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Abstract

In an attempt tamprovethe chronologic record of impact eventsiarth,U-Pb
geochronologyhas been conducted shocked and thermally metamorphosed accessory
phases (zircon, titanite and apatite) from several terrestrial impact strucsingtaser
ablatiorinductively coupledplasmamass spectrometry (LACP-MS). All dated phases
occur as inheritegrains derived fronthe underlyingtargetlithologies and now occur
within impact mekbearing brecciaand clastaden melt rocksThis studyprovides the
first application of the apatite-Bb geochronometer from a terrestrial impact structure
and emphasizes the complexity of dating inherited grains within impactbesaiing
lithologies. Unlike newly-grown (igneousprainswithin impact meltsheetsthe results
presented het@ghlight the tallenge®f obtainingprecise and accuratapact agefrom
variably resegrainswithin complex lithologiesThis approach requires amderstanding
of the relationship betweersotopic resetting,extreme pressurédemperature(P-T)
conditionsand variable temperaturg¢ime (T-t) historiesrealizedduring impact evenis
impactinduced deformatiomicrostructurs, solidstate recrystallizatigrandpre-impact
radiation damagwithin inheritedgrains The resuls from this studyhave contributedto
the chronologal record of terrestrial impact everdsd the current understanding of-U
Pb isotope systeatics within U-bearingaccessoryphasesuring hypervelocity impact
events Theuseof amultiphasein situ LA -ICP-MS U-Pb geochronolagal approaclinas
permittedan interphase assessment thie comparativereliability of zircon, apatite and
titanite as impact chronometersyhile also providing insights into theU-Pb isotope
systematicsof these phaseander extremeP-T-t conditions. The resultsreveal that

isotopic resetting in apatite is thermatyguced,nferred to be the resultaf p a t lowere 6 s
i



closure temperature and rapid Pb diffusivit@ensequently, apatite determinedo be
moresusceptike to isotopic resettinguring shorlived temperature excursiomempared
to zircon and titaniteAs such, thisstudy demonstratethat in the absence of coherent
impact melt sheetand where structures remain tectonically undefornagdtiteis the
mostreliableU-Pb geochronometer faccurately dating terrestrial impact structures

Under the sam®-T-t conditions,zircon and titaniteare found to béessuseful
impact chronometerand may yield geologically unmeaningful ag8snilar to apatite,
isotopic resetting in titanites primarily thermallyinduced However,due tonumerous
factors includingits higher closure temperatuseand slower Pb diffusivities, titanite is
proneto incomplete isotopic resettingnd isconsidered garticulaty complex UPb
impactchronometerUnlike apatite and titanitesotopic resetting in zircon is deformation
enhanced In addition to recrystallizatiedriven Pb lossthe resultspresentedhere
demonstratéhat for the first timeyadiation damage within pfienpactzircors facilitates
isotopic resetting. Howevemetamict zircong@refound to besusceptibi to recent Pb
loss and commwo Pb contaminatio, with lower intercept ages typically yietd
anomalouslyyoung impact ages that azensstantly unreliable.

The application of multiphase in situ EHEP-MS U-Pb geochronology has
provided the first higher precision age constraints for four terrestrial impact structures in
Canada: Nicholson Lake (387 £ 5 Maac La Moinerie (453 = 5 Ma), Steen River (141
*+ 4 Ma) and Brent (458+ 2.7 Ma). Excluding Nicholson Lake, all structures yield ages
that overlapwith biological extinction events, with Steen River forming at, or close to, the
JurassieCretaceous boundgrand both Lac La Moinerie and Brent forming at, or close

to, the Sandia#atian boundary in the Upper Ordovician.
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Chapter 1. Introduction



1.1The impact cratering process: A brief overview

Prior to the early 1960s, hypervelocity impact events were considered rare and
geologically insignificant processes. It was not until the collision of Comet Shoemaker
Levy 9 with Jupiter was observed in the early 1990s that the significance of impact
cratging wasjustly appreciated (Orton et al., 199%pday, impactcratering is considered

a major geologial process thatasgoverned the formation of the early solar systena
continues to modyf all solid planetary bodieIhe heavily cratered surfacétbhe Moon

is a testament to this, where, unltkegeologicallyactive Earth, impact craters haween
preserved since its formation approximately 4.5 billion years ago.

Unlike typical endogenic process (i.e., volcanism and earthg)akbsre pressures
and temperatures rarely exceed 1 gigapascal (GRa)n rates of 1I®to 10°/s, and
temperature 1000C, hypervelocity impaceventsare high energy (>500 GPa10,000
°C), transient (strairrates 10 to 10'/s), and extremely localized geological events
(French, 1998)During a hypervelocity impact evertte largerasteroid or comes (i.e.,
the projectile) enter the atmosphere with little to no deceleration, strikivg solid
planetary body(i.e., thetarget) at original cosmic velodies (>11 km/s),creaing a
geologi@l formation known as &ypervelocityimpact structureWhen the projectile
contacts the solid surfatieere is a near instantaneous transfedmétic energy from the
projectileinto a limiednearsurface volume of tget rock Thisenergyis convertednto
intense, high pressure shock wattest radiate hemispherically away from the point of
impact (Melosh1989) Theimpact crater procedsas beerarbitrarily divided into three
stages: 1) Contact and Compression; 2) Excavation and 3) Modifidatign French,

1998)



1.11 Contact and compression

The contact and compression stage involves the generation of shockthraugh
the transfer of kingc energy from the projectile to the target matefigiisis the viefest
stageof the crateing process, with numerical calculations estimating, tioata typical
projectile ~1 km in diameter striking atl5 km/s, the duration of the contacand
compresion stage is approximatelyl®. Melosh, 1989)This stagdegins at the point of
contact between the incoming projectile and the target sudadag whichintense high
pressureshock wavesre generatedravelng at supersonic spegedsnd radiahg away
from the isobaric core (i.e., impasite) (Melosh, 1989French, 1998 Following shock
wave propagatigra rarefaction waves generatediraveling in a hemispherical manner
as release wavasto the surrounding targeAs the releas wave propagates back into the
projectile it undergoesdecompressen, resulting inmelting and vaporization of the
projectileand targematerialsadjacentto the point of impactFor pressure above 60 GPa,
this is referred to as the isobaric core volumleich is totally destroyed.

Defined mathematically by threlationPs® R™ (Dence, 1968; Ahrerand OO6 Keef e,
1977), he peak pressure of the propagating shock wayed@eays exponentially with
distance R from the isobaric core, creatilge mi spheri cal zones or @
shock pressurdsh at ar e r e f-20nm e 2da.l). @Ehnghes&otkaonds,

P-T conditions decrease with increasing distance from the isobaric core, following the
relation P8 r*( Ahr e n s eedenl®77)™Mévibg away from the isobaric coré¢he
process ofshock metamorphism ocaurto varying degreedarget rock melting and
vaporization (>60 GPae., within the isobaric cojeselective mineral melting (4060

GPa); the formation ofdiaplectic glass (30i 45 GPa); high pressure mineral

transformations (15 45 GPa); shock deformation effects (i.planar deformation
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features PDF9 in quartz) (10° 25 GPa), and fracturing and brecciation of the target (1
5 GPa) (French1998; Frenh and Koeberl, 2010; Fig.1). The outermost limit of shock
wave propagation is the distance at which shock pressures fall belbw® &Pa.Under
these conditiongshey are considered as elastic or seismic wavesndnagached the

ambient hydrostatic pssure of the targeat which pointthe contact and compression

stage hasnded.
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Figure 1.1 Simplified diagram from French (1998) indicating: 1) hemispherical shock pressure isok
produced during the contact and compression stage (solidcgeteis; 50i 0.1 GPa) and 2) the movemk

of target material along excavation/material flow lines leddines) during the excavation stage.

1.1.2Excavation

The excavation stage is governed by the interaction of the propagating shock wave

with the original target surface.€., the neas ur f ace r egi on whah
initiatesexcavatiam flow andmovement of targanhaterials (Melosh, 1989; French, 1998).
Shockwaves travelingipwardgowards the free surfaeee reflectedlownwardsnto the
target as rarefaction waves, initiating a tensile regintean upward velocity component
This is referred to as excavation flow, withharget material moving along

excavatiommaterialflow lines (Melosh, 1989; French, 199&jg. 11). Materialin the

4
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upper level travels upwards and outwards, leadingjé¢ction of target materialghe
fiexcavation/excavated o n e 0 ) , whi | e inmaterid is elisplacedwie a | e v e
downward and outward motignt fdé sip | a c &id.1.%).dinemavémert ofarget
material along these excavation flow lines results in the formation of the transient cavity.
The transient cavityepresents the limit ahaterial movement by the shock waamdis
a bowl shapedyarabolic to hyperbolidepression that has a stetlly uplifted rim and
a depth equal to ordird of its diamete(Dence 1968). Oncehe transient cavityeaches
its maximum extent, thexcavation stagendsand the modification stagenmediately
follows (French, 1998)

1.1.3Modification

Following the excavation stage, shosfaves have decayed into lgwessureelastic
stress wavewith the modification stage dominated by the effects of gravitational collapse
and rock mechanicsther than shock wave interactoduring the modification stage,
excavation flow linesevsersdrom upwards and outwards, to downwards and inwards
resuling in the movement of target materidat modifies and collapses the transient
cavity.
The degree and duration of the modificatsdaige is controlletly impact energy, gravit
target lithologyand the dynamic shear strength of target rofecsors that control the size
of the final cavity angdn turn, the size of the final impact structuidelosh, 1989; French,
1998) During themodification stage, material moves via slumping of the crater rim,
erosion and infilling of the transient cavity and, for larger structures, the formation of a
central uplift. As aesultof both the contact/compression and the excavation stage, a range

of lithologies, referred to as impactites, are produced. These include, lithic breccias,



impact melts, ejecta deposits and shocked bedrock that have experienced a range of
pressurdemperaturesime histories

Depending on the final size of the transient cavity following the modification stage,
the final crater is classified as having either a simple or comptEphology (French,
1998).Simple craters are bovghaped depressions with a raised crater(em.,Brent,
Ontario) During the modification stagir simple cratersthe transient cavity is only
slightly modified via collapse of the crater walls and deposition of slurbpsctiated
material from the crater riniill ing the transient cavity up to halsibriginaldepth (Fig
1.2). The infilling materials of simple craters may consist of an underlyingmeélclast
free layerthatlines the transient cavity, and an overlying unit composed of both lithic
breccias (melfree) and impact melearingbrecdas (Fig 1.2).

A Complex crater

Allochtonous polymict breccias Restricted
(impact melt rocks, lithic, melt-free breccias, strewnfields Airfall beds
i and lithic, melt-bearing breccias) (tektites)

L SR T

Jﬁ

Monomictly brecciated, parautochtonous crater basement
with dikes of impact melt rocks and polymict breccias

Impact glasses and

B Simple crater melt rocks

Breccia lens

f.\; Melt-bearing (suevitic)

o~ impact breccias
.+ % | Lithicimpact
. breccias
Pre-impact
lithology

Brecciated crater basement

Figure 1.2Diagrams highlighting the morphaj@al and lithological variations betweéx) complex crate!
and(b) simple craters. From Stofflet al.(2018.

In contrast, complex craters are larger and have a evamigedmorphology due to
extensive gravitydriven collapseComplex structures typically haireegular terrace rims
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and a central uplift within thecraters cemé (e.g., Nicholson Lake NWT and
Manicouagan, Qébec) (Fig 1.2a). The impactite lithologies produced in complex craters
differ from those within simple crateis that they typically consist of @oherenimpact
melt sheet that overlies lithic and impact meltcoras, and distal ejecta deposiie
typically developedFig. 1.2a).

1.2 Dating impact structures

Determining precise and accurate formation agésrogstrial impact structuresastical

for understanding the temporal influence of hyperveldoiyad eventson theformation

of the inner Solar Systemand Earthts geological and biologicagvolution While
stratigraphic (relative) dating can provide fister constraints (i.e., minimum and
maximum ages), this approach is insufficient when absolute time scales are required.
Radiometric ageallow constrains to be placed otie rate of impactor fluto Earth and

the Moon,linking impactclusters(i.e., the Ordovician clusterand correlating impact
events to minor and major extinctioas Earth.A range of radiometric isotopg/stems

may beused to determine impact agesTh/He €.9.,van Soest et gl2011 Biren et al.,

2014, “°Ar/*°Ar (e.g.,Jourdan et al., 201daret et al., 2098Rb-Sr (e.g.,Jahn and Floran,
1978) and UPb .9.,Moser et al., 2011; Darling et al., 2016)owever, ¢ the ~200
confirmed impact structures on Earth, less than ~35 have precise and accurate ages (e.g.,
+2 %; Jourdan et al., 2009; Earimpact Databas2020. This is primarily due to a lack

of rock typesand mineralgeochronometeramenable to dating, themeval of datable
materials by erosiofi.e., impact melt sheetsand overprinting effects of peshpact
hydrothermal alteration anctonometamorphism (e.g., Sudbury; Spray et al., 2004).
Larger, pristine structures(>30 km diameter) arguably provide more robust age

constraintdue to the presence obherenimpact melt sheetsvhich provided they are
7



not tectonothermally overprintedrystallize to yield phaneritic igneous bodies from
which primary,impact meltgeneratedhases can bdated(e.g., newlygrown zircon
Hodych and Dunning 1992 and newly-grown apatite McGregor et al. 2019
Manicouagah

However, such coherent melt rocks are typically restricted to structures formed in
hard rockdominated (igneous/metamorphic) targets (e.g., Manicouagan, Sudbury,
Mistastin Lake) and are absénn those formed in softock-dominated (sedimentary)
targets (i.e., Clakulub, Steen River)Moreover, he contributiorof melt production from
sedimentary rock beawes proportionally reduced as crater size increases for most
continental crust (cf., sedimentary bair@naller (<5 km diameter) impact structures
may be entirely developed in sedimentary rock (e.g., Barringer Meteor Crater, Arizona;
Kring, 2017), whileintermediate size structures may be developed in mixed crystalline
sedimentary targets (e.g., Popigai, Sibevifhjitehead et al., 2002As such,coherent
impact melt sheets are seemingly not developed from targets that comprise a significant
sedimentary amponent. Instead, the presence of volatiles (including bound and unbound
water) and pore space in the sediment/sedimentary rock component facilitates melt
fragmentation and violent mixing with clastic material to generate impactb@aaiing
breccias (e.g Kieffer and Simonds, 1980; Osinski et al., 2008)ese may wholly or
partly replace igneous melt sheets that are typical of shsidar structures formed in
crystalline targets (e.g., Mistastin Lake, Sylvesteal., 2013)Postimpact erosion may
remove the melt sheet (if ever present) leaving only the underlying impaeb@agihg
breccia units exposed hereforejn the absence of coherent impact melt rocks, impact
melt-bearing breccmare typicallythe only lithology available for radiometrgtudies
These lithologies are challenging to date because new (irgpaetated) minerals are, if
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present, are typically nane or microcrystalling hence difficult to analyzeAs a
consequencenineral grains derived from thmsemenilithologies arehe most abundant
targets for geochronological studieBhese grainsmay be incompletely reset by the
heterogeneouB-T-t regimes developed in the melast volumewhich ariseslue tq (1)
the short duration of the shoc&lated thermal puls@/ishnevsky and Montanardi999)
and/or (2) the immersion of minerals in clas¢lt mixtures that may be rapidly cooled
(e.g., Simonds et al., 19776norato et al., 1978).

Accessory mineral phases such as zircon, apatite, and titanite are widely applied
U-Pb geochronometers in the Earth Sciendéhile the U-Pb isotope systematics of
shockedzircon are relatively well understoode.g., Krogh et al, 1984 1993 1996
Scharer and Deutschi990; Moser et al., 2@}, the interpretation of ¥Pb data from
apatite and titanite remagchallenging due to discrepancies in the literature regarding U
Pb diffusivities and closure temperatures (Kirkland et al., 2019; Holder,e2(4l9;
Hartnady et al., @L9). Within the field of impact chronology, accessory phases with high
closure temperatures, such as crystalline zi(c®®0 °C), are the preferred choice for
dating larger impact structures that possess coherent igneoussheels (e.g.,
Manicouagan: Hodych and Dunning, 1991; Sudbury: Davis, 2@@8)inherited(i.e.,
shock metamorphosediycon grains,mpact ages are typically obtained from individual
neoblasts withimmpactrecrystallized grains (e.g., Kamo et al., 199®ser et al., 2011
However their small size (< ~16m) renders them susceptible to pwspact(recent)Pb
loss, which can lead to anomalousiyung ages (Kamo et al., 2011; Schmieder et al.,
2015). While larger neoblasts {5100 um) are amenable t@cording impact ages, these
appear to be rare and are currently only reported from larger complex craters (e.g.,

Vredefort Moser et al., 2011).



In contrast, datable phases with lower closure temperatures, such as apatite
(fissiontrack: e.g.,Omar et al 1987; (UTh)/He: e.g.,Wartho et al., 2012U-Pb (this
study, Chapter ) and titanite ((UTh)/He: van Soest et al., 2011, Biren et al., 204
Pb (Papapavlou et al., 2018is study; Chapter Baretypically more prone to isotopic
disturbancesandmay be more amenable tmpactresettingin small impact structures
However, theapplication of apatite and titanite-Rb geochronologfor constraining the
age of impactelated heatings limited (Papapavlou et al., 201this study; Chapter P
5) and our understandingf the mechanisms responsible for isotopic reseitintpese
phases ipoorly undersiod. This isfurthercomplicated by the lack of understanding of
Pb diffusivities and closure temperatui@sthese phasesnderextreme pressuresnd
temperaturegi.e., shock metamorphi conditions) This is primarily becaus®-T-t
conditions resulting from hypervelocity impact include the realization of extreme
pressures and temperatures over very short timescales (seconds, minutes, hours, years),
sharp contrast to most endogenic processiésough recent characterizations of impact
induced micrsotructures within these phas#snonstrates unique crystabgrpahic
resporses to shock metamorphisrfe.g., Cernok et al., 2019; McGregor et al., 2019b;
Kenny et al., 2020Q)heresulting effects on thg-Pbsystemremains to bassessed

1.3 Dissertation Objectives

This primary goal of this dissertation is to conduct-Rb geochronology on different
terrestrialimpact structuresusing a multiphas&)-Pb approach. ere are twaoprinciple

aims of this dissertatior{l)improveEar t h6 s ¢ hr ,amd)cantgibute tolhee c o r d
current understanding ornhe behaviour of LPb geochronometersduring shockand

thermalmetamorphismThe main objectivesf thisdissertatiorareas follows
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Il Contribute to the I mprovement of
determining higher precision agefor four terrestrial impact structures Canada
Nicholson Lake, Lac La Moinerie, Steen River and Brent

[I: Determine if in the absence of coherent impact melt sheetgact mek
bearing brecciaaresuitable lithologies fouse wherdetermining impact ages

[11: Assess the viability ahultiple, new U-Pb impact chronometers (apatite and
titanite) for determining the timing of impact events

IV: Contribute to theunderstanding of the mechanisms responsible foopsot
resetting irzircon, apatite and titanitender extrem®-T-t conditions.

1.4 Dissertation Structure

This dissertationcomprisessix chapters, including this introductiomhere are
four resultchapters (2 5), all of which havebeenpublishedin peerreviewedjournals
A concluding chapterGhapter § provides aliscussiorand summaryf the resultgrom
each chapteroutlinesthe implications tls study and provides recommendations for
potential avenuesf future researchAll references used throughout thasssertation
(including Appendicesare comped at the end of the thesis in a separate section
(References)rherearefive Appendicegprovidedat the end of this dissertatiokppendix
1 containssampleinformation and petrographgf all samples assessed tims study
Appendix 2provides all spplementaryfigures and tablesfrom eachjournal article
Information on the m@alytical techniquesusedthroughout this studyare provided in
Appendix 3 Appendix 4is foscussean LA-ICP-MS U-Pb geochronologgnd includes:
a summary of the analytical segnce and instrumentation used fePUb geochronology;
data reduction processes armimmon Pb correctiongind laser parameters used in all

studiesAll U -Pb data from each chapteprovided in Appendix 5
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IChapter 2. Multiphase U-Pb geochronologyof

Nicholson Lake NWT, Canada

1 McGregor M, McFarlane CR. M. andSpray JG. (2018) In situ LA ICPi MS apatite
and zircon WPb geochronology of the Nicholson Lake impact structure, Canada:
Shock and related thermal effediarth and Planetiry Scenceletters.504, 185
197.
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2.1 Abstract

In situ laser ablation inductively coupled plasma mass spectrometryGPAMS) has

been deployed to determine theP ages of impact metamorphosed apatite and zircon
from the D12.5 km diameter Nicholson Lake impact structure, Northwest Territories,
Canada. The dated phases occur within both impactlreating breccias and cldaden
impact melts. A total of 84aser ablation analyses from 57 apatite grains within seven
rock samples yield a minimuymefined lower intercepge 0f387+ 5 Ma (MSWD =0.87,
n=26), andamaximum age with lower intercept DfL740 Ma. A total of 90 laser ablation
analyses on 52 zircon grains from two rock samples yield a minilower intercept age

of 384 £8 Ma (MSWD =1.3n =22), with a maximum upper intercept age of 2674+

Ma, and a second discordia withdl740 Ma uppelintercept age. The results are
consistent with the target rocks compristhg Archean Snow Islansuite (D2.7 Ga) and

the Paleoproterozoic Nueltin plutonic suiteX.74 Ga), with the impact event occurring

at approximately 385 Ma. The degree of resetbhipherited apatite can be related to its
proximity to impact melt (now partly devitrified glass) within the host impact-bresdiring
breccias and clasaden impact melt rocks. Those grains in direct contactimpactmelt
bodiesexhibit complete chraymetric reseing, while those occurring as inclusions in
lithic or mineral clasts partly or wholly retain their original isotopic compositions. The
youngest (impaeteset) apatite ages are most closely associated with the highest shock
levels (i.e., granular textured and thermally dissociated zircons), vehectelated to
juxtaposition of apatite with superheated melt. Due to accumulated radiation damage prior
to impact, many of the relic zircons are metamict, which facilitated enhanced Pb diffusion
and their resetting to the impact age. Granular zircons record impag¢tdgiesthose

exhibiting planar fractures or experiencing negligible shetkimbasement age¥ve link
13



apatite and zircon geochronology to the textural and structural states of; Arg®iQts
associated shock levels via field emission scanning electron microscopy andRamcan
spectrometry.

2.2 Previous Studies and Geologic Background

The Nichol®n Lake impact structure is situated in the Northwest Territories,
approximately 52 km southwest of Dubawnt Lake °d&PN; 102°410N; Fig. 2.1a).
Despite its impact status being confirmed in the 196@sgeology of the structure has
not been investigated since its initial discovery (Dence et al., 1968PAMI°Ar study
was undertaken on impact mbkaring breccias by Bottomley (1982) and Bottomley et
al. (1990), providing an impact age of <400 Mdnich has remained the quoted age for
the impact. The following geological and petrographic description of Nicholson Lake is
based on initial field observations and samples collected by M.R. Dence (Dence et al.,
1968; Personal Communications 201%8).

The geology of Nicholson Lake is only known at a reconnaissance level. Nicholson
Lake is a small complex crater, with a roughly diamond skagface expressigand an
estimated final apparent crater rim@i2.5 km, which is approximateboincident with
t he | ak e 6 21b)sThe suréace (eXxpiegpion of the impact structure is subdued,
with a maximum elevation dP380 m above m.s.l., and there is no major topographic
trace of a crater rim. Remains of a possible central uplift ocaucestral island that rises
D50 m above lake level, coinciding with a negative Bouguer gravity lo/cd mGal
(Dence et al., 1968)The structure is situated within the Rae Domain of western Churchill
Province, an orogenic belt composed of variabiywoeked Archean granitgreenstone

belts, Proterozoic intrusigand sedimentary sequences (Peterson, 2006).
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Figure 2.1 (a) Geographical location of the Nicholson Lake impact structb)eSimplified geological me
of Nicholson Lake modified frorbence et al. (1968). The dashed circle ~12.5 km in diameter appro>
the outer limit of the structure. NWT = Northwest Territories.
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The province is bounded to the west by the 2.0 Ga Taltbefon orogen, and the
1.97 1.8 Ga Tranddudson orogenct the southeast (Peterson, 2006), which is further
suldivided into the Rae and Hearne Domains by the Snowbird tectonic zone (Berman et
al., 2007). The Rae domain, where Nicholson Lake is situated, consists of polydeformed,
metasedimentary crustal sequenaiethe Archean Snow River Gneisses and Clarke River
Schist (Peterson, 2006), which are locally intruded and overlain by porphyritic granitic to
granodiorite plutons of the Snow Island Suite (26@5\a to 2602 2 Ma; LeCheminant
and Roddick, 1991Scott et al., 2015). At the regional scale, the Snow Island Suite is
intruded by the 1.8% 1.80 Ga Paleoproterozoic Hudsonian Intrusive Suite, emplacement
of which was synchronous with the Tradsdson orogeny at ca. 1.83..81Ga (Peterson
and van Breemn, 1999Peterson et al., 200Pavis et al., 2015). The youngest igneous
rocks mapped in the region are the Nueltin suite of the Dubawnt Supergroup, which are
porphyritic granites containing abundant apatite and zircon, with emplacement dated at
1.777 1.73 Ga (Peterson et al., 2002eterson, 200685cott et al., 2015)At the time of
impact, the basement lithologies supposedly consisted of the Snow Island and Hudsonian
plutonic suitesand a thin veneer of Ordovician limestone (Dence et al., 1968). Howev
U-Pb ages from this studin addition to more recent mapping initiatives in the region
(Scott et al., 2015), suggest that the Hudsonian granites were probably not involved in the
I mpact structureds formation.

Ordovician limestone occurs in situtato locations on the mainland, on smaller
i sl ands within Rlbgand askraghents within the impadtité ungs.
(Table AL.1). This restricted preservation of Ordovician limestone is similar to that
observed at several impattuctures within the Canadian Shield (e.g., West Clearwater;
Simonds et al., 1978 anicouagan; Thompson and Spray, 2017). At Nicholson Lake,
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limestone preservation is attributed B600 m of downfaulting during rim collapse
(Dence et al., 1968).

Due to he highly eroded nature of Nicholson Lake, estimatda6®0 m (Dence
et al., 1968), most of the original impaggnerated units have been removed (e.g., no
impact melt sheet rocks, nor ejecta deposits have been observed). However, various
impactites haveeen identified during initial field observations by Dence €11868) and
via thin section analysis of samples during this study. These include; (1) moderately to
strongly fractured and brecciated shocked and unshocked basement (autochthonous and
paraubchthonous); (2) cladgaden impact meltse(g.,Fig. 2.2d), (3) impact meHloearing
breccias €.9.,Fig. 2.2b) and (4) lithic impact breccias.

2.3 Sample petrography and shock features

2.3.1 Host rocks

Examples otheimpact mektbearing breccia anclastladen impact medtused in this
studyare shown in Figre2.2, and cetailed petrographic descriptions arevidedin Table
Al.1l Crystallinebasement clasts within samples are dominated by quartz, plagioclase,
K-feldspar, biotite and muscovite, with accessory apatite, zandiimenite. Within the
breccias, the target materials occur as lithic and mineral fragments embedded in the glassy
or clastic matrix, or within discrete melt bodies in the impact melt brecCilasts of
Ordovician carbonates are composed of calcite and dolomite, with several clasts
containing ooids. Clagaden impact melt samples comprise mineral and lithic fragments
sd within a glassy to hypaorystalline melt matrix, which varies in cato(black/greyi
red/brown) (Fig.2.2a), with matrices typically showing flow textures via mineral
alignment and, in some places comprising dark, acicular clinopyroxene crystallites. In

impact melt bearing brecad(i.e.,suevitig, impact melt fragments situated within the
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clastic matrix vary in colar, are partially to completely microcrystalline and typically
exhibit strong flow banding with internal clast alignment. Melt fragmeate
predominantly microcrystalline, but when glassy are altered to clay minerals, chlorite and
iron oxides. The discrete melt bodies occur as smallc(w)l angular fragments, or as
larger (1i 3 cm) contorted glassy bodies, which intermingle with theosiding clastic

matrix (Fig.2.2b).

Figure 2.2 Representative optical photomicrogragiplane polarized light) ofa) clastladen impact melt
(10F65A) and(b) impact melbearing brecciésuevitic)(33-65A) used in this study.

In all samplesmineral and lithic clasts are variably shocked, recrystallized and, in
some cases, show evidence of melting (e.g., fluidal/contorted boundAddg)onally,

ballen quartz occurs as clasts within both impact melt rocksirapdct melt-bearing
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breccias. Along with shatter cones, which are best formed within the basement Snow
Island units Fig. A2.1.3, a rangeof microscopic shock features are present. These
include: planar deformation features (PDFs) in quartz (decorated and undecorated), plana
fractures planar arrays ofnicro vesiclesn apatite (Fig2.3), planar fractures in zircon
(Fig. 2.4), thermall dissociated zircon witmonoclinic ZrQ (baddeleyite) (Fig2.5), and
granular zircon (Fig2.6).

2.3.2 Apatite

Qualitative EDSanalysis reveals the presence of hydroxyapatite([€&a)s; OH),
fluorchlorapatite (Ca(PQy)3 F, Cl) and fluorapatite (G{PQu)3 F) (Fig. A2.1.4). Apatite
grainsoccur in a range of textural settings: as mineral clasts suspended within the glassy
melt matrix and impact melt fragments, as inclusions within granitic clasts, or as
inclusions along edges of individual minerals clasts (e.g., feldspars) within the glassy
clastic matrix BSE imagery revealanabsence of compositional zoning, the presence of
planar fractures analogous to those formed in shocked zirE@an2(3a, bWittmann et
al., 2006;Timms et al., 2012), and planar arrays of micesicles (Fig2.3c i1 f) that are
akin to decorated PDHs quartz (Langenhorst, 2002). These grains occur either as
mineral clasts now situated within impanelt fragments (Fig2.3b, ¢ or as inclusions
within mineral clasts (FigR.3e). Planar fractureare expresseds closely spaced {510
em), open fractures now #filled by impact melt (matrix) glass (Fig.3a, b. Planar arrays
of micro-vesicles concentrate within grain centres (Fig.3c, d, or are pervasive

throughout entire grains (Fig.3e, f).
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Figure 2.3. Observedshock features in apatit@) and(b) showingapatite grains occting as mineral clas
within impact melt fragmentsxhibiting multiple openintersecting and parallel planar fracturediiied by
a lower density impact melt phage) Apatite within impact melt fragments showing mieresicles. )
Close up of boxed region (8) showing multiple intersecting arrays of planar migesicleqe) Petrographi
setting of apatite grain occurring as an inclusion within feldspacldse up in boxed region (e) show
linear arrays of micriovesicles.
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2.3.3 Zircon

A total of 62 zircon grains (15 125 em (length), 10i 40 em (width)) were
appraised using optical microscopy and BSE imagery (Taldleto establishP-T-t
conditions prevailing during the Nicholson Lake impact evesmd for UPDb
geochronology The zircons analyzed occur as mineral clasts within: (1) impact melt
fragments; (2) impact melt matrix; or (3) as inclusions within mineral and lithic clasts
entraing within either clastic or melt matrices. The microstructures observed preserve
evidence of a range of shock metamorphic conditions, which are classified into four
textural types corresponding to shock levé® 0 i IV (Table 2.2) based on the
classificaton schemes of Wittmann et 42006), Schmieder et g2015)and Timms et

al. (2012,2017).

Table 21. Statistical data count of zircon shock features.

fgnple Number of grains NPFs Planar fractures Decomposed to ZrQ* Granular textures**
11-65-C2 9 5 4 / /

23-65B 11 / 3 4 4

2365C 6 / / 3 2

2365D 8 / / 5 3

10F~65A 16 / / 2 14

22-65E 7 / / / 7

32-65 5 / / 1 4

*ZrO, occurs in association with granular zircon. ** No 2rO

Zircons that experienced negligible shock (i£) exhibit nonplanar fractures
(NPFs) and either partially or completely retain primary magmatic zonatior2(&g .
SI T 1l zirconsoccur as inclusions within lithic fragments and exhibit planar fractures in
the absence of, or together with, primary magmatic zoning. These zircons contain sets of

intersecting, offseparallel fractures occurring within grain cores (Rgic, d), and as

21



open, parallel sets crossing primary magmatic zonations g, f). SO andSI i I

zirconsare distinguished based on the lack of observalblear fractures.

Figure 2.4.Shock microstructures in S0zircons (@) zirconinclusion in lithic clastgb) BSE image ofa)
with nonplanar fractures and magmatic zonitg.Zircon indusion within quartz showing planar
fractures (d) Higher magnification of zircon grain (c) showing intersecting sets of planar fra¢&)res
zircon inclusion within quartz clast within the cliastnatrix (f) Zircon inclusion in (e) with multiple sets
intersecting planar fractures crosscutting magmatic zoning.

Shock level 1T IV zircons occur within the glassy melt matrof clastladen
impact melt rocks, owithin impact melt fragmentsf meltbearing brecciasGrainsare

characterized by the presence of Zi@® association with granular zircoand a low
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density phase, presumal®yO» (Fig. 2.5). In all cases, the Ze(phase occurs intergrown
with granular zircon as small (<In) granules surrounded by zircon (commonly around
grain rims), or distributed through entire zircon grains (Riga i f). The extentof
decomposition ir8IV zircons is variabletepresenting the degree of thermal dissociation
(Fig. 2.5). Raman spectroscopy confirms that the 2Zp@lymorph is baddeleyite, with
peaks at 181, 308, 477, 561, 617 and 640 amd zircon peakat222 and 439 ch (Fig.
2.59). These peaks are comparatdepreviously documented baddeleyite spectra (e.g.,
Kock et al., 2011; Wittmann et al., 2006).

Shock level V zircons show granular textures in the absence of (EiQ 2.6;
Table2.2). Granularization in these grains is pervasive, with segeaals retaining their
original crystalhabits (Fig2.6a, b, while in other grains the original habit is partially o
completely lost (Fig2.6c, f). In several grains, newly formed zircon neoblasts occur as
distinct, subrounded grains surrounded bycavker density phase (Fig.6d), whereas in
other grains zircon granules occur as clusters that intermingle with the surrounding melt
matrix (Fig.2.6f). The absence of Zeds considered here as a distinguishing feature of

shock V conditions.

Table 2.2. Shock level assignment used in this study based on shock features in zircon.

Shock level* Diagnostic Shock feature

0 Primary magmatic zoning and nptanarfractures (NPFs)

1-11 Planar fractures (PFs)

\ ThermalDissociation (ZrQ) (with granular textures)

\% Granularization (without Zrg)

* Shock level assignment based on Timms et al. (2012/2017), Wittmanr{28@8) and Schmieder et §015).
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Figure 2.5.BSE images and Raman spectrumtf@rmally dissociate8IV zircons. In all cases, the primary crystal habit it crudely preservec
Both (a) and(b) zircongrainswith minor baddeleyite, indicating minimal dissociation o&i)a. (c) Zircon grain with extensive ZrQhroughout
the entire host grain. Boxed regi¢d) highlights the association afi ZrO, with granular zircon(e) and(f) Zircon grainswith minor ZrQ&, along
the grain rims occurring within granular zircon, which is pervasive throughout the entire{gy&aman spectrum obtained from regigh ¢f
grain ), revealing the presence of baddeleyite (green, bold) and zitabes].



Figure 2.6.BSE images of shock level V zircons exhibiting granular textures within, Z100f
which are within impact melt matrices and melt fragments. Gegiand(b) are completely
granular ad crudely retain the primary grain hahi¢t) Granular zircon which has lost its origin
crystal shape and contains zircon granules that are randomly oriented tutthgrgrain and
surrounded by a lower density (S)@hase as shown {d). (e) Granular zircon situated within
crystalline melt matrix(f) close up of zircon E showing distinct clusters of granules intermin
with melt.
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24 LA-ICP-MS U-Pb Geochronology

2.4.1 Apatite

A total of 84 laser ablation spots from 57 apagjtains within seven rock samples
were obtained for UPb geochronologyTable A5.1.). When plotted on an inverse
concordiadiagramthe data reveals isotopic compaositions populating a region between an
older Mes@roterozoic array with a lower interceptiDi740 Ma, and a younger Middle
Devonian array intersecting BX385 Ma (Fig.2.7a). The latter was refinetb obtain a
statistically robust lower intercephpactage of 384 5 Ma (MSWD =0.87,n = 26) with
a y-intercept of 0.884 H.010corresponding tehe initial 2°’Pb?°Pb composition (Fig.
2.7).

Apatite grains reset by the impact occur as indiviguainswithin the melt matrix

or within impact melt fragments (Fi@.7a). In comparison, grains recording the original
isotopic compesitions(i.e., corresponding to the basement Nueltin plutonic;deéterson
et al., 2002Scott et al., 2015), occur as inclusions within lithic clasts and are not in direct
contact with the oneeolten matrix (Fig2.7a). Furthermore, impact resapatites occur
within the melt matrix alongside zircons shocked to level N (i.e., zircons exhibiting
granular textures, with or without baddeleyite; Ridp, Fig. 2.6). The conditions required
to produce these features (>G@a and >1704 C; O Gahdedlbréng, 197 7Fimms et
al., 2017) would have resulted from a superheated melt regime, capable of thermally
resetting the isotopic composition of apatite very rapidly. A comparable relationship exists
at lower shock levels, wherein zircons displaying®sl@&nd PFs (i.eS0 T II) occur within

the same rock clasts as-teset apatites (Fi@.8b).
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Figure 2.7.Apatite data plotted on an inverse concordia diagram (uncorreétéd). er r or €)
All apatite U Pb data showing variable degree of isotopic reseg. Yellow ellipses correspond to apa
grains within lithic clasts (i.e., 0% thermal resetting) with a lower intercept of ~1740 Ma correspol
the Nueltin plutonic suite. Red ellipses relate to grains withimtpact melt matrix or impact melt fragme
which are completely reset and yield an impact @geRefine regression of most reset population w
lower intercept age of 386.9 + 4.5 Ma (MSWD = 0.877 26,) and a yntercept of 0.884 + 0.0:
corresponihg to the initial Pb composition.
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Figure 2.8.Images showing thgpatial relationshijppetween impact reset apatite and zirqayn 100
% reset apatite (top left) situated within glassy melt matrix of-td&&n impact melt. Apatite is
within same relt matrix as both granular zircoB\() and ballen quartab) Un-reset apatite occurrir
within large granitic clashindco-existing withS0 zircon(magmatic zoning, NPFS)

2.4.2 Zircon

A total of 90 laser ablation analyses from 52 zircon gnaittsn two impact mek
bearing breccia samples yield a minimum lower intercept age of 3Ma (MSWD
=1.3,n=22)andan upper intercept age of 26794 Ma, and a second discordia with an
upper intercept dD1740 Ma (Fig2.9b; Table A5.1.2). The impatage recorded by zircon
overlaps with that obtained from apatite (383 &a), and is consistent with the zircons
being inherited from both the underlying Archean Snow Iskuiig (Scott et al., 2015)

and Paleoproterozoic Nueltin suite (Scott et al. 52@havis et al., 2015). As with the-U
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Pb isotope systematics of apatite, zircons record both the timing of impact and basement
ages. Howevennlike apatite, zircon shows no correlation between the degree of resetting
and petrographic context (Fig9a). Instead, there is a relationship between the recorded
20ppP38y ages and the U content of zircomég( A2.1.2. Furthermore, comparing the
shock state of individual grains andRb ages, zircons classified as shock levell@i.e.,
exhibiting NPFs and PFs) fall along the discordia near the upper concordia intB&&pt (

Ga) (Fig.2.9a), while those with granular textures (i.8\) arecloser to the lower impact

intercept D385 Ma).
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Figure 2.9.Zircon Ui Pb datglotted on normal concordia diagrani@) All zircon data showing
occurrence of two discordia arrayme with an upper intercept age of ~2.7 Ga corresponding to the ¢
Island granitesand a lower intercept age corresponding to the Nicholson Lake tirepast, and a secon
discordia array with the same lower intercept age and an upper intercept age of ~1740 Ma corresy
the Nueltin granites. No correlation between textural setting and degree of resegtirdent but a
correlation between ressand shock levetxists whergyranular zircons plotting near the lower intercepr
and those with NPFs and PFs clustering near the upper intdigeRefined discordia with an upper
intercept of 2679 + 14 Ma and a lower intercept age ¢f 38 Ma (MSWD= 1.3) within error of apatite
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2.5 Discussion

2.5.1 In situ U-Pb dating of impactmetamorphosed apatite and zircon

In situ LA-ICP-MS U-Pb geochronologyof apatite and zircon within impact melt
bearing breccias and cldatden impact melts from Nicholson Lake record lower intercept
ages of 38% 5 Ma (Fig.2.7b) and 384 48 Ma, respectively (Fig2.9b). Becausehere is
no evidence for regional geological activity following the intrusion of the Nueltin plutonic
suite atD1740 Ma (Peterson, 200&cott et al., 2015), thB385 Ma ages interpretedo
constrain the timing of the Nicholson Lake impact event. THblages coincide with the
stratigraphic constraints imposed by the involvement of pdgtdle Ordovician
sedimentary rocksduring impactrelated annular down faulting, and a suggested
maximum age of 40Ma determined by previou®Ar/3°Ar dating (Bottomley, 1982;
Bottomley et al., 1990).

In addition to the impact age, both apatite and zircon retain ages from the target
rocks from which they are derived. Apatitéthin granitic clasts retain prienpact ages
corresponding to the Nueltin suite (1i7Z.73Ga; Scott et al., 2015) (Fig.7a). Although
no such textural correlation was found to exist in zircon, two discordiadbtiaged from
zircon have upper intercept ages corresponding to both the Nueltin (upper intercept age
D1740 Ma) and Archean Snowldad suites (upper intercept aD2.7 Ga), representing
the timing ofmagmaticcrystallization (Fig.2.9a). The absence of 1.841.80 Ga ages
corresponding to the Hudsonian granites (Davis et al., 28idjes that they were not
involved with theNicholson Lake impact, contrary to previous interpretations (Dence et
al., 1968).

The degree of isotopic resettirfge., Pb los$ is known to becausedby: (1)

radiation damage resulting from alpha recoil damage (i.e., metamictizaishmpact
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Pb los3 (Mezger and Krogstad, 1997), (B)w temperature hydrothermal dissolution
reprecipitation (DRP) (Geisler et al., 20@3anchar and Hoskin, 2003), (3) soelthte
recrystallization (Krogh et al., 1993; Moser et al., 20Rdckson et al., 2017), and (4)
crystalplastic deformation (Reddy et al., 2006). Increased Pb loss can also be facilitated
by fracturing, induced by either metamictization (Lee and Tromp, 1995) or shock loading
(Crow et al., 2018), where fracturing enhances permeability andflitwigl resulting in

the increased mobility of U and Pb.

For apatite, there is no correlation between U content and co+Rimaorrected
20PpP38y  ages Fig. A21.19, nor observableDRP textures. This eliminates
metamictization and DRP as causes for th®fso disturbance (Fi®.7a). Furthermore,
the lack of correlation between apatite grain size?#®b?2%U ages precludes the role of
simple volume diffusion, where a strong positive correlation would be expected for grains
crystallized directly from anelt (Fig. A2.1.1b;cf., Cochrane et al., 2014).

Thermal experiments on apatite crystals at 680 °C (Cherniak et al., 1991)
and 900' 1250°C (Watson et al., 1985)efine an Arrhenius relation for Pb diffusion. If
impactrelatedtemperatures exceeded 17 this would yield a characteristic diffusive
lengthscale DaDt) in apatite ofD3 mm in 800s, allowing completsotopicresetting in
100 em grains. This means that those apatite grains directly immersed inhagted
melt would have been isotopically reset rapidly (within minutes), with temperatures far
exceeding the450°C closure temperature range of apatite (Watson et al., CO®&5nak
et al.,, 1991). The spread of isotopic agesapatite in this study can, therefore, be
interpreted as being thermally controlledaaesult of temperature heterogeneities in the
impact mekbearing breccias, and the proximity (i.e., petrographic ggtohapatite to

the initially superheated melt component (F@3; Fig. 2.8). Clearly, even though the
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melting point of apatite¥f1600°C; e.g., Bhatnagar, 1969) is less than that predicted for
superheated melt (>170C ; e. g., O0Keef e and itlheritedn s , 19
apatite indicates that the duration of heating was insufficient to completely melt the phase.

This confirms an extreme, flash heating scenario atypical of endogenic geological
processes.

No relationship between shodeaturesand isotopic resetting in apatite was
observed in this study. While shock damage in apatite may have contributed to the degree
of thermal resetting, with Pb loss enhanced by shock damage, the use of apatite as an
indicatorof shock and the effects of shock on Pb diffusion in apatite is not currently well
understood. More detailed studies on the relationship between shocked apatite and Pb loss
arerequired to further determine the role of shastamorphisnon U-Pb age resettg.

For zircon the overall discordance in zircon can be explained by enhanced Pb loss
facilitated by metamictization (Mezger and Krogstad, 19@nd shock induced
granularization/recrystallization (Krogh et al., 1998pser et al., 2011)Fig. 2.99). Pb
loss induced by metamictization is supported by a strong correlation between U content
and?°®PpbP38U ages Fig. A2.1.9, with low U-content zircons plotting closer to the upper
intercept and high t¢ontent zircons falhg nearer the lower intercegt.is further notel
that thee is arelationship between the level of shock experienced by zircons and their
degree of resetting during the impact event. Granaldured zirconsV) plot closer to
the lower impact intercegD385 Ma), whileSO i Il grains cluster closer to the upper
intercept aD2.7 Ga, corresponding to the Archean basement Snow Island suite (Davis et
al., 2015; Fig2.9a). The ability of highly shocked zircon to record impact ages has been
demonstrated preasly in both terrestrial (Krogh et al., 199Btoser et al., 2011;

Schmieder et al., 2015) and lunar zircons (Timms et al., 2012; Crow et al., 2018) where
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Pb loss and the extent of isotopic reset corresponds to those zircons that experienced
shockinduced recrystallization (i.e., granularization). Thus, the variation in age recorded
by relic zircongs attributedo the interplay of both the metamict stéffgg. A2.1.9 and
granularizatiorghock level (Fig2.9), the lattertbeing observed here fdré first time.

2.5.2 Shocked zircon thermobarometry

During the impact cratering process, target rocks are known to undergo bulk
melting at shock pressure6®>GPa and heating above 17 (e.qg., French, 1998). Here,
shock microstructures in zircoswre ugd to estimate thd>-T-t conditions during the
Ni chol son Lake i mpact event due to zircono
and unloading (temperature). Zircon has recently been established as a robust
thermobarometer under extrenfeT condition (Timms et al., 2017), whe shock
microstructures in zircons are directly linked®d diagrams that describe phase relations
of ZrSiOs polymorphs and their dissociation products. Here, the recognition of a
progressive range of shock metamorphic effects in zirS0ii {/) is usel to provideP-T
constraints on the Nicholson Lake impact event.

Zircons that contain NPFs and retain magmatic zonation are indicative of the lower
mostP-T conditions &0, i.e., uashocked). Although not necessarily diagnostic of shock
metamorphismwhere NPFs can form due to volume expansion during metamictization
and at low strain rates associated with tectonic activity (Langenhorst, B6@18s et al.,

2012), they are here used to indicate negligible grain interaction with the fstiic&nd
thus are considereddicative of shock level 0 conditions (€&Pa). In comparison, planar
fractures are indicative @&l i Il conditions (20i 40 GPa) (Fig2.4c, d. Planar fractures
(PFs) are regarded as cleavage planes activated lpgsihiéng shear or tensile stressed

realized during the contact and compression stage (Leroux et al. | 89@@nhorst, 2002;
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Timms et al., 2012)SIV conditions are indicated by the thermal dissociation of ZfSiO
Y ZrO; + SiOp, which is a temperature depcent processnitiated during extreme post
shock thermal excursions (Kusaba et al., 19861ms et al., 2017). The abundance of
ZrO> (baddeleyite) associated with granular zircon (TabR Fig. 2.5), indicates that the
postshock thermal pulse &ticholson Lake involved temperatures >16Z3(Butterman
and Foster, 1967; Kaiser et al., 2008nms et al., 2017). It should be noted, however,
that while baddeleyite (monoclinign) ZrO) is manifest now, there are several ZrO
polymorphs (i.e., tetrag@l, cubic, hexagonal, orthorhombic), all of which can revert to
m-ZrO; at <1200°C and <1GPa (Kaiser et al., 2008). Where the presence o BO
limited (.e., Fig. 2.5a, b, dissociation would likely have been inhibited upon quenching,
whereaszircon grains containing high densities of Zr@ere subjected to prolonged
temperatures >167%. Thus, although highd?-T stability Zr&, polymorphs may have
existed prior to baddeleyite, 1673 is a minimum estimate f@&lV temperatures.

The associatio of baddeleyite and granular zircon, where it is found to enclose
baddeleyite crystals to variable extents (Ri§c i f), indicates that granularization pest
dates dissociation, whereby Zr@nd SiQ recombine and recrystallize into neoblastic
(i.e., ganular) domains at >169C during or after shock decompression (Cavosie et al.,
2015; Timms et al., 2017). Based on this observation, zircons that are completely
recrystallized into granular domains, in absence of.4Fy. 2.6), are considered to
recordSV conditions (Bohor et al., 1993; Timms et al., 2QEnRd preselng the highest
recorded shock related-T conditions during the Nicholson Lake impact event. The
prevalence of baddeleyiteZrO) andgranulartextured zircon, and the absence of high
pressure polymorphs (i.e., reidite) suggest that theghustk thermal pulse at Nicholson

Lake was extreme, with high temperatures overprinting early, shdcdked
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microstructures. As a result, it canetruled out that granular zircons did not experience
P-T paths involving shock twinning and reidite formation followed by recrystallization to

granular domains (Cavosie et al., 202617).

2.6 Conclusiors

[1] This study presents the first high precisage determination for the Nicholson
Lake impact structuréApatite records an impact age of 385 Ma and an oldelD1740
Ma population corresponding to tlkeeystallizationage ofthe underlying Nueltin suite
Zircon records &ower interceptmpact age of 384 & Ma, andwo, olderdiscordiaarrays
with upper intercept ageorresponding to both the Paleoproterozoic Nueltin sDi&40
Ma) and the Archean Snow Island granites (2679 #1a).

[2] Apatite grains in direct contact with originally superheated melt, and in
association withSIV 1 V zircons (.e., granular £m-ZrO), record the age of impact,
whereas those shielded within lithic asaturing asnineral clastsvithin clastic matrices
andcoexisting withSO T Il zircons {.e.,PFs and NPFs), experienced partial to negligible
resetting and so retain original basement ages.

[3] The degree of discordancy in zircon exhibits no relationship with textural
setting but is instead controlled by accumulated radiation damage prior to impact and the
degree of shocketamorphism

[4] The application of in situ LACP-MS to obtain UPb ages, combined with the
microstructural analysis of zircons, has facilitated the degree of resetting to be placed in
the context of shock levels and thermal effects in zircon and apatite.

[5] U-Pb geochronology of apatite from a terrestrial impact structure is conducted

here for the first time, highlighting its utility as an impact chronometer.
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2Chapter 3. Multiphase U-Pb geochronology

of Lac La Moinerie, Québec, Canada

2 McGregor M., McFarlane C. R. MSpray J. G. (201%) Multiphase UPb
geochronology andhockanalysis ofapatite, titanite, andzircon from thelLacLa
Moinerie impactstructure, CanadaContributions toMineralogy andPetology.
174,62
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3.1 Abstract

In situmultiphaséJ-Pb geochronology has been performed via laser ablation inductively
coupled mass spectrometry on shocked apatite, titanite and zircon from then~ 8
diameter Lac LaMoinerie impact structurQuébecCanada. The three analyzed phases
are inherited from target rocks that were transformed to impacth@ating breccias and
clastladen impact melts. Apatite yields an array ofPb ratios populating a region
between a yanger regression with a refindalver interceptage of 453 + 5 Ma, ancha

older regression with a lower intercept age of 1708 + 10 Ma. Titanite defines a younger
regression with dower interceptage of 444 + 15 Ma, and an older array with a lower
intercep age 0f1844 + 24 Ma. Zircon yields an upper intercept age of 1810 + 13 Ma and
a lower intercept age of 433 + 21 Ma, within error of apatite and titanite. The oldest ages
from all three phases define Paleoproterozoic ignecetsmorphic events in granitbi
target rocks of the De Pas Suite. Isotopic resetting in apatite and titanite, with relatively
high Pbdiffusion rates, was controlled by a combination of proximity to impacterated
superheated meknd the formation of fast diffusion pathways facilitated by shock effects
and dynamic recrystallization. Zircon resetting was controlled by shock effects and
metamictization, which resulted in significamipactinducedPb loss.An approach is
outlinedfor di scri minating 6trued i mpact ages
Pb that have experienced pospact Pb loss. Lower intercept ages of all phases constrain
the age of formation for the Lac La Moinerie impact structure, with apatite yielding the
most precise age of 453 + 5 Ma. With an age of 453 Ma, Lac La Moinerie joins a growing

cluster of more than 12 terrestrial impact structures formed in the Mioldlate
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Ordovician, with potential connection to thedhondrite parent body breakup event and

a period of enhanced bombardment on Earth.
3.2 Geological context

3.2.1 Regional geology

The Lac La Moinerie (Monastery Lake) impact structure is situated in northeastern
Québec, ~ 100 km SSE of Ungava Bay, Canada (N®EBR&°37M) (Fig. 3.1a). The
structure was discovered during regional gravity studies and field operations conducted
by the Earth Physics Branch (DepartmehEnergy, Mines and Resources, Canada) in
the early 1970$Gold et al, 1978). Thestructure lies in the Core Zone of the Seatt
Churchill Province, a ~ 30@m wide Paleoproterozoic (1.9 1.7 Ga) transpressional
system thatinks the Superior and Nain Provinces (Wardle et28102; Corrigan et al.
2018; Fig.3.1a). The Core Zone is bounded to the west by thei 11830 Ga N&/ Québec
Orogen, to theeast by the 1.8V 1.86 Ga Torngat Orogen, and is truncated in the south
by the Grenville Province (Wardle et,&002; Corrigan et 312018; Fig.3.1a). The Core
Zone comprises transposed and reworked Archean crustal unitBademproterozoic
suites (charnockites, gneisses, migmatites@ntbnic igneous rocks), with radiometric
ages ranging from 2.78 to 1.70 Ga (Wanless £19r0; Wardle et gl2002; Corrigan et
al., 2018). The Lac La Moinerie impact occurred within graidis of the Paleoproterozoic
De Pas Suite, which comprise migmatitic (charnockitic) and granitic lithologies situated
within the George River Block (Corrigan et,&018). Intrusion of the De Pas Suite
granitoids occurred during basin closure assocmattitcollision between the Core Zone
and North Atlantic craton at 1.841.70 Ga (Wanless et al970; Corrigan et §l2018).

Magmatism overlapped with, and was pdated by, granulite to amphibolite facies
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metamorphism and tectonism, resulting in tieeH&s lithologies being variable deformed
and recrystallized (Corrigan et ,a@018). The documentation of minor carbonate clasts
within glassy melt fragments, and remobilized carbonate as vein and fracture fill observed
here in one thin section of impaateltbearing breccia indicates the presence of
subordinate carbonates in the target. The source for the carbonates could h&i¢ been
migmatitic paragneisses of the Paleoproterozoic Suite de False, which comprise
quartzites, iron formation and calcsilieaf including carbonates (Lafrance et 2014),
and/or (2) fossiliferous (ostracdmbaring) limestones as described by Gold et al. (1978),
which would have to be pfienpact in age if incorporated into the impactites. Aside from
very minor carbonate inveément, Lac La Moinerie represents one of the few terrestrial
impact structures developedtirelywithin plutonic granitoids.

3.2.2 Size constraints and previous work

Gravity and magnetic data provide the principal size constraints on Lac La Moinerie.
Gravity data contoured at an interval of 1 mGal reveals a negative anomaly centred on the
lake (Fig.3.1b). When corrected for the regional gravity gradient, this yieldsiadual
anomaly with an amplitudef ~ 4 mGal (Thomas et al1978), which constrains an
apparent rim diameter of ~ 8 km (Fi§)1c). Recently acquired higiesolution residual
magnetic data of the area reveals a strong linear signature that is truncttedmpact
structur e ( DO ATMROLG,rFg.3.1x)n The dourde iofstisealinear high is
considered to be magnetic rocks of the Saffray suite (quartz monzonites with gabbro/norite
enclaves) that wrap round the impact structure as part of asastpiungingantiform
(Lafrance et @.2014).The A cut t i ng o iifhterpretedo bé duate waal b o dy

shock demagnetization combined with the uplift of basement mat&ha. magnetic
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truncation coincides with a ~lm diametercentral uplif, which overlaps the centre of
the gravityanomaly (Fig.3.1b, c). An ~ 8&m apparent diameter for La@ Moinerie is
consistent with an outer shock and therhmait of < 10 km based on an unreset basement
K-Ar age 0f1.709 Ga obtained from biotite irgganitoid sample ~ 1 kmorth of the lake
(Fig. 3.1c; Wanless et al1970; corrected vigteiger and Jager 1977). Scaling constraints
for an ~ 8km diameterstructure are compatible with an impaetatedthermal influence
of < 10 km (e.g., JOeleht el., 2005), whilethe age of 1.709 Ga coincides with the
youngest metamorph&vents recorded in the northern part of the De Pas &ioteigan
et al, 2018).

Previous studies of Lac La Moinerie are limited to ithiBal abstract by Gold et
al. (1978) ad apreliminarygravity reportoy Thomas et al. (1978). Bulk rock argargon
datingof impactite material was performed by Bottomley e{90), indicating an age
of 400 £ 50 Maand remains the quoted age for the impact ewerhis study, eidence
for a projectile componendf Lac La Moinerieis hinted at by iridium (< 0.5 ppb) and
chromium (0.0246) anomalies in samples of fine undifferentiated till deposits collected
from around the crater (Fi§.1b; Charette et gl2018). Samples used in thisidy were
collected by Gold et al. (1978) as float on the novést islands (Fig3.1b). They are
interpreted to have been scoured from the lake bottom by northerly moving ice (Gold et
al., 1978; D.P. Gold, Personal Communication 2018), in what was psohataldbased
glacial regime in which debris transport was minimal. Identified lithologies include local
basement rocks (i.e., granitoids), as well as monomict and polymict breccias, impact melt

bearing breccias, clakiden impact melt rockand minor bssiliferous limestone.
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Figure 3.1.Geological setting and crater morphology of the Lac La Moinerie impact structure, nortt
Quebec, Canad#a) Simplified geological map showing regional setting of Lac La Moin€kg Google
Earthbased image of the structure overlain with the regji@ouger gravity field (numbers are in mG
White circles sample locations; blue circlesidium and chromiursbearing till samples. Scale = 4kift)
High-resolution magetic signature surrounding Lac La Moinerie showing a highly magnetic linear
crosscutting the lake, truncated by a subdued netigrregion ~4km across (central uplift). The ou
apparent crater rim is ~8 km. Red cirale-reset basement age. Complied from Wanless et al. (1970)

et al . (1978) ; T h o mausd Inéssar (2013); Clhalefie7eBa). (2018);6CAmgaN
(2018).

3.3 Impactite petrography

3.3.1 Impact melt-bearing breccias (suevites)
Impact mektbearing brecciaat Lac La Moineriecomprise 40° 50 % impact melt

bodies of various shapes asides, with the remainder comprisiotastic matrix (Fig.
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3.2a, b). As the melt component is manifest as discrete glassy or microcrystalline bodies,
these rocks are considered here as suevites sensu stricto (e.g., StoffleR@t3al.
Thompson and Sprag017). Melt fragments range in size from smaller (< 0.5 mm), more
meltdominated bodies, to larger (< 3 cm) fragmech bodies (Fig.3.2a). In some
samples the melt component occurs as steniike bodies that are compositionally
layered (Fig3.2b). The melt component is glassy and translucent, and commonly exhibits
devitrification. The larger melt bodies comprise glass with opaque specks and zoned
plagioclase crystallites (with darker albite cores and lighter calcic rims) intermixed with
Fe-oxides ad clays (Fig3.2c). Mineral fragments include quartz, plagioclase, biotite and
muscovite, altered alkali feldspar, pyroxene and amphibole. Quartz contains both
decorated and undecorated PDFs, and exhibits ballen texture and toasting (Whitehead et
al., 20(2). Plagioclase is typically partially to completely isotropic (maskelynitized) (Fig.
3.2a). In one thin section, carbonate fragments occur within glassy/altered melt bodies,
while secondary (remobilized) carbonates are observed infilling fractures. Aocess
phases include apatite, titanite, zircon, and ilmenite.

3.3.2 Clastladen impact melts

Clastladen impact meltocks at Lac La Moinerieontain ~ 30% variably shocked
and partially digested mineral and lithic fragments set within a browo i red
microcrystalline to glassymatrix (Fig. 3.2d). Feldspar clasts show evidence of
deformation and recrystallizatiqifrig. 3.2e) The melt component typically comprises
plagioclase crystallites (b 20 em length) set in a finer cryptocrystalline groundsjas
similar to that observed in the suevitic samples but coarser Ji&g). Locally, the

feldspar crystallites may exhibit a flow foliation (Fig2e). EDS raster analysis of the
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crystalline impact melt component reveals that it has a quartz syeniteositiom

consistent with derivation from De Pas Suite target granitoids rather than any sedimentary

cover that may have been present (T&l¢.

Table 3.1. Major element energy dispersive spectrometry (EDS) data obtained from the dated
phases and glassy/microcrystalline areas.

Melt composition

wi% Apatite Titanite Zircon (raster ~1 m)

(n=10) (n=8) Crystalline Metamict

(n=5) (n=2)

S0, 1974019 3230% 32291055 2063 27.91 68.5
T, o2 0.37 0.7
10, 67.36+0.70 5514 54.28
HfO, 015033 187 0.86
Al,0, 2024025 053+073  1.25 1.01 16.38
Fed 019+032 0874038 012026 09 05 1.23
MgO 0.14+0.27 1.65
ca0 OooE A 1.48 2.05 0.39
Na,O 0.08+0.16 1.94
K,0 9.19
U0, 1.27 185
e
NbzOs 0.03+0.08
CHos 0.07+0.10
F 4.86+0.63
Total 100.13 99.97 100.38 91.91 88.46 99.98

Apatite O equiv. F =2.05 = 98.08
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14%

Figure 3.2 Petrographic images of suevites and tlasten melt rocks used in this studg) Suevite containing 40 50 % impac
melt bodies within a clastic matrix. Melt bodies occudasrete, microcrystalline or glassy bodies with contorted shapes.
granitic clast on right containing locally developed maskelnite (partially to cagnfgetropic).(b) Example of suevite with stringie
like melt fragments with strong flobanded tetures and compositional layeringc) Representative BSE image of typ
microcrystalline impact mettomposed of zoned plagioclase laths with dark albite emr@$ighter, calcic rimgtermixed with glass
impact melt, Feoxides (bright) and clay mimals.(d) Example of melt matrix of claisfaden impact melt rocks with midrplagioclas
laths in a fine browto-red glassy matrixe) BSE image of recrystallized regions of sheuklted feldspar clast. Feldspar crystal
are <5em in size, stronglylaned and shock evidence of flow foliation.



3.4 Shock and thermal effects in apatite, titanite and zircon

3.4.1 Apatite

EDS analysis reveals that the apatite is consistently fluorine rich (i.e., fluorapatite;
Table 3.1). Its low totas indicates that it also contains Oldnd/or C@* ' In terms of
shock features, apatite commonly exhibits multiple sets of open planar mictosts
(Fig. 3.3a, b), similar to previous observations of naturally shocked afratitethe Santa
Fe New Mexico (Cavosie and Centen®014) and Nicholson LakeCanada impact
structureqChapter 2, McGregor et al., 201®lanar microstructures are alsbserved
coexisting with discontinuoydinear to sublinear arrays of vesicles/pores (2 sets),
similar to shocked apatite from Nicholson Lak¥héapter 2McGregor et al.2018). This
micro-vesicular texture is comparable to amorphous nmallusions associated with
curviplanar fractures in shocked zircon from the Vredefort impact structure, Africa (Moser
et al, 2011) However,the vesicular textures here are more pervasive across grains,
randomly distributed and not always associated pldhar microstructures.

Granular (neoblastic) textures in apatte alsodocumentedproviding the first
observation of recrystallization in terrestrially shocked apé#ftitg. 3.3d i f). Granular
textures are observed in grains occurring as inclusioginitic clasts (Fig3.3d), and as
mineral clasts within impact melt (Fig. 3b), with neoblasts being more extensively
developed when directly juxtaposed with impact m#&then situated in clagaden melt
rocks, apatite neoblasts develop along gplanar microstructures (Fi§.3b), or, when
as inclusions, occur throughout the host grain and impinge-eristng planar fractures

(Fig. 3.3d).
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Microcrystalline melt

Recrystallized meltg

w -

Figure 3.3.Shock features observed in apat{td. Cai existing gen planamicrostructures and sulineal
arrays of vesiclegb) Apatite clast in impact melt with two sets of intersecting planar microstructloes
whichare roundettoi subrounded apatite neoblagtset) () Same grain as i@ showing both open plar
microstructures and linear arrays of vesicles partly infilled by oxides (bright sp@bk&patite inclusion il
granitic clast exibiting sulvounded neoblastic textures coexisting with, and impinging on, p
microstructures (two setqk) Neoblastic patite clast within microcrystalline melt matrix wite host grail
containing anmapparentlyun-granulated domain (top left of grain) transitioning to subhétbizdnhedre
apatite neoblasts. Euhedralongate and hexagonal apatite crystallites occur aloagm. (f) Closé up
image of boxed region if€) highlighting the transition from impinging neoblasts to euhedral crystallgy
Fractured relic apatite clast contacting btk microi crystalline igneous textured melt matrix (left) ¢
microcrystalline/glassy impact melt (righth) Closé up of boxed region in g showing contact between
grain and microcrystalline/glassy imapct melt. Along the contact, stubby apatite grains are prese
host apatite (bottom left). Within the melt adatto the host grain, randomly orientated apatite cryste
of various sized (230 >m) are present. Habits vary from acicular to prismatic.
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Grains directly juxtaposed with crystallinspact melt exhibit partial to 1
completerecrystallization (i.e., granularization) textures (R@ei h). Elongate ¢ axis)
and hexagonal (basal section) apatite crystallites occur along rims and may grow into the
surrounding matrix (Fig3.3f). Newly crystallized apatite is observed in grains contacting
the now microcrystalline/glassy impact melt (FigBd3 h). Where th host grain contacts
crystalline impact melt, no crystallizatideatures are observed and the host appears
intact. Where the grain contacts microcrystalline melt, stubby crystallites nucleate on the
host (Fig.3.3h, bottom left), while newly crystallizedpatite with elongate to stubby
prismatic crystallites are hosted by the microcrystalimelt matrix (Fig.3.3h). The
development of neoblasts and granular structurealbasecently been observed in lunar
apatites (20189)ramddekrestedpatite fromthe Paasselka impact structure,
Finland (Kenney et g812020). However, both these studies suggest that &8&e cannot
reveal the presence of internal recrystallizatroorostructures in apatite. While it can be
agreecthat EBSD can proviela more quantitative measurere€rystallization textures,
the documentation of granultaxture in BSE images presented here indicates that it is
still a viable method to observe certain microstructures in apatite, at least using field
emission SEM.

3.4.2 Titanite

Average titanite compositions are shown in Tahle revealing the presence of
minor niobium and chromium in some grains. There is minimal evidence of ahpOH
halogen component. limenite is a common alteration product of those titanite tyra
occur as mineral clasts and inclusions, where ilmenite rims titanite as variably sized,

randomly orientated euhedral laths (Rgla). In contrast, where ilmenitenmed grains
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occur within impact melt, ilmenite forms a worrmyto I subrounded tgture along the
host rim, and as randomly orientated blebs dispersed away from titanite grains, indicating
melt-clast interactions (Fig.4b). This suggests that the morphology of iimenite has been
thermally modified, or has undergone further dissociatituming interaction with
superheated melt. However, based on the observation of titanite inclusions without
ilmenite rims,it is considerthat thetitanite-associated ilmenite formatiaa primarily a
preiimpact featurelikley associated with metasomatisshthe De Pas Suite granitoids
during pluton cooling, and not a product of impact (cf., Broska ,2G06).

In terms of shock features, planar microstructures are observed in titanite as open
fractures, which may show evidence of offset (Bigc). Micro-vesicles in titanite occur
as single sets (Fi.4a), which may cexist with, and crossut, planar fractures (Fig.
34c), or occur as multiple, intersecting arrays with different orientations 3Hid). In
all cases, these features are discdmaptically in PPL (plane polarized light), where
they appear as high relief linear featuttest arecomparabléo PDFs in quartz (Fig.4a,
c). While recent studies reveal the presence of shatikced micretwins and planar
microstructures in titanitteom the Vredefort, Sudbury and Chicxulub impact structures
(Papapavlou et al2018; Timms et al2019), these studies do not document the presence
of linear trails of micrevesicles. As such, the mick@sicles within titanite in this study
are more cmparable to partiainelt inclusions observed in shocked zircon (Moser ¢t al.
2011), and, unlike apatite, likely represent parig@lt injections along planar

microstructures or microwin planes (Moser et aR011).
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Figure 3.4.Shockfeatures observed in titanité) Titanite clast within clagt matrix showinga primary
(prei impact) reaction rim of randomly oriented ilmenite laths (bright BSE, opaque PPL). Grain ci
single set of linear vesicléksatappear as dark voids in BS&nd high relietbubble$in PPL (white arrow
(b) Titanite with ilmenite rimcontacting the impachelt matrix. llmenite occurs as woriitgi suli rounde
crystals around the host graamdrandomly oriented blelibat aredispersed away from the gra{e) Titanite
containing open planar microstructuteat showevidence of offsetind a single set of parallel linear vesi
(insert in PPL)(d) Titanite containing multiple sets of intersecting linear arraysiofal vesicles.

3.4.3 Zircon
Zircon within theimpactmelt-bearing impactites displays a wide range of shock
features indicative of extreme pegtock temperatures and associated-pbstk cooling.
In this study, in order to differentiate shock levelgircons for filtering LAICP-MS data,
shock levels 0 V are assigned to differentiate zircon groups (Tadle Table3.2). While
all textural types observed are comparable to shocked and thermally decomposed zircons

from other terrestrial impact sites in terms of indicating a cantmof effects (e.g., Moser
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et al, 2011; Timms et al2017), the classification schemes from Wittmann et al. (2006)

and Schmieder et al. (201iS)adoptedo better relate shock states to-1@P-MS data.

Table 3.2 Grain count and statistical analysiszircon shock features

Sample Total #
No. grains Shock level assignment*

SO0c  SOm I-112 IvP Ve
LAM 2 11 2 4 \ 3 2
LAM 7 9 3 2 2 2 \
LAM 11 10 4 3 3 \ \
LAM 10 13 3 3 2 3 2
LAM 5 14 2 2 \ 7 3

*Shock level assignment based Bimms et al. (2012; 2017&$0-c = crystalline
zircons. S@m = metamict zircons?Planar microstructure&rO; with
granular zircon® Granular zircon without Zr¢)

Shock level 0 (SO) zircons are crystalline and retain primary zqnefgrred to
here as S@; Fig.3.5a), or exhibit metamict domains (referred to here as1Stig. 3.5b
i f). The extent of metamictization is variable, occurring in isolated domains around rims
(Fig. 3.5b), or as strongly metamict cores (Rdci f). Rims are partly crystalline, retain
primary zoning and contain radial fractures (B&c, ). Metamict domains contain high
densities of open porous structures gm) that are commonly infilled by iron oxide (Fig.
3.5d). Compositionally, metamict grainsontain high concentrations of uranium,
hafnium, and trace amounts of CaO;®4, FeQ and TiQ, and have notably low totals
(Table3.1), whichis attributed to the presence of Olnd/or the porous texture of grains
(i.,e., Fig. 35). The low totals would be compatible with metamibydrozircon
development (e.g., Coleman and Erfl61). In contrast, crystalline () zircons contain
only trace amounts of hafnium (concentrated algngwth zones), with no other

impurities detected via EDS, and exhibit good totals (Talle
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Planar microstructures in zircon occur as multiple sets of -cutssig open
fractures that are pervasive across grains, which, when contacting impactomigliy c
thin dissociation rims of Zr&(Fig. 3.6a).No presence of highressure polymorphs (e.g.,
reidite) was detectedand thereforat is not possible taonstrain high pressure, shock
level 111 (SIll) conditions. Shock level IV features (i.e., granwtacon with ZrQ) are
present in zircons within suevitic impact melt bodies (T&8d#eFig.3.6bi f). Remnant,
oscillatory zoned cores are obsertedesurrounded by o 20em wide reaction rims
composed of granular zircon with minor Zr@nd silica glass (Fig3.6b). Zr& is also
developed within the outer rims of zircon cores (Bigc).

In grains with wider reaction fronts, the original shape of the host zircon is lost
and trails of zircon granules disperse into the surrounding natix1{Fig. 3.6d). SIV
zircons may also display granular zircon cores with rims ém of vermicular ZrQ
(Fig. 3.6e). Zircons within the melt matrix of clalsiden melt rocks are composed entirely
of granular zircon with Zr@(Fig. 3.6f). Shock level \zircons are composed of granular
zircon without ZrQ (Fig. 3.6g, h). Granular textures are developed alongegisting
primary magmatic zones and alternate \pithousmetamict domains (Fi@.6g), or occur

as distinct domains within the host zircon (RBdh)
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Figure 3.5.BSE images 080 c and SO m zircons.(a) Crystalline zircon (S0c) with remnant zoning ai
no metamict domaingb) Mostly crystalline zircon with small metamict domain along rim (bottom ri
(c) SO'm zircon with a crystalline rim containing radial fractures and a strongly metamict(dpf@osé
up of boxed region iifc) showing highly porous, vesicular texturetbé metamict core. Arrows point
pores infilled by later oxide phase (bright BSE3) SO'm zircon exhibiting radial fracturewithin &
crystalline rim and a strongly metamict cof®. High magnification imag of metamict core in graie)
with strong vesicular texture.
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Figure 3.6.Textures ofSIli V zircons.(a) Sl zircon exhibiting two sets of open planar microstructure:
minor ZrG; along rim (insert, arrow)(b) SIV zircon within impact melt stwing oscillatory zoned co
surrounded by a ~1@m dissociation rim composed of granular zircon and minor,Zf0) High
magnification image ofb) showing the presence of Zz@rystallites along outer grain rinand alon
fractures within the crystalline hogtl) SIV zircon showing almost complete conversion to granular Z
and ZrQ, with only a small (~ 18m) remnant core containing <€in ZrQ, crystallites.(e) SIV zircon witt
a granular zircon core andtan rim of vermicular ZrQ. (f) SIV zircon composed entirely of granular zir
and ZrQ crystallites.(g) SV zircon composed of granular zircon (81 in size)d@hosting earlier zonin
and alternating with vesicular/porous domains (insert, white arr@y)SV zircon with granular textu
restricted to isolated domains.
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3.5 Multiphase LA-ICP-MS U-Pb geochronology

Using 7 thin sections from 4 different rock samg{[EsbleA1.2), apatite (97 grains; 109
analyses), titanite (82 grains; 94 analyses) and zircon (66 grains; 118 analyses) were
selected for in situ LACP-MS U-Pb geochronologyTable A5.227 A5.24).

3.5.1 Apatite

Apatites analyzed for in situ-Bbgeochronology contain variable(average 31.2
ppm) and Th (average 30.0 ppm), and an average U/Th ratio ofTabie ¢6.2.2).When
the uncorrected dataplotted on an inverse concordia diagram, apatite reégielis?32U
ratios populating a region lveten an older Proterozoic arrand a younger Paleozoic
array (Fig.3.7a). An unconstrained linear regression through both populations indicates
that the common Pb componentiftercept: impact regression: 0.979 £ 0.030; basement
regression:1.059 + 0.095) is similar t6°’PbP°Pb values obtained from basement
feldspars (Tabl&2.2.1), and estimated values from{elolution models (i.e., Stacey and
Kramers 1975; 1770 1900 Ma= 0.971 0.99). Based on this, the use of initial Pb values
from co-genetic feldspars is considerpgstified. Projecting a straight line through the
youngest data points (uncorrected), with the regression anchored using our independently
measured®’PbF°®Pb value, a lower intercept age of 453 + 5 Ma (MSWD 1:28) is
obtained (Fig3.7a). Grains defining the impact regression occunaeral clasts within
impact melt zones of the suevites, or within clagien impact meltocks (Fig. 3.7b).
Anchored using the sam&PbF%Pb value, the oldest population yields a lower intercept
age of 1708 + 11 Ma (MSWD = 1.4) (Fi§.7a), corresponding to known ages for
metamorphic overprinting of the De Pas Suite (Wanless &é0al0; Corrigan et 3l2018).

This regression is defined by mineral clasts associated with the clastic matrix, or as
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inclusions in lithic clasts. In terms of shock microstructures, apatites with planar
microstructures and those occurring as inclusions wighanitic clasts inthe clastic
matrix (i.e., Figs.3.3a, 3.7a) are partially reset to unresahd plot along the basement
regression. Where planar microstructuresexist with micrevesicles (i.e., Figs3.3c,
3.7a), apatite grains are slightly more reset, but still gtzge to the basement regression.

In contrast,where planar microstructures-eaist with neoblasts, with grains situated
within crystalline impact melt (i.e., Fig8.3b, Fig. 37a), are more moderately reset, with
the analyses plotting closer to the impeegression. Due to the size of neoblasts (< 10
em), and limitations on crater sim@mposed by LAICP-MS (~ 33em minimum), no U

Pb analyses were possible on fulgrystallized apatites.

1.0
1.0055 + 0.002 @ mineral clast juxtaposed with impact melt
. @ within clast-laden melt zone a
: @ mineral clast/inclusion in clastic matrix
. planar fracture with neoblast
= O planar fractures with microvesicles
08 ‘ : planar fractures
Lac La Moinerie impact event:
2 06 @ . 453t5Ma(MSWD=12)
g o T
N ~
a T o
~ -
& 04} - ® o
® = -
= )
02 r
T o
by De Pas Suite: 1708 * 10 Ma (MSWD = 1.3)
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Figure 3.7. Apatite Ui Pb data (uncorrected fé?“Pb) (Table.A5.2.2). (a) All data plotted on an inver
concordia diagram showing distribution #U/?°Ph, defining a younger refined impact regression w
refined lower intercept age of 453 + 5 Max(B8; MSWD = 1.2) and an older regression with a refined I
intercept ag of 1708 + 11 Ma (MSWD = 1.4). Both regressions are anchored using an initial Pb »
1.0055 + 0.0020 obtained from-genetic feldspalE | | i p saeesoloyi 2oded by petrographic setti
and microstructure (see inset legerfdd) Representative L image showing petrographic setting of img
reset apatite juxtaposed to impact mattd(c) Representative PPL image ofiueset apatites occurring
inclusions in biotigi rich lithic clast.
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3.5.2 Titanite

A total of 82 titanite grains (94 analyses) weetectedor U-Pb dating, with target
domains containing variable U and Th concentrations (0.Z80 ppm U; Th/U ratios
0.0371 9.34; Table A5.2.3. Similar to apatite, freeegressions of both age populaiso
give y-intercept values (impact regression: 0.982 = 0.023; basement regression: 0.966 +
0.021)that aran agreement with Rbvolution modelsand are similar to values obtained
from apatite. This is icontrast to previous work by Kirkland et al. (202018), where
apatite common Pb is similar to evolution models, whereas titanite retains a lower
207ppPO%Pp ratio distinctly different to Pb modeighich wouldindicat that both phases
originally crystallized within the same magmatic suliat incorporated distinct Pb/Pb
compositions(Kirkland et al, 2017, 2018). Thusgiven that all initial Pb values are
similar, theinitial common Pb compositions are best estimagdg cegeneticfeldspars,
with common Pb corrections being made by anchoring all intercept ages with the feldspar
initial common Pb value. Using this approach, the anchored regression yields a lower
intercept impact age of 444 + 15 Ma (MSWD =,22 3) (Fig. 3.8a). Points that define
this regression are obtained from titanite grains entirely immersed within impact melt (Fig.
3.8b). Of these grains (Fig34a,3.8a), oneontains linear arrays of miciesicles, while
the other two show no evidence diosk deformation. An anchored regression through
the oldest populations defines a lovwdercept age of 1844 + 24 Ma (MSWD = 6=
5,) (Fig. 3.8a)and is within error of the crystallization age of the De $aise (Corrigan
et al, 2018). Similar to apatite, titanites situat®dhin the clastic matrix of suevites, as
either mineralclasts or inclusions within lithic clastgnd with or without planar

microstructures (i.e., Fig.4b, c), experienced negligible partial isotopic&setting
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Figure 3.8.Titanite Ui Pb age data (uncorrected f8fPb) (Table A5.2.3. (a) All data plotted on an inver
concordia diagram witF*8J/?°%Pb ratios defining a younger regression with a lower intercept age of
15 Ma (MSWD = 2.2n = 3), and an older regression with a lower intercept age of 1844 + 24 Ma (M<
1.6). Both regressiorare anchored using an initial Pb value of 1.0055 + 0.0020 obtained frege roetit
feldspar. Analysearecolour coded based on petrographic setting and esteucture(see inset legnedpll
dat a el (b)iRppsesestatizePPL image of impaeset titanites occurring within impact matdc)
representative L image of urreset titanite occurring aninclusion withina granitic clast.

3.5.3 Zircon

A total of 118 analyses from 66 zircon grains warained for UPb dating (able
A5.2.4). Plottedon a normal Wetherill concordia, a correlation betwdeRb resetting
and the structuradtate of zircon is observe@rystalline (Sec) and PFbearing zircons
(SII) plot on or near the upper intercept (Fig.9a), while granular zircong&SV) and
analyses o SO-mgrains(i.e., metamict domaing)lot near the lower intercept (Fig.9a).
Reversely discordant datase obtained from Zrgbearing rrcons (SIV) (Figs3.6f, Fig.

3.9a).
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To assess the role of both pnepact and posimpact radiation damage (i.e., recent
Pb loss) on zircon ¥b systematics, the total amount of radiation damage is calculated

using Eg. (1) (Meldrum et al. 1998asdala et al. 2001)

0 LlJi 8 28 80 o )(3 8 888 80 P

98——80Q D 1)

whereO denotes the total alpha doselhulecay events/mdd:, D2 andDs refer
to the measured actinide concentratiginsppm) of 222U, 22U and?*?Th, respectively
#3823 and &% are the respective decay constants (Steiger and J8y&f), andNa
denotes Avogadr oo $ atomsimbleFaure( 91D N@e that thisO
equation assumespresentiay U composition of 99.28 23U and 0.726 23%U. Alpha
dosesare calculated for two different agesstcrystallization agei.€., pre-impactalpha
dosg an b = impact age (posmpactalphadose assuming complete annealing of damage
domains upon impakt

In both scenarios, the cumulative average algbasage is severairders of
magnitude greater than is required to indtheecrystalling metamict transition (~ 5 x
10'% U-decayevents/mg; Ewing et al1995). Crystalline (S@) zirconswith no visible
metamict features contain lower commBh €°PbF*Pb ~ 5312), high radiogenic Pb
(>99.3% Pb*)and posi mp aaosages of < 5 x 10-decay events/m{Fable A5.2.4).

Comparativelyzircons with metamict textures have significatityher common Pb (i.e.,
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205ppPYPp < 3400, lower amounts of radiogenPb (96i 98 % Pb*), and cumulative
postimpact alphalosages of > 2 x 1DU-decay events/m(Table A5.2.4).

Due to the presence of common Pb incorporated during ianpduted
recrystallization (i.e., granularization) and poepactmetamictization, a more judicious
approach is required to avoid error propagations on lower intercept ages (Angdeés)n
Limitations on measuring lo’?*Pb concentrations (e.g., pfgwvel) in zircon imposed by
LA-ICP-MS instrumentation (McFarlane andud, 2012) means that common Pb
corrections are only reliable for analyses with measurablé&fRit signals (typically >
100 cps in this study)lhe most reliable measurements are, therefore, those with high
205ppP%%Pp where the effects of common Pb inpmation are minimized. To account for
effects of common Rland to address issues related to metamictization, lower intercept
ages are calculated based on a subset of the uncorrected data with>¥RIgEoPb, <
1000 ppm U and > 996 radiogenic Pb (%b*), which ensures that common Pb
corrections are not required.

Using this approach, and regressing a line through the most concordant analysis
on a single granular zircon (427 + 5 K#4Pb®U; Fig. 6g), a lower intercept age of 433
+ 21 Ma (MSWD =2.6), and an upper intercept age of 1810 + 13 Ma (MSWD = 2.6) are
obtained (Fig3.10b). The lower intercept age is within error of that obtained by apatite
(453 £ 5 Ma) and titanite (444 + 15 Ma), with the upper intercept age corresponding to
the age of ragmatic crystallization of the target De Pas granitic suite (Corrigan, et al.
2018). The youngest discordant spot, witf’®b?**U age of 378 + 10 Ma, is from the
core of a metamict zircon with a pastpact (. = 450 Ma) alpha dose of 3.51 x4 (Fig.

3.9b). If used to calculate the lower intercept, this spot yields an anomalously young age
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of 332 + 22 Ma (MSWD = 5.3), which is ~ 120 Ma younger than apatite and titanite and

is interpreted to be the result of recent paogpact Pb loss from metamict domains.
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Figure 3.9. Zircon Ui Pb age calculationsTéble A5.2.4. (a) Normal concordia plot highlighting t
correlation between shock le¥r@ldiation damagandisotopicresetting.(b) Concordia plot of uncorrect
analyses (>9008%Pb’’Pb; <1000 ppm U; >9% Pb*) with an upper intercept age of 1810 + 13 Ma (MS
= 2.6) and a |lower intercept age of 433 N 21 M

3.6 Discussion

Multiphase UPb geochronology performed on apatite, titanite and zirconnitipact
melt-bearing breccias and cldatlen impact melts has provided the first high resolution
age for the Lac La Moinerie impact structure, Canada. An age of 453 + 5 Ma obtained
from apatite (Fig. 3.7a) places the impagent during the Late Ordovam, close to, or

at, the SandiaKatian boundaryfWalker et al.2018). Lower intercept ages of 444 + 15
Ma from titanite (Fig3.8a) and 433 £ 21 Ma from zircon (Fig9b) are both within error

of apatite. However, the low error (x 5 Ma) and associM&WD (1.2), the greater
number of completely reset grains£ 8), combined with rapid Pdiffusion rates and

resistance of apatite to recent Pb loss (see below), favour apatite as the more robust impact
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chronometer of the three phases. In addition togognpactevent reset, all three dated
phases retain prienpact ages associated with the underlying De Pas Suite. Titanite (1844
+ 24 Ma) and zircon (1810 £ 13 Ma) record ages that agree with primary crystallization
of the granitoids in the region (Corrigahal, 2018). In contrast, apatite (1708 + 11 Ma),
which possesses the lowest blocking temperature compared to titanite and zircon, overlaps
with previous KAr biotite dates (Wanless et ,a1970) and upper interceptBb ages
from zircons frommetagranodioritdnosted zircons (Corrigan et,&018) associated with
metamorphic overprinting of the De Pas Suite af 11& Ga

3.6.1 Lac La Moinerie and other Middl e

An age of 453 £ 5 Ma for Lac La Moinerie places it within the ~ 4@&®0 Ma
period that defines a cluster of MiddteLate Ordovician impact events on Earth. These
include Decorah (464 467 Ma), Hummeln (~ 448470 Ma), Kéardla (455 Ma), Tvaren
(~ 455 Ma) and the Lockngldlingen cratedoublet (~ 458 Ma), as well as Lac La
Couture, Ames, Brent, Calvin, Granby, Pilot Lake and Slate Island3&{g. TableA2.1,
Earth Impact Database 2019). Additionally;P8 dating of shocked zwas from the
Charlevoix impact structure, Québec, suggests an Ordovician to Silurian age of 450 + 20
Ma (Schmieder et al.2019). The ages of many of these impact structures remain
stratigraphically constrained, have only approximate radiometric agesgerdge errors;
the ages obtained here for Lac La Moinerie so far being one of only a feyereigikion
radiometric determinations (Fi§.10; TableA2.1). Based on radiometric dating of L
Chondrite meteorites (Korochantseva et, &007; Lindskog et al.2017) and
micrometeoritdlux reconstructions (Martin et aR018), the disruption event occurred in

the asteroid belt during the Middle Ordovician at ~ 467 Ma.
61



The majority @ these potentially associated impact events, including Lac La Moinerie,
arepostbreakup of the tChondrite parent body (Ormo et,&014; Martin et a).2018),
which would be compatible with a protractedi(30 Ma) asteroid delivery window to
Earth (Zgpala et al.1998). In this light, the later Ordovician impact events, including
Lac La Moinerie, may have contributed to curtailing the Great Ordovician Biodiversity

Event (Servais and Harp@018)rather than enhancing it (cf., Schmitz et 2008).

L-Chondrite
. U-Pb (thlS study) breakup o S
@ Ar/Ar event Hungeln i
i i La Moinerie
@ Biostratigraphy Tviren @ @
(O Chemostratigraphy Kardla @ @ Brent Pilot
Granby @ Looclfne @ .Slatelsl. .. """ B LaCouture‘
Decorah(Q) Malingen Calvin
Amesg T § e s
[ | | |
480 Ma 470 Ma 460 Ma 450 Ma 440 Ma 430 Ma

Figure 3.1Q Age constraints of known impact craténterpreted to beotentially linked to the LChondrite
parent body breakup ever@irclesare colar-coded based on the dating method used, with referenc
respective ages providedTrable A2.1

3.6.2 U-Pb systematics of shocked apatite and titanite

In this study, the use of in situ LECP-MS U-Pb geochronology has allowed U
Pb systematics of datable minerals to be assessed based on their petrographic context and
microstructural characteristics patite and titanite grains occurring as inclusions within
lithic clasts, or as minerfdagments in the clastic matrix, retain initialRb compositions
and preserve prienpact or partially reset ages. In comparison, those that were juxtaposed
with superhated impact melt are partially to completely reset, the youngest (i.e., most
reset) of which yield impact ages. In terms of microstructural characteristics, apatites and

titanites with planar fractures are eitherreset or partially reset (Fig3.7a; Fig. 3.8a).
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For apatite, grains with micreesicles are only slightly reset (Fig.7a), while only a
single titanite grain which contains minor vesicles, and is situated within impact melt, is
completely reset and defines the impact regression Jf&g).

These results demonstrate a stroelgtionshipbetween UPb resetting and the
proximity of grains to impact melt rather than microstructures alone, suggesting that
isotopic resetting is primarily thermally drivemthese phase3he observedariation in
U-Pb ratios in grains from different microstructural groups (i.e., planar fractures; micro
vesicles), where grains with mick@sicles within impact melt are completely reset,
demonstrates that the extent of rasety beinfluenced by microstrcture. However, the
observation of a weakly shocked (i.e., moderately vesiculated) titanite immersed in impact
melt, andseeminglyunshockedpatites that are completely reseiggests that interaction
with superheated melt plays the principal role iailf@ting isotopic resetting in both
apatite and titanite. Furthermothis suggests that, unlike zircon, diffusion in apatite and
titanite is facilitated by a combination of both microstructued more importantly,
interaction with superheatedelt.

While the relationship between petrographic setting resetting has previously
been observed in apatite withmelt-bearing breccias.¢., Nicholson Lake; Chapter 2
(McGregor et al.2018), this studyis the first to document a comparable relationship
betweenmelt proximity and UPb systematics in titanite in the saditbology. The
observation of partial resetting of grains wtlanar microstructures in titanite supports
previous observationgy Papapavlou et al. (2018). However, te&ationshipbetween
reset and micreesicular titanites, and partial Ploss in apatites with planar

microstructures, as demonstrateere, has not previously been documentent have
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these phases been dated in impact-medtring brecciagndthushighlights theutility of
shocked titanites and apatite withmpact melt bearing breccider obtaining impact
ages

3.6.3 Postimpact Pb loss in zircon:A cautionary tale

In contrast to apatite and titanite, the extent of age resetting in zircon is primarily
controlled by structural damage of the crystalline lattice (i.e., shock effects ainupaet
metamict domains). The data presented in this study support the interpretation that
isotopic resetting in zircon during impact is facilitated by the development of shock
microstructures (Fig3.9a) (Moser et al.2011; Cavosie and Centena014), with
additional contributions from prand posimpact radiation damadef., Nicholson Lake
McGregor et al., 2018

The presence of AD3, CaO, TiQ, FeO and common Pb in metamict zircons,
which are below detection limits in crystalline zircon (Taldd), supports the
interpretation that metamict zircons are susceptible teipgsct alteration, recent pest
impact Pb loss and subsequent incorponatiocommon Pb (and, potentially, water). The
approach used here to calculate zircon intercept ages involved using uncorrected data with
high 2°PbP%Pb and low U to mitigate potential errors due to common Pb and
metamictization. This efficiently removethe effects of recent Pb loss and allows
relatively more precise lower intercept ages to be calculated. While it appears that the
degree of structural damage (i.e., shock metamorphism and radiation damage) of zircon
controls impactge resetting (Fig3.9a), subsequent pospact metamictization of

zircon facilitates recent Pb losand may yield anomalously young ages (Bi§b).
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Therefore, while metamict zircons may be used to obtain impact ages, careful
filtering (i.e., > 900G°°Pb/%Pb, <1000 ppm @nd > 99% radiogenic Pb (%b*)) of U-
Pb datasets is crucial to obtain geologically meaningful reilespresence of reversely
discordantinalyses on Zrgbearing (SIV) zirconss interpreedto be the result of matrix
mismatching between zircon and ZrGimilar toprevious documeationby Crow et al.
(2017) in shocked lunar zircanghe presence of impact melt dispersed between zircon
granules may also cause matrix b2autionmust be tagGnwhen dating these grains using
LA-ICP-MS, in which spots sizes are significantly larger than, for example, SANS,
thereforeZrO. bearing grains should be excluded from age calculations unless matrix
mismatch is accounted for.

3.6.4 Apatite as arobust impact chronometer

Due to apatiteds crystallographits struc
reasoed that, in comparison to titanite and zircon, apatite is the more reliable
geochronometer when using shocked phases inbealting rock to determine impact
ages. The ability of apatite, titanite and zircon to anneal radiation damage varies as a
function of energy barriers required for rejoining (i.e., recrystallization) of atomic bonds
(i.e., RO, Ti-O and SiO; Kerr, 1984; Ewing et a).1995).Thus, die to the lower bond
strength of PO in apatite, with arenergy barrier for recrystallization of 143 kcal/mol
(Kerr, 1984), apatite can anneal damage as it accumulates. In contrastCth®i&ils of
zircon have a higher energy barrier fejoining (i.e., recrystallizing) with activation
energies of 194 kcal/mol required for complete recrystallization of amorphous domains
(Kerr, 1984; Ewing et a).1995). Similarly, titanite, which contains both-®@i (159

kcal/mol; Kerr 1984) and SO bond, has an intermediate energy barrier for
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recrystallization and, as a result, radiation damage is annealed at rates between those of
apatite and zircon.

For apatite, defects caused by radiation can be annealed in ~ 0.3 § atZ0D
°C, given a typicatliffusion coefficient value of 1.27 x 1®cn?s 7 D defects)and a
standard depth profile of 0.dm (Cherniak 2010). Therefore, given the superheated
temperatures (> 1700 °C) realized upon impagy;, metamict domaing apatite would
have been annealed extremely rapidly. In comparison, zircon has a muchChagfect
value (7.8 x 1Fcn?s T 1 ;  C,R00),wiih aoknplete recrystallization of defeftee
zircon (i.e., annealing) requiring temperatures to be maintained ai00 °C for several
minutes to hours. However, due to the presence of dislocations, grain boundaries and
shockrelated defects in shoattezircons, which lower the activation energy for
recrystallization, this temperature is likely to be less than that required for a-leéect
zircon. Regardless, hile these temperatures are achievable in superheatetheneihg
lithologies due to tempeature heterogeneities within mdléaring impactites not all
zircons would have been sufficiently recrystallized to completely anneal amxisting
amorphous domains prior to quenching. Therefore, whilénppact metamict zircons are
susceptible to impa@ige resetting, these same domains (in addition to-imppstct
metamict domains), are more prone to pogiact Pb loss than either apatite or titanite,
resulting in error propagation on lower intercept ages (i.e. 3/0b).

Although the close agreement between apatite and titanite ages demonstrates that
both phases are suitable impact chronometers, the higher age precision obtained from
apatite (453 £ 5 Ma; MSWD = 1.2) compared to titanite (444 =+ 15 Ma; MSWD = 2.2)

warrants furthediscussion. The discrepancies between the two phases is likely a function
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of differing diffusion rates, with Pb diffusing more readily in apatite than titanite
(Cherniak 2010). For the same conditions, complete isotopic resetting is less likely in
titanite compared to apatite, supported here by the larger imgsettpopulation of apatite

(n = 8) compared to titaniten(= 3). Moreover, experimental results by Cherniak (1993)
demonstrate that the original Pb isotope ratios are more readily retaineadibe tit@an
apatite at temperatures < 850 °®@hich would explain why minimal resetting is
experienced by titanit@ this study

3.7 Conclusions

[1] The Lac La Moinerie impaatventoccurred at 453 + 5 Ma during the Late
Ordovician (at, or close to, the Sandigatian boundary). It is a new addition to the
cluster of Middlei to i Late Ordovician impact structures arising from the proposed
enhanced asteroid flux to Earth followingetl-Chondrite parent body break@wyentat
~ 470 Ma.

[2] Ages associated with the plutonic and tectonic history of basemenheawnés
also been determined, with both primary (1i84.81 Ga from titanite and zircon) and
metamorphic (~ 1.7 Ga from apati@jes being distinguished. These results add to the
radiometric database for the northern part of the De Pas Suite granitoids.

[3] A clear correlation between isotopic resetting and petrographic setting exists
in apatite and titanite, with grains juxtaposed with impact melt yielding impact ages, while
those occurring as mineral fragments or inclusions in the clastic matrix retampaet
basement or partially reset ages.

[4] This study validates the use of apatite and titanite as suitable ithpact

chronometers when occurring as shocked phases viitipactmelt-bearingbreccia. It
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is demonstrate that the UPb isotope systemas of impacimodified accessory phases
are controlled by a combination of thermally driven (i.e., juxtaposition relative to impact
melt and duration of heating) antb a lesser degredeformationenhancedliffusion
processes (i.e., recrystallization/guéarization and metamictization).

[5] Due to the small age error (= 5) and low MSWD (1.2), apatitéespreted to
bethe most robust impact chronometer of all three phases, at least when occurring within
impact mekbearing rocksThis isinterpreedto be the result of rapid Riiffusion rates,

l ow U concentrations and apatiteods abili
Furthermore, the documentation of recrystallization textures in shocked aphétést

such observatiorirom a terrestrial impacts structyres similar to those observed in

shocked zirconsand demonstrates itpotential utility for accurately and precisely

recording impact ages.

[6] The UPb geochronology of zircon presented here highlights the significance
of preimpact structural damage (i.e., metamictization) eRlJsystematicdVietamict
domains in prempact grains facilitate enhanceéuipactinducedPb loss It is further
demonstraté that postimpact metamictization results in significgrastimpact (reent)

Pb loss and common Pb contamination, and if not mitigated using the approach outlined

here, may yield anomalously young ages.
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3Chapter 4. Multiphase U-Pb geochronology

of Steen River Alberta, Canada.

3 McGregor M., Walton E.L., McFarlane C.R.M., Spray J. G. (2020a) Multipha&b \geochronology of
sintered breccias from the Steen River impact structure, Canada: Mixed target considerations for a
JurassieCretaceous boundary eve@eochemica et Gmochmica Acta.274: 136 156.
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4.1 Abstract

In situ U-Pb geochronology has been conducted using laser ablation inductively coupled
plasmamass spectrometry (LACP-MS) on shocked and thermally metamorphosed
apatite, titanite, and zircon grains from the Steen River impact structure, Canada. The
datedrelict mineral phasesccur within impact melbearing breccias that underwent post
deposition sintering at 450 °C > T < 800 °C. Apatite yields a refined lower intercept age
of 141+ 4 Ma, whichis interpreed as the best estimate age for Bteen Rivermpact

event. Titanite was only partially reset; yielding a lower intercept age of 4li3Ma.

Zircon yields a lower intercept age of 1204 Ma, which is considered a minimum best
estimate impact age. The most reset zircon analyses that control thisriteweept are
complicated by combinations of commBhb incorporationand recent Pb loss associated
with granularized and radiatiedlamaged (metamict) domains. All three phases preserve
Paleoproterozoic crystalline basement ages, with a single concé?tRimt3®U age of
1914+ 39 Ma from apatite, an upper intercept age of 1882 Ma from zircon, and an
upper intercept age of 18429 Ma from titanite. For apatite, the degree of isotopic
resetting is largely thermally controlled, with the extent oétretosely associated with
textural setting (degree of grain armouring, melt proximity and sample temperature) and,
to a lesser extent, by shock/thermally generated microstructures (i.e., fotantares,
micro-vesicles, and recrystallized domains). Wihitignite records an impact age that falls
within error of apatite and zircon, the majority of grains experienced only partial isotopic
resetting, whichs attributed to incomplete Pb loss associated with rapid cooling and post
depositional sintering of thbreccia matrix below the titanite closure temperats86q

°C). In zircon, ancient (impact) Pb loss was facilitated along dedtatied, fastiffusion
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pathways within prempact metamicdomains, shock defects, and wapactinduced
recrystallization. These same domains were also subject to receninfpast) Pb loss

and common Pb contamination, significantly compromising the reliability of zircon ages.
The distribution of UPb ratios in apatite and titanite is unlike thobserve in crystalline
targets, a featurinat isinterpreedto be characteristic of impact structures developed in
mixed (sedimentargrystalline) targets, such as Steen River. In this case, disaggregated
melt systems creatdhermal regimes distinct from thoskerived from predominantly
igneous/metamorphic targets. With an age of 41 Ma, Steen River joins the Dellen
(Sweden), Gosses Bluff (Australia), Mjolnir (Barents Sea), Blodokweng (South
Africa) impact structures in being formed at, or close to, JoeassieCretaceous

boundary.
4.2 Geological context and previous studies

This study focusses on obtaining an impact age for the Steen River impact structure,
which, given the limited radiometric age constraints on its formation, is a prime candidate
for higher precisiorgeochronologyWholerock K-Ar and RbSr ages obtained from a
fivesicular pyroclastic o c k 6 i ndi c at##7 Ma {Qarngy andSbant, 1968; 9 1
corrected using the decay constantsStéiger and aer, 1977). However, this age
conflicts withrecently acquired stratigraphic evidence from the overlypugtimpact;

~180 m thick) Cretaceous Albian Loon River Formation, which is now dated &t(1.68

Ma (zircon IDTIMS U-Pb; Hathway et al., 2013), and therefore requires the inepaat

to be >108 Ma in agd.he Steen River impact structure (SRIS) is located in northwestern
Alberta, Canada (581N; 117°39W) (Fig. 4.1a). It was formed within mixed target

rocks of the Western Canada Sedimentary Basid isnow completely buried beneath
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~200 m of Albian (Cretaceous) marine shale and sandstoned(Hig.c). The structure

was discovered in the 1960s as a result of reseaeated seismic surveyield studies

and drilling. Drill core/cutting samples reveal figiees comparable to those produced by
nuclear explosion (Carrigy and Shof968), and indicative shock metamorphism
characteristic of hypervelocity impact (Winzer, 1972). Despite its relatively remote
location, Steen River and the surrounding undistusedigraphy have been extensively
explored, primarily motivated by the oil and natural gas potential of the Western Canada
Sedimentary Basin (e.g., Robertson, 1997; MacLagan et al., 2018).

Steen River is an elliptical shaped (~25 km PME, ~20 km NESW), complex
impactstructure defined by a 2060 m raised rim that surrounds an annulus which locally
downthrows basement rocks by ~180 m in the SE, but >500 m in the NW (Fig. 4.1b). The
centre of the structure is composed of basement rd¢ke Great Bear magmatic arc and
the Hottah accreted terrane. The basement is elevated 3800 m above regional levels
to form an offset (to the east) uplift, which is ~4 km wide at its top and ~8 km across at
its base (Fig. 4.1b)At the time of impat, the target rocks comprised Paleozoic
sedimentary units unconformably overlying Precambrian rocks (Fig. 4.1a, c). The
Precambrian rocks include metagranitoid lithologies of the Great Bear magmatic arc
(18751 1850 Ma; Hildebrand et al., 1982010), which are in faulted contact with the
Hottah accreted terrane (18901915 Ma; Ootes et al., 2015); the latter comprising
metamorphosed volcanic and baark sedimentary rockand a felsic plutonic complex
(Fig. 4.1a) These basement units are pposed to the southeast with the Kistuan
magmatic arand the Chinchaga accreted terrane along the Great Slave Lake shear zone

(Fig. 4.1a).
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The overlying Phanerozoic stratigraphy comprises a Devonian succession of
evaporites (anhydrite and gypsum), carbonates (limestones and dolostones), and
calcareous shales (Fig. 4.18)major regional angular unconformity (the sGbetaceous
unconformity) separates the Devonian sequence from overlying material (Fig. 4.1c).
Above this, postmpact Cretaceous (Albian) shales and sandstones are overlain by a
relatively thin veneer of Quaternary glacial and interglacial deposits (Fig. 4.1c). Both the
Precambrian basement and Devonian succession were involved in the Steen River impact
event, while the overlying Cretaceous strata possdlageimpact, although gpoximately
500 m of erosion of the impact structure is believed to have taken place prior to its burial
(Niccoli et al., 2004). Recently, the thickness of the Devonian stratigraphy has been re
evaluated using geophysical wireline logs penetrating theession in the Steen River
vicinity not affected by the impact event (Walton et al., 2019). The thickness of these
strata ranges from 1012 to 1200 m (averaging 1132 m), representing a minimum for the
sedimentary target sequence at the time of impact.

4.3 Sample selection and petrography

Impact mekbearing breccias intersected by a continuous diamond drill core
(STO03) were sampled for this study (Fig. 4.1d). The ST003 drill core intersects 206 m of
postimpact sedimentary deposits, a 164 m sequeriogatt mekbearing breccias, and
11 m of shockveined basement within the central uplift (Fig. 4.1b, d; Walton et al., 2016).
This study focusses on samples SR753, SR933, SR950, and SR1197 from the STO003 drill
core (Fig. 4.1dTable Al1.3. The mineralogytexture, and composition of these breccias
have been previously discussed by Walton et al. (2017, 2018a, 2019) and MacLagan et al.

(2018) and are only briefly described here (Table A2.4)
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In hand specimen, the breccias comprise matupported shockeghineral and
lithic fragments, and blackto i redi coloured bodies of quenched impact melt. These
submillimetre to crrsize clasts of impact melt are generally elongate, variably vesiculated
and exhibit a contorted, flolwanded appearance (Fig. 4.2a). &lierage melt volume for
the breccias is ~1% (MacLagan et al., 2018). In this context,fineat r i x 0 r ef er s
submillimetresize fraction interstitial to the macroscopic clasts (impact melt, lithic and
mineral), although this is somewhat an arbitdafinition as there is a continuum between
centimetré toi submillimetresized breccia components (Fig. 4i2d). Lithic clasts are
predominantly granitic (except for billet SR753, which is dominated by sedimentary
clasts), composed mostly afoarsegrained feldspar and quartz, minor biotite and
amphibole, and accessory apatite, titanite, and zircon (Fig. M&tgral fragments are
dominantly feldspar and quartz, which exhibit evidence of sheleited deformation and
transformation effects,including partial amorphization, mosaicism, and planar
deformation features (Fig. 4.2dhermally decomposed biotite and amphibole are also
present. The entire-164 m breccia sequence has been pervasively affected by
hydrothermal alteration associatedwiiaK metasomatism. This hydrothermal system
precipitated secondary albite, adularia-Cla zeolites, calcite, Faulfides and smectite

minerals, and caused quartz dissolution (Walton and Long, 2017; Walton et al., 2019).
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Figure 4.2 Petrography of the recrystallized nidlearing breccia at Steen River, intersected by the ¢
core.(a) Photograph of the polished surface of a rock tile / billet of sample SR950. This rock was ¢
at a depth of 289.56 m (950 feet). At this depth, the breccia comprises clasts of dark impact melt
granite and minerals embedded in a gieetoured, finegrained matrix. An example of a partialtyeltec
and deformed crsize granitic clast rimmed by flakextured impact melt can be seen on the bottom lef
of the image (b) BSE image of a granitic clast entrained within the breccia, composdideohally
decomposed biotite (Bt), vesiculated feldspar (Fsp), quartz (Qtz) and zircon (Zrn). Smaller clasts i
melt (IM) are shown by the arrow&) The contact between the breccia matrix (left) and an impact me
(right). (d) A higher magrfication BSE image of the breccia matrix / impact melt contact. A grain of pa
dissolved quartz (Qtz) entrained within impact melt of approximately feldspathic compositiada{®a
Al Sii rich). Former rounded vesicles (black in BSE images) are layeeluhedral Kfeldspar rhomboic
formed by hydrothermal alteration (Kspa@) BSE image of the breccia matrix containing shocked ¢
grains (Qtz), newly formed higiCa pyroxene (Cpx) and magnesioferrite (Her).
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The matrix in SR753 (from the uppet0 m of the breccias) and SR1197 (lower
~40 m of breccias) can be described as clastic; composed of angular quartz, feldspars,
biotite, and accessory titanite, zircon, and apatite @&R&g, d). The upper section (i.e.,
SR753) is dominated by clasts derived from sedimentary lithologies, ingllichaestone
and shale. In contrast, the breccia matrix in samples SR950 and SR933 is distinctly green,
owing to the abundance of greesloured highCa pyroxene (augitdiopside) and high
Ca garnet (grossukandradite), and is dominated by quatzlspahic lithic clasts
derived from the crystalline basement (Fig2a). These breccias are considered
firecrystallizedo due ttemperdivee miheralstinopyroxerent o f
+ garnet + sanidine + titanite + magnesioferrite (Eige;Fig. 3¢ f) [Note that this titanite
species is < 3@m in size, so not amenable to HE&P-MS analysi

The recrystallized matrix was generated by salidte grain growth at
temperatures estimated to have been within the rangé &249 °C based orthermal
models (Walton et al., 2017). Originally, the now recrystallized matrix was probably a
mixture of granitic and Gech target lithologies (carbonates and sLdfates), the latter
accounting for the high calcium content that was partitioned intoeidy-formed Ca
bearing phases. In this scenario, it was the finest grained matrix fraction with the highest
surfaceto-volumeratio in highly shocked, metastable states that recrystallized. In this
respect, the process is akin to sintering, wherein dgrsggted material is heated to
temperatures in excess approximately half their melting point (>0.5,Tbut < Ty») to
generate a cohesive solid. This occurs via ssile grain boundary bonding, grain
growth neacrystallization, and densification (e.&pray, 2016). Here, these brecaas

referred toasfrecrystallizeec | ast i c 0 t o a ccomopusing recfystallizett h e ma
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components, as well as inherited shocked target minerals. The heat for recrystallization is
attributed to the presence of superheated silicate melt blebs in the breccias, waste shock
heat, hot gases derived from devolatilizabdsedimentary target rocks, and residuest
associated with elevation of basement rocks (Walton et al., 2017).

4.4 Shock microstructures in accessory phases

4.4.1 Apatite and titanite

Apatite and titanite grains within both clastic and recrystalitastic impact me
bearing breccias were selected folPU dating based on their textural setting (Big)
and shock microstructures identified in BSE images @&4). Both phases occur in three
major textural settings: (1) as inclusions in lithic tdg§ig.4.3a, b); (2) as mineral clasts
within the clastic matrixi(e.,SR753andSR1197; Fig4.3c, d)or the recrystallized matrix
(i.e.,SR933andSR950; Fig4.3e, f); and (3) as mineral clasts immersed in, or juxtaposed
with, impact melt (Fig4.3g, h).

Various impactelated microstructures were documented in both apatite and
titanite grains. These include: partial to complete recrystallization textures, rsimila
those observed at the Lac La Moinetie.( Chapter 3McGregor et al.2019a, 2019b)
and Paasselka (Kenny et al., 20ROpact structures; micreesicles comparable to those
atNicholson Lakei(e., Chapter 2McGregor et al., 2018andplanar fraturesas found
at Santa Fe (Cavosand Centeno, 2014)nd Nicholson LakéChapter 2McGregor et
al., 2018. Micro-vesiclebearing apatite grains are associated with impact melt or the
recrystalized-clastic matrix, with micrevesicles occurring as 48m diameter, circular
0 bub bl aeeithertrdn@omily dispersed, or occur aslis@ar to linear arrays (Fig.

4.4a). Two types of micraesiclesare observed in titanite: (1) larger (p#) vesicles,
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which are variably shaped, randomly distributed, and infilled by a lower density phase,
possibly impact melglass (Fig. 4.4b)and (2) smaller (<im), randomly distributed,

more rounded vesicles, which are comparable to those observed in apatited(ig. 4.

Apatite Titanite

Inclusion in clast

Clastic matrix

Recrystallized matrix

Impact melt

Figure 4.3 BSE images indicatinthevarious textural settings of apatite and titanite grains selected f
Pb geochronology. Four main textural settings are distinguighgdnd (b) inclusions in lithic clasts{c)
and (d) mineral clasts in the clastic matrix (i.e., SR7&3 SR1197);(e) and (f) mineral clasts in tt
recrystallized (sintered) breccia mat(ixe., SR933and SR950).(g) and (h) mineral clasts situated witt
impact melt fragments.
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Similar to apatite, all micrevesicular titanite grains occur eitharthin the
recrystallized matrix or are associated witipact melt. Given that micreesicles have
so far onlybeen identified in apatite and titanite grains occurringniaeral clasts within
impact mekbearing brecciag.e., Nicholson LakeNlcGregor et al., 200)8and Lac La
Moinerie (McGregor et al.2019a), they probably formedh response to the extreme
temperatures realized during graiteraction with superheated impact melt and hot target
materials rather than being pressure induc&ado types of recrystallization texture are
observed in apatitgrains (Fig. 4c, e). Type 13 considered partially recrystallized, with
new apatiteorming around relict hograinseither as lathpossessing hexagonalgxis)
crosssections (referred to as microcrystals or crystallitesas rounded to seiounded
grains (referred to as ndabts) (e.g., Fig..4c). Type 2 recrystallized apatite isnsidered
completely recrystallized, with entire relict grains comprising-rewimded, impinging
neoblasts of variablsize (Fig. 44e). These textures are similar to those from the Lac La
Moinerie impact structure, where complete recrystallization was first observed in
terrestrially shocked apatit@McGregor et al., 2019a2019b). Recent applications of
electron backscatted diffraction (EBSD) on shocked apatite show that recrystallization
textures may not be readily observable in BSEi6k et al., 2019; Kenny et al., 2020).
However, grains from these studies are probably only partially recrystallized. If
recrystallization had been more complete, individual neoblasts and crystallitdsaweay
been readily observablee., McGregor et al., 2019dNo recrystallization textures were
observed in titanite.

Multiple, intersecting planar fractures with different orientations are observed in

both titanite and apatitgrains(Fig. 44). Planar structures in apatite typically occur as
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singleor multiple intersecting sets with various orientations. In titanite, planar fractures
are comparable to those observed in shocked titanite from the Sudbury and Vredefort
impact structures (Papapaul et al., 2018)Shockinduced micretwins have recently

beenobserved in titanite (Timms et al., 2019), but not in this study.

Apatite_ Titanite

Random
vesicles

Linear vesicle
array s

Rounded to
, sub-rounded >

“neoblasts y a

. 2y

4 lath crystallites

— planar
fractures
y,

Rounded to &
sub-rounded N/
neoblasts -~ ~ 41

a0

Figure 4.4. Shock microstructures in apatite and titar(i Apatite within impact melt fragment contain
linear to sublinear arrays of vesicles (43 diameter)(b) Variably sized (8 to <1' m) and shaped micf
vesicles in titanite, randomly distributed and infilled by bothilst@ge Feoxides and a lower density imp
melt phase(c) Partially recrystallized apatite with evidence for recrystallization only visible along grai
as both subrounded neoblasts or as [a#haped crystallite¢d) Titanite containing small (<3m), randoml
distributed microvesicles.(e) Completely rerystallized apatite with wélformed, subrounded neoblas
of various sizeg(f) Intersecting planar fractures in titanite coexisting with miigesicles.
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Nor were anylinear arrayof micro-vesicles observed, such as those observed in
titanite from Lac La Moinerie (Chapter 3; McGregor et al., 2019k)ich would be
consitant with meltnjection along micrewin interfaces (Moser et al., 2011).

4.4.2 Zircon

A range ofshock microstructureare observeth zircon similar to those described
from other terrestrial impact structures (e.g., Wittmann et al., 2006; Moser et al., 2011;
Timms et al., 2017). While shock effects in zircon may define a continuum (Timms et al.,
2017, a more compartmentalized classification scheofeWittmann et al. (2006) and
Schmieder et al. (201% used herewhere grains ardistinguished texturally (i.e., TO
V). While this texturebased scale is not directly equivalent to the slstages of Siffler
(1971), it is applied here in order to filter the IBP-MS data and understand the
relationship between resetting and estimated shock level.

Type 0/l zircons are defined as either crystalline (Ep/or metamict (TOAM)

(Fig. 45). Cwystalline zircons exhibitnegp| anar fractures (,NPFs)
with no evidence of alteration (Fig.5a). Metamict zircons have radially fractured rims

and heavily damaged cores with a distinct porous texture (e.g4.%1g.TIV zircons are
classified based on the presence of Zif@rmed by the thermal dissociation of zircon at
temperatures > 167 (Timms et al., 2017 and referendksrein). These grains have
granulartextured cores with partial dissociation rims of Zrtbat are dispersed into the
surrounding matrix (Figd.5c, d). In these grains, zircon cores are composed of impinging,
rounded to suoounded neoblasts of similar size (g&) (Fig.4.5cinsert), or comprise

both rounded/subbundedand more angular/blég neoblasts (1 6 um) with inclusions

of a darker (BSE) phase (probably silica glass), and lalg®ains that appear vesicular
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(Fig. 4.5d). In contrast to TIV zircon, TV zircon is entirely granular, Zr®©absent, and

zirconneoblasts are distributed throughout entire grains &g, f).

Figure 4.5 Shock microstructures in zircon classified usitige texturally based shock schemes f
Wittmann et al. (2006) and Schmieder et al. (2015) (i.ei, TQ). (a) Crystalline (TO/1 c) zircon situate
within crystalline impact melttb) Metamict (TO/IT m) zirconoccurring as inclusion within large gran
clast.(c) and(d) TIV zircons containing granular zircon cores and Zi@s. (e) and (f) Representati
imagesof TV zircons composed entirely of rounded to-sabnded granular zircon.
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