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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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