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Foreword

SCOPE'~ Proj~cr on Biog~ochemical C)·d~s. of which th~ presenr repon is
an imponanr producr, aims ro build up a comprehensiv~ basis of knowl~dg~

and undl:rstanding of tit<, major biogeochemical qd~s which togerlt<,r consti.
lUr~ rhe hl~·support s~'st~m of Our plan~t, d~termimng as rlt<,y do rho compos
ition of th~ arm<>splt<,re and rhe fertility of land and ",·ar~rs.

Wid~ning and (\(:~~ning our kl\OWl~dg~ of tI>ese cycl~s has bccom~ ~s~

daUI' urg~nr because man-mad~ disturbances of rhe "1'des are already quit(
substantial at a time when our demand for ren~wabl~ resou=s for food. fuel.
and fibre is increaSIng mo", and mor~ rapidly. Our kno""I~dg~ of budg~ts,

flux~s, and transformation and transport meclLanisms is still far from suffi
cient for predicting rhe limils rO which the "1'Cles can be safely uploir~d

[ntu~St m rhis compl~x probl~m was brought into focus by tit<, USSR
National Committe~ for SCOPE in a m~~ting ",'hich it organized in Mosco""
during November 1974. l>luch of th~ background thinking was published b)'
Prof~ssor V. A. Kovda in BwgwcMmktd Cyd~s in "'atU~~.ul TMir Hum~11
Di:;lurb~l1u (1975), Nauka, Moscow (in Russian).
SCOP£'~ formal ProJ~cr on Biogeoclt<,mical C)'d~s start~d In 1975 with an

int~mational im~rdiscip1inal') ""orhhop on nilrog~n. poo.phorus, and suI·
phur cycles (the r~,uh, of "'hieh were publi,lt<,d in 1976 in SCOPE R~por1

No.7) and continued with another ""orhhop and repon on the carbon "1'd~

(SCOPE Report No. 13). Furth~r updating and synthesis is now laking place
in co-ordinating units al Srockholm. on tlte nitrogen "1'cle. and at Hamburg,
StOCkholm, Wood' Hol~. and Brussel. on the carbon cycle. Funhor s~dal.

ized workshops w~re held On critical gaps in kno"'ledg~ of these <1"'les and
currenll~ lit<, proje<:1 is focusing attention on the mleraet,,;m, of the major
"1·cl~,. A report on rhis aspecr is P«'sent~d in SCOPE 21.

Aft~r the inirlal Study in 1975 it SOOn became dear Ihat a broader, mOre
inten,i'"e ~ffon ""ould be requlfed ro compl~te Our knowledge of lhe sulphur
qde. especially as Ihe eXI~n,i,," ""ort done in rhi. a",. by our coll~aguc, in
rhe USSR had nor I'~t been full}' laken into account, T1>erefore, SCOPE
grat~full}' accepred a proposal bl the USSR Academl of S<>iences ro organize
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an international work,hop al Pushchino SO 'hat a major and comprehen,j,-.
report on the global sulphur cycle could be prepared: this workshop \l"as held
in October 1979, Following SCOPE's general straleg}. it '""";,, ....0.1 the draft
oontributions and appointed an editorial board to prepare the final lexl of tho
report to be published in Russian as well as in English,

SCOPE i' greatly indebted to the authors of tbe various chapters of this
report. nol only for their hard work and high standards but also for their
patience and genero:o;ity in Ihe second phase of tl>e work. i.e. of amending and
harmonizing tho chapters to produce a robe..nt report. [n this regard the
""ork of the Editorial Board h'" been invaluable; without their persistence in
overcoming language and postal barriers the present r.,ult would 1101 h.,-.
been ach~ved_

The generous hmpitality of lhe USSR Academy of Sciences and the finan
cial suppon of UNEP in lhi' 'tudy are grnlefully acknowledged,

Finally. it;' a great plea,ure to announce that one of lhe recommendalions
of lh. Pushchino work.hop has already been implemenled. SCOPE. lhe
USSR Academy. and U",EP have jointly sel up a Coordinating Unit for the
sulphur cyde. IOCaled in Pushchino and directed by Professor M, V. h'anov.
Th;' Unit ,.·ill continue to collect and collate information on the sulphur cyde
and willl>c: of general as,illan.,. to all "'"Orke" and instilution' act;'·e in thi'
field. Thus. SCOPE is not onl~' indebted 10 Professor Ivanov for h,s energetic
leadership in preparing th's repon but also for h,s ""illingne.. 10 continue his
oontributioh to the SCOPE Project on Biogeochemical Cycles.

J. W. M, LA RIVIERE
Chairman SCOPE Project on Biogeochemical C)'des



Preface

The proposal for a special SCOPE pr<Jjeet on the global biogeochemieal
<:)'des of elements v'as initiated at the Pam SCOPE meeting in 1973. By the
time of the Moscow meeting of this committee in 1974 it had hooome appar
ent that su,h a project had the support of many :->ational SCOPE Comminees
and the Ext,ulive Comminee decided to indude a projeet on 'Biogeo
chemieal Cycles' in the scientifK: programme of SCOPE (Ko~da and La
Ri,'ihe. 1976).

In necemhor. 1975 the S""edi,h SCOPE Comminee with finan<:ial 'uPPOrt
from the Royal S"'edi<h Academy of Seien«s. U~EP. and Shell ,ponso,..,d
the fi.,t intemalional SCOPE workshop on bio@eochemkal cydes at
Friihorgh, HerrgArd. O"und,hro. S"'·eden.~ proceedings of thi' ""o,kshop
entitled '·;t,ogm. Phospho,... and Sulphur-Globlll ()-elrs. edited by B. H.
S,..,nsson and R.. SOdtTlund was published as SCOPE Report 7. Em/ogieo/
Bulle/in. 22 in 1976. Soon afler Ihe publication of this report it Ixcame clear
that a mo,.., detailed t,..,allntnt of tl>e sulphu, qcle. dealing espeeially with
the ph~'sical. chemical. and biological processe' in"ol,..,d and pro~iding mO,..,
reliable estimates of the sulphur ""scrvoi" and flu,es of anthropogenic and
natural origin. ""as required,

In May 1977 at the Paris meeting of the SCOPE E'",uti"e Committee.
Professor M. V. Ivanov. on hohalf of the So"iet National SCOPE Committee.
pUI fo....·ard a proposal to continue work on the synthesis of data on tho global
biogeochemical sulphu, cycle. This initiati"e was <econded by the Executi,..,
Committee and later the same ~'ear by an open meeting of SCOPE in London.
A ""orking group of So"iet scienlistS consisting of D. I. Grigor)'an. V. A.
Grinenko. M. V, h-anov. A. Yu Lein. A. A. Migdiso,. A. L Rabinovich. A.
B, Ronov. A. G. Ro:eanov. A. G, Ryaboshapko. and I f. Volko~wasset up to
plan the project. As they' had Ixen engaged in a sludy of Ibe <pecifK: processes
in",h'ed in the global biogeochemie.l sulphur cycle for many years. Ihe~'

.greed to the proposal to prod""e a monograph on this topic. but declined to
prepare a re,-k"" of ,..,,,ie"'·s Or to colle<1 a series of .rticl.. wrilten try. indio
"idual upert•. ~y deeided instead to concentrate on an anal~'si. of lhe

XVII



~vlii Pnfau

primar} analytical data Ihey had collected lor this cycle and 10 ~pare a
monograph "'ilh all chaplcr~ "'riuen to fit a common plan.

In April 1978 membe,.. of the Soviet ""orking group met ",'ilh representa·
live, of the Swedish National SCOPE Committee in Slockholm 10 discuss lhe
draft comlX'Sition of the monograph and immediately afterv.-ard. work on the
project commenced.

The approach ""a. appro"ed by the SCOPE Executl,.., Comminee at '"
meeting in Pu.hchino. USSR. In May 1978 and an International Advisory
Committee consisting of J. R. Frency, P. Gold,mith. M. V. I,'anov. W. E.
Krumbeln.l. W. M. La Ri'iere. 1. O. Nriagu. T. A. Rafter. and H. Rodhe
""ere appoimed 100\CTSCe the projcct.

In August 1979 a meeling of the Inlemalional Ad'isory Commiuee wa,
held in Canberra and a preliminary repon On the project ""as presented by
Professor h'anov, Thi' "'as followed in Ck:wber 1979 by an international
work.hop in Pu'hchino. USSR. convened by SCOPE. UNEP. and the USSR
Academy of Sciences. Scientists from 17 countrie, (see Lis' of Panicipants)
met to discu" the material ",'hich had been prepared. The presem monograph
ha' been ",riuen taking acroum of the comments. criticl""", and SU88<'Slions
for improvement there olfered. 'The workshop nominated an editorial hoard
consi51lngof M. V. "·ano,.I. R. Freney. I. E. Galbally. V. N, Kudeyarov. T.
A, Rafter. H. Rodhe. Yu I. Sorokin. and P. A, Trud,nger to prepare the
monograph for pUblication and invited D,... J. R. Freney and C. H. Williams
W prepare a chapter on ''The sulphur cycle in soil' to complete lhe o"erall
cycle.

In conclusion. It should be pointed oul that the organizational acTi,iTy of
SCOPE on global biogeochemical cycles ha' led '0 an intensificaTion of ""ork
in Thi. field In ,,,riou, countries. the prodU<:1ion of a series of monograph•.
and Increa"'d discussion of tbe'" problem. al intemational s)'mpo.'a.

On behalf of The autho,.. and ediTorial commiuee ",e ""ish To 'hank all The
scien"sts who participated in the discussion' al the ""orkshop. SCOPE.
lY.'IEP. and the USSR Academy of Sciences for financial assistance. Ihe lauer
body for iTs hospitality during the workshop and editorial boord meeting. and
members of the Institute of Biochemistry and Ph)',iology of Micro-organl,m,
of the USSR Academy of Sciences who assisled ",'ith the organization of the
workshop and the translation oflhe various forms of the monograph. We also
....ish 10 thank lhe olher >cicnt;,ts who assisted in various ",'a)'S ""iTh the
imprc.'ement of the te,t. Special thanks are due to the project bibliographer.
Mi" D. I. GrigoJ)'an. to the lran.lator and projecl manager »lr V, D,
Gorokho•. and to PlOfessor T. Munn for rC'·iewing the monograph and mak
ing numerou, helpful commenls which ha.'. impro.'ed the readability of Ihi.
volume.
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CHAPTER 1
Principal Reactions of the Global
Biogeochemical Cycle of Sulphur

V. A. GRI"E~KO and M. V. IVA~OV

1.1 I:\TROOUCTION

1be element sulphur .... ilh atomic number 16 and atomic mass 32.l16 is in
group VI of Mendekev's periodic syStem. Terrestrial sulphur is a mixture of
four stable isotopes ....ith mass numbers 32, 33. 34. and 36 occurring in the
proporrion, of 95,02. 0.75. 4,21. and 0.02~ respectively, It occurs in the
tanh's crust to the extent of O.047~ and is widel~' distributed in nature
in frtt and combined fonns: it can be found in a range 01 .-aknce states lrom
the highly reduced sulphide (- 2) to the oxidized lonn in sulphate (-+-6), The
mOSt abundant fonns of sulphur are sulphate, sulphide. poly!ulphide, and
elemental sulphur.

1.2 LOW.TEMPERATURE CHEMICAL REACTIOSS OF THE
GLOBAL SULPHUR CYCLE

The global biogeochemical cyde is a complex network of chemical and
biochemical "'actions in which sulphur pankipatts in various fonns ....ith
different physicochemicalpropenie. and aggregation l1ates.

01 the gaseous fonns of sulphur invol>'C'd in this ..-yde the most imponant
are h)'drogen sulphide, sulphur dioxide, and sulphur trioxide. 1be'" gases a""
fonned by v.rious natural processes and as a result 01 man's activity. In the
atmosphere hydrogen sulphide is quickly oxidited to sulphur dioxide which
can take pan in numerou, "'actions including oxidation. hydration. and
combination with ammonia to fonn sulphate aerosols. An intricate complex
of homogeneous and heterogeneous ""actions involving sulphur-.oontaining
gases Otturs in the atmosphere; many of t!>ese ""aclion, are discussed in
Chapter 4.
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All of the .ulphurous ~ase. a", soluble ;n ".tet and 11\<,ir aq~u. solul;on$
are endo"'cd ,,-;,h pronoun""d acidi<: propertie~. as a consequence of ,,-hich
sulphur ria}'. an important role in the qcling of ol!l(,r elements. particularly
the wet.ls.

Sulphur dioxide. m both pstou. and hydrated forms. i' readil}' oxidittd 10
sulphur trioxi<k in the pre",,,,,,, of oxygen (e'lllaUOn 1).

2SD, + 0, = 2S0, 0'
or reduced 10 elemental sulphur in 1M pre""""" of "'doclng agent' such as
h}drogen sulph,ck (equalion 2).

so, + 2H,s = 3S - 2HP ("
Sulphur trio, ide dissoh'.' in water 10 fonn the chemically aell,-. sulphuric
add which. e,~n "hen diluted. react. ";gorou,lj with many metal, and their
miele. to produtt sulphate•. ~se reactions are of paramount import.ntt in
the plOtt.... of "ealhoring and corrosion of met.ls, .s well as in many
technological proc:e<5«, ",lost sulphates are fairl~' soluble in waler and lhu.
are widespread in nature.

Of the poorl) soluble sulphates. lhe most importanl geo<:hemically are lhe
calcium ,ulphates. anb)drite (CaSOJ and gypsum (CaSO.. 2H,ol· OXIdized
sulphur is mainly removed from the cycle in one of these forms; consequently.
deposiu of gYP'um and anb)'drite are the bigge't reserYQini of natural sul
phur, being formed principally in the Ii"'t 'lage. of sea-w'ater e..poralion
during very hot w'ulller.

Sulphides, which form in aqueous SOlutKmS of hydrogen sulphide. have
quite different chemical propert~ and geochemical peculiarities. As Can be
seen from Fig. 1.1. the lone of .tabilily of h)drogen sulphide and bi,ulphide
ion lor all pH value. i' ,;tuated in the field of low' partial pre..ure. of oxygen,
i.e. under anaerobic conditions, Most melal sulphides. with the exception of
lhe alkali and alkaline eanh metals, are poorl)" soluble in water, and thus the
geochemical behl\'iour of both sulphur<Qntaining compounds and many
melals changes al the aerobic-anaerobic interface. When anaerobic condi
tion, change 10 aerobic. sulphides are oxidIZed to form soluble and migratory
sulphates. but when the reverse occu",. pootly soluble oulphides are formed
and metals are immobilized.

The mechalllsms of these geochemical reaction, are rather complex. but
under low-temperature condition. 11",)" become e'"Cn more complicaled
because of the in"ol'"Cment of micro-organisms. Examples of such processes
are gi,'en in Chapter 5 where the formalion and oxidalion of iron di'ulphide
(FeS,) ;s discussed. It should be noted that IrOn disulphide. represented in
nature mainl)' by the mineral pyrile. is one of the """t abundanl compound'S
of sulphur and is ...;del) used for technological purposc:s. Together with ele
mental sulphur it is one of the raw' materials used for the production of
.ulphuric acid.
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Fig. U Tb< equilibrium di"ribuhon of ,ulph., specie' in
'ut<, u' 2S'C "nd I aun '0'01 pre"ure fo< octi,';') of di>oolvcd
,ulphur .qual to 10- j, l1Ic d.""'d Ii..... IOOn1< .qual value. of
d;,><>]".d <pt<Oie' ,,;thln ,ulphur fi<ld (from Garrel' "no Ori.1.
19M)

Elem.ntal .ulphur (5") i' tlte ",Ie relatively stable nalural fonn of ",Iphur
"'ith an intennediale '!lale of oxidation. Under nalUral ronditiom il i'! fonned
mainly at lite expense of h\'drogen ,ulphide oxidation (equalion'! 2 and 3),

2H,5'" 0, = 25 ... <HoD P)
The rone of 'tabilily for 'ulphur (see Fig. 1.1) "'elche, ,lightly beyond ,he

upper limit of hydrogen '!ulphide and bi,ulphide ,tabllil)'. whi(h mean'! lhal
,ulphur is unstahle in ,he presence ofoxygen. A' wilh p' fit<, micr<H>rganismi
appear to be of paramount imparlance for the "'...·temperature oxidation of
elemental ,ulphur.

The major proce"'" in lhe biogeochemical cycle of ,ulphur whi(h ba"e
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been Tef'Orted in Ihi5 boo~ la~e pia"" in lhe upper horizon. of the eanh'5
Cru5\ undtr normal eondition~ of temperalure and pressure. 11lerelore in Ihis
chapter "'e shall confine ourscl'"(:5 mainly 10 a brief sur..e)' of the 1",,'
lemperatu", ""C1ions of the sulphur cyde.

1.3 HIGH-TE.\IPERATURE REACTIOSS OF THE
BIOGEOCHEMICAL CYCLE OF SULPHUR

In 5il;"ate melts .ulphur may be presen! as sulphide and sulphate lotIs.
Experimental studies 1»' Katlura and Nagashim. (1974) s""""ed that the ratio
of these forms in ba...hk "",Its at 1200'C depended on the panial p,essu'"
of oxyg<'n' ar pressu",. in ex""ss of 10-' atm the bas;" sulphur lorm "'n
sulphare, while al pressu",s less lhan 10 • aim sulphide "'as the predominant
form in lhe melt,

h i5 believed that Ihe principal "'action in high-temperalu", melts i' lhe
subslitulion of sulphur lor oxygen in metal oxides (Esin and Geld, 1966;
equation 4):

S,(gas) + 2MeO(mell) = 2MeS + 0, ",
Major factors ",h;"h comrolt!>< courw of thi5 reaC1ion a", the melt romposi
lion, lemperature. and pallial p",,,u,,,. of OX\ gen and ,ulphur in lhe gaseou'
""'dium in e<juilibrium. An elevalion of Ihe pani.1 p",,,u,,, of sulphur
i""",ase. ils solubilily, but the impacl of a change in lhe pallial pressure of
oxygen is nol as dear cut (Katsura and Nagashima. 1974), An increase in the
FeO and Na,O concentralions in silicate mells leads to an elevalion in sulphur
solubility in lhese mehs (Naga5hima and Kalsura. 1973; Haughlon er at..
1974: KuznelSova and Krigman. 1978).

Under condition. of rapid melt CQOling. e.g. during submarine basah erup
lion•. tbe erupled mailer is rapidly crystallized and .ulphur i' isolated in Ihe
form of Sulphide inClusions (Moore and Fabbi. 1971). Ho"'e"er. during slo,,'
basalt cooling. in subaerial condilion., most sulphur compound. a,e lost in Ihe
lorm 01 sulphurous gases.
~se g""'s lorm as a result of high_tempera lure inle,aclion of "'ale, ",ith

the sulphide, and fefrom 'dicate' of melts (equations 5. 6. and 7):

FeS + Hp _ FeO + H,5 (5)

FeS + FeSiO, + Hp _ Fe,siO. + H,5 (6)

FeS + FeS,O, + 3Hp _ Fe,5iO, + SO, + 3H, (7)

In lhe courw of temperalur-e and pressure varialions sulphurom gases reael
"'ith each other (equalions 3. 8. and 9). as well as "'ith the Olhe, magmatic
gas..:

SO,+ 2CO _ 2CO,+ S ",
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Fig. 1.2 Reta,,,,,,,"',,,, bo,.'een calculated pan'al p~.."""
01 SO,. SO,. and H,S ond '"k;'la,edP", a, 2, I,. (SO,), und<r
"ano", ~mp<r>ture,. (SO,), IS 'b< m"..1SO, ""...,.nt"'hon
(Irom Ka""", ond Nap,hima, 1974)

H,s ... 2H,o = SO,'" 3H,

,

(0'
Tbe cakuJat~d pania! pressures of 'hree basic components of magmatic

gases (SO,. SO,. and H,s) aI different partial pressures of o')'gen are pre.
sented in Fig, 1.2. Under real conditions (~ rntio of ga..s depends strongl)'
on ,he composition of the magma (Matmo. 1960). ",'hil. the total content of
sulphur compounds in magmatic gases <!e<;r<a..s ",'ith d<creasing temperature
(Sokolov.1966).

l.4 BIOLOGICAL PROCESSES FOR THE fORMAllON AND
DECO~IPOSITIO)lO Of SULPHUR·C01\l'TAl"ING ORGANIC

CO:'lO'OUNDS

Sulphur is a constituent of a number of amino acids. and therefof< rna)' be
rderred '0 a. Oll<: of the so-<a!led biogenic elemonts w!lose metabolism is
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inherem in all \i'-ing organisms. lbe o'-el'\'ihelming majority of micro.
organi,ms and plants utili,. the pr~§s of assimilatory sulphate reduction. in
which sulphate sulphur is reduc:<:d and in"'lrporat.d into Ih. sulphur·
conlainmg amino acids-cy'teinc, cy.tine, and methionine (£.inde. and
Bro<:~. 1978: K",u~ and \lcCready. 1979). Another imponanl group of li,-.
organisms including m""t animal. and some micro-organisms is incapable of
assimilatory sulphate reduction and requires ready-made .ulphur-comaining
amino adds for metaboli,m and growlh. Finally. some micTO-Q,ganisms nol
endowed with the abil;t~· of assimilatory sulphate reduction may usc sulphur
compounds in other slates of I"<'dt>Ction-from sulphIte 10 sulphick ions for
their metabolism (Krou", and McCrc:ady. 1979),
~ involvement of mineral ,ulphur in the synthesis of organic compounds

by micnKlrganism, and plants i. a large-scaie biogeochemical procc.... woo.e
quant;tal;,-e asseS'mem ;s h.mpe...d by lhe lack of cohe... nt informalion on
lhe concentrations of lhe various forms of sulphur in plants and animals.
HO"'e"er, lhe extent of lhis process may be judged from the amount of
sulphur ...moved from soil in harvested crops. According to Kilmer's (1979)
data based on the annual reports of ll1e US Departmenl of Agriculture. lhe
world-wide removal "f ,ulphur in har>-esled crops amounlS 10 2.5 TgS
annually.

Part of lhe organic .ulphurofplanl' i.con,umed by man and animal•. wh~e
the "'mainder. after llle dealh of vegelalive lissue. is decomposed by sapro
ph~'lic micro-organi.m. and is ...tumed to the mineral part of lhe cycle in
lhe form of sulphate under aerobic cond;lion,. and as hydrogen .ulpltide
under anaerobic condition'.

During decompo.ition lhe sulphur-containing amino acids. cysteine and
methionine. are ",leased and then degraded b)' the action of certain enzymes.
q"leine. for example. reacts with cysteine de,ulphh~'drasc and ammonia and
hydrogen .ulphide arc released.~ reanion may be rep...semed by equation
(10) (Segal and Starkey 1969):

HS-CH,-CH('\'H,)--CCXm + H,o -
~.".ir>e

CH,-Co-COOH + NH, + H,5 (10)
p)n1n< a6d

In recent )-ears. duc to tile discovery of organic .ulphur compounds such as
melhyl mercaptan (CH,SH) and dimelh~'1 ,ulphide (CH,SCH,) in lhe
almosphere. sciemi.t' became inle...sled in lhe biological reaclions "'hich
lead to their product;,;,n ,n.he biospllere. These compounds are produced by
many bacleria. yea.ts. and mould. On media conlaining melh;,;,n;ne and other
sulphur-con,aining organic compound. (Krouse and McC...ady. 1979);
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CH,-S-CH,-CH,-CH(NH,)-COOH + H,O 

1ll<'~I00'"
CH)-CH,-Co-COOH + NH, + CH$H (II)

.·1«OOOu'y"" II<iJ _'hI"
_""'p"n

In addition. certain mkro-organisms. in particular th~ fungi S<:hizophyilum
rommUM. h",'~ been reportcd to produce dimelh)1 sulphide and meth}'1
mercaptan on media containing gJuwse with sulphme as the sole source of
sulphur (Young and ~fa"'. 1958), A more detailed analysis of the literalure
on lh~ microbiological formation 01 volatile organk sulphur compounds rna)'
be found in th~ ",view, of Krouse and MtCread) (I979) and Zinder and
Brock (1978).

1.5 OXIDATIO:-;- OF SULPHUR CO\lPOlNDS
BY MlCRQ.ORGAN1S\-lS

The oxidation of reduced ~ulphur is alwaY' accompanied by the relea>e of
~nergy, ~.g. in th~ oxidation of thiosulphat~ (~quation 12: Ro}' and
Truding~r. 1970):

SPJ"+20,+H,D _ 2SO;-+2W+ 211 kcal (12)

Various groups of ch~molitholrophicmicro-organisms are capabl~ of using
this en~rg}' for synth~sizing th~ir org.nic constiruems from carbon dioxid~.

Chemolithotrophic sulphur organisms have been cla"ified imo thr~~ import
ant groups on the basis of their mO'l'hology: (I) Thiobacteri.cc.~.colourl~ss

coccoid. straight or cU"'~d rod-shaped ba<:t~ria: (2) Beggiatoa<:eae. colourl~ss
cclls occurring in trichome' within which they are arranged in chains: and
(3) Achromatoa""a~,larg~ spherical. ovoid or soon C}'lindrical ""lis contain
ing sulphur granul~s (Roy and Trudinger, 1970).

The /kggimoa ar~ filamen",us organisms commonly found in marin~ and
lreshwa\~r environmenr~ containing hydrog~n sulphid~. Micro-organisms of
this group o,idi", hydrogen sulphid~ to elemental ,ulphur "'hieb is oft~n

depo>it~d inside tbe ""lis. Wh~n hydrog~n sulphid~ in tbe m~dia becomes
unavailable. the .ccumulat~d sulphur is oxidized to sulphate and removed
from th~ cdls. Th~ phySIology of B~ggiatoa has not be~n w~tl studi~d and
even the fact of obligatory ch~molithotrophyhas not be.n pro>'.n (Truding.r.
1979) ~\peciaUy a, Strohl and Larkin (197S) have separat~d five Sroups of
B~ggimoa from lreshwat~r sediments, all of ",'hich grew h~t.rotrophicany.

In COntraSt to the filamentous sulphur-bact. ria, numerous represemati>-es
of the Thiobildlius g~nus ha,'~ be.n inV<:iligated in eve')' d.lail (Ralph.
1979). M~mbers 01 this group of bact~ria which tah an activ~ part in tbe
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o~idalion of naturalrompounds of sulphur. differ in their "''I'O''5e to pH and
~mp"flI1ure and in the" ability 10 l""'"' ...·""0 organ;';' compounds.re prescnt
in the _mum. TIle autotrophic: bacteria T1uob«illus dUop<UWf. T dtnilrifi·
C<JII.f. and T. ltt'opolWIIIUS. tose1hc: ....·,Lh the cloM'l} 'dated T, -'Ius and T,
~iJ. IfO'" prdtrentwly in alkaline and 51iglltly aacht: rondnaons.
"""reB T. duoozidaM. T, dmunjic..... and T. ~nndiuJ prefer lad.: and
ulln-acidic a>n<btlOl\S. Under thn<: ll6dJc ronditiom lrWIy reduced Dl)ffto

Jl"'IIDds of sulphur ~ IlMUbIc: and lit"" tkmtnuol wlplllll' and IlWW
ouIpbide .re U5Ua1Iy o.udizcd by lbeoe 0IJ1ni<m<

l:nlite OIher ~Uular >ulphur.t-cleria.. the .cidophib; t.w:na T /".0

<UidmIs and SMJjHobflJ IIC~ an: aho Clpable of o.udlZllll fe.
rous "on in .:idic _dla. Tbe pteWamy matn T, /trrotJzidillu. In plrtic'ular.
ODe of !he ID05l. ....ponant JC<IChomil;al .nllO panlClpalDl! in lbe lerobie
dec:ompooilion of sulpbide O<el. Tbii abilit). ;. ""'d in tho ~Nllud\ln,of
om 10 r<:aWe' metals. t _" the utraction of 11'011 &om Pl'rilt

lbe bioIoJicaI and eMma reaetiom m'"O!'"M '" ,he dil:5olullon of P'JT1lt
nul,!, "" "'P""t'nltd b) lbe follo'<oll'll equation. (Temple and Delchamps.
1953):

2~S, - moO ... 10, - 2FtSO. - 2H,so. (13)

4FcSO... 0, .. 2H,so. - 2Fe,(SOJ.... moO (14)

Ft,(SOJ,'" FcS, - 3FeSO.'" 2S (I S)

2S ... 30, .. 2Hp - 2H,sO. (16)

In this process the $Crood and founh reacllOn'! follow the biological pathway
with lhe panicipalion of T, ft,rooxidam and T. Ihio<>xidotlJ. ",·here., the third
reac60n appearl to he micdy chemical; melal sulphKk is oxidized by ferric
ion which in tum is redU«'d 10 ferroU' ion. One of lhe mosl imponanl reac
lions of lhe '" hole oxidallOn cycle in lhe nalural diMolution of melal sulphides
OT lhe N<1Cnalleachinl of metals is lhe microbial oxidalion of ferrous iron 10

fenic iron (equalion 14)_
Gro"-mg al the ;nterf~ bcr«en lhe aerobic and anxrobic zones. lhe

T1rioI>t>t;illi and &ni<>lOl' pl.,. an importanl pan in lhe oxidation of vanous
m1uccd ",lphll' compounds l(I both e"menlal .u1phur and ",Ipllate
(Trudml'tr.1979)_

U OXIDAno" Of REDtlCEO stILPHLlt L",l>£R ,,""AEROBIC
CONDITtoSS

"The ""pomona: of mlCl'O-OfIII'_ '" oxidali\" reactions of the w1phur
e'ide is not. """"'''T. soItly ODafiDcd to aerobic a>odiuont. T..'O IJ'OUPS of
mllC1O-OTprllSml nISI ..hlCll are capabk of oxidizing b)-.irol'tn wlpludoc. ele·
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m~ntal sulphur. and orher pania])y oxidized compounds of sulphur in the
at>s.n"" of fr« oxy~n,

One group, repre..enred by l'hiob«i1lus d~ni"ijk~nJ.are chemolirholrophic
anaerobic bacteria which ean oxidize ..duced sulphur compounds in rhe
at>s.n"" of ox~'~n ar rho ex!"'n", of nitrate which ,s .imuhaneously redu""d
ro molecular nitrogen (equation 17):

5Spj-+8NO;+H,O _ 1050; +4N,-2W (17)

l1Ie di.tribution and ge:ochemical aetivirie' of T. dmurijkufU ha>'e nor let
been srudied in detail. Ne'enhele" it ap!"'ars that rhe!oe organisms are qui,e
imponant for rhe oxidalion of sulphur compound. in paddy <DUS (Balden
s!",r~, and Garcia 1915: Jacq and Ro~r, 1979) and in the up!"'r horizons of
marine and lacuslrine reduced lCdiments whe", nitrale !",,,,,rrales deeper than
dis<Dlved oxygen,

l1Ie "'cond group of anaerobic baeteria Vo'hich h",-e lhe abilily 10 oxidize
reduced sulphur comp::>unds are llle phorolirholfoph•. Two familie ..
Thiorhoda""ae and Chlorobaeteriaeeae. have been recognized. wirh the
best-known members being the purple sulphur bacreria. Chrommium and the
green bacteria. Chlo,obium (Roy and Trudinger. 1970). The'" organisms
conta", photosyntheric pigments analogous rO lho!.e of green plants and fIX
carbon dioxide in the pre",m-e of light and a r~uced sulphur comp::>und which
acts as an electron donor. Equarion (18) represenrs rhe oxidarion of h}'drogen
sulphide b}' the phorolitbotrophs:

l.h,
2CO,+ H;;> + 2HP 2CHp + SO; + 2W (IS)

Like an phot""ynrlleric ..aetions rhe'" processes rake place only in rile pres
en"" of lighr which imposes ""nain ..mictions on tlte distribution of lhe
photo-synrheric sulphur_bacteria_ l1Ie zone of acrivity is Iimired to the up!"'r
pan of tlte anaerobic zone of the biosphere inro which lighr !"'netrates. This
indudes rbe uppermosr horizons of shallow sediments of ""ore, hodies and rhe
lower pan of the pholic zone of Waret columns containing hydro~n sulphide,
In rhe", ecosystems rhe photosynthetic bacteria grow in rremendous quan.
tities and play an aetive pan nor only in rhe sulphur cycle bur also in rhe
carbon eye-Ie.

More derailed information <m lhe ecology and ~ochemical actiVIty of the'"
organisms can be found in the ..>'iews of pfennig (1975. 1917) and rhe mono
graphs of Kondrat)'e.a (1972) and Gorlenko er ~I. (1977).

1.7 REDUCTIOS or SULPHATE BY MICRQ.ORGAJl;IS"S

l1Ie lo"'-rem!""ature ",due-rion of sulphare ro hydrogen sulphide is con
ducred by an exclusive group of micro-<lrgani,ms e-alled rle.ulphuriring or
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reduction' This reduction may be regarded as a redox process in ,,-hich sul_
phate i5 used as a lenninal electron acceplor in the oxidation of organic
compounds or h)-drogen. Physiologicall)'. thiS process provide. the bacterial
cell ".-ith the nece... ') energy for metaboli'm

T)'picall)', dissimilato') ,ulphate reduction is e.'pre,se<:l formally in the fol·
lowing way (equation 19):

2CH,-CHOH-COOH + H,sO.~
2CH,-COOH + 2CO,-2H,o + H,S (19»

Three genera of ~ulphate·reducingbacteria ha"e been described on the basis
of their morphology and phy~biological propeMics: the IPsulfcvibrio are
heterotrophic, obligate motile anaerobe. whICh are generally cuned rods:
IP'iulforomlKulum are hetcrotrophic. anaero~ie rod-shaped organisms lhal
fonn heat·resistant spores: and IPsulfomcn4S are non_motile rods.

All known ,peeie, of ,ulphate-reducing bacteria grow "'ell on nutriti'-e
media which indude sulphate and lactate or p)'ruvate. Ho"'ever, under
natural condition. this group apparently utilize. a much wider 'peclrutn of
organic compounds. ~or example, ~'iulfrJl'ibriQ ufrirunus can grow on
ethanOl. and D, '-ulgaris metabolize' methanol. ethanol propanoL and
butanoL (See no" added In proof,)

Of great impoMance for understanding the final 'tage. in the anaerobic
decomposition or organic compound, i. the work of Widdel and Pfennig
(1977) ,,1>0 isolated a new ,pecie, of ,ulphate·reducing bacteria, V.sul
foromoculum ocewxida"s. whIch " capable of o"dizing acetate 10 carbon
dioxide. Before lhis work appeared, it wa, beliC\'ed that acetal< wa, metab
olized exdU<i\'ely b) methane·producing baetena. and numerous scheme,
we.. proposed for the anaerobic decomposition of organic maner which
induded a succession of sulphate-reducing and methane'producing bacteria.

Before dosing Ihis brief review of 11", major biogeochemical reactions of
the global .ulphur "1de. it should be 'tressed that many li>-ing organi~ms are
of paramount imponanCfc for the eyeting of sulphur at low tempe,alure< and
pre"ure•. The~ not only ,peed up the o.•idation of reduced ,ulphur rom
pound, but also perform '-.riou, redox reaction' under anaerobic condition',

1,8 FRACflO:-ATIO:<, OF Tm; STABLE ISOTOPF.s OF SULPHUR

Originall)'. the aIm of isotope abundance mea,urement, was to identify the
na,ural isotopes and to gain an understanding of the atomic "'eights of the
element•. More reCfcnll~' 'hoe)' have been used!O Interpret the long.tenn geo
chemical chang.. in n.ture, to detennine the origi.~, of mineral deposits. and
to study the diagen..is of sulphur in modem en"lronmenl$ (Chambers and
Trudinger, 1978),
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Most worker.; in these fields ha,'e studied lhe sulphur isotopes "'ilh mass
numbers 32 and 34 because of 'heir more favourable abundancc:s; numerous
studies ha>,~ d/:mon<lraled marked varialions in lbe relallve proportions of
lhese isotopes in sulphur compound< from natural sourcc:S (Fig, 1.3), The
isotopic rompo<ilions ar. often .xpressed '" d"s ,'alues which rdal' the
isotopic compo<ition of a sample '0 lhal of a slandard according to equalion
(20):

d''S("!",) - [<"s{''S) sample _ I] , '000 (20)
("'SI'lS) s>andard

The slandard for lite analysi, of lemm;al sample< i< mua1ly lroilite from tlte
Canon Diablo meleorite "hich ha< a d"'S value of 0'1"'- Po<ilive values of d"'S
mean lhat lite sample i~ .nriclted in tlte "'s isotope while ncgali'"C ,'alues
denole an enri<:hmenl in "s compared 10 the meleorite slandard.

In natural systems lite fractionation of Slab1c iSOlOpeS of <u1phur Qtturs in
lite course of oriem.d ~ltemic:alrea~tionsund'" norm.l temperature< (UnTIed
the kinelic: isotopic effe~l), and in isolOpe excha"ge ructio"s proceeding, as a
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ruk, al raised \emperatu~~ and plls:>ibly in biological ,),.lem, (referred 10 as
lhe Ihermodynamlc ;SOIOPIC effc<:I),

K""""ledge of the behaviour of sulphur iSQIOpe~ m low-lemperature oxida
tion and reduction of sulphur rompounds is important for a beller under
standing of lhe geochemimy of sulphur in lhe sedimentary process.

Harrison and Tllode (195:) were lbe lim 10 show lhe kinelic isotopic effect
during the chemical reduction of sulphate. In 'heir expenments sulphale was
redoced to hydrogen sulphide by hydriodic add in lhe presc:nct; of hydro
chloric and hypopholOus acid,. Generally. no more than 2~ of lhe .ulphate
""as reduced to determme the fraclionalion faclOr of Ihis reachon. In lhese
experiments hydrogen sulphide was enriched in the "5 isotope hy 21-22"'..
rompared '0 sulphate. and lhe iSQlOpi<: elfen ""as independen, of lhe
concentration of the reducing agenl and the temperature wilhin lhe range
17-50 "C

The effect of temperature, belween lOO"C and 300'C on Ihe magnitude
of lhe kinelic elfecl waS determined by Slud)'ing ,he reduclion of sulphuric
acid by hydrogen (Grinenko er 01.• 1969). The resuhs of lhis sludy are gisen in
Fig. 1.4. It should be noted lhal al lemperatore' al>","( 150"C iSQlOpk
exchange may be indoced be.....en lhe reaction products which would lead to
an isotope redislribution a'lhe e.pensc: of the 'hcrmod)llamk isotopic effect.

Grinenko and Thode (1970) demonstraled a kinetic i50topic effect during
lhe partial redunion of sulphur dio.ide by h)'drogen sulphide (equation 21):

2H,s ~ nSO, _ 3S - 2H,o .. (n - 1)50, (21)

200 ~OO 400
To"",.'Q"'. (Oe)

Fig, t ,4 Eff= of 'emp"ature on ,he kinetic fraction"ico factor In
tPle reductIOn of '<ulpla'e '0 ,ulphu' dlO,ide ",nd hy<lrogen sulphide .
•• Reduct"," 'u h;droaen ...Iphide; •. red""uon to ,ulphu' dIOxide:
6.. caleul"ed eon'e (from Ham"," .00 Tbodc. 1957 .Dd Grin<nko
.0<1 Grinenko. 1974)
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A. expected, the ",maining .ulphur dioxide was enriched in the heavy sulphur
iso'o!". TIle fractionation factor for the 'emperatur. illterval fmm 25 °c '0
280'C calrulaled by ,he Rayleigh fonnula was 1.oJ5 (Grinenko and Tl>ode.
1970).

At ambient rempera,u",s oxidation of reduced ~ulphur oompounds is not
generally accompanied hy a ~ubs,an,ial frartionatoon of sulphur isoropes. In
experiment< conducred by Vinogradov and Grinenko (1964) • s,ream of
oxygen waS passed into sulphur di~perse<l in warer: sulphur was oxidized '0
sulphare "hkh was slightl}' enrkhed in the light isoto!" while ,he heavy
iso'ope accumulared in the "'siduaJ .ulphur. A .igniflCant fractionalion of
isorope. was observed only when more than 80" of ,he original sulphur wa~
oxidized: ,he frart;,;,nalion faeror calculared fmm the experimen,al data did
not exceed 1.0014, A sligh, frac'ionation of isorope. was observed during the
reaction of water "'ith elememal .ulphur at So-IOO 'C wi'h ,he simultaneous
production of h)'dragen sulphide and oxidized sulphur compound~ (Mon~rer

et al.• 1965). Compa",d ro ,he original sulphur, the oxidized oompound. w.",
slightly enriched ;n ''S and hydrogen ~ulphide was enriched wi'h "'S.

Therefo«:. ,he kinetk iso,opic effertsoccurring in both oxidation and «:duc
,ion "'actions lead ro produc" ,hat a«: enriched," lhe light iso,ope and
residues ,hat a«: enriched With ,he heavy iSOlOpe of sulphur. During ,he
chemical reduction of oxidized sulphur oompounds. any hydrogen sulphide
formed cannot be enriched in "5 by more than 22"{ oompa",d 10 ,he initial
sulphur. Howe"er. lhe hea,)· isotope may accumulare In 'he ",sidue and reach
high ,·at""s according '0 the Rayleigh fonnula.

IV j"-'".N-"',,;
where "'.andN a", the ron,emsof "'S in the original compound and residue.
V. and V are ,he amoums of origillal oompound and ",.id"". and" is ,he
ftanionation facror.

An imponan, oonclusion thaI can be drawn from the re,itw of work on ,he
kinetic isotopic eflen is that sulphare fonned by oxida'ion of sulphide and
elemental sulphur has essentially the same isolOpi<: composition as the
sulphur oompounds undergoing oxidation.

Table 1.1 gmup" the theo"'tically calculared lhennoo}llamic chancter
isties of variQus sulfur oompound.: these data enable u~ to predict the dis
tribution of sulphur iso,o!,,~ in isotope ,"change "'actions at .quilibrium. At
equilibrium the heavy isotope of sulphur should accumulate to a large degree
in oxidized rompounds. because the fractionation fac,or is grea,er when the",
is a large difference between the oxidation statesof sulphur (Table 1.1). The
highest fractionalion (82'foo at 27 .C) should he expeered at equilihrium ,n a
sysrem conlaining ~ulphare and sulphide ions (Table 1.1).

When assessing thennod}llamic iSOlOpic effecl$ from ,he data of Table I I.
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Table l.l IS01"p" proP<'rt~l 0)1 SUlphUl compound, (5a~Bi. 1%81

TemfNTulUr< (K)

"'" "" '00 ~ '00 '00

Compowld 1000· Inl" (°/00)

SOl ~ 82 1 ,1.7 n.2 25,3 18.8 14.0
SOj- aq. 712 43.1 28.6 20.4 I S.2 11.7
SO, I"' 43.0 27.6 19.1 \3.9 10.6 •.,
"' 130 •• ••• " '" ",,- " ., " " '" ,.,
S, (1{8)' 15,8 •• n '" ,. "5, (1/2) 10,1 •." ," " "

,.
FeS, (112) 18.4 10,9 '"

,. ,. n
u, 143 '" " ,. H '"SiS' 12,8 ,., ,." " " '"~, ,. '" u "' "' 0'
s" aq. , ,

" " " 0

./ is U.. rNu«d p.,,'1Iion -."'" ..to,
·v....... to< .lO() K .... cakula«<l "". tt>o<ol>;< ...1"".' byT";F """ T1>o<I< (19'O).
Vol"". for ",.., ternpo:'''.", W<r< ""lcullt<d bl ...umilq; prop;>I1ion>lily .,
lIT'.'D.,. 01 Hul>too (19M)

it should be understood ,hal ,hel;e dat. allo..· the precise estimation of the
degr•• of fractionation; they do not. ho,.-e,'cr. enable U$ '0 determine
"'bether a reaction wUl rcach equilibrium To obtain evidence for isotopic
fractionalion due to lb. thermodynamic elfe<:t. experimental studies on rates
of isotopic .xchan~ should be conduclcd.

The main problem in lh. interpretation of iWlopic data on ,'olcanic gas<'s,
fumarole emiS'lions. and hydrothermal mineral. i. 10 decide "'hether equi~·

brium has been allained between oxidized and ..edueed compound~ of sulphur
al Ihe variou~ lemperatures.

1llode el <d. (1971) oblai~d evidence for a ralher high rale of isotopic
exchange between h~'drog.n .ulphide and sulphur dioxide at lemperalu,..,s
ab,»'e 500 ·C. asdid Gnnenkoand 1bode (1970) for [he lemperature interval
of 300-450 0c. Th< experimenlally e~tabli,hed dependence of lhe equilib
rium constant for th. di51ribution of sulphur isolopes belween lhese com
pounds on temperature is Sl\()v,lI in Fig. 1.5. Th<se dala show' thaI sulphur
dioxide is slightly mo,.., enriched in "'s Ihan hydrogen sulphide in lhe high_
temperalU,.., gases. bUI al 300·C the diffe,..,""" in isolopic composilion
amounlS 10 9'1'" When a lemperatu,"" drop occurs h~'drogen sulphide and
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Fil' l.~ Effect "I temperature on ,be equililnium
""''''ant f"r ,be ''''tope exebanae react",n.
H,"S" "SO,= H,"S .. "SO,, Coo tin"""' fine,
tf>e<>ret>cal; I:>'okeo hne_expenmootaf (a - equil,l>
"urn ,,,,topIC f""tor. T - a"",lo,e tempera'ure} (Irom
"Th<>de ., 41,. 19i I aod Grinenko I1nd "Th<>de. 1910)

sulphur dioxide react rap,dly to fonn elemental .ulphur. At 200 'c the rate of
.ulphur exchange hetween hydrogen sulphide and sulphur dioxide is quite
10....> and there lore tlte iSOIOpic composition m.y change heea"'" of a kinetic
isotopic effect, All of these rtlect, result in • greater enrichment of the
....idual .ulphur dioxide in the heavy .ulphur iootop"_

In aeidic solutions rapid isotopic exchanll" has been demonstrate<! be""'een
hydrogen sulphide and .ulphate at 200 'c. 1be dependenee of the iSOt0p"
fractionation factor for h~'drogen sulphide and sulphate on temperature IS
illUsTrated in Fig. 1.6. 1bese data sugge51 that in ",lulion at high temperatures
.ulphate will he enriched in the "'S isot0p" compared to the bydrogen sul
phide present.

Some experimental data h",'e heen obtained ."""'ing that crystallization
and rcery51alliz.ation of sulphides above 250'C p~ed under conditions of
isotopic equilibrium. Thi. re.ult, in a dermi.. distribution of sulphur isotopes
betWeen OO<r}"tallizing sulphides. and such a distribution is temperature
dep"ndent (Rye and Czaman'ke. 1%9. Kajiwara and Krouse. 1911). The
content of the US isotop" decrea..s in the serie•.

pyrite ---+ (pyrotite-.phalerite) __ chalcopyrite __ galena

TIle greatell differen<:c observed was for the p)'rite_ga\ena pair ","'hieh
amounted to only 4" .. al 250 'c. At ordinary temperatu...s. isolopW: equil;-
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Fill. 1.6 Eth:ct of l<mperatun: On <quili~rium i""opic 10<10' (.J for 1he
.xchonl'" be,,,,,." h,droe<n >u1J>hid< and 'nlp.'l<.•, from liumoo' "
oJ, (1977); O. from Robin"'" (1973); bro••n hn., ca!<;ul.l<d CU"" (Sat.;.
1%8)

brium is not alla;ned during the cry'tallization of $ulphides and pyril' is only
slightl)" enriched in the "s iS010pe (1-2°'00) compared with the <:<>-crystallizing
sphalerit. and chalcopyrite. CT}"Stallizalion of gypsum from a l.unrated solu
tion resull. in a 1.6'/.. increase in ,h."S content of th. crystal! compared to
the ",IUlion (lbod. and Mon,'.r, 1965).

In lh. geocl>emimy of isotopes special anemia. is paid to the pr~ssc.of
fraclionalion in biological systems. sintt these prottsscs engender lhe greal
est isotopic fractionation in nature.

The process of ,ulphal' assimilation from solution by bactcria. algae. and
plants is llCCOmpaniod by a slight isotopic effect; the total sulph.ur of these
organisms i~ ennched In "S by 1~3'l'''' (Kaplan and Rittenberg. 1964;
Mekhtieva and Pankina, 1968).

The panial decomp",ition of qsteine or other sulphur-containing aminO
""id~ in bacterial processes leads to a .Iight fractionation of sulphur i">tope.;
the Ii ...t hydrogen sulphide released is enriched in "5 by 5·/...

No detectable isotopic fractionation of sulphur occur> during the Ttduetion
of elemental sulphur to hydrogen sulphide by ~'e"'t .. nor during the oxidation
of elemental sulphur by lhiobadlli (JOll<" and Storkey, 1957: Kaplan and
Rafter. 1958; Eremenko and Mekhtion, 1961). However. oxidation of de-
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m~ntal ,ulphur and pynt~ ~'mix~d culture. pnxluced ,ulphate, which "'ere
enriched in "S by I maximum of 1.7"100 (Nakai and Jensen. 19(4).

In the case of oxidation of .ulphide by thiobacilli a ,light enrichlMni in "s
;s ~rv~d for dem~nlal sulphur and a greater one for sulphate, (up to
18'/00). ",hile the heavy isotope accumulate. in interm~diary pnxluets (Kap
lan and Rittenberg. 1964), Stud~, On pootO$ynthetic o,idation of hydrog<cn
,ulphide by purple bacteria ha"e pnxluced conflicting re,ult' on isotopic
fractionation. In one seties of e,penments tbe elemental sulphur pnxluced
sho"'ed a low enrichment in tbe heavy isotope. while in another ",n~, sulphur
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Fi~ 1.7 Effea of <ulp""te f¢<l""t;oo ,.te and
ek<,1011 accepto, on I~ isolopic: composi'ion of
hydrogen 'ulphKl< fOrfO¢d during ...lp""te
reduction by v.,<ul/o.,jbrio rWuJjuricOM O.
lacla'e at lo-4~'C, O,06.u SOi-' 6. eth.nol.,
lo-4S 'C, 0.06" SOl, •. b~'dr<>&en at
lo-4S'C, 0.06" SOl ; x, I.......t~ '1 0 'C; •.
lactate + 0,01 "SOl . 0, lactate ~ 0.02"
SOl. _, lactlle O.llM SO'-; e.
hydr<>gcn + 0.02" w,',~. hydrogen _ 0.18"
sol (from KlplIn Ind R'ue';be'" 196-l)
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....a$ enriched in the light i50tO~ by up 10 10"/00; in lhe latler cxptriment no
significant fractionation ....as observed in llle sulphate (Kaplan and
Rittenberg. 1964). One may conclude from tile di>cussion above that e,,,,n
tially no fraclionation of ,ulphur isolOp<:S occurs during tl>e oxidation of
sulphur compounds.

TIle greale§! fractionalion of sulphur isotopes OCCurs during lhe microbial
redUCIion of .ulphal., As early as I 9S I. Tbode et ai, r<:poned that the bact.r
ia! reduction of sulphate produced hydrogen ,ulphide enricl>ed in tl>e light
iootop<: of sulphur. As a number of revie....s ha"e been publi,hed On the delai!s
of sulphur i",tope fractionation during baclerial sulphate reduction (e.g.
Grinenko and Grinenko. 1974; Krou", and McCready. 1979). only the bas'"
conclu,ion, "'ill be di",u,,,,d below,

Variation, in ,ulphate concentration in nutrient media ....ithin tl>e range
! )( 10- '-3 )( 10-' moles htr<: -, have no impacl 011 the i",topic effect. Ho"··
ever. for coll«ntralions below 6)( 10-' moles liue-'.11>e isotopic fractiona'
lion factor decrease. and approache. 1.00.

TIle typ<: of electron donor u",d by bacteria ha' an imponanr impact on lhe
isotopic effecl; ,'iz. tile u", of organic donors rather Ihan hydrog.n under
otherwi", identical condition, results in a greater fraclionation. Chang<'S in
pH and temperatur<: do not produce r.gular effects in all ca",S,

In general The iSOTOpic effecl "'emS to depend On the sulphate reduction
rale: with lhe use of organic electron donors an isotopic effect increased as
the intensity of hydrogen sulphide emission per cell decreased. When hydro
gen was used. ho..... '·er. there "'as a direct relaTionship bet,,'een the degree
of fraclionaTion and the raTe of reduction (Fig. 1.7),

TI>e maximum isotopic eff.cts Observed in laboratot)' experiments on
r.duction of sulphat.' and sulphit.s are ,ummariz.d in Tahle 1.2, As can be
se.n from these daTa. h)drogen sulphide ma)" be .nrich.d in lhe light isolope
by up To SIJ"/.. compared ....ith sulphate. Under naTural condition' ."en
greater iSOTOpic .ff.ct, ha". been regist.red (60-70·/oo). A, hiogenie isotopic
effect, ha"e proved to be much greater than those ob:scrved during the chemi·
cal reduetion of sulphat •. questions ha"e "i",n concerning the mechanisms of
lhe fracTionation and sev.ral hypothe"" ha... been suggested. At pre",nT
mOSt investigators share the belief (Rees. 1973; Grinenko and Grinenko,
1974) that iSOIOpic e.change occurs bel"'een the interm.diary products of
reduetion in The bacterial cell ,,'hieh produce, The thermod)'namic isotopic
effect unde' ordinary temperature,. TIle reali,y of such a mechanism is sup-
poned by recent experiments on The exchange of radioactive ,ulphur belween
H,"5 and Na,.so. ,n 'he presence of sulphate· reducing hacteria (Trudinger
and Chambe... 1973). and by tl>e dep<:ndence of tl>e isotopic comJl'D'ition of
oxygen in the re'idual >ulphate on that of o"'gen in tlit "'aler in which The
reaclion occurred

The sulphur isotopic composition of natural samples can va1)' up 10 160"/00
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Fig. 1.8 bo'opl< comp""tioon of ""lp~uf ,n .'-aponte< of dilfeRnt age (from
Grin<nk" aod Gri..nko. 1974)

ahhough mOSt sample, ,oar,. within 70°/00 (Fig. 1j). This rang<' far exceeds Ih.
fractionation that can be related exclusi,-oly to cMmical and phy,ical protts
5t'S_ Undoubt.dly. the majOT protts.ses responsible for lhe fractionation .."
related 10 the biological actj~ity during .ulphur turnover in the 5t'dimenrary
c)'cle.

lltc mechanism' of mierobial i"",opic fractionation. in which tile tight iso
to1X' i.tran.rerred to lulphick and ,t>. heavy iwlOpe ac<:umulates in sulphate,
became operational ""me 2 bdlion yea", ago. Th;, resulted in an accumula·
lioo of "S in 5l:a-water and m.riM evaporites.

Vanalions in the ,ulphur isotopic composition of oceanic sulphat••'-apo
ri,es are shown in Fig. 1.8. h appears that the isotopic composition in e"apo
rites of different age is irrogular due to Ihe differing rateS of sulphate inflUJI
with ri''''r-waler and .ulphur exhalation from volcanoe. and also ~use of
tbe. temporal "arialions in bacterial redaction and evaporite deposition .

.....OTE ADDED 1.' PROOF

Since this report "'as proposed 5 additIOnal Il"nera of sulphate·redacing
bacteria ha'-e heen reponed. Among tl\(se are organisms capable of COm·
pletely oxidi~ing fatt) acid. from C, to C" and SOme aromatl<' compounds.
(Pfennig. N., Widdel. F. and Trope •• H. G. (1981) The dissimilatory
sulphate·red"",ing bacleria, In' Starr. M. P.. Stolp. H., Triipcr. H, G .. Balow,.
A .• and Schlegol. H. G. (eds). TM ProkarJOIel Vol I. Springer·Verlag.
Berlin. pp. 926-9JO.)
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CHAPTER 2
The Sulphur Cycle I!l the Lithosphere

Part I RESERVOIRS

A,. A,. MIGDISQV, A,. B, Ro~ov. and V. A. GRI1<E"KO

l.I I:\,RODlICT10N

Estimalion of lhe amount and isolOpic composilion of ,ulphur in sediments
and lhe eanh', crust is One of the mOSl challenging problem, 10 be soh"ed
befo..., a salisfactory evalualion of tbe global sulphur balance can be made,
The first problem invol"'" lhe reliability of estima,e$ of the dimibution of
variou~ rock~ in the sedimentary envelope and in the crystallin. pan of lhe
crust lying on tbe eanh's surtae<. A second. more complex problem is the
determination of the structure of hypoge"" zone, of the crust. and their
petrographic and chemical com!""ition (Ronov and Y.roshevsky, 1%7,
1976).

A third problem i' to obtain reliable e'limateS of the concentration of
sulphur, and its isotopic compo>ition. in the sedirnen,a') en"elope and the
eanh's crust, TIle geochemistry of sulphur is as j'et imperfectly understood,
e.'en in the a<Xessible regions of the planet. A reliable evalualion of the
amount of sulphur in the lithosphere is made even mOre difficult by the
irregular distribulion of ,ulphur in the rocks forming vanous t""tonic ~truc

lures of lhe eanh', crust and in rocks ofdiff.rent geological age (Ronov rl al..
1974; Grinenkorl <>1., 1973b; Granal rl <>1.. 1976).

Granat rr al. (1976) di",u" the problem. which affect the evalualion of the
size of thi~ ,ulphur rese",·oir. They are as follo"'s; (I) an.lyse~ of ~ulphur in
rocks are 100 few to ...,present the emire unh', crust; (2) because ,ulphur
analyses a..., diffICUlt to perform publi~hed figure~ 'how great .."ation,
(3) factors playiog a major pan In one region may not be imponant in
another.
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The irregular d'>!ribu!oOo ohulphur in rocks (.,peci"II}' in sedimentary and
metamorphic em'elopes) and Ih. "".rcity of analyses are the main reasons for
the large discrepancies ~lween eSlimates of the concentration of sulphur in
the earth', cru'l (Table 2,1),

The literature contains a surprisingly 'mall number of systematic inHsliga·
tions of the forms and ;>OlOpic compo'Sition of sulphur in rocks 01 different
regions. The sulphur isotopic composilion of evaponte, of various ages ha,
been extcn,j'-ely in".S1igotod by Trofimov (I 949), Thode and Monster (1964).
and Hol"'r and Kaplan (1966), This pioneering work was follo"ed by
numerous other studies (Eremenko and Pan kin., 1972; Nielsen. 1973. etc,j,

Numerous anempts ha". been made to obtain systemalic data on the
concentration of the diff<renl fonn' of sulphur in i<:diments of modem basins
(Chapter 6). although e"en lhere the malenal prei<:nted will allow only a
rough e,l,male of the global balance,

Recenl worx has been diruled towards lhe evaluation of the concentration
and isotopic compo,ition of sulphur in metamotphic shields and magmalic
rocks (includmg those in the ocean). Howe\'er. the same reason'. i.e. the
irregular dimibution of ,ulphur in rocks and. in a number of Cai<:S. lhc limited
distribulion of the rcgion, sampled (Dimroth and Kimberley. 1976; Cameron
and Baumann, 1972. Cameron and Jonaswn. 1972). caM doubt on the final
conclusions.

Therefore. a sy'temalk study of lhe dislrlbution of sulphur and it, isotopic
composition. and lhe delermination 01 their ..'erage values in rocxs of the
i<:dimenlary en,·clope. melamorphic rocks of shields. ba>alts of oceanic bolo
tom. elc. are still required to eSlimate lhc maSS and iSOIOpic sulphur balance
of lhe oUler en\'elopes of the eanh. The immediate laSX is to Obtain more
reliable e'timales of "olumes and masse, of rocks on the continents and

T.bl.2.1 E"im>t.. of sulphur concen".,ion in tile
eanh', crusl .""ording 10 differen! .",OOrs

Aulllor

V.m.d,x), (1934)
Fe"m.n (1977)
Goldschmid! (1954)
R.nkam••nd SIlhom. (1952)
Vinogradol (l9S9)
T.ylor (1964)
Wed<pohl (1973)
Sh.w (1969)
Rooo" .nd V.""IIe"ky (1%7)
Ronov .nd Varosllev'kr (1976)
Holser .nd Kapl.n (1966)
Gr.n.t., .1. (1976)

Concenlralion ('lOS)

0.150
0.100
0.050
0.052
0.037
0.026
0.031
0.030
0.0'0
0.1l3
0.065
0.033
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(using the ~ver'growing inforrMti<ln from the (\tep.>ea drilling projee1!) in
the oceans.

Allempt, have been mad~ to obtain sySlematic data on a number of large
regions charaClerizing the ba~ic structural types of the ern>!; i,e. platform, and
geosynclines.

Similar al1emplS were made to acquire more reliable data on the upper pan
of tbe sedimentary envelope of modem seas and oceans and the b<lsic rocks of
oceanic ridges and bed,. Tbe Russian (East European) and Scythian plat·
forms (Ronov and Migdlso,'. 1970; Ronov~1 aI" 1974). and Cauca>ian, Car.
pathian. and Ural geosyncline, (Ronov~, ,,1.,1%5.1974), wore taken as
'model' regions in continent'_ Effon, ""ere also undenaken to obtain data on
the dimibution of the vario"" forms of sulphur and their isotopic comjX>Sition
in rocks of Ukrainian and Baltic Precambrian shields (Ronov and Migdisov,
1970; Ronov et 021•• 1977: Grinenko and Grinenko. 1974).

Recem data allo",' uS to lake another step toward, the more complete
eh...,~ti<ln of the sulphur distributi<ln in !he cruSl. These data are based on an
evaluation 01 volumes and masses of different la~'ers of the cru,t within the
most imponant teClonic zone. of continent. and ocean'. and on the relation
ship betw~n tbc diff~rent types of rocks composing them (Ronov and
Yaroshe,,,ky, 1976). Recent data evaluating ,,,Iume. and masse. of the
major type' of sedimentary formations and volcanogenic rocks of the sedi
mentary en....,lope of continents for each period of the Phanerozoic (Ronov er
al.• 1976. Ronov, 1980) a, ""ell as unpublished data on the Upper Proterozoic
horizon allow a new approach to the gIob<ll analysis of element'; Ihis has been
demonstrated using carbon as an e.ample (RollOv. 1976). Recem dataon tl!<:
area of magmatic and metamorphic groups of sedimentary.' rocks of differem
ages on Ihe surface of modem cominents are also '''ry imponant (Blall and
Jones. 1975). Finall)·. data "ere obtained on the masses of ,,,leanic rock'
building up oceanic beds during each period of the Mesozoic (beginning from
the Jurassic. J,) and CellOzoic eras (RollOv ~I aI., 1979).

Informalion on the distribution of sulphur in "arious rock types has also
been iocreasing, Sc'-eral )-ears ago (Ronov ~I aI.. 1974), data were published
On the a"erage concenlrallon of different forms of sulphur in the most impor·
lant lilholoi'C"1 types of >edimemary rocks and "olcanites. repre>emi"i all
periods of the: Mero-Cainoz,"c pan of t!le Caucasian geos)'ncline, Russian
and S0'thlan platforms. and that on the Upper Proterozoic, Lo"'"r Palaeozoic
and Middle-Upper Palaeozoic pam of the sedimentary en~elope 01 the Rus.
SIan platform (Ronov and Migdisov, 1970). Ne"" data "'ere obtained On rocks
of all 'j'stems and pans of Ihe sedimenlaly co,'er of this platform, and through
platform and geos~'nclinal paleobaSln, ofdifferent ages (Migdisov ~I 021" 1974;
Zagrya~h,kaya ~r a1 .. 1973: Girin tt aI.. 1975; Grinenko~, (JI, 1974). Tbe
abo"e pubhcations On the sedimemary envelope ha"e one undeniable point in
their fa,'our: they present ""rage weighted ,ulphur COIltent. in rock' of
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different lithologIcal composition and age. laking into .<:count rock thick·
nesse~ (Ronov .1 aJ", 1972).

A need to account for an unequal distribution of wlphur in various Struc
lural zones of the earth., Crull of diffe~nl geological age required additional
data on ...dimontal)' formations and vokanogenic rocks from other regions.
Very linle data of this kind are available,

Even f..... r data are available On the isotopic comjl'O'iition of different
forms of sulphur in the sedimentary envdop¢ of continents, S}'.tematic
Information "'as obtained only for the East European and Caucasian regions
(ROM" or al" 1974: Gnnenko" w., 19730. 1974). Information on the
isotopic composition of sulphi& sulphur in lhc sedimentary envdope of the
German Democratic Republic is presented bj Pilot 'I aJ. (1973). Ho"~vor.

this work tach data on the ron<enuation of sulph;.,le sulphur in the rocks
under ronsideration. Information on other r<:gions is fragmentary (Tbode ~I

aI., 1953; Vinogradov ~r al., 1956). Later. w~ al1empt 10 estimate the size of
this r<:"'rvoir and its isotopic: composition using dir<:ct (factual) and indir<:ct
data. Howe""r. it should be noted that such evaluations ar<: approximate and
the'" is still a llttd to obtain ma", reliable data SO that the enti", "'dimemar)"
and other en""lopes of the crust can be characterized.

From observations On the distribution of sulphur and its isotopic composi.
tion throughout the crustal en,'elopes ..·e ,hall an.mpt to consider mo",
comp"hcnsi.... ly the ",dim.ntary .n...dope ..-hich accumulatos th. so-call.d
e.<ess ,ola'il. c1.ments (Rubey, 195 I; Vinogrado.... 1959; Rono.... 1980) in
order to det.rmine the imelTClationship between its distribution in tbe
.n,-.Iope and its em..... from the hypogene source,

2.2 SULPHUR L'i THE SEOL'fE1'I,ARY E~Y[LOPEor CO~1ThL.'1S

2.2.1 Sulphur R""",olrs In the Sed1nw:ntary En>dopt 01 PLatforms

A. Sulpllur dlurlbulion in the major 1)1'" of sed1nw:Dl.ary ""'ks of platforms

Sulphur redIStributIOn and chemic:al modification o<x:ulTCd. at lust during
th. Phanerozoic:. in th. dy'namic syst.m in"Oh-ing rontinental rocks. the
ocean. and the "'diments. The ",dimental) processc' of differentiauon of
maltor occur most acti' el)" in tcctoni<:ally qu;'t platform, zone, of the crust.
The'" processes are responsible lor the heterog.neous distribution 01 sui·
phur, ,n lIS ...ariou, lorms. in rocks of the "'dimemary .n...c1ope of the plat.
,,~

Up 10 th. present. a s,'stematic: study has be.n made of the distribution of
sulphur and its isotopic composition in the ",dimentary .n""lope of two
platform regions: (I) tile East European (Rus.sitln) platform with the anc;'nt
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(Precambrian). folded ba..emenr and (2) the Scylhian plale. characlenung
lhe ~'oung plalform zone~ (RollOv el oJ.• 1974; RollO" and Migdisov. 1970:
Grinenko., 01.• 1973b). Eslimales of the average mlphur concenlralion and
it~ isotopic composition in ,'ariou~ ~netic types of rocks and ..ediment' of
different geological age$. represenling all slages of lhe history of the <edi
menlary envelope of lhese r~gions. are ""asonably ...,hable. Tney are ba>ed on
numero", analy>es of oomposile and complex samples (RollOv e, 0/.. 1972)
-aboUl 30.000 from the Russian plalform and o"er 2600 from the Sc;lhian
plate taken from hundred' of holes e,-enly distributed o\'er lhe'" regions. TIle
dislribution of .ulphur in plalform >ediments is based on these dala. bUI also
invohu informalion on other less 'ludled regIons,

The concentration of sulphur in ilS different form' varies in lhe different
lithological lype. of p1alform rock,. Re<:luced sulphur is highest in clayey
rocks. Io"'er in s~tstones and sand'tones. and is usually minimal in carbonate
rocks. f";""te predominales a, lhe reduced form of sulphur: organically
hound form' account for nO mOre than 10'!' of the 'alue of lhe pyrile sulphur.
and elemenlal sulphur is usu.ll) less lhan 5~. TIle mon05ulphide form is
",uaUr absent or is found onl) in l....ce 'luanUlie5 (0.OOI--{).OO3"'). TIle
sulphale sulphur eoncentration ,anes greally: il ma~' ',H} from a few per cent
of the total sulphur in humid pelagIC fOrmalIOn$. to complel< predominance
in e"aporite beds (Table 2.2).

For sulphale and reduced sulphur lhe conditions of sedimenr formalion are
lhe most imponant factors delermining lheir distribution in the sedimentary
en'-elope. Thus. the resula of anal}'",s of sulphur in sedimenlary rocks
formed under different climalic conditions (Table 2.2) clearly indicale lhe
different lnels of accumulation of sulphale and reduced ,ulphur. Sedimenrs
formed under arid oonditions. represented by oomplexes ,,'ith occurrences of
e"aporite and red·bed formalions. are characterized by having only half
of lhe reduced sulphur which accumulale, in sedimenrs of the humId zones.
At the ...me lime. lhe concenlration of ,ulphate sulphur and lhe ratio
belween sulphate sulphur and reduced sulphur aro subslanlially higher in the
rocks formed in arid zones. Tne bask rea..ms for the". differonceure lhe lower
ooncentration of organic maller ,n arid rocks. lheir greater oxidalion. rellec
ted by the Fe,OJFeO ratio. and the high salinilie' of the basins (Table 2,2.
Fig. 2.1). TIle same lactors also affected lhe di.tribution ofthe differom forms
of mlphur in sedimems of different facie. complexes. Variations in amoun"
of pyrite ,ulphur generally correspond to changes in organic carbon
conC\'nlrations and are in,'ersely proportional to the Fe,O,1FeO ralio except
lor continenlal formalions whero. due 10 lhe 10..' salinity of water and
significant oxidalion 01 rocks. aeeumulation of organic matter is not
aecompanied by an adequale enrichmenl of rocks with reduced sulphur. Tne
high organic carbon eoncenlrations and minimal value' of Fe,D,/FeO ralios
correspond 10 lhe muimum COn«ntrations of pyrite and organic .ulphur in
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rocks of n~ar.shotC marine scdimCnlS of both humid and arid ~Qncs. In
carbonate "'diment' of "rid zone•. ".~~ the adm;xtu~ of sulphate.
depo,ited due to salinization of basins is ,ubllamial, their concentration. are
proportional to the accumulation of magnesium. chloride and Olhc:r
OOnl!X'ncnt, of sca-w.ter.

The above-mentioned correlation !>eNeen ""dUttd sulphur and organic:
mailer ha' been observed many times by ,-.riou. in>'estigato'" (Strakhov,
1%0: Berner. 1970; Goldhabe' and Kaplan. 1974. elc.). especially in
mO<km S"diments_ He..., .ISQ. Ihe relotion,hip l>etw~n the", romponenu
change. under different conditions of more ancient rock formation. The
decline in lhe relationship between pyrite sulphur and organic carbon is most
clear cuI in conlmental sedi"",nl, fonned in fresh and brackish.waler
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Fil· 2.2 D,,,,ibuhon "f Pl'ri" ('liS) in day> of the Y01llOPOI)'an'ki
(Carbon,ferou,) p.laeob.a"n of ,he Ru....n pla'form ~. sou= reilO/l:
., .• OOntou, of p,es<",.d ..dimen" "f ,he YunopolY.Mki It<>riMn:

_ hnc 01 m:u,mum de,-e"'pmcnt of rna"". "'dimcn" •• drill.hok"
3.0--3.0 etc.. ,,,,line, of I'}'rite oon<:<nt",,"," ("S)
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pah..:obas,ns. Conl1""ntal sedimen,) not onl)' have ll>e 101"'" SIC ,alio bUI
,be" concentration. of 'educed ."Iphu. do not ,,,,,rca,,,, funhe' at high 1.. ,,,1s
of organic carbon (Strakhov, 1960). A similar effcct waS observ..d in marine
5Cdim.. n15 formed in h;~hly ,..doclng conditions. For example, the
rdahom;h,ps between 1')'''''' sulphur and organic ca'bon in Oflkwician ..chilli
of the Ru'l'ian platfonn and Cambrian black ""hi,', of S....eden (BJorlike.
1974) arc ~"milar 10 th:ot of the Black Sea $N"nents (Strakho'-, 1960; Valko,-.
1961). The deflCiellC)" of ."Iphlle In ,,"at.., of pcri~ralzone. of palacobUlns
;. an imponant fac10r in co.ti".,.tal condition.. and in both mnti""."] and
manne Ol'Wllions the lack of rclC1,,'e "on mal raalt in the lo",cnll, or c.'cn
p"',,,nloon of ~'rile fOmullion. R«ognJlion 1....1 !hi!; proce.. bn o<xu""d
"'idel) in the epicontinental baWlS of sedimenuotion during ,,,,: g<'Ologw;al
~I has rome from otooits of I"': cuyey scduntnlS of I"': Carboniferous
(Yasnopo/)-anski bot izoo.) and L:ppcr Protcl'OZlOic (t"': Valda< scm) periods
formed on the aru of the ~tosroo. S)-ndlllt of the RU«IafI pIalform (Ftp, 2.2
aad 2.3).

II 5houJd aho be noted t....t rocks containinl small '1u.antillltS of wlpbu:r
and otptlic c:arl>on art ch.ar¥tcnztd by iltcftastd ralJO< of ~nte ouIphllr:
orpnic carbon. Higb nIucs of tb nlll)"'" abo chatxtemtil: of the da~"y

formations of I"': Upper I"rottromic IF
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B. isotopic rompo<ltlon of $ulph~r In nrious ,eMil!: t,'pes or ro<ks

Pyritic .~Iph~r distrib~t.d in vario~, facie. of clayey and carbonate rock. of
Ihe R~§ian platfonn t.nds 10 become light.r in the progression from comi
nentalto pelagic \Cdim~n" regardl... of their hthological composition or the
climatic condition' of tbeir formalion (Table 2.2). The change in isolopic
composition corr.lat.s ..·.11 "'ith the change in condition' of rock formation
from oxidal;". 10 reducing ",hich is reflect~d In the "a,iation, In the
Fe,O,/FoO ratio> (Fig, 2.Ia.b). Atlhe samc timo. thi' change corresponds to
a gradual tTansition from "diment' of frc>hwater ba.m. to hyposahne and
normal marine one'. 1lle change in the isotopic oomposition of reduced sul
phur ",ith wnes i. shown On the isotopic palaeogeochemical map (Figs. 2.4
and 2.5) of the ancient ba'in, of sedimentation (Migdisov ef a/.. 1974; un·
publi,hed data). Thi, map and the plot (Fig. 2.6) of ,'ariations in 6"S "alue,
...·ith changes in facie' condition. of ,.dim.malion determined bl indepen
dent (litbological, palaeogeographical. and palaeoecological) method.
demon'trate .n approximale correspondenco of Ihe isotopic oomposition of
reduced .ulphur of ,.dtmemary rocks to Ihe conditions of their formation .

........
• ••.......

00
~o

~

• • • • • • • • • •• • • • • •

FIa,2.4 IsotopIC composition~.N"le sulphur in cl.)" of the
Y''''''POI)'.n.kl paloeob>>in,I~. Sour« "'~IOfI; ... , COntOur
ofp....."·.d ",diment'; _ line of m..im"m de.-elopmen' of
mlIru>e !C<l,menb; e. dtill-boles; -10- -10 ele.. i",line. of A"S
("/001 "al ..." D. oontme"'al mul'lCOloured ..dimen";
_ ma"ne ..dLment>: _ contone"tal and I.goon 00.1
b<"f1n~ ,.dim.nt>
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Fig_ 2.S I",topk oomp"'ition of Pl-ri', ,ul·
ph", (~"'S. °/ 00) in daY' of til< Upper Pr0
terozoic puaeoba.m, ~. Source regIOn,
_ , line of mo,imum d<""lopmen' of

mOnne ..dimen" -S --S ote" i",l,ne, of~"S
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Fig:1.7 Relot;"n>hip het"'«n i...,lOpi<
mml""ition of pyrite 'ulphu, and cort<en
,,,,,ion of organic c.rbo" in cl.;" of ttl<
lipper Pro,.ro"",ic palaeob.,m, 0, M.rine
",dime nt>, • ""dime"" of brocki"-,,,.t.r
.on,' and con,i"ental ..d,mon"

Different relalion\h,!" beel"'een d"'s "alues of p;rite and organ,c carbon in
rocks of differenl facies' also exi't. Clay, dciX',iled und., u,ual marine ",di·
menl, are charact.,ized by an increased content of -"s pyrilo as lhe quant"y
of carlxm increases, Howner. in sediment. formed under lhe condilions
,,'hich exisled in Iiltoml plains and lacustrine on,·ironment,. an ,ncrea.. in
organic c&Tbon ho> r",ulted in 'he rner>< eflec!. Similar relationships are
o~f\'ed for continental and h~'posaline "orsus manne Cla;\ ,n the other,
more ancient (Cppcr Proterozoic), palaeohasin of the Rus'ian plalform
(Fig, 2.7),

The isotopic zonalion of reduced sulphur ,n lhe ba.in, and its dependen«
on the concenlralion of organic malter in sedimenl' can bee seen by comparing
the above dala wilh lhose obtained for wrface sediments in modem basins of
"'dimentalion, The iX'ssibilily of direct estimation of such faCl0r< as salinity
and sulphale conlenl of water, and the redo. iX'lenlial of sediment' in mod·
ern basm,. allo", for an undemanding of lhe regularilie, of Ihe iSOlOpio
comiX',ition in sedlmenlS of anciem basins. Surface sed'menlS of lwo epi
continental oo"ns were 'ludied; lhe Bailie Sea basin and the A20v-Black Sea
basin, includ,ng r;"er, lake, marsh, and lagoon ..d,mems ""hin the range of
lile surrounding continental en,',ronment (Cherko"sky 01 al" 1978).

The schemalic map for the A~ov_Black Sea basin (Fig. 2.8) and thaI for the
Baltic Sea basin (Fig. 2,9) show lhe similarity in the distribution of ~''S values
of pyrite from sediment. of modern and ancienl ..dimemaT)' basins. Figure.

'~....-.-. term 'W, ..d '0 'I>< ""....., "l'I""''''''' or ">lure of on< pt.n of. rock OO<ly ••
"",tr"ted ~,t~ 011><, p.o~>,



F~. 2.& Dtmibulioo of 6"5 ('/"') in Pl·.i,e from sediment< of ,!Ie Aw. ~nd Black
Sea. (from M'id'lIO'" t>l .. 197~)_ ,','_. H)'d",&"n sulphide zone; -10--10 eK.
isobne. of 6"S ('/00) ,-.1..., •• samphnlloca'ion: _ .I>lId

_.
••

Fi~. 2.9 D,mibu,ion of 6"'s f'/""j ,n
Pl.i'. from .urface lCdimcnu of II>< uS!,
em I'I.n of II>< Balli< Se. and nei~hbo""

in~ ....."bod""
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BALTlC SU (8l

GullO... ,"",- ..,d,~.n
of ",,,, ,..d'01O ..'pn, ••

AIQCI .0no'OM

2.IOA and 2.10B show how I~ ,,>OS value of ..duced sulphur chang.. with
ph}'sicogeographkal conditions of sedimentalion in lilt Black Sea and Ballic
Sea basins, This .. Ialionship is similar to that obstrved for aneient sedimenu
(Fig. 2.6),

TIlt nalu.. of I~ ..Iationship between 1~ isotopic composition of pyrite
and organic carbon for modem sedimenls deposiltd underoonlinental condi.
tions was quite different from that obtained for sediments deposited under
marine condition. (Fig. 2.11). Such a contra,t "'as also OOse1'\'ed in Palaeozoic
and even Late Precambrian sediment. (Fig. 2,7).

Figu.. 2.12 suggeStS that tho: fraclionation of sulphur ;.etopes in modem
marine sediment' and t~ir COntinenlal surroundings depend,on t~ sulphate
content of the overl}'ing wate.... This is prob.ably t~ basic factor "'hkh
detennilltS tho: isotopic zonation of reduced sulphur In sediments of modem
and ancient Msins. Bolh tho: sulphate content of wale ... (fresh, brackish or
marine) and the organic mailer content of tho: ..diments (which pro>'id.. the
energy source for sulphate redoclion) regulate the intensity and utent of
sulphate ..duction.
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TIle rulrure of rho baclCrial sulphalC r.duction syslCm (i,•. whethec il is
open or dosed ...·irh rospecr to sulphate) and the extent of its rodUCIion will
delCnnine the isoroplC zonation, and its oorrespondcnce wirh facies (Vino
gradov or "I" 1%2; Kaplan 01 al., 1963; GrinenkO.1 al ,> 1973a; Grinenko and
Grinenko. 1974; Mlgdisov el al., 19i4). E"ldcnrly. under fresh and
bracklsh.warer condItions, sulphate and irs r.duction are at a minimum r..ulr
ing in rho maximum enrichment of pyri,. with the hea''}' sulphur isotope.
Increase. in ofllanic manU intensify sulphalC reducrion so thar sulphare IS
furthor dcpkred and tho reduction products become increasingl)' enrichod in
"5. Tho orhor exlreme occurs in marine sedimems whore reducrion O<X:un
near tho sedimenr surface with an unlimi'ed supply of sulphate. An increase
in the amOunt of organ>\: mailer in rhi. case does nol creare a sulphare defi·
ciency (Migdisov 01 al., 1980).

TIle above facton which determine rhe exten, of rhe fracrionation of suI·
phur iSOlOpeS also dietare rho f""it. condition' of sedimentation; i.e. a close
relarionship exilit. hot""e.n facieS condilions and isoropic romposirion of
reduced sulphur in sedimentary rocks.

II is wanh noring Ihat rhe relalionships considered above are characteristic
of sediments of the entire sedimentary en,'elope of platform,. irrespeeti"" of
wh.n rhey w.re form.d, at least during rhe last 10' y.a .... TIle only exception
is tho increase in rhe value for the fraetionarlOn faclor of .ulphur isotopes in
sea sedimenlS (<1"5 '" d"~_ - d"S... ) from 25-30"{. in rhe Upper
Prorerozoic 10 3(}-35"1. in I~ Palawzoic and 4S-SO"{IJo in modem seas
Grinenkot,al .. 1974j.

C. lnnumct or rectonic fllClon On the ~nrnltion and Isotopic
composition of sulphur

Fmm rhe dara presenred in previous seelions ir is apparentrhar changes in
the condition' of formarion of sedimenta", rock. will ll:.ulr in an une,-en
distribution of rhe forms, amounts, and isotopic comp""ition of ,ulphur, not
only in layus of the same age bur also thmughour the vertical seelion of the
sedimenrary en'-elope of plarforms.

Tables 2,3 and 2.4 present data on r!>e a""rage ~ntrationsof forms of
sulphur. and rho isoropic composirion of sulphur, 10 rocks of rho RUlSlan plar
fonn according to geological age, Variations in t!>ese values are signiflCanr
and should reflect the main difference' in condition. during rock formation
throughour the hi'tory of the sedimentary .n\'elope of the gi'-en platform,

Im'Csrigation of the quantitati"e relarionships be'we.n rocks and palaeo
geographical conditions during t!>eiT accumulation on rhe RUlSian platfonn.
and on rhe int.rr.lation !>etween sedimenration. paiaeog.ogaphic d..-elop
mem, and r.ctonic mo,'.ments (Ronovol a1 .. 1969). showed tharrhe location
of areal of .l.varion and ,ubmemon changed ....ith time from the Cambrian ro
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1M Global BiogwcMmictd Sulpltw' Cycle

lhe Quaternary, The'" .. a definite relauon belween lhese fluctualions cor·
responding to the ",cur",nce of leetonic cycle,. the inl."'hange of trans
llression, and rellressions of sea.. which determined the relali"e pmportions
of land and sea mas>cI, As the anal)'s.. of dala on the area and amount of
rocks formed under diff."'nt palaeogeographIc condilions show.d. tlleir
interchange is periodic, and conforms to the ...me general "'heme de",ribing
lhe teclOnic hislOry of lhe platform, II is worth}" 01 note lhal lhe interchange
of land and sea masses on the Russian platfonn coincides Wilh their inler·
change 0\'''' the enlire conlinental pan 01 lhe eanh (Ronov, 1968)_ Thus the
amownt 01 sulphur in rocks of lhe Russian plalform and it. isotopic composi.
tion (which are delennined by the condition' of sediment formalion). are nol
a dislincti,'e featu..., of this ...,gion but ...,flecl lhe changing condition. on the
earth'••urface during iI' development.

l1Ic:re are cenain anomalies relaling 10 the concentration and isotop;e,
composition of the different form. 01 sulphur, Strakhov (1963) presenled
.,id.nce for the migration of arid zon•• during the hi'tory of the eanh. as the
....ull of which. a substantial pan 01 the Russian platform ,,'as Iocaled at lime.
in either the arid (H.rcynian cycle) or lhe hum;,,! (Alpin. cycle) zone•. This
influence of palaeogeographic conditions showed up initially in the amount 01
organic mailer concentrated in sediment' of the basin' 01 ...1t or fre,h"'at..
lagoons. As a result. signifICant amounts of sea·water sulphale or reduced
.ulphur w• ..., d.posIl.d und.. such condltiOM (Tabl. 2,2). It was because of
thi' lacl that earlier e'timation. 01 the sulphur balance in the sedim.ntary
en'-elope (Gnnenko el al .. 1973b; Rono,- and Yaro>he~y. 1976) o"ere'li
mal.d the role of ,ulphat. >Ulphur in carbon",. rock, of platforms. since lhe
carbonale, of lhe Ru"ian plalform are mainly H.rcynian,

Sulphur is irregularly distributed a<:ross the matigraphic section of the
Russian plalform, for example. g.fold or 141).Iold diff• ...,nces, r.specti,..ly.
may occur in lhe a'..rage concentrations 01 reduced and .ulphale sulphur in
different age complexes 01 cla}'..y rock•. Thi' probably reflecls the influence
of periodic changes in conditions of sediment lonnation mentioned above
(Table 2.3).

Let us now con'ider lhe change in reduced and oxidized lorm' 01 ,ulpbur.
'The change in lhe roncentration of pyrite sulphur (Fig. 2.13) is dearly C)-tlic,
and 11'maximum ronce ntrationsocc ur in the middle ,tag.sofgeotectoniccycle._
in accordance ....rh lhe suttessi,.. cbang., in palaeogeographic condilions
during transgressions and regressions (Ronov er al.. i969). the roncenlrations
of the diff.renl lorm' 01 reduced ,ulphur corre,pond to period, of maximum
de,..lopmcnt of linoral plains, freShened lagoons, and shallow' pam of the
shell where organic matt.r u.ually accumulal.', On the other hand, the
epochs of aridity, salting of basins and formalion of .vaporil.s. are
characterized by low concentralions of pyrite sulphur and organic carbon.
Change. in p)'rite sulphur and organic carbon acrOOS the stratigraphic section
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~ Sulphur Cyd~ in 1M Lirhosphe'1'

an: broadly s)'nohronou<, but som~ varilltion$ in .his relationship 00 o<xu'.
Holland (1973) studied The "'lationship IIelVo'een these variations and the
oxygen CQnten\ of ll>e a'mosphere during tile Phanerozoic period. He
analysed IIIe data on the Ru'sian platform (Ronov and Migdisov, 1970) I<>

determine .he relationship between sulphur and organic matter at various
itagcs of tM Phanerozoic history of thoc ..dimentary envelope. H. 1IOICd
lhat aU of !he rocki of rhe Palaeoroic age are tharacltriud by higher
pyrire sulphur, organic tarOOn ratios than those of Meoozo;,; and
Cainozo;,; age. Figure 2,14 sho",.. rhal a change in lhis relationship wirh tIme
occurs in all types of rocks during lhe whole: period of developmem olrhe



TItt: Global Biogwchtmical Sulphur Cyr;/e
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Fig_ 2.14 Chang.. in pyrite .ulphu, : organic
C&rbon 'Ot;o.o in ..dimentary rocks 01111< Ru..
w.n pl.t/c"" -..'nh ge<>k>sical.p:

Russian p1alform sedimentary en'-elope (-1.5 " 10' }'ea,,). Three facIO"
may be re.p:msible for the shift in lhis relationship: (I) specifIC peculiarities
of the de>'elopment of lhe Russian pIal form, (2) secondary changn in rocks
during diffell:nt periods of lheir 'Iife' (Garrel. and Mackenzie. 1971); and (3)
steady, irre.'e"ible change. occurring during lhe history of lhe sedimentary
en>'elope. Comparisons wilh dala on other platforms .uggestthat it i' possible
10 ehminale lhe rim of lhelC.1lJe similar lll:nd in this relalionsh,p in different
regions is ICd,eati'-e of Ihe common eharaele, of this phenomenon in lhe
entire sedimenla'} en'elope. 11 may be u!umed lhal difference' in orpnic
lOaner concenlration and composilion ,n ancient and younger sed,mentary
terrains (Rono'. 1958: Rono" and Migdiso'. 1970: Galimov.r al" 1975;
Ronov. 1'176) all: mainly responsible for lhe chang.. in the (l}Tile sulphur:
organic carbon ratIOs.

l1tc rale of sedimentation is one of lhe main manife.lations of tectonic
activily in lhe region of ICdimentalion. Slrnkl>ov (1960) and Berner (1964)
consider lhal low rale. of sedimentalion favou, the complele reduction of
sulphate and lhus the accumulalion of reduced sulphur. However. under lhe
conditions of sedimentation on platforms the facie$ environmem exen. a
mote powerful influence on the concentration of pyrite. As a resull. several
complexes of rocks can be identir"'d. each of which is characterised by a
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c:ert.;n p>yjl~-sr:dinYnt.{ion nile rcl'lion~;p: (I) rocks oontaininJlhe 1'!JC'st
amGUm. of ~-n1C ...lpbur and c:orrelflOndlllg 10 horil:ons of coal !leanng
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scdunenUlhOll nl¢ hal; aka btcn fOWld IOf cbl~ formaliom of OIher pb!
form RgoonJ: ,"" is~~ of t"" 00.10 Rpon (Bjorllkc. 1974).
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Th~ Global Bk>g~ocMmical Sulphur Cycl~

from this figur~. and to a fint approximation. it corresponds to teclonic cycle5
(Migdisovtl aJ .. 1972). Pyrite 5ulphur from sediments <lIthe middle stagnof
geOiectonic cycle, is characterized by a concentration of Ihe light sulphur
isotope, "tlile the rocks of lhe initial and later stages of these cycle, accumu
late the heavier isotope. Ma.<ima in the concenlration of the light isotope of
pyrite sulphur OCCur at differcnl lime, to the ma.<ima in concentrations of
rcduccd sulphur and organic carbon in roch (Fig. 2.1~).

Some intereslin~ conclusion' could be drawn from a comparison of the data
on lhe isotopIC compo,ilion of Pl'rile sulphur and t~ on the IOt~nslty of
tectonic movement'. the distribution of 'arious type. of rock. and the palaeo
geographie condition' of their concenlration at ditfercnt .tag~, in lhe history
of the Russian platform sedimcDlary eO\~lope (Ronov et aI.. 1969). and the
chemical compos'tion of its sodim~nts. All lhese data suggest that the
concentration of "s in the reduced sulphur of sedimentary rock' depend, on
the rate of oxidation of ..,diments. the dc'~lopm.nt of aridit},. and the
increase In int~n<ity of teetonic movem~nts. Th~ rat~ of o.idation is rcflttted
in the Fe,O,: FeO ratio. in the aridily of th~ dimate in (he magnesium oxide
content of carbonate' or the 5Ulphat~ oonlent of rock,. and the tectonic
activ;ty in the relation,hip between the isotopic composition of pynte and the
rate of ..,dilfl(n,ation (Fig. 2.16) and tha' between rates of eic,'ation of the
source rcgion. and ,ubm~nion of concentration ZOot •. Th~ positi,." correIa.
tion between the isotopic compo,ition of pyrite and the extent of mature
... ndy and silty rock, (as determined bJ' the AI,O, oontent and AlP,: Nap
ratio) is also indicative of the tectonic acti"ity. At the ...me time the incrcao-
ing influence of marine conditions (e,peciall)' the de>'elopment of deep-water
sediments) and a humid climat~. which is manifested in lhe concentration of
organic matter in ..,dim~n15. rc5ultS in the accumulation of "s in ..,dlT'nenlS.

,"w~-+.--o-~t-;'"""cC04812 t6 2024 28 '2'6
Rott .1 ..d<mt"'O"OO 1m/ to',••"I

FIg <.16 Effect of sedim<n,.tion nol¢ 01111>0
Ru,...n p1.tfo<m on ,1>0 ko'opoc COlIlposltlOn ot
pj'r". ,uJphuT



Th~ Sulphur C)'d~ in 'he LilIwsphe'~

From the above-mentioned rdauonships an empirical equation Can be
deri,'ed "hieh enables us to estimate the isotopic comprn;ition of reduced
sulphur from tectonIC and palaeogeographic characteristics plus data on the
forms of iron and sulphur in rocks:

6""s • 2.4066""sooi'" 1.418 Fe,o, _ 0.52 V_ - 1.714C-J%)
,.. FeO V....

where V_. rate of submersion of regions of sediment a<:<:umulation, and
V.. • rate of ele"alion of source regions.

Fisure 2.15 shows tlte comparison between calcula..d and observed val""•.
The main discrepancy be"'"en tltese selS of rlata lies in tbe shift of the
maximum concentnuion of "s in the Lower Palaeowic and the \(),r,'
accumulation indicated for Cretaceous sediments,

The distribution of sulphate o,'er the Russian platform exhibi" a maximum
coinciding with tlte Hercynian period of in &velopment when arid conditions
were predominant (Srrakho'. 1963). Sulphate sulphur is extremely high (dis
reganling .ulphare ro<h) in arid caTbonale terrains especially in the La"'er
Permian (Tahle 2.3). High concenrrations of ,ulphate are also observed in
carbon.,es of the Middle and Upper Devonian. and the Upper Carbonifer_
ous. The relationship bet"'een these sulphate conctntTations in ca'bonatc
sediments and periods of e>'apotite fonnation is obvious and is confirmed by
lhe strong correlation bet,,·ttn the distribution of sulphale and tbe distribu
tion of g)'psum and anhldrile complexes over the Ru.sian platfonn. Sulpha,e
t)'Pically occurs in all type. of rocks fonned during periods of dolomite forma_
tion. The isotopic comprn;itions of sulpba..s are differenl in "arions types of
sedi""'n" and at varions stratigraphic level. of the plalfonn en,'elope. Thus.
the isolopic comprn;ition of sulphate sulphur in carbonale. deposited during
arid climatic periods is lhe same as Ihat in evaporile. of Ihe same age (Table
2.3). Pan of tbe sulphate in carbonates of humid wnes came from the Q~ida·

tion of reduced sulphur. This is also characteristic of clayey la)".. where the
isolOpic composition of sulphate ,ulphur is similar to that in evaporite.
formed under eXlremely dry conditions. Evaporites ftom rhis platform are
similar 10 lhose found in OIber region' of the v..orld (1bode and Monster,
1964; Holser and Kaplan. 1%6; Kielsen and Ricke. 1964; Eremenko and
Pankina. 1972: Nielsen 1973, etc).

It ;s interesting to compare nuetuations in the isolOpic composition of
sulphates and changes in the iso'opic composi,ion of reduced ,ulphur of the
platform with those of Ihe fraction.tion f""lor (t."'5 • 6"sso'- - 6"S... ),

Changes in 6"Sso, and 6"5", are nOl parallel contrary 10 :-lie','sen (1973) and
Schidlowski~IIl1, (1977). 'herelore. flllCluations in t."S "al"". should occur.
Moreo,·er. the ,un" relating the Isotopic COmpos'hOn of sulphides of the
Russian platform 10 geological age i•. 10 a fim approximation. the mirror



1M GloMi Biogrod,~micdlSulphur Cyd~

,mag<' of the ctl ....·e for evaporite ...lphur. E'idcntly, the tectonicaU}' ~tabk
stages of the Caledonian. Hercynian. and Alpine C)'c1e. are characterized by a
maxim..m fractionation of the ...lph..r isotope•. Taking into acco..nt that the
...lphate c......·e is .imilar to the well·kno"'n ctlrVe of6"S "ariation in the world
evaporite. (e.g. Hol,.,r and Kaplan 1%6: Nielsen and Ricke. 19(4) such a
correlation rna; take place "'hen change. in the isotopic compoSition of
",d~d sulphur reflect the regional specificity of the Russian platfonn,

O. The distribution o( sulpbur In 'fdl~tary rocks of p1atfonns. Innuence
of global mo""menU"" dtanga in sulphur roncmtnltlon and its iooIopk
compo6illon

Movements of a general global character "hkh affect the distribution of
sulphur in rocks of the Russian plalform need special consideration. In an
earlier section we discussed the commOn character of the changes ;n
palaeogeographic conditions On the Russian platform and continents. This
common character and the dynamic natu", of lran,gressions and regressions
on the Russian platform and continents are illUStrated by Fig. 2,17. Funher
e"idencc is pro"ided b}' the parallel changes" ith time of pyrite and organic

• a,1 <""'....o!>

I) fl<,...on plollor.,

400 34~ zao ,~

600109><01 oQ' t. ,o'y....)
FIg.2.l7 Change in "e.. of ,... on the Ru"i.n platform .nd continents ....ith
tim< (from Ro"",". 1976, Ronovnaf.. 1979)
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o;:arboe (r.,. 2.\8) inc:orponted inln the cn."l0~ of the R......... platform
and 1M d>angcs In 0llaDlC arbon 1ft the WehmenUlI) nwdopc as • ""bok
(Ronov. 1976). This il; ako confirmed by a.>mparu!l data obtained for otbor
platform rtlJOllS of ,he .."Oriel. Each rtpon may Ila>" <pcrific: fUIUIU of ItS

dl:''''~ot. bul dndopmcn' as • "'hole sbould romp, ..~th the FnrnJ
piau.., chanctCr$>l; of conUMntal platforms. Sur;h S~",WD.J.tic daD 001 the:
disttihuuon of ,be different form, of sulphur an lading. exoepc for lhe
informatIOn on ,be RlMiao platform conSIdered .1:10.-<. aod 11M: 5c)'lhWl
plate (Ronov It III.• 1914). Unfununatdy. ,he loedimcnury cn~loJlt' of tile
Scythian plitt comprises ,he )"Ie......ic and Ca'DOzmc Wlges of lk""lopm<:nl
only. Rt$uhs of I. ~1.malic suK!} ;n ,he Oslo "'Yon (Bjor1ike. 1974)
clulraclc~ only. small pa.rt of the Kd,mcmary en""lope, tile l.o'<I"((
PalaeozoIC. A ~ummary of the .,-.ilabl. dillon ,he di.ulbution ofsulphur and
organic carbon in the loC'diment S"etions of a number of platforms i' prtsented
in Table. 2.S and 2.6. Not all Ihe .nalyKS used in thi' lable II"(: equally
reliable. For instance. Ih. data on the Siberian platform and We.1 Siboerian
pIa,. consist partially of direcl anal)"scs of sulphur and eSlimations of pyrite
iron.

Even lhe moR: fi&oro... data. obtained by R:hable analylical melllOds, for
lhe WeSl European platform (Ricke. 1960) and TunonLl1l plate wffer from
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••Table 2.5 Sulphu, and il> isotopic COffil"''''.n! in "",Ii""'"IarY .",1 cflu",.. "'d' of aocicn' and young r1.trorn"

Clayey rocks

No. of No. of Or~nic Elemental TOlal
Platform Ix",';p';"" "ss.y. ..m(>lc. Sulphate Mo,""ulph;oo ""ph", ,,,Iphu, Pyrilc .ulrho'

flu",." I\",rug< of ""'ks of 0.032" 0,405
lINJ25~9 OM O.2H 0.012,Ioffe"'''' "~C -2.5 "Ilu~"." A""rage of ""''' of 0,210 0.027 0.370 O.~

dirrcrem foci<, and ", 10236
-OA' -14.0 -8.9climatic compkxc. -4.3

RU";"" Average of ge"",.r o.ns O,3M 0,591 ,'=y' ." "''' 0,001
-10.5 -7.1-1.6 ,

Ru";." A"""I,,",I ....,ase 0,224 0.03(1 0.380 0.647 0
11/)01 0,012 S

" -1.4 -11.0 U •C
0"'' reg;""" " O,5~S •,
Siberia" .W 0,110 0.480 0,590 1North A",,,ric.n 1289 0.148
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the drawbacks th3tlhey COver a narrOw 3ge interval or a small region (Table
2,5),

Ho"..ver. the data pre!oemed in Fig. 2.IS and Table 2,5 On changes in
pJilite sulphur in dale; rocks of dilfeTOnt platform. oorrelale well. Other data
on ooneentrations of p; rite and organic matler in Cambrian la)'e .... of the Oslo
region (U8~ S. 6" C) and the Siberian platform (O,8O'llo S). and the high
oon""nlration of p;'rite in Tria"ic clays of the Siberian platform (1,6" S)
(a'..'age from se"en analyses for one region) di'....ge from the general
",Ialion.hip, sugge.t,ng that some: data in Fig. 2.18 and Table 1.5 do not ade·
quately ",presem the platform as a "hole. When t""se aberrant ,'alue. a",
taken into ac<:ount the Q"""'~ sulphur concentration for all platform.
change, in the same: "'a; a. the pyrite sulphur and organic carbon roncentra·
tion. in the Ru"ian platform. and with change. in the concemration and
amoum of organic carbon in Ihe sedimentary envelope of continents. There·
fore, data on the distribution of .ulphur in rocks of the Russian platlorm aTO
roughl)' characteri.tic of platform. a. a wbole,

his mo", diffieul1lO check the ",Iiabili\} of changes in the isotopic compo
sition of "'duced Sulphur in the sedimentary en,.. lope of oontinental
platforms. since few in,utigations of the distribution of the sulphur
isolopes in sedimentary rocks h,,'. been made, The literatu", contains di..
persed and $Omelimes S~'Slematioc data (Thode er 01.. 1953, Vinogradov.r oJ ..
1956; Pilot er oJ.• 1973. etc). on the isotopic composition of inclusions and
ooncretion' of pyrite from sedimentary layers of different ages. The)' differ
from sulphide. formed at the earliest stages of diasenesis of !oedimems by
having iner....d d"S \'alues. Such ,'aluesean be as high ali those found at later
Slages due to processes of diagenetic and epigenetic modification of sedi.
menu,

These changes in isotopic oomposition occurring during the lithifICation of
..dimenu begin at J"s '·al .... corresponding 10 those of d,spe~d !iulphide.
This is why in sulphides "ith a wide range of J"s value. one observes the
'inheritance' of the iwtOI"C composition of wlphur distributed in the rock
{Fig, 2.19}. and the dependence of the isotopic composition of concretion'
on the nlle of the sediment formation and itS facieS (Fig, 2.20; zagry.'azhskaya
01 01.• 1973). In this oonnection, a <lefinile correlalion is obsen'ed between
changes in the isotopic composition of dispersed sulphide and oot>erelion. of
sedlmemary.' rocks of tile same region (Vinogradov ~I oJ.• 1956).

Analogous data On othor region, of the "'OTld are cited b)' many in"e..
tigators, Of particular importance is the "'ork of Thode e, 01. (1953) which
presented carefully selected ",.ullS of isotopic anal~'",s of sulphur in sedi·
mentary sulphide. of var;Ou. ages, Their conClusion regarding the aecumula·
tion of the light sulphur isotope "'a, supponed ~ tile studies of rock' of Ihe
Ru,,,an platform (Grinenko cr ai" 1973b; Table 2.3), lbe anal)'se. of 1bode
el al. (Ins) characterize sulphides from formations of different age in North
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America and <Orne o'hor reg;"n, repre",n,ed no, onl~' by concre,;"n,. but
alw by ,ulphides di,per>ed in rocks, The'" dala refleCl the iwtopie composi.
l;"n of a major pan of sulphide sulphur in ",dim.nla') rock•.

Anal)'"" of sulphide, from ",dimentary roc.. cited in numerous publ"a·
lion. poin, 10 a wide range of d"S vatue•. Many of the'" formation. ,how
,ignif,canl accumulalion' of "S. tcstif)'ing to their formati,on at tdal,,'el\' lale
stag.. of diagenelie and epigenetie proce""'. This is especially charoneristie
of Ordo"ician. Silurian. and Tria"'ie sulphide formali,ons in the German
Democralic Republic (GDR) (Pilot ~I 01.. 1973). as well as the rennian
concrelions of the Russians platform (Vinograd",'.' o/.. 1956).

We attempted to gencralize lhe available data on "anous imponam regions
(Europe. ~of1h Amerka. Asia) bJ-' calculating lhe ..-erage sulphur isolopie
OOmposilion of sutphid<: formal ions for .ach geologie .y,'em. lbe ",'erage
valwe "'a, then calculated from ,he "alues for 'ho<c region, s,udied (Table
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2.7). Figure 2,21 sho,,·, the time "~rialion CurHS for tllese data compared to
the a"er~ge d"S "alut of dispersed pyrite sulphur," the Russian and Sc}'lh,an
plalfontls and Cawca~an gwsyndine.

The curve. sJ>ov,' tbat d'OS "ariation. in sulphides aSa fWlCtion of tile age of
the rock for all region. are "ery .imilar. The only di"ergence from the cyclic
'''riation' is the accumulation of "'S in the European .ulpbidt formations of
the Lo.... r palaeoroic (mainly due to the data for the GDR territory). After
the Devonian. be"er correlation of d"'S minima and maxima i. obse.....d,
The Cto.eSl similarity is 'ho"'n for the Russian platform and North American
region. Their average 6" "alues are practically identical. Since many of
Thode's North American samples "'ere di.persed sulphidt., sucb a re,u1t
appears to he ""'y significant. Despite the limited number of samples from
the Ural., Cauea.u., Kazakhstan, Sayany', and Japan, the change. in 6"S
"alue' of A.ian ,ulphidc, arc ~milar to those of otner rontinent>,

Thi' ,uggests that the ".ri~tion. in d"s "alues of sulphate and sulphide in
sedimentary rock,. and the changes with time of tne fractionation factor for
the ,ulpbur iwtope. are natural and arc determined by the peculiarities of the
tectonic development of ront;".nts at various stage. of their Phanerozoic
history. It i, not surprising. tberdor.> that the amounlS and roncentrations of
the different fontl. of .ulphur and their isotopic oompos,t;,;",s in the Russian
platform rocks are associaltd and related to the dynamics of the tectonic
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nble 2.7 A.... rase iOOlOpic rompooition ,,1 .ulphide: .ulphur ",du.ion. and
""'",,«lion. ill ..dim<nlOt)' rock. ,,1 dille",n! geological.go from ""riou< "'gi<>n<

Upper Pro.. rmoic

C.mbrian

Silurian

Cubonikrou<

Tria""

Jurassic

R.er.r.ne",

Europe

-7,S(I),
-).1(2)

'"H~,S(1)

"+2.7(3)---
"-8.0(2)---•

-3.3(4)

"+18,0(1)

•
-6.4(4}

"-32.0(3),
-B(2}

"
I. 16, 1/. 19,

"

-2.1(1)',
-8.~(2),

-21.7(1),
-S.I(1),
-36(2)

"-1.7(1)---•
-S.1(4)---
"-10.7(3)

"-9.9(2)---
"

2.3.11.12.13,
14. IS. 21, 22.

"

N"onh Arne';".

"'U(2}---
"-3.6(2}---,

-12(4)---
"-12.3(2),

-S -4(2),
-'I,m}

"-6.4(1),
-H(l}

"
-20.7(1},
-IS,O(1)

'"
4.S.6.7,8.9.
10.18,19,20

+3.8(3)

~

-35(5),
-2,6(6)---
"-7,7(4)---
"+04(6)---
'"-7,1(6)---
"-4.0(7)

"+2,1(3)

"-5.8(8)---
'"-21.3(7)..

-31(S)---
"

'Som<rawr <1<"""" 1"'5 ,..h.. (0,,,,). V.I io pon""h<... <1<",,,.. """,I><, 01 ....... ".,j;'d
0.""",..."" <1<"""••uml><, 01 ..al} .
1(,/1"".,,>: l. AnI<' n 01, 0%6). 1. !loJdano" n 01. (1971j, J. Boc"",,, 01, (1972),
4. _ and h"", (1976); S, ~'", n"'. (1916); 6. 8odd_".... 0 '169): 1. 80m" n 01
(1972); I. Chritmao" .... (1969), 'I. Col< (197'): 10. D<clIo--o (196Q1: ll. DoIU>tnko 119'6):
12. GOrin n .... (197'): 13. Grin<.ko n .... (1969): H. Pot.m.on;h.,k n .... 11972):
IS. Polomor<hllk n 01, (19761' 16. Pilot (1970), 17. Pilot n"'. (1973): 18. SaY.;.nd K""",
(1966), 19. 11Iod< n .... (1953): 20. Tupp« (I %(); 21. V""=>(r""'.,n 01, (19S6); 22, V.m.mo1o
...... (1963); 23, ZqryOl!»h>~., n 01. (1973)
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Fig. 2.21 Comp>nso" of a'·erage 6"'S '·al"", of .ulphide incl""ionJI and concre,ion.
hom oedi"",","')' rock, of dIfferent oge from :"0"" Americ•. Europe. a"d A";o wi'h
dot. 0" iso'ope wml'O"lIIon of dispe....d pyr;'e from ,he Ftuss4n ond S<)"hion plal
fornl••nd Coucuian g=<yndioc

regime of comiocmal platforms as a whole and ,he entire sedimentary
en,..,lope (Rooo,'. 1976). For instao,,", ,he enlaTtement of areas of sediment
accumula,ion on platform, of an con,inent' is renected in ,he increased
amoun' of "s in pyri'e from the Russian pla'form (Fig. 2.22).

II is io'e'esting 10 consider the rolationship between the i""topic composi
tion of reduced sulphur and ,he amount of siliceous f<Xks in the sedimentary
eo,'elope (Fig, 2.23). Siliceous formation. are mostly biogenic and are indica·
'''0 of delinlle ronrlitKm. of sedimemation which. by and lar~. are fa''Our
able for the fractionation of ~ulphur i';(JlOpe~. ~lan) m'·(~ligalo" aSSume that
"olcanic proce•.." are the ';(Jura: of silica for these formations. The'e i~ a
relation.hip betweeo the amount of sulphur and the intensity of global vol
canic processes. bUI ,t I> ron,,"aled by the Influence of fac;e~ ronditions and
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Fi,,2,23 R<lalionship be'..·.en isolopi<; rom
I""il;"" of pyril••ulphur and \IOlu"," of .i1riouo
form,"on, on "'ntinc:n"

apparemly fe~ults from lhe >1ronS relahonship be!l'.-.en Pl-rile formation and
lise amounl of organic matler. h has bee.n menlioned abo,," that the di~lribu·

lion of oraanic matt.r in the terrain. of the Russian pia' form of diffefem ages
CQrrelale$ "",th the change~ in amounl of organk carbon in th. sedim.ntary
.n>'elope. The d.pendence of these chang.s on the .ndog.nou, infl"" of
carbon ha~ been CQn~idered recend)' (Ronov. 1976. 1980).

The close agreemenl be'''''een chonges in the frnctionalion faclor for sui·
phale and sulphide iSOIOpe. ,n sediments and that of carbonat. oxyg.n
(Dont..,>·. el Ill .. 1972; Migdi5QV el "I.. 1973) should also be noted
(Fig. 2.24).
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E. C<>rI«nlTlllion or <lifl'<rtnl rorms or sulphur In plalform zones of
il<dim<ntary <n'-<Iop<s

Oat. were presemed al""'e (Table 2.5) conoxmin& Ihe ronoxmnl1ion of
differem forms of sulphur in IIIe various rocks of platform :wnes. Based on
Ihese resulls, lhe a,..,r.ge amounl. and lll<ir isotopic composition. "'ere calcu
laled, Altl>ough di",repancie. bet"'«n estimation. of the .ulphur rontent
",ere large. on a"eTage III< eslimatn approximated those of rocks from reo
gion. which ha"e been ,'udied sySlematically

Tht mo<kl of III< chemical .tructure of til< crust made bJ-' Rooov and
Yarosll<",k) (1976) sen-'ed as IIIe sourtt of dala on volumes and masses and
lll<ir relation.hip be'" een roc... Some coHections were made in accordance
with ,,"w data (Rono', 1980) on lbe fonnallons of the lale Precambrian
sedimentary temins (see Table 2.13), The redalion~ips betWeen III< main
type of rock. romJX>Sing evaporite lerrains also change in accordance wilh
new dala on III< red'liv. dislribution and '-olume. of rocks in salt·bearing
ba.in. (Zh.rkov. 197-l. 1978: Rooov, 1980).

Tht use of tll<se rorrecled data enables U5 10 estimale lhe amount of
.ulphur buried in platform :wne. of til< ..dimenl.ry envelope which amount.
10 26.3 )( 10' TgS. Tht .,..,rage ~"'S value of lhe tOlal sulphur of plalforms
does nOI differ significantly from the meleorile standard and equals - 1,5"/..
Tht sulphur concenlralion of platform sedimemary rock. (0.487"') roHeS
ponds c105cly 10 til< esrimate5 of Holser and Kaplan (1966) for the sedi_
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mentary envelope ai a "hole (0.49"'), The concentration> of P}'ritt and sul
phate in platform rock> are similar (0,28 and 0.21'" S. respechvel)'; sec Table
2.13). B) ,ubuacting from the total sulphate sulphur the amount that exists
as seronda'}' sulphate. it i. found that the concentration of p}'rite .ulph~t

(0.321"') i. yeater than that of pnmary sulphatt (0.106"'). Ho~,-cr. nen
in thi' caSt. ahhough the concentration> of oxidized .ulphur arc lower rhan
our pre'ious ntimate, (Grinenko.f I>l.• 1973b; Rono" and Yaroshe'Y).
1976). the high sulphate concentrations in platform terrain' correspond
to a quiet tectonic regime on platform, where the bulk of e"sporites
accumulated.

The d)namic1 of formation of the platform sedimenta'}' sulphur reservoir
ha"e also been studied. Table 2,6 present>. along ,,'irh the data on the Russian
and Scythian platform>, information on the sulphur content of sedimenta'}'
envelopes of a number of platforms zone•. The a'..,ragc content of p)'rite, in
an regions where tl>< entire sedimentary envelopes w'ere romprehensively
,tudied. "aricd only slightl) and approximated 0.3'" S. e.cept for mota On tbe
Nonh American platform'" he rc method. for sulphur determination were nOl
indicated (Hill .r al.• f967; White. 1959).

A, can be Sten from Table 2.6. the average concentration of pyrite in
sediments of different agn of almost all tl>< otl><r platforms correspond to
tOOse of the RuMian platform. Tbc Cambrian sedIments in t....o of three
regions under consideration were uceptions. In the black shales of the Oslo
region. and the bituminous clays and carbonat.. of the Siberian platform.
reducing condition. ui>ted and an intensive accumulation of sulpbides
occurred. Olher platform regions ....ith Cambrian sediments ....ere not found
and thu. the a'..,rage estimat.. for sediment. of this age may be ovemated,
Tbe ...me situation applies to the Permian sediment> where solita'}' analyse,
of continental sediments of the Siberian platform had a great effcet on the
average ,'alut for tbe roncentration of reduced sulphur.

Based on the data obtained.....e were able to calculate the amount of
.-.dueed sulphur in the sedimenta", Phanerowic rocks of platforms at various
stages of the development of their envelope (Table 2.8). The rate of pyrite
accumulation in platform sediment> was calculated for "..ious periods of the
Phanerozoic con. and Fig. 2.25 shows the changes in these value> ...ith time. It
also sbows the chang.. in ,he amount of organic carbon buri«l in the
sedimentary en"elope of Phanerowic age (Ronov. 1976), It can be seen that
the pattern of change for Pl'ri1e in the sedimentary en.'elope of platforms is
similar to that for organic carbon in continental sediment. and that the maxi_
mum ""cumulation of reduced sulphur in platform sediments occurred in the
Ordovician. Carboniferous. and Cretaceous periods. i.e. in the middle stages
of the geotectonic cycles. The most porcnt sulphur flo...s a.-. characterntic of
the Alpine C)"c1c,
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Fl!.2.25 Chang.,; in the amounts of ...d~ sulphur ...d 0'lanic carbon
a«umlated in the ..,dimen..')' en<"elope of platform< and contonents a. a
"'bole in ,he Phaner<>LOic. Contincn", nodueed ,ulphut (4._),
orpnic carbon (_e): Platlo""" redueed ,ulphur (~1I).

organic carbon (0------0)

2.2.2 Sulpllur in Sedimentary Rocks of ~ndinal 7AIIfS

A. DifftncDCe lid....... gcmJlIClina! and pbtform zones in 11M: CGn<:ffilrllUOn
and isotopic mm~Uon of dltt.......t forms of sulpllur

Specif><:il)' of lhe Slruclure and de<-elopmem of Il<'os~'ndi""s. Wilh charac·
leristic large amplitudes of ,-ert,cal mo<'emenl. high rale. of sedimental;On.
and imensi<'e voleanic aCli<'it}'. affecls the distribution of .ulphur in the
sedimentary rocks of these regions.

It "·a. menlioned above lhal "'"en in pIalform. whleh are lectonically quiel
region. of lhe cru~l. change. in the rale of sedimentation affected the .ulphur
di.tribulion and its oolopic characler, The mllJlimum influenct' oflhls factor.
mtl'll have occum:d during ",dimenlalion in gcos}"nclinal zone.,

Ronovel aJ. (1974) .Iudied lhe influence of 1'«'lOnic and volcanic acti.';t}'
on .ulphur dislribulion and iSOIOpic oomposilion in Sl:dim~ntal)' rocks of the
Alpine (J,-N) Cauca~ian geosyndine. The)' oonsidered a number of leClOnic
zone., beginning from lhe Russian plallonn, "'here the leclonic reginlC was
alr-.ad)' stable in the Ripl>ean period. to the Sgllhian pial., e".bli.hed in lhe
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Jura"ir p"riod, and through zone, of tho: C.llCMtan geosy'odine. InCluding
the north (eutu) and SQuth (in"".) miogeos~'nclinesof the Grul Caucasus.
lhe Trans·Cauea,ian middle ma..il. and the eugeos)'ncli"" of tho: Mme.
Caucasus, The ,a", of sedimenlation ""a, al a minimum on lhe Ru..ian plat·
form. inc"'ased g.adually umil it .eacMd a maximum in lhe South
miogeosyndme of lhe Great Caoca,u,. lhen decreased dramaucall)' '" the
Trans-Caueasian middle ma"if ,,'he.e it approximated the platform sedimen
tal;"n .ales and lhen increased again In the eugeosyncli"" of lhe Minor
Caucasus,

The data presenled in Tables 2.9 and 2.I(l show lhal usually mo", lhan hall
(60-70'll.) oflhe IOtal .ulphur of Meso-Cainozoic geosy'nchnal sedimeDlary
rocks is incorporated in dispersed pyrile. The amount of 'ulphate sulphur;'
sub<tantially less. and il is only in arid sediments (and not in all case,) lhal lhi,
quantily exceeds ,he amounl of ,ulphur as pyrite. A signiflcam part of the
sulpha'e sulphur of rock .. especially clayey ones. is seconda", ,ulphate
formed by lhe oxida'ion of pyrite. Almosl all of lhe sulphale sulphur in clay',
of humid ..d,men" " 5econdary. l1Ie concentration of organicalll bound
sulphur ra",l~ reaches O.l'llo, elemental ,ulphur i' al"'als Ie" than
O.OH1....O.020'll0. and monosulphidc sulphur is negligible,

[n lhe geOlectonic profile beginning from the plalform and mo~ing to the
deplh 01 the geosyncline. the col>CCmration of sulphur in ,'arious forms
dttrca5eS and lhe iSOlOpic composition becomes heavier (Fig. 2,26).
Sedimentalion rates increase in lhe same direclion. Changes in sedimentat;"n
raleS are usuall)' renected in the diSlribul;"n of sulphur in sedimentary rocks.
When a maximum occurs in the 5edimemation rate at a g;v<:n stage of the
de>'elopment 01 the geosyncline. the PI rite sulphur col>CCnlration is at a
minimum and the d''S "alue i' at a maximum (e,g. Lower Crelaceous), On
the other hand the slowly accumulating marine 5ediments of Slable ZOneS
inside the geosyncline (e.g. Trans--Cauca,ian middle ma",if in lbe Lo....er
Cretaceous) ha>'e a high reduced sulphur concentration but a 10" >os COntent,
Thi' indicate' lhat lhe sedimenlalion rale i, an important faetor regulaling lhe
sulphur concentralion in sedimentary lerrain,. lbe higher the rates of sedi·
memation and submersion of sediments. the 100'" difficult i' sulphale diffu·
sion from the o"erly'ing ",'ater 10 the sedimem; also the earlier the sulphate
redUClion 'ystem I:>ec<:>mes closed. tbe faster lhe initial sulphate is exhausted.
lbe influence of thi' laetor may limit the manifestation of the facies and
climatic zonalion "hich is "'fIecled in lbc distribution of sulphur and its
isotopic composilion in platform sediments. Nevertheless. lhe facie' and
Climatic factors also affcct sulphur distribution wllhin the geosyncline,

[n a number of cases il i, possible 10 folio" these changes in sulphur content
and i!<>lOpic composilion. even al high rateS of sedimemation. 1l>e Middle
Jurassic period (Aalen) of Dagestan (zagrpzhsXaj"a rr aI,. 1973) provides an
example of such facies zonalion in the distribution of d"s values in pyrite,
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Fig.2.26 Sed,menl.tion role. (Il). reO/re,O, ,"'iM
(A). sulphur ro~ntr..ion, in Pl'ri<e (0) ond <ulphole
(e). oDd i>otOplC rompoo"k>tl of o,gonic ,ulphur (_)
oDd pyrite (e) in ..diment>.'1' ond "OIeonic roc~, of tbe:
teclonic proftk 01 t1l< Runion p1otl"""... uge".ynelin<
of M'llOr Ca""uu,

Howe<'or. 0 comparison of the changes in the facie' profile of Dlge..an w'ith
thoS" in Ih. plalfonns suggem thaI Ihe higher 6"5 ~al".s in geosl'nc!ine
palaeob<!sins resulted from h,gh<r rate, of sedi""''''ation (Fig, 2.27). Thi,
confirms the idea (Rono~ ~I '" '. 1974) Ihal the rate of S"dimentation re..rict,
the appearance of low 6'"'s "alues "'hir;h are detenn,,"'d by sedimenlation
conditions.
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FiJ; 2.27 ZOnation in ,be i""opic conlpo!.l'ion of ~..,;'" in ,he fade.
I"'Ofi" of l!1e Jura"'" 1M';. of Doge'lan (C.,••,,",)

Another difference bet"'-een geooyndinal and platform sediment, Iks in
their sulphur distribution. In accordance ,,-;,h the stringent tectonic lim;,a_
tions of sulphat. reduction in geosynclinal sediments, this process should
ronSome less organk mailer than in platforms. Therdo,"" the pyrite sul_
phur: organic caroon ratio should be lower in geosyndinallhan in platform
sedime.n. This assumption is confl,.",.,d hI 1M data on the Call1:asian geo
syndine.~ p)'rit. sulphur: organic carbon ratio in clays of this deformed
zone average. 0,30 oompall:d ",j,h 0,42 in Mesozoic and 0.77 in Palaeozoic
sedimenn On ,he platform (HoUand. 1973). In silty-sandy and carbonale
rocks lhis ralio is higher than in daj'e}' rocks. The ralio in silly-SlIndy rocks of
deformed roneS is less lhan in lhe rorre,ponding type of rocks on lhe plat·
form. The change III p)'nle sulphur; organic carbon ralio in the geosynclinal
profile beginning otlhe Russian plalform and ('lend,ng 10 the eugeosyncline
of the CallCosus in 5<'di"",ntol)' lerl'llin of the same ag<' is a good ,lIuslral;",n of
lhis, Only in the ca5<' of the de,'elopment of predominantl}' roal.bea,ing
oontmemal facies (e,g. in the Lo"'er and Middle Eocene rocks) i. lhi' rat;'"
Ie>! on lhe platform lhan ,n lhe ,ynchronou, geos}'ncllne lerrains.

Confirmat;",n is prm'ided by the relalionships bet"'een p)'nle or lotal ,ul·
phur and organic ea'bon in Palaeozoic rocks of lhe Cal>Casian geosyncline
(RonO\' et IU.. 1974), In lhe5<' geos}'ncline sedimenlS the pyrlIC sul
phur: organic carbon 'atio varies from 0.6 in silly-sandy rocks 10 0,2 in
shales. gi,'ing an average aboUl 0.3 as in lhe ca5<' of rocks of lhe Alpine
g<'osyncline

B. Total sulphur In lbe gfOS)"JICIInaI pan of tbe sedimen"'.,· en"elope

In this section ""e altempl 10 evaluate lhe 10lai amoum of sulphur III
geosynclinal zones of lhe sedimenlary envdope. Published data are I>Ot sys-



"
l~""'tic: """'" reporu l"-e the conoenlntion of tbe diffcKnt forms of sulphur.
,,'hile o<ht~ Il'"e only tbe toUJ .wpbur _nuauon of men. "The.\oe dati
"-ere aw:mbled aher checking. Uloin, vallin ~igbud for rock Iboct:ntSW1
and '"OIurDei for !he PaJaeozoic and~~lldmes of lhe
CaUlCaW'! (Table 2.11). In addition 10 Ihis mllerilll. publMed dati and fnlltu
from ""finllJled Rudin "" tile scdomcnlaf)' terraifts of the Carpathian and
UAl ~nchnu_re mduded. The >-alWt for I"" d~l>utiooof the d,ffe.
enl forms of $Ulpbllr In gem}-rK:lmal rocks corrnpond 10 (he, .,...I'll~ 111110
ben;...." tile I'l'KKI ron1p1't'bensr.",,, uudie:d 1'0"111 Caucasian ge"'lincline and
an older OM. the Palac:oroic: deformed ZOM of tile .."'" Tt'&JO". Thtsc .-.Jues
art In ag,..,emem Wllh the ""'" 'elLlllle pubhlohed dall and wpplcllKnlll)
mlten.ol from I 1al"F ge05~'ndin.. '<,gion (West Ellropun ge<)')'ncliM. ll>c:
Urals) ro~cring a iufr",ienll~' long time interval Pz. R~T. Mz-Kz. etC.

Tbc data obtained indicate the basic differences in the sulphur concenn.·
tion and ilS ;KllOpic comprn;illon betw..en tile ,e",,'nelinal sedimentary
..n"dope and platform sediments ("".. Table 2,13) the former hal lower suI.
phate (mainly ",condary), and pyrite a)nOl:ntr&tion.. an accumulation of tlte
"s ,§O,opc in .ulphate and of "s ,n P)'nte. A c:ompan§On of tlte '·al .....
obta"'ed for lI1l:OSlndinaJ terra,n, "nh t~ of platform.. obo",.. that the
ronttn,l'lIuon of M1lpllo.te ,n lI1l:"'ync:hnal temun. ",'a. Io.-·e, '1wI lhat In

platform, (0.063" ,"'",1< O.109'1l.1. M""" )Ink,.., d,ne""nct'I bet"'""",o CQI'I.

ceo'raUOnli of ",tpllate (O.OI 8-0.166'1101 are "",",,11 UI ge<l§)lIcl~ and plat·
Ionm ~ "",dud,.., the ~l) ""pIIa,. formed ~ the ouda"oll of
>Ulphjdc.

Eve" though Ibe >OllllM of~~'ndmaJrocks IS 20S I1OX'S pUlCr tllan dlat
of p1atfonn rods. the ~I of ouJphalC """"U1 pre5COI i> Ic$s tbaa in
pladorm lCm,nl (8.4 "".... 113 >< 10' Ts. and forp~ ""phate 2 ~ and
9.0" lOOTs. respta""'~)'

Such a dlilnbuuon of >UlphalC sulphur III Slrll<"lural zones of lhe sed..
menlM) (n,..1ope ",,,,,Its from the Cl)IICCnlratlOll of the bonic reSCf"'c. of
evaporites in p1alfonn lcm,ns (,he amount of cvaponte sulphu. in them IS

fj... limes I,ealer lh<ln that in lJCO')"IIC'lincs). and ,he lrea"" d,spemon of
sea·wate. sulphate in p1otlorm ""dlmentl (espeCially in arid carbonates).

Thc amount of pyrite;n g«»ynehnes only slightly exceed' thlt in sedimen-
tary rocks of platform., "'hkh ,u!!.Iests that lhe ba'k p.ocess of sulphide
formation occurs On platforms,

11le d)'namic:$ of sulphur accumulalion in the ""dimentary envelope of
geos)'ndinal zones is al§O of intereOl. Uofonuna,ell. no data are a.'ailable
,,-bich aJlovo us to eval\&llte ,Ite "''''. of sulphur aocumulation in ..,d"nenlS for
each period of the PIw'oCrowic Based on the fe" data .."lilahle (Table
2.11), il IS ~iblc 10 describe tM d)1Iallllcl of thill proa:.. only for long
pcriodl of the Mlory of sedimentary envelope$. "ewnhng to these nl.lmatcs
both lUipllate and p)'nte IIICfC-ne durtnl ,be Phanerozoic.. "The l'lIlC 01
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sulphur accumulation in the platform and geosynclinal sedIments tends 10
increa>e in the !kIme way. II is clearly oeen from a comparison of Tables 2,8
and 2.12 Ihallhel<: ,ales are more lhan I.S lime, higher in geos~'ncline" This
i. e,-idcnlly due (0 hIgher rates of sediment accumulation. As in lite case of
platforms (Table 2.8). the tolal rna", of reduced sulphur in gc<><yndll,es
(Table 2.12) (obtained when Slud)';ng the d)'namics of the sulphur pool for
malion in this Structu,e) pro,'cd 10 he somewhat higher compared 10 the
uhimale .,{,males (Table 2.13).

1.Ll Sulphur in Sediment"..,. Rocks of Continents

A. Alll(lllnlS and ....If:'! or a«wnuJalion of mucm sulphur

1be total amount of pyrite sulphur in conlinental sedimentary formations,
obtained from the summation of p)"rite in platform, and geosynclinal part. of
the sedimentaf) e",elope. amOuntS 10 32,1 x IO'TgS (Table 213). The
summation of dala presented io Table' 2.8 and 2.12 )';"ld, a val ... of
31,1 x 10' TgS, 111;'; <Joe. nol include eS1imate~ for Upper Proterozoic rod.•
whICh. based on md"ect dall (ratIO ,,'ith organic carbon). are Ie.. than
2-3 x 10' TgS.

Thi, value for pyrite sulphur was also confirmed by other calculation" the
lotal amount of Pl,ite sulphur in PhaneroZOIc ,.,d,menta'Y terrains "'as cal·
culated from estimates of lhe concentralion of .ulphur in its different form, In
"ariou. lithological formations (laking into account platforms and g..,,;yn.
clines) and the tOlal amount of each formation (Table 2,14) (Ronov. 1976.
1980). Although this calculation did nol ;n,-o!>e the effecl of age on sulphur
dis"ibulion in sediments and lhe Upper PtoterowlC part of the sedImentary
envelope. the value obtained. 31.6 x 10' TgS. agree, well with lhose gi"en
above.

Hosler and Kaplan (1966) and Grinenko e, al. (l973b) e.timated the
amOunt of pyrite sulphur 10 he 27 X 10' TgS. while ROllOV and Yaros!>evsky
(1976) assessed lhe '·al ... 10 be s!ighlly higher al34 x 10' TgS, Calculalion of
the sulphur Oux 10 sediments during the Phanerozoic eon i' difflCull.
because of the a[:)sence of data on g"";l'neli"al sediments "'here change, in
tbe pyrite Oux 10 sediments are avadable only for long time intervals, How·
e"er. based on the close agreemenl between pyrile sulphur and organic car·
bon fluxes (Fig. 2.25 shows them in platform sediments) h is possible to
estimale Ihese flux.. using the ratio between these elements.

Difference. in pyrite sulphur, organic carbon ratios with time (in sedi.
ments of the Russian pl.dorm) ;rnd in space (beN.-een g..,,;yneline and plal
form formations) have already been menlioned, It i. diffICult to enimate the
changes wilh time illlh;, ratio in all rocks of the sedimentary envelope. We
have restricted our..,l,'e, to an apprOXimalion approach. Taking into account
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Table 2.1~ A"",...".,nl of the ....,..."ir of .ulpbur in tbe ..d,menla<>· en"ek>pe 01
con"nen" from 'arious 1;lbological format;"n,'

Conc<:nltltion (~S) \fa.. (10' TgS)
Volume

Type of form";,,n (10' om'') Sulphat. Pyrite Sulphat. Pyrile

Conunenloll
Oisinle.""ed •n 0.21 0.12 '.0 ,.
Glaeial " 0.01 0.Q2 '0 '"Coal.~.nnll 17.0 0.1 ~ 0." ••• "Clorbon'l< 14~.0 0.11 0.13 M "Marin. oI.~,.....ndy 261.0 ""' 0.33 " 20.8
Solt-~Irin, (sail.) ,,

''" "5oIH.ea"n8 (gypsum
Ind anhydrile) " 19.0 "Volcanogenic Hl4.3 0.01 '"' " "Sili<wu. H 0.Q7 013 ,.• 0.'

All type. of lorm..ion. 639.3 0.128 0,198 20.~ 31.6

'Ah<r fl."""" (1980),

the facl lhal th'S ratio in Palaeozoic platform rock' is higher than lhat in
younger one. (0.77 in pz and 0.';5 in 1'.1. and D. Holland. 1973) and lhe
volume distribution of lhe.. rock age grou!" on platforms. an ..'<rage ratio of
pyrite sulphur 10 organ,. carbon in plalform sediments of 0.6 was obtained,
This agre.. well with empirical dala pre..nled;n Table 2.6. For geosyndinal
sediment~ a ralio of 0.3 wa, accepted. Based on dlua for lbe di,1fibulion of
geosynclinal and platform roch in the ..dimentary en"elope 01 continents
thi. ralio is 0.40 a >'alue lhal was u..d 10 e'limate lhe di,lribution of pyme
sulphur with lime (Table 2.15). fl.eliabilit), of lhe dala obtained was cheeked
by comrari>on wilh empirical data Of! .ulphur rna""", in large age uni,s
obtained from analj.... ' of lhe dille",nt forms olsulphur (Tables 2.8. 2.12).
There was rea>onabie agreemenl beN'cen lhe.. val""s (Table 2.15). Only in
lhe Middle and Upper Palaeowi< sedimentary le"ain, we.. the rosulls
some""hal higher. We poimed oul abo''< ""me ","'eroslimal.. of the rna", of
sulphur from dala on the .traligraphically mosl cemplele 'cetions which did
nol allow for al11he empirical mate"aL Moroover, nucrualions;n the pyrile
sulphur organic caroon ratio ""ilh time are nol excluded, Hov.-e>'Ol, lhe
volume of lhe 101al pyr,le ~ulphu, ro,;(",,'o;r oblained bj lhi, indirecl m<lhod
i. ~urpri.ingly close 10 estimale, made by direct methods. This IS al'" con
firmed b)' a compari""n of lhe nuclualions in roduced sulphur and organic
carbon "'ilh time ....ilh ll>rn;e of plalform sed,ments oompri.ing aboul half of
lhe 100ai p)'rile oulphur « .. ,...·oir (Fig. 2.25).

Reduced ,ulphur in lhe led'menlary envelope is hea>'ICr (6"'S - -8,7'\'<0»
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than estimated bl Hoi"" and Kaplan (19b6) (&"S ~ -12 ." and the 6'"S
"al..e agrtt~ ... "h that obtaIned ~ Gnnc:nko et '" ,. 197Jb), It l> Impos>ible to
delermine the 1>OIopic compo,illon of .ulphur buned in ",diment. of conti·
nenls at differenl stage' of geological hi'tory, b"t it i. e\idenl that the charac
ler of .uch changes..... ith >orne ..ceplions. folio.... tho'" determined for the
Ru"ian plaIfonn. E\idenlly. ,he .l'"S \·al..es should OI'e"I')-' an Intermediate
position bet....een those for the Ru"ian platform and "erage pyrite inclusion'
from platfonn and geosynclinal regions of \'arious contmenlS (fig. 2,21).

We have made approximate estimates of.l'"S values of PIrite in "'diments
of variou, age. on the basis of data conden"'d in Tahle~ 2.4. 2.7, 2.9. 2.10.
These cstima\(s are gi"en In Table 2.16

Estimate' of tbe reduced ,ulphur reservoir con'idered in this chapter are
obtained from the results of ,ulphide sulphur anall'~s in sedimentary rock,.
and they do not include the sulphide .ulphu, that ha' been o>idiw.l and is
actually in tbe form of dispe,...,d sulphate,. As noted abo.'e. 'uch 'secondary'
sulphates are an 'mponant pan of sulphate sulphur in roeks (e~peeially

in temgenie one~). The re",rvoir of primary PJ-'TIIe (sulphide) sulphur
should be mereased. while the reservoir of primal) sulphat.. should be
decreased by the magnitude of this fonn of ~ulphate. One may assess thi~

amount "ith the help of data on the iwtopic composition of sulphur in pyrite
and primary sulphate. Tentati.'e estima\(, for the rock' 01 the sediJnentary
en,'elope are summarized in Table 2.1 J. The mass ofoxidized sulphIdes is large
enough to increase the reservoir of the primary red~d sulphur by one·thirtl.
...·hile the rese,",'oir of sulphate sulphur i~ red~d by almost one·half and in
thi, ease characterizes the disseminated primary sulphate of sedimentary
rocks (anaiog<lus to e"aportte).

Table 2.16 Average 6''S ,.. Iue, (0/..) in ..dimen,.r)' 'u1phide' from
dlfferenl penods aDd region. (Irom an.l)'",. of di.pe ....d Pl·nte••ulphide
ir>cTu.ion, oDd «mere'ion. in ..dimentary roch)

SI"'''I'''ph", interval '""'0< A'ia Nonh Ameri<;a AI'e",ge

Upper Prot<rozoic "' • ,., • " • "Cambrion " - .., " - "O'OO>'icioIJ .. 22 - •••Sliurion " -21.7 -ILl -12,)
D<vonian " • ... " 08
Cafbonifero... .8 ,.. " H
Penn..n ,.. ,., .., ,.
Tri...ic ("'180) '8 '.8
Jura..ic - " " '.0
Cretoee<>'" -23.8 - 11.6 -20. ; -18.1
Tertiary - .. - " (.150) - ,.
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B. SuJphll10

from the data gi"en in Table 2,13 it can be I;«n that the amount of
sulphate sulphur in sedimentary rocks is about lwo-thlrds of the amount of
pyrite ,ulphur. Sulphales of evaporite terrains accounl for a little mOrt th.an
one-third of the total. and the rtmalnder (13.2 from 19.8 " 10' TgS) occur> in
the dispersoed stale in sedimentary rock•. It has already heen mentioned lhat
tbe previous estimation (Grinenko n al." 1973b) greally over>taled the size
of lhi' rtservolr (39.6 x to'TgS). Holser and Kaplan (1966). u,ing analyses
of carbonate rock. from the Russian platform. estimated lhe amount of sul
phate in evaporite< 10 be 51 x IO'TgS. This Is approximately eight times
larger lhan our estimate of 6.5 x IO'TgS calculaled from the volume of
evaporite. and sulphate concentrations in Palaeozoic basins (Zharkov. 1974.
1978). and the less deta~ed informalion from Meso--Cainozoic rocks (A. B.
Ronov. V. E. Khain. and A. N. Balukho'·sky. unpublished data),

TIlese data are prtsented in Table 2.\ 7 along with lhe average 6"$ values
for evaporites of each age and the weighted average for sulph.ale in the sedi.
menlary en,,,,lope (6"S - -19.5"100). This estimate i. higher than the statlsli
cal average proposed by Holser and Kaplan (1966) (6"5 - + 17"foo) though it
doe' not reach 'alue' postulated by Holland (1973) (6"S· +21"""). II can
be ..een from Table 2.17 that different amount, of gYP'um and anhydrile
were deposited In e'aporite basins during each geological period: the maxi·
mum amount was recorded in the Cambrian and the minimum in the Silurian.

At present we cannot e"aIUll< the changes ",'hich occur in lhe fl ....es of
disperse<! sulphate in ",dimentary rocks with time, Part of lh;, rese ...·olr rtp
rtsenlS di,persoed e"aporite which should be added to the amount of evaporile
estimaled alx"'e. and according to estimates of Table 2.13 its mass is
4.8" 10' TgS. TIle other part of lhe sulphale sulphur is oxidized pyrite
(8.4 " 10' TgS) and <hould be added to the pyrile rtservoir.

Caleulalion. ba!oed on the average 6"S "alues for sulphate and pyrite sug.
gestthal 31' of the total reservoir of sulphate sulphur was evaporite. 45,.
came from lhe oxidation of pyrite, ,,'hile 'marine' suJph.ate accounted for only
24,. of the tOlaL Unfortunately. the'" are only a'",rage value.. and the ralio
of these forms of sulphate sulphur changes ""ith lime and the structural ZOne
of the cru,t.

Part of the oxidized pyrite sulphur appear> to ch.ange "'ith geological time ,
E'idence for this COmes from the con"ergtncc of the 6"5 values of sulphate
10 those of plrite In the progrtssion from Palaeozoic to Mesozoic and
Cainozolc rocks (Grinenko er aI .. 1973b), At the same time, sulphales dis
persed in rock, should change wllh lIme in proportion to change. in e"aporite
ma•..es. a. "",n from the example of Palaeozoic terrains of the RUSSIan plat
form. This ju.tifle' the use of data on rna""s and =umulation rate, as
characteri'tic of all >ulphate ,ulphur,
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C. Sulphuc balan« and nun. to the sedimentary ",w"l0~

The rate, of accumulation of $ulphate and p)Tile w'hieh weTC estimated in
previous So:<:1ioos. are pre",med in Fig. 2.28. Il can be ",en from this figure
that the ma,imum raleS of pyrite and e>'aporite ,ulphur accumulation. in
,ulphate rocks. are nO! wincidenl in time, This results from the different
dimalic condilion$ required for their accumulalion and from the shift in
maximum e>..porite fonnalion towards the inilial and final teelOnic stage.
(Ronov.' aJ .• 1969), In addition 10 I""So: epimie change, tM mtnof accumu·
lation of p)'rile and sulphate ,ulphur 'end to inerease wilh lhe age of rocks
(GflDenko er 0/. 19i3h). In addition. lhe lighl i5010pe of sulphur ("S) lends
to increase in p)'rite. irrespeeli>'e of ,,'hether lhe di,per:sed p)rile of rocks
from lhe Russian plalfonn. Or the ",~rage data on pyrite inclusions are ron·
'ideTCd. They ,,'ere assumed 10 be aSSOClaled wllh the dneiopmenl of life
and lhe increa'" in free OX)'gen in lhe atmosph<:re (Grinenko er aI,. 1973b).

o
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600 ~OO .00 300. 200
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HI, 2.28 Change in ",dimenllt;on rates of '.iphi<k and
,.ipho'e >ulph., ,n evapa",., and >"bnie 'oxh of lhe
..dJmen,.", CO'.r of eontin<"" d"nni the Phan<fWOl<
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Howewr. an increase in sulphur flux to the sedim~ntllf)' en,'elope require, a
renewal of the ,ulphur ",ur,e,. Rono,' (1976) assumed that for ca'bon the
§Ource '" as rene""ed at the e~pense of CO, influx dunn~ ,'olcanic activit}'. The
relationship between carbonate fontlation and vokanic "'t"'it\, is sufflcientl)
clear. but that be""'een organic carbon and the rate of PJ-'nte fo=ation
appea~ to ha"e been obscured by Climatic factors, A relationship bet"'een
sulphur and volcanic mtensit\ has not been found. possibly due to the buffer
ing acti"ity of the ocean: nOr was it observed "'hen comparing the rate of
inerease in evaporite .ulphur and the rate of accumulation of PJ-Tite sulphur.
The greatest differenc:es were found for the Me",wic-Cainozoic period.
H"",''''Cr. the >harp increase in the intensity of vokanic acti"it\, (Ronov~, ai, .
1979) in ocean•• ",'hich i. ,ignifkantiy greater than on continents. might
explain the initiation of ,ulphur accumulation in the sedimentary en"elope,

Figure 2.29 present< data on the i",topic composition of evaponte sulphur
(Holser and Kaplan. 1966: l'ielsen. 1973: Claypool tr al.. 1980) and previ
ousl}' adopted e<timale. of tbe isotopic composition of sedimentary.' sulphides
(Table 2.16), Provided the direction of variations of 6"S",.. in continental
sedimentary.' rock. in time is confi=ed hy subsequent r.seareh. then th.re
arises the nece"ity of taking into account som. non.homogeneity of the
sulphur i",tope fractionation between .ulphide and sulphate reservoirs in the
course of geologICal time in model. de'-oted to the sulphur qcle (Holser and
Kaplan. 1966: Nielsen. 1973: Garrell. 1975: !khidl,,...,ki 0' iil.. 1977: Ree~
1970: and others). 11 should be noted that the imponant role of the
sedimentation rate of ev.ponleS in infll>Cneing the isotopic compo,ition of
.ulphur in th. ocean, and the necessity of accounting fo, it in modelling. as
pointed Out by Ree< (1970). is ""ell confirmed by the correlation bet,..""n
rat.. of accumulation of sediments and the isotopic composition of sedi·
mentary sulphidn (Fig. 2.29).

Corrections introduced during the evaluation of the amount of evaporite
sulphur re,ult in a substantial change to Ihe total sulphur balance in the
sedimentary.' en'·elo"". compa..d to earlier calculation' (Holser and Kaplan.
1966: Grinenko n al.• 1973b: Ronov and Yaroshe'''Sk~. 1976). The average
;,otopi<: composition of sulphur in ,he sedimentary.' em'elo"" parallel. these
changes. There was only a slight concentration of the light i"'to"" (Table
2.13) compared to the meteOnt: standard (~"S - -2.5 ",j

'The distribution of sulphur and it~ iw"'pk composition in the sedimentary.
en"elope of subcontinents (conllnental slo"" and shelf) are S1m~ar '" Ihat in
cominental rocks. Thi, was confinned by the data on organic ca<bon in
rocks from the continental slo"" obtained from cores of the Deep Sea Drilling
Project (Trotsyuk. 1979), The concemration of PJ-'rite sulphur calculated
from its relationship ""ith organic carOOn. 0.17" S. wlls in good agreemem
with the llC<:<:pted value of 0.16~. The lotal amount of sulphur in the sedi
mentary.' en"e1ope of con,inen" and ,ubcontinents amounts '" 5.19 x 10'
TgS,
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Fi~. 2,29 Variation in ioolopjc corn"",;,,,,,, of ,be se<lln>enl.l') sul
phide and sulphate '"lp~"' of evap;>ril•• (C\>'ypool tr.i.. 1980) "nd ro,.
of ev_po,,,. _umul.,ion in ,1>0 Ph.nerom;';

2.2.4 Sulp/lur in 1M So<Iimtotary LI.)~r or tbt Quartic Pwt or ,"" Earth's
Crust (Seismic ....lU n

This layer con,i", of unconwlidaled sediments. of average depth 0,4 km
(Khain or 01. 1971). The rocks of 'his la~"Cr have Ixe" fairly ,,".11 sllldied
althoough ,m, data on sulphur distribution in co"'" from ,II< D«p~. Drilling
Project .", ral"", scartt. US6 represen"'i'-c are da,a on the ;""toplC
romposition of sulphur in these sediments (Krouse 01 GI.• 1977; Sweeney and
Kaplan, 1980; Migdi.....· tI al .• 1979).

The'" a", more dal. available on the surf""" horizon of oceanic basin.
,,'hich include analyses of the different form' of Sulphur and rheir i§Oropic



The Sulphur Cyd~ in 1Iot: Lilltosplot:~

oomposition (uin ~I al.. 1976: Volkov n al., 1976; Migdisov ~I al., 1978), To
~valuat~ t~ amount of .ulphur in sediJmnts of the oc~an. uSC was made of
the data On the .urface distribution of lhe different t)"p<'s of scdim~nlS(Table
2.13). The diff~rent rateS of accumulation and change. in reduttd sulphur
oonccnttation down to the d~pth of la)'<'t I w~re ao:ount~d for by calculating
.ulphid~ .ulphur from t~ organic carbon oonantration•.

The average ooncentrations of organ;c carbon in the~ ~dim~nll w~re

oblain~d from the Dc~p Sea Drilling Proj~ct (Trol>)"uk. 1979), and the ooet·
fociont .ugg~.t~d by Goldhaber and Kaplan (1974) "'a. used as the a..nag~
pyrile sulphur, organic carbon ratio. It might be wdl 10 point out lhal for lhe
""bcontin~nlalregion.the t,,·o a''3ilabl~ ,,,I,,,,,. for the inn~r pan of the ocean
"ell: close to each other (0,038~ and 0.036~ of redue<:d .ulphur). The
amount of sulphur in sedim~nts of lay~r [lVas calculated from 229 analyse. of
the diff~r~nt form. of sulphur and 75 analysc. of their isotop;c composition.
This resc"",,ir is ""'Y smaU. and oontain. 0.31 X 10'TgS (Table 2.19), Sui·
phat~ sulphur predominates in this layer and its isotopic composition resem·
bl~, that of sulphur of marin~ "·aler. R~d"""d sulphur in this Ia~'~r amounts to
0.07 x 10' TgS and itha. a "~ry light isotopic composilion (6"S - - 43.60/00).
Such a value is charact~tiSlic of p<'lag;c scdiment. of lhe OCean Ihal have low
rateS of sulphat~ reduction. a'·erall. the .ulphur of la~'~r [ 5CdiJmnts i' only
slightly enriched with ""S; its 6"S value is +4.8'/00.

2.2.5 Enll,.., Sedimentary En",,1ope of lhe Earth

The scdim~nlary ~nv~lop<' of th~ ~arth conlains aboul 6.6 x 10' TgS; its
iSOlopic rompo.ition .Ito..·• a slight accumulation of "s (6"S - -2.2"f...
Table 2.13). Th~ sulphur re5C,,""" in 5Cdim~nlS together "'"n the ocean
amounts to 7.85 x 10' TgS and its isotopic romposition in the .urface
~nvelop<'S is dose 10 lhat of ,he m~l.oril;c standard (6"'$ - + I ,4"/... Table
2.13). The "aloe obtained is dose to that of the m~an i"'topic oomposition 01
volcanic .ulphur (Borisov. 1970). From this w~ may condude Ihal Ih~re is
only a .mall fractionation of tbe sulphur isotope, a. sulphur mo"~. from a
deep re5Crvoi' to lhe ouler en,'elop<' of I~ unb.

fn,ensi..e procc_. of sulphur fraetionalion occurring in lhe ,urface layn
of I~ globe are balanced and poinl \0 deep .ulphur as,~ source suppl)'ing
sulphur to the CJd~ by "olcani,m and w~alhering,

2,3 SULPHUR IN' THE 'GRA."ITE' ENVELOPE ar CO:"o"TI"ThTS

The 'granite' la)'er occupies o"er one·third of the total maSS ofthe continen·
,al Crust (Table 2.18). The oomposit;on of the metamorphic ~nvelope of
rontinents waS delerm,n~d from rocks compo>lng th~ Precambrian shield•.
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ESlimalion of sulphur dimiburion in these rods is based on original data
from (I) various melamorphie rocks of the Bailie and Ukrainian sh;'lds
(Grinenk()~r~I,> 1973b; Rono' er ~/, 1977, unpubli,hed dalal, (2) ,ulphur
dew:rminations of lhe Canadian sh.. ld (Sllaw ~,a1,. 1%7; Fahrig and Eade,
I%8). and (3) numerous anal}'"". described in the hw:rature, Altogether,
about 7000 samples of the 'granile envelope ....ere ronsidered, The isolOpic
eomposition of its wlphur was based on re.ulls of 648 ..says,

l-!eta-sedimenlary rocks rep", ..nl a special problem (Dimroth and Kim.
berley. 1976; Cameron and Baumann, 1972). From analyses of 460
Archaean shale. of the Canadian shield. Cameron and Baumann (1972)
delermined lhe average sulphur eollCcmratKm 10 be aboul "", Analogous
dala are presented in other Sludies ,,'hich explained the reaSOnS for lhe high
sulphur eontenl in Archaean meta-sedimenlar)' formal ion. II should he noled
that samples for lhese assays we", laken near deposits (Dimroth and Kimber·
ley. 1976). many of which are char~lerized by the developmenl of sulphide
fae;'" Cameron and Garrels (l980) in their ..«nl stud} outli~d lilt possi.
bility of an important accumulation of sulphur in tlte Archaean shales due to
volcanism and hydrolhermal acti,'it},. Assays of samples laken regionally and
eo'ering large a",as {Sbaw ~r al .. 1967; Fahrig and Eade. 1968) did not
indicale a subslantial enrichment "'ith .ulphide, Anal)'se. of 1094 samples of
rrecambnan shales ga"e a mean 'alue of o.ln% for the ,ulphur eoncenrra·
lion in this type of rock. Estimation of the influence of metamorphic pro
cesses on tilt dislribulion of >alphut and ilS isolOpic composilion ....ilhin lhi.
en"clope suggested a ,ubstantialloss of sulphur ""ith increa,ing intensity of
metamorphism. The isotopic eomposition of sulphur in these rocks
approached that in hypogene rocks (Ronov e, al.. 1977), These and other
data rcported in lhe htnatu", (Grinenko and Gnncnko. 1974. 1975;
Wcdcpoh\. 1973; ctc.) suggc.. a sUbslanlial sulphur efflux during m.ra·
morphism to outer en,,,lopes of the carth', crust,

O"erall lhe sulphur con«ntrarion in the metamorphic en,'elope 01 eonli_
neniS (0.094% S) i' onl): one-third of tbat in lhe sedimenlary en'"lope (Table
2.19). As sho....n in tilt prc"ious section. the amount of sulphale ,ulphur in
sedimemary rocks;' aboU1t"'o-lhird~of lhe amount of pyrite sulphur. In the
granitc envelope. howe"er_tlltre i. a fivefold difference het"'een the amounl.
of lilt t""o forms. TIle difluence belween thelt lso,opic compositions. """".
e"cr. " insignlflCan, (6"'5.... - .,. 1.9"/..,;6~- - - 2.g,/",), Our eSl,males for
lilt concentralion of sulphur and ilS isotopic composniol! in lhe 'granile'
en'"lope differ from those obtained by Hol"'r and Kaplan (1966) "'ho (af,er
f'olde"'aart. 1955) ..em '0 have o"erestimaled the maS~ of granile rocks and
the eon«ntration of lhe he""" isotope ofsulpbur (6"$ - + IO"{..,). TIle\' also
obtained a heav;er isotopiC composition for sUlphur in lhe crust, We deter·
mined lilt amounl of sulphur in the melamorphic en.'elope of eonlinents to be
7.79 x 10' TgS.
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2.4 SULPHUR L'o; THE 'BASALT' LAYER Ot" THE CO~TISE"'TAL

CRUST

TIle delermination of the struclure and composition of thi~ pan 01 the crust
is "eIl difficull. Until reoxntl>. the nalure ofthe rock. forming the 'basalt· lal'er
was nOI koown. Ronov and Yaroshev.ky (1976) from a .tud)" On the rate. of
lransferenox of -eismic wa,·e. in lhe basah la}'er suggested lhal il was com_
I'OS"d largel>' of bask rocks. and lhal lhe "'tio he".:een "g"'nite' and basic
rocks in this la}'et "-a. I : 2, Thel prol'OS"d Ihallhe compo.ilion of AtChaean
basi<: rocks he used for lhis layer sinox lhe OldeSl rock. correspond to the
deepeSl la>e,., in lhe crus!. The dala Ihat form<:d the basi' of Ihis calculalion
are lhe ",me as those u",d for Cha"'Cleriring llle 'g",nile' layer, al", ronsi'ling
predominantly of Precambrian rocb_ The ,'al"". obtained suggest that tile
'basal!' envelope has a lower sulphur conoxnlration, 0,07~" S, lhan tile -gu
nile' en"elope, 0,094" S, and lhal llIe i"'topic composition of tile total suI·
phur is SImilar 10 thaI of the meteotllic s~ard, The 100ai amounl of .ulphur
in this en,'elope "·a. calculated to he 8,8 X 10' Tg S. ,,-hich is ,-ery dooe '0
that estimated for the 'granite' en'-elope (Table 2,19).

Ahogc:lher, llle CruSt of continent. and subcontinents contains
21.8 X 10' TgS, 715,. of "hich i. in the reduced stalC with a d"S value of
-0.5"1... The remainder. lhe oxidized fraction, ha' an average d"S value of
+~.3"IO(I,

The main characleristic fealure of sulphur in continental envelopes i' the
increase: in sulphur COf>COnlration wilh progression from deep to surface
rone,_ The romenl of oxidiu:d sulphur increaoes in tile same way. Wilh this
progte.sian tllere i. a cJear~u' fraelionalion of the sulphur isotope. helween
sulphide and sulphate: in the deeper wncs lhey ha'-e an identical isotopic
composition. but in lhe progression to lhe surface there is an ever.inerea'ling
llC<:umulation of "'s in the o~idiud sulphur and an enrichment of "s in
.ulphide, of lhe sedimentary en,-elope. These change, in the conlinental crult
are analogous to those occurring In sulphide and .ulphate in the progre"ion
from Archaean rocks to Phanerozoic formalion (Grinenko el Ill., 1973b).

2.5 SULPHUR L...• ROCKS OF THE OCEA.'';IC CRUST

2.5.1 So-ismic La}'.,. II

The sulphur i",lOpic compo,llIOn and sulphur distribullOn In sediments lhat
constitute oeismic layer J. have already heen considered in the se:",ion of the
oedimentll)' envelope. Sc:ismic la)'er II has a predominanox of basalt rocks:
oedimenlal)' rocks playing onll a ,ubo«linate part. Rooov and Yaroshevsky
(1976) proposed a ratio of 2: I lot the proponion of basalt to sedimentary
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rocks in IhlS layer, E,·.lualion oft~ fonn' and amounl' of .ulphur in 1».".1t,
of oceans is baloed on anal)'loeS of the fonm of sulphur (Grinenko 'I aI.. 1975.
1978: M,gdiso" 'I al,. unpublished data). tile 100al sulphur cuntem (Moore
and Fabbi, 1971; Naldreu ~t Ill., 1977, 1978) and ;1. isotopic comlX'si
tion (Kanehira" a/.. 1973; Grinenko'l a/.. 1975; Migdisov er "I,. un·
published data), Altogether 455 samples and 47 i!i<HOpic detenninations were
used 10 evaluale the distribution and isotopic comlX'sition of ,ulphur in
sei,mic layer tl The amount of 'ulphur in thi, la}'er amounlS to
0.65 x W'TgS. Redoced ,ulphur, which predominates. hal a ~"'S ,'aJ ... of
-.-1,4"/.., which is close to that of the meteontie sulphur; the remaining oxid
ized fraction. amounting to 0.15 x 10' TgS. is slightly emiehed in "'$, hav.
ing a <1"'$ value of +3,3'1...

2.5.2 S8sm1r La,'" III

Seismic la}'e, Ill. consisting of ultmbaslC rocks and basalts. occupie.
1690 x 10' km' (Rono" and Yaroshevsky. 1976). Analyses of lhe differem
fonn. of ,ulphur and their isotopic composilion ;n ulaabasic rocks "'ere made
on rocks laken from the PacifIC and Indian oceans (Grinenkoer Ill.. 1975; see
Table 2.19).

2.5.3 Sulphllr in the Oceanic Crust as a \\-'hole

Ah<>gl'lher lhe oceanic crust conlains. according ro 011' esumate.,
2.58 x 10'TgS. "'hich is one order Ie.. than that of cominems.
21.79 x 10' TgS. The a,'erage iSOtOpic comlX'snions of sulphur in commenral
and oceanIC eruSI are identical. hut there is an increase in the concenlralion of
roth fonns of ,ulphu, in lhe COnlmenlal erusl.

2.6 SULPHUR IN ROCKS OF TH£ ENTIRE EARTH·S CRUST

The lotal amounl of sulphur in lhe crusl amounts to 24.37 x 10' TgS. wilh
three"'!u.ne.. being in red~d fonn. wh;le lhe sulphur in lhe cruSt and
hydrosphere logether amounli to 2S.63 x 10' TgS. The iSOIOpic composilion
of tile redoced ,ulphur doe' not differ appreciably from the meleor;le Stan
<!.ard. The i!iOtopic composition of 10lai sulphur al!iO approximates lhis val".
(<I"S - +- 1.6'/00). Our estimate of the lotal amount of sulphur is slightly larger
than that of Holse' and Kaplan (1966). H"""t"e,. there i, a large .-arialion in
the "allles oblained for the average isolOpic composition of sulphur. The latest
calculations do not confinn the large·ocale isotopic fractionation of sulphu'
during exhalation' on lhe unh's surface propo$Cd by Ault and Kulp (1959)
and Grinenko ~t al .. (I973b). The .lalistical analysis of the <1"'$ data on
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~nic sulphur (Bornov. 1970) wgem ~ ddi,,"c though compan.
lively o!IJhl fractionatIOn of isoIopes dunna "Okanogtnic JIfOC'=CS (-:!"fool.

Part II CYCLING

A. Yli. LEe.

1.7 L'TRooocno1'i

Bc~ oomidclinl the ~"dml of sulphur m 1M lilbospbere. tbI: C)'dic
Ratu", of rock formalion UId <kromposltlOfl in the earth",~ .. dc:Kribed.
This C)"dt ioclude5 lhe SU<auion of thrtt principal stasn. 'fh( lim
$UJe- foltll3.Uon of rocb-i:s followed by •~ """ during ..h.:h rocks
undergo metamorphic elLa.... d~ to !tctonic >bitt...uch as uplifunl of tM
oceanJl; crust. tbI: ..,,1;."'1 of nxb ,n geGS)1lChnal regions. e<c. In (be thIrd
terminal .lag<: rock. are destroJicd by we.then,,& and croMon.

Durinllthc last decade model. of 1M rock C)1'lf: h.,". been <kvclopcd 1»"
v.rious authors. lbc morot accepted is IlLal of Gamls and Mackenzie (1971.
1972). which was later corrected and upanded by Garrel' and CO-""orkc,",
(Gamls and Perry. 1974; G.,rdstt IJI" 1975). lbc model of Garrel. and
Mochnzie (1971) is ba"'d on the principal stage. in the formation and de
oomJlO'ition of earth crult rock •. The same approach was u""d by Kempe
(1979) for uamin;ng the carhon C)~le in rock. of lh~ e.Mh'. crusl.

In .socssing l~ global biog~oc~mical sulphurcyck. t~ ...me lhree ""ges
of form.tion. m~t.morphism,.nd ckcompositlon of ,ulphur-<:ont3ining rockt
an considered. Howc,~,. the pro«s.set of ioedltt~nUlhonand diagenesis of ,he
wlphu, comp<>nl'nlS of ocdtml:nl.ry rocks nc liven ,uff"n, menlion in t~
chlpteB dc""'ed 10 ,he 'Illpbu, ~)"cle Itt conlinen,a1 re",,,"'Oin (OapIC' 5)
and O«lJtS (Chapl~r6). Fo, the pre",n' dUlp'~r tlw: <itt of the sulphur p:IOI
in tlw: lithosphere and ,he ma;or nUlca he'''..een three main rc",,·
...oo--litbospbcre, b)"drospbcrc, and alrnCl5pbc.--.rc~.

In Ihis cbapcer 1eC1000ic prooesses 'ha' mI)' lead to ,he rcdismb.mon of
suIpIIur in rods of COIItmenl.ai and oocamc -"""' of tlw: earth', crvu an
disc sed briefly. INUlikd o:om.ock..tion is ';"'0 to sulphur emission resu!lIn.
from volcanic aam,) 00. contmenu and ISland ar<1 SdItt '-okani< su/pIIur in
addi\.,.. to~ sulphur. P'O''IOes tlw: ""rur:aI ouIpbllr Dill 10 ,he .t_
pbcrc; " IS aga.o'JSl tills t.cl::cround 'ha' the crmssion of llltluOJlOSC'nic Md
pbur sbouId he~.

Eslrmatn of sulphur DIIXn from cnasaI roch to tlw: other mcM>ln (11)"
drospbcrc. almOSpbcrc. to~, ctc.) arc made on tlw: basIS of =n, data 00.
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"~atherin5 and ~~ion, 10 wmpklC lhe su.rvcy of lhe SIIlphur ')'Cle LD lhe
lilhosphc~"

Z,I DISTR.IBl.TIQS or SULPHt;"R L" THE EARTH'S CRUST

Esumauon oflhe sulpllur pool III lhe unh"s<:nJSI iscoMldc~d on delail in
...ctions 2.2-2.6. The pmcnl~bnc~ re>-;e,...,; information on SIIIphur
COfI~DU in~ >:oneS and men of the canh·s <:nJSI IltttSloal') for lhe
quantilatiYe DStSSmtDI of sulphur nlntS in the ]jthosphr~

Ancmpu tw,~ b«n made by IIWI). F<JCbcmilU al~ umcs 10 __
the dislribWion of SIIIp/lur in the earth', crttSl (Tahk 2.1). The rnu1uof 00l:

of the !DOlt c;ompn=heDS»-': studitl of the disln1>ullon of SIIlphlll' III roch and
=en'Oin of the elnh·, crttSl eoo<tuctcd ~ Haber and Klplan (1966) I~
<:or>dII:med in Tlbk 2.20. Dati obtlined hl-- R<xxn- and _...-ort.crs 01\ lhe

Tahk:UO Sulpllu.d~ .. ,,,....... re>oenom.olthc ...nb·........ (al'tcr _.
and Kaplall, 1\166)
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The Sulphur Cycle in the Lithosphere

distribution of sulphur in the "'dimentary mantle of the earth a,.., summarized
in Table 2,13.

The 'tudie, cited above sho,,· that sulphur occur'S in tw(> major forms in
sedimentary rocks: pyrites (>'10% of the ,..,du«d ,ulphur) and sulphates. TIt<
remaming forms of sulphur are (1) organic sulphur (O,I-I(N of the total
,..,duced ,ulphur). (2) elemental sulphu< (0.01-5'10 of the ,..,duced sulphur).
(3) base mewl ,ulphides. and (") metastable iron ,ulph,des (from trace
amounts to 0,003,,"). The maXImum concentration of reduced sulphur"
found m argillaceous rocks of plalform land area, (0,434'10). while the
minimum concentrallOn is found in effusi"e rocks (0.045'''. Table 2,13).

Sulphate sulphur varie' within quite broad limit.: from f<actions of a per
cent in the humic pelagic formations to solid sulphate layers in evaporites.

Value' for the concentration and amounl of ,ulphur in rock. of the earth's
c<ust are given in Table 2.19. These data show that most of the sulphur is
contained in rocks of continents and subcontinents. The tOlal pool of sulphur
in continental rocks amOunts to 21.8 x 10'TgS. compa,..,d "'ith the total in
rocks of the earth's crust-24.4 x 10' TgS, and in the earth" crust including
sulphate' in """anic water-25.6 x 10' TgS. These corrected estimates of
sulphur distribution and amounts in the earth's crust exceed the values calcu
lated by Holser and Kaplan (1 %6). though they are of the <arne order of
magnitude.

2.9 SULPHUR FlUX FRO\-! THE MA~"LE

The amount of endogenic matter ,upplied to the earth', crust by the erup
tions of ba<alt volcanoes. occurring over the ocean floor. "'as assessed by
Li~its;n (1978) as 3 X 10' Tg year- L, The value of the annual flu. of maller
from the mantle p,..,sented by Kempe (1979), 5 x IO'Tg year-'. is close to
the previous one. and was calculated from the total rna" of the earth's crust.
24 x 10"Tg (Garrels and Mackenzie. 1971) and the age of crustal rocks
taken as 4.5 x 10' years. Using these rates of ba<alt generation and a sulphur
concentration for basalts of layers II and 11I of the oceanic cru,t of 0.04'10
(Table 2.19), One Obtains a sulphur fl"" from the mantle of 1.2-2.1 TgS
year- L

, We also attempted to asse" the amount ofvolatile sulphur ,..,Ieased in
the basalt-water interphase during basalt eruption" If "'e assume that 3% of
the total weight of erupted material in both submarine and land eruplions is
volatile (Slrakho~. 1976), then we conclude that the amOunt of volatile
material i$ 90-150 Tg year-'. Adopting a SO,ooncentration in volatilesof 10'l0
(see section 2.10). we estimate thaI the amOunt of sulphu< emitted in the
basalt-water interphase is 4.5-7.5 TgS lear-I. In addition to these two
ltypogene sulphur fl""es due to basaltic eruptions. sulp~ur may also enter the
sediments of the Ottan floor t~rough other pathways 01 submarine volcanism
The description of sulphur ·tennite_hill,' (see Chapter 6), the discovery of
recent fumarole fonnations near the Esmeralda submanne volcano (Gorsh-
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kov ~I al" 1980: Gavrilenko. ~I al .. 1980). and the lindinlls of he",)'-isotopic
sulphur in the East Pacific submarine ridge (Migdisov~t al,. 1979), may be
cited as direci e"idence of sulphur influx from the core to the spreading area,
of the ocean floor, Hou'ever. quantitativc e>timation of the sulphur flux from
submarine volcanism is not yet possible.

2.10 SULPHUR FLUX DUE TO VOLCA!',ISMIN C01'.,L....E"',S
AND ISLA.....D ARCS

We did nOt eStUnate the sulphur flux between the oceanic and continental
cruSt. since it is generally assumed that the mas",s of basaltic matter annually
entering the oceanic crult in areas of mid-oceanic ridge< due to volcanic
proce."'S are compen<ated b)I the burial 01 a similar amount of matter in
geosyncline regions. Furthermore. the uplifting of the continental crust is
compensated by matter sinking in the course of continental denudation.

The sulphur flux to Ihe atmosphere due to andesitic and acidic volcanism of
cODlinents and island aWl is of particular importance ;n the global re
distribution 01 the maller 01 the earth's crusl. Two proces",s are mainly
responsible for Ihe natural sulphur supply 10 the atmosphe~biogenic and
volcanic emissions, An estimate of the natural emission of sulphur to Ihe
atmosphere ;. imponant in assessing the magnitude of the anthropogenic flux
in the global sulphur cycle

The ocean spreading and subduction theory sug~sts thai the material
erupted by volcanoes 01 island arcs was formed al the expense of depressions
in areas of subduction and melting of oceanic ba<alts and hedded "'dimentary
rocks, The rocks formed correspond 10 andesites in chemical composition.
Some volcank products return to the ocean in the form 01 pyroclaslic
material, while the volat~e compounds are emitted to the atmosphere, The total
flux of ..dimentary material from the ocean in ZOneS of subduction is asses",d
a14,28 X 10'Tg year-'. with an annual subduction rate of 2.3 em and a
den.ity of dry residue of 2.14 gm em-, (Kempe. 1979).

If we accept 0.2-0,5'" S 10 be the sutphur concentration in sediments of the
shelfand continenlal slope (sec Chapter 6). which are subject 10 the processes
of subduction, then u'e can lISSCSS the sulphur flux from the ocean to zones of
active volcanism to range from 8.6 to 21.4 TgS year-'. This is a minimum
eSlimate. since u'e do not lake inlo account sulphur conlained in basalts and
ulttabasic rocks. which also melt and ,upply sulphur for andesilic volcanism,

The mass of andesite ash annually relurned to oceanic sediments is asses..d
as 2.5 x 10'Tg }'eat' (Lisirsin, 1978). The sulphur conlent in effusives
(andesites) is 0.055'" (see Table 2.13), and the sulphur flow with the pyro
claslic malter is 1,37 TgS year-'. Consequently. Ihe minimum flu, of
volcanogenic sulphur to the atmosphere in the form of volatile componen16 is
from 7,2 to 20 TgS year-'.
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EkIQW, "'e consider another method for estimating vokanic sulphur emis
sion to the atmosphe", ba..d on the chemical analysis of ga..s. ashe<. and
rocks. their volumes. amountS of ,'Olatiks in rocks. and amounts of ,ulphur in
volatiles.

The'" i< no general ag",ement on the ",Iati"" contribution of sulphur
containing gases of vokanic origin to the composition of atmmpherk ga.. s_
Goldberg (1973) holds tha' th~ amount of volcanic sulphur emined '0 the
atmosphe", each year i' comparable ,,-ith the sulphur emission from other
natural sources. Other authors (e .g. M~sztros and Virhel)"i. 1975) Slate lhat
the contribution of volcanic sulphur to the atmosplte", is moch smaller than
tlte biogenic flux, Such a di~",panc)' cmphasizt:s ju,t how lillie we kno'"
about tlte size of the volcanic sulphur flux to the atmosphere. This is primaril)'
related to analytical prohlems concerning the composition of volatile COm
pounds in areaS of acti'-e VOlcanism. AnotheT diffICult)' is caused by the high
variability in the amount of ~ulphuT compounds. "hich depends (e""n ....ithin
the limits of the same ''Okano) on the composition and propenies of the
magma. the temperatu", of the eruption. and a number of other parameters.
In Ihis contexl. il is appropriate to cite a "'mark 1»' Shepherd "ho devoted hi,
....hole life to the development of ",liable methods of analysis for vokanic
gase•. and died convinced that no ,ingle analys;, of volcanic gas -"'orthy of
being published' had been performed (Macdonald. 1975), Difficulties of
analysis have been largely OVerCOme by lhe introduction of chromatographic
and spectrometric methods. lbere has also been a signIfICant impro'-e"",nt In
gas sampling technique,.

Sulphur is released by vokanoe, in gaseous form. mainly a, oulphur dioxide
although smaller amountsof h)'drogen ,ulphide a", also discharged. Negligible
amounlS of sulphur a", emined in elemental form, a, sulphur trioxide. Or
other oxidized forms_

2.10.1 _nt of tlw Volcanic Sulphur Flux

Two independent methods "'ere used to assess ,ulphur emissions to the
atmosphe", and to the ourface of lhe globe: (1) estimation of sulphur emis
sion during active volcanic eruptions. and (2) a<sessment of lhe sulphur flux
from fumarole gases_

Most eSlimales of globalsulphu' emi'Ssion a", based on tM computations of
Sapper (1929). who ",poned that lhe mean amount of maner erupted
annually 1»' 450 vQleanoe$ during the paSI four cenluries ....as of the order of
0.98 lorn' of lava. ash. and other pyroclastic material.

Table 2.21 sho....s ho,,· various autbors obtained different e$timate, of the
sulphur flux to the atmosphe", by using diffe",nt voiumes or weights of
igneou, rocb. and diffe",nl concentrations of volatile components and suI.
phur gase$ in volatiles. h should be noted that very diff~rent values for lhe
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C01ICCnlralion of vola'ik romponcal...... from O.5~ 10 , ... of the mlJlllI _iJhl
were used (Table 2.21), lbc re"""n for the prderencc ola particullr value is
nol aJWI~1 gi'oen, and ,hIS problem 'hould be di$CUfSCd further.

lbc "II"" for the SO,conlent equal to 1()liO of the 10Iai "'eight of 1I()Iaule,
used b) Kello".1 ai, , (1972) and Cadle (1975). $Cem, 10 be an overest,mate,
This value was blscd On analyscs of Shepherd (1938) and Macdonald (1975)
for gasc. of Hlwliian volcanoe. ,,-ith t)'p;,;al ba$lltic volcanism, In Indc,itic
''Okanocl, the "Iter vlpour content of the 1I()Iatile' i, markedly higher
(7o-95~) while lhe gal content. including SO,. i, Jov.er.

Another l"Ollp of ,""archer< (Tlble 2.22) estimated the 10111 nllX of vol.
canic ",Iphur alainst tbe background of 1II1phur JIll emission during periods
of fumarole Klinl)' only, It should be l'IOIed ,lulllbe nUJ: >..rues of Sroibc.
and Jepsen (1973)!ttm to be undere$lun&'n.. bcc:a..... 'bc>c all'han. lI5Cd lhe
data lor~ 100 ¥Okancn. ,,'here.. the 10111 number of It\,"e volcanoes III

the "''Oriel nil) be 578 (VIoda>-.:ts, 1966) or even 850 (l..io.il<.in. 1978)
In addition. ,he CSI.....tc of the glaballll1phur C)tie from data obtained for

the Kilauel \'Olcano (NIUBhtoD n <II.. 1975/76) is pmba~ too latJe, NllCe

the highe$l SO, conlenl in "OIltiJc COUIflOIInds is found in the t-alti<: WfI.
aDOn of lhc Ha;""Uan 1-.l1ftdo< (!tt lbove); thnc data ,hen should nne be
IISCd for <;akuLltlOll of the 0"" from III voIeancJes.

Our lWCument of the elDlSSion of pscoU$lII1phur compoomds from >'01
ani<: $Oun.>:. to the Itmosphe.., i' b....d on the aitical ..,,,;'ion of IlllvaU
Ible material obIai~d dllrilll! the studies of both fumarole aeti>;ty of vol
~anoc\ and sulphur emi"ion in ,..rious typel of eruptions,

2.10.2 Sulphur Emiosion DurinK Fumar(l~ A~tl,'lly or VoloanOfS

MO§l of the timt' the ><Kall:d I~t;ve voleanot:l mlnifest fumarole ICliv'ly.
In the literalure o~ can fond thouund5 of InllJscl of fumarole glfet Ind
contIco5lltei from Ii00lltOoo III O>':r ,he wo.ld. White and Wonn, (I965)
state thll attemplinlto collate the re.ulll of III 'hcsc anll~'$C$ in III: Slmt'
unit!; "·.. ·1 hard job',

lbc ID05I 1)'$lemall~ mltetial on the anaI)'$C$ of fumarole psc.'I and con·
lk-Ma,C5 can be lowxI in publicaliorK of 5ovJe, and JlP*M5C voIcanoIoIl5U.
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calculate the sulphur no" in the steam jet' of the Larde",lIo volcano in
Toseana (Table 2.23).

Of greater interest are the ""uhs In ",cent yeaTS of ",mote measu",ment$
of sulphur concentrations in fumarole. for a number of ,'olcanoes. The data
compiled in Table 1,24 enable u, to asseSS the mean annual SO, e"""ion
from the result$ obtairn:d during 'he inv'estigation of 10 different ,,,kanoes,

For a dail~' average emission of 2.53 x 1O-'TgSO, (Table 2,24). we caku_
lated the annual sulphur dio'ide flo".. f",m fumarole te"a;n, of an acti"e
volcano a, 0.092 TgSO, and the IOtal emission f",m 578 acti"e volcanoes
(VJoda\'ets, 1966) a, 53.2 TgSO, ~ear 'or 26.6 IgS year

2.10.3 (mission of Sulphur GasH During Volcanic Eruptions

A number of $Cienl;S" (KO\'ama er ul.. 1%5, Stoiber and Jepsen. 1973)
belie"e that fol"""'ing volcanic eruptions most sulphur compounds are
leached from the erupted rocks b~ r~in-wateT. and ,hu$ are not released to the
atmosphere but enteT ri'.. r Tunoff. Howe...r. analyse, of aqueous extract, of
fresh a'hes after the eruption of §Ome Kurile volcanoe' sbo"ed thai thC)
contained only one-third of the ,ulphur and the remaindeT had been 10'1 to
the atmosphere (Markhinin. 1967).

Table 2.25 contain' a Ii,t of the 17 mrn;t imponant volcanic eruptions of t!\e
twentieth century. The total ",Iume of ({upled mate,ial during the past 75
)'ears e,ceed, 56 km'. Or 0.73 km' year \. If one take' into account that a
con'iderable amount of volcanic malter is di$Charged during small-$Cale erup
tions. t!\en t!\e ,'alae of I km' of maller per year used b) man)' autboTS seemS
to be fairly rea",nabie (Table 2,21).

To .ssess the f1wr of volallle components ,.,., a"ume (a. did Strakbov.
1976) a "alue of 3'" of Ihe tolal weight of erupted matter. This "alue ,,'as
obtained by Markhinin (1967) "ben eakulating the energ)' n«<\Sal)' for ,he
di$Charge for volcanic ash, However. to asse.. ,he sulphur l1u. one should
kn"" the content of sulphur compounds. Judg,ng irom the 26 anal)"", of
gases from b.asaltic 13\'as 01 Ha",.iian vok.noes. the SO, content is .bout
10'll0 (Mi~,.ke. I%5). These data rna)' be: uloCd fOT I S'" of all eTuptions of
Hawaiian or effu,ive-t~'pe "okanoes. characterized b' a quiet eruption of
fluid basaltic lava.

Ver)' fe'" data e.iS! on the em'S$ioon of sulphur gase' during the nplosl\'e
eruptions of "okanoe,. According to AbramoV'lk)' e' al.. (1977). ",me 1.6 Tg
of sulphur dioxide were emined to the .tmrn;p!\ere over nine months of 1975
during the eruption of Tolb""hlk "okano. At the same time about 100 Tg of
'-olatile compounds and wme 3600 Tgof pyroc:l.."e material were d;l<;harg(d,
On t!\e basi' of these dala "e .»ume tbat during explo,i"e ande'itic "'kan
ism. chara,tenstic of 85"" of all ""ti,.., volcanoes, the SO, concentration in the
volatUe compon.n" is of tbe order of 2"',
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Table 2,25 urge (cat.""",";",) volco.nic eruption. during 'he ' ....olie,. <;tutuT)'
from Abdurakhmano' .1 aI.. 1976. Bma';"•. 1966: l>larthinin. 1967; and otben)

Yeo< of eruption

""1902/3

"'H""191<
1914
1914
1930
1931
1944/4~

1941/48
\950/51
1954
\956

"",-,%.
197~

V(JIeano

Soanta Maril
Sufrit, Vincent
~'otobonu

Ksud"".
Ka'ma;
Min.i-[V08/I,m.
Sal:,,'od:tim.
saryd.e"
s.,.. rgin
Klyucbe ...hy. Sopko

~"Ambrin
Miyamurlgir
BcZ)'myanny
BeZ)'mya"n)
Shi"'¢ho::h
Sitrro-Negro
Tolboehik

Volume of
igneous rock (km')

""""28,0
12
22
0'
"o.

"•••.,
",.
U

"',.
Total 56,2

Thus. fOf the mean annual ,uPI'ly of erupted '"Oleanic mailer of 1 km' and a
weight of 3 x 10' Tg. the total flux of volatile oompon<nt$lo the atmo<phe~

amoumS to 90 Tg (3'" of the 100al "'eigh, of erupted matter), Of this volatile
maler;al IS,,". Or I3.S Tg. ronlain I~ SO, and the ~maining 76.5 Tg
released in and..itic eruption. contain aroUt 2" SO,. From this it is COn
cluded Ihal nel) year arout 2.9 Tg ,ulphur gases (SO,). or 1.45 Tgof sulphur.
are emilted to the atmosphere. Adding Ihi. to the .ulphur tlwc from fumarole.
(see abo...e). ",e estimated thaI the annual tlwc of vokanic sulphur compounds
from the lithosphere to the atmosphere i. arout 28 Tg of .ulphur.

2.11 SULPHUR FLUXES L" THE NATURAL WEATHERL...-G OF
CO:-'''I:'"E~TS

It is impossible to construct a modd of the rock ~yc]., wilhout taking inlo
account the volumes and masse. of weathered roch. and the pathwa\'S and
rates of the transport of malter, TIl;' i. parti~ularly important for the COn
struction of a model of such cyclic constituents of the earth's crust a. sulphur,
carbon. and nitrogen, There is also an urgent need for separating and assess
ing lhe anthropogenIC tlu~ of SUbslanl'eS on their way from the lithosphere,
through the atmosphere. soil. and h~'drosphere back to the lithosphere.
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St,·~ ...1at~mpa have been made l(l describe the sulphur C)'C'k m natu~

(Erik""". 1960; Junge, 1963; Hol~f and Klplan. 1%6: RQb;n""" and Rob
bm$. 1970; KeUounGl.• 1972: Fn.nd.1913: G .......t"'aI.. 19~6; Krou,", and
McC~ad). 1979: Ctc.). l'hc>e ~'le""S "'"t'R main" OOftttmM ..·ith ,""
IlnlOSpbonc .u1pbur cyck. On!) Fntnd (1973) and Granat n •. (1976) elol..
""'ted tbI: nux of sulphur dllt w "UthenD&- 'The toW sulphur n .... due 10
ri'"l:f runoff ..~ minulted ~ Friend as 1l6Tp ~"t'ar He mdlldtd the
sulphur Inched from tbI: pt'dospben (89 TIS )"t'at J). n""e, of ''OIcanoFnot
so.dph". (5 TIS year ') and the sulphur 0"" dllt to wealhenn,.of lOeU (42 TIS
rur '). All ntUMIeS "'rtC' ob<amtd Illduttlly. RnW... obuiotd by Fnencl
form !be ..... of tbe sulphur C)dc III the Ir)'droopberc comidoted by K.
and 'IcC",*" (1979). Tho: moOtl of G.......,,, fIJ. 09·6) IS ba!ied on 11..
suJpbQ.t baLmct- in .he pcdc:Kpbu~ d\lnn, lilt p".mo:,!ltW'i.aI prr10d {F".
2.301, A"",mml'he ....... of ,",'utbl:red I'<>Ch 10 he Ill' Tll"t':ar '. and tilt'
sulpbur ronlenl 0.33%.• ,al\l(' of 33 Tp ~'f - for ,hi: ..eatbtrinJ of rocks
in tbe pc<Imphere durinJ tbe p"·mdllRNJ period ..a. obtained. Almo»c tile
sanw ,-.llIe"~ obu.ined for tbe anthl'OpOlCn.. 0"" (Grana, r/ aI.• 1976).
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We think that both valu<:. aT(: grUlI)" undCre>llmaled slott Granal.1 aI.
(1976) estimated only the sulphur flux to til. ocean due to Ii,,", runoff. The
sulphur fluxes to cominental reservoirs due 10 weathering of rocb was not
taken into aCCOunl and the f'{)~ of other pnx,"5S/:S of weath("ing was under.
estimated. In Chap,"" 5 and 6. it will be ,ho,,-" that t ....k<: as much sulphur
(135.5 Tg) ;. accumulated in sediments of the occaRS and the mediterranean
..as than ....as eSlimated b)- Granat el al. (1976).

We propos.e a new '-arianl for the cakulation of tile sulphur flux during
"-cathering of continental rock, based on improv<:d values for masses of
wear he red malte, and on a large number of new estimate, of the sulphur
romeot in various types of rocks, ",sion,. and in the earlh', crust as a ",-hole
(Tables 213 and 2.19].

2.11.1 Wutherlng or MlMnJ Maller rrom dw Earth', CnN

Tht first all~mpt' {() as",.. the annualtransf~, of minenl maner from land
to ocean on a w'orld ",al~ w~re made during the last c<:mury (Geicki. 1862:
Reade. 1889: Penk. 1894), 'The p,ineipal m~thod for estimating th~ mass of
weathered rod: is to a,,~ss the paniculat~ and dissolved mine'al matte, in
river runoff (Solisbary. 1909: Cla'ke. 1924; Lopatin, 1950: Aickin and
B,azhnikova. 1964: Corbel, 1964: ~te.) Bondarev (1974) propos.ed an equa·
tion to baJanc<: land weathering ba"'d on the well·kllO"·n equation of Lopatin
(1952)'

4.11" - (RT "?" 0T" 5r + V T -+- Ol-+-A T - W - VI-N - 8 - F- C" n
where

6/>1 .. quantity of weathered land mass: R T .. flU>. of oolloidal mailer in
runoff and OT .. flu, or suspended and solid maner in runoff (total.
14.1)( IO'Tg y'ear '); ST .. flux of d,,,,,,h..,d matte, in runoff
(1.6-1,7)( 100Tg yea,-'): VT .. 11U>. of maner tran>jlOned by' "'in<!
(2.0-4.0 X 10' Tg year"): 01 .. flU>. of glac,al enTation in a",as of de"elop
ment of the oomempo,ary glacial 00''''' {2,2-2.3 )( 10' Tg y'ear ');A T " flu.
of malle, ,emo' cd by marin~ abrasion (O. i -1.0 )( 10' Tg lear-'); T .. flU>. of
tcchnogen,c weathering (oombustion of mllle,al fuels) (2.6 x 10' Tg yea.-');
IV .. flU>. of ll""'ous compounds to the aUllosphere du,in; w'eathe'ing
(0.1-0.6 X JO'Tg yea,-'); VI .. flU>. of \Oleanic pnxlucu (1.8" 10' Tg
yea, ');N • flu> of salts transponed by w'ind from the ocean to the land: B"
flu> of biogen,c malle" F .. flux of mllle,aJ wate, from deep underground
wate" C • flux of malle, to the land surface from the cosmos. Tht total loss
of mineral matter f'om the land su.face is 23.2-25.7 "Tg yea. ' and the
total gain is 2.9-4.4 ~ 10' Tg y..,ar-'.
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Thu,. a~cording to Iklnda..v (1974). ,he land ,urface lose.
20.3-21.3 x 10' Tg of ilS mailer annuall)·.

A subs,an,ially high.. "alue for land wea,hering (~8.95 x 10'Tg yur ')
was oblained by Gorshkov (1980). Unlike earlier aUlho". he in'roduced. as a
~..dil ilem. lhe flux of land mal1.. no, only 10 oceans bu, al'" to inland seas
Abou, 18.2 x IO'Tg of mauer is accumula,ed in inland ..-ervoi" annually,
of ",'hkh 13.4 x 10' Tg accumulale, in man·made basin', The "ulue' for ",me
o'her ilem. "'e.. al", changed, We ,ook Gorshkov', (1980) e"imate for ,he
fluxe, of mineral mailer in land "'ea'hering (Table 1,26) a; a basis for esti·
maling lhe sulphur f1u.e,. The only change ""e introduced concern. the flux
of dissol"ed maUer in ri'er ruooff (estimaled by Gorshko' "'
3.4 x 10' Tg year '). This flux ,"dudes dissolved organic maller in colloidal
fonn•. minerals. ion; of ;ails 'ran<letred '0 Ihe land from ,he ocean. lhe ion
flux of mineralized deep ""alers transferred along ..ctonic faullS from dep,hs
belo",' sea.le,·e1. and ,he n"" of earbona.. ion' of a,mo<pheric origin, In total.
'his flux amounlS '0 1.1 x 10' Tg year -j and sbould no, be used for eSlima·
'ion of ,he ,ulphur flux in ,i"er runoff. The Olher pan of 'he f1"" of dissohl'd
mailer in ri"er runoff (I ,1 x 10' Tg lear-') represenlS 'he "alue of lrue chem
ical weathering 0' ,he ionic flux (Bondarev, 1974). From ,he dala given in
Table 1.26 il i' evident 'ha' an anthropogenic component is presenl. to a
"ariable eXlent. in all fluxes except for the flux of Ihe morainic maller. The
proce"",s lilled In Tahle 2.26 embrace lhe lran,fer no, only of rock masse.
bu, al'" of mineral masse, of ,he "'il envelope of ,he eanh fpedosphere). The
impac, of "'il may be neglec,ed only when considering glacial exaralion.
mo'aine abrasion. and direct underground flux from the litho,phere to Ihe
ocean For all o'her ,ases il may arhi'r..;ly be a>sumed 'hal 10'\0 of the tOlal
maS' of lransferred min~..1 man., (AM). i. eXlracted from ,he soil layer.
sin~ arable land and perennial plan" occul')' a surface of 15 x 10' km'; i.e.
10-11'" of the continents not cm."..d hy glaciers (Vorob}'ov n al.. 1971).
Some values gIVen in Table 2.16 are comparable "'ilh estimates "f GarrelS
and 1>1ackenzie (1971), while others a.. considerably higher than 'OOse ,iled
in 'he works of ,hat period. For instance. from the balance of wea'hered
mal~rial cakulaled hy' Judson (1%8). aooul 9,6 " 10' Tg of maller;s Iran,·
ferred annually by rivers. wind,. and icc. Our estimate of lhese Ih",e items is
alleast twice Ihal amoun' (23.6 " 10'Tg }l'ar- L. Tallie 2.26).

ESlimales of f1uxe, of mailer carried by river runoff obtained by Degen, el
ai. (1976) and Gorshkov (1980) agree closely. e"en though ,he ambors used
diffe..nt approaches.

The rale of r~mo"al of land ma,ter in ,he nalural proce""', shown
in Tablt 2.26 amounts 10 51.2 x 100Tg y."ar- I. The loss of land maIler is
panian)' oompenSll,ed by an inflU>. of ma'ter from oU1Side (see Table 2.27).
bullhe major mass of 'his malerial enters lhe soil ralher lhan the Iitho,phe...
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Table 2.26 flu". of mi ... rol malle, in I.nd "ealherin~ p,'('c.,.....

p,oct"

Rj'.r runoff
Su.pet>ded.nd ""lid matter
Di"",I"cd m."er

Vndcrground runoff
Dj>oolved m.tter

Enrarion of morai", ma'<r;"1
\bri abra>ion
Wind ion

To..1""' of m.tter '0 DCC.n

nan,fe, of dj""h..d mattcr '0
""o,ioen..l ,,'.,er bodie"

Emi...",o of J''''''us ""mpound> to the
au..",pho'"

Total ","",v,1 of m.ltc. in o,'ural
p.occ ......

Aft., Gar",l.
.nd Mack.n...
(1911)

1.8S
0.25
o.os~

Aftc' Gonhkov
(1980) .nd
pre",nt au'bor

17.5
1.7'

n,]

18.2

"

•Afi<' ,he data of Deftn", 01. (19761_ Bolio" 01. (I ~791 for ,II< Black So. depre".;o".
'Aft" Bonda..,· (19741

T.ble 2.27 In""" of m.tter '0 ,I>< .a"ft', crust (of,er Gor<hkov. 1980)

CO<IIlit matter
C~.lic ..It<
flu., of ",I ... io,o mi""rah., ,he <urface: of the .."h
A",umul.hOlt of mattcr do'mS "..H,og formation
Flux of ..,U humu.

"Fro", Rolin" of. (1979)

FhlJl (Tnc.r' ')

,
'W,~,
100 (600)"

,"'"
4 0.1] (4S~])

2.11.2 ~'D" 01 Sulphur O~ to 1'1'010'01 W..,cbering 01 Conllnen15

Having obla;ned the rna of manu lra...femd from land co 01her ..... r-
"o;rs (hydro.phere. a,m"'plle and pcdo..phuc) in ,he pt'OCl:SS of weacher-
ing (Table 2.26). W'e are now .ble 10 ....5. ,he amount of .ulphur tran.ponW
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in the separate componems of this OWl. We used ,he data of Blan and Jones
(l97S) on the ,·anous 'ypes of l'lXh occurring at ,he surface of continems
undergoing "·eathering and leaching (Table 2.28). with the sulphu' content in
eaCh lype of rock (Tabies 2 13 and 2.19). Using this approach "'e a,sessed the
ra'e of sulphur removed from the Iilho,phere Iv,' weathering as 112.43 TgS
y'ear l (Table 2.28).

To cakulate ,he sulphur remo"ed in eaCh of ,he weathering proa:...s. "'e
used ,he data ofTable 2,26. The ratios of lhe fluxe' of "·eathered ma'erial' to
,he to,al remo~al of matter from the lilhosphere ha>'e been determined. and
,he amount of ,ulphur in each oflhese fluxes has been calculaled on the basis
of the ,otal sulphur efflux from 'he lithosphere during wea,hering (Table
2,29)

We assumed tha, all ,he .ulphur i, unstabie in hypergene condi'ion. and i.
leached from paniculale produelS of "'eathering during "ansfer. In O'her
,,·ord•. we ,hi". lha' the partieula'e maner of ri~er ruooff undergoes mechan·
ical and chemical wea,hering simultaneously. Hence. 'he sulphur OWl from
the lithosphere '0 the «<an due 10 river runoff may be ..Iimaled from the
'otal flux of lhe rran'ferred paniculate and ionic maner. and amoums 10

37.94 TgS year- l (Table 2,29).
In two cases-when as.<.e,,,ng 'he sulphur fluxes to the ocean in under.

ground "·a'er and 10 lhe ocean "Ia ,he a,mosphere_"'e used a diff.,en,
approoch. Maner tl.n.!X'ned b) underground runoff "'a. asse""d from the
small amoun, of factual malenal represenlative onl)' of the Bahic Sea basin
(Gorshko,·. 1980). Therefore. we used ,he ~alue of 92 TgS ycar- I ci'ed in
Table 2.29 for 'hi' ,ulphur I1Wl. Sulphur released dUTlng '!It decay of organie
maltcr in lithosphere l'lXks (flux 10 Ihe hydrosphere ,'i. the a,mosphere) was

Tabk 2.28 Swphur con""' .nd "'Cal""ri"g of ,"" ""rio,,, roe., in ,"" con,,""",.1
'urf"'"

Crj'"aUine

Me'amotpl'lic,,"Rcoek IHlO Efta,,,",, IOlru"'",, PrKambnan Sed"""n,ary To'al

Rcoek ("')" • ,
" " '00

Total .lIJphur ("')' O.O~~ O.01~ 0.094 0.274
Rcoek " ...'''''red

(IO'Tg)""u· ') ~.33 4.87 ., 3~.1l 54,1
Sulphu, remove<! due

,o ..'ca,""ri"8
(TgS ,·ue') 2.]8 '" 8.65 97,S t12.43

•"'hOI Bla" ond -. (1915)
'F""" Tobl<.l.lJ and 1.19.
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Tobie 2,29 M." of ''''n,,.,n.'' mOI.ri.1 and 'ulphu, flu,cs from the .,oa'hcring of
lhe eam..~ ernll d~ !~ natura! .a"~!

P,ocu.

Pan;cul.l<: 'oooff"
Ion" runoff"
Un<ler~round runo/f"
Enno'"",
Abror.ion
Wind el'O'ion'

Runoff to continental "'Ole,
badie,'

Emission of com"""••" '0
h)'dro<phcre via ,he
.tm",pl>trc:

Sulphur flUJl (TiS lear ")
Maso 01
' .....por1.d From llle:
mati.. ht"""pb<r.
(lO'TS>'·" ., (90'00 of runoff
('<e Tabl. 2.26) From 1.00 from land)

17.3 4l,IS 37.94
U

'" 9,2 "" ~27 ~,27

0.' 1.5' 1.54

'" 4,,19 HS

25.3 6255 57.90

18,2 3995 35.95

U •• ~_91

Toto' runoff of matter and totol
.ulphur flUll d"" to 1UI1.,.1

-~. Sl-2 11204 101,8

·"<>'hc';"~ 1""<""'" ",,"I,-mJ h'~n.: "",h .nd ",;1. Toto] TUMfI" of rna"" d'" to
~...,hcT",-.nd ."""'" k !.M '10' T, j'<"-" or 100\ of ,II< <otal m'" "f "'.""'red I.nd
"'",..
••kulated as a d'fference bervo'een lhe total 'unoff of !ulphur and the ,oUlI
sulphur remo"cd ...-ilh olher fl""es (Table 2,29).

A comparison of the sulphur fl""es obtained above with those in conti
nental w.ler bodies (Chapter 5) is of interesl, Sulphur runoff to continenlal
rese,..,.o;'" ealculated from the weathenng pr<,><;esse, budget is 35,95 TgS
year . 11Ie magnilude of an analogous flux calcul.ted in Chapter 5 (see
Table 5,25) On lhe b"is of the sulphur content of sediment' in la~e, and
waler reser'''oi .. and runoff to continental water·bodie. waS 35 TgS year ",
which agrees well ,,·;th Ihe above value

Sulphur runoff due to Ihe leaching of rocks and SQils was alsessed al
87.3 TgS j'ear L(T.ble 5.25). In total. the ,ulphur fl"" with river runofflo the
ocean and inland "'.. during land weathering .mount.to 82,1 TgS year". If
we take into ll<'COunt the ,ulphur fluxes during e,.ration. abra,ion and wind
e""'ion. this value" ill be 93.3 TgS )'ear ' (Table 2.29). In other word" !W'o
absolutely different approaches to the estimation of the annual natural sui.
phur fluxes from continents give rather dose re'UII',
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l.l1.J Sulpl>...- f1ln 10'" Sur&<. 01 ConllnmU
'"

A. Sulpl1...- nll$ f.- _ .,...

E,,,'} ~car ahold 1,0 T, "f mallcr from OUICr 'JIICC "lkpo<ncd lla cmh
(GarRIo and \lad.enzic. 19-11: 116... of 1M .. chroodnllC malCNI
(OA6 Tl ~ur ). If the .....Iphur """'tcol of c:owruc lD<lU~r i> 0.002'loo l \-k,,, •.
1977). !hen lhe wlphur OW< from OUIcr spIQC i5 t-c~, .. 10 TIS 'u,

B. Sulphur nux ..It. c,-dil: sail>

This nux "as a~SKd in CIlaJ'lcr ~ a~ 6 TgS )nr . This sulphur and thaI
lClea"'d du.ing t~ decal of or~"nie mant<. inclulk' highl)' "'Iuhle sulphu.
compound< "hieh are quidl) leached from COntinent' It> ocean. and conti·
nental re"'t'\'Ol!'i, C"n"'quenll). one may con'ldcr lhem as Ifan,il flu.. ' and
nol c.~dit item. for lhe sulphur budgel or the Iilho'p"ere.

C. Slllphu, nux 10 lhe 61hospheff d".-tna: peal·bog formalJ,on

The llnIQ\lnl of peal depo'>lled e~h year IJ e,lunated '" 801m tl <Ii.
(1979) 10 be ()l)tIT,)nr The .wphur contenl,n plant' is about 01 ....
bena lbe fl"" 10 tbe I,tho-phere '" lhe ODunc of peat·bol formation
cou1d amount 10 0.6 TgS)ear Sulphur flllUS 10 lhe Inbospbere due 10
lINl""e"t ~\I~tiull in marine and ODIlllnental",,'er bodies are diocImed
in Cbapcen ~ and 6,

1.l2 flXX OF StU'H1.ll: F1I:O\1 CO;\TL"'ESTS BY -\.YrHROPOC[."iIC
WEATIlERJ:oiC

An OII1113nd"'g So>-.c. ~heml>l. Vemadskv (I % "). smed lhiol ·Uo
doubtedl)'... ith lbe ad'"n! of man on tbe surface ofour globe !here appeared
a no" l.emendous geologic force·,

2.11.1 Anthropogenic WealherinK of the Contlnenl8.l LithosphtN!

A. .\1..,hanleal"'f8thering

About 20>< 10'T, of maner are shifted ann... lI) as a result of man's
induslrial aetl'll) (Rlabehi~o'. 1970. 1972; K,ro;-hen\<>. 1963; _nOJ ",hen);
Ihio indudc~ minirtl of miMflIl< _nOJ ronuruetion material.. oonmUCIiull of
canal$. dam\., d,~es. roads. ~uil>. slope letr1lring. tanh..o" for founda·
liom. k>eUl.Ol of ODIlWUCUOll <lin. pIouJh",.. aa:umuJa.rion and bunal of
var>l)ltl; "-ams. eg;. (8on<bre" 19i.). Uolp' for apxullural pIouJItu\&.
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man's a<1i"ilies diSlurb 1M lilltosph<rk co"~r of conlinent' and mcrease the
potential of the shifted rcd masses to "'~alhering and leaching. It has been
cakulal~d Ihalth~ na(uralle<1onic fortt. shift only 5-10 " 10' Tg ofmaller
per y.ar. i.e, half a, much as man does (Bond....". 1974).

Ores and bedrocks mined annually (20 " 10' Tg) should be given special
consideralion. as lhe, contain more sulphur Ihan rocks used for construction
(Sidorenko. 1978). If we assume Ihal th< mean sulphur concentralion of
continentlll rocks is 0_1 % (Tabl~ 2.19). ,h~n 20 TgS )'~ar" is Iransponed in
th~ mat~rial shifted by man,

B. F I "uth<ring

By 1 1"'ealhering we mean lhoe mining and COmbuSI;c;,n of solid min~ral

fuels: coal. peal. and oil""lhales. In 1967 Ih~ "odd outpul of coal and lignite
"'as 2740Tg year-' (Goldberg. 1973). A figure close to Ihis. 2800Tg
year '. is menlioned in surveys fur 1978-79 (Sidorenko. 1978: Moisee"cl W..
1979: Shvedo,-. 1976: and olhers). During th~ pa>l ""ntury Ihe ",arid OUIPUI
of coal and lignile has increased IQ.-fold. i,e. from 250 to 2&00 Tg )'ear- t

(~Ioiseev ci 01.. 1979). It is likely that a deerease in oil consumption. d"" 10

tbe exhaustion of oil re>ources and political instabilily in major oil-producing
regions. "ill be compensaled for by an increase in eonsumption of coal during
lhe ncxl IwO decade•. TIle consumplion of coal could amounl 10

4.36" IO'Tg }'~ar 'by lhe y.ar 2000 (Shvedov. 1976).
AI present. fuel eonsumption is 2.6 " 10' Tg year I (Table 2.30). whieh is

5% of the global wealh<ring of contintnlal rocks (Tabl~ 2,26).

Tj-re of fuel

Co.oI (l9n)
Lignite (1970)
PCal (1967)
Oil-,hale 09(7)

To,al

""orld 0"'1""
(Tg YCOT ')

2141

'"".
'00

Mean a.~

<;onl<nt (")

""12.5

"

Wutbering do<
to fuel
prod""'ion
(Tg lear-')

1820

'"m
"

2612

2.12.2 Magnitude of Anthropogenic Weathering of the Continental
Utb05phl'~

In lhe "'.alhl'ring of land in O1l>er Ihan glacial arc",. 47'" is conlribuI.d by
man (Bondare>'. 1974: Gorshkov. 1980). Tbc anthropogenic flu. Includes
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transf~,." of suspended, solid. and dissolved m,neral man... and aeohan
transpoIl to oontln~nt"l"'aler bodies and Ottans.

D<JugJa, (1967) found" relalionship bet",een lh~ r"t~ of "'eath·
ering and monthl)' and yearl)' ",~rage precipitatIon. Ba""d on thi, de
pendence he behe\'~, that the magni,ud~ 01 "',eathering under natural
conditions is 01 the order of se"~ral m' per km' per year. In some region,.
the anthropogenic faclor may increase ,hi' Yalu~ 50 limes, Degen> el al.
(1976). having studied the litoolog\- and age of modem thin·laler sediments
01 the Black Sea and the average fate of ,,-ulhering of rocks in th~ Black Sea
catchment basin (0.063 mm year '). alw came to the conclusion thaI SiJ"lI of
lhe mate riallransferred by ri'-eT'< " due to lhe anthropogenic lflfluence, 11th"
hold, lrue. the contnbution 01 anlhropogenic ",eathering will amount to
25,6 x 100Tg year-I: including fuel weatbering it tolal, 28,2 x IO'TG
year '.

Summing up. we may conclude Iha153.8 x IO'Tg ofmalter i' lost from the
litho,phere each y'ear. of "hleh 25.6 x lO'Tg y~ar is due to natural
weathering processe' and more than 28.2 x 10' Tg lear 'is losl as a result of
anthropogenic processe" II ,hould be nOl~d that in the Ian.. case we do not
take into account the loss of mailer during processing and use of mineralS,

2.12.3 Conlrioo'ion of the Anthropogenic Flux to ,he W"'lhering
or the Li,hosphere

A. Mineral sou...,.. of sulphur

Informalion on the Iype' 01 sulphur-conlaining "''' mat~rial, and sulphur
outpUI from lhese sources i' condensed in Table 2.31. Th~ sulphur OUiput in
the USA ",as 9.5 TgS in1977 (Meyer, 1977). This con"ituted about 18'" of
the ",orld sulphur produelion. "hieh amounted to 52 TgS year I (Nnagu.

Table 2,31 Annual OUlput of <ulphuHontaining fa'" mate".l, (Meye,. 1977;
1"'-;'gu, 1978)

NOli". 'ulphur
ProceSSing ot pr<>;oll>l)' cX1r3<ted <ulphur
PYrite ore,
Gypsum and Ollie' type, ot 'ulphur-con'aining raw

mareri.I,. including 'ulphu, gas<' «oo,-crod during
00.1 .nd gas oombuSlion

By.product< from new ",ur,,,,,

Toral

liSA

'.0
0.'
0.3

, .0

World

11,0,
12,0

""15.0

52-0
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Tabk 2.32 Globollndohuiphur in indu'''y.nd agriculTure
(afre! \l~\el. 1971)

Sulphuru>ed
Field "f u~ l" (TgS year

"

Fm,I""" " 2~~

Pe"icid", ,
"ChemlC.1 indu"')' " "

Dir«.. "whe.,ion 10 "'il '" 35,9
O,bc" '" 15,6

Tot.l '00 "
1978) Tlw: uSC of 'ulphur in induSII)' and agricu!lure i' ,ho".-" in Table 2.32
",hieh ,ho",. lhal more 'han 70'll0 of Ihc <ulphur is dif<'Cllj apl"hed 10 soil
(Gillinge,. 1975: l>leyer. 1977). TIm" tbe.., j, til< potential for much of this
,alphaf to be Io;! in ri"or runoff.

Tile total flux of ,alphar in 'i"cr runoff from the Iitoo.phere 10 occ.n' and
oontlllcmal ""al., bodie' " 131.16 Tg ~'ea, (Table 2.33. of ,,-hieh 57.MIo is
of anthropogenic (mg,n. Tlw: mineral malle r ;n present ,i"cr runoff conta,n,
0,33" S. whore.s before man', interf.",,,,,,, it conlaincd 0.105" In the near
future. all roUnlflC, are cxpectcd to inerc.,.. ,ulphur roo>umplion ~nd pro
dUCli<:>o of sulphuric .cid (f,g. 2.31). panimlarly til<: ..-:><,ah'l and dc' doping

~I~_ 2,31 /'rod".,,"," 01 sulphur f,om ,-.nou, "'u''''', .Inet 1960. "The
pmjC<:1t<1 "orld~"'" produe'ion oI.ulphur ,n ,he <om,"! <!tc><lt i;
..pec,.d 10 1;0 ~ ,lI'i" ,he h"'hed .rea; ,he h,,'01-;<.1 'rend I, .bo"'" .'
'he hrokcn li"" (.1,., 1'I"'8u. 1978)



T.!>Ie 2,33 Annu.1 .ulphur ~u, from ,he IIIho>phc,e ,n "",.'hennA procc""" (from T.ble. 2,29. 2,30. 2.31. 2.32)

Sulphar ~". (TgS yc," ')

Notur.l.nd
anlhroP"l\cnic

~'" I" ""c"n

Tot.1 ru""ff '0 "e".n

!liver runoll
(punicul.I"
+ ~",ic)

U....l<;rg"''''nl
,,,,,,,ff

h.,nil"'"

AllI"''''''
Wit><! crO.1<1O

Nal.,al
wca'h""n~

"U7

1.S4

3.93

57.90

An'h"'I'''g,-nIC
wea'oc"n~ (w... "I
tI", doc ,,,

na'u.. 1 "",'oc''''llJ

193

20,9S

O'OC'
""'11'"1'''1\'''''''
r""""""

n.lI

S2.0

"1.".1 11.,
Ir"", the
hlho>j>h<rc

'1.2

1.27

1..14

3.9S

!lanoff ,,, oon"""n,.1 wa'e, 00d""

!leI<;"", "I {'(''''I'''''''"'' ,,, 'oc
loy<!""I'he". ,i" "'''"''ph... ",
l'la. ,,, ,,,il

33,95

'"ItUI

17.9R

4.4.1

3S.9S

,-'I I

In.lI

A nt II '''I''Jj:I:"ic M'ning .nd I'",e',,""g 01 (e""",
at><! "",,·ferrou, me,.I,
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10,0
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muntne>. Th<: USSR Minl'tl')' of Ch<:m,caJ Indu>try reponed lh~t 32 Tg of
mineral fertilizers had been produced dunng the 35 rears prior 10 1973 and
38 Tg in the fj'e ~urs from 1973 [0 1978. KO'Slandov (1978) e'limated thaI
the annual productIOn of sulphuric acid would increase from OJ Tg ,n 1975 10
30Tg in 1980.

1M consumption of sulphur in indUS1'1 and agriculture in lhe USA ""as
9.1 TgS )1'a' 1 in 1%8. and by lite year 2000 it is expected to reach 23-37
TgS year 1 (Me)er. 1977).

The growth in world prodoc!ion and con,umption of sulphur for the next
<l<cade was assessed ttl' Nriagu (1978) as 80 TiS year I in 1985. an increase
of 28 TgS: consequentl) IIIe: lOlal nu, of sulphur from lhe litl>osphe..., in ri,'u
runoff will inc"""'" to 159.2 TgS )"car This will ""uh in greater sulphate
pollution of rivers and an increase in lhe sulphur conccnlralion of r;''Cr runoff
10 0.4"'.

2.12.4 [m;s..;on of Sulphur During .-.....1Combustion and Metallurgical-...
A. Sulpbur emission during mmbuslion of ..,Iid ful'l

Sulphur is contained in coal and lignile in the form of organic compounds.
p~ rilc. and sulphatc. Gcncrally, lhe sulphale ,ulphur docs nO! change during
combuslion and remains in the ash. Earli.,. organic sulpbur was Ih.oughllO be:
thc predominant form of sulphur in coal and lignites. In recent ~'cal"<. it has
'xcn eslablished that aboul 50'll0 of lhc sulphur ;n coal is presenl as highly
dis~~d PI'rilc imp,cgnallng tarl;'.mi>;cd plant resid""s.

foe] con,umption
(l0' TI year-I) Sulphur

Typo of 1",,1
Goldberg
(1973)

Sidor<nko
( 1978)

Cooccnt""""" (,.)
(Yuro.'ky.I%(L
\I.,cr, 1977,
Pankin•. 1978)

Amounl
emilie<!
(T~S "ea"')

Coal. Iignit. (pea')
",his"

Oil
'\alu,al ~,
T01>1

"1.6~
"~

U(l-14)
0.1-3
01_40 J

"Odre.."", b<1~"" 'otal .n'~_"" ,.rp/lu, <m~>"", to It>< """"P/><" (70 T,S ,n, I
C'I>a"'" .) and 'h.l1 .m",.d ~"'''I """''''''''''' 01 1.,0;1 (4l Tp ln, ') and .mel'on. (fQ TIS
~<,,-I)
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The total content of sulphur in coal m.y "ary from ftactions of a per cent to

5"; in some coal basin, (Runr. Donba..) coals rna)' COntarn up 10 8-14% of
sulphur (Yurovsky. 1960), During combll'ltion. orpnic and !':o'rite .ulphur.
"'hich make up 95" of the tot.1 sulphur in OJal (Kiyour. n al.• 1970; Kellogg
el al. 1972: and othe",) is oxidized to sulphur dio~ide (96"). and sulphur
trio~ide (4,.). and emined to the atmosphere. 1l>c: sulphur pool size in coal is
e<timated to be 20 x lO'T~ for a coal res',,''O;r of 1300 x JO'Tg (Meyer.
1917): i,e, the mean sulphu, content in roal i$ assumed to be 1.5,.. For an
output of solid fuel equal to 2.8 x 10' Tg year t (Table 2.3.J). the sulphur
flu~ Tesuhing from its oombu,tion "ill be 42 TgS lear-' (Tables 2.33 .nd
2.34). 1l>c: foreseeable consumption of coal for the l1:ar 2000 is
4.36 x IO'T~ (Mo;see" er QI.. 1979). and ron>equentll the amount of
sulphur relca>ed will,nere'>e to 87 TgS year '.

B. EnilisMln or sulphur 10 lilt Mtroosp!>er1: rr-om nwlaJlurgical p")(~

Sulphide sulphur i$ present in all ores of non-ferrou$ "",tal•. In some !':o'rite
Ore' the sulphur content amounts to 45". During the ,melting of ropper.
zinc. nICkel. lead. and other metals. sulphide sulphur i' oxidized to sulphur
dioxide and released to the .tmo$phere. For four of the mOil ,ndu$trialized
rountries-the USA. Great Britain. West Germanl. and the USSR-sulphur
emission by ferrou< and non·ferrous indu,tries is as>e,>ed a, 8.6 TgS l1:ar-'
(see Table 4.10). Thi' metallurgic.1 sulphur flu, amount, to 10-2{l!O of the
total sulphur ~u, to the atmosphere from e~h rount'). For Canada. the le"el
of emission from non·ferrou, melal smelling i, espedall~ high and amounts to
65" of the total sulphur emis,;on to the atmosphe.. H.nce. w" maya"um.
that a minimum figure of aboUI 10 TgS year-' is transferred from the iit!x>
sphere to [he atmosphere as a result of mining and ~melting of f.rrous and
non·ferrous metals. In future. this flu:< ".iI1 inerea,., as industry increase.
unle" effici.nt scrubbe... ate installed at sm.lters,

2.13 THE ..."'THROPOGESIC A.'iD TOTAL SL'LPHlJR FLUX FROM
Wt:...THERISG PROCESSr..s

The anthropogenic contribution to "",athenng i> 43.4 TgS lear-'
(Table 2.33). The purely anthropogenic flu:< of sulphur d"" to weathenng.
industrial sew'age (lor example. c1ean;ng of ship's holds). le~hmg of feniliz·
e .... oombustion of f""l. and m.tal smelting is 104.7 TgS year- l (Table 2.33).
The total anthropog<enie sulphur flu:< d"" to the w'.alhenng processes in
rontinentaJ roch is. therefore. 148.1 TgSlear 'i.e, 68,1" oftbe total sulphur
Temo"a! with land matter. 217.5TgS year L (Tabl. 2.33), This does not
include th. 0.6 TgS year for peat·bog formation.
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2.14 SULPHUR ."LUX FRO.\I THE LITHOSPHERE DURI:-;G TliE
CO.\IBL·STIO.... OF LIQUID A''O GASEOUS rtJELS

Thi. flux ;,; assessed from d.la 00 lhe amhropogenic sulphur emi$JOn 10

Ihe .unO'iphere (Ch.pter 4) .nd from lhe amoums of sulphur released during
combUSlion of ""lid luel and metal "",elting, II .ccoum, for Ig TgS )'ear' l

(T.ble 2.34).

2.15 BALA,\Ct: or SULPHUR 1-': THE LITHOSPHERE

The n.lural sulphur flux In lhe lilhosphere is composed of three basic

Table 2,35 Sulphn' bod~el foc ,he li'OOopOere (TgS yo.. '1

InpUI OU'pu'

,ATURAL SULPHL;R FLUXES

Stdimm' «<cumulat"'n
In ocean Ill()
In lake' and

'e..rv"''' I~,.'
In roo',nen'al area,

• itbou' runoff to

~." -""-",,-DB

IIb",rp'",n from
am1OSp~rt b) rock_

Pea' fo''''''''''n. from >011
Fmm ""te' SfX'C'
From mOnlle

.,.,
0.00001
1.2_2,1

lJ:!

Va/comc 'million
on <COFIllFWn" aM "I'M am
Ash n"" '0 ""ean
VoMiles lO a"''''''pllere

1I',a,!>r'int oje",",,,,"'ol ,""k'
R"., ,uooff to ocean
Unde,ground runoff to ocexn
R,,", "'noll '0 continent.1

",ate' bod..,
Rei.,.. from organic

compound< to atlnO'phere
and ocean

to, >0,1 io""a'",.
E••,.hOn
Ab'a·".
W,nd ero,,,,,,

1.37
28.0

37.94

"
35.95

8.91
10.0
5.27
1.54
3.95

ron

A"THROPOGENIC SULPHUR FLUXES

fud M".tMrinR
Comh",non of ",lid f...l, _2
Comho"ion of liquid and
ga~'" 1...1, 18

Di""",,1 of >olid ."Ost" 0,7
btue,ion during mining and

pn":e,,,n~ of 01...1, 10
O.,p., of '.Ip~u, rontainini

..'" material, .'2
TID
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processes, (I) deposition and diagenesis; (2) land weathering; (3) 'ulcani,m,
It is a«umed here that the ,ulphur accumulalion in the lithosphere ;1 bal.
~nc.d by the sulphur runoff due to ",eathering and v·oleanism. The magn;·
tudes of fluxes to and from the rocks of the lithosphere are g,,'en in a oon·
den"'d form III Table 2.35. The 10lal sulphur influs from natural pn:>ee''''' il
142 TgS year"' and lhe totol natural emu' from oontinenlal rocks i'
lJ2.13TgS )'ear-', Owing to man"s industrial aelivily. aboul 122,7TgS
year I are removed from the oontinemallithospher. through the .tmo>phcre
and riv.. r runoff. ThIS flu' is e'pected 10 re.ch 160-200TgS year 1 hy the
year 2000. beeau", of the gro"'lh of sulphuric acid produclion and U"'. and
the incre.", in fertilize, production and industrial dnelopmenl.
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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

<2,
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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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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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(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 ,
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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.



The Sulphur C}"I~ in Soil

~ 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



Thr Global Biogrochrm~al Sulph~r eyrir

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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(k~ 1\0 "," "

~h~ ~.<"
"

,
"

<0.26
,,~

,~ro

47_IlJ

GnDaltt oi.
(1976)

G~'"._
(1976)

Col<OWl (1966)
KeDou''''

(1972}
lUll" (196])
Rooo1"", aDd
_(1%3)

Fri<od (1973)

Barrow. _

Kilit>or(197J)

L<><I."'I

Vola"l""",,.
Dimethyl ..Ipb;d<

F",sll ........
S<oe>«nt 1..=
~.

C.rboflyl ..lpI1i<1e
" .."~1.0<I OFJ<III'U'" fl'o>

o-JI9

0-01

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

0.'

(N""'" oi.
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AIIom.., oj.

(1979)

REFERESCES
Abel... F. D., ender. L L Forrene<, L E.• and Le.,bcT. G. R. (1971) hte of.ir

""lIutana: ",,,,,,,,.1 of <thyl.....ulfur di"'id<:. and n;'rote" dio,i<le try ",i]. kit""
(W.>h_ OC). 173. 194_916.

Ad.m'. D. F" Fo",dl. S. 0., Pack. M. R.oafld a .....'burger. W. L. (1979) Prclim~

nary mea'urement, of biogenic ,ulfu,,,,,,n'",ning 1M em;""", from !Oi,". J, Air
PO/lUI. Con'rol A"""".. llI. 380-383.

Adam•• F.• aDd Hajlk. B F (1978) Effecl' ,,1 ",Iut"", ,uU.,•. hydro.ide. ond potaS
.ium oo..... n'1';l'Oon' on ,be "'},,,,,Uizat,,,n of .ltm"c, ..... Ium;n',e and .ibl:><ite from
dilu'e .luminum ",lu,Oon•. Soil Sci.. 1M. 169--173

Ad.m>. E .•nd R...·.jfih. Z. (1977) B..al.mlni« .nd olnni'e: a p<»sibte <aus< of
,ull... retentOon by Kid ""ils, Soil Sci, Soc. Am, J.. al. 686-691-

Ad.crikhin. P. G .• ond Tikh<>va. E, P, (I %9) SUlphur in <bemoum. on<! gTC)' fores'
",ii, of ,be Central Cbe,molCm", ZO.... Agroar"'i)'". No. 11. 121-1 Z7 [in Ru..
"'n]



'"1M Sulphur Cycl( jn SoJ

Ahmed. S" .nd Jha. K. K. (1969) S~rph~t 'tal ••of Bihar "",iI'.i I"du", .We. SDd .Sc;,.
17.197-202.

Ail.r. S. P. (1945) A ohlo"".. of paddy' (01)'''' ...ti,...) dl>< to '~Iphal< defo:ie1lC)'.
Curro Sd.14. '0-11.

Alexande" .\1. (1961) [",rod""",,,, '" SDil Mie.obioIog,., W;le~. "e" York. 472 Pr·
Allistm. F. E. (1973) SDjf 0'l'anie Ila"" and in Rol( i" Crop Prod"",w". Eloevier.

Am"e'<!anl. 637 pp.
Aim)'. L H" aDd James, L H, (19,6l A rne,hod 10' ,he <to<ly oflhe I",m.uon 01

volatile suTfur compound' b" """'e"a, J. B"'rtnol,. U. 319-331.
AI"'.". F. J" Marsh. A. W .••nd \lothTey. W. J. (l937) Su!!>:ie,,")' of atmospberie

.uTfur for muimum crop yield" So;I !ie;, :We. Am. PTrX,. 1. 229-238
Ar><j•• V. P,. O ...non. J, H" Cupm. l. T.. Durham. J. L. and Wiloon. W, E. (l979)

Carbon dislllphide .nd carbon)'] .ulphide from bio@e"ie ;Ourt•••tId ,heir rontri·
bution. to the lllob.l ,ulphur cyd., "a/un (L.o"d.!, 1&. 493-496,

Aj I"""rt. l. A, G" Karim, M" and Qwk. J, P. (1967) Ad>O'l'1",n and .....,rptlon 01
.ulfal< ;on. 1» ..,il oon01" ...n1>, Soil. xi.. IOJ, ]0-15.a."", l. (1958) Nutdt",••1mldie, on the oo:u""_ of H.lmi"IiIOSp<>ri"", 10.1 'POt
and .kiccl>i of rico p1.n'. Bull. Nar. bUI, Agrit. S<i.• SoL D. 7. 1-157.

&k.r. J.. Hocking. D...nd Nyborg. \1. (1977) Addity of open .nd inte=pl<d
puoipitot",n in fo"" .. ar>d ofleo" on fo"''' "'il< in Alhena. CanalU W",U Air So;I
PoIlul.. 7. 449_460.

B..." J l., Campbell. K. L. Joh."",. H. 1' nd H.nny. J. J, (1975) Nitrate
phosphorus.nd .ullo'e in ,ub.",f~ drain.ge .,er.i. E",·;ron. Qual,. 4. 406---411,

B.kker. A. C ••nd Ernerson. W. II, (1973). 'The rompo"'''''' cffect$ 01 ..dllngeablo
c.";um. m.gnesium.•nd oodium on..,me phy'Yc.1 prop<n..s 01 red_br""n unl>
,nbooil•. Ill. The p<rme.bili'y 01 S"pparton ",il .nd oomporioon of m..bods. A""
i, SDil R".. II. 159_165

B.kker. A. C. Eme""". W. W.. and 0 ...... I. M. i 1973) The compo,ati... effeol. of
..eh.ngeable calcium. m'p'''ium, and oodium on "'''''' phy'oical p"'l"'nieo of
..d_bro"'n <anI> .n\»oil •. I E>eh.n~e reac'ions and ... at", OOfI'e"" 10' di","""'"
of Shepparton ;oil. AUSl. i. SoJJ R" .• II, 143-1 SO.

lIoll'.",n. M. L. and E",ugneel'. L T. (1974) Sulphur <oote"t rn cbe""",m, of ,he
!'r'<·Urals in the Toto' AS5R In; K""""'-""•. A. V. Phpr<:o<lIemical Properrir'
ofSDi1s and F"'iliur Applit;ollO". pp. 13~18. WI, Kazan Univ" Kazan (in Ruw.an]

Ban",'an. W, L" and Brtmr><r. J. ,., (1974) Go, <hromot<>grapl>ic iden'ifICation of
wllnr g.... in ..,il a'mospheres. SDil Bioi, Bloell<m" 6. 1l3_11 5

Ban,,'an. W. L.. and B",mr><'. J..\1. (1975.) lden'ification of sulfur poe< e.."l".d
from animal mOnu,e,. i. E",',ron, Qual.. 4. 363-3&5

BlJI,,'an. W L. and Brtmner. J .\1. (1975b) Form""'n of ,,,I.,il. ,lIlfur ooml"'U!Id.
"', mierobial deoompooi''''n of '1l!Iur-eon'oiniD~ ami"" acids in ..,il.. Soil Bioi,
BIoeIl<..... 7. 359-364

B.n" .n. W, L .nd Bremoer. J, .\1. (1976.) VolOlihu'ion of sullo, lrom u.a"",nded
and ,ulfot..,reated ..,il.. ,Wi! Bioi. Biocll<.... , S. 19-22

Ba."'a,,. W. L. and Brtmr><'. J. \I, (1976b) Evoln'ion 01 ",I.tlle .lIlfur compoonds
from "';Is ,re.ltd ....'h .ullnr<on,.ining organic matuials, SDil Bioi. /Jiocll<m.• g.
439-443.

B"jac. H. ... (1952) .\lelOboli<m 01 .n1fu,.rontoining .m"", acid•. t'J'<ciolly of
... ,hionine in lbe "'il Ann, In<1, P",wur (Pam!. 112. 613-618

Barke,. H. A, (1961) F.nn<nlOlIOn, 01 nJlroge""n.orpnIC oompours<b, In: G.noal""
L C and Sun>:,. R. Y. (td.). Til< &c~r;". Vol. 2. Ac....mic Prns. Ne... York. pp
151-207



'" The GloboJ Biogwchemii;"J SulphuT Cyclt

B.,f<)W. N J, (1960) A comparison of ,be: mi"",oliu'ion uf n;'TO!len ""d of lullur
from decomposing organi< ",attri.ls. ;1,..-,_ J. A,ric, Res.. 11, 960-%9.

B.rrQW. N, J, (1%1) Sllldie. on mineralization of sulfur from soil ""amc: manet.
Aw,. J, A,rl<. Rn.. 12. 306--319

Sarro,." N. J. (I %6) The residual value "I ,be phospho"" and wlphul compo nlO of
.uperphoopbat. on SOm< W<,'em Au",.I;"" soi!>_ AWl. J. E~p. "1 ,4~im.

Hwb.• i.9-16.
Sarro"" N. J. (1%7.) 51<I<ho. on ••"Ktior'l ilJId ....il.biIity to p1"n" of .dso,bro plus

"'Iub!< ,"If.t•. Sail xi,. ](1.1, 242-249.
aa...ow, N. J. (l%7b) Studio. on the adsorpuon of ",If... by soilo. Soil sn.• 1001.

342_349
S.rro.... N. J. (1%7<:) Some ••pc<tl of tile .Ik<" of grlZing on the nutrition of

""IU'''. J. ,.. ....,. Im'_ Api<. Sci.. 33. 154_262
B>frmv. N. J. (1969.) The ao::unmlation of <oil org"nic maner un<lt' p'>lure and it•

• fled on "'il propert~_AW". J. Exp. A!I"'<, A~'"'. Husb.• 9••37--444,
B.rro'", N. J, (19Mb) Eff«" ofadllo'l'1ion of ,nlf"e by ..,iI, on ,be ."",,,n' of ,,,Ifate

pre""n, .nd it, .,...il.\:>ility '0 plan". Soil xi.. lOll, 193-201
B,.-ro-«, N J, (1973) R.3Clion, 01 f.nilizer 'ulph'" in ..,il,. In' Molaohlan. K, D.

(ed,). SWp~ur in A",,,.I,,,ian A~ricultu". S)'dn,)' Uniw"i'y Pre... Sydney. pp.
50-37.

Borrow. N. L:rnd Lamboumc. L J. (1962) Par",ion of ..."'ted nitrogen. ,ulphu'
.nd ph<>spbo"" be''''«n ,be f.."" .nd "fine 01 .heep beinJ fed l'U'u",. A"". J
""ric, Rtf.. 13. 461-471.

BJrro.... N. L .nd Spel1a:t. K. (1959) La'eTOI mo,emen' of I.nilizer .ul[>hur. J, Aw'.
I".,. ",,'k. Sci.. lS. 208-209.

Bo.-ro-«. N.l .• Sper>o<r. K...nd McAnhuf. W. ~1. (1969) Effects of ,,,,1.11 .nd paren,
m.,.ri:l1 on ,be .bili')' of ..,ils to ad..,rb .ulf.... Soil Sci.. lOll. 120-126.

Borrow-<. H, L .nd Kilm<r. V. 1. (1963) P1.nt nu""n' Iosse, from ..,il> b) ....te,
,,,,,,ion. Ad•. 11,,,," .. IS. 303-315

Bonon. P. (1978) 'The ..id mine drain.ge. In: '>ri.g", J. O. (ed,), Sulji<' in 'M
En,·i"'nmenl. Pt II. Wiley. Chkbe"", pp. 313~3SS,

B.....". H .. and Good,,·in. T. H. (1949) The bas'" .Iumlnum .ulf..... J. Cltem. Soc,
(Lond.).2239-2279

Bo,et. L D. (1956) Soil Ph,..b. Wil,y. N,,,' Yo'k. 489 pp.
Beaton, J, D.. and Fo•. R. L (1971) Prod"",.",. mork"ing'nd "" ohulf", prodlXl•.

In: Ol"'n. R. A.. A,,"~·. T. 1.• H.n"'.y, J. J.•nd Kil""" V. J. (eds). F."m,p
T«hnoi~ aM U... Soil Sci. Soc. Am.• Mad''''n. Wismn"n. pp. H5-379.

Be.nie, J. A...nd Holdo"", A, D. (1958) 'The """um:nee of polnomi,. ond bu)-.e.
in cen.in pam• ..,il. 01 ,be Murrumbidgco: ..gion Now South Wole•. A"". J. xi"
20.274-275.

Begbeijlt, L. 111" ,'an Breemen, N".nd V.ltbors,. E. J. (1978) An.ly'i' of sullu'
compo"nds;n oold .ulf..e ..,ils.nd othe' ,..<:en' marine ..,ils. Commun. Soil Sci
PI"n' Anal" ,. S73-882

Belol. Y., Boll,,,,,,,. J. c.. Dubois. M. L...nd P.ul}. C. S. (1974) U" 01 .ulfu,·34 '0
me ••ure ,he .boorplion rate 01 .ulf", din.ide Oft tbe Ieaw. of plO"ts. l..,tope rot;'"
os poll"tant soun:< .nd beh.viou' indicators. !'roc. S;'mp.. 18-22 Nov. 1914 Vienna
(IAEA _ 5\1·191·18). 403-416 [in F",och)

BeTS- W. A...nd T1><>mo•• G. W. (1959) Anion du'ion patk'm. from soil. and "'il
~I')'L Soil Sci. Soc Am. Pro<:" 23, 348-350

Bernstein, L (1974) Crop growth ""d .. I;n;!)'. In, Schilfgoar<lo, 1, 'O" (.d.), DTllinage
P' A~'i<uI",••, Agronom)' 17. Amer. Soc. Agron .. M.dison, pp. 39-54



Tiot SulphuT C}'<:/~ '" Soil '"'
Bett.o,·.). R.• saU'" 5...nd Sle",n. J ,... II. (1980) Compari"", of the .moun"

.nd fonn' 01 ,ulfu, in ""il o'ganic ma"eT fTa<tioo. ofie' ~~ I'ear< of cul,;",ioo
Sail xi. 50<. Am. J.. .u. 70-75.

Bettany. J. R. S'e,,·a". J. W B.• on<! Hol'lead. E, H (1973) Sulfu' f'ac1ion' aod
carboo. oit""eo. and ,ulfu, ",Iation'hipo in gl1l<>lood. fo"''' .nd ''''''';aled If,n',·
tional lOil,. Soil Sci. .W<. Am. P"",.. 31. 915_918,

Ben.n,·. J, R" S,e",..". J, W B.. ond s.~... 5, (1979) 1lIe oatu,e .,d fonn, of 'ulfu'
in orpnlC malle, frac1lOn' of lOil' ,.!e<ted Olonl an enmonmental gradion'- Soil
xi. 50<. Am. J., H 981-985.

BOon. C. and Tripa'h', B. Ft. (1973) 1lIe fo,m, aOO conten" of ,ulphu, in lOme ""ii,
of U.P. J. Indi.1n Soc. Soil -Sci.. 11. 49'J-504

BhaTd....j. S. P.• and Pathak. A. N (1969) F,oc,ionation of ,olphor in ",ii, of U"ah
Prade.h .od its relatKoo to p/'o<><poo,u•. J. Indum 50<, Soil Sci., 17. ~85-289

Biodetbeek. V, 0, (1978) Soil orj.nic .ullur .nd fertili'y, In; SChni"er. M .nd Khan.
S. U. (elk). Soil O;g<mi<- .Ifunt., EI<eI'je" Am,'erdam. pp 213-,110

B'rch. H. F. (l96(Ia) Nitri(>eat"", in ""il. aft.. diff.",nt pcrio'!' 0/ dO) ne", PI"", Sol!.
11.81_%.

B'rch. H. F. (196Ob) Soil dO)'in8 and ""il fertility. Trop. A~Tic.. 37. 3-10
B'rd. P. II. (1971) Sulphu' metaboli<m and e.='ioo stud.., in rum,n.n". II. Organic

and inorganic .ulphur e""""", bj 'heep .f'e, intno'umin.1 0' ,ottadooden.1 ,nfu·
sio<l",f <odium 'ulphate Aut'. J, Bioi, xi. 14. 1329-1339.

Bi'd. P. R., and Hume, I D. (1971) Sulphu, metoboli,m and <>=I",n <1<><1"" ,n
rum,nont.. IV. ey."ne .nd <ulph"e efleel' upon "'" fl"" 0/ <ulphu' r""" ,he
rumen .nd upon sulpllur ",er.t",n by ....,.p, A ...... I. Agri<', R.,,, n. 44l_4~2,

Bltd. P R.. and Moit. R. J, (1971) Sulphur metaboli'm .nd e.e"'tKon ,tooic' in
ruminant>. VIIf. M.thion'ne de1rada'lOO.nd utili%ation in 'hetp ~'I>co infa<e<! '010
,he lUmen or .bom..um. Al<ft, J. Bioi. Sci.. 25. 835_848

Blair. G. J (t 971) 1lIe .ulphur ~·d". I. Awt. ["'t. A!,ri<'. Sci" 37. 113-121
Blai,. G. L Mamari!. C. P" Panse"ng Urn... A .• Momu.,. E. 0 .. and Mom\lllt. C

(19790) Sulfur nutritlOo of ric•. I A 'utv<y of ""iI. of Suu,h SuI.,,'.';' I"""",,"<ia.
A~To".I.• 71. 473_471.

BI.ir. G. J., Momu"" E. 0 .. ,00 \lamarii. C. P. (l979b) Snlfur nutrition 0/ rice. II.
Elfe" of ""un:<: and I1Ite of S on 8ft)'O~h ond ~icld under flooded roOOition'. A~ro".
J, 71. 477-480.

Blenkbom. H. D. (1974) EIf«r of 'ulphur.OO mq",,'ium on .ilage rom in Dntario.
SuiphuT [rut. I .. 10. 10.. 12

Ble"in.. R. L Bail<~. H. H...oo Ballard. G. E. (1910) 1lIc: eff"c, of acid mine ~·at"r

on /Ioo<!pl.in >Oil' in tl>c "·,,".m K.ntocky """'field', SOU xi" 110. 191-196,
Bloomr"'ld. C (1%9) SUlpbat. "'doction in "'..erlog~ed ",,;,.. I, Soil. Sci.. ~.

207-221.
Bohn. H. L. (1972) Soil obsorption of air pollutan".I. Enl';ron. Qw:I.• t. 372-377
Boho. H. L. (1976) E,lim..e of oTJ.trIic oa""'" in """'Id ""il•. Sol! xi. Soc. Am. I .• -10.

468-470,
Bolin. B.. Dogen,. E. T.. DUli~ne.oo. P.. ilOd K.mpe. S, (1979) 1lIc: global bjo.

8.ochemi<:al "arbon <)'cle. In: Bolin. B" Doge",. E, T .. Kempe. S. ond Ketne,. P
(cd.). 17>e GIo""1 CD'bon Cw;l. Wiley. 0i<:1><".,. pp. I-56.

Boorm.n. R. S.• 000 Watson. D ..\1. (1976) Chemical pr<X'<"<e' in .bandoned 'ulphid<
"ihngo dumps and en,ironm.ntal implica'ion for Nonhe ...e", New Brun'''ict,
C/.If 8u11nin • .,. 86-96

Boochard. R .• and Conrad. H R (1973.) Sulfur ""Iui",men' of lactating d.irj ro"~.

I. Sulfur balance and dic"'}' ,npplcment'1ion. J. DD,'}' Sci.. SIi. 1276-128~



'" The Global Biogw<:/l~miclJl Sulphur C)'dt

Bo""hlIni. R" .rod Conrad. H. R, (1913b) Sulfur rc'lU''''mtol of 10<:10\10& da,,,, """".
11. UUill.iUlon of .ulf'l(,. molaW's. and hinln",dlonl\(. J. DaIry xi .. 56.
1429-1434

Bremner. J ~1. (19i1) Rol< of "'Po", m.ne' 1!I ....,I.li...,ion of ,ulful and "It"'JOn
from "'~._ In; PIW. S}"mp_ So~ Orgmtk .,/""" S,udk•. VoL II. S ...un",m.-.ig.
Federal Bepubl.. of Germanj' 1976. Intem".,,,,,1 ""Omle Ellergy AgenCj. Vienna,
1'1'- 229-HO.

Brcm.. ', J, M.. 000 Ban...", W. L (1974) Ide'1IIl,ng \IOla,il. S compound' by gas
ebroma'''l'raph, S~lphu, 1"'1. J., 10. 6-9.

81emnerJ \I .. and B.n....I, W. L (1976) SorptlOfl ohullurg= by 0011•. SoiI8io1.
8iIXMffi.. 8. 79_8.'

Brrmne,. 1, M.. and S.«I<. C. G, (1978) Role <>f m;croorpnlSm. in ,be """""1'1><'>:
'"Iful <ycl< Ad•. I(icrob. EuA.• l. I SS-201.

Bromr..ld. A. R. (19'2) Sulpllul ,n Nonhern \'gefla ""il>. I. Tho dfeet. of <"lti..•
lion and fortH",,.. on totol S.nd .ulpn"e p.".m, in ",il profil... J. A.~'i<. Sci.. 7S.
46$_470

B,ammer. G .. Gnm,,>Id,. H.·S..•nd Schroeck,. D. (1971) Conlfibu,ion< '0 tbe
gon«;, .nd d.~,ir><ationof m.r<h ",il,. III. Conten", oxi.d>.'ion " .....nd bondinS
"",<h.oism, of 'ulphu, in polder ",il•. Z. Pf/on:;Lnm_hr, Dwog Bod'ok D.. 129,
92-108

B""hncr, A. (1958) 11IC ""Iphu, .u~y fo, .g""ul'u,. in W." Germ.ny, lAnd
~';mch, Fo''''h" n. 79_92 [in Germ>n].

Burba"". O. H.. and BI.«o. L M. (197~) Volc.nit ",il' of Nit.,.! ..... II. Sulphu,
dimibu,ion and ron ..n' Tn"u.Jb«. 15. 429-435.

Burnett. W E. (19M) Ai' pollulion from .nim.1 "'.".,. Dele,mination 01 malodors
by Sa. chromatO\!roph>< .r><\ orgo",,1<p'>< '«nniq ..... EO"iro". S<i. T«hnoJ., 3.
744_749.

Codl•. R. D. (19H) 11IC ~uJfu, 0)0-.:1<. In: P"ker, H. S. (ed.). Sodphur;n ,IK t·"v;,.",·
m''''. .\·I1''''uri 8o"nicol G.rden and Union Ek",i< Cnmpany, S, Lnuis. Missou,i,
1'1'.1-13

C.,m•. R. R.. and Beaton. J D. (1976) Imprm,ns a <olonol'ic "'il b) nltroron....ul.
phu' mat.,ial.. Sodphn' Inn, J" Il. 10-12,

Coirn•• R. R" and _>0,. W, E. (1%9) SaJon":K Soils ond 'heir lIa"""._n,.
Canada Dep<, AS" ""n. 1.191. 01<0"'0. On'ario. 2~!'P.

Carl",n. D. A...nd Gume'man. R, C. (1966) Hl drQi<n ,ulfld< and methyl me",.p<on
l<mqv.1 u Itn !Oil column'. 10: PTOCUdi"g. of ,he 2;st Ind"Srru.J W<U" Conl<""",
""rd ... Uni,,,,,i'y. lafo),,"•. Indiana, 1'1'. 177_191

C.r1",n. D. A.• and Le,,,,,. C. P. 11966) Soil bed~ for ,I>< ron,rol of "'.....go odors. J
Wot,r PoUnt. Control {,d.• 38, 829-840.

Cn... 'f. 101 ...nd u".<. L. E, (1980) Distribution 01 hptd .ulphu' .nd to,,1 lip;d. in
""I, of Bri'ish Columbia, Con. J. Soil. S<i.. 60. 633-6~.

Chang. M. L.. and Thotna.. G. W. (1%3) A ""UO"',d m«h.nism loT 'ulfo,e OdlOrp-
'ion b)' "';1•. Sod Ie;. .'io<. Am. PTOC., 27, 281_183

Chao. T. T.. HaN .rd, \1. L .nd F.ng. S, C. (J%1.) ~lo,-.:me",of S3~ taU.d 'ulfa"
,nrou~h!Oi1 «I1um",. "oil S<i. 50<. Anr. PHX.. l6. 27-37.

C~.o. T. T" HaNOld, \!. L .nd F.ng. S, C. O%2b) Ad""ption .nd d'''''plMln
phenom.". of 'ulf... Ml'" in ""Is. Soil S<i..'io<. Am. P'()(n 2(;. 234-237.

Chao. T, T.. HaNard, \1. L and F.ng. S, C.(1%2,). Soil ron"i'...n"'OO propen'"
in II>< ad"'rplMln of ,ulf." ion•. ."oil S<i. "*. 276-n3.

Cluo. T. T.. H'Nard. \1. L .nd F.n8. S. C (1963) CalMloic dfoolS On .ulla'e
ad"'lpIion b) ",il•. .<;0,/ xi. Soc. Am. PHX. 27. 35_38.

Chao. T. T.. HaN·.rd. \1 E .. and Fang. S. C. (l96--l) Iron.o><I 'luminium "","'ins, in



Th~ Sulphur Cycl~ 1M Soil '"'
~Ialioo 10 .ulfat••dsorplion ch.rl<I.n.<ic:s of ,.,il,. S<>il Sd. So<. A.m. Proc.. 1lI.
632-635.

Chaudh,y. LA.••nd Cornf><ld. A. H (1%7.) Eft of moistu", oonl.n, du,ing
irK-ubotion of ",il lre>l.d "'ilh o,gan", materia" on ge> in ...Iph.a'••,.." sulphide
kvel., J, Sol. Food Atric.• IS. 38-40.

Cha<>dhry. I. A .• ond Comf..ld. A. H. (I %7b) E!leC! of t.mperalure of in.ubalion on
...Iph.te kvel. in aerobic .nd >ulphide kv.l, in .n"roh.. ",il•. J, Sci. Food
A~'i<".. 18. 82-8-4.

Cb<»<'. W. T..•nd Ng. S. K, (1969) A prelimin.ry ",u,1} on x'd 'UlpMIe ",il> in W."
Mal.y"•. Molay•. Ag"". J.. ~7. 253-267.

aark. J. S.. Gobin. C. A.• ond SproUl. p, N. (1961) V.llo" molll., in,.,,,,,, poo,ly
draHl.d !iOil1 01 ,he low.r F.... ' Volkj'. Bri'w. Columb,•. Con. J. Soil ScI.. ~l.

2IS_227,
C!<men'. L. (197S) Sulphu, increa... "'ailabililj' of phoopho"" in calcareou' >0,1,

Swlphur in Agric.• 2. 9-12.
Cogbill. C, V.••nd Lik.n•. G, E, (1914) Acid I""cipi..,ion in north"'lern Uni'ed

Stat••. WaH' Rw>IU, R.... 10. 1133-1131.
Colem.n. R. (1966) The ,mport.noe of ,ulfur .,. planl nutrienl in "wid .rop prod"'"

'ion. Soil Sci.. 101. 230-239
Cook. L l. (1939) Furtber re.ul" secured in ',op drc..mg" poor;ou,h-ea;t.", ",,",ure

land. "'i,h pbospha'ioc fertih",,,. J. A.Sric. SoWlh AIISI,. ~2. 791-86.5.
Coo-per. P. J. M. (1972) Aryl>ulphau... ""i"lly in nonbern Sigerian soil., Soil Bi<>!,

Biochcm.• ~. 333_337.
Cormi•. L <Ie (196So) Conlfibu,ion .. rt'u<le de I'abso,ption du '-Oufre par Ie> plan I••

"'umi..... une ",~re con,.nanl due d""yde de >ouire Ann. Phy.ioI. V",
Uni•. Bnu.• 10. 99-112.

Cormi.. L de (l968b) ~aage"",nt d'b~'drogtne .ulturt par <Ie, p1anle' "'nm......
une atmosp~re a>nlenan' de ranh~d"de ,ullu'.ux. C. R. Hebd. Shnca Acod. So, .•
5<, D, 226. 683-685.

Co,,·ling. D. W.. and Jone•. L H. p, (1970), DefloCienC) ,n soil .ulfur ,upphes fo'
perenni.1 ryeg"... ;n England. Soil Sci.. 110. 340-348.

Cox. G. L (1975) Eflec" of smelter .miWon. on ,be ",U, of ,be S...tbury 're., M.S<.
The,i.. Uoi,~..i'y 01 GuelplL Guelph. OnlOOO.

C.-. B. (1980) I'roblem. On ,he r.'~te'Olionof mine spoil dumps. In; Freney. J. R.
• nd Nicolson. A. J. (.d,). 5wlju, ,n A ....tralia. Aum.lian Academy of Science.
Canberra. p!', 2S6-264.

Cre,.n. p, D.. Sy.... J. A,. and D)·moc'. A. J. (1979) P."ure imprm·.men' .nd "'iI
acidification, Atnc, G",. .\'. S. 11'.. 9G. 33_35.

Crn"'n. P. J., H.idl. L. E .. Kra>n<•. J. P.• Polloc•• \\I. H .• and Seiler. W. (1979)
Biom... bumu.,: ••• SOUl« olalrno.pheri< p ... CO. H~ Sp. 1':'0. CH,CI.nd
COS. ,\'IJJ;JJ.,. (wM.). Zlll. 253-256,

Dabin. B. (1972) Prehminary re,ul" of ••urvey of the '<Ilphu, COn"n" oI,t.. soil' 01
tropi.c.1 Afric•. Inl. Symp, Sulphur in Allricullure. Ann. A~ro~,. 72. 113_1 36 [in
F,eocb].

D.vide"",. D .• • nd Palocl;. G. (I96S) Considera'ion. on lbe .ulfur conlenl 01 ,.,iI. ;n
,be Rum.n;an People'. R<l"'blioc. Agnxhin1iea . •. 118-182.

Del,·cr. P. (1962) Propenie. 01 ..h", "'ils in 1""1' Neth. J. A~'/c. ScI.. 10. 194-21(1,
Do••• B. W. (1949) The fat. 01 nilfogenollS coMl;,uen" in anim.1s "crela ,,'ben

voi<kd on ,.,n. In: PI"", oM Ammal N"tri,.,~ i~ IWolion to S<>il and Cllm<1li<"
Fn<w",. Brit"h Common,,·••lIh S<ie~,ifloC Sped"li<t Conference. Au"'alia.
pp. 418-423.

Dorl.ld. C. M,••nd Wilh.m.. C. H. (19S4) Fenili'y .nd prod"",,,",,~,of. podIolioc "'il



'" TN GlolJal Biogrodu,,,,icol Sulphur Cycl~

., influenced bj ,ub,~rr.....n <lm'e, (Trifolium ."IH<rr~"m t.) and ...po"
r"",,,pml1< AIlSt. J. Agri<". RtJ._ s. 664-68-

Doneen. L. D. (19M) Effect of soil ..Iini" aM ntlrole< on tile drainage in san
Joaquin Vallt,-. C.lifom;•. Uni"er.ily of Califomia, D,wi<. D¢pI, Wate' Sci, En,.,
P.I"" 4002. 48 pp.

Doyk. P. T and "toi,. R. J. (l919) Sulfur and m<,h.,",,,. metaboli,m ,n ,h«p, lli.
Excretion and ",,<"Uon of d ....ry and ,uppl,menled ."Iful and prodOC1ion
rc'J'OD'« '0 ;n' ....rumin.1 inf",io", of DL·methionine. A,.,.,_ J. ARri<. R,,_. 30.
1185-11%

Du,il, p",oo Ballip. J L. (1979) 1l«l'>emio.l ""dation of d;fferent fonn. of ,,,Iph",
in chalk soil' of CIl.mpa~"', CR. IId,d ~.<K" Aoud. ARne, F•.. is. 370--375.

EIlIOU. L. F...r><! TfO';'" T. A (1973) 0.'0«"" of <"bonyl ",Ird< and o,ho, ~.""

em.na""8 fmm beer ,"ul. manure. Soil xi- .50<. Am. I'rrx.. 37. 600--702.
Erne""",. W \\ (J917) 1'11)',;';.1 propert;", .nd '(n>c'u~. In, Ru.""n. J, S.•nd
G,e~n. 1::. I.. (.d'l. SojJ Ft><Wr<", Crop Prod""ion in 4 s"mi.·Mid En,'i.ro~n,-

Uni",~i!)' of O""enol.nd Pro... Brioba"". pp. 78-1 (l-I
E"",,,,,n. W \\ __ .nd B.Her. A. C. (1973) Tho comparati\< c/foe," of «,h.ng..ble

c.ldum. m.gnumm .nd <Odium on "'''''' phpk.1 propert'" of "'d-t>.-oo;n e.nh
,ubsoil,. II. Tho 'pontaneotlS di,pe"ion of .ggregate' in ..·...r. Aw,. J. SOU. R....
11.151_157

Ensminge'. L E.1195~) Some farton .ff.cting ,II< odsoJPIion of ,ulf.,. by AI.bam.
",il•. Soil .'ie,. S<x:. Am. Proo.• IS. 259-264

E,;h,on. E. (1963) Tbo ~·e.rl)' ei"olotion of 'ullo, ,n n.lo"'. J. G<op],y•. Rn, 68.
~OOI-~OO8.

Enn•. C. A...nd Root. C. O. (194S) Tot.1 or~.ni< .ullur .nd humus ",Ifur 01 Mm·
ne"," ",il•. S<>jJ S<i. 59. 12S-136.

failor. N. N. (1968) 0<, S<hwdddio,~·dgch.I' <1<, Luft .1, Koompon.n'. dcr
s<1ro-'dd''''''''lons der POan,.. Dis<. D<>k'orgnl<l<'. In<t. PIl.nun.mlhfllng. J....
'0' u.big Un;v.• G.,,,,.n. 120 l'P.

Fed<>rov. M. V. (195~) Soil \lrt:robiolo~. I,d",.l',,,,,, So,,,,"k.y. N.u" [in R....
'ianl·

Fkmins. J. F.. .nd Ak..nd<f. L T. (1961) Sulfu, acidi!)' in Sou,b Carolin. tid.1
m."h IOil,. Soil xi. S<x:. Am. Proc.. lS. 94_95.

Fl.roon., K., .nd Sim.n. A, (1970) Goulbum lue<m. failur« linked "'i,b indUe«!
m.ng''''''''' 'o.ici~'. A(ri<. Ga". N.S. W.. SI. 664-687,

F""'ier. D. (1976) 1,;p'.ke of ",Ifo' dio.;do ~ crop< and IOil. I'II.D. Tbo<i<, Uni...."i'y
of N011ingh.m

""" 10,. D. (1918) Dt"!· d<po<ilion of SO, OIl .gnml'u..1cros>'- A"""•. EnYiron.. 11,
369-37l.

F"",·kr. D...nd Un,..·,,"h. M, H, (1974) Dry dep"'i'ion of 'ulph"' dioxide on "'.....,
N.'un (Lond.) W. 389_390.

Fo•. R, L, f1o,.'<rd.~·. A D .. H""etm.n, F. \\ . Rboodc:,. H. F.••nd 01_. R. A.
(1964.) Sulfu, fert;lize" fo' .If.lf. produc'ion in Nebr••k•. N,b,. Alri<. Exp. Sin,
8.,J1.2/4.37pp

Fo•. R. L.. OllOn. R A...nd RI'ooa<lco. H. F. (19641» E..lua'ing ,.....nlfur .to,,.., of
IOil. by plan, .nd IOil ,..". Soil Sci. .50<". Am. Proc.. 2:11, 143-246.

F...dc:''''k, L. R., S,.rke\. R. L. .nd Sog.1. W (1951) O<t<>mpooabili,y 01 some
org.n", .ulfur <ompound. in IOiI. Soil S<i. .50<", Am, Pro<,. 21. 287-292,

Fre""y. J. R. (1958) O<'mnin.,ion of ..'ate'-<o1"1>Io ,.lfOl. 'n "';1.. Soil Sd. 86.
HI_24~.

F... n.y. J. R. (1961) Some OM<:""'io", on ,ho ".1" ... of org.nic ....Iph"' compound.
'n ",il. AWl. J, A~n<, Rtf, 12. 424~~32.



TM Sulphur CJd~ in Soil '"
Frenc~. J. R.• 8a"","'. N. J.. and Spt~" K. (1961) A ""'M:W (If ""toin "peel' or

'"Ip~u, a. a <oil """'''<>ent and plant nutrient. PI"", So,I. 17. 295-308.
F",ne~.J, R .• MelVIlle, G. E.. and \\ illiam •. C. H. (1969) E",action. ,~mic.1 naturo.

and proponlC:' of "';1 o'~ani< ",Iphu'. J. .xi. Food A~nc__ 2(1. .l-l0}-44~

Fron.\'. J. R.. Mel,;U•. G. E .. and W,lhom" C. H. (1970) The d<te,m,nat.,n of
carbon bond<d ,ulfu, in ",II. SoiIS'i.. 10!l, 310-318.

Fn:nc:y. J. R .• M.h-;II•• G, E .. and Will,a",.. C H. (1971) O'gani< <ulphu, ftaOlion'
lab<lI.d by oJ<!ition of "S_.ulphato to ",il. So,l Bioi. Bioc~m .. .\. 133-141

Fre",,'. J. R.. \1.1,'iII•. G. E.. and \\ ;lIiam.. C H. (1975) Soil o'¥Mic malt.t ftaOlion.
as <oUI'«' of p1ant.availabl< ,ulphur. So~ Bioi, 8i«~", .. 7. 211-221.

Fre",,)'. J. R.. and Sptoc'T. K. (1960) So;I 'ulph'le chan~e< in tIM: p",,,,n,," and
a""'nee of VO"''"8 p!lInt,. Au". J. Ag",", R"., n. 339_345

r,.oc,·. J. R.. S,even"",. F J.. and lkO'·..... A. H. (1971) Sullu'-con,"ining amino
acid, in ",i1 h)·d,oly.. ,e<. Sod Soi, 114.468-476.

Fro",,'. J Ie and William... C H. (1980) Fo,m, and .mount< of <ulfu' in lOil', In:
Fre",,). J. R. and Nicol",n. A. J (om). SuI[wr in Au,,,,.lia, ""u"",han Acad<m)' of
So"n",. Canberra. 1'1'. 170-11S

Fri«!. \1. (1948) Tb< absorption of <ulfu, dio,id< by plant> .. ,,,",,,,'n by tIM: u'" of
",d'ox1"" .u1fur. SoJ So,. .'>0<. Am. Pr«.• 13. 135-IJU

r'''nd. J. P. (1973) 1h< global <ulfu, <")-do. In: Ro-.1. S. I, (ed,). C~mi<''Yof W
W ....,. A'mI>,'p~" PI.num Pre". '>e" Yo'k. 1'1'. 177_201

Fuh,. L. B",nw.rd. A. V.• and Silv.,. S. D. (1948) Sorp'ion of lumigan' ,"por< by
",iL Sci<:1f<'< (W"'". D,C.), 107. ~74-21S,

Garl>on. L. (1912) Sulphu, I",,,,. by' d,a;noge. Intern. S~'mp. 00 Sulphu, in Agncul.
ture A~~. A~""'.. 72. 11-11.

Gall>oll). I. E. (1980) Sulfu, d.,'id< up..~. at 11M: E.rth·,.u,f.... In: rre",)'. J R
and """,1<00. A. J. (.d•.). Sulfu' i~ Au,"'oliu. AIlS,,,,I ..n Acad<my of S<iooco.
Canbe"a. pp. 11-14

G.II>oIl). I. E.. G.rland. J A .. and lI'il<on, M J. G. (1979) Sulphu, upt.k. lrom tIM:
.."""phero by' fo,"" and farml,nd. VO'UFe (w~d.J. 280. 49-50.

Gallagher. P. A. (1969) The .Iio<:l of _ulpllu, in kltil""". 1'3[O....tor and ",il< 00 <:fOp
nutn'ion. Sci. Pr«. R. Dub/o~ 50<:.. 28. 191-204

G.loppini. C. (1964) Lo zolfo ",i d.p<><iti allu.ionah <kIlo T"",ana. 10 ..... d;s.
tribwio... ;n .leuni "run; l;pi<i. S' S~-mp. In"".. "gro<h,m"'4. Pak:rmo, n5-13~

Garland. J. A. (1917) "The dl) deposition of ,ulphu, dio.id. 10 land and ....te, .u,·
f..... Prrx. R 50<: (L<md.) S<. A. ~54. 245-268.

G.,land, J. A. (1978) 01)' and "ot "'roo.....,0' 'ulphu, from lhe almosphere, A,,,,,,,.
E~vi"",,, U. 349-362,

Garland, J. A .. and B",n",n. J. R. (1911) Tb< d<position of ,ulphu' dioJcid< to pin<:
fore" a_.oed by a ...dio...i.... ""thod. T~/",.:t. 4H_454

Gh."oe. W C.• a"" AI",an<k,. \1 (1976) Effed 01 microo'gani<m' 00 the sorption
and fate of .ulfu' dioxide and nitrog<:n dio,id< in "'il. J. E~.iro •. Qual.. ~.

227-130.
GilIm'n. G. P. (1913) Studio. on some: deep sandy "'ii' in Cope Yo,k hn;"",lo.

,>oIth Quo.nsl.nd. 3. l.Mse. of .pplied pho:spboru, and ,ulphur. AIl>l. J. E.p
A,,;.,. Anim, 1I1<5/>.. IJ. 418_422.

Gje"inl> Y, T.. and Gj...ing. E. T. (197~) Chem",,1 ""mposilion of on Antarctic
snow prolik:, Vall•• , J. 233-2~1.

Gordan. A G" and Gorllam. E. (196~) EcoIog",.1 a,peel' of ai' pollulion from on
iron-.int<ring plan' .. Wa.',. Ontario. Con. J. 8",.. ~1. 1063-1078.

Go,ham, E .• and GO'd'n. A G (1%0.» Some offoo" of 'melt., pollution N.E. 01
raloonbridge. Ontario. Con. J. 8<><•• JlI. 307-~12.



>8, TIu! Glob<l1 8wgeoclu!mical Sulphur Cyd~

Gorham. E" oDd Gordan_ A, G. (196(lb) lnfiucnc< of """Iter fumes upon .urroulldmg
vrgetation. Can. J, Bo•.. 38. 477-487.

Oron>!. l.. Rod .... H.. and Hallberg. R. 0, (1976) The: JIot>tl sulphur eye"'. In'
Svcn""n. B. H. ond S6<\t'lund, R. «<1», Nil"'~n. Pho.<plw,w and Sid·
pJour-Clobal C)'CleJ. SCOPE Repon 1. Eccl. 811f1 (S-~ltcIm). 12. 89-1].4.

Oroot. R. C. ~ Hug"'" £. W _. Moerman. J.. and Col...,. D, T. (1964) Soil ebtmi"f)'.
In; Ann. Rep. Agrit. Rex_II CQWI<i1 C<"lral Afnca. pp. IS_21.

Grten. V. E. J'. (19S 7) The ouI'ure 01 rice Oil "lilll", "'~._. ,,'orld .urwy. Ag"",. J.•
49.468_472.

O,..,en..-ood, D. J" ond le<:., H. (1956) S,""i.. on ,lie decomposition of omino oci<h
in "'ils. I. A preliminary ,.""or of t«hn;q ..... PI"", 5<>J. 7. 2S3-262

Gregg. P. E. H.. and Goh. K. M. (1978) F.. ld ,,<><lit. u nh ,adio""t;.-e .ulphu,-Iabclled
HH"um fenilize.. L Soli focto" affecting ,he """-emen' "I f.nil~r .ulphur. N.Z. J.
A.•' .... R"" 21. 593-601

G"limo>'. S.• and .~'"kh""v•• V. L (1976) Con'ent of ,,,Iph'" and it> lorm, In
irri~.ttd "'~, of Uzbekis,an. Po<hvowdcnic. No. 11. 28-32 (In Rus<ian].

Hanna. G. P. JT .. L""a•. J Ru Randk,. C. L Smith. E. E.. and Brant. R. A. (1963)
Acid min. dra,nage ......rell pot.nti.liu••, I. W"rt. PoIJ",. C"",,01 Fed.• 35.
275-296.

H"'l"'" I" and Walm'k)', D, (1972) Inc"ba,ion <ttldies on min.nolization of o'pnic
,,,lpll.,,-.1Id ,,,~.nic ni'r".en. PI"", SciJ. 37. 255-264

Hoque. l, olld W,lm,I.). D, (1973) A<loorption and <le""l'!ion of '"Ipht. in <Om<

",II. of lhe w.st IlIdie,. Gt<><krrn". 9. 269-278,
Hoq .... I.. alld Walm,I.). D. (19740), M'.... men' of ,"Iph<ll' in ,.." caribbeon "'~,.

Plan, Soil. 010. 1.5-1 ~2

Haque. L and Walm,k}. D. (197ab) Sui ph", in,-.>tig>tion, in some W." Indian "'ils.
Trop. Ag"".. 51. 253-263.

Harm""n, G, W" O"i<pc:1. Au ond 01",,0, D, (1914) Ob6c:,....'ion. on ,I>< IOTDIaTion
and o.;dotio""f Pl'ri'. in ,he <Oil, PI"", Soil. 5. 323-348

Harpe'. H. J. (1959) Sullu' conICn, of Oklallomo so~s, rainfaU and otm"'pherc. Okla.
AtTic. EJp, SIn. Bull B-536.18pp.

Han. M. G. R. (1959) Sulphu, oxidation in tidal mang""" <Oil. of Sicrra Le<>n<. Pia",
SciJ. ll. 215-236.

Harr.,. R. 0 .. alld ~'.I.,,"J1. E. O. (1%5) The .ff.CT of moi"u... kvelond iJlcubation
time on ,I>< .I><micol C<juillbria of a Tokdo clo) loam soil. Agro1L I .. ~. 583-588.

Ha!""-·ard. M E" Cbao. T. T.. and Fans. S, C (1962) The sulfur "a'u' and 'olf",
,upplying J>O"'.r of 0"80n ",il,. Agron, I .. S-I. 101-106,

Harward. M. E" and R.i«naue•• fl.M. (1966) R.aClion'l and movement of lOO.sanle
soil 'nlfur. Soil Sci.• '01. 326-335.

Ha..n, S. M .. Fo•. R. L. and Boyd. C. C (1970) Solubility and availabilil} of sorbed
,,,If.t. in H...·.iia. ",il,. SciJ Sci. Soc. Am. Pro<.. 34. 897-901.

Hawmoto. H .. Kod•• T" and Mi""'i. S. (1948) EffeCT of 11.. addi'ion "I boo< .nd
silica on degtO<kd p"dd} ",ii" I, Sci, Soil M""",,. r"kyo. 19. 61_62,

H.I}·ar. K, R, (J 976) 1'11"'8" C)'<1i"8 a.d soU acidifTClltion.l, A"". I"". Agri<'. Sci..
4:.217-221.

He...,. P. R. (1957) Sulphu•• o<1 .'''<>go' <h.nge. in 10"''' "';1. of Ea" Af,i<., Plo,,'
SoiI.9,86-96.

Hilder. E. J. (196') 'The Ji"'ibu'ion of p1.n, nu''''.'' b}' ,1>«1' al pastu... , !'r<><:. A"".
Soc. Anim. Prod.• 5. 2-<1-248.

Hin1"on. F. J. (19S9) 1llc: "'" of applicd pl>:»pho",. and wlphu, lrom >oil> under
1'""." in W, A, I, A",I. In". ASri<'. Sci" :.I. 209_213,

H'lChc<>ek. 0 R. (1977) Biogenic ""n,ribn,ion. 10 ,"n"'phcri< ,ullate k,-.I,. In:
Cecil. L. K, (.d,). Pro<tuUrgJ of ,lot S«ond ~'QrWmil C<HIjr",",e ,,~ C<>mpkk



TM Sulphur C)'CI~ in Soil ,go

Wa<tR...... WOld' Inw!«•• ilh En• .".,' Air OIId SoIIdr Am.r.can In"i'ute of
Chemical Enei.....,.'. t'... Yo,~. pp. 291-310

HoU,ng>'"Onh. S. E" and Dan,,,... F. A. (19$2) 8a>alum'nH' and bldmba>alom,nL"';
two ....... mi...."'1< from t'onhamp,on>hirc. M~""M"I(.. 29. 1_17.

Homstrom. E.. Ek",om. C. ).1ill.,. U" and Dickson, W (1973) Efle<t> of 'I>e
ocidifica'ioo oj II.ts in ,he S...dish "'.sl wa." rtpon. Sial"" VOI"",I,J.<w'k.
19'): 7. VaU;lIJb)', S..·.<ltn. 97 W

Hoaghtoo. C" Ind Rose. F, A (1976) l.ibcll,ion of sallate from ,ulf"o «10" by soil,.
App/. Endren, .ltioohiol.. 31. 969-976,

HOI'I. P. B.. Ind 'OJ bolll. M, (1972) U.. 01 diialt caklam chloridt lor ,he '''ratlioo of
plln,-nailablt alamin'am and m.n~ano.. from acid ",iL C",.. J . .'Wi! Sci.. 52.
163-167,

H,o. P, H" and B",o•. T. F (196.) Form",;"n of X'II) amorpboa' and <fj,,,.lIin<
aluminium h),dro.l<lt>. M",.,aJ. \Ia~.. 33. 749_768.

Ho'cbin_. G. E. (19$7) A T"","~ OJ! u""",IoK-)', ""I. I Wiley. N.... York.
1015 W'

Ha"hin"'n. T. C.. and Whilbj·. L. ~t (ln6) The offe<lS of Kid "'infall apd hea')'
melal paniculales 00 I bo",al fore" e<ofl-,.tem no.. lhe Sudhu!) ,"",llln~ rtgion of
Canada, U.S, Departmon, of Ag"'ullure. FOrt.l Se,,'ico. T«h. Rtp,. NE·n. w
745-766

IomulUldji. ).1., Ind Zolka,na,o,. 1 (1978) Sulphar dof",,,,",,)' of Io-o'land rio<: in
Indo........ SulpJI", A~ti<.. 1. I ','-19

Iv.""•. M. V. (1968) Micrebji)io~ical(',oc<..... in lilt Fo,moI;"1I ofSulfi" Dtpo.•i".
I"a<l J'roIram for Sci<ntif", Tron,I"';"M. 298 pp.

Jackman. R. H. (1964) Aocumol,,>on of or~.ni< mOllOr ,n ..,mo So..' Zeal.nd ..,il.
UndtI poonnln<n1l""'uft. l. Pattern, of chanll< of orpnic corbon. nitrogen. ,ulphur.
and phosphoru•. N.Z, J. A~,ic. Rn. 7. ~~S_471.

Jonny. H. (1941) FIKIO'" ofSo~ Fom1aIiOJl. McGr....·Hili .....c ..' Yo'k. 27S pp.
Jelulnsson. O. (19S9) On ",llul probltm. in S....dioh agr.cuhor<. K. Lmubrubloo"k.

Ann,. 25. 57-169.
Je...... H R. (1972) {'O/Iwion Ctmltcl ill 1M. NOIII<'reus MtEm, IlId,."". Noyes Dal.

Corp.. Pork Ridge. NJ. 201 pp.
Jon<1. L H. P.. Co,,·linll. D. W...1'<1 Lock)"" D. R. (l9~2) Pl.nt·av.il.bIt .nd
~'ttac..blo 'ulluI in SOm< wib 01 EnAland and W."•. Soil Sci.. !I4. lIla-1 14.

Jooo., \1. D.. Manin. W. E.. .nd Wilh.m.. W. A. (I %8) Beh"";"l 01 .olf.to IIIllur
and <I.men'&I "'lfar ,n threo C&I,lem" ..,.!> in lj"i",""", Sod Sci. Soc. Am. PTOI; ..
.I2,53S_HO.

JOIl<" M. B.. William.. W. A .. and Manin, W. E. (1971) Efl«:1 01 ..'ato,"'U,nll and
o,~.mc rna"", on thn Ioso 01 'ppliod ,alfo'. Soil Sci. Soc, Am. f'rot-.. 3S. 343_346.

Jono.. M. B...nd Woodm.n..<. R. G. (1979) Biogt<>chemical C)"linll in annual
l'a"l.nd «:<aj""m,. BoI. R 4S. 111-114.

Jorg<n..n. S, D.. H'...n. \1. H nd Ins,"""n. K (19'8) Sulfato rtd""bon in
«>&.111 "'dimnnlS and the ",loa", of H,s to ,he 'lmoop/l<lO. In: Krumbcin. W E,
(od.). EII.ire.-ntoJ 8io~M"'isIry' and Gtl>micrebiolo", . .-01. l. Ann Arbor
Science. MichIgan, pp. 24S-2S3

Juug<. C. E. (1%) Sulf", in the ",moop/l<r<. J. GnopJI) •. Rn. 68. 3915-3976,
K.dota, H...nd l!-hid•. Y. (J 9'2) Prod"",ion of ""I..ik 'nlfo' cornpoun<b by micro

orll.niorn•. A""w, R"" \/icreblOl.. 26. 127-138.
K.mpralh, E. J.. Nolson. W. l... and Fit!.. J. W. (J9S6) Tho efloet olpH. ,"Ifa,. ar.d

p/>oopho'" CQt><en"al;"n, on lhe ad",rptioo 01 ,ull.,o In- ""I,. SoJ1 xi, Soc, Am.
{'roc: .. 20. 463-466.

K.ni....t.. V l. (1970) RoIC1;"n of h)drogen. m<tha.... ar.d h)'drogen .ulfldo .. irh rhe
minerol pan of the ""ii. {'och"""'d.nit, No. S. 52_59



"" Tilt! Glowl BiagwcMmical SlJphwr Cyd~

Kan...ar. J. S..•nd T.kh,. P. N. (1%-1) Distrihution of ,clpho. fonn. in 'ca ",ii, of
tbe Punjab.l, R". Punjab A.~nc. Uni.,_.!. 1-15.

K.tz, \1 .• WlOll, F. An.nd Atkin_. H. J. (1939) 11>< hj.drogcn ion <>onceo"otion.
bal<.c"hanJC <apacity ""d ,ulf... rontent of ",d•. In; E/f«ts ofso, on V.,.,.tion
(:"01ioo,1 R.",.,."h CoorKil. Reporl No. g l~). Ch S. NRC. OU.",., pp. 1~ 1-164.

Kolley. W. P. (19511 Alkali Seils. ,~ir F""".,ibn, f''Opt~•• nnd R«I."'Qli<»t.
R<lnhold. '- ... York. 176 PI'

Kellogg. W. W. o Cadle. R. D.• Allen. E. R. o !;ozrus. A L.and M.rtell. E. A.(1972)
J1>< .ulfuf cycle. 5<",,,,,< (Wa.h, D.C.l. 175, 587-5%.

"ell.... D. P. (l972) Tr.n~oflll..i<"" of .clphor .00 i" compound. in "'iIs. S,.mp.
Inlema,. "" I, Soufre '" A(rk. Versaille. (1970). pp. 217-232.

Kcnn<dy. P. M.• and Sicl'Crt. B. D. (1972) lbc ut~i..tion of spear grass (fft~",pot(m

"","''''''). II. 111< ioll"""'" of sulphur on ,,,.r~;· inta" and rumen and blood
par.>mct<r< in "a"l, .nd <1><,1' Au". J. A~,i<. fln.n. 45-56.

K.n""dy. P ~L Willi."". E. R.• and Sieben. B. D (1975) Sulfate 'e<}'.hng and
met.ool"", on <lIeep a.d .attlt, A~". 1. Bioi. 5<L 211, 31-42.

Kilm", V. L Gillia",. J W.. Lut•. J. F" Jo'~. R. T.. and Eklund. C. D. (1914)
Sutritnt los' from fenilized ~..soed "ate"hed< in "e"em Nonh CaroH.a. J. EM""
roM. Qual,. 3. 21~-219

Kod3ma. H,.•nd <;in~h. S. S. (1972) Hldro'l aluminum ...!fat._montmorillonite
romple'. C"" 1. Soil Sd.. 52. 208-218

Kohn. G. D., 0<00'''''. G. J.. B3tten, G. D.. Smith. A. N.. 3nd lill. W. J, (1977) The
effec' of 'opd.....d <uperphosph'" on .h.n~e, in nitrosen : arbon : lulphu, :
pho>phonn and pH on ...d unb soil durin~ a long 'erm grazing ..peri men" A ..."
1. Soil Re,., 15. 1~7-1~8.

1<0000. M. (1923) The prod...'ion of mercaPl.n 'rom I-<:;'>linc: by ~e,ia.Booehem
Z. 1.16. 198-202

Kork"'3n. J. (1913) Sulp~u, ,U'u' of Finni.~ .uh,,·"ed ""i". MalHaw",tk/ Ait.t..
45.121_215.

Ko,-.:Ia. V, A. (1973) TM Prw,pl.. oIPedolo~}'. GeM",1 Theory 01 Soil fo""atWn.
",1. 2, N.uk., :'01"",,",,' 1'1'.421-425 rio Ru,,,an]

Krame" J. R. (IY~8) Mid pre.ip;1>'ion, I" S'i"!u. J. O. (ed.). SuljIJ, iM 1M
Envi"",,,,,,,'. Wile). Se" Yo,., pp. 325-370.

Kroult, H, R. (1977) Sulphur OOlOJ'" abu"","""" elucid..< uptake of .tmospherit
wlphu, omi..ioo< "l-' "eselltion, Nal~n: (Lond.), 265. 4S_46.

K,up'kii. N. K...nd M.mon'",,". E. G. (1974) Sulphu, ,n 1)-'p",al thick ehe'"",,"m' of
the Ukr.inian SSR. T""". 10tIr btl. Congn:" Soil 5<i., It 168_173 [in Ru.".n)

Ktup'~ii,N K.. ),lamon!o,·a. E, G.. and B'''ula, A A (1971) Sulfu, <OO"Ot in humic
.n<!lul'ic Kids 01 <ome t:kllnian soil•. PIK~"O..d,"~. No. 10, 37-41 [in Ru.&an].

Kuhn. H" and Wei Itt. H, (1977) Si'-;'ear "ndies on 'ulpbu, input> from pn:cipilltion
and """", by leachml (in I)"imete,,), Z, P/f.nUM'n"'~'. D"'ng Bodtnk D., 1441,
431-440[,n Genn.n).

Langl.nd<. J P., Su'he,l>nd. H, A.),l ...n<! Pl,,·ne. \1 J. (l973) Sulfu, •• a outdcn(
fo' ~'eril\O .h«r· 2. The u,Hiu'ion 01 ,ulp~u, in longe diets. B,. J "·w'".lCI,
531-543.

Laurence. R. C. N.. Gibbon•. R. W...nd YounS. C. T. (1916) Ch.nge. in (he )'ield,
p'otein, oil .n<! matU"" of ~roundnu,<.1",·." ~ i'h .pp1k.'ion of .ulrhu' fenili.·
e".n<! fun~icid<s.J. A,nc. 5<i., 8Ii. H5_2S0

Leepe" G. W (1952) In"oduction t. Soil 5<ie""•. 2n<! .dn, Meloou"", Unin",'Y
Press. \I<1oou""', 222 pp

Lev..is. f. A .. and P3pa"..,. G, C. (1970) E"olution 01 vol.tile sulfu,..:ontl"'inS
compo.ndo from dt<:ompo>l'Ion of .n><if." in "",I•. Soil Bioi. Biot:lIem .. 2.
239-246,



The SulpnuT Cycl~ i~ Soil '"
U. P.. and Ca1<,..... n. A. C (19M) The o,id,,;on 01 .lemental .ulfu, in "'il. Sc~ 5<i.

Soc. Am, Pr<X:.• JO. 370-372
Lichten....lner. D. c.. Flenner. A L. and Gordoo. N E. on) Ad>orption and

r.pi"""ment "f plant food in coll<>id.1 ",ide, "f iron and aluminum. S<HI 5<i.. IS.
157_165.

lik.n.. G. E. (1972) Th, CIf"n"',,' of P=ipiration in 1Ir, Cen,.al fjngt. Lab,
R,gion, Cornell Un~""it)·. 1I'...r R.",urce and ~""ne 5c..~ Cent<' T«h
R.pl, no. Itllaca. N.Y.. a7 pp.

Ukon,. G. E.. Wright. R. F.. Gal"""..~. J. N.• and BUlle,. T. J (1979) Acid Tlin. 5<i.
A", .. 241, 39-47.

lipoetl. J" and Williams. C II. (J 971) The sulphursta'n>"h hu' in ..,d·h"""n ••nhs
in "'u,hem N.... 5<>uth WaIO'. A ..". J. F.xp, A8'i<. Anim. Hu'b.. II, 59-63,

lilli•. R. C. (1957) Sulphur in ",il,. II. O<termina'ion of lhe to'al sulphu, """t'ol of
..,il J. xi. Food A,N<. S. :!7l_279.

lock)'''' D. R.. Covo·hng. D. W.• and Fenl<>n. l. S. (1978) labora",O) measure men"
of dO)' &I""i,;on of .nJphur dio,ld< "" '" ..veral soil' frum Engl ..... and Wale•. I.
xi. Food 118N<.• 29. 739_146,

Lo,.",. l .. Woodbouse. II' W. lr.. "nd r.t.""n, R. G, (1966) local erf«t <>n I.",hry
<>f urine voided by P-uini e."Ie, AS'''''. J.. 58. 262-265

loveda)·. l. (1975) The "'" "f .ulphur aDd its compou....' ,n soil amendmenl In:
Mclachlan. K. D. (.d.). Sulph... in AUS,.aI",ian Ag';""""'" Sydne)' Unive""'I)'
Pre... S)'dne)'. pp. 163-17/.

Loveday, J.. and F'j'Ie. l. (1973) Th. Emerson d"pe,.."," .." and its rel.,;on '0
hydraulic cond....'i'ily. Au",. CSIRO Di,. 5<>il •• T.eh. raper. ,",0. \5.

Lo,..locl::, J E.. Maw. II. l.. and Ilasmu,sen. II, A. (1972) A'mosp/>erie dime'h)'1
...Iplrid< and ,he na'ural ,ulphu, ",,,I•. Non." fLend.!. 117. a52-a53.

Lo.,•. L E. (1964) An appro..h '0 'hr "ooy of ,he .ullur statu' of ""~, ond it<
aWliao'ion 10 .. lected Ou<bec ""il•. C..". J. Soil xi.. 44. 176-179.

u,..,•. L E, (1%5) Sulfur fr...ion' "I ,dee..d Albeno ""il profile' nf ,he ebem<>umie
and podrolie ",den. C..", J, So,1 xi.. 45. 297_303

u,..... L. E, (I %9) Sulfur I,...",n, of ..le<1ed Albeno p,,,fol.. "f the 51e)"Olie "rder.
C..". J. Soil Sci•• 49. 375_381.

Lo"'C, L E" and 0< Long. \AI. A. (J%3) C.rl:ooft bonded <ulphu, in «1e<1.d Quebec
"'~" Can. J. Sci! Sci.. 43. ISI_155

McCluna. A, C. De F",il". L ~l. M" lnd lot,. \AI. L (959) Anal)',",' "I se".TlI
BrllHian "'ii' in "'Iation tn rlon' re.ponse. '" ,ulphul, So~ xi. Soc, A.". Pro<., 23.
221-22a.

McFe•. W. 11'.• K.lI~,J, M.• and B.d. II. H, (1976) Acid precipita'ion <fl«!>on ..,,1,
in ,he humid tempera'ure u>oe, US Deponmen' of A~rieul'u.." Fore" Service.
Teclf. R<pr. NE·]J. J'P. 725-736

MeGeoOj<:. w. T.. B",a",ole. E, L. ond AhOOt'. l. L (19~6) l'<>l~....lr>de' 0' ",il
rondi,ion.n-. A';", lI~rie, Exp. Sin Bull. 'JJ. 3-29.

McGe",!lC. W, T.. and Gre'n. R. A. (1935) Oxidation of .ulfur in A""""a ",ilsand i!>
.ff... "n soil pr<>pertie<. A,,~, A~rie. Exp..'it. Bull. S9. 29'9-325

McGo".m. p, C (1972) Sulplul. Dwrid< Lewl!r tmd E"·i"",,_.,,,,- SllSdi<J in w
SlSdbury A,,~ d...mg /971 . Mini"')' of ,be En";",n"",n'. Air Qual") Branch. Sud·
h"O)" Ontario. 3~ pp.

McGo,'.m, P, C.. and 6ai"I1o•. D. (197~) Sulphu, DieXld< (/971/ - f1r~" M,'al
(/97J) Lewb ••d V'8""'iW Eff«1S in ,he SlUfbury .,,~, \linis,ry "f ,be En,iron·
ment. Air Quoli'y Branch. SlUfbul)'. Ontario. 50 pp.

Md"I~'''', D. S. (1979) Eoeba.g.able .ooium....bpI.....,,, .nd hydTlulie ro.... ""';,il~·
of some Au."ahan ",ils. Aus'. J. Soil R<,-. 17. 115-120.

McK••. A. G. (1969) S,,,,... Stud," [0. Comroi of Emmie",. Primllry Nonfe'''' ...



'" 1M Global BiogwcMmicflj S~lplrur Cycle

5",<111°8 llU1",,?'. Final report US Nat;,,",1 Techn"'" lnf<mn";o,, Service
P81&4884. W.~inglO". DC. 190 pp.

MoKen. C. M.. and Willi."". W. A. (I %0) A Iyqme,., OIooy of "alfa' fenililatioo of
an ."n .....l.r:o"ge ..,il. J. Rant< ManGY.. 13. 113-117.

'Jackon.;'. A. F.. D< Lonl. W. A .. and Gho""m. L S. (1%7) Total.olfor. "",,,.,.
HtrlK"LObIt ",lfur and "",topically u"h.o"guble ,ul!>t. in "'.......Iern Canodi."
..,il,_ Planl Soil. 27, 40&-414.

MoUchl.". K. D ..•00 D< \!arm. D. G. (l975) Chang.. in ""il ,ulphur (,.,,,llOl\\ ..-jlh
I.niliz<:, addition. and <rowin' tru'm<nU. ,0."". 1. Soil RL•.. B. 169-176

Mclaren. R. G.. and S,,-ifl, R, S. (1977) OIong<' in "",I organic .ulphur fraction' due
10 II>< long "'''II cultivation of ..,il•. J. Soil Sd.. n. ~45--4S3.

Maimer, N (1974), On ,10<' Effc<u ,M WaIN, ScIl4PUI V<~i<>n 0["" ,-"...........~
Am""pMN S""pI)' of Sulp~u,_N"","al S....di.h Environmental Protect.", Iloard
S~'VPM 402£. Solna, 125 pp

Momaril. C. P" Pan,.,.nK Unar. A" M.n......n, L .nd Mom\lll', C. J. S. (1976)
Swiphu, R~'p""u of UJM'/and Ri«: I~ Sou,h SwiaM....i. lndon<>ia. Contrib. Gmt
Ro<. In". Agrioc. Bogor, n pp.

Mann. L D,. F<><:h,. D D. Joseph. H, A .• and Stnlzy. L. H. (1972) [""""a'<d
deni1riflC.hon in >0'[' b~ add"ion.of <u[lu, .. an en<'lD >oun:eJ En,'lrl'~,QNQ/.• I.
.'29-332.

M'S60Umi. A...nd Co,nf.. ld, A. H. ([964) To,.1 ,ulphur "nd ...,.,er...,lublc ,ulph.,c
eo'"enlO of soil' atld ,he" ..I.,ion l<> olhe' ""l I'rI>POrtie•. J, xl. Food "tri<" U,
623-615.

MaS60umi. A .. and Comf..Id, A. H. ([965) Sulph'"e level' in lOil 01 'aI)'ing pH
during ineub.ation ·ith o.-pui<: mIltc,;"I.. J. St:i, food "tri<.. 16. 565_568.

Ma~. P. F. Till. A. R nd Do...nes. A. M, (['168) Nutrient ey<;linl in p ...d po..,.re.
l. A prelimm0'Y ,n'e,ui_tion 011l>e use 01 ("S) iH,.um. "u". J. "grie. I/~•. , 19.
531-543.

Me'",", A. J.• and Blackmore, L C. ([978) Sulpb.,e .-e,.n,ion by N..... Zealand ""~,

in relation to ,he eompo'iti.... rr«l of p""'pba,. \'.Z, J, "Kri<, Re<. •21. 243-153,
Mi,... , R, D. (1938) Edapbi<: foetors in the di'tribu,ion of aqualic pian" in Englisb

I.ke,. J. &01.. Ui. al [-as I
Mitchell. J" Dehn. J. £" Ind Dion. H, G, (1952) TIle .rr... of .nall addi,ion, of

.lemenlal 'ulpbur On ,b••,'ailability of pllo;phat. f."ili""", xl. "8ri<" 32.
3[[-316.

M".u" S. (1956) l~or;Jnm< ,\'Ulrili<m, f~>lilil,lJtion nnd SoiJ """Iio•.,ion of Lo",'fnnd
Ric<, 3rd cdn, yo••lIdo. Tokyo, Japan, 107 Pl'

Mit<.i, S" A"" S.. and Kuma""'a, K, (l9~[) D~'n.m", "odie. on nutrient uplake by
cmp pian'. PlI, Tbe nutrient upl>lie ofri« root •• ,n~","""dby b~'d"'8<n..lfode
J, xl. Sod M.nu,~. To~"o. 21. 46-52.

Miy.moto, S. ([977) Pred""ing eff<c," of .ulfu,i<: .cid on qu.Ii'i<:. 01 irriJ.tion and
drain'ge "'ate" in c.ka,"o", ",il>. J. E~,iron. QIMJI., 6. 12- [8

Mi~'.molO.S.. Bohn. H. L. Ryan, J...nd Ye<. M. S. (1974) Err.., of .ulfune acid and
.ulfur dio,Od< on lhe '","ga'• ..abili'y of calc...ou. "'iIo. Soii xi.. liB,
299-303.

~lo~·.molO. S.• R~·.n, J.. and S'toeblein. J. L (1975) Potentially bendiei.l .... of
.ullurk .dd in ",u,h "".'l.m as''''.ll.'', J. En"i"'n, Q_I.• 4, 4][_437.

Miyal11Olo. S.. 'lid Sttoehl.in, I, L (197S) Sulluric acid 10, i"""'uinJ ......,~, I"'n,"...•
lion inl<> IOnIC Aritona ",il,. Prog. "Sri<, "n::.. 27, 13-16

Mobammed, E. T. Y.. Let.y, J" and Bran"'n, R. (1979) Sulphn' compound. in ","e,
t.-e..menl ~ .rr on infiltration tat•. SwiphuT A,ri<.. 3. 7-1 [.

MOle, W.. Mun ""c. D. £" and Riocb.rdoon. L T. (1964) Carbon~'1 .nlphld<••
volatile funsito'lea.' ftonl nabam in !Oil, Natu" (Lond.), 2G2. 831-832.



'"T~ Sulp~ur Cyd~ in Soil

Moor",ann, F. R. 0%3) Acid 'ulf.,e ",ils (c.t·days) of ,11< tropics. Soil Sci., 95,
271-275,

Mororov. A. Z. (1972) Effect' of 'ulfu, feed supp!emeu!> on 'ho productivity 01 eWe<.
h AI""....I" Zwv". but" 2-1, 185-181.

Morlime'. C H. (1941) The e,chan~e of d,,,,,I,..d ,ul><'au",,' b<,~'een mud and waI'"
;n lake,. J. Eml.. 29, 280-329

Mo"""dt. J. J.. "ud Gionfaoo. P, \1. (1973) Grain ",rghum re'ponse 10 iron iu a
lerrou, ,ulfate_ammon;um thiosulfate_ammonium polypho<phate ,u,pen,ion. Soil
Sci. Soc. A"" Proc" 37. 951-955

Moser. U, S.. a1l<l Ol",n. R. V. (1952) Suilur o,idation in four <oil, os inOucnce<l by
moisture ,en,ion .nd b.Oleria. So,1 Sd.. 76. 251-251,

M.,... M. R, (1975) Spati.l pattern' of sulphu, """,,,ulotion by' .'efet.tion a1l<l ""i,
around 'ndustrial cent", •. J. Biogro..'ophy. 1. 205-222

Muller. F. B. (1975) Sulphur re""i,.d in rainfall "nd l.""hcd from. Y'ello~' brown
l""'m. N.Z, J. Sci.• 18. 243-252

Munnce.e. D E.. Do"'sch, K. H., .nd Ec'crt, J. w. (1962) FunglCid.l ac'ivi'y of .it
passed 'hroug!l column, of <oil treatcd with lungidde •. Phj-'1opathology, 52,
1298-1306,

N.kayam., F" and Scott. A D. (1%2) Go, so,ption~' soil,.nd clay minerals 1,
Solubility olosygen ,n moi.. m"ori.l,. Soil Sci" ~. 106-110.

Nelle', J. R. (1959) EstrnOl.bk 'ulf.,,, 'ullu' in soil. of Florida in rel.,iou '0 amou"t
of d.) ,n ,he profile. Soil Sd" Soc A"" Proc,. n. 346-348.

NeplUne. A. M. L Tabo,.b.i. M. A., .nd Hom,·oy. J. J, (915) Sulfm f,oction, .nd
caroon-n;tro""n-pho<phoru,-,ulfu, 'elation,hips in oome Braz;lian and lo~'a soil •.
Soil Sci. Soc. Am, P'Q(;" 39. 51-55

K;col<on. A. J, (1970) Soil 'ulphur b.l.nco: "oo;e' in ,I>< presert« .od .bse= of
gro" ing p1,n". Soil Sci. t(l'J. 3~5_350.

Niel",n. R. F.-.1I<I Pete",,", H. B. (1972) Treatn>ent of mine tailings 1o promote
""got.tive ...biIUalion. Utoh Agric Exp, S'n. Bull, 485, 22 pp.

Ni'olov, N. (1964) Total ,ulphur con,ent 01 II>< b..;c soil ') pe, 01 Bulg.ria. Ro~n~
"'oukl. 1. 23-30 [in Bulgari.n].

NontlCol<. K. H., and Skene. J K, M (1972) Au.waiian Soils witlt Saline and Sodi<
Prop"'i'" CSIRO Au... Soil Pub\. ~o, 27. 62 pp.

Nriagu. J, 0, (1978) Production and "se, of,ull"" 10' Kr,agu. J. O. (cd.). StJju, in
,he Environ""n'.. PI I. W;ley, Ne~' Yor~. pp, 1-21.

Nyoofi. M. (1978) Suifur poilutlo" .nd <oil•. In: Kti"iu. J, 0, (ed,). Sulfur In th.
f.nvi'onmint. PI 11. Wile)'. Kew Yo,k, I'P. 359-390.

l'Oyhorg. ~l-. Ctepin. J.. H",,~,"g, D...nd B"er, J. (1977) EffeOl 01 ,ulphu, dioside on
preciplt"ion .nd on tbe ,ulphur ronten' .nd ocidi'y of <oil. in Albena, canada
Wote, AI, SolI Pollw, 7. 439_448.

0del;cn, M. (1 %5) Inve"ig.'ion' On ,tIC leaching of ,ulphate from ",il. FOl'Sk, Fa"..
Londb""kn, 16, 39-76,

O<fynelS. R, N.. Perelyg;n•. V, S.. and Mo""rov•. R. (1972) Use of ,ulfur preparation'
in the fecdingof,heep, hv. Akod. "auk. Kirg SSR. Sc,. Bioi, N.uk. No.5, 46-52
[in Ru»i.n]'

Ogoieva, V. P" and V""hinina, G, A (1976) Sulphu' cootent ,"" It< distribution '"
so;l, of the VoliOgrod Reg",n Aelt'khj"'iyo, No.3. 89-91 [in Ru"i.m].

O'ajim•. H" and Takagi. S, (1953) PhysiologX:.l IICh..-ior of hl'dro""n 'ulfide in the
nee plan', Part 1. Elf"" of hydrogen .ulflde on the .b<o'V'ion 01 nuU;cnts, &i, Rip.
R... Im'- T6hoku UnN .. Se,. D. 5. 21-31.

Okajim •• H.. and To~agi. S. (l955) PhY""logieal IICh.viour of hydrogen ,ullide in the
rice p1.nt. ra" Z, Elfe" of hydrogen ,ulfide tin tl>< content of nUtrients in the rice
pl.nt, Sri. Rip. R,,- Im'- T6hoku Unlv. M', D, 6. 89-99



'" The Gk>bal 8i<>gwchem~tll Swphw, Cyck

Ob)iO'•. H ..•n~ T.k.g,. S. (1956) Ph),oolog",.1 l>eh• ...,ur of hydrog<n ,ulMe ,n to.
nee pllnt. Part 4. Effect of hydrogen .ulf><k On ,he distribution of ",dK>ac,i.. pll in
,he rOc< pl.nt. 5<'1. Rep. lks_ I"". TMoku L.'njy. Sa D. 1. 107-1\3.

Ok., 0, L (1967) 111< '"Ipllur ,t.,u. ()f "i~n.n "'11o. J, Indian Soc, Soil. Sci.• 15.
207-208.

Oli"""" C. (1960) R.".",•• of ""anoe-'ulphur rompouna. in Uali." ""il•. Ann. Sm
Chim. At"',· Sptr, Ro"",. Se,. 3. No. 179. l-S [in halt.").

Olsen. R. A. (t937) Absorption of sulpnur d"'''<\< from the .'m<><phere 1»- rollon
pI.M•. Soil Sci,. 84. 107-111.

Osborne. G. 1.. "'nih'. W A.. >nd Syk.,.l. (1978). I""",.,ing "'~ ocidl1j"'h,n'en,
fam,,"g "Y".m. A~rI<_ Ga,. N.S. W.• 8\1. 21

0\"""';0. L N. (1912) Solfn, pollution pallem< obse"ed, kacbing of calcium in
10.."",;1 d<1<rmined. Ambio, l. laS-147.

Ovcrrrin. L ~', (1978) Cb.tnse' in ..,il prod,.«i""j through acidir",a'io<l. T,."... Ilr~

CQ"~<n1ln",n. Soil Sci. 5<><.• 3. 260-278
Ove"'re~l. R,. Manin, J. C .•nd KIng. H. M. (195 1) Gypsum. ,ulfur and 'ulfuric add

fu' '.d.iming an .Ikali >oil of ,00 F,~...., Seri.,. Hilf;Ordw. 21. 113-127
0..'.... M. J.••nd """'~II. ... , W. (1974) Deposi''''n ,'~Ioci~' of ,olphur d;o.ide on land

and ,"'ale' ,urf,..,., "SIng a "S 'race' me'hod. A"""s. Environ.. t. 63-68
PaIlI>1.... U.• Sandri. G .. and Rosoi. N. (1964) Sulphu, in ,II< >oils of E01~i•. 5' Symp.

In..rn. A.rochun..... Palermo. 271>-290 (Ill Italian]'
Pa'Tiek. W. H .. and J,-likhl"'n. D. S. (1971) P1am nu,nem behoviou, in llooded ",il.

In' Ol"'n. R. A .• Army. T. J., Hanway. J. J.• 'nd Kllme,. V. J. (~d,). h",I'''<r
T«luwIo~)' and U~. Soil SCi, Soc. "'01.• Madi"'n. Pl" 187-215.

Paul. E, An and Sd",,,d,. E. l. (1%1) Fo,mamn of fre~ .mino Kid' in 'hizospher<:
and """'hizosphcre soil. SciJ Sci. 5<><. Am. PnK,. 2.5. 259-362,

Payri....,. 1.1 .. and !kll••. S. (1975) Lo.oo",,~, m~..ur<:men" 01 ,II< "pto.I::~ of ...1·
phu' d;o.ide b}' diff.cent Europe.n ",il,. Armos. En",,,,,, .. 9. 211-217.

P~,~... n. R. G.. Loc.,. H. L. and Woodoouse. W. W. Jr. (1956) Disr,ihut;"n of
.,c,~to 1»' fr<~ly gra"n••a"l~ and irs .ff<ct on 1'"""'. f<nili'y 1 hcr<181 di"ribu·
,;"n. ASTOll. J.• #. 430-444.

Pip", C. S., and de Vric;. M, P. C. (1964) 1b<: ..,idual ,-.h", 01 'uperpb;><phar. on •
r~d_bro,"'n ~.nh in Sou,h A""...Ii>. ,,"". I. Agri<-. R 15. 234-272.

F'<>nnamperum•. F. ~ (1972) 1b<: ell<m;,''Y of .ubm ged >oils. Ad•. Agron .. 24.
29-%

Pn,Oo,. R. 1.. .nd Rhoade,. J. D. (197S) SulphUric acid •••n '01~ndmen' 10, r<:.
<)"01'"1.",10 hIgh in ooron, AgTOll. A ...... 121.

Proll<n. M, E. (1974) 'The .ulphu, "O'u' 01 "'me Nonh O ...~n,lond soil., In:
~!<laehlan, K, D. (cd.). Handbook on SlJlp~u, in """",II;"n AgTiclJlrur< CSIRO•
.\Icloouroc. Pl'. 64---{i8.

Proben. 1.1. E. (1976) S,udi.. of ·.v.~.l>k:· and isotopically .x<han...ble sulphu' in
",me Nonh Ou«nsland >oils. Plo", Sed. 45. 461--lJS,

Proben. M, E. (1977) 1b<: di"ribu'ion of sulphu, .nd <.mon_n"rogen-$ulphur
,.I,(;"n.h,ps in >om~ nonh Q ....n..and >oil,. Au" CSIRO Dn-. Soil, T..h. P.pe'
No. JI. 20pp

Pmll<n. M. E. (1980) Etfe.. 01 ",il fonnin. p,"""'se. on ,he: dis'ribu'ion of .ulfur in
>oil•. I" Fr~ncy. J, R.•nd Nicol""'..... J. (.d'). 5"'ju, in A""",I;". "'u"'oli.o
Academy of Scie=. C.nbe"". pp. 158_169

Pund. W ..... (1969) Sulphu' improve, u,..·,,....d oom silqc:. SJJpklU In... I .• S.
7-9.

Pu,nam. H, Dn and Schmid,_ E, L, (19S9) S,udie, On ,he f,•• amino odd f.... ion.of
",il•. Sed S<i.• 87. 22-21.



"5~ SulphuT Cyd~ in 50il

Ralph. B. J. (1980) WU1"<rin~of 'ulfu, in rock•. In: F~ ....y, J. R. and ";00000. A. J.
(ed.), Sui!"r i>I ",,,,,raJ;". Au,...h." Aadcmy of SCicn«. Co"be"", PI'. 141>--13 J,

R.."'....n, K. H" Taberi, M.. and Kabel. R. L (1915/ Global ~m"""'" 000 nl'ural
pH'C'''''' for rcmo....l of ~."'O\d poIM.nlS. Walt, Ai' Soil PoIlw" 4. 33_64

Re<ld}. C. S" .nd Mehta. B. v, (lnO) Rcl'lioft,h'pof carbon_ n;!"'!len .nd ""lpIIOT in
Gui''''' ooil•. lod;"n J. Atri<· Sci.. ~. 630-633.

Rehm. G. W., and C.k!~"It. A. C. (1%8) Sulfu, ""pp1~'in~ c>pacity of ..,il••nd ,he
",I.,"'",h'p to ""i1 typ<o SoIl Sci.. 105. 3SS-361.

R.ndig. V. Y.••nd W,i,. w, C. (l9~1) Evalu""'" by rarnb feeding test< of alfalf. hay
ll.-n on • "'''-'''011'''.' "'il ). >'In...., S<i.. I~. 451-461

RIIoade.. J, D .• and Bem,~;n. L (1971) Cherni.,.!. phj,ie.1 and b"'"",",oJ ch.racte,
islie. "f ;rnpHon .r>d "';1 ...t.r. In: Ciaccio. L L (cd.l. 11-.,.., and W.,... PollwN»!
Hand!>ook. vol.!. M.=1 Dekk.,. 'I... Yo",. 1'1'.141-221

Rh..., R, D., and Kamprath. E. J. (1973) Lu"hini k>w' of 'ulphu' d"~nS "'inte'
month, ..·... 0 aWIl.d ., ~l'I"um.•l<men,.1 S '>r prilkd S A.",,~, J,. 65. 603-60S.

RX:h.,-d.. L A (l9S4) DilJlf""'" Gnd Imp"">Y_~1 "/s..!i>l. Gn<! Alk,,}i Soils, H.od·
bool :-:". 60. US Depa"men' of Atl'iculru... 160 1'1'.

RX:h.,-d",n. H, L (1938) lbc ni,,,,!,en eyele in traMl.nd "'ii' ,,·tlh .spe<:i.1 .. f..."""
10 the R01II.tmSl.d Pll'k If'." <>pe'imenl. J. A~'i<. S<i,. lB. 73-1 21.

Robe",. B. R, (1974) Foliar .too'J'lioo of .'''''''p....'ic SO, b\' woody pI.n". En>i·
ron. Poll..." 7. 133-140,

Robin"",. E.. and Robb,n,. R. C. (l968) Soureu, AbundGIIl'<' Gn<! f"1< 0/ G-..w
Atmo,plJ<nc Poilu,,,,,,,. Final Repon. Projec' PR.(i755. Sronford Re",."b In"i
lOle. \leolo Pul. Califomi•• 1101'1'.

Roy. A. B.. aDd Trudinge'. P. A (1970) TM 8i(x~miJrry o/Inorson;'; Compound, 0/
Sulpltu,. C.mbridge Un;ve,..,,,· Pre ... C.mb<k1ge. UK. 400 1'1'.

Ruh.I, D S.••nd P.liw.1, K. v. (1978) St.,,,, ar>d dis'ribu'ion of sulphur in "'ii' of
Raj."han, J, Iridian Soc. So~ S<, .• 26. 352_358

R"""II. E. 1. (1973) So~ COndtOOnHnd PIG'" Gro",tIt, 10th .do. Lon~m.n. london,
849 pp

Ru.",n. J. S, (l960) Soil f."ili,,· cb,nge' in tbe lon8 term experimen,"1 plot, >I
Kybjt.ohle. Soutb Au",ol;". l C"""II'" in pH. '0'" ni'rogen. O,-p"x: eorbon >r1d
bull den";,~ A..... J. A,,;,-. R<J,. II. 902-926,

Ryan. L ar>d S"Q<hlein. J. L (l974) Use of ,.Ifuric acid on phosphorus der..ient
Ariron. ",il•. Prog. A~rlt:. Ari,. 25. 11-13.

Sa.lbach. E. (l965/66) Tb< ion...""" of wlfu, on ,.... ~,ield of 10"ge crop< in W."
Germ••y. Sodphur f"", I.. I. 7_9.

Sa.lb."h. E. (1966) Sulphu, fenili<.1,ion ar>d pro'ein q...li" Sulphu, lfUl. J" 1, 2-5.
Saehdev. M. S.. aDd Ch""b... P, (1974) Tro.,formallon, of ''S-lobelkd 'ul13le in

..,obX: ond l!oo<Ied ",il condition•. Plun' $0;1, 41, 33$-341.
Salobu')'. R. L. ond Merriel<, D. L (1975) ProdlXlion of me,h.'\t,hiol ond dime'hj'l

.ulfi<le by l\I1IItn mieroorga"iMrIs, PI"", Soil. 4J. 191-209
Sa,..,. A. S. (l949) Some obse,,-.tion< 00 .., obocu~ d ...... 01 paddy. 0,,'«1 ""Ii>o

Curr, S<i.. lB. 378-379.
Soh.hc"". E. B.. E"rod•. C" .nd Galindo, G. G. (1972) Sulp"u, ""u, of ",me

vole""x: .," deriv.d ""ii, in Chile, A~,,"'lUmko. f6. 77-82.
5oh>l.'enmaOll. U. (l%l) Tb< <><CUffenee ar>d oriI;in 01 j.""ite (m.ibolt) in m.rsh~

"'~, ,\·","""i.oM<u<:lta~n. -18. 1$9-160.
Scott. N. M. (1976) Sulph..e ron'en" ar>d ""l"00n ;n 500,,i''' 00;10. J, S<i. food

Ag"",,:7, J()7-l72.
Scott. N. ),1., .nd Anderoon, G, (1976) Sulphu" carbon .nd n"fOgo" eonle"" of

ot••nX: !1...,ion, !nJm ""'1} lacetone ..,raell of "'~., J. SolI. S<i.. 27. 324-33(1.



'"
Sea~ P. D.. GoodalL V C, and J""km.n. R H (l~) fa"U,. gro~lb and wit

fertility. IX. Rep<.,ed cropping of • "';1 pre'lOllSl)' unde, high-<lu.alil) perm.....nt
p••lUre. N.z. 1. """". R.... 8. 497-510.

Seim, E. C. (1970) Sulfur dio,id< .boorption by ""it. Ph.D. The.... Un""'''''')' of
Min"""'t., 138 pp.

Sen. A. T. (1938) Furthe' upe,hnen'. on til. <>«unO"'" of<lep"""'d )..1.".- p""'h of
paddy in the ),land.I.) f.rm, Bu."'" [Np'. A,.;,-, Rep', /937-/938. pp, 35_36.

Shedd. O. M. (1928) Inn"..""" of ...ufor and i}'I"Um on 1'" ooIubiliW of po, ...ium in
""il. and Oft til< quan"'l' of this .I<=n, .."",~d b) ",n.in plant<. SQil xi" n.
335-354

Sb<ph"'d, J. G. (197~) M••,ureme.I> of tl>< dt"'''' depo>!t"'. of suJphur dio.<i<k
on'o fJ2" and ..·.'.r by tl>< profik me1hod. AImO•. EnmOll" a. 69_74.

Shi~., H" and Suzuki. S, (l%4) Studies on tile: behavior of "ldrogen ••II>de in
"'o'er-Iogged so,I •. Part 8. Inn""nce of f,•• h)'orogen <ulfode in soil. on ,he i"""'h
01 ric< plant'. 81d1. O",,.,,b Ng,. A(rl<, EAp. St~ .. $er AIO, 113-130,

Sh",iri, M, (1943) C~mj"ry()f P.,Jdy Sou.. 'apan..e Agricultural SocIeW, Da' :-Oillon
-':obi. Tokyo, M pp.

Sh.oDde. E, I, (l95 J) The ,()Ie ()f .ulphur LIl pla", nU1li"on, D<>U l'Jes 1l1uJd, SKH.
\'Quk, :-0o. 2, n-2S [in RI&SSiaJI).

Shukla. U. C, and Gheri. A, K, (1971) Sulphu, "a'u' uf ",me RajM'han <oil•. India~
J, A(.i<, &i.. 41, 24'-253,

S'kora, L. J .. and Keene). D. R. (1976) halua""n 01 a ""lfu,-11OObII<i1I... ik~urlfi
~Q'" nil"" ,eO\O\.1 ,,"em.J. En";""'. Q....I., 5. 298-303,

Sim.n, G., and )an"on. S, L (19760) Sulphur «ch.nge berw«n ",il .nd atmosphere.
u nh 'f"'e..1.ttenllon '0 ""Iphur rele... dire"'l)' '0 ,he atrn<>sphere. I. Fo""at""" 01
gaseo.. ,olphur compounds in ""ii. Sw,d. J. A(ri<. R..... ~. 37_45

Simon, G.. and Jan'",". S. L (1967b) Sulphur exchange bo'wc.n $<>il and a'"""phe ...
"'i,h 'f"'ei.1 atten'ion '0 ,ulphur ..Ie ... directl), '0 ,hi: .'rn<>sphe.... 2. The rolo of
"scta'ion in ",Iphu, "'chaasc beta'«n <oil and a'rn<>sphe.... S~"I!d. J. 11(";", R••.•
6, 135_144

Simoo-S)We"re, G. (1965) Annual evolu'ion of ,ulphur in "'il compared '0 'hat of
ni'rot"n C.R, lI.bJ, S<'4Ir«5 Ar"". Agrl<. Fr" 426---431 [in Frenchl.

Simon-S)'I""re, G, (l% ia) Obse....'ion. on ,hi: anoual c)'cle 01 'ulphu, in soil .nde,
• modera'ely wet climate. A,,,,,,hjmicQ. 12. 60-68 [in French).

Si""",-S)'I",,,re. G. (l%7b) S..... <>b5ervation. on ,hi: .nno.1 C)"cle of ,ulphu,.nd
ni'roscn in ""il. CR. H.M. s.oulI<"I!5l1cQd. Ae.ic F... 90-96 [in Fmw;hl.

S,mon-S)·]"e.'.. , G, (1%9.) Soluble ,ulph.te. in ..,il. Ann. Agmn.. 20. 4)5-147 [in
Ftench].

Simon-Syl,.."re. G. (196910) Fin' ""al" of • ,u,,',) on ,"" 'otal ,ulphur ron"n' of
.,.ble ..,il, in Fronc<. A"". Agmn.. 20. 609-625 [in French).

Simon-Syl"e" G. (l972) Sulphur in ..,il. - It, ,,·olu,Oon. Inl. Symp. "" Sulpbur m
Agricultu V<... il.... 3_4 o.e. 1970. A"". Aemn.. 72. 181_199 [in F1"I!nchl.

Sin8h. B. R.. Uri)'o. A. P.. and KiIOSH1. M. «(979) Sorption of.ulphat< and d.."i!>u_
'ion of '0,.1 ,ulpha'o .nd m,nc",li...blo .ulphur in >ome ,ropic.1 ..,il profile. in
Tnn:Ulnia.J. Sr,. Food A(rl<.. .IO, 8-14.

Singh, S. S. (1967) Sulf... """' and ion ..""" product (AI) (OHj' in W}"mlng
"'.pen,ion,. Soil Sdn I().I. 433-438.

Sin~h. S. S.. anod B'}'don. J. E. (1%7) Pn::eipi'''ion of .IW1Iinium by calcium hj-'dr<»_
id< in 'ho p""""'" 01 \\'rommg ""a'''aite and .ulfale ion•. Soil Sri.. 1113, 162-167.

Singh, S. S...ad B'}don, J. E. (1%9) Solubol") "f b.,ic alum,n,um .ulfnte. at
equilibrium in >olu'ion and in ,hi: pre..""" of mon,"""illoni'e );ci/ Sri.. un.
12-16.



'"TN Sulphur Cyd~ UI Soil

~ P. (1969) $ooIpIllIr _rillulioa .. ,lie poliln 01 """" ooil ~'J'<'" I'\)IaDd.
RDr..- GJft>o~. If. ~119 [in Pomb]

SmttIo, K....~ S~_•. J M_ aDd T·...ohm M .... or3l 5oIptiooo of sa
~'-..pIlerxpoIIuual> 11, ,..,m.s..iI Sd. 11'. 313~319.

Saulh. M. S_ F_ L _ Dm~. J. M. (1971)C~ _...alyooI 01
ClrpIlIC .... f..- _ CU>i'-..e>ti; apptoc-_ .. p>ooIt" ............ &--. Srl
Tm-l, II. ~1-55

Smit J~ Ha......,L G. \\ . Ooa>pd. , Uld oc...... D. (l!lS1) Ibpd _'1Ioods
lor de 'dlffctcm ~l""01""""" p""..... irllOIII. ".... W. 3. 353-360_II. F J. (1955) Esl _<lf ...._ ~~ ....... ~ .... J,,"-c_
Sr"", "'''''hod. s..iI Se, I ~1_1l>&

So....ltn. F J. (1956) Dt>t"""'''''' <If amino ...... io .._ Il<KizoIIS of ooil proNe..
Soil Sci.. 81. 491 ~49()

Sooo-dell, f. J, (19'8) '!be Ionm 01 n;,~n '" ,he mp,"e mat.., of dlfleren' hofozom
of ooilprofiltl. eM. J Soil Sci.. .lll. 141_"4

S"''''n~·> J, (1917) S"lplll'. ","dorm."o" l<> kyd~n ."Ipklde In opru« oeedh"p
Puml Soil. 411, $n-563.

Sp<ddin~. D J. (1969.) Uptake of ."Ipk". die.ide by bor1<~' plonts" 10'" ."Iph",
dioxide OOI'lC:t"lrl''''''•. Nalurt! (Lond,/.lla. 1229-1131

Sp<ddi,,~. D J (19Mb) Sulphor die,lJe upuke by lime"o\l< A,,,,,,s, En"_.. l.
~;

Spek. J. "U1 de. (19SO) K."eklei. I'mi. UN!/>(J<io'LI. Otukr:;.. 56(2). 1~4iI.
SpeI'lC:t,. K. (197S) Su1plIu. reqUIrt!memb or piIIIl>. In: \kUclllarl. K D, (ed.).

s.Jphur .. A............ Ap.....""" SIWY LN'''''''} fu... SydIle). PI'
"-,~

SUa. H CT.• HullbIe.G D. 8"....e•. R_ '\onhcow. K H. SI«_.J R_ Mul<ahj
M. J.. _ HolhwonlI. E G /1968) A H",dh.t of A....._ StJ;lo. ~....

Gkmidt. SA. 435 pp,
",ar I" J H. (l1lS7) W C-..-. ......""".H.aIL EJ>P:""OOCl Cd&.. 'J

575 pp.
Swte). R. L (1966) Oudat-_ rcl....- oI...~ .....W Sd.

Itl. ]97_306
Src_. D. G.. "'"y~.E f (1973) E,.",.,ot-..r.,..,.........p::oIIl<h

........ Iio't ....",111 _ ..001 produrtln.y of ........._ filoe ..ool<d..-e 1aJBbo. TfWh
K~. SKH 110#" IlJ. -2-'8 1m R_I

Sr....._ F, J, (1956) ......lion _ iclen"ficOl_ of tome ammo comp<>Vll<ll'" .......
SmJ Set •. A",. Proc.. :ZO. WI-2m

St......n. 8 ...... Pon",. L K.• and Vi"", F. (;, J'. (1%60) EfIe<1 ofsulfur coo",n, of
""'." Oft ra,., or dewm_,",n and piIIIl JIO""h, Soil Sci. 50<. Am, hoc.. 30.
3$3-358.

S"''''011,8 ... " I'oo'.r. t. K.. aoo Vie". F, G. Jr, (1%6b) Sulfu. requiremen's for
deoompooitio" "f ""Ilulo...nd g1ucoo.< ;n ..,il, Sotl Sci, Soc. Am. P"x. 30. 4S3-~56

Stewart, S ...... Ind Whitfield. C. J, (I %5) Effeel "f crop reoidu< ",il 'emperll"n! Ind
.ulf"r Oft ,he 1rt>"'lh "r "·;n .. , " ...... 5<>11 Sci. Soc, Am Pmc.. ZII, 752-755,

S""1I:y. G" ..... ~o<man. A. G. (I %1) FA<tol1 limil"'l mlCtObiol A<ti»ltieo ift ",II. II
The .ff<C'l of ....fuf. An:It. .11tJ:.robtoI.• ~. 370--382

S'rombo.1. L K., and TiodaI<. S. L (1979) Tre"in, impled .ritl-1aDd ooiIl .."k
acid-form........phur comp<>w>ds, TKIt. lJuJI 14 '!be Sulpbur In<li,u.., ""'10l\I<l1'
ton. ~6 pp.

s..nw. S, ..... SbIfl. H. (1956) S".d.oe. Oft pbJ-.cal ..... doemical a.o"""",,,,,,,,,, 01
AkOxloi pNd-. ....... Pan 2. Rdatioo bc_ proolIooctiooo offrft tr,dl .... n tuIficle
..... Abodo <leJIft IJJI.~ \ •. A,..,.. Up s... S. 69--10.



>98

S..·.bj', R J .. and Fedel. R. (1973) Microbia' J'To>dPClion of sulpha,e and .ulpbidc: ill
...,"'" Au,trali,n soil, Soil Bioi. B~",.> 5. 773-781,

S...n",o. C. 0., and un,h..... W. L. (1922) Sulfu, .. an imponant lenih.), .l.....nl,

.'i<>iI xi.. 14.•21-4)0.
5)1"."... R. 0 ..•nd So.bloom. R. W (1%2) A S,,.Jy,,,, w elul_wI ""d Sip,"

<<InN of frn~"lOn R"um fl",•• iJt 1M Yak"". RiwF fJ<u;n. Univ. W.<hing'on.
Dept. Ci,il En~i""<T;ng, 11)4 pp.

5y1""".', R. 0 ..•nd So.bloom, Il.. W, (1%3) Qu,lity.r><I .ignirlCll.... of im~.lioQ
""um no.... I. I,,;~ 0'0"". 0;_, A",. Soc. 0", En,,,. st. 1-27.

T.bot.boi. M. A .. and Brem... ,. J. M. (1972.) Form. of !lUlfor. &J>d .arbon. "ltr<>g<n
and ,ulfu, ",l.ti"mhipo in low. "'il•..'ioiI Sti.. 114. 380-386.

Tobo,.""i, M A.. ood Bremne" J M, (l972b) Dimibution of 101.1 ond .v.~.bk

'ul1ur in .. Iec,ed "'il> and soil profile•. A~ron, ',.64. 40-.-".
Ta"i, Y".nd A..mi. T, (1%2), Forma,ion "f """hl'l metelptan in paddy .00•. L

Soil Sci. PI. S.."..• S. all-44
Tlkijima. Y, (1%3) S".,he. 00 beha""" of ,be ~ro,,·th inhibitinB ...botanee. in paddy

"'il' ~i,h .peeial rde'enee to the oeeu,rence of ,oot dam.&" in ,he peaty paddy
field. Bull. Naln. I"",,, A.~o1<. S<i, Su. B.. 13. 111-H2,

Tam,yo. l' (195 ia, AerOOt< decomp""'ion 01 C)'''ine by Ex~o1<h#>eo/i. J. i. CMm.
Sec. ia",,". n. lIB-i21

T.m'y•• N. (l95 I b) AerobIC decomposnion of C)'>line b)' E>c~nch .. coJi. llJ Chem.
:we. i_. no 121_IN.

T.mm. C. F. (i916) Aeod preCip,ta'ion - biologICal dfcct>on ""ilaOO on fore" ~I!",a

'ion. Ambit> S. 23S-238.
Torr. H, L. A. (1933.) Anaerobic decomposi'ion of I<j""ine by ,,·..bed cell, of

Pro"lU .'",gario. Blochem. J,. 17. 759_163.
Torr. H. L. A. (1933b) En"ymic formation of h)'drogen sullide by ceruin hetero.

'rophi<: bacteria BiocNm. J"> 17. IB69~ 181a
Temple. K. L. .nd Dekh.mpo., E. W. (1953) AutotrophIC bacteria '00 ,he !orm..ion

01 Kid in bitum,nou. co.1 mineo, Appl, ,l,1icrobW/.. I. 255-258.
Terman. G, L. (l91B) A,moopheric 'ulphur_'he agm""",ic a.pe<u. Ttch. Bull. No.

23. 'The Sulphu, lnsti,u,e. Wasbin~'on. IS pp
TerrailJO. F. P,. and ~laoBanelli. R. M. (1966) 'The ioftuenee of m,,,,,u,e 011 ,he

.d"'rp1ion 01 ..m"'phone .ullu, dio,ide by "'il Inl. i. Ai, w""" Poll",.• 10.
783-791.

Thorn... E, E. (1936) Red.m."on of b1ack·.lkali ""il. ",i'h ..rio", kind, 01 .ulfuf.
Hiltard#>. I'. 127-H2.

T1ooma1. M. D.. Hendrick<. R. H.••nd Hill. G. R. (i944) Some ehemical reac,ion, of
,ullu, dJO'od.e after .1»o1jltion by all.lf. and .ugar be.... Pion' Physicl,. 19.
212_226.

Thoma•• M. D.• and H,lI. G. R. (1931) Rel.aoon of .uJfur di<»:ide in the at""""""re 10
P!>O''''1',,'besio and ,eopi'alion 01 all.lfa, PIa.' PIo,,·noI.• 12. 309-383.

Thome. D. W. (1944) 'The uot of acidifyin~ material, 011 cal<are"", "'ilo. J, Am. 50<-,
A,ro•.• 36. 813_828,

Thorup. J. T. (1912) Soil .ulphu, application, a ne~ approach. S<.JphlU In", J.• 8.
1&-17,

T~I. A. R. (1915) Sulphu, cyclin! in ~rue<l p"'''u..... In: McLachlan. K D. (ed.).
Sulp/ou' in AIU'nll",io. A~o1<ul,ure. Sydney Uni'~"it~ Pre". S~dne~. pp. U-7S.

Till. A R, (1980) Sulphu, cycling in ..ii-plant-animal .ystem•. In: Freney. J. R. ond
NICOI..n. A. J. (edo). Sulft" in AIU"Q/.i.a. A","oli.n Academy of Scienee. Canberra.
PI',2(14-217.

Till. A. R.• and McCabe. T, P, (1976) Sulfu, \-each,nS and ),.imele, characterization.
Soil Sci.• 121. 44_47,



",TN Sulphur Cyd~ in Soil

Till. A. R" &lid M.y. P F, (1971) "ut'i.eOl "I'ding in grllt'd P'''u'''', IV. Tbe f.t. of
.ulphu,.35 folkrooing its 'pph".hon 10 • .",.,11 Of•• in • gr=d p..IU.... A"". J
A8rU:. R... , 22. 391-400.

Ti>d.l<. S, L (1970) 1lI< uS< of.ulpou, rompound> io irri8".d .1idI.nd .gri<ul'o....
Sulphur Ins,. I .. •• 2-7.

Tnd.l<. S. L. D,,'i.. R. L. "inpley. A. F.,.r><! MotU. E, T, (1950) ~ktoioninc: .nd
<yOti"" coo1<nl of t...o ",.i"" of .If.lf••, in"uen<e<l by diff..... co"",ntrntiotu of
t"" 'ulphato ion, A8=. J.. 42. 221-225,

li>d.k. S, L ••nd N.I"",. W L, (1%6) S<Jjl Fmilily <mtl Fmik:~ .. , Macmill.n. N...·
Yo,~. 694 pp.

Ti..·.ri. R. C .•r><! Ram. M. (1973) D""ibution ofdiffe..nt form' of 'ulphu, in "",ii, of
Var.n.... Blumiya KoUhi An"""ndhon Po"iluJ. I. 33-38 [in Hindust.ni).

Toe..'•. B. (1973) D«p """',ng ""Io""'rio ""ils in Alberta. P,.",. 17dt .wonilob<J S<>il
xi. M«ting. WinnIpeg. M.ni'oha. 5-6 0«:.. 1'1', !O7-lll

Toxop"u,. M. R. J. (1970) Sulphur dof"'i.eno:y in g,.osl.nd on youn8 ""il. from vol·
".ni< :uh and it, po;$ibk predi<tion by l.bonl1ory t."" Pro<:. Xl/nu",. G"",I.
COltg.. 345_3-16.

Trudinge,. P, A. (1975) Tbe bio,eod>em"try of sulphur. In: \kl.acOI.n. ". D. (.d,).
Sulphur in Au",at",ian A~ricu/I"Tt.Syd""y Unlversiry Preis. Sydney. 1'1'. 11-20.

Tsuji. T. (1975) Sulphur ,uWl}"'8 [lOI"" of Japane.. gr...land soil>. JARQ. ,.
142_147.

Turre. R. P.. Whinen. R. C.. TOO11. 0 B" Pollack, J. B" .nd H.mill. P, (1980) OCS.
>1falO>plleri< aerosol> .nd climate. NOlIlre ILn..d,j. 233. 283-286.

V.l"ni~o', 1. U. (1970) Form' of ,ulfur In fo.....-""I'P" """ 01 ,lie To,., ASSR .nd
rok of sulfu, in ""il k"ili,y. Agrokhimi}'d. No.2. 60-64 (in RUS5ianJ.

V,l'nik",·. L U.. Gn,l"n. P. V...nd Lom.ko. E. l. (1971) Sulphur In compocr Ch",··
..h <lIertHl",m" Agrokhiml)'•. 1'0. 8. 93-96 [in Ru";anJ.

V.l"nikov. I. U.••nd Mi>hin. A. ~t. (19U) Tbe forms of '"Iph'" in ;oils of ,lit oontr.1
Volaa. Agrokhimiyo. No. 12. 112..118 (in RltS>ian).

Vamos. R. (1964) 1lI< ...k,,,, of Oy'droro:n s"lphide from mud, J, S<>ii xi.. 15.
103-109.

V.nde"....)'". S. C.. Horne,. G. M .•nd K,"Oll, C. M, (1936). Unprodu<ti'.lI<",of
«".in orch.rd ""ii, as ..lat.d '0 kad ....n..e ,pray o<c"rnuiation•. S<Jjl 5<i.• 42.
203_215.

Venk.,....·.~u. J .• Subbiah. B. V...nd T.mball<. R. V. (1969) V.rti<.1 dIStribution of
form. of .ulphu, in ..keted tioo soils of india. Indion J, A.rk, Sci,. 39. 426-431.

Virm.ni. S. M...r><! K.n....., J, S. (l91l) Dis,ribulion of form' of 'ulphu' in 'i>: ""'il
profile' of no"...Ea" Indi• .J. l.diD. Soc. S<Jjl Sci.. 19. 73-17.

Visllnia<. W.. and Sant M. (l9S7) Tbe lhiobKifli. B«~ticl. R'•.• 1l. 195-213.
Vltolin.. M. l.. .nd S by. R, J. i 1969) Activity of ...lphu,..,.iodlSlnR mi<roo'ganism'

in ""me Ausu.li.n soils.. .'1...,-1, J, S<>ii R".• 7.171_183
W.gnon. K. A.. 8<ntl<)', J, R...nd Groon, L. R. (1958) S"'''' I.io. on ,nn""l.pI.n'

range paslu"'" f."ilized "'ito 'ulpou,.J, Rdnf< M"",,8'.. II. 177_182.
W.lk... P. H. (1972) Seasonal .nd stra'igraphic con,rol. in co.".1 flood pI.in wil,

.'1...,-,. J. S<>ii R.... Ill. 121-142
W.lke,. T. W. (1957) Tbe ,,,Ifu' <'o-.:k in a,.osl.nd soilsJ Br. G,auI. Soc.• U. 10- f8
W.lke,. T, W.••nd Adam,. A. F. R. (1958) Slndi.e, 011 soil or~.nic mil"". 1. lnfl",,"""

of pOospho,us cont'nt 01 pa... n' moteri.I, on aeatmulation, of <arbon. ni'rog.n.
sulfu, .nd organi< phospboru, in 8,..,I.nd <oil•. S<Jjl xi.. R5. 307-318.

W.lk... T. W.••r><! Ad.m.. A F R. (1959) Sludio<' 00 so~ 0'8'nic mal"": 2. Inn,,·
.n« of ine......d kaching al ,..rio", .tago' of ..·••wring on k~" 01 <arbon,
nitrogen••ulfu, and 0lianic and IOlal phosphorus, S<Jjl 5<;.. 87. 1-10,

W.ik.,. T. W...nd G",u. P E. H. (1975) 'Th< """u,.."'" of ,ulphu' def",,.n,,)' in



1M Global Bio~(}C""mkalSulphur Cyck

N... Z..lond In' M,Lo.cnl.n, 'C D, (.d.). Sulphur In Au.llraJ..."", A$~u1tur(

SI'dnej' Uni'·.rsil~ Pre,,, Sydney. pp. 145-153
W.lk.,. T. W.. Th.p>. B. K .. and Ad.m•• A. F. R. (1959) Studi<o on <oil organic

m.'ter: 3. Accumul.tion of <:arbon. ni'"",.".•ullu,. OTSanic and ''''aJ pb<><ph<>rus in
irnprov<d .,a"l.nd <oils. Soil Sci.. 117. 13~-1-W.

Wal,,,,,. G. (1 %6) Alricul'ural "'MI, "'...." tre.,menl .nd req'c1inl fo' 'Sticul, ....1
wa<te. Pro<:, Sp,rp. 011 AS"" W""", WOIU. D••i•• Uni"Calif.. 6-8 Apr .. 1%6,
pp. 273_281 (C.lII. Ln,v. Water R.<ou..... cen1e', Rep. 10).

Wan~ C. H. (1978) SUlphUT fenilization "I tiee, Sulphu' A~rle" 1. 13-16.
W.n~ C. H .. LX.... T. H.••nd Mikk.lsen. D. S. (1976.) Sulfu' <lef..i<<>cy-' Iimlt'''1

lac,or in ,ice pmduelloo in II>< lov.-., Am...,., ~in. I. D<velopmen' of ,ulluT
defieiency IS. lo""ting foeto' fo, tiee produello". IRI Buli. 47. Sew Yo'k. 46 pp,

w.ng. C. Il" lie",. T. H.,.r><! Mikkelsen, D. S. (1976b) Snlfu, defieieDOy-. bmi'ing
loeto, in Ii« produellOll in tl>< Lo-o.'er Amuon !>I'in 11. Sulfu, requirem.nl I"t rice
produe'io". JRJ Buli. 48. Sew Y"'k. 38 pp,

W.nb. F. J.• and Kri<hnan. T, S. (1935) Sulfn, .nd ...110 .. NI.~ ••perimen,. "'i'"
"'.p.ladian J. V", Sri. Aaim. Hust>.. S. 319_Bl

w.,""". E, R. (I %9) The in~...~ "f $UN."......n elo,-., pas'u,,, "" ooil fenility.
Ill. The eflecl of applie<l pl>osphoru••nd .ulpnu' AUJd. Agrit:. R". :0. -<47_456.

""",\OIl. K. A. (196-1) Fen,l,ze" tn Nonhern ~'g.n•. Curr.nt U"IWI,.,n and
Re<:ommend.,ion. fo' ""'If UIi<, s..m.", R<Ji, 8uli. 3K 20 pp.

Wedep<>hl. I... H. (1978) lI.adbook ojGro<:he""JUJ. Sptini<,-V.,I." !lethn.
W.ir. R. G. (1975) The ".idation 01 ekrnen,.1 'ulphu, .nd ,ulphidc:. in .oil. In:

M.La<hlan. K. D. (.d,). SulphiU ;" A...,,,,I..,ia/I Agnewlu",. S)dne~' Uni,-.,..ly
Pre... Sydney. PI' 40-49,

Whit.I><>d. D. C. (1964) Soil and plan'.nu"""", O>I"'e"oI'be ...lph"'''l-·~k.Soilsf",.,
t7.1-8-

Widdo,,·son. J. P.• and Hanway. J. J. (974) A,cailabk sulfu, ".'u' 01 ""me
"p'...n",,,,. Jo",. ""il,. io"" Agrie. Exp. Sm R... Bull.• So. H9. 714-736.

Wiklande,. L (1973) f1Ie aeidif..a,ion of ""il ~' acid 1=<ip;'OIion. li",adj>rboltnng.
26.155-164.

WiklandeI. L. or><! H.llpen. G. (1949) Slud.., "n G~'lt)a ",il •. I. Di"'ibution of
dill.ren, sullu' and P""'P/lOru' Ionn' and of iron "",nSanese Ind .. leium ca,bon...
in. profile fro'" Kun!siingen. K, umb,ukJl>o~,k. AM.. l~. 811-827.

W,lIiam.. C, (l9J5a) The dilolribulion of SUlphur in ,he ""i1> and herbage 01 Nonh
11.'." Pe",brok.>h,re.J, AS"" Sci.• ~. 445_452.

Willt."'.. C. H. (1967) Some loel"'" .ff.eting tbe m'....raliu'.," of o'g.n", .ulpnu, in
<oil. PI"", Soil. 16. 205-223

Will'.m•• C, H, (I %8) Se.."".1 ~uet".tion. in m,n.rol .ulphu, unde' ,um.mnean
.Iover p>"ure in ..,,,tbem New Sou,n W.k•. AOJt. J. Soil Res., ~. 131-139.

Willi."". C. H. (1974) n.e cbem"'l n.t"", of .ulphu' U1 """" N.,,· SoUlh W.k. soils.
In: McLa<hlan. K. D. (ed.). H""dl>ook 011 Sulphur;" AOJI",lum Agneul""".
CSIRO. M.lbourne. pp, 16-23.

Willi.",.. C. H. (1975b) n.e .bem....1 noture of .ulphu, comp<>und> in ..,il•. In:
Mclachlan. K. D. (ed.). Sulphur in Aus'",laJion Agrkullu". Syd....y Uni""..,ty
Pre... S~·d....y. pp.ll_30,

William'. C. H, (1980) Soil addif"'ation underelo"" pasture. J. A"". but. A ~"". Sri.,
lG. ~61-~67,

Willia",.. C, H" or><! D,,·k!. D, J, (1976) Elfec1S 01 po""re i",provemen, ""i'b .ubter
.......n .love, ,r><! .uI'C,poo.p'"". on II>< "".il.NIiI~· of I.... m.tal, to p1.n... Ausl.
J. Soil R.... 14. 85-93.



The Sulphu, Cycle in Soil

Willi.m•. C. H.. aM Oonald. C \' (1957) O.nge, in ory.anic malle' aM pH in.
podmlic ",il as inn"".... d b) <ubl.,".....n dove,.nd ,operpl>o>ph... , AI<SI. J
A~rir, Rrs" S. 119-189

William•• C. H" and lip><11. J. (1961) Fe"ilil~ e,,"nge' in ",ii, eul,,''I'cd fo' """al ,n
""u,bcm No" So.,h 1'1'01... Aus'. J. A~.;r. Rn. 12. 612--<;29.

William•. C. H.• and Steinbe'g'. A. (1958). Sulphu, and p""'pho'''' in ",me ea"em
A"'I,alian soil,. Ausl. J, A~.;r. Rrs.. 9. 483_491.

Wilham•. C. Hn '00 Sleinbe'~.. A (1959) Soil ,"lpII"' f,...lOO", ...hemical ind ....of
"".il.bIe ",Ipllu, in "'"'" AllSlralian ooil,. Auss. J. Agrir. Rn. 10. 3-l(l-352.

Wilh.m,. C. H.••Dd Sleinbe,,!,'. A. (1962) The .val....,"" nf pl.nt..avail.b1e wlphu,
in soil" L Plo'" Soil, 17, 279-29~

Willi.m•. C. H...nd S'einl>c'g•. A (1964) The ev.l ...tion of plan' "'ailabk 'ulfur in
ooil•. II, P14'" Soil. 21, 50-62

William.. C H.• William_. E, G" and Scon, 1". M. (1960) Car",,". n"rogen ",Ipllu,
.nd pho<pbo"" In ",me Scotl"h "';1,. J. Soil Sci.. II. 3~-H6.

Wil",n. I.. G .. B""son. R. A" .nd Fil.... ,. P. (1978) Light-d<pendcn1 em;"ion of
hyd"",en ,.Ifide from pian". PI.", PhYJioJ.. 61.184-189

\\'01'.1. D__ and Ad.m•. F. (1979) n.. ,e1<.", of ,ulfale from ",il.applied ba..lumi·
ni'e and .I""i'e. Soil .<;d. Soc. Am. J.. ~J. , 18_121.

W",nford..\1. (1968) Nutri'ional dof",ieocri of "·h,,. do>-., Tnfolium "p"" in
impro>-cd pa"u,," of N.w England.).1. Ru,. SCi. lbe.i<. Univ. of N..... Engl.nd.
175 pp

Yam.ne. 1.• and Si'o. I, (1961) Me..boli.m in m""" padd~ '<)ii. Pan 3. Role of soil
organ", mOUor in lhe ,,·ol.t;on of fre. hydrogen ,utfido in ,,'ate"logged "'ii, Sri.
Rep. Rrs, I"" TJlwku U",v" Se,. DI2. 73-86.

'Y.m..... l.. U..m,. Tn Iked•• K" aOO Omuk.i. S. (1956) Inn""nee of roor d.man","
h) hyd~n ,.If><l< "" the , ... ,""'th. 8ull. TdW" S"'. ""nc-. up. Slt.. 10.
134-155.

Y«. M. S" Bohn. H, L" and Mi}.mo,o. S. (1915) SorpllOn of .ulfu, diooxide by
"a"'.,,,,u. ""ii" So~ Sd. Soc. Am. Proc.• 39, 268-270.

Yo...da. S. (1958) sail domage and <oil (3), "~r, 4nd Hon.. 33. 1337_042.
Young, A. (l969) Pre"'nt ,ale ofl.nd erosion. Name< ILond). 224. 851-852.
ZoIkU. C. E. (1963) Or&""ic gcocheml>'ry of sulfo,. In: Brti<" I, A. (ed.).0'8<"'-'"

&OCMm"'1)' Ma<:miJI.n. "e" York. pp, 543-578.





Th< GIo>baJ BioFo<h<m"'" S.lphur C,ek
E<j'l<d l>l' M. V. I,..",. an<l1 R r",,,,,~

<;l 1983 S<",o"fo< e-m;,... OIl Problem. of 11", Eo,.,,""""'_' (SCOPE)

CHAPTER 4
The Atmospheric Sulphur Cycle

A. G. RY!lOOSIl!lPKO

4.1 l'TROOUCTION

Compared to other grospheres. lhe armosphere is 8 ,'ery mobile system in
which lhe predomin81ing proces..,s occur during no more than a f.w d8YS,
11>0 ,Io,,"'e'l proce.""'s. which 18h months or yea~ are tM lr8nsfor of 8ir
bc:lv.'••n hemispheres 8nd lhe SIf3tOSphere-tropospMr. ox~h8nge. Tho high
mobiliry of 1M S)"Slem ~'u..,s high ....tes of transfer and redislribulion of
sulphur compounds in Spil. of rel8tively S1n811 8'erag~ concentralions in lile
almosphere. In this ..,n'" the atlIlOSphere differs sharpll' from lhe other
re..,rvoirs.

11>0 almospheric pan 01 the global sulphur c)'cl~ has during r.cent y.ars been
a focus 01 attention since it is undergoing drastic changes due 10 the induslria]
aeti'ily 01 man. As will be 'hown below, the anthropogenic sources of sulphur
are comparable in size "'ilh lhe natural global .missions 10 lhe atmosphere.
and in 5Om~ r~gions 01 the gk>be th~ .nthropog~nk SOurC~S m.y be mOre lhan
IO lime. higher than natural soure.s.

Eriksson (I %0) made the fim syst~maticstudy of the almospheric sulphur
cycle. Some of his estimates ar~ still valid. "'hile Others ha'-e been sub
stanliall)' re"sed. One 01 the lat~SI publications On lhe global sulphur C)'CI~ is
the repon 01 SCOPE made by the Swedish SCientiSIS, GranalttaJ. (l976). We
shall allempt 10 improv~ SOm~ of the Cilimates using relati"ely inaccesoible
dala lrom Sm'iel investigalOrs a$ well as re$ults published in world literalur~

during lhe period 1976-80.

4.l CONCE1Io"lllATION A....O ~tASS OF SULPHUR COMPOUNDS IN
THE "TMOSPHERE

We shall review the lileralure on conct-ntrations of three basic fonn' 01
sulphur: r~duced ~ulphur compound.. sulphur dio1ido. and sulphate in lhe
troposphere. Since tbe.., concentrations may vary O'-er a wide rang. depend·

'"
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ing on location. we 'hall group data separatel~' for oceanic. conlinental. and
industrial and urban regions. Similar re~iews were undertaken by Granat el
ill. (1976). Georgii (1978). and Me"",ros (197gb). 1bese region. ar~ marked
in Fig, 4.1. tile deri~ation of "hich will be discussed later. The stratospheric
sulphate laler will be eonsidered >eparately. To 'tandardize unit' throughout
the text. "'e .hall expre.. concentration .. the ma.. of ,ulphur per uni' vol
ume of air under normal cond,tion. (273 K. 1 bar) "gS m-'. the sulphur
content in individual re"",,,·oi.. ll'l TgS. and Ouus as TgS year·'.
(1 Tg-IO"g).

4.2.1 Con«ntTtltion of Reduced Sulpltur Compound,

Red~d (sulphide) sulphur is present in the atmosphere in "",veral com
pound•. 1be ';mple.t (and at the same time the most common) a", hydrogen
sulphide H,s. dimethyl Sulphide CH,SCH" carbon di,ulphide CS,. and car
bonyl .ulphide Des. Other more complicated compound. of sulphide sulphur
OCCur in the atrrK>Sphere. e.g. mercaptans and dimeth~'l disulphide. We 'han
con,;der only those comjXIunds which contribute substantially to sulphur
fluxes bel\<'een "'>ervoirs or ,,'hose atmospheric content i. ",Iatively large.

In the o,idizing condition' of the atmosphere. h~'drogen sulphide and
dimethyl sulphide are chemicall)' unstable and degrade quickly; we shall
describe these a, shon-li'ed red~d sulphur comjXIund$. Carbon di.ulphide
and carbonyl sulphide are more ",,;'tant to o'idation; "'e oIIall describe them
ll'l reduced sulphur comjXIund. with a long residence time.

Reduced sulphur comjXIunds enter the atmosphere as a result of biological
and decompo.ition processes both on land and in ",ater and to some extent
through "oleanic and anthrojXIgenic activity. Red~d sulphur comjXIunds
OCCUr in rather low concentrations in the atmosphere except fo, narrow tidal
zones along coasts whe'" tile local concentrations are so high that under
cenain weather conditions they con he detecred by their characteristic odou"

Table 4.1 contains data on concentrations of both dlS""'s of reduced sul
phur compounds in the atmosphere over different regions, (Note that the
long_lived reduced ,ulphu, compounds ore Ie.. variable in space.)

Direct measurements of reduced sulphur compounds have been made only
in recenl yea.. and they are not )'et sufficiently numerouS to elucidate the
time and space variations.

Over ocean regions with high bioproductivity. i.e. in up",el1ing are.. and
near OO-aSlS. the concentration of reduced sulphur compound, in the atmos
phere can be SUbstantially higher than ove, the open ocean (e.g, the dit«t
observations of Jaeschke el ai, (1979) in coastal regions of the Nonh .sea)
From the limited data available (Sian et al.. 1978; Marou!i' and Bandy. 1977;
Graedel, 1979) "'e assume that m'er the oJ>¢n regions of the world's ocean,
and in polar area~ the concentration of h)'drogen $ulphilk "



Table 4.' Rcdoe<:d ""Iphn' in ,he olon<:><pb<ro

C"n,:onl,.'ioo (~gS nl "
Typ< of 3l"""phcro \l.o!;on C"mpound Ihng< Me,n \l.okr<oc< C"mmon"

0<."",,,,' Ce"",1 All,..,,,, 1I .~ 11,007-11,07 IUWJ SI,"" "I (1~7X) Dire"'1 ""'.""0""'''''
E."ern «,." of tbe OMS 0.08.1 ' 0.003 Mamnl" .",1 Il,ndy DiICo, m,,,,urcm,,,,'"

USA. Wind from (1~77)

~'"C"",;'",n'.1. Including Con'13' USA Ill''' O.O)-(I.()\I N""",b rt uf. ('~72)
indn"riol ",p.n,

Cen",' USA ill'S 0.17-(1.4~ 032 Ilreed'n~,,"', (1'i13)
Con",1 Eurnpe Ill''' 1.0 Ooo'gi, (I'i7M)
Enl:i"nd ill'S o 14-(1.~4 Smi'h " "I. (1%1)
We" r;c<"""y. n",.1 ill'S 0'-1.03 J;",,,,II~e " "I,
.'U', !~'ll' (IY78)

We" Oorma"y, ,"'. II ." O..H_I,SS ho",hke" "I I\"'il>l<: "n'hr",~,!,c,"o

b<twe<:n "'I.;", (l97g) effect

""d w"""'de"
We.. Ge,many, l1000l il,S " Jae<;<hk<:" ~I. O<'obe,
,", (1978)... J..",h~e" ~I. M,,"'h

(1978)

, " Jac",h~c" "I. M"y
(1~7M)

'" J",,"'hke rt ../. July
(197M)

N"f1bc", We" O.OS Jaeschkc rt uf Altitude 4 k'"
Gem""y (1978)



0.11 J..«hk~., at. Ahi,OOe 2 k,~

(1978)
0,14_0,37 Joc«hkc " "I. "hilu<lc I k,,,

(1978)
0.47-1.04 JIICs<hkc cr "I S",!...." I"y~r

(197~)

Norlocrn >e. """" II ,.~ OJl'J_036 J..,>ehkc" at
(1979)

Urha~ N~w y",k It,s 1.7-~.4 JO<:oO>" uI. (l9~7) D',,""I "",",u",me""
Ind"wi.1 ..gion ..... ". 1.4_85 Smith rl ai, (1961)

"ecl mill. and rok~

ind,,"ry
W,,",k aln~"rOC" So",h and «,"ral COS 0,73 ± 0.09 To"C'", "I, (I9XO) D'",,, "lCa,,""""""',

I'.drl<. we>lcrn Vmr""" d"lri,~""",

"'~~'" "f N".,h wilh .11" ...10 up 10
A"",,,,,,, I"'" ""'~'I""'"

I'hil.<lclph,", USA COS IU6± 0.04 TOorCH' ai, (1\1811)
Philadclph,a. US" eo, 0,62 ± 0.0ll Mamuh. " at. (1977)
Wy"",i"l!. USA COS 0,6S ± 0.04 Mam"li."at (1977)
Oklahom •. USA "'" 0.7J ± O.OS Mare"l" " "'. (1977)
En~ano.1 eo, 057-080 073 Sand.lI, .no.1 l'cnlw

(1977)
Sua'""""".. ,we, ,he eo, O,)7-0,H I"" <I ,d, (11'7\1) AII" ...10 15,2 ,.,

USA COS IU.s lUll Inne/"I (1\17'1) Altilude 21,.1 k'"
COS 0.02_0.025 In" ri al. (1\179) "1", ...10 ~1.2 l",

1 "8k".1 CS, 0,10-0,5,' o,n $0",0.1011. 000 I'<nkell
( 1977)

'0.", the ''I'''n o«.n ror>ccn".'iof.. moy be O!'f"'>'''''''''y 11>.11 'h~ "I.. (G,aetkl. 1919)
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0.05 :>: 0.03 /<& m-'. and IIIe <:oncentration of dimethyl sulphide and Olher
reduced compounds with short fesid.nct time is 004:: 0.03 jigS m- l , ma~.
ing a 10tal of 0.09:!: 0,06 "gS m-'. For wnes of a high bioproductivily ""e
sugge't a tOlal CQnctnlra,ion of 0.3:>: 0.2 !'gS m '. e,'en if there are 00
mea,urement, 10 support this .,limate

Practically nothing i~ kno....n aooui llle ,·.rtiral distribution of hydrogen
sulphide. dimethyl sulphide. and oilier reduced sulphur compounds wilh .hon
residence lime in the almosJlbe'" over the ocean. Based on in'..,,,,ion height
dala. Ryabmhapko.1 1'1. (1978) assumed their distribution \0 be uniform lD
the llyN up to 2 km. Jae"'hke .1 ai, (1978) '!lowed Ihal hydrogen sulphide is
found mainly in the lower 2 km layer, Model <.kulation. of Om'led! and
Rodhe (1978) suggest lh31 the height of this laye, sl>ould not ucced 1500 m
and mO'i' likel}" is probably aboul I km (al ,he mos' probable h~'drogen

sulphide residen<x lime in ,he atmosphere). We assume the average mi~ing

heigh' of reduced sulphur compounds in the allno.phere O,'er oceans is
1.5::: 0.5 km. We recall ,ha, the mixing heigh' of a subs'ance in the a,mos
phere is defined as

f,(It) dlt

H • ~'---;:-

"
,,'here ,(It) and ca are ,he roncenlra,ion. at alti'ude It and directly at the
surface. respttti'-el)',

l1Ie hydrogen .ulphide conttn"a,ion o"er continenlS has been measured
frequemly; Ito",e"e,. the accuracy of me'hods employed i. no, high. and the
"alues Obtained may be highly erroneOuS (Cadle 1975b). Recemly a TCliable
me,hod has been deYeloped Oae",hke and Haunold, 1977) which makes i'
pos-.ible to de'ermine hydrogen sulphide concen'rations "'ithin the ppb range.
Measurement. made by Na,u",he' al. (1972) and Breedinge' Ill. (1973) in
the unpolluted atmosphere of <xntral USA sOO"'ed " rela,ively small varia·
b~ily wi'h ....lue. in the range ofa fe"',en,hsof "1'&5 m-'. Smithet aJ. (1961)
giYe hydrogen sulphide concentration values of 0.1 '00.5 I'gS m-' for indus
trially developed region, of England and Wales. Concenlrations in the surface
air layer over land measured by Georgii (1978) appeared to be high
(ll'gm '); Ito"'evu, even in 'hIS ca.. " rapid deerea.. in co""en,ration to
0.2 I'g m ,j at I km alti,ude and a funher slovo' decrease to 0.11'8 m ' at
3 km were o~,,·ed. Based on 'hese da'a. Georg;; (1978) find. it impO'iSible
'0 negle<:t anthropogenic hydrogen .ulphide emission.

Values gi"en in Table 4.1 susseSl that ,he Spll«' di'tribution of redL>ce<l
.ulphur compounds "'ith slto.. residence time in ,he atmosphere o'-cr conti·
nen,S is quite irregular, All measurements "ere made in the ,emperate
la'i'ude. during warm seascm. when an intensi"e hydrogen sulphide emission
from biological prooe!S"s may be expttled. As shown by Georgii (1978), ,he
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h)"drogen sulphide concentralions over marshe, and linornl, decrease sharpl)"
with a decrease in temperalUre. Thi, wa, vividl)" demonstrated bJlthe sea
5()Oal dala of 1aeschke., al. (1978) who showed that lhe near-,unaa h}'d
rogen .ulpltide concentrations over f\ood(:d :rones in ,ummer were higher
than aulumn ones bJI an order of magnilude. Nothing is kllOwn .bout the
concenlralions of reduo::ed sulphur compounds such as dimelh)"1 sulphide and
dimelh)"1 di,ulphide OVer cominenls. though Francis n ill, (1975) ha,.. shoown
lhal soils emit.heil' gases inlO the atmosphere.

Summ.nzing. we aSSume lhal lhe a"erage concenlra.ion of sulphur in lhe
form of reduo::ed compounds wilh shon residence time in lhe atmosphere over
cominents is 0.2 :!: 0.1 pgS m ". and (as for .he oceanic almosphere) lhe scale
height is U :!: 0.5 km.

There are "ery few regular observalions of hydrogen sulphide concentra
lions in the urban almosphere o,.. r exlended periods of lime. We cannot uil'
lhe resulls of occasional measurement< since lhe concentralion of pollutants
in .he urban a.mospl><re can "ary with time Over a wide range. The dala of
Jacobs., 01. (1957) sUgg<'St an a,'erage concentralion of reduced sulphur with
sbon residence time;" the urban atmosphere of 3 :!: 1.5 /<g m-'. (Any error
in this eSlimate will nol substanlially affecllhe cakulation of the tOlal conlenl
of reduo::ed sulphur in lhe atmosphere.) For the urban almosphere. a mixing
heighl for reduced .ulphur compounds with shoon residence lime is assumed
10 he 0.5:!: 0.3 km.

Dala oblained bJI Torrese' al. (l980). Maroulis.' al. (1977). and Sandall.
and Penkett (1977) allow uS to make a reliable e<timate for the mean tropo
spheric ooncentration of carbon}'] sulphide. Torres e' oJ. (1980) measured the
carbonyl.ulphide concenlralion from an aircraft O'.. r the PacifIC ekean in lhe
Soulhern Hemisphere to latitude 57"S and over the PacifIC ekean and Nonh
America in lhe Nonhem Hemisphere 10 lalitude 70'N, al different heigh"
from the near-surface la)"er 10 the lropopause. The meaSurementS sl\oVl'ed lhe
conslaney of concenlralion. bolh v.-ith latitude and height in lhe tropoophere.
Inn eI al. (1979) oblained similar result. 10 .hose of Torreie' oJ. (1980) in lhe
vicinity of lhe lropopause. Earlier anal}"se. of samples laken in different
regions of the USA (MarouHs <I al.. 1977) and England (Sandells and Penk
eu. 1977) are in good agreement "'ith the dala of Torres e' al. (1980). These
data Indicale a mean carbon)"1 sulphide concentralion of 0.7:!: O.I"gS m '.

Less informalion i. available on the carbon di,ulphide concentralion of lhe
.lmosphere. From the dala of Sandal" and Penken (1977) and Co. and
Sheppard (1980) it is assumed lhat lhe mean carbon disulpltide concentralion
is 0.2:!: 0,1 "gS 01-'.

Carbonl'l sulphide and carbon disulphide are belieycd to haYe a long rcsi
dencc time and direCl mcasurememS 'ugge'llh.lthe ,"olume concentralion of
tbese compounds in the tropospherc i. COnSlant. Thu>, t.king into acwunlthe
mean heighl of the tropopause (14 km) and ....nations in pressure with height.



we obtain a mi:<ing height lor carbonyl sulphide and carbon disulphide of
6,5~ I km.

4.2.2 Concentration of Sulphur Dioxldf>

Since sulphur dio'ide emissions into the atmosphere are IlXali~ed in space
(thermal power plants. "oleanoes), rather high sulphur dio'ide concentrations
(up to sevtral lOgS 10-'1 can be detected near the emj.;sion SOurceS. Con
centration' mea,ured lar from lhe SOurCeS are ""nal orders of magnitude
lower and make up a tenth or even a hundredth of I ~gS 10-', Also. sulphur
dio'ide concentrations vary with time. i.e, daily. ",asonally and annuall)'.
Table 4.2 ,ummarize, data on the ooncent,"tion of sulphur dioxide in the
atmosphere of polluted and unpolluted regions.

II the data summariud in Table 4,2 are oonsidered in chronological order.
there appears to be a decrea'" with time in the measured background ooocen
trations. Thi' may be due to the development of more reliable techniques for
the analysis of ,ulphur dio'ide and to the measurement of background le>'els
in the 'pure' region, of the world.

In the early measurements (1950-60), the detection limit "'as often higher
than the measured sulphur dioxide ooncentrJlion, As sho"'n by Granat n 01.
(1976). during a series of 37 measuremenls oonduc.ed by FiSher el 01. (196&).
concentrations in 21 of the ,amples were lower than Ihe detection limit
(-0.5 ~gS m-'). Relati"ely high concentrations were obsorwd by Lodgerl al.
(1974) in the air over the Panama mast and Balbados IslandS. This might be
e'plained by the emiSSion of reduced sulphur compound, and their subse_
quent oxidation in the atmosphere 0'0' the coastal ~one, The possibilit)' 01
such an effect wa, noted by a number of authors. for e,ample Ngu)'en el 01.
(1974) and Georgii (1978) (see below),

Exten,ive investigations on the content of ,ulphur-oomaining compound'
in the atmosphere o-'C, the Atlantic Oce.n were carried out by researchers
from the Federal Republic of Germany On board the research vessel Meleor.
~orgii (1970) employed a highly sensit,ve method to obtain the distribution
with latitude along 30'W and showed that ma,imum sulphur dioxide concen·
trations lXcurred ne.r 40"N (a'..,rage 2 ~gS m-'. ,'",)'mg up to 3,5 "gS m-').
Fanher south. concentrations fell to 0.25~0.5 ~gS m-J at latitude 10-20"N
and weTC be)'ond the deteetion limit of the method in the TCglon of the
equator. Georgi amibuted this distribution to the latitudinal transport of
polluted air masses from the USA. ~orgii (1978) estimated the average
concentration over the North Atlantic Ocean to be 0.5 ~gS m-', over Ihe
Central Atlantic 10 be 0.25-0.5 "gS m-'. and o"u the tropical zone of the
Atlantic Ocean to be 0.15 ~gS m-'. We con'ider it r.ther risky to as>Ume an
influence of anthropogenic sulphur dioxide emi"ions over the "hole of the
North Atlantic Ocean. On board the MmM. Buchen and Georgii (1971)
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Table 4.2 co"Io"Lled

Ref",ence ('.omOlon"

(;010"'00, USA 0.25_1.1J
North A""""". w","em I"'rt.

,u,b"e I.ye'
Norln A"",ric_, ,..,,,tern p<lr1.

f",e 1101><>'1'1><'"
No'll><'n Europe O,07---{l.ll

USSR. """he,,, C.,"'.'u' 0.17---{l.31

USSR. I~",m", K",,,~~,"," O,lS-OA
Ilvrrs,,,y, T",",·IJ.nul>e I"',t 50-100
hgbnd

ce"I,,1 Eumpe
Central Eumpc
C"n".1 Europe S_lO
C"ntral E",ope

0.16 ± 0,11

0,23 '- 0.14

0.12

0.09.\

(12

'",
,

Georg,i (1970)
M"lOuli,,,,,1 (lY~O)

Maro"li, "",, (1980)

Geo,gi; (lY78)

ICM (1973)

Ro.in,ky " al. (I YOO)
VUTkollyi (1974)
GatlaO<J ""d H,"n","

(1976)
Georgii (1978)
('...,o'gi (1978)
los' (1970)
OECD (1977)

Ai"".f, "I=,.at'nn,
A ;",,,,ft ob;c, "'lion >.

20 "'mples
Ai",,,,rt ol=rv.t1On~.

S9 ..mples
AI!;II.><I< 6-13 km

Ai",,,,,O obscl"atOon,
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Moun,.i",
AIt,I<"'" 2 km

M""n',,,,,
Summ", ti"",
Autornobik ,urv"y

In winte'

In 'V"",""
Ai"''''ft ob>crvatio,'s
A""age ".1"" for

north,w"'«1l EU'''l'e
(-J ~ 11I"m') 1).",.1

orr """'>IIren","" 197J-4
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obtai""d an a'"<,ra~ sulphur dio'ide concentration of 0.12 ~sSm-' in the
region of the Faeroe Islands, while Prahm ~l 01. (1976) reponed
0,035 "gS m-' for the same region. Evidently. the area measurably aff..ted
by anthropogenic emissions oeeupies onll the "'estern part of the I'onh
Atlantic (probably 1000 km from the Nonh American coast) and a minor
strip west of Great Britain, Under certain meteorologic-al conditions, how',
e'-er, a plume of sulphur dioxide can be episodically observed at more COn
.iderable distances. Th" was confinned bJ-' numerous (about 200) observa
tions in the region of Japan (Korole" and Ryaboshapko, 1979). Thcl' sho"-ed
that at distances of 100-200 km from the Japanese coast, sulphur dioxide
ooacentrations in the plume from industrial regions can amount to 5 ~gS m-',
At about 500 km, they drop to 0.5-1 "gS m ',and at distances of more than
JOOO km the contribution of anthropogenic SUlphur dio'ide in the plume
transported from Japan is only 0.1 pgS m-'.

Flyge. ~, 01. (1976) found almost tile same sulphur dio'ide concentrations
O""r the North Atlantic and Greenland using the i~tope dilution
method. No relation "'as obse ...'ed between concentratIOn and
height (up to 5 km),

Ngyen ~l 01. (1974) measured the oonccnlTations of sulphur--containing
compounds in the atmosphere of the Southem Hemisphere. They sbo"'ed
that sulphur dioxide concentrations varied o"er the range 0,02-0,45 "gS m-'.
No signiflCllnt difference was observed between the atmosphere in the region
of .fO·S and that of the sul>-Antam>c wne. Most measuremenll fell "'ithin the
range 0,02-0,1 "gS m '. and only in a few cases"",re higher concentrations,
up to 0.45 pgS m-'. detected. These authors suggested that the sulphur dio,_
ide came from natural emissin'" of reduced sulphur in Klme oceanic areaS. In
197.f investigations were conducted from the So"iet research vessel A, f.
V<><,j.l:ov in the "a<!e_"'lnd w"" of the PacifIC (20--30"N latitude) and near the
Aleutian ridge (Ryaboshapko ~l al., 1978). In both regions tbe concentrations
WeTC essentially ,lie same. with the a""rage ,'alue: from 12 samples being
0.035 :: 0.02 pgS m-', The trajectory analysis show'ed that in all 12 caseS the
air masses did not comact land in the fi.'e days before sampling. During the
jomt Soviet_Amertcan expedition on board the Soviet re ..arch vessel Volna
m 1977, sulphur dio,i<!e concentration' of 0,025-0,35 >lgS m-', with an aver_
age "alue of 0.12 "gS m-', ,,'ere detennined in the northern part of the PacifIC
(>50·N) and in ,be Bering Sca.

Maroul;s n al. (1980) detennined the sulphur dio,ide ooncemration O'"<'r
the PacifIC Ocean in the Southern Hemi,phere. and ov~. the PacifIC Ocean
and westem pan of Nonh America in the Sonhem Hemisphere. i.e, from
57'S to 70·N and from the boundary layer to the tropopaU\(. They showed
that the concentratoon ,n the Northem Hemisphere was Klmewhat higher
than in the Southem Hemisphere, and that the sulphur dioxide OOncen
trations in the free 'ropospheTC ,,-ere e"~ry" here higher than in the boundary
la)'er.
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Summarizing, in tM atm0'5pMre N'er the open oceanic region~ character·
ized b}' low biological producti,-ity. tM sulphur dioxide concentration is about
0.10'" 0.03 pgS m-'. In up"'elling zone., in the ocean region~ of high hio
logical productivity, a concentrat,on of 0.2 '" 0,1 pg m ' can be taken a,
a,-erage.

The profile of the ,ulphur dioxide concentr.tion m lhe oceanic atmosphere
(.tudied by Flyger et ai, !976, Gr.wnhoTht !975. and lo-larouli, n al. 1980
from aircraft) should be detennmed by its sources and ,inks, Since the ocean
surface cannot be a diTeet <;Qurce of sulphur dioxide und se""" only a, a 'ink.
it is reasonable ro assume that there should he some increase in concentrat;(m
with height in the lower atmosphere 11 the p1eCUT50Th of sulphur dioxide are
hydrogen sulphide, dimethyl sulphide, and other reduced sulphur com
pounds. then tM source should be in the Io,'.-er troposphere: after a small
increase in concentration in this layer, there should be a decrease in the
sulphur dioxide concentration higher up. Maroulis et al (1980) believed th.t
carbonyl sulphide is the precuThm of sulphur dioxide: if thi' is the case. there
should be a unifonn di'tribution of sulphur dioxide throughout the tropo
sphere. The problem of the 'ulphur dioxide preeursot in the free troposphere
.till needs to he resolved (Rodhe 1981). Howner. from the data available.
and if we assume that the mixing tatio of .ulphur dioxide (tM ratio between
sulphur dioxide and air volume,) is ronstant throughout the troposphere.
tMn, we ha"e a mixing height of 6.S :!o 1 km. The increased sulphur dioxide
concentration, in zones of higher biological producti"it}, should ha'''' a smal
ler mixing height, which we assume 10 be 4.S :!o 1 km.

We ha"e less infonnation on sulphur dioxide concentrations in unpolluted
(clean) continental atmospheres than in the atmosphere o"er the isolated
regions of tM ocean and Antarctica, The majority of continental ob:servations
carried out in Europe and the USA do not characterize a clean continental
atmosphere hecause of the considerable contribution from anthropogenic
SOurces, We have no data on the sulphur dioxide concentration in the atmOS
phere over large regions of Asia and Australia. Meszaros (1978b) gi"es a
value of 3,05 pgS m-' for Central Africa. This is not in line with data on
,ulphur dioxide concentrations in tM continental atmosphere summarized in
Table 4,2. Lodge el al. (1974) give "alue. in the range 0.5-U /lgS m-' for
the atmospheTe of tropical forests in Panama and Brazil. Georgii', (1970)
data obtained during aircraft observations in the clean atmosphere in the
western region of the USA are somewhat lower. In 1973 in the Caucasu, a
comparison of method' wa, made for the analysi, of pollutants in background
air; the value of 0,12 /lgS m- 1 gi'",n in Table 4.2 i' the average of all the
"alue, obtained by various techniques during one week of comparison,.
Extremely intereSling routine data were obtained in the Borovoe region of
Eura~i~ (Ro\'i~\k\,ft al.. 1980) from 1976 to 1978, Tni, region is churamr
ized by the absence of local induWial sources of sulphur dioxide (at least
during summer). We belie"e that the average summer concentration of
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0.2 !'gS m-} represents the dean continental atmos~here. Maroulis~1 aI. 198Q
present data on the sulphur dioxide concentrallon in the boundary layer of
the atmosphere and in the free troposphere over lhe weSlem part of Nonh
America. As in the ca", 01 the oceanic atmosphere. lhe aUlhors noted SOme
increase in the sulphur dioxide concentration with height, This agrees with
Georgii', (1978) data Obtained in the upper troposphere Over Europe,

Thus the average sulphur dioxide concenlration for lhe clean continental
almo,pher<: i, assumed 10 he 0.2 ='= 0.1 ",gS m-' and the mixing height
6,5:;: I km.

The areas of regional atmospheric pollution COver considerable parts of
Europe and Norlh America. Furthermore. praclically lhe whole of Japan. lhe
densely populated regions of China, India. the South African Republic. etc,
can also be characterized as regionally pollut~d areaS. Owing to a numher of
intemalional and natIOnal programmes on regional monitoring of atmos
pheric pollulanls. much information has been published recentl}' on lhe
atmospheric dislribution of sulphur dio.ide "ilh space and lime in industrial
regions and 'urrounding areas. MeasuremenlS made episodically o"er a
national reserve in Lilhuania. with nO SOurces of anthropo~nic emIssion of
any imlXlrtance in lhe radius of ...verallen, of kilometres (Shopauskas~1 al.
1974) suggesl that lhe ralher low concentration of 0,25-1.0!,gS m ' mo,t
likely characterizes the continental European hackground. Similar resull.
were oblained by Godrailis (1979) from routine measurements in the ",me
region. Much higher concenlrations obtained b}' Varkonyi (1974), from an
automobile ,un-'ey in an induslrialized r<:sion of Hungary. were characteristic
of a high ..tent of urbanizalion. When assessing average values of sulphur
dioxide concenlralions in the atmosphere of induslrial regions (Table 4.2).
one has to <Ietermine whelher the results are repre... ntalive of the region. Le.
the duralion of Obse,,'alions has to he taken inlO aCCOunt. In lhis regard. the
dala from the long-lerm programmes of OECD (1977), EMEP (l9SQ). and
Altshuller (1973) should be representati"e of lhe regions studied, Al1the
other values of regional sulphur dioxide concentralions summariled in Table
4.2 fan within a narrow range. From these dala we assume the average sulphur
dioxide concentralion in the almosphere of induslrial regions to be
S=,=2!'gSm-'.

The ven;cal distribution of sulphur dioxid~ in the atmosphere of industrial
regions was studied b}' a number of authors. Meszaros (1978b), referring to
invesligalions by Varllel}'i. giv~s a value of 0,6 km for Hungarian conditions,
Special invt'stigations aimed allhe estimation of an average mixing height for
sulphur dioxide in Europe we,e conducled within lhe OECD (1977) prog
ramme, From 23 profiles an average scate height of Ino m "'as oblained.
The ..me ,'alue was measured by Garland and Branson (1976) and a similar
value (1100 m) was obtained by Smilh and Jeffrey (1975) in observation'
made over England during aircrafl su,,'eys. We consider llle value
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H ~ 600 m to be an undereslimate, since il was obtained for urban almo..
pheric conditions rather than regional. In our calculations we shall assume a
mixing heighl of 1.2:!: 0.2 km for lhe regional almosphere.

The sulphur dioxide concentration in urban almospheres is measured con
tinuously in many of the large elt~s of the world. The resulb of three reviews
summarizing such data are gi'..n in Table 4.2. Concentrations vary with lime.
and over a wide range from se"eral ~gS m-' 10 several mgS m '. One ean
distinguish shon·'errn variations caused mainly by meteorological conditions
and seasonal varia lions connected "..ith lhe increase In emission. in cenain
seasons. Since the late 196&, average annual concentralions in many to"'ns
have decreased as a result of the centrahzalion of healing syslems, conslrue
lion of high Slacks, and use of e:eaner fuels. A,uage concentralions vary
considerabl}' from IOwn to lown depending on lheir size. level of industrializa·
tion, lype of fuel used. etc, There is considerable uneenainlY in estimate' of
the average concentration in lhe urban atmosphere for a specifIC country and
especially for lhe world as a ",·hole. In our e.,imales we assume the a"erage
concentration to be 20:!: 10 ~gS m-'.

In various countries bolh episodic and systematic investigations of the ver
lical dislribulion of .ulphur dioxide in the urban atmosphere have been per·
formed using helicopters, aircraft, towers, and ma>!s. From lhe data of
Goroshkoel al. (1968) W'e assume the a,.. rage <cale height of sulphur dioxide
over lowns 10 be 0.6:!: 0,2 km.

Investigators from lhe Federal Republic of G<:rrnany measured lhe sulphur
dioxide concentration in II!<: lower stralosphere (Georgii, 1978) and found it
to be 0.05 ~gS m '. So far lhi' is lhe only measurement in this region and we
cannol judge bow representalive it is for lhe whole stratosphere, especially as
Georgii noted lhat intensive exchange belween the SlTatrn;phere and lropo
sphere was occurring during hi' observalion,.

4.2.) Co~nl,..,tlonof Sulphatr

Sulphate can be added 10 lhe almosphere by various mechanisms: sea
spra}'" oxidalion of sulphur dioxide in the atmosphere. aeolian soil weather
ing. el' .• (Junge. 1963a). Differences in these mechanisms lead 10 ,'arying
physical and chemical characteristics of the sulphates in the atmosphere. In
regions of intensive anthropogenic ,ulphur dio,ide emissions. sulphal" are
formed mainly a. a result of sulphur dioxide o,idalion, and according to
Whitby (1978), Friedlander (1978), and Ollie ... practically all of lhese sui·
phates are airborne particles from 0.1 to I pm in size. s.ea-water sulphales
enler the atmosphere in sea 'pray. Gravenhorst (1975) showed thaI these
sulphat.. are predominantly panides ranging from 0.5 to 10 11m in diameler,
althQugh most are within the range Z 10 5 ~m, Sim~ar data were oblained by
Levkov er al. (1975) from Cuba. H appears that sulphales from aeolian
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w~atheTingoccur in laTgN parti<les; Andre~v and Lavrin~nko (19158) showed
that in a dusty almosphere. especially during dust-storms, the majoTity of lhe
sulphale w'as found On large aerosol partides,

The chemical composilion of lhe sulphate<ontaining suhstances depends
on lheir origin. If the sulphales are formed in the almospher<: due 10 lhe o,i
dation 01 sulphur d'o'ide. Ihe most probable species formed ar<: ammonium
sulphate (NHJ,SO, and 'IS acid forms-{KH,),H(SO.)" NH,HSO, (Brossel,
1978). Sulphale can also Ottu, in the atmosphNe in the form of sulphuric acid
(OECD. 1977). Sea sulphate, are associaled with th~ basic sea-salt calion"
Na, Ca, Mg. elc, According 10 Khusano, ~t ai, (1974), Caso, i$ lhe most
probable form in aeolian dusts sampled N-er Cent,,1 Asia.

Dala on $ulphale roneentTation. in the atmosphere 01 diff~rent regions are
presented in Table 4.3, Her~ we separate the marine .ulphale contribution by
the sulpbale : sodium ralio, as was done pre\'iously by Granal el al.. 1976,
Nguyenel al, (1974) determined the sulphale rontent in th~ almosphNe O"er
various region. of lhe wOTld's ocean from Antarctica 10 50 0 N in lbe Allanlic
Ocean. The >'alue oblained by lhem o>'er the Mediterranean Sea (Table 4,3)
appea" to boo anomalously high compared with th~ir Olher Observations, It i.
difficult to hypothesize any specific distinguishing ChaTaClen.lic of lhe Medi·
l~rranean Sea from th~ world ocean. except fo' th~ possible anlhropog~nic

sulphate concentration in lhis region. Th~ r<:SI of Ihe dala do nol >'ary signifi
cantly from the a"erage value of 0,56 ~gS m-'. Gra>enhom (1975, 1978)
showed lh.l excess sulphate accounted for 70-8~ ollhe 100ai .ulphale, the
concenlrations of which varied around the mean value 010,35 I'gS m-'. Both
Buchen and Georgii (1971) and G'a>'enhorst (1978) obse,.>ed increased sul
ph.t~ ooncenlrations in air masse. from the Sahar•. The same r<:sult was
obse"'ed by Winkl~r (1975) who studied lhe sulphur content in submkron
particles. According to Winkler (1975) and Gra"enho"t (1975), sman par
licles are predominantly exce...ulphur. Prahm n al, (1976) analysed four
sample$ from clean air of the North Atlantic O""an which ga"e an average
concentration of 0.25 ~gS m-' and an execss sulphur contribution of 56%,
w'hich is in agreement wilh the above results.

In>'estigations performed by Gillette and Blifford (1971) and F1yger ~t al.
(1976) show thaI sulphate is found predominantly in lhe 10w.r atmosphere,
I.e. up 10 2-3 km abo". the ocean.

Summarizing. W'. a5Sum~ that lh. a"erag. eoncentr.tion of .ulphate over
the oce.n is 0,5'" 0.15 !'gS m-'. which include. 0.35'" 0.15 ~gS m-' of
exec...ulphur. The mi,ing height of sulphale 0>'.' the oce.n is assumed to boo
2,5 '" 0,5 km.

Dir~Cl m~"UremenIS of sulphate in the surfa"" continental almosphere are
Ie.. numerous than in the oceanic almospher•. GWen. and Blifford (1971)
found Ihe sulph.te concentration. in the surfac. laye' of th. atmosphere over
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California to ~ 0.3 ;<gS m-'. A, in tM oce.nic atmosphere. concentrations
fell .....tth height to 0,2 ",gS m- J at an altitude of 1 km and to O.O~ ;<gS m-1at
altitudes over 5 ~m. Thi' agrees well ....ith the data obtained by Ll:l~rgel al.
(1979) at the l"'el of tM tropopau$C. Recently. Bouere' et <>1. (1977) and
Adam' el "I. (1977) ..ported ,ulphate concenlrations at an altitude of
5200 m over South America. l1te$C data al1o.. us to estimate a mean ~ight

for the distribution of ,ulphate in the continental atmospMre. but un
fortunately t~y gi,.. no idea of in concentration di..ctly o'-er the South
American continent. Guzman (1977) found concentrations of 0,55 ;<gS m-'
for Central America (Sal"ador) at an altitude of 1900 m, In tMoe instances,
the contribution of ..a-"'ater sulphur "'as no more than I~. Meszaros
(1978b) reported measurement, in the surface atmosphere o'-er Africa per
formed by Delmasel <>1. (1978) of 0,5-0.6 ;<g m-', There is a good agreement
~t"'",n the values obtained by Rahn and McCaffrey (1979). Chung (1978).
and Sha,,' (1979) for I'onh America. For South America.. La"-mn and Win
cM"er (1978) reported a ,-alue ,,'hich ....as Io".. r by an oruer of magnitude.
but tMy anal)'oed the fine fnction of aerosol only. From the limited data
available at the time. Junge (1965) inferred the ."enge concentration of
sulph.te in the atmosphere Over continents to be 0,17 I'gS m ' ..... hile friend
(1973) ellimated it to be 1.5 ",gS m-',

Observations in du't)' regions should be considered separately, l1te Soviet
in'-estigators And..ev and Lavrinen~o (1968) and Khusanovel <>1. (1974)
m.de measurement, in Middle A'ia in a region characterized b)' intensive
aeolian ....ealhering. In lhal region lbe soils are mainly sands. serozems. and
saline soils. Saline soils .... ith sulphate concentrations of up to 5~ are ~oo.... n to
h,,'e a loose struetu.. and are capable of producing dust al wind speeds of
3-4 m $Cc·' (Za~haro'-. 1965). l1te average sulphate concentration of tM
atmosphere ""ar Tash~ent is 11.21'gS m-' a<:c<>rding to Andreev and
La,Tinen~o (1968), and IOl'gSm-' according to Khusanov el <>1, (1974)
Both group' noticed that. during dust·storms. concentrations increase d..sti_
ean)' and rea<:b atmoSt 30 I'gS m " This confirms the aeolian origin of ,ul
phate in the atmosphere of this region.

These measurement, "'ere made during a warm seaSOn. During rainy sea
son~, or wben the wil is co"ered with snow there i' practically 00 aeolian
weathering. l1terefore. the dala of Andren and Lavrin~n~o (l968) and
Khusanov e, ~1. (1974) do not renect the ",-erage annual condilions of Ibe
region. We can. oowO\'er. single oul specifIC regions of imensi,.. aeolian
weathering wMre sulpha,. concentrations are much higher than the ",'erage
cont'Tl(ntal value.

The data obtained in olher arid zones of the world differ greatl}' from Ihe
re,ull, .Ix".. , Pen~c" e' al. (1979) ,~port~d values of 1 ~gS m-' lor East
Alrica. Still lo"'er concentralions "'ere found by Hoffer tl ~I. (1979) for
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de.em in the south_we,tem USA. Increased sulphate concentrations were
observed more than once in the atmosphere during 1M transpon of aerosols
from Sahara to the Atlanlic (Gra"enbom, 1918; Buchen and Georgii. 1911;
Winkler. 1915). and abnormally high depo<ilion of ,ulphate from lhe almos
phere was observed in lhe arid zone. of Australia (Hingston and Gailili..
1976).

From a consideration of the above data we can assume lhal lhe a"erage
sulphate concentralion o,'er eonhnento i. 0.6'" 0.2 ugS m '. and the mixing
heighl of the la}'er is 2.5 '" 0.5 km, Taking inlo account ",asonal variations.
we may assume an average annual value for regions wilh inten.ive aeolian
wealhering of sulphate-containing so~s to he 4'" 21'gS m-'. Since the
aeolian dust consists mainly of large particles. it would be expected lhat they
would not ri"" high into lhe almosphere. Observalions by the aUlhor. made
from an aircrafl in Middle Asia. showed that lhe uppermost boundary of the
dusty air wa. u,ually at an altitude of 1-1.5 km. During dUlt.storm,. how·
ever. aeolian panicles may ri.e 10 heighu grealer than 6 km, ~t us assume
lhe mixing height of aeolian sulphate. to be 1.5 '" 0.5 km.

11Ie increased sulphale concentralion, in lhe atmo,phere of industrial re
gion, come from anthropogenic emission' and subsequent oxidation ofsulphur
dioxide. ~"e1. of sulphate sulphur depend on the extent of industrialization
and the sulphur content of the fuel. used. For instance. in Europe. lhe central
regions of England. Gennan;. and Poland are distingui,hed b}' bigh sulphale
concentralion•. Altshuller. (1973) and Perhae (1918) .bowed a clear-cut dif·
ference in concenlrations between the western and eastern regions of the
USA. Concenlralions of 1-1.31'gS m" over the we,tern stalos are approxi·
matel}' lhe same as lhose of a clean cOntinenlal atmosphere. Over the eastern.
more industrialized, ,tates lhe average concentration was 3.3-5,0 ugS m '.
According to OECD (1971), the a"erage concentralion of sulphale over all of
western Europe was 1,7 ugS m-'. Based on the data in Table 4.3. we 'hall
assume 3 '" 0.5 "gS m-' as an a"crage concentration of sulphale in industrial
regrons,

Our eSlimale of the .ulphale mixing height in lhe regional atmosphere
ba.ed Oll the dala of DECO (1971). Rodhe (1972b). Jost (1914), Bolin and
Pernon (1915). MeSUlros (1978a), and Georg;; (1918) is 1.5 ~ 0,3 km.

Since the transfonnation of anthropogenic sulphur dioxide to sulphales
lakes ",veral hours or even days. mosl of lhe sulphale is fonned at distances
remote from the SOurce, Therefore. the urban concentration' of<ulphate (Le.
near the oou=, of sulphur dioxide emissions) do not differ subslantially from
lhe regional a"erage. From the dala given in Table 4.3 W'e can assume an
average concentralion of sulphale;n the urban atmosphere of 4 '" lugS m-'.
11Ie mixing heighl of sulphate in the urban atmosphere is taken to be

1.5 '" 0.3 km.
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4.2.4 Total S~lphur ConI..., of t'" AlIDOSpbtre

In p...vious seclion' ""e eSlimated "'erage concentration' and mixing
hl:ights of vario~, ,~Iph~r compo~nds in the atmosphe ... of ,ix diffe...nt
zones, oceanic withoutthl: influence of marine biota. oceanic ...ith high bie
productivity. clean continental. du,ty industrial and urban ...gion" The a",a
of each of thl:se zone" i' re<jui...d for Iht del"mma,ion of lhe ,ulphur conten,
in each.

A high bioproductivily is characteristic of rarher .mall region, of lhe
...orld·s ocean; Ihl:se aro lhe areas ...here organic maner. phosphorus. nilrt>
g.n. and olhtr nutr;ent, are available in sufficienl amounts, Thi' situalion
occurs in regions of up.... lllng and along thl: continental shl:lf. ThI: area of the
...orld·s ocean ... ith a high bioproduetivil)' comprise. 1510 olthe entire oceanic
surface. Or 55" 10" m' (Slepanov. 1974). The olher JOS x 10" m' i. ref.r_
red 10 as the zone ",-iloout marine bio,a Or open ocean.

Regional atmospheric pollulion is characteristic of almost lhe ... hole of
Europe and lhe major pan of lhe USA. In Japan. lhe zone of regional
pollution COvers the ... hole lerrilory and spread, rar over the ocean, Olher
""unrrie. of Asia. Africa. and South America are characterized by insignifi·
cant areas of regional pollulion. Detailed estimate. of areas of regional pollu
tion are gi"en in Table 4.4.

The aru characterized by urban level. of atmospheric ponulion is assumed
In be I " 10" m', Therefo.... thoe area of ...gional pollution aCCQun" for
II '" 10' m'. The area of all the desen. and semi-deserts in the worl<l ;,
50 " 10" m'. and 9.S x 10" m' are occupied by areal in which Iht upper soil
horizon is salinized (Ko-'da and Sabolsz. 1980). More Ihan half of thi. salin
ualion i. the chloride-Iulphale type. From thi, we a...ume the area with a
high content of aeolian ,ulphate, in Iht alm05phere is 5 " IOU m'_ Therefore.
lht clean continenlal atmosphere """"untS for an area of 133 '" 10" m'.

Table 4.S ,ummarize. data On sulphur concentration. for reduced com
pounds ",-ith ,hon and long residence lime•. sulphur dioxide, total and excess

Tablr 4,4 Areas of indu",ial
counlri.. and ronline"1S

Counlry or ronline"t

region. in vario",

A,.a (l0" m'l

Europe ond AsiOJl 1'"" ot USSR
USA .r><! Soutl>--e.., Can>da
Jal'"n
Cbina
Ind,a
A"malia
Africa
$ou,b Am.,;ca

Total

",.,.•
",.
""OJ S

IUS



T""4.5 C....".'flll_ nom,. be"""__ of ""..... _ "' ........... ,be .,........'"
('Ollie... rrp) ~

Mu.. lot,p.
,

A~ ('_ral_ >
Tyl'" '" ..........'" (10" _') - ,..... , ,~) - ..- ,
Ooea.oc, ",,,-..,. _ dl«l "" • 0.09 - 0,06 I.S'O,~ 001---tl09 .0< •

~
010"'0.03 6,S-10 O.12-OJO .~ •- 0.5 '" 0. IS 2,5 '" 0.5 021-060 .~ •

"" ,- 035±O'5 2.5 - 0.5 0.12-0.46 .", •Oou.oc......_ -.. ~nea " • 03'" 0.2 1..'! , o,~ 0005-0-'155 0,0"..5 "•
~1

0.2'" 0,1 u· .. 001-009 'M ,
•

• ~. 0'1-0''1 2.5_0'1 004_010 .m
>-'iC)l ,~. on·O,I5 B' O~ 002-008 'M

0",,_..,.01 <k"" '"
,. 0,2 - 0,1 ',5 • o,~ 001-0011 ,0< •
'iO, 0,2-01 (>-5 • .. Otl7---t1 '" 0,17

>0' 0.6'02 2.5 '" 0.5 O,IHJ'2 ,~

IIId""" ..1"'P'" " • 0.2 • 0.1 1.5",0.5 o (l(H).01 ,00>
>0. 5,0 .. 2.0 1.2'" 0.2 O.O)---tlil 0,07

"" 3.0'" 0.5 1.5 '" 0_3 0,03-0,07 005
Con'_n,.1 dU"1 , • 0,2 • 0,1 1,5 '" 0.5 o OO-O.OO~ 0.002

"'. 0.2' 0.1 6.5 •
"

1l,OO-O,lH O.OO~

sol 4,0 ' " I ,\ ' 11,'1 'l.()I-O,06 0,0,'
U,t"", ,. '.0 ' " 111'11.' lI,m-1I.1U IUl()~

so, 200 ' 10,0 1).6 " 11,2 O,tIOS-O,02 0.111
~ol 4,0 •

"
1,'1'" 0' IJ.(~I 0 °I O,OO'!

'1'",.1 • .,1""", ..,oth ""'" ""I<lc",-e Ii".. O.M-2,24 US5
1""lwon. <'''''.. wlJ'ba'"' 0,14-0.54 0.32'-- "" CO~ 0.1 ± 0.1 6.5 '"

"
IU_J()6 2,32

"'. 02 ± 0.1 6,'1 • .. 028 115 'M
ToUI ...I""u, """h ....." ""Ide""" 'ome 1%"'.21 ,~

T,,,.I ...lphu, 1ft '"'f'O'4'I>e''' 2.1.4 6.45 4.J.l5 N
N•

.~ """*- ........~ ,...,



T.h'" 4,6 Solphu, ",,,'cnl> (TgS) of ,he ''''I''''l'h'''', ...,,,,ding 'u dlHe"'''' ."'Iou",

I(e,h.c.,d solphu, To'al Mllphu, I(cd"""d 'olrho'
~'ith ,I>orr with >I>o,t .,i,h "'"g
""Kk".:c time W To,.1 sol "'CO" SOl ,.."Ie""" 'i"'" "'''''Ie'''''' time,

II,S]

(l,W 0.52 O,2~ U,
(),()~-o.n 11.45 (UIU , 2.11
O. , , U.511 0.74 IU2 , 35 2.uH

(l.O1 o,n 0.2S 0,g1 ,.• ,.. 0.14-11.54 0.68 2.24 1.\16-4.21

(;"."", " ",, ( I\>7(1)
1',,,,.-..1 ( I 'n,)
Me"",,,, (Iu7~t,)
1'",,,,,,, ...."k

""•
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~ulphat~~ in individual part. of the .tmO'iphere. mixing hejghl~ and .re•• of
wne•. It .Iso gives the sulphur rontent of differem compound~ in sep.r.te
pans of lhe almosphere and the troJlO'lphere ., a ,,-hole,

Table 4.6 show< tnatlhe e.timale, of lhe amount of .ulphur in lhe tropo
~phe.. agree reasonably well ....ith those ofother .uthol'<. Onl)' the estimales of
Friend (1973) for sulphur "'jth .hon re.idence time and .ulphate ,ulphur
seem to be oul of line.

4.2.5 Strat",~rk: Sulpbate Lay'er

The exi.lence of an aerosolla~'er in lhe malO.phere was .usi><rled allhe
end of the last cenlury on the basi' of a lighHCal1ering effect In lhe last 20
years... '-eral allempt. ha"e been made to meaSn" di"clly the OOnttnlla
lions of str.tospherior airborne part;cles and to detrrmine lheir chem;cal
composition. Studie. conducted by Junge and Manson (1961) and Rosen
(1964) showed Ihat in romraStlO Ihe regularly der..aslng proflle~ of Aitken
nuclei. Ihe profile of larger pankle~ (, :> 0.1 urn) .ho"s a maximum concen·
tration III Ihe 10"'''' stratosphere. Beginning at the tropopause. Ihe concen
tration of pankles increase. '" ith heighl. reaches a maximum al an altitude of
20 km, and then drops quickly: lhe maximum concentration is approximately
four time. higl>er than Ihat al the lropopause le,-el, Data oblained from a
number of aircraft and batloon~ ~ho"'"ed a 10.... range in concentration of ~uch
pankles over most of lhe globe. from 70'N 10 6O'S (Junge. 1965),

Sampling ",'ith an impactor. Junge (1963b) sho".-ed thallhe mean radius of
particle~ i~ approximalely 0, I 5 urn and lhe distribution of parlicles by siu has
a clear upper limit of I -2 urn. The concentration of ~malterparticles incl"eases
rapidly as lhe radius decreases and ils change may be expre...d by lhe rela
tion'

dN/d(log r) _ a-u

....here c is a constam and' varies o'-er the range 0.1-2 ..,m,
From analyse~ of lhe chemical comJlO'lition of panicles 5-"mp1ed in this

layer. Junge ~I al. (1961) found that the ~ulpnate in them amounts to about
90%. Thus it is called the ~ulphate layer (or sollIelime~ Ihe Junge layer).
Friend (1966) found Ihat the'" particles may contain persulphate. in addition
10 sulphate•. 11 has been shown recemly (Farlower aI,. 1978) thatlhe sulphur
d'em,stry in lhe stratosphere is closely connected ....ith the nitrogc:n cl>emiW)'
and that compound. such as 1'0HSO" NOHS,D,. (NH.).SO. and
(NH.),S,O. are formed in the Junge layer, b'en in the first chemical analr>i~

of stratospheric aerosol. it wa~ found thaI the number of cation. dete<:led ....a'
insufflC;en, 10 neutralize an .ulphate ion,. Th;~ impl;es the presence of free
.ulphuric add in the ~lfatosphere,

CallIe (1973a) Used filters of high effICiency to collect panicle, up to .ius
of Ailken nuclei in aircraft f1ighlS al an altitude of aboul18 km over the USA
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and the tropical area~ of Cent""! Amuica. H~ found thaI the conc~ntration.

of sulphur varied from 0.025 to 0.1 2 tlgS I'll '.

At pr~sent il is lhoughllhallhe formation of the sulphat~ lay~r is go,'~m~d
by Iwo mechaniim>: (I) the diffusion of sulphur-<:ontaining gascs to the
watosphere follo"'ed b}' their oxidation to sulphat~s (Junge, l%)b; Lazrus e,
al,. 1971); and (2) the release of volcanic gases and sulphate, during po"'ertul
eruptions directly into the stratosphere. The existence of the fim mechanism
is <u",,"~d by the absence "f suffICient calions to neutralize all of the ,ul
phates. Fr~e sulphuric Reid can form only ill si,u as a result of the oxidation of
sulphur-<:ontaining ,ases. According to Junge. Cadle. and Lazrus~' aI., th~

sulphur cycle in the 'trRtospherc can he des<:ril>cd as follows: gaseous sulphur
compounds diffuse from tht troposphtre into the kw.'er 'tratosphere and are
oxidized there to sulphur trioxide by atomic oxygen in a tnmolecular r.action.
Th~ molecule is hydrat.d and transform~d into sulphuric add. The proc~s< of
coagulation thtn cause. droplets to gro": by the time they ar~ of radius
1-2 I'm. the panicles are ,,'ithdra"'n from the stratosphtre

There has been unc~rtainly for a long tim~ about which gaseous sulphur
compounds could ~xi" for long ~nough in the troposphere to penetrate
through the tropopause to the matospherc in appreciabl~ quantity. The par
ticipat;on of sulphur dioxid~, hydrogen wlphid., dim~thyl ,ulphide, and
dimethyl disulphid< is q""stionahl~ because of thoe short residence tim. of
these compounds in the lroposphere and the long period of tropo
sphtre-stratospheroc ~xchange (~il~r. 1975). CrulUn (1976) sug,g~".d car·
bonl'l sulphide and carbon disulphide., pos,ible c.ndidates. According to his
calculations; the carbonyl sulph;d~ flux to the stratosphere amounts to
IJOS TgS year-1,

The role of carbon}'l sulphide in the formal;on of stratospherk sulphat~s is
confirm~d hy the data of Inn ~I Ill, (1979) "ho measured a r.pid deer.... in
the mixing ratio with height in the stratospher~, indicating rapid oxidation ot
carbonyl sulphid~.

The validity of the second l'Il~dUln;sm for StralOSpherk sulph.at~ formation
is based on the incrocase in sulphate cone:<:ntrar;on in the s"atosphere af'.r 'hoe
~fUption of Agung in 196), A comparison of the d.ta ob'ain~d by Junge
before the ~ruption with 'ha' of Cadle ~I al. (1975a) oblained in the period
1%9-70 indicat.s a )().fold increase: in the concentration, According '0
Junge (1%3b). ,he roc'idene:<: time of particl~s in lhe sulphat~ lay~r of tltt
'tratosph~re i. 0.5 year, Cadle's (1975a) .,timat~. ar. I mon,h althe tropo·
pause and 1-2 years at an altitooe of 20 ~m. Russell tl aI. (1976) consid<rocd
it to he 8 month. based on lidar m~a>ur<:menlS of ,he optical thic~ness of tht
nratospheric a.rosollay~r formed after the Fu.go ~ruplion. E~n If ..... ta~e

the maximum ,'al ... to be 2 lears, 'hen bv the time of Cadle's flight in 1%9.
only 5,," of the stral~pheric sulphate. r.sult~d from the Agung eruption
should r<:main. The most reasonahl~ explan.tion for the di",repancy bet"."en
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the cona:nlnllioM measured in 1960 and 1969 "',.< JiVl:n b:' Cadle (1975.)
",1>0 poin~ oul the d,ffuence in c!fic;"1X} of samphn, drYicfi~ by
JWI(ll' (;m~Of) and Cadle (filter). We do not ~jC'Ct the p:.>Mibk inJco;tiool of
la1tc' quamit;'" of wlphur into tho ",,"'losphe~ durin! intclllolVl: crupcion'l.
but ptIIttally IlOl111111 ~mauK in the OIntospbe", from the Aruna crupcioon.
From 1963 to tile pnlKm. It lew W:'~D cruptiom ho.'"e lICCUm:d .Iuo;b hI.,-.:
been aa:ompanied ~ the l'dcue of volc2nic prod...-t. mto !be Rn~",
(CIOI1IJI. 1971; fcdolO'" III" 1976). CIdk (1975.). lOr mstIIK'C. cwm&ted
1M .....alI volc:an'" cmmion 10 1Ill: S1ntospbe", 10 be -0.14 Tp )'nr

Table 4 7 AUDm.rilfi lilt daUl on ",Ipbate conccntntions with hei&h1 III
lbe J""lll' ~'tr 00Um«I by diffen:1I1 IUt!I<Irs dlltDll the jaR 20 )'urs. "''hen
JWlge". data. .. lacb an: conUdercd 10 be UD<Iere'itimaln. are 001 Wen InIO
acc:own. die dauo of !Ill: other aU-than \-arin ..ilhin an order of macnitude,

11 is diffin,lt 10 dn'" any drrmnc (OftCIltSIOfIS on the sulphUI _lent of the
S1n11ospben: Junac reponed • value of 0.01-0.03 T& of sulphu., WI hich is
ba"",, on undercStimaied tona:nlr1l1iom. Gran.t "<11. (1976). 1ISin,Iht data
of Castleman CI. (19-4), CSI......t«!'be sulphur conICn! in the .m,lOSpheu
of the Northern Hcmlsp/le~ 10 ~ 0.2 Tg and llult in the Soullxm Hemi
sphe~ 10 be 0.1 T,. Lunno aI. (1919) g;,." an e~hm,~ of -0.6 TgS for the
spring of 1975 ,fter the eruJllion of fueJO. l1'Ic.., eOlim,te. Soeem ""iOn.ble
but. to obt,in mo", KCunte dll,. one should ~""" tM ""rt~,l cono<ntnt;on
profil"" at VInoUS l,tilU!kS. This is e5pttilll~' 50 in ";ew of!he influena= of the
allnudc of the tropoj».use on the chemical wm]X>'lition and tOl,l amount of
sulphate•. If the une~pectedly hilh comem of sulphur dio~ide in lhe lower
stratosplterc of 0.18 jigS m '(Jatschke e, Ill,. 1976) is represemat"'e. then we
should assume that the total sulphur content in the stratosphere can reach
0.5 Tg. This wn5ti!utes an appreciable amount in relation to the sulphur
content in lhe troposphere. However. tlte sulphur flux throulh the trOJl!>"
pause .. ratMr small C\lmpared to the tropospheric fluxes of 0,5-1 T,S ~ear .,
if the .""nge rcsiden« time of sulphur in the stnlospllere is 0,5-1 )'Ur.

l1'Ic sm.ll V1I1ue for Ihis n.lunl nu~ IS indic.t;"." of i~ Soellsi!ivil) 10 chanae
";thanlhropogen~facwrs(CrulZCo. 19i6). Hofmann and Roten(1980) 1uI.'e
mea",rcd a slulrp increue '0 the ronccntntion of "",rmol panicle$ in 1M
Junge layer, l1'Ic) poinl Out that durio& m:cnt ~."an the OOlItent of panicles
luis incnued .nnual!)· by 9 =2'1'. "They COll5ider anthro~nlC emlSSIOlIS of
carbon)l w1phode and arbon disulpbidc 10 be the p>Uibie Q,* of lhia
plle""""Cnon. ThIS SuggeIU thai "'dUttd sulphur compounds. illI 1on& "'sl
dena: limes a1u1d .ffec1 dlmalC

4J SOCRCES or ADIOSPHERlC SU1.PHUR

Sulphur colen 1Il10 1M alrrlOlfJbcrc from other gcoo.pberes via a n"",be, of
hoollC and abiollC PfOCCs.se-s. Some of lhese Duxe-s arc (:ormnllO\lS Illume. e.l-
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sulplull~ flux from ",a salls, ,,'hil~ othe... are of a ,poradic character. e.g,
emi,sion, of .ulphur compounds during ~olc.anic eruptions. The rale of sui.
phur input by biological processes depends on the temperatur~ of the
en~ironment and. therefore. for temperate and high latitude' it undergoes
"'asonal ~ariation" The'" f1uxe. are unaffe<:led by human a<:ti"ity and there·
fore their "alae. may be regarded a, being oonstant dunng hundreds to
thousands ofy~a.... During the la.t century, man's actiYity ha' mad~ a con.id·
~rable impact on the global g~ochemi.try of .ulphur and on its atmospheric
cycle in particular.
Man·mad~ ~ffeClS on the ~n~ironment are di,...,ified and therefore it i,

often difflCUll to draw a distincrion betw..,n natural and anthropogenic
emi..ion,. For uample. as a result of agricultural acti"';ty. man ha.
dra,tically chang~d the eoology of "~getation which in tum ha. affe<:t~d the
rates of .ulphur input into the atmo,phere by decomposition oforganic matl~r

on land.
As a result of natural and anthropogenic p""""""'. Yanou, oompound,

of ,ulphur can ~nt~r the atmosphere, Biogenic sulphur is repre",nt~d

usually by its reduced compounds from "'bich w~ singl~ out hydrogen sui.
phide. dim~thyl ,ulphid~. carbony'l ,ulphid~. and carbon disulphide. A great
~ariety of sulphur compounds. e.g. r~duced compounds. sulphur dio,ide. and
,ulphates originate from anthropogenic acti~ity. Here we oonsider the main
f1ux~. infl""ncing the global atmospheric sulphur balance.

4.3.1 lIio#nic Emi..ion rrom Coastal Rtgions and tho Open ~an

Ga",ou, reduced sulphur compounds can he formed by microbiological
reduction of sulphate. and 'lIrious organic maltor decomposition proeu",s.
Estimate. of the oceanic and continental biogenic .ulphur flux into the
atmosphere ~ary from 34 TgS year·' (Granat er a/. > 1976) to 267 TgS y..r-'
(Eriksson. 1963). This large disc:repancy in e.,imate, is allributed to the fact
that none of the autoors had factual material on emi..ions of hydrogen sul
phide, Nor did tl>ey consider data On the intensity of microbial prottS5e' in
difk",nt erosystem. ""bich may ass;,t in the estimation of the possible upper
limit of emission

As can be ",en from Tables 6.11 and 6.17. the most a<:li,.. reduction of
sulphate occurs in periodically flooded and shallow pam of sea basin•. es
pecially in parts with oonsiderable organic mailer. Many in ....stigators ha"e
comm~nted On the odour of hy'drogen sulphide O'.. r shallow parts of marin~

bay. and roasts of sali"" lakes (Kumetso~ and Romanenko. 1968; ChukhroY
er aI,. 1975; J0rgensen el a/.• 1978),

Howe~er. the emission of hydrogen sulphide into the atmosphere depends
nOt only on the ,ate of in production but also on the rat~ of ih ",,,,,,,'31 by
oxidation and pyrite formation. Hydrogen sulphide emission was compre·
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hens;"ely studied by Danish cCQlog;'M in Jutland on shallow sediments
(J0rgensen n a/ '. 1~78~ Hansen ~I ai, 1978), who used plexiglas boxn equip
ped wilh measuring dc,';"', to es(imate the emiMion, Sulphale reduc
tion occurs in 1he sediments ulKkr study; in the daytime. part of the hydrogen
sulphide fOTlIled is oxidized by photooynthetic bacteria in the surfatt sludge
film and pan is oxidized by oxygen emined during poot05ynthesis by grun
plants in the "'ater. Toward the end of the day. the activity of both groups of
photosymhetic organism. falb and hydrogen sulphide increa..,. ;n co~n·

{ralion. firsd)';n the Waler and then;n the atmosphere c1"", 10 the waler. 1be
maximum em,";"n into the atmosphere i. o~",'ed at night. After soo,-is(,
the photosymhetic processes resume, the pH of the "'aler increases, f"'.
oxygen appears in the waler. and emissions 10 the atmosphere ""a...

For tho sandy lediments of Limfjorden containing 0.5-1.0'0 oforganoc mat·
ter in \ho fonn of 20,le.a mariJIa detrilus. \ho annUli emission of hydrogen
sulphide was estimated as 18 gS m- l In ..,diments of the small lagoon.
Kano Vi8. to tho north of Aarhus. rich in tho organic maner of decomposing
algae, this "alue amOunts to 450 gS m ' (Hanlen tI ai" 19711).

!be question ari... as to whether the.., individual data can fonn the basis
for calculating tho emission of biogenic hydrogen sulphide into lhe atmos
pho.e. We belie"e thai the)" oan be used 10 estimato the upjXr limit of the nu,
of biogenio sulphur, si""" the data obtained by Jprgen..,n er al. (1978) and
Han..,n el aI. (1978) On the intens;ty of sulphate redoction agree well ,,-ith the
resulls of other in"esligators obtained on the coa,l' of the Bahk. Caspian,
and Awv ..,as (lee Table. 6.11 and 6,17).

Asswning, IS did Karo (1956), that tho length of the "'orld's coastline is of
lhe order of S x 10' km, and that the mean ,,-idth of the littoral ZOne is 100m,
"'e obtain a "all>O for the area of shallow' ..,dimenrs of 50 x 10' km'.

Assum;ng that 50'0 of those ..diments are sands and 50'0 are h;ghly
enriched with organic malter or decaying algae, lhen the maximwn total
emis.ion of hydrogen .ulphide from such sediments i, about 10 TgS )'ear"_

Aneja er ai, (1979a.b) detennined ujXrimemally lho magnitude of tho
emission of reduced sulphur comjXlunds (dimethyl sulphide. hydrogen sui·
phide. carbonyl sulphide. and carbon disulphide) from gra5S-CO'.. red saHne
marshes. l1>e sulphur flux was mainly in tho form of dimelhyl sulphide and
amounted 10 -0.66 gS m-' yur".

As the tOlal area of marshes is 3.8 x 10' km' (Aneja el aI. 1979b) lho
global emission from marshe' may be of the order of 0.25 TgS year".

To obtain more reliable information On biogenic sulphur emissions into the
atmosphere. it will be necessary to detenlline lhe flux;n diffe.ent geographic
wnes. It ..ems rea..,nable at pre..nt to ",sume I .'alue for lhe nux of redu""d
sulphur in liuoral (coastal) zones of the ,,-orld's ocean of 5 '" TgS )'Ur" .

In ..ction 4.2,1, the Imount of sulphur in tbe form of its reduced com·
jXlunds;n the dean maritime regions was estimated to be equal to 0.04 Tg. ff
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"..~ a"um~ an av~rag~ ,..,sid~n"" rim~ of redu""d sulphur compounds in the
atmo,phere 10 be 0"" day (>ection 4.4,1) then the flu, 01 these compound,
from th~ open OCean "'ill be -15 TgS y~ar-I.1n v;cw ofthc un""rtain con""n
tration of r~duc~d suiphur in [he atmospherc o""r """,ans, thi' flux is assum~d
to be 15 o!o 15 TgS r~ar-j.

Thus, the total flux of r~duced ,ulphur from th~ """,ans is
20 o!o 20 TgS y'ear- t

, The great un""nainry of this e'timate reflects the in
adequacy of our knowledge. Nguyen ~r al. (1978). using the dim~thy'l sul
phide con""nlration in thc ,unace lay'cr of >ea-watcr. cstimated this cmission
to the atmosphere 10 be 27 TgS ycar-'. Marouli. and Bandy (1977). from
direct mcasuremCnts of dimcthyl sulphidc on thc Atlantic coast. concluded
that its emission from the world's ""eans should nor exceed 2 TgS year-to
Gracdc! (1979) rev;cwing lhis "ork estimalcd lr..: total emission of hydrogcn
sulphide and dimethyl sulphide by th~ "'orld', """,an, to be 30 TgS y~ar-"

and Hitchcock (1975) reponed the dimethy'l oulphidc emission by' algae to be
0.05 TgS y~ar '. The range of these valucs indicales thc uncerlainly of our
kno"'ledge and this is reflect~d in our error estimat~

4.3.2 B~nic Emission rrom Land

FOrmalion of "olatile .ulphur compounds occur<; mainly under lhe
anacrobic condilion' found in marshe' (Bremner and Steele. 1978) and
microorganism, play a I~ading rol~ in ,hi, pr""",ss. Emissions are likely 10
vary, lh~refore. wi'h lhe temperature and moi.ture status of th~ environment
and wilh the availability of nutri~n"

The direct e'timalion of the biog~nic flux from land is rather diffocuh sin""
its value may vary in ,pace and time by >everal orders of magnitude. Emis.ion
of reduced sulphur se~ms 10 be very low in arid regions, but in tropicai
marshland. it mar be rather high, Field in'..stigalion, 01 the emission of
reduced .ulphur by Fal'\,,~t1'1 al. (1979) sho"'ed that soil emined mainly
h,'drogen suiphide along with caroon disulphidc and cartxmyl sulphide and
negligible amountS of dimethy'i ,ulphide, dim~lhyl di,ulphid~, and m~lhyl

mercaptan. Bremner and Steel~ (1978), howe"", found that more wa, emil
ted as dimethyi suiphide, dimethy1 disu!phidc, and methyi mercaptan: hyd
rogen sulphide was completely absorbed in the soil and transformed 10 melal
sulphide, (predominanlly' FeS). It also seemed like I" that soil "'as the source
of caroon)'! sulphide,

We shall alt~mPI (0 eSlimate the biogenic flux indirectiy. As se~n from
Table 4,5 the content of sulphur with ,hon residence time in the atmosphere
O\'t! continents (except for the urban atmosphcre) is estimated 10 be aoout
0.045 Tg.

If reduced suiphur with shorr residence time is a<sum~d to have a lifetime
of one day (>ee section 4.4.1), I[S flux inlo the atmosphere of continents



'"
should be 16T,S ye.. -'. Comideringlhc unttrtainly of the e$tlmate of
l'tcillCtd sulphur "';lh $horl n:~,," ';Im in Ibis re••"""i,. \~ flwc may be
,,;;!hin the flIngt: 3.5-30 TIS year"'. Hitchcock (1975) estimated the thlll of
reduced 5I.IIphur mto lIlie continental umosplwol't to be 2-5,4 Tp year-',
",-hic:h qree....ilh the Jooo.-cI linu, 01 OUr~tc. Rod"" and lsa~n (1980)
esrimalC the Il>UJ non of redUl:ed sulphur "'ilh >bon =i<k""" tune onto the
rontincouJ and ocean".~n: lO be. al lII05l. 40 TaS Jur

In oondusoon ..~ ilIall _nl>Oa the al:unalC of Adamo ... fII.. (1979) of I,""
cmissire of<;;arl)onll wlpilldc from soil; 0.23 TgS )ur~'. It is aho DOIC..-onby
that <:a1bonyllU1pbode (aDd sulphur dioxide) m2) be fofmcd dlilOll& fom:!
fit«, but ac ba>c made DO eslJCMlC of the lII<Ignitude of !has nux.

4.J-J MollalI \\ tatbrrlolt 01 Soalpbalcs from the C...l1......tal Souf-...

Ahnost alllll'~"'10rsof the pobaI atmOSpheric: sulphur cydc IJ"O"' lhill
DUll (ErikSllOll. 1963: Jun~. 1965; Kellogg ... /Ill.. 1\172: friend. 1973) or
CO<ISider il to be iM'l"ifant (GBrulU' QL 1976).~ eakulalion of Granat
... «l. (1976) ,,-u bued OIllhe Ullmale of BUlcbcr and Q>arbon (1972) lor the
toUtI emISSion of toll dust intO tbe almOSphcn: (200 Tg )U1 '). (irana, ... aI.
(1976) ~med that only one·third of this amount is submlCl'(>n partICle.<
""hicb a.., Tran.f~rred o,'~r ronsidcrabl<: d'Slan«s. and 1M>' funMI .16umcd
that lhie sulphur ronl~nT of dust approximaTel Thai of ""ellMted lOCh
(0.33";'). Thul Gran'l II aI. (1976) estimated lhe aeolian sulphur ~mission

into Th~ annospM'" 10 be 0.2 TIS year '. ,,'hich il a negligibl<: qu.mit)' wh~n
compared with The anthropogenic ~mission. Al 1M """" lime lMy underline
lh~ po..ibilily of 8 consi~rable contribution by wind ~rosion 101M sulphur
nux into tM almospMre 81 region.1 and local Ie"ds. Th~re ar~ dimcultl~s in
the ~>l,malion of I~oli.n sulphur emission .imilar 10 those found "'Mn
eSlimaling "okamc em'sslORS. In bolh ca~s lhe emission vlrieS signlflClnlly
with ",ace and "me we "templTo re-<:Sl'mal~the amounl of Ioeoliln sulphur
emission ba""d On obse1'V1lTions of d"" n""es mto 1M alltlo",he",. lhe sul
phur conlent m tilt dust!lyer of soil and in tilt d"'t proper. and from lhe dust
depo!oilion in .rid zones. elc.

T'hoe d"" prodUCC'd by "lnd ~rosion rises 10 lhie 'lInOSpMre III 1M arid
""Dtl of CQfIlInents. The anntlll ~>"" for .aoo mm roil'lCidts reasonably "..,ll
",jlh lhie boundl'1' of lormalion of d""-.w..... (Zatharov. 1965). The lolll
lrea of IheS/: lOllt'S IItlOUIlI5 10 mo.., tlLan 37 x Io"tm', of "bd1
15.2 x 100tm' G III Ell..... 13.7 x 100km' III Afnca. .12 x 10'km.'
in AII.nalia, J6 x 10' km' l1\ North AIMrn. .ad 0.2 x 10' tm' In

Soul.ll Amem. ".turally, IS dUSl:...orm. are oa:asioDaI ~''''nts. lhe dll5ty
>llIDC occupie1 substanTl.lly Ins area at ctrtlm min. There IS no de&r<Vl

definition of a dlQol~. and Tilt< un~ tJl", l1\tel"pRIIUOft of "'pons on
dusl-swrm. in dUkrenl reJions of the "mid. DUSl:-UOlm'S rna)' occupy IfCIS
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from several tenS to millions of >quare kilomet"'•. They "at)' al'" with time,
local dust-storms last for less than an oour, but ",metimes they m.y continue
for twO days and mOre. Berg (1947) ""ted that in Middle A,ia in the Osh
region there "-as only one day witbout dust during the "'bole §ummer of 1913.
Depending On the colour of lhe weathered soil. we recognize black. "'d
(brown. yellow). and white SlOnoS (Nalivkin. 1969). In lhe first c..... cher
""zem "'ii' a", eroded; in the ...cond. the ",ils are charaCleri>lically colour.d
loams. sands and day; and in the third case "'hen salin. ",Us are .roded. the
sahs colour the dust panicles white, Usu.lly sahli from saline ",ii, contain
considerable quantities of sulphateli.

E'timate' of dust f1uxe, into the atmosphere vary o"er a wide range and the
situation is impeded by the fact that there is nO dear agreement of the upper
limit of the size' of dust panicle,.

Table 4.8 summarizes the d.ta On global rales of dust emissions into the
atmosphere. We think thaI the majoriry of these estimates are not in accord
with observed f1uxe. for aeolian material on to the e.nh·s surface. For
example. Kra."henko (1959) pointed oUlthat 200 Tg of dust faU annually in
the Volgograd and Saratov ",gions of the USSR (total area 0.2 x 1ft km').
Howe>'cr. il sbould he nOled that experimental melhods for measuring dust
d.position are inaccurat•.

If ,,'e assume that such rale. of deposition of aeolian material apply in the
minimum case to one_third of the arid zoMS and in t!>e maximum case to the
"'oole area of the arid zones (37 " 1ft km'). t!>en ""e Obtain a rate of aeolian
weathering of 12 ()(l(l to 37 ()(l(l Tg ~'ear-I. It is possible that a substantial
fraction of this flux is of. local char.eter, and is therefore not quite compar
able to ",me of the olher estimate,. A<:<:ording to Mat>'eev.r al. (1976). an
a>..rage >..loe for deposition of dry dust on the territories of Sta'o'TOpol and
KT1I>no<!ar regions and Kalmyk ASSR is 7S km-' year-I. This i,. minimum
"aloe ,ina: the wash-out of dust with precipitation has not heen laken into
account. Using this rate and a..uming the area of the global arid zone to he

Table •.8 Flux of aeolian du", into ttl< atmo<ptl< ...

'"'00
'00

7-365
200" 100-15-75

"""00
1000-3000

Comm.nt'

All .....,
<~ I'm

<20,,01
Only in sub-Aral ...gion
Only in Ukraine. t928
Only from S-ahara

R.t.......,

Buu:hef and CtlartliOl1 (1972)
P.terson &Jid Jung< (1971)
P.t.""n and luna< (1971)
Hid~' and Brock (1971)
Joseph" al. (1973)
Pet ...nchok (1979)
Grigorie. and K<>n<i...tiev (1979)
Da,loeh &Jid Tru,hkovs.ky (1%3)
Mon!.s (1979)
Pr<>cnl "..,rk
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12-37 x IO'km'. ,he rate of aeolian "'eal~ring ;5 estimated to be
1000-3000 19 year-t. The hightrestimale {compared to olMn in Table ~.g)

is reinforced by the data of Origon., and Kond,al~v (1979) on dust
emissions in the sub-Aralll'gion which mak., up no more than 1~ of the aua
of arK! ZOne. of!!It' globe. ""trenchuk (1979) ••timated the dusl.mission into
the atmo,phere Illhe globalle,-.I from the terrigenous material in precipitation
(panicle, <20 I'm) to be 8000 Tg ycar-'. In ,ubsequem work "'C will usc the
value obtained from the data of Mat,'et'., oJ. (1976) of 1000-3000 Tg
j'ur '. We find it unreuonable to con,Kk, only ,ubmll'ron fJ1lction. of du.t.
a, was done 1».' Granatel al. (1976) 'ince larger panicle. are also lrano;fe,,,,d
to distance. of lOOO km Or more,

Table 4.9 summa"",,, the data on the .ulphur coment in lhe dust layer 01
soil and in lhe aerosols ofarw'! :rones, The (tala showlhat saline soils ..n make
• major contribution to the sulphur content of aerosols. These 5Oil' aro abun
dam in arid ZOnes (Gcrasimov. 1959; Capot-Rey. 1953) and. according to lhe
,,'ork of KO"da and Sabol" (1980). lhey co"er 9,5 x 1(1 km'. Hero a clear_
cut fractionalion of sulphur with depth 'sobserved. This i,due 10 lhe facllhal
underground "'ater.; rise to lhe surface. e"aporale. and enrich the upperm<>st
layer of '0,1 with sail> conlain,ng 'Ulphale,. A ronservah"e e,tlmate i' lhat
lhe sulphur conlenl of dusl is within lhe range 0.3-0,7,,", (The min'mum
,'alne coincides "'ith lhe estimale 01 Granat ., al. (1976) for lhe a"erage
,ulphur oontent of ....ealhered rocks,) Consider;ng the possible IOtal emission
01 aeolian du,t and u, sulphur ronlenl. we ",,,mate lhe """han em,ssion 10 be
3-21 TgS year-'.

Zverev (1968) ..kulated lhe average deposition of sulphate in arW,! zones
of lhe USSR, He singled oul an arid zone with less than 377 mm of precipila
tion per year (aro. 3 x 10' km') and a df)- :rone wilh Ie.. than 149 mm 01
precipitalion per year (area 2.45 x 10' km'), The rate of dry deposilion of
sulphale "'M I.~ gS m-' )'ear-' in the first ZOne and 1.8 gS m-' )'ear-' in lhe
second.

The major part of thiS sulphur i, of aeolian origin, Even if we aSSume that
only hall is due 10 aeolian emission "'e obla;n a value for the .ulphur flux in
lhe USSR of 4.7 TgS ,-ear-'. If the rale of sulphale deposition in arid zone, of
lhe USSR i, characlerishc of all arid zone, of the ,,'orld. we estimate the
global aeolian emi..ion 10 be 32 TgS year

The significance of aeolian emission in the inpul of sulphur ;nto the atmos
phere is illustrated bj' Iwo while du,Htorm.s in the region of the Caspian Sea
on April 11- 12 and 18-n. 1955 (Kravchenko. 1959), Routes of transfer and
zonesof du51fall are ,ho,,'n in Fig. 4.2. During Apri111~12 lhe du,,·hatt waS
accompanied by lhe formation of an ash-grey film -0.1 mm lhick o'-.r the
territories of Kalm)'k ASSR and 50Ulh of lhe Amakhan region, Analyses of
the sedimented material showed that ...'ater-'Oluble salt. accounted for ~1.4"".
and consisted mainly of sulphale. (90.6""). About 25 kg of sodium 'Ulphale
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fell on each ~cla.. ncar Elista in 35 h. A' ,,"en from Fig. 4.2, Eli'la "'M at
lIIe leT)' edge Oll/x zone of dust f~lI-oUl dunng April 11-12 Undoubtedly,
ncar l~ I'<'gion of du,! formation. 1M ;n{cn';t~· of lail-oul might Ix higher by
an order of magnitude. let us ."ume an Iv.rag. lail-oul of 100 kg of sodium
,ulphate on a M<:tare or 2.25 gS m·'. Assuming tbe area of sedimentation to

be: _4 X lO" m'. then {be amount of ,alphar entering the .tmosphe.. wilh
aeolian dust during thi, ,torm ....a. 1 Tg.

llIe white dU'l-SlOrm durmg April 18-22 "'a, larger. In thi' OR'" the ...It·
haze covered the Astrakhan. Volgograd. Voronezh, and Saratov regions and
tl\<, zor>< of du'tlall extended me", Ihan 1500 km from thoe place offormation
(Fig. 4,2). In the Volga region. the thickM" of s.a!! Soedim<:nt ,,-as 1-2 mm,
and over the ..maindl:r of the territory;t wa. 0.5 mm. In ""me region, there
,,·ere sediment' 2-4 mm in thickness. The upper limit for tbe distribution of
the du't-<:Ioud "a, 3-4 km. As.uming an a"erage thickness of sediment of
I mm. then at a sediment density of 0.3 g cm-' "·C obtain a total du'tfall of
0.3 kgm-'. Since this is the same region as that of the dUlt·Storm during
April 1I-12. "'·C may assume that the chemical comJlO'ition of the dust is

.•.••.•.•. 9....""" 0' ...,
*_,t,on.~.'" "·U "'S5

____ 9"""""', of ...." \*__.A..-. '8--22 "','
.....'.......'oo .. oo" ....t

r---

,
~".

FI" 4.2 Are•• of duSf deposition during ,be ,.-hot. dUSf·Sform, in April 1955
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identical 10 lhal discussod previously, The area of fall-ouI, acrording to
Fig. 4.2. amounts to -8 X 10" m' T~re10re (after allowing for c~mical

compositIOn). on April 18-22 1955. more than 30 Tg sulphur entered
lhe almosp~re and were transferred a considerable di'lance,

Similar e,'ents happ<:ned in 1933 in lhe USA w~n huge amount, of sui.
phur were lransferred mOre Ihan 1000 ~m from lhe region belween lhe S,erra
Ne"ada and Ihe Roc~y Mounlains (Fen, 1961), and in 1950 in lhe Lower
Volga (Zamors~y, 1952). Unfor1unalely. in t~se cases no data are available
on lhe chemical composilion of the ,ulphur-rich du't or lhe denslly of t~
sedimenls,

Undoubtedly ,~se events are rare. Their singularit\ consists nO! in lhe
amount of saIl dust entering lhe atm",phere bUI in the unusual slability of the
atmospheric transport process which carried the ,,,It·hale into regions w~re
il does not usually occur, Local dusl-Storms wilh high!>att conlenlS very often
occur in Ihe Aralo-Caspian depression (Grigoriev and Kondratiev, 1979;
Romanov, 1961), We condude Ihal atl~ globalle"el, the previously esri.
maled m..imal value for lhe aeolian emission of sulphur (21 Tgyear- L

) is
doser to t~ true value Ihan the minimal one (3 Tg \'ear-').

In conclusion we eSlimale ,he sulphur I1U1 "'i'h dusl from Ihe Sahara. A
number of invesligalors (Blichen and Georgii, 1971; GravenOOrst. 1975,
1978) noled the inereasod concentralions of sulphale in air masse, from lhe
Sahara. Gra"enOOrs! (1978) found lhal Ihe sulphur conlenl in lhese is
-0.5 J<g m -, higher than in dean Atlantic air. Assuming lhal lhe widlh of Ihe
dU'I·la)'er is 1000 ~m, lhal lhe a'erage altilude of lhe layer is 2,5 km, and
lhalthe mean wind sp<:ed is 5 m sec L. and laking into account Ihat half of lile
time the wind bill"" from lhe Sahara lowards th¢ Allanllc. the annuall1LIX of
sulphur from ,he Sahara 10 the A,lan'ic sllQuld be -0,1 TgS year-'. This is
Ie"lhan half of the eSlimale of Granat tI al. (1976) for the global aeolian
emission of sulphur. II should be nOled lhat "e did not eSlimate the emission
butlhe l1ux of mlphur carried al a large dislance lrom lhe 5OUrce. Therefore.
the (Slimale of Granal er ai, (1976) is undoubtedly too low. Glaccum and
Pro,pem (198ll) presenl a h\'polhesis ,,'hich conflicts ,,'ilh our condu,ions.
They suggesl lhal gypsum is formed during the lran'port of Saharan dUlt by
reaction of sea-!>all cakile with sulphur dioxide, HIS possible to improve t~
estimate of global aeolian emission by generalization of the experimental dala
for all arid zones of lhe globe, For lhe present we assume lhalthe aeolian
sulphur flux in'o ,he almosphere ;1 20;!: III Tg year'.

4,3.4 Emission of Sea salt Sulphate from lhe ~an

Significan, amounts of sea!>att conlaining sulphate enler t~ atmosphere as
sea 'prays, There are several quile conlradiclory eSlimate' of lhi' emission.
Eriks50n'. (1960) estimale of 44 TgS year-I i. the most commonly cited
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figUTl:. whern. ,he lowest estimate from the data of Bruevich ond Ivancnkov
(1971) h DOlg j"car- 1 and from GralXlv~t.y"i (l9~6) u:ork it It
700 Tgyear-'. Recalculation of Selezneva', data (1977) gives a value of
300Tgyear-1

•

ErikS1lOn', (1960) .'limat. was I»sed on lhe aSSumplKm [hal the ralio of
.ulphate. in sea salls «:dtp::rsiu.d into the ocean and transfern:d to continents
is the same as that in moisture .vaporated O'"e' the """an (i.e. 9 , I). In our
opinion, such an approach undc«:,lim3lu the magnitude of marine sulphate
emi,,;,,n, since il is un",a1iOflable to belie'-. that the'" ratios should be the
same fOT waler .'apouf and aerosol" This become. evident if we take into
accounllhe rac, th.l rhe Jl:sidtna: time of WateT vapour in the atmosphere is
-10 days (Junge. 1972). whereas that of aerosol panicle. containing sea s.alt
is undoubtedly less. Of great imponance in tl!;' case ;. the assumed upper
limit for lhe sizes of salt panicles,

Tho size of panicles corresponding to lhe ~position",te in lhe atmosphere
of -10 em sec-I is asswned as a conditional limit, Tho re.idence time of .uch
panicles appears to he se>'erall>ours; tltis is suffICient for their transpon o'er
con.iderable di.tances, and in panicular, for their transfer to the continental
atmo.phere, Large panicle. differ from small one. not only in atmo.pheric
residence time but al'" in composition (see below).

At present there are two ,ie",'. on the contribution of sea salt to the com
po.ition of atmospheric .ulphates o'er both the ocean and land. Tho first
stems from lhoe kno".-n welghl ralio between callons and anions in sea·",'ater.
",'hicl! i' prncticaU}' in>ariable in any region oflhe world'. ocean. It i. assumed
Ihal Ihi' ralio doe. not change during lhe transler of sail. from thoe ocean 10
lhe atm05phere. The contribulion of sea·""aler ,ulphale. in any sample can be
calculated from the relations (SOj-)/(O-), SOj-)/(Na'), and (SO;-)/(Mg").
in sea water via the fonnulae:

(50;-)" - (SO;-) .. - 0.14 (0 )

(SO;-)•• - (SOn.. -,0.25 (1"a')
(SO;-).. - (SOj·)... - 1,89 (Mg")

where (SO;-)" is Ihe quanlity of 'excess' sulphate formed in lhe sample from
non-marine ",u=, and (SO;-) .. i. the 10lal ,ulphale in lhe sample. Accord
ing 10 Junge (1%5). the use of lhe ratio (SOl-)/(Na') - 0.25 ;. preferable
.inee aero",l products may lack chloride due to it, volatility. Many in"er
tigators use lhe ralio of magnesium 10 sulphur in sea·...aler. Such calculation.
presume the absence of any fraclionation bel"'..en lhe basic ions of sea sah on
formalion of sea·salt aerosols and assume thaI Chloride, sodium, and mag
nesium ions are ..du",-ely of manne ongm,

Exce.. sulphate, are found e'.'Y"'bere in 'he atmo,phoere ...hoen these
relationships are used, According 10 ,h. first >'iew the .xce.. ,ulphate
formalion over the ocean is USUJllly e.plained by biogenic processes and
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cmMion of pscous su/plIUI oompoWKIs hom lIx ocnn mlO Ille am\O!.pMR
folJo.,-ed b) ,he ... Ollid:alion 10 ...lpbotel. Gra~"horsI (1975) uplam the
'>1libbWty of U~Sli Sl.lIpha<c:s in the ~an Ott...... a1rnospbtR by the.. IiDr_
lD.J.tion In p-JIl- ructioM rather than II) frlclionatiou of chlol'1llC and
mlpbale ions. To SU9JIOI1llis ide. he .sd1lCa 1I~ filet Iltal 'ucns' sulpha•..,
art pn~m as smalk. wfO$Ols (0.1-1 Jtlll) INn aU sulpha,.., (0.5-10 ,11m),

lbe >eOOlld 'leW IlO N>ed 01\ the mecban...., of lOCI fr.CUOlUOl>On

durin!! IramScfofsal15 into the atmosplle'R. Bnoe.idt.1Id Kulik (1%7) nowd
WI d"nIlI dill: evaporation of ~'_""'Cf and ,he IraMler 01 .unospbenc
precipitation from the ocun to land .nd their funher tran.fomunion. 1Iw:
ooncenlnl1ion of sulph.oles ,""'u.... c:omPlrtd to chloruw:. AQ;OrdLOI to
\..l\mgstone (1963) the me.n (50;-)/(0-) ratIO f". ""N runoff 1101 upoKd
10 .mhroposenic inl1\1tlltt is 0.82. In rain·...·.lcr 0\'('1 the PacifIC and Indian
«<'nS it i, within the ran,.. 0.39-0.63. in AntarctIC >now;t is 0.80. and In

rain.wate. over the Black ~a it i. cqlLllllo 0.42, All of the.., ratios c~ceed the
val"" of 0.14 characterisTic of "'.· ...'.ler. From an analysis of the aboo.e data,
Bruc.ich and Kuli~ (1967) oon<:luded that sulphales are lransfemd prt'.
dominanlly 10 .cr<»ols while ehlondes rt'main in Ka·" alef, Conlinenlal ri'-cf
runoff Os nc:h in sulphale and oompeMllle$ for lhOs prcferentia.lloss from lilt

~."
Chan,es m lhe IOfl ratIO on lransnion from lhe oa:an to ll>e aunosphert'

art' also eharaclerisUc of ll>e otber axnponcnl$ of Ka,"-alef. To npla,n the
fractionanon. h)l'Olhncs ha,-c b«n pul fororo"l.fd ~d on difkrcnccs in
alDmic ,,'e'lbQ.. ionic eDC~, ion h)"dntlOlll'lldu. and ddfert'ncn In surlXlr
IDd YDfumc eoncentnlliom of KB WI$. Hooo.,.... , ll>erc is uiIl no Sl.t~'
ap!aJutlOfl fol the mechanism of frxtionItion. From anat,Yi of many ions
in KI sa.l~ Korzh (1976) ohowo"Cd WI the frII:tlOlUluon 0ttUn ,,'hile passml
the occao-aunosphcrc iDt..rtaa aod lhe tatOO of ions "., the atmDSJl/lere IS
mnntttcd "'ub tbe" ralio in K","'alef by the follo'."ng empcncal rt'llt»n:

"'here C A and C" arc molar conccntrahons of any ion lksignaled A and tbe
chloTlne ion. lespeeli"e1y. Accordini to Korzh (1976), the contribution of
sea sail sulphate! to lhe compoSItion of almospherlc: aerosol' should be ClIlcu·
laled from the formulae:

(so;-).. • (SO;')... - 0.38 (0 )

(SO; l•• - (SO;').. - 0.67 (Na")
(SO~-).. - (soj')... - 2.71 (M,")

It shouJd be no~ that dICK formulae a.R _ llIu'-crsal smcc they con
ttadlO many UpcrimellW rt'5UIts. lbe corul'lldicUon rt'.idc, mll>e fact thaI
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the calculated contribution of sea ,ulphate, may exceed the experimentally
detennined quantity of sulphate!: i.e. the coefficient, 01 0.39, 0.67. and 2.71
are overestimated, This is observed when aerosol, predpilation, and dry
deposition are sampled clo"" to the coasl. DiscuSSion of these me<ohan'sms has
continued for many years and the problem is still far from solution (Granatel
aI.• 1976).

Changes in the composition of atmospheric moisture 0"'" oontinents and
further changes in 1M contpoJ;ition of ri""r runoff are indicative of tM exlent
01 continental participation. Konh (1971) estimates that 15.9'0 of the sul
phate in precipitation over the USSR is ofoceanic origin. based on the a'SIump
lions that 100% of 1m: chloride in pre<:ipitation Over the USSR come, from
the """,an and that It>. sulphate of <>aan;" origin can b<: calculated using the
,ulphate to chloride ratio ob<erved in Ihe ocean. Korzh (1971) also calculates,
using identical assumptions about the chloride. that 16'0 of the sulphate in
world ri"er runoff is of <>aan;" origin. He further cakulates that 28.1" of an
salt, in world river runoff are of oceanic origin, Other workers ha"e e'timaled
lhis lalter comJXInenl to b<: 14'0 (Sugavara 1964), 10'0 (Poldervaan 1957),
and 6" (Clarke 1924). After ronsidering these figures. we sugge't that
Konh's (1971) eStirnale of 16" may he an upper limit for the pe=ntage of
sulphur of oceanic origin in "'orld ri,,<,r runoff

II seems reasonable to assume that oceanic sulphate, form 10'0 of lhe tOlal
sulphates of river_waler. Then, taking into aCCOunt lhe Sulphur COntent of
ri''<'r runoff (60 Tg year-'), the amount of oceank sulphur in river runoff
returning to the o«an amounts to 6 Tg }'ear-'.

4.3.5 AnthrollOllenic Emission

The main human activities resulting in sulphur emissions 10 rhe atmosphere
are lhe combustion of fossil fuels for the production of energy, smelting of
ferrous and non-ferrous ore'. oil processing. and producrion of sulphuric add,
Sulphur occurs in all f""il fuel" but its content "aries widely. The 'pure,t'
fuel with regard to sulphur is natural gas: on a"erage the ,ulphur concentra
lion IS 0.05" S {b}' weight). although lhere are sources. for example, in
Albena, Canada ",hich conlain almost 81}% of hydrogen sulphide in ga,. In
African oil' (Algeria and Nigeria) the .ulphur conceutration i' u.ually
0,3-0.5" by woight. whereas in Venezuelan oils it exceeds 5'0 (Santa_Olalla,
1973). The .ulphur rontent of coal. average, 2,2'll> (by weight) throughout
the world (BhatIa. 19i8) and may ,aI)' from fractions of One percent to 5"
for ",me coals from DonbaSS and Ruhr deJXISlts. and reach 8'0 or more in
Kizclov,k coal,. USSR.

In nalural gases and oils. Sulphur e,im as hydrogen sulphide and organ;"
comJXIund, whereas in coals il is presenl a, organ;" rom,.ounds, pyrites. and
'ulphate, The sulphate concentration in roals is nOl high. mually within
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0.1..(1.2% by weight. On combustion. organic $ulphur and pyrite are o,idi'!ed
I<> sulphur dioxide (and partially I<> mlphur trioxide) and IOgether with flue
gases are released imo the atmosphere. It is generally accepted that 95'" of
the 'ulphur in luel is released imo the atJll<>$phere on combustion (Kellogg ~I

al.• 1972). and 96'" of this is in the lorm 01 sulphur dioxide. the remaining 4'"
being ,ulphur trioxide (Kiyoura <1111 .• 1970).

In ore, of non-ferrous metalS. sulphur exists in the ,ulphide form (pyrites),
The sulphur concentration in OOme pyri\e$ reaches 45'" (dry weight). During
smelting. predominantly of copper. zinc. lead. and nickel. mlphide sulphur i'
(",di~ed to sulphur dioxide, If it is not utilized for other processes, it is
emined into the atmosphere.

The contributions of various industries I<> ,ulphur dioxide emissions differ
depending on the country. reflecting the general extent of industrialization.
the development of indi"idual industries, the pr~dominance 01 some types of
fuel balances. etc. For example. Canada i' characterized by' a high level of
emission from smelting of non·ferrous metal' (65'" of total emission; Brown.
1973). The sulphur emissions from large industrialized countrie' are
characterized by a predominam contribution from energy production based
on coal and o~ as fuels. Table 4.10 sho".., the sourceS of anthropogenic
sulphur emission~ lor the USA. England. the Fede'al Republic of Gennany'.
and the USSR. from which it is e"identthat the emissions COme mainly from
energy production and metallurgical processe$ in each 01 these countrie"

Anthropogenic emission is not constam with time, Its ehan~s are mainly
conditioned by the une"en consumption of fuels for heat and electrical
energy'. Three type' of periodic fluctuations can be singled oUl: daily. weekly.
and seasonal. The daily fluctuation' 01 emission in the USA a", ahout 20'l0
(Lavery ~r al,. 1980). Weekly fluctuations are characterized by the marked
decline in emission on Saturdays and SundaY". due to the decrease in the
load of thenn""lectric power stations. The "'asonal "ariations are ellaraCler
i'tic 01 Europe. "..ith maximum emission in wimer due to the heating of
buildings and the prolonged u'" of electricity for illumination during the long
hour; 01 darkness. According 10 Barne' (1976). the ratio between winter and
Summer sulphur emissions is 1,6: I in England and Wales; DECO (1977)
estimated this ratio from maXImum winter and minimum summer eraissions
for western Europe as -2. An inte",sting cllange has been observed in the
USA where ma~imum winter emissions occurred in the 1950s. Since 1%0.
the summer emission. have mereased annually by 5.8'10 and winter emissions
by 2.8%. Tllis is due to the increase in energy consumption for air-wndition.
ing during summer and it lias resul<cd in maximum summer emissions in a
number of regions 01 the USA (CAPITA, 1978).

Estimate' 01 the global anthropogenic sulphur emission have been made by
a number of ~uthors, e,g. RobInson and Robbins (1968) and Cullis and
Hirschler (1980). These e'timates ,,"'ere based on statistical data for ooal



Typo: of r'tXhoc,;"n

USA

E"vlTo"nocntul Qoality (1971):
EPA (197S); RO<Icrid (197S)

G,,,.. Il,i,.",

Fjeld and Otta,
(191S); Rc.y(1973)

Fjeld."d 0,,",
(1975)

USSR

B'od'ky (1977);
Solo",.,in. (1977)

(no)
(6,9)
Ox)

(I 7~1

Io"c,~y 10.65
I'ctrvlc",,' !o'c"lmcnl lI"d ",r.""'Y I,M
I'clfoo, "",,,.Bo,y I 4.0S
N""·krn",, "",'allu,l'J' .
hld",,,,.II"o,;,,,',,, I

"W
('0.,1 rn""''''''~
Otll<" 1.1
To,"1 19.3S

OF'S",,,", ",,,,,",1><,.,, d,,,.,,,, ...

(SS, 1)"
(8.6)

nO.x)

LH
0.'
0.15Iu.S I

0.10 (JIl)
0.3 (ILS)
1.9 (100)

I
1..1S (SKS)
o IS (S.8)
01.~ flO.~)

O.SS fN 9)

2.3 (100)

""'U
1.2S

IU,5

0.5
'A

B.6

(SI8)
(1.1 )
(9,7)

fl~.5)

(U)

('.1)
(lOA)

(100)



The Atmo,pherk: Sulphur Cycle

production. petroleum production and procC$$ing. mctal smclting, and on
cmi$$ion factors per production unit, Rodhc (personal communication) has
r~vicwed tM independcnt estimatc' of emi"ion and has prepared a diagram
showing tM increa.. in sulphur cmission on a global "'alc during the last 120
yca" (Fig, 4.3), "The global anthropogcnic emi$$ion of sulphur in 1980 " ...
cstimatcd to be 110 TgS (Cullis and Hirschler. 1980). During combustion of
fuels part of thc wlphur may b<: cmilled in the form of sulphatc; thc pe=n·
tage depend, on the a,h content of thc fuel and rna)' vary from 2% for liquid
fuels to 5~ for lignite. and shale. with high a.h content (Danil0va and
Dcrgach)'ov. 1977). From the data of Culli' and Hirschler (1980) and
Danilo-'a and Dergachyov (1977) it may b<: assumcd that the anthropogenic
flux of sulphur dioxide is 98 TgS ,'car-' and that of sulphate i' 12 TgS ycar-'.
givin8 a total of 110 TgS year-I. We consider lhal an uncertainty of ~ 15,.
should be assigned to these cstimatcs.
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It is difficult 10 estimate the emissions of hydrogen sulphide and other
""du""d sulphur compound, into the atmosphere. ~"" is one opinion that
this emission is insignificant, because the range of hydrogen sulphide concen
trations is even in space and has 00 time fluctuations. However. Georgi;
(1978). in considering measurements of hydrogen sulphide concentrations
ovu the Federal Republic of Gennan)', concluded lhal the contribution 01
anthropogenic hydrogen sulphide to the total anthropogenic sulphur emission
may be signifICant in certa,n regions. This condusion waS supported by
Joes<:hkeet al. (1978) and Smither al. (1961). In his comprehensive work
devoted to the emission of organic sulphide' from industrial ""Ufees, Bhatia
(1978) singles out the following basic <;ouree, of reduced sulphur: gasification
and cnri<:hment of coal. wood working. oil processing. some synlhelic material
produclion, krafl-paper production. eiC. Unfortunately. Bhatia (1978) proo
",nts no estimates of emis>ions except for the emissions of hydrogen Sulphide
from paper·mills which vary "'lthin the range 0.64-4.1 kgH,S per t of dry
pulp. More concrete estimations ""ere made by Sitting (1975) (",e Table 4.11).
The data of Kalyuzhnyl (1961) and Jarzebski 01 al. (1971) on hydrogen
sulphide emission Irom the ferrous industry and coke firing were u",d In the
preparation of the'" estimates. a< was the data of Komel (1980) on paper
production.

The -.lue gi"en in Table 4.11 " probably an underc>timate of the total
amount of anthropogenIc emission of reduced sulphur into the atmosphere,
Several proce''''' have not been laken inlo account which must make a con
Iribulion 10 this flux. for example, production of plastics and ,ynlhelic fibres
and oil processing, The pos>ibilily of significant eml"ion, of hydrogen sui·
phide from fuel combustion has been po,nted out by Sitting (1975). bul no
attempl has been made to quanlify Ihi, flux, For global estimates, we shall
assume the amount of anthropogenic flu, of reduced sulphur wilh short resi
dence time 10 be 3::: 2 TgS \'ea,-I which is in aiXord with lhe eSlimale of
Rasmus",n eI al. (1975),

Anthropogenic emissions of carbonyl sulphide and carbon di,ulphide poss
ibly occur in a number of induslrial proce'ses. but Ihere are no reliable

Tabk4,11 AnthropogenIC emi..",n of ,hon·Ii,·ed ..doad
,ulphur in 1980

Indu""

Paper.mills

Cokin~

PI~-Iro" "",lting
Cement production

Total

Compound

Mere,plan,
li,5. D\IS
He'
H~

H,S

EmISSIOn (TgS ~.... -I)

Ol---OM

0.07-0,7
0.1---0,5

"
U-3.0S
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estimates. According to Crutzen rl Ill. 1979. carbon,'1 sulphide emission dur
mg biomau combustion. including naturally occurring fire'. amountS to
0.24 TgS year-' on a global scale, Hoffman and Roscn (1980) estimated the
amhropogcnic emission of carbon disulphide in the USA in 1973 to be
0.085 TgS year". By 1980 this "al"" may reach 0,1 TgS fear '. Assuming
that the carbon disulphide em's<ion in the USA accounts for one-third of the
global eminion. "·e obtain a ,·alue of 0.3 TgS )'ear as a global estimate, fn
,·iew of the paucit)· of data no attempl has been made to estimate the global
amhropogenic emission. of reduced sulphur compounds with long atmos
pheric residentt times.

4.4 PROCESSES OF SULPHUR RE~10VAL rRO~l THE ATMOSPHf;RE

In this seclion "'e include all processes resulting in the elimination of a
given sulphur species from the atmosphere. even if sulphur is not remo'ed
from the almosphere in the process. Therefore. chemical transformations of
.ulphur dioxide and reduced sulphur compounds in the atmosphere are
included. Where possible .....e r.lt.1l generaliu obse,,·ational data ronceming
the intensil) of lhe various processes.

4.4.1 OxIdation ot Rfdoctd Sulphu< Co-mpounds in tM AtJnOSlll>ere

TIle atmosphere is a sy·stem "ith oxidative propenie,.•nd therefore all
reactions in,'o],·ing ,'.Iem:e change. lead 10 the formatlOn of sulpha" O"da.
lion of reduced sulphur compounds may o«ur In ga•. phase reactions. on the
surface of solid panicle .. and in lhe liquid phase of cloud drops, The chemis
Iry of these re:Ktions has been described in detail b) Heicklen (1976). D,,·;-'
and Klauherg (1975). and Harrison el Ill. (1976). Here we Shall oonttmrate
On lhe estimation of rate. of Ihe most imponant chemical reaclions of
reduced .ulphur resulling in its removal from the atmosphere,

TIle most imponant reactions for lhe gas-phase oxidation of red"""d sui·
phur oompounds appear 10 be those involving the h)·droxj'l (OH) radical.
Measurements of these reaClion raleS from the work of Cox and Sheppard
(l980) are presemed in Table 4.12. We aSSume thaI the 24 h ,,'crage
concentration of OH in the Jov,er troposphere is of the order of 10' molecuks
em-I. We use this to rnkul'le the residence time. d"" to gas-phase oxidation
for lhe reduced .ulphur oom!X>unds in the Jov,er atmosphere and suggest that
an a'·erage residence lime of the order of one dB)' is appropriate for the
,oon-li'ed reduced sulphur compounds.

This is consistent ....ilh model estimates by Junge (1972) and Rodhe and
Isaksen (1980). Some"'hat une~peC'le<l in this connection ore the results of
Hitchcock er Ill. (1980) ,,'110 found indications of a rapid formation of aerosol
sulphuric acid near a natural SOurce of reduced sulphur, This might possibly
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Tobie 4.12 Reac,ion r"e, of redllC¢<\ ,ulphlll compound' .. ilb OH
radical< in t'" ,,,,posphere (Co>: and S"'ppord. 1980)

Sulphur compound

m·lDS
MS
m·tS

"''"OC<

Reaction rate con'lan' (cm' molecule L se" L)

(1.33 :!: 0.8) x 10-"
(9.04:!: 0.85) x 1O-11

(9.1'" 1.4) x 10-"
('.0=0.3) x 10-"
(0.43;: 0.16) x 10-"
4,,10-"

he explained by lhe fact lhal lhe ,ulphurie acid pree",<or in this ca.. was
dimethyl disulphide or melhyl mercaptan ,,'ilh residence lime less than a day
(Cox and Sheppard, 1980) (Table 4.12).

In a<:cordan<:e with lhe model <u&ie<led by Maroulis.1 af. (1980) ooncem
ing carbon di<ulphide o<idation. the final product< may be .ulphur dioxide
and carbon)'l .ulphide. Carbonyl sulphide in tum is o~idized 10 sulphur diox
ide. ut uS assume ,,·..age residence time. for carbon di,ulphide of 70 days
(Cox and Sheppard. 1980) and for carbonyl sulphide of 500 days (KuT)'Io.
1978). From lhe concentration. and residence tim.. we can calculale lhe
amOun' of sulphur dioxide formed by oxidation. This amounts 10 1.5 TgS
\'ear-' O\..,r land and 3.5 TgS year' over lhe ocean. giving a lotal production
of 5 TgS year '.

4.4.2 Sulphur Dioxide Oxidalioo in tM At""",pbeTe

Sulphur dioxide may be oxidized in the atmo.phere in the gas phase. on the
surface of <od panicle•• and in the liquid phase of drop/cIS in clouds and fog.
h is diffleul! to say "hich of the.. mechan;<mS ma~es lhe greatest conlribution
10 lhe chemicallransformalion of ,ulphur dioxide at lhe global leveL tbough
lhe majority of in"eSligators are no'" tilting lhe balance in favour of gas
phase oxidation. The kinelic a<pects of .ulphur dioxide oxidalion in the
atmo,plle", "'ere discussed by M6Uer (1980).

The rates of various gas-pha.. oxidation reactions (Cox and Sheppard
1980) along with the hkely atmospheric concentrations of Ihe reaclanls, l..ds
uS 10 .ugg<'.t lhal lhe reaclion with OH ;s the primary one and reactions
"'ith HO, and CH,O, arc !COOndary. (The ratc COnMant for the reaction of
SO, "'ith OH i' 0,72;: 0.16 x 10-" em' moleeules l S(£l, Cox and Shep
pard 1980). It should be appreciated lhat the atmospheric OH con«nltation
probably varies b\' orde", of magnitude "'ilh cloudiness, lime of day...a~>n,
and lalilude (Le. inlen,ity of <olar radiation). Direct measurement. of OH
ha,.., nol been made On any ulen,;"c basis in the Io....cr lropospllere. but
model calculalions are re.dil\· available (c.g. Allohuller, 1979). As a oon..
quencc of this OH varialion. "'e can expecl the rate of .ulphur dioxide oxida
tion to "ary greally depending on cloudiness. lime of day...a<on. and lat;tude.
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Direct observations ha>'. shown that tho rate of chcmicaltransformation of
sulphur dioxide depends on the length of lime that the polluted air ma,ses
h,>'e been prese'" in the atmosphere. In a smoh plume near a source. the
rate of sulphur dioxide chemical tran'formation is high and it deereases as the
polluted air is earried awa~' and diluted. In the plume. oxidation reaclions on
the surfaces of panicles and catalytic and ",-,n<atalytic oxidalion in the liquid
phase of droplets are of importance,

Table ... 13 summarize, the rale, of chemical transformation of Sulphur
dioxide under different conditions, These are expressed "" rale constants.
assuming first-order ~inetics. The data are separaled inlo three groups
depending on the les-el of atmosphelic pollution, bac~ground. regional.
urban. When considering Table ... 13. propu allo"'ance musl be made for
change in rat.. of sulphur dioxide oxidation to sulphates with time of day'
(Husar er at.. 1978) and seaSCn (Cal"ert el at, 1978). In this connection one
should be careful "'hen using experimenlal results obtained mainly in the day
time and during warm ",ascn, to e'timale average re,ults. 11>e rale 01 chemi·
cal tran'formation' in plume, mal depend on the r,.'pe of f""l burnt. Accord·
ing to Homolya and Fortune (1978) oxidation of sulphur dioxide to sulphate
occurs 5-10 times faster during the combustion of oil than during coal burn
ing, The authors suggt'st that thi' i' caused by the catal~'tic action of vanadium
and nic~el. the content of which is substantially higher ,n oil than in coal.
These data contradict those of mugi and Jordan (1979) ,,'ho obser"ed an
extremely high rate of sulphate formation on lhe surfaces of coal·ash panicles.
Thel estimated the abiht~' of ash panicles to remo>'e sulphur dioxide to be
0.07 and 0.095 mgSO, mg , ash at 30% and 6O'lo relat;"e humidity. r..pec·
li"ely, This process could be of importance in the immediate vicinity of com·
bustion sources. In the liquid phase of water drops. the oxidalion of sulphur·
ous acid to sulphuric acid occurs rather quic~ly. and the reaction therein may
be of a catalytic (Pen~e!l el al.. 1919) or ",-,n<atalltic (Hegg and Hobbs.
1979) character, In the laner case H,O, and 0, may be the dominant o,id·
ants. a.'idation of sulphur dioxide usuaHy yields ,ulphuric acid. 11>e average
rate of ,ulphur dio'ide oxidation in the liquid phase is determined nOt only by'
the droplet chemimy and the rale at which fulphur dioxide can diffuse into
the droplet. but 01"" b)' the tim~ taken for the fulphur dio'ide molecuk. after
release into the atn>ofp~re. to reach a cloud.

After conSldenng the date of )'1cMahon el al. (1976) ond Calvert et al.
(1978) we aSSume that the a'-erage oxidation rate of SO, in the """anic and
clean cominental atm""ph~re is -0.0033 h '. Liquid·phase oxidalion was not
con~idered; therefore this estimate must be regarded as an u!'P"r limit. The
oxidation rat~ increa"f substantially' under conditions of regional atmo5
pheric pollution. From a conSIderation of the rewllS of McMahon er al.
(1976), Eliassen (1978), Rodhe (I 978). and Hidy el at. (1978). w~ assum~

the a"~rage oxidation rate of sulphur dioxide in the regional polluled aUn",,·
phore is 0.015 h I
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4.4.3 Remo.'al of Sulphur Compound, by Prfclpil.ation

It is (u,toma,') to di"ide the rem(,..al of sulphur compound' from the
atmosphe:re by precipitation into two processes: uptake into raindrops "'ithin
cloud' (in..c1oud sca"enging) and uptake intO raindrops as they are falling to
the ground beneath the clouds (sub-cloud sca"enging).

It is diffICult to distingui'h betw""n in-<:Ioud and .ub-cloud scavenging.
Sulphur removal from the atmosphe:re hy sub-cloud scavenging is greater in
regions of ;nten,i"e atmosphe:ric pollution ,,'he:re mo>t of the: sulphur is found
be""ath the: cloud layer of the: ato>osphe:re. Unfonuna.. ly. information on
rates of in-<:Ioud scavcnging and the content of sulphur comlX'unds in cloud·
watCr and fog is meagre. The most extcnsi.'e in"estigations of the (he:mical
composition of cloud..water ha'" been made in tl>o S<,..iet Union h)'
Petrenchuk (1979). He showed that. in the: eastern region of the European
pan of tl>o USSR. the concentration of sulphate sulphur in ,ub-in,..r<ion
clouds reached 15 lOgS litre-'. The sulphate concentration in precipitation in
thi, region was 3 mgS htre-'. ThissuggestS that rain drops ha.'e a high absorb
ing capacity and that ,ulpha.., may be concentrated in (loud..water during
panial evaporation of cloud-<lrops, Rather high concentrations (1.5 mgS
iitre- ') were obsc ....·ed on c1oud·water 01 the: clean marine atmosphere by Lazrus
., 01. (1970). thoreb)' indicating a high dflCienc:. of in-<:Ioud sc..'enging,
Junge (1965) commented on tl>o ' ..ry h,gh (up to 17 mgS litre-I) con~ntra
tions of sulphate, in log_water, \he" data arc confirmed by Kirkaite el 01.
(1974) "'00 summari,ed a great deal of data on the: chemical composition of
fog ..water and showed that a high concentration of ,ulphates in log''''ater is a
"'idespread phenomenon, For example. they sho"ed that in Lithuania. con
centration, of sulphate in log..water varied o'er the: ranll<' 10-27 lOgS htre L.
"'hile in rain·water the:y "'ere 0,2-5 109 litre'. When mountain peaks are
with'n clouds the dclX'snion of sulphur in fog droplets may be rather high.

There arc many studics of scavenging of sulphur dioxide and sulph.ates
from the ,ub-cloud layer. Mech.ani'm' of sc3\'enging of sulphur dioxide and
sulphate, differ from each other: concentration and surface area of drops arc
deci,ive factors for ,ulphates: for sulphur dioxide. they also include the pH of
rain- or cloud·"'at.. (Hill and Adamowicz. 1977). Sulphur dioxide sca"enging
and o,idation in the: Water phase have been de>Clibed in detail by Adamowia
(1979) and a,'erton.1 at. (1979). "'ho ,tudied the: offcet of drop ,izc
pH of solulion. ammonia. carbon dioxide. and orone concentration in air. and
the time taken for drop. to fall to the: ground. on sulphur dioxide oxidation in
the: liquid phase,

We may assume that the quantity of ,ut»lancc sca,..nged depend. OfIthe
inten,ity of precipitation and ,ts con'en, ,n the sub-cloud la)"er. and that the
rate of >ca"eng,ng obcy, first-<1rder kinetics. where m is sulphate 0' .ulphur
dioxide mass in an air column 01 the: sub-cloud la)'er. and I i. a proportionalit)·
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facto, (often called tM Langmui, factor) which depends on precipItation
inten,i,),. Naturally. as far as a'-erge oonditions of any region are ooncemed,
ItQt only tM intensity of rains bUI tM freq""ncy of occurren"" of precipitation
~uld be laken into a<:coun'. tn 'his case. 1M a"CTage residence ,ime "."h
regard '0 ",a'-enging or irs reCIprocal ~aJue. 'hoe sea"enging facto' K_. IS
gi"en by , ,

------'"K.... f· 1

wMre f is tile f'artion of ,ime wilen p,~cipillllion is occurring and '. is tile
time from an arbitrary moment during a dry period to thoe start of precipi_
tation. Here. to and f are dependen, on tile climatological characteristics of
each region (Rodhe and Grandel!. 1972),

Tables 4.14 and 4,15 summa,ize puhlished data on 1 and <~, for sulphatu
and ,ulphur dioxide. "They .110" that the uncertainty of our knowledge of this
farto, isquite high. When the precipitation intensit), is I mm h-1,he estimates
of 1"" ~ary from 10 't" more than 2.5 • 10-<. An e--en w'ide' range i' found
for .ulphate,. from 4 x 10-0 to lO < If we take f· 0.1 fO! Central Europe.
then l)picall ,'alue. w'illiead to a"erage re,idence times for sulphur dioxide

Lallim"ir foetor Mean residence
Condit;';'n. (oec- I) time (h) Ref".n«

Euro"". ,wn""" 100-)00 Root>< .nd Orar><tell (1972)
Europ<. v,in'er ,,,., Rodhe OfId O"'ndell (t972)

3xI0·'1 MoMa""" ... m. (t 976)
I" • 1 3 ~ 10-' Cbamberl.in (l9SS)
S ~m panicle. 1.6 x 10-' I·' Engleman" (19M)
O.S ~m panic... 10-" Slinn .nd Hale. (1970)

4 )( 10-0 Ewen (19n)
8 )( 10-' Ma'hon·ko (1%7)

E",ope. a"<Jage 10-< Fi.he,(l97S}
rondition.

Europe.•,'era~< 10-0 G.rl.nd (1978)
rorxlition.

Euro"". a"(f'ge " Roobe (1978)
rorxlltion.

Europe.•"crag< lO- o,i Seri"en and Fi>hc:, (19H)
rond'"on.
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ToNe 4, I~ Lanpn"" foem" 4IId IIlUft rniclo_ ,....... fa< Mdph", dooule ...."""'-.:1._-
E..........-..- 10-' , " ~B...:I "'...... fJ9~S)....- 10- • \W.....·to{l96~)
f' • I 1I>-6~1 ~ 10 ot.... (1972)
f • 10 (~.~_.u) ~ 10" Okiul (1972)
I • O.~Z 2.5J~10· H6J'l_(197~)

LS! ~ 10-' E....' Ind HopI_ (1979)
I • 1S 7.4~1O· Ileilke (1969)

HI ~ 10 ., \te.\-f.""" ., '" (1976),. , 10-' Clulmbcrllin (1960)
I· 10 3.S ~ 10 Clulmbc"I,n (1960)
Europe!......ge • x 10 Eli....n (1978)

condition.
Europ<. a..erl~e HI- , Glrland (1978)

eooo,tioo>
EUn)pt.•'erare to-· ",.w, (1978)

1X>rld",o...
E"",pt...e..,. ~ x 10 '00 Ilodbe (1978)..,.,.,,,.....,.- J ~ .0- , \10011 (197 )

".~al'po l_k' "

and sulpbale~ .. iih~ to sca'.ngul&. of 6O-ilO and iG-200 II. respec.
Il,e])

A number of autho.. ~,~ atlelllpte<110 de:lermine tbe .belllni form of
sulpll'" m .....~. fallen "''''. Table 4.16 surnmanzc. tbe n:$Ultsot Ibex npon
~.~

From TlbIe 4 16 il folJmr.~ 1~llboul 80"0> of the sulphu, in pm:ipna,ion is
pr.~m a. !I<llpha,••. Ho.. e'..". IhlS doe. nol mean 'hat .ulplulles Ind .ulpbu,
dio"de: are .....bed Out b) pre.ip'lltion in Ihi-; Tllio. since dunng lbe tim.
taken (0' drops to fall part of the sulphur dioxide: is oxidized to sulphat.s.

Table 4,16 PrOponlOn of ,ulphlte and .ulphi,e in , ..ndn)p$ ruehlni 'Il<
!n)"nd

87_100...." O-ll
IO-!O

"
"-::: 4

Hof'"''''' (197<1)
Hale' and D.... (1979)
O..... /19·9).........,'al)_ *"""" froao en...
Gra'e_ n •. (19S0)
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4.4.4 Sulphur Co~ntntioo iu !'r«ipitalion

Traditionally, Ih~ sulphur content 01 pr~cipitation is d~termi""d by sam·
piing the rain-wal~r and suboequ~nt laboratory analysis. although some
alt~mpts ha,"~ been made to uoe instrum~nts based on ion-sel~ctiv~ ~Ie<:trodes

to determine sulpha/e concentrations during rainy period,. The procedures
uoed for sampiing and analysis are of ..Ireme imponance for a rorrect
interpretation of results. More than 10 }'earS ago il ...a, widespread practice to
uoe permanently open funnel" though in some case, ,amplers were open only
during the rollection of predpita/ion. Later. sample" with automatically
opening caps w~re wid~ly used. Collectors which arc permanently open col.
lect not only precipitation but also dry aerosol maller, According to Manin
and Barber (1978) in East England. the amoum of sulphate in precipitation i,
2.4 times that collected during d'} "..eather. In arid zones "'Ith int~nsive dUll
formation, dry deposition is ,utJ.tamially higher (Mat"eev ~I ai" 1976), When
generalizing ..polimemal data we shall use information gathered with both
constantly open and aUlomaticall) opening samplers. However. the sulphur
COment in precipitation e'timated bl' the first technIque will be taken as an
upper limit.

In the presem section, a, in section 4,2.3, we shall attempt to distingui,h
the contribution by panicle, 01 oea sail u,ing the ,ulphur; sodium and ,ul·
phur, chloride ratios characteristic of sea-water. This is valid for sample,
taken O\'~r the ocean or in coastal zones. In continemal conditions such a
calculation rna}' yield erroneous estimates due to possible {errigenous COn
tribution of sodium and increased volatility of chlorine (Junge. 1965). In arid
zone, this technique is absolute I}' unsuitable .ince the soil' may contain large
quanlities of sodium 'and chlorine.

We shall now summarize data on sulphur in precipitation and e'timate the
sulphur was!>out from the atmosphere on a global scale. Table 4.17 present'
pubii'hed data on the sulphur COntent in precipitation 01 polar and Alpine
regions. As expected, the concentration of sulphur in the predpita/ion of
polar region, i' '''''y low. In Antarrtica, no appre<:iable increase in Concen·
tration is observed in ice layers chronologically associated with the industrial
epoch (last 40 years). In Greenland, how~ver. ttle roncentration ha'
increased signifICantly during recent years. According to Koid. and Goldberg
(1971), the ice formed before 1940 contained 0.027 mgS htre- L

, while the
oeasonal snow (determined in ttle mid 196Os) contain~d 0.063 mgS litre-'.
Delma' (1979) found that during recent decade' the concentration in
Greenland ice increaoed from 0.03 10 O,OS mgS litre . The ,ulphur concen.
tration in Amarrtic ice and snow is of the same order of magnitude as that in
Greenland, va'}'ing from 0.02 to 0.12 mg litre~l. From a consideration ofthe
AntarClic and pre·industrial Gre.nland data, we may aSSume that the minimal
ooncentration of non_anthropogenic ~ulphur in precipitation i< -0.05 mgS
litre-' in these regions. In allttle other regions of the world. sulphur concen
tration, in predpitation ,,'ill be higher.
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Inlere>!ing daw ha,e been presented b}' Vilensk,i and Korole"a (1973) on
Ihe inten,ily of ,ulphur def\Osilion on lhe !uria~ of the ice·shield of Antar,"
tica. The)' showed lhat nUr the coast the deposition amount, to
0.04 g m-' y.ar-' and lhal it decrease' .igniflCantly with distana inland. due
to the decrease in .ulphur concentration in precipitation and the amount of
precipitation in the hun of the cominent. At a distan~ of 10Cl0 km from the
coa.t, the intensity of .ulphur deposition was only 0,003 gS m ' year '.
The authors consider that the major part of thi' Ilux is dry deposition, In all
Gre.nland and AntarctIC data. the sulphur cont.nt rellects both fall-out with
precipitation and d.y deposition. When considering the global atmospheric
wlphur <),<1•. the .ulphur deposited in precipitation in polar region. may be
neglected be<:ause of the low sulphur con,enlrations in precipitation and the
insignificant amounl of precipilation, .specially in the continental region. of
Anlarctica.

In Table 4.17 we included data from Ihe Caoca,u. glaciers (ahitum,
2.5-3,5 km). Matveev's data (I %4) on Elbrus give substantially Io"'er value.
than the later data, Mat"eev n 01. (1976) obtained concentration. an order of
magnilum, higller (0.6 mg lltre-') for Mt Cheget (-10 km from the sampling
site on Elbrus and -700 m lower) from routine samples taken b}' automatj,c
samplers. The data of other authors are in good agreemenl (0.3---OA7 mg
litre-') with the Mt Clleg.1 conant.ation. These concentl'3tions, an order of
magnitude higher than tbose in polar regions. rellectthe con'iderable impact
of anthropogenic and natural con,tituent. on lhe .ulphur rontent of precipi
tation in thiol region.

Few data have been Obtained routi""I)' on the ,ulphur content of preclpi·
latian in oceanic regions far enough from land to exclude the possible ad·
mixlure of dry deposition in the samples, The a,'ailable infonnation is sum·
marized in Table 4,18, The data of Chukhrov el al. (1977) and Andreev and
Rozhkova (1971) are not enlirel)' of oceanic origin since the sampling sites
are located on contin.ntal 003sts and rhe pr.cipitation chemistry iol un·
doubtedly affected b}' some land trajectories. In addition, And.eev and
ROlhkova's (1971) samples were taken using constantly opened samplers;
th.refore their data refl.ct the maximum possible value. for concentration
and fall-out "ith precipitation in oceanic regions. The data of Eriksson
(1957), Tsunogai el ai, (1972, 1975), and Junge (1965) were obtained from
episodic obseryations and cannot characterize a"erage annual conditions in
sampling regions. Ho"'ever, episodic sampling of individual precipitation
minimi""s the impact of dry d.position, and thus these results g,ve mo'~

repr.sentali~ values for sulphur concentration ill precipitalion,
From the abo,,,,. "e find that the rang. of possible value. for total sulphur

ill precipitation at sea·)e,·el iol from 0.3 10 1.0 mgS litre"' and for exceSS
sulphur, 0.1---0.5 mgS hl'e-'. We assume an a"erag' value for total sulphur in
precipitation o'·.r oceans of 0.5 -= 0.15 mgS liue ' and for excess sulphur,
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0,2:: 0.1 mgS litre-'. The inlensity 01 precipimion (Korzun ef al.. 1974)
varies o"er an order of magnilude. The val". of 1280 mm year-' i. taken as
an average. From these .... calculale the loral sulphur flux ...ith preeipilatioon
from the atmosphere o'"tr oceans (area 3.6 " 10" m') to be 230:l; 70 TgS
year '. and lhe .x<Otss sulphur to be 9O:l; 45 TgS )"ear".

To eStimale the sulphur flux ...ith pucipitation to ,r.. ,urface in clean
conlinenlal r.gion'....e use- European data from the pre-industrial period and
modern data obtained in isolated regions of olher continents. Table 4.19
summarizes the concemrations and depositioon for different continents. It is
e"idem thaI. in Eurasia. concenlrations ...ary ...idel)' from 0.3 10 4.7 mgS
litre -'. Thc high value. are characteristic of zone. of inten,;,,, dust fonnation
(Malveev 01 al. 1976; Khasaoo" and Rakhmatullina. 1969). The data of
Ma"'eev <t ai, (1976) are especially interesting sinc. tr..;- w.re oblained on a
routine ba'is using automalic samplers wbich exdude dry deposition. Thc
data of Drozdova or w. (1964). Andreev and Rozhko"a (1971). and PGO
(1970) were obtained by pennanently opened sampiers and therefore gi"e
tr.. ,um of dry deposition and precipitation. We consider that they provide an
upper limit of possible concentrations. viz. 1,3 mgS hlte". Data of Vit}1I
(1911). Vorintsev (1954). and Granat or al. (1976) var} o'"r the range
0,3-0.7 milS litre-'. The e'limated sulphur concentration for Eurasia Can be
taken as 0.7:!: 0,2 mg litre . Using this value and an a,'erage rate of pre·
cipitation o,'er all continents of 400 mm year '. we calculate the intensit) of
fall-<lut 10 be 0.28 :: 0.08 gS m ., year-'.

In Table 4.19 tr.. data of Wr..lpdale (1978b) and Junge (1965) for Nonh
America presenl a range of ,'alues similar to those o".r Eurasia. Thus for lhis
continent "'e assume thallr.. conc.ntration is 0.7:: 0.2 mgS litre" and "'et
deposition is 0.28:: 0.08 gS m-, )ear", Unfonunalely. "'e ha'"t no infonna
tion On the chemical composition of precipilation in South America,

The daUl On Aumalia and Africa are quile variable. O"erall. ,,,l,,.s of "'el
deposition for lhese contn>ents arc Iow"tr than t""'" for Eura'ia and I'onh
America. It is notewonh)'. howe"er. lhat arid zones in Australia and to a
lesser exlent in Africa occup}' consid.rable areas,

Based on Table 4.19 and the above analysis. we IhallllSSUme that the
average sulphur concentralion in precipitalion 0'''' the clean regions of con
tinents ;. 0.7:1; 0.2 mgS litre and the inlensit)' of w'et deposition is
0.28 :: 0.08 gS m-, }'ear -'. Taking into account tr.. ar.a of 'c1ean' regions of
continents (133 x 10" m') this estimate gi"es the sulphur flux wilh precipi
tation over 'dean' reg;,,:msas31 '" 10 TgS)"tar-'. For arid wncs. we assume an
a"erage concentration of 3.0:1; 1.5 mgS liae". With an average intensity of
pucipitation of 200 mm year" and an area of 5 x 10" m'. we cakulate ll1c
sulphur flux with precipitation for arid zoneS to be 3.0 ~ 1.5 TgS )'ear".

The chemical eornposition of precipitation in industrial regions has been
studied quite ,ntonsively in ncarl)' all de'"tloped countries. Ho...ever. in many
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cases separate "alues for dry and wet dep:>sirion are not ava~able. fn this
connection. the most "'liable of all tM data p",sented In Table 4,20 are those
ofOECD (1977) and EMEP(l980). Value. forconcentmion and dep:>sition
obtained in 1M USSR may t>. considered to be the upper limits, Assuming tM
precipitation in industrial regions to t>. 600 mm year- L and the averag<' sui·
phur con""ntration in precipitation to be 1.5;: 0.3 mgS litre- L

, we calculate
the intensity of sulphur dep:>sition as 0.9 ~ 0.2 gS m-' ,'ear-'. We have esti.
mated tM a"a of industrial regions, including cities. to t>. 12 x 10" m'. and
thu< the sulphur nux with precipitation on industrial "'gions is 11 ~"TgS
year 'L.

4.4.5 Upta~ or Sulphur DIn"kIt by Underl~mg Surlaces

Dry dep:>sition cannot be measu",d in a depo>it gauge. It is, therefore.
customary to infer dep:>sition from other types of measurements. l1le most
widel)' used and fundamental a"umption about gas uptake at the
earth's 'urface is 'hat the rate of uptake per unit area of surface, Uw,. is pro
p:>nional to the gas concentration in contact with the surface, The constant
of p1Op:>rtionality i< the in"erse of a surface resistance. ',. This resistan"" is
assumed to t>. constant for a given >urfa"" in a given condition, but varies
according to the physical. chemical. and biological propenies of ,he 'urface,
e.g, from water to bare soil to fo",sl. When the gas ooncentration, Cso, ;S
measured some distan"" abo"e tM ,urface (as it alw'ays is). then there ti an
additional resistan"" to gas uptake due to the air between the level of the
con""ntrat;on measurement and the 'urface. r" This resistance varie' accord·
ing to the intensity of turbulent mixing in the atmosphe" and can be very
high when turbulence is low, e.g, during a nocturnal in"ersion, l1lese two
resistances can be added. The in,-erse of their sum ;, called the dep:>sition
velocity. Voo, which relates the uptake at the surfa"" to tbe concentration at a
fixed height for a specifIC rate of atmospherie mixing acootdtng to the expre.·

"'"
U~~Cv::d(,,+r,) ~V"""xC"""

In practice SOme ill·defined 'average' condition' are assumed (see GalbalJ)'
1974), As mentioned above, the phySIcal, chemical, and bIOlogical properties
of the absorbing surfa"" are imp:>rtant in determining uptake rates. l1le acid
nature of sulphur dioxide and its high solubility lead to extremely rapid
ab"lrption by humid surfaces and lurfaces with alkaline propertie<. For
example. calcareous surfaces (under the same conditions) will absorb sulphur
dioxide mo", rapidly than acidic surface•• and moist foliage is a beller
absorber than dry foliage, etc. Brimbleoombe (1978) p:>inted out that dew
e<wering the foliage may ",rye 10 increa'" the uptake of sulphur dioxide,
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Shepherd (1914) lias oWn'ed!iC'asonaI """"biti!) in de~liun ...loe1ll"

at OM SIIC. and both HuYl tf III. (l1l78) and .... ~.• n._ (1918) reponed
diurnal >'ariatoOns 1ft dl:posuiun 'dOOllltS ....111 n1ues In or<kr of mapfl>Ck
100.(. I' nlJbt 1!wI in t'" d1~lime llIe5e Ialler mull< art in k~""'I ..uh tile
,\11),,·1_~ of uomata and the decTUsoe 1ft lI,trbuknce thaI mq..enl~
0CC\lB ncar IhI: unll's surf~.~ fKtor1. bodI "'inORlII and rllllflW.
obouJd be raken mlO 1ttOUI11 .. ben n!l/lllun, n."n~ upukc taln,~
field delCnnmauom of aMMption nICS Ire usual~ performed for limited
peno<b and WLlJly during the <bylime. and the re""lt. do nol "'fIe<:l mean
""asonal and diurnal oonrlnions.

Recent da,a. including til<, "','.,,, of all data lip 10 1977 ma<.k I' the
Dubra."nik meclln&. are pre>entcd III Table 4.21 Considering the factors
";l'5CIIs""d SO flf....·c assume v10, - 0,8:! 0.2 em $Cc" for "-"'.' surfltts.

It i, more diffICult \0 dClcrmi~ on .~crll' vall>l: for cont;nent.1 rondllions
"jIll variouS I)'PCS of underlying >urface. ranging from <no'" to humid tfOpical
forests. Possible V!IOl value. lies witllin the range 0.1-2 cm ",c- t

• For nanh.
ern regions wnh lasting "inter. and arid zones, the value witt be 10"',
0.1--<l.3 em $CC t For !Outhem regions, especially "ith humid climale," the
values a", l\lih. 1-2 em "'c COlIscquenlly, "C ll>Sumc Voo:·
0.6::: 0.2 em Me"' 2$ an a'"eI"3.~ value lor <:ontU>l:ntal rondnions.
IndUSlrial ",pons a", main1llocalCd in moOerile IatinJdc. and a", ctlllrxter
ittd b)' .....,., III "''''lcr. n..,d,,",. 10, m,h'slnal and urban ""ions. "'"e ~I
assu.mc a V.... equal 10 0_5 ::: 0.2 em sec

In Table ~.22 lhe sulphur f111Xe'S from Ille atm<l5fl/lere d"" 10 ouJpllur dioJ
ide aMorplJool by urdcl1ling surf~ _ F"en,~:u of !be '"II!'J0U'5 "'pons
and sulpbw cbo.o.ide concenrn.tioaas ia the atmospbc",. of tile'" ",pons IlrC

lateR from Tabk ~.5. "The C2ku1ation shows Wl 11 ::: 6 TSS lur IS lakeR
up 1»" tile ...rfaoe of tile ocean and 17 ::: 10 Tp l"ear is !Orbed '" !be land,,-
TabIc 4_"2 Sulphu, lIu' from ,he a<moopII<'" d... 10 ...Iphur di<Jrik uptake .. the--

'"' Conoenull"", Ul'uke ".,
~O< (10" m') (~~Sm') (cm sec-') (TJS~u, ')

Ocnnic zone "nbcu' bion,.
e!fcc' '" 0.1,.0.03 0,8", 0,2 8",4

Oceanic ,.,.,. .. iii! bir>tl,"= " 02'" 01 0.8"'0.2 ,. ,
C<>n'tnenlal B' 0.2,.01 0.6 "'0.2 '''' 3lnd....nal-"',.,.w " '''' 2

O,j",OIS '"U.... , 20", 1O 0,j",01' 3,. 2

,- 28'" 16
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4.4.6 Dry Oepo.>sllJon of Sulphat"

As nOled above in seclion 4.2.3. sulph31cs occur in parlicles of differenl
size depending on Iheir origin; 0.1-1 I'm for sulphales fonned in gas-phase
reactions. 0,5-10 I'm for sulphales of sea salts. and 1-100 "m for sulphates of
aeolian origin. For panicles of .ubmicron size•. sedimentalion may be neg
lect.d and llle rale of dT)' deposilion is delennin.d b)' lhe lurbulence of lhe
almo.plle ... and the properties of underl~'ingsurfaces. For large particles. e.g.
paniel.s of a aeolian origin. sedimentalion is lhe dominaling faclor.

Where lbe partIcles are ,uffldently small so Ihat lheir sedimentalion rale is
negligibly small compa...d wilh lhe raleS of lurbulenl mOlion oflhe almos
ph.... lhe IheoT)' of uplake of particles b~' underlying .urfaces is similar 10

gases (discussed in seC\IOn 4.4.5). Thele a... , of course. differences in lhe
transfer processe' in lhe immedial. "iein;ly of the surface and lhere are
conflicting experimental data which suggest thaI we do not fully undersland
Ihese processe,. For the presenl. a simple approach using a"erage deposilion
"elocilie. i. the besl a,'ailahle.

The dry deposition of .ulphate, present as suhmicron partieles in a layer of
unifonn distribulion and constant heighl can he descrlhed by the exponential
law

(v.,- ")c(1) - c(O)exp H - c(O}exp(-K",j- x I)

where c(O) and C(I) are sulphale concentralions al lime 0 and I. r.specti"ely;
Vsoi- i. lhe lin.ar rate of dT)' deposilion of sulphaIe and H i' Ihe height of lhe
uniform distribution. For large particles. the picture is more complex, bUI in
our ralher rough calculalion. we shall use comtant values of lhe dry deposi
tion velocil~', V~..

Table 4.23 summarizes the estimates of lhe rate of dry deposition of sui·
phales given by differenl aUlhors. AU estimates refer 10 sulphates fonned
from gas_phase oxidalion of sulphur dioxide. From ll,is dala "'e assume a rale
of dry depo,ition of sulphale. of 0.2 em sec·1 (range 0.1-0,5 em seC') in
clean continenlal regions,

Sulphates existing in the marine almosphere are represenled by a mixlUre
of particle sizes including larger particles than lhose fonned o,'er contin.nls in
gas-phase reaclions, Nalurally, lhe average ral. of dry deposilion of sea sui.
phale, 'hould he higher than lhe value of 0.2 cm sec-'. OUf estimale of lhe
V sci' value for sulphate, of sea 'ails is 0.5 :!: 0,2 em SO<' " and lhat for .xcess
sulphale. ov.r lhe ocean is 0.2cm sec ' (rang<' 0.I---{I.5 em sec"),

When evaluating lhe deposilion ral.s of ,ulphales of aeolian origin, w'e
used an averag<' residence lime of dUSl-elouds in dry weather of one 10lWO
days (zakharov, I%5). Thus lhe coefflcienl of dry deposition of aeolian
sulphal• ., defined", Ihe inver~ magnitude of Ihe a"erage residence lime of
dust particlc$ in a cloud, isK..;,- - (0,6-1.2) x 10-' $C<O-I.
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Tabl.4.B Dry deposition rat., for .ulpbate .ulphur

Rate
SIze ,)f t;]'" of panick. (em 5Ce- ') Commen" Reference

AnthropogenIC 'alphal' 0.2"'0.16 Depo<J"on on "aler
,urf"""

Anthropogenic ,ulpha" 1.4'" 0.• Depo<ition on I.nd
.urfocc ncor
St. L:>ui'. USA

Anthropogenic .ulphate 0,47 Hunglry. ",'e'"ge
condition,

Anthropogenic ,ulph.te 0' Un;led Kingdom.
",'.,age condition'

Anthropog.n", 'alphate 0.2-0.5 ""

0.05-0.1 ~m

0.1-1.0 ~m

0.5 ~m

0.1 1.0
0,01
0.'

We.. lytlal,(1917)
Clougll (1973)
Esmen .nd Corn

(1971)
Sinering" al. (1979)

h.,.tt " 01, (I979)

M."""" and
Varhelyi (I9H)

Garland (1978)

Rodhe (1978)

In section 4,2.3 we eSlimaled the a>'erage altilude of lhe mixed layer of
aeolian ,ulphal" 10 be 1500;:; 500 m. Henee, for aeo!ian ,ulphate. the calc,,_
IatedvalueofV""" i'L5;:;O.9cm\l:C ' .

Table 4.24 pre~n.. dalO on the ,ulphur nux from the atmo>pheTC via dl)'
deposilion of ,ulphates. Area' of differem zone. and concentration' for these
zone, ar. taken from Table 4.5.

The calculation ,how, that 17 TgS }'ear-1 (range 3-48) is depo.iled dl)'
into the ocean. The tolal dry deposilion of ,ulphate on land amounts to 16 TgS
year-I (range 5-47); half of this i' depoxiled in zone, of imensive aeolian
weathering,

Table '.24 Reom"aT of 'ulphnr from the Olmo<phere by dry <kpo,ition of "ulphate

Sulphur n",
Rate of (TgS year-')

Zone Ofea Concentralion <kpo<ilion.

"'"' (10" mZj (~gS m-') (em ...,-') A'erage Range

<Xe.ni<:
e'ce.. ,ulphate ;~ 035"'0.15 0,2 (0,1-0.5) • 2-28
marine .ulphole ,~ 0.15'" 0,10 0.' (0,3_07) • 1-20

C1e.n conlinental m 0.6'" 0.2 0.2 (0.1--05) , 2-17
Du"y continental ,

~.O '" 2.0 U (0,6-24) • 2-23
Indu"ri.l region" " 3.0" 0.5 0.2 (0.1--0,5) l , I,-,U,ban , 4.0" 1.0 0.' (O,l-O,S)

Tot.1 " '-"
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4.5 ATMOSPHERIC BALfu,"CE OF SULPHUR

In lhis~lion we collale ,he eSlimate. of sulphur ill the various regionsoflbe
a,mospbere. ,he fluxes. and the rates of individual proce~' obtained in 'hoe
jnt'vious sections. The NIlan« i. based on kinetic's of tl>e fim order and time
change. are neglected, This enables us 10 determine the mi",ing ,'.lues fQr
fluxes or rate•. lbe balancc is compiled for each of the different region, of the
atmosphere bUI. to facilitate the 'lfll<'tur<. 1I'" reservoil'$ of ..roon and indus
trial atmosphere, are combined.

4.5.1 Sulphur Bal~ in the AtlMSphen or Industrial Rtgions

In this section the atmospheTl:s of all indumial regions are treated collec
tively. but it musl be realized that many regions. spatially disconnected. exist.
lbe balance for jodi>'idull regions may differ in many r<:spcctS from the
generalized SlrUC!"'" presented het<', see for example thoSt: constructed for
North Europe (Rodhc. 1972a), Europe (Me"a=~,al_,1978).lIOrth..,astem
USA, and SQuth..,a,!em Canada (CAPITA. 1978; Gallo...·ay and Whelpdale.
1980) and for the Donba.. indumial complex in the USSR (L~'sak. and
Ryaboshapko. 1978).

Figure 4.4 iIIu,trates tlte atmospheric sulphur balance for SOme major

98183-''-'' '21'0_'41 'I'·~l

h-
I
~", !'" iiI• 1• d .. =~

• ,
H I

i "•·co·
'I"

"19-Ul 21'-11 '21~-"')

FiJ.4.4 Glot>al ...lphur bal.nce in the atmosphere of indu,"ul
region, (TJS lear")



The Atmospheric Sulphur Cycle '"
induslrial regions of the world, The input of sulphur is emirely amhropogenic
and con,i'l' of sulphur dioxide and reduced sulphur compound. with short
re.idence tim. (113TgS )'ear~'; rangc 94-132). Removal processes ...
scavenging by precipilalion, dry deposition of sulphales. and >ulphur dioxide
absorplion by underlying surface (25 TgS year-'; rang. 15-39), The un
certaim)' of lhe values for removal processes is 5ll'O. rrom the balance ,I
follows Ihal horizonlal ad"eclion from Ihe resen-'o;r is 88 TgS lear' (uncer.
laim}' 25%), Thi. sulphur enlers hoth lhe cont;nenlal and oceanic almos
phere" Let us assume Ihe fluxe, of anthropogenic sulphur to cominental and
oceanlC atmospheres are each 44" 10 TgS year-'. The sulphur conlenl,n lhe
industrial regional atmosphere i' 0.145 Tg (Table 4.5); given lhe lotal flux we
obtain the ,,'erage residence time for Ihi' r.sen-'oir of -12 h.

4.5.2 Sulphur Balance in lhe Dust)' Contlnenlal Atmosphere

Figure 4,5 dep;cts lhe sulphur balance lor a dusty com;nemal almosphere,
The only inpul here is lhe aeolian weathering of sulphur (20:!: 10 TgS
}'ear-'). Removal processes are scavenging by precipilation and dry deposi.
tion of sulphate (12 TgS year- L

; range 3.5-27.5), The uncertainty of removal
rales is >65'1lo. To maintam a balanced condilion it foU"",'s thallhe sulphur
flux from lhe gi,'en reservoir is 8 TgS year-'. This f1ux;s directed loward.the
dean conrinemal atmosphere The residence t;me in thi' ,"..rvoir is -14 h.

!•
! ,,

~! ,
'0_' 003~ T~S To to" cleO'

_n<o r,,,. 0.6"'" ,~-

","""Ph""

! ! i., ••II i ~;

~Il~"" 912-23)

Fig. 4.5 S"lp~ur balaf\Ce in the du"y eonnnentil atm<»
ph<re (TgS year-')
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4.5.3 Sulphur~ fo. tbe Cifan Continental Atmospbert

Figure 4.6 show, the sulphur budget for the dean cominental atmosphere.
[nputs are >'Oksnic emi"ions, natural f1uxe, of sulphur with shorr re'idence
time. sulphur dioxide fonnation (or H,s) or oxidation of reduced sulphur with
long residence lime: emissions from indumiaJ-regional and dusty cominen
tal sources and sulphur flux from the """an atmosphere. The last item is
estimated in Ihe following way. Aerosols are transfe=d into the continental
atmosphere with lhe proponion of sea'S<lh sulphur 10 exce.. sulphur of 3 : 7
(see Table 4.5), 11le flux of ,ulphate, of marine origin amOunts 10 6:!: 3 TgS
and, from {hi.. lhe flUll of ex","", sulphates from oceanic 10 continental atmos
pheres is calculated to be 14:!: 7 TgS }'ear-1

• Therefore, the total flux of
sulphate sulphur from the oceanic atffio>phere amOuntS tu 20:!: 10 TgS
}'ear-'. Volcanic emi>sion was estimated in Chapter 2 to be 28:!: 14 TgS
year-I. It should be noted that rone. of volcanic activity are grouped along
the edges of continental .hield•. Hence, it is reasonable to a>Sume that one
half oflhe volcani<: emi>sion (l4:!: 7 TgS year ') will be directed to....ards the
clean conti,-;'enta1 atmo,phere. and the olher hal/to....ard. the oceanic one.
The flUA resulting from oxidation of reducod lulphur i. calculated from the
IOtal ,ulphur in the form of <:aroonyl .ulphide and caroon di,ulphide in the
atmo.phere over continents and the residence times of these compound,. and
amounts to 1.5:!: 0.5 TgS year- t

,

•.1
II • ll'

JIII......,,,1--.. co, on<I cs, .....- 04' T,S "-_t~"'" ._-,-,,-, _.
-",,,,,.on, _'_',''''''' -,

"-'" '_M .-,,,,,_.1._.
II

!• iI !,• is'

lOIIO-'O)

"Ill-'" ~Il·m 'I".'

Fig,4.6 Global sulphur b.l"""" for the deon ron';nent.1 """"phere (TgS
ye..-')

·w< n<~«l lh.. ~"' in til< re><rvoir of in<l"'lrial roJion' and d""y ",,,,o.:n..1atmooph<ro,
and I1tn""«d it 10 ,II< ro",,',,;, of tI>e <""n """0.:,,,1 111110,_'11"•.
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The sum of 1"- inpul' is 103.5 TgS year' {59~150} with an uncenainty

of 45~. Remo"al processes are as follows; scavenging of sulphur by precipi
tation, ,ulphur dio~ide absorption. and dry deposilion of sulphate. The sum 01
the'" outputs;' 47 TgS year" (range 31-72, uncenainty 45~), From balance
calculations the flux to oceanic atmosphere should he 56,5 TgS year" {range
31~g2. uncenaint}' 45'110),

The residence time for sulphur in the clean oontincntal atmo,phere can be
calculated from lhe total sulphur pre",nt (OA1 Tg, Table 4.5) and lhe flux
value (103.5 TgS year·') to be 1.5 days {(OAI x 365)/103,5 - 1.5 da}',),

4.5.4 Sulphur Bala~;n the Duank Atmosphere

Figure 4.7 'oow, the e~ce.. ,ulphur budger in Ihe oceanic almosphere. In
oompiling this budget u", w.s made of average (Le, the mo,t probable) values
of inputs and outputs. Our aim was to see whether e~ce" ,ulphat.. over 1"
ocean, are the product, of ga•. pha", reactions or due to fr.ctionation of
...·"'It ion' on transition from the dissolved ,tate in t"- hydrosphere to t"
aerosol state in the atmosphe'e, InpUI item' here are Ihe estim.ted volcanic
em;'sion. the natural emi'sion of reduced sulphur w;lh shon re'idence time.
and tran'fer of anthropogenic ,ulphur from tbe indultrial atmosphere.

The flux due to carbon)'l ,ulphide and carbon disulphide in oceanic
atmosphere.. estimated from their contents and re,idence lime,. i'

" "
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II ' 0 ili- 1
h ~ ~;
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E>.ce...ulph"' b.l.n<:e ;n the <>ce.ni<: >tm",p!ler< (TgS ye..")



Th~ Global Bwg~och~ml<:al Sulphur Cycl~

" J5 lO "0
(1-l" IB-'~>I<HOlln:><>J1

. I JI I•, ipI ~ )!l I
I I I

T_'".",
~,,,",- Coo!tn< 0'.","-" ..... ".,,, ,--T,,,,-,,, """' _. ''"'0 , 0'" -".,04..........
-"'<11 ""00"'

II
I
I IiI. ;,'9,'

Olto-WI

no t? "
".0"<>0> 1"'" (,·m

Fig.4,8 Global ,ulphur b.la",e '" (he C>Ce.nic otmospbere (TgS ~~"-')

3.5 ± 1 TllS year-'. Therefore. the mosl probabl~ input ilem. amount 10
138 TllS year-L.
R~moval processes are sulphur dioxid~ absorption by lhe ocean surface,

sca,'enllinll and d" deposition of exce.. sulphates. and the flux of ~'ce..
sulphur from lhe oceanIC to the continental almosphere, These tOlal 123 TgS
year-I.

The above calculation cannol prcwe unambiguously the absence or pres
ence of macro-ion fractionation on tran~;lion through the ocean-atmosphere
boundary. HO"'e"er, it ",ems that th~r~ is nO need to invoke any such lheOry
to ~xpla", the origin of the'" fluxes.

Figure 4.8 'howsthe sulphur balance in the Ottanic atmosphere, The flux
of sea-!-Illt sulphur is delennined by balance calculalions. The sum of all other
input items amounts 10 138 TgS year- L(range 63-213) and the sum of
removal items i' 278 TgS year- l (rang~ 178-395). Therefore the flux of sea
sulphate$ neceS!-llry 10 balance lhe 'Y"'tem is 140 '" 63 TgS year-I. Knowledge
of lhe ,ulphur content in the oce.nic atmolphere and the tOlal flu, allows uS
10 estimat~ an average residence time for sulphur in this reservoir ofone day.

·U.5 Global AllllOspbork Sulphur Bud~t

TIle basic sulphur fluxes inlo and out of lhe atmospMre ar~ ~ummarized in
this seclion after combining lhe regions inlO two areas; cOntin~Olal and
Ottanic.
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The AlmospilRric Sulphur Cyde

the reverse flux Irom the continental to ()Cunic atmosphere must equal
100.5 TgS year-',

Earlier. in Stttion 4.2.4, we estimJled the 10Iai amount 01 sulphur wilh
short "'sidence time to be 1.35 TgS. Now, given the value of the total sulphur
flux or efflux as 342 Tg year-'. we may estimate the a"erage residen"" lim. of
sulphur in th. atmosph.re 10 be • 1,5 days.

In conclusion .... compare the calculated global sulphur budget in Ihe
almosphe", with budll"ts obtained by the oth.r authoN (Tabl. 4,25). This
tabl. shows that our budget agrees well wilh toose 01 olher amoors, The
major difl.renC<'s are the fluxes of volcanic activit), .••olian "'eathering, .nd
.mission of sea salts, In our opinion. vokanic .mission ".... und.reSlimated by
other authoN, Usually the volcanic emission estimated was associaled v.-ilh
periodical .ruptions. while the constant emission .ssocialed with fumaroles
on drift lields and crateN of resting volcanos wl\5 disregarded.

The ignoring of aeolian emi'sion b)' other autho... is reasonable since the
transfer of .eolian sulphates is n01 global in nalUre. For this reason Granat er
al, (1976) considered only the submicron fraclion 01 aeolian dust. and esti
mated this flux to be only 0.2 TgS year '. For large regions. !towever. aeolian
",·..thering is lhe major source of sulphur into lhe atmosphere and. therefor.,
we included it in lhe general scheme,

In our v....ion of the atmospheric sulphur cyde. ,ulphur .mission Irom the
ocean together with sea sahs is gre.tly enhanC<'d compared 10 the values giv'en
by our prede""ssors. Almost all earlier workers used Eriksson's estim.te
withoul crilical evaluation, The e'timale of 140 TgS year-' seems to uS more
probable tlum 44 TgS year '. This is eV'ident from a comparison with the
,,'ell..,Slablished value lor sulphur ",..hout over lhe oceans of 230 TgS year-'.

4.5.6 The Global Sulphur B.allllltt In lhe ~.Industrial Eno

As experimental data on sulphur conC<'ntrations and sulphur deposition
levels pertaining to lhe last century are not available. some assumptions must
be made to estimate the pre-industrial sulphur balanC<'. The anthropog.nic
nuxes of sulphur dioxide. sulphate and hydrogen sulphide should be neglig_
ible and are nol considered in the balanC<'. The volcanic emission should be
unchang.d and so we can use the estimate of 14 TgS )'ear" for the emission
to atmosphere over land and 14 TgS )'ear-' lor that Over the ocean. Aeolian
emission mal' have undergone some changes during the la't cenlUry. a view
which is supported by an increased innux of salts 10 lhe atmosphe", in lbe Ami
Sea r.gion due to increased agricultural and other human activities. However,
quantilative estimates 01 any such change are not available and thus the Dux
of aeolian sulphates is considered to be unchanged (20 TgS year-'). The same
argument is used for lh. natural nux of short·lived reduced sulphur com
pounds: as no informalion is available 10 sugg.st thatthi' nux was different
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prioT 10 the ,ndustrial period its ~5¢nl val... is IKed in the bal.ntt; ~
16TgS year-'. The intensity of .ulphur dio~idc (or H,s) form.tion from
ClIrtJonyl sulp/1ode and carbon disulphide durinS the ~-itldU$lrial period
shoWd ht~ ""port.nl l/wlll IS _!xca"", """'" of the c;arbonyl sulphlCk
and carbon m.wphide: emouoon IS of an~nicorigin. We &;;swne 111.11
thi:§ flUl[ in the pre·mdumw period ..... I T~S ~nr '0'0'(:< land. and J Tp
~"U-l oYer lIlle Ott.n. BioFnIC emmoon of .aon·1tved redllted fIllphw <:om.
pound< and the em;".ion of Ilea-JaII ""ph.... """"uId be ....chanIN. and Ih...
the respectM: f1.....n of 20TgS ye.r~l and I40TSS )'C:ar-' are used III the
~n« <:aIcubllOftJ. In od<!'lJ(lII tho~" fila from the oceanIC 10 me
cnntmental.trIOmpherc sbouId be unchanged.t lOrIS year
"-01 of dll: ,..narion 11'1 nmoff~appea~ 10 be mon: d,'·

ficuh. One _y assume thai the w1p/1ur dioxide ~DlrlUOn bas not

dwIgni """ the dl:an COIlllllCOlal rcpons "'hich ......... UQlI w1pbUf Iboudc:
uptake by UDderlyll11 .urllCft may bie lOSS"-.:I a'I 3 TgS year-' (Table 4.22).
Dry deposilion of JUlph3«: III duoty rcpms(9 TgS year") should renlaU11hc
sa..... <ina ....., ha,,, no cnlScru lor. oignific.an. chan., in lleOIian em_.
Willi ,"" usumpllon lhat ""nhoul anlhropoJCnic ""..ra. IhI: ronttntration of
..,]pllate in the conllMnl.1 .lmosJ'hc'rc "'''' OA IS III -'''1: tin calculate ,""
intensity of sulphate l'(!rlO"al by dry do:po5i1ion from rl>( dun rom'Mmal
alll1OSpl>(l'( as 4 TgS ~'ur '. Thus lhe: 100ai t'(mo",,1 of sulphale by dry do:po
sition o""r land amoun,s '0 13 TgS ynr-'. To a""<S rhe: magnirl>de of sulphur
~a~engingby pteeipiralion from lhe dean atmo<phen: .....e make use of rhe
facts rhat tl>( anrhropogenic ~omponent is ""'" 43' of tl>( total input
(Fig. 4,6). and in the pre-industrial period the regions with dean rominental
atmosphere ro"ered 143 lC 10" m' (Table 4.3). Thus the magnillide of sul
phur ....a'h-oul o,'cr unpolluted regions;" the pa5t w." probably of the order
of 23 TgS yur-'. The intensity of sulphur ~avengina in areas with dusty
atm05phel'(S ,""uld remain unchanged. i.e. 3 TgS y..,ar-'. Therefore lhe nux
of ",Iphur rO land ;n II>( pte-induslrilll period obould ha"e been 26 TIS
~..,u-'_

In summaf}'. il may be oonctuded rhar;" rhe ptt:_n1dUUrial period lhe IOral
innUll of ",Iphur rO rhe armosplw:re ~r land ..... 71 TIS yur and lhe
OUlpul .... 44 TIS y..,ar-', Thcrdote. rbt a'h=tive f1Ull of sulphur from lhe
o;onrincntallO rhe oceanic IllJlOliphere obould have been 27 TIS year ,As
the rota! supply of sulphur from the oceilll amounts to 177 TCS ~~ar lhe:
toW nUll from lhe: atmOSphete 10 lhe: o«an must havoc been 184 T,S year ;.

SulpbllT dio~ide uptake by rbt OlltillllC..mace obouId hlvoc tematMcl o;on
0WI1 al II TIS y",ar ,and 11 io.....mro WI rbt n:lauorMtp betw.-eeo the:
"'te"",rlCS of sulphur dioxide uptake_ ~' do:poytinrl, and wastHlur of sui
pbalei in the' p""-md\lSloal and I""""nl~! periods rernamed the same, If 10,
then ....,1 do:POSIIIOfl O'",r rhe Olltilll"'" 161 TIS y-ca, and dry depllSllion
......, 12 TgS lur m lhe: p""-IfIdU51nal period_
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Figure 4.10 presents the global sulphur balance for lhe atmosphere in lhe
pre-industrial era, A romparison of Figs. 4.9 and 4.10 sbows lhe marked
changes Ihat have laken place in the !/,Iobal almospheric sulphur cycle under
the impacl of man. In lhe pre-industrial era lhe lotal flux of sulphur to the
atmosphere appears to ba,-e been of lhe wokr of 228 TgS year '; (he present
"alue i~ 5'"' grealer. Abo in the fonner period lhe <:onlinental and ocean",
<:omponenl~of the aUt>C>5phere were approximately b.alanoffi, whereas al lhe
present lime lhe ad,..ct;on of sulphur from <:omincnlal 10 oceanic al""",
pheres is fi"e lime. the flux in lhe re,.."" direclion.

The changes which ha"e occurred are especially marked in the atmosphere
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o,,<,r land: anthropogenic emission "'p""...nt' about?~ of the lotal emission
over land, and may account ior mO'" than 95~ of the ~ulphur emilled into lhe
annmphe", of industrial region~, Mmt of the anthropogenic emis~ion is "'P'
"'sented by sulphur dioxide which can be oxidized 10 sulphuric add. A' the'"
t,,·o compounds a", extremely ",acti.'e they h3''<' a g",ater impact on the
environment compa",d to natural compound~ such a~ sulphate~ of marine Or
aeolian origin.

4.6 THE ISOTOPIC CO...IPOSITION Of SULPHUR L'Io: THE
ATMOSPHERE

The isolOpic composition of sulphur has been used with some ~uccess 10
delermine the source, of sulphur emissions to the atmmphe",. Two of the
early studies (Ostlund. 1959; Jensen and Na~ai. 1961) were de"Cled 10 the
<;ource of sulphate in rain and snow. and later papers (e.g. Cortecd and
Longinelli, 1970; Dequa,i and Grey. 1970; Rabinovich, 19?1; Holl eI al..
1972; G"'y and Jensen. 1972; Ca'tleman el al., 1974; Ludwig, I976; Chu~h·
roVel 01.. 197]) gi\'e examples which sho" how sulphur i<;otopic analy.i, can
be applied 10 determine local source, of emission, These slUdies (some of
which a", summariud in Table 4.26) show thaI tbe J"S value' of atmmpheric
precipilation and aerosols "arr 0"" a wide range. and it has been concluded
lhal rain-water sulphate is depleled in ''S wnh respect 10 ",a_waler sulphale.
This effect is mo", pronounced in industrial are.. (compa", the reiults for
industrial versu, non-induslrial ",gions; Jensen and Na~ai. 1961).

It i' evident that se.'eral sources may affecr the isotopic composition and
thus several examples are discussed in detail I<> 'how how this technique can
be u",d in source idenlification.

Sy,lematic invesligalions of sulphur dioxide concentration and isotopic
composilion in the air near sour-gas pro«~sing planls in Alb<:rla, Canada.
have been carried out by Krou... (1974). The sour-gas "'ells of Alb<:rta a",
used to produce elemental sulphur; pan of lhe hydrogen sulphide i~ oxidized
to sulphur dioxide which is reacted with more hydrogen sulphide to yield
elemental sulphur, During lhe process mo", lhan 1,2 X 10' gS day-I. mostly
as sulphur dioxide. are discharged into the atmmphere (Krouse. 19?7). Data
obtained since 1971 show that tbe sulphur oxides in the atmmphe'" have ,s''S
values which range from +5 to +30"1... "hleh is in the ,arne range as the
hydrogen ,ulphide processed (Krouse. 19?7). Krouse (1974) concluded that
emissions from different plants do nol mix well o\'er a large area and that the
isotopic composition of the sulphur dioxide in lhe air depend' On lhe I}'PC of
raw material proce,sed and the wind direction.

One e..mple of the "ariation in J"'S values and sulphur concentration in
the air of the Ram Ri.'er ",gion i' gi.'en in Fig. 4.11. The histogram of d"'S
values. which are related to lhe sulphur dio~ide concentrations. ha, two
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Table 4.26 lso'opic rom"",i"on of 'ulphu' in prttipitation from differen' repun'

Isotopic romJl"<i1lon
(6"S, "1011)

-3.2to + 7,3 +6.0
-12.3'0_15.6 + 14.0
_4.2'0 +8.6 +6,9

+39 to +7,6 +5.8
·3.010+21.6 +10.6

-2 1 to +3,7 +3.2
·3.6to ... 4.6 +4.1
-S.6to +~.6 "6.9
-3.8to+12.9 +7.2
_0.7 to -2.4 ·0.7

+ 10.0
·3.8'0 -6.2 ·4,8
·1.6 '0 +5.9 +4.0

·5.1 to ... 5,7 +5.4

·2.8'0+11.3 +7.1
·32'0 +8.2

Region

Ital)

Japan
indu'''iol region'
oon·indu",i.1 region'

Sa~halln .nd V1odi.""ok
regIOn

Magadan "gion
Siberia
Kaukh".n

<tewe "gion'
mountain 'qpon,

Kirgizia. mountain,
Tadzhiki"an. mounTain,
C.",,",u,. mount.in, TlCar

TIC" Elhrus
Kol. Penin,ul.
Moscow aoo Novgorod

,e8lOn'
Ural,

RoSlo>' "gion
S,,'eden

Range

-I to +3

Mean

+2,0 Conecd and Long,nell;
(1970)

Jensen and Nakai (1961)
len..n and Nokoi (1961)
Chukhro' " ai. (J 977)

Chukhro",' al (1977)
Chukhro>' .. ai. (1977)

Chukhr"" .. ai. (1977)
Chukh"" " ai. (1977)
Chukhro,,, ai. (1977)
Chukh""" ai. (1977)
Chukh",'" ai. (1977)
Chukhro'" ai. (1977)

G.v",h,n and R.bino>'ich
(1971)

Rabin,wich (1971)
lensen and Nakai (1961)

pe.k" For high ,ulphur dioxide concenlration. the predominanl J'''s 'alue is
do"" to + 20"/, which was t\ plCal of the emiss,ons from Ihe naturai·gas proces
.ing plants. Howe,«, during a period when atmospheric concentT3tion' were
low, J"S values differed. oflen consideT3bly. from tho"" of the indUStrial
source ,uggesting the existence 01 another source, The ""rond peak, with
value + 10'/00. "'3'l con.idered to be due 10 a biological SOurce,

Significant anthropogenic ",Iphm i, oboerved in the almo,phere neaT Ore.
prOttssing pl.nt', The results of 'uch a study lor Salt Lake City (Table 4.27;
Dequa,i and Gre)'. 1970; G"'}' and Jen"'n. 1972) show a di'tinct difference
in the isotopic composi'ion 01 1M almo,phere sampled belore and duting a
strike by tM smelter pl.nt wotk~ts. Outing normal plant operation the
isotopic composition of the sulphur In air wa••,milar to that in the "",~h~r

plume. Studies mad~ during {he strik~ ,bowed isotopIC values wilhin {he ran~
01 biogenic sulphur. Howe''Cf. differ~nt valu~. Wefe obtained for the atm",.
phe..s on different sides 01 the ,tud)' .re•. ResuIt~ from one silk ",,~m~d 10
be due predominantly to bio~enic ,ulphur, but thoile On the Olher ,id~ .ug.
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Isotopic compo;ilion
(6"s. ,,,,j

Sour"" Range .\l..n 51aodor<! de,'ial;""

Automobile exh.u"
Crude oil
Ore.. Salt L.ke
Stream<
Biogen", ,olphu,
Pre<:opl1.,.,n

I>O,m.1
during "riko
control"

Air ""mpl.'
normal
during .trike
""n'ml'

Smeller em,,,ion
Cop""r Ore

"'10,310+17.0
+4,3'0+11.1
+O.Sto +8.7

-1.510 +~,3

+4.7'<> .6.5
-8.010"10,2

-1.010 +3.1
+~,OlO +7.5
_8.0'0+10.0
-3.8'0 +3.4
-4310 +2.4

~ 15.1
·16,6
+l~,3

+9."
+~,3

-L3
-6.0
_9.0
+1.0

0.0

0.'

""U

'0

0'
0'
0 .•
0'
M

'C"""ol ",mple' ~ert roli«..d for from the 10<:11 "'",,:« oI,n'hr<>pot<ni< orism
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gested a mixture of biog~nic mlphur (-90'") "jth rrfinery ~ff1~nts and
automobile exhaustS (-1~).

As m~ntioned above, the precipitation from industrial regions of Japan had
6''s val~s which a"eraged +6"/00 (Table 4.26; Jensen and Nakai 1961),
Usually. tbe sulphur IX'llution of industrial countries is associated with the
consumption of coal. but the "'idely dilfering 6"s "alu~s of thoe precipitation
and Japanese ooal (awrage -18 /",,) suggest anothoer ",u=. This ",u= may
be the large quantity of Persian Gulf oil (6"s - - 5'/~ ) used in Japan (Tbodt
and Monster. 1970) "hich pr<wides marr than 60% of the total an·
thropogenic emissions to the atmosphere (Ryaboshapko and Erdman. 1978).

The data presented suggest an intensi.'. local effect of anthropog~nic

",u=s on atmosphoeric sulphur, but an aerura," assessment of the an
thropogenic contribution can be made only if information On the i",topic
composition of all IX'lIution ",urees and the amounts of sulphur emillW to
the atmosphere and d~po>ited in precipitation is a"ailable.

Sulphur emission by natural processes such as aeolian transpon. sea-salt
spray. and biological acth'it\, has al", been studied to explain thoe "'idely
differing 6"s values in precipitation, e.g. the "~'1'Io.... val~s found for the
Cauea,u, Mountain' ( ... 0.7 to +2.4) whicb cannot be amibuted solely to
anthrolX'genic effects (Table 4.26),

Rabinovich (1971) analy~d 62 samples of rain and Snow from thoe Rostov
region and found that the 6"S ,'al..es for sulphate (_ ... 7°/<») did not depend
on thoe type of precipitation. the time offall-out. or the direction of air mo''C'
ment. He condud~d from the closeness of the 6"$ val..e' for precipitation and
soils that the ,ulphate in th~ lower layers of the atmosphe", "'a, principally of
aeolian origin. Chukhrovel aI. (1977) took the oppo,ite "Iew and suggested
that tbe dosen~ss of the val~s was d~ to the fact that the ",il sulphur "'as
den.'~d from the atmosphoef'C. ThIs vioewpoint would not explain thc diff~r·

ence in isotopic composition of the precipitation from Siberia (+ 10,5,,/00).
Kuakhstan (+3.2'/00), Or th~ mountainous f'Cgions of th~ Caucasus and the
Pam~.

In an allempt to understand th~ processe. "'herebj marine aetmOls often
have a grea«:r sulphur: chlorine ratio than tMt found in sea-"'ater. Lud"'ig
(1976) analy~d sampl-es of air taken frt>m the San Francisco Gulf region for
.ulphur isotope composition. His results show that unpolluted marine air had
sulphur i'iOtope ratios that "lore significantly k""er than those for sample•
•ubjeot to urban pollution, The 10'" iSOlOpol: ratio of marine air could oot result
from a mixture of sea-"'atu sulphat~ and pollutan, sulphur beeauSt lheSt
have higher isotope ratios (Fig. 4 12; Ludwig, 1976). and thus il is possible
that the marine air aerosol material "'as of bacteriogenic origin. Ht>...ever,
unlil more information i' available on the isotopic composition of biogenic
sulphur ~mi!Sion these results cannot be used to determine the imponance of
this source,
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Another oompkx problem ;s the determ;nation of the oontribution to the
atmosphere of biogenic sulphur lrom continent'. At prescnt no data arc
"'ailable on the isotopic composition of ,ulphur prodlJCed during sulphat.
"'duction in soils.. ~...-amps.. and f",shwalcr bodies,
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CHAPTER 5
The Sulphur Cycle In Continental Reservoirs

Part I THE SULPHUR CYCLE IN LAKES AND
CONTINENTAL RESERVOIRS

M. v, IVA~OV

5.1 I:"TRQDUCTIQS

A quanti!ativ( a!i6(:M:m(n\ of biog<:odv:mical pro«~s in conti,..,nlal
~S(:rvoif'S is ~quir<:d 10 mood tll( global sulphur qcl(. "Ibl: m"'ll important
link in tl\( sulphur eye,," i' the discharg( of sulphur compounds in ri""rs-tl\(
main transport m(chanism suppl)'ing the world o«anS ,,'ilh sulphur from the
ro,.., of suba(rial W(athenng of oonti,..,n!s. As sulphur;' transport(d 10 the
ocean (Fig. 5.1), ils oon""ntration in riv(r.wat(f'S is rai",d by dry and "..,t
atmospheric deposition. and Jov,..,red by biological and g(ochemical proce!i6(:S
in wat(r and bottom S(di"",nlS of ri...,IS, fr<:shwat(r lak(s. and wa\(:r reS(r·
voir.;, Considnabl( amounlS of sulphur an: also lost to tl\( soil and uppnmost
horizons of the lithospher(. and are remo""d from tlv: global C)'de in inland
dr1lina~ basins (Fig. 5.1).

This schematic picture: of ,he Iransport of sulphur oompounds by nalural
pro",,,,,,s is complicat(d by anthropo&<,nic influences. It is into conti,..,ntal
wa\(:r bodies, and primaril)' into the ri""r sysl(mS, lhal the bulk of induslrial
and urban S(:wage wain. with ils variety of sulphur compounds. is dischargc:d.
Drainag( Wat(r.; of agricultural ""gicns also supply sulphur compounds from
f(rtiliuIS. peISist(nl peslicides. and li""",ock ,..,sidtJ(s to river s)'sl(mS
(Fig.5.1).

In Chapter 4 il was sho"'n Ihaltl\( bulk of gaseous sulphur, r(sulting from
m(tal ",,(lting. combUStion of fossil ftJ(ls, and other processes in",I""d in lhe
(conomic ulilizalion of sulphur<entaining mi,..,rals. is r<:lum(d 10 the oonli·
,..,nts by atmospheric deposilion processes. Quit( of!(n the dissol""d oxides
of sulphur in a!mosplv:ric pr(cipitalion acidify w(akl)' buff(red soils and
freshwat(r laku.
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However, rhe amhropogenic influence On ,he .ulphuT cyde in re~rYoirs i,
no' confined solely to rhe i""",a... in .ulphu. co~mra,ionand acidity of the
..·.teT. In some ea..., ttt<, combined pollulion of wa,e. "'i'h sulphu. com
pounds. oTganic matter. ni'rogen> and pho,phoru, lead. to the activation of a
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chain of biological processes, including tIK: !'Tima') prodoction of organic
maner, oxyg.n oonsump1ion during ,IK: oxidation of e~ce" organic mau."
and prodoction of hydrogen sulphide by put",faetion and suiphat. red oct ion,

In tho majority of publishod ""'je,,.. on the pT<Xesses of the global sulphur
cycle in wator ...serv<>irs. emphasis is placed on 000 que'tion-tIK: assessm.nt
of ,ulphur flu. in river diseharge to tl\<, ocean, Ho"'e"Of, ",me anempts ha'..
al", boen made to divide river ,ulphat. lnt<> nalural and anthropogenic phases
and to assess tl\<,m separately (Berner, 1911; Friend, 1913; Granal ~r of.,
1976), Among tho anthropogonir: processes, most .tt.ntion has been paid to
the aci<.!iflC.tion of I"',h..·.t.r I.k.s by acid rain"

Our "'ork att.mpts to ..Iimat. Guantitativdy .lIlh. basic proce""s 01 tho
sulphur ..-ycl. in continent.1 ...ser\'oirs .nd .""s..s tl\<, nalur.l and .nthro
pog.nic contribulion, to tbe sulphur cyde,

5.2 THE SULPHUR CYCLE l'l LAKES

Th. mOsl widely occurring fenn of sulphur in both f...shwater and brackish
lake''''aters and muds is sulphate. rkpending on tho origin of 11K: lake. the
fonn of lhe lake oosin. climatic condlllons, composllion of II\<, surrouriding
roch.•nd hydrologic.1 r.gime. II\<, sulphate cont.nt ollake-"'''er may ,'.ry
from se\'eral milligr.ms per lit"', in lake' of glacial origin in tho humid zone.
10. completely "'turated ",lution ("'ilh respect to >odium sulphale) in the
",It l.k.. of the arid zone (HutChm",n, 1957; Kuzoet""'. 1970; Posokhov.
1912; Nriagu and Hem, 1918).

Fresh"'aler lakes .re of primary import.nce for tbe ec<momic activilies of
man and. naturally, =;,.. special emphasis ;n lhe "'orks of limnologists.

5.2.1 The Sulphur Cy'de in Fresh"'","r Monnmi<tlr L.ak..

Some infonnalion on the sulphur composition of fresh..'ater monomictic°
lake·,,·.te.. and muds is gi.... n in Table 5.1. Act;'.. circulation of "'ater ma""s
is observed in all such lak.s in spring and autumn, and thus the water i.
"'turaled ..';th orygen twice y'ead)'. "T'he...for., ana.robic coridilions de'-,Iop.
if at all, only ;n Ihe bypolimnion of deep-waler me",rrophic and eUlrophic
lah. at II\<, end of the summer stagnation period (Fig. 5.1) or. in some ca.e.,
during wlnter ,,'hen tho lakes are oo...."'d "'ith ice,

DeSPIte lbe low sulphate oontent of f",shwaler lake,.•nd rho inl",q""nl,
short periods of an... robiesis. lhe hy-drogen sulphide concenrration may reach
's much as 13-16 mg litre- 1 (Table 5.1) during rhe summer and winter stag·
nation period•. Large amOunts 01 redoced sulphur a", fourid in the bollom
sedim.nts of freshwater lakes, and rhe numbe.. of sulphal.·...ducing bacteria
in the muds of such lakes may' ...ach hund"'ds of thousands of cells per gram
of wet silt (Table 5.1)

"~",' ,d<" IQ. " .."r",d nt<' body "",, 1Urn>."..' __ • r<"



Table S,I SUlphate, hyd'ogen .ulphide.oJ ,ulphlltc-rWuc,og I"",'c'" in ,he wale. and ..,.j,me,,' 01 f'c""wa"', lale.

B""'<fi.,
(10' rell.
S 'wet ,;It) Ref.reflre.
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Cl>::oot.''''v ( 1974n)
Sok"Iu,. "'kl S"'uk i" (1957)
KUlnet"" (1'152)
Ohk: (I'1S4)
lI""hm;roo (1931)
Ollie (193~)

'Ibuk. (1979)
Tezuka (1979)
Te>uk. (1919)

2.5-4.0
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••

'00•

llydrosen"
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(~g S I
wel'il')

,u,
146--206
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Sui1'1",,,,

~."
,ulphu, HydroSC n

Lake Type of I.ke ,m, (ms litre ') .ulphidc

H.il.1 Oli""t"'phic BOO ,.• ,
Sclsahl..., Me",,,,,,,hic .- " "'kolsh<P Kich"" Mesotrophic " 14.S 1l.2
lleloyc M",,,lmphic ,-. 16.3-f>lI.l ,
Yugocm Me"'>If<>ph'" " 43.1 0
1'100"'. EUlrophic '" U U
IlOI":" En'roph'" " ~-12 16.1
bhe,S_ "ulmph", " g.f, g,lI
Ki,.·U", Eut"'phlC "

,
Sow, Enlrophic , ,
T,k,I>oI<I)n""" En'mphi< ,

"
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De,pitt 'uch dala, a vit"'poinl prevail. in limoological lileralu", thllt
sulphale-",ducing bacleria in f1te bottom ~dimenls of freshwaler lak.s play
an insigniflCanl rol. in the sulphur cycl. bttauso llteir aClivily is limilt<l 1»' a
low conlenl of dissolvt<l sulphate (KIl1Jt.uov, 1952. 1970). In ",cent ynrs,
halO-ever. data ha"" accumulaled which cause uS 10 revise this cot>C<:pt. For
exam pl•. it 11M lIten .hown by lite u~ of "s01- IhIlt sulphale-",ducing bac
l.ria a", ""live in the ~dimenlS of freshwaler lak.s .nd, in SOme cases. lhey
produce significant amounlS of h~'drogtn .ulphidt (Tabk 5.2).

1lH: ,ubscqutnl fale of Ihis hydrogen sulphide m.y vary; pan of il may be
oxid~d al the sedimemj,,-.ter interface, and pan may diffuse up the w.ter
column. In lite lauer case, oxidalion of hydrogen sulphide occun .1 lite inler
face belween the aerobic and .n.erobic zoneS of lite ,,'aler column and may
resull in local in~reases in sulphate conc<::nlr/ltion in lite lake_waler (see
Fig, 5.2), Howe""r, il .ppears from lhe few geochemical analyses available
lhat a considerable part of lhe hydrogen sulph~ fonned in lhe bollom
sedimenls undergoe, diagene.is ,,'ilh lhe prodoclion of Pl'rile and organically
bound sulphur, and Ihus is ,,'ilhdrawn from lhe <"y<"le.

Recenl in'''stigalions on Lake Baikal have clarified SOme aspt<'IS of wl
phur eycling in freshwaler rese"-oirs. Typical concrelions of pyrile and pyr_
rhalile have lIten found in lhe bonom sediment' of lhis oligOirophic fresh
water lake (Bondarev. 1974). In addilion, qUllnlilies of reduced sulphur. bolh
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in the form of3<:1d·;olul:>l. wlpllidei and fl}'rire-sulphur, ....ere present in nearly
all of tile sediments sludied in Ihis lake (Laro. 1977. 1980) (.,'en in deep
water-regions do""n (0 1200--1300 m; Table 5.3), These geochemical find
ingi. IOgethe, wilh microbiological data and the results of labelling techniques
(Table S.2). clearl)" poim to the prc<;ellCe of acti~ sulphate I't'duc\ion in 1M
sedimems of Lake Baikal. where the sulphat. oon""ntration in water is
known to be greater than 2 mgS Iitre-',

s."eraJ ~udies have ""en made on the oontent! of the various forms of
reduced sulphur in bonom "'diments of freshwater lakes in Japan and Nonh
America. Wht<n oomparing these data ;1 ,lIould be borne in mind thaI 11..
,'arious authors used diFfurm method' of analysis and oomputations for par
ticular form' of reduced sulphur. and only the content< of add·soluble suI·
phide seemed 10 be estimated by similar metho',",

Sediment~of f~,hwater lake~ wnh differem deg~esof contamination oon
lain appredable amounts of acid-soluble ~ulphur (Table 5.4): lOlal reduced
sulphur in the muds of the mesotl'Qphic Lake Nakatosuno-Ko amountS to

0.11~ in term, of d...' silt (Suga""ara e, al., 1953). The bottom sediment~of
bracki,h lakes in Japan a~ characterized by a markedly higher content of
both acid-soluble and pyrite .ulphur. The ~duced sulphur content of the
sediments of continental brackish lakes in Japan i. 2~. and i. comparable
"'ith the amount found in the sediments 01 the highly productive ~gion. of
sea. and ocuns (See Chapler 6).

Nriagu (l968. 1975), Nriagu and Coke' (1976). Nriagu and Harvey (I978),
and Nriagu and Hem (1918) determined the different form~ of reduced sul·
phur in lake sedimems of Nonh America. In the upper I>orizons of silt
deposits of the eutrophic Lake Mendota (Table 5.5) acid-soluble sulphide i~

the main form of sulphur. TIle con~ntrations of acid-soiuble sulphide and
total reduced ~ulphur are much higher in the sediments of the deep part of the
lake than in lhe ohallow-water muds. This is explained by the annual gener·
ation of anaerobic conditions in the hypolimnion of this lake (Nriagu. 1968).

Figure 5.3 ~lumates the distribution of reduced ,ulphur in a seclion of the
Lake Mendota sedimem column. The upper pan of the sedimem aCCumu
lated during the pa~t 150 l'ealS and differs markedly in composition and
sulphur content from lhe marl deposits that are lower do""n lhe section.
Nriagu amibute. the change. in the nature of the sedimem. and the higher
co"C<'ntralion~of sulphur in the upper pan of sedn".nts. to the influe"C<' of
urbanization and economic development of the Mendota basin that began in
the fil"l1 half of the nineteemh ~ntu...· (Nriagu. 1968).

Data on the sediments of two of the Great Lakes-mcsotl'Qphic Lake
Ontario and eutrophic Lake Eric-are sho""n in Table 5,6. l1Ie reduced
sulphur contem in the surface horizons of Lake O"tario is O.16~. while at a
depth of 2-6 em it i!>Creases 10 O.2~, and then drops 10 0.13" and 'emain,
practically constant do""n to a depth of 50 em. In the uppetm05t mud horizon
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Table 5.S O..tributio<l of wlphur ,n t.... 01'P'" horizon' of L.ake
Mendo.. jNru.gu. 1968)

Depth (m) Total (~S. dry ...·eigllt bou,) Ek:"",.,.1

10.7 0.048 oms 0.005 0.0021
15.2 0.1 !l6 0,102 """" 0,(1016
1S.2 0.187 0.134 0.0012 0,0017
183 0.22\ 0,158 00011 00013
22.9 0.420 0.3S0 """" 0.0028
23.5 0.397 0326 """" 0,0017
25.3 0.425 0.300 0.0007 0.0036

ocid_solubk sulphur has a light sulphur isotopic composition: ...·ithi. the mud
column It become' heavier than pyrite-sulphur by 5-11'100 (Fig. 5.4). This
suggests that. in ,he mud column. acid·soluble sulphur is the product of reduc·
'ion of heavier sulphate present in pore .....a'N.

From data on the rontent of reduced sulphur in ",dimenl<, .nd an assumed
sedimenta,ion rate of 0.397 mgS em ' j'e.r-' (Kemper a/.• 1972; Nriagu and
Coker. 1976) ,he annual accumula,lon of reduced sulphur in Lake Ontario
sediments is estim.,ed to be -0.082 Tg. more lhan ' ....o-Ihirds of ...·hich .....s
produced by sulphate-reducing bac'eri•.

0
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E40

" ,
<a'",
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• ,
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o '-,
'3; ~<' ~

,
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Fig. S.3 D'stribution of aoid-lOluhle (6) &lid total (.I.) ,ulphur in "'dimeo"
of Lake Mendo,a (Nri"iu. 1968). DIe stla<kd .re. indicat.. tIM: column of
marl "'dime"" Ioclot<d under tIM: I'J'tr of dark reduced OO<I,mcnl<, (A. >!JaJ"""
n:pon, B. C. deep n:gion, of late)
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Table 5.6 POte-",... , .ulphate oDd rrduce<l sulphur in "'" ..dimeo' of Lake
Ontario (:-:riagu and CokeT, 1976)

Pore "'ater Add-solubl< Filled To,ol reductd
Inle",al >Ulphal<
(em) ("'i li"'.-') ('loS. dTY wcigllt ba'i<)

"-, " 0.037 0.120 0.157
H , 0,095 0.100 O,19~

'-' , 0.140 0.078 0.218
,-> <> 0.083 MS6 0.139
g~lO <, 0.078 OOSI 0.129

13-15 <> oms ""'" O.13S
18-20 <> """ 0.078 0.144
28-30 <> 0.078 0063 0.141
48-SO <> ""'" 0.056 0116

The ~ulphur distribution in 1he bot1Om sediment' of some ba,;n, of Lake
Erie is shown in Fig. 5.5. In sediments of thi, lake. just as in other I'onh
American lake,.• pronounced increase in rom:enlral;"n of red"""d sulphur
compounds is obscryed in the surface <_ Fig. 5.5--1"" cemrll basin) or
subsurface ""rirons (!;« Fig. 55-easlern and "'eSlem basins of Lake En.).
According to Sriagu (1975). the "",an concenl1-ation of reduced sulphur in
the surface borizonsof Lake E~ sediments is lAS (dry '~I basi'), From this
value and lhe "'dimenlation rate (Kemp II al.. 1972) the amount of sulphur
annually illC(}rporaled into the lake ",d,men" in reduced form can be calcu
lated 10 be -0.0745 Tg (Nriagu. 1975).

From this re"iew of Ihe sulphur cycle in freshwaler lake, it is concluded

l.o'Op,c compos.l,on lS'·S. 'fo.)
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F~. 5,4 Varia';"" in ;,o,,,p;e com"""lion of ..,id--oolu....
(6) and ""onlC ~ Pl'",e (&) sulphu, in a lI«,ion "I ,be: Lak.On,."" !ediment<. (Nriagu and Coke,. 1976)
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lha1. in spit. of lhe low COnr.nl of dissol"'d sulphales. lhe sulphur cycl. in
lhese lak.s is quil' subslantial. Usually sulpha1' reduction lakes pta« only in
U... sedim.nts. although il can o«u, in It... hypolimnion of deep-water and
highly producti'.. lakes.

The geochemical result of sulphale reduclion in sediments of fresh...-al"
lakes is lhe accumulalion of "anou, insoluble form' of reduced sulphur.
Ho"·",,,. 1he amOuntS accumulaled '<II}' ",'idely (Table 5.7). Thi, sulphur is
removed from lhe cycle. and lherefor. obould be considered as a 100s ilem in
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Table S.7 Total t<:doccd sulphu, in "'dim<nts of fre5ll ....,., lake.

Sulphu,

U"' ('!loS. dry ..eighl bui» Rd...""".

Olig>olt<)p~ichlk..
B.ikal O.018-{).I08 La'" (1980)
H"~ O.lS-<l,38 K.mp~ aI. (1972)

M'Wlrophk lake.
Nak01,,"uoo-Ko 0.136-0.173 SUg.lnrae, oj. (1953)
Ontario 0.116-0.218 Nri.ogu and Coker (1976)

Eutrophic luk"
M.Ddot. O.l86..{).425 Nri_!" (1968)
Err O.OSO-lJ.340 Nn.gu (1975)

the ••limation of ooth regional and global sulphur budgets. Based on the rew
dala give" io Table 5.7, the .""rage sulphur comem in oontemporary sedi
men,. of mesotrophic and eutrophic lake. is 0.1 5'Mo (dry sediment basis). This
value is ";cd in OUT calculation. of sulphur flux into lake and re,.,rvoi, ",di
menlS,

Brinkmann and santOS (1974) investigated hydrogen sulphide production in
high_flood reservoir.; of the Amazon River. The ""idth of the stagnant flood
plain in the middle reaches of lhe Amazon, calkd 'igapo' in Bruil. is 200 km.
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of H,S omiss.ion to tbe .unosp"''' (Brinlm.nn and Sa.ntos, 1974)
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and this area is flooded "'ith f...shet from January to late (ktober (Fig. Hi).
Hydro~n sulphiok is prodUlXd in,he kll"'" horimn' of Ire'het reservoirs in
the period of "".ttr rise (Fig. 5.7). 11>e hydrogen sulphiok concentration
gr.dually ;'-"""""'5. and by the end of the high flood period ,..,ache.
I{\-I7 mg li're-' (Fig. 5.8),

In the middle of Augu>! t!>e level of f",,!>et f.lls and hydrogen·.ulphide·
containing "".'e", are exposed to the .urface. Th.. result. in ,!>e degassing of
hydrogen sulphide to ,Ite atmosphe.... usu.lly during Stp'tmbtr and Octobtr
(Fig. 5.8). Based on the duralion of tbe degassing proce... and the a",a of
floodplain (7500 km' according to l.ub.hova. 1958). tbe total emission of
hydrogen sulphide to the atmmphe... ",as estimated to bt 0.2-0.25 Tg
(Ivanov. 1979).

During the freShet in floodplain reservoirs tbe "'ater layer containing h)'d·
rogen 5Ulphiok is separated from tbe atmosphe'" by a layer of "'ater contain
ing o'}'gen (Fig. 5.6). Ho"'..''tr. under conain atmospheric conditions. for
example duting tbundtrstonns. tbe upper water I>orimn5 of t!>e Arnown
freshet ",.. rvoirs m.y cool do""n: l!>en duting l!>e period ",'hen freShel is al'
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Fig. S,8 Vanat;"", in "'l.o:en and hydrogen 'ulphlde co=n"oti.on. dunn~ falling
_-aler Ic,~h in ,"" Ooodpl"'n of ,"" Am..."n R"'<r (Brinkmann and Sant""
1974)

high le>'ol tllesc r¢st',voirs ar<: m",ed. and hydrogen sulphide escapes to .he
almo.pbere (Fig. 5.6). This uample sho...., that h)'drogen sulpbide can be
emilled to Ihe "m",pliel'(: in significant amOunlS from freshwater bodies.

~.2.2 The Sulphur C)'rle in ~luomktir Labs

The monimolimnions of stratified meromictic· lake. can conla;n appro"';.
able concentrations of h)"drogen .ulphidc. up 10 740-186 mg 1;lre-'
(Cbebolarev. 1914b: Hutchinson. 1957). In the .""modine in these lakes.
intensi»e chemical and microbiological oxidation of hy'drogcn sulphide 10
sulphur and sulpha.e oceurs. Tbe co"""ntration of photoautOlrophi<; bacteria
in lhis to"" is so high lhat lhe waler lakes on an intense red or green colour
(Ku>;neISOv. 1952: Sorokin. 1910: Takahashi and lchimura. 1970; Gcno'-e..
and Bruni. 1915: GorlenkotltJi.. 1911)

Two wpes of meromictic lakes OCCur mosl widely: lakes of coaslal regions
and lakes of karst origin. The first lype of meromictic lake is represented by
lake Mogilnoye on Hildin Island (in the Baren" Sea) described atlhe begin
ning of this century (halshenko. 1914). lhe well,sludied Solar lake. Sinai.
lake Faro in Italy (Geno'-ese and Bruni. 1915: Sorokin and Donalo. 1915).
and a number of lakes in lho coaSlal reg;"n of Antarctic. (Matsuba~'aer at..
.... ""''Om"",,,, I... ~ """ th>t ~ p.on~ """,d • .,j in ~ ""'" ,""",... ,~""'V<,"""'.. ""~ in ,""
lOp 1.0)'<,. BolIOnl tay<...f< ""J'W" ud ..... <01>0<
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1919; Bunon and Barker. 1919). 1l>c: monimolimnions of lhese lakes u,ually
ronlain modified sea·"'ate•. and the surface·"'aler layers are markedly fresh,
In a number of cases these lakes maintain a ronsIant hydraulic rontacr wirh
the sea. and the biogeochemical pr~sses occurring in them are similar ro
processes laking place in gulfs and. especially. in fjords.

Meromicric lake. of kam origin are usually deep-water reservoirs of ""all
area formed in karst gaps in halogenic rocks. Depending on rhe hydrological
regime 01 the lake. and the salinity olthe ground·waters which reed rhe: lake.
the sulphare con«ntr3tioon and rhe level of saliniry in the monimolimnions
vary "idely (Table 5.8). The hydrogen sulphide ron«mrarion depends !>oth
on rhe rate 01 sulphale reduclion in lake·warer and sediments and on rhe
secondary biogeochemICal reactions raking place in rhe water column and
sediments: il is also extremely \'ariable.

In mosr meromictic lakes. sulphate reduction is mosl acri.'e in rhe sediment
(Table 5.8). Howe'~r. in SOme cases. the amounr of hydrogen sulphide pro
d""ed in lhe "'ale, column may be comparable wilh lhe amounr produced in
the sediment or even exceed it,

A funher indicarion Ihat sulphate reduction occurs in the monimolimnioons
of meromictic lakes is gi'..n ll}' the resuhs of microbiological anal)'SOS
(Fig. 5.9). and by the marked differences in the: isotopic rom"",irion of hyd
rogen sulphide obrained from rhe mud and warer columns (Table 5.9). In all

SulpholO reduction f01<
I",~S l,t,.-1 day-')

2 4 & 8 10 12, " ,

I I
o ~O tOO 150 ZOO Z~ 300
Sulohott -,.d"~'"9bo~t."o l~tl1.fml)

Fig.5.9 SUlphalO red""r;"" "'lOS (ej aOO
d,,,,ibut;,,,, of ,ulphate-red",,'ing bacteria in
the "'atef column of Lake Gek-Gel (Sorokin.
1970)
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three karst lakes. hydrogen sulphide from the water column is more enriched
in <os than hl"drag,n sulphide from the upper ~dimenl horiwns. The "'sults
of ooth chemical and isotopic analyses (Tables 5.8 and 5.9) suggest the
following seqlll'nce of e'-enls. Sulphate is added to lhe deepest pan of the
karst lake basin from ground.water di'iCharge. Pan of this sulphate is rcd\l«d
10 hydroll"n sulphide in lite "'diments and precipitated as pyrite. and 1M
residual sulphate becomes enriched in "S. This sulphate is Iran.poned 10 the
deep water of the lake monimolimnion. ,,-here funher red",,!;"n of sulphate
10 hydrogen sulphide occurs. Thu,. the primary characteristic of the sulphur
cyde in ""'romictic lakes i. that sulphate rcduch'm takes pia"" in both the
monimolimnion and in tl>e sediment.

The second ehar:lClcri,ti<; of the sulphur cycle in these lake. is thaI the
ooundary bet"'een oxidized and reduced ZOneS lies rIOt allhe sedimenlj,,"'ater
inlerface bUI in the waler column in the region of lhe chemodine. As already
mentioned. this region also support, the mass de""lopment of micro
oll'anisms capable of oxidizing bydrogen sulphide, Gorlenko e' al. (1977)
haH provided a detailed summary of tbe pholo- and chemoautolrophic mic·
rollo'a of meromictic lake•. and have described the result' of numerous anal-
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~"k' of photos}'mhetic and chemos~l1thetic acti"ity in the chcmodine. using
''CO,. The major geochemical resuh of the aCli,'ity of these mlcro-organisms
is the complele oxidalion of hydrogen sulphide diffusing from lhe anaerobic
ZOne.

Unlike lTcsh".-aler lake•. where only a minor pan of the sulphur mput is
buried in sedimenu in the form of reduced Sulphur. meromictic rcse""oirs
seem to be characterized by high concentrations of reduced sulphur in the
sediments (Table 5.10). An assessment of the global sulphur flux into the
sediments of meromictic lakes eann<ll as }'et hc made hceause the number of
these lahs is unknown. and comprehensive analyses of all reduced sulphur
compounds in their sediments do 001 exisl. Ne,'enhcless compared with the
amount of ,ulphur in sea, and oceans lhe amounl of sulphur in lhese lakes is
probably insignificant. and thu, the flux of sulphur to the'" ",dimenl' can be
neglected in the global sulphur balance.

5.3 -'IAN'S CO""fRIBUTION TO THE SULPlllfR CYCLE IN
C01l."fISE....TAL WATER RFSERVOIRS

An approximate eSlimation of the utilizalion of "aOOus sulphur--eontaining
raw materials by man sho",.. lhat. in lhe mid 1970s. the amount ofsulphur
annually eXtracted in fossil fuels. sulphide mineralS. and nati"e sulphur alone.
reached 120Tg. During lhe processing and uliliUltion of lhe sulphur·
containing raw material' by induSlf)' and agricuhure. lhe major part of lhis
Sulphur (more than 100 Tg year .) ""as added \() ri,us and continental waler
reservoirs in lhe form of gaseous or soluble oxidized comp:>unds. and waS
lhen transponed to marine reservoirs (see Fig. S 18).

Three basIC aspeClS of mM'S oomribution to lhe sulphur cyde in continen·
tal water reservoirs ha"e heen considered' (I) lhe increase in the OOnecn·
"auon of sulphate and h~'drogen mlphide production in freshwater lakes: (2)
lhe increase of reduced sulphur in sediment' of these re"""oirs; (3) the
aCIdification of lake-""ater in respon.. To alm",pheric acid de"",ilion. We
shall supplement the r"'jew of lhese problems wilh a speciallrealmem of the
sulphur cyde in waler rese""oirs where, accordmg 10 some authors. large
masses of sedimenlary material are accumulaTed. and ",'here sulphale reduc
tion. leading to lhe con"'''''alion of reduced sulphur compounds. occurs.

5.3.1 Sulphate and H~'drogen Sulphide in Lak._Wat••

This has heen studied trIOSl ntensively in lhe Great La.~es region of Nonh
America (Fig. 5.10). This region. in panicular lhe pan heloniing 10 the USA.
has been '-ery intensivel)' inhabiled and u..d during the paot 100--130 years.
Thr populalion inhabitIng the Great Lah. basin increa"'d from 4.5 million
people m 1860 10 16 million in 1900 and 10 36.3 million in 1960 {Breton.



'"
" ..."
! ,, ,

.!

Fia_ 5.10 Mapal ,hcel>lem pan olNonh Ame'ka ""''''io'l'' G~",
Lak., and n<igbbowilli bl>in. of ,be .\Iiniisippi, Inir>ois. and Ohio
ri""", (oflor Aokcrrn&Jln n .1" 1970)

1965). By 1980. II>: population exac.d.d 50 milli<>o. Acoording to
Ackermann.,ol. (1970). tile average sulpha.e concentration of the Illinois
Ri"'" at Pwria. ilL and the Ohio Ri""r al Cairo. Ill., has risen from 46 10
120mgl;t"'-' and from 30 to 61 rng litre-', ",.pec'i""ly. during the paSt
60-70 years. They also "'PO" thallhe .u1phate concentration in waler from
the south-western lhore of Lake Michigan was 5 rng lit"'-' early Ihis cemury.
14,4 rng lilre -, in 1926. and 25,7 rng litre" in 1967 (Ackermann <I 0/., 1970).

Figur. 5.11 muWate. tbe "'.ulls of Bec,on (1%5) ",1>0 summarized
informalion on sulphate concentration in tbe WatelS of the Great Lake. avail
able sina: 1850. The .ulphat. concentration in the Water of all 1M lakel.
except for Lake Superior ....hose basin is less populated. has increased
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Table HI Change, in 1"" h)'droecn sulphjdc conttnlf.lion of ,he hypolimnion of
Lake Bolo"od f'om 1928 10 1964 and Lake Black K..hie. from 1938 10 1971

~-'
Hyd'ogen .ulphide

Do,e of onalJ"C' (m) (mg li'",-') Refe,entt'

/Au fhlcW><t
17.03.1928 " 4.47 Dol£O' (l9H)
2008.1928 " 4,20
17.08,1937 " 7.24 KLIZII<tsOv (1942)
09.12.1937 '" ."11.03,1938 " 8.58
30.07,1938 " 7.68
02.08,1948 '" 6.50 Egor<wa (l951)
JoU)' 1954 '" 24.0 Lyalik""a (l9S?)

" 25.0
Win,e, 1955 " "" lw..;w (1956)
luly 1958 '" '" K=oelSOv {l970)

'" 100.0
29.07.1964 " 9S.0

" I S2.0 Sor<>kin (l966)

LAI« Block KiclU",
13.09,1938 , 5S.8 KLIZII<''''' (1952)• S7.1
July 1971 • S9.6 Cbcb<>...fC~ (19740'

8.15 6l.S

'Tbo O"o'<"l'..,.....I<, .....pit'< ...,. _ ..in ..,_.~ hilh """"n'","'" <!I>o 10 incImion
oIl«I""nl.
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throughout the ""riod of ot>.crvation. Panicularly marked i!; the inc,.. • ..,
during the paSI 50-60 j"C''''.

According to Shilkrol (1968) and Rossolimo (1977). the sulphate ron<:cn·
tralion in the hrpolimnion of the meromictic uke Beloye in Ko.ino. ncar
Moscow, has ~n from 2-3 mg 111"'-' in 1923-27106.6-11.2 mg lil"'-· in
tl>e §ummer and aulumn of 1961. The hydrogen 5ulphick collttntration in the
hypolimnion of this lake also increased (Shilkrot. 1968). In 1910-11 hyd·
rogen sulphide: WOS I>Ot detected in the waler, either during Summer stagna.
tion or during winler. Howeve, in August 1938. 4.8 mg H,S lil...- I ""as meas.
ured. and ,n August 1967, S.6 mg litre-I. Hydrogen sulphide COntenb of
lake-watel below the layer frozen from Novemlxr to April we... as follows'
0.02-0.09 mg litre" in March 1931: 0.03-0.18 mg lilre -, in April 1938. and
5.1-7.3 mg litre-' in ~lareh 1967.

A greater increase In the concentration of dissolved hydrogen sulphide was
observed in the mon;molimnion of the meromictic Lake Belovod in the Vla_
dimir region (Table 5.11 )---Imm 4.5 mg lit'" 'in 1928 to 7.2-9.0 109 litre-'
in 1937-38. and 95 mg htre Lin 1964. Lakes Belovod and Beloye are S;tu·
ated in industrial and lknsely populated regions. By contrast. in the ""'romi<_
tic Lake Black Kichier the h\'drogen sulphide concentration has not changed
for the paSt 33 years (",e Table 5.1 I). h rna)' he considered as a comrollake
sin« it is situated ;n the lal'g(' tmets of forest on the left bank of the Volga
River.

5.3.2 Accumulation or RPduad Sulphur In Lacustrm. So<I~n..

Subsurface maxima of reduced sulphur concentrations;n the sediments of
Lake Mendota. Lake Ontario. and Lake Erie h,,'C already bttn mentioned
(figs 5.4. 5.5 and Tables 5.5, 5.6). Nriagu attributed this phenomenon to
anthropogenic contamination of the lakes (Nriagu. 1968. 1975; Nriagu and
Coker. 1976). BUlthe most convincing e>'i(!ence of the influence of amhro
pogenic processel upon the sulphurcyde in sediments was Obtained by Kemp
er ~I. (1972). lltey studied the dimibution of organi< and mineral carbon.
nitrogen. phosphorus. and reduced sulphur in columns of "'diments of three
to the five Great Lakes. the oligotrophic Lake Huron. the eutrophi< Lake
Erie. and the mesotrophic Lake Ontario (Fig. 5.12), Although Kemp el aI.
(1912) concluded that the reduced sulphur content of the "'diments has not
changed during the past 100 )urs. the results in Fig,S. I 2 dearly demonstrate
tile increasing aceumulation of pTacticall)' all of the components studied. from
the older to the younger ",diment•. llte total sulphur concentration in sedi·
mems from Lake Erie dated 1800-1900 ranged Imm 0.04 to 0.08~. ,,'herea.
the concentration in 1965 sediments was 1.1". Table 5.12 shows that the
most marked changes in sulphur occurred in the sediments of the most COn·
taminated lake. Lake Erie. and the smallest changes occurred in those 01
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Table 5.12 Rat"'" of ,arbon, ni'""",o, phMpOOrus, and sulphu, of toIllemporary
1830 sediment> laken from tb .... of ,he Grtal \..lIke, (from Kemptt <>1" 1972)

"., Otpnic carbon Toul nit~n Tow pllospboru> Total ",Iphu.

,o. " u " 16.8
o.,..io " U 25 "H._ U U " "

Lake Huron. Thu<- there i. definite evidena: for sulpha,. rcdUCIion in these
sediments which has led 10 sulphide accumulation (see al"" Nriagu. 1975;
Nriagu and Coker, 1976) and which is consistem wilh large increase' in
organic carbon in ,he sedirmnlS.

Sorokin (1975) s,udi<:d 1M stimulat;ng effect of high concentl'3tions of
organic carbon on sulpha,. reduction in ''''0 Alpine lakes-Lugo"" and
Lago-Margory. In the sedimcnu of lhese lakes. which are grossly contami.
nated with u,han Soewage w"alers and residues from pulp and paP'" indu.'IYs,
It.. organic carbon concentrations are 4-5~ and 2-3~ respc<:ti'·oly. Sulpha.e
~ reduced in the sediment,olboth lakes at ralesof 2.2 mgH,s litre-' day" in
Lake Lugano and 14-18 mgH,s lilre-' day-' in Lagl>-Margol')'. Appreciable
concentrations of acid·~lublesulphur are accumulaled-from 0.23 10 0.61~

in tile sediment of Lake Lugano and from 0.12 10 0.78~ (dl')' silt basis) in
Lagl>-Margol')' (Sorokin. 1975).

1be dala presented in the lasl1"" subsection' indicate lhal human. indus
lrial. and agricultural activilieS markedly influence tile sulphur Clo'de in comi
nental reservoirs. Fim lllere is a noliceable increase in llle concemration of
di!;SOlved sulphate in fresh waler. Wilen nol acwmpanied by acidification of
lake- or ri'"r-"·ater. such increases by them",I'", may nol be environ
mentally delrimemal-nen a doubling of lhe natural sulphate le,,,I. would
resull in concenlrations of less lhan 100 mg Hlre-'.

However. an increase in ,ulphat. concenlration w~1 often occur simuhau·
ously with an increase in organic mailer in lhe waler reservoir. ejlber from
exogenous source, 0' produced in lhe rese,wir itself by photos)'nlhesis. Such
conditions are fawurable for enhanced sulphate reduclion in re"'rvoirs. This
isobserved in the sedimemsoflhe Great Lake•. the Alpine lakes in Italy. and
in the walers of Lake Be!o)'e and Lake BeloVO<!. when: an appreciable
amounl of h)'drogen sulphKk ao::umulales as an indir«t result of anlhro
pogenic infl»ence•. As long as lake sedimenls contain a suffICiem amount of
n:active iron. hydrogen sulphide will be remo,'ed from the e<:osyStem a. iron
monosulphides and ~·rite. Ho,,·ever. if the sedimenl.become iron.<JeflCienl.
h)·drog.n sulphide ,,'~I .mer the oollom "·al.... causing lhe death of bemhie
animals and plan" and a marked delerio'ation of lhe oxygen slalus of lhe
whole n:servoir. Soch phenomena have ahudy been observed in Lake
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Beloye where, during tho: last five years. fmud aeralion of the lake-,,'aler wilh
air compressors has tM:en ne<>:ssat)' \0 sa". lhe biola from hydrogen sulphide:
comaminalion (Rossolimo and Shilkrol, 1971).

Ll.3 T... Sulpllur Clde in Waler R....rwin

Inlensive construction of anifieial "'aler reservo;rs over all conlinents has
taken pla<>: during lhe l"'enticth century and. in pankular. during tho: past
20-30 years. By 1972 their numtM:r had ex<>:ede:d 10000, and lhe 10lal area
of tho: water surface of "'servoirs had reached 400 000 km' (aboul 20% of lhe
area of lhe water ,urfa<>: of all lake. and about one.lhird of tho: area of
freshwaler lakes). Waler 'ilorage in lbe,., ",,.,rvoirs reached 6'llo of lhe tOlal
reserves of fresh water in lakes (Korzun., aI.• 1974).

Sorokin (1960. I%1). in a .. lie, of in"estigalions carried Out on lhe water
re",,,"-oil'S of lhe Volga cascade:. de:monstrated that tilt- ",dimenl$, and """".
times l!>e water columns. suppon "Iremely ""ti"" sulphate reduction resull·
ing in tbe enrichmenl of "'duced ,ulphur in ..dimenrs and its removal from
the global biogeochemical C)-'cle, 'The sediment. of Ihree waler reservoirs
contain large numbers of sulphale_reducing bacteria and high coOCl:Olrations
of "'duced sulphur, and exhibit aeti.'e .ulphate reduction. 'There ,,'as a
marked increase in lhe coment of hydrogen sulphide and ""id-soluble suI
ph;"le. in lhe sediments of lhe Kuibyshe,.,koye ....ater reservoir belween 1957
and 1958 (Tabk 5.13).

In SOme pans of the Kuib)'she,-,;ko)"e "'aler rese,,"-oir. sulphale reduction
was ohsc""'ed ;n tho: waler column. a. wen as in lbe sediments during summer
stratifioation. 'The rale varied ....ithin t!>e range 0,012-0.0 I7 109 lit'" -, day-l
(Sorokin 1960. 1961) ,,'hich i'lt)"pical of the level of aetivily in lhe walers of
mesotrophk meromictic lakes (see Table 5.2); in the bonom-water layer il
reacbed as high as 0.2 109 H,5 lit",-l day'l (Sorokin 1%0). The average
content of acid-soluble .ulphur in 14 samples of the Kuibyshevskoye water
rese,-.,-oir is O.14'llo in lerm, of dry sill (Sorokin, 1%0); i,e. it approximate. the
total amount of reduced sulphur in lake sedimem (Table 5.7). In the sediment
samples from tiM: Susakansky and Che",m.hansky bal'S of this water reservoir.
lhe mean ooOttmralion of ""id-soluble "'duced .ulphur i. 0.35'llo of dry sill.
although in some c"",. it fall. within the range 0.6g-1.05'lloS.

TIle average conc;o:ntration of acid-soluble sulphur ;n sediments of tiM:
Rybinskoye reservoir is approximately lhe same a. lhal in sediments of the
Kuibyshevskoye re"'rvoir (viz. 0.14'llo). This value is markedl)' low'er
(0.05'llo; Sokolova and Sorokin. 1958) in sedimems of the Gorkovskoye
reselYoir during the firsl year of irs operalion only. Thu•. anir",ial reservoi...
like the Gorkovskoye and Kuibyshevskoye resel"-oin. appear to have sup.
poned. from lhe very beginning. highly acti...., mkrobioiogical sulphate reduc
lion which has caused con.iderable enrichment of redll<>:d .ulpllur in tile



T.bk ~,13 Son", ch''''",'~'i"o<:<of ,he 'ulplla'. <cduclio" 1'''''''''' '" >cdllD<I\I' oIlhe V'~ga '"",lie< ,"""'V,,;,. '" 19~H (So",~;n.
1960,1%1)

w

"Sta'HHl Stllp""" rtd",'i"g Sulpha,. rroUC1iu" "oc." AcHl ""u.bk ,ulpllur bacteria ."
L.ke Type of "'dimen' 'm' (mJ h,t<: ' weI moo) (10'",,11'8 " (mgf I,S lil"'-' day "

Rybin.koyc. Grty ..dime", in 11>0 Volga " '" • "~19S5 ';"e,-bed
Corty ..din",,,, in the M"~'3' " '" " 0.049

ri"",·l>od
DMk-Sfey ""dllnen' in to. Shck.'"' " '" .- 0.1J79

,i",,'·hcd
Peaty b",,," ""dllne"t \1.$ '"" " 0.020

Gorknv>koyc. Yclln,..."h "".limen, of lloOOl.nd, • 51.2 '" 1.43
19S" O'ey ",din,""t of f\ood'a"d, " 115.~ " 1.22

Hoodland 00,1 , 235.0 "" 0,17

"
O'.y sediment in back "aleT • 272.0 , 2.94
D.rI;-grty ""d,men, ;11 ,hc Sviyas. " bKJ " O,D

0fi"",·hcd <G<ey ""d,ment "f Lal. Yu,,,,"loyc '" I ~~.$ IHII '.94 [
G,~y ..dm",,,' of ,be i\rkba",,,ka " 421.4 '" 1J.47

~" .." >
Black .a"h • 27.3 '" 0.70

,.
KuibyslJc ..koyc. G<ey ",dll"ell' of to. 50R.0 "" 0.70 I195H Choc,em>/l.u>J<y""",.bed '"Orty ""lirncnl of Chertm,h.,,,.ly • "" (2HHf " 3.b8 (O.19f

,
'0'

,.
•Blacl OC<!;mcn' 01 ,I>o ..me feg"", " ." (SOH) " 4.03 (0.71) w

Orty ...limen, of Su...hn.ky nay , 2140 '" 3.95 •
lh,k·grcy ..d,me'" • '" (143) " 2.57 (3.90) ">Ih,k.g,.,y ..d''''''I\1 • 702 (50) - 2.H7 (O.lb) •,
Gfey ""dim.n' "I to. Voig. " '''' (34) " "M (0.1~) Driver·bed ,

•
·U<I«",'1I<4 "i,~ "sol .•, ...... I,~. '" ..._ ••~ __ ""'.'•..0.,,,. <._. ,_,__,,_ ",m
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..,dim~nts,The exampk of the Ryhinsko)'~ water rese,.,..oir indicates that this
process continues in the sediments of mature ""ater re..,rvoin ",hich have
httn operational for decades.

The data of Sorokin (1960, 1961) on the reduced sulphur content of reser
.;oir sediments. support the adopted value for reduced sulphur in the sedi
mems of freshwater lakes (0.15," in terms of dry silt. see aoove) and suggest
th.t it is also v.lid for the ~.kul.tions on the reduced sulphur nu~ to the
oottom sedimento of water reservoirs. This ....lue rna) he taken as the lower
limit for the total content of redu~d compounds in the sediments of these
reservoirs,

5,J,~ Incrt...., in Sulphate Conttnt, and Acldlflcation of Lake-Water due to
Atmospheric Dtposilioo

One of the conseq""nces of man_made pollution of the atmosphere is 'acid
rain', Acid rain is formed I>lo' precipitation of atmospheric nitrogen and suI.
phur o~ides produttd during fossil· fuel oomhustion and other human
activities. Tl>e extent of the global emission of oxides of sulphur to the atmos·
phere is usessed in Ch.pter 4 of this report. In this section ""e ronsKltr the
prohlems caused hy an increase in the sulphate ron~ntration and acidi·
flC.tion of lake·" ...ter due to acid deposition.

The progressi,'t acidifICation of atmospheric preCIpitation during the past
20 j'ears" now estahlished, H""'e>'er, the question as to which rompo""nt of
the anthropogenIC pollution is respon,ihle is still hotlj debated, Sulphur
clearly plays a marked and lOmellmes a dominant role. Od~n (1916) demons·
trated a relation het"'een decrea,ing pH of atmospheric precipitation and
increasing amounts of sulphur precipitated in lOme region. of Sweden,
Denmark, and Norwaj' (Fig. 5.13),

A numher of reports (e.g. Wright and Gjes,ing. 1976, Almerer .u.. 1974,
BeamiSh .nd Harvey, 1972; Seip and Tollan, 1978) ha"" noted a marked
acidifICation of lake_water in Scandinayia and the Laurentian 5hield of North
America. n.e .verag<: values for lah·w'ater pH h.ve dropped to 5.0. with tile
annual rate of decrease lxlng 0.05-0.01 of a unit (Tahle 5.14), The eleYared
concentrations of sulphate ions in acidic lake_wate" (Tahle 5.15) show that,
in most cases. the decrease in pH is due to sulphuric acid.

A relationship hetw'een the sulphate rontent of lake·",'ater and the distane<:
from the local lOure<: of atmospheric contamination has heen demonstrated
by Nriagu and Harvej' (1978). They anal)'sed the sulphate content in the
water of 120 lakes (Fig. 5.14) in the environs of Copper Oiff (Ontario.
Canada). ",·here lhe metal.smelting p1.nt' add -0.018 TgS as sulphur dioxide
to the atmosphere per day. An appreciahle incre.se in sulphate oon~ntration

was obsc"'td wilhin a radius of at least 60 km from the souree of the anthro-
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p:>genic pollution. In lak..... ith buff. red "·a'.. the pH volu", did not chang.
$ignificantly.• '"en ,,'hen the sulphate concentration rose to 40-87 mg litre·'.
In lak.....ith unbuff.red ...at... distin~t acidirICation "'as ob$e,....'.d ...bich
increased a, the di"ance from the contamination SOurce decreased
(Fig. 5.15). In addition. the isotopic composition of the sulphat.~ulphur of
acidic lak.·..·at.r appeared to he homogeneous and dose to the isotopic
composition of sulphur in pollut.d atmospheric precipitation (Nriagu and
Harvey, 1978).

TlIe data of Nriagu and Ha,....·.)" (197g) on the Canadian lak., provid••
basi. for interpreting the rol. of ,,·at.r chemistry and Joeal rock composition
on the rale of acidificalion of lak.....at.r by acid deposition. The ...at• ., of
lakes situated in areaS of crystalline rocks wntain f.... dissol,'.d sahs and a
minimal quantity of base•. and therefore their acidification by ac;,j deposition
occu., rapidly. This has happened in the uhra.fr.sh...ater lah' of NON.-a)..
S....den, and some ea,tem region, of Nonh Am.rica. In region, ...ith a
developed shield of ..dim.nl.ry rockS. tbe I.k.·...ate.. are more highly buf
f.red againsllh. acidifying df.ct of acid rain (Tabl. 5.14). Therefore. the
fi.,1 dfect of anthropogenic pollution of $uch lake, via the .tmosphere, viz. a
marked increa.. in sulphat. wnlenl (Fig. 5.14), is not al"'a)'1 associat.d ...ith
an immediate marked change;n pH (Ftg. 5.1~). It should ~ horne in mind,
ho.... v.r, that the buff.ring capacity of lake·..·ater i. limited. and that the



Numocr of
~cgion I.~., Early d". <KI pH ~=n' do.. on pit

.';can,I","o;"
Cen"ol Norway '" 7.3" II,H (1~~I) S,H "U.7 (197S)
W.".,. Sweden""''' " 6.6;t 0.2 (1933-36) S.4;t 0.8 (1971)
W.".rn Sweden mo.t , 6.8;t 0.4 (1<).l2~49) S.6;t 0.9 (1971)W." C.n'ml S"",dcn , 6,3" 0.) (1937-48) 4.7;t0.2 (t973)
Soo"h Centrol Sweden , 6.2 ;t 0.2 (19J3_48) 5.5 % 0.1 (1913)
So:>othcrn SW«lc:n " 6.16;t 0.14 (193S) 6.23 ;t 0.44 (1911)

NQrth Jlm"io.
1... Cloeloe MI>. 0,,,...>. Ca"ado , 63' 0,7 (l96l) 4.9 -'. O.S (l972_13)
1'10"10 La (,1n<he Ml< , 6,6;t 0,8 (l%l) 5,9;t0.7 (1971)
Adiron,la.ck Ml<. New YOlk , 6.S ;t 0.6 (l9JO-38) 4," • 0.2 (1969-75)
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continooU5 addition of acid rain to lake5 01 this type will lead. sooner or later,
to appreciable acidifieation and unfa'-ourablc eoological consequences.

A detailed CQn,ideration of the eeologieal effects of lake·water atidif"ation
is not the aim 01 the present ,ubsection. and it has already heen discu""d
comprehensively by man)' eeologiSts. Chemists. aOO biologists (Almer n 01..
1974; Bumish and Ha,..,.ey, 1972: Hendrey er aI., 1976: Schof.. ld. 1976;
Sdp and Tollan. 1978; Kramer, 1978: and mhers). SuffICe it to say that a
decrease in lake,,,·at.. pH is associated with a drastie reduction in the number
of bioiogieal species found in wate, rese""-oirs- from phytoplankton to fishes.
The bioma~ of organisms and the le"el of primary production are also
depkted.

5.4 ESfIMATES Of SULPHUR RE~10VEO fRO~f THE GLOBAL
CYCU: BY BIOGEOCHHUCAL PROCESSES IN CO"TL,"E1l.TAL

WATER RESERVOIRS

As mentioned abo,.., (see Fi8. 3.1), not all of the sulphur "'hich finds its
"'ay into rivers by weathering and human activity reaches the ocean. Parr of
the sulphur is de?,»ited. mainly in the fonn 01 redo=d compound" ,,'ith the
sediment' of lre,h"'ate, lake' and "'ater reservoirs, and parr accumulate, in
inland drainage basins, for example the Caspian Sea, In both cases this sui·
phur is withdrawn lrom the contempo.ary sulphur cycle by its burial in
sediments.

5.4.1 Sulphur FlUJl to tM ~imtnlll of fl"tSlt"'atu Lakes and Watu
R_rvoin

U,pensky (1970) e'timate, the average sedimeotation rate in takes to be
O.lg gem-' year-'. This value approximates the lo,,'est of the annual sedi·
mentation rates calculated for the Great Lakes-Lake Erio, 0.54 gem";
Lake Ontario, O.32gcm-'; Lake Huron, O,ISgcm-' (Kemp el aI.,
1972}-and may be used for the asse~menl of the sulphur flux 10 the bonom
sediments of all freshwater lake., the total area of ",'hieh may be as high a,
1 236 000 km' (KOI7Ufl el aI., 1974). Assumiog an area 01 reduced sediments
equivalent to 7S,," of the IOtal area of lakes (Nriagu and Coker, 1916; Nriagu,
1915), and an ave.a~ sulphur content 01 0,15,,". we estimate the total sui.
phur flux to sediments of lreshwater lake' to he 2.S TgS j'ear". Sim~ar

a~umption$ha"e been made in asse~ing the annual deposition of sulphur in
sedimenu of water reservoirs. Gllmph's (1973) data indicate that 1800 Tg of
sediments are accumulated annually in "'ate. reservoirs in the USA, with a
total area of flO 000 km' (Gorshko", 191>0), By extrapolation. the total world
water reservoirs (area 400 000 km') ""ill annually accumulate 20000 Tg of
sediments and 13.S TgS. l1Ie sulphur flux to the sediments of all freshwater
la'e. and reservoirs. therefore, totals 16 TgS yea"'.



T~ Sulphur Cycle in Comwmal Reurvoirs

0 , 0• 0 •

.. '\
0,

tJ/ 0

~)'
,

"""l. .,
~:'J:> ~/'• "'5 ' 0

'J!?0
,

0 ,• , 0,
0,
0

(
o~, , " •

0• o ,, .,,, 0 ••
~

• ,
0 0

", ~

0
~

0 ;• O'• •, -•
" E

0
.,, ,

~ •• , g:':
! 0

~, o •
• 0

0
- .~

• ,
~

~, -
~ ~ 1_ 0,

0 0, , >
) , •

•
0 0 •• • ,

"



330 The Global 8iQgw.::MmOcDl SWphUT Cycle

This value is con,idc...,d to be temal;ve only and. in all probability is an
underestimate. .\in~ e"en thougb tile lotal sulphur oonlen1 in lake sedimem.
has not been adequately studied. in mrm CaseS it uaeds the value (O.lS,.S.
d~' "'eight b..is) u!oed in the caltulations (see Table 5.7)

~.~.2 The Sulpllur Flux to Inland Dnolnag<' Basins

Figu"" 5 16 sho"... that inland drainage basins occupy vas! land areas.
particularly in Aumalia (SI.3'llo of the total land). Africa (31.9'0). and
Eurasi. (28,5%). n,. lotal area of tile inland drainage- basins amounts 10
30.2 x 10' km' or 2ll'O of the total land ,urfact Only 7.6% of the atmos
pheric precipitation is inyolved in the global moisture IUrno>u in the'" ,.,g_
ions. and rivers accounts for only 2% of the outflow, N.'-enheless, consider
able amOuntS of sulphur are transponed in Ihese region. by river discharge.
bttau>c ,he ,o,al mineral <:<In,en, of river and lake.w'aters of arid regions is
high (Korzun el al. 1974).

Dala on lhe sulphate ion flu, for IWO regions oflhe USSR ,,'i,l>oul e,lemal
runoff ha"e been published by Zvere" (1971). For o'her con'inents informa·
lion is ava~able on the IOlal ion flux and ri"eH"a,er discharge. from which an
a'nag. value for ,he mmeral <:<In,enl of Ih. wa,er Can be cakula,ed (Table
5,16). In assessing ,he aMUlll sulpha[e flu. to the inland drainage basins. i' is
assumed [ha'ihe proponion of sulphale in [he ion flux 01 [he relati'-cly poorly
mineralized walers of Africa, Sou,h America. and Asia approxima[es [hal in

T.bk 5.16 E.1Im.,u of [he .nnu.l .ulphur flu, to 'nl.nd dr-lIn.ge b.,in,

Sulphate 11""
R"'er' \\"....1

"- Ion flux" co"""ol..toon f" of ioo
Turitory (km') (HI' ton,..,) (mg litre ') (Tg y.",,-') nWl)...r- L)

Europe-> '" 89,0 '" 18.95 21.3

K...kh.c.n and
Mlddk Asio<
(USSR) "" 47,S m 1L4(} 24,0

n.. ru' of ASI. '" "'., m 16,0 20,0
Afric. '" 29.0 '" ,.. 20.0
So",h A....';,,;. " '0 '" "" 200
ro;onh Amuica " '0 m 1.25 25.0
AUS1f.lia • 10,0 lllO B 25.0

Total "." 26S,0 ,~ 56.7

·.~n fi!U",~ <,«pi t""",, ,<terrio, 10 Eu"'fN'. K"",kh"oo. and Mldo1Ie A""-." ..ken from
Komm" M. (197'),
'Th< n", from t"o Eu"'P"" COIl'ino" " "'e. from ,"0 d." "" t"o Caspion Se. b..in
(Z"''''•. 1971)
'0.,. 01 Z..", (197t)
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t~ ri"~r wal" of I~ Ca'pian ~a basin (aboul 2~). and Ihal t~ mo",
mineralized ri"er·..'alen of I~ t"onh American and Australian lerrilorie'
...ithoul runoff to I~ ocean, ha"e a sulphale conlenl do<e \0 Ihal of t~
"'aten of Kazakhstan and Middl. Asia (Le. 25'llo of I~ 10lal ion nux), The
annual flWl ",'as cakul.l.d 10 be 19 TgS.

l1Ie tOlal amounl Qf sulphur remo,-ed from ro<h 1»' ....alhering. i""lude5
5ulph'le Ih.1 i. dissolved. and su!>sequ.nl1y red.posited in I~ form of <ahs.
Within I~ USSR. I~ <ah·affeet~d a",a5 occupy 3.5 " 10' km'. and I~

amQunl of sulphal' accumulated over lhis lerritory is aOOut 4,7 TgS (Z,oere,·.
1971). Thu•. I~ tOlal amount of .ulphur remo'oed annuall)' from I~ glob.1
bioge<IC~mical O)-.Ie by prott...s «<umng in conlinenlal ...aler re<ervoin
amounts 10 35 TgS. of which 19 TgS a", tran.poned 10 I~ ...aler re<eNoi... of
l~ inland drainage region•. and 16 TgS are fixed in I~ OOllom ..,dimen\< of
fre<ll...aler re<eNoi....

Part II SULPHUR FLUX FROM CONTINENTS
TO OCEANS

M. V. Iv,,",<ov. V. A. GRI:;ES'W ASD A. P. RABISOVICH

A••ho...n in Chapler 4.•OOut 100,5 TgS year-' is Iran.fuTed from conti·
nent. to ocean, through l~ almosp~re_ In Ihis _lion ""e .ttemptto assess
t~ amounl of sulphur lran.poned 10 ocean. in ri'oer runoff and to (Stimale
lhe relati'" contribution of v.rious natural and anthrQpogenic processes 10
Ihi. nWl.

5.5. SULPHUR nux IN RJV£R RUSQFF

E.lunaleS of global sulphur lranspon in river runoff vary bel.....n 73 TgS
year·' (Robinson and Robbins, 1970 and 136 TgS )'ear-' (Friend
1973)_ This broad spectrum of estimates is I~ resuh of different metho
dological approac~s 10 lbe ....ssmenl of Ihis flWl. Anol~r reason for I~
"ariab~ily is Ih.1 oome authon lake inlo accounl bolh natural and man-m.de
sulphur emission.. while owrs con.ider only I~ nalUral .ulphur oourttS,

As I~ steadily irn;",..ing consumplion of .ulphur-oonlaining f""ls and
sulphur miner.l. is followed by an inerea.. in 'Im",p~ric and hydrospheric
pollution. t~ a5<eS5ment of natural.ulphur emissions is of paramounl impor_
la~ for a beller undenlanding of the influence of man on t~ global bio
geochemical sulphur cycle.•nd for predicling fulure lrends in the<e nuxes
from l1\OdIels of industri.1 and agricultur.1 development.
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5.5,1 Natural Sulphur Flux in Ri~r Ruootr

To e'timate the total amount of 'ulphur tr.n,f.m:d to the OC¢an, in ri~rs.

the total water discharge and the av:ragt: sulphat. concentration of riv.r.
,,·.tor must be: known. Value, fo' theSC' two para"..te" have been exten';vely
modified 0'''' the years '" ne'" data ha"e been acquired. This is .,pecially
true for e,timate, of the total wate, flow-. In 1960 the annual river flow wa,
estimated to be IS 300 km' (IOrikwm. 1960), "ohM mo,e recent information
,uggests that the river flux from the land to the OC¢an i' 42 400 km' yea,·'
(Korzun el ai" 1974).

Li,·lng,ton. (1963) estimated the a"erase content of variou, ion' in the
river.waters of some continents from a large body of data dating back 10 the
first half of this century: the low"st a,,,rage sulphat. concentration wa, found
in Aostralian riv.rs (Table 5.17). From more recent data, ho"'eve,. "'e calcu·
lat. the ave,age concentration to be: 15 mg litre-I. TheSC' calculations ...... '.
based on the m.an sulphat. concentration for 10 rivers of New South Wales
which have a total annual discharg. of -10 kin' (Garman, 1980) and the
m.an mlph.ate concentration in "-ater of the Murray Rive' (Garman. 1980)
,,'hich has a mean discha,ge of 10.5 km' y.a,·' (Korzunet aI., 1974). While
this Information repreSC'nts only 7.5lil1 of the total ,ive, discha,ge of Au'tralia,
it is nevenheless more rep,eSC'ntatlv. than Li,ingstone', estimate which was
based on ,elatively f.w data for tile Rose and Murray 'ivers.

Data for other continents (Table 5, I 7) demon'trate th.attlle m.an sulphat.
concentration in ri'-e,·"'aters of Europe and Nonh America is substantially
bigher than thoSC' of othe' continents, This may be due to anthropogenic
,ulphur pollution of riv.r·....·at.rs In the twO most mdustriatiud world regions
(Bem.r.1971).

Livingstone. (1963) data {Table 5.17) ,uggest that the sulphate: chloride

Tal>l.~,17 A.'erage !-UIpllate aDd chIorid< """""ntr.ninn, aDd
sulphate:chloride "'tiM in riyu,,,'..e.. of diffe...,nt continents
(livingstone. 1963)

Sulphate Chloride
SUlph.ate :chlorid<

Continent (mB htre 'J ratin

Europe l4.0 ••• 3.48
North America 200 " 2.50
South Arne ..... ••• ••• 098
A~ ••• " '"""" 13.~ 12.1 l.ll
AU>lfllia H 10.0 0.26

,,"'<N<' A<:co«l.... to til< dall of 01"'" (1912) tb< ..... OOI>C<Dtratiom of
oulpiool< .od ,_.. til< n .... of Soot~ Am<"'" .'" .,3 and 5.' D\,II11r<-'
"llIKIively. p.m, • IUtpb>t<:<bkril< IItio of 0, 7%.
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ratio in riveH.'alOrs may be used 10 asse" tbe amount of anthropoge:nic
sulphate in river-wate", of North America and Europe. 11>l: sui
phalO , chloriM ratio in rivcr_waIC,.. from thru largc bul poorly industrial_
ized continc:nts. South America. Asia. and Africa. approximate. I
(0.96-1.11). Howe'"t'r. in lhe Wate.. of North America and Europe t!>e ratio>
ll1"t' much higher_2.5 and 3.48 1"t',peetivdy. A .imilar 1"t'lationship ;,
obsel'led in ri,-er-waters of the USSR {Table 5.18): in tbe 1"t'latively un
contaminated ,,·ate" of tl><: Siberian rivers (basin. of tl><: Kara Sea and Ea.t
Siberian Sea) the sulphalO , c-ltlotide tatio approximate, I. while in t!>e wate..
of the European pari of tl><: USSR thi, ratio varies from 1 (in the Baltic Sea
basin) to 3.28 (in tl><: Caspian Sea basin). It is OOle"'onhy that. of all tl><:
rive.. which discharge: into the ~an from t!>e Asian part of t!>e USSR. the
hig!>en sulphate: chloriM ratio in river_water (2.32) is found in t!>e river
discharge inlO the seas surrounding the Soviet Far East (Table 5.18).'The
Amur River. ,,'hich a<x:ounts for~ of tbe IOtal ri'-er runoff from th;, region.
flow. Ihrough the most densely populated and industrialized area of eastern
Siberia. It i. suggested that the raised 5UIphate conlOnt in the total river runoff
of the Far East i. due 10 a marked anthropogenic impacl,

With the exception of the Parana and Amazon rive,.. in South America. the
chem;,try of river runoff in other world 1"t'gions has been in\-estigated to a
lesser extenl. Sy1tematic analyses of "'ater from the Middle Parana. upstream
of the Argent;"e cities of Santa Fe and Parana. were carried out from Ma"h
1970 to D<:cember 1972 by D<:pelris (1976). According 10 his data. the
average: annual fluxes of sulphate and chloride in the non_poliulOd waters of
!hi. ri,'er are 1,5 Tg and 2,8 TS respectively (sulphate: chloride
ratio - 0.535).

TIle Amazon River accounts for 53'llo of the total runoff from the South
American continent and for 16'llo of the world runoff to the ocean•. TIt;,
relatively unpolluted river discharge 17 Tg of .u1phate and 22 Tg of chloride

T.ble ~,lg A"erage .ulpha,e OlId chloride concentration••nd wlph... ,cbloride
ratios in river-waters no"'ing into the differenl ..as of the USSR (Alekin and
BTUhnii.n>a. 1964)

Sulpllate Chloride

~.

Chuknt•. Ea" Sib<'ian. and Lap'c> .... 17.S
Kara S.. 8.S
Barcnts.nd White.... 14.S
Bal'i<: Se. 7.0
Block Sea and Sea of A10v 4l.S
Caspian Se. 62.1
B-eting. OkboUII:. aDd Japan .... S.8

17.7

",.•
•••

16.~

18.9

"

SUlphate: chloride-•."
1-20

'"US
2.S1
3.28
D2



'" The Global 8il:Jgtod'Lmkal Sulphur Cyck

imo {he ocean annually (average sulphate: chloride ralio - 0.773). Varia_
tions in sulphate and chloride concentration. in the Amazon Ri,,<:, during one
~'ear. based on data of Gibbs (1972). a", sbov.'n in Fig. 5.17. "The monthly
discharge of chloride. in general. ..aries in accordance ",'itb change. in water
flow. From Mo)' 10 O<tober, hovo..,,-eT, relati'-cly less .ulphate i. discharged
and the sulphale : chloride 1111;0 drops from 0.94-1.20 (in Janull)'_April) to
a. low as 0,43 in Augu'l. By (he end of the year the monthly discharge. of
sulpha\<: and chlori& relurn 10 ll>e k,'(:I, near lhoosc of Jaoua!)' (oul.
phale : chloride ratio of 0.93).

11>< obse,,'<:d variation in sulphale and chloridc f1uxe' suggem thaI, from
May 10 Ocmber. a considerable amOunl of wlphale is ,,·i{bd,...'n from the
walers of the Amaron and i< rhus "'moved from tho cycle. n.e data of
Brinkmann and Santos (1974) (Fig. 5.6. 5.7. and 5.8) do indeed sho", that.
from February up to late December. imensi>'e sulphate reduction OttUTS in
tbe marshy floodland. of tbe Middle Amazon. 1bc results reported in
Fig. 5.17 suggest that this process continues during the "'hole flood period.
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and show thallhe hydrogen sulphide concemration reaches 11 mg lim,l of
bottom waler by the end of Octoher. Some hydrogen ~ulphide escape~ 10 ,he
a,......phe'" (Brinkmann and Sanlos. 1974). and """e is fIxed in ,he form of
sulphides lhal a", sJov,'ly incorpora,ed inlo ,he sedimenls 01 flood lakes. Thus.
in Ihe Amazon floodlands. mechanisms a", p'esen' for the partial 'emoval of
sulphale-sulphur from ri",r·waler '0 ,he o,mospbe", 000 opparently 10 lhe
soil and li'hosphere. "'hich ltCOOunl for lhe ",Iali"el~' low sulpha,e concen
tration in ,hi~ I.,ge river. The mean ,'alue for the sulpha,e : chloride ratio for
,he si:c mon,hs' period .. hen sulphale "'duetion i~ leasl in,ense (Janu
ary_April and No",mber-D<:cemher) is 0.964. which is close 10 lhe sui_
phale : chloride ralio in ri,..,r·"'ale .. of non-indus'rialized con,inent'l (Table
5.11) ond the vas' undeveloped regions of Soviet Siberio (Table 5.18).

On lhe basis of (I) Li'lingstone's (1963) data for ri,..,r wa'e.. of various
con,inents; (2) lhose of Alekin and Brazhnikova (1964) for ,he ri.'e .. of
various T"egion~ of the USSR, and (3) the mO'" recem data on the Sou,h
American rivers (Gibbs. 1972; D<:petris, 1976), an upper estimate can be
made of the annual flux of sulpha,e-1ulphur in river·".aler from conlinen.. '0
ocuns...eluding man-made pollution, This equols, by weight, the chloride
flux ond omounts 10104.1 TgS ye"-' (Table 5.19).

Tbe major proces.o;es con,ributing to the sulphur conlent in rivers 0'" sllo".n
in Fig. 5.18, Among ,he na'uralprocesse. a large contribu,ion is made from
atmospheric sulphur in pT"ecipita,ion, or by dry deposilion and adsorption.
The flux of sulphur from ,he atmo~phe,.., to the continents is estimated in the
present work to be 84 TgS )'Ur" (see Chap,er 4). This value includc.12 TgS

Table H9 Sulphur OWl '0 tile ooc:on,os diw>h'e<l sulpha,e in "'en

A",
Terr;lory Ave,",.
,,"h no..- Ann ...1 sulphale Sulphale Sulphur.~~ ~. """'.n' (TgSO;- (TgS

ConlillCn, (10' krn'Y (10' km')" (rnl hlre-') ye.r- l) ye..")

Nonh Americl 19.~ ,~ •• 62.72 20.9
South Amencl 16.4 tl.70 " SO,31 16.11
Eul20il 39,1 16,40 8.4' 137.76 4~,92

Africl 20.~ 4.11 13,~' H.48 18.49
A"","lia ODd Dee."Ut " 2.37 ,. 6.t6 2.0~

TOIlI 100,3 42,42 312,43 104.0

.,,0=00 ..... (l~,.).

'CokulI"'" from dllorid< <on«nl....,., (T0ltle S.ll),
'Oibbo(l91l)
'l;"lnp!On<', (l%) ~III for A...
'tmnplOn< (l%l),
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in dry deposition in de..rt areas ",'ithoul wat.r discharge to the ocean. Conse.
quently, the tOlal atmospheric sulphur nUl from conlinenn 10 lhe oceans in
ri"e~ is 72 TgS lear-I (Figs. 4.7, 4.8), 47 TgS of which repre..nl anthro
pogenic sulphur and 25 TgS from nalurat \oOuree, (Fig, 5.18).

Another irnponanl nalural process p,oviding lhe ocean with sulphur ;'the
erosion of soils and ro<:ks. Production from this \oOuree is estimated to be
791 TgS year" (..e lhe scberne in Fig. 5.18). lltis value i' the difference

Fig. '.18 M'JOr n>lural .nd onrhropogenic nU<e' OOfIrrihu\lnllO lhe /\ow of
.ulpMle sulph' from .he OOfIt;neD!> 10 the oce.n" Figure. by the indice'
<knot<'he ",I"" of lhe nu' in TIS y.... -I. Symbols: R,-R,. n.tural sulphur
nuxe>: R,. vol..nic, R,. biogenic; R,. du" emi...,D; R•• n"" from lhe <ool;neOl.1
>tnwsphe-,. 10 lhe oce.ns; R,. n... from lhe oce,Dslo <onlinenlO; Roo 101.1 nu'
from the Olmo<phere 10 til< <ontinonu: R ·.1<r eroWn: R.. unilizer .ulphur
trao.t d to soil dr.in.ge "''ale''; 14 'Oi" ..·.tet: R,o:> underground sulphur
0 ; R" g. ""le.. from miolDI .nd m.oufac1urifll; R".•nthropogen>c
0 10 .1>< atmosphere: RL~ "mospheric sulphur preClp;1-alina on 10 ront;I1¢D";
R,,, .oltlropogenic.cd n.rural ,ulphu' tran.t.rre<! from ronli....n" 10 oce'D'. l.
Sulphu, OUlpoIllrom ~thosphere ... r..ull of miDing: II. prooossing of fIY'ril.',
o.tive s.ulphu,.•nd sulphu,-.:ontainina go.., in ohcmic.al indus,ry: Ill, rossil fuel
<ombu".,n and ,ulphide ore prooessi"i
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belween lite 10lal inpul of ~ulpllur to rivers due to natural prott~se~ o,l\<,r
Iltan wea'lIering (Table 5.19) and Ihe amOum of non_anlhropogenic .ulphur
lran~ferred from lhe: almosphere 10 COnl;nents and rivers.

5.5.2 Sulphur Flu~ 10 the t::luaIU In Ground Waters

Dis..,lved sulphur i. Iransferred from conlinenl~ 10 ocean'. oot only by
river ruooff bUI also by ground_Walef'<. Jamalov er 0/. (1917) e,rimated Ihal
tl\<, amounl of "'ater delivered 10 II\<, ocean annually in underground flow is
aboul 2400km'. while according 10 Konun el aJ, (1974). it is 2200 km'.

In tl\<, following eakulalions an a,-erage figure of 2300 km' year-' h.as been
chosen. We assume thallhese "'alef'< fall within lhoe calcium bicarbonate type
of underground walef'< in which rhe: a'-erage sulpltate concenlration is 12 mg
litre-1 (see Tab~ 5.20). Such a mean value may be adopted for all ground
watel1l excepl lhose of thoe cominemal salinization wne (ShV3nzev. 1978),
On II\<, basis oflhis mean value the ,ulpllur flux 10 lhe o<ean~ in underground
now i~ 92 TgS year-' (Fig. S 18). This calculated value should be added 10
the: non·anthropogenic ,ulpllur flux to lhe oceans Ihrough ri,-er runoff (Table
5.19). gh'ing a tOlal flu. of diosol"«! ,ulphur from lhe conlinents of
113.3 TgS year-'.

Table 5.20 Sulphate and ohloride in ",ule.-ground ",·at... of "ll'iou' landsap" or
diJllltic te!ioo> of til< !lob<: (Sh.....-"'e.... 1978)

Sulphate Chlo.ide:

!'umll<. Numll<, Sulphate:
Lar>d>cape or dim",ic 0< " ohlorid<
u!ion analyse, (mg litte-') analyse, (mg ~tU·') .,"
ReSion of p"rmafrosl 7655 5.58 7655 5.58

"Region of mode"lel~
humid chmate 7032 14.70 7032 10.90 1.35

Tropical and .ubtropic:tl
tegion. ", 887 '" 10.60 O~

MounTain tegion, 4778 18.W 4778 6.13 2.98
Mea" .....1"" in g19uOO-

....1<" of the "'II<
of leaching 20379 lL90 20379 8.30 1.43

Ground·"'·a"" of the
"'II< of contine",al
..ltniuliOll ISH no 182S '00 1.62

5.5.3 Man-mad< C....tn1lution

Estimates of tl\<, anthrop::>genic sulphur fl"" to lhe "-orld oceans in ri,-er
runoff are also gi...en in Fig, 5.18. The,., estimales are based On data for tile
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world output of various sulphuT-<ontaining minerals lha. are u~d as fuel and
faW malerials.

Sulphur pollution of tile armo>phecc b)' the combustion of fos~il fuels is
discussed in dela~ in Chapler 4. Tbe total annual emi..ion of anlhropo~nic:
sulphur into the atmosphere is estimated to be 113 TgS year-I, and pan of
Ihis sulphur (47 TgS }'ear-') is deposited on continents and contributes 10 the
wrnposition of tile rivers (Fig. 5.18). Funller pollution of the atmosphere and
hydrosphere is cau<;cd by tile products and ,,-aSles of chemical industries
which are using e'-er-increasing amountS of sulphur<Ontaining raw materials
such as elemental sulphur, pyrite, and hydrogen sulphide.

There has been a rapid growth in world sulphur production during the past
two made. and. in 1975, it waS close 10 52 Tg (Nriagu. 1978). This rapid
growth was due: mainly to the increasing application of sulphuric acid in
fertilittr production. More than 85% of the sulphur produced is used 1<> make
.ulphuric acid. ab<>ul 6O'llo of ..·hich is used for the production of super·
phosphate and ammonium sulphate utilized in agriculture (Nriagu. 1978).
Olher indust~s ,,·hich consume large quantities of sulphuric acid include the
chemical industry. 'teel manufacluring. petroleum rerming. and the cellulose
induSlry, In some count~s sulphuric acid i' also used in the mining industry
for the leaching of copper and uranium from Ores.

Olher sulphur rompound'l are used in industry in di"erse .. a)"l: for example
nati"e sulphur for the improvement of alkaline so~s and in the production of
fungicides and insecticides. sulphur dioxide in the pulp and paper industry,
and a'l a presef\'ati"e in some branches of the food industry. Carb<>n disul_
phick and some other .ulphur compounds are widely used in the production
of synthetic materials. The rapid growth in sulphur consumption. mainly in
fertilizer production. hegan during the 1960s. and over the past decade the
a'-erage annual increase in sulphur ronsumption approached 8.5% (Nriagu.
1978). In 1974-75. the tOlal global sulphur conwmption ,,·a'l47.5 TgS. and
growth rates in de'-cloping countries "'ere noticeably higher than in industrial·
ized countries (Table 5,21). The !<Ime tencknC)" is anlicipated for the forth
ooming decack and. according to SOme estimales. lhe total consumption will
exettd 65 TgS in 1985 (Table 5.21).

Based on Nriagu's (1978) estimates for sulphur consumption in 1980
(56 TgS) and irs ulilizalion in "arious industries (Fig. 5.19). we estimate rhat
28 TgS were added 10 $Oil in ferti]iurs in that year. The <ulphate component
of both phosphate and nitrogen fertilizers i< partially used by plants ,,'hile lhe
remainder may' he leached from $Oil in drainage wa,ers and transferred 10
rivers. The removal of IUlphur in harve"ed crops is assessed as 6 TgS y'ear-'
(Kilmer. 1979). After heing digesled by' man and animals this sulphur is also
discharVd into sewers and finally into ri,·e,... ThUs. the rontent of anthro
pogenk sulphates in rive,.. may increase by a value equivalent to the annual
consumption of sulphur fertilizers (28 TgS year '; Fig. 5.18).
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Tobie 5.21 Sulphu,"", in dlfl....nt ...gion. of llle: "'orld (I'M.gu. 1918)

1914-75 1985 (.<lim.t.d)
Ann ....1in<...... in

R·am u'" 1965-75 ('lO) (T,S ~'... 'J

Nonh Americ. 13.6 17.1
USSR and ...l.'n Europe 0 12.0 16.5
W.".m Eu'ope ) 11.1 1~.4

A";. and O<e.nia" " " OJ
Africa.r><! Middlr E." ) 2S "South Americ. W U "
World 10101 .., 41.5 65.6

'Da.. 10< India. I'aliWn. at><! B..,pd<"'.

Fig, 5.19 Sulphu, ron.urnption 'n ,""rio'" br1l.""lIe:. of indu,'IY
durin, 1970 (.11.' COle. (910)
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1bc remainder of the sulphur used in industry (28 TgS )'ur"' in 1974-80)
i, transferred 10 riven in drainage waters from industrial centres and urban
area. (Fig. 5.18). Thu•. about 169 TgS yoa,-I are tran,ferred from the litho
sphere as a result of the extraction and processing of various ,a,,· materials.
About 56 Tg of this amounl emu til<: rivers in sewage and drainage waters.
and 113 Tg are transferred to lite atmosphere and then parTially returned to
the continents by precipitation.

Sulphate contamination of the hydre>phere al$o occurs d"" \() "'cathering
of residue. in mining regions •.-here dtposits of various metal sulphide••
sulphur.containing coal. and n.tive sulphur are exploited, Acid drainage wal
eF> from various mining optralions are generated in many regions. but sul·
phune acid input d"" to acid ,.,,,atherin! has been assessed. as far as ....e kno.....
onl)' for tM Appalachian coal basin in lhe USA. According to Banon (1978).
-0.004 Tg of sulphuric acid (0,0013 TgS). in lerms of concenlrared ore, are
transferred 101M ri,."" of this region da~y. Thus. 0,48 TgS produced bJI acid
...'eaIMring is carried annuall)' to 1M ri,-ers in the Appalachian basin. We ha,."
arbillaril)' used a "al"" of l....ice lhis figure for tM flux of Ihis lype of anthro
pogenic sulphur from the lilhospMre 101M hydrosphere (Fig. 5.18). Obvi·
ously. lhe: aclual ,'31"" of lhis flux is far greater than 1 TgS year-'. but a
precise eStimale cannOt be made until further dala become available from
differenl mining region. of ll>e ....orld.

5.5.4 T"" Total Sulphur Flux in Rh'e.. and Underground \\'au..

'The oumm.tion of .11 the fluxes presented in Fig. 5.1g provides lhe annual
,ulphate ion flux from COntinenl5 10 ocean', By the end of the 1970s it
amounled 10 211.3 TgS year-I, Natural river runoff contribuled 104.1 TgS.
anlhropogenic emissions 104 TgS. and underground ....alet f101l/9.2 TgS.

5.6 SULPHUR ISOTOPIC CO:'>lPOSITION OF RIVER-WATER
SULPHATE

'The 6"'5 nlllCS of ri'."r sulphale can give tnfonoalion on lhe contributions
of sulphur from "arious sources, e.g. e"aporiles and oxidation of sulphides
from sediment.!), rocks. because il is kno....n that these sources ha>'. very
differenl sulphur isolOpic composition,. 'The 6"'5 values also pro,ide infonoa·
lion on the tran'fonoalions undergone during lhe journey from lhe SOurce to
the sea.

WMn suffICient infono.tion has been accumulaled on the isolOp;e compo
'ilion and sulphur content in river runoff. other inpulS 10 and emissions from
lhe ocean. it "'ill be possible 10 prepare a sulphur budget for the ocean. Bolh
maSS and iSOlopic f1uxe. mU'1 balance in any realistic budget for lbe .ulphur
cycle.



Tiu SulphuT Cyd~ i~ Comi~~mal R~"uV(}i" '"
5.6.1 Variation in l.K>topir Composilion Along Rh..."

Sulphatc from almost all of thc Icf1-ban~ tributarks of the Volga (tile
Vctluga. the Koshaga. the Kama. and the So~) which drain a tcrritory with
widely dC"cloped Permian cva..,rites. has rather high 6"S "a1ues (+ 7.7 10
+10.5'100), The 6"5 value for sulphate in the O~a River. ""hich al!o drains
the de"~loped Permian rocks in its lo"'...r reaches. faUs within the same range.

On the other hand, the right·ban~ tributaries of the Middle Volga (the Sura
and S"iyaga) have a different isotopic sulphur composition (6"5 • 0.0 to
+2,2°/00). Tbe isotopic composition of sulphatc from til<: Volga water i~lf

docs not vary greatly (+5.5 to +6.2"/00), and it is only below the VoIJll's
confluence with the Oka that its increases to +7.3/.. (VeseIOV'S~y ~I ai .•
I~).

In rivers with a lower water volume. f]uclUations in 6"5 due ro variation in
the isotopic composition of the roc~s in the drainage basin can be mOre
pronounced. lbc upper basin of the Kuma River. and its tributary the
Pod~umo~. are located at the northern slope of the Caucasian ridge-which is
characterized by sedimentary rocks of the Upper Jura and the Cretaceou,
pcriood, Tbe 6"5 value. of sulphates from these roc~s and ground-waters vary
from +11.8 to +12.5"/00 (Pankina el ai.. 1966). Sulphates from the upper
reaches of the Kuma, Podkumok. and Eshkanon rivers are also enriched in"5
(Veselovs~yel ai,. 1969).

In the footh~Js of tbe basin. where Oligocene rod with isotopically light
sulphides OQI;urs (,,"S • -13.51", ROllOvel ai.. 1974). the sulphates in the
Kuma and Podkumok rivers are abo markedly enriched in "'s (Veselovskyel
<d,.1969).

Hitc""n and Krouse (1972) reported on the isotopic wmposition of sul
phate-sulphur of river· and lake·"'·aters. using the reservoirs of the
Mac~.nzie Ri'.. r drainage basin in wcstern Canada as an illustration. lbc
basin of this ri'... r includes "anailS rocks: carDonates and evaporites make up
23'" of the basin area. argillaceous shale. 4<'N. and igneous and metamorphic
rocks. 29"lO (Reeder el a/.. 1972). Figure 5.20 depicts the resula of sulphur
and isotopic analyses of 52 ""mple, of .urface ",·aters from the Mackenzie
River basin taken during summer and grouped ace<:>rding to the grology of the
respecti,.. sub-basins. Samples taken from regions of exposed evaporite
deposits (black squares) generally sllow a wide: range of sulphale wncen·
trations and moderately heavy 6"5 val,,"s, Isotopically heavier sulphates
OC<:ur in poorly mineralised waters draining Paleozoic rock. (Fig. 5,20.
solid circles). Surface-"'ater-draining deposits of sulphH:lized argillaceous
schists (Fig. 5.20. black triangles) are characterized by intermediate sulphate
concentrations (20-110 109 litre -') and negative 6"5 '·alues.

Thus. the result, of Hitchon and Krouse (i972) clearly indicate that. in the
at>scnce of appTt'ciable anthropogenic pollution. the isotopic compo,ition of
rock sulphur has a pronounced effeet upon the iSOIOPic composition of



Fig. 5.20 Sc.II<r di"~r.m ' ......·i"8 lhe 'cM.""I"p hc'wccn J"s ",Iphaoc .,K! ,,,Ipha'. «,ncefltr:lli<", !of S2
,urr..." "'.'er> from the M.cken,", R..cr d,.'""S" "''''''. C."..I~: I\"nl M·44 '" ,I". (,3"'. ;,,,beale. tOe i",,"'p'"
r"I~' f,,, ,"ll'h.lC-""II~I"r from 'he M""ko",,", R,,,,,, ,lel'a. (fn~" Ililchon and K,u,""'. 1'112)
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T~ Sulphur Cycle in Continental Re:urvoirs '"
surface_"'ater sulphate. However. the major watu artery of the hasin-the
Mackenzie Rj'..,r itself-was represented by onl) one <ample from the delta
region. Sulphate m the sample had a 6"'$ ,·allle of -8.1' ~. If this .alue is
representati'..,. it would suggest that the major part of the sulphur flux in
Summer originate, from 50il organic matter. with an isotopic composition in
the range -28.0 to +4,6°1.. (Lowe e, al.. 1971: Hitchon and Kmu",. 1972).
or fmm the oxidation of iSOtopically light sulphides

Figure 5.21 pre"'nts the frequency distribution of the 6"5 "alues for sul
phate in Waters of the Mackenzie RI\'er bas,n, Most of the 'alues are between
oand + IO"{.... range which is t~'pical of sulphur in rain-"'ater. However. the
above.mentioned associations of 6"5 values of watU sulphate with the types
of rocks in the drainage sub-basin •• and the high salt (203 mg litre ') and
sulphate (31.4 mg litre-') concentrations in the "·aters of the Mackenzie
River compared to other Canadian ri"ers (Reeder el al,. 1972). demonstrate
concl"i"ely that rain_water sulphate does not pla~' an important part in the
sulphur budget of this ri,u sj"uem. l1Ie extremel)' "ide range of 6"5 values
(T I9.5 to - 21 .5'1"') of the ,urface Waters of this region reinforce. this con
clusion.

Some information is available On the varia lion in isotopic oomposition of
sulphate_sulphur from t,,"O small hal ian rivers.. the Am<> and Sergio
(Longinelli and Conecci. 1970). and the river Jordan in Israel. In both lialian
rivers_ lhroughout all ol:>sl:rvation period.. sulphate increa"'d in concen
tration and >os conlenl as the wate.. no"'ed from JOurce 10 mouth (Fig. 5.22).

Nissenbaum (1978) attempted to asse" the influence of atmospheric sul
phur upon the isotopic composition of rh..,r sulphate fmm dala for the ri•..,r
Jordan Figure 5.23 clearly shows that lhe isolOpic romposilion of the small
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February, 1969, 2. 3 September ]9<>8; 3. 9 Octo"", 1961, 4, 7 Much
1969. (Long",.Ui .00 eo"ee<:i, 1970)

WUI'C<' riv~rs of tl\<, Jordan varie$ widely. from +2.6 to +17.8"/... According
to N;s~nbaum (1978) the i'<Ol<>pic compo,ition, of sulphate in surface "...ters
from tile nonhern Jordan vaney are beSt explained by a model (Fig. 5.24)
involving mixing of sea·water sulphate (.1"$ .. +21'1"') with rain·...aIN
derived ground-waler (6"s - +4 to +90/"')' [n the area lIOnh of Lake Kin
ntTl'l. sulphate i~ almost ndusivdy derived from recharging l'3;n .....a!u,.I"'$
val ... , being determined by lhe relative contributions of Jordan Ri'-er suI·
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ph.le and ,ulphat. 'pnngs debouching at the lake bonom. Salin. spring,
around Lake Kinnerel ha'.. 6"S sulphale ,-.Iue' d~ to lhat of marine
sulphale.

5.6.2 T.mpo....1 Variation in Amoun, and Isotopi< Composition <>f Sulpha,.

Ve",lovsky.1 ul. (1966) made a detailed 'ludy olthe lemporal .-ariation in
amounl and ;""opic compositioo of sulphate-sulphur in ,,"'ater samples from
tlx Don and Volga "'-en. Water samples were taken at least Once a monlh
f'om the deep part of llx Don Ri'-er near llx 101'''n of Aha;' and at lhe
o,-erflow ..eir of the Volgograd reservoir on lhe Volga River. During lhe
~riod from Oclober I%0 to April 1962, lbe 6"5 "al~s for sulphale In tbe
Don "aried from +1.9 to +6.6'{oo, with the average value being +4.1 "/.. (Fig,
5.25): more extens;,.. observations revealed "'en mOre .ariation in <s"S ,·al.
",,, (-2.710 --8.5'/..; Rabino"ich and Vesekwsky. 1974).

A .. ide t3nge of 6 US '·al~. (+4.0 10 + 7.3'/",) was also obtained for .ul
phale from lhe Volga Ri""r (Fig. 5.26), The isotopic compo.ition of lhe
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FiJ.5.26 5o.",nol nri.,;"n in ....,.r di",hargt.•ulphate oo"C<nlrat;"", an<!
i<otopi< =po.ition of 'Ix ....pbat. in .....,., from ,II< V<>lga R",., (after
Rabinovich md Ve.elo.v:y, 1974)

,ulphate and ,he chemical comp<;»ilioo of lh. wale, phase in the lower fkw,- of
the Volga Rj'-cr are u,,,ally within the range. exhibited by the Kuiby,h<:v
reservoir. HoY,.,'.r, the chemical CQI1lposllJon of the ,i"e,-waters i. n01 con·
,tanl lhrou~ul the year because of marked flow from oolh the Kuibyshev
and Volgograd r...""o;,,. Therefor•. lhe waler masse, formed on different
season, prescrve to wme extern 1heir specific fUlures such as isotopic and
salt composition.

It is apparem from F<gs. 5.25 and 5.26 thai 1he chang•• in the sulphate
conlent and j""lOpic comlX'Silion depend On lhe ,,'aler flow and season. The
sulphale concenlra,ions of th~ wat~rsof both rivers a~ low in lat~ summ~r. In
",·int.r the sulphat. ront.nt increases and KaCheS a ma~imum b¢for~ the
spring Oood (Figs. 5.25 and 5.26). Isotopically light sulphat~s a~ typical of
the summ~r period. ""hilt in wint~r the sulphur herom~s ~nriched in "S. This
indicat•• that in ",·int.r. ""hoen the rivers are iced up. their "'-at.. is fed by
mineralized ground-wat~rs. carrying isotopically heary sulphat~s leached
from sulphat.-hearing .vaporit••. In summ.r the amount of .vaporit. suI·
phat~ ~~a"", and the river·wat.r gains isotopically light .ulphat•.•ith.r
from the atmo>phere or from o'idatian of \(dim~ntarysulphid~s.
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5.IU Cluu'1Ickristic> or 11M: Sulphalt .lux from thl' USSR

In spitt of the oonsickrable variability in 6"s values 01 ri'-tHo,.ter sulphate
due 10 b)"drologi<al. lithological. and seasonal {acton. we may cakulate a
provisional average 6"$ value for sulphate IransJXlrled in ri,-crs from oooti.
ncnlS to oceans. Such a calculation. based on the data of Rabinovich and
Grinenlu (1979), can be made for tWO large regions of 1M USSR. the Eu..,.
pnn and the Asian.

Data obtained during three years of Observation on estuaries of the six
largest ri.'ers of 11M: Asian part of the USSR are listed in Table 5.22. lbe
mean d"S val"" for sulphate is calculated from the sulphate ~u:< ISlhe weigh
ted mean >lIIuc for the obsen'ation period. Quite diffell:nI reIP!!' have been
obtained for the ri,'Cf'S of the European pan of thoe USSR (Table S.23). where
the mean 6"$ sulphate is nnr S,6'f1n

T",'o important factors int1uence lhe isolopic composilion of sulphate from
the IWO repono; In lhe EutQpean pan oflhe USSR fairly lighl evaporitu are
abundanl (~"'S" +13.5","), "'h~e isotopically hea,)· Cambrian evaporites
(~"'$" +28'1"') are characteristic of Siberia. In addilion, it is belie....,d Ihal
anlhropogenic sulphur markedl)' affeCIS lhe iSOIOpic composilion of the sul·
phale in river runoff in lhe European pan of the USSR. It is probably oot due
to chance lhal the lighlest ~"'s values are oblained for polluled ri....,,, such as
lhe Kura. Danube, Ural. and Kuban (Table 5.23).

On lhe olher hand. the mean iSOIOpic composilion of sulphate-sulphur
(6"'$ .. -9.5"1'''') from lhe Ieasl polluled nonhem ri"e" (tbe Pechora and
s.....,rna)·a Dvina) c10sdy approximates lhal of Pe,.,."ian sulphale
(~"'S .. +fl "10<» which is ...·idely dislribuled in the basins of lhese ri....,rs.

Table ~.22 The 10lal oulphur flux and 6"5 ..I.... for ",Iph.te in th<
larF" .iw.. of lhe A.ian """ of lhe USSR (1971-74)

Sulphate flux
Riw. (T,S fea.-')

.'Ira!~ !xnin
Sl't Doria LJ
Am" Daria 2.~

Total 3.8

Ptxi/k and A ...,i< rkt.~ b<uiJl.<
Am", 1.0
Lena 3.~

Yon;"'; 1.8
Ob U
Totol 1.6

R'I!F ("/00)

+6.7ro+to.~

·6.1 ro ·12.~

.6.0 ro· to.6
+2.~ 10 ..32.0
+~.a ro .. 1~.8
+~.61O+11.6

Me... ('1",)

+6.1
·14,0
.10.9
+7,6

·ILlb

Totol 11.4 ·10.15
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Table 5.23 Total ....Ipho, fiwr and J"S ,...1..., for .ulph... In ,II< I.'!..,
rivt~ of lilt EUl"(\p<'an part of tl.: USSR (l %9-72)

i''S v.l""

River

Ami<: (k.,vt bollin.
S<VCffi&)" lh-il'l.
red"",.
Total

&i'''' &4 />0>.<'"
N....
Z-al"dn.y. D,-ina
Nieman
To,.1

&. ofAw. /xui"

"""KilN"
Total

8/""k Su. lJ,uin
D.nubt
On;""..
Yuzhny BUll
Dnicper
Rion;
Total

C"'pian St. batin
Kur.
T.rek
Volga
Ural
Tot.1

Total

Sulpha'" fiWl
(TIS year 'J

u

""
OJ.
0.13
0.13
'A

"0.2

",.,
"0.02

"",.,

"•.,.,
O.lS

"
1l.S

"6_~'o+ll.6

-2.4'0+12,2

·0.110+13.1
-0.5 to +S.7

+3.5 '" +6.7
-0.6 to +9.1

+1.21" -5.1
-1.9'0 +8.4
_5.9',,+13.2
-2.81" .9,6
+1.910+13.7

-4.8'0 +4.5
-S.Oto +9.2
.0.910 7.4
_2.9'0 5.3

Mean (,..j

-504
+!l.a

+3.6
+6,77

-3.9
·5.5
·S.O
-S.S
+8.2
·'.55

-0.5
"'5.1
+6.0
+3.9
+4,70

Table 5.24 Tot.1 nux of ....Iphot._.ulphur to tho oce.n, from USSR ~"
(R.b'r>ov",h .n<! Grinonko. (979)

Pocif", and Ami<: """an' (A,;an pon)
Balti<: Sea
Bla<t Se.
Se. of A:o;w
Ami<: Oce.n (Europe.n pan)
Total 10, to. USSR

Sulph.at< OUll
(TgS)CO,-L)

",..,.
"
"13.6

J""S. ",nn val...
("100)

+11.16
+6.77
+4.~~

+~.39

+9.~4

+9.19
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lbe tOlal amounl of sulphate~sulphurenlering lhe world Qttans from ri~·

en of lhe USSR. and its mean isotopic comprn;ilion is &i"en in Table 5,24,
The a'.. ,age value obtained for the isotopic comprn;ilion of sulphate-sulphur>
+9.2'100 for lhe riven in the USSR ,,'ilh a IOtal flux of 13 TgS may be
regarded as characlerislic of the isotopic comprn;ilion of all sulphur lrans
ferred from cominenls 10 oceanS in ri,..n,

5.7 CO:-;CLUSIO",S

Table 5.25 presenlS the eslimat.s for inpuls and out pUb of sulphur in ri~.r

runoff that were schemalically porI rayed in Fig. 5.1. JusliflCalion for lhese
estimates is gi,..,n in the corresponding <Celions of this chapter, Sulphur leach-.
ing du,ing rod "..atMring. ,,'as Oblained by differe~,

Finally. in Table 5.26. the absolute and relati'.. sulphur fluxes which
characterize lhree major palhwaY' of sulphur supply to continenla! reservoin
are compared, They are: (I) "'nthering and ,,'ater erosion of rocks (",'nth·
ered sulphur); (2) various natural processes t.ading 10 sulphur emission 10 the
almosphere and ilS subsequent deposition (atmospheric sulphur); (3) sulphur
entering conlinental waler·Oodies as a resull of eXlraction and exploilation by
man of "arious minerals (anthropogenic sulphur). It should be ooted that lhe
relati,·. values of the sulphur fluxes for continenlal water bodies are fairly
dose 10 the eSlimales made by Z"erev (1971) in hIS work deWled to the
hydrochemical budget of lhe USSR. even though the experimental aod
computational approoches made by him ""ere substantially different from
lhose used in lhis work.

A major and quile alarming conclusion drawn from the data of Table 5.26
is lhal lhe tOlal amounl of sulphur mwl,..,d in lhe sulphur cycle ofcontinenlal
rese"'oin has nearly doubled due 10 man's aclivily. For highly industrialized
continents such as Europe and North America lhe amount has increased 10 a
greater extent. by factors of 3.5 and 2.5 respectively (see Table 5.17),

It is also apparent from Table 5.26 that. when compiling budgets nf ';'..r
runoff, geochemists should lake into account the large amounl of sulphur
cycled lhrough lhe atmosplle ....

T.bIe 5.25 Sulphu, budget fu, CQ<Iti"e"tal ....1<, bodioes

Sulphu, influx (TIS yea, \)

1. leach",! of fertil""rs
2, Sew.ge ....1<'
3. Add drtlinoge
4, Add rain
S. ~.tural ouoospheri<:
6. Wo",r erosion of rock.

Total.

:!8.0
28.0.,
47.0
25.0

llU

243,\

7, Flux 10 lhe ~." :!OS.!
8. Flux inlO OOIlti....ntal "'01<' bod... 19.0
9. Burial of .ulphu, i" bottom

",dim.nu of 10k.. ODd ,.",,,,,,in 16,0

243.1
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Table S.26 Compara'i.'. cha....... ri<tics oflbre<: major pa'h.....y"'r...lphu..pp1y '0
oonllflental.,aler bodiel

Fhlll for the USSR
Global nllJl (Zverev .l971)

(TIS yoa,'l) (') (TgS )"e"-" (')

S..lph... <>1 _ ..hering 114.1 ".• " 35,.
A,mo>pbc:nc ...Iph'" from n......1
~_. H.O 10.3 D lS.3

Anthropogenic ...Iph..r 104.0 42.8 ,., 49,3

TC>1a1. 243,1 ". l4.4 '00
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CHAPTER 6
The Sulphur Cycle In Oceans

Part I RESERVOIRS AND FLUXES

l. l. VOLKOV and A. G. RoZA."oV

6.1 SUL.PHUR FL.UXES TO THE OCEAN

Mos' of llIe su~hur added to ~as and """ans is dis",I"ed from land areas
and transponed m rivers. Aboul 110,8 TgS are discharged to the """anS annu·
ally in riy'er-water. mainly in the form of sulphate (see Chapter 5), Pan of lhis
sulphur (104.1 TgS) may rome from ~dimentary rocks and ores nposed 10
weathering. atmospheric deposition. and, to a lesser degree, volcanism. In
addilion to the natural sulphur flux, approximately the >arne amount ofsulphur
jsdischarg<'d to lhe """ans b~' rivers as a resull ofanthropogenic pr"""sses. This
flux is estimated to he 104 TgS year-'. "Therefore. the tOlal flux of diswlved
sulphate carried from tile land to Ihe """anS in riy'ers amounts to 214.8 TgS
year- t (Table 6, I), About 9.3 TgS are al",discharged to the """anseaeh )uras
suspended mailer in rivers, usually in the form of sulphales with a negligible
amouDl as sulphides. AboUl 9.2 TgS )'O'ar- 1

• mainJ)' in the form of diS50h-.d
sulphate are added to the """.ns by ground-water (Chapters 2. 5) and 4.2 TgS
year-' are deposited as. remll of abrasion and exaration (Chapter 2).

From Ihe difference !>etween the rate of emission of sulphur fi-om the """an
surf.ce to the atmosphere. and the rate of deposilion from the atmosphere,
the net rale of .ddition to Ihe """ans from this source is ealeulated to be
80.5 TgS )'e.r-'. 66 Tg of which is anthropogenic sulphur (Ch.pter 4).

The total flux of sulphur to the """ans estimated from the data given In
Table 6,1 amounts of 339.2 TgS y••r- 1

, At present almost half of this
(170 TgS) is from anthropogenit sou=,.

One funher sulphur flux to Ihe """ans is that resulting from submarine

m
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T.bIe 6.1 Sulplly, n....... to ,be DC.....

-~
.... Fl", (TIS l""'-') Rck",1'>I:fl

RJ,.." <Ii>ctIaJp._.
~',S' 2IH(l04Y Cloap<c' !I.......... ., c..p<c. !I

l;.....~1looo soi 9_2 CIoapocn2.!1

T.-.oopon lhrouP <be
.1iipht", SOi . SO, 9.'-5(66)' """,.

u_,..--.- .. I ... , >0, ., 0ap0<,2

AWl lIow ffCIIII -u.o.
.......N>n .. _ " >0, .~ CIoapoc,2

Abr2sio& of -"'om ...:I..~ '.2 Cbapct.2

TOllII Om to ocu.. 339.2 (170)

·VahI<i .. Ilno<k<n .........'" _,. ........w
'lyh_I'> TiS _ -.._

hydrolhennal lIoCtl~'I)', ...·h"h OttUrs primarily a, mid~.n" nit lIOrw:S .nd
o,he, .rc•• of ,ectonic KU"II)'. TIle mai"i,1Idc of thi. n"" can only be lenta·
tl~dy evalual<'d (undcrv.'ater "Olcanocli appear '0 contribu,e -(l.OT,S
\..,.,-').

6.2 SUI.PIIUR IN OCEAN A>"D SEA·WATERS

6.2.1 Sulphatc-Sulp-hu'

Sulphur in O«'an .nd K.·",.ters i' in the fonn of diWll...d sulpllatc$.
Sulphate-ion .mounts '0 7.68'" of ,he total dis.§ol~ed oa!u .nd us roncc:n
'ration •."ric, "'Ith du,ngc. in 101al salini\)". At an .""raJ!" ooncc:ntra,ion of
0.904 IS kl- I. ,he 'Olal mass ohulp-hll' UI the ...·arld ocean ....ters .mounts 10
0.904 x 1.413 x 10" .. 1271 " 10" IS" 1.277 " lOoTIS (T.blc 6.2)

Se.-.....te, IIl1ndc"'tllnUed ...ilb '""'I'CCI toCaSO,.D~ sulp/lltes.no
partially bouDd In ion pllB. P"'domlllan,ly 1'.50•. l\1tSQ::. C.SO; and
KSO'_ F.... SOl .1Oft$ KC()WII for J9-S9'Mo of tbc lOIai sulplllll<' ,n K.-...."l<'r;
the raltJ!'C rcwh. from d,ffcrc-nttS III tile d.rwxtation oomUlll. IIKd by d,f.
feren, ..v.kers UI Lhclf calculabOM (Gam:h and ThomJl"O'l' 1%1. KCSlCr
and Pytko..'icz. 1969).

The .""rqc ••hl"'~ of the oa:ln IS Jj I kl- . In marpnaI :ronn. and
particularly in inland KIS ... Iucb .... mfIut....d by tile dncbarp: from"""B.
tbe ,.hlll\)" m.y drop 10 ~''enal snms per kilopam of "".·....,,'er. In Iartc
plfs. and ",land .... of arid ZOIIa it tna). be .. hi8h" 40 I k& '. and e''eft
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Tabl.6,2 Sulphu' in lhe ....t.' of lhe World """.n
'"

P.r.m.t... Origin.1 dala C.l<ul.t.d dal. Reference'

Vol urn. of ....te, 137)( 10' ,m' 1.37 )( 10" lit"', Hom (1969)

Ma.. of ",.t.r 1413)( lO" '8 1.413)(IO"T~ Hom (HIM)

Sulph.te_l<Ulphu,
ooncen"'''ion 2.712,501-k,-' 0,904 gS k,-1 Hom (1969)

Sulpha,e--sulphu, m." 3,832 )( 10" i 1.277 )( 10' T8S Hom (1969)
0.42 )( 10'" mol 1.347 X 10' TgS G.rrel, .nd

Macken';" (1972)

higher in !KIme aTOa (e.g, Ih. R.d Sea deep'. and Penlan Gult). [n Ihe Red
Sea the inCTOase in ..[inlly is due n01 only to • high rate of ev.poration but
a[.., 10 lhe di",harge of brine inlO the basin,. In ..,m. ba'ins separaled from
th. "",e.n tbe amount of salls e'''''eds 200 g kg- l (e,g. the Dead Sea and th.
Gulf of Kara·Boga,·Go[ in the Caspian Sea). Ho.... ver. lhe volumes of these
b.sins.re f.r too sman 10 affecl '""',an,i.Uy the over.n b.l.nce of su[ph.tes
in the world """.n, .t lhe presenl lime. If il is '''umed lhal the average
s.[inity of inland "'a·....ter equals thai of "",.an ....at.r, lhen it c.n bo caku·
fated from lhe ralio of the volumes of the inland ",a, .nd "",e.ns (Step.nov.
1961) that sulphate In inland seai amounlS 10 only 2.7~ of that in "",ean
water<

6.2.2 Dissolved SulphKk

In Sl.gnanl water, 'lOme sulphur may be pre",nt in the form of dls'lOlved
sulphide, 1be deep ...ater (i.e, bolow 150m) of the Black Sea. which is the
large\t Slagnant baiin in lhe ...orld, oonlains up 10 9,6 mg 1It",-1 of sulphide
...ilh a mean rone<:ntration of 7,5 mg litre-t, Sulphide is al.., found in lhe
....ters of inl.nd se.s, I.goons, depression,. fjords••nd up...elling are ... Oflen
lIs .ppearan"" is a TOCumnt phenomellOn which is governed by seasonal and
climatic conditions. 1be bulk of dis""lved sulpblde in se._water and PO'"
fluids of m.rine sedimenls is in tbe form of HS- t ions (Volkov, 1962;
Skopmtsev, 1975). 1be contribution of dissolved sulphide to lhe .ulphur
bal.n"" is negligible. even in regional cycles, For example, the sulphate and
sulphide oonlents of the Black Se••'" 3.07 )( 10'TgS and 6.1 )( 10'TgS
respectively (Skopinlsev. 1975),

6.2.3 B.nlc S~lph~r C,·cle in Wale... of the World Ocean.

1be liltle informalioo "".ilable on lhe sulphur conlenl of soa animal~ or
plankton iuUnlS that lhe sulph~r conlenl of phytQ. and zooplankton
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'])pro,imRle, l~ dr)' "'eight. h it il; assumed (Romankcvich, 1977) thaI the

annual prodoction of phylOplantlOn in the world oceans is 20 l< !OJ Tg of
organic carbon or 36 x 10' Tg of organic matter, then 360 TgS art in .....lved
the biogenic eyele annually. This figu..e ;s SOme 3,6 times greater than the
annual discharge of sulphur in river-water (without anthropogenic sulphur)
but amount'l to only 0.001' o!the sulphate-sulphur in the upper 100m thiook
photic la),<:, of the: world ocean•.

On average. only 10% (2 >< 10' Tg yUT" ') oft"" organic carbon produad
by phylOplankton. reaches the sediments of the oceans; 11M: bulk of organic
mailer is ~labolittd in the water column. lbere is evidence. !>owever. thaI
organic compounds containing sulphur. phosphorus. Or nitrogen break down
more rapidly than those v.'iloout these elements (Skopinlsev, 1948- 1976;
Bogdanov.1 ai.• 1971; Almgren.1 w' o 1975; Hanrnann ~t ol.. 1976). It may
be lkduced, tbel"<'fore, lhat particulale organic maUer in bonom waters con·
tai", l~ss than 1% sulphur, and Utln probably nol more than 36 Tg of orpn>
C311y bound sulphur l"<'a<:h marine sediments each year. Morea""r, bel\1.·ccn
90% (Gershanowich ~I d/., 1974) and 95% (Romankewich. 1977) of organic
mailer in reduced sediments is tbought to be mineralized al lhe sedi·
menl/water interface. Thus 00 mOre than I,S Tg of biogenic sulphur per year
can be buried with organic maner. Olher data (Gershano.-ich el ol,. 1974)
indicate lhal about twice lhis amount of organic maner (3---4 TgS year-') is
buried in Holottne sediments (~Table 6.4).

6.3 CONOITlO"'S Qt. SULPHUR FLOW INTO S£D1MEr-TS

6.3.1 Forms of Sulphur Flow Into SediaMnts

Sulphur in modem ocean sediments exists in warinus fonus. During sedi·
mentation SOme dissolwed sulphate is entnpped in pore-,,·ater. In addition,
sulphat« ClIJI occur in the solid phasoe of sediments as clay mineral sulphate.
as sulphale in the arbonate skeletons of organism•• and as anhydrite. 101>'
sum. and barile.

In addilion 10 sulphale. nrious amounls of soluble sulphilk. lhiosulphate.
and sulphite are found in pore-walers of reduced sediments, Insoluble phases
ol reduced sulphur in reducing sediments include aocid·soluble iron sulphides
(e ,g. hydrotroilite. maockinawile. and greigire). pyrite, elemenlal .ulphur, and
organically bound sulphur. The IOtal amount of l"<'duced sulphur in sedimenls
an be laken 10 be • measure of lhe inlen.il)· of bane rial sulphale reduction
,,'hich OCCurs particularly in sediment. with a high con,"nl of organic malter,
In the majority of case,. lhe amounts of soluble ,ulphide, lhiosulphate. and
sulphite in pore-waters are negligible compared 10 lhose of reduced fonn. of
sulphur in lilt ""lid ph.se 01 sedimenls and are usually ignored,

At present there are relati""ly few data On lhe amounts of the differenl
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forms of sulphur in marine sediments, Moreo~er, dara on rhe absolute mass of
sedimenrs being diseharll"d annually to the oceans from ri.us and from other
source, are unreliable:. and onl)' e'rimares are a~ailable: for rhe dislribution of
sedimenrary material over differenr morphological zones of rhe "'"Orld ocean•.
Therefore. only tenlarive estimares oan be made of the amounr of sulphur
buried annually in sediments.

6.3.2 Mdimtnt MtiWS and Dlstrlbtllion Orer the Ocean l'loor

Most sedimentary material is di5<:harll"d into rhe ocean, as suspended mat·
tCC in rivers, However, there are large discrepancies between estimares of
.uopended matter in annual ri"er discharge. Early measurements of solids
discharged in rhe majority of large rivers of rhe world yielded a roral of
8070 Tg )'ear I (wparin, 1950; Srrakhov, 1962). H"",,,.'er. based on Lisit
,in's (1974) data. rhe total sediment entering oceanic: deposits amountS to
.rour 21000 Tg )'ear- l (Table 6,3). A similar ,·.Ipc (20 000 Tg) was esti
mated by Gershaoovic:h el <d, (1974),

The bulk of sedimentary material entering the world oceans from land is
deposited ar rhe margins, Maps of absolure rare, of sedimenration in rhe
world oceans (Usirsin, 1971, (974) §bow rhar the highest rares of sedimenta
tion OCCur near estuaries and dellas. in marginal and inland seas. and on
shelves and eonrinental slopes of the open ocean, lowest rares are found in
deep--""arer regions remote from the §bore, for example in the ""ntres of rhe
dee]>"warer basins of the Pacific, As the result of differences beN-'een rates of
sedimentation rhere are also great differences betv.'een amounts of sediment
d¢posited in the various morphological zoneS of rhe oceanic: floor (see Table

Tab!< 6.3 Sedimenury ma,e,iot depooited ill tile oeean (U<itsin. 1974)

T)'pt of material

L Terrigenous marerial
I Put""lare malle, di",,,"rge<! ill mers
2, GlaciaJ d;";harge
3. Aeolian mareriaJ
4, Erosiod 01 >born

II. Biogeo..
I. Carbon..es
2 Sil"a

III. VOIc&nIC

IV. M.teriallmm ou,.r_

Total 27000
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Table 6.4 0'l:.nic carbon ,"",u",ul.tion in mo<lom >edimem, of tilt world oce.n,
during fhe Hom!le I"'riod (Gtm..novioh " Ill.. 1974)

DIP·icc.rbon
Av<r'r<

Morpoological lhicknc.. SCdiment A~,"ge

ron.. of ocean Art•. nf Holoc... rna" oo"~ntnltion M...
,""" (lO'l;m') I.~.r (m) (10' Til) (.J (lO'TI,)

Sb<lf 26.7 O. " 0' '"Con';nen,a'
.Iope ond ri.. 76_~

"
14,9 U 1950

Ocean bod 2~70 0.05 ,.• 03 "
Tot.1 360,2 " 2228

6.4). Only 9,5% of 'he sediments a~ located in Ihe deep oceanic bed' which
occupy mOre than 7~ of the total floor. The cominent.1 slope and 'iSt,
o«upying about 2~ of tbe area of world Ott.n sediment, account for more
than 7lH'O of the 101.1 sediment

The.e .stimates agree ,••>onably well with lhe resolls of Lisilsin (l974.
1978), However.•crording 10 Str.khov (1978). sedimentation rate, in pelagic
rones are gro,,'y under.Slim.ted wben d"crm;ned by isotope geo
chronology. and therdore the absolute amounts of sediments deposited On
the ocean ~d are also underestimated, In the a~nce of more reliable
information our calculation' On sedimentation of ,ulphur compound, are
based on the data given in Table' 6.3 and 6.4. which suggest that
20000-27000 Tg of sediment' are deposited annually in the ocean',

6.3.3 Moisture Content of Bottom Sffiimenls

In order to estimate the flu, of di""lved sulphate to bottom sediment•.
information is required on change. in pore_w.ter content during compaction
Such information is provided Il}' data from deep-sea drilling.

The moisture content of oceanic sediments depends on the panicle size
distribution. the composition. rate of deposition and age of the sediments.
depth within the sediment column. and other faClO~.Common to all type' of
sediment is an ,ncreastog moisture content "'ith increasing content 01 liner
(pelitic) fractions. In sediments with similar textures til<:: moisture content
usually decrease, from siliceou, sediments through terrigenous ..diments and
carbonates. to red deep-water clays. Shallow-water marine ..diments na.'e a
higher moisture content than deep oceanic sediments, p""ibly ~causeof the
higher rates of deposition and organic ca,oon contents of the former, Mois
ture rontent decreases sharply only in the upper few metre, of oceanic ..di
ments (by IS'll» and upper tens of metres {Il}' 20-30%). Tbe 10"'er the mois
ture content of ,urface ..d,ments the less it change. with depth.
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On the btios of LilIm,,'o (1974) dati on the surface La)"r of $fiIllll(nts of
\-aria'" types. and c:Yimate. of the InOlStu~ IXlIltent of dotep-"I driUtIlI
corn. the follooa m, lve,.. \-.Jun lor rncmtun: IXlIlteOto of oceanIC w<It
_n.. III varJOUli~ ZDDCS ...~~ Uloed lor~ cakulanom:
wlf. 3O"lo; continental <lope and riw.~; oceanir hc<l 50'10.

' ...'-4 (hoplif: ;\Iattft" Dlstri--. ill StdinwtIta

Anal)...,i of Clmi from dup-driflml onn ihow ItltIe. if an~. chance In the
pattern of OfiaRlC matter distributIOn m OCUIII .moe the Mioce"" period
(Geodtk)'ln ~I <11.. (978) and it is pooiiblc:.the~fo",. 10 dc,,,lop II"""ral..
izcd !i<Mrm: for o....nir matter d~tribution in tnO<km oceanIC iedllTW:nlO
(Romankc\·irh.1977).

The organir mauer content in modem o«anic ..dimen" ,'ariu from trace
amount. (hundredths of a per cent in dc:ep-"'aler pelagi<: sedimentS of tM
PacifIC Ocun) to lubstantial quantities (c.I. n~c in the old Black Sea
..,diments), A\'eragc organic carbon COntenlS for tM various morphological
7.0"'" of the llI'Orld ocean. Ire s.ho..'n in T.blc 6.4. More than twO-third. of the
world oceanic bed. are co\'ered "'ith Kdimcnt. containing. on lverl". 0.3'"
organ'" carbon. Studio. on Pacific and Atlantic IoedirrKnts ihow that ",dllCm,
processe. do rIO( dotvelop in ...dirMnts wlIh sucll low corlI:Cntratiom of
o......ic arbon. Hi,lI ~doa potentials (+0.5 10 ..0.6v) ..,,'" ob$c:rwd
1IIro\l,lIout the enUre lhickneS$ of the~nts (Roz2nln. ,.,.1.. 19n. 1976;
VolkO"coM.• 1973. 1975b; Harmwmn.t.• (976).1lJe pore..."tenlXllluined
~ OllYl"" (lip to 2.7 m. btn:: - ') and ..robic nllnfym. o'1amsm...en' laM
(Pamatmat. 1973; MilIIer. 1915). In lOdiuool. the oolid phases 01 tbeiI: .erli
_illS wnWn alllJC re.."",ir of oxidwrtc~r in the tom. of tetll\Unt
manp_ compounds.. Olplll<" IlII.tter iI m.... rahzed Kroboc:aUy lIl>dcr
the.., wnd,tlOllS (Equalion I)

(CH,o),.,.{SH,j,,(H,POJ'" 1380,
- 106CO,'" 16HNO, .. HJ'O... 122HP (I)

In >e:dl1lM'nlS w'l11 mo'" than 0.3'" org.nic carbon. 1l:ducmg procc'....
bea>rm: aclive. a. indicated by tM absence: of oxyg.:n in pore-water and
sediment•. Sporadically••mall quantitiet <If 1l:duced oulphur compounds
appear in lOme la)'ert of the ...diment,

In tM absence of OXYllC'n. organic matter i. decomposed anaerobically by
sulphate-reduc",. bacteria ,,'ith .ulphate II the electron acceptor (Equation

')

(CH,O),.,.{SH,),,(H,POJ - 53SO:-
- I06HCO,'" 16SH.~ H,PO," 53H,S (2)

....ell-dcveloped reducio. procesocs. and ",ndican. _nto of reduced
forms of SlI1phur, arc fo\b'Jd in ..,dimcnts ""itll orpoic carbon conten.. of
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about 1". Tk anaerobic decomposition of organic maU~r follo",'$ first-<>rder
reaction kinetics.

Organic maUer consumptiO::>n in diagenetic reducing processes (mainly bac
tenal sulphate reduction) has i)e(,n estimated by various methods. In One
method, the amounts of organic carbon and nitrogen in duper layers of
"'diments are oompared with the concentration in the upper la\'er, ",hich is
asl;umed to be the initial value (Emery and Rittenberg. 1952; Starikova.
1956: Lisitsin. 1955), It is also ao;sumed that the rates of sedimentalion and
the input of organic mailer remain conStaTIl with time, lbese asownption,.
however. are not al""ays correct and the method thus has severe limitation"

Alternatively. the decomposition of organic matter during reduction of
oxidized form, of manganese. iron. and sulphur in sediments may he deter_
mined (Strakhov and Zalmanzon. 1955; Strakhov. 1962. 1972. 1976;
Bordovskii. 1964; Rozanov l'1 aJ" 1976). This method. which takes into
a=lunt variations in organic matter decomposition with time. seems to be the
most reliable, but also has limitations. In panicular. its application is
restricted tn redooed sediments on the <xcan periphery. Also. the method
relies on theoretical stoichiometric relationships between organic matter de
composition and the various oxidants considered (see e.g. Eq...tion 2).
Since. in practice. this 'toichiometry may not be realized. organic mailer
consumption Can be underestimated.
Nevenheles~ both the above methods give ba,ically sim~ar ,"sults. Emery

and Rinenberg (1952). working on the marginal deposits of California. show
that up to 5~ of the organic maner is decomposed in the top metre of
sediments. Bordovskii (1964). using Strakl>o.'·s method. found that 18-46"
oforganic mailer was deoompo<ed in "'diments of the Bering Sea. According
to Starikova (1956) there is a 2ll" de<:rease in organic carbon in the upper
metre of Bering Sea sediments and the rate of decomposition declines by 4"
Over the next 3 m. Organic carbon metabolized during reduction proce,,",s in
the sediments of the nonh-we't pan of the PacifIC near Japan varie<:l from 13
to 35% (Strakl>ov. (972). Using the same method ROUHlOV ~I al. (1976)
found thao 16-46% of the initial organic carbon was con,umed in the
deposits ofthe Gulfof California. and 1Q-.-2ll" in the deposits ofthe Californ.
ian region of the PacifIC,

In all the'" studies it was obsetved that tile decomposition of organic car
bon during reduction pro<:¢sscs in sediJn(nts is related to the initial content of
organic maner. For example in Fig. 6.1. .. hieh is based on data for the
reduced "'diment, of the Pacific Oceao and the Okhotsk and Bering "''''.
there is a positive correlation between the initial content of organic mailer
and its anaerobic consumption during diagenesis. This suggests that a rela
tively constant proponion of the initial organic malter is readily
metabolizable.

According to the data given in Table 6.4. about 2.5" of the total organic
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matter in ocean ""dimenl' is contained in 1110"" of lhe deep oceanS at an
average concentration of 0,3". Other estimate' for the relative prop:mion of
total organic caroon in deep ocean sediments are 3.2" for the Pacifrc Ocean
and 13,. for the Atlantic Ocean (Romanhvich, 1977). Since "'diments
containing 0.3'" organic carbon are aerobic (see above) it can be concluded
that the bulk of organic matter in the world oceans (>90" contained in shelf
and continental slope and ri'" ",diments) is subject to ,utlurobk: diagenesis.

6.4 SULPHATE FLUX FRO.\I OCEAN WATER TO OOTIO.\I
SEDl\fE/IoTS

6.4.1 Sulphate in Po~"'ater

lbe mean ~ulphate: chloride ratio in ocean water is 0.1394 ($01-.
2,70 g kg-'; a-, 19.35 g kg-') When sulphate-sulphur is buried in bonom
sediment' along with interstitial "'ater tl>< sulphate: chloride ratio decrease'
10 0,133, Several factors, may. however. modify the sulphate conlent of
pore-waters. CbemicaJ chang., in the pore-waters may result in sulpbate
precipitation or dissolution. Sulphate may be reduced to hydrogen sulphide:
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Fig. 6.2 Hydrogen sulphide and .ulph.to in po",.,...te, and ..d""ed .ulphmin
..d"""d ..dime." of tile Pac,fIC ~.n. A, Si,. 6162. ""••'ern ..,gion; B, 'tte
664. Gulf of California; C. ,i,. 668, ...tem region

'Ulhigenic ,ulphide, can be oxidized 10 ,ulphate, and there can be an increaSl:
or decrease in .ulphat. concentration as a ""nIl of diffusion, ,t<::,

The ,alphate concentration in "'dimen! oor•• is ,datively constant only in
pore-walen of pelagic red day. where the 101.1 salinity varies within 3"100
throughout mo,t of II>< ""dimeot (Shishkma. 1972). In a number of case, a
slight decre... in sulphate content i. observed wilh depth due 10 incorpor
ation of pore·wator .ulphate imo the cia)' pha\(, On other occa&ions day
component& iuch a& sodium or polaS.$ium iulphoaluminales (Na, K) AI,Sa,
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(OH). dn:ompow, ~k",inl .wphale into .KIIUTion. Wheo I"" lICCUl'S 1M
.wphate : chID" ralio in PO~'''''1e1'S of mI ct.).. ma)' risf 10 0.145.

In ~Iapc carbonale ..dimcou the "",phate CQDCeoln.lion of pon:-....tel'S
can iDcre_ clue to the IncbJDl of ouIphale from carbonales (OCCI.ion 6,4_3);
sulphate: chIDl"ick m'" m3) n::ach 0.158, l1lC at-lUte sulpbo.le aIOlleDI 1ft

pon:-....lel'S IS also ma.lcdl)' 'l'Icruscd 1ft Ihc-.. KdlmtOlS. For e,-..ampk, 1M
• ...,ral" sulphate: CQDCeOTraTion in pon:.....lel'$ of~Ie deplllJlS of
1M Somali Mom in 1M Indian Oee:an iii 0.115~ compan::d ..iTh O.~ lor 1M
o>"tf)iDg oa::an-.c ....ler of 1'IOnna! Alinlly (Zhablna n 1>1.. 1979).

Microbiolo&ic.1 rWuetion of pon::·....ter sulpha'"" oc<:1.In in Illloral scdi
men,~:ancI 1ft scd,....,n" of other .n::1S ,,·h-.ch h...e. high bM>lolical pn)<luet.
ivily and 'n incn::ued romem of org.nic manCr. figun:: 6.2 p,."loenTI I
number of ch'l"IClcn.lic examples of 1M dISTribuTion of .ulphalc-tlliphur,
h}"dro~n .ulphide, Ind ils tranlformloon produeu (reduced sulphur) in
anoxic sedimenlS of lhe PacifIC. A ftalun:: of anoxic sediments i' lhe shlrp
increase ;" reduced sulphur, repre",nTed mlinl~ hy pyriTe, in ,ubourface hor
izons.

Sulphale depk:lion doo:s 1'101 OCI:ur To TM IlIme ul.nl in lhe pon::-","I.I'S of
III sedimentS. In some ..d,menlS (e.g. F"'1. 6.2. sile. 664. 668) The sulphll.
n::mo'''d by bacl.rial reduetioo in lhoc uppellly.' of 1M sedimeo.. iii ~plco_
ishcd by diffl$OD from the """rl)lflI "'lIlel. 10 othel'S there iii altDOOl tom·

plele cfurlppelBDa: of sulphale (•.J. F"'1' 6.2, "Ie 6162). AI "'" 6162 lhe
sulpmle conlenl .sUIn::_1) Iow:and h)"<irvF0 ouIphide" the m3;o' form of
su1p ", lD pon:-.....Ie.... depth.

In boe<jueol ctkuWlOnS the fo.b....... val..., for pon::-....ter s.ulp/l:al.
",'.n::.....:I: dftp ooean. o.~ S: eormnenlal slope IDd me, 0.1).15'" S; shelf
5Cdimcou" 0.045'" S Irld 0.09'10 S for RpxtS "'nh high Irld low lUIp/1:al.
reduction k...,h m.pecIr."Iy.

6.4.2~ In the SoIicI ...... of Sf<llmmts

ShalJov,· IICf I1\d deep ocean mlnne loCdimcn" 00fl1llI\ sulphITe in 1M
!;Qlid pha s ...'.lllS c1issol'''d .ulphll. If! pore· ...II.r.

Figure 6.3 sho....s lhe di.. ribulion of lulphlle-lOulphur in ""'0 co"'s of car
bonate globigelil\C sedimenlS from lhe lropical PacifIC (Volkov Ind
Ootroumov, 1960): lhe sulphal. comenl in th. IOlid plta>e oflhese sedimentl
;. comparabl. "·'lh lhal of lhe po"'-.......r. The sulphale romenl of PO"'_
......... of clrbonlle ledimen.. often exce.dl lhll of lhe overlyin. ",".r
(0.09'10) Ind mlY ,."xh values IS high II 0.125~. This is due 101M panill
leaching of sulphate from biogen-.c carbon... 10 the pore·....te:r {SInOl: lhe
pon::·...-a"'r is undersalunled ..ith ~spcc11OCtSOJ Ind poMibly 10 the Jov,'.,
IIIIOUDTS of solifl.pha!c sulpha'" IOd the .levalecl conceOtnltiot!s of poR
.....ter sulphale III the low•• borimM of IiCdllllCnl .I ..te 31154. 'The sulphtle
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Fig.6.4 Sulphate di"ribu'ion in day ledimen" of tl>e P.df>c Oc<an. O. Total so.l
phUT;.o port-w'le' .ulplmr: C. ",lid I'M..., "'Ipbur (A. 'ite 6163. Japo....... Treoch; B•
•it. 6175. red cl.y. of ,be north·v,t't<m dep.."ionj



CClnICJlI of the solid plwoe of c:arborlaIe-lltt~u is extremely $mall

(FII. 6.4). TIle ¥eRial dimibution of IOtal sulpbllC and p""'·walCr sulpbl.c
in • con: from ~ 6163 1ft the Jopent'SC Trendl (VolkM· n •.. 1972) was
inftue..:ed by baaeriallUlpbalC m:luetioa. TIle sulpbate coonan in tbe solid
~ "'-as _ tucb and did DOl VV)' iIpIiflC:Nll1y -nb de'pdl. In tbe Icroro'er
borimns of the __illS --.rruaUr aU suIplIalC was 1ft the did plwoe. Some
varilIlious of sulpblle coooenmtiom in the IClIid pbaoe and JIOf"'""'-..cr ....Ih
de'pdl is obsc~ III sediments. The 1Otal..-m of sutpbalC in • toedmlent

F.. 63 SuIplu.te dtsmbuliorl ill ekep ......,.... 01 the
1Iydrneo.. AIIpbidc "- nf d•• iliad< Sea O. TlIl.OI ...
,....., e. 1">"'__' ........r; A. 0lIbd pbaoc fOIIpbw (A.
_ HSI -... _; B. '* .7.-0 0<-.1 JeP-;
o.u- _ v_. I~)
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also va,;es d~pcndingon changes in Il\<,se IWO paramcters. Samples from site

6175 in the central pan of the north·"'CSI ba.in of the PlICific arc rcprcs.enta·
li,"C of deep-",'ator Q.idi~d rc:d days. 1be influence of biogenic carbonate on
solid phase sulphate is particularly notittablc ,,-here carbonate and day la}'crs
alternate in the sediment oolumn. In the clay layer< the sulphate content of
lite solid phase ;n markedly lo>o.'cr than that of lhe carbonate layers (see
Volkov and Ostroumov, 1960; Sile 3867).

TIle sulphate distribution in sulphidic dccr'",,-ater ..,diments of 1he Black
Sea is ."",",'0;" Fig. 6.5. Both lhe solid phase and IKm,.water of 1M BlaCk Sea
sediments OOnllin substantially less sulphate than oceanic sediments_ This
may he panly nptaincd by the klwer salinity of the Black Sea "'-aler com·
pared with thai of the ocean•. In 1he upper sedimentary horizons (~(:¢nt and
old BllICk Sea !;t:dimenlS) lhe~ is a sharp and ralhe. unifonn decrease in the
sulphur comem in po~-""aters due to sulphate redUClion. 1.o"·e. in the
Neoeu.inian sediments (>200 em depth). the sulphate COntem of pore·waler
reaches a low e<lnStanllnel (20-30 mg lilre .. \) which is maintained by I.an..
fer of sulphale from the "'lid phase (Ostroumov and VolkoY. 1964). The
olher feature of the dislribution of sulphales in lhe Black Sea is the maximum
in "'lid phase sulphale comenl obselVed in !Nlpropelic muds of lhe old Black

03'

•
,>0 • •

OJ, • •
" • .. .., • • •
~ 020

•• , ..
~

• • • • '. ~*• •
• ,• • •• • '" •03' •• •
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,o>L-7,;_-~---;;;--~---;o---;;c--~---:;;---:
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Fia, 6,6 R.lalionship bel,,-un .ulph... and calcium carbonate oonoontration. in ..dl·
menU of I.... So"'all Trench of 'Il< Indian Ocean (Zh.abina" aI. 1919). TI>e .hoded
Ofe. representS lhe nng. of ,·.Iue. obl ..""d fo' lbe .ulphal< canoentrall'''' In pore
" .... r: ......n· 0.115,"S
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Se. ""diments (138-163cm del'll!. 5I1e 4751). A ..un~u mUlmum "'"
oboe""'d in • am, from sile 414S (O!.lrownov .rId VolkO>'. 1964) su.,gnlllll
1""1 it "'u of ge... l'lII OCCIIm:noe in saproptlic muds of 81..,k Se. sedimcnn..

1lx form of sulpl1ur in lilt tolid phase of ellly m.oriM ""dimenl< i$ JliII
unknoo-.... In m~ cby~us wdllMn15 web u ihosc of lilt Som.oli
basin of the Indian Oe..... (ZhIlbinll fI •.• 1919) .,.... of lilt ...tp""le may
fonn pan of lilt carbon.llie Utlttom oforpnisms. .rid tome may lit bolllld in
d.y mlfltral$. 'TbMt otdImtlllf .Il' low III orpnic m.ller mel exhibit low
sulpha~ mluetion ...lM. llw: 5>IIpha~ a;lIKlmtnlliorl ill POIl'-""'Ie' of Somali
besin wdimtulS nmains COI'ISWlI wIth depth .rid is equal ro lhal in the

oYtrtyin, ....."',. llw: lOlal sui"""", COIlltnl of thnt sc<!''''''''l< '" """'11)"$
1uJht' lhaa WI of oce.... arid "'ridJ 10 lnCJCiIIIe wlIh incn:asm, c::arbo<q",

con"'nt (FJ&. 6.6). ThiJ iridlC:lleS 1""'. III such m..td da,·--caIcaralus wd,.
_nlS ,,'iib • high CaCO, ronlen!, _ of the tolid phnt oulpilur is ~1I1
III 11M: nlbonak phillie.

1lx ""pilato: oonlenl of bioJenic carbon.1e is di5cussed in wetion 6.4.3,
O.la on solid phase sulpha'" in cl.y m.""", wd.....m. all' Ii'Tn III T.bIt 6.S:
lhe • ..., ...1'" concenlralion 15 .ppro~lIl\.ttly 0.06"'.

6.4.3 Sulphatt In B.nlr M.rine C.,bon.1t

Oala on .ulphalt sulphur in marint cubonalc 01 biogenic origin.K rlfC.
A<:<:ording 10 Vinogradov (193S. 1937) tilt C.SO, oonccnrralions in OOnll!
".rics from 0.06'" 10 S.43'" .lh ,,·tilhl. lilt l"'alCll amount beinl in Go,·
go"i" ."bfrulU:ost Dan... The C.SO, oo~ntr.l;on in 'bells varits ovcr •
wide range. from 0.1'''' 10 8.31'" .sh weight; ;1 varits from 0.36'" 10 8.31'"
In Bra<:hiopod... 0, 11-1 ,46'" in C.phalopod.. • nd 1,4S-2,0'Il0 in Om....duli$.
In marine plaml tilt averaill' tOI.1 sulphur oonctnlralion is US'" (range
0.3-3.3"') ... hi1c in imal, lilt uerall' is 0.89' .nd the range 0.45_2.8O'Ilo
(Ooldhaber md Kapl 1914). Sulphurt~l5t.in vario",formsin li.ingoflln·
iom" sulplLales .nd orplli<: .u1phur. "·lle,· md ..,id--!IOlublc and lighlly
bound sulphur.•nd sulphur of 'Off I1SSUCS md .kd,,'on•. lbe sulphur of
,bltton. il; molT st.1lk .nd beller prestrved duri"B ..roimtnt.lJon.

In'..-stiplion. on biottnic ,.rbon.te from lilt BI..,k Se. (O!.lfO_ mel
Volkov. 19611,. lilt Pxilic: Ocean (K.plan fI.J. 1963; GoIdhabcr mil KIlpo
Ian. 1914)meItllt Azov.Ctiplan. ""lule IlndJapancw ",... (Mtkhu,.... 1914)
~..,d lhal carbon.~ «<lrtom _"Ill CaSO. in a:nount< ranpI, from
0.02$' 10 0.349'" ....lh an • ...,,... of 0.104'" rrablt 6,6). lbe comidtrablt
va.....hon III S<dpha~ OOl'Octn"alioll is dllll: 10 ddfcll'lla in sptrits of0fJIJI
from ..hidI the Uelctom arc derivo'd. arid 10 the depn>dt~ of the S<dphllk
_Ienl ia the UelclOllo of carbol:>ale 0....._ on the salinity of st....."',.
i.e. on the oulphale ron~nl of lilt f:rowtb tnedi..... for eumpk. the shtlh of
fossil moll....,. from the Caspoan Sn ""..., • S<dphll~ ron~nl mil IUipilur



Tal>lc 6.5 Sulp.al~_wlphu, in ,"" ."liJ pha", "f<Iny and c.,bonn'c-cl.y "".limen!>

I'acifk Or:,..,"
N,,"._...,".rn port
Gull of Californi.
Polnsic red cia)"

PoI.gIC ca'bonale-doy

'mil." 0",""
Somair h.sin, c1.y-cn,hono'c

Block ,,","

1<."""0'
0.
N_D,in!."

I\",'.ge of.1I """an ..din",n,.

SC,liJ I""''''' ,ulph"~
Typ,: "I N"",hc, 01
..,Ii"",o» ",,,,pic, I<..ngc (") I\vcrnge(") Ikfc",IIOC'

I<.cduccd " O'OI2....{).165 0,055 Volko>" m. (1972)
Rcduccd n 0'....{).I05 0.041 Vol~o',,"'. (1976)
O,iJi"'d " 0'-0.0\12 0.055 V"lko>" m. (11016) ..Volko> ond 0>,,,,,,,,,,,,, (1960)
O,iJi""d " 0.OJ6-0.0H9 0.059 Volk,,> and (h,,,,,,,,,,,> ( I%0) 0•
I<.cduccd W 0.OJI_0.261 0.102 Zhnhina".I, (1979)

[
•,

Roduced '" 0.019....{).OM 0.029 O'tmu"",>.nd Y"lk,,> (1964) •,
~-"

, 0.014....{).172 0.062 0."00""'> and Yolko> (1964)

!Reduced " 0'-0.026 0.014 O"1OU"'''> .,><1 Yolk"> (1964) ,.
_0.06 •

I•,

"•
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TaNe 6.6 Sulphale in biogenic carbonate.

SlJl~'<
Numt><,

Carbonar.. '" """pl<. Raos< (...) A,..,,"J" (...) R,I<","'O<.

G-,e_ >and ~'i'"
, ~.~~3_~.190 O.ll. Voll;ovand

_b".re 01 pl<ropo<b as.""""". (1_)
and oorab >and

Lo", _ de>d ro,al> , 0.18-1-0.149 0.211 VoIl", and
(Mod"'p"-»). «>noI O!-Irowoov (l960)

••
Sholk of I'''rop;>do , 0.028-(U)S1 0.041 VoIl",· and

Oot"""""" (l960)
,I...:"," , 0.088-0.090 0.011\1 Vol."" and

Oot",,,,,,,,,, (1960)
v",,,, ,.Ii... , 0.0~9-O.()8(l 0-070 Oot",....,. and

Vol,,,, (I \l6ol)
MyriJ", , 0.011-0.062 0,047 ~w

voIl"" (I \l6ol);
GoI<I"'\><' and
"aplan(1974)
Mekh,"vo. (1974)

G",d;,,,,, ed04 ,
0.02~-o.Ml 0.041 Ow<>....,. and

Volk", (1964),
Moklt1ievo. (197<)

H~ .- Goldll.t>e, and
"a~n (1974)

CIwc""P'm'J 0290 Goldilab<,and

'~'" K-opl." (1974)
CIII<I",,·, , 0.080-0.26ll 0.170 Gold""", on<!

".~.(191<};

.'I<lht"'·' (1974)
D.J,oc"" ~rlJQltOi«' , O.ll92 Melli,,,,·. (1914)
Dtrin<n.. romip""" , 0.110 Mekll''',·. (1974)
Umltol""" """.-.I< , 0.0'0 Mekll'''.. (191<)
M"".... >po ,

.~ M.kll'''.< (1974)--- ,

.~ Mekll'"'' (1974)
Ost,," zi&'<' ,

~.121 Melh,".. (I'n<)
GI)<y_ ull>olJ=«", , ~.~~O Mellltie.. (l974)

• 0.02S-O,J.l9 0.1~2
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~Ii· 6,7 Freq",,"'"Y d..ldhution of .ulph",~, and it>
ilOtopic «Imposition of f",,11 "",lIn>< ....11. from.""io" CISj>ien Sel ..d,men" (Meth';' .., 1974),
0·.._·-0. Sulphite; _ •. I"'S. l. Nr... Cu
pian holUOft; II. V............-Khvol!-·n!oky honmn: Ill.
Kuon.l<j' h".....,." IV. 1'01'1"''''1 borirool: V. Ve'
kh.... llak'Ml:y boti.loll. VI. Ap$heJ'ODwy horizoIl:
Vll Atoka,) "1::, ""rilon

i<otopic: rompolol,ion (Pog_ 6.7) ....lll.d '0 .he pal~inJly of tbe: basan
(\ld:hlit.-a. 197.&, \Iekh,;'"" tf -'_.1917). lbe pe,.;"o" ..he" lhe sulphite
"""",,,"t""ion is Ioor and the sulphur In wl\s is ....1.t"'.1y .nrichtd III ~
~ 10 ptl'iocb of f....~n.... of ,he '-in.

Oaa OOlIM ...Jpbau. con~nl of I>ilD,enic carbonaleS In: col1a~ in Tlbk
6.6. Sina: ,"" lisI InClude! result> of oulphate determmal.lOftl Ul basins "'TIh I
1000 oaI.irlily (compll d 10 ,"" (leu,,). !he "'e~ w1phate-sulph", ooran-
''''tion of O.IQ'l. , ~ an ....rnlimu.
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6.4.4 Baritt Sulphur

Part of lhe solid phase sulphate in """an oollom sediments is in I"" form of
barite (BaSO,), Although """an ""aler is not saturated wilh respect to barile.
local o,'ersaluration may ari'" in pore-waler resulting in tbe formation of
authigenic barite, Barile can .Iso "" deposited in "'diments as terrigenous or
biogenic suspensions. Sea animah. capable of ooncenlraling barium. also
transfer barium direclly to ocean "'diments (Gold""rg and Arr""nius. 1958:
Chow and Goldberg. 1960; Turckian. 1964; GUfVich rI aI,. 1978).

While mosl barite formed in ocean sediments is submicroscopic. numer·
ous grains and concretion, up to J(l em in di"meter can be found. Barite
ooneretions may be both biogenic (Schulze and Theirfelder. 1905) and hydr<>
therm.1 (Dean and Schreiber. 1978) in origin.

It is impossible .1 this time 10 pre",nt a oomplete picture of barile distribu
tion in """anic "'diments. However. "'Ieeted pha'" delerminalion' .how that
barite is the main form in which barium occurs in lorrigenous "'diments
Barile accounts for more lhan lWl>-thirds of lhe barium in ~lagic and metal
liferou, "'diments and in ferro-manganese nodules. In carbonate and silice
ous "'diments al least 50% of the barium is in the form of barite (Gurvich <I

aI,. 1978. 1979). The barium ooment in marine "'diments increases from the
margins to the deep ocean', High ooncentrations of barium are found in
sediments in areas with a high biological productivity. in melalliferous sedi
ments. and in ferro-manganese nodules (Bostrom 'I al .. 1973. 1974; GUfVich
~tal. 1978. 1979; Skom)'akova. 1976).

DJla on barium and sulphate distribution' in Pacific Ocean sediments
(Table 6.7). provide lhe basis for a preliminary asseSSment of the average

Table 6.7 Totol barium. barile-barium and sulphur. in sediments and fCI1'{)ma.p.ue
nodules 01 the Pao:;ir", Ocean

Barite

Borium

Total ('11.01 ('II. 01
Se<!;menlS bOT;um ('!OJ totol Ba) sediment) Sulphut ('II.S)

Temg<nou, 0,129 '00 0129 0-030
R<d doep-wotor d,y' 0.184 " 0,129 0.030
Corbon,lo 0.0% " 0,048 0.01l
DialOm, 0.451 " 0,216 0.052
M<lallilcrou,

carbonate_froe 0.7H " 0.542 0.163
<arbonate.bearing (l.31S " 0,210 0.051

Forromanga".5< nodule. 0.33 " 0.230 0,OS3
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bamc-sulphur oo,Uenl of ocean..: ledoments. Ii .. amuned thaI tbo ."'1'llJ"
bante content Df lbe wlf and eontmental slope sedllllen15 tljuak WI of
temae:llOUli oedimcllU- U.... S'l'fdnq'f 'dalJOCl (CIJtIooaIC oedi
_"lS: pelqJccby5: dilwm days - 48.7: 38.1 : 14.2) tbo lve,. t.rile-S
...till' .... derMd as foDo,..s;

O.olI><41.7.0.030,,38.1 0.052><;14.2.",. S
100 100 + 100 .• ~

, ....3 SuI,,~ flu .. '*- SecIimeMt

from the dal.l.~n in section 6,4.1 and in Table 6.81"" a.. nllar inoorponl
lion of ",Ipllate-sulphur mlO lhe pore.....ter of ocdimenl$ is estimated to be
68-UT!.

From the mean OOr\ttnlra1l0n of sulphate~""lphur(0.061110. Table 6.5) and
the 10181 amount of carbonlle·fn;c matenal ente,ing the ooeanic del"'";ts
(18600-25 600Tg year". Table 6.3 and 6.4), the sulphate flux from Water
10 the IiOlid phase of non-carbonate ICdimcnu i' eslimated 10 a,-cl'llgc 13.3 Tg
~.r' (",ngc 11.2-15.4).

SInce lhe .'"rage ouJphalC-sulphu,content in ~nic carbonate matcrW
i$ O,Il).t (Table 6.6), and 1400Ta of alc:ium arbonate a" depo.ilCd in
5oed"ntnts annuaDr (Table 6.3), the annlJlll 0"" of .u1ph1lC-$UlplllIf to oedi
....ntS In !his form is I .. TI. "The contribubOll from huitt is iI5XS!Cd at
47 T,S year '(nul". 4.ll-S .4) based 0fI lilt a'~tage bante~phUl 1;QI"OCltn

tl"l.I>O" in~nn (0.02.... ~ion 6,4 4) and tho _I of wdime.,wy
matenaJ depoSIt«! (20000-27 OOOT, ~ar-l).

Tbt toUII ouIpha.te Dux 1<I tho lItdnnt.,n is otimat«!l<I be 27.8 TIS ~~ar I

(...... 234-32.1. Table 6.9), About balf of this ouIpbw tnters tho IOIid
~ of l;arl:>omote·frtt~nwy da)"S.

Tbt calcWated bani. 0"" ....y req",", ""ision. l'be ."",..". cont.nt of

S<dpha'"
Morpbolol"",1 Sediment Ou, Calculatod foro......"', ,~

..,.,., of ,110 (TJ dry ~oiiht moi"uu I'of<-~'al0r ,ulpha.. (TIS
0'<:1" bed ).•_,-,) ") (T. ~_'-') ,.) )~ar-')

Shtlf ) 200-1)00 " 10100-1800 0.1).1,..(1.(190 0.6-1.6
eon"""nul

-""~
11 900-20 100 ., 9900-1).100 OOl, 4--'i~.O

On~ "'" 1900-2600 " 1900-2600 '''' 1.7-2.3

T_ 20000-27000 6,3-9.9
A..... ..



TN Sulphur Cycle in Ocean:;

Tab!< 6.9 Total ,u1i>hate flux from b<mom ....t.' to sedi
menU 01 tbe ...orld <>CO''''

Form. In sediment' ~~ AV.'.~

Solid pha.. of d.y ..diment' 11.2-15,4 l3.3
Pon:-...ater 6.8-9,9 ...
Barit. H3-54 "Bio&enic •• rbon>t•• ,.. H

Tot.1 23.4 32,1 27.8

barite-wlphu, in sedim.nts of tile world ~anS (0.02') corre,pond, to

0.08' B.a whkh ...ould r«Juire an annual burial of 16-20 TgBa. How.sn,
not all sedim.ntary Ba .xists as barite (6.4.4) and. according to G<lrd••v and
Lisit.in (1978), the annual II"" of barium 10 the ~an in terrigenous riveT
runoff i. only 7.75 Tg. of which 7.05 Tg i. in the form of ,u,pend.d man.r
and 0,70 Tg dissolv.d. Thus, lbe:r<: muSl.itbe:r be: an additional II"" of barium
to tbe ~an Or tbe: data on tbe: ....,rag. content of barium in ~anic sed~nts

require revaluation.

6.S FORMATION A>'1D BURIAL OF REDUCED FORMS OF SULPHUR

6.5.1 Oistribution and Gfl>(,bemloal ActIsity or Sulphate·reducing Barte"'"

A. lrItrod,.,tlnn

Microbiological and ge<:x:be:mkal aspects of sulpbate reduction. and forma
tion of hydrog<:n .ulphide and sulphides in modem sediments of tlte world
oceans, have been discussed in many publications. Mcm ins..,,,igators con
sider bacterial dissimilatory sulphate r.duction to be tbe: main meehanism for
the formation of reduced ,u1phur compounds in most modern sediments.
Organk sulphur aocount, for I." than 10% (G<lldhaber and Kaplan. 1974)
and only srnalliocal conttntrations of ,ulphid. arise lrom submarine hydro
thermal e.halation•. Bacterial sulphate reduction. tbe:r<:fore. is tlte main
compensation for tile COntinuous replenishments of ocean sulphate by river
runoff.

Another imponant consequence of sulphate reduction is tlte formation of
h)'drog<:n sulphide. the accumulation of which re,u1t' in radical changes in
marine geochemistry and sometime, irres'ersib!<: changes in tbe e,olollY of a
reservoir. In <:enain cases intenSive production of h)'drogen sulphide in 'hal-
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Table (, 10 1lle I>ppet IoonaDon of re<I-.:I -umc:OIl ill ....... do"""", of tbr Pacili<
Octlll (VGltooI" Ill.. 1912. 197~)

"" .... .... 6PI ..., on
Ooptll (m) "'" "". - - ,~

""""... 3lI'n', 36"lr", 33'..9" ". , lO'~

<O-Oi ' - 1..5·)0·..... I.g·q-.... 151'22"'" Ill"27'W 110'53"110'

(; pp<r IoorUoIoI of
~ttdw"bl:

.pI~ (CIOI) from Ita.
wa.. , .._""
ir".rf_ .. " '" '" ,~

TOIII re<I""'d
.ulphur in tbe upper
horizon of reda=!
"'dlme"l ("S) 0.113 0.03. 0.035 0.012 0,054

low ,'us of Ottan. or in up"'ellmg lOne•. may ""ul1 in ill di~ct .minion to
the: IUTlosphe...

T)'Ilical environment. in ...·hic:h sulph"e reduction occu.n are lhe ..,diments
of ba)"l. ""-', <kltas. rJOrds. the <:ontinental shelf. borderland tROChe•. the
conl_"taI~.inland nargmaland moditem.....n ...as. and .se.,~St. buin.
(Goldhabcr and Kaplan. 1974). In t/lt$t' !!«limenlS reduced sulphur com
potmdI Ire Ioand eYeD in thf loprll(»t layers. In Ihc OJXn ooeM rNuced
tulphur may 0ttW m K'dunenlS 10 • depth of :1.1 Jew 6000 m. but in lhe5Ie
tedamcnu ....phate reduotiolll FlICl1llly hc:pm only II _ c1epch (000<11 '"
.. m) froallhe ..lIlC'i....JinKnt Intert.... (TII* (10). and rN\lClId ....p/llIf io
.bKllI from the upper la,us. ThIlS.~ lbe "'dimcnl'l of tbe: rolll_nla!
"'"If. ~. and ~ art IftI.pon"llI for ..~~ wlpUtc redllltU,ln In the
world OC'C......

8. SulphaM redllCUon in Ullonllfdin>cnU

One of the moot CXlCMivc 1I11diu of sulphate reduoehon m hllonJ ..,di·
menlS has becn carried Oul in Limfjordcn. a 'hallow and slighlly frc'hened
bay Ofille: Nonh Sca. 1500 km' in aru. in nonhem lknmark. The dimibu
lion of lulphale-reducing bacteria. and various form. of sulphur. and falc, of
sulphate redll<tion. havc becn monilored for nurly 1....0 ~arJ al ninc .ite,
(Jllrgensen. 1!J17. I!J78: Jl'rgcnsen cl W.. 1978),

The vcnic..l profile. of hacleria and sulpnate redUClion rales in Limfjor<kn
sedimcnt! (F'!. 6.8) .how lhal lite moot intcn.., .ulphlte reduction lak...
pIIC'e 'I' the upper 10 em. ScUOflal ...nation.,n reduction ratn art largely
related 10 change. in temperalure (Fi, 6.9). The avcfI.F daily S<dphale
rcduetoon !"IlC III Lwfjotdc" sed,me,,!S is 254 mp 111-' day (J..-,c"",n.
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....",ion of ,lie LimfJOrtkn ""dim-c:n" (Jorgen_
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0---0, number of b",,'e,io

1975). However. only 22 mgS m I day-L i' fixed in the sedimen1s; the
remainder diffuses to the oxidiud zone where it i' subje", to chemical and
bi<1logical oxidation (Fig. 6,10). The annual fixation of red~d sulphur in
Limfjorden "'dimenlS due to reduction of sulphate is about 8 gS m-'.

Table 6.11 shows tates of 'ulphate reduction in 'hallow "'diments of differ
ent re"''''oirs; the highe't rate, are obse",..d in littoral sediments rich in
organic matter. It is intere\'ing to note that de,pite the different climatic
zon« (ranging from the polar cirde to the tropics) the sulphate reducti<1n
rate, varied only within fairly restricted limits; 0,3-5.2 gS m-' day-' for lit
total sediments, and 0.06~0.6 gS m-' day-' for 'hallow bays, fjord" and
lagoons.

Aa;on1ins 10 Wood""ell er aI. (1973) the area of the world's estuarie1 and
shallow bays is 1.75 >< 10' ~m' and the average daily sulphate reduction rate



380 ~ GioIxll 8iogMCkm;"tJ Sulphur Cyck

" -~,~ A ["
,

; ,
p~,

'" 1<
7'<>'''' 1" " ~~

a r ,
I ' , ,,• ~. \ I " \', J' 'v\~/ \. "f• I•
i" "• •• ,
6 •

1
• 0 " I, " '" 0

.... MJJ.sO'lOJr .. A .. JJASON
1914 19~

Fi.. 6.9 Relationi.lup Ix"''e<n bcD,b., ....te, te:mperature. oXI'Fo upl.Ue, lI>d ...1
p/>llC: ml'-'<lion rate In upper horizon. of ,be limfjordcn >illS during 1974-75
(l'''lI<o..n. 1977). 0--0, temperature: .---eo OIygen uptake; A--'.
sulphate roduction ,...It

A

Sulp/lale sea-.~'e,

" "
-

0.' s<'lp/I",.. OXJd,nd ._

n ---- ------- ..."""10...,,
--~------

,., , i'
"

Reduce<! .ooe

O'Qa"'" 5
oft de";"" ~o.3

FeS-FeS., W

S~lpllole

" ,'duc!>""
•.,

" _._----- pO__ "___
-

Fit_ 6.10 Sulp/lur DuK' ., tile se<limenl/"""" intcrf..,. of 'be
Limljord<D sediments (Jer,.n..n, (977)



Rale 01 ",Irh,te <
reduct'''n t

~gSg
, >

Org."ic we' ,ilt .'m , ,
Regioo "'mplcd l}cpth o.,hon ('Mo) , ·C ""'

, ",' , Rcler<:noeo j
11on:,," Su, ..nd-arg;n"""o", '.0 90-24,3 1.17-3.17" 1'0"'" .nd Ryzho•• ([%OJ
",d,menlS 01 the (;lIor.[

,.
Nouh Se•• >iI' 10-211 n' ••• " 0.16-0,32 ~
North Se', O"",l<d .nore. "'oth.oo H '" 0,64_1.38 J..rge"",,,~, ai, (1~7~)

,
dHy'

No,th se., flooded .no'e. ,~'" 16-2~ L38_l.bU J"r""o,""o" '" (1978)
de""ml"",i"g algae

Umljot{l<o, fk'"de<l shore. medium·';", 0,31_1 1~-30 0,09-0,32 J",,,,,,,,,,,n" ai, (197~j

..od grain'

l.imfjordeo, ..ndy ""din"'"" 5-15 m ,-, " 0.16---{).19 JOfgen",n~' .1 (1~7~)

U",fj""lc", ,ilt "'dio",nl< 5-15 m 10-13 ,-. 0.06_0.119 J"'gen,,,n" oil, (197~j

'" 0.38-0.64 J"rgen",n" ~I (197~)

Sea of """. Siv..h Ilay. ,hall,,... 26_2~ 15---40 1.95-5.20" Knm"'''''v and Roma,,,,n~,,

""Ii"",,,,, 'ich in organic matler (196~)

Ca'l'i"" sea...nd_.r~Il""""u, 20-22 .'.9-8,4 0.5_1.1 0" l.a"".(I964)
""di""'''I. "".r K",'t>OYU<l>k .nd
K.,..·IlOll••·GoI llay

Li.. rd 1,1.nd Lagoo". "u,'..ah•• " 0.9_4,8 0,l!---{),62" Skyrin8 noo Cha"'I><:",
0.,1>00.,,, "'dimen" (1976)

"''''''''101 >«I,men'" Sll'lO """"urc ..... "'cn .. I,J, w•
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i$ 0.11 gS m '. Tberdofe, ;n lliese ecos)'slem, 70 TgS )'e.. ' of sea·waler
~ulphale is reduced and if J~rgen~n's observation (lln~nsen, 1978, ]0r~n.
senti ai" 1978) lhal 9O'lO of biogenic sulphide;s rapidl)' recycled is generally
applicable, 7 TgS is converted annually to PJo'riles and OIlier fIXed sulphoo,

C, Microbiological .ulphalt ~~Ion In Inland sn ~Jments

lbe most comprehensive studie. on tile distribution and geocbemical actiy.
ity of sulphate-reducing bacteria in boltom sediment' of mediterra""an seas
bave been undenaken;n tile Sea of Azov, lhe Black Sea. and lhe Ballic Sea,
Alllhe.., re..,,,'o;rs afe s;luated in lhe humid zone and are to a cenain exlent
fre'hened bJI discharge from tbe large European ri'",n, Large cities, industrial
and agricultural complexes, aDd healtb resons are Iocaltd near lbe coUlS and
on the rivers. and conlribute 10 intensive contamination of lhese "as,

lbe boltom "dimen" of mediterranean ..,a, are ricb in organic maner.
and suppon biological reduction proccSSoes including sulphalt reduction.

Th. Sfa ofAtov

Tolokonnikova (1917) made a delailed .'ud)' of 'ulphate redue-tion;n lbe
001l0m "diments of lhe Sea of Punv for three "ason, of 1972. Sbe deter.
mined numbers of bacteria ;n the 0-2, 2-5, and 5-10 cm horizons. lhe sui
phalt and acid·soluble sulphide concemralions in sedimems, and the ,ulphalt
reduction taleS using "S-Iabelled sulphalt (Fi8. 6,11). Acid-soluble sulphides
were deleeled even in lhe upper layeroflhe "diments, where they amount 10
588/lg g-' wet weight, During Summer lemperature slraliflCation, hydrogen
sulphide was ofiCn presenl in lhe bonom waICrs.

lbe numbers of sulphate.reducing bacteria and rates of sulphale reduclion
...tied with the ",ason; highest valuts were observed in Summer. lbe average
rates of reduclion fOf the o-lcm borizons were 0,61. 4.15 and 0.72 "gg-'
for April, July, and October respcctivdy. Tbe Io"'est rales of sulphate redl,l(·
tion in surface "'diments (0.61 "gg-') "'ere recorded during spring inltl_
mixing and .eralion oflhe water. However, in the 2-5 and 5-10 em horizons,
which are belle, protected and more remote from the oxic zone, the ,aICS
were markedly h;gber; 2.4 and 1.8 "g g-' respect;vely.

lbe most iDlensive sulphat. reduction ,,'as observed in tbe eastern and
nonhem pans of llle sea. and the least inl(nsive along lhe Crimun coast and
lhe Arabal spi!. fnerea..,s in .ulphal( reduction in lhe Sea of Azov during the
pa511wo decades (Tolokonnikova, 1917), and lbe fae-t that organic mailer is
tbe limiling factor for sulphal( red~ion in bracki'h ecosystems, suggestlhat
lhe mo,t .ct;ve sulphal( reduction <>ccurs in regions of highest .nthropogenic
contaminalion.
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Fig,6.11 Di",ibu,ion 01 .ulph'de:, _, .nlphoto ..d""tion .. ,~, (c:::::J),
.nd .ulpha.. ·.. do.><ing b.<tona (C::::I). in tlle uWCnno" iay", of tile Sea of AMv
..dim.a" in 1972. a, April; b, Jnly; •. O<,obct; d, ......g•• for period ofome",,,ion,
2-32. Sampling .ite,; numbe"., lOp of onlumn' rekr to ,ulph.....dllCtion rate.

The 8f""k &a

The Black Sta is unique among m~dil"TanUn ..as, since i' is the only
....No;r "'ith a large body of "'aler peTIIl.nently COntaining hydrogen .ul.
phide. The upper horizons of both near·shore and deep Black Sta sediment.
contain considerable numbe" of sulphate_redw;ing bacteria (Table 6, I 2).

Measurements by Sorokin (J962a,b~ Table 6.12) of the rateS of .ulphale
reduction in sediment. gave an average value of 1.66"gg·' wet sediment
day LfOf the .hallow part of the sea. Very 10", values "'efe recorded for
..diments of the deep centraJ hali.tatic area. (sile. 4750 and 4753) wh~e the
average for the remaining deep'sea .ites was 0.65 "g g-' wei weighl day·'.

From an analysi. of the distribution of bacteria and 'ulphat. reduction,
Sorokin (1962h) concluded lhat mo.t of lbe viable bactoria in the deep'sea
..dimem, were concentraled within lhe 0.5 Cm borizon, Thi' conclusion
appears to conn;';t wilh geochemical evidence which .hows Mereasing pore_
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Tat>lt 6.12 Sulphate: rci""'m in tho< uP!"" horizon of ,he Block Sea de~"
(Sotokin,l962a,b)

Sulp/late:.~dl>cinll

Wate' ~,.n.. (cell' Sulpll.,. rt<l ••";o,, rate:
Si.. d<pth (m) Eh (mY) .-, slu<lge) (pgS I" we, ...·.i&!lt day-I)

4772 '" -, '" ,.. 1.45
4173 "" -145 .~ 0.97
4'45. '''' -145 ".. 1.89
•'.Sb ~ -195 ".. 2.31
4'45 "00 -210 "'" 0.89
4754 "00 -'00 ".. 1.29

"" ,.. 0.2.
4750' ,.. 0.027
4751 ,.. -125 ,.. 0.355
4752 2150 -210 ... ""4753' ,.. 0.085

'Local'" .. til< "",m1 pan oil!>< baIi>I.ti< If...

.I
,.'

~."O
\ ' ,..,

F~_ 6.12 Sulphate: red""'ion r.'.. ,n uPPO' horizon. of ,he Baltic >e•
..di....n's. (Unpubli>hed dna lrom ,he B"'ce<xhcmistry Lab>..,"'Y
of d.. USSR ""><lorn)' of Scior><e. InSllMe of Bioohcmislry and
Phyl.ioIog} of MIC1'OO!'J.nism.. from .",i", 23. of the te:..~h MOp
Aca<kmkiall Kurrhatov. 1978)
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water sulphate. inc"'asing redue«l sulphur. and changes in iwtopK: wmJlO'lO
tion of sulphides with depth (Shishkina. 1959; Omoumov 1953a.b; Volkov.
1961a..b. 1964; Vinogradov rl al.. 1962). Funher studies are required to
re!iOlve this apparent contradiction,

TM Bal," StQ

'The distribution of sulphate redoction in the upper horizon' of Baltic Sea
"'diment' is shown in Fig. 612 (uin rl al.• 1982).

In this study all form' of reduced sulphur. including p)'rile and elemental
'ulphur. were anal~d for radioactivity after incubation of ",diments with
"seH-, [n this respect the analY'is differed from those employed in other
studies On Mediterranean sea "'diments "'he'" only free and ac;,j volatile
sulphide "'-ere analy""'. This may explain the high sulphate reduction rates in
Baltic Sea "'diments (see Table 6.17). It is of inte"'<t that the highe't rate,
were found in sediments of the Gulfs of Riga and Gdansk (Fig. 6.12), at the
confluence of the ri~rs Daugava and Vistula. ""here organic oompounds of
anthropogenic origin may be discharged.

D. Sulph:ate I'fduetlon In <tenn """ments

Sulphate reduction rates in "'diments of lhe ""estern PacifIC we", deter·
mined (using "SOJ during the ninth voyage of the re",arch vessel Dmilri
Menuluv (Chebotarev and Ivanov. 1976; h'anov rl al,. 1976). and in the
Indian O<:can during the 22nd '-oyage of the ACdum"'iItn KurchtJtov (Ivanov
rl 1>1.. 1980). lbe'" workers analy",d acid.!iOlubie sulphide. elemental sui·
phur. pyrite. and organic ,ulphur for radioactivity. ""he"'as other re",arch
WQrkers analysed acid'!iOluble sulphide only (1""""""1 al.. 1976). In addition.
tbe numbe" of .u1pha.te.",ducing bacteria at diffe",m horizon. of the ",di
ment column 10 a depth of 6 m from the sediment surface we", determined,
Most of the "'duced radioacti~ ,ulphur wa, found in PJ-'rite and organic
sulphur. which suggests there is a rap;d "'distribution of sulphur during
diagenesis. It follows. then. that sulphate "'duction rates based only on data
for ac;,j'!iOluble sulphide ""iIl be undoreSilmates.

TIle highest rateS of sulphate "'doction and the largest number of
sulphate.redoc;ng baeteria we", found in ",dimenls of the Gulf of California
and the Mexico shelf. and all ",diment layers tested "'ere active (Table 6.13).
In general. the rate of "'duction decreased with depth of "'dimen!.

Lo""r rates of sulphate reduction "'e", recorded for the ""'imenls of lhe
continental slope of Mexico (Table 6.14). The rate of ,ulphate "'doction
appea",d to ~re_ with increasing depth of ocean waleT and approached
111"& ,,&-1 ojay-' for tile top melre (If the reduced sedimenlary layer, TIle
deep-",a and slightly reduced "'diments of the Somali Trench in the Indiafl
O<:can had lower rate. of sulphate "'duction (Table 6.15).
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Table 6.lJ Sulphate rodLlClion ill Gulf 01 California and M••iro 'hell ..dim~n"

Sulphale redllCtion
Water S<dime"t Bacteria, rale (JoiS kl- l

Sit< depth (m) ""riron (em) Eh (mY) (cell'jC L) ,,"'01 "'eiihl day-'j

Gill!of C<I1jjrm'ia

." "''' '" -'00 , 19.~

'" -240

"
,.

.M 1170 '" -'00 '" 539
'30 -250 , H

." "'" '" -180 '"00 102,8

" -220 '00 62.7
no -270 '" 10.4

00' '"" 1()...15 -250 '" 53.5
35-45 -220 '00 26,3

" -2411 , 23.6

Me.Ai<o ,lui!.. "" 34-40 -'00 '" 33.4
130_140 -210 '"

,,
230-240 -'00 , 12.8

00. "" 15-20 -250 , 55.7
no -270 '" 111,4

"" -'00 , D

T.l>k6.14 Sulph..e ...d"",ion in tho conti..",.1 >101'" ..dime".. of Mniro

Sediment Sulpha'. redllCtion rate
Sit< Wate, depth l>orizon (em) En (mV) (;<GS <.-1 day-')

'M '"00 " -,w 1S.l
00 ~2S0 "

"" 1450 '" -'00 19.7

'" -310 18.6

"" -3511 20.7

'" 2650 m -30 15.6
00 -130 •••
'" -'00 ..,
'"' 10.0
'OJ -1511 ,,

672 ,~ " -30 "" -30 ",,. -00 """ -w 3.'
'00 -w ",.. -150 "
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Table 6,1~ Sutph"e ~oction '" ..diments of lhe Somali Tunch (I,a",,' el al"
198())

Site

1913
191~

1916
1917

Wale' depth (m)

,~

4656
3840
'"00

Sediment horizon (ern)

00-'00,...,
~."

200-220

SulphalC redoction role
(~gS lig 1 day-')

0.48
3.15
0.~3

OJ 1

Table 6.16 gives average value' lor ,ulphate reduction rates for four areaS
of """an "'diments. and an a5Se"ment of the amount of ,ulphur in,olved in
sulphate reduction per square metre of ocean floor, The "'diment la)'er I m
thick was adopted as the active sulphate reduction rone. The moisture con
lent of this iayer was assumed to he S01lo and the bulk density 1,3.

The total 'helf area of the world oceans is 27.S x lO'km'. but only
8 x 10' lim' (301l0) i. subjut to pre",nt-<1ay ..diment accumulation (Creager
and Stenberg. 1972~ Li'i"in. 19n). These are of diflerent grain size and may
he coarse-grained. sandy-aleuritic. or shelkarlxmate ..diment" Coor",
grain.d sediment. probably do not support sulphate redoction becau'" of
constant aeration and flushing. In biogenic sedimenb and carbonate muds of
coral reels and island'. anaerobic conditions may d....lop, bur the low content
of iron in these sedimenlS prevents ac<:umulation of significant amounts of
reduced sulphur. Henc•. sulphide accumulation may be restricted to sandy
aleuriti. and pelitic 'helf ..diment'.

8a<;ed on the data of Hay (1967) and Eme')' (1974). cited by Li'i"in
(1978). the calculated ar.a of pelitic "'diments on the total continentai 'helf
i' 1.71 x Ilfkm', and the area of the sandy·aleuritic sediments i,
3.35 x ](1 lim', Estimat.. of annual sulpbale reduction in pelitic and sandy
aleuritic ",diment. of the shelf were made using values of 56 mgS m-' day I

(Muico .helf~ Table, 6.16) and 28 mgS m-' daf '. respecti",ly, B"""d On
the'" e",maleS. the tolal sulphate redUC1ion ,n shelf sediments amOunts to

T.Ne6,16 Average 'ulphate "'d ....ion rate. in the upper 1 m laye" of
"""an ..diments

Snlphate "duc'ion rote

lo,,"'ion

Gulf of California
Mexico >helf
Me.ico oontine,,"1 slope
Somali ne.... h

47 61
43 56
11 14" ,
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189.5 TIS year', indudon, 95.1 T,Syear- 1 in pelitiIC5edimonlSand 93.8 T,S
y!ar- J in ~'.IIeuntV: sedunents..

[n oedirMlIls of the conu...ntal ....pe, "'hil:h have an lrea of S5 " 10" km'
(liHts,in. 1974) and. daily sulphdc production of 14 mp '" '(Table 616),
lilt annual ....... oIlol.llpNIlC sulphur reduced is 280TCS.

E. SolI ~ I'1IIleI • diIkrnM ..' Ats vi 1M _ortd Ott-.

All ., i\.abk values for dIJy "'tes ofml~ "'<hOCtiDn '" 5edlll>enlS of
diflerenlliea$ and oceans ate bsltd in Table 6.11: thty....-y from 0.001 III
.w.0.qS ,-' dly' . Typolly. s.haIlcroo'...~ orpnic-ridl sed.-nlS of til
toraI >:ones and bI)'S show the 10ipeu 1ItM1ly. lbc k>..-eR ralC$ are loUlld in
sediments of the Op¢n oena.. and especially in "-iJ:btIy m:I..:ed doc~.
scdi...""rs.

A''CBF .-aloes apply 10 bottom KdimmlS of~tnnIl:anwas. allhou&b
,he comtIII ""as of that retoel'YOm are 1DORc.aM.

t.~ ill,..",... ......... t-p
Ba=ts Sea Iitt.or1II 9.0-24.3
""rtb Sel tinoral •.92_10.6
Caspian sea (illata! 39-'11,4
!'on" Stl SlIalIo.. lCdimon" 1.23_2.S
ShaI\ow "'diments in lhe

umfJOtdcn 2.9--4,9
Shallow oed"""nl' ,n S"'.... Bay 15.0-40.0
Sedi....nts in I.... II.JOOII of l.iz.r<l

hl.Dd, A ...,,,,h. 0.9-4.8

II. &dim<.,. '" i1111Vtd 5t1tl(."'''',. VDiIM<J
Ballic Sea U10'
Sca of A""" 1.800
Blac~ S 11 \.655
The dt<:p- '.r p&t1 of .... BIKt
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tben tbe formation. diagenesis, and distribution of reduced sulphur com·
pound. have been studied in tbe sedimenl!l of various basins including tbe
Black. Mediterranean. Baltic. and Okhotsk seas. and the Pacir", and Indian
ocean.,

A. H)·d-.n sulphlM

In modtm red"""'d sediment' hydrogen ,ulphide range' from zero 10 over
100 mg litre -, of pore·water. In sediments with transitional redox conditions
hydrogen sulphide is not us.....lly found. but tbe concentration of n:<I"""'d
a.>mpounds of lulphur deri~ed from it may be as higII al several pans per
thousand. lbc hydrogen ",Iphide content of sedimenu is tbe result of two
o[>?<»ing processe.; generation during bacterial reduction of lulphate•• and
reaerion with reaerive ;ron Or;1!l con~eNon to inorganic and organic dori~a.

ti,,,".
In tbe nonh-western pan of the PacifIC Ocean near the coait of Japan.

hydrogen sulphide w.. found at several sites (6158. 6160. 6162. 6163) where
tbe sediments "'ere composed of days with adrnilnure. of aleurite. At otber
lite, (6159, 6161), dominated by coarse material that is easily flusbed and
aerated, none wa, deteCled do,pite tbe occurrence of ,ulphate reduction.
Further towards tbe open ocean hydrogen lulpbidc "'as also absent (Rola!lO'i
.1 m" 1971). lbc hightst a.>ncentration found was O".r 150 mg litre' \ (5«
Fig. 6.15a). By a.>mparison. the highest conttntrations in Black Sta sedi.
mentl are ulnally less than 100 mg Iitre-\ (Volkov. 1960; Ostroumo~el m.,
1961). lltcse dala indicate that hydrogen sulphide accumulation in sea and
oceanic sediments i' indopendont of the I'1"dox conditionl of tbe overlying
waler and is determined solely by specifIC condition., for example tbe organic
mailer content, in the sediment itself (Strakho~, 1959, 1961).

The a.>nttntration of hydrogen sulphide in Pacific Ocean sedimenl!l
increased wilh di"anee from tbe shore and then decreased. However. the
venical distributions wen: qualitati~dy similar at all siles: hydrogen sulphide
increased to a maximum "'itb doptb and then decreased: the dopth at ",'hich
b)'drogen sulphide appeared in the sedimenu ~aried from 15 to 170 em.

In sedimenu of the Gulf of Q,lifomia. hydrogen sulphide ,,'as found at all
site. except forone in the liuoral lOne (deptb 120 m. Volkov •• m., 1976). It
was found in coreS taken from the 2ll-4O em horizon and ."ricd in concen·
Ifation from <0.110 29 mg litre-'.

The lilto",1 biogenic-terrigenous deposits of lbe Mexican 'hon: of tbe
PacifIC Ocean contained hydrogen Sulphide whicb ~aricd from <0.1 to 26 mg
Iitre-' (VQlkovel m., 1976): i\ appeared in the 20-50 em layer of sediments.
then increased wilh depth and subseqlltntly decreased. None ""as dolceted in
hemipelagic sediments.

In tbe carbonate·rich doposiu of tbe ""rth.weSlem part of [be Indian
Ocean. hydrogen sulphide was found only at a few siles wben: il reached



~.

•

• •

....,s """.'__--0 ..... ' ..
ez;j"
g3-1

lIDIIe-'2
~>'2



Tiu Sulphur Cyde in Oceans 391

concentration' of no more 0.1 mg litre-I (Zhabina e, al.. 1979; o.troumo~
and Kulumbegash~ili. 1977),

Hydrogen sulphide wa, found in very deep horizons of sediment' "ilh high
organIC mailer contents-down 10 200-250 m in "'diments of the
Kurilo·Kamchalska Trench (1. 0, Murdmaa. peTS. comm.) and to 500 m in
those of the north_we'tern lilloral of the USA (F. Mangelm. personal com
munication). 01ganic·rieh sediment' of the Gotland ba'in in the Baltie s.ca
contained 1,5-24.7 mg 1i1re I of hydrogen ,ulphide in the upper lay'eTS (0-2.
0-5 em). it increased 10 45.4 mg lilre- l at 40 em deplh. hm waS absent from
the basal day, from lbe later glacial period,

The dislribulion of hj'drogen sulphide in sedimen1s from anaerobic and
aerobic roneS of the Black s.ca has been extensi~ely studied (Volkov. 1960;
Volkov and Pilipchuk, 1%6). The upper sediment laye" (0-2. 0-5 em) of
the hydrogen sulphide rone (waler dep1h o,'er 200 m) contained up to
100 mgH,S litre- l (Fig. 6.1 3). The hIghest concentrations "'ere in the deep
sea area, although high concentrations were also obsefyed in sediments allhe
interface belween easlem and western ehalistatie areas. Hydrogen ,ulphide i'
present throughout 1he sulphide ZOneS of the Black s.ca: in bolh the modem
and old Black s.ca and in til(, upper Neoewdnian deposits up lO the hydrouiol
ite hori",n (Volkov. 19(4).

"
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~ .~ ~,,,,
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Fig.6,1-l Distribution 01 h}'drog<n ,uJphicle'nd reduced ,ulphur wirh
depth in ..d,m<." olthe o,i< rone 01 ,he Black So. (Volkm' .nd Pihpchuk,
19(6). A. modem oedimenrs; B. old ..dimen"; C, n<,,"uxin,," ..dlmen";
0---0. h)'dfogon sulp/lid<; • . reduced sulphur
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While the surface 11)'e'" (0-5 em) of sedime"t in the aerobic zone (....ater
deplh less than 200 m) do not usually contain hydrogen sulphide. it may. in
some cases. reach 0.1 mg litre-'. Howev.r. 24 mgHzS litre- l ,,·.r. found on
One occuio" TlCar Cape Chanuda in tbc IlOnh~astem pari of the sea at a
depth of 118 m in the 0--5 em laycrofthe sediments. Hydrogen sulphide doc.
occur at depth i" tbc aerobic ZOne and rcaches 0.5-2 mg Iitr.-' in lat.
N.ocuxinian sediment>, It is not found helow the hydrotroilit. la)'(:r of these
sediment> (Fig. 6.14).

B. Thiosulphatc and sutpltllc

Sulphit. and thiosuJphate have be.n detected in the pore-waters of marine
sedim.nt•. While sulphite is an intermediate in the assimilatory rcduction of
sulphate and in sulphide oxidation by som. ihionic bact.ria (Trndinger and
Loughlin. 1981) its formation in sediments is probably the rc'ult of chemical
oxidation of hydrog.n sulphide (Sorokin. 1964. 1970). ThiosulphalC is
rcadily produced by chemical interactions betvo..en sulphii. and either
d.m.ntal sulphur or hydrogen sulphid•. It i. a common product of oxidation
of reduced sulphur compounds by thionic bact.ria and has been det.cted in
cultures of sulphate-reducing bacteria, Polythionai.S, which arc also
produced during Sulphur or .ulphide oxidation by thionic bacteria. have not
been det.ct.d in porc-"'at.rs.

Sulphite is detectable in sedim.nt> only wherc utremely high concen
trations of hydrogen sulphide (30--50 mg litrc -I) occur. Only small quantities
of thiosulphate w.re present in tlte pore·wat.rs of n.ar·,ltorc and hemi
pelagic sedim.nts of Japan above tlte horizons containing hy'drog.n sulphide:
but in the sulphide zone itself the concentration of thiosulphate reached
se''(:ral milligrams per litre of int.rstitial ....at." it was higheSt (30--40 mgS
litrc-') in sediment. containing a great quantity of hydrogen sulphide (site
6160. Itorizon 5 I5--646 em; site 6162. Itorizon JOO em; Fig. 6.15). Concur_
rent increase' in pore-....at.r thiosulphat. and hydrogen sulphide concen
trations ....ith depth indicate that thiosulphat.....as form.d during sulphate
reduction, Essentially 'imilar pall.mS have be.n observed in the Gulf of
California. the shelf and continental slope of M.xico. the hydrogen sulphide
and aerobic zon.s o( th. Black Sea. and the reduced sediments of the Indian
Ocean (Ostroumov 01 al.• 1961; Ostroumov and Kulum.gashvili. 1977).

C. Elemental sulphur

Elemental .ulphur i. form.d by chemical or biological oxidation of sul
phid.; the o,idMt may be o.ygen entering the sedtm.nts from the overlying
....ater. Or ferric o.ide. The most fa"ourahle conditions for these processes ..ist
in upper Itoriwns of reduced sediments "'here 0"YSCn influx is possible and
,,'here apprcciable quani'ties of fenic o,ide are found.
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Elemental sulphur is an intermediate m diagenetic proces"" and only
accumulate. in ",diments up 10 a to ...· hundredths of a pet ~nt, It ,hould be
nored, howe'-cr, Iha' if sediments rontain greigil' (melnikovlle) Or
thio<ulphate. these may be decomposed b~' acid to form elemental sulphur
during sediment analjs;,. Only fresh sample. should be used for the extrac.
tion of elemental sulphur. Never{heles~ elemental sulphur i. an important
facto, in many of lhe proposed mechanisms for pyrite formation in ",dimenl,
(see below).

D, lroo suJphid",

Interaction of biogenic hydrogen sulphide with reactive iron is the main
mechanism for sulphide fixation in sediments. It is usually assumed that the
initial product is colloidal iron monosulphide, Le. hydrotroilite, the
composition of which is F~S'~H,S or F~S'~H,O (Sidorenko. 1901; Doell.r.
1926; Baas Ikck'ng, 1956; Volko-', 1959). This .ppe.rsto be tho procursor
of acid·solubl. crystalhn~ forms of f~ITIc monosulphi<k:, such as m.ckinawit•.
kanlite, and greigite (melnikovite) (Volkov and OstroumO", 195 7b; Volko>',
19M; Berner, 1964: Leln el al .• 1978).

In modem "'diment' p)'rite accounts for o"er 90% of the tOlal reduced
sulphur. Ostroumov (l953b) considered that p\rlle was form.d by a solid
phase ruction belween hydrotroilite and elemental sulphur (Feld, 1911:
equation 3),

FeS + S' - FeS, (3)

Others. how",'er. consider that pyrit. is formed in a stepwise manner from
mackinawit.: mackina,,-ile -. greigite -. pyrile (Robertsel al.. 1969; Berner,
1970; Sweeney .nd Kaplan, 1973), N.,·erlh.l.ss, the ava~able data suggest
that when greigite is formed in sediments in appreciable quantities its p)'ritiza
tion ;$ delayed compared to thal in sediments containing liule crystalline
monosulphide (Volkov, 1961 b, 1964; Volkov ~I al., 1971). Al average rates
of sulphate reduction most sulphide is immediately convened to p)'Tite
(l,'anov <I aI., 1976),

Conv.rsion of FeO(OH) 10 pyrite takes place under weakly add (pH 6.5)
but not weakly alkaline condilions (Bem.r, 1964: Rickard, 1969. 1975;
Robens ~I al., 1969: Rozanov, 1973). It is possible that an active form of
elemental sulphur for tl\( solid phase ruction m~ntioned abov~ i$ form~d

under add conditions. Alternatively. add conditions may favour a solution
reaction a. in equations (4) and (5).

2hOOH + Hi> - 2Fe" _ S' + 40W (4)

Fe". S' + H,S - FeS, - 2H" (5)

While the formation of pyrite from FeS can be formally described b)' equa·
lion (3), there m.~' be interm.diate st.ps. Volkov and Ostroumov (l957a)
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suggest that thiosulphate i' in"ol"ed (equations I> and 7),

soj- + S' - SPi- (6)

FeS+Spj' - FeS,+SOj- (7)

Roberts el a/. (1969) h",'e proposed a "'action between FeS and disulphane
(equations 8 and 9)

H,S + S·

FeS + H,S,

H,S,

FeS, + H,5

(8)

(9)

Rickard (1975) sugge'ted that polysulphide ion' could act as sulphur
carriers during pyritization. On the basis ofTede's (1971) data on equ~ibrium

con,tants of polysulphide ion' at 25'C and I atm. Rickard (1975) concluded
that S,5'- and 5,S'- would be the most stable polysulphide ions under his
experimental conditions (pH 7-8. 40"C). Pyritization was envisaged accord_
ing to equation (10).

Fe" + 5,5'- + HS- - FeS, + 5,5'- + W (10)

HaUberg and Wadsten (1980) suggested that pyrite formation from FeS
invol"ed iron rem""al rather than addition of sulphur (equation II).

2Fe5 - FeS, + [Fe] (11)

E. Organic sulphur

Ostroumov (I 953a) showed that organic derivatives of reduced sulphur
were formed in modem sediments during sulphate reduction. The nature of
this organic sulphur is still obscure. It appears that the sulphur is nOl incorpo.
rated into microbial protein but into humified organic maUer and, together
with humic and lulvic acids, it is dissol,-.d by alkaline solutions (Ostroumov,
1953b), Humic acids from Saanich inlet (British Columbia) contain from 3'"
to S'" of sulphur which appears to be carbon_bonded in the form of C-5H
(Brown er a/.• 1972). In ,hallow' sediments of the inlet. part of the sulphur in
humic substanc<s is present as sulphur amino acid' which are released on acid
hydroly.i,.

The rate of formation of organic ,ulphur in sediments is much slower than
that of pyritization (Ivanov ez a/.. 1976). Evidently. organic derivatives of
reduced sulphur are formed during diagene,i, by interactions between
anaerobic decomposition products of organic malter and elemental sulphur or
sulphide in the pore·waters,

fn sediments of the PacifIC Ocean and other basins (Ostroumov, 1953b.
1957; Ostroumov <I aJ.• 19(1). orsank sulphur is tile second most imponant
form of reduced sulphur after pyrite and may account for up 10 10'lb 01 the
total reducc:d ,ulphur.
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6.5.3 Total RI"dUOCfd Sulphur In Modern Sedimm'"

The various components of the IOtal reduced ,ulphur (i.e, pyrite.
elemental S, sulphide and organic S) in sediments of lhe Gulf of California
and Mexican shore are shown in Fig. 6.16. When thoe tOial "'duced sulphur i$
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high. up to~ is in the fonn of pyrite and the ...,mainder is mainly organic
sulphur (Volkov, 1964; Volkov rr al., 1972. 1976). Only at low concen
trations of total redllC<:d sulphur (-O.3lilo) i' • substantial part ",p",sented by
organK! sulphur.

As sulphide and element.1 sulphur a", rapidly transfonned, their relat;,'e
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cli. 6.17 Di",ibut;"n of org.nic corbon, ""Iphi<!<, e"mento!, orgonic, pyrite, ODd
'otal rcdoced sulphur wi'h depth in ",diments from two Iocotion. off ,be Me'icon
""o,t of tbe Paellic Oeean (A, "te 668: B, oite 672; Vol~o" tI aL 1976). __,
,wph.ide; 0-------<), ekmental; lI.__lI., OTpllic; 6--6. pyri'e; __,
total rcdoced; 0-------0, organ;'; <:arbon
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concentration' are usually low and they accumulate in sediments <>nl~' under
spccifu; oonditioos (Volko.., l%la,b, 1964). 1lle relationships betw.en tile
reduced forms of sulphur in soedimenn of tM Okhotsk Sea (o.troumov,
1957) and lhe l>Onh·"'eMem pan of the PaciHc Ocean (O,troumov and
Fornin•. 1960; Volkovel aI.. 1972) resemble tho!;o shown in Fig.616.
Analogous results ",ere also Obtained for sediment. of the Soma]i Trench in
the Indian O<:ean (Zhabinaet aJ.. 1979).

Figure 6.17 shoo..", the distribution of >orne form' of sulphur and 100al
reduced sulphur with depth in sediment. of the we,lem pan of the PacifIC
Qc<,a". The sediment, at site 668, which is neal'<'>! (0 the shore. arc "hara"ter
ized by very intensive sulphate reduction. In the first 20--25 em 1M'" is •
rapid ;nertasoe in lOla! reduced sulphur. most of which (up to 9<J'l,) is in the
form of pyrile. Tbe amounu of sulphide and elemenlal sulphur are very 10,,'
throughout.

A more gradual accumulalion of reduced sulphur is observed in the sedi
mentS at site 612 On lhe conlinental slope, These sedimenl$ are characterized
by a mach slo""or rato of sulphate redoclion, and thoe IOlal ..,duced sulphur
increase. progr<:"i"ely do""n 10 aboul 600 ern. f'yrito-sulphur increase. from
5~ to 6O'l. of lhe 100al reduced sulphur al lhoe .urf= to almost 9O'Mo at
400-600 ern deplh, Tbe relat;'." proJX>nion of organic sulphur decreases from
3~ to l~ ovr:r lhe same deplh. The relali"e proponions of sulphide and
elemenlal sulphur are substantially highoer lban in core 668. although lhoeir
absoluto concentralions are romparable in bolh rores,

6.5.4 R.lallonsltlp Mtween Redurf'd Sulpbur and Organic MatlO'" In
Sedlmenl$

Sulphate reduction is regulated by lhoe quantil}' of organic malter in sedi
ments. butthoe relationship betvo'een lhe !,,'O variables is not simple.

Figure 6.18 illustrates Ihe relalionship betvo'een organic carbon (in surface
layers) and total ,..,doced sulpbur in sedimena of lhe Pacific Ocean near lhe
Me.ican wast. l1Ie .."Crage reduced sulpbur concentration "'."s Obtained by
la~ing se,...al measurements in each sediment column below lhe horizon
where the total reduced sulphur ""ached a cons,anl val ....

Reduced sulphur does n01 accumulate in lhe pelagic ocean silts (sile 673)
tbat are composed of red days and contain less Iban O.5'llo carbon. Sediments
doser 10 lbe §bore contain more 0'l"nic maller and there appears 10 be a
ge... ral rdationship betvo'een organic carbon roncentralion and le,."I. of total
reduced sulphur. This ,..,lalionsbip i. shown mOre dramatically by sediments
of the seetion from Japan 10 Ibe nortb·western depre..ion of lhe Paciftc
Ocean (Fig. 6.19).

The levr:l. of lotal ..,duced sulphur as a function of organic carbon ron""n·
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lration for a number of sedimentS are sJx>,.'n in Figs. 6.20-6.27. The folio,,··
ing conclusion. can be drawn'
1. Oxidized ..,dimtnIS. low in organic carbon. do not ronlain ~ignific.nt

am<>ums of reduced .ulphur.
2. Sulphate "'duc'ion de.'dops in "'dim<nl~ containing 0.5-3" organic

matler, and in such sediments there is a ",a"""able co'relation between
organic carbon and IOlal ",d"".d sulphur oonc<:ntrations.

3. Highly ",dllCCd scdimcn(~ mntaining more than 3" carbon are rich in
tOlal reduco:d sulphur. including hydrogen iulphid<. but this reduced .ul
phu. concentration is not correlated ,,'j,h the carbon concentration.
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On the basis of \1\<,,,,, conclusions and u,ing data for the PacifIC Ocean
(Fig. 6.22) and Atlamic Ocean (Hanmann tl aL 1976). the ..."rag<: IOlal
teduttd sulphur ooncentration of shelf sediment. (a~rage organk carbon.
0.7") ;5 cakulated to be O.25"S. For the continental .101'" and ri5<' (organic
carbon. 1.3'llo) the analo,lou. figure is 0,5". n.. sedimems of lhe ocean bed
with an average of 0.3% organic caroon al"<' considucd to be o.idized. While
some data suggest the preseDCt of baCicrial hydrogtn sulphide in these sed;·
menl1 (",e, e.g. Zhabina II aJ.• 1979). the 100ai amount of redaccd sulphur is
small and may be neglected,

As fe.... data are available we canROt presem a mOrc realistic estimate of thoe
",'Crage ooncen1r111ion of reduced sulphur in sediments al this limc.

6.5.S RclationSohip bel"'~" Initial SuJph.a~ In Por'\"-...altr and Rtdoctd
Sulphur;n SedimenlS

Tho effect of sulphate concentration on the rate of bacterial sulphate reduc
tion ha' heen 'Iudiod;n .itu in lhe suna« sediments of the Bahic Sea. When
the .ulphate oon~ntr.tion is high.•u1phate reduction follows zcr<>-order
reaClion kinetics with rate constant /(. - 3.2 )( 10-' SOl- litre- ' day·'
(Schippelo' al.. 1973; Hallberg 01 al.• 1976; Blgander. 1977), When organic
malter i. in ex~.s. the reaction beoomes first-order (r.te con,tant /(1 - 0.89
" 10-' day") 01 .ulphate ccmc:entration. below 201.\\ (Sehippel 01 til,.
1973; Hallbergolal... 1976; RAgander. 1977). These data are in good agree·
ment with the re.ult. ollaboratory sulphate reduction studio' revio"..d by
Goldh.ber and Kaplan (1974).

Microbiological in'-.stigation, and sulphal. r.duction rate studies using
"SOl show thaI rates in marine sediments "ary wilhin broad limits. The
numbers ofsulphate· reducing bact. ria. and rat.s of hydrogen sulphid. forma_
tion. d.crea.. from shelf and continental slope ...dimenlS rich in arganic
maUer 10 lhe deep pelagic ...diment. where the organic carbon con<:entration
is low ( .... Tabl. 6.17). The same trend is observ.d in ..dim.nt. of basins
...ith high organk maner concentralion, (e.g. lhe Black s...). Sulphate reduc
tion is most active in ..diments olthe marginal areasof basins .nd d• .,......
tow.rds the d••p ~ntral marin. region (se. Tabl. 6.12),

All inv.stigations On sulphate reduction show that the highest rate, occur in
upper horizon. of reduced "'diments, With the burial of ...diment. the rate of
,ulphate reduction decre..." The reaSOn. for this dec",ase a", nOI d.ar.
Recent inve.tigalion, (Romankevich. 1976. 1977; Bo"k",.kii. 1974;
Anemyev. 1976) sho"'ed Ihat there "'as no abrupt change in the nature of lhe
organic maner through the venical profile of r.duced sediment•. DepleliQn of
organic maUer in the cou.... of diagenetic proce....s is often pronounced. bUI
neve"hel... the amoun' r.maining in sedim.nts is quite sufficient to sustain
sulphat. redOXliQn. In some sediments whe'" sulphate reduction decrea....



T,I>k 6.18 OT~nic ca,b"n and reduced ."lpllU,;n ",d,n>c"l< nl ba.i". wi'h differen' ben'hic .nd I"'re·w.tcr sah"ihe,

Wate, Organic c.roon (loO) Rcduet:<l 'ulphn, (loO)
salini,y

Bas,n Re~ion ("I..) S,,,I,,,,,, At depth Surf""" At dep'h Reference

~. "f A",. We",",n re~i"n "I " " 0.33_1.19 0,84_128 0,44 LOS 059 1.36 Migd''''' rr "I. (1'114)
..ntral par, "f
Tcn"uk Ilay

lIal,ic Sen w'''nd Dcpre..ion 10_13 1,77_384 1.77_7.7S 0.46-1.68 1.32-4.86 Pre"""' w<>,k

BI.ck Se. AefObic lOne '" 0,8-1.8 1,30-3.66 0'-1.38 1.18-1.35 Os'",uroo.""I. (1961),
Yolko. and PiI;I":huk (1966)

I(ydrogen .ulphide 20--22 0,92_5,85 0,92-22.65 0.29-2.46 0.72-3.07 0"",."",. (1953a);
zone Volko> (1963,1973)

Se. of Okh"tsk " lI,n-I,W lI,63-1.9I} 0'-0.20 0.19-U8 Os,,,,.,,,,,. (1957)

I'.cif", Oce'n 0' Gull 01 Califo'nia " 1,OO_5AO 0.87-5.80 0'-0.41 0.77-1.63 Vol.,,,",,,!. (197h)
l" Me>ic.n co'" " 1.37-3.66 lI.87-J.49 0'-\1.)6 O.lI7-1.24 Volk,,> ",,!. (1976)

0' N""h·west reg;',. " 052-210 O,~7_1.7J 0'-0.07 0.07_1.12 Volk".,", "I. (1972)

"1I<1u... 1<",1 of de,«, .....
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Wilh depth, l~ sulphate cone<cn\l1ltion in pore-water also fall. with depth (to
10-20 mg !ilr.- t, ",e, e.g. Figs. 6.4. 6.5). "'herHI in othus. f~r example
tho'" of the Gulf of California and the Mexican coa'l of the Paciflc. the
,ulphate conccntrll.1ion in pore,water does not change (l\'at'K)v <t al.. 1976;
Volkov.r al.• 1976; '= also Fig, 6,2),

Oat. on reduced sulphur in sediments with different salinity levels are
given in Table 6,18 from which it is apparent tha, accumulation of ,..,doced
sulphur in ",diment, is not related 10 the initial sulphate concentration of the
"'aler. SevNal studios have shown that the amount, of reduced sulphuT in
..dim'nts often .,ceed those of Sulphate-sulphur huried "ith po",.water,
For example. Str.kllov (1972, 1976) caleula"d tilt 'excess' redu""d ,ulphur
over .ulphate to be 10-15 time' for organic-rich sediments.

The ex"""" .ulphur i' .upplied 1»' diffu.ion of sulphate from the O\'erll'ing
"'ater. The diffu,ion i, ,ufflCiently rapid to maintain high ,ulphate concen·
trations;n the upper layer< of sediment. e"en though these are the sites of the
ma.t intense .uiphate reduction (e,g. see Figs, 6.2. 6.30). These figure. mus_
trate another point. namely. that elevated con""ntration. of ,ulphate can
develop just arove the zone of hydrogen .uIphide formation. A simil..
phenomenon was observed io sediments of the North-we.t Pacific off Japan
and the Gulf of Califomia (VoIkov.1 al.• 1972~ 1976; Ikmer. 1964), New
port Bay'. and the Santa Catalina ba.in (Kaplan ~I aI.• 1963). The mOSt likely
expIana60n for the increased .ulphate level. i. that hydrogen sulphide diffus
ing upward. from the ,ulphate reduction zone is oxidized. pos,ibl)' with the
help of thionic bacteru.. by oxygen diffusing into the sediment. from the
overlying waters.

Thu•. in the most active zone, of ,ulphate reduction in marine ICdiments
.uiphate i. not rate limiting, In deeper h<Jrizons where diffu.ion is limited.
suiphate le""l. can fall to rate-limiting val""" Howe,-er it may be noted that.
because of the high Ie"els of .ulphate reduction in the uppermost layer<.
complete reduction of ,ulphate at depth would nOt increase the total reduced
suiphur content of sediments by more than l~.

6.5.6 Attumulatlon of Rodured Sulphur in SedIments as a Function of
Sedimentation Rate

The sedimentation rates in the ba.in, hsted in Table 6.18 differ markedly.
For example. the ,,'erage sedimentation rates in the ""ntraI part of the Azov
basin are 100-250 g cm -: per 1000 year>. and in oully'ing parts>500 g cm-:
per 1000 year< (Khrustalev and Shcherbakov. 1974). In the Gulf of Califor
nia. sedimentation rate. vary from 78 to 350 gcm-: per 1000 years (Van
Andel 19(4). and in the .helf and continental slope off the coaSt of Mexico in
the Pacific Ocean. from 2,5 to 15.6 g em-, per 1000 year< (Van Andel. 1964:
Li'itsina fI ai" 1976). Despite .uch marked differences in rate. of sedimenta-
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tion there are only ~Iight differences in the amounts of reduced sulphur
aC<:umulated. h should also be noted that the reduced sulphurront~nlsof the
..,diments of the Sea of Awv are similar 10 lhose: of lhe coast of Mexico in lhe
Padr" Ocean. even lhough the organ'oc mailer conlent of lhe lau.. is
mark~dll higher. Thus. neilher absolut~ ..,dirnentalion rat~. n<Jr the inihal
.ulphate concenlralion in benlh'oc and pore·waters appears to influence lhe
conccntlation of reduced sulphur in ..,dimenl'.

6.5.7 Iron and lhe A«umulation or Reduced Sulphur in Sc<IimenlS

An upper limit an the amount of sulphide fix~d in a ..,dirnent is SCI b) lhe
supply of reaclabl~ melal, Figures 6.29-6.32 .ho", dislribulion. of sulphide
and reactive iron (acid·reactatM plus pyrite) in a number of marine sedi·
menls, As ~xpecled. the proponion of iron in lhe form of PIril~ (or other iron
sulphides) is grealer in hlghl) reduccd ..,dimeots like lhose of lhe coall of
Japan (Fig. 6.30A). lhe Gulf of Califomia (Fig. 6.30B). the roasl of Mexico
(Fig, 6.3OC). and lhe Black Sea (Fig, 6.32). lhan tho.., of lhe open ocean
(Fig. 6,29).

I",' ''''''-«d "'"",,, n.Do [J09-'1

OC6 ~'l-"

DO~j ~>I'

F1•. 6,28 R.duc<d ...I""ul
(Owoumov~1 01" 1961)

in ,he Ul'l"'nnoM ..d"'''"l lay.r of lhe Black Sea.

E'-en in highly reduced sediments. """'·~,-er. not all reactive iron is Jl)"rilittd
",'en when hl'dro!"n sulphid~ accumulales in significanl amounts. This sug_
g~m thaI not all acid-react"ble iron is hydrog~n sulphIde reaclabl~: some rna)'
be in the form of iron silicales.
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Fil. 6.31 (aj Rea<l". "'>n In ,be UWOrma.! >«I,_a, lo)'.r of ,"" hyd
rogen '''I phi<!< ",ne 01 tile Blao:k Sea (cakul.,.d for ..dime"" f",. from
<.,bonate" 1(0"'00'-" 01.. 1974). (b) O"'nhu',,,n of .ulphidlc iron (i.e
mono,ulphide and PFit<j os. p<=ntqe <>f reacti.'. iron ,n the upper
most lafer of tb< h)'dIngo" .ulphid< ron< of ,!'Ie Black se. (Ro"""",,,' <>I..
19;4)

6.5.8 IntunaJ Sulphur C)de in BotlOm SfdirMnU

Hydrogen ~ulphld. that h.. not reacted ,,-jth iron will diffuse through a
sediment and ",'m eventually .nOOumer an aerobic/anaerobic interface" here
it will be oxidized '0 sulphate. If ,hi, iOleTfa•• occurs belo,,· the ",dimen!/
,,"'ater in"tface an 'internal sulphur cycle' i' created which may be ch.arac,.ri>:<:d
by a subsurface peak in lite depth profile for pore.water ,u1phate (Fig. 6.30).
An es,imate of the inten,ily of Ihi' internal cycle was made from data on
S"dimen" at 'ite 668. ,iluated in the Pacific Ottan on the edge ofthc 'helfof
the Mexico coa,t (fig. 6.30).

The S..dimeMalionraleinlhi.regionha.been •.ariou.ly e.timaled 10 be
3fl mm per 1000 yea ... (Li,il,ina el al,. 1976) Or 100 mm peT 1000 yea ... (Van
Andel. 1964). In Ihc upper pan ofrhe sedimeM. between lhe 17.5 and 25 em
horizons. Ihc inerea>t in redoced ,ulphur is 6 gmS xg-1dry S"dimeM. Acoord·
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Fi.. 6.3 2 Dbtribu.1lOII of bydroFo ....lpilld.....duc:od"wpbur. ao.d roact... lfIIIl

......b dcpd. ill ..dilD<o" 01 d•• Gallo"" doproSNOfl of ,be BaIlIC SOl (A• .,,,,
1972; B, so'" 1973). e_. bj'dtOJ00 ~i<Io; 0--0. lOul rod"""d
=1C~i~'hrri< iron; Em· f"t'1'O~1 iron: §. fl}·riti< iron; m. _01·

ing 10 I~.no~ ~I at. (1976) IIIe ral. of b~droK"n .ulpbide fonnalion in tile
IS-JOe.., honnln i. 1671 "gS ka 1"".1 ",dim.nl per monlh or 20"'a kg·'
yur·'. A_m"... moi!;lure conlenl of~ Ihi!; .mounlS 10 50 maS k,·' dry
",d~nl per year. lbe limes lak.n 10 .,,;umulale 7.5 em (25-17.5) of K4i-
menlll <lIeS of 30 and 100mm per 1000 ) 2500 and 750 ) ....
....pecti....ly. AI ....duttd ....:Iphur production ..1e or 50..., k,·' year-'.
125,sk.' and J7.5gSkg-' '''If'''ClMIy...-ouId accumlJiale on I~
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periods. "These lheorelical amounl5 are about 21 and 6 limes respttlively,
higher than the amounl actually measured (6 gS kg _l); and we oondude lhal
moS, of.be: sulphur buried in lbe: sedimem ha' undergo"" conlinual reC)'ding
lhrough ",duced and o~idiud fonns by lhe ac.ion of .ulpha.e-reducing bac·
leria and lhionic bacleria. respeClively. Similar ",sullS were oblained lor .i.e.
667 and 669: from 3'11. 10 11'11. of.he bacterial h)'drogen sulphide is fixed in
...dimen.s.

6.5.9 Ann.....1A""umulallon of RI"dU«d Sulphu< In ~an Sediments

Estimate5 of .he annual lOOCumula.ion of reduced sulphur in various
morphological rone, ollbe: oceans were deri,."d from dala on lhe amounts of
...dimenlary malerial deposited annually in lbe: ocean (Table, 6.3 and 6,4).
lho avemge concenlra[ions of OTganic mailer in [Ill: ...dimems (TJblc: 6.4).
and [M average ooncentra[ions of reduced sulphur corresponding .0 [bose
concemralions of organic maUer (.... suboic:clion 6.5.4 and Figs. 6.21 ~.25).

"The ..suhs. summarized in Table 6.19. indica.e [hat 20-27 x 10' Tg of sedi·
mem, conlaining belw""n 82.5 and 111.3 Tgoheduccd sulphur. are aceumu
la[ed annually.

Aboul 9O'lI. of lhe reduced sulphur is deposited in sedimenls of [he conti
nental slope and rise. and lbe: remainder in 'Mlf sedimen". A. menlioned
elsewMre. open-ocean sedimenl5 are largdy aerobic and conlain insignifICam
amounlS of reduced sulphur (Volkov 0101.. 1972: Zhabina el aI., 1979).
Wh~e 1M validily of lbe: above numbe... cannol be lOOCul'lIlely asses...,d tbey

are likdy 10 be undere"imaleS since lbe a"erage reduced sulphur COncen
lrations of lbe medilerranean seas are higber lhan those used in 'Mse cakula
tions. and dala for anaerobic basin. of tbe open ocean ha,." nol been
included.

Table 6.19 I\1In ...1ao;cumulotioon ol ..d"""d .ulphu, in """an Otdimen"

Red"""d
Sed,_nlallon O'ganic R.d"""d .ulphu,

Morpl>o"'gical ,., ". carbon sulphu, ,~

>:one. of ocean (100 lm') (10' TS yea,") (0) (0) (T,Syear")

""" 26.7 3.2_4.3 0.; 0.2S 8,0-10.8
Continenllli

>lop< and rise 76.5 14,9-20.1 U O.SO 74.5-100.5
(locean bed 257,0 1.9-2,6 0' 0 0

,=, 20.0-270 S2.5-11 1.3
A,,,,,,,se %.
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6.6 REDUCED SULPHUR ACCUMULATION l'" SEDl\IENTS OF
MARI.'lE BASl'iS WITH lUGA RATES OF SULPHATE REDUCTION

In the preceding section' of thi' chapter ir was shown that knowledge of the
distribution of sulphur compound' in bottom sediments of the oceanS was
suffICient to allow only a general description of the quantitati,'e aspects of the
sulphur cycle. panicularly with re,pect to the deposition of sulphur in sedi
mentS.

A more detailed a,se"ment of sulphur deposition in sediments is possible
only lor the thoroughly inV<'stigated inland sea, ,urrounding the USSR (Black
Sea. Sea of Azov, and Baltic Sea) and the Gulf of California,

6,6.1 TM BI""k Sea

Various estimate. have been made of the annual hydrogen .ulphide pro
duction rate in the sediments of the Black Sea. About 5.1 Tg of organic
carbon are buried annually in sediment, of the Black Sea (Datsko, 1959),
roughly \.2 Tg from the suspended matter in ri'-er-water. and the remainder
(3.9 Tg) from the water column. Dat,ko (1959) estimated that about 5.3 Tg
of organic carbon per y'eaT enter<:d the anaerobic zone of the water layer of
the Black Sea in the form of plant and animal r<:mains_ It foUoW'S then that
about 1,4 Tg of organic carbon ar<: mineralized in the anaerobic zone of the
water column or at the water/sediment interface. If minerali>.ation we,.,
linked solely to sulphate reduction this amount of organic carbon "'ould
,upport the production of about 2 TgH,s year-'.

Sorokin', (1962b, 19(4) data on primary production in the Blad Su,
together with 6"C data. led Deuser (197J) to conclude that 10 gC m-, year-I
are metabolized during sulphate redoction, which is equivalent to an annual
production of 14 gH,S m-'. If this "aloe is applied to the total area of sedi.
ment' of the anaerobic zone down to the 200 m isohath (307 000 km'), the
total annual production of hydrogen sulphide i, 4.3 Tg. Detailed descriptions
of the computational methods arc gi,'en in Aizatullin and Skopintsev (1974)
and Skopintse,' (1975). Based on the water volume discharged annuaUy in the
Black Sea through the Bosporus. these authors assessed the annual f111X of
hydrogen ,ulphide from sediments to the water column ollhe Black Sea at
2.4 TgS. However. Sorokio's (1962a) data on rates of ,ulphate redoclion in
the water column indicate thatlhe tolal prodoction may reach 25 gH,s m"
y'ear~1 Or 7.67 TgH,S y-ear-' for the area of 307 000 km' (Skopintsev, 1975).

The dimibution of reduced sulphur in Black Sea sediment' is shown in
Fig. 6,28 and Table 6.20. The total amount of marc rial added annually to the
bonom sediment. of the Black Sea is appro,imately 220 Tg, of which 149 Tg
is p"rliculate matter in riV<'r dischar£(', 60 Tg biogenic carbonate (Shimku,
and Trimonis, 1974), and 12 Tgorganic matlC:r (Datsko. 1959). If the average
concentration of reduced sulphur in "'diment' i' assumed 10 be 1%, Ihcn the
annual f111X of >Dlphur to the ",dimenlS i, 2.2 Tg.
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Table 6.20 A'..ra~ rono:nlraliotl of ..dllOO<l.~lphu, ('Ilo dry ",·.jih')· in sedin>c:nt>
of dlffe~nt relIeS of 1M BI3C~ Sea

W..., drpth (m)

<200 200-1000 1000-2000 >1000

Upper hori""". nf ..dimen,,·
D«p<' toonu"" ofsedimen"

0..s06 (9)' 0.862 (24)
l.OB (13) 1280 (~)

1.l94 (18)
USO (8)

1.262 (18)
1.421 (28)

'B...d "" 'Il< da,.olO«KHunO'I (19~J.). Vol..,. (19610, 1_), Volk"" and Pi"p<!>uk (196i,i).
lIH! Oslroumo." 01, (1961),
'Fil') ""'I'!<' ...." ,ak,n !rom ,II< O-~ em l>o'iron lIH! 19 ...,pl<. f""" ,I>< (1-10 om 1>0""",
'no< ..I",. ;" !>,.."t'l> .r< tho: .",ml><, 01""']>1<' Iltlal~__

HO\l,ever. the a'-erage concentration of reduced ."Iphu. in sediment' of the
hydrogen sulphide ZOne of the Black Su (:>200 m deJllh) i> higher lhan that
of sh.lk>,,··water sediments (Table 6.20). Using data On sedimemllian rates
(Ross and fkg.n~. 1974. "'. Fig. 6,33). and the .""rage sulphuT ronttn·
tration. of the different rones of the Black Sea (Table 6.21), we calculate that
the minimum quantities of dry sedimentary material and reduced sulphur
deposited annually in sediments of the hydrogen sulphide rone are 75 and
I Tg respecti.'ely. and for shelf sediments. 145 and 1.4 Tg respectively. Thus
the total nux of reduced sulphur into the Black Sea sediments is 2.4 TgS
)'Oar '.

0,

.,°r-4

Fi8,6.33 Sediment."on pottcm, in the deo!'".. .,.. port of ,he Black Se.
(R_.nd Degen.. 1974)



Table 1>.21 E.<timolcd boriol of ..dO«<.! ,olpllo' in ""I"""nl' of ,be b~droll"n ,ulpbide rooe 01 ,be IlI.ok Se."

A... (IIl'km) Sedi"",", flux erg ~c".
"

Tbe
W.'cr ,.,., Ave..go """",ntra,ion of
,,",p'b (n') ,.

" '" Total " '" """ rcd"",d ."Ipllo. ('IloS)

200-1000 20.0 18.0 " 41.6 '''' 4.1>8 140 7.38 1280
1000-2000 36.0 23.0 S8,2 ll7.2 2.34 S,98 22,70 )102 1.2S0,- 46,4 43,S 51.6 147,S 3.02 11.31 22,46 36,79 1.421

To,.1 ~., ?S.19

·Volu !-,Jh' <>f """ ..<Ii"",", '" 1.3 on ,n <_.. hum....Y;, Sl""
• A, "h ""oj,,,,,,",.,.,,, "1<,01 !. ztI ..... 30 e." I'" 1000 )'C.... ""I"""""'Y

Ikd"",'1
'011'110' 11u,.
ergs)'C", ')

(1,094
0388
0.S23

1.00
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6.6.2 TM~. of A«Iv

TIle Sea of Amv i~ a shallo.... bay of tile Black Sea ,,-ith a total area of
38.000 km' and a dtpth of 8 m. AWlrding (0 Tolokonnikova (1977). sedi·
mCnlS of this sea actively reduce sulphate (see Table 6.17), and hydrog<:n
sulphide is often found in boUom Walers. The .verage concentration of
reduced sulphur in sediments is 1.~ (Migdisov el llI .. 1974) which i'
similar to rile value found for rhe sediment' of rhe Black Sea shelf (see Table
6.20).

The annual ..dimentalion ill the Sea of Azov has lIten variously estimated
to he 17.6Tg (Fedosov, 1%1). 21 Tg (Alek"",drov, 1965) and 44.1 Tg
(Panov and Spkhak. 1961). Using an ."crage rate of s.edimcmation of
21.5 Tg yea,-' and II sedimenUiry sulphur content of 1.1'" ",t estimate the
annual flux of r<:duced sulphur to tile sediments 10 he about 0.3 Tg.

6.6.3 The Balli< Sa

The amOunts of reduced sulphur. water, and organic carbon in sedimentsof
tho: Baltic Sea are §Ummarized in Table 6,22. The nerage wncentration of
reduced .ulphur is 1.37~, (II is of imereSlthat reduced sulphur in sedimenls
from si~ of the: seven sampling siles exceeded I"" e\'tn in the: upper layers
«(}...-7 em).)

The Upper Holocene reduced sediments of the Bailie Sea vary in lhickne..
from I 103.5 m, and were laid down o\'tr 8000-10 000 years. From lhe data

Tobie 6.22 Reduced .wphlU .nd org.nic c.rbon in f<duced Holocrne ..diments of
the Baltic sea'

Thick"... ~_. Organic
of Holocr". Moistuf< 'Ulr,ur a"",,

~-
Sit< ",d~nl (em) co,"enl (') " . ("")'

Gotland Basin "'" '"' 69.g (5)' 1.83 (~) 4.36 (4)
2621 2S0 754(8) 1.59 (~) 3.74 (~)

Cent,..l pan of 26310 m 6373 (4) 1.186 (4) 3.02 (4)
the sea 2611 '" 6859 (~) 0.996 (~) 3.1 (~)

Arlon Trench 26S6 '''' 66.S7 (3) 1.23 (4) 3.93 (4)

Gdany. Tre".h 2682 '" 72.60 (5) 1.60 (S) ~.33 (4)

Bay of Rig> ,"', '00 13.1 (4) 1.13 (4) 2.09 (3)

Ave,,!e '" 69,97 1.37 3.M

·U'1"'blw.:d ~... of Lem, ~·.m...,O<Y••nd V, ....... f..,." the 8.oItic <no"" of the "'_m,,-
KIUCit4Ic' (1978)
.Dry .... '*'" bo"'.
'The ..I... in bn<k'" refen 10 lb< number of K»Iyoe>.
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on momun: and ~d~d sulphur concentration (Tab'" 6.22)••nd .ssumin,
an .vera", thidness .nd sedimentation rate of 2 m and 25 ern pcr 1000
yean. re:spea;"d~, the o;ak1.llated amount of ",d~d sulphur buried annually
in Upper Holocene sed"neots is 0 44 Tl (T.bIe 6.23). TIle COTlTspondirtl
0"" lor sulphate is 0.016 TIS )~.r (f.bIe 6.23).

An a1temati'" estlm.uon is based on the ann...al ",0"" of sedomentaty
mateNI due to shore abrasIon,leacllm, of "".1Ioor men and ...."r rw--off
(estimated to br -15.7 TI )'Uf '). 'The ann...al deposition of 101&1 and redua:d
sulpbur is eakuJated 10 br 0.65 and 0.63 Tg. respet;In-ely.

A lbird melhod of assessmenl of lbe annual deposuion 01 sulphUf III sed>
....nlS is 10 determme the chfference he....·«o suJpbur inO"" 10 the sea from
diffe",nl ooun:es and lhe eM"" from this """'fYOi:r_'The method of eakuJauon
and lhe iodnidual fl""es are ~11 in rig. 6.J.t. DaUl 001 sulph\ll" IIlJlUt from
""~r """,ff and from pound-...ter .re taten from Rabino\-rl -.Ill Cirincnto
(1979) and Gurdehs and Emdra- (1976). respet;In"ly. The .ul105phene
sulphur 0"" .,."r the BallI< Sea rep... is estimated from the data of OtUlr
(1976) for alll105jlllene preapiUltion (f.bIe 6.24). and from the data of MOM
(1978) fOf dry deposition (Table 6.25). T.ble 6.26 presents daUl on the
amount of ililphate entenJ\l and Iea-inllbe Balli< Sea in "'.·...tU tllrou&il
the Danish Channrls. From the difference belw«n "'put and output of wI·
phur (Fll_ 6.34) the IOt.l sulphur nUK from w.ter 10 sediments is esumlled .t
.bout 0.7 T, )".r-·, ..·;th 0.02 Tl buried in the form of sulphate sulphur .nd
0.68 Tg as ",d~d sulphur. Thus, three independent met/II"''' live rise 10
annual nuns of ",dllt'(:d sulphur of, 0.44. 0.63 and 0.68 T,S year". In

,
A'mo.""... R".. '""Off

So'_,
olotl'''' ~..u<lO

". 0.' Solp/lOlO
loSf

i ~,.

5..IP"<l"So<> _.' I 0.', -.--, ~~.,
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Table 6.14 Sulph"e input 10 the B.ltie 5<:. ;n .tmmpherir
predpitotion (0"0[, 1976)

Sulphote inl'"t Are. Sulphot. flu,

~-
(~S m '\"eOf " (10' km'J (TgS )"eat "

Gulf 01 Bothni. "' ,n 0.""
Rem.indet O. ,., 0168

Totol '" 0.21-1

Tobie 6.2$ Sulphote ;"I'"t to the 6.ltie 5<:. ;" <lry <l<pos'UOtl (M""" 1978)

Sulphate input A., S<Jlpha'" flu>
Region (~S m-' year-') (10' km'J (Tp )"ear 'l

Gulf. of Bothn,"- and Finland ,
'" 0.147

Rem.;"<!er " 2$0 0,315

TN.>I '" 0.522

Table 6.26 E"im.,.<l inl'",and output of .u1p""'" in ..·.ter
flow through the Dan"h Channel. (ea-kuJoted from the ..hn·
"y: Chemonhya "01 __ 19M)

Sulph.te
Volume C01Ittntr.t;"" Sulphate flu,
(km') (mgS Iitre-') (T~S }"eaf ')

Output 1639,9 '" 913.4
Input 1187.4 '" 914.3

5Ul>sequcnl calcula'ions of ,be fln' of uduced ."Iphur imo lhe sedimems of
the ""orld oc<:ans the: value of 0.6 TgS year-' is used for the Baltic Seca

6.6.4 Tbe Gulf of' California

The a_nage reduced sulphur concentra'ion m sediments of ,he Gulf of
California is I'" (Table 6.21), Tbe sedimenmion rales m the Gulf of
California arc ex,remely high and .ary be,ween 316 em pct 1000 yea.. in Ihe
norihem part of'he Gulf and 12 em pcr 1000 yea.. m lbe soulhern part (Van
Andel. 1964: Emery and Bray. 1962: Lisi!>in. 1914).
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Tobie 6.21 Sulphate:. ",d"""d .ulphur ond orpnic ""Ibon in .ubsurface ..d'meo!
hoori!on. of lbe Gull of Cllifornil. {V\lI~OV (I GI" 1976)

Sumber of SUlphate Redoced Oraanic
Sit< Depth (m) ...mpl.. (,"5) .ulphu, ('llo) caJbon(")

." '"00 • OJ 18 l.ll 2.20

'M ,,~ , 0.157 1.01 2.28- 1170 , 0.193 1.18 3.83

." ,,~ • OJ)"o 0.57 208
OM 120 , 0.051 1.27 In,.,

"'"
, 01 \1 0.74 3.50

A""nog< 0.113 0.98 2,52

About 75'llo of the sediment of tM Gulf ron.;"lS of T(:d~d dialOm""",ous,
foraminiferal. and terrigenous deposits (Van Andel, 1%4). A"ummg lhal
75" of lh. malerial depo.ited annually in sediments of lh. Gulf (355 Tg; Van
Andel. 1964) eme" the reduced zone, then the annual accumulation of
rtd"".d sulphuT is -266 TgS. The flux of sulphate (0 Ihis zone is 0.3 TgS.

6.6.5 Sulphur flux into Sedimenl!l of Inland So...

The data presented in section' Mi,]--{i.6.4 indicale Ihal about 6 Tg of
reduced sulphur is deposited annually in ""diment, of four marine basins' viz.
the Black Sea. Sea of Arov. Baltic- Sea. and the Gulf of California. This
amount is nearly equal to that deposite<:l on tl>< whole wntinenta! shelf of the
world OttanS (Table 6,19). This probably result. from the .'ery high redoxed
sulphur wnttntrations and sulphate reduction rate, for the Inland sea sedi.
ment, (Table 6.28) and the vcry high ratcs of ""dimcnt formation in the four
basin' (Li,it,in. 1978).

6.7 TOTAL FLUX or SULPHUR Tho'TO OCEAS SEDl\IE:-'TS AI-m THE
SULPHUR BUDGET or THE WORLD OCEAI\'S

The total annual nu, ofsulphur (redoxed plus sulphate) into the ""dimen!>
of oceans is assessed from tile data In Tablcs 6.9 and 6.19. and the rough
e'timate. of biogcnic sulphur outlined ;n ""ction 6.2.3. The results are .um
marized in Table 6.29.

The total annuallKAumulation of sulphur in ""dlmcnts of the world ocean.
amountS to 106,9-145.4 (average 126.2) TgS. Most of this is derivcd from
tile water wlumn in the fnrm nf reduced sulphur produced by bacterial lui.
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Table 6.28 Total redoced sulphu, and ,ulf.,e redort"'" rat.. in sedIment< of inland
sea< and ""eani<: shelf

s.edimen,
Coneentrn''''n
(lOS)

Snlpha'e redort",n
"~
(~SS g_t ,H' day-') Rde",noe

See Table 6,20

See T.ble 6.22

Migdisovelol. (1974)

Volko,' <I 01. (1976).
Berner (1970)

Bemer(l970).
Hartmann <I 01. (1976).
Thode tt .1, (1960)

1-310

,.""
0,43

0.645

1.37

LW
0.87

AU,," Se...dimen"

Black Sea sedimenl'
from 2000 m

B.lli<: Se...dimen"

35 sample. of
aieuritic-pelitic shelf
..dimen" from
PacifIC .nd Atlantic
(ke.n,

29 "'mple'of 0,13
sand_aleuri'ic ,belf
",diment< from tbe
Allantic Dee.n

'Fo' refere........ -T.Ne 6.17,

phate redUClion, l1te flux of sulphate-sulphur 10 sediment$ is aboul 22'" of
the 'oral flux.

In sedimentary rocks. ho"'e"er. sulphale predomin'l.. o'·er sulphide (sui
phate-S' sulphide-S ~ 2) due to .ulphide oxidation during weafhering.
From our dala, Ihi5 ralio is 1 : 3.5 for sedimen,s as, woole,

Acrumulalion of sulphur romlXlunds in modem oceanic sediments i' ,'ari-

Table 6.29 Acrumuiallon of 'ulphu, in ..diment< of tbe worldoce.n,

Sulphur flux (TgS ye.r-')

Form. ,~. A"erage

Reduced .ulphur 82.5-111.3 %.,
BiogenIC SUlphur ,-, U
Sulphale SUlphur;

in lbe "'lid ph... of clo)' sediments 1f.2_15.4 13.3
;n biogenic carbona... " "in barile 4,0-5.4 ..,
in pore-warer 6.8-9.9 ".•

TOlal 1069_145.4 1,6,2
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able. Table 6.30 summaritts data on the annuall>CCumulalion of sulphate in
thc various morphological zone. of lhe ocean floor. Accumulalion is most
closely related 10 sedimem mass although pelagi( sediment. are n:latis..ly
enriched in sulphate. This is probably due 10 lhe higher contribution of
pore_water sulphale 10 the total ,u1phur of oxidized pelagic sedimems.

Accumulation of reduced Sulphur in Ottani<: sedimenls generally correlates
with lhe l>CCumulation of organic carbon ucep! in lhe case of pelagic sedi
ments where re<:luced ,ulphur le,..I, are extremely low. lt has already been
noled lhat. w'h~e oxidized pelagic sediments occupy aboot 1()l1j, of tilt- area of
lhe world ocean.. lhey conlain only aoom I ()lIj, of the IOlal sediment accumu_
lated (see Table 6.30). Thus. in quanlitali"" lerms. dia~"",i, of sulphur is
mainly confIned to lhe~ of reduced Ottani<: ...diments of lhe cominental
shelf. slope. and rise.

Con<:luoons rellarding lhe sulphur balall« in the World Ottan can be
draw'n from dala given in Table' 6,1. 6,29. and 6.30. Table 6.1 shows that
339.2 TgS is 'upplied annually to Ottans. basically in lhe form of sulphate,.
Ths flux i. composed of nearly equal amounls of natural (169.2 TgS) and
anlhropogenic (aooul 110 TgS) sulphur. The natural inpm of sulphur 10 thc
OttanS is almosl balanced by the 126.1 TgS removed each year. mainly in the
form of reduced ·,ulphur.

The anlhropogenic nux lhu. repre"'nts a net l>CCUmUlalion of sulphur in the
ocean'. How'es·er. as this annual flux i. ""all .. hen compared to the tOial
sulphate in the oceanic n:... rvoir (1 ,3 x 10' TgS) neither lhe concentration of
sulphate_sulphur. nor the propenies of the octani<: ,,'aler on the whole. "'iIl
he markedly affected in lhe foreseeable fUlure.

Part 11 THE MASS-ISOTOPIC BALANCE OF
SULPHUR IN OCEANIC SEDIMENTS

A. Yu LEIN. V. A, GRl~'ESKO. and A. A. MIGDlSOV

6.g FR;ACTIONATION OF SULPHUR ISOTOPES IN' SEA SEDL\lEl\'TS

[n modem scdimenl$ tilt- iSOlOpes ofsulphur an: frac1iona«:d during bacler
ialsulphale reduction with sulphide becoming enriellt-d in »S. lnterprctations
of sulphur iSOIOPic patlem, an: generally based on data from experiments
wilh pure culturc, of ,ulphale_n:during bacteria. The.. §how lhat therc is a
general «:ndency towards inrreasing fractionalion .. ilh derrea,;ng spccifl<
actn'ity (i.e. rate of reduction per cell) of lhe barteri. (Ch.ambers and



'" TM Global Biogw<;Nmicol Sulphur Cycle

Trudinger. 1979). Furthermore. the degree of i$olopk differentiation be
('.;cen sulphate and sulphide depends on "'hether a system is open (unlimited
,wphale ...ppl)·) Of dosed (limited sulphate supply). In the lanu Case sul·
phate become. enriched in >os during the course of redl>C1ion (due 10 1"""
f.",nlial metabolism of "SOi-) so Il1al sulphides produced carly in!he ",,,,,.
tion will be highly enliened in "5 relative 10 the sulphate remaining towards
the end. MOl'eQw:r, lale~lage sulphides ,,'ill be enriched in "'S compared wilh
t"",," formed early in the rcaetion.

These considerations also apply to sulphate reduction in sedim.ms, but
here a further variable ;s introduced by differentIal diffusion of isotopically
different sulphate ions from overlying waters into sulphate-deflCiont POIl'
waters. Various 31lempiS have been made to expres. io mathematical form
the effects of tho.. factors on isotope fractionation (J0rgensen, 1978;
Goldbaber and Kaplan. 19S0).

1lIe distribution of sulphur ioolOpeS in sea and ocean sediments bas been
studied by a number of inV('stisalOrs {e·s T1>odt e' al., t %0; Vinogradovel
1>1,.1962; Hanmann and N,elsen. 1969; Berner. 1964. 1972, 1974; Kaplan
(' al.. 1963; Sweeney and Kaplan, 1973; Migdisov e' al .. 1974; Goldhaber and
Kaplan. 1974; Lein n al.• 1976), All of these authors regald bacterial sul.
pbare reduction as imponant in sulphur i"'tope seocbemistry.

1lIe wide range of 6"$ val""s in oxidized and reduced forms of sulphur in
sediment. ;"the re.ult of complex interacting geological, hydrodynamic. litho
logical, pbysical, physicochemical, and biological factors. mosl of whicb have
not been $l.ud"d in dollliL MoreoV('r. the amount of iootopic information is
limited both in tho number of analyses and lhe number of sites .tud..d.

6.S.1 lloklplc Composition of Sulphur Compound. in Reduced Sediments or
Inland So...

Table 6.31 summarizes data on the 6"$ "alues of pyrite and .ulphate
.ulphur in Upper Holocene sediments of the Black Sea. Baltic Sea. and the
Sea of Azov, Only isotopic compositions of ,ulphate in pore-waters ""Cre
measured since tho cbange, in iSOlOpO;: composition during diagenesis mainly
apply to the sulphate of pore.water and not that in lhe solid phase of sediments.
1lIe concentrations and isotopic compositions of tho other forms of reduced
sulphur (organic. elemental, h)'drogen sulphide and dissolV('d ,ulphide) were
not e'timated in all caseS. but a, their contribution to the tOllll amount of
reduc¢d sulphur is <l~. they can be neglected in iootopic·mass balance
cakulation•. 1lIe distribution of sulphur isotopes in Black Sea sediments is
discussed by Vinogradov el ~I.{l962), Grinenko and Grinenko (1974). and
Migdisov el al. (1974). 1lIe latter authors also stooied tho distribution of
sulphur iootopes in the: sediments of tho Sea of Azov. Similar stoo.., on the
Baltic Sea are described by Migdisov el al. (I974). Lein., ~i. (l982). and
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"O,S"nic

~No'nbet of 1'y,i1~ S",,,ha'. ea,bon
M'Op'" >

Region ."d ..dimen' 'ype Loc..irm, a.a'y.'" (,"S)" (&"'S, , ..j (,"S)" (~"S, "fUl) ,-e) Refe,.""", ,
mad ~ j
Hydrogen sulphide l'OJIO, ,

" 1.08 -30.8 0,068 +22.S Vinosradov.. aI. (1962).
I 000-2000 'n 0-10 ern Migdi"'" " ai. ('974)

,
ho,izon

fsarno ",gil,,,, Slabiti,.. ,.,n ,
" US -26,9 llOS t 2S,/\ Vinn~....jov" aI. ('962)

w,... ,0-200 em ,""izon

fiatt;', ,YO

W"S1cm pa,l. Kid rcg"'" ,
'" 1).825 -2S.9 IW38 t 42,8 2.57 lIan"""" a..1 Niclse"

cby.'OO&<' ('969)
E.Slern .nd "",,".1 parIO. .. 0.21)4 -16,2 O.OSS t ,7,6 0.59 Migdi"'" " ai. ('974)

.. r><ly••leutile .n<! clay
,Iud"" of the apper
Holocene

Cent ... , and ",.,h·...>!e," • ,. 1.37 -,7,2 0.028 ; 40,0 3.6S Lein " ai. (t982)
1"'", ... ,ites with <Ie",h.
01 SO m

Red"",,1 ...,1,,,,,,,,,, of the 0 '" O.72S ,8,2 0.037 t '9.S 3.4J I"i",/.I, ('982)
upper '""'zon 01 ,he I,,'al
r<~i"n. including till"",1
""dl"'''''I•

.Va ofII",.
111< "'gion ncar Kerch flay. , ,.~ -23,6 O.OSS +20,]

"~
Mig<l,.,,.,,,,I, (1974)

..ndy, ..... Uy and cl.y
<looge'

Remainder ,
" 0,962 t 9,0 0,056 +' J.6 t.12 •""'Ut}' "'W" """'"
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Hanrnann and Nielsoen (1969). As discu!.Kd in section 6.5,1. all of these
~rvoirs a", ,IuIracttrittd by hip rat« of sulphate rWlICtion.

A. l'bo 8bdF; Sa

Table 6.31 $hQoo'S the I\~~ isowp;c compmltion of ml_d svIpbu. ar.l
suJpha~ in the lCdimcotS of the b)"dmp:n s>.dpbide zone of the Black Se••
On/} tbl: 0-10 em Ial~rof the wrobic,.,... t-~n ~uditd (VulOIiloovn
111•• 1962) and the multS all' no( cbsnIssoed here. Pl'rite svlphw III tbI: Ilyd
tOF" sulphide zone • .IIl aYe", 6"s,~ of -D.9"/'....-tUk the sulpbale
sulphur is enridllrd III >os by 5.6'1'.rom~ W "".W1ller.

II. nt' BaIti< Sa

nus te5(1'WJf is frnher Illan lhe Black Sea.. Tk a""..., 6"5 vallie of
MIlphale lor Kil:l 8lo)' IS • ~2. .. and somcnmes "'ac:ba +60'1_ in lhe uPP:'
40 aD of the oedimool (H.n......." and Nielwn. 1%9).

lAin n lII. (1982) uamllled the ix>topic composition of sulphur compounds
in 15 m co",s ohedirmms It e'lht sites in the ceot"" and south''''ffiCm pans
of the BoJtic Sea II "'-"11" depths ""&in. from 46 10 240 m. Some of 1hI: dal.
a", summniud in Fia.6.35. The sulphate """""Dln.lm d«ruse<l "";Ib
lkplh and Wl$ usenll.lt) uro at 1.5 m. Accompan~inilihis d«n!ne "'·as ...
incre .... in >os content (If both sulphate and p)'rite.

C. The Sea of "wv

This;s the most 5h311o..' and the f,c,l>es! .... ofl~ under consideralion.
lbe salinily and sulphate concenlration of lhe water decrease dramalically
from the Gulf of Ke~h to'\o'ards lhe sea. lbe isotopic composilion of $Ulphale
near lhe Gulf of Ke~h is limil.r 10 that of lhe Black Sea pore·...ler (Table
6.31). Over lhe remainder of lhe se.!he 6"5 values for sulphale are more
Degat;'" and appro~imale those lor sulphale in lhe "·.ler of !he Sea of~v
(Rabin<Mch and Ve$\o'"$I:y. 1974). lbe 6"5 '"alue fo, pyrite sulphur is
po<.il"" (Table 6.31).

D. s.tpbw liooIlantt in~ of tIor.and _ cr'" 01)

'Tho balance ". <:ak\IIaled from dauo on lbe raID of acaamul.tion of
sulphur (see .....-tioa 6.6) and !he ""i;gllled ""TalC" of !he 1"5 '"aI,," lor
pyrite. sulphate. and lOUl wlphur buned in HoIoc:eDe oedimeno (Table
6.31).

\lo'hile lbere are only rnlflOr dlffereocn in !he ""rile and sulphale COfll'Cft

tnlbom in !he oedlfDenlJ of the lhree seas lbere are Iar... differenoes IfI the
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fi,.6.33 Red"",,,,,,,. C<>IIttntr.tioo, and iso
topic <:<Imposition <>1 ",Iphole in pore- ....". and
io<>t<>pic cornpositi<>n <>1 ~rit< ,n ..dunen" from
,lie Arwn Trench irJ tile B.llie Se. (lite 26S6,
depth 49 OJ; Lein, unpubh""d). D------O, .ul_
pha.. redueti<>n rate; __. sulph.te, 6"'5.
0---------0. ouJphote; _. pynte

isolOpic compositions of tlte'" compound, (Table 6.32). TIt< 100al sulphur
buried in tlte "'dimen" of lite Black Sea is isotopically lighl~r than ",a-wale,
sulphate by 41.30j",,"..hile. in tlte "'diments oftlte Sea of Amv. lhe difference
is only 10"/<». This may he due I<> the different intensities of sulphale reduc
lion in the succeSllion of ""dimen.. from lite Black Sea Ihrough lhe Baltic Sea
to the Sea of Arov. II is in lhe Black Sea wltere lhe lowest rales of reduction
and. lherdore. the highest fraclionation of sulphu, isol<>pes Ottur (Table
6.17).

Th"" the results obtained in ,he", natu,al systems are in good agreement
,,-ilh the re'ults of IaboralOI)' experiments on the fractionalion 01 ,ulphu'
isotopes by bacterial sulpha.. reduction.

In lhe"" inland "''"' aleurile-day and day ",diments wilh a similar COm-
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Table 6.32 Sulphu, bal.""" ;0 ",din",,,.. 01'00 ;nland ....

Conceo",,",n' and ;""'opic
COt"1""';'''''' 1'1", or '0'" .ulp"ur in'"""<I;',,,,,,, .,><1 it, ;""101""

con'l""ition

Sulphur ~"'

ROll""""
",ll'h". Sulpha«S"II'''.'eKcdoc"d ,,,Iphu,Scdi"'o""'h"n

."(Tg y... ')

1.35 -26.9

1.J7 -17.2

Bloc~ .'iN
Sedimen"" <krill' >200 m 75.2

Balli< ......
Rc(tuccd ..dimenl' uver til<: 32.4

10,.1 "' • ....

&;, ofA",.
S«Jm..:nl' of ,I>.: 1",lk of 27.5

rresll<:""d walnr .... (<lt1'11o
11-12m)(e.c<:pt Kerch r.J·
ion)

'" , 9.0

0.124' +26.6

0.050" .24.3

0.056 113,6

"
0.44

0.27

0,(193

0.016

(1.015

1.093

0,4S6

O.2S5

-22JS

-IS.74

.9.24

Total 1.71 0.124 -15110

'()')' """Sh' "'....
'101"""-""'"
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positioon show a gradual decrease in pore-water sulphate and enrichment in
"'s with depth. Correspondingly. pyrites become SOmewhal heavier Wilh
depth. This is explained by a Ilmlt~d sulphale supply ...·hich is associated with;
(I) the 'eservoirs being freshened; (2) high sedimentation ral~S which
hampor the diffusive exchange betvo'een po",-wat~r and ov~rl)"ingwa",,: (3) a
high rat~ of sulphat~ redUC1ion.

Parand determinatioon' of the isotopic sulphur compositioon. sedimenlation
rate. and sulphate redllClion ral.s in sediments of lhe Bailic Sea suggest that
diagenetic processes in the Holocene sedim~nlS of Inland seas occur in a
s}'st~m closed to sulphat~ but nearly opon for hydrogen sulphide. because
only pan of lhe hydrogen sulphide (15-25"') is fi~~d In sediments. Tbt tOlal
sulphur 11"" in sedimen" of these inland seas is charatteri.zed by a '"<''Y small
contribulion of ,ulphate sulphur compared ...·ith reduced sulphur
(Table 6.32).

6.S.2 Isoropic Composition or Sulphur Compounds in Sedimmts or the Gulf
of Callfornbl

Of aUlhe marginal seas the Gulf of California i' lhe only one for ...·hich
isotopic dala are avallable (Table 6.33). The conco:ntralion of organic maltor
and sedimentation and sulphale reduction rates in lhis basin differ markedly
from those of other oUllyins seas. lberdore. data on the distribulion of

Table 6.33 tsotopic compos;'ion of ,ulphur In !e<limen" of the Gulf of California

Sulphat. Pore-.... ler ~"S ("I~)

~". Horiu>n "'d<>ClK>n ...le ",Ipllat.
Site 1m) 1-) (~g kg-! lu,-'j ('!loS) Pyri'. Sulphate

." "'" 15-30 ,., 0.097 -26,S • 19.4
as--l-6 U 0.087 j -30.7

24S-260 0.091 -37.0 ~23.8

~ 1170 SS-70 19.2 -3~,0 ·24,9
120-135 U O.OSI J.
320-340 0.077 -34,0 ~30.7

'M "'" 3S_~0 37.2 0.0841 -23.8 +2$,7
120-135 19.2 0.061 -10.8 -356
'W H 0.036 -~.S ".3.2

'" '"'" '"'" •• -280 ·20.4
9S-1l5 ... 0.093 I ·24.'

190-210 0.078 -24.0 ·25.3
240-2S0 0.074 -24.3 +2g,0

A'.....S" fo' 'he..,,,,, of S1lbilitation 01 di1eenc:tic proces<e. 24.3 +29.0
indicaled by arro'"',
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.ulphur ;o;otopc. in "'dimeot' of til< Gulf of California should not be eXIra·
polated to all outlying sen.
~veral analyse. of the iSOlOpic composition Qf sulphur in sediments of the

Gulf of Califomia "'cre made by Be""" (1970), and a detailed mid)' of
sediment sections at four location' ha' b«n undena~enby Ldn (r ol. (l976).
In many sediment' sulphalc-->uJphur lended (0 beoorne hea,-ie, "'jlh
depth. although 10 a ~ariable ckgree depcnding on til<: sulphate rootent
(Table 6.33). For uample in sedimenlli at sile 665. which exhibit a high rale
of sulphate r«luclion and an appr<:ciable sulphate depletion with depth, 6"S
(sulphate) ,uche, -43.2'" {Fig. 6.36). Accordingly. pyrite in these sedi·
menlS lxcornel heaviu with depth (Fig. 6,36). A similar. though less pr0

nounced. 6"'s pattern "'as obl;erved in sediment. of site 667.
At (wo OIM' sites (663. 664, Tabl~ 6.33. Fig. 6.37) lbc concentration of

po,..,.waler sulphat~ ,..,mained more or Ie", conslanl ...·ilh deplh although lts
6"'5 increa""d b)' 1-3°/",. Tbe ""dimems at the"" sites exhibil relatively 10""

S"lp~.'. ,.d.,,,,,,, '.,. {",~S ~f'~or-'l
010203040

I , , ,

I••,.poe ,.mp••• ,;.o {8 '·S, "f••1
-30 -20 -'0 0 +to +20 .30.40 .~O

, , , I I , , ,,
o

'00,
0

a '00

•0

""
"'''~~c",,'-;;t,LC:? 004 006 008

Su'pn.tt c""ceol'OloOo I%SI

FiI.6.3<> Col>Ol:nnahon and ""'''l'''' <:om-
pol""'" 01 wlpbate '" pore-' '. and i"'lOpi<"
compoli,;"n of pyrite in ..di nl, of the Gulf of
California (.It, MS, dtplh 3260 m; l.<:in ~ ./..
1976). 6--6. sulplla.. red""hon ,att,
• __•. sulpha,.. .Y'S. _. wlpbat.,
0---0. pyhte
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F... 6.37 C<>nccn,ra,ion and i>o'opic com!"";,;.,.,
or 'ulpba'c in porc·..·atcr. lnd 1')"';" in sed~n"

from lbe Gulf of Colifomi> (Loin", M.. 1976)

",'e. of $ulpha'e redt><lion. bUI contain on a...,rage 1~ or more pyrite (Table
6.27). Al low .ulphate redt><lion rales 'here is high isotopic fractionation, A.
a re.uh there is a generallrend to,,-ard. "s en~hmenl in pyrite with depth
(Table 6.33. Fig. 6.37).

A. Sulpbur lNIla~ in ~nlS of 1M Gulf of Califomilt

lbe lNIlanee (Table 6.34) is lNIsed on lhe data pre""nted in section 6.6.4
and Table$ 6.27 and 6.33. From lhe dala pre""nted in Table, 633 and 6.34 it

Table 6,34 Sulphur balance in sediments of the Gulf of California

Sulphur flu. into ..dime"l<
~,,'nt;"" in
""dime,,' ("S)

Reduced
,ulphur Sulpha"

Reduced
wlp~u, Sulph.le

TOlal
,ulphur

(6"5. .,..)

Reduce<!
wlphu' Sulpbale

,~,

wlphu,

0.911' 0.09 2.66 0.30 '" -2•.3' +29.0' -18.9

'F""", Tobie 6.1'1
'I'''''''' Tobl< 6-33.
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follows 'ha' the isotopic composi'ion of ,he to,al sulphur (-18.90"/"') buri~d

;n 'h~.., ..,dim~n'S. is largely dct~rmined b)' ,he isotopic composi,ion of fl)'rit~

which contains 92" of the total sulphur fu~d.

6.8.3 '-""oplr Composition or Sulphur In Ocnn Sfdi_nU

Da,a on the isotopic composition of sulphur in <.)ttan sedim~nts a"" sum·
marized in Tables 6.3~-6.37, Mos' studies have be~n carried ou, in the
PacifIC Ottan and ,hu. conclusion. concerning ,he dinribution of .ulphur
isotopes can only apply to PacifIC Ottan ..,dim~nu, and ~ven then ,,·ith
""..,rv~. beeau'" of the limited numher and uneven dis,ribution of sampling
,it~._

Tobk 6.n oo,op;e composi,ion of sulpllur in ocean 'helf ..dIme","

Region Sit<
~.,

'm'
Reduced
•u.Ipllur Sulpllate Reference•

Avnoge

A'kwk Ocean
Region of ,be 15

Orioooo i.....
(Vene.uela)

103$-1 260 1

-281 h'ano>' and Le,n
(1980)

-24,6 +30.6 Leuw 01, (1976)
-1].8 Mi&di"'" e, 01.

(1914)
-28.0 +32.3

-23.6 +31.4

-d.2 Thode e, 01
(1960)

,,'",,.

A. Shelf sedlmtnlS

Four of tbe ft,.. inve"igated "'C1ion, of al~uropelitie ..,dimen'S had a high
roncentra,ion of reduced sulphur ~nriched in "5 by an average of 23,6'/",
(Table 6.35). In a ""latively homogeneous s¢dimen, ron: from ,ill: 668
{Fig. 6.38). 6"'5 values of sulph.at~ increas¢d "'ith depth as ,be sulphate
concentration decrus¢d. To a lesser ex,ent the 6"'5 value, of pyrite also
inereas¢d wi'h depth. l1te.., '''''nds "'ere no, so pronounced in o'her co , for
example ,Itose from sediments a,.i'e 6159 (Fig. 6.39), tha' had a 010 mixed
li,hologieal composition wi'h sandy and sandy-aleuri,ie layers. Shelf sedi
ments are characterized by a lower sulphate coo'en' in pore-wa,er than in ,he
<.)ttan and by enriclunent in "'S in sulphate by an " ..rage 1S.(}'yoocompared to
sea·"'a'u ,ulpha,~_
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Tlbk 6.36 hotopi<" compo<ition of sulphur in ronti".,utll <lop<" "'dimen!>

6"S (0/00)
Number

~.. "' Ikd"""d
Region Si", 'm' .."'pi... .utphu, Sulph>t< Rde,.ncn

Focifk Ck<an
Japln rol,. 6158 ,~ , -23.7 ~3{).9 I..nov and J..,in

(1980)
Me.iro roost ." ""'"

, ~34.7 -22.5 Lein ...>t.(1976)
on '"'"

, ~36,5 -2(1.2
Peru roo" 1039 1072 , -29.6
Ctlifomi. roo" 6248 '" , -20.8 -21.7 Autllo,,' do,.

7131 '"
, -18,6 Autllo'" data

,,~ ,.. , -31.7 ~ 19,4 Autho'" data

A"e'qe -280 -22.9 Authors'data

lrulian Ocean
Hindustou roo" "., 'W -11.0 A",OO,,' da,a

"" HIS -43.6 Au,ho,,' dati

Tlble 6,37 Isotopic ""mpo'i'ion of ,ulphu, in ..,dimenrs of ,..., con'inent.1 "'"

d'"S ('00)
l"umbe,

~". "' Redu=l
Region Si,e ,m' ..mple. .ulphur Sulphate Rderence'

Focifk Ck<an

""" 61624110 , -20.8 1.1""" Ind J..,in
(1980)

Cilifornil 7870 4280 , -36.4 +19.8 Autho'" data
Rep>n nu, Ha",a;i 681 4730 , -33.7 Lein.,aI. (1976)
H... d<~..ion ,.. -4S.! Autho'" datI
Peru and Plnlma 1041 2410 , -48.7 Autho,,' dati

Treocbe. 1046 2710 , -49.3 "20.0 Autbn,,' dall
1043 2800 , -493 A",bn",' d,"
lOll 3200 , -49.6 Autbn ..· d.1I

A~..8" -41.6 "20.0

Jntlitut Ocean
So",ali T,ench 19115012 • -41.0 "21-3 Autho'" data

1923 $100 • -44.5 +20.8 Autbnrs'datl

•• SedirMnu of the ronllMnuJ slopt

11IC di~,ribulion of ,u1phur i"",ol'''1 in s<:diments of the Californian oon!et-
land was reponed in detaU hy Kap/ane/aJ. (1963) and Goldhabc,and Kaplan
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"'OIO~< compo,,,,on (5"S, "1..1
-ll) -20 -10 0 +10 +20 .3{) .40

I I I i I I

=
'L~--"O"~""o.5 010 0,14 o.te

P'Io",o <_,,,,lion l'toS) Sulp""lt cone.nlrollo" (,,"5)
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and pyrite in sediments from ,I>< Me.nn ron';I>O.101 >lope (sit. 669, dcplh
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(1980). TIIo$e 6"S values which ""em «,liable suggest thai, in ..dimenl.

where the sulphate ronlent decruses markedly with depth (e.g.•ite 6248.
Fig. 6.40), tbe J"S valuesof sulphate in po"".wal.r and of pyrite increase with
depth. Where (be iKltopic composition of sulphate Il:mains COnStant with
depth, pyrite becomes enriched in "s (see section 6.8.3l. The distribution and
isotopic composition of sulphur in sediments of tbe Ma.. tlan region (Mexico)
is illustrated ;n Fig. 6.41. Tbe sulphate ron""ntration in pore-wain remained
ronstanl and thell: was only a sJight inc,ca!l: in 6"'s (sulphate) with depth; 6"S
(pyrite) also i""Teased i.lightly with depth, On average. sediments of the
Pacific Ocean continental slo"" contain sulphate 111;01 is only 3'" heavier than
ocean sulphate (Table 6.36): the "s content of pyrite sulphur is higher lhan in
shelf sediments (sec Table 6.35).

C. Sfdl_nu or the cootiMntal riso

The concentration and isolOpic composition of sulphate in pore-";ater of
sediments of tbis oceanic: rone did not change wilb deptb, tho ,,>OS val... of tile
pore-water sulphate was the SlIme as that for sea·water sulphate (+20"(",). see
site 1046 (Fig. 6.42).

Reduced sulpbur. "'hich represents only a small fraction of tho IOtal sulphur
in the.. sediment~ is bigbly enriched in "s (see Fig. 6.42 and Table 6,37).

D. Ocean bed

As discussed in section 6.6. ocean bed sediments contain sulpbale. butl>O
signifICant amounts of reduced sulphur compound., lbe ,,>OS val...s of ,ul·
phate of the PacifIC Ocean red dayuange from +19,6'/", to +20.7"100. with an
average 01 +20,3°/.. (Conetti. 197~).

6.8.4 Prlndpal F...lura of !he Sulphur iJoIo~ DlsIrlbulion in Sea and
0caD Sedimmu

In an e~amination of llIe sulphur isolOpic compositions of Sulphides in
sediments of Californian offobore basin. Goldbabe. and Kaplan (1980) found
no rdationships between ,,>OS val ...s and tile quantity of sulphur in sediments.
tile concentration of organic carbon. sedimentation rale, or di.tan<:e from tho
shore, Nevenlle1ess. lhoy did note tbat tbe most negative val""s lor pyrite
("><S - -48.0"(..) were in sediments of Ille Long Basin which is funllesl from
Ille .bore. while tile most po.itive val .... (,,>OS - - 7.(1'1",j were in sediments
neare.t to tile .bore (Marina del Rey. Los Angelesj.

6.8.S Sulphuc 8.alanft In Parillc Ocean Sediments

TIle mass-isotopic balance of sulphur in Pacific Ocean sediments is pre·
sented in Table 6.38. Areas of morphological zoneS are laken from tile
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Fig_ 6.42 Change in ,be ronc<nl"'l;,n .Dd i""opi< romp"'i'ioo of 'uJ·
ph... in pcm........, aDd !'In,....i,h ""p1h ;" sediment> of!be Peru Trench
(2710 m) (unpublisbod do,. of MiRdiso." at.)

OceiUlog'''Phil;: E""yclo~dill (1974) and Lisitsin (1918). Calculalion$ of lhe
accumulation rale, of dry sediment. were based on ac",hano.i<:h el di.
(1914). "The dala presenled in Table 6.38 show lhe following' (I) a regular
decrease in 6"'5 of reduced $ulphur with increasing dislancc from lhe roast;
(2) a maximum "'5~nrichmem in pore-waler $ulphate in tbe shelf zone; (3)
enrichment of "s in reduced sulphur (6"'5 - -30.3") and a slight en_
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richment of "S in sulphate (.I"S - "'21 .6"/..) buried in PacifIC Ocean "'di
ments; (4) a dependence of the isotopic composition of IOlal buried sulphur
On the sulphate concentration in ",diment; the grealer the concentration, the
""a"ier the i,;otopic coml""ition of total sulphur; (5) total .ulphur buried in
PacifIC Ocean "'diments ;,; enriched in "s (.I"S - - 15.4,,/"')'

6.8.6 Sulphur 8ala""" in Scdimwf!l oftbt World ~ans

A tentative mass-isotope balance for .ulphur in the world ~eans has Ixen
cakulated by extending the resuhs obtained for Pacific Ocean "'diments. The
PacifIC Ocean mak.s up a half of th. area of the world ocean. and in it are
buried about on.-fifth of the reduced sulphur and Over one-third of the sui_
pilate sulphur deposited annualll in "'diments (",e Tables 6.29. 6.30. and
6,39). NO''''lhele... il should Ix ""ted that the sedimentation conditions in
the PacifIC Ocean ha\'l: a numlxr of features tllat al"<' unique to this basin.

Ba"'d on the data of Tables 6.39 and 6.40. the weighted a,.."age 6"S "al""
for reduced sulphur in sediments of the world """ans was estimated to ""
-n.3·/... The nux of pore-water sulphate to the world ocean sediments
equal. 8,4 TgS )'ear- I (Table 6.8), and the flux of ""lid pha", sulphate i.

T.ble 6.39 Isotopic roml""n"", of ...d~d ...lphu' in ..,d'ments wi'h diff....nt
,ulph:>'....d"",ion rale.

M;,\O, medi,."""",. se..
Gulf of California
Pacif., 00<"" obelf
PacifIC 00<"" continental oIop<
De.p-..·.ter ..,d,m.n" 01 Somali T...nch

and PacifIC Ocean

Sulphate red""t"'" rate"
(~gS g-' da~,-L)

064S_L80
0.047
0,043
001 t
0.001

-17{)'
~24,~

-23.6"
-280'
-41.&'

'D... t,,,,,, T.l>!< 6.]7.

'-fD". f.-om r.ble, 6.ll. 6.33, 6.3', 6.36. 6.J1 """"<l;;~ll'

Table 6.40 lsoIDpoc comp""lion of red..xd ,ulphu, '"
..,dim.nlS of the ..mid oce.n,

Sulph.r Ou.
Morpho""lic>1 ro",,, (T,S ~~.,-') 6"$("")

Shelf 10,4 -n6
Continenral >lope .nd rise 88.0 -280

Total reduced sulphu, 98.• -21.5
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Table 6.41 '''''"p''' rompos""'" of ,ulph", .ulphur In

~dimenttof tbe \i'mid ~~n!

PO...·~'.,e' sulpha"
Shelf
Con'inental <lop< and n5<
Ocean btd

Soiid-phaH 'wpM"
Tot., <><e'n

"From T.~. 6,8 ond 6.9
·w'ifb..d ....... from Tob!< 6 lS

Sulph31" 0""
(T~S ,~"' - 'J

""2.0

•••

19.

+31.4
+11.5
+20.0

-20.0

19.4 TgS )'.or-' (Table 6.9). The tOlal flux of sulphal( ~ulphur from OOl10m
water 10 ,he "'orld ocean ",dimenl' is 27.8 TgS yea,-' (Table 6.9). From
iSOtOp,C data on pore_water sulphat. in sediments of (be diffe«:nt morpho
logical zone. of the PacifIC Ocean the calculated ,.,.,ighlcd a'-.rage for (he

$)lopic composition of ,ulpllat. in po«:.".-atrr of lhe ....orld oaan sedimenl~

is -22.4"/... If lhe i<Otopic composition of ,uJphate sulphur in tho '!Olid ph.s<:
of "'dimen" is equal to 'hal of sea·Wale, sulphat. (i.e. +20"{",). then 111(,
"-eighted average for the isolopic composition of lotal buried ,ulphale i,
+20,7"/00 (Table 6.41). From these dala il Can be calculated Ihat the isotopic
composition of lhe total sulphur buried in the world o::uan sediments is
-16.901.. This "alue is comparable "ith lhe average isotopic composition of
the IOtal sulphur Ln da) rocks of the litl>osphere (Chapler 2).
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ICl 198) S<i<ntolk e-m,".. OIl ProbIt"" 01 th< En',rolIlIl<O< (SCOPE)

CHAPTER 7
Major Fluxes of [he Global Biogeochemical
Cycle of Sulphur

M. V. IVA~OV

7.1 NATURE: or THE PROBLBI A!\"I> OBJECTIVES

Prior to the commencement of the SCOPE Sulphur ProjeCt, several rev;"ws
had been published on ,he global biogeochemical sulphur "1'c1e ""ith included
estimates of the amounts of sulphur in the atmosphere, hydrosphere. and
~t""'phere, as ""ell as asses,ments of the indilidual fluxes from sphere to
sphere (Erib."n. 1%3: Fr;"nd. 1973: Kellogg el "'" 1972: Robinson and
Robbin" 1970: Granatel al.. 1976), MOSt of the discussion in those rel-iews
was devoted to sulphur turnover in the atmosphere and some fluxes were only
conSide.-ed to balan« the atmo'pller;" C)'c1e. Consequen'ly. many fluxes u'ere
estima'ed from an analysis of the processes occurring in the atmo,phere,
Because the litoo.phere and hydr",phere were IIOt .. well studied as the
atmosphere, such an approach ""as justified. HO""ever, 'his led to signifICant
diHerencc' in e,toma'es of §orne biogeochemical proccsses. as can be dearl)
seen from the data presented in Table 7.1,

In the asse.SInent of the atmospheric C)'c1e of sulphur, ",me fluxes ""ere
estimated from limited factual material using a number of a p,io,; assump
tion" and thus there ,s an ob>'ious necd for independent estimates of tile
indi"idual f1u.es wilhill the global biogeochemical qcle of sulphur_ There
fore, ,he firs' objective of our work was the collection of primary information
on concentration' of various forms of sulphur in >cparate ,eseNO;" and ge<>
sphere,,_ and the a"""ssment of fluxes bet""een ge",pheres, using a number of
methods and approaches wnerel-er possible.

lbe mereaoed intere" §bown;n thoe global biogeochemical cycles;n recent
y-ears has IIOt been prompted solely by the vigorous increase in informa'ion in
lhis ficll1 or lJc:",u>;c of the cndeal"()u! of scientim 10 Obtain quantitatil-e da,a
on the cycle. of the imponant elements on a global scale, This work ha. al§O

'"
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been stimula'ed by fears that ,he increased eydinS of sedimentary sulphur~'

man's indus'rial and agriculluralactivity might se'.."ely and unpredic,ably
affect the environment. not onll in industrialittd rtgions but on ,he global
scale as well.

ESlimate. of lhe tOlalamhropogenic .ulphur emission,. or its componen"
in lhe 'ulphur cyde. appear ll:lalively simpk '0 obtain on both regional and
glob.1 seale'. To do Ihi, i' is merell' necessary 10 ob'ain da'a on the e~lraclion

of varkiu, raw m.terial, con,aining .ulphur .nd '0 be .cqu.inled with ,he
proce.sing and use of ,hese ra'" materials b)' ''anous branches of industf)' and
agriculture. Soch inform"ion.•nd e'P"cially data on anthropogenic nuxes of
sulphur '0 ,he atmosphell:. is available in I1lO$I published pape.. on the ,ul·
phur cyde (Table 7.1), The variabili,y of ,he e"ima,e, i, due more '0 ,he use
of d.ta for differen' ye .... than '0 difference' in the me,hod, used by the
"anou, amhors.

The quanti'ative assessment of lhe different na,ural emissions of sulphur
appea... to he much mOre difficull. Factual m.terial is lacking and often ,hell:
is no ,uitable method ",·.ilable for ,heir estimation, When preparing this
report. the .utho.. ende",'Oured in all case. to gi'.. separate e>timale. for
an,hropogenic .nd nalur.1 ,ulphur emi..ions. and paid .pe<:ial allention 10
the quantita,ive anall'.i, of ,he na'ural .ulphur emission,.

Finally.•nother objecti"e of 'his report ""as an allempl 10 as"'''. in paralkl
with lhe sulphur C)'cle. nu~cs of SOme other elemen's involved in sulphur
cycling. A. can be seen lrom Fig. 7.1. practically all 01 the m.jor reaction. of
the ,ulphur cyde in"olve Ii"ing organ I,m,. The .ulphur cycle i., 'herefore.
closely related to the c.rbon C)'Cle.

The .mount of carbon ;n"olved in biogenic proce,se, of ,he ,ulphur cyde
varie, ""ith the 'ype of organism. For e~ample. m bacteri.1 chemo'ynthe,i,.
""hich i, ch.raeterittd by a low coefficient of energy use for the assimil"ion of
carbon dIOxide. rel"i,.. ly linle carbon is mClabolittd 10 organIC fonn,. H",,'·
e'.. r. during the photo-a..imilation of caroon dioxide by anaerobic bacteri•.
"'hen .ulphur compounds are used as electron dono... the amounts of oxid·
iud sulphur and .ssimilated c.rbon are comp.rable. In the course of
.naerobic redoction 24 g of organic carbon.re minerali~d for every 32 g of
.ulphate sulphur rtduccd. Thus. In eCOSI'",em, "'i'h pholOlitholrophic b.c·
leri••nd ,ulph"e-redocing bacteria .igniflCam amounts of carbon are trans
fonned.•nd consequeml)·these organisms muSt be regarded.s acti"e biogeo
chemIcal agenlS in ,he carbon eyele as well as participants of the .ulphur cyde.
Photo.yn'he,i, by plants i' .nother import.nt geochemical activity affec,ing
both c.rbon and .ulphur C)'cle, (Fig, 7.1),

The ~ulphur cycle also in'eract< wi'h ,he qde. of ,..nous metal' through.
few key rtactions .nd de'ermines the geochemical fate of a number of metals,
Hydrogen .ulphide fonned during .ulph"e reduction reacts ""i,h man}' metal
ions lO form me'.1 sulphides ",'hich ha.... 10", solubility in water; hydrogen
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sulphide i> Thus responsibl~ for lhe Immobilizalion of metals. In 1M zone of
"'~aIMring, On the OTher hand. bacterial and chemical oxidalion of mrTal
sulphides and el~m~nlal sulphur produces sulphuric add "'hich mobiliu:s
metals, During Thr intrnsi"e acid wealhering which has bern ob!;o""ed. far
example. in valcanog~nic sulphide drposits (~in and Ivanov, 1970; l"anov.
1971). sulphuric acid decomposes nol only ores. but also bedrock, As a result.
sulphate soluTions are enriched" iTh AI", Fe", Fe ,•. Ti" and Olher elcments.

Finally. many reacTions of lhe sulphur cycle are 01 Tremendous importance
for pr"""sses occurring in The oxyg~n cycle. In numcrous waler bodics an
important parI 01 the dissol"cd oxygen i' used in the oxidation of hydrogen
sulphide and elem~ntal Sulphur. and thus these ",acTions signilicanll}' in~u·
en« lhe oxygen cyclr in watN bodies (Kuznetsov. 1970).
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For these reasons the authors focused their attention on lhe poorl)' inveSli
gated problems of the global biogeochemical mlphur l1'cle, in particular the
direcl delennination of fluxes, Ihe separate a,sessmem of natural and anthro·
pogenic componems of the individual f1uxe,. and the interactions 01 the sui·
phur cyde with the cycles of a numher of other elemenlS.

7.2 FLUXES OF ANTHROPOGESIC ORlGL'i

The global biogeochemical cyde of ,ulphur i' ,ummarized in Fig. 7,2. The
total amounl of sulphur extracted from lhe lithosphere by all types of mining
is 169 Tg year"' and most of this sulphur (about 113 Tg) is contained in fossil
fuels and sulphido ore'. During combustion of fuel and smelting of ores
sulphur oxide. are emined 10 the cominenlal atmosphere (flux P,) whe..., they
are mixed wilh Sulphur oompounds from natural sources (fluxe, p., P,), Pan
01 this sulphur is deposited On the surill«: of oon\lnenlS in p...,cipitation or dry
deposition (flux P.l and the remainder is transponed to the oceanic atmos·
phe..., (flux PJ.

Two other flu'es. P" and Pt<' resuh from the chemical proces.sing of
sulphur--comaining raw material' in variou, industrie', The ,ulphur
containing TaW materials for lhese industries are supphed by the mining indus·
Iry in Ihe form of pyrite. elememal sulphur. and natural gas and amount to
56 TgS year-',

About half of the Sulphur pmduced in the ,,'orld is used for pmduction of
fertilizers, and consequently about 28 TgS enter the soil annually (flux p;J
(Cote, 1970), Some of the fenilizer sulphur is Inched from soil in drainage
waters and joins (he rive' runof( while about 5.6 TgS is removed annuall}'
from fann lands in ha,vesled crops (Kilmer. 1979). Sulphur in these crops is
also mineralized and enters the river runoll "hen the crops are ingested and
excreted. The ...,mainder of the sulphur extracted lrom pyrite, ,ulphur, and
ga' deposits is used in chemical indu'lry and it. tOO, is finally discharged in
sewage water and joins the river runoff (flux PH). A' can be seen lrom the
dala condensed in Table 7,1, the flux lrom chemical plants in sewage water
was nOt taken into account by other inve'tigators of the global ,ulphur cyde,

In addition to the Iwo imponanl anthropogenic fluxes through the soil.
anolher 47 Tg of anthropogenic ,ulphur i' taken up b)' Ill< oceanic surface. OT
deposited in (he ocean b}' precipitation or dry deposition (see flux P.l. Thu,.
104 Tg of anthropogenic sulphur is supplied 10 the ocean each year in river
runoff.

7.3 NATURAL SULPHUR IN RIVER RUNOFF

Delail, of Ihe est,mation of the natural sulphur !lux "ith river runoff (P,.,)
are given in Chapter 5. Two peculiarilie, distinguish our assessment from
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those madc carlier, Firslly. "e ""'d Ihe ne". higher valucs for thelotal ris,",
rtlnoff. published recentl}' (Korzun d al .• jIf7.t). Consequently. the magnitude
of the natural sulphur flux is markedly hig~r than pre,'iou,ly published eSli
mate< (Table 7.1), Secondl}'. we ",sessed the sulphur transported by ri,-er
"atcr to inland ,,"'aler-bodie, a, well as Ihat to the world oceans (P ,oJ. This
flu' amounlS to one-Ihird of the sulphur entering the oceans, and i> the reaSOn
lor the ,ubstantial increase in the magnitude of the flu, with river runoff due
to "'ater erosion and Icaching of rock' (flill< PJ.

7.4 ADIOSPHERIC CYCLlXG OF SULPHUR

Our estimates of ncarly all fluxcs of Ihc atmo,pheric sulphur cycle are
greater than those of previous invcstigators, Thc substantial increa'" in the
anthropogenic input figure,_ up to 113 TgS year-' (flux PI)' is conditioned nOt
onl} by the increased cconomic activity but also by the u'" of betler up-to-dale
information on the con,umption of sulphur-rontaining fuels and metal ,ul·
phide, (Cullis and Hi,,",hler. 1980), and by induding the emission of
sulphur-containing asll<s 10 tll< atmosphere (",ction 4.2.5),

Analysi, of ne" data on t~ chemical oomJ'O'ition of precipitation over
oceans re,ulted in a ,ubslantial increa'" in the flux P", (..ction. 4.3.J and
4.J.~) and necessitated an increa'" in tll< '-alue for marinc ,ulphate emission
(P J. The considerable increase in magnitude of the vokanic emission (fluxes
P, and P,_) substantiated in Chapter 2. i~ due to tll< facllhal we not only look
into account the sutphur emission during large. bUI fairly rare v'okank erup
tion'. but also Ihal gj"en olf from fumaroles of ''Oleank field' and thaI emil
ted during quicscent period"

7.S THE SULPHUR CYCLE IX THE OCEAN

The sole previous allempt \0 assess the sulphur flux from t~ waler oolumn
to reduced sediment' of Ihe hemipelagk 'bl",,' day type wa, undenaken by
Berner (1972), Using 0.13% for Ihe oontent 01 reduced <ulphur in lhese
..diments (Clarke. 192~). and as>uming thatlhe 'blu~: days cover 15' 01 the
sediment area in lhe world oceans ""ilh a "'dimentation rate of 15 Cm per
1000 years. Berner calculated thaI these sediments accumulate about 6 Tg of
reduced sulphur annually, Chapter 6 of thi' book carrie' a detailed analy ,is of
the di<trihu\ion of various form~ of sulphur in !-Cctions of benthic sediment' in
differenl oceanic regions obtained during lhe paSI decade by Soviet. American,
and West German researchers, Their findings allowed us to a""«the amount
of sulphate and reduced sulphur buried annuall)' in bottom sediment' of
ocean, (fluxes POl and P,,),

Consideration of the fluxcs obtained enables us to draw a number 01 in
terestIng oonclusion'. The first point won h)' of note is the dose relation
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between the amount of natural sulphur transferred annually from continents
to Ottan. (153 TgS. the sum of fluxes p .. P,"" P". P, ~ P" minus PJ "'ith 'ha'
buned annually in oceanic bottom sediments (_ \40 TgS. f1u.es P" and P,,).

The second concluoon "'hich is of paramount imponanee for litholo~y is
that the major pan of the .ulphur remo~ed from the sulphur cyde in the
Ottan is in tbe fonn of reduced compounds. This conclusion is also supponed
by the results given in Table 7.2 "'hich compares the mean reduced sulphur
concentration in the wne of 'tabilization of dia~enetic processes in the sedi
ment layers with the intensi!}' of sulphate redliCtion and the isotopic com"""i
tion of reduced sulphur in the sediments. l1Iese results 'how that in all cases
the reduced sulphur is enriched ""ith "'5 compared to sea-",ater sulphate. a
fact ",'hieh suggests that the reduced sulphur i, of microbial origin. l1Ie maxi
mum sulphur coneentrations were found in sedilmnts of the small mediter
ranean sea. "'hkh are cha""terized by the highe't rates of .ulphate reduc
tion; in addition the reduced sulphur from the sediment. of these water
bodies i. the mOSt highly enriched in "S.

Fan!>er off ,!>ore there is a notable deere..... in the ,ulphate reduction rate
and the reduced sulphur concentration in sediments and a progressive
ac<:umulation of tile light isotope in red"""d sulphur (Table 7.2). If the .ul
phide in oceanic sedimenli is produced by microbial reduction. then these
re.ults are to be expected.

Table 7,2 Sulpha'. redu<1ion rat... 'educed ,"lpIl.' oonctotra,"'.' ond ;,atop;'
oom"","'on of pynte ,. reduced sed'me"t.

Sulphate
,educt",n"
,otc Reduced 1",'oplC
(mlS l~-' ~·.t 'ulpllur oomposi'ion'

ReJion """plod Depth (m) oilt day' 'j ('" d~' oil') (~"S. '\'w)

Sca 01 Azov ,-'" ,... L()\I2' +9.0
8altioc Sca 50-240 1-3tO U7" -172
81ack Sca. decp-"'''e'

reg.,,, Ove,2000 O.b4S IHI' -26.9
!'a<il;, Ocean ,1><11 Up'" 200 0.043 1 108' -23.6
l'3cific Oce.n continen..1
~~ 1000-2900 O.Otl 0.628' -28.0

Deep-~'ate, ",dime.1S of
,he pac-ific off ,he
H.... 'ian 00'''' "'" 0.001 0.363' -33.7

Dc.p-~·.tersedimenlS of
,I>< Indian Oce••
(Somali Trenc") Up '0 5100 0.001 0.03.1' -41.0

·5o<Tobolc~.n 'Su TaNe> ~.JI. 6.n. ~.JI-6.J7. 'Migd"",·" III. (1974) '5oe ToNe 6.~~
'Su Table 6.20 'VoIk""" >I. (19761. 'Leon" >I. (1976). ·Zl»bin." >I. rt9791
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AS lhe m,JOT form of redlll<'ed SUlpllllT bluitd In Ott.n lotd.ment.;, I'l";tt

(~ Section 6.5)....-e c:aD calculate tllat about 100 Tg of lIOn Ire abo .w.
ptudlZ1etl .nn....lly iD WI;C ~d.-nls.Mos. of tho ~uttdsulphur II fonDed 1»'
loUIph.ate.~ ~"": thU'l "'-e o;an aokWt.t ,he amourot of orpnic ar·
bon mmerali=l b)'Ibn!: hoten.>tn:>pllllcm~ from ,",\lilian (7) in
F,!_ 11. i.c. 241 of organic em- is COR5UIDC<I br cacti 32, of ....phio:k
produttd. Con~...,nd,. UIt fonnauon of III TI of rtduttd lUIp/1ur ill
Ottlnlt sedimenn m:ju;n:•• mmim..... of 83 Tg organic nrbon pll'r ~-e.r.

ChlpIer 6 JM" n~"'''' uamplts ..-hith indnte l!\at onl) plrt of the
hdl'OJCn sulphide formed b) microbial sulphate reduction is bo!.>nd as p,Y1te
0. Ollie, inooluble .ulphur compounds during "'dimen' dj.~nnis_ TIw:
rl:mainmgllydrogen sulph>dc IS eilher oxid~d in the internal sulphur ~"'c of
the sctlHTM'nlS or ditfllW. to IN: "'Iler column.

h follov>'. that the ",.1 consumption of organic ,a,oon dunng .ulphate
reducli(ln in """anie mud. mu,l ,,,,ally oxeocd the minimum est,mate of
83 TgC ~ur t. Hence. ,lie dala ob,.illed .uggesl1hal a large-scale pro<:<: .. of
organic mailer mineralization iii carried Out by sulphatc-reducina bactcria in
red~d oollom ",dimcnlS. Pr<:~ious studies of the JIo~1 cycll: cvidently
unlkre,l;malCd the <;rope and geochemocal ron",quc~sof this ~ss. The
carbon dioxide fortlt"d in this pn:ICCSS ., enriched in the light ""tope ofcarbon
and takes an aet;,"C poon III the geochemical and mJrocralioCJel1 pnx:nscs
oa;umn. III the reductd sedunenlS of OttInS_ The I1'OCre_ in alkahnn} of
pore'''ater is essential!} dllt 10 the dlMOlution of this carbon dioJudc: pan of
thlli mlVllu in the forlll of bicarbonate 10 the owTt)..... "ater and pan ..
used for the 1of11l.3,lion of dllJCllCuc carbonate mmcn.ls lUCh U ca.lcile.
protodolom'lC. and rbodochrotilC Clem" III.. 19~5: Lc.... 1978; h"ltlOY and
UIll. 1980: \oIk<n "al .. 1979).

1.' VSI: OF ISOTOPIC DATA fOR SOL"JKE 1DE....T1F1CATIO~

Ounng the re'1C'A of dna on lhe glob:lol biogcodocmal cycle of sulphur.
numerous anal) ses 00 the ioolnpoc compos,tion of sulphur III vanous uru",,1
re$oCrv<),n.. liloo.phere. hydl'O$phere. and atrnospl>cre. ""re a}fIsidered (",e
Chaple ... 2 and -1-6). The relults obtamed charactcrize lhe l«S "alue! of rhe
tOtallulphur in: (1) ,arinul rocks of the ",djmemar}" cn...clope of the earth',
eru,l (Table 2,13): (2) ""cr runoff from the So\iel Union (Table 5,22); (3)
sediments of the Pacific Ocean (T~ble 6,38); (-I) prec,p;ration from differenl
regJOm (T.blc 4.26),

The JCncr.lized data ,ndocah"c of cenaon reservoi... and f1U.<e! arc ron·
(\cn",d in Table 7.3. Unfortunately. the informalion a"ailable .. inadequale
lor the eSllmation of indi'idual f1u.es On the global ",,,Ie. FInd)'. the ISOtopic
oomposmoo of the ,U1"tiJc compounds of sulpbur of bio&'cnoc orl&m emitted
to tM ItmO:Iophcrc from ronu1lCnls and OttaM >S nor k...,..,l1 (f1U.<cs P. and
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Tablo 1.3 Itooop< ......PM'''"" OIl IUIp1nu' 1ft lOCi.. "'~'-"alCr.__..... ;cd>.-
llod<' m- tIlot ......."l2n ~k>pt OIl """'_"..

(Tol* 2.1~)

llod<. "- til<' ~"'aI)" rtI.~k>pt 01 __
(Tol* 21~)

s..tplwc 1ft "'~, """'ff from rbe "'.... pm "flM l;SSR
noble !.22)

Sulplo~r bolnod 1ft ;c<hmrn.. of the I'''''if>: (TM>It 6.lB)

I',J. Secondly. thc i50lOp;c composillon of ~ulphur compounds in soil has not
bee" studied in sufflcient delaillO .nable uS to dClermine lhe em;SS~)nS ftom
this 5OUt<:<:. e.g, awha" emission (flux 1',).

Since lhe ifOtopic composilion of the sulphur compounds used in the
ceonom;,,; Kli>ilics of man ~a,icl .. ilh,n broad hmiu(Fig. 1.3). It isutKmcly
difficult 10 e!l,mate lhe a."ra~ 6"S ....Iue fo' one: of the """1 imp01unt
flu..,. - KmonJ of thc .u1pbu'<ontainin. rn' marerials hom lhe hlho
.phe~- E.~n Illougb eumpks "e~ Ii""n in Chapte",4 and S .. hltb lJlo,."d
tha' lhc dotOplC a>mJlOS'Uon of !he at~n: and frnltwalC't bas.uls is
depcnlknt upon the isoropic rompos"ion 01 lhe poDu......, sulphur 111 tome
lI1dustriallZlCd ~Iiom. rhe ,"""WDCnl of the a."... isowpo< tompoSltJon of
!he flllJles P,. P, ~ and p., is 1'IOl possibic at the present '11M beaUS( ltlfonna.
lion is laetm, Oft !he .'"no,.- isoIol*' compositJon of the ra.. nutenals used
ttl e",,~ prodtltl-"lft. metllfllltJ'. and dlemocal ind~
~e'~nheleu, lite KW.!" CIt<'<! in tltis boot de"""",nte !he efYic1c"'}' .. lib

.. hicb do. data aln be used for ,Ite idenlification of the liOUI'CUol poU,..
'ion of armosphcrie and fre$lt"'-Ote, 1)·Stems "llb suJptlur.

1.1 FtJTtJRE TRE....OS

In pn:paring the present report the aUlhon analysed lhe lileralure ,,-hicb
auempted 10 fOKC..t fUlure ~allallonl in anth,opogenic flWlU of sulphur.
The: projected use of .ulphu'<ontainini raw mate,;al. in lhe chemical '''dus
lry is plolted in Fig. 2.31, It appea., from this ptoj~<:lion Ihal. oompared ";th
1975. lhe OUlpUl of ~~mcntal. p)"ril~. and Ill5eo", .ulphur• ., well ., lhe
produclion of sulphuric acid "',II have incn:ll5ed by al 1""'1 3O'Ilo by lhe )Uf

1985, "'rilI." (1918) points oul thaI lill: inerTa..,d demand fo' food "'~llead
to an ;rlttease in the land used fo' aiocu.l'un: and a gtealn m:ju,~menl for
fcnilW:'r suJplIllf.~) Ul t/lI: lk.'tlopllti OOunlnes of Afnca and Soulh
Amcriea: posslbl)" 001) one d«:ade ..ill be needed for a doubhn. of rhe
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gloomy prospects for further pollution of the environment with sulphur on a
global scale.

Comparison of the natural and anthropogenic fluxes of sulphur shows that
the total amount of sulphur emering the atmosphere and hydrosphere h""
doubled due to man's aclivity'. This ~ans that the natural biogeochemical
'ystems for sulphur diox;de Il'mo,'al from the atmosphere and for sulphale and
hy'drogen sulphide remo"al from tile hydrosphere mUSI function at twi<;(, the
rale operaling in tlte penod pll'ccding lhe InduSlrial Rn"Olution.

If we take into acrountthe irregular distribution of the sources of amhro
pogenic pollution and the soon Il'sidencc lime of the sulphur compounds in
the atmosphere. then Ihe thll'at of regional crises caused try the sulphur
pollution of lhe atmospllere. hy'drosphere, and pedosphere becomes quite
real.

The fall-out of acid precipitalion Over large territoneS of Europe. "'onh
America. and partsof ASIa, acodificauon of lacustnne waler and >QU, increasing
sulphate content" and the appearance of hydrogen sulphide in ri'us. lakes,
and even sea-watel'! indicale that in many Cases Ihe naluTal pro«:sses fo'
sulphur removal cannot cope ";th the steadil\ mcrea.mg flux of sulphur.

Possible solutions to the existing problems include lhe de,,,lopmenl of
,mpro'''d melhods of f",,1 purification, especially for tile removal of sulphur
from cool. and ,he design and application of new economic systems for the
scrubbing of sulphur oxides from flue gases. An ahem alive which may be
,nevitable is 10 make greater use of solar and Olher enoerg)' altemali,·e•.
thus reducing the dependence on coal and oil.
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