play a role in 
Ie','rmirirrg tire soltIbilitics of Cu:+ and Zn 2+ in natural media, where the 
solubility of Fe3 + woUld be determined by one ofthe Fe(Ill) oxides, such as 
hematite or goethite [261. The solubility of (,1 2+ in equilibrium with cupric
ferrite arid lrcriatite ( Figure 6) can be represented by: 

tt-CtrFe,0 4 f-211+ a-i:e 20 3 -+Cu12+ - 1120 log K° = 9.95 

and the solubility of Zn2+ in equilibrium with franklinite and hematite 
(Figure 7) by-

ZnFe 204 + 211' -wa-Fe 2 0 3 + Zn 21 + 1-120 log K0 = 9.67 

IlerIce, tile Solubilities of C(u2+ and Zn 2+ under oxidizing, acidic conditions 
would be quite similar. In alkaline solutions, the solubility of Cu2 + would be 
higher because of the high solubility of Cu(OH) ° . Under slightly reducing
conditions, (u+ would predominate over Cu2+ (Figure 2).

Tie elements Mn, Fe, (Cu, and Zn behave similarly in that they all form
well-defined aquo catiors thai hydrolyze in aqueous solutions, and they all 
form oxides or hydroides that may control the solubility of the aqueous
species in near-netolral or alkaline solutions. The solubility of tire metal ions 
decreases with increasing pl1, except under highly alkaline conditions, whereanionic hyvdrolysis Products increase tire solu)ility. Tre elerents B and Mo 
behave quite differently*'. Both elements form stable oxo anions that act as 
.ewis bases (clectrol pair donors) in aqueous solution, rather than as Lewis 

acids. The oxides are too soluble to Persist in most aqueous environments, 
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and the solubility of B and Mo in aqueous solutions tends to increase with 
increasing p1l. Both elements form polyntuclear hydrolysis products in 
concentrated solutions. 

log activity 

log Cu2 + 
CuOICactivity 

-5. Cu(OH)2 

-010)o 
'F e3 Cu(OH)3
 

-to" "
 

-15 

-20 
2 3 4 5 6 7 8 9 10 

pH 

Figure 6. Aqueous spe.'cics of ('t,' in equilibrium with a-(tl-e.O, (cupric ferrite) and 
a-leO (hematite) in :in oxidizing environment, and the aqueous activity of Fe' in 
equtilibrium with these minerals (dotted line) 

Boron occurs in aqueous solutions mainly as the undissociated boric acid, 
H31103 or B(O0I)3, which may dissociate or react as a Lewis acid [81: 

B(011)3 + 1120 - B(Oll)4 + !1 log K _ -9 

The tetrahedral BO4 units are important in the formation of polynuclear 
anions in soFition. At low concentrations, essentially only the mononuclear 
species are present in solution (Figure 8). In concentrated solutions, poly
nuclear species may form, such as: 

31(011)3 - B303(011)4 +l1++21120 logK -6.8 

which consists of trigonal 1303 units only, and 

413(01)3 1- 4OsO21 31120 log K -15.0B4 ++ 
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which consists of' two trigonal B0 3 units and two tetrahedral 1304 units. 
Under conditions where concentrated boric acid solutions may occur, such as 
in depiessions in arid regi .. polynuclear borates may precipitate, usually 
in hydrated form. such as it borax, Na 2 B405(01)4 81-112. 
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Iigme 7. Aqueous species of Zn: in equilibrium with Znle O (franklinite) and a-
I:e:O (hCmatite). ;d the aqueous activity ot Fe' in equilibrium with these minerals 
(dotled line) 

Molybdenum occurs in aqueous solutions mainly as the molybdate ion, 
MO. -. Molybdates formi salts with many metal ions, including Mn2 , Fe 2 +, 

' ('u'. and Zn . The solubility of crystalline molybdic acid increases with 
increasing --II(Figure 9) as follows from: 

-ll 2 Mo( 4 (c) 111 + + Mo0 log Ks = -13.37, 

In dilute solutions, essentially only mononuclear molybdate species occur, 
but in concentrated solutions (Figure 9), or under acid conditions (Figure 10), 
is)oply anions such as IMo 70 4 ]6- (paramolybdate) or [Mo0 2 61 4 - (octa
molybdate) may be fortned. Such conditions, however, are rarely encountered 
innomtsalitte soils. 

;m/phx ]orination 

The displacement of water molecules in the inner coordination sphere of an 
aquo ion by one or more ligands is called complex formation. For divalent 
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Figure 8. Aqueous species of 11,130 (boric acid) at a fixed boric acid concentration of 

- ' 10' mol . Log K-values at 298.15 K and 1 3.0 were taken from Smith and Martell 
[411 
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Figure 9. Aqueous molybdate species in equilibrium with cr)stalline molybdic acid, 
i( MoO, (c). The log K-value for paramolybdatc refers to an ionic strength of 1.0 
1411 
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Figure 1t. Aqucous molybdate species at a fixed mnolybdale activity of 4 . Log1

K-valtic are Ir 298.15 K and I = 1.0 (411 

metal ions. the complex formation with an uncharged ligand, L, can be 
represented as: 

. 1 L 12+  [M(1 1 

It principle, stepwise comtplex formation can proceed until all water molecules 
are displaced: 

1M(II,O),,1 
21 + L_ 20) 11.0 

IN(11O)L1 ,, 1+ I-L [MLn + + 110, 

where it is assuIILed that lhe coordination number of the metal ion does not 
change. Whether the coordination number changes depends on steric factors, 
such as the size of tie ligands, and on ligand-metal ion interactions [8]. 

Metal ions in solution may coordinate with uncharged ligands, such as 
1120 and NIl,. with monovalent anions, such as Cl-, NO-, 1121)O-, and 
IICO;7. and with divalent anions such as SOV.2i111 042, and CO'-. Stability 
constants of tental-ion complexes have been tabulated by Sillen and Martell 
[3), 401. A numher of equilibriumt constants for common ligands have been 
summarized in Table 8 for the chemical reactions given in the last column 
[41. 20]. 

Polydentale ligands are ligands that contain more than one donor group 
and that are structurally capable of permitting all the donors simultaneously 
to form bonds with the same tielal atom or ion. Polydentate ligands are also 
called chelating ligands, from the greek "chela" meaning "claw", because in 
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metal chelates the chelates tend to form ring structures that incorporate tle 
metal in the center of the structure. The stability of metal chelates is 
primarily determined by tile number of rings formed by tile chelating ligand. 
the size of the rings, the nature of the donor atoms, the effects of resonance 
stabilization, and sti c relationships 1241. 

+ ,  The stability of clielates of Nm2 Fe ('u 2+ . and Z112 +often follows tile 
2 2 + .Irving-Willialis older. %111+ "- Fe + 

" ( o < Ni> > > Zn12+ which is 
related to tie reciprocal of tie ionic radii and the second ionization 
potentials of tile metals concerned 1171. Inspection of [able 8 shows that tile 
stabilities of complexes with acetate. oxalate, and ID)TA are ill the predicted 
order. The electronegalivities of Mn, Fe, ('u, and Zn (Table 6) follow the 
same order. Acetate is a bidentate ligand: tile two oxygen atoms of tile 
carboxylate group forin a four-ring ligand with the metal. Similarly, oxalate, 
with two carboxylate groups, is a quadridentate ligand. Ethylene diamine 

-tetra acetate. or Fl)TA " . is a hiexadentate ligand, with four carboxyhte 
groups and two N atoms as the donoir groups. FI)TA4 - forms stable com

2 , 2 + +plexes with Mn --e . (12 . and Zn2+ (Table 8), and with other metal ions 
133, 26j. 

Entropy considerations are important ill the formation of complexes 
between metal ions and polydentate ligands. This is illustrated by the stability 
of complexes of metal ions with acetate ions (ac-) and oxalate ions (ox 2 -). 

2For example, ('2 + forms more stable complexes with ox - than with 2 ac
(Table 8), even though in both cases the copper ions ate coordinated with 
two carboxylate groups. The negative change ill free energy in)the reaction: 

2
('ti)ac) 2 + ox - - ('((oX) - 2ac- = -- 3.55 

is probably due to an increase in entropy, rather than to an enthalpy effect. 
2-This is because at equal activities of ox and aC in solution, the probability 

that ('oi2+ will coordinate with ac- or with one carboxylate group of OX 2 - is 
approximately tlie same fOr both ligands. The probability, however, that 
('u1ox- ) will coordinate with tlie second carhoxylate group offox 2 - is much 
larger than that Cut(ac) + will coordinate with a second acetate ion. Ilence, 
entropy increases when C(u(ox) is formed ill equilibrium with Cu(ac)2 . 

In soils, there are many naturally occurring chelating agents ranging from 
simple organic acids and ainino acids to complex ftulvic and humic acids. The 
connon donor atoms in fulvic and hIumnic acids are oxygen ill carboxyl, 
hydroxyl and carbonyl groups: nitrogen in anino and azo groups; and 
sulfur ill sulfoiiic acid and sulfhbydryl groups. The stability of divalent metal
fulVic acid complexes has been shown to d,,wase in the order Cu > Zn > Mn 
1381. 

Naturally occurring chelates play an important role ill the chemistry of 
micronutrients ill soils. Elements such as kin, Fe, Cu, and Zn, in aqueous 
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(K m 0.0)1 
i di 'dU ctI.CA L r I 1 1.011 A-nd c %hich ir' expresscd in activiiS, ml an ioic strc h o" 0.01 

Lgand M " in'- t(' Zn: Reaction 
aNil, 1.,), 4.24b 2.38 b 

%I Nil , %NIMI:"
CI- 0.61 (.40 0.43 NI (I MCI"0.04 -- 0.07 0.12 0.00 M 2I -M(I.NO 
I-1PO 2.70 0.50 0.40 M" NO .MNO,1.59 1.60 M I1 PO MII, Po,HCO- - 6.02 5.73 M" CO ' 11,0 -%ICO 3 HC;ll O - 1.40 1.40 2.22 1.57 M "( 0O_ . MC:t 3 O 

3.63 1.9e
SO: 2.26 2.20 2.36 2.33 

M +2C116O o--M¢C.II,O,)2
M - SO \ISO,IPO. - 3.60 4.00 3.90 M + I, POCo. MIIPO. + 1118.87 - 11.43 M - + CO: (g) + 1, 0 - MCO, + 211C'O0 3.95 3 .0 5 d 6.23 4.87 M:'v C, 0 ; MCOEI)TA" 14.81 15.27 19.70 17.44 M + 11)1A- M'H)TA:

a. T= 20 C.I = 2.0 
b. = 2.0 
C. I= 0.1 
d.l= 1.0 

-k1 
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solution, are probably to a large extent associated with organic ligands, in 

particular under oxidizing and slightly alkaline conditions. For example, 

Ilodgson et al. 1161 fltlid that 98'; 9t)S of tie copper in soil solutions of 

calcareous soils was pieseiit as organic cotmptlexes. Ilence, chelalioit u ilclro

nutrients in soils plays alliiporlant role in deternining the availability of 

Mn, Fe. Cu. and Zi itoplants 1251. 

Solubilit i r'abi )fll3nshj 

All of the tnicioitutient elements form oxides or hydroxides. In the case 

of' B and Mo. the oxides are too soluble to persist illmost natural systems. 

(Il) to the'rie solubilit\ constatlls for the illetal oxides listed in Table 9 refer 

dissolution reaction: 

- - II

MII )1() 211' - M2 ± 1 

The oxides listed do not represent the most stable metal oxides in oxidized 

soils. but the\ ptovide a basis of comparison almong the elements. It call be 

seen front Table () that the solubilities of tileietal (11)oxides follow the 

order oI"the electirotneativities ol the elements ('cf. Table 0) illthat ('u (11) 

forms the least soluble oxides and Mn (11)oxides are quite soluble. A similar 

trend can be observed fr the solubilities of the metal (11)sulfides. 

Stable o\idtc of Fe and Mn include o-e,0 (hematite), a-FeOOIlI 

(goetltite, -tt): lpvrosite). and --Mn)OlII (Inanganite). Under soil 

Con~ditiotn. both elelieCtits forl1 hydrated oxides, in which the eletnents may 

occtl in mixed valeicV states. These oxides tmay be present as surface 

coatings ol mimials. Such as p:I lhosilicates, atid the, play ;it important role 

in determiniing tie sollibilities of aqiueous Fe amid MI, as well as othter micro

nullient lelietuims. tlrough surface adsoiptiom, coprecipitation, or occlusion. 

Copper aid /inicform stable o.xides with IIII). ('ul:e:O (cupric ferrite), 
amnd /ntie( ). ( iaiklmuite) that niaV plaiy ati iittportant role in determiniing 

the solubility ot these elements itn soils 1261 

The partial (O, pressure itt the aittosplhere is about 0.0003atni (log 

CO,)- 3.52), but ini,oils the (O levels are usually higher because (if 

respiratmr pi ocesses and slow exchange of' CO2 with the atiosphere. Itl 

flooded soils, where ('(), lower, ('O, levels mayiates oldi ffusittof are even 

go u lo 0.1 ami or higher. Atitosplheric carbon dioxide dissches .nwater 

accorditng to: 
° 

"'() 112f)"- Il2")3 logK - 1.46 

Carbonic acid is iweak acid. the predominant aqueous species between pli 

.()
6.4 and 10.3 being IW . 

Imtder shigllitlv alkaline conditions, and htigh levels of ('0,. the precipita

tion of, inetal (II) catbottates tttay become ittportant. The equilibrium 

constants Ir carbommtes. listed in Table Q, refer to the reaction: 

Mll)CO., - 211 + -; \2+ + ('02(g)+ 11,0 



Table 9. Solubilitic, dhot K (i" oxides,. c-.rhmates. silicates. phosphates. sulfatcs, anti suit ides of divalent itetals. at 298.15 K and zero ionic strenmth, 

and nlalcs t Some minerals 

Mn (1l) Fcll Ct1I)) Znill) 
Oxides 18.39 13.48 7.66 11.16.MO Manganosite -enorite Zincift.Carbonates 8.08 7.92 8.5 2 a
MCO, Rhodochrosite Sidcrite 

7-91
 
SmithsoijteSilicates 24.45 19.76 13.15M, SiO. Tephroite Favalite \illemilcPhosphates 11.78 (n = 0) 3.11 (n = 8) 2.24 it = 0) 3.81) In - 4)MIPO- ),. nIlO Vivianite (0.34 n = 2) I lopeiteSulfates 3.43 (n = 0) 2.65 (n = 0) 3.72 In = 0 )b 3.41 in=O)c. *SO,-nll, 0.47 (n = 1) - 2.46 (n = 7)0 Chalcocyanite Zinkosite 

- 2.61 In = 5)Sulfide - 1- 16.21e - 36.10 24.70
Alabanite TroliteMS Covellite Sphalerite 
-- 11.67 - 22.50
(Green) Wurtzite 

a. (uiOIl) CO, malachite). Cu3(OIl):C0 3 )I (azurite) 
b.('u4(Oll),SO1 (bronchantite). CuO- CuSO, IC) 
c. Zn(Oll):, ZnSO, (c). ZnO. 2ZnSO., M)
d..MnS: Ihaucrite) 
e. FeS. (pyrite. markasite). Fclll peylll).,S Ipyrrhotite) 
f. Cu.S Ichalcocite) 

Source: Lindsay 1261 
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and show that the solubilities of metal (II) carbonates are quite similar. The 
most important caibonates in soils are calcite, Ca('O 3 (log KO = 9.74); 
niagncsite, %g('0 3 (log KO = 10.69): and mixed ('a, Mg carbonates, such as 
dolomite, ('aMg(('O3 )2. Many Ca and Mg carbonates contain traces of other 
metals, in particular In the\nl (11). nonsaline soils where calcite is present, 

p1lis usullv in the range of 7 to 8. The p1l in such soils follows from:
 

2pll -= 9.74 log ('O! log ('a2 *
 

For ('O levels from 0.0003 to 0.01 atin and Ca2 + activities froml10-3 to 
10-2 , p1l would he between 6.9 and 8.1 . Calcium activities in soil solution 
are buffered through ion exchange and adsorption. Thus, in calcareous soils 
calcite may affect the solubilities of Mn, Cu, and Zn directly through surface 
adsorption, coprecipitation or occlusion, or indirectly through determining 
the pl1. 

Silicon is the second iost abundant 2lement illthe earth's crust (after 
oxygen) and occurs illsoils in primary silicate minerals, secondary alumino 
silicates. and various forms of SiO . The solubility of silica, according to the 
reaction: 

SiO!(s)+ 211,0 - 14SiO4 

ranges from log K= -2.7 for amorphous silica, to log KO =-4.0 for 
quartz (a-SiO, ). Silicic acid dissociates according to: 

° 

-- + l3SiO 9.71
114Si[]4 11' log K = ---

Ilence. the preinaiin t aqueous species below p1l9.7 is 114SiO, . Inmore 
concentrated solutions, or at very high plL,polynticlear hydrolysis products 
of Il.tSiO4 ma1y become importait, as was discussed for the chemically 

similar 113 1O 3 (see section on I lydrolysis). 
The solubility constants f'or silicates, listed in Table 9, refer to the 

reaction:
 

+ 2M2 +M(IIh2SiO 4 +411 - IlSi0 4 

The solubility of metal (11)silicates thus depends strongly on p1l. 
Time dissolution of clay minerals may be represented schematically as 

follows:
 

('lay mineral + mill+ + mllO -;xAl3+ + yll 4SiO 4 
2+, Mg2+ )
+ (Na*, K +, ('a

where n, m, x,and y are reaction constants. If'
quartz and gibbsite control the 
aqueous activities of 1ISiO,1 anrd A13 +. then the stability of' clay minerals 
depends on ph Iand the activities of a number of' relatively mobile cations ini 
solution. Ifthe aqueous aclivity of'one or more of these cations decreases, 
because of leaching or plant uptake, the clay minerals may become unstable 
and dissolve, thus releasing trace conslituelts occludted in these nmierals. 
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In some tropical soils (e.g.. Oxisols) this process has left the soil with few 
weatherable minerals and thus with a poor capacity to replenish micro
nutrients removed by the crop. 

All divalent metals form phosphates of the general form: M3(104)2 "i 120, 
where it denotes the number of coordinated water molecules. The solubilities 
of pIroslihaes, listed in Table Q. refer to the reaction: 

N1,1PO4Nl(ll (. ,'nl.j) 4- 411 + t- 31\ 2+  ? I- nl-,O 

()rlhophospliic acid. I11P().0. is a weak acid: between p11 2.2 and 7.2, the 
predrrliiant alueotis species is II~ll(). and between 7.2 and 12.4, this is 

\\hen tile coricelllaliols of' ortloplosplates in so]ltion are high, such as 
ill tle case of IP-feltilier application. inicrontrient elements (e.g., Zn) may 
precipitlte and become nnavailable to the plant. Under unfertilized con
ditions,. tile levels (i" orthophosplhates in solution are largely determined by 
adsor li)o leactiolr, and hy Al-. F(IllI)-, or (a-phhospates. Ujnder these 
conditions phosphate minerals involving nlicrollutrienlt elmenls arc not 
likely to be irtlportaln. 

Most divalent metals fIrMn sulfates of the form: MSO, '111,20, which 
dissolve accoldine to Ilable )f: 

+NI(II)S().;'-InlI:,, -\1; + so 4 + nll, o 

Mtl sulfa'tes ale too soluble to persist in soils. except in semiarid or arid 
climates \%iere tev nnay accumurlate in soils, mainly in the form of gypsum, 
(aSO.: •21-- ,() o, K 4.64). 

S11lni11 is autllas IltLrielil.nip,1 l a planlt ald ill flooded soils (or peat soils) 
'.iltlaites 111a he e iced to suilfides. I Idrogen sulfide. 112S, reacts as a 
xolmtilc. werk 'acid. IfeBh'; pl1 7.0. tile predominant aqueous species is 112S, 
mid beteen pli 7.0 lid 12.9 this is IIS -: at p1l greater than 12.9, S2- is 
predrbmrlrria. lie eductiolr of sulfates tor sulfides only occurs under strongly 
reduced colditions, as follows fruroir: 

So 2 Se8C -11*S2 +4110 logK - 20.74 

At e p1' 2.0, S Mwld be tire predoninant species. 
Ill subrnereed soils. where tire tedox potential is sufficiently low for S0,

to he reluced to S2 , insoluble metal sulfides may form. The solubilities of 
sulfides it 'bI le ) leler to tile reaction : 

MIII S - m + - ,,; 

Crpper is likely to precipilate as chalcocite (CuS) rather than as covellite 
((tuSI because orf tire predoiirance of ('u + under these conditions. Iron and 
rr arrgarrese tray precipitate as tire stable bisulfides, pyrite (FeS 2 ) and haucrite 
(MnS, ). Zimuc is likely to form spltalerite (a-ZnS) 1201. 
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The extent to which sulfides control the solubilities of aqueous metals 
under low redox conditions depends on the initial concentrations of sulfates 
and tile Metals involved, on the solid phasescontolling mtetal solubilities, 
and oni the degree of' equilibrium maintained in the system. For example, the 
equilibrium between magnelite and pyrite may be represented as: 

FcEMO (magnetite) - 561"1+ + 44e- + 6S02- n-;3FeS2 (pyrite) 

° + 281120 log K = 287.69 

and: 
6.54 + 0.14 Ing S() 0.27 1)11pc +111 6= --

If equilibrium is maintained, pe + 111 is determined by the above relation 
ontil all Fe3 ()4 is dissolved and precipitated as FeS2 . Iron contents in soils are 
in the range of V'; 10;1Fe (Table I). Even if'only 1,; of this Fe is present as 
FE3 0 4 . this would still require initial S02 - concentrations of 5 50 x 10-3 

mol/l to precipitate all Fe(II). Typical sulfate concentrations in soils would 
be of the order of 10 3 nolI, and therefore the formation of' pyrite islikely 
to remove most of tie S: (or: S2 -) from solu::on. Redox reactions involving 
metal sulfides are particularly common in rice lands, reclaimed swamps, and 
tidal areas 1301. 

Molyl-demlou also forms a stable sulfide, MoS, (molybdenite), which 
dissolves according to: 

-
MoS, (nmolybdenite) + 411,0 Mo02- + 2S2 + 2e- + 811 + 

logK 0 = - 96.49 

At very lo\ iedox potentials, tile solubility of molybdates may be deter
mined by molybdenite. but under more oxidized conditions most of the 
known Mlo miieials would be too soluble to persist in soils. I lowever, if'the 
aqueous ('a is high enough, calcium mlybdate may become important: 

('aNloO(c) ; ('a 2 + oO 4 log K = 7.94 

In calcareous soils, calcium molybdalc and calcite could coexist: 

('.1('O 3 (calcite) 4- MOO4 + 211 + ('aMoO 4 (C) + (02 + 1120 

IogK = 17.68 

hence, at atmospheric ('02 levels, 

logMoOV4- - 21.20 A-2pl I 
-A molybdate activity of about I0 ' at pll 7 would be in the range of 

activities expected for soils, but at higher 1p11 or high C02 levels, calcium 
molybdates would probably dissolve in calcareous soils. 

The solubility of borates in soils is likely to be determined through 
adsorption on mineral surfaces, rather than by a distinct boron mineral. Most 
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horates are tot) soluble to persist in soils: they forni only under arid con
ditiolns where they can accumulate in soils as a result of capillary rise of soil
 
imoistilre and evaporliou oil tile
soil surface 1361 

Ion exchange and adsorption 

Microniutrieni ielenlis may he adsorbed as the aquo cations or anions, or In 
the I'on of charged or unlcharged complexes. If the adsorption of one or 
more ionic species is accompanied by the simlultaleous desorption of al 
equivalent amount of oliter iotiic species, this process is called ion exchange 
or eLui'Valeilt adsorption. When ionS are adsorbed and less than equivalent 
amint i, other ions are desorhed the process is referred to as super
etnivaheiit adsnrpltio (alsO: 'specificI :dsorption). The equivalent adsorption 
ol Ionic species does not alter the fixed charge on the solid surface, but tile 
stupereqttivalenit adsorption of' ionic species may alter the effective surface 
Chiaree of the adsorhenII. [lie aiOuntS of cations or anions that call be 
.evesiblv for: cxchanigeahly) adsorbed by a solid phase, undcr specified 
Conditions. are called the cation exchange capacity I(') or anion-exchange 
capacity (A.\ l respectivelv.( 


\Vhen aqunetis concentrations of metal ions are of the saine order of 
mliagllitnde as the coIjceimiratioims of coiiipetilg inns, adsorptive interactions 
call be described hV the ion-exchange equations commonly used in soil 
sc'eiic rMalkali and alkaline earth metals 131. At lower conceItrations, 
h,wever. transition imetals aid inc alre often strongly preferred over alkali 
aild alkaline earth metals, and this preference tends to increase with 
decreasine st face covcrage h the metal ions and with increasing pl1. 

At low concentratiois, adsoIption of' metal ions by soils is often described 
uIIcccssfiill v h [a1nnttir or Freutdlich adsorption equations. Both 
:dslplilm eflatiolls Call be derived from ion-exchange considerations which 
nay explai in part their applicability to adsorption of ionic species illsoils. 

I lie adsoiptioi of ionic species A on an adsorbent which is initially in the 
hoimoionic B form can be represented as: 

A+ AA+ B 

wheie hais d miie the adsorbed phase and where it is assumed that both 
it ic S l JiL are nf equal valence. Ionic species can occur in two energy 
States. otie i sociated with the solid phase and one with the solution phase. 
The thertmodyianic equilibrium conlstant for the A/B exchange reaction, 
K .\ ,follows from: 

.\; (],= --RT In KA/B 
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where AGOd, is tile change in free energy accompanying tile exchange 
reaction under standard conditions. When equilibrium is maintained, it 
follows that: 

"A 113= K°/BA A 

This ion-exchange equation relates the ratio of the ionic activities in the 
adsorbed phase. 1 \/u, to tie ratio ini the solution phase, a,x/a 1 The ratio 
of the activities in the adsorbed phase is usually replaced by the ratio of the 
equivalent fractions. q A/qn., where qj is the amount of ionic species i 
adsorbed from solution ({tteq!100 g of adsorbent ): 

-IA/in .- K, /I ' aA/anl3 

where KA113 is the se!ectivity coefficient for the A/B exchange reaction. A 
discussion of the theliiodynailtics of ion exchange is beyond the scope of the 
present paper. but the subject has been reviewed by several authors [1, 4, 
111. For the purpose of the present discussion, it is sufficient to note that 
houtovalent ion exchange can be described by ani equation of the type 
presented above, and that the selectivity coefficient may change with tile 
Ctnln)osition of the adsorbent. 

The equivalent adsorption of metal ions on clay soils hai been successfully 
described by ion-exchange eqluations. For example, Fl-Sayed et al. [9] 
reported a value of 0.9)6 for the thermodynamic equilibrium constant for 

*tt+!(,':exchange oii a ben tonite clay.( 2 
II a study on the adsorption of 

Zn 2 2* on 
was found that at low concentrations in solution both metal iotns were 
adsorbed selectively. with selectivity coefficietnts ill tile range of 10 to 100 for 

2 

and ('u " a clay soil containinig illitic and smectitic clay minerals, it 

the Zn- /( ,a and ( 'u2 
+ /('a exchange reactions. At higher concentrations in 

solution, selectivity coefficients of about I were obtained for the same soil. 
The selective adsorption of Zl 2

+ and (112+ at low surface coverage was 
thought to be due to adsorption on surface groups associated with the edges of 
clay minerals or oxides in soil. The nonselective equivalent adsorption at 
higher suIfface coverage was ascribed to competition for planar sites on clay 
minerals 1131. 

,Idsorlption f'tltat jo/is 

The Langinuir adsorptiotn equation was originally derived 1231 to describe 
the adsorption of gas mulecules on a plane surface, having only one kind of 
elenientary site, each of which could hold otly one adsorbed Molecule. It was 
further assumed that the binding of a molecule on any one elementary site 
was indepetdeti t of tile binding on the remaining sites. When applying this 
equation to the adsorption of ionic species iii soils, one has to consider that 
(a) adsorptioii sites with a tIet charge are never 'empty' but always associated 
with ionic species to balance the charge, (b) a range of' different adsorption 
sites is encountered in soils, and (c) interactions aniong ionic species in the 
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adsorbed phase cannot be ruled out and thus the free energy of adsorption 
may depend on the composition of the adsorbent. 

The t.anginuir equation as used in soil science can be represented as: 

L1i= OKci,/( l + Kci) 

where qi denotes the amount of species i adsorbed per unit niass ofadsorbent, 
ci is tileaqueous concCntration of species i, Q the adsorption maximum, and 
K is a constant, which is a measure for the heat of adsorption of species i. The 
langnmuir equation is usually written in the linearized form: 

ci/t==I /QKh + ci/Q 

The iou-exchaMnge equation describing homovalent A/Il exchange: 

tIA/(Q (IA ) = KA "/ICA C1 

where Q is the adsorption maximum or cation exchange capacity, can be 
rewritten inthe form of a linearized Laugmuir equation: 

,t
C ...\ l/K Q 4-c..\/Q 

t
where K Xin K: 1i•c1 .which is approxinately constant if cB > CA. Thus, 
the I.anginuir equation can be considered as an approximate ion-exchange 
equation. valid for low surface coverage of the adsorbent. Similar expressions 
Cal be derived for lieterovalent ion-exchange reactions [131. In ion exchange 
only differences between ionic species are measured. Therefore the Langmuir 
equation would apply to a .,ystem where different ionic species would have 
equal affinities for aill adsorption sites, and where interactions between 
particles ill the adsorbed phase would be tile same for all species. 

An advantage of tileuse of the Langmuir equation is that only CA and qA 
have to he known. Furthernore. the equation can also be applied to 
superequivalen Ladsorption. In the latter case, the physical significance of the 
constants. K and Q.becomes somewhat obscured, but the results may be of 
practical significance illa given situation. 

I'cundfi'h IIlsorptbon equationl 

The [reundlich adsorption equation represents an empirical relation between 
the amount of substance i adsorbed, qi, and the aqueous concentration, ci: 

th = kc " 

where k and ilare positive constants, n being greater than one illmost cases 
of practical interest 1101 .The Freundlich equation has been widely used to 
desciibe the adsorption of ionic and nonionic speccs in soils. The Freundlich 
e(piatioii can also be written in time logarithmic form: 

log qi log k + (I/n) log ci 
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Although the Freundlich equation is empirical, several authors have 
attempted to give a theoretical derivation of the equation. Contrary to the 
Langmuir equation, which is based on an array of distinguishable, independent, 
and equivalent sites, the derivations of the Freundlich equation are all 
based on the assumption of a decreasing heat of adsorption with increasing 
surface coverage due to surface lieterogencity or to particle interactions [14]. 

The adsorption of micronutrient elements in soils has oftenl been 
described successfully with a Freundlich equation of the form: 

log tli= log k + (I/n) log ci+ apl I 

where a is a constant. The adsorption of aqueous species of Mn,Fe, Cu,and 
Zn generally increases with increasing pIt, whereas in tile of Mo thecase 
adsorption has been found to decrease with increasing pi1 [44]. 

Mk'chanisns oJ'adsorpt(0 

The reversible adsorption of ions onto a solid surface is likely to involve aquo 
ions dhat retain their primary and part of their secondary hydration shell. 
The coordinated water molecules would thus prevent the ions from entering 
into specific interactions with the adsorbent surface. The most important 
attractive forces between ions in a diffuse layer and a charged surface are 
long-range electrostatic forces of the ion-ion type. These interactions are 
nonselective. that is,they do not distinguish between ionic species of the 
same charge. 

Ion exchange selectivity may arise from medium- and short-range 
electrostatic interactions between a charged surface and hydrated or 
complexed ionic species. Negative surface groups, ionic species, and 
:oordinated ligands, may have permanent or induced dipole moments, or 
higher moments, such as quadrupoles or octupoles. The attractive forces 
resulting frori these charge distributions are not effective over a long range. 
When ions approach the adsorbent surface, these attractive forces may 
become effective and give rise to ion selective or ion specific phenomena, 
that is, differences in adsorption behavioi between different ionic species of 
equal charge. 

Forces that are effective over an intermediate range include ion-(induced) 
dipole interactiolvs. The interactions between permanent or induced dipoles 
are referred to as slort-range or London-Van der Waals forces. The induction 
or dispersion interactions depend on the polarizabilities of the elementary 
particles involved. The polarizability is a measure for the ease with which a 
dipole moment can be induced in a particle, and increases with mass, size, 
and number of electrons in the outer shell of the particle. Differences in 
polarizability between ions may lead to ion-exchange selectivity, and the 
presence of polarizable ligands surrounding the central ion may enhance 
this process. 

London-Van der Waals forces may play a part in the adsorption of 
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uncharged complexes, polynuclear hydrolysis products, and metal organic
acid complexes. The apolar hydrocarbon parts of* organic ligands have low 
affinities for the polar aqueous phase. and this may help to explain the 
preferential adsorption of complexes of metals and organic ligands. Oxides 
are generally strong Isorbents for hydrocarbons and this tendency increases 
with increasing chain L1nglh of the hydrocarbon group.

lom-excliantge selectivity resulting frout1 differences in ion-solvent inter
acti&,ns. hydrated radii, and polarizabilities of ionic species is further 
enhanced by tile rapid decrease in the dielectric constant of' water near most 
mineral surfaces. Therefore. small difTerences in position of ions or ionic 
comlplexCs ncar the adsorbent surface, may give rise to large differences in 
selectivity between ions. 

Other types of' bonding that are effTective over a short range include 
ly'drogen bonding and coordinate bond forntation or ligand exchange. The 
hydrogen atom can 1oni,0lon1e covaletnt bold, and one bond. the 'hydrogen
bond.. which is largely ionic in character. Ilydhogen bonds may play a part in 
tmie adsorption of organic ligands associated with metals on oxide suraices. 
The ability of hydrated metal ions to form hydrogen bonds with surtiace 
gro ups ma\ hc correlated wilh the first hydrolysis constants of the metals 
(Table 7). This is because the hydrolysis reaction is essentially the proton 
rlanSl'e 1flor1 a coordimialed Water Mttolecule to a surrounding molecule, ill this 

case a surface hydroxyl or other 'unctional group. 
('Ordinale bold f'orntation or ligand exchange is of' particular importance 

fr the transition metals and zinc. A coordinate bond between a metal ion 
and a solid sutace nlla' be established by exchange of' a ligand, such as 1120, 
flom the inner coordintation sphere of' the metal ion for a surface group, such 
as Of1I o NI 1 . ('oordiulate bonIds may also play an important part in the 
adsorptioll of uncharged complexes. 

1Te ligan d exchange reaction between surface hydroxyl groups and aquo 
ions of divalcmmt Mlt. Fe. ('u. and Zn may be visualized as: 

Surf'-O-+ [ Im(lo(), 1 Surf- IOM(112O). 1+ 1120 

or: 

Surf-Oil + [NI(IllO.), 12 - Surf-[OM(11 20)5 J+ + If + + 1120 

In electric fields of' high strength. such as those associated with negatively
charged surface hydroxyl groups, hydrolyzed species may be more strongly
adsorbed than unhydrolyzed species because of their weaker interactions with 
surrounding water molecules, and hemce smaller hydrated radii. For example, 
James and I tealy 3 + 2+ 21IS] described the adsorption of Fe 3+ , Cr , C(o , and Ca'+ 
ot SiO as a specific adsorption of first hydrolysis products. Other 
nechamisms of ligand exchange include the displacement of' more than one 
water molecule in tile inner coordination sphere by surface hydroxyls. 
Whether this can occur depends on steric factors. 
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The mechanism of the specific adsorption of metal ions oil oxide surfaces 
in soils and the role of hydrolysis are not well established. Most authors seem 
to agree. however, that the adsorption reaction results in the release of W 
ions. that adsorption increases with increasing pil, arid that thie process is 
highly specific, probably involving surface hydroxyl groups associated with 
oxide surf'aces. Because of' acid bflfering iii soil, the decrease in pl I associated 
with metal ion adsorption as measured in soil solution is usually smaller than 
would folIlow from the teaction equation. 

The adsorption of' ,olybdate in soils may involve the displacement of a 
surface hydroxyl group by ai oxygen of' the molybdate ion: 

Surf-OIl + Mot)42- --Surf-OMom + OI-

Other mechanisurs. including the formation of hydrogen bonds or the dis

placement of mnore than one surface hydroxyl group, may be in lved in the 
adsorptionr of Mo by soils. Iron oxides have been found to be strong 
adsorbents fo r Mo, ld tileadsorption of Mo in soils has been shown to 
decrease with increasing pI I 15, 441. 

The adsorption of" boric acid in acidic soils generally increases with 
increasing pl I,which may be explained by a reaction of the type: 

Surf-(l I -1-It(II3 - Surf-Ol1(Ol I 3 + II + 

where tlie coordination nuiriber o1 B would increase front 3 to 4. The 
adsorption of' I insoils has been reported to reach a maximum in the range of 
pil7 to 9 115 1. which may be die to the increasing stability of' 13(011)4 ions 
in solution with increasing pIl. that is, to a reaction of the type:dtue 

Surf-O13(011) 3 + OIl Surf-O - + B(Ol)4 

The adsorption behavior of I,insoils is complex and needs further research. 
Adsorplion reactions play a major role in determining the solubility of 

aqueous forms of most micronutrient elements in soils. Organic surfaces are 
of particular i ortance for Cu(ll). File solubility of aqueous Fe and Mn 
species under oxidized conditions is largely controlled by Fe and Mn oxides, 
but Under reduced conditions adsorption reactions and organic cornple. 
formation become of urajor importance. 

Adsorbed species may form chemical bonds with reactive surface groups, 
resultilg in significant changes in the electronic orbital patterns of the 

species involved. This type of surface interaction can no longer be considered 
(specific) adsorption, and is referred to as chenisorption or surface precipita
tion. It probably plays an irnportant role in soils, as is evidenced by the 
occurrence of' ranry secondary minerals as surface coatings rather than dis
crete mineral phrases. Occlusion of adsorbed metals, such as Cu and Zn, in the 
growing solid phases of" Fe and Nir oxides is probably an important 
mechanism for the immobilization of these metals in soils [ 19J . Because of 
Ole changing moisture and redox conditions in soils, Fe and Mn oxides tend 
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to remain in) 'active, formr, and tile occlusion of divalent cations in the oxides 
results ill a net surface charge, which enhances tire further adsorption of 
CtlliOlnS )n tie oxide surfaces. 

Conclitsioll 

The rricronutrient contents ot' soils reflect the composition of the rock 
rIaterials from which the soils were formed. This is more so in younger soils 
with a high proportion of prinllay minerals than in older soils that have been 
exposed to more weallhering arid therefore contain a lower proportion of 
ptiliat ' u ln mtils.
 

Ihe processes of" weathering and soil formation affect 
 the ruicronutrient 
Clenlellts in diffelent wrays. nder oxidizing conditions, iron is relatively 
inlulbile ill soils and weatleriing rocks hecause of tire formation of insoluble 
telric o)xides..\lainglnese also torins stable oxides in its higher oxidation 
states. t'rlIer educing conlitions. both elements occur mrainly in the 
divalent oidlation staie aid behave similar to zinc and copper. The solubility
i' diIllnl metal iotns is largely determiined by aquets complex formation 

alnd adsrplie initeractions with solid phases. Molybdenum and boron are 
relativCly mo1bile ilesoils arid wealtheriin rocks aird ur a'Wbe transported over 
lmre distances by natutal waters. 

Soils formled ill linrirlid clilniates rmay be depleted in ri~obile elements, such 
as MO arid B. aid low ill Zn. Mn. or ('u. Molybdenurn and boron imay
accunilulate ill solils for ried iin seilriarid and arid regions. Soils in arid regions
aie often high ill pll (calcareous). which enhances the mobility of these 
ele ie lis (( haptel 0). 

lIntra/mial soils. such as peat soils, reflect tire corinposition (if the aqueous 
ell\ irilrent i'l which tile} were I ned, rather than tie comiposition of the 
siilrulldiin, ock miaterials. Copper deficiencies in peat soils (Chapter 3) may
be ire to low Cu contents ifi tire aqueous nledinul, possibly because of tire 
precipitltion ofI insoluble Copper sulfides under strongly reducing conditions,
to, tile tIrilationl of insoluble organic copper comnplexes, or to the binding of' 
coppei by tire organic niatrix iin these soils. 

Fliomrani agricultural point of view, the plant-available micronutrient 
contellls )f soils are iroe imnportant tihan tire total contenits. The total 
ainorirl o)I' iciorutrients, their spatial distribution, arid the chemical form in 
which they Occiir are generally riot directly related to tire availability of' 
lulicrontntients iin soils. For example. calcareous soils may be high in total Fe 
arid Mln. brl tire availability is usually low because of the high pll in these 
soils alid tire Ilo, soluibility of tile oxides anrd adsorbed fornis of these 
elenents unler those conditions. Ilence, in calcareous soils, particularly if 
tine. ae also low in organic iatter, deficiencies of Fe and Mn as well as Zn 
arid (tl mray occur irrespective of tie total contents of' these elements. 
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Environmental factors. such as soil telmperature and inoisture conditions, 
lay affect the availability of' micronutrients in soils. As is the case for most 

nutrients, tihe effective availability ofImicronutrients tends to decrease with 
low temperatures and Ilow moisimte , h'c.ause of' reduced root activity 
and lw rates of dissolutioll and diffusion of nutrients. In soils with low 
loisture contellts, collidll parlicles llylV become imumuobilized quite readily, 

which lay result in the Occlusion of nlicronutrient elements sorbed on the 
surfaces of dles;e pa;:icles. 

Soil f:ctors much as pi I, redox poteitial. biological activity, organic matter, 
('(. anid clay conteit are O)fIiMi inlptall mce in deLtermining the availability 
of' micronut rienlts illsoils. 

The availability of All jmicromuItrielts is afectled by pll. The availabilities 
of Fe. NIl. Zn1, (u. and, ULder slightly lcidic colditiolS, B3lend to decrease 
with incleasing p11. retlecling the decreasing solubility of oxides and surface
aIdsoled 01 p~lecil)italted fo ms with incieasing pll and tile high stability of 
conilexes with or,'allic maitle at high p1. The availability of' Mo and of 13 
nu11der alkaline conditions tends to increase with increasirg p1 1. 

Whell tile rethox p))emntiall Of' aisoil decreatses, such 'is ill rice soils upon 
flooding, tile availability of' Mu and Fe initially increases because of the 
redluctiotl an1d dissolutioll Ot Mu and Fe oxides ill soil. The availability of 
eleinellitS occhded ill these oxides, such as Zn. ('u, and possibly No and B, 
would also ilcrease when these oxides Lissolve. If tile redox potential 
decrealses to very low\ values, in)soluble sulfides f' ('11,Mo. e, lnd possibly 
Mti and Zil la, be oriiled. which would make these elements itnavailable to 
tile crop). We11nllsubmerged soils are drained off and the redox potential 
increases rapIidly. tile soil solution may become supersaturated with respect 
to Fe and Mnfioxiles, and c0precipitaoti)n of other metals with Fe or Mn 
inay become important. The oxidation of metal sulfides may also lower time 
p1)1. thus incleasing the solubility o)f metal io s in solution. 

The decomposition of olga.lic mailer by file heterotrophlic bioniass may 
result il tie release of' complexitig organic compounds that can form soluble 
cOniplexes with eleuelnts such Is (', Zn. Fe. and Mn. Soluble organic 
COtuplexes na1y increaise the solubility of these elements significantly, inl 
particular that of' copper. On the other hand. the f'o ination of complexes
with soil organic matter. or tie incorporation of nicronutrients in the 
bionuass of tile soil. mnaV decrease the availability of' these elements. 

In order to increase the availability of' micronutrients to the plant, one 
could apply the mnicronutrienls directly to the crop (f'oliar application) or 
to tile soil ill a soluble form (e.g.. metal clielates). Ill large areas of the tropics 
a1td sutrolpics. howeve. the Cost of such practices would be prohibitive. 
illder such circunstaces. One could try to umanipulate some of' the factors 

that affect the availabilil of' microtiutrients il soils, such as p1l (by liming), 
redox potenitial thy irrigltion, drainage). or orgatnic matter atd biological 
activity (by use of nanuxe, croup rotation). Ilence, a knowledge of time 
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chemistry and interactions of micronltrients in soils and an understanding 
of the factors that determine the availability of' these elements in soils are 
of major importance for good tertilizer and nutrient management. 
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2. Micronutrient needs of tropical fooi crops 

IS KAN\WAR' '[]O('N(;IIIII 

I)re'tq, Rc'e~ . 'th. ('RISAt' u : ro('r(pI'hvrl togist. I1:1)C 

Micronutrient needs of tropical food crops 

lhe essential riicronutrienlts are copper. zinc, manganese, iron, boron, and 
mrrolvhdentm: chlorine is also essential but will not he discussed here since 
it is rlaely lacking ill ,Lrericultural systems. These tricronutrients are essential 
I',1r philt suvivalhut r e ounly Hreeded il small quratiies. In this chapter weh 

-,%ill exatnitre tile licronurrient reeds of trorpical forod crops. We will 
review 
tire Lactors that Control iticrotutrient uptake. tire crop's rcsponsc to this 
uptake. :rd tile wva, in which the tropical climate and crop varieties might 
ai fct tile allullits of rricrolnutrients needed. We will also discuss trends in 
clop mrturtreercr. ard yiehl levels and how these flactlos afTect micronutrient 
rleed:,. 

The tIo)pics are very diverse ill both climate anld soil resources. The tropics 
are rrr4st Cormly lef'inretl as the geogrraplhic region that extends from 
2.5' nlortlh to 23.5- south of tile equator. This area c mers 38,', of the land 
ma1ss arel of" tire .oldl. and it is spread (r,ver Africa (43' 1. South America 
S,' ;). Asia (20';). Aistralia (5';). and ('entral an(d Norlh America (411).
Nearly 45'; of tile worl's poprilalioti lives in this region. The inearrn ontlly 
temperature of tie trfopics are IS C( 1271, and generally the tenperature is 
fa,.,-!qe nor croppirg all tire year arounrd. I lw,2ver. moisture often limits the 
rrmrrrer of cy;,:, 'hal cant he grown per year, particularly in the dry semiarid 
tiopics anid wel-drv semiarid tropics with 2.0 4.5 ard 4.5 7.0 wet nionths. 
respectivelv. 

Marry crips are grown in tie tropics, but 12 crops are the irosi important
irr ' ol pnmductiolr. lrese twelve aid their prodruction statistics are listed inIahle I . )f these. sorIgltrlll, iillet. wheat, pllses (cowpeas. pigeon peas.
chick-peas, heams), ,rrd gtttrtrdrruts are 1r1rrre ahluntart in dry semianid tropics
rtrd trhets ill wet-dry to it :,rid tropics. In tile economy of the tropics, in 
alulitior to these fIol clops Itlere are a tlulltuher of' illipollait collllelcial 
crops suich ;as sttgcalle, cottor, Coffee, tea, Cocoa, curcorrt, oil parlrll, anld 
hatIrMas. Althrorrglr We ar0 r10tdiscussing fire Illiclomllietll treeds of tl,,se 
clps, it rleeds o he recotrized that IlteV All sltWo rlticlottrrtnietrt deficuetucies 

43 
I.u'rlh: '- lAco'aoh, t dlum,' ;'. lIASS. 
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and claim higher use of fertilizers, including microflutrients, because of their 

commercial inmportance. It may le observed that the average yields of all 

these 12 food crops are very low, hut the potential for increasing lroduct,1on 

from thetim in tropical areas is very high. The introduction oft higlyielding 

varieties, particularly of cereals (rice, wheat. sorgltht. maize. iillets), is 

opening tlpnew vistas itt agriculture in the tropics and providing new 

oppolrtunfities aind potential f*or production. 
Tropical ctos are tot dittercit fora ICmnpe)CtatC crops illtheir need for 

ticrontttrientts. lox ever, tile tropical cfimate, soils. cropping systems, and 

yield levels are Usutally qttite difTrentt froll those in temperate regions. 

Although tmant\ crop species are colltltloll to botl regions. incltding mlaize, 
wheat, so\ beam, potalo. mtd otlters, the varieties or culi;.rs are usually 

different. As we will see there are significailt differences between crop 

culivars in flte efficiettcy witlt which they absorb and utilize inicronutrients, 

and these difflerences nlay be one valuable tool for increasing food production 

on solre tropical soils. 

Role of micronutrients in crops 

The role of micronutrients in the plant has been reviewed by several authors 
in tile last 10 e'ars 130. 38, 621 . Since in this respect tropical crops are 
probably not imtich different from temperate crops, only a brief overview 
follows.
 

cippwr 

Copper like most cations, is primarily itvolved with enzyme activity. Several 
enzymes that are al'fected directly by copper deficiency have been identified. 
The physiological result of copper deficiency isan apparent wilting of leaves. 
Graltam 1341 suggests that this wilted appearance is the result of strtctural 

weakness of tile cell walls in colp~er-deficient lplaflts aind is not related to 

water stress. Iluu,ever, copper deficiency also iedtices root growthImtore than 
shoot growtl. creating an unfavorable shlloot:root ratio [16, 49, 661. This 

increased sltot:root ratio could lead to plant/water stress. The two 
plenomen.a mmav work t tgellIcr to create the wilted atppearance. 

COp er deficiency usually delays maturity and reduces yield by reducing 
grain size 132. 01 . This reduced grain size is attributed to a lower photo
syn tlet ic efficiemmcy caused bv increzised closure of stomata in copper-deficient 
plants [341. When stomnata are closed, the diffusion of carbon dioxide into 

the leaves is slowed or stoppted. Also, studies with carbon-14 labeled carbon 
lioxide show that less carbon is fixed in (, sugars, the types that are trans

located to other parts of tileplamt in the phlem [121. 

hh,mmMolr(t 

MNolybdeitu is needed least amount of' all the essential micronutrients.in tile 
It is iIVIlved iinseveral enzyme systems including nitrogeneous nitrate 

http:culi;.rs


Table I. Production, area. .tnd %Ield hIlle maitiOt tod cr)ps in the troplcN in 1981131] 

Food crop Area Production ield \\'orldproduction 

Snilli()nls of Ila) Imlillions of lilt) 1111,1ha) (, ; ) 

Rice I()riza sativa) 
Casasa a 01alaihot isculenta) 
Maive iZca o,.vs) 
\V heat ( Triticum acstiru1n) 
SorILunm ;Sorehumn spp. ) 
Potato iSolanzum ttu rosun) 
Pukes I %ariou. speCies) 
Millet Penitscrtm and others) 
Soy bean I(Glcipicmax)l 
S%%eet potato uIpomoea hatatas) 
Groundnuts l..rachishvpogeae) 
Bean (Phaseolus rulgaris) 

100 
14 
54 
37 
35 
2 

48 
36 
11 
2 

16 
20 

222 
123 

79 
61 
31 
24 
23 
21 
18 
16 
13 

9 

2.2 
9.0 
1.5 
1.6 
0.9 

10,6 
0.5 
0.6 
1.6 
6.6 
0.8 
0.5 

54 
97 
18 
13 

43 
9 

55 
71 
21 
11 

68 
65 
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reductase, xanthine oxidase, aldehyde oxidase. and sulfate oxidase [62]. The 
result of NIo deficiency is a disrunpted nitrogeu metabolism. Nitrate reductase 
activity is reduced by NIO deficiency. Nitrate reluctase is involved iu the first 
step of ilncorplrilting inotganic NO3- into organic N ComIlpounds. l)as Gupta 
and 13astICh:nIdhitri I'(11 dlemnlstrated that Mo applications to rice increased 
tileam11oun1lt of' reduced nilrtogel ill the pla,t tissue. 

Mo (letficiency results in reduced chlorophyll conccntratiOn in the leaves 
11.261 Which leads to decreased photosynthetic efficiency. The lack of 
chlorophyll production ismost likely I secondary effect of the disrupted N 
metabolism since Mo has not been shown to play a direct role in chlorophyll 
synthesis. 

Another role of Mo in N netabolism is in N, fixation by leguime-Rhizhinu 
symbioses. Nitrogenase is aI Io-containilg enzyme [13. 871. It catalyzes tile 
fixatioll ot dinlitlrogel gas to ammionia, which can be utilized by the host 

plant. I lowever, examples of' N"O deficiencies on legumes in the tropics are 
rare. 

Increased use of' N fertilizer inicreases the need for Mo. The productiIon 
tf nitrate reductase by plant is induced by tilenitrate availability. Fvans [281 
showed that N()3-growtl plants requlired ore Nit) and that all the additional 

uptake was accounted for by the nitrate reductase enzyme. 

h'-on
 

Iron is readily oxidized and reduced between its two oxidation states Fe3 + 

and Fe2 . Its role in plant metabolism is closely linked to this reversible Fe2+/ 
Fe3 + 
,oxidtion. Many of the reactions associated with Fe are the redox 
reaction of chloroplasts, mitochondria, and peroxisomes [70. 711. These 
reactions itclide coupled electron-transfer reactions (cytochromes a and b), 
oxidases (cvt ochl ome oxidase), aL peroxidases (catalase and peroxidase) 

[221. Also. Fe plays a role in the formationl o'amilo levulinic acid, which is 
a precursr of chlorophyll synthesis [581 . lit addition, a strong correlation 
exists between the leaf' chlorophyll and Fe content as shown illFigure 1 
1841 . When Fe becomes limiting. thylakoid development (part of the chlioro

plast) slows or stops. Then,. as tie leaf continues to expand, the thylakoid 
constit nen ts such as Fe anld several types otchlorophyll are diluted, resulting 
in the pale yellow color typical of Fe deficiency. 

Zinc 

Zinc serves both some structural and some regulatory roles in enzyme activity 
ilplant tissue. Only a few enzymes have clearly been identified as requiring 
Zn: however, f'or several others there is considerable indirect evidence of 
Zn involvement 122. 861 . Zn deficiency is characterized by a reduction in the 
number of' ribosomes and RNA in tileplant cells. Plant growth is stunted 
by zinc deficiency. Like most nicrontutrient deficiences, Zn deficiency results 
in an overall reduction illphotosynthetic efficiency and disrupted metabolism. 
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Ma~ngam'stc 

The role of Mni in plant inatabolis!] is very unclear. Manganese has properties 
similar to Mg alld call Substitute for Nig in some enzyme systems. This is 
probably not a Cotmlonl occurrence in natire since Mg is taken up by 
crops ill Iuch greater quantities than is Mn. Only one system, albeit a very 
inipo lant one. has been shown to require Mn. This is the splitting of water 
by photolysis in plotosystein 11 1171 . This reaction probably involves a 
clianre in tileoxidation state of Mn, but the exact structure or functional 
role of Nl in photosynthesis has not yet been defined. 

] i , ill 

The role of It iinplant metabolism is not well understood. In fact, no 
specific function of B has heen identified. Only information on the physio
logical consequence of B deficienc~y is available to uis,and this has been 
reviewed hy Jackson and Chapman 1431 . The most pronounced effect of B 
deliciemicy oi mctabolismt is a disrupted RNA synthesis. The disruption of 
RNA metablist has heen studied largely using isotopically labelled RNA 
precursors iii normal .id B-deficient plants. An interesting observation is that 
tie results of 13deficiency are very similar to those froi the application of 
some pli:ut hormones. This suggests a link between B metabolism and plant 
hoirnlolies. Ilowever, our theories of how B fuictions in plants still have 
little supporting evidence, and B remains the least understood of the 
nticr ntil rients. 
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Species differences 

Crop species have shown varying responses to micront trient availability. 
A crop such as cassava, which is native to infertile soils, can grow on soil 
surprisingly low in available mi cron it rien ts, whereas crops su ch as field beans 
and sorghum seem to require much higher amounts of available micro
nutrients. Differences between crop species have been recognized for a hog 
time. In 1954, 20 crop species were tested and showed a wide range of' 
sensitivity to Zn deficiency [801 . A more recent complete summary of the 
likelihood of various crops to respond to microntiutrient fertilizer application 
trndei conditions conducive to deficiency is shown in Table 2 1541. 

Genetic differences between cultivars in their susceptibility to micro
nutrient deficiencies could be due to several possible mechanisms. Differences 
occur in ( I) the ability to absorb nutrients at low concentration: (2) the 
excretion of substances by the root to enhance the availability of a micro
nutrient: (3) the ability to retranslocate ions within the plant; (4) the 
efficiency of utilization of' absorbed nutrients, i.e., the plait's ability to 
grow well with low tissue concentrations. It is probable that more than one of 
these mechantisms are responsible for the observed variability. 

Tatle 2. Responses tf diffeirct food crops to micronulrients under soil or environ-
Ilills favorable to a dtcliciency 154 
('rop Zn Ie Im Mo 'u It 
Bemis IIII1.1. L 
Corn Imaim) It i 1 t. NI I. 
Potalo+, t NI L 1. L 
Sor 'lul I t II I1 NI L 
Rice
W\IleaIt 

NI
L 

II
I . 

M
I I 

L
I,. 

L
I I 

L
L 

IIt hieh. NI medium. I to\. 

Brown and Jones 181 concluded from their studies that the plant response 
to micront trient stress is a genetically controlled adaptive mechanism. The 
efficient species and varieties exude more II+ ions and reductants from their 
roots and ihus take some nutrients more available. Christ 1191 reported that 
mnotocots require higher soil concentrations of iron and are less efficient in 
iron uptake than are dicots. Much of the difference seems to lie in their 
abilities to absorb iron in the Fe" + state. In many cultivars severe micro
nutrient deficiency. such as zinc or iron deficiency, appears in the early stages 
of growth but disappears or is reduced in intensity with the growth of the 
root system or rise in temperature. In other cultivars, grown in the same 
eiviro-mtent, no deficiency symptoms develop. Such cases arc common in 
rice, sorghu, maize, and chick-peas. 
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Varietal differences 

The genetic Cotito l of" ttictrontiient uptake and utili'ation is well docti
tIented. if nn well understood., ly results showing a wide range of efficiency 

vwithin ntanv crop species I101 . The genetic diversity ol the world's crop 
plants lis all nked gleat expansioin in plant breeding activities in the last two 
decades. Ilie national and international lreeding programs have been very 
siicceSi'u il dcselopilIg vaiieties that have high yield potential, are disease 

itdtt pest esitalnt, and respird well to fertilization, primarily nitrogen. The 
succ.ss ,llt these hlCedinrig pograns has provided hope that, at least to some 
c\tc.t it is posible le to lit in il unf'avorable environnent)t todilv the plnt 
i,i id ot" try in to chaire the environment. Randhawa and Takkar 1741 
ha'c listed tile ,:uieties of' five cereals (wheat. harley, rice, maize, and 
\uurij m:t,,\o pulses (chick-peas anld black gram): and two oil seeds (Raya 
alld Srrir1tfl\IS) Itat have been f(nlll tolerant to Zn and Fe deficiency and 
to \1u and toicit ([able 3). Research on) improving the efficiency of a 
clop species hy improving its ability to absorb and utilize micronutrients is 
,till il ifn earl, stae, of develo)ment ht is expanling. The advances made 
il devclopiue ,aicties capabl, (of tolerating high Al, IigI acidity and toxicity 
MFdcl iclerc\ f stie ofl tile ruictonilrierlts have yielded results of' practical
,ieuiticatuice+. 

Wheat seetis to h the ihMost studied crop species relative to genetic differences 
ill Iuicrlotutrienii respotlses. It has been reported 179] that susceptibility to 
/11 deficiellcies aolltig tie Indian wheats was closely related to their relative 
eliciClc"v itt tile utilization of soil Zn. There were significant diterences in 
the rite fidappea alce :tlid intensity of Zn deficiency symptoms, anlOtllll Of 
ViCli ulepressiort. aild ill tissue Zit concentration. The same authors further 
iept led tht lissue cotceitrations of Zn in cultivars ranged from 4.2 to 28.3 
ppilt tuider /t1 delflcienlcy cottditions and tl~e responses to Zn increased as the 

illefficieucy ofl, Ililzation )I' Zi increas'd. Raudhawa and Takkar [741 
ple"C'ilted a comtipaisol of three wheat cultivars f'Or their susceptibility to Zn 
kheficeicc\ whei Ii rlheedit'f'ereuit growth imedia were used (Table 4). The 
results slioit life prftuuiid influence that the environmental condition has oil 
tlhe plill's ieslnise to itricroinutrients. 

()Ile stiudy 16l cotipareCd seven genotiypes of' wheat, one of' barley, and 
til' oftit'oat Ifmtheir semsitivity to suboptimnal supplies of ('i and for their 
ailill' to !cover f'10t11 ('i1 deilciency when ('u was applied at defiled stages 
ill itowmii. I lie ,,citltpcs dif'fered niarkedly. I IAI1.1IREII) wheat and Clipper 
Ib Ialer, ,v,as les, senusitive to ('iu deliciency than were the wheat t'uiiivars 
GAiBO). (IIAIVt). Pitnnacle ('hnitelemra, UP301, ])nraiibia, :rnd the oat 
cunli\al Avoll. The autlir I'irther cOil]uded that genotypes with relatively 
highter yield potential were less sensitive to (iu deficiency than were those 
wilh l l yield potential. There was no apparent association between 
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Table 3. Varietal tolerance to micronutrient deficiency or excess 174 1 

Varieties tolerant to 

Ztic MN I e
 
Cr op deficiency t xici ty toxicity de ficien cy
 

\W'heat ( Diticunastiruln) 	 W(;377 K810 WG357 -


WL212 Vijay
 
UP301 

Barley (llordeum vu/gare) PL26, 27, 40, Vijay K 19
 
74, 76
 
RI) 103 Vijay + Kesri
 
I)L40, 70 Jyoli +
 
1(;7
 

11112 
Vijay 

Rice (Oryza sativa) 	 Sabarmati - MTU 17 
Ratma IE71444 
Anna Purna IR1561-2283 
Chanvery Karuna 
Nadhiukar 
Balmagna 
Caloro 
CRI0-1 13 
('1124 
11R24 
SIO-13 

Maize (Zt1a maYs) 	 (;aitga 2, 3, 4
 
JNI.22
 
1"41. TW
 

Sorghum (Sorgtitru/gure) 2177 x 1151 
Swa rnIta 

Chick-peas (C'cer arictnum) P6828 
N59 
S26 
I3178 

Ilack gran (t 'igna uttogo) 	 T65, 55 
Khargaon 3 

Raya (Brassia jtncea) T51 
AL198 

SLinfl.v'er (I'lianthttus amtiius) Aranavisski 
NPI5 

Table 4. Relative tolerance to zinc deficiency of the wheat cultivars 174] 

Method of screening 

Cultivar Sand culture Pot Culture 	 Field 

Kalyansona II NI L 
WG357 L NI If 
WP301 L II 

II - high, L = low, NI= medium 
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dwarfgrowth and sensitivity to Cu deficiency in wheat. Genotypes with higher 
grain protein content were potentially more susceptible to ('u deficiency than 
were those with lower grain protein content. 

Generally wheat ismore susceptible to Cu deficiency than rye [35] . Crosses 
between wheat and rye produce iriticale which maintains the desirable 
toleraiice to low u availability of the parental rye variety. Studies suggest 
that the copper efficiency trait of rye is carried on a single chromosome and 
that it should he possible to transfer this trait f'ront rye to wheat, producing 

it-efficient wheat cultivars. There is little doubt that there are genetic 
differences between cultivars for micronutrient efficiency, but also that 
these diffe rences are itodified by the environment. Inwheat there has been a 
substantial amount of research identifying micronutrient-efficient varieties; 
however, the mechan isut cottrolling this efficiency and the effects of 
eiviiottneital conditions relaill little nideistood. 

Sorghum seems particularly susceptible to Fe deficiency: thus, much of the 
work on cultivar differences in sorghumtt has been concentrated on this 
element. The Fe-efficient cultivars KSS and Pioneer 1346 sorghum .!tok up 
more Fe aind contained less 1)than did tile Fe-inefficiett cultivar 13line and 
Whe:t :tid 8j.Similarly. it was observed that inFe-deficient soils S(369-3-
I.I sorgl uii developed FC chllorosis, whereas NK2 12 remained green 111]. 
Inder C(u-deficient conditions PS-2 developed apparent ('u-deficiency 
sy ittptolons, characterized by high 11accumulation in the lower leaves. These 
authors concluded thnit efficient uptake of P iMay not be advantageous under 
Fe- and (Un-dc ficiency conditions. Kanan 1461 observed that the p1lof the 
Medium was reduced to 3.5 by the adventitious roots and not by the seminal 
roots of sorghunt ('SI15. li his view the signal frot the chlorotic leaves was 
transmitted to adventitious roots which produced iore reductants to make 
ittore Fe available. 

The Zn and phosphorus uptake characteristics of a drought-resistant 
variety. M35. and a drought-susceptible variety, N147, have been compared 
172 1 .There is little difference in uptake of Zn by the roots of tite two 
varieties: however. M47 is Ituchii more efficient at transporting Zn to the shoot. 
It was also noted that Zit inhibits tile uptake of P much less in the drought
resistant variety than intite drought-susceptible variety. This difference may 
facilitate Ilie survival of M35 under water stress, which also reduces 1) 
availability. 

Rice 
lit rice Zn deficiency is quite common it has been identified by IRRI as the 
ittost important nutritional factor, after nitrogen and phosphorus, in limiting 
rice yields [141. Giordano and Mortvedt 1331 compared 12 rice varieties, 
some of which were developed in the tropics and others in the United States. 
A marked difference in their responses to low Zn availability was observed, 
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with the shortest duration varieties having the least tolerance to Zn deficiency. 
In experiments at CIAT [I 5] , the Colombian varieties, in general, were found 
to be more tolerant of low availability of' Zn than were those developed at 
IRRI. Ilowever, recent IRRI varieties such as IR42 have proven very tolerant 
to Zn deficiency as well as many other stresses 1421. 

Varietal diflereicos inFe-stres, tolerance have also been reported in rice. 
Shim and Vose 1781 ranked the varieties Rebifun, SIANI 29, and Paldal in 
order of decreasing ability to absorb inorganic Fe. Pandey and Kannan [641 
also' ulud that varieties dlifer in their ability to absorb and translocate 
inorganic Fe, although this ability was not well correlated with Fe-stress 
tolerance in tIlL field. They did find, however, that Fe uptake was inhibited 
by high Ca concentratiOns in si ress-sLisceptible varieties but unaltfected in tile 
stress-tolerant varieties. They classified varieties Basmati, B63 (Basmati
mutant). TR23. TR25. PVRI. Atli (I R8 mutant), and H1-7I"144 as tolerant 
and 116,,Sona. 1336 (liasmati mutant), and Jaya as susceptible to Fe stress. 

Alaize 

Genetic variations in the efficiency of uptake and utilization of sone micro
nutrients have also been observed in maize, although the nature of' the uptake 
efficiency is nol clear. An Fe-efficient line. WF() produced II ions and 
greater reducing conditions in the rhizosphere than did the Fe-inefficient line 
YS' /YS' 1211 .This seems like a plausible explanation for the differences in 
efficiency. Ilowever, when the two varieties were grown together, the Fe 
Luptake and utilization of the inefficient line were not helped by the presence 
of the efficient line. 

Several studies have shown differential responses of maize line to Zn. 
Shtmn et lal. 1701 concluded that there is little evidence to support tie iypo
themjs that hybrids are more efficient in absorbing soil Zn. In their opinion the 
differences in responses to Zn are dependent on biological processes involved 
in the utilization of absorbed Zn .When a Zn-efficient cultivar Conico 
Composite was compared with Pioneer 3369A, a cultivar susceptible to Zn 
deficiency. it was concluded that the Zn illthe tissue of Concio was more 
biologically active 1651 .In another study comparing art efficient and an 
inefficient cultivar, it was concluded that the inefficient variety translocated 
less Zn from the roots to the shoot, did not utilize shoot Zn as efficiently to 
produce dry matter, and accumulated imbalanced quantities of the nutrients 
1), Fe, and Nin which are known to be associated with Zn deficiency [20]. 
The low efficiency of translocation and utilization of absorbed Zn, especially 
when a large quantity of P is available, has been attributed to the immobili
zation of large amounts of Zn in the cell wall where it is not available for 
biological processes, which take place within the cell membrane 190]. 
Legqmes 

Research on the selection of soybean lines for tolerance to adverse soil 
environilments has been done for many years in tile United States. The research 
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hMs detmiIst rated genet ic diVelsity especially ill Fe efficienlcy One test 
of I) soybean varieties show'"ed that Foloest was tileItiost Fe inelficient and 
Brag.i the most leI efficient I)l. These authors pointed out problems that 
deVelIOtCd ill the Ilid'Yest,., part tf the United States as a result of the 
intridictiolnl o smlue ICie\vaiieties. Reports of' Fe deficiency were not 
Comotnl ot st',.'heals otlsonme nlalginally l w,'Fe soils while the variety 

kcv\%s Wlhen new 
incidence (0 c elCicicvCs' iuclcased duauuatically. lli., call be expected to 
occtlr ill(lilei fie w\oitd are usually selected and 

I I, %%kev . higler yielding varieties were introduced, tile 

pit, titf also since varieties 

devel' ped (ll iilly fertile soils without reCard 
 to their nutrient efficiency. 

Sontic cenlcic divelsity in microutrictit varietal responises has been 
epmulted in otlici fod-raiti leguies. Some varieties of' Kabuli type (hold 
sceded) chick-pCas ae Mole susceltible to I-edeficiency than are others. Inl 
calcreoiis soils. I-C delicienc, becomes visiile after 6 weeks of seeding and 
nv peliist il hi'hl., susceptiblc varieties, even to tie point of killing the 

plants. Sunletlines Ie chlorosis reappears in somte genotypes after irrigation or
 
aiif'all. (;enotypic diterences illKahuli type chick-pea cultivars are being
 
Ccouled tlthe Itteintional (Center tot Agricultural Research in the l)ry
 
.\eas ( (,\RI)A) . and itla cooperative proiect betwen (RI,ISAT and
 
I(ARI)..\ (pelsotial cotmunication f'rotu K. 13.Singh. I1982) the cultivars 
tolerant Io Fe deficiency have beCI identified, likewise itngroundnuts, 
diffretices in tuicltiut rieit sensitivity exist. It has beett showtn that the use
 
of Fe-efficient groundnut varieties could save the 
 cost ofIFe fertilizer
 
applicatioti, aid still ptovide hii,!t yiels 139I . Similar differences itnFe
 
efIlciec,, of dry beaMs have also beeti reported it the nttited States 125 .
 

lhe geietic potential for improvettent il tticrontutrient itilization ini 
lecujites otliet th: soybeatis has been exploited very little. There exists 
, v,ide vuiety of legutite species atid local varieties ili the tropics. The 
collection. ciaractetiiatiti. and utilization of' this material itt breeding 
piol!,tas is incteasitig and will provide a strong base Ir the selection of 
nlictiut riet -efficietit varieties. 

AR' 1 i I'/ \ pital 'CSIII 'd5.0 I U tam/ fill 

Cassava is ati itlmportatit crop illtile tropics. particularly on the acid infertile, 
aluminium-rich soils. where toxicity of Al and sometimes Mn is a major 
probleiu ior llost clips. Considerable genetic diversity has al -o been 
detontstialed within this crop. large ntmbers of varieties cassava haveof 
been ScIeeiied fIotheir acid tolertnce. Illa liMe and micronutrient trial by 
(IAT in ( olotlibia it was observed that liming reduced tie uptake of Zn, Nin, 
(i. mid B 1411 . I ligh levels of liming greatly reduced yield by inducing Zn 

"deficl nucy. lrials otn tileZi-deficient soils of' lunja IIndia) 1371 demon
stlied differctics in tileresltusiveness of potato varieties to Zit fertilizer 
applicatiotis. The varieties Kutfri-(hiandar-Mukhi and Kufri-Alankar were more 
resptsive than were the varieties Ku fri-Sandhiuri and Kttfri-Joti. The authors 
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also noted a greater response to Zn in the winter than in tile sunner which 
indicated all interaction with climate. 

Path of micronutrient uptake 

li order to understand the dynamics of' the micronutrient needs of tropiral 
food crops, an explanation of tile factors that control the rate of uptake and 
the timing of the needs is necessary. The various micronutrients have 
different mobility cliaracteristics ill tle soil, and they are needed ill widely 
differing quantities: ill addition. I:,e plants vary in their ability to redistribute 
the inicronutrients 'rom Older tissue to new growing points or for grain 
filling. The mobility of' nutrients in the soil and plat, tile quantities of 
inicronutrients in the seed, and environmental Colditions all affect the 
quantity and liming Of Illicronutriellt needs and uptake. 

TIie amount of" uplake of inicronutrients from the soil solution is 
dependent on several facltos including (I) the rate and distance of movement 
of nutrients ill tie oil: (2) the volume of soil the plant is exploiting; and (3) 
the plant's capacity' to absorb the nutrient 141. Nutrients move to tile plant 
root by diflfusioll and mass flow 131. l)iffusion occurs along a concentration 
gradient. As plant toots absorb nutrients, the soil environment near the root 
is depleted of' tie nutrient and the gradielIt is thus created. As long as root 
uptake exceeds the rate of' movement of nutrients toward tile root, diffusion 
will continue. The rate of' diffusion of' all ion depends on the physical 
characteristics of' tihe ion, the soil's volumetric moisture content, soil texture, 
and reactions hetween the soil and the ion. Besides tile innate differences in 
mobility of' microtnrtrients ill soil. the rate of' movement of" micronutrients 
is influenced by the plat's uptake characteristics. Plants that are very 
efficient at absorbing uttrients at low concentrations will speed diffusion 
by creating a large concentration gradient. 

The other mode of' micronutrient movement to the plant is by mass flow. 
The plant loses water to the atmosphere by transpiration, and this induces a 
flow of water to the root where it is absorbed. The water moving to the 

root has nutrients dissolved inl it. Thus, the rate ofsupply of nutrients to the 
root is related to the plant's transpiration rate. Very high transpiration 
rates would increase the flow of nutrients to tlhe root, and lower transpiration 
rates would decrease tile nutrient flow. I ligh transpiration rates occur with 
high temperatire. low humidity, and high solar radiation, which are f'ound 
throughout much of the arid and semiarid tropics as well as part of the humid 

tropics. This is an oversimplificatiotn, though, since soil moisture also limits 
transpiration. As low uoisture decreases transpiration and increases time 
tortuosity of time dif'usitm path. nutrient mass flow and nutrient diffusion 
will both decrease. 

Research on nutrient t ovetnent to loots indicates that Cu, Fe, and Mn 

do not move in the soil to any great extent with mass flow [5, 63]. Thus, 
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nutrients tnly become availahle It) the plant as tie roots explore new volumes 
of, soil and as the relaticlv slow diffusion process takes place. On tie other 
hand.1M1dO freel ' ytlaSS flo %w1S to tile plant r)ot. 

Nlvci:Ihi/ae Illay play a ode ill the uptake of these rclatively immobile 
Illiclontilliellts. Vesicllll-alhuscullr illycoillhi/ale are fnngi that infect tile 
roots of oIllst plant species. lhcy have heert show'n to play ,I role in 1) 

uptake. I heir hvplpae extend out lim tihe loot into tile soil and in so doing 
illcre e tile V'ollllle Of soil thlt the lailt Call delplete Of nt.lriellts that are 
vCy llo ile. A..\stLdy of rIIycrIhi,ae on cassava showed that elimination of 
tile luumeus ca,.eit ahoullt 1' : decreasL ill /Zmuptake I . Similarly, it was 
1I11d hll tile preselce oft illycorlliitae ilicreased Zn and ('u tptake in both 
IlIli/c and so\healls but had little effect it Mi uptake 151 . The role of 
Iu!.con ilia/;C il micionuiirlet uptake Itas bell stidied ver' little, and tile 
data a le IcoillClusiVe to (Ite. 

Ilie secooid falCtol ilfllfieiitel mlliciolntienit availability is the vume of 
,,oil IhCim Cx l1hited h\ the crop. lIe rootili pattern of' crops grown in 
some tiopIicAl toltil, is qUiile diffelent ftlon that of' crops growiig ill deep 
fetile soil.s. IlIIpatliculll. the high aluitmiiittn conteit of' the subsoils in large 

So lth Amelricaaleas of .. inihits rooft peletratiol . As prtoblems of' water 
avaailahili tv and idaprlaioii of" varieties t) these environmients progress, it is 
pidblale thaNt tile iltidellCe of' Illicroinutriellt deficiencies will increase. 

A illld Iactor is the plalt's capacity ti) a sorh and utilize tire micro
ntutielnis that le availahle. [lie uptake process is hest descrihed by the 
iieiiliile callirel site iodel. This model depicts sites located On tile 
iIeiiihalle clichaIctively tialspotl iots front ottside tlie inetrlhraine to 
the C\r olaIlli. I his, plcess itilites iletaholic eleigy: thus. uptake is affected 
h% teliperItire. Water stless. a l resp liion-inhibiting clienmicals. It seems 
that l. ('u. Nlii. alld l ie ab irhed b active uptake 01 . After studying 
the ki ti,, if 1t uptake ot these oiur nutrielits, I owen :llso concliuded 
that their. le th1ee Separte pIi)take miechlnismrs ope ating. One actively 
1,1rlspolt, Is. alotheliMu. and the thid o th ('it arid Zlt. These two compete 

Ioi tile saie uptlake sites. Some earlier studies suggested that Zil uptake 
is pissive. but Moore 15)1 pointed out that this conuclusiot is plobably 
il clcet hecause of the way shiort-tei. excised loot eXperilleits are often 
'oil0tdhcted. 

liC tillillF Of the oIIset tf iuicro)nutrient deficiency syiniptons is 
illltlncCl by tile seed nutrient reserves and the plant's ability to redistribute 
rtitiettis fromir matUre it) g owing tissue. Accordinlg to Tiffin I85 I. seed 
reserves of illicrnollutrierits I'all into three classes. Tire first includes only 
Mo. which is requiled ill such snall quantities that usually the seed contains 
ill adequate allolll tol allow the plant to grow to Inaturity. The second 

grim u ) inIcludes ('1 alld Znl. Tle seed reserves of these elements are adequate 
to delay [Ile onset of deficiency. but without ant adequate supply ofavailable 
nutrients in the soil i deficiency is sure to occur. The third group includes B, 



Mn, and :e. The seed reserves of these elements are so small that if soil is 
low in available nutrients deficiency symptoms will occur very soon after 

germinttiot. 
All of the Illiclollutlielnts call liove thlolgh the xylem tissue folln the 

rotts to the ltiA poit tions oflthe platt. I lowevei ,once in a leafl they difTer 

in their abilit. t,,be iedisttibitted to new expandinig leaves or tile filling 

grain. ionri once it leaches olgall l85. Tllus,is viitttallv imttobile plhill 

a cottintuous stupl',\ of B+is needed by a CioI to avoid detlCiency. At the 

other extreme is ntolbldentutlI. \1o is readily redistribted Via the phmll 
tissue to the othe palst tofile plant where it is needed 1571. The other 

Iciuloluitlienlts /n. (u. Fe. and Mn re ilntelleiate il ollhbility. The 

delicienic, s\IplltoIIs tl' all tot flthese appeali first iii the youngest 
leaves. Ibis slu'ests lat the plant's ability it)redistribute these Imicro

uttrielnts trom imatitre to el\,illgtissue is limited. It has been shown that in 

wheat ('tis essetti:dlh imminiobile until a leaft senescences 1401 . At that point 

most of, the ('ii is redistributed to yountger leaves or tile grain. It is reported 

that illSoIgtll l /n f'ron tissuetll(I' l wele ret ralislocated the vegetative 

to the head but hilWwals oISt 1441 . In maie at least some Zt is redistributed 

from the vegetative tissue. mostly the stalk, to the grain 1561. Although 

soiie redistlibutioii is evident, it is proba)le that a continuous supply of 

each ticrontitricn t except Mo is needed to avoid deficiency and a reduction 

in yield. 

Effects of climate 

The two main comtipoinenits of climate affecting micronutrient availability 

are temperature and moisture availability. The effect of these factors has 

been stidied most extensively in temperate regions: little work on their 

effects on tropical crops has been reported. Nevertheless. some general 

conclusions are still possible. 

Ziiic deficietcy cailv in the growing season is often associated with 

cool soil tenipertures. Shnarnia and Motiramani 1771 reported that tile 

response of' rice to Ili applica tions decreased with an increase in soil 

temlperat tire. Miartin et al. [551 ttund that high levels of P induced Zn 

deficiency illcool w,%eather but not in hot weather on soils low in available 

Zl. Ilucas anld Kneek 1541 suggest that the combination of low light 

intenisity and cool soil temperattires account for the observed greater 
iticidelce of' Zn deficiency when the weather is wet and clotudy. and ('hino 

and Baba 11 coitimi that shading alld low teniperatures reduce Zn 

tanlslociltiol to tie plaitItolIs. lindsay 1521 suggests that, in addition to 

changes in Zn traisflormatiots in the soil caused by cool temperature, 
reduced root developtmetnt restulting ill a less favoumable shoot : root ratio may 

incrcase the ilicidexice amid severity of Zn deficiency. RaIdhawa and Nayyar 
[731 observed that illIndia microntitriemt deficiencies are most severe in 
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cold weather and mild or absent illwarm weather on marginally deficient 
soils. 

Soil moisture also affects nicronutrient availability. ('ontituous sub
nieigence increases /n deficiences ill rice regardless of the soil p1 114. 81 

a3n,:11d the applicltionl 0f/i 1ertili/ers often proudtces a dramatic increase 
in rain. yield. Sililarl\ ( ;ltvar aid Mann 1311 and Btar and Seklhon 171 
teptled g1e0l epiiscs to /It applia.'tiol, in rice unICdet flootded con
ditioms thal under tonllooded conditions. 

Ixcess nIt1lSttle ilileases the availability atnd uptake of Fe. Mo. and Mn 
101. I lie itncieased s,0libilitv Of Fe caused hy flooding may help rice crops,
which seeii to liae a higher Fe requiremet than do other crops. lit fact, 
floodit,_, can actually cause Fe toxicity ott some soils 1751. 

I)ry soil ctMidititis cati cause reduced llicrotitulrient uptake. particularly 
a.ltnoligthose that b tot ittove iltitigh the soil by Imtassflow to the root. 
The jots of (I. Ie. and Milltlst Mtove to tIleroot by diffusion, as 
iuentitotted earlier. thruth fie soil liquid phase. As the soil dries, the 
tortiosity of' the diffusioti iicreases Porter et 1671path rapidly'. :11. report 
that the rate of' diffusion decreases 0- aid 25-1old at I and 15 atmosphere 
of' soil walet potlential, tcspectively. Ilhis. of' course, reduces uptake 
substlauttially. especial.\ wheni toots are not giowitig rapidlv ettotigh to exploit 
Ilew oltles of sol.. A ito. detailed Ie,ew of ie effects ofchilltale Oil illiClo
tntlient availability is given lvby Itcas atid Ktne/ek 1541: however, the 
effects ofIclimate otlboth inicrtnutrient reactions iinthe soil and ol crop 
uptake ate not %\elluiderstood especially under tropical conditions. 

Crop management and yield levels 

Besides the natute of the crop and its variety, crop management factors and 
the \iell level also influence tilef'requency and severity of micronutrient 
deficiencies. The micrtutrient tetuoval per ton of dry matter produced by 
a crop i:,itdicated ilITable 5. The introduction uf' high-yielding varieties, 
the increased use of high-analysis NPK fertilizers, and increases in cropping 
intensity catl all lead to itticronuttrient deficiency prollems. The principal 
leasIt for the iticlease in deficiencies is the increased demanld placed oil time 
soil to4supply itttrietis for the increased crop yield and the increased number 
of' clops per year. The soil's ability to supply the required quatities Of 
titicrotmuttrjents inla'have been adequate for centuries of traditional 
cropping and traditiotal low yields, but it is not adequate for high-intensity 
cropping and high yields. 

Reports oI tlticrtmutrient deficiency are increasing in number. Randhawa 
tind Nayyar 1731 reported that in India before 1966. when low-yielding and 

less-f'ertilizer-responsive varieties were used. only low-to-moderate responses 
to tluicrontitrieut applications were recorded oila few soils. I lowever. since 
th:l littne the frequency of responses to micronutrients, especially Zn, has 
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Sa.le5. MijCrtlrills lrlllitetl by a crop in gralls per toll of dry mattet 

M 1n It Zn ('iu Mo Source 

Cereals 

Rice 
NA i,a 
\%he'a 
SirtOum 
Pearl millet 

61 
I 2 11 
232 
360 
264 

27o 
321) 

2(, 
27 
23 

6 

18 
27 
27 

16 
130 

21 
36 
22 

7 
131 

9 
3 
9 

2 

8 
1.15 
(1.84 

1241 
1481 
291 

1291 
1291 

Roots and Tubcrs 

(a~savA 
'Pol;aI( 

Puldses 

200 
160 

75 
12 

25 
5(0 

75 
9 

8 
12 0.28 

121 
1291 

Mullne a i 
(hit'k-peasi 
Pigeol pLle, 

170 
57 
39 

38 
29 
14 

32 

--

13 
38 
23 

II 
14 
13 

1.05 

-

1291 
) 
6 

Oil Sccd" 

(;rmindinus 
Sm beans 

499 
242 

39 
147 

44 9 
52 

5 
69 

1.32 1291 
1681 

a(rain ollI\
 
h'Jalbitllathan, 1983. per',onal com municatin .
 

increased considerably. The mean and range of this response to Zn for a 

large I)nmber of crops are shown in Table 6. The increases in micronutrient 
respolses have also heen reviewed by Kanwar and Randhawa 1471 , Takkar 
a1d 1adhawa [IS I . and Katyal and Sharma [481 . Summarizing the 
thorsands of fertilizer response experiments on farmers" fields, these authors 
reportcI that 50'; 60'; of the sites showed a significant increase in grain 
yield de to Zn applications. Ii some districts the yield increase due to Zn 
was as high as 30'; 40'; with legard to the collllols. The lesponses to several 
micronflrients ill India are giveln iil Table 7. 

Table 6. Resptlt't's Of Ctolp, to Zine Jipldicalirt ill ficld expLrilnenlS ConldC cled ill 
India from 1967 it) 1981173. 821 

Ralle eill rponse Range o1 Average 
(ri . & nllvi.) ill Iluall value of, response 

Number of individuat field responses ili Ircalt o l~l 
experirments experiments tolls experilmentsVio sttes 

(kg/h ) (kg/ha) (kg/ia) 

Wheal 1.555 1111 4.751 3311 1.48(1 370 
Rice 799 01.0 5.47(1 2190 1.3011 630 
Mai/e 17l I.) 3.,19(0 251 8011 520) 
Pearl millet 2117 1.10670 17(1 181 150 
Sorghum 134 401.0 1.350 180 520 340 
Chick-peas t 2 I1)(.) 870 230 561 310 
(;rotuldiliis 61 51.11 1,2101 180- 4710 410 



59 
"T]abi7. Yild 
it India 1731 

itrease ut crop duc ti Itini)mIullient applicationts otiter ti'an zinc 

Nutrient Whcat Rice Groundnuts 

I K- eIar 

I. 580 1.4401 240 
\MI 4311 3(0
( t 380 531
It 52H 340 
%1 441 

Reports ftrall ither regions Oi tile world have nlo1 beent so systenmatic. 
Ihowever. the worldwide trend of incrcasing bolth cropping intensity and 
yields tiltans that the freqnency antd matignitude of response to ilicro-
Itttiett feltili'er applicaioits are also increasing. (otteice et al. 1231 report 
Ihat aid (1 deCficiencies ill the Alfisols ald Itisols of Vest Africa are 
c0lltt111t1. Il additiitl. these Africaln soils are mtore likely to exhibit Zn and 
\Ill deficiencies .viith limi and conllitnuos CroIppIing 1451 . These are manage

cll pralctices thtat will becotme ntote cotmtto as the needs for local food 
ptoduction inclease. I opes 1531 . while reviewing soil ttticrotutrients as 
c0t1sttitts to Cl)I pllldttctilt. Collcluded that Zil is seriously limited otl the 
(t uut-(eradk sollstli 0 I'a/il and tle lantos ()lieialis ill ('oloitbia: B and 
/[ ale littlited tillt Slitic \lollisols of (olotbia: B. ('t. and NM oil some 
\Vt ittols u)t Ieti atl \o oil SOtlie AtLdOSOls ill latin America. A survey of 
sIoil samtlples fro4ml the C(atpo-Certldo region showed 95'; below the critical 
level I'm Zn. 70': for (it. and 37'; for Mn. lopes also reported dramatic crop
tesliitNC t Zn applications. itn mai/e. sorghtu. arid soybeans. As row crops 
ate 1tn iiduced into ttew tetitlts ill latin \rneliMca aid as file level of ipllLtS 
increases it ateas that are alreatdv itl fod crop prorduction, the nmagnitude 
I file tlticrottlt iettt deficietcy prloblem will becone clearer. Oin the basis 

(d Ithe limited dala available. it seetns very likely that the crop nteeds for 
lnlictilutiellts will exceed ilte soils capacity io supply thetm throughout 
ml si ( L illttt.\ttelica. 

(Umtitltuts Cltupping and tigh use el'tertilizers without adequate otfllllts 
ut' micoltitrietts alsio increase iicruntirienti deficiency. Prasad Ci al. 1681 
stltdied ite effect of cotltittotls cropping and fertilizer use ontilte total 
tpt;Ake (d ticnittlrients trtm tile soil. As call be seen ill Fignre 2. the 
allltttts (0f ('t. Zil, attd Mllteoved by tom ciops ill a maize-wheat 
ti,:atiitt itteeased dltNtlaticallv with itctreasing rates of NPK applications. 
Ill this relatively shtort-ternl experiltettt it declitne ill soil micronutrient levels 
itas detected as testlt uf this hiit tnicroititriettt deltattd. IHowever, inl SOtme 

htt,ed tetttt exleriletts declites itt soil tnicronuirienis are evident. Subba 
Rao atld (;htosh 0] shtowed that after 7 years of cropping ill a pearl millet
wlteati*cowpeas iotltiott, i.e.. after harvesting 21 crops, ilte available Zn ill the 
soil declined by I8.; 30.6'; for the nonfertilized and highest NPK 
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Fi lre 2. Increase illmicriutritnt uptake causcd byt uw (it N-P-K fertili/er 

treatments. respectively. The anitial removal of zinc ranged from 173 g/ia 
in the cleck to 358g/ha in the highest NPK treatment. The authors also 
observed that inclusion of zinc wilh NI)K trcatmeint increased the zinc 
uptake still itore. I loweve rtthere was only a slight increase in available 
zinc ill the soil due Ito*!e ColIlltltttS addition of Zn1. 

In India j(091 it was observed tihat tile soilchanges in tile available 
mlticrontulrienws took place after 8 years of continuolus cropping illa soybea.m
potato-wheat rotlation with various treat1ents of fertilizer, litte, and manure 
(Table 8). When farnyard itlanure was added, tileavailable levels of Zn, ('u, 

Lahle 8. ('htn', ill juitiblt IlIIrflllltriells ill Soilaftler 8 years o)1contnllttlin s cropping 
. ;I,oit ilt l r ltatitlnl ll tI ll-\I 

1"IWaITIll''I1 Available lcrolultrients (ippln) 

Zn 01 Fe Mit 

Initial value 1.11 2.(o0 47 57 

After 8 Vtal crsopping 
No fcrtili/er 0.58 2.08 28 53 
NPK 0.62 2.03 38 68 
NI K tlite 0.61 1.98 21 30 
NPK t,I'rntt'tt inarmnure tIYM) 1.29 2.54 54 84 

Fe, and Mn all increased. In the other treatments the levels of Zn, Mn, and 
Fe were significantly reduced by the 8 years of cropping, especially in the 
NPK and little ttealtent. The availability of ('11,however, was not much 
affected. Tile addition of, FYM with NPK treatment increased all the micro
nutrients inthe soil. This indicates that two ways of eliminating micronutri
ent deficiency are through tite use of farmyard manure and through inclusion 
o)ta specific tticrontitrient fertilization schedule. 

The Itse of NIPK fertilizer clearly incteases tihe crop demand for micro
utmrients. Fertilizer consumption itl the tropics has been increasing at a rapid 
rate, particularly since I076 IFigure 3). It is already evident that the incidence 
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of nmicroinutrient deficiencies is increasing in some regions of the tropics. The 
consumlption .of NPIK fertilizers, the adoption of high-yielding varieties and 
iLder n Ci01) llhalagetlierit. 'ield levels, and micronutrient deficiencies will 
piobahly all ilcease. 

Mic lottiieut uptake. hence demand. by important tropical crop for 
protlUlcitte the cIrent average yields and the modest commercial or optimum 
Viels are give1 in Table Q. It ,ttay be observed that the micronutrient needs 
incirease ill propoltiol to expected yield: hence, to mect this demand a 
c( lespl)tldillL2 ilptl of tllicrollUtlienlts is tnecessary since the soil may not 
.111,tlaitn all;dequate supply for years of intensive cropping at high yield levels. 

hie ailltii of ficrllon Irient fertilizer required to supply adequate 
1i0icilt len. els will depend on iMany factors relating to crop, soil, cropping 
systemii. aind titanage,,iet. The incidental addition of' micronutrients as trace 
imputities i)i muaty fertili/ers aild irrigation water will he another source of 
their supply. 

It tlay be cotclutided, however, that what was once satisfactory for 
tlanliti ]ll at subsistence agricullure will not remain satisfactory for modern 
airiciltire based ot the increased use of inputs required for high production 
levels. The miclotiitrient deficiency problems will grow ill number and 
illetIsil\ Mnd become t e serious, first ott those soils inherenfly deficient in 
thte specific micronutrienlts. and later even on those soils that are presently 
rilaginial ill nIicrlmlttrielit supply. These marginal soils will become more 
resptsive because of a depletion offavailable micronitrients. A survey of 
w ld literauire shows that Zl deficiency is the most serious micronutrier~t 
de ficielc\ illt lie tropics, and it isbecoming as important as deficiencies of N,
1',K,Sanl ('a. 



Table 9. Estimates of the current and projected rates of micronutrient removal rates if yields are increased 

Current yield 
Projected

Total Mticronutrient renoval 1/,'ha) h1.11 Micronutrient removal ql'/ha) 
dry "yield
 

Economic matter Fe Mn 13 Zn Cu No level Fe 
 Mn B Zn Cu Mo 

Ont/hal (Ila) (int,, ha) IL"tla ) 

Cereals 

Rice 2.2 5.5 336 1.485 33 88 39 4.4 6.0 915 4.000 90 240 110 12 
Maize 1.5 3.7 1.800 480 - 195 195 - 5.0) 6.000 1.600 650 650 -
Wheat 1.6 4.3 998 112 77 90 39 3.4 5.0 3.100 350 240 28) 120 11 
Sorgthum 0.9 1.8 648 49 49 65 5 1.9 5.0 3.600 270 270 360 28 11 
Pearl millet 0.6 1.2 102 12 - 24 5 - 4.0 680 80 - 160 33 -
Roots and tubers 

Cassava Ifresl! %,t) 9.0 5.4 1.080 405 135 405 42 - 40 4.80)0 1.800 600 1.800 i87 -
Potatoes (fresh wt) 10.6 - 1.700 127 530 95 127 3.0 30 4.800 360 1.500 270 360 9 

Pulses 

Mung beans 0.5 1.5 255 57 48 20 17 1.6 3.0 1.530 340 290 120 100 10 
Chick-peas 0.5 1.5 29 15 - 19 7  4.0 230 120 - 150 56 -
Pigeon peas 0.5 1.5 20 7 - 12 7 - 4.0 160 60 - 100 56 -

Oilseeds 

Groundnuts 0.8 2.4 1.200 94 106 22 12 2.9 5.0 7.500 590 660 140 75 18 
Soybeans 1.6 4.8 1.160 706 - 250 331 - 4.0 3.600 2.200 - 780 1.000 
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Conclusions and their implications for further research 

Micronutrient deficiency is becoming a constraint to crop production illthe 
tropics. The tolerance of different cultivars to micronutrient deficiency can 
help in adapting crops and varieties to situations of specific micronutrient 
del'icell.\. Intensive lesearlch on screening of varieties that are resistant to 
nicrollntlicnt stress, and ttili/atiOn of this infotrmation for breeding varieties 
havin these characteristics dclerve high priority. In addition to variety 
developmtent. some specific research is required to increase our understanding
 
of the micrountiieut needs of' tropical food crops. This research includes the
 
fOllowilte:
 

I ong-terin studies onl the depletion of' microunltrieuts under intensive 
croppirng with high-yielding varieties and moderate-to-heavy fertilizer 
Input. 

(2) 	 Studies of' the interaction of' micronutrierits with major fertilizer 
nutnients, especially N. P. and S. illthe nutrition of tropical crops. 

(3) Slttiies on the management of tropical soils and crops to maintain 
high availability of mnicronutrients. 

(4) Studies to ohtain qlunt itative data on micronutrient removal by 
different crops in the tropics. 

5! StudiCs ol how the root systems of different crops and varieties affect 
microttutrient stress. 
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3. Micronutrient problems in tropical Asia 
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Introduction 

The total land area of tropical Asia is approximately 800 million ha. Of 
this area, around 28,; 29;," is arable land 1391 , and this percentage has 
retmaitted fitore or less stable over the last decade. Agricultural production,
tM tile oticr hand, has increased dramatically over the same period. For 

ilnStanCe, cereal productio1 in tile I I largest south arid southeast Asian 
comtit ries increasCd by 30',;, rellecting tlie intensification of agricultural 
pioductio:,, I tropical Asia. Most of this progress is due to tile introductionof' higli-yieldiitg varieties, increased foirtilizer use and irrigation, and other 
teclhtlogical improvetments. Mudahar 1951 theestimated contribution 
ot lertilizers to tlie growth if) rice productiotn alone to be 7' ii Nepal and as 

ILttic ti as 45',; if) In1dia, with a regionwide average of 24% for south and 
sotlheast Asia. 

IcIeased prOdtuctivily has greatly increased the dematids on tile soil for 
tiit1riellits (see ('liaplCr 2). Whereas traditioial fertilizer practices dcwere 

signed to these nteeds
ueet for tlie major elements (NPK), inicronutrients 
taket ip by the crop were geunerally not replenished. Micronutrient problems
in food crops inl tropical Asia were observed in rice as early as 1908. Until 
ile mid-90s. Nii alrid Fe deficietcies were considered tihe major problems

ill rice 131 . During the I960s Zn deficietncy il rice was first identified in 
tropical Asia I1011, and since that time Zn deficiency has been recognized
ill virtually all food crops 1141 , 1421 . In India alone it isestimated that 47% 
of lie Soils are tiow runable to supply adequate anmounts of Zn to the crop 
o2l . I ligh-yielditig varieties combined with intensified land use in tropical

Asia have led to an iupsurge ill the incidence of tnicronutrient deficiencies, 
as well as t lie number of reports on tlie subject 1651. 

Climate, geology and soils 
The land mass of tropical Asia is small in comparisonr with that of Africa 
and Latin America. Ilowever, tlie delimitatiotn of tropical Asia depeinds on 
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the thernal criteria used. By most classification systems tropical Asia ex
tends north of the tropic of Cancer into tile foothills of the Himalayas. 
Other classification systems 1103, 1611 exclude most of northeast India 
front tile tropics sensO stricto because tile ineani annual temperature 
range exceeds the mean daily temperature range. Desert environments at 
tile fringe of tlie intertropical /one are often excluded 11621. 

Malayasia. Indonesia. and tie southern Philippines (Mindanao) are located 
in tile equatorial /one and are surrounded by warm tropical seas. The climate 
is generally hot and humid throughout the year. Modifications in this general 

pattern are likely due to topography and geography of the islands. Distinct 
dry seasons develop only in the southern part ol Indonesia as a result of a 
relatively dy Cast monsoon. North of the equatorial zone the humid region 
extends into western Tliailaild, Burma. eastern Bangladesh, and Assam. In 
tle west it extends into tie eastern Philippines. Most of these regions ex
perience a dry season of short duration. 

The typical sUblIninid tropics with 21 5 dry months are found in the 
western Philippines extending westward thirough south China, Vietnam, 
Kampuchea, Laos. aiind parts of India. The rainy season starts in early summer 
in Sri Lanka and southern lIndia and progressively later further north. In 
the southern hemisphere. the subhumid tropics are limited to eastern Java 
and tle islands diectly east of' Java extending to the south-central section of 
New Guinea. 

The most important semiarid regions are found in the Arabian Peninsula, 
the Indian subcontinent, and in eastern Burna and northeast Thailand. The 
rainy season is generally less than 7 iontlis. Oii the Arabian Peninsula tile 
rain diminishes in the norftheast direction, while on the Indian subcontinent 
this gradient is in tile iinort lhwes, direction. The semiarid regions border on 
desert-type eivironmients in all these cases. An overview of tile climatic 
zones according to Troll and Paffen is given in Figure I. 

In corntrast to tropical Litin America and Africa, tropical Asia has a 
physiography and geology characterized by the absence of vast land masses. 
The Precambrian Indiai and Arabian shields were part of' Gondwana land, 
and the Indian shield remained in place following the breakup during early 
lEocene. 

The four iiajor morphostructural regions of tropical Asia are (I) the 
Indian shield and Indo-Gangetic plain, (2) tie Arabian shield, (3) the Sunda 
shelf, (4) tile Tethys geosyncline and circumn-Sunda orogenic system. Small 

parts ol' Asia fall within the Sahul shell' area and the circum-Australian 
orogenic system. A detailed description of these regions can be found in 
the FAO/IJNIS('O publications 'Soil Map of tie World' 137, 381. 

The tropical parl of' the Arabian shield stretches f'rom the coastal plain 
bordering tile Red Sea to the Oman mountains in tile west. The interior 
plateau consists of calcareous Tertiary rocks, with massive gypsum and 
marl deposits in the east. Near the coast, soils are formed from sand and 
siltstone shale, marl, or recent alhlviumi. 
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S,,/ Subtropics 

"Semiarid Tropics 

Subhumid Tropics 

. Humid Tropics 

_S . 

Figure I. ('limaes of iropical Asia (atr Troll and Palen, 1966) 

The Indian shield is allunduilat ing plateau (200 1000 ni) and includes 
Sri Lanka and tie Assaill plateau. Tire basellletll complex consists of"a con
plex in grisses and sctrists, which are exposed over more than 50', of the 
:rrea. ()rhe parent ocks are tire thick basaltic lava beds of tie Deccan plateau 
ad ltrOtihelli parl of westerll (hats muountains anrd tire fluviatile and lacls
tire depo")ils, ahot tie (;odavari and Mahanadi rivers and scattered through
out Beltal. Tie renailiug par of' the Indian shield comprises conpacted 
SIate. slat. Liartzite, SilacerUs horirstone, samdsltrne, and limestone. Tire 
shield is btodered hv alluvitiLtl of tile Indo-Gaigetic plain. ileistocente and 
iecert alluvia cover tile surface of tire Irdo-(arngetic l)lail and coastal 
lo wlarids. 

Aside ft11 tile Ilfairaptr ra Valley, tile most important geoniorphological 
Ireioll, of, tile etIrys geosynicilire in tiopical Asia are tile Arakan Yona 
lalLe arld tile Itrawaddv plain. The Arakan Yonma surlace is forned front 
riitre (orlesS rnetait)OJIUsed Tertiary shale, sandstone, and limestorne. The 
I rawaddv gCOsyticlinral is largely tilled with sedinments that are fluviatile to 

(irtin. Yotrtanrtaline itt lhe Arakan nange continues itt the western mount
taut rall.e of Sillialra, acloss Java, the lesser Stlnda Islands, anid westward 
to th Banda arc. lThroughotl its entire 7000knit. this Sunda mountain 
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syst em comprises two Concentl'ic belts, tile inner volcanic and the outer 
ionlvolcanic. The circum-Sunda orogenic system extends further in tile 

northeast direction to include all of the Philippines. The lithology of tile 
circuin-Sunda orogenic system is extremely complex. 

The western limit of 'IC Suiida shelf is the Shan lateau, which iscovered 
vili Terti ry and Pleistocene slales, clays, and lacustrine sediments and 
flanked by gl.,isS in tihe west aind granite in the east. To tile east, tile Shah 
IPlateau, which eXtelldS into tile geosyncline ,)f westert Thailand and tile 
Malay Peninsula is composed of' partly metanimorphosed saldstone and shale. 
The remailder of Indochina belonging to tile Sunda shelf comprises two 
struclures: a regioi of narow trougis, known as the Indochinese complex, 
filled with sediments, and tie Indochinese massif comprising tile massifs 
of northeast Ihailarid. ft eastern Laos, Kamipuchea., most of' Vietlnaml, and 
sotulh ('hina. These Mtassifs are largely Iormed from sedimentary deposits 
(sandstone. silstoie, shale, and linmestone) of various age with somne meta
morpiosis in tile most western part. Two Quarternary basis (Mekong and 
(hao IhPlaya i recentcointai and older alluviuit. Away from the continent 
the Simuda shelf coit inues ill Borneo, tie east coast of' Sumatra, Banka. 
and BIeliltung. 

The Salhul shelt is tile notherin extension of tile Australian continent. 
The coraline Am islands and tile alluvial flaia in south New Guinea belong 
to this shelf. The circum-Auslralian orogenic system comprises tile moun. 
,inous area of New (;tine,. which consists of' sedimentary deposis; i10 

have been locally nmeallmorphosed. 

The nmost ilnportant soils of tiopical Asia are presented ill Figure 2. They 
include Ile Vertisols aiid Alfisols ill arid and semiarid India, Thailand, Kam
puclea, and sublumid east Java. Most of tlie remaining oiumid and subhumid 
regions are dominated by Ulisols and Iiceptisols while mountainous regions 
are complex arid undifferentiated. More detailed soil maps exist for some 
countries. but the only unified map for tropical Asia is the FAO soil map 

137, 381. 

Distribution of micronutrients in soils 

Total micrntitrints 

Rao 11251 reported that total Zn in sone soils of India varied between 
300 arid 600 ppm. As was evident f'rom subsequent investigations, the values 
of total Zn in fact were much lower. Recent analysis of soie benchmark 
soils of India by Katyal et al. b'QJ provides typical total Zn values, ranging 
from 80 59 ppm (Table I ). A range of 20- 95 ppm Zn in surface soils of 
58 (Gujarat soils was teported by Nair and Melita 971 . Among tlie dif
ferent soils analyzed by lal et al. 17) . alkaline Vertisols had tile highest 
total Zn levels (09 76 ppm). whereas tie lowest values (24- 30 ppm) were 
found ill relatively coarse-text tired Oxisols. Sharma and Motiramani 11631 
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I'ivure 2. Soils of tropical Asia 

"AIbIt 1.l)iqliiblitllo ZI tCu in tropical bench mark soils (it' IndiaO1 ltil . Mn, I,.lind 
108.691 (range and mean in pm) 

Z1 Mn Ic Cu 

No.
 
0!l RanLt\kon Sang Mean Range Mean Range Mean
 

.. rd-Smiurid 
Incctisols 5 51)71 62 440 1326 847 2.7 5.4 3.8 19 97 51 
\ertis Is 9 48 87 64 021 1 (10 774 3.0 6.1 4.2 41 148 68 
.\iSIls 5 21089 49 233 954) 488 1.6 6.3 3.3 23 122 50 
All sItil 19 20 89 59 233 1326 718 1.6 6.3 3.8 19 148 59 

Ilnmid.Szd,humid 
inceptiko 4 46 71 59 38 393 266 2.5 3.1 2.7 23 34 29 

2.1 2.0 19 25 22AllisoI 3 22 42 33 210 469 347 1.6 
()\is0t5 2 70 74 72 405 8010 602 4.6 6.3 5.5 54 58 56 
tIltisotls I 43 400 2.0 22 
All s.ils Ill 22 74 52 38 81) 371 1.6 6.3 2.9 19 58 32 

tept)ltCd 11h3t total Z11 was tihe highest illfine-textured Vertisols and the 
lowest illcoarNe.lextured alluvial soils (l:luvents). Only 7 ppm total Zn 
WAs present ill cetain alluvial soils 14(1 . whereas some deep Vcrtisols Iroi 
Mahanashi ra coutained as inuch as 254 ppm Zn I831. 

Raychaudlmi and l)alta iswas 11281 showed that soils of Gujarat 
developed over lifiiestoiie wclc ricliei illZn tian those h'ormed either on 
sallidsftoel (I schists. A highly significant coefficient of correlation existed 
helveen lime contents and Zn levels of soils 1681. Similarly, negative 
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correlation coefficients between total Zn and sand strengthens the belief 
that soils developed over sandstone are inherently low in Zn. 

Katval 1631 determined total Zn in 13 diverse surface soil samples ic
presenting major rice-growing areas of the Philippines. The range and mean 
of' total Zn in these soils were 63 135 ppm and 88 ppm, respectively. In 
his analysis total Zn did not seem to have a significant effect oit the incidence 
of Zn deficiency in rice. Similarly, in Sri Lanka, the range and mean intotal 
Zn contents of, wet-pataita soils (characterized by high organic matter IOM I) 
were 35 101 arid 75 ppm, respectively 11071. The variationIs in Zn content 
of these soils Were elated to the finer soil fractitns. Organic matter level had 
no effect. (;linski and Thai 1421 determined tie total Zn content of 20 
ferralitic soils ol' Vietnam ranging l,,nt 40 to 485 ppiit (mean 102 ppit).
Soepartiii el al. I1521 reported that the total Zn levels in 140 topsoils from 
Indonesia (Suilawesi and Sullata) ranged from 33.3 to 173.5, with 25;; of 
the soils conttaining less than 60ppn Zn. Although a wide range of' soils 
was sampled. ito effort was made to relate total Zit levels to soil type in 
aly Of' these studies. 

Snitwongse [14 1 reported total Zn levels for 152 soils from Thailand 
to range trout 5 to 158 ppir (average 45 ppm), with the lowest levels found 
int lie iortlicast (averlage 20 ppm)' 

Manganese levels in Asian soils are generally an order of magnitude higher 
than those of Zni. Among the ldial soils intvestigated by Iyer and Raja
gopalan 1511 , Vert isols from the Deccan conlained more manganese than did 
the others. Sevetal years later, Biswas I1I1 confirmed that similar soils were 
conspicuously icl in total Mn. In comparison, acid Oxisols were characteris
tically pool. Raychaudliuri and Datta Biswas 11281 recorded ait average of' 
1,270, 500. 805. and 3 8 ppm Mn in black, red, lateritic, and alluvial soils, 
respectively. These findings are in general agreement with those summarized 
in Table I. 

Total Mit levels for 20 ferralitic (top) soils from Vietnam ranged from 40 
to 4,400 ppm (Inean t)40 pp) 1421 . Koch [731 analyzed 18 surface soils 
frotm rice-growing areas in Sri Lanka which contained Mn values between 24 
and 1.204 ppmlMn with aImean of 500 ppm, whereas certain tea soils had 
less thai 15 ppm total MNiI,59 .Kalpage and Silva 160] showed Ihat wide 
vaiiatilns inMin in Sri Lanka soils vere related to rainfall and parent material. 
Bleeker and Austin 1151 sttidied the distribution of' Mn in six soils of'Papua-
Iew' (;uiitea and concluded that Mn levels were greatly influenced by the 
presence or absence of' a fluctuating water table. The transformations of' Fe 
and Mn tnder aTIoxic coiditions were studied extensively by Ponnamperunia 
1111. 112. 1141. 

Fitter soil fractioms appear to contibute signif'icantly to variability in total 
Nn indiverse soils [104, 201 . Biswas 1121 demotIstrated that the concen
traltion of' Mln in genetic horizons was prinicipally linked with inontmorillonite 
in the clay fraction. Leaching and lime further modified the distribution 
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of Mn in soil profiles [141. Recently, Katyal et al. [691 found that surface 
soils from the semiarid tropics, where leaching is generally limited, averaged 
718,ppmn Mn (Table 1). On the other hand, soils from the humid tropics, 
where free letchingo(fie to heavy precipitation might occur, contained only 
371 ppm Mul. 

The total Fe cotent ot' Indian soils vaiies floin less than I,';to ilore Ihan 
10': with allavelage of ahotu 3,; 1051. Katyal etal. 1 showed that, 
amiiong tile inlajol g oups of" soils il tiropical India, acid Oxisols were the 
riche t in total Fe (Table I ). Next in order were Vertisols I'llowed by Alfi
sols. One Ullisol showed tile lowest of' Fe.a1ntl Total Fe il the surface 
soil increased with tile aridity of the climate. Arutllachalaill and Mosi 161 
fitlud that tlile variations il total Fe in soils depended oilOM and the finer 
soil flractionis. hi heavily leached lowland soils of' the humid tropics, Fe 
had a telldcc' 1to move down iid concentrate i l ie lower horizons 1341, 
whiere',s it tended to he io1e unilirinly' distribiled illthe soils of arid and 
scilii id clim ate s 1771. 

The total ('it collent of' 28 soils firoiwestern India varied between 
21 and 101 ppim ii :'ic A liiizon and between 4 nild32 ppin illthe 13hori
ion, 1521 . Salya ilaaall 11321 repotled a ralge illtotal Cu for Vertisols 
hets.ecii 63 and 107 ppm. Soepartini et al. [1521 reported that the total 
('iu levels fIo 14 soils, representing 8 soil orders, frolm lie islands ol' Sumatra 
and Sulawesi (Idolnesia) ran1iged frioit 2.0 to 135.6ppin. Fifty percent of
 
lhese soils contained less than 30ppu ('ii. 
 The ('icontent of' hydromorphic 
olgalic soil; f'1ii Sli Lanka rangeL t1in I to68 ppli with a inll of 
.'Sppim 11071. (liniski indTlii 1421 found ilie ('u content of' 20 ferra
[ific soiis from Viet Im iragelfllihlio 10 to143 ppm (mean 57 ppm). 

Accordilg 1t l.l et al. 1781 and Kanyal et al. 101)] heavy-textured Ver
tisols alC heliel eiidov.,ed with Cu than ire lighter textured Allisols and 
Fun isols (Tahlc I ). Others also had ftuld that copper in soils incleases 
with fineness of soil texture [2, 124, 421. The level ol'Cu inlthe Surface 
itlizis appeal to be ilifiiiced by climate. Soils inia semiarid tropical 

chiiriate contained inure ('1 iii their surll'a'e horizons tihan did those in hulmid 
and subhiuilid regitlls (r'hahle I ). 

Tonl 13 iii soils of tiopical hidia vaiies between 5 and 80 ppm. lyer and 
Sa vlrllalal 1521 repoltled that tie average 13content of soils changed ol 

lie hasis of [lie sullace geology as follows: acid lavas 22ppn, basalt 36 
ppir, limesone I 3 ppm. alluvium 62 pp1, slate 44 ppmi, gneiss 7 ppn, and 
laieiile 37 ppin. Glinski and Thai 1421 icporned low total 13levels in Viet
nani soils delived nui gneiss (< 20 ppiir). crystalline shale (< 5 ppm), and 
hlaill o aridesite f<- 25 ppim). :or all 21) siils studied, the average Ii content 
was 45 ppm. Raychidliuri aind Dalla Iiswas 11281 found 1tIt lll y Xerj
chireps developed il glaiiile and crystalline gneiss conlained 8.5 ppn B. 
A laicie IcAqunx) froni a more or less similar geologic region contained 
25 ppunn 1. Oml the other hand, Verlisols and mixed Alfisols and Vertisols 
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formed over Deccan trap aggite, basalt igneous rock and shales, slates, quart
ite, and limestone had between 28 and 57 ppm total 13. Certain young 

alluvials ( Inceptisols) toln, Bihar contained up to 83 ppm total B 1531. 
Soil B had a tendency to decrease with the geological age of the rocks from 
which the soils originate 1701 and to increase with tormialine content 
125. 1481.

Tye and SatyaMntMalan 1521 found that heavily leached soils were low 
ill total 13.Indeed. Jha 1531 reptorted that coarse-textured soils, apparently 
vulnetable to leaching. contained less than 20 ppm B. Soils irrigated wilh high 
B irrigation waters may accunulate 13188, 801. Cultivated soils had more 
13 than did ',irgin soils [521. Iligh B Contents v'ere noted ill saline-alkali 
soils 114-11. Accunulation of 13ill the horizons of' a soil profile was affected 
by lime Colltellt 1701 and irrigation practices, hill B tended to accumulate 
Mostly in the subsoil horizons 11441. 

li tropical Indian soils total Iolybdeitunu contents range between 0.4 
to 14.5 ppm. In a maiaority of the soils, concentrations vary from I to 2 
ppm. Recent alluvial soils ( ltluvctts) derived from granite and itetamorphic 
crystalline hIasalts co1t ailed I .5 5.1 ppm Mo 11281. The corresponding 
\,alues for Velt tisols 'ttued over tralp anid linle:;tonie Were 1.5 1.8 ppml. 

ar'lier. (ihatic~iee anld I):akshinainrt i I') [ reported a range in total Mo 
between 2.0 and 5.0 ppn. 0.0 and I 1.6 pp1, and I .3 and 2.0 ppm for alluvial 
soils. Vellisols. and Oxisols. rospectively. Verina and Jha 1671 and Balagurt 
anid Mosi 8 confirmed that alkaline alluvial soils and Verlisols contained 
more Mo HIM did Oxisols :nid Alfisols. :rom the study of 46 representative 
soils troM (ijaat . [ddedy [129)1 eporled a range ald mean of 0.5 to 4.1 
and I1. ppm11 Mo. respect ivclV. Recently. (',havan et al. 1201 showed that 
representative soils from Malarashtira contained aroulld I .) ppim Mo. Total 
Mo tends to he highel inl neutral-to-alkaline soils. Balaguru and Mosi 181 
related the higher total Mo in Vertisols to their high clay contents. Mali 
and Mote 1841 also ltepotled the highest Mo levels ini clay loam and clay 
soils. 

Total Mo ill ()M-riclh mountain soils of Sri Lanka varied between 0.25 
and 3.3 with all average content of 2.1 ppm 11081 . Ill-drained Deniya soils 
(low lttiiic gleyI) cointaitied less Mo in comparison to the well-drained soils 
ill foresLed areas (Typical wet-patanas). 

/ t'ailh imiruton rintsl 

I'lant-available Zn generally makes up only a small fraction of the total 
soil Zit. tile size of which may vary with extraction method and soil type. 
Katyal et al. 16'9tI using I)TI'A foitd available Zn to account tor no more 
thami 1'; of total Lit ill various Indian benchlark soils. Using 0.1 N IICI 
oi 2t0 ferralitic soils from Vietnait, (Glinskiaitd Thai 1-121 extracted between 
0.2"; and 10.6':; of the total Zn. They found avaiiable Zn well correlated 
with total Zn (r = 0.76). Oit the other hald, Soepartini et al. 11521 found 
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this correlation to be less (I = 0.55) Ior Indonesian soils, and they reported 
even lo.el co-rrelation coefficients using FIl'IIA and dithizone as extractants. 
Nair and Melta i171 . Shaila and NioliraMaNi i I1361 , and (;anjir et al. 1401 

ttMIl Lgood ortla tolls hetweeti availal it and total h1 ill Indian soils: Lil 
e al. P) and 1,0astoi and ,ai I1261. however, did not. 

.Jitded h\ tile ilclease in letelitjolt of, added Zi with the littettess of 
,(il tet tt jI'I0 aid tile inctease in a''ailahle Zn witt the cIay content 

II. iht -l\tttiled s~atdv sois appeal Irre vulneralble than others to Zni 
tletiitlc.v\. (1hl1\jatl.l a]. I101 reported that low p1l Oxislcs contained 
IeI,- avZil+lb. l tall did teutal.to-alkaline Alfisols and Vertisols. Various 

ctiCL jlt sit I I P' . 45 1 httve clfirliled the decline ill available Zi 
v%ilh a lise il pA. Zinc deficieti.vy, geneally obseived ill :rops grownitg o 
calaltoll s ,t,. tItip, seellls :ltstly dl I to tie rct ioll 01f the CI s to1tte
 
alkal ,e soil t,5 I
 .Ilie cli at ic iltt]lllee ott iticrottuttiett availability ill soils has been 
ei\Ct stlt alttlMt. Itt a.dditioti to it '.lfect III sodi[ pH. climate effects 
the MI ivevel Ill the SOil. Kalval et al. ]OQ)l cotisideCed low organic m1natter 
a1caSte 101 eeiall,, l,. l)T1I.\-exitactahle Zn il arid and semiarid soils 
(Table 2). M.ia t11d Iitd,.y 1')3 MId tildar and MatIdal 1441 deltMstrated 
the lI+lvtable ellecl t () O /lZ' availability. Similarly, Pavatnasasivain and 
Kalpade 1 (10o, 107 1 coIidered I Ile htil ota laticSoils (wet patatta) of' Sri 
I:mkU ,.,el ittspplied Mitl ii. Iho,.evet. Iaiagopal et al. 11201 working with 
high (OM miii 110m1 Nilgiti Ilills. Tkinil Nad, ti11dia. reported a reduction
 
ill zl availabilit, when soils ctmilaitted ttore thati 5.O'; O)M.
 

A itlitatlial elt I v.as ttade b., tile httetiL.tiottal Atotnic Energy Agency
 
(IAA) 1-Sl to,) stlvey tle l]ajor rice-glowitig soils of Bangladesh. Java
 
(ltdic"eia ). the I'lilipplie, aid Thailatd. Soils wete classified ott 
 the basis
 
()I ZI levels ill soil exltacts (< I pp1) and plant leaves (K 20ppnl). Soils
 
identied iN deficietit wkete subsequentl,, selected It greetthulse and field 
Cxpfllll l iesiIh+ ve\ results prioved that it contenlt of' soils correlated
 
p ly with gIeentlots,. ai1d Field results: IrequieItly no yield response and
 
little ittlcae ill /tt upiake were obtained frott fertili/el Zn. Possibly. the
 
I[, ilatit.'s of"/I ll floo,ded soil prev,'ent adeqItate predctim of ZI response. 

lmitmtapclIt:i I 131, Kalyal 1(41, atd llaldat antd Madal 1451 ob
seled a declitte il Zli availability after subumergence. Earlier, Katyal 1631 
detlIWsllt IA datltiOltl ill the Zit coliceiltlatioll of the soil solution tpoll 
stIbMIL uene, itrtespective o tile air-diy soil phl (Table 3). The increase 
itt se,.til\ it Zl deficieicv wiilh a dectease ill altitUde alog a topose(lueIce 
lefleeti tile eftect oh pit, soil aeralion tl Zn availability [164, 1661 Oil. 

lite ill lel htild, tid-"oeao soil drying improlves soil aeration and was shown
 
t citliatce Zit availlililI 1 1 , 

A highly significant coetfficient ot' correlationihas been reported between 
reducible M;1 and total MNl1)1. 271 . (linski and Thai 1421 reported that 
easily teducibli MNi levels for various Vietnatiese soils range from 5 to 400 

http:deficieti.vy
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Table 2. Distribution of aivailable Zn, Mn. Fe, and Cu in tropical benchmark soils of 
India 1691 (range and mean in ppn) 

DTIIA extractable 
Zn MN,,n Fe Cu 

No. 
Soil of Range Mean Range Mean Range Mean Range Mean 
group soils 

Arih-Scniar.d 
Inceptisol 5 0.2 0.6 0.4 7.5-48.8 19.0 3.4 22.8 11.6 0.9--3.6 1.9 
Vertisol 9 0.2- 1.3 0.4 4.8- 16.4 9.8 4.7-9.5 8.0 0.8 -2.0 1.4 
Alfisols 5 0.3-0.5 0.4 10.3- 48.4 24.2 6.7--25.4 17.4 0.9-2.2 1.3 
All soils 19 0.2 1.3 0.4 4.8 48.8 16.tl 3.4 25.4 11.4 0.8 3.6 1.5 

lhumid-Stbhtumid 
Inceptisol 4 0.3- 1.0 0.8 5.1- 102.4 40.0 7.9--51.3 30.4 0.2 -4.5 2.5 
Alfisols 3 0.2- 0.7 0.4 17.5-76.0 45.5 14.3-51.2 34.5 0.2--4.9 2.1 
Oxisols 2 0.3- 1.4 0.9 18.1 -155.4 86.8 19.3 -26.3 22.8 0.5-2.9 1.7 
Ultisols 1 0 - - - 0.3 40.1 17.5 0.5 
All -ils 10 0.2-1 4 0.6 5.1-155.4 51.0 7.9--51.3 28.8 0.2-4.9 2.0 

Table 3. Influence of soil pll on the changes of zinc in the solution of flot-ded soils 
1631 

Zn(10 -2 ppmn) 

Weeks submerged 

Soil pll 0 2 4 6 10 

Acid sulfate clay (Philippines) 3.7 51 17 21 11 12 
.tuisiana clay 3.9 30 17 22 8 15 

Kalayaan clay loam 5.6 48 15 17 14 9 
Antipolo clay 6.0 35 i4 13 10 7 
Buttuan clay 6.8 26 21 21 5 5 
Luna clay 7.1 29 18 !6 7 5 
Maahas clay 7.1 16 13 - 12 7 
San l'ablo clay 7.4 22 10 14 6 4 

ppm (average 113 ppui) constituting 2.7%--26% of total Mn. The lowest levels 
were found in soils from crystalline shale, acid igneous rocks and elastic 
materials, and high levels in 1asalt, clay shale, and limestone-derived soils. 
Easily reducible Mn in different Indian soils varied from 6 to 820 ppmn, i.e., 
5% 46"( of the total 1131 . Reducible Mn, like total, was highest in Ver
risols and lowest in Oxisols. Sharm. and Motiramani 11 51 also noted a high 
content of reducible Mit in Vertisols. The concenth ' ,i of water-soluble 
Mn in soils is extremely low 1141 . Anaerobic soils, however, are exceptions, 

and the level of water-soluble Mn may rise to unusually high levels after 
submergence 111 1 , 64, 58, 98] , reflecting the presence of easily reducible 
Mn in soils. Calcareous soils in the Indiat arid and semiarid tropics were 
geterally low in exchangeable Mn 1158, 1161 . Biswas [13] showed thal 
Oxisols arid Alfisols were richer in exchangeable Mn than were Vertisols 
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and (calcareous) alluvial soils. Sitarma and Motiranani 11351 reported a range 
of I--93 ppm for Vertiso!; and 2--170 ppm for Al fisols. 

Anjaneydu 141 and Mlta and Patel I9I reported that coarse-textured 
soils con1tailed 110re available Mni than did soils with heavy texture. A po
sitive etect o1 ON Contelt of soils on Mn availability was reported by several 
workers 1171, 7. 2. 1271. Oil the other hand. Pavanasasivaln 11051 reported 
al ,dveise ctect of" high NM!Oil nin availability. (,liiiski and Thai 1421 
tailed to tind a colielation betweell available Mn and OM at all. 

Ill the few studies that have been conducted 1117. 681 the relation, 
b,,.eeii soil-extlactable Fe ald total uptake or response to added Fe has 
gelleallv heel poor. Iroll preselnt ill org,!nic combination appears to be the 
main resoulce of plant-available Fe 1118, 120, 1I 1. The higher availability 
ot Fe ill soils of tle humid tropics than in those in semiarid tropics might, 
in pail. be due to higher OM content ( Lible 2) 169)[. 

Watei-soluthle Fe, like Mn. is negligible in upland soils bul increz.-s after 
slbm)ereice. Malltdal 1861 , i nampertuma III1 I, Katyal 1641, and Ka
beerthuiimiua and Platnaik 151JI'i'orted that the magnitude of increase in Fe 
availablilit, C mainlydepended onl siil pll. intensity of soil reduction, and 
active iol Conltent. Quickly decoi.,posing green manure treatment enhanced 
soil reductioll, caused moo1-0 (O, pmoduction. avid brought abot a;!Iy and 
fal greater accumulatin of available Fe 1110, 43. 87, 641 . 

TIh: (u, extractable by diffcrent r-cagents has been shown to increase 
witi total ('t iii soils [42. i *;.. 100. 1, 441 mad to decrease with a rise in 
soil pi1. A high plrpolltiou of clay in soils wa! I,hund to favor Cu availability 
I 0 441 (limuski and Thai 1421 fo1und ('u availability correlated with soil 
)M (r = 0.50) in various Viet na, ese soils. Soepartini et al. 1152] found no 

coi relatio l betweel soil ON and extractable Cu, irrespecti,,e of the extraction 
iiet hod employed. Katyal et al. 1 91 were abie to explain 58% of the vari
ahilily ii l)'i A-(i ly OM alone ilmsoils of arid and semiarid India. Similarly, 
any increase iii OMI seemed to ellhalCe CCU availability ill low OM troical 
soils 17, 115. 100 . Ill marked contradiction, Rajagopal et al. 11201 showed 
that in high ON soils from Nilgiri I lills in Inldia OM impaired Cu availability. 
Peat soils frhom Malaysia are notoriously low in available Cu [611. 

The variations ili available 13may be traced to various soil factors and 
certaiii nuaulagenicitt practices. Some workers 194, 201 noticed a close asso
ciatiol between tltal alld hot water-soluble B. but others 1148, 421 could 
not verify this. lBhokde 1161 considered 5;( of tile total 13to be plant available. 
Talati aild Agarwal 11571 and Chavan et al. 1201 noticed an increase in 
water-soluble 13with tile f'ine;ss of texture. Soil OM seemed to have a 
f'avorable effect oin 1 availability 182, 1161. It soils of arid and semiarid 
Rajasthan, available B increased with increasing p1-I 188, 94, 82, 1571 , but 
alkaline calcareous soils seemed to be exceptions 11471. No correlation 
with pi1 was found (r = 0.1) in acid soils from humid and subhumid Vietnam 
1421. 
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High clay content, low p11. and large amounts of sesquioxides all tend 
to reduce Mo availability to plants. To some extent this is reflected in the 
extractable Mo levels in soils. Plant-available Mo has mostly been assessed 
by extracting soils with acidic animonium oxalate. The contents range from 
traces to less than 1.0 ppm. Based upon the analysis of 1,000 soil samples 
representing Psaminents, Orthents. Vertisols. and Vertic l-tropepts, Duarte 
et al. 1301 reportcd a range in available Mo from 0.02 to 0.5 ppm. Among 
the soils studied by ('hatteijee and Dakshinamurti I191 . Fluvents had the 
highest available Mo. which varied from 0.10 to 0.34ppm. Vertisols and 
Oxisols seldom exceeded 0.05 ppi. Oil the whole, available Mo was less 
than 10',( of tihe total. Likewise, in the study of Verma and Jha I16i , 
alkaline alluvial soils exhibited higher available Mo levels than did soils 
acidic in reaction and sedentary in origin. Balagur, and Mosi 181 also re
ported certain alluvial soils of Tamil Nadu, India, which analyzed 0.30-0.34 
ppm available N. to be the richest. High pff Vertisols were relatively poor 
in Mo availability (0.13- 0.16 ppm Mo), and acidic-to-neutral Alfisols were 
the lowest (0.10--0.15 ppi1 Mo). 

Geographical distribution of micronutrient problems 

Seniariltropics 

Zinc - Soils of the arid and semiarid regions of India were found more 
frequently Zn deficient than those in humid and subhumid zones [691. 
Mehta et ai. 1921 considered a large number of soils from Gujarat Zn de
ficient. Nentral-to-alkaline red loamy soils (Alfisols) and low-lying alluvial 
rice soils were more susceptible to Zn deficiency than soils acidic in reaction 
[741. As much as 74;- of the rice-growing soils (mainly Vertisols and Alfi
sols) of Andhra Pradesh were found to be deficient in available Zn [1951. 
Rai el al. [1161 showed t hat on 15% 43% of the black soils from Madhya 
Pradesh (MP) crops could benefit from Zn treatment. On the basis of avail
able Zn, Rathore et al. 11271 classified 69/ of the 120 alluvial soils (alkaline 
Fluvents) studied as Zn deficient. On an overall basis, Katyal and Sharma 
1671 indicated that on 50% of the Indian soils crops may stiffer from Zn 
deficiency. 

l)astur and Singh [321 recorded improvement in yields of cotton on 
Vertisols restlting from zinc sulfate application. Ramatiathan and Nagarajan 
11231 found that application of 75 kg ZnSO4 /ha brought about an increase 
in yield of cotton on a red loam soil of Tamil Nadu (DTPA-Zn 0.2 ppm). 
Savithri and Sree Ramulu US [1331 able towere raise the kernel yield of 
groundnut by about 251;, through Zn application to a Zn-deficient Alfisol. 
Solanky et al. 11531 also obtained a signiicant increase in groundnut yield 
upon Zn treatment of a Vertisol. 

On the basis of a micronutrient survey of paddy soils of Thailand 11491 
the semiarid region (northeast) was considered most susceptible to Za 

http:0.10--0.15
http:0.30-0.34
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Table 4. Summary of field surveys for zinc status in paddy soil inThailand 11491 

Number Number 
0.05 A' Zinc in Total of of' 

I)lTA I1('1 leaves zinc sample location 
Rcgiol (pp in)) (pp i (ppin) (ppin) 
Central Range 0.9 3.4 0.4 1.5 22- 52 28-258 36 15
 

Average 1.35 0.9 31.7 77.0
 
South Range 0.8 3.0 0.6 1.5 33 45 20-53 7 4
 

..Xverago 1.7 0.9 40.1 31.9
 
Northeast Rangec 0.3 1.6 0.5 2.3 14 -30 5.0 120 62 17
 

Average 0.8 0.9 20.6 20.1
 
Nortthcr n Ranve 1.0 3.3 0.8 3.5 16 26 10.2--105 47 18
 

Average 2.0 1.8 21.3 55.2
 

deficiency (Ta 4). Four of te tellsoils thus identified as Zn deficient 
showed a response it)Zn when cropped to rice in tie greenhouse [481. 

Ill the studies of" Ramakrishinan and Kaliappa 11221, Zn application 
markedly increased the yield of' maize oil Vertisol. lDeshnukli et al. 1351 
obtaind a 24'; ilcrease in sorghum grain yield attributable to 20kg ZnSO 4 / 
Ila;lied to aVertisIO. (dithizone Zn. 0.82 ppm). On a similar soil Kene and 
Ieshpaide 1711 reported that the additioll of Zn to the N1PK (12.5kg 
ZtS()04/lia) prodUCed 0.8 toil grain/ha extra sorghum grain. Shinde et al. 
11381 observCd a signi ficaIt increase illwheat yield on Vertisols from 20kg 
Zn/!ha supplied as Zli04 or ZitO. Field trials conducted illnine villages of 
North (ujarat (alluvial sandy soils, dithizone-Zn 0.15 0.55ppm) revealed 
a wheat yield increase of 5'.( 25'/, upon addition of 50kg ZnSO 4 /ha 190]. 

Work done undCr he I'AR's Coordinated Micronutrient Scheme revealed 
a response of rice to added Zn in several districts of Andhra Pradesh 1155]. 
Krishnamoort bv et al. 1751 obtained an increase of 1.8 tons/ha rice grain 
Vield otla calcareous red soil (1)11 7.6, All'isol) iii that state with 10kg Zn/ha. 
Studies il (;uilrat1 11501 showed that rice grown on a Zn-deficient soil 
(dithiztone Zn/0.6 ppm yielded 50'/ more when treated with 10kg Zn/ha. 
In Kariataka,. Bhadrapur et al. 1101 recommended 50kg ZnSO4 /ha to 
improve rice yields in salt-atfected black soils of the Tung Bhadra Project 
area. Ott extremely Zn-deficient Vertisols of Madhya Pradesh (DTPA Zn 
< 0.30 ppm). yield of' rainfed rice was almost doubled upon ZnSO4 treat
meillt 1721. 

Alangamcsc and iron. Shaima and Motiramani [135] suspected Mn deficiency 
(less thani 3 ppm available Mn) in about 11% of the Vertisols of Madhya 
Pradesh. Shw rma and Shinde 11371 also noted low content of available 
Mn illblack soils. IHowever, deep Vertisols from the same state were found 
adequate in Mn availability I118I. Zende and Pharande 11711 did niot come 
across anN sample Ot of 87 soils from the Bombay Deccan that could be 
considered low in available Mn. It thus appears that, with the possible 
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exception of alkaline, calcareous Vertisols, Mn deficiency is not a serious 
constraint to crop productiol in semiarid tropical India. lowever, responses 
to Mn do occur. Dargan and Sahni 1261 recorded a 7'/ increase in cotton 
yield brought about by Mn treatment of' Vertisols. Similarly, Vamadevan 
and Mariakulandai 11031 observed an increase in yield of rice when MlSO4 
or MnO was applied to a Vertisol 'rom Tamil Nadiu. Blihadrapur et al. 110] 
recommende2d MIiS104 application (5 kg Nn/ha) along with Zn and Fe to 
increase rice yields in salt-affected Vertisols of Siruguppa (Karriataka). 

Rai et al 11181 concluded that 38'1 58'/, of the soils from tle deep 
Vertisol zone of Madhya Pradesh were deficient (< 2.0pptll Fe) it Fe. 
Subsequently. Rai et al. [1171 employing the same criteria, classified 47% 
of' tile ntediutu VertisOls 0f' Selhore district as Fe deficient. Remarkably 
all of' the 120 alluvial soils (Fluvents) sampled in tle same state were con
sidered sufficieil ill Fe 11271 . Widespread deficiencies of Fe, affecting sugar
cane in Tamil Nadu (TNAtJ Scientists personal communication), are being 
corrected with several sprays of 2' -3'11 FeSO 4 solution. Thie success of' foliar 
application o1' FeS) 4 in alleviating chlorosis and increasing yield was con
firtued by Saxena .nl Sheldrake [1341 . They reported a yield improvement 
of* chickpea grown on a Veitisol near I lyderabad of up to 50%. IHowever, in 
lhe case of iron-efticient varieties, no benefit was derived f'rom FeSO 4 . 

Col)per. Katyal and Sharma [071 , employitng a critical limit of' 0.2 ppm 
NIl 4OAc-.Ct reported that merely V, of the 40000 soil samples f'rom 10 
Indian states were likely to be deficient in ('u. However, a majority of the 
soils (acid-to-slightly alkaline in reaction and well supplied with OM) from 
Kerala and hilly tracts of' Tamil Nadu 1120, 1191 tested less than 0.5 pptn 
in N NII 4OAc and were categorized ('u deficient. Singh et al. 11451 con
sidered 92'/ of 120 Vertic lEutropepts in the deficient range. They classified 
a soil deficient if' it tested less than 1.0 ppm in N NI l4OAc-extractable Cu -
an unusually high critical limit. This may explain the virtual lack of Cu 
deficiency in similar soils (Vertic Eiutropepts and Vertisols) in the studies of 
Kavimandan et al. 1701 and Rai et al. [ 118, 1151 who proposed a critical 
limit of 0.2 pptn NI I4OAc-Cu. Oil the same basis none of' 120 alluvial soils 
(Fluvents) from Madltya Pradesh were f'ound to be deficient in Cu 11271 . 

Joshi and Joshi 1551 reported an increase in rice yield by about 38% 
upon application of I kg ('uS0 4 /ha to certain soils of Ratnagiri district of' 
Maharashtra. Subsequeat ly, Oit the basis of response to applied Cu in pots, 
Joshi and Joshi 1561 suspected Cu deficiency in the majority of the agri

cultural soils from the same ftate. 

Boron. Excess B may be more often a problem of soils in the arid and semi
arid tropics tltat is B deficiency, particularly in salt-affected soils. Singh 
and Singh 11401 showed that in saline-alkali soils from South and sout awest 
Bihiar water-soluble B was present in toxic amounts (> 1.5 ppm). Moghe and 

http:4OAc-.Ct
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Maglur I941 also suspected B toxicity in saline soils from arid regions of' 
Rajasthan. In comparison to saline or saline-alkali soils, other soils seldom 
contain more than 1.0 ppm water-soluble B [531 . On the average, alluvial, 
black, lateritic, and red soils of Tamil Nadu contained 0.64, 1.03, 0.50, and 
0.61 ppm extractable 13,respectively 191. 

Molvhdenmon. Indian workers adopted 0.05- 0.10 ppm Mo (Grigg's Method) 
as the critical limit for delineating deficient soils. Of 46 soils from Gujarat 
studied by Reddv 11291 . II contained less than 0.05 ppm Mo, and crops 
growing ott these soilIs indeed showed Mo deficiency sympt oms. In another 
suirvey of the saite state, 35 ; of' the 109 soil samples tested below the critical 
limit of 0.05 ppm Mo 1921 . Shinde et al. 11401 suspected a need for Mo 
teat ment in I P; oft lie sugarcane-growing soils from Maharashtra. In general, 
acid laterites and alkaline black clay soils generally contain a low level of 
available MO, and crops. particularly legumes, may benefit fron Mo ad
dition to these soils. 

On tle basis ot -'ear study on an experimental farm (available Mo = 
O.0btppt ) and ott .1 large number of trials on cultivators' fields (average 
available Mo = 0.088ppm) in Aurangabad district of Maharashtra (largely 
Vlt isols). (havan et al. 1211 reported a significant increase in wheat yield 
frim asingle filiar spray of 210 g sodium molybdate/I 100 liters of water/ha. 
Overall wheit grain yields increased by 304 and 120kg/ha at the experi-
Mental farut aId in cultivators' fields, respectively. Recently, Shinde et al. 
[139 1 working on itiore or less similar soils observed a yield increase for 
wheat of up to 20'; when reated with Mo. 

Il/mil antd subhuminl tropics 

Zhnc. Few efTort s have been made in Asia to use available Zn as a tool to map 
Zn-deficient areas. Soepardi et al. 1151] delineated micronutrient-deficient 
soils trom northern central plains of West Java representing an area of about 
25000001ha. Judged by the available Zn level of 162 soil samples and 
act tal yield response. 29% of the soils were categorized as Zn deficient. 
A soil map of zinc deficiency in Java has since been published by Soepardi 
I1501 . lie proposed that if soils tested less than I ppm 0.05N HCI-Zn or 
l)TPA-Zn or rice plants analyzed below 15 ppm Zn, a Zn deficiency was 
likely. I lowever, Istmnadji et al. [491 considered 0. 15 ppm Zn extractable 
in 0.1 A' 11( the critical limit and concluded that many upland soils of 
Indonesia (alluvial. Regosols, Lithsols, and Aridisols) were likely to be 
de ficient on that basis. The extent of Zn problems in Java has been con
firmed through response studies with corn and rice 146, 471. 

De and ('hatterjee 1331 observed an increase of' 4217( in pod yield of 
groundnm wltein 20kg ZnSO 4 /ha was supplied to an acid-leached sandy 
loam soil of West Bengal (total Zn 12-- 14 ppm). De and Clatterjee [34] 
obtained more tlan 20', improvement in rice yield through Zn application 
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on these soils of West Bengal. Regardless of soil, benefits from Zn appli
cation were greater in cold, dry seasons than in hot, wet seasons 1131, 1211. 
Application of 6.25kg ZnSO 4/ha yieled 245kg extra wheat grain on all 
alluvial soil of \,est Pengal 181)1. On the basis of tie 0.1 N 11('1 test, ('howd
hury el 1231 most soils from south and:,1. judged sontlheastern Bangladesh
 
to be adequately supplied \with Z1, Vliereas Zi1 deficiency was CO1l1111n1 in
 
tilenorthern palrts of tilecountry. Response to Zn fertilization is observed
 
in the north.
 

Jttang et al.1571 reported a significant increase in cane and sugar yield
 
oinfour tropical soils of Taiwan (pl I 6.4 8.4, 0.1 N II('-Zn 1.0 7.9 ppn). 
The lower tilesoil Zn content, tie higher was tileefficiency of applied Zn. 
On an overall hasis cane and sugar yield increased 1y about 10"( through 
Zn trealtnent. Ill(hina calcareous paddy soils, especially with impeded 
drainage, gave a significant responise of ricc to Zilapplication 1851. 

IlltilePllilippines responses to ;Idded Zn have been spectacular. Katyal 
103 1 reported Zi deficiency iii rice on c,,i:ai Irndrosols to be so severe that 
Zn treatment meant tiledifference between yield and no yield. Even fer
tili/.ilion of such soils with NPK - Zn was of' no avail (Table 5) 1661 . Ilow
ever, an increase of'4.4 tons/lha rice grain was obtained on lhese soils through 
dipping seedling roots illa 2 4'; ZnO suspension, equivalent to about 1 kg 
ZnO/ha. Yoshida et al. 11701 recorded a yield increase of 4.8 tonis/la 
througl an applicat ion of 50kg Zn/ha to calcareous soil. Several other 
examples of response of rice to added Zn, and information oit methods, 
sources, levels, and time of' application can be cblained from soine recent 
reviews 118. 541 . It is estimated that about ;halfla million hectares of current 
and potential rice land ini 1102, 481.the Philippines alone are zinc deficient 

Preliminary research f'roin the suhhunmid zone of Sri Lanka by Nagarajah 
(personal conulintilcatioln) indicates a region of severe Zn deficiency (0.224 
ppll Zn in 0.05N I1(1) ill tile area near Matale oti slightly acid soil which is 
representati'e of approximately 10000lha. A crop response to Zn was ob
served afer the first rice season. 

Manganese and iron. Deficiencies of iron and manganese have rarely been 
reported for humid and subhunmid tropical regions. I)eficiency of' these ele
ments in lowland rice is unlikely 11591, but iron deficiency illupland rice 
may present a major pronblem in some soils 11131 . Pillai 11091 reported a 
response to MIn fOr rice grown ol ann Oxisol in India when seeds were pre. 
soaked in an 8(';MnSO 4 solution. Iron toxicity was identified as a major 
problem to wetlad rice 1105, 51. 

In West Bengal pod yields of grountlnut were improved by about 40% 
with 40kg FeS0 4 /ha applied to an acid-leached soil (total iron 1.0', in 
0 to 30 cm depth) 1331. Recently. Ismunadji et al. 149I reported Fe clloro
sis in several crops growing ott high piI calcareous upland soils of Indonesia. 
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1d lle 5. ' heldof rice %itii or %%ithmut NPK and/or ,inc treatlent in eigilt farmers' 
fields [ 66 

;~rjm yithl Itori:,ha I 

I arili nubiLr
 
I rea ILl It 


I 2 3 4 5 6 7 8
 

N No 11 3. I.II 4.1 3.1 2.5 2.6 0.0
No 'i c I0 2.2 1.8 3.9 4.8 3.7 1.4 0.0 

L-. N(, 3.9 5.1 5.4 4.7 4.0 3.7 4.7 4.2 
l e' 3.1 0.1 6.7 5.1 5.0 4.6 4.2 4.9 

(opc/r. Ioiii:naipei uiia II 141 showed that the cotcetration of ('it in the 
sid soltitii deceased :tler submcrg llce. l)espite Ihis. ('u deficiency. unlike 
Z/l d0 cieic\, ,is heci- eicoiuttcred ill tie Philippines. Response 

t ., SeldOTn 
of lice to applic:ution it ' (01 .13' ('1.iS( 4 f'oliai spray) on a clay soil has 
beeCil r.cord~l Bliae:lttlCSh I7 . SrCedtiaraii llll Gcotrge 11541 noted anill 1I 

inCisiN. Ill 1)01oh Iirli Altd stra% yields ot' rice on 
a high ON), acid red loam 
soil of KcIala as a result of ('u application. Samiti aid hliattaclharya 11301 
ottdiTICd M) aIdditiolll 324 kg graii-ha from ('uS , treatment of Boro 
rice spriM, [ice) (ii ali acid-IeaclChed soil of \Vest Bengal. whereas the Kharif 
lice ( ,Itii50 i t. . \et seasoll rice) did not respold ,) ('U. On more or less similar 
soils. I and ('lttrj.e 1341 iteld)lC alla ,';ilncrcasC in yield of tpland, 
SlcIl-seeded lrice. atr ibutable to 5kg ('0S04,/lle.. The performance of 

fIloded tlalIsplalalIcd rice, however. remained nutuaffected. Rice-grovii.g 
tlltnv,'i'll :ils West Beligal are considered adeqnatcly supplied withWorn 

(ti 1441. 
.li.rtuiiittrient studies ill Malavsia have concntrCiated Onl peat soils, which 

occup extensike areas of southeast Asia. l)eficiencv t ('Li is ' li ost wide-
SpicuId onl Ilese soils. ('ouler 1241 ftond that pahus grow;-, on peat and 
shvowiiic vello\ ngg Or hrowiit synipuloIs were characte,..ically low il 
Cu (< 3 ppuo ). Such sviipHois in palms are known as *peat yellow' and are 
Casily' coitItolled 1 ('IISO4 application before planting or evel by top
dtessiig. Kalapait lyI I i repotled a sigllitficai increase in yield of maize on 
a peat test iiug 7 ppm total ('L. So pohiotLinced was the ('n deficiency that lie 
CciusietceLd ('ti tio be ill indispensable compoient of peat reclamation. One 
application of 30 k, US()4' ha was able to check ('u deficiency ill nine 
,cuccessive :Tops. In the studies ft ('hew et al. 1221 conducted oil two peats 
iota; (u .5 id 5.Oppm. Mn 43 alld 32 ppm, alld Zn 25 aLd 201ppm). 

sicit-'i.+catI respolses to ('ui application were confirmed. I Indonesia, the 
xside coastal plailiSi eaCistCli Sumatra. western and sotithern Kalinvntan, 
and the soutlieit coast of \\est hriai are coveerd wilh swamp folests with 
thick peat layers. Oit these peat soils, the yield of' corn was almost doubled 
throtlh ('I Irteatline 1491 . 



86 

Boron. If soils test less than 0.5 ppm hot water-soluble 13,they are considered 
incapable of supplying sufficient 13 to support nornial plant growth. iO 
this basis the majority of the Indian soils are well supplied with II except 
in certain humid and subliumlid areas, such as various parts of Bihar 11481. 
Ghani and Ilaque 1411 reported that available 13 in 26 soils from Bengal 
ranged from 0.4 to 2.0ppm. Soils frequently flooded with sea water con
tained higher 13thil those free fllm marine influence. 

In tile 13-deficient soils have been foundsoutlein parits of tropical China, 

in large areas I. are f'ronu 1Bgranite
I'S These soils derived low and other 
acid igneous locks. gneiss, etc. Syinptomns of serious B deficiency were 
observed oilthese soils il IniI.V areas of' I I provinces in southern Ciina. 
Al al)plicatiol o1 B increased tlie yiehl of rape and other 13-sensitive crops. 

Mo/i'hdWnum. Relatively little research has been conducted oil Mo inlhumid 
and sulhuiuid tiopical Asia. To sonic extent this may reflect tile inadequacy 
of, available soil tests fr Mo. 1"or instance, in spite of' the acid nature of a 
number of' Sri lanka soils tested, a majority of these soils contained nmore 
lih.n extractable Mo and were suspected to be adequately0.5 pplii (Grigg) 

supplied 1i081 . lHowever, a beneficial effect from Mo treatment was ob
tained on soybeans grown on an acid (pl1. 5.3) Oxisol. These benefits, due to 
enhanced N, fixaltion, were intiasurable in terIs of N content as well as 
yield 118., 1691. 

Similarly in India. l)as Gupta aid his associates 13 1,28, 29. 301 reported 
advantages of Mo application to rice not only in terms of yield but in N 
utilization as well. Iivariance. Nayar et al. 1I9 were not able to confirm 
tileusefulnessIl ' this treatnent '(r rice grown on allacidic alluvial soil. 
Except iI tlie findings of' Ponnauiperuna 11141 , who reported a positive 
response of rice to Mo al)plication oln an organic soil, no report of Mo de
ficiency in tile Philippines has Collie to our attention. 

A very low dose of' Mo (0.5 kg sodium molybdate/ha) applied to foliage 
at late tillering stage of' wheat grown on some alluvial soils of We-t Bengal 
brought about a 30,', increase in grain yield [131 1 

Conclusions and future research needs 

The interest in niicronuirient research initropical Asia increased following 
the development of' modern crop varieties and Nene's discovery in 1964 
of' Zn def'iciency inrice. Except in India and the Philippines, research on 
riicronutrients is of' recent origin and is mostly directed to Zn nutrition 
of rice. Obviously, there is need to extend this research to other nutrients 
and craps. In tile tripical clirnate several crops of' commercial value such as 
Loco il,cotffec, tea, rubber, arid cocoa are widely grown- Iiview of their 
economic value, studies oilmicronutrient requirement of these crops should 
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be 	 an important aspect of ftture research strategies of this region. The 
role oF ('1 in peat reclamation needs to be investigated further. 

The work ott distribution of nicromitrients is very sketchy. Rarely an 
atteipt is made to associate inicrountrient problems with the parent 
matelial, climate, or other soil-lortlin i factors. tim all the studies reviewed 
here. \,e c:1n iierely conclude that total 1Ilevels appear low in gneiss, granite, 
shale, and las:il otf tile Indianl shield, as do Zn levels ill tile sandstones and 
schists of tle IndoC(hinese inassil. (opper deficiency is a problem in peats 

1 the Itidmiesian alrchipelago. InforimatliOll oiH the basis of, well-defined soil 
clasilicalioil iliiit, is larlgely lacking. A better knowledge of the inicronntrient 
disirihUioi o11 this basis Would make it possible to delineate geographical 
inC:s Mhere Illicoltitlrictlit deficiencies are likely to be constraints to crop 
productioil. I aree-scale sa iplilig of typical soils alld plants oldiverse physio

iaphicil, climmite. aid lamdscape characteristics and evaluation of their 
mtiiclontti icitil staltis ill the laboratory aiid greenhouse would probably be 
deirable. The existence of& micromutrient deficiencies, however, can be 
pts'en only tIi ltgh simple field experinelits. 

Reseirch onl micrmutrients in tropical Asia is primarily conducted in 
ndi: aind the Philippines. Coordination of research among countries is 
lonexistelt. Aside frot the recent effo'rl by IAiA 1481 and FAO I1431, 

imliciontllient snrveys are regional in scope. The orgaut ation of a micro
nutrient workgronp involvitig all tropical Asian countries to establish uni
flied testing procedures an1d urgallite data collection and storage would 
greitly fatcilitale t liraisfer of' inf'rimiation among contries and allow for 
a continn s assessmlenlt of tile role of' itnicrOillutrieiltS il this Most )popuIoIUS 
pat o ile Vor l.t 

The int orimiliotn gat iered thus far points out t hat for alleviation of' micro
nutrienit disorders, reatmemIt soil with the deficient nutrientol is the stan
d.trd remedy. l:ew attempts have been made to . iotp management practices 
capable of' minimizing tle use of inicrontlrients, ., ougli this isan important 
sltitegy ill light of' fle poor ecoltomic conditions of' the Asian farmner and 
tle escalating costs of alnelioratlill. The role of organic manures in pre
venting nmtrient deficiencies needs critical evaluation. Selection of varieties 
toletant :o microtm ricnt stresses and their adoption on deficient soils can 
stve ott itrients. Finally, because specific genes control a plant's capacity 
f'r nut remt absorpt ion, varietal tolerance to available nutrients can be 
iitcturportted in the breeding objectives. 
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4. Micronutrient problems in tropical Latin America 
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Sul erior tic \gricutttjra de lavras. ('aima Postal 37, 37200 Lavras. Minas Gerais, iTrazil.
' )irector. A.- ) -- o'l'0ui IDivision. Interatio ial Fertilizer levetlopment Center 

Introduction 

lhe agricultural l)rOLluClioll of tropical Litin America is astonishingly low. 
h11land area in Latin America that is suitable for crop production from a 

JOpographicAl slatldpoint Varies from ()5'; in the plains to 75'*3 on the plateaus, 
25'; ill the hills, and 5'; in tie mountains. IHowever, less than 5'1 of the total 
land area in tropical Latin America, approximately 1600 million Iha, was 
tlndel cullivatil n y 1950. largely hecanse of adverse soil, geographic, or 
climatic collditions. Regionally tile percentage of land uider cultivation 
varied fr tti 17'; in the ('aribbean Islands, to 9'; in Central America and 
Mexico, down to 3'; and 2,; in ('Colomhia and Brazil. respectively. According 
to estimates at the time, only 40',; of the potentially arable land was being 
cultivated. 

)evelopments oxer the last 3 decaLes have drastically clanged this picture.
The ltoa! 1arv'ested area of Latin America doubled from 53 million ha in 
I050 to Q)7 millionI ha in 1970, withl 10 million ha brought into production
 
helween 1N173 and 1970 alone. The 
 major part of this increase occurred in 
Bra/il t 17.5 tmillionI ha) Paraguay.it 44 while Panama, Mexico, Ecuador,
 
Bolivia atnd ('osta Rica also substantially expanded their harvested area
 
1-181 . ly IQ979 aroMtid 50 million ha of cereals, tubers. and pulses were 
harvested ill tropical Latin America 1491 . 

Although crop production in Latin America has risen by 3.5'1, annually 
since the early l9(0s, yields have risen only by 1.1%, reflecting the Ciem
phiasis onMnew lamls. If Bra/il were eXcluld, however, changes in yield would 
accountlt 'o 50'; of the increase in crop production. The increase in fer
tiliZer use 1by a f'lctor Of' 20 over the last 25 years gives an indication of the 
inl ensif ical ion of amid use (Table I). 

The role of micronutrients in agriculture has been recognized only recently
inI Latin ANterica. Even though the essentiality of various micronutrients 
has heen kniownt or suspected for a long time, few agricultural scientists 
appreciated tihe illupoftalnce of these eletnents in tlte quest for increased 
yields. 

95 
FertilizerPesearch, l'olute 7, 1985. 
1lek PLG (ed). Micronutrientsit Tropical Foods. ISBN 9024730856. 
0o1985 MartinusNi/hoff/Dr W. Junk Pohlishers. Pinted in the Netherlands. 



Table 1. Indicators of agricultural modernization. Latin America and selected countries [48]
 

Country Fertilizer ise (thousand tons) Annual rate of change ( ;/year)
 

Average Average 1948-52 1961-65 1970 
1948 52 1961-65 1970 1974 1975 1976 to 1976 to 1976 to 1976
 

Latin America 278 1239 2922 4289 4440 5258 20 12 10 

Brazil 35 224 961 1716 1791 2371 30 20 7 

Chile 30 95 148 158 94 116 9 2 4 

Colombia 13 121 144 249 214 247 20 6 9 

Mexico 21 260 593 922 1158 1165 29 12 12 

Peru 63 94 84 142 104 129 5 3 5 
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'File extent ol" flicronutrient r?search in tropical Latin America is rather 
limited. The three countries rorn which subtantial research in this area is 
reported are Cololbia. Brazil, and Cosla Rica, but even within these coun
tries the available data have a great regional bias. The data reported from 
Colombia and (os!:i Rica provide sonte insight inte the status of micro
lutrient problems of tile Andes region, while data t'roin Brazil aic largely 
linikd to the ('Cerrado' and S o Paulo state. Thus, huge sections of tite 
continent remain largely untouched, particularly the Amazon and Guyana 
highlaidIs.
 

Early reports f'rolt Puerto Ico oil mitronutrient problems in tropical 
Latin America date f'rom the mid-1950s. Reports irom Brazil and Colombia 
followed in tIe I9oOs 187. 1241. The results of these early studies were 
general' ilconiclusive and indicated considerable differences in response 
to ilicronutlictits by tie different crops illdifferent locations 142] . Ali 
escalation in nicronutrient research occurred in the late 1960s and !970s 
as iliore iintensive land use as well as infriingenient on less fertile land raised 
fileincidence of nliconuitrient deficiencies. Textbooks uidoubted!y con
tlibuted to gre .ter awareness of t lie role of niicronutrients it agriculture 
1148. 1151 as did the introduction of atomic absorption spectrophoto
lletelrs regiol.in lile 

Geology and soils of tropical America 

The maiit surfhace feat ires of tropical America are the Andean Cordillera 
and its continu:ion in Central America and Mexico: the Guyana and Brazi
lian shields. tle Orinoc, Aiiazon, and Paranmi basins, and the Caribbean 
Ishnids 11411. 

The Aiides and their counterparts in Central America and Mexico extend 
as at unit through ,8O0kiii in tilewestern edge of' tropical America. The 
Aides I'orniation occurred during the Tertiary period, associated with great 
volcainic activity. Volca liic activity is still present iii parts of the area. In
ierniounttaii valleys with high population density, although relatively narrow. 
ae locally in tportant. Soiiie exanples of these valleys are Mexico City Valley, 
tileGualelalal Altiplano, the Meseta Central of' Costa Rica, the 'Sabana' 
of Bogotui, the Caucal Valley of' (oloiibia. and the Mantaro and Cajamarca 
Valleys in Peru 11411. 

To the east, tileGty'ana and Brazilian shields consist of very old L.ystalline 
rocks (mainly granite and gneiss), most of' them greatly worn down and 
partially covered by Stratified rocks, mainly sandstone. The formation of 
these shields occurred during A.'chean and Paleozoic periods, and they are 
considered tle oldest surfaces in tropical America. The Brazilian shield 
covers about I 500 000 ki . 

The Amazon Basin f'ormis an ellorlmous drainage area of 6900000 km 2 

hounded by tile Andes to the west, tlie Guyana shield to the north, and the 
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Table 2. Approximate extent of major soil suborders in tropical America 

Area Area 
Order Suborder (nillion ha) (Ii) 

Oxisols Orthox 380 22.7 
Ustox 170 10.2 

Aridisols All 50 3.0 
Alfisols Ustalfs 135 8.0 

Udalfs 15 0.9 
Ultisols Aquults 40 2.4 

Ustults 35 2.1 
Udults 125 7.5 

Inceptisols Aquepts 145 8.7 
Tropepts 75 4.5 

Entisols Psanmuents 90 5.4 
Aquents 10 0.6 

Mollisols All 50 3.0 
Mountain areas 350 21.0 

Source: Sanchez 11411, from calculations by M. )rosdoff, Cornell University, based 
on mnaps of AtUber anI Iavernier 14 1. 

Brazilian shield to the south. The ancient platfort of primary rock that 
underlies the area is covered with layers of allhvial sand and clay to form an 
immense plain of low undulations. Many of the present sediments originated 
from erosion of the Andean uplifts, and some are derived from the shield 
areas. The Orinoco Basin, also called the "llanos" extends betwecn the 
coastal ranges of the Venezuelan Andes and the Guyana shield and is covered 
with alluvial brought down by tile Andean iorrents. The lParani Basin occurs 
to tile south altd is rich in basic and ullra-basic rocks, primarily basalt. 

The (',ribbean Islands were formt1ed primarily from tUplifted limestone or 
volcanic deposits, witlI present volcanic aclivily limited to tihe lesser Antilles. 

The mltaJor soils of tropical America at the suborder level of time Soil 
Taxonomy are presented in Table 2. Although these are very generalized 
data and subject to substantial modifications, they represent, according to 
Sinchez 11411 , i first attempt to quantify the distribution of soils in tropical 
America. Oxisols and Ultisols are by far the major soil orders in this region 
of the world (44.t)'; ). I lowever, recent calculations front the FAO-UNESCO 
1471 world soil maps indicate that these two soil orders cover 64% of tropical 
South America antd 105; of Mexico, Central America, and the Caribbean 
11431 . Data itt Table 2 also show the great variability of soils in tropical 
America, evem at order and suborder levels. This variability reflects dif
ferences itt parent materials, pedogenic processes, rate of weathering, and 
climate that will defirtitely influence micronutrient availability for food 
crops being cultivated ott hese soils. Vertisols, Spodosols, and Ilistosols 
do not occupy large enough areas in tropical Anerica to appear as mapping 
tuntits at a scale of 1: 50 million (base used in Table 2). I lowever, they are 
present and are locally important in smaller areas. Also the mountain area 
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soils are not diterentiated at this level of generalization; consequently 
tileextent of ilport anlt groups such as Andepts (volcanic ash soils) are 
not estilllated. 

Agroclimatology oif tropical America 

Nineteen of the Iji in Anerican countries lie partly 'Jr totally in the tropics 
as detinied hv astrorlorners, and live of these are crossed by tile Tropic of 
('ancer ol the lropic of*Capricoru. Since this geographical definition ignores 
cliiMat ic ,:i:eiia fiortie tropics, itonly roughly indicates the global extent 
o1 tlb /one. Various efforts have been made to define the tropics oil a 
climatic basis t0. ]32. 1i5. 5I, 1271. Tie usefulness ot these classitications 
depeMIds oi their pm ptose. Wc Will adhere to theIdeli itM of the tropics by 
1rical t I 5 Ij as the zone free of thermal seasoms and with a mean tern
perature (fl' Ilolthl illexcess of 20 oT.This .toneevery is further characterized 

%a arllmial termiperature range of less tlhan 1o it( a daily teiperatureand 
ralme tllat is higher thal the aUlnnal temperature rang,. ylv.hLdefinition 
tropical I ,tin America extends rom southeri Mexico down to a line through 
>O ltlCll lPeriand Rio de aleit). 

The cli'natic diversity of 1trolpical" Latiii America is dile to the presemce 
oli e Atlantic and lPaciiL Oceans, separated by a few 101 th.usands of miles, 
and t0 the presence of tie AiId!s nolUuntain chain. The Andes serves as ant 
el'ftecivc cliliate harrier and at high altitudes may provide temperate climate 

Omditions. l)elineatim of' time various climatic zones and subzoles depends 
On the criteria used. which can be based solely on climatic infoimtion 
199, 001 or t(Ia combination oC clinmatic and vegetative inlformation 197 . 

(,learly, the climlatic classifiLtions are as diverse as the characteristics of the 
various cliatic zoiles. 

Three majoi climates are distinguishable ili tropical Latin America: (I 
tle amid and semiarid regions ilcludilg tile Pertvian coast, tile interior of 
tileBrazil northeast: (2) periodically humid regions cotmrisig the Brazilian 
(elrado :1nd tileVeMezuelan and ('olohian i-lanos: and (3) tilehlumid 
tiopics witll lie Al.atol Basiii, tile Pacific coast 01f('ohonhia, the southern 
Alantic coast of Brazil. and the lowlands of'Central Anmerica. These regions 

ugllhly correspomid with the Troll and hiffen classifications as tropical 
wvet and dry-desert climates' (3. 4. 5), 'tropical hiumnid sunrmmer climates (2), 
and 'tropical rainy climates' (I). respectively (Figure I 

Major food producing areas and crops 

Around 575 million ha in Latin ..\meri,..i is estimated to be suitable for 
ciltivatiom, of, which less than 251;M is presently used. I lowever, much of the 
nmused land is subject to major constraints. For instance, it is estimated that 

of soilsOf'tile iltileAmazon region, omie of the tmost important trontiers, 
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Trpia Rainy Clrimates 

A Tropical Humid Summer Climates 
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Figure I. Seasonal clij ate, of trtpical Latin America. I ropical rainy climates: tropical 
lI inii s.innmer clima ;e:; tropicai \\etand dry-desert climaes. Scale 1:45 00(}00. 
Source: Adapted fromn troll II W)I 

sLfTr Irn low nuri al IfeiriliIy 11421. Although extension of agricultural 
tontiers still oIlers possibilities f'or iIlcleasinlg 'ool proddctionll Most o1 
tileeasily occupied lind is already illuse, and intensification of land use 
appears to he ot increasing importance. This holds particilarly true for 
Mexico and tle A.,nd11a0region where prospects for expanding cropland are 
dim. 

The croplanls of tropical Latin America are generally found lear tile 
coastal areas. and lile heaviest concentatlions mre in the areas with the milder 
climates and tle more livorable soils aL topograp)hy. These areas also 
support tilehighest lelsity, ili populations 1471. Although the major graili
prodluciig areas of Latin Anerica fall outside the tropics. more than 45% 
of tihe staple crops harvested in l()7() illthe tropics were cereals. Most of' 
these are p)roluced il tilevalleys and on the plateatts of' the Andeatn region 
of1tropical Sou, Ilai1d (Ci'ral America aiid Nexico, as well as illthe southern 
states of Brazil. 

Shilting cultivation through slash and burn is the major crop production 
system in tumfid ropical America (Amazon and Orinoco Basins). Livestock 
ranching is typical of the "('Crrado' in Brazil and tie "Llanos Orientales 
in ('oloibia. Sett led subsistence fairming is tie major system along the Andes 
Cordillera iti South America and Central America. Modern plantation systems 
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are com1on in Silo Patnlo State and coastal forested areas in northeast Brazil, 
in spotted areas inl the Andes. Gluvanas. Veneznela. and throughout the Central 
Alerican and ('arihbeal countries. These plantation systells are mainly 
dedicated to export clops such as sugarcane, coffee, cacao, rubber, bllallas, 
anltd
pinep+'L Jple. 

.\ considerahle effot WaIs nude ill tile late I9 70s, mainly in the Cerrado' 
ulca in lla/il. to0 e\ieiid adVanuced planitatiOul-lt\ pe productiont systems to 

ie lfood clop (Illaillh sobeals, wheal. rice, and bealls) similar to those 
Aleadt, used soth of tlie tlopical region. This prograil, however, was se-
It ul\ a etle,:le b\ tile hil ilvestients ill fertilizers required Io actually 
'build J oil to SUlpotl IdeluaIte yields ald by tle decliie ill govertinluent 

Since oult illest lies ill food crop produciti, a stlllmary of ftile main 
food crops ill llpical America is presented inl Table 3. Not considered 
il (his siu muavl\ arc tie plaitation crops and tile 282 million ha devoted 
to IMsilles aild IieadoWs lou allul productIliol. 

Micronntrient contents in soils of tropical America 

Irid 1md scmal-rjm rciiolus 

I)uta lhotit uiicuotutlient coluietits ill arid aMid semIiarid tropical America 
are too limited to draw a conclusive picture relating microtnutlient problems 
to paeit uti aterial. clitmatic conditions, soil properties. weathering and 
(tiler ,oil-l'otlli g plocesses. 

Some st.ork t,s comiducted ill these regions by Ilorowit/ and [)altas 1741 
who stIudied 12 typical soil lrofiles lronl the 'Sertao' region ill 'ernaubuco 
State. touthealIt of Buazil. Tlhe, observed that all soils comtained ;fficienmt 
aillutut of, easil, ledlucible tuallugallese (about 20 ppn ) according to Jones 
aiid l 1eepr'scriteria. authors attribute these high levels in theI41 The 
region to to rainlfall, low organic matter content, and relatively acid pll. 
Similamlv. the plhysiograplic area called 'Agreste' iin the same state is well 
supplied \ith soluble ,inc and soluble molybdenum. IHorowitz et al. 1781 
ohsersed oil\ 3 of 12 soil ptol'iles with less than 1.25 ppm Na 2 -1lI)TA-
Solbl zinc I l)aituas and lorowitz 1401 data average 0.46 and 0.37 
ipu of1 aullutlloliUll ,oxalate-soluble iolybhdeini ill surface layers of' Oxisols 
and It isols ill this area, well above tile 'clilical level' of0.16 ppil suggested 

I ttxic levels of bhOll and uuiolybdeCinin have beeni found ill alluvial, 
culcucts. tioisalille soils under a desertic climate: however, /.illc and man
eatuese delicieticy can be quite couniumotll ill the same soils. Data preseited ill 
I able 1 i e a suullinarY based uponl analysis of 2 ) sanples f'rom the ('opiapo 
\':llle' ill ntIluerti (hile. These soils have a p1l of' about 8.0 and organic 
unatter countents tamiging from 0.1;', to 2.(W; 191. Ilowever, no criteria were 
presenited to intelpret the levels of lhe nicronutrientls studied. 



Table 3. Major food crops produced in tropical America countries ('000 mr) based on 1981 data (IAO. 1982) 

Country Rice Corn Wheat Potatoes 
Sweet 
potatoes Cassava Sorghum Soybeans Dry beans 

Peru 
Bolivia 
Ecuador 
Venezuela 
Colombia 
Paraguay 
Brazil 
Guyana 
Suriname 

684* 
100* 
402 
708* 

1799 
60 

8261 
289* 
244* 

628* 
250* 
246* 
486* 
880 
6001-

21098 
31: 

-

1171: 
50* 
41 

1* 
62 
80: 

2207 
-
-

1627* 
950* 
349* 
200* 

2100 
91: 

1911 

-

151t-
151 
31: 
41-
-

1151-
8001. 

21: 
-

410* 
2301 
236* 
3601: 

2150 
20001' 
25050 

81-
31: 

56* 
151: 
1* 

578* 
532 

101. 
212 

-
-

13* 
40 
39* 
-
89 

600 
14978 

-

91 
191: 
42 
67 

138 
861: 

2401 
21: 
-

Panama 
Costa Rica 
El Salvador 
Nicaragua 
Honduras 
Guatemala 
Mexico 
Cuba 
Dominican Rep. 
Haiti 

192* 
210 
52* 
65* 
40* 
46 

644 
518F 
430* 
90* 

68* 
88 

487 
250 
338* 

1052 
14766 

951F 
50* 

1801-

-
-
-
-

11: 
45 

3189 
-
-

-

131: 
28 

61: 
21-
51: 

371: 
868 
239 

27* 
9t: 

-
-
-
-
1f: 
-

331: 
3271: 
85* 

270F 

431: 
181: 
25 
271: 

71-
8 

221: 
3281: 
180' 
255* 

-
42 

139' 
70F 
45* 
67 

6296 
If: 

45* 
110' 

_ 
-

11F 
IF 

-
-
712 
-
-

-

7 
12 
37* 
60* 
42* 
90 

1820 
261: 
75 
87 

TOTAL 
PRODUCTION 
Area under 

14834 41525 5793 8380 1806 31360 8218 16473 3001 

production 
(million ha) 8.0 24.0 3.2 0.8 0.3 2.7 2.9 9.3 8.9 

* Unofficial figure 
F = FAO estimate. 



Table 4. Total and extractable micronutrients (in ppm( in aluvial soils from Copiapo Valley. desertic region of Chilea 

Ie Zn Mn Mo B 

Totalb 

Mean 

45600 

(anec 

38840 

Mean 

148 

Range 

76-309 

Mean 
(pp111 

1050 

Range 

744 2109 

Mean 

3.39 

Range 

1.9-14.5 

Mean 

238 

Range 

158-307 

Extractable 
Easily reducible 
Exchangeable 

14.7c 
.... 
.... 

52700 
2.1-44.9 2. 5 5d 0.8-12.3 -

19 8 e 
2.4 

-
38-688 

0.2-9.1 

0.78 f 

.... 

.... 

0.30- 2.57 4 .3g 1.9-7.9 

a. Adapted from Bernardi et al. 19]. 
b. Fusion with sodium carbonate. 
c. 1 N ammonium acetate p11 4.8. 
d. 1 N ammonium acetate + dithizone 0.01% in carbon tetrachloride ptt 7.0. 
e. 1 . ammonium acetate p1 7.0 in 0.05% hidroquinone. 
f. Ammonium oxalate-oxalic acid pH 3.1. 
g. [lot water. 
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Blasco and Soto 1121 reported micronutrient deficiencies in the arid 
and semiarid regions of Nicaragua, Central America, illsoils close to the 
volcanic lountaii rlnge. 

Periodicallyhunid regions 

Most of the available data on micronutrient contents iinperiodically humid 
tropical Amierica are frout Sao PaIulo State and tite lorest region of Per
nambuco State of, Brazil. l)ata of Table 5 are a sUlninary oFa series of papers 
concerning 2S soil profiles ot 14 soil units iti Saio Paulo State illBrazil. For 
all tour miconut riemlis studied there is a good relationship with tile parent 
material. Soils derived from basic-igneous rocks had tilehighest levels of' 
coball, olllIbdelumn.l, copper. and zinc. and lhose derived fron sandy sedi
lICItS had the Iowest. :tor totl molvbdenu.lll, soils derived from modern 
sedninilenis contained the highest level 17, If1, 1621 . Levels of'< 0.14 
ppnl soluble illvllbdenun indicate pOssibl nliybdenunil deficiency in 
all these soils 6,91. The aulholrs ohserved good correlations for total copper 
aIInd total zinc "ilh IFe,() (Ir= 0 .79-* I total molybdenun with soluble 

nmolvbdemnmin Ir -: .54*1).and soluble molybdenum wilh clay (r = 0.75**). 
Silnilar results were observed by Biasil Sobrinho et al. 115 1 ill16 soil series 
Ifrolilthe lPiracicaba reoioll where Oxisols derived (;r iinlluenced by basic 
igneous rocks contained about 100 1)011 total zinc and above I .0 ppm avail
able zilc. as demernlinmed by the aitiollnilil acelate-dilhizolle metlhod I1501. 

Total anid hot waler-solulble boron in Sao Paulo State doitot show as 
goodl a relation with parenlmalerial as tle other mticronLtrients. Sulrface 
hori/ons of 7 prof'iles contained a range of" 31.3 to 54.0 ppn aid a mean of' 
42.9 ppii total boro)n, alid f'omt 0 )0 to 0.32 ppnm (mean 0.16 ppn1) for hot 
water-extrlactable boron. lix lractable 13showed a definile tendency to de
crease with deptlh in the soil profile 111 . Tle great variability in the total/ 
soluble bolo ratio frotli one greal soil goupIt) anotlher indicates that tlme 
soluble level depends niot nly11' ri)O the total bolOl level. Other factors 
Such isparent miaterial, )edogeliic process, aid orgalic matter level seem 
iohave a greal degree of influence ol the hot water-boroll level. 

The geocleintistlry of SOlme illicroiulrieiits hais also been studied in a 
systemaltic way in the foresLed coastal area in Pernambuco State, in the 

northeast of Brazil 174. 75, 70, 77, 791 .A summary oftlhe results obtained 
for copper, illolyldemlli, ailld for surface horizons is presentedboll, ziic 

illTable 6. Most of these soils are derived fron acid rocks 'granite, gieiss) 
with ontly olle soil derivLfro1 atiildesitic basalt alld Irachyle. 

Total copper levels (Table 0) are sur)risiigly high for these soils con
sidering tlhe generally acidic pIrent material. The metal is probably present 
ill a iodCrately stable forn illthe lattice of ferro-inagnesiai miierals 

alid Iib alsomostly biotile tior leid 175 I. The aulthors observed that only 
4 of II soils studied pl)eseuled less than 0.6ppin 0.051 Il'DTA-extractable 

copper tie suggesled deficiency level for cultivated crops. 



Table 5. Micronutrients (total and/or soluble) levels (in ppm) at the surface horizon of twenty-eiilht soil profiles in the state of Sio Paulo, Brazila 

Mo Cu Zn 

Total Soluble c 
Iotal Total 

Parent Soil X Rangc X Range x Range X Range
material unitsb 

Basic rocks (Lib, TI LRe. LRd) 1.79 0.51-2.86 0.10 0.09 0.13 189.5 89.0 334.7 194.6 87.0- 315.3 

Alluvial and 
coluvial (Ili) 0.82 0.78-1.17 0.12 0.09-0.16 27.2 25.6 28.8 68.6 53.0-84.2 

Modern 
sediments I,,LV. LI1, PV) 2.20 0.50-5.72 0.07 0.05-0.12 22.4 6.3 49.2 29.3 29.3-65.2 

Baui 
sndstone (Pin. Pil) 0.31 0.21-0.38 0.03 0.03-0.04 5.2 3.4- 6.9 21.4 16.4-30.4 

Sandy 
sediments (Lla. LVa. R) 0.46 0.09-1.74 0.02 0.01-0.05 8.1 1.6 12.8 7.9 1.0-17.2 

a. Adapted from Valdares 11611. Valdares and Catani 11621 . and Bataglia et al. [71. 
b. tLib. TE, LRe. LRd = Inceptisol. Alfisol. Oxisols: Ili = Ilistosol or Inceptisol: LE. LV. Ltt. PV = Oxisols. Ultisols: Pin. Pml Ultisol: Ll-a. LVa 
and R = Sandy Oxisols and Entisols). 
c.Ammonium oxalate pt- 3.3. 

http:0.01-0.05
http:0.09-1.74
http:0.03-0.04
http:0.21-0.38
http:0.05-0.12
http:0.50-5.72
http:0.09-0.16
http:0.78-1.17
http:0.51-2.86


Table 6. Total and soluble micronutrients (in ppm) at the surface horizons of eleven soil profiles in the coastal-forested area of Pernambuco State inBrazilanortheast 

Cu B Zn 

Mean Range Mean Range Mean Range Mean Range 

Total 25.1 2.2-79.4 0.90 0.06-2.13 -53.3 19.0-189.0 

Soluble 0 .8 5 b < 0.1-1.6 0.07c < 0.01-0.12 1.47 d 0.42-3.39 0.38-3.751 .5 2 e 

a. Adapted from Horowitz et al. 174, 75. 76, 77, 78, 791. 
b. EDTA 0.05 M [1121. 
c. Ammonium oxalate pH 3.3 [691. 
d. Hot water 172]. 
e. Na. EDTA-I% [191. 

http:0.38-3.75
http:0.42-3.39
http:0.01-0.12
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IHorowitz 1791 pointed out that while half of these topsoils are well 
supplied with total molybdenun (> I ppm), all of them are below 0.14 ppm 
available inolybdenuni, lie level considered critical 1691 . A poor relationship 
existed also between soil molybdenum and molybdenum in the parent 
materihl. 'File low levels of' available molybdenum suggest problems in moly
bdenum nutrition plants in acid natural soils (p11 4.2 to 5.9). IHowever,ot tile 
in some cases this call be overcone by adequate linting of these soils. 

Boron :id iitc do tot seem to present serious problems in the topsoils 
of' the coastal forested area in Pernambuco State. Only I of tileI I soils 
studied contained less tan time 0.5 ppnm hot water-extractable boron that is 
considered deficieIt I 1701. alnd 4 of I I showed zinc deficiency (less than 
1.25 ppl) hy the Na-1 I)IA (I') method 1771 . I lowever, levels of avail
able umanganese 1,0 these soils were found to be rather low 174. 391 . Ac
cordiing to these authors onl]\ I of 20 soil profiles analyzed presented easily 
reducible maimanese 1941 above 20ppm. a level considered critical for 
iorimal 	plant urow Il. 

)thIte aremAs of tile periodically huiid tropics in Latin America have 
nmt buell studied fomr iiclollutrients from a geochemical point of view. 
Instead. inii rmtllion was obtained fron greenhouse and field experiments 
in order to evaluate crop response to one or nore itticrollutrienits. 

11111hi tropics 

l)ata froum tilehumid tropics ol 'otal available micronutrient contents of 
soil are limIited . )al; presCnLed in Table 7 are a summary of the results of 
:tudies on soils flol Brazil fBahia and Amazonas), Peru (Pucallpa and Yuri-
Ilulghs). eastern I'citador. Venezuela (Upper Orinoco River Basin), Colombia 
(.\m/otmas and Pacific (omstf. (osta Rica (Northwest Pacificand South 
coast, and (eit ral Plateau). and Jhainaica. 

Santana and Igue 11441 studied the distribution of different forns of 
At. colppel, mangantese, iron, and itNolybdentui in eight typical soil profiles 
from tlie cocoa region of Blahia, Brazil. The highest mnicronutrient reserves 
were found ill voung soils (Alfisols) with a high content of silt and clay 
and tie presetice of' primary minerals in tile subsirface horizons. In Oxisols, 
with highly wea thLered pMrett materials, the authors found the lowest con
centtations of zinc and copper. Molybdenum (not shown) was relatively 
low. raiging fotm 1.0() to 2.82 pptlt in A, horizons. If one considers the 
critical level of zinc to be 1.4 ppm extracted with 0.1 N I1(10 [122] and the 
critical level of copper to be 0.2 ppm extracted with NI I4 OAc 1 4.8, tile 
two Oxisols fromi Balhia call be classified as zinc and copper deficient. Accor
ditng to tiledata presented by tileau1thors, tileUltisols present a possible 
co ppeI deficiency. Apparently zinc, copper, manganese, and iron deficiencies 
are imilikehy in soils of tile (acao region of Bahia, which are classified as 
Altisols. \ert isols, Imceptisols. Ultisols, and hydromorphic soils. 

Scarce intformation is found relating to micronutrients in soils of the 
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Table 7. Total and extractable micrnutrients (in pplm) at the surface hori/ons of soils of the 

Zn 	 Mn 

Region Ix tractant No. Range M ean Range 

1ollia, Brazil Digestion 8 13.7 82.6 40.4 110.2- 4082 
with 

I1fcv),

11(1(I4 

I1(1 0.1A, 0.5 -44.8 5.8 1.5-2646
 
Parana dos Rais. lt01 13 6.2-11.8 8.4 22 -100
I(.(5 A' + 

Amitaonas. Bra/il 112S(4
 

(Var/ea soils) 0.025 V
 
I1ucalpa, IWI 0.1 A t - 5.4 -


Peru, iltisol
 
Yuriniguis. I1(1 0.05 A'+ 3 1.5 -


A ina/o nas, 112S04 

Peru (30 montlhs 0.025 A'
 
after clearing)
 

L.eticia. I1(1 (I. 10 0.51 -
Aniaonas 05 A' + 
('olomhia 112 (4 

0.025 .V 
North 	('Center and I-I)TA 0.5-37.6 5.2 0.7-50
 

Soii icast Nal ('()3
 
I cujador 

Pacific ('oast. NII 4OA NlI 4OAeN 5 , 0.38-1.25 0.75 Tr.-6.7 
Colonbia pll 7 
(Itcrest I c 

Utpper Orinoco I11(1 0.15 ' + 6 0.16-0.70 0.41 0.53-7.25 
River Bashi. IIIS)4 
Venezuela 0.025 A' 

Northwest Iacitic Nal l'()3 76 0.8-12.0 2.02 6 175 
Coast, Costa 0.5 A +
 
Rica ITA 0.01 A'
 

PA 8.5 
Central Plateau Nal l('O 75 0.6-13.0 3.96 12-21753 


Iuenavista. 0.5 V +
 
('osta Rica 1I'A 0.01 N
 

p118.5
 
South Pacific I1(1 0.1 A' for 10 0.1-20.0 9.0 0.1-69.0 

('oto ('Clorado (u and Zn, 
('osta Rica N114 OA A' 

p1l 7 for \In 
Jamaica, Purple IICI 0.1 A' 1.6--5.0 2.9 9.0 120.0 

('onglouilrates 

http:0.53-7.25
http:0.16-0.70
http:0.38-1.25
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humid tropics of Latin America 

M1can I, a n\1c N canl R ange \1 ca n Aui hor 

80IL.) 2.7 24.6 15.0 3488 27686 11702.6 Santana and Igue 

[1441 

288.4 1.3 5.2 2.3 46.4-396.6 170.6 
56.0 2.9-6.3 4.3 250-147(0 1039 Correa and Bastos 

1331 

8.0 - - Villachica et al. 

[166 1 

5.3 0.9 650 NCSU Trop. Soils 

program An. Rep. 
[119. 120 122, 

1231 
0.82 0.30 80.1 I.en, Unpub

lishcd data 

8.7 - - Bejarano et al [8 1 

3.7 3.5-6.5 4.8 850-2819 1905 Agreda et al. I [ 

2.13 0.17-0.26 0.20 - Zusevics and La 

Brecque [1691 

53.4 1.0-31.0 6.7 2.0-86.0 13.4 Castillo Munoz R. 

[241 

506.8 2.0-25.0 10.0 8.0-244.0 87.0 Castillo Muioz R. 

[251 

17.0 2.0-14.0 8 - Flores et al. [54, 
551 

59.0 1.4-4.4 2.6 - - Weir 11671 
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Amazon River Basin. Table 7 shows data obtained for extractable micro
nutrients in Pucallpa, Yurimaguas. eastern F.- Ior, Let icia, and Parana dos 
Ramos. Brazilians separate tihe Amazon into two basic geological formations: 
'Terra firme' (precambic shields of Brazil and Guyana formed by igneous 
and metamorphic rocks, north and soutl' of tie Amazon Valley). and 'Var
zeas' (recent river lowland, periodically flooded by the Solimoes and Ama
zonas Rivers). Correa and Bastos 1331 studied 13 soil profiles of 'Va rzeas 
soils of Paralia dos Ranos. Summarized data (Table 7) show that contents 
of' extractable zinc. manganese, and copper are ver' high in these 'Varzea' 
soils according to critical levels established by Salinas 130, 311. This is 
not surprising because tliese soils were developed from transported materials 
from the Andes, and the main minerals of the original sediments were mont
miorillonite ani illite [ 1401. Soils from other formations of the Amazon 
watershed, probably most of them 'Terra firme'. vary in their micronutrient 
content. For instance. the UIltisol from Pucallpa, Peru, studied by Villachica 
et al. 11061 showed a content of zinc well above the critical level. On the 
otiher band, soils frOM Yurimaguas, Peru, and Leticia, Colombia, presented 
zinc, manganese, and copper contents approaching and below the critical 
!evels established by Salinas 130, 3 11, respectively. 

The study performiied by Bejarano et al. [8 in soils of eastern Ecuador 
(north, center, ald south) showed a wide variation ill micronutrient avail
ability according to Padilla's 11201 critical levels. Zinc and manganese were 
low in tie norlheaslern soils, zinc was high and manganese low to medium 
in the central eastern soils, and zinc was low to medium and manganese 
variable in the southeast soils. These findings confirm the general idea 
that 'Term firmue soils have low fertility compared with 'Varzea' soils. 
As a matter of fact, work lone by IBarros et al. [61 showed low availability 
of copper, cobalt, and zinc in 'Terra firme' soils of tie Amazonas State 
ill Brazil. 

Table 7 also presents analytical data from soils of the ipper Orinoco 
River Basin in Vene'.uela 11691 . According to tlie I loweler's [82] and 
Salinas 130, 311 critical levels of 1. 5 and 0.5 ppm for zinc, manganese, 
and copper, respectively, these soils call be classified as low in extractable 
zinc, mlanganese, and copper. 

Agreda el al. Ill worked with soils from the flat iands of the humid 
Pacific Coast of, Colombia under crops, forest, and pastures. Table 7 shows 
some of the dat a obtained. Although boron is not presented in Table 7, 
the authors found that the soils were low in boron under the three coln
ditions studied. Zinc. copper, and iron seem to be adequate in these soils, 
but there are possibilities of finding manganese deficiencies in somre of 
theit. 

Studies lonC in soils of Costa Rica, Central America, and Jamaica, Carib
bean. by Castillo Munloz 124, 251 . Flores et al. [54, 551 , and Weir 11671 
show that a high percentage of the soils analyzed are low in available Zn, 
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Iigure 2. location ot micronutnicnil dcliciencieq in tropical Latin America 

tt)llowed hy Mn, (', and B. Some soils of the southern Pacific coast of 
Costa Rica are very high in available ('u 1551 

Major micronutrient problems in tropical America 

Reports on niicronlltrienlt deliciencies observed in tropical Latin America, 
cither by greenhouse or field experimentat ion. are sumnmarized below. This 
intOrtinlllon is Also nmai1pped in Fig ure 2 to provide a picture of where in
tritat ion iearding mico niett deficiency prohlems has hen recorded. 

lo ai the tlnSil% of'oCfliipoints on this map is a reflection of where 
iliionulrient rseachit in tropical Latin America has been conducted. 

- rid an/id 5t'fliwid #'10o)/ls 

The 11ai1or atoecological regions in arid and semiarid tropical America 
cotmli lise northeasteln BI/il. the Pacil'ic coast otf southern Ecuador and 
Pel. tlhe nortlihern tilp ot (olombia. and the Yucatlin leninsi!!d of Mexico. 
Inliorilation about nticronltrieit problems ill these areas, obtained ttiough 
gi eniiouse andlfield experlients, is xtIremietly lilitCd. 

Some studies tron the dry coastal area in southern Eicuador seem to 
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point to prohlems with iron and manganese, most likely associated with high 
pIl soils I0. 1 , .21Research results are lacking on inicronutrients in the 
agriculturally impoilant regions of coastal Peru and in tile Ytcat.in Peninsula 
where conditions 1,o ilon and iaigaltese deficiency secilu to exist as well. 
('alcareotus soils otf oliel palls of Mexico have shown considerable increases 
in divaletlt iron when suhecled to preplant flooding. This method of over
comin irol deficietrcv hKrs been reconMIended only when tire level of aVail
able iaigatnese is adetlUate 10,. 130. Ilcepltisols and Alfisols of tire arid 
and semi:arid reCions oOf l irita aie deficient in B and In I I 18. 

('limatic vari bility iii the inti.A,\ndeatr valleys is high, ranging front 
atrid to humid. The iajo part of tie agriculturally important Cauca Valley 
in ('loritbia is classified as a tropical dry to very dry 1351 Tie most re
presenialive soils le hollisols aMid \'erlisols Croned frotm calcareous zands 
and clavev sedimiett. FuIti:rls. Inceplisols, Aridisols, and Ilistosols also 
occur. Sonic t'aclols (ihat rtay advelse]y aftect growth of cultivartcd crops in 
these soils are leavy texture, o.o drainage, alkaline pll (due to sodium 
and t carhomr.tes. salinitv. atd adverse (a!Mg relatiouships 1041 . Some of 
these soils have slown nicronutriet prolbleis: bhorot in legtuinous plants: 
borot and inc in cnin ifS3 : ,itmc in cotton 1611, in beans 1821. and in 
flooded rice if soils with excess salt: and line and copper in soyheans 183, 
851 . 

Ioinlt seems to be tlhe ilost limiting for beans, allall'a, corn, and sorg
humt 128, 52. 53. S4. 5. 133, 1351. ()t a high-pll Mollisol. hean (l'haseolus 
vulgaris) yield" weie seliously limited by boron deficiency, and application 
of 2 4 k" bolo'l'ha gave optimum yields for two and three successive crops 

1801 . It is intelesting to trote that Intlltg beaus (Vigna radiala) were highly 
tolelaill ald shos ,ed, ill tie satte area. negative response to horon appli
cation I01. These differences ill helravior stress tile teed to work with dif
ferent platt species wlelt evalnaling critical levcls of' micronutrients in soils 
and plants. 

Possible causal relationships of borott delicienicy' in soils 'rout the ('auca 
Valley ill ('ohobia have lwet proposel by (;aravio and Lethi 1641 . They 
associated boroi deficiets' ill threse soils with tile following soil chemical 
ch:aacieristics: hot watei -soluble hoion < 0-3 ppm, low level for total boron 
(approxilialtel\ 15 ppr)[t. high levels of calcium carbonate, pil above 7.3, 
atd Io'm perceittage otI otetic carbot. Physical and mineralogical charac

teristics associated Mitlr tle saitte probletr were high bulk density (I.4 g/cc 
or Muoe), defeloplteil of vertic characleristics in the profile, lack of tour
ialitre or olhel horor healiltg miiterals. a high level of' 2:1 clays, and a high 
propo)rlioNlf veriniculite ill the clay fraction. In a study of' Fingham et al. 

IIII wilh selected allrlphors sorils trout Mexico, quite different from the 
soils ot tile (auca ( they I'otid a very high boron adsorp-Valley il tolombia. 
titt. signiicantly correlated with alturrrphious A12 0 3 . 

Inceplisirls located iii the arca of tire 'Sabana de B,ogota' in tire Andes 

http:Ytcat.in
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of ('olinia, classified alsLow MIontano Dry Forest' [57] have also shown 
some tuicrountrient problems. Lora 1104] reports boron deficiency for 
various clopS illI0Of 16 soils studied illthis area. In five soils series, levels 
of, vailable soil naitteanese, irton. anu / licwere considered adequate. whereas 
:jvailable cojppet and boroit were low, according to criteria set by (ox and 
Kamprath 13:,] miad ()iteC' and Iora 11251. In this study, however, oats 
lto., little lespouse to ticrtnutrients . ltSalve and Lotero 113] ,wor

kin 1t1.01 ciecNtitOuse coliditiolts with a similar soil, did observe aisignificant 
iwtcIease illtle dryrmatter yield of while clover due to use of 30kg borax/ 
ha and Id kg copper chilride/ha. In these studies rates above 0.5 kg sodium 
ito.blcltch:t and above 10kg copper chloride had a depressive eflect on 
yield. lhese daltal emllphasize once mhore that with micronutrients, the line 
bettween dCeicielcv and tox city call he (luie narrow. 

altlil]ower (llrlssica oleracCa) cultivated illan unlited Aquic Andic 
I Itropepl. With l.14ppim e.,tra']ctable nolybdelitun, showed a significant
 
ill:cease itl yield %ith seed tireament of ip to 32g sodium molybdafe/ha
 
and %ilh torial fellilizatioi of up to I .gsodium miolyhdllte/ht 11161.
 

I'cri, jdinlihihumid ri,'ioms 

I"" ittaptI lecgions illperitdically humid tropical America are the "('errado' 
11 Ihlt/ilald the 'I lanos ()rientales' in (olombia, but also large regions of 
cuItlJ .\tielica c:1 be colnsidered part of' this region. Micronutrient prob
lcilb ItavJ hett 'ittdied il these areas mainly through greenhouse and field 
exlcrilitit s. h some cases usevet ill tile of' simple mixtures of nicro
11tI ett, did not allow tie tesCichers to idettify which one is a problem 

.
1 .1. 3I:]. I-, . I 1W 
Anllne the vatitt, iniclotllutrietnts.. ic is the ole that shows the most 

Rd,.",pIead dtLictett, ill tle (a:llp) (elrado' region of'tile central plateau 
,11ll,il 'rild also itt osta Rica. (uatena!a, Mexico. and Peru [,81 . Most 
(dt Ih Of the highly wealIeled, acid. low ('!',,il' 1 ailpo ( errado"are 
xil iilSi It )k.Zinc deficicncy has been coniiued for the most di

localiotli this rcgioll I' the following crops: 
12' . 121. ice 1133. 2(1. o3. 2 I. soighumI_ 1[.lettuce 1561. soybeans 
alld Cotol I1j. cass v1a 11311 aitd perenniiill so eallS [581 . Because 
lllm(oN(l lhC'te'sludies lack atialsis I'msoluble or extractable zinc. they 
Iaiil t1 elat tiledegr7ee of tespollse to zinc ferlilizers to zlnC soil test levels. 
IlltiC icaIe eI this iltlimiliot does exist, the most prolnountced response 
ocllni ill ilk %,tllt less tail I ppill ziilcill I1('1 112S0 

vet Ic iii corn 187. 00. 17. 18, 

0.05 .\ -1 0(025,N 4 
Ce\x NIllilli ,63. 62 1. It ttis level is used as a1critical leveliltalll 1121. 
fm /[It. \1il 51 topsoil Siilpleslaita aili/ed on Iable N itdicate that 95"' of1 
iw ithe( ciiado icioti were below tle zinc criti :d1level a finding 
11It tle t lhigh prolbabiil of respotnse to zi!ic fertilizers in soils in this 

l t iie iI t ee(rd io eSmle slilies klliile ('e'lfaldo" region faiiled tot shlows a response to zinic 
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Table 8. Summary of tihe range of some inicronutrients observed in 5 18 topsoil samples
under Cerrado' vegetation in Brazil (includes 16 samples under forest vegetation) 

Accepted Samlple% helow 
NicronuIrient a Iritical Critical level Range Mediumlevelb 


(Ipn ) C;) 	 (ppin) 
Zinc 1.0 95 0.2 2.2 (1.6
Copper 1.0 70 0.0 9.7 0.6
Iron 3.7 -74.0 32.5
Manganese 5.0 37 0.6 92.2 7.6 

a. II\tracted by 0115 A ICI + 0.025 N II2S04.
1. Accord ing to soil testing services in tire State of' Minas Gerais, Brazil.
 
Source: L,;pes and Co\ 1103 1.
 

fertilization. Nart ins and Braga I11 I observed InIoresponse of soybean variety
LJFV-I to zinc fertilizer in five Oxisols and Illtisols from the Triangle of 
MIinas Gerais. Also a leguminous plant, Leucaena leucceLphaa, did not show 
any response to zinc when cultivated in a clayCy ()xisol front Planaltina, 
Federal District 11471 . Inboth studies there were no data onisoil-available 
zinc. Lack of response to zinc was also observed witl perennial soybean 
(Neotonia wvif'hti, IRI 1394) in three Oxisols and one Liiiisol from tle State 
of Mato Grosso do Sul: the levels of zinc extractable int0.05N I1('1 + 0.025 
N 11 S()4 rallged frotti 0.9 to 1.3 pptn 1231 . These dala suggest that species
and varietal diteretnces in relation to zinc fertilization in these soils should 
also be taken into account. 

Meanwhile. zinc deficiency is a serious nutritional problem in the TCerrado' 
region in central Brazil. Rates of zinc fertilizers required to achieve adequate 
yield respotnse are quite low about 3 5 kg zinc as zinc sulfatei/ha for iiost 
grain crops 1129), 120, 20,021 as well as cassava 11311. 

Data from lable 11031 show the range for copper extrac-table in 0.05 
N HU 1 0.025 N II ,S()4 to be 'ron 0.0 to ).7ppm, with a tiiean of 0.6 ppi

1ur the soils uder (C'rrado'vegetation in central Brazil. Omission of copper
 
in the missing element technique failed to show any detrimental effect oil 
several crops growing in Ihiese soils 12, II1,63, 23, 62, 1311 even though
the double acid-extractable copper was only 0.9 pptu in the two studies 
where such data were reported. The lack of response to copper in these 
experiments suggests that using the critical level of I ppm (Table 8) may
overestimate 	the problem of copper deficiency inthese soils. 

I1ott and manganese seenus to be adequate for most food crops in the 
'Catipo (errado'. As was tIte case with copper, omission of iron and man
ganese from a complete treattment did not affect growth or yield of several 
crops. Virtually no iron or manganese fertilizers have been used in these 
soils. I)aia from Table 8 show ranges frotn 3.7 to 74.0 and from 0.6 to
92.2 with medians of 32.5 and 7.6 for extractable iron and extractable 
manganese, respectively. The data suggest that most of the Oxisols and 
Ultisols in the central plateau in Brazil are well supplied with available 
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manganese. On the contrary. Fassbender and Roldanm 1501 found that more 
than I 1';of the soils that they studied in Central America ((;uatemala, 
II Salvador, IHonduras, Nicaragua, Costa Rica) werecdcficient in available 
Inalianese. 

Boron aid mmolbdemmuni availabilitV illsoils o the ('ampo (errado' 
]lave 11ot been evaluated illany survey. Results of variouS experiments are 
somehow connlicttng and Jo nt provide a colnplete picture ablou these 
llilollUtliellits illIhese soils. No response to these nicronutrients was ob

served wheti using the missing element technique in several studies Wilh 
soybeans I1111 . rice 1031, cassava 11311 ,and rice and corn 1621. Most of 
these studies welc coiiducted in low-base Oxisols. Similar results (lack of 
response) inlelatioll to tileuse of boron and ImOlybdenlumn were obtained 
for beaus 11051 and fr perennial soybeans, a legumninous forage crop, ill 
tv o ltmw.base ()xisols from Minas (;erais [1461 and in three Oxisols from 
%mto (Giosso dilSul 1231. Ihowever, a Quartzpsanmllent included in this 
lasi StMI\ sh'wed a definite increase in dry matter production due to the 
use of these microitutrients. Perennial so'beans AlsO showed an increase 
illdiv matei yield due o the use of 3.5 kg boric icId/lla in an Oxisol at 
Sele I agioas. Minas Geiais 1581. Male sterilily in wheal due to B deficiency 
was lepolted on an ()xisol fron arould Brasilia 1411. Only the work by 
Smtus etail. 11401 IIOVided data on total and available soil inolybdenuln 
and boro. (Values aImlol'id 0.)3t and 0.(20p,,ll for mtolybdenum and 37 
aid f).90 'fm butlin. ilespecivelk ). Few sltudies with olher food crops in 
liese ,mils have shown.' lespollse i boron, cobalt, and 11lolybdenulmIl. Pu

sitive effect" on omalto yields and quality due to use of 20 40kg borax/ha 
wvele ob ,eved ill a clyev. daik-ied Latosol near Brasilia, ): 1106] . In the 
satie soil. leltuce did not respod to 2tOkg of borax/ha bul did indicate 
a sihiilicat effecl of2 kg soUdiImi molyNlldate/ha 1501. 

Simimila lto te sdmlalion in tile('errado" region of Brazil is the situation 
ii the of (lomubia, most"1laios t)tiemales' where zinc deficiency is tile 
s1riking mmcLoimli elit problem 12Q] . A similar situation exists in the andepts 
fiomi tile hl:te:tu of Rica 1128, IO8, 26](emitlal Costa 70. and in north
western Pue to Rico 51 Most of these soils of time ilanos" are Oxisols 
and (Itisols: tle' ae highly weathered, have a low ('E. and are extremely 
low inbases. ()nlv 5ke in/ha as zinc sulfate increased cassava yield from 
s.. to flroll to 8.4 t/ha for lwo varieties growing in a12.71 ha aid 1.7 


lpic I Iaplustox tclayey. kaolinilic. isohypertlermic, pll1 at Carimagua
4.5) 
12"1]. ic deficiecy is aggravated inIihese soils when high rates of lime are 
IIsed hiumever. higher rales of iinc can offset time lime. Iloweler el al. [811 
observed tiha 2)kU oIfzinc/ha Was effeclive illovercoming zinc deficiency 
induced by the use of 0 1 lime/ha for cassava. The treatument with nitrogen, 
1)1hiisphiti us. and pot assiumlu - 20 kg zinc/ha gave tle same yield (16 t/ia) 
as miitlogen, plhosphorms, and poltassimn I zinc + molybdenunm-I-+man
ganese: thus tilelimiting micronutrieni clearly was zinc. Zinc deficiency 
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is also reported ron the Vetteziuelan section of tie Ilanos for sorghum, 
maize, and peanuts 1O , 13), 1421. Few studies have been conducted 
on soils of' the Ilait1s to evaluate inicrnutricillt dylamics under flooded 
cotditTions. hese soils are high illiron (Fe ()3 I. and the loor growth of' 
riCe plants Iude lOOded ctInditions has keen associated witI high iron 
absoiptioti and a decrease in absorpltiotn ofolher nutrients 11171. 

Some possible problettis with itiicronutriettts have beeti identified in 
othel sitbhtultlid lreais tr)picail that tot l)art of thet)l' Bazil ire consideled 
(errado' reion. SoheAn yields were enIhainced by 382 kg/ha due to tileuse 
of 13 Nho()ltIh il' (alllbic ted-yellow OLdZolic (1ltisol) in tIleforest 
regiont() Mitas (;eais State 68. same soil. Bliaga 1131 oh.I 1. Also inthe 
served J lileit effect o1'fbtot) l) to 0. 1)kg/ha aid a quadratic effect of' 
itlbdeftni with tilaxiiulm weat yields at 13.5 g Mo/ha. The most striking 
respotnse to) cohalt 1tid tlvb)LCdet1iit with beans inthis region was observed 
j\ .1tIlueira Net to et al. IjQ wlteti applications of' 12.) g Mo/lul and 0.25 g 
cobalt/la. :tpplied to ittoist seeds, iticreased grait yields 1y I00' and 130;. 
Togetller lttolvbdenil d ylwere elicient orditmiy superphosallcbalIt as as 
phiate. Ilowevet. greetillonse work with heats iii three soils from the same 
region failed to show any lespolnse to cobalt (rates ulpto 0.4, coball/lia), 
a,d thIe respotisc to umlybdenutn (up to 16 g Mo/ha) varied frolm positive 
to teCative. leptiditi! o)t the soil 11451 I ack ofI' soil clettical analysis for. 

these tticrotiutrieltIS piectldes a Cttiplete soil clhaacteriza.tion antd thus 
makes ititerplut'iot tf these resulls ittmpossible. 

Soils 'rott1 the reL'iOll ,Otitltd IPiracicab, S'lo Paulo State, tlaiilly used 
Irstigarca1tte prdijtiCti.l, failed to sltc, aiy lespotse to horon f'ertilization 

either if ereeh'tHline or field ,vwmk 144. 14. 451. The fact iltat intostthesetof 

t 01M hot 

dinlio tiM IdfiCtcy 122I 
soils cot tiitl l t101C () hot vater-eXtMtlactable suggests tine-

Soils fitol Alaitela. (stIaRica, showed resptnse to boion application 
whl enCuhivated with broi. oli (Brassica oleracea) 1271. Steel Ultisols from 
lPueto Rico, nsed for plantaintproductiott, iesponded to B fertilization but 
failed to Show tesp)tise to /I1 11II . 

Lowland stils (Iallvial. IOW hIIItiC gley, hunlic gley, attd organic soils) 
ilteLCLded illthe lK'riu0diCAlly htuittid aind semitiarid agroccological zones present 
a great pitetntial f'or food crops p-roductioi, itainly through the use of 
irlrigatiom. Ihiese soils te coitplex by tature. and research ott evaluation of 
Itnicroutrietlt p)lriblettts is scarce. Itt Brazil. Coqueiro etal. 1361 observed 
little respotise of wheat to a ttixture of' ticronutrients in an alluvial soil 
frtli Milas tetlais State. fhowever , 4-year data with wheat in the same 
soil showed a 1)..S'; ii use ofI10kg btrax/ha. Maniicreaise yield due to the 
gaIese anid zittc had ainegative effect ott yield 1371. ltoi antd munolybdeitunt 
applied 1t beamIS aMid so'beamls As seed coat imigs ilcreased nitrogen content 
and plant growth iii a gley hy\'ditltorlhic soil froill Rio de laneiro State; 
this respotse suggests low availability of these tiicronutrietts under these 
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conditions 1137. 1381 ()rg:inic soils from tileIaraila Valley in Sio Paulo 
State have shown : definite response to horon lfertilization with potato
It',5. .73110)1 .
 

Iovlad soils located ill other Cotliltties illtropical Amirerica also have 
stliO somi ,Iponsest) application ol'rricronutrients. Bertsch et al. 110I 
to'lltresponses to (n. i. V, aid B in soils '(;lua;.calsle alid ('orrCdo,+es
 
in ('WIrta Ric. NdrUlatini anid N adsrrrption Iv tropical legutnes are aftecte,.
 
1) B Ald NIO deficiencis ilt Iltisols I 159 1 and other soils 1401 Irn,Costa
 
lRit:I. laite, t100, 30. rid I5k, 'lia o' 
 ril sulfate, zinc sulfate, and borax. 
respectivel.,, incleased yiCld aid qulalitV uI' toltato illaI lliVial soil trout tile 
(Ctica \ Ale\ in ('ullnbi: hwv'evel, copper sultate had 'adepressive effect on 
the iclds, Ik131 I oM .lHd soils (Ft isols) l'itoil plains of Boliviathe eastern 

shoed ,cmisideiahlI incmiscs in yield of' sl,,acane due to ot'S kg tianuse 

ealile:+e aItd/ inll 321
 

midcit At
)li'1
 

region 
ttia ilipotanlo,e. Shiftim cultivationi n'rrnallv recycles adequate quantities
 
t lintmti rents to sqpph\ tilesubsistence crops. Because of the lack of
 
illet ill hllk clirimalic !oiie Io intensive agriicultie. tire nuiber of
 
licir 


lie itluid tlopical - ilof SMtl America is presentlv of limited agricul

,luttilciittdies is limited ihe satie situlatiol is folld illthe humid
 
Ilwpicl reuion (t (Ceilial Atileliica. I lhe humnid t pical regions of Costa
 
Rica. located i tle South IPacific ard Atlantic coasts, alter P and N de
licietlcies. irri,..'mutrierut,, ale the mtainl poblelIs I'r art adequate clup pro
dulut iil, lI i I 

Iek sIdies ill Allaollwet e C,.lducted tIle 'eiOll. In Peru these ill-
cltIIC.,,l CelnlMse studies At IUcafllpa arid field experinents at YurilllagtraS 
I10bi. 1I0. 121 1. 123. 14-21. IlI BIatil onl\ a few studies from around 
\laiirr, v.ere lilrid to tlhe .\rnaor hasin 143.6, 3.41 .replesnl vast 3. , 

lhe iairi prohleril was identified on a PldeuidbIt near Yurimaguas where
 

coppel deficietuc v:. emisisteitlv ltonrid in greenhtose aid field: the Le
lie+iei,, v. .aspr ticuilatl", assuciaed witlh tile etect burning orliinirie o>I" 
\Vit litre adiditi i . Addiitorall.v. a respi)rse wis ob taired to boron and 
ilrlo\ hderlut w.ith peanut, and 10 boron Will sibearis. lic anid Miranganese 
tetliiialili Shvel rio rCesp)ise. At Iricaltpa a study on art tltisol wilh 
I':re,,lagra," ed lesplrise to Zinc evert alter three cuttingssht', iegative 
aid hie,.\ ajpplications of lihtuspholus. Unlilrtunaltelv\, i ottlher Iincro

illiiilLs \Vere coiHSideteCL in the stitl\'. In tilearea of 'anaus, Otlthe "Terra 
lime'. l 3 n-ai trial oi ()xisol lhat w:. cropped withtris.iru.eletnlert an 

wed elect 

irlhdetuntim. I lie ii lpisrmg lack (I acute deficiency pruibletis ort these
 

rlari Il, it) 01 orrtilg hrrIu. CoIper. uic,, rMangallnese, or 

is Iossihly to thisedirrtm atv ..\ttiZrr s,ils title relcent regerreratioti during 
hush tallo .. 

(lther huid ttrupical regions irr SoutI America cotprise tile easten 
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foothills of the Andes, tihe inter-Andean valleys and slopes, and [he coastal 
regions of western Colombia and southeastern Brazil. Micronutrient studies 
in the eastern Andeati foothills inclhde two studies by Sanchez 186, 1401 
lear Villavicetcio. Colombia. on rice rgiown on ill Ultisol alld Entisol. [ife 
tUltisol showed some responlse to zinc and copper but inone ito illanganese, 
a zinc response was observed in lhe lhtisol of the Aiiari River. The latter 
response was. however, little induced siIce lhese fields are flooded by tile 
highly alkaline waters of the Ariari. Iti Peru a greenhouse study was carried 
out xsih al Inceptiso , fn, lie (lianchianayo Valley in which no effect 

was observed to ,idditiolS o1 Il'blln'll, mnuganese, zinic, and boron 
11(4. 1651 N.Micloiutrient studies froi the Magdalena Valley are remark
ably scarce. Various studies ttot1 ill attd aroutid ,le NIedellin Valley showed 

,little itfnotesponse to microtiitrients 1114 136, 1041. 
AltloLglh relatively little research has been conducted in ILcuador, boron 

deficieicy has been repo ted for several crops ott some volcauic soils 11571 
Ill the coastal reCioti a series of Lgrenlhouse evaluations showed some prob

lels with ironi and copper oit soie of the soids plaited with coffee, whereas 
Otl tlose planted with solglium. deficiencies were rare I;'I . Such greenhouse 
evaluations are to be cotisidered tentative at best. Field studies indicated 
iron deficientcV with peanuts 131: manganese and zinc deficiencies with 
maize. beais. coftee. aild guineia grass ['291 and borott deficieicy with 
cocoa I81 . Loorl 1102 aid Teras 11551 reported manganese, boron, 
zinc, iroli ai ld il1dVbILetii III deficiencie oil sirairo atil cenl rseutapithesc'ns 
aflter two t) toulr Citllil is. 

Microniutrictl studies rotti tile hlumid lropical Atlantic coast of' Brazil 
are litilted. Viatta I1631 repotled boron amid zinc deficiencies ill coffee. Ill 
lhe (aca legion of, Baltia to respomse to zinc, copper, boron, or tuolyb

deminuni was Obtailled wilh cassava or ;etian 108, 211 .Silnilar results were 
obtaitned with cassava ill the State of, Sergipe 11521. 

Table ) lists the lliost Coiimon inicronuttriett deficiencies for tlhe humid 

tropics itn Brazil according to a ievision inade by M.lavolta 11071 . "ie most 
coiinoti iiicimoiittriemil deficiencies, zinc and boron, are found ii tie States 
of, Sao Paulo. l'spiritu Santo, and Bahia, mainly ill coffee, citrus, and vege
tables. 

Summary and research needs 

Tropical Alllelica comprises a total land area of 1683 million ha. The cul
tivated area is less I llatt lO, of tle total, and the average per capita is 0 3 ha. 

The itain surl'ace features ill this region are the Andes, fhe Guyana and 
Brazilian shields, and the ()rinoco. Atnmazoni. and Parana Basin. Oxisols and 
Ultisols are lie tnajor soil orders (44.(Y,), but considerable areas are formed 
by Alfisols. Inceptisols, I-nltisols, and Aridisols. The major Ifod crops in 
tertns of produiction are corin, cassava, rice, soybeans, potatoes, and wheat. 
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Table 9. .lost comnon in iraoutr im t deficiencies in the humid tropical region of 
Malavolta 


["]itnt't State 


lirail. Adapted f'rtin: F. 11071 

t on llia 

Espiritu Santo 

Rio de Jaineiro 

Para 

Sat) Palilto 

Copper Bahia 

Espiritu Santo 
Rio de Janeiro 

Sao alulo 

ilatganese Sao Pauo 

MoIlbd ent in Sto Paulo 

Iar 

Zinc Bahia 

Espiritu Santo 
Si1o Paulo 

Par 

a. Arbitrary scale: tnax I1, nin = 0. 

Crop and l'reqoencya 

('oftee (3) 
Vegetables (3) 
Stugarca ( 1 
Cotee (3) 
Cotton (2) 
Vegetables (2) 
Vegetables (4) 
Citrus (2) 
Papaya (3) 
Maceira (2) 
Coffee (4) 
Vegetables (4)
Potatoes (3) 

Cotton (2) 
Sugarcane (2) 
Oranges (2) 
Eucalyptus (2) 
Pinus (2) 
Grapes (2) 
Papaya (I 

Coftee ( I ) 
Oranges (1) 
Colfee (2) 
(offe'e (1 
Sugarcane (1" 
Oranges (2) 
('offee () 
Vegetables (I) 

Citrus (3) 
('affee (I 

Vegetables (3) 
Coffee (I) 
Oratnges ( I) 
Soybeans ( I 
Forage legumes (1) 
Lleu caena (I" 

Coffee (4) 
Oranges (4) 
Rice (2) 
Sugarcaine ( I) 
Maize () 
Sorghuin (1) 
('offee (4) 
Coffee (8) 
Oranges (8)
 
Maize (3)
 
Cassava (3)
 
Rice (3)
 
Rubber tree (1)
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There are few data ill relation to micronutrient contents (total and avail
able) for soils of' the humid. periodically humid, and semiarid and arid tro
pical America isa whole. For tie periodically humid regions, soils derived 
from basic igneous rocks cottain ilte highest level of micronutrients com
pared with soils rou parent cases even soils derivedotllre itterials. In Some 
frol acidic parett itaterial sli,)w surprisingly high levels for copper, zinc, 
cobalt, anrd borol. For the setmalid rcioll tile suggestsavailabhle ilO-Ination 
a complex situat ion. Although toxic levels of horon and molybdenunm have 
been lfound, lion, zinc, and inanealese def'icicies due to alkaline pll can 
also be a piobleill. 

With the itll'oruuatiout availahle to date, only a rough picture of the micro
nutrient status of the soils of humid tropical latin America can he sketched. 
Since ;uch vlst ecgions as tle Amazon basin have hardly been studied, the 
picture is itcomplete. Moreover, virtually no inltbrunatlion is available to 
relate miconlitrietll plorlletius to basic parirallneterslsuch as parent material, 
clitmatic conditions, soil type, or soil characteristics. Therelore, the value 
of the reported inftorilltion is often site related and does not allow for 
extrapolation. At ]leSelif tilebest otie call do is to speculate by using ex
isting data illcoinhination with a general knowledge of' tileagroecology 
of the rlgiem. 

Soils ullder ('rrado, vegetatiotn in Brazil and 0rom the 1lanos Oriel
tales, ill(olombia. most of them ( )x isols and Ultisols. have definitely shown
 
problems of"zilc deficiency for most food crops. This zinc def'iciency prob
lent is associated withIiow levels of zinc illthe parent material and is aggra. 
vated by high rates of lime. ()lie ppm)of" zinc extractable ill0.05 A' I +CI 

0.025N I l S( )4 secms to he a good estimation of the zinc 'critical level' 
in these soils. RIates to overcollie de ficiency are about 3 5kg zinc/ha as 
zinc sull'ate or zinc oxide. When high rates of lime are used, tileneed for 
zillc f'er to is considerably higher. Boroti deilizeris achieve adequate yield 
ficiemtcy also seems to occur il some of these soils, but tile picture is not 
so well defiled. The faIct Ihat omission of other micronutrients, as in using 
the mnissing.eleit tLechnique. has 11ot seemLed to have any detrimental 
!f'l,2ctfood imost of these soils sugge:,ts sulficiency. IHowever,ott Crops in 
with continuous cultivaiot of these soils other tmicrontirient problems 
lla' soon1 occuir. 

Dala oilmicronutriemit prlems in the semiarid region of tropical 
America are extremely limited. The reported iron, zinc, and manganese 
def iciteicies re a plrobletn associated in general with high pll soils. Some 
cases of heloet'iiencv have been reported. The area with time most pro
miielt hloll del'icieticies is tileAndes region. It appears that these boron 
problems are :ssociated with volcanic lepIOSitS low in borot. 

lowland soils (alluvial, low humic gley, iunmic gley, and organic) have 
received little attenttion illrelation to micromutrient studies. The situation 
becomes eveti More comitplex in tile case of continuous flooding. The 
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dynamics of micronutrients have not been evaluated in depth under such 
coladitiots if] Latil AiIet icalt soils. 

Based ulpon data otf ti s literature review some luture research needs 
could he summarized a.; follows: 

Areas Mit lack 0f jinfnlation about inicronu'+Ient problems should be 
sllVeyed. Soil survey salllples are. ill genieral, stored after characterization 
Ior tibs specific puiose. Aiialysis of stored samples for total and available 
iliCloliulriellts and colrelation with ol1e1 chemical, physical, and minera
locical clatractei stics tnla give cot siderable itiforination about the micro
lintrietlt stain'j of, these soils. Selectie gIeenhtouse studies should be 
coLdutled to0 verifv this itll'tollatiOll. 
SIIce Most of' the 'critical levels' for tllicroltutriellt interpretationls were 
ibtlAitted inl teMiperate reCotiIs, these levels should be reestablished for the 

tropics broUnli1 adeqlte correlation and caluibrationl studies that take 
into considelatiot differences it paiett material, soil, climate, weathering 
staJgc, ttataem,~n'ttl, and other factors. lstablishing the :ritical ievels 
\W'()ldl tluts Itiolve studies .0,it1 extractant solutionis "nd different crops 

tthrough Mt1ccessive cioppitig tider green Juse contditions;. 
Areas ,':it ive aleady passed through the prelitmtinary ,survey lptase 
1hltILd be stidied itl ttore depth representative sites should be selected 

tM ilte basis of prelittlilat daLta obtlined under laboratory and greenhouse
Collditiotus. Such studies mI'ay consist of ilissimig-elenlent trials followed 
b\ studies ot rites, solrces, atud tlleltods of application. In all cases 
cottlplete chemical, physical. ;and ttineralogical characterization of the 
soils tilist receive high pliolrity. 
TO achieve these coals there is amiurgent need for improved laboratory
f;c;lities as well as hiily trained technicians to work with precision 
and acctutacy. There is also a need for trained personnel (M.S. an! PIh.1) 
level) ill this specific alea. 

Wilth the increasiil awareless of the role of' inicronutrients and a greater
titittber ot scientists aid labralories dedicated to this topic of research, 
the itltibel otl reported ptlolelus is bound to grow: the reports will even
ttiall\ provide a mliore detailed pictire of the extent :and magnitude of*micro
i1ttiettt ploblems ill tropical I.alitt America. Ilowever, if real progress is to 
Ibc ide ill t nderstatiditg the rehaliomis between luicrotnutrient problents and 
the JrlOcohgical emuvirotutm0eltt, coordination of, such research to assure uni
fotutmity itl data collectiotl aud repurtiig will be essential. 
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5. Micronutrient problems in tropical Africa 
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Introduction 

Micronutrient investigations in tropical Africa started during the late 1940s 
and early 1950s, particularly in -,. st Africa. Though some of the early 
investil]aitions carried oUt with food .rops indicate few micronutrient prob
lents. it any11 . ,41 investigations with perennial cash crops showed distinct 
responses to micronutrient applications. Greenwood and Ilayfron [37] , for 
instance, reported deficiencies of iron and zinc in cocoa in Ghana, and 
Ferrlid e al. [321 observed deficiencies of boron, copper, and manganese in 
tile C'olgo. 

The widespread occurrence of micronutrient problems in Africa south of 
the Sahara was also shown by the results of a survey conducted by Schutte 
[81, who coniclUded from his study that soils in Africa, in general, have a 
low llicrollllielit status. In a more recent review on nlicronutrient investi
gaiols in west Africa. Kang and Osiname [55] stated that boron, molyb

':nin1m. and zinc problems are more prevalent and of more economic im
portance than those of copper, iron, and manganese. 

Despite tle more than three decades of micronutrient investigations, the 
role ot nticron nirients in crop production ill tile various regions of tropical 
Africa has not yet been studied systematically. Many of the past investi
galions are either ilcidenital or exploratory in nature, which makes it difficult 
to ohtain a real assessment of the magnitude of micronutrient problems in tile 
region. Moreover, the lack of precise soil characterization of many of the 
stn dies preents extrapolation of the results to wider areas. 

In this paper the authors will review the status of micronutrient investi
galiots ill tropical Africa in the region between the tropics of Cancer (23210 N) 
and (Capricorn (2310S) in ai attempt to better understand the micronutrient 
problems ill the area. 

Geology, soils, and climate 

With fie exception of some river basins and coastal plains, most of tropical 
Africa consists of upland plains [471. The African plateau can be subdivided 
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into a number of large basins (e.g., (had, Zaire, and Bahr ieGhazal) and the 
higher regions in lie southern and easlern part of the plateau. The Ethiopian 
lighlands and East African Ilatean are volcanic in origin and are dissected by 
the Great Rift Vallev that ruis south front the Red Sea to lake Malawi. 
Residual hiillands are otiid tliroughout the continent as iiiselherie or ;is the 
more extensive divides hetween plateau basins (e.g.. ('aieroon I ligillids) 
or residual plateaus. The last uplift of tlie Africaii cootinent was so recent 
that rivers have not had tie time to dis:;ect the surface. A great number of' 
shorl streams flow front tie edges of tile plateau, while a third of the conti
tlent has no drainiage outlets. The miaor rivers oftropical Africa are file Zaire 
Ifornierlv (oigo), Nile. Nigei. Senegal. and /atmbezi. 

('ttipaed witl tlie geoloe of, othel coitinents, the geology of Africa is 
relatively simple. ile coiliiieilt is a1vast crystalline ,ecantbrian plateau 
consist ing prilitarilv o f granite, elieiss. alld schists of the basement complex 
rocks overlatin hv vatious sediltentaryv formationis (lulrltzites, lilniestoles, 
dolotnites, and plivltes113(1 . These formations cover about a third of the 
contiieit. Il tilecourse f tlie IPaleozoic era, various inarine sedinents were 
laid down. iltost lv I itor)t Aftica witi uneven extensions to tle south. In 
west Africa satnds, nes cover maljor portions o f(;hata. Togo, Benin, Mauritatia, 
Senegal. Mali. 3i1d (;uiiiea. IPaleozoic otcrops are virtually absent from 
eqtalorial atid sotlelt Africa. The oily ftbrtnations of tlie Mesozoic era 
ill tropical Aftica are the Jurassic santlsines and gypsun-cairrving clays 
extenlding soouth of ilie lthitopianl maissif', the ('retaceons limestones and clays 
in Nigeria. atid scattered reittiantits of the late Triassic volcattic activity. Old 
Teriary surfaces. sometimes covered by ferruginous crusts, subsist in west 
Africa to tile soithI olf the Niger and ('had basins; between tlie hasins of ('had, 
the Nile-Balir el (liazal, anld tie Zaiie: and around the basins of Like Victoria 
and like Kioga. The Kalalhari deposits consisting of polyitorphotus sand
stotnes, aeolian aild f][luV!1,ile SalldS, atid lacustlrite calcareotis lenses, crop out 
extensively in Buswana, Naitibia, Zimbabwe, Angola, the Congo, and Zaire. 
The Tertiary period is also characterized by volcatlic activity, princi)ally in 
east Africa. 

The greater part of"tile superficial deposits are of Quarternary f'ormations. 
Volcanic Iforitations border tile faulted areas. Aeoleati sand deposits form 
the loose formations of"the south Sahara and the Kalahari, extending as far 
north ias the equator. As in other locations, the Quarlernary period in tropical 
Africa was Jlthacterized by frequent climatic chatges of alternate wet and 
dry periods. It was drinig this period that extensive ferralitization or lateritiz
atioll o1 tile vast Suldatiatll zone took place. It is this alternating in climates 
iii cotmtbitatiotn with th parent rock that, to tile greatest extent, has in
fluetced tile pedology of tropical Africa. 

The parent titaterials of tlie soils are not necessarily similar to the weathered 
bedrock 1241. Intfact many parent taterials iintropical Africa are poly
genetic residlties, reworked and exhausted sediments, or aeolean sands, and 
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the nature of' tie origin:il parent rock is difficult to establish. In gencral, 
parent malerials currently exposed 1o lCdogenesis in tropical African land
capes are pool ill alteruble nincials. The most favorable exceptions arc 
fircit 1iatcrials 1torniled diectly it'loill umlellying rock or volcanic ashes, tie 
)lhck timtpic:l cl:''s (t' the Nile-Ialir cl (;,liaal and (had ha: inr. ard variow, 
ccent alltvia. 

Soil-iiiappiil Cfollts ill ItmIical .\fica are limnitcd. Tie rlost conmfpreletl
ive soil nita)Sre the mapl)loldcedl by l)'l lore 1241 on a scale of' I :5,000,000 

owl its success,,l pioduced by FO\() IN.IS(() 130]. A soil map, ising U.S. 
,oil t:;.iolllV 11its, is slio,. in Fiure I. Froil this I :50,000.000 soil map 
1' A..lica 10j , it appears hlt the Aridisol is tie mIost extensive soil grotulp. 
Iis estitiated to cover apprximately 30.'; otlhe total area. Alfisols cover 
hoout • I . ltisols 111d ()xisols appioxiritately 22.0(. and Entisols 14.1,(. 
irceptisols aid Vertisols cover 2.5'; and 2.1P; of the total area, respectively. 
hese figures re expected to chatnge as more detailed information on the 

listtihutiori oft he major soils iin tropical Alrica hecomes available. 

500 0 500 U,0k 

Alf isols (Udalfs) U1OIS(Udults, /OxISOISUstult5,
 

Alfisols (Ustalfs) i Or thox)
 
iridisols Ultisols
 
ridsols (UdulIs, Ustulis)
Enhisois 

Inceptisols (Aquepts) Lakes 

Verisols (Usterts) 

I'igurc I. Soils of tropical Atrica (,.dal)led froim Aubert and Tavernier, 1972 161) 
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As much as two-thirds of the 30.4 million ki 2 of the African land area is 

situated between the tropics of Cancer and Capricorn. The equator runs more 

or less through the center of the continent where it spans a distance of about 

7,000 kin. Three factors dominate the climatic pattern in Africa: the size of 
tlie cont IicnInt. t high ,altitdc )l l;thiio pia, CastI Ah'ica, anId jILl ts of ccnl

tral and south Africa: and two cold Atlantic ocean currenits and the warm 
Mozatmbique ('urrent. 

igure 2 del)icts tile main climatic types in tropical Africa: (I) the humid 
trol)ical and etqLalorial re.ion of' southern west Africa, the Zaire Basin, and 
the east side of MadLgascar: (2) tle periodically htumid regions to the north 
and south of the liimid tropics: and (3) the semiarid and arid regions in
cludiig the Saliel region, Somalia and parts of Ithiopia, and the Kalahari. The 
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Figure 2. Locatioi of mnicronutirit deficicncics iniropicaI Africa 1271. 
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length of tilerainy season and the reliability of rainfall, as well as the amount 
of rain diminish witI incrcasing distanice from the equator provided the 
maritinme influence is negligible. It is the scarcity of rain in combination with 
!)(or reliability of' rainfall that poses a major constraint to Food production 
ill 1i111chI of Ile semiarid tropical regions of' Africa. 

Micronutrient content of soils 

" nflic'roMItr1t'l cotl'nt 

Despite file ilcrealsing importance of micronutrients in agriculture in tropical 
Africa. few published data are available on the total content and distribution 
of' micronutrients in tropical African soils. Detailed data on the total micro
ll1l1lievit of' soils some countries in tropical Africa are suicontents f'rom 
m1laied illa publicatiol of' Aubert and Pinta 171. 

Reports froti dtift'erent counries in tropical Africa show that there is a 
strong relatioiiship between parent material and micronutrient content of the 
soils, though pedopencsis may have a modilying effect [7]. Results from a 
survey of repleselta tive (;Ianian l'orest soils by Burridge and Ahn [18] 
sltowcd that the micronutrient levels in the fine earth fractions (< 2 nm) are 
related to the underlying geological frrmations. Nalovic and Pinta [69] 
observed that soils of, Malagasy formed oilcrystallinc metamorphic rocks are 
ticher int manganese and copper than soils f'ornted oi sedimentary rocks 
(lable I ). Similarly. ('otteltie et al. 1211 noted that Nigerian soils derived 
t'om basic rocks such as basalt and ailphibohles are richer in micronutrients 
1l;11 those derived f'rom1 acid grlaites and sandstones. Parent rock was the 
most impotirtant factor in determining both the total and available (hot-water
soluble) boton in Nigeriatn soils IIII. The range of' extractable boron content 
was 1.20 to 1.50 ppm Ifor soils derived f'rom sandstones compared with 1.12 
toI2.75 ppl1 for soils tterived from basement complex rocks (Table 2). Nyandat 

ldlhlL To:l Imanganese and copper contents ortselected soils fromn Malagasy 1691 

,M1n ('u 
Soil det.c'ripltihI Parent rot'k i I)plin ) 

I erraliticsoils Basalt 11.093 50 
Marble 0.770 65 
Limestone 0.458 20 
Gneiss 0.235 53 
;ranite 0.047 46 

Acid rocks 0.100 34 
Volcanic ash 0.184 22 

Ferruginous soils Limestone 0.119 22 
Iasic rocks 0.230 54 
Schist 01.0J13 26 
Shells 0.075 24 
Sands 0.045 24 
Sandstone 0.025 23 
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Table 2.Total boron content of selected soil protiles from Soutihern Nigeria I1I 

Soil series/ta xononly 

Onne 

(typic palcudult) 

A lgba 
toxic patcustall) 

Ijtu 

(fropaquept) 

[gbcda 

toxic paleustalf) 

Olorunda 
(oxic paleusttalt) 

Owena 
toxic tialeustali) 

Soil depth Total 13content 
(cIII (ppm 

Deri'd froi santdston's 
0 -13 1.26 

I 3 -42 1.86 
42--72 1.68 
72- 153 3.48 

153 -180 1.44 
0-8 1.56
 
8-23 0.84
 

23-48 1.38
 
0 -20 1.26
 

20-39 1.26
 
39-80 0.78
 
FO -160 0.78 

Derired from basemenit complex rocks 
0 --13 4.68
 

13-30 5.52
 
30-66 7.92
 
66-127 7.16
 

127-183 9.24 
0-18 6.12
 

18-- 38 6.36
 
38-71 9.60
 
71-122 4.00
 

122-183 4.92 
0-20 (.78

20-30 1.32 
30-64 3.36 
64-122 1.50 

122 -194 3.30 

and Ochieng [711 found that the total copper content in selected Kenyan 
soils was greatly dependent on the parent rock from which the soil was 
derived. Soils underlain by volcanic rocks contained less total copper (8.6 -
25.0 ppin Cu) than did soils underlain by metamorphic rocks (26.6
103.1 ppm Cu). The total copper content of soils underlain by sedinrentary 
rocks was foulld to vary greatly, between 9.4 and 100.6 ppm ('u. 

Cottenie et al. [211 have shown that within a soil associalion, the position 
of a profile in tie top)OseqencCe has a stronger influence on soil mironutrient 
status hanidoes parent material. Upper slope profiles were found to contain 
more boron, copper. iron, manganese. and zinc than do the lower tnemnbers 
of the toposequetrce. (ottenie et al. 1211 also fournd wide ranges in total 
micronutrient contents of selected Nigerian soil profiles (Table 3). The mean 
total iron r rnged from 0.63% to 7.36% and manganese from 0.02% to 0.19%; 
copper rantqd frouti 7 to 59 ppm. The means in the profiles for boron, copper, 
niolybderru n, ana zinc were 12-2 12, 29 -79, 3 42, and 26--- 189 ppm, 
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Table 3. Meant total amount of' sevtn micronutrients in the surl'ace lorizon ol selected 
well-drained soil profiles from Nigeria 211 

Ie Mn n Zn \Mo Co
Soil scric/taS \ol ... I . .. .. pp-n-) 

NkI iopu 1.83 0.04 10 28 122 42 48 
(i pic I .'udIl1)
I%,) 3.55 1.12) 37 68 135 31 63(0\ic' lMCIAllc' 

Ap nu 0.63 0.04 7 26 22 41 52
ltltlti'tstho~r thet'l)u['a 

0.74 0.02 8 45 12 20 29 
lacric Irolpaq alft)
Ar;.imni 7.36 1.19 59 189 212 3 70 
ihlic rhmui alF) 
A,\Ii. ha 1.28 0.05 23 52 87 26 29 
w \ic' [l l st all-) 

Atln (.94 0.03 8 49 18 29 30 
iplinthic p)ALcIt lf) 

respectively. Iron content increased while manganese decreased with depth 
within the profile. Where concretion existed, the manganese content tended 
to increase with deplh. 

()siname and Kang (unpublished data) observed a range between 12 and 
45 pptm zinc for the forest region and () 35 ppm zinc for the savatna region 
of Nigeria. They also observed that the total zinc content increased with 
depth. IBanjoko 1] and latjoko alltd Ashaye [101 reported lower total iron 
ctntent in surface horizots (0 30cm) of lnceptisols (0.55; -0.8811l Fc) as 
cotmpa red with the associated well-dnilincd uplands soils (2. I 3.39% Fe) 
ol"sothwesl ertl Nigeria. 

.\nalysis of selected top soils in (;lit1t by Acquaye et al. [I ] showed total 
1tuneLatese to be rather low (0.015, ; 0.24,), whereas iron was medium 
(10.13' 4.6,' . The ranges for copper and zinc were 21 77 aiA 1) 116 ppm, 
respectively (Table 4). 

Nalo ic atIl l'itta 1701 reported low levels of total boron (3.3 18.2 ppm), 
copper (7.3 54.0 ppm), and manganese (0.044% 0.24 ;)in surface horizons 
of Alfisols, IUIt isols. and degraded Aridisols. Pinta and Ollat [831 also showed 
very, low levels of' total copper (< 1.0 4.0 ppm) and manganese (0.013% 
0.2('; ) in surlace horizons of Alfisols and iUltisols from Benin. The total zinc 
co lent otfsurf"ace horizons ratges from 40 280 ppm. 

l)ata rort urf ace soils frotit Mali [801 indicated very low contents of 
tot al boro !J.12 0..31 ppm), copper (7.3 55.0 ppm), molybdenum (0.44
0.75 ppm) manganese (75 600 pp t), and zinc (1.9 4.8 ppil). 

Ilock of a detailed soil tttap of Iropical Africa constit utes a major problem 
in attempts to relate micronutriettt status with the major soils of the region. 
Some itvestigators 551 therefore fotInd it easier the18). have to discuss 
microutrient prolblems of tropical Africa on a geographical basis. 
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Table 4. Total manganese, iron. copper, and zinc contents of selected top soils from 
Ghana I I 

Ice Mn ('u Zn 

Soil description '; ) I Ippm) (ppm) 

l:orest oxysol on hIotih. grnite schist 1.53 0.133 3; 116 
Forest ochroml oil armit 0.27 0.01 0 21 103 
Tropical black clvy onlhornihlnd gneiss 4.59 0.24(1 77 94 
Forest o\yol on ht it.' rlnit 0.56 0.015 21 33 
Fori.5 o\yso ol phyllit,. I. 13 0.085 26 92 
Savanmi oxy\i' oo) lluvillll 0.82 0.075 31) 87 
Savanna lciol oi :onallu'ilt l 1.88 (.191 46 72 
Forest oc,,rosol oilphyllile 0.72 (.043 35 45 
Groundwater I.'rit,"-on stole 0.61 0.01 ( 26 42 
Savana aCid lireisol on IIvllitC 1.60 0.050 35 53 
FIircst acid Plisol on phyllite 0.80 0.056 30 34 
Sav;n; ochrosol l quartzite/sa0ldstone 0.68 0.015 30 41 
loreq oxyvsol oil tertiary sand 0.66 0.015 30 41 
Savanna aod lc jo on shale 0.26 0.015 26 19 

l--'tractabl micrmtrient lerels 

A nuiuther of itvesligations were carried out in the various ecological zones of
 
tropical Africa to delertmine the extractable micronutrient statis of the soil
 
as a toeans fOr delineating micronutrient problem areas. Several extractants
 
'ere used to assess the micronlitrient availability to crops ili tropical African 

soils. 
l)abin and Lenetif 123 ] delermined the levels of 2.5% acetic acid-extractable 

copper, iron, manganese, molyhdenum. and zitc it 58 different soils col
lecled fro to lie ma itt hal alta-growing areas (I, the Ivory coast. They observed 
low copper content in the younger peat soil. Ixtractable iron was low ili soils 
derived f'roti hasic rocks. There was also ai indication of' possible manganese 
deficiency ill soils of' peat and lacustrine alluvial origins. All the soils investi
gated. except the organic and hydritilrlphic soils, were low in toiolybden iumi. 

Soils derived frotm Tertiary sands, granites, schists, and alluvial materials were 
also low ill extractahle zinc. 

Ashave 141 found ample extrtctahle toa'ig1;Ie.c levels (Ta1to. utnd easily 
reducihle) itt a loposequence itl soilthwestern Nigeria with soils derived Iroi 
sandstones. Oi tle other iand, (ollenie el al. 1211, studying the micro
nutrient status of selecled henchnark soils 'rIoni the humtid zone of southern 
Nigeria and Togo, observed low manganese levels by various extraction 
methods iti soils derived from santlsoes atid sedimentary material. They 
reported high extractahle manganese levels iti uplatd soils derived from 
hasement complex rocks. The soils studied hy ('ottenie et al. 1211 also 
showed rather low levels of hot Water-extractable boroti, atitlorium oxalate
extraclable molybdenuli, and ammoniuni cetate/l)'TA-extractahlc zinc. 
I laque et al. 140, 411 investigated the copper, iron, manganese, and zinc 
stltlus of soio e u phld a1d lowland soilIs from lii mid Sierra Leone. They 
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observed gcnerallV high levels of extractable iron, low levels of manganese 
illsome of tile lowland soils, and low levels of zinc i1all samples. In a survey 
of tie levels of acetic acid-extractable copper, iron, managanese, molyb
dellulin, alld zinlc of1a number of soils from Zaire, Vancompernolle et al. 
[IO7 also observed generally low zilc levels with solniC of tite soils showing 
low iroilald manganese status. 

loitm tile drier zones, ('hanberlain and Searle [I () reported high netitral 
aiiiiltlil , iatngattese levels illacelate-extraciable soils from Kenya, partictl
larly Ihose derived from basement complex rocks. Pinkerton [811 observed 
low extractable (perchloric acid digestible) copper levels in soils from the 
Rift \alley regitm of Kenya. This fitnding was subsequently verified by the 
invesligations b Nan id )chlieng 1711. Ibrahiin 1451 studied the micro
iltilieiit statts of three major soils froiti tile Gezira scheme in Sudatn. lie 
reported IOw levels Of ext ractable molybItIuIn in these soils, whereas the 
levels of the otlhe extractable mnutriemnts were adeqtualte. 

AS parl of a global stil.d investionIsoil mlicronutrients, Sillapaa [901 
gat el tileiiiiciltmut rient status ot a large number of soils from Ghana, Nigeria, 
Siefla I eole. Malawi, Tamzania, and Zambia, using a variety of extraction 
tietIi()ds (c.f. (hapter 0). 1le reported generally low to deficient levels of 
bhri, Copper , ititlbdeliiUil, anid zinIc alld IlOrmal to excessive levels of 
ta1,neise in these coutrIlies. 

Geographical distribution of micronutrient problems 

Va riolls field experiments were carried out in tropical Africa to determine the 
iicronutrient pr!leis for crop production. From the results of Inumber of 
carefully conducted experiments iin region of northern Ghana,the subhutmid 
Stephens 1[41 concluded that, wili the possible exception of molybdenutm, 
ilmic0iUrienis appear ot to be needed for food crop production. Stephens 
951 also reported negligible responses to tuicronutrients in extensive field 

iltvestiatiils conducted between 1959 and 1965 at high elevation at nine 
locations in t gatida. Jones 141)J reported increased yield with zinc fertiliz
atioii iii two of eight trials, and with tmolybdenum fertilization in one of four 
trials at IAive (Swaziland). anld COttclhiled that 'the need for zinc and molyb
deliiunI were itot confirled.' Also. Jones [501 concluded from 20 tria!s 
coiidiucted at Malkerns that copper and manganese availability are almost 
certaiiily adeqia le, bul that zinc. Itolybdenti, and boron availabilities are 
iiareiial. Ile cotmments that 'tile need for zinc and iil0ilybdeiIum fertilization 
is incompletely understood' atid that 'interactions between these nutrients, 
soil )11, and phosphate deserve mre investigation.' le also indicated the 
iieed for further investigations on boron at Nlalkerns Station. 

Despite negligible fiicrotutrient response in some of the field trials with 
food crops as discussed above, field responses were reported on a number of 
other crops at other locations [8), 551. Because of the ecoiomic importance 
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of cash crops. nore is knowt about the problems in such crops as banana 
123. 618. 201. grotindutis 163.351. cotton [87. 17, 431, cocoa 137, 22, 5, 
291, and oil palm 132, 33. 75. 001. 

To het ihti ticthe micromutrient problems in trlopical Africa, the 
geograjphicil distIibutit ofnreported field cases based on published data 
includinu those froiii Sclitite [89[ is shown in Figure 2. It appears that the 
microllutrient problems may be 1+ore prevalent inl the sulhumid and semiarid 
regions than in the humiid region. The fllowing discussion provides a more 
detailed reviee of tlie problemls of each of' the micronutrients for various 

crops acconding to their importance in tile different agroecological zones. 

. 2 irst 
and cent ral Africa in oil palm. A positive response to boron was first reported 
by Ferrand et al. 1321 inl oil palm grown on depleted sandy soil at Itoumbi, 
it the (Conugo. Significant respoiuses to bo roln application were also reported 
in oil palm gloWli illlie Kasai legion of Zaire [331, in the Ivory Coast [75, 
661 and inisouthern Nigeria 1731. Martin 1661 observed that oil palm \\'ill 
respond to booii applicatiot if the available horonl content of time soil falls 
below 0.1 0.2 ppmn. litthe Ivory (oast borOn deliciency ill this crop can be 
corrected by :inual applicatin of'50 75 gotfhorax per tree. 

1Ion001 deficiency was obselved ill adull clcao planitatiols (cultivating 
Amazoni variety cacao) iii life Tafo and Iuiso areas of' (hana [51 and in1 
southwec;trni Nigeria [2'91 . IFgbe and ()imotoso 121) also reported low avail
able boron content ilsurlace samples Iform tle cacao belt soils of westerll 
Nigeria. ranging fmoni 0.01 Ito 0.44ppm boron soluhle inl hot water. This 
boroti coilleilt iti the soil is collsidered insufficient to satisly the boron 
needs of"the early-lliluring and higli-yielding Anmato'.variety ciaca. 

(liarpentier and NlartiMln-Prevel 1201 reported horon deficiency in banana 
inl the Ivory Coast. Thiey felt that the prioblem was due to increased soil pll 
resulting 1froii excessive liming. 

1h1t n111c0 iio was l'otnd to be of*practical importance illwest 

1b)lhid udtd scmiarid ill-onews. Boron defticiency is ctllnim( i cotton grown
illtropical Africa. Le Mare 158] states that boronl deficiency occurs widely 

itl Tatzmiaia. especially on light-textured soils ald in the wetter areas. Rothwell 
et al. 1,)71 observed widespread occurrence of boroi leficielcy in cottonl inl 
the klgoye district of /ainia . ,\ccording to a N96S unlpublished report 
froni the research branch of tile Zanliamn Ministry of Agriculture, boron 
deficiency occuIs inl cotton in soils with less than 0.4 ppm horon soluble in 
hot water. The iltlmlllice of'borill 1t coltoti productiomn ill central and 

.+mcl' ihaplted 
period II(;1'271 days); ,uhhmi d /tnit (t . t15112( 9 days); seiiarid I t.(t'. 75 
149 daysi. 

+ ical Ioiund:,rie, from l)udat 1271. humiid zone' length ol'growing 
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vest Africa was also deLrnOIIstrated by tile survey Condtcted by Brand et al. 
[171. From leaf analysis tiley confirined b)orn deficiency ill field-grown 
cotton at Yaolle and Tiketu ill (ad, Niarona ill ('aneroon, and Tantega ill 
lBenin. The priohler ini Iikein ill (had was observed firlo0wine application of 
high lates of fertili/ers. Snithson [)2] and Silrithrsotn and Ileaticote 1)31 
repotted thai horon deficiency covets a wide alea of tile cotton belt of 
rortller n Nigieri. The deficienCt. is ticularly aIssociated with drift soils 

ill the ionh-,celt ral arid nortlv.estern regions. There are considerable vai
.lios in tile severt\ i the prrblels even withint a small area because of 
i1irostrC stisS,,. Xaletie , 2Own. arid dLIoSal'C of tertili/ers applied. particularly 
1h11Aod, niloieni. I hroidh f'oli:ir hoon application ill Cuttont gives satisfactory 
tesIllt, [ applicattl ol IOlOlIated StLup is,,oil Is bOinaX etph)Isplhates 
ejItIIlyItfectl'iVe il coreCtiic the prohlen 187. 431. 

Ifel12 :lld (iold rirl- 1311 repr)it ed signiificant yield increases ill maize 
\it1 bololl applicatior in oIe of sevell trials Cotducted ill Ziitbabwe and 
rber ved \'ield Itp ovetietIt ill three irt tire trials. In art additiunal 19 trials 

Conducted hetween 1971 aid 1973, )lre expeihenti showed a positive res
piri,. t, bomt. whereas 4 trials showed sigiificanrt negative resproIIses 1121. 
lolhrwtM tile discoserv of severe borrill deficiency ill coil ill tile Niagove 
disiit of /ambia. IhOrisch 1441 coiducted sortie field trials with tiaize. 
lie I",. hto\mevel, tirhle to show aiy borort response ill Irree years of ob
servatiotis. Vellev el al. (),SI repoIrted a bmon resputise itl traize grown in 
ferrallitic soil derived froiu rleiss in Nialagasy. 

leier et A,. 1741 woking with three hydroilrpihic soils fron ilie MNalagasy 
Irihilatids arornd l~tnranive ohserved low borion levels. Itt a pot trial, wheat 
crMV ill these soils respirttled to boton application. Velley et al. [1081 
lepoitedth1nt after sevelal veals ott intensive cropping ill Malagasy boroti 
deficitct\ v,aS observed It glul tldnits ard wheat grown oi ferrallitic soil 
leived fhor llieis. Vely serious pr hhetis were ohserved ill wheat grown on 
receirt allIuvial srils 1nd ot I'errallitic stils derived from basalt. The impor
(mice oft bt lill fll Lotllildillls ill nioritlier Zinihlbahwe was reported by 
Simua I()I. 

lhoo deficienc\ \.as also, observed ill tither crops such as sisal 125] anid 
eucalypttl ill tlotllrter Zinabwe [,81 and ill Bhio l)ioulasst in southern 
I ppl~e \VIol I1.1, . 

( '(//)(I

/hollid:,ol'. , ml olvehst 'a nb vI:erid ct al. 1321 rundepleted saindy soil at 
It oulhi ill tile (onrg, sihowed a significant yield increase iii oil palm with 
Copper appc lkabin I eneruf 1231 ill a survey ol'the nicrrtiutrient1+leiatlt. Mtid 
tat tus ,,f tile bannm lepiort ill rite (tast observed low coipperC\oly levels 

.5" rt-ing fronifacer i cid, , 0.2 to 1.5 ppnn Cu. The lwest copper levels 
\\elc ,hsr~ed ill tile \rmnnge peat soil. ('iarpentier and Martin-I'revel 1201 
al, itpelled coppel eticieticy ill batrarta griown nit peat soil in tire Ivory Coast. 
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Subhumid and semiarid zones. Osiname 1761 observed low extractable 
copper levels ill various sandy soils front the subliumid region of south
western Nigeria. Despite the low copper levels observed, field-grown maize 
did not respond to copper application. 

In Fast Africa, copper deficiency was observed in wheat, mostly on 
soils of' the Rift Valley area in Kenya. ('onsiderable laboratory and green
house work was carried ont to clucidate the factors contributing to the 
copper deficiency prohlem ii tire Njoro-Nakuru area [82, 81].Pinkerton 
8l1 examined copper deficiency insoils derived froni various parent materials 

,11nd observed that deficiency was associa ted with soils derived f'rotrecent 
,ishi arid puInIice. n tie basis of greenhrouse and field trials, Wapakala [109] 
reported that phosph ate application reduced copper uptake, whereas ijitro
gen application improved the efficiency of copper to wheat yield. Nyandat 
and ()clhierg 1711 conducted a countrywide survey to estimale the copper 
content anId availahility in holi arable and range lands of Kenya based on 
results of greenhouse trials. They ohserved rio (eIficiencv in wheat grown 
in soils with Imrore than 1.0ppm i)TA-extractable copper and confirmed 
thlt Most of' the deficiencies occurred in plants grown iii soils derived from 
ash and pumice. 

('Cpper deficiency iii irrigated winter wheat grown on sands derived from 
granite in northern Zimbabwe was reported by Tanner et al. [lol. The 
copper problem alppeared to he aggravated by tire high zinc concentration in 
tlie soil. Velley et al.1108] also observed copper response iinmaize grown 
on ferallitic soil derived f'ron gneiss in Malagasy. 

Humid :mw. In deficiencies are more of a local problem. For instance, 
Greei,,od arid I layfrom 137] reported an11iron deficiency in cacao seedlings 
planted in a Ifariers plot thlt had been burnt over. Fgbe and Omotoso [291
reported som mimor iron deficiency problems with cacao grown ill south
western Nigeria. Kang et al. [531 observed iron chlorosis in upland rice grown 
on land after extensive hurning of plant residues. They observed differential 
varietal responses to iron deficiency. with tire short varieties being more 
susceptible to iron deficiency than tIre tall varieties. 

The deficiencies following bIrning are attributed to high p1l resulting 
froum burning, which renders the iron less available [37, 22, 531. Although 
heating of the soil at low tetirperatures (< 000C) increases the amount of 
l)TPA-extract able iron, heating at high temperatures ( L'500 0C)decreases the 
aiount of extractable iron 1561 . The iron clhlorosis can be successfully 
corrected with I foliar spraying in cacao [37. 221 , as well as illupland rice 
[531. Soil treatmeni hais been less successftul. 

Iron toxicity can be of importance in some of tire flooded rice-growing 
areas in the humlid zone as reported from Liberia [461 and Sierra Leone 
[611. This prorblem can be partially solved by breeding varieties tolerant to 
iron toixicity [461. 
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Suhundid and seniarid zones. Iron chlorosis was reported in sorghum 
grown illsandy soil illlambey, Senegal following irrigation with calcium
and lagiesiun-containing water I15 . Accumulation of carbonates illthe 
soil surfaace hrizons increases soil p]l and Ihis induces the iron deficiency. 

Ili/I O,m. The role of' manganese in [he nutrition of groundiniuts and oil 
pal ii has heeii wid.lv studied in west Africa and was reviewed by Prevot [841. 

1ignleaese deficiency is,however, of inior importance in west Africa.N significant tespomse to ianganese application Was reported by Ferrand 

etal. 1321 ill oil palnm grown at lioullbi in le Congo. Bachy and Fehling 
Ifh se ved Ithat Iftosari osis, a wilt disease cause(l by lusm' xmsporitm.,

wit \\ 
leavcs at Im)bdol iii the Ivory Coast. A similar observation was also made by 
lrevot [s41 Ill sOuthCrii Nigeria, where application ofimanganese sulfate 

leiuced the numher olal'fected plants. 
(Iko\e 1731. i a preliminaly assessment of the micronutrient responses 
at sAUllytl't isol froln east-central Nigeria, found that manganese appli

caioul had tlie greatest effect oil maize yield. This soil, which is derived from 

:ivociated \ra hlw ntanganiese contetits (< 100 ppm Mn) in mature palm 

Sald V s.dilllllrv umaterials, is kiiowti to have a low total manganese level 
I 00 . I lowever. Ailimoi and Adetunji [31, conducting trials on similar soils 
illsouthwesterni Nigeria. could ttot obtain any manganese response. 

Iillig \\ias showin to reduce tile il of pineapple grown ott acid ferral
tile soil ill the Ivory toast 1021. This was itt part attributed to reduced 
miiiganese uptake. Similar effects of liming in reducing manganese uptake 
which result ed in deficiejit levels were observed in pot experiments with 
maize 15 01, cassava 1281. alnd cowpeas 1521 grown onl a sandy and highly 
acid I rltisol from southeastern Nigeria. 

Molre itmpoirtant is tile tof" toxicity, which has beenproblem manganese 

widely observed itt tie humid as well as the sublhumid and semiarid regions.
 
lPrevot et Al. [5f observed malnganese toxicily illgroudnuits at the Niari
 
Valley in the Congo. This toxicity. tite result of a reduction in soil organic
 
matter 1[41, was corrected by liming [641. Ngo et al. [721 reported manga
:;'se toxicity on a ferrallitic soil in Malagasy. Many of the upland soils derived
 
froi hasement complex rocks have high levels of manganese [I(), 211. Upon
 
fiirt her acidificatim'n with 11he use of acid-forming fertilizers, these soils may 
lelease high colicenl rationis of' manganese. potenitially leading to toxicity for 
a variety of crops such as maize, cowpeas, and cotton [36]. Manganese 

)oxicit\ prohlemls can be preven ted and corrected by liming [591 or by 
application of farmyard manure 1481. 

Ihmid .,one. Although Dabin anld Leneum' 1231 , in a survey of banana
growinig areas in the Ivory Coast using acetic acid (2.5%) extraction, observed 
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low molybdenum levels in the soil, there are no reports of molyhdcnunl prob
lems in the area. In Sierra Leone, I laque and Kamara [3] reporied that an 
increase in dry-matter yield and nitrogen mpiake of groundnuts grown on nll 
Oxisol resulted from molybdenum application. They, however, failed to o1h
tain anil [861 did obtain significantincrease in seed yield. Rhodes and Kpaka 
increases in dry-matter and seed yield with niolybdenuln seed dressing in cow
peas grown on an iOxisol in Sierra leone. 

In a series of' trials to investigate the effect of various micronutrients on 
cane growth in Mauritius, Parish et al. [7) 1 obtained a significant response 
o0ny to ino ly bdentMni it) a low\ h1uiic latosol. Snbsequnen t ttidies have 
shown, however, that this was an isolated case [1101. 

S1hht11id antd semiarjl zotes. NMolvbdentnL dcficiency occurs widely in) 
grou ndfnut -growing areas in northwest Senegal [651, northern Ghana [94], 
and northern Nigeria [42 1.Webb II 101 in pot trials observed molybdenum 
deficiency ill some Gamabian soils, but Marernah [63] was unable to confirm 
this illfield trials with groudunts. Molybdenum application oi tile sandy 
aeolian soils in the semiarid zone ot west Africa has led to improvements in 
growth, nodtulation, nitrogen fixation, anid seed yield of grtondnuts [65, 351. 

Greenhouse trials 1961 have shown molybdenum deficiency to lie a major 
growth-limiting factor on a red clay-loam soil in Zimbabwe. Results of field 
trials with molylhdenuni at 13 locations suggest that molybdentum deficienlcy 
occurs in soil with p11 < 4.8 11051 . Application ofimolybdenum was effec
tive illimprovilg early maize growth in soils with pi1 between 4.4 and 4.8. 
With maize, syIlnptoliis of miolylidenum deficiency only develop when tile 
seed has a low molybdentuim content [100]. Although deficiencies can be 
corrected by foliar sprays or seed dressings [99, 14] there is some evidence 
that these treatments will not fully correct problems caused hy use of low
molybdelninn seed. Molyblenuni deficiency coupled with late nitrogen top
diessing has been shown in Zimbabwe to cause premature sprouting of maize 
grain on tie cob 198t1 

Zinc 

Ihmid cornc. Osiname 1761 considered zinc levels low illsome soils from tle 
htutnid zone of so uthbern Nigeria. Greenhouse trials on 10 soils from that zone 
showed a response to zinc oii most soils when cropped to maize [571. Ilow
ever, field trials with maize did not show any response to zinc application 
177, 781. Re:ponse to zinc was obtained in maize grown on ferrallitic soil 
derived from gneiss illMalagasy [108]. Zinc deficiency problems were ob
served in oil palm grow'n in the depleted sanly soil at Ftounibi in the Congo
[321 and in cacao in isolated places in Ghana [371 and in western Nigeria 
[29]. Greenwood and I layfron 1371 noted that zinc deficiency in farmer's 
fields ii Ghana appeared to be mainly confined to the vicinity of refuse heaps 
and husk dulps and to seedling beds made from soils scraped from tilesurface 
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beileathi matured cocoa trees. They attributed the problem to high soil 
p I ( > 7.0) and uiusually high contents of' phosphorus and potassiunm. 

liming t lie soil from pl14.5 to above 6.5 induced zinc deficiency in field
grown hanana ill (;tinea 107], in spite of the high zinc content of the soil. 

hrlrpenltier and \hlrtill-Prevel 1201 made a similar observation in the Ivory 
Coast. [iesei el Al. 1341 also showed ill pot trials witi kaolinitic Ultisols 

miii southeastern Nigeria thlat acotmbiiiatioin ohligh rates of linie (to pil 7.0) 
alld phosphorts ineld ,l,. deficieirC v arid depressed dry-matter yield of 
11:61e. Zi nc delCielc y was alsO ohserved ill Iqooded soil ill Sierra Lcone 1381. 

.SNtt//temihI ad sciwhrid Z0,rC.. Ill field investigations on Sandy soils ill tihe 
suNhiuid Z011 of sontlhwestern Nigeria, ()sinaite et al. [77] obtained large 
ninaze gain yield increases wit hithe applicattint of zinc at low rates. Significant 
/iIIC ieSpouIses wele lirlited to soils with extractable zinc levPIs of less thlan 

mI ppm. The importance ofI zinc deficielcy ill Ihis zone had e. rlier een estab
lished by Aghoola el al. [21. They reported air increase i., maize yield by 
about 33'7 with Zinc application. IlIIpt experimnts Kang and Okoro 1541 
co1irtrLied thi:t zirrc delicienlcy is c0oni11ror ill lice growln oil Vertisols (I)II 
0.- IorI northeast Nigeria W(had Ilasin). The im)ortance olf zinc for crop 
prlodrctioll onl Vertisols ill tire Gezira legion of tire Sudan was also reported 
b% Nhlg1ir arid Ihdakikir 101 . Seed dressing seerris insuflicient to correct zinc 
dcliciency ill these soils [541. 

'lie irportalice ot'Ziric for )rohluctiOn of ira;.ize grownI Oi Sands il Zimbabwe 
\wrs shown h' ie v'arious reports f'rorni Tanier and Grant [102, 103]. There 
is, IIweve1, lio illdication of the extent aird location of the problem area. 
lIrrler arid (;rart 1102. 103, 1041 reported that zinc can be effectively 
Spplied ,as Zirca ted fertilizers either spot-placed or hanided at a location lower 
than tire r aize seed. 

Conclusions and reconnrwndations 

Althrough Much of the early fieldwork on micronutrients in tropical Africa 
wkas rtairnly concerned with annual and perennial cash crops, during tile last 
Itwo decades all increasing ntumber of investigations have been carried out 
with l rol crops. 

I:ro tire published irifmrrtntion discussed ill tIre preceding sections of this 
Ippel, it appears that riricronul riellt deficiencies are generally related to parent
raterial. Becaruse of the generally low total and extractable levels of boron, 
Copper. uur0lyhdenruit, arid zinc ill tile soils, deficiencies of these nutrients are 
rather p evaleiit. IBoron arid zinc problemnrs are comlnonily observed throughotit 
tire region: cotpper pirolems are of particular importance in tIre Rift Valley 
arca (I Kenyva, alld molybdrenum is al problel ill tie legure-growing belt of' 
the scniiarid Zolle of1west Africa. Deficiencies of' iron anld iarIganese in 
tropical Africa are rare but may be of local importance. .1ore important is the 
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occurrence of iron toxicity in flooded rice soils and manganese toxicity ill 
upland soils following soil acidification resulling fron fertilizer use. 

As shown ill the tuicronutrient problems are encounteredFigure 2, more otf 
illtile semiarid than the humid This is notsubhtnnid and zones ill zones. 
unexpected, since tile blush fallow system, which is still widely practiced in 
tilehumid zone, usually provides suLfficient nicronulrients to supply the 
needs of'tilesubsistence crop. The problem is more serious in tlie drier areas 
where there is less nutrient recycling during the fallow period. I lowever, this 
assessient llay he somewhat biased as it appears that more research work 
has been conducted in tie slbhiulid and semiarid areas. 

Micromnurient probleims are expected to increase in the future because of 
the 	increase in cropping intensity, the use of"high-yielding varieties, and the 
greater use of nitrogen, plisphrius, a.ild potassium fertilizers [26]. A greater 
effort should therefore be made to conduct systematic microntrient investi
gations in tileregion, particularly illthIdrier areas. Reseatch workers should 
he encouraged t) use the recent IIadvances illsoil taxonomy by correlating 
the results of their investigations with the soil type used in the investigations, 
illorder to get wider applicability of their research findings. 
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6. Micronutrients and tile agroecology of tropical and 
Mediterranean regions 

\1 SIt ..ANPA.' and P'1G Vl.tK

' Instit toe of Soi Science and "Director. Agro-lEconomic Division, IFDC 

Introduction 

The Status of ilticronutrients in soils and their availability to plants are the 
result of a complex of factors related to parent material, soil type, and 
climate. Some progress has been made in understanding the effects of several 
individual factors on the availability of micr,.nutrients: however, the possi
bility of identifying areas of potential micronutrient problems on tile basis 
of' existing information on soils and climate is still remote. Such areas, there
fore, are identified through site characterization based on surveys of micro
ntut rient deficiency symptoms, extensive micronutrient soil testing, or selective 
,iicrontt rient trials. 

Attempts to compile maps of' areas with micronutrient deficiencies in the 
tropics have been virtually nonexistent. The value of such maps is, in fact, 
(ILestionable s;Ice their scale would not allow delineation of actual areasof deficiency. Moreover, new information being generated would rapidly
render such maps obsolete [Il . Finally, huge areas of the tropics remain 
entirely unexplored while existing information is heavily biased toward 
coumercially produced, high-value crops. 

As is evident from the previous chapters, making an inventory of the 
micronutrient problem areas in tile tropics Would not provide a data base 
large enough to allow extrapolation to regions yet unexplored. Except in 
India, mic rolUtrient studies in tropical countries have been sparse, and even 
in India most stu dies have been conducted in the subtropical region in the 
north. In a. attempt to collect a broad data base on tuicronutrients, FAO 
inilialed a global study, involving 30 countries, to produce fresh information 
otl ti1e problemits of a number of micronutrients under different soil, climatic, 
and cultural conditions. Twenty-fotr of these countries are situated partly 
or totally in thle tropics or Near Fast. The results of this study appeared as 
FAO Soils Bulletin, No. 48 1221, and they form a large extent the basisto 
of this chapter. 

It is tempting to assume that areas with potential for micronutrient 
problems cat) be recognized solely through information oti the agroecology of 
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an area, including its parent materials, soils, and climate; such information 
at present is available on a global scale. If' the validity of this a!ssumption 
could be established, it would greatly facilitate the work of research insti
tutions, particularly in the less explored tropics and subtropics, in directing 
their research priorities, and it would increase the readiness of governments 
and industry to deal with micronutrient problems as they arise. 

In this chapter we will try to show, with the help of data collected in tile 
Global Study, what progress has been made in relating the micronutrient 
status of soils to agroCcoogical coIditions of the area. We also want to place 
the informnation discussed in Chapters 3 5 in a global context. 

The global study 

Topsoils were collected from 3538 fields cultivated in wheat or maize in 30 
different countries around the world. These samples were analyzed at the 
Institute of Soil Science, Finland, for a host of physical and chemical charac
teristics including particle size distribution, (EC, pf1, free carbonates, organic 
C, volume weight, and available macro- and micronutrients. Subsamples of 
these soils were also )lanted to wheat (Var Apui) under greenhouse con
ditions in Finland. Correlation studies between the content ol micronutrients 
in wheat and selected extractable micronutrient levels were used to select the 
best soil test. The soil tests selected for this study and the respective corre
lation with pot-grown plant concentration are listed below. 

Zn I)TPA lindsay and Norvell [141 r = 0.732 
Mn DTI'A Lindsay and Norvell [141 r = 0.552 
Fe AAA('-IEI)TA ILkanen and [irvio [13] r = 0.325 
Cu AAAC-I'EiTA Lakanen and Frvio [131 r = 0.664 
B Ilot water Berger and Truog [2] (modified) r = 0.741 
Mo AO-OA Tamm [241 (modified) r = 0.245 

Sillanpaa [221 corrected the values of the extractable Mn, Cu, B,and Mo to 
improve the reliability of these micronutrient soil tests. The Mn and Mo tests 
were corrected for soil pl1, the B test for ('C, and the Cu test for organic C. 
These corrections took the form of: 

10 7.06 k(pllI) = - 2.20 pu + 4 for Mn 

k(pll) = 10 -2 4
1+ U.36 p14 for Mo 

k(CI'C) 100466 - 0.06 X + 0.000273 X for B 
where x cation exchange capacity (CEC)(nieflOOg) 

k(org C) = 1( - 0 4 91 lo. X + 0.470 (lg x)' for Cu 

where x soil organic carbon (X) 
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which, when multiplied with the soil extraction value, provided the corrected 
value. Correlations with plant uptake were thus improved to 0.713, 0.731, 
0.826, and 0.696 for Mn, Cu, 13,and Mo,respectively. 

In the Global Study, data sets of micronutrients in soils and plants were 
plotted on log graphs illwhich flive zones (based equally on both the plant
and soil analyses) were iden tified to represent very low (1), low (11). inter
mediate (111), high (IV). and "-ry high (V) micronutrienit statw;. A-', i, 
II, IV. and \ each contain 5'/ ot the total sample population (i = 3338), and 
zone IIIrepresents the remaining 80',;. The demarcations between zones I, II, 
and Ill, however, are not to be considered as critical limits. 

lhe sample population from various countries ranged from 16 (Lebanon) to 
as Imtanty as 29S (Turkey). Moreover. soie countries were sampled only in a 
particular region (e.g.. Brazil. India). whereas other countries were sampled
throughotl (e.g., Turkey. Mexico). Soil test values and micronutrient contents 
of plirts tr each count ry were averaged in ar attempt to give a general idea of 
the geographic differences in the microtutrient status of soils. Figure 1 sum
marizes the results of the Global Study on a country basis. Regression lines 
were calculated for tie total samtple population (= 3538) ard compared with 
the country averages plotted in Figure 1.It should be pointed out that the 
courtry averages represent only part of the situltion because there is wide in
ternal variation wit bin most countries. For example. 12% (f data for B falls in 
Itndia into zoe I. ,8,; into II arid I2';into zones IV and V, but the Indian 
averae reltaills ilt zone IIIgiving art impression that all 13values itt India are 
itore or less normal. lhereffore, the majority of the countries are grouped in 
tie intermediate zorte. Some notable exceptions are Sierra Leonc i:or Mo and 
Cu. ari Malta fOr h'eand MI. When generally accepted critical soil test levels 
((hapter 7 )are applied to It and Z1. several counitries can be considered danger
ouslv low illB (e.g.. Nepal, Zaitbia, Nigeria. Malawi, and Philippines), while 
low Zit levels seerti typical of tile semiarid countries (Iraq, Turkey, India, 
Pakistan, Fgypt. and Lebanon). ubhlished information ott many of these 
countries is available to substantiate this conclusion (Chapters 3 5: [41 ). 

Sotie countries with reportedly widespread micronutrient deficienrcy are 
not ideritified as such itt tile Global Study. Tire Philippines, for instance, with 
widespread Zi deficiency problems oit rice (Chapter 3), is characterized as 
'high Zn'inFigure I . lis discrepancy is prob,:bly dIre to the random sampling 
sclteriIe etnIployed itt tileGlobal Study it ,.!riving at the average soil test 
value. More detailed information regarding the various countries is obtained 
from the country reports [22] , where data sets for individual sites are 
plot ted. The plot for Zn ili the Philippines, shown in Figure 2, reveals tlat 
over 40',; the sites (n= 194) contained less than I mg/I of l)TPA-extractable 
Z1.1 Untforturnratelv, the rice-growing areas of eastern Mindoro where Zn 
deficiency is widespread 171 were not sampled in the Global Study. 

,AS in [tIe ;obal Study, alt soil nutrient contentts are expressed on a soil volure basis 
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Climate and micronutrients 
Geographically, the tropics are confined to the region between the tropics 
of Cancer and Capricorn. This description, however, is of little use for ecol
ogical purposes since it lacks strict climatic criteria. Various other criteria 
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ht)deCHlmit tilejrt)piCS beenI Kuclelr [12 1 definedhla\'e p~ropo)sedl. tile tropics 
as the area in which the temperature of the coldlest monith is above 18.3 °C. 
Iricart 1271 OTledLe a more elaborate definitjon: the zone free of thermal 

scaslis and witll (I) aI temperature in excess of 20 0C all year,mean intlhly 
(2) an annual niean letperature ranpe of less than 100C, and (3) a daily
tetiiperature lange greater than fle annual range of the daily means. Yet
 
other clitnatic detintitions t the tropics were proposed by Koppen [91,

Tlhmirnthaite [201 . Holin 181, IPaffen and Troll [17], and Papadakis [18].
 
The classification criteria selected 
by these ant hors generally suited the pur
pose for which tileclassification system was designed, whether for medical, 
biological. oi socio cotItllic studies. 

Temperattre and precipilation are the major determinants for the climatic 
adaptability and distribution of crops. On the basis of this premise, FAO 
161 developed a climatic classification for its Agroecological Zones Project
using tet erature criteria dictated by the requtirements of the major food
crops of' the world. The tropics were defined as tileregion with mean monthly
"sea level-tiormalized teimperaires' higher than 180C' to account for tile 
effect of' latitude on temperature. The effect of altitude was taken into 
account by subdivision of' the tropics into regions with various degrees of 
coldness during the growing season. This thermal delimitation of the tropics 
and subtropics will be adhered to in this chapter. 
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The inoisture factor forrms tile hasis for further subdivision of tile maj 
climatic zoites. [or the purpose of this study, the Tropics have been sub
divided i111h1uiid. subhtulid. and semiarid regions according to the number 
of' wet iontlhs 1171 tile ltiiid tropics > 9,1 it ithis wel: tile subhunlid 
tropics 7 91 motillis wet: and tile semiirid tropics < 7 mllonths wet. The ie
limitation of the htuniid and sUbhtrllid tropics according to these criteria 
mllOre o1 less coilcides with tie separation between the tropical rainforest 
and lloist forest tn tile one hand ML the semiideciduons forest and inoist 
savainla on tile other hand 1121. Figure 3 sumiarizes the delineation of the 
climitic zones based oin lhumidity, relevant to the area of study. 

tigre 3. Cltimrat ic regions tropics and subtropics based onl l~aI'tern d Trolt 11 71Iftheti 

D)ata sets from selec ted areas of thIe Global Stutdy (Tropics, Middle East, 
andl Northi Africa) were gr'otI ped according to thIe various agroclimatic zonies 
represented by this sample populatiotn. 

Table I !:,! thle eIanl an1d median values for extractable Zn arid 13for all 
sites atd fortlile seven climatic zothes of te tropics alnd Mediterranean regions. 
The uItiiber of sites sa pled in each zone varies greatly (1) 708), and the 
lowest cateoriwes cool riuid tropics (n h 19) and cool semiarid tropics 
(i = 0 1), are assumed not to be roperlp epresented. 

The le I me eI'h an for7nextractable(Zn foraall sites 206) is 1.6 g/, 
but 50'; of the sites contained less than 0.72 mg/I (Zni), or ar ean/inedian 
ratio (Z/!n) of 2.35. Fhis Ilrge difference is due to the large inmber of sites 
(- 20'; ) with higher (> 2 trgiI) Zn levels. In the case of 13less than 5% of' the 
sites contained in excess of 2 ng"l 13,and tile B/B ratio was only 1.43. Ixces
sive Zn and IBlevels appear mtore coimontut iii sone clirtiatic zones, leading 
to Znr/.n rlios varying from 3.36 to 1.58 anld 13/13 ratios between 1.1 and 
1.93. ('OrseIluentl, niediant values are considered more suitable for coni
paring climatic gioups for suscepltability to microtnufrient deficiency. 

Median values for extractable Zni vary from 0.43 ing/I for tile Mediter
ranean zone to I .85 for ftie cool, subhtumid tropics. Figure 4 shows the 
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(listrihiutioo of sites (as a percentage of the various populations) that occur ill 
diffcren1 cxtractahle zinc (lasses hetween 0 and 2 mg/I Z1, for these climatic 
znes. lom this graph it seenis reasonable to suspect a disproportionately 

high iintiohe Of Zinc deficiency cases inNorth Africa and the Near Last and 
few cases illtile cool1[ stoh llidregion. 



1.58 

Results from this study are in agreement with those reported b1 Firasad
and Pagel I V) I who compared levels of Zn extractable it acid-ammonium 

acetate: those flou humid Zones were f'ond to he 4.5 times higher, on the 
average, than those f'rom arid (Mediterranean) zones. I lowever, ot her factors, 
such as soil type anrrd palrenl latelial, can overlide climatic considerlations. 
Oil the basis of lesults Table I,olle would not suspect major Zn ploblelsill 

illan area such as the Irazilian ('erlado (warm. suhiuinid), althouglh this 
region isactually notoriously l %illin I151. 

Another example of' clinmatic influence on available iicronutrienits is 
f'ound illbhoon, The riajor shift illIniediant values alnlolig climatic zones 
seems to he between cool and warin climates, arid deficiency inlboron seems 
to he associated with tire walill (tropical) clinrates. The cool Mediterranean 
and cool tropical clinlrltes are generally well endowed with B.The humid 
climates are slightly lowel illavailahle B than are their drier counterparts. 
Ilowevel. illigalion plactices may conrfbund tire true climatic efTects of 
huniidity on B3 soil. Sillanpaa 122]content ill 'Mnd that soils froth tie tra
ditioirally irrigated MesopotarniriL plains were fourfold to fivefold higher ill 
extractable II 1Itan tire soils firml Northern Iraq where rainfed agriculture 
ispredomlinnll. Figre 5 shows the distrihution ol'sites by class of hot water
extractable boron for tileMediterranean zone and tIre sublnumidwari, 

tropics. Although irore thll of tire tire
air,; soils ill warm,subliumid tropics
 
contain less than 0.75 mg] . this value is only, 40'' for tIre Mediterranean
 
region.
 

The ahility of soils from the Meditterranean region to provide 13to plants 
was recognied by irasad aind P'agel 1201 and was reflected in an average 
hot water-extractahle that as comparedB conrtenti of 0.83 ppn t'or region 

with 0.52 ppir for tire tropics. There have heen
warm numerous reports from
 
the tropics of boron deficiency iintire sub-Sahara Africa
field, particularly ill 
arnd South America (see (rapters 4 and 5), whereas reports of boron de
ficiency from Nortlr Africa and tire Near Fast are rare. Ili facl, soils of tire 
drier region can accurntlate boron illtire topsoil as they accutniulate salts [211. 

Soils and Inieronutrients 

Soils are forrned as a result olfcertain processes that react oniparent materials. 
Several of tIln e soil-f'orming processes are related to ecological factors, such 
as clinrate, topography, aind vegetatiort. The abndlnce of' micronutrients in 
various rocks may vary iii their orders of Iagnitide, depentdiirg Otl their 
origin. Krauskoptf I01 sLintrarized soMrie puRblished data, which are pre
sented iil Table 2.The range iii nicroltrlient abulldance itsoils is somtewhat 
similar to that ill
rocks, although soil-'Ormting processes generally cause soils 
to be enriched or depleted With respect to tire parent rock. Soil classification 
systems have taken these ecological factors into consideration to difterent 
extents. lie U.SS.R. classification system is largely hased ontinformation 
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C()IICeIline soil Cenetics and incorporales such intformation at relatively high
levels If, [ie classificalitl system. The I SI)A classification is largely morpho
metric and itlc llpimates ecological information at the subgroup and family
level. lie legend of the Soil Map of the \Vold 151 lakes an intermediate 
Uppii ich. 

In}all effiirl to lelate the Imicronltrimet status to all ecological parameter,
 
Sillillpaa [221Iused the I'NIS(' /FA() soil classification to group the sites
 
across the eitime sample populatio-. Only 2205 of the 3538 sites sampled
 
%ele ptipelly classified hy the collaborator.. The data sets, averaged for soil
 
rups. ,te phted ill Figure 6. The plots show a great deal of clustering 

in the intermediate /moe (Ill), partinularly for ('u, B.and Fe. )ata set averages

Irm soil gromups never fll ill the very low (I) and low (ll) zottes, a flact which
 
leflecls pim)l seregalio alotng soil groulps.
 

The best eglegaliotlls ale ohtained with No, Mn, and Zn. For Mo and Mn,
 
segmegatiin is largely tie result of" including pll in the soil test, which forces
 
the seplaratiomi of' itlteretly acid and alkaline soil groups, e.g., I lalosols versus
 

http:Mediterrane.an


Table 2. Abundances of rnicronutrient elementsa 

Igneous rocks Sedimentary rocks 

Crust Granite Basalt Limestone Sandstone ShaleElement (ppm) tppm) Soils(ppm) (ppm ) (ppmI) Ippm t ppmnt 
Fe 56000 27000 86000 3800 9800 47000 10000 -100 000Mn 950 400 1500 1100 10-100 850 20-3000Cu 55 10 
 100 4 
 30 45
Zn 70 10 -80
40 100 20 16 
 95 10-300
Mo 1.5 2 1 0.4 0.2 2.6 0.2 -10B 
 10 15 
 5 20 35 
 100 7 -80
 
aSources of data: For crust and igneous rocks, Taylor 1251. For sedimentary rocks, Turekian and Wedepohl 1281. For soils. compilation from many
sources 
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("I,,6Cl seroi Ievei ,d -frieol Cioternts beipot-grown wheatmc soil group-avra 1111erly 

FI alS; dS. This CiITCC is dernIonst rated in Table 3 where uncorrected meanl 
arid Illediaui Mo levels ill soils show little difference between those soil groups. 
Corrected soil Mo levels show a nearly 1040old difference between I lalosols 
and lerralsols. due entirely to the correction factor k (pIl). As a result, 
I l.losols and Ferralsols appear at opposite extremes of the Mo plot in Figure 
().This distributiori is similar to that of the original segregation found in 
plant values. Inclusion of pA in the Mo soil test (extraction by aminonium 

http:C0-C-S$.d4
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'Table 3. F'Tecl of'pllon Mt soil test valiue I te/I) 

IlalIls Icrralsols 

Mea Mediai Mean Median 

Uncorrected .Mo (.1 5 0.13 0.13 0.09 
('orrccLItt MO 0.36 0.28 0.04 0.02 

k (pil) 2.33 229 0.31 0.23 

Nite: Corrected Mo) k plh)x uncot'rrcctCd Mo. 

oxallte-oxalic acid) is atnecessity hecause pI is a doininating regulator of Nit 
availahility to plants: the chemical extraction method, however, tails to 
properly reflect this elTect of pI I. 

The dati plesented illligure 0 show tha1t soils o1 the arid an1d semiarid 
region ( l-alosols, Yerlntosols, Xerosols) ire tileleast susceptihle to 13 nllMO 
delicietcies: they are most suscelptible to Zn and Mn leficietis. Together 
with Vertisols, Kastanozets, lithosols, and I listosols these soil groups con
tal less thtan I 1n.. l))IT A-extractahle Zn oil the average. low B3(< 0.5 mg/I) 
soil groups ale Acrisols, Relldzinas, (leysols, AndIosols, and Alenosols. llow
ever, these dtt: should he illterpreled with caution hecause the sample popn
lation of several soil groups is extrClely stMall (e.g., AIidosols, I listosols, an11d 
Planlosols ). 

AS wiS tihe CaSe with COlntry' averages, the use of'soil group averages does 
not provide inl'Ortnati" iregarding tileprolhahilit) of nicrottutrient deficiencies 
itt a particular soil gr ,ap. This infrmilation is ohtaiued more readily from the 
frequenlcy distribution of soil test values within I soil group. To fttrther 
demuotnstrale soil groupl differences in extrNctalle 13,'requenLcy distributions 
for this element for two contrasting soil groups (Ferralsols an1d Fluvisols) are 
depicted in Figure 7 using sites located in tie tropics, North Africa, a1d the 
Middle Fast (it 220-- ). The median value for all sites was 0.49)mg/l 13,and 
tiletuean value was 0.70. As manlly as 50,; of tie Ierralsols conl'ain less than 
0.34 mg/I hot wate- 'xtractable 1..n1d approxintately 90,' less than 0.5 mg/I. 
hicontrast, the median B level for Iluvisols is 0.84 mg/I, and only 30% con
tam less tIan 0.5 mng/l Similarly, in the case of Zn, tileI. median of the total 
sample (n 2096) these tropical and subtropical countries is 0.72,t- f'rom 
with a mean of I.09 tug/l Zn, which reflects the inclusion of some high Zn 
polluted)sites. The mledian level of' extractable Zn for Ferralsols was 0.79)mg/l 
near average), whereas for Ilalosols the average was 0.20 mug/l Zn. 

lnformation regarding Zn antd B derived from the soil group analysis of' 
the Global Study is generally consistent with reported field observations 
(Ctapters 3 5). For instance, tle light-textured soils of sub-Salhara Africa 
(derived I'rom VoltaIic sandtstone) aMtl the Andosols of ('olombia are re
portedly low illI. Zn problems have frequently been reported in soils with 
p1lvalues of 7.5 or higher. Thus, in the case of sotne well-defined soil groups, 
general conclusiots can be drawn regarding their micronut rient status. A 
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IitrL 7. 1he percentage of tIerralsols and Ihvisols from the tropics, North Africa and 
Middlc I at testing in various classes of hot water-extraciable It. 

systematic research effort, testing various classification systems to verify their 
usefulness in delineating micronutrient problem areas, seems warranted. 

Conclusionis and recommendations 

Micronut rients in agriculture have only gradually gained the recognition they 
deserve. Over 120 years ago iron was identified by Sachs as essential for plant 
growth. Subsequently, Nn [31, Zn and B [16], Cu [23], and Mo [1] were 
added to this list. The difficulty of firmly establishing the essentiality of 
these nutrients is reflected in their group name micronutrients - which 
indicates that tlie requirements of these nutrients for healthy growth are 
extremely low. 

Over 400 references were reviewed for the preceding chapters on de
ficiencies of' micronutrients in the tropics. The most prominent areas with 
dthcmented microtutrient deficiencies are shown in Table 4. lowever, some 
large areas in tlie tropics have hardly been studied: the Amazon basin and 
lie IJanos in Litin America, the Congo basin in Africa, and the Indo-Chinese 

Peninsula in Asia. In general, these areas have only limited agricultural imi
portance, but they may have great productive potential. 

2 



Table 4. Major areas with micronutrient deficiencies in the tropics 

Deficient 
Continent Country Micronutrient 

Latin America Colombia Boron 
Brazil Zinc 

Africa Nigeria/Zambia Boron 
Chad/Nigeria Zinc 
Kenya/Zimbabwe Copper 

Asia India Zinc (iron) 
Malaysia/Indonesia Copper 
Philippines Zinc 

Physiography 

Andes mountain 
Brazilian shield 

African plateau 
Chad basin 
Rift valley 

Indian shield 
Coastal plains 
Complex-volcanic 

Geology 

Volcanic deposits 
Granite and gneiss 

Voltaic sandstone 
Sedimentary deposits 
Volcanic deposits 

Granite and gneiss 
Peat 
Wetlands 

Major crop 

Beans/cereals 
Cereals 

Cotton 
Cereals 
Wheat 

Rice 
Rice/palm 
Rice 
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The study of micronutrient deficiency prohlens has rarely been ap
proacliced in a systematic fashion, particularly in the tropics. Tile information 
brought together in ( Itapters 3 5, although fairly comprehensive, rarely
permits tile reader to draw conclusions that can be transferred to regions of 
similar au oecolgy. In itmany studies relevant inforntation regarding parent 
malterial, soil, and climate is not provided ofr is incomplete. Moreover, cross
referencing of iforllltion is hampered hy lack of uniformity in method
ob1ey'. inicldillg iedJtlentl of such factors as crop type, genetic material, andt 
experiiieIiltll desiti. Is w%'ell Issoil test lrIcedures atid analytical methods. 

()e of, lie mtajor Ilhlenls in assessing the micronttrient situation in 
rop1liCal aInd subtropical crop production is tie diversity in soil testing pro

cedoIes. As m:n11y IS 15 diflereut extraction techniques are presently iin use 
(see (liptei 7). Wilhinl a CoIllillllt.,lnd even within a cotttry, researchers 
olften select soil test otethtLIs oil t le hlsis of analytical tools and/or personal 
preel-ence, somtietimies based on recotmmtneindatioits by specialists from abroad. 

ack of prioper calihration of these soil tests within the reion makes for 
diffliCulty ill itterpretine the data. Moreover, cross-refereitcing of information 
based on dilfferen it soil tests is impossihle. Worldwide coordination appears 
to he needed ill eStabllishing imIlified filethiodlogiCs for soil testing. 

The (lohal Study represents the first effort ill assessing problems with 
Iiicrolulriellis on such aIlarge scale [22]. Thirty countries collaborated ill 
fle elOrt wilh samples submitted frot over 3500 sites. Since site selection 
\w:is left to tile collh)orating scientists, however, there were great differences 
ill the sampling approach. Some Countries submitted samples from a wide 

ille t)f agroechological ,:ones. whereats others restricted their saimiples to the 
reciol most accessible to them. 

SaIiIes collected in the Global Study were all analyzed in tile laboratory 
of" the Institute of, Soil Science, Finland, to assure unif'ormity in soil testing 
lrocCliIres. Sinmilirly, samples of' wheat grown on these soils in the green
house ilI Finlald were analyzed in this laboratory. Thus, results from different 
counlries could he compared with confidence. A limited number of soil 
extractats were tested in this sltidy. l)TPA (for Zn, Mn), AAA('-FDTA (for 
Fe, ('i), hot water (ffbr I1), lnd AO-OA (for No) were eventually selected as 
providing the best co)rrelations with platt-availahle micronutrients. I lowever,
cirrection factors involving soil pII were required to obtain satisfactory 
correlations ftr, Moalnd Mn, while correlations for ('u and 1 were significantly
improved hy including a flactor for organic (' and (F, respectively. The 
poor perl'rintce of' the soil test alone in tile case of Mo and Mn indicates 
tie iteed for tie development and testing of better soil test methods for these 
eleiments. The samtples collected in the Global Study (or a subsample thereof) 
lrI0vide a unique o1)()Orttuliity for attaining this end. 

ouh.,ry-averaged soiil test values provided limited insight into the geo
graphical distribution of micronutrient problems in tile tropics and sub
tropics. Some countries appeared exceptionally low in 13,and low Zn status 
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seeled CoMn1ll illsubtropical countries. For a national program to set 
priort ies for research, the individual country reports that make up of the 
Global Study are more helpful. If combined with the indigenous knowledge 
of 	the environment frot which the samples were taken, the country reports 
may identify regions within the country where additional research seems 
warranted. 

The tuse of climatic criteria to differentiate anong sites was only slightly 
more successful than the use of' soil tests. The Mediterranean region with 
low (winter) rairfall was properly identified as low Zn: low 13seemed typical 
for 	wari .liliates aggravated by high himnlidity. Although useful as an in
dicator Of broLad areas where deficiency iroblens are likely, climate does not 
take into consideration any of the other soil-forining and ecological factors 
that delerimine the availability of' microiutrients to plants. 

To assess the likelihood of identifyintg agroecological regions deficient in 
Inicronutrients, the Glohal Study requested that soils be classified according 
to the FAO,11NI[S(O legend at the soil group level. Unfortunately, only 
two-third, of the soils were so classiled. Soil group averages were calculated 
fronl widely different sample populations, ranging from 7 to 470. Soil group 
averages for soil test values provided an inconclusive picture, except for soils 
with widely differcnt characteristics, e.g., Ilalosols versus Ferralsols. More 
inforumation was oflained by coinparing soil group frequency distributions 
for soil tests, which show distinctly different patterns for some selected soil 
groups. Apparently, a limited ulner of sites with excessively hitgh levels 
Of extractable inicronutrients may cause strong bias in the mean value for 
that soil group. (onseq uCiltly, it appearns that iediall values nay provide a 
better basis fo r soil group tomparisot. 

The lack of segregationiamong most soil groups in the Global Study may 
be due to inacciurate classification and poor representation in several soil 
groups. Tie potential valie of' identifying soil types susceptible to inicro
nutrient deficiency was demonstrated insome cases, such as with Ferralsols, 
susceptible to 11 deficieicy, and Ilalosols, susceptible to Ztl deficiency. 
Further researcl inthis area, using various classification systems at various 
levels, may eventually provide the necessary guidance for compiling soil maps. 
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7. Micronutrient soil testing for the tropics 

WI. LINDSAY and FR ('OX 

'Joint contribution fromt the Colorado Agricultural Ixperintent Station at 
I ort Collins and tie North (Carolina Agricultural Research Service at Raleigh. 
Scientific 'aper No. 2901 

Introduction 

The purpose of soil testing is to determine which nutrients are deficient in a 
given field and, if possible, to estimate how much fertilizer is needed. Soil 
testing for micronutrients is particularly difficult because plant requirements 
f'or these elements are relatively low and even slight contamination of a 
sample or motdification of a procedure may seriously affect soil test iesults. 

The 'ollowing micronutrient soil tests are considered in this chapter: iron, 
manganese, zinc, copper, borott, and molybdenum. Although chlorine is an 
essential Iicrotutrient, its deficiency is so rare that soil testing is not ttecess
ary. Fimphasis it this chapter will be placed on microttUtrient testing for soils 
in the tropics itt so f'ar as this is possible. A survey is included of the soil test 
metdnids and the critical nutrient levels currently being used for several major 
crops inl tie tropics. 

Iltere are no unique probllems associated with the use of soil tests for 
nripical soils. Many of the soil tests in use today, however, were developed 

tot soils o0, tile temperate region. In many cases such tests have not been 
fully evaluated f0or soils of the tropics. Because the age of parent material, 
teperat tire, and rainifall may vary more in tropical than in temperate regions, 
nutrient reserves also may be more variable. If micronutrient reserves are 
more hiihly depleted, a higher percentage of' them may be tied up in biomass. 

It is difficult to devise a soil test that will assess during a few minutes of 
extractiot itn the laboratory the amount of nutrient that becomes available 
over an entire growing season in the field. Ideally, a soil test should extract 
nutrients from the same labile pool that the plants do. Although it is not 
necessary fir a soil test to extract exactly the same (quantity of nutrient as 
the plant does, the atotmnt extracted must be meaningfiully related to the 
anioutt taken up by plants. A usefutl soil test should identify as tnearly as 
possible the critical level of" atn extractable nutrient below which plants 
will be deficient and above which to deficiency occurs Soil tests should 
also provide sotne guide as to how r"ch fertilizer is needed to correct a given 
deficiency. Ill addition, soil tests should ielp to detect toxic or potentially 
toxic levels of micronttrients that might occur. 

169 
FertilizerRe 'arch, V"olumne 7, 1985. 
I7ek LILG (ed). Aicronutrient- in TropicalFoods. ISBN 9024730856. 

1985 Alartinus ,Vijhol]/IDr W Jtnk hIhlishers.Iinted in the Netherlands. 
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A soil test should be inexpensive , reproducible in different laboratories, 
and easily adaptable to routine laboratory procedures. If all extractant call 
be used for more than onte nutrient, it has adecided advaitage. 

Chemical basis for soil testing 

hInt'sit.l amd cap)a'it.1'fi tors 

Most soil tests consist of' shaking a sample of'soil with an extracting solution 
for a specified period o!'tine. The suspension is then filtered and the quantity 
of nutrient that conies into solution is measured. Both tile intensity and 
capacity factors affect nutrient availability to plants. and these saie factors 
must be reflected in a successful soil test. The concentralion of nutrient 
maintained itl the soil solution represents the intensity factor, while tile 
qualntily of IlUtrielnt that can readily comc into soltion to replace that re
moved is a measure of tile capacity faCltor. All cxtractant that dissolves either 
too much or too little nutrient is not an1ideal extracltant. 

The concentralions of 1ticronuotrients ill the soil solution are very low 
and often below analytical delectio n linits. Ixclhangeable cations and allions 
itt soils cotistitule a realy reserve (capacity factor) of available plant nutrients. 
Many soil tests contain salts thll displakce excllallgeablC iollS and brinlg 
thel into soltlioll dlurillg the extraction piocess. In the case of' micro
nutriclts, however. their levels il the soil solutioni are generally very low, 
alld the amloun1ltS held on Cxchange sites are also very low. For this reason, 
most micronutrient extractants contain either acid, base, complexing agents, 
or chelating agents that also dissolve somne f' tlile labile solids. Such extrac
tants provide a more useful measure of the capacity of a soil to supplly micro
nutrients than do solutions with it exchange properties only. 

Most soil test extractlants reinmin in contact with the soil for only a few 
linues, whereas plants' roots in the field are in contact with the soil for an 

entire growinig scasoti. lboratory attempts to simulate actual conditions 
that may change durinig the growing seasotn :re extremely difficult to dupli
cate ill tile labo atorv. Ultinately soil test extractants must be shown to be 
effective itt ideltifyiig inicrolltutrient responises itt the field. 

Icid or hs' evI./1'cwti(is 

Soil test extractatts often mttake use of acids or bases to partially dissolve 
the mire labile solids. I)iltite acids have been widely used on acid soils, while 
bases such as carbonates and hicarboitates are often used for alkaline soils. 

Conicentrated acids or bases generally are too severe and remove nutrients 
front soils that normally are not available to growing plants. I-or these reasons, 
dilute acids are getteraly tmoresuccessful as soil test extractants. Dilute 
aciis gleterally are more successful oit kaolinitic soils than on young soils 
where abutdant bases are still present. It is anticipated that, in order to 
provide a measure of the soil's capacity to supply nutrients, kaolinitic soils 
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uiay require slightly stronger aciI.s th an would be required on soils with a 
good supply of primary minerals. 

"lh'llial ' an/ld ' IPlph)hA'jilli' ' 

(hclatl 'lld colliplexin. agents have been widely used as extractants for 
IssessIngo the availlbilitv of Inlicronutrient cations. IFxtraclting solutions have 
bicen catelull\ selected to simulite rather closely the chemical environlent of 
absoibimL plml it ,s in neutal and calcareous soils [I 71. The use of' such 
exl:tctall' should be successful on similar soils in the tropics. In kaolinitic 
soils ,1 howel p1l. hosmevei, the advaltltlge of such extraclants nilav be nulli
tied. I'ehaps d I ,le se.eie eC\ractail hufleled at a lowel pll. designed to 
siliulate the chteic: etivirulmlient ot, plants glowing in more acid soils, 
%olld be Mole Su.CCSSI'l. MOsI of, tie ext ractants used oil ah"id soils have been 
dilute alcids anlodthe inclusiot of complexes has tot been particularly betie
icial. lieje i Need 01il tlhel teseaich oin soil test methods that better 
sillillate tie clictical and nultritiolal elvilronnents of'acid soils. 

The a1bililv ot' clieltes to extract ltnicrollutrietlls from subtmerged soils is 
ltell ttodifiCd h' iedox relaliotlShips. Titme ot' satupling may be of lutllosl 

iilpor1tice since ,edox la],tiomsliips chatge considerably during subtnergence 
conipa ted t tile mote oxidi/ed conditiolis ot' drained paddy fields. Thus, 
critical levels of, celtlti tiultients may change with titue of* sampling. It is 
unlikely that a soil testIdesigled f'o Oxidized conditions will also be equally 
elt feclie \ helt the soils ale reduced. 

,'mlldlallo'us, .11v'. t'it t 

I mkien and [rvio 1141 colmpared eighl ditferetnt extractants for the deter
tuinuti ti of platit-available ItlicronUtrietlts. TI'hte' concluded that the acid 
ailulttotillti acetlte-I l)TA (etlyletedialitine tetraacetic acid) procedure could 
be used f"or tliacrolltrietits (potlssitim, calcium, magnesium, phtsphorus); 
Iliclolultlliellts firon. ttlgallese, zinc, co))per, alld mn(lybdenutl). alld for 
col :l. They poited out that coumpotmnises were necessary silnce single Illicro
itiltlrielt exlactalilts IHaV be beltel f'or givelt tllicronltttrielti. 

IJlldslV alld Norvell I I 171 developed tile I)TA (diethylenetriattine
pellaaceic atcid)Ittmicrltutrienl soil test l'or sitlt.tltaleOs extraction of zinc, 
irolt, Mltaallese.copper. thil t development they emphasized tlheand Inl 
silillaIion of, the chemical eliviolllllellts expecLd ill neutral and calcareous 
Soils. The extrlactiolt procedure ltmay not be as ef'ective in highly weathered 
acid soil,. 

Solialpout atnd 13' coutbined soil test hi-Schwab 1 the I)TIA With the 
caroltiale soil test f'or phosplhorus into what they term lhe allollllnill 
bicalhtiate I)TlA (.\II-I)I\I soil test. TIhey Ilater recommeCnded deletion of 
carbitl black 131 attd adapted their mt1hod of rapid analysis using indteC
tively coupled plasttia 1(1) speclrophototitetry [40]. Ilavlin and Soltanpour 

I I I examited 40 soils and showed the AI-I)TPA soil test to be about as 
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effective if] separating zinc. arlid iron-deficient soils as the I)TPA method. 
They have ,lso examined grinding variables as tie'y affect tie extraction of 
micronutrients [371. InI addition to the four nlicronutrient cations, the 
AB-I)TPA method is also used routinely for assessing available pIhosp horus 
and potassium. Again, tile he anAII-l)''',A soil test nmay not ideal soil test fr
 
acid soils in the Iiopics because it was developed to simulate the chemical
 
enviroumllents ot alkaliue soils.
 

A ,icarbuolale plus l)TA method has been in use fr some time in a num
ber of latin Ainmeiican countries. The extraction of' phosphiorums with bi
carbonate is used over : broalder ralnge of' soil collditions illthe tropics thall 
illthe teniperale regioll. l)ilute acids, especially the double acid or Mehlich I 
extractaint, have heen used extensively fbr inultinutrient analysis. As with 
nmany oilher extractanUts, tie soil plM shold he considered ill tile interre
tation for several of tile iicromlutrieits. 

Importance of physical factors 

Soil test results are no Illole reliable than the soil samples on which tile test 
is made. [or this reason, a soil sample nust be representative of the field for 
which the soil test results are to he used. Needless to say, it isimperative that 
sotumd soil sailiplimg plocedlres be adopted and fl,0lowed consistently. 

S:Inlples collected f'rom11 tilefiel must le prperly' handled Or chanlges nmy 
occur that would seriously affect the lyv,! t' extractable nutrients. ll'care is 
not taken. citical levels have no iealliung. ()W particular iml in theportance 

tropics are the wider ranges illtelmperature, moisire, llidage of' parent
 
material. These factrs af'fect licrobiological activity, bi'. how they atfect
 
microminrient extictability is not well understood. 

I.imdsav and Norvell II 71 showed that iucreasing time soil temperature 
from 15 ( to 35 ( durilL, extraction of' soils by I)TPA greatly increased 
extractable Aric, iron. mauganlese. 'a(l copper. l)lstic clhaiiges in soil tern
perature luist be a'oided duriilg ext ractioil if' critical soil test levels are to be 
coillparahle. 

Sollanpour et at. [31 aid 1371 showed that the f'orce of grinding, type of' 
extracting vessel. type of' shaker, speed of' shaking, time of shaking, soil-to
soltutioin ration, and other f'actois affect inicrontitrient extraction. Their 
results clearly deimunstrate the illplortanCe of' staimllardizilg methods of 
prepaiatioru and exractiolu of' soils used for the i)TPA ilicronlutrient soil 
test. l)etailed standarldized methlds should be developed f'or all Fotitihie 

procemtiles. 
('ollibs aiil l)owdy 151 studied time el'T'ects of' soil-to-sotition ratio and 

time of' extractioli on I)TIIA-extractable copper aid zinc f'ron dredged 
nmaterials. They concluded that the best estimates of' plani-available copper 
and ziic ocurred whii lie sediments were equilibrated f'or 24 hours i I : 10 
soil : soti ll suspensions. 
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ILegget I and Argyle [151 studied t lie effects of drying temperature on tie 
uicrlnultrients released. (;eneratly l)TlIA-extractable zinc, iron, manganese, 

:111d ctt)e 1ll inIcisCL Is tile tellpeflttire was increased from 22 C to 
10) U lriilwI di.'ing, 1h1t tlie variious elements were affected slightly differ
entl\. lhie.e fiidiigs agaill conllIll tile If-acl that sample preparation must be 
SNIandidi/ed i'ctiticA level 'lie to be usef"l. 

Slhtnti I 130j studied the effects oft lenpelatireand imoistilure conditions 
, )ll]PA-extaclable ilicrontlritet concenrations. Ilie found that varying 
the leiipelatlife :1id iiiistille conditions caused significall changes ill the 
cxitlctabilit\ otI tllmltcnese, ion)fl, coppel, and zinc. I s studies siressed tile 
iipllt iice : :oi iecliv hialltlling saiples intended for Itlicrolutrient aialysis. 
Ill palliclili, his fitidities sliosed Ihat soil moisture content, especially water
loggiig iol to ail dlill. nina influence exriciable levels of soil micro
iiuelieuts. ]lhese filldings signal a warning ini using the same microllUtrielt 

soil I test 101 pladt soils as foi \wCell-thraijied soils unless the tests have heen 
Clitically Cxamnlliled I'm both types ofl soils. 

fillet t l. -12 ilcuiaed soils i1Lider dilferentll COnditiOliS to simulate 
floodili amid thel extracted thell with !)ITIA. GoLod correlations between 
the ammilnm of /inc exiacted front the Simulated flooded soils and zinc up
take by lice iollli flooded soils ill p is suggest ihiat [his approach to soil 
testiii lluiV be iio e useful f paddy soils than are existiig tests oil air-dried 
soils. 

Sevem li'i et I]. ,1 exainiied the effect of different degrees of dis
aggregation. g'iitidilig. and sievihg dutriig saimple preparalion ott the I)TPA
exilaclable illicliolutrieti as well Is oiier tiace elelmeiitS. They foIuid that 
both iiieaid sievin ilcreased the conceitratioi of iroi, miangaltese, and 
Zic mlltilh extliacl by a factor of 2 to 4. hut hlad little effect otl copper. 
Sieving 'aloile, howevei, increased coppei coicentrationi by 2 to 3 times that 
ill the di.-7ccaicl soil. The itmportanice of sample preparation is again 
eniI)pUtsiZCd. 

Snurvey of micronlutrienl soil tests being used in the tropics 

Anl iipotilaut aspect of understaiding somil testilig in the tropics is to recog
nize which soil tests are beithg used. To ohtain this infornation, i question
iaic was ple)ared aind sent to several of the niajor tiicronutrient soil testing 
laborlrtories of tile tlopics. The results of this survey are summarized for each 
Iicicin tutrietil ill fables 1 0. 

Soil test extracltats for iron used by tropical laboratories surveyed in this 
study ire suimmttarized i, '[able 1. hxtractants for available iron include 
various cuinceiltratiois and combinations of l)TIPA, N114OAc, I1('1, Nal1C03, 



Table 1. Soil tests for iron being used by various tropical laboratories 

Crop Soil property
Continent Country Source Extractant Soil/extr. Shaking time Critical level recommendation limitation 
Africa Malawi Chickonda DITPA 1'2 (w/v) 2 hours 2.6 ppm - O.M.Africa Botswana Stewart-Jones NIlf, C, I130 . 3.! 2/5 w/v) 30 minutes - - Wide range 

+ C:liO:. pH 4.7; 
or NHEDTA, 0.08A', 

Africa 
Africa 
Africa 
Americas 

Botswana 
Kenya 
Netherlands 
Bolivria 

Stewart-Jones 
Qureshi 
van der Pol 
Angulo 

p1l 4.0 
DTPA 
ItCI. 0.1N 
DTPA 
NattCO, 0.5.4. 

1/2 (w/v) 
1/5 (w/v) 
1/2 (w/v) 
1/10(w/v) 

2 hours 
60 minutes 
2 hours 
10 minutes 

-
10 ppm 
4.5 ppm 
10 ppm 

-
Foliar spray 
-
-

Calcareous soils 
-

" EDTA, 0.01 M, 
+ Superfloc 127, 

Americas Mexico Moncada 
p1l 8.5 
NH4C, H,0, p1i 4.8 1/4 (w/v) 30 minutes 0.4 ppm Rice; 2.5 ton Very high pH(8.8) 

Americas Mexico Cajuste DTPA 1/2 (w/v) 2 hours Toxic at 
CaSO,/ha 
Maize p1< 6. 

> 20 ppm OM < 0.8% 

Americas 
Americas 
Americas 

Peru 
Peru 
Costa Rica 

Villagarcia 
Neyra 
Ramirez 

NiI"C:I 3 0, 1 N 
N , C, H,0, INA 
NaItCO3, 0.5N 

1/10 
1/10 
1/10 

30 minutes 
30 min,Ies 
15 minutes 

double acid 
-

-
10 ppm 

-

-
+ EDTA. 0.01 Al. 

Americas Dominican 
Republic 

Perez 
+ Superfloc, 25 ppm
NaHCO,. 0.5 V 
+ EDTA, 0.01 M., 

1/10 (v/v) 10 minutes 16 ig/ml All crops -

Americas Chile Subercaseaux 
+ Superfloc, 50 ppm
NHt,C1130,. 1 V, 1/4 (w/v) 30 minutes - -

Americas Jamaica Thompson 
pH 4.8 
HCI, 0.1 N 1/10 Shake once each 0.3- Corn, vegetables, High pH, soil 

15 minutes for 
1 hour 

0.5 ppm root crops; 22-
600 lb/acre 

depth, moisture 
content 



Americas (;uvana (ranecr Nai l(', 0.25. . 
1 1)l1.\.).01 .11. 

I 10 v.'v)10 minutes 

Americas Nicaragua Quintana 
- NII 

Na 1( 
(Oil X 

,. .5 N. I; 10 v/vt 10 minutes 

Americas Colombia Lora 

II)IA. ).01 .11 
- Superloc. 50)ppm 
Nal(IO,. 0.5 N. 1/10 1v/v) 10 minutes lOg1 'l General 
- I 1)1 A. 0.ill !. 

Americas United 
States 

Ilunter Nal l('O,. 0.25 N. 
-- I)TA. 0.01 .I, 

1/10 tv/v) 10 minutes 30ugml By crop Texture. OM. CEC, 
ratios 

NI,1'. ).01 N . 
- Superfloc 127. 

Asia Pakistan Soomro 
50 ppm 
I)TI'A 1/2 (w/vl 2 hours - - Iigh pll, 

Asia Thailand Kurmarohita I)TPA 1/2 (w/v) 2 hours 10 ppm Foliar. 0.5'7 
calcareous 
-

IeSO4 7 

Asia Malaysia Low Na citrate/NaltCO 3/ 1/40/5/1 15 minutes -
H .0 

Na dithizonate at 

Asia Thailand Lian 
75 'C 
IIC. 0.1 N 1/10 (w/v) 5 minutes Peanuts, 100 kg -

:eSO, or 
10 ton compost/ 

Asia 
Australia 

Ihwaii 
Australia 

Bosshart 
Price 

NIt,C. t,0. 
DTPA 

I N. 1/20 (w/w) 1.5 hours 
1/10 tw/v) 30 minutes 

-
-

ha 

Pastures Deficiency rare on 

low pll soils 
Australia Australia Price DTPA 1/10 (w/vt 30 minutes 2 ppm Wheat: 0.5'; -

leSO, spray 
at 3-5 

Australia Australia Price DTPA 1/10 (w/v) 30 minutes Toxic at 
weeks 
- pH1 < 5.0-5.5 

> 50 ppm 
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EI)TA. Superfioc 127,1 NI14F, Na-Citrate, and Na-i)ithionate. 110 ratio of' 
soil to extractant varied from 1:2 to 1:40, and the time of'extraction varied 
from 10 minutes to 2 hlours. The critical levels of iron suggested for several 
crops varied from 0.3 to 10.0 ppm. 

In most cases iron deficiency is restricted mainly to soils of high p1l. There 
is no way to tell from the compiled dalta the reliability of various procedures 
for detecting iron-dteficient soils. Independent Studies are necessary to evalu
ate the effectiveness of the various methods a1n11dthe reliability of the critical 
levels being used. 

J1h(mgat-se 

The soil test extractions for manganese in this survey include various con
centrations ald combilations of I)TPA. N11 40Ac, EI)TA, I1('1, Nall('O3, 
II'S04. Superfloc 127, water, and N1141F (Table 2). The ratio of soil to 
extractant varied from I : 2 to 1 : 20, and shaking time varied from 5 minutes 
to 2 hours. The critical levels of manganese used to distinguish deficient 
from nondeficien soils varied widely from I to 28 ppm for the various cx
tractants and crops. 

Zinc 

Soil test extractants for zinc used by the tropical laboratories include various 
concentrations and conbinaltions of DTPA, I I)TA, 1I1I, NallCO 3 , Superfloc 
127, K(I. I111S0 4 , NII 4 OAc, NI14F, and dithizone (Table 3). The soil-to
extraclant ratios varied from 1:1 to I :20, while the shaking time varied from 
5 minutes to 3 hours. Critical levels ranged from 0.5 to 10.0ppm for ex
tractable zinc. 

Copper 

Soil test extractants for copper include various concentrations and combin
ations of DITA, II)TA, I11, Nal IC 1 , Superfloc 127, NI I4 OAc, and N 141F 
(Tahle 4 ). The ratios of soil to extractant varied from I :1 to 1 :20, and 
shaking time varied from 5 minutes to 2 hours. The critical levels for copper 
varied from 0.2 to 10.0 ppm. 

Bm-'o 

Soil test extractants for boron include various concentrations and combin
ations of ('a(ll10 4 )2-llO, hot water, boiling water, saturation extract, 
I12S04, I, I1ad i 1(1 (Table 5). Soil-to-solution ratios varied from 1 :1 to 
1:2, while the shaking time varied from 5 minutes to 16 hours. The critical 
levels varied from 0.2 to 2.0 ppm of extractable boron. 

' 'Stperfloc 127' isan o[ganic flocculating agent to assist ini filtration of high p1l extracts. 
It is a nonionic, very high-molecular-weight polycacrylamide. The terim is a trademark 
of American (yanamid Comipaiy. 



IIIIc 2. Sil tcst, IrIIjn'ancc cii,- usecd h% tropical Ia h ratorics 

(o~ntinent (,untrs Sourcc l- traictant S<)i! c\tr. Slktne' lIuc Critical level 
CCrop 
iCttincndatjun 

Soil rI)perty 
timitations 

Africa 
Africa 

\lalxI 
lBtssata 

(hIckond 
Stesart-h nc 

I I PtA 
( 0.. 3.M, 

1, 2 
I III)55 x-

2 hvtours 
16 hourps standing 

L( ppm pIL O.M. 

('211,,0. pff 4.7: 45 nmnutes 
or NIIt 
pll 4.1' 

DI A. (()5 V.08Nakin,' 

Africa It,,%atu St cart-.hon',. I) 1lPA 1 2 w s)2 hours -- Calcareous soils 
Africa 
Africa 
Americas 

Kensa 
Netherlands 
Bolivia 

(.)Uershi 
San der Pol 
Angulo 

I(1. .I A, 
I-TPA 

Na I lCO, (..5.'). 

1,'5 I s v, 
1;2 (wv 

1/10 (\% v) 

6(0 minutes 
2 hocrs 
1(1 minutes 

20 ppm 
1.0 ppm 
5 ppm 

Foliar spary 
-
- pll > 6.5 

- 1D1A. 0.01 .M1 
Americas 
Americas 

Me\ico 
Mexico 

Moncada 
Cajuste 

NItAc, phl 
DTI'A 

7.0 120 ,v 
I,'2 1w,'v 

I hour 
2 hours 

--
To\ic at 

-
Maize Sandy foamis 

Americas 
Americas 

Peru 
Peru 

Villagarcia 
Olazabel 

It. SO,, 0.1 v 
NalCO, 0.5 N, 
+ EDTA. 0.01 M 

1/5 
1/4.4 

60 minutes 
15 minutes 

> 5 ppm 

Low = 1 -
2 ppm 

0.3"; MnSO-
Foliar on 
vegetables. 

Alkaline p1l. high 
Ca. Zn. Cu. Fe 

cereals, tubers. 
etc.. not 
exceeding 1-

Americas Peru Nevra 11SO, 0.1 N 1/5 60 minutes -
2 kg/ha 
Citrus. 0.3'7 -

Americas Costa Rica Ramirez NalICO3. 0.5N 1/10 15 minutes 5 ppm 
MnSO, 
-

+ EDTA. 0.01 Al, 

Americas 
Americas 

Cuba 
Dominican 
Republic 

Muniz 
Perez 

+ Superfloc. 25 ppm 
ttSO 
NaltCO3 . 0.5." 
+ EDTA. 0.01 Al, 

1/10 
1/10 Iv/v) 

1 hour 
10 minutes 

28 ppm 
5pg/ml 

-
All crops CaCO3 . salts 

Americas Chile Subercaseaux 
+ Superfloc. 50 ppm 
Water 1/10 ow/vl 30 minutes -



Table 2 (continued) 

Continent Country Source Extractant Soil/extr. Shaking time Critical level 
Crop
recommendation 

Soil property 
limitations 

Americas Chile Subercaseaux NH, C2 H .IN. 1/10 (xv/v) 30 minutes -

Americas Jamaica Thompson 
pH 7.0 
1IC, 0.1 N 1/10 Shake once each 1-4 ppm Sugarcane. Soil depth, water 

15 minutes for 
1 hour 

coconut, banana. 
vegetables: 

holding capacity. 
high pH 

Americas Guyana Granger NaHCO,. 0.25 N. 1/10 (v/v) 10 minutes 5 ug/ml 
30-60 lb/acre 
-

+ EDTA. 0.01 M. 

Americas Nzur ",'. Quintana 
+ NIlF. 0.01N 
NatlCO,. 0.5 N. 
+ EDTA. 0.01M. 

1/10 (v/v) 10 minutes 5 jig/ml -

Americas Colombia Lora 
+ Superfloc, 50 ppm 
NaHCO,, 0.5 N, 1I/0 (w/v) 10 minutes 5 ug/ml General 
+ EDTA. 0.01 .1, 

Americas Colombia Lora 
pH 8.5 
HC. 0.05 N, I/5 5 minutes 5 ppm Beans 

Americas United 
States 

Hunter 
+ H2SO,, 0.025 N 
NaHCO, 0.25 N, 
+ EDTA. 0.01 M. 

1/10 (v/v) 10 minutes 5 Ag/ml By crop Texture, OM, CEC, 
ratios 

+ NH, F. 0.01N. 

Asia Pakistan Soomro 

+ Superfloc 127. 
50 ppm
DTPA 1/2 (w/v) 2 hours - - Toxicity with 

Asia Thailand Kurmarohita DTPA 1/2 (w/v) 2 hours 5 ppm 25-50 kg 
submergence 
-

Asia 
Asia 

Bangladesh 
Taiwan 

Bhuiyan 
Lian 

HC1, 0.05 N 
HC. 0.1 N 

1/2 (w/v) 
110 (w/v) 

5 minutes 
5 minutes 

I ppm 
-

MnSO,/ha 
-

Paddy rice; 
100 kg MnSO4 or 1-3 ton fur
nace slag/ha 



Asia Ilawaii Bosshart NlC.1 3 0.. I N, 1/20 (w/v) 1.- hours 116 p1l > 7 

Australia Australia Price 
p1I 4.8 
DTPA 1/10 (w/v) 30 minutes - Pastures Deficiency rare on 

Australia Australia Price DTPA 1/10(w/v) 30 minut.;s 2 ppm Wheat:0.51; 
low p1l 
-

soils 

MnSO, spray 

Australia Australia Price DTPA 1/10 (w/v) 30 minutes 5 ppm 
at 3-5 weeks 
Strawberries: -

100 g NMnSO,/ 

Australia Australia Price DTPA 1/10 tw/v) 30 minutes Toxic at 
100 liter water 
- Low p1i 

> 45
50 ppm 



Table 3. Soil tests for zinc being used by tropical laboratories 

Continent Country Source Extractant Soil/extr. Shaking time Critical level 

Crop 

recommendation 

Soil property 

limitations 
Africa Malawi Chickonda DTPA 10g/ 2 hours 0.5 ppm -- O.M. 
Africa Zimbabwe Tanner EDTA, 1, 20 cm'

1I tw/v1 1 hour 0.6 ppm Maize: 3-4 ke -

Zn/ha incorpor
ated into Lranular 
fertilizer: Applied 
for 2 seasons. 

Africa Nigeria Kang HCI, 0.1 N 10g/ 30 minutes -

then rested for 3 
seasons
Maize: I - 2 kg Sandy. low CEC 

Africa 
Africa 
Africa 

Botswana 
Botswana 
Kenya 

Stewart-Jones 
Stewart-Jones 
Qureshi 

1tCI, 0.1 A' 
DTPA 
IIC1.0.1 N 

50 cm' 
1/5 (w/v) 
1/2 (w/v) 
1/5 (w/v) 

60 minutes 
2 hours 
60 minutes 

-
-
5 ppm 

Zn/ha 

20g Zn SO,/ 
Qilcareous 
-

oils 

Africa 
Americas 

Netherlands 
Bolivia 

van der Pol 
Angulo 

DTPA 
NaIICO 3 . + EDTA 
0.01 11 + Superfloc 

1/2 (w/v) 
1/10 (w,/v) 

2 hours 
10 minutes 

1.0 ppm 
3 ppm 

20 L/tree
-
- pHt > 6.5. 

certain Ultisols 
Americas Mexico Moncada 127, pH 8.5KCI. 1 N. pH 7.0 1/4 (w/v) 1 hour 0.85 ppm Rice: 25 kg High Ca parent 

Americas Mexico Cajuste DTPA 1/2 (w/v) 2 hours 0.5 ppm 

ZnSO, 
Zn)I/ha
Maize 

(36'; material 

p1l > 6.1. 
Americas 

Americas 

Mexico 

Peru 

Cajuste 

Villagarcia 

H. 0.5 N + 11,SO, 
0.025 N 
NH.C,HO,. 

1/10 (w/v) 

1/10 

3 x 5 minutes 

60 minutes 

4.0 ppm 

-

Maize 

0.5'7 ZnSO 

O.M. < 0.8";pl > 6.1. 
O.M. < 0.8,; 
-

1 N 



Americas Peru Olazabal NalICO,. 0.5.A 
+ FI)TA,. 0.01 1 

1/4.4 15 minutes low= 5 1fI oliar on 
ve,,etables. 

Alkaline pil. high 
Mn. Cu. Fe 

cereals. tubers. 
etc.. not 
exceedine 0.3-

Americas Peru Ncyra Nil (-C,10. . 1.0NV 1/10 60 minutes -
0.7 k,; ha 
Citrus. 0.5; -

Americas Costa Rica Ramirez NaIICO,. 
4 I-l)T.. 

0.5N, 
0.01 M. 

1/10 15 minutes 3 
ZnSO,
3 kg Zn/ha -

Americas !)ominican Perez 
+ Superfloc. 25 ppm
NallCO,. 0.5.V. 1 10 v/v 10 minutes 3 Pg/mtl All crops CaCO, salts 
+ EDTA.0.01 M1. 

Americas 
Americas 

Chile 
Jamaica 

Subercaseaux 
Thompson 

+ Superfloc. 25 pptt
IIC1, 0.1 A, 
1,CI, 0.1 V 

1/10 
1/10 

\v/'.)S mintutes 
Shake once every 
15 minutes for 

-
1.0-
1.5 ppm 

Vegetables. 
forage crops. 

ligh pit 

I hour coconut: 
Americas Guyana Granger NalICO 3 . 0.25N. 1/10 (v/vl 10 minutes 2,ig/nl 

19- 100 lb/acre 
-

+ EDTA, 0.01 11, 

Americas Nicaragua Quintana 
+ NhF,0.01 A-
Na HCO,. 0.5 N 1/10 (v/v) 10 minutes 3 gg/ml -
+ EDTA. 0.01 A!. 
+ Superfloc, 

Americas Colombia Lora 
50 ppm
NallCO 3,0.5N 1/10 (v/v) 10 minutes 1.5 ug/ml Cotton 
+ EDTA, 0.01 M. 
p1l8.5 



Table 3 (continued) 

Continent Country Source Extractant Soil/extr. Shaking time Critical level 
Crop
recommendation 

Soil property
limitations 

Americas Colombia Lora NaHCO3, 0.5N. 1/10(v/v) 10 minutes 2.0 mg/ml General 

Americas Colombia Lora 

" EDTA. 0.01 Al, 
+ pH 8.5 
HC1. 0.05 N, H 2SO 4 , 1/5 5 minutes 0.5 ppm Pastures -

Americas Colombia Lora 
0.025 A' 

1CI. 0.05N, H2 SO, 1/5 5 minutes 0.8 ppm Beans 

Americas United 
States 

Hunter 
0.025 A' 
NaHCO 3, 0.25 A', 
+ EDTA, 0.02 Al. 

1/10 (v/v) 10 minutes 2 Mg/ml By crop Texture, O.M., CEC, 
ratios 

+ NHF. 0.01 N, 
+ Superfloc 127, 

Asia Pakistan Soomro 
50 ppm
DTPA 1/2 (w/v) 2 hours - - Low O.M., eroded, 

Asia Thailand Xurmarohita DTPA 1/2 (w/v) 2 hours 2 ppm 25-50 kg 
submerged, high
pH and P -

Asia India Katyal NH 4 C2 H 3 , 1 N, - 180 minutes 0.65 ppm 
ZnSO,/ha 
Wheat Vertisol 

(pH 7.0). 

Asia India Katyal 
+ Dithizoi.o, 0.1% 
Dithizone 1/20 (w/v) 60 minutes 0.6 ppm Pearl millet Mixed. Alfisol and 

Asia 
Asia 
Asia 

India 
India 
Indonesia 

Katyal 
Virmani 
Soepardi 

DTPA 
DTPA 
HCI, 0.05 N 

1/2 
1/2 
1/6 

(w/v) 
(w/v) 
(w/v) 

120 minutes 
2 hours 
30 minutes 

0.46 ppm 
0.6 ppm 
I ppm 

Wheat 
-

Vertisol 
Vertisol 
pH, waterlogging 
pH < 6 

Asia 
Asia 

Asia 

Indonesia 
Indonesia 

Indonesia 

Soepardi 
Soepardi 

Soepardi 

HC1, 0.05N 
DTPA 

DTPA 

1/6
1/6 

1/6 

(w/v)
(w/v) 

(w/v) 

30 minutes 
30 minutes 

30 minutes 

3 ppm
1 ppm 

-3 ppm 

f 
A 
) 

Paddy rice;
2.5-5 kg 

ZnSO4 /ha 

pHpH 
pH 

pH 

>> 
< 

> 

66 
5 

6 



Asia 
Asia 

Bangladesh 
Taiwan 

Bhuiyan 
Lian 

110. 0.05 N 
IICI. 0.1 N, 

1:2 (wiv): 
1/lu (0v 

5 minutes I ppm Rice: 3 k, Zn.'ha 
Rice: 4o' 0 kg 

pll > 7.5 
2--3 year residual 

by ZnO or effect 
ZnSO, 

Asia Taiwan Lian 110. 0.1 N 1/10 (%%/v) 1 hour 5 ppm Sugarcane: 70- -

100 kg ZnO or 
Asia Hlawaii Bosshart 1lC. 0.1 A' 1/20 wS 1.5 hour 6 lb/acre-

ZnSOJha 
- pll < 7.0 

Asia 
Asia 
Australia 

Sri lanka 
Philippines 
Australia 

Nagarajah 
Ponnamperuma 
Price 

IICI, 0.05N 
HC1,0.05.41 
DTPA 

1/2 (w/v 
1/2 (w/'v 
1/10 w/vl) 

5 minutes 
5 minutes 
30 minutes 

foot 
I ppm 
I ppm 
0.3 ppm 

Rice 
-
Wheat: 0.5'7 pH < 7 

ZnSO, spray at 
3-5 weeks, or 
soil applications 
according to soil 
type (Clays-16, 
loams-6. and 

Australia Australia Price DTPA 1/10 (w/v) 30 minutes 0.3 ppm 
sands 3 kg Zn/ha) 
- pH < 7 



Table 4. Soil tests for copper being used by tropical laboratories 

Continent Country Source Extractant Soil/extr. Shaking time Critical level 
Crop 
recommendation 

Soil propelty 
limitations 

Africa 
Africa 

Malavi 
Zimbabwe 

Chickonda 
Tanner 

DTPA 
t-DTA,1 

1/2 
I/1 

(w/v) 
lw/v) 

2 hours 
1 hour 

0.2 ppm 
0.4 ppm Wheat: CuSO, at 

plI. O.M. 

(0 6 uI/ml) 10 kg/ha soil 
applied. 1.5 kg/ha 

Africa Botswaia Stewart-Jones Nil, EDTA, 0.08,N. 1/5 lw/v) 60 minutes 
fo liar 

Africa 
Africa 

Botswana 
Kenya 

Stewart-Jones 
Qureshi 

pi 4.0 
DTPA 
IIC1.0.1 N 

1/2 
1/5 

(w/vt 
(w/v) 

2 hours 
60 minutes 

.. 
I ppm Wheat: 2 kg 

Calcareous soils 
Parent material 

Africa Kenya Qureshi C1,0.1 N 1/5 (w/v) 60 minutes I ppm 
Cu/ha
Citrus: 20g Cu/ Parent material 

Africa 
Americas 

Netherlands 
Bolivia 

van der Pol 
Angulo 

DTPA 
NaHCO3 , 0.5 M, 

1/2 (w/v) 
1/10 (w/v) 

2 hours 
10 minutes 

0.2 ppm 
1 ppm 

2 L/tree 
-
-

+ EDTA,0.01 M, 
+ Superfloc 127, 

Americas Mexico Moncada 
pH!8.5 
NII, Ac. pH 4.8 1/4 (w/v) Ihour - Rice; 2.5 Very high pH(8.8) 

Americas Mexico Cajuste DTPA 1/2 (w/v) 2 hours 0.5 ppm 
CuSO,/ha
Maize -

Americas 
Americas 

Peru 
Peru 

Villagarcia 
Neyra 

HO. 20% 
ttC1,20 

1/5 
1/5 

30 minutes 
30 minutes 

(double acid) 
2 ppm 
2 ppm 

0.5% CuSO4 
Citrus, 0.5Y% 

-
-

Americas Costa Rica Ramirez NaHCO 3 , 0.5N 
+ EDTA, 0.01 M. 

1/10 15 minutes 1 ppm 
CuSO, 
-

Americas Dominican 
Republic 

Perez 
+ Superfioc, 25 ppm
NaHCO,. 0.5N 
+ EDTA, 0.01 . 

1/10 (v/v) 10 minutes 1 ,Ig/ml All crops CaCO3 . salts 

+ Superfloc, 50 ppm 



Antericas Chile Subercaseau\ NI (*:I,:,I I 1'2 ssv) 1 hour 

Americas 
Americas 

Chile 
Jamaica 

Subercaseau\ 
Thompson 

pit 4.8 
IH(, 0.1 N 
11(. 0.1 A, 

li10 
1, Il 

wss 1 hour 
Shake once each 2 - ppn Corn. vegetable. Iigh pit. (1C. 

Americas (.uyana Granger NallCO, . 0.25 N. 
+ 1 1)IA. 0.01 M, 

1/10 v/v) 

15 iinutes tor 
I hiour 
10 minutes I g/ml 

potato. coconut; 
12 6011ihacre 

O.M. 

Americas Nicaraguta Quintana 
+ Nil .F .01 
Nall('O, 0.5,V, 1/I0 (v/vt 10 minutes I g/mi -

+ [:I A, 0.01 .11. 

Americas 'olombia Lora 
+ Superfloc, 50 ppm
Nail('O, 0.5.V. I/10 1v/v 1I0 rm."ites I jg/ml General 
+ FDTA, 0.05,1. 

Americas Colombia Lora 
+ pit 8.5 
111. 0.05 N 1/5 5 minutes 0.5 ppm Pastures -

Americas United Ihunter 1I,S(. ,'1.025,V
NalI(O*, . 0.25.V. 
+ 1IITA, 0.01 1. 
* NII F.0.01NI, 

1/10 tv/vt 10 minutes I jg/mI By crop Texture, O.M.. 
CEC, ratios 

+ Superfloc 127. 

Asia Pakistan Soomro 
50 ppm
I)TPA 1/2 (w/v) 2 hours - Low O.M., eroded, 

Asia Thailand Kurmarohita I)TPA 1/2 tw/w) 2 hours I ppm 25-50kg 

submerged, high
pit and P 

Asia 
Asia 
Asta 

Bangladesh 
Malaysia 
Itawaii 

Bhuiyan 
Law 
Bosshart 

IK 1,0.05 N 
Wet digestion 
110, 0.1 N 

1/2 tw/vI 
-
1/20 tw/v) 

5 mintues 
-
1.5 hour 

0.1 ppm 

10 lb/acre-

CuSOjha 
-
30 lb/acre 
-

Peats only 
plI < 7.0 

Asia 
Australia 

Philippines 
Australia 

Ponnamperuma 
Price 

IICI, 0.05M 
DTPA 

1/2 (w/v) 
1/10 (%,/vt 

5 minutes 
30 minutes 

foot 
0.1 ppm 
0.3 ppm 

-

Wheat, 1'; CuSO -

spray at 3-5 

Australia Australia Price DTPA 1/10 (w/v) 30 minutes Toxic at 
weeks 
- p1l < 7.0 

> 20 ppm 



Table 5. Soil tests for boron being used in tropical laboratories 

Continent Country Source Extractant Soil/extr. Shaking time Critical level 
Crop
recommendation 

Soil property
limitations 

Africa 
Africa 
Africa 

Malawi 
Zimbabwe 
Botswana 

Chickonda 
Fanner 
Stewart-Jones 

Call.(lPOa 
Ilot water 
Itot water 

*:-,1O 1.2.5 wvi'v) 
1,'2.5 iwv) 
1,12 w 

10 minutes 
5 min reflux 
5 minm'v boiling 

0.5 PPTm1 
0.1 - Leguntes -

Africa 
Africa 

Netherlands 
Netherlands 

van der Pol 
van der Pol 

Ilot water 
Hot water 

1/2 
1/2 

(wv) 
iw/v) 

5 minutes 
5 minutes 

0.2 ppm 
0.5 ppm 
1.5 ppm 

Farm crops 
Beets. cotton. 

-
-

Americas Mexico Moncada Boiling water 1/10 1w/v'1 hour 0.36 ppm 
alfalfa 
Potato; 15 kg -

Americas 
Americas 

Peru 
Peru 

Villagarcia 
Olazabal 

Ilot water 
Water 

1/2 
1/2 

(w/v) 
w,/v) 

-
15 minutes 

1.0 ppm 
0.8 ppm 

boric acid/ha
0.1"; borax 
4-9 kg 

-
Clay 

Americas Peru Olazabal Water 1/2 (w/v) 15 minutes 0.5 ppm 
borax/ha 
4-9 kg Loam 

Americas Peru Olazabal Water 1/2 )%%/v) 15 minutes 0.3 ppm 
borax/ha 
4-9k- Sand 

Americas Peru Olazabal Water 1/2 (w/v) 15 minutes 1.0 ppm 
borax/ha 
4-9kg p1l > 7 

Americas Peru Neyra lot water 1/2 (w/v) - 1.0 ppm 
borax/ha 
Citrus: 0.1' -

Americas 
Americas 
Americas 
Americas 

Costa Rica 
Dominican 
Chile 
Chile 

Ramirez 
Perez 
Subercaseaux 
Subercaseaux 

CaH 2 PO4, 0.08.11 
Call,(PO4 ),-It.O 
Hot water 
Saturation extract 

1/2.5 (w/v) 
1/2.5 (w/v) 
1/2 (w/v) 
-

10 minutes 
10 minutes 
5 minutes 
16 hours 

0.2 ppm 
0.2 ug/ml 
-
-

borax 
0.5 kg B/ha 
All crops 
-

-

-

-

-
Americas Jamaica Thompson H,SO4, 1:7 by vol. 1/15 (w/v) Stand 2 hours 1.5 ppm Forage, High pi, O.M. 

HF, + 5% vegetable and 
root crors; 
4-80 lb/acre

Americas Guyana Granger CaH,(PO4) 2 -H,O 1/5 (w/v) 10 minutes 0.2ug/ml 



Ameri as 
Americas 
Americas 

.,icamagua 
Colombia 
Colombia 

Quintana 
L.ora 
Lora 

Call'(l'O'):.lO 
Hot water 
Hot water 

1/2.5 v,;v 
1/2 1,v/iv) 
1,2 iv/v) 

10 minutes 
5 minutes 
5 minutes 

(.2 g/mIl 
0.2UgmI 
(1.5 u,,1ml 

Vegetables 
Beans, coffee. 

piH, 
pI. 

O.M. 
O.M. 

Americas 
Americas 
Americas 

Colombia 
Colombia 
United 

Lora 
Lora 
IHunter 

llot water 
CalIPO'. 0.08M 
Calf,(PO,),-t11O. 

1/2 iviv) 
1!2.5 lv/v) 
1/5 ivv) 

5 mintues 
10 minutes 
10 minutes 

0.6 Mg/ml 
0.2,g/ml 
0.2 g/mil 

pastures
Potatoes 
General 

phi. O.M. 
pI. O.M. 

Asia 
States 
Pakistan Soomro 

0.1 M 
Hot wat.- 1/2 (w/v) 5 min reflux - - High p1l and 

Asia 
Asia 
Asia 

Thailand 
Malaysia 
Taiwan 

Kurmarohita 
Law 
Lian 

Hot v. .-, 
Hot v dter 
Hot water 

1/2 
1/2 
1/2 

wv/v) 

(w/vJ 

5 min reflux 
10 mintites 
5 min reflux 

2 ppm 
-
0.15 pptn 

25 kg borax/ha 
-
Papaya; 10 g 

salinity, low O.M. 
Sesquioxides 

-\bout 4 years 

Asia Taiwan Lian Ilot water 1/2 (w/v) 5 min reflux 0.1 5 ppm 
borax/tree
Citrus; 40 g Residual effect 

Asia llawaii Bosshart Hot water 1/2 (w/v) 5 min reflux 2.9 lb/acre-
borax/tree 
- pli > 7 

Asia Hawaii Bosshart Hot water 1/2 (w/v) 5 min reflux 
foot 
1.5 lb/acre- - pH < 7 

Asia Philippines Ponnamperuma HC. 0.05 M 1/2 (w/v) 5 minutes 
foot 
Toxic at -

> 4 ppm 
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Alolvbdeum 

Only a few laboratories conduct routine soil tests f'or inolyllCenutn (Table 6). 
The two extractants being used are (NI 14)2(',4 and hot water. The ratios 
of soil to extractant varied from I : 1 to I :10. while shaking time varied from 
I ho to overnight. Critical levels were belween 0.1 and 0.3 ppm of extrac
table molybdenlnn. 

Evaluation and discussion 

( nvu/ misiCt' flItir JllS 

The fact that a soil test is tIsedI by several laboratories is no guarantee that it 
is effective. ('alibration data are necessary to determine the effectiveness 
of a soil test. All attempt will be made in this section to examine some of the 
more commonly used soil test extractants for inicrolutrients to see if their 
use under the vider range of soil conditions that occur in the tropics can be 
jlustifled. 

Cox and Kamprath [0 1made a.in methodsextensive examination of'soil test 
for diagnosing micronutrient deficiencies. They listed the most commonly 
used extractants for each micronutrient along with reported critical levels. 
Viets and ILindsav [451 reviewed soil test methods for zinc, copper, maniga
nese. and iron. These reviews are rather extensive and will not be repeated 
here except as they may relate to soil testing in the tropics. Instead, the 
evaluation and disclussion will be focused oil recent studies that help to show 
the reliability of' various soil testing procedures and methods. 

FInhlmkd-I.4l0 mhiromfltrient studies 

A comprlehensive micromurient investigation was conducted by Sillanpaa 
1311 incooperation with scientists from 30 countries. This study included 
tnany tropical countries. 8000 soil and plant samples, and over 170000 
analyses. It provides valuable data on the correlation between micronutrient 
concentrations in plants growing on these soils and extractable levels by 
several soil tests. Weat and maize were sampled at the original sites where 
the soil samples were taken: then wheat was also grown on all soils under 
uniform greenhouse coniditions. 

The correlation coef'lfcients for micronut rients in the plants grown in 
the field at the original sites were rather low; they reflect the great variability 
of field sampling, growing conditions, and handling of samples (Table 7). 
When the same soils were cropped with wheat under uniform conditions in 
the greenhouse, tie correlation coe'ficients improved significantly. 

TWo exlractallts, acid ammoniu acetate-EI)TA (AAAc-EI)TA) at pll 
4.65 atnd )TI'A at p1l7.30, were evaluated as soil test extractants for iron, 
zinc, manganese. and copper (Table 7). Neither extractant did well for iron 
in field-grown plants on the broad range of' soils included in this study. This 



Table 6. Soil tests for molybdenum being used by tropical laboratories 

Continent ('ountrv Source Ixtractant Soil/extr. Shaking time Critical level 
Crop 
recommendation 

Soil property 
limitations 

Africa ltotswan, Stewart-Jones tNII ):,O pl 3.3 l1 miwv) Overnight 
sta ndin-'. then 

Americas 
Americas 
Americas 

Mexico 
Chile 
Jamaica 

Moncada 
Subercaseaux 
Thom pson 

rNil, CO 
(NIl, :0, 
Ilot water 

leach to make 1,5
I. 10 "v) S hours 
1 11)1 %%0 U\ ernight... 
1I5 Shake once every 0.2- - Low 1plI 

Americas Colombia Lora (NIl ).C:O. pll 3.3 1/ 10| 1,t 
30 sec for 6 rin 
10 hours 

0.3 ppm
0.2 ppri Cauliflower and -

Americas 
Asia 

Colombia 
Thailand 

Lora 
Kurmarolhita 

(NI 14)('2.,. pll 3.3 
(Nil, ),('C0,. plI 3.3 

1/10 w/') 
1/10 (w/v) 

10 hours 
1 hour 

0.1 pprrn 
0.2 ppi 

other brassicas 
Other crops 
2.4 kg Na 

-
-

Asia Taiwan kian (N1t, ('.X,, pll 3.3 - -
.N'oO/ha 
Peanuts anu -

soybeans: 0.3 
0.6 kg Nl, 
MoOIha 
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la le 7. Correlation between the minicronutrient concentration of three indicator plants
and the soil concentration determined b%several methods 131 1 

OrivildaI Original Pot-grown 
Ix trattiti maize wheal wheatMicronutrient method (n = 1966) In = 1968) (n = 3538) 

I ..\A.c t.1)*, I0.007 n.s. 0.032 n.s. 0.325* **
 
Fe I)1.IA 0.028 n.s. - .030in.s. 0.263***
 

8 * +  MNIt AAAc-' ITA - 0.1( 0.046 * 0.039" 
Mn I)IPA 0.161 0.119"** 0.552*** 

' *Zn AAAc-II)TA 0.391 * 0.405"** 0.665*** 
Zn II'A 0.381"** 0.473* 0.732*** 
('t ..\A\c*-I:I)TA 0.344** (.254 * 0.664* 

* * 'Co, I) I'.A 0.114 (.125 * 0.518* 
e1 IHlot ,ater ex C (1.548"** 0.694 * *

'Mo 0.7410.\O-0.,\ 0.134 0.117***** 0.245*** 

a 1.0,1 acid aimmnmniunI acetatC and 0.02 ,l I I.-\ adjusted to pll 4.65 1141.
 
b0-005 .11I I'A. 0.01 ,1l Ci l, and 0.1 11 triethanolamine 17].
 
CMethod ot*Ierger aind Iruog 121 modiflied by' Sippol and I rvio 135].
 

A lntoxm o almte-oalic acid ald adjusted to p11 3.3 141l. 

is not surprising since iron deficiencies are generally restricted to high p-I 
soils regardless of ititteralogy. The author also pointed out tlat contamin
ation of plant samples with dust or soil could easily result in serious errors in 
iron concentration since soil and dust contaitn much more iron than tie iron 
content of plants. The slightly higher correlations obtained with greenhouse
grown plants perliap reflect less contamination of plant samples. The prob
lem of cotamintation is less for the other micron trients because their 
content itl soil is much less. 

The two extr:'ctants, AAAc-II)TA and DTPA, were equally effective for 
Zn and ('u concentralions in greenhouse-grown plants. Ilowever, DTPA was 
definitely superior to AAAc-I DTA for Mn. 

With a few exceptions, inclusion of one other soil property with the soil 
micronutrient level improved the correlation with tite plant concentration. 
There was no improvement for iron with either extractant, but there was 
slight improvemtent for Zn with DTPA. The latter, however, already had a 
coefficienlt of about 0.7. With one other soill property included, tie corre
lation coefficients were all in the range of 0.6 0.8. The dominant second soil 
proper y was soil plI for inanganese, zinlc, anid molybdem: organic carbon 
for copper: anid ('l for boron. Molybdenum was extracted with ammonium 
oxalate and oxalic acid, while boron was extracted with hot water. 

ExaMination 0f' the data iti Table 8 is encouraging regarding the use of 
both microttttrient extractarnts. The results cottain much data that will en
hance our utderstatding of the merits ald deficiencies of extract~nrs for soils 
of different pll and other properties. A caretul examination of the detailed 
results of. this sIud' shuld :,; helpful itn devising new soil test extractants 
that may be of' greater universal use than the extractatts reported in this 
study. For a wile range in soil conditions, such as may be encountered in 
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l aht' 8. (orreltion otticnti.'it tt' soil \ t. c itableinicroitieiSiiiiotnit of' pot-grownl, ii 
I\licat plints %%ithaind without correctioii coet'cients ['or 3536 soils [31 ] 

r va Itie Sigiliticant r value 
Fm.,Iracl' ionl %%it houtl Co~rrection witih 

\1tjcroitrieit io tli la CorrcctiOln ctelTicieitis (k) b correction 

I c 
I C 
MI 

I)I II'A 
AAAc-l 

1A 

IlA 

0..\c-I-I)l(1325' * 
0.263 '' 

1.1139*. ' 

Noiw 
Ni ic 
k (pill 

(.325'** 
0.263** 
0.588' * * 

Mn I) ILVA (.552 k p is. (.713*** 
zin AA Ac-I II[A 0.005' ' k (pill 0.707*** 
zn I) IA 0.732 ' None 0.732*** 
('11 \A \C[ IDII.\ (A.004'' k (ore'. C) 0.731 
('i I) 1 PA 1).518 ' 
It Hot s'.atcr 11.741 ' ' k (WC ) 0.826 
\o ( .. \ ((0.245 ' k (p1il 0.696 
a 
aS e.'t(utlll t, lhItc 7. 

'onl it'l lI j o i tii'it l 

I :k i( I(' Io . . , . 

b55 r i\ utt.1111h01esoi'ret'riltiesybIIIet \ic o I,.ohoACinclsi itntI 10e01gb tlonly, 

AI IllAl c i) c( l l.I 1o. .i1 rlogx,4 (logc. t ex)v 

kiti\Ie ttIle enhous codtins I r smaze in Tb 131t1. 

are roll eet1In I I IPA. I k I eIs cIt level only l 

NIIII...\.\ -I 1)l.\A : k (I)l ) lo -'': :: , l l .l : l l 

Ih Inl' ',..;. 11.. - [ll:I l ) 

heliotni.s, inclusion of' other soil properties nay be not only beneicial, but 
IlI lklll I~ tr\'. 

the toni;tie critical levels of' micronutrioets estimated for tite various 
nlc, ~ iliho!rolllse are ill 9 In1-C Ilio ~ltiili summlllarized Table [31]. 

illnlil tc'b; these critcail levels aire only rough estimates, and theoy need to 

he e'Namiilned I'Mltlil'ltcrol clps andlt Conditions ill tile field. 

h'li-o, maatlsc, :hw1, andll 'ot~pclr cx\'l itcllls 

lhe tt0n Illicrontltlrient cations will he discussed together since the same 
extractall is oltlln lsed to evaluate two or more of' these clements silul
a lluoislv.
 

Korcak 3id iFanning 1131 included i direct comparison between DTPA 
31nd donuhlc acid (M.05X I I', 0.025 A I1 SO 4 I for soil copper and zinc from 

hotll il etal sttei s'iltat:d Sewage sludge amendments to three soils at two 

dif'erenit linlil rCgintcs. I)TPA tt'....' found to be more reliable than double 
acid hsed ont r2 values relal: ' o,ractable and plant tissue metal concen

tiatiols usin liaize. The D'iI A extractant was also more effective in in

dicating reduced availability if copper and zinc upon liming. 
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"laIIle 9. Fentaivc critical level s 1'nicronitIriew', .i.,erminedIy vaious iethods 13 1] 

Micronutrictnt and method I)eficiency V.\Cess 

I, hot water \tr;ction < 0.3 0.5 > 3-5 
IB.hot water C\tr'clion CI(C < 0.3 0.5 > 3 5
 

co rr cc i ion
 
( ,.\\.'\Xc-1l)l..\ < 0.8 1.0 > 17 25
 
(u. ,.X\..c- I) 1A , or,. ( correction < (.8 1.0 17 25> 

i:e,XAc-I )IA < 30 35
 
Mn.lDI) .. < 2 5 
 > 140 200
Ml. I) I'.\4 I'll correc !io1 < 2 4 > 150 220
 
\to. AO-O>X i11 corrct'ion < 0.01 01.02 > 0.5 1.0

/n, )1P\ < 0.4 0.6 > I0 20
 
Zn AX, .c-t 1)1 .X, pit correctio;1 1.0 1.5 20 30
 

;Iphla
and Mit lal I 101 conducted studies on 22 noncalcareous soils from 
h1idia to evaluale vIrious extllaclants to 'btaiu critical levels of'soil and planl 
zinc for greenl grant (I,as , ius at'mcus Roxh. ). "lie order of' extractabilily 
l)'Ilh,dilTerent extraitntI s was A' I IC >"0.1 V 110 > l I)TA-(NII. I.()CO > 
EI)TA-NI 1.1()Ac > IDIPA i-('a( > I A! Nlg('l . ('ritical levels t'or these soils 
were eslitIrted to be 0.48 ppm l)'lI,. I- (a('l extractahle inc, 0.80 ppIm 
I:D1 A NI ()Ac extractahle zinc, 0.70 ppri FATOIA (NI 14)'('()3 extraclable 
zinc, and ".2 ppll (1.1 X.' 1(l extractable zin,:. The critical zinc cou,'enlralion 
in 6-week old plants was Iniud to he i ppnm. The 0.1 A 11(1 method gave 
,he best correlation (0 0.588,";") hetv.'cen extractable zinc and Bray's 
percent yield, while the )'tl',\ method g:ve the hest correlalion with zinc 
Cotcenltratio,-. The 0.1 A'I11Cshow\\'ed slighlly higher conrrelation with zinc 
uptake (r -0.001 ' ' I than did I)I PA (r = 0.634' ').Both I V I1(10 and I Al 
Mg", showed /nttsignifica nt relationships. 

Selvarajah et rI. 1271 :onducled I pol experinlenl wi thtwo rice varieties 
under flooded Colditions to Ovaltie five eXtla'IItS I'or available zinc and 
Colpper. The extlr,-lanlts included: I X N114 (Ac (pli 4.6), 0.01 .4! ETA-I Al 
(NI 14, ('0)3 (p111 .6 ),0.05 A I1(,0.01 M ('aCl2 ., and 0.2 If MgS0 4 . Soil zinc 
and copper extracted Iront dry soils helore ptddlin and from wet soils at 
4 weeks and S weeks after iransplatling were correlated witlt plant copper 
anld. Zinc cotents. All extICtalts gave significant correlations with plant 
zinc. Ilighest colrrelation was otained with NI l.1 .Ac, f'ollo\ed hy I1(1. Zinc 
extlractLed Imlilthe dry soils correlated significantlyvwith that from wel soils. 
Am tolinllitll botlt equal amounts of zinc.a,:etae, Ill(1, atd I£'Y1,\ eXtlaCted 

IYrA was most suilahle for copper, f[ollowed hy NI14OAc and I1[(1. The 
generaly how 'r"values ohtaieid for Colper suggest tha:t more sludy is Iteeded. 

Triet,,eil, and lindsay 1441 developed :a 1I)TA-anloniun car.linale 
extractant f'or, assessitig ;,viiahle zinc in high p1lsoils. They showed that the 
melthod \wIs silperiot to 0.1 NVI1(1 1221 . The tnethod wIs equal to the dithi
zotte prolCedure o 'haw arid Dean 1291but wis Ittutci easier to perfform. 

Osinaie et al. 1231 examined foutr soil tests for copper ard zinc to evalu
ate their ability '.o predict the uptake of' these micronutrients by oats grown 
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on 28 soils from western Nigeria. Their results showed that EI)TA was better 

than I)Tl)A, 0. 1X I ICI or I X\ I ICI in predicting uptake. Copper uptake was 
more strongly correlated with inorganic soil fractions than with organic 
matter and was not significantly affected by soil p1l. The best prediction of 
zinc uptake was provided by a combination of 0.1 N II'-extractable zinc, 
pit. organic matlte, and the silt-plus-clay fraction in a multiple regression 
analvsi. With all fur extractants, the uptake of zinc was predicted better on 
soils ofIplI les thanl (1.0 tliaii on those greater than 6.0. 

Tiwari and Kumar 1431 examined the relative efficiencies of five chemical 
extractants fr assessing available copper to rice in pot culture. The corre
lation coefficients of copper uptake to extractable copper were as follows: 
0.1 X 11(1 0r O.b;47' ' ), 0.0541 ID)TA (0.788' ). 0.01 A ElTA in I N NIl 4 

acelate (0.441). NI .4-acetuite pll 7.0 (0.417), and NI 14-acetate 1)11 4.8 (0.292). 
Thus, copper extracted y (. A' I11I was tile best indicator of copper avail
able to rice aid that extracted by 0.05AI FDTA was second best. The other 
extractamits did hlot have significant correlatimis. 

Makarim and Cox [201 evaluated four extractants for (u: double acid, 
Mehlich-IHowling. alilnonnit bicarbonate I)TIPA, and Nehlich-3. Three crops 
weie grown in tile greenhouse on 15 soils, primarily Ultisols and a few 
Ilistosols. Yield response was predicted equally well by each of the extrac
tants. aCCotlllilli for about 70',; of the variation. 

Siiigh et al. 1331 evaluated 7 extractants for assessing zinc availability in 
30 calcareots soils of India. The correlation coefflicients between extractable 

*zinc aid zinc uptake by maize were: h)TIA (0.927 ), 0.541 KCI (0.021), 
0.02 III)IA (0.111) I A NI 14-acetate :p11 3 (0.084), p11 4.8 (0.382* *) 

pI1 7 (0.04( ) ). and p1l 7 + 0.2',; hydroquinone (0.249 ). They rated tile DTPA 
best and tlie I V NI 14 )Ac at pit 4.8 as second. None of the other tests were 
significant. The I)TPA extractant showed the critical level of zinc to be 
1.4 ppm. 

Abol- Roos and Abdel-Wabid [I] extracted available copper from 15 soils 
froll various regions of' Egypt and grew barley on these soils in the green
holse. The C'oun d correlation coefficients of 0.85 * and 0.88** between 
plant uptake of copper and that extracted by 0. 1N I ('1 + titratable alkalinity 
and by 0C.t)i 1 F)TA 4- ammonium carbonate, respectively. Critical levels 
were 3.0 and 2.0 ppm of copper extracted by these two methods, respectively. 

Sakal et al. [261 conducted a pot experiment to letermine the critical 
zinc concentration in rice and wheat plant tissues for predicting response to 
zinc applicationi. l)TI3A-extractable zinc in soil was found to be significantly 
correlated with tissue zinc concentration in rice (r = 0.717* ) and wheat 
( -- 0).51 ' ). Also, the concentration of zinc in the tissue was significantly 
correlated with Bray's percent yield in rice (r =0.787* ) and wheat (r = 

0.888*,' ). The critical zinc concentrations in 52-day-old rice and wheat 

plants were 37 and 2 ) ppma, respectively. 
Singh and Takkar [341 examined several soil test extractants for zinc in 
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soils planted to rice in India. There were significant correlations of zinc up
take and yield with 0.005 At DTPA, 0.05 M EI)TA, and 0.01 A EDTA
ainmonium carbonate-extractable zinc, whereas there were none with double 
acid-extractable and soil sOlution zinc. For 46 soils on two different salt 

associations, the critical levels of zinc were 0.86 ppm for DTPA with a pre

dictive value of 89', .42 ppm for lFl)TA with a predictive value of 91%, 

and 1.00 pplm for ED''A anuilonium carbonate with a predictive value of 87%. 

Madziva [I ') ] examined the ability of six extractants to predict the occur

rence of zinc deficiency symptoms and to assess the relation of soil zinc to 

plant zinc uptake in greenhouse trials. Ilfficiency of prediction for the extrac

tants was in the order I ICI > DiTPA > IDTA-NI 1 OAc > I-I)TA > NI 14 OAc > 

0.05 N I1('1 + 0.025 A' 112SO 4 . Critical levels of soil zinc below which zinc 

deficiency symptoms occurred were 0.48, 0.25, 0.48, 0.59, 0.06, and 

0.50 ppm, respectively. Closeness of' It of the correlation between plant zinc 

uptake and soil-extractable zinc was in the following order: I0ICI-12SO 4 > 

DTI\ > I ICI > IIDTA-NI LOAc > FITA. with correlation coefficients (r) 

of 0.08, 0.64, 0.59, 0.48, 0.46, and 0.43, respectively. It was concluded that 

either the double acid or DTIPA would be suitable extrictallts. 

Singh et al. [321 examined the following extractants on 30 calcareous 

soils of India: 0.005 Al )TA, 0.5 Al KCI, 0.02 A! DITA, I N NII 4 OAc 

(pllI 3.0, 4.. 7.0), IA' NIl 4 )Ac + 0.2w; hydrotquinone. When the extractable 
nutrients were correlated with yield, concentration, and uptake of micro

nutrients by maize ii pot trials, it was corcltided that I1 NJ 14OAc (pl I7.0 

and 4.8, respectively) was the most suitable extractant for copper and manga

nese, whereas DTI'A was most suitable for iron. 
Berrow et al. [31 have tested the possibility of using 2-ketoglucorlic acid 

as an extractant tor micronut rients. Although they tested it on only three 

soils, it would appear that it may offer some promise of reflecting the up

take of copper, manganese, Molybdenum, and zinc compared with uptake 
by pasture grasses and clovers growing on those soils. 

I--Nennah et al. [81 examined four methods of measuring available soil 

zinc and ranked them according to their abilities to predict zinc uptake by 

barley from unfertilized soils of Egypt. They concluded the following: 

DTPA > EDIA (NI14)2('03 > laboratory F-value > biological A-value. 

Ponnamperuma et al. 1251 compared 0.05 Al IICI with 0.1 AI lICI, EDTA, 

and DTPA as an extractant for available zinc and copper on 33 wetland rice 

soils. Rice was grown on the flooded soils, scored visually for zinc deficiency, 

and the plants were analyzed for zinc and cop)er. Fourteen of the sixteen 

soils on which rice showed 7inc deficiency contained < I ppm of 0.05 N I ICI

extractable zinc but had values far in excess of the critical limits by the other 
methods. The correlation coeficients f'or available and plant zinc were: 

0.05N 1(1 (0.88** ), 0.1N I1(1 (0.55"'), IDTA (0.434*), and DTPA 
(0.31ls). Twelve of the zinc-deficient soils gave <0.1 ppm copper by the 
0.05 N I1(1 method, but they gave values exceeding the critical limits by the 
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EDTA and 1)TPA methods. The r values for available and plant copper were 
0.05 N IICI (0.74* "), 0.1 N IICI (0.64* *), EDTA (0.28'), and DTIPA (0.20'). 
The critical limit of 1.0 ppnlby the 0.05 N I1(C1extraction was confirmed for 
zinc deficiency and a tentative critical value of 0.1 ppm was proposed for 
copper. 

Three extractants for zinc were evaluated in the southern region of the 
L'."ited States with corn and rice Frown inlthe field [7]. Two of these were 
dilhite acids ft le double acid and 0.1 N IICI) and one was a chelate (DTPA). 
The soils were gt-ierally nioncalcareous, mostly Ultisols that had been limed 
to pll1 7. Alti,,ugh tle critical level of zinc in the soil was greater with 
the acids than with the clielate, the extractants performed similarly in pre
dicting responsive fields. The interpretation was limited to soils with a CEC 
less hian 7.5 meq/ 100 g. No limitation due to p11 was noted, but the range in 

1l I was quite small. 

1Boro and fol Il'b(c'mlin (\"'('lltl S 

lPonnamperuna et al.[25] compared 0.05 N [CI extraction with the reflux 
method for boron on 53 soils. Rice was grown on the flooded soils, scored 
visually ftr horon toxicity, and the plants analyzed for boron content. The 
0.05,\ II(1 method separated boron-toxic soils from nontoxic soils and gave 
a better correlation r = 0.9 1 *) between available and plant boron than 
did t lie reflux extraction (r = 0.84* ). The toxic limit by the 0.05 N IICI 
method was provisionally set at 4 ppin. 

BlIella and )awson [41 showed that anion-exchangeable molybdenum 
I)owex I-X4) was a good indicator of available molybdenv,m in 30 soils 

from western Oregon. The correlation coefficients of anion exchangeable 
molybdenum versus pll was 0.803 *; versus plant molybdenum it was 
0.8(1 ' : and versus plant nitrogen content it was 0.875* . Although none 
of' the la oratories surveyed in) this study reported using the anion exchange 
method, perhaips some studies should be done to examine its merits in soils 
of' the tropics. 

Lowe and Massey [18] examined a soxhlet apparatus for extracting 
molybdenmtl by hot w'iter ovcr a period of 10 hours. They worked with 
some 43 soils from Kentucky and found that hot water-extractable molyb
denum showcd better correlations with plant molybdenum contents (r = 
0.83) than did amnoniunm oxalate (r = 0.18) for cultivated soils. The corres
pronding correlation of molybdenun uptake by alfalfa versus soil p1H was 
0.05. Thev concluded that the hot water-soluble method of extraction for 
available molybdenum was considerably better. 

Pathak et al. 1241 grew alfalfa on 13 Indian soils and determined a corre
lation coefficient of 0.617"* between uptake of molybdenum by alfalfa 
and the hot water-extractable molybdenum of Lowe and Massey [181 com

pared to a correlation coefficient of 0.257 for the ammonium oxalate method 
of (irigg [p]. They concluded that the hot water method was superior. 
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Mortvedt and Anderson [211 developed simple and mul tiple correlation 
coefficients for forage legumes grown illtile southern states of the United 
States froli 1977 through 1979. They obtained correlation coefficients for 
alfalfa yields versus soil Mo o0.315 ,versus soil 1)11 of0.641 " , and versus 
soil Mo A soil p1l of 0.714". Similar correlations for clover we.re 0.39t)**, 

0.578' . and 0.666' '. SoillMo illtheir study was that extractable by am
nloniunlt oxalate. They foun d that molybdenunl uptake strongly increased 
with soil pll. Maximuml yields were associated with plant molybdenum 
contents of' greater than 0.5 ppm in the plants. No critical ammoniuni oxalate 
levels were obtained in their study. 

Karimian anid Cox [121 found that neither anmo!niuml oxalate- nor 
resin-extractable Mo was of 'valhe illpredicting a response of cauliflower to 
Mo fertilization. Responses were more related to soil pH1 and estimate Ofan 
the degree of crystallinity of iron minerals. This again emphasizes the im
portance of' considering other soil properties. 

Summary and conclusions 

Many ext ractan ts have been used to diagnose micronUt.rient deficiencies 
thiroughout tilewoild. So far no particular extractant has been found to be 
superior under all conditions. Nevertheless. many s!,,dies conducted during 
the past 10 years show that several soil text extract,:,'ts May be Used success
fully to diagnose niicronttriellt deficiencie:,. The most commion of these are 
the dilute acids and the chelates for the analyses of'iron, manganese, copper, 
and zinc. The use of" dilte acids is limited to acid soils. Clielates have been 
used most extensively on alkaline soils. Fie DPTA extractant was designed 
f'or use on calcareous soils. but studies on acid soils indicate it may be quite 
applicable on those as well. The current limitation on chelates may be one of' 
lack of calibration iiiore than anything else. 

('alibration of' micronutrienit soiltests with various extractants has been 
difficult. Ixtraciants that are most practical for routine application allow 
analyses of several elements, both macronutrients and niicnutmrients. If tile 
soil-sOlutioii ratios are very high, dilution of' the already low concentration of 
iicronutrients aggravate tileproblem of getting accurate reading. Alsoan 

coiltali nation becomes a grcmiter factor at low concentrations. For these 
reasons detailed stanid)ardized procedures are essential. 

'erlaps tilegreatest ditfficulty illcalibration studies has been the lack of 
consislent yield responses under field colditions. Most of the comparisons 
among microiutril t soil test extracta nts have been conducted in the green
house with a few soils prot!ding only a limited range of'conditions. 

Consideralion of' soil conditions is important illthe temperate region and 
may be even more important illthe tropics. Most soils in the tropics are 
similar to those in tieo temperate region but a f'ew are not. There is a small 
percentage of Oxisols in the tropics, but these Lre not greatly different from 
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sonie of tie Ul1tisols of the teiperate region. Illgeneral, there is a wider range
 
of soil cOnditions ill the tropics than in tile
temperate region. 

Inclusion of other soil properties has been shown to be worthwhile illtile 
interpretation ol'a nucronutrient soil test illmany instances. Inl 1let, I'r some 
tei'is such aisInlolybde:tni. the other proverties are usually more important 
th ai the exi actable soil concenltration illpredicting response. With acid 
extract:A;ts inclusio , of' soil p1l is essential Ior manganese and, in ,onic cases. 
for /itc. 

Selection of, anl exractalint '<r a icrotlrient soil test may not be as 
tcritical a.;was previously tltoug' t whei soil cond'tions are taken jilto IccotLt. 

That is. the plredction ability tIes n1ot vary widely amnlg extractants. 
Selection cal be llade on) the basis of' praciicaiity and experience. Extractants 
designed ft r multiple nutrient analyses oila rowtine hasis are advantageous. 
I)ctuilel stItrldicd p ocedtures I'r thwe are essential. Experience with all 
extiZctan! onIsiwilar soils should also be alladvantage, even though crlibraticri 
d:rta have nt been published for a given region. 

Althltugh nlany extractalits have been Used Ifmthe nlicronttrients iron, 
nimat-anese. ctopper. ad zidnc illsoil testing lab'lratories in the tropics, it 
.ppeas that thlee are ilost common. )evelopment of these can be traced to 
the teIriperale egioti. atld imIOSt ptblished calibration data are frem there; 
levertheless, Cotlisiderable experience has beell aumassed with them illthe 
rpic,. Puhlished calibration datla are av:ilable Ior DITPA and those data are 

AlsO cMsideLed aIpplicable for tilemole recently developed atnionium bi
carhona(te l)ITA eXlrataCtt. Sodtitur carbolt e withiI)TA lacks extensive 
calibratiol dala. 

I)iltite acids have been used extensively illthe tropics for iron. manganese, 
coppei. alld zilc. ( olliollt, concentralions are 0.050, 0.075, and 0. IOON. 
Recetntly tile tfrend Las beeti toward tle more dilute solutions, but there are 
itiore calilratliol da: Ior 0.1 V an1d the diou,ble acid which is 0.075 N. Soil 
plI shohld AlsO he ilicittied vitli tiledilu te acids inethods. 

Soil testilig laboratorie:; in the tropics have not made wide use of acid 
extractalits with clielates. such ars the anmmonium acetate with EDTA at 
pll 4.65 used itlthe Fitland-:A() study. This extractant was better for copper 
thlt wis IITA illthat study bit was not quite as good lor manganese or 
zinc. Field calibhitioll otla wide range of'soils is needed for this extractant. 

If' ote were to recotittiend allextractatit ft hon, tmanganese, zinic, and 
cojiper thalt should lie applicahle to routine laborattory analyses of soils f the 
tropics, it wotild likely be DTA or atinioitii bicarbonate-l)TPA for 
alkalitie (atiL p)ssibly acid) soils and tiledoIble acid (0.05 N I I( -0.025 N 
I 'S( )4 ) f'oacid soils wil h inclusioll of' other soil properties as appr priate. 
uInfortunately. there are io routine laboratory analyses for ho iroand molyb
detltiri. I lot water is still the standard extractant for boron, although 0.05 N 
I1('1 has showtn prtmise. Arminrium oxalate still remains the commonly 
used extractat lfor timlyhdenum. 
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In the future, advances in soil testing may not all be made by searching 
for an 'ideal' extractant suitable for all soils; they may be made by carefully 
standardizing a given procedure and improving its interpretation with the 
inclusion of important soil factors that affect extractability and availability 
of nutrients. 
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8. Plant tissue testing for micronutrient deficiencies and toxicities 

. f MORA(IIAN' 

1. Protessor, I)elpartnent of Soil Snc'm.e, North I)akota State University, Fargo, North 
I)akota. 

Stnlary 

The relationship between nutrient concenttration and yield, when properly 
ttsedI, is a powerful tool for diagnositg the nutritional status of anlntal crops 
'or 13.('it. Mn. Mo, Zn and occasionally Fe. Imbalance between P and Zn may 

affect interprelation of' plant Zn data at high levels of' P. Also, lack of 
adequate field calibration, especially that involving recently matured leaves, 
within geographical regiots at various yield levels makes the interpretation 
of' dt]a IM sonte crop-eletnent situations difficult. Mobility of elements ill 
plats during growth should be considered whett elccting tissues for analysis. 
Although there undotibledly will be exceptions, fert-ilination of most annual 
crop in the year of diagnosis is unlikely to be based on plant analysis. 
successftl[ use o1 plallt analysis fbr dilglnosing the tlicronttlrient status of 
plants detnlatds careful alt elltion t) platlt salllp~itg, processing of samples, 
aid lab ratOrVy tecltniLluCs. These aspects aitd problems with calibraticn and 
hitplelatioll of data are discussed in detail. Sap tests would appear to hve 
ottly a small role to1 play ittdiagnosis of field nicrontiient problems, but 
tle%ntay he of assistamce ill sttdying Mn toxicity and deficiency. 

Introduction 

Plant attalysis is a procedure by which the nutritional requiremnte or status 
of atll element, til ittorgatlic fraction of tle elemet, or some related organic 
of antelenent. atn inoragnic fractioi of tIme element, or Sotmle related organic 
COmpoummtd or enuzynme activity tlhat is associated with the metabolism of the 
plant. Plant analysis involving tie microtUtrients B, ('u, Pe, Mn. Mo and Zn is 
generally believed to be nore useful for orchard or perennial crops than for 
alnttal crops [89]. 

In this review general principles and methodology will be discussed, bt 
the agronomuic eumplatsis will be placed ont micronttrient analyses for B, Ct, 

21 
Fertili:crResearch, I"Jot( 7,1985. 
i7ek PLG (ed). AI'ronutrients in Tropical Foods. ISBN 9024730856. 

1985 Alarinus Nihof/Dr W.Junk l'uhlishers. Printed in the Netherlands. 
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Fe, Mn, Mo and Zn and the production of annual crops. Analytical data for 

micronutrients are usually expressed ill terms of ppm or micrograms of ele

ment per grait of oven-dried tissue (,g/g). 
Traditionally, planlt analysis is used: (1) to make fertilizer recommen

dations for tile curent crop: (2) to identi'fy causes of' poor growth, due to 
either deficiencies toxicities, ulder field conditions: (3) to identify 
possible ploblelns issociated with ilntrOdulLction of lie' crops into Ill area; 
(4) to evaluate the effectiveness of' fertilizer programs: (5) to survey the 
nutrient status of' a crop within a region: (6) to coil)plemen t soil test 

programs: and (7) to gain a1 understanding of interactiolls allmong elements. 
P:lant analysis also has anl important role to play in comparing nutrient 
utilization Iw differelnt cultivars aInl species. Siddiqi Mud ;lass [941 proposed 
that a utilizatioln ql1otient. defined as biolISS pr uLit amo1t[unt of nutrient 

present in) bioISS. should be used ill such Collpalrison1S. 
Because of the slhtttness ' tie growing season for annual crops, lhe value 

of plant-allalysis pl-ograttns for fertili/ing tile current crom is often questioned. 
Ilowever. several successful uses of the technique with micronutrients have 
been repoted12," 28 . 321 . 

(oodall and (iregory's classical treatise [2,31 on plant analysis and a number 
of other general reviews provide useful hackground reading ahout this tech
nique for evaluating plant health 12, Q, 17. I, 20, 44, 48, 55, 56, 62, 89, 98, 
105, 106. 107. 112. 1131. 

Tlieory of phiat analysis 

The unde:ying assumption behind the use of' plant analysis as a diagnostic 

tool is that there is some relationship between levels of chemical constituents 
in tile plant and tie health of plants. The literature is not always unequivocal 
as to the desirable constituent to determine, tie plant part and time to 
sample, and ftle inlealning of tile attallytical data obtainedl. This uncertainty 
reflects partly the cotplexity of' the problen and partly, for many plant 

species, time lack of dala ThI'n stuillble designed experiments. 

Recratlr chemlicall contlimt~s 

Total concenmtrations of 13, ('u, Fe, Mn, Mo and Zn in plant tissue are 
nortually LIscd I'r diagn stic I0sCs. Ilow,,ever, "active Fe fractions,PIIrp 
elrzylte act ivities associated vitlh an element, and ratios of elements are also 

used. 
The concept and literature concernitng an -'active- Fe fraction and the 

uncertainty aboutt the effectiveness of using total Fe for diagnostic purposes 
were discussed by Goodall and (Gregory 1331 over 35 years ago, but the 

. issues are not yet resolved [81, 1111 A new technique (see Table I) based on 
the quantity of, l:e 2+which reacts .,itb O-phenanthroline was found, unlike 
total Fe. to diffemfettiate between tie chlorotic and green leaves of rice and 
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Table I. C'omparison o' totlI and O-phcuianthiroline-extractible Ie as criteria for separa
ling hcalthy (green) and iron-deficient (¢hhtorotie) rice plants at five sites 1501 

Total O-Phenanthroline 

Site c;reen ('hlorotic Green ChIorotic 
Fe, n 

1 135 260 51 27
 
2 170 200 55 29
 
3 14) 220 53 29
 
4 1304 270 50 34
 
5 16(0 260 52 30
 

possibly other ,:ops 1501. An attractive feature of this test is that washing 
of leaves priol to imnlv'sJs is not tICeded. liydrochloric acid was previously 
reported to remove 'aictive' Fe t'ractions fhotn various plants, including soy-
be~iMs 123. 331. I'eroxidas activity, rather than total Fe. has also been 
cttlo1ved to di;agnose Fe leficiency 171. Iion deliciency ini corn reportedly 
Cat) he di.IgtIO etl hr a ralil fiheld test fo'r peroxidas0 activity 181. 

aliuv Cases of Zin deficietcy in the held are :tssociated with high levels 
(t s()il '.Ph deficiencies in plants aie usutally attributed. phorlus-induced Zni 
it) platt-lilutiotl effecls. to restricled !raslocaliol ot Zn., or to an imbalance 

o I'PAti/ 1821 . hut they may ilso involve :i P toxicity 1611 . Inactivation 
of, /t1 dile i :11 itithalance of P ttd ZIt CoUld Affect the efficacy of total Zl1 

amtta ,sc,,in plants wit; ligh levels of 1). Attdrew et al. 131 concluded that 
tort1A epotile Ctlrves call he tsed t"ot the deterlilinaliotll of critical Zn Conl
t'ellttitiotl provided satnles with high 1) valles 3Crediscarded. (ihsott anti 
lecce 13 II tlld thdt 1(0 Ai Ztl ill corn plamts well supplied with 1) fertilizer 
w, ,intila if] both Zn-deficienl atndl heathhtv plants. They proposed use of'le;!f 
cihottc tll Vtdre. hul nt) rihontuclease or itdolase activities, as an illlex of 
.. ;,lieVC /!I tI ctt. Vtrio t , itesremles of' etztnie activities have heen 
ploposed hm ellllstring the Fe. ('t. Nil, Zi mnd Mo stattis of plants 1561. 
t11dler certAit conditiotts ratios sich ais P/Zi 1121 and Fe/Zn 1711 were 

[ot1i1d t he ttic ef'feclive t1tMtt total Zl for diagtsitg ZIi ieficiency ill 
hect11 ant tiltr, resplctively. Slaw I931 sltggestedtl that the f'Ormation of red 
Aittc ditlii/ottlte i iitodal tissue I' cort offered protmise as a rapid field lest 

for1. ZII. 

oirIMIl. quick sap tests, which involve rapid seiniquantlitative analysis 

()I' ptiole m stetim sap ttder field conditions, were descrihed by Nicholas 
1721 thsCe ICss cMI he Used 'Mr detertmining both del'icielcy and toxicity 
level, of Mi itt selected hIrticultural crops. Syltie ct al. [1021 subsequently 
Iiild tllat tle sap of' the ttidrih frotn a corn leaf' helow and op[posite the ear 
leaIA :t Carlv tsIsl aittd IIIC sap of' the petIuOe of the yolltgest lttature leaf of 
sovheatll ,t thm early lpd stage Call he allaly/ed for Mit to diagnose Mi 
aidequaicy. The possihility of using sap analysis, including thait for Mi, to 
sclect plant tmterial for regiir 'oliar analysis has also been advocated 1631. 
Wit h in tettsificalion of agriculture in tropical regions with acid soils, a suitable 
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sap test for in toxicity may prove to be an effective screening tool. Scaife 
and Bray 1921 reviewed the role of' quick sap tests for" controlling the 
nutrient status of plants. 

Nutrient her'/andplant gmtioth 

KnowleIlge of' the relationship hetvcen nutrient concentration and yield is 
essential for interpretative pui[oses and for selection of the ilost suitable 
tissue 1,or analysis. A schlematic eplresenIation, hased oil that givenl by Smith 
198 J and Ufhich 11071. fr such a rclationship is given in Figure I. Al3 is a 
zolle ill whil yield increases as nlutrienit concentration decreases at severe 
levels of1 deficiency. The problem of the so-called Stcenhejrg or Piper-
StenlbJerg elects occurs in this lone 158, 1001. Bates I1 ref*Cetld to curves 
with AB zones as heing "( -sha)ed.' BC is a zo0ne of lrge increases in dry 
matter with small increases ill ntrllien1t cncltrIatioll an1d is eqllivalenl to 
Ulrich's 11071 "'deficient zone or- Macy's 1641 "mininim percentage.- CI) 
is a zone in) \\hilch the nutlrielt concelltratioll increases as yield increases at a 

lptolptnlitmhtely shower rie: tis zone corresponds to Mlcy's "l)toerty ad.tisl
meit'" 1641 or tmlrich's 11071 "iraitsition'' zotle. l)lI is a zone ill which no 
ill,:rease ilt yield is ohserved in spite ol large increases ill nutrient concen
tratiott it corresponds to Mlacy's region of 'luxury cotsuiltption" 1641 or 
Ulrich's "adequate' zonte 11071 . '1: is the "toxic' zone ill which yield pro
gressixely hdcrealses as tntritn1t lceltlllioll increases. 

('-shaped curves [()I cause prohlems in interpretation of* plant analysis 
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Figure I. Scthecuatic repre entation o1' the relationship tetween yield and nltrient col'n 
centration and of' criticA valtue concepts based oil reports of Smith 1981 and Ultrich 
1I071. 
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data. Two distinctly different types of these curves have been reported: (I) 
those associ:ited with low yields due to a deficiency of' the element required 
100j:and (2) those associated with an element not lresent in minimum 

aimoumnt reqLired \w'hen aother element causes a "liebig Law of the Mini
unim" effect 11()41. Problems due 1o tie first type may be iden tified by 
samlling recently ltutured leaves ater tileor plant tissue soot) ap)earaice of 
symptHIs kO Jl(eprted CaISes Of this dionraly IllIV he delayed senescettce 
I,"71 .stimuilation of carbohdiate Ilroductionl which causes a dilution effect 
19 , 10)t) accuimulation of a toxic level of auotlrer t aterielle a low level of 
thLeelellent in questiou 1701 ,'and reduction in nmber of phmt sinks such as 
tillels or grain, ilcereals 1I25I. The second type 01fsituation is associated 
ililgrwtm'Ilh nespl)IIse, Z1 of1 a secnd deicieit elementcauSed a)plication 

I()W1,lie p ,,,ibility of complications arising froml ruliiuurtrieirt deficiency 
r1I t', alv roill severely deficient plantts.,\ he suspected w\ith aamlytical datla 

Ilh ideal pl:1nt1 alysis situation is 1t arranl~ge saUrplilIg )miOcedtires to 
elimiate the possibility of' wirking ilzlone Al. Sharp breaks illthe 'tran
siltinH' /mle (') id ill the "'toxic- ztole IF with reprloducible critical values 
litt': atlected h, sarllpling ine make diIgnosis easier. Plnt analysis is of' 
lim1tH(%;itW utdess adeUatC research is done to pr)vidve a basis for ilter
peCLttl :illd ,CleCtitiol Of suitaIble WithIMr sMnplitlig techniques. pre'eralbly 
t;,[- I Ils I itere.t. ('ultivars of many species dif'f'er greatly inl their
 
stIsceptililitv 1t ni:,runtrieit deLfCieicies and toxicities 11201, but itifor
llultiil(i litiapecilic variability ill critical vali is limited. ('orn genotypes
 
%Jlt\Inl tIcritical level ilndicating Zn deficiency 1651, anid cultivars of 'heat,
 
c1Itort, Aid dvheai, critical for Mn in the toxicity
ilisplay different levels12
, 7,'.'-
-1
 

V;rhrlns terllr ale elllhiyed to desclrie quanltitative o)rselniqtlantittive 

relatisish ills illplait analysis. Liwer and tipper critical values represent 
iti1ter;t ctml(ositiolr levels illzores CD and I-T. respectively. Ilrich and 

Ihill> 1 (. 1(7, I),,;arrd Olki 1741 associate these lower and upper values 
h dield ,ductioris if 10',.Other researchers define the lower critical 

level a:,heigi that uirtrieit concetration at which lie element is barely 
aIWe thW p<int ()t liritirng griwthI i)981, tlre level at which a growth stress 
ilraV hC eexIectred to ccir [107 ireSpildilug tnmaximunu growthi i,tire level ci 
tiitlrer ,Igivenu ,Ctilconditioins 1701i. , tie nutrient concenitration which is 
inst dleicielr I l5j.Fr tlirxxitmilln growtill 


)ri nd Poheris ill agreellielt Smith favored tire
12 11 \',ill I181 use of 
a Clitickal rilriiri llillle. la herl than a, itgle critici rutirielit conicentration, 
,ilte it is ditficuilt ti est'iblishi a single point experihenitally aid a single 
valC iita vair iie diflerenit Conditiolls. Alillnugh 1llrich alid his associates 
II iNj Lieqtierth'V give d Ipuilt illZoni ) (see Figure IIas lilecritical value,
 
li sltil of resealcheis ieci nizes thaia naiow raige iore truly repre

Went't, tIe siluati)lI11i .Leaf' cinitpiiit)ilo values are expressed Isa 
sties ilfranges silch a!,deliciellt or Siowinig deficiency symptoms, low, 

It also 
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nomial oc sufficient, high, and excess or showing toxicity symptoms [1 8, 56, 
89, 1141. Concentration values within ranges established under different 
conditions may vary considerably. 

The methodology for determining critical values for annual crops is now 
well established. but each elcn'.en /crop situation must normally be studied 
separately. Such studies evaluate tile extent to which the plant part analyzed, 
the time of sampling, and tire genoty pe affect the critical Values. Crops are 
first grown under greenhouse conditions in nutrient solutions or in a suitable 
soil with diffeimt levels of the nutrient unler study [75, 1061. Critical 
tissue data are determinedIat this stage by relating yield of dry matter, often 
expressed as percentages of maximum yield, to nutrient concentration. 
Specific values may be obtaitted by drawing curves to fit multiple data points 
in the -transition and -toxic'- zones 1751 , or by use of regression [101 or 
the Cate and Nelson overlay techniques [1 6, 911 on the experimental data. 

As a followup to the greenhouse work, the critical values should be 
checked iu field experimnenii ts suitably designed to determine the responses of 
the portion .f tie plant that is of economic value to the element in question. 
The part of the plant sampled in the field study is normally selected ott the 
basis of the greenihouse study. Determination of critical values in the "tran
sition" zote is usually stressed in tie field study. 

Selection of, htmlogeneous field sites is much more difficult for micro
nutrient work than for 1) and N studied. Consequently, field data from tmany 
experiments often show no response to the microitutrient or have a high co
efficient of variability. The heterogeneity also presents a problem with using 
unknown plant samples for routine analysis; inadvertent mixing of samples 
with variable composition ill a composite sample may result in masking of a 
possible deficiency. To overcome this effect. Gartrell et al. [291 suggested that 
the bulk sample for diagnosing Cu deficiency in wheat should be taken from 10 
identical plants from the smallest, most uniform patch of soil possible. Such a 
sampling techni.LuIC is probably appropriate for time diagnosis of a specific 
problem, but it makes extrapolation of findings to entire fields difficult. 

An excellent series of studies by Ohki [75, 77, 78, 791, in which critical 
values for NI i soybean production vere determined, can be consulted for 
additional insight into c:' tibration for plant analysis. Another useful study 
illustrates greenliouse techniques for determining critical tissue concen
trations of 13,Uu. Fe, Mn, and Zn in cassava [301. Data pertaining to critical 
nutrient levels have also been developed by analysis of' plants showing char
acteristic deficiency symptoms; this approach is not as satisfactory as the 
previously described experimental approach [105] , but for an clement such 
as Mlo it may he of sorlle value. 

'Ytsse 'l'ction and lime o] sampling 

When plant analysis is used for making diagnoses or fertilizer recommen
dations, a part of' the plant, usually recently matured leaves, is preferred for 

http:elcn'.en
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d etr mining 13,Cu. Fe, Mn, Mo, and Zn 117, 1051. 1lowver, a few researchers 
I'vol whole-planlt analysis at tile hoof stage for crops like wheat, oats, and 
barley 167. 1141. Some criteria that should he considered in the choice of 
type of tissue are as tffolh s: 

I The breaks in the vield-tttrietit concentration curve betweel the 
"*adCeqtlLle'" /olte :and the -deficient- and toxic'" zones should be 
slip. Few dctilitive studies have heell made which justiffy the choice 
of' tissutoII t icnIeltIllietlt alalysis ill trolpical annult.al CrOpS. 

IOllc',gatl et al. 1591 Colldlted that younger and older leaves 
wonuld he clealv superior Cor diagnosing the tnutrient staltos of illl
mobile and mohile clements, respectively. Thus young tissue, rat her 
t11:1old leaves Or with dc plantIs, should be used '0or diagnosilng the 13 
status of' plants. lowver. fr the elements Fe, %i,. Zn1. ('ii. and Mo, 
classed tlindel cetill circutllnstlces as heilg illieruediale in mobility 
1151. the prtblett is mIoe complex. 

''OUlg blade tissu. was Cfficaciotis for indicating both conditions 
ol del'iciency and toxicity Ior "Ill ill soybeans 75 1 ant Znl ill cotton 
174I . even thu t le toxic accumulations of the elements were 
mulch lanei in Ider leaves. Ilover. il a subsequent field study, 
Ohki el al. 1-I j fmid that the tratisilion zone I'or Nu deficiency in 
soybetis blaldtIeUd with a delay il samplitng: tile critical value also 
ilicreased late ill (lie season atd samlplitig blade 2 at Q weeks was 
"avoled for tlia"tosis. 

[lie OtHteSt 'l ll\ e\l)attded leaf 01' SOlghlllllll at ie boot stage 
1731 atid (t1 \whte rou tie seedling stage to senescence 129,. 301 
%%etc supeli t t) oldl leaves fo0r diagm osing Mn and ('u deficiencies, 
tespeclcively. The hBlevel ill life y'otngest nature leaf of sunflower 
at I (werlite was closely related Ito the percentage of*deformed heads 
st ife-rielutn I'l omt13 (1eficicttcy I101 . Iron is generally considered rela
tively iltitbilC il plIMts,. a1d youlg tissue utust he analyzed for 
dia'a Ctic rl+p)se, I1I1 . 

SoTic iiictutttuirieItt deficietICies sucht as Zi deficiency ill corn 
1831 atid Fe deficieticy ill flax (Linm, usitatissimum L.) [801 are 
ofl'ten associated with cool or excessively wet cotnditions early ill the 
seaSoll. but stibsCttlUll.\V the plant glows out of the deficiencies as 
availa ilitv df oil titicrnltttriellts increases late in the season. Cali
bratioml stidies tisitig plait t analysis data f'rom stch experiments are 
dilTicult. alld tile likelihood ofa respotise to -,, ticrontitrient fertilizer 
is p)rthbly detVietiIt ott thte yield potential and the length of the 
det icicilc\' peri l. 
T2.[he likelihood of, Steellhierg effects 11001 developing and resulting 
itt lisstie Ctteltlralioll value.s gleate titan11 those associated with a 
deficiCticy it1uist be ruitilitized. Bates 1t considered that this problem 
coul!d be reduced if samtpling were restricted to plants with newly 

http:annult.al
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developed symptoms. 
3. 	 The part of' the plant that is sampled should preferably be one for 

which the critical concentration value is little affected by sampling 
time. Such a requirement is more difficuh Ito attain with a fast
growing annual plant than with a perennial plant 1981. Critical con
centration levels for whole plants, however, change during growth 
of cereals 160. 104]. Grain formation and lack of production of 
young, recently matured leaves ill determinate crops with sexual 
stages present a sampling problem late in tlie growing season. 

Melsted et al. 1671 provided data showing how leaf position and 
time of' sampling of' corn around tasseling influenced the levels of 
Mn, Fe. 1. Zn and Cu. The effects, which probably were measured 
in the zone of "'adequacy," varied accordling to the element. 

4. 	 Ease of' sampling should be another factor considered in tissue selec
tion. The corn ear eaf, or an adjacent one, which is customarily and 
easily sampled at silking or tasseling, is frequently analyzed for micro
nutrients 147, 68, 851. The efficacy of' this leaf for diagnosing micro
nutrient deficiencies, especially when a deficiency of Zn occurs 
early in the season, is questionable. Ohki et al. 1761 suggested that 
leaf 3 or 4 might be superior to the ear leaf for diagnosing the Zn 
status of corn. From an analytical point of' view the analysis of one 
tissue f'or toiI essential macro- and micronutrients is advantageous. 
Selection of whole plant samples for analysis of small grains also 
seems to be partly related to ease of sampling and convenience. 

Preparation of samples for analysis 

Attention must be paid to the following points dti ring sample preparation: 
(1) 	 respiration losses must be avoided during transportation of tissue to the 
processing center. (2) adequate subsamp!ing techniques must he used both 
before and after terinding, (3) samples must be effectively ground to the 
required particle size, and (4) effective drying and storage techniques must 
be employed. Contamination must be guarded against at all stages. Sample 
preparation has been frequently discussed [17. 43, 44, 	48, 69, 89, 96, 98, 
1011. 

1. 	 Any samples showing evidence of rotting at the time of processing 
should be discarded 1571. Most samples that cannot be processed 
within approximately 4 iiours generally should be loosely placed in 
polyethylene bags. transported in an ice chest, and kept refrigerated 
until cleaning and oven drying can be done 171. 

2. 	 Not more than abTou 100g of tissue can be finely ground con
veniently. Subsampling of dried tissue before grinding tends to 
increase greatly the subsampling errors because of separation of 
veinal and interveinal tissue. If necessary, fresh samples can be cut 
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with stainless steel scissors or knives. uniformly mixed, and then 
subsampled by quartcring. The ground, dried material must also be 
mixed uniformly before taking subsamples. 

3. 	 Many currently recoImmended methods of analysis require from 0.5 
to 3 g of'ground plant material. Material tor analysis should be ground 
to pass sieves with either 0.-minm or 0.4-inin openings (20- or 40
mesh, respectively): the finer material is preferable with samples in 
the 0.5 to I g imge. Slainless steel Wiley mills are often used 1361, 
and care must he taken tO ensure that all tile plant tissue passes 
through the screen. Plant material is lieterogeneotts, and considerable 
tine is sometilmes required to comuinute tile fibrous tissue. In one 
study, Ifiactions of different plrticle sizes front ground samples con
taimied differeIt nutrient concentratiols, but tile effects differed 
among species I971 : this indicates thit both fine grinding and careful 
mixing, aire essential. 

4. 	 'ruzvme activitv is usually stopped ill fresh plant tissue by heating in 
folced-ail dryinug cabinets, piefc iabl\ supplied with filters to remove 
dtSf MRd MaintUlined at 600 700T for 24 ito 48 hours. Samples should 
not he packed lightly in cotilaiiers or vithin dryers or allowed to 
become scorched 8,'-;S. llades norm1ally dry much easier thal stems 
Of peliole lissue which frequetlly must be cut into small pieces. Plant 
tissue is ItygrOscopic, aiid tile finely ground powder nmust be redried 
after grinding. l)r,'itig most ground plant samples at 85 0C for 12 hours 
would appear to be adequaLte for most analytical purposes. 

Chemical analysis of plant tissue 

Cowamlgllinltllonl plrob)le'tim, 

..\i utiderst',iding of likely causes of contamination is essential for increasing 
fle efficacy of aliv plamt analysis programu, particularly one involving micro
ljtllfiellis. (;re:a care must he taken to ( I) remove any surface contamination; 
(2) 	avoid comtainination dturing the collection, drying. grinding, and storage 

of pla n ti.ssue: and (3) avoid contamination during tile analysis. 
I .	 y1vsurLface contaminltion likely to interfere with the analyses must 

he lelloved sooll after tie relevanit tissue has been collected and 
hefOre it is dried or wilted. Washimig tissue requires the ready avail
ability of distilled amid'or deioui/ed water. If a knowledge of total 
Concemitratioti Of Fe ill the plant is required, washing of plant tissue 
is essential. Many rescalchers have shown that inflated Fe values are 
obtained it tissues are not washed 14, 20, 37, 4 1, 5 1, 52, 99, 103, 
1101. Ihowever, resuIts Of one recent study with nonsprayed soybeans 
grown both (ll-0-doors and ill a greenhotuse suggest that measure

ittemit of the "true" Fe contet IOfI leaves is difficult even with washing 
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[110]. According to Mitchell [69], an effective test for soil contami
nation of plant samples is to analyze for Ti, which is not normally 
absorbed in appreciable amounts by plants. 

Soil contamin lation is removed much more easily than are micro
nutrient sprays adhering to tissue 14, 9]. Detergent alone appears 
to be as effective as IICI or IICI-detergent mixtures for removing soil 
(14), but 11(l-detergent washes are recommended if plants have 
received alkaline sprays containing inicronutrients [Ill]. Ilowever, 
such sprays are difficult to remove even with acid-detergent [4, 991 
or EDTA-detergent washings 1103]. If' detergents are used for 
washing, care must be taken to avoid contamination with any element 
of interest. 

Small or negligible losses occur from many tissues during washing 
procedures of short duration [4, 5, 13, 37, 52]. Hlowever, when apple
leaves were soaked in IN I1(1 for 10 minutes to remove strongly 
held Zn-spray material, (lements such as K, Mg and In were 
apparently lost in the wash water 184] . All effective washing pro
cedure was proposed by Chapman 117] to remove soil. 

Most research has shown that, provided reasonable care is taken to 
brush off an11y adhering soil from plant tissue, washirg has little effect 
on unsprayed plant tissue values for Cu, Zn, Mo, and B 15, 13, 14, 26, 
37, 52]. Ilowever, washing occasionally has slightly reduced the Mn 
concentrations in plant tissue, presumable by removing contamination 
114, 26]. Experience, knowledge of the local situation, and the value 
of Fe data are flactors influencing the decision of whether to wash 
tissue or not. 

2. 	 Care should he taken that utensils used for harvesting and preparing 
samples fr analysis do not introduce cont aminat ion. Sonic paper
bags contain B and could cause contamination [117]. Drying ovens 
should preferably be of' stainless steel construction or painted with a 
high qualitv eloxy paint; galvanized trays must not be used because 
of likely Zn contamination. Mechanical chrome-plated [53, 111], 
agate 143, 861 , and stainless steel mills 15, 36] are recommended for 
grinding; brass and ordinary steel parts must not be allowed to come 
in contact witI plant material. Also, storage of ground plant material 
in polyethylene bags or glassine-lined bags, rather than in glass con
tainers, is occasionally preferred to decrease contamination [86, 95]; 
glass bottles, however, are commonly used. 

3. 	 Extreme care is needed to avoid accidental or systematic introduction 
of foreign elements in the course of various analytical operations 
1861. As far as possible reagents should be stored in polyethylene
containers. Acid washing of glassware followed by rinsing in distilled 
or deionized water is essential. Johnson and Ulrich [43] recom
mended washing glassware in wann 3N ICI, rinsing in succession with 
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several small portions of redistilled water and 10,'( (w/v) (Ni14)3 
FI)TA (1)11 8), and finally washing with redistilled water. Washing 
plassware used in micronutrient studies with 20', (v/v) lIN0 3 1491 
and 0.5 N acetic acid or 0.5 N I ICI 181 followed by rinsing with tap 
water and successive portions of distilled and/or deionized water has 
also been reported. 

RIubler used in tubing, stoppers, clamps offshakers, etc., can cause 
Z11 contanliltatioll, and its We slould be avoided 16), 861. Rubber 
bulbs attached to transfer pipeltcs can cause coltIanination with Zn, 
('u1. and Fe 151 Pyiex or Kimax glassware contains B, and any 
solutions used in aualyses for this elelent should be stored in poly
ethylene bottles 1861 . In separate studies, dust from linings of 
lurnaces used in drhy-al;h digestions was tound to cause both B [ 1161 
and Zlt and AI 151 contamination. Lining tie inside of the furnace 
with stainless steel sheeting elimuinated the problem for Zn and Al 
151. Corrosioll of metal surflaces within the laboratory can be par
ticulalyltiotiblesonte. Copper or brass fittings should be replaced or 
coated with an epoxy paint or resin; basic salts formed on copper 
surfaces can he readily difTused aS a fue dust 1881 . Pinta [861 
suggests that all persottel working with trace elements should be 
warIled of all the risks of contatmination. Glassware used for trace 
element analyses shtould be reserved bOr that purpose. Colorimetric 
analysis IMr plhosptorus frequelntly contam inates laboratories with 
MO. alnd such work should be done away f'rotr a micronutrienl 
laboratory doing Mo analyses. [very effOrt should be made to control 
dust itt the laboratory. 

Careful attention sboull be paid to the distilled-deiornized water system 
1241 . Rubbe. briss, bhinze, or copper sufrices should not come in contact 
with pttrified w:ter. ald polyethylene storage containers should be used. 

P;#''c.'sio ll I cI Tl>tIIul-

('otside:lble effoit is teeded to ensure that good precision and accuracy are 
obtained dring chemical analysis. Precision. representing operator or random 
lahoratory crrors, can be easily calculated as a coefficietit of variation by 
doing analyses oti subsaruples of a relevant sample. Ilowevet, this gives no 
estitItate of tuetllto hias or accuracy 1601. 

Measuletllettt of accuracy is best obtained b)y including a "standard" 
couiltol Santple iit each batch of uikno,,,n sauples. This task is siiplified 
by ile availabililv of' platt Salples as Statndard Reference Materials (SRM) 
fioit tte U.S. Nationtal Bureau of Standards. SRM 1570 (spinrach), SRM 1571 
(octhard leaves). SRM 1573 ( ottiato leaves), and SRM 1575 (pihe needles) 
have been extensively used. alld data of interest for tle first three samples 
are givent in Table 2. The SRNI plant Iissues described in Table 2 contain more 
IItran 10 titnes the reported critical amountlts of ('u in young wheat leaves at 
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'1able2..naIylical data proMded bkvtileU.S. National Burcau of'Standards for Fe. Mn,Zn,('u. for three plant staldards.Mo and I, 

I lemntu 
Material SRM No.* Ic NII Zn ('u .Mo 

Slpinach 1571 *555 2o4 165 t6() 50 _ 2 12- 2 a (3))Orchard ILcaes 1571 34144 21) 91 t 4 -5-±3 12 1 0.31 -.1) 33 t 3I±oiato lea,., 1573 090 ± 25 238 i 7 62 t 6 11- 1 b (30) 

\o*l'he,Upl*]l~SMtM 1571 has titilortunatev becume e\hausted but a new citrus leat
sarmle. SRNI 1572, hccdme ,vailhdtc dLrir9! 1982.
 

Mid "b" indicatL that l110int±rfrmaiajn
"an" lromNational Bureai of Standards (NBS)
was prtm ided: howevcr. tiara reported ill telittrature 1491 give values of 0.3 t (.I and0.05 - 011.) mdlt 0.62 - O.44 mpV/i.rcespectyivcv. Nullifbers itparenthe2sis were noncertified 
NIS valuc. 

tillering 1291 and of FIeIII corn leaves at silking 1671. Cost of SRMs is now 
exceeding $100/75 g. aId this lay limit their use oin a routine basis in some 
laloratories. 

Several la atories or groups of analysts may conveniently pool their 
resources fir prepaiatitl 'itd s:tndard i/at iO of a sulitable plant standard. 
Use of aIcarefully ,ala/ed cottrol, such a; an SRM sample, is efficacious in 
Ile calibratiti IllO secmdary standards. fnlerlaboratory exchanges of suitable 
samples have a valabhle rlle to play in the evaluationr of"new llethods and ill 
quality conotI 140. 45. 54. 1151. 

(hemical lIelihciols fr detelliiltitll 01 total elements lIased 1Oiemission
 
spectr oscopy. atomlic absorption spectlopliotometry (AAS), inductively

Cotlpled algoll plla illissill spectroscopy (ICAP), ald coloriuet ry require

thiit the 
 olganic m1utter be removed and tileelements be solubilized before
 
analysis. Both 
 wet ad dry digestion techniques are commonly used. Ilow
ever, Baker rd (;ewehing 101 reported tlhai
('ii and Zn analyses made on1 
0.1 Al FlTA extracts of sorghum and other crops yielded values comparable
 
to those obtlined after dr' ashing. Choice 
 of methods depends on such
 
factors as convenience. saley, available equipment, and 
 elements to be
 
allalyzed.
 

Where large numrubeis ±i4plant sailiples are 
 analyzed for diagnostic pur
poses, there is a tendency to favmt dry-ashing techniques. One advantage of' 
the dry-ashing rechimiique is that a separate digestion is not required for 13,
which is difficult it aialyze by wet-digestion melhods because Of" possible
COlllnlilti assOciated with use of Pyrex glassware 1301 and volatilization 
during digest ion 143 . 

RecO1tr1teMided dry-ashing techniques for plant tissue haive been extel1
sively discuIssed by Piper 188 aid (;orsuch 134, 351 Volatilization losses. 
and reactions of ticrionutrieits with surfaces o'crciblcs and with silica from 
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plants are possible causes of low recoveries with this metho.d of organic 
mler retoval. iorsuch 1341 concluded that considerable experience is 
needed in using this technique to solubiliZe eftectively tile elements in plant 
tissue: it; application to unknown saniplcs without first discovering its 
snitahilitV is qucstioahIlle. Ovelheating in l'urnaces must he avoided 134, 881 
.J S 14, I,J iecommenlded that tire crucibles used, 15-mil high and llde of 
porcelail, should not Colli ill contlact with walls or floors of flurnaces heated 

File aviilability itt Al-heating blocks, which allow nany 75-mI digestion 
tubes to he heated inl a small area, has popularized wet-digestion techniques 
ill the idlt decade [ I 1. Addition ol'te or two drops of kerosene and use of' 
hlock,, tlemostlticilly controlled at suilablc temperatures greatly aid 
d icetion II I. Sone digestio0n mixtures, discussed by Gorsuch 1[351 that have, 

])ell ,,,ed lot p;mit decotmpositioti are I INO3-I1I(104 11, 40, 49, 1211, I IN0 3 -
I (IO.,-If S0.1 143. 501 aa dI lS04-11201 11191. Nitric acid alone 1381 
.ar, ic.itlv1 f1t1 t,.epold as elicacious as IlNo3 the Most 

. 

to he nearly )-Il('I04, 
l\ ,lig e 

\'et-tliest.tn mthlIOds ilvolving rise ofl IIN0 3 -II1'I,04 to destroy organic 
hatle l)Pt'eir leasotllaly efticacious IOr recovery of ('u, Zn, Mn, and possible 

M,. hil not tr recovey of' Fe l4(I or B 1431. Wolf [11,8 described a wet
diet.t lul method Io B dletlinittaioln involving heating of" plant tissue with 
IIS(4 -11,( , in \'ctt tubes. (;estring and Soltmanpour 1301 also con
,.childed th;it I1 ,. as not lost nm IINO 3 digests heated at W0°C ill Nalgene 

Cotlii i t,.d stit n rilli for plant analysis. 

hI Illc,, 

Ihe e\Ict nitetliod (f allalysis Will depetld Upot availaIble etUipnleirt, 
11ti+ei of sltlllples Ito be alllv'ZIed, id cost COllsideraltituis. Where large 
ntiullbtI, tP sailel,.s IIulSl be attaalyzed for essential microntitrients as Well as 
to AL1).I(. Mg. Na. ;nrd K. ICAP techniques and dry ashing appear 
iiittacti'C lit ('1. Mln. Zn, and B 140- 49I . Ilowever. sensitivity of ICAP 
techttiquc, is pooi 14 I fitl Mo dettuminltions at pilt levels lear 0.3.,ug,lg, 

lheveIl v.ell dbo',.e tht IMid in sotie Mo-deficielt planls. Colorimetric tech
tuque, 122, 431 appeat it be superior in such cases. ('tlorimetric techni.iques 

-12. 43. I [,'NJ lt;alhtl te also to be prel'erred Ior plant B analyses if the 
.\.\S method. misead oI I(:\t or emission spectrosctopy, is used for Cu, Zn, 
rid Mit Aalyses. BIcCaruse of difficulties with contatmination and analysis, 
r1d the ,fteti-1itted i toomelJlitollslp of1 total I:e with plaint Fe stress 133, 50, 

1 1. it i' Luetioalelc whettCtM much emrphasis slould be placed on total 
"-calhx i forol utlnellill aiti lOStic pilpt.eS. 

Difficulties willi plant analysis 

Both theoretical arid plriclical difficulties restrict the apphicability of plant 
analysis for diagiltusing nicronutrient problems in annual crops over wide 
legittins. Special attention must be given to time of' sampling and plant part 

http:pilpt.eS
http:et-tliest.tn
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selected for analysis. Additional research is needed on the efficacy of using 
the same part for diagnosing both nutrient deficiencies and toxicities. 

Although there Undoubtedly will be exceptions, the prime use of plant 
analysis will probably be as an aid in the interpretation of field problems 
rather than as a routine means of making fertilizer reconmendations. Micro
nutrient deficiencies in most areas of the world are secondary to deficiencies 
of 	 N and1P. This together with the cost of' any routine plant analysis program, 
relative to the value of most annual field crops, places restrictions on the use 
of this technique. 

If'yields are exttemely low because ol'a particular deficiency, only limited 
informiiationt about othter elements can be gained frotm plant analysis. This 
situation is often encountered with plantts growing on soils where micro
nutrienit det'icientcies ire only obvious when deficiencies of N and P are 
rectified. Such situations are related to Liehig's Law of' the Minimum 1901. 
For instance, ('htldiry and Loneragan 1l19] found that wheat when grown 
on 	a particulai soil responded to ('u and Zn fertilizers only if nitrogen fer
tilizer was applied; tile increascd growth resulting fron the response to N 
diluted tile qualntiies of' ('t and Z11 to deficiency levels. Andrew 121 con
sidered that. if a legume was riot well supplied with symbiotic or mineral N, 
plantt analysis for other elements served little purpose. 

Multiple tutrient deficiencies at levels where plants respond to two or 
tmore element1s, bhth iridividnallv atnd itt combination, also present inter
pretationi difficnlties. Only limited research is available with annual crops
showing h ow critical levels or ranges change in such circumstances. 

lhileractions between plant nutrients undou tedly complicate interpretation 
of plant analysis data, arid blind acceptance of individual critical values or 
ranges must be viewed with cautiotn. Regression techniques have been used to 
refine relatiotnships bet weetn critical values and yield [85, 109] . Bates [9] 
concluded that inter actionls becote more important in the vicinity of the 
optimum yield. Adequate f'ield research with specific crops in given environ
merits is ieeded to evaluate the importance of interactions among nutrients 
atd between nutrients aid the environment. 
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9. Micronutrient fertilizers and fertilization practices 

IJMT)
IVIFI)T 

'SoI ( 'hcmiI,. N,iIt maiIFIertiliier )eveIopr ent ('enter, Teniesse Valley Authority, 
il iclC ama 35660.ShIoi,,.\lah 


Int roduction 

Inc rcased k owledge acquired diring the past 25 years about plant require
ments. sources. and most effective methods of applying riicronutrients has 
hicleased their use if] matty regions. ligher crop yields, usually resulting 

iioi righer Iaes of NIPK fertilizers, also may have increased needs for micro
nutncils. II addition, tie dramatic shift in the tropics to higher analysis 
lerili/els such 'as urea, triple strperpliosphlate, and diainmoninn fphosphate, 
hIa,decueased tile lmounts of, some rlicrollUtrients applied to the soil as 
I'milizer colllamuuitats. 

Micr,,nuli ien ts are sold illforms which vary illphysical state, chemical 
re;t ivit,. cost aeltive effectiveness. itand agronomic Therefore, is im
portaml Io select fie Iost effective and economlical source for each par
licilar crop and specific soii condition. 

Micronutrient fertilization ipracticcs 

lhcre Mre two gceCidl philosophies to micronutrient fertilization - insurance 
of pe"Cf-'ltion applications, The insurance or -slotgun- philosophy has 
beel) used to add low lrllOtlrIts sometimes all. microof llolre thal Olle, anrld 
nutrient+ lt,tie oil. This tethiod, designed to supply all micronutrients 
lelrved b'.; a clop, atlso could be considered as a mainlienance program. 
lICIiiiiI hrilizers centrtAiling all ricronttrients were protmoted in this 
liranrier usually thIris lproigrati did )otcnisidCr specific crop needs nor levels 

Sa.il'able Micortririens it tie soil. Many of the nicronulitrients applied 
%%vith tIis p!lilosoplhv nay not he needed by tire crop, so this method may be 
\ ist 0liiilesol ces. 

.lalitertarice applicaltions llay he economical oil high-valte crops, such 
;iscotlfee, vegetlC', aid solne tree cu.ps. The fertilizer cost for this progran 
usually is I , ill corrllison vilrthe possible decrease illincome due to loss 
ill yields i;d:'or quality of these high-value crops. This philosophy also may 
be used fir other crops where the nutrient status of lie soil or nutrient 
eeds of tie crop halve trot been deternmined inla given region. After soil tests 
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and crop needs of these lower value crops have been determined, the growers 
then could change to thleprescription approach for micronutrient fer
tilization. 

The prescription philosophy ses results of plant anld soil analyses to assessu 


the micronutrient status of crops and soils. Itis recommended that only those 
nutrients which aie required should he at,plied at rates necessary to obtain a 
slecified yielu goal for a crop illa givell field. This practice helps prevent 
applicatioil of excessive amounts of needed 1icronultltrielltS alld elillilateS 
ipplicalioll of' those nltrielts already present illadequate amounts. More 

precise recoimmiiendatio,is also protect agaiist anlagollislls encountered 
among nitrients in plant nutrition due to unbalanced ratios in the soil. 

Ideally. thle p'rescription philosophy should he used for rlicrontutrient 
fertiization of all field crops. LC]co0nomic returns per unit area generally are 
lower with most field crops than with specialty crops. Thlerefore, fertilizer 
costs should be minimized hut still give maximum economic yields. This can 
be besl accomplished by determining the micronutrient statis of the soil and 
then applying only tlhose nutrients that will he needed hy the crop. Use of the 
prescrit';i n philosophy requires soil testinig and knowledge of crop needs in 
a P'.ell region, so it isa more inlens,' program than the insurance philosophy. 

The prescription philosohly requires formulatioll of different fertilizer 
grades for almost every field. Such fornulations are possihle with bulk
blended fertilizers or with certain fluid fertiliurs hut n(,iwith bagged 
products Containing incorporated microniurients. Therefore, premium fer
tilizers have been form,ul'ated to meet the general nicronutrienl requirements 
for a specific crop over a wide geographic area. :oir example, a prenmium 
fertilizer for maize may contain I'; 2"; Zn, 0.5/, Mn,and possihiy very low 
alIounts of, tie oilter inicroitlrients. Premliunm fertilizers for soybeans con
tain Iigher levels of Mn than Zn, while those for colton contain mainly 13and 
MN. Because large tomniages of a specific grade are needed for profitable 
p)roduction the demand for such a grade must he estimated beforehand and 
integrated into the normal fertilizer pioduction schedule. 

Micronutrient sources 

hIm.-,unic sources Natl, rally occuirrinig ores, iaiufactmred oxides, carboinlates, 
and metallic salts such as slfates. chloride,, and nitrates are the main in
organic sources. Some oxides, such as (12.0, may he used as mined, but plant 
availability of other naturally occurring oxides, such as MnO,, is so low their 
iseis not recomnmeided. Sulfates are hy far thle most comllon of tile metallic 

micromitrient salts and have physical properties that make them suitable for 
use with mixed fertilizers. These sources also add plat-available S to soils, 
blut tile alllmlut of S applied at most recomm11111ended nicronttrient rates is 
low. (rystalline sulfate materials usutally are converted to granular form for 
easier handling. Oxystlfates are produced hy partial acidulationI of oxides so 
that the product contains micrtnutrients, especially of Zn and Mn, in both 
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oxide and sulfate forms. Oxysulfates are sold in powder or granular form. 
Inorganic sources usually are tie least expensive per unit of micronutrient, 

but the ,': tiot iwavs tile oost effective lo soil application. 

Sulfaics of ('n. Fe, Mn. and Zn are widely uscd for soil and foliar appli

cat ion. :lthough [IeSO.l is hot recommended as a soil application. Oxides 
generally cost less per unit otf micronnutrient thanl sulfates; most oxides are 
availa~le to pianls ii tile\, are in powdellr foml and are mixed with tile soil. 

Oxides are fot v.lel soluble so they are tot effective for crops ill granular 

f,0iti since theil specific sulface area is greatly redttced. Iffectiveness of 

tM iti:i oxystillfates for clops is related to the level of' water-soluble micro
ititriel in a pIormtl. At least oite-tlird of the total inicronttitrietit should be 

WAlteI soluble toW effective Is l granular fertilizer. 
llm Nix. B1(0,- 111,(0. been mosl 11source, buta has the common 

pi odtcls colltliniil tewer waters oif hydration now a:ue used more widely. 

lainilt b rates tmw can le made for applications with granular NPK 

leltili/ets 1211. and fincl, gl uiid bolates aie produced for foliar sprays. 

Boric :icid, I1.lI() 3 . also is tsed but it is more expensive per unit of 13.Cole

oaiile, ('a: It, ()B5l 511,0. is :a plduct of low waler soltubility. The most 

otlti1oni sourlces of Mo mre Na, MoO., (NI14 )Mo()1 4 . lld MoO 3 . Tile 
imti bdale, ate complecly water soluble but NloO 3 is less soluble. 

Orlulic rc'ts Synthetic m ntliural chelates. nalural orgallic comniplexes. anduj 
valio s collbiillatiolls t nstitte the orgatiic Iicronutrient sources. ('helates 

ie Ilued by c(oibiniig alchelating agett with a titetal through coordinate 

bonlds. ( thlae,, iia\ be sVllilielic (litantifacturedt) or natural (front sugars 
t olhcr iiatial podtlucls. A chelalittg agent is acotnpound containing donor 

A ll h:i1i catll iibill , ilh a sinigle metal ion to fort a cyclic structure 

1 or 
is delivedt oull tile leek "Clihel" or "claw" which describes tile type of 
chemical siouCite. The stability of the ineta!-clielate hood generally deter

miote, ile ivailhbilily of tlhe applied ltrllienl to plants. Au effective chelate 
is mie il v,htilthe ,ubstitittiot rate ol' the chelaled nicronutrient for soil 
c;Ililits s lt ,. 1tt1 tlaititaitiing the applied nutrient ill chelate form for 
suiffici'ti ititeu to be ;absorbed by plant lootls. 

Suitti chelatii :gagetllis used for prtduction of' itmicronturiewtt chelates are: 
eth\lei',tiaiieetraceiic acid ( ItA), N(hydroxyethyl) ethylene diamine 
ili aceti-, icid hI IIIf)TA). lielhylenC triamine penlaacetic acid (I)TPA), 

elhislettc diamiui dito-hiydroxyphetylacetic) acid (11)1)1IA). nitrilo triacetic 
aicidl (N A). glitioieplotic acid. and citric tcid. The most Commuon chelating 

ageiti used with iiicl oiutrieilis is [l)TA. Many clielates are sold in liquid form 
bhcauSe puuh.it t.ionlcotsp Itllif o1' IlliCrotttlriell are lower thallti tose of the 

called A clielljo oniplex. motc simply, a chelate. The word "'chclate" 

povtled Iuhl which re(lirCs drying. These liquid chelates are used mainly 
fm otixing with hhid fertilizers. l)ry chelates are incorporated in some granular 

NIPK feitiliets, but their use generally is restricted to specialty products. 
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Natural organic complexes, such as lignosulfonates. phenols, and poly
llvonoids, are produced commercially by reacting metallic salts with organic 
byproducts of the wOOd pulp industry. The Iype ol'chemical bonding of the 
metals to organic components in tie above products is not well understood. 
Some of the bonds may be similar to those in chelates but the remainder are 
not well defined, hence, the term Complexes. The most popular complexes 
are of Zn ald Fe, altlough limited amounts of Cu and Mn complexes are 
produced. Products containing inore than one inicronutrient are made for 
foliar sprays or for application with irrigattion water. Effectiveness of organic 
sources for plants varies widely. Synthetic chelates usually are more expensive 
than natural organic complexes, but they also may he more effective under 
certain soil condi, ns. 

I'r'ittedmicromtrienmt.s Frits are glassy products whose solubility is controlled 
by particle size and variations in matrix composition. Frits generally are used 
only on sandy soils in regions of' high rainfall where leaching occurs. Some 
l)roducers mix frits with NPK fertilizers, but availability to plants of incor
porated frits is not very high. Frits are more appropriate for maintenance 
programs than for correcting severe micronutlrienl deficiencies. Since govern
mnent regulations mow restrict indiscriminate disposal of industrial wastes, 
many industrial byproducts may be marketed as micronutrient fertilizers. 
Flue and baglhuse dusts from galvanizing, pigment, rubber, battery, and 
oter iIdust ries are Used widely as Zn sources. Several processes are used to 
remove impurities from these materials, butl sole ZnO products are used 
without purificatiol. Byproduct Zn chlorides, nitrates, sulfates and oxy
sulfates, and Mn sulfates and oxysulfates also are market.,d as micronutrient 
fertilizers. 

Sommle (o these byprodmcts also may contain appreciable amounts of other 
heavy metals such as Cd, ('r. Ni, and Pb. The availability of these heavy
metals to plants has not been clearly determined, but their effects should be 
minimal because the soil application rate is very low. For example. applying 
Zm]O (6(Y; Zn) containing 500ppm Pb to soil at a rate of 5 kg of Zn/ha would 
result in a rate of only ).004 kg of'Pb/ha. These heavy metals are relatively 
immobile in tie soil. so they will accumulate in the surface layer. ifsuch 
byproducts are applied to the same field for a number of years, the levels of 
heavy metals in the surface layer of' the soil could become significant. 

Agronomic effectiveness 

Relative agrmmonic effectiveness of two or more fertilizers is defined as the 
ratio of crop responses per unit of nutrient applied. For example, if' 
maximumin yields were obtained with soil application of I kg of Zn/ha as 
ZnII)DA aid 5 kg of Zn/ia as ZnSO 4 , Ihe relative agronomic effectiveness 
of ZnI-iDTA would be five when compared with ZnSO4 ,. Determination of 
time relative agronomic effectiveness of several micront rient sources requires 
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that several rates including the zero rate be used to develop crop response 
curves. Multiple regression analyF-s can be used to give relative agronomic 

etfectiveness of' various sources in nlultirate fertilizer experiments 112, 131. 
Band application of several Zn sources vMith a 10-34-0 fluid fertilizer for 
naiie al ates of 0, (.11, 0.33,. 1.1, and 3.3 kg of Zn/ha resulted in different 
orders of, efectiveness fbi the Zn sources with each Zn rate 1231. The order 
of1 efectiveness at the lowest Zn rate was ZnrI-)TA > ZnSO 4 > ZnO. In 
Cotrlast. yields were lMer with ZnFIITA thall With ZnSO 4 and ZnO at the 
highest Zn rate because Fe nutrition was adversely affected. Therefore, 
relative effectiveness oftl sonrces depends oil tile rate at which they are 
cotmp;ated. Obhviosly, the entire respotse ciu re must be considered when 
iiiikiiien ch :omipitaiisotis. 

Hot, u; rop respollse to B sources in tropical soils will be affected by rainfall 
distibmtioii. soil texture, and B sorption by the soil. Borax is completely 
\\,ter soluble and subject to leaching. so more than otte application per 
gL ,ving seasou niav be requiled under such conditions. ('olelnanite, which 
hais uOldelale Waiter solubility. imaV he mote suitable than boraX for use ill 
lroeufl cii subiliipi:al s'oil and climatic conditions. ('olenanite and fer
fili/el oralte were foillid eqully effective for collon alld sunflower when 
iinc l)oille v. itli NPK fertilizers in Zimbalbwe 1471. Both colenianite and B 

it I 1\ ,.salcr Solhbility t were superior to borax for cotton on sandy soils 
in South (arliia uildel relatively high rainfall coiditions 1441. Use of high 
iitill tles o hoiax to offset leaching iosses may result in B toxicity. Yield 
(1 h;11V iudieO v.a, severely iced vitLIh ahou t 4 kg/ha of 1 applied ased borax 
in Iln'ida Il ahle I ). hul yield was 1101 affected by equal or higher B rates as 
cIleitaiiite Mri lMVdered busilicate 150 . 

I 

l I 
Il .... " 

I tt 
, a.nds 

Lcol It solmri %atylli, 
IIirjth suol115(i 

in :. er solutllity oil yields kg plot-' of hairy 

Ii ' IfiuI Stlubility 0 
Itaptl
125 

iedt, kg Im 
2.50 5.00 

ti ,ra\ 
(,teuiuile 
t0tO',SilicaLe' 

fhigh 
moderate 
low 

2.84 
2.86 
2.72 
2.91 

1.84 
1.84 
3.55 

0.64 
2.14 
2.36 

;i. \p it.Iitiin rates were 2.25. 4.5, and 9.( kg tha of' It, respectivety. 

Moh,l'hd nimMany tropical soils are very acid and probably are low in 
available NIi. especially for legumes. Botlh Na 2 MoO 4 alld MoO 3 were equally 
effective for several tropical legumes, including Siratro and Desnmodium 
gr,,Ii\ it) association with panic grass ill Queensland, Australia 1281. Both Mo 
sources were surface applied with NPK fertilizers bit at rates up to 200g of 
Molla. Results also showed that incorporating MoO 3 in the seed pellet was 
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equally elfective and assured a uniforn aipplication of"Mo (Table 2). Differ
eltial response to applied Mo am111ong legunle species also was tnoted. 
Tablc 2. I llcct\ l mol \ thtt'iujii N :trii yi'l :mt,tilrlt'll OHiMntratio'nrtrr ratt- -t 

,,
illci11111Aind .r ',, Cie illQutCcten auld 1281 

Muh.bdlclull \t Numr,t' Sirairn Pani. urrams 
app lied .... 
l 1h:, I ild N yied N 

(lilt h Ila(1111 


) 
 1.0 2.56 1.5 1.93 
25 MoO, 1.4 2.85 1.8 1.98 
100 MoO, 1.6 3.12 1.3 2.06

200 MoO, 2.0 3.19 2.0 2.14
IO0 Na, Mmt ), 1.8 3.12 1.8 2.10 
100( Mo(tO 1.8 3.23 2.2 2.11 
I.S.I). 10.05) 1.7 0.7 

a. Included ill p.let.Seed 

Zinc More research has been conducted with Zn solurces than with other 
tnicrfultLtrients because Zn delicienciCs are more widespread. There are 
several Zn sLmu cCs which are widely used. Response of rice beento ZIn ha.Is 

shown in nlils' coutries, and there are note 
 reports of' ZI deficiency with 
the developmiett (1")in(proved varieties. Results oh" a 5-year stuly comparing 
ZI sources attd IItethtc'Ods of" llplication for rice intnine Countries shtowed that 
5 kg of" Zil/hta isZnS( )4 supplied the Zn requirement of at least two crops
12,1. Lower iltes fI'application (I or 2 kg/ha) were suftficient ingreenhouse 
trials; chelated ZIIFtI)'A was equal to ZnISO 4 at Utsual ZI rltes it these 
sttildies bit was itleflective al low Zn rttes. These results wete confirmed itt 
aitotlier sludy 1I17' apaj:arettly" the highly mobile Zi')TA may move from 
the toot /one dltlitg flolodilg. InI ct1lrast, sc.. ral chelates were equally 
ef fective wilh Z/nS( 4 IMr dty matter l oductiou o)"rice ill the greenhouse 
[i()I. 1ptake of Zt was higher frhti hIe chtelates 1ian frott1 ZIISO 4 . 

Zittc oxide wa ZI)SO 4 witlt mixed applicatiotn to ricemole effmcive It:111 

illtwo field expelttlents ota fl ded calc:areous soil in 1,gypt 
 131. FTective
less was relatled to tIle elects of, these Sources tit ZI illsoil solutiot ZnSO 4
dissolved sot dlfter application, which caused atsharp increase in solutioi Zn 
followed by trapid declite. Zinic oxide dissolved more slowly and maintained 
soluble Zn at inlermediaite levels for al least () weeks. Suspensions of ZnO 
were Illmte elTeclive hitt ZitS slspeltsiolts, adtl ittclusion of attaptilgite 
clay inI ZnO suspelsions increased adherence to the roots ht)1decreased Zn 
availability to rice I1P) I . 

Maize has a relatively higlh Zi requirettteut and nutterous experittents 
Iave beeI cotlcLed to detertLtille tile1tt0St effective Zn sources antd rates. 

M;xittttuttin graitl eld:; testled 1'roinI to 2 kg ol'Zit/ha as ZnEIJiTA itt Nigeria 
1431 and frotn 3 to () kg of Z/hl as ZttSO4 in ('errado soils of' central Brazil
14 11. Little applications decreased grain yetlds onl these Cerrado soils even at 
high Zn rates; these soils are very low inavailable Zi, which then decreased 
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ipollllitting. Zinc sulfate, Zn(, and fritted Zn were equally effective for 
ltatize in Bra/il 1151. Application ot ZnSO 4 to tn exposed subsoil resulted in 
illcteAsld yields on an ()xih,, in I'ucltto Rico 141. ('elatled Zn sources were 

illnme 'llcctivC thtn /1.6(4 ol mnaize illIndian soils 1451. 
sevetal othll clop. also have slown response to Zn. Zinc oxide was twice 

i,, c tive As : 1ratlllar Z()-hlased bypro)duct Itorwheat inlSouth Africa 
II II ZinC dCliciCllciCs illilllprovCd clthivars'.; o' t)toes ill1ndia have been 
,:loCutCd \5ith Z. 1 ; application 1201. ('assava appears to have a high Zn 
iptillciiit" Zitmi'tIll 2) 4 Wele ielIluired for maximumto kt]la of' ZIS()

\ eICl, (ollhii Responses to sourcesill 1241 . of Zn and other micro
inll l triopica as coffee, pineapp!c, and rubber, are sumcutso crops, such 

I l ieI b delt;C si( I 1 1 

(c.rT nio Agronotmic eflectiveness of Mn'totuIs sources is closely related 
Illthe ao)plictlliO lliethlod because :vailable divlleill Mn is easily oxidized to 
ti li,lfble ill calcaleolUs MiaxilliUitolills itillal antId soils. soybeati yields 
timlt .\Iiis0.4 seie obtatietl whIt Mnitrates of2.2 ki]lta loliat 5.0 kg/hia banded. 
iildI I to 22 kelha bioJdCasht deLpending Oit soil pll121. lith MNSO 4 and 
%I(titji ll\mic equaly elective Ir clps., but only itMn) is applied as a 
1 iic 36 lestlts lel)letl l'Or 1ni ('nO. Becalsepuss d . Silnilal are ('1S0 4 

inii'iiitc' Ic ,inte, ale :pidly ixidti,ed louiavailahle loits illsoil. I'oliar 
,plil,1Alt s 1ic,'lI ive lfects, ie i l c cli t unit ol'atpplied Fe 138, 501. 
titii liiiit'lif ,t al correction of microsoiiice, tes (d'aplplicationtil 
Iiicli detliciiccs lihe beei Ieviewed elsewhere I, 310, 3 1, 32, 30, 381. 

[lie
16's,/idial Itit'ut''ti1itltitle oflcrop respoilse tlo a giveit micro-

IiiUiictill fillt.cceti cips is delfined as its lesidual eflectivelless. iloli CII 

.ild /tI halvC sI1iiulic;it Icsidt:il effects, so it ma' notl be necessary to apply 
li'scw wiiuit(ietl ev]ki veal 15()j. Ihie kilogiat s of Zi11iha as ZItSO 4 

uppCli- I,1CIMhthuc \sas fOr lilaiZe itt [Ie ('errado soilcloputinlL adLqUae 
(I 	 c'tllihl Bli/il, tt iaximuti soybemi yields iesiulted with tile 1)kg/ba rate 

lit (tI ble 3). WheatM 'iel \\c inicased by 7t aplicalitn to the 

Ilt.tc Ru''ihhlutl t11cili'li ,1 if )ii pplied 4 yi'ilr prior to croppitig by taize.' 
iut ..5 kI,lls in <t'iilr.al litil 1421 

Graillproduc~tionl 

/ii 
I 

.ilpld 

hi! 
tldi/t'. 

(liltt l
i 

. 

) 
Soybeans 
(lilt11.1

ii3.28aa 1.038a 

3 
4.99h 
6.9lie 

1.571) 
2.1 3c 

ii 6.29bc 2.6)d 
27 0.25hc 2.8 1d 

colutltmn\.\itius h MCLI'dh\ lil' stilt' ltittr illtacth rc nol signititatntly different at 
flit' 5 irohiahthiity Iccl Ih.IIIR I. 
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previous crop of rice but there were no residual effects in subsequent rice and 
wheat crops 151. B oadcasl ZnSO 4 applications or ZnO applied a suspenas 
sion for roots of,rice Iralilpl.its supprlicd Zlt to a succeeding wheal crop on 
calcaicous soils in India 1541. Neither F nor Nfii sources have significant
residual effecls in netlll~d ofr calcareous soils hecause these tuicroiutrielts are 
OxidiZed t liaalilable 'onrus. 

Methods of application 

,St'1 rcur t and roo diplrinog Amounts which may be applied as a wed 
treaItmuent ;are Nety' liriited: NIo is tire only micronttrient that is usually
aIpplied it 1i ll rl,:+0ioer s'2...! i",oH,') pr'vi irf cir 7 11for rice 
oil;ildilkaline soil aind did iot affect seed germilatii I )ipping rools 
of rice tirisplaillt il a I';Z110 sispeisiotn prtiviLCd sufficient Zn at a lower 
cost thain llialof oil jpplication 155i Iligher dry inatter yields and Zn 
uplake ic eltd %siihsnakifi iwc sect] iii frilled Zi suspension thaii ill a 
ZnII)IA solution iii iecli [2,.l-Applitionl o1' ZiuS() 4 by seed Ireatlienl. 
fnlio splay. or 'oil ;lpplicatioll was equally effective o po ttoes in India 1201. 

SCed ; tIl)lrcl;iiT of 13 nd M iresilCtl ill incleased yields. HnLuhlaliol, and 
N COititiil of hritis il Ihail 14S . Seed diessing of' Nl was very effective 
IlipitCViiliLg Mn dlicicyiC V of aite iiI ZiiiawC 1511 . although ilaxiiiml 
clOp)t feldt] ec tll tallined \wilh c ailitg to seed Ilialwas very low illMo 

< 4I1)1 lI. SoAtjiiL wheit sCed ill solhiliolns of' ('1lSO 4 or N niSO 4 for 12 
iustholuiliN pllt tIlnling lesulled in iicre;ised] yields alnd also Cl alld Mil 

content of e:gini in P1;tkia;ni i 

1"Olial slt Soluti n' contllailling one or more iicroitltrients are used 
widely as fol ai piys. Sorie advaitages of'foliar sprays are: 

. pplication rale are much lower thall for soil application. 
2. 	 I'liholilfdislihuillon is easily ohtlined. 
3. 	 Responc Io the applied nuriel is aliost immediate; therefore, 

deficieicies can he co rected during the g owing season. 
4. 	 Suspected de ficeicies callbe iot easily diagnosed with spray frials. 

Solle dis;tdtV:ilitigte Me: 
I t. deriaind oflen high when plantsrNUient is are small and leaf surface 

is itnstifticieI fIr lolir absorptioitn. 
2. 	 I.eaf butli isult' if satllillaiV connteiralions ale excessive. 
3. 	 It nay he to illte to correct lredeIlciciicy alld still obtain maximum 

yields. 

4. 	 lhicic ISlittle residual effect from niliar sprays. 
5. 	 lItra applic;ioin costs tray be reqllired because more fltail one spray 

applicartion rttayN he needed. 
['ulial splays alliy always be irilrentr effective tIhan still applications. Foliar 

collhr
It sprays to t wei less effective thai preplant soil applications on 
severelyN I-deficient soils inlNigeria 1221 . Foliar sprays of 13are recommended 
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iM beatts ill Ctlotihia on itioderately deficient soils, but soil applications are 
recOTIMiended where B deficieticy limits early growth 125]. Foliar Mo sprays 
did 110t result it ncteased rice yields in one locatioui 1401, bit indirect 
eflect, of f-liai Mo spra. s oil soil poptlatiotns of N-fixing bacteria and blue
gICei Adlg;ie IICL;tl,,d %ields and N contetnt of lice at another location in 

Ildia IMI 

Soil ui/ p/h'll I lte MoNt coititiIlti ittethod is applyiutg itticrolttitrieits to tile 
stil CthtI , a brltidcaSt (llixeLf) treatitelltt prior ito tillage or as a band appli
cat iil it phailtilg. Bloadcast applicattions allow a greater proportion of tie 
soil ill tie Itil /Ole to be al'fected by lthe fertiizer. lowever, this also results 
itI ereatel reactiolt 0, tile soil with the applied inicronutrient which may 
leidliC it,, ticillic elfectivetless. Surface broadcast applicatiots of in
ol'iuil, litititolli ciI trcc'+ withioutt subsequett tillage usually are less 
eLh.eeiveCC iTI'0 ll bhuseCll, tle Illetallic ilicrloltutrieis do not tmtove itto the 
ot00i /ltC. I Ii,\'ct tplJdreIsii ZiS().; al'e observing Zn-deficiency synmp
011it ll lice \%:I, i, eclctive &s pteplatit broadcast ZnSO 4 applications ill 

I:ikktii Im1 (hehted inticotmtrietts will leach jito the totI one at'er 

•,1l itce aphicititn bew are iitcaule chelale, tightly sorbed hy oil colloids. 
lephljiit oflllodcast applicatiotns of ZIIS) 4 (1()kg of' Zn/ha) after 

puIddlilg it ,,oil \k.IC aS ef.Iecti%'e as ,dippiIg roots of rice h)laitts ii a I', ZnO 
.,ti.,sloti it tro ITable 4). The latter nethiod illtrtSphatltiite nuiseries 

s. Ih.Cd and is o1tC of tihe least expensive methods f'ot supplying Zn to 
Itmil.phiited lice I+,I . Applyiig Z sources to rice seedbeds also provides 
,tillicieitt /it 1, rice tII)splaitI, ill the Philippines and requires tmuch less Zn1 
th11 /ii lpplictii to the etlire paddy 1I8. 

t. 4 I t I " , .'t''.ci 'id lilt'e ilui\ A itmhi atioti on rice yields. West Pakistan 

/1i t . .'ci rt'I Meitho dl f ,pplication Grain yield 
keL I I (lt Ia 

Z/tS( It) Ireplant 
4.32 a 
5.98 bed 

Zi]S( 100lt Preplant 6.52 ed 
tn. () It ltr.'T.M ;ISt aiter puddling 6.01 bed 
ZtnI 0 
/nSt 

100 
Iit 

Broadcast after puddling 
IWroadcast after First symptoms 

6.92 d 
5.69 bcd 

Z/NS)I) 101) Broadcast alter first symptoms 6.17 bed 
Z1it t).I )ip Seedtiigs in '; ZnO suspelsioi 5.86 bed 

\a\ 
0 Clc 

Ic. hitcflosed h\1Clv lii 
I] I 1 I 

' i ct i itlrt, not i fticamiitt dilterent at the 95', probability 

Bantd applicatiotns of Ml Sollces geuerally are more effective than broad
ca,,I applicaliotis hecause Nh reacts wilh the stil to become unavailable to 
crl)S Itore rapidly with brloadcast applicatoits. Iligher rates of Mn arc 
requited for brloadcast thani band applications for soybeans. Band application 
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of Mn sources is more effective With acid-lorming than with neutral fei
tilizers because acid conditions in the fertilizer band delay tie rate of Mn 
oxidation to less available f'orms 121. Improvements in agronoic efficiency 
with balld over broadcalst Jpplications are not as marked with ('u and Zn as 
wilh Mn and Fe applicaliois. In(organic Mn and Fe sonrces oxidize to t
available forms in file soil. bil ('i and Zn sources do not. ('are should be 
taken to place starter fertilizers containing 1i at tlie recommnended distances 
w'y l'rOlll (lie seed row becalse 13can be Ioxic to seedlings of some crols, 

eveil at low tlles. 

.. plicatiohn with .VPK .f'tili', ,s It is dilTicult to apply micronutrient sources 
sepMately :1d 1.11i0'1111ly in tie field at recommended rates, which usually 
are < likg/ha. Applying micronirients in combination with NPK fer
tilizers is comiveitiemit and alloWs more uniform distribulion with conventional 
applicationl equipleni. Costs also are reduced by eliminating the separate 
application of nllicrolltllrcills.
 

l)iing incorpoalioni of inicrontirients with NPK fertilizers, the micro
nutrient source is ill intimate contact with Components of the m]ixed fer
tilizer under conditions of high temperatinre and moisture. This enhances the 
rate of chemical reactiols which naMy decrease ie avaidlbilily to pl)lmtS of 
some nlicronilirieni soullces 1I . For example, when ZnFi)TA was mixed 
with superphosplUate belfue alunnWniaiion, acid decomposilion of1the chelate 
molecule resnhed in decreased availability of (lie applied Zn for navy beans 
1141 . When (lie priocess was chuangel by adding tie Ziil-I)T, after partial 
annnonialtion. availbihitv of Z w.is increased 171. Incorporating ZnSO 4 

wilh s perphhsphaites belore alnnloniation decreases water solubility of' Zi 
1271 which resIbs ill decrealsed plant availability of tie applied Zn 1341. 
Maize yields were slightly highier with (lie application ofl ZoO incorporated 
wihi a gianuil:u NPK lemilizel (to coiutain I'; 7.n) thtan with granular dol
mile it iales up to 4.4 kg of Zn/ha in Zimbabwe 1531. Zincated urea (con
laining 2'; 3' n Is ZiiSO ) was is effective as broadcast imSO4 for wheal 

in India Pol Zincated snperlphosphltes also are beiig evaluated in India 1461. 
Agrmomic elfectiveness tf nlicrnuirients coated 0(nh) soluble graniular 

fertilizems should be similm to that with incorprlation duriig tle man
flacture. Navy beam yields were similar wili either ZnSO 4 or ZnO incorpor
ated during the unnufatcinre or coated onto a granilar NPK fertilizer. but Zn 
uptake was higher \\ ith ZlS0 4 (Table 5). Also, ZnIII)TA renained com
pletely water soluble when coated onlo a NPK f'ertilizer ini cotnjunction with 
MlnSO 4 . while i was only 40'; water soluble whenm coaled with MnO) onto 
tle sane helfilizer. Yields of' navy beans .t0s( were lower with tife latter 
product 1141 . The relative effectiveness of' Zn sources for maize was ZnO 
coated > ZnS0 4 ifcorporated > Zl() incorporaled with granular NF'K fer
tilizer 1521; ZuSO. coaled on1to fhis f'ertilizer was not tested. 

When bulk blending inicronttrients with granular fertilizers, using granular 
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eld Zinc ll ll ,s and 
meiiht,dtI inchionii , i a .rainulair NPK fertilizer 

;ddl 5. ' alilt c .'ollot Itonll* llavvIri js afftcied 11wZn soriie.'i 
in Michigan 1141 

In 'wuic Mlthod tit inclusion 	 Yield Zn illplants 

(in ha 'I (n k, 

12.3 20 
/IS(), I Wttendled 16.6 4(0
 
/IS(), Incorporated 16.4 31
 
ills(I( (oarid I 7.1 34
 
/ii) I In ci loried 16.2 23
 
ii o 16.7
('ated 26
 
I S 1 . 1.7 3
 

I rti/nl'i i.ir it, planti tin o u pl.t% 3 ke of Zn/Ia. 

I iki, )lIt III lINii.'" .t iel)s pCI,,ieve segiegation rom tileNPK fertilizer 

~t.'Alt'n'i ll IL t.Lilill llllitL.' size,. IhIn vever. tile gralllular size of Inicro-

It tlll",nICCNLt' IICC, Ile ilminiir nit :ipplicaltion siles in tilesoil. For 
L.'\tIilpIC. 1tle iiiiiiII. (i u'lmiiitle slie, iiia t less tha1120,11112he when grainular 
riS(); i,:ilppieni 1taillt. tt nh tiIctrst., il'ZIISO 4 was illCol'-I iC.g nil ' 

1 lilt/L tt Zit, i1 granulenI,LOL ' \siih J lellili/thi cMIllai 2 'l [le lllillihen 

-,I \, 11C t 3")) ii (lie Zi rate. Applicalion.',,till i 2 a samC of gallt.Ilar 
VN l IB.,l)-. l- nc.'tltN, Illhigh Bncolicelillrtlioll il liit' Siil near tile gra ntile 
'.10 11,11 0 1111(1 hLiI CL' II oithlii sensitive cr lpspeciesLI I ICiLiI illts 1371. 

ni1Ill!Aii IIIICI )IiitII ii.'It k)\idc\, ma: nolt he availahle It) plnls becausC they 
C ICl Iilvn ,tmMilitINillll id Ilei spcCilic stl"',iTe real is greatlly reduced 

Ill1.imulk ImI ,llmu, ZI() \%isilCTective ill providinlgzl aizeZn f-r IlIl 

Clillltiin ln() did mlt pintviie availble \Ill I'r oats 1351 ill greenhouse 
IL-,-I,.lli tic. it ni. it salisfactory usel oIdl nllIty he f'r illbulk 

IlLcil!,.L',()CLLIJd\ l "LtILI iIictonli(lienil deficiencies ill young plants. 

/	in, 'Oni \teit ticleimitin! niiilitlii Iicruotnlrieli( rates for a givell Crop 

in1 N,,ill Nciillis useiiraximtn; crop yields as tleoLntiliil. "ml smtimmilites 
II t,111 . inn L xilu.\ Ciirp V'ietLIs ire iot always flile IlaxiliiniL l l e e llai IItIii 

COt,,hM C ,it. In1put cost, I1 ploduice the last ilneenlierIs of yieldiniay be 
,.LI, lClitu elutl tlhoise iilcriicin Other inpnts, suchL. ,tI ill Itile lo lls. 

'INNI'lK LItilh/.,i,, utimer t1icttltlal chemicals. ani. irrigalion \vwtei. also 
Il ihe nnrided il the ec.'coiltuti.c ;milyses. Clop prices Aftect [he optinitnihi' 
Lit ll/Cr IL' ' Ih'I\ ll l hi' i.'hellitijiet. It iss ggestel hIllatecononlists be 
cL' lll Id ll d'i ,itlliu exeL iltleilnt tomueleim ile tle IllilSI ecolloillical rate of' 

I tII[ It) )I .l ll 'tillC I 1N1 

Ill ,t ii ' I Ivis V(Ic. it %%A,lowll that ltet incomile tromt maize and 
,I,iii.'.MNI hiilil\ JNucitilc m to aZn-deficient soil\\it li' o[/i1 aIpplicatlio 

It I itdt I-('I.I Ni,.' ,,t ell'ic,;Il-'I rice "withZII() or aplplyiig ZiISO 4 to seed
hud nI t(1 litII, lice ilited in coIsidelahle Ctr15savings in tle Philippinesfllll .' 


IfIlli:l p:iN genetilly me ninure economical thalt soil applications of 
lll(mNiillI.IitHLlti',I)ICIecu required rates are nclh lower. lowever,tline 
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added costs of the extra applications needed for foliar sprays may offset the 
savings ill nticronntriei costs. 

Summary and suggested research needs 

Nlicronttrient sources vary widely ill price andiagronomic effectiveness. The 
most effective source of a given nlcronutirient depends Ol the method of 
appllication. clop species. availahilily to farmers, price, and availability to 
plants. There have been relativClv few studies i;I tile tropics which included 
comlparisons of, ilicrtitiemit sources. Ilowever, the rlOSt eCOllOIIliC soturce 
and rate of application flr each crop can be determined under field 
cotiditions by tiadit ioal small-plot field experinientatiotn. More thaln one1 
ttOrizerO Iliclottitlienl late should be included in these experirients. Choice 

of 	 iticItOutrient sourice may be dictated by availability k, faimers but 
detnaid for al itIlprovCd source could change marketing practices. 

Method of application also influences effectiveness of sorie imictolutrielt
 
Sources f'o crops. 
 For example, badlding Mnl Sources generally is more 
efTective thaln broadcasting. Application nethiods imtust be cottipatihle with 
cul'ural praclices for a part cular crop. Foliar applications enerIlly arn' ued 
for tree crops while soil anepicatiois may be most satisfactory for field crops. 
Tire of applicatiotn also affects efficiency of nmicronutrient use by tile crop. 
IxperillieIS It cOIpar)e SOlICeS AlS) should include mltrre than one method 
alldior time ofl ap)licaliori whele applicable. 

Residld effect iveniess of iiicrOtilittiets varies widely, ranging from none 
with Fe sources to pelrliaps I0 veals Ofrtiote with Cu alid Zl SOirCcs. Selec
tionl 'Cu Mid Z1 sUurces shotuld consider their residual effectiveness; it may 
be plelerable it, apply larger rates of a less expensive source so that available 
('u or Zn levels are dleqiatelo' several years. Because hoxicities call result 
frout high levels, especially with 11arid ('u, available levels il soils should be 
iltOitOted wilh soil tests. Reidual studies on 13,('u, and Zn applications 
sholdl be ctIcluIded t0 deterlinie tile Most eConom11liCal late alild lito often 
to apply. 

The l+esclipriori philosophy of' nlicronutrienit fertilization generally is 
the tecotnIietied practice. but it reqtuies knowledge of crop needs, avail
able levels ill trie soil, arid most effective sources illd melhods of' application. 
[xperimenis should le conducted to gain lhe above knoVledge sO that crop 
yields are not limited by impioper rnicronutrient fertilization. 
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Cotmmon and Sciettific Naies of Crops 

Htcan, nfavy Ihaseolus rulgarisL.
 
Cotffee (offia arahica ..
 
Cot ton (;os.svvitpim hirstutt,, L.
 
IPesllodiumtn I)tsmodioto intorlun 
Hairy indigo htdi1 ,ofi-ra hirsuita L.
 
Maize Za Isa I.
 
Oats Aena Salira L..
 
Pan ic gr;lss Pulliautm mtaxiItIIII 
P'ineapple .-I oaas satirus
 
Rice Orvza sati'a ..
 
Ru l1hcr Iht'ca hrazilchnsis
 
Rutabaiga BrassicanapohrassicaL.
 
Sirat ro 3 airoptiliumatroptlrpurcuil
 
Soybeani (;lvill€ max L..
 
\\'hea t Triticupm aestiruin II..
 



10. Sources and production of micronutrient fertilizers 

1"!'ll(;Nl:'IT id (',If McC1'1l11lAN" 

S ciLTzIl ITI ;IIllIt llt' L!t)irector. Illltrn.lioatl Fertilizer )evelopmentC" S it) %th;imping
(tIlllt..€ N)( I.[)JBo\ 20401, Mut.tc Shloals,.Alabamla 35t602. U.S.A. 

Rcst'.llIh ( ,, rdtIliIt(11. I (-i i/er I t'chIltiloe I)iision.I I I llernationa ertiliiter
 
Ilct'rncct ('L-II~t'li )11(, '.(). Bo\ 2040.Mr,clceShoals. Alabamca 35662. U.S.A.
 

('hetmicallv. the six tIicloitttrient elements are alt odd assortment: a light 
nituttetAl (0).IHIII metals of the first transition group (Mn, Fe, Cu, and 
in) nd one heavv inetal of tie secotnd transition group (Mo). These cle
tllCllt'- emtll, l fronm fourtlh abundanttgt_ III CrUtIta ahnndance the timost 

IIc) t ilevcl% Nc, ce metlcal Mo. IInat least one of, their valence states, these 

CIlt'tlt JaIll t1 .ol]titlllls that are fatirly soltble tinder ConlditiOtiS at tile 
e,1th', ,,uNil'.e ol ae .ignied by geologists as Mobile elementsfat mobile. 
oflen mov1e frm lie site f (lie sonrce m ineral as a resul of, weathering. 

\ cImlisti of tileclihtribtitoii of these illiclollutllienl elements in) 

Valol, (colIiCelivnloiltllll(Table I) shows thats itticlontricnt elements 

ale it'l ;iblltl i gllneons bcasalts anl1d illsedinmentary slales Ihan other
 
.lpeN (d tck. Basals telnl to cmncetttate dark-colored (f 'erronagnesian)
 
ltlie, mid Nlilllides 1hat are high itlFe. ('uit, nd, lII. Shales are time imost
 

common Nell iilettt dlld represeitt debris 'ront all other rocks. 
[lie tIlot contnll iutittetals cotntaiiig the tticronultien elemeents (Table 

2) clo i xysalts, snfles, oxides. catrbomates. and silicates. The list 
include,, Illepi l tliei ipproxinMate ortler of' importance.CilrttIlettilerals ill 

cAoImpielenlsivc lIot ll mitterals t11at1od 
 ilie COltaint these selected elements 
wUll he veMv lotig itid aeview,. chalpter (see AppendixheVIld the scopetl'1 
BI AI)omf fl'.v' ihrk ,lolicwrah), ''. W.I. ordtl,-fill edition, John Wiley and 
Sosu. Ne%\ '11lk.New Yotk. l032. IrMetlails). 

I:,.c(I t ;giitcullie l nly percentageslli itlltiellN ill iccolllts o smtVall 
of' fileIto;t1 oflIhlesc elementils. Althouigh Ilhelc alteIm worldwideC slalistiCS 

(m Itlicltw lltiint Ilse. tie I'.S. l)epatil n t of ,\ ricultire a nttally ieptirts 
IhICJiltl ltl(11 MIiol~mlil nt,, so tol I lexlillie illfile Illited Slates. The 

IhwFe,,t tImu;lae use is,I'm zincl ill I I-,) .13,00 short tolls of," lil coul

ptitils w;Iseolsilitld ittd itt I ) ,1 cnstiti ti incteased to Nc6,000 

ti,, 1341. I lilt' 1970 )ile cotliespolld, to iI .,- 4).()00) tetr:c totts if' 
/H. Ihi llk11CIMu1HL'iill Use III h) COIleSI)0ndS 1 h boult 14; of tile UI.S. 

11t1t1t i)Il liUtill l 4I I t t tl tl I .5. il Uittllflhllt II /ittt itllAlI1'or S. 

I",t'III hOltlI cltIt)ulldtu Illill 'Itciltt' illtIe [itliled S ates aillo ills t0 
aIboutI 5" of tile hl al lplioII. huillmo (4 uise is:oIIll l'he ;,igiicutItuIal for 

I-I-itiliz ,r Research. Vollih it 7, x5
 

I'k PI.G (I'd .Micrcciutrictt i~i Tropi'alI"oodx. ISILV 90 24 73085 o.
 
195 . artint ,\uf.ruf/I)r It'. .'lnk hI /ikhcrI.Printc' inth' 'etherlancds. 

.I , .,... ,.AMA.. 
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Table I. Average abundance of selected micronutrient elements in geologic environments (all values ppm except those for river water which are 
ppb) [25, 211
 
Element Earth's crust Basalt Granite Shale Limestone Soil River water 
B 10 5 15 100 10Mn 2-100 10950 2.200 500 850 1.100Zn 850 7
70 
 100 
 40 100 25 
 10-300
Fe 2056,000 86.000 27.000 47,000 3.800 10.000-100,000Mo 1.5 1 2 

3 1Cu 55 2 1100 10 50 
 15 2-100 7 
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Table 2. ,licronutrint ore minera s 

t1l 0.kcnie I
Ilydru., ,oritc,: th.x Nai, 13O . . ,kernite Na . *1411:0, tolelnanite 

( I, ()5 itc L . I: :rijite,.51 (), l L'l 81I I 
A1C(t :l,'hIIlitCI,:III( IkOCL c ,.k ,(itc I:Si.MO,l 
(miple'\ hrMui htc: R 'l I(B. 1),Cl 

.,IIii'tdr lfj, : , t ii (c M ' I++.lt'I(Skiu, rt M lO ) 

-111111'C\ i 1,I uho\t itt'tu jI'vS . rnie C'u, eS , e argite C AsSI,W.t~h.trt.
(u, I c,' Sh S1 , 

S .iIImIII'N Ipt( it' :k11;.LW itIC'' . . II,. ('('US 
(Ie\idIL'C H e c hi d('f ) w( 
boron cit,:L'S/S I IIssutICi11 il ('u11 a)erage(tc)o f(00, 

( ) I lt'l: wiull11111 IlL' () , 11 t e1. 1t1tII. C( tl t 
sulliu it p rtFi Itt

, 

lS: 

stilloinine rctutit een ts iforltttic1 Mn te' ix l ei; ate r11is()ed rNOut ts,
('1e11111C\ \idL e le ii? f i n tt. ot s s)rpyiwith hatnf 
( 1111, 1C: 111)(,l~mt ln,,i()\ 

S he ill I t' aI alIIId,nllI m d t'' - ) d n f1 th of 

IuIlidL- IIVt ('liI.III11 M+1 

('11111111,0,it',,NiiIhIMllilt , / i1('() 

raisIICo, uise f rlhi Zelmi ts tai Z hcnin t tr(il):Si/es h11aoO
 

S tei plctlti n:Ros ofl the i,Nateia,1,(':o,Ioe, or acgd 

inslelti. herlicidesillicrtlltdplretl tlseof boron was boutl 7,000 oss if ,,tolltlli 1980/8 1. AStllllilig 111IlVtCl',1tC1321O3 Colle ll f"50'1(Coll Itunds it) 

ihirIa'tlstuhl h nelo total .S.consumption, All other micro 
iltilliinis aireiised inlliluls of, less lh:111 V";< " Ii ilse."lalc 2 shows il~e 

hHi] imillu'
tiot litltll " t'six elemnil, Ihlalt atused fr ticronutrient. 
The snall i rc se illictollmri nl coi tlasts shpily With Iylro t,lit l ls ()I' 

Ilfinlil utlfidlls: r lse ieprese rothly 0'.;,Ierlili/ ts 8ric auld 95rc' 
o~l the itolilN, 1).id Kxconsumtlion. 

Ilieexi,,It'liceoI aiIliUC'-SCAih_ (~iC11ilid 1'(t
+ the COli )tliRd.S
intlslridl 
 01f
 

eci'llciill,
Ilh;talieallsouised lIm icronliilrielnl 1Irilizers ha~s I i vtrable effect 

olilthe' suptlvk anid Cot l, these iilloiials. F'coiloillioes of, scale a.rereailized 
ill illing , annfciiltl.;ld Ores hC i)OSSiblC~ilcessiiig tihe hlitwotld 110l 

iIm~ aipiclll ~lrise allen.. (Conlscce illly, mi ffti mel of'" iicrontli'+elnt' 


11il -it1iS iS C 0111 01iNil' I Msedl on1,so meiilll .dilte o d th , b y p r , 1i [ 
 erllm p rl o~d utl 
ortfnai] p~liictl o[ industrie's whose mnlh mit is noill agriculiture., 
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Table 3. Mine production of micront trien ores in 1981a 

Mine produclion 
F11i Units U.S. Worl 

Ioron 1,000 1ilt of 11.0, 680 1,038 
Copper 1000 [iltof ('i 1,520 7,800 
Iron 1,000 fill of Ic 75.184 866,648 
Manganese 1,000 flit of ore (35'; -54'; Mn) 0 26,300 
MolvldCiI lit of Mo 658 101,130 
Zinc (,0)0iltof, Zi 281 5.306 

aI)erived from Mineral (ommoditv Suimiiarie, 1982. U.S. Bureau of Mines. 

Ilowever. most of'tie processing is done in developed countries. Develop
ing counlries often supply the raw nmaterials, but illonly a few developing 
countries are these raw materials processed to a stage that they call be Col
sideied for use as a basis for a microiiutrient industry. Consequently, when 
micronutrients are needed in developing co1uittries. the only source may be 
inportation, which is often expensive. On the other hand, some natural 
minerals are known to be suitable for use as micronutrient fertilizers without 
processing, ald 1mlany1other Minerals that may he suitable have not been tried. 

Geochemical distribution of micronutrient elements 

The carti mav he thought of as a large chemical system, and geochemistry 
coIsiders the stndv of the reactions 1y which colmponents of' the earth 
approach equilibrium. Considered (l a grand scale, the geochemical cycle 
recnrs countless titnes. Igiteous rock-forlning magma is generated within the 
crust of tileearth anid ernpts on the surface or is emplaced within existing 
rocks. In tline. these rocks are worn away by interaction witi tie hydro
sphere aid atnosphere. The reactions proceed through diagenesis, lithi
ficatioiih and orogeliesis to tietamorphiso which, in its highest grade, 
regenerates a iiagnia 1101 I This simplified cycle almost never proceeds 
according to the ideal plan. At variots steps, colponients are lost or gained, 
ald this results ifi deviatiOllS illmagmia composition, ciystallization, and rock 
weathering. Through the cycle. the chemical elements obey' certain laws that 
determine tie imdividual geochemical cycles. Study of' tileindividual cycles 
is a manageable activity that reveals many subtle ties ofthe systems aind helps to 
give a fuller understamding of the chemical forces at work oi tie earth. 

Data from the study of the micronutrient element cycles might indicate 
the kitids of minerals thal would lhe stable or soluble illsoils. Solubility pro
ducts aind stability fields, in turn, might indicate how minerals will perform 
in contact with soil solulions. Although this is an1important area of study. 
the ident ificatio of mine,al reaction products ("new' minerals) remains 
difficult because of the complicated mixtures encountered. In many cases 
the products are poorly crystalline or may even be chemically adsorbed as all 
organic or inorganic complex on the surfaces of' soil constituents. The 
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eactio prodtucts otlen are described by vague generalities when detailed 

d,lta re needed to hlelp ill understanding the behaviour of micronutrients in 

soils. 

Bon in 
Ill CIeiiCA C0m11tmds horon is always trivalent and has properties anal-

TOoll, to tltse tofcalboll and Silicon. Boroln f0r-iiis nntollillic bolds with 

ox,,g le,,Iultitlg ill two types o oxyiOns (ljO3- alld BO-). The four

c (Oldilldlted l o occlls extelsivelV ill the boro1l0n-silicoll liadochy o" boro

,licmtc,. the 1,1,l ilipollant of which is tollnaille. The BO3 - occurs as the 
ec nmolicall\% im potant alkali Mnd alkaline earth borates and volcanic 

exfiaJIMtIt aze andff liquidt) incluidinig boric acid (113 13()3 ) Ill sedimentary 
ce,,,. tlilismciated bolic atcil aid associated sodium borate are the 

,,cu)ld most ltpou tl butflers ill marine waters (carbonates aie tile lost 

ltn1pill;t). It i i I\, exr:cled linm i une waters by the forMlatioll of 

WiAlitie ill \iineni)Cs and smbstitution for silicon in clay minerals. 

Hbi e ilit.ic depoits of bori oct ill the evaporite salts of' marine 

minLllcm ill deeil I 1:1% Weamlheii volcanic toa,,. inco rocks is assmnned be the 

.,tm,,ce ifl b l ill ctwiIlelllal eval)pities. [ie boiates of' commercial interest 

Alne biatx ke ie, cifttialime. amtL ulexite. 13orlcife occurs Is accessoryn111 

11111ma iii ,mie la s ll tes and las heen used as a source of' boron ill 
L''lmllll Compoundtl t Iellili/,eln 13 11 . 

Ibe in s14)tciu)l ".leljlceo t"lhis netal is Mo6+ less cotimnion valences range 

lnl \I,)'* it) No l)urine hydrotileiial crv'sfallization (crystallization 

1itll \t\l hit watel at high piessures), molybdenite (MoS,,). the most 
0).ttnlli IltllkdiIt1tt llliiciah. forms before all othel sulfides. Molybdite, 

NI( . ; tlan i llm molybdenile inl late-stage igneous deposits and hydro
heitll v'in I. Mt lower lell)eraltrt.s, molybdelln withiclt occurs 

CAhciIIiII pisseflite. (':aIo()4) and (wulfeite, PbM1oO,; ). In veathleringt lead 

/Itles il ediliill,. IllvbdmiuI oftei occurs as iron-conlaining hydrated 

co)llplpexcs. 

NlilyidelilIt, Iniitid as a pliliary ore and recovered as a byproduct, 

most,h ftout c)l)pei miiniig tperatioiln. III general. mloll)blentinm ores are 

-O,,ciatd itlt iICeouIsactiVit, or highlemiperatnle tiletaliirolphisim. 

Stile alloys ae a scal) s ulce of, imllybdellull) athotugh dtal concerning 

ti, soulce aic ill,.' lete. Vely little molybdenuin-ctutaiiiing scrap metal is 

ilWcessell 11r C iit, mlybdleimI titeit. Spent catalysts and Chemical residues 
ame uIiemItAl ,milce"of ill ideterminate quantity of' recyclable molybdenum. 

At otI Iter :'lie ealllh's Surfa';ce, oxides consitute the titlist iliportant 

llnallgailese lire uinelals. Gelichemically manganese is a member of the iron 
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fItnily, and tile elements are closely associalted. Iyrtoltisite is (Ile of tile 
sF'ecifically idetitified 'ouls of langanese dioxide. Rthodocluosite is the 
nttatigaIfese carhonitate awd is pamt ol a series uf carlhonlates (Fe,'*, Nlg2 *,Zn 2 , 

.
(';I2+and ( *l).Branmite (M 4 n3Si2 ) is the oitly SilicIe (lre of
uitllgaiese althtollh Ihodonite (Mnsio 1 )is a nore c olIIoI silicate. Manganese 

odilles Occill ;IsOCeil 11001 del)osils oerOv.ite lMleliS. ThIlese lltodle. COItilil 
ciptolcryslidlinie fellolllllgamllese oxides antd also Coltitait sigilifical allloults
of nickel" cobalt, and copper. Maltgalmese is atcopoduc ,1ft(dell o a hyploduct 
of il1)l ssinll.and /lilt locL 

h1-oll
 

Iron is I commonltll tetal illtileeallh', clust amid occurs ill almiost all mitjor
nllinelal classes. Illinleois rocks, it is ittiportatit illsilicates, sulfides. aind 
oxides. Ill sedjitienllj I deptsits, it occilus isoxides, h.'drtoxides. carbonaies,
stiltides, and silicates. hie action oI ail anid walte oxidi,es ilol to rather 
insoluble telc txide: this results ill :isepaition of the iott t1o more 
nmrobile cotstitlents ((a 2 +. Na . 2+.Mg K I+. etc). Nligetite. henmatite,
geotliitelito tite, sidetite. p file. arid chlltositc ;lietileprincipal ore 
llillerlals
of, ilt ..N1::nv t he llt L e. Itl.tSSie oCCtltelICes I"IIifiglletilealld
 
lenilltite alte thoughit to lie lelated to iglOetls Ou'itls, WhleleaS sedimiientary 

(lies
iroln delive tleit iltl rttllthe cllellmic:lldld physical Weatlietinig of Iocks

01f all t'les. Altlouigh thele te otue 
 detlit: ioul res, ol1 is urlirily taUiS
p)Ited illS01116011.tltIV solltltoN
110l leIC1 wihl alllmliilous sedinmenlt to foH11clilmosit, v lich IllIv he Cllhotllated to sidelilt. l)ecal'inlg vegetati llIlla
 
deposit il(1 as si,Iit,+, which 
 oIlay he oxidi/,l to liltttiite. Weatleliig otften

leaches alccessot\ ttliuerals antd elelmieilis to give a very high gllde (oe.


The pleSClCe (flet iC lixid,. ;Is
tile iprincipall fmn titof lit ill oxidized soil
 
is expected fmlll the geoclheiistty I* lie eleiient. Iron 
 oxide ilinerals (for

exIliple. tnat.qnetite) pelsist ill soils becalse Ilhev weather mll
toe slowIv thall
the silicates of cahorilate,. Ithe fact that itoll has tllote thl one valence slate
 
allows it to he reduced y organlic mataller. This Illly allow irollto enter tile
soil

solutiot it t he adsothed otil s Ie 2
soil sutfaces oit as complexes oI this loll. 
Coppelr
 

Man's knowledge of copper dates rti tie Iroutnze Age nearly 6.0O0 years 
ago. Ill laltUle it Iccuils both in the free state ail cointhined with otther ele
ilellts IllI host of illllls. (oppe I lnsiially tocctls Istilelietal of associaled
with s,lfu i, ittosi tock types. In the printmy rocks (If tle e.rth's crust,
coppelt invardilh )CCt, as stil"ides. Two distinct assemlblages of' sulfides ire 
recougnied. "Ihe Ittgietmc stifide(s Imclude lhe CuTe sulfides anld are repie.
seillted 1y clhacopyt ife ((uileS, ).the nlost imlpoltaill lltilerll of this gloup.
lhe secmd aNetliige ischat',acterited hy the comnplex sulfides and sullt-satlis 
anti is the sonmce )Inp to 7ff' of theorld.s coppel pmduction. l'leiiental 
coppei is filI l ilss cialioll with hasic extrnsives. 
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\'ely Iare copper deposits occur inlbasic to acidic igneous intrusives at 
vailiB] site, alotnd (lie woll. Sedilleiit\ c0.oppei deposits are known to 
OCCrll ill lack shAle's mirld ioird watet /tlnes where secondalV sulfides occur. 
.\llholCi cippel occ'i, in applroillately 150 minerals, only about 15 are 

.,rrrILeed inuportari r oCteniJIerals (Table 2). 
( npe iiim ,, ii as (0u1 ions and solution',pol;hly present adsorhed 

crrlplk+\e\. (.ICocielcl data iugges tirat copper leilaills close It its source 

M,li+'l c,. i, ill ,oll.
Ir tihe 

.\]iuiir h Lr i ,cciI, iNUr iIrlt di trihuited insilicate, iron. arid suli'ide
 
.,,
l~hiv. Ill irl'rOrIeS, tritS I ores tile Clust are11CC.ilr a in e',ili's almost 

t'-liiuiel\ I,, tbOdLrs (;eM. zinc tritenlsrltide Il cierrically. occurs dis
i.l Ill in eitlu, rocks lecatse it its simil'aritv iir I-ehlavithi to ferrutis iron. 

Ihc-I)N,,
M101t1111t t1 /ItC rlirerals toccu ill late-slage lhdrotlrerrlal deposits 
lI ietl AIC J,,Ilialed Mill coIppe ;inl lead slfides. 

i) iiirile , ar1 ealh iI t lIllide Ies.tle liglhl\'r i )hilel ivalelrt iotis
 
Illl.d 11111tiJ ,,NWited I .llfate solrri,.r. Zinc rray he im irobilized hy reac
It'l, itht.Ai(bIitc o)Iredluctilmn Itosultide. \lnll tinc reachles the sea where 

IOiCrl.li ll ,leep-,ea mie well over crl,Ill cla\ ,(i lire rrea lal abundance. 
I h t , /re deipt.sits (0 the %wildcmtair the sullfide minieral spilalerite 

(/I i A lC\% rirpt1llall dej)Ist.,s CIt~rail (1xide. zincite: calh Siiitiitllle, 


sutnie slc1ate. sl.llei ]able 2 ).
 
+
lini", '.ri Iri- are pI(hl.', adsolbed oi tie firre-glailied constituents, 

1)11 tcilaiI\ u d rirrrrals. Mohile iuns in lilesoil SOIuLtl\Jt,',ird clav Z1r2+ 


1tI .II !1 b11ir l urIrIllll
t-'. lai s such as calrhollates arld silicales. Zinc is 

a Iieltnl culie,,hiiic. ilndicator elCerrrrl, kit its high riruhility i su rface arid 
e-nuirid v,ater iits,is cuirelatliori with local soil aird rock corripousitions. 

"crap/lil v -Clalrusoulces represenlls about 5% oli rIe total Supply 
Iol.Ill,,,m. , 1 Isp,,,ille torecovel tie tinc alme. but in others the 
/Il ICltep+, il, ld br rTe.ceSLed 11 t) as 

(eographic distributt)fn ol inicrmntrien I elements 

I hie1 six eleiiitl ire krrir Itooccur illreserves or resources il47 countries 
I ihtb -1)m ciduig a imirhe tfdeveloping coultries illSouth America, 

.'Icu. arid 'sil. l iral\ cases, tie Iirieal resouirces o tie latter countries 

hIue lit hel ,ideqiaely investigated to actually deternnine the presence of" 
,ll, lil lie laretI depusit,. 'hIceftue, tire absence urfa crrnrritry Ironi this 

liiir cilan ki '. Iniduiate a lack lather tie lacklst I knowledge thin of" a 
nrirnt'el ',cii.lie lhat iriht he od local significance. Also, tlre compilation 
(t suc h dlata ,iia,., deposi ts oit suiltahle size arid quality with aa favorable 

, rlmlarie-ale corrciriercial develtpnent. The reqlurreinelrts to ineet 

.tI ii )I reci1o suppllyIIl t))these ele ll ts rlray Ie less deIIa[ndiilg. 

http:IOiCrl.li


244 

libl 4. (c~I~pl~k disirihlun ii iiiiiir~'(kilis 

jHuroii Monlhijelumi 
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Itle 4.(' llf, 

ltoror MNtvildeuir II Mta nt'Ow Irol Cop!"'; Zinc 

*I Ii re (i l. 

I t'll)1.1 

1 ,Iolous'.. tIureai oi Mines. Minleral (ullillodiltt v Profiles (seL Iibliog

) flhe SIX' ejleriiCis CorlSidJerel. blorol lis tIle f'vCwest ocCIrrelices repiorted 
lillie \%tf il NhfIXili Ctilllitics anid ilIolle til tile coltinenlt ol 

A..llic. Zinc Ihs tlre inlst trpoted o,,:ccirreices (25) with about hail in 
dL-\.hCIiI, iecII.tieiN but il\l l Ihre ill Aica. hiere also ar-e ino reported 

ccur eri',lCe ot mo. bleruil il Allicl. Thus. lltge areas with soils that are 
ilhlec;ed io tropical aid subtlIrIopilcl .e;tlhering plocesses applaierily hrave 

I1 I1111ili ,l lerilcii .. file Ieliclortillii l irces (1 lt elellierits. 

Proe-ssing rrri-rornllrient ore-'S 

. II I':isp Hl ofl iii ikit ire' ctsirl miIcieii t oier , is mol specifically 
iiihiitle h) IoIrlice hiiMiiiils I'M pilictiltue. so this section will outlline very 
hiil\ tlht iiraIII ihIIll ,ItIli j)irceCSSiri tirelOres for inidIstrial rise with par.-
Ihr 'llui phi ,i , ml pml itl li.c tH li c ll h e lsed I'm llin itrlliftl lell rertilizers. 

Il,,, S .hill5 hlliae, ire the lirll co rllllelcial horo llores: they are 
b" (,piruinlw. l ill nethiod" ill alid legions. The re conritains insoluble inl

.' h INch 

rlulIl .Ill. 1ile ls matial v, etlling. lhe solition is then cooled to
 

I .' ,,  s ,UI, : it is relritld by dissolving tie biilax ill lt water and 
illN nl~rlr 

erslmlrl, ,ua' , Nh:ki\t) I011,0. Whi1:h i!, dried. MuIhl oil ilie borax is 
,hIrl dted ri the phik,, lrlte,. N'a,1.). ' 5Ill()hy hetina.it noldCrate 
telilprtiie1. (rilunlere dehyvdrValiir reqinires healing to about 700 °(; tire 
pi Iit rrlteridn lithis terljrrIlnre ' folmns i water-silirble glass omn 

lBiru'x nl ht iticici, allorri with several tlier salts, are also recovered 
lun a:lkali h lies li'actional cystAlization. 

(henrlie (alcirirl horate, (:12 , O 5i1, O aity occur in shale. 'File 
slidtI is h whichWaletl. causes the CnlerlMinite to distinutegate to a powder. 
Ii INthen ,ella; ,d frothtel lale h scr.elling arnd Calcified tootihe anhiydrous 
Iurr. A tltmion lino.es for beihelciling colelnrarilt has h)eenr devClopCd I Ij. 

Altulgh crripooirtlsoMi IIlVe rrariy ises. t)robIbly tile Iliglest vollllieiol r 

ls. i, Is01l ls IIrairll ic;t.. For this, lllooe eilher st tliil iii cAciniln borale 
cIII Ie usell l t ost gra'ds olglass. 

.S)dirirr1 borate (Na'B1'107) is widely used as a rrricroonturienrt iiiaterial, 
botIh as, tire Ldecalythrate (borr'x) and tire perlallydrale, aid ill tire anhydrous 
lform. It is available in valiolrs particle sizes: fire, coarse. and granular. Also a 
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product made by granulating borax with sulfuric acid is available. Sodium 
bora tes containing a higher ratio of' boron to soditm ttan N1 2 11407 also are 
available. One stuch product is sodiutm pentaborate. Na 131018O 101120. 

('alcitlil botel AlsO is used as a inicrotlltllictll material, particullarly ill 
locations where it is less expensive thaM sodiumI borate. (alcillaed colelitallite 
from Tukev contlins ab t 14'; II. It is availabletit various particle sizes, 
but it is not knr. n ti be ued foMr itiliz,'r purposs in grlilar forln. 

Bololl flit is Csseriitiall\ a bonosilicate giss riliu by fusing boiron 
Maleriails With silic:i. (luClching tIle nielt. and gn ding to tie desired fineness. 
A typical material coalis 10f II. 

Copp'r \ltluigh the ate iliitiy C'PPl t Ililietal. chalciPriite, ('u leS2 , is 

Ihe itost abindai 131. MostI copllcr ores contain ontly a small percentage of 
cop)er. oltIr less lhin I':. I Irwevei oes contaitting cllcopyrite are readily 
enricher by l * a coiaiti ig at, utfrt1latr o \ield coilcenlitale 3(Y.0 each of' 
copper, iroll alld sulfl. Stile ores cotlaiil ci)ppe ilt Iotlh sullide and 
oxidjied f,0111rs. 1 lie oxiditd fotits include oxides, cartliies, altd silicates. 
Such orCs uinrilly mre first leached witlh diltC suli'uric acid to dissolve the 
oxidi/Cl COppr Is ColpC stilfallte. Metallic colpper is recoveied omtilhe soli

tiott hy electirlysis hyIwprecipiit;lin witlh ii0ti. The leaciced ore is then 
blleficiated 1to protce ilie Copc coiicetittates coittainiig sullides. The 

ctncellrtialt" eloasted ili I tllove pall of tine sillur. Ctlell inclted ill a 
reverlbera'torv futiace. 'lI 1itlIt is traiisi'retL 10 a COivrter alld blowun wilh 
lir to ploducce all ironr silicate slag ailld metallic coppelr called "blister Copper" 

w%hich is then tefired electi(l)ticially. All of' these pyromelallurgical 
opet atOiis Cilil e;ases cailllaing So,. moist of' which itlist be recoveled as 
silfuric acid it) crinltrol air pl(lhitioll. Ores that cottainiainily stil'i'le copper 
nay Ire couicelille fist y flhrlaniitlanid ilte copper remailling in the 
tailing ilty Ilin be' c licriel by acid Ieaching. 

Il'tollmet anllhirgical nimicesses can be ain alternlaive tnelliod 1131. Il sich 

plocsss, sullide-cowtaiiin mes rI coticentlriltes lre leached with sulfuric or 
litdinichhlrric acid Uttder ir\idi/iliy crtlditilis. S iii leachiig processes periil 
recimvery of [Ite sulli it lCleiitAl Iunit. 

I'e itist iritilit crlppi tateti ls f'm tise as itictiirietils are tlie 
cripper sulfaites: they aite availabiblc i all sizes ritli tile powder ti grallilar. 
These illanleial" ae pleparler by clystallizaoitn Ihrtni solutions. The various 

ipaIticIC' si/es le itdricCd b,' colliol o[ the ciystal size or by ciushing aind 
scleerling ]lge crystalls. (rippel sullate srrlrtitts are oltenr ilterinnlediales 
flttiill)tCi lealcliiug or rCfining llptatirits, but ihtey alsio cai he ilttale by 
dissrlvii g ctllilit'tl I oxide sulf'uric A coloir ii rcid. giatilar ptrduct 
tAillirrg hritllh Ciih c, ii.\i u ntil colrlut stillale cali he ill +deby gatlitlatinig 

ciprtrC rixilc wilh sulftitic 'acid. 
In a 1%mies. is plrseutl mainly ii the eleinetital fortn calledfew copper 

tnative cr)pe-. Such crpper usually i in veins in tle rick. and it is freed by 
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crurshing tihe rotck. Ihe metallic cotper recovered trout such ore is in various
 
shape, and sr/es: tilefiner natelial iscalled Hake copper.
 

The p illcip:rl opper irralerials that ane used bOr inicronurient fertilization
 

\it I I (I tiS t lrrtlr 

I N,,u I ICIcItJI I.% I' S ),-511 25k1, 11l (IIi O (' ,()
n ltt tllth\, lpu ' ulkiIC ili('Is(), I I ,() 35 

, il k~i'I ,,, 1,111'l ('1u, 1( )I ), StO , 5 3
-"tOl,t1.u(L(), 55
 

Iic ('u(i Si) 75 

hIC 1 i, ItIC, i,1h:1it thCItItSllorit' r[0ccs.ssarily1r1tCtc llilkied, rot that 

III Atdirtlltl to tie trrlteriAls listed above. vaitlitus Ctomupositions of frits and 
Lhtl.ti, ir.iLii koeed. ()1 tilevaitiIs ctpper nminerals that might be used 
.k.llt ptcisst, mitv ippmtenrtlv have tll been tried. Kretschller andtlt r, 

lI lcI1 tcpiutied teenhlmtse iests ii which mnetallic copper flakes (t98)
 

it) tit1il Ncscrtll ctippet ctrVcentt t:t i i I'; 501% (rr were used with
 
cu~d Ic,tnlI. tll;llelvattlltti itl tie Cheumical Corm-
I ltlu tile s did stale 

ptktltds III ite ct
c attrtes. 

')N' i e irreilled/I'h ..\htll (Ittl te i i 1 S itt) tie i n aILd steel industry 
lI I.\iill\ tilet)lt 1-e are ptrC eltOtughit) retLuire Mr)h 
c iiitt ,u ne depisits oti requite heretici:ttiott. Most it tire iron ore is ferric 

(t) ite dleptisits lle
r 

ti\ t. (i'. ( I.I Because tite Ietlltis Itrll is prelerled I'mttullicrtlltient isc, 

it1I MttC1"s,;Pioti tuilectl mtake lirate Flerroustlr'tl I() l ricritrrtriert ials. 
ii\llC I iltll. is "lrill a h the industry.i t,, scAc." bo, prIItrct rtrrll steel 

,I .1c ,i ,ilt00t tI;t hueutltCtCl Ih,' dlisstilvittg terrutors oxide it mretallic iron 

ll,ul1uitt.'-il. ()1(tstrce t'l l otlls sillate is "pickle lilurt," which is 
lu dwick steei diiped itli) Itr ceating preilrarory tois suliliciacid 
,tstittl',I ltlttls sullfate is lecoveel Itrill suilitrr y crystallizattiou"/tsle 

lchupttlltrriic mIlly as calcined 
I()the tt hoililt. Almo ;agtmtulat iptlucr tray he made by granulatinig 

ItCHitt iI\iul' NIIitic ,Icil. p)IidrUct eoilailrs bothr ferrous oxide 

,I,tlt [S(0.1'711,0), atnd it he stlu such ur 

I-.lh lhie 
,lilt] 11,i]lc' 

Itrro- ttrtttiiirrr still te ( le.SO.1. INII4 ] ,S()O. "(11 0) is also used as a 
ittlciiit11tur Iit t tcc. It isirlde c ithret hi dissolving Ierrous oxide (or iron) 
I l1 .\l) C N I stllillic tcii aldth llAiddinrg llll lia,ol b 'anlrtlitliatliig 
piukl lip it. 

Itiii2;llt silt s itliloIt;ire Itu t always eltective illsupplying iron to 
Ct )i1t strilli)iejtiiut. il()l rtes are This method, tIhtOI sti clrIC l'It1e1used. 

%oillhlt.liC>,sed late.. 
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1ahmga1ese Tile principal mnrganese ores are tile oxides, as mentiolned in a 

previous section trf this chapter. Metallurgical grade tanlganese ore cotlains 
354 54 Mn Itll. hie ore is used Io produce lerrontantgaulese or silico
lllmlllganese 11 ledlCtiOll with coke ill ain electric Inrirace or blast Irnace. 

These alloys ale :rdded to Illollel lion or steel to produce various grades or 

Cast iloll ol steel. I ower gnade oles c IilIrIg litllngallese oxide, carbollate, 

or silicate can be to manganese iy with oru,,ed ma13ke salts leaching acids 
alirriorriacal liqutol. Hlere ae several leaching processes: selection depends on 
tile cllarcter Of ilre orC arid tie desired salt 1281. MarrgMiese carbonate ore 
has been used as a Illicromulrient source. hasic opetn-learltl slag 'ay0rt;airl 
5'; 21)', \n depending on tile manganese content of tile iroir ore. It can be 
used :rs l nlictorrtlriernt souruce fIor direct application ml for leaclring. 
Marrgarrese oxide rr(n)l is often used as a rnicromriet sorllice, ulStly as a 

pnr'vdel 10o incolpoilatiorl ii Ieltilitels .\:rrrrms surll'te (IrnS( 4 "411,20) 
Inlay be prthlrLetl by dissolving rlialeIrtorS oxide ill SUillrric acrid aMid 
lecovering tile crystals flro solitiorn 1\ evaporation. The telralydhae may 
be ured as suclh Or after del\drltiol. Both gil lirlar Mrd pw)dered l'orlns are 

avai~ble. Also aI rarrrlrr taIllhy made 1y graturatirig rrrarrlgrmrrrSplrIod he 
oxide with sirlfir1ic acid. Mairgarrous chloride is also available ill tile forrnt o1" 
Ilakes. 

Ator/Inmhmlifl tlIe trawin ore is rtlolybdenite, MoS,. rwhichoflten occurs in 
association witr oihthel sulfide tnirnetals. Tle ore is berleficiated to protduce 
a cmncelrtae which is their conrverted to tile oxide MO by roastintg in air3 
or 1y ()tle[ Methods. ('oIroducts ol by~products inclde copper, 1tungsten, 

ill, ard pyrite. lre mttloibdenrur oxide is available to tire f'erlilizer industry 
ill various deglees o1 p-lity. Also tile vater-solulble salts, sditiur or 
allllollilllllrn lvbdate, are used as rrricrontrimrieut sources. They are pro(Iuced 
by reamling irrolvbdenrtlt oxide with solutiolns of" sodium hydroxide or 

artllluollrillrl Ilvdmmxide, respectively, 

h"llr m(ls mii'ri( mitm ric1/l 

Most f, tile tiliclolll ient Imaterials ill cotmmonuor Ilse fall into olle off sevelal 

gelnelal classes: 

I. 	 S(ilulle salts, inclurdirng sodiunln borates, sodiutm or a+lllllllnitllll nioly
bdale. artd surlflh's mI L p)per. rmarngarrese, iron, nir zinc. 

2. 	 lrsoluble comrlponnrds. mainly copper. manganese. or zinc oxides or 
calrbollales. 

3. 	 Pailialiy solurle conhuinamions of oxides and sulfates. 
4. 	 litUids thal Ilay he soltioms or irorgaltic s:lts, including chlorides, 

tilrate,. rid sullales. mr solutions oif clrelanes. Liquid nmtaterials are 
coivenient Ifor :hld iti(mir to liLpid teitilizers o In friliar aipplication 
al'Ien dilution. 

5. 	 ('helates that ate soluble cornplex tlmallic naterials. They are available 
itt bothu solid aid solution lorlrt. Inorganic cllelates are also possible0 
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btut alie iisliialx' ptliced ill Iniiikig liqutid ten ili/ers b:ised )if :illt

6. 	 hit uitl ale geIsis tit silicate otf photsphate Comipoitsitioni. litted 
IIliatIe I ik Ise IcJtM -ItefeJe itndllid-iIIiiidI 1w Ifilil 1 II C Oil 11101'te 

Ilicid tI iii 11tlriit 	 tlpi w ieheIlWii.% ait ile 	 ho Urlll is 

midti Noll lif wC' Itei litctl it iiIulll I its v h tiajillttei hvtl 

/lilt' (I tilit .ll tt tt F\.lute ittetil pmail es such is Hiiiligs of. 

Imtiltjtttl Ind h c[i f ill l/e ill gtitdm [tiiiitititler tiit e 

fsic il;II ll I"ils. ()ii Soliliptohlc 1'ttili/il 5 li si i h5Mit 

I t rixu~uiui tertilr oilliclWu Iiro lriuiil hssm lik iai 

Iik,Q~ CV/ri Ck it I I\C I Ie IIzI 

\ tiIIt Ctl i l I 1 \ith Ie tenii le 

S~Lt I Cs llI IC \CC II t l t iecI 
Iie i ll IMi)s ittill 11 1 ut A'Cillc 01isthieiu 

1hiiiIciA1tiiIttll Iie~ et-lelci" theseCcieiiicl iitll oiSOaf itItt I'lily S!l 

bettiitlal c\ lietlhl eWoo llnloIilliii tilrcillmar- b pil ialy ind 
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wholly converted to a,water-insolublc compnounl. Colversely, water-insoluble 
sources may be converited to water-sOluble forls. [ile gain or loss of water 
solubility nlay r llay i(ot be important. Soie examples follow. 

Soluble salts of copper. niligitese, iron, and zinc are likely to become 
insoluble whell incorpollted illammoninm phosphates or aimloniaed iMixed 
fertilizers. The reactionl Ior4is oue of" several itetal aiitnlolliniii phosphates
such ats ZvNII14)4. [li general the water solubility decreases with increase 
in Jil I' 1liC feIrtilizer prohldct. Loss of"water solubility does not necessarily 
imply)loss of el'.ectivelless hut iin , delay it. Sodium horate when incor
porated illatmitonLited fertilizers cotilling Calcitm mly become partially
or wholly insoluble prest]liably because of' formation of calcium borate. (The
htloll illcalcium boratc is insoluble iii cold waler but soluble ill boiling
water). This effect has beent noted witi nit rophosphaite fertilizers atllmay 
occurt withI other Itzimulatiotlls. 

Maty waltel-ilsollble licrolrUtrients (Oxide:;, carbotlates. alld silicates)
becomlc at least partially soluble when incorporated in superpliosphates or 
mixed fertililers Cotntaitinug ttalnioniated superpliosplhate. 

Some iiisoluhble oxides becomnte soluble \%]ell itncorporated illanoniuti 
p,)yphtspliate 'ctiilizers. Il practice the atimoniut )olyplosphate liquid
fertilizers are widely used il sottllie countries, and zinc oxide oflen is added 
and dissolved ill telleu. solidIHlowever. fertilizers containing allmonium 
plyplhospliatle also will Convert zitnc oxide (or car otate) to at solubleform. 

Zitnc Oxide atld Cuprous Oxide (CiO) become partially soluble when 
incorporated illatuimi onit nitrate or nitrogen solli(otls such as ilrea 
altiotuiuinutl lillate Sollnliolls. [lie solubility cal be increased by adding

enough am monia to keep tie solutionipll at 7 or S. The soluble compounds

forilled ae preslled to be .imuC nilate atllile ard copper 
 tnit rate ainline.
 
Becatlse the lddilitl of co))er lcompounds to aimmoniuim nitrate is said 
 to
 
senisitize its decoMIpositiotl, cop4per is not 
used in some countries for solid
 
bferlilizers cot)atitlig a high percentage of bolh atnnionium nitrate and
 
chloride 120J . IlTVA tests. le additittl of zinc to aniioninm nitrate did
 
iot cause atny iicrease itexplosihli ly.


Coting of' ticrontulrieii 
 materials on granular ferlilizers would be 
expecled Itoresull illless reaction than would incorporation, but even so, 
substantial gain o1rloss of, waler solnbility of the micronutrient has been 
found to occur with coated matlerials. 

W;cnm chel:led microinlrients aireincorporafed illfertilizers, there is less 
likelihood of' reactioms that cause loss of water solubility. Some granulation 
pl(cesses. howe.ver. iivolve tigh le!llperalutre and use of anmitionia atnd acids 
which ca Causell decolliposilio, o,tIle organic clelat arid consequent loss 
of" availability. I 1 its are ordinarily insoluble anid remain so when incorporated 
illneutral ferlilizers, bitt an increase illsolubility was observed when frits 
were incorpora led illtriple superplhosphate. 
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DIrr m,:sinjg Perhaps tilesimplest method for producing mixtures containting 
tlicrolutiliellts is to dry-mix the microntutrient itaterial with the primary
Itutrietit materials. This method works well with ilongranular materials. 
Segregatioll uslaly is lot serious when all materials are file, such as less tian 
1mm ilpalticle sile. Fille materials. however, are likely to cake, and some 
lmicttmntricut materials may proile caking. Caro et al.171 noted increased 
caiking tI some IorMulaliIns of' diy-mixed fLerlilizer when zinc sulfate was 
added. 

Ntmiiraitilar dry-mixed Icitilizers irentl poplar illiost aeas but are 
stoic. ()lie areas 

Illicoiulillrielt deficiencies. I lnttndids of" forulatiots are used, olfelt ctustom 

still ined ill of these is in Florida where there are multiple 

iitixed. "togrlaui ttill is ittiliacticAl. 
Dl Imi6iig by f:rtllters tuav he plictical illsonie countries. Batutista et al. 

131 epoittl tatl illlie Philippitlics allnl'ers were suplplied with fine granular
.inc sulftate leptAludre ( "2'i;ZL) ill5-kg hags and were instructed to mix 
itwiti tileteit lier used Ior basal applicatiot for rice to prvide about 1kg 

p/1 . did the primary fer
tili'el wa&, 
t in hecaiC The Ia',per mit say what nutrient 

but puilledilrea is tile fertilizer inmost poputh the Philippines. 

it/k ]bt/cding Bulk blending is a fkmin of dry mixing in which all of the 
lit rilciuts are taimla I,+.g.. 1.0 3.3 or 2 4mm). Microntitrient materials 

mie availahle inlralaular fo0r1 for Use iinbulk blends. One problem is segre
gatitm: unless all mateiials :ireclosely matched illparticle size, segregation 
%killoccuL inl piles, illbills, illSpleader trucks, or during mechanical spreading. 
If the blends are hagged frout hill, disparity illparticle size will lead to vide 
valiltioll illIllicroliutriellt conltenut fromt one b:ug to anotlher. This variation 
can cause pottr results becalse of' owersupply in some spots aind u1ndersuilpIply 
ill oltiers. 

Ilol'I'mister 11S has outlimed so te methods for preventing segregation 
of' bh.ids. A blemldillg system thllis used il Ireland effectively minimizes
Segreg t iou. [le iaterials 'M hetidlilig are fedI citinuosly froni separate 

hoppers hy weigh bells to a collecting helt wherc the materials form layers. 
The collecting helt discharged into a cottint ous mixer which discharges to a 
sm"all topper tver the bagging machine. Since the blaggimng hopper is being 
ctuitiitiiuumsly tilled atidillemptied, there is little chance of' segregation. Segre
gation can still twccur ill bags, but it is Iti likely to he serious unless there is 
extrcute disparity ill p:rlicle size. Segregatiot can also occur ili the field by 
tileActiot of stllie types of mechanical spreaders, but this is not likely to be 
a plthblelll illdeveltping countries. 

Ant1lher prtbhleuI with blends is the sparse distribution of ulicronutrient 
carriers. [or example. otnly (tne gratmule iii thirty may be a micronutriert 
carrier. The larger the graindes the less likely that any one plant will have a 
tuticrttmtrietut grutmule within reach of" its root system. Also, the higher the 
concentratiom of' micromutrient material, the fewer the granuiles required to 
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provide a given application rate. This problem is not unique to 0ulk blends 
but would alsO be encountered in direct application of granular nicronutrient 
naterials. One method for ocaping with the problem is intentional dilnion of 
the micronutrient wilh either at inert material or aprimary nntrient material. 
I-or example, licrolirient chelates are granulated with clay or vermiculite 
to produce grailtiles cottaining 1,;, or similar5'; of'a nicronttrient element 
percentages of' two or. lttlre nicrontltrietts. Several podncts are available 
that contain ] of one mo1-ticronurielltS gratnlated With one or1, I(Y 

more prinmary nutrients. Tiee products nay be used in blenids.
 

In('or/(Jration of micromutrienls in granular 'Crtilizcrs in most incord cases 
porlatioll of illicrttltriellts illglantUlar fertilizers conttaining one or tmore 
primary elements ilottechnically lowever, it is oftlellis dilTictult. fll
ecOllllical tol plroduce small lots of special grades illlarge granulatioi plants, 
so the practice is ecttlittlical onl, wlten there is a subslantial demand for 
tnicrotintrient-enrichel f'ertilizers. It several countries illlurope. Iltere is a 
leed for boroll or root crol)s such as sugar heels 11td fodder tturnips. Because 
these crops ale itllprtallt olles. it c is sufficient demand to justify an 
ecotomttical scale ofl' operation. The bolroll oftell is ilcorl)rlted illa Super
plhusplute-lused PK mixltlre illamuntS to suL)ply O.2' 0.5% B. One 
company in Geittatty ploduces a granular 0-15-25 grade containing 2.5"'r 
borax (bouit 0.3'; B) in which the phosphortus is supplied by Rhenania 
pho)splhate. Production of ground and grallallted phosphate rock containing
added "-trace eletenits" ias been reported in France. ('pper deficiencies 
oftent are ellctoultered illI)etmark, and NPlK fertilizers containing copper 
are marketed there. Otte (;erttian cotlpany has produced ait NPK fcrtilizer
 
ill which scrap metal filings ot( turnings are incorporated (copper, zinc, or
 
brass). Otte Cotmlipatv in Irelatnd prodlces a fertilizer based on Superphosphate
 
alld alllltotltitit sttlfale colllailliltg b Oltt added as colelallite.
 

Several cotmtpatics itt the Inited States market "premiumu" fertilizers 
cottaittittg Stall percelltages of two., lhree, or- more uticrotllturienis. For 
example, nixtlutes cotaiting mangatnese, iron. and zinc are intended for soy
beans. One Cotmpany markels premitmt ferlilizer contaitning polyplhosphates 
witi zitnc and iron ilcorporated illthe polyphosphate. Boron isriconneinided 
I'orcotton illportions of Alahamma, Geogia. and Mississippi, and mixed, 
granular fertilizers ale marketed containing 0.2% or 0.3% B. litgeteral no 
impotant teclimical problem would be expected in incorporating the small 
amloutlts tf' microllutriemts that ;tie cotImonly used. When larger percentages 
ol llicrolltutrielis aie incorporated. somie problems may occur. TVA has 
made a series of tests aimed at producing materials with relatively large per-
Celmages of' iticrotnuLriensI' orIuse itt bulk blending. ('oncentrated super
phosphate was granulaed withi steam it a conventional drtmn granulator with 
aiddition (f antyllydrous sodit letraborale (Na 2 11407), a Sm1all amounl of' 

added decreaseamtnotnia a':is to lhe f'ree acid content of' tle superphosphale. 
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The scale of the operation was 10 tph. The product aftcr drying contained 
47); available P,O and 3.4", B [261. No unusual problems were encouLn
tcred when using the anhyd rous borate. Whcn tile pentahydrate was used, 
however, large halls formed in tile dryer, and tile granules were soft and weak. 
This colnitiiol was attribued to release of water of hydration in the dryer. 
It was Concluded tit the alihydrout1s sodiull tetraborate should be used for 
production of' this prodict. 

In pilot-plants tests a lin nloii nitrate was granulated with zinc oxide, 
borx, Ofrbtlh to IlIluce granulcs containing 2.3'( Zn and 0(.5% 13,or 1.9/( , 
Zn aid 0.7'; 1l [ 51 . The inicroriutrient materials were added to hot conceit
trated aimmionium nitrate solution ()5 ; NI1 4 NO3), and the mixture was 
gramulated ini a pan granulator. The gratnules were dried and screened, and the 
filleS nldll C,.liScd oversize were recycled to the granulator. Tiie boron conltet 
()I the l ltducts was fully water soluble, and the zinc content was 30%--40% 
water soluble. The coimpotund 3Zn(Ol11)2 "NI 14NO 3 was identified in the 
water-ilsoluble porti on of' tle ziilc-coiitaining products. The water-soluble 
zillc mamy have beel zinc amine nitrate. Tests showed that the physical prop
cries of tie proldcts were as good as straiglht a1nioin41it1 nitrate and that the 
sellsitiviy ol .amolill nitrate to detonation was not increased by borax or 
zilc oxidc. Iln subsequent work. granular ammlionium nitrale containing uip to 
8"n \was pinOicted by addition of' zinc oxide. One company now markets 
a prtonduct containing 3(Y; N and I (Y; Zn. 

Zinc Oxide w:is imcorporated in ammoniun pl41yphosphate (15-60-0) 
during grinulation withoul difTiculty at levels of 1V- 3%; Zn; 80%-100% of 
the zinc was water soluble 1151. Altlhough tie zinc oxide did not react with 
[linlltioiiiii plyphosphate in absence of' water, when the grantles were 
placed ill the soil the ammonium polyphosphate and 8('; of the zinc 
dissoIved and dilTused in tile soil. Ill similar tests with dianimnonium 
phsphaite-ziuc oxide granules, most of the diammonium phosphate dissolved 
and diffised into tihe soil while the zinc remained at the granule site as 
ZtNI 14P()4. 

Substat lial pecent ages of iron, manganese, and copper were soluble when 
appropriale comionaiids of these eletnents were incorporated ill granular 
a.ltitim iiu p)i lyI)lSp hiatC. 

Coatiiig oJ' micronutricts on granular f'uilizers When small percentages of* 
tnicronutrient materials are to be added to granular fertilizers, they may be 
added as a coating onuthe surface of' the granules. This nethod has several 
advantages. File coaitig may be added to homogeneous granular compoutnd 
fertilizers, to bulk blends, or to straight (single nutrient) fertilizers. The 
coating may be added just belbre shipment, thereby avoiding storage of' 
additio al grades. lach grantiule is coated with a tficrontitrient as opposed 
to bulk blends containing granular micronutrient materials in which only one 
granule iti thirty may be a tuicronutrien t carrier. The operation is simple, 
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and the equipment is inexpensive. Conceivably the coating could be done at 
the village level or by individual farmers.
 

One drawback of the coating method 
 is that the addition of a micro
nutrient material (whether coated or not) lowers the primary nutrient grade.
This is a problem in countries where only prescribed, registered grades can be
marketed. Bulk blenders, however, can easily deal with this problem. In areas
where they are requi-,l to make only registered, whole-numh,-, d grades, the
grade is often adjusteu by adding a filler such as crushed, screened limestone;
thus, dilution by a micronutrient can be compensated for by adding less filler.
Another method for grade adjustment is to use two materials of different
concentrationl, such as aml'11111111i1 sulfate and urea. in varying proportions.
Finally. tile problem can be solved by legislation or regulation if the appro
priate officials recognize the problem.

In some sta tes of' the United States. bulk blenders are not required to
produce guranteed grades; the farmer is invoiced for tile separate materials,
and the nerchant is iesponsible only for tire analysis of the materials used in
the blend. lie will then mix the materials as a service to the farmer. This
systerti has the advantage that prescription mixing is easy. Disadvantages are
that infractions such as adulteration or errors in proportions are difficult to
detect and the fierchait has rio incentive to produce uniform mixtures. In
addition, bulk blending by local retailers has some disadvantages in devel
oping countries: bulk materials cannot be transported within the countrywithout loss or deterioration of' quality. The alternative - to transport
materials in bags to a local mixer who will make various mixtures and bag
Item is obviously expetnsive. 

Some uicroritlrient materias will adhere to some granular fertilizers without a binder. One example is a finely powdered zinc oxide (8(Y Zn) which 
was applied as a coating to granula, aninonium nitrate in a rotary drum such 
as is corunnioIly used for coating fertilizers with clay or other conditioning
agents. Up to Y; Zn was applied as a zinc oxide coating with up, to 93%

adherence ill indust rial-scale equipment [261. Ilowever, adherence decreased
 
to 47; alier 6 months" bagged storage. The addilion of'steam in tile coating
drum increased adherence after 6 montIs' to 72%.storage More complete

adherence was obtained innpilot-plant tests witI lower percentages of 
 zincoxide or by using at small arinourut of 7(Y annionrium nitrate solution as a
binder. Achorn and Balay 121 have described plant practices Ior adding 
micronutrients to bulk blends. 

Most microntiients require a binder for good adherence on the sud ace
of granular fertilizers. The binder may be oil, wax, water, or fertilizer solu
tion. TVA has developed and studied procedures for coating. A batch nirethod 
was selected because most bulk blenders in the United States use a batch 
mixer. The batch method coinsisted of tIe following steps [351 : 

I. Charge tile mixer with the granular fertilizer to be blended and tile 
powdered micronu irient. 
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2. 	 Blend dry for I minute by rotating the drum mixer. 
3. 	 Add the liqiuid hinder through a spray nozzle while continuing 

rotatiot ot the mixer ( I minute). 
4. 	 Continue mixing for I minutc. 
5. l)ischtlage tile c(oated material. 

This procedtire gav'e a mote inltif'or'mll coaling than did the addition of the 

hinder beoleillixing. Silverherig ct al. 1321 have reported the results of tests 

wilh this piocedlnie in sotte detail, lIt general the best results were obtained 
Mcmi tile mic,(nimtiet material was finely ground (minus 100-mesh or 
iner. )il, ianging trolit No. 2 fuel oil to used motor oil gave good results, 

but tile less viscolus oil, ,crc a obed into tle moloe ptrous granular fer
tili/el causing some lo," ofadlheremtce with little. A 1:2 lixlure of'Nos. 2 and 
0 ultel oil and a I :' mixttire ot' microcrystalline wax and No.2 fuel oil gave 
tile hest i-temu adlerence. The amouttts of' inder ranged ro1m 0.5% to 

5.1'; of lhe itIure. lit s')ie cases. tIe addition of' 2", clay improved ad-
Ietence M\heIciater \', used as a binder. Aniutiti lttplIyphospIhate sol
tion (I 1-37-0) \as an excellent bitidet fir zintc, mainganese, and iron oxides. 
Ilie oxides reacled wilh the Solution to give a hard. simmooth coating. As ntLtch 

as 13': of :1mlixturC Of 1hesC oxides was coat,"d on1 grantular ISP using 3% of' 
tie APl olution as a binler. Adtheretnce was 10(Y; even after 2 weeks' 
st'olage. Achltril d lalay 121 have described sotme U.S. plattt practices for 
C t+lill ItliC iIItlllielts tt bl)ends. 

Ise of' 64', solutiotn of ammtlttliUll lillale as a binder for coatling tiicro
nutrietits oil bulk blCnls hats beCn lCscribed 1121 . Over 97'; adherence was 
obtailttd. Th use of liquid fertilizers as a binder was patented 1271 , and the 

plcess ,tde t 'Micio(higer'"named 	 may still he in commercial ttse. 
('oatltg with oil atad clay is i common practice inl European plants for 

both bulk blends and clhemically gratntlatedt mixtures. The usual proportions 
ale abotl 0.5': oil atd I (]'; clay. The coaling usually is dotne in a continuous 
drutm1 umixer. The oil is specially forltmulated for the puipose. One company in 
tile titled States tIIltLIces specially formulated oils for dust control on 
granular fertilizer 1111 At least one bulk bletider coats tticronutrients oil 
bletnds tusitng clay arnd water or oil its a bidter 1291i. 

Ill Stme developing coutmries ait oil coating is objectiotnable to the farmer 
because it "oils tlte feltili/er bags which lie wishes to reuse for grain storage. 
A possihle solution to thtis prltolem is to use a waxy material that is a solid 
at atimtospheric temperatmires. For example, adherence of' 5% "ofa powdered 
mic otitient wari satisf'actory in laboratory tests with 1% of' eitherwas 
petrolatumtor a ptwxrlatutt-rosit-iaraffin ittixure its a bitder 116] . The 
grailes were preheated to 490(. ihe molten wax mixture was poured over 
theim ill a riotatitg illixer, and thlen time frit was added. P'ossibly further study 
is iteCded to ideilify accel)table, low-coat binders. Also most Asian farmers 
Ilse trea. and iettehiods ft coating itictlronutrients tf) urea seent to have 

received little attentti on. Some inicronutrient materials (e.g., zinc sulfate) 



256 

foini add ucts with urea, which inight be ad,:intageous in coating or incor
poratol. 

1"uid rtili:('rs Fluid feitilizers are used in substantial amounts in only a 
few devlopilg countries. Two types of fluid fertilizers are recognized: 

1. Cler liquids are fluids in which all or nearly all of the ingredients are 
illAtltle
llS solillioll. 

2. SuSeSiOllu, :1re llids that contain solid particles.
 
The 
solids iua he soluble salts suspended in their saturated solution, they 
may he nilisollc nilteriials, or both ivpes of solids may be present. 

Fluid fci tiilci Inua'be used for foliar application or for application to the 
soil. Microiniincut spiays arc often used for correcting deficiencies par
ticularly for tree ciops. A soluble salt or chelate of ih inicronutrient iaterial 
Iliaybe dissolved illwaelr Itofbrni a solution of suitable concentration. 
Fincly powdllccd insoluhl illaterials also may be used for foliar application. 
lecause sone iicial saIS oliliacidic solutions, the slightly soluble basic 
salts llay be plefilC for foliar application 121 . Al example is CuSO 4 
3('u( O11): • I ,0. a basic copper sulfate.
 

It is Coto llilacticc to comiiiie f'oliar 
 applic:ition of' nicronivirients 
with pesticide spliavs rifwith foliar application of' primary nutrients. When 
two or more materials are combined for foliar applicalion, care must be taken 
to fnsure that the iterii, are comipatible. Many pesticides are incompatible 
with solutions of, ilicroniitliiits. Incompalibilily imeans iiat soie chemical 
or physical clia'ige takes place that renders the mixture unusable or hariful. 
Ill general. tuicioitlicit solutions should be applied separately unless 
Comipatibility is sliwil. 

Liquid fertilizer cotntaiiintg liciontilrients and otle or more of the 
primnar' nuliietits are suilable fOr application to the soil or for foliar appli
catioln whoell diluted SufficiCntlv to avoid leaf burn..Such liquid fertilizers
 
may be prodticCd itelV 1w'dissolving fertilizer salts in 
water. Dry mixtures
 
of water-soluble f'ertilizer salts are 
available Ihtalmay be marketed as such and 
dissolved illWater, ii r to use. Ilowever, for large-scale use it is inore 
cotnon for the tuanutact urtlii prepare the liquid tnixed fertilizer at his 
plant for slipmuenti to the fatiter. 

li fortrilllting liquid mixCd ferlilizCrs, it is not sufficienl to know that all 
ingredieits are wale soluble. Many reajLtiols may occur that result in for
inal iolno water-inisirhible co ttpoutnds of"ticronutrieils. 

Illgeneral. ttmost iticronutrietits are soluble itt aqua ammonia or in solu
tions colitailinig ;tllttotliuii nitrate aid urea provided that proper choice is 
made of thte iltrtiUlrielitl CtOipOUtiS and Ihat free atItinonia is present or
added to keep the solution p1 above 7. Ilester 1 41 describes the formu
lalion and preparationt of:a solution based oilaqua anmtmuonia containing all 
iicrotiluriemits except iron. The solution contained 17.5% N as atitnortia and 
ainioniui sulfate, 0.29' Mo, I.1" ('it,2.0% Mn, 1.)% Zn, 0.9% B, and 
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0.12'; ( . The metallic elemetnts were added as sulfates, but they were 
Jlesettt ill tile Soliti as Ctoiplex metal amine sulfates. Boron alnd Inoly
blennunl \%ere added as boric acid and mIdoybdic acid. 

Silverbetg ct al. 1321 have discussed tile soluhilitv of' nuicrolmntrielnts in 
llitlleti sllttitts, Mttid ill vatimous NP mtid NPK liquid fertilizers. Itt general 
0tll\ b('!Il l II It(SliilllltOlvbdate) were apprleciably(htIX)llt tlC\IIdeltU 
.dtlble Ill leall. iletu atlttotillitl oithtlphsplhate Solutio ts. Copper. iron, 
titl /inc. 1,155,eveT. \%Cie solble ill allitIlOllitllll lOl\'lhos hlate solutions to 
tile extent t I7 3';. :and man,1l11lCanese \aS sOltIble to tile extent l'0.2";. The 
pl)r,1,"11r1o,(t liiquid feltilizels illclulinte atttnoiiun polyphosl)hate solution 
al,beenI dictIsed b Il ilet 1171 adt ilt a group of 12 papers it "Products 

alnd lecltliqles I'Plant N triettt IIticiettcy" 141. Several of these papers 
IltIScs the potenial ,dvaIt:e of liquid fertilizers inl tropical countries and 

the l0lptltlon oftnllcrlOInttiettt,, ill liqttids. 
W\Vhtll Illcmtlttl elits te itcorporaled it Snuspension fertilizers, solubility 

Is lt(l a teclllical plblelt altltoltglt it ttmay be :ill agrciotic p~roblenl. Soluble 
Illmdbhlesl c lltlttds of llicrtlttllttef eletmentts are added to suspension 

,0tiltiel, lstlL ittatealils of' simall etotigh particle size that they are easily 
Slpettdedtttdlld \ill tot slog spray ttozzles. PrLduCt iOl of suspension fer
tili/els colittaitg Itllcrlolttltietts las beet described by Silverberg et al. 1321. 

Research aind development needs 

Mn developittg ctu1ttties Itave mllneral deposits of tiicroltnttrient ores, and 
tile ore ate oftett miltled atd cottcentaled in these developing countries; 
hto\evei, elativelv few\ cottltitries plttluce refitted produtcts. The ore coicen

ate ofte al e hltpped to Leveloped coutntries I'o furtlter processing. 
..\ltllottgt thele is t le\'ehopillg countlries, thetlelld toward ItOre prw1cesSiIg in 

detlllld fmr lltllotlltietl elellle , it lgrictlttlle is olten ilnsltficient to 
nsf!f\ ;ttl ectotmical sc:le ofI processig ittll tle dentd Ior industrial 

pitdtof)I thtese eletellt is ls, smal. Moreover. the processittg platnis are 
Capital iltelnsi'e. 

There is t need ft' idetutificati tt domtestic tres )rtttinerals containing 
ttticltltlltetltls thalt calt be applied WithtOut chemical processing or with low-
Cost. simple plcessing. Ior ttis plurp)se Iticrttlluttient sources need not be 
pire or highl cttcet tmated. ile attotttts tused are so stttall that even low
gtde sollices mtay be ecLonomical for local use. I:or example, a cotlmllmotn 
tecttmttteutdattottn fi btott (mlil cotltti is0.5 kg ofl B/ha. attd Bautista et al. 

1.1 tottttd tltat I .kg Of Zt/hIta ilt rice was stufficient ill nmost but not all of 
lie locattotls ill tle Philtppties. rnths tttaterials ctmlainitig 1' -5'/; B3or Zn 
kotld leftlltre application ittes ol I0 100kglia which W\\tOild be ntnnot 
ealsoIabl labol iltettsive atnd cotuld be ecotomical Ir low-cost indigenous 
illateri tls. I'seWIf illtigetrtous rtmitnerals or ores with or witlhouLt Concentration 
shtld be coutsidered. MallV of the microittrie mi nerals have not been 
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tested, particularly under tropical conditions. It seems likely that insoluble 
minerals would dissollve nmorte rapidly at high soil temperatures, particularly 
illinloist acid so~ils. Il fact some insoluble minerals might be more effective 
than soluble salts in)areas where leaching or runoff is a problenl. 

Mole rescaiclh is needed to( deterlrine tIe effectiveness of the many 
IInllerilstha cl talill lliicroltlielltelerllels. Sole sulfide minerals, for 
example, aie known to Oxidiue lapidly illwamlll, IIIOiSt soils. Iron sulfide 
pvime). f'ol hasexample.ll beell found tIl be alleffective soulce of iron ill 

Sle locations and copper sulfide has given good iestlls as a source of' 
COpper. ZilC sullide ha, glivei poo results, iii shlort-tenill tests in temperate 
climates, but iioii forml;iamonlwas fOlild Oil its use illtropical soils r for 
lonier tilles. Illselectiol )filiicrlrlllrJeiit-coltaiiiiiig minieals some thought 
shIOUld be giv\en to nmpriit ies that iight be harillful. Some sulfide ores Iay 
Coitallii lead. arsenHic, or Caduumimn, for example, in potentially hiarmflt£ 
coicent ration. 

Marly inlslule imimieals such 1' o)xides. silicates, aid Carlllles of' 
letallic Iernctrlillnt eleinmts have not beeii adequately tested under 

tlopical conditlos. TIe same is true of insoluble borates. 
Was.te p1tlicts or byproducts coIlaining mnicrorlntrients are available ill 

IanliV clollliles. Fool exalliple, .Utitollrtile tires contaimi a high percentage of 
zinc oxide. I1discaLded tiles ire bItuied. tileash must contain higher percen
tages. Sewage sludge contiils appreciable alloltllls of' miconutlrients 18] as 
well a, l)rillN rllitirents. [lv ash rlomolcomuslon of' coal contains various 
aiilloiIits ), icionutrients, depending on the coal COmllposition, alnd repre
sellts IdiSposal problem. Scrap ruletals and slags also are potential sources.
 

There is a 
 /ieed itostudy tie technology of producing mnicronutrient 
mlaterials 'mil their ores wilh a view to identifying simple processes with
 
lmv capit;l equiremneits. MNiy processe., that have been used in the past are
 
now, regarded as obso.lete because they are labor intensive 
or poorly adapted
 
to large-scale 
 use or because tilepriducts are tio impure for industrial use. 
These cuinsidera tions \wolld riot necessarily apply to production of materials 
for tise iii agriculture in developing clitries. 

Finally. inore woirk is needed to identify methods for incorporating micro
nutrients in tie most popalar priniary nutrient fertilizers in the developing 
countries. This is especially true olareas where deficiencies of one or more 
of tIre iicirnillrielts are cinlnlon. ULrea is the most polpular fertilizer in 
many developing corntries, sor research on using it as a carrier for micro
nutrients seems appropriate. 
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