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Foreword 

Fertilizer is a vital component of Ftrategies for expanding foodproduction. 
The rapid growth in population and the widening food deficits inmany 
tropical countries of Asia, Africa, and Latin America call attention to those 
aspects of fertilization that have been neglected but are expected to yield
large economic payoffs in the future. Fertilizer sulfur falls into this category. 

In the past fertilizer sulfur received little attention from researchers and 
policyniakers since sulfur deficiency was not considered a serious problem. 
It v\as not a problem because of low crop yields, extensive2 cropping, and 
the incidental supply of sulfur through rain, irrigation water, manures, and 
sulfurcontaining fertilizers. 

However, the situation has changed in the last lhree decades. Moder
nagriculture based on high crop yields, intensive cropping, improved crop 
varieties, and greater use of sulfur-free fertilizers and environmental regula
tions restricting slfur emissions are creating large gaps between sulfur sup
ply and slfur requirements. Sulfur deficiencies are widespread and grow
ing. Consequcntly, the full potential of a modern agricultural system in 
tropical countries is not being realized. 

This research effort results frum the recognitin of the 3erioutsness of the 
sulfur problem and its adverse impact on food production as well as 
IFI)2":; dedica.ion to tile development and transfer of economically ef
ficient fertilizer technology to tropical countries. This study rcpresents a 
comprehensive analysis of the technical and economic linkages between fer
tilizer sulfur and Iood production, and it provides guidelines for future 
directions in fertilizer sulfur research and public policy. 

The project was jointly undertaken by Dr. J. S. Kanwar, Director of Re
search, International Crops Research Institute for the Semi-Arid Tropics 
(ICRISAT), and Dr. Mohinder S. Mudahar, Economist, International Fer
tilizer Development Center (I F)C). Dr. Kanwar, an eminent soil scientist, 
spent his 1982/83 sabbatical year at IFDC and participated in this research 
endeavor. This study is expected to provide needed inpetus for national and 
imernational research and financial organizations to initiate and finance 
major fertilizer sulfur research and development programs. 

The highlights ot the study were published in 1983 as IFDC Technical 
3ulletin No. 27. It is hoped that this study will be of major significance to 

t'certilizer researchers, extension agents, manut: acturers, planners, and policy
makers in their efforts to improve fertilizer use efficiency and alleviate 
.vorld hunger. 

Donald L. McCune 
Managing Director 
International Fertilizer Development Center 
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I Introduction 

Statement of the Problem 

The fast rate of growth in populatica, increasing food needs, and a widen
ing gap between food consumption and production in the developing coun
tries, particularly in the tropical countries of Asia, Africa, and Latin 
America, call attention to the need for research into those aspects of crop 
fertilization that have been neglected or that have the potential of affecting 
crop production significantly. An increase in land productivity and an ex
pansion in the area under crops are two components of an economlic strate
gy tor increasing agricultural production. 'ertiliter use is essential to this 
strategy because of its major contribution to crop yields, particularly in 
combination with irrigation and high-yielaing crop varieties. 

The inp,.-nce of NFPK fertilizers in increasing agricuItural production 
is well recognized. The developing countries ire making serious efforts to 
increase the use of fertilizers supplying these nutrients. However, sulfur (S), 
which is essential for synthesis of proteins, vitanlins, and S-containing 
essential amino acids, has been ignored. Ill most cases, no more phosphorus 
(P) is required than S, but the use of P has received more attention, particu
larly in the tropics. The main reason for tile lack of' adequate attention to 
S in the developing tropical countries is that heretofore subsistence farm ing, 
low crop yields, and replenishInc ut of S through the use of fariyard ma
intile (FYNM) and conCet ional S-contaiiiing fertilizers as well as irrigation 
water and addition of atlinospheric S through rain have largely prevented S 
deficiencies. 

The aniount of S required for producing I rt./ha of cereal grain is about 
4-5 kg/ ha. Previously this amount was probably supplied through the 
sources mentioned above, and it could still rmeet tie needs of subsistence 
farming except on soils that were inherently deficient in S or have become 
impo,,erished through losses of sul fate (SO,) from leaching, inmobiliza
tiori, and crop removals. Moreover, at low levels of' nitrogen (N) and P con
sum1ption the need for S va,; also lov. As use levels increased, however, more 
S was also needed to ensu re Ite ili use efficiency of cach rut rient. Sulfur 
deficiency was also masked somewhat by tile acute deficiency of N and P. 
However, the situation is changing rapidly, and t here is a growing awareness 
of S deficiency in many developed countries, paiticularly those where ani
mal production is a major industry. Besides S deficiency, tile acid rain in 
many developed countrics is partly attributed to high sulfur dioxide (SO,) 
content of atmosphere gases. 

Classical examples of increased attention to S defticiencies irclide Austra
lia, New Zealand, tile United States, Canada, and Ireland, where tile need 
for extensive use of S-supplying fertilizers is recognized in raising good pas
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tures and producing nutritive forages. In the United States S deficiency has 
been found in 37 states, not only in pastures but also in small-grain and 
coarse-grain cereals. Research and development programs on S use in crop
production have become important. Tile number of' scientists engaged in S 
research, the number of papers published, and the conferences held in the 
developed countries attest the importance of S fertilization for these coun
tries. 

The evidence of crop response to applid S in the deveJloping countries of 
the.tropics, the drastic decline in tile additions of S because of the use of
high-analysis and S-free fertilizers, and tile growing problem of human I ,,n
ger and malnuttrition necessitate a critical look at the S fertilization prob
lems in these regions. Sulfur in agriculture has many uses, but tie four most 
important ones are these: 
1. As a soil amendment for amelioration of saline alkali soils, calcareous 

soils, and soils of low permeability and for improving the quality of irri
gation waters. 

2. As a plant nutrient for correcting S deficiency, increasing crop yields,
and improving the clualit:, of crop prodtucc.

3. As a chemical agent to acidulate phosphate rock and to mau tfact Lire 
lhosphoric acid, phosphate fertilizers, ammonium sulfate (AS), and 
other S-containing fertilizers. 

4. In pesticices, iicluding fungicides. 
TFhe use of elemental S and S-containing substances such as gypsun and
pyrites for soil reclamation puirposes is well known. Sulfur will play a more 
significant role in improving productivity of lands that are saline, sodic, or 
calcareous or have low permeability. Sulfur also improves the poor-quaity
irrigation waters - a serious problem in semiarid tropics and arid regions.
In these cases, howevcr, tile acidifying effect of S or tile calcium (Ca) ion 
effect of gypsuini is more important than the use of S as a nutrient. There 
are many publications by The Sulphur Institucte in the United States, the 
Food and Agriculturc Organization of' the United Nations (FAO), the Unit
ed Nations Educational, Scientific, and Cultural Organization (UNESCO),
tle British Sulphur Corporation, IFD(', and also other international and 
national organizations in developing couniries that specifically discuss 
sone of these aspects. 

The use of S as a fertilizcr nitrient, however, has not been adequnately
recogniized in tile developing countries of the tropics and suItropics. In view 
of' the neglect from which S as a nutrient has suffered and the warning sig
nals of S deficiency in the tropics and subtropics, this study is restricted to 
S as a plant nutrient and to S supply strategies. 
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Objectives 

In this study attention is focused on the possible effects of S deficiency in 
soils and plants in the tropics and subtropics. A full understanding of this 
problem will lead to an appreciation of the need for S-related research as 
well as appropriate government policies. 

It has not been possible to gain access to all the literature, published or 
unpublished, in di ferelnt Countiries. The study aims at analyzing the availa
ble information to assess the ,lature, extent, and inagnit ude of the S prob
lent and its relationship to food and nutritional teeds of developing coun
fries in tlie tropics and at formulating strategies for research on S fertilizers. 
It is hoped that this information will stimulate corrective action by nation. 
al, 	regiolal, and international organizations and government policynfakers. 
The primary objective of this study is to analyze the economic imipor

tance of S in the 'ertilizer industry, food production, and the agricultural 
sector for fle tropical couintries. NIore specifically, the objectives are as fol
lows: 
1.TO place il perspeclive tile food and ntritional problems of' tropical 

Conui ries. 
2. 	Tb examine the role of fertili/er S in designing strategies for food 

product ion. 
3. Tb analy/e the crucial role of S illplant nutriition atid its effect oti ht

mtill and animal nutrition. 
4. 	 lb exami ne the S statts of tropical soils and its relation to crop prodtic
tiou. 

5 lT analye S deficiency, with particular reference to natunre, caiuses, 
ilagniutide, loction, crops affected, and differenit diagnostic techniques. 

6. -loev.alate Crop respotliSe to applied fertili/er S iti [ie tropical cotilies 
of Asil, Afric.i, and Iariil Ariericia. 

7. 	 lb estirmarte aggrcgatc S reluireienits, supplies, aid iiplied S gaps ili 
elCCctl dCslopitiie counltric, ipto thK' year 2000. 

8. 	lb cxaimiie past perftortiatce, the current econoiiic siltlalioni, aid Itt
tlur outlook \iI respect to S dermiand, supply, prices, resoturces, aid 
Irade.
 

9. 	lb Cvaluate allernaeitie ecoriormic soUces of fertilizer S aid st pply 
stra egies, pririctularly itl (lie Colltex of indigenous S resources. 

1I.lb exariie the ir lications for lesealch straleics arid fortiiiilatiotl of 
fertilizer policy \%iiI respecl to fcrililer S, particularly illliopical coili-
Iries. 

In oilher \lords, Ihe sltidV deals \%it it lie igrolloiiic, lechnological, ecolloin
ic, aid policy aspectl of ferili/er S int le comct of tiropical agricutltire. 
It should ser\c sa basis It0r deleminiiifihe appropriate role of fe-tilizer 
S itl the desiill of alernlaltivc s itg s ariL punblic policies for icceleiRItilig 
food prodlic,ion in developing cotilrics. 



2 Food and Nutrition Problems in Perspective 

In order to design the research strategies and public policies needed to ex
pand food production through appropriate use of fertilizer S, it is impor
tat not only to understand the nature and seriousness of the food problem 
but also to delineate the commodity sources of calories and protein and to 
exami ne the location of food and nutrition pr-,blems in devcloping coun
tries. 

PoIplation and Food Produetion 

Any realistic assessillent of' the world food problem must include an ex
aimnation of various f.actors that influence the detnand and supply of food. 
It this Sttidy, however, we limit the discussion of' such factors to population 

.adetrminant of food consumption - as one side of the food equation 
and food plrodItuct ionl as the other. The regional (listribut ion of world popu
ltiont and Iood prod.huctioln for 1981 is reported in Thable 2.1. Developing 

countrie,, as a grotup accotnt for 74% of tlie world's population and yet 
produce only 47%'o of lie total \world foo(.. ()I) tile othIer hlald, the de
elopinglirarket ecollollies accoint f'[or 500''1 of tile world population and 

29"', of \rld food product ion.2 ' lie food prolem is rather serious ill le-
Clopiriny luarket ecollnlie , particilarly in, Africa and lie Far Fast. Conse

quetl..v, a large )t11"cr of people do not have acces to adequate diets, and 
thik ,Criouly affcct,, their life expectancy ;is vell as work elTiciency. 

1:urthclitore, it is important to lc0ogi,l0e Iree ClatCed issues. First, evell, th 
hothugh mar.ry dec.loping countric,, havc inadc maior strides in food produc

lion, priiiaril. , a rcult of tie '(G;ee Rcvoltiiton their mot.re recent per
lortltlarce (e"pecially ilt Africa) hias ltol bCe'II ver\ inlipressive. Second, even 
thtigl lIManr couinttric, are able to reduce the population growthLcslopiHIt 
rate, it ik still too htiuh it relatiott to irowtll il lood produclion. Third, as 
reported in lible 2.1, a major shame of cereals cons1mi1ptioii ill (leveloped 

I Ihi,,%wild" populitl l ',',ill 1-I'\ 4 titlho n .15 the se ' till 198, ti hillion ill ic 2(00. 

h ,C l 0II I\ ' i hicoli noIc I ,1 ,il 0tic nIalh. illt l,. 't t c 1ln1i,'t,, Illol, peole \%ill hCtL ICt,milu.ilk Ill the. wca 200(0 1111 n)~u thanlohdiv, (?7, nllilio)...\plo\iilll 90%Vtill Ilhis 
Vu,',th ,\%Ill,,,uo ll n he1poo*l',l o~lllill,++c, tl [lie: k%111(l lto[liet. %w id sld, o k C+-\11,:,+cit') 

1C InI'ilhtlh\2,Oi idi \\ llwli li 10 hillion I,\, lic cdi o the 21s, coit.y, accoidiin, 
lo+lte ( ollntll] or I iLI+l~lltllw al (.lualt llla d 1iltC [)t. l linllil ol Stilel, l( t981). 

ii,,, Iwd ,liC, C, Ii lli, 1 , tll i\C ol 
lo~ltll + Ali-,t., r.IC1 n,,1 \,+' 1111 h ', illto 

2 t ,.xli,.': ' Ill]s, , \\C lix% itotld 's ,A +t'cssilicationC illillics 
lilkh cti ,lld tuld lll+ 10 +i , +i"l, lllc , 1,1,,i dlixidled 

il c 110.1il ,i.'i I.' , lCl d,, 1Itd IlliilkCI cc i iic, tl I'), (h) dc.cloxiiLg i1arkc couio
iui,' it)\l . 1.1niCl I M oLIl Ct i,illCs I( PI I. tc,IloIcI COtllll ,iC crilm if&1tcl nI .. i ihI 
,tlopdI ll rkci C, Hiii l'o. I isMill I 1iii1,, 111t li th'.S.I., It,.ic a J, cxc oplillg Coi trliC's 
L0111111Iol d c tlo iiir larkt cl,,.ol ., and cci"liiall\ planni,dc,c tiuurlics lion, Asia, irlctuding 
( tiiihi I ti ,Icil 11111cti+ iiu v Illti " ol i,CMi. IC cl\tll thitc 2.1. 
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Table 2. /. Regional distribution of world population and food production during 1981". 

Region Population Food Share of 
(%O) produteion' animal feed in 

(%o) regional cereal 
cOIst nipiot 
01%) 

Developed market economies 17.7 36.4 75
 
North America 5.6 22.8 88
 
Western Europe 8.3 10.4 71
 
Oceania 0.4 1.4 61
 
Other de. epeL 3.4 1.7 40
 

Developing market economies 49.8 29.3 12
 
Africa 8.6 3.8 5
 
latin America 8.3 6.9 40
 
Nea, Fast 4.3 3.5 21
 
Far East 27.9 15.0 2
 

Centrally planned economics 32.6 34.3 41
 
Asian centrally planned 24.1 17.6 15
 
Iastern l-urope 4 U.S.S.R. 8.4 16.7 67
 

I)eseloped countries 26.1 53. I 72
 
I)eeloping cottnl ics 73.9 46.9 13
 

World' 	 I(0 I0 43 
(4.5 billion) (1.7 billion nt) 

a. 	 )reiis.ed front data reported it FA() (1982) and follo\\s FAO regional classificaion. 
rtitiodttits.the noticereals 


itlto vheal equi\aleitis bacd tt caloric contetit . Rice refers to milled rice.
 

1. Includes all cereals, pmlses. iomo Crop. ttid AlI \ere converted 

C. 	('olisutupi on of cCreal a, tood tot picople and 'teedfor livestock. l)erived from FAO 
(1977t and trelr, Io 1972 74. 

d. 	Fotals at applomttte due to foutding of da.ta 

countries is in the form of feed for livestock to produce calories and protein 
for htuman consumlption. Such a conversion process is generally not very ef
ficient.1 

Magnitude and lAcation of Food Deficits 

Several national and international organizations, including FAO, Interna
tional Food Policy Research Institute (IFPRI), U.S. Department of Agricul

3. For firther discussion and e\idetnce on lo\ conversion efficiency, see Balch and Cooke 
(1982) 1t1d SpedCLdiig, \ValSinlgha t., atid I loxe 11981). 

http:reiis.ed
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ture (USDA), and the World Bank, periodically make projections for world 
food demand, supply, and food gaps. There may be, and often are, large 
differences in quantitative estimates of projected food gaps lor a particular 
year and country across different organizations.4. However, qualitatively all 
these estimates point to large projected deficits inldevelcping countries, a 
large nuLmber ot which do not even have tile capability fbr commercial im
ports from Itod suip1lts coun tries. ,,\large tninber oi"tropical countries all 
ito this category. 

On the basis of' trend pre.jctionis, FA() (1979) has estimated that the net 
cereal deficit 'or 90 develolitg countries (excluding Chinta) will be 91 mil
lion nit in 1990 and 153 million it ii tie year 2000.' The share otlindi
vidnal reCions in net cereal deficits duriig 2000 is estimated to be 29% iil 
Africa, 33i 0l in thel Fir Fast, 2()'0% in the Near Fast, and I,l'o ill Latin 
America. On the ot her hand, nlder d SceilrIo of1 accelerated cereal growth, 
file net cereal balance for t lie saie set (i cOnilltriCs Wonuld be reduced to 52 
million it in 1990 and 88 million fit in tlie year 2000. The corresponding
 
share Of' iidividtal reiolls during the .ear 2000 is c,,hnated to be 32% ill
 
Africa, 161"0 ill
inte Far Fast, 45',(1 in the Near Fast, jinld ill latin Ameri70't 

ca. Illthis scenario, the Indial s bcontineit \woubl( change from a net defi
cit ill cereals to a net surplus in cereals (4 inillinimt) 1y the year 2000,
 
mainly ill rcsponse itotile realiatioi of potential or accelerated produc
tioll.
 

More ccent estilates for t'od gaps (nlajor Staples as o1pp1os ed to cereals)
 
+ '
for selected cotniri cs aid regions of deeloping iiarket economies are 

repoIrted iii lable 2.2. The pro jectcd net lood deficit s for dcveloping market 
eCoil1luiucs ale est iliatlCd to be aplproxillatelv thliree limies as great illtie year 
2(0(0 as fihey \wcr in1977. lhe projitcld leticits may increase or decrease, 
depending lpoin perl'ormiianca in tile agricultural sector, iiational govern
iuient policies ,\iti respltct t f ntrilion, aII population growtl.10( and 
The legions projected to lace serious lfood problemIis are file Near Fast, west 
Af'rica, and tipper (tropical) South .,A'merica. The f'ood gaps must be met 
lirolih comiIcrcial imiports Mill or food aid. Ii this respcct, these gaps 
have illiporlant implication. for \orld food Irade andilood assistance. 
)ther\\ise, i large 1lnnber of* people miay not be able t(atford evei tile ba

+, 
arc e due ito of14. 1lie+dillen .'¢iiiprelected(h+OLIdt.llicit l,+,all. (1) lllllilelCtllifnlodtllJes 

hood: (2) dill iilll Ltlidi[iito01 n siipl.\included i, lem niii l OO Ii dellcii Mrid 1 (3) dil'lee .nc 
iIat. ii IP741, tili I + ( come 2 et .laiciiesj,, iciomeullili i',i es In p fli h, i l.l+.' \ Ih , incottslri land Lrio\Nll lqet:lopptlp, anodflit Icehlltolonx; 1.1) if) litle¢bul itln, 11th,+pR itlli( fil~flerun.', 

(,Lu M MLltOf+',ith ,u ld100d 11ItON l l Imo1ot~ det5. ( )IIhCI11( 'lltiIIII +'ll l'+t0.je,.,+. d prod'hlli~oll, 
,
linldd ).\(19t74), Ih kinand (itoelillv IPl+idCl', SCiem+'Ce \tl~ 

(CoImImilIlee (1967), \\mmtlianl (1978), (ltSoNtllandt Fi:ederick (1977), II-PRI 

mland. anod :L',p P'.I (1977), ., 
anld ('Uilillilgb' 


http:l'+t0.je
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sic minimum diet.' Furthermore, food production in the year 2000 is 
projected to increase by 90% over that in 1977. This has important implica
tions concerning the need f'or production incentives and the potential de
mand for modern inputs, including fertilizer. 

Malnutrition in Developing Countries 

National food self-sufficiency, an expressed national goal of many develop
ing countries, does not always result in an adequate diet for every citizen. 
Inadequate nutrition may be attributed to several factors, including limited 
food supply, mialdistribution of food, p3overty, and lack of' knowledge about 
nutrition. Ftowe'er, despite these and other socioeconomic factors, ade
quate domestic food production is an important co ponlielt of strategies 
designed to eliminate tile malnutrition problem. 

The share and magnitude of population considered malnourished in 
selected countries and regions of devcloping market economies are reported 
in Table 2.3. Even if' one does not agree with these estimates, the fact re
mains that large iumbers of people do suffer and w\'ill continue to stiffer 
from tnal nourishmelnt. Furthermore, these results shed some light on tile 
hatutre of' food and nutrition problems. First, almost a quarter of the popu
lation (approximately onc-hlal f billion during 1981) in developing market 
economies is malnourished. According to FAO (1979) estimates, the share 
of the population below the critical 1.2 Basal Metabolic Rate in tihe year 
2000 in d eloping market economies is expected to decline to I11/0 (387 mil
lion people) under a trend scenario al(f to 7/' (242 million people) under 
an accelen.ted growth scenario. Accei'ding to FAO(1977), however, the share 
of malrtoorished people if these countries has slightly increased f'rom 240/0 
in 1969-71 to 25'o in 1972-74. 

Second, almost ole-lalf' of' the nalniourished poptlation is froii South 
Asia, a region that is projected to have a food surplus during the year 2000. 
Third, even in grain-exporting couniries such as Thailand, a signi ficatit 
share of' tlie poplation is malnourished, which indicates that adequate 
production of food alone will not solve tile inalntrition problem. Fourth, 
even though there is nO onie-to-one relationship between calorie deficiency 
and protein de ficiency, the large number of malnourished leads one to con
clUde thati lie population so ffering from protein dch'iciency may be equally 
large and that tile protei n-energy-maliut rit ion syndrome prevails. Finally, 
as evidenced by FA) (1977, 1979), tile maliutrition problem is much more 

6. A ieport lb. lit\ (thou cil on UIimiroimin al Oualiiy anlld li' ID partmnt'ii o lState 11981) ['nr-
Iher teinilOrce, lit' wt' ioiisnesN I' lit' food pioHtlei . I li' ieport cocttldes Ihalt 'tor hutdret s 
of, umillion, (i Ile dtl',prafely i om, the outlook for looti and otier iiecessiti,' of lile will be 
no belier. IFo fnlnln if \\ ill lie ,Orse, {Volume 1, 1). 1). 



Tahh 2.2. E'timated food production. consumption. and deficit, in selected countrie, and reg ions of deseloping market econoniicN . 

Country Reion' 1977 (actual) itnilliont 111t) 2000 (projected) (million trn) 

Production Consumpion Nsci deficit Produictin (onsnumption Net deficit 

India 134.0 122.7 11.3 234.3 220.8 13.5Indonesia 24.9 27.4 - 2.5 51.3 46.9 4.4Philippines 8.9 9.4 0.5 21.3 20.3 1.0Sudan 3.9 3.5 (.4 9.9 7.5 2.4Niger 1.9 1.7 0.2 1.5 3.0 - 1.5Nigeria 17.5 18.8 -1.3 19.4 41.0 -21.6Kena 3.9 3.0 (.9 13.4 8.0 5.4Zirtbab\v e 1.8 1.9 -0.1 3.8 4.2 -0.4Mc\ico 18.8 19.9  1.1 46.1 46.9 -0.8Brail 40.6 42.1 - 1.5 90.5 110.4 - 19.9Colombia 3.8 4.7 - 0.9 9.7 10.4 -0.7 

Asia 252.0 247.2 5 .( 480.5 461.7 18.8South Asia 167.5 158.5 9.0 306.3 291.1 15.2Last and Southeast Asia 84.6 88.6 -4.0 174.2 170.6 3.6Norh Africa Middle East 59.8 78.5  18.7 119.8 177.1 -57.3

Atrica group 16.7 28.2 - 11.5 
 38.3 63.9 -25.6Asia group 43.0 50.3 -7.3 81.5 113.2 -31.7Sub-Sahara Africa 67.7 72.9 - 5.2 112.7 149.1 -36.4West Africa 31.1 33.5 -2.4 38.7 68.8 -30.1
Central Africa 11.6 13.0 -1.4 24.8 25.0 -0.2Last and South Africa 25.0 26.4 - 1.4 49.3 55.3 -6.0latin America 103.5 103.2 0.3 226.6 232.0 -5.4
(entral Anterica Caribbean 24.5 28.8 
 -4.3 58.5 64.3 -5.8Upper South America 52.5 58.0 - 5. 114.2 144.2 -30.7I.oser South America 26.5 16.4 10.1 53.9 22.8 31.1 

Des clopi .g market ecotnomies 726.2 753.7 -27.5 1 364.0 I 438.5 -74.5 

a. I)erised from preliminary estimates generated by IFPRI. Food refers to cereals, root crops, pulses, groundnuts. bananas, and plantain; noncereals 
are coneried into cereal equiralents. 

b. These indi idual countries %ere selected for a detailed analysis and to estimate S requirements and S gaps.
c. Projections for food production are based on 1961 -77 trends for tie commodities cosered: projections for food consumption were based on

1966 - 77 trend for income growth and the United Natiots population estimates. 
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serious among young children and wonen of child-bearing age, and this has 
serious implications with respect to their contribution to future economic 
growth. 

Table 2.3. SharI aid Iiagniit ude of population considered undernourished ill selectedCount
tries conomttties.a11d regions of developing market 

Country/Region Population M it calorie intake below 1.2 NI3IMR. 

of lolal Million Milliont Million 
(1972, 74)' (1972/74)" (1981), (2000), 

1Bangladeslh 38 27 34 54 
Braiil 13 13 16 23 
Colombia 28 7 7 11 
lthiopia 38 10 12 21 
India 3(1 175 209 298 
Indontesia 30 39 45 65 
Kenya 30 4 5 II 
Mali 49 3 4 6 
Mexico 8 4 6 9 
Niger 47 2 3 5 
IPakistan 26 17 23 35 
Ililippines 35 15 18 27 
Senegal 25 I 1 3 
Sidain 31) 5 6 10 
Tanmzantia 35 5 6 13 
Thailand 18 7 9 12 
Zaie 44 10 13 22 

Africa 	 22 fi! 86 149 
Far Fast 27 286 340 490 
Near Last 11 19 24 36 
l.atitt Aimerica 13 41 48 69 

I)eseloping mmarket 
econloimllies 22 414 498 744 

a. BNI R refers to Iasal ,Metabolic Rate, which is derived from basic physiological considera
lions. lhecoelficien ,1.2, \%issugigested h\ lfe FA()/World Ilealth (rgai/ation (WIltO) 
ad hoc lEpecii (ollmiilitet otlNut rition and is determmilLIed b aIll(1) allowance for level of 
human actis it\ (1.5 IIR) aid (2) \ariamith itt IMR (0.8 BIMR). This implies that 
1.2 BIR (1.5)10.8) IMR. lIIts,lie critical f'ood initake Ittit is 1.2 IBMR and a perSom 
vili food intake lesslimi 1.2 IINIR is likely to be umdertourislied. 

b. 	 I)eri\'ed lomi I \()119771, Regiontal e'imales ate ro l\A (1979) amd refer to 1975 attd 
to 80 COMttIcS 01 tle,.lopmiit Iat kt eCtoltIiCs. 

c. 	 ('alcuilaed 1)s a hlite slhtic 1.2 IIIR remaiis tie same is;ImSltlllillm oflpopulation bclotm 
it \as dtrille 1972 7,1. latiom lot1981 te floillIA() (1982); for tie yearIle poput dalla 
2000 lih\ alirlil [ie Wolld Ilatnk (1982). Ilheiegional Wold lanik classificatioti is1mey 
slighltldiflctell tot111 	 inclutde cotliltlies %\ihth of lessIlim oh lAO) Mid does tlOl populatiot 
than I nmilliotm. 

loill otml ,. 
ecotiohtimes. 

d.Slitit oh legiotns I hisdoes iot include ill tie cotuintries intdeselopiig tmtarket 
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Sources of Calories anld Protein Supply 

Identification of tile major food supply sources is a prerequisite to the de
sign of research strategies and public policies directed at solving food prob
lerns in a part ctilar country or region. This is especially important since 
food colinodilies produced locally determine the consumption patterns of 
the local population in that their tastes and preferences for food do not 
clange suddenly. Hw'ever, as per capita income improves, the consumers 
tend to shift their Consutl ion patterns in favor of high-quality cereals, 
procCssed foodIs, fruits and vegetables, and livestock products. 

lhe relative contribution of individual food commodities (expressed in 
wheat equivalents) to average per capita calorie and protein supply are 
reported in Ilhic , 2.4 and 2.5, respectively. However, actual per capita sup
ply sho lId not be eqluated With actual per cal'ita consutption of' calories 
and proteins. The reasons for this (listilcti , should be rather obvious. In 
comparing developinlg (low inconme, agriculturlal) countries w%'it developed 
(hich income, industrial) countries, two strikitt, but not surprising, concln
sions cilerge. First, the average per capita supply of calories and protein inl 
developing countries is lo\wr than that it developed couitries, and the 
differences are rather substantial. [he per capita calorie supply in develop
in countries s s only 65'o that of developed countries as a group. The cor
responding share for proini supply \\as 5,,1'.Second, vegetable products 
play a dontiitat role in deselopfillg cout ries by stpplying 92% of calories 
alld 79"0 of proteil, isopposed to 681"o of calories and 45-.1,o protein inof 
de\ cloped coun tries. 

These reults are instructlive, but one must ble Very cautious illtheir in
terpletatioll .id use for policy desigin. I are differences exist illcoisuilp
tioll palletits across regions, Conitiries, aitld e\ell reciolts within a counl1try. 
For exaittple, cereals are at hilportaill source of calories aitd proteinl in 
dillerellt regions of delopling market ecotomies, but their relative cotri
btutiOlli ries a gLeat dleal. \While cereals account for almost two-thirds of' 
the calories atd Ipfoteiit available iint le Near Fast aitnd Far East, they ac
count for nie-half it Africa antd two-l'iflths in latin America. IllAfrica 
roOtS aitld ItLbers alolle aCCOutl for 21 ("o of' t ie calorie stupply. Pulses are an 
itpotait source of proteiin in all thIte developittg market ecoltoitlies. In the 
Far Fast, pulses contributle almost ismuch protein as is cotiributed by 
nteat, eggs, adl milk combitted. F-inally, animal products in,Latin America 
cotit ributed 391" oft lte protein supply, which is almtost two tqmes their coil
tributiot in Africa and the Near East and 2.5 times their contribution in 
tile Far Fast. 
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Table 2.4. Relative contribution of individual food items to average daily per capita calorie 
supply by region and economic group, 1972 - 74,. 

Food items l)veloping market economics )eveloped l)eveloping World 
countries countries (0/0) 

Africa latin Near Far (0,o) (%) 
(0'0) America last Fast 

(0 11) (0'o) (wo) 

Cereals 4() 39 62 68 31 61 50 
Roots and tubers 21 7 2 3 5 8 7 
Sugar and honey 5 17 9 8 13 7 9 
Pulses 4 5 3 4 I 4 3 
Oilseeds and nuts 3 I 2 2 1 2 2 
Meat, eggs, and milk 5 13 7 4 24 7 13 

Vegetable products 94 84 90 94 68 92 83 
Animal products 6 16 10 6 32 8 17 

C.aloriecapita (Kcal' 2 114 2 538 2 443 2 044 3 378 2 212 2 548 

a. 	 I)eriked from data reported in FAO (1977), originally fronm lAO's food balance sheets. 
Per capita sippl. of each food item is ohtained by dividing the quantity av,,Zlable for hu-
m1I.n 	 con,,uinl:iion (1poillUt ion + impOrt expolls fed it)liestock - used as seed 
- UsCd in nullanitflcttllilg - i stocks) by the number of'tile sector food loss changes ill 

persos actuallv partaking of it lld is \lessed illterms of calories. I lowever, average 
supply does not imply actual coIllltiOll pel Capita. The list of food ilellsis lot Colmlplele 
since only major food items are included in the table. 

h. 	 Aver:i',' ':ily supply oitkilocalories per capila. 

Components of Food Produclion 

It was pointed out earlier that local production is an important determinant 
of local consumption patterns. The relative contribution of individual corn
modifies to food production during 1981 in developing market economics 
is analyzed itnThble 2.6. Tht: developing market economics account for 50% 
of world populatio 1t rIloducc only 31 1%o of' nonbul 	 of all cereals and 40% 
cereals. 

The slar-C of indiVidtual corn mod iits in total food production also varies 
across regions. Itt fihe Far l-ast, rice accomlis for 51%, anid it is a major sta
ple in most of South Asia and Southeast Asia. I tile Near East, wheat ac

counts for 6500. Illlatin America, tnaize accounts for 491/o. Finally, ill 

Africa, sorghlm Md 1tillt accout for 28%, maize 25' c, and root crops 
23% of' the region's tota food production. The percentage share, without 

considering volume of productiot, could be IliislLading. For Cxamplle, al
though pulses account for 4% ill bohl Africa and the Far East, the total 
production of' pulses ill the Far Fast is more than four times tihat in Africa. 
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Table 2.5. Relative contribution of individual food items to average daily per capita calorie 
supply by region and economic group, 1972- 744. 

Food items Developing market econo

Africa Latin Near 
(0o) America Fast 

(0'o) (11,') 

mies 

Far 
East 
(0,0) 

De.eloped 
c,,untries 
(0"0, 

Developing 
countries 
(010) 

World 
(010) 

Cereals 52 38 62 64 30 55 45 
Roots and tubers 8 4 1 I 4 4 4 
Pulses 1I 12 6 10 2 10 7 
()ilsecds and nttS 5 I 2 3 2 6 4 
Meat, eggs, and milk 14 35 20 10 48 15 29 

Vegetable products 81 61 7) ? 45 79 65 
Animal products I) 39 21 15 55 21 35 

P1rotein capita (grams) 53 65 65 49 98 57 69 

a. 	 l)crived front data ;eported in FAO (1977), originally front FAO's food balance sheels. 
Per capita supp!y of each food itent is obtained by dis iding the quantity available for lu-
Man cotnstipooly the nutmber of pcrsons actually partakittg of it, and it is expressed 
in tertns of protein. Ilos,.ever, average supply does not intply actual const mption per capi
la. lic list of food items is not complete since only major food it ems :ire included in the 
table. 

b. 	 Average daity stUpplY of protein per capita. 

It is important to know the relative contribution of different commodities 
in food production in order to assign priorities to strategies for expanding 
food production and crop research and for allocating farm inputs, includ
inu fertilizer. Since the main focus of this study is S, the following chapters 
will discuss the role of fertilizer S in accelerating lood production in de
vcloping tropical counltries. The ctse of fertilizer S influences both quantity
and qutality of crop production. Furthermore, the average S uptake varies 
across crops and crop groups that, in turn, determine the nature and inagni-
Iluck of food production. 



Table 2.6. Relative contribution of individual commodities to food production in developing market economies during 1981P. 

Major staple' Production of food commodities (million nit) Share of individual food commodities (0o) Share of 

b. Production data were conerted into w%,heat equivalents based on calorie content. 

Africa Latin 
America 

Near 
East 

Far 
Ea:,t 

DgME World Africa Latin 
America 

Near 
East 

Far 
East 

DgME World 
DgME
in world 
production 

Rice. milled 
Wheat 
Maize 
Sorghum/millet 
Root crops 
Pulses 
Groundnuts 

3.9 
4.3 

15.5 
16.9 
14.0 
2.2 
4.2 

10.1 
15.0 
55.8 
16.2 
11.4 
5.5 
0.9 

3.2 
31.5 
4.9 
4.9 
1.6 
1.5 
1.0 

127.6 
49.5 
19.0 
23.1 
15.1 
9.7 
8.0 

144.9 
100.4 
96.1 
61.2 
42.2 
18.9 
14.1 

269.0 
458.2 
451.7 
101.7 
132.5 
33.9 
20.3 

6 
7 

25 
28 
23 
4 
7 

9 
13 
49 
14 
10 
5 
1 

7 
65 
10 
10 
3 
3 
2 

51 
20 
8 
9 
1 
4 
3 

30 
21 
20 
13 
9 
4 
3 

18 
31 
31 
7 
9 
2 
1 

(0) 

54 
22 
21 
60 
32 
56 
69 

Cereals-
Noncereals ' 

40.6 
20.4 

97.1 
17.8 

44.5 
4.1 

220.1 
32.8 

402.6 
75.2 

12806 
186.7 

67 
33 

85 
I5 

92 
8 

87 
13 

84 
16 

87 
13 

31 
40 

TotaI- 61.0 114.9 48.6 252.9 477.8 1 467.3 100 100 100 100 100 100 33 

a. Dt 7i ed from data reported in FAO (1982). 
The conversion ratios are 1.0:1.0 for milled rice, wheat, maize, sorghum, millet, and pulses, 1.0:0.25 for root crops; and 1.0:1.05 for groundnuts in shell. 

c. Total of milled rice, wheat. maize, sorghum, and ti'llet. 
J. Total of root crops, pulses, and groundnuts. 
e. Total of cereals and noncereals. Totals are approximate due to rounding of data. 

http:1.0:1.05
http:1.0:0.25


3 Fertilizer Sulfur in Strategies for Food Production 

The purpose of this chapter is threefold: (I) to briefly outlinc strategies for 
expanding food production, (2) to discuss the role of fertilizer in agricultur
al development, and (3) to examine the economic importance of fertilizer 
S in strategies for expanding food production and agricultural development 
in tropical countrics of tile world. 

Strategies for Expanding Food Production 

Despite the leading role of agriculture in economic development, gov
ernments of many low-income countries have not given the agricultural sec
tor a central place in their development plans and public policies.' Conse
quently, governments of these countries must make stronger policycomminient s in terms of resource allocation and econolic incentives to in
itiate and ,Iustain agricultural growth. Broadly, the strategies for expanding
Iood prodtlct ion consist of (1)increasing thC area tinder cultivation through
land development and (2) increasing ,:ropyields by intensive cultivation that 
uses multiple croppi ng. more and better fertiliiers, and improved varie
ties.- Both strategies are important. However, tlie relative importance of 
these .strategics depCnLs on the country, tie stage oU its devclopment, the 
resolrce endowments. the tntional goals, and its public policies.

E-xccplt possilb!5 in parts of Africa and Latin America, extensive agri
culttural production (tie increase inagricultural area) has limited scope.
While mnarginal, low-fcrtility lands are being broLght into cultivation, prime
aericlt tural lands are being put aside for iionagricuhltural purposes. Sotie 
a gricultural lands are also being lost through soil erosion, desertification,
and dleforestation. The development of new lands retluircs large capital in
vestlln1 s, which Illny conttries cannot aftord. Increased investlmenits and 
tightenilL land constraint w\'ill also increase tle cost of food production.lie agricultural land per capita is declining in all the world regions, but 
attdilferent rates. Onl the other hand, the aniouin of agricultural land per 
aw ricuiltural worker is increasinrig in developed conL itries (Figure 3.1 ). IHowev
er, Unlike the situation in latin America, tie amount of agriculhural land 
per agricultural workcr is gradually declining iinAfrica, Near East, Far East, 
and tlie countrics with cutrally planned economics in Asia, mainly China. 

I. ;Lli,.tlicill t vicklopne is d\% n . 
the lole 01 C.oll tmic ,elt ll llc ii others, we 

I I\l.' Ili ki lii.t tl)-.l,7 t.hliloln alld Kil;, ti9'75), .Ioljioii andla .t1 M ellttor M ellor
1961), 
1 ,65.1976), ald VoilIdIWlllk (1982). 
2. Multiple ci tpping icier,lo ormn\ ing1more Ihla 0.t crop in a single year onilhe same piece 
l kld. 

15 
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This trend is expected to continue in the near future. According to FAO 
(1979), the share in projected agricultural production increase attributed to 
land expansion over the period of 1980-2000 is 54% in Latin America, 27% 
in Africa, 13% in Far East, 8% in Near East, and 28% in 90 developing 
countries (excluding China). 

A large part of the additional food required to feed the growing popu
lation must come from an increase in land productivity. This will require 
both an increase in crop yields and multiple cropping Undoubtedly, tile 
contribution of the 'Green Revolution' (mainly in wheat and rice) to food 
production was very impressive. However, barring any tnforeseen techno
logical breakthroughs, similar increases in food production in tropical 
count ries will require large capital investment and a concerted effort on the 
part of farmers, research \%orkcrs, and policymakers. 3 

Regardless of the agricultural development strategy followed by a particu
lar country, accelerating growth in food production will require the follow
ing: (1)massive investments in land development and the generation of irri
gation capacity to relax land constraints, (2) the development of atil 
agricultural research system and the necessary infrast ructure to improve 
land productivity through higher yields and multiple cropping, (3) provi
sion of economic incentives for the adoption of modern technology and ex
pansion of food production, and (4) creation of capacity to produce, dis
tribute, and use fertilizers to build and maintain soil fertility. 

Fertilizer in Agricultunl I)evelopment 

Fertilizer contributes to economic development in many different ways. This 
iicludes the product ion of food and atinial feeds, supply of energy through 
expanded product ion of energy clops, an increase in foreign exchange earn
ings, greater rural employment, and growth linkages through the 
indutstrialization and moderniization of tihe agricultural sector. The availa
ble empirical evidence indicates that at least one-third of additionalfood 
production can be attributed to fertilizer use.' 

3. Jli tropical regiois haVe an adaniage oci tihe teintperate regions illteris of atirtldance 
of stilllighlttielgy and its iipact on|plant gioxmli. Ilo\c\er, as has been argued by Kalmarck 
(1976), tte clittiate has beella lilldrallce illto econolic developnenl tire tropics. Some of the 
adverse Iacltols encontered the tropics ale too Ililicl little rain; ligh tenlperattres;ill or too 
preualetinc 0f pcIs and diseases for plants, aninals, and ini1nis; serious weed problem; and 
poor quality of soil rsomtces. Kanmar (1982) has 1tuither ecfhoed sIcIconcerns for soils and 

their impact oil'oodproduction. 
4. Some oftlhes tidies that deal \ it the conti ribtliot of fert ili/er to liod p)roduct it are lish
op and Nt tidalfar (1979), Ciristetlet, I lendri,. and Stevens 1964), Free, Ionid, and Ncvins 
(1976), lerdi and tlarkc 11975), Mellor f1976), 'instrup-Andersen (1976), %tndahar (1978), 
aid VoilPeter (1980). 
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hieur(,3.1. Rlg ional (olliriison of .\gricultural I and per Agricutural W\orker During 1965 
and 19,0. 

According to the United Nations Industrial l)cvclopnt,;' Organization 
(U NI )O)(1978) and lAO (1979), approximately 500,10-70% of total fertiliz
er usCd in trorpical developigiiI countries is allocated to cereals. During 
1982/83 the total consumption of nutrients (N - 13,0, + KO) in de
vwloping, narkel economics was 22.8 millionilmt. If we assume that only 
50u o tarfertili/er \,as used on cereal crops and that, ol thle average, the nse
 
of, nilt nultricnl 1()it of' grain, than 11- million nt of' grainof r1olduet , 

can be attribtted to fertili/er usc alone. uring 1982 the total cereal produc
lion (includitgt tice as rice paddy) itdeveloping market economics was ap
proxiinalelv 49) million nit. A, a rCsul, it is estimated that 230'o of total 
cereal produclioln could haxc been ilie direct result of fertilizer tise. This is 
a ht firl-s(-ordcr approximation; it is difficult to realistically isolate the 
contribution of fert ilizer to cereal production because of1 tile interactions 
aniong fertili/er, irrigation, fartili/er-responsive crop varietic , pesticides, 
and Imiaiemlelit. 

lhIC level, pattern, and growth in fertilizer consumption aire reported in 
'luble 3.1. The average fartilizer use (N + P)() + KO) in developing mar
ket economics is very low. DIuring 1981 the average fertilizer use was 32 
kg/hia, which was 15 l of that in Western [In rope, 27 0/16of fhat in developed 
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Tabh 3. /. 1 ecI. pat ern, and L'ro III in ferti/ ,er con rnption for .. orld regions in 1981'. 

Region N t.', K.() Totall N as Go Growth Share in %"orld 
(kv hia,' (ke ha) (kr hal (kL ha) of total rate, consumption 

(0o) (0o) 

Total J Incremental, 
("o) 

De,. eloped market ccorornfies 56 32 3(0 118 47 2 38 31North Amcrica 47 21 23 91 52 3 16 22%ckerr nturope 103 56 55 214 48 2 18 7Oceania 6 26 6 38 16 I I I
(Oier I)\t1 64 67 38 169 38 2 3 I
I)eDcloplnc market economie, 19 9 4 32 59 8 20 33.A\Irica 4 4 2 10 40 7 I 31atit, America 17 13 8 37 46 6 6 10Near -a,i 24 12 I 37 65 10 3 4[ar la'I 27 9 5 40 68 10 10 16(Cenlrali\ planned cCOomisC, 65 31 24 119 55 7 42 35A.an C'I 108 27 7 143 76 12 15 9a,etrn l;uropc & I...S.R. 47 32 30 110 43 5 27 27l)c\ eloped count ri,4 53 32 30 115 46 3 65 58)eCClopitte count rie 32 12 5 48 67 9 35 42 

World 41 21 16 79 52 4 100 100 

a. )er cd IrouIt 1-\( 11983 . latcs %car for %Ihich fertili/er statistics are asailahle. 
b. Total, are appro\itnlale due to roulldilnL of data. 
C.- A.Cragc antrual .orupound grotlh rate in 1981 oer 1969-71.
d. -otal " orld con'utnplion during 1982 83 %ka, 114.7 million it of nutrients (N -PO, K,O). Derived from data reported in FAO (1984).
e. :rout 1982 83 actual lA,(98.-V 1), to 198" 88 projected consurnption (FAO UNII)O World Bank. 1983).
f. Kilograt, per hectarc of arable lan;d and permanent crops. 
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market ceonomies, 27% of that in centrally planned economics, and 41% 
of that ill tie world. Fhe need to expand economically efficient fertilizer 
use cannot be overemphasized if we ire to expand food production and re
duce the probability of mass starvation. 

The annual groti in average nutrient use from 1970 to 1981 in develop
illg .marketecononics has been rather imnpressive, The grow'th rate has been 
twice that of tlhe wvorld averaCe arid four times that of developed market 
ecorronfies. The reccin t ferli/er gro\vth perlormance in developing market 
econouies, though rea"su ring, could be misleading. Since the levels of fer
tlier nse in these conurrne, ale rather los, higil growth rate reflects a rela
tikely smlall increae in felrilier tI.e. 

I lie average fertilielr use ill LiO lping COLt1Itries is dominated by N. Dur
ing 1981 N alone accounted for 67% of total nutrient use ili develoning 
contries, as op0posed to 46"0 ini deseloped countries. This reflects a certain 
decree of iunbalance in fertilizer use since the tiptake ratio of essential 
IltltriCtlll, by crop, is di ffelrCn front tile corresponding nlutrient supply ratio. 
[here is 1no general [-tile about balanced' fcrtiliter supply since fertilizer re

quircacrlrts are specific to crops, soils, teclmology, and agroclimaric condi
lmil. Ilo\\cer, the areas \sitil inrensie cultivation are experiencing sym
ploIlls of deficiency irl ariils escnitial Itutrients, especially zinc (Zn) and
S. 

\i aldetltie Suppl\ of ntriells is aIprerequisite for expanded rid bal
airCL ferlilizer usC. :s iscLIussIed. I ludalar arid Ilignett (1982), tile total 
itltrienl conistiripioni ill lie ssorld during 1950,51 was 13.7 million nit. 
)nlv 8"', ',' (thi" \a, ill de\elopinig countlries, and the nutrients ws'ere used 

primail oiplulalntaion and c:idl crops. l)uring 1982/83 the world nutrient 
conisunlplion \\a, apr)oxinately 114.7 million nit, an increase of niore than 
eigItt fold o\cr 195 51. ThIe slal off deVelopiing countries ini world coli
stlit)ot iicreasedl no135" duringl )"19/83. 

Accordinp, to FA() t NIl)()., World Bank (1983), tlie world nutrient con
,iraipt onli oect irli rease 115 million inlt 142 mile frorli ill 1982/83 to 
lion rnl ill 1987 88. [lie share of ies eloping imarket economies is expected 
to irireasc frti 20"r0 to 22"o duriig this period. Iovever, tlie developing 
itarket economie,, are expected to account for almost one-third of the in

,.rcinenlal fertili/er comiiuniptiott berween 1982/83 and 1987/88. 
1he ferlili/er relqlirrllllelll ill tlhe year 2000 are estinlated to be 92.9 mil

lion nit ill 90 dec\lolirg countries (excluding China), according to FAO 
(1979), arid 78.3 nmillion nit in deseloping corilltries (excluding China), ac
cording to [ Nil )() (1978). 1lies t\so projections are iot really comparable; 
reet lthles,,, \%itit a cirrenil ferlilizer consunilpion ini these countries of only 
23 nmillion rut. ar almost IOifurfold increase in t lie next 20 years will pose a 
inajor challenge to policyn.akers. The irmplications of these projections are 
lorllotus for tire filialices arid inivestmelnts required for building fertilizer 
prodticron and ditri buliol capacity ii these counitries. Many countries 
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may not have the necessary financial capability to procure fertilizer in order 
to meet their projected fertilizer (NPK only) requirements. 

Importance of Sulfur 

The economic importance of S is increasing rapidly as S deficiencies are be
coming more widespread. The expanding role of S in accelerating food 
production in tropical countries is now being recognized. According to 
McCune (1982), 'Sulfur is so important in the tropics that, contrary to de
veloped country practice, it must be treated as a major nutrient in the tailor
ing of fertilizers for tropical and subtropical agriculture' 5 Sulfur consump
tion is considered one of the best indicators of economic progress. Sulfur 
and sulfuric acid (H 2SO4) are widely used in the fertilizer, agricultural, and 
industrial sectors. 

Sulfur is one of the essential plant nutrients, and it contributes to expan-

Table 3.2. Sulfur rcmmed by selected CIroS il lrazil'. 

Crop Yield, S removal S in residue S removal in proportion to 

1I11/11.1 s %Oof renoval of other crop nutlrients 

kg, hi kg: tt total 
S renmoval S N I' K Ca Mg 

Maiz,. 5.0 19 3.8 42 1.0 8.9 1.8 9.2 1.4 2.0 
R:ce paddy 4.0 9 2.3 44 1.0 9.3 1.6 9.9 2.3 1.0 
Sorghum 2.5 7 2.8 43 1.0 9.3 1.4 6.9 2.3 1.7 
Wheat 3.0 14 4.7 64 1.0 8.9 1.6 6.6 1.1 1.0 
Barley 5.4 22 4.1 50 1.0 7.6 1.2 6.3 - 0.9 
Soybeans 3.0 23 7.7 74 1.0 13.0 1.7 5.0 3.0 1.5 
Field beans 1.0 25 25.t0 60 1.0 4.1 0.4 3.7 2.2 0.7 
Seed cotton 1.3 32 24.6 69 1.0 2.4 0.3 2.0 1.9 0.4 
Peanuts 3.11 24 8.0 67 1.1 13.5 1.3 7.1 4.9 1.3 
Sugarcane 100.11 12 0.1 - 1.1 11.0 0.7 9.2 1.1 1.6 
Sugar beets 67.1) 50 0.8 78 1.0 11.4 0.8 11.2 - 1.8 
Coffee 2.0 27 13.5 89 1.0 9.4 0.7 8.6 5.3 1.2 
Potatoes 411.11 II 11.3 73 1.0 18.2 0.7 2(0.0) 4.7 1.5 
(assava 19.11 8 0.4 75 1.O 14.1 1.4 9.9 7.8 2.3 

a. 	 Calculated froin data reported in Malavola (1979). 
b. 	 Total Sremoval, tnt of crop yield ini the lot i1iof grains, seed cotl oI, beans, cane, or Itubers. 

Sremtoal for sugarcane, sugar beets, and polato is 0).12, 0.75, and 0.28 kg/it, respective
ly.
 

c. 	 Residue refers t abo ve-grountd residue antd does not include roots. 

5. Other studies that have recogizied the vital role of S in food productiotn iniropical countries 
include Coleman (1966), lox (1980), 'Sulphur Classified as a Macronuttricnt (1978), The Sul
phur Institute (1975), and Termai (1978). 
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sion in crop yields in three different ways: (1) it provides a direct nutritive 
value, (2) it provides indirect nutritive value through improvements of cal
careous and saline alkali soils, and (3) it improves the use efficiency of other 
essential plant nutrients, particularly N and P. As an illustration, S removal 
by selected crops in Brazil is reported in Table 3.2. The average removal of 
S varies from one crop to another and ranges from 10 to 50 kg/ha. A large 
share of S removed by a crop remains in the crop residues. Except for 
cereals, the amount01of S -emoved by various crops is as great as or greater 
than the phosphorus (expressed as P rather than P,05) removed. 

The components of S supply and demand in the soil-plant-atmosphere 
system are developed in Figure 3.2. The relative importance of each of these 
components will vary from one system to another and will be discussed in 
the subsequent chapters. At this stage it will suffice to point out that S
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l.'iure 3.2. Components of Sulfur Supply and Demand in Soil-Iluant-Aimnosphere System. 
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containing fertilizer is only one source, albeit an important one, of S sup
plied to soils. Similarly, not all the S supplied to soil is taken up by the 
plant. A large share of it may be lost or may become fixed in the soil in 
compounds from hich (lie S is not readily available. As with, use efficiency 
of S is rather low. Consequently, depending on the use efficiency, the 
allout0 of S that needs to be added to soil may be two to four times that 
of S removed by crcps. 

Sulfur plays an illportant role in protein synth,:sis and thus affects the 
quantity and quality of protein. It has been empirically established that for 
ever' 15 parts of N in protein there is I part of S, whlich implies that the 
N:S ratio is fixed withinii a very narrow range of 15:1. Clearly, a lack of S 
would reduce the amount of protein synthesized, even if there were plenty 
ol N available to the plant. This relationship has important implications for 
human nutrition, especially in those countries where plant sources supply 
the bulk of"the required proteins. 

Proteins are essential hr body growth. Fats and carbohydrates, good 
sources of Lergy, cannot be substituted for protein because they do not 
contain N. Ont ile other hand, proteins are good but expensive sources of 
energy. Protcins Suplvly lie essential amino acids. Sil fur is an important 
coustituentt of methiioninc, one of tie eight essential amino acids./ Sulfur 
is also required ill tile formation of' chlorophyll and many other compolnds 
that are involved in N fixation and pholosynlthesis by plants. 

Sulfur in lhe Fertilizer Industry 

Sulfur is also used to mannufacture sulfuric acid, which is among tihe most 
versatile mineral acids. In tlie fertilizer industry sulltric acid contributes in 
several ways. First, thle manufacture of sulfuric acid produces usable energy 
- 1.32 G.I/mt of' H2S()4 - in the Iorm of sleam and waste heat (Niudahar 

and l-lignett, 1982). Second, sulfuric acid is used to manu fact Lre S
containing fertilizers, including AS and single superphosphate (SS13). 
Third, sulfuric acid is used to nman ifacture wet-process phosphoric acid, 
which in turn is used to prodlnce approximately 601o of' ie world's phos
phate fertilizers, iicludil g triple superphlosphatc (TSP) and ammonium 
phosphates. 

The role of S in tlie fertilizer industry and agricultural production is con
ceptualized iin Figure 3.3. Pri marily S is used to man ti factutire sulIuric acid. 
Approximately 0.33 nit of elemental S is required to mantfact tire I int of 

6. According to I';.iimmorc, Nicol, and Rao 1t974), the eighi v'setiala.amlilo acids include leu
cine, iolenciue, lysine, netlhionile, pienylatanine, tiheonine, Irypioptlan, and v'aline. In addi
lion to ihese, histidine appears to tie esse tial to tIe growth of inflanls. 
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sulfuric acid. Some of the cheni ical processes in the fertilizer industry that 
d-i'ret rilirect ly require s I uric acid are described as follows: 

Plsphate rock ± suI lfuric acid - single superphosphale 

Phosphate rock sul furic acid 
weet-process phosho acidseric 4 phosprhogypsum
 

Phosphate rock t phosphoric acid - conicentirated suprlhosphatcs 

Ammnnonia ± phosphoric acid - ammoniumi phosphates 

Ammonia + su Ilfuric acid -ammoniumi sil fate 

Un fort unately, thle fertilizer industry discards much of thle S value of sul
furic acid in lie forni of byproduct p~hosp~hogypsu m. As the fertilizer indus
try has slifted f'romn low-analysis, S-coiltaining fertilizers to high-analysis,
5- free fertiliters, thle aritmiut of S wasted by the fertilizer indust ry has been 
rapidly increasing. [he averagie S use and loss int mannufact urinrg selected fer
ilizers are est inated in Table 3.3. lie loss of S is Ihighiest in rianultact uring 

wset-process phoslphoric acid arid those fertilizers that are derived frotm 
Iphosphoric acid. I] igietItatid Starigel (1982) have estiniated t hat only about 
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Table 3.3. Average sulfur use and loss in manufacturing selected fertilizer products and inter
nediates'. 

Fertilizer material S used S present S lost/rcmoved Nutrients in 
(kg/1ilt) (kg/tt) final product, 0/0 

kg/tnt 97oloss 
N, 	 PO,, S 
or KIO 

Single superphosphate 122 120 2 2 18 P:O 12 
Double superphosphate 172 90 82 48 25 P,(, 9 
Triple superphosphate 320 10 310 97 46 13,O 1 
Ammonium sulfate 245 240 5 2 21 N 24 
,ull ur-coated urea 143 140 3 2 38 N 14 
%Ionoamnionium phosphate 505 10 495 98 11 N - 55 P,0 I 
I)iammonium phosphate 422 20 402 95 18 N + 46 11,O 2 
P'otassiumn sulfate 184 180 4 2 50 KO 18 
Phosphoiric acid 495 10 485 98 54 PO, I 
Sulfuric acid 330 330 0 0 0 33 

a. 	Assuming popular grades. The calculations would vary depending upon the assumed nutri
ent contents in the final product. 

10% of the S used in fertilizer manufacture appears itl the finished 
products. 

All those countries that produce wet-process phosphoric acid usually dis
card most of the byproduct phosphogypsum and hence lose tile S contained 
in the phosphogypsum. In other words, one essential crop nutrient, S, is 
used and then discarded to produce another essential crop nutrient, P. For 
every metric ton of 13,05 in wet-process phosphoric acid, approximately 5 
nit (4.62 tnt, assuming no impurities) of phosphogypsum byproduct is 
produced. As far as S is concerned, for every metric toti of P205, 910 kg 
of S in the form of sulfuric acid (2.78 mt HSO4 containing 32.7% S) is 
used; 860 kg of this ends up in phosphogypsumn, which on the average con
tains 170'7o S (18.6/o S, assutning 1no impurities). 

The wet-process phosphoric acid capacity in the world during 1981 was 
approximately 29.5 million tnt of P,0 5. If all the existing capacity were 
fully used (which is not always tile case), 26.8 million nit of S in the fortii 
of sulfuric acid would be required annually. Atnual production of 
byproduct phosphogypsum would be 136 million iit, containing approxi
mately 25 million tnt of S (of 26.8 million tnt used in the process). Most 
phosphogypsutn is either stored in piles or ponds or discharged into rivers 
or 	oceanis. 

According to Weterings (1982), approximately 119 million tnt of cheniical 
gypsum (including 105 million nit of phosphogypsum) was produced in .. e 
world during 1981. Only about 16% was consuned (mainly in Japan, 
U.S.S.R., and Western Europe for building products), and the rest was either 
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stored or discarded. According to Agarwal (1982), disposal of phosplogyp
stum is becoming a serious problem in India. In different parts of the world, 
phosphogypsum is being used (1) to produce AS, (2) as a soil amendment 
for saline soil, (3) as a source of S, (4) to manufacture building products 
such as blocks and plaster boards, and (5) to produce cement and sulfuric 
acid as coproducts. Appropriate use of phosphogypsutm can result no Only
in economic benefits but also in reduced environmental problems, reduced 
disposal costs, and even a saving on foreign exchange for S-importing low
ilnCOne count ries. 

The Sulfur Gap 

The components of S supply and demand in tile soil-plant-atmosphere sys
tem were conceptualized in Figure 3.2. The sources of S supply include 
atmruosphere, soil organic matter, irrigation water, fungicides, plant residues, 
animal residues, and S-containing fertilizers. The relative importance of 
each of these st ply sources varies with locality, level of industrialization, 
cnvironmental consideralions, and stage of economic development. Oil the 
other hand, S is taken tip by the plant, fixed in the soil system, and lost 
through leachui ng or volatilization. Again, the relative importance of each 
of these pathways depends on soil, crops, and source of S. 

In the last two decades, the developing tropical countries have exper
ienced several changes in agriculture and tie fertilizer sector that have had 
a major impact on S availability and S requirements. With tie ;ntroduction 
of tie 'Green Revolution' technology, the aggregatc requirements for S iti
creased; this was mainly in response to an increase in crop yields and multi. 
pIe cropping. Stilfur requirements will continue io increase rapidly in re
sponse to intensive cultivation (especially on marginal lands) in order to 
meet the ever-expanding demand for food and other agricultural prod ucts. 

On the other hand, tie aggregate S availability has been declining. First, 
most tropical countries never had (and many still do not have) any policy 
to supply S to soils. SuIfur was mainly supplied inadvertently through the 
use of those chemical fertilizers, such is AS and SSP, that also contained 
S.7 Second, tile fertilizer industry has been slowly replacing tie S
containing fertilizers with S-free feriilizers, mainly because of high distribu
tion costs. SSP is being replaced by TSP, monoamnonium phosphate 
(MAP), and diamnmonium phosplalc (IDAP); AS is being replaced by urea, 
anmniur nitrate, calcium ammoniun nitrate (CAN), and DAP. Nothing 
is being done by the fertilizer industry or by governments to reverse the 

7. AS and SSP are considered tow%-analy s fertlitiers since no value is given to their S conients. 
If S is taken into account, just as N, 1, aid potassium (K) are, AS and SSP can be classified 
as high-analysis fertili/ers. 
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trend, even in those areas facing S-deficiency problems. Third, the environ
mental concern for cleaner air has reduced the supply of S from the at
niospiere.1 

Tile net result of increased requirements and declining availability of S 
is that the gap between them is widening over time. Consequently, S defi
ciency problems are becoming widespread. The low-income, food-deficit 
tropical countries must bridge (ihc S gap in order to realize their stated goals 
of food sel fsufficiency. These countries must formulate and implement fer
tilizer policies to adequately meet S requirements before tlie problem be
comes too acute. The seriousness of the problem is illustrated by data from 
India as a case sludv. 

Aggregate nutrient (N 4 P,0, + KO) consumiption iniIndia has in
creased from 66,000 nl ini 1951/52 to 5.5 million mt in 1980/81 (FA, 1983). 
Not only has tile consumuption of the different nutrienls been growing at 
different rates over time (Figure 3.4), bul the fertilizer sources of' those 
nutrients ha'e also been changing (Figure 3.5). Annual consumption of S 
has been estnimacd from the consumption of S-containing chemical fertiliz
ers, including AS, ammonium sulfate nitrate, SSI, anld potassiuim sulfate. 

As a result, the estimated share of' S ili total nutrient (N + PA,0 + K-,O 
± S) coisumlltion dopped fron 5411% in 1951/52 to 34% in 1965/66 and 
to 5% in 1980/81. The case ;If the Indian Punjab, one of the progressive 
agricultural states in India, is even more striking. I IPunjab, teiestimated 
share of S in total nutrient (N + PO, ± K,() -i S) consutmptioti declined 
from 10% in 1969/70 to 4% in 1974/75 and to 2% in 1979/80. The Punjab 
Government has already taken corrective actions by advising farmers to use 
gypsum as a source of S and even providing a price subsidy." The fortilizer 
S supply situation in many other developing tropical countries of the world 
is not much different front that ill India. 

On tlie other hand, tle amounts of S removed by crops, and hence S re
quirements, are increasing. Two main factors stand out. First, the agricul
ture industry is gradually shifting from subsistence to commercial agricul
ture, especially in those states experiencing tie 'Green Revolution As a 

8. Sulftur dio\idC iS ciiiilCtd h Itic %tcr,ulfuric acid plnils anid p plants hlurnig hydocarbon 
ttels lhat coullaill S. ,|llfl i djt, thiugh chemical icact ions wilh ah andi(t',vaier, is cot l,,erled 
ito sulltllic acid. lie sulfulic acid fills to tlie groiiund as what is comiiiionly retleriedIt as 'acid 
rain: MoNl de clincd coii iei haiL legisliut on lr iclillg Ite elllissiolls of S( Ill miost de
velopiL', nt ividust iali/ed coullifii s, th i tutchii is nOl ver sceliouls since vers little SO, is 
entitled to the allllsplleie any\\NaN. tlie lhocaliti, kitsh indui -ial couplc es, Iiuokv t, iiial ufce 
ilisc p hln ,sion, if ihe\di iloa .lleadv. 
). Sutsid oi gypsumii \aries front 75%1oto ,Iill a d lirgiial karnicrs up to a faritl size of 
3 tia i 501" for lther lainicis. tluiig 1982, 83 nutriet colistllp titnper uth ilf gross 
cropped area \,as 128 kg hA. as opposcd to only 37 kg tia for India as a whole. ()lihi Indi;,,i 
states atso hiase fer1 ti'ize ,usid,, programs, paitictnlarly ri gvp ,ui, litte, aind ol er soil co 
ditioners. toriiilion ad elfecti'. inmplemtenhltation of sclect ke suslidy progrars canitie used 
to correct iutirieni imbalance tiudah r, 1978). 
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result, more and more agricultural products are sold to urban-industrial 
complexes. Sulfur removed by these products is not recycled to the field, as 
is the case in subsistence agriculture. Second, agriculture is becoming more 
modern and intensive, and this includes higher crop yields and multiple
cropping. The impact of changing technology oil S requircments is illustrat
ed in Table 3.4. Oil the average, the anount ol' S removed increases from 
6 kg/ha/year to 20 kg/ha/year as the f'arnier switches f'rom a single wheat 
crop using traditional techlology to a double crop (in this case whcat and 
rice roat ion so popular iniunjab) using modern technology. This 
represents an increase of 333/o. The percentage increase of removal over 
that with a sinrgle rice crop ur;ing traditional technology is even more spec
tacular,. lhesc changes are gradually occurring all over India. 

The declining S availability and the increasing S requirceents are vidcn
in,, tile S ga. II India tile incidental supply of S through fertilizers is esti
iated to have declined f'rol 395,000 rut in 1965/66 to 250,000 rut in 
1980/81. The estimated amnourt of S removed has increased frorn 524,000
rl to 784,000 rut di;ring ilie corresponding years. The estimated Sgap thus 
increased from 129,000 rit in 1965/66 to 534,000 rut in 1980/81. The gap
between S supply and S requirements (accounting for use efficiency of ap-

Tahhl 3.4. Inmpact of cl~anging rechnology on average annual sull'ur requirements in Iropical 
agricuhiure: A case of' whMt and rice cropping syscrii. 

Cropping (tops Technology Average S removal , Tol S R4 increase in 
system grown regime Vietd' requiremenrsd S require

hiii/ia) kg/int kg/ha (kg/ha/year) mnents over 

t.ocal Local 
wheat rice 

Single Wheat Local 1.5 4 6.0 10.5 -

Single Rice Local 1.2 3 3.6 6.3
 
Single Wtheal Modern 3.0 4 12.0 21.0 100 
Single Rice Modern 2.8 8.43 14.7 130
 
Double Wheai Lotcal 1.5 4 6.0
 

Rice L.ocal 1.2 3 3.6
 
Toll 
 9.6 16.8 60 167
 

Double Wheat Modern 3.0 
 4 12.0 
Rice Modern 2.8 3 8.4 
Total 20.4 35.7 240 467 

a. 	 fHypoitical systcm which realistically simulates rtie condition of Punjab, India, agricul
iure. 

b. Rice yield is in terms of paddy rice. 
c. Remoa l of S by both grain and crop residue. 
d. 	1.75 tines (ie S removed, implying 57. 'o use efficiency. Reducing use efficiency to one

half could double tie corresponding S requirements. 
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plied S) has increased much more.") In principle, the case of India demon
strates the nature and seriousness of S problems in tropical agriculture. 
Clearly these widening S gaps cannot be bridged by chemical fertilizers 
alone, but the pressure is building on the policymakers to recognize the S 
problem and to design realistic national S supply strategies. 

Social Cost of Inadequate Sulfur Use 

Often people do not realize that fertilizer policy, or the lack thereof, gener
ates both social benefits and social costs that are generally shared different
ly by different segments of the society. Discussicrt in this section will be 
limited to the loss in agricultural output due to tack of S fertilizer. 

The average response of rice paddy to different levels of S in the form 
of AS is reported in Thble 3.5. The results are based on experiments con
ducted in the South Sulawesi province of Indonesia. First, an increase in 
rice yield over control was 1.59 nit/ha in response to 90 kg/ha N supplied 
in the iorm of urea and 60 kg/ha 1305. This implies 10.6 kg of rice paddy 
per kilogram of' nutrients (N + P,0 5 ) applied. Second, rice yields in
creased eveni further when part or all of the N was supplied in the form of 
AS; the increases ranged from 1.2 mot/ha to 1.8 mt/ha. The average response 
to S applications ranged between 12 kg of rice paddy per kilogram of S 
when all urea was replaced with AS as a source of N and 54 kg of rice paddy 
per kilogram of S wvhen only one-third of the total N (30 kg tut of total 
90 kg) was supplied by AS and the rest by urea. 

Tab/e 3.5. Average respon,,e of rice to urea and atmmoniuto sulfate in South Sulawesi, In
donesial. 

Nutrient source Treatment Average Incretnental kg of rice Ro increase 
N:P.O,:K,O:S yield' yield per kg of in average 
(kg/hta) (it/ha) over urea applied S yield 

tri/ha) over urea 

Urea 90:60:0: ( 3.22 - - -

AS 90:60:0:103 4.43 1.21 12 38 
1/2 AS + 1/2 urea 90:60:0: 51 4.77 1.55 30 48 
1/3 AS 1 2/3 urea 90:60:0: 34 5.)5 1.83 54 57 

a. 	 Derived from data reported in Ismtunadji and Zulkarnaini (1978); originally from Maniaril 
c at. 11976). 

b. 	 Average of three locations including Kirukiru, Thung, and Lupakasi in Barru, South 
Sulim si; using C4-63 rice variety. 

10. 	 The model Ithe underlying assumptions for these estimates are described in detail ina Td t 
Chapter 7 which deals with estimating fertilizer S requirements in selected tropical countries 
of Asia, Africa, and Latin America. 
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There are important econonic inplications with respect to the social cost
of lack of S Use (Figure 3.6). In this case, tile farmer lost a maximum of 
1.8 mot/ha of rice paddy because the soil was deficient in S; tile deficiency,
however, could have been corrected with very little additional cost. The re
sponse to S may not be this high under farmers' field conditions on all the
soils deficient in S,for all tile crops and uinder all the agroclimatic systems.
However, for a country flhe aggregate impact of inadequate S use over fhe 
extended period couId he substantial in terms of lost crop production.

A food-deficit countrv like Indonesia cannot afford to forego such poten
tialrice production. The farmer experiences tie immediate direct impact of
lost output illle-ll's of lost potential income. Indirectly, all the rice con
sumners suffer in terms of higher rice prices. However, if the government de
cides to keep rice prices lower than those determined by market forces, ei
ther tile government (and hence taxpayers) must hear tie cost iti terms of 
price-subsidy to tie consumer or price-support to tie farmer,or the farmer 
must bear tile cost in tertns of lower income and reduced production incen
tives. 

Economics of Ferli~izer Sulfur 

So fiar, almost no analytical or empirical research has been done on tile eco
nomics of fertilizer S use in tropical countries. Some of the reasons for this 
lack of research are the following. First, the primary nutrients (N, P,0 5, 

P -. 

-- 3 4 kg/ rio5 .0 

I8-m Yied Los 

32 --.------- .. .... s--Okq/ho 

0 z90N Applied60 Fertilizer 

K,0-0 (kg/ho) 

igure 3.6. tLos% in Paddy Rice Production t)ue to Sullur Deficiency: BIased on Ixperimental 
Results I-rollmIndotncsia. 



31 

and K20) have always been given priority over S in fertilizer trials or 
demonstrations. Second most p- p tle in tile agricultural sector have not 
been aware of S deficiencies or have confused tile symptoms wvith N defi
ciency symptoms. Third, the experimental data on crop response to S (under 
field condilions) have been inadequate for an appropriale economic analy
sis. Fourth, tintlJ very recentlv S was rather inexpensive, especially in devel
oped counLtries. The rice response to S use, as reported earlier in Tlable 3.5, 
can be so large that tile implied average %alue:cost ratio (after taking all cost 
components into accollt) is much more than 3, which FAO considers to be 
all adequae incentive for t'armers to use fertilizers (Mudahar, 1978). 

The economics of S use is not as st raiglit forward as that of other 
nutrient ,. As \%ith N, tile crop uses iost of tlie applied S in the first year. 
However, parl of applied ., like N but unlike P,0,, is lost throulh leach
miniand.or volatili/ation, and part of it gets fixed in tile soil. Il this respect, 
S has some residual efects. lloweer, cry few eiii pirical data are available 
on tile fate of applied S ill different ropical crops as to tile proport iois used 
by plants, fixed il (lie soil, or lost. Furthermore, there exists almost a fixed 
ratio bet ween N amid S (approxinately 15:1 iii plant protein) used by tile 
plant. Fhe plant cannot make productive use (iii terms of quantity or quali-
Iy of produce) of excess N or S unless the deficient nutrient is sup)plied ex
ogeliously. 

As tar as the ecoilonics of fertilizer S is concerned, there is a need for 
tile following: (1) anitlysis of tie economic impact of fertilizer S oi econoni
ic developnent; (2) deterniinnat ion of economic returns to S use under 
different agrocliinatic conditions; (3) corniparative economic evaluation of 
existing (e.g., gypsum, eleiental sulfur, SSIP, and AS) and modified S
coiitaining fertilizers; (4) economic analysis that accounts Ior the residual 
effects of S; (5) determuinationi of delivered price of' S to farmers by taking 
into account all cost compoleills, including production, handling, storage, 
transportation, and other narketing costs; (6)ecoliomic evaluation of 
phosphogypsui as a source of S coluparedwith natural gypsun and other 
S sources; (7) considerationl of appropriate pricing of S content ill S
contaiiihlg fertiliers and its imp.ct on tile production, distribution, and 
use of these fertilizers; (8) evaluation of tile economics of price and trals
portatlon suhsidy omiS solces; (9) aval~vsis of tile economics of indigenous 
S sources as fertilizers as opposed to imported S or S-containing fertilizers; 
and (10) economic assessnent of S resources in developing tropical coli
tries. 



4 Sulfur in Plant, Animal, and Human Nutrition 

The primary ptlrpose of this chapter is to evaluate the role of S in plant 
nutrition, including its functions, uptake, and impact on crop quality. In 
addition, the chapter also deals with tile interaction of S with other plant 
nutrients, recovery of applied ferti lizer S,and the importance of S inanimal 
and huliian nutrition. 

iunctioli of Sulfur in Plant Nutrition 

Although the S comeent of plants isgenerally similar in order to that of P 
content, application oftS has not recei,,ed as liiUch attention as has P)appli
cation. T'his is due to incidental additions of'S fromnimany sources and the 
fact that ."deficiency is masked 1 deficiencies of N and P. Intle tropics 
S has reccied less attention thali P because of [he greater eae of mobility 
and availability of sulfate ,han of phosphate. Because oftile P fixation and 
universal P deficiency in tropical soils, fertilization with phosphates, 
primarily SSP, became an accepied practic-: and S deficiency\was over
looked even M,here itwas appareiit. Sulfur is required for tle following finc
tions inplants (Beaton and Fox, 1971; Blair, 1979): 
1.Synthesis of three essential S-containing ainino acid+ - cysteine, cystine, 

and nethionine -- ,s essential componelts of,hich are 	 proteins. 
2. 	Formation of chlorophyll. 
3. Activation of' certaini proteolytic en/ymues such itspapaimirases. 
4. 	 Synthesis of certain vitamins (biotin, thianline, and vitatnin BI), 

gluatllhione, and coenmzyue A.
 
5. 	 Formation of glIucosidcs wIicli are essential compotients of oils found 

itionions, garlic, and citci terous plants (mustard, for example). 
6. 	Formation of certain disultide linkages such as sulfhydryl (SH group), 

which 	besides gik ing pungency to oils also imparts resistance to drought 
iLd cod. 

7. 	Formiaion of ferrcdoxin, an iron-containing platit protein that acts as al 
electrc ii carrier in tile photosynthetic process and is also involved in N 
fixation by hotl noduile bacteria and free-living bacteria. 

8.Activity of/ ll sullfurylase - aiienzyme that fmictions inile mietabo
lismit of S. 

Uptake and iraislocation of Sulfur 

Plants generally absorb S itstile sulf'ate iomi. In tie pH range to which roots 
are iormally exposed, S uptake is not very pH-f sensitive. Hendrix(1967) 
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found the hiighest uptake rate by beans at pH 6.5. Most minerals scarcely
affect the absorption or sulftate-S by plant cells. Selenate, however, depresses
the absorption of' sulfate-S because of the close relationship of the ions 
(L.eggett and Fpsteiln, 1956). Probablv both the ions compete for the same 
site on the carrier. The actual uptake mechanism is not well understood,
thoutLh there is a ood deal of evidence that there is only ole mechanismand its selectis itv deends ol thle ConCentration of slfate Iins i the itri

ent solution.
 
Ansari and los 
 in (1972), ssorkinge \witi stinfIloers, observed that sill

fate is absorbed and translocated against an elect rochlemical gradient whi'.'h 
suegess that sulfate uptake isarn active process. Sulllte is transleated ill 
a11n
up\ard direcion, but tle plants have little potential for moving S up
ward (Ios jlobilitv). I flls iii cases of lanextreie dCficiency of S or low sup
ply of S f'romi tlie soil, tile losser leaves illay shlo\\ good supply of S and ap
pear green Msbile the Lipper leases wsill be chlorotic and deficieit in S. This
behavior, \\hich is coit r;aly to that of N, call be useful in distinguishing be
tween N and S deficielcies.
 

There is conlsiderable cx ideuce that plants call use SO, 
 from the atnos
phere to Illect their S retlirements to a certain extent. Once SO., is absorbed through tlie Stoiiata it is distributed throughout the platt. Noggle

(1980) ohscrsed that t lheyield of crops 
 \as higher near the coal-fired ther
iin:l po\\er planit of tle luiinessee Valley Atiliority thall away from the plant

and so \%as tie S content of the crops. lie attributed nearly 400'o of the S
 
ilplaitls to the 'act that the leases direct ly absorbed SO, front the at
mnospliere ill
the \ icinily of the thermal plant. These results show that reduc
liol in tile SO, content of tile atmosphere call adversely affect crop
 
production.
 

lie totll S cotlllelltplat tissues varies among plant species (Table 4.1).ill 
Raisinig tlie still'ate ion conlent illthe nutrieit medium raises the S supply
aind increases tle oralllc S content \\ithot raising sulflte content in the 
tissue. .\s soon as tile S demand of the plat is itlet, theladditional S is 
deposited ,stil fate, \hich keeps tIle organic S leVel coii ta mt. However, in 
plant slpecies calpable of syitliesiiing mtustard oils, organic S rather thansuillate-S is stlored. slich explains tlie relationship betweeti S supply and 
lulslard oil coltell. With the exception of planit proteins containting S 
glycoside(s, the bulk of mraanic S is illthe form of' cysteitiVI and miethionyl
residues. Since these proteins ha\e a definite coitpositiom, the N:S ratio 
\aries gemirally sNithum a itrross ratnge trom 3t0:1to 40:1. Iossever, clo
roplast proteis aMid nucleic acid proteils have a narrower ratio of about 
15:1, and they cottain i higher content of S.lie N:S ratio,, bae been used as adiagnosltic tool fOr S deficiency. Dijk
sloorn Md san \Vijk (1967) propotsed a rit io of 17:1 for legumes and 14:1 
lor grasses. iiniplchrey and Moore (1965) estalished a critical ratio of' 11:1 
fo0r all'alfl tops. McNatght and l)uriig (1970) consider a ratio of 16:1 for 
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IIth' 4.1. Sutll contet of ,arious planl species. 

I'lint pc.ic, S content ill dry matter (qo) 

5 licat 0.17 
Maimc 0.17 
1lt oL\ 0.18 

U S 0.18 

Blroad fc'vans 0.24 
,o., hec,is 0.32 

hn 'l ea s 0.24 

Peas' 0.27 

( "' ' 
Rtlpe 1.00 

h ft litlsilarit 

illadill 

[i 1.40 

1.70 
lack im iitlqa 1.00 

IIclodl, ai in \ ngcl a.didllpoucd Kiikblv (1982). 

Irc grass and 18:1 for white clover to be critical. Ratio of*protein N to noll
piotcil N is also recommended for detecting S deficiency in plants because 
S-deficient plants will have more nonprotcin N. Some crops need more S 
than others, depending upoll the nature of the crop, the variety, and the 
available aiotitit of S ilthe soil. 

Suilfur U plake I, i)ifftrent Crops 

lhe total S re-quirement of different crops depends on the plant species and 
the yield le. cls or total dry malter produced. Crops with a high production 
01' dr' matter, such a, sugarcane and mai/e, have a high demand for S. A 
ligh S reltuireellclt is also characteristic of protein-rich crops (legumes, ll
cCrnC, and cloer), crncifelrS and brassica. The S requti'enueitt of rapeseed is 
nearly thr.e times Ithat of cereals. (encrally the S Content ol' most of' the 
plan is between f).l'1-0.31'O. I lo\ccr, as high ts 21o S inl leaves has also 
been rcpoutcd, icr.eas tioot s invariably hae lo\\C atllOts of S. The 
higihest atutoutnt of, S i in leaves and tle smallest ill rools. 

liblc 4.2 and Appendi I gisc the S cquiretuells of important Crops or 
tile ropical regions. (Gencallv, cltcilcls (Siclh as cabbage, radish, turnip, 
mustard, rape), leuu,es (,such ts lucerne, soybeanls, grounlldnntts), olion, 
garlic, cottoln, stlarcallte, tuaiie, millet, oil palmut, coffee, and tea require 
hiligh allounts of S, shl.reas lie cereals not mentioned above teltirc rela
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Table 4.2. E1,timated intrient, (S and N, P, K) removed by differeni crops. 

Crop Crop Total Inttrient Iclloal References 
Nied (kg h1a) 

S N P K 

Cereals 
Rice (IR-8) 9.1 15 - Wang (1978) 
Rice (1'eta) 6.1 17 - Wang (1978) 
Rice 3.( 9 84 14 89 Mala olta (1979) 
Rice 7.8 14 125 30 137 Malavolla (1979) 
Wheat 5.4 23 153 26 150 Mlala olta (1979) 
Wheat 3.0 14 125 22 92 Mala\ola (1979) 
Wheat 8.0 20 - - - lilchel & Blue 11981) 

hi/c 4.5 26 -- Nlala\ oha (1979) 
Miai/e 10.0 21 Mitichel & Blue (19811 
.Mai,e 5.0 19 170 35 175 LNIla%oltl (1979) 

Mai/e 12.5 17 29S 55 247 \ Ila'.olta (1979) 
Millel 2.7 20 1 tili (19721 
Sotl eLtihi1 2.5 II - 1'il / (1972) 
SoILgihtttt 2.5 7 65 I( 4S Mala\ olta (1979) 
Sot ghlni 8.9 43 28( 44 186 Malawolia (1979) 

I rr crop 
(olll (lint) 1.7 34 201 71 141 Malaolta (1979) 
(Olto 4.0 28 - - - Mitchel & IIte (1981) 

Oilse'1d1 
( il tt l ul stD 5.0 10 - Frit/ ( 1972) 

(irotllldltlt , 4.0 21 - M itchel & Il1t1e (19SI) 
(loutlldlttt 3.0 24 323 31 170 NMall'olta I 92) 
Soyleal, 3. 21 - - Mitchel & Illue (1981) 
Sm h'ealt 3.3 25 - - lota'l ltiltte of North 

A ltte ica 
Sm Ietan 3.0 23 300 40 115 Mlalaolta (1979) 
So';heall 4.0 28 363 31 132 taiatlta(1979) 

()il palhn IS.t) 20 - - - it )1972) 
0th patlm 24.6 . 193 36 24') Mala',otta (1979) 
Stitmlh,,el, 2.2 I0 - - WCS\Veln ( allada Ilttilket 

,,ociati~ot ( 1978) 
Stlllllot ,lu, 3.9 18 197 .14 121) Mahla.ola 1979) 

(ocollit , 
- - 74 16 113 hNlxaltat (1979) 

Rapeeed 2.) 23 118 23 77 \Ve,,et (atada Itlilis.ei 
.AV,,,. iatio,t 11978) 

.Stl[Ier t.toil, 

Stligaiclltte 1001.0 22 - - - hit (I1972) 
Sigircatte 224.1 96 413 76 567 Malaolta (1979) 

I'itneapples 65.) I1 - - - Irigl (1972) 
Baniiantas 35.1 5 - - - lIil/ (1972) 
Ianana, 30.0 - 627 69 I 390 Mala olta (1979) 
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Table 4.2. (.ontinued. 

Crop Crop Total nlulrielnl removal References 
yield (kg/ha) 
(nit/ ha) 

S N 1 K 

Stimdants
 
Tobacco 2.0 12 Jordan & Reisenauer (1957) 
Tobacco 3.0 20 Michel & Ilte (1981) 
Tobacco 
(flue-cured) 3.4 21 141 13 239 Potash Institute of Norih 

Anerica 
Iobacco 
(lurley) 4.5 50 28(1 15 246 Polash Itittle of Norlh 

(ofI cc 2.0 27 253 19 232 Nlaav'(, ;a lit).)) 
(cao pod 9.0 6 - - - Iritz (1972) 

l'tthenA,Roots
 

C'ssa% 19.0 8 113 I1 71j hialaollia (1979) 
(as.asa 45.0 15 202 32 286 .Mala olia (1979) 
Potilhlo 33.6 169 197 Canada14 14 Western Fertiliser 

,\ssociation (1978) 
Poliatoc + 40.0 II 200 8 221) lliavolla (1979) 
Pottloos 56.1 25 302 44 508 .Malaola (1979) 

Bea+ns
 

Iab, liean 3.4 12 21)4 21 81 Western Canada Fertiliser 
Asociamion (1978) 

IiCd beans I.0 25 11)2 9 93 Mhalaolta (1979) 
J'ct5 2.8 II 184 17 98 NMlla' ola (1979) 

)noINs 34.0 25 - - -- lordan & Reisenatucr (1957) 
)Ilolis 37.1 34 133 22 177 Nlalat A (1979) 
(b tc,, 84.1 64 280 31 249 Mialaolia 11979)
 
abl aVes 3-1. 45 - Jordan & Reisenamtc (1957)
 

.\lhhlla 22.4 57 672 58 558 MNalahlta 11979) 
I 13.4 34 336 44 335 ,Malolia(1979)hLI 


loer Ili;, (.0-9.0 17-22 - - - Whittchad (1964) 
l ,as,ha)I 6.0-9.) 9-13 - - -- \hitche ad (1964) 

tell sinailler 1mouMIls of S. For normal iields, the crops with high S re
tltircnents need 20-45 kg S/ha:; lie crops wit i medium S requirements need 
15-35 kg S/ha. ()n the basis of S research inAustralia, Spencer (1975) has 
suggested the following S requirements in S-dlticent areas for different 
crops: 
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Groundnuts 5-10 kg/ha 
Cereal grains 5-20 kg/ha
Cotton 10-30 kg/ha 
Sugarcane 20-40 kg/ha 
Rape 20-60 kg/ha 
Lucerne 30-70 kg/ha 
Crucifcrous forages 40-80 kg/ha 

The uptake of S by crops depends lot oly onl tile S content of the plant
but also on tile expected yield level. Thus, doubling tile crop yield may also 
double the S requiree:nnt of tile crops. L.ikewise, increasing the intensity of 
cropping will create greater demand ImoS tro ii tile soil or from external 
SolirCes such as 'Crtili/ers and manures. For examlpe, the S Content of' rice 
may vary froni 0.034"o inder an Sdef iciency to 0.16% un1dcr an S sufficien
cV or nonresponsive coldition. The rice yields nrav also vary from 0.75 to 
8.0 itIha and CeCsn more. This may result in S requirements that vary flom 
0.26 ito 12.8 kg/iha, arid e\c higher. Stiltur rcquircments by various crops
unader subsistcncc (lo\ yield) and commercial (high yield) tarming onldi
lions are reported in Figure 4.1. 

In field clops it is sometimes difficul; to distinguish bcl\CCn S deficiency
and N dCficiCncy. Il this instance I leaf analysis cart be invaluable. In S
deficient plants tle sullatc-S levels are very low, whereas amiide-N and 
iiitratc-N are iIicreasel. This con trasts with N de fieicy where soluble N 
is depressed and the sul'ate level is norimal. I r plants suffering front S defi
ciency, tlie rate of plal I gro\t Ii is reduced. Generally tie growth of shoots 
is Imnore affected Ihll the root gro' tIi. [leqtluetly tile plants are rigid and 
brittle, arid tIle stems renilain thin. InI contrast to N deficiency, chlorotic 
sy lllptonis occur first iii y'oiunger leaves, whereas tile older leaves remain 
greerl. Ihis indicates that the yountlger leaves depend on tile S supplied by
the root svstelii directly. ()rl tile other hand, with N deficiency the N from 
older lea\Cs is tralNsferred to yongter leaves, and tile older leaves become 
yello\. 

Plants are corpal~atiely iriseirsitive to high simlfate-S concentrations in 
tile nutrient ritediurir. \Vhen the sulfate conccinrations are ill ile order of, 
5(1 ppm, as ill saline soils, tile plant growthI is adversely affected. The critical
concerlit at on of, SO, ill tie atlrlosphere, beyond which it may be toxic to 
plants, is in the range of 0.5-(0.7 Ing S(),-S/i'. 

Sulfur Applitalion and Crop Qualily 

Sulfur application itrcreases tlie S concentration inplants. The S content of 
berseenm (Tr'ifoliuLni alCxandrinumn), alfalfa, wheat, maize, groundnuts, soy
bealus, raya (Brassica jnncea), and several oilseed crops has been reported 
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A Sub5.stence Aqt.cuIture 

30 

5 r rp Ri,5"la
 

( ~rq.,J.mlh 

lao 'Op1*1. -i 

ElIlct ol'u '4.1. I',alimi mndA ict -lo,,pil,,ujwil ,\locmi,afion on aIwge Suur Up

to incerease with fil appI!ication of' S (lDev and Kumiar, 1982). It was also 
fun1id th1at inl soy'heanls the (list rillnr ion of' fcrt ili/er S was 29"11, 33(M, 1711,
and 20%"o inl arainl, leaes, stemII, aId pods, iespectisel. ih and Vi-mani 
1974) reported tlfiat \\.henl .5 wars ap~lied inl [le r-oot /one oI' 111iudu

plants its relative ditrintion was 30.01o, 27.1, 7.1 , and 35.8o in leaves, 
sti, pegs, and pods, repcicl . "Ihle pattern of dlisturiun 1ion wastdiflrent 
w\hen S \,as applied as, l'liar spras. 
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Table 4.3. Effect of sulfur on ield and chemical composilion of groundmits. 

S applied Weight of tnts Protein Cyslcic acid Net lhionine Oil 
(t(ppm) (g,'pol) °o) (Ing/g N) (tng/g N) (°/o) 

0-- NPK 34.8 29.0 142.0 51.2 45.2 
0 +NPK 43.9 29.7 145.2 52.2 46.2 

50 1 NPK 48.9 30.3 147.3 54.2 48.8 
100 1 NPK 52.8 30.6 151.0 55.0 49.6 

Source: ('Ihopra and Kaivt (1966). 

Sulfur application affects not only tIle yield of crops but their quality as 
well because of its association with S-containing amino acids such as 
methionine, cysti e, and cystei ne and the quality of proteins. Many studies 
have shown Ihat lack of S-ani no acids is the main factor limiting the bio
logical valt of' prolcinis. Chopra and Kanwar (1966) reported a significant 
increase in the content of cystciine and methioninc y tihe application of S 
to groundmits. Application of N influenced the protein content but not the 
content of S-bearine amino acids, whereas S improved both (lhble 4.3). 
Similar beneficial effects on groundnuts and mustard were reported by 
Singh, Subbiah, and Gupta (1970). 

Application of 20 ppm S as gypsum increased the protein and methionine 
content of groundnuts by 8.41Qo and 21.0%, respectively, and 50 pptf S in
creased protein and met hionine in mustard grain by 6.3% atd 10.711/o, 
respectively (Kanwar and Randhawa, 1974). Aulaki, l)ev, and Arora (1976) 
also reported that application of S increased the protein and S content :1nd 
decreased nonprotein S in alfalfa; however, higher application of S in
creased both. NMany Indian scientists have reported the increase in S
containing amino acids in the grains of soybeans,nustard, illitung beans, and 
peas following tile application of S [Chopra and Kanwar, (1966); Arra and 
Luthra, (1971); Gupta and Gupta, (1972); Kumar, Singh, and "ingih (1981)1. 

Sulfur fertilization improved the oil content inimustard, grotudnuts, and 
soybeans (('hopra and IKainwa, 1966; l)ixit, as reported in )ev and Kumar, 
1982). The increase in oil content of mustard was about 12% (lPasricha and 
Randhawa, 1973). Stulfur application also affects some other qiality 
characteristics of crops. Ru hal, as repored in l)ev and Ktinar (1982), found 
that S decreased the watersoluble carbohydrates in groutndinls but in
creased them in wheal. Sarohi and Singh (1979) observed a 5.6% increase 
in sugar content and a 5.811( iIicrease in recovery of stugar froni sugarcane. 

Oil the basis of pot experiments for raya (Brassica juncea), Singh and 
Singh (197X) analyzed the role of S ill tile formation of glycosides, which 
on hydrolysis produce higher aiouilts of oil as well as allyl-isothiocynate, 
a coipouflid that is rcsponsible for pu ngenmcy in oil. The source of applied 

S was p)otassiuml sulfate which was labeled With 3S at a rate of 0.25 mCi/g 
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of S. The allyl-isothiocynate value incrca -d 	 with increase in S dose up to
90 ppm. Sulfur applications of 60, 90, and '20 ppm significantly increased 
the allyl-isothiocynale value over [he control, whereas lower doses were not 
significant. 

II can be stated Ihat, besides increasing crop yields, S fertilizalion has the 
lollowing favorable effects on tire growth of plants:
1. 	Improves protein, both in anotnt and quality, in pulses, cereals, tubers,

and oilseeds, which are staple foods of people iii tropical countries of 
Asia, Africa, and iLatin America. 

2. 	 Increases protein content and decreases N:S ratio and nitrate levels in 
forauLes aid thus improves their tluality. 

3. 	 Improves quality of cereals for milling and baking.
4. 	 Increases oil content of 	oilseeds and other oil-prodtucing crops.
5. 	 Improves quality, color, and tiniformity of the o.,getable crops.
6. 	 Improves crop management through its favorable effect on drought

tolerance, wi ler hardiness, con rol of diseases and pests, and decompo
sition of' crop residue. 

Sullur Iltentclions Wilh Ofier Nutrients 

In order to develop a Sound fertiliZer use and management policy it is essen
tial to know tile interactions between S and other plant nutrients. Interac
tions of, S with other plant nutrients such as N, P, K, Ca, magnesium (Mg),
boroli (II), iroil (lFc), molylbdentim (Mo), Zn, copper (Cu), manganese
(Mn), and selenium (Se) are of' great practical importance in designing fer
ili/er supplv strategies and developing new fertilizer technology; hence, no 

agrotonic or fertilizer nialanagellellt practice Call ignore them. 

S a/l \ INhacnicliol.y 

3ecause of the central role of 'S and N in the synthesis of proteins, the sup
plies of S and N in plants are highly interrelated. It is for this reason thatlarge doses of N create a severe deficiency of S and vice versa. O'Connor 
and Van ha ( 969) observed that large doses of gvp;umi reduced tie yield of
hay when the N statlns of tile soil was unsatisfactorv. ILikesvise l-ppeiidorfer
(1971) obscrvcd that large doses of"N created a dcl'iciency of S. Aulakh, Pas
richa, and Saliota (1980h)also observed a similar effect oil mustard in India 
(Figure 4.2). 

Application of' S in [lie ahsellce of N decreased ile N concentration iii
mustard plaits, htl when N was added, the effect was synergistic (i)ev and 
Kumar, 1982). Similar results were reporled for amide-N and S in stinflow
crs (Sliarnia and l)v, 1980). Sen and lahiri (1960) fontd that uptake of N 
was considerably reduced under S deficiency in sesame. The relationship of* 
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Figure 4.2. 1 CekC,of Solf Uptake by Ilian NiNullard a l)ifleten .evel of Nitrogen and 
Sulftr Applications (Supply SomcrcL.: lica for N; (Gyp"m for S). 

N:S ratios to plant health and growth has already been discussed. There is 
a very narrow range in the N:S ratio that ensures optimum yield and quality 
of the crop, and unbalanced fertilizer use adversely affects crop production. 

S (n( P Interactions 

Although S and P arc evidently more loosely bound to each other in physio
logical terms than are S and N, tile uptake of P has been stimulated in some 
cases by means of S fertilization. In addition, the P fixation in soils may 
be inIhnetced by tle acidify resulting from fertilization with S materials. 
The magnitude and direction o1' this in fIence, however, depend on the pH 
of the soil at the tinie of the S application. 

Otl heavy fertilizationl wit]i phosphaie, the sulfate ions will be displaced 
Ir,.oi the adsorption sites and are apt to be lost in leaching. Lining soils 
of low PrH ,will also have [ile tendency to inuclease tiheir susceptibility to sul-
Fate leachiig. Tlus in soils of' low p-I that have received lime and/or phos
phate, use of NI)K fertilizers containing sulfate may be a desirable way oh 
reducing S deficiency. 

Reports of Indian experience concerning the interactions of S and P o 
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different crops are conflicting. Pathak and Bhardwaj (1968), Acharya and 
Subbiah (1971), Virmani and Gulati (1971), Venkateswarlu (1971), Rathee 
and Chahal (1977), Kumar and Singh (1980), and Marok and I)ev (1980a
and b) reported a positive interrelationship between tie S and P contents 
and uptake in cotton, berseem, soybeans, rice, and wheat, whereas Aulakh 
and Pasricha (1977, 1979) observed that the sini ultanem)s use of these two 
nutrients produced an antagonistic effect on chickpeas, lentils, and niung 
beans. 

It may be observed that fertilization with P decreased the S content of 
the pulses but fertilization with S increased it. However, Aulakh, Pasricha,
and Sahota (1980a) found a positive synergiStic effect on 1) and S content 
of the fbiliage of groundnut s as well as on yield from a field cxperiment con
ducted on a soil deficient in both S and P. The source of' S and P was SSP,
which was compared with "II'S and )A P, neither of' which contained any
S (Table 4.4). It may be observed thaI though the authors call it a synergistic
effect actually tile S content was lower in tile presence of*phosphate alone,
indicati ng anlagon isnil. The S content was increased by tie SSP1 treatment 
because of tile supply of S from SS1. Thus, the eff'ect of P on S content 
is to depress it, which is expected. A similar antagonistic elfect was reported
hy Aulakh, Pasricha, and Sahota (1977) in brown mustard and Indian mus
lard where tlie concentration of' P decreased wili tile application of' S. A 
negative interaction betwcen S and P was also reported in berseem by
Mlarok and l)ev (1980b), who proposed a critical S:P ratio of 0.65 in ber
seell. 

THilus it liia, be concluded that fertilization with phosphates generally
decreases tile uptake and concentration of' S in tie plant because of' the an
lagonisi. But this trend can be modified by tile application of' N, which 
stimulates the uptake of' S. 

7ThI' 4.4. I'c,. ol l horcco .c and ph oiotioril the yield anid ,ulfur aid phosphoriis
tcoIIll liio , inl gloiiiidnilllll IdCl'a .
 

yie ldke ll hi lee
 

Source Poll yield (k Ila) Foliage dry mattei (1*o) 

20 40 Meatll (oncent ration of 1 C'oicenlalion of S 

21 41 Meall 20 41 MelI 

(ontrol - - 1 987  .13 - 0.17
Sf' 2 935 3 148 3 042 0.24 (0.26 (.25 0.27 0.31 0.29
I.sP I 915 2 219 2 ((67 0.25 0.28 0.20 0.200.27 1.19

)AP 2 322 2 4011 2 361 0.23 0.27 0.25 0.19 1.20 
 t0.20 

Meant 2 391 2 589 (.24 0.27 - 1.22 0.23 

a. I else of l':O, wrec 2(1and 40 kg/ha. 
Soolce: Aulakh.Imariclta, and Sahota (1980a). 
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S and K Inieractions 

Appliction of S was found to increase the concentration of K in rice, mus
tard, and groundnut (Singh, 1971; Rathee and Chahal, 1977). A significant 
positive interaction between S and K was also observed in rapeseed by Au
lakh and Pasricha (1978). 

S uaid Ca, Mig Inteructions 

Pathak and 13hardwaj (1968) and Singh (1971) did not find any effect of ap
plication of S on Ca and Ng concentrations of berseem, rice, and alfalfa,
but Aulakh and Pasricha (1978) observed a significant antagonistic interac
tion. 

S and Aicronturient Inhtlractions 

Aulak h and l)ev (1978) observed that S application increased Zn and Cu but 
had practically no effect on Fe and Mn content in lucerne. Kumar and Sing 
(1979) observed that in low closes S increased Zn uptake but in high doses 
caused antlagonismn in soybeans. According to Gupta and Mehta (1980), Fe 
concentration of' berseeni was increased by S fertilization. 

S und Alo Interactions 

Sulfur fertilization generally reduces uptake of Mo (Reisenauer, 1963a and 
b). Although phosphate is known to stinulate Mo uptake, SSP because of 
the presence of' more sulfate than phosphate depresses Mo uptake (Gupta 
and Miehta, 1980). On the other hand, S deficiency may induce abnormally 
high toxic concentrations of Mo. 

S and Se Interaclions 

The antagonism between S and Se is well known. In fact, as the Se content 
of' lhe fertilizer increases, tlie S uptake and concentration in the plants de
crease. Considerable evidence is available in India on these interactions, 
particularly wit h oilseed crops. Singh and Singh (1980) observed dhat tlie 
detrimental effect of 10 Ippm Sc in soil on yield and concentrations of S in 
rape and Indian mustard could be corrected by the application of 60 ppm 
S to soil. Because oftlie imporlance of bolti these elements in animal nutri
tion it is essential to know this relationship. 
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Uptake and Recovery of Applied Fertilizer Sulfur 

Data on the recovery of' S by the crops from fertilizer S applied to the soil 
are very scanty. Studies involving tile use of 35S in India and Africa reveal 
that the true recovery of S from S sources applied to the soil depends oil 
a nuumber of factors such as . tattus and nature of tile soils; niture ., the 
crop; management practices; and naltire, dose, and method of' application
of the S-containin substance. These recovery values vary widely as is evi
dent from some of the available information from selected countries inl 
Asia, Africa, and Latin America. 

Most of the resuhs reported in Table 4.5 indicate that no more than 25% 
of the S recovered at low aild Ieditiml application rates comes from tile S 
source, and the rest conies from the soil. Even the residual effect of S is 
rat1her low since iot iiiore Ihllan 2%-3 fertilizer S is recovered by the sec
ond crop ill rotalioll. 

Sulfur in Animal Nutrilion 

The end products of aninmal production, including wool, meat, and milk, 
are protein-rich and thls require a high input of N and S in the diet. In this 
context S supply has important implications for aninmal nuttriion and live
stock product ion. 

Adequate plant growih in forage crops requires that the N:S iatio be be
t\ween 14:1 and 16:1. Ho05,ever, ruminants seem to perform satisfactorily if 
the N:S ratio is bet ween 10:1 and 12:1. Thus, if the N:S ratio of tie forages 
is to be made opt imuii for anii imal use, fertilization withli S Vould be needed 
at a rate that might be above arid beyond what is opt imum for plant growth. 

igh-vielding grass clovCr pastires needlfertilization witi phosphates, and 
if SSP is the sonurce of P, tile S ICeds are also met. However, tie situation 
is different if' TSP is used: an acute S deficiency develops, unless tlie soil, 
organic matier, or at mosphere supplies enotigh S, because tile TSP supplies 
no S and tile phosphates displace tile sulfate. 

There is voliminous literature on tile responses of pastures and forage 
crops to S fertili/ation, which increases; : ot only yield but also quality of 
the forage, and hence animal productivity (Tisdale, 1977; and Metsl, 
1973). The effect of S applicalion has been st udied more extensively iin rela
tion to forage qualily and ruminant nutrition. Most of the research on S 
in 	Atsiralia and New Zealand relates to forages and pastures for aninial 
product ion. Tisdale (1977), while reviewing tile work on forage quality and 
animal mnirilioll, sunmarized tile information as follows: 
1. 	Application of S increases tlie overall yield as well ias th vitamin A con

tent of alfalfa, tile chlorophyll content of red clover, and tile protein con
tent of leguns and grasses. It decreases the N:S ratio of forages arid the 
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Tl/e 4.5. Ierilier sulfur use efficiency. 

Crop/soil Source of Rlle of S recovery lelerences 
fertlilier S S applied fromn 

itosoil S fertiliel 

,Asta
(India) (ppl)I(iro udnul s 

Samrala soil Gypsum 10 12.1. Subbialh & Singh 
20 13.1 (1970)Jaipur soil Gypsulm 10 10.3' 
20 12.8. 

Mustard 
[udhiana 

sandy loam (ypm 25 11.6 Piasrichia & 
37.5 12.9" Radhawa (1973)AltalfIa 

)ark brmw[I Ammonium sulfate 2(0 12.7., Shriiwas, Kataria
Red loam 20 11.3. and Singh (1979)
Mediumiblack 2) 23.5' 

Maile 
ludhianla Anmmoniumn slfate 25 7.9' Iasricha et i.

sandy loam 511 6.6, (1977) 

Rice 
iltin.merica 

Ammoniulum nullfite 
(IMradi) 
25 

(ppm) 
21.2 Wang, iem, and 

50 10.7' " 
Mikkelsen (1976a, 

16I 5.6' 1976h

.Illrgit' (ke: ha) 
Maize Gypsumn 2o) 2.8-14.0, Imomnfield, 

leans 

Maize 

Sulfur 
(;ypsmiIn 
Sulfur 
Gypsum 

20 
20 

20 
20) 

1.1- 8.2' 
3.3-It.5' 
1.6- 6.tW 

I 1.0-41.5" 

Ilancock & 
I)elenhuam (1982)'1 

Sulfur 2(1 16.5-25.0' 

U.S.A. (torth Carolima (kg ha)
Tobacco (ypsumn 4.48 17.0' Kamprath, NelsoIm 

8.96 12.3' and Fils (1957)' 
17.92 7.2' 
35.84 4.6'" 

Collon (GypmIIl 4.48 73.51 ' 

8.96 87.11' 
17.92 47.1' 

35.84 37.3' 

a. Isotopic recoveries cajlculahted sinLlgil din isolopic lechniilues. 
lx Appairenti ecncries calclated ihs difference mee le colltrol. 
c. ,serage of tio lice uarielicand N applicalion riltes. 
d. Iased on calcuilaiotns of Ime amlhol s' (published and umpumblished) papers antd reporls ob

tained hom (i)DA. 
e. Appareiit iccoelies calculated (oim Ill Ie dala of Ile ailllhors. 
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nonprotein nitrogen and nitrate content of grasses, and it generally im
proves tihe quality of alfalfIa. 

2. 	On soils that are low in S, the yield and quality of forages are improved 
throngl S lertili/ation. 

3. 	 Increasing the S content of' forages in relation to protein N and reducing 
tile N:S ratio to about 10:1 or 12:1 results in improvement of quality of' 
feed, its use, and the perfornmance of ruminants. 

4. 	 The total S loels in tle rulminant diet should be between 0.180 and 
0.251'o f'orbest animal perlrmance. 

5. 	Additional w\ork by agronomists and animal nutritionists is needed to 
consider tile merits of' Iforage fertili/ation with S versus supplementation 
with S in animal feed. 

Sulfur in Iluniman Nutrition 

S;l Ifur"delficiency also has serious implications for human nutrition through
its impact on crop yields and on quantity and quality of r tein. Zake(1972)
f'olnd that S ferntili/ation increased tile methionine conte,,o of finger millet 
to such an extent that the additional daily amino acid requirement of an 
adult \.as reduced from 1,325 to 725 nivdav. 

Rice is tle staple food in Asia, i,nd any factor that affects the quality of' 
rice creates concern 1,01 litiian nutrition. IsitMadji and /ulkarnaini(1978) 
rCportCd rCsults from expC-illiCnt s couducted in Fast Java, Indonesia, 
in1974 '.hcte soil was deficicnt ill S.As reported in liable 4.6, application
of S thrnough S\slightly improved the crude protein and met hionine con
tent and hence tle trt11itional quality of rice. 

Il Mother stud,, IsInuadji and liyake (1978) observed that an S treat
nIlent increased fle mnctilionnitic coitent 1.7-2.3 limes Ihat of the nlonsul
fur treatniiit. Wang (1978), from tutdies ol rice in tile swanipy soils of the 
low\er Aina/o Ba,,in, foMnd that S deficienc, caused not only drastic reduc
lions in rice yiCld but also poor quality of graim, whicl was evidenced by 
reduction i head rice and an increase in chalky grain. 

hlu/I 4.,. \till riil0c o111fllldpillcII klICIIlI til ll I ..C lciled \%ill IIICIi miiiillllodi
11111 lI M% - I iNI (i. II(dO lki, ill\ Js1,laiM t itll N tcit. i 11)74 il'l. 

t.arnct. 	 lll:~it,.' NM1el (/A 0 	 ('Ilude plowtill 1"'. 

t ic A.C\i 

(03 (1.26 0. 10 8.94 8.88 
I 1fitat I 0).2 0.38 7.81 8.62 

ci 1 t 2 (.24 (.313 7.88 8.25 

Soulce: IJslitlladjl anld /tllkilmllnll (1978). 
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lit India, Das et al. (1975) observed that S application showed a favorable 
effect on the content of essenltial amino acids and S-cont aining amino acids 
in the grains of miaize, w\heat, and rice and thus maintained and improved
the grain quality of these three important cereals (Thble 4.7). Pasricha,
Sharma, and Randhawa (1972) observed i beneficial eflcct of fertilization 
with S onl the protein and oil content of' gtonndnth s and iiustard inl Indian 
Ptlijab (l:igure 4.3). Similarly, Singh, Subbiah, andIGupta (1970) reported 
a signilficant mcrase it oil, protein, and melhionine content il} groundntts 
and mustard 1y tihe apl+lication of S. 

The pulses, such as chickpeas (Cicer arictintu I..), miting beans (Phawso
lus aurcus), black grain (l'haseolls mtngo I..), pigeonl peas (Cajatius ca
jan), and lentils (lens ctultinaris I..), are important S.ources of proteins and 
S-containing essential amino acids in the Indian subconlincnt and, to a cer
lainextent, ill Soutlhtica, Asia. Sull'tr de ficiency has been observed in} these 

luih,4.7. [F i I IcI,o t I 'II Ito /lI i I : il III ( 'Ii: Itl ICI Ii I I adIllillo acid( a fnd sitI 
u'om n inpatilli Co'tIl,,.iul lndkt,.
lllo ac.id. (tl uCelels ill 

(rop I oltu,.,nlial StilluI -Co ililillO I-ILdN Proteinlll ii. 

(In~g 100 v 11oi111 

MCIthio,tln Uy'., i1|¢ Tlotl 

S'ite I 
N,, 3678 249 169 418 8.75
N,, S,, 3 410 251 174 425 8.56 
N,. S, 4 357 250 20Q) 45(1 10.50 
N ,,, S,, 4 59, 270 209 479 ft11.0) 

Si' I 
N,,, S,, 6 411 229 280 509 17.27 
N ,, S, 6 672 197 277 474 18.64 
S e 2 
N,, , 5 975 221 203 424 15.16
 
N ,, S,. 5 592 205 271 475 15.90 

Rive 

N ,, S., 5 OtI 284 203 487 I .13
N,,,. S,. 5021 306 229 .535 12.14 
Site 2 
NI ,,S+ 3(43 217 142 359 8.15
 
N,,, S, 4 412 
 213 225 438 11.31
 

a. Values, aiL bhsed oill 11I"1 rct ici . Rcpeldliuibilily of i1le :ialtical pi cedurc i%,3.51"o. 
b. Kilograimf il eciid tf N alnd S.lC 
Sotirce: t)gsci .il. 1t975). 
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IhOi,ill I ll iZI.. D' nid (1970) lillolr 16ldlh i ila rep1.o ( lll .llllllM Ci*llf Ct 0i 1 
S arpplicalion onl protcin as \,ell a Ooil ield of SuoIe 01 t'he ,epnls.s a.tnd 
CLT"tldillit. It ha', c ,OIlitLIcIaIhcpractical imiplication lor the \egetarian 
poplation of thcse oilnltrics. l'areck. ,Sarohia, and Singh (1978) oherved 
+hal oh 101O.IclIcnltil S .Itfile rate of 25) ha increasedapMlicat o kl,' tie S 
tiptike h\ imi littm 3.7' krt ha I'oa control plotblack it vithout S to 5.2 
k:- hi oil thC atI d phL1 ill fild C\p+CrimiIIelt dutinIe 1972. lhi. resulted in 
adl nih,aCe ill ',iM .ind iiIl.)mcinet OfIqtility Ofir. Atnlak]i, Singh, 

ld \r0,a W])7) Icpo)Iled thal , ilh I p)tOIttO, an a)lflication of' 25 kgtof'S, 
oci and it\c the NI'K (N : 120, j),( : 160, K,() : 120 kg nutrient/lia), 
incll,ild tle \ iclI Ol I ahoit 28% . Sullir fertili/ationIu er,, ,. also ill

nlcn,:Cd til:e IutIlity t1 potato utbei,, and proteills illter,,, which in
,:Ic.,sCa 50.7 k.'.L'to 109 kg hia \ithi 50 kg S' ha. lie correspondingd It'oin ha 
Ic',.I, of piotci:i N illthe tubers increased from 78.7 io 176.3 kg/ha. 

I lhics Ilcit ,deilla\h,lo'. lthat S Ia,.o lahlv iilItzeiices huiiitait nutrition in 
iltleas, tVi o a\s: (I) ilrthitigh ain iilcteae itnproduction of food and (2) 
th tLh illiplp illiitll Of the food, plarticIlil 'I'ail \ iiciit tile prodic
titol)of, II)o1,. +S<-c+'tlita.illilnglia.l a.litlo Thtls,plotw il,and e,,,,+, a+cid'.,. all~y 

ilikiiciclhc\ of ior ical aiid clop , \.,ill ;lecl not only tile foodS ill i ,,,tils 

p tlduction 1)1t also its Jll! riti,e alie; this hars sC itiu', iutlphiCItiOn1s for lilt
111all111 tritioIn ill these coIlilie-, silICC segetable lCeSOUFCS for a largeICCOUlt 

sharC 01' dail, caloric aid proteil intake. 



5 Status, Diagnosis, and Determinants of Sulfur Deficiency 

The purpose of this chapter is fourfold: (1) to evaluate the S status of soils 
in the tropical regions, (2) to discuss various sources and forms of S, (3) to 
analyze the appopriateness of various techniques for diagnosing S defi
ciency, and (4) to critically evaluate determinants of S deficiency in the 
tropics. 

Sulflur Slatus of Soils in tlie Tropics 

Delineaiuonof f'ojical Regions 

The most comniont delineation of' I.e tropics refers to the geographical area 
that extends from 231 :' north of the equator to 23 i, ' south of tie equator.
It includes the h uncid, suthtnid, semiarid, and arid tropical regions. Ac
cording to Duldal (1980), this represents 4.96 billion ha or 38% of (lie
world's land Iniass, which is spread over Africa (43%); South America 
(28%); Asia (20(%); Aust ralasia (5("o); ani Central and North America 
(41'6). Approximatelv 70.9% of the total land area inn Africa (out of 3,011
million ha) and 70.4% in South America (out of 1,766 million Ia) falls in 
the tropics. 

Troll (1965) has ti,ed other criteria that consider (I) the mean monthly
teniperature of mlore than 18-233-C and (2) nitmiiber of moinths with precipi
tation greater than potential evapotranspiration. According to this classi fi
cation live tropical regions can he identiftied. 

Tropical Region Months with P> PE 

HuiidS. 9.0- 12.0 
2. Sublumnid 7.0- 9.0 
3. Semiarid, wct-dry 4.5- 7.0 
4. Semiarid, dry 2.0- 4.5 
5. Arid < 2.0 

P-precipitation; P11 =potential evapotranspira
tion 

The distribution of' tropical regions in lie world is shown ill Figure 5.1. 
The most abundant grouip of soils of tie humnid tropics is tile highly
weal hored and leached Oxisols and Ullisols. They constitute nearly 70% of 
tie total area of humn id tropics, while soils such as Mollisols, Vertisols, Al
fisols, Andepts, Inceptisols, aod Entisols cover the remainiig 30% of tie 
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'%. "... I ... '' ,, 

Figure 5.1. (.ogiaplhical l)ikihiulion of [lie Ituiid, Suhiunid, Alld aid Semiarid lopis 
il the World. 

areas (Thble 5.1). Swi udale (1982), on the basis of FAO maps and Troll's 
classilication, has estimated that total area under semiarid tropics with 2-7 
wet mn1lths (precipitation > potential evapolranspiration) and 5-10 (Iry 
mollnths equals about 1.8 billion ha (Tahle 5.2). 

The semiarid tropical region, which includes nearly 49 countries of tropi
cal Asia, a\frica, and latin Amlerica, colers much of: lie African continenw, 
stretching in a broad band l'r \%esl below the Sahara Desert andIn to east 
inclhdintg miuCh of eas'trn and subcentral Africa. Il1Asia the seniarid trop
ical region includes miost of India, northeastern Burna, and Thailand; it 
also includes most of the northern quarters of Australia. Nearly all otfMexi
co, and large portions of Veneztela, Guyana, Surinam, Frcnch Guinea, Bra
zil,
Paraguay, and Bolivia lie within this region. More than 700 million peo

hilh' .,.1. LtliiiSii 0ca j"r ,Oil griiipt ,*1 the hiiilid liopics.dC'al l Ili 

Sil glilp oLdCtI (tli;iale
(million ha) 

Rain y Seasonal Wel-dry Total 

.Mollimil and Velikok 23 56 119 198 
Atliol1, aLIdepI,, aid inCepliSots 
iilodclaletl 4%%calicrCttl 34 90 128 

O\misol aid ullikolsOhighly we.altiered and 
leachcd so k) 931 1084 474 2 489 

SIalto, oilSMid dr\ Iiit Mid eni6itso 81 It05 1701 356 
AIlu ial oils heiiiiok) 146 124 71 341 

tIotal t 185 I 403 924 3 512 

Source: PIreCSide1iii Science Ad viory ('oimlititee (1967). 
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7Tuh' 5.2. Estimated area of major soil groups ill tile senmiarid tropics ' . 

Soils Sandy Total, Sandy as 16 
IF.A() 'S)A soil lawololnv)" (million ha, appro\itlate) of total 

Ilu isols (tlu\ctill ) 5.514 91.069 6.1 
A It.,osoi, (palnlllell's 201.731 211.195 95.5 
.\nd ,ol, (and.pis) 5.(134 10.783 46.7 
\'eli ok (%'elisols) 2.533 132.436 1.9 
Solnchaks 0.455 5.754 7.9 
ohinet/' 2.318 10.905 21.3 

Kait iro/ic', 13.039 32.033 40.7 
Illtaci)Ic rrsl - 14.457 -
( hllllhisols (o1peplis) 3.842 70.469 5.5 
I I sols (aIlisols) 116.546 282.484 41.3 
l'lanosols' 4.865 37.558 13.0 
Act. 1,)(ull ikol,) 42.082 194.762 21.6 
Nitosol,' 11.487 107.476 10.7 
Ir alis (()\isols) 43.122 606.018 7.1 

I olal 452.567 I 807.398 25.0 

a. I)cri',C tioni Ss\%inllc (1982). original)ly Iron FAO)/IJN,(.() soil map of the world. 
). Nalie,, ill l , l appi (lc aleils according tocnlltlcsc ae illa qii )tddal (1980). 
c.l udes sandy.i, M id cSilty, .I ey soils. 

d. Soilh;ik and ,,linre(,,;ihuStllmiids pli sc,). 
C.Solill , aill,l/ nallihol liallaltoll,, etc.). 
1. K slialr llin,, (Implu toll , lLuUitolk, calciuslolls lexcept salorihids]).
V. Pliac.o/cl,,(h0l i) l ,,N


sol,, ,
Il'.la illhatual,, alhai
quul,,)
 

l palcu,,iultS, iahlciAfS,i. Nilos uhalcultb, alniSIalfs). 

pie areresllmaltd to live in tihe semiarid tropics, with 55% of them in India. 
This is a very important agriculural region, and it has been known to ex

perience S deficiency. The cases of S deficiency reported from most of west 
Africa and the Indian subcontinent have occurred within this region. 

Sulfujr Status of Tropical Soils 

Ihe total S content of' tropical soils is genrerally lower than that of temperate 
zone soils because of the lower organic matter content anc greater leaching 
in the tropics. A suinmary of the data on total S content of soils from tropi
cal a eas is given in ithble 5.3. Thus, while considering the problem of S in 
[lhe tropical agriculture, it is essential to consider all ile areas from arid to 
setniarid to lumid tropics. 

It is evident from "laible 5.3 that Ihere is only scanty inforiation about 
the S status of soils of the tropical developing countries. Generalization is 
not adisable because of the very wvide variation itn soil S. Sonic of these 
variations may be due to differences iti methods of analysis, but others are 



Tahle 5.3. Total sulfur %alues for a range of soils from tropical regions (ppm in os en-orv soil ). 

Region'location soil group Total S Organic S Sulfate-S Adorbed-S Organic Reference 
(ppm S) (ppm S) (ppm S) (ppm S) S as ( 

of total-S 

ASIA 
India 

Andhra Pradesh 112-275 - - Venkatesvarlu. Subbiah. and 

Gujarat (Baroda & Kaira) 
Uttar Pradesh (U.P.) (Soils of 

Tara(. Alluvial, Bundel 

42-113 18- 52 4 -22 -
Tanhane (1969) 

Reddy and Mehia (1970a. c) 

Khand, and Vindvan regions 
of U.P.) 
Subsoi'., of the abo.e soils 

Punjab. Haryana and Himachal 

93-
102-

189 
169 

29-101 
15- 78 

9 
5 

-1 

-42 
-

- -

3han and Tripathi (1973) 
Bhan and Tripathi (1973) 

Pradesh 
Soil group I (climatic zone 1) 
Soil group 2 (climatic zone 2) 
Soil group 3 (climatic zor, ") 
Soil group 4 (climatic /one 4) 
Soil group 5 (climatic zone 5) 

Mean 

193- 308 
99 -173 

112- 192 
128- 168 
102-247 

106-244 
32- 60 
26- 50 
22- 43 
25- 34 

1.4- 5.1 
3.1- 6.3 
1.8-18.1 
2.5-15.6 
2.5-41.4 

-

-

-

-

-

72.3 
35.9 
22.0 
21.8 
18.8 

Katt.sar attd Mohan (1964) 
Kan\%ar and Mohan (1964) 
Kan'.ar and -Mohan (1964) 
Kan%%ar and .Mohan (1964) 
Kankar and Mohan (1964) 

a. Acid soils 
b. Alkaline soils 
c. Overall mean 

Rajasthan 
Rajasthan (all soils) 

!. Serozen. 0- 16 cm 
2. Alluvial, 0- 15 cm 
3. Noncalcic brovwn, 0-20 cm 
4. Desert. 0- 15 cm 

242 
159 
183 
750 
91 -386 

271 
300 
350 
449 

175 
35 
76 
53 
60-298 
90 
160 
230 
185 

3.4 
11.5 
9.1 

76 
22-83 
20 
40 
50 

205 

-

-

-
-
-
-
-
-

72.3 
22.1 
41.7 
7.0 

22.2 
20.9 
53.8 
65.7 
41.2 

Kan,,ar and Mohan (1964) 
Kan%%ar arid Mohan (1964) 
Kan\%ar and Nlohan (1964) 
Ruhal and Palival (1978) 
Shukla and Gheyi (1971) 
Joshi, Choudhari. and Jain (1973) 
Joshi. Choudhari. and Jain (1973) 
Jcshi, Choudhari. and Jain (1973) 
Joshi. Choudhari. and Jain (1973) 



Table 5.3. Continued. 

Region location soil group Total S Organic S Sulfate-S Ad'orbed-S Organic Reference 
)ppnt S) (ppm S) (ppml S) (ppn S) S a, " 

ol total-S 
5. Bro,% n. 0 - 20 cm 
6. Red loam. 0 - l0 cty 
7. HON, o- 21)ct 
S. Grevisl bro.,.n. 0- 2) cm 
9. Medium black, 0 - 15 cm 
10. Yellow bron, 0 - 15 cm 

35fl 

375 
303 
25)0 
355 
375 

130 
15( 

250 
140 
170 
320 

89 

55-
23 
15 

176 
12 

-

-
-
-
-

37.1 
50.6 
82. 

56.0 
47., 

67.3 

.lo,hi. Choudhari. and lain (1973) 

.lo,hi. Choudhari. and Jain 1973) 
loh,i. (houdhari, and Jain (1973) 
Jolhi. (houdhari. and lain (1973) 
.oShi. ('h1Odhari, and lain (1973) 
lohi, (houdhari. and Jain (1973) 

AFRICA 
Malawi 

Nigeria 

Cameroon 
Chad & Iorv Coast 

Zambia and Zimbabwe 

Zimbabwe 
Fersiallitic and paraferrallitic soils 
Coarse textured 

0- 30 cm 
30-60 cm 

Fine textured 
0- 20 cm 

40-60 cm 

Kenya 
Mount Kenya, humic nitosol 

Mean 
Range 

35- 139 
(66) 
38 - 52 

(43) 
18- 132 

200-300 

(70)
60-100 

30- 60 
36- 56 

116-144 
93-157 

370 
(263-540) 

--

--

-

-

-
-

-
-

359 
(238-527) 

-
-

-

1.7- 9.0 
3.2-12.4 

4.3-41.2 
2.7-49.7 

11 
(3 -25) 

-

-

-

-

-

-

-

2.0 
(1.27-3.28) 

-

-

-

-

-

-

-

-

97.0 

Lauren,:ce, Gibbons, and Young 
(1976) 

Bromfield ('972) 

Watson (1964) 
Dabin (1972) 

Grant et al. (1964) 

Rowell and Grant (1977) 
Rowell and Grant (1977) 

Rowel and Grant (1977) 
Rowel and Gram (1977) 

Bromfield. Hancock, and 
Debenham (1982) ,.' 



Table 5.3. Continued. 

Reg.on/location/soil group Total S 
(ppm S) 

Organic S 
(ppm S) 

Sulfate-S 
(ppm S) 

Adsorbed-S 
(ppm S) 

Organic 
S as G'o 

Reference 

uf total-S 
Kitale. rhodic ferralsol

Mean 
Range 

Lake Victoria. orthic ferralsol
Mean 
Range 

Coast, rhodic ferralsol
Mean 
Range 

154 
(105-187) 

144 
(99-225) 

85 
(33-150) 

147 
(102-182) 

132 
(92-212) 

83 
(82-147) 

7 
(1 

12 
(4 

2 
(1 

-17) 

-23) 

- 6) 

14.46 
(1.04-1.54) 

0.94 
(0.56- 1.43) 

0.80 
(0.39- 1.47) 

95.5 

91.7 

97.6 

Bromfield, Hancock, and 
Debenham (1982) 

Bromfield. Hancock, and 
Debenham (1982) 

Bromfield, Hancock, and 
Debenham (1982) 

LATIN AMERICA 
West Indies

Mollisol 
Inceptisols 
Regosols 
Ultisols 

Brazil (Virgin) 

Brazil (cropped) 

Brazil (cropped) 

Colombia (Llanos) 

Llanos 
Savannas of Bogota 

360 
270 
210 
120 
40- 251 

(103) 
27- 67 

(49) 
43 -298 

(166) 
394-405 

(400)
417 
407 

-
-
-

-

-

-

-

35 
226 

-

-
-

-

_ 

1.9 
15.5 

-

-

-

7.0 
40.2 

-

-
-

-

-

-

28.4 
55.5 

Haque and Walmsley (1974) 
Haque and Walmsley (1974) 
Haque and Walmslev (1974) 
Haque and Walmsley (1974) 
McClung, de Freitas. and Lott 

(1959) 
McClung, de Freitas, and Lott 

(1959) 
Neptune, Tabatabai, and Hanway 

(1975)
Pedraza & Lora (1974) 

Guerarao & Orjuela (1979) 
Guerarao & Orjuela (1979) 

a. A dash (-) implies that the information was not available. 
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of pedogenic nature. For example, in Rajasthan arid zones, Joshi, Choud
hari, and Jain (1973) and Ruhal and Paliwal (1978) reported high values for 
total S but lower values for the soluble sulfates and organic S. Probably 
most of the S appearing in the total S is insoluble sulfates or sulfates oc
cluded in calcium carbonate. Interestingly, some of these soils are also 
reported to be responsive to the application of S. 

Dabin (1972), in reviewing the S content of tropical African soils, con
cluded that the S content of ferralitic and tropical ferruginous desaturated 
soils of Ivory Coast, eutrophic brown soils of Cameroon, bottom soils of 
the savanna areas of Chad, bottom soils of the forest areas of' Ivory Coast, 
and Vertisols or hydromorphic soils of Chad varied from 20 to 300 ppm 
with an average of 50-100 ppn, which is an indicatron of the low S content 
of these soils. The highest values were found in organic hydromorphic soils, 
whereas the others had low reserves. Mineral hydromorphic sandy soils and 
Vertisols are also low inS content. The sulfur:carbon (C) ratio is wider than 
1:100, and the S:N ratio is wider than 1:10, which indicates that most of the 
S is in organic forms. Some of the typical values are shown in Table 5.4. 

The Alfisols, which represent one of the most important soil groups of 
the west African region, are reported to be deficient in S. Kang et al. (1981) 
reported that S deficiencies were mor acute in the soils of the savanna zones 
than in those of the forest zones (Table 5.5). They attributed the greater S 
deficiency in the Guinea savanna zone of Nigeria to low S reserves, lower 
S retention, and sorption due to the sandy nature of the soils. Even the 
cropping pattern and the annual burning o 'brush and crop residue resulted 
inloss of soil S. 

There are relatively few data about le soil S staiLus of other African and 
Latin American count ries (Do Nascimeinto and Morelli, 1980; Singh, Uriyo, 
arid Kila sara, 1979). However, from these data it is evident that the soils 
of the tropics are not well supplied with S,and the deficiency of this nutri
ent can become a problemi under intensive cropping. According to Sanchez 
and Cochrane(1980), approximately 52 million ha of high-base soils and 

lFuh' 5.4. Ratio of sullt to other Iutricnts in West African soils. 

Soil group (ountry S Ratios 

(ppm in soil) 
C:S N:S P:S 

Ferralitic soil% Ivory Coast 0.38 130 10 1.0 
Ierralitic soils Central African Republic 0.26 150 10 3.9 
litrophic brown soils Camieroon 0.82 123 10 -
Bot tllotoils of foresl areas Ivory Coast 0.76 100 10 1.2 
Botlo soils of' saltvaita areas Chad 2.40 175 10 4.5 
\'eriisols Chad 0.54 148 10 3.5 

Source: t)attin (1972). 
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Table 5.5. Sulfur content in some Nigerian soils (on dry-mater basis). 

Soil attributes Chemical composition (ppnm 

GuLinca savanii na l)erived savanna Forest zov,
(low rainfall) Onediun rainfall) (high rainfall) 

Trotal S 69.(0 183.) 273.0 
Total N 710.0 700.0 980.0 
Organic 11 86.0 117.0 185.0 
Organic C 8 500.0 9 100.0 13 000.0 
Heat-soluble S 2.6 4.3 7.0 
Ca(HFlO.:).-soluble S 2.8 3.5 5.9 
Ratios of C:N:I':S 122:1(1:1.2:10 130:10:1.7:2.6 133:10:1.9:2.8 

Source: Kang Clal. (1981). 

745 million ha of acid infertile soils of Latin America have an S deficiency 
problem. 

Inorganic Sulfur 

Sulfur is Lhe 13th most abundant element in the earth's crust. Geo
chemically itis a constituent of many minerals of economic importance. It 
is present in most igneous rocks as sulfides (0.050/6-0.3%). Its concentration 
insoils ranges from 0 to about 500 ppm (Ensminger, 1958; Starkey, 1950). 
As a result of oxidation during weathering, these primary forms of S are 
converted into sulfates, which may be precipitated as gypsum or many alka
line metal sulfates; or sulfates may be reduced to sulfides and elemental S 
under anaerobic conditions. Part of this may be carried to sea through 
drainage waters. 

Sulfur in soil is present in both inorganic and organic forms, but the 
proportion of inorganiic to organic S varies widely, depending on the nature 
of the soil, its depth, and the management system to which the soil is sub
jected. Tile common forms of inorganic S in the soil are (1)water-soluble 
sulfates of sodium (Na), K, Mg, Ca; (2) adsorbed sulfate on the surface of 
clay minerals and aluminum and iron oxides; (3) insoluble sulfates of Ca, 
barium (Ba), Fe, and aluminum (Al); and (4) sulfides or reduced forms 
of S. 

Sulfate l.r)r/.s antd Sources 

Although the level of soluble sulfate in the soils of humid regions is general
ly below 10 pprn, considerable fluctuations may occur. These variations are 
the result of mineralization from organic matter, leaching of soluble sul
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fates, uptake by plants, arid sulfate addition from irrigation water and ap
plied fertilizers. 

In the well-aerated soils, inorganic S is present as sulfate. However, under 
anaerobic conditions, such as waterlogged marshy swamps, some of the in
organic S is present in reduced forms. Appreciable amounts of soluble sul
fates are often found in subsoil horizons, and the occurrence of free gypsum 
io the deeper horizons of many semiarid soils is a well-known pedological 
phenomenon. Several forms of insoluble sulfates, such as Ca, Ba, and 
strontium (Sr), are associated with basic sulfates of Al, Fe, and calcium car
bonate. Sulfate occurring in calcareous soils as a cocrystallized impurity in 
tle calcium carbonate is probably the mot common in some soils of arid 
and semiarid regions and may account for 95% of the total S (Williams, 
1975). 

Some of tie soil S comes from the primary minerals through weathering 
processes, and some conies from secondary sources by tile accumulation of 
plant residues, roots, and other materials. Other important additions of S 
to soils come from the atmosphere, fertilizers, pesticides, and irrigation 
wa I t r. 

AtInoslheric Addition - The gaseous forms of S (for example, hydrogen 
sulfide (H,S] and SO,) generated from land life, ocean life, sea splash, and 
industrial activity become the atmospheric source of S, which enters the S 
cycle and corntributes to S additions to soil and plants. The amount of S 
added from the atmosphere depends on the extent of industrialization, vol
canic activity, and the generation of gaseous products that are brought 
down by rain to the land. Robinson and Robbins (1970) have calculated that 
about 66% of the total S generation on tihe earth is through oxidation of 
gaseous hydrogen sulfide produced by microbial decomposition of dead 
bodies; the remaining 34% comes froni combustion of fuels and smelting 
plants and is the byproduct of the industry (Table 5.6). Sulfur in SO, form, 
generated naturally or artificially, enters tile air, soil, rivers, arid the ocean 
by rain and becomes a main source of S supply to the environnient.

File atmosphere is a principal source of S for most soils. Annual sulfate-S 
additions in tile precipitation of as much as 234 kg/ha and as little as 2 
kg/ha have been reported (Rciscnauer, 1975). In addition, considerable 
amounts of' S may be absorbed by both plants and soils as SO, from air. 
The annual atmospheric contribution of S from natural generation to the 
land areas of the world has been estimated to be about 142 million nit; in 
contrast, tile a11,ua t release from weathering of rocks is estimated as 2 mil
lion mt (Robinson and Robb:,is, 1970). The authors have also estimated that 
73 million ilt of S is released as SO, fron artificial sources, 69% of this 
in the Northern Hemisphere and 3100 in the Southern. These atmospheric 
additions could meet the S needs of the crops, but unfortunately they are 
not equally distributed; hence, S deficiencies in certaih areas, particularly 
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Tahh' 5.6. Natural and artificial sources of sulfur generation on tihe earth. 

Sull'ur source Suifur supply 

24 

Million m % share 

Naluralgt ,wraoion 
1. I-I'S from land life 
2. ll:S from ocean life 
3. Sea waler NplasheNs 

142.0 

68.0 
30.0 
44.0 

66 
32 
14 
21) 

A1'ifi'ial genel(ration 73.0 34 
(oal Combihust ion 51.0 
Oil coMbtLIt iOn 14.3 7Sinet Iing Copper 6.4 3Smtiing lead 0.7 * Slneltilg ,'ic 0.6 , 

rotal 215.0 100 

less than i . 
Source: l)eriVed from Robinson and Robbinis (1970). 

those that are landlocked and away from industrialized complexes, arc more
commlfon. 

The amount of SO, returned to the soil in the form of rain depends onthe location of the industrial activities. Generally, it is many times higher
within a 5-mile radius of the industry Ihan away from it. Thus, the amount
of at mospheric S added to lie soil in the rural areas in the industrialized 
count ries varies between 10 and 15 kg/ha/year. Even in the highly industri
alized countries, however, the total amount of SO, emitted to atmosphere
and returned to soil int rain will decrease bCcause Cof' regulations to control
air pollution. Kiyoura (1982) has questioned the wisdom of*applying very
stringent pollution conlrol measures, which reduce the SO, content of the
atmosphere 1o such a low level as to reduce the crop yield and quality
through S deficiency. The SO. content of' the atmosphere in Japan
decreased almost linearly from 0.06 ppm in 1967 to 0.015 ppm in 1978 in 
response t(t environmental regulations. 

In the developing countries of' the tropics, the atmospheric SO, is not a very important source of' S because of the low level of' industrialization. 
Howevr, in sonic localized areas of developing countries, industrial activity 
may contribute to higher production of S, especially nearthe industry. In some areas where volcanic cruptionts arc common, SO, addition to soil canbecome significant. Recently, after the eruption of*St. Helens in the state
of Washington (U.S.A.), a significant increase in crop yields was observed.
Some of this increase may possibly be attributed to the S02 emission from 
the volcano. 
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The S content of precipitation in the tropics, unlike that in the temperate 
zones, is usually very low. However, very little published information is 
available on this subject. Detailed studies by Bromfield (1974a,b,c) in north
ern Nigeria indicate that (I) the S content of precipitation at sites 350-880 
km away from the sea ranged between 0.49 and 1.89 kg/ha/year and (2) the 
total annual accretion of S to soil is 2.35 kg/ha/)car, which includes 0.65 
kg S recovered as dust, 0.81 kg S as gaseous product, and 0.89 kg S in rain. 
The mean amount of S deposited in the rainy season was 1.14 kg/ha, which 
was hardly sufficient to replace the S removed by a typical yield of ground
nuts obtained by farmers not using fertilizers. On the basis of' this observa
tion, Fox (1980) concluded that groundnuts production in the seasonally 
dry savannas of west Africa is being subjected to an S constraint. 

Furthernmorc, Brom field, I)ebenham, and Hancock (1980) observed that 
in central Kenya the amount of S added by rain ranged from 1.58 to 3.81 
kg/ha (2.47 kg mean). On the basis of 26 years' rainf'all data and a regres
sion equation tor the relationship between rainlfall and S deposited, tile 
nmean amount of S deposited came to 1.71 kg/ha, and the range was 
1.04-2.76 kg/ha. No such data are available from any other tropical de
v'eloping coulltry. 

Iertilizersanid Pesiicides - The addition of S to soil through fertilizers is 
dependent on the intensity of fertilization, the nature of fertilizers, and 
management. The S content of. important fertilizers is given in Table 8.1 and 
Appendix II. Generally witi the introduction of high-analysis fertilizers, 
such as urea and TSP, tile accretion of S is declining and S deficiency is in
creasing. Pesticides are also ;i source of S. However, with the introduction 
of more S-free pesticides, the amount of S added to tile soil from this source 
is becoming less important. Soil amendments such as gypsum, pyrites, and 
elemental S, in use for reclamation of alkaline soils, are important sources 
of S. 

Irrigation iter - Another important source of S addition is irrigation 
water, which acts as a source of' sulfate supply as well as a means of' leaching 
S from the soil. Thus, in irrigated areas the contribution of'S through irriga
tion depends on the quality of water and management of irrigation. 

SuIfaie.s in Tropical Soils 

In humid tropical regions, 70%-98% of tile soil S is present in the organic 
form, which accumulates mostly in the surface horizons of tile soil. The or
ganic S must be converted to assimilable inorganic sulfate or sulfurous ami
no acids belore it can be absorbed by plants. Sulfur mineralization is a 
microbial process that depends on such factors as moisture, aeration, tem
perature, soil acidity, organic S content, and N:S ratio of the added organic 

http:1.04-2.76
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material. The S cycle resembles tile N cycle in soils, and the mean C:N:S ra
tio in most soils is 125:10:1.2. However, there is a tendency for a wider ratio 
in the acid, lowbase soils, and a narrower ratio in the soils of' the arid zones, 
calcareous soils and less weathered soils. 

In 	the arid and semiarid regions, surface and subsurface accumulations 
of sul fates of Ca, Mg, Na, and K are common. Sulfate concentrations at 
some depth in the soil profile are also known to occur in nonarid re-ions 
where they are associated with horizons high in kaolinite, hydrated alumi
nium and iron oxides, or allophanes; their high capacity for retention of sul
f'ate ions prevents tlie leaL hing of S trom the soil. As much as 21 ppm of 
soluble S has been reported from tile tropical soils (Fritz, 1972), and 280 
ppi of' S extractable with sodium acetare-acetic acid buffer has been 
reported from inany soils of' tile southeastern United States (.Jordan and 
Reisenauer, 1957). Sanchez (1976) reported that sullfateS in forms extracta
ble witi phosphate accumnulated in Ulhisols, Oxisols, and Andepts f'rom Ha
waii and ranged from 3.3 ppm in Ultisols to 134 pptn in Hydrandepts. The 
sul fate retention capacity of Costa Rican soils has been studied by Ramircz 
arid Oclsligle (1978). 

Under anaerobic conditions near tile shore of brackish marine and 
Iluvioniarine sediments of total marsh areas, substantial amounts of' S ac
cumulate as sulfides or pyrites. When these waterlogged soils are drainic1, 
fle sulfides, polysulfides, and elemental S are oxidized to sulfuric acid, 
which reduces the pl-I to a value as low as 2 or even lower, with all the conse
quent deleterious effects on plant growth. 

Adsorbed Sulfaites 

The surfaces of iron and ahuninuril oxides and the weathered edges of clay 
particles contain ions that are not fully coordinated in tile lattice. These 
ions complete their coordination shell with OH groups and water 
molecules. The presence of' hydrogen ions favors the development of posi
tive charges at tie ,ites. These positive charges attract anions in tile same 
way that surface negative charges attract cations. 

When sul fate is added to soil, inuch of' it is adsorbed. The common site 
for adsorption is on positively charged surfaces of iron and aluninum ox
ides and clay minerals. The sullate adsorption capacity of soils has been 
shown to be affected by various factors as follows: 
(I) 	 Decreases witi increasing ph-I (Ensminger, 1954; Kamprath, Nelson, and 

Fitts, 1956). 
(2) 	 Increases with increasing clay content (Neller, 1959; Chao, -lamward, 

and Fang, 1962). 
(3) 	I)ecreases with removal of iron and aluminun oxides (Chiao, Harward, 

and Fang, 1962). 
(4) 	 Decreases with phosphate application (Metson and Blakeniore, 1978). 
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(5) Decreases with organic matler content in the soil, hence, greater adsorp
lion in subsoils of the tropics (Kamprath, Nelson, and Fitts, 1956; Chao, 
I-hlwvard, aId I:aFILI,1962). 

In arid soils, sullate retention is commonly a question of gypsnum solubili
ty (Fl-ar\\ard and Reiseiatier, 1966). Iln acid soils, however, it is due to ad
sorption. The snIllate adsorption capacity ol soils \aries widely and is de
pendent oil sewxral soil properties. The tropical soilsIbecause of high iron 
and alullillumto+idc or 1:1 clay minerals, or both, adsorb signilican t 
alloulls o , sulllle, which may be inImportantiroi tile point of' view ol stor
ill S in the soil ald thereby preenting its loss by leaching so that it be-
Colies available for use by crops. Nany oft lie low-pl- soils of' the tropics., 
part icnlarly tile coarse-t.li,.tled Soils, are los\ in a S slpply and maySailable 
ilCed fl'eLeit applications of stull'atic. lit if tile\, are unde rlain byi a heavy-

te\ttreCd Ii liri/on \\ith higher aisorption capacity, soil S can become ai 
iimportant source of S. 

Iiilline of acid soils will also increase tile movement of sulfate outoflthe 
lillCi /one. leachinc h\ Iveav\' raiis ma' cause loss of ', but during tile dry 
scasomi and particularly in tile tropics, tile stulf'ale content otf surface soil 
inav' increase because of' miieralization of oranic iiater. 

[Ilie type and amount of clay present in a soil deteriiine the number of 
xeallierl-CCLe adsorption sit es. 1itarward, C'hao, and Fang (1962) found 
that lile order otl the aniount of'S retainicd Iy the clays was kaolinite > illite 
> moiitmorillonite.Aylnore, Karim, and Quirk (1967) have shown that sul-
Ialc adsorbed to io-ol and alulninini oxides is held more firmly than that 
held by kaoliniict. This explains the I igher lecgree of adsorption of stillate 
in highly \eatlired soiIs oft lhe tropics. SnIll ile ions have a specit'ic afflinity 
fbr adsorption, andilicir piresence aliost coiiimpletely prevetnts tihe adsorp
lion of nonspecific nitrate and chloride. 

The aliount ol adsorpt ion of sulfale is depeiident on tlie allount of tlhe 
charge on tie surftact, and hence oint lhe pl-t valuie (Kaniprath, Nelson, and 
I:ilts, 1956). lurtlheriore, according to (outo, l.athwell, and loulIdin 
(1979), stillate sorptioil 1- t\o Oxisols aid ill Alfisol oft lile tropics in Bra
/il \as dependent oil tliI pi of tile equilibrium solution; the alount 
sorbed decreased as the p11 increased xvith each soil. 

Unlike adsorption of sillfate, tlie adsorption of tiindissociated ions such 
ist lIe dihxdirogen phopllatc ion does tot depend on tle presence of i iet 

tilye charge; consequntly, thlese ions are adsorbed to surfaces. Ii addi
lion, tile phosplhale ions are xery effectivc iii displacing adsorbed sulfalte 
aid iil rCdcimIne tile capacity of the sirf'ace to adsorb additional sulfate. 
Aylniore, Karii, and uirk (1967) 'ouid Ihat solutions containing 
Illollopola ssi iii lhosphate desorbed soine 201o more sull'ate froni clay and 
oxide stirlfaces thai did \%aler. Otice tihe sulfate ions are desorbed aiid enter 
tie solution, tiley are easily leached fromt ile prolfiles. Thus, inlt he Iropical 
soils \\it hiIigh phosphate fixation capacity, the application of phosphates 
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results in greater mobility of' sulfate and hence a greater tendency to loss 
by leaching with water. In soils with low adsorption capacity, added sulfate 
may not be retained and Ithus may move with the leachates (Metson and 
Blakernore, 1978). 

The adsorbed sullate is not free to move to plan[ roots by convective flow 
and diffusion. Therefore, in soils where there is not significant moisture 
movemitetnt throughout tile profile, tie availability of sulfate is lower in an 
adsorbing than in a notadsorbing ;oil. Hence stilfate, which is available to 
plants, represents a balace betveen adsorption and leaching losses. Adsorbed S is generally higher in tropical soils than in tent perate-zone soils. 
Phosphating and liming release stilfate fron adsorbing sites atnd thuv in
crease the possibility of its leaching as ,,ell as its availability to plants from 
the solution. 

Organic Sulfur 

The organic S is a part of organic matter and may be in the following forms: 
(I) ester sulfates; (2) bonded to C in a torm other than arnino acids; and 
(3) bonded to C as a constituetit of' amino acids. 

l'ver Sufiiws 

Ester sulfates are believed to be largely of' organic sulfates containing ester
linkages, such as choline sulfate, phenolic sulfates, and sulfated poly
saccharides. These products of S are reducible by hydroiodic acid and alkali 
(Freine, Stevenson, and Beavers, 1972). Ester sulfates constituted 20(/o-65%
of the total S in a group of six Brazilian soils and f'rom 50/o-62% in six 
soils from Iowa (Neptune, Tbatabai, and Hariway, 1975). It a wider range
of soils in theteniperate regions, this fraction is found to vary between 
30% -70% of total S (\Villmi:s, 1975). This f'raction is generally unavailable 
to plants, but plantavailable S is released after breaking the linkage. )rying
the soil breaks lie linkage (Barrow, 1961) and can have drarnatic effects on 
soil test results. 

Crbon-Bonded Sufir ('oumpounds 

Relatively little is known of the chemical nature of C-bonded organic S 
compounds in the soil (Freiiey, Melville, arid Williams, 1970). However, the 
S-containing amito acids  cyst inc, cysteine, and methionine - have been
isolated and may constitute ip to 30% of tie total organic S (Freney,
Stevenson, and 1eavers, 1972). artThe C:N:S ratio of' soils approximates 
average of 135:10:1.25 (\WlitIehead, 1964; Williams, 1967b;1967a, Brook,
1979). A narrower C:N:S ratio is indicated in Indian soils because they con

http:135:10:1.25
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rain very low leels of organic C. Moreover, Ihe Walkley-lBlack method used 
in hese studies for extracting the organic C underestimates C. Thus, it is 
evident that there can bie considerable dif'fercnces within each group. I)abin 
(1972) found a range of N:S ratios from 4:1 to 36:1 inl soils of Africa. Nep
tunc, Thbatabai. and l lanay (1975) found a \ariation fron 3.4:1 to 12:1 in 
N:S ratios of Brazilian soils. [here is a tendency for \ider ratios in acid, 
lo,, -base stat us soils ald nrirower ratios ill calcareous and less weathered 
soils (lithle 5.7). 

()reanic S is a rcst,, IfOr plaits, bit it mnust undergo fiinerali/atioui be
fore becoming available to plants. S1l1fur Initterali/ation rates range from 
P1 to 10'1 per Near (Sancle, 1976). Bronil'ied et al. (1982) have estimated 
the rate of S minteralization to he 2.01"0-2.3'1 annually at /aria, northern 
Nigeria. Barro\ (1961) found that imntlobili,alion occurs at C:S ratios 
re;aier than 2(0)0, aild materials Collliil'ie less hail ().15'() S are ininiobi
i/ed. Alndepts and olher soils higher in allophane ale also high ill organic 

S.,bul plaitil grosinig oi lthese ,oilk are usuallyl deficient in S because the 
ass,,ocialion of organic matter.s\ill alloplhatie results itl low inincrali/ation 
of S. Bairow\ (1961) il,,o obsCrsAed flusl1Cs of S, like flushs of N, resulting 
froln fin[eirali/alaion \\len soils, prvCiously rie.d, \were \eiled. I lowvever, the 
faC o t Il nillCali/Cd S ntav be di'ffcreut front that of lnitlrates because 
niati1 soils hae a grcater capacity\ for adsorbing stillfate. 

like orgatlic N, ithe a.itOUtl of S ill soils is also decreased by coltillUous 

/d/]l' 5.. M Call cat hol.:lii1lioplv 1:,,u 1ll IM IOS, il l ottedACL,oi1S 

sI talllI Soil :Ia+, 

StAtj, 	 tIcdk ;o/.. saiI 
Black Piaiir o l,
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cultivation and cropping. McCiung, de Freitas, and Lott (1959) observed
that the organic S of' virgin soils in Brazil decreased dramatically when the
soils were cropped for 20-30 years (Figure 5.2). Similar results were also obtained by Bronificld (1972) in Nigeria. The results of McCing, de Freitas,
and ott (1959) also show that in tropical soils greater sulfate accumulates
in the subsoils, where it can be stored and become available for deep-rooted 
crops. 

Tun.vsornation 0O1ganic SuIftr 

Many factors affect tile mineralization of organic S and transtformations of'
S from one form to another. The organic S is mineralized through microbial 
processes, and the main Iactors that affect this trans format ion are as fol
lows: 
1. Th lrnrt ,u-- According to Williams (1975) the optimum temperature

for nineralization of' S is 40-233-C. Oxidation of' sulfur increases with 
a rise in Itilperattire.

2. Moislure - Optimum inineralizalion occurs at 60 1/o of' t le water
holding capacitv (('hauLdiry and Cornfield, 1967). Researchers f'rom
Australia have shown that when soils are dried bef'ore incubation tile in
crease ill mIlierali/alion of' S is large, which may resull in a fHush of'
sulfale-S and couild have importantan implication f'orI S ertilization. 
Aflcr dr'y periods for litost of' these soils, tile Sdeficiency in plants disap
pears because of' this flush of' sulfate, and addition of' S may not be 
liecessa r. 

3. S ('ontent ol' Or unc atter - Stewart, Portcr, and Viets (1966) have
shown that S Ililleralizat ion occurs only when the S content of the straw 
is above 0.1511/b.

4. Presence olPlants -- Nlineralization is greater in the presence of plants
than ill tlie absence, probably because of lic greater number of' microor
ganisins in tile rhizosphere.

5. C.'S Rutio -Karwasra as reported ill )ev and IKuLiar (1982), observed 

i2 
ii 

Iigure 5. Effect o 211 301Years ol'Cropping on F'iornms and Amo01unts 0l' Sulfur in tWo Soils 
of Brazil. 
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that mineralization of native S was greater in soils having wider C:S ra
tio. With tihe addition of, sulfate, immobilization occurred. The addition 
of wheat straw led to immobilization of S,whereas berseem straw in
creased mineralization. 

6. 	 Soil Propertie.s - The pH-I and calcium carbonate affect the mineraliza
tion of native and added S. In Sirsa soil (in the State of' Haryana, India) 
a rise in pH from 7.4 to 8.2 increased organic S mineralization from 
5.6% to 7.7%. (hopra and Kanwa r (1968) observed that oxidation of ad
ded S was low in an acidic soil of Palampur (in the State of Hinmachal 
IPradesh, Iidia) because of its lo\wer pH-I. Addition of calciuin carbonate 
enhlnced the mineralization of added S. Under anaerobic and waterlog
ging conditions tile S was irn-niobilizedor transfbrined to sulfide and or
ganic S (l)ev and Kumar, 1982). 

i)iagnosis of' Sulfur Dieficiencv 

Plalts sufferinU from S deficiency develop characteristic symptoms, mostly 
yellowing of young leaves, which are often con fused with symptoms of N, 
I-,Cand other nutrieIt deficiencies. Young leaves are light green to yellowish 
iii color with lighter colored veins. II owevcr, in crops like tobacco, cotton, 
and citrus fruits the older leaves may be affected Iirst instead of' the young 
lcavcs. In sorglluiill d i lize S deficiency is olen con fused with Fe and 
Zn deficienicy. In legumes tnoCulation is reduced. Sulfur-deficient plants are 
generally sin1I1l and Sp~indling with short, slender stalks; they show poor 
g'o'\ti and late maturit. 

Soil tests and plant tissue tests are often used to determine the deficiency 
of S in soils and plaints. Because of the difficulties encountered in determin
ing S and the iladequale data on critical values of' S for diflerent crops, one 
of tlie tests alone call be used as ai inf'allible guide. A combination of both 
soil and plant tissiue tests, however, provides a good indication of the availa
bility of soil S to the crop. There is still ineed to correlate the soil and plant 
tissue tests \\itII specific crops and soils. l)ectrmination of' S in soils and 
pl.aints is 'rccILntlv considcted a difficult task for three reasons: 
I.Coeriilu and isolating the total S or ispccific traction of S into forms 

suitable for analysis is of'ten time consuming and leads to S losses. 
2. 	Analysis lor S after its conversion to sullfides or sulfates is generally 

laborious, particuIlarl\ at low concentrations. 
3. 	 Instruinetial l'or of' S in giain andmethods of'analysis determination 

plant lissues arc also not very salisfactor,. 
Several conlprehensive reviews of methods for dcic' ining available S in 
soils have appeared in literatlure in recent years: Beaton, Burns, and Platou 
(1968), Reisenatier, Walsh, and Hoeft (1973), Tisdale ald Nelson (1975), and 
Brook (1979). 
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Soil Tsting Alethods 

The soil testing methods that use chemrical extractants can be classificd into
 
the lollowing three groups:
 
I. 	TiIose that extract 'eCadily solublC sulfate-S f1m the soil. 
2. Those that extract the I'cadily soluble sulllte and part of adsorbed
 

stnI'atc-S.
 
3. 	Those that extract tile readily soluble S,part of adsorbed sull'ate, and
 

part of orgaIiic S.
 

Readilv .ISo/uh./ullmS - lhe common cxt ractants are these: 
I. 	 (old water. 
2. 	Calcium chloride - neutral 0.1 5 lCaC,.'-solution. 
3. Lithium chloride neutral (0.1 NI .iC solution.
 
In all the Ihrcc methods tile soil:etracalt ratio is 1:5 and the extraction
 
tie is 3(1 minutes. Ihese meliods hitve g.nrally givc better results in soils
 

of .+scmiarid tropics anld arid recgions because of thme higher aimotit ol solu
ble sulf'ate il th ese "oils.
 

RL'odil/. Sol//ble Pat ..ldvor/d Sol/hute S - The import ant methods 
are 	as ftllo\,.,: 

Icat-+solublc SCtltllial wVet Zall 
soilsoltitiu ratito, prettlmcnet at 102-233-C for 1 hour ulsing 100 mI \\'a
ler 

e. stulflur 	 dry heating of the soil (1:4 

for 	ext ractiol). 
2. 	 .lonocalcilmun phosphatc .(.1l Ca(lII'(4), solution ol -."' ppll P1 

,lJ()),as 	 ('a(I sollitioll (1:5 ratio). 
3. 	 Potassitli he I) as KI-I,P0 4 solution (1:10 ratio,phospht 500 1m 


p-I 6.5).
 
4. 	Neutral aunmiontim acctate I V NI 14()Ac sohlution (1:2.5 ratio, 30 

Iniute extacti oll). 
5.Soditmu acctatC f aIcctic acid - NaOAc + II(OAc soluLtion (pl-I 4.8, 

1:2.5 ratio, 30-minutle extraction). 

Readil Soluble Part o/.Adsot ',d Sill/hue i Purl of Organic S --The 
extractantls norrmallv isCl ataC i oos: 

.,odiumn dilidrogen phosphate - 0.03 Al Nal1t,1 04 .21-1,0 in 2 iV acctic 
acid (1:5 soil-e.\traclait ratio, 30-minutc shaking). 

2. 	Nlonocalcitm phosphate - (.01 Al (a(l ITlO,), ill 2 N acetic acid (1:5 
ratio, 30-mintte shaking). 

3. 	Soditim bicarbonate (1.5 Al Nal-IC() (pl18.5, 1:4 ratio, I-hour shak
ing). 

The sumrayMV of resiults ,t~ailable on critical valucs for available S by differ
cut neltholds Ior diferent crops is rcportcd in itble 5.8. These data show 
great variabilily in critical values illdillcrent crops depending theon 



Table 5.'. Critical lesel ot ,ullur in oil tot dii lereni clop, and 

1\tractant or niet hodolog% (Crop 

Water lcunic gra s 
Atniniu acetate Millet 

Calcium chloride 
 I.ecume grass 

Sunflower 
Groundnut 


FPota,iuni phosphale (500 ppm P) 
 Pastures 

Pasture, 
Maize 


lithium chloride 
 Brassica 
NIonocalcium phosphate (500 ppm P2 Alfalfa 

Maize 
Maize 

Pastures 
Cluster beans 
Lucerne 

Sodium acetate and acetic acid Alfalfa 

Nlaize 
\mmonium acetate Brassica 

Maize 
Peanut 

Sodium bicarbonate Cotton 
Monocalcium phosphate  2N acetic acid Alfalfa 
Sodium dihydrogen phosphate - 2.V acetic acid Patures 
Hydrochloric acid (10.01 .t) Pastures 
A ,alues Cotton 
A values Alfalfa 
A \alues Sunflo%%er 

in ditfereni countries. 

(ritical lcel oft 

io oil Ippll S) 

3 

6 "7 
3 

19 
5 
8 

4 
4 

Variable 
I0 

8 
4 

4 - 5 
I() 
9.3 


12 


6 

Variable 


4 
6- 7 

10 
I0 
10 

200 

15 
10 

30 

( ountr 

Canada 

Brazil 

Blazil 


India 
India 
Ne, /ealand 

Australia 
Nigeria 
\West Indic, 
U.S.A. 

L.S...\. 
Nigeria 

Ausi ralia 
India 
India 
U.S.A. 

Nigeria 
\\t Indies 

Nigeria 
Brazil 
U.S.A. 
U.S.A. 

U.S.A. 
Australia 
U.S.A. 
U.S.A. 
India 

Refcreice 

Walker and Doornenbal (1972) 
NcClurig, Lie Freita,. and Lo (1959) 
McClu iw. de Freitas, and Lot' (1959) 
Marok and De. (1979) 
('hopra and Kan'%%ar (1966) 
(ooper ( 196S) 

Spenrcer and Blarro\. (1963) 
xantw and (Wriamic (19761 
Itaq._c (19711 
I-o\ el al. 1965) 

[o\ el al. 1965) 
Kang and ()siane (1976) 
Andre.\ (1975 ) 
Virrani (1971) 
Ban~al. Sharma. and Singh (1979) 

lai%%ard. Chao. and Fang (1962) 

I-n%\.or j 19761 
I aque 1971 ) 
Kang and Osinanie (1976)
 
McCmlgil, de Ireita,. and Iolt (1959)
 
Kilmer and Nearpass (1960)
 
tHoeft. Walsh. and Keeney (1973)
 
Cooper (1968)
 
Andre%% (1975)
 
Nearpass. Fried, and Kilmer (1961)
 
Harx%ard, Chao. and Fang (1962)
 
Marok and De% (1979) 

s, 

http:I-n%\.or
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methods of extraction. This is not unexpeted as the type of soil, method 
of sampling, cxtractant used, method and time of extraction, and chemical 
method of estimation of S all affect the result. 

Dev and Kumar (1982), while reviewing S research in India, concluded 
that thc suitability of a particular extractant depends on a number of fac
tors such as soil type, pI, and the test crop. Chopra and Kanwar (1966) ob
served that heat-soluble S and 0.1 N calcium chloride-extractable S were 
highly correlated fbr groundinuts and berscem, respectively. The 0.150/0 cal
cium chloride, 500 ppm 1) as monocalium phosphate, magnesium acetate,
and ammonium acetate and acetic acid wre relalively more efficient than 
the other extractant s for predicting S availability tor berseem, cowpeas, and 
maize in India. Virmani (1971) found monocalciLui phosphate a better ex
tractant for predicting the S available to cluster beans, and tile critical limit 
(i.e., tile value above which no response to S additions was noted) was 10 
ppm. Using the same met hod Bansal, Sharma, and Singh (1979) found that 
9.3 ppm was the critical value (or lucerne. McClung, de Freitas, and Lott
(1959) reported that ile critical !evel ol sul fat"-S in Brazilian soils from the 
Cerrad, was 6-7 ppm extractable with ammt nium acetate, and above this 
value no responses to S were detected. In Costa Rica soils, 8 ppm of sulfate-
S 	 was found to be critical for sorghum (Perez and Oclsligle, 1975).

Couto, I.at hwcll, and Blouldin (1979) reported that because of the greater 
adsorption of sulfate insoils of humid tropics, it is essential to consider the 
adsorbed sulfate in hIe subsoils for interpretation of' responses to S. For 
tropical soils, extract ion wit hmonocuiciuni phosphate has become popular
because this solvent easily cxtracts the adsorbed sulfate as well as organic
S which determines tile S reserves. Moreover, tile extract obtained thereby
is 	 less colore' vhich facilitatcs determination of sulfate by turbidimetric 
methods. Tabatabai (1982) recommends use of 0.01 NI monocalcium phos
phate solution for extracting adsorbed sulfate in soil and use of the ion
chromatographic technique (lionex model 10-ion-chromatograph) for esti
mation of S. 

From the analysis of 30 rice soils, Islam and Ponnampcruma (1982) con
cluded t at t he critical concentrations of available S as determined by calci-
Unl plio phatc, lithiium chloride, ammonium ace!ate, and hydrochloric acid 
extraction iiethods were 9, 25, 30, and 5 ppm. Though the soil testing
methods gavc different values, , I --ould be used to differentiate between the 
S-deficient and nondeficient S,;I, 

Soil Tfst.s and S'ulfiir Rqeon.s, Correlalion 

Relatively little work has been done on ilie correlation of soil tests and S 
responses in tropical countries, though considerable information exists on 
this subject for temperate zone soils (Probert and Jones, 1977). However, 
field and pot culture studies inAsia, Africa, aad Latin America, as well as 
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yield increases due to S treatment, indicate widespread S deficiencies in 
many of the developing tropical countries. 

The studies relating to correlation of soil tests for available S with 
responses to S application can be grouped into two categories. ihe first is 
those that attempt to find a correlation between thc degree of S deficiency
and the soil test vaie for available S.They express tie crop yields obtained 
without S as percentage of yield obtained with S. Instead of crop yield, S 
uptakes w',With and Wit hout Streat ment are also compared. The second group
consists of those that aill at establishing critical limits below\ which a re
sponse to S additions should be expected. 

In the first case an attempt is made to determine the degree of S defi
ciency, where. s in the second case only the likelihood of such a deficiency
occurring is determined. Most of tlie studi,,; are greenhouse studies that,be
cause if' ofImanipulation, are in common use. Noconvenience and ease 
doubt they are valuable for some limited purposes such as determining rela
ti.c efticr-ncy of S-supplyinL substances, bit they have serious limitations 
for extendiug the conclusions to field situations because of tie following 
factors: 
1.A small voluie of soil is exploite4 x plants.
2. The aniouit of water used for watering the pots is many tines more than 

0t- used in tile field experiments. If distilled and deionized water is 
used. it may ovel;, lhasize the S deficiency, which normally would have 
disappeared becatI,,, of inadvert"t addition of sulfate from irrigation 
water. If tapwale, or normal irri.t ion water is used, it may add more 
than t1Ornil antot!iltS of sulfate, which may mask an inherent S deficien
cy. Yoshiida and ihaudlry {i979) ob:rved that wheninonsulfur fertiliz
ers and deninerzlizci water were applied inpot culture trials on rice in 
the Phililppiines, an S deficiency was induced in potted plants on Lipa
clay loam (an Upland counterpart of Mlaal,as clay) soil, which is not nor
mally considered S deficient. 

3. 	The teniperature is generally higher inpot cultures than in the field; this 
iay led to greater niinerali/ation of organic S reserves of tile soil. 

4. 	(reenihouse conditions pre\ent the accretion of atmosplh-ric S,which 
would occur [tldcr iiiriiil field Conditions. 

5. 	lack of conformii\ to actual soil profiles seriously limits the utility of' 
pot cuilure tests Since tile -oniil;iniied effect of S ill sur face soil aind S ill
subsoil maxv be different from the effect of' S in eit her of' them. littropi
,:al so!Is, particularly ilhose that have high aiounts of' adsorbed sulfates 
in the ',ubsoil, pot culhure trials Wilh the surface soil imay give an errolle
or", idea about lie S satiuS of the soil. 

6. 	,\lost often in the case of pot culiture, crops are not allowed to grow until 
Iliaturily. As a result, thic full impact of the S deficiency Inay noi he real
ized. Blair (1,79) observed that pot culture studies are of' limited valie 
because they are often short-term studies that fail Ito indicate the full ef
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fect of S deficiency on the crop. However, for understanding the relative 
but not absolute behavior of the soil and crop, pot culture experiments 
are important tools. Andrew, Crack, and Rayment (1974), while review
ing the experience with pot culture trials in Australia, concluded that use 
of pot culture results is limited in that the system may overemphasize the 
nutrient needs because of conditions under which plants are growing.
However, these results are valuable when used in conjunction with the 
chemical analysis of the soil, full profile analysis, and consideration of 
environments. 

Major problems concerning S studies are assoliated with analytical
methods, sample collection and preparation, extraction analysis, and 
interpretation of results. Because of the rapid changes that S can under
go in the soil, it is essential that soil samples be collected immediately
before tie analysis is made, and long-term storage should be avoided. 
The role that S adsorbed in the subsoil may play in crop nutrition makes 
it necessary to rely more on field experiments for studying the need for 
fertilization with S in different crops and soils. 

Biological Methods 

In addition to chemical extractions a number of biological methods are also 
used to determine available S. According to Beaton, Burns, and Platou 
(1968) the biological methods are as follows: 
1. 	Radioactive S is used to determine the amount of sulfate originally in 

the soil that is assimilated by the plant tissue. This is called the 'A' value. 
2. 	 The yield of nutricnt curves is extrapolated to obtain the 'a' value, which
 

is closely related to 'A' values.
 
3. 	 Growd! of algae is used to indicate the available S status. 
4. 	 Growth of Aspcrgillus niger is used as an indicator of inorganic sulfate. 
5. 	Barley seedlings are used to extract available S (Neubauer method). 
6. 	 Soil is incubated to measure its capacity to convert organic S to inorgar

ic sulfates. 
7. 	 Plant respiration is used to assess the degree of S deficiency by compar

ing the respiration curves with and without S. 
8. 	 Extractions of S from the root pads of turnips or wheat are used to esti

mate the short-term uptake of S. 
Because these methods are time consuming and less practical, they are not 
commonly used. But there is much evidence that the methods also can serve 
as useful indices of' available S. Mehlich (1970), using the Cuningliamella 
method, established S responses for tomatoes in Kenyan soils that were 
good indicators of field conditions. However, more critical studies of these 
methods are needed. 
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Tissue Testing Jbr Sulfur Status 

The sullfate-S content of plants lhas been used as a sensitive indicator of' 
their S stat us. The various extractants include water, 2% acetic acid, trich
loroacetic acid, hydrochloric acid, formic and hypophosphorus acids, sodi
urm hydroxide, acetone, and ethanol. A detailed review of all of these is giv
en by Beaton, Burns, and Platou (1968). 

The analytical techniques include chromatographic, colorimetric, gravi
metric, nicrobiological assay, radioactivity assay, spectrographic, titrimet
tic, and tirbidimetric procedures. By lie methylene blue method of' John
son and Nishita (1952) itis possible to determine sulfate-S directly in the
 
dried plant-tissue samples withbout ashing.
 
The sulfate-S levels of 0.02%-0.03% in allall'a, 0.02"/1 in coffee, 0.013%
 

in cot ton leaves, and 0.02( in rapeseed leaves have been reported to be criti
cal levels (lBeaton, Burns, and F'latou 1968). 'lotal S colcentration of' leaves

also has been used as an index of sufficiency or ins fficiency of S in the 
plant tissue. Kamprath and .ones (In press) have presented considerable
data from the United States indicating that Mhen S cotent inl the tissues 
%as less than 1.1511'o in mai/e, 0.32% in soybeans, 0.20% in cotton, 0.10% 
in sugarcane, and 0.14'o in wheat leases, ,ignificant responses to fertiliza
lion \ith S occurred. IlowevCr, tlie authors did not call these critical valtues. 

While refiewilte efficiency of di fferent methods fbr predicting S deli
ciency by plant and soil aiialvsis, and Brogan (1981)1urphy concluded 
0h:it, in)over 100 field experinients conducted dtiring tle past few year!; ill 
Ireland, plant analysis had not been successful in predicting S deficiency.
II owever, the sulfate content of herbage at midseason did give a good indi
cation of the S status of' the herbage and could be used to predict late sea
son S del'iciencv. 131liir (1979) concluded that plant analysis for S appears
to offer sol.ie pronise. I losvever, problems wili the analytical procedures 
nlust be os ercome beLore Isef't data call be obtained. The specific issues 
that need attention include the follo\ing:

i.Itp/e Il'rcnurtl woll um/..nli.' - Establishing tie critical levels of' S 
\'ithoat spccifying tle iethiod of digestion and determination is ol little 
practical \altie for setting levels of adequacy. The evidence For this con
clusion collie . Iiii Kang and O',illthe data of (1976) who estab
lished 0.14"(, S as a critical level of S in the earleaf of' maize in Nigeria.
I)aigger and Fox (1971) observcd this valie to be 0.24% S. The differ
ences in tle alties otlained by Ihe t s'o groups of scientists could be ex
plained h- tihe ilerences illtle iielliods of' analysis. While Kang and
Osinalne (1976) used the sodiu carbonate fusion method, l)aigger and 
Fox (1971) used a mixture of' nitric and perchloric acids. The following
dala from Sansun and Robinson (1974) illustrate that, depending on tie 
method of digestion, different result, are obtained with respect to S colt
celtlralioll.
 

http:0.02%-0.03
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Method °%0S 

Dry ashing 0.150 
Wet ashing with nitric-perchloric acid treatment 0.207 
Nitric-perchloric acid digestion for 1 hour after clearing 0.355 

Often critical levels are established on shaky evidence. For example, De 
Freitas, Gonies, and Lott (1972) concluded that 200 ppm sulfate-S is the 
critical limit for coffee leaves. However, as pointed oLIt by Blair (1979),
the spread of the data indicates that this criterion is too insensitive to 
be a useful diagnostic tool. 

2. 	 Sulfate Vetsis Total S in Tissue - Lott, McClung, and Medcalf (1960) 
considered that sulfate-S is a better index of S deficiency inl coffee than 
is total S. However, according to the observation of Anderson and 
Spencer (1950), sulfate may accumulate when there is a molybdenum
deficiency, even though the plant may suffer from S deficiency. Thus, 
any criteria based on sulfale-S in plant tissue without consideration of 
tie other nutrients could lead to erroneous conclusions. Freney, Randall, 
and Spencer (1982) were of the opinion that a better index of the S status 
of the plant is tire proportion of sulfate-S to 	total S i~i the plant tissue. 
Very strong correlations exist between this index and yield, and the rela
tionship is independent of plant age and N level. Grain analysis can also 
be used for diagnosis of 'S deficiency. A staining technique has been de
velopcd that can distinguish between low-S and high-S grain. Grain anal
ysis for S is of great practical use because of the effect of S on the baking 
quality of wheat lour. 

3. 	Dij/f'rence.s in Cultivars - It is well established that different cultivars 
of the same species do vary in their S contents. For example, Fox, Kang,
and Nangju (1977) observed that cowpeas cultivar Sitao Pole showed a 
critical value of 0.032%1 6 S and cultivar TV476-2E, 0.064% S. Thus the 
culivar variation makes one value a useless criterion for tile other. 

4. 	 N.'S Ratios - Researchers have used N:S ratios also as a diagnostic tool. 
The ratio varies from 14:1 for graminaceous to 17:1 for leguminous spe
cie sand 15:1 for most of the crops. It is believed that variations inl the 
ai11miunt of N and S fertilizers used do not appreciably change the N:S 
ratios of' the protein (l)ijkshoorn and van Wij k, 1967). Dev and Saggar 
(1974), with 12 cultivars of soybeans in India, observed that S applica
lion at varying IC\Cls lo\.recd tlie total N:S ratio and widened the protein
N:protein S ratio. lhey also observed that these ratios varied from 12 to 
16 in different varieties, which indicates great varietal differcnces. Bamisal 
and Singh (1979) used N:S ratio for diagnosiig S status of alfalfa. 

Reneau (1981), on tire basis of studies on S requirenients of maize in Vir
ginia (U.S.A.), concluded that tile critical concentration of total S would be 
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0.18%, and the N:S ratio in the leaf opposite and below the car leaf at silk
ing would be 15. Islam and Ponnanperuma (1982) concluded that the criti
cal N:S ratio was 15 in the shoot of rice at maximum tillering, 14 in the 
straw at maturiy, and 26 in the grain. The sulfate-S expressed as percentage 
of total S was 15010 in the shoot at tillcring and in the straw at maturity. 
The effects of varietal variations and stage of' development or maturity of 
the leaf on S content and also N:S ratios make these criteria not very satis
factory for predicting an S deficiency. 

From these discussions it can be concluded that both soil testing methods 
and plant tissue testing methods have limitations. However, the soil testing 
method may have certain advantages for tropical soils. In fact, tile use of 
extractants like monocalcium phosphatc solutions will give a good index of 
the available S in the soil because they will extract soluble sulfates, adsorbed 
sulfates, and some fraclion of easily extractable organic S. Efficiency of the 
soil testing methods can be increased it' care is taken in sampling the soil, 
processing the sample, analyzing the extract, and extrapolating the results. 
Knowledge of soil taxonomy should be used in interpreting the soil analysis. 
Tissue estingi cal fturther improve ie interpretation of' results and better 
delineate the S-dcficient soils. In the tropical countries very little work has 
been done in correlating the results in the same taxonomic group of soils, 
and this makes tile extrapolation of' results all fhe more difficult. 

l)-terminanis of Sulfur Deficiency 

Sulfur deficiency can be chronic, transient, and induced, depending upon 
the soil, climate, crop, and management system. To identify the S-deficien 1 

areas and to understand what causes or accentuates these deficiencies, pres
ent and fttre, there is a need to analyze (1) soil factors, (2) climatic factors, 
(3) crop, cropping system, and crop management, (4) fertilizer use and 
management, (5) irrigation, and (6) industrialization and environmental 
policies. 

Soil '(thors 

The data available on the S status of' the virgin tropical soils, specifically
those relating the S content to the soil taxonomic group, are limited. In re
cent \ears, however, effor~s have been made to determine the amount, form, 
and Mvailaillity of S in different soil taxononlic groups. Generally tile soils 
derived from volcanic parent materials, as are common in Central and 
South America, are deficient in S (Fitts, 1970). In these soils the organic 
matter is closely associated with tie allophane, and the rate of' release of 
S from this material is rat her low. Despite their high organic matter con
tents, such soils are deficient in S, and crops planted oil themi respond to 
S application. 
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The coarse-textured soils in the humid as well as semiarid tropics (Table 
5.2) are generally inherently poor in S and also have low retention capacity 
for sulfate added from various sources. Widespread S deficiency has been 
observed in light-textured soils in Asia and Africa, and such deficiencies be
come more e,,ident in oilseed crops, legumes, forages, cotton, and cereals. 
Judging from the responses to S reported, it appears that these sandy soils 
of the semiarid tropics, which are agriculturally very important, may be vul
nerable to S deficiency because of their inherently low organic matter, the 
high temperatures, and their high permeability. Kanwar (1963) observed 
that 75(%io of the groundnut-growing soils of Punjab are deficient in S and 
contain less than 10 ppn of' extractable sulfate S. Approximately, 50% of 
these are also deficient in 1), which makes the use of SSP an ideal fertilizer 
for correcting both S and P deficiencies. For correcting S deficiency, howev
er, gypsuli isadequate. 

Little work has been done ii;the tropics to relate S deficiencies to soil fac
tors, and the experience from the temperate zone is not very helpful. Fur
ihernore, its extrapolation to tropical conditions is misleading. However, 
the relationship that has been observed in comparable tropical areas of 
Queensland and New Soulh Wales in Australia or H-awaii 1ithe United 
States could be extrapolated to other tropical conditions. For instance, 
Spencer (1966) observed that the color of basaltic sedentary soils in north
ern New South Wales was correlated with S status, lhe reddest being most 
deficient. However, there was no relationship between pH or redox potential 
and S deficiencies. The red soil,, probably because of the high anounts of 
iron oxide, better aeration, and drainage, show, greater oxidation of organ ic 
S and higher leaching losses. ()tie could extrapolate this information to Al
fisols which have been observed to be deficient in S in Africa, particularly 
in Nigeria. The research on S inwest Africa provides good evidence of this 
type of' relationship. 

Attempts have also been tiade to relate S deficiency to geochemical infor
iation about soils, but tie information i"so scanty thali o generalized par

tern could be conceived. This makes a strong case for iore research studies 
of associations of S responses to soil factors. Andrew (1975) observed that 
soils with a mean S content of 130 ppi responded to S application in 
Queensland, a tropical area. A large nuimber of soils in t he semiarid tropics 
have even less thani this alion nt of S and are likely to benefit ''omliS appli
cal ion. 

Soil erosion can seriously a ffec! tlie raltus of soil. l)a a on S losses (flre 
to erosion are not readily available, bul one can estimate the losses from ihe 
data oil loss olorgailic matter aid sillate in tlie runo f water or windblowi 
material. AIthough these losses iay be serious insonic locatiotis, the erod
ed material whenever deposited can; enrich tle soil in S. Examples ft Ihis 
type of redistribution are a'ailable in all of the seiiarid tropics and li'nid 
tropics. For soil lhat do not ads(, sulfale-S or sorb it weakly, there al-i 
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only two sources of S for crops - mineralized organic S and atmospheric 
S. Any surplus sulfate will be leached out. 

In a field experiment on hybrid naize at the Indian Agricultural Research 
Institute (IARI), New Dclhi, Das et al. (1975) observed that the N response 
curves in the range 0-80 kg N (lid not show any effect of the addition of 
30 kg.S. However, beyond that it had a positive effect which increased as 
the N dose increased (Figure 5.3). The soil was highly deficient in N, but 
it contained a mcdi urn amount of available S (extractable sulfate-S > 10 
ppm and total S even more than 300 ppn). It seems that S supply from the 
soil became a limiting factor only at hWgh levels of N. Similar N response 
curves have been reported by Bcaton (1980) which show the synergistic ef
fect of S on response to N. These data indicate that S becomes a limiting 
factor at high levels of N use but tile amount of S in tile soil is probably 
ale(lt.tte at Io~v levels of yields and N closes. 

Climatic Pictors 

01' the climatic factors rainfall, temperature, and soil moisture have the 
most relevance for S. I-I an, Fox, and Boyd (1970) concluded that S 
accumulation and distrib.,,on in soil profiles are related to rainfall in three 
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ways: (I) tile capacity of soils to stabilize organic matter containing S is a 
function of reactive products of' weathering which is related to rainfall, (2)
the capacity of soils to adsorb sulfate is related to weathering products, and 
(3) rainfall is a major source of sull'te extracted from the air. The Aus
tralian studies in New Soutli \',,les sliow' that, although rainfall and sulfate 
adsorption capacity have been reated, tihe relationship varied between soil 
types and no direct relationship was found to exist betw'een adsorpmion ca
pacily and S-supplying power of soils (Blair and Nicolson, 1975). 

[.oN (1980) has drawn at tent ion to a number of reviews which indicate that 
S deficiencies are most pronounced in highlyvweathered tropical soils. These 
are also the soils \"ith higLh sulfate adsorption capacity. For example, 58% 
of readily available S ili a group of soils from Brazil canie from adsorbed 
sulfate, whereas hardly 2% was contributed by this source in Iowa soil 
(Nepttine, Thbatabai, aid I lanway, 1975). It has also been observed that, 
though highly weathered tropical soils may contain thousands of kilograms
of adsorbed sulfate per hectare even within tile root zone of tile crop, tile 
crops planted in this ,oil may still respond to apphcation of' sulfate. This 
is because tile anount of sulflte entering solution and being used by tile 
plalll roots Illa' i1ot be adequate to meet tle plant needs. From ntimerous 
studies reported, Fox (1980) concluded that approximiately 5 ppm of sulfate-
S in the soil solution appears to be tile critical limit for most of' the crops
in ti tropical and subtropical regions t1ot.l' sonic crops like bananas nav 
ieed as little as 2 ppn sulfate-S. 

Rainfall is a major source of' S extracted frolli tle atiiosphere. Coleilan 
(1966), oi file basis of a literattire review, concluded that rainfall deposition
of' S ranges from less than 1.1 kg/la to over 134 kg/ha. Low \allies are in 
rural areas. In tile ind ustrialized countries of tile temperate regions large
transfers ol'S from tile atniospliere to tle soil have beetn observed. However, 
in tropical countries file addition ol S froin lie atiiosphere is small. Sulfur 
inputs frol rainfatll are eiierally higher n..ar thie sea than inland. Fox et al. 
(1965) recorded 5 ppm S in raiiiwater 0.5 km away from tlie sea oii the islatnd 
of' Kawai in I las.aii but only 0.8 plm .', 8 kin inland. The contributioni of' 
rainfall to soil S supplly anid ilie losses through drainage need to be (luaitita
tivelv assessed to determine the need f'r S fertilization. 

Il tile tropics tile soil teIpLrat ures are generally very high, which acceler
ates niinerali/ation of' orgaitic iiatter and release of sulflte-S. This process
is I'ttrthiel accelerated during dry periods which are generally very long(5-10
iiioit his a year), especially in tile semiarid tropics. Thus, during tle dry peri
od Ihe large altioutnt of sulfate il tie soil ma' cause a fItishi of S to be sup
plied to tlie crops in tlie begi in tg oft ile wel season, provided most of' thesulfate is not lost through leaching and erosion during intense rains of' the 
iiioiisooii season. Alternate w\ettCiig and drying restils in higher than usual 
Iineralilat ion and buildup of sulfate. Informatio on this subject is virtu
ally nonexistent; there is ainurgcln tCeed for studies oii sea,;onial changes in 
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the sulfate status of soil since such studies would hold the key to rational 
S ertilization. 

Cropsv, Cropping vsjens, and Cr0o) Residuje 

File " requirements of crops depend on the nature and variety of the crop, 
the crofiping system, and the expected yield. There are large variations in 
tile atnon nt of S removed from soils by difterent important crops of the 
tropical countries. While S needs may have been low at low crop yields, the 
use of highyielding varieties responsive to higher levels of nitrogenous fer
tilizers, will further increase tile demands for S.Th us the areas that have 
shown S deficiency in tile past may need fertilization with S-containing fer
tilizers, and other areas where S delficiency was either undetected or margin
al will become more obviously deficient with higher demands for other 
ltriClts. 

The II tio11t o1 S I-eloved by a trop is go\ ern,-d by tle aniount of 
S removed in tile product and tile fate of tile plant residue. Because of nutri
ent recycling and eeierally low growti rate of nati\e vegetation, tile S re
quirciemrilt of these systems is generally low: when tihis vegetation is replaced
by an agriculture crop, as is happening in many tropical countries of Africa 
and Latin Anierica, the deniand for S increases considerably. The increased 
Sdenand puts st,.ess on tile stpplv of S froml tile soil, and tile soil may or 

may not be able to meet this demand. The Changes in available S under an 
ititensiwc cropping system in tile sandy loatn soil of New Delhi, as reported 
by Snibbarao and Gliosh (1981), providc evidence of this process (Figure 
5.4). TIe time period ofore S deficiencies are experienced varies depending 
on soil reserves, tII r r riles, and tle inputs fom1 external sources. 

It is not only a qllt.. ,,:of' a particular crop \ariety but also of a crop
ping System and intensity of cropping. Witi higher intensity of cropping, 
sequential cropping, inlercroppliL, relay cropping, and companion crop
ping, tile demands oii the S reserves in tie soil \%.ill grow, and without adc
quate feitilizatiol with , ii will no longer be possible to ge good crop
yields. Subsistence farming and shifting agriculture systems are being 
replaced \withI more intensive and market-oriented cropping systems that ac
centuate tile requirenients for all nutrients, including S.A qpecilfic exaniple 
of tle imllpact of" a shift froni a singlecrop using Iradilional technology to 
a double crop osing modern techinology oii S requirenicnts is provided in 
Thble 3.4.
 

or conlparison, let us ass ne that tile crop production hliincreased 
Ilroli 2 mot/ha grain (stubsistence fariiilig) to I()mt/ha (intensive farmiig). 
Illthe traditiolal f'ariiiing systelm tlie grain and tiraw are generally con
sltllied on the f;arit. Il t ie case of iodern farnililg systlls, let uis assulle 
ihat all tile grain is sold ofi liefari, rice strass is burnt, and wheat straw 
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is recycled through (he aninal chain system.' In tie intensive tarling sys
ten, lite estiimated inntal S loss for wheal would be 7.5 kg from straw and
5 kg from grain, making a total annual oss of 12.5 kg S/ha.2 II the case 
of rice where straw is all burned and grain sold out, all the 15 kg S/ha will 
be lost annually. Thus the annual S loss from the farn will be 27.5 kg/ha.
With subsistence farming in the sane crop rotation and with low yields at 
onle-f'it'lli of this level, the annual loss would have been only 5. kg/ha. If 
only onie c rop were grown, the annual S loss would not exceed 2.75 kg/ha. 

III ca.s tihe annial accession of S from the atmosphere tirough rain is 
about 1.5 kg/ha, the nct S deficit would be 1.25 kg/ha in one crop and 4.0 

i. i tire snhisl'rlc c tarnintti s,.e,lttl, ihieannual yield is 2 ittliha of grain aid 3.32 nit/iha of 
strawr; arid total S renirsed si7 kg/ia, of ' iicit 4.6 kg/hi is ill straw. ihi the intensike ilirmiig
s'stei, tihe aiilill yield is 11)tin ia (5 fill whcal aid 5 ilil lice) of grain, arid (6.6 litlia
(8.3 inl o she'lat aid X,3 ii io rice) of lta ; aind ihc ,.ial S rettioved is 20 kg/ia oflhis 15 kg
ill siriss) h Mlical aid 15 kg,,iA iof iis 8 kg inllistia v t rice. 
2. itased oil ).cci (1972): (iti 501%of S is etired, it[lie soilt treln lcerialgrain is sold off
lie alirtn aind iriss is litii irneias iniail re, Ibl 60"'o of S is returnet d to soil \Mtieri cereal grain

is ctonsiritid off at r,ihe firlnr i iliti is reirtined 0I lhe field, lind Ic) 70"o of, S is returned 
to file soil %khen forage is cnonumeiid otl ihe11ir and nianilre is returned to tire field. 
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kg/ha in the tvo-crop subsistence ftarming; this could have been met from 
he soil and sulfate S in irrigation water and tile farmyard i.ntre. It' the 

atmospheric S addition is 3 kg/ha/year, it would be even more Ifavorable. 
But in the intet:,ivye flarming svstem with an annual S delficit of 27.5 kg/ha, 
the sulpply ol S 'lrom external sources such as S-containing fertilizers be
colni.s essCntial. It ]has ell assumed that the S supply from soil, the at
imtosphere, irrigation water, and arimyard manurc.., is the sarne as in a subsis
telnce farmllill vsystem.
 

.
Noreoci,therc is a loIi history of nutrient export from this region with
out applopriale iiport or application of S to the soil. The removal of S by 
a fcrtilild crop of griuindnuts (f'rtilized \ith 251 kg of SSlP/ha) is 5.4 kg 
ill iatlmns, S.kg in shells, and 5.4 kg in kernels or a.total of 11.6 kg S/ha. 
With 1.2 iillion ha undeti gioutidntlS ill Nigeria this would amnt.l11 to a 
loss of' about 14,000 iit of S annually. A larlec parl of' this S may be export-
CLlhrotuli thle CxpOrt of' groIundiuls. 

lhe IludhiaNa 'oils ar' Said\' witI) \cry little adsorption capacity for sul
lkit'e thtus, S dcl'iciency is Iikel\' to be serious. It is no surprise that nany
rcCt sdiS Iront1 the Pltlitjah Agricullure University, Ludhiana, have indi
talCd tile actile S dcficiculc\ and r+,SlOlsS 1o S (Iiasrichla and Rand hawa, 
1973; Katiaa, 1963; Dlalai, Kitlwaml, and Saini, 1963; Kanwar and Randha
\\a, 1974; ('lionia and Karwar, 1966; Aulakh, lPasriclha, and Dcv, 1977; Dev 
and Kuriar, 1982). Broiield, Iltiicock, and l)ebeiihan (1982) have cited 
sitilar cases of increasitig S deficiency in t lieIh ighlands of Kenya. The long
tMill stidies tlhat %\Ciestarted h\ the Indiani (Cotincil of' Agricultural Re
st'clh ill Iitdia in 1971 also hritig out couvinicingly tile increasiuic. need for 
S ((ihosh, 198(). Crops, icludi \sllat, grnunditlS, Indian mustard and 
iape, heroen, citickpcas, aii ntaizC, harve, indicated good responses to S ap
plicalitot ill tlsce soils. The tLis ol gypstlli has bccol.tc popular in this stale,
Itot tlly for reclatitalioti of sodic soils, but also for correcting S deliciency 
inll torittal soils thai ate 'either intliereutly delicieitt or are ex.periencing in
duced deficiticv die to ligher yiclds, iltnsivC cropplilg, anid higher ise of' 
S-lic NIPK f'rtili/ers. 

Ilie S retllitmal 1\Ilie ptoduct depeids oil both it.ic S content oft ile prod
ticl i.l its yieId ( lasters aliid Mc('ace, 1939). It should be pointed oul 
hat the literat te sos\ srcat uariation in S contett of" grains aind other 

p+rodlucts ( lel 4.2). For exailille, S ill rice graii ay vary frot 0.0+341u4tin
clCr S deiicinc to 0.161"0 under S sufficie.icv, aid the yield of'graii may
\aill i .75 to 8.1) of grain. fromll0ll ilt ill Stulfur requirementis will vary 
(i.26 	ito12.8 kg ha (Blair, 1979). A,\iiother imlportatnt flclor ill considering 
lie S sllyll alild reitoval is Ilie and zoite of exploitalion byrot gilL pCt)h 

the Crop. [lie short-rooted raiges and antial crops exploiting the sturl'ace 
soil ta v l actilte S dCl'iciCncy, lCCp-roolCd perenilniailsif rout 	 MItielas 
clops in tlie saelli soil miay be ablc to iset lile S adsorbed or accumuiitlated 
in lo\\Cr horiolls of tile soil aitd may not show S deficiency. 

http:bccol.tc
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An evidence of increasing S deficiency in Sudanese savanna > Guinea 
savanna > derived savanna > forest zone of the humid tropics of Nigeria 
is provided by Kang et al. (1981). The losses of S through loss of' organic 
matter, t hrouih imineralization, or through burning of vegetation or clear
ing the forests and savanna woodlands, have already been discussed. It may, 
however, not be out of place to emphasize that with shifting cultivation and 
immediately a fter clearing the forests, the deficiencies of S in tropical areas 
become nio:: manilest. Bromfield et al. (1982), on the basis of their ex
perience in Nigeria and Kenya, have postulated the following (Figure 5.5): 

Stage / - In the first year after clearing of natural vegetation or cultivation 
0f fallow kind or old pastureiland, less organic S is miineralized because 
more organic matter is incorporated in the soil. This may cause a temporary 
or transient S deficiency. The case is similar to N deficiency occurring after 
clearance of vegetation. 
Stage 2 -- A fter 2 years the atnount of S released from mineralization of' 
organic matter and other sources of"S provides enough S for tie crop. Now 
tle transient S dleficiency disappears and, iti fact, an excess of S occurs. 
Stage 3 -- With conltinIuied cropping the combined sulfate-S supplies exceed 
the crop requireient, and tie surplus siilfate moves into the subsoil and 
gets adsorbed. The depthLIs of movement and adsorption depend on tile na
ture of tile soil, tle amlontlt o1 water leaching the stlfate, and the competi
tion of tile crop for removing it. These conditions may lead to a stage of 
chronic deficiency. 

0 

Transient Surplus Chronic Crop 
IfP Deficiency uate Deficiency Requirement 

5ulfalttS frocr, urLganhr Molter 

Retained Sub-sail 

',,faie fromile lmospheet Sulfate 

T rne 

I i.t/A' 5.5. S-t I )c l lLn%alid ( lltip,',C ill Soul1r ¢,, of Sitlfutr Io ('iop , in 5soiIs Iron ('car
atc ol Nalttal Iallo t hioigh ( ioppig ( \cIl With No \ppflicaiion of Iertili,'cr Sulfur (nol 
to scale). 
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Stage 4 - With continued cropping the organic S and the amounts of 
sulfate-S released by minerailzation decline. The adsorbed S also declines, 
the total S supply to plant becomes less, and a perennial S deficiency ap
pears, which may be called induced deficiency. 13.om field et al. (1982) called 
it chronic deficiency, but we would prefer to call it induced deficiency. 

If the crop and soil management systems are based on incorporation of 
residues of the previous crop directly into the soil, tile S deficiency may not 
become so acute. On most of the farms in tie developing countries, particu
larly in the tropical zone, the straw is mostlv removed from the system either 
through burning or export, and this accentuates S deficiency problems. 
In Punjab (India) rice straw is being burued, which means that more than 
three-fourths of its S is lost. Besides creating an environmental pollution 
problem and a licalth hazard, this creates an S deficiency, which will be ag
gravated \w'ith more intensive cropping and a continuance of the practice.
At present, Punjab is reported to be buriing more than 5 million nit of 
straw in the fields. 

The beneficial effect of stra\\ will (epeild on t lie amount of S incorporat
ed iin it. In some instances straw may even decrese the amount of S available 
to plants by immobilizing it through bacterial action. Stewart, Porter, and 
Viets (1966) found there was a net imniobilization of soil S when wheat 
straw with less than 0.15% S was added to tile soil. Thus application of S 
may even improve thi., efficiency of S provided through crop residues and 
sI raws. 

l'rilizerUse an( ,nagementi 

Iertilizer Type - One of the primary external sources of S supply is S
containing fertilizers. The low proportion of S-containing mlaterials and the 
use of' high-analysis N, P, and K fertilizers, which usually have little or no 
S, are creating S deficiencies in modern agriculture. Hignett (1970, 1974) has 
drawn atteition to tihis reduction in S input due to the shift from AS to 
urea, and from SSP to TSP. 

With proper selection and use of S-containing fertilizer, the S needs of 
a crop can be iet. If this is not feasible, tile use of' materials like gypsuni, 
phospliogypsul, pyrites, and elemental S ha; to be considered. There is
also a need for tile development of technology for the manufacture of fer
tilizer prodticts that would sipply otlier nutrients and provide an inexpen
sive source oi" S. For econonlic reasons TSP, which las 46% P,O, and no 
S, has replaced SSP, wlhich hl,.s ' ',1-18% P,O, and 12(1"o S. Trends also in
dicate greater use of TSP in, .. ,t tire and tius aggravation of tile S dcfi
ciency. Greater use of DIAP and phosphate rock also would lead to greater
inbalance between I) and S supply. 

In greenhouse and laboratory studies, Korentajer, Byrnes, and Helluiis 
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(1983) obserwvd that liming of acid soils increases the leaching losses of sul
fate due to several mechanisms; such as desorpiion of sulfate From soil col
loids, increased mineralization, and increased solubility of sparingly soluble 
hydroxysul fate compounds. The relative effects of' ihese taclors depend on 
the soil profiles, the amounts of organic S and adsorbed sulfate, the sulfIte 
adsorption capacity of the soil, the soil p1-, and dhc temperature. Pertinent 
dat a from their cxpcrilcn:l. fo0r I W, soils are gi'en in T"able 5.9. Both soils 
tested belonged to the sanle taxonomic grolvp and were highly acidic. 
Nlthtitvicw soil had higher cation cxchngc ca (cvity (9 03 mcq/100 g) and 
Hartsells Iower (5.08 meq 100 ). Ths, remlts show that in tIle absence of 
leaching liminit tid not materially chanlge Iho sui',.e conCnl of the soil that 
was cxtractabl, with water or phospha:tc, but1 With continuous leaching there 
was a marked decrease in sull'atc-S e.,t "actable with p!iosphatc or water. The 
change was more marked as the lc\el of' liming increased, and it was also 
greater in the soil withIreater sull'alc a. orplion capacity. 

According to these studies, when acid soils that are potentially S deficient 
are linied and subsequently leached - which would happen under high 
rainfall conditions -- they may become S deficient, and expected effects of. 

l'auh 5.9. lhc ecc of, timiig alld teaching on soit SilfIatC, tolal oiltll ' lfur,aid tIle ano01it, 
of, ,tilate leacied. 

I )4-pI 11O t'i(in Adsot bedl Total L.aching 
rate extractable extractabile S(),-S, Sulfu r toss 
(g/kg) SO-S SOS (1f S/g) (jig Sig) (jig S/g) 

(lig Slg) (1ig Szg) 
I -- 4 

Moutttview soil 
0.0( 4.3 14.4 9.5 14.2 9.5 0 0 139 114 15 
0.5 4.7 15.6 2.0 18.1 t 3 2.5 <0 d d 19 
1.0 5.0 14.0 (.8 18.9 1.3 4.9 0.5 154 125 24 
1.5 5.4 18.5 0.6 20.0 2.1 1.5 1.5 149 105 29 
2.0 5.6 20.5 0.5 21.7 1.3 1.2 0.8 151 89 34 

0.0 4.5 6.6 3.4 50.7 24.1 14.1 20.7 1(07 65 41 
1.0 6.3 18.9 1.3 53.1 3.2 34.2 1.9 102 57 64 
1.8 6.8 29.8 1.4 75.9 4.5 46.1 3.1 98 60 72 
2.5 /.0 33.3 1.8 84.2 4.8 50.9 3.0 107 37 71 

a. After 2-week liming and incultalton at field moist rc capaci:y (20 '() atrd the 10-day leach
ing period. 

b. Tit ' * meais nti leached, ' nircatis leached. 
c. C:Ic,lated as adsorbed SO, (11.[PO)-exiractabe S, 4 - 11.IO-cxtractablte SO 4). 
d. Not avaitlaH:.
 
Source: Korettajer, It'rtes, and Iellins (1983).
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liming in increasing yield may not be realized because of lime-induced S 
deficiency. Of course, it is also true that many deficiencies in inicronutrients 
such as Zn, Mn, Fe, and 13also become more marked on liming, but liming
induced S deficiency has been more often overlooked in the past. In the 
highly xmeathered tropical soils this may be a seriou: limitation to crop 
production. 

Intensive USe of'Phosphates"-- Phosphate fixation and phosphate deficien
cy in the tropical soils are well known, and any program for crop production 
aims at regular and heavy use of phosphates. In fact, efforts are made to 
saturate the phosphate-fixing capacity of these soils with heavy doses of 
phosphates, which indirectly reduces the possibility of sulfate adsorption
and thereby induces rapid losses of sulfate through percolating water under 
torrential tropical rains. 

The intensive use of phosphates, particularly those that are free of sul
fate, will aggrav'tle S deficiency in soils by creating all imbalance of S and 
P, which ws'ill cause lie phosphate to displace the sulfate from the adsorp
tion surfaces. Ensmin ger (1954) reported that after 18 years of application 
of P and S, the soil with the highest rates of P and S was lowest in extracta
ble sUl fate-S. The suilftate thus displaced may go into soltoii and be taken 
up by the growing crop, or it lay be leached out of the soil. Some sulfate 
ions moving withIihe percolating water may be adsorbed on the surface of 
ile soil complex in the lower horizons of the soil. 

Thus, overphosphating, like overliming without consideration of fate of 
sulflate ill soils, is gradually making the tropical soils dceicient in S. Lime 
and fphosphate applications are no doubt essential for improving produc
tivity of acid soils high in exchangeable aluminum. But to avoid the adverse 
effect of these applications on sulfate reserves in the soil, the use of coarse
grade gypsum or other sparingly soluble sulfate-containing fertilizers may 
be useful. It is also evident that the problems of S fertilization of the crop 
should not be studied without considering the interactions of lime, phos
phate, and other nutrients in tile field. It is doubtful that the single nutrient 
approach to fertilization is meaningful. 

The waterlogged soils of hot and warm tropical regions are extensively 
used for growing rice. The effect of the addition of lime, AS, and SSP in 
waterlogged rice soils of Assam was studied by laldhiar and Barthakur 
(1976). They observed that these treatments increased the formation of 
hydrogen sulfide and waler-soluble sulfides in the soil. Thus lie reduction 
of sul fate to S, encouraged by waterlogging and treatmnents with linie, SSP, 
and AS, caused sulfide injury to growing rice plants. Sachdev and Chhabra 
(1974) reported that after 4 months of incubation with sulfate, under 
anaerobic conditions in an alkaline soil, barely 12.176 of the added S could 
be detected as sulfate-S, whereas under aerobic conditions 68% waF still 
present in sulfate form. This represents another type of S loss in lowland 
paddies. 
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Thus the problem of fertilization and management of fertility through
judicious use of lime and phosphate has practical implication for S availa
bility in tropical soils, but such studies should be made under the field en
vironmients rather than the laboratory conditions. 

Irrigation 

Irrigation in arid and semiarid tropics can have two types of effects: (1)it 
can add sulfate to the soil and (2) it can leach the sulfate from the soil. De
pending upon tile quality of water, the concentration of' sulfate, and the na
ture of the soil and crop management systems, it will have different effects. 
The lighttextured sandy soils of the semiarid tropics in Africa and India 
have shown considerable S deficiency and hence responses to S. It is interest
ing that despite application of irrigation water which may contain consider
able amounts of sul fate (1-5 meq/liter) these soils still respond to applica
tions of'S. Because of tle high rate of movement of' water through the soil 
and the low retentioi capacity of soils, there is need f'or regular application 
of S. 

Thus irrigation water itself acts as a leaching medium for tile sulfate from 
tie soil and may aggravate S deficiency. Under monsoon rainflall condi
tions, particularly if there is continuous rainfall for some time, S deficiency,
like the N deliciency, is likely to increase. Attention has been paid to leach
ing losses of nitrates from soils, but no attention has been paid to reducing
the leaching losses of sulfate. Split application of N fertilizers is advocated 
for reducing N losses. Split application of sulfate may prove equally benef'i
cial and also deserves consideration. Use of sulfur-coated nitrogen, potassi-
Lum stilfate, and sul'Ur-lfortitied phosphates needs examination.
 

Korcntajer, Byrnes, and Hcllums (1983) 
 studied the effect of' leaching on 
applied S. These aUtlhors used 0.87, 1.78, and 4.89 n1n leaching/day and S 
application rates equivalenit to 0, 10, 20, 40 kg/ha. They observed that with
 
tle 10-kg S application rate and the leaching rate of 4.89 rm/day, which
 
would be considered normal for coarsc-texttired tropical soils, 440/0 of the 
S was lost in leaching and 43%/' was recovered by the plants. The rest (23%) 
was retained in tie soil. The authors concluded that moderate-to-high per
colation rates, such as those encoutitered inmany S-de!'icient soils of tropi
cal regions, will lead to signif'icant losses of sulfate and decreased fertilizer 
ef'f'iciency. Rue and Kam prath (1973) indicated tle changes instil fatc sta
tus intile A horizon of' an Arenic Paleudult at various times a fter applica
tion of' gypstun (lable 5.10). 

Yoshida and Chaudhry (1979) suggested that irrigation water with an S 
content of' 2.7 ppm should be able to supply the entire S needs of' a rice 
crop, whereas Wang (1978) considered 6 ppm to be tile iiinimutn required.
Responses to S were experienced inrice paddies in South Sulawesi, Indone
sia, despite the sulfate-S content of irrigation water being more than 2.8 
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Table 5.I0.Changes in soluble sulfate in soil at various depths and different periods. 

Days after Soluble SO,-S content.' 
treat meit 
wi Iigspsuin 0 - 15 cm 15 - 30 cm 30 - 45 em 

(ppm) (ppm) (ppm) 

44 	 22 20 8
 
91 14 
 14 18
 

154 2 7 
 7 
188 	 1 2 4 

a. Initital SO, at all depths was less than 1.4 ppn.
 
Source: Rhte and Kamprath (1973).
 

ppm. Indian experience suggests that many of the waters from the tubewells 
and canals, which are cotmonly used for irrigation in Putnjab, have more 
than 6 ppm of stilfate. Yet the crops irrigated with these waters respond to 
S application. YMdav (1982) gives the mean chemical composition of ground 
waters of PIunjab and Rajasthan, which are used extensively for irrigation 
(Table 5.11). A survey of' Indian literature suggests that even in these dis
tricts, despite the high sulfate-S content of their soils, responses to S are 
common, particularly when these waters are used on sandy or light-text tired 
soils. 

The canal water in Northern India has total salt content of less than 160 
pptn, and its S content does not exceed 10-12 ppm. In a recent survey of 
9round waters used for irrigation in the Sangrur district in Punjab, Singh 

Thh'5.11. Mean electrical conductisity (I-C) and chemical composition of some ground 
waters of Plunjb and Rajasthan in tndia. 

State 	 tiC x 10' Salt content SO, content 
(micromihos/c in) (approximate) 

(pptn meg/liter 	 S 
Ippm) 

IPu,,jah
 

Fero/epur 2.1 	 1 344 5.8 92.8 
Ilialinda 2.7 I 728 5.0 80.0 
.angrur 1.5 960 10.6 169.6 
Amritsar 1.0 640 0.5 8.0 

Rajasthun 
Ajimer 5.5 	 3 520 24.8 396.8 
Iikaner 6.3 4 032 12.2 195.2 
Jodhpur 5.5 	 3 520 8.7 139.2 
PaIi 5.1 	 3 264 10.8 172.8 

Source. Yiadav (1982). 
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and Marok (1980) observed that, of 446 water samples, 8416 contained be
tween 3.2 and 72 ppm sulfate-S. Aulakh and Dev (1976) have reported S 
deficiency in this district. The S needs of the crops ol these soils have not 
yet been studied. There is a need to examine the role of sultate added 
through irrigation water on crop nutrition. !t is possible that in coarse
textured soils of high permeability, low organic matter content, and low ca
pacity for adsorbing sulfate, the sulfate from irrigation water goes eyond 
the reach of the plant. Or perhaps some chemical changes, such as precipi
tation, make the sulfate unavailable. 

Acute cases of S deficiency in rice have been reported in Indonesia and 
Bangladesh, especially in arcas where irrigation water is low in sulfate-S. Is
munadji and Zulkarnaini (1978) and Sakai (1980) have reported the S con
tent of irrigation waters where rice responds to S application. The .ata in 
Table 5.12 show that nearly al samples had very low sulfate-S content. It 
seems that the relationship between the sulfate co'itent of irrigation water 

Table 5.12. Sulfur content of irrigation water in Indonesia and Bangladesh. 

Country 	 Localion S content 
(ppm) 

Indoniesia, 	 Nluara Bogor 1.28
 
Citayat Bogor 1.36
 
Singamerta Serang 4.04
 
Cihea Cianjtr 2.64
 
Megalang 6.17
 
Meguwahargo Yogjakarta 6.17
 
Ngale Ngavi 1.68
 
Pacet 20.20 
Pusakanegara 19.40 

Bangladesh5' Joydebpur \ 0.06 
)haka roadside' 1.22- 2.78 

Comilla substation 0.99 
Bangladesh Agricultural Research Institute (BARI) farme 0.20 
Joydebpur, 0.26-0.27 
BARI Amanr 0.13-0.54 
BARI West Borol 7.18 
Deep water Aus% 3.58 
BARI main drainage canal' 7.38 
Bansip 3.02 
Jantnav 4.59 

a. Frott Ismunadji and Zulkarnaini (1978). 
b. From Sakai (t980). 
c. Rain water. 
d. Tank water. 
e. Tubewell water. 
f. Paddy field water. 
g. River water. 

http:0.13-0.54
http:0.26-0.27
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and the S deficiency in soils irrigated with this water needs to be thoroughly 
investigated; some irrigation water3 have reasonably high sulfate contents, 
and vet the soils irrigated with them still re.;pond to S. The problem has 
practical significance since in all developing countries irrigation is being 
given high priority for increasing food pioduction. If irrigation water can 
meet tle S needs of the crop, the need for S fertilizers wi!l diminish. 

If tile soils are inherently deficient in S, rainffed agi iculturecill experience 
an 	S deficiency earlier than v'l! irrigated agriculture partly because it lacks 
the inadvertent addition o!' sulfate from irrigation water. Experience with 
groundnuts from Asia and Africa cenfirms this view, since groundnuts are 
mostly grown untder nenirrigated condition,;. 

Industrializationand En vironnewal Policies 

The effect of industrialization upon S deficiency in the soil is primarily that 
industry emits SO 2 to the atmosphere, and this becomes a source of S to 
tile :oil. However, the accession of S through this mechanism depends on 
tle nature of the industry, the governmentai policies regarding clean air, the 
distance of the industry from the cropped area, the vegetative cover, and 
crop man agement system. 

In tropical countries the level of industrialization is generally rather low. 
Therefore, tle contribution of industry to S .tatus of soils is not an impor
tant factor. However, in the vicinity of the industrial units it can become 
an important source of S. The effect of stringent measures being adopted 
by industry for clean air may also lead to reduction in accession of S to 
soils. A detailed analysis of the case of S deficiency being created in Zambia 
by such environmental control measures indicates the S deficiency problems 
that agriculture will f'ace under such conditions (Kiyoura, 1982). There are 
examples of higher crop yields near the copper smelting plants in Zambia. 
It thus follows that in the formulat ion of environmental policies, the benefi
cial effect of' SO, should be given duc consideration. 

Conclusions andi Research Agenda 

I. 	There is a Jearth of information about the amounts, forn,-, and distri
bution of S in the soils of the tropical regions, particularly in relation 
to typical taxonomic soil groups under different ecosystems and the 
changesthat occur under different management systems. 

2. 	 Even the meager soil S data available indicate that tropical soils are in
herently poor in S supply and may become even more impoverished un
der intensive cropping if proper care is not taken to replenish the S re
moved by crops. 

3. 	There is a need for standardization of techniques for evaluation of S sta
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tus of the soils, particularly for determination of available S for diagno
sis of S deficiency and S fertilizer needs of the soil for optimum crop 
production. 

4. 	 Extraction of soil S with monocalcium phosphate solutions seems to of
fer greater promise for delineation of S-deficient soils, but for relating 
the responses to fertilizer S, a combination of soil test and plant analysis 
is desirable. There is a need for establishing critical limits of available S 
for different crops and soils. Note should be taken of the relationship 
of sulfate-S in tissue to total S as an index of S needs. 

5. 	 Limitations of soil tests have been recognized by many researchers. More 
emphasis shauld be placed on field experimentation and soil and plant 
analyses to correlate the responses to S in the real world situation. 

6. 	 The laboratory techniques ior estimation of S from the soil extract or 
plant tissue need to be improved, and instrumental analytical techniques 
such as spectrographic techniques should be standardized. 

7. 	Contributioal of the subsoil adsorbed S to crop nutrition should be given 
due consideration. 

8. 	 Because S02 from the atmosphere and sulfate-S from the irrigation wa
ter modify the S needs, due care should be taken in conducting green
house studies; they should be limited to conditions in which exclusion 
of these amnounts of S would not limit the utility of the results. 

9. 	 For comparison of S sources, greenhouse studies on a soil representative 
of tihe region can be conducted, but the limitations of the extrapolation 
of these results to field conditions should be r cognized. Thus it be
comes necessary to verify the conclusions derived from the greenhouse 
studies under the actual field conditions. 



6 Crop Response to Fertilizer Sulfur in the Tropics 

The soils in the tropical countries of Asia, Africa, and Latin America are 
facing widespread S deficiency. In many cases S deficiency is localized or 
is specific to a crop, soil system, or an agroclimaflc region. The application 
of sulfur oil S-deficient soils generally results in positive crop response. The 
primary purpose of this chapter is to evaluate the nature and magnitude of 
crop responses to S fertilization in tropical developing countries of Asia, 
Africa, and Latin America. 

Asia 

In recent years S deficiency in many food crops has engaged the attention 
of scientists inSouth Asia, Southeast Asia, and East Asia. Sulfur studies 
have been conducted in many countries in these regions. The crop response 
to applied S will be discussed serarately !'or each of the countries. 

India
 

Sulfur deficiencies in Indian soils have been reviewed by Kanwar and Rand
hawa (1974) and more recently by Dcv and Kuniar (1982). Sulfur deficien
cies are widespread in Punjab, Haryana, HIimachal Pradesh, Ultar Pradesh, 
Rajasthan, Bihar, West Bengal, and many areas of southern India. The 
lieht-textured soils - particularly alluvial (Entisol, Inceptisol), coastal (al-
Iluvial), laterites (Oxisol), and red (Alfisols) - zmd even black soils (Ver
tisols) have been reported to be deficient in S (Naik and Das, 1964). The 
S deficiencies have been reported in grotuldnuts, rapeseed, mustard, tea, 
coffee, sugarcane, jute, chickpeas, mung beans, soybeans, vheat, maize, 
sorghum, rice, and forages such as berseeni and alfalfa. 

Whlieat - Aulaki, Pasricha, and Dev (1977) reported that in Punjab the ap
plication of 25 ke S/ha increased the grain yield of wheat by 480, 553, and 
888 kg/ha in K 227, PV 18, and S 308 varieties of wheat, respectively. 
Differential varietal responses c., beenS have also reported by Pasricha, 
Bajwa, and Rand lawa (1975) (Figure 6.1)..1 oshi and SetI (1975) found that 
50 kg S/ha was optimum for wheat in Rajasthan but With a higlie: (lose of 
phosphate (100 kg PO,/ha as TSP), the S requirement increased to 75 kg 
S/ha. As reported in l)v aMid Kumar (1982), Ruhal obtaiined the highest 
yield of wheat with 80 kg S/ha ii .ajasthali. Marok (1978) reported llat 
in Ferozepur district of Punjab tlie PV 18 variety of wheat gave 1,606 and 
1,840 kg/ha more yield with SSP Ihan with IDAP when compared on 
equivalent P and N basis with urea or ('AN, respectively, as sources of N. 
The difference was attributed to S added thbrough SS. In a recent study by 
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5 
S Applied 

0 kg/ho 

25 kg/ho 
[]50 kg/hai 38 

332 32 

2 31 

Wheot Varieties 

Iigure 6.!. E!fctl of Applied Snlfur l( iii r on ulgh-Yielding Wheat Varieties in]tight
".\xluredSoils in [tidhiana, lPun jah, India, in 1971 73 (2-Year Melan Yields at (COnstant levels 

)
of N. I, and 1K). 

Arora et al. (1983) on whcat that followed groudnuts, typical symptoms 
of S deficiency appeared on f'armers' fields in Ludhiana district of Punjab. 
An application or S from gypsuml, pyrite, or AS to a crop 40-50 days old, 
produced a spectacular effect on the crop, and the yield increase varied in 
hie following order: ammloniuml stil fate > pyrites > gypsuml. 

Maize - Ruhal found that application of 90 kg S/ha significantly raised 
the yield of maize in S-deficient soils of Rajast han (Dcv and Kumar, 1982). 
Pasricha et al. (1977) and lDcv, Jaggi, and Aulakh (1979) reported significant 
effects of S application on maize yields in the Punjab. In their experiment 
20-25 ppm of S applied through fertilizers produced the optimlum yield. 

Rice - A classical examlple of S deficiency in rice was reported by Aiyar 
(1945). Some uncoordinated work on S responses in rice has been reported
by a few workers (Acharya, 1973) and. inlmany cases, the apparent superi
ority of AS over other N sources and of SSP~over TSP has been attributed 
tO thle S content. 

Grottndntuts - Kanwar (1963) reported that 75O/ of the area planted to 



93 

gro'ndnuts in Punjab 	was deficient in S, and 50I/0 was deficient in both S 
and P. Dalal, Kanwar, 	and Saini (1963) observed that the yield of ground
nuts was increased over the control by 34% with the application of AS, by 
4607o with SSPand by 41' with gypsum (Table 6.1). These responses were 
much greater than could be attributed to the N, P, and Ca content of these 
fertilizers. The soil was extremely deficient in P and S. Pathak and Pathak 
(1972) in Uttar Pradesh and Rulhal in Rajasthan (Dev and Kumar, 1982) 
reported the highest yield of groundnuts with fertilizer treatments contain
ing S. Aulakh, Pasricha, and Dev (1977) observed that 32 kg S/ha was 
enough for obtaining op7tim tim yield of' groundnuts in the Punjab. Aulakh, 
Pasricha, and Sahota (1980a) also reported that in a comparison of' three 
sources of phosphates (SS, TSP, and DAP)), SSP produced significantly 
higher yields of groundnuts than did the others (Figure 6.2). However, the 
differences disappeared when equivalent amounts of S wvere added to the 
other phosphate treatments. From a review of' results of' field experiments 
from all of India, Kanwar, Nij hawan, and Raheja (1983) concluded that op
timum yields of groudnuts could be obtained by application of' S in the 
Iorill of gypsum. 

.Iusturd - The unfavorable effect of S deficiency on grain yield and oil 
content has been reported from most of the areas growing mustard in Pun
jab, Haryana, Rajasthan, and Uttar Pradesh. Nlore sciei:;fic papers have 
been published on this crop in the last decade than on anv other oilseed 
crop (Singh and Moolani, 1970). Singh andSingh (1977) reported a linear 
response in grain yield With a (lose Ip to 60 ppril S, whereas Pasricha and 
Randhawa (1973) found that application of 25 ppin S was adequate for ob
taining optimum yield of mustard in Pu njab. Aulakh1, Pasricha, and Sahota 

Tbl ' 6.1 t'fcci of diliirent stilttir-contaiing and sutffur-free fertilizer treaiments on 
grouidnd is in sandy loam soil of I udlhiana, I'njah, India,. 

treatment 	 S contcit of lcrfilizcr added Mean response over control' 
(kg' ha) (0 ) 

Aiimoniun sulfate 32 kg 34 
Ammonitim chloride - 21 
Single superphosphaic 32 kg 46 
Triple superphosphate - 32 
(iypsun 32 kg 41 
('alciunm chloride - 26 

a. 	Nitrogenouos enitili/crs %eie equated on N basis, phosphaies on 11basis, and calcium salls 
on Ca basis. 

1. 	 Ilased on 3-year (1959 .- 61) average ipod yield. The mean pod yield for ihe conirol was 
I 176 kg, ha. 

Source: Dalai, Kan"sar, and Saini (1963). 
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Figuire 6.2. Efl'ecl with Triple Stiperphosphate 

(1977) reported that maximum grain yield was obtained with 30 kg S/ha 
su~pplied as gypsumi, along wvith 120 kg N as urea. Even 20 kg S, along witlh 
N, increased yiehld of*RI.18, RIA1I98, and RLMI54 varieties of' mustard by 
155%/, 167(11, and 18001'o over tile control in tile Puinjab. Tile elffect of*S, as 
obtained by lDcv, Saggar, and Bajwva (1981), oil the grain yield of' diffe~renlt 
varieties of, utstard in Putnjab was good only up to 20 kg/hia of' S. Bleyond 
this, either there wvas no responlse of- responlse was very smll]. Tihe average 
mustard Yield response to 2-0 kg/ha or'S applicat ion was 25, 24, and 35 kg/l 
kg of' S 1lo-r mustard varieties.three diffIerent 

Auilakhi, Pasrichia, and Sahiota (1980b) reported the results of' 3 years of' 
f'ield experiments onl yellow I'lustard (Brassica compastris L.) and Indian 
111ustard (Brassica junca L.). The soil \\vas loarny sand with IpH 8.9 and was 
def'icient in S. Sources of' S, N, and F)wvere gypsunm, uirea, and TSP.Tile 
resuilts (Rlable 6.2) shlow%that maxinium yields of' grain and oil were obtained 
whenl both N and S rates were high, whlich irndicateCs signif'icanit N x S inter
action. The comlbinled application of' N and S had tile largest ef'fect oil the 
concentration and uptake o1" N and S and(oil protein :uld oil content of' 
grains, and thecir yield. The authors concluded that 60 kg S with adequate
N supply is likely to improv'e tile yield and quality o!' mustard oil. Singh and 
Singhi (1978) recommended a (lose of 250 kg S/hia for obtaining thc good 
yield of' mustard, w\hereas Ruhial and Nad, as reported in Dcv and Kuinar 
(1982), lound that 90 kg S wvas adequate. These experiments were conducted 
in Haryana, Rajasthan, and New Delhii, respectively. 
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Tabh' 6.2. Effect of nirogen and sulfur rates in trials at Sanirala, Punjab, India. 

' ' 
Treatments., N:S ratio Protein Oil content (rain y'ield" Oil yield" 
) %) (kg/ha) (kg/ha) 

)'elio w mtard 
NS, 9:6 14.6 40.9 230 100 
NS, 10:7 23.3 41.5 733 300 
NS 10:3 27.5 44.4 707 310 

NS, 7:4 28.1 47.1 856 451 

Indian mU ward 
NS, 11:1 18.5 35.9 513 181 
NS, 10:2 22.5 36.4 I 486 541 
N, S 9:2 28.9 39.2 I 606 631 
NS, 6:9 30.8 42.6 1 570 670 

a. S, 	S., and S,arc 1, 3(1,60 kg S,ha. N, 0. N, is 75 kg N for yellow ntustard and 181 kg 
lo' Indian mtustard in the firt 2 years and 91 kg N for yellow inmutstard and 150 kg for 
Indian mustard dutrig he third yeat. 

. 1hree-year ilerae. 
Sote : Attlakh, Paricha, and Saliola, 19801b. 

Soybeans - A level of 60 ppm S was reported to be optimtum for getting 
the highest yield of soybeans (Pasricha and Randhawa, 1973). Subbiah and 
Singh(1970), Saggar and Dev (1974), and l)hillon and Dcv (1978) also ob
served similar soybean response to S application. 

Pu/ses - Aulakh and Pasricha (1979) observed that in a soil containing 16.8 
kg/ ha available S (which implies that soil is not S deficient), S application 
did not significantly increase the yield of chickpeas and lentils but did en
hance [he S content, which has favorable nutritional implications. The ap
plication ofiphosphate decreased the S content as well as yield. But with 
imung beans grown after chick peas or lentils the residual effect of S on the 
yield as well as S content of the beans was positive. In another experiment 
Aulaki, Pasricha, and Dcv (1977) observed that in a field deficient in S (8 
ppm available S), 47% increase in yield of chickpeas, 27%A inthe lentils, and 
nearly 100% in residual effect otn mung beans (planted after lentils) oc
curred with an application of' 40 kg S/ha over and above 15 kg N/ha and 
40 kg P20,/ha (Figure 6.3). With black gram (also known as urd or mash) 
(Phaseolus mungo I..) th, application of SSIP, because of its S content, gave 
110 and 152 kg/ha more grain yield than did I)AP and TSP (Figure 6.3). 
Au appreciable residual effect (IfS on nung beans grown afler cowpeas and 
mustard was also reported by Nad (l)ev ad Kumatr, 1982). 

l)ube and M isra (1970) report ed that in peas (Pisun sat ivum), black gran 
(lhascolus mungo 1..), chickpeas (Cieer arictintutu L.), and grounduts 
(Arachis hypogaea L.) S deficiency reduced the yield, quality, and protein 
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Figure 6.3. ITeclsof Applied Sulfur on Grain Yield ot Ihrkcs in India.1t'injab, 


content ot" the seed. Singh (1970) reported a 100% increase in yield of'swee! 
peas by al application of 250 kg S/ha. Mehta and Singh (1979) observed 
that application of 250 kg S/ha to a calcareous soil of'Rajasthan increased 
the yield of green gram by 95% and the chliorophyl content of leaves by
54%. The soil was very low in S. 

Forages - Aulakh and Dev (1977) rep"-ted that al'alfa showed a significant 
response itoup to 20 ppm of'S in an S-deficient soil of Madhya Pradesh. 
Bansal, Sharma, and Singh (1979), oil tie other hand, found significant re
sponse to S tp to 50 ppm in another soil. Pasricha and Randhawa (1975)
observed that S applied as superphosphate and gypsum significantly in
creased the protein co, ent of berseeni in Punjab. Significant responses of 
berseem to S were also reported by Patlhak and B3hardwaj (1968) in Uttar 
Pradesh and by Sisodia, Sawarkar, and Rai (1975) in Madlhya Pradesh. Red
dy and Mehlta (1970b) reported tha, allalfa showed a significant response 
to S application in loamy-sand soils of Gujarat. 

Cotton, Sugarcuane, and Jule --Dev and Kuniar (1982) reported that a line
ar response in dry-matter yield of cotton was obtained with tip to 60 ppm
S but that beyond this amount, yield was reduced. Sulfur deficiency in 
sugarcane and jute 'as observed by l)utt (1962a,b). Saroha and Singh
(1979) found that the use of S raised the yield of sugarcane in Vertisol soil 
in Udaipur, Rajasthan. 

Tea - Tlea is highly responsive to applications of'S in the fori of AS or 
SSP.KarNvar and Takkar (1966) reported al increase of 64.5% over control 
in yield of tea leaves in Kangra (Himachal Pradesh) by an application of 
AS supplying 196 kg N/ha and 224 kg S/ha. Similarly, because of'signifi
cant responses to S and N in the tea-growing areas of Assam and Nilgris
(South India), AS has become a preferred fertilizer for tea. Where AS is not 
available, urea and elemental S are used to supply N and S. Earlier studies 
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by Ferguson, Gokhal, and Dutta (1957) and Child (1957) also bring out the 
need for S application in tea soils of Assam. 

Source.s of'Sulfur - Most of the field experiments to correct S deficiency, 
inlcrops other than tea, have shown the srperiority of gypsum as a source 
of S. Subbiah and Singh (1970) and Singh, Subbiah, and Gu pta (1970) 
reported that gypsum was superior to AS and sodium sulfate oi gronndnut s 
and ruustaid, provided any N deficiency was remedied. For tea, howevcr, AS 
proved superior to superphosplhate (SSP), gypstun, and sodium sullfate 
(Kanwar and Takkar, 1966). 

Saroha and Sinlgh (1979) reported that the impact of S in improving the 
lunality of sttgarcane juice was in the order of elemental S > 'errous stilfate 
> gyvpsum. Alakh and l)ev (1978) f'ound that alfalfa, responds to the S in 
Snperpliosphat e better than to that inl gypsul, which does not supply P. 
S\artl and (_hosh (1980) observed that continuous application of SSP in
creased tihe sull'ate S iil than did lie )AP\when theysoil more reatnent with 
were used oil an eqiiivalen P colltelt basis. 

lBadhc ard laride (1980), from isttudv of S uptake by sorghuin and wheat 
gro\n on rnediuin black soil (Vertisol) of' Maharashtra (India), reported 
that availability of'S,concentration and uptake of S,ard dry-matter yields 
were higher with gypsum than with potassium sulffate. 

Sulirjir Soil Recamation - For tile reclamation of sodic soils, gypsul 
or pyrites are being extensively used in India. Both substances, besides hav
ing ameliorating pioperiies for soils, are also good sources of S and are be
iilg used lor dual purposes. The use efficiencv of both substances depends 
on tie filncess of the product and management practices. Ihe results 
reported by Vernia and Abrol (1980) indicate that, when compared on a 
chemical equivalent basis, gypsui \\as superior to pyrite oii rice and wheat 
insodic soils (Table 6.3). Similar conclusions have been drawn by Singh, 
FHira, and Blaj wa (1981) who compared gypsuin, pyrites, and elemental S in 
reclamation of sodic soils. Jaggi (1982) reported that ilIndia 195,000 mt 
of Aiiijhorc pyrites ta low grade of pyrite) has been t.;ed for reclamation 
of 50,000 ha Which produces nearly 200,000 nit additional lood. 
From colurin leaching studies iii tile laboratory Hira and Singh (1980) 

concluded that tle arnotnt of' percolating water required for dissolving 
agricult uralgrade uypstr i depends on the particle size of' gypsui aid ex
changeable sodium ilitire soil. The aniount of water required increased 
1rom 2.8 to 15.9 cut as tile particle size increas'd from < 0.1 mul to 0.5 rum 
to 2.8 mam. No more than 4 cm of water was needed to completely dissolve 
agricultural-grade gypsum of < 0.26 mm part:cles. Considerable work has 
also beeii done on tile use of' elemeltal S for soil reclamation as well as a 
source of the nut rient, but because of' its high cost and comparatively low 
efficiency as a nutricit source, it is not used much illIndian agriculture. 
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Tah, 6.3. Comparative ,ifeet of gypsum (G) and pyrite (P) on rice and wheat grown on 
sodic soil in Narnal, Haryana, India. 

Treatment Grain yield Sulfur content of grain
(mt/ha- ..... 

Rice Wheat Rice Wheat 
(kg/ha) (kg/ha) (mg/ 100 g) (mng/100 g) 

Control 3 855 19 33.4 

(1 7.1 nit gypsum 6 701 1 460 45.8 120
 
G2 14.2 rw gypsum 6 855 3 145 55.3 116
 
G3 21.3 nit gypsum 7 436 3 600 55.0 109
 
G4 28.4 int gypsumt 7 239 
 4 220 56.3 143 

P1 3.6 itt pyrite 5 714 146 42.5 169

P2 7.2 nt pyrile 
 6 038 538 47.0 176

P3 10.8 it pyrite 6 712 
 1 350 46.0 129

P-I 14.4 int pyrite 
 6 914 1351 52.5 174 

Source: Vcrma and Abrol (1980). 

Bangladesh 

Deficiencies of S in rice-growing area of Bangladesh have been indicated by 
a nUniber of studies in the last 20 years (Karim and Majlish, 1958; Karim,
Alarn, and Rahman, 1970; and Alarn and Karim, 1972). Sakai (1980), from 
an analysis of soils from the upland and lowland rice areas of Bangladesh,
concluded that lowland rice soils of Bangladesh wete most deficient in S. 
Many soil analyses and a special symposium on S have indicated the prob
lem of S deficiency in the country. However, there are also contradictory
reports. HOque and Khan (1980) reported that in the attunin season of 1979 
the rice cultivar Chandina on farmers' fields (lid not show any signifi
cant effect of S, though the effect of N was most spectacular.

Hoque and Hobbs (1980) reported that in tests conducted by the Ban
gladesh Rice Research i "stitute (BR RI) an application of 34 kg sulfate-S as 
AS increa,ed the yield of rice by 0.1 to 1.3 tnt/ha and on farmers' fields by
0.3 to 2.2 nin/ha over and above Ihat allributed to tile application of 60 kg
N/ha. Best results were obtained with AS as a source of S, and the Aus sea
soil rice respond,'d more to S application than did the Aman season trans
planted rice. The local varieties responded slightly more to S fertilization 
than did the new high-yielding varictics. 

Frederick (1983) observed that S deficiency is being increasingly recog
nized as a factor that litnits rice production in Bangladesh. In lie last 3 
years, 51 field trials using gypsum as a source of S indicated that rice yields
increased by 0.86 tnt/ha. In another set of 25 trials, the increase in yield
ranged from 0.22 to 4.2 mot/ha with a mean increase of 1.12 tnt/ha. The 
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responses to S were also as dramatic in ,vheat as in rice. BRRI scientists esti
inate that abOut 2.8 million ha of rice suffers from S deficiency. 

Sri Lanka 

Deficiency of S in tea, coffee, and coconut has been reported from Sri Lan
ka. De Silva, Anthonypillai, and Matlies (1977) observed that the applica
tiotn of S increased the total fruit yield and the weight of copra. There are 
not many published reports of responses to S in other crops; however, this 
may indicate a lack of research rather than the absence of' S deficiency in 
other crops in Sri Lanka. 

Ind(/onesia 

Blair and Till (1981, 1982) report that S deficienty in Indonesia is very com
mon, particularly in old, highly weathered soils and recently formed soils 
of, volcanic origin. In Southi Sulawesi, Blair and associates observed a grain 
yield increase in rice in 18 of 28 sites, and the average response was 1916, 
ranging up to a maxiniuni of 287%t'ii (Blair, Niamnaril, and NIomuat, 1978, 
1979; Blair et al., 1979; and Blair, Niomatm, and Nlamaril, 1979). Besides 
increasine grai I vied, S also increased the efficiency of N utilization (Table 
6.4). Chemical analysis of 254 :;amnlpes of' rice Iants collected from .lava 
indicated that 311"o% were deficient and 42% were marginal in S. Sulfur re-
Sporn e has also [eer observed in upland crops and pastures (Blair, Paulil
lian, and Samnosir, 1978; Blair and Till, 1981). 

The S deficiency results not only in lower crop yields but also in lower 
nut ritive quality of' grain and forage. In experinents on S-deficient soils in 
lIndonCsia, IsnnMadji and Zulkarnaini (1978) observed that a change of' N 
source fromn urea to AS not onlv increased [lie yield of rice, but also in
creasCl the cruC proteil and tle meth ionie content in brown rice (Table 
4.6). The authors also observed that rice plant samples containing less than 

lat/c 6.4. Ri'c ics)oIn,C to o.tulfurapplicatiotn and rldative cffiicttcy of nilrogin t iilation, 
SoiziIiSzian ld~ totc~ja. 

S ,pllicallOl 
ik Iat 

tare1 Grain yield 
( lh/ia) 

Rclativc N recovery in grain' 

It 3.33 10 
7.5 3.95 114 

15.1 4.60 129 
30.1 4.93 138 
60).0 5.61 155 

a. N rvcm ttv l ei to S,, treamleni. 
Soulic: tit ana d Till (1981 ). 
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0.1% S indicated an S deficiency; such samples Were fbund in Java (12 loca
tions), Bali (1 location), North Sumatra (3 locations), West Sumat:a (6 loca
tions), and South Sulawesi (7 locations). The S content of rice plant tissue 
ranged from 0.03% to 0.1%. 

While st udyi ng the effect of source, rate, and time of application of S on 
flooded rice inSulawesi, Blair et al. (1979) observed that threc sources-AS, 
gypsum, and elemental S - were equally effective when applied at trans
planting time. Elemental S applied 20 days beftore transplanting was less ef
fective than elemental S applied at transplanting time.This observation is 
at variance with the observation of Wan, Licm, and Nilikkelsen (1976a,b) 
and Wang (1978) who tound elemental S 'ess effective than gypsum for rice 
production in lowland soils of' AmlazonI Brazil. In another study Ismunadji,
Zulkarnaiiri, and Nliyake (1975) reported that sodiurn sulfate s'was as effec
tive a source of S as AS in removing S deficiency. 

Malaysia
 

Sulfate-S content of six Nlalaysiari soils ranged from 3 to 155 ppm corn
pared with 7-1 ppm of Iowa soils (Nor, 1981). Responses to S in field crops 
ha'e been reported from Sarawak province. It has also been reported that 
marginal delici:s ot' S show u11pwhen the deficiencies of other nutrients are 
removed (Blair and TFill, 1981). 

P/hilippines 

Lockard, BalaLx, and Liongson (1972) reported responses to S in rice on 
Luzon soils in two of three experiments. The authors could not find any
correlation with the sull'ate-S or total fertility of tlie soil. K,iimpfer and 
Zehler (1967) reported that in field experi merit s withI rice, full potential of 
tle crop was only obtained inthe presence of S,aind tlhe phosphate uptake 
by rice was increased inthe presence of' sul fate. 

Tha ind 

Sulfur deficiencies have been reported in northern Thailand. In one trial, 
conducted on grainlite soil over 2 years, a local variety of' pigeon pea
responded to S and I-addition with increases of 75% and 8310', respectively
(Andrews and NMajuiti, 1980). Keerati-Kasikorn (1982) reports that a great
S deficiency is experienced in tie highlands and in northeast Thailand but 
not in the floodplai i soils. The total S in Alftisols, Ullisols, and Oxisols was 
less than 100 ppru. Organic S was a doriinant fraction insome northeast 
soils. Nost soils adsorbed sulfate, and tle extractable sulfate-S in 68 san
pies ranged f'rori I to 58 pprin. The author also observed that 50 kg S/ha
added as gypsuln was leached from the soil to 30-cm depth with 225-950 
rm rainlall. 
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A summary of trials by the International Rice Research Institute (IRRI) 
scientists in Thailand shows that there are widespread S deficiencies in wet
land rice. Besides rice, pasture production is also limited by S deficiency in 
some areas of Thailand. A general level of S application for obtaining opti
mnum production of forages appears to be 30-40 kg S/ha (Blair, 1979). 

Papua New Guinea 

A 50-year fertilizer experiment was conducted on the southeast coast of 
lPapua New Guinea on coconut, using 1.1 and 2.2 kg muriate of potash 
(MOP). The responses to K ceased after 1976 when S deficiency became evi
dent, and potassiuma sulfate had to be substituted for MOP (Suibak and 
Best, 1976). In another study oil coconut nutrition in Markham Valley of 
New Guinea, Galasch (1976) reported that the yield of copra increased from 
200-500 kg/ha to over 1,700 kg/ha with application of S. 

Sununary /fo 1.sia 

From the foregoing it is evident that inherent as well as induced deficiencies 
of S are widespread in many soils and crops in Asia. Several studies dealing 
with sulfur in agricuIlture in Southeast Asian and South Pacific countries 
have also been s um ariued in Blair and Till (1983). These studies also indi
cate occurrences of S deficiency in several of these countries. Crop response 
to sulfur in Asia and other countries has also been reported in Hoeft (1981). 
The stronger evidence is available from India, Indonesia, the highlands of 
Thailand, tie lowlands in Bangladesh, and in isolated parts of Malaysia 
and Sri Lanka. It is possible that, because of lack of published information 
or inadequate research, S deficiency ma' , actually be even more marked and 
widespread. Sulfur deficiency affects not only the production of crops btit 
also iheir niriiiive value, which has great significance for food and nutri
lion of tlie Asian population. 

ThoLgh S deficiency in Southeast Asia is very common, there arc some 
area s withIi an excess of S. Generally these are acid silfate soils and marshy 
lands. They cover 3.72 million ha (Van Breemen and Pons, 1978). Of this, 
nearly 2 million ha is in Indonesia. These soils are generally present in the 
coastal areas and marshy places where, because of reducing conditions, 
larger quantities of ferrous sulfide are foried which, on partial oxidation, 
give rise to stIlfuric acid. Various methods of reclamation stich as leaching, 
improved water management, and liming are Used for these soils. In such 
soils, instead of S deficiency, S toxicity is common. 
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Africa 

In Africa the earliest recognition of S as a fertilizer came with the efforts 
of the European scientists who had major interests in export-oriented crops,
including tea, coffee, sugarcane, coconut, groundnuts, and cotton. Serious 
deficiencies of S werc reported from the west and equatorial African coun
tries by the French and British scientists. The S deficiencies and responses 
to application of S-containing f'ertilizers in groundnuts and cotton and, to 
a lesser extent, in cereals are reported from Burkina Faso, Cameroon, Cen
tral African Republic, Chad, Benin, Ghana, Ivory Coast, Mali, Niger, Nige
ria, Senegal, and Togo. 

In east, southern, and central Africa, cotton, groundnuts, alfalfa, le
gulles, maize, tea, coffee, sugarcane, oil palm, and tomatoes have been 
reported to respond to S-containing fertilizers. Countries where crop 
responses to S are reported include Congo, Zaire, Kenya, Malawi, Madagas
car, Zimbabwe, Tanzania, Uganda, and Zambia (Beaton and Fox, 1971).

Some of fhe important reviews on S are Bolle-Jones (1964); Dabin (1972);
Martin-Pr&'el (1972); and Richard (1972). The papers presented at the Inter
national Symposium on Sulfur in AgricuIture held at Versailles in 1972 sum 
up tile situation of tile past research in Francophone Africa. The Sulphur
1982 symposium held in L.ondon provides additional information, particu
larly about Nigeria and Kenya (Bromfield ct al., 1982). Inthe following see
tions we discuss sonie of tile important results for selected countries in west 
Africa, east Africa, and southern Africa. 

t
l.,st Afi'ica
 

Richard (1972) has revie'ed the S experimtets oi tropical crops in west 
Africa. In southern Senegal the responses to 11and S are high, whereas in 
the central region responses to N, P,and K are higher than that to S. Howev
en, in both zones a 15°'0-25% increase in production of'groundnut s can be 
achieved through addition of S. 

Twenty-nine field experiments on groundniuts in Senegal showed an aver
age response ,of71 ks/ha to S and a total fertilizer response of 522 kg/ha
(Bockelce-Nhorvan and Martin, 1966). There is no doubt that P is the most 
liimit ing factor, aMid S coMes next, followed by N and K. Richard (1972) 
reports that S deficiency in groudnuts becomes visible between 30 and 65 
days. Average-to-low responses obtained in tropical ferruginousto S \w+'ere 
and ferralitic soils and average-lo-high on hydroniorphic soils. 

Sulfur deficiency incotton in tropical Africa appeared for tlie first time 
with tle application of tirea N ill 1955 in Chad. Experiments on cotton 'ere 
condu,:ted in tropical Africa by tile French scientists from 1965-68; o tile 
basis of their resulls, Richard (1972) concluded that tlie S-deficient areas 
could be grouped in three categories: 
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1.Areas of high S deficiency Burkina Faso, Ivory Coast, and 
Northeast Benin. 

2. 	 Areas of medium S deficiency Cameroon, Central African Repub
lic, and Central Togo. 

3. 	Areas of low S deliciency Mali, Chad, Southern Togo, South
ern enin, Senegal, and Niger. 

Since then, however, the S problem in A[rica has increased. Ri hard (1972)
 
also concluded that the critical S level in coltton leaf depends up1oni its P
 
content. Three distinct phases in S response were identiftied: (I) Crop re-

Spoulse to S is always positive even if S is used alone; (11)crop response to 
S appears only in the presence of other nutricnis, particularly N, which in
dtuce, S delficiency; and (111) no response to S occurs, whatever tile condi
lion of fLt iliiation. 

The rcsponssc to S illtropical soils for arious crop)S in selected A[rican
 
countries are gi\cn in -lable 6.5. Sulfir deticiency was observed or tile first
 
1uic illFrench-speaking equatorial Africa in 1955 when S-frce urea and ni
lrates \\c tcused iniplace of AS. Resulls of' more thain 201) trials on cottoll 
over a 10-ycar period are sulnnliari/Cd by Brand (1970) in Ihble 6.6. It may 
be Seen that S deficiency c\iStecd ini56% of the trials. Braud (1970) also 
reorte.d p1ositi\C S rtesIonse fOr cOlOll in Ivory 'oa'st, based oni perennial 

I h 6.5. Crop iepo11s, Io ,,ullnr lCitili/Mion ill¢1CCI¢d A.\liin c iiiiiriC,'. 

(olnil. (Crop 	 Yield' t )oc of, Yild 

.. .... ... -S allplicd inci leas 
S11 S (kg la) pi kg S 
(ky hIla) (kg -li) (kg) 

e IciIt I (ihi0[1idiI I 471) I 558 3 2.9
 
I 'ppil Volli soliiiill 
 t 287 I 464 15 1.8 

(Cm Ia 688 952 tI) 26.4
 
Nigcl (i0o1itltilli, 1 2 078
966 23 4.9 

Pial nillet 1i 34 1 933 29 6.9 
1oL'o ( ilollldllil, 122? t 7S4 12 46.4 
(cnitil .\fricdn Republic kice 2 256 2 305 46 1.0 
Benin 	 Rice 1 (17I ., 924 36 34.0 

Ric'c 1 6)0 2 256 36 18.0 
Ri.e 2 931 -146h 32 48..0 
(iolliildltil t 323 I 967 23 28.) 
( toUidliti 2 (15'7 23l 2 535 21.)) 
lzi/c 2 63) 2 935 46 6.6 

Maize 62.1 940 36 8.8 

+. 
a sic fl tili.,'iil N PK,. 

l S,is(liet icld of a co ollll ',ilhii , llui I. S, i lite yicld \\xihihe sutlfu Ireatmnti indi
cdzlletl. 

\'ltll lalnte 


tiil¢: D~ahill 


c. 11lpp'i hlashee¢t en d Iiikiia hi.. 

11972). 
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Table 6.6. Number of trials grouped by yield ol minus sulfur treatment oni cotton expressed 
as R'itof plus sulfur ireattnent of NPKs. 

Country Number of trials s,ith 

Serious S Marked S No statistically Total 
deticiency, deficiency, significam S trials 
< 70o yield 7(1Uo 9(1 yield deficiency, 

>9000 yield 

Cameroon I 9 7 17 
Ivory Coast sas anna soil 12 16 9 37 

-forest soil - 3 7 10 
Benin- northeIas 4 3 I 8 

-orlht est 4 3 7 
central 7 6 2 15 

soutllh 2 2 12 16 
Upper Volt a' 7 7 6 20 
Mali - 8 8 16 
Central African Republic I 6 12 19 
Chad - 4 13 17 
Togo north 2 4 4 10 

central I 4 I 6 
Ntoulh 4 4 

Total 37 76 89 202 

a. Upper Volta has been renamed Burkina Faso. 
Source: IBraud (197(1). 

trials where balanced fertilization was provided by NPKS instead of NPK 
for a few years. It was concluded that, in most cases, S is an indispcnsable 
element in lie cotton-growing areas of tropical Africa. 

It may be observed that all the evidence from French-speaking areas of 
west Africa is based on fi':ld triah; on groundinuts and cotton, both of which 
were export commodities. The evidence of' S deficiency in food crops like 
rice, maize, sorghium, pearl millet, and cowpeas is very scanty. Despite tihe 
fact that cot0lot and groundhluts were regularly fertilized, the' suffered from 
S deficiency. It is cottcCivablc Ihal the cet'eaIs and leCumes, whidh were not 
normally fertilized, \would be suffering from incipient or even marked S 
def'iciency. This should becotme more evident as the traditional agricult tre 
is replaced with modcrnt agrictlture. 

Because of the serious deficietcy of 1) in this region and the availability 
of' local phosphate rock in iiost of these countries, ground phosphate rock 
tiay tie used for direct application, as is done in Mali. This practice can no 
doubt supply tile P requirements, butilnotI le S requiremetints. Thits, there 
is a strong case for usilti- partially acid ulated phosphate rock (PAPR) in or
der to improve the possibility of supplying more easily available P and S. 
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Finally, the paucity of information on available S status of soils in this re
gion seriously limits the lbrmulation of'appropriate strategy Ibr fertilizer
 
Ilse.
 

N1 --The first report 	 west Africa was made byV,,eria of S deficiency in 

Grecnwood in 1948 on groundnitts at Kontagora illnorthern Nigeria
 
((reenwood, 195- . The de ficiency \was also found in )aurto and Kano ill
 
Nigeria. Goldsworthy nld HIeatlicote (1963) reported marked responses by
 
groulidnuts to S-colitaining fertilizers. Oke (1967), \\orking illsouthwest Ni
geria, established that extractable S inl
these soils was low, inlmany cases be-

Io\\ 0.3 ppmn, but illsome it wis as high is1(0ppm. Oke (1969, 1970) report
ed responses to 5 by legentits and grasses.
 

\uiili ensive research project on S \as carried out illNigeria front 1969
 
to 1974. 1l3rin fiCld, \who led thCsc investigations, concluded the following
 
SBroin' field, 1974d):
 
.	 There is an ailltital gain of S at a ?an:nru, Ahlmadn Bello University
 

fartn, of about 2.8 kg ha frmll rain and dust, aind a loss of' 0.3 kg/ha

itt draiiage, leavinu a net S vain of 2.5 kg/ha.
 

2. 	A grouitidititi crop prodnillg 60() kg/ha pods reiiioves 2.5 kg S/ha annu
ally. Thits, at a stibsistetice lexel of produtction lie addition of S from
 
tile at itosplihe 11td t titt Illill
los lie crop couldhbalallce, ill sitta
loPS thee is c\yLd.nCC 01' S deficiency. 

\will3. 	A fertilicr iti I.{1:tt.7 ralio of lP:.S bc suitable for groiindiiuts on 
lliesc
"oils.
 

4...\ tli\lttrc Of -rontd phoph.lte ock aiid S is isgood as SSP for
 
rioundnls in NiLeria.
 

A..\nnual applicat ottof S k icteded for shallow-tooted crops ott soils with
 
hihf ,-absotrin ti capacity.
 

6. 1 lecnital S oxidiie, railidly .ltd is C tlti\aleiit !osillate-S ill availability. 
7.'e ot t a t stiperpliospliate \as Suggested for Correcting alyV 

sCliouts , dclicietc . 
S. lie apparent ret ofr'\ofS fronttlie Iertilier sources \as 12.1%-25.3%
 

at sites ha. ine (lie hiilier lel oI'S,and 16.9%'O-38.7'"o at silos having tie
 
loe\ker lechc ofS
 

Katie, and ()sillallt_ (I colldtlt.cd cpelillcills ott the( l Spois e of Illl{li/ii197f 
to S cit ili/cls flot [lie forest sl.llllt to0 l'adtid sma atiit illNigeria. 
Resuli of Ih lhat the respolisivetess to S fcrlili/afisc c\pcrinctnts shiossed 
1tt10ittcrlescd j, cltaciallc sullate lcrceased (lible 6.7). lo\, Kang, and 

" 
N.\atie-in lit cd S rcpots b te espollse variedoh 	 illcowpeias, lit 
\it til ce sat lics. 

Hloitiichd I1'13f leports that of 17 expelrimtei11l locations with grittd
ntt, aa, ',t-,.'lclop atld phosptac tock as a fertili/er, only one failed to le
\Clop ,-dlicill'\ ',illltouls \\tlhin 5 to 7 weeks after germ ittation, lur
lhCt1eo, unidrt alll egctatioi arid titfertilized crops, the soil ipr.ol'ile 

http:colldtlt.cd
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Thle 6.7. Responses of mai/e to sulflur ill Nigerian Savanna soils. 

Localion Vegetation ,,one Exchangeable Yield response to S 
SO,-S in Soil, fertilizer inlMaize 
(ppnm) (0,) 

keline [ofest sa.m,. a 8.5 4- 7 
lbadan Iol:st salanna 3.8 4 29 
0ONo Saalna 2.5 ± 34 
OgoMno ,ho Sa anllna 2.8 - 98 
Ikoyi Sa%anna 2.5 + 33 
Kishli Sa alma 2.8 4 15 

a. [ExIactah Inolmocalcitmmn%i%]ill phosphate soluionm. 
Source: Kang and ( )n~ame ( 1976). 

contained little sulfate; however, S (lid accumulate for a time after clearing 
if it was not removed by cropping. Almost all the S applied in 19 years could 
be accounted for in harvested crops or as residual S in the profile, which 
showcd that erosion and leaching losses had been minimal. 

Ghana -- Stephens (1960) has summarized tile evidence of S deficiency in 
vrounduits and cereals in both the Voltaian sedimentary and northern 
groundtilt soils, which are generally grouped as ferruginous and ferralitic 
and receive more than 1,000 mrim rainfall aninually. 

l-'alst .AIfricuz (III( Southelrn ,,l/)icu/ 

Ntmierous cases o 'S deficiencies have been reported from itile to time in 
"lhuzania, Kenya, Lgatda, Malawi, and Zimbabwe in the east, and in south
ern Africa under tile lritish rule and Madauascar tinder French rule. In 
fact, the classical case of, 'tea yellows' attributed to S deficiency was from 
this part of Africa (Slorev attd leach, 1933). Considerable work on correct
ing S deficiencies through tie use of eletiental S, AS, gypsunn, and SSI) has 
beeit dolle ill sollle of these Conttnries. 

Sulfur deficiencies in tomatoes (Nlelilich, 1970), cotton (l)abin, 1972), 
sugarcane (Itill, 1963), and ssattle (Gosnell, 1964) were reported in Kenya. 
Of 133 pot trials, 71"(1 showved yield depression of more ta 20(1/'o without 
S (,lihlich, 1970). Bolle-.iones (1964) ltas reviewed tile esulIts of past st Idies 
on S de ficiettcv ill tle tegion m1oSt extensiely. lirofiel el al. (1982) have 
revie\red t le researcl work done in Kenva. 

Some of tle importatlt observalionS aboutli aTania, Uganda, Kenya, 
Madagascar, N'lalai, Zambia, am1d Zimbabwe are given in the following 
sections. Though there is little pi'blishled informationi about S deficiencies 
in l-lhiopia, tile climate and soils, as Well as personal discussions with 
Ethiopiall soil scientists, suggest Ihat such deficiencies are likely. 
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Tanzania - In Tanzania, leaf analysis of' finger millet and coffee in tile 
Bukoba area indicated the possibility of S deficiencies. Tea yellows have 
been reported from the lirkuyu area of Tanzania, which were corrected by 
S application. Leaf analyses of coconuts and groundnuts in Tanzania have 
also indicated the possibility that a lack of S may be a serious constraint 
on these crops (Calton, Ki,!, and Padhya, 1961). There is some evidence to 
indicate that S deficiencies now exist for tea near Tukuyu in the southwest 
and also at the Mar1 ku Coffee Experimental Station in the northwest of 
lanzania. Both these soils are ferralitic and receive high rainfall (Bolle-
Jones, 1964). 

Uwda - Fertilizer experiments with cotton and pastures indicated clearly 
that there w%'as an S deficiency in the Serere soils, which are representative 
of a large part of northern and eastern Uganda. These soils are also ferralit
ic and receive more thant 1,000 inn of rainfall annually. Bolle-,lones (1964) 
ftntther corfnclided that 50o of the large plateau soils south of Sahara, 
\which are highly %%catlhercd ferruginous and ferralilic .;oils, are deficient in 
S. (irOlldlluls aid cotton are particularly sensilixe to Sdeficiency; the zone 
with 600 im annual rainfall is probably tie ir'rnsition zone, with S defi
cienicv increasing as rainifall increases. \Vendt (1970) observed that all pas

iilre specis in easlerii Uganda responded to P and S, giving yield increases 
of' 40t)%-100() with air application of 70 ki, P,( ) arid 20-40 kg S. 

Ket'va -- Mlly areas ill tire \v.sirr half of Kenya aire deficient, as indicat
ed by experirnicls ol pastuires oil sandy loan soils at Kitale and from bioas
say \work for S ill the soils of Soctik and Solai (Nleliclich, 1970). The soils 
of lhe Songtior reciori ricar iake Nvanza and bollom lands near Niachakos 
as \ell as tie yountg volcanic soils near Kilimanjaro are also expected to be 
deficieit I, S. Air exieisive imestigation oil S response!. in crops was carried 
out fromr 1974 to 198ff b\ Bromtfield aid associates. On fertilizer trials at 
II sit,, s\itlr t.ypsllr aid eleinieiial S is sources of S and beans as a test 
crop, there \us Illarked S responses in 3 sites and in the first harvest, btll 
he respilonse disappeared il ilie second harvet.. Trial sites carrying natural 

\cenliaon alid old iastirC slimomed irarked S deficiencies. The field trials 
\iit beans, Illai/c, aid groiridiUts, which covered a range of soil types and 
ZllilidCs, shos I tosd only occasional lespOoir e12s S, arid all soils were found 

il adsorb S slorigly. It ''.as also observed that tile effectiveness of elemental 
S as a soulce of, S LIepeinds Oi tie soil tr1ilicratu-e anrd decreases with the 
altin ide. 

lie res alchers concluded rlhat those soils ilt which deficiencies would be 
expected Mienheligh-aiialvsis fertilizers containing N and I were used would 
be lie coastal sands aind recent alluvial soils, which havc both low reserves 
of' S and lo\ S-absorbirig capacity. Though these soils are iii the high rain
fall areas, tle accret ion o 'S fron a1 iannosphere and tire loss o l'S are balanced 
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at 	present; with high yields and use of high-analysis fertilizers, however, S 
deficiencies will appear. Low-cost ground phosphate rock mixed with S in 
the ratio of 1:0.66 (P:S ratio) was found to be as good is SSP for all soils 
and crops in this region. For sorbing soils S should be added annually. 
Brom field and associates fiurther recommended that when pastures over 3 
years old and nattural vegetation are broken for cropping, an annual dose 
application of 15 kg S/ha or 90 kg g'psum should be applied. 

Mehlich (1970) has reviewed the crop responses to S in Kenya and report
ed 	that in field experiments on sugarcane 42 kg S as gpsum in,:reased the 
cane yieid to 73.7 mt/la as against 52.5 nit in the control. Likewise, Mehlich 
(1970) reported that with maize in the central and eastern provinces applica
tion of fertilizers without S at planting ttie reduced vegetative growth in 
the early stages of development but did not a1ffect tle yield, provided the 
maize was topdressed with -containingIfertiliters. Similarly, topdressinrg of 
S in star gra.,s and Rhodes grass produced beie ficial effects. 

Zimhuahwe - (Gosnell and long (1969) have reported S deficiencies in 
sugarcane in Zimbale. According to them, three trecat menis receiving large 
amnounts of S (gyps m,magnesiun stlfate, or elemental S) produced far 
greater yicls of ca iie aid sucrose than did tile other treatment s The siu
crose product ion was 251"o higher than wit h the control, which had received 
N and 11but no S. 

Grant and Ro\ell (1976, 1978), while sunumari/i np [Ile resuths of field ex
perinetts on iiiai/e in Zil nbahwe, conlctlded that because of tlie low S sta
tus of o:tills aii high degree of weathei ing of Ilie fcrralitic and paralerralitic 
soils, c-ops need fertilization with S-containing fertilizer mixtures or gyp
sumni. The experirlellis onilniaie at a nnumiiber of sites in nine districts showed 
the followinig: 
I. 	Sigiificanit responses to S \\ere obtained oii virgin soils or new sites 

Where Ifrtili/ers had not been applied in fle past, and the degree of re
sponse depenided ol the variely of, the crop, site, or soil and increased 
with limiug. 

2. 	 Fertili/ers contailiu a mininitm of 6.5(I'o S were recointiieiided or Slip
plyitig enolgh S a.ilong \\ill other major ntrienItS. 

3. 	The P:S (P'(),:5) ratio iii lertilizers recommended for Zimbabwe was 
2.7:1.0 or 2.1:1.0 inslead of 3:1 as ildic:iied by Bixby, Tisdale, and Rucker 
(1964) in Ihe Unitld States. 

4. 	 With an S dcl'iciency, the total S as \\ell Ias N ill leaves was reduced; 
hence, tie N:. ratio did not serve as a good iidce of S de ficiency. 

5. 	The soils that had been heavily fertiliied ill the past aiid had built up 
large allotsllis of adsorbed stil fate did nol respond to S application. This 
was tlie case with heavily fertilited soils of tobacco-growing areas of Iill
dura district. 

Vogi (1966) reported results of experi merits coniducted on corn for 10 areas 
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at the experiment stations and reported marked deficiency and significant 
response to S (Table 6.8). From these studies itis evident that S as a fertilizer 
is an important nutrient in agriculture in Zimbabwe and its requirement will 
grow in the future. 

Madagascar - H,'lais and Girault (1973) reported that the fertilizer used 
in Madagascar contained no S from 1966 onward. Consequently, an acute 
S deficiency ilsugarcane appeared by 1972. An application of 42 kg S/ha 
increased the S content of leaf sheath from 0.06% to 0.17%, cane yield from 
53 to 77 mt/ha, and sugar percentage from 8.5% to 8.9%. Fertilizers con
taining N, S, and K were recommended for general adoption on these soils. 

Malawi - Extensive S deficiencies, along with11P deficiencies, have been ob
served in the central and northern provinces, in the south Rukuru and 
Kositu River catchmient areas, and in the Phazi area of Southl Mzimnba 
(Bolle-Joncs, 1964). The soils are ferralitic, and most of them receive more 
than 650 in1in ofan nual rainfall. Jones (1977) reportcd that the central and 
norther Nalawi soils, because of their sandy nature and highly weathered 
condition, have low anonts of total and available S and the crops like tea, 
groUn1dnlltts, cotton, and maize show wide variations in their responses to 
the applicaiion of S. 

/a11hial In Zambia tile soils are acidic, rainfall is high(l,500-2,000 rum), 
and yclds of maize are very low. The soils are deficient in N, S,P, and Fe. 
Kivoura (1982) reported that corn yield can be 1.2 mi/ha on farms without 
fertilizers, 8-9 mit/ha with fertilizers containing S,and 12 rnt/ha on ex
perimental stations in the country. Approximately 25-30 kg S/ha is needed 
to maintain adequate S supply for field crops in Zambia. The Government 
has placed high priority on attaining self-sufficiency in fertilizer manufac
ture in tile country, and S-containing fertilizers need to be considered as 
part of the fertilizer supply strategy. It is interesting to observe that highly 

lahbia.S. Effect(ot ',tfhir-cniainiin fertili,er on ihe yield o n/aie in different regions of 
nor thern /inh ,,,,e. 

Itcalinclr Maimc yield, k/hai 

M.ankoya Munpv,i NiMiika h.inda.i NSekera 

Colltol 477 712135 558 297 
S icleniceital Stlfur) 477 153 981 I 0189 359 
N (mnL.aor a nnonjit innitrate) 684 415 972 603 549 
NS (uea or arini.niuin nitrate S5) 981 991 1 647 1899 
NS (a itionitn sutlfate) I (80 1 287 I 845 2 (61 I 053 

Source: Vogt 1966). 

892 
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productive farms are within a radius of 70-150 km from the copper
producing areas; their high productivity cal be attributed to the addition 
of SO, from tile copper smelling plants. 
Congo - Bolle-Jones (1964) reported that the analysis of grotndntt leaves 
indicated an occasional S deficiency, but in general tile S status seemed to 
be satis factory in tile southern part of the country. The soils in the northern 
part of the country have not been surveyed, but they are poor soils and may 
be deficient in S. 

Sumnmarrt' /4 I.ica 

The evidence oil crop responses to S in A frica makes it quite clear that, 
though ihere is a patucity of published results in scientific journals, S deli
ciencies are widespread. Field experiments have been conducted on cotton, 
groulldnuls, tea, cofl'ec, ilaitC, millet, rice, oil paIm, and pasiurc grasses by 
French scientists in Senegal, Ihrkina laso, Mali, Ivory Coast, Central Al'ri
can Republic, Benin, NiCer, (*had, and NladacaMscar and by lBritist scientists 
in 	 Nigeria, G(hana, Kenya, I ,_anda, laialnia, Nlalawi, Zimbabwve, and 
Zambia. The results pro%ide coii mcliitg Cvidence of S respoinse and inIherent 
S del'iciency in Imally oil" of Africa. The S problem llav be accentuatld in 
the tmellrilh use of S-lcc fcr1iliters and mliore.C Cxploilic agricuituire. The
 
salient poiui.s Call be suliliari/ed as flolio\%s:
 
I.The rsCilts i ldicatC le iliceasiiiuItcicicCy o1 S due to loss of o'gainic 

matter and lialivcvc elaiolt, soil crosiol, leaching, attd increasing use 
of lile. 

2. 	 Most of the Al'ricail soils ale highly \\,'atlercd soils, wili Coarse tlextuLre, 
low ph L,los\ organic mat.er, atd high plosphate-tixatioin capacity which 
accelerate. loss of sull'ile. 

3. 	 Lack of iitdus(riali/atioit, the lov rate of, addilioll of S I'rolnthe at
illosphere trlrough pl-rcipilalioll, tlite export of' products containing htigh 
levels of S, stch ats 2iOililitlls, paliti oil, cotcollilm , a, coffTe, and co
coa, ad tlheiiporl of hiui-allysis S-frce fertiliiers are swidening ile 
gap betlcul S rellimalis aid S addilions. 

4. 	 Phosphorus is the basic linlitilig lfaclor ilt all of' Iis region; S deficiency 
isitoless Ct.toim , hto\vCelr, alnld it will be accetuttiated bv tile uIse of 
more phosphlates imlsc's therc is i rational tise of sill'ates. 

5. it\ic\ of tlhteCeat deittaid for 'lod and tIte lack of developlent oh 
fert lilser s progralll, researelt oilthe tise of' S aIs fertilizer becomes 
ilmost tirCelt ill this reuiolt. 

alttin Animerica 

The possibilities of S det'iciency in Latin American soils are great because 
of tIte fowi\%ing four fa1clors: 
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1. 	Many of the soils are low in organic matter, hence low in reserve of S. 
2. 	There is little SO, in the atmosphere because of' the low industrial ac

tivity. 
3. 	Mlany of the soils are of volcanic origin or are highly weathered and con

taini considerable aniounts of allophane, kaolinite, and iron and alumi
muin oxides, which bind silfaitCs. 

4. Leaching possibilities of' sull tes are high owing to tile high rainfall. 
The need for S-coil tainil elrtilizers hlias in Argentina,been deinostrated 
Bolivia, Brazil, Chile,Ciolombia, ('osta ica, 1-ISalvador, Guatemala, Mex
ico, Per-tu, and Venezulela (Fitts, 1970). Sulfur deficiencies have been ob
served in Illaize, sorghutill, wheat, cottoll, potatoes, balnallas, i e.ll)ple, cof
fee, stglacanc, grasse,;, and forages. Fitts (1970) summ ized evidence of S 
deficieicy and responses to S-conltaining fertilizers in grot ndnuts, pastures, 
and cereals in latin America. 

kampratii (1972, 1981) has resiewed tl responses to S in Ilatin American 
couttriC, aId hicihliltLIed the need for S fertilization of crops. At least 
30-40 k2 S ha is needed 'or soils deficiCt in S. WithOlt application of S, 
yild will decrease rather quickly on new lands brought into cultivation 
{Kamprathii, 1981). laniuel Arrandt) clal. (1976) have studied tile effect of 
elenmlal S oil thie Viid id proteiin coliitent of wheat. 

Br'azil
 

\laiv expCrinlents oin soil ertility and fertilizer requireericnts for cotton, 
colee, soy-ea is, pasture grasses, and naize have been conducted on Cain
pO ('errado soils in the Stale of Sao Pauilo, Brazil (l)C lreitas, McClung,
alld ILott. 1960). Hiis researchi has established thlat S is one of tile most 
limiting factols illcrop production on the ('aplipo Lerrado soils in the rc
gionl 'l-1()rlandia to BTirCtos. NIcClune et al. (1962), while sumnarizing 
tile fertilizcr expCrlient dtla oil cott1 Ifor 1959'60, concluded that the 
a\erage yield iicrease due to S was 53"'1 at l'our locations and 21% lat seven 
locations (laieIC 6.9). .likkelse, de Freitas, and ,lc(liiuig (1963) reported 
a ,iieaIi increase of 25' iii corn, and l)e [reitas, (;onies, and lott (1972) 
obsersC d an ilcreaC of 55 -82"'0 ill coffee (Jilble 6.9). The response was 
more miarked in tile lirsl year after the land was cleared of vegetat ion, which 
indicates a \Cry lo\ reserve of, S in these soils. 

Nlikkelson, dc Frcitas, and Mc 'ltiig (1963), while discussing the impor
tance of S f'ertili/atiol on (ampo Cerrado soils ofl Brazil, observed that 
corn res,,llse to S wNas small Iut sieuiflicauli at Pirastiun gla anld Orhldia, 
but there \wa, nio respolse at NMaiao. All three soils had low p11 (4.9) and 
!o\\ base saturation aiid sio\cd high response to ('a, Ig, F1,K, and 
IlicroIutrielts. 160 million hIla 
fle central platealu of" Brazil. On tile basis of research, aln al))lication of 
30-6(1 kg;ha ol S annuallI' w\as recommenidedI'oi these soils. A iii moniun 

IhesC soils cover tCarlv of scrub savanna ill 
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sulfate, single superphosphate, and potassium sulfate types of fertilizers 
were considered preterable for use on coffee plantations. McClung, de Frei
tas, and Lot (1959) reported that the adsorbed sulfate in Brazilian subsoils, 
which are highly weathered, become a valuable source of S. The soils con
taining more than 10 ppm of amnionium acetate-extractable sulfate-S in the 
B horizon did not respond to application of S,as is evident from pot cultu;e 
trials in which millet was fertilized w th S (Table 6.10).

Wang, Liem, and Mik kelsen (1976a, 1976b) concluded that S deficiency 
is a limiting factor for rice production in the lower Ama,.on Basin in Brazil. 

Table 6.9. -fl'ect of sulfti on vielk of different crops grown on Brazilian (errado soils 
(based on fieldeperiments). 

Crop Number of S Yield., Yield increase Reference 
locations (kg/ ha) (kgha) oc r control 

Cotton 7 0 I 624 MeClug CIal.(1962) 
30 1 971 21 

4 0 3"7 
30 2 113 53 McClung etat. (1962) 

Corn 2 0 4 720 -
67 5 909 25 Mikkelsen, de Freilas, 

and NIcClung (1963)Coffee 0 I 344 - De Freitas, Gomes, and 
Lott (1972) 

17 2 078 55 
34 2 384 77 
67 2 444 82 

134 2 212 65 

a. Yield is reported as seed cotton for Cot toil, Isgrain for corn, and as cleaned coffee beans 
for coffee. 

Tabh 6./0. Adsorbed sttl fale incropped Brazilian soils attd millet response to sulftur fertiliza
lion. 

Soil Horion 	 Adsorbed sulfate Yield of dry matter 
(Spptn) 

-S -iS 
(g/pot) (g/poi) 

Barau I At) 2.5 2.5 16.8 
IB 12.0 18.1 20.9 

|laratu 5 At' 4.0 4.3 20.3 
13 21.7 24.5 19.5 

Terra Roxa At' 7.2 12.1 14.8 
I1 12.3 19.6 19.2 

Source: NleChUn3, ic[reitas, ad L.oft (1959). 
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The results indicate that when the Varzea marshlands of the lower Amazon 
are reclaimed lor rice production S deficiency develops, which limits rice 
production especially where high-analysis fertilizers are used. The field tri
als con firmed that at least 10 kg S/ha is needed for rice production. In the 
experiments witl IRRI varieties of rice and with gypsum as a source of S, 
tlie levels of S as hiigh as 1,000 kg/ha did not harm yield. Under field condi
tions 27 kg S supported two crops, which implies significant positive residu
al effect. The researchers also concluded that i inmobilization of S is respon
sible for reducing tle availability of' S in residues from previous crops. The 
same anthors also observed that gVpsUl and AS were equally good sources 
of S fOr rice, but elemental S was less effective. \\kng (1978) enilhasized 
that fertilizers containing S other than as sullate are not particularly useful 
for rice grown illflooded soils. 

It ,,as observed that about 20"7 of tile S from one application of' 25 kg 
S hi was recovered by tile rice crop (Wang, L.ien, and Mikkelsen, 1976b). 
The residual effl'.: '."'_ stidied only on IR22 rice cuiitvar which was grown 
on a field recsiving 45 kg/ha residual S. It was observed that only 2.8% S 
\Vwas rCco\vred froi fresh application of 10 kg S; the rest came from the 
residlial c.'', of previous applications of 45 kg S. 

I i'#, zuw/a 

As reported by the Sulphtr Institute (1975), experiiients in Venezuela indi
cated that lie grain sorghum crop did not respond to phosphate without 
S (FigUre 6.4). 

(Us)\aRica 

According itoFins (1970), S deficiency in ('osta Rica was found responsible 
for lo\\ yield of' pineapple, and lie yields increased markedly with the addi
tion of S. VaIserde, Bornem is/a, and Alvarado (1978) observed that, of' soil 
sa.iplles from 18 sites, 13 samiples gave responses to S and 2 showed no re
sponse. FIl most of the soils sulfate accumuilaion in the subsoil was noted, 
M\lich indicates the possibility of subsoil sulpplying the S needs of' the plants 
al early gros\lh stagc. In greenhouse experiments with sorghlum, the foliar 
..,content \as IiLher for S-treated soils (1,255 ppn) than f'or untreated soils 
(931 ppm). A foliar content of 1,600 ppm S w'as considered critical f'or S 
application to solghiiimn. [le researchers recommend application of' S 
through bertliier for obtaining good yields of [he crop. 

.\lh'vic() 

Mexico, one ofIthe fev S-producing countries in tle developing world, 
produces the largest amount of S of' any country in Latin America. infor
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mation about S deficiency in soils and crops inl Mexico is very scanty, but 
from recent publications it is evident that there is a growing concern about 
S deficiency. Amaya (1981), in i recent conference on S in Mexico, drew at
tentionl to the S deficiencies in sandy soils and volcanic soils of Mexico. The 
evidence for Ile S deficiency conies 'loll tie fertiliter experinlents on 
maize, pasture grasses, and oats. The obscr\cd increase in giain yield of 
maize was 5%-14" for sandy soils and 6% -160/0 for clay soils in response 

1)to a shift from S-frCe to S-coataining N and f'ertiliters. I-Iuacua and 
Cajusle (1981), w\hile reviewing the S status andadsorption in Mexican soils, 
reported that S in soils extractable with phosphatu solution varied from 4.8 



115 

to 17.9 ppm; the S added to soils was strongly adsorbed. They made a plea 
for fertilization with S in the soils deficient in this nutrient. 

Colombia 

Ayala, Guerrero, and Gamboa (1973) reported that in Colombian soils total 
S varied from 52 to 120 ppm for surface soils and fron 26 to 3,020 ppm 
for subsoils. The mean total concentration of S was 2,027 rpm on the Pasto 
Highlands (Andepts); 1,766 ppm on the Pacific Plateau (Oxisols); 1,248 
ppm on the Tiquerres Highlands (Andepts); 1,204 ppm on the Pulamayo
Area (Oxisols Alluvials); and 1,105 ppm on the lpiales Highlands (An
depts). Andept soils of the warm region had the lowest amount, or 103 ppm
of S. The authors have reported 103, 16, 87, 40, and 46 ppm of total, inor
ganic, orgaiic, exchangeable, and reserve S, respectively, in the surface soils 
of' warm climate regions of tile lower altitude. 

In field experiments on cassava, Ngongi, Howeler, and MacDonald 
(1977) observed tha; in Carimagua and Tranqiero, Colombia, when the 
sulfate-S content of [he soil was 4.0-5.0 ppm, potassium sulfate produced 
significantly higher yields than did the MO1 treatment. The MOP + S 
produced yields equivalent to those of potassium sulfate. Ccntro Interna
cional de Agricultura Tropical (CIAT) scientists (CIAT, 1981) conducted 
field Studies in Carimagua to determine the effect of S fertilization on tropi
cal pattiUrcs under native savanna conditions; results showed that S is a key
element in modifying the soil fertility dynamics as well as the changes in 
forage availabilit', protein quality, tanin content, and intake of the forage 
Desmodium Ovalifolitim. 

Chile 

Schalscha, Estrada, and Galindo (1972) reported that the easily soluble S 
in soils derived from volcanic ash in southern Chile was rather low, which 
indicated an S deficiency. However, substantial amounts of organic S and 
adsorbed S were present in these soils. The average amount of total S ranged 
from 423 to 1,104 ppm in the surface soil and from 351 to 1,079 ppm in sub
soils. 

West Indies 

Messing (1970) reported that bananas respond to S in the West Indies. Ha
que and Walmsley (1974) concluded that the S status of the soils in this area 
was generally low and that all of the soils responded significantly to theap
plication of S. Over 90% of the S was in organic form which had a mean 
C:N:S ratio of 123.4:10:1.08. Sulfate adsorption was significantly related to 
the percentage of free altminum oxide in the soils. The authors further con

http:123.4:10:1.08
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cluded that with the increasing use of high-grade compound fertilizers and 
high-yielding varieties, S problems of the region will increase. 

Ecuador 

Tergas (1977) reported the results of greenhouse stuies in Ecuador on 
Latosols treated with elemental S and gypsum to promote growth and 
nodulation of forage legumes. The authors observed that Centrosema and 
Dolichos did not respond to treatments with S but soya and sirato did re
spond. 

Nicaragua 

Burbano and Blasco (1975) reported that in soils derived from volcanic 
materials and belonging to the Pacific region of Nicaragua the total S con
tent ranged from 497 to 1,325 ppm and the organic S constituted 
7.950/6-31.41016 of that, which is rather low. Higher concentrations of organ
ic S are found near volcanoes at a depth of 10 cm in the soil. 

SummarY fr Latin America 

The available empirical evidence indicates that the status of S in the soils 
of the Caribbean, Central America, and South America is generally low. 
Both annual and perennial crops appear to respond to S fertilization. Addi
tional research is needed to identify S-deficient areas and to develop S sup
ply strategies in the context of existing farming systems and fertilizer 
production facilities. 

Residual Effecls of Fertilization Wilh Sulfur 

There is very little published information on the buildup or depletion of S 
in soils, particularly in the tropics, with the continued application of S
containing fertilizer under different cropping systems. A few typical cases 
of long-term experiments that give some indication of the S trends for an
nual and perennial crops are reported in the following section. 

Annual Crops 

Nigeria - One such case relates to northern Nigeria, vhere the experiments 
were continued for 19 years using cotton, sorghum, and groundnut crop ro
tation from 1950 to 1961 and continuous cotton thereafter (Bromfield, 
1972). The soil is ferruginous in nature, and the clay content increases with 
depth. It corresponds to an Alfisol according to taxonomy classification. 
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The soil samples of all plots were analyzed after 19 years of experi
mentation. Surprisingly, even after 19 years of continuous cropping, 

76%7o-90% of S added as AS or SSP was still present in the soil profile as 
sulfate-S. These results show that little of the applied S was lost by erosion 
and leaching. Bromfield (1972) also concluded that an analysis of surface 
soil may be very misleading for determining S availabi!ity to crops because 
the subsoil S plays an important part in S nutrition. On the other hand, for 
shallow-rooted crops like groundntuts, it is important to know the available 
S in the surface soil. 

India - The other, more recent case was started in 1971/72 to study the ef
fect of intensive cropping and fertilizer application on a long-term basis on 
crop yields and soils in India. The experiments are in progress at 10 research 
stations representing different soils, agroclimatic conditions, and cropping 
systetns. It is too early to interpret tIle effect of' these experiments, but the 
changes in S status from tlie experiment at IARI, New Delhi, can be dis
cussed. In a long-term field experiment, involving a multiple cropping sys
tem ( vith pearl millet-wheat-cowpea rotation) and using heavy doses of fer

ilizers inan alluvial alkaline soil at IARI, New Delhi, it was observed that 
N and P enhanced the uptake of' S; there was also a marked depletion of 
S in all the plots except the one where S was supplied every year as SSP 
(Subbarao and Ghosh, 1981). The changcs in S after 7 years' cropping are 
shown in Table 6.11. 

Tuhh.6.11. Changes in available sulfur in soil after 7 years of croFr ig at IARI, New Del-

Treatrent" Initial Changes in available sulfur 
available 
S,1971 1978 	 Changes over 
(ppm in soil) (ppm in soil) initial value 

(ppm insoil) 

NPK 22.5 7.4 - 15.1 
NP 22.5 8.3 - 14.2 
N 22.5 8.3 - 14.2 
NPK # FYM 22.5 9.2 - 13.3 
NPK 4 S 22.5 23.1 	 + 0.6 
Control 22.5 	 10.2 - 12.3 

a. 	Only selected daLa with comparable doses of N, P,and Kare shown in this table. The year-
Iycrop rotation of pearl milli, wheat, and cowpea (fodder) was fiked. 

h. NPK dose for wheat and ptarl millet was 120 kg/ha N, 25.8 kg/ha P,and 33.2 kg/ha K 
and sources of nutrients were urea, DAP,and NIOP. For cowpeas the dose was 20 kg 
N,ha, 17.2 kg l'/ha and 16.6 kg K/ha In case of S treatment, SSP was used to supply
120 kg S/ha/year. [Y'Nl was applied only to pearl millet @ 15 mt/ha. 

Source: Sub arao and Giosh (1981). 
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The authors concluded lhat there was 54.80/o to 67.10/'o depIet ion of avail
able S in all the cases except where S was applied. After five annual cycles 
of multiple cropping, Swarup and Ghosh (1980) observed that continuous 
application of SSP significantly increased the stilfate-S in soil as compared 
with treatments with DAP. Ghosh (1980) has also reported the changes in 
crop yields under all the 10 long-term ,xperiments; they indicate increasing 
S deficiency in some cases. 

PerennialCrops 

Malawi - Soils of the Nflange district in Malawi are acid, ortho-ferralitic 
sandy oans or sandy ely loanis on which young tea gardens show an acute 
deficiency of S that disappears after continuous or intermittent use of AS 
or other S-bearing fertilizers. Grant and Shaxton (1970) reported the results 
of long-term experiments on tea plantations in Malawi and observed that 
young plantations require sulfate fertilizers to prevent tea yellows since the 
virgin soils are inherently deficient in S to a depth I1"4 ft. The standard ap
plication of AS resulted in a rapid increase in adsorbed sulfate as well as 
organic S and enriched the soil to a depth of 2 ft in 30 years, but there was 
little accuin uhation below 3 ft. The ant hors also observed that substitution 
of S-free fertilizers resulted in reduction of S whereas use of AS once in 3 
years and perhaps once in 6 years could maintain the sulfate at an adequate 
level. The effect of various S-containing fertilizers on sulfate-S indicated 
that more sulfate buildup occurred in treatments with AS. 

Brazil - Sulfur deficiency in coffee soils was established as early as 1952 
by Malavolha (1952). A number of studies oi S fertilization and occurrence 
of S deficiency in tile commercial coffee plantations have been in progress 
in the past. According to )e Freitas, Gonies, and Lott (1972), S fertilization 
significantly increased the concen tration of st Ilfate-S in leaf samples and 
also increased coffee yields by 12% in the first biennial, 180/6 in tlie second, 
117% in tile third, and 154(Vo in tle fourtIh biennial. For 10 years of experi
ments, S application increased yield from 1,340 kg/ha to 2,444 kg/ha. 

Conclusions and Research Agenda 

1. 	The results reported in this chapter are a sample of the range of 
responses to applied S in selected developing countries in the tropics of 
the world. The results of numerous studies that have not been published 
are lying buried in local scientific or administrative reports. Some results 
have been publikhed in local scientific journals. Unfortuiately tlie need 
for fertilization with S has not caught tile attention of many of' tile 
policymakers. Thus, S fertilization for food production has not generally 
received its due attention. 
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2. :\ 1111111Mer of ItIndie, have been cond ticted in greenhouses, and tihev pro
side additional l!,or:tiOil on icV probleni of S defiiIIcr',' and the need 
for Sas a tfertili/er for crop pronuction ill the tropicil countries. Howev
er, as mentioned earlier, the greeiihous studies have their limitations for" 
a,,,,C,, inU S deficieiicies and responses il the field. [hey can only indicate 
a proleh.m and tIeretore should he fo'llowCd With field experimlentation. 

3. 	A.\n anal\Si, of the SudieS discussed ill this chapter indicates that deti
ciencic of S in \sia, Atrica, and Lat in America are much more serious 
tlil is apprccialed. I lie iiiipo:tant crops tlllt hIVe been investigated and 
flasw sio\s icspolse, to, app1i0e ."5-z: ,.' rLmpJ C:i 1tgolICS, 
M'.llich ie nllllllitli/ed iI1 litblc 6.12.. \lost of these crops are import nt 
1tO~d c. cithcl dilectI\ or indirectly tll'otLnIl the aninilal chain systelm 
on Mliicl ioiol deseltopill ctlllliCis depend to feed their peolple. The 
otlhl il kacah citop,,, ,ie of \Mhich ale exported to earn foreign ex-
Clianic 1o i11111t)tin Itood...\ll of liese ciops Sufer fromn varying 
dclC'es of S dcl icicc. I he poble n of food iprodtuctiOl l i hcse cOunii 
il ic Ii iiiti l i Cliit t lalaccl tfCrtili/Cl tSC, imiclidiig S aS inll .n 
pOrtaili COiiipoluil ot il1liiltiliilit supply stralce'v. 

4. 	S1iltii1 dCicicnc\ i1ti 0111\ alctCs tile crlp yield aiid tolil production, 
bilt if also nritie \allie of, he produce, especiallyrio slsl\ reduces the i i 

the S-coiiuainin anlliiio acids. ( tnseqnenll, S deficiency has .srciotis iln
plicalionis loi hilliu.ii nuiliOl. Ill CCCals, ipnlsS, anld oilseeds, S deFi
cicne reduce the S Content of 5-bearing amillo acids. S11t1ur deficiency 
alo scrioiuti, alet..l, [lie qualilv ot the forac' aid p-otein, ;aId tha .lf
lecls atiimal prodiucii Mliich, ill trmin, has scrions implications for ihe 
nulitiioito t lie people. IlIalinA eriimeica and, to i lesser extent, in Afri
ca, 	Mle. aiiiial meat sOlic of food, S dCficiency ade ik al important 
scicls altci,, liiiallii nut rilioi. All S deficieiicv in palsltlre, and forages 
,,crioitls .diUcs lir icld\ aiid afctCs Iainilal p1rodclionl. 

5. 	 All the aailabhle infitomation oil lie stubjctl indicalcs that S delIicicis 
eit ill the tropics o! Asia (1) cotiniries), Africa (23 countries), and +at
ill :\liiClica W15conutrnlieS). [lie CIOs thtl have showniesponses to SI ld 
the soils that liac been identified its S deficient as well is the countries 
s icie Ire\ are ocalcd are stllilimai/ed ill igUrcs 6.5, 6.6, and 6.7. 

0. ile iMuost serion, problcl is ill tropical Asia where, because of the iln
pacl oF li,,l-. icldinuc atitiC', intensie cropping, and high use oh inpts
includiiu S-1,Ioe feluili,ers, Csll the Sadeficiency is becoming ap
parctil. In sonic ca"es it Ilia\ he that iihcereiil Sdeficiencies are becoming
actile., ill otlhcrs it ura\ be tile iiiduced deficiency. Severely affected crops 
are 	oilCeds. i'rotiilttil,,,pilses and cereals, and oilier crops. The Second 
regioii ot coincern is,lat in .\iIuCrica. In addition to large areas of chronic 
S deficicnic , iall i\ne\ly cropped areas are experiencing S deficiency, 
and the probleni is becoiniig compounded by modern agriculture. The 
iuile, ,sriou,,ly a fcted crlps aire sovbcans, beans, groundntlts, 

http:hilliu.ii
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Table 6.12. Sulfur deficiency and response research by crops and countries in the tropics: A 
summary. 

Region/country 

Asxia 
Bangladesh 
Burma 
India 
Indonesia 
laos 
Malaysia 
Papua NewkGuinea 
Philippines 
Sri [ anka 
Thailand 

Africa 
Berlino* 
Burkina Faso 
Cameroon 
Chad 

Congo 
Central African Republic 
FEthiopia 
Ghana 
Ivory Coast 

Kenya 
,Madagiscar
'.1ala,. i 

Mali 
Niger 
Nigeria 
Senegal 
Sudan 
Tantania 
Togo 
Uganda 
Zaire 
Zambia 
Zimbab%%e 

latin America 
Argentina 
Brazil 
Bolivia 
Chile 
Colombia 
Costa Rica 
Ecuador 
El Salvador 

Crops/crop groupsj 

C R P O S F T A M 

* * * * 
* 

* * * * 
* * 
* 

, 
• 

* 
* , 
* 

* , , 

* * , 

• * 

* 

* 

* * 

* * 

* * * 
, 
, * 

* 
* 

* * 

* , 

, 
* , 
* 

* , * 

* 
* , 
• 

* 
* 
, 
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Tahe 6.12. ('ontinued. 

Region/coLulry Crops/crop groups 

C R P 0 S F T A NI 

(ualemala * ,
 
I loiduras ,
 
NMeico *
 
Nicaragua 
 , 
Puerto Rico • , 
I Iilldad and Tohato * , 
Vcluct.la * 

t Utop groups: ( cereals; R -root crops and tubers; P= pulses; 0 oilseeds and oil crops; 
S slgar clol,,; 1: lher crops; T :- stimulanuts; A = forages; anrd NI . miscellarneous and 
fruit crops such as pineapple and bial a. 
Star ( * ) indicatcs that sulfur research has bcen conducted. More derails and the nmes of 
specific crops are aiailabe ill the text. 

",. A[ 0-

Figuire,6.5. C'outries inl Wh'ich Sulf'u IeiciercuC11:4 ard onl Which SulfurEisr Crops 

Res ponrse Ilare Bleen Reported itt Tropical A sia.
 

ccrealIs,cot ton, pasturre legumes, and grasses. Inl Africa inherent S defi
ciency is more serious than the induced deficierncy, butt thle latter is be
coliling serious inl nelc\,y cropped areas and uinder modern agriculture 
based onl high-yielding varieties. In all thrce regions coffee anld tea are 
wsell rccognizedl S-responsive crops, and they need regular applications of 
S, inl accordance with tilhe S status of soils arid thie desired prodUCtionl leV-
CIS. 

7. 	The S problem is more complex and difficult than those of' the conivenl
tional N, P, and 1Kfertilizers for thle following reasons: 

http:Vcluct.la
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Tigur6.6 in wim w iieS.,,.rie .,.. st an/rso W ih Slu 

Respouses Have Beelln Reported in Tropical Africa. 

a. The use of both lime and phosphates accelerates S loss from soils; 
thus, the conventional soil fertility management programs of' tropical 
soils are accenluating S deficiency.

b. Unlike phosphates, S, whether added in sulfate or elemental S form,
is more liable to serious leaching. The S in the organic matter of the 
soil is being depleted and lost rapidly in the tropical countries. 

c. 	Most of the fertilizer response research in the developing countries is 
being carried out on NPK products, and S research is not receiving 
much attention. 

d. 	 The results of agronomic reserch on S from the developed countries 
or temperate zones have very little applicability in the tropical soils 
and crops because of the differences in the nature of soils, cropping 
systeni1S, and eClu'iroulmlenlt S. 

e. In some countries the only sources of S for agriculttre are gypsum,
pyrites, phosphogypsutn, and byproducts of the f'rtilizer, chemical,
and agricultural industries. The anontitls available, the crop response, 
the potentialities Ior use, and the tec,:hnology of use for these products
have yet to be seriously assessed. 

f. 	There is little inlformalion on the recovery of S by the crop and its 
recycling into the soil fertility m11alagement system. Research on im
proving efficiency has not received any attention. 



123 

I-3 

I -% 

11
 

igure 6.7. C'ountrios in Which Sulfur Decficiency l-xisis and Crops on Which Sulfur 
Re~punses Hlaw,Been Reporled in liopical I-#in America. 

g. 	 Mlany 01f tile dev-eloping countries export commodities that are great 
users of S. Although serious efforts are being made to correct (lie im
balances in use of' N, 11,and K in fertilizers, little attention is given
to 	the growing imbalance of S.
 

ii. 7.e areas that have a serios inherent deficiency ofS or Whatare likely 
to bcome deiciit have not been adetuately delineated. Coordinat

ed international and national effort is necessary to stimulate research 
on S as a fertilizer nutrient. 



7 Estimating Sulfur Requirements, Supplies, and Gaps 

The empirical evidence presented earlier indicates that S deficiency has be
come a problem in most tropical countries. Unless appropriate corrective 
actions are taken, S deficiency poses a threat to national and international 
efforts to accelerate food and agricultural production in these countries. 
However, ill order to design nationally acceptable and economically viable 
S supply stralegies, there is a need to accurately estimate S rcquirements, 
supplies, and gaps. The primary purpose of this chapter is threefold: (1) to 
estimate S requirements 1'or crop production and fertilizer mannufacturing, 

caiuct trends in S supply from 
S gaps between requirements and supplies. The empirical estimation of the 
mathematical imodel deals with major crops, selected countries and world 
regions, and S-containing fertilizers from 1960 to 2000. 

(2) to dcIC'r fertilizer use, and (3) to estimate 

I)eterminants of Stilfur Jptake 

The amount of' S removed from soil or taken up by field crops depends on 
several factors, some of which are still not known. At least four of these fac
tors exert major inlhencCe on the amount of S removed by field crops; they 
are (I) crop and tile cropping pattern, (2) average crop yield, (3) the area 
under each crop, and (4) cropping intensity. 

A generalized relationship between crop yield and fertilizer S uptake is 
developed in Figure 7.1. Under a subsistence cropping system using tradi
tional technology, tile amount ofrS uptake at low crop yields is rather small. 
Niost of this need can be met by the existing soil-crop-environment system. 
However, S uptake increases as crop yields increase. The additional S uptake 
must be supplied by supplemental Ssources. Beyond that required for maxi
inutim crop yield, additional S application will not add to grain yield, mainly 
because of a relatively fixed relationship between N and S in protein syntlie
sis. 

Sulfur uptake lor most countries is gradually increasing because (1) crop 
yields are increasing, (2) the cropping pattern is changing, (3) the area under 
different crops is expanding, and (4) crop cultivation is becoming niore in
tensive because of an increase in cropping intensity' However, the relative 
magnitude of these changes varies from one country or region to another. 

1. Cropping intensity [cropped area,'cuivated areal 100. The cropping intensity is an index 
of the intensity of land use and is expressed in percentagetertis on an annual basis. In this con
text it iccounts for mtultiple cropping or fallow. 
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-- 5S Upo e forMorurum Crop Yield -

E 

a
 

Q 

7 . SpperWrmo S 

A 

Sulfur Uptake, kg/ha 

Figure 7.1. A G entcrai/ed Relation ship Bteen (rop Resrise and Sulfur Uptake.
f 

Determinants of Sulfur Replacement Requiremenls 

The amount of S needed to replace that taken up by tile crops is generally 
more than the amount removed from the soil, regardless of the S supply 
source. Tiie S replacement requirements are determined primarily by tie 
efficiency with which tile crops use tile S. The S use efficiency in turn de
pends on (1)crop and crop variety, (2) soil, (3) irrigation regime, (4) environ
mien, and (5) S supply source. Various S supply sonurces include (1)soil and 
crop residue, (2) atmosphere, (3) irrigation water, and (4) chemical fertilizer 
and soil amendments conlai iing S. The amount of S supplied tlrough soil, 
atllosplhere, and irrigation \water is -enerally beyond the conltrol of in
dividual farmers. 

Relatively little is known about S use efficiency, residual effects, and loss 
rueclharisnis of applied fertilizer S,especially for crops under field condi
ions intile tropics. According to Noggle (1980) and Beaton et al. (1974),

S use efficiency and loss mnechanisms, to some extent, are similar to those 
with N. Beaton et al. (1974) have proposed a replacement factor of 1.75 
which implies [fhat S use efficiency is approximately 57%. Kiyoura (1982), 
on tile oilier hand, has indicated that only about 20(1/o ofIthe S applied by
S-conlaining fertilizers is absorbed effectively by crops, which implies a 
replacement factor of 5. The available evidence from tropical countries also 
indicates that S use efficiency, particularly in sandy soils, is about 
20%-30%/, which implies a replacement factor between 3 and 5. 

Model for Estimaling Sulfur Requirements 

A simple mathematical model used to quantify S requirements isdeveloped 
below. Let 
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I. Uij 	 =ri P ,ij, 

2. P ij , and 

3. Uj; = !i Uijt. 

Where 

Uip - Sulfur uptake (nt) for ith crop/crop group (out of several select
ed crops/crop groups) in jili country/region (out of several 
selected coutries/regions) during thue t; 

I - Sulfur uptake coefficient for ith crop; 
I - lotal production (nit) of ith crop/crop group in jth country/re

gion during time t; 
Ai)l - "Ibtal harvest area (ha) under ith crop/crop group in jth coun

rv/reeion durigII time t; 
Y,VI- Average yield (mt/ha) for ith crop/crop group in jtlh country/re

diOll dluring time t; and 
U l - Total S uptake (nit) for jth country/region during time t. 

Since S replacement requirements are genervlly more than uptake, an al
lowvance has heen made t account for S use eflHIciency as follows: 
4. R z- i:k U ,t, and 

5. R, = I, . 

\Vhere 

Ril-	 Sulfur rplaceient requirements (nit) for ith crop/crop group in 
jti country/region during time t; 

-3k Sulfur replacement coefficient for kth S use efficiency regime; 
and
 

Rj-	 lotal S replacement requirements (nit) for jth country/region 
during tlile t. 

Finally, the relative share (To) of individual crops/crop groups in total S re
qluirements is estimuted as follows: 

6. St' = [Ui /U 1 100, and 

7. S" R /RI 1 100. 
Wll 

Where 
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S" - Percentage share of ith crop/crop group in total S uptake for jticountry/region during time t; and 
S R Percentage share of ith crop/crop group in total S replacement -

requirCmcntslit for jit country/region during time t. 

Tile list of crops/crop groups, the list of' countriCs/regions, the S uptake
coefficients, S replacement coefficients, and other information used in es
timating S requirements are developed in the subsequent sections. 

Data for Estimating Sulfur Requirements 

Most of the economic and technical data used in this study to estimate S 
requirements have been obtained from secondary sources. The study deals
with the following set of countries and regions (referred to as j in the 
model): 

1. India 
2. Indonesia 
3. Philippines 

4. Kenya 
5. Niger 
6. Nigeria 
7. Sudan 
8. Zimbabwe 

9. Brazil 
10. Colombia
 
I1. Mexico
 

12. Far East 
13. Africa 
14. Latin America 

15. World 

For each of these countries/regions, S requirements are estimated for 9 sep
arate years with 5-year intervals in between. The estimates are based on (1)
actual data lor 1960, 1965, 1970, 1975, 1980 and (2) projections for 1985,
1990, 1995, 20)0. The results for each year refer to 3-year simple averages
centered on yea.s shown in order to avoid weather-related variations in crop 
product on. Foi example, crop production in 1980 refers to a 3-year average
of production in 1979, 1980, and 1981. 

Althoagh forage crops, vegetable crops, and fruit trees were not included, 
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25 of the more important crops were used in making S requirement esti
mates. This does not mean that each country grows all of these crops. Fur
thermore, the relative importance of different crops varies from one country 
to another. These crops were then grouped into different crop groups de
pending upon their nature. The list of all 25 individual crops, 7 broad crop 
groups and 15 specific crop groups (referred to as i in the model) is given 
in Table 7.1. In most developing tropical countries, almost all of the chemi
cal f'ertilizer consumption is generlly accounted for by these 25 crops. 

Three sets of dat a form the core of the inlformation needed to estimate 
the model. These are (1) crop production, (2) S uptake coefficient, and (3) 
S replacement coefficient. The crop production data for individunal crops 
were obtained from FAO (1982) for 1959 through 1981. The data were fur
ther rationali/ed from other relevant sources. The production data from 
1981 to 2001 for speciftic crop groups were based on projections. These 
projections were made by using (I) average annual growth rate in crop 
production and (2) crop production ii the initial period. The initial condi
lion refers to production during 1980, which was a 3-year average centered 
on 1980. File average production growth rate was calculated by estimating, 

I(INC 7. 1. I.ist of feld crops and crop grou ps used in estimating suifur requirements. 

lBroad clop gTomps Specific crolp gloups Individual crops 

1. rcals I. Wheat I. Wheal 
2. Rice 2. Rice 
3. Maie 3. \Maiie 
4. Millet 4. Millet 
5. Sorghum 5. Sorghtm 

2. Piuses 6. Puilses and legumes 6. Beans 
7. Broad heats 
8. Peas 
9. Chick peans 

10. Lentils 
3. Oil crops 7. Oilseeds II. Rapeseed

8. Soybeans 12. Linseed 
9. Grouidritits 13. Sunflower seed 

10. Oil palm 14. Safflower seed 
15. Sesame seed 
16. Soybeans 
17. (irotndmitts 
18. Oil pati 

4. Roots and tubers II. Roots and tubers 19. Potatoes 
20. Sweei potatoes 
21. Cassava

5. Sugarcane 12. Sugarcane 22. Sugarcane 
6. Colton 13. Cottont 23. Cotton 
7. Stimulants 14. Coffee 24. Coffee 

15. Tobacco 25. Tobacco 
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using the least-squares method, a regression equation of the following 
logarithmic form: 

=8. Log Pijt a + bt + e. 

Where 

Pip - Production of ith crop/crop group in jth country/region during 
year t.
 

a - Intercept
 
b - Regression coefficient
 
t - Time
 
el - Error term
 

The estimated 'alue of b (b log= [I+g]) is used to estimate g(g = [antilog b] - I) which is the least-squares estimate of average annual
growth rate. The advantage of this approach is that all the relevant time
series data on crop production are used to estimate the average growth rate.
This equation is estimated by using time-series data for 12 years from 1970to 1981. The estimated average annual growth rates were further rational
ized in view of (1) growth rates used by various international organizations
(including FAO, IFPRI, and World Bank) in their projections, (2) national 
government policy with respect to production of a particular crop, (3) landand other resource constraints, (4) yield expansioq potential, and (5) national and international agricultural research policy. ,Any negative growth
rate was equated to zero, and any growth rate above 5.0 was equated to 5.These assumptions were needed to avoid any unrealistic production trends 
in the future. 

The S uptake coefficients (r) used in the study are reported in Table 7.2.
Most of these estimates were derived from Malavolta (1979). However, some
of these estimates for S uptake by specific crop groups were modified inview of results from other similar studies. Final!y, becausC of lak of' appro
priate information, two levels of S replacement coefficient (f3) were used indetermining S replacement requirements. These were (1) 1.75, which implied
57.14% apparent S use efficiency and (2) 3.50, which implied 28.570/ ap
parent S use efficiency. The actual S use efficiency, and hence S replacement
requirements, may fall within this range. 

Estimated Aggregate Sulfur Requirements 

Sulfur requirements are classified into three categories. These categories in
clude (1) S uptake, .e. amount of S actually taken tip by field crops; (2)
replacement requirements, i.e., 

S 
amount of S needed to replace the removed 
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Talh 7.2. Average sulfur uptake and sulfur uptake coefficients for specific crop groups. 

Specific crop groups Average Sulfur uptake 
sulfur uptake- coefficient (r)
(kg/tnt) 

1. Wheat 4.0 0.0040 
2. Rice paddy 3.0 0.0130 
3. Naie (corn) 4.0 0.0 O
4. Sorghum 5.0 0.005C 
5, Millet 8.0 0.0080 
. Pulses and teCunies 8.0 0.0080 

7. Roots and ltbers 0.5 0.0005 
S. ()i]eeds 12.0 0.0120 
9. Coltotn (SeCLICt1t0 ) 15.0 0.0150 

10. (houondnuts (\.it shells) 6.0 0.0060
I. SugValcanc (Cane) 0.3 0.0003 
12. lohacco (dr\ (cascs) 6.0 0.0W6(0
13. (offee hecanns 13.0 0.0130 
14. S hcan 8.0 O.0(1),
15. (il pahn ( ts,) 1.5 0.0015 

a. ('actnlattl hy didilng tolalsulflu uptake by aserage crop yield. 

S, irrespective of S supply sc,"rce; and (3) S requirements by the fertilizer 
industry itt the form of S or sulfuric acid needed to produce S-containing 
fertiliiers arid phosphoric acid. 

The estimaled aggregate S utptake from 1960 to 2000 is reported in "lhble 
7.3 for selected tropical countries, developing tropical regions, and the 
world. The est imated uplake frotrm 1960 to 1980 is based on actual data, 
svhereas that from 1985 to 2000 is based ott project ions for crop production. 
The highest S uptake is il ltdia for tihe Far Fast region, and ill Brazil for 
the latin America recion. In addition to having tie Illge agricultural sec
lot, Ihese coulntrics atc also CXperiencinu rapid technological change and 
shifts in estahlished cropping pat terns. These changes are reflected in 
regional S upltake. The indisdual countries in Africa as well as the African 
regioll appearl to be tallter stalic itl Coumparisoi with olirer countries ald 
regiots as far as S uptake is contcerned. There are several reasons for this 
situation, itrcld(tltg sulhislencc agrictllture, slatic atnd ill solmlc Cases even 
decliringi ctop yields, arid shift itlthe cropping palter1i ill fasor of' those 
crops that have rClat isely lo\\ S requiremnlts. 

The S replacerictir retluitcnllett for lie selected tropical cottries and 
regionrs, and lot tie \\orld as a whtole, are reported it "Table7.4. The replace
1rier1t retltiremntrts ate est itratCd for Iw\'o scenarios. In scenrario 
 1, tlie S 

replacement coclficicit is 1.75 (implied use efficiency for applied S about 
57%), which nray be [lie ase in emllperate climatic conditions. In scenario 
II, Ille S replacemen coefficienl is 3.50 (which would double tile S replace
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Tlhhe 7.3. Estimated aggcrgate sulltupiake hN field crop, in,elecled developinrg countries 
aind ol'llo . (96( ?000. '00l of,S) 

I 61 1965 197(0 1975 1980 1985 1990 1995 2(0(1 

India 509 524 651 688 784 886 1008 I 155 1 333 
Indonesia 64 70 87 102 13(1 159 195 239 294 
l1 hililppilies 21 24 30 38 45 56 70 87 108 

Ken.r 9 9 13 15 
 15 16 17 19 21
 
Niger 
 6 8 II 9 13 16 19 24 29
 
Nigeria 56 62 66 59 66 72 80 88 98 
Surdarn 29 18 28 31 30 36 44 53 64 
timhab. c 7 8 12 15 16 19 22 25 29 

Laitt 'I nAmtita 
llra,/il 157 171 215 284 349 412 491 587 708 
(olonirhia 21 22 26 32 38 46 57 70 86 
NMe\ico 64 94 105 110 137 156 179 206 240 

Fir Flas 776 859 1153 1 141 1341 1 549 1799 2 1i0 2 463 
Africa 224 271 314 325 327 3-16 365 387 411 
Laijin America 404 48S 561 6,7 84.4 984 I 153 1 356 1603 

World 4 82 214 . 997 6 729 7 911 9 117 10 542 12 231 14 238 

nlil reqLircliclls),\MIMIh i liv e Ire Case ill Iropical condit ions, especially 
for Sandy soil". lven in 1ceCCai(iO 1,[Ile i(ore efficient system, worldwide S 
replacemcnl requirelients li iijncrccd 1rom 8 million nl in 1960 to 14 
(IiilliOnl 111t inl 1980, aiI (Ihe\' arC C\pecCd 1o incrcase to 25 million nit in 
filyear 2(0)). L\ct ill .\frican co(rt(rics, S replacem tn1reqtoirenlcnls are 
expecled 10 i(crCaSC rlpidly in (0l Irpl'iCal conlriCs arid regions. These 
(ltlallliili\12 elirilatcs of' S r.qtlire.'2 lforlii basisreplacCmnrct .lts a lb0r 
dlCsirilili an ll'C11Cti(C Mnd CCOlOrllicill S ShlpplV sIralCUIV. 

la1( (1(lin, 

to IarillI'ac(trl (I) .-conailirrv f1erili/cr,, such its AS and SSP and (2) \\ct-

In addiliOtn 10 I)Cin a ,1(1 1 S is U(sedl ill(lhe lcrlili/er indstlry 

proces11, phoSPllic acid uscd (0 pIrodlUc lS rd a110llo1l Ilrl ipliOSlaltes. 
Alllhoull it iny bc desilable to mlake estim((ales of" (lie (olalS reqlirements 
for cach 1tllllr\, in tile If ili/er ilndtlsrv tile lack of accralt data 
IprecIlIleS lhrisillviyis. Ill par.lictI'll-, lIloSI co tries arle ilvolved ill ferlili/
er Irladc, either i, e\porr,(cs or ;Isimlportcr, of' Certain lypes of 1ertilier 
matcrials. lle S r12(fnir2c1rtll, of file ferlili/er indtlstry'arc crealed at the 
pci1,, \\lere (he ferlili/l IrlCrials arc prctOltc1Cd, rather Ilial where the, 
are corisunirled. lie CslorllCd S rqtirulllCills for (1le \world S indnStlrV ie 
reporled in 1hese 1s include S needed tolirble 7.5. milliales iiltatifcIcluircAS, 
Sl'S.P,I illrdair1llollillill JilosphatCs. 
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Tuhh,7.4. [stimated aggregate sulfur replacement requ iremient by field crops in selected de
veloping countries and regions under alternative sulfur replacement coefficient scenarios, 
1960 -2000. 

Scenario I,S teplacemetit coeffi,:icnt 1.75,. 1'000 nil of S) 

1960 1970 1980 1990 20()O 

AsI.,ia 

India 891 I 139 1 372 I 764 2 332 
Indonesia 112 152 227 341 514 
Philippines 38 53 80 122 190 

,/r ica 
Kelnva 15 23 	 3026 37 
Nier I1 19 22 34 51 
Nigeria 99 115 116 139 171 
SUit| 51 49 53 76 113 
/inII balm C 12 21 29 38 51 

Latin .-
I meria
 
Iha/il 273 	 611359 	 858 I 239 
(olonbia 36 45 67 99 150 
Mexico 113 239184 	 313 419 

I'alIa,, 1 358 I 843 2 345 3 149 4 310 
Africa 392 549 573 639 720 
l.alin Atmerica 707 982 I 477 2 017 2 805 

World 8 018 I) 494 13 844 18 448 24 917 

a. 	 I lrtiied S u, efliciencs '7.1%'r. It Scenario II ISuse efficiency 28.6"o , Ole cstinittled S 
replacelllen requircl ,%ill he double hose of Scenario I.ntlll 


These estil.liales are based ott tertilizer production needed to meet con
somption requirements, as projected by FAO/UNII)O/\World Bank. The S 
requiremenlts for the world fertili/er industry are estiniated to increase from 
26.5 million fl in1980,81 to 41.1 million mt in 1990/91 aind to 64.7 million 
it in2000/01. These requirernents are in addition to S replacement require
tmenlts for avrictultliral crops. IIloever, S contained inAS and SSP will be 
used to salisly part of the replacemliet rcquirements. I-ven at tie least 
ilavorable scenario (S replacenetl coefficieil : 3.50), the projected S re
(ltiretnlems itt the ferIiliZer iIdsttrV are tllore Ilan tie projected S replace
merit requirements for agrictutral crops ilt tIhe corresponding years. Clear
ly there is need to make economic use of S Mhicli is lost itt discarded 
pliospihogypsut itt order to rileel parl of tie S rel).lccelierl reqluirements. 
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7"ohhe 7. 5. FI imtaied sittit n Is I(I lci r tit )Iur ltluir...,or %%,,,o IiIJi industry. ('000 

Year (onsm piloln lo' Stll'Iz ICqtil,IIICIIl lo 

N ',(), A.S SSI' ISI'At" lolal
 

19X0 81 60 30M) 31 500 3 300 3 200 20 010 26 500) 
1985 86 -3 100 1 5(1 4 3)0 . 900 24 400 32 600 
1991) 91 86000 -8I 900 5 0)0) 5 1)0( 31 100 41 I00 
20(00 0 145 500 -6 200 8 qoo( SOO 48 400 64 700 

a. IL i,,dOil tCtlill/CI I[ OthC 10I ICCLI TO IIICCI plt lCCd I'+ll+]C COIIMIIIlpIiOl IC(IljjIC-

IIIC I,. 

b. AcIII l CoII,lIItII)I I 1t,1 I SIjS i,TakcniHllom I--VA I)l8 ). t'io cclioii lot 1985 86 and
 
19901 91 dTC t10111 I \ I 'NIl)(
) \\0ld 11,1nk 11981); hol21111 01, lv%ale I iliiI Nil)() 
( - 1, l',IC I( Ih i lt S IiCTITC 11l i IC C III 1OIl). ' c:lSI I( I' i It,,I.ILl C ,I IIC CII 11ic 

I CIILI, .IIC U C 11 2001' ( II I )IdC T I .I) 'iIIl thILh C.I III.lOl1. 1 IlC t1] d I 11 ih 

SUI.I ,I lldItIlCd III I iII. ,III 1h 1I 198(1 SI ATIC h',,ICLI1 011 Al,II I I , ,SCO III 1t lotI. COI

,illd i. IOIl OlIIIIIII 1-' N 2 .1. 1)1111101951 SI. V t1CI [lM o.f) N plodlil.lol an1ld 
0.)II'IIII0pplUIol thIcltol \Cal' AS i h 15 *( tit project4.' N III lll! .- , 'uIillCd(I0 ICCoIIIIIlo 

Cd N +tII.IIIII I 
Lt. Il 'Ck l A ' 11.+1P't'A ~ ~l'l' .1t1(1ld lodhuclitl, [liet.Colillihtllio.ll ofl ill. 

lc IiIIO t) . sisl.25" ,. IS'. 5 '1 h)LdiIdualI i 'IIC, \%,I dii II 1 I k I'\ aillollitilll 

111111,1lC I\P).Ohl ild i,Ml Iloi,,I., IhC,,e e,,M UIII 10. lCi inlhCIII 

C I,.S1tl11t11 ,llllpII'Ioll it)lie III of* IP:O , 


0.T-0 ml fimoflI(. I, l I I1 0f.92Til ml titPA(), horn AP\ (MAI'and DA)A~; and /ero
 

hlIom mv\IIl' co I,assillllkil 0.68n ll( II.o111.SP;
 

Esimalted SutI'ur Requiremettils by Crops 

In order to design economically viable S research programs and develop S 
supply and S pricing strategies, it isimlportant to determine S uptake by 
crops. 

The es1,timated proplltiions of S uptake by speciftic crop groups are report
ed in licurc 7.2 for oMr Iliajor tropical countries and ih-hble 7.6 for three 
tropical regions, and tie ,orld. Ile results reported in the table and (lia
2rain Ilc designed it indicate I ile percelttage share of individual crops 
or crop gulps ill apg.rcgahe S uptake ilna particular year and (2) shift in 
perceIitage shilae loll ilidiidual crops or crop groutps e)rI Jnilie fro11i 1960 
it 198( to 2000. li percentage share 01 individual crop, or crop grolp 
ill agglegatc lCelaclleI rllIcquirlcilIcits t)a not be the as inluptake,.tille 


,ince it depends oil their rclatiC S use efIiciency. 
Illeach of the cotrics anld legions, S uptake is domlfinatCd 1bcereals. 

The relalike share of cereals during 1981 \aried rom around 33("1) in Bra/il 
to 81I in Nigeria. [or IhC \sorld as a \%hole, cercals accounted for 661'o dur
ing 1980. 1lie Iclatixc shale o<'CCoC.ls ise\pected to sliih in the year 2(100, 
resulting inia decline ill Bra,il and an intcreas in Nigeria and the world as 
a whole. It Iraiil the relative share of oil crops (primarily soybeans) in

http:Colillihtllio.ll
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i Cereais 

I" Oi Cror,
7- Pules 

E-1 Suqgcuo 

E 

r7
U 

Roots and Tubers 
Cotton 

rulants 

OD 

(11,,1: I ln nlr f-lia' eriO 

I e' ' .2 i'1iii;ljc I 'ot 'rlhr (it ',111m I pikc h%ll t;it ('l p (tiolps iii Selected De
tclopi lw ( l.inI '. 

crCe,,d irm -11'0 in 19610 to 32"1 in 198(0 dd is expected to increise to 410/0 
in the year 2(10(. Innrhrimore, within cereals the sharc of individual crops
aric,, h\ counl rad re,-ioi and ocr ine in a particular country and re

uioii. l-orcxanple, lie pcrcentia'e share of rice dnring 198 \\as 29"() in India 
and almost 68 in Indonesia. Ili relati C of1hw0heat in India increa'itscd 
from 80 in 1961) to 181" in 198) Md is clsccted to be 27''( in the year 2000. 
hie share of uil.es is decliiiing, parl.\ hccause there has been relatively lit
le claie in thcil prtodnctioi. )thcr moore prfliltahle crops are replacing 
pl,es ill the crloppil pattern. Similarly. f t lie \\orld as a wholC, the rela

sharte of iiillet, pilsc., tot crops, coltOll grotiliidints, and coffee is 
declitiL', lrcas that lor tmai.,'e oikels,, and soybeaits is incrcasinu. 

()ne itnS be careful it interplrettlin thc,,c shares since they mnay chalngoe 
it tie liittn depelldilinc upoll (1) tie lc.el and impact of technological
clamn es lor diflelent clops, (21 relatike price ratios 101r differeiit crops, and 
13) i,.cilnlttent lpolic.\ wilh ,iespeclto hcic indis dual crops or crop grolps. 

IF'slimaling ll~Sitir I(eIIiremems Irom Nilrogen and IhosphoI4rus Use 

,,\it aheraliaie approach to the estimation of S requtirenents for crop)
prtctllion rlates S needs to applied N and P.,() h0ront chemicil f'ertilizers. 
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Table 7.6. Estimated proportion of sulfur uptake by specific crop groups in developing world regions. 

Crop crop group Far East Africa laten America 

1960 1980 2000 1960 1980 2000 1960 1980 

\W.heat 7.52 13.96 19.92 5.22 S.65 4.5( 8.84 7.07 
Rice 40.35 40.93 41.-5 4.10 5.49 6.88 5.8S 5.51 
Maize 4.64 5.55 5.03 12.57 17.21 16.84 23.13 22.03 
Sorghum S.34 4.65 6.32 15.42 11.52 10.83 2.13 7.36
Millet 8.61 5.93 3.23 27.47 21.97 23.49 0.63 0.24 
Pulses 10.59 5.66 31.09 4.87 5.48 4.36 6.62 4.61
Root crops 1.60 2.11 3.04 6.48 8.30 10.18 3.86 2.66 
Oilseeds 3.83 3.35 2.18 1.20 1.73 1.69 5.49 4.46 
Cotton 7.03 7.26 5.58 6.27 6.55 5.21 14.73 9.04 
Groundnuts 4.18 3.40 2.44 9.24 7.00 5.57 1.43 0.80 
Sugarcane 4.88 5.35 5.06 1.73 3.11 4.72 15.08 12.87
Tobacco 0.51 0.43 0.30 0.47 0.44 0.74 0.64 (.52
Coffee 0.31 0.52 0.75 4.33 4.79 3.82 10.92 5.20
Soybeans 0.62 0.84 1.21 0.07 0.43 0.90 0.56 17.56 
Oil palm 0.01 0.07 0.11 0.55 0.33 0.26 0.06 0.06 

Total Wo, 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
('000 mt S) (776) (1 340) (2463) (224) (327) (411) (404) (844) 

a. Totals are approximate due to rounding of data. 

(9o) 

2000 

6.19 
5.93 

18.43 

10.30 
0.33 

2.77 
1.40 
5.06 

6.20 
0.42 

13.26 
0.54 

4.56 
24.56 

0.06 

100.00 
(1 603) 

World 

1960 

21.04 
15.48 
18.37 

3.56 
6.31 

5.06 
5.10 
3.80 

10.02 
1.77 

2.73 
0.47 

1.23 
5.02 

0.03 

100.00 
(4 582) 

1980 

22.43 
15.04 
21.28 

4.12 
2.S9 

3.77 
3.15 
4.65 

8.21 
1.44 

2.87 
0.41 

0.85 
8.86 

0.03 

100.00 
(7 911) 

2000 

22.97 
!4.15 
24.82 

3.43 
1.70 

2.09 
1.88 
4.81 

6.28 
0.88 

2.90 
0.31 

0.69 
13.07 

0.04 

100.00 
(14238) 
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This approach is based on the agronomic results that indicate a rather fixed 
relationship between uptake of N and S,and uptake of PO, and S. Ac
cording to the available literature, the ralio between N and S uptakes for the 
maxilillt alonill of prolein synthesis is about 15:1, and between 1)and S 
it is about 1:1(or 2.3:1 w'hcn P is expressed as 11(0) (B~eaton et al., 1974; 
Stevart, 1969; Stewart and Iorter, 1969). 
()Intile basis of aronomlic stltidies and al'ter making appropriate adjust

nient, lor nonfcrlili/cr supply sources amid nuirient losses, Ileaton il al. 
(1974) prloposCd thatniaintaining i 5:1 N:S ratio ai-d a 3:1 1),(),:S ratio in
alpliCd feriililcr will provide i balanlced supply of N, P,()j and S. Su1lfur 
needs flr plaitIl tlhcrf'ore Ib"estimated hy using IheseiulriCnl iprpoSCs can 
ratios (N:S 5, I>,(),:S 3) in con.iunction with N or I),(), needed or actli
allyl appliCd. this nChod of Csiinatl ig S neC.d has ;liso 1:c endorsed by
olies, inclidine Britisl Sulphur (orploration (19 83a), Hit ; iiid Stangel
(1982), \lc\cr (1977), and isdilc amid Il'litou (1981). [his method ntay pro
\ide aideqiatl plnt,1 nutritii S to tlileaiximlllilitltai efficiency of applied 
N ainiP ,( ) . 

Ihis approach appealrs toie appropriatc for estiniiatinglhe S needs of,
indi\ idual ciop, tindert, iClllliCrat. clinialic cotildiliOlls. FVCin tiidCr ICmper'ate 
coitdiiioils, howes.r, thcre is a lieed for Illore teliivse experiientationi fiiI
lCI IfiiCrS' field Comidilions iniorder to ciablislh a rcalisiic rane of N:S 
and P,():S ralio0s to be niailllained inl ferlili/cr applicationsi. As far as 
Iropical coniliies are Coinceried, such all apploach to cstiialin"g S needs 
could be rllhicr nuisleadimie. Sonie of the lactors t hat nced to be considered 
in cslablishhinie tIhCC ratios inhlUdc (I)ltpc oh soil and S suply3' in the organ
ic m1atter in ticsoil, (2) S suppl lihatlinospihCre lld illprccipit, 'o1,
om filt 
(.)S siippl' froll ilig'ation w\ielr (4) S suliy trullgh crop resiluCs and 
lilillard nlltiure, (5)ilititlide and illcchiliiillls of S losses, (6) cropping 

pattrlln, (7) Ilcl of crop. lld isad (8) solrces ad aiiont of the N,
P ,(), and S-i I lies ifl'heuicc S supply and requiresupplies. (Iactols, shtich 
lclis, xar1\ Itot otul IroI tropical Countrics to lemperlc Ctlllrics but also 
(roill co.tlrl to amliot.el. lirllritor.l , ats has been Stlggcsted I1w 
Stessari and Ptemr (196)), es.n t iletotal N:total S ratio \aris froi 4 to 55 
for dilfeiciil Clops. 

Ilte appropriatelies, of ihiese ialios illdctcrniuit ldequale S iceds is 
c\litiCd by isiing N, P.,() dala ald llra-Mlid S conuipt ioti frotli IMlldi.i 

reported in Ihible 
tlie S suppl i Bra/il has ailay bcen iiole thmau adequale, \ hler.,as ill India 
S,suppl \it', illorc Ih;in adctellC unltil lile iniid-1970s. ()it tilether hand, 
iccordiig 

/il. Ie lt atie;.il 7.7. According to est iniated N:S ratios, 

to ilie P,)1:.5 ratio tlie S supply \\as adequatle tiltil the 
iitid-197t1s in ilra/il pirCesnt,aiid Iidia. .,\t tile agrononlic restUlts indicale S 
deficicicics illboth Inidia anid Bail. 

http:atie;.il
http:amliot.el
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Tahh' 7.7. l'slimatCd nit roeenIsulfur and phosphorus:sulfur ratios in aggrcgate fertilizer con
sumpi on in India and Brazil. 

Year N:S ratio PO,:S ratio 

India Bra/il India Brazil 

1960/61 0.9 0.9 0.2 I.1 
1965/66 1.4 0.7 0.3 0.9 
1970,'71 3.8 1.1 0.9 1.5
1975/76 8.4 1.5 1.6 3.8
1980,81 14.1 1.8 4.3 4.1 

Trends in Fertilizer Silfur Supply 

The purpose of this section is to esti mate S supply from S-containing fer
tilizer materials used in tropical couHrics. Historically, the general trend in 
fertilizer productiion and use has been away trom S-containing to S-free 
nitrogen and phosphatc fertilizers (IFDC, 1979). 

In IIlie latter part of the iineteenth century and early part ot" the twentieth 
cenltury, Imajor soutrcCs of' N itclidcd Chilean nitrate, calcium cyanamide,
and AS. Ammomiun sullate, which contains 2111'6 N and 24% S, was a rath
er iiport anlt source of' N mitil ie 1960s not onIly because of' its agronomic
cfTcCtivcnCss bill aso hecaCusc of' tile varied sources of its production; it is 
a bvprodulct "1 I coprod uct from caprolact ai, and a directrotm coke ovens, 
product fron tile reactiomi of, stull'uric acid wilh syVnlhetic ammonia. In [lie
1960s, ho\\c\er, ammonitim nitrate (33% N antd no S) became an importamt 
sourcc of N. Iinally, itt tile 1970s urca (46% N and no S) became a domi
nant source of N x\orld\idc, and particularlv in developing countries. In 
some developed couitries direct applicatlion of amtnonia antd liquid comi
pound fertili/ers replaced the use of' most straight fertili/ers.

As discussed by lacob (1964) and Slack and lIrdesty (1964), SSP (18%
1, () LtI 12% S) \\its first pro0dtcCd cttitircialy ill 1842 hy lawes in En
gland. A,,mlng cotttitcciz i iosphlttc fcrtlilrs, SSl \was tfie iiost inipor
ta111 soulce of, J( ), ill the latlllr halfl' of' the liiciteltlih century and the 
first hal1 of(the t\ctithieI ccnittry. IF\elt though phosphoric acid was coin
interciall ly in the s, SS1 over theproduced 187 provided 60)% of world's 
phospliate as lic as 1955. lIiple sUlperphlospltate (46"o l,() and ul S)
becatll ll illipollail pltosp.ltte tellili/ele in tile 195s. AUliUoitiun phos
phiates (NIAP \ith 551'0 IJ) , I1% N, aind 11"o ; and )AI' with 4611/6
l(), 1 "1 N, and 21"0 S)Ibt. e pptlpllat.u, especially inl dCveIlpCd couti

tries, tit tic 196)s. ()lter sourc's o1' ptosphiaTC inclinded diect application
of' phosphate rock, IRAkl'R, niilroplhosphlates, aid other compound fertiliz-
C'S. OlHir sourcCs of' S iticluded gypsUiU, which was rather poliular as 
-- land plaster iilt le cighlteetlll centuiry. Ilo\C\er, tlie lse of gypsunl
slowly disappeared wtilh lie developiit anid ttse of chemical fertilizers. 
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The world trends illproduction capacity for N, P,0 5 , S-containing fer
tilizers, and S-free fertilizers are shown in Figure 7.3. While the world ca
pacity to produce N and P,O fertilizers rapidly increased from 1967 on
ward, tie percentage share of AS illtotal N, and of SSPI in total P,O5 
dccli ned. For tie world as a whole, the contribution of AS illtolal N 
production capacity declined from 18/0 inl 1967 to 9% ill1982, whereas tile 
share of urea increased fron 241/o ill1967 to 46% ill1982. As far as P.,O 5
world production capacity is concerned, the share of SSp declin, d from
 
431%o in 1967 to 20% in 1982, whereas the share of TSP increased from 2 30/
 
in 1967 to 270o ill1982. The share ofAS and SSP)declined not only ill
world
 
produnt ion capacity, production, and consuniption but also ill
world trade. 
For example, as was discussed in British Sulphur Corporation (1967, 1972), 
the relative share of AS illthe world N exports declined from 33/0 in 
1963/64 to 17% in 1969/70 while tle corresponding share of urea increased
 
tlli 220o to 411"o.
 
The total world consunl Ption of AS has been rat her static. The estimated
 

consunption of N from/ AS increased from 2.7 million ml ill1960/61 to 2.8
 
million ilt ii 1980/81, Wvhile tlie total N consumption increased almost six
I'ohl fron 10.2 million rut in 1960/61 to 60.3 million nut ill1980/81, resulting
 
ill ill1960/61 to 5(1/o ill1980/81. The
a decline in tile share of AS from 26% 

relative contribution of AS in total N consuniption in the world regions is
 

I0C0 --
 50Actual Projected 
N 
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6 0  
 ".30
 
C0 

410. 
 20
 

20 0 
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I.n,'re 7.3. \\ d Ircnds inI'toduction Capacitv fotSutltur-Containiing Nitrogen and I'tios
phaltc ICllihl,,. 
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reported in Table 7.8. Asia has always accounted for the largest share of AS 
consumption in the world. However, even for Asia, the relative share drop
pedfrom 42/o in 1960/61 to 270/o in 1980/81. The Latin American coun
tries, particularly Brazil, are emerging as important consumers of AS. 

Similarly, the relative share of SSP in total 13,O fertilizer production ca
pacity is reported in Figure 7.4. In 1982, the relative share of SSP was 7u/a
in Africa (excluding h gypl, Libya, Sudan, and South Al'rica); 210/ in Far 
East(excldin7 China and Japan); and 281,'o in Latin America. Fiinally, the 
relative contribution of AS to total N and of SS|P to total P( ) constunp
tion in selected developing countries is reported in "lable 7.9. With the ex
cept ion of a fcw COun1tries, the world supply of N and 1,O is donihnated 
by S-free fertilizers. 

Ihe ai11otnnt of suppl ied as plant nutrient by S-containing fertilizers is 
estimated as follows: 

9. Sip = IV,Fill, and 

10. Si, = !: SijI. 

Where 

Sit - Total amount (nilt) of S supplied by chemical fertilizer in jth 
country during time t, 

Tuh' 7.8. Rclalke contribuion of ailllniuilm su llaef to regional nitlogeni conimptlllion ill 
fIle worlMd. (o"() 

Region 	 Retioal larc ill (oinlribuion of, AS to regional
 
AS COllslulptloll 
 N Conlmnplioll 

1960) 61 1969 70 1980) 1 1960) 61 1909 70 1980/81 

Vetstern Iurolie 26 2)) I5 22 1I 4
 
FaICrn -urope" 13 
 12 23 	 22 7 5
Noih .	 W(1 12 7America 9 6 2
( iccania 	 I I 2 65 15 22
1atini lA nt.leica 0 9 21 37 27 21 
Afica 2 2 	 5 19 II 7Aia" 42 43 	 27 68 22 4 

\Volld (r,,) 100) 1001) 100 26 	 12 5 
N troln AS ('(000 It (2 701) (3 454) )2 828)
lotal N ( 0)t)0 lit) (i) 212) (28 691) 	 (60 336) 

a. Ile oiigiill llCS dCIiL1\d%'igi 11o111 Ilritlsh Sulphur ('orporahon (1972, 1983a).
6. Including tI1S.S.R. 
c. (ontinetal Afirca, 	 ircluidillr Ie'pr, libya, SuIdin, and South Africa. 
d. hirchdilIg kracl, laplhn, and ('hinm. 



141 

too.
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Figure 7.4. Relative Contribution of Single Stprphospliate to Regional P:0, Fertilizer 
Production Ciapacity in the World. 

a1 - Sulfur supply coefficient (percent S) in ith fertilizer, and 
Fill- Consutmption (nit) of ith S-containing clhcinical fertilizer in jth 

couLtry during time t. 

The chemical fertilizers used in estirnating S the supply include AS, amino
niuni sulfate citrate, SSP,and potassium sulfate. There may be other fer
tilizers, especially compounds, and soil amendments such as gypsum that 
supply S. However, appropriate data were not available to estimate the S 
supply from these sources. Consequently, the total S supply is unclerestimat
ed in terms 01t the S supplied by these sources. In any case, tile anount of 
S supplied by these sources in the tropics may be rather small. 

Appropriate data were not a.'ailable fron all tile countres and regions 
for determination of the S supply; ihey were available for India and Brazil. 
The estimated S consumption for India and Brazil is reported in Table 7.10. 
The results indicate that in the 1950s and 1960s both India and Brazil did 
consume large amountls of S incomp:t:, on with N, 13,05, and KO. How
ever, from tle latter part of the 1960s onward the consumption of'N, P-,O, 
and K,O skyrocketed, and the consumption of S did not keep up. The pri
mary reason for this pattern was the decline in lie percentage contribution 
by AS and SSP to total N and PA() consumption, respectively. 
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Tahh' 7.9. The relatike contrihution of ammioniun sulfate and i:ngle sulperp hosphae to fil-
Irient consunplion in selected developing countries. 

Country Year Nitrogen IN) 	 I'hospIale (I0, 

Total N N from AS N fron Total P10,) 1,O 
('000 fr) ('(000 fr) AS as t PO, from SSPI' fron SSP 

of t(.:.a! N ('(X)O rt) ('000 fi) as RIO 
( 	 of total 

1), (/) 

Algeria 1980, 81 89.7 0.4 0.4 114.9 -

Bangladesh 1980/81 266.7 11 b 119.9 - 

13razil 1980 81 886.0 210.0 23.7 I 965.6 350.5 17.8 
Chile 198081 52.4 - - 71.1 1.1 1.5 
Colombia 1979 80 151.0 4.8 3.2 73.2 - -

India 198081 3 529.7 103.7 2.9 1 090.4 170.9 15.7 
Inrdo nreia 1979 8)) 629.2 41.1 6.5 151.4 - -

Kenya 1978, 79 25.4 7.9 31.1 16.1 1.3 8.1 
M alaysia 198) 81 .,.., 6.3 4.5 118.8 - -

Mexico 1981 '82 1 106.3 332.1 30.0 369.8 73.3 19.8 
Morocco 1981 82 81.1 17.9 22.1 78.9 17.4 22.1 
'akiran 198)) 81 875.3 20.3 2.3 243.6 20.2 8.3 

l'Crur 1981 82 t11.7 4.8 4.7 21.4 1.6 7.5 
Ihilippines 1980,81 233.7 25.1 10.7 52.8 (1.5 (1.9 
St Ianka 197) 80 77.2 22.5 29.1 23.5 

a. ()rigirral data ,cTCOhlain)cd Irlolrt FA( (1983) for ('olotnrbia and Kenya and froln ISMA 
(1982) 	 tot the other count r ics. [lie coIsumlptionr data arte fitst-ordet a pproxil[flat iols since 
ot sorlc counllitic, rr dit irrlinctlnMrade berweerrta, COIMrttiOll antd dislribution. 

1. A smrlall amrotlr of AS is produced anrd tscd till tea plarntatiorns. 

- Nore or nergligihlc. 

Estimat(ed Gaps in Sulfur Requireients and Sulfur Supply
 

National gaps in S requirements and S supply are estimated as follows:
 

11. G! = S. -U . 

12. GR = S. -Ril.jr ji 

Three types of S gaps arc estimated at the national level. These arc: 

Gap I [G, - Diftference between S supply and S uptake. 

Gap 11 [GR(l)J - Difference between S supply and S replacement 
requirements with S replacement coefficient of 
1.75. 
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Table 7.10. Estimated consumption of sulfur and other primary nutrients in India and Brazil. 

Country Year Consumption of N from PO, front 
-- AS as 'o SSI' as 01% 

N l',O, K,O S" of total N of total 
(O) nlt) ('000 ttl) ('000 llt) ('O(X) llt) 

India" 1956/57 10 13 10 130 96 99 
1960/61 212 53 29 224 69 99 
1965/66 547 132 78 
 395 48 81
 
1970/71 1 310 305 198 346 16 36 
1975,'76 I 9)9 374 227 227 8 20 
1980/81 3 522 1074 618 250 3 16
 

Brail 1956'57 30 56 42 37
35 57 
196(/61 67 78 106 73 51 60 
1965/66 71 87 100 95 64 72
 
1970/71 279 377 306 252 52 33 
1975/76 416 I 014 558 266 26 21 
198081 886 I 966 1 267 482 24 18 

a. S1tl1ur LtCtained in AS, ammoniutn sulfate nitrate, SSI', and potassium sulfate. 
h. Original dala %%Ce obtainted front I[Al (1983). 
c. Original data \vee obtained from FAO (1983) ttp to 1978/79: and from ISM A (1982) for
 

1979,'8) and 1980/81.
 

Gap Ill 1[G t(il)] - Difference between S supply and S replacementrequirenlL,s with S replacement coefficent of 
3.50. 

The estimated S gaps for selected tropical countries during 1980/81 are 
reported in Table 7.11. With the exception of' Gap I in Brazil and Mexico 
and Gap 11 in Mexico, all three gaps are estimated to be negative, which im
plies that tile S requirements are larger than the S supply. With tihe excep
tion of Mexico, all [lie countries listed have no known resources of' in
digenous S. 

A more detailed analysis of' the S gaps is performed for India. The esti
mated S gaps are reported in Table 7.12. All the three S gaps (Gap 1, Gap
I1,and Gap 1Il), which serve as guides for developing S supply strategy, are 
negative, and tile a.ount of S needed to bridge these gaps is rather large.
For example, the estimated S Gap Ill for India during 1980 was 2.5 million 
til, and it is expected to increase to 3.1 million it in 1990 and 4.0 million 
nt in the year 2000. 

The models developed and used in this study provide a systematic means 
of' assessing S requirements for agricultural crops, S requirements for fer
tilizer industry, fertilizer S supply, and the potential S gaps that may prevail.
While the results indicate that large S gaps now exist or soon will emerge
in a number of' developing countries, we wish to point out that these esti
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Table 7.11. Estimated sulfur requirements, fertilizer sulfur supply, and sulfur gaps in select
ed countries during 1980. ('000 mt of S) 

Country Stlfur requirements Fertilizer Sulfur gapsb 
sulfur 

Uptake Replace- Replace- supply. I 11 111 
mcnt I meat II 

Asia
 
India 784 1372 2 743 250 - 534 - I 122 -2 493
Indonesia 130 227 454 48, -82 - 179 -406Philippines 45 8(1 159 30 - 15 -50 -129 

Africa 
Kenya 15 26 52 I1d -4 - 15 -41Niger 13 22 44 < I' -12 -21 -43
Nigeria 66 116 231 17' -49 -99 -214 
Sudan 30 53 107
 
Zimbabwe 16 
 29 58 

Latin .America 
Brazil 349 611 I 222 482 4 133 - 129 - 740
Colombia 38 67 134 5, -33 -62 - 129
Mexico 137 239 478 338 1 201 ±99 - 140 

a. I)eris.ed front I"At) (1983) and ISNMA (19S2).
b. Fertili/er supply rminutts sulftr requiretents. Gap I issupply minus uptake; Gap II is supply

minus Replacemet I; and 6ap III is supply mints Replacement II. 
c. For 1979'80. 
d. For 1978/79. 
c.Not available. 

Tabhle 7.12. 1:sinatcd sullut reqtuirements, crilier sulfmtr supply, and sulfur gaps in India. 
('000 [nmof S) 

Year Stlfur requimentts Fertili/er Sulfur gaps" 
millfur
 

Uptake Replacement IReplIacement supply, I II 111 
I if 

1961) 509 891 I 782 224 285 --667 - 1 558
1965 524 917 I 833 395 129 -522 - 438197(0 651 I 139 2279 346 --305 -793 -I 9331975 688 I 214 2 407 226 --462 978 - 2 181

198(0 784 1 372 2 743 
 250 534 I 122 -24931985 886 I 550 3 101 313 -- 543 1 207 -2 758
1990 10(18 I 764 3 528 417 591 1 347 3 1111995 I 155 21021 41043 5(18 647- - 1 513 -3 535
2(XX) 1333 2 332 4 665 618 715 I 714 -4 047 

a. Fertilizer sulfur supply for 1985 and onward is estimated by assuming 41"o annual comn
potnd growlh from a base of 271 00 mit S consumption for 1979, which is a 3-year
(1978/79, 1979/80, 198(/81 ) simple average.

b. Fertili/er sulfur supply minus sulfur requirememts. Gap I is supply minus uptake; Gap II
is suppls' minus Replacement 1; and Gap Ill is supply minus Replacement II. 

http:I)eris.ed
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mates are firstorder approximations. Although the S gap estimates are 
based on an analysis of the best available data, much work remains to be 
done for further refinements in the context of specific countries. Recogniz
ing these limitations, the results have major implications for national fer
tilizer policy. 

The larme S requirement, .md gaps have important polic imnp>.--ations 
with respect to S research, S supply, fertilizer material selection, fertilizer 
imports, fertilizer (list ribut ion, S promotion, investment, and foreign ex
change allocation. However, unless somnething is done to bridge these large 
S gaps ald to correct the S-deficiency problem,national and international 
efforts to accelerate the domestic lood and agricultural production in most 
of the tropical countries will be seriously handicapped. 



8 Fertilizer Sulfur Sources and Supply Strategies 

In order to correct the increasing S deficiencies and bridge projected S gaps,
there is a need to identify, develop, evaluate, and transfer fertilizer S tech
nology and strategies that would be appropriate, technically and economi
cally, for tropical countries of the world. Alternative S supply strategies in
clude conventional S-containing fertilizers, modified S-containing
ft'rtilizers, and indigenous S supply sources such as native S, gypsum, phos
phogypsum, and pyrites. The purpose of this chapter is twofold: (I) to brie
fly discuss \Varlions S supply sources, including S-containing fertilizers and 
soil amendments and (2) to discuss appropriate S supply strategies in the 
context of developing tropical countries. 

Sulfur Sources 

As has been analyzed in the preceding chapters, the S status of the soil is
improved through addition of S from precipitation, atmospheric dust, irri
gation water, organic material, crop residues, fertilizers, and soil amend
mn ts. 

A Imonopheric A Cccscsion 

Unlike the situation in highly industrialized areas, the atmosoheric acces
sion of S in tile agricultural areas of most of the developing countries is
rather low. According to Jones (1978), most of the atmospheric accession 
can be brought do\%n by a precipitation of the first 15 mm of rain fall. Any 
more rain only dilutes the concentration of sulfate in leaching water, as has 
been shown by Brom field, Debenham, and Hancock (1980) in Kenya. Most 
of the atmospheric S is expected to be added to soil after a prolonged dry 
season and witi the first rain of tie vet season. The net addition of S to 
soil, however, will depend on many factors, some of which have not been 
analyzed. The supply of S through dust and gaseous deposiiion on plants
and soils can also be an important source of S, particularly in semiarid 
tropics and arid zones, since these haveareas more dry periods and dust 
storms. 

Irrigation Miter 

Irrigation water is an important source of S supply to soil. However, regular
monitoring of the quality of water is essential to determine the potential
supply of S from irrigation water. In irrigated areas of semiarid tropics and 
arid zones, the S supply from irrigation water call be adequate for heavy 
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soils but probably not Cor coarse-textured and highly permeable sandy soils. 
In this context intformation on the residual buildup of sulfate, S leaching, 
and immobilization of S with tile organic matter of the soil needs to be de
v'eloped. Simulation models in the laboratories are no doubt useful, but 
more valuable results on S supply from irrigation water can be obtained 
only from field studies. 

Organic Materialantd 0wop Residues 

The organic residues of the crop are important sources of' S, and generally 
more S is retained in these residues than is removed by the grain or tile mar
ketable product of tihe crop. Incorporation of organic residues, farmyard 
manures, and other oganic residues intile soil can build up soil S reserves. 
However, because of rapid mineralization and excessive leaching inmany 
tropical soils, the buildupl of sulfate through this mechanism is ratherlow, 
expecially insurflace soil. Some of the S may move down in tle soil profile 
and get adsorbed, thus adding to S reserves of the soil. The crop residue 
management isa practical problem tlat should receive ad,+quatc attention 
inany strategy to supply S and build up soil fertility. Approximately I mi
 
of farmyard manure adds about 2 kg of S, and its availability is very low.
 
Thus, ulnless a substantial ari1ourt of manure isadded, the S supply through
 
farnivard manure will be rather small. Moreover, itmay also cause more im
balance between N and S ,upply. In most developing tropical countries,
 
crop residues and straw are generally removed for use as fodder or fuel.
 

Fertilizers and Soil .AImentnents 

The most imporarit source of S to soil in tile developing countries is 
through S-containing fertilizers and soil amendments. Substitution of S
free high-analysis fertilizers such as urea and TS1P for AS and SSP is in
creasing (he gap between S requirements and S availability. For example,
100-kg applications each of N, P,,,and K,O supplied from urea, TSP, 
and MOP, respectively, result ina decreased supply of approximately 217 
kg of S when a switch is made from the corresponding S-containing fertiliz
ers such as AS, SSP,aind potassium sulfate. 

Though the supply of.S inthe agricultural system of developiing countries 
is declining, there are few deliberate efforts to reverse the trend hirotighi use 
of' S-containing conventional or modified fertilizer products or by incorpo
ration of S through other supply sources. Infact, most of the S that \would 
have gone directly to soil as a part of tile fertilizer isbeing thrown away as 
a waste product of tile phosphate industry, and little attempt is being made 
to use it as a source of S in agriculture. Somehow the declining trend in S 
supply needs to be reversed. It can hardly be overstated that from the point 
of view of modernizing agriculture, it is essential to understand the prob
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Icms and prospects of using S-containing substances to provide S to im
poverished soils of tropical regions, cheaply and effectively. 

Sulfur-Stipplying Fertilizers and Soil Amendments 

The S-containing fertilizers and amendments can be divided sixinto 
groups: (I) dry solid fertilizer products containing sulfate, (2) dry solid fer
tilizer products contalinng elemental S, (3) fluid products, (4) organic
products, (5) compound fertilizers and mixtures, and (6) byproducts of in
dustry. Each these canl be f'urt her intoof groups subdivided sulfate
contailing, elemental S-containing, and complex substances. Thble 8.1 and 
Appendix I1give the S content of the important fertilizer-supplying sub
stances. lowever, this is not ii exhaustive list as there are numerous other 
grades and prodtucts that contain S. 

The S content of1.- containing fertilizers and substances varies con
siderably in amount and forms of S, i.e., sul fide-S, sul fate-S, and organic
S. Formns of.S other than sull'ate-S must undergo mineralization or oxida
lion to sulfate before t hey become available to plants. Sulfur-oxidizing or
vaniisms of Thiobaci II s species bring about such a conversion. The rate of 
conversioll depend,, on i t imber of I'aclors that are very well documented 
in textbooks of microbiology. Itoweser, the chemical changes in S under 
field coiiditions of tropical soils have not received adequate attention. 

It is bcyoLd lie scope of' his st udv to discuss the technology and proper
ties of tlie S-cotllai iiing sutlances. Bixby and Beaton (1970), Beaton and 
FoX (1971), and IIignett (1979) hasc dealt witi this subject insome detail. 
Ilowever, the technical aspects of' S-containing fertilizers need more atten
tion from Ifrtilizer tech:!ehagists, agronomists, and econonists. 

Considerations for Formulaling a Sulfur Supply Strategy 

Each developing country must consider its own specific S problems and S 
supply sources in formulating a national S supply strategy. There are some 
broad considerations that tust be kept in mind. 
1.A large nLumber of fertili/er products are available in thei industrialized 

countries, alld 1liese Countries are also able to manulfact tire products to 
meet specific needs. However, Ihe developing countries generally use 
only a limited number of fertilizer prodlets because of lack of availabil
ity and/or cost considerations. The proportion and total amount of 
each Of*these fertilizer products saries 'rom country to contry. A na
tional policy to supply S as a nutrient should be developed on tlie basis 
of indigenous raw material, fertilizer response, fertilizer price, and crop 
price information. 
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Tu l 8.1. Sullur-coitaining fertili,/ei aid other sitIhslatces. 

Sull'ir contarining sibstancc Nt ticrit content (%o) 

S N 11 K 

N:S 
ratios 

P:S 
ratios 

1. IDly I'¢rtili,/cl,,talccllCC.ontiinilg stlllaiil 

Il'ith.Slcontentt mort, thr01itI}t 

Ammtrrroniutsultlilc 

Amirnonium ,ulla c ti1t ci 
Ammttrontiumrr piholhimt, Nullte" 
lotassium s.lltarc 
%lagrelicsiti stiltai rrlorloltrthce 
I',asmuirr il~ICSL!Jiilil i! atc 
(, 1mn 

/Ic ,ul l.e 
Single ,uper lhlihr L 

24 

15 

15 
16 22 
23 
22 

18 

17- 18 
12 

21 

26 
16 
-

-

-

-

-

-

-

-

9 
-

-

-

-

-

9 

-
-
-

40 
-

18 

-
-
-

0.9 
1.7 
1.1 
-
-
-
-
-
-

-

0.6 
-

_ 

-

_ 

-

0.8 

It It/I S (rotn 'it/(I% tift Ii) % 
Supelphio late double 
l)iallntllItill)plosplpate 
Iriple supel plhosphae 
Phosphate roc 
Uiaam rtillalil 
,t~ll~lololrlrt llii~hotpllhate 

9 

I 

1.0 
< 1.0 

4-- 13 
I 

-

18 

-

-

40 
II 

13 
20 

20 

14 
-

24 

-

-

-
-

-
-

-

14.0 

-

-> 

3.1 --10.0 
11.0 

1.4 
15.0 

20.0 

14.0 
-

24.0 

II. I)r% Iertili/ers conrtaininrg elttitteltlalS or stllide 

Llet lielll S 
Stilturberolilte 
Sulfulr-torlified single 

uIlperplosp h 1 

lhoslhate iock-S 

IMO-lirear-S 
Sul tir-coulaed urea 
I'vritle 

iJra-S'" 

Sulfur- ftetified cotcentrated 
%uperplosphiate" 

I IX) 
90 

27 

7-

14 

>40 
10 

20 

16 
-

-

-

38 

40 

-

7 

9 

-

-

18 

-

-

-

-

-

_-

2.7 

-

4.0 

-

0.3 
0.6-

-

-

0.9 

1.3 

III.I-htid fC[rilicr corltainrilrg S 

Atonotirrr thiimullate solution 
mrilrlltrtitll polvulfidc 

Anitiltt itllate Solution 
Amrmnontiumr bistillale 
polyphospliale 

Sulfur dioide 

26 
40 -50 
17 

3 - 5 
50 

12 
20 
8.5 

9 
-

-

-

-

8 
-

-

-

-

-

-

0.5 
0.4-0.5 
0.5 

1.8- 3.0 
-

-

-

-

1.6-
-

2.7 
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lTuhh, 8.I. Continued. 

Sulfur Cotllailing ,utalc', Nuiricn contewd (0 o) N:S 11:S 
ralio, ralios 

S N I' K 

IV. ( )r i C- ll lill g slillla ce,. Ii llren, alld COmpots 

Sc%%,iLae"ItluIc 0.4 - -  -
Botloiucal 0.2 - -  -
( irhtilidlrrir Illel 0.2 - -  -

Iit III.) (%Ct
kiid Illollairc 


5"o', Illoistiu ) 
 0.2 0.3 0.2 0.3 

(omnpoundlhrtilihcr, and llli ItlresCo. Ccolaining N, P1, K, S, and nicrontlriellls 

Ih rc it1111urot'l,u1 po.ihilitics and, in fad, alriadV many products are available. 

VI. I )r, slitd hvproditl of indust ries oi tl iral ore, 

..\nhi hilc 23.51" i icn lil
 
(Oi\pil, i S Conilitn uriahttled pCl)diilg 
 llpoi t liiy 13. 18" i s llfale S

Ilioyllog ,psutitl B h,\pioduct of pihoplhoric acid or phosphatic feriliier indlusiry
 
1'.1iles S OIliClll Iiw 301"o MIriit' ton to 60"' and Lah)VC

llrillSIOllc or other S olc, S Collilcll up it )(11o


0 (otcs Cot.ain 250b 100%o S)
IPe',SiiiId of sillitai1ioii ploc . blyploduct of [Ile ,1gar idlhstry with S ColiIil highly 

\allablc
 
I'rcssnud o papct idi1dt. .Itodili
HI H oi" paper indiisn y \;ariahle S contit 
Misc.llaitiC t1,,hlttOddIC, of itiriculliiil intlisttiC,, 

t. lie Comrsioii laciir, lot plan flirric1 Irot oidc it) e1lecctiral and fromn c nelenal
o\idclot us ait: 1) 

io 
(.4364 P ), p(), 2.2914 P, K 0.X302 K*O, and K.0- 1.2046 K. 

I1. ()thei gradts ae also marIkCtd. 

d.Ialightillille. 

C. 1.3"o, ai~pl \ilrtel\.. 
f. ,'.C.I~li' OO'oI 

g. Variahle. 

2. Although there are many S-containing fluid substances, it seems doubt
rtl that [he use ol fluid fertilizers containing S will be practical in the 
near fu ture in developing tropical countries. 

3. The f'ertilizers are normally priced only For their N, P, or K content, and 
generally no consideration is given to their Scontent. Table 8.2 gives the 
total nutrient content (N + P() + K,O + S)of' a few important fer
tilizers that cootai n Iigh atnounts of S, in addition to other major plant
nutrients+. The sol fate-containing dry f'ertilizer substances with high sul
farte content may become more attractive provided the fertilizer pricing
policy or transportation cost does not outprice them. 

For example, AS has 21/o N and 241/o S. Thus, total nutrient content 
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Table 8.2. Estimated t tial nutrient content of selected nitrogen and potassium fertilizers: An 
example. 

Fertilizer S Total plant nutrients" 

Ammnonium sulfatel, 24 45
 
Ammoniun nitrate sulfate' 
 5 35
 
Ammonium phosphate sulfated 
 15 52
 
Amnonium sulfate nitrate, 
 12 38 
Potassium stillatel 18 68
 
Potassiumn magnesium still'ateg 22 
 44 

a. N i P,(), 4 K() S. 
b. 21% N. 
c.30"'o N. 
d. 16.50'o N and 20.5% 110,. 
e. 26% N. 
f'.511°.o
K:().
 

g. 22016 K.O. 

in AS is 45%, whereas urea has 46% N. If AS is priced on the basis 
of N content, taking urea N price as standard, AS is far more economi
cal than urea if'it is used on S-deficient soils. Sulfur in this case is a bo
nus.However, if pricing policy gives positive value to S,ammnonium sul
fate may be outpriced in cotmparison with urea as a source of N. There 
may be situations where AS could be considered as a major source of 
S and N as a bonus. Such decisions catl be made only on a sound tech
nological, agronomic, and ecototnic basis. On the other hand, the fer
tilizer industry will have limited economic incentive to supply S if' con
sideration is not given to S in pricing fertilizers. It is important to point 
out, however, that the cost of S if' used in producing fertilizers is incor
porated in fertilizer n-.;nufacturitg cost by the fertilizer industry.

The importance of' S in pricing fertilizers will depend on its response
ratio in comparison with N, P),or K. It isdoubtful whether any develop
ing country has a pricing policy based on the total nutrient content. In 
some states in the United States the fertilizer legislation requires that all 
mixed fertilizers should cuntain at least 3% S. Similar policies may be 
needed for developing countries faced with S-deficiency problems.

Some fertilizers containing not less than 5% (5%-100/6) sulfate-S,
ncluding PAPR, can become attractive for certain crops in areas having
S deficiency. Grant and Rowell (1976) suggested a 6.5% S content for 
fertilizers and a ratio of P,0:S of 2.1-2.7:1 for Zimbabwe. Bixby and 
Beaton (1970) have suggested a ratio of' 3:1. However, the appropriate
ness of' these ratios needs to be investigated in the context of tropical
soils and cropping systems. 
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4. 01' the fertilizer substances containing elemental S, S-coated urea, S
lortified superphosphate, and phosphate rock S can become attractive 
fertilizers and, hence, sources of S for tropical soils. 

i. Elemental S and pyrites will be preferable for alkaline and calcareous 
soils, provided they are used ill such a way that rapid oxidation is facili
tated and the cost-benefit considerations are favorable. Gypsum is use
ful on both alkaline and acid soils. 

6. In soils of low pl1, the use of elemental S or related substances and AS 
may not be so adxisable because of their acidifying effect, but incal
careous and alkaline soils lhev have an advantage provided the cost:ben
elit ratios justifsy their use. 

7. Undoubtedly, the use of organic sources of S such as crop residues and 
oilier sources is desirable, but it will take a long time to correct tile S
deficiency problemi of soil if it can be corrected at all. Moreover, the 
allotll of mllantire available for extensive use ill tropical countries is 
rather limited. Crop residues are generally used as fodder or fuel. 

8. The use of byproducts of'tile chemical fertilizer and agricultural-based 
industry as S supply sources is very promising and needs intensive re
search. However, since this research requires a considerable specificity 
of location, every country has to formulate a research strategy accord
ing to the availability of these products and Iheir economic value. 

I India, for example, t le use of low-grade gypsum, pIosphogypsumI, 
low-grade pyrites, prcssiiiud of sugar and refuse from paper factories 
offers great promise for correcting the S deficiency incultivated soils 
and for reclamation of sod ic soils. As tie phosphate fertilizer industry 
develops, a large anmount of gypsnLm as a byproduct of this industry will 
be available. Agarwal (1982) has estimated that by tie end of the sixth 
5-year plan, India will annually accumulate more than 5 million mt of 
phosphogypsumn as a byproduct of tie phosphate industry. Bangladesh
is also faced with a similar problem of large stocks of phosphogypsum. 

There are two possibilities for using phosphogypsum, one in agricul
ture and another in induslry. So far as ag'riculh tire is concerned, phos
phogypstm can be used as a nutrient source as well as a soil amend
ment. A few developing countries, including Bangladesh, have already 
started usiiig phosphogyps uI iii agriculture but only in small amounts. 
Some of tile S from this source can be reintroduced into fertilizer 
products for enriching them with S. However, this problem needs to be 
addressed jointly by technologists, agronomists, and economists. Ulti
mately, tile us of pliosplhogypsuin, whether in agriculture or industry, 
depends upon economic considerations. 

9. Sulfur-coated urea, PAPR, S-fortilf'ed TSP, double sUperphosphate, 
and S- or sulfate-enriched DAP need to be critically evaluated for use 
in S-deficient soils and crops. In fact, S-coated urea may offer al ad
vantage for supplying S to S-deficient soils, in addition to improving N 
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efficiency. Sulfur may not have been given due consideration in research 
oil testing S-coated urea in developing countries. Likewise, studies on 
the value of' PAPR not only as a source of more soluble phosphates but 
also as a source of S, particularly for S-deficient soils for Sor 
responsive crops, need to be expanded. Ammonium sulfate needs to be 
given a fresh look by the technologists, agronomists, and policymakers, 
especially in the tropics.

10. 	 The use of zinc sulfate, which is increasing in India and other Asian 
countries for correcting Zn deficiency, also should be exained from the 
point of view of correcting S deficiency. Every 50 kg of zinc sulfate,
while supplyi ng approximatcly 18 kg of Zn, also supplies about 8 kg of 
sulfate-S. 

Modification of Fertilizers to Supply Sulfur 

Fertilizer technologists need to give considerable attention to the modifica
tion of' popular fcrtilizers to supply S. In fact, there appear to be numerous 
possibilities for such modifications. However, the choice will depend on 	a
number of' factors such as ease of application, agronomic effectiveness of 
products, economics, need I r 	multi nutrient products, and the availability
of advisory and marketing scivices in the country.

The S fertilization strategy will vary from country to country. However, 
any S supply strategy should consider (1) nature of soils, (2) nature of crops,
(3) cropping system, (4) major nutrient deficiencies and t heir relationship
to S deficiencv, (5) soil fertility management system, (6) use of organic ma
nures, (7) cxpccled yield level, (8) socioeconomic factors, (9) pricing of' fer
tilizers and crops produced, (10) benefit:cost ratios, and (11) availability of 
indigenous raw materials. 

For most situations, tihe following products offer great promise: gypstum,
amnionium phosphate sulfate, ammonium sulfate nitrates, super
phosphates, acidulated phosphate rock, and fertilizer mixi tures and com
pound fertilizers supplying S in addition to major plant nutrients. Tisdaleand Platou (1981) consider that the following high-analysis S-containing
fertilizers hold some promise: (1) DAP + S, (2) TSP + S, (3) S bentonite,
(4) urea-S, (5) S-coated urea, (6) urea-AS, and (7) ammoniuim nitrate sulf'ate. 
.Joint efforts of fertilizer technologists, agronomists, and economists are 
needed to devclop suitable products for different situations in tropical 
couintries. 

Research on Sulfur Fertilizers 

In view of' the growing concern about S deficiency in tropical agriculture 
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and its implications for fertilizer technology and management, IFDC in
itiated a rescarch program on S which has emphasized the following 
aspects: 
1. Study of the effectiveness of modified phosphates and nitrogenous fer

tilizers through incorporation of gypsuim and elemental S. 
2. 	 Study of the causes and mechanism of losses of S in tropical soils and 

means of' correcting them through use of S-containing substances. 

Alodijfid Phosphat-Slt/furIc'rtilizers 

The incorporation of gypsum in hi igh-analysis phosphates such as TSP + 
gypsum and DAP + gypsum and the use of PAPR have been investigated 
under greenhouse conditions using S-dceficient soil and corn as attest crop. 
The results show that all the phosphates with incorporated gypsum ranked 
significantly better thal TSP as judged by dry-niatter production and S up
take and comnpared favorably with SSIP (IFlIC Annail Report 1981). File 
studies also indicate that cograntlation or blending of' TSP with gypsum 
so 	as to gix c a ratio of' P:S of 3:1 was best for supplying both nutrients 
(Korentajer, Nhokwunve, and I-IelIlurns, 1982). Collaborative field trials in 
Kenya, Nigeria, and Iurkina Faso using PAPR also show the effectiveness 
of 	this source for Stll)ply of P and S. 

Alodi( 'ied Nitrog'en-Sutlfttr I',riizer., 

The nitrogenous S-containing fertilizers studied at IFDC were(l) gypsum
coated urea, (2) gypsui plus urea, (3) powdered urea plus elemental S, and 
(4) urea-eleicntal S granules. The test material was applied by banding at 
8-cm depth or by broadcasting on tlie surface of the soil. The highest dry
matter prod uction and S uptake were with gypsin-coated urca ad tie 
lowest 	 with urea-eleiental S (IFl'"Annual Report 1981). 

These studies show that nitrogen and phosphate fertilizers may be modi
fied by incorporating gvpstm to become effective and economical sources 
of S to plants that are suffering from an S deficiency. In order to study tie 
practical feasibility of these promising products, however, field experiments 
in 	tropical African, Asian, or Latin American Countrics are necessary. 

Relenishing Sulfir Lost Throtugh Leaching 

Frotn leaching experiments it was observed that apparent amounts of gyp
sum removed by leaching varied from 8% to 581/o of the amount added; the 
lowest leaching rate was 0.91 am/day, and ile highest was 4.2 tum/day. 

To replenish tile S lost through leaching, sources such as gypsumin, eleien
tal S, and other S-contaitiing substances are commonly used. A study was 
conducted to find lie particle size, rate of application, and method of 
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application of these substances that would be appropriate for correcting S 
deficiency or replenishing S losses. 

Three sources of S - gypsum, anhydrite, and elemental S - vere com
pared at two rates of application - 10 and 40 ppm. The sulfate particles 
were of three sizes: (I) powder (-150 mesh), (2) 1.7-2.4 mnm, and (3) 3.4-6.4 
mam. Fhe 'cerecompared with elemental S powder of one size only 
(<0.08 11m). 

Before planting corn, the S-treated soil was subjected to a leaching rate 
of 1.9 im/day for 10 days. The S losses were highest with the gypsum pow
der and decreased as tlie particle size increased. The amount of S leached 
varied from 1.81M6 to 671% of the amounts applied. In general, the losses 
were gypstm > a'nhydrite > elemental S (Figure 8.1).

These results suggest the use of coarser material instead of powder. Sec
ondly, less-soluble material is preferable for reducing S losses. Sil fur
containing substances like anhydritc, pyrites, and elemental S may be prefer
able to gypsum in soils subject to high leaching losses; the question is one 
of economics, however, so it is desirable to conduct such experiments under 
field conditions to examine their direct and residual effects and the related 
econollic aspects. 

Criteria for EAalualing Ferlilizer Sulfur Sources 

In developing and recommending any of the S-containing fertilizers, it is ex
tremely important to keep in mind the climatic conditions, cropping sys

80 

Powder
 

60 
ED I0ppm S odded to soil 
* 40 ppm S added to soil 

w 40 

ii) Powder 

20 -34.;24mm -34-24mm 

'"3'34mm 
 -, m Powder
 

Gypsum -* Anhydrle Elemental S 

Figure 8.1. The EffecC of Source, Particle Siue, and Sulfur Rate on Sulfale Leaching Losses 
From Ferlilizer Materials. 
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terns, soil types, socioeconomic conditions, and natural resource endow
ments of those tropical countries that are the target of such technology. All 
the existing and modified S-containing fertilizer technologies must be evalu
ated with respect to the following criteria: 
I. 	The technical feasibility of production, distribution, and use of S

containing fertilizers. 
2. 	 Agronomic effectiveness under farmers' field conditions. 
3. 	 Preferences and general attitudes of those involved in production, dis

tribution, and use of these materials. 
4. 	 Economic effectiveness under free-market conditions. 
5. 	 Economic effectiveness under prevailing and alternative government 

policies with respect to fertilizer S. 
6. 	 Foreign exchange use, earnings, and savings. 
7. 	Economic and financi:tl aspects of research, production, distribution, 

and the use of these materials. 
8. 	 Existing and suggested government policies dealing with fertilizer S raw 

materials, production, distribution, promotion, regulation, pricing, sub
sidies, trade, and research. 

The technology for each proposed S-containing fertilizer needs to be evalu
ated withini an interdisciplinary context from the moment a technology is 
conceived until it is ready for transfer and general use by farmers in the 
tropical countries. 



9 World Sulfur Situation, Outlook, and Public Policy 

Results reported in tile preceding chapters clearly establish the strategic im
portance of S in economic development. Sulfur and its derivatives are need
ed to modernize the agricultural sector and also for industrial growth. The 
purpose of this chapter isthreefold: (1) to examine the current economic sit
uation and past performance of the S industry; (2) to analyze the economic 
outlook for S resources; and (3) to discuss public policies needed to ensure 
that adequate S is available for use by future generations. The analysis will 
dcal with supply, demand, trade, and prices of S and its derivatives in the 
context of selected countries and regions of the world. 

Sulfur Supply and Demand Components 

Depending on the supply source, S is broadly classified into three categor
ies: brimstone, pyrites, and S from other sources. Alternatively, S can also 
be considered as (1) natural and (2) involuntary or recovered. 

Brimstone or elemental S consists of (a) Frasch - S obtained through 
Frasch mining, (b) native - S obtained by conventional mining, beneficia
tion, and refining, and (c) recovered - S recovered from sour natural gas 
and oil where desulfurization units provide hydrogen sulfide to plants that 
recover S in elemental form. 

Pyrites, on the other hand, consist of (a) mining of pyrite (ferrous sul
fide) ores and (b)byproduct pyrites derived from the smelting of nonferrous 
sulfide ores including copper, lead, nickel, and zinc. 

Finally, S-in-other-forms consists of S obtained or recovered in the form 
of S ore, sulfuric acid, or other S derivatives. Some of these sources are 
SO, recovery from copper, lead, nickel, and zinc smelters; hydrogen sulfide 
from oil refineries; gypsum or anhydrite; and unbeneficiated S ore used in 
agricultural or industrial sectors. 

A major portion of S is used to manufacture sulfuric acid which is con
sidered the 'work horse' of industry. The S value of' sulfuric acid is generally 
not retained in the final product. For example, in wet-process phosphoric 
acid manufacture, S from sulfuric acid is discarded in the byproduct phos
phogypsum. The relative importance of' various S uses in the United States 
is reported in Table 9.1. Agriculture, mainly the fertilizer industry, is by far 
the major consumer (62%) of S. The relative importance of agriculture as 
an S consumer is exp,:!ted to decline to 40% by the year 2000. Potential new 
uses Of' S art expected to be S-asphalt paving and S concrete. At this stage, 
however, the economics does not appear to favor the use of S in concrete 
and paving material. F~urthermore, S-imporing countries may never use S 
in building material and construction, unless phosphogypsum is used for 
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Table 9.1. Patterns of sulfur demiand in the United States: An example . 

End use of sulfur 1977 (actual) 2000 (forecast)t, 

'000 ilt 0/dof total '000 1t % of total 
Agriculture (fertilizers) 7 216 62.0 12 50(0Plastic and synthetic products 

40.3 
455 3.9 I 200Paper products 3.9
345 3.0 4() 1.3Paints 324

Metal mining and processing 701 
2.8 
6.0 I 800 5.8Petroleum refining 879 7.5 2 000 6.5Iron and steel production 130 I.1Olhersc I 607 13.8

d 3 600 11.6Potenlial ne"s' uses - 10 000 32.3
 

Total, 
 II 657 100 31 000 100 

a. I)erived from Shelton (1979).
h. Forecasts are based on historical da, and other econonic indicators. The figures reportedare le most probable. The forecast ranige for total S demand for tie United States is

24.3- 53.0 million nit. 
c. Basically for chemical products.
d. Mainly S-asphalt paving a1d S concrete. 
e. Totals are approximate due to rounding of data. 

this purpose incountries with facilities for manufacturing wet-process
phosphoric acid. 

Patterns and Trends in Sulfur Production 

World production of S increased from 37.8 million nit in 1969 to 53.8 million nit in 1981. The implied average annual growth in S production was3.201 from 1970 to 1979 (3-year averages centered on years specified). Therewas a slight decline in S production during 1981 over 1980, mainly because
of a fall in production in Iran and Iraq, large existing inventories, and slackening demand for S. However, Fertilizer Economic Studies (FERTECON)
projects that world production of+S will grow annually at 4% through the
mid-1980s and slow to 3% in the latter part of the 1980s. As a result, theworld S supply is expected to reach 62.8 million mit in 1985 and 73.0 millionm itin 1990. The distribution of S production in individual countries andworld regions and S sources during 1981 are reported in Table 9.2.First, ti.n the v hole world, the share of brimstone (Frasch and recoveredelemental S)inI1981 was 63%, a slight increase over 62% during 1973. Theshare is expected to increase to 68% during 1990, This increase is mainlyattributed to an increase in recovered S inrespon,;, to environmental protection regulations. The share of pyrite in 198i was 21% and is expected to de
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dine mainly in response to an increase in recovered (involuntary) S. 
Second, the sources of S vary a great deal across countries and regions. 

For example, 90% of the S production in Latin America is from brimstone, 
61Wo in Africa is from pyrites, and 40% in Asia is from other sources. These 
dift'erences are due tc, several factors, including the existence of local S 
resources, level of fidustrialization, government regulations with regard to 
S emissions, and tile relative economics of S production. 

Third, tle share of North America in total S production has declined 
from 40(% in 1973 to 36% in 1981, whereas the share of, the centrally 
planned economics has increased from 301/ in 1973 to 35%Vo in 1981. The 
relative changes inot her world regions are rather small. No major changes 
aire expected in)tile current production trends. 

Fourth, during 1981 four countries accounted for 63.5% of total world 
production of S: the United States (23.7%), U.S.S.R. (18.0%), Canada 
(12.61,'o), and Poland (9.2%). Changes in production illany one of these 
countries can have important implications Ifr international S trade and S 
prices. 

Fi fth, \with th exception of Mexico, tile developing market economies 
produce a very ,rnall share of the world S output. During 1981 the estimated 
share of developini market economics illworld S production was only 
7.8,',, and Mexico alone accounted for about 50% of' that production. The 
oil-producing developing countries, especially in the Middle East, are ex
pected to increase their production. 

Patterns and Trends in Sulfur Consumption 

World consumption of' S has increased f'ron 22.4 million tnt in 1960 to 35.1 
million nit in 1969 and 55.0 million it ill1980. The average annual growth 
inS consumption from 1970 to 1979 (3-year averages centered on years 
shown) has been estimated to be 4.4%. The growth in derived demand for 
S has slowed down recently, mainly in response to the worldwide economic 
recession, high interest rates, and a slunp in wet-proces phosphoric acid 
production. 

Future demand for S depends oti (1) S demand for f'ertilizer and agricul
tural uses, (2) S demand Ifr current industrial (nonfertilizer) uses, and (3) 
S demand for potential new industrial uses. The available projections of 
worldwide demand for S-in-all-lorms are summarized below: 
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Table 9.2. Production of sulfur by countries and world regions during 1981". 

Region/country Production Share Sources of sulfur, % share 
('000 lit) in world 

production 
(910) 

Brimstone Pyr.es Other 
forms 

Western Europe 
Finland 
France 
Germany, F.R. 
Italy 
Norva: 
Spain 
Sweden 
Others 

7 691 
455 

2 117 
1 832 

539 
266 

I 211 
290 
981 

14.31 
0.85 
3.94 
3.41 
I.() 
0.50 
2.25 
0.54 
1.83 

47 
10 

93 
60 
14 
3 
2 

14 
36 

32 
52 
0 

14 
47 
77 
89 
62 
28 

21 
38 
7 

26 
39 
20 
9 

24 
36 

North .Imerica 
Canada 
United States 

19 520 
6 775 

12 745 

36.33 
12.61 
23.72 

85 
87 
83 

3 
5 
2 

12 
8 

15 

Oceania 
Australia 

153 
153 

0.28 
0.28 

9 
9 

0 
0 

91 
91 

Africa 
Morocco 
South Africa 
Zambia 
Others 

814 
26 

636 
81 
71 

1.52 
0.05 
1.18 

0.15 
0.13 

7 
0 
8 
0 

14 

61 
100 
71 
0 

32 

32 
0 

21 
100 
54 

Asia 
India 
Iran' 
Iraq' 
Japan 
Kuwail 
Philippines 
Others 

4 041 
195 

6 
145 

2 706 
110 
70 

809 

7.52 
0.36 
0.()1 
0.27 
5.04 
0.20 
0.13 
1.51 

50 
3 

100 
100 
38 

100 
0 

89 

10 
21 
0 
0 

II 
0 

100 
0 

40 
76 
0 
0 

5I 
0 
0 

I1 

latin America 
Chile 
Mexico 
Vene/uela 
Others 

2 699 
106 

2 167 
45 

381 

5.02 
0.20 
4.03 
0.08 
0.71 

90 
66 
95 

100 
72 

3 
3 
0 
0 

17 

7 
31 
5 
0 

11 

L'aster Europe 
Poland 
Romania 
Yugoslavia 
Others 

6 215 
4 953 

425 
341 
496 

11.57 
9.22 
0.79 
0.63 
0.92 

72 
96 
4 
2 

26 

12 
0 

82 
36 
51 

16 
4 

14 
62 
23 
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Tuhl 9.2. Continued. 

Region/country Production Share Sources of sulfur. % share 
1'000 lit) in world 

production Brimstone Pyrites Other 
(0,) forms 

Other centrally planned 12 596 23.44 35 50 15 
U.S.S.R. 9 670 18.00 40 42 18 
China 2 591 4.82 18 79 3 
(thers 335 0.62 4 93 3 

I "eqsern world 34 916 64.99 71 12 17 

(entrallY pinned' 18 81I 35.01 49 38 13 

11'orld 53 727 1000(X) 63 21 16 

a. ()riginal pioduction figures are 	 obtained froin Biitih Sulphurit,' Corporation (1982a, 
escr, all calculations arc1982h). .1o lie by the atilhors. 

h.Sulfur prodvt ion has declined because of %ar betwccn Iran and Iraq. I)uring 1979 
production of sullur-in-all-fornis %%as244 thousand mltin Iran and 762 thousand lit ill
 
Iraq. 

c[.scliuding Cuba. 
d. Suit Filas ern Lurope and ()ther Centirally Pkinne(d FConionlies. 
c. Iolals arc approiitae dueito rollling of dali. 

Source 	 Projected sulfur Annual growth rate 
Demand 
(milliol lill) 

1985 1990 2000
 

Shelton (1979) 	 76.0 138.5NA 4.41o 
Nixby 76.1 NA NA NA(1980) 

BSC (1980) 66.0 	 76.0 NA 3.59/6, 1979-85 
3.0i/o, 1985- 90 

'Markets 	 Newsleler' (1982) 63.5 74.9 NA <3.0%, early 1980s 
>3.0%, laie 1980s 

Clearly, there are large variations in S detnand across difIferent projections 
depending on lie underlying assumtilion. (iven lie current slate of the 
worldwide economy, tile S denanid ili 1985 is expected to be in the neighbor
hood of' 65 million il!.' According 1o Shelton and Morse (1983), total 

1.AccOdil Iig c fl Sc%Co Shelion (19791, imiiiiilai1o tl id%d1niaid fto S is projected itobe 510 Itil
lion il froni1977-1985 and 	 2,050 million ilt roin 1977-2000. 
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world demand for S for industrial uses alone in 1990 is estimated to be 37.6 
million flt, of' which 841"'o is for current industrial uses and 16% is for 
potential new industrial u'ses. 

Total S consumption in individual countries and regions is reported in Th
ble 9.3. )uring 1980, 70 '%of tile world S consumption was in the western 
world and 30% in th.w centrally planned economics. The share of individual 
countries in \vorld S cuonsumpl tion during 1980 was 26%Vo in tile United 
States, 181"o in the U.S.S. R., and 51"o in .Japan, accounting for approximately 
one-half of, the w\orld's consumption. The share of developing market econ
omies in total S conimpiioi \was only about 12% during 1980, a rather 
small almount in the context of their relative share in world popLulation and 
agricultural production. 

The percentage share of brimstone iin nonacid (tfor something other 
than sulfric acid) uses varies from 3'o in Africa to 15"o' ill North America. 
Dulrintg 19,,0, 121)o of the brinistone in tile western world was used for 
noniacid irlo.Cs. The rest of lie bri istone was used lor llanl'actutring 
still'uric acid. ()n the other hand, most o' tie S from pyrites and from other 
sotrces \as lsed to 1triaul't 2aclure sulfuric acid either as the main product 
or as a bvp! od oct. ()n t lie average, 8811 of the total brimstone consumed 
ill the western wvorld during 1980 \%as allocated to tile rnaiu fact tre of* stil
furic acid. Such ilformation fOr the centrally plantned countries was not 
available, but it is thoulit rliat the average percentage share allocated f'or 
produoct ion of stI tlurc acid is not tuch different from that in lie western 
world. 

Pallerns and Trends in Sulfuric Acid Production 

Dependin'ig Ulpori tile couttry, 80%o-90%)o of S is used to niarnu factore slltllt
ic acid. There are at least four reasois IOr this high figure: (1)sult ric acid 
is cheapest amotig all the mineral acids; (2) sulfuric acid is quite versatile 
in its applications and ordilmrily there is no satisfactory substitute; (3) the 
production of sulfuric acid results in net energy export f'or other uses; and 
(4) suilfturic acid is lprodUCCd a , bY lrod ltr (e.g., smelting operations) or 
as a tIsCtll IprodIUI tot1 Sderiaties recovered ill response to uoverntiient 
reulationis to reni S enmissiorts e.viroiinriital ptoecitioll.le 'o 

SulnI'ic acid is pmrot!,.Cd h\. CaillvtiC oxidation of S(), to sult'ur trioxide. 
The sulfurI rioxide is t hen absorbhed in ,atcr or stilfturic acid to forni silfur
ic acid.- [hee are nian\ difterent sources of S., arid alternative processes 
to comert S(), into stiluric acid. Variots soUrces of4 S Ior sil furic acid 
production are (I) elemental (Frasch or recovered) S, (2) pyrite (ferrous sil-

d.CIIS 01ti h +Ciiid2. ltilhc 1 h11 .'Chii +Idaid ,.nC'iI-'latd a, ol1ecI,,,t1 ri + prtottUC0i W' 
lj\ itdhl,' ill I1 )( (1t971)). \tttiIiii ;laldi l igi.tri (1ti 2). 

http:pmrot!,.Cd
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Thhil9.3. World corIsunsption of sullfur anid allocation of brimstone for nonacid uses during 
1980.,. 

Region (ountry Total colqliltplioll 	 Irinstonte conmuniption 0'Oused 
for nontacid ues for 

'000 nill 	"'o share sulfuric 

'000 fill 	11,oof lotalS acid 
C..otlnsuption 

IIiemtorn Eltrolp II )16 20.0 	 I 254 I1 89
 
Belgium 822 1.5 80 10 90
 
Vinland 442 0.8 77 17 
 83
 
I'anec I 929 3.5 204 1I 89
 
(Oerntany,F.R. I 71)1 3.1 182 II 89
 
(cecc 450 (0.8 48 1I 89
 
hal\ I 263 2.3 167 13 87
 
Net her IaLI 532 1.0 NA
NA NA
 
Spailn I 295 2.4 148 1I 89
 
S%,cdel 	 298 0.5 60 2(1 80 
1. filledKinigdoiii 1249 2.3 121 10 91)
 
)thet , 935 1.7 NA 
 NA NA 

\orlh .Imeria 15 919 28.9 2 319 15 85
 
a",ada 1 899 3.4 
 370 19 81
 

I'toeld State, 14 021) 25.5 1 949 14 86
 

()4 amz I (54 1.9 70 7 93
 
Al'tlalia 805 1.5 
 55 7 93
 
Nok,tcalarid 249 (0.5 15 6 94
 

3 192 5.8 106 3 97
 
Molocco 081 1.2 NA NA NA
 
South Africa I 356 2.5 65 5 95
 
1uciia 715 1.3 II 
 2 98
 
()lher', 441 0.8 NA NA NA
 

wa 	 51)12 9.1 563 I1 89 
India 1076 2.1 150 14 86 
lapall 2 512 4.6 284 I1 89 

Sout h1Korea 562 1 .0 40 7 93 
()[tietN 862 1.6 	 NA NA NA 

I wi Aoicrit'W 2 488 4.5 253 10 90 
I adiI I(144 1.9 100 I0 90 
,Ie',i - 951 1.7 65 7 93
 
lhtlcit 493 0.9 NA 
 NA NA 

,',iralli ilanne,.d 16 367 29.7 NA NA NA 
laIcill Iltope 3 241 5.9 NA NA NA 
1'.S.R. 9 853 17.9 	 NA NA NA 
(WIer celiiall., ptlaiicd 3 273 5.9 	 NA NA NA 

IIe",srr world 38 681 71.3 4 566 12 88 
(etrall Ilnned 16,367 29.7 NA NA NA 
Iforhl: 55147 I11.1) NA NA NA 

j. ()tirliial 	 ct,iitlliptlioll(igittS \%ht.re tm1 Siulphiur (orpolation (1982a,ohiliteid Ihriishi 
1982h). Ilotcr . all he cAlcuhtitMi, \iic inadLeIC lihte,o1horS. 
I.
}\Chdiltg ('u11m.
 

c. S1t111(it lI t'IICiI ulope, I'.5.5 . arid ()Iter(elnii al. I'latncd Iconoitic',. 
d. Iola, It.a110\tiite. thle to Itoiiidill tt data. NA Not ,isailalc. 



166 

fide), (3) stmeler operations (nonferrous sulfides), and (4) natural gypsum 
or byproduct phosphogypsuni. On tile average, I int of sulfuric acid 
nmanufact trc requires 330 kg S, all of which is contained in the final product 
(33% S ill FS().. Furthernore, sulfuric acid mnanLufactu re is a source of 
useable energy ill the amount of 1.32 GI(imt of I-,SO 4 (1.25 million 
Bltu/mt of 1-SO,). The aniount of useful energy generated, however, de
pends ol the source of raw material S. 

Werld production of sul Ifuric acid during 1981 was 137.8 million it, a de
cline of 3.8 million nit over tle previous year. On tile average, however, 
production of Iulfuric acid gre\ at 4.4%/year froni 1974 to 1979 (3-year 
averages centered on years shown). A detailed analysis of sulfuric acid 

Tlhh'),4. P0u0LI 01n oful n1hfu ic dcid b 

RLgiOlI COU11111 odnlcli i 
('100 [mt) 

It eLtern l:'urolit, 25 541 
Belgium 2 )35 
France 4 135 
(krnianm. FR. 4 220 
Iay 2 500 
Nellie, IIdl, 1 798 
Spain 2993 
Uniled Kingdonmn 2 889 
()tIIer'. 4 954 

NAorth JAmerica 39 345 
('anada 4 030 
United Sutle, 35 315 

)('alll 2 515 
Australia I 975 
Ne, Zealand 540 

.- Irica 8 903 
Morocco 2 353 
Solih Af "ica 3 230 
"'uniia 2 220 
Other, 1 101 

.Ia 12 718 
India 2 780 
Japanl 6 572 
Souh Kole:. 1 300 
Fali\%an 900 
)t h r 1 166 

u.\C011y Mnd \,,11Id legions during 1981'. 

Slhare Sources of [aw material, All, 
ill %wild 'I'l Shale 
pltodti,.
IOll 
('I IBrinstone lrite Ohler 

torills
 

18.5 56 27 17 I00 
1.5 66 13 21 I00 
3.0 89 0 I I 100 
3.1 48 18 34 100 
1.8 44 39 17 100 
1.3 85 t) 15 1O0 
2.2 0 90 10t t0t) 
2.1 94 0 6 I)) 
3.6 38 43 19 100 

28.5 78 5 17 I00 
2.9 42 25 33 100 

25.6 82 3 15 II00) 

I71.8 83 11 I I) 
1.4 78 ( 22 100 
(1.4 100 ( H(t) 

6.5 75 16 9 I00 
1.7 97 3 tt 100 
2.3 50 38 12 100 
1.6 100 I}01)0) 

0.8 55 12 33 100 

9.2 56 7 37 1)0 
2.0 90 4 6 10 
4.8 25 II 64 1)0 
(1.9 79 (1 21 100 
0.7 100 0 I001 
0.8 93 7 0 100 
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production by region, country, and S supply sources for 1981 is given in Ta
ble 9.4. Approximately 69% of the world-021-s sulfuric acid was produced
in the western worlk. The major producers include the United States (26%),
U.S.S.R. (170%), China (6'l), and J.lapan (51/o). Among the developing mar
ket economics, malir producers of sulfuric acid are India (2 0/6), Mexico 
(2%), Brazil (1.7%), Morocco (1.7%), and Tunisia (1.6%). The developing
marketing economics as a group acCount for 13.1% of the world's sulfuric 
,,id production -- Africa 4.2%, Asia 4.4%, and Latin America 4.5%. 

The S stipply sources for sulfuric acid vary across countries and regions.
For lit \world as a whole, approximately 61% of' the sulfuric acid is based 
on hrimstone, 21% oti pyries, and 18% on other sources. Anong the major 

/h ...(cntinuitd. 

RIeim tottlly 

Ium .Imernciw 
Aleiitina 
Nleico 
Itra/il 
(thilte 

S[et Nh 

I:avh'rni Itrope
/Ccho q to, ia 

Geial D.K. 
Ioland 
Roai~ia 
Yizg,,la\ ia 
( IlIcI, 

(/t,, calrwIlh"i'hmnnd 

I'.S.S.R. 
(hiiia 

([ [lhei N 

W~Iit',n worl 

r/"nru/lv planned' 

lI'dr/e 

Prodiicgion 
('000I [11) 

ShImL 
in v, crld 

Snoitces o 
" %share 

rim iiiaiiciial, All, 

tIrod,ctiti 
Iliiisionc 'yrites Other 

forlml 

6 217 
275 

2 75o 

4.5 
0.2 
2.o 

87 
80 
87 

3 
0 

1 

1(0 
20 
3 

100 
100 

0 
2 400 1.7 93 7 0 fu0 

385 0(.3 71 3 26 100 
4(17 (.3 77 DI 23 tOO 

9 561 
1 3 5(0 

6.9 
I. 0 

59 
100 

23 
010O 

I I(lH
0 

95(1 
2 776 

0.7 
2.0 

74 
80 

II 
0 

15 
21 

100 
100O 

1 835 1.3 46 44 It 10 
I 100 
155(1 

(1.8 
1.1 

0 
33 

41 
54 

59 
13 

(1 
100 

33 060 24.0 39 46 15 10 
24 (100 
7 731 

17.4 
5.6 

43 
26 

37 
71 

2(1 
3 

10 
100 

I 330 1.0 35 62 3 I(10 

95 241 69. I 71 12 I8 100 
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sulfuric acid producers, the contribution of major S supply sources consists 
of 82% from brimstone in the United States, 43% from brimstone in the 
U.S.S.R., 710 from pyrites in China, and 64% from other sources in Japan. 
Consequently, the average production cost of sulfuric acid varies among 
these countries. Primarily, it is brimstone that moves in the international 
market. Other sources are either location-specific or too bulky for transpor
tation. 

Patterns and Trends in Sulfuric Acid Consumption 

World consumption of sulfuric acid during 1980 was 142.8 million mt. On 
the average sulfuric acid consumption grew at 4.3% /year from 1974 to 1979 
(3-year averages centered oil years shown). Since demand for sulfuric acid 
is closcly linked with demand for wet-process phosphoric acid, growth in 
futu re demand fbr sulfuric acid depends on the technical feasibility and 
economic viability of alternative processes for producing water-soluble 
phosphate fertilizers. 

Regional consumption of sulfuric acid and its allocation to the fertilizer 
sector during 1980 are reported in 'hIble 9.5. Almost one-half of all the sul
furic acid is consumed in Western Europe and North America. North 
America, especially tire United States, is a major consumer of stulfuric acid, 
primarily because of its large and well-established phosphate fertilizer in
dustry. The only developing countries that consume sulfuric acid in any sig
niificant amniit are those that possess domestic capacity to produce phos
phiate fertilizers. To a large extent, domestic capacity to produce phosphate 
fertilizers is determined by the availability of phosphate rock. 

The proportion of sulfuric acid used in tlie fertilizer industry varies from 
one world region to another. For tie world as a whole, 56% of tile sulfuric 
acid is used in the fertilizer industry. The percentage share varies from 
ashigh as 83% in Africa to a low of 44%16 in the U.S.S.R. and Western Eu
rope. The rest of the sulfuric acid is used for other chemical industries. A 
large share of the siilfuric acid used in the fertilizer industry is used to 
manufact tre phosphate fertilizers. For tihe western world, 91% of tile fer
tilizer sulfuric acid is used in the phosphate fertilizer industry. The percent
age share varies f'rOlm1a1low of 73(o in Asia to 990/o in Oceania. The rest 
of the sulfuric acid is used to produce S-containing nitrogen fertilizer and 
other compound fertilizers. 

The proportion of sulfuric acid LsCd in tile fertilizer industry has been 
changing over time. For tlie western world as a whole, this share increased 
from 511% in 1974 to 5510 in 1979 and 5,'% in 1980. A major upward shilt 
has occurred in North America where the share of' sulfuric acid used in the 
fertilizer industry has increased from 460/ in 1974 to 60/0 in 1979 and 62/0 
in 1980. As far as other regions are concerned, tlie share has declined in Lat
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"Tuhh,9.5, World conxurmplioII anId regionalillcat jion ol" ,urlic acid Iand sulfurfr Ir fcrilii
er pioduction during 1980,. 

Recion Iotal ('on t ullllpliollill tile ,o %litale I'l used 
cosnptlloll fcrtili/er sector of Sul- lor 

fri ulsed phos-
M illion 0I Million 11 ("n lto- il piralte 
jilt share lit share cared lo fertilier fertiliers 

feCllili/cr sec.lor" 
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ill America aind Oceania, has 11o0significanily changed ill Asia, and has in
creased ill Africa. The tlisaggiegaledi analysis by COlintry and regiol with 
respect to sulfuric acid consunplioll and its allocation to Ihe elrtilizer in
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fIuic acid is Used ill IhC phtsphaC ferlilizCr ilidusry. 
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Table 9.6. World consunption and allocaiion of sulfuric acid and sullur to fertilizer sector 
during 19891. 

Region/country Total Consumption of Fstimated 0' 
0'0 used 

consumption suiltfur ic acid by o sulfiur for 
of sulluric ferlilizer sector coistinptioi phosphate 
acid 'O(X) mi used in fer- lferlilizerc 

'(XX)nIt i li er sector" 
allocation 

Vestern Europe 25 192 10 924 43 38 NA 
Behvium 2 378 I 128 47 42 66 
Finland I 1(17 533 48 40 100 
France 4 100 2 060 50 45 97 
(jcrtnany, F.IR. 3 70(0 400 II 10 70 
Greece 952 887 93 83 89 
Italy 2 455 720 29 25 90 
Neilitelands I 794 946 53 NA 1O0 
Spain 3 045 1 864 61 54 72 
S\%edeI 760 245 32 26 1(X) 
UniIed KiIIdoiii 2 915 793 27 24 93 
Others I 986 1 348 68 NA NA 

North Amerlica 41 821 24 695 60 51 NA 
Canada 3 800 2 2(1( 58 47 92 
UInied States 37 020 22 495 61 52 97 

Oceania 2 530 I 99) 79 73 NA 
Australia I 990 1 451 73 68 98 
New Zealand 541 54) 1() 94 1(X) 

Africa 9 (X)9 7 249 83 81 NA 
Egypt 245 21))) 82 NA 100 
Morocco 
Souh Africa 

2 305 
3 300 

2 300 
2 2(10 

(X) 
67 

NA 
64 

I(X) 
93 

ltnisia 2 22)) 2 18)) 98 96 1(X 
Others 939 369 39 NA NA 

Asia 11979 5 698 48 43 NA 
India 2 700 1 65(1 61 52 77 
Japan 5 914 1 853 31 28 68 
Souiilh Kolea I 298 898 69 64 I00 
Taikain 90) 522 58 NA 25 
Others 1 167 775 66 NA NA 

laun ,Imercr 6 745 4 0)31 60 54 NA 
Argeniina 275 31 II NA I(X) 
MIe\ico 3 (XX) 2 100 67 62 60 
Bra/il 
Chile 

2 6(X1 
385 

I 750 
1( 

67 
3 

60 
NA 

I() 
NA 

Veie/uCla 130 115 88 NA 40 
Others 355 125 35 NA NA 
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Tuhle 9.6. Continued. 

Region /country Total Consumption of' Estimated 1 6 used 
consunmption 
of sulfuric 
acid 'O(llmt 

sulfuric acid by 
fertilizer sector 

of sulfur 
consumplion 
used in fer-

for 
phosphate 
ertilizer, 

O00 inlt o tilizer sector" 
allocation 

C e+ntrally/vhlannd

'astlrn lIuropc 
U.S.S.R. 

NA 
NA 

NA 
NA 

NA 
NA 

NA 
NA 

NA 
NA 

Other cet rally 
planned NA NA NA NA NA 

I1'e, r ivorld 96 275 54 587 57 50 NA 

(entrallv Iluntwd' NA NA NA NA NA 

Iorld' NA NA NA NA NA 

a. ()riginal ligure, .. cre oltained from BIritish Sul:ii r ('orporatiott 11982a). Hlowever, all tie 
cLlctlations re I.. de iv [lie authors.ll, 

0. (ibtaincd iy i nlhipiling the perce'tiage share of stlluric acid used in fertilier sector dur'if! 1981 1)y tie lirctaec sharc of S used to manulacture sulfuric acid during 1980 (1981 
dita not a..aiLilhlc).
 

c. l)ei..d totlIritish SuliU (rormriion (1981). Flie ,,hare refer, to that part of su.furic
acid itli e crtili/er sector \\hich \,.as used to ;,ioduce phosphiatc fcrtili/ers. 

d. Fi\chdine ( ul. 
c. Suiii oh lsiclell h~lope. U.S.S.R., and Other Cenira"y Planed Economnics. 

,f. lo l ;1toe ppt \illmll ife to rounding o! dilh. 
NA Not a\ailable. 

EI 

In,'tiru 9./. Ust iiiiaed l'erceitt Shle ohtStilfur Conisumtptioni (ottpoitens in the Westertn 
IordI) r ug 19801. 



172 

world is used in the fertilizer industry, especially for phosphate fertilizers; 
(2) most of the S used in the phosphate fertilizer industry (with the excep
tion of SSP) is discarded as byproduct phosphogypsum; (3) one essential 
plant nutrient, S,is used to provide another esse:ntial plant nutrient, P; and 

'
(4) sulfuric acid will continue to i)1'7*an important role in the phosphate 
fertilizer industry in the near future. 

Paterns and Dleterminants of World Trade in Sulfur 

Sulfur production in the world during 1981 was 53.8 million nit, of which 
16.1 million nit (about 30%) was traded in the international market. Sulfur 
which moves in the international market consists irimarily of brimstone. 
During 1981 brimstone a~counted for 96% (15.5 million it) of all the S 
trade. The remaining 4/o (0.6 million nit) was S in the form of pyrites. As 

Table 9.7. Patterns of world trade for brimstone during 1981. 

Importing Total I xporling countries (sources of imports) share 
region/country import , intotal imp~orts ( ) 

United Mexico (anada t.rance Poland Olhers, AIll 
States 

IWestfrn Europe 3 ')57 17.6 6.5 16.2 18.0 32.7 9.0 1Off 
Belgium 392 63 8 0 10.7 12.0 5.6 7.9 t00 
France 569 11.2 0.9 22.5 0 62.7 2.6 100 
(Gernync, F.R. 339 23.6 0 25.1 0.6 50.4 0 I)0 
Greece 252 5.2 0 11.9 18.3 65.1 0 100 
Italy 441 ( 00 60.1 1I.4 17.2 4.3 10 
Netherlands 459 32.9 0 0 21.1 14.4 31.8 100 
Uniled Kingdom 856 11.2 14.1 10.7 30 33.6 0.4 1t0 
Others 636 6.8 20.6 0 28.6 23.6 20.1 100 

N'orth .. merica 2 331 0.4 28.1 71.5 0 0 0 100 
United Slates 2 321 0 28.2 71. 0) 0 0 10)0 

Oc'anic, 776 0.1 0 99.9 0 0 0 100 
Australia 569 0.2 ) 99.8 01 00t t)0 
Ne. /caland 202 0 0 ItO.0 t 1c0 ltOf 
Others 5 0 0 If(0.f) 0 0 100 

../tro 2 395 3.4 0.2 67.0 10.1 18.5 0.8 100 
Egypt 48 It00.) 0 0 0 0 0 I00 
Morocco 877 0 0 66.0 3.6 30.4 0 10)
Niger 53 0 9.4 0 9).6 0 0 100 
South Africa 573 2.4 0) 97.6 0 0 l1Ot 
Iunisia 770 0 57.5 19.5 23.2 0tO D0) O 
Otlers 74 25.7 0 31.1 16.2 tO 27.0 1Of 
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Table 9.7. Continued. 

Importing Total Exporting countries (sources of imports) share 
region/country imports' in total imports (/) 

'000 lnt 
United Mexico Canada France Poland Others, Alle 
States 

Asia 1 991 7.7 4.5 59.6 0 2.9 25.2 100 
India 924 15.5 9.7 50.0 0 6.2 18.6 100 
Indonesia 93 0 0 94.6 0 0 5.4 160 
Israel 147 0 0 100.0 0 0 0 100 
South Korea 380 1.3 0 53.2 0 0 45.5 100 
Taiwatn 254 0 0 78.3 0 0 21.7 100 
Others 188 2.1 0 48.4 0 0.5 48.9 100 

Latin America I 091 12.0 1.3 66.1 0 12.4 8.2 100 
Mexico 50 100.0 0 0 0 0 0 100 
Argentina 88 6.8 0 93.2 0 0 0 100 
Brazil 801 5.6 1.0 69.2 0 16.9 7.4 100 
Chtile 100 14.0 ) 76.0 0 0 10.0 100 
Otlters 52 28.8 19.2 9.6 0 0 42.3 100 

Eastern Europe I 477 11.4 10.4 0 0 72.1 5.9 100 
Czeclhoslosakia 515 0 0 0 0 88.9 11.1 100 
Germany, D.R. 173 0 0 0 0 97.1 2.9 100 
Rormania 432 35.0 17.4 0 0 44.4 3.2 100 
Others 357 5.0 22.4 0 0 69.7 3.4 100 

Other centrallv 
planned 1 548 0 1.3 35.0 0 52.9 10.8 100

U.S.S.R. 967 0 2.1 15.9 0 82.0 0 100 
(hina 232 0 0 99.1 0 0 0.9 100 
(tlla 315 0 0 50.2 0 0 49.8 100 
Others 34 0 0 0 0 76.5 23.5 100 

I 'estern world 12 540 8.6 8.1 52.6 7.6 15.4 7.7 100 

Centrally planned' 3 025 5.6 5.7 17.9 0 62.3 8.4 100 

I'orld 15 565 8.0 7.7 45.9 6.1 24.5 7.9 100 

a. Original trade figures %%ereobtained from British Sulphur Corporation (1982a). However, 
all the calculations were ittade by thl. aut hors. 

h. 	World trade in pyrites during 1981 was 585 thousand rnt,which is approximately 3.60,o of 
total S (brimstone and pyrites) trade. 

C. 	Ibis includes exports, in '000 tnt, from (ermany, F.R. (419), Japan (232), U.S.S.R. (203), 
and others (369). 

d. Sum of lasternt l-urope attd Otiter Centrally Platned i-cottontics. 
e. [otals are approxitate due to rounding of data. 
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far as S production is concerned, the respective contributions of brimstone 
and pyrites to world S production in 1981 were 63% and 21%. Clearly, brim
stone is the main form of S in worldwide trade. 

The patterns of world trade, including sources, destinations, andquanti
ties traded for brimstone during 1981, are summarized in Table 9.7. Canada 
and Poland are the major S exporters, accounting for about 700/6 of all 
brimstone exports and 68% of all S exports (Figure 9.2). Other important 
S-exporting countries include the United States (7.7%) from North Ameri
ca, Mexico (7.4%) from Latin America, France (5.9%) and Federal Repub
lic of Germany(2.6%) from Western Europe, Japan (1.4%) from Asia, and 
U.S.S.R. (2.6%) from centrally planned economies. The emerging S export
ers include the Middle Eastern countries. However, given the political situa
tion in the region the potential production and exports of S are subject to 
uncertainties. 

The share of' Frasch S in brimstone exports may decline in tile future, 
primarily because of (1)higher energy costs since Frasch mining of S is 
energy intensive and (2) an increased recovery of S,necessitated by the more 
stringent SO, emission standards in North America and Western Europe. 
These trends may result in declining importance of Fra:;ch producers and 
exporters in international S trade. 'Fhe cost of production Will continue to 
play an important role in determining tile export price. The cost of produc
ing recovered S as compared with Frasch S will depend on the extent ,o 
which the investment and operational costs of S recovery are charged to the 
main product. 

Although only a few countries play a major role in the S export market, 
S iinports are diffused over a large number of countries. However, among 

44 2C 

50 . i , .-. P102 30 
Percent Share m .,If, o r'ner~? "hgrt. iiljr [wOducton 

Major no . NtiM or, Producr, 

Iigire 9.2. Patternsr of World Sulfur Production and Lxporl )uring 1981. 
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individual countries, the United States is the largest producer, consumer,
importer, and third largest exporter of S in the world. Other important S
importing countries include the nited Kingdom, Australia, Morocco, Tuni
sia, India, Brazil, Czechoslovakia, and U.S.S.R. (Figure 9.3). The amount 
of S imported by each country, of course, depends on the amount domesti
cally produced and total S needs. Three other factors that determine a par
ticular ceuntry's Iinancial capability for importing S are the f.o.b. price,
shipping arrangements, and the foreign exchange situation. With the excep
tion of Mexico, most developing countries are net S importers. Despite seri
oIs foreign exchange scarcity, these countries must import S in order to pro
duce more food and to develop their agricultural and industrial sectors. 

The current S trade patterns have evolved over a period of time. Poland 
exports mainly to Western Europe, Eastern Europe, and other centrally
planned countries. l)uring 1981, 62% of tlie S imports in the centrally 
planned economies (Eastern Europe and other centrally planned countries)
came from Poland. France exports to other West European and Frantco
phone African countries. A major share of Mexico's S exports goes to the 
United States. Flie United States exports mainly to Western Europe and 
Latin American c mnries. Canada is in a unique position and exports S to 
almost all tile ilniporting counitries, except Eastern Europe. The key factors 
that determine a particular country's relative position in the international 
S market include (1) quantity produced and cost of production; (2) f.o.b. 
price and olher commercial terims of sale; (3) distance fro:n tlie importing
country and hencc t le transportation cost; (4) reliability of S supply; and 
(5) long-tern bilateral arrangements between the exporter and tile importer. 
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In view of these criteria, Canada is expected to continue to play a dominant 
role in the international S market, especially tile western world. 

Sulfur Trade Policies in Selected Countries 

Contrary to the spirit of the GATT Agreement, many S-importing develop
ing countries continue to impose trade restrictions.4 Such trade restrictions 
include (1) tariffs, (2) import quotas, (3) foreign currency control, and(4) 
import licenses. The exact number, nature, and intensity of these trade res
trictions depend upon the underlying (explicit or implicit) objective of the 
government. Most developing countries impose some sort of trade restric
tions on fertilizer imports, including S. However, the most common trade 
barrier is the imposition of tariffs. 

Unlike excise duty. which is levied as a fixed amount on each unit sold, 
tariffs arc levied ad valorem. In other words, tariffs arc levied at some fixed 
percentage of the pi ice of commodity. As an example, tariffs on S imports 
in selected developing countries during 1971 were 10(1/o to 50% ad valorem. 
The specifics of current tariff policies may have changed since 1971, but the 
general attitude of developing countries toward import restrictions has not 
changed significantly. It is primn..ily a response to the imposition ot various 
trade restrictions by the industrialized countries on the commodities export
ed by developing countries. 

Tariffs on S imports are generally imposed to achieve one or more of the 
following objectives: (I) to protect the domestic S industry from undue for
eign competition (infant industry agreement), (2) to discourage S imports, 
(3) to encurage the development of S substitutes, and (4) to raise govern
ment revenue. Most of the S is imported as brimstone, which is the basic 
raw material used to nianu fact tire sulfuric acid. Sulfur and sulfuric acid are 
essential for economic growth, and they do not have satisfactory substi
tutes. Technically, nitric acid can serve as a possible substitute for sulfuric 
acid in the phosphate fertilizer industry, but its use has no comparative eco
nomic advantage. Besides, the production of' nitric acid is highly energy in
tensive. For countries with limited domestic S resources, tariffs on S imports 
are convenient sources of' government revenue. 

Tariffs on S may be a good source of revenue, but they can result in high 
social costs, especially for a developing country with food deficits and seri
ous soil fertility problems, including S deficiency (Mudahar, 1978). First, 
the immediate impact of the tariff is to raise the price of imported S by as 

4. The GAHt Agicemeni (Gencral Agrecinemn on Thri',is and Trade) was originally signed in 
1959. -1h sliteld aims aic (I) reciprocal and cont ining reduction of tariffs and abolishment 
of oilher barriers ot trade and (2) inondi,,rimination in commercial trade. In audilimion to GAq , 
ihere are many regional and noltilaleral organi/ations designed to achieve shimar aims anong 
1 em1ber cont rites,. 
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much as tile tariff. Second, the tariffs encourage inefficiency in tile domes
tic S inidustry and in those industries that use S or S derivatives. Third, ill 
the absence of any subsidy, the incidence of tariffs ol S imports is passed 
on to Consumers and farmers who end up paying higher prices. The net eco
noic impact of a tariff depends on many factors. However, for a low
income country, S tariffs may not be in the best interest of the general popu
lation since tihey encourage hoth inefficiency (higher cost of fertilizer 
product ion) and inclIuit v (transfer of income trom fertilizer users to fertiliz
er prod ucers). 

Beh:rvior of International Sulfur Prices 

[or tile majority of tle S-importing, low-income countries, international S 
prices exert an il portant inelrice on national decisions related to S im
ports, S consumption, and tile contribution of S to economic growth.

Ilie international S prices are determined by several factors some of 
slichl may be unique to t le S market. First, tile international S market is 
doniinatLed by briristone as tile primary product that moves ili tIle world 
market. Second, tile Frasch S producers (mainly Canada and the United 
States) generally\ maintain large stocks of'S as alnessential part f t heir mar
keting strategy ill order to ensure long-range supply reliability and to pro
,ide atcushioni for shorte;ni fhuctuations in price. Third, tie S market call 
be broadly characterized as an oligopoly (i.e., a market in which there arc 
a few large S slIppliers, a rclati velV honioencous product, and barriers to
 
et rv ). The behavior of thIe S iiarket tends 1o be tiioriopolistic under tight
 
ma rket cond itions and coipetitive under suIrplLs S surpply, conditions.
 
Fourt h,S demand can be characterized as a 'derived' demand that is greatly
 
inluItericed by deriiand for primary prorducts. In tile absence of artificial res
trairits, tIle international S market in tie short run can be characterized by 
relati\Clv inelastic dcn'and arid elastic surpplv. 

Prior to tile 1950s, the United States played an important role in tile inter
national S market. According to Hazleton (1970), the export prices for 
lrasch S \sere determined by tile SulpIhur l-xport Corporation (Sulexco), 
hroul a cartel agreeienil l\it lie Sicilian producers. The export prices exit 

ceeded t lie doriest ic S prices and were niuch higher than tlie level ol'fiargin
al cost of"product ion. The rate of ret urn on average invested capital was ab
niorrlally high, ascragiri 23.60% frnl 1919 to 1953. However, during
 
periods of S gut, tile suppliers intervcned in tlie S market by olTering hid
den incentiyes (i.e., freighl absorption, price discon its) withbout changing 
tile posted S prices. Tie international S market became more Loripetitive 
aftr 1955, with lie entry of' Frasch S f'rorn Mexico and recovered S from 
('atladta arid France. This, however, does not niecan that the monopolistic 
element,, of tile initernatiorial S market have disappeared-tihey are merely 
doriialt. 
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The behavior of the international S market and prices are reported in Fig
tre 9.4 by annual price levels and changes.5 This diagram is based on S 
prices iii the United States, which generally reflect levels and trends in inter
national S prices. From the prices reported in the diagram, we can draw the 
following conclusions. 

First, S prices expressed inconstant dollar terms generally declined from 
1955 to 1978 (with the exceptions of two price ups\vings peaking in 1968 and 
1975). The decline in real prices of'Frasch S was due to th decline in unit 
cost of'production resulting from the decline in energy prices vid econo
mies of scale in :ailliig. 

Second, as indicated by current prices, the international S market has not 
been as stable as many experts claim. With the exception of tlie period from 
1955 to 1963, average a nnual prices have indeed been fIluctuating a great 
deal. 

Third, S prices in tile export market have generally been higher than tile 
prices in tile domestic market. A large part of this gap may be explained 
by tlie transportation costs. However, as has been indicated by Hazleton 
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(1970), price discrimination between the domestic and export market was 
always there prior to 1960 and that can be partly explained by the cartel 
agreements between Sulexco and major foreign producers of elemental S. 

Fourth, S prices can be characterized as -administered- prices inithe 
sense that prices are determined by administrative decisions that partly re
flect the S market conditions. For example, f.o.b. (U.S. Gulf) prices for dry 
S remained constant at S132.50/mt for 12 months from March 1981 to 
Februar. 1982. 

The historical behavior of S prices, as reported in Figure 9.4, can be 
dikided into the following eight phases: 
1. 1955-64: Stable and declining.
 
2. 1964-68: Sudden increase, peaking in 1968.
 
3. 1968-73: Equally dramatic drop.
 
4. 1973-75: Sellers' market.
 
5. 1975-78: Almost constant and stable.
 
6. 1978-81: Tight market, skyrocketing prices.
 
7. 1981-83: Very high, but declining.
 
8. 1983.Ib date: Very high and rising rapidly.
 
These price fluctuations are the result of many factors. First, since a large
 
share ol'S is consumed in the industrialized countries, the general economic 
situations in these countries play an important role inl determining S de
mand and heace S prices. Second, the developments ;n the fertilizer indus
try, in terms of demand and price for fertilizers using S,exert an important 
influence On S demand and prices. Third, an increase illenergy prices 
results in higher cost of production for Frasch S. For example, an increase 
in energy prices in 1974/75 and 1979/80 was reflected in higher S prices. 
Fourth, because S is a bulky' commodity, the logistical problems of' moving 
S from suppliers to meet sudden spurts in demand create temporary supply 
shortages. Sulfur prices, in fact, declined from a high of $135.00/tnt in 
.Janutarv 1981 to a low of $88.00/njt in October 1983; since then, however, 

Fuhh' ',. Sulful Ircighlt ratc and their contributi on to nternationll sulfur price%,. 

Year )r\ stlur Ireighl rate Ior Freight as 0/1 
price, I.o.b. sulfur in bulk, of f.o.b. 
(Canad:; f.i.o. sulfur pricebasik, from 
(S/nM) Vancouver to India 

1977. May 41.5) 22. ) 53 
1978, May 41.AX) 20.9) 51 
1979, Iebruary 56.(X) 27.25 49 
1980. April 126.30 59(X) 47 
1981. I une 127.50 53.0)) 42 
1982, .itle 1I0.() 300) 27 

a. I)eriC l from dilfeteni is,uc of 1riiih Snlptitur Corporation (1983b). 
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the prices started rising again to a new high of $145.90/mt in December 
1984. 

In addition to tile f.o.b. price, freight rates play an important role in deter
mining c.i.f. prices of S (Table 9.8). The freight rate as a percentage of' the 
f.o.b. price of S for India declined from 53% in May 1977 to 27% i!1 .'ine 
1982. Despite a sharp decline, however, tile freight rate in the absolute sense 
is still quite high. Both S prices and freight rates have dropped recently, but 
the relative drop in S prices is smaller lan in freight rates. File S-importing
developing count ries need to carelfilly evaluate not only the f.o.b. prices but 
also the freight rates since it isthe c.i.f. price that matters to them, especially 
when loreign carriers are involved. 

Suifur Reserves, Resources, and Their Use 

Sulfur is known to occur ill many different forms and deposits. It is consid
ered one of the more abundant elements on earth, ranking I3thi in magni
tude. It has been estimated that S accounts for 0.052% of the earth's crust. 
However, this does not mean that S in commercial forms is available every
where in abundance. Only a small fraction of the large S resources is suffi
ciently concentrated to make the recovery feasible at the current state of 
knowledge, technology, and prices. 

Depending on the precise knowledge about tile location, quantity, cheimi
cal composition, and cost of recovery, S resources could be considered as 
(I) identified, (2) probable, and (3) speculative. Sulfur reserves are only a 
small subset of S resources. Sulfur reserves include only that part of S 
resources that are known and call be recovered profitably at current lnowl
edge, technology, and prices. In response to positive changes in any or all 
of thcst .aHes, both the amount of S reserves and different forms of S 
resources ,, .i",se. The S resources are already there: either they become 
known through better exploration techniques, or they become profitably
recoverable through better technology and higher prices. 

The known S resources can be broadly classified into the following I1cat
egories: 

1. Evaporites. 
2. Volcanic rocks. 
3. Natural gas. 
4. Petroleum. 
5. Pyrites. 
6. Metallic sulfides. 
7. Tar sands. 
8. Coal. 
9. Oil shale. 

10. Gypsuni/anhydrite. 
I . Seawater. 
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Table 9.9. listitnated sulfur resources in [he world,. (million lit) 

Type of resource Identified Probable Total 

1.Evaporites 580 > 250 > 830 
2. Volcanic rocks 130 >40 > 170 
3. Natural gas 170 885 I 055 
4. Petroleum 265 1 330 1 595 
5. Pyrites 650 >40 >690 
6. Metallic sulfides 360 >440 >800 

Subtotal (A) 2 155 >2 985 >5 140 

sands >1 8007. Far 50 > 1 850 
8.Coal 33 450 199 600 233 050 
9. Oil shale 281 000 >281 000 

It). (ypsum >7 200 Vast Vast 
i. Seawater Unlimited Unlimited 

Sutlotal (13) >40 700 >482 400 >523 100 

Iotal 42 855 >485 385 > 528 240 

a. Derived from Bixbv (1979, 198t0), Horseman (1973), Meyer (1977), and Shelton (1979), 

The amount of S contained in each of these resources varies with the loca
tion, type of deposit, and chemical composition.6 

The estimated S resources in the world are reported in Table 9.9. Accord
ing to these estimates, total S resources are more than 500 billion mt, of 
which approximately 10% is considered identified. The share of S reserves 
i.ieven smaller, less than 1% of the total S resources. As far as the type of 
S resources is concerned, about 98% of known S is contained in coal and 
oil shale. 7 These estimates do not include vast S resources contained in an
hydrite, gypsum, and seawater. The location and magnitude of known S 
reserves are given in Table 9.10. The amount of S reserves in the world varies 
between 1.8-2.2 billion tit, rather a small fraction of total S resources. Of 
these reserves, the developed countries account for approximately 65%. 
About 29% of S reserves are located in China (1.4%), Mexico (5.1%), Iraq 

6. The S content of solme of these minerals ii pure forms is 53.4 0/oS in pyrites, 18.6 0/%S in 
natural gypsin], and 23.5( 0 o Sitt anhvdrile The sulfate content iii seawater isestimated at 2,760 
ppm, whereas total dissoled salt content is 36,(XX) ppm. Furthermore, according to Meyer
(1977), Scontent by weight inselected hydrocarbon is 0.05qb-14 00 in crude oil, 40/0 itt tar sand 
bitumen, 100 in shale oil, and 1-140o indry biuninous coal. 
7. Accoring to the Prvsident's Contmission on Coal (1980), the estimated share of recoverable 
coal reser',es in the world (650 billion it) is located as follows: 3101oin the United States, 23% 
in U.S.S.R., 2101 in Europe, 1400oin China, 400 in Oceania, 10,16iii Canada, and tire remaining 
6W6ointhe rest of Asia (2.90 o), Africa(2.6%'o), and l.atin America (0.5%). 
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(8.5%), and remaining countries in tile Near East (14.2%).8 The rest of tile 
developing tropical countries in Asia, Africa, and Latin America account 
for less than 60/o of'the known S reserves. 

As reported in Table 9.11, these low-income tropical countries are 
known to have S resources in tile form of anhydrites, gypsum, and nonfer
rous sulfides. Some of them are evon known to have elemental S deposits 
and pyrites. The important questions that need to be answered are con
cerned with(I) the agronomic effectiveness and techno-economic feasibility 

"lihh"9.10. Ltocation and magnitude of identified world sulfur reserves. 

Region, country 	 Sul fur reservest 

Million It 	 7/oshare 

'orth . m,,ri,'a 	 425 24.1
 
United States 175 9.9
Canada 250 	 14.2 

Latin .Alnrica 125 	 7.1 
Mexico 
 90 5.1
 
Others 
 35 	 2.0 

Europe 	 690 39.1 
U.S.S.R. 250 14.2
 
Poland 
 150 	 8.5 
France 30 1.7
 
Germany, F.R. 30 
 1.7 
Spaint 30 	 1.7 
Italy 15 0.8
 
Others 
 185 	 10.5 

Asia 	 485 27.5 
Japatt 10 0.6
 
Iraq 150 8.5
 
Chiina 25 1.4 
Others, 300 17.0 

Africa 20 	 1.1 

Oceania 20 	 1.1 

World 	 1 765 100 

a. 	 )eriscd from Shelton (1979). 
1. 	These reserves are assumed to include sulfur mainly front evaporites, volcanic rocks, natu

ral gas, petroleunt, pyrites, and metallic sulfides. 
c. Aboul 250) million ttt is estimated to he itt Near East, excluding Iraq. 

8. Figures itt parentleses refer to the estimated percentage share of the individual country or 
region ill testiOtt. 
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of these S resources and (2) how the indigenous S resources can be used to 
meet the S requirements of countries in Asia, Africa, and Latin America. 
Any positive technical assistance, financial aid, and research efforts directed 
toward these questions can result in a large economic contribution to the 
developing tropical countries through allcviation of their food and foreign 
exchange problems. 

Is there an S resource problem? It depends on how one looks at tile prob
let, i.e., froml1 t physic'i point of view or from an econonic point of view. 
The physical view is straightlfbrward and addresses the question, How long 
will it take belore we run out of known S reserves if we continue to use S 
at - post ulated growth rate? The economic view, on the other hand, ac
counlts for such nari:'bles as recovery, costs, sale price, profitability, and eco
nomic rent. From this point of view, tie S resources may be there, but their 
recovs'ey nay not be cconomical. The economic view is greatly influenced 
I)v technological change arid government policy. From a physical point of 
view%, the life expectancy of world S resources is 331 years at 5% annual 
growth in production froi 1972/74 otward (Tilton, 1977). The new S 
reserves are constantly increasing over time. For example, S reserves in 1974 
were five tiles iiore than in 1950. Furthermore, given current knowledge 
about tile aniourt of reserves and resources, current level of' depletion, and 
a pOst ulatCd growti in depletion, we may run out of S reserves and 
resources before we run out of either phosphate or potash resources. How
ever, these conclusions may need to be modified once we account for the 
impact of other variables such as economics, technical change, and govern
iient policy. 

Another important question that we need to consider Is what would be 
the S recovery cost, S prices, and their impact oni fertilizer prices by the year 
2000? It is \ery important here to make a clear distinction between the pri
vate costs and social costs. Many lactors would influence these costs, future 
S prices, and their relative impact on fertilizer prices. Some of these factors 
are as follovs: (1)quality of' Iew S resources; (2) technological change with 
respect to exploration techniques, mining, and recovery processes; (3) econ
otmics of scale; (4) energy prices and availability; (5) capital costs and its 
availability; (6) logistics; (7) environmental concern; (8) impact of mining 
on land use; (9) government regulations; and finally (10) discovery of S sub
stitutes. The respective governments can play a crucial role in modifying any 
of thiese variables With sulseqeient implications for S demand, supply, and 
prices. This includes government policy with respect to (I) education and 
training, (2) research and devclopment, (3) economic incentives, and (4) 
protection of cn ironment and health of citizens. 
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Table 9.11. Type and location of known sulfur resources in individual countries of the 
world. 

Region/country Type of sulfur resourcest 

Elemental Natural 
gas 

Petroleutm Pyrites Metallic 
sulfides 

Gypsum 

II 'estern Europe 
Austria 
Belgium 
Cyprus 
Finland 
France 
Germany, F.R. 
Greece 
Italy 
Norway 
Portugal 
Spain 
Sweden 
Turkey 
United Kingdom 

--

... 

N 
-
V 
N 
-
-

N 
-

-

-

-

NG 
NG 
-

N6 
-
-
-
-
-
-

R 
R 

-

R 
R 
-

R 
R 
R 
-
-
R 
R 

-

-
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
-

C 
Z 
C 
C 
-

C,Z 
C,LZ 
C 
NS 
NS 
NS 
NS 
NS 
-

A,G 
-
G 
-
-

-
-
-
-
-
-
-
G 
A,G 

Eastern Europe 
Bulgaria 
Czechoslovakia 
Germany, 1).R. 
Poland 
Romania 
U.S.S.R. 
Yugoslavia 

-
-
-

N 

N 
.. 

-
-
-
-
-
NG 

R 
R 

R 
R 
R 

-
-

P 
-
P 

NS 
NS 
NS 
NS 
NS 
NS 
NS 

-
-

A 
-
-
-
-

North . merica 
Canada 
United States 

N 
N 

NG 
NG 

R 
R 

P 
P 

NS 
NS 

-

-

Oceania 
Australia 
New Zealand 

-

N 
-

-
-

-

P 
P 

NS 
NS 

-
-

Latin Amlnerica 
Arge;.tina 
Bolivia 
Brazil 
Chile 
Colombia 
Mexico 
Peru 
Venezuela 

N 
N 
-

V 
V 
N 
V 
IV 

-
-... 

-
-
-
NG 
-
NG 

R 

R 
-
R 
R 
-
R 

-

P 
-
-
-
-
-

NS 

-

NS 
-
-

NS 
-

-

-

-

-

-
-
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Tuhh 9. /1. Conttinaed. 

Region/country Type of sulfur resources' 

Eleniiental Natural Petroleum Pyrites Metallic Gypsum 
gas sulfides 

Ifricu 
Algeria NG - - NS A 
\nola IN - - P -

Ilenin ...... G 
Fgypt N - R - - A,G 
IlthIiopia N .- A,G 
Kenva - .. G 
libya - NG R - - AG 
Nlalawi - - - P NS G 
Nali -. G 
Mol ,Cco - - P NS Gi 
NMIiritainia ..... G 
N1/anIIbiqul - - P NS -
Niger ..... G 

alia N - - G-
Souih Afr*:a - - - P NS G 
Sudan .- NS G 

li!/atia - - - - NS A,G 
IFunisia - - - - NS 
Ug:nda - - - - NS G 
Zait' - - - - NS G 
Zamblia 
Ziibabsve 

-
-

-
-

-
R 

-
P 

NS 
NS 

(G 
-

Asia 
.tlhaiisthan N NG - - - G 

Burnia .. .. NS 
(hitia N - R P - -
Ini'ia - - R P NS A,G 
Indonesia N - R - - -
Iran N NG R - - -
Iral N - R - - -
Japan V - R P NS -

Kuwait - - R - - 
Pa'istall N -.. A,G 
IPhilippines V - - - NS -
Sauit Arabia - - R - NS 
Thailand ..... ' - A,G 

a. l)erived prtntarfly from British Sulphur Corpuratio, (1974). However, availableoilier 

sources were also used to develop this table. For example, Iternationail Pelroleum Ency
clopedia (1932) was .tsed to check natural gas atnd petroleum re! etves. 

b. indicates no known deposits. With iurt her e.%ploration ard by improsed exploration 
iedniq aes, tiese ottntrie, mnay find sulfur reso irces that ire not currently known. The 

abbreviations used in the table refe'r to the following: N -native evaporites; V volcanic 
rocks; N6 =naittral gas; R crude oil refinig based on dotmestic or inporled crude; 
I' pyrites; NS norispecified nonferrous sulfides; C = copper stillides: Z = zinc sulfides; 
L lead sulfides; A anivdrite; and G.-gypsun. 
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Production and Use of Phosphogypsum 

Phosphogypsurn is a byproduct of wvet-process phosphoric acid, a process 
in which phosphate rock is reacted with the sulfuric acid. Phosphogypsum 
isgenerally considered a waste product, even though all the S from the ;ul
furic acid is contained in phosphogypsum. Depending on the location of 
the wet-process phosphoric acid plant, phosphogy, Am is either discard..d 
into the ocean or river, or stored in ponds or heaps. For those countries that 
(1) import S, (2) have no kiiown S resources, and (3) have widespread S defi
ciency, phosphogypsum provides a potentially economic (accounting for 
the opportunity cost of foreign exchange) source of S for the agricultural 
sector. On the other hand, if all the phosphogypsum is left unused, it could 
result in serious storage and environmental pollution problems. 

The economic importance of phosphogypsum cannot be assessed in the 
absence of reliable quantitative estimates of its production in selected world 
regions and developing countries. The following simple mathematical mod
el was used to derive quantitative estimates for phosphogypsunl production 
and S contained in phosphogypsuni: 

I. PGPjt = PCJI * CUR * PG;P/T, 

2. SPGj[ = PGPjI * S/TPG, 

1985 
3. CPGPJ = E PGPit 

- 1967 

1985 
4. CSPGj = E SPGjt, orI -1967 

5. CSPG. = CPGPj * S/TPG 

Where 

PGPJI - Phosphogypsum production in country/region j and year 
t;
 

PAO t; 
CUR - Average capacity utilization rate; 
PGP/T - Phosphogypsum production per metric ton of P,0 5 ; 
SPGj, - Sulfur contained in phosphogypsum in country/region j 

and year t; 
S/TPG - Sulfur contained in I mt of phosphogypsum; 
CPGPIj - Cumulative production of phosphogypsum from 1967 to 

1985; and 
CSPGj -- Cumulative amount of sulfur contained in phosphogyp

sum from 1967 to 1985. 

PC. - 5 capacity in country/region j and year 
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On the average, fhe capacity utilization rate of wet-process phosphoric acid 
plants was assumed to be 80% which implies that CUR :0.8. Since the 
capacity utilization rate is plant specific and varies over time, tie phos
pihogypsum production estimates should be considercd only as good first
order approximations (which result in overestimate., for some developing 
countries and underestimates for industrialized countries). In the absence 
of impurities, 4.62 nit of phosphogypsum is produced for every I fit of 
P,O .Phosphate rock is rarely free of impurities, however. In this respect, 
pihosphogypsuim production will be underestimated. Finally, phosphogyp
sum isassumed to contain 170/6S, on the average, which implies that 
S/TPG :0.17. 

The annual (for 1982) and cumuhlaivc (from 1967 to 1985) estimates of 
phosplhogvpstml production and S contained in phosphogypsum are report
ed in Iable 9.12. l)uring 1982, the estimated production of phosphogypsum 

1i/h 9.12. Istinatcd production of pIIIhog'psun and sulfur conttaitned in phosphogyp
sum in selected countrie-s, regions, Mid file\%orld. (million filt) 

(uonitric,sriions P'losphogypIumI 	 StIlfur inphosplhogypstum 

Production (Itmtlative During Cumulative 
in 1982 produc'iont from 1982 from 1967 to 1985 

1967 to 1985 

India 2.5 28 0.42 4.7 
Philippines 0.3 6 0.05 1.0 
Zinlbabwc 0.1 2 0.01 0.3 
Brazil 2.4 21 0.42 3.6 
Mexico 2.0 37 0.34 6.2 

North Amcrica 39.8 (,)0 6.77 101.9 
Western -urope 16.3 279 2.76 47.4 
Eastern Europe 8.3 99 1.4(0 16.9 
U.S.S.R. 19.0 201 3.23 34.1 
Centrally 	planned 

Asia' 0.1 2 0.02 0.3 
Oceania 1.3 17 0.22 2.9 
Far Fat, l)gNIF" 4.6 57 0.78 9.7 
Africa, DgMl-, 9.5 95 1.61 16.2 
Latin America 4.5 63 0.77 10.7 
Oihers ' 12.0 144 2.04 24.4 

\Vorld 115.3 1556 19.61 264.6 

a. 	Derived front fertilizer capacity data (as of November 1982), originally collected by tie Na
tonal Fertilizer Center (NFIC, 1982).I)evelopment 

b. Includes China, North Korea, Vietnam, and Mongolia. 
,..Dvcl opiirg market economics i Far East and Aftica. 
d. Includes Near East, Japan, Taiwan, and South Africa. 
c. lot alsare approximate due to roundintg of data. 
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in the world was 115 million int, with approximately 20 million mt of S con
tained in it. The cumulative world production from 1967 to 1985 is estimat
ed to be 1.6 billion nit of phosphlogypsuL containing 265 million mt of S. 
One can imagine the gravity of the situation in the year 2000. The develop
ing tropical countries of the Far East, Africa, and Latin America together 
produced 18.6 million nt of phosphogypsun in 1982, with over 3 million 
mt of S contained in it. These countries cannot afford to waste such an eco
nomic resource, especiafly when their soils are becoming seriously deficient 
in S. 

According to Weterings (1982), 92 million nit ol" gypsum (natural plus 
chenical) was consumed in tile whole world during 1981. Of this, only 15 
million jut (16%) was chemical gypsum, including 10.65 million nit of phos
phogypsum. Most of this phosphogypsum was consumed in Japan, Europe, 
and the U.S.S.R. A logical question follows: Why cannot phosphogypsui 
be used in place of natural gypsum? There are several problems to be over
come before phosphogypsuni can become a substitute for natural gypsum 
in current uses. According to Weterings (1982), the current uses of' gypsum 
or phosphogypsun are as follows: 

Use Phosphogypsum 
Consumption in 
Western Europe 
% Share in 1981 

Gypsum 
Consumption 
in World, 
% Share 
in 1981 

Building products 
Setting retarder for cement 
Production of ammonium sulfate 
Sulfuric acid and cement 
Miscellaneous 

57 
23 
8 
8 
4 

61 
24 

4 (approx.) 
1 (approx.) 

10 (approx.) 

Total 100 
(2.6 million mt) 

100 
(92 million mt) 

The phosphogypsum cannot be readily substituted for natural gypsum in 
current uses because of technological and economic problems. 

Phosphogypsuin is highly contaminated with phosphoric acid and heavy
metal impurities that come from the phosphate rock; it also has a slight 
amount of radioactivity. These three problems render phosphogypsum 
technically unsuitable for use in the building industry. The drying and 
purification costs make the use of phosphogypsum uneconomical as com
pared with natural gypsum, especially in those countries where natural gyp
sum is rather cheap and readily available. 
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According to Agarwal (1982) the use of phosphogypsum as a raw materi
al (as an alternative to S) for manufacturing cement and sulfuric acid is eco
nomical, especially when cement and S prices are relatively high. In some 
European countries, phosphogypsum has been used as a raw material for 
manufacturing AS. As has been indicated by Frederick (1983) and Weter
ings (1982), contamination problems pose a threat mainly when phos
phogypsum is used in the building industry. These problems may not be 
serious at all when phosphogypsum is used as a source of fertilizer S in 
agriculture. This is where the main challenge and promise lie. 

Research needs to be intitated in order to determine (I) the agronomic ef
fectiveness of phosphogypsum as a source of S; (2) the technica! problems 
related to drying, transportation, storage, handling, and conversion of 
phosphogypsun into AS or sulfuric acid; and (3) the economic viability of 
phosphogypsuI as a raw material source for manufacturing AS and sulfur
ic acid, and direct application of phosphogypsum to the field as a source 
of fertilizer S. 



10 Summary, Conclusions, and Recommendations 

Sulfur - A Neglecte-1 Fertilizer Nutrient 

Sulfur is one of the major plant nutrients. It rivals phosphorus in its uptake 
by plants and nitrogen in protein synthesis, and it is indispensable for cer
tain essential amino acids. Yet its significance as a fertilizer nutrient has not 
been recognized, particularly in tropical agriculture. 

There are two primary reasons why silfur has not received adequate at
tention: (I) low-yield subsistence agriculture exploited naturall'-,s the 
reserves of sulfur in the soil and (2) sulfur has been supplied to agro
ecosystem.; from the atmosphere through rain and dust, through gaseous 
absorption, and through the use of in igation water, manures, and fertilizers 
like am monium sulfate and single superphosphate, which added so much 
sulfur to the soil that the need for sulfur fertilizers was not fleh in many 
conunt ries. 

However, the situation has changed in the last three decades. First, am
mnolium su!fate and single superphosplhate have been repiaced with urea 
and triple superphosphate, respecti,'elv, which contain very little sulfur. Sec
ond, subsistence agricuhlt tre is being transformed through the use of high
yielding crop varieties, greater use of fertilizers, and intensive cropping pat
terns. These changes are creating a large gap between the sul'ur supply and 
sulfur requirements in the soil system. Thus. the potential of the modern 
agricuhtural system is not being fully realized. 

The primary objective of this study is to analyze the economic impor
tance of sulfur in the fertilizer industry, food production, and the agri
cultural sector in the tropical countries. The study is the result of growing 
awareness of the significance of sulfur and of'continuing efforts by IFDC 
to develop fertilizer technology, improve soil fertility, and identify those 
public policies that will facilitate growth in agricultural production in the 
developing tropical countries. 

Tropics and Food Production - The Target Area of Study 

The central theme of the study is the relationship between fertilizer sulfur 
and food production in the developing countries of tie tropics. The greatest 
problem of these regions is food (both quality and quantity), and the most 
serious threat 1o hunianity is hunger and malnutrition caused by the widen
ing gap between the demand for food and its production in the tropics. 

The study was restricted to the tropics (humid, subhunid, and semiarid 
tropics), which is a region covering about 4.96 billion ha of land. Approxi
mately 95 W'Ioof it lies in Asia, Africa, and Latin America, and it includes 
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areas like India, Indonesia, Bangladesh, Nigeria, Brazil, and Mexico which
have some of the world's large populations. Many experts believe that the 
future of lhunianity lies in the tropics.

The common man's concept of the tropics is limited to humid and sub
humid tropics; yet the semiarid regions are also an important agricultural
part of the tropics. Moreover, most of the sulfur deficiencies that have been
reported in literature in the last 30 years are from these regions. The harsh 
environments and large of sandy orarea coarse-textured soils (nearly 452
million ha) make these regions an important component of the target area
of the study because their soils are inherently low in organic matter and are 
highly susceptible to leaching of sulfate sulfur. Sorghum, millet, ground
nuts, pulses, soybeans, oilseed, and cotton are the most common crops of
the semiarid tropics, and they all have high sulfur requirements. 

Sulfur in Plant Nutrition 

The role 0f sulfur as a necessary nutrient for plant growth is undisputed;
less clear, however, is the way in which sulfur performs its valuable func
tions and how it interacts with other nutrients and chemicals in the soil and
the living matter. Although considerable empirical information is available, 
more precise intormation is needed about these interactions. This is particu
larly important tor tropical countries that consider phosphate and lime the
key factors of sound fertilizer practice but fail to appreciate their effect in 
causing leaching losses of sulfate sulfur. 

The disproportionately higher use of nitrogen and phosphate in compari
son with sulfur, which is evident from the examples of fertilizer con
sumption in India and Brazil (Table 10.1), may adversely affect the availabil
ity of sulfur to plants. The widening ratios of N:S in fertilizers will lower 
efficiency of nitrogen utilization because of sulfur deficiency; the widening
ratio of P:S will worsen the situation by aggravating sulfur deficiency
through loss of sulfur in leaching.

Sulfur also differs from nitrogen in that it is not transferred from old 

Table 10.1. Changes inestimated nitrogen:sulfur and phosphate:sulfur ratios in total fertiliz
er consumption in India and Brazil over mime. 

Year N:S ratios PO 5:S ratios 

India Brazil India Brazil 

1960/61 0.9 0.9 0.2 1.11970/71 3.8 t.1 0.9 1.5
1980/81 14.1 1.8 4.3 4.1 
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leaves to growing parts or young leaves; nor can itbe fixed as nitrogen can 
be fixed biologically from the atmosphere. There is a need for collection of 
sulfur-uptake data for different crops and especially their high-yielding var
ieties in oifferent tropical regions to develop a better understanding of the 
problems associated with the use of fertilizer sulfur in crop production. 

Sulfur in Food Production and 1hm1an Nutrifion 

A sur\'cv of available evidence indicates that sulfur deficiency in soil ad
versely affects not only crop yields but also the nutritional quality of tile 
crop. The dala, although scanty, cannot be overlooked because of the seri
ous m rit of sulfulr deficiency.ional consequences 

Some exam ples of crops and areas inwhich sul fur deficiency in the soil 
has aflcctCd nitritional q uality are as follows: Asia - rice in Sulawesi prov
ince of Indonesia; wheat, oilseeds (grondnuths, rape aid mustard. soybeas), 
pulses and potatoes in India; Latin .AImerica - soybeans, maize, beans, rice, 
and pastunrc legumes in Brazil; and l/'ria - millets in Uganda. These ex
amples are warning signals of' notent ially serious problems for human nutri-

Sul fur deficiencies in tropical count ries cause a reduction in the amount 
of tnethIiionitie, cysteine, and cystine types of stlfitr-containing essential 
amino acids in groundnuts, pulses, aid cereals that will be disastrous for 
cereal-consuming countl es. The gravity of the problem is intensified by the 
decline inproduction of!these food commodities and the deterioration in 
their ualit y because of sit Ifur deficiency. The shortage of oilseeds and 
pulses, tile widening protein gap, and increasitg malnutrition are well
recognized problems of the developing countries in tile tropics, and sulfur 
deficiency is worsenitng the situation. 

There i,: that sulfur fertilization improves the quality ofmiiuch evidenct 
past ure legumes and grasses in all the tropical couniries and, thus, directly 
affects animal health. Consequently, sulfur deficiency affects the quality of 
food for both hutian beings and animals in the tropical countries. The 
magnitude of' tile problem cannot be quantified accurately because of in
adequate research data. However, by using the average amount of sulfur re
moved by tile crops and the appropriate grawth rate for tile production of 
each crop, we have esti iiated tihe total slIfiur removal and hence tile likely 
gap between stilfur supply and requirenents by tile year 2000. 

The general decline in the percentage share of the total sulfur uptake re
(luired for the likely production of pulses, oilseeds, and groundnuts in India 
and Nigeria during 1960, 1980, and 2000 indicates the poterutiai impact of 
sil fur deficiency on tile nutrition of the people who depend oti th ese foods 
as sourcesof sulfur-bearing amino acids (Table 10.2). The phenomenal rise 
in production and exportation of' soybeans from Brazil is overstraining the 
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Table 10.2. Estimated proportion of sulfur uptake by pulses and oilseeds ill India and Nigeria 
from 1960 to 20X). 

Percentage of estinated total S uptake by 15 crops/crop groups, 

India Nigeria 

1960 19811 2000 1960 1980 2000 

Pulses 14.58 8.26 4.86 -
Oilseeds" 4.76 4.57 3.11 0.50 1.33 1.36 
Groundmnts 5.29 4.64 3.40 11.68 5.12 3.45 

a. Crops and crop groups included ill this analysis of the estimated sulttr requirements are 
%%heat.l, rice, nai/e, sorghttn, tlilet, pit)Ises, root crops, oilseeds, cotton, groundntlis, 
,,uparcane, tobacco, coffee, soyleani., alld oil pNalml. 

b. Ot(her tIhan soybeans alnd groutnditmis. 

sulfur reserves of the soil and creating a greater need for their replenish
ment. The slow growth or even a decline in production of pulses and 
groundnuts is also an indication that less sulfur is available in the food sys
tem in, many tropical countries. 

Sulfur Status in (lie Tropics - Additions 

The supply of sulfur for plant nutrition depends on (1) tie sulfur-supplying 
cilpacity of the soil and (2) the addition of sulfur from external sources such 
as atmosphere, irrigation water, manures, and crop residues, as well as addi
tions from such chemical sources as sulftur-containing fertilizers and pesti
cides. 

Suffo-Supp/l'ing Capcwity of Tropical Soils 

There is little information about the amounts, forms, and distribution of 
sulfur in the soil, its availability to crops, and tle rate of its disappearance
from the agricultural system. However, available information suggests that, 
in general, the tropical soils of' Asia. Africa, and Latin America have low 
total reserves of' sulfur because of' low quantities of organic matter and the 
rapid mineralization as well as leaching losses. 

There are some soils with high total stlfur and high organic sulfur but 
limited available sulfur. The volcanic ash soils, the Andepts, may have a 
high organic matter content and a large amount of organic sulfur, but they 
are poor in available sIlfu'ttr because of' the high adsorption and immnobiliza
tion of sulf(ur. Hence, they respond to sul fur application. 

There is another large group of soils that have low sulfur adsorption ca
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pacity in the surface soil but higher sulfur adsorption capacity in the sub
soil; they show a high amouni of total sulfur reserves. Yet even in these soils 
tie shallow-rooted crops generally suffer from sulfur deficiency. Deep
rooted crops like cotton may also initially experience a setback because of 
the low supply of available sulfur; after initial nutrient stress, however, 
many deep-rooted crops may be able to partially exploit the adsorbed 
sul fur. 

Another group of soils, the coarse-textured soils, have low reserves of sul
fur, low sulfu r adsorption capacity, and high susceptibility to leaching loss
es. In such soils, besides (letermining tile almOutS of sulfur fertilizers to be 
used, the main problem is to reduce the loss of applied sulfur. These soils 
at \\ery responsive to sulfur applicat ion. 

Not itlstauding tihe limitations of tile methods used for determining 
available sulfur and tie inadequacy of research results from many conII
tries, it is evident that a significant percentage of [lie soils ill tropical regions 
are deficient ini available sulfur. In some cases sulfur deficiency closely fol
lowsphosphorus deficiency. 

As a result of leaching and lack of replenishment of the nutrients lost, 
soils of tile tropical region, especially tile coarse-textured soils and highly 
weat hiered soils such as Ultisols, Oxisols, Alfisols, and Inceptisols, are ei
threr inherently deficient ill sulfur or are likely to become deficient after 
clearing of tile land, burning of tile vegetation, and continuous cropping. 
Sulfur trends in virgin and continuo ..sly cropped laIIds of Brazil indicate 
that iriduaced sulfur deficiency will soon become a limiting factor for crop 
production. Clearly any futme strategy for increasing food production ill 
new tropical areas must include sulfur fertilizers in lie research and de
veloprnente prograim s. 

Furtherriore, there is evidence that sulfur deficiency ill tropical soils is 
also aggravated by liming, phospliatirig, and an imbalanced use of NIPK fer
tilizers that exclude sulf'u r. Thus, to avoid corn poundiig t lie adverse effects 
of the 'Greeri Revoluation,' wh ichi is synonymlouS with tile use of high
yielding varieties of cereals and large a1i1ourtS1iirogenof fertiIizers, tie use 

of sui fur-surpplying fertilizers becomes necessary for such sitirat ions. 

Colfrihullioll of Slfu/tr 1F"om! l:,el '!'n llrIIc('S 

Contrihution Iromi ..ll osVgIern - Siudies from Nigeria and Kenya show 
that approximately 2-3 kg S/Ia is added annually from the atmosphere to 
tile soil and tile amount increases with lite rainfall. Such information is not 
available fron tle other tropical countries; however, on tile basis of evi
dence frlonl rIrtal a1lCas of tropical regions of Australia, centrial Kenya, anid 
nor thern Nigeria, one Could riot expect the sulfar cont ribution frol tie It
riosphere to be any hiighur than these estimates indicate. Nevertheless, addi
tional data need to be collected ill othlien developing countries of the tropics. 
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Contrihutlion From h'rigation!f le'r - The sulfate in irrigation water could 
become an important source of sulfur to crops in irrigated areas. However, 
little research has been done on irrigation as a source of sultor in most of 
the tropical countries, particularly in the semiarid tropics where irrigation 
is becoming an important part ol the strategy for increasing crop produc
tion. 

Irrigation water of1satisfactory quality with respect to the salinity and 
witi enough sulla.te ir meet the stlfur needs of tiest'uIcould partially 
crops. However, ili spite of many normal waters with high sullate sulfur 
contept in India and elsC Chere, stll'tr dcliciencics have still been observed. 

Stll'ur del'iciency lhas also manif'ested itself in areas irrigated with waters 
of low sulfate content. Th us, tile role of irrigation water in contributing sul
fur to soil cannot be correctly assessed wit hout more in-dept h st tdies. Some 
of the conflictitie results being otained from different areas could be at
tributed to the variable stl fur Conitenit of water and tile nattnrc of soil. 

Contrihtion hiy Cro/p leIsidiws, Mlnurtes, and I'rti/izer.s -- In the devel
oping contrics o1 tile trtopics, crop residtes usually are either removed or
burned. Thus, lie addition of sulfur through crop residues is very small. 

Like\\ise tile avenae use of' fertilizers aid llaltlres is so low that tle contri
butiol ronlthis sonurce is too smiall Ito be of tajor consetltienice. 
Thus, wit i the Iraditional system of farming ard stibsistence agricultire, 

the estimated annual additiotis of sulftur Ihrough all the extertal sources in 
tropical agriculttte for all practical ptrposes will be no more than 
4-5 kg/ha. 

Sulfur Sltus i tie Tropics - Removals 

The removal of sttIlur depends oti stilfur needs of tlie crops and croppintg 
systems, sutlftir losses tlrotngh drainage and itnmobilization, efficiency of' 
applied sources of, si ftilr, and interactions of stli'ur with other nt rietts. 

('trop reltoal appears to be tle mnajor source of depleiion of stl 'ur, .nd 
drainage or leaching losses setcil to be second. Volatiliiatioti loss in sub
mnerged soils Could Ilbe another sonurce of'still lie ia'tr depletion. However, 
tlure aid nagtilittldc of sll'tlr depletion depends Uipot tlie crop, soil, and 
other factors. The ad'orptioti of stilllitr also reduces tle aunount of stil'fur 
available to tle crop. The average slfur remiioved inprodtcing I tnt of food 
grai I'0r crop groups is as and rice) imiiportatnt 'ollow\s: cereals (wheat 
3-4 kg, sorghitt atid Millet - 5-8 kg, pulses and leguties - 8 kg, atd oil
seeds - 12 ku. 

Estimates of avetage lcCels of stillfur additionts Itom ferlilizer sources and 
stlftur uptake rcqltirCtcnts per liectare of cropped area in India, Indonesia, 
Nigeria, and 1Brazil are given in -lable 10.3. These estimates indicate that in 

http:sulla.te


Table 10.3. 	 Nutrient consumption, sulfur uptake, and sulfur supply in selected tropical countries during 1970 and 1980. 

Year 	 Country Nutrient consumption, (kg/ha) Total Sulfur uptake Sulfur consumption 
cropped


N P.O, K O Total 	 area' '000 mt kg/ha '000 mt kg/ha 
('000 ha) 

1980 	 Brazil 14.6 32.1 21.1 67.8 43 700 349 8.0 482 11.0
 
India 20.8 6.5 3.7 30.9 148 271 784 5.3 250 1.7 
Indonesia 44.4 14.2 4.5 63.0 15 448 130 8.4 48 3.1 
Nigeria 3.0 1.8 0.8 5.7 16064 66 4.1 17 1.1

1970 	 Brazil 8.2 11.1 9.0 28.3 32 052 205 6.4 252 7.9 
India 9.0 2.8 1.4 13.2 141 678 651 4.6 346 2.4
Indonesia 11.1 1.6 0.4 13.1 14 293 87 6.1 ' 

Nigeria 0.1 0.1 - 0.3 15 849 66 4.2 	 c 

a. 	Per hectare of arable land and permanent crops.
b. 	 Total of the 3-year averages centered on the years shown. The total cropped area includes area under root crops, pulses, oilseeds, wheat, rice, maize,

millet, sorghum. sugarcane. soybeans, groundnuts. oil palm, cotton, coffee, and tobacco. 
c. 	 Not available. 



Table 10.4. Sulfur acJitions, removals, balance and replacement requirements under subsistence and modern agriculture: Likely alternative scenarios. 
(kha of S) 

Sources Subsis- Modern agriculture Assumptions 
tence 
agri- 1 3 3 
culture 

1 2 

-td(ditions 
I. Atmospheric additions 

(rain-dust-gaseous) 

2. Irrigation water 

3.0 3.0 3.0 3.0 3.0 kg/ha/annum (means for Nigeria and Kenya are 2.35 and 5.21 kg/ha) 

Rainfed crop - - - - -
Irrigated. 30 cm wkater 
Irrigated. 90 cn vater 
Irrigated. 90 cm vater 

3. Fertili.er, (N - P1,0 - K.O) 
15 kg nutrients 
120 kL nutrients 

-

-
-

1.0 
-

2.0 
-
-

1.0 
-

-
6.0 
-

-
L.0 

-

6.0 
-

-
-

-

-

30.0 

-
-

Water containing 2 ppm SO.-S 
Water containing 2 ppm SO-S 
Water containing 10 ppm SO-S 

India's mean in 1970 = 13.2 kg/ha 
Approximately equal to mean of Punjab (India) and 2 times that of Brazil 

240 kg nutrients 
4. Pesticides and chemicals 

-
-

-
-

-

-

16.0 
-

16.0 
-

and Indonesia 
Approximately equal 
Negligible 

to mean of Ludhiana district in Punjab, India 

5. Farmyard manure (FYM) 
I mt 3 years 0.6 0.6 - - - 0.2"o S in FYM 
2 mt. 3 years - - 1.2 1.2 1.2 0.2% S in FYM 

6. Crop residues - - - - - All removed or burned' 

Total additions 4.6 6.6 18.2 26.2 50.2 



Tahle 10.4. Continued.
 

Source, Subis- Modern agriculture Assumptions
 
Mince 

agri- 1 3 3 
culture 

I 2 

Removals 
1. Crops 

1 
,. 

4.6 
-

-
6.9 

-

-
-

-
-

-
l..-ield less than I mti ha (mean yield of India 1970) 
L. -irrigated subsistence with aerage yield 50% higher than in L0 

1.. intensive cropping 
I-. intensive cropping 

2. Drainage or leaching loss 

-

-

0.6 

-

-

0.6 

36.0 

-

-

72.0 
-

-
72.0 

-

L1.-6 tlt ha food crami,%ear from 2-3 crops 
1,- 12 tnt ha food grain year from 2 - 3 crops 

of ctimate of Nieria and Kenya 

3. Adsorbed or immobilized 
- - 1.8 3.6 9.6 Higher leaching because of higher SO, content and higher irrigation 

S in irrigation w\ater 0.0 0.5 1.5 1.5 7.5 1- of S from irrigation watcr 

Total remoals 5.2 8.0 39.3 77.1 89.1 

Balance 
Balance (dcficit) I -0.6 - 1.4 -21.1 -50.9 -38.9 Similar share of S in fertilizer as in 1980-81 in India (1/15 of nutrients)
Balance (dcficit I1 - 1.6 -2.4 -29.1 -66.9 -54.9 Completely S-free fertilizers used 

keplace ,nen requiremets 
lertili'er S required. I 1.1 2.5 36.9 88.1 68.1 S deficit I x 1.75 
Fertilizer S required. 11 2.8 4.2 50.9 117.1 96.1 S deficit 11x 1.75 
Fertilizer S required. 1 2.2 5.0 73.8 176.2 136.2 S deficit I :3.50 
Fertilizer S required. I1 5.6 8.4 101.8 234.2 192.2 S deficit 11. 3.50 

a. A,,numing all the SO, remains within the root zone %%hich is not likely.
b. If burned, ,ome SO. may be retained by Ca, K. and Mg in ash. Howvcxer, empirical estimates are not available. 
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the transitional stage, as agriculture changed from subsistence to modern 
farming systems, tile sulfur requirements per hectare increased and sulfur 
additions generally decreased. This is a matter of great concern. Similar 
trends exist in most of the other developing countries. In Brazil, for exam
ple, the aggregate sulfur addition through fertilizers seems to match sulfur 
uptake by crops; yet when one considers the high sulfate-fixing nature of 
tile soil, the higher ratio of P to S (4.5:1), and higher leaching, one cannot 
be complacent ab.it the sulfur availability. Furtherrnore, it is possible that 
not all soils and crops receive sulfur. In order to account for low use effi
ciency, replenishment of sulfur t hough fertilizers should be much higher 
than sulfur uptake by the crop. 

There are no good estimates of sulflate losses in leaching or drainage wa
ter. However, the experience in Kenya showsthat lie annual loss of sulfur 
under very high rainfall is 2.21 kg/ha, whereas in Nigeria it is 0.3 kg/ha. 
Thus, for most situations the sulfur loss under subsistence farming may not 
be more than 0.6 kg/ha. 

Sulfur Balance Sheet andi Likely Scenarios 

On the basis of average sulfur addition and removal estimates, we have de
veloped a sulfur balance sheet and likely scenarios for subsistence and mod
ern agricultural .ystems in the tropics. These results are reported in Table 
10.4. The balance sheet clearly indicates the serious sulfur deficiency prob
lems that are emerging in the tropics and the need for realistic sulfur supply 
strategies. 

Subsistence .giricu/ture 

Under subsistence agriculture the additions and removals of sulfur may 
leave a slight deficit (0.6 kg/ha), which can be supplied by the soil provided 
it is not inherently deficient in sulfur (Scenario I). Otherwise the crop yield 
will be seriously reduced by sulfur deficiency. The sulfur deficit could in
crease to 1.6 kgi/ha if the fertilizer used is sulfur free. 

Even for v farmer trying to produce 1.5 times more food grain per lice
tare, under subsistence agricult'ire the sulfur supply deficit will increase 
from 0.6 to 1.4 kg/ha (Scenario 2). The sulfur deficit will become 2.4 kg/ha 
if th,: fertilizer apph'd in the system does not contain any sulfur. This puts 
a great strain on the sulfur reserves in the soil or depresses the crop yields. 

Modern Agriculture 

Modern agricuhiure is assunled to be based on highi-yielding crop varieties, 
intensive cropping, and high inputs of fertilizers and irrigation. In spite of 
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all the sulfur added incidentally through fertilizers, manure, and irrigation 
water as calculated for situations closely matching the actual situation in 
India (N:S ratio of 15:1), the stulfur deficit is estimated to be very high. III 
three scenarios under modern agricu tLire, the stil fur deficit is estimated to 
be 21.1, 50.9, and 38.9 kg/ha, depending upon the level of pi oduct ion, fer
tilizer use, and suifalte content of irrigation water. The sulfur deficit for 
these scenarios will rise to 29.1, 66.9, and 54.9 kg/ha if the applied fertilizers 
ha1\e ne tlelll.sIlfur ill 
The amou nt of fertilizer sulflr req uired to replenish these amounts is also 

indicated in the table. If the use efficiency of fertilizer sulfur is only 28.5% 
(replacement coel'ficient 3.50), i.e., one-half of tihe assumed use efficiency 
of 57.141'1 (replacement coel'ficient 1.75), the amnount of fertilizer sulfur .Ic
qitired \\ill be twice as much. It May be furt her ohserved that with irrigation 
water containing 10 pp sIlflate stul fur the sulfur deficit is considerably 
reduced hut not completely eliminated. If tihe small allount of sulfur being 
incidentall l applied were absent, tile sit uat ion would be ver' serious. Under 
tlesw circumstances, tile use efficiency and productiity of fertilizers (NPK) 
and othier inputs such as irrigation wale 'oild he greatly reduced.

Stich intensie cropping and exploitive agriculture depletes tle sulfur 

reserves of the soil and has an adverse effect on crop yie!ds. According to 
loll-llri experilents Conducted in India, the available sllfutr content of 

112 soil declined tinder inlensive cropping and conlintuous ase of sulfur-lree 
fertilizers in 7 years ill an alluvial soil. This is an indicalion of the situation 
Ihat swill Cevelop elsewhereiUn' ,s sulfir-containing fertilizers are used to 
supply sulfur. Such Iong-lerm experiments should be monitored to study 
[he changes in sulfur supply and requirenienlts and to formuflate sound ICr
tilizer iManagenienti practices f'or di f'rent soils and crol'p1inig s'stemIls. 

lagnilude of'Sutr I)eficiency ill Tropical Soils 

The're is geieral lack of coilsiStell aid .iaCClratedalta about t lie extent of sul
hi r deficiency in the tropics. A\vailable estimates indicate that about 52 mil
lion ha of high- base soils (11"o of' total) and 745 million ha of infertile acid 
soils (71% of total) ii ILatin America have Isulftiir deficiency problem. 
('aipO ( 'errado soils of Ilra/il, the highlands and eastern plails (llos) 
of' (olumbia, and the highly \eatliered volcanic soils of tile\West Indies ,Ild 
(elliral Alierica are good Cximles of stil ftr-def'icienl areas. There is evi
dence that soils of' tile upland sasianias of' Africa hiase low\ reserves of' total 
and availablc sulfur aind are likely to become more deficient in sulftir inder 
lie rpresenl la1nd management sslem. There is erealer likelihood of' sulfur 

deficiency illtle saaillas of, Nigeria thani in the i'OresZt zone soils.
I h,.erc;Ileiabotl 452 million ha of' sandy soil areas in the seniarid iropics, 

Stretchiig fronl ILatin Anerica to ile Savannas of Af'rica and tlie alluvial 
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soils of Asia, that also are likely to be deficient in sulfur. Evidence from 
Brazil and Nigeria confirms that newly cleared tropical lands show sulfur 
deficiency after a few years of cropping. Estimates of the rate of disappear
ance oF sulfur in organic matter vary; they range from 2% in Nigeria to 
100/o in Latin America 

There is general consensus that .ulfur in organic matter disappears faster 
than does nitrogen in organic matter; thus, the problem of sulfur fertility 
management is even more difficult. The lack of systematic studies that 
correlate sulfur deficiency with differences in soil taxononic groups 
precludes an accurate assessment and delineation of the sulfur-deficient 
areas, but broad conclusions can be drawn about the countries whee such 
sulfur-deficient soils exist. A total of 48 tropical countries (10 in Asia, 23 
in Africa, and 15 in Latin America) have been identified as having serious 
sul fu; deficiency problems. 

Delermining Sulfur Deficiency in the Tropics 

National and international fertilizer and agricultural research organizations 
concerned with sulfur research indie tropics need to consider the following 
iniportart conclusions and recollendal iOtiS. 

First, tile liniitations of tile soil tests for determining the availability of 
stulfur to the plvnts have been pointed out by many; a combination of soil 
test and plant analysis seems preferable, and the diagnostic techniques need 
to be standardited. 

Second, most researchers have Iound monocalcium plhosphate solution 
preferable to other extractants for available suifur insoils; however, the 
method for esti mat ing sulfur in the extract needs to be refined, and critical 
values for different crops need to be established. 

Third, tile usefulness of' pot culture and greenhouse tests to assess the 
need for fertilizer sulfr is Iiinited because tile system may overemphasize the 
nutrient need as a result of conditions under which the plants are grown. 
Field experimentation is most reliable for diagnosis of the need for sulfur 
fertilization. 

FourthI, for prelimiinary screening of diflerent souNrces 01' sulfur, green
house studies could be valuable, provided the researchers consider the acti
al soil environments and crops for which tlie proposed sulfur fertilizer is to 
be used. 

Iifth, !vsimetric studies under controlled erwirontienits are, no doubt, 
pood h 1.undcrslanding tle principles involved, but for solving tile field 
problems and for inn proving smnlli'ureconomy of soil it is better to conduct 
such studies on tile soil in situ \\here the effect of growing a crop can also 
be studied simtltaneously. 
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Crop Response to Fertilizer Sulfur 

Data on responses to fertilizer sulfur from field experiments are rather 
limited; the information is mostly confined to areas where, year after year,
deficiencies have been observed or where, under the impact of modern 
agriculture, the full potential of inputs is not being realized because of in
duced sulfur deficiency. Specific examples of sulfur deficiency and response 
to applied sulfur are discussed in detail in the previous chapters. Despite the 
inadequacy of the data, however, the following seven conclusions emerge
from results based on field experiments in a number of tropical countries. 

First, the deficiency of stulfur in the tropics is widespread, though not so 
spectacular as nitrogen and phosphorus deficiency. Significant responses to 
application of sullate sul ltir are expected. In some cases significant in
creases in crop yield have been obtained in greenhouse studies, and they
could be considered as indicative of crop response to sulfur and thus the 
need for sulfur research in itie field. The studies also indicate that responses 
to ferlilizers, specifically to nitrogen and phosphorus, will increase if'the
 
limiting factor, sulfur, is supplied. 

Second, sulfur as a nutrient has an important place in iml)rov+ilig quantity
and quality of food prodiction, and thus allevialion of hunger and nial
i lliion. This is especially iiportant in tile developing tropical countries 
in Asia, Africa, and Latin America. 

In Asia, suftin r responses were oblained inthe 1970s with niedium-to-high
doses of fertilizers N, NP,or NPK and improved varieties of cereals (rice 
or w\heat). .larked respoises to sulfuir were observed ill oilseeds (ground
iults, soybeans, rape, and iistard), legmine forages such as alfall and ber
seen (Trifolium alexandrilUill I..), and polatoes. It appears that most of the 
work was con fined to coarse-lext ured soils and was done after tile introduc
tionl
of highvielding varielies. Whetlher tile problem is localized or extends 
toa la rger area has riot been deterniiied; nor has tlie qnestion of whether 
lie uffur application is needed for every crop in tlie rotation foror once 

each rotalion really been sttidied. 
In Africa, 1most oft lie research was done before tile introduction of high

yieldin varielics, i.e., before tile 1970s, and was concerned with commercial 
crops like colton, groundnuts, and lea. Since the irntroduction of high
yielding varielies, or tlie post-independence period, very little research oil 
sulfir fertilization seeis to have been done oii any crops and least oii food 
crops. lii view of tile great food deficit in thiis region, there is a need for 
nit ensive and well-coorldinated research to assess th need for sulfur fertil
izers for food crops in lie region. 
IllILatii Amrerica, m11ost ofthe research reported in literature relates to ni

proved varieties of rice, niaize, soybeans, cotton, coffee, beans, and pasture
legunies. Marked respoinses were obtained in tile Carlpo Cerrado soils of' 
Brazil, tle highlands and eastern plains of Colombia, and the highly 
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weathered volcanic soils of Central America. 
Third, at present tile sulfur deficiency under high-yielding varieties may 

appear to be confined to those soils that were inherently poor. As the inten
sity of cropping and level of fertilization increase, sulfur deficiency may be
come a serious limiting factor, especially because of the decline in sulfur in
put from high-analysis fertilizers that are free From sulfur or have low sulfur 
contents. 

There are clear indications that iii Asia, particularly in India, Ban
gladesh, and Indonesia, intensive cropping combined with the use of high
yielding varieties and heavy applications of sul fur-free fertilizer may be 
overstraining the sulfur supply reserves of file soil ecosystem and may be 
limiting the full potential of new technology. Evidence of this is provided 
by the data oh sulfur uptake and incidental sulfur supply through fertilizers 
in India and Indonesia. In 1980, the amount of sulfur taken up by field 
crops in India was estimated to be 784,000 nit, whereas tile amount added 
through fertilizers was hardly 250,000 mt. In Indonesia the comparable 
figures were 130,000 and 48,000 int. 

It is also possible that irrigation water high in sulffate may counteract this 
sulfur deficiency inmany situations; in otlier ca:;es, sulffur-containing fer
tilizers may be needed. Crops like oilseeds, pulses, legumes, and forages, 
which remove relatively larger alol inlSof. sulfur per metric ton of dry mat
ter than do the cereals, may become more responsive to sulfur fertilizers 
with tie introduction of their hiich-yielding varieties. Thus, in the future the 
sulfur problem will become much more serious. 

Fourth, a comparison of sulfur supply sources indicates that generally 
gypsum or otlier sulfate sources have proved to be effective for most of 
thesoils and crops. The modifying effects of time and tile method and dose 
of application have also been established in many studies. An even less effi
cient substance can become an eftective sulfur source if tle cost:benefit 
relationship is favorable. oI econonic evaluation sulfturovever, o1 supply 
sources has generally been ignored. Thus, [Ile evaluation of alternative sul
fur supply sources should be based on analyiical stucdies done by interdis
ciplinary teams of scientists dealing with the technological, agronomic, and 
econotiic aspects of' fertilizer su lfiurresearch. 

Fifth, iil most (.;' tie Iropical countries the sources of sulftr are gypsum, 
pyrite, or sult'ur-containing byproducts of agriculture and industry. Tech
nology needs to be developed for the use of these substances as economic
sources of'sulfur for plant nutrition. The technologists, agronomists, and 
economists must deteriiliie whether to modify tile fertilizers to incorporate 
sulfur from these sources or to select compotnd fertilizers and mixtures for 
specific sit uations. 

Sixt,u long-teri studies with tea, coffee, and coconuts have shown that 
sul fur-containiing fertilizers, if continuously applied, build Lp reserves of 
adsorbed suIlfate in soils which, in turn, reduce the aniount of sulfur to be 



205 

added annually. The results of two long-term experiments, one at Samaru 
(northern Nigeria) and tile other at New Delhi (northern India), clearly in
dicate changes ill sulfur supply from soil under extensive and intensive crop
ping systems in Africa and Asia, respectively. Long-term studies and 
monitoring of" changes in the statlus of' nutrients in tile soils through long
term experiments ekevhere may also he desiraule. 

Seventh and fimnally, tile experience with tropical agriculturc also shows 
that hot Il phosphate and lile accelerate losses of sull'ate suliFur in acid soils 
that are high inl exchlagcable aluminum. Thuls, ihe cultivation of such lands 
reqtite, fertilizer management practices or fertilizer products that can re
duce such losses without affecting the usefuiess of the lime and phosphate 
applicat ions". 

PriorifN Areas for Ierilizcr ,Sulfur Research 

" hough the data are scaliry, the published information about sulfur defi
cicvlcy suggests tliarttle priority areas iderntified in Table 10.5 ar,' of' greatest 
conlcerll .nl should be examined to assess the exlent and intensity of the 
stillfur plroblem, to delermile econonlic sources of sulfur Supply, and to for
nnuulate appropriate stll liii irogranis. Research and develop1ment p1rograms 
in thlCe aresl,, \Vould probably have flie greatest ecollollic 1,eltel'its. 

I lie alrcas Mhere ese Sull', r deficiencv ha.s heel observed should be 
selctCel for 'sSesil tei magnitude of tihe problem and the degree of crop 
resposet ro applied fertilizer stl'fur. A coordilaled prograi of simple 
fertilicr trialS oil falrmer, ficlds, based ol flie missing nutrie it concept and 

,tsiuc re nicmett stch as control, N, NII, NIK, NlIKS, NPKS + 
IlliC'tlttrierits, iiiiglt be tried. Soil aind plat analyses could be used to 
supplleiet ,uch ,tlldies. \Where possible, 5S shouild be used. 

Stilhur Siraltegies for Meeling he (hallenge 

Identification of Ilhose factors responsible for creating sulfur deficiency ill 
rIte tropics is prerequisite to designing srategies for solving the surlfur prob
lena. the More inliprtant factors are soil, clilnate, crolpling systenIS, fertiliz
er, irrigation, croppiute itelcnsity. industriali/alion, enviromilenlal pro
ral'is, aild C\teinsioll of' agricultur' 1trto arginial lands. 

Allhouuh oil aid Climniatic influences are dilicult to change, nil ider
slaridiie of, huciil is helpful iil the rrnael.nt of sulf'ur fertilizers. Most 
serious are lie leachillu aid crosion losses due to rain and adsorption of 
sull'ale Ullder Certain coiditions. Any strategy for imiproving the sulfir sirtt
atliOll il Itropical soils should emphasize lie mnalagelenl of soil, fertilizer, 
alld cro)pS. 

http:rrnael.nt
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Table 10.5. Prioritv areas for fertilizer sulfur research and policy in Asia, Africa, and Latin 
America. 

Region Country 

Asia India 

Bangladesh 

Thaila-Ii 

Indonesia 

Africa Nigeria 

Senegal 

Kenya 

Zimhalhsse 

Latin America Brazil 

Colomntbia 

Areas within tie country 

Coarse-lextired sands soils of 
alhasial plains of Punjab. 
Ilaryana, Uttar Pradesh, Rajas-
hani, and cerliain pockets of 
( lijarat 

losland rice area 

Plateau of northeast Thailand 

Stilaesi, Fast Java 

Northern Nigeria 

Central and southern Senegal 

(I) Coastal sandy soils 
(2) 	 Sandv loaun soils ot Kitalc 

and Sonlior Region s 
(3) Volcanic soils neat Kilinmanjaro 
(4) Boilolln IMlst1 NlachakoS area 

Sild\ soils 

l ligly \kcatlieed soils of 
Brazilian plateall 

(atIl)O (eCrlrdO Soils of Sao lt atllr 
R~cgio n 

togotI.i HIlihlitIlS 
Il itci n plaiin (I lllus) 

Crops 

Groundiuts, rape 
& mustard, wheat 
maize, chickpeas, 
soyheans, berseem, 
potatoes 

Rice, isheat, 
miustard 

Rice, soyheans, 
pulses, pasture 

Rice, pasture 

Maize, sorghum, 
roots & tihers, 
cosvpeas, 
grouIndnuts 

(iroutndtuts, cotton, 
millet, Maize 

Maize, Collon, 
pastures 

Maize, grotndnLtts, 

Mai/c, rice, 
cotion, pastires, 
soyheas, COffce 

Nai/c, sor0calls, 
InL',ts, sinmile, 
lcgullllis. cot cec 

In some areas, because of Ihe high still'ate content, the irrigation waler 
could supply Ihe stulltr needs ol It.he crol-. Itt other areas, where waters of 
low sttll'ale conlCtl ate uVts, snll'alecs trtaV bc leached ad Ihc Soil itn
poV'crishCd. Analtical Sltdies lCaliig with (lhe eflTecls of irrigalion, tertliiz
er applicalion, and cropping system coinhinatios ttder field conditions 
are essenlial to understand the phellolllCMl. 
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Intensification of agriculture, use of high-yielding crop varieties, and in
creasing use of fertilizers low in sulfur are aggravating th 'tulfurdeficiency 
problem. Corrective measures need to be taken through use of fertilizers 
with hieher sulfur content to lower the N:S ratio or P:S ratio in the fertiliz
ers. 

From tile long list of sulfur-containing substances it appears doubtful 
(hat tile use of fluid fertilizers will be feasible in any significant part of the 
developing tropical countries in the ear fture. However, dry fertilizers rich 
in sulfate may become more attractive. The need for modified, economical-
Iyefficient fertilizer tectinology is of high priority. Sulfur-fortified triple su-
PerfphospIhate, concentrated sUlperphosphate, partially acidulated phos
phate rock, atl surlftatc-enriched diam moniurn phosphate may become 
more accelptable. Appropriate technologies need to be developed to supply 
them. 

Strategies to sllpply sulfur to soils and crops in every cotutry should be 
bhased on tile use of \vaste products from tile fertilizer industry, chemical in
d ltstr,', arid agricuItnral iudustry; on local stlfur resources; or on incor
poralion of, sulfur if] tile popular tertilizer products. \11monurr1 sulfate 
and single superphosphate hvle important places in tile agriculture ot these 
countries, anid stralcgics can be developed to make their use more efficient 
and ecolnomical. Use of sillflur-coated urea and sull'tr-enriched fertilizers on 
si Illr r-detficienlt soils aind for ccr ain crops needs to be given aI fair trial. 

(Gypsill,eelIrerita silfur, and pyrites will be preferable for alkaline aid 
calca reoirs soils of tle seriria id tropics. [IovHever, for highly acid soils the 
rise of elemCntal sulfur and otlher acid-forming substances is questionable. 
NIMore emphasis should be placed on tile use of phosp hogypsuin directly or 
through in1corporaio ill fertili/ers. In fact, there is a need ,or interdiscipli
nary research by tearis oif Icrtilizer technologists, agronomists, aind 
ectOrioriists to develop suitable fertilizer products that supply sulfur for 
LfiTCFrcnr soils and croppinrg systems while keepiig in view the locally availa
[Ile sill'fir resollrtres. 

mastim-airig Sulfur Requirerncnls and Caps 

Ill order to desig il nationallv acceptable and economically viable supplystratcgies to correct sirl fur del'iciercry and ifprove tlie production and Iuali

tv of food, there is a need to accurately estimate the strlfur requirements, 
sulfur supplies, aid iriiplied sulfur gaps. 

Surlfur estimates are based on simple statistical analysis. The sulfur r,
qttirciient estimates are divided into two broad categories. These are (I) re
quirclenets by field crops for suli as a nutrient and (2) sulfur require

itnls ill the fertili/er industry. The requirements for suffur as a plant 
ntiriet 'or crops are based on (a) crop production levels, which account 



208 

for tile area Under different crops and average crop yields; (b) average sulfur 
uptake by crops; and (c) use efficiency of applied sulfur. In this context the 
estimated sulfur requirements do reflect the impact of factors such as 
changing cropping patterns, expanding crop yields, and multiple cropping. 

Tile requirement for sulfur as a plant ILitrient is further classified into 
three categories. These are (I) sulfur uptake; (2) sulfur replacement I re
quirements that assune a sulfur-replacement coefficient of 1.75 which im
plies sulfur use efficiency of approximately 60%; and (3) sulfur replacement 
I1requirements that assume a sulfur replacement coefficient of' 3.50 which 
implies sulfunr use efficiency of one-half, approximately 30%. 

The sulfur uptake and the rcplaccmentt requirements are based on actual 
crop production from 196t0 to 1980 and on projected crop production from 
1985 to 2000. The results refer to 3-year simple averages centered on years 
shown ill order to avoid the effect of weather-related variations in crop 
production. On the other hand, sulfur requiremen .sin the fertilizer indust rv 
are based on fertilizer production needed to meet projected fertilizer con
sumption requirements from 1980/81 to 2000/01. Estimated sulfur require
ments in the fertilizer industry are based oil sulfur needed to manufacttre 
ammonium sulfate, sinlgle superphosplhate, triple superphosphate, and am

no1111iium phlosplhatCs. 
The estimates of sulfur requirements are based on production of' 25 im

portant field crops. These crops are then divided into 15 specific crop 
groups ii ltudi g 'heat, rice, maize, millet, sorghinn, pulses, oilseeds, soy
bcans, grondnlutis, oil pailm, root crops, sugarcane, cotton, coffee, and 
tobacco. 'ach under Study does not necessarily grow all thesecountrv ! 

crops. Furthermore, tile relative imporlance of individual crops varies from 
one Count rv to aiot her. These 25 crops, however, acCOuntl for Most of' tile 
chemical fertilizer consimption in developing comntries of the tropics. 

The estimates for sulfur requirements are made for 11tropical countries 
and 3 regions in addit ion to the world as a whole. The 11countries include 
India, Indonesia, and the Philippines from Asia; Kenya, Niger, Nigeria, Su
dan, and ZimlabwC from Africa; and Brazil, Colombia, and Mexico from 
Latin America. The three regions ic lide th1e Far East, Africa, and Latin 
America (as developing market economies). The crop production levels are 
specific to each country and region. 

However, average stUl fur uptake by crop groups broadly represents de
veloping tropical countrics and is assumed to be tile same For all the coun
tries and regions. Finally, the assumed two levels of sulfur use efficiency 
(replacement Loefficients) are not specific to any crop, country, or fertilizer; 
rather, they reprcser.t typical conditions prevailing iltemperate and tropical 
cotmtries. In this conlexl, tile estimuatCd sulfur requirements presented here 
are good first-order approxinations. 

The estimnated aggregate sulfur rcquirements by field crops and the world 
fertilizer industry are summarized in Thbles 10.6 and 10.7. India and Brazil 
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Tabhle 10.6. Estimated aggregate sul fur requirements for field crops in selected developing 
tropical countries an1d regions, 1961 - 2000. 

Country/region Sulfur requirementsi ('000 nit of S) 

Uptake Replacement I Replacement I1 

1960 1980 2000I 1961 198) 2000 1960 1980 2000 

A4sia 

India 5(19 784 1 333 891 1 372 2 332 I 782 2 743 4 665 
Indonesia 64 130 294 112 227 514 225 454 1 028 
P'hilippincs 21 45 108 38 80 190 75 159 379 

A.Irica 
Kenya 9 15 21 15 26 37 31 52 73 
Nigel 6 13 29 II 22 51 22 44 113 
Ni'cLia 56 66 98 99 116 171 197 231 343 
Sudan 29 30 64 51 53 113 102 107 225 
/imbalm c 7 16 29 12 29 51 25 58 101 

I 	 citl .'ItItwa 

IIrI /il 157 349 708 275 611 1 239 550 1 222 2 ,77 
( olonibia 21 38 86 36 67 150 72 134 301 
Mlexico 64 137 240 113 239 419 225 478 ,338 

..Ira 224 327 411 392 573 720 783 I 146 1 440 
1ar last 776 1341) 2 463 1 358 2 345 4 310 2 717 4 690 8 620 
Latin .merica 404 844 I 603 707 I 477 2 81)5 1 413 2 954 5 610 

Wlorld 4 582 7 911 14 238 8 (18 13 844 24 917 16 037 27 687 49 835 

a. 	Uptake: Sulfur uptake by ficld crops; replaceentc I: uptake * sulfur eplacement coeffi
cient of 1.75 (implies use cflficiency of about 60))"); and replacement 11: uptake * sulfur 
ieplacette coelficient (t 3.5) opies .w, clliency' of about 31%1). 

lb/u /0. 7. Iistimated %%.orld ',milu requirement as crop mtrient and :or th Ie ertilier indus
ir., 19)6 2)0)0. 

lypc of S1ul1r rcquircmenl,, Sulfur requirement% during (Oillion mt of S) 

1981) 199(0 2000 

Suo/ut ascrop ntutreulti 

Uptake 	 7.9 10.5 14.2 
Replacement I 	 13.8 18.4 24.9 
Replacemet II 	 27.7 36.9 49.8 

lor .lertilizerUtdustreSt/llur 
.sSSII 	 6.5 10.0 16.3 
1SP., AI' 	 20.0 31.1 48.4 
lotal 	 26.5 41.1 64.7 

a. 	 A I'7- ammonium phosphate. 
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stand out since the largest sulfur requirements are in Asia and Latin Ameri
ca, respectively. With the exception of Mexico, all the other countries stud
ied are net sulfur importers. The sulfur requirements in the world fertilizer 
industry are much more than che sulfur uptake. However, only a small per
centage of sulfur used in the fertilizer industry is transferred to the agricul
tural sector through sulfur-containing fertilizers. 

The estimated proportion of sulfur uptake by cereal and noncereal food 
crops is shown in Figure 10.1. A large share of' sulfur uptake is attributed 
to cereal crops. However, the share varies not only by country or region but 
also over time. A shift in the cropping pattern in favor of those crops that, 
on the average, remove relatively large quantities of sulfur would increase 
aggregate sulI flur uptake and hence tle fertilizer sulfur replacement require
meints. The production of soybean in Brazil highlights such a transforma
tioii. 

The estimated aggregate stilfur requirements, sutpply, and gaps for select
ed countrics during 1980 are reported in Iable 10.8 and for India from 1960 
to 2000 in iFigtire 10.2. The results indicate that, except for Mexico, the sul
fur gaps are rather large in relation to tie current fertilizer suilfur supply.
Furthermore, tie projected sulfur gaps are estimated to increase from 1980 
to 2000. For example, it is estimated that sutlfutr gap Ill (fertilizer sulftur sup
ply minus sulfur replacement I1 requiretnent s) in India will increase from 
2.5 million it in 1980 to 3.1 million it in 1990, and to 4.0 million it in 
the year 2000. 

File models used in this study provide a systematic ncans for assessing 
the sulfur rcquirements for imijor agricultural crops, sulfur supply and tie 
potential sulfur gaps that may prevail. While tie results indicate that large
sulfur gaps now exist or soon sill etnerge in a number of developing coun
tries, tle authors wish to point otl( that these e' imates are first-order ap

L]1 

Figure /0.1. Fsliimatcd 'hoportionof Sullttr U, ti kc by Cet.rcal and Noncercal Food Crops in 
Selected Countries and Regions in the World. 
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Th, 10.8. Esfimated sulfur requireitmus, f'ertilizersulfir supply, and sutilfir gaps in select
ed iropical coi ntries during 1980. ( '00) ml of S) 

Cotitry Sulf'ur reqtuiremiin Feitilimcr 
siii fui 

SuilfIrgaps, 

Lptake Replace- Replace- supply I (I III 
mcnt I ni.'itII 

India 784 1 372 2 743 250 -- 534 1 122 - 2 493 
11doiicsla 130 227 454 48 --82 - 179 - 406 
Ihiilippilci, 45 80 159 30 -- 15 -- 50 - 129 

Ke ,sa 15 26 52 II --4 - 15 -41 
Nigei 13 22 44 <I 12 -21 - 43 
Nigclia 66 116 231 17 -49 -99 -214 
Suldai 30 53 107 11 1,,,

/iilm Chu ( 29 58 h 1, 1,
 

Illa/il 349 611 482 - 1222 1 133 129 740 
(ololhiia 38 67 134 5 - 33 -62 - 129 
Mexico 17 23) 478 338 +201 99 - 140 

;i. I-citilici .,ullur ,upply inuis Nulfur relqtuircinen. (ap I is supply minus uptiake; (ap II 
I,suplly 116111uRcplaccmct l;and (lp III is supply miuls keplaccinlnt II. 

1). Nol uailabc. 

pru\i iations. AlthotUgh the sulf'ur gap estimates are based on the best avail
able dtia, mtich work remains to be done for furthcr refinements in the 
Coltext of specific count ries. Recognizing these limitations, tile results have 
major implications for national fertilizer policy. 
These larue sllftnfr caps have important policy implications for fertilizer

rescarch, slf'1u supply, ferltili/er material selection, fertilizer imports, fer
tili/er distribution, sUltfur promotion, capital investnent, and foreign ex
change allocation. Unless s.ome!lli lgis done to bridge these gaps and to 
correct fle sulfur-deficiency problem, nalional and international "fforts to 
alCClcratC food prod netionl Will bc seriously handicapped. This is a real 
ChallcleC and at great opportunity for all those involved ill fertilizer 
pol icy formtlat ion, fertilizer research, and fertilizcr production, distribu
tion, and use to make tmajor contribution to fond production of develop
ing Iropical couniries. 

Evallition ilof Alternative Fertilizer Sullfur Matlerials 

In order to deal with increasing sulfur deficiencies and projected sulfur 
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5,000 
Model Esimates 

Model Projections 

A= S Gap I 

AB= S Gap H1
 
4,000 A.B.C= S Gap II
 

Sulfur Replacement
3,000 	 f Requirements-_,-,': 

o 	 2,000 
0 	 Sulfur Replucemeni
 

I Requirem ents , B 

S., UpaeSulfur 

, , 	 Ferilizer Sulfur 
A 	 supply 

1960 1970 1980 1990 2000 

Year 

I-.iure 10.2. lI,til 'ted.SulfurRequiLetrnets, F.,tilitr Sulfur Sulpply, and Sulfur Gitapsin I
dia: An l-it pl,. 

gaps, there is a niced to identify, develop, evaluate, and transfer fertilizer sul
fur technology and strategies that would be appropriate, technic-illy and 
economically, for tropical countries. Alternative sulfur supply stratcgies in
clude the use of all or some of (I) conventional silur-coitaining fertilizers; 
(2) modified sull'ur-containing fertilizers; and (3) indigenous suilfur supply 
sources such Is VIpsum, piosphogypsum, and pyrites. 

In developing ",nd reconmcnding any of these sulfur-containing fertiliz
ers, it is extremelv important to keep in inid tfie climatic conditions, crop
ping systems, soil types, socioeconomic conditions, and natural resource en
dosvmerts of those tropical coUn triCs t all of such tech tiology..Ire thC target0 
All the existing and modified sul fur-contai iiig fertilizer technologies must 
De evaluated \'Willi torespect tile following criteria: 
1.The technical f,:asibility of production, dist ribution, and use of' suilfur

containing fertilizers. 
2. 	Agronomic effectiveness under fartners' field conditions. 
3. 	Preferenccs and general itt itudes of those involved in production, distri

bution, and use of these materials. 
4. 	Economic effectiveness under free-market conditions. 
5. 	Economic elfectiveness under prevailing government policy withi respect 

to fertilizer sulfur. 
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6. 	 Foreign exchange use, earnings, and savings. 
7. 	 Economic and financial aspects of research, production, distribution, 

and use of these materials. 
8. 	 Lxisting and suggested government policies dealing with fertilizer sulfur 

raw materials, production, distribution, promotion, regulation, pricing, 
subsidies, trade, and research. 

The technoloy for each proposed sillI'ur-containine fertilizer needs to be 
cvaltnated within an inicrdiscipli nary context from the moment a technology 
is COnIcivCl Until it iS ready' for transfcr and general use by fI'rincis in tile 
tropical coun tries. 

Economic and Policy Analysis of Feriilizer Sulfur 

l)cspitc the necd for sulfur as an essential plant nutrient and the sustantial 
retiurns expected I'rol its Ilse, very little analytical or empirical research has 
been done on tle economic and policy aialyses of 'crtilizer sulfur in tropi
cal count ries. There are several rcasols Ior this situation. The primary rea-
Son), howesci, is tha; :he ecolloilic ilipol taice of felrtilizer sullur has not 
bCen recogi/ed. II order to formulate approp r .Itc su1lfur policy at the na
iital level, there is a nced for tlie followiul: 
1. 	l)Crilatioii of cnCoirtmic rCtIrns to sulfur use under different agrocli

matic conditions andtcopping systcms. 
2. 	(onparat ixe econoimiic caluation of existing, mdlifiCC, and indigenous 

SiullIll-coiitaiiiiitclrlili/crS and amncildmllts. 
3. 	 Fconomic evaluation of phospho as a source of*sulfurltgypslutI for plant 

nutlricnt; and ia\\ material for maufllactmtlrile sulfuric acid and nitrogen, 
phosphorus, and polassium 'crtilizers. 

4. 	 -conomic analysis that accotList, for the rsCidualI Cffccts of slfur, thC in
teractiol of stlfur with otiler nrietints, a1d Ite productivily of fertilizer 
sulfir uinder di fferll crop technologies and cropping systems. 

5. 	 l)eteriitation of, the delivered price of sulf'ur to larielr's. 
6. 	1conoiuic c\,lutmion of pr'icL and the transportation subsidy that lust 

be paid bw tile governllllln on sul fur-coiltainin fertilizers and other sil
:'iIr Supply Sources. 

7. 	 Lcononiic ealiation of sulftlir-containing fertilizers from indigenous 
sti Inr suipply souriIces aIs Oposcd to importcd sulfur or sulfur-containing 
fertilizers. 

Pricing of Fcrlilizer Sulfur 

Stul fur is tiol a free commodity. The internalional sulfur prices, expressed 
in constant dollar terms, generally declined from 1955 to 1978, with the cx
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ception of two price upswings that peaked during 1968 and 1975. In any 
case, the current sulfur prices during this period were less than $50/nit. 
r4owever, the market changed in i978 when international dry sulfur prices
(f.o.b. U.S. Gulf) staried rising from approximately $60/mt in January 1979 
io $135/nit in January 1981 and then declined to $112/mt in January 1983 
and to S88/mnt in October 1983 and then started rising again to $103/nit in 
January 1984 and to $146/nit in December 1984. Clearly, sulfur prices play 
an important role in determining the appropriate sulfur supply strategy and 
prices for sulfur-containing fertilizers. 

Sulfur-containing cheniical fertilizers, including popular fertilizers such 
as arioniinin sul fate and single SUperplosplhatc, are rarely priced for their 
sulfur content. As long as sulfur in chenical fertilizers is considered merely 
a 	 bonus, the fertilizer industry will have little econonic incentive to 
manufacture sill fur-contaiiiing fertilizers as main products.

In those ireas facing serious sulfur deficiency, the returns to tle use of 
sill fhlr-contai iilig fCrtiliZers priced for sulfur appear extremely favorable, 
both at the farm and national levels. However, sulfur pricing (toes raise ex
tremely important policy questions that be resolvedcan only after sound 
economic and policy analyses. Some of' these questions are as follows: 
1. How should the production cosis be allocated and the fertilizer be priced 

when tile sull fur-containing fertilizer is produced as a coproduct or as a 
byproduct? 

2. 	 How shoul1d tile price of strlfur-containiig fertilizers be determined at 
tle retail level in comparison with other competitive sulfur-free fertiliz
ers? 

3. 	 Would the farmers be willing to pay for sulfur in sulfur-containing fertil
izers'? 

4. 	 How would the fertilizer industry react to the creation of' new capacity 
to produce sulffur-containing fertilizers? 

5. 	 How would the costs and benefits of the sulfur-pricing policy be dis
tributed aniong producers, distributors, farmers, and consumers? 

Sulfur Situation, Resources, ' rnade, and Outlook 

Sulfur is considered one of the more abundant elements on earth. However, 
only a snxill fraction of large sulfur resources is recoverable at current levels 
of kniov'ledge, technology, and prices. The key points concerning the sulfur 
industry as it relates to the fertilizer sector and tropical agriculture are ania
lyzed below: 

First, during 1981 world production of surlfur was about 53.8 million int. 
Four countries (United States 23.71/, U.S.S.R. 18.0/0, Canada 12.6/0, and 
Poland 9.2q/o) accounted Imalmost two-thirds of world sulfur production. 
Approximately 630/o of the estimated production was brimstone, and this 
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proportion is expected to increase because of increased production of reco
vered sulfur. l)uring 1981 the estimated share of developing tropical regions
iii world sulfur production was only 7.81/6, and Mexico alone accounted fl 
50 "oof that production (Table 10.9). However, the oil-prod ucing countrie'., 
especially in the Middle Last, are expected to increase their production of 
recovered sulftur. 

SCColld, a large share o1"sulfur (80,'o-90 !,b) is used to manulact trc sulfur
ic acid. The share of' developing tropical legions illworldwide snilfiir coi
smUllption (55.0 million mtl) was only abOl 12.4114"f during 1980. This is rath
cr a Siiall amllollullin the contcxt of, their relatike share in world populatiol ,
:lwricultural production, and food needs. )uring 1980, the share of in
dik idual destelopine tropical regions illworld sulfur Consumption \,was esti
mated to he 3.3"'o illAfrica, 4.61%o iniAsia, and 4.5% hilatin America.
 

Third, diirill 1981 \\1-ld production of sulfuric acid was 138 million int.
 
IOur Count1ries (United StCs 26%, U.S.S.R. 17%, and Japan
China 6%1,'o, 

5ir.() accoLnlted for 541"t%of world sulfuric acid 
 ,,;.l i Aiong the dc
vcloping 
 tropical cOnillrics, thle major pr,-,ducers of sulfunic acid in 1981
 
werc India 21"o, Mexico 21"o, Brazil 1.71"o, Morocco 1.711/o, and liinisia 1.6%.
 
The de.,elopl iig market Ccononi ies as itUr<. 
P accourlilcd for about 130%'o. 

Fouilh, for tile\orld a a whole, 55% of tileulfuric acid was used in
 
tle fertilizcr iidnt rv during 1981. 
 The share allocated to the fertilizer in
dustry raics froi 45(1o illAsia (incliding lapailn) to 67o in latin America 
and 75"'o iniAfrica (including South Africa). A large share (90%"o in ihe 
\wklern viorld) oft lie Sulftric acid used in the ferlili/er industry goes to
 
mnallul'actlnrc phosphate fertilizers. Most of tlie sulfur used ill
lie phosphate

t'crlili/icr idustrv (Wilhi
tile CxcCption of single suleCrlphospliate) isdiscarded 
illh\vprodtuct Ip1lioph gyp,,ULI. 

lil/l10 9 Solnuccs oi Sulli r lltiulliilfiIiOdictln ill (tc hLlO)iilt'irlpiLitCl lC!itjhilS i Ilie 
%\toilkl
di rii11981. 

tRiC'llt titod o Slldl 'r , ti l t tIi S . iol sitrll'I'll till. 

00 fill 	 iii t __ld
1 11 OthtCliillt lii ltt l~lt I1.%riio ()lh1'r Total
 

W) 
for slts 

A Iiica 178 0 3 6 27 67 1ll 
As ili' I 335 2.5 74 8 I8 itil0
Iali .A rllcticu 2 699 5.0 90 3 7 i00 

R,..L 4 212 7.8 82iis mlll 
 5 13 i0 

\korld 5.1727 t0l). 63 21 16 10)0 

a. c'tCintiig S.iriitlh Aflic. \%ith;I oill plurticliOl iti 636 Ihtiirisand fii. 
cludilti
ii. i 	 .I;i ;tit\killtfolil riLthtction o1 2 706 tIhosand fil. ('hina ik ;ts, 	C.Citlded. 
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Fifth, durit., 1981 about 30% (16 million mt) of world sulfur production 
was traded in ,eiiter national market, most of it illthe form of brimstone. 
Canada and Poland accounted for about 70% of brimstone exports. 
Amnng the developing countries, Mexico is the only net exporter of sulfuir. 
Potential stltur exporters include count ries from the Middle East. With tihe 
exception of Mexico, most of tile developing countries are net importers of 
sulfit i, which is eseni al to develop their agricultural and industrial sectors. 

Sixth, tile anonlit ofI kno\%!i sulfur reserves illthe world is estimated to 
bc between 1.8 and 2.2 hiillion nit, whichIdoes not include vast sullflr 
esources colltailled illahllvdhite, gypstim, and sea water. 0f' these reserves
 
th, developing tropical Countries are estimated to account for about 33%,
 
including 5,n ilt Mexico, 81"0 in Iraq, 14% illother countrics in the Near
 
Fast, and 61"u ill othcr dc\Clopinge tropical countries of Asia, Africa, and
 
L.atin America.
 

The dcClop~i tg t opical COnlln rics are also known to have sulfur resources
 
in tile forll of aIhydrites, g.ps nll,
pyrites, and nonferrous sulfides, as well 
as elementa stlfur (deposiIs.The tollo\\ing important questions need to be 
addressed: (1)What is tile aurotioitic eflectiveness and tecl oeconotnic 
feasibility of tlhic,sulfur resorctllc? and (2) Ilow should the indigenous sul
fur resources be itsed to teett lie sulfir requiremtits of' developing tropical
 
countries itlAsia, Africa, and .ltin America?
 

Suilfir Trade Policies 

No;t tropical couniries with serious sitllfur-deficiency problems are also net 
importers of sull'llr, utally Ibrimstote. The available information indicates 
that lost of thicse Conitrics pose form of trade restrictions,also imtii some 
especially tarifs, otil iniported stlfl'r. 

hTriff's mayv he good soilIces of tocrntiieti revenue, but they call also 'e
stilt ill Social costs. The inmiiediate itimpact of a1tariff is that the pricehieul 
of itllpOrled silfur goCs il aid the inc:'easc is "eflecced illthe price of feriil
iZCrs such as phop'hate tertilizers that tuse sulfur or sulfuric acid in their 
mantufactitre. ltrifTs are geCirallv itii posed under tile pretext of plotect ingi 
the domicstic industry (im'alt industry argument), but they also encourag'e 
inefficiency. [or a lo\\-iticonlie coitry with widesplread sulffur deficiency,
tariffs oti sufitr imports may tlot be itit lie hest interests of tile general 
popitlatio siice tles' CecoUrage both inefficiency and inequity. 

Ilhosphogypsum: A Source of' F"ertilizer Sulfur 

Phosphogypsitm, a byproduct ( f vet-process phosphoric acid, is generally 
considered a waste product, even though it contains all of' tile sull'ur from 
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the sulfuric acid used in the process. The cumulative world production I'rom 
1967 to 1985 is estimated to be 1.6 billion int of phosphogypsum, which in
cludes 265 million nit of sulfur; of this amount, 37 million it of sill'ur 
equivalent will have been produced in the tropical countries of' Asia, Africa, 
and l.atin America. 

\Vhile clare stocks of" phosphogypsum are accumulating, the crops in 
really tropical couLntries are stiffering fron sull'ur deficiency. Naturally, 
these count ries can ill afford to throw away phosphogypsuml, and hence im
portdCL stl'nr, especial ly when it was boulght with scarce foreign exchange.
Funrt hermore, t lie techli cal and economic problems associaled wit Ii correct
illu stnlt deficielicies Inav not be serious at all when )hosplOgypstml is 
nsed as a source of fertlili/cr stulfur in agQricltlure. The use of phosphiogyp
stum inl atricult tue ilav be a potcltial source of both sulfur and calcium for 
iu]creaIsed fod prodnrction. 

lhIet-e is alneed to initiatte research to determine (1) the agrononic effec
tieiuess of' phosplhogypsuin as a source of stil fur; (2) the technical probleiis 
relted to cdryig, transporting, storing, handling, and converting phos-
IhotgypsunI to aluOiIi Sufl1'atC and sIlf'uric acid and 1or u,pgrading 

poptull fertili/ers \ilh sulfur or still'ur comnpounds; and (3) the economic 
\iabilitv ol pihosphog ypstl Ias a raw material source for maitilacturing 
rIodilied nitlrogen, phosphorus, and potassinni fertili/ers, Iixturiles, and 
Comi po unds. 

Need tor Ilfformation Rlelated lo Ierlil!,er Sulfur 

Appropriate illnormation about sullfur stipply, use, response, ulptake, prices, 
atnl econloiics is ext reruiely vital in tlie forultlation of policies concerning 
fertilizer stlflr. Yt[most national and international olanizalions engaged 
ill coolCcting aiLd ptblishing ifoIiltrmationl do not include sulfur in fertilizer
related statistics. ('onlc tCttl'., most of this i'fo1rmlation is not available to 
cither policymuakers or researchers. 

Stlftur data must be made aliintegral part of national fertilier data col
lectiun systel,. These data mIust inclde information related tc stlfur raw 
1ater'iAl, rsve and resouIrces: sul'ur production, Consumnipt ion, and 

trade: stull'ur reighit and prices; stulflr uptake by crops; and stlfur response. 
litternational orgauli.,atiols such as FA), IFI)¢C, and UNIDO can play an 
important role in stimlating such programs at [lie national level, particn
lly in decloping countries. 

Fertilizer Siulfur Use Recommendlulions 

Witl) tile except ion of a few isolated examples, fertilizer recommendations 
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do not include sulfur as one of the plant nutrients. Only the primary 
nutrients are generally included in the fertilizer recommendations. Any el
fort directed at correcting sulfur deficiency must involve a set of recommen
dations that include the use of sulfur at the farm level. 

It is extremely important to develop sulfur recommendations based on 
fairm-level data under actual farming conditions. These recommendations 
nust be crop-specific and nList also specify tie amount to use, the time of 
application, tie method of application, and the source of fertilizer sulfur. 
Furthermore, the recommrendations inust be based on sound information 
regarding crop response to applied fertilizer sulfur and economics of sulfur 
Ise. 

Ferfilizer Sulfur Regulation and Labeling 

Lack of use of fertiliter sulfur in countries with severe sulfurdeficiency 
problems results in a high social cost in terms of' lost agricultural produc
tion. Under these circuinistances, it is econoinically justifiable to implement 
governnent regulations with respect to sullInur supply. These regulations 
should ensure a fertili/er sulfur supply at tile retail level through the avail
ability of popular sulfur-containing ferlilizers and/or tlie requirement that 
file different fertili/er matcrials containta certain minimum amount of' sul
fur. 
The existing quality control rcgulations in inosi countries require labeling 

of only tile primary plant nutrients, N, P,O,, and K,O, ol fertilizer bags. 
This is true even %lhen the fertilizer also contains sulfur. The labeling of' fer
tilizer bags \with suIl fr collincils wOuld provide additional information to 
[he farmer Who purchases tile fertilizer. The addiltional cost for sul fu r label
ing is expected to be rather negligible. 

,Sulfur,i':nvironmental Protection, and Food Production 

Itntite industrialized countries environmental pollution, partly caused by 
stilfur dioxide and acid rain, is aitthe center of much public debate. These 
colnu ries have various laws rest rict ing the emissions of sulfur dioxide to the 
atnmospliere. Ho\eve, illnirost of tile noniindustrialized developing coun
tries elrvironcntal pollution, primarily by sulfur dioxide emission, is not 
a serious pIoblei. F\en inindustrialized countries sulfur dioxide is not 
solely respoirsible for acid raiit ahIthrough problems may be itore serious 
around localities \witI industrial complexes. 

Obviously there is an ced for soe restrictions orr emissions of sulfur diox
ide and other industrial pollutalrts ii order to protect tile enviroimnent and 
publ ic iahhi Ii. I-owever, sulfur dioxide emission standards that are too strict 
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may be counterproductive. Atmospheric sulfur is an important source of 
sulfur as a plant nutrient. Further restriction on sul fur dioxide would re
duce the stul'ur supply from the atmosphere at a time when stil'ur replace
ment requirements as a plant nutrient alone are expected to i'icrease world
wide from 28 million nit in 1980 to about 50 million mt il the year 2000. 

Furthermore, extremely restrictive sulfur dioxide emission standards 
would add to social costs in four diterent ways. These added social costs 
ilnclude (1)cost of en forcing regulations, (2) capital investmnct in equip
merit to reduce suillfirr dioxide emissions, (3) cost of fertilizer su lfur to sup
ply sulfur that would otherwise be missing as a plant iutrient, and (4) loss 
inagricuItural production it the loss from atmosphere is not made up 
Iirotugh alternative suIfur supply sources. Clearly, t here is a tradeoff be

tween environmental protection and food production, and environmental 
policy mur stbe based on a careful analysis of costs, benefits, and tile distri
bution of costs and beneflits. 

Implicalions bor Research and Public Policy 

11luist be recognied liat stilfur deficiency is either inherent or being in
duced. There is a \\idening gap between tile sulfur supplied to the soil and 
that wit lidrawl from it its a changing agricultural system that ina result of 
volves tlie use of high-yielding crop varieties, intensive cropping, and the in
creasing use of sulfur-free fertilizers. The problem calls for a high priority 
on research and development programs by the national and international 
oruanizat ions. 

1riol'itic for Research PirogransjNutional 


The national research instititions and policyiakers should immediately 
proceed as f'ollows: 
I.Reconize that sulfur deficiency may be limiting crop production and 

adversely atfecting tlie quality of agricultural production, as well as the 
health of aniitals and hiuuain beings. The sulfur problem is likely to be
conic more serious inthe future; thus, it calls or ;In iriniediale, ap
propriatc coordinated action. 

2. 	Identify soils that are deficient insnlfur, using soil and plant tissue test
ing methods, anid give high priority to coarse-textured s')ils,intensively 
cropped soils, highly weathered soils, and old volcanic ash soils, i.e., UI

sol,, O.ixiols, Alfisols, Andepts, and tle Irceptic. 
3. Organiue cordinated simple fertilizer trials on farruers' fields to study 

responses to stilfir. The sul fur-responsive crops and their improved var
ieties should be used on soils identified as deficient or thought to be 
deficient or responsive to sulfrr, with or without lime. It should be 
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recognized that correction of the acidity, the use of nitrogen, phospho
rus, and potassium fertilizers, and other factors affecting nutrient avail
ability are essential to getting the best results from sulfur application. 

4. Encourage research oil the dynamics of sulfur applied to soils through 
fertilizers and manures in long-term experiments for agriculture based 
oi high-yielding crop varieties and intensive cropping. 

5. Assess the sullfate content of irrigation water and its contribution to tile 
sulfir stat us of soil, crops and nutrition, ind sulfur losses in drainage 
waters. 

6. 	 Monitor stillfur accretion to the ecosystem from the atmosphere through 
rain, dust, and gaseous deposition at a few selected sites representative 
of tile major agriclt Iiural areas. 

7. Identify local sources of sIlIfate sullfur, characterize their chemical at
tributes, determine their st plv' status, and develop a strategy for their 
use as economic sources of slillfur-containing fertilizers. 

8. 	l)evelop a strategy Ior the use of such byproducts of the fertilizer indus
try as phosphogypsuti to enrich tle nitrogen, phosphorus, and potassi
um fertilizers with stl fur. 

9. I)evelop strategies and economic policies for encouraging the produc
tion, distribution, and use of sulfur-containing fertilizers or soil amend
ments ill order to improve crop yields and quality. 

10. 	 Organize workshops and seminars to collect, assess, and disseminate 
inforiatioti on the problem of fertilizer sulfur and its implications for 
increasing food production aiid improving huimani nutrition. 

Prioritie.i.for IntrnationalResearch Iro rlns 

International research organizations should establish tlie following priori
ties: 
1. 	Recouni/e that suiltir problems exist and can be solved through timely 

action by research and development agencies concerned with food 
production and nutrition. 

2. 	liiproe ferli/er technology to reduce costs for the production of high
analysis fertilizers that incorporate 5-11o% sulfur. 

3. 	l)evelop tcchiiology for iliprovilig usc efficiency of sulflr applied to 
crops in tropical clviroiiemicnts, using sulfur-deficient soils and sulfur
respoilsi se crops anid crop virieties. 

4. 	 Slandardi/e the chemical lt hodology for amalyzine sulfur ill soil and 
plants and standardize lihe Ichmiique used to study sulfur problenls of 
tropical countries. 

5. 	Realize tie serious limitations of greemihouse and laboratory studies of 
sil fur, and thtirefore place iiiorC emphasis oi field stludies. The green
house siLidiCs should ilCsligatc pritIciples and clerlitie the relaiive 
lse cfficiencic, of various test nialerials ill order to forn t lie basis f'or 
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field experimentation, but they should not be considered the end point 
of research. 

6. 	-stablish an international network ot field trials to study the effect of 
sul fur-containinu fert ilizers on the yield and quality of tropical crops, 
using high-priority areas and selected crops, varieties, and cropping sys
tems. In this research '.'S may be used at a few selected sites where fla
cilitics for such %work provide the necessary support. 

7. 	 o)terminc tie economic \iabilit v and the farmers-021- preferences for 
\arious fertili/er products designed to supply sulfur to major agricul
tulral aleas ill the tropics. 

S. Iormnn tlte fcrtili/cr sulfur-related econonlic policies aplropriate for the 
dcclopinil tropical countries i0 order to accelerate food production 
through judiciotl\ production, trade, distribution, and use of fertilizer 
sultnr, 

. rrrInce international trkshtops, seminars, and symposiums for ex
change of inftrit t[ioM and fr planuing a coortdinlted program of sul
fur+ rsC,,arCch %it h the scientists in the developing countries of the 
Iropic,, and pro iLc training facilities as needed. 

10. 	 Assist dCCloping cotllries in fining alternative technological options 
to be included in strategies for improving sulfur nutrition of crops, in
creasing tood production, and alleviating hunger and malnutrition. 
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Appendix I 

Nutrient contents of crops-

Crop Yield 
(ni/ha) 

Nuitrien content (kg/lha) 

N 1) K Ca Mg s 

Nlai/c Grain 5.0 
(ereals 

115 28 35 2 10 II 
Tolal 15.0 170 35 175 27 39 19 
Grain 12.5 168 42 53 - 20 17 
Iotal 25.0 298 55 247 - 73 37 

Sorgluun (irairn 2.5 40 6 8 5 6 4 
Total 5.( 65 10 48 16 12 7 
(irain 8.9 134 29 28 16 25 
Total 281 44 186 - 50 43 

Vhell Grain 3.0 75 15 12 3 9 5 
1ol! 8.01 125 22 92 16 14 14 
Grain 5.4 106 21 25 - 13 6 
lotal 153 26 1:I - 26 23 

Rice (rail 3.0 46 8 13 2 5 4 
Tolal 8.0 84 14 89 21 9 9 
Grain 7.8 86 23 26 - 9 6 
Total 125 10 137 - 16 14 

Iarlev (rain 5.4 123 20 32 - 9 II 
Total 168 27 139 - 19 22 

So\edans Iealls 
Protein and oil crop 

3.10 200 26 57 10 10 6 
Iolal 9.0 3011 41) 115 70 35 23 
IBcanl 4.0 26f. 24 78 - 19 13 
Iotal 36:' 31 132 - 30 28 

Su fl,,.,c N Seed 3.9 1410 29 36 - 13 7 
I otal 197 34 120 - 47 18 

(i:oIllhIlluI Nti, 3.0 142 15 311 5 I0( 8 
Iotal 9.0 323 31 170 118 31 24 

(Ii! palm', 24.6 73 12 92 21 -
I oli.1 193 36 249 61 -

( "oom N.'.. Itns, 15 8 71 I 4 -
foliage, toulal 74 16 113 12 18 -

IHeld hean,. heani,, 1.0 37 4 22 4 4 1() 
Ioull 3.0 102 9 93 54 18 25 

'ea' Pea, 25 4 9 4 2 2 
ta 80 8 61) 25 8 15 

Pea,, 2.8 103 12 29 - 7 7 
'oual 184 17 98 - 20 II 
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Crop Yield Nutrient content (kg/ha)
(mi/ha) 

N P 	 K Ca Mg S 

Sugur ansti .arc/h crops
Sugarcane 	 Stalksh 103.0 76 14 110 30 29 25 

Stalks 224.0 179 44 311 - 45 60 
Total 403 76 	 567 - 112 96Sugar beets 	 Beets 67.0 140 7 232 - 30 11 
Total 286 20 	 511 - 89 50

Potatoes 	 Tubers 40.0 80 5 100 3 3 3 
Total 20) 8 220 52 17 II 
Tubers 56.0 194 36 	 261 - 17 17
Total 302 44 	 508 - 57 25

Cassava 	 Roots 19.0 39 4 32 12 6 2 
Total 113 II 79 62 I8 8 
Roots 45.0 
Total 202 32 	 286 131 1IN 15Sweet 

potatoes Roots 33.6 82 19 157 - 9 -
Total 175 34 	 290 - 20 -

Ilorticuturalcrops
Onions 	 Bulb 37.0 66 14 77 4 5 22 

Total 
 133 22 177 16 18 34
Cabbage I leads 84.0 140 17 128  9 64 

otal 2810 31 249 - 36 64
Tomrtatoes [ruit 41.0 72 18 130 7 7 9 

Total 84 21 	 185 31 8 28 

.Stionohwnts 
C'acao 	 Blealls 1.0 20 6 30 3 4 
('offee 	 Beans 2.0 33 3 52 7 3 3 

Total 253 19 232 143 33 27 

Iorage,crops
Grasse 13.0 200 31 200 50 50 20 

25.0 300 70 500 	 150 10 75Closer 
grmss 13.4 336 44 335 - 34 34

Alfalfa 22.4 672 58 558 281 59 	 57 

Fruit crops
Illananas 	 Fruil 311.1) 142 18 365 I 

Total 627 69 1 390 278
Papaya 	 Fruit 2.0 74 8 	 15 I I
Oranges 	 Fruil 6 boxes 150 24 24(1 91) 24 15 

per tree 

Fihercrops
Colloll 	 l.in 1.68 105 43 49 - 12 8 

Iolal 2)1 71 141  39 34
Sisal 122 25 	 216 266 - 

a. Originally from Nialasoll (1979) and l.'nglisl Irantslation from Munson (1982).
b. I'rograttma Nacional l)c 'Melhoratnento )a ('an'a-Ie-Acucar, Relalorio Antual, 1976, 

I rasil. 
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Sulfur-containing fertilizer materialsa 

Material 

Aluminum sulfate 
Alunite 
Ammonia-sulfur solution 

Ammonium bisulfite 
Ammonium bisulfite solution 
Ammonium nitrate-sulfate 
Ammonium phosphate 
Ammonium phosphate-sulfate 

Ammonium polysulfide 
Ammonium polysulfide solution 
Ammonium sulfate 
Ammonium sulfate-nitrate 
Ammonium thiosulfate 
Ammonium thiosulfate solution 
Apthitalite 
Aqua-sulfur solution 
Basic slag (Thomas) 
Cement flue dust 
Cobalt sulfate 
Copper sulfate 

Formula 


AI:SO. 18HO 

K.-Al,(OH)1,(SO.). 

NH, + S 


NHHSO, 

NHHSO, + H.O 

b 

MAP (crude) 

MAP, DAP + (NH 4)2S0 4 


NHS, 

NHS, 

(NH,).SO, 

(NH,).SO-NHNO, 

(NH,),SO, 

(NH).SO, + HO 

(KNa)dNaSO,). 

NH, + NH3S, - H2O 


CoSO4 .7H.O 

CuSO-5H,O 


Plant Nutrient Content (To) 

Nitrogen 

0 

0 


74 


70.5 
14.1 
8.5 


30 

II 

16.5 

13 

20.5 

20 

21 

26 

18.9 

12 


0 

20 

0 

0 

0 

0 


PO 

0 
0 
0 

0 
0 
0 
0 


48 

20.5 

39 

0 
0 
0 
0 
0 
0 
0 
0 

15.6 
0.6 
0 
0 

K.O 

0 
10.5 
0 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

42.5 

0 

0 

6 

0 

0 


Sulfur 

14.4 
14.1 

10 


32.3 

17 


5 

2.2 

15.5 

7 

45 

40 

24.2 
12.1 
43.3 

26 

15.1 
5 

3 

3 


11.4 
12.8 

Other 

11.4 (AI) 
17.9 (Al) 

3 (Mg) 
21 (Co) 
25.5 (Cu) 

Sulfur 

content 
(lb/short ton) 

288
 
282
 
200
 

280
 
646
 
340
 
100
 
44
 

310
 
140
 
900
 
800
 
484
 
242
 
866
 
520
 
302
 
100
 
60
 
60
 

228
 
256
 



.-lppendix II. Continued. 

Material Formula Plant Nutrient Content (0'0) Sulfur 

Ferrous ammntium sulfate 
Ferrous sulfate 
Ferrous stillate(coppera,) 
Glauber, sall 

Guano (Perusian) 
(;_psum (anhydrite) 

Gypsum (hydrated)taSO).2H.O 
G.ipsum (byproduct). 

Gypsum (impure), 
Kainit 

Kalinite 

Kie,,erite 
Krugite 
Leonite 
itme sulfur (dry,) 

Lime sulfur (solution) 

Fe(NH 4 ),(SOj. 
FeSO. 'HzO 
FeSO .'7H,0 
NaSO.. I0H.O 

CaSO, 

MgSO. KCI 3H 0 
K SO.•A[(SO ) •24H.O 
gSO -H 00 

KSO.,• ILSO, •4CaSO,-2H.O 
KSO4 %I-SO.-H.O 
CaS, 

CaS, -Ca.SO, -5HO+ 

Nitrogen 

6 
0 
0 
0 

0 
0 

0 
0 

0 
0 

0 

0 
0 
0 

P-O. 

0 
0 
0 
0 

0 
0 

0 
2.5 

0 
0 

0 

0 
0 
0 
0 

K-O 

0 
0 

0 
0 

II 
0 

0 
0 

0 
19 

9.9 

0 

10.7 
25.5 

0 

Sulfur 

16 
18.8 
11.5 
10 

1.1 
23.5 

18.6 
17.2 

13.6 
12.9 

135 

23 
21.9 
20.5 
57 

Other 

16 (Fe) 
32.8 (Fe) 
20 (Fe) 

41.1 (CaO) 

32.6 (CaO) 
21.6 (CaO) 

23.8 (CaO) 
9.7 (Mg) 
5.7 (Al) 

17.5 (M\lg) 
2.8 (Mg) 
7.8 (Mg) 

43 (Cal 

content 
(lb/short ton) 

320 
376 
230 
200 

470 

372 
34.1 

272 
258 

270 

460 
438 
410 

1 140 

Magnesium sulfate 
Magnesium sulfate (Epsom salt) 
Manganese sulfae 
Polyhalite 
Potassium sulfate 
Pvrite., 

Schoenite (Picromerite) 
Sodium bisulfate (Nitre cake) 
Sodium sulfate (salt cake) 
Sulfate of potash-magnesia (Langbeinite) 

(aS4 -CaSO,-2H.O 
' 'SO, 
MgSO4-7H.O 

InSO,-4H.O 
2CaSO,.\gSO.. KSO.2HO 
K:SO. 

FeS, 

K-SO,-.gSO,.6H.O 
NaHSO, 

Na.SO, 
K2SO. -2NgSO. 

0 
0 

0 
0 
0 

0 

0 
0 
0 
0 

0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 

0 
15.6 
50 

0 

23.3 
0 
0 

22 

23-24 
30 
13 

14.5 
21.2 
17.6 

53.51 

15.9 
26.5 
22.6 
22 

9 (Ca) 
20 (Mg)
9.8 (Mg) 

25 (Mn) 
4.0 (.Mg) 

46.5 (Fe) 
6.0 (Mg) 

11 (Mg) 

480 
600 
260 

290 
424 
352 

I 070 

318 
530 
452 
440 



•.Ip'pet'dix 	/1.Continued. 

.Material Formula Plant Nutrient ('Ontent (Jv( Sulfur 

contentNitrogen p.O, K.O Sulfur O)ther (lb,'short ton)

Sulfuric acid l{(}0) 
 HSO, 0 0 0 32.7 	 654Sulturic acid (66 lie> 93,%) HSO' 0 (0 0 30.4 608
Sulfuric acid (60 lk 77.7% I H.SO. 
 0 0 0 25.4 	 508Sulfuric acid (56 lHe 71.17%1) H SO 0 0 0 23.2 465Sulfur S 0 0 0 1(0) 	 2000Sultur dioxide SO. 0 0Superphophatc. concentrated 	 0 

0 50 1 000
L 54 0 1.5Superphoxphate. normal 	 30h 0 20 0 13.9 	 278Superphophate. 201', normal, amrnmoniated i 4.6 19 0 12.0 	 240Superphophate, triple j 0 46 0 1.5 	 30Superphophate. triple. anmoniated k 42 0 1.4S.ngennte 	

6.9 28K.SO 4'CaSO 4 "H.O 0 0 28.8 19.5 12.2 (Ca) 390L 1:ea-expum CaSO, .4CO(NH.), 17.3 0 0 14.8 296Urea-sulfur CO(NH.). + S 40
Zinc sulfate 	 0 0 I0 200ZnSO .H.O 0 0 0 17.8 36.4 (Zn) 356 

a. 	 From t3i~bx and Beaton (197(1. 
b. 	 NH.NOI (391-o), 3NHNO,'(NH.).SO, (49%), usin2 art anmoniator-Lranulator. 
c.Axerave content of byproduct from ,et-proce, pho',phoric acid plant.
d. 	 Ax eragc purit, of agricultural gp,,un (73%,o CaSO.-2HO). 
e. 	 Often hax coniderablc NaCI content, and ma.y haxe a It)%%a, 12% KO. 
f. 	 Commnercial pyrite, ax crave 48"o -- 50% til fur. g. 	 Heat-treated triple 'uperphosphate (i.e.. not made x.ith 'uperphophoric acid)..Analvsis %ill be that of regular triple ,uperphosphate as affected by


the amount ot xxater rermoxed.
 
h.Ca(H.PO(. 2H.() 3%: Ca(H:.>,() anhydrous. 17%: (aSO -2H.O 9%: CaSO, anhydrous, 41%: l4PO., 80%: other 22%.i.NH.HPO. 5.5(%: (NHJ.)SO., 17.5% Ca;(PO,.). 281"o (aCO. 37%. other 12%. (Ammoniated at 6 lbs NH,per unit of P.O.j. 	 Ca(H:PO.)z-H.O, 63%- 731%: CaHPO, and other phophate,,, -"'( - 29%: CaSO,.2H O. 3"o  6%,other 6% - 120o0.k. CaHPO., 35%0": NHHPO., 30%: (NH,):HPO_. 10%: Ca,(PO)(., S%: (NH,):SO , 2%. other 15% (ammoniated at 4 lbs of NH, per unit of PO,). -

http:CaSO,.2H
http:3NHNO,'(NH.).SO

