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Chapter lintroduction

The Duluth Complex, located in northern Minnesota, represents the largest
undeveloped copper, nickel, and platingnoup element deposit in the world. The
majority ofprevious work on the environmental impacts of sulfide mineral mining has been
conducted on the mineral pyrite (2Sand the microbial communities that drive pyrite
oxidation and generate highly acidic, meaiah effluent. In contrast, the primary gangue
(waste) sulfide in Duluth Complex ores is pyrrhotite 1(f=, RO 0O0. 125) , and
relatively low concentration of sulfide minerals in the rock and the geochemistry of the
host silicate minerals mean that waste rock and tailings from these depogitexpected
to generate highly acidic drainage (discussed further in Chapter 2). Studies on abiotic
pyrrhotite dissolution are limited, and while dissolution rates in acidic systems are reported
as 10 to 100 times higher than pyrite, studies of abiotichptite dissolution at more
neutral pH frequently present contradictory results. Further, the impact of microorganisms
on pyrrhotite dissolutiori particularly microorganisms that are endemic to northern
Minnesotal is poorly understood.

The goal of my disertation research, therefore, is to better understand the
di ssolution of pyrrhotite under @ADuluth Co
into four chapters that each address a facet of this question. Aekigjllsummary of each
of the chaptexis presented here, with the goal of highlighting the connections between
each individual projec

Chapter 2 examines the complex relationship between heating, mineral structure,
and magnetic properties in the mineral pyrrhotite. Pyrrhotite is converyieegdarated
into the antiferromagnetic hexagonal and ferrimagnetic monoclinic polytypes. Both
polytypes undergo temperatedependent magnetic transitions, with ferrimagnetic,
monoclinic pyrrhotite becoming nonmagnetic on cooling through the Besnugitmansi
(-24 1 32 K), while antiferromagneti c, hexa
heating t-hrawmghtitdbe 217 , 490 K). However
the relationship between pyrrhotite polytype and magnetic properties iscomogex,
with some forms of pyrrhotite that are ferrimagnetic at room temperature but lack the
characteristic lowtemperature Besnus transition. This chapter describes the utility of
combining temperaturdependent Xay diffraction experiments with temgagure
dependent measurements of magnetic properties. This combination of structural and
magnetic characterization techniques provides a clearer picture of mineral transformations
that occur in pyrrhotite on heating than either technique can provide alosechapter
was written for submission t¥GR: Solid Earthwhere it is currently under review. This
chapter is connected to the following chapters in two ways. First, two of the pyrrhotite

samples characterized in this chapter (Po2 and Po3) were usdosaates for microbial
1



growth in chapters 3 and 4. Second, many of the magnetic techniques used to characterize
pyrrhotite in this study were also used to characterize pyrrhotite and iron oxides after the
dissolution experiments describeddhapter 4.

Chapter 3 evaluates the effect of microorganisms on pyrrhotite dissolution in
laboratory experiments. These experiments compare the impact ofeutfizing isolate
microorganisms and microbial communities on pyrrhotite dissolution and use pyrrhotite
chaacterized as part of the work presentedCimapter2. This chapter compares the
dissolution of pyrrhotite under abiotic conditions to pyrrhotite in batch reactors inoculated
with different isolate strains @ulfuriferulg a strain ofThiobacillus andan enrichment
community of microorganisms, under a range of pH conditions from 4.5 to 7.0. Pyrrhotite
dissolution and was measured by a novel combination of geochemical and magnetic
techniques. The structure and crystallinity of iron oxide precipitates evem@ined by
combining scanning electron microscopy and measurement of magnetic properties. | find
that sulfuroxidizing microorganisms increase the amount of pyrrhotite dissolved over
abiotic dissolution at pH conditions ranging from 4.5 to 7, and Soditiriferula is an
important player but not the only important organism implicated in environmental
pyrrhotite dissolution.

Chapter 4 compares the microbial communities found on natuatathered
Duluth Complex outcrops to the microbial communities foundvaste rock and tailings,
and evaluates potential avenues for management of waste rock and tailings from Duluth
Complex mines. One of the goals@fiapter 3 is to evaluate the role of environmentally
relevant microorganisms on pyrrhotite dissolution, aadhis chapter provides the basis
for evaluating how similar the laboratory experiments are to natural weathering
environments. The microbial communities from naturalgathered outcrops of Duluth
Complex rock are compared to the communities presenteaiamed test pit where ore
material was extracted in the ril®70s, and the communities at both the naturally
weathered and reclaimed sites to the microbial communities found in experimentally
weathered mine waste and tailings. | find that the natuvedigthered and reclaimed sites
have more similar microbial community compositions than the waste rock and tailings
experiments, highlighting the role of microbial metabolisms other than sulfur oxidizers and
interaction between microbial communities. Tharkvalso includes a test of bioshrouding,
which is a technique for controlling the growth of lithotrophic sulaind iroroxidizing
microorganisms by encouraging algal growth on tailings or waste rock. | find that algae
had an inhibitory effect on some tie autotrophic sulfuoxidizing microorganisms,
particularly those that increased pyrrhotite dissolution in Chapt@hi3. chapter was
originally written for submission tBnvironmental Microbiology

Chapter 5 compares the growth behavior and metabchpabilities of four
different strains of sulfuoxidizing Sulfuriferulaspp. used in the laboratory experiments
in Chapter 2. Complete genomes of four isolate straiSaiftiriferulaare described in this

2



chapter, with a detailed accounting of genes tioale for enzymes involved in carbon,

nitrogen, sulfur, and iron cycling. The fo8ulfuriferulastrains described in this chapter

each have distinct metabolic capabilities, including different metabolic pathways for sulfur
oxidation and putative iron oxadion genes, and so the detailed analysis of their growth
behavior and genetic potential presented in this chapter provide a link between the

di fferences i n the sGhapteri3nas Wwell ashliffezencesimtheb e h a v
environmental distributio of related organisms describeddhapter 4.

I.  Pyrrhotite Crystallography and Magnetic Properties

a. Crystallographic Properties
Pyrrhotite is a nosstoichiometric iron sulfide mineral that occupies the

compositional space between FeS and&d his rangen possible chemical composition
leads to a diversity of crystallographic and magnetic behaviors. Pyrrhotite crystallizes in
the NiAs structure, with hexagonally clepacked S atoms and octahedralbordinated
Fe?* atoms in alternating laye@akazawa & Morimoto, 1971)in the most irosrich
polytype EeS, troilite), all iron sites are filled. With decreasing iron content, some of the
iron sites are left vacant, with overall charge conspé&t by increasing the number of
Fe** atoms(Morimoto et al., 1970)The arrangement of these vacancies within the lattice
leads to a variety of structural and magnetic properties that depend both on the iron/sulfur
ratio of the mineral and on its formation history (e.g., tempeshitessure conditions,
cooling rate, chemical environmer{Bertaut, 1953; Morimoto et al., 197®igure 1-1
shows the idealized NiAs structure and the structure of goilit

Y

Figure 1-1: Crystal structures of (a) eight unit cells of the idealized NiAs structure and (b) one unit
cell of troilite, FeS. Unit cell dimensions are indicated by the solid black line. Structure images
generated wusing CrystalMaker® (CrystalMaker Software Ltd, OxforBngland,;
www.crystalmaker.com), with crystallographic data frerans(1970 for troilite.



The periodic repetition of iron vacancy sites in naeficient pyrrhotites azur
beyond the dimensions af singleNiAs unit cell, and so pyrrhotites are categorized by
superstructures. The naming convention for these superstructures refers to the number of
repeats of the unit cell in a particular crystallographic direction tleatemuired to fully
describe the atom and vacancy positions. Troilite can also be described as 2C pyrrhotite
because it requires 2 repeats of the unit cell in the c crystallographic direction to fully
describe the arrangement of atoms within the unit cell.

There are 5 major integral ANC&)PDIYytyp
(F&S10), 11C (FeoS11), and 6C (FaSi2)) where N refers to the number of integer multiples
along the NiAsc axis required to fully describe the arrangement of iron vaeaindor
example, 4C pyrrhotite requires 4 repeats of the NiAs unit cell to fully describe the vacancy
positions in the iron layer@orimoto et al., 1970; Nakazawa & Morimoto, 1978)ost
of these NC polytypeare hexagonal (the angle betweendladb axes i 120°), with
the exception of 4C, which is monoclin{De Villiers et al., 2009; Koto et al., 1975;
Morimoto et al., 1975)The structure of 5C pyrrhotite has also been reported with respect
to the orthorhombic crystal systeifktlliot, 2010). These polytypes are generally
differentiable by powder X ay di ffracti on, but there are
position of the major peaks and comprehensive structural identification depends on the
low-intensity, high d spacing superstiuie peaks.

The relative concentrations of hexagonal and monoclinic pyrrhotite can be
estimated by powder -Xay diffraction using a technique developed Amnold (1966
1967) Briefly, fAhexagonal 06 pyrrhotite shows
~43. 5fkCekd, ( ~ 5@ Bok@pvhi | e Aimonoclinicd pyrrho
peak set, the (204p02) — r ef | ect i ons. Ar n o light dfshe simgle hod ¢
(102) peak associated with Ahexagonal 6 py!l
associated with fAmonoclinico 4C pyrrhotite
remains widely used in evaluating natural and synthetic pyrehséimples and is still
useful for screening samples that contain more than one polytype. Arnold also noted that
astheFe ont ent decreased in pyrrhoti Ameld,t he 2d
1962) Thus, Arnold argued that the position of the (102) pmaak be used as a rough
measur e of a pyrrhotiteods composition. H
guantitatively, as it only provides an estimate of the bulk composition. The presence of
multiple polytypes can be superimposed to produce a single pehkpahe shape of the
peak (e.g., width and symmetry of the peak, presence of shoulders or secondary peaks)
needs to be considered to determine if multiple polytypes are present. It is also worth noting
that the full range of (102) peak positions frommircch troilite to the irordeficient 4C
polytype is |less than a degree in 2d space
required.



Integral superstructures can be identified with greater accuracy using taadbev
superstructure peaks in thé62 0 A 2 d r aknlgleand Framzen (T6Frovide
some of the first discussion of the utility of examining the-lowgle suprstructure peaks
in addition to the most intense reflections as a method for discerning pyrrhotite polytype(s),
although they were described earlier (see &/@ughan et al. (1971), Schwarz and
Vaughan (1973) These are lowintensity diffraction peaks that occur from planes
separated by a largesdpaci ng (and therefore, occur a
arrangement of superstructure peaks is charatiter$ specific superstructures of
pyrrhotite. For example, the calculated powder diffraction pattern for 4C pyrrirditell
et al., 2004)shows four peaks inthe 4 A 2d wi ndow (a pair of
18. 05A 2d, a peak at 19.55A 26k U)agndwhfiil realt
calculated powder diffraction pattern for 5C pyrrhofEdiot, 2010)shows three peaks in
this window (singlet peaks &) 17Dedpifis. 7}
intensity of these peaks, the fact that they do not overlap to the same dsghe most
intense fAdoubl etd peaks (at ~56 A 2d) mak e ¢
integral (and possibly neimtegral) pyrrhotite polytypes in mixed samplébe
superstructure peaks for the integral polytypes of pyrrhotite are présefigurel-2(a),
and the full diffraction patterns figure1-2(b).

a) b)

Intensity (arbitrary units)

20 20

Figure 1-2. (a) Superstructure peaks and (b) full diffiaa patterns for troilite (2C pyrrhotite,
Bertaut, 1953)3C pyrrhotite (sometimes 3Kgller-Besrest et al., 1983%C pyrrhotite(Powell

et al., 2004)5C pyrrhotite(Elliot, 2010) and 6C pyrrhotit§De Villiers & Liles, 2010) The

grey shaded area in (b) indicates the range of the superstructure peaks in (a).

Norrintegral polytypes of pyrrhotite (structures that lack loagge order in iron
vacancy arrangements) with a bulk composition between 5C and @liiitgr are also
hexagonal, but are believed to be metastable phases that would exsolve over geologic tine
into finely intergrown mixtures of integral pyrrhotite phases, with the specific mixture and
arrangement of intergrown phases controlled by the ceitigo and cooling history of the
parent phaséViorimoto et al., 1975)However, intergrown mixtures of integral and non
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integral polytypes are frequentlyuind in natural samplege.g., Arnold, 1966, 1967;
Harries et al., 2011, 2013; Jin et al., 20244l there is some evidence that the arrangement

of vacancies in the structure caary on the lengtiscale of a few unit cellPdsfai &
Buseck, 1997)Additional superstructural polytypée.g., NA, MC) with varying amounts

of vacancy disorder at elevated temperatures are included in pyrrhotite phase diagrams
(e.g., Wang and Salveson, 2005; Harries, 26{&tbert et al., 2015; Haines et al., 2019)

but the mechanism(s) that control vacancy ordering and the rate at which ordering occurs
remain poorly understood. Further, the stability of integral aneimegral polytypes with
changes in temperaturenthany dependence of these transformations on heating or cooling
rate) is not well constrained. For example, see the two phase diagramgaril-3, after
Harries (2012)a) andHaines et al. (20190b).

b. Magnetic Properties

Pyrrhotite polytypes are broadly divided into two categories based on theik room
temperature magnetic properties: ferrimagnetic, monoclinic 4C polytype, and
antiferromagnetic, hexagonal NC polytypes. Most pyrrhotite polytypes are
antiferromagnetic, with t spins of the iron atoms ferromagnetically coupled such that
spins are uniformly aligned within Fe layers (e.qg., in Figure 1(b), layers A and C have spins
aligned up (yyvyy) and | ayers B and D hay
antiferromagnetically @upled to Fe atoms in adjacent planes. The iron vacancies in the
antiferromagnetic pyrrhotite polytypes (e.g., 2C, 5C, 11C, 6C) are arranged such that no
unpaired spins exist and the net magnetic moment is zero (e.g., in Figure 1(b), the moment
oflayerAi s symmetrically opposed (bownsdndhetal.mo ment
1979) The arrangement of iron vacancies in the 4C polytype, hovwewher in every
other layer, one out of every eight Fe sites is vaicagsgults in unpaired electron spins and
consequently is ferrimagnetiPekkers, 1988)

Temperaturelependent transitions in magnetic properties are a useful tool for
identifying and separating pyrrhotite polytypes, although the mechanistic underpinnings
that controlthese transitions are not in all cases well understood. All forms of pyrrhotite
undergoa high e mper at ure Ne®I transiti otnansigoh, 4325 A
indicated inFigure1-3 by the blue dashed lineyhere magnetic ordering is lost above this
temperature due to a combination of structural and thermal effects. Below the Neél
temperature, magnetic spins are aligned ferrimagnetically within layers and
antiferromagnetically coupled between layers, whitove the Neél temperature the
pyrrhotite behaves as a paramagnet (where spins are randomly oriented unless in the
presence of an external magnetic field). However, since antiferromagnetic pyrrhotites lack
a net external magnetization, the loss of magmetiering when heating through the Neél
temperature is most apparent in the ferrimagnetic 4C polytype, where heating through this

transition results in a sharp loss in magnetizafitowell et al., 2004)While Koulialias et
6



al. (2019, 2021¥ind that vacancy ordering occurs upon quenching through the Neél
temperaturen 4C pyrrhotite (implying that the ferrimagnetic vacancy arrangement in 4C
pyrrhotite persists above the Neél temperature, and quenching a sample through the Neél
temperature simply fisnapso the magnetic
transition has not been established for all heating/cooling rates. The ferrimagnetic 4C
polytype also has a characteristic, reversible-temperature Besnus transitionée®2 K
(-241.15°C), where induced and remanent magnetization decrease on (Bengs &
Meyer, 1964; Dekkers, 1989; Volk et al., 2018Yhile the mechanism(s) driving the
Besnus transitio remain a topic of active resear(Haines et al.,, 2019; Koulialias,
Charilaou, et al., 2018; Koulialias, Schaublin, et al., 2018; Koulialias et al., 2019; Volk et
al., 2016, 2018; Wolfers et al., 201Igw-temperaturegemanence measurements are often
used as a tool to detect ferrimagnetic pyrrhotite.
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Figure 1-3: Fe-S phase diagram after (a) Harries (2012) and (b) Haines et al. (2019). In both (a)
and (b), thehight e mp e r -arangitioneis n@rked by the red dashed ling) (Gragnvold &
Haraldsen, 1952)he Neél temperature is marked by the blue dashed lip¢lD€kkers, 1989)

and the temperatureomposition dependent FeS sflop (Morin-typg Tv) transition by the
purple dashed linéHorwood et al., 1976)1C refers to a polytype with completely randomized
vacancies. In (a), tentae phase boundaries are indicated by dashed lines and values of N for the
NC polytypes are indicated by the dotted lines, aftekazawa and Morimoto (1971 (b), the
dashed | ines repr es e ntompbsitien pdirs fretlzel 66, 56, amded€C st r u cC
polytypes extended to the origimith observed occurrence of these polytypes marked by the dotted
lines. The datash lines indicate the poorly constrained phase transition behavior at elevated
temperature between the integral, Aotegral, and hightemperature superstructures. (b) also
includes the 32 K Besnus transition (TB) of 4C pyrrhafitelk et al., 2016}nd the Morin
transition in 5C(Haines et al., 2020)n each phase diagram the temperature aneSFspace
described in the opposite diagram is marked bygtley shaded region.



Antiferromagnetic pyrrhotite polytypes lack the Besnus transition, but undergo a
temperatural e pendent magnet i (elaraldsena,1337)t THransitat 4220
(sometimex a | | e-ttandtibneindicated ifrigure 1-3 by the red dashed line) is seen
as an irreversible increase in magnetic susceptibility on heating, proposed to be due to
increasing thermal disordéKissin & Scott, 1982pr due to a change in superstructural
ordering i ke oa @fokh®etal, B0R&nd Chapter 2, this thesidhe precise
t emper at utramsitioo Varies depending on the pyrrhotite polytype(s) present in
the samplé€Kontny et al., 200Qthearrangement of the intergrowths, and the prior cooling
history of the samplé&oulialias et al., 2021)A general increase in the temperature of the
a-transition with decreasing iromntent, from 150°C in 48.5%Fe pyrrhotite and increasing
in temperature with decreasing iron content until the ferrimagnetic 4C endmember is
reached, is reported bilaraldsen (1937) and Grgnvold and Haraldsen (195@me
researchers a v e i d e nttamsition asda crystakograghic transformation from the
NC to 1C polytype, although this identification is debgtddines et al., 2019; Koulialias
et al., 2021) Some studies show that 1C pyrrhotite is paramagnetic and stable only above
~350°C (Koulialias et al., 2019)which would preclude st r ol e -tranmitiont he @&
Magnetic susceptibility then decreases on continued heating at the Neél temperature for
pyrrhotite (or at slightly (Benwett&k Gtalamp er at
1981) but unlike in 4C pyrrhotite, this transition is not reversible, with a permanent
increase in bulk susceptibility preserved on cooliHgrbert et al., 2015)Some studies
find that the temperature of the Neél transition in antiferromagnetic pyrrhotite is affected
by the application of a magnetic field during heatipgrogina et al., 20150ne of the
complications in measuring these thermomagnetic properties is that pyrrhotite frequently
oxidizes to magnetite and pyrite on heating (even in aoxaizing Ar atmosphere), with
the alteration behaviaf the sample being different even in chemically identical samples
of pyrrhotite exposed to the same heating conditions (seeDekkers (1990) It can
therefore be difficult to separate the irreversible transformation of antiferromagnetic to
ferrimagnetic pyrrhotite polytypes from the oxidative transfation of antiferromagnetic
pyrrhotite to magnetite and pyrite.

Troilite (2C pyr r h ottansition , due Fte 9ompletelg ¢ k s
antiferromagnetic behavior; since all iron sites are filled there is no vacancy rearrangement
on heatingDorogina etal.,,2015) I n addition to the Ne®l te
transition (indicated irFigure 1-3 by the purple dashed line), a Mottype spinflop
transition at 12°C (445 K) that decreases in temperature with decreasing iron content to a
| ow -193°C @70 K) at 48.3% Fe. Above this temperature, magnetic spins are oriented
perpendicular to the crystallographic c axis, and rotate to parallel to the ¢ axis bslow thi
temperatur¢Haines et al., 2019; Horwood et al., 1976) T Hransition is not frequently
discussed in other antiferromagnetic polytypes, howelanes et al. (2020eport the
presence of a Morin transition at als5 K
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measurable change in magnetization. While thagnitude of this transition is
approximately 100X smaller than that of the Bensus transition, the detectible presence of
this transition suggests that other polytypes may also show similatetoperature
magnetic transitions.

Rock magnetic studies fregatly interpret the results of thermomagnetic
experiments using the conventional framework that all ferrimagnetic pyrrhotite is 4C
pyrrhotite. This interpretation is based on the conventional model where the 4C polytype
is the only one capable of retainiagspontaneous magnetization at room temperature.
However, this interpretation is rarely confirmed by detailed powder diffraction or other
structural analyses, and recent work has demonstrated that other pyrrhotite polytypes (and
other structurallysimilar iron sulfide minerals) are capable of retaining permanent
magnetizationgHorng, 2018; Horng et al., 2020; Horng & Roberts, 2018; Li & Franzen,
1996; Roberts et al., 2011 orng (2018) and Horng and Roberts (204€)orted the
presence of a ferrimagnetic A3C0 form of ¢
The 3C (or 3T) polytype was previously described in synthetic samples with the
composition F& (Fleet, 1971; KelleBesest et al., 1983; Nakano et al., 197&)d as a
modification of the 4C structure due to Ti substitution for Fe irS§-€Baranov et al.,

2014) The natural sample containing 3C pyrrhotite is ferrimagnetic at room temperature
and displays a Ne®l t acha pthe rloatemperature dBésnug 3 1 8 A (
transition characteristic of 4C pyrrhotite, and is crystallographically digtiaoring, 2018;

Horng & Roberts, 2018)

These magnetic properties are complicated further by the presence of intergrowths
on the micron to millimeter scalArnold, 1966; Fleet & Macrae, 1969; Harries et al.,
2011, 2013; Rao & Rao, 1968inned crystal¢Bin & Pauthenet, 1963; Wolfers et al.,
2011) and nonintegrasuperstructures that persist at room temperdtdegries et al.,

2011; Jin et al., 2021; Pésfai & Buseck, 1994) of these features could result in locally
uncompesaed magnetic moments, producing a net magnetization even in
antiferromagnetic pyrrhotite polytes. Further, the presence of other ferrimagnetic iron
sulfide minerals, such as smythite {&8) or greigite (Fe&), can complicate the
deconvolution of magnetic signals from natural samftedfmann et al., 1993; Horng et
al., 2020; Roberts et al., 2011)

c. Abiotic Pyrrhotite Dissolution
Pyrrhotite is an acidoluble sulfide mineral, and so can dissolve by both oxidative
and noroxidative process. These processes are complicated by the variable
stoichiometry and crystal structure of pyrrhotite. It is generally reported that pyrrhotite has
oxidation rates of one to two orders of magnitude greater than pyrite under equivalent
conditions, althoughmost of the studies that publish kinetic rates do not distinguish

between polytypes (or, if they do, only establish whether the pyrrhotite is monoclinic,
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hexagonal, or a mixture). A review Bglzile et al. (2004)eports that pyrrhotite dissolves
betweerR0 to 100 times faster than pyrite under acidic conditions (below pH 4) depending
on the conditions of the study. Dissolution rate appears to be pH dependent, although
studies rarely agree on how pH affects dissolution rate. For exahigleglson and
Scharer (1993 i nd t hat at 10 and 22 |, there is
di ssolution rate with pH, but at 33 |, t her
and pH 6, with a rate mimum at pH 4. Conversely, a rate equation generateci by r i "HEt
and Rimstidt (2014)hat combined existing literature data and new experiments predict
that rate increases with decreasing pH. Interestingly, both Nicholso8dader (1993)
andChi r i "HL a n d ustinatusat pyridhdtite (ith @ Hukk $toichiometry o§F:e,
determined using the methodAriold (1967)in the case of Nicholson and Scharer (1993),
and by a combination of electron microprobe analysis anayXdf f r act i on i n Chi
Rimstidt (2014) B di c £t and rédort adrarkitic dededsk T )dissolution rate
for synthetic troilite between pH 4 and 5, which they link to a change in oxidation
mechanism due to the significant decrease it Belubility above pH 4. Most other
reported rates are at a gH2 and focus on temperature and the effect of different oxidants
rather than pHBelzile et al., 2004)Voltametric studies of pyrrhotite oxidation (with a
nominal Fe:S ratio corresponding to 4C pyrrhotitedlikaline solutions (pH 4.6, 9.2, and
13.0) found that the formation of a passivation layer of elemental sulfur and iron oxides
strongly inhibited oxidatiotHamilton & Woods, 1981)

Regardless of rate, pyrrhotite can be oxidized abiotically by either ferric iron or
oxygen, depending on pH conditions and the aqueous geochemistry of the sysiem
Apol ysul fi d®cGoire & Mamens, 2000; Schippers & Sand, 199 der
acidic conditions, where aqowes ferric iron can be present at high concentrations,
pyrrhotite can be oxidized by ferric iron, either completely to sulfateof partially to
elemental sulfurq):

&A 3 g cw&A 1(/ ° w ow&A 3/ W 0
&A 3 ¢ Ccw&A °© o ow&A 3 C

Acidity is produced by complete oxidation of pyrrhotite to sulfate, but not during
partial oxidation to elemental sulfur. When oxygen is the primary oxidant, the overall
oxidation ofpyrrhotite to sulfated) can release anywhere from no acidity, for the oxidation
of FeS, up to 0.2&ol protons for 4C pyrrhotitexE 0.125)(Nicholson & Scharer, 1993)

Due to vacancies in the structure and resultant uncosageehcharge, iron exists as both
Fe?*and Fé' states in pyrrhotite, although the presence &f Eannot be confirmed by
Mdossbauer spectroscopy due to rapid electron transfer betweer{lstatason & Treves,
1968; Wang & Salvesorz005)
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Acid can also be produced by the oxidation and precipitation of dissolved iron as
iron oxyhydroxide mineralst{. However, if pyrrhotite is oxidized incompletely to
elemental sulfur by oxygen, acid may be consuno¢dalthough above pH 4 this will be
offset somewhat by the predaiion of iron oxyhydroxides and the balance of acidity
generated or consumed depends on the stoichiometry of the pyriifhttelson &
Scharer, 1993)
Pyrrhotite can also dissolve nomidatively (with respect to the sulfur atomisy
proton attack in the polysulfide mechanism, releasingf Bad HS. The HS is then

oxidized by F&" ions to form the bS* *radical (shown as one step @), which then
dissociates to Hand the HS radical.

&A3 &A ¢ ©° c&A (3% 0o cgA (F ( ®

&A 3
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Two or more HS radicals can react to form polysulfides of varying chain lengths, which
can then decompose to elemental sulfgr ¢r oxidize further by oxygen or Feto
thiosulfate, polythionates, or sulfatg () (Schippers & Sand, 1999)
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Pyrrhotite dissolution appears to be controlled by both charge transfer (redox) and
mass transfer (diffusion) processes l& mineral surface. Many experimental studies
report the formation and progressive enrichment of a stifbrlayer on the surface of
pyrrhotite grains. One study reports the conversion of pyrrhotite surfaces to ohe S
smythite (FeS11) (Taylor, 1971) which is supported by further studies that find metal
deficient sulfides are the initial oxidation products of pyrrhotite oxidatiurckley &
Woods, 1985)Extensive study of pyrrhotite surfaces bya¢y photoelectron spectroscopy
(XPS) and Auger electron spectroscopy (AES) as oxidation in air and sulfuric acid
progressed found that an initial layeriadn(lll) -oxyhydroxides formed on the mineral
surface, with a sulfuenriched layer of the oxidized pyrrhotite immediately below the iron
oxyhydroxides increasing in thickness over tifigycroft et al., 1995; Pratt et al., 1994,
1996) Other studies have noted the formation of elemental sulfur as a component of this
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reaction layer, typically between the outer hmxide layer and the inner metdéficient
sulfide( Buckl ey & Woods, 1985; Chandra & Gerso
2013)

Orlova et al. (988)is the source of the frequently cited assertation that hexagonal
pyrrhotite is more reactive than monoclinic (they report activation energies of 46.23 kJ/mol
for hexagonal pyrrhotite and 50.2llikol for monoclinic) at pH 1. However, this does not
appear to hold true for all pH conditions. One study reports that monoclinic pyrrhotite
(FerSs, determined by the methodAfnold (1967) dissolved in concentrated sulfuric acid
(pHL 1) has a lower activation energy than that of troilite (RB8pajski & Gamsjager,
1982) suggesting that there is a crystallographic control on dissolutarries et al.
(2013) who used KO, as the oxidantfind that NC pyrrhotite (N~4.85) oxidizes more
quickly than 4C pyrrhotite below pH 2.7, but above that pH the behavior inverts (with 4C
pyrrhotite oxidizing more rapidly) and rates drop by two orders of magnitude. Conversely,
the rate equation determiney €hi r i "HL and [Rediois noisthtistically2 0 1 4)
significant differences in dissolution rate between troilite, hexagonal pyrrhotite, and
monoclinic pyrrhotite, which is supported by the findingsJahzen et al. (200@8yho
further suggest that dissolution rate is primarily controlled by available surface area rather
than crystallographic or chemical differences in pyrrhotite polytype.

[I.  The Duluth Complex

a. The Midcontinent Rift

The Duluth Complex is part of the larger Mesoproterozoic Midcontinent Rift
system, which represents the record of a major tectonic rifting event around 1.1Ga. A large
volume of intrusive and extrusive igneous rock was emplaced ogkat&ely short period
(=30 million yearsYWoodruff et al., 2020)Surfaceexposed outcrops of the Midcontinent
Rift are primarily found in the Lake Superior region, although significant aeromagnetic
and gravity anomalies extend the rift system through rumtird Oklahoma on the
western side and into contact with the falddthrust belts of the Grenville orogenies in
southeastern Michigan on the eastern s{tinze & Chandler, 2020)A third, less
developed branch of the Midcontinent Rift system has been identified where sigethr
mafic/ultramafic sills continue into Canada as the Nipigon Embaykeanklin et al.,
1980) although this identification is still debat@dinze & Chandler, 2020)here is some
evidence that the gravity high found in Ohio and Kentucky is a continuation of the
Midcontinent rift systen (Drahovzal et al., 1992; Moecher et al., 2018; Stein et al., 2018)
although this gravity anomaly could also be linked to crustal thickening from the Grenville
orogeny(Dufréchou & Harris, 2013)The Southwestern Laurentia large igneous province
in Texas and New Mexico has also been proposed as an extension of the rif{ Aystes
& Keller, 1994; Bright et al., 2014lthough these intrusions are compositionally distinct
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from those of the Midcontinent tifystem(Kargi & Barnes, 1995) The volume of igneous

rock emplaced (conservative estimates sugges? i8lion km?® of extrusive basalt, with

an equivalent volume of intrusive deposits) suggest that a mantle plume was the ultimate
source of the magma emplaced during @ti@Cannon, 1992; Hutchinson et al., 1990;
Nicholson et al.1997) This is further supported by combined paleomagnetic pole paths
and highprecision UPb dates that suggest upwelling from this mantle plume resulted in
the rapid movement of Laurentia and ultimately the tectonic collisions associated with the
Grenville orogeny(SwansorHysell et al., 2019)

The Midcontinent Rift system is characterized by three intervals of magmatic
activity,ifaoinpestiod of clastic saelate ment a
deformational evenfWoodruff et al., 2020)The ~1112 to ~1105 Ga Plateau Stage is the
first stage of magmatic activity, and is characterized by the deposition of a ~10km thick
basaltic plateau around the Lake Superior reg{@annon, 1992; Green, 1989)
accompanied by intrusions of sills and plutons like the Coldwell Complex inri®nta
(Heaman & Machado, 1992nd the Felsic Series and Early Gabbro Series thatsesygre
the oldest Duluth Complex rockMiller et al., 2002) This stage is not characterized by
significant normal faulting and graben development (consistent with an extensional
tectonic regime) but rather the formation of a broad sag lpalen et al., 1997; Green,
1983)consistent with mantle downwellir{iyliddleton, 1989) Following a ~5 Ma interval
without significant volcanic or intrusive igneous activity, the ~1105 to ~1090 Ma Rift Stage
is the second major interval of igneous activity in the rift sygdmodruff et al.,2020)

The Rift Stage is characterized by frequent, wsgeead eruptions of basaltic magma that
filled the subsiding extensional bas{white, 1960) interspersed with continuous
conglomerate and sandstone ufiiferk & Jirsa, 1982)Mafic intrusions into the middle

and upper crustreated the Duluth and Beaver Bay Complexes in northern Minnesota,
where layered, thin sheets of magma intruded into the country rock forming the Anorthosite
and Layered Series intrusiofidiller et al., 2002) The final interval of igneous deposition

is the ~1090 to ~1083 Ma LaRift Stage, whib is broadly characterized by decreased
magmatism and increased sedimentation, along with continued subsidence in the central
rift basins. There was localized volcanism around the current western rim of Lake Superior
(like the Schroedelutsen basalts in dfthern MN and the Lakeshore Traps on the upper
peninsula of MI), and this interval also saw the formation of hydrothermal mineral deposits
along the north shore of Lake Superior into the Thunder Bay and Mamainse Point areas
(Woodruff et al., 2020)

The PostRift Stage reflects the time between the end of significant magmatic
influence (~1083 Ma) and the onset of compression due to a phase of the Grenville orogeny
(~1060 Ma). Significant sedimentation and accumulation of lacustrine, marine, and clastic
sedimentary equences occurred during this interval as the central rift basins continued to
subsidgDaniels, 1982)Finally, tectonic forces due to the Grenville orogeny led to reverse
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faulting, folding, and deformation during the Compressional Stage. The major
compressionalault through these rocks, the Keweenaw fault, is dated to 1060 £ 20 Ma
(Cannon et al., 1993Hydrothermal native copper and silver deposits were generated
during this stage by burial metamorphism and dehydration of béBaltshorst & Mathur,
2017) which have been dated to 1053 + 7 (8gmons & Kawasaki, 2019)

b. Ore Geology of the Duluth Complex

The Duluth Complex is a set of plutonic to subvolcanic intrusive rocks emplaced
into the base of the North Shore Volcanic Group between 1108 and 1098 Ma, and represent
the largest intrusive component of the Midcontinent Rvtller, 2011). The intrusive
igneous rockare thought to have intruded as multiple thin sheets into the Paleoproterozoic
and Archean rocks &t now make up the footwall of the Duluth Complex. Four general
rock serieswithin the Duluth Complex can be distinguished based on age, dominant
lithology, internal structure, and position within the complex, which are reviewed in greater
detail in Miller et al. (2002) The sulfde mineral deposits in the Duluth Complex are
located in the Layered Series and concentrated along the basal contact of the Duluth
Complex with the country rock where magma intruded and incorporated metasedimentary
and granitic rockgMiller et al., 2002) Major sulfide mineradepositsare foundin the
Partridge River intrusior{fBonnichsen, 1974)which hosts at least four coppackel
deposits and at least seven potentiallTFeeposits(Miller et al., 2002) and the South
Kawishiwi intrusion, which hosts at least seven coppekel deposs and a potential
platinumgroup elementoppernickel deposi{Benko et al., 2015; Gal et al., 2011, 2011,
Lee & Ripley, 1995)

The ore mineralization in the Layered Series is categorized as a eypacu
Ni-PGEmagmatic sulfide deposithis type of mineralization occurs where country rock
sulfur mixes with mafic melts resulting in the formation and enrichment of immiscible
sulfide melts(Zientek, 2012)In the Duluth Complex, the source of the sulippears to
be frominteractions with sulfubearingmetasedimentary footwall rockspecifically the
carbonaceous shales, siltstones, and sandstones of the &/fFgimation(Andrews &

Ripley, 1989; Mainwaring & Naldrett, 1977; Ripley et al., 2007¢ffdult et al., 1997,

2000; Tyson & Chang, 1984Detaileds t u d y*S \alfies @nd S/Se ratios identify the

likely source of sulfur as thidbedded pyrrhotit@unit of the Virginia Fm., a sulfidech

shale laye(Queffurus & Barnes, 2014This sulfiderich metasedimentary layer has been
recognized in the fawall of sulfide depositéSeveason, 1994; Thériault et al., 1997; Zanko

etal., 1994and as xenoliths within Duluth Complex rogeverson et al., 1996; Williams

et al., 2010)The highest sulfide concentrations in thieuded rocks appear to be spatially
related to contact with the fiHaackhaeda®97pyrr hot
A massive sulfide ore zone in the Babbitt deposit (within the Partridge River intrusion)

hosts the highest PGE concentrations reported for the Duluth Complex, and contains 5
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25% Cu, 11ppm Pd, and 8ppm Pt. Total amount of ore in the Duluth Commglexmated
at ~5 billion tons, at about 1% Cu and 0.2%Btkstrand & Hulbert, 2007)

Throughout these ore deposits thenmry sulfide minerals are pyrrhotite,
chalcopyrite (CuFef, cubanite (CuF&s), and pentlandite ((Fe,NBs), and are generally
disseminated throughout the host mafic igneous rocks, although some local areas can be
more massiveOre mineralization in thBartridge River intrusion is described as consisting
of three distinct styles: Crch, PGEpoor disseminated sulfides, @€igh, PGErich
disseminated sulfides, and semassive to massive sulfid€Bhériault et al., 200Q)while
ore mineralization in the South Kawishiwi Intrusion is more consistently restricted to
enriched zonefGal et al., 2011)

lll.  Microbial Sulfide Mineral Dissolution

Most of the previous work evaluating the role microorganisms play in sulfide
mineral dissolution has been conducted on pyrite{f-e®ich is briefly summarizeldere.
In acidic systems (below pH ~4), microorganisms are thought to accelerate the dissolution
of pyrite by oxidizing aqueous Feto F€*. Pyrite is not directly acidoluble and requires
oxidation of reduced iron or sulfutypically by aqueous Béor O, for dissolution to
proceed. However, because pH affects the solubility $fik@xygenated systems, pyrite
dissolution rate is typically much faster in acidic systems due to increased aqu&ous Fe
The overall reactions for pyrite oxidation by dissm oxygen ¢ jtand Fé&" (p p are as
follows:

&A3 XC/ (/ ©°&A c3/ q p T

&A3 pwA W/ °cp&A ¢3/ oK) pp

The production of sulfate frosulfide-mineratbound reduced sulfur requires the transfer
of 8 e per sulfur atom, requiring the sequential oxidation of intermediate sulfur compounds
at the surface of the miner@Vioses et al., 1987)This is described as tlighiosulfate
mechanisng whereoxidationof disulfides like pyriteby ferric iron produces ferrous iron
(FE*) and thiosulfate @ §, and tke thiosulfate is oxidizedeither abiotically or by
microorganismsjo sulfate ¢ ¢ (Edwards et al., 2000; Sand et al., 1995; Schippers, 2004)

&A3 o@&A o(/ ©Ox&A 3/ o P C
3/ P& A v( / O yY&A ¢3/ p 1t po

Pyrite oxidation by F¥ is much more rapid than oxidation by,@vith oxidation by @
typically forming intermediate oxidation state sulfur compounds tikesulfate and
polythionategMoses & Herman, 1991)
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Microorganisms appear to indirectly promote oxidation of sulfide mineralsidic
environmentsy regenerating Fé in solution, which oxidizes the mineral surface and
releases partily oxidized sulfur compounds to the surrounding environment (as opposed
to Aidirectlyo transfer el ectr onsSiteomami ner a
(1967) In acidc systems, microorganisms suchfasdithiobacillus ferrooxidanswhich
use Fé&" as a source of metabolic energy, generate aquedtisiFéo 1,000,000x faster
than abiotic F& oxidation(Meruane & Vargas, 2003; Morgan & Lahav, 2007; Vera et al.,
2013)Thi s indirect mechanism can be-cohbontt@alteéno s
mechanisms that describe the position of cells relative to the mineral sufae, the
Acontact o mechani s rurfacea tneadci haet de dc eblgylo snti anwedr datl h
mechanism is mediated by planktonic céBaker & Banfield, 2003; Rohwerder & Sand,

2003) Mutualistic interactions between iraxidizing, sulfuroxidizing, and heterotrophic
organisms have been extensively researched as tools for biomwriageiron-oxidizing
organisms are the fAoxidant ma rffinécassarydfor er s 0
sulfide mineral oxidation, sulfuwn x i di zi ng organi sms are the
maintain the acidic conditions necessary for microbiaf Beidationand Fé* solubility,

and heterotrophic Ajanitorso which degrade
to iron and sulfuroxidizing microorganismglohnson, 201&awlings & Johnson, 2007)
Sulfur-oxidizing microorganisms have a variety of enzymatic tools that use different types

of reduced or intermediate oxidation sulfur compounds which are discussed further in
Chapter 6.
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Chapter 2Combining temperaturdependent magnetic and
diffraction data to understand pyrrhotite phase transitions

Pyrrhotites are a class of geologically important nonstoichiometric iron sulfides with the
general compositonof FedS (0 O x O 0.125) and are fou
polytypes, conventionally separated into the antiferromagnetic hexagonal hand t
ferrimagnetic monoclinic (4C) varieties. Both structures undergo magnetic phase
transitions, where ant i f etransibtomat g49®K andcthep ol yt
4C polytype shows the Besnus transition at ~30 K. However, recent studies hawve show

the relationship between pyrrhotite polytypes and their magnetic behavior is more complex

and nonmmonoclinic polytypes (e.g., 3C) are also capable of retaining a spontaneous
magnetization at room temperature. These advances raise the level of detad toeed
characterize pyrrhotite in rock magnetic and paleomagnetic studies. We demonstrate the
utility of combining Xray diffraction data collected as a function of temperature with low

and hightemperature magnetic measurements to characterize natupi¢saviie analyze

two natural samples that contain mixtures of 4C, 5C, and 6C polytypes and describe how
their polytypes and magnetic properties va
transition and how and when pyrite and greigite form during inga#e also report the

effect on natural samples of an annealing protocol commonly used to elevate the
concentration of the 4C polytype in synthetic samples and found that annealing transforms
some antiferromagnetic pyrrhotite into a form whose diffracpattern most closely
resembles the 4C polytype with a room temperature spontanegreetization butacks

the characteristic Besnus transition.

This work was originally formatted faubmission tahe journallGR: Solid Earthandis
currentlyundergoing revisions for resubmissionpfevious version of this manuscript is
available asHobart et al. (2021)Co-author Michael Volk conducted the greeticand
HTXRD experiment®n Pol. All ceauthors assisted with data analysis and interpretation.

. Introduction
Pyrrhotite, FexS (0 M. 125), is a structur-ally a
stoichiometric iron sulfide. It is the secombst abundarfes ul f i de mi ner al i n

crust after pyrite and occurs across a wide range of terrestrial and extraterrestrial settings.
Pyrrhotite occurs in magmatic and metamorphic ro(Ranlop & Ozdemir, 2001)
claystones and shalésubourg & Pozzi, 2010; Horng et al., 2012; Rochette, 1987)
limestones(Muttoni, 1995) as secondary authigenic sulfidgsorng, 2018; Horng &
Roberts, 2018; Weaver et al., 2002)d even as inclusions in diamonds originating in the
deep mantl€Gilder et al., 2011)Pyrrhotite can form vighe thermal alteration of pyrite
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(Y.-H. Chen et al., 2019; L. Liu et al., 2020; Toulmin & Barton, 1964; Yang et al., 2018)
Furthermore, pyrrhotite can be found in several classes of meteorites, including Martian
(e.g.,Fu et al., 2021; Rochette et al., 20@hy chondritic meteorites (e.§Vatson et al.,

1975; Zhang et al., 2098Pyrrhotite is also an important indicator mineral for economic

geology because it is oft@ssociated with elevated concentrations of Cu, Ni, and Pt group
elements(Severson et al., 2002)Given its widespread occurrencadageophysical
importance, it is essential to develop methods that allow researchers to (1) identify which
forms of pyrrhotite are present in a natural sample, (2) evaluate whether these represent the
sampl ebds original magn danterpetwhenand how & recardesl e mb |
magnetization was acquired.

Pyrrhotite occurs in a variety of polytypes defined by composition and crystal
structure. Pyrrhotite crystallizes in the NiAs structure, where the atoms form a hexagonal
closepacked structureith iron and sulfur atoms layered normal to thaxes (Nakazava
& Morimoto, 1971) While all sulfur positions in the unit cell are filled, some iron layers
contain vacancie@Morimoto et al., 1970)These vacancies can beaaged randomly or
can be ordered, the extent to which is dependent on the total Fe content and its heating and
cooling history, leading to many possible vacancy superstructiBegaut, 1953;
Morimoto et al., 197 Pyrrhotite polytypes can be described by the repeating structural
arrangement of such iron vacanci es. Most o
(F&rSs), 5C (F@Si0), 11C (FeoS11), and 6C (FaSi2)), where the N refers to the number of
integer multiples along the NiAs-axis (Morimoto et al., 1970; Nakazawa & Morimoto,
1971)required to describe the repeating arrangement of iron vacancies. Most of these NC
polytypes are assumed to be hexagonah wie exception of 4C, which is monoclinic.

(De Villiers et al., 2009; Morimoto et al., 1975 pyrrhotite has been reported to be
orthorhombic (Elliot, 2010) Characterization of these NC polytypes typically relies on
powder diffraction methods to constrain the relative concentration of different vacancy
superstructures. Neimtegral pyrrhotites (that is, pyrrhotites titut longrange order in

their iron vacancies) with a bulk composition between 5C and 6C are also hexagonal, but
are believed to be metastable, and over geologic time exsolve into finely intergrown
mixtures of FeSg, F&Si0, FaoSi1, or Fa1S12 depending on the composition and cooling
history of the parent phagiglorimoto et al., 1975)Nevertheless, these nartegral phases

are frequently foundni natural sampleg.g. Harries et al., 2011, 2013; Jin et al., 2021)
Notably, Pésfai & Buseck (1997jnd that intergrown pyrrhotites can vary on the length
scale of a few unit cells. Additional polytypes (e.g., NA, MC) with ordered vacaricies a
elevated temperatures are included in pyrrhotite phase diagramsi@ngs et al., 2019;
Harries et al., 2011; Herbert et al., 2015; Wang & Salveson,) 2006the mechanism that
controls vacancy ordering and the rate dtiohr ordering occurs remains poorly
constrained.

Conventional thinking about the magnetic properties of pyrrhotite polytypes relies
on the existence of two categories: a monoclinic ferrimagnetic form (4C), and a collection
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of antiferromagnetic hexagonalrfos, corresponding to the structural forms described
above. These forms often occur simultaneously in natural sa(@phedd, 1966; Graham,
1969)and are frequently found intergrown from millimeter to-suilcrometer scales (e.g.
Harries et al., 2013 with evidence that structural variability occurs even at the unit cell
scale(Posfai & Buseck, 1997Most pyrrhotite polytypes are antiferromagnetic, where the
spins of the iron atoms are ferromagnetically coupled thatlspins are aligned uniformly
within Felayers butare antiferromagnetically coupled to Fe atoms in adjacent planes. The
iron vacancies in antiferromagnetic pyrrhotite polytypes (e.g., 5C, 6C, and 11C) are
arranged so that no unpaired Fe spins existtedet magnetic moment is z¢f@mwnsend

et al., 1979)However, the vacancy structure of monoclinic 4C pyrrhotite contains unpaired
spins and consegntly is ferrimagneti¢Dekkers, 1988)The 4C ferrimagnetipolytype

is especially important for paleand planetary magnetism because it can carry a strong
remanent magnetizatigfi8esnus & Meyer, 1964; Dekkers, 1988; Feinberg et al., 2015;
Rochette et al., 1990; Volk et al., 2018)diagnostic feature of the 4C polytype is alow

temperature magneti c ton,atr32iKtwherentloses mueh ofi Be s n

its original roomtemperature remanence on coolif@esnus & Meyer, 1964; Dekkers,
1989; Volk et al., 2018)The mechanisms driving the Besnus transition remain a topic of
active researcfHaines et al., 2020; Koulialias et al., 2016, 2018; Volk et al., 2016, 2018;
Wolfers et al., 2011).ow temperature remanence measugets are often used as a rapid,
nontdestructive method to detect ferrimagnetic pyrrhotite, rather than more destructive

high temperature magnetic measurements. The Neél temperature at ~325°C coincides with

a structural transition from 4C to 1C pyrrhotithat is, pyrrhotite without longange
vacancy orderingjPowell et al., 2004)thought to occur via diffusio(Herbert et al.,
2015)

Antiferromagnetic pyrrhotite polytypes undergo magnetic transitions on heating at
thea ransition ( somet-trangtion) at e2R@EHarald$en,t1837)a s
Dur i n ¢gransitiom, iroa vacancies become disordered, thereby allowing ferrimagnetic
behavior observed as an irreversible magnetic susceptibility increase upon (iGasing
& Scott, 1982) The precise ttansipor vasds wepending fon theh e
pyrrhotite polytype(s) present in a sample (ekgpntny et al., 200Pas well as its prior
cooling history (e.g.Koulialias et al., 2021 Some researchers have identified the
magnetic products of NC pyrrhotite heating as the 1C polytype, although this identification
is debatedHaines et al., 2019; Koulialias et al., 202i)d some studies show that 1C
pyrrhotite is paramagnetic and stable above ~35@®Q@., Koulialias et al.,, 2019)
Metastable ferrimagnie pyrrhotite polytypes can be produced upon quenching from high
temperatures or found on sampling heated samples from deptl{Bermnet & Graham,
1981; Kontny et al., 2000; Pésfai et al.,, 2000; Rochette et al., H#8®ugh these
polytypes have not been unambiguously identified and may lackréomge vacancy
ordering. WhileKoulialias et al. (2019, 2021)nd that vacancy ordering occurs upon
guenching in 4C pyrrhotite, there lisnited evidence that this is a consistent behavior
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across all polytypes. More frequently, in rock magnetic studies the ferrimagnetic pyrrhotite
prodic e d b yransitioreis irderpreted as the 4C polytype. This interpretation is based
on the conventional model where the 4C polytype is the only one capable of retaining a
spontaneous magnetization. However, this interpretation is rarely confirmeddigdie
powder diffraction analyses and recent work has demonstrated that other pyrrhotite
polytypes and closely related iron sulfides are capable of retaining permanent
magnetizationgHorng, 2018; Horng & Roberts, 2018; Li & Franzen, 199&)rng (2018)

and Horng and Roberts (2018) reported the
pyrrhotite(also referred to as 3T pyrrhotite, KeHgesrest et al., 198%&) marine methane

seep sediments, demonstrating that the conventional assumption that monoclinic 4C is the
only ferrimagnetic form of pyrrhotite in natursdmples can no longer be made. Defects
and lattice mismatches between pyrrhotite intergrowths on the micron to millimeter scale
(Harries et al., 2011, 2011; Pésfai & Buseck, 19940Id resul in locally uncompesaied
magnetic moments, producing a net magnetization even in antiferromagnetic pyrrhotite
polytypes. Further, the presence of other ferrimagnetic iron sulfide minerals, such as
smythite (FeS:11), can complicate the deconvolution of gnatic signals from natural
samplegHoffmann et al., 1993; Horng et al., 2020)

Not ab | yransitiorhige absent in the monoclinic 4C ferrimagnetic form of
pyrrhotite, ardnsticnluseimanldetesting hexagoral polytypes in natural
and synthetic samplegDunlop & Ozdemir, 2001) However, irreversible mineral
transformati ons dransitiorc and comabmitani magnetic prepertyg
changes can be problematic for thermal demagnetization and paleointensity experiments
in paleomagnetic studies because the creation of new magnetic minerals during heating can
be associated with apparent sgeiersals, spurious partial thermal remanent
magnetizations, and magnetic mineral assemblages that continue to alter with successive
heating cycles.

Recently, there has been growing appreciation of the diversity of pyrrhotite
polytypes and other iron sulfidainerals that may contribute to sample magnetizations
(e.g.,Horng, 2018; Horng et al., 2020; Horng & Roberts, 20ER8irther, the importance
of nonintegral polytypes, or polytypes of pyrrhotite which lack cengge defect ordering
(e.g.Jinetal., 2021; Pésfai & Buseck, 19@ird increasing understanding of the complex
relationships between polytypes (e@harilaou et al., 2015; Haines et al., 2019; Harries
et al.,, 2011, 2013; Koulialias et al., 2016, 2018, 2019, 2@aM)plicates this binary
descrption of polytype behavior. Even in samples with the same chemical composition
heated under the same conditions, different magnetic behavior can be observed (e.g.,
Dekkers, 1990)This growing recognition of the presence of many different ferrimagnetic
iron sulfides in natural samples requieesiore nuanced combination of magnetic and non
magnetic tools to differentiate among pyrrhotite polytypes and other ferrimagnetic iron
sulfide minerals. Here we argue that collecting diffraction patterns as a function of
temperature (rather than at rooomgger at ur e bef ore and-after
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transition and coupling them with an array of low and high temperature magnetic
measurements provides a clearer understanding of the different polytypes present in a
sample and their relative stability wittmperature. In this study, we monitor magnetic and
structur al changes at el -ganstioneadd correlatpteemat ur e
with high and low temperature magnetic properties in two different natural pyrrhotite
samples: a single crystal plotite sample containing finely intergrown 4C and 5C
pyrrhotite polytypes, and a natural massive sulfide dominated by 5C pyrrhotite, with lesser
amounts of the 4C and 6C polytypes as well as several other metal sulfides. This study is
unique due to the ocabination of two factors: (1) we report powder diffraction, hysteresis,
and low field magnetic susceptibility data all collected as a function of temperature across
t h dransition, and (2) we examine natural pyrrhotite samples. When powder diffraction
has been included in previous rock magnetic studies of pyrrhotite, usually onlgnate
postheating powder diffraction patterns are collected.

Few studies combine magnetic measurements as a function of temperature with
some form of crystallographic anailysFor examplePekkers (19881990, Krs et al.
(1992, 1993)Kontny et al. (200 andHerbert et al. (2015¢xamined the temperature
dependence of various magnetic phenomena, but collectagl diffraction (XRD) data
only at room temperature before andeafheating.Powell et al. (2004 examined
crystallographic and magnetic changes in a synthetic saoietrically pure 4C pyrrhotite
(FerSg) from 11 K to 773 K (500°C) using neutron diffraction. This study is the only one
of which we are aware that uses a vetlaracterized natural pyrrhotite sample and tracks
its crystallographic changes with temperaturetandem with changes in atorrscale
magnetic behavior. Studies on mgplmase synthetic pyrrhotite polytypes like Powell et al.
(2004), and finescale investigation of the superstructures of nonintegral pyrrhotites by
techniques like TEM are essentiar funderstanding the mechanistic underpinnings of
phase transitions in these (relatively) simple samples. However, the applicability of such
studies to the behavior of natural pyrrhotites, which frequently contain intergrown integral
and nonintegral polyfes, is unknown. This study is unique in that powder diffraction data
are presented as a function of temperature for intergrown natural samples, rather than single
phase synthetics, alongside hysteresis and susceptibility measurements collected at
equivalet temperatures. We argue that understanding the complex phase transitions of the
pyrrhotite system requires a tvpoonged approach: careful examination and
characterization of synthetic pyrrhotites, and detailed study of thefootkng natural
pyrrhotites.

[I. Materials and Methods

a. Mineral Samples
In this study, we examine two natural pyrrhotite samples. One is a single crystal of
pyrrhotite (MSM16667) from the Stari Trg Mine, Kosovo (Pol), provided by the Bavarian
Mineralogical State Collection, Munich,gBnany. The second is a massive mixed sulfide
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sample from Galax, Virginia, USA, purchased from Ward Scientific, which was crushed
and sieved to a grain size of bet ween 75
samples was measured usingay diffraction (described below) and Po2 was additionally
examined by electron microprobe analysis conducted using a JEOI8I30FPLUS
Electron Probe Microanalyzer at tbaiversityof Minnesota. Both energy and wavelength
dispersive spectroscopy measurements werdected (EDS and WDS). WDS
measurements were calibrated using well established mineral standards and analyzer
crystals.

b. Annealing

The protocol ofO6 Rei | | y )ewas odadinally desgde@l @o increase the
proportion of 4C pyrrhotite in synthetic samples and was applied here to explore whether
additional monoclinic 4C pyrrhotite could be puoed in an intergrown natural pyrrhotite
sample in the same manner. Crushed and siev@®Jpm pyrrhotite grains were flushed
repeatedly with N2 gas, sealed in an evacuated td®) quartz glass tube and heated for
24 hours at 500 °C and then cooléd.@ °C/min to 250 °C, and were then annealed for an
additional 50 hours. The first stage of the annealing treatment brings all of the pyrrhotite
phases into the stability field of the 1C phase (etpines et al., 2019 thereby
randomizing any prexisting vacancy structure in the pyrrhotite. The second stage of the
annealing treatment at 250°C allows the pyrrhotite to acquire a loweryevacgncy
ordering configuration enriched in both 4C and 6C vacancy structures. The pyrrhotite that
resulted from the annealing experiment on Po2 is referred to as Po3.

c. X-Ray Diffraction Heating Experiments

High-temperature powder -Xay diffraction meas@ments (HTXRD) were
performed with a Bruker D8 Advance (U, & = 0. 1789 nm) at di sc
in an N2 atmosphere. The samples were heated stepwise from room temperature (25°C) to
320°C and then cooled back to room temperature. Samples eatiedhto a particular
temperature (e.g., 150°C), a diffraction measurement was collected while the sample was
held at that temperature, and then the samples were heated or cooled to the next temperature
step (e.g., 200°C). The heating/cooling rate wasQ/gnth with a 5minute equilibration
time after the set temperature was reached. After this equilibration time, HTXRD
measurements were collected at each elevated temperature step. The angular step size was
0. 02 A 2sdcond intedratioh time. AdditionX-ray diffraction patterns before and
after the high e mper ature XRD were collectea@a usi ng
di ffractometer with a Co source (& = 0.178:
2d at 0. 017A -gabndsntegttiors timev AdditionaD syrichrotron XRD
patterns were recorded on the 11B®&amlineof the Advanced Photon Source at Argonne
Nati onal Laboratories. Synchrotron pattert
wavelength a11BM = 0. 40Bsecond integbatiod OnePha®ed st e
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identification was performed with the software package Matehtz et al., 2020)ising
reference patterns identified from the literature, and the American Mineralogist Crystal
Structure Database. Reference patterns used are lisfegblie2-1. Diffraction pattern
indexing and refinemen(Rietveld, 1969was used to estimate the amounts of various
phases in the samples with the FullProf software packidgdriguezCarvajal, 1993)
Iron-sulfur mass balance calculations are presented in the supplement for this chapter as
TableB-1, and heating and cooling paths for these experiments are placed on the phase
diagrams ofHaines et al(2019 and Harries (2012h the supplementary information for

this chapter akigureB-1 andFigureB-2.

Table2-1: Reference patterns used in Rietveldt refinement of samples.
Phase Composition Source

3C Po Fe1.0554 Keller-Besrest et al. (1983)
4C Po FeSs Powell et al. (2004)

5C Po FeSio Elliot (2010)

6C Po FerNig 0S8 de Villiers and Lies (2010)
Pyrite FeS Ramsdell (1925)
Marcasite FeS Buerger (1931)

Greigite FeSy Skinner et al. (1964)
Magnetite Fe;0s Bragg (1915)

Sphalerite ZnS Skinner (1961)
Chalcopyrite CuFe$ Knight et al. (2011)
Galena PbS Ramsdell (1925)

d. Magnetic Experiments

All magnetic measurements were conducted at the Institute forNRaghetism at
the University of Minnesota. Higtemperature alternating current (AC) susceptibility was
measured with a Geofyzika KI-¥ Kappabridge (300 Arhfield at 920 Hz) with a CS2
furnace at 10°C/min in flowing N Hysteresis loops and backfield me@snents (Pol
only) were measured on a Princeton Measurements Corporation vibrating sample
magnetometer (VSM) and were collected across a range of discrete temperatures during
heating and cooling in a He flow furnace. The heating rate is higher here tlia® in
HTXTD experiments because these instruments do not maintain a completely-treggen
environment and so there is a risk of oxidation during heating. The sample was mixed with
high-temperature Omega cement, which made mass normalization implausibk. Th
magnetization values are normalized to the room temperature valsaioétion
magnetization (MTO0)). Low temperature magnetic properties were measured using a
Quantum Design Magnetic Property Measurement System (MPWVI®).measurements
consist of 1) low temperature (10 K) cycling of a 2.5 T room temperasatarating
isothermal remanent magnetization (RTSIRM) in Zigetd, (2) field cooling (FC) ina 2.5
T magnetic field and subsequent warming of the remanence acquired at 10 K after FC (FC
LTSIRM), and (3) zerdield warming of a 2.5 T SIRM imparted at 10 K (ZETSIRM),
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after cooling in zerdield (ZFC). All MPMS measurements were conducted using a
heating/cooling rate of 5 K/min in 5 K steps. Low temperature measurements were
performed on sampdebefore (Pol and Po2) and after HTXRD analysis (PolH and Po2H),
as well as on Po3.

Table 2-2. Estimates of mineral and polytype abundance from XRD indexing using Ri
refinement. Percent chan@g®m the unheated (Pol, Po2) to the heated (PolH, Po2H) ar
annealed (Po3) samples are listed in italiEsill diffraction patterns for each pyrrhite (Pol,
PolH, Po2, Po2H, Po3) are presented in the supplement for this chagtayuae B-3, Figure
B-4, Figure B-5, Figure B-6, candFigure B-7.
Pol PolH Po2 Po2H Po3
% % % change| % % % change| % | % change
3C Po 12.1 3.9 4.5 +15.4 3.3 -154
4C Po| 52.6 | 59.6 +13.3 4.7 17.3 +268.1 | 11.4| +142.6
5CPo| 469 | 55 -88.3 68.3 | 44.1 -35.4 55.0 -19.5
6C Po 5.4 5.4 10.5| +133.3
Pyrite 2.9 3.0 3.5 +16.7 3.7 +23.3
Marcasite 8.0 3.9 2.6
Greigite 9.6 4.6 2.7
Magnetite 24 2.7 1.8
Sphalerite 9.8 10.4 +6.1 5.7 -41.8
Chalcopyrite 1.4 2.7 +92.9 2.6 +85.7
Galend 0.3 1.1 +266.7 0.6 +100.0
Total| 99.5| 100.1 100.0 | 100.0 99.9
lll.  Results

a. Structural Changes on Heating

Room temperature powderpdy diffraction patterns before and after the HTXRD
experiment for both the Pol and Po2 samples are compargguie2-1(a). The starting
compositions of these samples, determined by Rdit{@P69) refinement of the -xay
diffraction patterns, are given ifable2-2. Electron microprobe measurements reveal an
average composition for Po2 of 458 (48.45+0.14 at.% Fe, 51.53+0.13 at.% S). Grains
of Po2 contain rare intgrowths in backscatter imaging mode at a scale of ~1 um.
Approximately 80% of the grains are pyrrhotite, ~15% of grains are mixed, intergrown
sulfides (pyrrhotite, pyrite, chalcopyrite, sphalerite, and galena), and <5% of the grains
were nonsulfides.

Swoerstructure peaks from479 A 2d for Pol and Po2 and
patterns for 6C, 5C, 4C, and 3C pyrrhotite are showhigure 2-1(b). These large-d
spacing, small angle peaks are distinctive for eactnpiite polytype (e.g., the doublet for
4C Po at 17.8 and 18.1A 2d) and can be dia
the exact | ocati on an dFigare2mdt) e ralsodidgnogtiea k s a't
different pyrrhotite polytypeand is especially helpful for distinguishing the monoclinic
4C pyrrhotite, which has a characteristic doublet, from the single reflection in 5C and 6C
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pyrrhotites. The ratio of total peak height to the height &ofe A s houl der 0 i s ¢
rapidly estimate the quantity of monoclinic and hexagonal polytypes (e.g., Graham 1962).

XRD patterns for both Pol (PolH) and Po2 (Po2H) after the full HTXRD heating cycle

are shown irFigure2-1 (in red). Severalnew peaks associated with pyrite occur in the

postngheat i ng pattern for Pol (e.g., at 40. 4
postheating sample have changed to resemble those of 4C pyrrhotite. Finally, ewflence

marcasite and pyrite i s observelfguazla)peaks
and greigite is evident in the intensifica

peaks in the synchrotron data at ~29°, ~42.5°-&&f 20 mdérked byDin Figure2-1a).
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Figure 2-1. Roomtemperature XRay diffraction patterns for Pol and Po2 before and after the
heating exper i nedlectedfqr Bol and RoR With @akfulated refgrence patterns

used for refinement. (b) Superstructural peaks that are useful to identify different pyrrhotite
polytypes. (c) Doublet peaks commonly used to separate monoclinic and hexagonal pyrrhotite
polytypes as inArnold (1966 . The 2d range of data shown in (
grey bars in (a). Peak intensities for the reference and experimental patterns are normalized to the
highest peak i . e . intensity values are scaled to 1).
and the intensity of synchrotron peaks was multiplied by 5 to show the features more accurately.
Marcasite and pyrite peaks are marked by * and greigite peaks are miaykain part (a).
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Analysis of the XRD patterns collected during heatifggyre 2-2) reveals
crystallographic changes in both Pol and Po2 and growth of new polytypes and non
pyrrhotite minerals. In both Pol and PoRiglure 2-2b and c), the 5C low angle
superstructure peaks at 17.5° and 18.6° disappear between 200 and 220°C, whereupon the
4C reflections at higher temperatures increase in intensity. This can also be seen in the
changs in the higkintensity doublet peaks at about 52° (marked bin Figure2-2a, b,

c), with the increased intensity of the hi
the monoclinic polytp€Arnold, 1966) The progressive increase in the separation of the

4C superstructure peaks near 18A 2d with c¢.
of the unit cell. Evidence of growth of the 4C polytype occurs at different temperature
within different 2d intervals of-randitien HT XRD
may occur in progressive steps rather than as an instantaneous transformation, which is
consistent with the multistep process describetiaines et al. (2009 Peaks that align

with pyrite and marcasite between 40A and !
intensify on cooling (marked by * inigfure 2 a, b, and shown as a heatmdpigire2-3a,

b).
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Figure 2-2. XRD with temperature data for Pol (warming, a and d; cooling b and e) and Po2 (c
and f). In a, b, and c the full diffraction patterns are shown, while in d, e, and f changes in
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superstructure peaks are highlighted. The location of d, e, and f is showayiimnga, b, and c.

Higher intensity peaks are indicated by biyreen colors on the heatmap, while low intensity

sections of the diffraction pattern are indicated by-yeé | | ow col ors. The t emp
transition (215°C,Schwarz, 1968, 19F5s highlighted in d, e, and f by a black, dashed line.
Calculated diffraction patterns for 4C and 5C Po are shown for referent¢keosuperstructural

heatmaps. The growth of pyrite in Pol on heating and cooling is indicated by *, and the changing
height of the shoulder on the diagnostic mono
indicated on Pol and Po2 Hy.
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Figure2-3. He at maps of XRD data between 40A and 50A
(b) show pyrite and marcasite growth during the experiment. Pyrite and marcasite first appear at
260°C on heating anthe peaks intensify as the sample is cooled back to room temperature.

Higher intensity peaks are indicated by blyreen colors on the heatmap, while low intensity

sections of the diffraction pattern are indicated by-yetlow colors. The temperaturetoth € &
transition (215°C Schwarz, 1968, 197%and the heat capacity peak for 5C pyrrhotite (261°C,

Grgnvold et al., 19913re marked by dotted lines.

The changing composition of Pol with temperature is illustratétgure 2-4(a)
and (b). The nearly even initial mix of the 4C and 5C polytypes slowly changes on heating
to 200°C, with a decrease in the amount of 4C and 5C polytypes and a caiimgen
increase in the amount of the 3C pofygy which makes up >20% of the sample by 150°C,
despite not being present in the starting sample. Between 200° and 240°C, 4C, 5C, and 3C
pyrrhotite each make up approximately 30% of the sample, with a small increase in the
observed amount of pyrite, maritasgreigite, and magnetite. These phase identifications
are complicated by the likely presence of mategral pyrrhotite polytypes, which would
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have primary structur al peaks (e.g., t hos

consistent superstructupeaks at low angles, reflecting their shorttongrange disorder

when compared to the integral pyrrhotite polytypes. By 250°C, the amount of 4C pyrrhotite
appears to rapidly increase at the expense of the 5C polytype, while 3C pyrrhotite remains
stead (at the resolution of this method) at about 25% of the total pyrrhotite assemblage.
Above 300°C, it becomes increasingly challenging to index the various polytypes, and we
avoid overinterpreting the apparent dramatic fluctuations in the amounts ofGGr#tl

5C. Throughout heating there is a decrease in the total amount of pyrrhotite from 100% to
about 80% pyrrhotite, consistent with the growth of the iron sulfides pyrite, marcasite, and
greigite, and the iron oxide magnetite. On cooliRgre2-4b), the amount of 3C and 5C
pyrrhotite decreases monotonically. After cooling to 25°C, the amount of 5C pyrrhotite has
decreased to 5.5% and the amount of 3C pyrrhotite has decreased from its peak of 35.1%
at 300°Con warming to 12.1%. 4C pyrrhotite increases over this interval to 59.6% of the
total phases identified at 25°C. About a quarter of the sample at the end of the experiment
is made up of nopyrrhotite minerals such as marcasite (8.0%), pyrite (2.9%), itgeig
(9.6%), and magnetite (2.4%).
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Figure 2-4. Pyrrhotite polytype vs. temperature for Pol on (a) heating from 25°C to 320°C in a
N2 atmosphere, and subsequent cooling (b), showing the transition fromaevemn mixture of
4C and 5C pyrrhotite to a mixture of 4C, 5C, 3C, and pyrite, marcasite, greigite, and
magnetite. Total pyrrhotite (green dadbt line) is plotted on the rightand axis. The
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approxi mat e t etrapsidan 21580) repordfby Duriop ang Ozdemir (1997) is
marked by the dashed line, the second heat capacity peak in 5C Po (261°C) rep&Gtedinid

et al. (199) is marked by the dotted line, and the Néel temperature of 4C pyrrhotite (318°C)
reported byDekkers (1989) and Haraldsen (1933 marked by the solid line in each plPhase
guantification and fit quality information for these data are presented in the supplement for this
chapter asTableB-2 andTableB-3.

The massive sulfide sample Po2 represents a more complex mineral system, which
impacts our ability to utilize Rietveldt (1969) refinement to deconvolve accurate estimates
of mineral abundance during heating in this sample. However, changes in the oecurrenc
and position of superstructure peaks in the diffraction data for Po2~{guge 2-2c, f)
provide strong nowjuantitative evidence for pyrrhotite polytype transformations. Despite
this increased complexity, similamineral transformations to those suggested by
diffraction pattern indexing ifrigure2-3 for Pol are observed in the diffraction patterns
for Po2 on heatingHigure2-2). At 200°Cthe5C lovangles uper st ruct ur e peal
2 dFiggre 2-2d ) begin to transform into the doub
consistent with the 4C polytype. By 250°C there is a shift in the more intense diagnostic
peaks for 4C pyrrhotiteta ~51A 2d. The most intense peak
51.2A 2d, which is present (although broad.
25°C (Figure2-2c), blue, bottom) Xray pattern. At 300°Q(Figure 2-2c), red, top), this
peak has broadened, with a shoulder to higl
would be interpreted at roctemperature as additional 4C pyrrhotite, which has its most
intense peaksasadol et at 51. 41A anit inFigured-ZcAThésd (i nd
superstructural differences in both the primary and lantensity superstructure peaks are
maintained during quench cooling of these samples and are shown in thredalyhion
synchrotron diffraction data iRigure2-1. The composition of Po2H after cooling to room
temperature is shown ifable2-1. While the amounts of sphalerite, pyrite, chalcopyrite,
and galena determined after the HTXRD experiments remain rejatinehanged (within
the margin of error of the analyses) and some marcasite and greigite have grown, the most
striking changes occur in the pyrrhotite polytypes. The amount of 5C pyrrhotite decreased,
while 4C pyrrhotite increased dramatically from 4.7%Pio2 to 17.3% in Po2H. This
matches the visual examination of superstructure peakgyime 2-2(f), where at 215°C
there is a sharp -trkesitsiuprer §t o wmelttukreed fit50C
superstructure.

b. Magnetic Changes on Heating
Low field thermomagnetic curvegigure2-5a) of Pol on heating have a constant
susceptibility () of & 180m3/kg to 210AC
42 umP/kg at 244°C. This increase isconst ent wi th the | it-eratur
transitionof pyrrhotite(Kissin & Scott, 1982; Li & Franzen, 1996; Townsend et al., 1979)
and t he c¢hangleis lstauduremseemio theeHTXR{E: e.g.Marusak &
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Mulay, 1980) De t e r mdtransitiongtemipdragure &om the maximum of the second
derivativeyieldsT= 226 AC. The peak is f odndlaofwtked by a
decline at the Néel temperaturen)Tof the 4C polytype at 322, consistent with the

literature value (318 , Dunlop & Ozdemir, 2001) At hi gher temperatur
a plateau near zero. While the HTXRD experiments indicate the formation of greigite and
possibly magnetite during those experiments, no other magnetic phases areldatectab

the thermomagnetic curve. This is unsurprising given the Curie temperatures for both
phases are near or greater than the peak temperatures reached during the thermomagnetic
experiments (38@00°C), where Tc is ~580°C for magnetite and >350°C fogdeadL.

Chang et al., 2008; \valenberghe et al., 199Bulk susceptibility increases on cooling at

317°C and sharply increases at 283°C reaching a maximum value of 9¥kg prear

240°C. The first magnetization increase can be attributed to the 4C pyrrhotite remaining in

the samm, while the latter possibly represents the Néel temperature of a newly formed
ferrimagnetic phase (potentially greigite). After the full heatingling cycle, the room
temperature susceptibility increases by a factor of 3.5 to 6&gm

The bulk suscefility of Po2 on heating undergoes similar transitions to those
described in Pol. 6 is initially | ower bec
near |l y ¢ ons Ykguontl 218°C, péaRing it 28DHE, where there is a factor of
4.6 increaséo a maximum of 4.2 um3/kg that is consistent with crystallographic changes
from primar HIliyk e®C ptyo rehoid4@ e i n ttlasiioK RD da't
temperature for Po2 is 235AC, slightly higt
with a shoulder between 280 and 300AC sugg
decreases to near 0 um3/kg at 325°C, again consistent with the literature value for the Néel
temperature of 4QPo andremains low but increases slightly on heating4@°C,
indicating the growth of a new ferrimagnet:.
a subtle decrease and inflection point at the Neél temperature of 4C Po, before a rapid
increase in 6 at 270AC t hdlkg atr280€ aidetren a  p e @
progressively decreases on continued cooling to room temperature. Po2 undergoes an order
of magnitude increase in the finalroame mper ature ¢ (a factor of
of a new magnetic phase. Such growth could arise from two misamst pyrrhotite
superstructures altering to different, more ferrimagnetic polytypes, or ferrimagnetic iron
oxides or sulfides (greigite) produced by oxidation (despite thermal cycling in an Ar
atmosphere).

Hysteresis loop and backfield measurements werformed at a range of discrete
temperatures during heating and cooling in aflee furnace. Changes in hysteresis
properties with temperature are shown in Figure 5. Initially, Pol has & ®9x10°
Am?/kg, a remanence ratio of s = 0.3, a coerciwy of B; = 27 mT, and a coercivity of
remanence B= 38 mT. After the complete heating cycle, &md Msincreased by a factor
of 1.5 and 1.7, respectively, withsMeaching 11.4 x I8 Am?kg. The hysteresis loop
narrows after heating and has lower(B0 mT) and B values (26 mT). MT) decreases
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up to 210°C on heating. At this temperatures Figure 2-5b) increases as the
antiferromagnetic to ferrimagnetic tsransfo
reaches a maxinm and then decreases monotonically to the Néel temperature of the 4C
phase at & 315AC. Si mi lJ/MgTo) Fglrea2sh),onith ac an b e
generally decreasing trend and a less pronounced peak-a&25°C. Coercivity Eigure
2-5c) and By (Figure2-5d) also decrease with increasing temperature. Determination of B
and Brwas not possible for T > 315°C, which is close to the Néel temperature of the 4C
polytype. On cooling, bottMs and remanence increase, with typicai(™ behavior
(Dunlop & Ozdemir, 2001)Similarly, the coercivities increase on cooling but show a
discontinuity between 290°C an8®@C.

The magnetization of Po2 increases from 0.524m to 2.9 Antkg! after
heating. The remanence ratio of Po2 decreases on heating, #tkhdvbpping from 0.32
at room temperature to a | ocal mi ni mum of
transition, where MMs increases to 0.30 at 225°C..//Ms again drops at the Néel
temperature, reaching a minimum of 0.03 at 325°C. Coercivity dexgaeramatically on
heating, with a roortemperature value of 42.8 mT decreasing to a minimum of ~5mT at
300°C. These behaviors are consistent with the antiferromagnetic to ferrimagnetic
transition of hexagon-drdnsitipry Wih ¢coatibued heating ol yt y p
500°C and subsequent cooling to 350°G/NI4(To) and M/Msratios show an approximate
sixfold increase.

The low temperature magnetic properties for all samples are summarized in Table
3 and arshown inFigure2-6. The magni tude of g/dtisthech&#hges nus t
in magnetization between 40 K and 10 Ks W&lues were determined from the cooling
portion of RTSIRM experiments and the change in magnitude over the same interval for
the FC and ZFC experimen The shape of the RTSIRM curves for both Pol and heated
PolH are nearly identicaFigure2-6). On cooling, both curves undergo a slight increase
in magnetization to 258 0 0 K, after which the magneti ze
magnetization drops across the Besnus trangiieants & Meyer, 1964)While the shape
of the Po1H RTSIRM is nearly identical to that of Po1l, its magnetization is offset to higher
values by a factor of 1.4. The room temperatugddviPol rose after heating from 10.8
AmZkg?to 15.3 Antkg?, whichindicates the growth of new magnetic minerals, although
both values are lower than the Ms of a pure 4C crystal (2%kdH (Néel, 1953; Volk et
al., 2016) This relationship also holds for the FC and ZFC experiments, where PolH
retainsmore remanence at 10 K than the unheated Pol sample. Both sets of FC and ZFC
curves lose remanence during warming through the Besnusitarasid then continue to
linearly decrease on continued warming to 300 K.

The low temperature magnetic behavior of the more complex mineral assemblage
in Po2 is broadly similar to that of Pol. The retemperature Mfor Po2 is 0.6 Arfkg™.
Assuming thattie 4C polytype is the only mineral capable of retaining a remanence, we
can use itssauration magnetization of 21 Adkg™t (Néel, 1953; Volk et al., 2018p
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estimate a concentration of ~3%, which is consistent with the estimate from XRD analysis.
RTSIRM data for Po2 display a clear Besnus transition at 32 K, indicating the presence of
4C pyrrhotite Figure2-6). Both the total magnetization and the magnitude of the Besnus
transition is much lower than for Pol, which corroborates the smaller concentration of 4C
pyrrhotite found in Po2. After heating, overall magnetization (an increa3® #im?kg*

at 10K) and the magnitude of tginereaBeglBomus t r e
0.037 Antkg? in Po2 to 0.082 Arkg™ in Po2H during RTSIRM warming). Surface
oxidation of the sample teematite betweethe XRD experiment and the letl@mperature
magnetic analyses is reflected in the decrease in magnetization of Po2H between 300 and
~270 K. Similar behavior is seen in tfield-cooled curves for Po2 and Po2H, with an
increase in overall magnetization after the heating experiment as well as the Besnus
transition magnitude.

Table2-3. Low temperature magnetic properties of sagsgPol and Po2 before and after {
HTXRD experiments (PolH and Po2H) and the annealing experiment conducted on Po!
M( 300 K) is the magnetization at 300K.
represents the magnitude of the Besnus trams{tidference between the magnetization at 1
and at 40 K).
RTSIRM RTSIRM
Sample ng\lr‘n-l;i’":\i)wl ZF(XHI;;LSIE\;M (cooling) (warming)
o o (Amkg™) (Amkg™)
Pol 2.18 2.13 3.54 2.86
M PolH 4.57 4.41 5.06 3.51
(300 K) Po2 0.19 - 0.23 0.17
Po2H 0.63 0.62 1.22 0.60
Po3 0.16 - 0.19 0.15
Pol 6.76 6.85 2.49 2.49
M PolH 9.78 8.62 3.15 3.15
(10 K) Po2 0.49 - 0.16 0.16
Po2H 2.59 2.35 0.61 0.61
Po3 0.35 - 0.16 0.16
Pol 3.49 3.64 0.51 0.92
PolH 4.57 441 0.55 0.85
aMp Po2 0.14 - 0.05 0.04
Po2H 0.98 0.96 0.06 0.08
Po3 Not present -- Not present Not present
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Grgnvold et al. (1991is marked by the dotted line, and the Néel temperature of 4C pyrrhotite
(318<C) reported byDekkers (1989) and Haraldsen (19B&7narked by the solid line each
plot.
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Figure 2-6: Field-cooled (FC) and zerfield-cooled (ZFC) lowtemperaturesaturation isothermal
remanent magnetization (LTSIRM) and retamperature sauration isothermal remanent
magnetizdon (RTSIRM) experiments for Pol and Po2 before and after the HTXRD experiments.
The temperatures of the Besnus transition £TR K) and Verwey transition (TV = 120 K) are
marked by the gray bars.

c. Pyrrhotite Annealing

The heating experiments on Pol and Po2 were conducted on addmgutene
scale. An outstanding question regarding pyrrhotite phase transitions is the effect of
thermal history on the lambda transition temperature and magnitude. Protocols used to
produce synthetic pyrrhotite for structural and magnetic studies frequently involve
extended (hours to days) heating and annealing steps to increase the extent of vacancy
ordering(e.gHor i uchi & Wada, 1971, Lambert et al
Rao, 1968; Rhodes et al., 2017; Vanitha & Brien, 2008) investigate whether these
protocols are useful for characterizating natural samples, the Po2 sample was annealed
using a protocol to optimize monoclinic 4C pyrrhotite synthes@6 Rei | | y . et al
First stage annealingvolves holding the sample at 500°C for 24 hours and bringing all
pyrrhotite phases into the 1C region of the phase dia@tarbert et al., 2015Yhereby
randomizing any prexisting \acancy ordering in the pyrrhotite. Second stage annealing
held the sample at 250°C for 50 hours and allowed the pyrrhotite to acquire a lower energy
vacancy ordering configuration within the
and magnetic propges following annealing were measured using the same methods as for
the starting material. Crystallographic and magnetic changes in pyrrhotite superstructure
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were measured after the annealing experiment on Po2 and are repéiitparé2-7 and
Table2-3.

Based on the differences between P02 (original massive sulfide) and Po3
(annealed), the major crystallographic changes on annealing were the conversion of 5C Po
to 4C and 6C Po, and nucleation and groetigreigite, marcasite, chalcopyrite, and
magnetite. While the total amount of pyrrhotite stays largely the same over this annealing
period (85.5% Po in Po2, 80.2% Po in Po3), the proportion of each polytype has shifted.
Additionally, while the primary strctural peaks of pyrrhotite are present, the location and
intensity of the lowangle superstructural peakBidure 2-7b) and the most intense
pyrrhotite p eFigurg2s79), whidh allevb diffAren® stgrstfuctures to be
resolved, do not correlate well with published 3C, 4C, 5C, or 6C diffraction patterns. This
suggests that a range of irregular NC pyrrhotite forms were procueeslise othe
annealing protocol, and calls into question the precisienmpositional estimates derived
from Rietveld (1967) analysis. Electron microprobe measurements indicate a <1% change
in the average iron and sulfur atomic percentages before and after annealing. The average
Fe composition of pyrrhotite grains changed fré845+0.14 at% Fe to 48.03+0.36 at%

Fe while S changed from 51.53+0.13 at% S to 51.88+0.12 at% S after annealing. Thus, the
loss of indexable pyrrhotite superstructures after annealing is not likely to be attributed to
bulk compositional change (e.g. sulioss during heating), and instead is more likely to

be linked to enhanced vacancy disorder created during the annealing process.

Magnetic measurements for the annealed sample are substantially different than
those of the unheated sample. After annealing Mr/Ms ratio increased to 0.36 and the
coercivity decreased slightly from Po2 to 41 mT. Magnetization at the beginning of the
RTSIRM experiment decreases by 18%g(re2-7d) from Po2 (teal circles) to Po3 (dark
blue squares), wbth indicates that the magnetic mineral assemblage was altered during
annealing and is not as capable of retaining remanence. The Besnus transition is absent
from the Po3 RTSIRM experiment, which indicates that no 4C Po is present in the annealed
sample. Een though there is an apparent increase in the amount of the 4C polytype
identified by diffraction pattern indexing of the annealed sample, the lack of a Besnus
transition rules out its presence. Instead, we argue that annealing led to a decreased vacancy
ordering in the pyrrhotite (relative to the unheated natural sample) and that diffraction
pattern indexing is unabl e -ltiok erdo bpuosltyltyy piedse
non-integral pyrrhotite polytypes in the annealed sample.

The low tempeaature magnetic behavior of Po3 provides clues about the magnetic
mineralogy after annealing. Upon cooling of the RTSIRM, the sample experiences a slight
loss of remanence across the Verwey transition, which indicates the presence of magnetite.
Upon contined cooling. the sample retains a slightly greater magnetization at 10K than in
the unannealed sample (Skble2-3, Po3 is greater by 0.002 Akgt). On warming, the
RTSIRM remains lower than the cooling path and is broadly sinuldrd RTSIRM data
for greigite reported byRoberts et al. (2011see their Fig. 13). Thus, we interpret the
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RTSIRM behavior of Po3 as due to the superposition of greigite and magnetite. While
remanence beltvior is greatly affected by magnetic particle size, Roberts et al. (2011) find
this type of Atriangularodo remanence behavi
larger (multtdomain) grains losing proportionally more remanence than smalleresing|
domain) ones. From the XRD data for Po3, pyrrhotite dominates this sample, and while we
cannot rule out contributions from nd@ pyrrhotite polytypes to the RTSIRM of Po3, the

low temperature magnetic data contains no definitive evidence of 4C pyerhotit
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Figure 2-7. Summary of results of annealing experiments for Po3. (a) XRD patterns for the starting
material (blue) and anneal ed materi al (red) ca
shifted along the -pxis to facilitate comparison. Peak patterns arewh for 4C, 5C, and 6C
pyrrhotite (Po), along with greigite, sphalerite, chalcopyrite, marcasite, and pyrite below for
reference. (a) Whole pattern from 10A to 90A
determine the proportions of differentrgyotite superstructures. (d) Lotemperature magnetic
experiments (RTSIRM) for Po2 and Po3. The Besnus transition (4C Po, 32 K) and the Verwey
transition (magnetite, 120 K) are indicated by the solid grey lines. (e) Hysteresis loops for the
starting mateial, Po2, and the annealed material, Po3.
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V. Discussion
The combination of powder XRD data and magnetic measurements collected as
functions of temperature provide a clearer perspective on how intergrown pyrrhotite
polytypes transform across thetransition more than would otherwise be gained using
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only magnetic susceptibility or simple pwend postheating XRD patterns. This approach
allows the_-transition to be observed as an irreversible stepwise process, as suggested by
Haines et al. (2019), rathdran an instantaneous transformation of superstructures. This
progressive steprise change is captured here by changing magnetic behavior and vacancy
superstructure peaks in XRD patterns. THeansition in both samples is both associated
with the transfomation of 5C to 4C pyrrhotite and the formation of +pmymrhotite
minerals. The approach used here enables identification of the onset of pyrite and greigite
production during heating and cooling, as well as othersutiide mineralogical changes.

a. Poli transformation of 5C Po to 4C, 3C Po, pyrite, and greigite on heating
Pol, which starts out as a single intergrown crystal of equal amounts of 4C and 5C,

alters on heating such that the 5C polytype transforms into 3C, pyrite, marcasite, and
greigite. Thee alteration products formed over different temperature intervals and the
process is noneversible. Magnetically, various changes are observed during heating of
Pol. EandBrdecr ease af t ers dncktlzetreamangnce ratid all inerease, M
(Figure 5). Posheating RTSIRM remanence is greater than in the original sample,
although the magnitude of the Besnus transition (an indicator only of 4C pyrrhotite)
remains relatively unchangetigble2-1). Bulk coercivity does not rever to preheating
levels, which indicates that the newly formed magnetic carrier has lower coercivity than
the starting assemblage, and is not likely to be hematite or goethite. A change in magnetic
grain size (e.g., from singlgomain to multidomain 4@yrrhotite) could also contribute to
these changes in magnetic properties, although this would not explain the increased
remanence seen in the RTSIRM measurements of PolH. Instead, the increase in
magnetization and decrease in coercivity may be variabpfaered by (1) greigite
formation, and /or (2) formation of 3C or a nimegral ferrimagnetic pyrrhotite polytype.
In addition to finding little magnetite in the diffraction indexing, magnetite is unlikely to
have formed given the heating in nitrogen #mellack of clear expression of the Verwey
transition (though we acknowledge a subtle inflection in the cooling of the Po1H RTSIRM
near 120 K). Instead, greigite formation is consistent with much of the collected magnetic
data. Powder diffraction data im@ite greigite formation beginning at 200°C. Greigite has
a highersaturation magnetization and lower coercivity than 4C pyrrhotite, and no low
temperature phase transitiflo et al., 2014; Roberts et al., 201Despite evidence that
gregite is not thermally stable at these high temperatures{esget al. (1992find greigite
reflections start to decrease in intensity between 250°C and 300°C, and disappear
completely before 350°C), under the conditions used in this study, we find greigite
reflections appear in Pol starting at 210°C and petsistigh heating to 320°C and on
cooling. Here, the combination of increasisguration magnetization and decreasing
coercivity in Pol on heating, combined with the identification of gregite in the XRD
patterns, provides multiple lines of support towardsgite formation during heating in
this sample. Although the formation of the 3C polytype was identified in the powder
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diffraction data, recent studies of this polytype indicate that its coercivity is relatively high,
100-:130 mT at room temperature, afngt itssaturation magnetization is lower than that

of 4C pyrrhotite(Horng & Roberts, 2018)Thus, while its presence would contribute to a
higher MS, it is not clear that formation of the 3C polytype would explain the coercivity
decrease.

Heat capacity measurements on synthetic 5C pyrrhotite have three peaks on heating
(Grgnvold et al., 1991yith the _-transition being the smallest. Grgnvold et al. (1991)
interpreted the two larger peaks (261°C, 318°Gpasodesof vacancy randomization that
create additional disorder. Each peak corresponds in temperature to changes in both
struct ur es aadcdercivity in 89l asMt is heatddgure 2-3Figure 2-4Figure
2-5). Untangling the combined effects of these structural, magnetic, and thermodynamic
transitions requires additional study; here we note only the link between changes in integral
superstructures and magnetic properties.

Based on thproportions of each magnetic mineral determined using XRD and their
respective magnetizations, we calculate a theoretical Ms for Po1H and compare it to the
(assumed) pure 4C pyrrhotite Ms of Pol. 4C pyrrhotite hssu@ation magnetization of
21 Anrkg?! (Néel, 1953; Volk et al., 2018BC pyrrhotite has sauration magnetization
of Oy (Aamg & Roberts, 2018)greigite has asatration magnetization of 67
Am?kg! (Li et al., 2013, and magnetite hassauration magnetization of 92 Adkg™ (A.

R. Muxworthy & McClelland, 2000)Linearly combining thesgaturation magnetizains

with respect to the phase quantification generated from the XRD patterns gives a predicted
Ms of 26.78 Amkg?; this is larger than the measured Ms of PolH (15.25kam).
However, the 41.9% increase in magnetization in Po1H compared to Pol (1GKGAmM

is similar to the 27.5% MS increase predicted by the XRD phase identification data. The
amount of 4C pyrrhotite decreased slightly on heating, but the magnitude of the Besnus
transition stayed largely the same, which suggests that additional 4itgeris not
responsible for the magnetization increase. Further, more 4C pyrrhotite after heating would
need to have a larger grainsize than in the unheated Pol sample to contribute to a lower
coercivity. Given these data, it is likely that much of gx@anence change in PolH is due

to greigite formation, whose higher magnetization and lower coercivity would account for
these changes. This assumes only a minor contribution from the 3C polytype, which would
also result in an increased coercivity. Anadditn al source for this HfAe
could be stacking faults and lattice mismatches between the pyrrhotite polytypes, resulting
in locally uncompesated magnetic moments (e.din et al., 2021; Pésfai & Buseck,
1997) Further investigation via TEM and magnetic analyses of the structure of
intergrowths and the effect on magnetic propsiisenecessary to establish the contribution

of this phenomenon to overall sample magnetization.
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b. Po2i transformation of 5C Po to 4C Po and ferrimagnetic norintegral Po on

heating

The massive sulfide sample Po2 is a complex,-polyn e r a | Abemh k r oc!
dominated by the 5@olytype with accessory 4C and 6C polytypes, sphalerite, pyrite,
chalcopyrite, and galena. After heating, some of the pyrrhotite transforms into marcasite
and greigite, and diffraction pattern indexing suggests that the distritnftipolytypes
changes such that there is less 5C and more 3C and 4C pyrrhotite. Portions of this polytype
shift are observed in Figure 2d across the 200°C and 225°C heating steps, where the
superstructure peaks near 17A keod 1t90A a dmatrre
|l i ked superstructure.

Magnetically, we observe a variety of changes in Po2 as it is cycled to, above, and
below through the_-transition. Coercivity decreases, while susceptibilggjuration
magnetization, and the remanence ratitnatease Figure2-5). The preand postheating
low temperature measurements for Po2 indicate that RTSIRM is greater in the heated
sample, and the Besnus transition magnitude has increteigle Z-3).

The 5C polytype in Po2 is more resistant to alteration than in Pol. In Pol, most of
the 5C polytype was transformed into new phases like 3C pyrrhotite and greigite. Although
5C is more abundant in Po2, only a small fraction was transformed into othealsafesr
heating through the-transition. This is important because it demonstrates why general
rules of thumb are so difficult to establish for thermal alteration of pyrrhotite polytypes.
The reasons for this difference in 5C behavior may simply bedbas the overall
chemistry of the mineral assemblage, but could also be related to factors including the
length scale of the polytype intergrowths, the particular polytypes that are intergrown, the
density of intergrowths, and/or differing thermal hisésrof the two samples.

Similar to Pol, the change in room temperature IRM intensity between Po2 and
Po2H is not reflected by an equivalent change in the Besnus transition maghéhbbe (

2-3). Thus, thermal cycling across thetrarsition is not simply producing more 4C
pyrrhotite, nor is it exclusively attributable to an increase in magnetic grain size. Instead,
the increase in room temperature and low temperature magnetization must be due to either
a ferrimagnetic form of pyrrhogt that lacks the Besnus transition (perhaps 3C) or to
formation of a separate ferrimagnetic mineral (such as greigite formed during heating).

Despite the complexity of Po2, combined magnetic and mineralogic data collected
as a function ofemperature provide more information than either would provide alone,
and highlight the limitations of applying studies on synthetic, ramase pyrrhotites to
complex natural samples. In this complex setting, understanding interactions and
temperaturariven transitions between polytypes become equally as important as
understanding the thermal behavior of individual polytypes in predicting the magnetic and
mineralogical changes that occur on heating, and studies that evaluate samples which
contain pyrrhote need to consider this complexity when interpreting the results of their
experiments.
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c. Po3i1 formation of a non-integral, ferrimagnetic pyrrhotite

The annealing process©f6 Re i | | y ) entPo2adsulted (n2 6li@hDincrease
in M/Ms (0.32 to 0.36), a slight decrease in(B3 mT to 41 mT) and disappearance of the
Besnus transition, whidndicates a loss of ordered 4C monoclinic pyrrhofiteere is also
a slight decrease in the remanent hysteretic magnetizatioh MPo3 as compared to
Po2, and the distribution of coercivities is narroweig(re B-8). These chargs are
consistent with a model where after annealing, some fraction of the pyrrhotite was
transformed into a ferrimagnetic pyrrhotite polytype which lacks the Besnus transition.
Incommensurate, neimteger vacancy structures in the pyrrhotite may have besaied
on annealing. While some of these magnetic property changes could be due to an increase
in 4C magnetic grain size, we would still expect to see a Besnus transition were
(magnetically ordered) 4C pyrrhotite a significant component of the sam@ee(ge
Koulialias et al., 2018, who find a distinct Bensus transition in multidomain 4C pyrrhotite)
Theprimary structural pyrrhotite peaks are present in Po3, but thahgle peaks needed
to distinguish various superstructures do not correlate well with published 3C, 4C, 5C, or
6C patterns, despite their broad compositional and structural similaritye tetainting
material. This suggests that annealing, like the shteter heating experiments that
produced PolH and Po2H, produced a pyrrhotite structure that retains the general NiAs
unit cell of pyrrhotite, but lacks the lorgnge vacancy ordering thagsults in the low
angle, high espacing superstructure peaks. The low temperature magnetic data for Po3
provides no diagnostic evidence of 4C pyrrhotite, and instead are consistent with newly
formed greigite, and resemble the low temperature behavigmdietic greigite Chang
et al, 2008) However, we cannot rule out that another form of ferrimagnetic pyrrhotite
could be contributing to the magnetization of P03, as proposkeldimgs et al. (2019)

Annealing at relatively low temperatures and for a relatively short time
(geologically speaking) has dramatically altered the vacancy structure and magnetic
properties of pyrrhotite in Po3. This outcomelifferent from that of synthetic pyrrhotites,
which are produced with a narrow distribution of ksuifur ratios but initially may have
a great deal of vacancy disorder. Since the-galfur ratio of synthetic samples is fixed
(and the preferred polype has, intheonh e e n A s el e c-6 mtib) anbeglingt hi s
protocols are likely to improve the overall order of the vacancy superstructure because
these integral superstructures can be assumed to represent thermodynamic and magnetic
endmembers thahave been selected by the composition. However, the underlying
mechanism of this assumption, and the thermodynamics of pyrrhotite polytype stability,
deserve close further study. Natural pyrrhotite samples from massive sulfide deposits or
other igneous 10 metamorphic environments have already experienced prolonged
annealing during formation, and the mixture of preexisting superstructures combined with
the heterogeneous chemistry of the system causes annealing on laboratory timescales to
produce increaseaimounts of norequilibrium, metastable pyrrhotite superstructures.
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d. Discrepancies between diffraction pattern indexing and observed magnetic

behavior

In this study, we observe discrepancies between the pyrrhotite polytype estimates
during heating from XRDpattern indexing, hysteresis behavior on heating, and low
temperature magnetic observations. For example, diffraction pattern indexing suggests that
heating of Po2 increased the abundance of the 4C polytype from 3.9% to 17.3%o(d 4.4
increase), wheredbe magnitude of the Besnus transition increased only by a factor of 1.2
( wh e rge= REWRM40K)-RTSIRM(10K) on cooling). Similarly, diffraction pattern
indexing for Po2H and Po3 suggest abundances of 2.5% and 1.8% magnetite, respectively.
These abundaes would normally result in prominent Verwey transitions and high M
values, neither of which are observed in magnetic measurements. These discrepancies
highlight one of the challenges of characterizing pyrrhotite when it occurs with other
minerals in rock and sediments. Diffraction pattern indexing works best when the total
number of mineral phases in a sample is small so that multiple peaks that overlap within
0.1A 2d can be identified and to different
when pyrrhotite occurs at low concentrations with otherpymhotite phases, it becomes
more challenging to confidently identify the abundance of different pyrrhotite polytypes.
Po2 contains ~80% pyrrhotite, 15% other sulfides, and 5% silicates and apgesivhat
might occur in a magnetic separate. Yet even in this instance, indexing results vary with
only minor adjustments to indexing parameters (especially at the higher temperatures in
this study), which is indicatve of namiqueness of abundance psites.

While the technique oArnold (196§ andGraham (1969)which uses the ratio of
the peak hei gehtheaitght5 10X 2dhet oisthhoul der o on
can be used to estimate the amount of monoclinic versus hexagonal pyrrhotite in a sample,
it does not provide additional important information about which integral (oirmegral)
superstructtes may be present. Furthermore, the reference patterns used to index
pyrrhotite polytypes are established under room temperature conditions. Measurements
collected at elevated temperatures, such as thdsgure2-2, must also takato account
thermal expansion of the various phases.-idotropic minerals expand at different rates
along different crystallographic axes. Such considerations make indexing routines, such as
Rietveld analyses, netnivial endeavors. Thus, while powddiffraction measurements
collected as a function of temperature are important tools that show us when and how
di ffraction peaks -transiton, it ik diffitidt ionsg thencto calsulste t h e
guantitative estimates of the mineral changerduthe transition itself. This remains an
important area for future research. However, techniques that can evaluasealime
changes in vacancy ordering, like TEM, are defined by the small lsogth of the
measurements, and it can be difficult to agtlate observations made on this small scale
to the behavior of a bulk natural sample.

Despite the inherent challenges, we argue that collecting temperature dependent
powder diffraction data is still important for untangling pyrrhotite polytype changes an
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for the interpretating of magnetic behavior and remanence. By examining progressive
changes in the positions and intensities
of the more prominent peaks at estfyédhanges0 A,
in the vacancy ordering of pyrrhotite. Even without concrete quantifications or
identifications of polytype transformations, observed changes in magnetic behavior with
temperature can be linked to observed changes in pyrrhotite polytypitioAdity, this
approach also allows users to see whenpyrhotite minerals begin to form during this
process, which may also contribute to sample magnetization. Most of the temperature
dependent diffraction data collected here were gathered usingventimmal Xray
diffractometer at the University of Minnesota and are of sufficient quality to identify most
of the important structural changes across Hansition. However, we encourage future
users to gather temperattdependent diffraction dataing synchrotron facilities because

the resolution of these data would allow for less ambiguous identification of changing peak
positions and intensities. Synchrotrbased XRD analyses allow both rapid analysies and
better resolved peak locations and msiées such that minerals at extremely low (<0.1%)
concentration can be analyzed, compared to th&% Hetection limit of conventional Co

KU XRD experiments. Figures 1b and 1c demot

with a synchrotron compareudth those from an Xay diffractometer. This is particularly
evident when examining greigite peaks (most visible in Figure 1la, markBdtbgt are

nearly or compl etely hidden by the backgr

synchrotron pattern®r the same samples.

V. Conclusions
While temperatur@riven magnetic transitions in pyrrhotite have been the focus of
many rock magnetic studies over the last half century, few incorporate detailed powder
diffraction analyses measured at the temperatareghich these transitions occur. This
lack of temperaturdependent crystallography has resulted in two important impasses that
must be resolved: we cannot yet confidently describe (1) which pyrrhotite superstructures
can retain a permanent magnetizatfrough progress is being made on this front), and
(2) how these superstructures respond to temperature cycling over varying timescales.
We demonstrate how coupled powder diffraction and magnetic measurements can
provide a clearer understanding of theedsity of mineral transformations that can occur
d ur i n gransitiore The-dominance of a particular polytype in the starting pyrrhotite

assemblage can change the magnitude of magnetic changes observed after heating as well

as the temperatures at whitttese changes occur. Powder diffraction data sets like those
shown in Figure 2 also demonstrate that
transition occur over a temperature range rather than a discrete one. Powder diffraction
data collected atoom temperature before and after heating are useful for constraining
which polytypes are likely to have altered, but diffraction data collected at a range of
temperatures gives a much more comprehensive view of the transition process.
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More complex normagretic techniques for determining pyrrhotite superstructures,
such as singlerystal diffraction, transmission electron microscopy selected area electron
diffraction, and neutron scattering hold great potential, but often analyze such small
volumes that theglo not adequately capture the heterogeneous nature of geologic materials
and may not provide a representative view of a bulk sample. In this context, magnetic
measurements potentially offer an important counterbalance to the limitations of
conventional pwder diffraction data. Representative samples are easily analyzed and
many forms of magnetic instrumentation are already established to measure magnetic
properties as a function of temperature. Magnetic susceptibility is already a standard tool
for identify i n g -trankiteon, and low temperature FSIRM experiments are routinely
used to detect 4C pyrrhotite. However, on their own, magnetic measurements cannot yet
be used to accurately determine the concentration of all pyrrhotite in a sample or its
distribution of polytypes. The magnitude of the Besnus transition is often used to identify
and determine the quantity of 4C monoclinic pyrrhotite in bulk samplesGldger et al.,

2011; Rochette et al., 19900iii et al., 1998. As the results oflorng & Roberts (2013
demonstrate, there exist additional environmentally stable and gieadlg relevant
ferrimagnetic pyrrhotite polytypes that are distinct from 4C pyrrhotite and do not express
the Besnus transition. The 3C polytype identified in marine sediments by Horng and
Roberts (2018) is an examp ltiethattarriasaffoen r i ma g
temperature remanence. However, the vacancies ofntegral pyrrhotites could also
form pyrrhotite capable of holding a roeemperature remanengéeweaker than that
carried by 4C pyrrhotite, but with unknown thermal and tempatability. The
combination of powder >Ray diffraction and magnetic property measurements collected
with temperature can provide multiple, supporting lines of evidence for phase
transformations in natural samples, and can illuminate the mineralogicalesotir
magnetic property changes on heating and cooling.

Being able to properly characterize the total pyrrhotite concentration in a sample,
the relative abundance of various polytypes, and to determine which contribute to a
sampl eds magn e foi asbroad rangeiohrpsearch thentes, ranging from
paleomagnetism to acid mine drainage to solar cell production. We highlight the need for
further studies at the intersection of crystallography and mineral magnetism to determine
the strength, stability,ral behavior of both integral and noregral pyrrhotite polytypes.
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Chapter 3Sulfur-oxidizing  bacteria  accelerate  pyrrhotite
dissolutionunder neaneutral and mildly acidic conditions

Microorganisms are significant catalysts of sulfide mineral dissolution in acidic systems
and play a key role in the formatiohaxid rock drainage. Decades of fundamental research
on the interactions between microorganisms and pyriteHef/e led to improved
management of mine wastes and novel strategies for ore extraction. The Duluth Complex,
located in northern Minnesota, $te the largest undeveloped copper, nickel, and platinum
group element deposit in the world, but much of the previous research on the
biogeochemistry of sulfide minerals does not apply to this system as the dominant sulfide
mineral in these ores is pyrritet(Fa.S, xO @ ., an? &xperimental weathering of
waste rock and tailings from these deposits remains-medral to mildly acidic.
Therefore, we evaluated the role of microorganisms on pyrrhotite dissolution under the
circumneutral conditiongp{ 4.57) predicted to occur in Duluth Complex mine waste and
tailings. Using microorganisms and microbial communities isolated and enriched from
experimentally weatheredvaste rock and tailings, we find that sulidizing
Sulfuriferulaspp. increase thamount of pyrrhotite dissolve8ulfuriferulapreferentially
attaches to pyrrhotite mineral surfaces over other sulfides, and that different iron oxide
precipitates are formed in the presence of microorganisms than form during abiotic
dissolution. Microbial communities containingSulfuriferula spp. and other sulfur
oxidizing and heterotrophic bacteria show similar rates of pyrrhotite dissolution to isolate
cultures ofSulfuriferulaspp., suggesting that these microorganisms are uniquely adapted
to sulfide mineral weathering environments.

The work presented in this chapter was written for submission to the jdaeodiology

and has been modified to meet formatting guidelin€s-author Elizabeth Roepke
conducted the attachment experiments described in sectibn diid o-author Daniel
Jonexonducted the experiments on Duluth Complex waste rock and tailings (Experiment
5, described in section H) and conducted the sequencinigrdry preparation for the
experiments. Gauthors Daniel Jones, Jake Bailey, and Joshua Feinberg assisted with
experimental design, data analysis, and results interpretation.

I.  Introduction
Microorganisms serve as important catalysts for sulfide mineral dissolution and
oxidation in acidic systems, and play a key role in the formation of acid rock drainage
(ARD) (Baker & Banfield, 2003; Edwards et al., 199¢ancucheo & Johnson, 2011;
Schippers, 2004; Schippers et al., 198éippers & Sand, 1999)nder extremely acidic
conditions (below pH 4), ireoxidizing microorganisms are actively involved in oxidation
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of pyrite (Fe9) and other sulfide minerals by maintaining low pH conditions and
regenerating the oxidant irorlljl These microbiallydriven reactions can result in highly
acidic and metatich drainage in both natural and engineered sysf&losdstrom et al.,

2015; Schippers et al., 1996; Schippers & Sand, 199%) decades of research on
microbial oxidation of pyrite have improved management of mine wBstgan & Apel,

1983; Onysko et al., 1984; Schippers et al., 19%98) led to new strategies for ore
processing(Brune & Bayer, 2012; D. Johnson, 2018; Rawlings & Johnson, 2007;
Rohwerder & Sand, 2003; Vera et al., 2018he raé of microbial pyrite oxidation
decreases dramatically above pHAtkesteyn, 1980; Korehi et al., 2014; Nordstrom,
1982; Schippers, 2004; Schippers érdgensen, 2002and until recently, microorganisms
were not thought to be important catalysts for sulfide mineral oxidation at more neutral pH
(Napieralski et al., 2022; Perc@}ennett et al., 2017While pyrite is the most extensively
studied sulfide mineral system, microorganisms can have important interactions with other
sulfide minerals, although the importance of these interactions in an environmental context
is not as welconstrained.

The Dulth Complex, located in Northern Minnesota, hosts the largest undeveloped
copper, nickel, and platinigroup element deposit in the wor{iller et al., 2002;
Severson et al., 2002; Thériault et al., 2000)e primary gangue mineral in the Duluth
Complex is the mineral pyrrhotite (58,0 O x O 0 thd exténpive reaeardm s o
microbial pyrite oxidation does not apply to this system. Rates for pyrrhotite oxidation
below pH 4 range from 10 to 100 times higher than pyrite oxiddtight di ct & Chi r
2015; Bel zil e et al ., 2004 ; Chi r i "Ht , 2016
Harries et al., 2013; Janzen et al., 206@wever, the rate of atic pyrrhotite dissolution
in more neutral systems, and the role microorganisms play in altering that rate, is not well
understood. Two studies address pyrrhotite dissolution rates at pH >5, although they
describe different effects of pH on dissolutioterand different fundamentalraie<Ch i r i "Ht ,
2016; R. V. Nicholson & Scharer, 1993)

Long-running humidity cell and field pile leaching experiments conducted by the
Minnesota Department of Natural Resources havetcained the pH of leachate from
experimentallygenerated ore, waste rock, and tailings. The low overall sulfide mineral
content of the ore (only up to 2wt% S), and the -a@dtralizing capacity of the
surrounding silicate minerals result in neutral tddigiacidic leachate (pH ~7 to ~4.5,
(Lapakko, 1988, 2015; Lapakko & Antonson, 1994#urther, the microbial communities
that populate both the lab and field weathering experin{@otses, Lapakko, et al., 2017)
and naturallyweathered, sulfidéearing Duluth Complex outcrop&liapter 4, this thegis
are populated by organisms thare not typically associated with acidic mine waste
environments. The primary lithotrophic organisms in these communities, and in similar
circumneutral, sulfidic mine wastes, are sulfather than iroroxidizers, and frequently
contain uncultivated tax(Bailey et al., 2016; L. Chen et al., 2013; Dockrey et al., 2014;
Koski et al., 2008; Langman et al., 2017; Mendez et al., 2008; Wivideyn et al., 2019)
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One of the major gemna of sulfuroxidizing bacteria found in the waste rock and tailings
leaching experiments waSulfuriferula (Jones, Lapakko, et al., 2017and several
metabolicallydistinct strains were isolated from those experimghiees et al., 2017
Chapter 5, this thegis

Without experimental data on the rolesoivironmatally relevanmicroorganisms
in modifying pyrrhotite dissolution rate, it is difficult to assess potential microbiological
solutions for metal extraction of Duluth Complex ores or consider microbial dynamics in
remediation and management of mine wasteraflosure. Therefore, we conducted
laboratory pyrrhotite oxidation experiments using microorganisms isolated from Duluth
Complex waste rock and tailings to evaluate the role of microorganisms in pyrrhotite
oxidation under neameutral conditions. Batcleactors at a range of starting pH conditions,
from pH 4.5 to 7, allow us to evaluate pH controls on pyrrhotite oxidation, and the use of
four metabolically distinct strains od®ulfuriferulg a strain of Thiobacillus and an
enrichment community allow us &xamine the ways in which strains with different sulfur
oxidation pathways and other metabolic differences affect pyrrhotite oxidation. In addition
to measuring aqueous chemical species to track dissolution, we used the magnetic
properties of pyrrhotiterad secondary iron oxides as a tool to track mineralogical evolution
during pyrrhotite oxidation.

I[I. Methods

a. Dissolution Experiments:
Laboratory dissolution experiments were conducted with crushed pyrrhotite as a
substrate. The pyrrhotite used in these @rpents is described in more detail(fHobart
et al., 2021) but briefly, is a mixture of 4C and 6C pyrrhotite with trace sphalerite,
chalcopyrite, and galena from Wardods Scier
bet ween 75 and 150¢ m. Some of the pyrrho
experiments (caesponding to sample Po3Hiobart et al., 202&and Chapter 2, this theis
while other experiments used unannealed pyrrhotite (corresponding to sam2pia P
Hobart et al., 202&and Chapter 2, this thesisis described below. The annealed pyrrhotite
underwent mineralogical changes on annealing, and nmgxture of 4C, 5C, and 6C
pyrrhotite. Experiments using the anneal ed
the figure body and figure caption; all other dissolution experiments use the unannealed
pyrrhotite. Prior to use in the experiments, theripytite was washed with 1M HCI to
remove surface oxidation, washed and sonicated three times in milliQ water, then sonicated
in ethanol, akdried, and loaded into acidashed serum bottles. The serum bottles and
pyrrhotite were then stored for 24 hounsan anaerobic chamber (Coy, Grass Lake MI,
USA)witha (N/5% H) headspace, sealed, and sterild]
anoxic headspace.
The media used in these experiments conteénad NH,Cl, 1.5mM MgCh&H-0,
0.3mM CaCi&®H.0, 0.3mM KHPQs, 0.1mM NaHPQy, trace element solutiofiFlood et
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al., 2015) and 20mM MES buffer(N-morpholino)ethanesulfonic agidr phosphate
buffer (30mM KHPQs, 10mM NaHPQy) titrated to the required pH with 4M NaOH or

4M HCI. The isolates used in these experiments included four strai@slfoiriferula
including S.sp. strain AH1(Jones, Roepke, et al., 201af)d o other strains (GWand
HF6a,Chapter 5, this thegisExperiments also included a strainTdfiobacillusthat was
isolated from pyritecontaining tailings from a taconite mine (Jones etraprep. The
enrichment inoculum was a homogenized microbial community collected feathered
Duluth Complex rock maintained in the laboratory in mixed culture with solid, crushed
pyrrhotite as the growth substrate. At the beginning of each experiment, bottles were
inoculated with 0.5mL of turbid isolate culture grown on the media descabeve with

the addition of 40mM N#&,0sAH,0, or 0.5mL of the enrichment culture containing
suspended pyrrhotite particles. Inoculum from thiosulfate media was harvested late in the
growth phase to reduce the amount of thiosulfate transferred into>qaaimeent.

Four separate sets of experiments were performed. Experiments 1 and 2 were
conducted in 25mL serum bottles containing ~0.2g of pyrrhotite and 10mL media.
Experiments 3 and 4 were conducted in 125mL serum bottles containing ~0.5g pyrrhotite
and ®mL media.Table3-1 describes the starting pH, inoculum, and pyrrhotite substrate
used in each experiment. Each set of batch reactors was maintained at room temperature
for the duration of the experiment on an oscillatory shakeeagh sampling point, some
of the liquid media was removed for chemical analysis and an equivalent volume of sterile
media was added to maintain a constant volume. 0.5mL of the removed sample was
analyzed for pH with a LAQUAtwin p¥22 handheld pH meter (HORA, Kyoto, Japan),
1.5mL of the | eachate was acidifiedd with 2
for agueous metal concentrations, and 2mL of the leachate was stofeddat f or
measurement of anion concentratiofision concentrations (chloriddluoride, bromide,
nitrate, sulfate) were measured using a Metrohm 930 Compact IC Flex ion chromatograph
with a A Supp 5 col umn, 20elL sample | oop,
NaCOs and 1.0mM NaHCg). Sulfate release was calculated based on the measured
concentration of sulfate at each time point, corrected for the amount of leachate that was
removed and replaced with sulfdtee media at each sampling interval. Experiments 1
and 2 were additionallme asur ed for bul k magnetic susce
intervalwith a Geofyzika KLY:2 Kappabridge (300 Arhfield at 920 Hz) at the University
of Minnesota Institute for Rock Magnetism. Magnetic susceptibility is a measure of the
response of a nerial to a weak applied magnetic field, and for a given ferromagnetic
material, scales linearly with the amount of magnetic material in a sample. The magnetic
susceptibility of each batch reactor was measured in duplicate at each time point and the
measuements were averaged. Each of these measurements was then normalized to the
original (time 0) susceptibility of the bottle to represent the percent change in susceptibility
from TO at each time point (add a reference to another study that does thishoEkch
was capped with a 3Pprinted HDPE cap to facilitate these measurements that was
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sterilized with ethanol; metal or aluminum foil caps would contain trace ferrimagnetic
material that would interfere withese measuremenkEgureC-1 provides images of these
smaller reactors at three time points.

Table3-1. Overview of experimental parameters for batch experiments.
LS T | 2| E|Q < o~
EX g | T | T|O0|O| |8, 5|29
P po, reactor volume pH | 8 o S 2 Q = @ |exT| © |+ 4
# Qo = = @© © o © C|)'< [
< 9o c © ° o o | < w £
< = = |a
45 | x3 x3 x3
~0.2g Annealed, | 5.0 | x3 x3 x3
1 10mL 6.0 | x3 x3 x3
7.0 | x3 x3 x3
~0.2g Unannealed|
10mL 6.0 | x3 x3 x3
~0.2g Annealed, | 45 | x4 x3 | X3
10mL 6.0 | x5 x3 | x3
2
~0.2g Unannealed| #° | *4 X3 | X3
10mL 6.0 | x5 x3 | x3 | x3 | x3 | x3 | x3 | x3
3 | ~05g Unannealed ¢ |, x3 | x3 | x3 | x3
50mL
4 | ~O-5g Unannealed) g | y3 | 3 | x3 | x3 X3
50mL
5 DC wgste rock, 3 3 X3
tailings

At the termination of experiments 1, 3, and 4, pyrrhotite and iron oxide precipitates
were collected and aliquots were stored8aD for mineralogical, m
elemental sulfur concentrations. Experiment 3 and 4 were additionally sampkaaidor
material at an intermediate timepoint (day 21 for experiment 3 and day 30 for experiment
4). Elemental sulfur was analyzed by a sdilighid perchloroethylene extraction as
described in(McGuire & Hamers, 2000)Extracted elemental sulfur was measured by
HPLC using a Sorbax C18 StableBond column (at 30 °C), 40 mM aqueous acetate buffer
(pH 5) andD35% acetonitrile, withaUv¥a bs or bance det eloinoxide at o
precipitate and pyrrhotite mineralogy were examined by-tEmperature magnetic
properties and visual examination by SEIMw temperature magnetic properties were
measured using a Magtic Property Measurement System (MPMS; Quantum Design, San
Diego, CA, USA) at the University of Minnesota Institute for Rock Magnetism. The
measurements consist of (1) low temperature (10 K) cycling of a 2.5 Tesla (T) room
temperaturesaturating isothermaremanent magnetization (RTSIRM) in zdreld, (2)
field cooling (FC) in a 2.5 T magnetic field and subsequent warming of the remanence
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acquired at 10 K after FC (FCTSIRM), and (3) zerdield warming of a 2.5 T SIRM
imparted at 10 K (ZFE.TSIRM), aftercooling in zerefield (Kruiver et al., 2001; Adrian
R. Muxworthy et al., 2003) All MPMS measurements were conducted using a
heating/cooling rate of 5 K/min in 5 K steps, agdathryn Kiku Hobart et al., 20215EM
images were collected using a JEOL 6500 fmtgission gun scanning electron microscope
(SEM) equipped with an energiispersive spectrometer (EDS) at the University of
Minnesota Charactization Facility.

DNA extractions of samples were collected at the termination of experiment 1.
DNA extractions were conducted usittg PowerSoil or PowerSoilPro DNA isolation kits
(Qiagen, Hilden, Germany). To reduce DNA extraction bias, the vortexem sas
modified, with aliquots removed after vortexing for 5, 10, and 15 minutes, and then
recombined. Libraries were then prepared f
(2017a). Briefly, the V4 region of the 16S rRNA gene was first amplifigd pimers
A515f modi fiedd and A806T modi fiedd (Wal't
Nextera adaptors to allow barcodi@@nes, Lapakko, et al., 201PCR was performed as
in (JonesLapakko, et al., 2017% min initial denaturation at 94°C, either 25 or 30 cycles
of 45 s denaturation at 94°C, 60 s annealing at 50°C, and 90 s elongation at 72°C, and final
elongation at 72°C for 10 min. Blank controls were included with all DNAaetitins, and
no product was visible in the blanks. PCR products were then submitted to the University
of Minnesota Genomics Center for barcoding (10 cycles after 1:100 dilution) and
sequencing on an lllumina MiSeq (lllumina, San Diego, CA, USA), 250 pairéaycles.

OTU calling was performed as {dones et al., 2021Raw sequences were filtered
and trimmed with Sickle (https://github.com/najoshi/sickle) to average quality above 28
(56 trimmidglohllyp; aamndly residual adapters
end were removed with cutadapartin, 2011) R1 and R2 reads were assembled with
PEAR(J. Zhang et al., 2014and primers removed by trimming the assembled reads with
prinseq v.0.20.4Schmieder & Edwards, 201XpTUs were defined at 97% similarity with
a modified version of the UPARSE pipeline (USEARCH v.1(Hdtgar, 2013) in which
the Aderep_fulll engtho (Rognes g al., 20l6)@asnused.SEARCt
OTUs were classified with mothur v.1.3§3chloss, 2020)o the Silva database v.132
(64) (Quast et al., 2013yith a coriidence score cutoff of 50.

b. Attachment Experiments:

The association dulfuriferulasp. strain AH1 with different sulfide minerals was
evaluated by incubating sulfide chips of Duluth Complex ore. The ore samples were
originally collected by the International Nickel Company (INCO) in 1974 as part of an
application to mine in the Spruce &barea south of Ely, MN. The material used in these
experiments was first shipped to the ndefunct Mineral Resources Research Center at
the University of Minnesota and was later stored outdoors for ~10 years at the University
Recycling Center where theyere collected for this study.
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Chips of these sulfidenineratbearing Duluth Complex rock were cut to ~3x1x0.5
cm. The side of the chip to be analyzed wa
side was polished with 240 grit. Four rock chips wergpended in 125mL Erlenmeyer
flasks with monofilament and then autoclaved. 80mL of sterile media was added to each
flask, using the same media recipe as discussed above (except using 1eHMRONand
3IOMM KH,POkas a buffer instead of MES) and i noc
the filtrate of 20mL of a culture of isolaBulfuriferulasp. strain AH1. An image of one of
the Erlenmeyer flasks with rock chips is provided as Supplemental Figure S2.

Chips werecollected after 4 weeks incubation and the surfaces were stained with
DAPI -diadniwino@2-phenylindole) and imaged using an Olympus BX61 compound
microscope with a DP72 camera running CellSens Dimensions software (Olympus, Japan).
Following microbial &achment experiments, the chips were examined usifig-4000
tabletop scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) equipped with an
energydispersive spectrometer (EDS) at the University of Minnesota LacCore.

. Results & Discussion

a. Microorganisms increase sulfate release from pyrrhotite dissolution over
abiotic controls.

Sulfate release for the four sets of experiments are showigume 3-1, and pH
change over the duration of the experiments are showigure 3-2. In bothFigure3-1
andFigure 3-2, the data are separated by starting pH of the experiment. In all cases, the
batch reactors that were inoculated with microorganisms (eighéfuriferula or
Thiobacillusisolatesor the enrichment community) show increased sulfate release over the
abiotic reactors. The difference in sulfate release between the abiotic and microbial reactors
iS most apparent in the lowest pH experimemigyre 3-1a, f, g), which show an
approximately 26old increase in sulfate release in the reactors inoculated with the isolate
Sulfuriferulastrain over the abiotic reactors. The difference in sulfate release between the
abiotic andinoculated reactors decreases with increasing pH, although more sulfate was
released in the inoculated experiments. Very little sulfate was released from the abiotic
reactors, suggesting that only minimal abiotic pyrrhotite dissolution is occurring. Howeve
many of the abiotic reactors were contaminated. In addition to unexpectedly high sulfate
release, cells were visible on mineral sur"
examined at the termination of experimentFiggre 3-1c, d) by SEM and fluorescent
staining, and rRNA gene libraries were generated from abiotic controls (discussed below).
Similarly, DNA extractions from solids fro
Experiment 3igure3-1e) had positive PCR amplification using primers for 16S rRNA
genes, although fluorescent staining at day 21 did not show contamination. In order to
avoid contamination, paraformaldehypdeisoned controls were used in experiment 4,
which showed very lowsulfate releaseHgure 3-1j). Experiments without pyrrhotite
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showed no sulfate releadeidure 3-1j), indicating no interacbns betweerAH1 and the
ethanesulfonic sulfur in the MES buffer.

The pH of the reactomedia varied over the lifetime of the experiments. The
experiments in the smaller 25mL serum bottlegre3-2a-d, f-i) show an initial increase
in pH of about 0.7 pH units over the first 10 days, followed by a decrease in plthanti
end of the experiment. The initial pH increase likely indicates proton consumption during
pyrrhotite and ferrous iron oxidation, and the decrease is probably due to ferric iron
precipitation that lags behind the initial step in pyrrhotite oxidatixperiments that were
inoculated with either the isolate strain or the enrichment became more acidic. This is
consistent with the increase in sulfate release seen in the biological experiments, where
increased oxidation of sulfide to sulfate in the biadabexperiments results in an increase
in acidity. The largevolume reactors (Experiments 3 andrigure3-1e,j andFigure3-2e,

J) have more stable pH, likely due to an increased media to rock ratio, brgaitters
inoculated with both the enrichment and the isolate ultimately become more acidic than the
abiotic reactors.

The experiments inoculated with the enrichment community show an increase in
sulfate release over the experiments inoculated with thatésstrain in the lower pH
experiments (pH 4.%;igure3-1a, f, g, and pH 5.Gigure3-1b). In the higher pH reactors
from experiment 1, the enrichment and isolateculated experiments show roughly the
same rate and amount of sulfate release. In the pH 6 reactors from experiment 2, sulfate
release from the enrichment reactors track the abiotic reactors closely, suggesting that the
enrichment culture did not grow in these reactors. In the larger volusmtore Figure
3-1e, j), where pH stayed more stable, sulfate release from the enrichment and isolate track
closely. In experiment 4, the enrichment reactors show more sulfate release early in the
experiment (e.g., at day 16, thereshbeen ~20mmol of sulfate released from the
enrichment reactors, while the isolate reactors show ~7mmol sulfate released), but by the
termination of the experiment, the isolate and enrichment reactors had released about the
same amount of sulfate.

Reactorsthat used the annealed pyrrhotite as a substrégere 3-1f, h, Figure
C-3a) show slightly higher amounts of sulfate released than the reactors that used the
unannealed pyrrhotite as a substr&igifre3-1g, |, Figure C-3b), although the difference
in sulfate release between the two substrates are not as significant as the variation among
individual reactors.
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Figure 3-1. Sulfate release for experiment :-dj experiment 2 i), experiment 3 (e), and experiment 4 (j). Individual measurements fo
experiment are plotted as points, and the solid line represents the mean of the setateregfieriments. Data from abiotic experiments
removed in panels (c) and (d) due to confirmed contamination, and after day 21 in (e) before which cells were notwisiblalsurfaces. A
data is reported in Appendix 1.
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Figure 3-2. pH change over time for experiment idja experiment 2 {if), experiment 3 (e), and experiment 4 (j). Individual measurements fc
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Not all of the reduced sulfur from pyrrhotite wolldve beemxidized completely
to sulfate. Further, there is some evidence that abiotic pyrrhotite oxidation under acidic
conditions (pH <4) results in the formation of an increasingly s@fuiched layer, that
contains unoxidized sulfide from the pyrrhotite armudtially oxidized elemental sulfur, as
iron is preferentially removed by dissolution and oxida{Buackley & Woods, 1985)To
evaluate differences in the amount of elemental sulfurddrdue to pyrrhotite oxidation,
elemental sulfur was analyzed from solid material was collected from the reactors at the
termination of experiment 1, and at day 21 and the termination of experiment 3. Calculated
weightpercent of elemental sulfur in eaamactor is presented Figure3-3. The pH 4.5
reactors Figure 3-3a) accumulated the most elemental sulfur over thda&BPlifetime of
the first experiment. Within the pH 4.5 set of reactors, the alieéictors had the most
elemental sulfur by wt.%, while the reactors inoculated with the enrichment culture
contained the least elemental sulfur as a percentage of the final mass. More elemental sulfur
was produced in the lowgH reactors Kigure 3-3a, b) than in the higher pH reactors
(Figure3-3c-f). The reactors inoculated with the isolate straiSwfuriferula,AH1, appear
to accumulate more elemental sulfur than the enrichment community, particularly at low
pH.
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Figure 3-3. Elemental sulfur measured at the termination of experimente) émd at day 21 (f)

and termination (day 89) of experiment 3 (g). Individual measurements for each experiment are
plotted assmaller points, and the larger point is the mean of the three replicate experiments. The
abiotic reactors in the pH 6 and 7 reactors for experiment 1 (c, d, e) and at the termination of
experiment 3 (g) were contaminated and are marked by an *.

Measuremets of bulk magnetic susceptibility were used to track changes in the
magnetic mineralogy through time. Bulk magnetic susceptibility is a measure of the
amount of magnetic material in a sample, so for a nrpihase magnetic sample (in this
case, the pyrrhde added to the batch reactors), any change in bulk magnetic susceptibility
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over the duration of the experiment is expected to be proportional to the amount of
magnetic material lost (i.e., pyrrhotite dissolved and converted to nonmagnetic sulfate).
Similarly, as iron oxides accumulate in the experiments over time, bulk magnetic
susceptibility would be expected to increase proportional to the amount of iron oxides that
accumulate but will be affected by the crystallinity and mineralogy of the iron oxides
(amorphous Fexides would contribute less to susceptibility than highly crystalline
magnetite, for example). Change in bulk susceptibility through time for experiments 1 and
2 is presented iRigureC-4. The pH 4.5 reactors for bothmeriment 1 and experiment 2
show the clearest trends, where the abiotic reactors slowly increase in susceptibility over
the course of the experiment, while the reactors inoculated with the isolate or the
enrichment slowly decrease in susceptibility. Tharurealed pyrrhotite is less strongly
ferrimagnetic, and so the proportional changes in magnetization are greater than in the
experiments containing the annealed pyrrhotite. Similar-teselved studies of magnetic
susceptibility have been used in the digb track microbial iron reduction due to the
movement of a subsurface hydrocarbon pl{Atekwana et al., 2014; Lund et al., 2017)
butthis is the first study of which we are aware which uses bulk magnetic susceptibility as
an experimental proxy for iron mineral transformations in a laboratory setting.

Experiments on sulfidenineratcontaining, synthesized Duluth Complex waste
rock (FigureC-5a) and tailingsKigureC-5b) show similar patterns of sulfate release over
time as the experiments on pyrrhotite substrate. In both the waste rock and tailings
experiments, the enrichment community shovesaased sulfate release over the iselate
inoculated experiments, with the difference being more pronounced in the tailings
experiment than in the waste rock.

The presence of sulftoxidizing isolate microorganisms, and the presence of an
enrichment commuty, increases sulfate release from pyrrhotite oxidation over abiotic
controls at a range of neutral to mildly acidic pH. Although pH varied over the course of
the experiments, the difference between the abiotic and microbial reactors cannot be
explained bydifferences in pH alone, because the increased acidity of the micrebially
inoculated reactors is a result of the microbial oxidation of the reduced sulfur in the
pyrrhotite to sulfate, generating sulfuric acid which lowers pH. The abiotic precipitation of
iron oxyhydroxides at these pH conditions would also consume €Hitributing to pH
decrease.

b. Sulfuriferula sp. strain AH1 preferentially attaches to pyrrhotite.

To evaluate the affinity oSulfuriferulaspp. to sulfide minerals, polished rock
surfaceswere incubated in media inoculated wiBulfuriferula sp. strain AH1. These
experiments were conducted on Duluth Complexbmaing rock, which contains a
mixture of pyrrhotite, chalcopyrite (CuFgS pentlandite ((Fe,NdBs), and cubanite
(CuFeSs) in atroctolitic (olivine-Ca plagioclase) matrix. DAFtained cells on rock chip
surfaces show th&ulfuriferulasp. strain AH1 preferentially attaches to sulfide mineral
surfaces over the silicate matrixigure 3-4a-c) andattaches irmuch greater numbers to
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pyrrhotite over other sulfides-igure 3-4d-f). The close association &ulfuriferulawith
pyrrhotite mineral surface$-igure 3-4) reinforces its importance in pyrrhotitxidation

and may help explain its abundance in the humidity cell experiments if it is uniquely
capable of taking advantage of energy from pyrrhotite oxidation. Humidity cells undergo
frequent wetdry cycles, so surfaeattached cells would have a competitadvantage over
planktonic cells.

a)

silicate

Figure 3-4. Fluorescent microscope images (a, d), merged refleété.d light and fluoréscent images
(b, €), and EDS images (c, f) showing the preferential attachmentfafifealila to pyrrhotite
grain surfaces.

c. Different strains of Sulfuriferula and other sulfur-oxidizing bacteria have
different rates of sulfate release.

Metabolically distinct strains oBulfuriferulaand a strain off hiobacilluswere
evaluated to compa sulfate release from pyrrhotite dissolution for each strain at pH 6.
The amount of sulfate released during sulfide mineral oxidation in incubations with each
strain figure 3-5) was compared to (a) autoclav&dlfuriferulasp. strin AH1, PFA
poisonedSulfuriferulasp. strain AH1, and E. coli, or to (b) abiotic reactors and reactors
containing an enrichment communitgulfuriferula sp. strain AH1 Figure 3-5a, blue
triangles) displays the highest rate of sulfate release over the other sti@uifioferula
(str. GW1, pink triangles, str. HF6a, orange triangles) andilfaacillusstrain (str. CT1,
yellow squares). All showed greater sulfate release thanmdactors containing E. coli
(light blue Xs), and PFAoisoned AH1 (dark green upsidewn triangles). In experiment
3, differences among reactors containing isolate strains were less appdfgnire(sb),
although the reactonmoculated withSulfuriferulasp. strain AH1 still had the highest
sulfate release. The data Fidure3-5b) are from the largerolume reactors and have less
variability in the solution pH (pH decreased to 3 by the end of Experizpevhile reactors
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in Experiment 3 varied in pH from 6154.8, Figure C-6a, b). Reactors with strain AH1
accumulated the most elemental sulfisig(re C-6¢) from the largewvolume Experiment

3, with the otherdolates and the abiotic reactors all accumulating similar amounts of
elemental sulfur. Trends in bulk susceptibility were similar for reactors containing all
strains; there is a slight decrease in bulk susceptibility for each of the sets of reactors that
generally follows the same pattern as the abiotic reactors and the killed coRtgois (

C-7). The exception was the reactor containlifigobacillussp. strain CT1, which shows

a dramatic decrease in bulk susceptibility.
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Figure 3-5. (a) Mean sulfate release for multiple strains of Sulfuriferula, a strain of Thiobacillus,

E. coli, anda killed control (PFAKkilled AH1) from experiment 2. (b) Sulfate release for three
strains of Sulfuffierula and a strain of Thiobacillus from experiment 3. In both (a) and (b) the line
and point mark the mean for the set of replicate reactors, and the error bars represent the standard
deviation between replicate reactors.

Isolate AH1 produces both the stcsulfate over timeRjgure 3-5) and results in
the accumulation of the most elemental sulftiggre3-3, FigureC-6), with the net result
of catalyzing the most pyrrhotite oxidation. Qtlstrains ofSulfuriferula(GW1, GW19,
HF6a) show less sulfate release over time, although the difference between these strains
and AH1 is more pronounced in Experiment 2 than Experiment 3. These strains also
produce less elemental sulfur over time. Thigld be due to differences in sulfur oxidation
pathway. AH1 possesses genes for an incompetegpathway,sqr, hdr, sir, andtth
(Chapter 5, this thegiswhile Thiobacillusstrain CT1, possesses genes for the complete
soxpathway sqr, dsr, sir, tth, doxD, soeABCaprAB, andsat(Jones et aln prep). Despite
having the most apparently flexible sulfur oxidation pathway, strain CT1 produces the least
elemental sulfur of the five isolates used in these experiments, and results in a middling
amount of slfate release. This suggests that additional metabolic capabilities or other
genetic qualiies of strain AH1, arulfuriferulain general, make them more effective
sulfur oxidizers in this environment. The genomes of &iHuriferulastrain AH1 and
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Thiobacillusstrain CT1 contain putative iron oxidation genggc(andcyc?2 cite genome
paper and in prep), so their role in neutrophilic iron oxidation in this system will have to
be evaluated. One metabolic distinction between strains AH1 and CT1 igrdmardd1

has a complete set of genes for nitrogen fixatmfDKH) while CT1 does not, suggesting
that CT1 may become nitrogéimited over the course of the experiments, which in turn
would limit the total amount of pyrrhotite dissolved.

d. Experiments inoculated with enrichment cultures contain Sulfuriferula spp.

and other sulfur-oxidizing organisms.

The enrichment communities that developed over the course of experiment 1 are
compared to the libraries from the isol&elfuriferulainoculated reactors drthe abiotic
reactors inFigure 3-6. The enrichment communities inclu&ailfuriferulaspp., but also
include OTUs identified afhiomonasas a dominant member of the community, as well
as minor OTUs identified asBradyrhizhobium BurkholderiaCaballeronia
Paraburkholderia Caulobacter Chitinophagaceae Mitochondria Mesorhizobium
Nitrobacter, Pseudoncardia Sinomonags and Terracidiphilus Thiomonasspp. is the
dominant organism in the pH 4.5 experiments, averaging 72.3% of the OTUs identified,
while Sulfuriferula spp. make up only an average of 17.5% of the community. As pH
increases, the relative proportion ®hiomonasspp. decreases and the prdjwor of
Sulfuriferulaspp. increases, witBulfuriferulaspp. making up an average of 43.8% of the
community in the pH 7.0 libraries affthiomonasspp. making up 17.8%. Similar trends
can be seen in the less abundant OTUs. For exarmeplacidiphilusOTU ae only present
in the pH 4.5 enrichments at >1% abundance, while the OTU classifieagrldsolderia
CaballeroniaParaburkholderiaonly appears in the enrichment reactors with a starting pH
of 6.0 or greater, and are more abundant in the pH 7.0 reacarththpH 6.0 reactors.

By the end of the 12flay incubation, the initially abiotic experiments from pH 6.0
and 7 in Experiment 1 were contaminated Vv@thifuriferulaspp. and minor other OTUs.

The libraries created from two of the three pH 5.0 abiotictoes also showed evidence of
contamination once sequenced, although no PCR product was visible from these
extractions, indicating that any contamination was at low levels by the end of the
incubations. Despite contamination in the abiotic reactors, #utars inoculated with the
isolateSulfuriferulastrain are >90%ulfuriferulaat the termination of the experiment; the

pH 4.5 reactors are 99.7Sulfuriferulg the pH 5.0 reactor is 96.4%allfuriferula the pH

6 annealed set of rectors are 96.8%tfuriferula, the pH 6 unannealed reactors are 95.4%
Sulfuriferulg and the pH 7 reactors are 93.3Ulfuriferulaon average.
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Figure 3-6. Stacked bar charts showing taxonomic assignments of OTUs >1% abundamt@fou

reactors from Experiment 1 at the termination of the experiment. OTUs are labeled and colored by
their genus, or by the highest avail able taxon
dupo are replicate PCRs from the same DNA extr

Experiments on waste rock and tailings highlight how different substrates affect
community composition. The inoculum initially added to the enrichment reactors
contained 20%ulfuriferulaspp. In the experiments with waste rock as the substrate, which
was ~2% sulfide minerals, OTUs identified &lfuriferulaspp. were absent from one
replicate, 6.5% of community in the second replicate, and 3.7% of the community in the
third replicate, after 8 weeks. Conversely, the percentage of OTUs identified as
Sulfuriferula spp. increased in the tailings experiments, increasing to between 35% and
41% of the community in the three replicateg(reC-8). The most abundant OTU in the
waste rock, and secoimdost abundant OTU in the tailings experiments, is identified as
members of the familieeiaceadS. Chen et al., 202,1\which made up 8% of the inoculum
community. The type strain for this family Iseia oryzage which is a heterotrophic
bacteria capable of nitrate reduction to nit(itém et al., 2007) Taxonomicallysimilar
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OTUs were identified in pyrrhotite incubation experiments of sasnptdlected from
naturallyweathered Duluth Complex outcrogsh@pter 4, this thegis

Abiotic Isolate AH Enrichment

8 AR
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Figure 3-7. Secondary electron images of pyrrhotite grain surfaces collected from pH 4.5 reactors

at the termination® Exper i ment 1. Scale bar in all/l i mage

e. The presence of microorganisms affects the pyrrhotite surface and
crystallinity of secondary iron oxide minerals.
Pyrrhotite grains and precipitated iron oxides from experiment 1 were examined by

SEM imaging, and lowemperature magnetic measurements were used to characterize the
pyrrhotite and precipitated iron oxides collected from experiment 3 at day 21. SEM images
from experiment 1 are presentedRigure 3-7. There are clear differences between the
pyrrhotite grains and iron oxides from the pH 4.5 reactors; pyrrhotite grain surfaces in the
abiotic reactorsKigure3-7 a,d) are coated with a layer of highly crystalline, intersecting
iron oxide platelets, while bare pyrrhotite grain surfaces are visible in the idoigibee
3-7b, e) and enrichmenfigure3-7c, f) images. Smalll-5 e m bal l s of iron
finer-scale tabular crystals and amorphous blebs of elemental sulfur are adhered to the
tabular iron oxide crystals. In the experiments inoculated Sutfuriferulasp. strain AH1,
and in the experiments inoculated witle tenrichment community, the iron oxides imaged
were less crystalline and not as strongly adhered to the pyrrhotite grain surfaces as in the
abiotic reactors. Visually, however, the reactor bottles appeared to have similar amounts
of iron oxide producedFigure C-1). The bare pyrrhotite surfaces from the isclate
inoculated reactors have small, equant, tabular crystals adhered to the surface, and the
pyrrhotite surface itself shows strong, parallel partifigure3-7e) that is not apparent in
the unreacted pyrrhotit€&igureC-9). Grains from the pH 4.5 enrichment experiments are
similar to the pyrrhotite from the isolateoculated reactors, although the iron oxide
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precipitates are less crafiine and the parting of the pyrrhotite grains is less pronounced.
These differences in iron oxide mineralogy would account for the different patterns-in time
resolved bulk susceptibility seen in these experimétigai{e C-4)

At pH 6, the differences between the pyrrhotite grain surfaces from the isolate and
enrichment experiments are not as apparent, but in both cases the bare pyrrhotite surface is
visible in the SEM. There is less iron oxide accumulation visible in these reasovs||
(FigureC-1, o). The pyrrhotite grain surfaces from both the isolate and the enrichment
reactors is pittedHigure 3-8a, b), which might reflect a crystallographic or structural
control on dissolution based on the parallel and angular etch pits visible at high
magnification, as well as small, raised, oriented lamellae present in the etdriquite (
3-8c, 0.

Isolate AH1 Enrichment

pH 6.0

pH 6.0

Figure 3-8. Secondary electron images of pyrrhotite grain surfaces collected from pH 6.0
reactors at the termination of experiment 1.

Field-cooled and zerfield-cooled lowtemperature saturation isothermal
remanent magnetizatio®C/ZFC LTSIRM) and roortemperaturesaturation isothermal
remanent magnetization (RTSIRM) experiments were performed on solid material from
the reactors in Experiment 3. These measurements highlight differences in the magnetic
mineralogy between samplesdacan help identify and quantify magnetic minerals present
in the sample. By comparing the ldemperature magnetic properties of unreacted
pyrrhotite to the reacted pyrrhotite (plus iron oxides) present in each experiment,
information about the identitygrystallinity, and (magnetic) grain size of the reaction
products can be determined. The results of theLFSIRM and ZFCGLTSIRM
experiments are presentedrigure3-9a, and the results of the RTSIRM experiments are
presented ifrigure3-9b. All of the solid samples in these experiments were collected from
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the pH 6.0 Experiment 3 at Day 21. Characteristiciemperature magnetic transitioins
for example the 4C polytype of pyrrhotite shows a distinctive change in magnetization at
the 32K Besnus transition.

First, the remanent magnetization of the reactgahptite (whether abiotic or
inoculated with microbes) is in all cases lower than the original pyrrhotite, indicating that
some of the remanenearrying pyrrhotite has been dissolved. Comparing the abiotic
reactors (black circles) and the isol&alfuriferula strain AH1 (blue triangles) to the
original, unreacted pyrrhotite (grey line) at the start of the RTSIRM experiment (at 300 K,
Figure 3-9b), the remanent magnetization of the solids from the abiotic reactor has
decreased by 9%while the remanent magnetization of the solids from the reactor
inoculated with AH1 has decreased by 27%. There is a similar decrease in the
magnetization at the start of the fieldoled experiment (at 10 Ksigure 3-9a) when
compaing the original, unreacted pyrrhotite to the pyrrhotite from the abiotic and AH1
inoculated reactors, although the difference in magnetization between the two reacted
samples is lessthe abiotiereacted pyrrhotite lost 34% of its les@mperature remanee,
while the AHZXreacted pyrrhotite lost 39% of its lel@mperature remanence. The change
in magnetization of the unreacted pyrrhotite is relatively smooth between ~40K and 300K
in both the FELTSIRM and the RTSIRM and is consistent with pyrrhotite betimg
dominant magnetic mineral in these experiments. The reacted pyrrhotite from the abiotic
reactor shows a similar shape of the ETSIRM curve to the unreacted pyrrhotite, but the
overall magnetization is lower. The RTSIRM of the abiotic experiment shah®v loss
of magnetization between 260 K and 100 K, and then a sharp loss of magnetization at the
Besnus transition. The AHeacted pyrrhotite shows two distinct transitions in both the
FC-ZFC and RTSIRM curves, with the sharp Besnus transition anore lbbnoad change
in magnetization between 100 K and 200 K. Similarly, the other isolates exarrigere(
3-9c, d) have a different starting magnetization, and loses its magnetization on thermal
cycling in different ways, suggestingat the iron mineralogy created in the presence of
each isolate is distinct.

The magnitude of the Besnus transition, measured as the loss in magnetization on
cooling from 40K to 10K in the RTSIRNHobart et al., 202]1)can be used to evaluate
differences in the amount of 4C pyrrhotite present in the sample. The magnitude of the
Besnus transition in the abiotieacted pyrrhotite lsadecreased by 30%, the magnitude of
both the AH1 and GWteacted pyrrhotite has decreased by 41%, the magnitude of the
HF6areacted pyrrhotite has decreased by 53%, and the magnitude of thedcTdd
pyrrhotite has decreased by 58% from the Besnusiticansf the unreacted pyrrhotite.
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Figure 3-9. (a, c) Fieldcooled and zerdield-cooled lowtemperaturesauration isothermal
remanent magnetization and (b, d) rotemperature sauration isothermal remanent
magnetization experiments on the solid material from experiment 3 at Day 21, comparing the
magnetic properties of the pyrrhotite, plus any magnetic preatgs (e.g., iron oxides) that formed
during pyrrhotite oxidation to the lotemperature magnetic properties of the original, unoxidized
pyrrhotite.

IV. Implications for microbiological oxidation of pyrrhotite under

moderately acidic tocircumneutral conditions.

Combining the increased rate of sulfate release in the reactors inoculated with
Sulfuriferulaover abiotic sulfate releasEigure3-1), the close association 8tilfuriferula
with pyrrhotite surfaces ovetleer sulfide mineralsHigure3-4), and the differences in iron
oxide precipitate morphology in the inoculated and abiotic readtaysre3-7), allows us
to propose a mechanism for the role sutiMidizing baderia play in increasing pyrrhotite

oxidation. When pyrrhotite oxidizes abiotically under neautral pH, iron (ll) and
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inorganic reduced sulfur compounds are released. Under these conditions, the iron (Il) is
oxidized to iron (l11), which has a very losolubility, and so the iron (lll) precipitates as
an iron oxide or oxyhydroxides. In abiotic reactors, reactive pyrrhotite surfaces become
coated with an iron oxide crust that far mo
This passivation of reéiwe pyrrhotite surfaces is described in other abiotic, acidic studies.
(Harries et al., 2013)escribes an alteration crust of elemental sulfur and iron
oxyhydroxides that formed on pyrrhotite surfaces oxidized at pH 2.0 by.F&@iilarly,
( Chi r i 'téiscribeg tBelfadnfi@n of an irondeficient sulfide layer in contact with the
pyrrhotite surface, an intermediate layer of elemental sulfur, and an external layer of iron
(rrir) oxyhydr oxi dEe®OH: Haveverais bioticoreattdrs; sulur ( U
oxidizing bacteriainterrupt the formation and adhesion of this passivation layer.
Sulfuriferula preferentially adhere to pyrrhotite grains over other sulfides, bringing the
surfaceattached cells and associated extracellular polymeric substances (EPS) in close
proximity totheir source of energy. This surface attachment results in increased pyrrhotite
dissolution and decreased elemental sulfur formation. Sokwlizing microorganisms
can increase dissolution in two wayby directly consuming reduced sulfur species from
the mineral, preventing or minimizing the accumulation of z@dent sulfur that forms
abiotically, and/or by consuming some of the elemental sulfur that accumulates through
abiotic dissolution. The iron oxide precipitates that do form in the inoculapetiments
are less crystalline (the crystals are visually smaller and less euhedral, and do not contribute
as much to the bulk susceptibility or remanent magnetization) and are not adhered as
strongly to the pyrrhotite grain surfaces. This leaves the iveapyrrhotite surfaces
exposed to further (biological or abiotic) oxidation, and results in increased pyrrhotite
dissolution in the presence of microorganisms.

Low pH reactors (pH 4.5, 5) inoculated with the enrichment community displayed
more sulfate relase than the reactors inoculated with the is@atiiriferula(Figure3-1),
while at higher pH (pH 6, 7), sulfate release from the enrichment community reactors more
closely matches sulfate release from the isdladeulated reactors. The enrichment
communities were consistently dominated by OTUs identifiedSaluriferula and
Thiomonas with minor contributions from other OTUs. One specied lmbmonasT.
cupring has been shown to grow on chalcopyrite (Cuf;e&senopyrite (FeAsS), or
agueous bB, but not on pyrite, and cannot utilize thiosulfate or tetrathiofhfuber &
Stetter, 1990Q)Another species afhiomonasT. delicata is also able to oxidize iron (ll),
and most strains ofhiomonasshow optimum growth uder mixotrophic, mildly acidic
conditions (pH 36), and show high tolerance for aqueous heavy m@ally et al., 2007)
Thiomona$DTUs become a larger proportion of the enrichment under loweop#itions
in these experiments; this suggests that this OTU has a lower pH tolerance than
Sulfuriferula This is consistent with the environmental distributio biomonasOTUs,
which were found in the most acidic humidity cell experimen{dames, Lapakko, et al.,
2017) Further work investigating the genetic capabilitiesThiomonasspp. will hdp
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explain the relative distribution &ulfuriferulaandThiomonaspp. with pH found in these
experiments.

All other OTUs identified in the enrichment communities are primarily related to
heterotrophic organisms, some of which are also capable of fixitigpgen.
TerracidiphilusOTUs were present only in the pH 4.5 enrichment communities. The type
strain for this genud]. gabretensiswas isolated from a montane coniferous forest soil in
the Czech Republic, and is a heterotrophic organisms that degveglasc matter,
particularly plantderived biopolymers, grows under mildly acidic conditions (p&j,3and
is particularly active in forest soils during the wini@arciaFraile et al., 2016)T'he acidic,
coniferous soils in the Czech Republic tlagabretensisvas isolated fronare similar to
the environment present in in Northern Minnesota. In the higher pH enrichments, a large
portion of the community is identified @desorhizobiumOTUs. These organisms are
typically nitrogenfixing, heterotrophic bacteria isolated from rootlntes of leguminous
plants and show optimal growth at neeutral pHKaneko et al., 200; MartinezHidalgo
et al., 2015)BradyrhizobiumOTUs, which occupy a smaller proportion of the OTUs in
the enrichments, have cultured representatives isolated from nifiggen soybean
nodules and fill a similar environmental niche as khesorhiobium (van Berkum &
Fuhrmann, 2000) OTUs identified as the genus BurkholderiaCaballeronia
Parabulkholderia are particularly abundant in the highest pH enrichment libraries.
Organisms in this genus were originally described under the paraphyletic genus
Burkholderia(Yabuuchi et al., 1992)he animal and plant pathogens from this grougewe
later separated from the environmental soil and water bacteria inButkbkolderiaand
Paraburkholderig(Sawana et al., 201Ayith theBurkholderiafurther subdividd into the
Caballeroniabased on the phylogenetic relationships of 21 higblyserved proteins
(Dobritsa & Samadpour, 2016The environmental members of this larger genus are
typically heterotrophic, nitrogefixing, soil-associated bacteria, with some species
isolated from legumenodules, hydrothermal marine sediments, and weathered rock
surfacegSawana et al., 2014)

OTUs identified at the family level a€hitinophagaceaemake up a small
proportion (<5%) of the enrichment community. Described species in this family are
aerobic or anaerobic heterotrophs, some of which can ferment limitstlagag Kampfer
et al., 2011) SinomonasOTUs are present in >1% abundance in one of the pH 5
enrichments. A similar isolat&. solj was isolated from a polluted forest soil and is a
neutrophilic, aerobic heterotrophic bactefi@ Zhou et al., 2012)OTUs identified as
members of the ogliotrophic genGaulobacterfAbraham et al., 1999re most abundant
in the pH 5 reactors

Why areSulfuriferulaOTUs less abundant in the enrichment communities, despite
their dominance in the isolateoculated experimentSulfuriferulastrains typically show
optimal growth at neutral or neaeutral pH (pH ~57) (Chapter 5, this thesiand Meyer
et al., 2007; Watanabe et al., 2014, 2015, 2016, 2@b8@)so particularly in the lower pH
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reactors, suliemineratoxidizing Thiomonass closer to its ideal pH growth range. The
strains ofSulfuriferulaused in this study are particularly sensitive to organic acids and are
unable to grow exclusively heterotrophicaliyh@pter 5, this thesis, andatanabe et al.,
2014, 2015, 2016, 201Q)and so especially ithe lower pH reactors where these
Sulfuriferulastrains are outside their ideal growth conditidifspmonaspecies will have
an additional advantage because of their ability to grow mixotrophically. Additionally,
heterotrophic organisms play an importaoke in more acidic ARD environments by
acting as fAjanitors, 0 metabolizing organic
to lithotrophic organisms, and can also generate important metabolites for other organisms
(D. Johnson, 2018)n isolation,Sulfuriferulastrains are able to fix nitrogenhweh would
be advantageous in the low orgamput humidity cells but not necessarily in the batch
reactors, since ammonia is added to the media and the presence of other, heterotrophic
nitrogenfixing organisms likeMesorhizobiumand Bradyrhizobiummeansthat ammonia
is more available in the enrichment environment. The interactions between microbial
community members ultimately leads to similar or increased rates of pyrrhotite oxidation,
particularly in the lower pH experiments, and highlight the impeodasf studying both
isolates and mixed cultures.

Interestingly, similar incubations on pyrrhotite that were inoculated with strain
AH1 and algalcontaining biomass had no or very litlfuriferulaand were instead
dominated byThiobacillus (Chapter 4, his thesi}. Likewise, incubations with crushed
Duluth Complex waste rock (experiment 5) that were inoculated with strain AH1 and a
mixed community had very low proportions of OTUs identifie@aBuriferulaby the end
of the experiments, while the inculmas that contained tailings were dominated by OTUs
identified asSulfuriferulaspp. EigureC-8). This suggests th&ulfuriferulamay not be
competitive in organicich or sulfide minerap o o r environment s, wh e
lithoautotrophy and inability to utilize organic carbon (comparative genome paper) puts it
at an energetic disadvantage when compared to heterotrophic drapiio organisms
like ThiomonasLeeiaceaespp., andMesorhizobium

16S sequencing of the #fAisolateodo and fiab
consistent contamination, particularly in the higher pH reactors. The isotetgated
reactors are corsently >90%Sulfuriferulg although the presence bfesorhizobium
CaulobacterandSphingoauranticu® TUs indicate that these are not pure culture reactors.
None of these organisms are lithotrophic sutiMidizers Sphingoauranticuare typically
motile, polyphosphataccumulating heterotrophs found in lasganic soil§Kim et al.,
2016; Tan et al., 201p)but their presence could still affect the growthSotfuriferula
strains by metabolizing organic compounds or by producing secondary metabolites.
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V. Implications for metal extraction and mine waste management

from the Duluth Complex.

We show here that microorganisms accelerate pyrrhotite dissolution over abiotic
controls, which has important implications for the management of Duluth Complex mine
waste. One copelling possibility is the application of microorganisms I&kelfuriferula
for ore extraction. Becausgulfuriferulaspp. show strong spatial affinity for pyrrhotite
mineral surfaces and result in higher rates of mineral dissolution than occur abiotically
they could be utilized as part of biomining consortia. Much of the previous research on
biomining of sulfide minerals has been focused on the role ofoxadizing extreme
acidophiles (e.g.(Brierley & Brierley, 2013; Johnson, 2018; Johnson, 205d so
understanding the interactions between neutropBilitfuriferula spp. and a range of
sulfideminerals opens up new avenues for biomining at more neutral pH.

These findings also have important ramifications for management and remediation
of mine waste from the Duluth Complex. Beca8séfuriferulaincrease the rate of sulfate
release from pyrrhde over that which occurs abiotically, characterizing the microbial
communities and environmental conditions that are present in waste rock and tailings piles
is essential to more accurately predicting their environmental risk. Pyrrhotite in a tailings
pile that is primarily colonized bSulfuriferulaspp., for example, especially located in an
otherwise nutrieapoor environment, is likely to release more sulfate and acidic effluent
than a tailings pile in a more orgasgarbonrich environment. Further, the lack of
abundantSulfuriferula in relatively sulfidepoor and organicarbonrich experiments
(e.g., in the waste rock enrichments presented here orc¢nlzoes of strain AH1 and
algae, (cite env. genome paper)) suggests that the abundance of one of the primary mineral
oxidizing microorganismsni Duluth Complex waste rock could be controlled, and their
effects on pyrrhotite oxidation mitigated, by engineering waste rock and tailings
environments to be hostile ulfuriferulaspp. growth.
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Chapter 4Microbial communities from weathered outcrops of a
sulfide-rich ultramafic intrusion, and implications for mine waste
management

The Duluth Complex, Northeastern Minnesaantains sulfideich magmatic intrusions
that, collectively, represent one of the w
nickel, and platinum group elements (Ri+PGES). Previous work showed that microbial
communities associated with experimedly-weathered Duluth Complex waste rock and
tailings were dominated by uncultivated taxa and other populations not typically associated
with mine waste. However, those experiments were designed for kinetic testing and do not
necessarily represent thenclitions expected for reclaimed mine waste or l@ign
weathering in the environment. We therefore used 16S rRNA gene methods to characterize
the microbial communities present on the surfaces of natwwaithered and historically
disturbed outcrops of uth Complex material, as well as a circumneutral seep draining a
reclaimed blast pit. Rock surfaces were dominated by diverse unctiedahobacteria
AcetobacteriaandActinobacteriavhile seeps were dominated by divelPseteobacteria
including Leptothrix spp. andMethylovulumspp. All samples had abundant algae and
bacterial phototrophs, including euglenoid algae and cyanobacteria. These communities
were distinct from previoustgdescribed microbial assemblages from experimentally
weathered DulutiComplex rocks, suggested different energy and nutrient resources in the
reclaimed rocks, outcrops, and seeps. Sulfide mineral incubations performed with and
without algae showed that photosynthetic microorganisms could have an inhibitory effect
on some othe autotrophic populations from the site, resulting in slightly lower sulfate
release and differences in the dominant microorganisms. The microbial assemblages from
these weathered outcrops show how communities are expected to develop during natural
weatlering processes, and represent baseline data that could be used to evaluate the
effectiveness of future reclamation of tailings and waste rock produced by large scale
mining operations.

This work was originally formatted for the jourrtahvironmental Micobiology and has

been reformatted to fit guidelines for this document-aGthors Zhaazhaawaanong
Greensky and Kimberly Hernandez assisted with field sampling and conducted the
bioshrouding incubations described in sectied.ICo-author Daniel Jones prared the

16s rRNA libraries for analysis.

I.  Introduction
Microorganisms are important catalysts for sulfide mineral oxidation and
dissolution in natural and engineered settings. Their role in generating acid rock drainage
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(ARD) is frequently taken into aoant when examining the risks of proposed, current, and
legacy mining activitie§Baker & Banfield, 2003; Edwards et al., 199%ancucheo &
Johnson, 2011; Schippers et al., 1996; Schippers & Sand,. 198@r extremely acidic
conditions (pH < 4), ironand sulfuroxidizing microorganisms regenerate the oxidant
Fe(lll) and produce acids that accelerate the oxidation of metal sulfide minerals and
intensify the production of acidic and metalh waste stream@ordstrom et al., 2015;
Schippers et al., 1996; Schippers & Sand, 19B8fades of research on the microbiology
of acidic, sulfidemineratdominated systems and ARD has improved our management of
mine wastgDugan & Apel, 1983; Onysko et al., 1984; Schippers et al., 1&88)ed to

new strategies for mineral extractit@Brune & Bayer, 2012; D. Johnson, 2018; Rawlings
& Johnson, 2007; Rohwerder et al., 2003; Verd.eRa13)

The Duluth Complex, located in Northern Minnesota, USA, is a layered mafic
intrusion that hosts one of the largest undevelopeNiGRGE deposits in the wor{iiller
et al., 2002; Severson et al., 2002; Thériault et al., 200 relatively low total sulfide
mineral content of these depts and the buffering capacity of the host silicate minerals
means that they are not expected to produce extremely acidic drélirzggdko, 1988,

2015; Seal et al., 2015Field and laboratory weathegrexperiments on experimentally
generated tailings and waste rock produce moderately acidic leachate (pH 4 to 7), only
rarely reaching pH values below pHldapakko & Antonson, 2012Unlike highly acidic
systems, the microbial role in sulfide mineral oxidation under mildly acidic to
circumneutal conditions is not well understood, and until recefiigpieralski et al., 2022;
PercakDennett et al., 2017)nicroorganisms were not thought to significantly accelerate
the oxidation of the acithsoluble sulfide pyrite (Fepabove pH 4(Arkesteyn, 1980;

Korehi et al., 2014; Nordstrom, 1982; Schippers, 2004; Schippers & Jgrgensen Th@02)
microbial communities found in circumneutral sulfidic mine waste are not as well
understood as those found in extremely acidic environments, and are often characterized
by the presence of sulfaxidizing rather than irowxidizing bacterigL. Chen et al., 2013;
Lindsay et al., 2009; Schippers et al., 1996, 198&) frequently contain uncultivated taxa

(L. Chen et al., 2013; Korehi et al., 2014piMlez et al., 2008Furthermore, the most
abundant primary sulfide mineral in Duluth Complex deposits is pyrrhotite$k@&here

0 O x O 0.125), for which biological oxidat
as for pyrite, especiallyt &igh pH.

Recent work showed that loitgrm laboratory and fiekeaching experiments with
waste rock and tailings from Duluth Complex materials contained diverse microbial
communities that were populated by organisms not typically associated with nstee wa
(Jones, Lapakko, et al., 2017JThese communities included numerous 16S rRNA
sequences from gups that are only known from environmental samples. Further, the
microbial communities sampled from these experiments were primarily composed of taxa
associated with organoheterotrophic or sutixidizing lifestyles and had a conspicuous
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absence of knowiron-oxidizing taxa that are typically implicated in sulfide mineral
dissolution.

These weathering experiments were performed in a controlled setting that is
appropriate for kinetic testing but might not necessarily mimic the conditions encountered
in large-scale tailings and waste rock piles or leach p@ggakko, 2015; Maest &
Nordstrom, 20T). Furthermore, once mine waste is stabilized by planting or reclaimed
following mine closure, sulfide mineralssociated microbial communities are subjected to
very different redox conditions and nutrient inputs through plant colonization and soil
dewelopment. Therefore, we characterized microbial communities associated with
naturally weathered sulfideearing Duluth Complex rocks that are exposed in outcrops in
Northern Minnesota, including from a reclaimed former blast pit where rocks were
extractedn 1974 and has since been reclaimed. We compare the microbial communities
that developed on rock surfaces and in seeps and associated waters in these areas to those
described byJones, Lapakko, et al., 20lii)field and laboratory weathering experiments.

We also observed abundant photosynthetic bacteria and algae at the sites. In light of
previous atdies that show that organic inputs by algae can limit sulfide mineral oxidation
(Bwapwa et al., 2017; Das et al.,, 2009; Gruzdev et al., 2020; D. B. Johnson, 2014;
Rambabu et al., 2020)ve compared how algal growth affected sulfide mineral oxidation

in laboratory incubations with communities from the site.

[I. Results

a. Samples, field observations, and geochemistry.

Weathered rock, sediment, and water samples were collected from four sites in
Northern Minnesota. All four sites are located in the South Kawishiwi Intrusion of the
Duluth ComplexSeverson,1994) The #fAl NCO Pito site (sampl
of orebearing Duluth Complex material. The International Nickel Company (INCO)
removed roughly 10,000 tons of egeade material in 1974 as part of an application to
mine in this area; the site wasctaimed when the application was withdrawn in 1975.
Discharge was then intermittently monitored for water chemistry to evaluate specific risks
from this site and understand the weathering of Duluth Complex material more broadly
(e.g., Minnesota Environmental Quality Board, 1977pischarge from the seep
immedidely below the bulk sample site was sampled and analyzed for specific
conductivity, alkalinity, turbidity, color, sulfate concentration, and dissolved cations (Fe,

Ca, Mg, K, Na, Ni, Cu, Cd, Pb, Zn, Si) three times in the spring of 1976 and was found to
have a pH of 6.87.0, with conductivities between 6281 1 eS/ cm and S
concentrations between 250 and 270 mg/L emesota Environmental Quality Board,
1977, for complete data). Similarly, pH, specific conductivity, alkalinity, and concentration
of agueous metals (Fe, Ni, Cu, Cd, Pb, Zn) was measured in the nearby stream both
upstream and downstream of the bulk sample site six times in the spring/summer of 1976.
Although pH did not change significantly between the two sample sites (the upstream site
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had an average pH of 5.8, while the downstream site had an average pH of 5.7), a
statistically significant increase in aqueous copper and nickel concentration was found
downstream of the bulk sample siMinnesota Environmental Quality Board, 1977)

We collected water and sediment from a seep flowing out of the reclaimed materia
and water and algal biomass from a stream approximately 10m from the seep. Effluent
from the seep was pH 6.42 at the time of sampling. We also collected exposed, weathered
rock from the northeast edges of the reclaimed bulk sample site. Samples dditaTie
this area also include naturallyeathered Duluth Complex material approximately a
guarter kil ometer from the reclaimed test
till deposits were extracted for gravel as part of rbaiiding operatios in the 1940s,
exposing the glaciated Duluth Complex surface to weathering. We sampled the exposed,
crumbly weathered rock at this site, as well as water and biomass frordibdgadrill
holes in exposed (but consolidated) weathered rock. Samplesnamgasized in Table 1,
and concentration of dissolved anions from the three aqueous samples collected at this site
are reported in the supplementary informatioii alsleD-1.

We also collected samples of weathered Duluth Complex rakftenin the surfaces
of two additional roadsi de outcrops: t he
Complex along Forest Rte. 429 (HB samples), and from an outcrop of Duluth Complex
material off St. Louis Co. Road 623 (DO samples), which was exposedtiéherad was
re-routed to allow for the expansion of the Cliffs Natural Resources Northshore mine.
Samples from this site are listedTiable4-1. SeeFigure4-1 for field images of sampling
sites, andFigure D- and Figure D-2 in the supplementary information for spatial
relationship between sampling sites, geographic locations, and additional field images.

| 5 - “ . .
7 T < (v, e

<

Figure 4-1. Field images for the (a) 1B, (b) GG, (¢) HB, and (d) DO sampling s_ites.

Table4-1. Samples collected for this study.

Name | Site Description

IB-2 INCO Pit Sediment from a pH 6.42 seep

IB-4 INCO Pit Algal biomass from stream below reclaimed test pit are
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IB-5 INCO Pit Weathered, poorkgonsolidated Duluth Complex rock a

soll
IB-6 INCO Pit \S/\(/)ﬁathered, poorbkzonsolidated Duluth Complex rock a
GG-1 | Gravel Pit Weatheredpoorly-consolidated Duluth Complex rock

Water and algal biomass from inside a drill hole

GG2 | Gravel Pit weathered (but consolidated) Duluth Complex rock

HB-1 Hammer Weathered Duluth Complex rock and sediment
Breaker

HB-2 Hammer Weathered Dulth Complex rock and sediment
Breaker

DO-1 | Duluth Outcrop | Weathered Duluth Complex rock and sediment
DO-2 | Duluth Outcrop | Weathered Duluth Complex rock and sediment
DO-3 | Duluth Outcrop | Weathered Duluth Complex rock and sediment
DO-4 | Duluth Outcrop | Weathered Duluth Complex rock and sediment

b. 16S rRNA gene libraries from field samples.

We generated 20 rRNA gene amplicon libraries from 12 samples of weathered,
sulfide-bearing Duluth Complex material collected from four sitéabfe 4-1). The
libraries had between 18,504 and 158,184 sequences per sample, with an average library
size of 52,703 sequences (standard deviation 37,929). Replicate libraries produced with 25
and 30 PCR cycles for the first amplification step wsneilar (Figure D-3), so we only
report results from the 28&ycle libraries.

Several operational taxonomic units (OTUs) were abundant across libraries, with
chloroplasts representing many of the most abundant OTUs. To evaluatechmesénce
of algae and other eukaryotes affected sample clustering and to more closely investigate
the nonphotosynthetic microbial community, hierarchical agglomerative cluster analysis
was performed with and without OTUs identified as chloroplasts, chmitadria,
Eukaryotes, and an abundant Gammaproteobacteria that represents a protist symbiont
(OTU 2, discussed belowfrigure4-2, FigureD-4).

Without chloroplasts and othesukaryoteaffiliated OTUs FEigure 4-2), all
weathered rock samples clustered together. The seep sediment and green seep mat samples
from the INCO reclaimed pit site (8 and IB4) cluster separately from the weathered
rock libraries(Figure4-2). Similarly, GG2, the library generated from the algal biomass
collected from the drill hole at the glaciated DC outcHeigre4-1b), clusters separately
from other libraries, and is more similarttee seep sediment and green seep mat libraries
than the weathered rock libraries. The seep sediment and algal biomass samples from both
the IB and GG sites contain unique rdrioroplast OTUs in addition to small numbers of
the OTUs that are most abundantthe weathered rock samples. When chloroplasts,
mitochondria, and Eukaryotes are includé&dggre D-4), the weathered rock samples
continue to cluster separately from the seep sediment and algal mat samples, indicating that
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these amples are separated by distinct groups of both photosynthetic anrd non
photosynthetic taxa.

IB-2 and IB4 share two abundant OTUs (OTU 95, chloroplast, and OTU 102,
Leptothrixspp) that separate these samples from the weathered rock samples taken from
the same site (I and IB6, Figure4-2). Similarly, GG2, the library generated from the
algal biomass collected from the drill hole at glaciated DC outdfmu e 4-1b), clusters
separately from weathered rocéllected at the same site (& GG2 is dominated by
an OTU (OTU 5) that is most closely related (99.2% similarity) to a chloroplast from
Euglena granulata(strain UTEX 2345 Kosmalaet al, 2009) and an OTU (OTU 2)
initially classified only as a Gammaproteobacterium. By placing OTU 2 into an ARB
(Ludwig et al., 2004)latabase (SILVA version 138.(Quast et al., 2013howed that this
OTU i s a menoebtaeisedid f g amu @ammaprotedbacteriand clusters
in a sister clade tccandidatus Ovatusbacter(Dirren & Posch, 2016) A similar
environmental sequence, as determined by a BLASTN search of the NCBI database
(ADat abase resources of the Nati ommpis Cent e
associated with the euglenoid algieachelomonas scabrarhis suggests OTU 2 is a
proteobacterial symbiont of the euglenoid algae in the green mat. Similar
gammaproteobacterial symbionts Bfachelomonas scabrhave been associated with
euglenidbiofilms in ARD environmentgJones et al., 2015Because the abundance of
OTU 2 matches the abundance of the euglealgde in this sample (OTU 5), and given
its likely role as a symbiont of that algae, we have grouped OTU 2 with the chloroplast,
mitochondria, and Eukaryote OTUs.

All other IB, GG, and HB libraries were generated from weathered rock samples,
and cluster tgether Figure4-2, FigureD-5). In addition to the most abundant chloroplast
OTUs in this cluster (OTUs 3, 9, and 52), these samples contained abundant uncultured
representatives of the famikKtedonobacteracea@©TUs 6, 38, 49, 88, and 105), genus
Acidiphilum(OTU 44), and uncultured representatives of3bkrubrobacteracegd OTU
178),BeijerinckiaceadOTU 60), and/errucomicrobial dandidatudJdaeobacted , OT U
57) (Fig. 2).

The libraries generated fromveathered rock samples E®and DG4 cluster
separately from the 1B, GG, and HB samplegure4-2). These libraries contain abundant
OTUs that are only minor components of the IB and HB libraries (<1%). Two of the most
abundant OTU# this group (OTU 13 and 70) are most closely related to mitochondrial
rRNA genes of the ascomycetous fuhgbtiomycete$92% similar toLeotiomycetesp.

A910, Muggia et al, 2016) and Chaetothyriales(86% similar toChaethothyrialessp.
KhNk32 str. CBS 129052/asseet al, 2017). Other abundant OTUs in these samples are
classified as uncultured Acetobacteraceae (OTUs 26, 63, and 6325), Acidobacteria
(Bryocella OTU 104, andGranulicella, OTU 156), Actinobacterialértrophihabitans

OTU 174,AmnibacteriumOTU 71, andCurtobacterium OTU 7059) Endobacte(OTU

83), andSulfuriferula(OTU 111). DO1 and DQ2 cluster more closely with the IB and

74



HB weathered rock samples than 3@nd DG4 (Figure4-2), and share a mixture of the
OTUs abundant in both dters.
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Figure4-2. Hierarchical agglomerative cluster analysis of libraries collected for this study,
with OTUs identified as chloroplasts, mitochondria, and eukaryotes removed. Sizes of the
pointsscales with the relative abundance of the OTUs. Timed@Qe cluster analysis was
calculated with all OTUs, while the-Rode cluster analysis only included OTUs abundant

in at least one sample at 5% or greater abundance. The taxonomic affiliation of each OTU
includes its phylumand genudevel classification, with confidence scores provided in
parentheses. OTUs that are unclassified at the genus level are identified with the highest
available taxonomic classification. An equivalent analysis including all 9% gresented

in Figure S4.

........................................

c. Comparison to laboratory and field leaching experiments.
We compared the microbial communities sampled here to similar rRNA gene
libraries from weathering experiments described by Jones et al. (2017). These authors
examined e microbial communities present in Duluth Complex waste rock and tailings
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from longrunning laboratory and field leaching experimghispakko, 2015; Lapakko &
Antonson, 1994)amplicon libraries were generated from samples of laboratory humidity

cell experiments (ALabo samples) and a fi el
pyrrhottec ont ai ni ng Dul ut h Co mudntaining EIfiGréerstote D C 0 )
(AFi el d GSo0) sources. For this comllyari son
weat hered rock, seep sedi ment, and al gal

libraries to clearly separate them from libraries from the laboratory and field leaching
experiments from the earlier wo(Bones, Lapakko, et al., 2017)

In nonmetric multidimensional scaling (NMS) analyses, libraries from outcrop
samples (this study) separaterfrlaboratory and field experimerfflones, Lapakko, et al.,
2017)along the first ordination ax{§igure 3). Outcrop libraries are more similar to those
from field experiments, with libraries from laboratory experiments plotting to the extreme
of the first axis Figure 4-3a). Some outcrop libraries overlapped with libraries from
weathered Ely Greenstone. When laboratory experiments were exckidade@-3b),
libraries from the Duluth Complex field leaching experiment still separate from the outcrop
samples along the first ordination axis, but outcrop libsaalso separate along both
ordination axes, with libraries from the green seep mat (teal dotted circle) and seep
sediment (blue solid circle) overlapping with the libraries generated from the Ely
Greenstone field weathering experiments (purple operesjicLike in the hierarchical
agglomerative cluster analysisqure4-2), libraries from samples DA and DG4 (points
enclosed by the black dashed line) cluster separately from the other outcrop samples as
well as thdaboratory and field experiments. Removal of OTUs classified as chloroplasts,
as well as all chloroplast, mitochondria, and other eukaryote OTUs did not affect the
overall structure of this NMS analysiigureD-5).

Many OTUs ceoccu in both the field weathering experiments and naturally
weathered outcrop samples. However, their abundances differ substantially. The OTUSs that
make up the most abundant communities in the natunadbthered outcrop samples are
present only at low abuadces in the field weathering experiments. Accordingly, the
OTUs that are most abundant in the field weathering experiments are present only at low
abundances in the outcrop samplagireD-6).
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Figure 4-3. (a) NMS ordinations of rRNA amplicon libraries from naturadgathered

Duluth Complex outcrops (libraries 1B, GG, HB, and DO, this study), laboratory humidity

cells and reactors, and experimental field rock piles, with OTUs fihis chloroplasts,

mi tochondria, and eukaryotes removed. Libr:
open squares), and experimental field rock
dark blue | arger <circl es terid, puplerralleediraes)GS, 0 |
are from(Jones, Lapakko, et al., 2017b) NMS ordinations of rRAlamplicon libraries

from the experimental field rock piles and naturally weathered outcrops only. Stress for

(a) is 7.5, stress for (b) is 5.8. Sky blue solid circled points indicate seep sediment samples,

teal green dotted circled points indicate watedaalgal biomass samples. All other IB,

GG, HB, and DO samples were collected from weathered rock. The black dashed circle
indicates DO samples that are separated from the other weathered rock samples in the
hierarchical agglomerative cluster analysiEdure 4-2).

d. Laboratory incubations.

Laboratory incubations were used to evaluate the effect of algae on sulfide mineral
weathering. Crushed pyrrhotite (sample Pd@partet al, 2021)was incubated for 19
days with either an isolate or a mixed microbial community, with and without an algal
inoculum. The isolate used in these experimentSuiéuriferulasp. strain AH1(Jones,
Roepke, et al., 2017)an autotrophic sulfuoxidizing proteobacterium isolated from
humidity cell experiments described(ilones, Lapakko, et al., 2017he enrichment was
a microbial community from weathered Duluth Complex rock samplésdBd GG1, and
mixed with a microbial community from lab and field experiments HE1®T, and
DCW15(Jones, Lapakko, et al., 201The algae inoculum was a mixture of material from
samples IB4, GG2, and algae from a sulfateduchg bioreacto(Anderson, 2018)The
following treatments were perfoed, each in triplicate: (1) isolate only, (2) environmental
inoculum only, (3) isolate plus algae, (4) environmental inoculum plus algae, and (5) algae
alone. Samples with algae were incubated in the light on a diel cycle, and samples without
were coveredAt the termination of the experiment, 16S rRNA gene amplicon libraries
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were generated from the solids in order to evaluate which organisms were enriched, and
how the presence of algae affected the community composition.

The enrichment experiments werendoated by OTUs classified in theeiaciae
family, with smaller amounts @ulfuriferulaspp. andrhiomonasspp., as well as OTUs
classified asOxalicibacteriumspp. Figure 4-4a). At the end of the experiment, all
experiments inoculated with the algal biomass were dominated by OTUs classified as
Thiobacillus(68-90%; Figure 4-4a), regardless of whether they started with the isolate,
enrichment, or algal iraulum alone. OTUs identified asitrospira, Nitrosomonasand
Sediminibacteriumvere also abundant in these experiments. The algae inoculum was not
a pure culture of algae strains but also included lithotrophic organisms, of which
Thiobacilluswas initially a minor component (0.04%) and was evidently enriched in the
incubations [Figure4-4a).

Sulfate release was observed in all experiments, with slightly more sulfate release
in the experiments without algae. By the end of the expetini8% less sulfate was
released from environmental enrichments with algae than without, and 33% less sulfate
was released from incubations with isolate AH1 with algae than without. In each
incubation, pH dropped slightly over the course of the experimetit those inoculated
with algae measuring approximately 0.3 pH units lower than the incubations without algae
at the termination. Only small concentrations of aqueous iron (Il) were measured over the
course of the experimerfigureD-7), with the AH1 + algae incubation showing the most
variability in measured Fé&concentration.
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abundance for the i1ncubation experi ments.

abundance in each sample. Bars are colored by OTU taxonomic identification at the class
level, with the eseption of th&sammaproteobacteriavhich are colored at the family level

in varying shades of blue. Each bar is labeled with the OTU taxonomic classification at
the genus level, or, at the highest available taxonomic classification. (b) Average sulfate
release and (c) pH over the Ay lifetime of the incubation experiments. Error bars
represent standard deviations in sulfate concentrations or pH measured for the three
treatment replicates. The-axis position was shifted slightly in these plots to allow
visualization of overlapping points.

[I. Discussion

a. Weathered rock-associated microbial communities.

The microbial communities present on naturaligathered outcrops of Duluth
Complex material contain a diverse population of photosynthesizers, organotrophs, and
lithotrophs. The libraries from naturallyeathered Duluth Complex material, even those
colleded from samples of seemingly bare weathered rock, contain substantial
photosynthetic populations, with 6 OTUs representing chloroplasts present in the top 30
most abundant OTUs. The DO samples, which were collected in early January, contain
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fewer OTUs clasified as chloroplasts compared to the IB and HB samples that were
collected in late June.

The seep sediment and green algal mats contained distinct OTUs from the
weathered rock samples from the same site. These libraries contain OTUs classified as the
microaerophilic iron oxidizerkeptothrixandGallionella, indicating that iron oxidation is
a possible source of metabolic energy in the circumneutral seep environment. This is
consistent with the reddish color of the seep sediment, which is distinct them
surrounding sediment and indicative of the presence of iron oxides.

The microbial community from watdilled drill holes in consolidated DC rock at
the gravel extraction site (sample @pwere distinct from the other samples, dominated
by OTUs reprsenting euglenoid algal chloroplasts and associated symbiotic organisms.
Euglenoid algae can be tolerant of high agueous concentrations of metals and low pH, and
are frequently found in AMD and other contaminated water sys{Brage et al., 2001;

Casiot et al., 2004; Das et al., 2009; Freitas et al., 2011; Jones et al., 2015; Valente &
Gomes, 2007)Their dominace in this sample, and their absence in other samples, is
consistent with higher metal content of waters that are in direct contact with the-sulfide
rich rocks at site GG as compared to the more diverse photosynthetic communities found
in the other sampge

The microbial communities from the naturaliyeathered outcrops and associated
seeps are distinct from the communities that developed in laboratory and field weathering
experiments described in earlier w@¢dones, Lapakko, et al., 201The outcrop samples
were most similar to experimentalyeathered Ely Greenston€igure 4-3). The most
abundant sulfide in the Ely Greenstone is pyrite, while the sulfide mineral assemblage in
the Duluth Complex is dominated by pyrrhotite and other acid soluble sulfides. However,
the experimentaliweathered Duluth Complex field experiment fmadaverage leachate
pH of 4.7, while the pH of the Ely Greenstone field rock pile ranged fror1.3.Jones,
Lapakko, et al., 2017¥loser to the pH 6.42 water measured in the effluent from the seep
at the INCO site. This suggests that pH rather than the specific sulfide mineral assemblage
is probably more important for determining microbial commuibynposition in this
setting. Further, we suspect that the distance between humidity cell experiments and the

field piles and outcrop sampl esFigured-3)msul t i v a
due to differences in organmaterial input and the corresponding effect on nitrogen and
carbon cycling. The ALabo humidity cell e X

indoor environment with no or little low organic input, while both the field experiments
and the naturallwveahered outcrops were from outdoor environments that would have a
much higher level of organic input. The humidity cell experiments are designed to evaluate
acid generation potential and mimic the weathering that would occur in thenaeled
surface of avaste rock or tailings pild.apakko, 1988, 2015; Lapakko & Antonson, 2(012)
rather than weathering of reclaimed mine waste or weathering in a natural forested setting.
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Members of the clas&tedonobacterare abundant in both the experimental
weathering fieldexperiments (Field DC and Field GS) and in the natusa#igthered
outcrop samples. Three OTUs (23, 38, and 1091) are abundant in both the field and outcrop
libraries (Figure S4). Numerous othKtedonobacterOTUs are present in either the
naturallyweathered outcrop samples or the experimental weathering field experiments, but
these three OTUs are similar across all samples. OTU 1091 is most closely related (99.2%
similarity) to an uncultured bacterium iddred as part of a population of organisms that
are early colonizers of volcanic rock deposits in HaW@momezAlvarez et al., 2007)

OTU 23 is most closely reled (97.2% similarity) to a bacteria from an Antarctic soil
(NCBI accession FR749799), and OTU 38 is most closely related (97.6% similarity) to an
organism whose 16S rRNA gene was found in a chromium(1V) contaminated soil in China
(NCBI accession KT016028)Ktedonobacteria appear to be ubiquitous in terrestrial
environments, especially in orgaspoor environments and during the early stages of soill
formation (Delmont et al., 2015)The type strain for the genu&tedonobacter Kt.
racemifer(SOSP121T), is an aerobic, filamentous, Granuositive heterotroph isolated
from the soil of a black locust wood mworthern Italy(Chang et al., 2011)0rganisms
classified aKtedonobactehave been identified in metagencassembled genomes in
northern California grassland@utterfield et al., 2016) in Antarctic desert soils
(Mezzasoma et al., 2022; Ortiz et al., 2Q2nNd in hydrothermal sediments at an active
deepsea black smoker in the ShuAtlantic Ocear{Zhou et al., 2020)Related organisms

in the same class have been isolated from dikeijranular mass (Tenguw-mugimeshi)
collected from an alpine area in Gunma Prefecture, JMdang et al., 2019)an ant nest
collected in Honduras o i | from a pine wood in Spain, é
in Corsica, FrancgCavaletti et al., 2006)Yabe et al., 2021)lescribes the metabolic
capabilities ofsevenKtedonobacteisolates, all of which are mesophiles, heterotrophic,
and form aerial mycelia, with an optimal growth pH ef 50ther members of this class,
genusThermogemmatispordnave been isolated from geothermally heated environments,
and can gidize carbon monoxide in addition to a diversity of carbon soui€e® &

King, 2014; Yabe et al.,, 2011 the weathered rock environment sampled here, the
Ktedonobacteria OTUs likely occupy a similar niche as part of the heterotrophic microbial
community that forms early in the process of soil formation.

There were two OTUs dentified as Sulfuriferula sp., a sulfuoxidizing
proteobacterium in the family Sulfuricellaceae that was abundant in weathered Duluth
Complex rock from humidity cells and field experimefitsnes, Lapakko, et al., 2013
Sulfuriferulastrain isolated from the humidity cell experiments is an obligate autotroph
that oxidizes inorganic sulfur compoundenes, Roepke, et al., 201The Sulfuriferula
OTU that is most abundant i n | i bRgareD6gs f r or
(OTU 8) makes up only a small fraction (less than 0.1%) of the OTUs found in the
naturallywe at her ed MfAout cr Gufdrifeluladrv that is mostabundant | e t |
in libraries from the naturallyeathered outcrops (OTU 111) is only a minor congra
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of the Field DC libraries (<1%)~gure D-6). The genusSulfuriferulacontains multiple
species that have different growth requirements, including both obligate autotrophs and
mixotrophs, some of which can grow both aerobicatlgt anaerobicallyJones, Roepke,

et al., 2017; Kojima et al., 2020; Watanabe et al., 2015, 20B&lchuse of the diversity

of metabolic capabilities in this genus, it would not be surprigiegrtain Sulfuriferula

spp. have an advantage in the natural weathering environment, while diffelfemiferula

spp. have with an advantage in the lower organic input humidity cell experiments.

b. Impact of algae on microbial communities and sulfide wagthering.

Photosynthetic organisms such as algae have been explored as a tool for mitigating
microbial breakdown of reactive sulfide minerals in a process broadly known as
Abi os hr(Bwagva at@lg 2017; Johnson, 2014; Johnson et al., 2008; Rawlings &
Johnson, 2007)Sulfide mineral oxidation byron and sulfuioxidizing bacteria can be
mitigated by growing algae on the surface of reactive sulifatetailings, which excrete
organic compounds that are toxic to acidophilic autotrophs and also form an organic
surface layer that limits oxygen penéiwa (Johnson et al., 2008; Johnson, 2014)
Furthermore, the addition of algae and other photosynthetic organisms can have additional
benefits 6r mitigating the impacts of acidic rock drainage: algae can accumulate and
adsorb heavy metals, increase the alkalinity of the system, and can produce organic acids
such as lactic and acetic acid that mitigate the growth oftatgcant lithotrophs while
providing food for heterotroph@eppas et al., 2000; Rambabu et al., 20B@wever,
these bioshrouding experiments have been performed on highly acidic materials, where
mineratoxidizing autotrophs are especially sensitivéhi® presence of organic acids that
act as decoupler¢BakerAustin & Dopson, 2007) Here, we saw that incubation
experiments with pyrrhotite at circumneutral pH did have less sulfate release (and
presumably less sulfide mineral dissolution) when a diverse algal culture was added to the
experimers. However, the effects were relatively minor, as substantial sulfate release still
occurred in the unamended incubations.

One of the major effects of algal growth on the lithotrophic microbial community
was the absence &ulfuriferulaOTUs and the domance ofThiobacillusOTUs in the
algaeamended incubations. The initial enrichment inoculum, a mixture of field samples
from this study and laboratory enrichments from(flemes, Lapakko, et al., 20ls§mples,
lacked OTUs identified ashiobacillus while the algae inoculum was 0.04%iobacillus
Conditions in the algaamended incubations are evidently more favorablétobacillus
perhaps becaustulfuriferulais especially sensitive to organic compounds. Although the
differences between sulfate release in each incubation were small, tlselessgulfate
released in the incubation inoculated with Swdfuriferulastrain AH1 and algae than in
the experiment inoculated withulfuriferulaalone, suggesting that the presence of algae
and the alga@ssociated lithotrophs was able to outcomple¢sSulfuriferulastrain and
result in less sulfide mineral dissolution. Future work will explore whether algal growth
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can be applied to limit sulfide mineral oxidation in mildly acidic or circumneutral waste
like that anticipated from mining activities fine Duluth Complex.

c. Implications for weathering of Duluth Complex and other mixed sulfide ores.

This study shows that the microbial communities that develop on naturally
weat hered Duluth Complex surfaces ared in
mine waste communitie$-igure4-3). Microbial communities are sensitive indicators of
environmental conditions, and so evaluating microbial community composition can be
used to compare how preexisting microbial communities chaiitfpevarying levels of

human disturbance. In this case, the natural microbial communities that are present before

mining occurs (i.e., on naturallyeathered outcrops) could be used as a baseline to
evaluate the successful reclamation of mine sites b§itheet ur no of t hese
similar community structures. In this study, the clear distinction between the experimental
and outcrop microbial communities highlights the difference between the natural microbial
communities and those that thrive in atdibed environment. Conversely, the similarities
between the microbial communities at the IB, GG, HB, and DO &itgsre4-3a) suggests

that environmental conditions at the disturbed IB and GG sites have converged with the
more natiral conditions at the HB and DO sites, and may be one indication of the
effectiveness of the reclamation process at IB. However, more extensive sampling would
be needed to fully characterize the existing microbial communities associated with the
diverse eosystems that have developed on natural and disturbed Duluth Complex material.

IV. Materials and Methods
a. Field Samples.

Field sampling was performed on 6 January 2016 (DO samples) and 28 June 2018

(IB, GG, and HB samples). Weathered rock and sediment samre collected using
sterile spatulas into sterile Whiflac sample bags and sterile 50mL centrifuge tubes. For
all sites, samples for DNA extraction were immediately frozen on dry ice after collection,
and subsequently stored-8t0 unt i | mples ol cglicausts andSmaaging were
preserved in 3% paraformaldehyde (PFA) in 1x phospbaftered saline (PBS),
incubated for 24 hours, and PFA was then removed by gently washing once with 1x PBS.
These samples were subsequently stored at i n sdautiofh of 1x PBS and 100%

et hanol . Samples for water chemistry meas

polyethersulfone (PES) filter, and either acidified with ~0.5mL 4M HCI and frozen or
immediately frozen. Water samples for measurement of sulfideentration were filtered
into 15mL tubes containing pteeighed ~4mL aliquots of (molarity) zinc acetate. No
sulfide was detectable using the Cline assay using Hach reégenés 1969)#2244500,
Hach, Loveland, CO, USA).
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b. DNA extraction and amplicon library preparation.
Total DNA from field samples and laboratory experiments was extracted using the
PowerSoil DNA isolation kit (Qiagen, Hilden, Germany). To reduce DNA extraction bias,
the vortexing step was modified, with aliquots removed after vortexing for 5, 10, and 15

mi nut es, and then recombined. Libraoies wi
method of Jones et al. (2017a). Briefly, the V4 region of the 16S rRNA gene was first
amplified with primers A515f modifiedod and

were amended with Nextera adaptors to allow barco@laoges, Lapakko, et al., 2017)
PCR was performed as (@#ones, Lapakko, et al., 2013)min initial denaturation at 94°C,
either 25 or 30 cycles of 45 s denaturation at 94°C, 60 s annealing at 50°C, and 90 s
elongation at 72°C, and final elongation at 72°C for 10 min. Blank controls were included
with all DNA extractions, and no productag visible in the blanks. PCR products were
then submitted to the University of Minnesota Genomics Center for barcoding (10 cycles
after 1:100 dilution) and sequencing on an lllumina MiSeq (lllumina, San Diego, CA,
USA), 250 paired end cycles.

c. Bioinform atic analyses.

OTU calling was performed as {dones et al., 2021Raw sequences were filtered
and trimmed with Sickle (https://github.com/najoshi/sickle) to average quality above 28
(56 trimmidglohllyp; aamndy residual adapters
end were removed with cutadgartin, 2011) R1 and R2 reads were assembled with
PEAR(J. Zhang et al., 2014and primers removed by trimming the assembled reads with
prinseq v.0.20.4Schmieder & Edwards, 201XpTUs were defined at 97% similarity with
a modified version of the UPARSE pipeline (USEARCH v.1(Hdtgar, 2013) in which
the Aderep_ _fulll engt ho (Rognes g al., 2016)@asnused.S EA R C+
OTUs were classified with mothur v.1.36%chloss, 2020)o the Silva database v.132
(64) (Quast et al., 2013yith a coriidence score cutoff of 50.

Libraries were organized into a matrix of samples versus OTUs. Raw counts (i.e.,
the number of sequences of each OTU per sample) were first converted to proportional
values to account for uneven library sizes by dividing bytdted number of sequences in
each library. OTUs that occurred at less than 0.01% were then removed from the dataset.

Prior to statistical analyses, the data were transformed using an arcsine square root
transformation(Jones, Lapakko, et al., 2017he use of transformed data lowered the
stress in subsequent NMS and clustering analyses. NMS ordinatomperformed using
3 dimensions, with rotation to principal components, using the metaMDS() function in
Vegan package v2-B(Dixon, 2003)n R v4.1.0(R Core Team, 2021) RStudio(RStudio
Team, 2021) Hierarchical agglomerative cluster analysesewperformed with Bray
Curtis dissimilarity and unweighted paroup method using arithmetic averages
(UPGMA) clustering (cite). €node cluster analyses (clustering of samples) were
calculated using all OTUS in the transformed dataset, whifeoRe cluste analysis
(clustering of OTUSs) only included the top 30 most abundant OTUs. The table of OTU
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occurrence across samples used for statistical analyses is included as Data Set S1. Plots
were created using ggplof@/ickham, 2016)

d. Laboratory Experiments.

Laboratory weathering experiments and t
were conducted with crushed pyrrhotite as a substrate. Pyrrhotite tisedarexperiments
was a mixture of 4C and 6C pyrrhotite with trace sphalerite, chalcopyrite, and galena from
Wardodés Scientific, crushed to atgyn Hkun si ze
Hobart et al., 2021fpr a more complete description; this is sample Po2.

Five experimental treatments were conducted in triplicate in 50mL glass serum
bottles: enrichment, enrichment + alges®|ate, isolate + algae, and algae only. 50mL of
sterile growth media was added to each bottle, containing: 6mMCNBMM KHPQy,
1mM NaHPQi, 1.5mM MgCbhsH,0, 0.3mM CaCGIRH,O, trace element solutiqifrlood
et al.,, 2015) and 20mM MES buffer titrated to pH 6.0 with 4M NaOH. The isolate
organism used in these experimentSusfuriferulasp. strain AH1l(Jones, Roepke, et a
2017) an autotrophic sulfuo x i d i Zproteobactebia isolated from humidity cell
experiments described {dones, Lapakko, et al., 2017he enrichment inoculum was a
homogenized microbial community collected from weathered Duluth Complex rock and
previous incubation experiments, maintained in the laboratory in mixed culture with solid,
crusted pyrrhotite as the growth substrate. The microbial communities identified through
16S rRNA libraries at the termination of thed8y experiment are presented in Figure 4a,
and sulfate release (as a proxy for sulfide mineral dissolution) is reportegluire Bb.
Experiments were placed on an orbital oscillating shaker exposed to a grow light on a 12
hour diel cycle. Those without the algae inoculum were covered to keep them in continuous
darkness.

Experiments were sampled every four to five days. At sachpling point, 6mL
of leachate removed for chemical analysis and then replaced with 6mL of sterile growth
media to maintain constant volume. 0.5mL of the leachate was analyzed tming-&
LAQUAtwin pH-22 handheld pH meter (HORIBA, Kyoto, Japan); 1.5oflthe leachate
was acidified with 20um of 4M hydrochloric acid and storeddat f or f err ous
analysis; 2mL of the leachate was store@ ab for measurement of an
Ferrous iron concentration was measured using the ferrozine(&saley, 1970)using
the method described {Viollier et al., 2000) Anion concentrations (chloride, fluoride,
bromide, nitrate, sulfate) were measured using a Metrohm 930 Compact IC Flex ion
chromatograph with a A Supp 5 column, 20¢lL
(3.2mM NaCO0s and 1.0mM NaHCg). Sulfate release was calculated based on the
measured concentration of sulfate at each time point and subsequently correcting for the
amount of leachate replaced with sulf&ee media at each sampling interval.
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Chapter 5Metabolically DiverseSulfuriferula spp. from Sulfide
Mineral Weathering Environments in Northern Minnesota

Microorganisms a important catalysts for oxidation of inorganic sulfur compounds, and
there are a diversity of metabolic pathways available to saKiglizing microorganisms

that interact with inorganic sulfur compounds in different ways. Here we report the
metabolic cpabilities of four strains oSulfuriferula spp.isolated fromexperimentally
weathered Duluth Complex waste rock and tailings. These strains are all neutrophilic
lithoautotrophic sulfuioxidizers, but each strain showed unique growth behaviors and
posseses genes for different sets of sulfuand nitrogercycling enzymesDifferences in
observed growth behavior, including differences in environmental distribution (Chapter 4,
this thesis) and pyrrhotite oxidation capabilities (Chapter 3, this thesis)val@aied
through the |l ens of these strainsd metabol
densities when grown on thiosulfate and the highest rates of pyrrhotite dissolution, but has
the most fewest genes that code for sutixidizing enzymessuggesting that it is uniquely
adapted to its sulfide mineral weathering environment.

Co-authors Gabriel Walker, AAn Hua, and Daniel Jonésolated the strains described in
this chapter, and Daniel Jones prepared the genome sequences for analysis.

l.  Introduction

The oxidation of reduced inorganic sulfur compounds is a crucial step in the global
sulfur cycle. Sources of reduced sulfur include metal sulfide minerals that are present in
sedimentary, igneous, and metamorphic rocks, dissolved and gaseoogehydulfide
species that are common in anoxic environments, and compounds with intermediate
valences that include shdited compounds like thiosulfate {Ss*) and tetrathionate
(S406*) and more stable species like elemental sulfur. Sulfur compauads dynamic
source of energy for modern microorganisms that drive the oxidation of these compounds
in diverse environmental conditioriBaker & Banfield, 2003Hamilton et al., 2017,
Hamilton et al., 2014; Holmer & Storkholm, 2001; Macalady et al., 2007; Sharrar et al.,
2017) and have done so (Bdntognaligthalg B0t2; Fike ettalh 6 s h |
2015) Many of these inorganisulfur-oxidizing bacte and archaea are primary
producers that fix carbon and nitrogen and are abundant in environments with a range of
pH conditions (from pH ~1 to -~ {(M)zeretald t e mp
2013) Terrestrial environments are particularly diverse settings for sulfur cycling because
sulfur sources can be heterogeneouslyridigted in the environment. Steep gradients in
environmental conditions like pH, temperature, and redox potential provide many distinct
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niches for different sulfur cycling organisms to thrionson et al., 2022; Capone &
Kiene, 1988; Diao et al., 2017; Holmer & Storkholm, 2001; Klatt et al., 2020)

Sulfuriferulaare a recently described gerafssulfuroxidizing bacteria. The first
Sulfuriferula strains were isolated from a uranium mine using galena (PbS) as the sole
electron donor, a n Thiobadllgs plommbopyilis(Daobnleryet ah,a me d  «
1991) ThegenusSulfuriferulawas formally described in 2015 within the novel family
Sulfuricellaceage which included members reclassified from the polyphyletic family
Thiobacillus (Watanabe et al., 201.5Members of the genuSulfuriferula can gow
autotrophically on inorganic sulfur compounds, and some can grow
organoheterotrophically on organic substrgt¥atanabe et al., 20135ormally described
members of the genuBulfuriferulainclude S. multivoranswhich was isolatedrom a
freshwater lake in Hokkaido, Japgwatanabe et al., 2015%. thiophila which was
isolated from a storage tank at a public hot spring bath in Yamanashi Prefecture, Japan
(Watanabe et al., 2016&. nivalis isolated from snow collected at the shore of a pond in
Daisetsuzan National Park, Jag#wojima et al., D20} andS. plumbiphila the original
fiThiobacillusp |l umbophi |l uso i sol ate that was form
(Drobner et al., 1991; Watanabe et al., 2014) species havdeen reported to grow
aerobically on thiosulfate, tetrathionate, and elemental sulfur, whileSnhyultivorans
can grow heterotrophically and anaerobically with nitrate as an electron aqtépiora
et al., 2020; Watanabe et al., 2016a§S. plumbiphilacan also grow autotrophically on
H> and PbSDrobner et al., 1991 Bulfuriferulaare now known from diverse sulfuch
terrestrial environments, and relativessotfuriferulain metagenomic and 16S rRNA gene
datasets have been found in metaid sulfide rich mine tailings and drainagé&ruzdey
et al., 2020; Jones, Lapakko, et al., 2017; Kadnikov et al., 2019; Laroche et al., 2018; Liu,
Yao, Lu, et al., 2019; Liu, Yao, Wang, et al., 2019; Liu et al., 2019; Pakostova et al., 2020;
Sun et al., 202Q0)sewer and groundwater environmefiset al.,2017; Liang et al., 2020;
Novikov et al., 202Q) hot springs and volcanic depos{&rce-Rodriguez et al., 2019;
Lathifah et al., 2019; Lopez Bedogat al., 2019) seawateinfluenced sulfide caves
(D6ANngel i ,and lowtémperatuz (akebpttom sedime(Bhen et al., 2021,
Zakharyuk et al., 2019)

Here we describe new strains $iilfuriferulathat were isolated from weathered
rocks from the sulfide minerdlearing Duluth Complex in Nor#nin Minnesota. The
Duluth Complex contains copper, nickel, and platinum group elemeniN(RGE)
deposits t hat may represent t he -NMWPGE | d 6 s
resourcéMiller et al., 2002) The most abundant sulfide mineral in these rocks is pyrrhotite
(FerxS, 0 < x < 0.125),dllowed by chalcopyrite (CuFef cubanite (CuF&sg), and
pentlandite ((Fe, Ngjs), with smaller amounts of other Cu, Ni, and RGdaring sulfide
minerals(Severson et al., 200Zulfur- and iroroxidizing microorganisms are known to
accelerate the dissolution of sulfide minerals under highly acidic condihmmdstrom et
al., 2015) However, in contrast to many other wsiidied ore and miReaste
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environments where extreme acidity is generated, the relatively low sulfide mineral content
(usually <1% total sulfur) and high buffering capacity of the@urding silicate minerals
means that leachate from Duluth Complex waste rock and tailings is only moderately acidic
and rarely reaches pH values of less thélnapakko, 2015; Lapakko & Antonson, 1994)
The role of microorganisms in this mildlyidc environment is not as wetbnstrained as
in extremely acidic systems.

Based on rRNA gene and transcript sequencsudfuriferulaspp. were some of
the most abundant and active organisms in experimentally weathered Duluth Complex
rocks and tailinggJones, Lapakko, et al., 201@nd were also found (although at lower
abundances) in naturallyeahered Duluth Complex outcrop€liapter 4, this thegis
suggesting that they are important members of the rock weathering community.
Characterizing the metabolic potential of these populations is vital to understanding the
biogeochemistry of proposed msand developing biological solutions to managing mine
waste and water from proposed mines throughout their lifecycle; however, we currently
know little about these roe&ssociatedSulfuriferula spp To learn more about these
important organisms and the role they play in the biogeochemistry of Duluth Complex
mine waste and water, we isolated and characterized four straflfofiferulafrom
experimentally weathered Duluth Complex materials. We tdesdhe genomic and
physiological properties of the strains and what this means for their surprisingly diverse
roles in the waste rock community.

[I. Results

a. Isolation and identification of Sulfuriferula.

Strains ofSulfuriferulawere isolated from weathegrexperiments on mine tailings
and crushed rock from coppeickel deposits in the Duluth Complex, northeastern
Minnesota. The tailings and crushed rock had been experimentally weathered for more than
12 years using a humidity cell apparatus and in a fiedthering pilgLapakko, 2015;
Lapakko & Antonson, 1994)Sixteen isolates were obtained, and four phylogenetically
distinct strains, referred to as AH1, GW1, GW6, and HF6a, were selected for further study.
Strains AH1, GW1, and HF6a were engdhand isolated on solid thiosulfate media that
contained 6 mM ammonium, while GW6 was enriched and isolated on media with urea as
the sole provided N source.

Phylogenetic analysis of 16S rRNA gene sequences from these isolates confirm
that all cluster with describeBulfuriferulaspecies Figure5-1). Strains GW1 and HF6a
are most closely related ®. multivorangdWatanabeet al., 2015) strain GW6 is most
closely related t&. plumbiphila(Drobner et al., 1991; Watanabe et al., 20860 strain
AHL1 is located in its own clade within tl&ulfuriferulabut is most closely related 8.
thiophilaandS. nivalis(Kojima et al., 2020; Watanabe et al., 2016b)
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HF6a 16S x1

HF6a 16S x2

GW1 16S x2

GW1 16S x1

uncultured bacterium (KC620947)

Sulfuriferula multivorans (LC005593)

uncultured bacterium (KC620952)

bacterium EA10-S-26 (JF418050)

Sulfuriferula plumbophila (AJ316618)

GW6 16S x1

GWE6 16S x2

uncultured bacterium (JX520993)

uncultured prokaryote (KM410809)

uncultured beta proteobacterium (KJ650725)

uncultured bacterium (KC620656)
uncultured beta proteobacterium (EF562559)

Sulfuriferula thiophila (LC115045)

Sulfuriferula nivalis (Kojima et al. 2020)

AH1 16S x1

AH1 168 x2

AH1 16S x3

Thiobacillus sp. ML2-16 (DQ145970)
uncultured bacterium (KC620949)
uncultured bacterium ( KC620655)
Sulfurirhabdus autotrophica (LC076472)
Sulfuricella denitrificans skB26 (AP013066)
Ferriphaselus amnicola (AB720115)
Ferritrophicum radicicola (DQ386263)

I__ Thiobacillus denitrificans DSM 12475 (AQWL01000022)

Thiobacillus thioparus (GU967679)

Thiomicrospira thyasirae (AF016046)
| Sulfuricaulis limicola (LC030205)

Acidithiobacillus caldus (Z29975)

0.10

Figure 5-1. Neighborjoining phylogenetic tree of 16S rRNA gene sequences, showing the
relationship of the four Sulfuriferula isolates to other members of family Sulfuricellaceae. Names
in bold font are sequences from this study, and the numbers after each nax@¢ifbdicate rRNA

gene copies from multiple rrn operons in the genome.

b. Growth characteristics.

All four Sulfuriferulaisolates grew on autotrophic media with thiosulfate as the
only available electron donor. No growth was detected on tetrathionatiée,solf
elemental sulfur. All strains grew on pyrrhotite (k8 , 0 O x O 0.125) as
donor(Chapter 3, this thesisyvhen grown on thiosulfate, strain AH1 accumulates sulfate
and H ions in the growth media, consistent with complete thfagioxidation to sulfate
(Figure5-2).

While growth in strains AH1 and GW1 was enhanced by the addition of 1% wi/v
yeast extract to the media, no growth was observed on LB broth or 1:10 diluted LB broth.
No increase in growth was aased when 5mM glucose, acetate, or succinate was added
to the thiosulfate media, suggesting that these strains are obligate aut{frgprest-1).
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Growth rate decreased in media buffered with organic buffers rather than phosphate.
Growth occurred in MESand HEPESbut not citratebuffered media.

Figure5-3 shows the effect of pH on the growth of all strains, in media buffered
with MES. No growth was observed below pH 4 or above 8, and the maximum growth rate
occurred between 6 and 7. Strain HF6a had the lowest pH optima and growth range.

4000 4 —&— A450 L

AB00 | 2
~== pH
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20004
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00 25 5.0 75 100
Time (days)

Figure 5-2. pH, aqueous sulfate concentration, and absorbance at 450nm (A450) and 600nm
(A600) forSulfuriferula sp. strain AH1 grown on thiosulfate in pH 6.0 growth media.

Strain AH1 v
Strain GW1
Strain GW6
Strain HF6a

2.0+

1 ¢t

Growth Rate

0.54

0.0+
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Figure 5-3. Effect of pH on growth rate (calculated as culture doubling times from thphlage
of ODsgo absorbance) oBulfuriferula spp. The solid line is the mean of replicates for each pH and
strain, and the error bars represent the standard deviation of replicates around the mean.

91



Whole genome sequencing and assemblihe genomes of the four isolates were
each assembled intasangle large chromosome, between 2.92 and 3.33 Mb. One 39.1 Kb
plasmid was recovered for strain AH1, and two plasmids, 23.8 and 39.5 Kb, were recovered
from strain GW6.Table 5-1 contains an overview of the properties of the assembled
genomes, which range from 58.7 % G+C content and ®8% proteincoding genes.

GW1, GW6, and HF6a each have twio operons, and AH1 encodes three. A summary of
genes associated with sulfur, nitrogearbon, and iron metabolisms and genes associated
with biofilm formation are presented gure5-4.

c. Carbon metabolism.

All four strains ofSulfuriferulaencode complete Calvin cycles for gfixation.
Srain AH1 has 2 copiesf&RuBisCo form | and 1 copy of RuBisCo form Il, strain GW1
has 2 copies of RuBisCo form I, strain GW6 has 3 copies of RuBisCo form |, and strain
HF6a has one copy each of RuBisCo form | and form Il. All four strains have a full
complement of carboxysomednarbonic anhydrassoding genegFigure5-4). All four
strains possess complete glycolysis pathways and incomplete TCA cycles. However, the
lack of growth or increased growth with the inclusion of organic carbon compounds to the
meda suggests that these are primarily autotrophic organisms.

Table5-1. Summary of assembled genomes.
AH1 GW1 GW6 HF6a
Total # Bases 2,916,145 3,363,341 3,329,881 3,261,505
57.10% 58.71% 57.07%
G+C % 54.99% (1,920,508) (1,954,947) (1,861,310)
<Z’1 # Conti 1 circular 1 circular 1 circular 1 circular
ontigs : X . ;
=) contig contig contig contig
. 1 plasmid 2 plasmids,
Plasmids 39.138 bp, 23,830 bp &
' 39,480 bp
Total # Genes 2972 3369 3559 3319
Proteincoding genes 2906 (97.78%)| 3301 (97.98%)| 3450 (96.94%)| 3252 (97.98%)
rRNAs 9 (0.30%) 6 (0.18%) 6 (0.17%) 6 (0.18%)
@ [ tRNAs 47 (1.58%) 50 (1.48%) 51 (1.43%) 48 (1.45%)
i | Proteincoding genes w/l ,a0) 79 4104)| 2634(78.18%) | 2712 (76.20%)| 2553 (76.92%)
O | functional prediction
Assigned to COGs 2042 (68.71%)| 2705 (80.29%)| 2786 (78.28%)| 2624 (80.81%)
gffr']g?oegdytf’K*éfGG 1659 (55.82%)| 1810 (53.73%)| 1835 (51.56%)| 1722 (51.88%)
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Figure 5-4. Metabolic overview of (a) sulfur, (b) carbon, (c) nitrogen, and (d) iron metabolism and
biofilm formation. Filled circles indicate the presence of the gene as annotated by IMG and
confirmed by hidden Markov models. A Hélied circle indicates an incomplete pathway, or the
absence of one or more subunits. The number inside the filled circle indicates the number of copies
of the gene found in the genome.

d. Nitrogen metabolism.

The four strains have diversapabilities for nitrogen acquisition and dissimilatory
nitrogen metabolisnfFigure 5-4c). Strains AH1, GW1, and GW6 encode genes for a
molybdenuradependent nitrogenase typically associated with nitrogen fixation. Strains
GW1 and HF6@ossess the denitrification genes narGHIJ and norBC, indicating that these
strains can reduce nitrate and nitrous oxide, respectively, as a source of energy. Strain GW1
additionally possesses nirK and nosZ, providing this strain with a complete setesf gen
necessary for denitrification. All four strains possess nirBD genes for dissimilatory nitrate
reduction to ammonia. Strains GW1 and HF6a also possess the nxrAB genes, indicating
the potential for nitrite oxidation. No strains possess complete asshyilatoate
reduction pathway genes, although all strains possess the nasA gene. Additionally, the
genomes of strains AH1 and GW6 contain the urea hydrolysis genes ureABC, indicating
an ability to utilize urea as a source of ammonia.
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