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ABSTRACT

Diagenetic historiesfd’roterozoic and Paleozoic carbonate strata on Victoria Island, in

the Canadian arctic, are poorly understood, and their potential to be associated with base
metals or petroleum is unknown. Using fluid inclusion and geochemical techniques, it

was determiad that the diagenetic fluid compositions of two major carbonate units, the
Wynniatt Formation and the AVictoria |Islan
fluid-rock reactions in reservoirs and by mixing of multiple fluids. Diagenesis of the

Wynniatt Formation resulted from the progression from a skal@inant fluid mixture to
ameteori]d omi nant mi xture. Fluid composition of
shaledominant mixture. A change in fluid:rock from low to high was recorded during
diagenesi®f both units. Metals and hydrocarbons transported to the study sitescwere a

quired by the fluids during interaction with the respective source reservoirs. Mixing of

di agenetic fluids follows the estabhished
eralised locations. The diagenetic fluids that affected the strata in this study wer@ comp

rable to those that produced the PolarisPIndeposit. This similarity suggests that there

is potential for mineralisation on Victoria Island.

Keywords: carbonatdiagenesis, fluid origin, fluid inclusion, evaporate mour®I$)S,
isotopes,rareearth elements, Franklinian Basin, Shaler Supergroup, Victoria Island,
Wynni att Formation, AVictoria Island for ma
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CHAPTER 1 - INTRODUCTION

1.1 Introduction

The Canadian Arctic islands contain numerous carbdmagted mineraded(Zn-
Pb) and hydrocarbebearing (oil, gas, and bitumenjeas. In addition to the Polaris and
Nanisivik ZnPb deposits on Little Cornwallis Island and Baffin Island, respectively
(Dewinget al, 2007a;Dewinget al.,2007b), ZnPb showings have been documented on
Ellesmere (in Cape Clay and Hazen formations;risian et al., 1999), Bathurst (Blue
Fiord and Thumb Mountain formations; Anglin & Harrison 1999), Cornwallis (Thumb
Mountain and Barlow Inlet formationsuiner 2001, Turner & Dewing 2004and Baffin
(Society Cliffs Formation/Nanisivik FormatiprBangsterl998, Turner 2011islands.
With the exception of the showings on Baffin Island (Proterozoic), showings @&re pr
dominantly in lower to middle Paleozoic {@) formationsand are of similar age anccte
tonic environment to th€ambreOrdoviciani Vi ¢t onrdi af ol rsododastoneoh 0
Dewinget al. (2013) (formerly magunit 10b of Thorsteinsson and Tozer, 1968)Vic-
toria Island In addition to similarities with other ZRb-hosting units, seam and sed
ment samples from Victoria Island suggest the posgillitZn and Pb mineralisation
(detrital sphalerite and galena) in the area of Minto Inlet (McCata.,2013).Multiple
oil and gas wells have been drilled in the Arctic with little success in the Paleozoic strata
(Obermajeret al., 2010); the West Bentlorn well on Cameron Island was one of the
successful wells and produced 2.02 million barrels of oil. This deposit is hosted by the

Devonian Blue Fiord Formation with a possible source in the Cape Phillips Formation



(Obermajeret al.,2010). There has beayreater success in drilling in the late Paleozoic

to Mesozoic Sverdrup basin, (Harrison 1994; Gerdizal.,1996; Cheret al.,2000). B-

tumen showings have been documented on Victoria (Thorsteinsson and Tozer 1962),
Melville (Harrison 1994), and CornWig (Turner 2001) islands.

Despitethe dundanceof showings in the Arcticnew exploration is conservative
because of high costs of exploration. One of the aims of the Geological Surveg-of Ca
adads geomapping for ener gy previdginformatoeto al s (
enhance exploration targatlection This study was part of the Victoria Island GEM{r
ject (201602013)and is focused on the basetal potential ofwo majorcarbonate units
i the Neoproterozoic Wynniatt Formatiom shallow marine intertidal dolosto(iEhom-
sonet al.,2014)and the Pal eozoi c fVafabticaestruetivel s| anc
dolostone(Dewing et al., 2013) Both these units contain Paleozaiged diageneticec
mentsthat could have been ininced by, or related to, the same events that lead to the
mineralisation elsewhere in the anbiago.

Diagenetic cements in these two units recorded information regarding the evol
tion of the basins in which thédgrmed, specifically, the fluid composition and evolution.
The compositionevolution, timing, and mechanism of emplacemanthe fluid allows
for the assessment of its potential to transport economic commodities to amheea.
are several analytical techniques to acqthireinformationsuch as: stratigraphy, pegro
raphy, fluid inclusion microthermometry, evaporate mound SHDS, stake isotopes,
and laseablation inductivelycoupled masspectrometry (LA ICRMS).

Most diagenetic studies involve the use of petrography, isotopes, and tace el

ment analysige.g.,Banneret al, 1988; Qing and Mountjoy, 1994; Madden and Wilson



2012) Some studies incorporate fluid inclusion microthermometry to determine
diagenetic fluid characteristidge.g.,Kontak and Jackson, 1995; Machel and Buschkoehle,
2008; HaerArdakaniet al, 2013. The complementary analysis of evaporate mounds
providesaddtional details on the diagenetic fluid chemistry. This study incorporates

of the aforementiogd techniques taanaly® and characterise the diagenetic fluids-r
sponsibldor the diagenetidistory of two carbonate unitthe fiVictoria Island formation
and the Wynniatt Formation, on Victoria Island, Northwest Territories, Caffduis n-

formation is usedhereto assess the economic potential of these onitgictoria Island

1.2 Structure of thesis

This thesis consists @ general introduction that sleribes the rationale, objectives and
methods for this projecfollowed by three related manuscripis formats that reflect
their respective (target) journals. The concluding chapter summarises the preceping cha
ters and acknowledges any differencesieripretations that occurred between the uman
scripts. The following is a summary of the purpose and objectives of the followipg cha
ters.

Chapter 2 was published as a current research report (Mathaty 2013a) and
involves a detailed mapping projeaft a preserved paleokarst between the Neoproter
zoi c Wynni at't For mat i on TEhis dtudy ihvelvecCracorthimgi a n
the type and location of karst feature present in the Wynniatt Formation and sand volcano
pipes in the Cambrian clastioit; possible environmental setting and source of the sand
volcanoes were also established for this locality. Wynniatt Formation samples \vere co

lected at this site for the diagenetic portion of this study. Temporal constraints of cement



precipitation wereestablished based on spatial relationships between the Wynniatt Fo
mation, the Cambrian clastic unit, and the diagenetic cements.

Chapter 3 was published in a special PACROFI fluid inclusion volun@eofl-
ids (Mathieuet al, 2013b). Following the mkods of Goldstein and Reynolds (1994) and
Kontak (2004) for fluid inclusion microthermometry and evaporate mound analgsis, r
spectively, fluid chemistry was determined for fluid inclusions in diagenetic cements
hosted in the Wynni at tt sF amn haThi®ohaptebess nd Vi ct
lishes thermal conditions (via homogenisation temperatuggy €Blinity and ion content
of the fluid. These were used as guides for interpretations in chapter 4.

Chapter 4is formattedfor submissiorto the jourral Chemical GeologyThis pa-
per usesin situ measurements of bo#table isotopg (O, S),using the SIMS technique,
and REE analysesneasured using an LA IG®S methodo build on fluid source and
evolution constraint@stablished irchapter 3. Sample® be analysedor oxygen i®-
topes were sent tdJniversity of Manitobg samples forsulphur isotopeanalyseswvere
sentto Memorial Univesity, and LA ICRMS analyses were done at Laurentian Unive

sity.

1.3Methods

1.3.1Fluid inclusion microthermometry

Since Roedder (1968) utilised fluid inclusions to characterise the fluids at the Pine
Point ZnPb deposit in the Northwest territories, Canada, fluid inclusions have beken rea
ily incorporated into the study of basin analysis (eMcNaughton and Smith, 1986

Goldstein, 1990Kontak, 1995Bril et al, 1996;Lonnee and Machel, 2006; Machel and



Buschkoehle, 2008; Appold and Wenz, 2011; Dolnee#l, 2012; HaerArdakaniet al,
2013. Fluid inclusions are aliquots of fluilapped in crystalsA group of fuid inclu-
sions that were trapped at the same time and display similar characteristics are referred to
as fluid inclusion assemblages (FI&oldstein and Reynolds, 1994oldstein and Re
nolds (1994) advancing on the earlier work of Roedder (198gssfied FIAs as pi
mary, secondary, or pseudecondary depending on their entrapment timing relative to
crystal growth. Primary FIAs are those which are trapped during crystal growthpand re
resent the precipitating fluid. Secondary FIAs piete crystaprecipitation andare b-
catedalong crosscutting fractures; these fluids do ndherefore,represent the original
precipitating fluid. Pseudsecondary FIAs are formed along healed fracttivasformed
in a crystal duringts precipitation and may represat the fluid from which the crystal
precipitated Huid inclusion assemblagese used instead of individual fluid inclusions
because (1) they can be identified with temporal relationstitpshey provide a way to
identify postentrapment alteration thatay have occurred (e.g., neckinghd (3) they
are more statistically meaningful than a single includiorder for FIAs to be effective
they must adhere t o ARddmehdttheymrepresent (@)lad@end ( Bo d
geneous fluid, (2) an isoohic (constant density) system, and (Zha@micallyclosed sg-
tem.

Petrography identifies the type of FIA andaddishes its timing in the paragenetic
sequencelt is also used taletermine whethethe fluid inclusions have been necked,
whethersecondarphasesarepresenin the inclusion(e.g., halite)and whethethe fluid

was trapped as a homogeneous fluel, whetherboiling occurred)



Freezing and melting experimerda FIAs provides information on the salinity
and dissolved ion content of tifileid. Because of a fluidbés abil
temperatures below its freezing point, more useful temperatures (rather than freezing
temperature) are the eutectic and finatneelting temperatured e and T, respectively)
The eutectic meltingemperature ishat at whichthe frozen fluid(i.e., single or mixed
solid phasesiirst starts to melt. This temperature is a function of the composititimeof
f 1 ui do.Purewaten foreesample, would have aof 0°C because itontainsno
solutes(e.g., NaCl) The most commouwlissolvedions in precipitating fluids are Na, K,
Ca, and MgMcCaffreyet al, 1987;Hanor, 1994; Shephert al, 1998; Bukowsket al,
2000; Lowensteiret al.,2005. Theseionsdepress {dto differentextents:Na and K &-
pressit the leastwhereasCa can depress the D -52°C (Goldstein and Reynolds, 1994
The final dissolutiontemperature oice in a fluid inclusion referred to athetemperature
of ice melting (T), is a function otthef | u salinitysA highsainity fluid hasa lower
Tm than a lowsalinity fluid. For example, meteoric (i.e., fresh) wdtasa T, at 0°C le-
cause itackssalinity.

Homogenisation temperaturepfTof a fluid inclusion records the minimunmnte
perature of entrapment (Goldstein andyigds, 1994). This temperature is determined
by heating the inclusion until the twahase (liquid and vapour) fluid becomes a single
phase (homogeneotis)d. True trapping temperature is not recorded Ryd@cause g
only represents the temperature atchhthe fluid moves off of the liquigapour ling
above the solvus in-@lensity spaceand into theonephasefield; the true trapping ten-
perature is a function of the pressure at the time of entrap{fReetdider and Bodnar,

1980) With an independerdstmateof the pressurat the time of fluid entrapmefe.g,



known thickness of overlying stratahe truetrapping temperature can be calculated
(Roedder and Bodnar, 198ad the difference between the homogenisation and trapping

temperaturesisreferredo as t he fApressure correctiono (

1.3.2Evaporate mound analysis

Decrepitation of fluid inclusions occurs when the internal pressure of the fluid
inclusion surpasses the confining pressure of the crgst#thetemperature fothe fluid
inclusionis increasedAs a result of decrepitation, the fluid moves along microfractures
to thesurface of the fluid inclusion waferhere it is evaporateteaving precipitated $o
utes behind (typically chlorides) as mounBisch mound prodied is representative of
eithera single fluid inclusioror fluids from several inclusiongand is related to both the
i ncl us i oandtheconcedtratiomd dissolved iongn the trapped fluiqHayneset
al., 1988) and can be used qualitatively tetermine salinitySuch evaporatenounds
can be analysed semuantitatively with a scanning electron microscope (SEM) that is
coupled with an electron dispersion spectrometer (ED8gterminghe composition of
both cations (e.g., Na, Ca, K, Mg, Mn) aadions (e.g., Cl, S) preseit the fluid
(Haynes and Kesler, 1987; Haynetsal, 1988; Heinrich and Cousens, 1989; Kontak
2004) If the salinity of the fluid is known (e.g., 20 wt. % eqg. NaCl), a good appmxim
tion of the elemental concentrations céode quantified.

Artificially decrepitated fluid inclusions (i.e., fluid inclusions decrepitated in the
lab) have been used to study fluid composition for sedimehtasted basenetal depe-
its (e.g., Haynes and Kesler, 1987; Hayaeal, 1988;Savad and Chi, 1998Kesleret

al.,, 2007 Fischer 2012 Kontak, 2013 and magmatic deposits (e.g., Kontak 2004



Tweedaleet al, 2013. This study demonstrates the utility of this method by applying it
to samples that would otherwise provide no (or very Jittiéormation on fluid compas
tion, including the observation &ulphidenanoparticlesn fluid inclusions,a phenore-

non that has ndieen documented previously.

1.3.3Stable isotopes

Stable isotopes are a standard tool used in studying carbocktelagenesis
(e.g.,Andrewset al, 1987; Banneet al, 1988 Qing, 1998,Adamset al, 2000;Savard
et al, 200Q Lonnee and Machel, 2006; Raatlal, 2013). Fractionation of differentds
topes is controlled by isotoggpecific factors. Oxygen isotopdsr example fractionate
primarily by temperaturehigher temperature result in less fractionatidhis tempea-
ture dependence provides a geothermometer for diagenetic phases. Fractionatisn of ox
gen is also dependant on latitude and elevation of metdartt (Dansgaard, 1964
Hitchon and Krouse, 19J2Seawater is aommonfluid involved in diagenesist h €°0
of the oceans has been relatively constant for geologic history (Veizer et7al1999),
therefore ocean water provides an excellent stan(@widDW).

The sulphur isotope value of seawater is a balance of input and output of sulphur
from variousprocesses: magmatxocesses and erosioniroduce Swhereasubduction
andprecipitation ofsulphate mineraleemove Srom the seawater reservois a result
seawater sulphate typicallyhas t abl e i sotopic signature of
PhanerozoiqdOhmoto and Rye, 197%inetic fractionationis one ofthe main causeof
fractionation of sulphuilisotopes Sulphate reduction by bactdriBBSR) and therm-

chemical (TSR) processes are amtmgmost conspicuolususesat diagenetic tempay



tures. Thedistinctionbetween these two processes is a function of temperature. Bacteria
sulphate reduction can only occur at temperatateshichsulphurreducing bacteria can
metabolise; although BSR can occur at temperatures near 100°C, the majorg{R of B
occurs at temperatures <80°C (Ohmoto and Rye, 1%7@enseret al, 1992; Machel
2001). There is evidence that som#phurreducingbacteria can ntabolise at temper
tures above 100°Chqt still below 120°CJgrgenseret al, 1991; Stetteet al, 193).
Bacteria reduce sulphate by oxidising organic matter through a series of irrevergble rea
tions (Ohmoto and Rye, 1979; Machel, 2001). Sulplkducing bacteria, such &esu-
fovibrio desulfuricansprefer®’s over®'s, whichcaugsa fvi t alisotepe fra ct 0 i r
tionation (Ohmoto and Rye, 1979?23imilar tothat caused byrganisms that prefeme
tially use lighter carbon isotopes in their structures (e.g., plénésL e ar ¥y Frac-1 98 1
tionation as a result of BSR445 +£ 2 0 awhich produceghe charateristic isotopically
light sulphide species (e.g.28, or HS) that arecommonlynegative relative to the @a
yon Diablo troilite (CDT) standard (Ohmoto and Rye, 1979; Ma@®]1, Seal, 2006).
Although not exclusive to BSR, pyrite framboids are typeral products associated with
BSR Machelet al, 1995;Riciputi et al, 1996;Machel, 20010hfuji and Rickard, 2005).
Temperatures beyond the BSR rarjge., >100°C)are dominated by TSR. The
lower temperature limit of TSR is not well defined (Mackgdl., 1995), but typically is
considered to be approximately @ to 140°C (Machekt al, 1995; Machel, 2001)
Thermodynamically TSR can occur at temperatures as low &3%2(Worden and
Smalley, 1995 however,below approximately 100°Ghe reaction knetics are too low

for TSRto be significan{Machel, 200). Sulphur is reduced via the thermal maturation



of organic matter and causes a fractionatiorl6f+/+5a ( Ohmot o and Rye,
chelet al, 1995).

Another factor in sulpur fractionation is tb openness of a system. Systems
closed to sulphate will result in the reduced sulphur attaining the isatogic signature
of the sulphate it was reduced fro@r¢, 1974. If a system is closed to,H, that is to say
that reduced sulphur is being produdester than it is being removed, BSR will cease
once HS levels are high enough to be toxic to the bacteria spéteeset al, 1992;Ma-
chel, 20Q). Systems closed to43 do not affect the TSR reactiofduced sulphuwill
react with transition metal@f present)immediately, precipitating insoluble sulphides
(Ohmoto and Rye, 197%;loyd et al, 2001, Ohfuji and Rickard, 2005Vioreauet al,
2007 and removing aqueous§l

Typically, isotopes areaddresseas bulk analyses of major phases (eQng,
1998; Lonnee and Machel, 2006; Heddaal, 2009. Although in general this method is
feasible, it assumes that the samples analysed are homogeaedusannot identify
variationswithin individual phasesvalley and Graham (199Xhowed,using secondar
ion mass spectrometry (SIMShat isotopic composition can vary during the growth of
an individual crystalBecause of the microscopic changes that can occur vatidne-
tweendiageneticcemens, SIMS analyses wenendertaken irthis studyin orderto track

the evolution of fluidvia isotopic signatures of phases fornaleding precipitation.

1.3.4Trace and rare earth elements
Rare earth elements (REE) arery useful tracers of origin and process because

theyare similar to each otheandbehave ina predictable mannéElderfield, 1988)In
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addition, hey areamong the most immobile elemenBafneret al, 1988 Elderfield,
1988 Qing and Mountjoy, 1994- that is to say that they partition into mineral phases
rather than being complexed fiyids. Consequentlytypical REE patterns are essentially
exclusiveto specific phases and/or environments. Seawater, althougimlefemental
concentrations, has a standard REE pattbiozdki et al, 1997;Kawabeet al., 1998;
Alibo andNozaki 1999, which canalsoresemblehat of méeoric water Because part
tion coefficiens areso much highrin mineral phasethanwater, large volumeof fluid
arerequired to alterock REE signaturg or for precipitatingphasedo inherit the REE
signal of the fluidrather than the rockBanneret al, 1988 Qing and Mountjoy, 1994
Carbonate rocks are several orders of magnitude enriched in REE over seawater (Banner
et al, 1988 Nothdurftet al, 2004 Tanaka and Kawabe, 200&nd display a pattern that
is typically depletedin light rare earth element (LREEglativeto heavy rare earth el
ment (HREE), when normalised Rost Archean Australian Shale from Pourmanhdl.
(2012) (e.g., Bau et al, 2003 Nothdurft et al, 2004; Wilkinson et al., 2011, Haert
Ardakariet al., 2013. Anomalies (positive and negative) are a function of enrichment or
depletion of a phase relative to a standard and can be used to track the history of a fluid.
Cerium and Eu, unlike other REE, have two valence states, and therefoee are r
dox-sensitive. The valence state of RHE +3, but Ce also has a #fate which reacts
with oxygen to produce Ce@hich is insoluble, in which case it is precipitated, algt
pleting the Ce content of oxidised fluid3g Baaret al, 1983;Elderfield 1988;German
et al, 1999. This depletion is evident on a standard REE pkda negativeCe anomaly
relative toits neighbouring elementsa and PriIn addition toits +3 valence, Eu has a +2

valence which preferentially substitutes for Ca in plagiocldaadionation of Eu occurs
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at temperatures that are hotter than typical seawgtderfield, 1988) Hydrothermal
vent fluidsand their related precipitatégpically have a positive Eu anomaliyie to the
temperature dependence of’E(e.g., Wheatet al, 20®; Bao et al 2008Tanget al,
2013. Groundwater that has interacted with sulphide ore bpebgh presumably
formed at high temperatureasay alsoacquire a positive Eu signatuieg., Leybournet

al., 2000)

1.3 Statement of responsibilities

Field mapping and sample collectiavere conducted by the candidate with the assi
tance of Andrew Durbano. Wynniatt Formation samplssd in chapter 3 and were
cdlected at the site described in Chaptear2jt he @A Vi ct oria | sl and
were ollected by Dr. Elizabeth TurneBamples were cut by the candidate and thin se
tions were made by Willard Desjardins at Laurentian Univerdfgtrography, in
crothermometry and SEMDS were conducted by the candidate at Laurentian tnive
sity. Trace andrare earth elements were analysedthe Geochemical Fingerprinting
Laboratory at Laurentian University using th& ICP-MS equipmentwith Joe Petrus.
Althoughinterpretation of the laser results was done by the candidate, raw data reduction
was done by JoPetrus.Samplesfor SIMS oxygen isotope analysigere prepared by
Craig Stewart and analysed by Ryan Shatrphe University of ManitobaFramboidal
pyrite samples were sent to and prepared at Memorial University, Newfoundland, to be
analysed for sulphusotopes by SIMSThis project was designed by Drs. Turnkon-
tak, and RainbirdFirst drafts of manuscripts for chapters 2, 3, and 4 weiteen by the

candidate. Intellectual input and edits for revised manuscript drafts were provided by co
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authors DrsTurner, Rainbird and from Drs. Long, and Dewing for chapter 2, Dra- Ko
tak and Turner (cauthors) for chapters 3 and 4, with edits from reviewers and editor for

chapter 3.
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CHAPTER 2 - SEDIMENTARY ARCHITECTURE OF A DEEPLY KARSTED
PRECAMBRIAN-CAMBRIAN UNCONFORMITY, VICTORIA ISLAND, NORTH-

WEST TERRITORIES

J. Mathieu?, E.C. Turner! and R.H. Rainbird?

Department of Earth Sciences, Laurentian University, 935 Ramsey Lake Road, Sudbury, Ontario,

Canada, P3E 2C6

’Geological Survey of Canada, 615 Booth Stréstawa, Ontario, Canada K1A 0E9

Abstract

A deeply karsted unconformity separates Proterozoic carbonate rocks of the
Wynniatt Formation from overlying Cambrian sandstone near the head of Minto Inlet on
Victoria Island, Arctic Canada. Sandstefileed paleo-caverns, hundreds of metres wide
and tens of metres high, are present approximately 10 to 15 m stratigraphically below the
nominal stratigraphic contact between Proterozoic and Cambrian rocks; the paleoe s 0
position relative to the main unconformsyrface suggests development along a paleo
interface possibly associated with the water table. Gryke networks and karstic towers are
present in the Wynniatt Formation at the unconformity. Cbeskled sandstone that
overlies the unconformity contains uma$ vertical columnar sandstone structures,
decimetres to metres iiameter, which cut sharply across bedding and contegaak
concentric layering. These pilldike structures are attributed to watscape through
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submarine springs, where groundwdtewing through the karst network emerged onto
the Cambrian seafloor. The pillars are most densely clustered in the most nortleern exp
sure of the sandstone, and diminish in abundance southward, suggesting that the coastline,

and source of hydraulic headere to the north of the study area.
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2.1  Introduction

Victoria Island (Fig.2.1) is underlain by strata of the Neoproterozoic Shaler S
pergroup and poorly known, informally defined Cambrian to Devonian sedimentary units
dominated by carbonate rocks aubordinate quartzose sandstone. The two successions
are separated by a hiatus of approximately 200 million years.

The unconformity between Proterozoic and lower Paleozoic strata locally cuts

down to the level of the Wynniatt Forti@n. This implies reraval of 1 to2 km of strata.
The unconformity is locally well exposed and preserves clear evidence of deep karstific
tion. The focus of this project is to document these katated features present in the

Wynniatt Formation and its effect on deposit@froverlying Cambrian sandstone.

2.2 Regional Geology

The bedrock geology of Victoria Island is divided into two main regions (Fig.
2.1): a central core of weakly metamorphosed and broadly folded Neoproterozoic strata,
known as the Minto Inlier, andrge flanking areas underlain by poorly exposed, mainly
flat-lying, largely undescribed Paleozoic rocks. The geology of Victoria Island was first
described by Washburn (1947) in a report that dealt mainly with glaciation and geomo
phology. A more compreheng description of the bedrock geology, including definition
of Proterozoic sedimentary rocks of the Shaler Group and a 1:1 000 000 geological map,
was produced by Thorsteinsson and Tozer (1962). The Shaler Group was studied in more
detail by Young (see Mmg, 1981 and references therein) and then by Rainbird (e.g.,

Rainbird, 1991, 1992a), who further subdivided the stratigraphy and elevated the Shaler
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Group to Supergroup (Rainbiet al.,1994). The Shaler Supergroup consists of the Rae
Group (previouslyhe Glenelg Formation of Thorsteinsson and Tozer, 1962), the Re
nolds Point Group, and the Minto, Wynniatt, Kilian, Kuujjua, and Natkusiak formations.

The Wynniatt Formation is a succession of shaltoarine limestone and dae
tone that was divided into founformal members (Rainbird, 199%):h e 0§ Cslwale r 6
Gtromatoliti@d@ andd@pped members. The Kilian Formation consists of evaporite rocks
interlayered with shale, sandstone and limestone, and was divided into eight informal
members that form thresmplete upwarghallowing sequences. The Kuujjua Formation
consists mainly of coarsgrained quartz arenite that was deposited in a broad fluvial
braid-plain (Rainbird, 1992a). The uppermost unit of the Shaler Supergroup is tthe Na
kusiak Formation, a 100m-thick flood basalt that is part of the Franklin igneous event
(=720 Ma; Heaman et al., 1992). Two regional folds affect the Proterozoic succession on
Victoria Island, the northeastending Walker Bay anticline and Holman Island syncline.
Neither of tlese folds causes inclination of strata to exceed 10°. Phanerozoic strata are
not affected by these folds (Thorsteinsson and Tozer, 1962).

The Shaler Supergroup is considered to be of early Neoproterozoic age based on
detrital zircon geochronology (Rdiimd et al., 1992; 1997) and has been correlated with
the Mackenzie Mountains supergroup (Rainbird, 1992b; Rainddirdl., 1996; 1997;

Long et al.,2008; Jonegt al.,2010). The Shaler Supergroup is unconformably overlain
by Phanerozoic strata includi@ambrian to Silurian rocks (based on fossil assemblages)
mapped as units 10a and 10b by Thorsteinsson and Tozer (1962)unkld®a, the

basal unit, was described as sandstone with dolostone and shaleuniviapb was d-
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scribed as a fairly uniform suession of Ordovician to Silurian dolostone and is the most

common bedrock type on the island.

2.3  Methods

An area approximately 1.5 Knwvas mapped near the head of the Minto Inlet (Fig.
2.1) where the karsted unconformity is exposed. This areas@mqts a site in which one
to two kilometres of subaerial erosion occurred prior to the preservation of the paleo
karst by burial under younger strata. Collection of geographic coordinates for all exposed
karst and cylindrical sandstone structures waseael using a portable computer/GPS

(GETAC) unit. Accuracy of the GPS coordinates was within a few metres.

2.4  Results

The detailed map region contains exposu
the Wynniatt Formation shi¢heamadriibhbananagart
[map unit 10a of Thorsteinsson and Tozer (1962)] toward the south (Fig. 2.2). It should
be noted that within the mapped area there are several areas of Quaternary cover. The
contact between Proterozoic and Paleozoic uretsds northeast. Strata of the Wynniatt
Formation are suborizontal and Paleozoic strata are almostlflaig; the land surface

rises to the southeast such that progressively younger Paleozoic strata are preserved.
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2.4.1 Wynniatt Formation

The upper cdonate member of the Wynniatt Formation in the study area is a
pale tan to greyweathering, finely to medium crystalline dolostone that is thicklyi-lam
nated to mediunbedded at a centimetre to decimetre scale (Fig. 2.3a). Bedding dips five
to seven deges to the southeast. Along the north edge of the mapped area, the dolostone
is pale grey and has wavy laminations and thin bedding. Motdh structure, intraclasts,
zebra dolomite (Fig. 2.3b), chert nodules (Fig. 2.3c), and columnar branching stromat
lites (Fig. 2.3d) typify the Wynniatt Formation at this location. Hydrothermal dolomite
veins and masses locally are conspicuous.

Sparry dolomite is present throughout the Wynniatt Formation regionally, but
seems to be more abundant in the vicinity of takeq@karst surface. At outcrop scale, the
dolomite exhibits three phases: temloured, white, and brown saddle dolomite (Fig.
2.4a). The dolomite occupies veins that are parallel to, and at various orientatiods to be
ding (Figs. 3b and 4b). Local brecciasses (Fig. 2.4c) and small amounts of sulphide
minerals (pyrite; Fig. 2.4d) are associated with the dolomite. It was difficult to assess in
the field if the sparry dolomite masses and veins cut across the unconformity owing to the

contrasting compositioaf the overlying material (sandstone).

242 Lower Cambrian fAclastic membero

The Cambrian clastic member is divided here for simplicity into three sections at
this site: basal crodsedded, bioturbated, and upper crbegded sandstone. The basal
crossbedded section is a mature, purpe (weathered) and pale grpyrple (fresh),

mediumgrained, welsorted, rounded, crossedded sandstone with coaigained foe-
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sets (Fig. 2.5a). The base of this section at this site includes approximatel) ®. nof

poorly sorted quartpebble conglomerate (Fig. 2.5b). The bioturbated interval isrgity

fine- to mediumgrained, wellsorted, rounded sandstone with vertical burrows (Fig. 2.5c;
possibly Skolithos,A. Durbano pers. comm., 2011). The uppersstzedded section is

grey to greytan, mediurrgrained, wellsorted, rounded, crossedded sandstone (Fig. 2.5

d). The wupper contact with the Atan carbon

at this location, but elsewhere it is sharp.

2.4.3 Sandsbne Cylinders

The basal crosbedded sandstone in the study area contains numerous yarge ¢
lindrical sand structures. These cylinders have circular -s@stsons with diameters of
10 cm to 14 m (Fig. 2.68d) and sharply cut across the bedding of the stand. The
vertical cylinder walls are of unknown height (the greatest height observed wasiapprox
mately 1.5 m). The size and location of 382 of these structures was recorded (Fig. 2.2;
Table 2.1). The mode and average diameter of all the cylinders imniadd 60 cm,a-
spectively, with a range between 10 cm and 16 m. The cylinders are exposed in an area of
approximately 120 000 frand are most abundant in the northern part (292 cylinders) of
the sandstone unit and diminish in number (but not size) teahthwest (30 cylinders;
Fig. 2.2). The average diameter of the cylinders from the southern exposure ofdthe san
stone unit is 190 cm with a mode of 100 cm (10 counts) and a range from 10 cm to 970
cm. In the northern exposure of the sandstone unit theageeliameter of the cylinders

is 120 cm with a mode of 40 and 60 cm (24 counts each) and a range from 10 cm to 16 m.
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The core of these structures is moderately to-s@iled, mediungrained sad-
stone, with centimetrecale concentric banding. Many of $leestructures include one
band of gravelto pebblesized clasts; a few have more than one band of coarse material.
These bands of coarse material are not preferentially located within the circular cross
section; central, marginal and intermediate posstiere all documented. Cylinders |
cally cut across other cylinders. Rarely, a small cylinder is present inside a larger one,
crosscutting the | arger structurebds concentr |
ameter), steepided cone structures withralief of approximately 3 cm above thedse
ding-plane of the sandstone are locally preserved (Fig. 2.6c). Cylindrical structures are

absent in the bioturbated and upper ctosdded sections.

2.4.4 Unconformity

The base of the Cambrian sandstone saegented by an irregular unconformity
surface in sharp contact with underlying strata of the Wynniatt Formation. Paleokarst fe
tures such as grykes, caverns, pans, and towers are preserved locally within the Wynniatt
Formation. Grykes, solutiewidened jants in carbonate rocks created via interaction
with meteoric water (James and Choquette, 1990), locally penetrate the upper surface of
the Wynniatt Formation and are both parallel to and perpendicular to dolostone bedding
(Fig. 2.7a) creating a complexetwork. These networks are filled with medugmrained
hematitic sandstone. Individual grykes are from one centimetre to several decimetres
wide and one metre to decimetres deep. Similar gryke networks in dolostone have also

been documented below the basthe Cambrian sandstone elsewhere on Victoria Island.
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Sandstondilled paleccaverns are present along the edge of a northstelsing
ridge of Wynniatt Formation over a distance of approximately one kilometre (Fig. 2.2
and 7b). The paleocaverns aregbly circularincross ect i on, with appar e
of approximately 30 to 100 m (Fig. 2.7d). Surfaces within these paleocaverns have co
cave dishshaped depressions, which may be preserved dissolution pans (James-and Ch
quette, 1990; Fig. 2.7c). Tleea v e r n $ladrs grexnioteexposed; their palemves are
approximately 10 to 15 m below the main surface of the unconformity. Recent erosion
has cut obliquely across the sdiitd caverns, providing exposures of their walls and
ceilings. The walldisplay overhanging remnants of cave walls (Fig. 2.7b). The fill of
these features is dominated by sandstone and pebbly sandstone that is identical to that in
the basal Cambrian sandstone. Blocks of Wynniatt Formation and sediment ohany co
position othethan sandstone are lacking.

There are two isolated, narrow, relatively higtief (4 to 5 metres above the
stratigraphic contact), units of Wynniatt Fm. upper carbonate that protrude above the
nominal stratigraphic level of the unconformity into the Caarbsandstone (Fig. 2.2);

these could possibly be remnants of paleokarst towers (Sweeting, 1972).

2.5 Interpretation

2.5.1 Cylindrical structures

These structures are interpreted as feeder conduits for sand volcanoes. iFhe cyli
ders formed after the sanwas deposited over the karst surface but before the sand
lithified. Pulses of water from submarine springs fluidisediment, moving it upward
and through the unconsolidated sand. This truncated bedding and created sand volcanoes
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on the seafloor. The aonsistent strength of the water movement caused concentric rings
of coarse material to rise in the feedene pipes of the volcanoes. The coarser bands
represent pulses of higher water flow and the finer bands pulses of lower waterdlow. B
cause the wateappears to have come from the underlying Wynniatt Formation karst re
ervoir, gravelgrade material from the base of the sandstone was carried up the pipes
when fluid flow rates were great enough to transport it.

Numerous studies have documented dylical structures in a variety of settings.
Cylinders have been documented from the Cambrian Potsdam Formation (Hawley and
Hart, 1934; Sanford and Arnott, 2010), Permian Talchir Formation (Van Loon and
Maulik, 2011), younger rocks from Colorado (Gabelnt®55) and Nebraska (Guhman
and Pederson, 1992), and in modern sediment along the Mississpipi River 4L
1996) and in Tuchodi Lake, British Columbia (Long and Donaldson, 2005). The means
by which these cylinders developed is controversial, partigulsith respect to the
mechanism of fluidisation. Experimental studies of fluidisation have attempted ¢e recr
ate cylindrical structures in sediment (Hawley and Hart, 1934; Niehak,1994; Owen,

1996; Buck and Goldring, 2003; Kadatal.,2009; Ros et al.,2011) with variable s+
cess.

Sand volcanoes in the Talchir Formation, India, (Van Loon and Maulik, 2011)
resemble the Minto Inlet structures, but occupy a smaller geographic area ¥50180
000 nf). Sediment liquefaction in the Indian exampVas attributed to a seismic event.
Because a seismic event would normally have caused soft sediment deformation, it was
argued that the area was far enough away from the epicentre of the shock as to liquefy the

sand, but not create seismites. Becausanahwlcano field like the one described by
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Van Loon and Maulik (2011) was produced at the Victoria Island location, and no other
softsediment deformation is evident, a similar trigger could be invoked for the Minto
Inlet structures. However, the pulsingture of the fluidised sediment, suggested by the
concentric rings of coarser material, together with the local -autsimg relationships
between pipes, cannot be explained by a single, instantaneous fluidisation caused by a
single seismic event. It cltlbe argued that multiple seismic events could account for the
pulsing flow or the crossutting relationships between cylinders. However the spatial
distribution of the cylindersthat is, decreasing from north to soudtimust also be taken

into consicration If multiple seismic events occurred as a result of movements along the
nearby faults (Fig. 2.1c) the expected distribution should be ettegror showing ade-
crease in abundance from south to nobcusehe nearest fault is just to the sowath

the study area).

Clustered cylindrical dewatering structures in a Pleistocene calcarenite that ove
lies karsted carbonate rock in Salento, Italy were documented by Massr(2001).
These cylinders were interpreted to have formed when water lepvisdm an undeyt
ing karst reservoir. Because the cylinders were clustered, had circulasectis®is, and
were composed of sand capable of dispersing excess pore pressure, dMasq@2001)
rejected a seismic mell The lack of concentric doviaulting or association with soft
sediment deformation led Massati al. (2001) to reject a model involving collapse of
caves to infill the underlying karst. The Minto Inlet cylinders, like the Italian structures,
are clustered, circulain crosssection, lak concentric downfaulting patterns or soft
sediment deformation (with one exception), and formed in a pred®ersing medium.

Because of the similarities, the arguments against seismic and/or cave collapse origins
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could similarly be made here. Thereoise large cylinder among the Victoria Island-cy
inders that displays an apparent dipping of beds in towards the centre of the structure;
concentric banding was not observed in this structure due to vegetative cover. This single
occurrence may have beemnrfeed through collapse of an underlying karst feature and
would then be considered an isolated event.

Li et al. (1996) discussed conical extrusive structures with cylindrical structures
under them in sands alongside the levees of the Mississippi River.ifitbepreted the
structures as sand boils formed by the flooding of the Mississippi River in 1993. They
determined that the large hydraulic head caused by the high artificial levee caused fluid
flow under the levee to produce sand boils on the floodpl&ia.boils were most densely
distributed close to the levee, and diminished in both size and number away from the
levee (maximum distance from levee was ~100 m). The concentration of the Minto Inlet
volcanoes is highest in the northern part of the mappeal @and decreases to the $out
west, resembling the distribution noteddtial. (1996). Submarine springs appear xe e
hibit the same spatial distribution as the sand boils of a flooding river: they are most
abundant closest to the shore (Fritz and Bah887;1Bayari and Kurttas, 2002; Bayati
al., 2011). In the study of Fritz and Bahun (1997), groundwater was transported through a
paleokarst network to submarine springs.

Repeated upward movement of sediment in the Minto Inlet cylinders is indicated
by the presence of gravel in the concentric bands of the cylinders (probably derived from
a base of clastic unit; Fig. 2.6a and b), along with the single small group of saad volc
noes preserved on a bedding plane (Fig. 2.6c). This provides evidence agaielst mod

which involve collapse of overlying sands into voids as the mechanism to create these
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cylinders. The ndmear distribution of the cylinders, their circular cr@estions, the

well to moderate sorting of the sand, and the southwestward decreasedaratsu(Fig.

2.2b), are some of the criteria of &f al. (1996) used in arguing against seismicatly i

duced cylinder formation. Although there are faults present around the study area that are
assumed to have been active in the Cambrian (Fig. 2.1c) aidi loe responsible for

some isolated instances, the arguments presented here favour a different mechanism of
formation for the whole area. The Minto Inlet cylinders more closely resemble the sand
volcanoes produced by Mississippi River flooding étial., 1996) and the submarine
springs of Fritz and Bahun (1997); these are interpreted as the result of meteorit groun
water flow, concentrated within karst features in the Wynniatt Formation. The flow was
driven by a hydraulic head, produced by accumulatioraimwater beneath the nearby
carbonate land surface (a freshwater lens) at the time when basal Cambrian sand had just
begun to accumulate over the unconformity. The water emerged onto the shalow sea
floor as pointsources of fresh water (subaqueousrg®). The fresh water rose through

the sandy sediment and overlying salt water in a temporally variable manner (pulsing),
driven by pressure variations in the hydraulic head. The rising fresh water pludie flui
ised the sandy sediment, caused upward migraifosand to produce cylindrical aina

nels with crude concentric lamination, and forced pebbles to rise from their position near
the basal contact. Conical sand volcanoes would have been expected to develop on the

upper surface of the sand (which are rageetdue to erosion).
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2.5.2 Hydrothermal Dolomite

Field observations of the apparent truncation of hydrothermal dolomite veins by
karst features, and hydrothermal dolomite occupying void space around sand fill, provide
ambiguous evidence regarding thenporal relationship between the dolomitising odr
thermal fluid and paleokarst development: there appears to be evidence for migration of
hydrothermal fluid both before and after development of the unconformity. The timing
and origin of the dolomite phasase consequently unknown, and will be addressed by

further study.

2.5.3 Karst evolution

During the early Neoproterozoic, when the Shaler Supergroup was deposited, and
in the early Cambrian, Laurentia was at a low latitude (~10°; Park, 1994; kviag
2004). There is evidence of both ariimates (Kilian Formation sabkha evaporites;
Young 1981) and humidimates(Kuujjua Formation fluvial sandstonBainbird, 1992a
1993). After eruption of the Natkusiak Formation lavas on top of the Kuujjua aizeh Kil
formations at~ 720 Ma (Heamae al, 1992), there was folding and uplift followed by
erosional removal of several kilometres of Neoproterozoic strata, which exposqs the u
per Wynniatt Formation in the study area. Rainwater and groundwater gradwally di
solved the carbonate bedrock of the Wynniatt Formation to form karst features such as
grykes, towers, and caverns (Fig. 2.8a). Karstification occurred either late in theNeopr
terozoic or more probablyearly in the Cambrian, just prior to transgressaod depas
tion of the sandstone, accoung for preservation of the karst features. Preservation of

the cavern system at a stratigraphic position several tens of metres below the amconfor
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ity strongly suggests its development at a water table that wasasslowith a fresher

ter lens, shortly before deposition of the sandstone. Relative sea level rose, submerging
the karstified surface of the Wynniatt Formatemdfilling the caverns and grykes with
guartzose sand, and deposited sandstone layers abovadmeforminty. Fresh water

was collected over exposed land immediately north of the mapped area and moved
through the Wynniatt Formation using the joints and karst features as conduits to feed the
submarine springs. The hydraulic head in the karst nktwas sufficient to fluidise the
sediment in and above the karst and mobilize it to propagate upwards towards the sea
floor, where it produced submarine springs and sand volcanoes (Fig. 2.8b). The presence
of bioturbation in fine to mediumgrained sandste that overlies the cylindérearing

interval suggests a sea level rise, placing this location into an open marine, subtidal se
ting. The extended distance from the coastline produced by seal level rise subdued the
topographically driven hydraulic headicasprings in the area became inacta® low

flows would have diffused through unconsolidated sands.

2.6 Conclusions

A deeply karstified unconformity separates the Neoproterozoic WynniattaForm
tion (dolostone) from lower Cambrian sandstone. Severahrmomkarst features are well
developed: dissolution pans on the surface of the Wynniatt Formation, gryke networks,
towers, and paleoaverns. The contact with the overlying Cambrian marine sandstone is
sharp and well exposed in some areas. The Cambriastsae unit contains cylindrical
structures, decimetres to metres in diameter, which -cutsbedding perpendicularly.

The cylinders are interpreted as the pipes that developed below sand volcanoes. The cy
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inders formed where groundwater flowing througirsticprepared permeability gat
ways in the dolostone passed through unconsolidated sand, and emerged onto the shallow
seafloor, creating submarine springs and sand volcanoes.

Veins of hydrothermal dolomite are spatially associated with the paleokhest. T
temporal relationship between the unconformity and hydrothermal fluid migratiom-is a

biguous, and further research will be conducted to answer this question.
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Table 2.1.Diameter and UTM coordinates

stone near lihto Inlet.

Diameter| Easting Northing
(cm)

100 554396.23 | 7925567.22
160 554340.095| 7925669.651
150 554494.86 | 7925724.06
480 554577.13 | 7925725.97
340 554518.13 | 7925722.42
120 554495.863| 7925723.058
100 554493.383| 7925724.032
95 554495.87 | 7925724.62
120 554557.39 | 7925707.61
560 554547.89 | 7925703.47
260 554547.1 | 7925687.83
340 554517.72 | 7925659.19
160 554518 7925659.19
120 554505.04 | 7925658.86
120 554490.88 | 7925665.76
200 554576.08 | 7925660.11
90 554493.88 | 7925665.76
90 554494 7925665.76
450 554554.65 | 7925572.54
90 554555 7925572.54
260 554649.84 | 7925635.95
90 554632 7925682.36
220 554664.49 | 7925747.16
300 554674.59 | 7925771.96
40 554672.59 | 7925771.96
160 554650.47 | 7925756.106
100 554626.04 | 7925779.28
140 554623.04 | 7925685.992
30 554618.6 | 7925801.4
150 554643.95 | 7925804.47
80 554615.6 | 7925801.4
60 554606.27 | 7925818.01
200 554855.52 | 7925691.59
150 554787.72 | 7925658.8
500 554815.92 | 7925689.28

35

of dewatering cylinders in Cambriat+- san

970 554861.46 | 7925718.89
320 554850.16 | 7925785.18
190 554841.36 | 7925781.6

270 55483%.89 | 7925775.91
110 554824.34 | 7925765.92
300 554823.34 | 7925766.92
130 554820.34 | 7925766.92
450 554817.34 | 7925766.92
220 554810.47 | 7925761.1

100 554798.39 | 7925749.27
90 554798.61 | 7925747.41
35 554790.27 | 7925751.66
50 554791.02 | 7925749.82
200 554717.64 | 7925736.05
120 554780.02 | 7925762.93
100 554787.88 | 7925759.23
100 554824.36 | 7925776.52
35 554832.49 | 7925813.55
25 554832.09 | 7925813.55
490 554778.87 | 7925791.72
200 554745.44 | 7925763.91
400 554745.04 | 7925763.91
270 554736.93 | 7925765.18
210 554743.7 | 7925760.33
55 554739.41 | 7925758.92
200 554735.22 | 7925755.65
120 554735.28 | 7925758.07
370 554732.02 | 7925778.81
390 554766.1 | 7925792.89
25 554796.72 | 7925823.79
190 554787.99 | 7925824.69
100 554786.44 | 7925825.02
130 554778.16 | 7925828.9

240 554776.26 | 7925821.97
70 554751.73 | 7925815.02
100 554696.93 | 7925825.53
25 554698.33 | 7925824.07
20 554734.05 | 7925817.92
30 554733.65 | 7925817.92




70 554728.58 | 7925825.59
100 554730.85 | 7925822.49
60 554727.57 | 7925837.28
40 554727.47 | 7925832.07
130 5547401 7925827.18
60 554760.6 | 7925834.21
130 554769.48 | 7925834.81
130 554779.16 | 7925831.71
200 554791.19 | 7925833.88
170 554793.92 | 7925854.78
130 554794.01 | 7925844.36
160 554780.7 | 7925845.7

90 554776.91 | 7925845.42
60 554774.84 | 7925845.18
95 554774.44 | 7925845.58
55 554774.2 | 7925845.58
390 554744.7 | 7925828.04
50 554709.05 | 7925852.43
130 554716.11 | 7925856.7

170 554713.94 | 7925858.13
35 554726.4 | 7925853.05
35 554726.3 | 7925853.05
75 554730.28 | 7925858.92
130 554736.42 | 7925862.05
60 554742.2 | 7925856.8

40 554741.09 | 7925862.73
70 554741.09 | 7925864.23
220 554754.69 | 7925854.52
55 554775.12 | 7925871.59
55 554773.17 | 7925862.06
135 554780.4 | 7925859.45
60 554796.16 | 7925882.91
20 554798.86 | 7925886.33
35 554798.86 | 7925885.73
40 554799.36 | 7925885.13
15 554799.46 | 7925885.13
240 554803.41 | 7925882.35
30 554803.41 | 7925882.45
40 554798.79 | 7925875.36
60 554798.79 | 7925874.86
30 554798.79 | 7925874.56
120 554803.09 | 7925876.4

70 554804.35 | 7925873.45

36

60 554804.35 | 7925874.15
130 554807.76 | 7925878.93
250 554806 7925878.93
50 554810.16 | 7925880.3
70 554812.61 | 7925874.96
70 554807.96 | 7925868.9
220 554808.23 | 7925865.18
70 554810.77 | 7925865.43
130 554823.13 | 7925869.1
160 554823.69 | 7925863.35
60 554824.55 | 7925859.83
160 554827.12 | 7925856.55
60 554810.03 | 7925852.77
40 554808.52 | 7925854.03
60 554811.84 | 7925856.16
120 554811.84 | 7925856.26
200 554819.88 | 7925852.28
10 554818.32 | 7925836.8
70 554824.27 | 7925840.49
50 554824.63 | 7925840.5
120 554827.4 | 7925841.13
30 554821.46 | 7925846
100 554843.83 | 792585196
90 554838.48 | 7925852.57
160 554839.21 | 7925854.26
50 554837.51 | 7925853.47
40 554836.62 | 7925851.22
140 554833.12 | 7925851.5
50 554833.92 | 7925852.45
50 554837.07 | 7925856.81
110 554833.92 | 7925857.1
320 554833.54 | 7925862.85
30 554833.19 | 7925867.12
80 554833.13 | 7925871.96
80 554836.13 | 7925872.78
300 554828.19 | 7925877.22
40 554825.58 | 7925875.3
260 554817.34 | 7925896.28
150 554838.06 | 7925876.17
50 554838.06 | 7925876.37
140 554843.18 | 7925879.84
240 554843.58 | 7925873.52
420 554850.66 | 7925867.75




40 554849.98 | 7925864.2

60 554854.97 | 7925856.71
60 554854.87 | 7925856.71
100 554858.35 | 7925852.14
70 554862.88 | 7925855.61
190 554862.42 | 7925848.16
150 554863.02 | 7925847.99
30 554863.41 | 7925851.34
50 554863.94 | 7925844.29
560 554875.06 | 7925845.32
410 554880.19 | 7925851.03
160 554879.99 | 7925851.23
35 554877.64 | 7925853.38
80 554874.57 | 7925862.23
70 554874.87 | 7925862.23
130 554874.21 | 7925866.87
180 554871.66 | 7925869.22
60 554871.66 | 7925868.12
400 554839.1 | 7925897.96
40 554834.03 | 7925906.19
30 554834.63 | 7925906.19
120 554826.92 | 7925906.2

330 554823.77 | 7925904.45
100 554842.54 | 7925916.64
100 554839.52 | 7925918.79
110 554839 7925918.41
40 554839 7925917.51
30 554838.4 | 7925917.51
40 554838.4 | 7925917.11
20 554837.9 | 7925917.11
30 554837.5 | 792596.71
50 554846.35 | 7925890.33
200 554891.19 | 7925842.57
80 554888.73 | 7925846.04
140 554894.78 | 7925855.31
20 554894.38 | 7925854.91
90 554888.31 | 7925860.35
50 554888.71 | 7925860.35
210 554886.79 | 7925868.86
90 554881.21 | 7925873.56
210 554882.39 | 792587637

90 554884.21 | 7925879.21
150 554885.13 | 7925887.23

37

60 554885 7925885.37
40 554885 7925884.77
70 554888.06 | 7925886.19
80 554880.2 | 7925892.5
50 554878.26 | 7925891.89
50 554883.73 | 7925895.75
60 554883.93 | 7925895.75
30 554884.93 | 7925895.75
20 5548&1.93 | 7925896.15
60 554879.21 | 7925896.19
150 554876.79 | 7925900.59
110 554874.01 | 7925904.8
110 554868.41 | 7925906.14
90 554863.85 | 7925903.61
50 554860.12 | 7925905.75
50 554862.61 | 7925905.81
100 554867.28 | 7925906.3
130 554866.01 | 7925909.43
360 5548654 7925910.16
400 554864.26 | 7925922.4
310 554866.63 | 7925915.4
90 554868.03 | 7925911.53
310 554872.72 | 7925911.46
50 554872.22 | 7925911.96
50 554873.91 | 7925918
230 554880.05 | 7925918.9
90 554882.37 | 7925918.59
65 554882.93 | 7925903.72
30 554881.28 | 79259D.19
330 554893.42 | 7925903.81
130 554893.42 | 7925903.71
60 554898.79 | 7925899.85
60 554898.49 | 7925899.85
70 554898.65 | 7925891.48
120 554898.65 | 7925891.78
70 554898.65 | 7925892.48
90 554902.85 | 7925887.13
40 554905.62 | 7925885.71
180 554905.31 | 792588142
220 554909.68 | 7925879.68
70 554910 7925879.68
230 554909.68 | 7925879.58
160 554916.46 | 7925881.15




100 554916.69 | 7925885.99
60 554912.81 | 7925880.13
20 554911.81 | 7925880.13
40 554911.81 | 7925880.43
20 554911.61 | 7925880.43
100 554917.7 | 7925878.95
90 554917.7 | 7925879.45
320 554923 7925829.44
160 554924.1 | 7925829.44
320 554931.6 | 7925833.56
500 554938.8 | 7925858.11
110 554936.58 | 7925898.4

70 554933.41 | 7925906.5

170 554931.39 | 7925906.82
350 554930.49 | 7925909.78
70 554926.55 | 7925915.25
110 55492.85 | 7925914.04
280 554921.03 | 7925917.9

110 554920.46 | 7925921.61
90 554921.18 | 7925921.44
95 554921.18 | 7925922

60 554912.96 | 7925922.9

60 554912.96 | 7925922.4

55 554912.96 | 7925922.2

90 554904.86 | 7925919.91
45 554907.43 | 7925902.86
180 554904.87 | 792591.12
140 554909.05 | 7925899.74
10 554908.05 | 7925899.74
350 554903.31 | 7925897.18
350 554915.44 | 7925906.97
90 554914.44 | 7925906.97
110 554913.54 | 7925906.97
80 554952.14 | 7925906.42
160 554955.34 | 7925901.86
230 554959.04 | 7925882.61
250 554963.38 | 792370.45
35 554967.03 | 7925866.82
100 554968.53 | 7925866.82
30 554968.73 | 7925866.82
380 554966.95 | 7925860.68
80 554969.76 | 7925861.69
25 554969.76 | 7925861.59

38

25 554970.01 | 7925861.59
30 554971.8 | 7925863.39
240 554970.61 | 7925865.8

240 554978.25 | 792586841

70 554978.25 | 7925869.41
50 554978.35 | 7925869.51
30 554978.75 | 7925868.51
40 554980.15 | 7925869.51
100 554976.98 | 7925869.12
110 554980.67 | 7925866.43
130 554982 7925862.93
20 554982.3 | 7925862.63
40 554982.6 | 7925862.63
50 554981.1 | 7925861.13
30 554981.3 | 7925861.13
90 554977.21 | 7925860.39
60 554977.11 | 7925860.31
110 554977.41 | 7925860.39
160 554977.31 | 7925860.59
300 554977.73 | 7925858.36
320 554974.42 | 7925851.02
590 554986.11 | 7925829.75
370 555003.46 | 7925837.44
160 555008.38 | 7925841.85
100 555003.18 | 7925836.69
320 555009.32 | 7925844.66
80 554998.57 | 7925852.2

340 554996.72 | 7925850.66
360 554995.18 | 7925866.8

110 554995.58 | 7925867.2

40 554995.58 | 7925867.3

60 554981.58 | 7925877.05
230 554983.83 | 7925881.94
80 554975.17 | 7925898.09
140 55498.99 | 7925923.55
40 554996.93 | 7925962.61
160 554998.16 | 7925968.04
210 554998.02 | 7925959.3

100 554998.02 | 7925958.6

30 554989.09 | 7925930.8

140 554983.28 | 7925917.08
80 554985.89 | 7925898.36
150 554982.45 | 7925900.88




200 554987.64 | 7925885.58
40 554986.3 | 7925875.13
120 554986.31 | 7925870.66
220 554996.95 | 7925867.03
30 555019.41 | 7925859.98
140 555019.49 | 7925859.43
50 555021.26 | 7925859.66
60 555024.89 | 7925859.01
170 555025.64 | 7925857.72
140 555032.06 | 7925866.26
170 555028.41 | 7925869.88
40 555026.2 | 7925868.71
140 555026.24 | 7925869.71
100 555021.49 | 7925878.45
45 555021.2 | 7925878.45
90 555020.98 | 7925877.69
40 555021.98 | 7925878.69
90 555019 7925883.22
160 555017.31 | 7925891.36
65 555019.52 | 7925899.97
90 555023.28 | 7925949.9
40 555024.78 | 792599.4
120 555031.85 | 7925945.84
180 555019.31 | 7925970.63
40 555031.81 | 7925977.45
270 555038.74 | 7925961.64
65 555039.83 | 7925963.16
260 555053.59 | 7925944.17
100 555050.63 | 7925946.14
110 555048.78 | 7925937.35
90 555055.48 | 7925937.52
125 555061.26 | 7925948.06
180 555057.13 | 7925961

70 555060.99 | 7925967.6
150 555057.88 | 7925970.87
280 555063.36 | 7925974.54
180 555038.93 | 7926009.81
140 555046.13 | 7926017.8
1600 555072.42 | 7926023.13
220 555138.06 | 7926051.96
40 555143.65 | 7926067.17
180 555141.52 | 792606953
60 555153.12 | 7926086.38
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185 555151.58 | 7926083.73
110 555172.52 | 7926108.26
90 555173.52 | 7926109.26
60 555175.85 | 7926108.16
130 555178.72 | 7926111.58
40 555180.53 | 7926117.39
30 555180 7926117.39
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Figure 2.1. (A) Bedrock geology of Victoridsland after Thorsteinsson and Tozer (1962) highlighting the Minto
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geological units in (B). (B) Composite stratigraphic section of the Shaler Supemup (from Rainbird et al. 1994)

and (C) Geology of NTS 87H/05 (box on A) (modified from Rainbirct al, in press.
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Figure 2.2. A. Map of the paleokarst area, showing distribution of pakcerns and
dewatering cylinders. The ypatterned pink areaebween Wynniatt Fm. dolostone and

cylinderbearing sandstone is an area of Hiosaved sandstone rubble that could not be
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mapped. B. Detailed map of crasedded sandstone unit showing sand cylinder distrib

tion.
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Figure 2.3. Typical features of th&/ynniatt Formation in the study area. A. Pale grey
dolostone with laminations and partings. B. Zebra dolomite. C. Chert nodules. In-Colu

nar branching stromatolites.
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Figure 2.4. Hydrothermal dolomite appears to be particularly abundant in thetyicihi
the unconformity. A. Three dolomite phases are distinguished in the field baseti on co
our: tan, brown, and white. B. Large vertical and horizontal dolomite veins (arrows). C.
Hydrothermal brecciation. D. Minor sulphide minerals (mostly pyrite?) landibe veins

(arrow).
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Figure 25. Cambr i an Al ower cl asti c -beddad quarta . A.
arenite. B. Conglomerate bed at the base of the -bexdded quartz arenite. C. Biotu
bated section with vertical burrowSKolitho3. D. Uppe crossbedded section above the

bioturbated section (figures courtesy of Andrew Durbano).
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Figure 2.6.Cylinders in the Cambrian sandstone. A. Cesstion of cylindrical column

with coarse gravel at its core (arrow). Pole is marked in 10 cm iectsmB. Cross
section of column with two concentric zones of coarse gravel (arrows). C. Saad volc
noes on a bedding plane. D. Exposure of column approximately 15 m in diameter (person

for scale).
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Figure 2.7. Karstic features below the Proterozoi€ambrian unconformity. A.Vertical
crosssection of a gryke that branches into vertical and horizontal orientations. B. Sharp,
irregular paleocavern base and wall. C. Dissolutional scalloping on-paitemntal su-

face within a paleocavern (arrows). Deral view of the karst area showing red dan
stonefilled paleocaverns in Wynniatt Formation, well below the projected stratigraphic

contact of Wynniatt Formation and red sandstone of the basal Cambrian unit.
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Figure 2.8. Interpretation of karsting @anhsand cylinder formation. A. Late Neoprater

zoic or early Cambrian erosion of overlying formations to expose the WynniataForm
tion to meteoric dissolution creating a karst environment. B. Cambrian sand deposited
over the karst surface was reworked localy submarine springs caused by the hydraulic
head to the north (left) of the coastline forcing water through the karst features-as co

duits.
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CHAPTER 3 - A FLUID INCLUSION STUDY OF DIAGENETIC FLUIDS IN PR O-

TEROZOIC AND PALEOZOIC CARBONATE ROCKS, VICTORIASLAND, NWT.

J. MATHIEU, D. J. KONTAK AND E. C. TURNER
Department of Earth Sciences, Laurentian University, Sudbury, Ontario, Canada P3E

2C6

ABSTRACT

Despite the presence of known economic res
toria Island rerains understudied. This study addresses the fluid history and economic
potential of two major carbonate units on Victoria Island by integrating fluid inclusion
microthermometry with SEMEDS analysis of evaporate mounds. Three cememts co
taining fluid inclusion assemblages (FIA) occur in the Neoproterozoic Wynniatt &orm
tion: saddle dolomite, brown dolomite, and calcite, in paragenetic order. The teo dol
mite-hosted cements have average homogenisation temperatyydsr(FIAs (n=3) of
108°C (saddle) and 10C and 116°C, but metastability precluded determining salinities;
most calcitehosted fluid inclusions are too small and/or necked to obtawallies, but

rare larger inclusions have salinities from 1.7 to 0.4 wt. % NaCl equiv.-EBBl ana}-

sis of evapaate mounds indicates the fluid changed from an eanick (saddle da-

mite), to a later K+Na (brown dolomite), and finally Neh (calcite), which suggests

mixing of two endmember fluids (i.e., Naich and Krich). Dolostone of the loweraP

49



|l eozotorin¥®i €tsl and formationo contains two
Quartzhosted FIAs (n=2) have an averagev@lue of 126°C, and salinity of 23.2 wt. %

NaCl equiv., whereas FIAs (n=3) in dolomite have averagealues of 109°C, 116°C,

and 124C; metastability precluded determining salinity. Evaporate mound analysis for
the cements indicates evolution from af to a Na+K fluid through interaction with
reservoir rocks. A reduced, metath fluid was present during quartz precipitation, as
implied by the presence of pyrite framboids along growth zones and nanopatrticles of ba
ite and sulphide minerals (Zn, Cu, and Pb) in evacuated inclusions, which suggests the
area may have potential to host basetal mineralisation. Importantly, distinghiag
different fluid compositions in both of the case studies would not have been possible
without evaporate mound analysis and, therefore, the results emphasise integrating this

technique into diagenetic studies.

Key words: fluid inclusions, evaporate omals, carbonate diagenesis, Victoria Island,

Wynni att Formation, AVictoria Island for ma
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3.1 INTRODUCTION

Victoria Island is a large island in the Canadian Arctic archipelago underlain by nearly
undeformed Proterzoic and Paleozoic sedimentary rocks. Much of the island remains

geologically unmapped and economically unexplored, but is known to have bitumen

showings and native copper occurrences (Thorsteinsson and Tozer 1962, R. Rainbird pers.

comm. 2012). Islanddsewhere in the Canadian Arctic archipelago (Fig. 3.1) contain oil
and gas in Paleozoic and Mesozoic strata (Geatzas 1996, Cheret al. 2000, Oberra-
jer et al. 2010). Proterozoic strata on Baffin Island contain the NanisiviPErdeposit
(McNaughton& Smith 1986), and Paleozoic strata east of Victoria Island contain the
Cornwallis ZrPb district (Fig. 3.1), which includes the Polaris deposit (mined-299@2,
production ~20 million tonnes at ~17% Zn+Pb; Deweigal. 2006, 2007a,b). Proter
zoic and Pkozoic carbonate strata on Victoria Island contain multiple generations of
cement that offer the opportunity to study their diagenetic history, and may help illum
nate the areabdés economic potenti al

This paper describes and characterises the fluidsatbieg present during precipit
tion of late diagenetic cements in the Neoproterozoic Wynniatt Formation and the lower
Pal eozoic AVictoria |Island formatiom0 on
try and SEMEDS on evaporate mounds (e.g., Haynes &sl&r 1987, Haynest al.
1988). The nature and origin of the fluids are interpreted in the context of the bswial hi
tory of the rocks, and implications for basetal and petroleum potential in the area are

discussed. The material used was collected asopa broad field program focussed on
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the regional geology Victoria Island (Bedatal.2012, Rayner & Rainbird 2013, Rai

bird et al.in press.).

3.2 GEOLOGICAL SETTING

The regional geology of Victoria Island was established by Thorsteinsson and Toze
(1962), who provided the first descriptions of Proterozoic and Paleozoic strata. dore d
tailed descriptions of the Proterozoic units were provided by Young (1981), Rainbird
(1991, 1992), an®Rainbirdet al. (1994); the Paleozoic units were informally readrand
described by Dewingt al. (2013).

The Neoproterozoic Shaler Supergroup was deposited in a poorly understoad epicr
tonic basin (Rainbirat al 1994, Longet al. 2008). The upper part of the Shaler Supe
group includes, in decreasing age, the Mimtietl Wynniatt, Kilian, and Kuujjua forex
tions, which are overlain by the Natkusiak Formation flood basalt (Rainbird 1991}, a vo
canic unit associated with the723 Ma Franklin large igneous province (Heansarmal
1992). The Holman Island syncline and Méat Bay anticline (Fig. 3.2A) are evidence of
later Neoproterozoic deformation; structural dip is no more than 10°.

The Wynniatt Formation consists of shallowarine limestone and dolostone of the i
for mal Al ower O, ishal eo embérs (Rainbirda99a)! This i c 0,
formation was locally karsted shortly before deposition of lower Paleozoic strata
(Mathieuet al. 2013). Evidence for hydrothermal brecciation and cementation is present
in the Wynniatt formation (Mathieat al. 2013). The esthated thickness of Proterozoic

strata now overlying the Wynniatt Formation ranges ffbm (at the unconformity site)
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to approximately 2000 m (where the Natkusiak Formation is well preserved; Rainbird
1991).

Latest Neoproterozoic to early Paleozoic riftiaugd transgression resulted in the d
velopment of an epicratonic sea over most of Laurentia, which in arctic Canada resulted
in the early to middle Paleozoic Franklinian Basin, a broad, stable, crudelyfaartg,
carbonatedominated passivmargin and ontiguous epicratonic environment (Fig. 3.1).
Paleozoic strata that underlie most of Victoria Island include Cambrig&n(®jan(?)
carbonate and terrigenous clastic strata that were collectively known asnmdd
(Thorsteinsson & Tozer 1962), but whibave since been divided into ten units (Dewing
et al. 2013). The Cambr®r dovi ci an AVictoria | sUnand f ol
10b; Thorsteinsson & Tozer, 1962) is a generally fatbeistructive, shallovmarine
dolostone with intraclasts and locallyegerved microbial structures. This unit is, at least
in part, equivalent to the Franklin Mountain Formation on the northern Canadian
mainland, which has similar age, tectonic setting, and geological characteristics (Norford
& Macqueen 1975, Turner 2011).he age of the AVictwoeria |1|s
strained by Middle Cambrian trilobites in the underlying unit and Early Ordoviciam con
donts below the contact with the overlying unit (Dewan@l.2013).

The Boothia Uplift, a northrending, 250 krwide structural zone that extends rort
ward from the exposed craton on the mainland to Devon Island in the central Canadian
Arctic islands, formed as a result of fagld compressional forces from the Caledonian
Orogeny to the east in the late Silurian (Fid.; 3Viall 1986). Approximately 4 km of
uplift occurred, resulting in noritrending faults and folds, and deposition of clastic

wedges on both sides of the uplift (Okulitehal. 1991).
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The late Devonian Ellesmerian Orogeny produced a souilveagéntdeformation
front and a thick clastic wedge (Fig. 3.1; Embry 1991a). The Boothia Uplift acted as a
local buttress against the deformation front (Okuligthal. 1991): interaction with the
southdirected orogenic stress reactivated faults associated wwehBbothia Uplift
(Turner and Dewing 2004, Dewirgg al. 2007a, Jobeet al. 2007), and fluid movement
through these faults was responsible for formation of Zn deposits in the Cornwallis Di
trict, including the Polaris ZiPb deposit (Dewinget al. 2007a).The Devonian clastic
wedge is preserved on Banks (Thorsteinsson & Tozer 1962, Miall 1d@6)jle (Harr-
son 1994) and Bathurst (Anglin & Harrison 1999) islands, but is absent on Vieria |
land (Thorsteinsson & Tozer 1962). The proximity of these islamd4ctoria Island &
lows for the assumption that this area was also part of the samedkltéic enviro-
ment (Embry 1991a). The greatest preserved thickness of the clastic wedge (4 km) is on
Banks Island, immediately west of Victoria Island (Miall 69Embry 1991a). Matar
tion of organic material from several islands suggests that approximately 4 km@f Dev
nian strata were eroded during the Ellesmerian Orogeny (Dewing & Obermajer 2009).
This thickness is probably an overestimation, because vitrieftectance records the
highest temperature reached, whether it was from burial or some other cause. Jurassic
extension on Banks Island probably caused a thermal pulse, which would have resulted in
vitrinite reflectance indicating deeper burial than trudpk place; this discrepancy is
shown by vitrinite reflectance data that do not agree with the sonic velocity of shale in the
Muskox D-87 drill hole on Banks Island (Dewing & Obermajer 2009). The maximum
thickness of the Devonian clastic wedge is theredssimed to have been between 4 and

8 km, although sonic velocities imply that the thickness was probablnb.
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In the early Carboniferous, rifting and formation of the Sverdrup Basin in thie-nort
western Arctic islands (Fig. 3.1) marked the end of thesiierian Orogeny (Davies &
Nassichuk 1991), as indicated by extensional structures under the basin (Ebralyth
1979). The southern limit of the Sverdrup Basin is on Melville Island. The basin accum
lated approximately 12 km of strata and became a predmtly deepwvater basin
(Embry 1991b). Southwest of the Sverdrup Basin, Jurassic extension produced-the Ca
ada Basin (part of the present Arctic Ocean) (Miall 1979) with strata preserved on land in
grabens on Banks Island (Embry & Dixon 1992). Riftingthe Cretaceous emplaced
flood basalts and sills in the Sverdrup Basin (Embry 1991b, Destia2007b).

The Cretaceous to Oligocene Eurekan Orogeny was caused by edaokevise roa-
tion of Greenland with respect to North America, which caused cosipreis the noh-
ern Arctic islands and extension in the southern islands (Okulitch & Trettin 1991): folds
and thrust faults on Ellesmere Island, extension in Baffin Bay and Canada Basin, and
normal faulting that produced islands and straits in the southectic islands are
Eurekan features. Isostatic uplift associated with the opening of Baffin Bay contributed to
the presentlay geography of the Arctic islands, and shifted the main sedimentasy dep
centre to the presedfay continental margin northwest tie Arctic islands (Trettin

1991).

3.3 METHODS

Samples of cemeiitearing carbonate rock were collected from the Neoproterozoic

upper Wynniatt Formation, and fromthe Cam@o dovi ci an AVictoria |
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(Fig. 3.2B). Wynniatt Formation dolostersamples are from below a sGlambrian karst
surface exposed at the head of Minto Inlet (Mattgeal. 2013), and contain three late
stage cements in vugs and fractures (Fig.
are from an area characterisedrmytheastrending normal faults south of Minto Inlet;
associated brecciation is limited to the immediate vicinity of predaptmap traces of
normal faults (Fig. 3.4A).

Polished thin sections (30 em thiwok) wer
grgphically in both transmitted and reflected light using an OlympusbBXnicroscope.
A singlewavelength ultraviolet (385 nm) light source was used to identify the Huore
cence of hydrocarbons in the samples-from t
cence colour was compared to the American Petroleum Institute (API) gravity chart
qualitatively.

Fluid inclusionm cr ot her mo me t -thigk, dogbly pogshetl thid seetiams
was undertaken at Laurentian University, Sudbury, Ontario, using a Linkham
THMSG600 heatingreezing stage with an automated controller unit and Olympus BX
51 microscope equipped with al@aging digital capture system. The heatfregzing
stage calibration was checked using synthetic fluid inclusions:(€&6.6°C), the free
ing point of HO (0°C), and critical point of D (374°C). Inclusion salinities were calc
lated using final meltingemperature of ice (Jice)) for aqueous inclusions (Bodnar
1993). Fluid inclusions were homogenised repeatedly to test consistency. The fluHd incl
sions that froze were also reheated multiple times to ensure accurate and presise mea

urements and salinities
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Two procedures were used to prepare evaporate mounds for subsequent analysis. For
quartz cement, chips were heated at a rate of 60°C/min to 350°C in order to deduce
crepitation offluid inclusions; samples were kept at 350°C for less than 2 minutds to
tain optimal amounts of evaporate mound residue produced from individual flud incl
sions (Haynes & Kesler 1987, Hayredsal. 1988). The quartz chips were then adhered to
a glass slide with carbon tape and carboated for SEMEDS analysis. For carbotea
cement, a Fisher Brand microscope cover glass was placed under the chip and the same
heating rate used; after cooling to <50°C the chip was removed, leaving the debris and
evaporate mounds on the glass surface of the cover slip; this procedure praolged
fluence of the carbonate mineral substrate during M analysis. The glass cover
slips used in this experiment were not pure silica, but contained, in addition to Ss; consi
tent proportions of Na, K, Al, Ti, and Zn, as determined from SHDS andysis. Fe-
guent analysis of the glass slide was done to ensure both its compositional consistency
and the accuracy of the testing. Final compositions of the evaporate mounds were calc
lated by subtracting the proportional amount of the contaminant (ae KNin the glass
based on the amount of Si detected in each analysis.

Imaging and analysis of fluid inclusion evaporate mounds was undertaken at-Laure
tian University using a JEOL 6400 scanning electron microscope running with a voltage
of 20 kV, with anINCA EDS detector and software. The minimum detection limit for the
operating conditions of this study was about 0.5 wt. %. Na+K, the latter of wbich a
counted for >25% of the totals on an oxydere basis (i.e., Na, K, Cl, Si), whicm-e
sured minimal eors in estimating the Na:K ratios of the analysis. The apparentrconce

tration of an element can be exaggerated by in situ fractionation during mound @recipit
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tion (Hayneset al 1988; Kontak 2004). This potential problem was avoided in two ways:
(1) rasteing over mounds that were of sufficient size (>10 um), and (2) conductiikg mu
tiple analyses of individual mounds where more than one mound was produced during
decrepitation. The former provides bulk composition of mounds, eliminating the effect of
spatialfractionation within a mound, whereas the latter was used to check for consistency
among mounds. In any group of mounds the results were uniform, and large spatial e
cursions in elemental ratios (in this case Na:K) were absent, which agrees with previous
studies that addressed the issue of fractionation in evaporate mounds (eftagh&988,
Kontak 2004). These precautions are considered sufficient to preclude possible in situ
fraction from influencing the present data, which is important given the uneisueh-

ment of K in some FIAs in this study.

The size and abundance of mounds generated by artificial decrepitation conveys useful
information. Based on numerous integrated microthermometric and evaporate mound
studies of samples from a wide variety ettggs (e.g., Kontalet al. 2002, Kontak &

Kyser 2011, Morden 2011, Burms al. 2012, Kontak 2013, Tweedaé al 2013), it is

clear that moderate (120 wt. %) to high (>25 wt. %) salinity inclusions produce abu

dant, mediumto largesized mounds (510 um); this relationship was sewpantified

by Hayneset al. (1988; their Fig. 10). In contrast, lesalinity inclusions produce smaller

and less abundant mounds. It is, therefore, possible to distinguish qualitatively between
low- and highersalinity fluids using visual documentation of mound populations. This
type of assessment was necessary in this study because of fluid inclusion metastability

which precluded salinity determinations for some cements.
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3.4 RESULTS

3.4.1 Wynniatt Formation
3.4.1.1Paragenesis

The upper Wynniatt Formation consists of finely crystalline anhedral dolomite crystals
that are full of fluid inclusions that confer a dark gt@pwn colour in plangolarised
light, and medium to pale grey in hand sample (Fig. 3.3A). Undaspolarised light,
the individual crystals exhibit uniform extinction. Deposition and dolomitisation of the
Neoproterozoic Wynniatt Formation were followed by much later karsting and quartz
sandstone deposition in the Cambrian. Karst features (pales and grykes) in the
Wynniatt Formation were filled by quartz sand in the Cambrian; the-filtndy sand-
stone is compositionally identical to that in Paleozoic 1mapi t 10a (fAcl asti
Dewinget al 2013), which directly overlies the unconformitythe study site (Mathieu
et al. 2013). Cements in the Wynniatt Formation are saddle dolomite, brown dolomite,
and calcite (Fig. 3.3A, B). Saddle dolomite cement has individual crystals up to several
millimetres in diameter; these crystals have curvedsfasieow sweeping extinctiomu
der crosspolarised light, and contain abundant fluid inclusions. Brown dolomite cement
consists of a narrow band of millimetric euhedral dolomite crystals with uniformcextin
tion. The crystals are uniformly brown in hand sénput brown and colourless miero
banding is evident in thin section ¢ owing to the presence of smajllrghematite n-
clusions. Fluid inclusions, although present, are not abundant in this cement stage. Calcite

cement consists of millimetric, colourkesanhedral crystals that fill the remaining space.
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This cement is nearly devoid of flui-d incl
ameter.

Precipitation of all cements is known to have taken place after sandstone deposition
(Fig. 3.5), because wheersaddledolomitefilled veins reach the margins of karst voids,
the dolomite encloses quartz grains (Fig. 3.3C, D). A younger age constraint could not be

determined for these cements.

3.4.1.2Fluid inclusion petrography

The three cement phases in the \Wwit Formation contain wellefined, aqueous (A)
fluid inclusion assemblages (FIAs) of primary and secondary origin, as defined d¢by Gol
stein and Reynolds (1994). Primary AFIAs are distributed along growth zones, whereas
secondary AFIAs form both randomogips of inclusions and clusters decoratisgled
fractures. Aqueous inclusions includeVktypes and monophase Bnd \ttypes. Only
thelkV-t ype inclusions conform to fiRoedder ' s I
trapping of a homogeneous fluid; @y represent an isochoric (constant volume} sy
tem; and (3) they have not exchanged chemically since entrapment. The monophase L
and \Arich inclusions are considered to be artefacts of-posapment processes and,
because they do not represent tragmf a homogeneous fluid, are not discussed further.

The aqueous fluid inclusions in the saddl|l
with the average sizenead2 ¢ m ( Fi g. 3. 3E) ; some of thes
ratios (85:15), whereas timeajority have highly variable L:V ratios (70:30 to 90:10) due
to necking. Inclusions in the brown dolomite &pically -3 e m i n di amet er

relatively consistent L:V ratios (85:15). Few inclusions in the calcite are larger {Ban 1
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em ( Fi gwhichd3mad @ dlifficult to observe phase changes during microtheemom

try, and where inclusions were larger most of thes@ecked (Fig. 3.3F).

3.4.1.3Microthermometry

Microthermometric data for the cements are limited (see Table 3.1)edsons @
dressed belowHomogensation data were collected only for FIAs with uniform L:&-r
tios (i.e., similar densities). The presence of abundant necking of FIAs in the hast dolo
tone resulted, however, in highly variable L:V ratios for inclusions and precluxtan-o
ing homogenisation data for these inclusions. Fluid inclusiorsadule dolomite and
brown dolomitedid not freeze, despite repeated attempts and holding at low temperatures
(to -140°C) for several minutes, and so salinities could not be obtained.

Freezing data were obtained ftwo calcitehostedFIAs; a singleinclusion in each
FIA froze. Because all of the fluid inclusions in an FIA must represent the same fluid,
even if only a single fluid inclusion freezes, it must represent the fluid trappled FHA
(Roedder 1984, Goldstein & Reynolds 1994). One of the FIAs froZ@0&€C, with first
and final melting at36°C and-1°C, respectively (Table 3.1). In the other FIA, a single
inclusion frozeat -40°Cand first and final melting, both &.2°C (Talde 3.1), occurred
instantly with no visible phase change of the liquid during warming other than the vapour
bubble instantly returnintp its original size and shape.

Homogenisation temperaturesy)Tare available only foFIAs in the saddle and
brown ddomite phases, because the small size and the necking of larger inclusions in the
calcite cement precluded obtainidgta. The FIA inthe saddle dolomite hatbmogem

sation temperatureBom 105°C to 118°C (n=6with an average of 108°Che two FIAs
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in the brown dolomite had homogenisation temperatures of 100 to 112°Caweithges

of 101°C (n=2) and 105°C (n=3).

3.4.1.4Evaporate mound analysis

Evaporate mounds from brown dolomite and calcite cements in the Wynniathi+~orm
tion were produced on glassdas to avoid the inevitable contribution of the underlying
carbonate phase that would have ensued if the mounds had been produced and analysed
on their host phase. For comparative purpa$esmounds from the saddle dolomite ¢
ment were analyzed on thest phase. For all three cements, the mounds produced had a
large range in size; shapes werggiant to elongate (Fig. 3.3H), and in rare cases dendritic
geometries were present (Fig. 3.31). The results below folloyadhegenetic sequence in
Figure 3.5.
Analyses of mounds produced frotine saddle dolomite show uniform Ca:Mg abu
dances, but varying Na+K (Fig. 3.7A), which reflects¢batribution of Ca and Mg from
the dolomite host, rather than the from the fluid. Removing the dolomite host centrib
tion of Ca+Mg from the analyses indicates that the mounds have a uniform Na:K ratio,
except for a single analysis with relative enrichment in Na (Fig. 3.7B). The mound data
for the brown dolomite (Fig. 3.7C) also indicatepletion in both Ca and Mg, but more
variable Na:K ratios that range from 60:40 to 90:10. Finally, the mound data for calcite
cement (Fig. 3.7D) indicate@ dominance of Na, with Na:K ratios greater than 90:10, and

an absence of both Ca and Mg. In all of the mounds, Cl was the only aniondietecte
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3.4.2.1Paragenesis

Two cements are present I n Paleozoic AViI
and dolomite (Fig. 3.4A, B). The quartz cement crystals are coarse, daskrgray (in
hand sample and thin seatjp and euhedral, with conspicuous growth zones; fluidiincl
sions and framboidal pyrite nanoparticles are arrayed along growth zones (Fig. 3.4B, C,
F). Liquid petroleum fluid inclusions are present in fractures in the quartz. The dolomite
cement crystalswhich fill space among fragments of host rock and quartz cement, are
colourless, coarse, and anhedral, and contain abundant fluid inclusions. The paragenesis
of the material studied (Fig. 3.6) includes Paleozoic deposition and dolomitisation of
AVi ctsdrainad If or mati ono, foll owed by its | oca
guartz cement that contains pyrite framboids along growth zones. After precipitation of
quartz cement had ceased, a liquid hydrocarbon migrated through the rock and was
trapped along fractures in the quartz cement, but is absent from dolomite cement crystals.

Dolomite cement followed at an uncertain, later time.

3.4.2.2Fluid inclusion petrography

The two cement phases in the -defed@abuor i a | s
dant, primary and secondary AFIAs and secondary petroleum (P) FIAs, as defined by
Goldstein and Reynolds (1994). Primary AFIAs are distributed along growth zones,
whereas secondary AFIAs form both random groups of inclusions and clusters on healed

fractures. Aqueous inclusion types includ&/Ltypes with consistent L:V ratios, ancbm
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nophase Land \Atypes. For the same reasons noted above, only-théEIAs are ds-
cussed further.
Aqueous FIAs in the quartz consist of equant to irregular fluid incissioat are typ
cally <10 em (|l ong -1a0x iesm; aFviegr.a g3e. 4sd,z eD)n evair
ratios (90:10). Liquid petroleum is present oal/secondary FIAs in quartz (Fig. 3.4E).
El ongate petroleum incl usi o meousuwih abaut5%5 & m
of an aqueous phase present. No vapour phase was obisetivegetroleum component
of the inclusions. The petroleum inclusions exhilitné&orm pale green fluorescence-u
der UV light (385 nm). The aqueous fluid inclusions in dolengite equant, negative
shaped, and abodat0O e m | ong, b-a® Emcluei emsnmbibh5 ( Fi g
though there is some variability of L:V ratios in these FIAs dueettking, most show a

consistent ratio.

3.4.2.3Microthermometry

Single fluid inclusions in the FIAs in quartz cement exieithithe same temperatures
for first and final melting during warming63°C and-21°C, respectively (Table 3.1). In
addition, a single, mixed aqueepstroleum inclusion in FIA froze. This single inat
sion differed in size, shape, and petroleum:watgo faom the other inclusions in the
same FIA: it is three to four times larger than the other fluid inclusions, has an irregular
shape, and the petroleum component accounts for only approximately 20% of whe incl
sion. Freezing was detectable by movementhe petroleum phase in the inclusion.
Upon warming, first melting occurred ne@®0°C, when the inclusion rapidly darkened,

after which the aqueous component recrystallised into a fine mosaic. The ice slowly
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melted first, followed by hydrohalite al0°C. Thus, although Mo was absent in this
inclusion and the assemblagg.&-hydrohalite is metastable at last melting, the inferred
salinity of 23 wt. % equiv. NaCl is consideradjood estimate and is similar to that o
tained for the two aqueous inclusianghe quartz cement.

Homogenisation temperatures for the AFIAs in the quartz cemesimiiar both in
their range (120° to 133°C) and average (126°C). The lack of a vapour phase in the
PFIAs precluded measuring Values.

Dolomite-hosted inclusionsid not freeze despite repeated attempts. Homogenisation
data were obtained for three FIAsthe dolomite cement. For the first FIA, Values
varied between 109°C and 121°C (Table 3.1) with an average of 116°C; the second FIA
had T, valuesfrom 120124°Cwith an average of 123°C, and the third FIA had & un

form T, of 109°C.

3.4.2.5Evaporate mound analysis

Mound data were obtained for both the quartz and dolomite cements, the latter pr
duced on a glass slide. Cation composition in gdaossted mounds rged from Na
dominant to Kdominant, with the majority at 50:50 Na:K (Fig. 3.8). Where mounds were
more Kcrich, they generallynad a complex, dendritic morphology. As expected, chlorine
was the main anion in all mounds, although minor amounts of sulpmarpsesent (<5%
of the anion componenih a small number of analyses. Calcium was also detectable in
some mounds, and in such caSewas also detected, but not all mounds with S had Ca.
The mounds produced from the dolomite cement were oval (Fig. SdiHa mixed Na

K composition (Fig. 3.8). These mounds were depleted in both Ca and Mg and had a
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generally uniform Na:K ratio near 65:35. In addition to evaporate mounds, nanoparticles
of barite and Ph Zn, and Cusulphides were present in evacuated isiclns in the

qguartz cement (Fig. 3.41).

3.5 INTERPRETATION

3.5.1 Wynniatt Formation

The sharp contacts between crystals of the dolostone host rock and crystals of void
filling saddle dolomite, as well as their different extinction patterns, suggesthtse
two phases did not form from the same fluid, or at least not at the same time. The contact
between the saddle dolomite and the brown dolomite is gradational, and may represent a
fluid that experienced a change after precipitation of the saddlendelBanding in the
brown dolomite is interpreted to havesulted from dissolution of the brown dolomite
and precipitation of calcite, which implies the presence of a dolamdersaturated fluid
during this time.

Even though almost no fluid inclusiofreze, the cementing fluids can be inferred not
to have been hypersaline (i.e., <26 wt. % equiv. NaCl) because halite is not present in the
fluid inclusions at room temperature. The two fluid inclusions representing theictespe
tive FIAs measured in thealcite cement that froze (Table 3.1) provide the only insight
into what the fluid salinity was during cementation. The final melting point of ice for
these inclusions atl and-0.2°C reflect salinities of 1.74 and 0.35 wt. % equiv. NaCl,

respectively (Bodar 1993), which are values well below those of seawater. In contrast to

66



these salinities, the presence of evaporate mounds (see below) implies muchdiigher s
linities in the fluids (Haynest al. 1988).

The burial depth in this part of the basin at theetiofi cementation is not well ne
strained by stratigraphic evidence because of the scarcity of regional stratigraphic info
mation, and therefore a range fror® &km (precipitation shortly after Cambrian dan
stone deposition to precipitation during the Hitesian Orogeny; see below) must be
used. A value of 0 km would have no effect on the pressure correction of vadugs
for these FIAs, whereas a value of 9 km would have a great influence. Because salinity
data for these fluids are sparse and high si@éare generally associated with diagenetic
fluids, particularly with saddle dolomite (Davies & Smith 2006), a pressure correction
calculated from Bodnar & Vityk (1994) is applied for a fluid of 2 wt. % equiv. NaCl (low
salinity fluid observed) and 20tw equiv. NaCl (assumed average fluid salinity) as an
estimate to determine the possible range of trapping temperatures. For the inferred depth
at the time of cement formation (® km), the pressure correction for the fluid ranges
from 0°C to ~146160°C (depending on salinity), which results in estimated trapping
temperature of 110°C to 250°C (Table 3.2).

The evaporate mound data for the three cements in the Wynniatt Formation differ
from one another, implying a chemical evolutigig. 3.9) that procaded from arearly
K-rich fluid (saddle dolomite), through a Mafluid (brown dolomite), to a late Nach
fluid (calcite). Thissystematic change in compositisnggests eithethat three distinct
fluids migrated through this area, or that two -@eneimberfluids mixed progressively in

situ during cement precipitation.
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352 ivictoria |Island formationo

Salinity data for diagenetic fluids are limited to the quartz cement. The two FIAs in
quartz had final ice melting temperatures betw@dri and-22°C, whth indicate a sat-
ity of 23 wt. % equiv. NaCl (Bodnar 1993). The low eutectic temperatur633C for
both of these FIAs indicates that a divalent cation, probably Ca, is present in the fluid,
which is confirmed from analysis of evaporate mounds.

The honogenisation temperatures for fluid inclusions hosted bygtleetz and dal-
mite cementsre similar at 120° to 133°C and 109° to 124°C, respectively, but these r
sults need to be presstoeo r r ect ed . Buri al depth for
loosely onstrained by petroleum maturation. A range in burial depth frérkt re-
guires a correction of about 93°C (i.e., 15.6°C/km), yielding formation temperatures of
125° to 225°C.

The lack of, and inability to artificially nucleate, a vapour bubble in artheipeto-
leum inclusions suggests that the petroleum is dead oil (no longer contains any dissolved
volatiles). The final melting temperature of hydrohalite in the aqueous part of a single
petroleum inclusion-L0°C) corresponds to a salinity of 23 wt. %a®l (but see dis@4
sion above regarding this value). The petroleum was transported, therefore, by a fluid of
similar salinity to that which formed the quartz cement, and it imag¢ experienced-e
ther a large degree of evaporation or fltadk interaction along its flow path.

The evaporate mound data for quartz and calcite cements (Fig. 3.8) indicate Na
dominant NaK mixtures. The quarthosted mounds contain Ca and Mg (Ca>>Mg). The
barite and PH Zn-, and Cusulphide nanoparticles present in the opeihgd inclusions

may represent precipitates that formed when the supercritical fluid evaporated @uring d
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crepitation, or may have been nanoparticles transported in the fluid. Regardless of which

of these interpretations is correct, they both imply thafltie was metabearing.

3.6 DISCUSSION

3.6.1 Metastability of fluid inclusions

The absence of fluid inclusion freezing at temperatures as 16@488C can beye
plained by either (1) metastability of the fluid, or (2) hypersalinity of the fluid dFie-
tastability can be caused by a lack of nucleation sites (i.e., very pure;fsetuteater or
very smooth inclusion walls; Roedder, 1968). However, even in pure water wittsno su
pended particles, inclusion walls should eventually act as nucleatsn(Nitsch, 2009);
also, once supercooled water reaches the homogennucleation temperature, ice
should nucleate itself. Fluid inclusions containing hypersaline fluids should contain solid
halite at room temperature; because halite is absent fromfthigsanclusions, the fluid
cannot be considered hypersaline, but it may still be of comparatively high salinity,
which is known to inhibit freezing. Inclusion morphology or size could also make phase
changes undetectable, which may have been an isshes istidy because of the small
size of the inclusions (3 um). There is no conclusive explanation for the lack ofzfree
ing of fluid inclusions in saddle dolomite and brown dolomite in the Wynniatt Formation,
and in dolomite in drmme. AVhetiomak@i llistlywnaf fo
to freeze haveen documented in other sedimentary rocks, such as the host rocks of the

Pine Point ZAPb deposit (Roedder 1968).
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3.6.2 Implications of evaporate mound analysis

Fluid inclusion studies, includingposefor sedimentary basins, typically rely on gual
tative methodgo determine fluid composition, such as the first melting of ice and ice
hydrohalite melting relationships in inclusions (Goldstein & Reynolds 1994)ddbe
mentation of multiple fluids ofluid events is commonly based on differeqtof salinity
values, as is the case in many carbohatsed ZAPb settings (e.g., Roedder 196§-A
pold et al. 1995, Chi & Savard 1995, Savaetl al. 2000, Bankset al. 2002, Gleeson &
Turner 2007, Perselliet al. 2010). Unfortunately, these types of studies are limieed b
cause they are indirect, and where sinillgand salinities are present it is not possible to
distinguish among fluid compositions. Furthermore, metastable fluid inclusions that resist
freezing, such as those at Pine Point (Roedder 1968), preclude calculations of salinity
values, such that cation presence cannot be inferred. In this study, a qualitative estimate
of salinity and fluid composition in metastable FIAs can be established fropratie-
tion of evaporate mounds. Production of evaporate mounds implies that the fluid contains
dissolved ions (i.e., has salinity). The size of an evaporate mound is a function of the
fluidds salinity and t he eta.1988n¢€he applicatidmne f | u
of evaporate mound analysis in this study demonstrates the utility of this efficieat, ine
pensive, and senguantitative analytical methad the study of fluid inclusions, partie

larly for diagenetic fluids.

3.6.2.1Wynniatt Formabn
Fluid inclusions in both saddle and brown dolomite cementheoiVynniatt Forra-

tion behaved metastably during freezing, thereby precluding satlatgrmination, but
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have similar T values (Table 3.1), suggesting similar thermal histories. In conthest
calcite cement has lewgalinity FIAs for which no ¥ values could be determined. Using

the conventional approach féluid inclusions, it would not have been possible ta-co
clude that these three cemeptscipitated from fluids of differerdompositons. The p-
plication of evaporate mound SEEDS analysis on these samples, however, identified
three distinct fluid compositions. Saddle and brown dolomite cements are distinct from
the lowsalinity FIAs in the calcite because the dolomite FIAs have highknities, as
indicated by the larger mound size produced by these inclusions relative to those from
calcite. The recognition of a different fluid composition in each paragenetic phase then
allows for interpretation of the possible origin and evolutbthese fluids, which is di

cussed in more detail below.

36.22AVi ctoria Island formationo
FIl uid inclusions hosted by quartz cement
evaporate mounds that allowed identification of two-erenber fluids. These taim-
ply a more complex fluid history than would have been traceable using standard m
crothermometric measurements, which would have resulted in a single fluid composition
with relatively uniform T, and salinity values (Table 3.1). Furthermore, the preseic
barite and PH Zn-, and Cusulphide nanoparticles in openigid inclusions would also
have gone undetected. Asthe case for some the Wynniatt Formation cements, the
fluid inclusions in the dolomite cement are metastable, which precludedysdéterm-
nation. The production of abundant evaporate mounds in the dolomite cement suggests

that its fluid inclusions aref at least moderate salinity.
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3.6.3 Nature and origin of fluid composition
3.6.3.1Wynniatt Formation

Although salinity data add not be obtained for most of the cements through m
crothermometry, the production of evaporate mounds indicates that at least some of the
fluid inclusions trapped saline water. The size and abundance of the mounds indicate
moderately saline fluid (i.e1,0-20 wt. % equiv. NaCl; Haynes & Kesler 1987, Savard &
Chi 1998, Kontak 2004, Morden 2011). Based on microthermometric data and evaporate
mound analyses, three or four fluid compositions are recorded in cements fromrthe Wy
niatt Formation: three salin&ufd compositions with different cation proportions (Na<K,
Na>K, and Na>>K) based on evaporate mound composition (Fig. 3.9), and a fourth, low
salinity (<1.7 wt. % equiv. NaCl) fluid. Although it cannot be confirmed that the low
salinity fluid is distinctfrom the three fluid types identified from cation proportiahss
treated as distinct fluid type because of its low salinity. The presence of multiple distinct
fluids is not unusual in MVT settings. For example, both Johretoal (2009) and
Persellinet al. (2010) documented three distinct diagenetic fluids in cementsLfcover
Carboniferous rocks in Ireland, and Gleeson & Turner (2007) distinguished four fluids in
dolomite cements of the Pine Point-Rb district.

The fluid responsible for saddle dabite cement in the Wynniatt Formation has a
very low Na/K ratio, and ClI ithe only detectable anion. This is atypical of brine comp
sitions, which usually have subordinate proportions of K relative to Na and Mg-(She

herdet al. 1998, Bukowsket al.200Q Lowensteiret al.2005). The high amount of K in
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the saline fluid can be explained by extreme evaporation of marine water or bg-intera
tion of subsurface fluids with a-Kch rock. In order for K to become the dominant cation

in marinederived fluid, a &rge degree of evaporation is needed to increase the salinity
beyond halite saturation and to lower the Na content of the fluid (McCadtraly1987).
Salinity several times greater than that of seawater is typical of fluids that precipitate
hydrothermalsaddle dolomite (Davies & Smith 2006, Lonnee & Machel 2006), but, as
previously noted, no salinity data could be obtained for this cement. Another explanation
for the high K content could be interaction between fluid amtK rocks, such as csy
talline basement or a sedimentary derivative, during fluid migration (Savard & Chi 1998,
Gleeson & Turner 2007, Johnsenal.2009, Landis &Hofstra 2012).

The elevated Na over K in the fluid that formed the brown dolomite requires either a
change in fluid compmtion or the introduction of a new, different fluid. If the existing
fluid evolved to a new composition, one mechanism to account for the Na:K ratio is less
interaction with the Krich reservoir. If a new fluid was involved, it must have been e
riched inNa or depleted in K, and must have had variable interaction wittb@aking
unit to account for the spread in Na:K values. Fluid interaction with evaporite units is
generally invoked to explain an increase in the salinity of subsurface fluids (Hanor 1994,
Lonnee & Machel 2006). Evaporite units present in the region may be a source for the
salinity of hydrothermatiolomiterelated fluid. An example is the Neoproterozoic Kilian
Formation (Fig. 3.2), which contains halite casts (Rainbird 1991).

The third sale fluid composition, recorded by calehested inclusions, may have
been responsible for the dissolution of the brown dolomite: detailed petrographic and

SEM-EDS analysis shows dissolution features at the contact between the two phases. The
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calciteprecpitating fluid must, therefore, have been undersaturated with respect to
dolomite. Dissolution of dolomite is commonly associated with fluids derived from inte
action with subsurface evaporites (Lucia 1961, Warren 2006), which supports the above
argument ér subsurface fluidtock interaction.

A simpler model to account for the change in cation proportions is to consider only
two distinct fluids, one Kich and the other Nach. In this case, progressive mixing of
these fluids would account for the rangeNa:K compositions in the mounds. Early
stages of cement formation trapped ai¢h fluid, whereas later stages were dominated
by a Narich fluid; fluid associated with the intermedisgage brown dolomite had the
largest Na:K range because of the mixufighe two fluids.

Finally, the only inclusions for which salinity could be measured had values of 0.4 to
1.7 wt. % NacCl (in calcite). Such low salinities are not unusual in dolomite cements (e.qg.,
Johnsoret al 2009) and, although lowalinity fluids ae not implicated in MVT mine
alization (Basuki & Spooner 2002, Leaeh al 2005), they have been documented in
mineralised settings (Gleeson & Turner 2007). Salinities below that of seawater indicate
that this fluid must have had a component of surfigial, meteoric) water.

In summary, the cemesptrecipitating fluids probably resulted from mixing of twe- s
line fluids (K-rich and Narich) whose proportions changed through time (during precip
tation of successive phases). The two fluids acquired tbempositions through fluid
rock interactions as they migrated to the site of mixing and precipitation. The late incu
sion of afluid with a meteoric component, which is inferred to have diluted theidida

fluid, is recorded by FIAs with low salinities ihé calcite cement.
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The fluid evolution recorded in AVictorie
that was initially NaK rich (variable proportions) with variable amounts of Ca (x Mg;
earlystage quartz), whichvelved into a fluid that was NK rich (consistent prope
tions) but Cavig poor (latestage dolomite). The quarfrecipitating fluid was highly
saline and represents a typical burial fluid with an origin involving early evaporation or
protracted fluid:rockinteraction to increase its salinity. The range of fluid compositions
documented in the quartz evaporate mounds can be explained by mixing of two fluids
that experienced different fluigbck interactions prior to mixing (Fig. 3.10). Theri€h
fluid may have interacted with a #ich reservoir, such as granitic basement or a clastic
derivative, and carried metals. Another explanation could be that the fluid originated
from the evaporation of seawater past the point of halite saturation. The formeraexplan
tion is considered to be more probable because of the lack of hypersaline fluid inclusions.
The Narich fluid may have originated as seawater that experienced evaporation that did
not reach saturation with respect to halite, and probably transported tlee&lesd Ca is
present only in Nalominant evaporate mounds (Fig. 3.8).

The composition of the dolomHegosted fluid inclusions indicates a #acomposition
with generally uniform Na:K of 60:40. Two explanations are offered for this flum-co
position: (1) asingle Nafluid interacted with a Kich reservoir, such as granitic leas
ment or its clastic derivatives, or (2) mixing with erikh fluid. The former is considered
simpler, and until more data are obtained, is the preferred interpretation.

Fluid incluson data indicate that liquid petroleum migrated through the system during

guartz cementation. Freezing data from the petrolagoeous KD inclusion suggests a
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highly saline composition for the aqueous phase, which resembles the fluid in the quartz
cemenbs primary fluid inclusions. This sugge
time as the aqueous fluid and mixed either during transport or at the site wheee the ¢

ment grew. Although only one PFIA was documented in the material studied, lefuid p
troleum must have been present in the basin.

An important observation is the presence of nanoparticles of barite andnbtse
sulphides (Pb, Zn, and Cu) in quahasted inclusions. These particles may represent
paticulate matter carried by the fluid (veh means the fluid was saturated in these
phases), daughter phases formed during cooling of the trapped fluids, or particles that
formed instantaneously when the inclusions were opened, due to fluid saturation. Such
particles were not present in all oetbpened inclusions, which argues against their being
daughter phases, unless metastability was involved (Roedder 1984). The metal content of
the fluid is unknown and so the other possibilities cannot be evaluated, but regardless of
the explanation, thedlds must have been enriched in these metals. Metal nanoparticles
are known to form in rwoff waters and under a wide array of experimental conditions
(Lloyd et al 2001, Moreauet al. 2007). Sulphateeducing bacteria species such as
Desulfovibrio desutiricanscan produce sulphide nanoparticles (Llastdal. 2001) and
Zn-binding proteins can bind with excess or bound*Zp form ZnS (Moreawet al.

2007). Particles of this size can remain in suspension and be transported in a fiuid (Ho
eyman 1999, Hochlal 2002). Although sulphide nanoparticles have been documented in
groundwater, there are no reported cases of sulphide nanoparticles (with the exception of

pyrite) being preserved in diagenetic mineral phases.
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The precipitation of framboidal pyrite durirguartz growth implies a reduced env
ronment, possibly with the presence ofSH(Wilkin & Barnes 1997, Suits & Wilkin
1998). Experimental work has shown that pyfreenmboidforming conditions can be
highly variable, and the exact mechanism(s) and chemeeaition(s) cannot be dete
mined with certainty (Ohfuji & Rickard 2005). In most cases an electron accepégor is r
quired, one of the most effective beingSH(Wilkin & Barnes 1997, Butler & Rickard
2000, Ohfuji & Rickard 2005).
The maturity of the liquid geoleum (i.e., API gravity index), as inferred based on the
uniform fluorescence of the PFIA, as well as the absence of solid bitumen and natural gas
in the inclusions, indicates that burial depth must not have exceeded the temperature of
the oil window @ pr oxi mately 150AC). Therefore, v
could not have been buried deeper tha® Bm (using a geothermal gradient of-25
30°C/km; Allen & Allen 2005).
Il n summary, the cements in AVictoam-a | sl &
gional Narich fluid that experienced mixing of fluids during quartz precipitation @nric
ing the fluid inK as well metals (Pb, Zn, and Cu) and petroleum, followed by evolution
of the fluid by later interaction with a-Kch rock during dolomite prepgitation. Reduced
fluid (H,S) was present during quartz precipitation and was responsible for the formation

of pyrite framboids.

3.6.3.30rigin of K-rich fluids
The above discussion shows that cement precipitation involved introductiomiai K

fluids & some time during the paragenetic evolution of both host rocks. Such fluids are
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not typically documented in the fluid evolution of buried sedimentary basins, either ba
ren (e.g., Hanor 1994) or mineralised (Chi & Savard 1998, Wilkinson 2010). In fact, the
results of recent LA ICRMS analysis of single fluid inclusions in a variety of mineralised
MVT settings, generally considered to be the products of basin dewatering @tealch
2005), confirm that elevated Na:K ratios of such fluids is the norm, vatlal€b gerre
ally exceeding K (Stoffelet al 20008, Wilkinsoret al 2009, Appold & Wenz 2011).
There are, however, exceptions to this, in which K enrichment, expressed eitheii-as auth
genic Kfeldspar or illite, is present in a wide variety of settingg thclude both silie
clastic and carbonate successions (e.g., Buyce & Friedman 1975,dd@hrt©87, Fedo
et al. 1995, Harpeet al 1995, Ziegler & Longstaffe 2000). In fact, Buyce & Friedman
(1975) noted that authigenic-f€ldspar, hitherto considetea rarity, is more common
than once thought. Widespreadrih fluids related to regionalcale fluidflow coind-
dent with regional tectonic events, as constrained by a variety of chronometersdtearn
al. 1987, Harpeet al 1995, Elliotet al.2002), s well established as a component of the
general models for baseetal mineralisation in sedimentary basins (Leatlal 2005,
Paradiset al. 2007). Given the evidence for the presence of such fluids, one might wo
der why they are not more commonly repdrteither in MVT or other sedimehbsted
basemetal settings, such as rbdd copper deposits (e.g., Desowudtyal. 2009). Two
points may be relevant to this conundrum.

First, detection of K enrichment in fluids requires direct analysis of fluid inaigsio
because ice melting, or in some caseshidrate melting, is insufficient to quantifylso
ute composition. Either in situ LA ICGRIS analysis or SEMEDS analysis of evaporate

mounds is required. Neither of these methods is routinely employed, and séuios
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inclusion studies are not adequately designed to detect the presence of K. Is the apparent
rarity of K-rich fluids in diagenetic studies real, or a reflection of the limitations of the
methods used?

The second point is that-Kch fluids may requie specific geological conditions. \&e
eral factors should be considered: (1) favourable aquifers or reservoirs iieh, ¥oi-
zons; cf. Buyce & Friedman 1975); (2) fluid history (e.g., an evolved seawater with pre
erential loss of Na (halite precipitati) and Mg (dolomitisation)); or (3) appropriate-te
tonic settings. Until these factors have been addressed systematically, the extent, origin,

and relevance of ich fluids to cementorming processes will remain unresolved.

3.6.4 Evidence for hydrothenal fluid

In order to determine if the fluids responsible dement precipitation in the Wynniatt
Formation and AVictoria I|Island formationo
onstrated that the temperature of the fluid was at least 5°C greatethth ambient te-
perature of the host rocks at the time of entrapment (White 1957, Machel & Lonnee
2002). Because the FlAs reported here have relatively small vapour bubbles (i.e., have
high density), the Jcannot be assumed to be equal to the trapgngerature, and a
pressure correction must be applied to establish the trapping temperature of the fluid
(Goldstein & Reynolds 1994). The amount of thermometric data in this study is limited
due to the quality of the fluid inclusions: pastitrapment chams (i.e., necking), dearth
of FIAs, and small sizes were limiting factors. An independent source of pressure, such
as stratigraphic thickness, is necessary to calculate a pressure correction (Goldstein &

Reynolds 1994). The approximate burial depths afereamples, as outlined above, and
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geothermal gradients typical of sedimentary basins3Z&/km; Allen & Allen 2005)
were used for calculations.

For the Wynniatt Formation, the maximum burial depth of 9 km and a pressure- corre
tion for highsalinity (20wt. % NaCl equiv.) and lowvgalinity (2 wt. % NaCl equiv.) @I
ids (15.6°C/km and 18.5°C/km respectively; using calculations from Bodnar & Vityk
1994) were used. Presswaerrected fluid temperatures (Table 3.2) range from 110° to
250.4°C (high salinity) ah110° t6276.5°C (low salinity). The fluids were, therefore, of
higher than ambient temperatures for all burial depths less t8akn¥ (Table 3.2, Fig.
3.11), depending on the salinity of the fluid and the geothermal gradient used. Because
the maximum pssible burial depth wasBkm, all pressureorrected temperatures (220
240°C) are higher than ambient temperatures (<210°C), and the fluids shouldrbe inte
preted as hydrothermal. The corrected temperatures may be a slight overestimation of the
trapping emperature because the calculated values assume thdtditbok place at
maximum burial depths.

The maturity of the liquid petroleum inc
guartz restricts the burial depth imposed by overlying strata. Theasubiy of the 10-
uid petroleum suggests that the upper limit of the oil window (150°C) was not exceeded
for extended lengths of time, and so the thickness of overlying strata was no more than 5
6 km (using a 280°C/km geothermal gradient; Allen & Aller®@5).

Applying a burial depth range of® km and a pressure correction for high salinities
(23 wt. % NaCl equiv.), pressuo®rrected temperatures for quahtasted FIAs are 126°
to 219°C and 109° to 202°C for dolomitested FIAs. The trapping condit®mor all of

the fluids exceed the ambient temperature of the buried strata for all depths, therefore i
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plying a hydrothermal origin for the fluids involved. The maximum temperature of fluid
entrapment in dolomite exceeds the oil window. This could beagga by precipitation

of dolomite in veins: the pressure correction used above is based on lithostatic pressure,
whereas in a vein setting, a spectrum from lithostatic to hydrostatic pressures &an be e
perienced (Roedder & Bodnar 1980). If pressure wagsam hydrostatic, the trapping
temperature would be overestimated in the calculation above.

The alternative explanation to a hydrothermal model involves hypersesie
derived brine. Satisfying the temperature conditions in which the cements ptedipita
requires either a region with an elevated geothermal gradient or precipitation at great
depth. Detailed stratigraphic study may eventually provide limits on cement formation
conditions. Isotope and rare earth geochemistry are also needed to shenh lityhd

derivation, but such analyses are beyond the scope of this study.

3.6.5 Implications for economic potential
Carbonate rocks of the Wynniatt For mati ol
features that are comparable to those of MVT depositgireral, and to known base
metal occurrences in the Arctic islands: (1) Victoria Island was part of the foreland basin
of the Ellesmerian Orogen; (2) known faults in the study area could have focussed fluids,
as was the case in the Polaris deposit; (8 fimixing took place between at least two
fluid compositions in the Wynniatt Formation, and between a mietalfluid and a e-
duced sulphubear i ng fluid in the AVictoria |1slan
and composition are consistent witlosle of other MVT deposits worldwide. In addition,

the presence of liquid petroleum fluid inclusions in quartz cement indicates that hydr
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carbons migrated through faults thatcrosst t he fAVictoria | sl and
islands of Canada are knowa contain numerous carbondtested mineral showings
(Zn-Pb) and hydrocarbebhe ar i ng (oi I , gas, and bitumen)

extend the prospective areas for each of these commodities.

3.7 CONCLUSIONS

Carbonate and quartz cements in Fheterozoic Wynniatt Formation and lowea-P
|l eozoic AVictoria |Island formationo from V
contain primary and secondary fluid inclusions that provide information regattaéng
evolution of Phanerozoic diageneticifls. Analytical results suggest that multiple fluid
compositions were involved in the precipitation of the diagenetic cements in boith strat
graphic units. At least four fluid compositions were involved in the precipitation of the
cements in the Wynniatt Fmation. Of these, three resulted from variable mixing of two
hydrothermal fluids, whereas the fourth was a meteoric fluid that mixed with the previous
fluid during | ate cementation. Cemeets in
cord several fluicompositions that resulted from two hydrothermal fluids, each with a
separate flow path, mixing during early cementation of quartz. A {Ha@ling fluid
transported metals to a reduced environment at the site of precipitation. Following quartz
precipitaton, liquid petroleum was transported with a Regtinity fluid through the area,
followed by a later, lowsalinity fluid, recorded in the later dolomite cement. The getr
leum fluid inclusion data agree with the geological context and suggest that thig par

the lower Paleozoic succession did not experience conditions exceeding the oil window,
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which in turn limits the total thickness of Paleozoic cover te6<d6m. Both host rocks

possess characteristics that r edaadifidonla-e t hos
tiono is particularly interestingchfiud t hi s
that mixed with areducedg8) fl ui d during the unitods di
liquid-petroleumb ear i ng fl ui d in the iAMplciteogseénvhdts!| b

troleum migrated through faults, probably in the Paleozoic.
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Fig. 3.1.Map of the Arctic archipelago highlighting features relevant to this studyi-mod
fied after Dewinget al (2007b). The Sverdrup and Canada basins and BaffinaBay
shaded areas. The southern limit of the Ellesmeriantfolét belt (E.O.), the location of

the lower Paleozoic transition from epicratonic (south and east) to continental shelf (north
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and west) settings of the Franklinian Basin, the locations dPtieris and Nanisivik Zn

deposits, and oil and gas wells, including Bent Horn, are also shown.
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Fig. 3.2.(A) Bedrock geology of part of Victoria Island, after Thorsteinsson and Tozer
(1962), highlighting Minto Inlier (coloured), Walker Bay anticlin&/.A.), and the
Holman Island syncline (H.S.). Yellow rectangle indicates area enlarged in (B)e(B) D
tailed geology of Minto Inlet (from Rainbirelt al.in press) showing the locations of (i)

Proterozoic and (ii) Paleozoic samples addressed by this paper.
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Fig. 3.3.Wynniatt Formation cements and their fluid inclusions. (A) Cut rock slalw-sho
ing the typical appearance of three cements: (i) saddle dolomite, (ii) brown dolomite, and
(i) calcite. (B) Photomicrograph of cements (i) to (iii) in plgm&arised light. (C) Hand

sample of Wynniatt Formation with Cambrian quartz sandstone filling a karst Jeid fo

101



lowed by saddle dolomite (SD) cement. (D) Photomicrograph in-passised light of

saddle dolomite (SD) cement surrounding quartz sand grainsv@rioferred to be et

rived from overlying Cambrian magnit 10a, which provides a maximum age for cement
precipitation. (E) Typical aqueous FIA in the saddle dolomite in pbatarised light

showing uniform LV ratios indicative of lowT inclusions. (F) Alarge fluid inclusion,

part of a larger population, in calcite cement with a shape indicative of necking (§) Cry
tallographic plane decorated by small{Z1 ¢ m) aqueous fluid inclu
of these inclusions made microthermometry diffic(it) Backscattered electron (BSE)
imageshowing the typical size and shape of evaporate mounds produced from the saddle
dolomite. (I) BSE image gbartly dendritic evaporate mounds produced from the brown

dolomite.
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Dolomite
- -

o

Fig. 3.4.Cements and fluid inclusbs f rom #AVi ctoria 1sl|l and

slab showing the paragenetic relationship among (i) silicified and brecciated host rock,
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(ii) brecciated quartz cement, and (iii) dolomite cement. (B) Quartz and dolomite cements
in planepolarised light sbwing growth bands in quartz. (C) Primary FIAs along growth
zones in quartz cement. The small size of these inclusions precluded collectiorr of the
mometric data. (D) Atypical, unusually large aqueous fluid inclusion in the quartz cement.
(E) Photomicrogralp, taken under UV light (385 nm), showing fluorescence of secondary
petroleum fluid inclusions in quartz cement. (F) Refledtght photomicrograph of a
single pyrite framboid on a growth surface in quartz cement. (G) Typical primaey aqu
ous FIA in dolomie cement, taken in playpolarised light, showing evidence of constant
density, as represented by the uniforsV ratios. (H) Backscattered electron (BSEnt

age showing a typical evaporate mound hosted by dolomite cement. (I) BSE image sho
ing an evacuad fluid inclusion in quartz cement containing nanoparticles (arrows) of

lead sulphide phases.
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Deposition and dolomitisation
of the Wynniatt Formation

Karstification —
Deposition of sand (Cambrian) —_—

Saddle dolomite precipitation —

Brown dolomite precipitation —

Calcite precipitation

Time

Fig. 3.5.Paragenesis of cements hosted by the Wynniatt Formation.
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Deposition and dolomitisation
of “Victoria Island formation”

Silicification of “Victoria Island
formation”
Quartz precipitation
Pyrite framboid formation
Petroleum migration

Normal faulting

Dolomite precipitation

Fig.36 Par agenesi s

[
I
I
? —
I
Time
of cements hosted by
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Na+K Na

Saddle

; Saddle dolomite
dolomite

Na Na

A Mound composition
A Mineral composition

Brown dolomite Calcite

Fig. 3.7. Results of SEMEDS analysis foevaporate mounds from Wynniatt Formation
cements plotted in ternary compositional space (MgR&&). (A, B) Mound data for
saddle dolomite cement. The blue field in (A) represents the projected Mg:Ca ratio of the
saddledolomite with added Na+K, which overlaps the evaporate mound data gnd su
gests that their Ca+Mg values are inherited from the host dolomite. (B) Data from Figure
3.7A, replotted without theilCa+Mg component, show a consistent, low Na:K ratio. (C)
Mound data from the brown dolomite cement showing a range of Na:K ratio}.

Mound data from thealcite cement showing high Na:K ratio.
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¥ Quartz

% Dolomite

AVA A2 A4 V AV4 AV4 AV4 AV

Mg+Cva K

Fig. 3.8.Results of SEMEDS anal ysis of evaporate mound
mati ono cement s-NaK ternaty diabgram. NoteathaiMite N&Karatios for

guartz cement are variable, but those for dolomite cement show minimal variation.
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@® Calcite
O BD
¢ SD

Mg+Ca K

Fig. 3.9.Summary plot of evaporate mound analyses for fluid inclusions from Wynniatt
Formation cements, with suggestevolution. As discussed in the text, flumck intera-
tion and fluid mixing caused fluid composition to evolve from (i) -aidh fluid for the
saddle dolomite to (ii) a Na+K fluid for the brown dolomite, followed by (iii) ari¢a

fluid during calcitecementation.
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Dolomite precip.

| ‘4,'_\/\®

1]
#—_\' + Petroleum

(o)
o)

Fig.3.10 Suggested evolution of the hydrother

time

Quartz precip.

formati ono c edomgnarnt Buid expdrignced\ fluitbek interactions with a
carbonate rock to gain Ca. (Il) Thei€a fluid then mixed vwth a K-rich, metairich fluid

to generate the range in fluid compositions and trap sulphide nanoparticles in guartz c
ment. (Ill) Migration of petroleum and mixing with the fdaminant fluid. (IV) The Na

dominant fluid interacted with a-Kich reservoir¢ gain K (dolomite cement).
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300
2 wt. %

20 wt. %

200

Temperature (°C)

0 ] 1 1 | | 5 1
1 3 5 T 9
Burial depth (km)

Fig. 3.11.Plot of fluid temperature versus burial depth for fluids of 2 and 20 wt. % equiv.
NaCl with homogenisation temperatures of 110°C (see text for discussion of pressure
corrections). In this plot, the areas aboke aiverage geothermal gradients of 25° and
30°C/km (Allen & Allen 2005) for given burial depths are considered to be hydrothermal
(grey region in diagram using the 30°C gradient). In this diagram, fluids of two different
salinities (2 and 20 wt. % equiv.al€l) are used to illustrate that such fluids can be co
sidered hydrothermal until burial exceeds 7.8 km with a geothermal gradient of 30°C/km,

or 9 km for a 25°C/km gradient.
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Table 3.1.Microthermometry results for cements from both host rocks. SBddls dolomite, BD = brown dolomite, Th =

homogenisation temperatureg ¥ eutectictemperature, and Tm = temperature of final melt. Salinity is in wt. % NaClaquiv

lent.

Host Cement FIA# Thrange

Wynniatt Fm. SD 1 105115
BD 1 112117
BD 2 100102
Calcite 1 NA
Calcite 2 NA

AVictori aQuarzl adad 180130
Quartz 1 120133
Dolomite 1 109122
Dolomite 2 109
Dolomite 3 120124

Th average
108 (n=6)
116 (n=3)
101 (n=2)

123 (n=3)
128 (n=3)
116 (n=7)
109 (n=5)
123 (n=6)

112

Salinity (wt %) Fluid comp

NA
NA
NA
0.4
1.7
23.2
23.1
NA
NA
NA

K-rich (20:80 to 10:90)
K+Na (40:60 to 95:5)
K+Na (40:60 to 95:5)
Narrich (90:10 to 100)
Na-rich (90:10 to 100)
K+Na+Ca (variable)
K+Na+Ca (variable)
K+Na (50:50 to 60:40)
K+Na (50:50 to 60:40)
K+Na (50:50 to 60:40)



Table 3.2 Pressureorrected temperatures of fluids in diagenetic cements of the Wy
niatt Formation at different depths, using two -@nembersalinities. Tth = temperature

of high-salinity fluid (20 wt. % NaCl equiv.), Ttl = temperature of l@alinity fluid (2

wt. % NacCl equiv.), Tamin = minimum ambient temperature using 25°C/km geothermal

gradient, Tamax = maximum ambient temperature usifigG/B geothermal gradient.

Burial depth (km)  Tth (°C) Ttl (°C) Tamin (°C) Tamax (°C)
0 110 110 0 0

1 125. 6 128.5 25 30
2 141. 2147 50 60
3 156. 8 165.5 75 90
4 172. 4184 100 120
5 188 202.5 125 150
6 203. 6 221 150 180
7 219. 2239.5 175 210
8 234. 8 258 200 240
9 250. 4276.5 225 270

Tth = temperature of higkalinity fluid (20 wt. % NaCl equiv.), Ttl = temperature
of low-salinity fluid (2 wt. % NaCl equiv.), Tamin = mimum
ambient temperature using 25°C kigeothermal gradient, Tamax = maximum

ambient temperature using 30°C Rrgeothermal gradient.

113



CHAPTER 4 - GEOCHEMISTRY OF PHANEROZOIC DIAGENESIS ON VICD-

RIA ISLAND, NWT

J. Mathieu, D. J. Kontak and E. C. Turner
Department of Earth Sciences, Laurentian University, Sudbury, Ontario, Canada P3E

2C6

ABSTRACT

The Neoproterozoic Wynniatt Formation dolostone contains four Phanerozoic cements:
saddle dolomite, brown dolomite, replacive calcite and late calcite. Cabmbdowician
AVictoria |Island formationo dol ostone cont
isotopic (O and S) analysis by SIMS was used to assess microscopic changes in the
diagenetic phases. Average oxygen isotopic values of Wynniatt Formatidie semt

brown dol omit e, replacive calcite, and | at
(SMOW), respectively. Rare earth element patterns of Wynniatt Formation dolostone,
dolomite, and replacive calcite are smooth and flat with slightly positive ndeYa
anomalies and MREEnriched when normalised to PAAS; late calcite cement, R co

trast, has negative Ce and positive Y anomalies. Recrystallisation of the Wynniadt Form

tion dolostone by the reduced saddtdomiteprecipitating fluid in a fluiddominaed

system altered the isotopic and REE pattern of the dolostone to saddle dolomite values.
This fluid interacted with a shale unit at depth and mixed with a relativelydailyhity

fluid. Brown dolomite precipitated from this fluid after a decreaselinisa Oxygenated
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meteori c water infiltrated the system and
| and formationod dol ostone, qguart z, and dol
31.74&, 18.74, and 18.64a 3*sSIYov@ampoidal pyetsimect i v
quartz averages . 5a ( CDT) . AVictoria |Islandtfor mat
terns wth a positive Eu anomaly, no Ce anomaly, andzagged HREE. Dolomiteee

ments have two patterns: one similar to the dolostone, and the other with LRBE enric

ment, and negative La and Eu anomalies. Reduced hydrothermal fluids altered-and pa

tially silicifi ed t he AVictoria | sland formationo
seawatessourced fluid that incorporated metals at depth and mixed with bactegally r

duced sulphur at the site of precipitation. Dolomite cement records the change from a
rock-domimant system, inheriting precursor signatures to a-tischinant system refléc

ing fluid composition. This fluid was sourced from seawater and interacted with REE
phosphate minerals. Similarities with the PolarisPIndeposit may suggest that Victoria

Island has or had the potential to host bamtal mineralisation.
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4.1INTRODUCTION

Despite the presence of pgsbducing ore deposits and oil fields in the surrounding
islands (Chen et al., 2000; Dewing et al., 2007) (#it)), geological research andmni
eral exploration on Victoria Islankdasbeen minimal. Because the formation of sediment
hosted basenetal (e.g., ZsPb) ore deposits is primarily controlled by fluids (e.g., Leach
et al., 2005), wunderstanding ainsassedsingitssnt ar y
economic potential. Arctic exploration is expensive, and so any method that cah-contri
ute to identifying potential target areagstentiallybeneficial. The study reported here
forms part of the GEM (Geomapping for Energy and Minerplg)gram of the Geolag
cal Survey of Canada, segmenodf which was directed towards evaluatititge potential
of Victoria Island for base metal and energy resources.

Stable isotopesncluding those of oxygen and sulphprovide indirect information
regading the history of fluids that precipitate minerals, and are among the most widely
used geochemical indicators in the study of sedimentary basins (e.g., Qing, 1998; Savard
and Kontak, 1998; Adams et al., 2000; Savard et al., 2000; Dolnicek et al., B@12).
cause the fractionation ghany isotopes is temperatusensitive, the oxygen isotopic
values of mineral phases can be used bothgeothermometerand as a way of date
mining the source dfluid. For example, stablexygenisotopic data can be usealdis-
tinguish between sources such as seawater and meteoric water (and their possible lat

tudes/elevations). Seawater, a common source of diagenetic fluids, yields a relatively

116



constant stable oxygen isotopic signal throughout geologic time (Veizer, €t9817;
Veizer et al., 1999). Combining isotopic data with independently derived estimates for
temperature and fluid composition from fluid inclusion studies on host and cement sa
ples provides a means of evaluating the burial and diagenetic histofdyasfrain terms

of its thermal history and source of circulating fluidcausethe ratio of diagenetic

fluid volume to rock volume influences isotopic signatures (Banner et al., 119&8),
provides an indirect means of assessing the scale of fluid mateareopenness, of a
diagenetic system.

Conventional isotopic analyses in diagenetic studies have traditionally upeken
takeneither on wholeock or wholemineral samples, which are adequate for relatively
large, homogeneous phases, but, this methoudiges little information about theas
topic variation acquired during crystal growth. Secondary ion mass spectrometry (SIMS)
can be used to analyse isotopesitu at a spatial resolution of microns. Traiows for
refined microscopic resolution of i@pic variation within single crystals (Valley and
Graham, 1991; Xiao et al., 2010; Gabitov et al., 2012). This approach is especially useful
when the diagenetic and alteration phases are microscopic (Shotyk and Metson, 1994;
Xiao et al., 2010).

Unlike oxygen and sulphuisotopes and other trace elements, rare earth elements
(REE) are generally immobile so large degrees of fluid:rock interaction (i.e) (200
required to alter the REE signature of carbonate rocks (Banner et al., 1988). The REEs
therefoe provide a useful means for understanding the origin of fluids, their evolution
through fluid:rock interaction, and their redox conditions (Graf, 1984; Banner et al.,

1988; Kontak and Jackson, 1995; Qing, 1998; Bau et al., 2003; Staude et al., 2012). This
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aspect of the REE chemistry of carbonate rocks provides a means to: (1) determine the
chemistry of ancient seawateas preserved in carbonate rocks (Elderfield and Greaves,
1982; Elderfield, 1988; Nothdurft et al., 2004; Tanaka and Kawabe, 2006; Qu et al
2009; Azmy et al., 2011)2) identify the source of the precipitating fluid (marine or-hon
marine) (Tlig and MORabet, 198%5nd(Passesser et
the amount of fluid interaction that occurred (Banner et al., 1988 @nd Mountjoy,
1994). The partitioning of REEs into carbonate minerals is several orders of magnitude
greater than their concentration sSeawaterhencecarbonate minerals become enriched
in REEs relative to seawater (Banner et al., 1988; Kawabe €et988). Because the
HREE radii are more similar to that of Mg than that of Ca, dolomite/dolostone has a
greater enrichment in HREE thaassociatedcalcite/limestone; nonetheless, alol
mite/dolostone generally inherits the REE signature of the precursamedgbrock dut
ing dissolution and precipitation under low fluid:rock ratios (Banner et al., 1988; Qing
and Mountjoy, 1994). Although the volume of diagenetic fluid required for dol@mitis
tion is insufficient to alter the REE content of ygnasting carboni@ phases, fluid ve
umes associated with MVT deposits are large and can be sufficient to alter REE patterns
(Graf, 1984; Banner et al., 1988; Qing and Mountjoy, 1994; Qing, 1998).

This study of a small suite of samples combines fluid inclusion datawddHems-
try information from samples examined in a previous study (Mathieu et al., 2013a) with
new isotopic (O, S) and trace element (including the REE) data, to unravel the nature and
origin of fluids responsible for initial dolomitisation of the hoatmnate rock and e+
cipitation of subsequent cement in voids and fractures. This study integrates mukiple m

cro-analytical methods: secondary electron microscopy (SEM) for textural and pa
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agenetic information, SIMS for oxygen and sulphur isotopic arslgsid laser ablation

inductively coupled mass spectrometry (LA HOF/S) for trace elementstogether, these

methods permit resolution of chemical changes at a m&eate during diagenesis. The

results, incorporating fluid inclusion data from an eariease of the study (Mathieu et

al., 2013a), demonstrate that combining different types of mi&cale analyses cam-u

ravel the evolution of a basinbés flwid che

tained in previous diagenetic studies.

4.2GEOLOGY

4.2.1Tectonic framework

The rocks addressed in this study are from Victoria Island, in the southwestern part of
Canadabdbs Arctic archipelago. The istandos
bonate rocks, but also exposes Proterozoic strata. Ty sddresses Phanerozoic
diagenetic events that affected both Proterozoic and Paleozoic carbonate strata, and so it
is the Phanerozoic tectonostratigraphic history of the islands that is of primary interest in
terms of interpreting the cements that &efocus of this study.

The Neoproterozoic Shaler Supergroup was deposited in the Amundsen Basin of
northwestern (present geography) Laurentia. A combination of different geochrenolog
cal methods provide an age constraint for the deposition of the sugetygtween 1151
and 723 Ma (Heaman et al., 1992; Rayner and Rainbird, 2013), which is within the time
span of the Grenville Orogeny (~1100 to 980 Ma; Hynes and Rivers, 2010) as well as

Rodiniads assembly (~1300 to 90&alva08). and d
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Detrital zircon grains sourced from the Grenville Orogareycommon in the supergroup
(Rainbird et al., 1997a; Rayner and Rainbird, 2013). The Amundsen Basin was separated
from the Mackenzie Basin by the Great Bear Arch (Young, 1981yniittent isolation

of the basin precipitated bastentral evaporite deposits. During deposition of theaWy

niatt Formation, the Amundsen Basin experienced depocentre migration from the sout
west to the northeast and then back to the southwest (Thomsbn2&t14). Rhenium
osmium dating of black shale in the Wynniatt Formation (van Acken et al., 2013) reveals
that early Wynniatt Formation members were deposited during the quiescence of the a
sembled Rodinia (~850 Ma), whereas later Wynniatt Formation nrsmzse deposited
during the initial rifting of Rodinia (~740 Ma).

The Franklinian Basin refers to the latest Neoproterozoic to middle Paleozeic sed
mentary rocks of Canadads Arctic archipela
succession recordscamplete Wilson cycle, beginning with the rifting of Rodinia in the
late Neoproterozoic and ending with the Ellesmerian Orogeny (late Devonian). The
Franklinian Basin consists of a southern and eastern shalknmme area underlain by
cratonic basementnd a deepmarine area in the northern and western parts ofsthe i
lands (Trettin et al., 1991). Several kilometres of carbonate and evaporite stratawere d
posited during the OrdoviciaDevonian, including the Thumb Mountain Formation,
which hosts the Poler Zn-Pb deposit (Kerr, 1977; Trettin et al., 1991; Savard et al.,
2000; Jober et al., 2007; Dewing et al., 2007b) and the Cape Phillips Formation, which
was the hydrocarbon source rock for the Bent Horn oil field on Cameron Island @berm

jer et al., 201Q)
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The closure of the lapetus Ocean during the collision of Baltica and Laurentia in the
Silurian-Devonian resulted in the Caledonian Orogeny, whicpr@minentin eastern
Laurentia and Scotland (Miall 1986; Oliver 2001; Morris et al., 2005). The Badili,

a northtrending structural zone that extends from the exposed craton to Devon Island
(central high Arctic), formed as a result of-fegld compressional forces from the €al
donian Orogenyrom the distant east in the late Silurian (Miall 1986 écord of stro-

tural deformation related to the Caledonian Orogeny is known to be present west of the
Boothia Uplift.

Collision between Laurentia and an unknown landmass in the Devonian resulted in the
Ellesmerian Orogeny, which was expressed as a ssiti@rdadvancing deformation
front (Embry 1991a). Large fold belts parallel to the deformation front reached as far
south as the Parry Islands (Melville, Bathurst, and Cornwallis islands; Fig. 4.1; Okulitch
et al., 1991). No Ellesmerian structures deselopedon Banks Island (Miall 1976), or
south of the Parry Islands. Ellesmerian stresses reactivated Bag#udastructures in the
central Arctic islands, and this event is considered to have been responsible fos-mobili
ing metalliferous fluids which re#ted in the formation of the Cornwallis ZPb district
(Turner and Dewing 2004, Dewing et al., 2007b, Jober.e2@07). Although there are
no structural effects of the Ellesmerian Orogeny south of the Parry Islands, a large clastic
wedge depositedinéh or ogends foreland basin covered
south as Banks Island (Embry 1991a), where up to 9 km (4 km preserved) of stuata acc
mulated (Miall 1976, Dewing and Obermajer 2009). On Victoria Island, the clastic

wedge probably reachedthickness comparable to that on Banks Island (~9 km).
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The Sverdrup Basin, a large intraplate basin in the northern Arctic islands (Fig. 4.1),
contains suibasin faults (Forsyth et al., 1979) associated with extensiomé¢iganafter
waning of the Elleserian Orogeny in the Early Carboniferous (Davies and Nassichuk,
1991). The basinepresentshe main depocentre for much of the northern Arctic islands,
but subsidence exceeded sediment supply and the basin eventually became a deep marine
basin (Embry 199 b ) . During most of the Sverdrup Ba
Island experienced erosion, and acted as a sediment sourceireathan a depocentre
(Embry 1991b). Cretaceous flood basalts and sills are associated with extension in the
Sverdry Basin (Embry, 1991b; Dewing et al., 2007a).

Extension in the Canada basin west of the Arctic islands probably started in #he Jura
sic, as suggested by strata preserved in the Banks Island graben (Miall 1979).-Apbreak
unconformity underlying the Isaatis Formation (Hauterivian) is recorded in the Banks
basin (Embry and Dixon 1992), which confirms the time of rifting. Extension on and near
Banks Island was associated with an anomalously high temperature flux, as recorded by
vitrinite reflectance valuehat exceed those expected for the amount of burial suggested
by sonic interval transit time (Dewing and Obermajer, 2009). Because of the proximity of
Victoria Island to Banks Island, the thermal anomaly could have had an effect on the
thermal regime of bugd strata on Victoria Island.

The Cretaceous to Oligocene Eurekan Orogeny was a compressive event caused by
the counteiclockwise rotation of Greenland relative to Laurentia (Kerr 1967; Tegner et
al., 2011). This orogen affected primarily the northeml easterrmost islands, produ
ing structures that typically are parallel to or reactivated older structural features, such as

those of the Ellesmerian Orogeny (Okulitch and Trettin 1991). The rotational movement
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caused extension in the south, and assatigpening of Baffin Bay, but compression in

the north, on Ellesmere Island (Okulitch and Trettin 1991; Oakley and Stephenson, 2008;
Tegner et al., 2011). The Sverdrup Basin became divided into several smaller basins. The
Eureka Sound Group, a syntectonigltdic deposit, accumulated in local basins over
much of the islands, including at least 1 km of thickness on Banks Island (Miall 1979);
the area of the former Franklinian shelf (including Victoria Island) was predominantly a
positive geographic feature g this time (Miall 1991). Stresses related to the orogen
reactivated faults, which resulted in the formation of grabens and straits, where post
Eurekan (Tertiary) sediment accumulated (Okulitch and Trettin, 1991). Following the
compressive phase of tliirekan Orogeny (Miall 1991), isostatic uplift resulting from
erosion produced the presafgty geomorphology of the Arctic islands and shifted the
main sedimentary depocentre from intracratonic basins to the pdssemontinental

margins (Canada and Baffbasins; Trettin 1991).

4.2.2Local geology

The oldest strata on Victoria Island are exposed on the northeastern part of the island
(Thorsteinsson and Tozer, 1962). These strata consist of quartziteufibd) of wn-
known age, and granitic rocks (mapit 2), thought to be of Paleoproterozoic age based
on conventional KAr dates (Thorsteinsson and Tozer, 1962).

The Early Neoproterozoic Shaler Supergroup (Sequence B) is exposed in the Duke of
York and Minto inliers of southern and central Victoria Islgfhorsteinsson and Tozer,
1962; Rainbird et al., 1994, 1996). It is also exposed or correlated to strata inpthe Co

permine River area and in the northern Cordillera (Mackenzie Mountain Supergroup) of
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the Northwest Territories and Nunavut (Rainbird et 8096; Long et al., 2008). The
strata of this supergroup were deposited in the epicratonic Amundsen Basin (Rainbird et
al., 1994, Long et al., 2008) and comprise, in stratigraphic order, the Rae and Reynolds
Point groups, and the Minto Inlet, Wynniatt,|lli&in, and Kuujjua formations (Thorstein

son and Tozer, 1962; Young 1981; Rainbird 1991; Rainbird et al., 1996). These units are
overlain by the Natkusiak Formation, a 14ick flood basalassociated with the ~723

Ma Franklin large igneous province (Hean et al., 1992). The Holman Island syncline
and the Walker Bay anticline, which span Victoria Island (Fig. 4.2), exhibit structural
dips no greater than 10°, and appear to be the only evidence of late Neoprotezezoic d
formation (Thorsteinsson and Tozé&6R; Harrison et al., 2013). Exposure of the Shaler
Supergroup in the Duke of York Inlier is limited to formations of the Rae Grouk- (Mi
kelsen Island, Nelson Head, and Aok) that are unconformably overlain by Paleozoic
strata (Cambrian quartz arenite; Thiemssson and Tozer, 1962; Rainbird et al., 1994,
1997b), whereas the Minto Inlier contains the entire supergroup (Fig. 4.2), which-is ove
lain by Cambrian siliciclastic sediment (Thorsteinsson and Tozer, 1962; Rainbird et al.,
1994, 1996). The Wynniatt Foation consists of shallomarine limestone and dde

tone divided into the informal Lower Carbonate, Shale, Stromatolitic, and UppemEarbo
ate members (Rainbird 1991; Rayner and Rainbird 2013; Thomson et al., 2014). Shortly
before deposition of the basahf@brian clastic unit, the upper Wynniatt Formation was
subaerially exposed and karsted (Mathieu e8l13b). The estimated total thickness of
Proterozoic strata overlying the Wynniatt Formatisrirom 0 m (at the unconformity

site) to 10062000 m (whee the Natkusiak Formation is well preserved; Rainbird 1991).
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Most of the Paleozoic strata underlying Victoria Island are Franklinian epicratonic
rocks that were divided into four informal groups by Thorsteinsson and Tozer (1962)
based largely on fossil asnblages. More recently, Dewing et al. (2013) described and
informally named sever al units from nort h
and Astripy@rumivii £, aGambvVi et ori a {Sduiaand f or
Thumb Mountain and AlleBay formations, unnamed Silurian shale, and Devonian Blue
Fiord and Kitson formations. The Cambrian clastic unit is described as abemtdsd
marine quartz arenite that was largely deposited in a shallow tidally dominated inner
shelf environment (Durbanin prep.). Some of the stratigraphic units on Victoria Island
are stratigraphically equivalent to units associated with mineralisation in the Cornwallis
Zn-Pb district and to the source rock for the Bent Horn oil field on Cameron Island (Fig.
4.1). On nothwestern Victoria Island, an impact crater formed by an impactor with a 2
km diameter sometime between the Devonian and Cretaceous, prahably the
Mesozoic (Dewing et al., 2013). This impact crater exposes Proterozoic strata and shatter

cones.

4. 3METHODS

4.3.1 Sample locations

Carbonate rocks from two locations near the head of Minto Inlet on Victoria Island
(Fig. 4.2) were used in this study: (1) Neoproterozoic Wynniatt Formation dolostone and
cements are from bel ow anr uchacrobnofnoartne tnye nbbeet!

Wynniatt Formation and the Cambrian clastic unit (rnafg 10a from Thorsteinsson and
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Tozer, 196 2,; Mat hi eu et al ., 2013b) ; and
(formerly mapunit 10b from Thorsteinsson and Tozer, 2pBolostone and cements are
from an area that is bounded by pres#sy traces of faults south of Minto Inlet (Fig.
4.2).The samples used were the same as those used in a previous, related fluid inclusion

study (Mathieu et al., 2013a).

4.3.2 Secondaryon mass spectrometry (SIMS)

Samples that represented all of #r®wn diagenetic phases were selected fesitn
oxygen isotope analysis by SIMSthe University of Manitoba (Winnipeg, Manitoba).
Sampl es were anal ys e dwitha 10V sourceapcbdetecedane o f

a Balzers SEV 1217 electron multipli@oupled with an ion counting system. Standard

deviations of reproducibility fod o | o mi t e, calcite, and quart :

NO. 6 a, respectivel y. Sul phur i swaituatgVe-s o f

morial University (Newfoundland, Canada).

4.3.3 Laser ablation inductively coupled plasma mass spectrometry (LME)P

Samples were analysed for minor and trace elements using a Resonetics RESOlution
M-50, ArF excimer laser with a 193 nm wavelength andwalame chamber (Laurin
Technic) and a Thermo X Series Il (quadruple) @8 in the Department of Earth iSc
ences, kAurentian University (Sudbury, Ontario, Canada). Samples were first characte
ised petrographically using transmitted and reflected light methods followed by imaging
and analysis using a JEOL SHEDS system (Department of Earth Sciences, Laurentian

Universty). The external standard used was the NIST 610 glass and the internal standard
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used (e.g., Ca) depended on the phase being analysed (e.g., dolomite, calcite) and was
based on the SEMEDS analysis. The LA IGIMS analyses were done with beam sizes
betweenl 9 em and 124 em at 5 Hz and approxi m;
ml/min Ar, and 6 ml/miny,. Smaller beam sizes were used where necessary to analyse
micrometrescale features, and larger beams were used, when appropriate, to enhance
rare earth elemersignals. Precisiorrroris estimatedbased on counting statistjds be

typically <10% for trace elements.

4.3.4 Scanning electron microscopy (SEM)

The paragenesis of the cements, their texture and chemvssydetermined using an
SEM at LaurentiarUniversity. The instrument used was a JEOL 6400 SEM with an
INCA EDS detector and software systemray mapping was also used, in addition to
point analysis, to assess chemical variation within each cement phase. Analyti¢al cond
tions employed were aceshting voltage of 20 keV, beam current of 1 Amps, ancth se

ond counting rate.

4 4RESULTS

4.4.1 Wynniatt Formation
4.4.1.1 Petrography

The Wynniatt Formation dolostone consists of planar dolomite crystals ranging from
fine- to mediumcrystalline. Displacivereplacement of the original limestone bg-r

placive dolomite concentrated relatively insoluble material around the dolomite crystal
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faces. Individual matrix crystals of dolomite have a concentration of inclusions (solid and
fluid) at their centres and afienpid at their edges. The Wynniatt Formation dolostone
contains four types of poifdling diagenetic cements: saddle dolomite (SD), brown
dolomite (BD), replacive calcite (RC), and latage calcite (LC) (Fig. 4.3). Along the
contact between the dolos®and the SD, as well as in patches within the dolostenre, d
dolomite is present and contains disseminated hematite.

Saddle dolomite crystals at the margins of voids are several millimetres long, have
curved crystal faces and abundant fluid inclusionsl| @xhibit sweeping extinction in
crosspolarised light (Fig. 4.3). Saddle dolomite crystals are also present within host
dolostone, and, like the cement, exhibit sweeping extinction, but are small and lack a
well-developed crystal habit.

Brown dolomite ceent has straight euhedral crystal faces and crystals up to several
millimetres in size. The brown colour of the crystals, in hand sample, is causes- by di
seminated hematite that is associated with RC (or dedolomite; Fig. 4.3). The dolomite
crystals are dourless and essentially free of inclusions, but for clarity will be referred to
as fAbrown dolomitedo in this study. Ther e i
and replacive calcite. Bands are of uneven width and have irregular boundaries, but
roughly follow growth zonation of the BD crystals and typically are present on their ou
ermost surfaces (Fig. 4.3C). Microfractures crossBD and RC and contain hematite.

Late-stage calcite is a colourless, blocky, medidumcoarsegyrained, anhedral, pore
filling cement with some inclusions (Fig. 4.3). No fractures are apparent in the crystals,

and they contain no disseminated hematite.
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4.4.1.2 Paragenesis

Limestone of the Wynniatt Formation was deposited in the Neoproterozoic. In the late
Neoproterozoido early Cambrian, subaerial exposure removed approximately 1 km of
strata and caused karsting of the limestone. Prior to karst features being entirely eroded,
shallow marine sandstone was deposited, preserving the karst features (Mathieu et al.,
2013b), lut it is unclear whether dolomitisation of the limestone occurred prior to
karsting or after. Saddle dolomite cement precipitated some unknown amount of-time a
ter sandstone deposition, locally incorporating sand grains into the cement (Fig. 4.3D).
After BD precipitated, a dolomitandersaturated fluid dissolved some of the BD and
precipitated RC followed by LC cement (Fig. 4.4). Part of this stage also involged pr
cipitation of hematite, which defines the boundary between RC and LC cement (Fig.
43C).Beca se sand grains from the ACambrian cl
the oldest voidilling cement phase (saddle dolomite; Fig. 4.3D), the age of the

diagenetic cements can be no older than Cambrian.

4.4.1.3 Stable isotopes

The Upper Carbonate b er o f t he Wy n n'fOavalues tabrangea t i o n
bet ween approximately 22. pers.aComdm. 2094witha ( SMOYV
mean of appr oxi m&xwlleg for2SD.cénient rafgh éom iR3.1 to
26.3a, with a mean o fdol@nte cémeat has & MallsW)range Br o w
and med voafl ues as SD, from 23.3 to 26.54a,
calcite cemen® vamaessohaBe7lto 9.5&, with

%0 values are 3.1 to 9lJe8®, with a mean of
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Because no homogenisation temperatugg ¥@lues could be determined for fluiak i
clusions in Wynniatt Formation dolostone or calcite cements (Mathieu et al., 2013a),
bounding temperatures for carbonate formation are estimated at 20°C to 12¥dpba
the possibility of dolomitising/precipitating at or near surface or at temperatures that were
similar to those of the preceding/succeeding (saddle dolgretpitating) fluid (using
fluid inclusion thermometric data). This large range of posséstgeratures results from
the lack of stratigraphic constraints on the timing of dolomitisation/precipitation: Fra
tionation equations from Land (1985) and O
respecti vel y ®Ouyivaubsdof-8a.véedr aigreg U20AC) and 3.
120AC) for Wynniatt Formation -Bbl 34t ¢nej ndg
20°C)and-9. 34 (using 12QARCHAaf usRGHO0 .2D3 C( u sainrdg

120°C) for LC (Tablet.1; Fig. 4.5).

44.1.4 Trace and rare edntelements

Trace and rare earth element concentrations for each diagenetic phase are summarised
in Table 2, and REE data, normalised to Post Archean Australian Shale (PAAS) from
Pourmand et al. (2012), are shown in Figure 4.6. It appears that theyeneral increase
in EREE+Y from the host dolostone (3.28 to
(2.23 to 20.31 ppm, average 6.69, n=11), BD (6.69 to 14.14 ppm, average 10.35, n=6),
and RC phases (2.35 to 19.27 ppm, average 8.21, n=8), followedlbgrease to the
| owest EREE+Y in the LC (1.05 to 5.57 ppm
show a gradual increase in the degree of MREE enrichment for both the SD and BD and

also for some of the RC. The latest calcite is, however, distinct fropthal cements
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and is instead characterised by its pronounced anomalies. Dolostone through to RC
phases have no La anomaly, and a slight positive Ce anomaly in some samples, whereas
the LC has a strong positive La anomaly and a-delleloped negative Caamaly; one
analysis of RC has a REE pattern similar to that of LC, with regards to anomalies (Fig.
4.7). Lanthanum and Ce anomalies were verified using a Pr/Pr* versus Ce/Ce* plot (Fig.
4.8) from Bau et al. (1997). All phases, with the exception of R€5g8s superchondritic
Y/Ho values (i.e., >28; McDonnough and Sun, 1995); replacive calcite has Y/Ho of
17.04 to 36.55 (average 26.37, n=8).

Samples change from Fand Mnrich (>2000 ppm and >200 ppm, respectively), in
the dolostone and dolomite phasesi-& and Mnpoor (<100 ppm and <50 ppm, respe
tively) in the LC phase; replacive calcite possesses the highest range and highest values
of both Fe (130.78 to 17155.4 ppm, average 4021.77 ppm, n=8) and Mn (8.02 to 1500.1
ppm, average 597.40 ppm, n=8) (Fg9). The Na, Al, and K concentrations decrease
from the host dolostone (~115 ppm, ~250 ppm, and ~150 ppm, respectively) to the SD
(~44.89 ppm, ~54.70 ppm, ~25.06 ppm, respectively), BD (~2.37 ppm, ~34.90 ppm,
~1.26 ppm, respectively), RC (~14.50 ppm, 402 ppm, ~4.95 ppm, respectively), aand
LC cement (~0.24 ppm, ~0.3 ppm, and ~0.55 ppm, respectively) (Fig. 4.9). Ratios of Ca
and Mg are approximately 65:35 for all dolomite phases. Both calcite phases have the
same composition, and there does not apfmebe any partitioning of major elements or

compositional zoning between RC and LC cements, as indicated from SEM mapping.

44 . 2 AVictoria |Island formationo

4.4.2.1 Petrography
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Dol ostone of the AVictori a -filmd diagetetict or ma t

cements: quartz and two different dolomite cements (Fig. 4.10A and B). The dolostone
ranges from fineto mediumcrystalline planar to nonplanar dolomite (Fig. 4.10). Sikcif
cation of the dolostone is shown by a replacement texture of dolomiteastz (Fig.
4.10C).

The quartz cement has chewsimaped zoning outlined by an abundance of inclusions
(solid and fluid) and is browgrey, euhedral, and mediugnained (Fig. 4.10AD). The
crystals are stained along some growth zones, probably owingcto-imelusions of an
iron phase. Pyrite framboids are also present, primarily in the earlier zones, and have
generally been oxidised to an iromide phase (hematite) (Fig. 4.14E). Pyrite fran-
boids are brassoloured in reflected light and consist of diste crystal aggregates,
whereas framboidal hematite is grey in reflected light and does not exhibit disceete cry
tals (Fig. 4.10E). It appears, therefore, that oxidation was not uniform in the framboids.
Oxidation occurred both from the inside out aratrirthe outside in, and some framboids
were oxidised on one surface only. The two dolomite cements (D1 and D2) are esse
tially indistinguishable from each other and are colourless, anhedral, -gpansed pore
filling cements with an abundance of largenpairy fluid inclusions. Separation of del
mite cement into two varieties is based on REE compositions (see section 4.334). Fra
ments of dol ostone and quartz cement ar

4.10A).

4.4.2.2 Paragenesis
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After deposition inthe Paleozoic, the limestone was dolomitised and silicified. It is
unknown whether dolostone replacement by quartz and quartz cement precipitation were
related. The framboidal pyrite is inferred to reflectprecipitation during the early stage
of quartzformation (see Fig. 4.10D). Hydrothermal brecciation of both dolostone and

guartz is associated with dolomite precipitation (D1 and D2) (Fig. 4.11).

44.2.3 Stable isotopes

AVictoria | sland f'Orvaesthabrange fram276 8% ne has
with a mean of 31. 7% vaussoiMhe quanthoemeataanget h e
from 16.6 to 21.2&, with a mean®o»valueloB. 7 a,
18.648 (Fig.3*saalue2fpr.pyrité Fraboidls range frohl.7 to-4 . 0 &
(CDT) with two apparent clustersefto-6 a a9td-11a ( #BbI e

Because nofval ues coul d be determined for f1l ui
formationd dol ostone, bounding values of 2
formation. Thee temperatures are based on the possibility of dolomitisation at or near
surface or at temperatures that were similar to the succeeding {prexijitating) fluid.
The large temperature range is due to the lack of stratigraphic constraints on th@timing
dolomitisation. Using the dolomieater fractionation equation of Land (1985) and the
quartzwat er fractionation of Shar p®OpagvaluesKki r s ch
for the cement phases averagle. 6 & (using 20AC) and@Vb2t8a (

ria |Island forlmatai dmd dalddstzaomreadd!l omi te (F

44.2.4 Trace and rare earth elements
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Trace and rarearth element concentrations for each diagenetic phase are summarised
in Table4.2, and shalmormalised REBpatterns are shown in Figure 4.13. The RE& pr
files for all anal yses of the AVictoria |Is
slight LREE enrichment and (slight) positive Ce and Eu anomalies (average Ce/Ce*=
1.06 and Eu/Eu*=1.58, n=6), andlabktly zig-zag HREE pattern. Quartz failed to ablate
properly, and so only incomplete elemental concentrations were acquired; incomplete
REE patterns appear to be -ziggged, with no Ce anomaly and a positive Eu anomaly.

The results of the LA ICRMS analis indicate that two dolomite cements can berdisti
guished based on their REE chemistry (D1 and D2), but these two cement phases were
not distinguishable using either optical properties or SHMS imaging and analysis.
Adjacent crystals have contrastingR patterns that do not appear to display any change
inherited from when they were precipitated (Fig. 4.14). In terms of the REE data, the two
types of dolomite cement are characterised as follows: D1 has a flat to slightlynfractio
ated (i.e., (Nd/Ybn>1) REE pattern, no La or Ce anomalies (Fig. 4.13), a slight positive

Eu anomaly (Eu/Eu*=2.15, n=8), and compar &
n=8), whereas D2 has a negatively sloped REE pattern with average (Md#r4)00

(n=8), negative La, Ce, artll (Eu/Eu*= 0.83, n=8) anomalies, and comparatively higher
FREE+Y (average 3.13 ppm, n=8). Anomal i es
tions from Bau et al. (1997) (Fig. 4.15). All phases have variable Y/Ho values that range
from sub to superchondtic, but average 29.46 (n=6) for dolostone, 27.94 (n=9) for D1,

and 27.40 (n=8) for D2. Where data are available, quartz cement has Y/Ho values that

range from 23.16 to 30.56 and average 27 (n=3). There is an increase in Mn esncentr

134



tions from the dolostte (average 30.63 ppm, n=6) to the two dolomite cements(D1 a

erage 37.13 ppm, n=9; D2 average 96.16 ppm, n=8). Iron does not change in a systematic
manner between phases (average dolostone 477.3 ppm, D1 187.84 ppm, D2 1162.29
ppm). Quartz cement has muckver concentrations of Fe (average 23.92 ppm, n=5) and

Mn (0.14 ppm, n=5) compared to the dolomite phases, but this may in part be because of
the quartzoés incomplete ablation. Dol oston
tents (average 1.94 ppmad0.929 ppm, respectively) compared to D2 (average 0.153

ppm). All dolomite phases have similar Ca:Mg of 65:35

4 5INTERPRETATION

45.1 Wynniatt Formation
45.1.1 Isotopic composition of precipitating fluid

The c al @0ubalues tbr the Wynniatt Formation doloston8 ( 6 t o 3. 8 a
Table4.1, Fig. 4.5) indicate that dolomitising fluid could have had al&itude mee-
oric fluid component if dolomitisation occurred in a shallow to reaface (less thml
km) environment. Dolomitisation associated with meteoric water is known to occur in
zones where meteoric ground water and seawater mix (Land, 1973; Ward and Halley,
1985). For burial temperatures greater than 60°C, the isotopic values indicate &iseawat
(or modified seawater) sot®z@forthesdomii ng a
ing/recrystallising fluid, the temperature of dolomitisation is restricted to a temperature
between 62° and 84°C, which is equivalent to an approximate burial depth tof 2.5

km if a reasonable geothermal gradient of 25°C/km (Allen and Allen, 2005) is used. This
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burial depth is classified as intermediate to deep burial by Machel (1999) and is chara
terised as containing reduced fluids that can transport +eelwsitve metals (e.g., Fe and
Mn; Machel, 1999; Budd, 1997). If the upper temperature limit (120°C) is assumed for
dol omi ti sat i®®po, is similae o thathcalculated for sadelelomite
precipitating fluid (Table4.1). This similarity points to th@ossibility that the saddle
dolomiteprecipitating fluid recrystallised the dolostone and effectively overwrote its
U0 signature.

Evaporation can enrich fluids in heavier
and Halley, 1985), but cannot fully aceos  f or t H@ valpes i the doloreite U
cements (SD and BD). The positive values for these cements could indicate instead that
the fluid interacted with a siliciclastic unit to enrich the fluid'f®. Interaction with
siliciclastic material was gigested by Mathieu et al. (2013a) based on the chemistry of
fluid inclusions, which agrees with this interpretation (Ta#l8). The similarity in
U*80n20 values between SD and BD (Tal®) suggest that both of these cements may
have precipitated from éhsame fluid.

N e g a t*iOwaluestrecorded for the fluids responsible for the calcite cements (RC
and L C)Ouoi=<B8&; TdalpFiged.5) correspond to a meteoric fluid rese
voir, which can be correlated to latitude and/or altitude (Dansga86#). Calculated
i*®0n20 values for both calcite cements at all reasonable temperatures suggest that low
latitude meteoric fluid was responsible for their precipitation. This is in agreement with
the lowsalinity fluid inclusions (i.e., 0.4 to 1.7 wt. &g. NaCl) recorded by Mathieu et

al. (2013a) for the LC cement (Takle) and the presence of hematite at the interface of
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the BD and LC cements (®Buoyaluesdof RC@Nd.LCfuhe ove

gest precipitation from the same fluid.

45.1.2 REE patterns and trace elements

Even a small percentage of siliciclastic and/or oxyhydroxide contaminant can-signif
cantly affect REE abundances in carbonate phases (Nothdurft et al., 2004). Given that
there are no correl at i oHESY ibtletdatee ieappeakd that F e ,
any such contamination is insignificant.

Typical seawater, and by extension marine carbonate rocks, has REE patterns that are
characterised by LREE depletion (relative to HREE), and negative Ce and positive La
and Y anomkes, when standardised to PAAS (Nozaki et al., 1997; Kawabe et al., 1998;
Alibo and Nozaki, 1999; Nothdurft et al., 2004; Wilkinson et al., 2011). The Wynniatt
Formation dolostone and dolomites do not have these characteristics (Fig. 4.6); instead,
enrichment of LREE and MREE, a negative La anomaly and positive Ce anomaly ind
cate that either the Wynniatt Formation limestone was not precipitated from noamal m
rine water or that the dolomitising/recrystallising fluid altered the original REE signature
of the dolostone. Groundwater and river water REE concentrations are largely influenced
by lithological interaction (i.e., fluidock) and can produce similarly flat, convex patterns
(e.g., Leybourne et al., 2000; Hannigan and Sholkovitz, 2001; Lawrence 206,
Leybourne and Johannesson, 2008). Enrichment in MREE has been attributed to the
weathering of phosphate minerals (Johannesson et al., 1996; Hannigan and Sholkovitz,
2001) or Feoxides (Haley et al., 2004), and may explain the MREE patterns documente

here. Because the Upper Carbonate member of the Wynniatt Formation was lergely d
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posited in a shallownarine, intertidal zone (Thomson et al., 2014), estuarine and/or river
water mixing with seawater could have influenced the REE pattern and dilutedtehar

istic seawater anomalies, resulting in a smoother, relatively flat pattern (Leybourne et al.,
2000; Webb and Kamber, 2000; Kamber and Webb, 2001; Lawrence et al., 2006). Pos
tive to absent Ce anomalies indicate reduced fluids (Elderfield and Grd®8%s,De

Baar et al., 1983; Elderfield et al., 1988), and may suggest that the Wynniatt Formation
formed in anoxic seawater, but the intertidal depositional environment of the Wynniatt
Formation (Thomson et al., 2014) precludes reduced depositional oasdifihe b-

served REE pattern is, therefore, the result of a diagenetic fluid that was reduced under a
sufficiently high fluidrock ratio to alter the marine REE pattern of the original rock.

Rare earth element patterns for the two dolomite cements (&BRjand some of
the RC data display a similar pattéathat of the host dolostone, but with differenheo
centrations (Fig. 4.6). The similarity of REE patterns of the host rock and these cements
indicate that: (1) the cement REE patterns were inhefiited the host rock in a roek
buffered or low fluid:rock system; (2) the cement REE record a chemistry that is similar
to that of the dolomitising fluids; or (3) the hydrothermal fluid that precipitated SB ove
printed and recrystallised the dolostone.

Repdacive calcite cement has REE patterns that are generally similar to that &-BD c
ment (Fig. 4.6), and indicate that the REE composition was inherited from dissolution of
the BD cement. Inheritance of REE patterns of one carbonate mineral from another ind
cates a low fluid:rock ratio (Banner et al., 1988; Qing and Mountjoy, 1994). TheLC c
ment and some of the RC data differ from the preceding phases and obtained their REE

signatures from the precipitating fluid rather than the host rock, which indica&ds- a
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tively high fluid:rock ratio for that fluid (Banner et al., 1988; Qing and Mountjoy, 1994).
The LREE depletion, negative Ce and positive La and Y anomalies for the LC cement are
characteristic of typical seawater chemistry (eDg,Baar et al., 198FI|derfield, 1988;
German et al., 1995; Kawabe et al., 1998; Nothdurft et al., 2004; Tanaka and Kawabe,
2006). Because marine and meteoric water can have similar REE characteristics (Nozaki
et al.,, 1997; Nozaki et al., 2000; Lawrence et al., 2006; LeybocamdeJohannesson,
2008), either of the two fluids, or both, may have precipitated this cement. The negative
Ce anomaly in calcite cemeinidicates an oxygenated fluid éBaar et al., 1983; Elde
field, 1988; German et al., 1995), thus restricting cememtat shallow burial or near
surface depths (i.e., <1 km; Machel, 1999). The transition of RC from a reduced REE
signal to an oxidised signal (i.e., change in the Ce anomaly from positive to negative; Fig.
4.7) suggests that the Rfecipitating fluid wasor became, predominantly oxidised.
The location of the negative Ce anomaly REE pattern (Fig. 4.7) indicates that either there
was a pulse of fluid during RC precipitation or that replacement of BD was notsyste
atic (e.g., random poirbcations of replaement). This Ré&precipitating fluid would
have oxidised the liberated iron, from dissolved BD, to hematite, which would explain
the association of hematite with RC cement (Fig. 4.3).

Iron and Mn are redezensitive and require a reduced fluid for transgam (Budd,
1997). Carbonate material precipitated in oxygenated marine water should have{ow co
centrations of both of these elements; those that have high concentrations of Fe and Mn
require a reduced diagenetic fluid. A reduced fluid interacting vilidickastic material
could become enriched in Fe and Mn and thus capable of transporting them tathe loc

tion of carbonate precipitation (Morrow, 1990; Budd, 1997). Because the dolostone and
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dolomite phases are enriched in these metals and have pogtaeotalies, a reduced

fluid that interacted with a sedimentary unit may have precipitated these phases. The
Y/Ho ratios for the dolostone host (33.86) and dolomite cements (37.15) are between
those of typical shale (~26; e.g., Pourmand et al., 2012) andercarbonates (~40; e.g.,
Moller et al., 2003; Nothdurft et al., 2004), suggesting that interaction of a marine fluid
with a siliciclastic unit (e.g., shale) resulted in the ratio between the two end members;
intermediate Y/Ho values between shale aadognate have been attributed toxmi
ing/interaction between the two in other studies (e.g., Nothdurft et al., 2004; Turner and
Kamber (2012). Fluidock interaction has been inferred from fluid inclusion evaporate
mound analyses for these cements (Tdt3e Mathieu et al., 2013a). The low Fe and Mn
content and marine Y/Ho values of the LC would be consistent with either oxygenated
seawater or meteoric water.

The decrease of EREE+Y from the dol omite
that an influx of dute fluid (seawater or meteoric) mixed with the precipitating fluid,
thereby reducing the REE content. Lealinity fluid inclusions in the LC cement irnd
cate that the precipitating fluid had a meteoric component (T&aBleMathieu et al.,
2013a) andwdud expl ai n ' healnegsa,t i diel Wit ed EREE+Y

and REE anomalies.

45 . 2 AVictoria |Island formationbo

45.2.1 Isotopic composition of precipitating fluid
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If the temperature of dolomitisation is limited to surface temperature (20tiGhari,
of | ater phases (~120AC; Mathieu é&®pal ., 2
for dolostone formation ranges betweén. 4a and 15.5a. This rang
meteoric and seawater origin, those that have interacted with seaigneources, or,
alternatively, a mixture of different fluid reservoirs. In contrast, if one assumes #iat se
water was the source for AVictoria d49sl and
ing the fractionation factor of Land (1985), the temperatdf®rmation ranges between
10° and 43°C. These low temperatures would suggest that dolomitisation occurred in the
nearsurface to shallow burial environment (<1 km depth).

Theé®doval ues for the fluid in equilibrium
slightly negative) and are consistent with Paleozoic seawater (Veizer et al., 1997, 1999).
An alternative source for the fluid, based on these isotopic values, conldtberic va-
ter, but fluid inclusion data for the quartz suggest a high salinity (23 wt. % NacCl equiv.)
for the cementing fluid (Tablé.3; Mathieu et al., 2013a), which precludes a significant
contribution from unmodified surficial water.

N e g a t*1S vaties typically indicate a biogenic reservoir for sulphur (e.g., Ohmoto
and Rye, 1979; Kucha et al., 2010).The sulfur isotopic values for the pyrite framboids are
much heavier than what is typical for biogenic sulphur (i.e., beWw a ) , wihi ch s
gests thathere was a mixture of sulphur sources. A mixture between biogenic omtherm
chemical sulphur and seawater or mobilised evaporite sulphate would produce the
sl i ght | y“Smatugsaecdrdedeheré. The association between dissolved Ca with S
in the quartzorecipitating fluid (Mathieu et al., 2013a) indicates that dissolution of

evaporite phases may have occurred, but its low abundance in the fluids would indicate
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that the main source for heavier (relative to biogenic) sulphur was probably seawater. The
two clusters of data (arounl @ ah@a) suggest t habmogelre f I ui
ous mixture.

Dol omite cement was dé&@msibee toomda ubl mi
values, which suggest seawater as a probable reservoir, but given that salinity could not
be determined from fluid inclusions due to metastability (Mathieu et al., 2013&pncet

water cannot be excluded as a possible source.

45.2.2 REE patterns and trace elements

The REE pattern in the AVictoria Island f
to anomalies) to silicified dolomite of the Guanmenshan Formation in Kevi@eh has
been interpreted as being the product of hydrothermal alteration and silicification (Tang
et al., 2013). The suparallel REE patterns could suggest a source that was either from,
or interacted with, a shale unit. The absence of a negative@eady suggests that the
precipitating fluid was reduced, whereas the positive Eu anomaly may suggest some
component of a hydrothermal vent fluid (Bao et al., 2008), or a subsurface interaction
with sulphides (Leybourne et al., 2000). The limited REE mgtion yielded from
guartz indicates a mixture with a primarily reduced (no Ce anomaly) fluid. A possible
hydrothermal component for the quaptecipitating fluid is also suggested by theipos
tive Eu anomalies (Bao et al., 2008), zonal texture of thezj(laong et al., 1995), and
Ty values obtained by Mathieu et al. (2013a) (Tab®. The different REE patterns in

the dolomite cement could suggest fluid mixing between tweneeihber fluids, but the
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lack of a transitional pattern precludes such mix&ternatively, a change in fluid flow

path, hence reservoirs which the fluids interacted with, and/or fluid volume (i.e.,
fluid:rock) could change the REE patterns. The positive Eu anomaly and (relatively) high
Pb concentration (up to 2.20 ppm) for D1 cemmay indicate subsurface interaction
with sulphide minerals (Leybourne et al., 2000). The relative enrichment of LREE and
MREE in the D2 cement may indicate fluid interaction with a RBsphate mineral
(Hannigan and Sholkovitz, 2001; Kohler et al., 20The similarity between the REE
pattern of D1 cement and the dolostone (Fig. 4.13) may suggest low fluid:rock ratios; D2
cements display REE patterns that differ from those of the preceding phases (Fig. 4.13),
thereby suggesting high fluiack ratios. he different REE patterns of adjacent crystals
without gradual transition from one to another (Fig. 4.14) may suggest that these patterns

are not the product of fluid mixing, but instead, a change in fluid volume.

4.6 DISCUSSION

4.6.1 Origin of the replack calcite

The origin of the replacive calcite in the Wynniatt Formation must be discussed in o
der to determine its role in the paragenesis, and whether it was precipitated from its own
fluid, or was the product odgenatinatiyt(fhge4.4), phas e
RC postdates BD, as is apparent from the dissolution features in the BD (Fig. 4.3).
Petrographic features (e.g., crystal habit, extinction) of dedolomitised cement a¢an be i

herited by the replacive calcite (e.g., Qing and Mountj®94) and are present in these

143



cements, which would require a dolomitedersaturated fluid. Replacive calcite has the

s a m¥0 values as the LC cement and suggests a meteoric source, which is known to
dissolve dolomite (e.g., AHashimi and Hemingwayl973; Savard et al., 2000). It can
then be inferred that the L@recipitating fluid was also responsible for the dissolution of
BD and precipitation of RC. Replacive calcite (dedolomite) and calcite at the P@aris d
posit are also both accredited to thenegpostmineralisation, meteoric fluid (Savard et

al., 2000). Although there is no preferential partitioning of major elements between RC
and LC, as inferred from SEM imaging and elementah)Xmaps, hematite is associated
with the RC but is absent in LThis latter discrepancy may be attributed to the unsol
bility of Fe in oxidised water, which would have limited transportation after dissolution
of BD. The oxidised water of the calcipeecipitating fluid could have dissolved the BD
while precipitating R, which is reflected in the negative Ce anomaly of one of the REE
patterns (Fig. 4.6 and 7). Dissolved iron liberated from the BD would have precipitated as
hematite in the RC; similar processes could explain the Mn enrichment. Rare earth el
ment patterngor the RC have similarities with both the BD and LC cements (Fig. 4.6 and
7) and suggests that RC is an intermediate phase between the tmembers: BD and

LC. Replacive calcite, which precipitated from meteoric water, inherited REE signatures
from dissolved BD. After dissolution of dolomite had ended, LC began to precipitate in
the pore space with an REE pattern reflecting the precipitating fluid, with no fumther i

fluence from REE liberated from BD.

4.6.2 Sources and interaction of fluids
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The fluid sources that probably had an effect on the diagenesis of the study areas are
seawater, meteoric water, and modified or bagnved fluids. On Victoria Island there
is no evidence of metamorphism or magmatism other than that associated witlothe Ne
protenzoic Natkusiak flood basalt (Thorsteinsson and Tozer, 1962), which predates all of
the diagenetic events described here. Fluids from these types of sources would, therefore,
have had to migrated from other areas, such as Banks Island, which experigncgid ri
the Jurassic (Embry and Dixon, 1992; Dewing and Obermajer, 2009), or the Sverdrup
Basin, which experienced magmatism in the Mesozoic (Embry 1991b).-distagnce
(several hundred kilometres) transport of a diagenetic fluid is not uncommon @ng., L
nee and Machel, 2006; Hagrdakani et al., 2013) and remains a possibility for the

phases in this study.

4.6.2.1 Wynniatt Formation
Dolostone and dolomite cements
Three possible arguments can be made to explain the observed characteristics of
dolostore and dolomite cements in the Wynniatt Formation: (i) the Wynniatt Formation
limestone was deposited in a riviefluenced marine environment and was later recry
tallised under low fluid:rock conditions, (ii) dolomitisation occurred with a high
fluid:rock, but subsequent hydrothermal phases precipitated undedomsinated cone
tions, or (iii) hydrothermal fluids influenced by high fluid:rock recrystallised and-ove
printed the dolostoneds characteristics.
Possibility 1:1f the sedimentary depositional emmiment caused the REE pattern in

the dolostone (LREEand MREEenrichment from continental weathering), thenodol
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mitisation and cement precipitation were in ratkminated systems and inherited the
precursor REE signature. The Wynniatt Formation was liadgposited in an intertidal
environment (Thomson et al., 2014); therefore, production of reduced REE patterns or
high Fe and Mn concentrations is not probable because the marine water was probably
oxygenated.

Possibility 2:High fluid:rock during dolomit s at i on woul d®rvalleet t he
and impose the REE pattern of the dolomitising fluid on the dolostone produced (Banner
et al., 1988). The dolomitising fluid may have been reduced groundwater, which would
account for its positive Ce anomaly. Migirof the reduced groundwater with seawater
coul d ha v®% and REEwanomalies {iLa and Y) to values in between typiaal se
water and shale values. This dolomitising fluid would have enriched the dolostone in Fe,
Mn, Al, K, and Na from rock interacti@nalong its flow path. The dolostone was then
recrystallised under the influence of the succeeding hydrothermal fluid, and cengents pr
cipitated under low fluid:rock and retained the dolostone REE pattern. The observed d
crease in Al, K, and Na from dolosi® to successive cements (Fig. 4.9) could have been
from progressive dilution of the dolostone formation water by the hydrothermal fluid.
Typically, however, dolomitisation does not occur under sufficiently high-floo ra-
tios to alter precursor REE patns (Banner et al., 1988; Qing and Mountjoy, 1994).

Possibility 3: Recrystallisation by hydrothermal fluids under high flusdk ratios
would overprint the signatures o%vauesecedi n
would then reflect the hydrothmal fluid. This interpretation could explain the simHar
t i e s'0 wdluestend REE patterns between the dolostone and the two dolemite ¢

ments. This type of explanation was argued by Savard et al. (2000) to explain the isotopic
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composition of the PolaiZnPb deposit. A fluid in isotopic equilibrium with dolostone

at the T, of the saddle dolomitprecipitating fluid (~120°C; Mathieu et al., 2013a) yields

si miffoarvali ues t 0"°0obSIDewhiohfcould meicaté recrystallisation

by such dluid. The progressive decrease in Al, K, and Na from the dolostone todhe su
ceeding phases could have been from the initial mixing between the hydrothermal fluid
and another fluid. Because possibility #3 is the simplest explanation, it is the preferred
one.

Al t hough evapor afOpenalcieen @®fnra chl wihé Ky ur
1966; Ward and Halley, 1985), interaction with a sedimentary unit could also dwave r
sulted in isotopic exchange with similar isotopic enrichment. Interaction with ia terr
genais clastic sedimentary rock was inferred by Mathieu et al. (2013a) for the origin of
dissolved cations in the precipitating fluid for these cements (T&B)eand has also
been used to expl af®®in MWTebrinessih theé Appatathiansh e a v y
(Kesler et al., 1997) and dolomite from southern Ontario (Hseiakani et al., 2013).
Interaction with siliciclastic units in the subsurface is also implied by the trace and REE.
Enrichment of the LREE and MREE can result from interaction with approseate
mentary units (Leybourne et al., 2000; Nothdurft et al., 2004; Lawrence et al., 2006); for
example, the observed MREdArichment suggests that the fluid interacted with apho
phatic and/or Fexide unit (Leybourne et al., 2000; Hannigan and Sholko2d91; Ha-
ley et al., 2004; Kohler et al., 2005). Intermediate Y/Ho values between those of shale
and seawater also suggest exchange with a shale unit (Nothdurft et al., 2004; Turner and
Kamber, 2012). High Fe and Mn concentration are the result of refluginteracting

with rocks such as shale (Budd, 1997), and fit with this explanation. Homogenisation
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temperatures for fluid inclusions in SD and BD indicate that the hydrothermal fluid came
from intermediate to deep burial depths (Mathieu et al., 20IB&se depth regimesreo
respond to reduced fluids (Machel, 1999), which is also reflected in the Ce anomraly (T
ble 4.3). Positive Ce anomalies suggest accumulation of oxidized Ce when the reduced
fluid was exposed to oxygenated fluid. Enrichment of Gebserved in stratified marine
water below the oxianoxic interface (De Baar et al., 1983) and where reduced dyroun
water seeps meet surface water (Lawrence et al., 2006). Such evidence could then suggest
that recrystallisation and precipitation were notessarily at depths that are reduced
(greater than 1 km), but instead occurred at shallow burial depths (<1 km). In summary,
the hydrothermal fluid possibly originated as seawater, thermally equilibrated at depths
>1 km, and interacted with a (phosphatnciér Feoxide-bearing) shale unit to incoop

rate heavy isotopes and trace and rare earth elements.

Concentration of Na in the carbonate lattice can be a function of salinity of the-precip
tating fluid (Veizer et al., 1978); therefore, the decrease inddaentration from saddle
(44.90 ppm) to BD (2.37 ppm) (Fig. 4.9) may be because of salinity differences of their
respective fluids; the salinity for these two cements could not be determined because of
metastability (Mathieu et al., 2013a). Saddle dolortypecally precipitates from high
salinity fluids (Davies and Smith, 2006), which could explain the greater Na camcentr
tion in SD lattice than in BD. It is possible that a decrease in salinity caused the change
from SD to BD, whereas other parameters,(Tg *®@, and REE) remained similarl-A
though the concentration of Na is greater in SD than in BD, the Na/K proportion is higher
in BD precipitating fluid (Mathieu et al., 2013a). Dilution of a-Neh fluid with a low

Na/K by a relatively Ngooor fluid with a high Na/K would simultaneously reduce sali
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ity (and Na content) and increase the Na/K. The relatively consistent Fe and Mn-conce
trations as the Npoor fluid becomes more dominant (Fig. 4.9) suggest that this fluid was

the main source of these raet s . The increaseenichmenEf®BEEY an
dolostone to BD could also reflect the progressive dominance of the (relativepgad¥a

fluid in the fluid mixture. The aforementioned elemental trends would then suggest that

the dominant (relatively) &poor fluid was the one that interacted with the gho

phatic/Feoxide unit.

Calcite cements

Because RC and LC precipitated from the same fluid (sedtéh), the difference in
REE signatures between RC and LC must be due to different fluid:rock rEti@sra-
jority of RC cements have a positive Ce anomaly and a REE signature that is similar to
that of the BD cement (Fig. 4.6). This similarity suggests that the precipitating ff4id di
solved the BD cement under low fluid:rock conditions (Banner et a88;1Qing and
Mountj oy, 1994) and that the RC cement 1inh
patterns of LC and some RC, conversely, are different from preceding cements and repr
sent high a fluid:rock system (Banner et al., 1988; Qing and Mountjoy).198e neg-
tive Ce anomaly present in the LC and some RC cements indicate that they weie precip
tated under oxygenated conditions. According to Machel (1999), oxygenated subsurface
fluids occur at depths less than 600 m (surface to shallow burial defpttis¢se shallow
deptfosovalliesare<d 84, whi ch c oatites mpetearid waten Inh i g h
order to get such O isotopic values that corresponds to seawater, burial depth would have

to exceed 5 km, but because this depth involves reducedriadestiuids (deep burial
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zone; Machel, 1999) such an environment would preclude an oxidised REE pattern, and
so only a meteoric fluid can explain the light isotope values of the LC and RC. Given that
hematite is associated with RC rather than LC (Fig, 408 RCprecipitating fluid must

have been oxidised during dedolomitisation of BD. The apparent change in thenGe ano
aly of the RC may, therefore, represent a change in the fluid:rock frordomokated to
fluid-dominated, rather than a change in trdorestate of the Rrecipitating fluid. The

low concentration of Na, K, Fe and Mn, the observed REE patterns, O isotopes, Y/Ho,
and lowsalinity of the calciterecipitating fluid (Mathieu et al., 2013a) in these samples
are all features that are typiaail oxygenated meteoric water (e.g., Nozaki et al., 1997;
Nozaki et al., 2000) (Tabk3).

In summary, the chemical nature of the diagenetic fluids that affected the Wynniatt
Formation changed from shal®minated during dolomite precipitation, to meteori
dominant during latestage calcite precipitation. The recrystallising and dolemite
precipitating fluids were reduced seawater that interacted with phosphabaedeesilid-
clastic rocks in a fluilominated system; this interaction reset the chemigaagires of
the earlier carbonate phases. Replacive andstatge calcite precipitated in a fluid

dominated system from an oxygenated metedoiminated fluid.

46 . 2. 2 AVictoria Island formationo
Poor age and burial depth constraints on the dolomdrsaff the precursor limestone
result in isotopic evidence that points to a wide variety of possible fluid sources. The lack
of a negative Ce anomaly for the AVictorie

formed under reduced conditions. Therefdsarial of the parent limestone must have
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been deeper than 1 km (at least the intermediate burial zone; Machel, 1999); however, the
temperature range (10A to 3vdluedsugyestgmearr ed t
surface to shallow burial conditiolfise., oxic). Together, the REE and isotopic data i
plies that seawater was not a major component of the dolomitising/recrystallising fluid.
| nst ead, “Oossignhteraindicated that the fluid was in equilibrium with a
sedimentary rock (possibishale), which is also suggested by the flat;satallel shale
normalised REE patterns; all of this is consistent with the fact that subsurface brines i
teracting with shale is common (e.g., Kesler et al., 1997; Leybourne et al., 2000; La
rence et al., @06; HaeriArdakani et al., 2013). The positive Eu anomalies displayed by
the dolostone are typical of hydrothermal fluids and have been documented in modern
vent fluids (e.g., Bao et al., 2008). Positive Eu anomalies in carbonate minerals, although
of lower magnitude than for vent fluid, can also indicate interaction of groundwater with
sulphide bodies, and have been suggested to be of use in exploration (Leybourne et al.,
2000). Silicification has been shown to alter original carbonate REE patternsalgpec
the HREE (Tang et al ., 2013) and prabably
tiono dol ostone. The fluid that silicifie
hydrothermal quartprecipitating fluid, which was probably sourced from seawaind
may have interacted with buried sulphide materials.

A fluid sourced from seawater was the main component in the euadpitating
fluid, as ifohivaled Erditic,ingompldatesREE patterns of quaetz ¢
ment (Fig. 4.13) may indicata reduced hydrothermal fluid by the absence of Ce anom
lies and some positive Eu anomalies, respectively. A zoned texture displayed by quartz

cement (see Fig. 4.10), which is typical of hydrothermal precipitation (Dong et al., 1995),
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would agree with théigh temperature (~130°C) and salinity (23 wt. % NaCl equiv.) of
this fluid (Table4.3; Mathieu et al., 2013a). Mixing of at least two different fluids was
responsible for the quartz precipitation: a sulpticin fluid and a metatich, sulfurpoor

fluid. Mixing is inferred to have taken place because of the mixe# Katio of the pe-
cipitating fluid (Table4.3; Mathieu et al., 2013a), the presence of associated framboidal
pyrite (see 6.2.3 Pyrite framboids discussion), and the slightly negative sudpltape
values for these pyrite framboids. The hydrothermal, mreta) sulphuspoor quartz
precipitating fluid mobilised transition metals at depth and transported them up to mix
with a reduced sulphurch fluid at the site of precipitation.

The two popiations of REE patterns for dolomite cement are interesting, given the
cement s6 petr ogr agpatal celatonsmp (Figa #.14). Baseaa o thec o
temperature of formation of these cements (.5 T091 2 4 A C)'®O tatadndidate
precipitaton from marine water. This value probably reflects both D1 and D2 ceraent b
cause (1) marine fluid is the most common diagenetic fluid that affects carbonate rocks,

(2) fluid inclusion temperatures and chemistries of both cements are the same (Mathieu et

al., 2013a), and (3) even with flulebck ratios that are too low to change REE, oxygen

i sotopes can still retain the fluiddéds sign
fer from one crystal to the next, rather than gradually within individualtalsygFig.

4.14), which suggests that the change in fluid chemistry was not a gradual shift from one

fluid endme mber to another. Similaritiesrof REE
mati ono dol ostone and D1 c¢cemenromamagge st t
fluid under low fluid:rock, and that D1 probably predates D2; D2 cement, in contrast,

was precipitated under higher fluid:rock conditions. The change from adouokhated
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to a fluiddominated system suggests a large fluid flux along thesfamd fractures in

the area (Fig. 4.2). Therefore, both D1 and D2 cements may have been precipitated by the
same marine fluid, but with very different fluid:rock conditions. Alternatively, the flow

path of the fluid may have been altered, such that the ifiteracted with different rock

types but at similar depths, to account for their similavalues. The REE patterns of D2

cement indicate rock nt er acti on along i1ts fluidbdos f1
LREE- and MREEenrichment relative to typicaharine values may suggest interaction

with a shale source (Nothdurft et al., 2004). The depletion of La and Eu may indicate the
removal of these elements prior to precipitation, or the retention of these elements in the

rocks along the flow path.

4.6.2.3Pyrite framboid formation
Although framboidal pyrite is typically associated with bacterial sulphate reduction

(BSR) (Ohmoto and Rye, 1979; Machel et al., 1995; Machel, 2001), bacterial influence is
not required for its precipitation, as supported by drpental studies (see Ohfuji and
Rickard, 2005 for review). Therefore, the presence of framboidal pyrite in this study does
not conclusively indicate BSR processes, because the slightly negatiee 0 & }*S U
values of the pyrite may suggest kinetiadtionation from BSR othermochemical du
phate reductionTSR, Ohmoto and Rye, 1979; Machel et al., 1995). Both BSR and TSR
have been used to explain the presence of reduced sulphur in the Polahsd2posit
(Kerr, 1977; Savard et al., 2000; Reid et aD13), which suggests that both processes
can be important a single deposit.
Fractionation via TSR can depart by up to approxima2lp a8 f r om t he par e

(Ohmoto and Rye, 1979; Machel&tl ., 1995), andSifthesparert s i n
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fluid is isotopically 1light e¥fSovaluphinthd n  or «
range of-5t0-10a by TSR, sever al criteria aonust be
topic signature hasteeb | ow (approxi mately 10a).,a(2) ¢t
tion by TSR {2 0 &) mu st have occurred, and (3) the
from the BS produced through TSR, with no mixing of another S source (unless that
source is biogenic). Durinthe Permian, the seawater sulphur isotope value reached a
l ow of 10a (Veizer et al., 1999) suggestin
the source. However, the aforementioned conditions are specific and inflexible. Also,
TSR fractionation decreas with increasing temperature (Ohmoto and Rye, 19%8; M
chel et al., 1995), and the reaction rate of TSR is too slow to form large volunees of r
duced sulphur (Machel, 2001), as would be required to explain the abundance of early
framboidal pyrite observeldere. Therefore, TSR is less probable than BSR as aamech
nism for sulphate reduction.

Alternatively, BSR can fractionatel5 ++20a from t he initial fl
Rye, 1979; Machel et al., 1995). This greater fractionation reduces the limitingiaosdit
imposed by TSR. Any seawater isotopic composition in the Phanerozoic coulct-be fra
tionated to produce negative values, and mixing of sulphur sources can occur in variable
proportions that would still yield slightly negative values. Inhomogeneous wsuigit
topes have also been attributed to pyrite precipitated by BSR (e.g., Riciputi et al., 1996),
which makes BSR a more plausible interpretation. However, the temperature range for
BSR is strictly limited to low (<80°C) values (Ohmoto and Rye, 1979; klaehal.,
1995; Machel, 2001). This temperature range conflicts witl{120%130°C) obtained

from the cogenetic quartz cement (Mathieu et al., 2013a). Becausg dfié-As (fluid
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inclusion assemblages) in quartz exceeds the metabolic threshold temgévatsi-

phate reducing bacteria (SRB), the precipitating fluid was probably not reduced on site
during precipitation. It is possible, however, that an unknown microbial species existed in
the past that could metabolise at higher temperatures. Auld(80&B) and Auld (2014)
demonstrate that Arareo species cany-be eas
ses, implying that there is a possibility that there are some SRB that can metabolise at the
high temperatures recorded by quartz FIAs. Althougknown microbes are hypotliet

cally possible, the existence of such microbes is not very probable because itevould r
guire more than a 20°C increase from the current metabolic threshold of SRB (Jgrgensen
et al.,, 1991; Stetter et al., 1993). Instead, suphmatuction probably predated fluid
transport and precipitation. Either the sulphate was reduced at the site of precipitation
prior to the introduction of a metéFe) bearing fluid, or the reduced S was transported
away from the location where BSR toolapé and mixed with a fluid that was rich in Fe.

The decreasing abundance of pyrite framboids from initial quartz precipitation to later
guartz growth indicates that either Fe and/or reduced S were exhausted. Extremophile
organisms have been shown to revera state of dormancy when environmental ¢cond
tions are not favourable and begin metabolising again when appropriate conditions return
(Auld, 2014). If sulphate was reduced at the site prior to the influx of metalliferous
hydrothermal fluid, the increadeemperature would halt the metabolising process (b
cause the temperature would be too great) and stop the production of reduced sulphur;
whatever reduced sulphur was present would precipitate pyrite framboids until the S co
centration became insufficierVhen the temperature returned to normal between fluid

pulses, BSR would have continued, replenishing the reduced S. Conversely, if sulphate
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was reduced oféite and transported to meet with a static volume of metalliferous fluid,
iron would be exhaustedwing to the precipitation of pyrite framboids. Because the
quartzprecipitating fluid was metadaturated (Mathieu et al., 2013a), reduced sulphide
could not have been transported to the precipitation location with that fluid. Me&l tran
port capabilitiesof sulphide fluids are insufficient to be mesalturated (Anderson,
1975); therefore, sulphide must have been reduced at the site of pyrite precipitation.

In summary, the formation of framboidal pyrite was probably the result of hot-metal
bearing fluid nteracting with a cooler, reduced, sulplb@aring fluid. Sulphur waser
duced omsite by BSR and was temporarily halted when a flux of meating fluid n-
creased the temperature to beyond the metabolic threshold of SRB, but recommenced
when the temperatr e returned to finor mal O. Sul phur
cated by the initial abundance of pyrite which was succeeded by later sparse pyrite fo
mation during continued growth of quartz.

Oxi dation of pyrite fr ambeeniddcamented fromhtreemat i t
Negaunee Iron formation in Michigan by Lougheed and Mancuso, (1973). By subjecting
pyrite framboids to high (650°C) temperatures for several Hoaugheed and Mancuso
(1973) were able to oxidize the pyrite to hematite, therebyrdetmg that the hematite
is indeed pseudomorphed after pyrite framboids. The hematite framboids in this study are,
like those of Lougheed and Mancuso (1973), pseudomorphs of framboidal pyrite, which

indicates that redox conditions changed from initiadigucing to oxic.

4.6.3 Implications for economic potential
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Mineralisation on Victoria Island, in the area near Minto Inlet, is indicated by @anom
lous concentrations of Zn and Pb sulphides in stream sediment samples (McCurdy et al.,
2013), and merits ftiner investigation. Using the Polaris-Bt deposit as a guide toZn
Pb exploration in the Arctic (Dewing et al., 2007b; Reid et al., 2013), features from both
study sites on Victoria Island are compared with the Polaris deposit.

The Wynniatt Formation sines structural, paragenetic, and geochemical similarities
with the Polaris deposit, with the exception that mineralisation is conspicuous in the latter.
Fluid-focussing faults are considered to be one of the controls on mineralisation in the
Cornwallis ZnPb district (e.g., Kerr, 1977; Turner and Dewing, 2004; Dewing et al.,
2007b; Jober et al., 2007). The Wynniatt Formation sample site is close to faults that
could have focussed fluids from the same (or similar) {ffloal event as that responsible
for the Cornwallis ZAPb district. Enhanced porosity associated with the Wynniatt Fo
mation karst surface, which was a controlling factor in the case of the Pine Point deposit
of northwestern Canada (Rhodes et al., 1984), may have been favourable for raineralis
tion. Both the Polaris deposit and the Wynniatt Formation site have dolostone that formed
due to recrystallisation mediated by a hydrothermal fluid that also precipitated saddle
dolomite (mineralisation is directly associated with this phase at Polarighe®x®-
topes for saddle dolomite suggest that, in the case of the Polaris deposit, the metal
bearing fluids interacted at depth with a sedimentary reservoir (Savard et al., 2000), and
the same is indicated for the dolomite in the Wynniatt Formation. Adfinohe salinity of
Whynniatt Formation dolomitising fluid could not be quantified (Mathieu et al., 2013a),
the fluid does have a similay, To the highsalinity fluid responsible for mineralisation at

the Polaris deposit (Savard et al., 2000). Althoughassbciated with mineralisation, the
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meteoric fluid responsible for precipitation of paragenetically later calcite is present in
both locations. The main difference between the two settings is, however, the lack of a
suitable, impermeable shale cover (iaguitard) overlying the Wynniatt FormationeD
pending on the mineralisation model, the presence of an orgenibost rock that acted

as a reducing agent for the mesalphate fluids by TSR (isitu model; Reid et al., 2013),

like the Thumb Mountain érmation at the Polaris deposit, is absent in the Wynniatt
Formation. The mixed model of Kerr (1977) and Savard et al. (2000) does not require in
situ reduction.

Tectonically driven fluid movement could have been initiated from any of the or
genic eventghat took place in the Arctic archipelago (secttB.2 - Tectonic frane-
work), but the Ellesmerian Orogeny, which is associated with fluid movement for the
Cornwallis ZrPb district (Kerr, 1977; Savard et al., 2000; Dewing et al., 2007b), is the
most obvous among these candidates for fiflmlv on Victoria Island. Alternatively,
thermal anomalies associated with rifting (Banks Island or Sverdrup Basin) could have
been the fluiedriving mechanism; such a driving mechanism was used to explaio-hydr
thermal fuid movement in the Michigan Basin (Haarndakani et al., 2013). A highne
perature flux from the meteorite impact in northwestern Victoria Island (Dewing et al.,
2013) is another possible cause for localised fluid movement.

Similarities between the Wynna t t Formation and the Pol ar
that a mineralising fluid may also have been present on Victoria Island. Although the
Whynniatt Formation is not stratigraphically favourable for deposition of sulphides from
metalliferous fluids owingo the lack ofan overlying aquitard, the fluid may have found

appropriate mineralisation conditions in o
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|l sl and formationo quart z c-edaméydrbthenmal dluidpr e ci
that probablymoved through nearby faults and mixed with a reduced sulphur fluid. This
combination is similar to the mixed model for Polaris mineralisation (e.g., Kerr, 1977,
Savard et al., 2000) and could have produced mineralisation if a trapping site wkre avai

able. The geochemistry of the dolomite cements indicates interaction with subsurface
sedimentary units, and possibly even with sulphide ore bodies (positive Eu anomalies,

and slightly increased Pb content). In addition, the high fluid:rock recorded in the-D2 ¢

ment is favourable for mineralising potential.

4.7 CONCLUSIONS

Diagenetic cements examined in detail from two locations on Victoria Island record
geochemical attributes, base0,dsjiardracsi t u n
elements, including REE, that reflect their fluid history. The Wynniatt Formabéos-d
tone and dolomite cements record infiltration of a hydrothermal fluid that transported
metals from a subsurface siliciclastic unit and mixed with a-baimity fluid, whereas
later calcite cements record influx of meteoric fluid that replaced daowith calcite
(dedolomitisation). The similarities of the Wynniatt Formation diagenetic fluids to those
of the Polaris ZfPb deposit suggest some potential for baseéal mineralisation in the
area. The AVictoria | sl andnclfdiogearly guarzamd dol o
later dolomite, indicate a relatively complex fluid history that commenced with possible
hydrothermal fluids that may have silicified the host dolostone. Subsequently, a quartz

precipitating fluid that interacted with a sedimegtaource (shale) at depth mixed with a
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reduceasulphurbearing fluid at higher levels to precipitate cogenetic quartz ana fra
boidal pyrite. Sulphur isotopes indicate that BSR occurred near the site of sulghide pr
cipitation. The later dolomite cements (Bftd D2) record a change from an initial rock
dominated system to a fludominated system. The occurrence of a retal fluid re-
sponsible for quartz precipitation and a fhaidminated system for the late dolomiteiind

cate the potential for baseetal mneralisation in this unit on Victoria Island.
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Fig. 4.1. Map of the Arctic archipelago, modified after Dewing et al. (2007a), showing
geographt and geological features mentioned in the text. E.O. = southern and eastern

extent of Ellesmerian Orogeny.
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Fig. 4.2. (A) Bedrock geological map of northwestern Victoria Island showing the loc
tion of the study area (box for (B)); modified after Thenssson and Tozer (1962). W.A.

= Walker Bay anticline, H.S. = Holman Island syncline. (B) Detailed geological map of
the study area; modified after Rainbird et al. (in press.). Locations of the samples used in

this study: (i) Wynniatt Formation samples, i A Vi ct ori a I sl and form
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Fig. 4.3. Diagenetic phases of the Wynniatt Formation Upper Carbonate member. (A) Cut
slab of a representative sample of Wynniatt Formation dolostone that shows tha-relatio
ship of the three visible cementsddée dolomite (SD), brown dolomite (BD), and late
stage calcite (LC). Replacive calcite (RC) is not visible at hand sample scale. (B) Plane
polarised light photomicrograph of the four diagenetic cements. Although BD is-colou
less, hematite associated WRC results in the brown appearance at hand sample scale
(A). (C) Scanning electron microscope image that shows the relationship between RC,

BD, hematite, and LC. (D) Hand sample that shows the relationship between Wynniatt
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Formation dolostone, SD, and Canaln sand stoné | s st ) . -polaisgd light pb-s s
tomicrograph that shows | detrital guart z

a maximuraage constraint of SD precipitation.
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Deposition and dolomitisation
of the Wynniatt Formation

Karstification —
Deposition of sand (Cambrian) —_—
SD precipitation —_—
BD precipitation =

RC precipitation E—

LC precipitation —1
>

Time

Fig. 4.4. Paragenesis of the Neoproterozoic Wynniatt Formation and its Pluaneroz
diagenetic phases. Karsting is inferred to be late Neoproterozoic to Cambrian (Mathieu et
al., 2013b). Diagenetic cements have an oldest possible age in the Cambrian as suggested
by inclusion of Cambrian clastic sediment by the oldest diagenetic césaeitie dab-

mite).
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Dolostone 5"°0 H,0 (SMOW)
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Temperature (°C)

5"°0 carbonate (SMOW)

Fig. 4.5. Oxygen isotope diagrams for the Wynniatt Formation show the range of possible
U*80u20 values for the dolostone and the cement phases. Curved lines are isopleths for
U*80n20 calculated using the appropriate minesater fractionation equationsA) Pos-

s i bfOg,o Malues calculated for Wynniatt Formation dolostone assuming a tamper

ture range of 20°C to 120°C (red field) and temperature range required to produce se

wat BOpotal ues (green f ¥@osaues bds&l)on teadbhiteu | at e d

cements using plvalues from Mathieu et al. (2013a) (red field). A seawater isotopic
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composition (green field) would require a temperature of formation below the measured

Ty values for fluid inclusions in the cements. (C) Fields for replacive cdldiie field)

and calcite cement (red field) overlap, suggesting that they may have precipitated from
the same fluid. Black Vver POugeqsolidaidmasised r epr e
black lines in C represent the averages for calcite and repleadsiee, respectively. The
fractionation equation from Land (1985) was used for doleméter fractionation,

whereas the fractionation equation from O Neil (1969) was used for eaizgiez frac-

tionation.
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Fig. 4.6. Post Archean Australian Shale &%) normalised REE plots for the Wynniatt
Formation dolostone and its diagenetic cements (PAAS values from Pourmand et al.,
2012). (A) Recrystallised Wynniatt Formation dolostone. (B) Saddle dolomite cement.
(C) Brown dolomite cement. (D) Replacive caldjtiedolomite). (E) Latestage calcite

cement. Note the scale change for this cement stage due to the lower abundances of the
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REE. F) Comparison of data for dolostone, saddle dolomite, and brown dolomite cements.
The range in saddle dolomite (shaded are@pmpasses the datasets for the other two

phases, which may suggest that all three phases are related.
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Fig. 4.7. A scanning electron microscope (SEM) image of Wynniatt Formation cements
along with their associated average Post Archean Australian @hakS)-normalised
REE diagrams. Note that the replacive calcite (RC) has a REE pattern that is intermediate

between those for the brown dolomite (BD) and-kttege calcite (LC).
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Fig. 4.8. Anomaly discrimination diagram that verifies La and Ce ahesn@fter Bau et
al., 1997) for Wynniatt Formation phases shows that the majority of phases possess pos
tive Ce and negative La values when normalised to Post Archean Australian Shale
(PAAS, subscript SN). Wn= Wynniatt Formation dolostone, SD= saddtemilal, BD=
brown dolomite, RC= replacive  calcite, LC= lstage  calcite.

Ce*=Ce/(0.5*Lan+0.5*Prsy). Pr*=Pr/(0.5*Cen+0.5*Ndsy).
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Fig. 4.9. The change in average concentrations of Na, K, Mn, and Fe for the different
diagenetic phases in the Wynnigtirmation arranged paragenetically from bottom to top.
Wn= Wynniatt Formation dolostone, SD= saddle dolomite, BD= brown dolomite, RC=

replacive calcite, LC= latstage calcite.
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Fig. 4.10. | mages of #fAVictori adtelatibnghipd f or m
of diagenetic phases. (A) Cut hand sample that shows the brecciated (i) dolostone and (ii)

guartz cement being supported by the (iii) dolomite cements (D1 and D2). The zoned te
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ture of quartz can be seen at the macroscopic level. (B)-Pdagsed light (PL) phat
micrograph of: (i) dolostone, (ii) quartz cement, (iii) framboidal pyrite, (iv) and dolomite
cements (D1 and D2). (C) Crepslarised light photomicrograph that shows the silicif
cation and texture of the host dolostone. (D) Patpmicrograph that shows early quartz
precipitation was associated with an abundance of early framboidal @mbevs)with
diminished quantities during later quartz precipitation. (E) Reflected light photmicr
graph of framboidal pyrites hosted by guattiat shows both their fresh (brassy colour)
and altered hematite pseudomorphs (grey colour). (F) SEM image of framboid aggregate
showing that pyrite framboids contain discrete crystals. (G) SEM image showiray alter

tion of pyrite framboids to hematite \Wwitoncomitant loss of the framboidal texture.
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Deposition and dolomitisation
of “Victoria Island formation”
Silicification of “Victoria Island w3
formation”
Quartz precipitation —
Pyrite framboid formation —
Brecciation 7 w— )
D1 precipitation ——
D2 precipitation N ——
Time
Fig. 4. 11. Paragenesis of the Paleozoic i

phases. Silicification may or may not have been related to quartz cement precipitation.
Dolomite 1 (D1) cement is suggted to precede dolomite 2 (D2) based on geochemical

criteria rather than petrographic criteria.
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Fig. 4.12. Oxygen isotope diagrams foeth i Vi ct ori a | sl and f or mat i
p 0 s s i*®ubowalues for the dolostone and the cement phases. Curved line®-are is

p | et h*Oy,dcalaulated using the appropriate mineraiter fractionation equations.

(A) Po¥Gpbumluescalm| at ed for AVictoria Inmsl and f
ing a temperature range of 20°C to 120°C (red field) and temperature range required to
produce ¥®.awaltees U(green f i*®@bodalues bésBdon Cal c u

t he quar tpauvesromevathiéust all (2013a) (red field). A seawater isotopic
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composition (green field) would require a temperature of formation that includes the
measuredfval ues for fluid inclusi?'Onsvalieafort he ce
dolomite cements (Dand D2) based on,Values from Mathieu et al. (2013a) indicate

that these cements precipitated from seawater. Black vertical lines represent average

S 1 M$Ocdhen: The fractionation equation from Land (1985) was used for dolemite

water fractionationywhereas the fractionation equation from Sharp and Kirschner (1994)

was used for quarwater fractionation.
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failed to ablate sufficiently to produce coherent REE diagrams (Note the change in scale
for the quartz cement from the dolomite phases).0@omite 1 cement. D) Dolomite 2

cement.
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Fig. 4. 14. Il nterpretive diagram of @&Victor
mite (D1, D2)) along with the locations of the points for LA IS analysis and the
PAAS-normalised REE profiles for tee points. Note that points 1, 5, 6, 7 and 8 equate

to D2 whereas points 2, 3, 4, 9, and 10 are D1. Inset figure is thepgabresed light

photomicrograph (Fig. 4.10B) represented in the diagram.
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Fig. 4.15. Anomaly discrimination diagram to deterenifithere are La and Ce anomalies
(after Bau et al ., 1997) for AVictori a
dolomite 1 (D1) lack appreciable Post Archean Australian Shale (RA&@®)alised
anomalies; whereas dolomite 2 (D2) has negativa &and Ce anomalies.

Ce*=Ce/(0.5*Lan+0.5*Prsy). Pr*=Pr/(0.5*Cen+0.5*Ndsy). SN shale normalised.
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Table4.1. Summary of average SIMS isotope values for the different phases and-precip
tating water. Mineralvater oxygen fractionation equations for dulte, calcite, and
guartz are from Land (1985), OO Nei le-et al
spectively, were used to calculate the water isotopic composition relative to Vienna Sta

dard Mean Ocean Water {§SMOW). Homogenisation temperatures,)(Tdisplayed in
parenthesegjsed in the calculations are from Mathieu et al. (2013b). Wynniattd&orm

tion (WF) dolostone value is from D. Thomson (pers. Comm.)i S&ddle dolomite, BD

T brown dolomite, RQ replacement calcite, LC late-stage calcite, ¥ 1 i Vi ctsor i a |
| and f or miadolonute éementDL]l D2 dolomite cement 2, CDT Canyon

Diablo Troilite.

Host | Mineral | ti™®0v.smow ( & | U™®0n20 @ 20°C | ™00 @ Th or 120°C
WF Dolostone | 24.2 9.1 5.3
SD 24.7 - 4.6(108)
BD 24.7 - 5.4 (116)
RC 7.8 -21.9 -7.3
LC 6.9 -22.6 -8.2
VIf Dolostone | 31.8 -1.5 12.9
Quartz 18.7 -- -1.3(125)
Dland2 |18.6 - -0.8(115)
0**Scor (&)
Pyrite -11.1 - -
5.6 -- --
-6.5 -- --
-4.3 -- --
-4.0 - -
-11.7 - -
9.1 - -

199



Table42. LAICP-MS anal yses of REE for Wynns-att F c
l and formati ono ( VdolpstopehZDsaddle dplomite, BRbrown. Dst
dolomite, RC- replacive calcite, LG latestage calcite, @ quartz, D1- dolomite 1 e-

ment,D2 - dolomite 2 cement. N.d. not detected
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Table 4.2

Host w W w w W w w w w w w w w
Phase Dst Dst Dst Dst Dst Dst Dst Dst SD SD SD SD SD
Na 100.12 76.85 86.76 108.27 97.72 133.38 156.57 163.67 85.50 43.76 65.32 82.06 53.74
Mg 41425.03 40910.52 505%64.66 50078.37 31966.60 38420.31 43228.20 48992.56 47317.72 49884.17 61509.85 64337.63 56685.72
Ca 78837.48 78379.97 96390.08 96713.62 56668.06 65966.94 76648.31 85646.25 91493.11 93569.29 107451.72 113244.39 100007.99
Al 110.44 266.87 294.29 234.52 68292 634.30 337.83 312.10 190.73 13.27 27.58 71.89 21.06
K 108.15 133.05 256.07 135.81 693.82 637.92 457.71 355.65 123.14 24.54 9.69 12.42 21.61
\Y, 1.18 2.39 2.01 1.86 0.36 0.46 0.31 0.30 1.93 0.23 0.08 0.08 0.08
Mn 385.59 464.54 456.34 476.68 217.95 250.0 258.28 300.85 508.25 415.70 335.67 347.83 311.57
Fe 288141 4209.58 3581.19 3427.82 2470.15 2537.19 2735.36 3121.01 3697.72 2822.39 2950.30 3089.80 3773.00
Rb 3.13 4.17 3.85 3.75 4.58 5.26 4.87 5.59 4.24 1.93 2.67 2.69 1.96
Sr 15.74 19.92 18.19 17.64 19.87 24.28 24.88 28.56 20.39 9.77 15.79 16.37 11.48
Ba 0.44 0.88 0.70 0.61 1.16 1.19 1.18 1.23 0.70 0.37 0.48 0.58 0.36
La 0.53 0.47 0.65 0.65 0.57 0.67 0.71 0.76 0.67 0.74 1.49 1.59 0.80
Ce 1.41 1.31 1.92 1.93 1.12 1.25 1.23 1.34 1.83 2.99 2.28 2.20 1.39
Pr 0.12 0.11 0.16 0.15 0.13 0.15 0.15 0.15 0.16 0.24 0.25 0.24 0.17
Nd 0.50 0.47 0.68 0.69 0.52 0.58 0.63 0.65 0.65 1.12 1.06 0.98 0.75
Sm 0.11 0.11 0.16 0.15 0.11 0.13 0.12 0.12 0.13 0.26 0.21 0.19 0.17
Eu 0.03 0.02 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.06 0.04 0.04 0.04
Gd 0.11 0.10 0.14 0.15 0.10 0.11 0.11 0.13 0.14 0.26 0.22 0.19 0.21
Th 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.03
Dy 0.09 0.07 0.11 0.12 0.09 0.10 0.11 0.11 0.11 0.15 0.15 0.12 0.16
Y 0.56 0.53 0.75 0.79 053 0.61 0.64 0.61 0.76 1.11 1.14 0.99 1.07
Ho 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.03
Er 0.04 0.03 0.05 0.06 0.04 0.05 0.05 0.05 0.05 0.06 0.06 0.05 0.07
Tm 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Yb 003 0.02 0.05 0.05 0.03 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.05
Lu 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Pb 0.03 0.08 0.05 0.03 0.78 0.45 0.46 0.50 0.03 0.02 0.03 0.03 0.09
Th 0.06 0.03 0.08 0.07 0.10 0.10 0.10 0.09 0.04 n.d. 0.00 0.00 0.00

U 0.01 0.03 0.03 0.02 0.03 0.03 0.04 0.02 0.02 0.00 0.00 0.00 0.00
Y/Ho 0.24 0.23 0.23 0.22 0.24 0.25 0.23 0.23 0.24 0.21 0.24 0.24 0.22
EFREE 356 3.28 4.75 4.83 3.30 3.77 3.87 4.04 4.63 7.12 7.02 6.69 4.94
EREE+ 4.13 3.81 5.50 5.62 3.83 4.38 4.51 4.65 5.39 8.23 8.16 7.68 6.01
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Table 4.2 continued

Host w w w w w w W w w W w w w
Phase SD SD SD SD SD SD BD BD BD BD BD BD RC
Na 27.58 1.34 0.69 31.76 69.31 32.73 3.77 1.57 2.94 1.22 n.d. n.d. 35.35
Mg 57801.46 52412.01 51427.04 47304.67 47371.77 48756.11 40250.67 45907.32 43903.62 44390.61 44746.38 43799.91 42602.90
Ca 100798.78 93701.91 90905.29 86153.92 86061.26 87996.98 94781.44 85037.85 82462.46 79499.89 79570.23 79753.92 92901.57
Al 28.66 38.89 27.24 15.92 20.26 146.15 117.64 16.98 4810 14.07 3.35 9.26 126.67
K 8.35 1.20 0.15 18.66 36.56 19.41 0.73 124 3.32 0.38 n.d. 0.61 18.12
\ 0.05 0.26 0.35 0.34 0.37 0.11 3.27 0.66 5.65 541 0.40 0.16 6.59
Mn 296.08 347.84 402.05 406.77 440.97 446.84 443.20 218.61 408.88 330.93 173.74 361.83 537.60
Fe 3759.09 4274.38 3050.76 2711.83 2871.25 3878.41 4065.76 2492.11 3752.81 3362.58 2147.98 3046.95 4540.14
Rb 157 1.33 1.34 0.02 0.01 0.01 2.22 1.53 n.d. 0.01 n.d. n.d. 1.83
Sr 9.53 8.21 7.82 15.58 15.88 12.33 11.39 7.69 6.80 5.89 6.27 7.78 8.84
Ba 0.27 0.06 0.02 0.36 0.59 0.31 0.79 0.36 0.77 0.11 n.d. n.d. 13.66
La 0.76 1.86 0.20 0.45 0.36 0.37 0.55 1.30 1.04 0.35 114 0.71 0.43
Ce 131 5.42 0.53 1.38 0.99 0.70 2.03 4.53 3.82 1.38 4.42 2.75 1.66
Pr 0.16 0.74 0.07 0.11 0.08 0.06 0.26 0.59 0.58 0.22 0.57 0.35 0.28
Nd 0.69 3.10 0.34 0.51 0.35 0.26 1.18 2.35 2.78 1.22 2.37 1.45 1.47
Sm 0.16 0.75 0.07 0.10 0.07 0.04 0.27 0.53 0.82 0.39 0.54 0.28 0.56
Eu 0.04 0.14 0.02 0.03 0.03 0.01 0.07 0.11 0.13 0.04 0.12 0.07 0.09
Gd 0.20 0.64 0.08 0.10 0.11 0.07 0.31 0.38 0.61 0.36 0.44 0.22 0.48
Th 0.03 0.10 0.01 0.01 0.01 0.01 0.04 0.05 0.09 0.06 0.06 0.03 0.09
Dy 0.16 0.56 0.06 0.07 0.07 0.04 0.20 0.23 0.47 0.27 0.31 0.13 0.50

Y 1.27 3.21 0.41 0.58 0.47 0.32 1.35 1.24 1.72 1.05 151 0.71 212
Ho 0.03 0.10 0.01 0.02 0.01 0.01 0.04 0.04 0.08 0.05 0.05 0.02 0.09
Er 0.07 0.24 0.03 0.04 0.03 0.01 0.08 0.09 0.15 0.13 0.10 0.05 0.21
Tm 0.01 0.03 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.02 0.01 0.00 0.03
Yb 0.04 0.19 0.02 0.02 0.03 0.01 0.06 0.06 0.10 0.10 0.07 0.02 0.19
Lu 0.01 0.03 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.02 0.01 0.00 0.03
Pb 0.02 0.03 0.01 0.02 0.08 0.05 0.04 0.02 0.08 0.02 0.01 0.01 0.16
Th 0.00 0.00 0.01 n.d. n.d. n.d. 0.00 0.00 n.d. n.d. n.d. n.d. 0.02

U 0.00 0.00 0.00 0.00 0.00 n.d. 0.02 0.00 0.01 0.00 n.d. n.d. 0.04
Y/Ho 0.22 0.24 0.22 0.22 0.22 0.22 0.22 0.25 0.21 0.18 0.24 0.24 0.19
FREE 493 17.10 1.85 3.43 2.61 191 6.44 11.52 12.42 5.64 11.72 6.80 8.21
FREE+ 6.20 20.31 2.26 4.01 3.07 2.23 7.79 12.76 14.14 6.69 13.23 7.50 10.33
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Table 4.2 continued

Host W W W W W W W W W W W W W
Phase RC RC RC RC RC RC RC RC LC LC LC LC LC
Na 8.62 n.d. 6.25 7.78 n.d. n.d. n.d. n.d. n.d. 0.24 n.d. n.d. n.d.
Mg 1619.78 1813.46 39888.81 36247.97 486.15 183.14 1687.51 44986.74 1349.54 695.76 1367.76 515.73 664.81
Ca 148413.78 148366.05 86412.89 96192.02 158018.88 157167.39 154787.01 79410.71 17687759 180233.40 162104.50 164230.37 166941.42
Al 793.93 1.98 121.90 57.09 9.30 0.11 0.86 4.29 0.48 0.27 1.10 5.28 0.19
K 3.23 n.d. 181 1.17 0.42 n.d. n.d. n.d. 0.56 0.54 n.d. 1.56 1.39
\Y 25.53 0.24 7.79 4.45 0.11 0.01 0.04 0.39 0.06 0.03 0.03 0.13 0.02
Mn 1500.10 584.52 551.65 578.72 609.16 409.41 8.02 108.29 76.66 0.29 3.00 7.95 0.51
Fe 17155.36 147.61 5516.54 4262.17 232.51 189.06 130.78 1614.81 111.40 8.79 22.80 116.25 10.44
Rb 3.42 0.04 0.01 n.d. 0.02 n.d. 0.02 0.00 2.24 7.74 0.01 n.d. 0.00
Sr 16.72 63.93 6.82 8.41 10.11 8.37 23.12 11.02 11.46 37.81 25.37 18.09 29.58
Ba 70.62 0.33 1.35 1.68 0.12 0.02 0.03 n.d. 0.17 0.06 0.08 0.07 0.03
La 0.90 0.41 0.30 0.20 1.14 2.40 0.04 0.52 0.65 0.11 0.01 0.80 0.12
Ce 4.59 2.37 121 0.76 3.45 7.86 0.04 1.79 0.33 0.00 0.01 0.15 0.01
Pr 0.33 0.15 0.14 0.10 0.33 0.83 0.04 0.25 0.27 0.05 0.02 0.23 0.06
Nd 1.56 0.80 0.73 0.58 1.39 4.05 0.28 0.97 1.16 0.28 0.12 1.04 0.29
Sm 0.42 0.30 0.22 0.22 0.36 1.02 0.10 0.22 0.24 0.08 0.08 0.18 0.09
Eu 0.08 0.07 0.05 0.05 0.06 0.21 0.03 0.05 0.05 0.02 0.02 0.04 0.02
Gd 0.36 0.36 0.24 0.19 0.26 0.79 0.14 0.19 0.22 0.10 0.07 0.21 0.12
Tb 0.05 0.06 0.04 0.04 0.03 0.08 0.02 0.03 0.04 0.02 0.01 0.04 0.02
Dy 0.25 0.48 0.26 0.21 0.18 0.33 0.14 0.15 0.24 0.10 0.06 0.24 0.13
Y 138 3.38 1.06 0.97 0.82 1.36 1.31 0.70 1.83 1.12 0.57 2.27 1.29
Ho 0.05 0.11 0.06 0.05 0.03 0.05 0.04 0.02 0.05 0.03 0.01 0.05 0.02
Er 0.12 0.26 0.16 0.14 0.07 0.13 0.09 0.05 0.15 0.07 0.03 0.15 0.06
Tm 0.02 0.03 0.02 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.00 0.02 0.01
Yb 0.10 0.22 0.16 0.14 0.05 0.13 0.07 0.02 0.14 0.05 0.03 0.12 0.08
Lu 0.02 0.03 0.03 0.02 0.01 0.02 0.01 0.00 0.02 0.01 0.00 0.02 0.01
Pb 0.69 0.10 0.10 0.08 0.10 0.09 0.01 0.01 0.02 0.01 0.00 0.02 0.01
Th 0.03 n.d. 0.00 0.00 0.01 0.01 n.d. n.d. 0.00 n.d. n.d. n.d. n.d.
U 0.16 n.d. 0.03 0.03 0.00 n.d. n.d. n.d. n.d. 0.00 n.d. n.d. n.d.
Y/Ho 0.21 0.19 0.19 0.17 0.24 0.20 0.13 0.25 0.23 0.18 0.16 0.22 0.19
EREE 1022 9.03 4.70 3.69 8.18 19.27 2.35 4.96 5.40 2.06 1.05 5.57 2.33
EREE+ 1160 12.41 5.76 4.66 9.00 20.63 3.66 5.66 7.23 3.18 1.62 7.83 3.62
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Table 4.2 continued

Host Vif Vif Vif Vif Vif Vif Vif Vif Vif Vif Vif Vif Vif
Phase Dst Dst Dst Dst Dst Dst Qz Qz Qz Qz Qz D1 D1

Na 34.64 102.98 243.88 72.24 55.49 79.41 262.40 81.28 211200 21.82 80.00 33.05 419.67
Mg 33880.26 20977.15 22864.08 49720.03 51555.88 53507.37 69.76 14.08 518.40 2.69 12.29 30392.82 22128.17
Ca 61289.02 38903.07 41917.48 101860.74 109854.87 114763.28 448.00 326.40 1088.00 161.92 225.28 53567.34 41204.17
Al 5.98 175.45 118.89 234.38 346.79 508.86 65.92 59.52 185.60 6.78 26.30 7.26 110.64
K 6.13 67.89 57.16 68.39 110.97 149.19 60.80 43.52 160.00 20.10 39.68 8.70 60.66
\Y, 0.59 4.04 4.42 7.80 8.28 8.92 0.15 0.03 0.09 0.08 0.10 0.50 3.36
Mn 10.74 18.31 17.91 35.58 44.77 56.48 0.12 n.d. 0.71 n.d. 0.12 15.88 16.79
Fe 17.78 205.96 186.72 564.44 994.13 894.36 17.28 4.67 21.63 1.79 74.24 47.87 156.42
Rb 2.30 1.70 2.21 0.19 0.35 0.54 0.12 0.09 0.55 0.03 0.07 1.64 2.40
Sr 11.76 7.36 9.76 23.32 22.46 24.29 0.52 0.19 0.73 0.05 0.10 8.51 11.37
Ba 0.09 0.84 0.91 0.78 1.26 1.36 0.63 0.16 3.58 0.52 0.15 0.18 1.07
La 0.22 0.19 0.21 0.51 0.52 0.57 0.01 0.00 0.04 0.00 0.01 0.24 0.25
Ce 0.53 0.37 0.41 0.99 1.09 1.12 0.01 0.01 0.07 0.01 0.01 0.38 0.46
Pr 0.06 0.04 0.04 0.11 0.12 0.12 0.00 n.d. 0.02 0.00 0.00 0.04 0.05
Nd 0.19 0.16 0.17 0.36 0.39 0.42 0.01 0.00 0.03 0.00 0.00 0.13 0.18
Sm 0.04 0.03 0.02 0.07 0.07 0.06 n.d. n.d. 0.01 0.00 n.d. 0.02 0.03
Eu 0.01 0.01 0.01 0.02 0.01 0.02 0.00 n.d. 0.00 0.00 0.00 0.00 0.01
Gd 0.02 0.02 0.02 0.06 0.05 0.06 n.d. n.d. 0.00 n.d. n.d. 0.01 0.02
Tb 0.00 0.00 0.00 0.01 0.01 0.01 n.d. n.d. 0.00 n.d. n.d. 0.00 0.00
Dy 0.01 0.02 0.01 0.04 0.05 0.05 n.d. n.d. 0.00 0.00 n.d. 0.01 0.02

Y 0.11 0.15 0.12 0.24 0.25 0.24 0.01 0.00 0.04 0.00 001 0.08 0.10
Ho 0.00 0.00 0.00 0.01 0.01 0.01 n.d. n.d. 0.00 0.00 0.00 0.00 0.00
Er 0.01 0.01 0.01 0.02 0.04 0.02 0.00 n.d. 0.00 0.00 n.d. 0.00 0.01
Tm 0.00 0.00 0.00 0.00 0.00 0.01 n.d. n.d. 0.00 n.d. n.d. 0.00 0.00
Yb 0.01 0.01 0.01 0.02 0.02 0.02 nd. n.d. 0.00 n.d. n.d. 0.00 0.01
Lu 0.00 0.00 0.00 0.00 0.00 0.00 n.d. n.d. 0.00 n.d. n.d. 0.00 0.00
Pb 0.12 0.67 0.63 2.28 4.47 3.47 0.20 0.06 0.36 0.36 0.10 0.24 0.33
Th 0.01 0.20 0.15 0.64 0.74 0.51 0.00 0.00 0.01 0.00 0.00 0.02 0.13

U 0.02 0.71 0.51 2.07 2.55 1.19 0.50 0.40 0.99 1.60 0.40 0.03 0.37
Y/Ho 0.29 0.25 0.23 0.30 0.30 0.29 0.41 NA 0.68 0.20 0.21 0.28 0.25
EREE 1.21 1.04 1.03 2.47 2.62 2.73 0.04 0.01 0.21 0.03 0.03 0.93 1.15
EREE+ 132 1.19 1.15 2.70 2.87 2.97 0.05 0.01 0.25 0.03 0.03 1.01 1.26
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Table 4.2 continued

Host Vif Vif Vif Vif Vif Vif Vif Vif Vif Vif Vif Vif Vif
Phase D1 D1 D1 D1 D1 D1 D1 D1 D2 D2 D2 D2 D2

Na 7.96 29.24 115.01 31.72 15.46 33504.28 38109.40 38365.88 110.30 6.86 551 14.61 7.25
Mg 30458.72  53206.42 49208.27 51033.80 52280.49 9013.34 9117.94 8863.99 28907.25 41139.38 36885.23 51720.80 48229.43
Ca 55206.42 110914.04 107293.32 10368.40 108908.07 16828.46 17642.82 17620.63 51728.76 75041.27 65785.00 107133.20 95845.46
Al 6.51 8.81 28.95 6.76 15.16 2724.61 2689.85 2802.58 27.01 15.35 13.84 23.46 9.99

K 1.03 581 54.80 6.37 0.96 2198.00 3087.78 2994.28 12.55 0.34 1.64 9.23 1.65

\ 358 1.33 2.85 0.83 9.74 0.33 0.36 0.34 7.53 9.10 8.82 12.04 8.81
Mn 114.22 32.89 30.49 40.32 89.25 11.52 10.25 9.71 65.80 62.47 49.43 78.83 107.85
Fe 563.49 157.73 301.04 78.61 390.47 66.51 59.77 56.59 574.34 826.60 578.00 847.14 1106.44
Rb 3.58 0.01 0.08 0.00 0.02 7.90 10.65 10.23 111 1.57 1.40 0.03 n.d.

Sr 17.97 21.81 18.29 22.58 25.70 11.79 12.68 12.94 4.79 7.62 6.77 11.65 9.10
Ba 0.03 0.21 0.77 0.21 0.05 69.45 82.38 82.12 0.21 0.01 0.03 0.08 0.03
La 0.31 0.29 0.45 0.49 0.58 0.66 0.71 0.73 0.11 0.13 0.13 0.39 0.20
Ce 0.61 0.56 1.02 0.83 111 0.97 1.19 1.18 0.48 1.06 0.95 2.35 1.14
Pr 0.07 0.05 0.10 0.08 0.12 0.12 0.13 0.13 0.07 0.16 0.15 0.36 0.18
Nd 0.22 0.17 0.44 0.28 0.37 0.44 0.47 0.48 0.27 0.69 0.65 1.38 0.65
Sm 0.02 0.03 0.08 0.04 0.06 0.07 0.09 0.08 0.04 0.12 0.12 0.24 0.10
Eu 0.01 0.01 0.02 0.01 0.02 0.06 0.06 0.06 0.01 0.01 0.01 0.03 0.01
Gd 0.02 0.02 0.07 0.03 0.05 0.09 0.08 0.09 0.03 0.08 0.09 0.18 0.07
Th 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.02 0.01
Dy 0.02 0.01 0.04 0.02 0.03 0.07 0.08 0.08 0.03 0.04 0.05 0.09 0.04

Y 0.10 0.08 0.27 0.11 0.19 0.53 0.52 0.54 0.12 0.25 0.27 0.44 0.20
Ho 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.00 0.01 0.01 0.02 0.01
Er 0.01 0.01 0.03 0.01 0.02 0.06 0.06 0.05 0.01 0.02 0.02 0.4 0.02
Tm 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00
Yb 0.01 0.01 0.02 0.01 0.01 0.06 0.06 0.06 0.01 0.01 0.01 0.03 0.01
Lu 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00
Pb 0.16 0.33 181 0.42 0.08 1.57 2.15 2.2 0.30 0.15 0.03 0.37 0.03
Th 0.03 0.01 0.10 0.01 0.02 0.16 0.17 0.16 0.00 n.d. n.d. 0.01 0.00

U 0.01 0.01 0.06 0.06 0.00 0.07 0.10 0.09 0.00 0.00 0.00 0.01 0.00
Y/Ho 0.30 0.32 0.24 0.30 0.33 0.27 0.27 0.28 0.24 0.23 0.23 0.26 0.27
FREE 140 1.26 2.55 1.93 2.57 3.18 3.49 3.54 117 2.60 2.48 5.58 2.65
FREE+ 151 1.34 2.82 2.05 2.76 3.70 4.01 4.08 1.28 2.85 2.75 6.01 2.86
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Table 4.2 continued

Host Vif Vif Vif
Phase D2 D2 D2
Na 8.11 7.75 0.88
Mg 50677.08 50296.17 48441.98
Ca 104814.66 100899.25 9895840
Al 13.80 16.19 16.48
K 1.88 2.19 0.85
\Y, 7.88 9.82 8.49
Mn 246.46 80.80 77.60
Fe 3237.49 1061.55 1066.80
Rb n.d. 0.01 0.01
Sr 9.08 12.60 9.75
Ba 0.03 0.06 0.03
La 0.24 0.23 0.19
Ce 1.40 1.42 1.43
Pr 0.22 0.22 0.25
Nd 0.86 0.88 1.03
Sm 0.13 0.15 0.21
Eu 0.02 0.02 0.02
Gd 0.10 0.11 0.13
Tb 0.01 0.01 0.02
Dy 0.06 0.05 0.08
Y 0.30 0.28 0.34
Ho 0.01 0.01 0.01
Er 0.02 0.02 0.03
m 0.00 0.00 0.00
Yb 0.02 0.02 0.02
Lu 0.00 0.00 0.00
Pb 0.09 0.14 0.11
Th 0.00 0.02 0.01
U 0.00 0.00 0.00
Y/Ho 0.26 0.25 0.24
EFREE 3.39 3.43 3.77
EREE+ 3.69 3.70 4.12
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Table4.3. Summary table of fluid characteristics for the different phases deterngned u

ing different methods. Homogenisation temperatugg &hd fluid inclusion information

from Mathieu etal., (2013a). Oxygen isotopes of Wynniatt Formation dolostone are from

D. Thomson (pers. Comm.). WIFWynniatt Formation, VIfi A Vi ct or i aa-1 sl and

t i o n 0 sadde Dolomite, BD brown dolomite, RG replacement calcite, LT late

stage calcite, Qt quartz, D1i dolomite 1, D2i dolomite 2, M.W.i meteoric water,

S.W.1 seawater, HF hydrothermal. Parentheses indicate less probable sources.

Host | Mineral Th (°C) uo REE Fluid inclusion
S.W:-Siliciclastic Reducedshale
WF Dolostone --
interaction interaction
sD 105115 S.W.i Siliciclastic Reducedshale Siliciclastic/S.W.
Reduced HT interaction interaction Assumed aline
s . Fluid mixtureDifferent origins/flow paths
100117 S.W:-Siliciclastic Reducedshale o o .
BD ) _ ) ) Siliciclasticinteraction
Reduced HT interaction interaction .
Assumed saline
Reduced/oxygenated
RC - M.W. (S.W.)
shale/M.W.(S.W.)
OxygenatedM.W.
LC - M.W. (S.W.) M.W.
(s.w.)
Reducedshalesulphide
VIf Dolostone -- Siliciclastic ) )
interaction
Mixed fluid: Sulphurrich + metalliferous
120133 . . .
Quartz S.W. Reduced? fluid, shaleinteraction
Reduced HT ) N
High salinity
109124 Reducedshale Siliciclastic/S.W.
D1 S.W.(M.W.) ) ) )
Reduced HT interaction Assumed roderatéy saline
109124 Phosphatic/Fexide- Siliciclastic/S.W.
D2 S.W. (M.W.) . . .
Reduced HT rock interaction Assumed moderatelaline
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CHAPTER 5 - CONCLUDING REMARKS

Paragenetic differences between chapdeand 4arelargely due to finer microanalyses

of the different phases. Replacive calcite (RC) in the Wynniatt Formation was only re
ognised after SEM imagining and analysesl beerdone in preparatiofor chapter 4.

Dol omite cements di forlmatifidinot avreir @ loanll ggn di \
rate cements (D1 and DBy their differentREE abundances and norns#d profiles b-

tainedwith the LA ICRMS. The subtledifferences inthe parageneses of thgseases

between the two chapters did not affdet overallinterpretation of the origin diuids,

butinstead helped toefine some of thesarlier interpretationsNo interpretationsf fluid

origin could be established for either of the host dolostones in chptieerefore,the

diagenetic historyf the dolostones was established in chapt&hapter 3 conclusions

involved fluid interaction withan unknowrterrigeneous clastic unit for the saddleddol

mite (SD) and brown dolomite (BD), whereas chapter 4 refined the fluid origin to being
possibl seawater that interacted witophosphatieshale.In chapter 3, the calcite cement

was inferred tdhave originated from bw-salinity fluid; chapter 4 confirmed the neet

oric origin of the calciterecipitating fluid, with the addition of the inferenceactharg-

ing fluid:rockratio involving the dissolution of BD and precipitation of REuid mixing

of a metalliferous fluid with a sulphuich fluid was inferred for quartz cement from the
AVictoria I sland f or ma3andhFamoidanpyritceassdei n b ot
ated with quartz precipitation has been inferred to have been precipitated by the mixing

of a metalliferous fluid with a sulphurch fluid at the site of precipitation in both gha
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ters. Chapter 4 adds to this interpretation that bactsuiphate reduction was probably

the predominant mechanisfor sulphate reductioriThe dolomite cements in chapter 3
were treated as a single phase because of the lack of distinguishing charagctehistics
became apparent after LA IG®WS analysis. The rigin of the dolomiteprecipitating

fluid was determined in chaptert® bea moderately saline, Ndominant fluid that inte

acted with a Krich reservoir (basement granite or siliciclastic equivalent). Chapter 4,
with thetwo dolomite cements, D1 and D&vealed that the probable sourceho$ fluid

was seawatederivedand subsequentinteracted with a (phosphat)cshale unit at depth,

and the two REE patterns that distinguish the two cenvesrtisthe product of changing
fluid:rock ratio. The dolomitefluid inclusion data from chapterv8ereassumed to repr

sent both D1 and D2 in chapter 4 because the range in homogenisation tempeggture (T
is seen both within a single crystal and between other crystals; it is assumed that at least
some of the fluidnclusion assemblages (FIA) would have been from bethent types.

Both chapters 3 and 4 indicate similarities to known carbdmagéed MVT deposita/ith
regards to diagenetic setting and hist@myd suggest that further study of Victoria Island
sedimetary rocksmay be merited-urther workon outstanding issues could includé)

better definingvhether the cemestrecipitating fluid was hydrothermal or n¢2) esté-

lishing thegenetic relationshipsetweernpossible fluidmovement mechanisms (e.ggte
tonics or thermaj)and(3) quantifying with absolute dating thiening of fluid movement

and upgradinghe burial history of thenits studied
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