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CHAPTER 3
The Sulphur Cycle En Soil

J. 11.. FREI'F.Y and C. H. WILLI"-'IS

3.1 I....TRODUCTIO~

Th~ .ulphur in ooil. ""a. cleri>ed mainly from the w~a,h~nng of plutonic
rocks. Sulphide. in prima') minerals ""ell: released and oxidized 10 .ulphale
during Ihe wealhering prOile>s (Whit~lI<ad, 1964). Some of Ihe sulphal~

found il. ""a}' direetly 10 th~ ocean. in ri,'~rs and much of III< remamd~T "as
incorporat~d into organic fOTm, by planlS Or olh~r hing oTgan;'m. or
act:umulat~d in the ooil a, Il:lali>'~ly inooluble .ulphate salt. in semi·arid or
arid dimale,. Some ""as Il:duced back to .ulphide. in anaerobic environ.
mcnlS. Soil .ulphur no"" ni,t. in a great varicly of fonn. and oxidalion ,tate•.
lak~s P<'rt in a var;ely of chemoeal and biological ",aclion•. and interaclS with
til< Iithospll<re. hyd""pll<re. and atmo.pll<", eitll<r nalurall) or a, a re.ull of
man's inl~rf~",ne<:.

Thi. chapler present. informalion on lhe nalural cyde of ,ulphur in III< ooil.
in P<'nicular. ilS reservoirs. III< P<'thways of gains and losses. f1ux~s into and
oul of III< 'I"lem, and the influene<: of man on Ihi. C)cle.

3.2 THE NATURAL CYCLE or SULPHUR I'" SOIL

3.2.1 Forms of Soil Sulphur

In well-drained, ""ell-aerated ooil' mOSl of til< sulphur in lhe surf"", hori­
lOn' is in organic form,: an) inorganic sulphur present i' almost enti",ly in
til< fonn of sulphales (e,g, Donald and Wdliams. 1954~ Fedorov. 1954;
Walker and Adams, 1958: Williams and Sleinbc:rgs. 1958: William•• 1975b).
Organic ,ulphur generall}' decrease. wilh deplh in III< profile excc.pt in ooil.
wilh organic mailer accumula,iQn in lhe B·horizon and in sod. ,,'hich h3"e
fonned under condition. '" here erosk>n-d~>M»ition C) cles ha>'e led 10 buried
profile •. In ""nlrast sulphate_sulphur commonly increases with depth in lhe
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profile (e.g. Williams. 1974) and lhe ocru=n(( of &)llSum in subsoil horiwn$
of man) <.oil,,, a recognized pedological fealur•.

Sulphides and olher sulphur compounds of Io...u oxidation qat. than sul­
phate, including elememal sulphur. can be formed under anaerobic condi­
tions such as occur in tidal <wamr-; and "a{Nlo~d soils (Slarke~·. 1%6;
Bloomfleld. 19(;9; Begru,ijn 01 at.. 1978),

A. Organic sulphur

Sulphur is an .,<cnt;al component of soil organic matter in which it is
d~I)' associated with carbon and nitrogen. Although appreciable '-ariation
c.:xurs in the C , " - S ratio belwccn indi,-idUllI soils. tile mean rat;'" for
groups of ",Ioted soils arc often "mille (Whitehead, 1964; Williams. 19(7).
The similari!) in C, ~ : S ralio for surf."., and SUOsurfa<:<: soil. seemS 10 be
I'orld-"'ide (<ce Table 3.1) although, clearl}'. ,ignificant differen""s occur:
these have boeen allnbUled 10 differen",,' in parent male rial. 10 difference. in
"",il·forming faclors (,uch as climale. vej!.etalion, le""hin~ inten,il}. drain­
age. and temperalUre), and 10 differences in cuhi"ation and management prac­
liel: (Walker and Adam'. 1958. 1959: Wilham, and Sleinboerg•• 1958: Wil·
Iiams tl "I.. 1960: Lo"e, 1965: 1k1lany tt ttl.. I973; Neplune tI ttl.. 1975;
Biederboe<:k. 1978: see Table. 3,2. 3.3. 3~ and 3 5),

TaN< 3.1 Rclal;onships bol~un carbon. niuojen. and sulphu, i. "'ii' from d,lle .... ,
"'g",n. of 'ho "'o,ld

Region

AfrICa
Tropi,,"! Africa

\'o"h A",..",,,
Min"""'ta
10"0
O...~n

Soulh Am"i<a
Brazil

Asio
lodi.

A ull",'asio
Ea<lern A""'alia
We"ern "'""'aha
"," Z...hnd

furopr
Scotland

C:N:S

<100,10;1.00

122'\0:148
109' 10: 1~4

H~:10:1.01

80:10:0.96

!~0:10:1.26

118: 10: 1.20
J20:10:LlO

140:10.1.40

Refetence

EHO' an<! R"" (19..5)
Tabatabai and B",m"", (1972a.b)
Horward"'a1 (1962)

",p,une.,.1 (1915)

Bhard,,-..j and Pathak (1969)

\\;illiam. 000 S1<inb<:rgs (1958)
g"""",, (1969.)
1\ alk" and Adam. (1958)

W,Il,.m,tt{l/. (1%0)
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Table ],2 Effect of "...tl>tritlg on ,'''' C: N' S ratio>
of ",n. <je"",d f,om "m,l.. ","rent mat.,;"I, (~ro~'

"...,ke o,loeuderi,-.d from Jrel'".de) in "e" Ze.I.nd
(Walker and Ad.m •. 19~9)

C,'..i'Srat"

'"

.......kly "."hered "'ii'
\lodero1<I)' .....'I>tred ""ii'
Stronyy ..-c.th.red ",il.

172' 1(1 1.1
180: 10 U
206: 10 13

T.Me 3,3 Cl'l>on. ni""ten••nd ,ulphu,
ratio> of Seo""h ",il. deriv.d lTOm d,ffe,ent
pa,ent moterial, (Wilham'" aJ. 1960)

Parent m... ri.l

Granit.
Slate
Old Red sand'toneS.,.., I~neou.

C.lc.teou.
Me.n

C:":S'31"

169: 10 1.~5

148,101Al
130: 10 1.3­
140, 10 I.r
113:10 U7
140:1(11.38

Table 3,4 Chan~in""rl>on: nil~en .ulpbur
rat"';n. ohro""",~..."", of Ne" Ze.'.nd so,l,
due t<> ,upe'l'l>o'ph.te .pplb'''n .nd ,,"Slure
VO..,th (W.lke' tI 01.. 1959)

Ve." under pa"u",

o (vi,~", !l<TUb)

",,,
""

C:N'S",,,

3OO:10:1.~

210:10:1.9
210:10'1.8
160:10.1.6
130:10,14
140: 10: 1.~

110:10:1.2

In general the'" ..,em, to he le,< varialion in lhe N , S ratio. bo'h between
$Oil group' and .. a ,e,ul! of cuhural trealment. than in the C: S ratio, \105'
agrkuhu1'31 $Oils hav. :-I , S ra,ios in the range 6.6 10 10 : 1 and C , S 1'3tim in
the range 6010 150 : l. and it >e.m, ",a$Onabl. to a"ume a mean ..'orld·wid<
TOIio of C: N : S 130, 10 : 1,3 for Ihem. Wider T.'ins. Ito.......r. ><em Hk.ly
in nali". grass- and ..OQdI.nd $Oil, which may ha... ra,;os of ,h. order of
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Table 3,5 Vari";",, in carbon' nin-ogen :sulphur ratio:! ~'ilh .00 ll'pe in !i01l. from
:O;o«h Qlleensllnd. Clnld'.•nd '!>c USSR

Re~",n Soil 'yre , '-; :S ratio Referenet<

,-;,,"" O""cn;l.nd ,,~, In 10: " Prol>t" (1917)
'-;eu,,,,1 red

duplex ". 10: "Red e.nll '00 '"
,,

Yellow e."h nl 10 :
"""",o,e", 14:1 10 :"Eucllm",'" '" ' 10' U

C.nad. B"'''''n <hemo",,,, " '" 'M lknaJll'<tal. (1973)
D.rk """"'n

ch.mo""", " 10: U4
Black <hemo,e", 113 : 10: I .41
Grel bl""k

'mn';';"".l 12~ : 10 : 132
Gre' ""oodtd 119 : 10 : 156
B"'''''n c....""""m 120: 10: 1.41 1-0"-. (1965. 1%'1)
Black cl>emonm 125 10: 1.30
Grtl' "'-ood<d 217 : 10:0.80
Glel"'l 156 : lO:HlO

USSR
B"hk" ASSR.
Pre·U..I, C....m<>«"', 115 . 10: LIS f1alyan'n.nd E~li~neev.

(1974)
Cent",J Volga. Grr)',e"" 109: 10: l.9O Varni'o' (1970)Ta,,. ASSR (Ortllie and ),lollie) 106: 10:2.1R

lOS: 10:1.77
103 : 10: l.SS
1Q-l : 10: 1.75

Central Volg" Chtmo",,,,, 112 1O:U9 v.rn,'o, "Ill. (1971)
CII","'" ASSR '" ,10:1.44

115 : 10: 1.34
U,htk",tan Xerosol>. irrig-,".d Guhmov.nd \lukt>ano..

(1976)
(H.pI;") " , 10, 2.97

" : 10, 2.96

" '" .',10
(T.klf"') H. '" "" '" 105

" '" 109

200: 10: I. Pe.,s and org.nic "'ii' may h• ...., ratios inlermediale bervoeen
lhesc values: approx,malely 160: 10: 1.22 (Williams .nd Sleinhergs. 19S8).

Cur,..,nt knov.ltdge of 'he chemical nalure of the ""an;" .ulphur is in·
a<!equale. Pan of lhe organ;" sulphur oe<:urS in amillO--acid form. Crll,ne .nd
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rnclhionine ha~e been i",lated in lrace amounts from utmcts of soil. (Put.
nam and Schmidt. 1959; Paul and Schmidt. 1%1) and the" rdaled com­
pound•. cysteic add. melhionine <Ulphoxide. and methionine ,ulphone. ha~e
been id.ntifled in "'il hydroIY"'lle< (So"'den, 1955. 1956. 1958; Ste,·.nson.
1956). In lwo podwlic 5Oils.lor e>ample, amino-add .ulphur ha' been lound
to accounl for 21-30'l0 of lhe lotal organic sulphur (Fren.}' 01 ~/.• 1972).
Approximat.ly 6O'lo 01 the amino-acid sulphur was C)'Mine sulphur.

Apa" from lhe amino-acid sulphur. present kno" I.dg. only permil' a
grouping of compound. on a "e" bmad ba.i. which i' belie"ed 10 relate 10
the chemical bonding of the suiphur in them. Thi. gmuping i. based on lh.
reacti"ity of the soil organic sulphur ",'ilh cenain reducing agenls.

1bese are as follow.;
(I) Organic .ulphur which;' reduttd to H';; by hydriodic add This mlphur

is nol bond.d directly 10 carbon and i. belie,'.d 10 be mainly est.r sui·
phat•• (freney. 1961; Houghton and Rose. 1976),

(2) Organic .ulphur which ',nol r.d ....d by hydriodic acid, This sulphur is
believed to be bonded dir.cliy to carbon (Frene)' 01 ~/.• 1970),

(3) Organic sulphu, which is reduced to inorganic sulphide bJ-' Raney nickel.
Thi. mak•• up a substantial proponion of lhe carbon-bonded fraction
and may con.i.t mainly of sulphur in lhe form of amino acid. (Fren.) .1
uf, 1975),

In generallhe hydriodic acid· reducible sulphur a<:eount.lor 30-70'l0 of the
organic ,ulphur (Williams and Sleinberg•. 1959; Freney, 1961; lowe and De
long. 1963; Cooper. 1972; Tabalabai and Bremner 1972a; Bellany n ~1..

1973; Neptune n u[.. 1975), In some soil. lhe percentage of hydriodic acid
reducible .ulphur in the 100al organic .ulphur remains con,tant ""i\h deplh in
lhe profile (William•. 1975b). but in Olbets the percentage increase. with
depth (Tabalabai and Bremner. 1972a; Williams. 1975b). Whether this
increase renect< change. in lhe Chemical oomposition of lhe organic matt.r or
m.rel)' reOects errots in the chemkal melhod of d.terminalion is not <enain.
Much of lhe hydriodie aeid reducible sulphur i. associal.d ",'ilh the high­
molecular·"'eighl (humic add) fraclion of lhe organic matter (Freney 01 ~I.•
1%9),

l1>e RaMY' nickel reducible fraction form. pan of the carbon_bon<kd frac_
lion and probably oon"'l' maml)' of lhe amino-acid suiphur in the soil organic
man~r (Fren.yel 01,. 1975). This fracliOn has been found to account for up to

~ of lhe tOlal organic ,ulphur (lo"'e and De long. 1%3: low., 1%5.
1969; Freney el a/.. 1970: Tabatabai and Bremner. 1972a: Neplune ef u/..
1975).

The hydriodic acid reducible fraclion appeats to be readily h)'drol)">Od 10
inorganic sulphale bJ-' acid or alkali. and consequenll) has been con.idered by
some workers to representlhe mOSt iabile fraction of lh~ soil organic sulphur
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(see for example Biederbcck. 1978). "'hile lh. fraction not reduced by eilbe'
hydriQdic acid or Raney nickel (""hi<::h may aCCounl for up to 40% of the total
organic ,ulphur) because of it' resistance to degradation by drastic chemical
lrealmenls (Lo",•. 1964. 19M) has been conSIdered to be of linT. value as a
source of mineraliubk: sulphur (Lowe. 1965). However. lh... chemical frac­
tions all apP<'.r {O be too broad to .110... such generalitalions as allth...,. seem
to be involved in ""cling proces....

B. Inorganic sulphur

The main inorganic fonn' of sulphur are. sulphate In aerobic soil, and
'ulphide in "<:>oded or ana.robic soils.

Sulplwr.

Sulplulle occurs ;n soUs as "ate,·""luble salls (mainly oodium. magnesium
and cakium sulphate,). sulphale ions adsorbed on soil oolloid,. Or as inSOluble
compounds.

Watu·solu"'~ julphal~

TIl< amounts of "ater-soluble sulphate vary greatly both "'ithin the soil
profile it",lf and bet"een soil t)'pe'. depending upon the innuence of factors
sU<:h as leaching intensity. drainage. and the input of soluble sulpbate in
rain·wa,~r. irriga,ion ....ater and fertilizer<. Generally the ,urfa« hOrUoM of
"'ell-<lrained soil' contain only .mall amounts of soluble sulphate, although
unde' arid or poorly drained condition' high level. may accumulate. The
amOunts of soluble sulphate in the surface hori~oo. of erop and pa"ure soils
usually nUCluate ",asonally (Simon·Syl,..stre. 1965; Williams. 1968) as a
re,ult of the interactions of plant uptake. remo\'allry leaching. and the impact
of environmental factors on the rate of mineralization of organic sulphur,
Fluctuation in amount, of soluble sulphate in ,ut>.oil horiwns may also occur
.. a result of leaching.

Soluble sulpha.. of'en ;nC«'as<'s with dep,h in the profile (Williams. 1974;
Proben. 1974. 1977) and in some soils. especiall)' soil. from semi·arid regions.
may reach levels as high as I~S in the deeper horizons (see S'ace n Ill..
1968), TIl< OCCurrence of free gypsum in 'he sut>.oil horizon' of man; soil.
including black earths. red-bro""n earth,. de",rt loams and grey. bro""n. and
red clays is a "ell·known pedological feature,

Sut>.oil sulphate i' readily available to deep. rooted specie, and i. important
in redU<:ing the incidence of sulphur deficiency in cereal crops and deep­
rooted pasture <pecies (Lichtenwalner ~t Ill.. 1923: Ups.en and Williams.
1971: Gillman. 1973: Walker an<! Gregg. 1975).
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Ad.ot~d Swlphat~

The cal"'c1ty of soil. 10 ad'<01"b sulphale varies greally. In many soil .. indud­
ing 'h05l: "ilh pH gRater ,han 6 and man)' lighl-lUlUred soil•. adsorption
capaci')' is negligible or non..,is,en' but in others. especlall> acid soil. "jth
modera'e day conlent. sulphale adsorplion is "ery important. Adsorplion
capacil)" Irequeml)' increa.., "illt dep,h in the profile (..e for c>ample Table
3.6) and pia)'. an important role in re,aining sulphale a~ain" leaching and in
delennining the dislribulion of sulphale in lite profile.

Sulphate adsorplion i' full} .. ,ersible and i. concenlration dependent
(Kampralh.' 01.• 1956: Chao., 01.. 1962b: Chang and Thoma,. 1%3). h
depend, g..all) on 'he amoun" and nam.. of lite da} mineral' (En,minger,
195~: Kampra,h~' 01.,1956: Berg and 11>oma.. 1959: :-;eller. 1959) and i'
gRales, in soils conlaining large amOunt, of aluminium and iron h)'dro,ide•.
e.pedall) lite former (En""ing", 1954: Berg and 11>oma" 1959: Chaorl al, .
1962a.c. 1964: Aylmo...,,,l.. 1967, Haque and Walm,ley. 1973.1974a.b),
It i. gtnerall}' negligible al 10,1 pH abo"e 6 and in=a"" "ith decrea"" in pH
belo'" thi' (Kamprath rt al,. 1956: William. and Steinberg,. 1962: Chao., 01.,
1964) and is also influenced by the na,ure of 'he e.ehangeable ca'ions (Chao
r, 01.. 1%3).

The amoun1<ofadsorbed sulphate pRsen' are drlemllned 10 a largt deg..e
b) lite ,ulphale adsorption capaci,) of lhe so,l (William,. 1974). espec,all) ,n
lhe subsoil horizon, (<ee Table 3 ,6) and a.. influenced by ,he annual rainfall,
,Ite amoum, of sulpha'e recei.ed in rain-wa'.r. and lhe amounlS added in
fenilize .. (Barrow, 1969b: Ha,"n n 01.. 1970; To.opeus. 1970).

Adsorbed sulphate is read ii' ",'ailable 10 plants and in man) soiTs pro,'id••
a major source of ,uppl} of plam a"ailable sulphur (Frene)" and Spencer,
1960; Fo. r, 01.. 1964b: \\illiams and Sleinberg.. 1964: Barrow. 1%7a;
Hasan.' a/.. (970), l1lc re,enlion of sulphale b}' adsorption al'O enhances
bo,h lhe Currem aoo residual ",'ailabilil)' of fenih.er sulphate, eSpe<:iall, in
the case of deep-rooled ;pocies which can exploi, subsoil sulphale.

Adsorbed sulpha,e is readily d,splaced by phosphale (En""ing.r, 1954) so
lhal phosphatic fenili.e .. lend to displace it from ,urface soil.

I"'olubl. sltlphales

Of lhe insoluble sulpha,e, the occurrence of ,ulphale as an impurily in
calcium carbonale is the most imponanl. Naluralh' occurring caldum earbo­
nale normally contain' sulphate as a co-precipi131ed or co-<T)'1;talhzed impur­
i,) "hich range'i in amounl from 25 '0 3000 ppmS (Williams and Steinberg<.
1%2). Calcareous male rials separa1ed from soil' ha.'e been found 10 comain
belween 200 and 2200 ppmS, Calcareous sods Ihus in"ariably conlain insol­
uble .ulphate in this form whICh in highly ealcareou. soil'l, 'iuch as calcareou,
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Soands. may contributc as mll<'h as 1200 ppmS 10 the lotal. This oftcn accounts
for o"cr 95'10 of the 100al sulphur in surface horizons (Williams and Stcin·
bergs, 1962), In .umil horizons this form frcquently aCCOuntS for 40-50'10 of
the: total sulphur (sec for nample Table 3.7),

The C«:urrenCC of insoluhle barium lulph.ate in <ome soil" is quitc likely,
but this has not been generally established, Beattie and Haldane (19~8) have
identified bal) te. in 'man concentrations sepa'OIcd from the deep"r sumil
horizons of a red unh in southern New South Walcs, but in m<>'it soils the
total barium content suggests that barium sulph.ate, if present, would be tOO
'mall in amount 10 p"rmil positive identificalion.

It is also likely that sulphate could occur in soils as basic aluminium and
iron sulphates. Basic aluminium ,ulph.ates h.a,-e been prcpared in the laborat·
ory by precipitation of aluminium hydro~ide in tbe presence of sulphate ions
(Bassett and Good"in, 1949; Hsu and Bates, 196-l; Singh., 1967; Adams and
Hajak, 1978), Wben such prC<'ipilations are carried oul under appropriatc
conditions tn Ihe presena: of clay mineral' ba<aluminlte
[AI,{OH) SO,'5HoO) or alunltc [KAL)OH),(SO,j,) are formcd (Singh,
1%7: Singh.and B",oon, 1967. 1969; Kodama and Singh, 1972) indicating the
possibility that such compounds could be formed in soil. On tbe basis of such
studies Adams and Rawajfih (1977) h..,c proposed th.at retention of sulphale
by' acid soils could be a consequence of the precipitation and dissolution of
aluminium b~'droxy 'ulpbalcs and their iron aoalogues ratber than by adsorp­
tion, Wolt and Adams (1979) havc sho,,'n Ihat basalumlnite ",as readily
available to plants .... hcn addcd 10 a soil of pH 6.5, hut thai alunitc "'as
unavailable. Ba<aluminile has been isolated from materials occurring in
weathered sandstone (Hollingv.'Onh and Bannister, 1952), Jarosite
[Kfe,(OH).(SO,J,l and roquinbite [Fe;(SO,j,-5H,O) Ita,.. been idenllf;ed
in separates from drained tidal marsh ('cat..:lay') <oils (Clark ~r al" 1961:
Fleming and Alexander. 1961: Seh."..nmann, 1961: Spek, 1950) although
tbeir formation and ocCurrence in normal well-aerated SOIls has not bun
demon"'ated, It seems likely thai basi<: aluminium (and possibly iron) sui·
phate. could OCCur in nOmJal acid soils.

Compounds of Lo-..,tT O.t;id"lion SI"'~

In w~lI-<1raincd, ,,'cll·a.rated soils most of the inorganic sulphur occurs as
sulphate and the amounts occurring as compounds of lo"..r oxidation "ateS
arc negligiblc (Frcne~, 1%1; Neptune 'I ul .. 1975). Under anacrobic
conditions-as in poorh' drained or watcrlogged soils and eSp"cially in tidal
s"-amps--oonsiderable amounts of .ulph.ides may be formed (Wiklander and
Hallgren, 1949: Harmsen <I "I, \ 954: Grecn, 1957: ~leming and Alexander,
t%l: Wh,lehead, 196-l: Brummer~1 rll .. 1971), Sulphite, th""ulpha'e and
e'-en elcmental .ulphut may also OCCur (Smin~nberg ~I at:, 1951), but usually
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sulphides make up the greater proportion of the reduced compounds (Bliim.
merer al.. 1971). In poorl)' dralfled >oils, reduced forms of sulphur are largd)
confined to the ,ubsoil depth, belo" the "'ateNable,

Sulphides fonned under "'aterlogged conditions in padd)' soil' can some·
times cau~ toxiciry problem. in rice crops (Green. 1957; V~TIK>S. 1964),
Tidal man;h condition. favour the accumulation of sulphur. much of it as
sulphides and pol)'sulphides of iron (Hannsen el al,. 1954). often resulring in
total soil sulphur COntents in e,«:ssof I","S (Hart. 1959: Fleming and Alc:x·
ander. 1%1: Brummer., aI.. 1971). Values as high as 5.5"," total sulphur
ha>'e been reported in some South Carolina soil. (Fleming and Alexander.
1%1).

Draining such soils and establishing aerobic conditions generally results in
rapid oxidation of the sulphides to sulphate with the formation of sulphuric
acid and severe acidification of the soil leading to pH valUe< below 2,0 in
some cases (Wiklander and Hallgren. 1949; Han. 1959: Fleming and Alex­
ander. 1%1: Moormann, 1963: Walker. 1972: Spek. 1950). Application of
lime is thus often ne«ssal} in the reclamation of these <,Q~" but in SOme cases
the lime r"'luirements are so hIgh as to make reclamation b)' drainage un·
economical so that in some ca.., reclamation attempts must exclude draill3ge
(Moormann, 1963), In some soils some of the sulphide nla)' pen;ist in the soil
for many yean; after the initial drainage and reclamation (Harmsen.r al,.
1954). Basic iron sulphate•. such as jarosite<. are often fonned in the drained.
oxidized subsoils (Stt abo,..).

Tidal man;h. or acid-sulphate "'ils, are especiall) common in tropical reg­
ions. hut they also OCCur On a Ie.. extensi>'e scale in temperature regions.
Particularly large are.. of them occur in South.East Alia (Vi.etnam. Thailand.
Pakistan. Indone'ian Sumatra and Borneo), tropical Africa and tropical
South America (Moormann. 1%3),

3.2.2 Gqnlphical Distribution of Sulphur in the Soils of the World

The toral sulphur COntent of "'ils nries wide I)' and it IS diff""uh to make
any simple generalizations, In the surf""" horizons of mineral ",ils the sui·
phur content generally ranges from less than 20 to 2000 ppm; in peats and
swamp "'ils concentrations of up to 50lX1 ppm Or more are found. In ...Iine
soil' value$ in ..ce.. of 6000 ppmS han been recorded. and in tidal marsh
"'~. ,'31"", a, high as 3000-35 0lXI ppmS han been reponed. Most agri­
cultural soils han sulphur rontent. ranging from 50 to IIXlO ppm in the
surface 15 em (see Table 3.g).

In subsoils wide variation again o«urs. depending especially on drainage
and rainfall. and val",.s ranging from less than 10 ppm in the subsoils of
silicrou. sands to 3$ high .. 10 0lXI ppm in the deeper borizon$ of soil$ from
arid regions, h"" been repon.d.
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Tab'" 3.9 l1>c 'otal >moU"" of wJpbur pre"'"' in ,be .urface
m<tre of ",m< Au>trah." ""I;

'"

Soil group

PodzoIic ",il>
Solodic ",il.
Soloni..d bro""n ""I,
Red_bro...-n earth.
K"".noum.
moot earth.
Alptne hum'"
Cak"'eo"" ",nd
Grey. b",..'n. and red el'j"
Cah..,.,,,, red earth,
De",rt k>am'

To..1.ulphur ('om",' ha ')

0,1_1.5
0.2_U
1.01--21
,-'
3-10
3_45

""2-25
13-550
30-450

Ai indica,cd previouily. O'IO';t of lhe ,ulphur in ,hc ~urf'e<: l.y"rs of "'''1I­
drain"d .gricuhural soili is organic in form ",'hile Ihat in lho ,u~il horizon.
is predomin.nlly inorg.nic .ulph.,,,.

111<: IOlal 'mOunl of sulphur in ,he sunac<: mo,re of AU'lralian soil. h..
been estimated 10 ranll" be'''·..,n 0.1 and o~er 500 IOnne, S ha" dcpending
on soil t}'pe (Table 3.9; Frene!' and Will;ams, 1980) and at I" ... 'imilar
range~ wuld be "xptt,,,d for soil. from olher region•.

3.2.3 Tran.form.'ions of Sulphor Compounds in Soil

Sine<: ,he first "'eathering of ,he primary rock' following tile cooling of th"
".nh's Croil ,ho sulph;des of primal)' minerals ha.'o been ron.'ened, under
..."II-drain"d condi'ion•. to .ulph.te b>' the proc<:sses of soil formation, Thi'
5ulphate has be"n convened 10 many and ~a""d compounds by micro­
organism•. plant>, and .nlmals. As sulphur ..ii15 in ~.rious SlateS of oxi·
dation, e.g, sulphato, +6; ,ulphile. +4; lhiosolphate. -6 and - 2 or +4 and 0;
elem"nlaI5ulphur. 0; di.olph,de. -I; and sulph'de. -2 (S'aTkoy, 1%6). a
great di"ersity of tran,formalinn. i5 possible.

11I<:se transformations are frequently representod bJ.' a cycle ",'hich depicl>
an o ... rsimplir",d vW:w. because in real;ly there is no, a cycle but an in,,,r.
",'O"on nelwork of interrelated reaotion•.

h i. gonorally' belie~ed that most of the lran,formations of .olphur ;n soil
are carried 001 by micro-organisms.. although stric,ly chemical reactions are
also possiblo. n... microbial tran.formation of .ulphur in soil can be grouped
into four main catogo"''' (I) immobilizalion. or "'imilation of .ulphur into
organic compound. by plants or micro-organism5; (2) minoraliUlion. i,,,.
o;koompos;'ion of organic ,ulphur compounds; (3) o'idalion of .ulphur and
inorganic .ulphur compound,; (4) redlJdion of sulphate an<! incomplelely



'"
oxidized inorganic compounds of ,ulpllur, "The type. of transformation. are
affected by the oxidation state of tbe sulphur and the environmental con·
dilion•• in panicular the availability of oX)'gen (Starkey. 1%6).

A. Soil-ronning prottSlleS

In the lithosphere both sulphide· and sulphale-containing nx:h are wide­
spread (Rn) and Trudinge•. 1970) altllough in magma and ignwu. rocks
sulphur is belie"ed to be present primarily in tho form of sulphides (ZoBoU.
1963). T1>e m"Sl abundanl metallic sulphides in igneous rocks appear to be
pyrite (FeS,). pyrrl'lotite (Fe,S.-Fe,.s,.). chalcop)"rite (CuFeS,). pentlandi!.
(FoNiS,). and bornite (Cu,F<.SJ, but sphalerite (ZnS). galena (PbS). molyb­
denite (MoS). argent;te (Ag,s). cinnabar (HgS). chalcocite (Cu,s). and DIM.
metallic sulphides are al50 found in hmned amOuntS (ZOBcIi. 1963),

In tho amence of water and oxygen most of those metallic sulphides are
stable. bUI in thoir presence tho minerals can ho rapidly oxidized to sulphate.
producing al tbe ,;amc time hydrogen ions and rclusing metal ions 10 solUlion
(Ivanov. 1968: Ralph. 1980). This has been found to <XCU' whon sulphIdes
are exposed naturally or as a resull of man's inte"'ention. Some elemental
sulphu' ma}' al"" be produced during this weathering proce'" (ZoBell. 1963;
Trudinger. 1975), Chemical and electrochemical reactions appear to be
involved in the'" degradative processes. and "hile ""me reaclions are
speeded up by the Pie",",:. of cenain organisms (Ivanov. 1968; Ralph. 1980)
there seems to be ""me doubt about the acm'e role of micf'O.<),ganisms in the
""ealhering of reduced sulphides (Trudinger. 1975). Although bacteria can
anack sulphide minerals. lhe relati'" imponance of bacterial and chemical
reactions is diffICult to asseSS.

n.. weathering of p)-'nte is belic'ed to be one of lhe main natural sourttS
of sulphuric acid. This acid can then rean ",'ilh other mineral sulphides to
release hydrogen sulphide which may be dissolved in wate'. maye$Cape to Ihe
atmosphere. or may be oxidized to sulphur and sulphuric acid.

If the dilute sulphuric acid coniacts hmestone. calcium sulphale ,,'111 be
formed. This is one ,,'a}' in which merallic sulphate. are fOrnlCd m the lOne
of weathering. Olher sulphates such as barile (BaSO,). celeslite (SrSO,).
angelsile (PbSO,j. amakhani'" (l"a,SO,·MgSO.·4H,O). hinite
(KCl·MgSO,·3H,D). kic"'rite (MgSO.. H,Dl. glauberite (Na,so..CaSOJ
and mirabilite (Na,sO,'IOHP) can be formed through the processes of re­
combination. base "",,change. evaporation, h)dration, etc. (ZOBeU. 1963).

Liltle research h.. been carried ou' on the effect of the soil. forming fac·
lars-climate, organ..m•. topography. parent material, and age-on the
amounts and distribution of .ulphur in soil. although they probably would
affect sulphur in much the,;arne way as the}' affec' nitro~n (Jeon)'. 1941).

n.. nature of lhe parent material seems to affeC1the type and amounts of
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inol)1anic ,ulphur in <;oil. (William,. 1974; Neplune el al.• 1975: Seon. 1976:
Probert. 1980). but doe. nol appear lO be related to lne accumulation of
organic .ulphur (William•. 1974).

Bano,.- n ai, (1%9) found relalion.hip> between <;ome >oil.forming facto...
and t~ caPlldty of >oil. 10 ad>orb .ulphate. Soil, formed from ba.ic rock' had
a gualer caPllcity to ad..,rb .ulphale lhan lhose fonned from acidic rock>.
Thi. was probabl)' due lO the nigher COmenl' of iron oxide' in lbe ..,il. fonned
from tbe mo", ba.ic p"-",nt malerial•.

Topography has been ,oown to ha"e an effecl on >oil sulphur in cerlain
silualion..--for example, Barro" and Spencer (1959) found that laleral
mo"ement of applied .ulphale occurred on <;oil. wilh a penneable .urface
la)'er over a Ie" penneable ,ubsoil on moderale .Iopex,

Benan)' et "I, (I973), in a 'lud) of cultivated >oil, from granland and
fore'led a",as d..'eloped under semi-arid and ,ubhumid con<!niom, obse"-ed
lhe effect. of dim ate and '-egetation on lhe dislribulion of sulphur. The)
found lhallhe concenlration of lOtal sulphur in lhe >oil. along a ..,uth-we,IIO
north..,a,l lranse<:t of the agricuhulal region of Sa,kalchewan increased from
lhe arid Chemozemic Bro"'n rone to lhe Chemozemi<: Black ZOne and then
decreased to lhe leached Grey Wooded zone. The C ; N ; S ralios. howe"er.
inc"'aoed from 58: 6.4 : I 10 129, 10,6 'I wilh lhe progression from lhe
arid Chemozemic Bro"'n <;oil, 10 the leached G"') Wooded ..,il•. These
difference. appear to be the ",.ult of different degree, of humifocalion.

Seon and Anderson (1976) fonnd no con,i,lenl efkc', of drainage oon­
dilions on lhe organic .ulphur ooncentnuion or oomposition of Seoul.h soils,
ahhough lhe freely drained soil. deri"ed from ba'ic igneou, drift oontained
more organic ,ulphullhan the poorl)' drained sample•.

B. Mlcrobialll1lnsfonnations

The four main microbIal rran,formalions tbat operale in soil (immobil<!.
auon. mineralization, oxidalion. and reduction) are mainl)' ooncerned ....ilh lhe
internal cycling 01 sulphur from one pool to anolher. but they can al<;o alfect
outputS from the pedospbere 1»' con'-enlng immobile form, of ,ulphur into
mobile form' an<! vice "e...... For example. complex organic molecule. can be
ron.'erted '0 inorganic ,ulpnale (mineralizalion) and leached to the
hydrosphere. or gaseous .ulphur compound. can be formed and Imt 10 lhe
almosphere. Alternati'el)'. inorganic ,ulphur can be ron"erted into complex
organIC mol,""ule. (immobihzation) and thu, prote<;ted from leaching,

Immobili~(1ti<m and Mintra!l~aliQn

In lhe p~" of immobilization, micro-<JTganism~ ab§orb inorganIC ,ul.
pha!e and convert it inlo orgao;': fonn, for lhe $)'mhe,;-, 01 microbialli"ue.
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1bc opposing pr<)ttsselof immobilization and mineralizalion occur together in
soil where: organic sulphur mineralized is used for lhe s}lllhesis of new cell
material and onl} that .ulphur nOI needed for s~nthesis is released as in_
organIC sulphur. If an abundant supply of carbon is available for .nerg)' then
all of the inorganIC sulphate in soil will Dr convened to o.ganic form" but if
linle urbon ;$ ."ailable then inorganic sulphate "'ill be "'leased from lh.
organic mailer.

Both plants and mkr<rofganisms are ,e.""nsibl< for con,'enin! Inorganic
sulphate to o~anic sulpburoompounds. PlanlS absorb inorgani<: sulphate and
cooven it to organic sulphur compounds u hleb .'" then "'turned 10 .he wil In
plant r.5idue. (Williams and Donald. 1957). MicltKlrganisms "'orking alone
also incorporate significant amounts of sulphale inw organic fonns. Fll:ncy el
al. (1971) found thaI ...·hoen inorganic wlphaU was added 10 5Oilthoc«: was
steady incorporalion of sulphur inlo organic maUer o~er a period of 24 ....eeks
and up 10 5~ ofthe 10 ~gS g-'50~ add<:d ...·a. con...,rted into organic fonns_
Addition of glucose incll:ascd l!>t incorporation 10 g2~.

By considenng Ihe carbon' sulphur ratio of lhe added material. auempts
hl>'e b«n made to determinc whelher inorgan,c sulphale will be immobilized
or «:Iused when organic residues all: add<:d 10 5Oil. Stotzky and Nonnan
(I % I) concluded from slud~s using glucose as a carbon source. Ihal a C : S
ralioof9OO0r lo...'e, would provide ad<:quate sulphur lor maximum microbial
acti,-ily. lbcrcfore. ,ulphur sbould nol be limiting for lhoe decompoSllion of
residues under natural conditions. becau", moSI plaol residue' ha"e a C: S
ralio Ie", lhan 900.

Ho.....,vcr. Olher ....orkers ha>.., found that immobilizalion of sulphur ....·~I
occur during 1M dccomp:JSilion of plaOl residues ...-ith C: S ratios ....ell below
900: 1 (Barrow. 1960: Massoumi and Cornfield. 1965; Slewan and
Whilfleld. 1965: Slewan er ai,. 1966a). For example. Barro....· (1960) found
lhal il 1M C: S ralio ...·as below 200. sulphale u,ually accumulated in lite 5Oil;
....hen lhe ralio "'as abo'-e 400. sulphale "'as incorporated imo organic mailer;
and w!>tn l!>t ralio "-as bcl".".,n 200 and 400. sulphal< could eilhe' be incor­
poraled imo or released from lite organic maUer.

This suggc'ted lhal lhe organic sulphur was 001 readily available for lhe
requill:menls of lhe mlC'o-orgao,sms. Or lhal 1M organisms in,-oh-ed had a
higher sulphur «:qui«:meOl for Ihe de«>mposi.ioon of planl residues Ihan for
gll>C05C. Stewart rl ai, (l966b). working wilh pure compounds. sbo"'cd Ihal
micTQ-Organisms required more .ulphur for the ma.imum decompo,ilion of
~lIulO'>< (I pan S, 300 pansC) than fo' gll>COSC (I part S : 900 pans C) and
lhus the laner explanalion is more lik.I~'.

h i' belie...,d lhal micTQ-Organi,ms are mainly Il:sponsible for lhe con'·er·
sian of organic sulphur compounds 10 ioorganic sulphale in .oil (Alexand<:r.
1961)_ Any variable ... hich affects Ihe gro....th of micTQ-Organisms should
lherefoll: affect lhe mineralization of sulphur. In agreement with Ihis .uppo-
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sition it has Ixen shown that temperatul"<'. moislUl"<'. pH (Chaudh!)' and
Comfield. 1%7aJ); William" 1%7), and a,'ailab~itj'of food supply (Barrow.
19(0) all affw the mineralization reaction (Blair. 1971: B.werlxd. 1978),

Mineralization of sulphur was markedly suppressed at 10 'c. but increased
with increasing lCmpenllure from ~O"C to 40'C and then decrused again
"ith funher temperature incrca'" (WIlliams. 1967).

Sulphur mineralization "'as considerably retarded at moisture contents
appl"<'ciably Ixlow Of aoove field capacity (Williams. 1967). and tile optimum
for mineralization s«med to Ix at (\(I'll, of the maximum" ater·holding capac·
ity (Chaudhry and Comfleld. 1%7a).

The amount of SUlphur mineralized from unlreated wll,~s not appear to
Ix dir<:etly r<:lated 10 soil l}'pe. 10 carbon. nim,gen. or sulphur conlents. to
C : S, ~ , Sor C , N ralios. to soil pli. or 10 mineralizable "(Williams. 1967:
Simon·Sylvestre. 1969b: Haque and Walms1(y. 1972. 197-1b, Jones., 41..
1972, Tabatabai and Bremner, 19~2b). Tl>e panem 01 release of sulphur
from soil organic mattef also does not appear to Ix I"<'lated to any panicular
soil propeny, hUl is prohahly due 10 the cllemical natufe of the decomposing
franion of the soil organic maner

The mineralization of ,ulphur in the presence of plants is often grealer than
in their absence (Frene)' and Spencer, 1960, BaTTOW. 1967a, Cowling and
Jone'. 1970; "icolson, 1970: Jones ~'41., 1972) and lhi< mal he due to the
greater proliferation of organisms under plants.

CyCles of wening and drying al"<' known to accelerate the bfeakdo"'n of soil
organic maner (Birch. 196Oa.b) and Barro'" (l%I) suggem thatlhis is a
major factor in"olved in the increased availabilit} of sulphur under field
conditions. A cumulati>'e effect of wening and d!)'ing on sulphur min.raliz_
alion "as found by William' (1 967) in laboratol)' studies, but cydes of"'etting
and d,}ing of planted "'ils in the gl"<'en!>ou", did not stimulate mineralization
of sulphur (Frene)' e' 41.. 19i5).

Seasonal changes in sulphate sulphur in bare soils. cultivated fieldS. and
soils under pasture ha,'e been studied in a numlx' of locations (BaTTOw.
1966. 1969., Sirnon-Syh·estre. 1965, 1%7a,b. 1969a. 1972: Williams. 1%8).
In soil under sobterranean dover pasture, sulphate ",:cumulated in lhe sur­
face "'~ doring ,ummer immediately after senescence of the pasture. High
concentrations were maintained throoghout the sommer_autumn period and
these decreased to low "al\JC' in the "'inter and <pring. The hig~r val\JCs in
summer probably resulted from mineralization of ",il organic sulphur under
favourable moisture and temperature conditions and lack of plant uptake.
Tl>e 10" values in winter and ,pring were prohahly due to leaching. plant
uptake. and 10" rates of mineralization at 10" ",il temperatures (Williams.
1968), Barrow (1966), ho"e'-.r, ,uggests that the high levels of mineral
sulphur in summer are due to the release of .ulpllU' from organic malter by
desiceation {as had Ixen 'hown by Fl"<'ney. 1958: BaTTOW, 1961; Williams,
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1967; Tabatab,; and BRm~r, 1972b). Williams (1968). howe"cr, believed
lhal only small amounts of sulphate we", ",leaS"d from un<kr Ihe sublet.
mnUn do,-., paslore by this mechanism, 111<: sulphate lhar ."umol",", in
Summer, "hat.,,,, l~ mechanism responsible for its ae<:urnulal;on. is wl­
""rable to leach;"g or cl'05ion by sudden ,ummer storm•.

Linle information is available on the IOtal amount of sulphur mineralized
from organic maUer e.eh )~aT and ,,-hieh rna) therefore be Io5t from the soil
"'''''VOlf by leaching. Or aboorbcd by plants and ,emo,-ed in plant Or animal
products. Howe'.r, ;t is ge""rally belie,-ed lhal 1-3'" of the organic sulphur
is oonvened to inorganic sulphate annually.

Oxidution ofSulphu, and Inorganic Sulphur Compounds

SuJphUf-<Jxid'w.g organums

The best·known. and usually con,idered to be lhe mo,l imponam group of
sulphur-oxidizing microorgani<m< are the autotrophic bacteria belonging to
the genus ThiobaciJ/us_ This group can uSC elemental sulphur and in­
completely Oxidized inorganiC sulphur compounds as specific electron
donors for the a>similation of carbon dioxide. Carbon dioxide can supply all
of their carbon requirements.

l1lere are a number of species of Thio/xJci/lus. MOM. ill<:luding some of the
bene,-kno"'n ,pecie,. T. rhlooxidaltS. T. ,hiop<s'w, T, de~il,ijka~s. and T.
furooxidaltS are obligate autotroph>. but a fe"- are fa<:llltati"e autotroph,.
being able to uSC euher o~idiuble sulphur Or organic substances as thei'
energy source. Altbough the laner group a", less well known. Vitolins and
S"'aby (1969) lound that in 288 Australian soU, one specie, of facultati.e
autotroph (T. inlermediw) was rnO'" numerOuS than all other specie, of
Thwl>aci/li together. Most thiobacilli are mictly aerobic. but T. denlmjkans
is a facultat;.e aerobe. being able to u.. nitrate under anaerobic condition' a.
an electron accepmr in place of oxygen in Ihe oxidation process (Starkey.
1966; Weir. 1975).

The ThiobaciJ/w group of bacteria has been mo", dosely studied than the
heterotrophic bacteria. fungi. and aet;nom~-cetes. "'hose imponance in the
oxidation of sulphur in lOil has oflen been o,-erOOked. Vimlins and Swaby
(1969) found that heterotrophic yea", and ,.'..,ral genera of heterotrophic
and facultative autotrophic bacteria we", far mOte numerouS than the strict
autotroph,. and could play an imponant role in many soil,. Strict autotroph.
,,'ere generally low in numbers. absent from o'u one·third of the soils and
poor rompetito.. "hen oxidizable sulphur "a, added to soils_ The) "'ere,
however. more effICient than the beterotroph, "hen rondition••uited them
(Starkey. 1%6).

A !>ost of organ i,m, can take part in ,ulphur oxidation, some of "hich carry
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the p~ss onl~' a 'tep or t,,·o. but the "'-erall reaction re~ull~ in the produc·
tion of sulphuric acid (Tisdale and Nelson. 1966).

TI\e meehanlsm of oxidation 01 sulphur by autotrophic bactcria IS obscure
lkspile much u,,"esligation, se"cral palhways ha." been ,u~ested and the
one gi"en below ,,'a, proPQ'Cd by Vishniac and Samor (1951).

s' -. S,O; - 5,0'; - S,o~- - SO;- - SO; 0'
F",IOrs a/f«ting tM (Hid"'wn t>f drmenra! ,ulphur in wil

TI\e oxidation of elemental .ulphur in so~ is affeeted b) (aJ the population
of micro-organisms. (b) so~ moi'ture and aeration. (c) soil temperature. (d)
soil pH. and (e) particle ~i~e,

MiLrohwl popu/arion Soil, diffcr markcdly in their abiht~' to oxiditt ,ul.
phur and this is commonly .scribed to difference. in microbial population,.
The rale of oxidalion of elememal .ulphur in soil can often be increased
markedly by .ddition of a ~uitablc inoculum. Inoculation either with
Thwb"dllus rhio<>xidanJ (Li and Caldwell. 19(6) or heterotrophic organisms
(Vitolin, and Swaby. 1969) produced. marked impro...ment in the initial ra,.
of oxidation in pot and incubation studies.

Soil moisrurr and ""at/on T1le most rapid oxidation of elemental sulphur
tak.. place at a momure Ie"el ncar 10 r.. ld capa<:ity. i.e. in the so~ moisture
range that i' optimum for the gm,,·th of agricultural plants. The rate of oxida­
lion i. markedly depre,sed at "ery 10", or very high soil moisture I,,'els
(Moser and Olson. 1952).

Soil aeration i' intimatel\ associated IIdth $Oil moi~lur. and thu' at high
moisture le.,.l, oxygen will be limiting for .ulphur oxidation (Tisdale and
Nel$On.1966).

Soi! um~rature Microbial OXidation of sulphur will OCCur at temperatures
as Iowa. 4 'C, but the process is ,10,,· below 10·C. Increa,ing the tempera_
ture up to 40 'c increases the ra,. of sulphur oxidation. but between 55 'c
and 60'C the organisms fespon<ible for this oxidation are inactivated (Tis­
dale and Nelson. 1966). Optimum temperatures are not the same for all of the
micro-organism. inwl.'ed in ,he o~idation of 'ulphur. but temperatures be·
tween 25 'C and 40·C are close to the optimum for most of the organisms
(Weir. 1975).

pH Thio/Jacillus IMopa"'. and T. d~nittifrans grow be,t at reactions close
to n,ulTalit)'. whereas T. rhioox/dam and T. [rrrotJxidan. develop be$t In the
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pH range' 2.0-30 and 2.2-4.7. rc,peeti'el} (Starkey. 1966). Addition of
lime 10 soil can ;nne.", sulphur oxidation (Fox (I 01.• 1%4.). have no effect
(Shedd. !928). or inhihil oxidation (Ilan. 1959). The'" confikting rcsulls
may be due 10 an eff",,! On pH or 10 an indirect effect through a reduction in
soluh;hl}' of other elemenls (Weir. 197~).

Partide .iu Because elemental sulphur is in",lub~ in ",.Ior 11 app".r<
that its nne of oxidation ""uld be a funcllOn of ll>e surface arca exposed 10
mkro-organi,m,_ Thus the smaller tho particle .liz<" rhe grcatl:' tile surface
arca and 11k: greater the rale of oxidation. This has b¢cn fre<juently
demonstrated in inruhation 'tudies. pol and fleld trial' (for rdercnc<:s s«
Weir. 1915).

Oxidatwn a/sulphide

The oxidation of iron sulphides in soil is more complex than lhe oxidalion
of elemenlal ,ulphur. 11Ie oxidation appear< 10 oon,i't of chemical a, "ell a,
biological procc"e". 11Ie oxidation' of both lerrous sulphide (FeS) and
pyrite (FeS:J appear 10 be basicall)' 'imilar,

11Ie followin~ sequence has been proposed for lhe oxidation of p)'rile
(Temple and Dolchamp<. 1953), 11Ie first 'lep in the oxidalion " non­
biological and ferrous ,ulphate is formed (equation 2)

2FeS, t 2H,o ... 70:~ 2FcSO. + 2H,sO, (2)

Thi' reaclion i' lhen followc<:J by the bacterial oxidation of ferrous sulphate.
a reaction which is normally carried Out h,- T. /tmXJXidtUls (equalion 3)

4FeSO, ... 0, + 2H,sO,- 2Fe,(SOJ,'" 2H,o (3)

Subsequemly. ferric 'ulphate is reduced and ~'rite i. oxidized by whal
appcar< 10 be a 'lncrl,- chemical reaction (equation 4)

Fe,(SOJ,+ FeS,-3FeSO.+ 2S (4)

Elemenlal sulphur \0 produced may lhen be oxidized by T. Ihiooxidam
(equalion 5) and lhe acidity ~eneraled fa"oun; the cominualion of lhe process

2S'" 30, + 2H,0 - 2H,sD, (5)

11Ie main difference 'bel"'een lhe oxidation of iron .ulphlde and p)rite i,
lhe 'el)' much greater re"'lance of the lauer 10 auac~ by atmospheric oxygen
(Weir. 1975).

ReduClwn of Sulfate

Sulphale i' unstable in anaerobic enVlronmems where conditions arc
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faV()urabl~ for bacl~rial dc'..,lopm~nl 1l ~rv~,", a ~,drogen a=plor for
,ulpnale-reducing baeleria and i, reduced 10 .ulp~id~, 'fh" d"..milaIOf} ;ul­
pbale reduction i; lhe di"ineti'e propeny of a 'mall number of bacleria Inal
are SlricI anaerobes. Two principal J!~nera are rewgnized: £H,uljrwibrio and
lJes"lfolOmacuium (ROJI and Trudinger, 1970)'-
Th~~ bacl~ria. u~ a ~ariNy of fermenl31ion produc" and mol~cular hyd­

rogen 10 reduce ,ulphale. the} tolerale high concentralions of sail and h)'d­
rogen ,ulphide. and function be_I in the pH rang~ 5.5-9,0, "ilrat~ or io'"
l~mpe,arme "'lards lhe 'UClion (Stark~y, 1966: Ponnamperuma, 1972).

Wherea, oxidalion of 'ulphur re'ull' in an increa~ in H-ion concenlralion.
reduction of sulpnale ltad' 10 an mcrea", in pH (equal ion b)

Na,50, + F~(OH), + 9H (organic malt~r) - FeS - ""aOH ->- 5HP(6)

The sodium hydroxide produccd ",aclS ""ilh carbon dio'ide from lhe de·
compo,ilion of organic malter 10 produce carbonale and bicarbonal~.

Mosl of Ih~ sulph;,j~ Ihal =umulat~s as irQl\ sulphidc in ... al~,lou~d $Oil,.
bogs. diteh~,. and marine S"dimem, i, produced by .ulphale-reducing NC­
leria. Hydrogen 'ulphide formed in lhe $Oil reac" "jlh iron compound. 10

form FeS; under cenain condilion' lhe di,ulphide. u,ually p)Tile. is formed
more slo... I}' (8Ioomfleld. 1969).

Panl} reduced ,ulphu,. 'uch a, lhal in sulphjl~, poly'lhionate. lhioo;ulpnale.
and elememal,ulphur. i; "'duced mor~ readil}' Ihan ,ulphale \lany bacleria
and ot"", micro-<>rganism'. in addilion 10 lh~ sulphal~·redllCing bacteria..
produce ,ulphid~ from th~S" su!>;t.""es (Starke). 1966).
Th~ pathway of "'duction of sulphale to solphide b} £H,ulfrwibrio h'"

be~n discussed recemly by Kelly (1972) and Roy and Trudinger (1970) and
i; described by ""bem~ 7

sol' m-

C. Natuffo/"the_lIS.lUlphurrompoonds p-rodu«d In $Oil and emitted to
the atmosp/>t'ff

Lillie informalion is available on I"" nalu'e of ,h~ "olalile 'ulphur rom­
pound' produ<~d in wlI or on th~ rat~. of emi..ion of these V(>laril~s to rhe
almosphere under nalural conditions. M""h of ,"" infonn.lion ava~able

comeS from laboratof)' 'ludies wilh pure organi< '~Iphur compounds and
isol'l~d "rains of micro-organi,m,.
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Hydrogen S"lph/de

As hydrogen sulphide is often produced under laboramry condilion' (e.g.
Kondo. 1923: Aim}' and James. 1926: Tarr. 193Ja.h: Tamiya. 1951a.h:
Kadola and llhida. 1972). and i, formed in walerlogged soils a, a result of
protein decompo'ition Or sulphale redUClion (Vamos. 1964). many workers
ha"e a<sumed thaI hydrogen mlphide v,ill be emined 10 lhe atmosphere when
organic mailer i' de:comJl'O""d. or when .ulphate i. reduced under water­
logged condItion" Because no data on lhe rate of hydrogen .ulphide emission
10 the aTmosphere from land Or sea surface, ",'ere a,'ailahle. lhis emission was
used 10 balalott lhe flo",",! of ,ulphur in models of lhe global sulphur cycle
(Eriksson. 1963: lunge. 1963; Robinson and Robbins. 1968: Kellogg.,al..
1972: Friend, 1973. Cadle. 1975).

Ho""e,u. apan from a recent paper by 10fgensen el <d, (1978) on hydrogen
,ulph;.;Je emission from co.a'lal environmenTs lhere doe. nol appear to he any
,,'ide:nce for ,igniflCanT emi"ion of hydrogen sulphide from soil in a natural
environment (Bremner and Steele. 1978). No lrace of lhis gas could be
de:lecTed in Ihe almMphere above soil when inorganic and organic sulphur
compound•. planl materials. animal manur... and ",""age sludge, ""ere incu­
bated in aerobic or "alerlogged soils (le"'i' and Papavjza•. 1970; Banwarl
and Bremner. 1975a.b. 1976a.b). E"en when >ulphate and sulphide: ""ere
added 10 a sandy soil. wilh a low capacity for w'Ption of hydrogen >ulphlde.
unde:r waTerlogged rondilin",. no emission of hydrogen sulphide was
de:tected during .ubsequenl incubalinn (Bremner. 1977). Haner and Mclean
(1965) were also unable to de:lecT hydrogen sulpbide emiMion from a ""aler­
logged .oil which produced large qu.anTilic:s of sulphide: (>2000 "g g_1 soil).

On lhe Olher hand. some publicalinns indicate lhal hydrogen ,ulphide: has
been emined during incubaTion sludi.. Wilh soil under aerobic or anaerobic
condiTions (Bloomf",ld. 1969; Swaby and Fedel. 1973; Sachde:v and
Ohabra. 1974: Siman and Jansson 1976a), Howewr. The'" publicaTions
show eilher lhal Ihe emi"ion of h)'drogen ,ulphlde Wa, extremely small. or
lhal lhe resula are of doublful validily because of lhe anal)'Tical lechn"! ...
used 10 de:lecT h}drogen .ulphide or becau.. lhe ">cubaTio" conditions were
atypIcal of nalural en"ronmems (Bremner and Steele. 1978).

In gt:ncral it appears Ihat soil. have a high capacily 10 sorb hydrogen
mlphide (Smilh., aI.. 1973) and 10 hold hy'drogen sulphide: formed;n.ilu from
redUCTion of suiphate or decomposilion of organic residues: Ihi. may he due
10 ~acTion of hy'dragen sulphide: wilh caTion. to form mClallic sulphides,
Ho"e'1'r. the~ mal' be cenain situalions wher. soils are high in sulphale and
availahle organic maner bUl de:fICienl in lhe Cal ions ~quired for lhe precipi_
lalX:>n of melallic sulphide, "hen lhe solis become walerlogged. Hydrogen
sulphIde: may be emllled under lOOse condilion. or .. hen organic residues are
allowed to de:com~ on The ,urlaces of solis (Bremner and Ste.I•. 1978)

Under certain rondilions it appear> lhat ,,'en li,'ing planl. can emil hyd·
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mgt'n ,ulphide direCll)' 10 lhe: autlo'phece, WillOn ~I al. (918) found that
hydrog~n ,ulphilk wa, emitt~d from "Iua,h. pumpkin. cantaloupe. corn. lOy·
bean. and collon. 11Ie emi"'ion occurced afler the root< wero trealed wilh
sulpha Ie. was higher if lhe root' WCre mechanically' mj uced. wa, completely
lighl-dependem and incceased with Iighl intetlslty'. 11Ie maximum mles of
emlS,ion obse1'\'ed ....ere _80mol min",-' fre.h weigh!. Spfilen-y (1977)
found lhal NO""ay spruce (Picea aMes (L) Kamen) seedlings lceated With
5 g polalSium sulphate per day for 7 days exhaled 2~~ ~g of hydrogen ,ul·
phide per hour per kg dry "'eighl of needles w'hc:n illuminated, No hydrogen
sulphide w·.. ~milted "hc:n thc: ....dling-; w..,re kepI in darkne... Other plants
such as lOmalO, bean,. and grape' ioe. have been reponed 10 e,hale h)'drogen
sulpllide ah.r lrealment "i'h sulphur dioxide (de Conni,. 1968a,b)

In summary' thc:n. there "'em< to be ver)' lillie evidence in lhe liter.llure 10
,upportthe all""alion by Erik\",n (1963), Junge (1963). Robin",n and Rob­
bins (1968). Kellogg ~I ai, (l972) and Fnend (l913) of bigh flux rates for lhe
emi...ion of hydrogen sulphide and land surface,.

Volatile Organic Comp<Junds of ,~"Iplr"r

Micro-organisms isol,'ed from a v.riely of habi,,,!, "nd cuhured under
anifidal condilions produce a va".,)' of "olatile organic ,ulphur compounds.
induding carbon di,ulphide. carbon)'l sulphide. and a number of homologou,
sulphides and disulphides (Kadota and Ishida, 1972: Brcmner and Steele.
1978).

A much smaller numlx' of compounds has so far been isolaled from soils
or during the decomposition of organic compound,. plant malenals. animal
manures, and S'''''age .Iudges. The ."Ialiles isolaled and identified in signifi·
canl quanlilies are carbon disulphide. carbonyl sulphide. meth)'l mercaptan.
dim.,hyl sulphide. and dime!h) I disulphide: ho"e'u. lhe IOlal amounts
released from soils or lkcompo<log organic malenal> under aeroble or water·
k>gged conditions appear 10 Ix "ery 'mall (Barjac. 1952: Green""oo and
Lee<. 1956: Fcederid n al.. 1957; Takai and Asami. 1961: Lewis and
rapa'·izas. 1910; Ban"'an and Bremner. 1975a.b: 1976a.b: Bremner and
Sletle.1978).

Carbon di.ulphKle waS produced fmm the decomposition of lhe sulphur·
comaining am'n<) aCId>. C)'lteine and cysline; the,., t"'o compounds may be lbe
source of thIs gas in lOils and manure. (Ban"'an and Bremner. 1915b). When
lanlhionine and djenkolic aCId" ere decomposed in lOil carbonyl sulphide wa,
produced (Banwan and Bremner. 1915b); lhi. gas "as also found when
ihiocyanat., and iSOlhiocpnales were me18bol~d (Bremner. 1911). Melhyl
mercaplan. dimethyl ,ulphide. and dimeth)'1 disulphide seem to be prod....,d
principally from the decomposition of rnethioni<le and celaled compounds or
from sulphonium compounds (Frelkrick ~t al,. 1957: Kadola and I.hida.
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1972; Banwan and Bremner, 1975b: Sal~bu') and ~lerrich. 1975: Bremner,
1977).

Lo,-c1ock rr al. (1972) found that hing lea'-c, of conon. oak. spruce, and
pine ,'«' .mined from 2 to 43 x 10 " g of dimethyl sulpltide ~r 8 of o'o'Cn­
dri<d tissue pcr hour. ".. hile dNOaying loa,-" from tho sam. plants .mined 10
10 100 lime, as much. Soils also exhaled dimethyl sulphide ,,'hen incubated in
aif and rhe: emission rat.. varied from 21 to 84 x 10-" g I soil I (Lovelock n
oj.• 1972). Hitchcock (1911) u<cd these figures. togethe' with .>limat., of the
global rna" of plant materials and >oils. 10 calculat. lh. global product;,,;,n of
dimethyl sulphide from rhese sourtt•. She calculated that fresh k.,"<'s. sen-
• .unt 1•• \,.,. and .0,1, oouJd emit O.o!. 0,53 and 1,5 ro 4.9TgS year '.
respectively. Hitchcock (1977) concluded that soil "'a, a major source of
dimeth)'1 sulphldc and that thc global production of this gas "01 unlikcly to
ucecd S TgS ycar

Ancja ~I ai, (1979) htimaled the cm'r..\ion rate> of carbon disulphide and
carbonyl sulphidc cmanating from ",It mar>hes ,n North Carolina. EmiSSIOn
rates for carbon disulphide o""r the mud flat zone "'crc less Ihan 0.05 gS m '
yur '. and our a c1ipp.:d marsh grass (Sparrma allultijfora) area a"craged
0.13 gS m 'y'ur ' for all measuremcnts. sugge>ting that earbon diwlphidc
emanatcd from S, ahomijfora. They calculmed the global emission from
marshos to be 0.07 TgS year '. assuming that all ma"hc. emit uniformly' and
that the onl)' ,~,ios pre",nt "'as S. alltmijfora, This the}' calculated 10 be
<0.07" of the lOtal biogenic emis~ion of sulphur. In the ..me stud}' it "'a,
found thaI carbon)'1 sulphidc cmission "'al not associatcd ",ith the pre",n"" of
marsh grass; the mcan cmissions of this go> from mud-flab and from the
dipp.:d marsh gral> "'cre 0.05 and 0.03 gS m : yca< '. respecti,·.ly (Anoja rI

01.. 1979). They calculated that carbon}'l ,ulphide emission from marshland'
'u, re,pon,ible for only. 'mall portion of the lOtal biogenic sulphur emi,­
~ion

D. Adsorption ofsulphur «;Impound< rrom the atl''''''phon by ..,11 and their
,ubsoo<j ...nt metabolism

Sulphur can be femo"cd from the atmosphere by "arious m.chanisms of
"hieh dry deposi'ion on 'he ..,il ,urface and absorphon by vegetation . ..,il .
• nd stone are imponant, Sorption of ""n.in at~pb.riccompounds~'soil
and their suhsequent metabolism is beli....d to be an important m.chanism
for the remm-al of gaseou, pollutants (Rasmu'sen er al.. (975)

Sulphur Dioxide

l'umcrous "'orke" ha\C slK",..n th31 <oil' can ab<Qfb ,ulphur diox;<!e (.,g,
Vandccav.)'e et 01.. I936, Al....ay 01 01.. i 93?: Fuhr ~I al,. 1948; Terraglio and
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~fangan~I1i. 1966: Seim. 1970: Abel~s tl ai" 1971: Payri<sat and B~iIk~,

1975: y~~ 'I QI.• 1975) and it is now koown that soil, ha,.., the capacity
rapidl)" to ..mOV~ significant amountS of sulphur dioxide from the overlying
gas (e.g. SmIth tI al.. 1973: Bremner and Banwan. 1976: Ghiorse and
Alexander. 1976).

Sulphur dioxide was more rapIdly absorbed by moi't soil' than by dry "'ii'
(Terraglio and Mangan~lIi. 1966: Smith tI al.. 1973) and there are repon,
that soil propeni...uch a. pH. texture. specifIC surface. organic matter COn·
tent, ion-exchange capacity. and porosity aff~et the degree of absorplion
(Nakayama and Soon. 1962: Terraglio and Man&a""lli. 1966: Faller. 196&;
Seim. 1970; Smith 'I al., 1973. Yee tl al., 1975. Lcdytr .. al.. 197&)

There a.. conflicting ..pom on the role of micro-<>rgani,m, in the "'TJltion
of sulphur dioxide by soil. Aheles., al. (1971) found [hal aulodaved soil'
sorbed less sulphur dioxide than untreated soils. but Ghiorse and Alexander
(1976) and Smith " ai. (1973) observed lhal .team sterilization had 00 effeCi
on the rate of "'TJltion. and Smith" ai. (1973) found no effect on the amount
sorbed, Microflora ma)'. howe"er. be involved in the remo"al of the sorption
products,

Few estimat.. ha"e been made on the amount. 01 sulphur dioxide that a..
absorbed by soils.; generally deposilion ,'~Iocilies lor soils, defined as

, .) SO, deposi1Cd(~gcm 'sec-')
v"cm see .... --' . \

SO, concentratKm iJ<g Cm )

have been found 10 be in lhe range 0.2-0.7 Cm Stt· 1 (e.g. Speddin&. 1969b:
()v.·er.; and Powell. 1974. Garland, 1977; Lockyer .. QI.• 1978). and Smith.1
ai, (1973) found that air-dry soils could absorb 1.1-15.3 and wet soils
9.3-66,& mgSO,g l soi\. Eriksson (1963) estimated that 25 T&S y'~ar-I "'as
absorbed by soil globally. "hile Junge (1963). RobInson and Robbins (1968).
Kellogg '1 al. (1972). and Friend (19B) estimated dry dcposilion on land
surfaces to be 10-20 TgS year

It has been known for many' years that plants can sorb sulphur dioxide
di,..,etly from the atn>osphe,.., and use il for their m~labolism (e.g. Thoma'
and Hill, 1937; Thomas .. al" 1944: Fried. 1948: Olsen, 19S1). Sulphur
dio.id~ uptak~ by plant< has bc~n asseSS"d by a number of diffe,..,nl methods
including micromc:teorologicaltechnique. (c.g. Garland. 1977; FOwler. 197&;
Galball)' ci al,. 1979). the use of ''SO, «()v.'crs and Powell. 1974: Garland and
Branson. 1977) and .ulphur isotope abundance. (BeIOItl ai.. 1974: Krouse,
1977).

Surface "'ctness ha, a major ,"fluence on dry deposition rares (Fowler .and
Unswonh. 1974) and there appear to be diurnal and seasonal variations in
uplake by' grasses (Shepherd, 1974; Fowler, 1976. 1978). Uptake of sulphur
dioxide occurs Ihrough lhe Slomata, ahhough the,.., i~ e"idence for SOlIlC
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upta~e on or through the cuticle (lkklt <I ul .. 1974: Fowler, 1976. 1918;
Garland and Bran""n, 1977; Garland, 1978).

Deposition '-elocitie' lor grasses ha"e he:en found to he: in the mng<'
0.3-1 .2 cm sec-', ",~'bean, I .25 and lore't' 0.1-2 cm sec (Fo,.ler and
UMWO'lh. 1974; Garland. 1977; Garland and B..n"'n, 1977; Garland,
1978; Galbally~, 01.. 1979).

Fowler (1978) has e'timated the dry deposition of ,ulphur dioxide on the
agricultural area of Britain to be -0.5 TgS ~'ear . of which 0.14 TgS i, de·
posited in ",il in win'tr and the remainder is depo,ited on the '·egetation.
Galball~' (1980) calculated tl>c dry.' deposition of sulphur dioxide over
Australia b} di"iding the continent into t,.·o area,; a desen and semi-arid
region and a temperate and wei lropical 'cg>on w"h deposition "elocnies of
-0.1 and 0.85 em ,<e . respc<1,v<ly'. A>suming that the background
concentration of ,ulphur dioxide was in the range 0.5-2 ~gSO,m 'he e,ti·
mated tl>c dry deposition to be between 0.3 and I TgS year '1. Enimate.ofthc
global uptake of ,ulphur dioxide by vegetation vary from 15 to 75 TgS year' l

(Eriksson. 1963: Junge. 1963; Robin"'n and Robbin" I'Hi8: Kellogg.1 al.,
1972: Friend, 1973).

Sulphu' dio.ide can al", be removed from the atmosrhere by' reaction" ith
,tone and an eSlimale of tl>c global removal by thi' process i. 4.5 TgS year'
(Rasmussen.1 al,. 1975),

R~duud Sulphur Compcullds

So,I, also have the cap.acity to 5O,h hydrogen sulphide and volatile organic
,ulphur compoundl such as methyl mercaptan, dimelhyl sulphide, dimethyl
di!ulpbide, carbonyl sulphide and carbon di.ulphide (Fuhr ~l aT., 1948: Carl.
50n and Gnmcrman, 1966; Carlson and Lei",. 1966; Kani,ets, 1970; Smith
., al.. 1973; Bremne' and Ban""an, 1976).

Bolh air.<Jry- and moi't soil' will "'rh dimethyl ,ulphide, dimethyl di,ul·
phide, carbonyl .ulphide and carbon di,ulphide. bUI moi.t 5Oil. sorb largtr
amounlS of tl>cse compound" 1bc capacil~'of "'ii' for 5Orption of these ga",.
is much 'mailer than thei' capacity for the 5Orption of sulphur dioxide, hyd.
rogen 'ulphide, or m~th,1 m~rcaptan (BremnN and Banwan. 1976; Bremner
and Steele. 1978).

BremnN and Ban",an (1916) ,.'orking ,,·;,h ~aled sy'lcms found lhat four
soil' from Iowa absorhe:d 23-442 pg dimethyl sulphide, 101 ~306 ~g dim~thyl

disulphide, 14-104 ~g carbon disulphide, and 72-2340 ~g carbonyl sulphide
per gram of 50il from the gas pha", initiall~' con,aining 500 ppm of ,he gas.
Smith ~I al. (1973) u,ing the same '~'.tem and 100 ppm of ga, found that the
saffil' four 50ils absorbed 40.6-652 mg hy'drogcn sulphide and 18-321 mgof
meth}'l mercaptan pe' gram of so,L

Micr<H>rgani,m, are pa"I~' re,pon,ible for the 5Orption of dimethyl ,ul.
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phide, dimeth~'1 di,ulphide. carbon;1 sulphide. and carbon disulphide from
mom soils (Bremner and Banwar1, 1916), bu. do nol appear 10 be involved in
tile sorp.ion of h)'drogcn sulphide Or methyl mercaptan by soils (Smith e, Qt.,
1913), When carbonyl .ulphide is ab;orbed by mo'SI soil<.. carbon disulphide
is ,<,leased in small amount>, and Ihis appears 10 be due 10 lhe metabolism
of carbonyl sulphide by mkro..:>rganisms (Bremner and Banwar1, 1916),

Linle informalion Ottms 10 be _,'ailable for lhe uptake of reduced sulphur
compound, by vegelation; oowe"er. Granar el ai, (1976) ,uUests lha. uptake
of h)'drogen Sulphide and dimeth;1 sulphide may be much slower Ihan Ihe
uptake of sulphur dioxide becau,," of the lower wlub'Jil; of lhese g_'" in
water.

3.2,4 Le,.e1llng. Ru.....ff. and Erosion of Sulphur Compound< from
l'n_mended Soil

Sulphur can be;o,;l from $Oil' b' leaching .. ilh rain or irrigalion ",aler; the
amOunr lost varie' ",idely depending on the chemical and phy'ical form of.he
'ulphur, $Oil .)'pe. and prope"ie" fer1ilization practice'. cropping 'ySlem.
amount and distribulion of rainfall, and tempera lUre {see HaN'ard and
Reisenauer. 1966; Tisdale and "elwn, 1966; Jones and WoodmanOtt.
1979).

In most agricultural "'ii' the bulk of lhe sulphur i' present in complex
organic molecule, and there is no e"ide""" lor appreciable leaching of this
organic sulphur, Sulphate appear" to be lhe usual form leached and lhus an)'
factor v.'hich affeclS lhe "ansformation and movement of sulphale will affecl
the rale and amounl of sulphur leached. Thus. reactions sueh as mineraliz·
arion of organic sulphur. immobilizalion of .ulphale. oxidalion of sulphide,
redUClion of sulphate (seclion 3,2.3A). and ad",rption of sulphate are impor­
lanl in promming Or prevenring leaching.

Sulphale ""rplion capacity "aries from soil 10 "'il and al'" from la)u 10

layer ..-ithin the soil profile, It i. affected by pH (relemion increase' as pH
decreases). lype of clay mineral {kaolinite lnlt minerals retain more sul­
phate than the monrmoriJlonite group; aluminium and iron hydrou, oxide.
ab;orb strongly). and associated calion,. and i' COnccnlrallon dependerr
(HaN'ard and Reisenauer, 1966; Barrow, 1967b, 1975; Walker and Gregg.
1975).

More sulphur can bo lost b! leaching from bare soit lhan from ",il under
grass (DUlil and Balhp. 1979). Losses are reduced by cropping and are kss
.. ilh deep-rooted and perennial crop< Ihan ,,'ilh annual crop< (Gachon.
1972).

Leaching losses ha"e been delermined b)' l)'simeter 'tudie, and have boen
sho..-n 10 "ary from ve", ,mall amounts 10 more Ihan 310 kgS h. 'year' (see
HaN'atd and Reisenauer. 1966: Baker el al., 1975), For example, a <ludy in
Ne", Zealand ,!>o..-ed lhat, alter lhe initiallo«e' due 10 cultivation ... hen the
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lysimete ....... r. filled. the >ulphur rontent of the \0;] actually incrnsed ratlter
than decrealoCd (~luJl.r, 1975). On l~ oilier hand. Kuhn and Weller (1977).
working Wil~ t",o unfertilized mineral soil. in Gennaoj'. found \caching Iosse.
of the order of 110 kgS ha _1 year" L. L>aching then: occurred mainly in (he
winler and 10. Ie''''' exlenl in the spring. A I)'sime,er 51udy on unfertilized
soil in Norwa)' ,!>o"ed that the aMual los. of sulphur in draina~ water
(3()-.40 kg ha ") "ilS up '0 'It""" times higher ,han Ihal supplied in rain­
""tor; ;t '" as sugge'ted that lhe balance came from sulphur absorbed from th.
air. "'cathering of inorganic sulphur. and mineralization of organic .alpha, in
soil (0delicn. 1965),

Apart from the ly'iimeter 'll;die•. '''''y f." field ,Iudit, on sulphate mo",,·
ment a. a re,ult of mineralization of soil organic mailer hav'e been made.
BromrlCld (1972) showed lhal mineraliud sulphur move<:! down lhe soil pro­
file bUI acrumulaled al deplh

Because leaching of sulphur varies SO greall)' wilh amOunl and dislribulion
of rain. v'egelation, >oil type, elC" il is '-ery difficull 10 estimale leaching
losses from unamended soils on a glob.al basis

The exlenl of "'aler erosion. or runoff, depend, on lbe dimale, lopography,
"egetalion, and sod type (Baver. 1956) and it is "ell eSlablished that man'.
aClivil~Saccekrate ero,ion, The average los, of soil due 10 erosion has been
e$limaled al 22.4 lonne, ha -, year-' (Rhoades and Bern$lein. 1971). Organic
maner losses ba"e been eStimaled to range from 378 to 1290 kg ha-' (Bar­
ro"'s and Kilmer. 1%3). while soluble sulphur and IOlal 'ulphur hav'e been
found 1o vary from 12.9 to 29.7 and 47 10 113 kgS ha" year-', respeeti"ely
(Slallings, 1957; Barrows and Kilmor, 1963).

loss of sulphur due 10 "'ind erosion i' discussed in Chapler 4.

3.3 THE EFFECT OF MAN ON THE SULPHUR CYCLE IN SOIL

3.3.1 Agrkultucal Practices "lid the C,cllng 01 Soil Sulphur

Bringing native fores!. bush or grassland under cullivation lead' 10
appreciable loss of soil organic mallet lhrough mineralizalion processes (Alii·
son. 1973). Such Iosse. are invariably aCCQmpan;cd by corresponding losses
of soil organic sulphur (Harper, 1959; Williams and LiI""Il, 1961; Bettany.r
a/.. 1973; McLaren and Swill. 1971).

11><:", losses somelimes occur withoul appreciable change in lhe C , N , S
ralio of lhe soil organic manor (Harper, 1959; William. and Lil""ll, 1961),
bUI in some soils subslanti.1 changes in lhe ra"o occur (Mel.atOn and 5"'ift,
1977; !W:nany.1 al., 1980). Following the dearing of native scrub-or gras..
land-and e$lablishing clover pasture, large changes can occur in lhe: C; S
ralio of soils (Walkerer aI., 1959; Jackman. 1964: !W:nany.r al.. 1979. 1980).
In mo$l cases, howe'-er, some change. in the chemical nalure of the organic
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sulphur clearly occur since mo<;t of the miner.lized .ulphur appear1 to be
derived from the carbon-bonded sulphur (Frene)'tlal,. 1975: )'kLachlan and
Dt Marro. 1975: McLaren and Swifl. 1917).

A. Elf«l of fenlliHr additions. and paslu,.., produclion or <roppin~

practices on 50il .ulphur

The 1(W;e, in .ulphur from surface horim", during culli"alion generally
la~e place whelher or nol fenil~r sulphur is applied. Table 3.10 summar·
ius a number of Tlpon, showin@changesinsoilsulphurasa remll of crop­
ping. In all cases a decrease in total ""il ,ulphur had occurred e'..n allbough.
in ",me cases. fen~izer sulphur considerably in e.cess of that remo,..d in crop
produce had been applied. Sean el al. (1%5) found that Io<;scs of sulphur
from soil ~epl continuo,"I~' under fallow ex=ded the Iosse, occurring under
cropping and pa>tUTl. II is thus apparent that the 10..., of sulphur from the
so~ under cropping are largely due to the minerali""tion of organic sulphur to
sulphate. Pan of this may be TlcoveTld by the crop. but the remainder is
leached to deeper borizons of the soil profile. In many ca"'S this sulphate may
be retained in the 'ubsoil bori:wn. by adsorption and can be f"CCO'''Tld, at
least in pan. by deep-rooted specie, (BroomrICld. 1972).

Effrcl$ of Liming

Addition of liming maIO rials to soil' may inc,ease the availability of sulphur
to planlS and irs potential for leaching in thTle wa)'s.
(I) h 'timulates the rate of mmcralization of soil organic maller. and oonse­

quently the rate of mineraliUllion of organic ,ulphur (Freney el oJ.. 1962;
Williams and Steinberg•. 1964; Williams, 1967; Prohcn, 1976),

(2) By raising the soil pH it release. adsoTbed sulphate from exchange 'ites.
thereby favouring leaching and plant uptake.

(3) Liming material' frequently contain insoluble sulphates which can be
Tlleascd to soluble forms aher reaction olthe liming materials with the
soil (Williams and Stcinbergs, 1964).

Liming then enhance' the uptake of sulphur by plants (Williams and Stem·
bergs. 1964). but it rna)" also enhance the leaching of ,ulphate and could be
expected to increase the rate of depletion of sulphur in the surface soil under
culth'ated S)'Slems.

Effecl of PaJIU,..

Organic malleT frequently accumulate. in the soil under permanenl paSture
unlil eventually an equilibrium level is reached (e,g. Richardson. 1938).
There is thus a ooncurrent accumulation of organic sulphur. Accumulation of
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organic sulphur is to be ••pecled, especially in soil, from "hich organic
maUer has been depleted by .'temi,-. cropping. and in soils naturlll}' low in
organic mailer .. ben impto\-cd paslures are established nOMr regimes of
regular fertilize, application. Substantial i""",.",. in In., total sulphur COnlent
of the surf.ce layers of soils 're"ed m th;,; way h• ..., !It.n rtwrded (Donald
and Williams. 1954: Wng'ton. 1959; Barrow, 1969.: Walker and Adams.
1959: Watson. 1969). An e.ample of tile attumulatJOn of Sulphur in soils
under permanent lubl.runean clo'"CT pastul"<' ;s I\",'en '0 Fig. 3.1.

tn mOSI w.lI-<lrai~d soils ncarl~' all ofille wtphur in the surfa« horizons is
accumulated ;n organic form' (Donald and Williams. 1954) and indeed. in
many CR"'S. thai porti'm of the total sulphur input con'-crtcd (0 organic forms
is permaneml)' relained. lhe reSt being leW by leach,ng as sulphale_ The
accumulalion of sulphur in lhe surface lay.rs of soil under ""rma""nl pastun:
.. thus influ.nced by ""-eraJ factors ".-hi<:h indud< the ral. of sulphur inpUI.
lhe int<nsily of I.",hing. J..·.I of paSIUn: producrion. and th. soil and
environm.nlal factors go".ming th. rale of lIttUmulalion of soil organic mal·

'"
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Ie>. Fcnilizer a~d en,ironmenlal ~u1phate leach«llrom the .urtacc layers is
frequently DOt 10.1 from the profile but is retained by adwrption in tho: ~ubsc>il

horizon' and can wmetimes be utUized by deep-rooted species (Walker and
Gregg, 1975),

In Aosltllli.n p.slUre soils 11M: 10lal carbon-bonded sulphur fraction w.s
found to account for 84" of the org"nil: sulphur &«ur.1ularcd under suhler­
ranean clover pa'tures (Freney e, 01.. 1975). Of thi' only 42'10 "'as red""ible
by RallCy oidel. Similarly. ,,-Ilen organic sulphur was lO51 from red-brown
tanh. under a CC' ••al cropping s)'srcrn. 8O'lo of the loss was from the carbon­
bonded fraction (\leLachl"" and lk Marro. 1975). Similar chang<" have
been found by Mclaren and S"'ifl (1977). In incubation and pot cultur.
'tudies (Fre",,; 01 ~/.. 1975) i\ wal found that alllhrn fractions contributed
available mlphur for pla~c uplake. Appro.imalely 6MO of lbc sulphur caken
up by o;orghum "';um "'as derived from the carbon-bonded fraction and
involved both Raney nickel and non-redu<:ible fractions.

uaching of Fmj;,~e,Sulphur

As polnled oul earlier. the amount of sulphur Io!;c by leaching ,,'ill '·ary
depending on che thmate. soil c}"lll:. agneultural praC1i«. fertilizer nile and
form. sulpha'e SO'l"ion ea"""ily of che soil. immobilization polential. ete.
(e.g. JoneHt 01.• 1968: Rhue aoo Kampralh. 1913: Gregg and Goh. 1918). In
some soils. especiall}· under pascure. ic is apparent thac linle leaching of
sulpliur OCCurs as mo,t of the fertiliut sulphur can be accounced for in llle
surface organic mailer (Donald and William,. 1954). Scud"'s using radio­
acti"" sulphur also s""""ed thaI chere "'as linle Ieachi~g of the applied sul­
phace «0.1 kg ha year") from grazed pa>tures in sp,te of apparent lotal
sulphur losses of 25 kg ha-' year-] (Till and McCabe. 1916). Ac low rale, of
fertilization >-cry linle ,ulphur ..,ems to be leached bey'ond tbe plant rOOt ZOne
(Mayetlll.. 1968: Till and May. 1911).

H"""e""r. other work u,lng ly'Simecers ...itb different soli type. and pastures
and muc:h larger amounts of applied sulphur demonslrated lhal con.lderable
sUlphur could he leached (Jonese, al.• 1968: ),.lcKetl a~d Williams. 1960).

"The sam<: prineiples concerning leaching appl~ co cropped soli, as ..ell as
pasture solis.. wich large losses of fertilizer sulphur OCC'umng in some ",lls
SOWn 10 wheal and oalS (Jones e, Ill.. 1911; Rhue a~d Kamprath. 1973). and
small losses OCC'urri~g in other situation. (Bromr.eld. 1912).

{mgaled Aflrkulture

Irrigation and use of fertilizer on semi·arid and arid soils for the produclion
of pascures Or crops can have a marked effect on lhe quality of 1M drainage
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water percolating through or draining off til<: land. For (Xampk. Syl\~'iter

and Scabloom (1 %2) compared til<: .ulphate content of the applied iTrigation
water "'ith Ihat of III<: ,urface and ,ubiurfa"" drainage "'ater and found that
tile sulphate con""nlration ltad inerea",d markedly, from 5.4 to 37 and 39 mg
lilre '. re.pect,,'ely, TII<:y estimated that 280 kg of sulphate per II<:ctare per
yur ""ere 100t from the irrigated Yakima Ri,-.r ~alle) in Washington
(Sylve,ter and Scabloom. 1%2; 1%3). Similarly in the San Joaquin ~alley in
California the .ubsurface drainage "'ater had a conttntration of 3600 mg of
sulphate per litre compared "'ith 170 for the surface drainage water (Walton.
1%6).

Some of the sulphur in til<: drainage waters come' from 'iulphur applied in
the fel1ihzer Or absorbc:d from the atm05phere and some is di.solved from
gypsum pre,'iou<!y precipitated in Ihe soil profi!c (Doneen. 1966),

8. Etrt<;1 or gnulng animal.< on tt.. sulphur qde

The ,nere..ing ",'orld population and ri.ing standards of li"ing m manl
pam of til<: world has brought aboUI an increa'" in the consumption of
animal. prodUCTS. Con",q<tentl,. there have bc:en large inerea",. in animal
numbers. animal excreta. and sulphur removal in animal product., 1lll: pro­
duction of greater numbers of animals has required an inerease in land """n
to forage crop" and becau'" of their greater requirement for sulphur a greater
u'" of Sulphur fertilizers (Saalbach. 1965/66, Spen"",. 1975). The'" ~ariou.

interactions ha.'e increa"'d the amount. and ,aleS of sulphur cI'ding ""ithin
the ""ii-plant-animal s}'>tem and the potential for ineru",d Ios",s from that
system by 8a",ous I"" to the atm",phere 0' by runoff and !caching to the
h,'drmphere, 'The problem•. such", degradation of ,'egetation. ""il ermion.
and the depletion Or silting up of water re""ulttS. "hich ari'" "'hen nati,'e
pasture. are over.grazed h.,'e been "'ell documented (Till. 1980).

Sulphur fel1ilization impro"es ttQt only til<: quantity' of pasture a~ailable to
the grazing animal but also the qualit}' of th.t feed; for nample improvement
in til<: protein quality and "itamin A content of alfalfa. and increa",s in the
protein content of legumes and grasses lIl..-e been recorded (Tisdale~, QI..
1950; Fox e, al.. 1964.; Saalbach. 1%6; alen~hQm. 1974) as a resull of
sulphur addition. Increase. in the dietary intake of sulphur bylUtimals has led
to incre.",s in ,",001 growth and qualitl'. meat production (e,g. RcndiS and
Weir. 1957; Wagnon n al.. 1958; Pund. 1%9; Kennedy and Sieben, 1972;
~10roto~. 1972; Od)'TlCtHI QI.• 1972; StepattQv and Yal<imchu~. 1973; Dol'le
and Moir. 1979). and milk prodUClion by lactating Jail)' """'" (Bouchard and
Conrad, 1973a,b),

When plant material Or feed supplements are ingested b}' stock a small
amount of .ulphur i$ relained b}' the animal. bul the bul~ of tlte sulphur is
retumed to the soil in urine Or fae<:es (Walker. 1957; Barrow. 1967c), Sui-
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phur~$ through the skin of ~"'eallng animals sU<:h as man and canle may
be important. "'hile additional ~s of organic .nlpllUl must QCCUI during
the shedding of epithelial «lis of tile 'kin of all animals (Dol'le and Moil.
1979). Possible I<:t>scs dunng fl"plralion or through the skin of $1\(:.1' arc nOl
e'msickred to be Important, but consilkrable 'ulphur as hydro",n sulphide
may be lost b~' belching during supplemental feeding (Do)'1e and Moi•. 1979).

The proportion of sulphur excreted in the fae~s or urine vanes and SCemS
10 he related to the metabolic fate of the dietary or supplemental sulphur
(Doyle and Moil, 1979). The proJlOnion of the 101al sulphur excreted in the
urine .aries from 6 10 -90'0 (Warth and KII,hn"n. 1935: Walker. 1957:
Barrow and lamboume. 1962; Till. 1975; Do)le and Moir. 1979) ,,-ith the
proponion for a non-defICient pasture being about 50-60'10. Work "'ith
ruminants has sho"'n that the cxcretion of sulphur increases a$ tl>l: intakc of
sulphur increa>es (Bird, 1971; Bird and Hume. 1971; Bird and 1>1oir. 1972:
Langlands~1 al.• 1973: Kennedy~1 aI., 1975: Do~'le and Moir. 1979),

Most of the sulphur in fae«s is in organic combination although SOme
inorganic oulphate is pre>ent (Walker. 1957; Bini. 1971: Bird and I'lume.
1971: Doyle and Moil. 1979). "The amount and form of sulphur excrete<! in
Uline appcar1lo vary "l1h Sulphur intake. bUI inorganic sulphate >eems to be
tl>l: major fonn e<cteted. Considerable ester sulphate is also presenl (Walker.
1957: Bird. 1971: Bild and Hume. 1971, Kenned}"~lal.• 1975: Doyle and
Moir. 1979) and thIS would prObabl)' be rapldl\' con,.. rted to inorganIC sul­
phate in soil.

Thus tile sulphur in urine is in a form which is immediately a>'ailable to
plants or in I form wh..,h is readily con,..ned inlo an a>'ailable form (Barrow.
1967c). Depending on tl>l: dimate. soil type. elC.. Ihis available suiphul Can
also be readily leached. On tile other hand. linle of tile sulphur in faeces is
sulphate and tl>l: organ'" sulphur in faeces has 10 be mineralized before it is
a"ailable fOI plant uptakc 01 leaching. "The late of mineralization of sulphur
depends on tl>l: concentration of sulphur in the faeces and it needs to be higher
than Ihal in plant material fOI mineralization to occur (Barrow, 1961). Even
though faeces are mIneralized more slowl)' than plant material. tile pamge of
plant mate"al through tile animal, and the panitioning of the sulphur between
urine and faece' in f3"our of urine, meanS thai suiphul is mineralized more
rapIdly than if the plam material Wa$ returned directly to tile soil (Barrow.
19(; 1, 1967c; Till. 1975). "The stocking rate" ill thus ha>'e a large effect on the
proponion of the planl suiphul thai is mineralized by the comparativel)" slow
proc:ess of microbial breakdown of plant residues and that mineralized by the
fal\u proceS$ in thc grazing animal (Till. 1975),

~Io"'evu, faeces and urine are not uniforml)" dIStributed o>'e, a pasture
(Petenen ~I a/.. 1956: Lolero cl al,_ 1966) and there can be a lransfer of
sulphur from one pari of the paddock to another_ Sulphur ingeste<! over a
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large area is vo~ed on 10 a sman area, rhus concentrating ,he sulphur allhal
sile. Losses b)' leaching Can the<dor. l>< aettntuat.d (Pclel"lCn Ol al.. 1956).
Ooak (l9~9) ,<,pone<! that a lalle pan of the sulphur returned in a urine
p"tch by sheep (al" concentration of -42.5 kgS h.- Lp"" urinalion) rna)' \)(
lost by leaching_

In addition 10 ,hi. random return of sulphur in norela. <ulphur can abo he
oone<:n,ra,ed in one pankular aru of the fidd by the Icnckne)' of animal'
regular!)" to congregate in. specifIC area (camp-site). b) the use of feedlots 10
fallen callie, Or by dairy f.rmef'S bnng'ng their animals to a chosen area IWic<:
daily lor milking. For oxample. Hilder (1964) in a study on the return of
sulphur in faece. by grazing ,heep found that the concentration of faeces
increased to....ards the cenUc of th. camp-silc and lhal 34% and 22" of ,,,­
100al fucc, "'ere "oided on arra, "'hieh compriM:d on1) 10% and 3". respec·
tively of lhe lotal area. ~ dislribulion of urine is nol kno....n. Wrenfor<!
(1968) measured soil sulfale 1e"els of -31 ppm in sheep camps compared 10
7 ppm in graud are"" remo"ed from the camps

Till (1980) ha' e'limated the amounl of ,ulphur pre..nl in plant
(-6 " 10' Tg) and animal pools on a global ""ale 10 be aboul 3 " 10 '" of
lhe 10lal sulphur in lhe biogeochemical C}"c~.

Till (1980) also e'limaled ,he o,erall quanlilies of sulphur preM:nl and lhe
major flo..... for lhe Au'llahan paSloral induslry. 11>c.. a,e reproduced in
Tabie 3.11. He eSlimaled lhe IOlal soil sulphur pool in lhe lOp 30 em of ",ilIO
be 1.2" 10'TgS assuming lhe mean concentralion 10 be 75/lgSg", ~
AUSlralian pa,toral indu,lry suppons aboUI 150)( 10' .heep and 30" JO'
callie on an area of approximalely 400 )( 10' ha of .... hieh only -30 x 10' ha
are imprm'ed pallUre. The Slocking rale varies from 110 30 sheep ha·, .... ilh
an o'"rall siocking rale of I ,heep ha- I assuming Ihal One canle bea'l is
«juivakntlO eighl sheep (Till. 1980). He ca.lculaled 'hal for Auslralia as a
"-'hole. animals ""ould contain -0.022 TgS and lhe sulphur removed in animal
prodUC1S "-Quid be 0.019 TgS year .j. auuming ,hat ,he a,crage sheep
....eighed 40 kg and had a sulphur conlenl of 0, 14" S. As oni)' 5-10% of the
sulphu' inges'ed is relained b)' animals, lhe amounle-orcled and available for
uplake b)' pa'ture p1anls or leaching "-'ould be -0.016 TgS.

VoloriJe.

Recent "-'ork has sho....n lhal \"Olalile sulphur compounds can be relea..d 10
lite almosphere during the aerobic and anaerobic decomposition of manu'n
(Bumen. 1969: Ellion and Tra"i,. 1973: Ban""a'i and Bremner. 1975a:
SmIth el 01.. 1977). Canle.•heep. s....ine. and poultry manures have been
studied.

Ban ....an and Bremner (1975a) found Ihal trace amount' of dimeth)'1 sui·
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T~ Sulphur Cyclt in Soil '"
phide ",ere emitted from fresh poultry and sh«p manure. bUI no emiMion
could be derecled from air-dried manure •. 1l>ey al"" found that all of their
manure samples released hydrogen sulphide. methyl mercaplan. and dimethyl
sulphide when incubaled under anaerobic condilions. and lhal some samples
also released dimethyl disulphide.•aroonyl sulphide. and .arbon disulphide.
MOSI of lhe sulphur emined "·a. in lhe form of hydrogen sulphIde and melhyl
mercaplan.

When homogen~dmanureS we,e itl<'ubated in sealed oonles fOT 30 day-s
the tOlal amount 01 sulphur ,,,Ialjl~d "'as belween 0,02 and 0.53'llo of lhe
total sulphur in lhe manure. H\'drogen sulphide and methyl mercaptan were
the main gases evolved and togelher lhey accounted lor 70-97'llo of the sui.
phur "olatiliu-d (Banwan and Bremner. 1975a). H,w'e"er. when the manureS
were incub.aled "'ith a sandy soil under aerobic or walerlogged oonditions no
hydrogen sulphide was evol"ed (Brem""r. 1977). Dimelhyl disulphidt and
carbon disulphide Wert emitted from these mixtures under aerobic COn·
dilions bUI. "'jlh an anaero!l;c "mo.pMl"<', melhyl mercaptan. dimethyl sul­
phide. and carbonyl .ulphide "'ere emilled in addition I<> lhe lwo disulphides
(Bremner. 1977). 1l>e total emission amounled to 0.1-0.4'llo of lhe sulphur
added. Olher work by Banwan and Bremner (1976b) on the amounts of
.ulphur emined from soil. amended with animal manureS. sewage sludges.
and planl material-s incub.ated under aerobic or "al..logged condilions
-sbov...,d lhat. on the average, less than 0.5'llo of lhe sulphur added w.. .-olalil­
~d from manures or ....·age sludge•• "'bereas up 10 3.3'llo "'·a. VQlalilized
from plan' material-s. The range of "alues "'as quite la,ge. 0-15.6'llo.

Volali!e sulphu' oompound-s are emilled from soil during lhe deooml""i­
lion of cenain pe>t;cides, Moje 0' al. (I964) dett<'ted the emission ofcarbonyl
sulphide from soil dUJing the decomposilion of nabam (disodium-elhylene·
bis-dithiocarb.amale) while Munnecke 01 aI. (1962) reponed lhe formalion of
ca'bon disulphide in soils "ealed with nab.am. thiram. and rineb and
melhj'lisolhiocyanale from soils receiving vapam and ml'lone

Acidificalwn of Sou.
1l>e imponancc of leguminous pastures and lhe sulphu, fcniJiu-'. super·

phosph..e. in impro"ing soil fenility by increasing soil organic maner and
plant''''ai1able niaogen is "'ell known (Russell. 1973). Unfonunatcly. growth
of clo... r pastures also leads 10 a gradual increase in soil acidily. Deerea..s in
soil pH under subterranean do...r paSlllTt~ have been reponed on a "'ide
range of SOill}'peS in ""uthern Aumalia (Cook. 1939; Donald and Williams.
1954; Russell. 1960; Barrow, 1969a; Watson. 1969; Flemons and Siman,
1970; Kohn t' d/., 1977). and \\illiams (I980) has calculaled I relalion,hip
be,ween pH and years of pa"ure gro"'lh o'..,r a 50·year period (equation 8)

pH - 5,95 - 0.905 (1 - e--o~"l (8)
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w!>ere t - time on yean During this period an .,,,rage of -55 kg super­
phosphate ",as appl~d per lIcctare each year to the pastures. The inerea>c in
exdulng<'abl< hydmg<n in th<: surfa« 10 em of tbe"" .oils d"" to pa,lur<=
growth and fenilization is shown in Fig. 3,2 (c. H. WIlliams. unpublished).

In some pasture >oi]s acidity has .(""hed level. high enough 10 depress
planl gro"rh and. in som<: cases. 10 eau>c serious losses in crop or pasture
production (Flemons and Siman. 1970; Williams and David. 1976; Osborne
n ai" 1978; Cregan n al.• 1979). In mOSt case, the problems are due to the
dcV<:lopmem of manganese or aluminium !o.icil;", (Williams. 1980). but can
also be: d..e 10 a decrease in molybdonum. calcium. potassium, p",,"phorus,
and magnesium a,'ail.billty 10 plams. red~d nodulation. and incTt'ased
fungal disease of the pa'lUTl' plants.

The inerea'" in acidity appear> to be due. in pan. to increases in the
cation-exchange capacit)" of the wil as a result of the accumulation of ..,il
organic maller (W~liam. and Donald. 1957; Russell. 1960) and cation de·
pletion by increased leaching wilh rainwaler (Williams, 1980).

Figure 3.1 shows Ihe build-up in lotal Sulphur. in the surface 10 Cm of w~s
derived from graTlOdionle. due to pasture improvement at Binda. SSW. This
build-up in sulphur. due to an awrage application of -55 kg superphosphate
ha- 1 year-I. reflects changes in total ..,il organic mailer as the change:s in sui.
phur were c10sdy CQrrelate<.! with the increa",. in total ..,il nitrogen
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",rlaoe \0 em of y.llow p<></rolic IOil<
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(r .. 0.95) and organk phosphorus (r" 0,95) (Williams. 1980); lhere were
also co=<ponding chang<" in cation~,change capacit)" (... 0.85),

1l\c accumulation oforgank maller i. mainly' confined to the ,urface 10 em
of soil (Williams and Steinberg,;. 1958). but the decrease in pH extend. well
below this depth. llUs indicate> the imponance of other f",tor< such a, cation
depletion associated with increased leach,ng of nitrate fo!low'ing the input 01
legume r",ed oitrogen (Helyar, 1976; Williams. 1980).

h seem. unlikely that the acidity of the superphosphate itself was diTCC1I)
respon,ible for t!>c increase in soil acidily. Long-term field experiments mvol·
ving the application of large amOunt, of superphosphate 10 crops ha"e gentr_
ally .hown lillie measurable effect on so~ pH (Leeper. 1952: William. and
Upsctt. 1961: Piper and de Vrie,. 1964; Russell. 1973). Howe'.. r. addition
of sulphu' fortified .uperphosphale, and other acid.formlng sulphur fertiliz­
ers such as elemental sulphur and ammonium sulphate w'ould be expected to
increa.., soil acidity,

The rate at which pH decreases in soil under impro,-ed pasture depends
upon ..,"eral interacting factors such as the buffering capadty of the soil. the
rate of build-up 01 organie maller and nilrogen. 'locking rale. leaching inten­
sity. so~ type, and climate. and thus is likely to vary from soil 10 soil.

About half of the coastal area! and tablelands of New South Wale' now
ha"e soil' sufficiently acid lor non· tolerant plam. 10 be aflected. and in lite

wheat belt on tlte western plains about ont..ixth 01 the <oil' ha'.. become tOO
add for optimal growlh. $oil. in other areas of Au,tralia that ha"e a Mediler.
ranean climate are also likely 10 be affeeted,

Approximatdy 75"" of the impro"ed pastures in southern Australia arc less
than 30 years old and iI's. therefore. likely that tlte arca. affected 1»' add;t)
problems .... i11 increase in lhe [uture, Where legume·based pastur'" are grown
in olher pam of tlte world similar effect could be expected,

C. Remo,'a! of sulphur in crops and anima' products

The amountS of sulphur remo'ed in crops depends on the yield oflhe crop.
tlte portion of the crop remo,..d. and the Irealment of lhe crop re'idues.
Ob'·iou,ly. any faclor ....hieh affecls the yield of lhe crop. soch as level of an
e'sential nutriem. will affect removal. Some crops ha"e a far greater require·
ment for .ulphur and thu, will remO"e more sulphur from soil during growth.
Thl1'l Spencer (1975) has grouped plants into three calegorics-high. moder·
ate. and low-according to the magnitude of lheir needs in kgS ha" fot
.ulphur. Group I (high) conlain, lhe cn>Ciferous forage. (.4(]...80). loccme
(3Q-- 70). and rapeseed (2Q--60); Group II include' (moderale) sugar ane
and coffee (20-40) cloven; and gra."" (1Q--40), and colton (lQ--30): hde
Group 111 includes ,ugar.beet (15-25). cer.al forage. (1Q--20) cereal gram'
(5-20). and peanuts (5-10). An adequate ,upply of ,ead,ly avallabl< SUlphur
i' reqUIred for "egelable ClOps "..hieh ha"e a .hon growing "'ason.
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Table 3.12 S~lp/'t~'"' farm prodllCe

Ti<d1I< >tid 8<'K>II and 8"do,b,<t c. II. WiU"m,

-~
No""" (l966) R>-< (1971) (1918) (,,"publi>N<l)

G<,." ~ .. " 16--18" ..
H' '""'""It " 1-S' 14_11" 1_4',. ,~.

~~. 28' ""~" " ,,' ",. ,.
SotfhyOl ,,- ,.
,~ ,. W S-[1"-.- ._- • .' U ...1-S "~" H ,. \7_1.2 "'.m IS_36' 9_IJ

Oil <ropo s,o,.t>< .... 11 (t><on.) II (t><on.)
p,,"y, 13 (....) 28'
R,p""'ol ,..

V'F"b1u Pol"oc, 11 (,.t><,,) .l() (lQl" ..,.;
,.t>< ..) ~H 2 (Iut><,,)-. 4\ (1'0<><1» 1.2-4) ,

Tu""" 43( 10l'und-, 1-8-1-9

~- 28 (">!" 'nd
1>011>0) 1.2-23,- 24 (f"';') ,

.'>t",,,ll.n<oU> s..,,,..... ~, W
S"""-t><,, 3' (top< ot>ol

roo,,) 21_31
Con"" 2 (_) 26' J (_ol >nd

hn'),- 1.2(1<....) 2",,,.. ,
An....1 prod""" 'hlk ,

C,"l< t><.., ,
Fit I,mbo ,
W~ ,

'0";.,
"AD '_'Jr<>WMl pam's.._

TIle figuTes for erop Il:nlOval gi,'en in Table 3.12 aTe an indication of the
rale at which ,he Tesct"\-e supply in soil is ~ing depleted.

Not all of til< ,ulphur in a crop "'ould nece.",rily be removed be<:au.. in
many casc. onl}' pan of the erop plant is har>-ested. for example in many areas
tereal straw ;5 incorporated into tile soil and in otll<" it i< burned in situ.
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~ amounts of sulphur ..emo,'ed in animal prodllCtS. e.g, in wool prodllC­
tion and beef or fat lamb production are very small compared "ith tbe
amounts remo\'ed in plant prodllClS (Table 3.12). and pia} .-inually no part in
determining the requirements for a"ailable nutrients (TilL 1980).

D. FIoodfd m prodU<'1lon alMlthe sulphur rye"

Sulphur is required for the nutrition of paddy rice as well as for upland rice.
and Sulphur deficienq has been found 10 redU<e markedl\ r~ \ields and
quality (Ai)'ar. 1945 ~ Sen, 1938: Saran. 1949; Wang el aI,. 1976a.b; Mamadl
~I aI.. 1976~ lsmunadji and Zulkamaini. 1978: Wang. 1978; Blair ~I aI..
1979a.b).

Dramatic responses to sulphur fertilization by nooded rice ha\'e been
rerorded In the tropics (e,g. Wang ~I aI,. 1976a.b) although excessi..., rales of
application can decrease grain yield (e.g. Wang. 1978), Application of high
rates of ,ulphur (>400 kgS h.-I) cau""d burning of the tips and margins of
tbe old Itl\"<'s

Not all of the sulphur added in fertiliztr. irrigation "'-ater. or from the
atmosphere is absorbed by the rice crop; ",me is leached and ",me may be
redllCed to sulphide in the anaerobic lOne. Under anaerobic ronditioons sul­
phate can be redU<ed to suiphide by anaerobic bacteria (~sulfovibdo .nd
[NsuifolOm«uium) which use sulphate as the terminal electron acceptor in
respiration (Roy and Trudinger. 1970; Ponnamperuma. 1972). Under these
tloo<kd conditioons sulphide Can al", be fonned during the metabolism of the
sulphur-<:ontaining amino acids. cysteine. cystine. and methioonine (Barker.
1961).

Under tloo<kd oonditions the reduction of "'i1 component' is more or less
sequential; aher the disappearance of oxygen the ""quence of redllClion is
nitrate. nitrite. manganic compounds. ferric compounds. and sulphate.
Reduction of one component <J<:"" not have to be completed before reduction
of the next one can commence. altllough there are exceptions. Oxygen and
nitrate must be depleted before ferric iron is reduced and sulphate i!l not
reduced to sulphide whene.'er oxygen or nitrate are present. Sulphate can be'
found;n waterlogged ",ils in the presence of reduced iron and reduced man·
ganese. Redo~ potentials low enough for sulphate 10 be reduced do not
generally occur until most of the reactable iron is in ferrous fonn. 11Ierefore.
when.,'er re..tablt iron and ,ulphur are preseot in a "'il there will always be
ferrous iron to react "'ith and precipitate any sulphide formed when reduction
processes are suffICiently inten"" to produce hydrogen sulphide (Patrick and
MIkkel>en, 1971), More sulphide is prodllCCd when organic matter is added
to a flooded ",il (Yamane and Sato, 1%1).

Although large amOunts of hydrogen sulphide can be prodU<ed in water_
logged "'ils, the oonoen,ra,ioon of wateT-soluble hydrogen sulphide may be
extremely low (Misra. 1938: Monimer, 1941; Hutchin"'n. 1957) due to its
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r~action with furous iron and ?JSSibl}' otller cations 10 (onn in",luble sul­
phides (Ponnamperuma. 1972). When ~xce"iV<' amounlS of sulphur are
added to !>Oils low in acti'"e iron. Or othe:r cations. some sulphKk w'iII "'main in
solution, This !>Oluble sulphide Can injure the: roots of rice plants and cau", tile
physiological di",a", t~nn~d 'Akiochi' Or lale Summ~r di",a", (Mitsui. 1956;
Tisdal~ and Nelson. 1966). This di",a", ha' be~n found to occur in sandy !>Oils
in Japan and Koru which are nonnaU}' low in cations, but can al!>O occur in
!>Oils as a resuh of cation depletion due 10 many }'urs of continuous rice
cuhivalion (Shioiri. 1943: Tisdale and Ntlson. 19(6).

Okajima and Takagi (1953, 1955, 1956) in,'~sligat~d tile me<'hanisms of
injUl)' caused by hydrogen sulphKk and found that the efflCien")' of nul""nt
absorption wa, impaired, the translocation of inorganic nutrients in lhe plant
W'as inhibited, and the: formation and tran'location of carbohydrate was
low"e"'d. Other worke.. have also shown that hydrogen sulph~ depressed
nutncnt absorption and }'ield of rice crops (Ha,himoto el"l" 1948; Mitsui n
tJI., 1951; Yamane el "I.• 1956: Baba. 1958; Takijima. l%3).

Suzuki and Shiga (1956) all~mpted 10 relale lhe produclion of h)'drogen
sulphide in !>Oil' with lhe severity of lhe disease. They found an a"erage of
<0,05,0.23, and 0.54 mgS as hydrogen sulphide fonned when 30 mg of S as
sulphate per 100 g !>Oil (dry haoi,) ...·as incubated with normal, ...·eakly de·
graded. and strongly' degraded !>Oil>. respect i''ely. Yoneda ( I958) and Shiga and
SUluki (l 964) found that approximalely 2.5 mgSwanuff,cienllo kill ritt plant'.

llIere doe. seem 10 be some disagreement as to whether hydrogen sulphide
is the real ClIU'" of Akiochi disease. HO"'e,'er, many fanne .. have decKkd to

reduce the risk by substiluting ammonium chloride for ammonium sulphate ,n
the:ir fenilizer progtamm~ for rice (Tisdale and N~I!>On, 19(6),

Soil. which produce hydrogen sulphKk wben wet will become more acid as
lhey aR: dried because of the oxidationn of lhe sulphide to sulphurie add.

E. Soil amendment "'ith gypsum and oll~r .ulphur mattrtal,

Sulphur pla}'S a number of role. in crop "rO<.l""lion; it is required as a plant
nutrient, and it is used a. a !>Oil amendment, p.nkularly On saline. alkali,
saline-alkali. and C3kareou. $(Iii•. On these $(IUS crops grow poorly. or not al
all. becau.. of the: high salt coment and tbe unavail.bility of nutrient. or poor
"'i1 MTUCtu.-e. The.. !>Oils OCCUI in many of the arid and "'mi-arid a.-ea.of th.
""Orld which a.-e used fo' irrigated agriculture. The main poim. of diff• .-ence
betw'een these four cla.... of soil have been described by Richards (954)
and Slromberg and Tisdale (1979) and are summarized in Table 3.13. llIe
a,bitrary exchangeable sodium percentage (ESP) value of 15 which is used to
differentiale !>Oil Cia""" (Table 3.13) has been modified by a number of
people on lhe basi. of morphological and experimental eviden~. BemStein
(1974) proposed On ESP value of 10 for fine-texlured. and 20 for coarse·
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Table 3.13 Some propen'" of ,..lone, ..line-alkali. >od .abreon, ",ii,

Sahne
Alka~ (0' !Odic)
Saline_alkali
Cakareous

Elee'rkol rondU<1"i'y
of ..'u,";", ex,"oe'
(mS' .01-')

E.eha'llOable '\Od'um
pe...."~' ,"

<8.2
>8.S
>8.S
7.S-82

·Mill~.. "","•.
'R.,., of <>.<"*"-J<"'" ""',"'" 1<> "",......"'''''",. capac;'y

le,tnred ""il•. Au'tralian e,perienC'<' SU",,'IS that an ESP value of 15 or II) is
too high. Nonhcote and Skene (1972) suggeoted an ESP of 6 as a better
boundary '''lue an<lthis wa~ ~uppomd by Loveday and Pyle (1973). Mcin­
tyre (1979) pre..,nt~ re,uh~ "hieh ~how that 5 would be more relevant for
C'<'nain pla~.ioo ""il. from ea,tern Austnlia. E..han~abl. magnesium also
affects tit< ''''elling and dispersion of soil. (e.g. Bakker 01 01.. 1973; Bakker
and Eme.,.,n. 1973; Emc.,.,n and Bakker. 1973; Eme.,.,n. 1977) and prob­
ably should be laken into aCCOunt "'hen "'lling a crilical ESP val"".
~ main requirements for the reclamation of lhe!oe son. are red~d

salinity, impro'-ement in ph)'sical charac,eriSlio (v.hich impede water pene­
tration. rool (\(v(lopmenl. and Sl:'edting emer~nce), lowering of pH (and
impro.,..,ment in nutrienl "'ailabilit)'), and removal of 10xic amounlS of boron
(Loveday, 1975; MiyamOtO 01 al.. 1975: Slromberg and Tisdale, 1979). On
som. alkalin. and calcareou' soils many crop" suffer from nulrient (\(rlCien.
cie,; under the.., conditions lhe plant canDOI as~imilal. some nutrients such as
phospltorus, iron, copper, manganeSl:', and zinc,~ availability of the.., nut­
rient5 is markedly increased "". adju5,ing the pH from 8 to 7 (Slromberg and
Tisdale. 1979).

Salinity is usuaUy lowered by leaching; if lhe ""il con,a;n5 ~ufflCient ""Iuble
calcium to replace !iOdium on the e,clLange ,ite. nO .mendmen. as;(\( from
adequate drainable is «:qui«:d (Keltey, 195 I; Lo''tda). 1975). In the absence
of calcium, if sufficitnl swelling clay;' pre..,nl, a reduction in salt content "".
leaching will C'use the clay to sweU and disperse and water penelration will
deerease. This can be "'·.reo"'" by addition of calcium to «:d""" the amounts
of !iOdium on the clay. GYP"um is v.'idely used for this purpo5C throughoullhe
world (Tisdale. 1970).

To reclaim alkali and sahne-al~ali ""ils the e,cess !iOdium on the cation·
exchan~ oomplex muSt he replaced by calcinm. Thi' C.n be done by apply'ing
gypsum, as abo.,.." or by applying add or an acid-forming amendment 10
dissolv. the calcium carbonate lhal is present in many alkali ""ils. ~
amendmenl muSI be followed by adequale leaching to re1l>O'l. lh. solubl.
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Tisdale. 1970;
Stromberg and

1956;
197~;

er aJ.. 1951; McGcorgc .r aJ..
1975; Miyamoto and Sttoehlein.

saltS (Overslrter
Miyamoto tl 01..
Tisdale. 1979)

Materials which h.>'c been u~d for this purJXl'" include g)'psum. demen.al
sulphur. wlphuric acid. 5ulphur dioxide. ammonium b;sulph;~. iron SUlphate.
ammonium pol)'sulphidc. and calcium polysulphide (TItoma.. 1936: l1Iorup.
1972; Mohammedn al.• 1979; Stromberg and Tisdale. 1979). Man)' of the..,
compounds ha>'c an acidifying effe<:! on high pH sod,; "'hen the pH is Io"'-cred
the availability to plants of phospl1orus and micronutr>ems such as zinc, iron.
and manganese is improved (e.g. McGeorge and Greene. 1935; l1Iorne.
1944; Mitchell" al.. 1952; Mon"edt and Giordano, 1973; Ckment. 1978;
Stromberg and Tisdale, 1979). l1Ie use of sulphuric acid on these sods 1La.
been studied in detail (Thorrn:. 1944; Miyamoto cl al.• 1974; Ryan and
St""'hlein, 1974), but little WQfk bas been done with Olher sulphur SOUIttS
(Clement. 1975). Elemental sulphur must be oxidized to sulphuric acid
before any reaction with calcium carbonate. so~ phosphorus. or micro­
nutnents Can OCCur (Clement, 1975).

The cboice of a soil amendment depends On the availability and COSt of the
amendment, the pre.ICnce or absence of calcium caTbonate in the soil. and soil
temperature. Materials other than gypsum are generally required in smaller
amounts. result ins in economies of storage. handling, and application. T1>e
acid-fonning materials also ha"e the d.....l ability of increasing water penetra­
tion and nutrient a"ailability (Stromberg and Tisdale. 1979). Some of them.
however, ha,.. unde~rableproperties.

The amount of material required fOT a response is dependent on the acid­
fonning properties of the compound used, the amount of calcium carbonate
pre.ICnt in the so~, the crop species. and soil texture (Miyamoto el al., 1975,
Stromberg and Tisdale, 1979). It ranges lrom 2-6 tonnes ba-' for improving
moderately affected soils to 6-12 tonneS ha -, for reclaiming ""verely affected
soils (Miyamoto (101._ 197~).

Sodium-affected soils are a serious problem in agriculture (Nyborg, 1975).
The full extent of salt-affected soils throughout the world is !lOt accurately
known so it is diffICult to calculate the fIO'sible benefICial effects of amend­
ment with sulpbur-<:ontaining materials or the possible pollution of ground­
walers which might re,ult from these amendment,. Approximately 15 million
ba of land are affected to SOme degree by salt in tbe United States (Beaton
and Fox. 1971). Solonetzic soils occupy about 5 million ba in the grass and
parkland areaS of Albena and -3 million ha in Saskatcbe"'an and Manitoba
(Cairns and 8o",..,r, 1%9; Toews, 1973; Cairns and &alon, 1976). and 40
million ha in Asia. Africa, Europe, and Oceania (Bohn. 1916). Or N. I.
Bazilevicb (pers. comm.) estimates that there are 47 million ha of soil affected
by salt to a depth of:2 m in the European pan of the USSR and 3~0 million ba
in the wbole of the USSR.
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Resulls of laboratory column slUdies show that addition of sulphuric acid to
lhe surface of arid ..,ils followe<:J b~' leaching with Water is a more effeetive
way of removing toxic amounts of boron than leaching "ith water alone
(Plather and Rhoades. 1915).

There,s also the possibilit} that sulphur could be used to 10_' high
nitrate con"'ntrations in ..,il V'ater and sewage effluent. ,hereby reducing
nitrate contamination of laku and "reams (Sikora and Keeney. 1976), Mann
(f ~1. (J 972) found that denitrifICation rate. in ""'0 ..,~. were higher when
sulphur was added 10 the soils: the nilrate was reduced to nitrogen by the
action of lhe organism "TIriob<Xillus d.ninijkaTU on the elemental sulphur.

Potentially all of the sulphur that is added as a soil amendment can be
leached to contaminate the ground-water. Whether or fIOt pollution <XCuTS
depends On til<: amOunt and type of acid o. add.forming compounds used.
water management. and soil propeni<s, In many areas til<: sulphur "'ill be
Ieacll<:d boyond the root lone but "'in remain in the so~ profile.

According to Miyamoto (1977) 24.2 cm of Water completely dissolved the
calcium sulphate that had precipitate<:J on the sorl surface afler acid appli­
cation of <~ tonnes ha-'. yielding soluble sailS approximat.ly equal to
100 x IO'eq ha-'. l1Ie salls originally present in the same la~'er amount.d to
126 x 10' eq ha '. Thus ,he acid apphcatJQn nearly doubled the sail load of
the leaching Water.

On the positive side. sulphur dioxide prodt>CCd from the burning of coal Or
from lhe recovery of minerals b)' smelting could be used for the reclamalion
of ...It.affeet.d soils instead of being discharged inlO the atmospl>ere. [n the
south-w.st.rn region of th. Unit.d Stat.s the •• is a surplus production of
.ulphuric ac,d which lowers the pH. TI>e pH of the natural precipitation.
lherefore. depend. on the relati'e amount. of the ,..rious acidic and ba'ic
salt-affected soils. Funher increas'" in the production of .ulphuric acid are
projected in the near future (McKee. 1%9; 10nes. 1972; Miyamoto, 1977).

3.3.2 Add Ra1fI

Rain-"'ater in equilibrium with carbon dioxide at TJOrmal concenlrations
and pressures ha' a pH of 5.7 at 2S ·C (Kramer. 1978). However. other ,ub­
'tances ,,'hich enler lhe atmosphere locally can raise Or low•• the pH, For
example. in regions with calcareous soils. incorporation of dust can raise the
pH of rain as will the volatiiization of ammonia frum gruing animal~" Sulphur
dioxide frum sources such as volcanoe. is oxidized in the atmosphere to
sulphurtC acid which lowers the pH, TI>e pH of ll>l: natural precipitation,
lherefore. depends on the relati'"e amount> of the ,'arious acidic and ba'ic
substana. which enler lhe aunosphere and react "'ith the rain.watu
(Kramer. 1978: Likenula!,. 1979).

Precipilation which fell bolore the Industrial Re'-oIUlion. and i. preserved in
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glaciel> and commental ice-sheets. normally h.. a pH above 5. For example.
Gjessing and Gjessing (1973) found a mean pH of 632 for a !mO'" profile in
Antarctica. Man'> activities. particularly the burning of fossil [""Is and Ihe
smelling of sulphide orcs, has changed this. The oxH:lu of sulphur and nit_
rog<'n "mined during these practices are convened into strong acids in the
atmosphe'" and returned to til< ground III precipitation. Th""le strong acids
(sulphuric and nitric) completely dissociate in Waler and lo"-er the pH to less
than 5.6 (Likens.' al.. 1979). On an annual ba,;,; rain and SnO" over lar",
regions of the world are now from S to 30 time. more acid than the rain from
unpolluted arUS. In large areas of lhe eastern United States, south-eastem
Canada and weslem Europe the annual a'-erag. pH of p",cipitation ranges
from 4 to 4.3 (Liken,. 1972; HornStrom el at.. 1973; Cogbill and Likens.
1974: Likens el a/.. 1979). With !IOrmal concentrations of CO, in the atmO$­
sphere the amount of ,ulphur requin:d 10 form suffident sulphuric acid 10
Iowu the pH of rainfall 10 4.0 is only 1.5 ppmS (Terman. 1978). Sulphuric is
the dominaot ,pecie, in acid precipitation. although nitric appears to be
re,pon,ible for about 3~ of the acidit~'.

The increase in acidity is accompanied by increase. in ,ulphate roncentration
in the rain-water. Allhough sulphur produces ,-isible damag<' to soil and
'-egetation do:se to emis.sion sources (McG",,,rn, 1972; McGa>'ern and Bal­
sillie. 1973; Hutchinson and Whitby, 1976) there are no direct toxic effect'
from 'ulphate on flora and fauna_ In man)· area' of the world the sulphate i.
beneflcial because it corrects a sulphur deflcienC) in the soil. Correction of the
pollution problem b} ""ntrolling the emis.sion of sulphur dioxide wIn e,,,ntu­
aUy mean a greatec requirem<:nt for sulphur fenili:<ers throughout the agricul­
tural area. in Europe and Nonh America,

The eff~lSof acid precipilJltion on soli, and vegetation may be insidiou"
and MaImer (1974) and McFee or a/. (1976) ,ugge't that periods of the order
of a ..,nlUry may be required to cause irre'-ersible effecl!<, Atthe present time
acute eff~t' of acid precipitation on soils and veg<'lalion ha>'e been dearly
identified only unde' e"reme rondition', for example very close to source. of
air pollution (O,,,rrein, 1978).

Acid rain ma~' affect the soil environment by ,lightly intensifying the
natural "-eatheling processes which causesleachmg of base, and development
of acid soli,. Tllese processc' resuh in di'solution of carbonate. (cakite,
dolomIte), oxide' (iron, aluminium. manganeset and aluminosilicates,
adsorption of hydrogen ions on ox;,jes. silicate mine'al', and organic mailer.
and mobilization of metal ion' (Kramer. 1978; Overrein. 1978)_ D<:position
of acid rain causc, exchange of hydrogen IOn, for calcium. magno.ium.
sodium. and poras.sium on day mineral'. Whether Or not Ihis ,,-ill relUll in
immediate marked acidifICation of soli. depend, on the buffeling capacity of
the soil. Calcareous soil' .how very linle immediate effect f,om deposition of
aeid rain. and it has been conduded that the most adverse effects of acid
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precipitation are to be expected in soil types that are transitional between
bro"-n eanhs and podrols (Wiklander. 1913; Maimer. 1974)_ O""rrein
(1972) found that til<: pH of til<: precipitation had to be belo,,· 4 to make a
significant effect on tbe leachin~ of cakium from soil and on the pH of
ground-water.

Natural ecosystems are extremel~ complex with numerou. interaction' at
all organizationalle",ls; evaluating til<: effects of acid precipItation on tll<:se
systems is diffICult and expensi"e (Llkenset al.• 1979), It is alw "ery difficult
to ..parate out the effect of .ulphuric acid brought do"'n in rainfall and that
caused by dr)' deposition of sulphur dioxide. A, far as pollution effect' are
oonc<'med tbe actual causatIve agent is not imponan!. Close to soura:s the
bulk of til<: sulphur comes from direct absorption of ,ulphur dioxide b)' til<:
soil Or ,-egetation, This has been shown by "lling out poued soils of kno"'n
sulphur contents at a number of ,ite. downwind from a sou,..., (Johansson.
1959; Cox. 1975; Siman and Jansson. 1976b; Nyborger al.. 1977), More
sulphur ...·as absorbed from tbe air than was gained in rainfall (Johansson.
1959).

A numbcr of workers ha"e studied til<: spatial accumulation of sulphate in
soil, and the acidification of soils around smelters and oth" indu"rial con­
a:mS. TIlty have found that the sulphate content of the soil failS off rapidly
with distance from til<: source and that til<: acidifICation effect also deereases
with distanct (Katz.1 al .• 1939: Gorham and Gordan. 196O.a.b: Gordan and
Gorham. 1963; Bohn. 1972; eo•. 1975; Moss. 1975; Bak".1 al.. 1977).
Ths reflects the similar trends observed in precipitation.

Vegetation may also he affected ad"ersely by add preeipitation or by direct
absorption of sulphur dioxide, Damage in the vicinity of emission soura:s ha,
treen ol)set\'ed for many years but. l'Ca'ntly. concern ha, treen expressed that
damage to fore,t, far from emission wurees may also be occurring (Tamm.
1976).

3.3.3 Etreet of COlli and Mineral Mining Ofl Soils

!be ,,'astes from coal and heavy meUlI mining and treatment plants are
primarily effluent water. cbcmlCal.. and tailings. The coarse residue from
mining operations is u,uall~' piled high to fonn large dumps and the fine
residues or slime, are usually pumped as a slurry to ItO rage areaS Or dams
wll<:re the solid material. seule Out and the water can be e"aporated or reused
(Craze. 1980). In some minmg area, these dumps are enormous; for example.
at Magna. Utah. the tai!ingscovered an area greater than 2000 ha and mater_
ial "'a, heing added at the rate of 0.1I Tgday-I (Nielson and Peterson.
1972). Solid, dumps and slime dams are not only un'ightly but are also
source, of air and water pollution (Craze. 1980).

Chemicai pollution as • result of mining operations i' caused by ex"",ing
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sulphide minerals to oxidation and leaching, rcsulting in the production of
drainage "'aters that are extreme I)' high in sulphate, acid. and heavy ""'tals,
Banon (19n) found that sulphate in the effluent from coal and zinc mine
drainage, a uranium ta~ings pile and a oopper s"",lting acid plant "'rubber
ranged from 490 to 63 000 ppm, while the pH of the effluents varied from 1,8
to 2.7, &lme of the sulphide minerals inVQI"ed in pollution caused bl mining
activities are pyrite (FeS,), chalooPloTite (CuFeS,), sphalerile (ZnS). and
galena (PbS).

"The sequence proposed for the oxidation of pyrite "'ith the formation of acid
and sulphate (Temple and [)elchamp', 1953) has already been de<cribed in
section 3.3,2.

In Summa I)', the reactions involved are

2FeS, + 2H,o + 70,- 2FeSO,'" 2H,sO, (9)

4FeSO, ... 0, ... 2H,SO, - 1Fe,(SOJ,'" 2H,o (10)

Fe,(SO,),'" FeS, - 3FeSO, - 2S (II)

2S + 30, + 2H,O - 2H,SO, (12)

Ferric sulphate I, a powerful oxidant and thus chalcop)lrite. sphalerne. and
galena can be oxidized to form sulphuric acid along with soluble copper and
zinc sulphates and inSOluble lead .ulphate (Cr3.tt. 1980)

CuFeS, 2Fe,(SO,),'" 2H,0'" 30,- CuSO, -'- SFeSO, + 2H,sO, (13)

2ZnS 2Fe,{SO.), 2H,0'" 30,- 2ZnSO, + 4FeSO, + 21'1,$0, (14)

2PbS 2Fe,(SO.), 21'1,0 ... 30, - 2PbSO, + 4FeSO, ... 21'1,50, (15)

All these reaclion. except (11) require an abundant supply of oxygen. and
water is also required for mosl of lhem to proceed, Because of Ihis, three
:zones ha.... been ob5er'ed in aged slime dumps; (I) an oxidized :zone. out of
,,'hich zinc, copper, and lead are rem(wed: (2) a cemented hard-pan ,,'here
due to oxygen depletion. iron oxides. copper. ~,"e, and lead are deposited:
and (3) a reduced zone where the composition of the dump is unchanged and
pHs are in the range of 6-7 (Boorman and Watson, 1976).

A number of factors in addilOO to ol'ygen and water are reported to have an
affeet on the o,~rall dissolution rate of the mineral" e.g, pH, ferric ion
concentration. catalytic agents such as bacteria or specir"" ions. and inhibitors
such as bactericide' or alkali (Hanna el 01., 1963),

Plants will nOt eSlablish on these mine dumps Or On areaS affected by
drainage waters from the mines or dumps because of Ihe high salt oonlenlS or
the increased solubility of toxic elements such as aluminium and manganese
caused by increased acidity (Ble'linstl 01.. 1970; Hoyt and Nyborg. 1972;
Nyborg, 1978; Craze, 1980).
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Many mile' of slreams and ri"er.;. reservoi"', and large area, of land ha"e
been affected by mining aCli"il}',

3.4 SULPHUR BUDGET FOR THE PEOOSPHERE

It has nol been possible tocakulate the global COntent of>oil sulphur because
of lack of dala on lhe sulphur content and maSS of lhe many different soil
1)'~S.

Bolin el al. (1979) pre-ented dala for 10Iai carbon conlen" of soil organic
matle, in ""rid ecosyslems, Using lheir dala and C: S ralios of 200: I for
nalural gras<1and and fore'l >oil" 130: I for ~als, and 100: I for cultivated
so,ls (see aoo\,e), we caleulale Ihe 100ai organic ,ulphur conlenl 10 be
1.1 x IO'TgS,

On lhe basis of annu~l m,neralizalion of 1-3" of lhe soil organic maner.
lhe con"e"'ion of soil organic sulphur 10 inorganic fotm, ""uld amount to
U-3.3 x 10' TgS, Most of Ihis sulphar "'ill be released in lhe surface
10-15 em of the profile and mal be subject to leaching. HO"'e"er, leaching,
'hould il occur. may nol neee"""ril) remove all of Ihis sulphur from lhe soil,
since Ihi' "ill be determined b) factors such as rainfall inlensity and adsorp­
lion reaclions, Kilmer n ai, (I 97~) eStimales a lea<:hing and erosion los. from
arable soils of J kg I\.a-L year "hich "'Quid resull in a gIoballossof 4.8 TgS

A suggesled ,ulphur budgel for lhe pedmphere based On lbese eakula·
tion. and published data is pre>ented in Table 3.14. Clearly there are many
gaps and inaccurac~s and more research and dala is e>Sential.

T.ble 3,14 Sulphur budge, for ,he peoo.phere

TOlaJ "'""
!\<>ervoin (TIS) Rd...ocr

Soli "'I,no; "'"tI" 1,1>10'

~ pi"''' - Fn<n4(197J),
Till (l9$Q)

BlOOphete 6 x 10' W«l<pohI (1978)

~ 0_
A_• (k,s ba- 1 "....-') (TISjU,-') Role.."""._~
,'1"",,,liz>_ of 1011 O'P";' M'"''

(1_3""....)
Cy<Ie<I 'hroqh planl'

'-Ad><_." fo, <aline 0001< 1~11 , 1(1'
Fen;lq"r

Ll_J.J , 1(1'
1~ Trll(19!1O)

26 Friend (191J)
29 :<,;,." (1978)
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1-,,,,.1 (',k""l
(k~ 1\0 "," "

~h~ ~.<"
"

,
"

<0.26
,,~

,~ro

47_IlJ

GnDaltt oi.
(1976)

G~'"._
(1976)

Col<OWl (1966)
KeDou''''

(1972}
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Barrow. _
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Vola"l""",,.
Dimethyl ..Ipb;d<

F",sll ........
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~.
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0-01

'"I.S......9
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