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INTRODUCTJON 

Current estimates on the global flux of sulfur (Bemer and Berner l996) jndic:~:it" th:d the 
amount or sutrate rrom pyrite wenmertng. concrlbuttng to cne average n ver concenrrmton or 
sulfatet is about 11 % of the total and that tt.is am<'nlnl i~ inc-rea.°'\ing because of increased 
mining activit.i·:s. Of the rock-derived ~u)fate conlributioas lo riv~r suiff41k., atlO\•l t\N0 4 thi1•ds 
ccJ111t:'.S ffo 111 eva._porite bed d issolution (mostly gypsum) and a.bout one-third <;omes from 
pyrite oxidation. The occurrcr.ce of acid m.ine drainage. caused b:; _;iyritc oxid ation. is a 
moior water Qlltdit'; probJern thmur.hour rhe worl<i. Acirl mine water.i:. typically have pH 
vafues in the range of2 10 4 and hiih concentrations of metals knou.·n to be toxic to aquatic 
organisms {Ash et al. 19.51 1 B ;1rt<.H1 19-:·s, Kelly 1988, Manir1 aud Mi ll~ 1976, NocdstfOtl' 
and Dall J 9$5). Acid sulfate soils. most often occurring In lagoono.J and esruorine 
environments ttfl'ect~ b}' tidal cycles> cause agricultural pmhlems from the periodic 
o .... ida :i9n of pyrire (\lan Btccmcr. J'l76. Pons ct al. l982). Occasionall y the c-0natruclion u ( 
highways Ot' building s tructures ir:\.'olves excavation in10 pyritifcrous rock that requires 
spccia[y-d::~igne.d c;ag ir'let::n o.i; featu!'e5 to a·,.o:d 1·apid dete1iomtio:t fron1 the acid ... vaters 
that can rapi.;!ly dev:lop (Byerly 1996). The same proce.ss is also Vf::::y important in tht~ 
v•&ithering ruid e nn c hml;'!nt of i:;ulfide ore t~pusiU: (l_icdt,ren 1928) . Biohydtornctallurgists 
capitalize on the microbial catalysis of sulfide mineraJ oxidation to ir.crcasc the t:>.fflc:.ic.ncy o f 
metni extrc.ction (Murr et ;11. 197 8, LawrtH)ce et al. 1986, Batrett et al. 1993). Hence. the 
gcomierob:ology of a·ulfidc mineral oxidation hllS imporumt rnmiticntion.s from che glob:11. 
cyc li:Jg of elements :o the ir,rlt:$1riat e"traction of rr.etals. 

'fhe assc.ciation of rrucroorg:lmisrns •Nilh pyril~ o.UUulioo :.J.11d tlte fonnatiou. of acid r:n.ine 
d4·aiu.'1gc It~ a loo.g_ bi.stOJ)' tbat begins \vhb the discovc-r-; that microbes etm utili:a.~ 
1ncr,SMie eompoundt: :u: t\.'4ll as org:uU~ co~i.po-unJi,: i.:u<:li ~ 1ll~t:.l.bolite~. S .N . 
Winogradsky (J 888) tee.ogni:zed that some microbes could Cerive lh~ir 1nc:W•i:.tlic eoe rg_}' 
fron1 Ule o xidation of inorganic compounds, such as iron and suJfur (Sokolova and 
Ka.ravaiko 1968). This property uffortls oue or the l(H)JOI' divis ions ~1oog microorganisms: 
die lithotrophs. e.g. Thio/Jaci!l~s ,;pp ., duu t,ilill e;1e1gy from the oxidation of incrgilJ1ie 
compounds, and the hete ro!rophs (like oursclvc-.s) ,.-,.ho gnin c.ncrg:; from U•e oxiducto11 of 
o rganic compounds. Ao101rophs t)l)tain theif ca1·bon requirements for gro~Nt:h 1trough C02 
fixation. Thus. Thiobaci/lus spp. have nlso been cttlle.d. lithOJ.l1tOtrophs. C)c.:ca.~if>n:i.lly the 
, .. ·ord chern.onuto•roph i~ u~cl ror l i fh(~aulot1·nph. Q(gaoisn1~ that re..:eive solar radiation for 
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362 GWMI CROBJOLOGY 

their energy soun;e iln t.1 ~)tairl cetlular cathno fmrtl f:<) 2 fixati<111 ;in:: known as 
photoautoiropbs. 

Nathanson ( 1902) first isolated a member of the bacterial genus Thia bacillus. noted for 
i ls nbilily U) ox1di7..e 5uJfur. The acidophil ic ha.cter"iu fn , '(hi<;bm:illu.s lhiooxidans, \•oas 
isolated and id.."!ltified by Walcsman nnd Jllfie (192 1. 1922) from soils C·~ntaining free 
'ulfur and phosphate. Rudolfs and Helbronner ( 1922) observed Iha! bacteria could uttu:k 
zinc sulfide. T.,..·cnLy·fivc ycMs l~tcr. I.he acidophilic autotroph Thiobaci!Jus ferrocxidans, 
wa.< isolated by Colmer and Hinkle (1947), implicated in the formation of :icid rnine 
drainage. and was found to oxidize both iron and sultur. :-iumerous members of th:: 
Thiobacillu.s genus have now been identified and the sulfur compounds they utilize are 
snown 1n Table I. Other ac1dOpllU1c iron- arid su1tur-ox1111zus that nave neen round or 
impJicatcd in the fonnation of ucid mioe wutcrs arc also shown in T able l . 

Acid mine waters h!\V(' been known to contain nbundan1 microbial life.: lndced, trey · 
are often the only fom1 of life under these conditions. Powell and Parr ( 191 IJ) und 
luler Ctupentor and Herndon (1933) •ugg<i•led lhal pyrite oxidation and the consequeoc acid 

Table l . Mc.mOcrs of lhc Bncterlti. gen!ro Thit>CacilJus (umnged. alphabctleaJly by ipe:ics nMtte). 
Ul'"'·!piriUwn. and sui'obacil!us; the inorganic substan:cs they utilize (ad.'ipux:l from Kellay tmd 
Harrison I9B4 ar.d DUTett et al. 1993. except wbc::e olhCt"\vis.e indicated). aad four additio :1al Ai:cl~ 
spp. that 11r~ known to he ASSOciru:ed wh:h octd mlne 'lo'acen rutd pyrlu. t>1.ldorlon. 1\cldnphlllc .,,,ocics 
arc sho•Ntt in. bold type. 

Th i,, /tac 111 ru "lltuf/.s 
Thiohucillus acidophilu~ I 

Thicba.,' i llus den•'Tificunx 
1'hU:lhncilb~ de, ic.otus 
Thi<1hacillus ferrooxidan.s 
Thiobactllus halop1'ifus2 
Thiobat:iU:u int•m1cdiu.s 
1'hiobacillus neapolircnu.)~ 
Tltiohucillu.o: nnw.!lus 
Tltlobt:Jefllu~ p~rom~raboli3 
Thioboci!lus tcpidc.rius 
Thir>bo~1/"4s th~nnopl:ilicaJ 
Thiubacillus Jhiouxidan:r 
Thlobn<illus thloparus·• 
71u'obacillu.s versUIUS 

Lep,O.Tpirillum. /crroozidan:r 
LcplfJspirlllu m thcrmof errot1i idanlii 
Su lf o/JQ.; illt1s t/,.er11J()IMl/idou~lduNs 

Art'JiaC'.a spp. 
Ar.idianMs brlerlayl 
Sulfolobu1> .~olfataricu.i> 
.tt;u.lfolobu& ombiYal•ns 
Su.l/1Jlt1b11S uc.:Ulvc.:"IJurius 

1 • .t\.lso known as T. organoparu1 
•Wood and Kelly, 1991 

1-!,S. S10i'· 
S 0

• SiO.,'l·, S30o?·, S10o~ · 

H:S • .S" , .S2032 ... S4062· 
S 0

, S '2:0J2-. S4 0 61-
H 2S, sulfide minerals. S 0

, S2031-, S406i-, tie:i• 
~ 
S '. S10, "·. S,06" 
ff.is. sulfitlc 1niner.tls., s~ . .S2031·, .c:::_,062., ~4061· 
s .:0?2., s40 62. 

S0
• S·tOJl ·, 5"'06~ 

n,s. s•. s,o,"-, s,o .. ,,, s.od" 
H;iS, s11Jlid.e rnincr&lls, S" 
gc·. S.10.)Z-, s4o,,:-
H,S, sulfide mjnerals. S 0

, SzO:i>-, $3002-. s,o.i. 
H 2S. S,0,2-

~+,!Al lft<lc minerals 
Fc.2•, ~1 lfi1t~ minr.r11;l~ 

Fc.2+, S", !iulfidt: 111i11c:rd.s 

Feh, s 0
, sulfide mine.rm 

S' 
~ 
rez.., s v 

3 Egun1vu und De.ryug:lna, 1963 (nol a Thioha.-:illu.1 ~p.) 
"R;;u1~e of pH = 3 tu to 



 

Nordstrom & Sootham: Sulfide Mir.t:ra l Oxidation 363 

mine _drain~ge_ fro m coal deposics :nay be .catalyzed b~ bacteria. La.::key ( 1938) invesrigatcd 
62 \.Vest V1rg1n1a streams affecte d hy nc.i.d nun_e drainage. described acid slime s tn::amer.s.. 
ant.l l'uu11d flag-c.llaL~, illizui..iuU:s, c.;iJialt:!i, a11tl green <ileae. In his fnvcsti,gation of acidified 
surface waters and soils in West Virginia and P~nnsylvania, Joseph (1 ~53) observed 
01an1-positive and Gram·negati\'C baci:li and cocci. actillOill)'VC:l~, fung.i, green algae, 
diatoms. In ac1d rrJnc waters from a copper mine in the southweste111 UJa.ilt:<l Slates . 
Eh!Ecb (l 963a) found yeasts, flagellates, and •.moe':>as .. "'-.cid slime stre;m:ers of the typ<> 
des.~ribe.11 by tACke.y (1938) nre a com.'ll.OO occtim-.ncc (Temple and Koehler 1954, 
Nordscrom 1977, Johoson e1 al. 1979) nnd have be.en described in funhc.r detail by Dugan 
ec al. ( l 970). 

Ooe of the most widely studied autocrophs &"Id a key bacterium in the catalysis of pyrite 
oxidatior. is 17tiobacillus ferrocxida11s. It was isolated and identified as Grzm-negativc, 
addophU!c, and rod-shaped by Colmer and Hinkle (1947), Colmer C( al. (1950). T:mple 
and Colmer (195l), and Temple and Delchnmps (1953) nnd shown co be essentinl to the 
production of ;;cid mino waters (Lcatbcn ct al . 1953) . Following tbe,, e discoveries, there 
ha~ ixt:ll CVJISiUtaab1~ 1ese:3Jch on bolll u1~ al.Jiollc Will Ut~ luii..;rul.J ially-...:alaly~ rt:Stu;tiu11H 
for sulfide mineral oxidation. By the 1960s, the essential role of bacteria in the oxidatio n of 
pyrite, especiaUy in coal, b.ad been well-established (Lyalikova 1960, Silverman et al. 
1961). 

Two principal acth•ities have motivated studies on microbial catalysis of sulfide 
ntlnerals: the- need to ·~liminatc or reduce. the Cele.tc-.rious: effects of acid mine draina~c and 
the advamagcs J?;ained in bi ohydromecallurgy when bacteria are used co improve che 
c.xrraccion of metals from ores and mine wasce materials. The reactions nnd the microbinl 
ecology are complicnced. rates aoci mechanisms are Cifficult to resolve~ and the interactior:s 
of ha,:1eria al sulfide surfat.:es are ptx>rly unJersl<><)tl. In this chapt..t:r Vt't: aLl.t!1nJ>L tt) 
sununarize the <:urrenc state of kno"' ledge of sulfide mineral oxidation with a focus on the 
role ~f bacteria in tliis important process. 

SUMMARY OF SULFIDE Ml NERAL OXIOATlON REACTIONS 

The lhrce bnsic ingredjeots respoosible for the formnrion of nc.id mjne \Yaters nre pyr ite, 
wacer, and oxygen. The overJ.11 reaclion is <.;<.>trur1onJy ·;.•rilll::':ll as 

( I) 

where one mole of ferric hyCroxidc and t·.i..·o moles of sulfuric acid are produced for every 
n101<: of pyrite oxidized. This reaction. ho,veYer, is e-xtraordinarily simpUstic compare.d to 
tl1e realities of chemistry and the actual processes occurring in the environment. Some of 
!he complicating features &e tabulated in the following list: 

{ 11 Pyrite c<:curs ove.r a large range of grain size and surface iuca. I t also occur!; in ~event.I 
different crvstal forms and wich large •1ruintions in defect s tmcrur", c rystallinity, and 
trace elemei1c content. All of the.~ piapcrties {lf pyrite c;ua affccl ll1~ ralc or r<:a(.;lion. 

(2} for each mole of pyrite oxidized io Reaction.(!), I electron is lost by <Jx.itlatiun of' iron , 
14 electrons are lo..<:t by oxid:Jtion <>I' di;;ul fide. and 15 electrons a.--e gained by the 
rnduclion uf' u>.ygon. Ju addillon, the iron is hydrolyzed and pro.:ipitated. These 
reac tions cannot take place in a single step. Only one or two electrons are commonly 
transferred at a time (Dasolo and Pearson 196;}, Hence , there could be. 15 or more. 
reactions witb as many possible rat:c-dcrerminiog steps to consider. To funher 
comi:licate m.auers, other oxidizing ngents hnve been impl icateri . chiefly ferric iron. 
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enzyn1atic o x idation reac;tio ns. Indirect o xidation occurs through micro bi al catalysis of 
aqut:'ons ft":n"uus 10 f t::n'ic if11\ f>Xidat1on (Reaction: 3) and U1en di!·e~t ox!d atlon of the sulfide 
bv chc ferric ion (Reflction 2 ) • • 6-.r.borption uf ci1hcr 11~;.1.1b(.'t:illu.\ fr.rr1111.~i1Jnn.\' ill 

5;,{f() /.ob!1s ac.Uioca!dc.rius to p)'rite surface.s ls rapid (Dagdigian and l\1:,·crson 1986, Chc.n 
ood .<:;k.idn1f.1t~ 19:<7, 1 9S~). su.-face etch patterns that retie-ct bacterial attachment have b:cn 

Table 'lo. Oxitl.atinn i:;ti:d i~ on in.in ~Jfide minr,r.11~ 

MinP.ral I 
Oxi.dc1Jt r·on rw!a Abio1ic ref~r~r:ce A!icrobiol refera1ce 

~a.$itc/f'"C> .. Fc:S2 WR84. R94 .. 
pyritc!O, l'eS2 DS4, BJS8. 083, MD86, MS7, 

MH!Jl. N94, 091 
DS4, BJ58, SE64, 091, 

l'91 

pyrl<e/Fc'• FcS, M.1186. BJ89. Mll7, MH91. R94 .. 

pynll<>ti t</O, Fe1.1 S TC76, NS94 P91, B93 

Table 2b. Oxidation srodJcs or copper sulfides nntl sclr:nidc:.-.. 

,\linttral FomuL/.a A..IJlno'~ r"-ft:re.nct: Mit:robial r~fett!llCI! 

bomi&e Co!--Fe.s, S31. 1<063. L70. D7oa. K069. :SS4, L66 
D70b. U67 

canollite Cn,Cus, IX:t>4 DC64 

cllal<0pyri1<: CuFeS, S33. BS34, 162, R94 BA57, 161, D64, 176 

chalcot.;ce Cu:S S30>. T67. K069. M69. D54, RT63, NB72, S76. 
877 

covellite CuS S30b. TI67, M71. DM74b, Wll.86 ."76, RVn 

4,.."UOO.u.itc CuF02S1 070c .. 

cfigenite Cu9S3 T67 .. 
klockm.annitc Cu Se .. TH72 

oq.-pc:r- $C'.lcnidr;: Cu2Se K.66 .. 

~ectl~ido Cu2Te IC66 -

Table le. Oxidation Studies of 41'9en.ic, antimony, nnd gt.lliuro sulfides. 

Mineral For""'1a Abtoiic r4ferenc4 .Wi,;robiul r'f"r•ncs 

orseoopyrile FeASS R94 E64 

cobaltite CoA-;S - SC61 

eno.rgire Ca3A.~S .. S33, BS34. K052 E64 

µIlium •ulfide Ga2S1 .. '178 

o.:piluent As.2SJ - E63b 

realgar A<S .. E63b 

stibnitx: Sb2S3 TT63 l'74, TQ77 

tennantitc Cu 11As,S l:.t S33. BS34 .. 

tetrn hC'.c;lri le Cu12Sb,S1J BS34, Y80 BS4 
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Mineral Fonn1J.a Abiotic r~fertnct Microblal rtftrenc~ 

cinnabar HeS PW, B75 BR9 

coba.11 sol fide CoS - TII. T74 

plaia PbS H70, RS4 ST74. TS74 

a:reenocl:i1e CdS - l!71. TI4 

111illerit: NiS - RT63, DT64. T7 I, T74 

mol·otdc.-U:.c MoS2 US2, BA57. B158, D65, DM73 

"""tlaniliu: (Fe, NiJ..'!1 ·- DM74c 

spbalcrire ZnS R94 ruu:i.. 161. M?61. T72. 10tn 

'l'ablc le. R.cferenc.e.s on oxidation srudle$ of $Ulnde min.eruls. 

D'4 Dr)"DCll' et .al (19..$4) 162 kbik\lol (1 !W)2) 830 Sullivr-.n (1930b) 

86.! s-.. al. (11>6S) K66 ¥bo1=9°fk-Xh ct aJ.. (1966) S:>l S.Wvab ( IY'J l) 

871 Briucw: et al. (191J) IW32 Ko:t'J .00 (Qsscl(y (19S1) $33 S\lnl v11.n ( t9:\)) 

Di.! D~cl&J. (1915) K063 :t::opylov .ad CrioY <1963) S16 sauauch' a: at (t976) 

D1? 8cd:<l9'm 5'069 X4i"tlov i10oJ O.lo. (1969) SC61 Svtl(ln llnl1 <~ (1961> - 81lJ,jl et ILL (1~!~) KP.77 ""'1ld _, ...,,,,, (l P77l S&W Silve:ruau ILlld Ebrlk:ll (1Sl64) 

..... Db.di ct a.I. (19?3) l.'56 'm<hme•ccal<1'66) $174 Silver IUld Torma( l974) 

DASI 1Jt)'9Q' MXI ~ ( 19'h) L?O t.i:-c (l910) ,..., TilOl::rlillrs et al (l9c5i) 

DJ5S DC)'111C-c aod Ja=..i~ (19,U) M69 Mil.bit ( 196!)) 'l"ll T°""9 Cl?71) 

Dlltl' Bro-iru aod Ju.-iuk(l9\"9) M71 Mwllll:(J971) TI~ Tnrrru1 n lll, (1q.12) 

8L77 0-""" L< !W... (1977'> MS? Mo><> " .J. (1987) TI< Ton:oa cc al, (l!n.f) 

BM7l Bttetley ar..d Murr (197)) Ml! S6 Mc:ICJt>bco snd Bal"l:Q (l~ TI6 T<,na.a d Ill. (197&) ...... Rnw..., An.d .l\ulli\'f'l.0 {19:\4) MH9J Meua aDd Hcimaa (l91JO TIS Tcxma.(1978) 

°"' ~ t.tAI. (1964) MNtl M&Joul...,. f'J'Ma (1961) TC'l<!T""""'-~ 1197Ul 

OX. Dotrhae Cl aJ. (19'o.) ...,.. t-10.:-h/:llVVt ( \9'M) 'Tr.77 Tl"W'l'Nl-.1 C"dlhra ( 1977) 

D7Ctt Outrimo 01 M. (19i0b) NB72 !>.'1¢1$QD and B«t. (1972) ·1"1172 Ton:iu .:Id ll.abutU \l9Il) 

.I:l()$oC Di: Cuyp::r (19*') NS94 N~....r3d&.-a(19'94> ·n6'7 1"'boa:La:l-"' ~:m (l967) 

DM74a ~Md f.b-Doo•kf (197.fb) <»• Ou.uo (1991) TS74- T..:.-...,_M 5.,i;,.··,oa11i·o(l!>7') 

OM14b Dulrinle -s M.:i.-.Dr:M.td(l9'74c"J Pl9 P.aod8 (1930) TI'S t\isov &::it Taypoov ( ! 9m) 

l11'&4 .Dunes Md 1·"'~1J {1964) ""' 'Pi•lta (1001) 1132 lfUWl:µt (1912) 

F .tii:\b 9'>f'IW:ll (196'.lb) ... R .im.'\dttf n .ti. (1 ?'H) 1167 I Jdlld8 ( 19l'i7) 

ll64 C>rikh(l""4) ~ R.l»OUS...CS~(l!fLlJ '°"'' iCl:J.' W~ Pd Kll!UIOOI (l9&4) 

083 Ov-(lnl) RTc;3 P~a.»T,uuoU.(19'$.3) ~ W.ai..tl Mid ium..ddt (1986) 

lt'IO H t11 w,ret at. (19?0) R\17R Rid::ad Mid Van...._.w (19T8) YEO Yakl)oewn ei al. <1~80) 

!6J !YVIO'f' Cl Al. ( J 9Ci l ) S:>O& S.W.YMI. (19~ 

o bserve:.' I (R~nnel 1 nnd 'l~ribut.:;.ch 19~'8) . The actuaJ n1ech3J1is1n of etlZ)'lt!atic oxidation is 
not c.n tirely c leat and is discussed further in the sec tion on " M.ic ro bin.1 C.1xi(lf1h0n nr Sulfide 
1.i ineraJs," v~low . Fo.ttlJc::l t nore, it seenlS unuo.:essary to explain the rate data. We ~hall 
r.xplc.lr~ ch is contro ve rS)' and the gcnc.r~l intcrflt:t:c~n o f h11c1e ri11 ·..vith <1xt:li·1.int o:;.ulfidcs b:y 
re.viewing the empiri..;al fate d.ata for both f~rr¢us to f~rr-ic oxid3.tion and pyrite oxid11tion. 
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other Julfidc mineral oxidation studies, the 1nii.a0Uial µhysio logy of Thicbacillus 
ferroo:xidans, and the microbiaJ ecology of 1nine \Yaste ~nvironments. 

AQUEOCS l"e(ll) OX1Di\TIOI\' Kl~i,:TIC.S 

The aqueous ox_idation of ferrous to fe:ric ion hos been firmly csta~lished for cid 
solutions ~;here tJ:e rate is 1·elalivi::ly slo\v. The rate lncrenses v.ii(h increasing pH but also 
f)eC()1nes se1lSitj ve co oxygen <tnd ;.;n ionic ligand concentrotions. AL circumncutral p tr 
villues, the ahior1c f:.tP. i:<> ~ fil::-1 1ht11 ti :ic.~t.;rinl r.atalysis has not bc~n cl~Arl!' dcmoas1rattd 
nod it Js not needed 10 explain 1hc rate or aqueous iron oxidation. Si:'lger and S tumm (l Y68 . 
J 970n) ~nwed rhnt che rnr.e increased rflpidly with increasing pl I above a value of about 4 . 
l'lelow thl• v:i.lue the rnre I.eve.led om nnd became neady independent of pll at about 3 " 
10-12 mol L-1 s-·. The presence of T. j"erroo~idmis increased this rate by five orders of 
mngnitudr. to 11bont 3 x l (rJ mol L·J S"1 (Singer and Stumm 1970a,b). TI1ji;. catalysis is 
most remarkable in rhc enhancement of inorganic reactions anC: has a 111aJor eftect on pyrih:~ 
\Veachering. fvlc.asu~nts from microbial oxidation experiments. t:> s tudy optimal gmwrh 
of T. ferrooxr'dans on culture media, t'jpicall~l gave rates of 2.8-8.3 x 10·7 n10J L· I 5· I 
(Silverman and Lundgren 19S9, Lundgren et al. 1964, Lac.;ey aml U.wsvll )97? , Noike e1 
al. L 983). This agreement is quite good considering dif:erences in ehperimental procedure 
and conditions. 

F ield determinations of the fettous oxi~ation rate a..r: very sin1ilar co those ck:r1ved fro1n 
laboratory experiments. \\'akao e.t aJ. ( 1977) estimated a rate of J x J()~6 1n ol I_ 1 s ·l h '1r :-!n 
acid m ine ,.va1er in Japan but the stream velocities ,~ .. ere not directly n'leasurerl. Nnrrl$t ro1t1 
( 1935) mcasur:d stream velocities in so111e acid ulin~ w;1Lt:1s iu Caliiu n1ia :inc f<>an<l lhe 
ox idation rate to vary 2M8 x I ()-7 mol L-: s· I. He found l11~ rate in the same d;ainage ln 
dec:ease afler a rainstorm, prcs·.irnably due to the n u~h ing Oul uud <li1u1ion of tht! bacterial 
popu1acion. f'or pll values of 2M4. the m.icrobially-cacal y~d oxitla!i<>n c>f fe::rr<.>u~ iron 
generally has an average optimal rate oj :> x 1u-1 moJ L·i s -1 whether in the fie lrl :)r jn the 
lab using ::ultu.re media (usually 9K. Olit:diuin, Silvennan and Lundgren 19:59) nn<i \l.'her:! 
tcn1peratui-es a.<c about L0' .... 3or·c .. lu U10: ~11viru1Hnt:nl1 hu\.1,tcvcr, ferr<lU.'i iror: ox iciarion rntf".:S 
are likely to be lo·.wer because of numerous envito:trnental fac1 or~ i;:i.chJdjag temperature 
flucLuacions, hydrologic conditions, nutrient Li1r :itatioos, au(( U\' r.:iJiuticn for ~urfacc 
waters. 

A brief note is needed here regarding che un:H5 ar.d fonnnli~m tOr r'jjccobia.J renction 
rates. la c-henlical kinetics, reaction rales are generally ?.ero -orrlftr, firsr-o_rder. secood­
ot<li::1, <.1r ~>un.::tiuu:s 11t>n-i11h:::l:;ral ori.lt-::r. The ra te equations for Jiving entities such as 
bacteria a.re lllfne cnfnpJe~ :harl f<tr Lh t ::ii rnp~er cnlilics of molccu)~s and acorns. C ·rowch 
cycles ofn1ic.cbes, eA_:.i1e:1:'1eU U.$ µvpululion :.lc.-nbi l ics over lirnc, usual ly follov; a ~dgr.ioidal 
type of curve. Dt:.ring the early phase of g rov1th at 1 o\v cell councs. lhcrc is little chan.gc 
with tirne. The doubling pr<>ca>!;, however. is exponenrinl (l i k~ ro<lioocrivc decay in 
lC:VelSC:) :SU thaC. ;;i.(i.::::1 <!. pc:t i,><..1 VI' l illtt: \Yilf1 liUIC: app~i!~Ol gfOWlh, k.no .. .vn <IS che lag phase, 
thefe i s rap id ~ro·~·tl 'l tla.at can uuly u~ . ..; L«1p1~<.i by l i!i;k. of (!O t:!nerg)' .sot:r·:.:e, {In csscnt:al 
nu trient, b\1ild-up of roxic produces, or by o metabolic inhibitor. Nutric:it conc:ntrations 
~nn also become high eoO\lgh 1hot tbc growth rate bccom:.s constant and inde.pende-at of 
=~oncenrmtiQn. For n lithoautocroph lik~ T. ferrooxc'dan:r. th is means the ferrous iron 
l'xidation rate. can become. indcpe-nder:t of the: fc:rroul! jron <:oncentration and lhe rate 
becomes i:ro o r:ler. Bacterial ('Cl) divi$iOn by binary fill!ion. j,~ the separ4tion of a parent 
~<II into two daughter cells. Dttring the 1'8 fhase and e:<ponential growth phase, th~ growth 
is depe-nde.nt on ferrous c.onc.entration and a first-order or pseudo-first-order re-action rate 
·~an been obser.:e<l. Tbe convention in -.nicrobiolosy is to treat this changing growth cur"e 
with dle lvlicheli.s-Mcot~n equation that contajns both a first order ru1d a zero-order tenn. 
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·Ille rotes \.,,:e are us:ng n~ume ou:rient-snrumtc.d cond itions and zero--order ratef>. Most Jab 
stud:cs on the m icrobial rate of f::rrous iron o ."tidati·on have sho~rn the ra[e to be zen>urdcr 
fo1 a , ... dde faoge of fel10us wu1.:Q11lratic.n1~; (.Schnuilman r.t nl. 19r\-tJ. Okcn:-ke and Sle vcn.." 
199 I;.. The rat·~ of sulfide mineral oxidation will now be ~onsidorc'1. 

SULF1U1': MlNEllAL OXIDATION KINETICS 

T;.le conventior1al approact1 tu distinguish bet\veen the direct and indirec.t o:t1;idation 
mechanisms v.•ould be to compate rhc rate of pyrite ox.jdation by iron-oxid17.1ng bac:eria 
.. vith thnt obtained abioticaUy but in tile presence o t terr1c Jon. 'l'his anal~si.s, however, is 
111ore con1pLi.:.ated.. ft;~ known that at::i(l(JIJhilic..: iru••-u.x.i«.li:dag bacum.a .. viH generate. Fe(lll) 
rrorn f'~(Il) T he tJUe~tion that sllould be nddressod is: w!lat nrc the relative rat~ a"""'!l (I) 
c;>xida1ion c:>f pyrice by Fe(III) . (2) oxidation of Fe(lfJ by bacteria. and (:SJ nxicatioo of 
pyrite by bacteria independent o f thei 1 o~i(lalioo of Fe(Jl)? l f there is a direct mechanism of 
b"cte.rinl pyrite oxidatic:>n o the: thQtl by regene ration of Fc(III} then for rhat rnte to be 
s jguificaut. it would ltav~ to ru a..., fas t <>r fa. .. ter than t.he rnte of Fe{l l) oxidation and there 
~houJd be. n plr.u!tible meicha.nism co ~:<pl£Lin it. Under those circuostan~1 the bul.:tcrial 
pyrite ox~dation race ~·ould hav~ to b; faster than the abiotic oxidatin1l rale hy F1~(III). Wrth 
Lhe~~ cu1u,:.:ptt> in hund. ll:?t'~ look ut the evidenc.e. 

l'-Jo rd.:;trom O:lod i\.lporo (19:>7) oornp ilod :;eYc(cal n::po . .:t:; ou p)'tit.i.: ux:<luli<Jn rJtres auc.J 
.sul':ln:at'}' results are shown in Table 3. The oxidation rate v.:ith feffic ion as the oxidtl..rlt is 
faste r tha.11 the (ate ., .... i rh oxyz~o r.~ rh:~ clx id sint by ao order of magnitude or rnox~ .. Allh<>ugh 
:hcs.e ratc.s overlap i.vh en comparing Cifferent investigations. the relative tate~ ,:.. .. i1J1in :-1ny 
o ne investigation sho\i..· a consistently fru:te( race w i1h Fe( l fl). M c)St investigator:; ge~ n rote 
(a t p H = 2 . T = Z5°C) close to 1 x t Q.$ mol m» s ·' which would be less ch•n 9 x 10-s mol 
:n·• s-l for tl1e h·actc f i.al rate. The&e rr~s11}1 .:; ..,vo ulU i.nc.lic.:o.1le ~trl enhanc.em;eot induced by 
:n.icr~oia! <v.tad1rnen t. U nfortunately, pan of chis difference could be explained by sample 
preparation effeccs and e.l(perin:cntal design problen1s. Funhern1t1te, tl..e nt:c ,-ohial ra te 'vas 
obtain:.>;d by as'Ouo1illg a sur ra,;e :-trt::<t b:-1.secJ <.)_n gr~Un siz~ \vhich could be lo·..v by a ta::cor of 
ut le.nst 2 tlr 3 , 

'J'ahte :~- ( :Clmp:iris·:>n of iron nnd pyrite oxidation rates . 

Rear,tinn Abloti'c Rat~ Mi~rob;aJ Rate 

Oxidation of f"-<(ll) 3 x to-12 mol L· ' s· l S x 10-1 n:ol L · l s -1 

Oxidati<:n of pyrite by 0. 0.3 ~ :\ x 10-9 n-.ot o\·2 s·~ S.8 x t(}-8 mol m -2 s·I 

O.Udation of pyrite by Ft::(((f j l - 2 x IO·• mot m·l s 1 

The source of the bacterially-me<iiated pyrite oxidation rate study (O lson 1991 ) wns an 
i nterlab<>racocy comparison implemented -..-..1th sten!e contrc-ls . . "\bout a 34-tol<l increase ~ ... 
\dle '.V~'5 obsc:rve<I .,.,.ith ·1: f'errooxUJans pre.sent compared to the sterile '-=·Untr~I and the 
control gave similu (but higher) rates to t'1ose from other studies of pyrite OXJdaf·o_n by 
oxygen. Pa:::icrek et al. ( 1981) r.hl1ilad y fonnd a 25 fo l<l inm-er.l!;e i1) the n-jcrobJa11y· 
('.RtrJywd pyrirc. oxi.:intion rnrc. rt.'l~rlvc ro tlto. abiod<" c.ontroL Lizarna and S11zul<.i ( I 9S9) 
found that th¢ ?yrite o~ idation r.ate v.; ith T. fe1-1·00).:idan.s and Fe(III) was notably fn:; lc.r dllln 
the abiotic ra te ;,.vi[t. ...e ( 111 ). '11'1ese rr.su lt.s. l-1t.l\V~v~r. ._:cJlil<l be:: an artifact o f ~ 
experimental design. \/Vllen iron-..oxidizi:ig bacteria are ox:dizing pyrite. the}' are. ~~ 
re.g::o1m1t ing t~rrir: frt iru :i111u•.01.1$ ft.~nlJflS : r1; n \ivh:.";fC>.\S ltll" Slc;riJc r.:t~n ln)I h:i.c; a fixed HU~ 
fcr1ic concentration that eventuall)' gets used up so d:at 1hc reaction rat( slow~ ,Jown. Th.JS 
l,:(n 1JpJi1:,;1lit.tll iS cJitric tJl t h"t <'l"'Olt'[ 11; ..:xpe1'iHl~flli'd $fu1Jit':I). 
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Olson ( 1991) reported his results in te:'TnS of the rate of fonnulicJo of nquoovs iron 
which was J 2.-1- mg Fe L · I h · I or about 6 .X I t)· S mol 1.~ 1 s· 1. This rate is about one ord~r of 
magnit ude less than the rs tc of bac1r.-ria1 oxid"tion of Fe(IIj suggesting ru.1 hih ibi1ion of 
pyrite oxida!ion l:>y <he l:>acteda. The inhib iti ng effect of adsorbed bactcnal eel Is or, the 
pyr i te: surface \Vas repor:ed b y Wakao et al. ( L 984) '.Y :-io concluded that pyricc oxidation 
procr..oxlcd by !he indir.:-ct mr.chnnism througt tho growth of free-floating ferroUS·JI"On· 
v.<idizi:ig bacteria.. In tl·~e expcrinlents of "'ra.kao c t a.1. •: 1984), a su1factaut v,.iai:i u~OO lu 
dcsorb the cells frorr. the i_=yricc surface nnd the oxjdatlon rate then 1nc:¢a.sce again tc) n~a.r 
its fonner level. Contra::lietini; the experiments of Wakao et al. (198·1 ), Arkes~fn (1979) 
fotnul th~ r.tJ le 1.)f pyril::-: •>xi•.hilil)n fo d("'.(.:rr-;.t~r::. v.•lir.n he ~e?•.Ciltetl 1: j'erroo.ridan~ fro m the 
pyrite surfaces by a d ialysis l)ag. The observation that iron-oxidizing bACt:ria Cat\ oxidize 
a:.fJ.C:t.,;ol,J~ r~(ll) fa~lC·l Ll&.aU t.lu:.::y t.:al t VA.il.Ji:.c.c f.'Y lilc. u ia.y iuJit.41Lc"; iJ1l1ilJjl.iiJil lJy Uw.;tx:r i:ll 
a:lsorption on surfaces or. more likely. it may ind icate :he rate of pyrite oxjdatio11 by Fe(III) 
i s stO"-'er rh:i.n th~ nxi rlariotl r:tr~ o f r·e.( I I) :lY h;1::ren a. 'fht5 c.oncin sion • .. vo111 rt he c:onsi~Tf:nr 
-.~1i th the- gcnc:2.l o bsc.rvation that a~ucous ch:micaJ r.:.ac:i::>:lS, especially whe n ca talyzed , 
;i rr: t;-l~f~f" th ::in hr.tt-.J'nf!t":.l'tet'Y11s :;hc>:1n n-:.al rt:act1fu1~. 

A rc.vic.w by Sand et al. (1995) sumrnori2.ed r..r.e.nc lir~raru re and i;or<.>vide•:I ti1n her 
evidenc~ fer the indiro.:t oxidation n1ec.hanisnl. TI·i·:y pointed out that subcult"Jri ng T. 
j'er,.r)O 't"illfJnS i o :u1 in.11 1 -fr~ S;tl f ::;nl11 1lc'Hl rf',.<;11l lf:d in ;';flfOp l~h': l f1!=.S Of r~u~:"t.~ :u·~hf..-, ~:nJh~fl·::i :~ 

degradation. The bacterial cells could no: fl.inction in lhe absence. of i:-on. Funher 
unpubl ishcd work of theirs showed that the i:on :n the "::iacterial ceUs could not be removed 
frcru tltc ir hosl, i.e . t=Xl'pu ly1n~rs, IJy ¥t('tSiJ11:g. 111e e.("hacellu lar poly1r.en c S\J.bstance.<"i 
(cxopolymers) faci li1ru:e the anach;nent of the. bacteria to the pyrite. su rface. Sand et a J. 
(l99:i) nlso e 1uohi1si·ll'.cl the imponanca of thinsuifale a.~ Ille fi rst snluhle midized sulfur 
spe.r.i~s anc1 n k~)' 1nrP.rme.\l: llre :t:1n ng the <l:<idalion nf pvrile. 1 'hi<1sul f:::.Le is oxitlizOO Lo 
tetrathionate and :iyd:-o :ysis o f tctrathionatc produc.cs Ci.sulfanc sulfor:ntc \vhi~h further 
decnr~lp<.lse.~ t\"'> to.-n) a varie ty of products. Further elucidation of sulfox)'anion formation 
<.Lun11g bioleaching of pyriL~ was r~purteU Uy S'-=liiyp~:~ el ~I . ( 1996) . T IJt:.;,• 1t1c.111h_l••~I fl 1l<: 
formation o f th1osuJfatc .. c icmcn:aJ sulfur. polythionaces and sulfate durjng p}·rice oxid ation 
h:; hoth ·r. fi~rrno:cfda1Js and L jerrooxidans in solutions ·.vith pH just !ess than 2. The 
a?pe.arance of pc l;•thionates is to be expected ::iirlce b o:J-1 Fe(lJl) (!nd pyrit~ (.:art c at<-lly:'.t: lltt: 
deccmpos itjon of thiost:lfatc to p·::>lychionates abiotically. T hese C\VO studie~ f ir:d no 
evid~nc1:: for lhe :.lili:..:l rne1.:ha11isn1 aud substanliX eviden.ce. for the: i1\direct. n1echanis111. 

The ::onsiste.ncy and precision of the role <lala jnJicjt!e~ lh~ ;;b it•l.i'.: fJyri1r-: o x i1h11·1in r.;11r: 
by I'e(lll) is s:ower t:ian the conversion of Fc(II) t:> Fc(lll) by bacteria and slowe r than the 
<>~ich1 : id11 t'>f l'Y ' 1te .._-..1th hoctefia .and Fe.(111). Howc~/.,..er. several cavea:s e.tcu ld be noted. 
The cited :tqueou~ F'c{Tf) oxidation rate i;.: the :r.axirnum possible ra te tl.•.:l\ievnWe \ v tth no 
limiting nucriencs aod at optim:;:l tcmpcrnlurr.-.s. Microbes in 1tu; '~nvin.nnri1<:111 nr~ 11~.-11 ly 
alway:s. i!,"''''th-li111ic:::d lly ~0111e ne..:essar;1 nutric-nr. pr(:datocy relatior.sh_ips. hydro :ogic 
co:ldinons. orb)- other fc.ctors. Hence, l ht!-i r e11" i ro11naental g t o·Ntl'I rare wil l be .;lowct than 
the values quoted above and th~y could be less thoo and probabl y not greate.r th:m I.he ~Le 

ot ?Yri :c oxidHliu11 iJy Ft!(1TT). Fu1 thctn1t>r~. :he oxid3.tion rate o: pyrire in d:e environment 
\viii be contro:led by bia.ctcrinl growth rates nnd 1best\, in :11rn, will b~. <:n11t«1lle,1 hy 
envu·onmental factors such as temperature. hydrologic · .. ·3rlablcs (supply o f '""'ater and 
o.'lygcn), <:me.I nu lric.1:l l i 111il.aliv11s. · r11t: ~eafch fol' the rate-dcten\tining step .and mech anis m 
in the formation of acid mine d:f\lnagc m ay he over. W'hnt w~ h11vt"": l~;·1n1~fl fm1n ~I I o f the 
relevant exp~nn1t:n ,:.il rale ::itudie~ i~ tl1at bod·. the rates or aqueous Pe(llj o.i:::dation and t11c 
oxidation of pyrite UJ:"C flL'il nod corrtpurable in ll1e prt:s~~11t:~ o f ift)O:- and sulfur·oxidrting 
bacteria. The o·~·erall rate is governed by cnvironJ1"1ental facrors that at'fect the. g ro v, :h rare of 
lite ba<.:lcrlu. 



 

372 GeOMICROB!OWGY 

The link between the chc:misll)' '11ld the biology o r ~.alfi<..lc mintta.I oxidation can be 
CJCPl"ES.'Cd a.s fol lo•NS: 

( I) .Bnctcrift wnnt to be c.tU>C~.cd. o r as c lose as !'(>$Sible. 10 • • lfade u1incr.u ;urfaces ro 
:r&X imit;e their efficiency O( sub1trate utiliu.t:on .. J11e Cli'iSI~ ltii 01r:rr.nr.r. f'ed\.lCes thf} tirt:.e 
needed for diffu.siou of iron bietwe~11 1111::: 11U11c.rul and the bacterium. it t.loes not 
nl"ll1l!S~urily requi re n sepnrntc mechanism fC·r sulfide mineral desradation. Attachnient 
oJso changes the surfac·: chcmJscry of the sclid-m.i"robe i1Herfocc ('""><:<:lien below). 

(2) All availabJe evidence i& consi~tent with a che.i1ticul u.x.ic.lulion of .suJfide m inc1al" with 
aquc:ous cat:'tly$i~ by iroa an<;l sulfur o xidizing bnetcria. 

(.!) No other processes ncod to be Invoked to explain the 3V\liloble da.ta. n ,;, suuemc11114 another expression of Occarr-. 'a: razor. 

:'vlICROBIAL OXIDATION OF SULFIDE Ml"ERALS 

( :c.rU!l"'MI physiology of TJrlobnclll11s Jerrooxidans 

Thiobacillu.s .fc1roo.J.U:l.tU•.s is fYJ)iCilJ ly k.JuJ•.r.rn for ia ubiliC}· to oxidiz.e reducetl ~ult"ur 
eonir>nund~ nnrl ferrous intn ''' pmrluce sulfuric acid and ferric iron as by-f'r'Ot1ucts o f le,, 
meUlbolism (Inglcdcw 1982, llarrison 1984}. The gene.-al llUtfili .... ml rt><JUiremems or th[; 
ba:tcriun1 are p rovid ed b y cruhon diO)C.1iJi:. flx.ution (providing cellu lar carbon; Lcatheo er al. 
J 9,, 6). pyriric rninerals as sourcc.s or ene rgy (~e Table 1) for ATP, ammonia, atrno~pheric 
nitrogen, or nitrate as tu rourcc of ni:rosen (Temple Md C ol n11;.r 11)5 1, Lundgren et a l. 
1964. Mackintosh 1978, Stevens ct al. 19~6:. antl p:ooophatc from o.c:ie solubilitation o ( 
'1•aJ .a b l1> phn.<;phare mirle!l'lS (l.lprruon nnd Mel.ca!> 19 16). rrc·.-ious reports Ou l]., 
rte:crocrophic ability of T. fe.rroo.<cidans are. aaually a c:onsccu~nce o r d'!t: presence of 
c~id::>?hi l:c hc:c rorropt-.s found to eo~ex.i~t with T..J'i::11uuAidun¥ (Hw-rbuu c t al. 1980). 

Thr 0 unn:at1on of .o..·111 occurs via a chcm.iosm:>stic mechJ.ni.s:n (soc Fig. I). ·1be 
impermeable naiu:c of the cytoptasm!c membrane to p1otuns 1n.un1a1ns .i p H {pH ..... 2 vs. 
pli G) based l)aulon tut tliv:: fcn ct:, allowing urotons to be crnnsporttd <>n.ly at sites whe-re 
ATPiL<e I• anchored in ltie m~mt-rone (ln~ledew et >I. 1977). Jn •dCition to its role b 
i~11crul ccll energe tics. the AT r that is fo rm:d by this rcacrJon is u~ed in reverse eled.fOrl 
transport to produce NADPH (Aloem c t aL 19<i~) ~:hich ig ln 1um used in the rer;h.1<.:tlve 
O$t im ii a t ion (fixotioa) o f CO, hy the C"lv' ri -Rens"n cycle (M>lciag and LundgrM 1964). 

[n nan1ral systems that contain iron. T. ferrooxida11s may cxclu~1wly 0JC1d.J1.e Fe2,. ~ 
Fc3• to gain cnerg)'. This oxid.at1on. )'iclds a cber'nii.:all;· reoc1i ... ·c ct.lien "'·f"ijct'. can ~u~cuge 
clccb"On~ from le:o:o..;;, electro.1=:~li..,,: n'ldHI --r~:ic".s (c ~ pyrite. Eqn. 2 ; Mehta and ~1urr 
19&2) tomUng ferrous iron onoc again. Tbe fa:mation of reduced :ran from the lar.rr 
p:-ovide1 an cffe::tive ~ca:ri31 cleetren carrier far sn."ila1ned hl1lot·n1rhy \<tine-iii di~c;olution 
U1c:i. ;, a chemic:h pmre.~< en hanced by bin-<:•rnlysis (Singer and Stumm 1970. Keller and 
MurT 19&2, Hutchins et o.I. 1986, Bt>ldi ct nl. 1992). 

n.e oxidation of i ron ytcl~ l ow leveli:: of ent:rgy. S1lv.,.rm:1n und L undgren (l9S9) 
._-:..1lculHlt:d 18 5 1nul~s or inJ11 ~~ to be oxidized to assimilnie l mole of carbon. 1l1esc. 
cak ulallons assume 100% metabolic efficiency which is not possible in biological systc.rn.•. 
For Tilio l1ucillus ferr<"JO.xir:!an.\'

1 
11tet.alX)lic emcit:ru;y has bet:n to und to be highly vartablo 

(>.?%. Temple ar:d Colm.-.r 195 1; 4 .&-1 0.6%, Beck and Elsdcn 1958; 20.S:t4.39' 
5 11....,rman and Lun:!grcn 1959 ; JO%. Lyahkova 1958). The I'°''' """''BY yi=ld for carlion 
util iz:ltton :ron1 iron oxidatlon 1..:1113i 11~ a pu~.I~. 

In our model (Fig. I) o f iron oxidation in T. ferrooxidwu adapted from Ioglcdew e< sl. 
( 191 1) 3tld tllnl<e et al. ~l'N'l) !he hoolng·c.!I o xi<luhnn nr F<-( 11) to Fe(lll) and C.: 
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Figure !. A n:ode! {adapted tronl lr.s;ledew et ill. J9/7, un<l Blake et al. 1{)92) for 1ht: hlnl".ri ... rp, .. .rk:~ •'>f irnn 
oxiCatiC"ln hy 7. f l>"'rl'U"l:rillnr..'f h:".<:;Hf (.'Ir. A b:di~rt:onal diffu:iion srndicnt for Pc{D/l!l). 

geoc:i:~mical oxidation of pyri:<: by Fc(IO) creates a bidirectionaJ diffusion grndie1u .vh i,·:h 
COntinUOUSly drives r-e(Il) into the peripJac;m and r·e( I II) f)llf of I he• pc·.ripla~m. lro o v:ill 
hirul wt.".:.tk.ly (i f al all) to the. organic. constituents on me ccU surface and in the periplasC'l 
because chey will be outcompctod by protons at ;iII 2 . Other a.spGcts of the model are '.he 
s~mc as tbobe des.;:ribed io the model of Blake el al. (1992). 

Dil"l~ct "·s. indirect oxidation of non·ferrous sulfid~ miner-als 

The biooxidation of sulfido mineral-; presents a special proble1t1 ~hen irt.\n is nut a 
component of the n1inetal{s). In the!ie '>)''i.lems. the direct. enzymatic of susc.cptib!c ni.inc:-al 
sulf1dcs has b-,."";Cn proposed io ""'hich each bacte1iaJ cell acts as a conductor of electrons 
from the ccys:al stnictnre of ehaJcocite to oxygen (E hrlicl1 t 9%j. TI~e t1.tflsfe1 of 
constituent electrons fron1 pyrite under acidic cootlitit)n~ ha:; n l-S4) OC.en tk~-scri bt~.~ by 
Wiersma and Rimstidt (1984) . While :hcsc models arc supported by an extreme!)' close 
bacter:al-minera.! interaction (Bagdigian and lvJyorscn t 986, Duncan Mid Drurrunond 1973. 
Bennet and ·r n i:>ut.sch 1978, ·Nan11an a.1ld Snyrna11 1987, Soullu1n1 ant'I Bever icige 1992), 
lhe t.ransfcr cf fr.ee elccrrons from the crysu1J Strucrurc only re presents a parti~I r-~ion and 
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cannot occur without an a pptopri:i.te. bacreri<'.'l electron accc:pi:or. The oure1· rnenlbr:ine (0lv1) 
nf G r.'lm-ne:e.1riv<"; Tl~r.teril, t: .e. T. jP.rrot.,,·;.1it1,1 s, f1.1nctions as o p assi ... c.· <lifr'llsion b~mei· 
(Beveridge 198 1. 1988) and docs r.ot possess •lectron acceptors (Haddock an~ Jcncs 
1977). Therefore, mineral sulfide oxidation nYdst proceet'.I vif1 djfTu.sion o: rcCUi.:ed 
cornpounJs across U1e ouLer rnembr.me. into 1he perlplasrn. Soluble ferrous iron will be 
present in jroo-conta.inins systems (described above; Fig. 1 ), ilCirl d issoJu6oo of chakoche 
relt:a$eS s:.>lubh: Cu ~ (N tel~en and Beck 1972) nr:d non biological, autooxidation o: cnvcllite 
under acid conditions produc.es elemental sulfur (Rickard arid Vonselow J ~J78) most likely 
fru1 n o."lilialiL'll of HzS fomi~d dut'ing acid dissolucion of a monosu1fide, 

cus + 112 o ?. + 2 H• 4 s• + Cu2• + H,o (4) 

Uptake of this elemental sufur may be promoted by the proctucrio n l)f s~1rft1f:c; ttctive agcn1s 
stu:.h :-is lhose de.scribed by Jones and Starkey (1 961). The low Reynolds number of 
bac.tctial·slzed particles dictate:-$ that diffusjon of these so1u('lle C:flrl$(j l1.u;:.nC~ uv..·ay from thr. 
hacre.ri:.1 cell surf:~c;:e will be l imited (Purcell 1977). promoting continued bacterial activity. 

TJ1ioba1:i(lus spp. - mineral i11teractioo iu n ttl11 r1·11 ~y':J tt'm.s 

Thiobacillus spp. can colonize naturaJJy occurri n~ .... a; Jficlr-.s {outcrops) . lo\v grade 
su lfide contajning ore (to promote acid lca.::hing of b~sc metals-) and sulfide-bearing rninc 
wa.Ste.s (tajJ(ngs) d ispo::.ed of, ~ :l:e cuttl1' $ ::; 11 t"lnc'.~ . "l'hc hi i::h s:urfu.cc:vo::umc ratio create..:l 
by grindir:g sulti des tO extrac1 base metals, creates an optimum environment for gmwrl1 uf 
Thi..?bacil!u.s spp. Fof th is reasnn, the follc)win:~ tliscu.s.sio:i fccttses on the colc·njzation cf 
:r.ineral s !lU.rfnces in mine uiillngs environments. 

·rht: tXCun·ent:e oi' 1n::tuh1,l ica!ly d i·1cr::e bacteria in the subsutface (Amy et aJ. l99Gj 
down co at least 2.? km (Boone c t al. J995). suggests that m iner:i2 ~ulf1des O\i'ty cont~Un 
le\\.· populations of tl'uobacilli J')ri<:r le) rr1i ni ng. \\'hcthcr or not this is trUe, rnir.e tailings 
become qu1c-ldy cotonizcd w ith thiobacill i on~ discharged from the n1ill (Southzun an<J 
B!':veridge 199.~). Howt:ver, rh:>: rnr:r:h~oh;rn of its colon!2ation of tailings is not 1,l:eJJ 
understood (Dispirito ct a l. 1983i. 

\\lh~u laihr!tl:.i a re tk:-ptJsih:d .(IS (l!l aqueous s lurry and a llo .. ved to drain, water is retained 
at the grain bouadarii:s and ir. the porep; hetv•een grain~ ht'..t;au~t'l .:Jf 1he c:.1pUl;.i.ry forcr..5 
C\Jw1L::1 ~Li11'5 g1uvily (1'\lit.:hulsur? ~t ul. 1990). This axe.a of panial water sarur2.t.:on, the 
vadose zone. provides: all of the essential p~ysical and chemical :cquiren1ents for gro\vth of 
1··n1ohacil,'u.f spp . Ill the vado~ 'l.nne, lht': t.:lipilln.ry brJrdcr on the :n.incral surf~ suppJicd 
wnrer co suppon lite (i.e. pr()(¢Ction against dessication which is deleterious to thiobacilli; 
B rock 1975), rh e po re space~ allov.· f,)r 1bc:: inOux of gaseous oxygen (as cemtinaJ elecltl)11 
acceptor) and carbon dioxide (for carbon fixation) and the sulfide minerals :scrve os the 
su bs.trace for Jit11orrophy (see Table 2). Drying :-i.t the s urface o f a suJtide tailings at1d 
freezing coodl1ions rcduc.::.~ thiobacilli pop"Jla:ions (Southam. and Devcridgc 1991) a1thoL1eh 
near fre::zin.g conditions do not (Ahonen and T uovi.nen 1992). Su rvjv~11 of thJob:l!Cilli dur.:ng 
periodic wetti11g when 1rticroae10fJhil ic tu uuuc;:fubic.: c nvironre.cnts may form (due to lllr1ited 
diffusion of <>xygen inro water sarurated ma:eri:.l) is presumably due to anaerobic 
mer.:illolif;rn (Pro11k et ai . 1992, D M ancl ty!ishru 1996) • 

. ~etuJl,.1gfft•iu111 has l~i:11 Jesc .. il>i=t.l ~ a11 org:.·i11js.cn p olt!:ntially responsible fvf the 
ttansi~ion of mine-nil Julfid.;-r:ch ~nviron;nents from neu1;tal to acid pH conditions (Wal$.h 
a11c.l ~fih.: lii:::H 1972). Th::: p1c.>µ~1 illt:nlifi t:aliuu uf Uds b ti<.:( tniucrt is some\vhac qtu:~:liu1lablc 
and it is not required for this transition to occur. At the Copper Rand mine lailing!i, an 
individual Thinbacil!.u.t ferrn<>Xitiar: .. s suh .sp<>,c)l'!S (:lO L PS chemotype) W:_lS a.hie to 
cransfonn an alkaline pH (pH S) tailings envi:onment down to pH 3 (Southam and 
Bevcrid!;C 1993). At tho Kidd Creok tailinss pil~. Blowes <t al. ( 1995) dem,>nstratcd the 



 

'.'iordstrom & Southam: Sutfid~ ,it,if;neral Ox ldn11or. 

prcdom1ru.nt colonizaiio.l v_,i l.11 T11iobacill.us rliicparus un:1r.s r1f\"'Urlllle'Ult~ vH c;on.r.lit:o:lS 
Ju,.n .v " vH vt" alwut 5 witl1 T. frrrr.n rld<rns ;in(I T. thioox 1dans bCOoTl'jng pr<Kknninant 
a.t pH values of '1 and less. Mea...4'ured pH is not, hovl'cvcr, a unique or aect:uat~ itu.lica.L.ur ~.,r 
viable populatilln.• of thiohlldlh Low populations ot J. jerrvvxidans can be recovered 
from the s•.irfa.cc of acidic (pll ~ 3) mine :a1Hng.s wl1e1e ev:.vu1'9tiun produces tow wao:t 
activity which can :llhibil o r kill lhioi>acilli (Brock 1975, Svulharn :i.nd Beveridge 1<>9?.). 
Although the optimal pH fot i;ivwU1 c f Thiobacilius spp. Is pH < 3 (Trafforil e1; nl 1973. 
Ainaa o <( al. 1991). vial>lc lli:vbacilli cl!.11 be culrured !'rom ttllling• po.,SCS$int neutt<U 
c;uvirv:11u1:11taJ p!'J vct.lu~-!:i (~cc P!i. 2; Southam and. Bevcrt:.tgc 1992) . The.o;_e thint>:it:1lh m11st 
be emplo:;:ng acidic nanoen·1ironmenlS because grov1Lh at "leutrnl r"H is not p0ssib:e. 

lu mcnuonc :I i:rcv1ouslv anc: shown in Fi~uro 3 . gruwlh on m:nerols is focili11cc by 
clOdc boelcr:a-m.ineral iutc1...,1.iu11 (•bv ><:<:Sam! <I al. 1993). This close mineral inc:racdon 
is nnponlll'.t b:causc the electron c:irrters re.~por.si~le for irnn Mi~nrinn nntl cnN"g)' Uplftkc 
are found .n a gel-like (Hohm er al. 1984) periplasm <Blake et al. 1992. Harrison 1984. 
Tnglerlew et al. 1977). A close juncture will also promote the dtlluoion of solutlc electron 
<lrners e.~. ~oluble iron (Fig. I) or Cu• (Nielsen aoJ B.,.;k 1972) ur :i.lomic % S (RickW'd 
wad V:msell.lw 1978). Coloi:i,uton of sulfide minerals and the rer.ult lng, Jithonu totrophy 
lJ•¥in• umlor bulk 'neul<.11' pH conditions and probably occur.; on the nano!!Calc thrMgh 
tho uovolopment o: an acidic lnterfnce between l'.~c boc1crlo nnd the mineral •urfacc.• 
(cvmpuro f'ii;;. I. 2 and 3). 

!'lgurc '.! , "Jltf!":hact!lu.f ) Cl"r<N!Xrdant r lntlet1 llt"li'l:U 
11 o11npl1 pH fur sami;lei> frc1nthe l.cmoino n1ine t:ii lir.pi:: 
tSoulll11m nnd Bcvcridg.: 191J:!l. 'l'hc 1\\-0 : lu.'1cffl ;F.l<"tn& 
,,..... s,1,..1gru ure- ~re CJ'plC'l\I or wru\I is cx~u:.3 ro.· 
rn1u0:i,1:Jw.r spp. 1'ht outlier$ show ( 11 low p~pule­
li()nJ "' lo"- pH where dey-ing l'H•J ea\1sed deM..!\ or 
<Jactow:od a:1M1y ;u:d (2) lllgb populUllO"' ot blgb pH 
ind1:atirz •otkti~ rur('lenviron~nt! 
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Figu~ J. A.n .an, raincd tht"l sect1on or e t.ul­
iAp SJ.mplt from aht Lemoine min: whAI 
•.ta:J • ..,.,~ ... ft) 11.e JO$.:. .li.ttCI J.UOQ td'*«"ft T. 
ferrtwn1i4ant a.rd a chL.~copyr:te mine:.il ;.urttc. 
E-w equals 0 .5 am. (Publist....J with :x:rn:u~J1M 
tr<:m S("iull\t.M &nd Bcv!ndge 1992) . 



 

.l71i I ;~:f JMU:IUJH/fl/flGY 

Thlobad/11~ ferroo:ddans binds preferentially to pyrite dasper.oed through " coal ~lunv 
containing abu~torganic surfaces (Bagdigiao aml Mye=n 19~. Mustin c: IL. 1??2). 
Dennet ar.d Tributsch (1978) 311d Nn11nnn aml Snyman (1987) h•ve demonstratc:d that T. 
jer ... uu1.i1/111t..., chv~s lo (...VlurLi..te rracwre lines and dislocations on pyritic m 1ne1nl 
surfaces. These fine grooves (0.2 to 0.5 µm) in the mineral <u 1face =venrually develop into 
-:01T0Sion pits. 'Nidening an=! cnla1·ginr., u111il 111~ rui nf:.".r~iJ grain ls destroyed (TrlbiJtseh 1976, 
Norman and Snyl!Uln I l)~7j. Mineral dislocations may ,,,-.wide cr111v~uient phy•iclll 
reoes~s for bacterial colonization and a u11i4uto surface chnree rromotlng chc anttehmcnt of 
T. /dn'OOA-ida1:s. T h!s ls one ~A•tly 1n w hlc:h c~rt;;iin ~tr;:1in~ mny .-vhihlr min.-r~l <;;#01,.,..t ivity. 

'l'tu· 1 h111h~":ill1..1':i 'J.tit:rur c. eomponenr rc1ponsibJc for prcfc1cotiaJ bi11di:1g Lu !>lll ridc 
minerals ane the resulting close b:>.ctcria-mincral interoctn1<1 '' hpc'('olySHr.cbtuidc (LPS) 
bccau,sc. th~ mole=ulc is situated on ti•"- llllltjl 1~11br..ure su.rfuce of Gram4 neeaclv¢ Bacteria. 
aud it.s s1tlc cha:ns extend heyond rhe usunl bilayer structure of a membrani: Tl1iobac::1Uus 
:Cf'P rlo rr.r possess capsulac ruatcri:ll (Shively e t al. 1970, WAue H! 111 1970, Vestal et o.1. 
1973. llirt and Vestal 1975, RodoigucL el al. 19lSli, Yol<.otn e t al. 1988). LPS tctcrogeneicy 
(Southam and Beveridge 1993), i c . diffcrcncC3 in LT'S 0-antigcn side-chains, will conllul 
the coll surface charge chamcter o.nd l\ydrophobieity w hich could affect u,., :obihly of 
different strains to colonize different sulfirle m ioer-=i l s1.1rftlccs. Because charge charact:r is 
a ls<> pH de1>endenl (Clrnkpbw'li and Banerjee 1991 ) , the reduction in pH as thiobacilli 
co10 111ae 1rtJ11e ta11111gs 1u:.i.Lcn aJ \vould also affect. presumably e nhance. their ability to 
cnlc)t1il'.c to iJi,p;s ilS acid mine drn.inftgt develo ps. 

L i7.:lma and Su?.Uki ( 1991) r.hMnr.rr:rized a 1: ferr<J<J.<idans sl!Uin "'hich could oxidize 
ci\.11:,;r pyrite or ct.a!copyricc but not sphalcrire and a second ~train whic:t couJ.(i 0J1:1,ll7.e 
either pyrice: o r tphalcritc; but not chaJcopy1 itt: TI1e ubjUty to differentiate between 
chal001>y11?i: :•ttcl ~pt1a!r.ri1~ s-1gge.s1$ 1hru a form of recognition. prcsumcl::ly reflected in 
L,PS chemistry (Sot:tham 3nC Beveridge 1993). cxrsL< toward.• there m111t:rnl• 
111lobacillus spp. a.re also known r~·u rhr.:;il :-iUilily lu aUapl Lu vanous types or sulficlc ores 
prior to the initiatior. of ""'1ve microbial lMching (Suzuki et al. 1990). This 2.daptation 
111:~ch11u i sn1 is not well understood alrhough it might have somc1hing to do w iLJ'I .. activaliou" 
by ehomic:11.I oxidntion (Mo!ic& and Hcr1nu.n 1991) . Although phvnotypic s'vitchiog ha..;; f'1Cc:n 
dcmcnscr::ued in T. f erroo.xidc11is, n rclation~hip between 1.1-'S «~h~misrry :ln.r.1 rnirm1l 
a:la.patat ion ha>; nnt been de" ~""'"''W (Schrmler un<l Holms 1988. Southam and Beveridge 
1993). 

Acid min: waters fro1n nu111y cliff~rcnt types of 0J:1d11.1ng m1ltide mineral dcposir.s 
typical I)· have high c:oocentrations of bolh T. ferrooxidans and T. tiiioo:cida11s. and i."1 
rough.ly equal !'ropcrtions (Sc .. la et al. 1982) . This observation raises the question or wbU 
role T. il1iooxrd01i.s plays i:i. the oxidation proce.~s hecatL~c T fcrrooxidan.s can o.x.idi7..e 
lJJJ. uv11 "''<l ijulfur. ·n,., <liff•rtmco between T. ferrooxldans and T. thicoxida:is ls nllt 
simply tha~ T. !hiooxidans ca:'l.nOl oxidize Fe{ll). At B(1n\~lL1ue tiA.~11, ao elecnentaJ ~ulfur 
depo~it il'1Yello\.VS.tooe N ati1nl:-1l P~rk . r . rhinnvidnn~ fV'p11lnrlnnc: W .. l"A ? rt'\ ~ 1•u•n .... ,.~ nr 
m asnitudc greater chan T. ferromr.idan.r (Southam, Donald. nod Nordstrom. pcrs. comm.) . 
"'n111rc~ hn~ "'~ lr,c1~d ftlr t n~ most cifici(.nt S\df\1r-oxidi%.ing bac~rium. 

Cells grown on ore arc difficult co dissocia te from U1c ore particles (Gonnlcy nnd 
Dconcun 1974, S uzuki et al. l 990, Southam and Beveridge 1992) demonstrati ng that a ligbl 
association must occur bcty.,·cen Tliiobacitlus spp. and sulfide nlutcral :courlace!o. Tho 
develorment of a tight :is.•ociati0<1 be1ween Uie bacteria (LPS) and sulfide minerals ooay 
p:oceed vio a hypolheticnl 1wo phase mechanism (Southam et al. 199S). First. cilher ionic. 
salt-bddging er hydrophobic interactions would reversibly atueh the lxlcteriu.m to the> 
n11ncral s.urfxc St> L'\al an ac1'bc 1n1erf'a.t:e: ccuJll1 be established to sustain lithoautotropfty. 
['hase rwo enoompasscs the 3ub$Cqucn1 cementing of the bacterium to ~"· mlneral sun•"· 
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v.•ith iron u.l\'.y -hy~roxidcs (Bigham et al. 1990. Dhattj et a1. J9YJ) tOrming an even more 
aciJjc,; 11•JJH.x.:uvirunrr1cnl (i.e. precipitation of l-c(OH)3 ; •ields H~) en !>Hpport bacterial 
gro "vlll u.rtt! 111uJtiplic.ulion The role of ferric oxy-hydroxides in g lueine rhiobacilli to 
rnin(:.tul !'tirfu.t:c.:' is supported b~· their release art~r solubj~ization uf the!;e prt'"-.... ~pjtntcs 
(R'"''"'Y e.L al 198&, Southam and Beveridge 1993). Stroog adherence of T. Jt:rrtM <idn.ns 
co rninl!ra.1'.:> via iron precipitates (Southrun and Beveridge l 992. 1993) m.'ly l:ave wl 

important t:Co:cgical role in reducing the d iffusion of metabolic products (e.g. Fc(ITI) and 
sulfuric acid) a•.vuy from the cell-m.ineml interface. This would help mruntain an acidic 
nar.o~-nvironment at I.he m ineral surfnce and proviC.c n poccnti&J source of soluble fe:nx;u:s 
iron 1.hroogh repealed chem'ca! oxidation of the sulfide (Reaction 2) thereby promo:ing the 
gro1.vtl1of 1'. J-erruoxida1u. 

J<ffet:l"i or temperature 

En\•iro1trntsnls wht:re iron. :;'.llrur, and sulfide m ioorn l5 l)_r0 oxjdizing can bavc a Jarge 
r.:u1ge uf L~1nperature frurn O'='C in ~:ca1e wasle rock piles (Srrombcrg and Ba.D\1\'8.M 1994), to 
~0 -6'TC in i;ome umlergmuml mines (N<mlstrom ond Pcacr 1977. '.'fordstrom and Alpers 
1995) and W3.'>LC rock piles (Hendy 1987), to boiling in hot spring o.•atcn (Bou anc Brock 
1969). ·1·cmpcraturc is one of the distinctive and most .im.portant en'lironmcntal para.mete.rs 
that influences the activity of microorganisms. It no: onl)' influences their rate of gro\.\•th 
hut it oan also detenn ine I.he predominnnt gem1' nrd species. Bacicria arc thcnnally divided 
inw ?"Y"hrophiJ~,;. me,;ophiles, thermophiles and hypcnhermophllcs. Psychrophi lcs can 
gru,y at 0" wilh :.u: optimum of le)~ 1.:5" an::l a rnnge up 10 30<>c ti.1csophilcs tend to grow at 
ten1peratu re:; below ·1-0°C \V ith an or.cimum temperno:re orou_nd 30""C. Thc rmcpl:iJcs have an 
optimum temperature of about :SW 60"C and bypenhei:mophiles have aa optimum 
temperature o f >3!)°C. Both obligate and faculcarive therm.ophiJes have also been observed. 

\i"ry liu.Je inJonnaLiun i!; availa ble on p:.;ychrophilic acli'-.-•ily in mine was{c en vi ronments 
l>Ul StrOr11berg ( 1997) h'lS pruvillc:d evidenct: that for a \V:!Ste rock pile ar (\ it ik. Sv..eden 
\iv1th a ten1i:;.erarcre l ange of 0" to 12 -'C anti ;.1vcraging s=·c, microhial catalysir, is affecting 
{.)Yrtte oxidation. h:rroni et al. ( 1986) and Ben helm et ol. (1993j found that <pecie$ such ns 
T. fts1-rOOAi1.lt.~!J3 can be p$)(Ch l'Ot1·oph lc .• fl\Cy C111 iCJ1\.i<l U liJ:o.? Witltir .Si11Ylp !e.o; f nlJTI nrt:c)( 
L.ake, Ontario and found that gl'O\Yth conti.tued at te111peracw~s as lo'h' as 2 °C, \\•ilh fa.o,;ter 
grow1h for the enriched mine water U1an U1at fol' 1: ferruwcidtms ATCC 33020. B<>th 
c:..iJtures had tt1e sante growth rates a&ld the sanle opt.ll l.Oll1 te1n~1alu1 4; uv~1 l11t:- 1a11gt:i ul' 12." 
to 35,C. 

Acidop:1ilic iron- and sulfur-oxidizing bacteria arc :ilhcr mcsophiles or thermophiles. 
Figuc-e 4 shows the temperature range for g.rov.:th of several important ntesophl~es an:I 
thcnnophi!c.s (Norr-is 1990). The ·gro•.lo:th rates sho•;..·n are no: n~essati1y l11de~ndent of 
pll. Norris ( 1990) ha.s noted rte irier:asc in rate with an increase in pH for T. 
f~rrocxidaJ<S. Ilov.i·ev~I". NorMtrOT:\ ( 1977, 1985) :o 'Jnd that i:be fer.fous i1on oxidatlo11 
rate for acid mine- \Vaters of p l·[ J-2 was \.'irttta1ly the sar:\e a.c: that f(")r 9K cul tore rrw::dium of 
pH 2-3. The influence of pH en microbial kinetics hts not be.er. dearly defined for $ulfide 
mine,ral and ferrous iron oxidation. Thiobacillus spp. and L.eptospiril!itn1 spp. are 
mesoi:hiles with typic•l tempe~ami:c optima in the range of 30' to 3S°C, ahhough the same 
species can have a d iffe re.nt range and optimum as shov:o in Figu re 4. These species have a 
temperature range that coincides well with the. typical temperature range of most 
environments u•here pyrite is oxidizing. The nev..· species, leptosp!ri!lur.t 
1!termo"ferroo.'(it!a11s, is a mode.rate thermophiJe "vith a temperature optimum of 45° ... 501tc 
(Colovac.heva ec al. l992). SulfobacillltS rhermosulfidooxia'ans and strain TH l are Oram ­
.Positive. thermophiles, and facultativc lichotrophs, unlike T. .f ttrrocxidans. They shov.• 
gxatc: morphological variatio n and arc more clongt1tcd (Kr<.rava iko ct a l. 1988). 
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o T. ferrocxicans (J lardanger) 
• T. ferrooxldans DSM 683 
I:. T. fturooxidans DSM 2705 
A. Leptospirillum (BC s l rain) 
o Moderate thermophile BC1 
+ Moderate thermophilo ALV 
'f Sulfolobus (LM strain) 

50 60 70 30 

Temporaturo. °C 

Figur~ 4. Tetni.~t;"tture ranges ror sc,•cral ac;:idcphilic iron· and suJfur-oxid1z.ing mesi;>ph.ites an:I 
dlc-rmoph.ile$ («:p,oduc~ with pc:nnlssiun from NillTis I 990). 

Thele are four gent:rd. o f t'\rchaea thut ;we aerobic. acidophilic. coceoid in fonn, nod 
:noderoi:e co e.xrrcmc thcrmophiles: SuJJC!ol;us. Aci,ianus. iWetaliosphcera, and 
Su(f-itrococcHs. They oxidi7.e reduced ::;.ulf11t C:f>ffl fH"'l)nuts an-rl ::;.nrr~ c.l.11.irJi"£1:: f'.:;; ~"' ~1od .<:\11l r1rle 
minerals. Therrr.cphilcs thai oxidize iron and sulfur are Sulfolobus spp. and Acidi.:rnus 
spp. Since the ociginal cla.'it~ifi~1f11l nf :-,·r,l/! :l.obus c1ci(il1c<1iclarfus by Brock et al. (19'"/2.)~ 
tlirt:e species have been rccogni:ted: S. ac;dicaldarius, S. soifataricus. and S. brterit!}'i 
(Zi:tig ct al. 1980). S. brierlcyi has subseqvenlly been rcclussi ficd as Acidiar.us brierleyi. 
Su{folobr4s oxidizes arsc.nop)"tice a.s •vc.11 .:\.$ pyrito (Ngube;ne ~nd Dilecker 1990). Norris 
and Parrot ( l 9S6) have demonstrated the caalyl ic effect of Sr</folob"s oa the oxidation of 
concentrates of pyrite. c halcopyrite, penllandlte, and nkkeliferous pyrrhotite at a pH of 2 
and 70°C. 

As -pre.viousi}'· described. T!i;obaci1lu.r sp9. are <iram-nef!ati\•e R.tcr~ria (Fig. 5) 
possessing LPS as their outermost ocll sutfacc componcm (Fig. I. B~rry and Murr 1980) 
'.Vhile Sulfoiobu.s spp. onl:; po.s~ess an S-layer ex:rernal t (l tl1e cell 1l 'lefnb ralle (Taylor Ct uJ . 
198?.; F ig . 6). /111 .S· layer is n iwo--Oimc.nsionnl poracrysuulinc amiy of pro teh• chat 
fun.:tlons as a diffusJon barrier ill cells on which lh~y o~i..:u1 (s~c; Uy Fo1ti1l et al .• thi:". 
... ,,J ,1rru:~.) . Ft1r Sulfolobus spp. the formation of a. nnnoenvironment scale djffusion gr:1rlienc 
which is responsib:c for the growth of Thi.o/Jacili14S &pp. on mineral surfaces (Fig. l ), 
Juu~l be ~l:co111plisht!'.<l w:.thout a penpJusm. 'l'he same must be true ror the mycoµla.<.ma. 
T/ien11oplasn1a acidopliiiUu1i (sec next section). 
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Figure S (J(.h ). A s;ained 1h:n-sc;,aion ~f ThicCacillris J.,~,, ... oo.xida'fs ATCC 13661 demonstrating the 
u6o~I U1•.m-nc(:fl li.v(;; c~l l «n.,.(;lopc t\~n.tclu~ i n w h ic h lip<>po lysa~hhri(ls-.-3 ~pr;;,c;-nl t-l:i~ ouli;nnwt t.>n.vd.op 
cCm;'IOnc nt. D11.r ..-:.-i11fll$ 50 nm. 

F ig ure 6 (ri eht ) •. A. rcgativcly ~lllincd Sulfnlnbus ;pp. d~:non!'l.trat ing the crystaJlinc nature nf the ocll 
~11 .,. eJol-'e . B:u· equal~ ~(XJ iun. 

Based on irs ability to p!"oduce haccerial endospores. Thiobacr"llu.:r thermohi!ica 
(Eg~)rovri anti l )P-ryuetna I lJO:S) 1s hke ly a .')·1,l]nnar.fliu.-; spp. (< inlovacheva and Karava.1kn 
1978). Gram-vosit' ve. acidophilic iron-. sulfu:·- and mi1\eral-oxidiz i11g bacteria have not 
recc: ived very m uch attention. The fact that they are not common. or at le ast rarely 
described, may relate to the di fficu.Jt.y with \Vhich a Gram-positive bacterium can cstabltsh 
nn t'ffi.r ienr <iiffnsion ernciienr. 

(n ttus review c f the literature on bacterial physio logy and bacterial interactions with 
sulfide rrtineraJs ·Ne have tried to sho~· how Thicbaci!l:is spp. fun:.-tion at low pH and 
rc,e;cneratc fcnic iron from f~rro11s :\r the physiolo,gic-...nl l~vel . rh~ promnr.ion of ~Hlficte 
rnineraJ oxi<lati<HJ b)' ba<.:tt:ria Cu~)) nol r!:4 uirt: llu:::i: a llaChuu:::ut to surfaces bul the close 
proxunity would certainly decreas<: the d iffusion distance to the substrate source thereby 
maintaining higher cooce.nt rati.ons of iror: for g:owth . The O\'e:rall c.ffect is to crLh.Ancc the 
oxidation rate. High :empcroture (40° l.O l 00°C) cx id01ion is nfao enhanced hy hmh Bacteria 
and Archaea irun a11<l suJfu.r oxiUizers but do1rlinated by the Arcl1aea at cbe hither 
ten1peratures. 

1\-llCROBIAL ECOL OGY IN MINE \VASTE ENVIRONMENTS 

fn the inLr<xi uction t<' Lhis t.:hap~r v .. .v t ! L~1tic1ued ll1al !lliue v,aste envlron1nents and acid 
m me waters suppo11 a wide dh·orsity of microbial life . Autotroph.ic bacte.ria. hete.rotrophic 
bacter ia, green algae., fungi, yeasts, :n)'coplasmas, and amoeboo h•ve nil been found in •cid 
mine w aters. A study by Wichlncz and Cnz ( 1981) reported 37 ac i:lophil ic hete: ocr:>phs 
tl1;;:.t ~·ere is•.llale<l aJHJ parUy t.: laarai..:h:a~ f L01r1 acid rrUne dtainagc. Belly a 11d Drock ( 1974) 
fountl 11uu1erous heterotrophic bacteria in asscciaticn with coal refuse pjJe.s . In the Rum 
Jungle mine si:c, Australia. a ntine dump was found to have reJt:o.ti ,·c-l)' lo\v 011nl":-ers of T. 
j'errooxidan.s and high numbers of ncjdophjlic hererot.roph5 •..vilh no appari::nt seasonal 
varia tions, sugge"ing a stable populatiori had been es tablishee (Goodman et al. 198 n. The 
o'-=.,;urrenc~ uf U1js iicli an.d co.-riplex: 11\.iGrobjal ceoJogy descrvc.s a .shott discussion. 
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Ao Dugw1 et al. (1970), Jul1111Ju<1 el .. 1. (1979), and Ledin t111d Pedersen (1996) ~ve 
83(Ulcly pointed ouc, ao tot,-opb1c thiobacilli will leak or ex=tc Ofianic coio1x>unO.-. tba1 may 
b: ulillz<:d by hctcrotropbic baeieriL Dc3d .lUlotropb ic c .. 11< will pru• i<lc ~ oii;.inlc 
sustenance for lleterotroplls. Fu11ltcnnore, a comroeo.;al relat ionship, possibly even 0 
syn>l>;oo1< (R•nllCharyya et al. 1990), e.x.ists belwecn hctcrocropllic and outotrophir. 
bact~ria. 1: fe rrooxidans cxc.rctcs pyruvatc during it.< growtJ1 (Schn.1il1n:on '1Jld Lundgicn 
1965) and pyruvace can inhihil growLh. The helerocropb Acid!phi!ium cryptum uses 
pyl'u val" ..,;; a caroou and energy source and its presence can enhance the growth or T. 
f 6rrttcxldons (H•rrison 1984, Wlchlac:t and Thompsou 1988). Acid£ohilium spp. W\I 
common inhabitants of acid mine drajnage (Harrison 1981, Wi<:hlacz ct al. 1986. 
Kishimoto and Tano I !!In) and copper d ump leaching operations (Gl'oudev and Groudeva 
l 'I"! '!) nurl lhr.y ""'always found in association with T.f•rro<JJ(kJan.s (Lobus et a l. 1986, 
Bhanacharyya et al. i 99 I). 

F.hrlich (1 996) """ 1.,,1in •nd Pedersen ( 1996) have noted that several ~tc 
microorg11.11isms live in dose association •.vith T. ferrooxuiwu. S nrne o l tOC8c are other 
species of thiobacilli noted previously (sec Table I). Other herernll'ophic miuoorgaztism•, 
1-.csoiJe A .:i1li~1hi!ium .svµ., .Ux; .. h.11.J '=' Psl!udomortas, Bacillus. /i.1icrfXoccus; Sarr.inn, 
c.:rcnothrlT. ~\1ir:rosporittm, Acrobacrcr, Ca!dobacter, and the funni nntl ye11s1s Acontium, 
Cladosp oriJ1m, PancciJlit11n, Trichosporot:. anG RlwdoJorula . 11r-nck ( 1973) de1n o11slJ:utcd 
Li.at the lower 1>H lim it for th~ 1: 1·o wlh of cyanobucterin (formerly ' 'blue-green alg..,") ;, 
aiM•ul 4 l'lri.I (ln ly ~..-.en Jtl~•ccun tulcrntc lowc: pIJ coadi1lons. Green al,gac are co1wuuu 1n 
acid mine waters •4·hcrc they have accus to sufficient su:Uight °''d conti uuou:;, w1d ~tcady· 
nowlni; water. :-lord&trom ( 1977) fOtJnd several type.• or g=.n lllgae et Iran M ounuin, 
< :a11tnn'9_.. ·111r. rru~1 r uTomQn alg:tt' occurring in £Cid mine WUC1'S are C hlcn:-ydonw 1ras, 
C:itlor~Ua. C!ioihri::. Cnroomonas, and Eug!ena. Additimal actrlophi lic or x id-tolorJOt 
alja1>, diatoms, a.'td higher plant.< arc dc.<c rihed in Kelly ( l ~lllX) 

Ont: nf •Iv: mosr unusual nUcroorganisms round in environment...: ,.vhere pynte oxitli1.e~ 
is the Mycoplasma. Tl:e1111oplas111a acidoplii!um (Da.1farnl c:l a l. 19'/0). Myr:cpl•sm.• me 
like bactctja \ ... i.thout cell '"'all~. ·r1 1.,y :.11·"' Grarn ney.ntive , JUg.hly plcomorpihic procaryodo 
organisms , and yet T. acidophll1m1 bns a pH. optimum of 1-2 and a temperature optimum 
of about 60°C. 

Tite microbial ecology of environments wbere acid wntcrs have developed from tile 
oxidation o f pyrite and other su lfide minenils is poorl y unders tood . Investigations have 
shou,:n Eh~ possibilit)' for a microbial succession fro m autnt:Oflh~ ro n~tr.r,JITi.t_plJ ~ t11 oiore 
coir.p!ex organisn:s in a food chain. 1; !he hydrology an d climale do not have sudden and 
I~ variations (e.g. sready·staLe now most of th: tioc) ll>crc are~ opporo10jties for 
gro-.vtb of & stable uid more m&IUrc rruc;robial C01lllT.Unity. lbOSc euvi1umm:11L< wiU1 l~bly 
variablo and d:ynam:c condition& (h?g:h ero~ion rnres, OttSel of :>uddcn extreme 3(oruu;) 
should di,.cnurage tile developmenr nf laree ~nn ~•ahlto; popu1Ations o f m.iC'.rcbes. 

SUMMARY AND FUTURE WORK 

Any aaempts t0 understand the degradation or pyrite and other sulfide minerals or tu 
am<Uorate 1~ ,,,·atcr quality hazards ~sodated with miniui; ur •ul fill~ minernl 11.,posil-' 
9.·ithoc.t 1ecngn1z111g th:e 1ole of ""'-' nn.-gan 1s11~ ~ lilt!ly lu fai l Li u:nuure on the ~-ubjl"',;'. t is 
vo:um.ino<ls. More !ban a ccorury ago. microbial intera...""tions with sulfur and sulfide 
minerals have been scientifically invcatigarcd. L<thoautotrophs, "1!ch a~ 1"1W1fJacillus 
ferroo.ltidans, ThiobaciUus .lhico.ltidaru, uprospiriUum f errooxU!an• . and some of their 
co-habitants such as Acid/phi/mm, Th~miopiasma. IJccllt.is. ,..,icl'ococcus. Cl1lam.vdu· 
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111oras, Chlore:l.a, f_.1lo rhri;.r, :-011.l E 1.Jgfena ;.ue an integrrJ part of t.bc er.vironmcat -..vh~(r. 
sulfide minerals are oxidizing. 

Jnv~.::rigaiiorl.~ fl ·'I rhe geo1nicrohiolt'f!Y c;I' sulficit: tninc<-r:tl c-Jx.id:1tion have c1nrificd the 
:t1echan~sm of microbial cataJysis. physiological feature5 dial aUo\v them to respi1·e ;tnd 
:-ep1Y.tduce in acidic Y./at::rs. a11d their nlic.robial ecology. The n"!ain role of ifof:- 1uuJ sulfur­
oxidiLing buctcriti is i11 ClJc; ux:dulion of <1<.11i t.!ou8 fc-;rru~·~ l.cJ rt;!nii.: jrt•t1. '01c ferric iron can 
1.hcn rapidly atta~k the sulfide. -surfac.c. These ratc.s arc comp~uablc so that pyrite. will oxidize 
fro111 the fe(ric in,)n as rapidly a.~ the ntic robcs ca:-. regenerate tllC ferric iron. T he l mi.:tt:>:ri:.11 
cai1.ly~5s of ferrous iron. however. will be a f onction <Jf r.:1vir<)n rnen1:il l':l"r11:li1lo1\~ including 
(but not ool)•) tcmperatUre, pI!, density or total dissolved so lids, chemical composition of 
the solution, ecology of corno,eo$a1 or· p!'edatory .'>pecies, oxygen con;:;entt::it:oas> 
hyd;ologic conditior.s~ and min·:.:ralogy. 

'TI)~ i"iri:-.1.tio11 of !')•rite oxidation doe:'; not require an e laborate sequence ::f different 
geochemical reactions tht't dominRte m d i ffc«.nt pH rangc.s (e.g . . Kkinrnan.n (';.t t1I. 1981 ) . 
1hiobaciUus spp. e mploy nanoenvironmeots to grow on sulfide mineral surfaces, usually 
as iron-{.01;1;.tc;ntclJ hiofi!l)~f. (~ouUtil.11) et al. 1995). ' l'hese nanoe:t-.·ironn1ents ca.n develo1> 
thin layers of2.cid ic water that. at first. do not nffcc: the bulk wnrer chemisrry. Rvenrually, 
with progressiv-:, oxidatior:._ the nanocn-.:ironment ·~:lanometer scale) beco:nes a 
m.icroi:nvi:•.l•11ur:111 (n1i,;r:-:. 1 11c:•~r s ett.le:). F.\•itlt!nt:e ft)t' a.::idic n1ic1f;envlr'Oll.r!lents ln the 
prcscne<: of circumne.utral pH for the bulk 'i)i.'atcr in the subs.nrfac.e Cill! be fot1n 1:t in Th.1~ 
occu i;<eoce of~ ilfosite jn certain soil horizons \Vhet·e the current soil 'A'3.tcr is neutral (Carson 
et al. 1~82). Jnro:;itc t:u.:' ou1)' fon•) oui.it::r uci•.ltc t:t)ndicior1:~. 'Jl:e f>CCU((er-.c~ o f isolated 
cubes of g;octhite pseudomcf?hS after pyrite also suggests that pH gradient~ probably 
r:xi·•lf'.tl near the ~utfacc of tllC oxidizing pyrite but ntay not hav~ affec.ted the bulk water 
pH. Of cours<.~. the bu lk \•1arer m;iy h.:&\'~ tie .. ~n rir.irli.:-: in 1he pn.c;t anct currently it is neutr.:al. 
howe-.·er. experiments such as those of Goldhaber (1983! ,,..d Moses 01 al. (l987) inrlica<e 
1huc n l(~1 of 0lC1dz1t1ve chernistr; with ·Ja.rg-;e chemical gr:i.d lcnts occurs w ithin nanosca~e to 
microscalc d:mc.nsions at tbc mineraJ-\•10.tcr incerface. 

!'inme of the c::n:rJdictory studic·l'.i re~art.Jir.g bacteria) adsorption 011 sc.lfide su(faces and 
their effc::t on oxidazion J"ates need t·:'l be resolved. 'l'he mect1anisn1 of '!.: . .f'qrroox.t<!ano,· 
mineraJ ~elcctivity is net kt10\.vn, hov,;eve(, it must be ccn:ferr~d by tt:c na:.ure of its 
hpopo~ysacchrui.de. 'fhe Su!f~f,..'lbJ1.s cnineral inl~rf:u:~ ha-;. tt<JI l~t":11 S;1Udied, un' ha.~ the 
distribut ion and importance of S!tl{oWb1lS nod ~·11!jobac-i!lus in wjne waste e.nvironmenls 
been stud~ed . Tile various faclors thac Ca.tl inhibi;: autotrophic grov.'1h in sulftde: m.lner.ll 
environme.nts and tt.eir relati ve impon ance should ':ie c;l~1ri ~f'Xl . 

1liM 1.11'.ii1:--1.lifn1 of elen)entai sulfur by Thiobat::il'u spp. r:::quires lhe fo::nation of a. 
v.·cuing agent lhnt reduce~ the ~tlt".fu:.:~ t E:!rsi<.tn. Jout'!.-> aucl Stark:::y ( l 90 I) describe a 
proceinaceous compound ,Nhich. promotes grov..•th of T. zliioo:<idans on c!cmcntti.1 ~olfur. 
This \Yetti:1g: ag:l":UI is :.t l~o i1nr~n1taot. f::.r di~solution of the sulfur-rich layer formed by acid 
leact:ing of base meta.ls from pyrite and cl1:.tlcopyrile . lu his. tevi~w of the biochenustry of 
i r1<)cg•nic .1ulfur oxjda<ion by chemolitho1rophs, K elly (1 932) emphasized the oxi<httion of 
thiosulfa te. ~ind pu\ythio11::i:1t::S with al1..-.•.)St nn inforr:,ar.io n on solid sulfur oxiC.ation. Clearly 
more SlUdie-s are ne.cded to clucidntc chc ntcC'Jutnism or lf.r:.:v-. 1.h lln ~Jeroenti."11 sulfur. 

Mic:robia.I c:-..colO&}' and phylog.e1)y have undergcne a rcvoJution with the application of 
J6S rRNA se~uence analysis. HO\"c-..•cc. tk(ining phyloe,e.t1t!lit..: 1eJatio11s.hips based on 
s~qo~r1cr. div~t'sir; ra.L<ies ne,N problems that have yet to be addrcs~. Sl.l\.~h n:> how r<• 
reconc.ile c.onvcntitlnut t:ix.l101..11ny ha::?t:t ·. _.,. 1 plrysio h~gy and func:io:t .. vith differences based 
o o Sc':quence types. Re<:ent wotk on thlobac.iili have high1igl1tc:.d ;:oorne l)f toe.<;e difficulties 
(Goebel 'md Swd<eo r:rncl1 1 \194) . A lthough strain-specific molecular ?robo.s m"Y 001 he 



 

3112 Ol'"OMJCROOIOWGY 

possible, the phylogenetic dive1-.11y of Thiobacl.llus spp. has """" roeveaJed with rRN.<1. 
,.cqut:a1c~ :-.n.11ly~i t; (Lune et nJ . l !>SS. C~bcl anrt S ti·u:k.f.'.bnmdt 1994). Thi~ molcc.uJiu­
diversity has enubled the use o f 16S rRNA probe (Goebel ond Stocl<.cbnmdt 1994; and 
PCR-med1~teci In.-; -DNA d<te<:tion (W11tr-n11~and et al. 1997) of 11oidoploll( 
microorganisms fron11 natu1ul c:uvironClcnrs ar:d bio--ft::-tk;b in)( operaticn.s. t\lture. 
cl t-:vr:lcpment.s 1n mierobiaJ ecology of acidoph1lic n 1croorgani.sm$ will like:y rdly on th~ molc:ular r~h11iqu~,.,. 
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