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Abstract

Inactiveseafloorhydrothermal vents on thseafloor are continuousixposed to
oxygenrich seawateandsubjected tmxidative processesThese processessult in
mineral breakdowystructural instabilityand eventual collaps# the ventsRates and
timing of these processes daggely unconstraineddespitdaboratoryexperimentaising
combinations of oxidizing agents, environmental conditions, andmgauineral species
Here sixteen sulfideand oxyhydfoxide)-rich samples wereollected frominactive
hydrothermalents along the Endeavour Segment of the Juan de Fuca Ridigeument
naturaloxidative processefetrographic observationsdicatepreferential oxidtion of
low rest potential mineraldue tothe formation of galvanic cellsetweernpolymetallic
sulfide minerad. Underambient seawater conditions, sulphrtgh samples demonstrate
dual production of iron oxide and oxyhydroxide precipitesiuced byabiotic
oxidation of sulfide mineralsr microbially-mediated precipitation of Fexyhyd(oxide)
on exterior surfaced heresults suggest that dissolution of minerals hosting valuable
metals like Cu and Zn will occur more rapidly thanlf&aring mineralsRadiometric
22°Ra/Ba agesvere determineffom a subset of theollectedsamplesThis subset
increassin agewith distance fronthe current spreadingenter supporing previous
resultsindicatingprogressive agingf hydrothermal vemstfrom the axial spreading

center



General Summary
Hot water springs on the ocean fldorm chimneylike structures composed primarily of
minerals made of sulfur and metals such as iron, copper and zinc. Over time, these vents
stop discharging fluids, and the minerals oxidize (i.e. rust) or dissolve back into seawater,
and the chimneys evarglly collapse. This thesis examines the chemical and
mineralogical changes that occur, and the rates of these chRogksamples from
extinct vents were collected from the Endeavour Vent Field, a cluster of active and
inactive vents on a volcanic ridg# the west coast of British Columbi/e note that
specific combinations of sulphide minerals will increaser#éite of dissolution of Cu and
Zn bearing mineralgotentially reducing the viabilitgf old inactive depositas a
economiaesourceWe dso note thamineralogical changes are driven by both chemical
and microbial processeBhese results have implications for understanding the tiemg

preservation potential for these chimneys.
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Chapter 1 Introduction and purpose of study

1.1 Introduction:

Seafloor massive sulphide (SMS) deposits are modern analogaesi@ftvolcanogenic
massive sulphidéVMS) deposits(Hannington et al., 2005)These products of hydrothermal
venting at the seaflooresult from the release of hot, reducingetatrich, ard sulfatepoor
hydrothermal fluids, which mix with co)Jdulphaterich, alkaline seawater to precipitate sulphide
minerals that accumulate to form SMS depo@iisey, 1995) Thethermalbuoyarcy of vented
fluids results in dnydrothermaplume that may rise several tens to hundreds of meters in the water
column and disseminataicronscalemetatrich sulphide and oxide particlégeely et al., 1990)
Sulphiderich structures forming on the seafloor develop in accordance with both the
environmental conditions they are subject to, including magmatic and seismic activity, and the
composition and temperature of the ascending vent fi{Jidey, 2007) Upon termination of
hydrothermal activityambientseawater infiltrateshe vent depositand oxidizes the sulphide
minerals. Oxidationand dissolutionof sulphide mineralsand dissolution ofanhydrite create
structural instability, and eventual collapse w#nts forming talus piles on the seafloor
(Hannington et al., 199%amieson et al., 2013yhe goals of this project are to investigdie t
physical, chemicaland biological processes that result in the degradatitwdybthermal vents
onceventingceases, and the rates at which these processes donderstandinghese processes
will provide insight into the mineralogical evolution of extinct depositsthadactors that control
the preservatiorpotential ofbasemetaltrich sulphide mineratiepositson the seafloor. Tdngoals
of this project will be accomplishelly investigating a suite of extinct hydrothermal vents of

variousagesanddocumenting the changes in mineralogical and textural features aéplosits

1.1.1Thesis Objectives

This study aims to describe the morphologigaineralogical,and textural change
associated with aging and degradation of extinct hydrothermal vents on the seafloor. These
observations will support previous experimental work on sulfide oxidation in ambient seawater
conditions (Lowson, 1982;Janecky & Seyfried, 1984Bierens de Haanl991; Rimstidt &
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Vaughan, 2003Fallon et al., 2017; Knight et al., 201Data for this studyare derived from
observations recordedirectly at the seaflogr handsample, and thinsectiors. This works is
further supplementedy whole rock geochensal dda and analysis byscanning electron
microscopyeénergydispersive spectroscopy (SEM/EDS). This study provides new data on the fate
of extinct hydrothermal systems and in situ evidence of chemical interactions that take place on

the seafloor.

1.1.2Regional Gedogy and Tectonic Setting

TheEndeavour vent fieldsccur along the Endeavour Segment of the Juan de Fuca Ridge
(Fig. 1.1). The Juan de Fuca Ridge, located off the west coast of Canada and the United States, is
spreading at a full spreading rate ofcrb/year, separig the Pacific Plate from the Juan de Fuca
plate(Goldstein et al., 1991The 90 km Endeavour Segment is one of seven ridge segments that
make up the Juan de Fu&adge and is bound by the Cobb Segment to the south and by
Middle/West Valky to the norttiKelley et al., 2012Clague et al., 2014The Endeavour Segment
has a full spreading rate of 5.2 cm/yadafined by seafloor magnetics andl dating ofbasalt
(Riddihough, 1984Goldstein et al., 1991Yhe central region of the segmeeaches a minimum
depth of 2,050 meters below sea leveb§)) with the overall depth increasing to more than 2,700
m below sea level to bottme north and south of the central topographic higgmieson et al.,
2013)

Along the spreading axis of the @@avour Segment is an axial vallbatranges from 1.2
to 1.7 kmwide at the upper valley rim and 400 t@0m wide ontheaxial valley floor (Clague
et al., 2014) The centralaxial graten walls range from130 to 180 m highThe axialvalley is
shallowesinear tothe center of the segmef@lague et al., 2014}t represents thaeovolcanic
zone of the ridge segment and is made up of a series of faulted terraces which are interpreted to be
anormally faultechalf grabenghat formstepwise valleyvalls. The axial valley floor consists of

basaltic flows, collapsed lava lakes, and fiss(@lasieson et al., 2013)

Two primary hypothesedescribehe development of the axial rift zone of the Endeavour
Segment. These two contrastimgpothese$ocus m the central axial valley grabamdwhether
alternating episodes of magmatism and tectonism drive the axial valley develapmdrather

the axial valley formed as a result of crustal buoyancy associated withatiraatic evolutiorof

19



the ridge(Kappel & Ryan, 198g6Carbotte et al., 2008amieson et al., 2018lague et al., 2014)
Kappel and Ryan (198®yovide evidence for episodiiting and volcanismbasedn a series of
symmetric, ridgeparallel ridges and valleyghat represenglternatirg episodes oftectonic
extension andgolcanic activity.Carbotteet al.(2006)usal data from seismic surveys to locate and
determine the depth of the axial magma chamber beneath the centrgral&iand correlate
these features to crustal thermal baiogy. Further details of the axial magma chamber have been
subsequently establisheg Van Ark and others (200,/Avho imagecdathin magma sill 2.2 to 3.3

km beneath the seafloor.
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Along theEndeavour Segment, there are five major adtige-temperaturerent fields (from

south to north): Mothra, Main Endeavour, High Rise, Salty Dawg, and Sasqtigpete(1.2,

with two smaller fields: Raven and Clam B@gklley et al., 2012)The regions bateen both
majorandminor vent fields contaitow-temperaturé<150C)diffusely vening sites, such as
Cirque, Dune, and Quebec, and an abundance of extinct chimney®tbatlentifiedvia hight
resolution bathymetryHig. 1.2, Kelley et al., 2012Jameson et al., 2014Based on
geochronological studies of hydrothermal barite, active venting along the axial valley has been
occurring for a minimum of 3,000 yeg@amieson et al., 2013)

1.1.3Discovery and Exploration of theEndeavour vent fields

The Endeawur vent fieldswere designated s Canadads fir st Mar i ne
March of 2003andthe ridge segment was also one of three Integrated Study Sites as a part of the
U.S. Natioral Sci ence Foundat i on O(elle\Ret clg 20122The ditialpr og r a
discovery of the Main Endeavour Field (MEF), in 1982¢curredwhen two blocks of massive
sulphide materialvere dredgedrom the seafloor(Tivey & Delaney, 1986 Stakes & Moore,
1991) This discoveryied toresearcherseturningin 1983, and with the use of ship multibeam
bathymetry, sidescan sonar, and a detpved camera, they idengfl morphologic variations
along the spreading centend generatka bathymetric map of the Baavour Segment at a-50
meter contour intervascale(Karsten et al., 1986)n 1984, the Endeavour segment was first
exploredusing the Alvin submersibleto survey the area furthemd collect additional samples
(Tivey & Delaney, 1986) Progressively over theext two decadesnmore and more of the
Endeavour Segment was explored. High Rise, Salty Dawg, Mothra, Sasquatch, and Stockwork
fields were discovered in 198Robigou et al., 199X elley et al., 2001; Kellogg & McDuff,
2010;) 19% (Glickson et al., 2006)1996 (Delaney et al., 1992; Kelley et al., 2002000
(Glickson et al., 2006)and 2005Kelley et al., 2012)respectively Recently, interpretation of
volcanic and hydrothermal features within the axial valley, basedetermesolution autonomous
underwater vehicle (AUV) mapping, combined with radiogéffiRa/Ba dating of hydrothermal
deposits, have refined our understanding of the magmatic and tectonic evolution of the axial valley
(Jamieson et al., 201lague et al., 2024 Currently, he Northeast Pacific TirnBeries
Underwater Experiment (NEPTUNE Canada), developed by Ocean Networks Canada(@dNC)
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installed in 2009, provides continuoustemperature, salinity, direction and intensity of water
currents, dissolved oxygepH and pCO2 dataSeismic monitoringusing the United States
N a v ysaduad Surveillance SysterBQSUS, have allowedesearchers like Johnson and others
(2000) to document a 1999 seismic disturbance which induced a segidentcrease in both

vent fluid temperature and output for at least 80 days.

1.2 Seafloor Hydrothermal Systems

Seafloor massivesulphide deposits fam on and belowthe seafloor at sites of high
temperature hydrothermal venti(aker & Massoth, 1987Yhe minerathat form theseeposits
cancontain elevated concentrations of valuable elements suCh, @n, Au andAg, andSMS
depositsare increasing being targeted by national governments and mineral exploration
companies as an alternative source todaaskd mines for these met@iannington et al., 2010)
Much of the research associated with the formation of SMS deposits has focuaetively
forming deposits as opposed to extintlydrothermalsystems on the seaflo{belaney et al.,
1992a) This scientificbiasis largely due to thease with whiclactive systems can be detected
relative to inactive systembBlydrothermal plumeswhich form in the water column above active
vents,are a convenient marker of active venting on the seafloor. The fine, rapidly precipitated
sulphide particles rise hundreds of meters into the water column, slowing their ascent only once
they reach a sta of neutral buoyancy create broad thermal, chemical, and physical anomalies in
the water columnBaker & German, 2004; Jamieson & Petersen, 20Ibg scientific bias
towards active vents is further compoundedh®wide scientific audience for colonie$ unique
organisms that are endemicactive ventsandbecausective vents provide an opportuniiyr
direct sampling of hydrothermal fluid&elley et al., 2012)As a result, little is known about
inactive or extinct hydrothermal systems.

1.2.1Hydrother mal Fluid Circulation

The hightemperature hydrothermal vent fluids that form SMS depositc@renonly
sulphur andmetatrich, reduced, and acid{@lt, 1995) Thisfluid compositionis the resulbf the
evolution ofcold seawater infiltrating into the eanic crustwhere itis progressively heateid
temperatures of ~400@nd reactswith the surrounding country rock in a series of alteration
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reactiongAlt, 1995). The circulation ofseavaterwithin oceanic crusis responsible for ~30% of
oceanic crustal coolin@nd the fluidrock reactions result ian important sink fodissolvedVig,
and a source of Fe, Mn, Li, Rb, and fos seawate(Von Damm et al., 1985Hydrothermal
circulation of seawataequiresswo major components: a heat soeisuch as a magma boayd

a permeable medium such as faults or fissures within the ocean(disrerst 2007)

The evolution of hydrothermal fluid from a starting seawater composition is the result of a
series of waterock interactions that occur arqgressively higher temperatures as the fluid
circulates within oceanic crust. Agawateenters the seafloor #ie recharge zorend descends
into the crustandtemperatures reach BD°C, basaltic glass, olivine, and plagioclase react to
produce Feaich micas and clay minerals such as smectite and ch(@ite1995) As fluids
progress deeper within the crust temperatooesinue tancreaseandmagnesiums quantitatively
removedfrom the fluids due to clay precipitatioAbove 150C, much of the Ca and SQre
removed from the fluid due tprecipitation ofanhydrite (CaSg) and smectite minerals [e.g.
CaAl3Sis012(OH)], which simultaneously increaséluid acidity (Eq. 1;Seyfried & Janecky,
1985)

o# AIBE #A c¢(/ c#AI3E [ ( c( 0

Iron-bearing mineralsuch asolivine, pyroxene, and pyrrhotite react with the hot, acidic fluids,
producing H, therebyfurther enhancing the reducing potential of the fluid (Eq. 231t8eyfried
& Janecky, 1985)

& A 3¢( &A (3 q
Pyrrhotite

&ME ¢c( 3 ¢l &8 c¢(/ &A 3E ( o
Fayalite Pyrite

In the hightemperature reaction zone, fluids reach temperatures of around 400°C, pH can range
from 2- 5.9 (Table 3 Von Dam, 1995), and the fluids, now anoxtkali-rich, and Mgpoorcan
readily leachsulphur and metals such as Cu, Fe, Mn and Zn from the(AdtGKL995).
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1.2.2Seafloor Massive Sulphide Deposits

Hydrothermal fluids can form several differetypes of ventelated featureson the
seafloordependingontheflud 6 s ¢ o mp o s i tdisoharge rate,pneseree chsedimes,
and thepermeability of the host rock at the venting ¢dt, 1995; Tivey, 2007)Hydrothermal
fluids thatascendhrough a more permeatdabstratevill begin mixing with seawater at greater
depth, resulting in cleatnonsmokey) lower temperaturee(g., <100°C) fluids that are
commonlyassociated with diffuse venti@emis et al., 2012)Theclear appearance of diffuse
fluids, relative to black smoke associated with higimperatre (>300C) fluids, is due the
precipitation of metal sulphides tite location of initial fluid mixing atlepth(Hannington et al.,
1995) Diffuse vents have been observed to form at sulphide mounds, fractured lava flows, and at

the bases dfigh-temperaturdlack smoker chimney®emis et al., 2012)

High-temperaturezentson the seafloor areften readilyrecognizable as prominent spires
discharging blaclsmoke composed alulphidemineral particlesOver time the permeabldluid
pathwaysthat control the highemperature circulatiomay be sealed by the precipitation of
hydrothermal minerals, resulting in the development of more focused fluid patfidaysngton
et al., 1995)Endmember hydrothermal fluids venting onto the seafloor midlsawith seawater
causingprecipitaton of fine-grainedsulphateand sulphide mineraland amorphous silica that
togetherresult inthe constructionof vent edifices(Tivey, 1995) Development of a chimney
structurefurther isolates theupflowing hydrohermal fluids and creates a temperature and pH
gradient between hydrothermal fluids and seawater within the chimney(iWahsington et al.,

1995) Isolation of the hydrothermal fluids allows for the development of temperandepH
dependent mineral ssmblages within a chimnegommonly represented lgn innerhigh-
temperature suite of Cke sulphides (e.g.chalcopyrite, pyrrhotite, and isocubanitahd
anhydrite,and a lower temperature mineral suite composed of pyrite, sphaleritbadte] and
amorphous silicaFig. 1.3; Haymon & Kastner, 1981; Tivey, 1999 recipitation of the lower
temperature minerals into wall pore spaces progressively increases the density and insulative
capaity of a chimney. Once established, low permeability chimneys replace early stage mineral
precipitates with new sulphide minesérlivey, 1995)

The exterior walls ofmaturechimneys are composed of anhydrite, barite, silical@melr-
temperatursulphide mineral§Hannington et al., 1995 owever due tothe retrograde solubility
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of anhydritein ambient seawater conditignchimneys with an abundance of anhydntal
become unstable arelventudly collapsewhen no longerexposed to high temperature fluids
(Hannington et al., 1995)

100 m

F N
v

Black Smoker

Anhydrite

Zn-rich
white smoker

Seawater

Silicified and Pyritized
Stockwork

Figure 1.3: Schematic representationah i gh t emper atur e ndntdlave k s mo k
temperaturediffuse venting massive sulphide mourshowingmineralogi@l zonation due to
variation in temperaturandpH associated witkeawater mixing(Modified fromTivey, 2007)

1.2.2.1Formation Conditionsfor Hydrothermal Minerals

The first stage of chimney development is thought to be litkkdidcrete volcanic activity,
displacing large volumes of hydrothermal fluids, initiating widespread diffuse venting on the
seafloor(Butterfield et al., 1994) This is followed by sealing and focusiraf low-temperature
venting, eventually forming more focused, higher temperature fluid dischargéHatasington
et al., 1995) The precipitation of minerals at or near the seafloor result from changes in the
physicochemical properties of the hydrothermal fluid that result from mixing with seawater or
conductive cooling proximal to the seaflobr.an experimental settinfeed andPalandri (2006)

investigatedhe effects of changes in pH, temperature, and redox conditions on the precipitation
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of common sulphide minerals found in hydrothermal semfhe CuFe(Zn,Pb}S system was
assessed with a change in pH from acidic (pH 0.8gtdral (pH 7) conditions while maintaining

a constant temperature of 200°C. The mineralization sequence covellite, chalcocite, bornite,
chalcopyrite, galena, sphalerite, with pyrite accompanying all other minerals was ob&égved (
1.4). Factors affectig the pH of hydrothermal fluidthus have a critical role in the mineral
assemblage formed on the seafloor. The pH of circulating fluiddbeanfluencedby several
factors suchas magmatic volatileinput (e.g, SO), wall-rock interactions, the presencé

carbonate, or the presence of organic mé@émoto, 1996; Tivey, 2007)
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Figure 1.4: Experimentarun demonstrating variations in the mineral assemblage of tHeeu
system with temperature constant at 200°C and pH ranging from 0.8 to 7. Modified from Reed and

Palandri, 2006.

Analysis of sulphide precipitationas alsadonefocusing on the cooling ofyldrothermal
fluids under statipH and salinityconditions (pH 6.5, 1 mol NaCl). This experiment indicated that
as temperatures decreagelow 300°C all aqueous metal sulphides present would become
saturated and precipitate due to the breakdown ofmach ardsg@estive chloride compld¥ig.

1.5 Lydon et al., 1985; Reed & Palandri, 2006)
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Figure1.5: Experimental constant cooling run of a 1m NacCl fluid with a constant composition and
epH of 0.5 | Teisidwadirtially sawratédntfiasphalerite, chalcopyrite, galena,
pyrite, magnetite, and electru A, = 0.69) andwvas cooledrom 300 to 25°C. Nlodified from
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High-TemperaturdBlack Smoker Venting Sites:

In addition to pHcontrolled mineral formation atvent deposits seafloor sulphide
mineralizationis alsolargely controlled by the temperatyr®,, and concentration of dissolved
ions of theascending fluidgTivey & McDuff, 1990) The mixing of hydrothermal fluidswith
seawatecreats concentric zoas of mineralizatioywith variation indifferentmineralabundances
dictatedby the insulation provided by the chimney wdlidannington et al., 1995 halcopyrite,
anhydrite, pyrrhotite, sphalegit and barite precipitatat progressively lowetemperaturg
respectively due toincreasing amounts of seawater and hydrothermal fluid mikiagecky &
Seyfried, 1984)Pyrrhotite is abundant imgh-temperaturevent sites but rarely forms atower
temperature, more diffuse ventslannington et al., 1995)Commonly, the hexagonal, non
magnetic variety of pyrrhotite is precipitated from hydrothermal fluids (Eq(J&8yecky &
Seyfried, 1984)Due to its increased stability imigh temperature and loWD-fS, conditions,
pyrrhotite is often the initial precipitate to form from undiluted hydrothermal fluids and makes up
most of the particulate material f ounSpiessn t he
et al., 1980; Zierenberg et al., 198Ryrrhotiteis not often foundas a major mineral phase in

chimneys or mounds, however, as it tends to oxidize quickly compared to other seafloor sulphide
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minerals if not replaced by one of the more stable sulphide phases such as pyrite, marcasite, or

chalcopyrite(Zierenberg et al., 484, Hannington et al., 1995)

Anhydrite begins to precipitate at temperatures~885°C as a dominant early stage
mineral and subsequently will begin to dissolve when temperatimgs below 175°C due to
retrograde solubilitfBowers et al., 1985)The pecipitation of ahydrite isolate hydrothermal
fluids from seawate(Zierenberg et al., 1984)eadingto a second stage of chimney mineral
growth, where chalcopyrite, wurtzite, and minor sphalerite precipitate within wall pore space and
replace earlier ineral phasegTivey & Delaney, 1986)Chalcopyrite is the dominant Gulphide
mineral, precipitatingfrom hydrothermal fluids at temperatures of ~350°Chalcopyrite
frequentlyforms the lining othigh-temperaturezent conduits and can be a major mingiase
when there is sufficier@u present in the rising fluids for early precipitati@d@anecky & Seyfried,
1984) Seawater infiltration can induce redox reactidhat results in the replacement of
chalcopyrite by secondary €ulphide mineral phase$his processs tanperaturedepenént
with replacement of chalcopyrite by bornite occurring from 18040°C (Eq. 4) chalcocite at
~40°C(Eqg. 5) and covellite fron25- 100°C (Eg. 6)(Janecky & Seyfried, 1988Bowers et al.,
1985)

5CuFeS +2SQy +6H2+4H" = CisSFeS + 4 FeS + 8H0 4)
Chalcopyrite Bornite Pyrite

CuFeS +0.5SQ + 1.5 B+ H" = 0.5 CuS + Fe$+ 2 HO (5)
Chalcopyrite Chalcocite Pyrite

CuFeS + SOy + 3 Hp + 2 H' = CuS + FeS+ 4 H:0. (6)
Chalcopyrite Covellite Pyrite

At acamite ( Cu Clhé@ddldown offchalcopysite ih seawatérappears as a
distinctive green colloform precipitate, most often found in association withxfAgydroxides,
goethite, jarosite, and secondary Cu sulphide miné¢rsnington, 1993)Atacamite forms in
proximity to Cusulphide mineraldbecausét scavenges Citiions fom the corrosion of these
minerals by acidic pore fluids (pH 3:6.5) generated by sulphide oxidatigtannington, 1993)
Oxidation releases Gtiions into seawateais cupreous chloride complexes. Atacamite does not
form in hydrothermal conditions, nopoés it often remain stable in seawater conditions due to its

susceptibility to hydration and dissolution, therefore limiting its abund@tesenington, 1993)
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Other common irorsulphide minerals present at black smoker venting sites are the iron
disulphidepolymorphs pyrite and marcasite (RESBoth polymorphsprecipitate from the Fé
ions present in the ascending hydrothermal fluidsesadoundwithin most black smoker mineral
assemblagedanecky & Seyfried, 1984pyrite begins to precipitate at ~2@5in a wide range of
pH conditions Fig. 1.4; Bowers et al., 1985; Janecky & Seyfried, 1984arcasitehowever will
only precipitate within a limited range physicochemicatonditions. It is dominant aelatively
hightemperature(up to 240°Chandin pH condition®f less than §Murowchick & Barnes, 1986)
The rate opyrite precipitation (Eg. 7) is slow relative to pyrrhofiEy. 8)but occurver awider
range of physiochemical conditiorfsig. 1.4 andFig. 1.5) (Janecky & Seyfried, 1984)

Fe?* + 2HS = FeS+ 2H" + Hz (7)
Pyrite

FE* + HoS = FeixS + 2H (8)
Pyrrhotite

The timing and amount of pyrite precipitatiamimportant to note relative to pyrrhotite as it has
been documented toate a significant impact on subsequent sulphide mineral precipitation
(Janecky & Seyfried, 1984For examplejf pyrite is the primary iron sulphide minerbking
precipitatedsphalerite will precipitate 180°Eowever, sphalerite wirecipitateat 255°C when

pyrrhotite is the dominant iron sulphide mingidnecky & Seyfried, 1984)

Sphalerite and wurtzitéboth with the chemical formul@n,FeS) are themost abundant
zinc sulphides minerals present at seafloor hydrothermal.vEmtse Zrrich sulphide minerals
are a solid solution, differentiated by their abundances of Fe and@hénrelativeZn and Fe
abundancearecontrolledby temperatureandfS, conditions which are largely controlledy the
insulating ability of the active bimney during mineralizatio(Scott & Barnes, 1972)Nurtzite is
the high temperature (stalidetween 600 anti24C0C at 1 atm hexagonal polymorph asometric
sphaleritgScott & Barnes, 1972; Zierenberg et al., 1984wever both mineralsoccurat higher
temperature venting sitgfouquet et al., 1993)The transition between the tw@n-sulphide
mineralsis gradationalWurtziteis dominant within thdigh-temperatureentinterior, decreasg
in abundancastemperature decreasayheresphaleite is more abundar{Scott & Barnes, 1972)
The transition from sphalerite into wurtzite may occur underf&wonditions above 150°(Scott
& Barnes, 1972)
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In addition to anhydrite, barite and amorphous silica are commamsulphideminerals
found athigh-temperaturélack smoker chimneydivey & Delaney, 1986)Barite (BaS@) forms
over a wide range of temperatures throughout the evolution of a chimney (Jamieson et al., 2016)
The abundance of barite is largely controlled by toacerntration of Ba within the underlying
substrat€Hannington & Scott, 1988 Amorphous silicgrecipitates from the conductive cooling
of hydrothermal fluidsaandis oftenresponsible for thong-lastingstability of seafloor chimneys
(Tivey & Delaney,1986) It is estimated to precipitate out of solution as it chal®w ~170°C
(Skirrow & Coleman, 1982)

Low Temperature and Diffuse Venting:

Low temperature (less thar200°C) hydrothermal vestdiffer from traditional black
smoker verdbecaus¢heyoftenlack the prominentiprightchimney morphology and instead form
bulbous moundswith hydrothermal fluidsbeing releasedhrough smaller interconnected
pathways rather than a central condiiivey, 1995) Low-temperature zinc sulphieiech vent
sites hae been discovered at many of the major seafloor venting sitedast Pacific Rise, Juan
de Fuca RidgeTAG) where, due to lower temperature fluids-@ch mineral assemblagese
dominant rather thathe Cu-rich assemblageassociated with higher temperatu(gsski et al.,
1984, 1994) The dominantmineralsat these sitesire anhydrite, sphalerite, pyrite, wurtzite,
chalcopyrite, and minor amounts of pyrrho(itévey, 1995) At thesesites sphalerite rather than
anhydriteacts as the major mineral to make up¢hanney interioi ma t B madel has been
developed for these specific venting si(Esski et al., 1984 Paradis et al., 198&oski et al,
1994; Tivey, 1995) wherethe earliest Zaich hydrothermal fluids athe seafloor rapidly
precipitate or quench to create the framework for subsequent sulphide mineral precidt@ation
fluid flow generates a complex network of fluid pathweysdthese pathwaysontaincolloform
sphalerite within rings of higher tempared chalcopyrite and pyriténat restrict and eventually
block the fluid pathwaysAs fluid pathways are restricted and sealed, fluids are fdatechlly

towards the sulphide structdseexterior to release pressugeneratinga bulbous morphology.

Diff use venting describes low temperature i(BD°C) fluidsthatare not associated with
significant mineralization, as temperatures are too low to transport metals or sulphur. Minerals
typically precipitated include ireoxyhydroxides, Mroxides, authigenicclays, and silica

(Hannington et al., 1995piffuse venting occurs over the full life span of a hydrothermal vent
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system, associated with the earliest stages of hydrothermal venting while also commonly occurring
at the fringes ofigh-temperatureentingsystemgHannington et al., 1995J he waningof high
temperaturezentingalso results in diffuse ventirgeforet he end of a venting
(Hannington et al., 1995)

Fe-Oxides and Oxyhydroxides

Iron-oxides and oxyhydroxides form under oxidizing conditions on the exposed surfaces
of hydrothermaktructures. They are products of both biotic and abiotic processes that leach iron
from Febearing mineral¢Barker et al., 1998) G o e tFRQOH)kis oqelbthe most abundant
stable iroroxyhydroxidesThe formationof goethiteis a multistep process that begins with the
initial precipitation of ferrihydrite ((F&).0sA 0 ..®),Ha poorly ordered and relatively unstable
oxyhydroxide, which converts into the meostable goethit¢Blowes et al., 2003)A general

formula for the formation ofoethite is as follows:

Fe* A Fe' A Fe(OH)3" A transitionaloxyhydroxideA crystallineoxyhydroxide (9)

Ox Hyd Ppt (usutglyihydrite) Xstal (usuallgoethite)
wherereactions occurringreOx = oxidation of ferrous iron, Hyd = hydrolysis of a simple metal
species, Ppt = precatption of ferric iron, and Xstal = recrystallization of theansitional
oxyhydroxide into a relatively stable crystalline ph@Seaundl & Delwiche, 1993) If temperature
conditions rise above 300 goethitewill dehydrate into hematit€Opdyke & Channél 1996)

Hematite (FeOs) is anFe-oxide minerathat is les@bundahunderaqueous conditionglative to

goethitewhen compared to other minerals founchydrothermal vent assemblages He mat i t e 6

lower abundance is due it needing tocompete for F&, a byproduct in the formation of the
oxyhydroxide species ferrihydritelematite can form from both the dehydration of goethite

ata pH ~8 where the concentration of monovalerit Beat its lowes{Schwertmann, 1983)

1.2.30xidation of Sulphides

Seafloor massive sulfide deposat® subject to two major weathering processés first
is dissolution,wherematerialis convertedrom its originalsolid state into a solutevhich then
mixes witha solvent {n this caseseawater) to form aolution.The second process agidation,

where one half of a given redox reactiatcuss throughthe transferof electrons ina non
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equilibrated systen{Moses et al., 1987)During periods of highemperature hydrothermal
activity, sulphide mineralsxposed to the high temperatuoesthe seafloor are subject to reducing
conditionandno microbialinfluenceandarethusrelatively stable. However, if sulphide minerals
areexpcsedto the combination of F&ions from hydrothermal fluids and.@om seawater, they

will readily oxidize(Lowson, 1982)

Rates of @idation of sulfide minerals on the seafloavill vary depending on the
environmental conditionpresentincreases inemperaturgacidity, andthe presenceof a more
reactive oxidizer such as #&an greatly increase oxidation ratésoxidizing conditions, pyrite
releases F¢é ions, which are subsequently oxidized by availabiéodorm Fé* (Eq. 10) which
precipitates aSe-oxyhydroxides (Eqg. 11), mainly ferrihydrite and goethitei(nmarizedy Eq. 9)
(Belzile et al., 2004; Gartman et al., 2014; Singer & Stumm, 1970)

FE'+ 14 Q+H =Fe"+ 1/2 O (10)
Fe* + 3 O = Fe(OH)s+ 3 H' (11)

When present, Fécan rapidly oxidize most sulphide minerals, such as pyrrhotite (Eqldr2)en
et al., 2000and sphalerite (Eqg. 18Rimstidt et al., 1993)

FeixSe) + (87 2x) FE* + 4 HO = (91 3x) Feé" + SO + 8H* (12)
(Zna-xFe)Ses) + 8 FE*+ 4 KO = (1i X) Zr** (8 +X) FEé*+ SO + 8 HY (13)

Oxidation of sulphide minerals on the seafloor is not limited to iron reacting with oxic seawater in
these environments. Within the microbc@mmunitiesthat develop at actively venting sites are
microorganisms that utilize the oxidation sdilphide minerals and sulphuras a part of their
lithoautotrophiametabolism(Konhauser et al., 200nfluencing oxidation reactions in a catalytic
capacity,autotrophic bacteria such a¥hiobacillius ferrooxidansact as a catalyst to promote
oxidative dissolution adulphide minerals by oxidizing Fento F€* and producing sulphuric acid
from inorganic sulphur compoundwhich creats localized acidic porewaterSuzuki, 1974,
Suzuki et al., 1994) Due to the generated acidity, the*f@anremain in solution and has the
potential to act as the primary oxidizing ag@ordstrom & Southam, 1997)
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1.2.3.1Sulphide Oxidation Mechanics

Seafloor sulphide mineral oxidation prodisc metaloxides and oxyhydroxides To
quantifyratesof sulphide minerabxidation, there has been a significant number of experimental
studies completefe.g.,; Lowson, 1982; Moses et al., 1987; Bierens de Haan,; Bigistidt &
Vaughan, 2003Belzile et al., 2004; Heidel et al., 2013@xidation rates are typically calculated
using the amount of metals relea=d into solution However,the sequestration capacity of
oxyhydroxideswithin hydrothermal ventgomplicates these calculationgnaking it extremely
difficult to determine accurate rates of oxidat{gmight et al., 2017)For examplethe presence
of Feoxyhydroxides make determining rates of dissolufmnCu or Zn sulphide minerataore
difficult as theyadsorb metals such asiCCu, Zn, and Pl{Benjamin & Leckie, 1981)The
preferential oxidation of polymineralic depositslative to monomineralic deposits (see Section
1.2.4) oxidation rates that have largely been calculated from experiments invelugig phase
sulphide oidation may not refleataturaloxidationrates seen on ttseafloo(Heidel et al., 2013b;
Knight et al., 2017) Therefore,this section attempts to summarize the current understanding

oxidation processes froexperimentally determined single amdiltiphaseexperiments
Pyrite/ Marcasite:

Pyrite (Fe9) is commonlythe most abundant sulphide mineral in hydrotheneats and
is foundwithin most mineral assemblages. Because of its abundance and its potential to generate
acid mine drainage (AMD) in terrestrial settinggtensive work hatcused orthe oxidation of
pyrite (Lowson, 1982Bierens de Haan, 199Rimstidt & Vaughan, 20Q3Chandra & Gerson,
2010)

Pyrite oxidation in oxygenated abiotic conditions has three major controlling fattters:
amountof surface area exposed; concentration of the oxidizing medium present; and the initial pH
of oxidizing conditiongBierens de Hagr1991) An additional reactivity factor noted thywson
(1982)is the morphology and crystal structure of the reacted sulphide, where the most to least
reactive morphologies were marcasite, framboidal pyrite, then euhedral pyrite. Oxidation of
individual grains is often nominiform, with initial reactions occurring at sit@gth higher surface
areasuch as grain edges and corners, defects, pits, clepheags or fracturegBierens de Haan,

1991) There are three major reaction paths identified for tpgeaus oxidation of pyrite by

molecular oxygen: chemigatlectrochemicaland bacterialLowson, 1982) Subsequently, a
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review of sulphide oxidation literature IBhandra and Gerson (2018)s highlighted that there is

a general acceptance of electrochatmgibeing the primary sulphide mineral oxidation process.

The chemical oxidation pathway is a sequence of three steps: (1) the oxidation of pyrite to
sulphateand ferrous iron (F€), (2) oxidation of F& into F€*, and (3)furtheroxidation of pyrite
to sulphateand Fé* using the generatdee®" as the electron acceptrowson, 1982)

(1) The chemical oxidation of pyrite can be represented by the reaction:
2FeS+7 O+ 2HOA 2FE +4SQ +4H" (14)

This reactiortakes place ahe surface of the reactive sulphide mineral and has a rate of
reaction based upon the morphology, surface, amad pH. Oxidation ratesncrea®
nonlinearlyas pHdecreasefom 1 to 10(Lowson, 1982)

(2) The oxidation of F& ito F€* (Eq. 15)is controlledby pH, F&* concentration, oxidizing
agent concentratiofi.e. dissolved @in seawater)temperature, angresence ofatalytic

materials
4FE + Qpag+ 4 H' A 4F€¥ + 2 O (15)

(3) Oxidation of pyrite by F& (Eq. 16)is the last step and occurs heterogeneously at the
reacting sul phi de atwhiclthisoccaors basadipon theamountT h e r

of F&*, F€*, surface areheing reactedandpH:

4Fe* + 4FeSe+ 10 O + 11 QA 8F€** +8SQ° + 20H* (16)
Nicholson and others (1988) demonstrated that pyrite oxidation under circumneutral conditions

will form an Fe-oxyhydroxide product (EdL7):

FeS) + 3.75Qqg+ 3.5HO A Fe(OHYs + 2SO? + 4H' an
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The electrochemical oxidatiyeathwayis made up of two halell reactions, one for a cathode
and one for an anodeowson, 1982)The thregorocesses that occare (1) a cathodic reaction,

(2) the transport of electrons, and (8)anodic reactionHig. 1.6) (Rimstidt & Vaughan, 2003)

Cathode
'/,0,+2H*+2e =H,0
Fe¥* + e =Fe?*

S+H0=>5-0H+H*+e
Anode

Figure 1.6: Breakdown of thethree steps pyrite undergoes for electrochemical oxidative
dissolution(Rimstidt & Vaughan, 2003)

Cathodicreaction sulphur is oxidized in the presence ofi@@h seawater. Iron remains in
its reduced stat@Rimstidt & Vaughan, 2003)

FeS+3.5Q+ H0 = F&* + 2 H' + 2 SO (18)
FeS+ 14 Fé' + 8 H,0 = 15 F&" + 16 H + 2 SQ? (19)

The most prominent oxidant spec@surring in nature are;@and Fé* (Eq. 10 and 11). Here, the
electron transfer from the sulphide to oxidant at the cathodic site is the rate determining step for
sulphide oxidatiorfBrown & Jurinak, 1989ue tothe dependence on tlencentrations dfe’*

or & (Rimstidt & Vaughan, 2003)
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Electrontransfer transportation across a minethhtis acting as an electrochemical cell

requiresfirst transferring the electrons from the anodic site to the cathodic site, and then to the

agueous oxidarn(Rimstidt & Vaughan, 2003)

Anodic reaction removal of seven electrons from adtilphur species like pyrite, or eight
electrons in the case afsinglesulphursulphide. The product in both circumstancesulphate
however, thesulphur atoms must proceed thugh several oxidation states and potentially multiple
intermediatesulphur compounds during the procdgsderson et al., 1989; Viravamurthy & Zhou,
1995)

Lastly, the bacterial pathway of oxidation has both a direct and indirfbgénce on
oxidationrates. The direct approach takenHsleaching bacteria is to affix to the sulphur portion
of a target sul phide mineral . The,causingitteg i a
across the surface of the afflicted sulphidendgren & Silver, 1980Bacteria maylsoaccelerate
the rates of sulphide oxidation by promoting the oxidation &f feF€*, which is otherwisea
naturallyslow reactionUnderideal conditions Fe-oxidizing bacteria can accelerate this reaction
up to 16 times (Singer & Stumm, 1970)The Feoxidizing bacteriaThiobacillus ferrooxidans
exist over a wide range of pH within the temperature range of 20°C to(Sbfiwan et al., 1980
Hutchins et al 1986) However, they are most active in pH conditions wherg Bestable in
solution (pH Ii 2.5)(Lundgren & Silver, 1980)Thiobacilliusferrooxidansare also able to create
acidic conditions by acting as catalyfis the oxidation of elemental qaiur (Eq.20) (Brierley,
1980)

SP+15Q+H0A HSQ (20
Pyrrhotite:

For pyrrhotite, he major oxidants are oxygen in circumneutral and alkalinepétferric
iron at low pH(Belzile et al., 2004)When oxygen is the dominaoxidizing agentthe reaction
under which pyrrhotite undergoes oxidatioriNgcholson & Sharer, 1994)

FexS + (2i (1/2)x) Oz + xH20 A (1- X) FEé* + SO + 2xH* (21)

If Fe?*is oxidized to form F¥ in solution at low pH, theroductFe’* canact as an oxidizing agent

for pyrrhotite, creating an even more acidic environnBetzile et al., 2004)
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FeixS + (81 2X) Fé*+ 4 O A (97 3x) Fé*+ SQ% + 8 H (22)

Under acidic conditionmostof the producFe** (Eq.9) will remainin solution, driving equation

(22). These two reactions, acting in a cyclic manner, will therefore sustain acidic conditipns and
utilizing F€** as the oxidizing agentapidly oxidize ag existing sulphide minera(8elzile et al.,
2004)

The oxidation of pyrrhotite occsivia a series ofe-deficient sulphide and metastable
polysulphide intermediates. The resulting products generated by the oxidation of pyrrhotite is
goethite and elemegitsulphur(Steger & Desjardins, 1978 oth lab and field studies suggest that
the generation of elemental sulphur is due to incomplete oxidation of pyrr{®tger, 1982
Jambor, 1986Ahonen & Tuovinen, 1994)

Thiobacillusferrooxidanspromotes th@xidation of pyrrhotite producingnative sulphur,
acidic conditions, and precipitah of K-jarosite (KFe(SQs)2(OH)e) , g o eRe®@OH), and ( U
schwertmannite (®s(OH)sSQy) (Bhatti et al., 1993)

Chalcopyrite:

In ambientconditions the rate of dissolution of chalcopyrite is slow relative to other
sulphide minerals, witbtherCu-rich mineralssuch as covellitgeacting at &digherrate.ln acidic
(Eq. ) and neutral to alkaline (Eq4Rconditions were also performenh which, like pyrite,

oxidation under neutral to alkaline conditions resulted in the formation ebighydroxide.
CuFeS)+ 3.75(Q)@ag+ 0.5HO A Cu'+ F&'+ 2SQ% + H* (23)
CuFeS(s)+ 8.5Q@q)+ 5H:O A CuO + Fe(OHys)+ 4SQ? + 8H* (24)

When chalcopyrite dissolution is occurring with®Cions available in solution the surface
of chalcopyritecanbe converted into covellité={g. 1.7), or at least become a surface with the

anodic characteristics of covelli(icol et al., 2017)
CuFeS+ CU*A 2CuS + F& (25)

Previous experimesthavehighlighted similarities between the dissolution ratesthadctivation

energiegequired to initiate dissolution for a given minerdhis may imply thateither covellite
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and chalcopyrite dissolution reactions occur with similar kineticscamellite may be an

intermediate product in the dissolution of chalcopy(fiteki & Nicol, 2008a)

pathway

|IITI[III”I"{IITI|IIII]IIII|IIII|ITII}

10 20 30 40 50 60
Fe (atom%) —»

Figurel.7: Possible phase relations at 25 °C (atom %) 6FE® system, after Vaughan and Craig
(1997, their Figs. 8.17 and 8.21) (Modified by Hannington, 1993). Arrow inditaerogressive
removal of Fe an€u due to late stage weatheriofjsulphide ore. Abbreviations: al = anilite; bn

= bornite; cb = cubanite; cc = chalcocite; cghalcopyrite cv = covellite; di = digenite; dj =
djurleite; fk = fukuchilite; gr = greigite; hc = haycockite; hpo = hexagonal po; id = idaite; mh =
mooihoekie; mpo = monoclinic pe pyrrhotite py = pyite; sm = smythite; ta = talnakhite; tr =
troilite.

When chalcopyrite dissolution occurs in more acidic conditions (pH3}, the rate of
dissolution is only partly dependant on the hydrogen ion activityltimggin minimal change in
the reaction ratg@\cero et al., 2009)Additionally, when in acidic conditions the reactive surfaces
of chalcopyrite preferentially release Fe into solutimsultingin the surface composition of
chalcopyrite being enriched 5 and Cu relative to KAcero et al., 2009)

Oxidative reactions can alter the stoichiometryladlcopyrite.Chalcopyriterich samples
collected from theMid-Atlantic Ridge byMozgova and others (20Q53howed evidence of
stoichiometric variations to the amount of Cu in tarnished chalcopyhtsevariatiors aredue
to the valence states of c hFeiS) ahereReis alreadlysin e | e me
its highest possible oxidation sta@opper, howeveris in its monovalent state andn beoxidized
to Cu?* (Mozgova et al., 2005)
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Sphalerite:

Experimental workwith synthetic seawater indicates that sphalerite haslaively
complex and unpredictable oxidation reaction sefiesight et al., 2017) Sphalerite will
consistently oxidizeapidy until passivation or oxidative shielding reached across the reacting
mineral surfacearea(Knight et al., 2017) Following this period of stability or resistance to
oxidation, more Zn iseleased into solution, indicating further oxidatisnggesting thaturficial

armouring iseventuallybreached, resulting in further rapid oxidat{gmight et al., 2017)

Sphalerite oxidation in an oxygeith environment is not affected by pH condi$oand

oxidized zinc ions are released into solution (E). 2

ZnSs) + 2Oxag A Zn** + SQ* (26)

1.2.4Galvanic Interactions between Sulphide Minerals

In experimental workcentredupon oxidation reactions of polymetallic sulphide deposits,
it was found that a greater quantity of oxide precipitates producedin polymineralic
experimentsvhencomparedo monomineralic experiment$ieidel et al., 2013b; Knight et al.,
2017) Polymeallic sulfiderich deposits are subject to nearly continuous electrochemical
processes due to their mixed mineralogy, metallic contenth&mbnstanpresence ofeawater
These interactions between sulphide minerals produce galvarscvwdailth are electrochemical
cellsthat derive energy from spontaneous redox reactions. Specific to the conditions of this study,
a galvanic cell ishe spontaneous flow of electrons betwwemconductivaninerals with differing
resting potentialgresting potential fers to the electric potential at which anodic and cathodic
currents within a mineral are equal) tlaéin contact with one another in a conductive aqueous
solution (seawater) Under these conditionghe difference in resting potentialcs as the
electochemical driver Table 1.1) (Mehta & Murr, 1983) The resting potential of individual
minerals is not a static value higt influencedby a factors including theomposition of the
electrolyte, pH, temperature, andneralimpurities(Fallon et al.2017)
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Tablel.1 Resting potential of various sulphide minerals commonly found within seafloor massive
sulphide depositdModified from Mehta and Murr, 1983.

Mineral Resistivity Y A)m Crystal Solution Temperature
Structure

Pyrite (Fe9) 3x10%i 1x10°3 Cubic 1.0MH;SQ: | 25°C

Chalcopyrite 2 x 10%7 9 x 103 Tetragonal 1.0M H2SQs | 25°C

(CuFe9)

Chalcocite (CeS) | 3 x 1027 1 x 10° Orthorhombic | 1.0M H.SQy | 20°C

Covelite (CuS) |8 x 10°%i 7 x 10° Hexagonal 1.0MHCIOs | 25°C
Galena (PbS) 1 x10°7 7 x 108 Cubic 1.0MHSOy | 20°C
Sphalerite (zZnS) | 3 x 1037 1 x 10* Cubic 1.0MHSOy | 20°C

The dfference intheresting potential of two adjacentminerals result in the mineral with
the higher resting potential acting as the catheddmember of the electrochemical calhd is

galvanically protected by contributing electraisctrochemical circuiMehta & Murr, 1983)
1/2 O+ 2H" + 26 = H,0 (27)
The opposing mineral with the lower resting potential acts asnade:

MS = M** + S + 26 (28)

Where MS = metal sulphide, and M = a bivalent metal. The complete galvanic reactioeof

potentialminerals under acidic conditions is as follows:
MS +1/2 Q + 2H = M** + S + H,0 (29

An exanple of one such mixed potential reaction, using pyrite asatadyticcathode (driving the

reaction without beingself reacting and chalcopyrite as the anode is:

CuFeS + Oy + 4H' = CUP" + F&¢* + 29 + 2H,0 (30)
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The direction of theredox reaction defines each mineral as eithercathode or anode.
The site in which oxidation occurs is the anode, and thevkigze reduction of ©occursis the
cathode(Frankel, 2016) The specific site locations for the anode anth@de carbe locatecat
fixed locations on the reactive surfaces. Alternatively, the reactive surfaces may randomly move
across surfaces, creating more localized corrosion patterns such as pitting, crevice corrosion, and
intergranular corrosion. Initial wties of galvanic interactions between sulphide minerals
observed that, when specifically studying chalcopyritthasinode, it was possible to determine
that variations in the cathode mineral would accelerate or retard the oxidation re@tabtes &
Murr, 1983) In this example, rates of oxide dissolution of chalcopyviéee acceleratedy the
presence of pyrite, molybdenite, and stibnite, but was retarded by the presgatenafThis
study highlighs that the major variables influencing the rate axide dissolution within
polymetallic sulphide ore deposits were pH, mineralogy, Fe content of the present minerals, the
relativeabundance of each mineral, and grain siwes(rfaceareathatis exposedo oxidation)

while comparing and contrasting #eeresults with the presence or lack of bacteria

Bacteriahave been observed to have a direct impact on the reactive efficiency of galvanic
cells and the rates of preferential dissolution in polymetallic seafloor massive sulphide deposits.
Mehta and Murr (1983Yletermined that at 30°@nd 55°C T. ferrooxidansand thermophilic
bacteria respectivelyenhance the rate of metdlsat are leachedrom polyminerallic sulphide
samples This phenomenon was attributed to the bacteria converthgced Snto H.SOQw and

acceleratinghe galvanic interactions betweenFeS and FeSmineral graingFig. 1.8).

1.3 Methods

1.3.1Sampling

Samples were collectdsy J. Jamieson and S. Piercey (Memorial University of
Newfoundlandfrom active and inactiveydrothermalent chimneys along the Endeavour
Segment using the ROROPOS during a 12day cruise aboard the R/V John P. Tulyolving
researchers from Fisheries and Oceans Canada, University of Victoria, and Memorial University
of NewfoundlandHigh-resolution (1 mbathymetric maps (Clague et al., 2014) served as a

guide to locate inactive vents at varying distances away fromdidpeaxis, assuming that older

42



and thus more oxidized inactive vents occur further away on the axial valley wall from the

hydrothermallyactive valley floor(Jamieson et al., 2013)

Samples were rinsed in fresh water and set out to dry over several days while onboard the ship.

Samples were described and photographed once they were shipped back to Memorial University.

(A) CuFesS, - Control: [ TF: Il (B) CuFeS., - Control: [ TF: Il
CuFeS,:FeS, - Control:  TF: CuFeS,:FeS, - Control:  TF:
CuFeS,:FeS,:ZnS - Control: HTF: CuFeS,:FeS;:ZnS - Control: M TF: [ |
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Figure 1.8: Comparson of Cu dissolution rates between isolated Chalcopyrite (Ce)eS
galvanically coupled chalcopyrigyrite (CuFe&FeS), and chalcopyritgyrite-sphalerite
(CuFeS-FeS-ZnS). Comparison with the presence and abseh@ T. ferrooxidans at 30°C (b)
thermophilic bacteria at 55°C. T.F. = T. ferrooxidans, TH = thermophilic bacteria.

1.3.2Petrography
Thin sectionsvere madeatMemorial University of Newfoundland. Due to their porous

nature, slabsvere impregnateavith epoxybeforesawing Thin sectionsvere cutto expose a
crosssectionfrom interior to exterior of chimney walls. Thin section observations were made

using a Nkon LV100NPOL microscope under both transmitted and reflected light
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1.3.3Scanning Electron Microscope (SEM)

A JEOL JSM7100F scanningelectron microscope (SEM)at Memorial University of
Newfoundlandwith field-emission source anan HKL backscattezd-electrondetectorwas used
to image samples at high resolutidine SEM was operated an accelerating beam of 15 kV.
Energy dispersive spectrometry (ED&s used to determiraproximate stoichiometric ratios

within iron-oxide coatinggnddiscern individual oxle phases.

1.3.4Whole Rock Geochemistry

Powdered sulsampleswere sentto Actlabs, Ontario for whole rock major and trace
element analysis. Elemental abundances were collected esingr instrumental neutron
activation analysis (INAA) or NaO> fusion preparation anéhductively couplal plasma optical
emission and mass spexmetry (ICROESMS). Accuracyfor all elements measured by INAA is
<6%, determinedy comparingepeat analyses (n=7) of teXR-1 standard. This precision of
INAA measurementsf GXR-1 was determined to b€5%, except forTb at 5.2% The accuracy
of the NaxO> fusion ICP-OES/MS method, calculated by repeateasurments (n=3) of the
OREAS 621 certified standaislwithin 8%, with the exception of Nd (19%), Pr (14%), Sb (13%),
Th (11%), and Y (8.2%)l'he Is precisionof theseanalysesvasdeterminedo be within 5%with
the exceptiosof In (44%), Ce (5.7%), and Cr (8.7%dditionally, N&O; fusion ICP-OES/MS
uncertaintywasalso monitoredisingthe OREAS 922 standandith resultsand fellwithin 10%
accuracyof the certified value wth the exceptiosof Cr (33%),Eu (16%), Gd (21%), Ho (13%),
Hf (68%), Li (11%), Nd (16%), Ni (16%), Pr (13%), Sr (17%), Th (13%), Tl (11%), Yb (11%),
and Zn (34%). OREAS 922 calculateweredetermined tde precisewithin 7%at 1 (with the
exceptiors of Bi (8.2%), Cs (8.30), Er (9.76), La (18%6), Nb (10%), Ni (23%), Pb (126), S
(9.6%), Tm (9.20), V (9.8%), andZn (45%).

1.3.5Geochronology

Ages were calculated using the following decay equation:

;20
I T-— 2z p @ Tt |

0
o€
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where t is age in years, is the ratio of the activity 6?°Ra to the Ba content of the sample (wt.
%), No is the initial?*Ra/Ba of the sample when the sample formed, and 4&8Gis the half
life of 2?°Ra.

Radium226 activities were measured Memaial University of Newfoundlandising a
gamma spectrometer with a highrity Ge detectowith a well configuration The spectral
signature was calibrated usif&l--2 natural uranium oreeference material. Crushed samples
containing greater than 1% bariwvere sealedvith an epoxy for 21 days to ensure secular
equilibrium betweerf?Ra, 2¥%Pb, and?Bi by preventing the escape of the intermedfat&n
daughter isotope. Lea2ll4and?'%Bi are used as proxies for measurenwrit®Ra activitydue to
decay energy peak interference betw&&Ra and®***U. Here,?“Pbwas the primary daughter
product used for analysdueto its higher detector efficiency at its respective spectral peaks
relative to?'4Bi. Instrument ount time for each sampleas 24 hours. The resultant spectral data
collected was interpreted using ScienTissibtiEtware which corrects for backgrounddiation
detector efficiency, sample volume, asainple density and otheratrix effectsAge uncertainties
were calculated bpropagating the uncertainties of each variable through the age equation using
standard error propagation techniques (see Jamieson et al. (2013) for details):
pemm il Y] 610

a¢ YO 6w O
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throughout the entire thesis proceBis thesis benefited extensively from edits and feedback

provided byDr. Jamiesorand Dr. Piercey.

1.5 ThesisPresentation

This thesis consists of three chapters and three apper@iagser lintroduces the
geological background of the Endeavour segment, exploration history, a summary of the
formation requirements of varying seafloor sulphide minetiaéspverarching purpose of the
study, and the methods used in completion of this thesis.

Chapter 2 ismanuscripto be submittedor publication in202Q This manuscript reports
petrographic, geochemical, and geochronologic results from a research cruise conducted by the
CCGS John P. Tully in 2016.

Chapter Joresent a summary of the results acibel over the course of the thesis and
suggestions for further research

The appendiceare composed of supporting data for the thesis. Appendix 1 is a seafloor sample
collection site location summary. Appendix 2 contains winotk major and trace element
geochemical results of 16 rock samples. Appendix 3 contiaitasied petrographidescriptiors

of 15 seafloor samples.
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Chapter 2
2.1 Abstract

Hydrothermal ventsn the seafloaareoftenrich in metal sulphide mineralSeafloor
massive sulfide (SMS) deposits, which form at sites of -lorggl hightemperature
venting,are the modern analogue for volcanogenic massive sulphide (VMS) depasits
are mined on landor Cu, Zn, Pb, Au, and AgHowever, thegeological processes
associated with the burial and preservatdisMS deposg are poorly constrained. This
study investigates a suite of 16 massive sulphide and sulphate samples collected from
inactive hydrotherral vens within the active Endeavour vent field, along tBadeavour
Segment of the Juan de Fuca Ridgertheast Pacific OceatJsing highresolution
bathymetry as a guide, and previous work on the spatial/temporal evolution of
hydrothermal activity at Edeavour, chimneys were chosen to maximize a range of time
and exposure to ambient seafloor conditioNgriations in the compositions and
morphology of these relict chimneys are documented throetgiledinvestigations of
collected samples usimetrogrphy, geochemistry, geochronolagyesults of this work
suggest thathe ventmineral assemblages undergjgnificant mineralogical changes and
reduction in mineral diversity associated with biotic and abiotic proceasésthese
changesoccur over relatively short periods of less than 6000 y&aiphide mineras
generate spontaneous galvanic célle todifferences in rest potential of these minerals
resulting in preferentialoxidation of lower rest potential minerals (e.ghalcopyite,
sphalerite) and simultaneously preserves higher rest potential mineralspyeiig),
resulting in lower mineral assemblage diversident mineralassemblages are further
subject tomicrobiatmediated chemical reactiorenhane oxidation. Secondaryoxide
minerak are precipitated as eithabiotic or microbially mediatedFe-oxyhydioxides.

Four new radiometri¢’®Ra/Baagesweredetermined i nc | udi-ag.eThesee 6z er
resultssupport an increasing ageing trendhpdirothermal ventwith greatedistance from

thespreadingidge axis
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2.2 Introduction

Seafloor massiveulphide(SMS) deposits on the modern seaflaoe potentiah
future resoures of Cu, Zn, Ag, and AyPetersen et al., 2018pur understanding of the
formation of SMS deposits is based largely on the study of active hydrothermal systems.
Inactive SMS depositsave been the subject of fewer studptly becausthey are more
challengingto locate on the seaflooBeafloor masse sulfide deposits are found in the
ancient rock record, indicating that these deposits are preserved once they stop forming.
However, he geological mechanisms that allow fmmlongedSMS deposit preservation
are currently not well constrained. Ther preservation potentias intimately associated
with abundance of metaich sulphide minera of deposits which are unstable in the
presence obxygenrich seawate(Edwards, 2004)Metal sulphide mineral instability can
result in inactive SMS depogtructuresdegradng over time,until their eventuatollapse.
Recently,microbial activity has also been linkéalthe preservation potential of inactive
SMS deposits asertain types of microbdsave been shown thrive off of the oxidation
of seafloor slphide structureéSylvan et al., 201,2Vieier et al., 2018)Once inactive, SMS
deposits are more difficult to locatmaking assessment tiie chemica) physical and
biological processeassociated with aging of inactive depositallenging Therefore the
current understanding of preservation constradftseafloor hydrothermal systensan

avenue of research to be purstegrovide further clarityn this topic.

During periods ohydrothermalinactivity metal sulphide mineratge oxidized to
metatoxides and oxyhydroxiddsy the influx of oxygenated seawat&€hree major
pathways for the aqueous oxidatiminmetal sulphide minerals by molecular oxygea
identified: chemicalelectochemicaland bacterialLowson, 1982)Chandra and Gerson
(2010)highlighted thatcurrently,there is a general acceptarloatelectrocherital

reactionsarethe primary sulphide mineral oxidation process.

In conjunctionwith oxidizing pathwaysgmpacting oxidation reaction ratebe
effectiveness ofnoxidationreactionis alsoinfluenced bythe presence of existing

oxidationagentsand their individual efficiencyiron(lll) in oxygenated seawater has been
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demonstrated in past labavag experiments to be the most effective oxidizing agent
(Chandra & Gerson, 2010)owever, dissolution of a sulphide mineral followed by the
release of F& ions and the reduction of oxygen is required to produég(Meses et al.,
1987) Additionally, he oxidation of F& is not rapid and is stoichiometrically
unfavourable, requiring more ionization energy than the oxidation of S(Rii8stidt &
Vaughan, 2003) As a result, the relatively slow oxidationfe* is the ratdimiting step

in the prodution of Fé* (Moses & Herman, 1991 Sulphide minerals can be oxidized by
Fe** when Fé" cations are adsorbed onto sulphide mineral surfaces \&leateonsare
transferedfrom the sulphide mineral surface. Electron donation and acceptance occurs
cyclicdly until the adsorbed cation is oxidized by reducedrom seawate(Moses &
Herman, 1991)

Oxidation rates in natural environments are not yet well constratheshitea
significant number ofaboratory basedxperimental studie&.f. Lowson,1982;Moses et
al., 1987; Bierens de Haan, 1991; Rimstidt & Vaughan, 2B8&ile et al., 2004; Heidel
et al., 2013a;.Oxidation rates are calculated using tiuenberof metals ions released into
solution. However, the sequestration capacity of the-avgrhydi(oxideg within SMS
deposits makes it difficult to determine accurate rates of oxidétinight et al., 2017)
Rate determinations further complicatedoy the nearly continuous electrochemical
reactions occurring within SMS deposits due to thexed metalsulphide mineralogy and

theconstanpresence ofonductiveseawate(Heidel et al., 2013a)

Experimental worko investigate the oxidation mechanics impacting polymetallic
massive sulphide depositssimulating ambient seawater conditi@ah®w that themost
relevantfactorsto abiotic oxidation reactions atlee available surface area, pahd
temperaturéBelzile et al., 2004Acero et al., 2007Chandra & Gerson, 2010; Kimball
et al., 2010)Whenconsideringhe overall effect othesefactorsunderambient seafloor
conditions however pH fluctuations are buffered by the surrounding seaveater
temperatureare generally stable, leaving surface area as thecuoatributing factoto
variatiors in the rate ofabiotic oxidation(Bilenker et al., 2016More recentwork by

Fallonand others2017)highlightedthat within an individual polymetallic sulphide
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deposit thepH, mineralassemblagesndmodalabundanced~e content of present
minerals, and mineral grain siaadsurfaceareaexposedo oxidizing conditionsarealso

major variablesnfluencing the rate of ogation

Therecognitionof internalelectrochemicainteractionsoccurring within
polymetallic SMS depositsas sincéoroughtthe formation of naturally occring
electrochemical galvanic cells to the attention of researcBehrganic celk form from
two minerals withdifferentrest potentialeingin contact with one another in a
conductive aqueous solutiofhe difference in rest potentiaf each minerahcts asa
chemical drivergenerang a redox reactiofTable 2.1;Mehta & Murr, 1983)The
higher rest potential mineral is protected, only catalyzing the reaction esithed
cathodewhile the lower respotential mineral becomes thaodeand is preferentially
oxidized The rest potential of individual minerasenot static valug; potentialscan be
influencedby several factorsncluding the conductive fluid medium, pH, temperature,
and natural imputies (Fallon et al., 2017)Recentexperimental work on the galvanic
interactionswithin polymetallicsulphidedeposits has led to a more detailed
understanding ahesenatural electrochemical celBallon et al., 2017; Knight et al.,
2017) These studs highlight the potential impaof dissolution reactions driven by

galvanic celloonthe economic potential of polymetallic massive sulphide deposits.

Knight and others (2017%yent on to comparthe oxidation products generated by
both monometallic and polymetallic SMS deposits, namelgdes and Fe
oxyhydroxidesDemonstrahg thatthe impact ofFe-oxyhydroxide on sulphide oxidation
in synthetic seawat@aninfluence the behaviour of metaissolution.lron
concentrations present in solution decrdasgnificantly in some experimentshich
wasinterpreted tde linkedto iron-oxyhydroxide precipitationCopperand Zn did not
demonstrate any significant tren@@erall in experimental workor polymetallicand
monometallicsulphide deposits, a greater quantity of oxitserialappeared téorm
duringpolymineralic experiments comparison tanonomineralic experimentsieidel
et al., 2013b; Knight et al., 2017)
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Table2.1: Restpotential of various sulphide minerals commonly found within seafloor
massive sulphide deposits.

Mineral Rest Potential Rest Potential
atpH 4 atpH 7
Pyrite (Fe9) 0.66 0.45
Marcasite (Fe3 0.63 -
Chalcopyrite (CuFe$ 0.56 0.34
Covellite (CuS) 0.42 -
Sphalerite (ZnS) 0.46 -

Rest potential measurements at pH 4 from Majima (1969), measurements in pH 7 from Cheng and Ilwasaki
(1992)in distilled water

Bacterial mag caninhabitboth low temperature and inactiligdrothermal vent
sitesand can also impact oxidation rates. Bacteria can enlpaha@ineralicreactions by
using the redox gradients generated by chimney oxidation as a part of their
lithoautotrophianetabolism(Konhauser et al., 200./xperimental work assessing
bacterialoxidationpathway hasshown that bacteridnaveboth a direct and indirect
means of affecting the rates of oxidation. The direct approach takeamlégching
bacteria is to affix to the sulphur portion of a targetlsilpd e mi ner al . The ba
met abolism dissol ves t &sasosrc@r enbrgy@ieréns deme t a |
Haan, 1991)Bacteria may indirectly accelerate the rates of sulphide oxidation by
promoting the oxidation of Béto F€*, which is anatuilly slow reaction(Edwards et
al., 2003) Underideal conditions Fe-oxidizing bacteria can accelerate this reaction up to
10° times(Singer & Stumm, 1970)n addition,bacteriahavebeenshownto impact the
reactive efficiency of galvanic cells and ttages of preferential dissolution in
polymetallic seafloor massive sulphide depoditshta and Murr (1983jetermined that
at 30°C T. ferrooxidansand at55°C, thermophilic bacteria enhance the ratenettal
leachng from sulphideminerak. Thisphenomenon was attributed to the bacteria
converting sulphur into Qs andincreasing the efficiency dhe galvanic interactions

betweemmetal sulphid@articles
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The challenge associated with the preservation of inactive SMS deposits is the
constant egosure to amxygenrich environmenthat results ircontinuougreactionswith
exposedsulphideminerals.Prolonged exposure of metal sulphide minerals to oxygenated
seawater resultén the progressive oxidation of the exposed SMS deposits until an
interfering preservation event occurs, such as burigdgyment®r volcanicflows (Shanks
and Thurston2012). In the absence of a preservation event, oxidation through abiotic,
bacteriamediated, or electrochemical processes results in the release of mstait®
seawaterwhich, depending ospecificphysicochemical conditions, may reprecipitate into
Fe-oxyhydr(oxide) minerals.The purpose of this study is to examine the mineralogy of
extinct massive sulphide chimney samples of various ages froEntteavour vent fields
to constrain mineralogic and geochemichhnges associated with sulphide oxidation at
the seafloarThis stug varies from previoustudiesas we seek to explain experimental
concepts through a combination of-situ petrographic observations, their resultant
geochemical trends, aféPRa/Ba geochronology. We consider thepacts ofdissolution
effects of galvar cells within polymetallic sulphide mineral assemblages, oxidation
related passivation/armouring of reactive sulphide grain surfaces, and the effects of
bacterially mediatedxide precipitationon SMS depositsThe findings of this study
suggest that SMSleposits under ambient seawater conditipngill be subject to a
progressive reduction in metal sulphide diverdigforetotal oxidative replacement or

dissolution.

In this thesis, Fe oxyhydr(oxide) is used to refer to all of the orange/brown Fe(t8soxi
hydroxides and oxyhydroxides that can form as products of sulfide mineralization at
hydrothermal vents. These sulfide oxidation products can display a wide range of colours
and textures, and their specific mineralogical identification or chemical asitignm can

be difficult to identify, even using-Xay diffraction, due to their poor crystallinity.

2.3 Geological Setting
The Endeavour vent fieldare locatedvithin an axial valley alonghe Endeavour
segment of the Juan de Fuca Ridfge mid-ocearridgespreads atn intermediateate

of 4-6 cm/year(Clague et al., 2014The axial valley walls consist of a series of stepped
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half-grabens, andcéive hydrothermal venting igredominantlyconfinedto the axial
valley floorandfocused withirfive active vet fields(from south to north)Mothra,

Main Endeavour, High Rise, SasquatahgdSalty Dawg(Kelley et al., 2012Jamieson et
al., 2013) Dating of the hydrothermal deposits usfitRa/Baindicates continuous
venting at the Main Endeavour Field for over 3,000 years (Jamieson et al., 2013). Overall,
venting at Endeavour over a 6,000 year hishay resulted in an abundance of inactive
sulphide structures accumulated within the axial va(l#ggmiesoret al, 2014) The
dominantprimary mineralogyf chimneys is generally polymetallstiphides (pyrite,
marcasite, chalcopyrite, sphalerite, wurtzite, and pyrrhosté)hates (anhydrite and
barite) andamorphousilica. Theamorphousilicaand barite contenprovidelong-term
structural stability to inactive chimneys at Endeaypteservinghumerousspirelike
structuregDelaney et al., 1992b; Tivey et al., 1999a)

2.4 Methodology

Sampling was completed using the remotely operated vehicle (ROV) ROPOS on
dives R1938, R1939, R1940, and R1@4iting a2016 research cruise onboard the CCGS
John P. Tull(Fig. 2.1). Sixteensulphidesamplesvere collectedrom chimneys,
chimney basesna sulphide talus field®nesulphatesample fromachimney andone
basaltfragmentfrom a talus fieldSampling was conducted varied distanceswvay from
actively venting fieldsncludingHigh Rise, Sasquatch, far off axis along the eastern half
graben, and north of Main Endeavour fieltheresampés were colleag from a linear
transecstarting athe active axial valley floaand moving westwardp the axial valley
wall (Fig. 2.2). The aim of the sampling strategy wascollect samples frora brad age

distribution of inactive sulphide structuré&amples were collected from each site and
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Figure2.1: Autonomous undersea vehicle (AUVnieter resolution bathymetric map of

the Endeavour Segmemdicated samples were collected for the purpose of this study.
Data courtesy of the Monetary Bay Research Institute (MBARI). Inset: Regional tectonic
setting d@ the Juan de Fuca Ridge along the west coast of North America
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Figure2.2: Autonomous undersea vehicle (AUV)nieter resolution bathymetraata 3
dimensional render of the seafloor north of Main Endeavour Field. Purple flags indicate
dive R1940 sampleollection transectData courtesy of the Monetary Bay Research

Institute (MBARI). Inset: Depths of sample sites measured in meters below sea level
(mbsl) and the relative distance between sites measured in meters and indicated by purple
marker lines.

placed in bieboxes onboard the ROV and brought to the surface where they were dried at
ambient air temperatur8amples range from centimeters to tens of centimeters in scale,
and, because of the heterogenous nature of the mineralogy of vents at th#tescale,
observed mineralogy and bulk chemistry may not reflect the overall composition of the

vent structure associated with each sanfijpdenieson et al., 2016; Lehrmann et al., 2018)

2.4.1Petrography

Thin sectionsvere prepareat the Memorial University of Newtindland. Slabs
were impregnatedith epoxybeforepolishingandwerecut to expose a crosection from
interior to exterior of chimney walls. Thin section observations were made using a Nikon
LV100NPOL microscope under both transmitted egftected light.
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2.4.2Scanning Electron Microscopy (SEM)

Carboncoated petrographic thin sections were analyzed using a JEOLZ IGDfF
scanning electron microscope (SEM) withield emission source ansilicon detectomat
Memorial University of NewfoundlandSpectra were analyzedsing Thermo Fisher
spectra analysis softwarehe SEM was operated using an accelerating voltage of 15 keV.
Energy dispersive spectroscopy (EDS) was used to provide-cgemititative results
compared to known mineral spectra. The Edp8ctra were acquired and analyzed using
ThermaFisher software The SEM-EDS analysis was used in conjunction with
petrographic microscopy observations fatrographicconfirmationand was useful for
determining the composition and mineralogy of wmyhydr(oxide) precipitatesand

replacemenphases.

2.4.3Whole Rock Geochemistry

Samples were manually crushed, then powdered using a tutgstede dise
mill. Powdered suisamplesvere analyzedbr wholerock major and trace element
analysis at Actlabs, in Orria. Elemental abundances were collected usisgumental
neutronactivationanalysis (INAA) andNaO: fusion inductivelycoupledplasma optical
emission and mass spectrome8ge section 1.3.4f details onreportedaccuracy and

precision

2.4.4Geochronology

Hydrothermal barite that eprecipitated with sydhide minerals was dated using the
225Ra/Ba technique. This technique relies on the decay of unsupptRedwithin barite
relative to the initial amount of?®Ra Although the initial??°Ra activity cannot be
measured, the value can be inferrearimasuring?®Ra/Ba content fromactive,ii z eargoe 0
samplesassuming that this ratio remains constant over the lifespan of the ver{Eteld
31) (Ditchburn et al., 2005; Ditchburn et al., 2007ndason et al., 2013)
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O (31

whereNpisthe?®>Ra/ Ba of an a c tagveedsyt EhdeavonandNis i z er o
themeasured?®Ra/Ba of samples collected from extinct vent sites.

Radium226 activities were measured Memorial University of Newfoundland
using a gamma spectrometer with a hayliity germaniumwell detector calibrated using
BL-5, a naturally occurring uranium ore reference matengatrument accuracy was
determined by repead measurements of IAE®12 Crushed samples containing greater
than 1% bariumvere sealedisingepoxyfor threeweeks forr*Pbto attain secular
equilibrium with ??°Ra.Lead-214was the primary daughter product used for determining
225Ra activitydue tothe higher detector efficiencior primary2“Pbspectral peakat 352
and 295 KeVandthe presence gfeak interferencest 186 keVfor 22Raand?**U. The
sample analysis count time for each sample was 24 hours. The regaltant spectra
were analyzed using a commercial software package provided by ScienTissiME Inc.
which corrects for background, detector efficiency, sample volume, and matrix effects.

For further details on error propagation and treatment see s&@ién

2.5Results

2.5.1Mineralogy of samples collected from extinct chimneys

Sampledor this study weredlected fromseverainactive hydrothermal vest
within and neathree of themajoractivehydrothermal fieldalongEndeavour Segment
From Sasquatcfield, four samples were collected from sulphide chinmstnatreacled
up to 30 min heightand commonly have a geometeaturing wide basesndnarrow
towardsthe peak Thesestructures were notably different from other observed chimneys
during this studywhich featured morbulbousmorphologesneartheir peaksWithin the
axial valley, segmaed ridgesand halfgraben terraces run paralleltte axial valley
floor (Fig. 2.2). Sulphide structures of bogvinted and bulbousorphologiesoccur
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mostly on the valley floor but alsmccur along these ridgé3amieson et al., 2014)
Chimneyexteria surfacesreredto orangedue tothe oxidation of sulphide minerats
microbially-mediated oxidation processes blackfrom hydrothermal manganese
precipitation(Hein et al., 1997)At thesampled inactive vent sgawayfrom the active
portion of Sasquatch fieldchimneyswere observed to moreweathered wittsulfide
rubble commonlhsurroundinghear base Basalticsheefflows and pillows commonly
surround the sulphidgccumulations. However, in some arghe seafloor anand

inactive chimneyss covered by up to 15 cm of sediment

Southwest of Main Endeavour Fieldjdrothermal vent structuréscatedalong
the eastern hafjraben of the axial valleypproximately 1 knfrom the activdield, are
located near the sumnut a 150 meter widebasalticmound(Fig. 2.1). Thefirst sampled
structure from the eastern hglfaben was chimneywith awide basgbulbousgrowth
patternsmultiple distinct vent orificest its peakand surrounded by sulphide tali#sg.
2.3.a). Its surfaceis weatherededdish-brownfrom sulphideoxidationor black from
manganese oxide precipitatidbolonization by macrofauna appears to be restricted to
corals inhabiting manganese coasedfacesThe second sampling siteatall, narrow,
red to orange oxidized chimné&cated within thelepression between two basaltic
mounds wherexidized sulphidesediment accumulation partialhuriesoxidized

bouldersandsulphide talus.

North of Man Endeavoufield, nine samples were collectddringa transect up
the western axial valleyall (Fig. 2.2) to test the hypothesis thtite degree of oxidation
of inactive ventsncreases with increasing age of the vasy from the currently active
spreading centefJamieson et al., 2013 ampling of the assumed youngest hydrothermal
featurewas from a activecomplex of tall (12 15 m), wide base and narrow peak
chimneyson the valley floowith abundahbacterialmatson the surfaces of the
structuregFig. 2.3b). Sampks collectedlongthe axial valleyfloor were primarily
sulphide talusragmentstaken fromalong the flanks of inactiveulphidechimneys
These sulphidstructures wereommonlycovered by a dustingf sedimentFault scaps

of up to 20 m form discontinuities between adjacent sampling sites alosgntimde
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transec(Fig. 2.2). The sample collecteat the base alneof t he axi al v al
fault blocks borderinghe axial valley floomwas ina debris fieldbf a mixture of basalt

and sulphidédragmentsand several centimres of sedimeninfilling low points. The
subsequent inactivemplingsitesalong the transeetere locate@bovethe axial valley
floor, progressing uphe west valley wallThe firstsamplingsite, an inactivechimney

with sulphide rubbl@round its basandpillow basals surrounding itvas located
approximately 60 m away from and 20 meters above the axial valley Tloisrsite

featured a distinctiviack of corals oarny othermacrofaungFig. 2.3.c). Chimneys at this
siteareapproximately 8n high andsomehostcorals and sponges. Chimne&tgshis site
displayed increaseed to orange surface colouration compared to the chimneys at the
valley floor,indicatinga higher degree of weatheringd oxicition. The chimneys were

also surrounded by abundant sulphide talus indicatioge frequenstructural collapse

and abundanixidized sedimenté~ig. 2.3.d). Relict chimneys locatefilirther westward,
upthe axial valley wall, were estimated to be up to 10 m tall. These chimneys often had
sulphide debris surrounding their base hodtedspongesThe transect ends at the axial
valley rim. A highly weathered relict chimney 5 tall with an abundance of sulphide
rubble, and sediment on and surrounding the sulphide strucasssampledat the axial
valley rim (Fig. 2.3.€). This sitealso featured a significant amountsefssil€faunal
growth(e.g.sponges and coralanda black mangneseoxide coating

TheHigh Rise field was additiondl surveyed and sampledere several active
and inactive chimneysoncentrated along the axial valley flpand range in heiglitom
~5t0 17 mwere documented hese sulphide chimnegse fragmentg, blocky,bulbous,
and haveeddishbrownto blackexteriorsurfaces. These chimnefggmed directly on
basaltic sheet flowsnd are directly surrounded hybble, and sulphidbearing

sediments.

Massive sulphide samples collected from inactive chimney edifices are primarily

composed of pyrite, marcasite, chalcopyrite, and spha(@atde 2.2Fig. 2.4.ae). These

samples also contain minor amounts of barite, anhydrite, amorphous silica, aacamit
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isocubanite, and secondary -SGulphide minerals (covellite, chalcogitéig. 2.4.f) which
were identified through transmitted and reflected light microscopy

Pyrite is the most abundant sulphide mineral in the massive sulphide samples (20
90% modal abuttance). It is present most often as individual or intersecting euhedral
cubes or as a massive crystalline aggreddte 2.4.a), but also as colloform bandsd.
2.4.b), andfine-grainedframboids Fig. 2.4.c). Pyrite is generally euhedral, appearing
only in subhedral to anhedral form when isolated from other sulphide minerals.
Marcasite, occurs in minor abundancestagpigeneticimming feature of the primary
sulphide mineralsHig. 2.4.d) and, locally, as crystalline dendrites developing along the

exterior of chimney wallsKig. 2.4.e).

Chalcopyrite is the second most abundant sulphide mineral in the sulphide
samples andccursin minor totrace(1-14% modal abundance) amountsljle 2.2.
Chalcopyrite grains are generaflybhedral to anhedral aad frequentlyintergrown
with pyrite (Fig. 2.4.a). Additionally, chalcopyrite can be locally abundant (380%
modal abundance) as subhedral and massive crystal aggregates homogateogisiyvn
with isocubanite lamellad-(g. 2.4.f) during early growth.

Secondary Cisulphide mineralgcovellite, chalcocite) are present in nearly all
recovered samples that contain chalcopyiitab(e 2.3. Of these secondary Cu sulphide
minerals, covellite is the most abundant, with chalcocite occurring locally in trace
amounts within Cuich massive dphide samples. Both covellite and chalcocite occurs
as anhedral, fingrained mineral aggregates or as replacement features along fractures or
grain boundaries between chalcopyrkgy(2.4.f). In addition to covellite and chalcocite,
atacamite is loca}l present in trace amounts as colloform bands ompasdpitate on the

exterior surface o€u-rich massive sulphide samples.

Sphalerite is the dominant Aulphide mineral present in the recovered samples.
Sphalerite occurs as a minor metalphide phas, and, generally, is less abundant than
chalcopyrite when both minerals are present. Sphalerite occurs commonly in trace

amounts as fingrained blebs intergrown within pyrit€ig. 2.4.a).1t is alsopresent in
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minor amounts (84% modal abundance) ashadral crystals, often proximal to
chalcopyrite grainsHig. 2.4.aFig. 2.5.a). In a single massive sulphide sample collected in

Sasquatch field, sphalerite is the dominant rstgdhide mineral and is composed

entirely of sphalerite and amorphous silica.

Figure2.3: @) Zero age sample collection site north of the Endeavour vent fielasidbive
chimneylocated along the western valley wall north of Main Endeawdtlr anestimated age of
3,000 years; c) inactivehimneylocated at the western rim of the axial estimatge 05,800
years; d) inactivehimney located outside the Endeavour axial valaygpled by Jamieson et al.
(2013) using ROV Doc Rickettanddated to be-5,850 years oldg) inactive chimney from the
eastern halfjraben with significant F&In coating anddated to bé,750years old.
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Table2.2: Visually estimatednodal mineral abundances in seafloor massive sulzsiogles
at Endeavour.

Inactive Chimney Chimney Base  Sulphide Talus

Pyrite KKK FNH *HH

Marcasite

*% * *

Chalcopyrite R
Covelite
Chalcocite

Spahlerite

*% *

Atacamite

Fe - Oxide/
Oxyhydroxide

*X¥ *X* *%*

*** => 30% Mineral Abundance, ** 5-30% Mineral Abundance, * 5% Mineral Abundance.

All collected massive sulphide samples contain trace to abundastixide and iron
oxyhydroxideprecipitateg Table 2.2. The Feoxyhydroxide9 occurascrustsup tolmm
thick, arelight-orange to darkedin colour, oroccur as black precipitat@s the presence
of manganese oxidé€Fig. 2.6.8). In the massive sulphide dominahtn sectios, iron-
oxides and oxyhydroxids occurprimarily along theexteriorboundary Fig. 2.4.d). The
focused occurrence of oxidatiatong the sample exterior margesults inanabundance
of Fe-oxhydr(oxide) precipitate (1880% modal abundance) areplacemenFe-
oxyhydr(oxide) (0-10% modal abundance) being comparatively minamolnme

relative tothe entire sample.
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Figure2.4: Characteristic sulphide mineral assemblages observed in plane and cross
polarized reflected light photomicrographs; (A) Euhedrtddhedral cubic pyrite (py)
crystal aggregates commonly containing blebspbialerite ¢p), with subhedral massive
chalcopyrite €cp); (B) Massive pyrite with subsequent colloform pyrite growth and
further latestage massive pyrite; (C) Framboidal pyrite (py) with later stage massive
pyrite growth; (D) Exterior margin of massigalphide composed of massive pyrite (py)
with a void space lining of marcasit@i(C), andexterior surface composed [6é-oxide
(goethite ¢th)) andFe-oxyhydi(oxide); (E) Dendritic marcasitarfrc) with minor
colloform bandingFe-oxide replacement at cstal edges by goethitgtfy); (F) Massive
chalcopyrite ¢cp) with intermixed solid solution of isocubaniiedc) altering into
secondary covellite (cv) (dark blue)/chalcocité(¢bght blue) and oxidized intBe-
oxyhydi(oxide) precipitates.

Iron-oxyhydro(oxide) precipitatedorming at the surface of sulphide mineral
grainsarethemost abundant oxidation produmtcurring in thesulphide sampleshis
Fe-oxyhydr(@xide) precipitatas assumed to bpoorly ordered ferrihydritehowever
without further analysisf theseprecipitate, definitive identificationis difficult
(Hrischeva & Scott, 2001Fig. 2.4). In thin section Fe-oxyhydr(xideg that replace
sulfide mineralsre dark grey to black with aharacteristiced-orangehue(Fig. 2.5.a, c,
d).

Iron-oxyhydr(oxide) commonlyoccursas asecondary replacement phase
massive sulphide samplgsoethite(a-FeOOH) identifiedthrough petrographic
observationsind supporting sergjuantitativelyscanning electron mioscopyenergy
dispersive spectroscopy (SERDS) point analysigartially to fully replace entire
pyrite grains Replacement of oxidized metal sulphide minec&isursalong grain
boundariesKig. 2.4.e, Fig. 2.5.b), fracturegFig. 2.4.d), or lessommonlybecause of a
variationina mi n e r ahlemigglrpa@tantiaimm centerto rim resulting in amtoll
texture Fig. 2.6.a). Goethiteis observed to be the primary oxide phase to replace sulphide
minerals consistentvith previous experimeat oxidation studiegHrischeva & Scott,
2007)
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Figure.2.5: Plain and crosgolarizedphotomicrographsf characteristid=e-oxides and
oxyhydroxides Note that void spaces are infilled with epofdy) Goethite (gthyeplacing
massive anhedrahalcopyrite (cp) with interstitial pyrite (py)andsphalerite §p); (B)
Plain polarized reflected light photomicrograph of euhedral cubic paitieally replaced
by goethite (gresplue) from both at grain rims, along grain boundaries, and internally
forming atoll textures; (€D) Plan and crospolarized reflected light photomicrographs of
Fe-oxyhydr(xide) (likely goethitg replacement of pyrite in addition e

oxyhydr(@xide) (likely FeO) precipitate forminglongthe remnant sulphide grain
boundaries(E) Plainpolarized reflected light micrograph of dendritic marcasite (mrc)
partially replaced by goethiteith late-stage FeMn crust precipitation (Fn ox)

formed alongexterior boundary(F) Fe-oxyhydroxide) concretions acting as nucleation
pointsfor intermingling banohg of Fe-oxyhydr(xide) andMn oxide (MnO)precipitates

2.5.1.1Mineralogy of oxide and oxyhydroxide deposits

Four highly oxidized (>50% modal abundance oxide or oxyhydroxide) samples
were collected from two bases and tpeaksof inactive chimneg(Table2.2). Threeof
these samplearecomposed almost entire{90-99% modal abundancej a combination
of Fe-oxyhydr(oxide) precipitatesFig. 2.5.a). One sample&ollected from a chimnéy s
basenorth of Main Endeavour fields composed of locally bandéte-oxyhydi(oxide)
andMn oxide Fig. 2.5.e,1).

In contrast to thenm-scale oxide crusthat characterize much of the oxide
precipitatesfilament, rod, and concretiametworkmicrostructuregre also present in
some samples, and, in previous studies, have been linked to microbial processes (Juniper
et al., 1988)TheseFe-oxyhydroxide networkaregreyred under reflected light and

translucented orangeunder transmitted light{g. 2.6).

2.5.1.2Mineral Divisions inferred from Geochemical Enrichment

Samples can be divided into two distinct compositional groups based a
combinationof mineral abundances and whobtek geochemical data (Table 2Rg.
2.7). Group 1 is composed primarily of Mn abdcteria related and abiote
oxyhydroxideg, barite, and lesser amounts of pyrite, marcasite, and anhydrite. Group 2
is composed of pmnarily of metal sulphide minerals (pyrite, marcasite, chalcopyrite, and

sphalerite), secondary copper minerals (covellite, chalcocite, isocubanite, and atacamite),
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lesser abundances of Fe oxide and hydroxide phases; and minor amounts of barite and
amorphas silica.

- ipm  JEOL 2/2/2018
15.0xV BED-C SEM WD 13mm  19:14:05
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Figure2.6: (A) Millimetre scale image ofFe-oxyhydi(oxide) on the exteriosurface of a
massive sulphide sample; (Blain polarized transmitted light photomicrograph of a
pristine bacterial generated goethite (gth) filament network aiuter surface of a
heavily oxidzed sample; (C) Scanning electron microscope backsediteage of
goethiteFe-oxyhydr(oxide) filaments and concretions wiurfical Fe-oxyhydr(©xide)
precipitation(FeO); (D) Scanning electron microscope imagealnbtic Fe-
oxyhydr(@xide) precipitaton developing along the surface ludicteriarelatedgoethite
filament structures.

Group 1

Fe-Oxyhydr{oxide)

Figure2.7: Graphic representation of the average mineral composition for the two sample
subsets based on petrographic observatidBsoup 1is relatively enriched id\l, Ba,

Mg, Mn, Ni, Pb, Si, Sm, U, and,Whereagjroup?2 is relatively enriched i€o, Cu, Fe,

and Mo. Mineral abbreviations: Anh = Anhydrite, Mn Oxide = Manganese Oxide

mineral, Py = Pyrite, Mc = Marcasite, ¥axyhydro(oxide)= Iron-Oxyhydr(oxide)

mineral, Bt = Barite, Si = Amorphous Silica,dp = Chalcopyrite, Cv = Covellite, €&
Chalcocite, Iso& Isocubanite, Atac = Atacamite, and Sp = Sphalerite.

2.5.2Scanning ElectronMicroscope- Energy Dispersive Spectroscopy Analysis
Scanning electromicroscopd energy dispersive spectroscopy (SHDS) was

usedto support petrographic observatidios identification of sulphide and oxide

minerals.Severapoint analyses on targetabiotic Feoxyhydr(oxide)precipitates,

bacterial oxyhydjoxide) structures, and massive crystalline bapiawided a measuref

Fe/O Fig. 2.8). Using hese valugsve were able to confirm that goethite (Fe/O = ~0.5) is
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the major oxide phase replaciegisting sulphide mineralsndFeO (Fe/O = ~1) is the
dominantabiotic precipitate Fexhydr(xide) phase Fig. 2.5).

Analyssof the abiotid~e-oxyhydr(xide) precipitatedy SEM-EDS indicated elevated
concentrations ofSi, P, S, Cl, and CuThe Feoxyhydrxideg with morphologies
associated with microbially activity contained similar enrichments in Si, P, S, Cl, but also
Ca, Al, and Mg, and lesser CRresumederromanganese oxide phases identified through
petrographic observationgerealso confirmed through detection of high amounts of Mn
using SEMEDS (Fig. 2.5.f; Fig. 2.8.d).

2.5.3Major and Trace Element Lithogeochemistry

Two dstinct geochemicajroups, plus aingle AuAg-Zn rich, Fe-poor outlier
were identified from the whole rock geochemistrygeneral, group &ontainers higher
Al, Ba, Mg, Mn Ni, Pb, Si, Sm, U, and,\and goup 2contains highe€o, Cu, Feand
Mo (Table2.3).

There is aelationship of ceenrichmenbetween elemenesssociated with
seawater exposure (U, V, and Mrig. 2.9). Typical hightemperature sulphide samples
(group 2)generally havdéower concentrations of U, V than the oxidized; Fe
oxyhydr(oxide) dominant samples (group 1), consistent with the oxidized samples having

greater longerm exposure to seawatéid. 2.9).
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Figure 2.8: SEM-EDS analysis of massive sulphide,afReoxyhydi(oxide) samples from the
Endeavour Segment (A) Massive pyrite with sphalerigp) (bleb intergrowths. Oxide
dissolution/oxidation dth) of pyrite (py) forming "atoll" textures; (B) Alteration of chalcopyrite
(ccp) into covellite (cv) (loss of Fe, S; increase in)@ CucontainingFe-oxyhydr(oxide); (C)
Pyrite replacement by goethite, in addition raplacement of the F& cation AF* forming
AlIO(OH); (D) Iron-oxyhydr(oxide) of microbial origin, with composition rangirfgppm massive to
porousand branching, inaddition to a defined band of manganese oxide (MnO); (E} Iron
oxyhydr(xide) precipitateexteriorof a massive sulphide sample with an isolated chalcopyrite grain
with high reliefoxidizedoundary; (F) Detailed perspectivabfoticFe-oxyhydr(xide) pregpitate
armouring isolated chalcopyrite grain, confirming that it is compositionally similar but tdytural
varied from surrounding oxides.
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Table2.3: Major and tracelementanalysis of seafloor samples collected throughouEtigeavour vent fields

Analyte Symbol Ag Al Au Ba Co Cu Fe Mg Mn Mo Ni Pb Si Sm U \% Zn
Unit Symbol ppm % ppb ppm  ppm ppm % % ppm ppm ppm ppm % ppm ppm ppm ppm
Detection Limit 2 0.01 2 20 0.1 2 0.01 0.01 3 2 10 0.8 0.01 0.01 0.1 5 10
Analysis Method INAA FUSMS INAA INAA INAA FUSMS INAA FUSMS FUSMS INAA FUSMS FUSMS FUSMS INAA FUSMS FUSMS INAA
R1938Rck-20 108 0.29 1230 1040 158 19700 6.25 0.06 161 6 20 388 5.38 0.16 3.6 55 454000
Group 1

R1938Rck-16 100 0.38 385 147000 30.8 2480  8.32 0.02 1040 9 20 1170 18.6 0.14 31 33 16400
R1940Rck-1 1 0.49 49 137000 185 1 22.9 0.33 8060 14 190 502 3.53 0.89 10.1 322 1850
R1940Rck-5 1 0.33 111 94500 21.3 2590  29.4 0.21 9680 9 50 1090 4.82 0.48 8.1 214 4740
R1940Rck-9 1 0.13 1 540  40.2 1480  26.6 0.62 78600 10 80 225 6.39 0.38 2.6 82 7940
R1939Rck-13 79 0.21 450 11700 199 13300 383 0.08 5490 5 80 1380 2.47 1.14 2.6 139 36300
Average 36.4 0308 199 78148 62 39702 251  0.252 20574 9.4 84 873.4 7162 061 5.3 158 13446
Group 2

R1941-Rck-13 34 0.01 161 370 713 10400 50.9  0.005 224 437 20 542 0.04  0.005 0.3 25 21900
R1941-Rck-12 13 0.07 38 10 51.4 69900 485 0.01 47 324 10 22.1 0.16  0.005 0.6 12 3460
R1938Rck-21 38 0.03 240 3870 759 105000 37.2 0.02 1430 97 20 327 0.71 0.23 3.9 42 31600
R1938Rck-22 1 0.01 127 270 726 5420  39.3 0.05 28 80 270 102 0.82  0.005 07 25 2160
R1940Rck-4 1 0.05 117 450 239 30900 435 0.06 108 41 20 212 0.16  0.005 1.8 30 2290
R1939Rck-14 6 0.03 200 680 364 47800  41.8 0.01 36 196 20 115 0.09 0.07 6.5 16 470
R1940Rck-2 6 0.08 70 260 100 54900 413 0.12 115 97 20 152 025  0.005 0.4 25 920
R1940Rck-6 1 0.005 63 190 397 3160  45.3 0.02 81 126 10 151 0.25 0.1 2.8 25 2630
R1940Rck-7 8 0.07 242 10 57.2 664 53.3 0.01 105 313 20 309 0.17  0.005 0.6 15 1890
R1940Rck-8 7 0.03 65 10 43 10100 529  0.005 70 315 10 122 0.18  0.005 0.5 6 3170
Average 115 0.0385 132 612 245 33824 454  0.031 2244 203 42 20541 0283  0.04 1.81 13.1 7049

Bolded values denote the elements enrichened for the designated sargde sub
Analysis techniques usetNAA: Induced Neutron Activation Analysis, and FUMS: Sodium Peroxide Fusion Mass Spectrometry.
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Figure2.9: Box and whisker plot of contrasting seawater sourced elemental abundances between
heavily oxidized (group 1red symbols) and typical seafloor massive sulphide (graupwple
symbols) samples. Boxes represent the middle 50% aoflaatashading indidas median value,

and the whiskers represent 1.5 times the interquartile range.

2.5.4Geochronology

Four samples contained sufficient Ba-1 wt.%)to be dated using thé%Ra/Ba
method Table2.4). Sample ages are plotted alongside ages determined by Jaetieson
(2013 Fig. 2.10). The study by Jamieson et al. (2013) developed the inisiahNe for the
Endeavour vent fields with a value of 12%8Ra/Ba Bg/kg*Bawt.%. This study adds a
new data point that maintains a statistical significanée=(10.9965) for the overall
correlation of zereage (N) samples while significantly increasing the range invB&o

for the zereage sampled{g. 2.11).
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Table2.4: 2*°Ra/Ba Geochronology results of massive sulphide samples collected from
inactive locéionsalong theEndeavour Segment.

Sample Field Latitude Longitude  Ba (wt.%) 226Ra Activity Age*
(Ba/kg) (yeary

R1938R-16 Sasquatch 47.997005 -129.066782 14.7+0.76 15814.5+496.9 629 +45

R1939R-13 E. Half Graben 47.940647 -129.091813 1.17+0.06 136.9+4.8 5749 + 140

R1940R-1 N. of MEF 47.954902 -129.094518 13.#0.70 19523.5+613.4 0 Z ea goe

R1940R-5 N. of MEF 47.955500 -129.096393 9.45:0.49 4757 £149.9 2382 £50

*Age uncertainties calculated by propagationimgertainties from input variables (see section 1.3.5).

O@@®» © HighRise(n=13)

g* o o @D 6D CEEDEY [ @k @ Main Endeavour Field (n =23)
s |
|
g Mothra (n=2)
E
E Salty Dawg (n=1)
x © ® Sasquatch (n=3)

o000 ® ©® AxialValley Floor (n=6)

East Half Grabben (n=4)

Inactive Vent Site

Outside Axial Valley (n=1) @

4 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Age (years)

Figure 2.10: Age distribution of hydrothermasulphide samples from the Endeavour
Segment divided into active vent field samples (top) and inactive vent site samples
(bottom). Samples introduced ithis studyare represented tstar markers and previous
data collected by Jamieson et al. (20413 represented lmyrcle markers. Of the four new
samples introduced to thilataseb ne sampl e -agea slavmgardipese r o
collectedfrom inactve structures withiactive venting fieldsrerelatively young €3,000
years) and onesample,collected from an inactiveulphidemound on the easteimalf-
grabenis relatively old (~5500 years)Figure modifiedrom Jamieson et al. (2013).
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Figure2.11: Plot of2®Ra/Ba activityvs.Bawt.% f r om c o l-d geecd esda migleaso f
the Endeavour Segmei@amples collected by Jamieson et al. (2013) are denoted by blue
markers; thisstudy denotedwith an orange markeA correlation line is plotted for &l

existing data maintaining ar? value of 0.9965 denoting a statistically significant
correlation.

2.6 Discussion

2.6.10xidation of sulphide minerals

The cessation of venting of hot, reduced hydrothermal fluids results in exposure of
sulfide deposits toxygenatedeawaterUnder oxidizing conditionsulphide minerals
are chemically unstable and subject to two melj@micalweathering processes:
oxidationand dissolutiorfMoses et al., 1987Dxidation occurs when the sulphide
minerals react with a cdmmation of aqueous Feions andoxygen from seawater
(Lowson, 1982)Oxidation rates increaseith temperature, aciditygndthe presence of a
more reactive oxidizinggent(e.g, Fe**; Chandra & Gerson, 2010n oxidizing and
acidic conditions, pyriteeleass Fe** ionsthat areoxidized by available ©to form Fé*
(Eq. 33). The Fe€** reprecipitate asiron-oxyhydroxides such as ferrihydrite and goethite
(Eq.34; Singer & Stumm, 197®Belzile et al., 2004; Gartman et al., 2014)
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Fe* + 1/4 O2+ 2 H* = Fe3* + 1/2 H 20 39
Fe* + 2 HO = FEO(OH)(s) + 3 H* 34)

These oxidation productzave the additional effect on their respective sulphide mineral
assemblagef creatingprecipitationbarriers orfliarmoun that inhibit further oxidation
(section 2.6.1.). The oxidation rates of massive sulphide assemblagesfurther
complicatedby the mixed mineral assemblages th@m galvanic cells between low and
high rest potential mineragltherebyaccelerang oxidation ratesqection0). The formation

of both galvanic cells and the production of oxidation prodat®oth further enhanced
by the catalyzing presence of -Bridizing bacteria gection2.6.1.3. These bacteria
accelerat thegalvanic interactionbetween metal sulphide mineralisdthe production of

Fe oxyhydi(oxideg.

2.6.1.1Abiotic oxidation and metal sulphide armouring

Iron--oxyhydr(oxide) cruss form on the exterior surface séafloormassive
sulphidedepositgFig. 2.3). These crustsanrange fromone to severahillimetres thick,
depending othe formation condition@vailable Observationgrom samples at
Endeavourgree withprevious studiethatsuggest that Fexyhydr(oxide) crustslimit
theavailable surface area flurtheroxidationreactiongFig. 2.4.d; Fig. 2.8.€) (i.e.
Bilenker et al., 2016 However, evidence of continuous disg@n and replacement of
sulphideminerak within theinterior of Fe-oxyhydi(oxide) cruss (Fig. 2.4.d), indicate
thatoxyhydr(oxide) crustsdo not entirely preveraxidationprocesses from occurring
(Bilenker et al., 2016)

From petrographic analysis, abiotic oxidation products appear as -iron
oxyhydr@xide) precipitatesand crystalline replacement rimsn grains of pyrite,
chalcopyrite, and sphalerite Fig. 2.5, Fig. 2.8). Numerous experimental studies of
monomineralic pyrite oxidation have documented the complex multistegmical
transformationtaking place in acidic (e.gacid mine drainage) and circumneutral (e.g.
seawater) pH conditiondowson, 1982; Rimstidt & Vaugin, 2003; Gartman & Luther,
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2014 Bilenker et al., 2016Dos Santos et al., 20]1bi et al., 2016 Knight et al., 2017;.)
During the oxidation of pyritdtseat t he s ul p hi b educedvhile suphud s s ur
is oxidized to S@ (athigher pH), $Os* (atlower pH), or a combination of both products
(Rimstidt & Vaughan, 2003)The reduction and release offFmto seawater is followed
by the oxidation of aqueous ¥eons by Q, produdng insoluble F&" oxyhydi(oxide)
precipitates alonghe reactingsulphide grairsurfaceqFig. 2.5; Singer & Stumm, 1970)
creating an armour oreactive surface aretherebyslowing the oxidation reactionsnd

to a limited degreeand potentiallyincreasng the preservatiorpotential of SMS deposits.

In some samples, Fexyhydi(oxide) crustsformed around everal isolatecchalcopyrite
grains These isolated chalcopyrite grawsgre notably able to persist withaheavily
oxidized crust at the exterior surface of a massiyghsle sampleand were surrounded
by an oxyhydr(xide) rind with a distinct morphology and porosity, compared to the
surrounding oxide crugFig. 2.8.ef). Results fromSEM-EDS analysis of thenmediate
Fe-oxyhydr(@xide) rind indicatethatits geochemiclcomposition is comparable to that of
the surroundind-e-oxyhydr(xide) precipitateswith theadditionof elevatedamountsof

Cu.

Abiotic oxidation reaction®f Cu-sulphide mineralprodue secondarysulphide
minerals. Secondary covellite and, to a lesser extent, chalcociteooftersadjacent to or
as a replacement product of primary chalcopytite to the release of Cu ions into seawater
during oxidation(Table2.5).

CuFeS+05SQ +15H+H" =0.5CwS + FeS+ 2 HO (35)
Chalcopyrite Chalcocite  Pyrite

CuFeS + SQ* + 3 Hx + 2 H = CuS + Fes+ 4 HO (36)
Chalcopyrite Covellite Pyrite

These reactions are temperature dependentewitha | coci t e f or mi ng
35) and covellite at a broader ;Janeckyp&r at ur
Seyfried, 1984Bowers et al., 1985Previous experimental worksingzeta potential and

X-ray photoelectron spectroscopy analyssdetermned that chalcocite oxidizes more
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quickly than covellite under ambient seawater conditi(ffidiston et al., 1999)The
conditions of formation of both covellite and chalcocite suggest that these secondary
sulphide minerals form during letemperature hywthermal conditions, but will then also

be subject taxidation and dissolution at ambient seawater conditions, with chalcocite
oxidizing at a faster rate than covell{féig. 2.4.f). Because covellite and chalcocite are
readily oxidized inseawater, these minerals are typicalhhedraland typically exhibit
significant dissolution texture@Fig. 2.12, Fig. 2.13). The occurrence ofcovellite or
chalcocitewithin massive sulphide samples witkherwiselittle to no oxidationcan be

used as amdicationthat the sample is relatively young

Table2.5: Mineral abundance variation of massive sulphide samgitesped by primary
and seconday mineral phases and compared by estimated ages.

Young Sampleg<400 m from Old Samples(>400 m from
central reference line) central reference line)
Primary Mineralogy
Pyrite Kkkk Fkkk
Marcasite ** (L) *kk
Chalcopyrite *kk *
Sphalerite ko * (L)
Barite *(L) * (L)
Amorphous Silica **% (L) * (L)
Secondary Mineralogy
Fe-Oxyhydroxideg *k rk ok
Covellite * *(L)
Chalcocite *
Isocubanite ** (L)
Atacamite *
Ferromanganese Oxides *(L)
Total number of phases 11 9

Age classifications were defined by relative distance from a central referenceHigeari5.

Mineral abundances are denoted by: * = traed #4), ** = minor (51 14%), *** = major (15 29%),
**+* = abundant (>30 %), andL) = local occurrenceAbundance estimates are approximated visual
estimations.
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2.6.1.2Influence of galvanic cells on sulphide mineal oxidation

A comparison ofthe number of different minerals within hydrothermal samples
from inactive vents to the degree of oxidation (and therefore age) reveatgktowards
areduction in the diversity of mineralogyer time(Table2.5). This trend is consistent
with our observatiorof 1) absence of sulphide minerals with lower resting potentials in
old, highly oxidized samples, and 2) when minerals with low resting potentials are still
present, the exhibit significant oxidation and/or dissolutiextures(Fig. 2.12). This is
consistent with previous experimental resultgt show thatpreferential oxidation
consistently targets low rest potential metal sulphide minevaln multiple sulphide
minerals are presefilehta & Murr, 1983) Pyriteis the most common sulphide mineral
to actas a cathode in any galvanic cell reaction duestbigh rest potentigkwong et al.,
2005 Heidel et al., 2013h)and commonly occurs as a euhedral or minimally oxidized
mineral phase in polymineralic samples that otherwise exhibit degines of oxidation
and dissolutiorfe.g, Fig. 2.4.avs.Fig. 2.4.b). In contrast, balcopyrite and sphaleriteave
lower rest potentials aratct asanodic mineral andaresubject to preferential dissolution
when in contactwith pyrite ormarcasitgFig. 2.12.b). Chalcopyrite and sphaleritppear
to beunaffected bythe presence adacharnother, andcommonly sha grain boundaries
with no evidenceof oxidative interactionsHig. 2.13.b; Knight et al., 2017) Galvanic
reactions between pyrite and covellite under experimental conditions showrikedlrest
potentias are sensitive to changes in fBhto, 1992)In thiscase atlow pH conditions
pyrite is the cathodeyhereast high pH covellite is the cathodeor samples from inactive
vents at Endeavoucpvellite primarily occursasfine-grained anhedral crystal aggregate
near subhedral to euhedral pyrite cubic grakig.(2.12.a, Fig. 2.13.d, f). However, he
reaction dynamics between this mineral set is complicated by the precipitaties of
oxyhydroxideg such as goethit&Vhile it could ke hypotheszed that Feoxyhydi(oxide)
precipitation could establish an electrochemical bridge betwgete and covellitethis
studyshows no evidence of th{sig. 2.12.d, Fig. 2.13.d).

For a galvanic reaction to occyrprevious studies have indicated thantact
between the two minerais required (Knight et al., 2017Basedon our observations of
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mixed sulphideassemblagegalvanic interactios occur wherthe minerals are (or were)

in contact and these reactionsontinue if a suitable(e.g., low pH, high conductivity)

mediumis availableto maintain thepassage ofelectrongFig. 2.12.c, Fig. 2.13.c,d).

Table2.6: Ages and estimated ages of seaflmassive sulphide samples

chs:';anrl(r:aelto E/W of Agel Distance  Estimated
Sample ID Location Type g change Age (Avg
Reference Center (years) / .
Line (m) (m/ year) Dx * x)

R1938Rck-16 170 E Extinct W|t|r:1i|2| g\ctlve Vent  629+45 0.27
R1938Rck-20 345 E Extinct W|t|r:1i|2| g\ctlve Vent 101
R1938Rck-21 345 E Extinct W|t'r:1i|2| ?ctlve Vent 101
R1938Rck-22 420 E Extinct Wltlf:1i|re1| g\ctlve Vent 122
R1939Rck-13 630 E Eastern Half Graben 5749+140 0.11
R1939Rck-14 650 E Eastern Half Graben 189
R1940Rck-1 150 W Active Zero Age 0

R1940Rck-2 190 w Axial Valley Floor 55
R1940Rck-3 250 w Axial Valley Floor 73
R1940Rck-4 250 W Axial Valley Floor 73
R1940Rck-5 310 W Axial Valley Floor 2382450 0.13

R1940Rck-6 390 W Axial Valley Floor 114
R1940Rck-7 405 W Axial Valley Floor 118
R1940Rck-8 505 W Axial Valley Floor 147
R1940Rck-9 600 w Outside Axial Valley 175
R1941Rck-12 245 w Extinct W|t|r:1i|2| aActlve Vent 71
R1941Rck-13 140 w Extinct W|t|r:1i|2| g\ctlve Vent 41

1Bolded sample numbers and values represent radiometrically determined ages. Estimated sampldapes @re
relationship between age of hydrothermal activity and distance from averagéasidggge Dx = 0.29 m/year) (Jamieson

et al., 2013).

For sampés for which it was not possible to determine absolute ages (due to lack

of sufficient barite), ages were estimated basepamition within the axial valley relative

to sites that were radioisotopically dated, and the interpreted sjgatipbral relatioship

between hydrothermal venting and faulting from Jamieson et al. (Z0&B)e 2.6). A
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comparison of absolute and estimated ages for vents and petrographic evidence for
galvaniemediated oxidation of sulfide minerals suggests that galvdisgolution is a
relatively rapid process, causing significant dissolution of sulfide metals over timescales of

hundreds of years

Galvanic interactionsvithin naturalmixed metal sulphide deposijtsvhich can be
compositionally highly variable, and textlireomplex,will likely behavedifferenty from
experimental resulisdue to the dependency of galvinic cells on the size, shape and
arrangement of the different mineral phases within the sar(@igsintergrown minerals
in Fig. 2.13.a versus secondaphasessharing a single grain boundaryFig. 2.13.b). In
one examplefine-grained sphalerite blebs in pyriEig. 2.4.a) likely oxidized at a rate
higher than would be predicted from laboratebased sphaleritpyrite galvanic

experiments

Petrographic observations indicate thaith increagg age sulphide mineralare
less likely to be in direct contaatith each otherdue tothe galvanic dissolution of the
anodic mineral phad&eaking the necessary conductivity circuit required for electron flow
(Fig. 2.12.b,c; Fig. 2.13.b,c,d). In contrast, yung or inferred young 400m from the
inferred ridge axip polymetallic massive sulphide samplgpically have cathodic and

anodic minealsthat are stilin direct contact with each othd¥ig. 2.13.a).

Overall older sulphide samples appear poogressiely transitionto a mineral
assemblage dominated bygh rest pagrtial metal sulphide minerals, such pwgite or
marcasite iron-oxyhydroxideg, and reprecipitated secondary copper sulphide minerals
(Table 2.5; Fig. 2.13.d). These mineralassemblagdransitions are taking place over
timescales of 100s to 1000s of years.
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Figure2.12: Plain polarized reflected light photomicrograph of the progressive galvanic
interactions between polymetallic sulphide minerals. A) Catholically protected euhedral
cubic pyrite (py) galvanically reacting with intergrown subhedral chalcopyei (

forming secondary covellite (cv) along crysteddturesand boundaries, B) progressed
galvanic interaction of cathodically protected cubic euhedral pyrite and anodic
preferentially oxidized subhedral chalcopyrite, and anhedral sphabg)it€) Extensive
preferential oxidative dissolution of chalcopyrite releasing copper ions into seawater
precipitating covellite from pyrite with sphalerite blebs. D) Nearly complete oxidative
dissolution and replacement of chalcopyrite into covellite no longer cathodically
protecting pyrite and forming cubic remnant cubic goethite (gth) pseudomorphs.
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