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ASSESSMENT OF BIOGEOCHEMICAL INFLUENCE ON METAL
SULFIDE AND FE (II) OXIDATION AS INFERRED FROM OXYGEN,
SULFUR AND FE ISOTOPES

SUMMARY

Bacterially catalyzed reactions are important in geochemical cycling of large variety
clements such as Fe, S, O and C. Sulfide mineral oxidation is widespread in many
different environments and also regulates the global cycling of O, S and Fe.
Furthermore, oxidation of metal sulfide minerals cause environmental problems
known as acid mine drainage (AMD). Since AMD environments contain high
concentration of metals and affect aquatic ecosystems, remediation of these
environments is vital and requires an understanding of oxidation mechanism of
sulfide minerals. It is widely accepted that exidation of sulfide minerals is often
mediated by bacterial reactions. The Fe(Il) and sulfide oxidizing bacterium,
Acidithiobacillus ferrooxidans, is commonly found in AMD sites. Understanding the
mechanism and bacterial contribution to metal sulfide oxidation may assist with
developing proper remediation strategies for AMD sites and contribute to our
understanding of sulfur and oxygen cycle in ancient and modern environments.

My doctoral studies examined the bacterial influence on the oxidation of sulfide
minerals-at pH <3 from analyses of oxygen and sulfur isotopes of sulfate produced
during aerobic and anaerobic laboratory experiments. Because most of metal sulfides
contain Fe (II) and the oxidation of Fe (II) to Fe (IIl) is mediated by biological
reactions at pH <3, investigation of oxidation pathway of Fe (II) may help to trace
the biological signature. For this purpose, Fe (II) oxidation experiments were carried
out by using A. Ferrooxidans bacteria and the 8°¢Fe values of Fe-oxides were
analyzed in order to elucidate the oxidation pathway.

Experimental methods for both metal sulfide and Fe (II) oxidation are described in
detail in each chapter. Different type of sulfide minerals was used to investigate if
sulfide mineralogy has effect on the 8'%0s04 values. For this purpose, first set of
experiments were carried out by using pyrite mineral. Pure sphalerite mineral (ZnS)
was used for the second set of experiments. Since natural sphalerite usually contains
significant amounts of Fe (II), a third set of sulfide oxidation experiments with
sphalerite containing 12 % Fe were carried out. These experiments investigated if Fe
(II) influences the oxidation mechanism of sphalerite and the resultant 880504
values. Biotic and abiotic sulfide mineral oxidation experiments were carried out
under aerobic and anaerobic conditions. Since Fe (III) concentration is usually high
in AMD sites and Fe (II) is a strong oxidizer for sulfide minerals, anaerobic
experiments were carried out by using Fe (III) as oxidizing agent. Also, short and
long term acrobic experiments were designed to determine the integrity of the
580504 values. Oxygen isotope exchange between water and sulfate is possible with
decreasing pH and may complicate the interpretation of the 880504 values. pH was
used as a proxy for the short and long term experiments. The starting pH was 3 and
the short and long term experiments were terminated at pH ~2.7 and pH 2.1,
respectively. In the biological experiments, 4. ferrooxidans were used. In addition,
clemental sulfur oxidation experiments under the identical conditions with metal
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sulfides minerals were carried out. These experimental results may help to determine
if elemental sulfur forms as an intermediate of aerobic sphalerite oxidation and

further influences the §'30go4 values.
Chapter 2: Aerobic and anaerobic bacterial and abiotic pyrite experiments

Biological and abiotic pyrite experiments produced very similar §'0so, values under
both aerobic and anaerobic conditions. Sulfate from the aerobic short term biological
experiments (pH, 2.7; 20 days) derived 87 % oxygen from water and the
correspondingly 13 % from molecular oxygen. Sulfate from the lower pH (2.1) long
term experiments even show larger water —oxygen incorporation into sulfate (94 %).
Aerobic abiotic-control pyrite experiments produce sulfate that has 89 % oxygen
from water. Estimates of the kinetic oxygen isotopic fractionation effect with respect
to HO and O, in the aerobic pyrite experiments revealed the very similar values.
Kinetic oxygen isotope fractionation effect between sulfate and water (A‘80504.H20)
was estimated to be 5.3 %o and 3.8 %o for the aerobic biological short and long term
experiments, respectively and 3.2 %o for the abiotic-control experiments. Sulfate -
molecular oxygen fractionation effect (A'®Oso402) Was -21 %o and -29.7 %o for the
biotic and abiotic experiments, respectively. The similarity between biotic and
abiotic experiments may indicate the same oxidation mechanisms for pyrite. Data
from aerobic pyrite experiments indicated that Fe (IIT) ions were the main oxidizing
agent during pyrite oxidation and the role of bacteria was mainly to oxidize Fe (II) to
Fe (). :

The 8" 0g04 values from the anaerobic pyrite experiments show 100 % water oxygen
in both biotic and abiotic experiments, indicating that chemical oxidation of pyrite
by Fe (III) was dominant in both exgeriments. Kinetic oxygen isotope fractionation
effect between sulfate and water (Al Osos-tp0) Was estimated to be 4.2 %o and 3.5%o
for the biotic and abiotic experiments, respectively. It is interesting that kinetic
oxygen isotope fractionation between sulfate and water (A.180504.H20) from the
anaerobic experiments is similar to that from the aerobic long term pyrite
experiments. The §**Sso4 values from aerobic experiments closely reflect the §°*S
composition of pyrite during both biotic and abiotic experiments in contrast to the
anaerobic experiments which show ~-1 %o fractionation relative to the 8>Sk, values
during both biotic and abiotic oxidation. ' :

Chapter 3: Aerobic and Anaerobic Bacterial and abiotic ZnS and 12 %
Fe-bearing Sphalerite Experiments

The 8’80504 values from both aerobic biological ZnS and Fe-containing sphalerite
experiments indicated that all oxygen atoms in sulfate are derived from water during
the short and long term experiments. In contrast to biological experiments, §'*0go4
values from abiotic ZnS experiments confirmed that a significant fraction of the
oxygen in sulfate is derived from molecular oxygen (60 %). Differences in the
percentage of molecular oxygen incorporated into sulfate between the biological and
the abiotic experiments may imply different oxidation mechanism for each. The 100
% of water-oxygen into sulfate produced during biological experiments is in
agreement with the theoretical sulfide oxidation pathway proposed by Kelly (1982).
My experimental results showed that although the proposed pathway may explain
the overall mass transformation during sphalerite oxidation, it does not explain the
actual oxygen source to sulfate. The net stoichiometry of the proposed pathway
suggests 100 % molecular oxygen incorporation into sulfate (reaction 16, chapter 3).



Oxygen isotope fractionation effect between sulfate and water (A180504,H20) was
estimated to be 9 %o for both short and long term pure sphalerite experiments and 8.2
and 72 %o for the short and long term Fe-bearing sphalerite experiments,
respectively. Analogous between oxygen isotope fractionation effects during ZnS
and Fe-bearing sphalerite oxidation may indicate the same reaction mechanism for
cach. Furthermore, the similar §'®Osoq values between ZnS and Fe-bearing
sphalerite experiments suggest that Fe (II) in the crystal lattice of sphalerite mineral
have no effect on the §'20s04 values unless it is overprinted by other processes such
as oxygen isotope exchange between water and sulfite.

Aerobic bacterial and abiotic elemental sulfur experiments

The §'%0g04 values produced from the biological elemental sulfur oxidation showed
100 % water-oxygen incorporation into sulfate as in sphalerite experiments. Oxygen
isotope fractionation effect (A180304-H20) was estimated to be 8 %o and 8.9 %o for the
short and long term experiments, respectively.

The §'30g04 values and the oxygen isotope fractionation effect from elemental sulfur
experiments are very similar to those from aerobic sphalerite experiments. These
. results may indicate that elemental sulfur is the main sulfur intermediate during
sphalerite oxidation (reaction 14) and subsequent oxidation is controlled by
biological reactions since abiotic elemental sulfur experiments did not produce
significant amount sulfate over the period of experiments. Consequently, these
experimental results suggest that the actual sulfur moiety of sphalerite oxidized to
sulfate is likely elemental sulfur. This explains why the 50504 values from
sphalerite experiments are almost identical to the §'°Osos values from elemental
sulfur experiments. These determinations are also consistent with the §3*S504 values
from anaerobic sphalerite experiments.

The sulfur isotope composition of elemental sulfur extracted from sphalerite surface
at the end of the anaerobic oxidation experiments is identical to source of sphalerite,
indicating that most of the sulfur moiety of sphalerite is oxidized to elemental sulfur
_ under anaerobic conditions as well (reaction 18) and minor amount sulfate. form.

Although the §'®0so4 values from ZnS and Fe-bearing sphalerite experiments are
very similar under both aerobic and anaerobic conditions, these values are different
from the 5'®Oso4 values produced during aerobic and anaerobic pyrite oxidation
experiments. '

Oxygen isotope fractionation effect (A]80504_H20) is also different for pyrite and
sphalerite experiments. ~9 %o oxygen isotope fractionation effect between water and
sulfate seems to be unique to sphalerite oxidation experiments since the same
fractionation effect is ~ 4 %o for pyrite experiments.

Therefore, oxygen isotope fractionation effect between water and sulfate may be
used to reveal the source of sulfide minerals.

Chapter 4: Iron isotope fractionation during microbially-stimulated Fe[Il}
oxidation and Fe[lII] precipitation

Interpretation of the ofigins of iron-bearing minerals preserved in modern and
ancient rocks based on measured %Fe/**Fe ratios depends on our ability to
distinguish between biological and non-biological iron isotope fractionation
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-processes. In this study, we compared 56Fe/**Fe ratios of coexisting aqueous iron
(Fe[Il}aq, Fe[IlI],q) and iron oxyhydroxide precipitates (Fe[Ill]py) resulting from the
oxidation of ferrous iron under experimental conditions at low pH (<3). Experiments
were carried out using both pure cultures of 4. ferrooxidans and sterile controls to
assess possible biological overprinting of non-biological fractionation, and both SO4
2 and CI salts as Fe[lI] sources to determine possible ionic/speciation effects that
may accompany oxidation/precipitation reactions. - In addition, a series of ferric iron
precipitation experiments were performed at pH ranging from 2 to 3.5 to determine if
different precipitation rates impact the isotope composition of the iron
oxyhydroxides. During ‘microbially-stimulated Fe[llI] oxidation in both the sulfate
and chloride systems, 5°°Fe of residual Fe[ll],q sampled in a time series evolved
along an apparent Rayleigh trend characterized by a fractionation factor trefi-Fefiijag
~1.0022. This apparent fractionation factor was significantly less than that measured
in our sterile control experiments (~1.0034) and predicted for equilibrium between
Fe[ll}sq and Fe[lll],, and might be interpreted to reflect a biological control.
However, the measured difference in §°°Fe between Fe[II]aq and Fe[llI],g, isolated as
a solid by the addition of NaOH to the final solution at each time point under N»-
atmosphere, was in most cases and on average close to 2.9%o, consistent with
isotopic equilibrium between Fefll],q; and Fe[llI],q. The ferric iron precipitation
experiments revealed that the 8°°Fe of Fe[lll]aq is generally equal to or greater than
the 8°Fe of Fe[lll]yy, and fractionation between these phases decreases with
increasing precipitation rate and decreasing grain size. Considered together, the data
confirm that the iron isotope variations observed in my microbial experiments are-
controiled by non-biological equilibrium and kinetic factors, a result that aids our
ability to interpret present-day iron cycling processes but further complicates our
ability to use iron isotopes alone to identify biological processing in the rock record.
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FE(II) VE SULFURLU MINERALLERIN OKSIDASYONU SIRASINDA
' BIYOJEOKINIY ASAL ETKILERIN OKSIJEN, KUKURT VE FE
IZOTOPLARI ILE TAYIN EDILMESI

OZET

Bakterilerin katalize ettigi reaksiyonlar Fe, S, O ve C gibi birgok elementin
jeokimyasal dongiisiinde nemli yer alir. Siilfiirlii minerallerinin oksitlenmesi; degisik
jeokimyasal ortamlarda yaygn bir islem olup O, S ve Fe minerallerinin dongisiinii
kontrol eder. Ayrica, siilfiirlii minerallerinin oksidasyonu asit maden sahalari (AMS)
olarak ta bilinen gesitli gevre problemlerine yol agmaktadir. Bu tiir sahalarin yiksek
metal icerigine sahip olmasi ve <ekolojik hayati uzun siire etkilemesinden dolay:
iyilestirilmesi kagimlmazdir. Bu amagla, siilfirli minerallerinin  oksidasyon
mekanizmalarinin ortaya konmasi gerekir. Siilflirlii minerallerin bakteriler tarafindan
oksitlendigi yaygin bir gekilde kabul edilmektedir. Siilfir ve Fe (II) oksitleyen A.
Ferrooxidans bakteri tiirli, asit maden sahalarinda yaygin olarak bulunmaktadir. Bu
nedenle, siilfirli minerallerinin oksidasyon mekanizmasmin ve bakterilerin buna
katkisinin ortaya konmasi giincel ve eski ortamlarda siilfir ve oksijen dongusunun
anlasiimasina ve aym zamanda da asit maden sahalarimin iyilestirilmesi i¢in alnacak )
tedbirlerin belirlenmesine yardimei olacaktir.

Bu g¢ahsmada, bakteriyel reaksiyonlarn asit kosullar (pH<3) altindaki siilftirld
minerallerinin oksitlenmesine olan etkisi, siilfatin oksijen ve kiikirt izotop analizlerine
dayamlarak arastinlmustir. Bu amagla, pirit ve sfalerit gibi siilflirli mineraller biyolojik
ve kimyasal olarak farkh deneysel kosullar (aerobik ve anaerobik) altinda oksitlenmeye
tabii tutulmugstur. Cogu siilfiir mineralinin Fe (II) icermesi ve asit kosullar (pH<3)
altinda Fe (II)’nin Fe (IlI)’e oksitlenmesi genellikle ‘bakteriler tarafindan kontrol
edildigi icin, Fe (II) oksidasyonu sonucunda olusan Fe-oksitler, biyolojik izlerin ortaya
konmasina yardime: olabilir. Bu amagla, Fe (II) oksidasyon deneyleri kimyasal ve 4.

Ferrooxidans bakteri tiiriintin kullanimu ile bivojeokimyasal olarak gergeklestirilmis ve
oksidasyon firiinii olan Fe-oksit ve Fe (III) olusumlarimin & *®Fe izotop analizleri
yapilarak, biyolojik izler aragtinlmugtir. Siilfiirlii minerallerin ve Fe(II) oksidasyonunda
kullamlan deneysel metotlar, ilgili béliimlerde detaylar ile agiklanmigtir. Deneylerde
farkli mineraller kullanilarak, siilfiir mineralojisinin siilfatin oksijen izotop bilesimi
(8"%0s04) iizerine etkisi arastinimustir. Bu amagla, ilk deney seti pirit kullanilarak
gerceklestirilmistir. Ikinci deney setinde ise saf sfalerit minerali kullamlmigtir. Dogal
sfalerit minerali genellikle 6nemli detecede Fe (II) igerdiginden, liglincii deney setinde
% 12 Fe(ll) iceren sfalerit minerali kullamlarak, Fe (II)’nin sfaleritin oksidasyon
mekanizmasma ve dolayistyla olusan siilfatin oksijen izotop degerine olan etkisi
arastirimigtir. Fe (III) iyonu konsantrasyonun asit kosullar altnda yiiksek ve aym
zamanda silfiir iceren mineralleri icin de giiglii bir oksitleyici olmasindan &tlird,
anacrobik deneyler setlerinde Fe (III) oksitlevici olarak kullamilmigtir. Bu ¢aligmada,
anacrobik deneylere ait sonuclar aerobik deneylerle karsilagtirlmis ve molekiler
oksijenin oksitlenmedeki rolii ortaya konmaya ¢aligilmustir. Asit kosullar altinda, siilfat
ve su arasmnda oksijen izotop degisimi mimkiin oldugundan ve 50504 degerlerini



etkileyebileceginden dolayi, aerobik deneyler pH’a bagl olarak kisa ve uzun siireli
deneyler olarak gergeklestirilmigtir. Bu deneyler igin baslangic pH"1 3 olarak segilmis;
ksa sureli deneyler 20 giin sonra pH’2.7°de, uzun sureli deneyler ise 45 giin sonra pH’
2.1de sona erdirilmigtir. Asit kosullar altinda (pH<3) sfalerit ve galen gibi
monosiilfidlerin oksidasyonu sirasinda siilfiir (S°) olusumu yaygin olup bunlarin
oksidasyonu biyolojik reaksiyonlar tarafindan kontrol edilmektedir. Sfalerit
deneylerinde siilfiir olusumunu ve bunun §'30s04 degerlerine olan etkisini aragtirmak
amactyla, sfalerit deneylerine ek olarak aerobik siifiir oksidasyon deneyleri de
yapilmistir. Bu deneyler, sfalerit deneyleri ile aym kosullar altinda gergeklestirilmistir.

Boliim 2: Aerobik ve anaerobik biyolojik ve kimyasal pirit oksidasyon deneyleri.

Acrobik ve anaerobik kosullar altinda biyolojik ve kimyasal pirit deneyleri sonucu
olusan siilfatin oksijen izotop degerleri oldukga benzerdir. Kisa siireli biyolojik pirit
oksidasyon deneyleri sonucunda olusan siilfat, oksijeninin % 87’sini sudan, % 13’nu
.molekiiler oksijenden elde etmigtir. Diigik pH’li uzun siireli biyolojik deneyler
sonucunda olusan siilfat ise oksijeninin % 94’nu sudan elde etmistir. Kimyasal
deneyler sonucu olusan siilfat, oksijenin % 89’nu sudan saglamigtir. Silfat ve su
arasindaki oksijen izotopu ayrimlagma degeri (A"™®Os04.1120) biyolojik ve lumyasal
deneylerde oldukga benzerdir. Benzer iligki siilfat ve molekiiler oksijen (A 0504.02)
arasindaki oksijen izotopu degerleri iginde elde edilmigtir. Siilfat ve su arasindaki
kinetik oksijen izotopu ayrimlasma degeri (A'*Osossn0); kisa siireli b1y01031k deneyler
icin 5.3 %o, uzun siireli ve diisiik pH kosullarindaki biyolojik deneyler igin 3.8 %o
olarak hesaplanmugtir. Aym deger kimyasal deneyler gergeklestirildiginde 3.2 %o elde
edilmigtir. Siilfat ve molekiiler oksijen arasindaki oksijen izotopu ayrimlagmasi
biyolojik deneyler icin -21 % , kimyasal deneyler icin ise -29.7 %o olarak
hesaplanmistir. Bu. veriler, piritin klmyasal ve biyolojik deneylerde benzer oksidasyon
mekanizmasina sahip olduguna isaret etmektedir.

Aerobik 8'%0g04 degerleri ve yiiksek Fe (III) iyon konsantrasyonu, molekiiler oksijene
oranla Fe(lll) iyonunun pirit i¢in ana oksitleyici olduguna gostermektedir. Bu
oksidasyonda bakterilerin ana roli Fe (II)’yi Fe (III)’e oksitleyerek, piritin
oksitlenmesi icin gerekli olan Fe (III) iyonunu iiretmektir.Biyolojik ve kimyasal
karakterli anaerobik deneyler sonucunda olusan siilfat, oksijeninin tamamin sudan elde
etmistir (% 100). Siilfat ve su arasindaki kinetik oksijen izotopu ayrimlasma degeri
biyolojik deneyler igin 4.2 %o, kimyasal deneyler igin ise 3.5 %o olarak hesaplanmustir.
Biyolojik ve kimyasal deneylerden elde edilen benzer degerler, piritin Fe(III)
tarafindan kimyasal olarak oksitlenmesinin, biyolojik deneylere oranla daha baskin
oldugunu dnermektedir. Ote taraftan, acrobik kogullarda olusan siilfatin kiikiirt izotop
degerleri (6*Ssou), piritin kiikiirt izotop degeri ile uyum igersindedir. Ancak, anaerobik
kosullar altinda olusan siilfatin kiikiirt izotop degerleri, piritin kiikiirt izotop degerine
oranla 1%o oraninda *2S acisindan zeng1nle$m1$t1r

Boliim 3: Aerobik ve amaerobik biyolojik ve kimyasal saf ve % 12 Fe iceren
sfalerit oksidasyon deneyleri:

Aerobik kosulla.r altinda, saf ve Fe (II) iceren sfaleritlerin biyolojik oksidasyonu

sonucu olusan 880504 degerler,i siilfatin oksijeninin tamarmnin sudan elde edildigini
ortaya koymaktadir. Biyolojik deneylere karsihik, saf sfalerit 6mekleri iizerindeki
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yiiriitilen kimyasal deneyler, siilfatin oksijeninin % 60’nin molekiiler oksijenden
saglandifim gostermektedir. Siilfatin oksijen kaynagindaki farklilik, sfaleritin biyolojik
ve kimyasal olarak farkli sekilde oksitlendifini 6n plana ¢ikarmaktadir. Biyolojik
deneylerin sonuglar, Kelly (1982) tarafindan siilfiir mineralleri i¢in Onerilen teorik
oksidasyon mekanizmas; ile uyumlu olup elde edilen sonuglar aym zamanda bu teorik
calismayr da desteklemektedir. Herne kadar deney sonuglar, Onerilen reaksiyon
stokiyometrisinin sfalerit oksidasyonu sirasmndaki kiitle doniistimiinii agtklamasa da,
aslinda siilfatin oksijen kaynagim yansitmadigim gostermistir (reaksiyon 16, bolum 4).
Onerilen reaksiyon stokiyometrisine gore siilfat; oksijeninin tamamim molekiiler
oksijenden elde ederken, deneyler oksijen kaynagim su olarak yansitmaktadir. Siilfat
ve su arasidaki oksijen izotopu ayrimlagma degeri (A'®*Ososi20) kisa ve uzun siireli
biyolojik saf sfalerit deneyleri igin 9 %o ve 9 %o, demir iceren sfalerit deneyleri igin
ayn degerler sirasiyla 8.2 ve 7.2 %o olarak hesaplanmustir. Deney sonuglar1 arasindaki
benzer degerler, her iki sfalerit 6rnegi i¢in aym oksidasyon mekanizmasimt 6n plana
¢ikarmakta "ve ayni zamanda sfaleritin kristal yapisinda bulunan Fe(II)’nin, oksijen
izotopu iizerinde 6nemli bir etkisinin olmadifim yansitmaktadir. Sfaleritin (saf ve %12
Fe igeren) anaerobik kogullar altinda oksitlenmesi sonucu olusan siilfat, oksijeninin
tamamim sudan elde etmistir. Anaerobik kosullar altinda yapilan deneyler sonucunda
her iki sfalerit 5rnegi igin hesaplanan (A'®*Osos.m0) degerleri hem kendi igerisinde hem
de acrobik deneylerle . benzerlik gostermektedir. Bu sonuglar, oksijen izotopu
ayrimlagma degerinin, siilfit ve su arasindaki oksijen izotopu degisimi nedeniyle
olustufunu belirtmektedir. Oksijen izotopu aynmlasma degeri kimyasal saf sfalerit
deneyleri igin veri eksikligi nedeni ile hesaplanamamistir. Bununla beraber, biyolojik
deneylere oranla siilfatin farkli miktarda molekiiler oksijen igermesi, en azindan farkli
oksidasyon mekanizmasimin varhifin ortaya koymaktadir.

Aerobik biyolojik ve kimyasal siilfiir (kiikiirt) oksidasyon deneyleri:

Biyolojik siilfiir oksidasyonu sonucu olusan siilfatin oksijen izotop degerleri, sfalerit
deneylerinde oldugu gibi oksijenin kaynagm su olarak gostermistir (100 %). Siilfat ve
su arasindaki oksijen izotopu ayrimlasma degeri (AISOsm.Hzo) kisa siireli deneyler i¢in
8 %o, uzun sureli-deneyler igin 8.9 %o olarak hesaplanmistir. Bu degerler, aerobik
sfalerit deneyleri ile oldukca benzerlik igersindedir. Bu sonuglar, siilfliriin sfalerit
.oksidasyonu swrasinda olustugunu ve daha sonraki oksitlenme islemlerinin biyolojik
reaksiyonlar tarafindan kontrol edildigini gdstermektedir. Kimyasal siilflir oksidasyon
deneylerinin siilfat iiretmemesi bu sonugla uyum igersindedir. Sonug olarak siilfiir
oksidasyon deneyleri, sfalerit oksidasyonu sirasinda oksitlenen asil bilesimin sfaleritin
bilesimindeki silfid iyonundan ziyade, sfaleritin yiizeyinde olusan siilfiirden
kaynaklandifini desteklemektedir. Bu sonug, sfalerit ve siilfir deneyleri arasindaki
benzer oksijen izotop degerlerini de agiklamaktadir. Aymca, elde edilen veriler
anaerobik sfalerit oksidasyonu sonucu olusan siilfatin siilfiir izotop degerleriyle de
uyumludur. Sfaleritin yiizeyinden elde edilen kiikiirdiin 6*'S degerinin, sfaleritin 5>*S
degeri ile aym olmasi, sfaleritin anaerobik oksidasyonu sirasinda ana olusumun kiikiirt
olduguna isaret etmektedir. Saf ve Fe iceren sfaleritin biyolojik oksidasyonu sonucu
olusan 8"®0so degerleri birbiri ile benzerlik gdstermesine ragmen, piritin oksidasyonu
sonucu olusan §'®0gps degerlerinden farkhidir. Aym zamanda, oksijen izotopu
ayrimlagma degeri pirit ve sfalerit deneyleri icin farkh degerler ortaya koymustur.
Sfalerit deneyleri i¢in, siilfat ve su arasindaki oksijen izotopu ayrimlasma degeri ~9 %o
olarak hesaplanmigken, aym deger pirit deneyleri i¢in ~4 %o olarak elde edilmistir. Bu
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farkhlik, siilfat oluspumuna neden olan siilfiirin  kaynagim tayin etmekte
kullamlabilecegini gostermektedir. '

Boliim 4: Mikrbbiyolojik Fe (II) oksidasyonu ve Fe(Ill) ¢Gkelmesi sirasinda
olusan Fe izotop ayrimlasmasi. '

Giincel ve eski kayaglar icerisindeki Fe’li minerallerin kkeninin, Fe izotop degerlerine
bagh olarak yorumlanmasi, Fe izotoplanmin biyolojik ve kimyasal reaksiyonlar
sirasinda nasil aynmlagtim anlamamiza baghidir. Bu calismada, Fe(Il)’nin asit
kosullar (pH <3 ) altinda oksitlenmesi sonucu olusan ¢6ziinmiis Fe bilesiklerinin
(Fe[ll}aq, Fe[Ill]ag) ve aym ¢ozeltide ¢Skelmis halde bulunan Fe-oksitlerin (Fe[IIl]pp)
Fe izotop degerleri kargilastinlmigtir. Deneyler biyolojik ve kimyasal olarak
gerceklestirilmigtir. 4. Ferrooxidans bakteri tiri biyolojik deneylerde kullanilmus,
kimyasal deneyler ise sisteme bakteri eklenmeksizin steril ortamda gergeklestirilmigtir.
Deneylerde SO¢ve CI' tuzlan Fe(Il) kaynag olarak kullarilarak, oksitlenme ve
¢okelme sirasinda farkli Fe bilegiklerinin izotoplar lizerine olan etkisi arastirilmigtir.
Bu deneylere ek olarak, 2 ve 3 pH arabiklarinda  Fe(lll) ¢Skelme deneyleri de
yapilmigtir. Bu deneyler, ¢okelme hizimin Fe-oksitlerin izotop bilesimine olan etkisini
ortaya koymak amaciyla gerceklestirilmistir. Mikrobiyolojik Fe(Il) oksidasyonu
suresince, ¢bzeltide kalan Fe(Il)’nin 8°Fe degeri periyodik olarak olgiilmistiir.
8°Fe(Il) degerleri, Rayleigh tipi ‘bir davrams ortaya koymus ve Fe(Il) ve Fe(lII)
arasindaki izotopik ayrimlasma faktoril (Girei-Fefijaq ) ~1.0022 olarak hesaplanmstir.
Bu deger, hem kimyasal kontrol deneylerinden elde edilen deferden (Otre[imj-Fefiijag
~1.0034), hem de Fe(Il) ve Fe(lll) arasindaki izotopik degisim nedeniyle olusan o
degerinden farkhidir. Bu nedenle, ~1.0022 degerinin biyolojik reaksiyonlar: temsil
ettigi disiiniilebilir. Ancak, Fe(Il) ve N, atmosferi altinda NaOH eklenerek elde edilen
Fe(lll)’un 8%Fe degerleri arasindaki.farkin ortalamasi 2.9 %o dir, ve bu deger Fe(Il) ve
Fe(Ill) arasindaki izotopik degisim nedeniyle olusan o degeriyle uyumludur. Fe(IIl)
¢Okelme deneylerinde ¢oziinmiis halde bulunan Fe(IIl)’ in & SFe degeri genellikle Fe-
oksidin 8°°Fe degerine esit ya da daha biiyiiktiir. Bu fazlar arasindaki izotopik
ayrimlagma ise artan ¢dkelme hiziyla ve diisen tane boyuyla birlikte azalma seyri
igersindedir.

Biitiin deney sonuglar1 birlikte dikkate alindifinda, biyolojik deneylerde gozlenen Fe
izotop degisimlerinin denge ve kinetik gibi kimyasal faktorler tarafindan kontrol
edildigini ortaya ¢ikmaktadir. Sonug¢ olarak, giincel Fe dongiisiini yorumlamaya
yardmmel olacak bu veriler, kayaclarda kayitli biyolojik islemlerin tek bagina Fe
izotoplarina dayanarak ortaya koyma yetenegimizi de bir 6l¢iide kisitlamaktadir.
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1 INTRODUCTION

Sulfide mineral oxidation is a common chemical process in many environments,
including fresh and marine water, and soil, and is often related to biogeochemical
cycles, such as C, O and Fe. Sulfide mineral oxidation is also widespread and one of
the main processes in mine waste sites because mining activities expose sulfide-
mineral deposits to the atmosphere and facilitate oxidation processes. As a result of
these oxidation process a common environmental problem known as acid mine
drainage (AMD) occurs. These environmental problems have received increasing
attention due to their long-term environmental effects and high cost of remediation
efforts. In addition to the acid contribution to surface waters, AMD may contain
metals such as arsenic, cadmium, copper, silver, and zinc. The metal load causes
environmental damage, and is of great concern due to its ecological effects. Another
important characteristic of AMD sites is the widespread formation of iron oxides due
to excess biological Fe (II) oxidation following dissolution of pyrite or other metal
sulfides containing Fe (II). Fe oxides can scavenge metals and play a significant role
in the cycling of these metals in wétersheds. Furthermore, as strong oxidizers, Fe
(III) and Fe-oxides play significant roles in the oxidation of metal sulfides (Moses et
al., 1987; Luther, 1987; Schippers et al., 1999, 1996). Therefore, understanding of
iron oxides formation and the iron cycle are important for revealing metal sulfides
oxidation pathways in AMD sites. A sulfur and 'Fe(II) oxidizing bacterium,
Acidothiobacillus ferrooxidans, is commonly found in AMD. The assessment of
biological influences on sulfide mineral oxidation is not only important for
environmental aspects but also for understanding the sulfur cycle in modern and

ancient environments.

Despite increasing attention on the subject due to environmental concerns, oxidation
mechanisms of sulfide minerals are poorly understood. Most of the studies on metal
sulfides oxidation and the stable isotopes of sulfate focus on pyrite. There has been
no detailed study about the isotope composition of sulfate produced during oxidation

of the other metal sulfide minerals, such as sphalerite. To elucidate the oxidation



mechanisms of pyrite and other metal sulfide minerals from sulfate isotopes, the
possible effects of sulfide mineralogy on the sulfate isotopic composition and

biological influences must be examined.

This chapter explains the objectives of the study and provides an overview of the

stable isotope composition of sulfate (oxygen and sulfur isotopes) and Fe- oxides (Fe

isotopes).

Several broad questions for each chapter are summarized as follows along with the

objectives of the presented research.

Chapter 2:

1-What is the microbial influence on pyrite oxidation? Do oxygen and sulfur isotopes
in sulfate (8"*0so4 and 5*Ss04) reflect the oxidation pathway (biotic vs. abiotic) ?

Chapter 3:

1- Do 8"®0sos and &*Sgos values reveal microbial influence on sphalerite and

elemental sulfur oxidation?

2- Do éomparisons between the 8'%0gos and 8*Ss04 values of sphalerite and

elemental sulfur oxidation and thoée of pyrite oxidation, show the effect of sulfide

mineralogy on §'%0s04 and §**Sso4 values?
Chapter 4:

1-What is the microbial influence on Fe (II) oxidation and do the §°°Fe values of

different Fe forms (re am, Feox ) Teflect this influence?

1.2 The Oxygen and Sulfur isotope composition of sulfate

The applicability of stable isotopes to understanding and revealing the geochemistry
of metal sulfide oxidation arises from the fact that oxidation involves the interaction
6f sulfide minerals with water and atmospheric oxygen. The stable isotopes of
oxygen and sulfur provide the most direct record of this interaction through their

fractionation processes. Isotopic fractionation is a result of variations in the



thermodynamic properties of molecules that depend ‘on mass and of the related
equilibrium and kinetically controlled chemical and physical processes. Equilibrium
processes include isotopic exchange reactions, which redistributes isotopes among
molecules of different substances. Equilibrium isotope effects result from the affect
of atomic mass on bonding; molecules containing a heavier isotope are more stable
_than those containing a lighter isotope. Kinetic processes include irreversible
chemical reactions and physical processes such as evaporation and diffusion (O’Neil,
1986). Kinetic isotope effects are related to vibrational velocities associated with
lighter isotopes. It is easier to break bonds between elements with lighter isotopes
compared with heavier isotopes (Bachinski, 1969). For example, heavier isotopes of
oxygen (**0) will be more abundant in a solid than in a liquid of the same molecular
mass. Likewise, it is generally believed that biological processes will preferentially
use the nutrients with light isotopes (0) because of weaker bonds (Taylor, et al.,
1984). Therefore, biological reactions may produce different isotope signature than
abiotic reactions and this signature could be a useful diagnostic tool to trace the
oxidation pathways (biotic vs. abiotic). |

Stable isotope fractionation aésogiated with the oxidation of metal sulfide minerals
occurs due to various reactions involved in the oxidation processes (Figure 1.1).
Nordstrom (1982) provided an extensive review about biotic and abiotic oxidation of
pyrite oxidation. . Furthermore, Goldhaber (1983), Wiersma and Rimstidt (1984),
McKibben and Bames (1996), Luther (1987), Moses et al. (1987), Moses and
Herman (1991), and Rimstidt and Vaughan (2003) have made additional
contributions. All of these studies suggest that metal sulfide oxidation can be

mediated by biotic and abiotic reactions.

Although metal sulfide minerals can be oxidized by different reaction pathways
(biotic vs. abiotic), sulfate will be the dominant sulfoxyanoins at pH<3 (Mckibben
‘and Bames, 1986; Moses et al., 1987, Goldhaber, 1983). Therefore, if oxygen
 isotopes can be differently fractionated during oxidation processes and if the 5'¥0g04
values preserves the identity of its original source of oxygen (water and/or molecular
oxygen), the 8'®0go4 value can be used to elucidate reaction pathways (Taylor et al.,

1984; Taylor and Wheeler, 1994, Van Stempvoort and Krouse, H., 1994).
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Interpretation of oxygen and sulfur isotopes of sulfate requires an understanding how
oxygen and sulfur isotopes of sulfate are fractionated during the different reaction
pathways. Therefore, a controlled and detailed experimental investigation of different
oxidation pathways under different environmental conditions is necessary. These
detailed experimental studies, presented in chapters 2 and 3, may permit us to
determine whether the isotopic signatures of sulfate could be used to infer

mechanisms of metal sulfide oxidation (biotic vs. abiotic).
1.3 Fe(II) oxidation and Fe(IlI),q precipitation

Iron (Fe) is one of the most common metals in the earth’s crust and plays an active
role in many biogeochemical processes. The Fe isotope composition of Fe-oxides
may be used as diagnostic tool to understand bacterial influence on the Fe cycle. The
common source of Fe (II) in many environments is sulfide minerals, such as pyrite.

Fe (II} and metal sulfide oxidation at pH <3 can often co-occur.

In low pH environments, Fe (II) oxidation is largely driven by bacteria because of the
slower kinetics associated with chemical reactions (Savic et al., 1998; Stumm and
Morgan et al., 1998; Nordstrom et al.,1997; Lizama et al., 1989).

Clarification of the biological influence on Fe (II) oxidation may also help to trace
the biological signature during metal sulfide oxidation. Furthermore, ferric oxides
serve as important electron acceptors for metal sulfide oxidation in many aquatic and
terrestrial environments increasing the importance of understanding Fe (II) oxidation
and formation of Fe-oxides (Kappler, et al., 2004; Glasauer, et al., 2003; Lovely, et
al., 1987; 1986a and b).

Biological and non-biological Fe(Il) oxidation produce Fe(IlI)aq and Fe-oxides. The
amount and type of these Fe compounds is controlled by the pH of the solution and
the anion type in the environment. For example, at pH <3 , Fe(Ill)ag dominates over

the Fe-oxides, whereas Fe-oxides dominates at pH >4.

In addition to the biological effect, geochemical conditions may also influence the
type of Fe compounds. If the Fe isotope composition of Fe compounds such as Fe-
oxides, Fe (II) and Fe (III) can preserve these effects, then the 6°°Fe values can be

used to reveal these effects and their biological signatures. The research presented in



chapter 4 seeks to document the role of microorganisms during Fe (II) oxidation by
means of Fe isotopes. The results of this research may provide information needed to

trace biological signatures in the rock record.



2 OXYGEN AND SULFUR ISOTOPE SYSTEMATICS OF SULFATE
PRODUCED BY BACTERIAL AND ABIOTIC OXIDATION OF PYRITE

2.1 Introduction

Iron and sulfur are redox active elements and participate in a variety of geochemical
and biogeochemical processes. Pyrite, FeS,, is the most abundant metal sulfide and
therefore, its oxidation can regulate the biogeochemical iron, sulfur and oxygen
cycle. In addition to its role in the cycling of these elements in ancient and modern
environments, pyrite oxidation has received significant attention because of its
environmental impact in the formation of acid mine drainage sites (AMD).
Consequently, the understanding of oxidation pathways of pyrite (biotic and abiotic)
may help to minimize the formation of AMD and reveal sulfur, iron and oxygen

cycling in modern and ancient environments.

In AMD systems, oxidation of pyrite to sulfate is described by the following two
end-member reactions (Garrels and Thompson, 1960; Simmer and Stumm, 1970;
Taylor and Wheeler, 1994; Nordstrom and Alpers, 1999a); which differ in oxidizing
agents (molecular oxygen and ferric iron) and in their inferred oxygen sources (O

and H-0) to the sulfate product.

FeS, + 7/20, + H,0 — Fe?' + 280, + 2H" @.1

FeS, + 14Fe™ + 8H,0 —15Fe* +280,> + 16H" 22

Reaction 1 and 2 are termed the direct and indirect oxidation mechanisms,
respectively. The rate of Reaction 1 is enhanced by the bacterium Acidothiobacillus
ferrooxidans. The rate of reaction 1 is limited by the availability of dissolved oxygen
and therefore it could be the common reaction for pyrite oxidation under O,
saturation conditions. Compared to direct oxidation, Fe 3* can rapidly oxidize pyrite
abiotically and anaerobically via reaction 2. To maintain reaction 2, however, Fe i

must be regenerated by the following reaction.



Fe** + 1/40, + H' — Fe** + 112H,0 (2.3)

Under acidic conditions (pH<3), reaction 3 is the rate limiting step for reaction 2 and
bacterial oxidation of Fe** is several orders of magnitude faster relative to abiotic
oxidation (Schippers, et al. 1996,1999; Nordstrom et al., 1999, Stumm and Morgan,
1968). In addition to direct oxidation of pyrite, re-generation of ferric iron via
reaction 3 is generally mediated by bacteria in AMD sites. Consequently, the role of

iron and sulfur oxidizing bacteria are both very important in the oxidation of pyrite.

Oxygen of sulfate may come from either atmospheric oxygen or water during pyrite
oxidation. The large contrast in the oxygen isotope composition of molecular oxygen
6"*0=+235 %) and water (5180 <0.0 %) may provide an opportunity to reveal the
reaction pathways of pyrite by determining the relative source of oxygen in sulfate
based on its measured §'%0s04 value (Taylor, 1984). The 5'%0 value of the sulfate
produced during abiotic and biotic pyrite oxidation may vary depending on reactions
pathways and due to differences in the relative amount of molecular oxygen that
becomes.incorporated into sulfate (Lloyd 1968; Taylor et al. 1984; Van Everdingen
and Krouse 1985; Toran and Harris 1989). For example, according to the
stoichiometry of reaction 1, it can be predicted that the amount of oxygen in sulfate
derived from H>O would be 12.5% and the remaining 87.5% coming from molecular

O (Taylor et al., 1984; Van Everdingen and Krouse, 1985; Taylor and Wheeler,1994
).

Despite extensive studies, the key mechanisms which control the oxidation pathways
and rates of pyrite are poorly understood. This is partly because of the complexity of
the Fe-O-S redox systems and biogeochemical cycling of these elements. However,
most studies suggest that it is the Fe-S bond in pyrite that weakens during oxidation
rather than the S-S bond (Moses and Herman, 1991; Sato . 1992, Rimsdit et al.,
2003). According to this oxidation pathway:. the first step in the oxidation of pyrite is
release of Fe (II) to solution which leaves a S rich surface. Under acidic conditions,
surface studies have confirmed a sulfur rich layer on pyrite containing disulfides,
monosulfides and polysulfides (Sasaki,1994; Nesbit and Muir, 1994; Sasaki et al.,
1995). It is also suggested that this sulfur rich layer gradually undergoes oxidation to
thiosulfate and sulfate (Nesbit and Muir, 1994; Schippers et al., 1996: Guevremont et

al., 1998). Although molecular oxygen is needed for the release of iron from the
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pyrite lattice to initiate the reaction, most studies indicated that ferric iron is the
primary oxidant for pyrite in both biotic and abiotic systems (Moses and
Herman,1991; Wiersma and Rimstidt, 1984; Mackibben and Barnes, 1986; Moses et
al., 1987; Brown and Jurinack, 1989).

The greater reaction rate of Fe (III) with pyrite relative to O, has been explained by
Moses et al. (1987) and Luther (1987). They indicated that relative to dissolved ferric
iron, oxidation is less likely between paramagnetic O, and diamagnetic FeS,. Luther
(1987) explained that the faster rate of pyrite oxidation by Fe** was the result of Fe®*
binding directly to the pyrite surface via formation of a transition intermediate
oxidant ( i.e. persulfido bridge), which facilitates the electron transfer from highest

occupied molecular orbital of S, to the lowest unoccupied molecular orbital of Fe*™.

Although pyrite can be oxidized by different reaction pathways (Reaction 1 and 2;
biotic vs. abiotic), sulfate will be the dominant sulfoxyanion product at pH<3
(Mckibben and Barnes, 1986; Moses et al., 1987, Goldhaber, 1983, Schippers et al.,
1996, 1999). Therefore, if the §'®0so4 sulfate preserves the identity of its original
source of oxygen (water and/or molecular oxygen), the 5% 0504 value can be used to
elucidate reaction pathways which in turn could assist with the design of proper
remediation strategies for AMD sites (Taylor et al.. 1984; Taylor and Wheeler, 1994,
Van Stempvoort and Krouse, 1994). Schwartz et al. (1974) presented the first study
that illustrated a correlation between 6[80504 and 5'801.;.«0 during pyrite oxidation
experiments at pH ~7. They suggested that this correlation is due to rapid oxygen
isotope exchange between water and intermediate sulfite. Taylor et al. (1984)
measured §'*0s04 values from AMD systems at pH <3 and determined the kinetic
oxygen isotope fractionations for the incorporation of water and O, into sulfate
during biotic and abiotic oxidation of pyrite. They performed the experiments under
submerged and wet/dry conditions. According to these studies, biologically—
mediated reactions of pyrite produced sulfate enriched in 80 by ~3%o under
submerged and ~6%o under wet/dry conditions, respectively relative to abiotic
reactions. They attributed this enrichment to the incorporation of molecular oxyge

to sulfate as a result of bacterial metabolic activity. Krouse et al (1991) later
demonstrated the incorporation of 1¥0-1abelled O- into sulfate and water during

biologically mediated pentlandite oxidation by A. ferrooxidans. They also concluded



that the 5'® 0504 values from bacterial oxidation were higher than those produced by

abiologic reactions.

Because the oxidation of pyrite to produce sulfate requires the transfer of an average
of 7 electrons per sulfur atom to an aqueous oxidant, a number of intermediate sulfur
oxyanion species can be produced at various steps in the system (Basolo and
Pearson, -1967). Eacﬁ step may affect the isotopic composition of sulfate, such as by
oxygen isotopic exchange of oxyanion intermediates with water which would
increase the apparent contribution of H;O-derived oxygen to the sulfate product
(Taylor and Wheeler, 1994; Krouse et al., 1991; Van Stempvoort and Krouse, 1994).
Rimsdit and Vanguah (2003) suggested that molecular oxygen probably interacts
with Fe?* sites on the pyrite surface, but not directly with sulfur atoms. According to
this model, pyrite oxidation is electrochemical in nature and consists of three
different steps: 1) a cathodic reaction, 2) an electron transport and 3) an anodic
reaction. Although the nature of the cathodic reaction is not well understood, there is
evidence that electrons from metal rather than sulfur in the mineral are transferred to
the oxidant at the cathodic sites. At anodic sites, the oxygen atom of a water
molecule interacts with a sulfur atom to produce a sulfoxy species. As a result,
oxidation occurs at the anodic site. However, to initiate this oxidation, it is necessary
to remove the electron from cathodic sites. Therefore, the cathodic reaction is
thought to be the rate limiting step for oxidation. According to these reaction
mechanisms, water molecules seem to be the only source of oxygen for sulfate
during pyrite oxidation. Therefore, Rimsdit and Vanguah (2003) indicated that
reaction 1 does not accurately describe the mechanistic role of molecular oxygen in
the formation of sulfate from pyrite even though the reaction can describe the overall
mass transformation. In reaction 2, all oxygen atoms of sulfate are derived from
water (100 % ) and the oxygen source is consistent with the electron transfer
pathways proposed in the literature ( Moses et al., 1987, 1991). Consequently,
reaction (1) and (2) may only represent the net stoichiometry for overall mass

transformation and may not describe the actual source of oxygen atoms of sulfate.

The "0 value of sulfate may also be influenced by the isotopic enrichment factor
with respect to O; (g,) and water (gy). The isotopic enrichment may vary depending
on the reaction pathways. In general, €, appears to be more negative for bacterial

reactions (-11.4 %o) than for abiotic oxidation of sulfide (4.3 to —8.7 %o). Compared

10



t0 &, the value for € is less variable and generally falls between 0 and 4 %o (Lloyd
1968; Taylor et al. 1984; Van Everdingen and Krouse 1985; Taylor and Wheeler,
1994; Van Stempvoort and Krouse, 1994).

With respect to the sulfur isotope composition of sulfate, the oxidation of sulfide to
sulfate produces small or negligible sulfur isotope fractionation at low pH(<3)
(Taylor et al., 1984 ). Sulfur isotope enrichment factors (&) ranging from +2 %o to -5
%o have been reported for abiotic and bacterial oxidation of HS™ (Fry et al. 1984;
1988). However, € is generally considered to be 0 %o (i.e., no isotopic fractionation)
during bacterial and abiotic oxidation of solid phase metal sulfides as the mineral
surface becomes oxidized and dissolved “layer by layer” (Nakai and Jensen 1964;
McCready and Krouse 1982; Taylor et al. 1984; Taylor and Wheeler,
1994). Therefore, the 8°*S values of sulfate are generally indistinguishable from that
of the parent sulfide mineral (Taylor and Wheeler, 1994., Seal and Wandless, 1997).
However, experiments that involve aqueous sulfide oxidation to sulfate under neutra!
and alkaline conditions produced a negative kinetic isotopic effect (0 to 5 %o)
between sulfate and sulfide (Toran and Harris , 1989). Consequently, interpretation
of oxygen and sulfur isotopes of sulfate is not straightforward. In order to distinguish
the reaction pathways of sulfide oxidation based on the & **S and 5'*0 composition
of sulfate requires carefully controlled laboratory investigations where the & '*0 of
H->0, O,, and sulfate, and the & 33 of sulfide and sulfate are all measured under

different experimental conditions.

To date, there has been no systematic and detailed experimental study of the & **S
and 8"™0 of sulfate produced during biotic and abiotic pyrite oxidation. In this study,
I investigated oxygen and sulfur isotope composition of sulfate produced abiotically
and by A. ferrooxidans during aerobic and anaerobic pyrite oxidation. These
experiments were designed to mimic two common oxidation pathways (reaction 1
and 2) and as well as to determine other environmental effects on oxygen isotope
composition of sulfate. Consequently, these detailed experimental studies may permit
us to re-assess whether & >*Ssos and 8'*0go4 values can be reliably used to infer
mechanisms of pyrite oxidation (biotic vs. abiotic) and/or oxidation environments

(asrobic vs. anaerobic).



2.2 Experimental Methods
2.2.1 Pyrite preparation

Pyrite samples used in the current study were obtained from the Geology Museum of
the Colorado School of Mines, Golden, Colorado. The purity of the pyrite was
checked (~99%) by analyzing the elemental composition by ICP analysis at the
United States Geological Survey (USGS), in Denver, Colorado. Prior to use in all of
the experiments, the pyrite was ground and sieved. A grain size of < 63 pm was used
for the experiments. Iron and sulfur coatings on the pyrite surface were first cleaned
by boiling 10 g of the pyrite in 100 ml of 6 M HCI for approximately 15 minutes.
The pyrite was then subsequently rinsed three times with deionized water, followed
by rinses with acetone, and then dried under nitrogen atmosphere at room
temperature (Moses et al., 1987). For sterilization, the pyrite samples were soaked
with 70 % ethanol and spread in a thin even layer under UV radiation (germicidal) in
a sterile hood for~30 minutes to decontaminate the surface. These sterilization
methods were effective since contamination effects were not observed in the abiotic
control experiments. Following these treatments, the pyrite was immediately placed

in sterile experimental containers.

2.2.2 Bacterial culture preparation

The acidophilic Fe (1I)- and sulfur oxidizing bacteri, Acidithiobacillus ferrooxidans
(23270) (formerly, Thiobacillus ferrooxidans) was obtained from the American Type
Culwre Collection ( ATCC ) and used in all the biological experiments. Bacteria
were maintained in a modified 2039-ATCC medium which contains the following
per liter: 0.6 g NH4CI, 0.2 g MgCL.6H>0, 0.1 g Ko;HPOy; 7.1 g FeCl, and 1.5 g
FeSO4 and 5 ml Wolfe’s mineral solution (1.5 g nitrilotriacetic acid , 3 g
MgS04.7H;0, 0.5 g MnSO4.7H,0, 1 g NaCl, 100 mg FeSO4.7H,0, 100 mg
CoClL.6H,0, 100 mg CaCl,, 100 mg ZnS04.7H,0, 100 mg CuS0O4.7H,0, 10 mg
AIK(804),. 12H,0, 10mg H3BOs, 10mg NaMoO4.2H>O per liter) (ATCC web site).
The medium was prepared by adding the above to 800 ml of de-ionized (DI) water
which contain 5 ml of sulfate free Wolfe’s mineral solution. The medium used for

growing bacteria was adjusted to pH 2.3 with trace-metal grade HCI and autoclaved



for 25 minutes. FeCl, (7.1 g) and FeSO4 (1.35 g) salts were added as energy

substrates to 200 ml acidified DI water and immediately filter sterilized.

The salt medium and the Fe (II) solution were aseptically combined. A. ferrooxidans
was subcultured three times before being used in the final biological pyrite

experiments.

In order to prepare cell cultures for the experiments, 3 liters of 12 day old cultures
were first filtered using whatman #1 filter paper to retain the iron oxides and the

supernatant then centrifuged at 12000 rpm for 10 min to concentrate the cell pellet.

The resulting supernatant was washed twice with sterile-acidified DI water (pH 2)

and resuspended in a small volume of DI water. The cell suspensions were used as

inoculums the same day they were prepared.

Figure 2.1 Bacterial culture (4. ferrooxidans) used in the biological experiments

In order to determine the actual cell densities in the biological experiments, cell
numbers were estimated by the Most Probable Number Method (MPN) using the

ferrous sulfate medium previously described.

Five milliliters of the cell suspension which contain (~2.7 x 10’cell) was used for 250

ml medium in the biological experiments.

13



2.2.3 Aerobic experiments

In order to elucidate the reaction pathway of pyrite and the relative contribution of
molecular oxygen to sulfate, biotic and abiotic experiments were performed under O,
saturated conditions with continuous sparging with air.An initial pH of 3 was used
for all experiments. The biological aerobic experiments were designed both as short
and long-termto assess the integrity of the oxygen isotope composition of sulfate
with the extent of the reaction and decreasing pH with time. Oxygen isotope
exchange between water and intermediate sulfur species is possible over time and
will increase at lower pH (Llyod, 1968; Pearson et al., Holt et al., 1981; Fritz et al.,
1973). Short- term biological experiments were ended at pH ~2.7 (~20 days) while
long-termexperiments were ended at pH 2.1 (~44 days). These pH values mimic the
range observed in many AMD sites. Abiotic oxidation experiments were carried out
under identical conditions as the biological experiments except without addition of

the bacterial culture.

2.2.3.1 Aerobic biological experiments

For the bacterial experiments, sulfate and Fe(Il)-free medium was used as the
experimental solution (NH4CI, 0.6 g; MgCL,.6H-0, 0.2 g : K;HPO,, 0.1 g. Wolfe's
mineral solution, 5 ml ) and pH was adjusted to 3 with HCl at 25 °C. Wolfe’s mineral
solution was prepared with CI salt instead of SOs salt to prevent sulfate
contamination to the final experimental solution (1.5 g nitrilotriacetic acid , 3 g
MgS04.7H,0, 0.5 g MnSO47H,0, 1 g NaCl, 100 mg FeSO4.7H0, 100 mg
CoCL.6H,0, 100 mg CaCl,, 100 mg ZnSO4.7H,0, 100 mg CuSO4.7H,0, 10 mg
AIK(SO4)2. 12H,0, 10mg H3BOs, 10mg NaMo04.2H,0 per liter. The salts and 5 ml
of sulfate-free sterile Wolfe’s mineral solution were added to DI water. Trace metal
grade HCI was subsequently added to the medium to a pH of 3. The 250 ml of
medium was placed into acid washed 500 ml Erlenmeyer flasks and autoclaved at
121 °C for 20 minutes.

After autoclaving, the flasks were kept in the sterile hood under the UV for 25
minutes to decontaminate the surfaces of the flasks. Five hundred milligrams of

pyTite sample was sterilized and cleaned by the methods described previously and 5



ml (~2.7 x 107 cell/ml) of the 4. Ferrooxidans cell suspension was added to 250 ml
of medium.

To determine the kinetic oxygen isotopic fractionation effect (g,) during pyrite
oxidation and the relative contribution of water and molecular oxygen to the oxygen
of the sulfate product, four different bacterial incubations were made with waters
having different 5'%0 values of -15.3 %o, .-2.5 %o, 1.8 %o and 13%o. The experiments
were performed as duplicates for each given water. Therefore, 8 flasks for the short-
term and 8 flasks for the long-termbiological experiments were incubated in the
environmental room at 25 °C and continuously shaken (150 rpm) over the entire
period of the incubations. The flasks were covered with rubber stoppers fitted with
inflow and outflow tubes for aeration. Sterile air filters (0.2 um, whatman) were
connected to the inflow and exit ports to prevent microbial contamination and to
minimize evaporation. The flasks were continuously bubbled with compressed air
(General Air Company) and several tanks were used during these experiments.
During each set of incubations, additional biotic and abiotic laboratory experiments
with normal laboratory water (-15.3 %o) were also performed under identical
experimental conditions in order to monitor pH and the solution chemistry of the
solutions. Aliquots from these experiments were taken periodically to measure the

concentration of sulfate, Fe(IIl)ag, Fe(Il)aq and pH.

At the end of the short and long-termpyrite oxidation experiments, the solutions were
filtered (0.1 um,Milipore ) to remove iron oxides that may interfere with oxygen
isotope measurements of sulfate. Some portion of the filtrate was reserved for
oxygen isotope measurement of water and for sulfate concentration measurements by
ion chromatography. The water samples were kept frozen until oxygen isotope
measurements. To the remainder of the filtrate (~200 ml), a small amount of
concentrated HCI and 10 ml of 10 % BaCl; solution were added to precipitate SO; as
BaSO4 and the precipitate was allowed to settle overnight. The barium sulfate was
filtered and collected on a 0.2 um Millipore filter, washed first with 100 ml of 1IN
HCI, then rinsed 3 times with total 500 ml of DI water and dried for 24 h at 100 °C.
As a final purification step, all of the BaSO; powders were baked under an air
atmosphere at 500 °C for 2 h. This treatment was previously shown to effectively
remove any possible organic material and not interfere with 3'*0 measurements

(Mandernack et al., 2000).



Air samples from both biotic and abiotic experiments were collected in an evacuated
200 ml collection vessel at the end of the experiments and isotopically analyzed for
the '*0 isotopic composition of O; in the air. Prior to sampling the gas headspace, the
air source and exit port of the flask were closed and the air in the head space allowed
to mix a few minutes before drawing the gas sample. The air sample was collected

with a gas-tight syringe which was flushed twice before taking the final sample.

Figure 2.2 Experiments set up under aerobic conditions

2.2.3.2 Aerobic abiotic experiments

In order to accurately interpret whether bacterial mediation of pyrite oxidation can
produce sulfate with a 88004 value that has a distinct biological signature, abiotic
control experiments were performed under identical conditions as the biological
experiments.

To obtain enough SOy for isotope analysis, abiotic experiments were carried out in
500 ml of medium in 1 liter Erlenmeyer flasks. All experimental conditions and
surface cleaning methods were identical to the biological experiments, except that 1
g pyrite sample was used for 500 ml medium in order to keep the ratio of mineral
mass to solution volume (1g/500ml) the same as the biological experiments (500
mg/250 ml). Although the abiotic experiments were incubated for the same time
period as the long-termbiological experiments (44 days), due to slower rates of

oxidation the pH only dropped slightly to pH 2.8. This pH matched the short- term
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biological éxperiments. The pH, sulfate, Fe(Ill)aq and Fe(Il)aq concentration were
also monitored (Table 2.1).

2.2.4 Bacterial and abiotic anaerobic experiments

In order to determine the oxygen isotope composition of sulfate produced
anaerobically by ferric iron oxidation of pyrite (reaction 2), biotic and abiotic
experiments were carried out. For these experiments, 100 ml of the microbiological
medium, as described previously, was placed into 200 ml serum bottles and the pH
adjusted to ~2 with trace metal grade HCI. Lower pH was necessary to keep aqueous
Fe {fil) in solution. The serum bottles were then autoclaved for 20 minutes.
Afterwards, serum bottles were aseptically purged with nitrogen for 30 minutes by
using pre-sterilized inline gas filters (0.2 pm, whatman) at the both the inlet and
outlet in order to keep the medium sterile. After purging, serum bottles were kept
overnight in the anaerobic microbiological glove box to equilibrate with the
anaerobic atmosphere before starting the experiments. The atmosphere in the glove
box consisted of 5 % CO,, 5 % Ha, and 90 % Nz. For the ahaerobic experiments,
~200 mg of pyrite was cleaned and sterilized according to the methods described
above. The ferric iron used in these experiments was prepared by dissolving ferric
chioride (FeCl;) into acidified DI water (pH 2), then filter sterilized ( 0.2 pm,
whatman) and aseptically purged with nitrogen for ~25 min. The ferric iron stock
solution (IM) was kept inside the anaerobic chamber until used. To 100 ml of
microbiological medium, 200 mg of pyrite, 1 ml of the cell culture (2.7 x10 7 cells/ml
) and the FeCl; solution (10mM final) were added to each 200 ml vial and then
sealed with a gas headspace inside the anaerobic chamber. As a final step, the serum
bottles were covered with aluminum foil to prevent iron photo oxidation/ reduction
and placed in an environmental room at 25° C. The vials were shaken continuously at
150 rpm during the entire incubation period (35 days). Abiotic experiments were
prepared under identical conditions except that no bacterial culture was added. Biotic
and Abiotic experiments were performed in duplicate and concentrations of Fe(Il)

and sulfate were monitored during the course of the experiments (Table 2.2).

Three different 5'°0 value waters (-15.3 %o, -2.5 %o, 1.8 %0) were used for the
biological and abiotic anaerobic experiments in order to determine the kinetic

isotopic fractionation effect between water and sulfate during pyrite oxidation.
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Figure 2.3 Experiments set up under anaerobic conditions

2.2.5 Oxygen and sulfur isotope analyses of SO4 from AMD sites

In order to determine whether the results from the laboratory experiments could be
used to predict the oxygen isotope composition of natural sulfate and to characterize
the biotic or abiotic oxidation pathways of pyrite in AMD environments, sulfate
samples were collected from drainage waters of the Quartz-Hill and Argo tunnel
AMD sites in Colorado. Quartz-Hill and Argo tunnel are part of the same mining
sites and are connected with the each other. The Quartz-Hill mining district, near
Central City, exploited veins of gold, silver, uranium and base metals. In 1893, the
Argo tunnel, located in Gilpin, was constructed to drain ground water from the mine
workings in Central City. Sulfide minerals in 26 veins intersect the Argo Tunnel and
include pyrite, chalcopyrite, tennantite (Cu3AsS;2s), enargite (CuzAsSy), sphalerite
and galena (Wentz, 1975; Simms et al., 1963). It was reported that the acid waters
draining from the Argo tunnel in the period January 1976 to March 1977 had a
relatively constant pH of 3.0 and temperature of 16 °C (Wentz,1975). Water samples
from Quartz-Hill pond and Argo Tunnel were collected from 2000 to 2003 (Table 6).
Due to freezing, only a couple of winter samples were collected. Water samples were
filtered (0.1um, Millipore) in the field, and the filtrate reserved for sulfate
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concentration measurements. Water was also collected in 12 ml glass vials for
3'®*Oupo analysis. In addition to pH, aqueous Fe (II) and Fe (III) were measured in the
field using a DR/700 Hach colorimeter.

2.2.6 Isotopes analysis of sulfate

For all the incubation experiments and field samples described above, sulfate for
isotopic analyses was collected by precipitation as BaSO, by addition of a few ml of
a 10% solution (wt/wt) of BaCl,. The BaSO4 samples were dried and homogenized
by grinding. As a final purification, prior to §*S and §'%0 analysis the samples were
baked at 500° C for two hours to remove possible organic contaminants as described
elsewhere (Mandernack et al., 2000). Sulfur and oxygen isotope ratios of samples
were determined by continuous flow isotope ratio mass spectrometry (CF-IRMS)
using an elemental analyzer (6 34S) or a Thermo-Finnigan TC/EA at 1450°C (5'%0)
coupled to a gas source mass spectrometer. Reproducibility of the 6**S and 8'%0
values for sulfate were generally better than + 0.5 %.. The oxygen and sulfur isotope
results of this study are referred to in the standard & notation, an expression of the per
mil deviation of the sample with respect to a given standard. For 3'°0 and &S,
Standard Mean Ocean Water (SMOW) and Canyon Diablo Troilite (CDT) are the

respective standards. For 8'°0 the & notation is expressed as follows:

8"*0smow)sample = [(**0/"*0sample)/(**0/"*Osmow) -1] x 10°

2.2.7 Analytical approach for oxygen isotope composition of sulfate

Analyses of the oxygen isotope composition of sulfate produced during the aerobic
biotic and abiotic pyrite oxidation experiments revealed that oxygen atoms of sulfate
are derived both from water and molecular oxygen. Furthermore, kinetic oxygen
isotopic fractionation effects are expressed for both sources of oxygen. Therefore,
interpretation of §'® Ogpy values are not straight forward and determination of the percent
oxygen in the sulfate derived from H,O and O, is necessary. The linear relationship
observed between 8" Ogos and 800 (for 3 different 3'® O waters) was used to estimate %
oxygen incorporation to sulfate from H,O and O.. The slope (m) of this line estimates the %
contribution of oxygen to sulfate from water and 1-m represents the % contribution of

oxygen to sulfate from O,. Based on the values of the % oxygen contribution to the
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sulfate from H-0 and O,, the fractionation of oxygen isotopes between SO4 and H,0
and between SO, and O, can then be estimated by a least squares method
(Mandernack et al., 1995). The measured §'30so4 value is defined by the following
equation:

8%0s0= X. (8"*Osor.02 ) + (1-X)(&sosx20 + 8" Ot0) (2.4)

In equation (4), X represents the fraction of oxygen in sulfate derived from O, and
(1-X ) the remaining fraction from H,O. Sso;.mo is the kinetic isotope fractionation
effect between SO4 and H,O and §'®0so4.02 is the isotopic value of SO4 derived from
O, (i.e., the isotopic value of sulfate if all of its oxygen atoms came from O,). The
estimated value of 5'*0s04.0, minus the measured §'30 value of the 02 gas yields
€s04-02, the isotopic fractionation between O, gas and sulfate. Thereforé, equation 4

can be re-arranged by multipiying the terms in the second parameter of equation 4:

which rearranges to
8'%050s = X. (6"0s04-02 ) + 5041220+ 8" ¥0n20 X €5044120 - X 8'*Opo (2.5)
8'*0s04- 8"*O0+ X 8"* 010 = X. (8"*0s04-02 ) + (1-X) €s04-1120 (2.6)

Equation 6 can then be rearranged in order that the unknown values, 8'®Oso4.02 and
€s04-H20, are expressed as multiples of the known or measured values (6180504,

5'30u0, and X), in the following mass balance equatiqn

1= {X/ 8'*0s04 + (X-1) §'*Opz0} 6050402
+{ (1-X)/ 8"%0s04 + (X-1) 8"*0mz0} 8504120 2.7)

fr—

{X/ 8'%0'so4+ (X-1) 8”010} {(1-X)/ 8"*0's0s + (X-1) 8'*0'no} | | 1

{X/ 80%04+ (X-1) 8°0%o} {(1-X) 8" O%so04+ (X-1) 800} | |1 | |8"Osonc2

{X/ 80504+ (X-1) 8" 0o} {(1-X)/ 80504+ (X-1) 80’0} [X 1

1X7 8"0%0s + (X-1) 80" 10} {(1-X)/ 88004+ (X-1) 800} | | 1
{X/ 80504+ (X-1) 8" 0% o} {(1-X)/ 88 0%s0s + (X-1) 8" 0% 0} | | 1 €S04-H20
| IX/8"0%04+ (X-1) 800} {(1-X)/ 8"°0%s04+ (X-1)8°0%o | L | |
N\ —
A Y =X
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The least squares solution is then:

—\ -\
X=(ATA)'AT+Y

2.3 Results
2.3.1 Aerobic experiments

According to the rates of sulfate and Fe(Ill) .4 production under the aerobic
experimental conditions, 4. ferrooxidans oxidized pyrite at faster rates relative to the
abiotic experiments (Table 2.1, Figs.2.4a and b). Sulfate production in the abiotic
incubations (44 days-0.87x10” mg/FeS,-day) was significantly less than in the biotic
experiments (44-days 0.051 mg/FeS;-day) (Table 2.1 ).

In the biological experiments, sulfate concentration consistently increased until day
27 when the pH had dropped to 2.5 (Fig. 2.4a.). Although pH continued to drop to
2.1 at day 44, the sulfate concentration decreased relative to day 27. This decrease in
the sulfate concentration could be 'due to the precipitation of ferric iron sulfate

mineral such as jarosite (Blowes et al., 2003, Jambor et al., 2003).

At this point, there was also a decrease in the ferric iron concentration (Fig. 2.4a).
Although the solid phase formed during the oxidation experiments was not
determined by X-ray diffraction, after filtration the filter was red indicating the

presence of solid iron oxides.

X-ray diffraction analyses of iron oxides precipitated during oxidation of Fe(Il) by
replicate cultures of A. ferrooxidans have indicated the presence of sulfate-bearing
schwertmannite and jarosite (unpublished results), consistent with A.ferrooxidans
being able to oxidize Fe(Il)sq faster relative to chemical oxidation of Fe(Il)aq at pH
<3.0 (Nordstrom and Southam, 1997).
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Figure 2.4a. Solution chemistry during aerobic bacterial pyrite oxidation
experiments. Sulfate concentration, . Fe(IIl) concentration, g .
Fe(II) concentration, A. pH of the solution, @ .
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Figure 2.4b. Solution chemistry during aerobic abiotic pyrite oxidation experiments
Sulfate concentration,> . Fe(IIl) concentration,[] . Fe(Il) concentration,
.. pH of the solution, O .



The short-term biological experiments were terminated when pH reached ~2.7 after
20 days. Sulfate and ferric iron concentrations were measured as 597 mg/L and 437

mg/L, respectively (Table 2.1).

The Fe (III) ag concentration was also higher in the biological experiments compared
to abiotic experiments (Figs. 2.4a and b). The long-termbiological experiments were
ended at pH 2.1 after 44 days. Although abiotic experiments were maintained for the
same time period as the long-termbiological experiments (44 days), the pH only
dropped slightly to 2.8 which approximated the final pH of the short-term biological
experiments (Fig.2.4b).

2.3.2 Anaerobic experiments

The chemical and isotopic results of sulfate from the biotic and abiotic anaerobic
experiments are provided in Tables 2.2 and 2.4. The increase in sulfate

concentration during both 35 day incubations was very similar.

0.25 -

0.20 -

0154 ¢

0.10 -

*0
o .
*0

0.05 o

Sulfate production rate (ing/mg FeS2*days

0.00 L4 L) L] , 1

Days

Figure 2.5 Sulfate production rate during anaerobic pyrite oxidation. Bacterial
experiments, ¥. Abiotic-control experiments, <.

These results suggest that chemical oxidation may have been dominant in both
experiments. In the biotic and abiotic anaerobic experiments, the rate of sulfate

production generally decreased with time (Table 2.2).
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This decreasing. trend could be indicative of formation of different S-oxyanions and
thus incomplete oxidation to sulfate.Precipitation of sulfate-bearing minerals (e.g.
jarosite) might also contribute to this decrease. These observations appear to be
consistent with an increase in the Fe (II) aq concentration which was produced as a

result of pyrite oxidation by ferric iron.

2.3.3 Oxygen and sulfur isofopic composition of sulfate produced under aerobic
conditions

Table 2.3 shows the §'30 and &*S values of sulfate formed during the biotic and
abiotic pyrite oxidation experiments. Both experiments indicated that the 8% 0504
values show a strong linear dependence (1.'2 > 0.99) on the §'%0 of water (Fig. 2.6). In
the short-term biological experiments, the linear regression between '*Osos4 and
5'%0 o has a slope of 0.87+0.06, indicating that 87 % of the sulfate-oxygen is
derived from H,O and the remaining 13 % from O, (Fig. 2.6). The incorporation of
water-oxygen into sulfate increased with the extent of the reaction as inferred from a
greater slope of 0.94+0.09 in the long-term biological experiments (Fig.2.6). The
aerobic abiotic-control experiments produced sulfate that had similar §'®Osoq values
 as the short-term biological experiments, the 5'®0so4 versus 8'®Oypo plotting with a
slope of 0.89. These results suggest that approximately 11 % of the oxygen atoms in
sulfate are derived from O,. Standard deviations were generally low for the slope and
the intercept of all plots: =+0.06, =0.09, +0.38 for the slopes of the short-term
biological experimenté, thev long-term biological experiments; and the abiotic
experiments, respectively. The respective values for the y intercept of each plot were
= 0.6, = 0.5, + 3.8. In the biological experiments, there were small increases in the
8'30 1o during the incubations which was attributed to the evaporation. Most of
these inére‘ases were ~ 1%o or less, with the exception of one long-term bacterial

experiments that showed a 2 %o increase (Table 2.3).

The kinetic oxygen isotope fractionation effect berween sulfate and water (A'*Og0s.
120) and between sulfate and O, (A180504.oz) was calculated for the short and long-
term biological and abiotic experiments. Using the least squares and matrix analysis,
the fractionation effect of oxygen isotopes between sulfate and water was estimated
to be 5.3, 3.8 %o for the short and long-term biological experiments, respectively and

3.2 %o for the aerobic-abiotic-control experiments (Table 2.5).
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Table 2.3 Oxygen and sulfur isotope composition of sulfate from bacterial and

abiotic aerobic pyrite oxidation experiments.

8" Or201nitial %0monmat  AvE.3"0s0;  Avg.8¥Sgo”
Biological (%o) (%o} (%o) (%o)
Short-term -15.3 -14.8 -1.5 2.3
-15.3 142 -8.4 2.4
2.5 -1.8 3.2 2.3
2.5 2.4 2.5 2.4
1.8 1.7 6.3 2.4
1.8 1.6 6.0 2.4
13.2 12.5 15.5 2.3
Long-term
-15.3 -14.3 9.9 22
-15.3 -14.0 94 2.5
2.5 -1.4 35 2.5
2.5 -1.5 2.1 2.4
1.8 3.7° 6.9 2.3
1.8 2.9 6.2 2.4
13.2 13.0 15.6 2.4
Abiotic Long-term -15.3 -14.7 -8.6 2.1
2.5 -1.6 3 2.1
1.8 1.4 32 2.5
13.2 12.5 16 2.1

# sample with highest evaporation effect

b 8**Ss0s of pyrite used in experiments was 2.320.5 %o

The **Sso4 values showed insignificant fractionation (<0.2 %) compared to the
sulfur isotope value of pyrite (Table 2.3). Sulfur isotope fractionation was

determined as the difference between the §**Sgos and 53 4S’Fesz (A34 Ss04-Fes2)-

2.3.4 Oxygen and sulfur isotopes of sulfate produced under anaerobic
conditions '

The 8"%0s04 values from both biotic and abiotic anaerobic experiments when plotted
relative to 800 yielded slopes of 0.99 and 0.97, respectively and suggest that
most of the oxygen in sulfate is derived from H,O (Fig. 2.7). These results are
consistent with the fact that only water was available as an oxygen source to sulfate

under anaerobic conditions.
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Figure 2.6 Relationship of the '*0 of the SO; produced during aerobic pyrite
oxidation experiments relative to the 5'°0 of the experimental H,O.
Abiotic-control experiments (pH 2.8, 44 days), O. Short term bacterial
experiments (pH 2.8, 20 days), @. Long term bacterial experiments (pH
2.1, 44 days ), ¢

The standard deviations for the slope and y intercept were small, respective values
for the biotic experiments were +0.2 and + 1.1 and + 0.02 and + 0.2 for the abiotic
control experiments. The determination of the kinetic oxygen isotope fractionation
effect between sulfate and water (A'*Osos110) from the anaerobic experiments was
straightforward. Because all oxygen atoms to sulfate are derived from water, the y-
intercept obtained from the linear relationship between 8'°0sos and 8Om0
approximates the kinetic oxygen isotope fractionation between sulfate and water. The
fractionation was determined as 4.2 %o and 3.5 %o for the biotic and abiotic
experiments, respectively (Table 2.5). In general, these values are in good agreement
with those estimated from the aerobic experiments. These results suggest that both
the biotic and abiotic systems fractionate the oxygen isotopes similarly. Therefore
the 8'®0s04 values produced biotically and abiotically under anaerobic conditions by

biotic and abiotic reactions may reflect the same 8’80504 value.
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Table 2.4 Oxygen and sulfur isotope composition of sulfate from bacterial and
abiotic anaerobic pyrite oxidation experiments

8®Opa0mita 5" *Omzofna  6'°Os04 8*Sso4"
Biological (%) (%o) (%) (%)
-154 -14.0 -9.2 1.6
-154 -15.4 -11.1 1.6
-154 -15.3 -11.3 1.7
-3.2 -4.9 -0.2 1.6
3.2 2.2 6.1 1.0
Avg. 1.5
Abiotic -15.4 -15.4 -11.6 1.6
-15.4 -154 -114 1.7
-3.2 -4.2 -0.6 1.7
3.4 51 1.7 1.5
34 2.7 6.2 ' 1.5
Avg. 1.4

2 5**Ss04 Of pyrite used in experiments was 2.320.5 %o

The 8**Sgos values from the anaerobic experiments showed significant sulfur isotope
fractionation (~-1 %) compared to aerobic experiments (~0 per mil). This
fractionation was observed in both the biotic and abiotic —control experiments (Table

2.4).

2.3.5 Natural sulfate samples

Chemistry, 8**Ss04 and 8]80504 values for waters collected from the Argo Tunnel and

QHill AMD sites are reported in Table 6. The range of pH measured was 2.3-3.0.

Sulfate concentrations varied from ~300 mg to 4000 mg at QHill and from 2700 mg
to 3800 mg at Argo Tunnel. Fe (III) aq concentration is always higher than Fe (II) aq
at both sites. The highest §'®0go4 values were observed during winter and spring
times at both sites (Table 2.6). The range of A'®Osoan0 is 3.5-8 %o for QHill and

4.5-6.8 %o for Argo Tunnel. The larger values of A*Osoqmo are consistent with the
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kinetic isotopic effects observed in the aerobic short-term biological experiments

(Asost20= 5.3%0) (Table 2.5). .

8.0 -
4.0 -
0.0 -
=S
% 4.0
=
b
© 80
% y=097x£0.02 +3.5£0.2 1" =1.00
-12.0 1 TS 2
¥ =0.99%£0.1 +4.241.1 " =0.99
-16.0 ; : . -
-16.0 -11.0 6.0 -1.0 4.0
18

Figure 2.7 Relationship of the §'0 of the SOs produced during anaerobic
experiments (pH: ~2 35 days) relative to the 80 of the experimental
H,0. Bacterial experiments, €. Abiotic experiments, &

Based on the kinetic oxygen isotopic effect between SO4 and O, and SO4 and H.O
determined from the laboratory experiments (Table 2.5) and.measured '8 0504 values
from the field sites, the percehtage of water-oxygen incorporated into sulfate was
estimated to vary from 88- 117 %. These results indicate that the oxygen isotope

composition of sulfate is largely controlled by the isotopic composition of water.

The §**Sso4 values varied from 0 to -1.4 %o at the QHill site and -0.5 to -2.3 %o at
Argo Tunnel. The higher Fe concentration compared to other metals at QHill may

suggest that pyrite is the main sulfur source for sulfate.

The 6*S values of five pyrite sample from Quartz Hill were 0.72+0.1 %o and -
1.2+0.1%o for Argo Tunnel (n=3)
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2.4 Discussion

2.4.1 Pyrite oxidation

Sulfate Production Rates (SPR) from my experiments can be used to estimate the
rates of pyrite oxidation under aerobic and anaerobic conditions. Although these
estimates carry some uncertainty because other sulfur species, such as elemental
sulfur, could also form in the system as products (Schippers, et al., 1999,1996).
However, Schippers et al., (1996) reported less than 1 % of the total sulfur was
elemental sulfur with pure cultures of 4. ferrooxidans grown under aerobic
conditions. It would be expected that under aerobic conditions, pyrite can be
oxidized by Fe(Ill);q and O,. Since bacteria would catalyze oxidation of Fe(Il) to
Fe(Ill) and in turn Fe(Ill) oxidizes pyrite, sulfate production rate was higher
compared to aerobic abiotic control experiments. Although both Fe(IIl) and O, may
also contribute to oxidation of pyrite in the abiotic experiments, pyrite oxidation by
ferric iron was probably insignificant since chemical oxidation of Fe (II) is very -
slow at pH <3. Although both Fe(IIl) and O, may also contribute to oxidation of
pyrite in the abiotic experiments, pyrite oxidation by ferric iron was probably
insignificant since chemical oxidation of Fe D is véry slow at pH <3. Therefore,
aerobic abiotic reactions showed the lowest SPR (44 days-0.87x1 03 mg/FeS)-day) of
all the pyrite oxidation experiments and may represent the lower limit for SPR at pH

<3 (Table 2.1).

At low pH pyrite oxidation appears to be primarily controlled by biological reactions.
Sulfate production rate is generally similar in the anaerobic biotic and abiotic
experiments (Fig. 2.5, Table 2.2), suggesting that chemical oxidation of pyrite by
ferric iron dominated in both. The sulfate production rate from the anaerobic
experiments is lower than the aerobic biotic .but higher than the aerobic abiotic

control experiments.

The decreasing trend in the rate of sulfate production under anaerobic conditions
could be related to formation of other non-sulfate sulfur species such as elemental
sulfur. Based on the Fe(Il), concentration and the stoichiometry of the reaction 2,
the concentration of sulfate was calculated and compared to sulfate concentrations

measured directly by IC (Table 2.2).
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The difference in the measured and estimated concentrations of sulfate for the
anaerobic experiments indicated that ~10 % of the pyritic sulfur consisted of a
different, non-sulfate sulfur species. This determination appears to be consistent with
results of Schippers et al. (1999) who reported the elemental sulfur formation during
chemical oxidation of pyrite by Fe(Ill)aq but not in the experiments carried out with
pure cultures of A. ferrooxidans under atmospheric conditions. This suggésts that
elemental sulfur most likely occur during chemical oxidation of pyrite but not during
biological oxidation. These results Ihay also explain why there was ~ -1 %o sulfur
isotope fractionation during anaerobic oxidation but not during aerobic biological
oxidation. Consequently, the rate of pyrite oxidation under anaerobic conditions can
be underestimated based on the sulfate production rate, but this does not invalidate

comparisons between the various experiments.
2.4.2 Reaction mechanisms of pyrite oxidation under anaerobic conditions

Reaction 2 (see page #7) should be the sole reaction mechanism for anaerobic pyrite
oxidation since ferric iron is the only oxidizing agent. In reaction 2, all oxvgen atoms
of sulfate are derived from water (100 % ) and the oxygen source is consistent with
the electron transfer pathwayvs (Moses et al., 1987, 1991). The anaerobic biotic and
abiotic experiments produced very similar 8'®Oso4 values that indeed reflect the 100
% water-oxygen (Fig. 2.7). The interaction between pyrite and water occurs through
the formaﬁdn of an aqua-Fe(Ill) complex (Moses et al., 1991). In this model, the
aqua-Fe(TIT) complex can react with pyrite by transferring a hydroxyl radical from its
water molecules to the sulfur side of pyrite. This explains why water is the oxygen
source for sulfate during oxidation of pyrite by Fe (III) complexes and is consistent

with my experimental results.

The kinetic oxygen isotope fractionation (A'®Ogoa110) is estimated to be 4.2 %o and
3.5 %o for the biotic and abiotic experiments, respectively (Table 2.5). These results
are consistent with the range measured by previous studies (0—4.1%0)'(see Table 2.5)

(Lloyd, 1968, Van Everdingen, 1985, Taylor, et al., 1984, ).

Although it is reported that 4. ferrooxidans is able to ‘grow under anaerobic
conditions by using Fe (III) as an electron acceptor (Suzuki et al., 1990; Pronk et al.,
1990; Sugio et al., 1985), the similar 5'%0504 values from the biotic and abiotic
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éXperiments may suggest that abiotic oxidation of pyrite by Fe(lll)a; was rate
controlling and faster when compared to bacterial reactions. Therefore, bacteria may
not be able to compete with Fe(Ill) driven abiotic oxidation. The similar kinetic
oxygen isotope fractionation effects between the biological and abiotic control

experiments are consistent with this idea.

Kinetic oxygen isotope fractionation effect (~4%o ) between sulfate and water
obtained from the anaerobic experiments show the similarity to that from the aerobic
long-term biological experiments (3.8 %o) (Table 2.5). When the similar percentage
of water—oxygen incorporation into sulfate during both experiments are considered,
this fractionation effect may represent pyrite oxidation which produced sulfate that
has ~100 % water-oxygen at pH ~2. Water-oxygen incorporation into sulfate is
generally attributed to chemical oxidation of pyrite by Fe(Ill)aq (reaction 2) which
required acidic conditions (pH <3).

Because the solubility of Fe (II)-oxides is very' low and the concentration of soluble
Fe (III) could be too low for FeS, oxidation at higher pH values, pyrite oxidation by
Fe(Ill) can be dominant in acidic environments (pH<3). Schippers and Jorgensen
(2001) investigated pyrite and iron monosulfides (FeS) oxidation in marine
sediments by using NO3", Fe(Ill) oxide and MnO, as electron acceptor. In chemical
experiments, they reported that FeS, and FeS was oxidized by MnO, but not with
NO;" and Fe(III) oxide. In a different study, they carried out tracer experiments with
labeled 55FeSz by using NOs7, Fe(III) oxide and MnOs as electron acceptor to
investigate FeS, and FeS oxidation in anoxic marine sediments (Schippers and

Jorgensen, 2002).

They showed that in experiments with anoxic sediments slurries, dissolution of
tracer-marked **FeS, occurred only with MnO;, consistent with the results of the
earlier study. They concluded that MnO, and O,, but not NO;3™ and Fe(III) oxide are
chemical oxidants for FeS, and FeS. Although their experimental studies contradict
with my study here, it suggest that pyrite oxidation by Fe(IIl) is likely dominant at
low pH conditions. Therefore, ~ 4%0 kinetic oxygen isotope fractionation effect
between sulfate and water estimated in this study could be a good indicative of

chemical pyrite oxidation by Fe(IlI) for terrestrial environment at pH <3.
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2.4.3 Reaction mechanisms of pyrite oxidation under aerobic conditions

Aerobic experimehts may give an opportunity to reveal the role and the relative
contribution of O, into sulfate during pyrite oxidation.

Although reaction 1 and 2 (see page 7) are commonly used to describe pyrite
oxidation, the real oxidation mechanisms are much more complex due to the high

number of electron transfers to produce sulfate (Seal, 2003; Rimstidt et al., 2003).

Both the biotic and the abiotic experiments showed that most of the sulfate oxygen is
derived from water. The range of water-oxygen (87-95%) incorporated into sulfate in
my experiments are consistent with previous studies (Taylor et al., 1984ab; Krouse et
al., 1991, Van Stempvoort, 1994). Based on Fig. 2.6 it appears that SO4 produced via
bacterial - or abiotic reactions has indistinguishable 8'0 values and similar
percentage of water-oxygen (Table 2.3). The similar percentage of water-oxygen
incorporation into sulfate between bacterial and abiotic control reactions in my
experiments are consistent with aerobic submerged pyrite oxidation experiments
performed by Taylor et al. (1984). Taylor et al. (1984) investigated §'*Ogso4 and
8**Sso4 values produced during biological and abiotic pyrite oxidation at pH 2 under
submergéd and wet/dry conditions. They reported that in abiotic control experiments
water-oxygen incorporation into sulfate was 83 % and 70-75 % for biological
experiments under submerged conditions in contrast to wet/dry experiments which
biologically produced sulfate enriched iﬁ 80 and thus showed 50 % water-oxygen
incorporation. However, my results contrast with those from wet-dry experiments of
Taylor et al. (1984) where pyrite samples were periodically submerged in water and
then exposed to air. In Taylor et al.’s (1984) wet-dry experiments biotic reactions
produced SO, enriched in **O compared to abiotic reactions. They attributed the
enrichment in 0 to bacterial influence and more availability of O,. The contrast
between the results of Taylor et al. (1984) and my experiments may stem from
different experimental conditions. Taylor et al. (1984) carried out their wet-dry
experiments in a way that pyrite was periodically exposed to air and was allowed to
air-dry between leaéhing events. However, my aerobic experiments were carried out
as solutions in sealed flasks which were continuously purged with air and did not
experience signiﬁcant evaporation effect. The heavy 3'80s04 values reported by
Taylor et al. (1984) could also be due to evaporation and enrichment in 180 of water
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between the pyrite/solution boundary layer since pyrite oxidation is largely
controlled by surface reaction prior to desorption of sulfur oxyanions (Alpers et al.,
1994). Alternatively, it is also possible that Fe(IIl) oxidation was dominant in my
experiments compared to their wet-dry experiments where pyrite oxidation by Fe(III)
may have been limited by reduced contact between pyrite and the solution. Because
sulfate produced by Fe(IIl) oxidation derives all of its oxygen atoms from water,
which is less enriched in 0 (<0 %o) relative to Oz (23.5 %), 8'*0so4 values from
Fe(IIl) oxidation will be more deplefed in "0 relative to sulfate that derives oxygen

atoms from O,.

During the short-term (20 days) and the long-termexperiments (45 days), percent of
oxygen atoms incorporated into sulfate from water and O, indicate that neither
reaction 1 nor 2 represent the stoichiometry of pyrite oxidation under O, saturated
conditions (Fig. 2.3). Also, a larger incorporation of oxygen from water into sulfate
was observed with increasing extent of the reaction as inferred from the long-
termexperiments (Fig.2.6, Table 2.3). Based on the percent of oxygen incorporated
into_ sulfate during the short-term biotic and abiot_ib aerobic experiments, the reaction
pathway presentéd by Schippers et al., (1996) is proposed here for pyrite oxidation
under O, saturated conditions at pH 2.7 (Fig. 2.8). According to this pathway, two
steps (9 and 11) produce sulfate (Schippers et al., 1996).

2FeSy+12Fe (H>0)¢™ + 18H,0 > 25%2 + 14Fe (H,0) ¢ +12H" .7)
25/53'3 +2Fc3; > S06%+2Fe 2.8)
s?&z +H,0 s'o‘;2 +s}é3'2 +2H" (2.9)
SB2 > o.zsss+;<§3- (2.10)
'5934 +120% >  SO*? @.11)

2FeS, +12Fe (H,0)¢>* + 19H,0 + 2Fe*™+1/20, > 14Fe (H,0)¢>* +2Fe?” +14H" +2 SO, > +
0.25Ss (2.12)
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These results are in good agreement with my short-term experiments (Fig. 2.6) and
suggest that pyrite may have been oxidized according to the stoichiometry of this
proposed pathway (reaction 12). When the net stoichiometry (reaction 10) is taken
into account, 87.5 % of sulfate oxygen comes from water-and correspondingly 12.5
% from O,. Sulfate produced by reaction 9 derives all oxygen atoms from water (100

% ) whereas sulfate from reaction 11 derives 75 % of oxygen atoms from water and

25 % from O,.

In the proposed pathway, the first intermediate oxidation product is thiosulfate
(S205%) (reaction 7) (Moses, et al., 1987; Xu et al., 1995; Schippers, et al., 1999).
The pyrite surface catalyzes the oxidation of thiosulfate to tetrathionate (reaction 8)
(Xu et al., 1995; Schippers et al., 1999). Tetrathionate is then hydrolyzed to form

sulfate and disulfane-monosulfonic acid (reaction 9).
12Fe(H,0)s * + 18H,0

2Fe 2* + 14Fe(H,0)s % + 12H"

28,0;”
$,06>
H-0 A ferrooxidans
_ -2
S0, S0 T 0258, +5057 S0,
Fe* +H,0 Fe*" + H,0

Figure.2.8 Proposed pyrite oxidation pathways for the short-term biological (pH 2.7)
experiments under aerated conditions, as originally proposed by A.
Schippers et al., (1996).

Different reactions could start from disulfane-monosulfonic acids which finally give

rise to elemental sulfur, thiosulfate and the other sulfoxyanoins at pH <3 (Schippers,

et al., 1996, 1999; Descostes, et al., 2004). Thiosulfate is then re-oxidized to
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tetrathionate as in reaction 9. Sulfite is unstable in the acidic solution and is
chemically oxidized to sulfate by incorporating O, into sulfate (reaction 11).

Because Fe(IlI) is still the main oxidizing agent for pyrite in the proposed pathway
and the chemical oxidation of Fe(Il);q to Fe(Ill).q is very slow at pH <3, the
dominant role of the bacteria is likely to oxidize ferrous iron to ferric iron and thus
catalyze reaction 3. The similar kinetic oxygen isotope fractionation effect (A'*0go4.
120) and the similar §'80g0,4 values between aerobic abiotic and biotic experiments
may suggest that the proposed reaction mechanism (reactions 7 — 11) also applies to
abiotic pyrite oxidation (Table 2.3, Fig.2.6). This is in agreement with previous
studies that indicate ferric iron is the dominant oxidizing agent for abiotic and biotic
experiments at pH <3 (Taylor et al., 1984; Moses, et al., 1984, Schippers et al., 1996,
1999).

2.4.4 Changes in 8504 as a result of prolonged incubation and/or lower pH

The 8'®0s04 values from the lower pH long-termexperiments at 45 days showed
larger oxygen incofporation from water into sulfate (94 %) compared to the short-
term experiments and do not follow the stoichiometry of the proposed pathway.
- There are several possible explanations for increasing water-oxygen incorporation
into sulfate during long-termexperiments: 1) slower rate of reaction 11 relative to
reaction 9 with decreasing pH, 2) increased oxygen isotopic exchange between a
sulfite intermediate and H,O, and 3) oxidation by Fe(Ill) was dominant due to

increasing Fe(III) concentration where reaction 2 became dominant.

The following figure summarizes the main reaction steps of the proposed pathway.
Sulfate can be produced by sulfite oxidation (step 11) and hydrolysis of tetrathionate
(step 9). Therefore,. the final ¥Ogos values could depend on the competing rate of
these two steps since each step has a different oxygen source. If at lower pH the
hydrolysis of tetrathionate is dominant over sulﬁt¢ oxidation for sulfate production,
then %0504 values should reflect more incorporation of water-oxygen. Disulfane-
monosulfonic (S305*) which is also produced during reaction 9 decomposes
elemental sulfur and sulfite (reaction 10). Because intermediate sulfoxyanoins and
sulfite are more common at higher pH values (Goldhaber, 1983), the relative

contribution of sulfite oxidation to sulfate may decrease with decreasing pH. This
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would result in less O, incorporation into sulfate and A'80504.H20 values should

decrease with decreasing pH.

7 8 9&10 11
FeS; >  $052 > 8062 > S0:2>  S0.7 (2.13)
l | IT I

SO H,0

A"™®0s0440 values of 5.3 %o and 3.8 %o were obtained for the short and long-
termexperiments, respectively. The smaller A"®0sos.1m0 value during the long-
termlower pH experiments may have resulted from less sulfite oxidation and is in
general agreement with previous studies that reported higher O, incorporation into
sulfate during sulfide oxidation at neutral pH (Lloyd, 1968). Although my
experimental conditions were different than Lloyd (1968), an increase in O,

incorporation into sulfate with increasing pH is consistent with my results.

Alternatively, the variations in oxygen contribution by water may also occur because
of several different pathways of sulfite oxidation, which may involve disulfate
(S207%) or other intermediates (Chang, 1987). These sulfo-oxyanion intermediates
-could undergo oxygen isotopic exchange with H,O and thus increase the percentage
of water-oxygen incorporated into sulfate. The oxygen isotope exchange between
sulfite and water was demonstrated to be on the order of nanoseconds at pH <3 by
previous studies (Lloyd, 1968; Pearson et al. 1980; Holt et al., 1981). Therefore, if
sulfite is present in the system, oxygen isotope exchange between sulfite and water
may occur. Llyod (1968) estimated the time required for equilibration of ocean water
and sulfate-oxygen exchange (pH 8.2, 4 °C) to be on the order of 250,000 yr based
on laboratory experiments at pH 7 and 25 °C. Further, Chiba and Sakai (1985)
extrapolated their laboratory studies for conditions of 100 to 300 °C and pH 2 to 7
and reported that half-life for ocean Water—sulfate exchange is 10° year. Chiba and
Sakai’s results are in agreement with the earlier studies by Hoering and Kennedy
(1957) who reported experimentally water-sulfate exchange at low pH (<0). Based
on these studies, it appears that in most Earth surface including the experimental
conditions of this study, the oxygen exchange between water and sulfate is extremely
slow. Therefore, 1h1der the experimental conditions of the current study, this process

can  not be the reason for larger water-oxygen incorporation into sulfate.
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Altemnatively, Mizutani et al. (1969,1973) and Fritz, et al. (1973) indicated oxygen
isotope exchange between sulfate and water proceeds through enzyme-bound
intermediates during the bacterial reduction of sulfate. Similar oxygen isotope

exchange processes may also occur during sulfide oxidation.

The mcorporation of oxygen into sulfate exclusively from water is generally
attributed to the ferric iron oxidation pathway by previous studies (Taylor, et al.,
1984 ab). Reaction 2 (page 7) represents the stoichiometry of this reaction and
indicates 100 % water-oxygen incorporation into sulfate. Since long-
termexperiments showed ~94 % water-oxygen incorporation into sulfate, pyrite
oxidation by ferric iron may have become increasingly dominant during the long-
termpyrite experiments. Almost identical oxygen isotope fractionation between
sulfate and water (AISO(so4.H20) ) was measured for the aerobic long-term(3.8 %o) and
anaerobic experiments (3.5 %o), which would be consistent with ferric iron as the

sole or dominant oxidant.

2.4.5 Oxygen isotope fractionation

Using the calculated values for the percentage of oxygen contribution by O, and
H-0, fractionation with respect to both O, and H>O were made for the aerobic biotic
and abiotic experiments by a least squares and matrix analysis (Table 2.5).The
kinetic oxygen iéotope fractionation effect between sulfate and O, (A’80304.02) is
estimated as ~-21 %o during the short and long-termaerobic biological experiments.
This compares to an estimate of -29.7 %o for the abiotic experiment, values of -10 to
-29 %o for biological respiration (Guy et al., 1987; Kroopnick and Craig, 1976; Lane
and Dole, 1956), -22.0 %o for Mn(II) oxidation to Mn(IV) oxides (Mandernack et al.,
1995} and -11.4 %o previously measured for bacterial oxidation of pyrite (Taylor, et
al., 1984).  All of these previous studies and my own here indicate that 160, is
favored when it oxidizes ofganics, sulfide, and Mn(TII). The similarity in A%0s04.00
and AleMnﬂV)oxide-oz‘ suggest that the reaction mechanism of pyrite oxidation and

Mn(1l) oxidation may be the same.

Pyrite oxidation is-generally considered to be initiated by reaction with molecular
- oxygen (Sasaki, 1994; Nesbitt and Muir, 1994; Sasaki et al., 1995, Moses and
Herman, 1991; Sato, 1992). Molecular oxygen is reduced through the oxidation of
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Fe(Il)(H,0)s complexes on the surface of pyrite. Fe(Ill)aq form and oxidize pyrite
by producing thiosulfate (Luther, 1987; Descostes et al., 2001; Rimstidt and
Vaughan, 2003; Moses et al. 1987; Moses and Herman,1991). Because there is not a
direct attack of sulfur atoms by O, during formation of thiosulfate it is unlikely that
oxygen atoms from O, are incorporated into thiosulfate. Therefore, molecular
oxygen incorporation into sulfate may occur during subsequent oxidation of
thiosulfate to sulfate. Because thiosulfate is commonly oxidized to sulfite prior to
oxidation to sulfate by both biotié and abiotic pathways (Willia.mson and Rimstidt,
1992; Suzuki et al;, 1994), O, incorporation into sulfate may occur during sulfite
oxidation as suggested in the proposed pyrite oxidation pathway (Fig. 2.8).
Therefore, oxygen isotope fractionation between sulfate and O, may have occurred at
this stage. Because the concentration of sulfite is pH dependent (e.g. increase at
higher pH, the §'®0so4 values would show less O, incorporation into sulfate with
decreasing pH (Goldhaber, 1983; McKibben and Barnes, 1986; Moses et al., 1987,
Llyod, 1968). My aerobic long-termlower pH experiments is consistent with this,
indicating that O, incorporation into sulfate may have been controlled by sulfite
oxidation and oxygen isotope fractionation may have occurred at this step. Although
A. ferrooxidans has ability to oxidize sulfite (Kelly, 1982), the similar percent O,
incorporation into sulfate and the similar kinetic oxygen isotope fractionation effect
between sulfate and O, (A‘sosm,oz) during both biotic and abiotic experiments
indicate that sulfite oxidation to sulfate may have been mediated by chemical
reactions rather than biological reactions. This determination is also consistent with
the result of Krouse's et al. (1991) who indicated sulfite oxidation by O, during both
biological and abiotic sulfite oxidation.

The oxvgen isotope fractionation effect between sulfate and water estimated from
both aerobic and anaerobic experiments display resemblance (Table 2.5). The similar
A'®0s041p0 values between aerobic and anaerobic experiments suggest that oxygen
isotopes may have been fractionated by the same mechanism during oxidation of

pyrite under both experimental conditions.

Watef-oxygen incorporation into sulfate occurs during oxidation of pyrite by aqua-Fe
(IIT) complexes (Moses et al., 1987, 1991; Luther, 1987). Three primary steps are
involved to the oxidation processes (Luther, 1987; Moses et al., 1987). The first step
is the formation of aqua Fe(II) complexes through the oxidation of adsorbed Fe(II)

44



by Os (Mckibben and Barnes, 1986; Moses et al., 1987; Singer and Stumm, 1970;
Wiersma and Rimstidt, 1984). The next step involves the binding of Fe(III)(H,O)s
complexes to the pyrite surface. The remaining step is the electron transfer between
sulfur side of pyrite and aqua Fe(III) complexes, involving removing of an oxygen
atoms from water to sulfur side of pyrite (Luther, 1987, Rimstidt, 2003). Based on
these processes, it could be predicted that there may be two steps which cause
oxygen isotope fractionation between sulfate and water. First step is binding of
Fe(IIM)(H20)s 3 complexes to the pyﬁte surface and the second one is during transfer
of an oxygen atom from hydroxyl radical froni aqua-Fe (III) complexes to the sulfur
side of pyrite. The latter determination is consistent with the results of Biegler and
Swift (1979) who reported that pyrite oxidation is controlled by the attachment of an

oxygen atom from water to a sulfur atom at the mineral surface.

2.4.6 Sulfur isotope fractionation associated with aerobic and anaerobic pyrite
oxidation

In general, sulfur isotope effect associated with solid phase metal sulfide oxidation
is insignificant compared to aqueous phase of sulfide oxidation (Nakai and Jensen,
1964; Taylor et al., 1984; Fry et al., 1986, McCready and Krouse, 1982). Low
temperature oxidation of sulfide minerals to sulfate seems to be quantitative,
unidirectional process that produces negligible sulfur-isotope fractionation; the §**S
of sulfate is indistinguishable from that of the parent sulfide minerals (Gavelin et al.,
1966; Field, 1966; Rye et al., 1992). Sulfur isotope fractionation during sulfide
oxidation under different conditions such as bacterial catalyses (Kaplan and Rafter,
-1958; Kaplan and Rittenberg, 1958; Fry et al. 1988) dissolved sulfide as a source
(Sakai, 1957; Fry et al. 1986, 1988) and low (Taylor,' et al. 1984b; Seal and
Wandless, 1997) and high pH (Toran and Harris, 1989) have been suggested in the
previous studies. ‘The largest sulfur isotope fractionation was reported by Kaplan and
Rittenberg, (1964) during oxidation of dissolved Na,S in experiments inoculated
with T. thiooxidans. They measured heavy sulfur isotopes in an intermediate sulfur
species and attributed this fractionation to exchange between intermediate sulfur
species and sulfate. Toran and Harris (1989) measured -2 to -5.5%o fractionation for
FeS, and ZnS oxidation experiments that inoculated with a mixture of T
neopolitanus, T. intermedius, and T. ferrooxidans and run at a pH of 510 6. -4.7 %o

fractionation was reported by Chamber and Trudinger (1978) during oxidizing
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thiosulfate by T. intermedius. Fry et al. (1988) reported -5.2 %o fractionation during
oxidation of Na,S in aqueous solution at pH 11. Sulfur isotope fractionation was
reported for high pH conditions seem to be related to formation of intermediate

-sulfoxyanoins which is controlled by pH (Goldhaber, 1983).

Low pH environments (<3) produce sulfate that show no sulfur isotope fractionation.
Taylor and Wheeler (1984b) did not obtained a significant sulfur isotope
fractionation between sulfide mineral and sulfate at low pH (<3). Fry et al. (1986)

reported no fractionation during oxidation of thiosulfate by T. versutus.

The §*Ss04 values from the aerobic biological and abiotic-control experiments in
this study closely reflect the §>*S value of pyrite (Table 2.3). Lack of sulfur isotope
fractionation in my aerobic experiments is consistent with the previous studies and
indicates the quantitative oxidation of pyritic sulfur to sulfate under the experimental
conditioxis. The §*Sgo4 values from anaerobic experiments are enriched in 328 1 %o
compared to 5*Skes: (Table 2.4). This fractionation seems to be significant compared
to aerobic experiments which show approximately +0.1%o fractionation relative to
6**Sresz values. The main difference between aerobic and anaerobic experiments is
the oxidizing agent and pH. Fe(IlI),q was used as oxidizing agent and pH was ~2. It
is most likely that the oxidation of pyrite by Fe(III),q results in intermediate sulfur
species between pyritic sulfur and sulfate (Moses, et al.,1987; Goldhaber, 1983,
Schippers et al., 1996, 1999). Increasing concentration of intermediate sulfur species,
possible elemental sulfur, due to the lack of bacterial activity and low pH conditions
(Schippers et al. 1999, Descostes et al., 2004; McGuirre M. M. et al., 2001; ) may
have caused the measurable sulfur isotope fractionation under anaerobic conditions

in contrast to acrobic biological experiments.

Previous studies and my own work here indicate that in addition to bacterial activity,
pH of the solution which sulfide oxidation take place may be a factor whether

fractionation occurs during sulfide oxidation.

2.4.7 Interpretation of natural sulfate samples

The isotopic composition of sulfate may provide usefully insights into the oxidation
processes in the formation of AMD sites. However, to proper interpretation of the

580504 values, one should need to know how each oxidation process fractionates
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oxygen isotopes and the interpretation of the §'8Ogos values without taking into
account thi"sb fractionation effects may cause errors. In this study, it was possible to
estimate oxygen isotope fractionation effect between sulfate and water and between
sulfate and molecular oxygen under different experimental conditions (Table 2.5).

Based on isotopic mass balance (see pg. 20, equation 4), kinetic oxygen isotope
fractionation from my experimental results (Table 2.5) and the '|0gos values
measured from the field, the oxygen source of sulfate was calculated. These
calculations were made by using kinetic oxygen isotope fractionation effect
determined under different experimental conditions such as biotic vs. abiotic, aerobic
vs. anaerobic. According to these calculations, SO4 derived large portion of oxygen
from water. The percent of water-oxygen incorporated into sulfate ranges between 88
% and 100 % (Table 2.6). However, some of the samples showed an unrealistically
high percent of water-oxygen incorporation into sulfate (165-287 %) as one may
predict the maximum oxygen incorporation into sulfate should be 100 %. Most of the
calculated data however, fall into 100 % range and provide confidence to my kinetic

oxygen isotope fractionation effect used for the calculation.

The range of water-oxygen incorporated into sulfate and the sulfate-water oxygen
fractionation from the field samples are similar to the range of experimentally
determined (3.2 to 5.3 %o) under aerobic and anaerobic conditions. The similarity
between experimental and the field samples may indicate that natural sulfate sainples
may have been produced by the same reaction pathway as proposed for pyrite
oxidation (Figure 2.8). Large water-oxygen incorporation into sulfate is generally
attributed to oxidation of pyrite by Fe(IlI) (Taylor, et al., 1984: ). The high Fe dim
concentration measured in .the AMD water may imply that Fe(IIl) could be an
oxidizing agent for pyrite (Table 2.6). A.ltematively, as my long-term lower pH
biological experiments show, the pathways for derivation from water-oxygén may be
a different than the commonly reported in the literature; oxygen isotope exchange
between intermediate sulfur species and water may increase the percent of oxygen
atoms from water into sulfate. Whatever the real mechanism behind water-oxygen
incorporation into sulfate is, my experimental results showed that the 8'"%0504 values
may reflect the 8'®0yy0 values which sulfate formed when appropriate oxygen isotope

fractionation effect is applied. When the slow oxygen isotope exchange rate between
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sulfate and water is taken into account, 8'®0g04 values may hold promises for paleo

temperature studies.

My experimental results showed that sulfate produced during biological and abiotic
pyﬁtc oxidation exhibit the similar §'®0so4 values and percent of water-oxygen. The
high Fe(IIl) and sulfate concentration in the field samples indicate -the presence of
bacteria as iny experimental results demonstrated (Figs. 2.4a, b). However, the
percent of water-oxygen incorporated into sulfate from the field samples fall into the
range which is produced by both biological and abiotic pyrite oxidation reactions.
These results suggest that the *0g04 values can not be used to assess the involvement
of A. ferrooxidans into pyrite oxidation in contrast to the previous studies which the
heavy "®0so4 values were generally attributed to the indication of bacterial activity
(Taylor et al., 1984; Wheeler and Taylor, 1982,1994; Krouse et al., 1991). Formation
of sulfate from water enriched in '®0 by evaporation may be responsible for the heavy

values.

Sulfate production rate from the biological experiments is significantly higher than
the abiotic experiments under aerobic conditions. Because sulfate production rate can
not be easily determined in a natural environment, this parameter can not be used to

assess the bacterial activity during pyrite oxidation either.

The percent of molecular oxygen incorporated into sulfate vary between 10 % and 40
% and the highest ‘values were obtained from winter and spring samples which
consistent with the fact that dissolution of molecular oxygen into water would be
expectedly higher during these seasons. These results indicate the significance of the
environmentai conditions on the '®Ogps values. Thé 38504 values from Q-hill sites
shows sulfur isotope fractionation effect varied from 0 to -1.0 %o relative to pyrite
except the winter samples. These results may suggest that the source of sulfate could
be pyrite since insignificant sulfur isotope fractionation would bé expected between
sulfur source and sulfate (Taylor et al., 1984). However, the winter samples show
larger range and this may be due to dissolution of secondary sulfate minerals during
flushing. The average of sulfur isotope composition of pyrite from Argo Tunnel is -
0.1+ 0.2. The general trend is often larger than the expected sulfur fractionation. This
may be due to the fact that pyrite may not be the only sulfur source for sulfate. Pyrite

oxidation experiments conducted here indicated that bacteria controls the pyrite
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oxidation at low pH (<3) but the 5'®0so4 values may not represent this. Therefore, the
8'®0s04 values can not be used to assess the bacterial activity during pyrite oxidation
in natural environments. It is also shown here that oxygen isotope exchange between
water and intermediate sulfur species may occur with decreasing pH and may mask
the original 80504 values. Therefore, geochemical condition seems to be a controlling
factor whether bacterial activity can impart a uniqué isotope signature. In contrast to
8'%0s0s values, hxgh sulfate and Fe(Ill) concentration in sulfide mineral rich
environment at low pH (<3) can be attributed to bacterial activity. Overall results
indicate that a better assessment of the extend of biological involvement in oxidation
processes of pyrite in any natural setting require the combination of isotopic, chemical

and microbiologic data.
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3. OXYGEN AND SULFUR ISOTOPES SYSTEMATIC OF SULFATE
PRODUCED BACTERIAL AND ABIOTIC OXIDATION OF SPHALERITE
AND ELEMENTAL SULFUR '

3.1 Introduction

The oxidation chemistry of sulfide minerals and subsequent generation of acid mine
drainage (AMD) has been extensively studied. In particular, pyrite has been the subject
of several studies due to the fact that pyrite is the most abuﬁdant metal sulfide mineral
and initiates the formation of AMD (Evangelou and Zhang, 1995; Lowson, 1982;
Nordstrom, 1982; Nordstrom and Alpers, 1999; Nordstrom and Southam, 1997; Moses
et al. 1987; Luther ,1987; Descostes et al. 2001). Despite the extensive studies to
understand the specific chemical reactions that control the formation of AMD, there are
still issues regarding the mechanism and kinetics of the oxidation process at the mineral
surface and the extent of the microbial contribution to these processes. One of the main
questions related to oxidative dissolution of sulfide minerals is the speciation of sulfur
during oxidation. The most commonly accepted model is based on pyrite studies and
according to the model; all of the oxidized sulfur is released as thiosulfate (Moses et al..
1987; Luther, G 1987). In contrast, other studies demonstrated that elemental sulfur
forms at the surface of pyrite and other sulfide minerals (Turcotte, et al. 1993; McGuire
et al. 2001; Sasaki, et al. 1995, 1997; Mycroft, et al. 1990; Sand et al. 2001; Schippers et
al. 1999, 1996). Because most oxidation models for sulfide minerals only accounts for
sulfoky anions and do not account for insoluble sulfur species, it is important to
understand the formation of elemental sulfur as an intermediate to decipher the actual
oxidation mechanisms of sulfide minerals. Because elemental sulfur'is insoluble under
most conditions (Curutchet, et al. 1996; Garcia, et al. 1995), the amount of sulfur
formed at the surface may have important implications for oxidation of sulfide minerals

by controlling the passage of oxidants to the surface.



The oxidation mechanisms and the formation of oxidation products from sulfide
minerals may depend on the type and composition of the mineral (Schippers et al. 1999;
Nordstrom and Goutham, 1997). The ﬁrstv simple distinction is the oxidation state of
sulfur in parent minerals between minerals such as monosulfides (sphalerite, galena,
covellite, pyrrhotite) that contain S versus disulfides (pyrite) that contain sulfur with an
average oxidation state of -1 due to contribution from S (-II) and S (o). Because of the
difference in oxidation state of sulfur, monosulfides (sphalerite, galena) can be oxidized
by different mechanisms compared to disulfides (pyrite) (Sand et al. 2001; Schippers, et
al.1999).

Sand et al. (2001) investigated oxidation pathways of monosulfides in the example of
sphalerite and galena minerals and disulfides (pyrite) at pH ~ 2 in pure chemical bases.
They suggested different oxidation mechanisms for each group: thiosulfate
intermediates forming from disulfides and polysulfides forming from monosulfides.
According to their studies, disulfides can only be degraded by an attack from an oxidant
such as Fe (II) and which forms sulfate as an end-product, whereas monosulfides can
also be degraded by proton attack (H") in addition to an oxidant. The end-product of
monosulfide oxidation is elemental sulﬁ& (~95 %) and sulfoxyanoins such as thiosulfate
and sulfate. They alsq indicated that ferric iron was the main oxidizing agent compared

to molecular oxygen.

Schippers et al. (1999, 1996) also emphasized the different oxidation pathways for mono
and disulfide minerals. The formation of sulfur compounds in the course of Fe(lll)
mediated chemical oxidation was analyzed. The product of pyrite oxidation was mainly
sulfate, polythionates and elemental sulfur in decreasing proportions, respectively.
However, monosulfides yielded more than 90 % elemental sulfur. These studies
emphasized the effect of sulfide mineralogy on the oxidation product of sulfide

minerals.

Although the importance of microbial activity in the oxidation of sulfide minerals is
demonstrated, little has been known about the oxidation pathways of sulfide minerals.

Many studies have examined the oxidation of dissolved inorganic sulfur compounds in
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the presence of bacteria (Pronk et al. 1990; Suzuki et al. 1994; 1965; Kelly, D. 1982;
1988; 2003). Others have investigated the effect of cell attachment during oxidation
~ (Wakao, et al. 1984; Baldi et al. 1992). A complete understanding of oxidation pathways
of sulfide minerals may depend on the bacterial mechanism of oxidation. Biological
oxidation can be defined as enzymatic oxidation. Specific sulfur oxidizing enzymes
were identified for some Thiobacillus sp., (Kelly, 1982; Lu and Kelly, 1988; Arkesteyn,
1979). Enzymes can incorporate oxygen from O, or from H,O into sulfate. Both types of
enzymes welje' identified in Thiobacillus sp. (Lu and Kelly, 1988). In biological
oxidation pathways, electrons can be carried via intermediate electron acceptors
(electron carrier oxidation) or via direct incorporation of atmospheric oxygen into
sulfate (Roy and Trudinger, 1970). In microorganism, transfer of electrons from sulfide
to electron acceptors such as Fe (III) and O, provide energy by cycling electrons through
the electron transport systems (ETS) (Elrich,1982, Kelly, 1982). It is believed that the
final step in the ETS is the reduction of oxygen to water.

Biologically-mediated sulfide oxidation can be categorized into thi;ee suggested
pathways: The first pathway depends on enzyme studies and electron transport system
enters in the final step from sulfite to sulfate (Roy and Trudinger, 1970; Ehrlich, 1981).
This pathway O, and H,O derived oxygen is incorporated into sulfate. An oxygenase
enzyme incorporates oxygen from O, except for the final step (reaction 2). In the final
oxidation step, electrons have to go through the ETS whereby H>O derived oxygen is
incorporated into sulfate (reaction 3). Sulfate produced from this pathway contains 25 %
H>0 derived oxygen and 75 % O, derived oxygen (*). ;

Pathways #1

MeS +2H+ 1/20, — S° +H,0 (1)
S° +0%;+ H,0 — SO0*22 +2H+ (2)
S00*22 + H,0 + 0%, — S020%27 + H,0* (3)
MeS +20, — SO + 2H* ' )

51



In the second pathway, all electrons from sulfide are shuttled through the electron
transport system. The electrons generally enter the electron transport system at the
cytochrome c level (Kelly, 1982). The following pathway equations summarize these

redox reactions:

Pathways #2

MeS +2H+ 1/20, — S° +H,0 : (5)
S° +0%; + 2H,0 —S052 +H,0* +2H" (6)
SO:> + H,0 + 1/20*, — SO,* + H,0* D
MeS +20; — SO + 2H" ®)

In this pathway, the electrons from SO;> can be transferred to oxidized cytochrome c,
and the oxygen in sulfate comes from water instead of molecular oxygen (reaction 7).
The 6xidation and reduction of cytochrome c result in the release of energy as ATP
(reaction 7b). Molecular oxygen enters the reaction as the final electron acceptor for
cytochrome oxidase (reaction 7c). These reactions produce the maximum energy for

microorganisms and sulfate derives all oxygen atoms from water

SO;% +2¢yt c(ox) +H20 — SO, +2cyt c(red) +2H+ (ATP) (7a)
2cyt c(red) +2cyt oxidase(ox) — 2cyt c(bx) + 2cyt oxidase(red) (+ATP) (7b)
2cyt oxidase(red) + Oy +4H" —2cyt oxidase(ox) +2H0 (7¢)
SO;™ + H,0 +1/20%, — SO +H,0* (+2ATP) Q)

Bacterial oxidation of sulfide by ferric iron is the third oxidation pathway and all of the
electrons from iron are cycled through the electron transport system (Sugio et al. 1985).
The Fe (III) product is used to oxidize the sulfide mineral. In this oxidation pathway,
acidity is required since chemical Fe (II) oxidation is more rapid at higher pH >4 and
bacteria cannot compete with this fast reaction (Nordstrom and Southam, 1997).
Furthermore, Fe(Ill) precipitates is more readily at more neutral pH and is less available
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‘as oxidant (Stumm and Morgan, 1989). Sulfate produced by this oxidation pathway

derives all of its oxygen atoms from water (reaction 11).

Pathways #3
MeS +8Fe** +4H,0 —Zn** + S° +8Fe?* + 8H* 9
S® +6Fe** +4H,0 — SO, 2 + 6Fe* +8H* (10)

MeS + 14Fe* +8H,0 — SO, 2 + 16H* (11)

Fe(Il) oxidation pathway can be called “semi biological” since it partly involves

enzymes that catalyze Fe(III) production and subsequent abiotic oxidation of sulfide by
Fe(ll) ).

All these studies suggest that the main oxidation product of mono-sulfide minerals is
elemental sulfur at low pH unless it is catalyzed by bacteria (Schippers et al. 1996;
Seuthel et al. 1987; Garcia, 1995b; Fowler, T., 1999; Wentzien, 1994; Crundwell, F.X.,
1987). Therefore, the subsequent oxidation of elemental sulfur to sulfate may carry a
unique biological signature. Oxygen and sulfur isotope composition of the sulfate
product may provide-a tool to elucidate such oxidation pathways of sulfides and the
bacterial role. However, interpreting of isotopic composition of the sulfate product
durihg sulfide oxidation may depend on the subsequent oxidation pathways of elemental

sulfur,

There has been few studies about oxygen and sulfur isotope composition of sulfate
produced during sulfide and elemental sulfur oxidation at pH <3. Previous oxygen
isotope studies of sulfate formed from metal sulfide oxidation focused on pyrite (Taylor

et-al. 1984b; Vaneverdingen, et al. 1994; 1985).

Toran and Harris, (1989) investigated sphalerite, galena and pyrite oxidation with a
mixture of T. neopolitanus, T. intermedius, and T. ferrooxidans at pH 5 to 6. They
reported that the oxygen isotope ratios from both inoculated and sterile experiments
indicated more than 50 % of the oxygen in sulfate came from water assuming no

fractionation. In their biological experiments, they also demonstrated the sulfur isotope
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composition of sulfate was 0 to 5 %o lighter than the initial sulfide. Krouse et al. (1991)
oxidiied pentlandite with Thiobacillus ferrooxidans at pH 2.5 and indicated that more
than ~35 % of the sulfate oxygen is derived from water and the remaining oxygen from
0. Lioyd, (1968) calculated 68 % H,O incorporation into sulfate during Na,S oxidation
under abiotic conditions at neutral pH. Schwarcz and Cortecci (1974) calculated a
similar % H,O using submergéd pyrite. Mizutani and Rafiter (1969), using elemental
sulfur and soil bacteria as bacteria source, measured 100 % water-oxygen incorporation
into sulfate. Suzuki et al. (1965) also reported 100 % water-oxygen incorporation into

sulfate during bacterial oxidation of elemental sulfur.

Taylor et al. (1984b) conducted pyrite oxidation experiments under acidic under water
submerged and wet/dry conditions, the latter being periodically exposed to air. In
experiments inoculated with T. ferrooxidans, these authors measured 50 % water-
oxygen incorporation into sulfate for the wet/drv conditions and 70-75 % for the
submerged. For similar abiotic experiments, 70 % and 83 % water-oxygen incorporation

was reported for the wet/dry and submerged conditions, respectively.

In this study, I investigated oxygen and sulfur isotope composition of sulfate produced
by biological and abiotic oxidation of sphalerite under aerobic and anaerobic conditions.
Because most sphalerite minerals contain significant amounts of Fe (II) in their crystal
lattice, apart from the pure sphalerite experiments, additional experiments were carried
out with a 12 % Fe-bearing sphalerite mineral to determine if Fe(Il) has any effect on
the oxidation reactions of sphalerite' and the 8'%0so; value of the sulfate product. In
addition to sphalerite samples, because S° was suspected to be an important intermediate
of sphalerite 6xidaﬁon additional similar biotic and abiotic S° oxidation experiments

was performed and the §3*Sgo4 and §'%0g0, of the sulfate product also measured.

These detailed experimental studies may give an opportunity to better understand: i) if

clemental sulfur forms during sphalerite oxidation and its subsequent oxidation to
sulfate controls the final isotopic composition of sulfate and #i) to compare the 8'*0sq,4
and 8*Sso4 values produced during pyrite and sphalerite oxidation to reveal possible

effects of sulfide mineralogy on the final §'*Ogo4 and 6**Ssos values.
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-3.2 Experimental Methods

3.2.1 Sphalerite and elemental sulfur preparation

ZnS (pure) and 12 % Fe-bearing sphalerite samples used in the current study were
. obtaihed from the Geology Museum of the Colorado School of Mines, Golden-
Colorado and from the United States Geological Survey (USGS), in Denver, Colorado
(USGS), respectively. The purity of the sphalerite samples were checked by analyzing |
the elemental composition by ICP analysis at the United States Geological Survey
(USGS), in Denver, Colorado. Prior to use in all of the experiments, the samples were
ground and sieved. A grain size of < 63 um was used for the experiments. Because acid
washing of sphalerite may cause the evolution of H>S and the loss of sulfur may result in
an unknown degree of sulfur isotope fractionation, precaution was taken when the
sphalerite samples were prepared. Approximately 15 g of sphalerite sample were
quickly rinsed by 1 M HCI and subsequently washed with deionized water and lastly
with acetone (Moses et al. 1987). At the end of the experiment, insignificant sulfur
isotope fractionation was observed between sulfate and ZnS (pure and Fe-bearing), thus
proving that this method did not cause significant effects from sulfur loss. For elemental

sulfur samples, only deionized and acetone rinsing methods were applied.

For sterilization, the mineral samples were first soaked with 70 % ethanol and spread in
a thin even layer under UV radiation (germicidal) in a sterile hood for about 30 minutes
to decontaminate the surface. These sterilization methods were effective since
contamination effects were not observed in the abiotic control experiments. Following
these treatments, the samples were immediately placed in sterile experimental

containers.

3.2.2 Bacterial and abiotic aerobic experiments

In order to elucidate the reaction pathway(s) of sphalerite and elemental sulfur samples
(ZnS, (Zn,Fe)S, S°) and the relative contributions of molecular oxygen and H,O to

sulfate, biotic and abiotic sulfide oxidation experiments were performed in aqueous
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solution under O, saturated conditions and varying &'*Ouzo values. For the bacterial
experiments, sulfate and Fe(ll)-free medium was used as the experimental solution
(NH4CI, 0.6 g; MgCL.6H:0, 0.2 g ; K;HPOy, 0.1 g; Wolfe’s mineral solution, 5 ml )
and pH was adjusted to 3 with HCI at 25 °C. Wolfe’s mineral solution was prepared
with CI salt instead of SO, salt to prevent sulfate contamination to the final experimental
solution (1.5 g nitrilotriacetic acid , 3 g MgCl2.6H20, 0.5 g MnS04.7H-0, 1 g NaCl,
100 mg FeS0,4.7H,0, 100 mg CoCl.6H,0, 100 mg CaCl, 100 mg ZnSO4.7H,0, 100
mg CuS04.7H;0, 10 mg AIK(SOs).. 12H:0, 10mg H;BO;, 10mg Na,Mo004.2H-0 per
liter. An initial pH of 3 was used for all the experiments.

Biological sphalerite (pure and Fe-bearing) and elemental sulfur experiments were
identical in terms of experimental methods and conditions. In order to keep the sulfur
amount the same in the experiments, 830 mg (266 mg Sulfur in 830 mg ZnS) ZnS and
Fe-bearing sphalerite and 266 mg elemental sulfur were used in the experiments. The
250 ml of microbiological medium, whose composition was described before, were
placed into the 500 ml Erlenmeyer flasks and autoclaved at 121 °C for 20 minutes. After
autbclaving, the flasks were kept in the sterile hood under the UV for 25 minutes to
decontaminate the surfaces of the flasks. Sterilized and cleaned samples and five
milliliters of the A. Ferrooxidans cell suspension which contained (~2.7 x 10 cells) was
added to the medium. The biological aerobic experiments were deSigned both as short
and long-term experiments to determine the integrity of the 8'%0g0s4 values with
extended incubation time and lower pH. Short-term biological sphalerite experiments
were ended at pH ~2.7 (45 days). Althoughihe long-term experiments were incubated
longer to obtain the lower pH (2.1), there was no significant change in the pH.
Therefore, the long-term experiments were ended at pH ~2.89 (~60 days)

To determine the kinetic oxygen isotopic fractionation effect (€,) during sphalerite and
elemental sulfur oxidation and the relative contribution of water and molecular oxygen
to the oxygen of the sulfate product, four different bacterial incubations were made for
ZnS with waters having different §'%0 values of -15.3 %o, -2.5 %o, 1.8 %o and 13%o.
Three bacterial incubations with waters having 880 values of -15.3 %o, -2.5 %o, 1.8 %o

were made for Fe-bearing sphalerite and elemental sulfur experiments. The biological
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aerobic experiments were performed as duplicates for each given water. The short- and
the long-term biological experiments were incubated in the environmental room at 25 °C
and were continuously shaken (150 rpm) over the entire period of the incubations. The
flasks were covered with rubber stoppers fitted with inflow and outflow tubes for
aeration. Sterile air filters (0.2 um-whatman) were connected to the inflow and exit ports
to prevent microbial contamination and to minimize evaporation. The flasks were
continuously bubbled with compressed air (General Air Company) and several tanks
were used during these experiments. During each set of incubations, additional and
separate biotic and abiotic experiments with normal laboratory water (-15.3 %o) were
also performed to monitor pH and the solution chemistry of the experimental solutions.
Aliquots were taken periodically from these experiments to measure the concentration

of sulfate, Zn and pH over the incubation period of each experiment.

At the end of the short and the long-term éxperiments, experimental solution was
filtered (0.1 um-Milipore). Some portion of the filtrate was reserved for oxygen isotope
measurement of water and for sulfate concentration measurements by ion
chromatography. The water samples were kept frozen until oxygen isotope
measurements. To the remainder of the filtrate (~200 ml), a small amount of
concentrated HCI and 10 ml of 10 % BaCl; solution were added to precipitate SO, as
BaSO; and the precipitate was allowed to settle overnight. The barium sulfate was
filtered and collected on a 0.2 um Millipore filter, washed first with 100 ml of IN HCI,
then rinsed 3 times with total 500 ml of DI water and dried for 24 h at 100 °C. As a final
purification step; all of the BaSO; powders were baked under an air atmosphere at 500
°C for 2 h. This treatment was previously shown to effectively remove any possible

organic material and not interfere with 8'%0 measurements (Mandernack et al. 2000a).

Air samples from both biotic and abiotic experiments were collected in an evacuated
200 ml collection vessel at the end of the experiments and isotopically analyzed for %0
isotopic composition. Prior to sampling the gas headspace, the air source and exit port of
the flask were closed and the air in the head space allowed to mix a few minutes before
drawing the gas sample. The air sample was collected with a gas-tight syringe which

was flushed twice before taking the final sample.
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~ The abiotic sphalerite experiments for oxygen and sulfur isotope analysis , which were
identical to the bacterial experiments but without the culture, were only carried out for
ZnS samples since there was insufficient quantity of the Fe-bearing sphalerite samples.
For the abiotic ZnS oxidation experiments, 3.2 gr sphalerite was added to 1 L medium to
obtain enough SO, for isotope analysis. Sulfate concentration and pH were also
monitored for the abiotic ZnS experiments. For monitoring solution chemistry during
abiotic Fe-bearing sphalerite oxidation, only one abiotic Fe-bearing sphalerite
experiments were performed as the abiotic ZnS experiments and the concentration of

sulfate, Zinc and pH were monitored.

To determine the relative contribution of molecular oxygen and water to the sulfate
product, two waters having different 8'%0- values (13.2 and -15.3) were used for the
abiotic ZnS experiments. Only one abiotic-control experiment was performed for

elemental sulfur, which displayed non-detectable oxidation over 21 days of incubation.

3.2.3 Bacterial and abiotic anaerobic experixhents

In order to determine the 580504 values produced anaerobically by ferric iron oxidation
of sphalerite, biotic and abiotic anaerobic experiments were carried out. For sphalerite
(ZnS and Fe-bearing) experiments, 500 ml of the microbiological medium was placed
into IL serum bottles and the pH adjusted to ~2 with trace metal grade HCI. The serum
bottles were then autoclaved for 20 minutes. Lower pH was necessary to keep aqueous
Fe (III) in solution. Afterwards, serum bottles were purged with nitrogen for 30 minutes
by using pre-sterilized inline gas filters (0.2 pm, whatman) at both the inlet and outlet in
order to keep the medium sterile. After purging, the serum bottles were kept overnight in
the anaerobic microbiological glove box to equilibrate with the anaerobic atmosphere
before siarting the experiments. The atmosphere in the glove box consisted of 5 % CO,
5 % Ha, and 90 % N,. For the anaerobic experiments, approximately ~1.6 g of sphalerite

was cleaned and sterilized according to the methods described above.

The ferric iron used in these experiments was prepared by dissolving ferric chloride

(FeCl3) into acidified DI water then filter sterilizedb( 0.2 pm, whatman) and purged with
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nitrogen ~25 min. The stock ferric iron solution (1M) was kept inside the anaerobic
chamber until used. To 500 ml of microbiological medium, 1.6 g of sphalerite, 5 ml of
the celt culture (2.7 x10 7 cells/ml ) and the FeCl; solution (100mM final) were added to
each 1 liter vial and then sealed with a gas headspace inside the anaerobic chamber. As
a final step, serum bottles were covered with aluminum foil to prevent iron photo
oxidation/ reduction and were placed in the environmental room at 25 °C and shaken
continuously at 150 rpm during the entire incubation period of the experiments (45

days).

Abiotic ZnS experiments -were prepared under identical conditions as the biological
experiments except that no bacterial culture was added. Fe (II) and sulfate

concentrations were monitored during the course of the experiments.

Waters with different 8'20 value (-15.3 %o, -2.5 %o, 1.8 %o, -16 %o, 12.5 %o ) were used
for the biological and abiotic experiments in order to determine the kinetic oxygen
isotopic fractionation effect befween water and sulfate during sphalerite oxidation. Apart
from sphalerite experiments, one abiotic and biotic galena experiments were also

“performed under the identical conditions as sphalerite experiments.

For the incubation with elemental sulfur, one biotic and abiotic experiment was carried
.out. For these experiments, to 500 ml of microbiological medium 532 mg of elemental
sulfur, the FeCl; solution (100 mM final) and 5 m! of the cell culture were added to each
Hiter vial. The abiotic anaerobic elemental sulfur experiment was prepared without

addition of the cell culture.
3.2.4 Analytical methods

The concentration of sulfate was analyzed by Jon Chromatography (IC- Dionex Series
500). Total dissolved sulfur and zinc concentration was measured by Inductively
Coupled Plasma Mass spectrometry (ICP-MS). All chemical analysis were performed at
the United States Geological Survey (USGS), in Denver, Colorado,. Fe[lI],q

concentrations were measured colorometrically in the solutions by the ferrozine method.
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3.2.5 Extraction of elemental sulfur from sphalerite surface

During oxidation of sulfide minerals such as pyrite and sphalerite, elemental sulfur has
been reported to form on the surface (Turcotte, et al. 1993; Mcguire et al. 2001, 2001;
. Sasaki, et al. 1995; Sasaki, K. 1997; Mycroﬁ, et al. 1990, Schippers, et al. 1999;
Descostes, et al. 2001) . Schippers et al. (1999) demonstrated that elemental sulfur is the
main sulfur species (95 % of the sulfur moiety) during oxidation of sphalerite at low pH
(<3) without baéterial activity. If elemental sulfur is the main sulfur species during
sphalerite oxidation, the 5*S value of elemental sulfur should reflect the §**S value of
sphalerite. In order to measure the §%*S value of elemental sulfur, elemental sulfur was
extracted from the mineral surface after sphalerite was oxidized under anaerobic
conditions. For this purpose, 500 ml of the medium was filtered through 0.2 pum filter

(whatman) at the end of the anaerobic experiments to obtain the sphalerite particles.

The filtering was carried out in the glove box to prevent contamination with molecular
oxygen incorporation which may cause the oxidation of intermediate sulfur species. The
sphalerite mineral particles collected on the filter were placed into a 50 ml beaker. The
approximately 25 ml of perchloroethylene was added to the reaction beaker and the
beaker was left over night at room temperature (Mcquire et al. 2000). Afier completion
of the extraction, perchloroethylene was carefully drawn off into different beaker and
left for evaporation at room temperature. Elemental sulfur was collected from the

‘reaction beaker and analyzed for its sulfur isotope composition.

3.2.6 Isotope analysis of sulfate

Sulfur and oxygen isotope ratios of samples were determined by continuous flow
isotope ratio mass spectrometry (CF-IRMS) using an elemental analyzer (8 3S) or a
Thermo-Finnigan TC/EA at 1450°C (5'%0) coupled to a gas soufce mass spectrometer
in the Laboratory of Dr. Bernhard Mayer at University of Calgary , Canada and at the
United States Geological Survey. (USGS), in Denver, Colorado by using a Carlo Erba
NC2500 elemental analyzer coupled to a Micromass Optima. Reproducibility of the 8*S

and 8'%0 values for sulfate were generally better than + 0.5 %o. For 8'®0 and &S,
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standard mean ocean water (SMOW) and Canyon Diablo Troilite (CDT) are the
respective standards.

3.3 Results

3.3.1 Aerobic sphalerite experiments

The changes in solution chemistry from the ZnS and Fe-bearing sphaleﬁte incubation
experiments are indicated in Table 3.1 and 3.2, respectively. Sulfate concentration from
the biological and abiotic ZnS oxidation experiments consistently increased during the
incubations (Fig. 3.1). However, sulfate concentration from the abiotic-control
experiments was significantly less than the biological experiments, having final
concentrations (at 60 days) of 26.2 mg/L (Fig. 3.1). The total dissolved sulfur (TDS)
concentration which was measured by ICP from the biological ZnS experiments
increased over thé period of the experiments similar to the trend of sulfate concentration..
At first glance, TDS concentration appears to be less than the concentration of sulfate in
both biological sphalerite experiments (Tables 3.1 and 3.2). TDS concentration should
be equal to the concentration of sulfate under the experimental conditions which favor
sulfate as the dominant sulfur specie over other sulfur species (Goldhaber, 1986;
Schippers et al. 1996; Rimstidt and Vaungauh, 2003 ). When the concentration of sulfate
is calculated based on the measured TDS concentration (TDSx3= SQy,), it can be seen
that TDS concentration reflects the concentration of sulfate. This is especially true for
ZnS experiments (Table 3.1). However, there are some disagreements between ICP and
IC measurements for sulfate concentration, especially in the Fe-bearing ZnS oxidation
experiments (Table 3.2). This may be simple increased analytical errors from sulfur

measurements near the IC detection limit in a complex chemical matrix.

Insignificant sulfur isotope fractionation between sulfate and ZnS support the existence
of the sulfur primarily as sulfate in the experiments since oxidation of sulfide to
intermediate sulfur species can cause the significant sulfur isotopes fractionation

between sulfate and ZnS.
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Figure 3.1. Solution chemistry during aerobic bacterial and abiotic-control Pure ZnS
oxidation experiments. Sulfate concentration in the biological experiments, ¢
Zinc concentration in the biological experiments, B . Total sulfur
concentration in the biological experiments ,A pH profile of the biological
experiments, @ . Sulfate concentration in the abiotic experiments, ) . pH
profile of the abiotic experiments, Q. ' '

The concentration of sulfate, zinc and total dissolved sulfur from the biological Fe-
bearing sphalerite experiments steadily increased until 46 days and after which they
plateau (Fig. 3.2). It is clear from Fig .3.1 and 3.2 that Fe-bearing sphalerite produced
higher concentrations of sulfate and zinc compared to the ZnS experiments. pH of the
biological experiments is lower than that from the abiotic experiments during both types
of sphalerite oxidation. pH of the biological Fe-bearing ZnS experiments even showed
the lowest pH value. Figure 3.2 also shows that the amount of sulfate and Zn dissolved
with bacteria are higher than those without bacteria during both types of sphalerite

oxidation experiments.

The pH of the biological experiments showed interesting trend. In the biotic ZnS
experiments, pH was almost stable (0.1) over the period of the experiments (Fig. 3.1).
In contrast, pH dropped from 3 to 2.4 at 54 days in the biological Fe-bearing sphalerite
experiments (Fig. 3.2). In contrast to the biotic experiments, slight increases in pH were

observed during the abiotic ZnS and Fe-bearing ZnS oxidation experiments.
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Figure 3.2 Solution chemistry during aerobic bacterial and abiotic control Fe-
bearing sphalerite oxidation experiments. Sulfate concentration in the
biological experiments, @. . Zinc concentration in the biological
experiments, . Total sulfur concentration in the biological
expenments , 4. pH profile of the biological experiments,@. Sulfate
concentration in the abiotic experiments,() Total sulfur concentration
m the abiotic experiments,A. Zinc concentration in the biological
experiments, [] pH profile of the abiotic experiments, O .

3.3.2 Anaerobic sphalerite experiments

The changes in solution chemistry from the anaerobic ZnS and Fe-bearing sphalerite
oxidation experiments are given in Table 3.3. The concentration of sulfate increased
with time and was very similar in both the biotic and the abiotic experiments during
‘both types of sphalerite oxidation experiments (Figs. 3.32,3.3b). Fe-bearing sphalerite
experinients produced slightly higher sulfate than the ZnS experiments. Sulfate
production rate decreased with time, particularly in the ZnS experiments. This
decreasing trend could be indicative of the formation of different sulfur species such as

elemental sulfur. Formation of elemental sulfur was reported by previous studies under
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the same conditions as the current study (Schippers, et al. 1999; Sand et al. 2001). It is

also possible that

formation of Fe(lll)-sulfate bearing minerals can contribute to this

decreasing trend. An increase in the Fe (II) aq concentration throughout the course of

the experiments indicates continues sphalerite oxidation by ferric iron without producing

sulfate.
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Figure 3.3a Solution chemistry during anaerobic bacterial and abiotic ZnS sphalerite

oxidation experiments. Sulfate concentration in the biological
experiments, 4 . Fe(TI) concentration in the biological experiments B pH
of the biological experiments, @. Sulfate concentration in the abiotic
experiments, . Fe(Il) concentration in the biological experiments,[] .
pH of the abiotic experiments, O .

3.3.3 Bacterial and abiotic aerobic and anaerobic elemental sulfur experiments

Biological aerobic
since when the pH
corresponds to the

ended when the pH

elemental sulfur oxidation experiments were ended after 20 days

of the solution had dropped to 2.1 (Fig. 3.4). The 20 day time point

long-term experiments whereas the short-term experiments were

dropped to 2.7 after 10 days (Table 3.4).
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Figure 3.3b Solution chemistry during anaerobic biotic and abiotic Fe-bearing ZnS
oxidation experiments. Sulfate concentration in the biological experiments, 4
Fe(IT)concentration in the biological experiments,@ . pH profile of the
biological experiments, @. Sulfate concentration in the abiotic experiments, >
Fe(IT)concentration in the biological experiments, [1. pH profile of the
abiotic experiments, O '

In contrast to the sphalerite experiments, the pH displayed a gradual and consistent drop
throughout the bacterial incubation. The concentration of sulfate increased linearly over
- the period of the experiments and was very similar to the sulfate production rate during
the ZnS oxidation experiments at respective days (10 and 20 days), but significantly less

than the rate observed for the Fe-bearing sphalerite experiments.

In the Fe-bearing sphalerite ex;}eriments, it is most likely that Fe(IlII) produced by
bacterial reaction may have acted as oxidizing agent in addition to molecular oxygen
and produced more elemental sulfur which was subsequently oxidized to sulfate by
bacteria (reaction 11). The abiotic elemental sulfur oxidation experiments produced
insignificant sulfate during the 20 days incubation period and pH was stable (Table 3.4).
Although biotic and abiotic anaerobic elemental sulfur oxidation experiments were
carried out, no oxidation was observed as evidenced by a complete lack of sulfate

production (data not shown).
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Table 3.4 Solution chemistry during elemental sulfur oxidation by 4. ferroo;\'idans and

abiotica]ly
Biotic , Abiotic
S04 SO,
duction ;
so, Procuction  nroduction SO, .
Days pH Rate (mg/ Rate (mg/ pH SO, production
mgL) s s mgL) " Rate (mg/s°
. mg*day) mg*day) . mg*day)
0 3.0 28 0.000 0.000 3.0 0.3 0.00000
5 2.9 58 0.045 0.044 3.2 0.3 0.00022
10 2.7 126 0.064 0.050 2.9 1.2 0.00045
15 24 365 0.074 0.092 3.0 1.3 0.00033
20 2.1 450 0.086 0.085 3.0 2.5 0.00047

*, SPR calculated from aerobic biological pure ZnS oxidation experiments based on only the sulfur weight

of the Zn$S sample used in the experiments (~274 mg S in 830 mg ZnS)

‘S04 (mg/L)

Days

pl

|

Figure.3.4 Solution chemistry during aerobic elemental sulfur oxidation experiments.
Sulfate concentration in the biological experiments, € . Sulfate
concentration in the abiotic experiments, {>. pH profile of the biological
experiments, @ . pH profile of the abiotic experiments, O.
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3.3.4 Oxygen and sulfur isotopic compesition of sulfate produced under aerobic
conditions

Table 3.5 shows the §'®0sos and the §**Sgos values of sulfate produced during the
aerobic biological and abiotic ZnS and biological Fe-bearing sphalerite oxidation
experiments. The §'%0s04 values from the biological ZnS and Fe-bearing sphalerite
experiments showed strong linear dependence on the "800 values (Table 3.5, Fig. 3.5
and Fig. 3.6). During the short and long-term biological ZnS experiments, the linear
regression between the 8'°Ogsos and the §'°Ouno values has a slope of m= ~0.96,
indicating that ~100 % of the sulfate-oxygen is derived from water-oxygen. The
standard deviation for the slope and the intercept were estimated as m= =+ 0.1, = 0.7 and

m=% (.1, +0.8 for the short and long-term biological experiments, respectively.

The values for standard deviation are tested according to t-test. Oxygen isotope
fractionation effect (A'®Osos1120) between water and sulfate were estimated from the
linear regression between the §'%0s04 and the 8300 values as 9.1+ 0.7%o, 8.9+ 0.8 %o
for the short and the long-term biological ZnS experiments, respectively (Fig. 3.5). The
amount of O, incorporated into sulfate was insignificant and therefore (A'*Oso4.02)

values were not necessary to calculate.

The linear regression between the 8'°0sos and 6'°Opyo values obtained from the
biological Fe-bearing sphalerite experiments provided slopes of m= 1.00+0.1 and m=
0.9420.1 for the short-term and the long-term experiments, respectively. These results

also indicate ~ 100 % water-oxygen incorporation into sulfate in both experiments.

The fractionation of oxygen isotopes between sulfate and water was estimated to be
+8.220.8 %o for the short-term and +7.2+1.1 %o for the long-term experiments (Fig. 3.6).
Although the oxidation rate of the Fe-bearing sphalerite is significantly faster than the
ZnS experiments, the §'80s04 values and oxygen isotope fractionation effect (A'®Ogos.
m20) between both experiments is similar (Table 3.5) The 8*Ss0s values from the
biological ZnS oxidation experiments were not significantly different from the %Sz
value. The kinetic sulfur isotope fractionation effect (A3 4Sso4.zns) was estimated to be

0.1 %o (Table 3.8).
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Figure 3.5. Relationship of the §'%0 of the SO relative to the §'°0 of the experimental
H;0O during aerobic oxidation of ZnS by A.ferrooxidans and abiotically.
Short-term bacterial (pH: 2.7 , 45 days), @ . Long-term bactenial (pH: 2.9, 60
days ),¢. Abiotic (pH ~3),0.

Similar to the ZnS experiments, the 8343504 and 8348(2,1.&)3 values were also closé]y
matched and indicated no significant sulfur isotope fractionation (Table 3.8). The abiotic
control ZnS experiments produced sulfate that had 60 % incorporation of oxygen from
H-O and 40 % from molecular O, (Fig. 3.5). Only two abiotic ZnS oxidation were
performed due to insufficient amount of ZnS sample. Although the oxygen isotope
fractionation effect between sulfate and water, and between sulfate and molecular
oxygen was not able to be determined for the abiotic experiments due to insufficient
data points (n=2), based on the higher O, incorporation into sulfate, it is reasonable to

predict that the A'™0go4 120 values will be different than those for biotic experiments.

Table 3.5. Oxygen and sulfur isotope composition of sulfate from aerobic bacterial and
abiotic pure ZnS and Fe-bearing ZnS oxidation experiments
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ﬁlsoiumnitw ﬁlsomofm.; Avg.ﬁl-s()sm Avg.ﬁ“ssm

Biological (%eo) (%) (%o) (%)
ZnS Short-term - -153 -129 -29 -7.9
-15.3 -13.0 3.8 -7.8
-2.5 -1.5 7.0 -7.9
25 nd n.d n.d
1.8 23 11.6 -8.0
1.8 32 129 -8.0
13.2 13.0 211 -7.2
Long term -15.3 -13.8 3.9 -7.9
2.5 -0.6 .79 -7.6
-2.5 0.2 3.3 -7.8
1.8 2.7 12.1 -7.4
1.8 28 11.7 -7.7
. 13.2 13.8 22.0 -7.4
Abietic Long term -153 -14.7 14.5 -10.3
132 13.7 31.7 -7.9
Biological -15.3 -14.1 55 0.2
(Zn,Fe)S  Shori-term -15.3 -14.1. -6.1 0.2
o -2.5 nd nd 0.3
2.5 -1.9 5.8 0.5
1.8 2.1 10.7 0.4
1.8 2.2 10.5 0.2
Long-term -153 -14.3 -6.2 0.2
-153 -14 -5.9 0.2
-15.3 -14.3 -6.2 0.3
-2.5 -1.6 54 0.4
2.5 -1.4 6.9 0.3
1.8 nd n.d n.d
1.8 2.9 9.6 0.3

&S value of pure sphalerite was -7.7 %o and 8*'S value of Fe-bearing sphalerite was 0.0 %o.
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Figure 3.6 Relationship of the 3'®0 of the SO: relative to the 5'°0 of the
experimental H,O during aerobic oxidation of Fe-bearing ZnS by
A.ferrooxidans. Short-term bacterial (pH: 2.6 , 40 days), @. Long-

term bacterial (pH: 2.44, 54 days ), .
A sulfur isotope fractionation (A>*Sgos.zqs) of ~ -2.6 %o was measured from one of the
abiotic experiments (Table 3.5). However, since the other abiotic experiment did not
show the same fractionation effect, the observed -2.6 %o fractionation may have been an

artifact of the experimental conditions or due to analysis error.

3.3.5 Oxygen and sulfur isotopic composition of sulfate under anaerobic conditions

The linear regressions generated for 8'Osos versus 8'®Ouso from the anaerobic
experiments‘yielded slopes of m=1.0+0.4 and m= 0.98+0.0 for the biotic and abiotic
ZnS expériments, respectively and the corresponding values for the Fe-bearing
.sphalerite experiments are m=0.96+0.1 and m=0.99+0.0. These results suggest that all
oxygen atoms of sulfate are derived from water-oxygen during anaerobic sphalerite

oxidation irrespective of mineralogical difference and experimental conditions (biotic

vs. abiotic) (Table 3.6 and Fig. 3.7).
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The oxygen isotope fractionation effect (A"Os04120) Was estimated to be 7.02+0.9 %o
and 7.0+0.7 %o for the biotic and abiotic Fe-bearing ZnS oxidation experiments,
respectively and 9.6+4.7%0 and 7.6 1.1 %o for the biotic and abiotic ZnS oxidation
experiments, respectively. Note that the value for A'soso“{zo of 9.6 %o has a relatively
large error and is therefore not significantly different than the 3 other reported values. It
is clear from these results that the oxygen isotope fractionation effect between sulfate
and water is similar for both types of sphalerite during biotic and abiotic anaerobic

oxidation (Table 3.6).

It is interesting to note that both the biological aerobic and anaerobic sphalerite
experiments produced sulfate derived of 100 % water—bxygen and with similar A"*Osoq.

n20 values (Table 3.8).

25 -
20 - 4 Y
y 7~
15 - -2
. g
A 7’
3 107 &
P2 '
:I -@ 5 ~
0 - y=1.00+0.4x+9.6:4.7 1 = 0.98
y=0.980.0x + 7.6+1.1 I = 0.99
, 5L y=0.96£0.1x + 7.02£0.9 1" = 0.99
} l Y y=0.9920.0x + 7.0040.7 r* = 1.00
; -10 T - T T T T T =
i -15 -10 -5 0 S 10 15

5180Hzo'

Figure 3.7 Relationship of the §'%0 of the SO, relative to the 8'°0 of the experimental
H2O during anaerobic oxidation of ZnS and Fe-bearing sphalerite by
A ferrooxidans and abiotically. Bacterial ZnSg@. Abiotic ZnS, O . Bacterial
Fe-bearing sphalerite,§. Abiotic Fe-bearing sphalerite, { .
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The 8**Sso4 values from the anaerobic sphalerite experiments are depleted by ~2.6 %o
relative to the %S values of the ZnS and Fe-bearing sphalerite, indicating a sulfur
isotope fractionation effect of ~ - 2.6 %o for both types of sphalerite (Table 3.8). The
5*S value of elemental sulfur which was extracted from the ZnS and Fe-bearing

sphalerite surface closely reflects the 5**S value of the sphalerite source (Table 3.8).

Biotic and abiotic anaerobic galena experiments did not produce sulfate (data not
shown). The XRD patterns taken from the filtered particulates at the end of the galena
experiments showed that the solids were elemental sulfur, supporting that elemental
sulfur was the only oxidation product. Furthermore, the sulfur isotope composition of
these S° particles were identical to that of galena, (Table 3.8). All these results from the
galena experiments are consistent with the results of the study performed by Schippers
et al. (1999).

3.3.6 Oxygen and sulfur Isotopic composition of sulfate from aerobic and anaerobic
elemental sulfur experiments

The §'®0s04 values from the biotic S° oxidation experiments, when plotted relative to
8'80wo for the waters of preparation yielded slopes of 1.04 during both the short and
the long-term experiments (Table 3.7) (see Fig. 3.8). The slopes obtained from both
experiments indicate 100 % water-oxygen incorporation into sulfate. The oxygen
1sotope fractionation effect (A'80504-H20) is estimated to be 8.02 + 0.92 %o and 8.9=1.15

%o for the short and long-term experiments, respectively (Fig. 3.8, Table 3.7).

The 60504 values and oxygen isotope fractionation (A'*Osos1p0) effect from elemental
sulfur experiments are almost identical to those obtained from both types of aerobic

sphalerite oxidation experiments.

The %8564 values are depleted by 1.2 — 2.0 %e during the short-term experiments, this
depletion diminished with the extent of the reaction as inferred from the long-term
experiments (Table 3.7). The sulfur isotope fractionation effect (A**Ssoss’) was

estimated as -2 %o and -1.2 %o for the short-term and long-term experiments,

respectively.
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Table 3.6 Oxygen and sulfur isotope composition of sulfate from
short-term anaerobic bacterial and abiotic ZnS (pure ZnS and Fe-

bearing ZnS) oxidation experiments.

"®0m0mitiat 0"°Omzomnnt~ AvE-8'0s0s  Avg.6¥Ss0s  Avg.5%Sg°

(%0) (%o) (%) (%) (%)
ZnS . -16.0 151 -6.0° 94 °  nd
Biological -15.3 -14.9 6.4 -10.4 7.1
2.5 22 9.0 -10.5 -8.0
1.8 1.4 9.8 -10.2 6.9
Abiotic -16.3 -16.0 7.4 9.9 nd
-15.3 -15.0 72 -10.2 1.7
25 22 55 -10.4 7.4
1.8 1.2 79 -10.8 -7.9
12.5 12.5 20.5 n.d n.d
(Zn,Fe)S -15.3 -14.0 6.4 -2.4 0.8
Bielogical -15.3 -14.0 6.4 2.4 n.d
2.5 2.4 4.8 2.6 n.d
1.8 1.4 8.3 2.2 nd
-15.3 -143 73 2.1 0.4
Abiotic 2.5 22 4.7 2.4 0.1
1.8 1.7 87 2.4 n.d
Galena

Biological

Abiotic 2.1

678 value of galena was 2.1 %o
5*S value of pure sphalerite was -7.7 %o and
8°*S value of Fe-bearing sphalerite was 0.0 %o .

Sulfate also could not be obtained from the biotic and abiotic anaerobic elemental
sulfur experiments (data not shown). Although replicate abiotic control experiments
were performed with elemental sulfur as with the biological experiments, the
concentration of sulfate produced was negligible and insufficient for isotopic
analysis. These results are consistent with previous studies (Kortia, 1998) and
indicate that abiotic reactions were insignificant for producing sulfate based on my

experimental conditions.
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Table 3.7. Oxygen and sulfur isotope composition of sulfate from aerobic bacterial
elemental sulfur oxidation experiments.

Biological 6" Ow:0imitiat  6°Oz0final AvE.0"0s0s  Ave.5*Ssoq
(%o) (%o) _(%0) (%o)

-15.3 -15.2 7.6 2.5

-15.3 -15.3 .85 23

2.5 2.4 - 6.2 2.9

Short-term 2.5 2.4 6.3 n.d

2.5 2.4 6.0 2.2

1.8 1.8 9.3 2.6

1.8 1.8 9.2 2.9

Long term -15.3 -14.5 -5.1 3.4

-15.3 -15.2 -7.1 3.2

2.5 2.6 6.0 3.3

2.5 2.7 6.4 3.5

1.8 1.3 10.2 3.3

The 8*Ss° value used in the experiments was 4.4 £0.1%o

15.0 -
10.0 - A
z |
: ~ 5'0 3
2
<)
“ 0.0 -
5.0 - @ y= 1.04x +0,09+ 8.02:£0.92 ' = 0.99
§ € y=1.01x+0.09 + 8.90+1.15 F* = 0.99
[ )
-10.0 - . , - .
-15.4 -10.4 -5.4 -0.4 4.6
818()"20

Figure 3.8 Relationship of the 8'%0 of the SO4 produced by 4.ferrooxidans during
acrobic elemental sulfur oxidation relative to the 'O of the
experimental H,O. Short-term (pH: 2.7, 10 days), @ . Long-term(pH:
2.1,20 days ), §.
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Table 3.8. Summary of oxygen and sulfur isotope fractionation during ZnS and S°

experiments.
Isotopic Fractionation
% oxygen Asosmo’ Asoszis Asors’  Asznst
Sample ‘ H,0"
Aerobic Exps.
Short-term Biotic 96 9.0 -0.2 n.d n.a
Abiotic 60 -2.6 n.d n.a
7nS Long-term Biotic 95 8.9 0.0 n.d n.a
Anaerobic Exps.
Biotic 104 9.6 -2.6 -3.0 0.4
Abiotic 98 7.7 -2.6 -2.7 0.1
Aerobic Exps.
Short-term Biotic 100 8.2 -0.3
Abiotic n.d. n.d nd n.d n.d
;Z“’Fe) Long-term Biotic 94 72 03 nd  nd
Anaerobic Exps.
Biotic 96 7.0 -2.4 -3.2 0.8
Abiotic 100 6.9 -2.3 -2.6 0.3
Aerobic Exps.
Short-term Biotic 104 8.0 -2.0
Abiotic n.d. n.d nd n.d n.d
S° “Long-term Biotic 101 8.9 -1.2
Anaerobic Exps.
Biotic nd n.d nd n.d n.d
Abiotic n.d n.d n.d n.d n.d

* % estimated from linear regressions between SO, and H,0

® Asos.120=obtained from the intercept calculated from linear regressions.

® As®. zns= (8**Ss04) (6*Ss")
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3.4 Discussion

3.4.1 Rates of sphalerite and elemental sulfur oxidation

My experimental results illustrate that sphalerite is oxidized faster by bacterial
reactions compared to abiotic reactions irrespective of the mineralogical composition
(Fig. 3.1 and Fig. 3.2). According to sulfate production rates (SPR), Fe-bearing
sphalerite is oxidized even faster compared to pure ZnS experiments. SPR is 0.022
(mg/ZnS-mg-day) for ZnS after 45 days whereas it is 0.100 (mg/ZnS-mg-day) for
Fe-bearing sphalerite after 46 days. This result seems to be consistent with previous
studies which indicated that the presence of iron within the gap Bands make electron
transfer more favorable and thus accelerates the oxidation rate (Crundwell, 1988).
Furthermore, it is possible that the number of bacteria became higher in the Fe-
bearing sphalerite experiments than in the ZnS experiments because 4. ferrooxidans
can obtain energy from Fe (II) oxidation in addition to sulfur, which result in a
higher oxidation rate in the Fe-bearing sphalerite experiments. It should be note that
the decrease in sulfate concentration at 54 days in the Fe-bearing sphalerite
experiments may have resulted for the formation of Ferric iron-sulfate minerals. The
drop in zinc concentration at this time suggests that zinc may have co-precipitated

with the iron oxides (Fig. 3.2).

The SPR from the biotic and the abiotic anaerobic experiments is very similar for
both types of sphalerite samples and significantly less than the aerobic experiments
(Tables 3.1, 3.2 and 3.4). The SPR shows a decreasing trend with the extent of the
reaction irrespective of mineralogical composiﬁon of sphalerite. This may be
explained by the formation of non-sulfate sulfur species, such as elemental sulfur as
suggested by previous studies ( Turcotte, et al. 1993; Mcguire et al. 2001,; Sasaki, et
al. 1995; Sasaki, 1997; Mycroft, et al. 1990, Schippers, et al. 1999; Descostes, et al.
2001). An increase in the Fe(I) concentration which was produced during oxidation
of sphalerite by ferric iron is in agreement with this and suggests that the oxidation

of sphalerite continues without sulfate production.
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The SPR from the biological aerobic elemental sulfur experiments is similar to the
SPR measured in the biological ZnS experiments at respective days (Table 3.4). For
this comparison, the SPR from aerobic biological pure ZnS experiments is calculated
by using only sulfur weight of the ZnS sample without the weight of Zn to make the
starting weight of ZnS sample same with the elemental sulfur (266 mg) (Table 3.1
and Table 3.4). Similar SPR rate may be due to the.formation and oxidation of
elemental sulfur during ZnS oxidation experiments. The insignificant change 1n the
pH profile during the ZnS experiments further suggests the formation of elemental
sulfur as an intermediate, whose subsequent oxidation to sulfate equally produces an

H (reactions 2) after an H' is consumed via reaction 1.

The current experimental study shows that the oxidation of sphalerite and elemental
sulfur at pH <3 under aerobic condition is largely controlled by biological reactions.
Moreover, it is also showed that chemical oxidation of sphalerite by Fe(III) produce
elemental sulfur as the main oxidation product.

3.4.2 Reaction mechanisms of elemental sulfur oxidation under aerobic
conditions

The 6'®0so4 values from the short and long-term biological aerobic elemental sulfur
oxidation experiments showed that sulfate derived all of its oxygen atoms from water
(Fig. 3.8) even though O, was the electron acceptor during oxidation. Bacterial
oxidatidn of solid elemental sulfur proceeds via stepWiSe reactions in which SO;% is
an intermediate and other compounds such as thiosulfate and polythionates may
form (Suzuki, et al. 1994; 1966; Pronk et al. 1990; Kelly, 1982). When 4.
ferraoxidans cells were incubated with elemental sulfur at pH 5, signiﬁcant amounts -
of sulfite accumulated, indicating that sulfite can be an intermediate of elemental
sulfur oxidation (Pronk et al. 1990). Oxidation of elemental sulfur at lower pH
values does not result in the accumulation of sulfite, demonstrating that sulfite
oxidation to sulfate by 4. ferrooxidans is favored at low pH conditions (Pronk, J.T.
et al. 1990). Similarly, oxidation of elemental sulfur to sulfate by Thiobacillus
thiooxidans, all of the sulfate derived its oxygen atoms from" water and did not
include any oxygen from '®0-labeled O, (Suzuki, et al. 1966, 1965). Mizutani and
Rafter (1969) used soil as a source of bacteria to oxidize elemental sulfur with two

waters having distinctly different oxygen isotopic composition. They found that
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water contributed all of the sulfate oxygen with an insignificant kinetic oxygen
isotope fractionation effect (Asos420 = ~0). My experimental results are consistent

with the results of the previous studies.

The complete incorporation of water-oxygen into sulfate may occur due to 1-)
oxygeﬁ isotope exchange‘ between a sulfite intermediate and water, 2-) an enzymatic
electron transport system where O, does not make directly contact with the sulfur
atoms (as pathway 2). As previous studies suggested, sulfite is more likely an
intermediate during elemental sulfur oxidation. It is been demonstrated that oxygen
isdtope exchange between water and sulfite is on the order of nanoseconds at low pH
(<3) (Holt et al. 1981). Therefore, one can safely assume that this process may be
partly responsible for the water-oxygen incorporation into sulfate. The electron
transport system (ETS) for S° oxidation may also explain the complete incorporation
of water oxygen into sulfate. Thiobacillus spp., derive energy from sulfur oxidation,
but the electrons from S° pass through several steps of the ETS before they reduce O,
to water in the final step. Consequently, the reduction of O, to water can be
physically separated from the final oxidation of SO;% to SO4* and the ongen in
sulfate likely was derived from water (Kelly, 1982). Tﬁe transfer of electrons from
sulfur to the electron acceptor (O,) provides energy by cycling electrons through the.
elecfro,n transport system (Ehrlich, 1981). The final step in the electron transport

system is reduction of oxygen to form water, not incorporate into sulfate.

Based on my own work here and previous studies, the following pathway is
proposed for bacterial oxidation of elemental sulfur (Kelly, 1982). According to the
pathway, elemental sulfur is first oxidized to sulfite.

$° +0%+ 2560 —$052 4H,0* +2H' (15)
SO+ JHO +120%; — SO +H,0* (16)
S°+ H,0+320, — SO+ 2H" (17)

‘Sulfite may be enzymatically oxidized directly to sulfate by a cytochrome c-linked
oxidoreductase (reactions 16a-c), incorporating water-oxygen into sulfate (1'6a). The

oxygen isotope exchange between sulfite and water could also occur at step 16a.
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8032' +2cyt c(ox) +H,0 — SO4 +2cyt c(red) +2H+ (ATP) (16a)
2cyt c(red) +2cyt oxidase(ox) — 2cyt c(ox) + 2cyt oxidase(red) (+ATP) (16b)

2cyt oxidase(red) + O,+4H" —2cyt oxidase(ox) +2H>O (16c)

SO5% + H,0 +1/20%, — SO, +H,0* (16)

This mechanistic pathway suggests the complete incorporation of H>O derived oxygen,
consistent with my experimental results, even though the net stoichiometry (17) does

not suggest this.

The kinetic oxygen isotope fractionation effect between sulfate and water was
estimated to be 8 %o for the short-ferm and 8.9 %o for the long-term lower pH
experiments (Fig. 3.8, Table 3.8). These results appear to contradict the results of
Mizutani and Rafter (1965) who reported no oxygen isotope fractionation between
sulfate and water duﬁng oxidation of elemental sulfur by soil bacteria. Mizutani and
Rafter attributed this fractionation to insignificant oxygen isotope exchange between
sulfite and water However, these authors do not report if the bacteria were in fact
sulfur-oxidizers. Therefqre, it is not clear that the 0 %o fractionation effect was due to
sulfur oxidizing bacteria. The kinetic oxygen isotope fractionation measured in this
study could be due to oxygen isotope exchange between sulfite and water, which
increases with decreasing pH and thus might occur rapidly at the pH of our
experiments (Pearson and Rightmire, 1980; Holt et'al. 1981; Chiba and Sakai, 1985 ).

The abiotic elemental sulfur experiments did not produce significant amounts of
sulfate, indicating that elemental sulfur oxidation is largely controlled by biological
reactions which consistent with previous studies (Curutchet, et al. 1996; Garcia et al.

1995a, 1995b)
3.4.3 Reaction mechanisms of sphalerite oxidation under aerobic conditions

In good agreement with the §'%0so4 values from the bacterial aerobic S° oxidation
experiments, the 8'80s0s values from both the ZnS and Fe-bearing sphalerite
experiments also indicate complete incorporation of water-oxygen into sulfate during

the biotic' short and long-term experiments (Fig. 3.5 and Fig. ‘3'6)i Although the
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8'%0s04 values were similar between the biological aerobic Fe-bearing sphalerite and
pure ZnS oxidation experiments, suggesting similar reactions for each, there was no
mass bﬁlance for the sulfate and zinc products for the Fe-bearing sphalerite. This is
likely due to precipitation of ferric iron-sulfate. minerals (e.g., jarosite,
schwertmannite) as evidenced by decreasing sulfate concentrations (Fig. 3.2). It is also
expected that the solution chemistry during the Fe-bearing sphalerite oxidation would
be more heterogenéous since Fe (II) oxidation and precipitation of Fe-oxides can also
occur. Therefore, it would be difficult to obtain mass balance as for the pure ZnS
experiments. These results are surprising since previous studies indicate direct
oxidation of pyrite which involves enzymatic reactions incorporated O, into the
sulfate product (Taylor et., al; 1984a; 1984b). Given the similar §'*Osq4 values from
the aerobic sphalerite and S° oxidation experiments, oxidation of sphalerite also likely
utilizes the same cyt-pathway (15, 16a-c) as for S° oxidation. Therefore, as previously
discussed for S° oxidation, all the electrons from the sulfur-side of sphalerite are
shuttled through the electron transport system (ETS) where aerobic respiration takes
place, resulting in the formation of water from O, reduction (Elrich, 1981, Kelly,
1982). The energy obtained from the ETS goes into high-energy adenosine
triphosphate (ATP) bonds which are needed by bacteria for energy consuming
reactions (Kuenen, et al. 1975; Kelly, 1982). The only major difference between
oxidation of sphalerite and S°is the initial oxidation of ZnS to an S° intermediate as
shown below in reaction 18. Elemental sulfur formation during bacterial and abiotic
sphalerite oxidation was previously reported elsewhere (Garcia, 1995b; Fowler, and

Crundwell, 1999)

ZnS +1/202+>2§* -;s/ +,er) +Zn"? (18)
5~ #2540 +0%, - S + JHO* 2H (19)
SE+ B0 +1120%, S0, +0* (20)

ZnS +20; - SO +Zn*? (21

In this oxidation pathway, the dissolution of sphalerite is initiated by proton attack
(H") followed by a series of reactions giving rise to elemental sulfur (reaction 18)

(Schippers et al. 1999; Sand et al. 2001; Mcguire, et al. 2001;Mycroft, et al. 1990;
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Sasaki et al. 1995; Turcotte, et al. 1993; Hazeu et al. 1988). Because the solubility of
elemental sulfur in the water is very low (Steudel, et al. 1987; Roy et al. 1970), only
in the presence of sulfur oxidizing bacteria does continued oxidation of elemental
sulfur to sulfate occur. This likely explains why the abiotic sphalerite oxidation
‘experiments produced very little amount of sulfate compared to the biological
reactions (Fig. 3.1 and Fig. 3.2). The subsequent oxidation of elemental sulfur causes
the formation of sulfite and yields protons needed for further dissolution .of ZnS
(reactions 18, 19). According to this proposed pathway, pH should be stable during
sphalerite oxidation since production and consumption of protons are in equilibrium
(reactions 18 and 19). The constant pH profile observed during the biological ZnS
oxidation experiments is consistent with this ides (Fig. 3.1, Table 3.1). |

A.ferrooxidans

H,0 +2H"

Hzo + Y% 0*2

H,0*

so’

ZnS+20, —* SOF+Zn*
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Figure 3.9 Proposed sphalerite and elemental sulfur oxidation  pathways for
biological experiments under aerated conditions, as originally presented

for sulfide oxidation by Kelly et al. (1982).

If reaction 21 represents the net stoichiometry of the proposed sphalerite oxidation
_pathways, then accordingly, if no sulfate is lost from the system by precipitation
reactions, then the molar sulfate concentration should equal the molar concentration
of dissolved zinc (reaction 21). In fact the sulfate and zinc concentrations are similar
at 60 days from the biological ZnS oxidation experiments in agreement with the net
stoichiometry of reaction 21 (Table 3.1). Nonetheless, as illustrated for the s°
oxidation experiments, the net stoichiometry does not represent the actual oxygen

sources to sulfate.

Abiotic control ZnS experiments produced sulfate that has 60 % oxygen atoms from
H,0 and 40 % from molecular O,. Larger molecular O; incorporation into sulfate
suggests that sulfide oxidation may occur via a metal centered oxidation in which
sulfur side of sphalerite is directly attacked by molecular O, ( or an intermediate
derived from O;) and electron transfer proceeds via an inner-sphere mechanism as
proposed theoretical studies by Luther III, (1990); Wehrli, (1990). The difference in
the oxygen source of sulfate berween fhe abiotic and biological experiments may
stem from different oxidation mechanisms. It is most likely that elemental sulfur also
formed during abiotic sphalerite- oxidation since the pH of the solution was acidic
(pH 3) at the beginning of the experiments. The increase in pH during aerobic abiotic
oxidation may be explained by the formation of elemental sulfur which consumes
protons (Fig. 3.1, reaction 18). It is well known that the formation of a porous layer
of elemental sulfur product on the surfaces of sphalerite may limit the rate of
reaction by preventing the diffusion of soluble reactants through this layer, as
previously reported for the chemical leaching of sphalerite (Fowler and Crundwell,
1999). The relatively low rates of sulfate production in the abiotic experiments are

consistent with this.

Sulfate formed in the abiotic reactions was likely due to proton attack on the
sphalerite. During the attack, hydrogen sulfide (H,S) first forms prior to its oxidation
to S° (Schippers et al. 1999). Since the experimental flask was continuously purged
with air, H,S should be quickly oxidized to sulfate by O,. Although hvdrogen sulfide
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could not be measured during the experiments, hydrogen sulfide odor was noted and

was likely the source of sulfate during the abiotic sphalerite oxidation.

3.4.4 Reaction mechanisms of sphalerite oxidation under anaerobic conditions
Sphalerite can be oxidized by ferric iron in addition to O, molecules (Fowler and
Ciundwell, 1999; Crundwell, 1987); Because Fe (III) is a strong oxidant and its
concentration is generally high. under acidic conditions, oxidation of sphalerite by
ferric iron may significantly contribute to the formation of AMD sites. Therefore, it
is important to reveal oxidation pathway of sphalerite by ferric iron and to observe
whether the sulfate product has a unique §'30 value compared to sulfate produced

during aerobic ZnS oxidation.

The 8'®0g04 values from the anaerobic sphalerite experiments (ZnS and Fe-bearing)
showed 100 % water-oxygen incorporation into sulfate and a very similar oxygen
isotope fractionation effect as for the aerobic sphalerite and elemental sulfur

oxidation experiments (Table 3.6,Fig. 3.7).

The following reaction steps, explain the oxidation of sphalerite by Fe (III) ions at
pH 2 (Sand et al. (2001)). According to this pathway, the first product of sphalerite
oxidation is the formation of hydrogen sulfide followed by additional oxidation to
elcmental sulfur (reactions 22-23) (Sand et al. 2001; Schippers et al. 1999; Tributsch,
et al. 1981). Furthexmorc, H,S can be oxidized to H-S ™" radical which oxidized to
elemental sulﬁxr by Fe (III)‘ through chain elongatidn of the polysﬁlﬁdes (Steudel, R.,
1996). :

ZnS +Fe** +H — Zn®" +0.5 H,S, +Fe ** (22)

Thiosulfate may arise by a side reaction 23 or 24 through oxidation of bisulfite
formed during oxidation of hydrogen sulfide (Sand et al. 2001).

H>S, + 6Fe®* + 3H,0 —» H,S,05™ + [(n-2)/8] Sg +6Fe* +6H" (23)
Or 1/8 Sg +HSO3 —— HS,05" (24)
u H:0
SO,
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A minor amount of sulfate forms as product of thiosulfate reaction 25
HS,0; +8Fe® + 5H,0 —2S0,% +8Fe?* +10H" (25)

Elemental sulfur forms as a major species during anaerobic (reaction 23) and aerobic
sphalerite oxidation. The sulfate concentrations from the anaerobic experiments are
significantly less than those produced from the aerobic experiments (Table 3.3). This
is likely due to elemental sulfur not being further oxidized to sulfate in the anaerobic
experiments. Although it is demonstrated that A. ferrooxidans has the ability to
oxidize elemental sulfur under anaerobic conditions by using Fe(Ill) as electron
acceptor (Sugio, et al. 1985), similar sulfate concentrations were measured in the
biotic and abiotic anaerobic sphalerite experiments. This suggests that chemical
oxidation of sphalerite by Fe(Ill),, was dominant in both types of experiments.
Biological and abiotic anaerobic elemental sulfur oxidation experiments showed no
significant sulfate production by Fe’* oxidation (data not shown). These results
suggest that elemental sulfur oxidation (biological and abiotic) could not have
occurred under anaerobic conditions. Therefore, it is reasonable to speculate that
sulfate production during the anaerobic experiments was likely due to decomposition

of the hydrogen sulfide radicals (reactions 23-25) as suggested by Sand et al, (2001).

3.4.5 Oxygen isotope fractionation

The oxygen isotope fractionation effect (A'®Ososm0) Was estimated as 9.6 %o and
7.7 %o for the biotic and abiotic anaerobic ZnS experiments, respectively. The
respective values were 7 %o and 6.9 %o for the Fe-bearing ZnS experiments. These
results are similar to those obtained from the biological aerobic sphalerite and
elemental sulfur experiments, and suggests that oxygen isotope exchange between
water and sulfite may be responsible for the similar oxygen isotope fractionation

effect between all of these experiments (reaction 24).

The similar oxygen isotope fractionation effect between sulfate and water (A"®0s04-
t20) for all of the sphalerite and S° oxidation experiments may be due to a common
and rate-controlling oxidation step that primarily controls this fractionation. Sulfite is

a common intermediate during both sphalerite and elemental sulfur oxidation.

87



Oxygen isotope exchange between sulfite and water is likely to occur under the low
pH of our experimental conditions and may be responsible for the similar oxygen
isotope fractionation effect. It is reported tliat oxygen isotope exchange between
sulfite and water is on the order of nanoseconds under acidic conditions in contrast to
sulfate-oxygen and water-oxygen exchange reactions (Lloyd, 1968; Pearson et al.
1980; Holt et al. 1981). The time required for oxygen isotope exchange between
sulfate and water was estimated to be on the order of 250.000 yr, at pH 7 and 25 °C
(Llyod; 1968). Zak et al. (1980) reported no evidence of oxygen isotope exchange
between sulfate and water for pore waters taken from deep marine sediments.
Further, Chiba and Sakai (1985)’results from laboratory experiments indicate a
water-sulfate oxygen exchange rate in the oceans of ~10° year (tm) at 100 to 300 °C
and pH 2 to 7. Extrapolating the experimental data of Hoering and Kennedy (1957)
and Chiba and Sakai (1985), at pH 0, 1 and 2, the respective half times required for
SO, -H,0 oxygen isotopic exchange is ~1 to 30 year , 25 to 100 years, and ~10° to
10° years. Based on these results, it can be assumed that sulfate-water oxygen

isotopic exchange is unlikely under our experimental conditions.

" Sulfite-water oxygen isotope exchange reactions seem more likely under my
experimental conditions. Holt et al., (1981) investigated the oxygen isotope
fractionation effect durihg sulfite oxidation to sulfate under different experimental
conditions, some of which are similar to acid mine drainage. For SOs* in isotopic
equilibrium with water, data from their experiments indicate A"®0sos-20 + 10 %0
when sulfite reacts with O, stoichiometrically at 24°C and 'A‘gosm.mo +8 %o during

sulfite oxidation by bromine.

The results of my experiments seems to be consistent with the range reported by
these studies. Although the oxidation rate is significantly different for both types of
sphalerite and elemental sulfur experiments, the similar A®Os04.110 values suggest
that isotopic fractionation may be controlled largely by isotopic equilibrium between
water and sulfite.- Fractionation was not a function of oxidation rate under the
experimental conditions, which is consistent with SO;% - H.0O oxygen isotope
exchange rates of a few nanoseconds at pH ~2 (Holt et al. 1983, 1981)

Alternatively, Mizutani et al. (1969, 1973) and Fritz, et al. (1973) indicated oxygen

isotope exchange between sulfate and water proceeds through enzyme-bound
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intermediates during the bacterial reduction of sulfate. Similar enzyme mediated
oxygen isotope exchange processes may also have occurred during sulfide oxidation
to sulfate in my experiments. However, because the biotic and abiotic anaerobic
sphalerite oxidation experiments showed similar oxygen isotope fractionation as the
aerobic biological experiménts, enzyme mediated processes are not as likely as

oxygen isotope exchange between H>O and sulfite.

These results from all of the sphalerite oxidation experiments contrast significantly
from the anaerobic pyrite oxidation experiments where A™0s04.100 Was ~3.6 %o
This fractionation is significantly different than those obtained from anaerobic pyrite
oxidation (3.6 %o). In contrast to sphalerite experiments, higher sulfate
concentrations also resulted from the anaerobic pyrite oxidation, possibly a result of
different oxidation mechanisms. Furthermore, anaerobic’ galeﬁa oxidation
experiments only produced elemental sulfur, further suggesting a different oxidation
mechanism. Differences in oxygen isotope fractionation between sulfate and water
may suggest djﬁercnt oxidation mechanism for partiCulaf metal sulfide minerals as
suggested by previous studies (Schippers et al,. 1996, 1999; Sand et al. 2001).

3.4.6 Sulfur isotope fractionation associated with aerobic and anaerobic

sphalerite oxidation and aereobic elemental sulfur oxidation

The 8™Sso4 values from both aerobic sphalerite (ZnS & Fe-bearing) oxidation
experiments were very similar to the 8*'S of the parent minerals and thus showed
insignificant sulfur isotope fractionation (Table 3.8). These results may indicate that
most of sulfur moiety of sphalerite is oxidized to sulfate under acidic conditions.
These results are consistent with the fact that sulfur isotope fractionation associated
-with oxidation of solid phase metal sulfides is insignificant comparéd to oxidation of
aqueous HS™ (Nakai and Jensen, 1964; Taylor et al. 1984; Fry et al. 1986, McCready
and Krouse, 1982; Mandernack et al. 2003). Sulfur isotope fractionation during
sulfide oxidation under different experimental conditions was reported in previous
studies (Kaplan and Rafter, 1958; Kaplan and Rittenberg, 1964; Fry et al. 1988;
Sakai, 1957; Fry et al. 1986, 1988 ; Taylor, et al. 1984b; Seal and Wandless, 1997).
The largest sulfur isotope fractionation of ~-15 %o was reported by Kaplan and
Rittenberg (1964) during oxidation of dissolved Na,S in experiments inoculated with

T. thiooxidans. They attributed the fractionation to isotopic exchange between the
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intermediate sulfur species and sulfate. Toran and Harris (1989) measured a sulfur
isotope  fractionation of -2 to -5.5% for FeS; and ZnS oxidation experiments
inoculated with a mixture of T neopolitanus, T. intermedius, and T. ferrooxidans and
run at a pH of 5 to 6. A major difference between our experiments and Toran and
Harris’s study is pH, which may control the formation and oxidation of intermediate
sulfur species to sulfate and thus influence the net fractionation. A fractionation of -
4.7 %o was reported by Chamber and Trudinger (1978) during oxidation of
thiosulfate by 7. iniermedius at neutral pH. Fry et al., (1988) reported fractionation
of 52 %o during abiotic oxidation of Na,S in aqueous solution at pH 11. These
results indicate that fractionation is possibly caused by the formation of intermediate

sulfur species as a function of pH (Kaplan and Rittenberg, 1964; Goldhaber, 1983).

In contrast to pH conditions > 7, and consistent with my experimental results Taylor
and Wheeler (1994) did not observe significant sulfur isotope fractionation between
sulfide mineral and sulfate at low pH (<3). Fry et al. (1986) reported no fractionation
‘during oxidation of thiosulfate by 7. versutus at pH 8.5. '

Aerobic biological oxidation of elemental sulfur produced sulfate enriched in S by
2 %o during the short-term experiments (Table 3.8). This enrichment decreased with
the extent of the reaction and was estimated as 1.2 %o during the long-term biological
experiments. These results are consistent with those of McCready and Krouse (1982)
who reported ~-1 %o sulfur isotope fractionation between sulfate and the elemental
sulfur substrate in experiments inoculated with Thiobacillus. Sulfur isotope
fractionation observed in our experiments may be due to sulfur isotope exchange
between intermediate sulfur species as a function of pH. Decreasing fractionation
with decreasing pH, as inferred from the long-term lower pH experhﬁents, seems to

be consistent with this possibility.

In contrast to the aerobic biological sphalerite experiments, one of the aerobic abiotic
Zn$ oxidation experiments produced sulfate enriched in S~ 2.6 %o. This result is
consistent with the §**Sgo4 values from the biotic and abiotic anaerobic ZnS and Fe-
bearing sphalerite experiments, where Fe** was the oxidant and bacterial influence
probably non-existing. The similar sulfur isotope fractionation between these
experiments may have occurred due to same oxidation pathway and incomplete

oxidation of intermediate sulfur species (e.g. elemental sulfur) to sulfate. Because pH
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of the both experimental solutions was acidic, sphalerite may have been first
oxidized to hydrogen sulfide which undergoes additional oxidation to S° under both
_experimental conditions (Sand, et al. 2001; Schippers et al. 1999). Because bacterial
activity non-exist in the both systems, subsequent quantitative oxidation of S° to
sulfate may have not occurred, causing sulfur isotope fractionation between sulfate
and the source sphalerite. The insignificant sulfur isotope fractionation between the
sphalerite and the elemental sulfur which was extracted from the surface of
sphalerite in the anaerobic experiments indicates that hydrogen sulfide formed
during oxidation of sphalerite was largely oxidized to elemental sulfur and thus
provide further support for incomplete oxidation to sulfate (Table 3.8). Furthermore,
significant sulfur isotope fractionation between sulfate and the source sphalerite
during anaerobic oxidation further support that sulfate was the minor oxidation
product. Therefore, it is reasonable to conclude that the similar sulfur isotope
fractionation between the aerobic abiotic and anaerobic experiments is likely due to
incomplete oxidation of sulfur moiety of sphaleﬁte to sulfate. This result is also
consistent with chemical sphalerite oxidation pathway proposed by Sand et al.
(2001) and Schippers et al. (1999) under aerobic and anaerobic conditions.

The results from the anaerobic (biotic and abiotic) and aerobic abiotic sphalerite
oxidation experiments showed that the 8>*Sgos values produced by chemical
oxidation of sphalerite at low pH (<3) enriched in *2S ~-3 %o relative to the aerobic
biolog'c_al experiments. Therefore, -3 %o sulfur isotope fractionation effect (A3 4Sso4.
zns ) can be used to elucidate chemical oxidation of sphalerite whereas insignificant
sulfur isotope fractionation effect (~+0.3 %o) could be good indicative of sphalerite

oxidation by bacteria under O, saturated conditions.

In contrast to sphalerite experiments, the 8345504 values from biological and abiotic
pyrite oxidation experiments under both anaerobic and aerobic conditions closely
reflect the 5**S of the source pyrite. These results indicate that sulfur mineralogy
may have a control on oxidation pathways of sulfide minerals and fractionation of

. sulfur isotopes.
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4 IRON ISOTOPE FRACTIONATION DURING MICROBIALLY-
STIMULATED FE[II] OXiDATION AND FE[III] PRECIPITATION

4.1 Introduction

Iron is common in freshwater, marine, and soil environments and is often coupled to
the cycling of C, N, S, and O (Ehrlich, 1990; Ferris ét al., 1989; Nealson et al., 1988;
Jones, 1986; Ghiorse, 1984); Ferric oxyhydroxides serve as important electron
acceptors for the anaerobic decomposition of organic carbon in many aquatic and
terrestrial environments (Kappler, et al., 2004; Glasauer, et al., 2003; Lovely, et al.,
1987; 1986a and b). Ferric oxyhydroxides formed during Fe[lI] oxidation also
scavenge many trace metals in aquatic environments such as acid mine drainage
(AMD) and thus strongly influence the fate and transport of heavy metals (Blowes et
al., 2003; Jambor et al., 2003). In oxygenated, low pH (<3) environments, Fe[lI]
oxidation is largely driven by bacteria due to slower kinetics associated with
chemical reactions (Savic et al., 1998; Singer and Stumm, 1970; Nordstrom et
al.,1997; Lizama et al., 1989). Iron oxidation at low pH is often mediated by
Acidothiobacillus and Leptosprillum species that are commonly found in AMD
(Brett, 2003; Schrenk et al., 1998; Nordstrom et al., 1997). Conversely, Fe[lI]

oxidation often proceeds abiotically in oxygenated environments at higher pH.

Biological and chemical oxidatién of ferrous iron aqueous species (Fe[ll],) to ferric
~ iron precipitate (Fe[Ill]yy) occurs through a variety of Fe[ll],q and ferric iron
aqueous species (Fe[lll]ay) depending on the particular geochemistry of a given
system. Following oxidation of Fe[ll]y,, various Fe[Ill],q anion complexes may
form [e.g. Fe(OH)s, Fey(CO3)3, Fex(SO04)s] dep::nding on pH and anion
concentrations in the water (Jambor et al., 2003). S“ubsequent -precipitation of
different Fe[IlT], minerals occurs, and the crystal form may be influenced by the
Fe[lll],q species. Biological and/or chemical oxidation pathways may leave a unique
Fe isotope “fingerprint” on the resulting fefric iron precipitates. Therefore, Fe

isotope signatures of these solids may be a useful tool for traéing the geochemical



conditions and/or biological influences controlling Fefll] oxidation (Anbar, 2004;
Croal et al., 2004; Beard et al., 2003).

Recent studies have revealed that metabolic processes, which include multiple
enzymatic oxidation steps, can apparently produce signiﬁcant isotopic fractionation
of Fe. Beard et al. (1999) observed a ~ -1.3 %o fractionation between F e[Il],q and a
ferrihydrite sul;strate during microbial Fe[Ill] reduction by Shewanella algae. Croal
et al. (2004) reported a similar fractionation (-1.5 %o) between Fe[ll],q and Fe[IIl]yy
during Fe[II] oxidation by an anaerobic and photoautotrophic bacteria. It is further
hypothesized that Fe isotope variations that have been seen in sedimentary rocks,
ferromanganese nodules, and Precambrian banded iron formation [ranging from -
1.6%o to 0.9 %o when compared to terrestrial igneous rocks (0%o, £0.1%o0)], could be
indicative of biological origins (Beard et al., 1999; 2003). However, Mandernack et
al. {1999) observed no significant Fe isotope fractionation between aqueous Fe[II]
and magneﬁte produced intra-cellularly by two different strains of magnetotactic
bacteria, one of which was grown in replicate under micro-aerophilic and anaerobic
conditions with different iron salts. They suggested that iron isotopes on their own
might not always be useful for tracing biological origins in geological and
extraterrestrial materials.

In addition to the demonstration of microbial Fe isotope fractionation, several recent
studies have shown that abiotic chemical reactions can prodﬁce significant
fractionation of Fe isotopes (e.g., Roe et al., 2003; Johnson et al., 2002; Skulan et al.,
2002; Matthews et al., 2001; Anbar et al., 2000). For example, Bullen et al. (2001)
conducted field and laboratory studies of abiotic Fe[Il] oxidation and subsequent
precipitation of ferrihydrite under oxygenated conditions at circum-neuiral pH.
Fe[lll],, produced experimentally was observed to have 8°°Fe as much as 2%
greater than that of co-existing aqueous Fe. They proposed that the extent of this
-fractionation could depend on the complexation of Fe[lI] with various anionic
ligands. For example, they suggested that readily oxidized Fe[l[]J(OH)x aqueous |
species may have greater 5°Fe than bulk Fe[ll]aq. Thus, the resulting mineral
product of oxidation could carry the isotopic signature of this reactive Fe[II] aqueous
species or some reaction intermediate. On the other hand, Schauble et al. (2001)
provided theoretical estimates of equilibrium Fe isotope fractionation of ~3 to 6%

among different Fe[II] and Feflll] aqueous species bonded to different anionic
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ligands at 25°C . In response to these earlier studies, Johnson et al. (2002) and Welch
et al. (2003) carried out isotope exchange experiments using isotopically-enriched Fe
tracers, and observed a ~2.9 %o fractionation between Fe[lll],q and Fe[ll],q at 22
+2°C, which they attributed to the equilibrium isotope effects. 4

Based on these previous studies, it is clear that the extent and direction of Fe isotope
fractionation accompanying biologic and non-biologic processes are similar. Thus,
our .abﬂity to determine - whether biological and/or chemical reactions have
contributed to Fe isotopic fractionation observed in the rock record remains unclear.
If we hope to be able to assess potential biological origins of natural ferric iron
precipitates from their measured §°°Fe values, i;t is valuable to simulate and attempt
to distinguish biological and non-biological Fe isotope fractionation processes in
comrolled Iaboratofy experiments. The low pH environment (i.e., pH < 3) provides
an ideal experimental condition to test the ability of various processes to fractionate
Fe isotopes. However, no data currently exists related to biological Fe isotope
fractionation at low pH. Experiments at low pH are particularly attractive due to
general sluggishness of many (but not all) non-biological reactions, broad co-
- stability of Fe[lI] and Fe[lll] aqueous species, aﬁd availability of numerous
acidophilic bacteria that stimulate Fe redox processes. For example, study of the
reaction intermediates leading to Fe[III] precipitates at low pH as a result of
biological and non-biological Fe[ll] oxidation may help to determine: 1) if bacteria
that stimulate the oxidation step are capable of imparting a unique iron isotope
“biosignature” to the products, and 2) if the Fe isotope contrast between Fe[Il], and
Fe[lll},,: is determined by fractionation accompanying the oxidation step, by
equilibrium exchange between Fe[II] and Fe[lIl] aqueous species, by speciation of
Fe[Il].q and Fe[Ill],, with various anionic ligands, by kinetic effects related to Fe[III]

precipitation, or by some combination of these factors.

In this study I investigated the biological and non-biological influences on the 8°*°Fe
values of coexisting Fe[ll},q, Fe[lll]oq, and Fe[HI],, formed as a result of Fe[ll]
oxidation during controlled laboratory experiments with Acidothiobacillus
Jerrooxidans at pH <3. This experimental work is a critical part of a larger study of
Fe redox and cycling processes in a natural acid mine drainage setting. Rather than
just focusing on the Fe isotope contrast between Fe[Il]aq and Fe[Ill],p as in previous

studies of biological Fe isotope fractionation (e.g., Beard et al., 1999; Croal et al.,
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2004), I also measured the Fe isotope fractionation between coexisting Fe[lI].q and
Fe[lll].q, and conducted experiments to determine the controls on Fe isotope
fractionation during subsequent precipitation of Fe[llI],p:. Consequently, from this
experimental approach, it is possible to more accurately asses the possible biological

influence of Fe isotope fractionation during Fe[lI] oxidation.

4.2 Experimental Design
4.2.1 Bacterial cultures

The acidophilic Fe[ll] oxidizing bacterium, Acidithiobacillus ferrooxidans (23270)
(4.ferroxidans formerly, Thiobacillus ferrooxidans) was obtained from the American
Type Culture Collection (ATCC) and used in all biological experiments. Bacteria
were maintained in a modified 2039-ATCC medium that contains the following per
liter: 0.8. g NH4(SO4), 2 g MgSO47H,0, 0.1 g KoHPOy; 22 g FeS04.7H,0 and 5 ml
‘Wolfe’s mineral solution (1.5 g nitrilotriacetic acid , 3 g MgS04.7H:0, 0.5 g
MnS0,.7H,0, 1 g NaCl, 100 mg FeS0,4.7H,0, 100 mg CoCl,.6H,0, 100 mg CaCl,,
100 mg ZnSO47H,0, 100 mg CuSO0;.7H-0, 10 mg AIK(SO4),. .12H>0, 10mg
H;BO;, 10mg Na2M604.2H20 per liter).’ The medium was prepared by adding the
above and 5 ml Wolfe’s mineral solution to 795 ml de-ionized (DI) water. This salt
solution was then filter-sterilized using pre-sterilized 0.2um cellulose acetate filters
(Celman sciences) and the salt solution was adjusted to 2.3 with trace-metal grade
H2804 acid. FeSO4.7H,0 (22 gr) 'salt was then added to 200 ml acidified-DI water
and immediately filter-sterilized. The salt medium and the Fe[Il] solution were
aseptically combined. 4. ferrooxidans was subcultured three times before being

grown for the iron isotope experiments.

4.2.2 FeSO, oxidation at 25 °C

The first set of biological experiments was carried out at 25°C. For these
experiments, 100 ml of filter-sterilized ferrous sulfate medium was added to 200 ml
sterile-serum bottles inoculated with 2 ml of the 4.ferrooxidans culture. The culture
had been incubating for 10 days inside the closed serum bottles. To reduce
inevitable carry over of iron oxides from the inoculating culture to the experimental
solution, the bacterial inoculum was centrifuged at 1500 rpm (Sampson et al., 2000;

Donati et al., 1997) to remove Fe-oxides and the supernatant containing the bacteria
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was used to inoculate the serum bottles. Replicate abiotic control experiments were
set up using the same medium but were not inoculated with 4. ferrooxidans. For
each set of biological experiments, four serum bottles were incubated at 25°C for up
to 6 weeks (Table 4.1). Due to the slower rates of chemical Fe[II] oxidation, only
two serum bottles were prepared for each set of abiotic experiments. The pH of the
medium was monitored throughout the experiments. At each sampling point (7, 14,
28, and 42 days) during the incubation period, one serum bottle was filtered using
0.1um-cellulose acetate Millipore filters under aseptic conditions. The filtered
precipitaté and an aliquot of the filtrate were frozen and later analyzed for Fe
isotopic compositions. Total iron and Fe[II],; concentrations in the culture medium
were measured using a DR/700 Hach colorimeter at each sampling point (Table 4.
1). Fe[lll], concentrations were calculated as the difference between total iron and
Fe[ll}s. In order to separately measure the 8*°Fe values of both the Fe[ll]aq and
Fe[Ill],q pools, a separate portion of the filtrate was reserved for the chemical
separation of F e:[I‘II]aq from each product solution, the method for which is discussed
in detail below. ‘

4.2.3 FeSO, oxidation at 4°C

In addition, biological experiments with FeSO; medium were carried out at 4°C
(environmental room) in order to determine possible temperature effects on bacterial
Fe[lI] oxidétion rates and resulting Fe isotope compositions. The composition of the
medium used in these experiments was identical to that in the FeSO4 experiments
conducted at 25°C with the exception that DI water used for medium preparation was
first cooled to 4°C; the medium was prepared by using this DI water as described
before. One hundred milliliters of filter sterilized ferrous sulfate medium, which had
previously been refrigerated at 4°C, was added to 200 ml sterile-serum bottles
inoculated with 2 ml of the 4. ferrooxidans culture, which was also kept at 4°C in the
environmental room overnight. Abiotic control experiments were set up using the
same medium but were not inoculated. For each set of biological experiments, four
serum bottles were incubated at 4 °C for up to 10 weeks. Because chemical Fe[ll]
oxidation is slower, only two serum bottles were prepared for each set of abiotic
experiments. The pH of the medium was monitored over the period of the
experiments. At each sampling point (28, 42, 56, and ‘70 days) during the incubation

period, one serum bottle was filtered using 0.1um-cellulose acetate (Milipore) filters
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and the filtered precipitate and an aliquot of the filtrate were frozen. The
measurements of total iron and Fe (II) concentrations in the culture medium, as well
as the Fe(Il)/Fe (III) separation experiments, were carried out at 4°C in the
environmental room. All experimental solutions used for the measurements and
separation experiments (e.g. NaOH and DI water) were equilibrated at 4°C before

use in the experiments.

4.2.4 FeCl, oxidation at 25°C

To observe possible speciation effects on biological Fe isotope fractionation
resulting from possible anionic ligand interactions with Fe[ll],q and/or Fe[Ill]5, a
second set of experiments were carried out using a FeCl, medium at 25°C. For these
expeﬁments, 6g of FeCl, replaced the feﬁous sulfate in the 2039 medium and the
Wolfe’s mineral solution was made using ferrous chloride instead of ferrous sulfate.
According to this modification, 1L of modified medium contains: 0.6 gr NH,4(Cl);
0.1 gr KoHPOy; 1.59 gr MgCL.6H,0, ~ 6 gr of FeCl, and 5 ml modified Wolfe’s
mineral solution (with CI salt). The pH of the medium was adjusted to 2.3 using
trace metal grade HCl. The amount of Fe[ll] added was adjusted in order that
chloride concentrations were kept to a minimum, as high concentrations (> 5 g/L)
have an inhibitory effect on 4. ferrooxidans (Harahuc, 2000; Suzuki, 1999). In
addition, these experiments were inoculated with bacteria that were grown in a
starter medium that had been modified to minimize carry over of sulfate. Because
the bacteria grow more slowly‘in the chloride medium (Fry et al., 1986), this
experiment ran for 77 days (Table 4.2). As before, abiotic control experiments were

set up under the same experimental conditions.
.4.2.5 Fe[llI}/Fe[lII] separation experiments

In order to measure the §°°Fe values of Fe[Il]aq and Fe[lII]aq that co-exist in solution
at pH <3.0, chemical methods were devéloped to quantitatively separate Fe[II], and
Fe[llT]s. 50 ml aliquots of medium were taken at each sampling point and ~0.1 ml of
10 M NaOH was added to adjust the sample to a final pH of ~5. This method forces
rapid precipitation of any Fe[lll],; and generally results in >90% separation of
Fe[l]aq from Fe[lll],. Because Fe[ll] in aqueous solutions is unstable in the

presence of oxygen at pH>3 and could spontaneously oxidize, the separations were
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carried out in an anaerobic chamber. Prior to separation, both the sample medium
and NaOH were purged with pure nitrogen gas for 30 minutes. The sample medium
was purged directly inside the serum bottles using a pre-sterilized inline gas filter
(0.2 pm, Whatman) and an outlet port. After purging but before NaOH addition,
solutions were kept overnight in the anaerobic chamber to equilibrate with the
anaerobic atmosphere. After the addition of NaOH, the sample was filtered using
0.1um cellulose acetate filters to obtain the precipitated Fe[lll],q and the filtrate was
retained for determining the Fe[ll],q concentrations. Following separation
procedures, the filtrate was acidified with trace metal grade HCI to prevent possible
Fe[Il]eq oxidation. Both the precipitate and filtrate were kept frozen for subsequent
Fe isotope analysis. Total iron and Fe[ll],; concentrations were measured
colorometrically in the solutions by the ferrozine method before and afier separation
with NaOH to determine the amount of Fe[Ill]q and Fe[ll],y recovered (Table 4.1
and 4.2). Recovery was usually between 90-98 %. In general, better recovery for
both Fe[Il]aq and Fe[III],, was obtained from the chloride solution.

4.2.6 Abiotic ferric iron precipitation experiments

In order to assess whether isotopic ﬁ'aqtionation of Fe[lll]oq occurs during Fe-
oxyvhvdroxide precipitation and to assess possible ionic speciation effects on Fe
isotopic fractionation, precipitation experiments were conducted using ferric chloride
and ferric sulfa’te solutions over a narrow pH range (2.2-3.5). This pH range covers
that used in the biological experiments and mimics the range associated with many
AMD sites. For these experiments, ferric chloride and ferric sulfate were dissolved
in DI water. The ferric chloride solution had an initial Fe[IlI] concentration of
~1300 mg/L and the ferric sulfate solution had an initial Fe[IlI] concentration of
~1400 mg/L. 100 ml aliquots of DI water with varying amounts of concentrated
NaOH were mixed with 100 ml aliquots of the ferric solutions to achieve the
appropriate- pH. After mixing, solutions were allowed to stand for 5 minutes and
then were sequentially filtered .through 0.8 and 0.1 pm cellulose acetate filters
(Table. 4.5). Aliquots of the filtrates were collected along with the two precipitate
fractions for analysis of Fe isotopic composition. For the ferric sulfate precipitation
experiments, the following final pH’s were used: 2.54, 2.67, 2.85, 3.22, and 3.35.

An anaerobic duplicate of the pH= 2.85 experiment was also completed in order to
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determine whether the presence of dissolved oxygen might also influence Fe isotope -
fractionation associated with Fe[Ill] precipitation. For the ferric chloride

experiments, the following pH’s were used: 2.38, 2.55, 2.89, and 3.22.

In order to assess whether Fe[lll] concentration has an effect on iron isotope
fractionation during precipitation, a second set of the above experiments was
conducted using a ferric chloride solution with 60 mg/L Fe[lIlI] and a ferric sulfate
solution with 100 mg/L Fe[llI]. For the ferric sulfate solution, the following pH’s
were used: 2.51, 2.72, 3.24, and 3.54. For the ferric chloride solution, the following
pH’s were used: 2.22, 2.51, 2.76, 3.27, and 3.54. These samples were filtered using

only the 0.1um cellulose acetate filters, as the precipitates were not coarse enough to

be trapped by the 0.8 um filter.

In addition to these short-term precipitation experiments, longer-term precipitation
experiments were conducted at a single pH of 2.7 and 2.5, respectively, for ferric
sulfate and ferric chloride solutions (Table 4.6). For this experiment separate
solutions containing 600 mg/L Fe[lll] from ferric chleride and 450 mg/L Fe[Ill]
from ferric sulfate were brought to their respective pH’s and allowed to stand, in the
dark (to prevent photo oxidation/reduction) at room temperature for 7 to 14 days.
Samples were taken and filtered through 0.1 pum cellulose acetate filters at 30 min,
24 hours, 1 week, and 2 weeks (ferric chloride solution only). Both precipitates and
filtrates were retained for isotopic analysis. At the two-week time point, there was
no precipitate in the ferric sulfate solution and thus no data is available. The pH of
the solutions was taken at the time of sampling to monitor possible temporal

changes.

4.2.7 Determination of Fe isotope composition

For this study, the isotopic composition of Fe was determined using “double spike”
measurement techniques on two different mass spectrometric analytical platforms.
Thermal ionization mass spectrometry (TIMS) was used early in the study, while
multi-collector inductively coupled plasma mass spectrometry (MC-ICPMS) was
used latzr in the study. The TIMS analysis was accomplished on a Finnigan MAT
261 adjustable collector instrument in Menlo Park, CA. The MC-ICPMS analysis

was accomplished on two different Thermo-Electron “Neptune” instruments, one at
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BRGM m Orleans, France and the other at the University of California at Santa
Cruz. In both cases, the Neptune instruments were operated in “high-resolution”
mode, allowing effective resolution of the Fe ion beams from Ar-N,O,H ion beams
(Amold et al., 2004). The Fe isotope data obtained for this study are presented in
Tablcs 4.1, 4.2, 44 and 4.5 in which each isotopic determination is keyed to its
appropriate analysis platform.Sample preparation differed for the different analytical
approaches. For the TIMS analysis, an aliquot of each experimental product .(i.e.,
reactant solution or acid digest of filter) sufficient to provide ~1.25 pg of Fe was
mixed with a set amount of >’Fe->*Fe mixed “double spike” enriched tracer, and the
mixture was allowed to homogenize overnight on a warm plate (~50°C). The
solution was then taken to dryness and re-dissolved in 1 mL of 6N HCI. The acid
solution was loaded onto a small Teflon column containing 2 mL of AG-1-X8 anion
resin and then washed with 10 mL of 6N HCI to strip other ions from the solution. Fe
was then eluted from the column using 7 mL of 0.1N HCI, and the resulting solution
was taken to dryness. An amendment solution consisting of 10 pg of colloidal silica,
1 pg of alumina and 40 pL of 0.150 H;PO,4 was added to the Fe, and the solution
was again taken to dryness. The product solid was taken up in 5 puL of Teflon-
distilled H,O and loaded onto a single Re filament ribbon for mass spectrometry.

For the MC-ICPMS analysis, an aliquot of each experimental product sufficient to
provide ~7 pg of Fe was taken to dryness and re-dissolved in 1 mL of 7N HNOs. The
acid solution was loaded onto a small Teflon column containing 1 mL of REE-Spec
resin (Eichrom Industries) and then washed with 10 mL of 7N HNO; to strip other
major ions from the solution. By using strong nitric acid, ferric iron and the rare
carth elements are quantitatively retained on this resin, while other cations and
anions are effectively separated in the wash. Fe and the rare earths were then eluted
from the column using 7 mL of 0.35N HNO; (i.e., 2% HNOs, the acid strength used
for the MC-ICPMS method). A 1 mL aliquot was collected from each resulting
solution and measured for Fe concentration on a Perkin-Elmer Elan 6000 quadropole
icpms in order to demonstrate quantitative recovery. of Fe from the column. Prior to
isotopic measurement on the Neptune instruments, 1 mL of each purified solution

was mixed with a set amount of the same 37Fe-"8Fe “double spike™ enriched tracer
- used for thé TIMS analysis. Isotopic measurements resulted in determination of the

3®Fe/*Fe ratio of the sample, and used the *’Fe/*®Fe ratio of the sample-double spike
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mixture as a measure of isotopic fractionation due to mass spectrometry procedures.
For the TIMS approach, individual isotopic determinations given in the data tables
comprised at least 60 scans, each consisting of four 4-second measurements: a
simultaneous measurement of 34Fe and >°Fe, a simultaneous measurement of *°Fe,
3’Fe and *Fe, and measurements of **Cr and ®°Ni in order to correct for isobaric
interferences of Cr and Ni (although these corrections were generally negligible).
For the MC-ICPMS approach, individual isotopic determinations given in the data
tables comprised 60 scans, during which 3%Fe, *°Fe, S’'Fe and ° 8F e as well as **>Cr and
%Ni were measured simultaneously for 8 seconds. In both cases, the **Fe/**Fe ratio
of the sample was mathematically extracted from the measured composition of the
sample-double spiké mixture using an algorithm similar to that originally proposed
by Russell et al. (1978) and employed for all isotope ratio determinations based on
the double spike method at Menlo Park (e.g., Johnson et al., 2000; Bullen et al.,
2001).

The isotopic data are reported here in terms of 8°°Fe, the per mil difference of the
**Fe/**Fe ratio of a sample from that of BIR-1, and a U.S.G.S. basalt standard. The
internal precision of an isotope composition determination is 0.15%. or better for the
TIMS method and 0.10%0 or better for the MC-ICPMS method (26, minimum 60
component ratio determinations). BIR-1 is used as the reference standérd because: 1)
as an igneous rock it should have 5°Fe ~ 0.0%o (cf., Johnson and Beard, 2000); and
2) it has a complex chemical matrix that must be processed through the entire
analytical procedure in order to obtain purified Fe for analysis. Thus, reproducibility
of its Fe isotope composition provides a measure of external precision of the
analytical methods. External -precision on the determination of the Fe isotope
composition of BIR-1 was 0.11%o for the TIMS method (20, n=20), 0.07%eo for the
MC-ICPMS method on the Neptune instrument at Orleans (26, n=9), and 0.07%o
from the MC-ICPMS method on the Neptune instrument at Santa Cruz (26, n=25).
In addition, the Fe isotope composition of the IRMM-014 Fe standard was
determined on the Neptune instrument at Orleans, with external precision of 0.10%o
(20, v=15). Relative to BIR-1, IRMM-014 gave 8%Fe of -0.02%o, identical within
analytical uncertainty to the composition of this standard relative to igneous rocks
reported by Beard et al. (2003). |
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4.3 Results

Data for the biological and abiotic oxidation experiments are presented in Table 4.1
(ferrous sulfate medium) and Table 4.2 (ferrous chloride medium). In these tables, it
is included both the raw data for Fe[II]ag, Fe[lll]aq and Fe[IlI]pp (concentration and
isotopic composition) and corrected data for Fe[ll]sq and 'Fe[I'II]aq, adjusted “to
account for small amounts of Fe[Ill],; and Fe[Il]a , respectively, carried over into
the precipitate formed during the separation of Fe[lll],; with NaOH from the
experimental solutions. Data for the ferric iron precipitation experiments are
presented in Table 4.4 (short term experiments) and Table 4.5 (long term
experiments). In Table 4.4, both the raw data for Fe[Ill],q and Fe[Ill]py, as well as a
calculated composition for Fe[Ill]y based on mass balance determined as the

difference between the starting composition and the Fe[II]ml fraction are included.

4.3.1 Efficiency of séj;atation method

The efficiency of the separation method was tested by performing the following

mass balance calculation:
5%Fe mix= 5°Fe[Iaq Xreinaq + 8 Fe[Illag -Xrefiijag 1

where Xremjaq and X remjaqg are the concentrations of Fe[ll],; and Fe[llI],,,
respectively. Fe iy is the solution containing both Fefll},q and Fe[IIl]sq used in the
separation experiments. & 6Femix was measured directly; as noted above, 8*°F e[Il]aq
and S“Fe[lll]aq values required a correction. Using the concentration and isotopic
values of the Fe phases obtained for each sampling point, 5*%Femix values were
calculated using equation (1) and compared to the measured 8>°Fep;y values (Table
4.1 and 4.2). If there had been significant isotopic exchange or fractionation during
the separation of Fe[ll],; from Fe[lll],, then the calculated and the measured

85§Fe[ﬂ]aq values would have revealed significant differences.

The similarity between the measured and the calculated values for 8*°Fep;, indicates
that the separation experiments were quantitative within the uncertainty limits of the

isotopic analysis (20 < £0.15%o).
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4.3.2 Rates of Fe[Il] oxidation

4 ferrooxidans oxidized Fe[Il] in both the ferrous sulfate and ferrous chloride media
under all experimental conditions, this oxidation resulted primarily in the
accumulation of aqueous Fe[lll] and a small amount of ferric oxyhydroxides.
However, the oxidation rafes differed between the experiments (Fig. 4.1). Because
sulfate stimulates bacterial Fe[Il] oxidation, the oxidation rate was significantly
greéter in the sulfate medium compared to that in the chloride medium. The
maximum Fe[Il] oxidation rate was 1.4 mM/day for the FeSOs medium and ~0.25

mMy/day for the FeCl, medium.

The maximum fractions of total Fe[Il] oxidized were 81% (ferrous sulfate medium,
42 days) and 40% (ferrous chloride medium 77 days) (Tables 4.1 and 4.2). The
amouht. of precipitation of ferric oxyhydroxides increased with the extent of reaction.
While abiotic Fe[lI] oxidation occurred in the non-biological experiments, rates were
much lower when compared to the biological experiments and in all cases less than

10 % of the Fe[ll] was oxidized (Tables 4.1 and 4.2).

Abiotic precipitation of ferric oxyhydroxides occurred only in the FeSO4 medium.
The oxidation process can be effectively modeled as a second-order reaction, where f
(the proportion'of reactant remaining after time t; £=1 at t = 0) is described by the.

equation:

=1 +kt)?! - @D

where k is the reaction rate constant. This relationship solves the general rate
equation:

(1-D/f =kt . (4.2)
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Figure 4.1. Regression of data for all biological oxidation experiments, v:ing
second-order rate law (Eq. 3) forced through a zero intercept. f is the
proportion of Fe[II],q remaining; the slope of the line through any given
data array is equivalent to k, the reaction rate constant.

The data for the biological experiments are plotted in Figuve 4.1, where the y-axis is

(1-£)/f and the x-axis is time. Thus the slope of the straight line fitted throuzh the

data is equivalent to k, the reaction rate constant. Straight lines can be fitted through

S

all data for the first 25°C ferrous sulfate experiment, the 4°C ferrous sulfate
experiment and the 25°C ferrous chloride experiment. However, the data for the
second 25°C ferrous sulfate experiment are non-linear, with the 42-day time point
being clearly at odds with the other data. Noting that the earlier time points for this
second experiment are consistent with those of the first 25°C ferrous sulfate
experiment, it is suggested that the errant 42-day time point sample was affected by
enhanced oxidation due to an additional, unknown process. Disregarding that one
point, the rate constant determined for both 25°C ferrous sulfate experiments is
~0.026/day, while that for the 4°C ferrous sulfate and 25°C ferrous chloride
experiments is ~0.009/day. The data thus demonstrate clear compositional and
temperature effects on oxidation rate. It is noted that treating the oxidation process as

either a zeroeth-order (i.e., f vs. t) or first-order (i.e., In f vs. t) reaction results in less

linearity of the data, providing support for the second-order reaction model.
df/dt = k" (4.3)
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where n=2 (cf., Johnson et al., 2002). Equation 1 can be recast as a simple function
of time. Regardless, rate constaris determined for zeroeth, first and second order

reaction models using best linear fits through the data do not differ significantly.

4.3.5 Isotopic fractionation in the biolzo'ral experiments

Tables 4.1 and 4.2 gi\?e the Fe isotope compositions of Fe[ll].,, Fe[lll],q and
Fe[lll],p: for the biological and abiotic oxidation experiments. Throughout the
experiments, the 85("}“&:[11]aq values are consistently lower than those of coexisting
Fe[lll}aq and Fe[Ill]pp:. As shown in Figure 4.2a, the data for Fe[Il],q in the biological
experiments considered together exhibit apparent Rayleigh type behavior, which can
be described by the following natural log function: isotopic composition of each data

point and the small extent of reaction in this experiment.

However, simple Rayleigh behavior during biological oxidation is less tenable when

corresponding 8*°F e[IlI]., vaiues are likewise considered. As shown in Figure 4.2b,
8°¢Fe[Il]aq = ln(f) (4.4)

where §°°F e[1I].q is the isotopic composition of the remaining Fe[IIl 4 ata given time
during the reaction; epsilon (g) is the isotopic enrichment factor that is described by
€ = 1000(a - 1), where o = (56Fe/54Fepemn}/(56F e/54Fe;.~c[11}); and f is the proportion of
F=[I]., remaining after time t as aeﬁned above. If the oxidation reaction follows
Rayleigh behavior, a plot of ESSéFe[II]Ml versus In(f) will yield a straight line, the
slope of which is equal to € (Mariotti et al.,1933). The data for all the biological
experiments plotted in Figure 4.2a describe a strong linear relationship (> = 0.93)
and define a value for € of 2.2%o, which can be interpreted to reflect an apparent
Rayleigh fractionation associated with the oxidation of Fe[ll]yq to Fe[lll]l,q. A
statistical analysis of this regression reveals that the slope of this line, which equals
€, falls between 1.7 and 2.5 %o at the 99% confidence interval, which is significantly
less than the ~2.9%o reported for equilibrium isotopic exchénge between Fe[lIl]- and
Feflll}-hexaquo species at low pH (Johnson et al., 2002; Welch et al., 2003), and
might provide evidence of a “biological effect”™. In fact, simple linear regression
through the three data points obtained in my abiotic ferrous sulfate oxidation

experiment (Table 4.1) provide a value for € of 3.4%eo.
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Figure 4.2. 5°%Fe of corrected aqueous components for all biological oxidation
experiments, plotted against In(f), where f is the proportion of Fe[ll]u
remaining. a) Corrected Fe[ll],q components.only,.fitted with least-squares
regression line having slope of 2.2 (*=0.91). On this log-linear plot, the slope
of the regression line gives the apparent Rayleigh isotopic enrichment factor &,
which for the ov=rall data array is 2.2%o. b) Corrected Fe[ll]aq and Fe[li]y
components, plotted in comparison to both Rayleigh fractionation trends
(€=2.2%o0) and equilibrium fractionation trends (£=2.9%o).
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This value is consisient with equilibrium isotopic exchange between Fe[ll]aq and
Fe[Ill],, given the uncertainty on the Fe[Ill],q data for all the biological experiments
as a group have consistently greater 5*Fe than the Rayleigh model (g = 2.2%o)
would predict. On the other hand, the bulk of the Fe[Il],q and Fe[IlI],q data are well
described by equilibrium fractionation curves based on € = 2.9%o. Some of the data
are clearly at odds with a simple equilibrium model, particularly the 42-day time
point for the second 25°C ferrous sulfate experiment, which was noted above to be
errant with respect to a simple szcond-order rate mechanism. I note that in general,
when data deviate from the simple equilibrium model lines, they do so in a
complementary fashion: for a given time point, when 656Fe[III]aq lies above the
Fe[lll},g model line in Figure 4.2b, the corresponding 556Fe[H]aq lizs below the
Fe[ll}sq model line, and vice versa. In addition, there is an apparent isotope mass
balance in tj.2 offset: when the concentration of Fe[ll]yq is greater than Fe[IlI]aq (1.,
early in each experiment), 8°¢Fe[Ili] aqb is further displaced from the equilibrium curve
than 856Fe[II]aq, and vice versa. These relationships apparently point to an additional

process that may overprint the isotopic fractionation resulting from oxication.

A wide range of isotopic fractionation between Fe[llll,q and Fe[Ill]yp was observed
in all the biological experiments. In general, the fractionation was greater in the
earlier part of each experiment than in the later part, although the decrease was
clearly not monotonic as each experiment progressed (Table 4.3). Interestingly. no
obvious fractionation between Fe[lll],, and Fe[Ill],n was observed in the abiotic

ferrous sulfate oxidation experiment.

These results suggest that there is significant and complex isotopic fractionation that
occurs during precipitation of the ferric oxyhydroxide solids that may be related to

biological processes, and that 556Feppt does not provide a useful surrogate of

8°°Fe[Il]4q.

4.3.4 Abiotic Fe[IIi] precipitation experiments

Short- and long-term abiotic precipitation experiments using ferric chloride and
ferric sulfate starting sclutions were performed at high and low Fe concentrations to

help determine possible isotopic fractionation effects associated with differing rates

of Fe[llT}-oxyhydroxide precipitation.
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Table 4.3 Summary of Fe isotope fractionation among different Fe pools

: . Ave[NpptFellllaq  AFefillsq-Fefllppt  OFe[ITjaq-Fellllag

Experiment Day f (%) (%) (%)

Fe[ll]SO, 7 0.75 4,40 0.86 5.26

23°C-A 14 0.68 2.34 0.75 3.59

28 0.57 3.41 0.i6 3.57

42 . 0351 2.09 0.40 2.49

Fe[I11SO4 7 0.81 0.91 © 167 2.58

25°C-B 14 0.67 1.57 1.22 2.79

28 0.58 2.13 0.48 261

42 0.19 442 041 4.83

Fell1}SO, 28 0.81 4.04 0.05 4.09

4°C 42 0.70 1.80 0.74 2.54

56 0.65 1.81 1.11 3.02

70 0.54 3.24 -0.53 2.71

Fe[0]CL 35 0.73 1.40 0.70 2.10

25°C 56 0.65 2.24 0.81 3.05

70 0.59 3.03 -0.10 2.93

77 0.63 2.74 -0.15 2.59

| Fe[lI]SO4 14 0.95 223 -0.10 2.13

25°C-abiotic 42 091 1.84 -0.16 1.68

Fe[l]Cl, 56 099 - - 3.41
25°C-abictic

In these experiments, pH was used as a proxy for precipitation rate (i.e., lower pH
resulted in slower precipitation rate). In the high conceniiation experiments, various
size fractions were collected (>0.8 um and 0.1-0.8 pm) to determine whether
precipitate size affected 8°°Fe values, which might reflect different fractionation
effects during differcnt stages of precipitation. Precipitate size also varied with the
rate of precipitation, in that the larger size fraction required a greater amount of time

to form.

In all cases, precipitation resulted in solids having lesser 8°°Fe than that of co-
existing Fe[lll],q and for the high Fe concentration experiments, slower rates of
precipitction resulted in greater Fe isotopic contrast between Fe[Ill].q and Fe[IlI],p.
In the high Fe concentration experiments, the >0.8 pum precipitate fraction displayed
a greater difference in Fe isotopic composition between Fe|ill],q and Fe[IlI]py (i.e.,
A“Feaq.pm) for each pH than did the 0.1-0.8 pum precipitate fraction (Table 4.4). In
these experiments, the isotopic contrast decreased with increasing pH and rate,

particularly in the case of the 0.1-0.8 pum fraction (Table 4.4). Using 8°°Fe values of
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the bulk precipitate calculated by mass balance, a pH/rate effect was evident in the
Fex(SO4)3 experiment that was more similar to ihat observed in the 0.1-0.8 pm
fraction, although with different values of A’®Feyqp Observed for each. For the
chloride system, in the pH/rate effect observed in the bulk precipitate more closely
aprroximated the >0.8 pum fraction. These results suggest that the Fe isotope
fractionation associated with solid precipitation con be expressed in both size
fractions, and the pH/rate effect is consistently expressed during the formation of
smaller, colloidal Fe-oxyhydroxides, but may also be expressed during re-
crystallization and precipitation of larger-sized Fe[lll]-oxyhydroxides in some

systems (e.g., FeCl3).

Isotopic fractionation between ferric aqueous and precipitate pools tended to be
much greater in the experiments using ferric sulfate solution than in those using
ferric chloride solution (Table 4.4), suggesting differing importance of factors such
as anion ligand effects preceding precipitation, solid-liquid boundary layer dynamics
or within-solid diffusional gradients leading to kinetic isotope eff:cts. Similar
patterns emerged in the precipitation e¢xperiments carried out at lower
concentrations. Specifically, A**Feuqpn Was greater in the ferric sulfate experiment
than in the ferric chloride experiment at given pH/rate, and there was a significant
piifrate effect in the ferric sulfate experiment but essentially there is no effect in the

ferric chloride experiment (Table 4.4).

Therefore, the kinetic fractionation effects associated with precipitation are
apparently not influenced by Fe[lll],; concentration to any measurable extent.
Mineralogy of the precipitates may also play a role in the observed differences
betwezn the chloride and sulfate systems, as X-ray diffraction of the precipitates
revealed that the sulfate solutions precipitated schwertmannite while the chloride

solutions precipitated akaganeite.

In order to determine if the precipitation effects discussed above were largely due to
kinetic or equilibrium effects, long-term (2-3 weeks) precipitation experiments were
conducted. For the ferric sulfate system at pH=2.66, the data can be interpreted to
indicate that isotopic equilibrium between ferric aqueous and precipitate pools was
approached within 24 hours, with an isotopic contrast of ~0.7%o (Table 4.5). This is
~0.6%o less than the 1.29%o difference obtained using the calculated isotopic
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Table 4.4 Ferric chloride and ferric sulfate precipitation experiments (short-term)

Few =~ % Fel.I[’I]q 5% Fey °(€jf_'§§« A(sﬁ‘:Flt:Jq? R S g y 551‘-“'?9! “8%Fen
(mg/L) remaining CO8umy (08um) (carculmied) pot
pm} pm}
Fe[HIICly:
pH=1.90 653 100 H.2n" - - - - - -
2.38 614 94 -0.19®  -0.45° 0.26 -0.80™ 0.61 -0.69 0.50
2.55 444 68 -0.08™  -0.20° 0.11 -0.50 " 0.41 -0.50 0.41
2.89 78 12 0027 -0.05° 0.03 -0.28™ 0.26 -0.25 0.23
K NNee) 7 1 0.00™ -0.06° 0.06 -0.247 0.24 -0.22 0.22
1.59 75 100 -0.18° - - - - - -
2.2 39 51 0.03° -0.22° 0.25 - - ~0.49 0.52
2.51 29 39 0.12° -0.18° 0.30 - - -0.44 0.56
2.76 20 27 -0.02% -0.22° 0.20 - - -0.29 0.27
3.27 16 21 0.10° -0.13° 0.23 - - -0.31 0.41
3.53 133 18 0.35° -0.12° 0.47 - - -0.34 0.69
Fe[T]A{(SC.)s:
pH =190 715 100 -0.20° - - - - - -
2.54 640 89 0.03™ 0517 0.48 -1.13™ 1.10 -1.65 1.62
2.34 34 89 0.02° -0.49° 0.47 - - -1.61 1.59
2.67 493 69 0.20° 0.08° 0.12 -0.91° 1.11 -1.09 1.29
2.85 91 13 0.82° 0.45° 0.37 -0.15° 0.97 -0.34 1.16
2.86 95 13 090" 060" 0.30 020" 1.10 -0.37 1.27
3.22 5.7 1 0.64° 0.60° 0.04 -0.14° 0.78 -0.21 0.85
335 7 1 0.77™  0.65™ 0.12 -0.197 0.9 -0.21 0.98
1.0 60 100 -0.23° - = = - - -
2.51 47 78 0.26° -0.03° 0.29 - - -1.86 212
27 33 55 0.66° -0.07°¢ 0.73 - - -1.24 1.0
3. 7 12 0.89°¢ -0.39° 1.28 - - -0.34 1.23
354 2.7 4.5 1.00° -0.46° 1.46 - - -0.26 1.26

* measured values; ® total precipitate calcniated by mass balance assuming concentation and Fe isotope compasition of
Fe{ill,, is comect; © fractinnation factor based on calculated total precipnate; dash mdicates value not deternin -1,
Superseripts on measured Fe isotope values indicate tecitiique: m, Menlo Park TBMS; o, Orleans Neptune mi. u-~collector

IC2MS; s, UC Sama Cruz Neptune multi-coliectar ICPX4S.

composition of the bulk precipitate in the short-term experiment conducted at a
similar pH of 2.67 (Table 4.4; Fig. 4.3). For the ferric chloride system at pH = 2.50,

the long-term precipitation experiment revealed that isotopic equilibrium between

ferric aqueous and precipitate pools was probably attained after 1 week, with an
isotopic contrast of ~0.9%o (Table 4.5). This is (~0.5%o) greater than the 0.41%o
difference obtained using the calculated bulk precipitate in the short-term

precipitation experiments conducted at similar pH (Tables 4.4; Fig. 4.3).

Thus, short-term precipitation in both the sulfate and chloride systems apparently

produces ferric oxyhydroxides that are not in isotopic equilibrium with their host

solutions, but with increased contact and/or aging of solid, equilibrium may be

approached in each system although from opposite directions.
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Figure 4.3. Isotopic contrast (A*°F €aq-ppt) between Fe[lll]aq and Fz[III], in ferric iron
precipitation experiments, plotted against f, the proportion of Fe[Ill],,
remaining (note logarithmic scale). “Equilibrium™ values obtained from thie
long-te:in precipitation experiments represent average of the 1- and 2-weck
sampies for the chluride system, and the 24 hour and 1 week samples for the

sulfate system.
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Figure 4.4. 8°°Fe of corrected Fe[ll]l.; components for all biological oxidation
experiments, plotted against In(f), where f is the proportion of Fe[Ill,q
rerzaining. Data from experiments of Croai et al. (2004) are included
for comparison. Data are ploited relative to starting material for each
experiment, where the initial value is taken to be 0%o. Dashed line
represents the equilibrium fractionation trend having an isotopic
enrichment factor of £€=2.9%o.
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Table 4.5 Ferric chloride and ferric sulfate precipitation experiments (long-term)

Sample Time pH (;;;1) §%Feu" 8F e, £%Fey per
Fe[UTICl,:
Timme =0 min 2.30 600.00 -0.22° - -
30 min 2.50 420.00 -0.05° -0.65° 0.60
24 hours 2.45 430.00 0.00° -0.60° 0.60
Twesk 2.46 410.00 0.20° -0.66° 0.89
2woeks 2.43 400.00 0.18° -0.80° 0.98
Fe[HiTH{S0,)s:
Time = 0 min 2.66 465.00 -0.19° - -
30 min 2.66 320.00 0.06° -0.52° 0.58
24 hours 240  300.00 -0.01° -0.67° 0.66
1 week 2.36 320.00 0.09° -0.50° 0.69

? seasured values; dash indicates value not determined. Superscripts on measured Fe isotope values indicate technique: o,
Orlean: Neptune multi-collector ICPMS,

4.4 Diseussion

4.4.1 Isotopic fractionation between Fe[ll],q and Fe[Ill],, pools

In my experiments, net Fe isotope fractionations between the Fe[Il].q, Fe[lll]sq and
Fe[ll]py pools were determined by three competing processes: 1) an oxidation of
Fe[H}a, 2) an equilibration via electron exchange between Fe[ll]aq and 3) Fe[lll],q,
and precipitation of Fe[lll],, as either schwertmannite or akaganeite. The
fundamental besis of the study design was to set up experiments in which oxidation
of ferrous iron was driven by microbial activity. I{ a biological effect was able to be
expressed in the ferric iron products, then either the oxidation or precipitation effect
would have had to overprint the equilibration effect. Johnson et al. (2002) and Welch
et al. (2003) conducted abiotic exchange experiments at pH ~2.5 to determine the
time required to reach isotopic equilibrium between Fe[lll]yq and Fe[ll].q. For these
experiments, FeCl, and FeCls; solutions that differed substantially in Fe isotope
composition were mixed and allowed to stand for a period of time at 22 = 2°C. In
this experimental system, the principal aqueous species were [Fe[lI] (H,0)s]*" (>97%
of Fe[ll],q species) and [Fe[III](I—I;O)6]3+ (>82% of Fe[lll]y species). For this
system, the time required to reach isotopic equilibrium was rélatively quick (<1
minute), and the process was modeled as a second-order reaction with rate constant
~ 0.2sec” (~ 17,000da.y'1). Thus, one might have initially predicted that given the
anticipated slow rates of bacterial Fe[II] oxidaion (raie constant ~0.01-0.03day™ for

my experiments; Fig. 4.1), equilibrium between Fe[ll],q and Fe[lll], should have
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been the dominant control on isotopic distribution among aqueous species. However,
it was not possible to a priori rule out a biological control on Fe[lll],q chemistry
(e.g., strong Fe[lll]-ligand formation) that migiit have hindered or even prevented
back reaction of the Fe[IlI] aqueous pool with the remaining Fe[II] aqueous pool. In
fact, if only the Fe[ll],q data for the biological experiments are considered, then a
reasonable interpretation of my data would be that isotopic disiribution during the
microbial oxidation process was governed by a Rayleigh mechanism having ¢
~2.2%o (Fig. 4.2a). This value is substantially less than the 2.9%o value determined
by Johnson et al. (2002) and Welch et al. (2003) for Fe[ll]a-Fe[lll]sq equilibrium
exchangze, and could be interpreted as reflecting a biological control on the isotopic
distribution. Croal et al. (2004), in a study of Fe isotope fractionation by Fe[ll]
oxidizing photoautotrophic bacteria, obtained broadly similar results to mine in that
the isotopic contrast between their hydrous ferric iron precipitates and aqueous
ferrous iron was ~1.5%o (compare with Table 4.3) and the isotopic compositions of
the Fe[lI] aqueous reactants in their two experimeats using different enrichment
cultures were consistent with control by a Rayleigh mechanism having € ~1.1%o and
1.8%o, respectively. They concluded that the observed fractionation between
Fe[lll]pp and Fe[II},q was dué either to an equilibrium effect produced by biological
ligards or to a kinetic effect produced by precipitation of hydrous ferric oxides
overlaid upon equilibrium exchange between Fe[ll] and Fe[Ill] aqueous specics.
However, in the absence of measurements of the isotopic composition of the
Fe[lll},q fraction that would be difficult to isolate given the circum-neutral pH
conditions of their experiments, it was not possible to decide between these
contrasting mechanisms. By determining the Fe isotope composition of the Fe[Ill],q
products of my biological experiments, it is possible to better constrain the actual
fractionation between the Fe[II] and Fe[IIl] aqueous pools. As shown in Figure 4.2b,
the data for aqueous Fe are generally well described by an equilibrium mechanism
between Fe[ll]q and Fe[lllloq having € ~2.9%o, consistent with the experimental
work of Johnson et al. (2002) and Welch et al. (2003). This result suggests that
isotopic equilibration between Fe[Il] and Fe[IlI] due to electron transfer dominates
any isotopic effects associated with microbial Fe[Il] oxidation or Fe[lll]
precipitation. As shown in Figure 4.4, the Fe[ll],q data of Croal et al. (2004) cluster

with the data from my biological experiments, suggesting a similar interpretation of
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their experimental results. However, in order to confirm this interpretation, it will be
necessary to develop novel and clever techniques with which to actually determine
the Fe isotope composition of the minor Fe[llI],q pool formed at the circum-neutral

pH conditions used in the experiments of Croal et al. (2004).
4.4.2 Isetopic fractionation associated with Fe[I'I],, precipitaticn )

in order to interpret isotopic fractionation between Fe[ll]aq and Fe[lll]-
oxyhydroxides properly, an important goal of my study was to assess causes of
isotopic fractionation between Fe[Ill],, and Fe[lll]-oxyhydroxide pools during
Fe[IlII] precipitation. In the short-term Fe[III] precipitation experiments (Table 4.4;
Fig. 4.3), a range of pH’s were used in order to investiga.c the possible effects of
precipitation rate on fractionation. In these experiments, pH was ur2d as a proxy for
precipitation rate. Recent work on carbonates by Adkins et al. (2003) contested the
use of pH as a proxy for precipitation rate and maintained that isotope effects
~ associated with changes in pH are a function of changes in speciation among ionic
components containing the isotopes in question. However, it is unlikely that changes
of Fe aqueous speciation with changing pH controlled the fractionation observed in
my experiments. For example, over the pH range used in the precipitation
experiments with ferric sulfate, concentrations of Fe aqueous species (calculated
using the WATEQ4( speciation code; Ball and Nordstrom, 1991) changed little (i.e.,
at pH=1.9 vs. 3.5: Fe(SOyg)x = 92.8% vs. 91.5%, Fe(OH), = 0.2% vs. 4%, Fe(H20)¢ =
7% vs. 4.5%), yet AP 6Feaq.,,m decreased by ~0.8%o. Over the same pH range used in
the experiments with ferric chloride, concentrations of Fe aqueous species changed
considerably (i.e., at piI=1.9 vs. 3.5: FeCl, = 39% vs. 19.7%, Fe(OE); = 1.5% vs.
34.8%, Fe(Hy0)s = 39.5% vs. 45.5%), yet A*Fe aq.pm barely decreased. It is contend
that the isotopic changes seen during these experiments are more likely related to the

rate at which the precipitates formed.

Skulan et al. (2002) experimentally precipitated hematite (Fe>C;) from hot nitric acid
solutions over varying reaction timas. During “rapid” precipitation of hematite (~12
hours), AFeypn ~1.3% was observed. However, when protracted
precipitation/dissolution was allowed to occur over a longer time (~200 days),
A"sFeaq_m approached 0%.. My long-term precipitation experiments were run for a

much shorter time than the loig-term equilibration experiments of Skulan et al.
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(2002). Regardless, ASGFeaq_pm using the ferric sulfate medium was significantly less
in the long-term experiment than in the short-term experiment (i.e., ~0.7%o Vvs.
1.29%o.), consistent with the trend observed by Skulan et al. (2002) of decreasing
fractionation with increasing reaction time. However, A56Feaq-ppt using the ferric
chloride medium was significantly greater in the long-term experiment than in the
" short-term experiment (i.e., ~0.9%o vs. 0.44%o), opposite to the trend observed by

Skulan et al. (2002).

Although it is clear from my experiments that different reaction times at a given pH
result in different A’*Feqq.pp, it remains unclear whether equilibrium values of A%Fe
agppt are in the 0.7-0.9%o range for the feiric sulfate and chloride systems as
measured in my long-term experiments or arc closer to 0%o as observed by Skule: et
al. (2002) for the ferric oxide system. Regardless, in order for equilibrium effects to
be expressed, slow rates of precipitation apparentl. are required. This is supported
by the theoretical work of Watson (2004) who looked at near-surface kinetic controls
on the isotopic composition of carbonates. Watson’s (2004) model predicts that
during rapid precipitation of carbonate, the surface of the precipitating crystal
represents a reaction front that can have an isotopic composition that is not at
equilibrium with that of the swrounding water, depending primarily on the isotopic
equilibration rate that is largely diffusion limited. If the precipitation rate exceeds the
isotopic equilibration rate, this non-equilibrium isotopic signature will be

incorporated into the mineral.

The differences in A*“Fe aq-ppt Of the different size fractions in my precipitation
experiments z;;parently support such a model. In those experiments, the smaller size
fraction (0.1~0.8 pm) is intermediate in isotopic composition between that of the
>0.8 um and Fef[Ill],q fractions, and tends to be significantly heavier (by as much as
~1.0%o) than the >0.8 pm fraction. The 0.1-0.8 pm fraction may be associated with
earlier and/or faster rates of precipitation and might reflect the isotopic composition
of a colloidal intermediate, while the >0.8um fraction may be associated with later
and/or slower rates of precipitation. With time, amalgamation and dissolution/re-
crystallization occurs and larger Fe[lll]-oxyhydroxide precipitates form. At the
slowest rates of precipitation, the net isotopic fractionation observed may be the

additive fractionation effects associated with the formation of each size fraction,

117



depending primarily on the ability of early-formed solids to re-equilibrate with the
evolving Fe[III]aq pool. If true, this suggests that multiple rate-controlling steps
occur during slower Fe[Ill] precipitation at lower pH and the fractionation effects of

each step may bz expressed in the final product.

Decreasing ASGFeaq.ppt with increasing Fe[llT]-oxyhydroxide precipitation rate
observed in my experiments is consistent with the observations of Johnson et al.
(2002), who developed = rapid precipitation technique to physically separate
isotopically-enriched Fe[Ill]aq from a Fe[ll]aq-Fe[lll]aq mixture with little to no efiect
on isstopic composition. However, as noted above, Skulan et al. (2002) observed the
oppesite trend, increasing A’ 6Feaq_ppt with increasing precipitation rate, during
experimental precipitation of hematite. This apparent contradiction is likely related
to the time scale and kinetics of the various experiments. My slowest experiments
(i.e., at lowest pH) may be most analogous to the “rapid” hematite precipitation
expeiiments of Skulan et al. (2002) that occurred over a 12-hour timefreme. At the
precipitation rate corresponding to this time scale, kinetic isotope effects perhaps
related to diffusion gradients in the growing solid (cf., Gussone et al., 2003) and
resulting in positive A 6Feaq.,,m are best expressed. At more rapid precipitation rates,
diffusion gradients in the liquid immediately adjacent to the growing soi:d may limit
the ability of residual, isotopically heavy Fe[Illl.q in this liquid boundary layer to
equilibrate isotopically with the remaining Fe[llI].q pool. Progressive precipitation
under this condition would result in A®Fey.pp approaching 0%.. At slower
precipitation rates (e.g., the 200-day “equilibrium” experiment of Skulan et al.,
2002}, there would be the greatest potential for true isotopic equilibrium between

solid and liquid.

Dependence of A**Feyq.pp On precipitation rate may help to explain the variability of |
A56Femq.pm observed in my biological experiments. In all biological experiments
conducted at 25°C. A*Feqq.pp is greatest in the earlier stages and least in the later
stages of Fe[ll] oxidation (Table 4.3). Precipitation of Fe[lll}-oxyhydroxide is
presumably a first-order reaction (Beard and Johnson, 2004), and thus precipitation
rate should correlate with In (Fe[IlI],g). Thﬁs, in the earlier stages of Fe[Il] oxidation
‘when Fe[llll,; concentrations are low, the precipitation rate should be

correspondingly slow and A*Feypy also should be greatest. As Fe[lll]y,
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concentrations increase with protracted Fe[lI] oxidation, the precipitation rate should
increase and A“Feaq.pm should decrease toward 0%.. However, although simple
precipitation rate considerations can account for the rosults of the experiments
conducted at 25°C, the results of the experiment using ferrous sulfate at 4°C argue
for additional controls. In that experiment, ASF €aq-ppt actually increased through the
56-day time point, then decreased to a negative value by the 70-day time point
(Table 4.3). Although one can speculate about unique kinetics associated with
precipitation of Fe[lll]-oxyhydroxides in this low-temperature condition, there is
little hard evidence that can be used to account for tais different behavior.
Furthermore, abiotic controls prepared at 4°C resulted in no measurable oxidation

and thus offer no additional interpretive insight.
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5 CORCLUSIONS and SUGGESTIONS FOR FUTURE STUDIES

The aim of this study was to examine bacterial influence on sulfide minerals and
Fe(II) oxidation as inferred from oxygen, sulfur isotopes of sulfate and Fe isotopes of

Fe-oxides at pH <3.

The 6180304 and 6348504 values from bacterial and abiotic pyrite oxidation

Pyritz oxidation occurred by both biological and abiotic pathways under aerobic
conditions at pH <3. However, it was observed that the oxidation rate of pyrite was
higher when bacteria present, indicating that the oxidation of pyrite was largely
controlled by bacteriz] activity at pH < 3 and under O, saturation conditions. Sulfate
production rate from anaerobic experiments confirmed that the chemical oxidation of

pyrite by Fe (III) was dominant in both biotic and abiotic experiments.

Water was the most important source of oxygen in sulfate for both biotic and abiotic
oxidation mechanisms under aerobic and anaerobic conditions. The perc.ntage of
- water-oxygen incorporation into sulfate rangz=d from 87 to 95 % during aerobic
biotic and abiotic experiments. Water-oxygen incorporation into sulfate increased
with decreasing pH. ~100 % water-oxygen incoiporation into sulfate was
determined for both biotic and abiotic experiments under anaerobic conditions. The
similar oxygen isotope fractionation effect between sulfate and water from both
biotic and abiotic experiments under anaerobic conditions indicate that the chemical
oxidation of pyrite by Fe(lll)aq was dominant over biological experiments. Because
the sedubility of Fe (III)-oxides is very low and the concentration of soluble Fe (III)
could be too low for FeS, oxidation at pH <4, the §%0g04 values produced by
oxication of pyrite by Fe(IIl) cén be a good indicative of terrestrial environments
when compared to higher pH environments, such as marine environments.

Experimental results from aerobic long-term biological pyrite oxidation showed that

water-oxygen incorporation into sulfate may not always be indication of oxidation



of pyrite by Fe(Ill) ions as suggested by previous studies. The long term
experimental results indicated the increasing water-oxygen incorporation into sulfate
with decreasing pH, suggesting that the §'*Oso4 values may be largely controlled by
the other processes such as oxygen isotope exchange between water and intermediate
sulfur species which increase water-oxygen incorporation into sulfate. These
exchange reactions appears to be a function of pH and may overprint the biological

signature.

Although it is clear that pyrite oxidation is largely controlled by biological reactions
as inferred from the high sulfate concentration, the 5'®0g04 values zan not be used to
distinguish biotic vs. abiotic oxidation of pyrite because of the similar oxygen
isotepe signatures. For example, ~90 % incorporation of oxygen from water was

obtained for both biotic and abiotic experiments.

The 8*Ss04 values closely reflect the §**S value of pyrite under aerobic conditions,
indicating the quantitative oxidation of pyritic sulfur to sulfate. Therefore, the

8348504 values can be a useful tool to deterraine the source of sulfate.

Consequently, elucidation of pyrite oxidation mechanism in ary natural

environments requires a combination of geochemical, isotopic and microbiological

data‘.

The 8™0g0s and 8*'Sgos values from bacterial and abiotic sphalerite and

elemental sulfur oxidation

ZnS and Fe-bearing sphalerite oxidation occurred by both biological and abiotic
experiments and the oxidation rate was higher in the biological experiments than
abiotic experiments. Fe-bearing sphalerite experiments even produced higher sulfate
concentration during both biotic and abiotic experiments relative to pure sphalerite
experiments, indicating that Fe (II) in the crystal lattice of sphalerite has effect on
oxidation rate.

The 8"%0sps values from aerobic biological ZnS and Fe-bearing sphalerite
experiments showed 100 % water—oxygen was incorporated into sulfate during the

short- and long-term experiments. 100 % water—oxygen incorporation into sulfate
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suggests that A. jferrooxidans catalyze sphalerite oxidation via ETS (electron
transport system) as a source of energy and they incorporate HoO—derived oxygen
rather than oxygen from molecular oxygen into the oxidized sulfate. The 6180504
values from aerobic experiments proved that the net stoichiometry of oxidation
reactions (reaction 21). not alwavs represent the actual oxygen source of sulfate,

zlthough it explains overall mass transformation phenomenon.

In contrast to biological ZnS experiments, the 6180304 values from aerobic abiotic
ZnS experiments point out 40 % water and 60 % molecular oxygen incorporation
into sulfate. The difference between biotic and abiotic experiments may indicate

different oxidaticn mechanisms for each experiments (biotic vs. abiotic).

The 880504 values from anaerobic pure and Fe-bearing sphalerite experiments are
very sirilar for both biotic and abiotic experiments, suggesting that the chemical
oxidation of sphalerite by Fe (III) ions was the dominant in both experiments and the

8]80504 values can not reflect bacterial influence.

This study also showed that elemental sulfur is the main sulfur intermediate and the
actual sulfur moiety which was oxidized to sulfate during sphalerite oxidation may
have been eleizental sulfur. The identical 6'80504 values between biological
clemental sulfur and sphalerite experiments under O, saturated conditions further
support this idea. Experimental results from anaerobic sphalerite oxidation showed
that elemental suifur forms on the surface of sphalerite as major oxidation product
during chemical oxidation of sphalerite by Fe(Ill),. The formation of elemental
suilur on the surface of sphalerite has implications for understanding the role and
distribution of various microorganism involved in the oxidation of sulfides.
Additionally, elemental sulfur at the mineral surface may be a determining factor in
the type of microorganism which involve in the oxidation. Although the 6180304
values from ZaS and Fe-bearing sphalerite experiments are very similar, these values
are different than the §'®0go4 values from pyrite experiments. The 5180504 values
from sphalerite experiments tend to be more enriched in 0" ( ~9 %o) relative to
water compared to the §'%0g0,4 values from pyrite experiments ( ~4 %o). These results

may imply that sulfide mineralogy, especially oxidation state of sulfur of each

123



mineral, have effect on the §'%0s04 values. Therefore, the 8'80504 values can be used

to determine the source of sulfide mineral (pyrite vs. sphalerite).

The conclusions drawn from these studies revealed that bacteria can influence the
rates of sulfide minerals oxidation. The Oxygen isotope studies of the sulfate product
can serve as useful tools for understanding processes involved in their formation.
The 8'"®0s04 values measured in the laboratory and field clearly indicate that water-
oxygen is incorporated into sulfate during oxidation. Because oxygen isotope
exchange between sulfate and water is very slow at pH <3 the 8'®0soq values can
preserve the 5'®Oo values. It can be hypothesized that the §'%0so4 values measured
for sulfate in acidic environments (pH<3) may be useful for determining the paleo-
temperature at the time of their formation when the proper oxygen isotope

fractionation effect (A180504-H20) is applied.

Fe isotopes of Fe-oxides

This is the first study to measure the Fe isotope distribution between Fe[ll],q,
Fe[lll]yq and Fe[Ill]py during bacterial and abiotic Fe[lI} oxidation in ferrous sulfate
and ferous chloride solutions at low pH conditions that might be typically reflect
acid mine drainage environments. Although the original purpose of this study was to
determine the impact of biological processes on the Fe isotope composition of the
ferric iron products of oxidation, my main conclusion is that thé isoiopic disﬁbution
between the various Fe pools was controlled by abiotic processes. Using a novel
method to separate the product Fe[lll],; from residual Fe[lllaq, which follows
oxidation over varying reaction times, I found that both &°°F e[Il]aq and 8 6Fe[III]ppt‘
were consistently greater than 856Fe[H]aq, and that overall the aqueous data are well
explained by an equilibrium model having € = 2.9%». This fractionation factor is
identical to that of previously established for equilibrium between Fe[lI]- and
Fe[Ill]-hexaquo species due to electron transfer. My results argue against a role for
biologically-induced ligand formation that could hinder or prevent back reaction of
Fe[Ill]; with Fe[ll],y, and thus impart a biolegical signature on the ferric iron
products of oxidation. In a series of abiotic experiments in which schwertmannite or
akaganeite were precipitated from ferric sulfate and ferric chloride solutions,

respectively it was found that §°°F e[lll],q was consistently greater than & (’Fe[III]ppt,
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and that A’®Feyqpn depends largely on rate of precipitation. Fractionation between
ferric aqueous and precipitate pools was substantially greater in the sulfate system
when compared to that in the chloride system, perhaps due to differences in ligand
formation prior to precipitation, or to greater diffusion limitation either at the solid-
liquid interface or within precipitates in the sulfate system in comparison to chloride
system. Overall, the results of this study suggest that, at least upder low pH
conditions, unique Fe isotope “biosiguatures™ related to microbial oxidation of
ferrous iron that similar to those used in the current study, may not be expressed in
the ferric iron products of the oxidation process,.and thus will be absent in the

geologic record.

5.1 Future Studies

The current study showed that the oxidation state of sulfur of sulfide minerals have
effect on the 8'%0g04 values. Therefore, more sulfide minerals which have different

sulfur oxidation state should be used for future studies.

Biological pyrite oxidation experiments indicated larger water-oxygen incorporation
into sulfate with decreasing pH. New experiments should be carried out under
different pH values in order to investigate if 6'*Osoq values change systematically
with changing pH. This study may give an opportunity to use the oxygen isotope
fractionation effect between sulfate and water (A'*Ogsos.m0) to predict pH values
which sulfate formed and eventually geochemical conditions. More metal sulfide
oxidation experiments should be performed by wusing different experimental
conditions to investigate the possible effect of environmental conditions on the

8]80504 and 5345 SO4 values.
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