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Abstract 

In an attempt to improve the chronologic record of impact events on Earth, U-Pb 

geochronology has been conducted on shocked and thermally metamorphosed accessory 

phases (zircon, titanite and apatite) from several terrestrial impact structures using laser 

ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). All dated phases 

occur as inherited grains derived from the underlying target lithologies and now occur 

within impact melt-bearing breccias and clast-laden melt rocks. This study provides the 

first application of the apatite U-Pb geochronometer from a terrestrial impact structure, 

and emphasizes the complexity of dating inherited grains within impact melt-bearing 

lithologies. Unlike newly-grown (igneous) grains within impact melt sheets, the results 

presented here highlight the challenges of obtaining precise and accurate impact ages from 

variably reset grains within complex lithologies. This approach requires an understanding 

of the relationship between isotopic resetting, extreme pressure-temperature (P-T) 

conditions and variable temperature-time (T-t) histories realized during impact events, 

impact-induced deformation microstructures, solid-state recrystallization, and pre-impact 

radiation damage within inherited grains. The results from this study have contributed to 

the chronological record of terrestrial impact events and the current understanding of U-

Pb isotope systematics within U-bearing accessory phases during hypervelocity impact 

events. The use of a multiphase, in situ LA-ICP-MS U-Pb geochronological approach has 

permitted an inter-phase assessment on the comparative reliability of zircon, apatite and 

titanite as impact chronometers, while also providing insights into the U-Pb isotope 

systematics of these phases under extreme P-T-t conditions. The results reveal that 

isotopic resetting in apatite is thermally induced, inferred to be the result of apatiteôs lower 
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closure temperature and rapid Pb diffusivities. Consequently, apatite is determined to be 

more susceptible to isotopic resetting during short-lived temperature excursions compared 

to zircon and titanite. As such, this study demonstrates that, in the absence of coherent 

impact melt sheets and where structures remain tectonically undeformed, apatite is the 

most reliable U-Pb geochronometer for accurately dating terrestrial impact structures.  

Under the same P-T-t conditions, zircon and titanite are found to be less useful 

impact chronometers and may yield geologically unmeaningful ages. Similar to apatite, 

isotopic resetting in titanite is primarily thermally induced. However, due to numerous 

factors including its higher closure temperatures and slower Pb diffusivities, titanite is 

prone to incomplete isotopic resetting, and is considered a particularly complex U-Pb 

impact chronometer. Unlike apatite and titanite, isotopic resetting in zircon is deformation 

enhanced. In addition to recrystallization-driven Pb loss, the results presented here 

demonstrate that, for the first time, radiation damage within pre-impact zircons facilitates 

isotopic resetting. However, metamict zircons are found to be susceptibile to recent Pb 

loss and common Pb contamination, with lower intercept ages typically yielding 

anomalously young impact ages that are consistantly unreliable.  

The application of multiphase in situ LA-ICP-MS U-Pb geochronology has 

provided the first higher precision age constraints for four terrestrial impact structures in 

Canada: Nicholson Lake (387 ± 5 Ma), Lac La Moinerie (453 ± 5 Ma), Steen River (141 

± 4 Ma) and Brent (452.8 ± 2.7 Ma). Excluding Nicholson Lake, all structures yield ages 

that overlap with biological extinction events, with Steen River forming at, or close to, the 

Jurassic-Cretaceous boundary, and both Lac La Moinerie and Brent forming at, or close 

to, the Sandian-Katian boundary in the Upper Ordovician.  
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1.1 The 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 

cratering was justly appreciated (Orton et al., 1995). Today, impact cratering is considered 

a major geological process that has governed the formation of the early solar system, and 

continues to modify all solid planetary bodies. The heavily cratered surface of the Moon 

is a testament to this, where, unlike the geologically active Earth, impact craters have been 

preserved since its formation approximately 4.5 billion years ago.  

Unlike typical endogenic process (i.e., volcanism and earthquakes), where pressures 

and temperatures rarely exceed 1 gigapascal (GPa), strain rates of 10-3 to 10-6 /s, and 

temperature 1000 °C, hypervelocity impact events are high energy (>500 GPa, >10,000 

°C), transient (strain rates 104 to 1012/s), and extremely localized geological events 

(French, 1998). During a hypervelocity impact event, the larger asteroids or comets (i.e., 

the projectile) enter the atmosphere with little to no deceleration, striking the solid 

planetary body (i.e., the target) at original cosmic velocities (>11 km/s), creating a 

geological formation known as a hypervelocity impact structure. When the projectile 

contacts the solid surface there is a near instantaneous transfer of kinetic energy from the 

projectile into a limited near-surface volume of target rock. This energy is converted into 

intense, high pressure shock waves that radiate hemispherically away from the point of 

impact (Melosh, 1989). The impact crater process has been arbitrarily divided into three 

stages: 1) Contact and Compression; 2) Excavation and 3) Modification (e.g., French, 

1998).  
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1.1.1 Contact and compression 

The contact and compression stage involves the generation of shock waves through 

the transfer of kinetic energy from the projectile to the target material. This is the briefest 

stage of the cratering process, with numerical calculations estimating that, for a typical 

projectile ~1 km in diameter striking at 15 km/s, the duration of the contact and 

compression stage is approximately 0.1s (Melosh, 1989). This stage begins at the point of 

contact between the incoming projectile and the target surface, during which intense, high 

pressure shock waves are generated, traveling at supersonic speeds, and radiating away 

from the isobaric core (i.e., impact site) (Melosh, 1989; French, 1998). Following shock 

wave propagation, a rarefaction wave is generated, travelling in a hemispherical manner 

as release waves into the surrounding target. As the release wave propagates back into the 

projectile it undergoes decompression, resulting in melting and vaporization of the 

projectile and target materials adjacent to the point of impact. For pressure above 60 GPa, 

this is referred to as the isobaric core volume, which is totally destroyed.  

Defined mathematically by the relation Ps θ  R-n  (Dence, 1968; Ahrens and OôKeefe, 

1977), the peak pressure of the propagating shock wave (Ps) decays exponentially with 

distance R-n from the isobaric core, creating hemispherical zones or ñshellsò of decreasing 

shock pressures that are referred to as ñshock-zonesò (Fig. 1.1). Within these shock zones, 

P-T conditions decrease with increasing distance from the isobaric core, following the 

relation P θ  ra (Ahrens and OôKeefe, 1977). Moving away from the isobaric core, the 

process of shock metamorphism occurs to varying degrees: target rock melting and 

vaporization (>60 GPa i.e., within the isobaric core); selective mineral melting (40 ï 60 

GPa); the formation of diaplectic glass (30 ï 45 GPa); high pressure mineral 

transformations (15 ï 45 GPa); shock deformation effects (i.e., planar deformation 
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features (PDFs) in quartz) (10 ï 25 GPa), and fracturing and brecciation of the target (1 ï 

5 GPa) (French, 1998; French and Koeberl, 2010; Fig. 1.1). The outermost limit of shock 

wave propagation is the distance at which shock pressures fall below <1 ï 2 GPa. Under 

these conditions they are considered as elastic or seismic waves, having reached the 

ambient hydrostatic pressure of the target, at which point the contact and compression 

stage has ended.  

1.1.2 Excavation 

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

with the original target surface (i.e., the near-surface region or ófreeô surface), which 

initiates excavation flow and movement of target materials (Melosh, 1989; French, 1998). 

Shock waves traveling upwards towards the free surface are reflected downwards into the 

target as rarefaction waves, initiating a tensile regime and an upward velocity component. 

This is referred to as excavation flow, with target material moving along 

excavation/material flow lines (Melosh, 1989; French, 1998; Fig. 1.1). Material in the 

Figure 1.1  Simplified diagram from French (1998) indicating: 1) hemispherical shock pressure isobars 

produced during the contact and compression stage (solid semi-circles; 50 ï 0.1 GPa) and 2) the movement 

of target material along excavation/material flow lines (dashed lines) during the excavation stage. 
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upper level travels upwards and outwards, leading to ejection of target materials (the 

ñexcavation/excavated zoneò), while in the lower levels material is displaced in a 

downward and outward motion (the ñdisplaced zoneò) (Fig. 1.1). The movement of target 

material along these excavation flow lines results in the formation of the transient cavity. 

The transient cavity represents the limit of material movement by the shock wave and is 

a bowl shaped, parabolic to hyperbolic depression that has a structurally uplifted rim, and 

a depth equal to one-third of its diameter (Dence, 1968). Once the transient cavity reaches 

its maximum extent, the excavation stage ends and the modification stage immediately 

follows (French, 1998). 

1.1.3 Modification  

Following the excavation stage, shock waves have decayed into low-pressure, elastic 

stress waves, with the modification stage dominated by the effects of gravitational collapse 

and rock mechanics rather than shock wave interactions. During the modification stage, 

excavation flow lines revserse from upwards and outwards, to downwards and inwards,  

resulting in the movement of target material that modifies and collapses the transient 

cavity.  

The degree and duration of the modification stage is controlled by impact energy, gravity, 

target lithology and the dynamic shear strength of target rocks: factors that control the size 

of the final cavity and, in turn, the size of the final impact structure (Melosh, 1989; French, 

1998). During the modification 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 a result of both the contact/compression and the excavation stage, a range 

of lithologies, referred to as impactites, are produced. These include, lithic breccias, 
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impact melts, ejecta deposits and shocked bedrock that have experienced a range of 

pressure-temperatures-time 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 complex morphology (French, 

1998). Simple craters are bowl-shaped depressions with a raised crater rim (e.g., Brent, 

Ontario). During the modification stage for simple craters, the transient cavity is only 

slightly modified via collapse of the crater walls and deposition of slumped brecciated 

material from the crater rim, fill ing the transient cavity up to half its original depth (Fig. 

1.2). The infilling materials of simple craters may consist of an underlying melt-rich/clast-

free layer that lines the transient cavity, and an overlying unit composed of both lithic 

breccias (melt-free) and impact melt-bearing breccias (Fig. 1.2).  

In contrast, complex craters are larger and have a more evolved morphology due to 

extensive gravity-driven collapse. Complex structures typically have irregular terrace rims 

Figure 1.2 Diagrams highlighting the morphological and lithological variations between (a) complex craters 

and (b) simple craters. From Stöffler et al. (2018). 
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and a central uplift within the craters centre (e.g., Nicholson Lake, NWT and 

Manicouagan, Québec) (Fig. 1.2a). The impactite lithologies produced in complex craters 

differ from those within simple craters in that they typically consist of a coherent impact 

melt sheet that overlies lithic and impact melt breccias, and distal ejecta deposits are 

typically developed (Fig. 1.2a). 

1.2 Dating impact structures 

Determining precise and accurate formation ages of terrestrial impact structures is critical 

for understanding the temporal influence of hypervelocity impact events on the formation 

of the inner Solar System and Earthôs geological and biological evolution. While 

stratigraphic (relative) dating can provide first-order constraints (i.e., minimum and 

maximum ages), this approach is insufficient when absolute time scales are required. 

Radiometric ages allow constraints to be placed on the rate of impactor flux to Earth and 

the Moon, linking impact clusters (i.e., the Ordovician cluster), and correlating impact 

events to minor and major extinctions on Earth. A range of radiometric isotope systems 

may be used to determine impact ages: U-Th/He (e.g., van Soest et al., 2011; Biren et al., 

2014), 40Ar/39Ar (e.g., Jourdan et al., 2012; Jaret et al., 2018), Rb-Sr (e.g., Jahn and Floran, 

1978), and U-Pb (e.g., Moser et al., 2011; Darling et al., 2016). However, of the ~200 

confirmed impact structures on Earth, less than ~35 have precise and accurate ages (e.g., 

±2 %; Jourdan et al., 2009; Earth Impact Database 2020). This is primarily due to a lack 

of rock types and mineral geochronometers amenable to dating, the removal of datable 

materials by erosion (i.e., impact melt sheets), and overprinting effects of post-impact 

hydrothermal alteration and tectonometamorphism (e.g., Sudbury; Spray et al., 2004). 

Larger, pristine structures (>30 km diameter) arguably provide more robust age 

constraints due to the presence of coherent impact melt sheets, which, provided they are 
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not tectonothermally overprinted, crystallize to yield phaneritic igneous bodies from 

which primary, impact melt-generated phases can be dated (e.g., newly-grown zircon, 

Hodych and Dunning, 1992; and newly-grown apatite, McGregor et al. 2019b; 

Manicouagan). 

However, such coherent melt rocks are typically restricted to structures formed in 

hard rock-dominated (igneous/metamorphic) targets (e.g., Manicouagan, Sudbury, 

Mistastin Lake), and are absent in those formed in soft rock-dominated (sedimentary) 

targets (i.e., Chicxulub, Steen River). Moreover, the contribution of melt production from 

sedimentary rock becomes proportionally reduced as crater size increases for most 

continental crust (cf., sedimentary basins). Smaller (<5 km diameter) impact structures 

may be entirely developed in sedimentary rock (e.g., Barringer Meteor Crater, Arizona; 

Kring, 2017), while intermediate size structures may be developed in mixed crystalline-

sedimentary targets (e.g., Popigai, Siberia; Whitehead et al., 2002). As such, coherent 

impact melt sheets are seemingly not developed from targets that comprise a significant 

sedimentary component. 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 impact melt-bearing 

breccias (e.g., Kieffer and Simonds, 1980; Osinski et al., 2008). These may wholly or 

partly replace igneous melt sheets that are typical of similar-size structures formed in 

crystalline targets (e.g., Mistastin Lake, Sylvester et al., 2013). Post-impact erosion may 

remove the melt sheet (if ever present) leaving only the underlying impact melt-bearing 

breccia units exposed. Therefore, in the absence of coherent impact melt rocks, impact 

melt-bearing breccias are typically the only lithology available for radiometric studies. 

These lithologies are challenging to date because new (impact-generated) minerals are, if 
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present, are typically nano- or microcrystalline, hence difficult to analyze. As a 

consequence, mineral grains derived from the basement lithologies are the most abundant 

targets for geochronological studies. These grains may be incompletely reset by the 

heterogeneous P-T-t regimes developed in the melt-clast volume, which arises due to; (1) 

the short duration of the shock-related thermal pulse (Vishnevsky and Montanari, 1999), 

and/or (2) the immersion of minerals in clast-melt mixtures that may be rapidly cooled 

(e.g., Simonds et al., 1976; Onorato et al., 1978).  

Accessory mineral phases such as zircon, apatite, and titanite are widely applied 

U-Pb geochronometers in the Earth Sciences. While the U-Pb isotope systematics of 

shocked zircon are relatively well understood  (e.g., Krogh et al., 1984, 1993, 1996; 

Scharer and Deutsch, 1990; Moser et al., 2011), the interpretation of U-Pb data from 

apatite and titanite remains challenging due to discrepancies in the literature regarding U-

Pb diffusivities and closure temperatures (Kirkland et al., 2019; Holder et al., 2019; 

Hartnady et al., 2019). Within the field of impact chronology, accessory phases with high 

closure temperatures, such as crystalline zircon (>900 °C), are the preferred choice for 

dating larger impact structures that possess coherent igneous melt sheets (e.g., 

Manicouagan: Hodych and Dunning, 1991; Sudbury: Davis, 2008). For inherited (i.e., 

shock metamorphosed) zircon grains, impact ages are typically obtained from individual 

neoblasts within impact-recrystallized grains (e.g., Kamo et al., 1996; Moser et al., 2011). 

However, their small size (< ~10 ɛm) renders them susceptible to post-impact (recent) Pb 

loss, which can lead to anomalously young ages (Kamo et al., 2011; Schmieder et al., 

2015). While larger neoblasts (5 ï 100 µm) are amenable to recording impact ages, these 

appear to be rare and are currently only reported from larger complex craters (e.g., 

Vredefort: Moser et al., 2011).  
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In contrast, datable phases with lower closure temperatures, such as apatite 

(fission-track: e.g., Omar et al., 1987; (U-Th)/He: e.g., Wartho et al., 2012: U-Pb (this 

study; Chapter 2)) and titanite ((U-Th)/He: van Soest et al., 2011; Biren et al., 2014); U-

Pb (Papapavlou et al., 2018; this study; Chapter 3) are typically more prone to isotopic 

disturbances, and may be more amenable to impact resetting in small impact structures. 

However, the application of apatite and titanite U-Pb geochronology for constraining the 

age of impact-related heating is limited (Papapavlou et al., 2018; this study; Chapter 2 ï 

5) and our understanding of the mechanisms responsible for isotopic resetting in these 

phases is poorly understood. This is further complicated by the lack of understanding of 

Pb diffusivities and closure temperatures of these phases under extreme pressures and 

temperatures (i.e., shock metamorphic conditions). This is primarily because P-T-t 

conditions resulting from hypervelocity impact include the realization of extreme 

pressures and temperatures over very short timescales (seconds, minutes, hours, years), in 

sharp contrast to most endogenic processes. Although recent characterizations of impact 

induced micrsotructures within these phases demonstrates unique crystalogrpahic 

responses to shock metamorphism (e.g., Cernok et al., 2019; McGregor et al., 2019b; 

Kenny et al., 2020), the resulting effects on the U-Pb system remains to be assessed. 

1.3 Dissertation Objectives 

This primary goal of this dissertation is to conduct U-Pb geochronology on different 

terrestrial impact structures using a multiphase U-Pb approach. There are two principle 

aims of this dissertation; (1) improve Earthôs chronologic record, and (2) contribute to the 

current understanding on the behaviour of U-Pb geochronometers during shock and 

thermal metamorphism. The main objectives of this dissertation are as follows:  
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I:  Contribute to the improvement of Earthôs chronologic impact record by 

determining higher precision ages for four terrestrial impact structures in Canada: 

Nicholson Lake, Lac La Moinerie, Steen River and Brent. 

II:  Determine if, in the absence of coherent impact melt sheets, impact melt-

bearing breccias are suitable lithologies for use when determining impact ages. 

I I I:  Assess the viability of multiple, new U-Pb impact chronometers (apatite and 

titanite) for determining the timing of impact events. 

IV:  Contribute to the understanding of the mechanisms responsible for isotopic 

resetting in zircon, apatite and titanite under extreme P-T-t conditions. 

1.4 Dissertation Structure 

This dissertation comprises six chapters, including this introduction. There are  

four result chapters (2 ï 5), all of which have been published in peer-reviewed journals. 

A concluding chapter (Chapter 6) provides a discussion and summary of the results from 

each chapter, outlines the implications this study and provides recommendations for 

potential avenues of future research. All references used throughout this dissertation 

(including Appendices) are compiled at the end of the thesis in a separate section 

(References). There are five Appendices provided at the end of this dissertation. Appendix 

1 contains sample information and petrography of all samples assessed in this study. 

Appendix 2 provides all supplementary figures and tables from each journal article. 

Information on the analytical techniques used throughout this study are provided in 

Appendix 3. Appendix 4 is foscussed on LA-ICP-MS U-Pb geochronology and includes: 

a summary of the analytical sequence and instrumentation used for U-Pb geochronology; 

data reduction processes and common Pb corrections, and laser parameters used in all 

studies. All U -Pb data from each chapter are provided in Appendix 5.  
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2.1 Abstract 

In situ laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) has 

been deployed to determine the U-Pb ages of impact metamorphosed apatite and zircon 

from the Ḑ12.5 km diameter Nicholson Lake impact structure, Northwest Territories, 

Canada. The dated phases occur within both impact melt-bearing breccias and clast-laden 

impact melts. A total of 84 laser ablation analyses from 57 apatite grains within seven 

rock samples yield a minimum, refined lower intercept age of 387 ± 5 Ma (MSWD = 0.87, 

n = 26), and a maximum age with lower intercept of Ḑ1740 Ma. A total of 90 laser ablation 

analyses on 52 zircon grains from two rock samples yield a minimum lower intercept age 

of 384 ± 8 Ma (MSWD =1.3, n =22), with a maximum upper intercept age of 2679 ± 14 

Ma, and a second discordia with a Ḑ1740 Ma upper intercept age. The results are 

consistent with the target rocks comprising the Archean Snow Island suite (Ḑ2.7 Ga) and 

the Paleoproterozoic Nueltin plutonic suite (Ḑ1.74 Ga), with the impact event occurring 

at approximately 385 Ma. The degree of resetting of inherited apatite can be related to its 

proximity to impact melt (now partly devitrified glass) within the host impact melt-bearing 

breccias and clast-laden impact melt rocks. Those grains in direct contact with impact melt 

bodies exhibit complete chronometric reseting, while those occurring as inclusions in 

lithic or mineral clasts partly or wholly retain their original isotopic compositions. The 

youngest (impact-reset) apatite ages are most closely associated with the highest shock 

levels (i.e., granular textured and thermally dissociated zircons), which are related 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 impact ages, while those 

exhibiting planar fractures or experiencing negligible shock retain basement ages. We link 
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apatite and zircon geochronology to the textural and structural states of ZrSiO4 and its 

associated shock levels via field emission scanning electron microscopy and micro-Raman 

spectrometry. 

2.2  Previous Studies and Geologic Background 

The Nicholson Lake impact structure is situated in the Northwest Territories, 

approximately 52 km southwest of Dubawnt Lake (62°40ôN; 102°41ôW; Fig. 2.1a). 

Despite its impact status being confirmed in the 1960s, the geology of the structure has 

not been investigated since its initial discovery (Dence et al., 1968). An 40Ar/39Ar study 

was undertaken on impact melt-bearing breccias by Bottomley (1982) and Bottomley et 

al. (1990), providing an impact age of <400 Ma, which 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 2017 ï 18). 

The geology of Nicholson Lake is only known at a reconnaissance level. Nicholson 

Lake is a small complex crater, with a roughly diamond shape surface expression, and an 

estimated final apparent crater rim of Ḑ12.5 km, which is approximately coincident with 

the lakeôs shore (Fig. 2.1b). The surface expression of the impact structure is subdued, 

with a maximum elevation of Ḑ380 m above m.s.l., and there is no major topographic 

trace of a crater rim. Remains of a possible central uplift occur as a central island that rises 

Ḑ50 m above lake level, coinciding with a negative Bouguer gravity low of Ḑ7.5 mGal 

(Dence et al., 1968).  The structure is situated within the Rae Domain of western Churchill 

Province, an orogenic belt composed of variably re-worked Archean granite-greenstone 

belts, Proterozoic intrusives and sedimentary sequences (Peterson, 2006). 
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Figure 2.1. (a) Geographical location of the Nicholson Lake impact structure. (b) Simplified geological map 

of Nicholson Lake modified from Dence et al. (1968). The dashed circle ~12.5 km in diameter approximates 

the outer limit of the structure. NWT = Northwest Territories.   



 

16 

   

The province is bounded to the west by the 2.0 Ga Taltson-Thelon orogen, and the 

1.9 ï 1.8 Ga Trans-Hudson orogen to the southeast (Peterson, 2006), which is further 

subdivided 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 sequences of the 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 (2605 ± 5 Ma to 2602 ± 2 Ma; LeCheminant 

and Roddick, 1991; Scott et al., 2015). At the regional scale, the Snow Island Suite is 

intruded by the 1.84 ï 1.80 Ga Paleoproterozoic Hudsonian Intrusive Suite, emplacement 

of which was synchronous with the Trans-Hudson orogeny at ca. 1.85 ï 1.81 Ga (Peterson 

and van Breemen, 1999; Peterson et al., 2002; Davis 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 

1.77 ï 1.73 Ga (Peterson et al., 2002; Peterson, 2006; Scott et al., 2015). At the time of 

impact, the basement lithologies supposedly consisted of the Snow Island and Hudsonian 

plutonic suites, and a thin veneer of Ordovician limestone (Dence et al., 1968). However, 

U-Pb ages from this study, in addition to more recent mapping initiatives in the region 

(Scott et al., 2015), suggest that the Hudsonian granites were probably not involved in the 

impact structureôs formation.  

Ordovician limestone occurs in situ at two locations on the mainland, on smaller 

islands within the lakeôs centre (Fig. 2.1b), and as fragments within the impactite units 

(Table A1.1). This restricted preservation of Ordovician limestone is similar to that 

observed at several impact structures within the Canadian Shield (e.g., West Clearwater; 

Simonds et al., 1978: Manicouagan; Thompson and Spray, 2017). At Nicholson Lake, 
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limestone preservation is attributed to Ḑ600 m of downfaulting during rim collapse 

(Dence et al., 1968). 

Due to the highly eroded nature of Nicholson Lake, estimated at Ḑ600 m (Dence 

et al., 1968), most of the original impact-generated units have been removed (e.g., no 

impact melt sheet rocks, nor ejecta deposits have been observed). However, various 

impactites have been identified during initial field observations by Dence et al. (1968) 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 

parautochthonous); (2) clast-laden impact melts (e.g., Fig. 2.2a), (3) impact melt-bearing 

breccias (e.g., Fig. 2.2b) and (4) lithic impact breccias. 

2.3 Sample petrography and shock features 

2.3.1 Host rocks 

Examples of the impact melt-bearing breccia and clast-laden impact melts used in this 

study are shown in Figure 2.2, and detailed petrographic descriptions are provided in Table 

A1.1. Crystalline basement clasts within samples are dominated by quartz, plagioclase, 

K-feldspar, biotite and muscovite, with accessory apatite, zircon and ilmenite. 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 breccias. Clasts of 

Ordovician carbonates are composed of calcite and dolomite, with several clasts 

containing ooids. Clast-laden impact melt samples comprise mineral and lithic fragments 

set within a glassy to hypo-crystalline melt matrix, which varies in colour (black/grey ï 

red/brown) (Fig. 2.2a), with matrices typically showing flow textures via mineral 

alignment and, in some places comprising dark, acicular clinopyroxene crystallites. In the 

impact melt bearing breccias (i.e., suevitic), impact melt fragments situated within the 
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clastic matrix vary in colour, are partially to completely microcrystalline and typically 

exhibit strong flow banding with internal clast alignment. Melt fragments are 

predominantly microcrystalline, but when glassy are altered to clay minerals, chlorite and 

iron oxides. The discrete melt bodies occur as small (<1 cm) angular fragments, or as 

larger (1 ï 3 cm) contorted glassy bodies, which intermingle with the surrounding clastic 

matrix (Fig. 2.2b). 

Figure 2.2 Representative optical photomicrographs (plane polarized light) of (a) clast-laden impact melt 

(10F-65A) and (b) impact melt-bearing breccia (suevitic) (33-65A) used in this study. 

 

In all samples, mineral and lithic clasts are variably shocked, recrystallized and, in 

some cases, show evidence of melting (e.g., fluidal/contorted boundaries). Additionally, 

ballen quartz occurs as clasts within both impact melt rocks and impact 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 range of microscopic shock features are present. These 

include: planar deformation features (PDFs) in quartz (decorated and undecorated), planar 

fractures, planar arrays of micro vesicles in apatite (Fig. 2.3), planar fractures in zircon 

(Fig. 2.4), thermally dissociated zircon with monoclinic ZrO2 (baddeleyite) (Fig. 2.5), and 

granular zircon (Fig. 2.6).  

2.3.2 Apatite 

Qualitative EDS analysis reveals the presence of hydroxyapatite (Ca5 (PO4)3 OH), 

fluorchlorapatite (Ca5 (PO4)3 F, Cl) and fluorapatite (Ca5 (PO4)3 F) (Fig. A2.1.4). Apatite 

grains occur 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 or 

clastic matrix. BSE imagery reveals an absence of compositional zoning, the presence of 

planar fractures analogous to those formed in shocked zircons (Fig. 2.3a, b; Wittmann et 

al., 2006; Timms et al., 2012), and planar arrays of micro-vesicles (Fig. 2.3c ï f) that are 

akin to decorated PDFs in quartz (Langenhorst, 2002). These grains occur either as 

mineral clasts now situated within impact-melt fragments (Fig. 2.3b, c) or as inclusions 

within mineral clasts (Fig. 2.3e). Planar fractures are expressed as closely spaced (5 ï 10 

ɛm), open fractures now in-filled by impact melt (matrix) glass (Fig. 2.3a, b). Planar arrays 

of micro-vesicles concentrate within grain centres (Fig. 2.3c, d), or are pervasive 

throughout entire grains (Fig. 2.3e, f). 
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Figure 2.3. Observed shock features in apatite. (a) and (b) showing apatite grains occurring as mineral clasts 

within impact melt fragments exhibiting multiple open, intersecting and parallel planar fractures in-filled by 

a lower density impact melt phase. (c) Apatite within impact melt fragments showing micro-vesicles. (d) 

Close up of boxed region in (c) showing multiple intersecting arrays of planar micro-vesicles (e) Petrographic 

setting of apatite grain occurring as an inclusion within feldspar. (f) close up in boxed region (e) showing 

linear arrays of microïvesicles. 
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2.3.3 Zircon 

A total of 62 zircon grains (15 ï 125 ɛm (length), 10 ï 40 ɛm (width)) were 

appraised using optical microscopy and BSE imagery (Table 2.1) to establish P-T-t 

conditions prevailing during the Nicholson Lake impact event, and for U-Pb 

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 

entrained 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 levels (S) 0 ï IV (Table 2.2) based on the 

classification schemes of Wittmann et al. (2006), Schmieder et al. (2015) and Timms et 

al. (2012, 2017).  

Table 2.1. Statistical data count of zircon shock features. 

Sample 

No. 
Number of grains NPFs Planar fractures Decomposed to ZrO2*  Granular textures**  

11-65-C2 9 5 4 / / 

23-65B 11 / 3 4 4 

23-65C 6 / / 3 2 

23-65D 8 / / 5 3 

10F-65A 16 / / 2 14 

22-65E 7 / / / 7 

32-65 5 / / 1 4 

*ZrO2 occurs in association with granular zircon. ** No ZrO2. 

 

Zircons that experienced negligible shock (i.e., S0) exhibit non-planar fractures 

(NPFs) and either partially or completely retain primary magmatic zonation (Fig. 2.4a, b). 

SI ï II zircons occur 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, offset-parallel fractures occurring within grain cores (Fig. 2.4c, d), and as 
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open, parallel sets crossing primary magmatic zonations (Fig. 2.4e, f). S0 and SI ï II 

zircons are distinguished based on the lack of observable planar fractures.  

 

Shock level III ï IV zircons occur within the glassy melt matrix of clast-laden 

impact melt rocks, or within impact melt fragments of melt-bearing breccias. Grains are 

characterized by the presence of ZrO2 in association with granular zircon, and a low 

Figure 2.4. Shock microstructures in S0-II zircons. (a) zircon inclusion in lithic clasts (b) BSE image of (a) 

with non-planar fractures and magmatic zoning. (c) Zircon inclusion within quartz showing planar 

fractures. (d) Higher magnification of zircon grain (c) showing intersecting sets of planar fractures (e) 

zircon inclusion within quartz clast within the clastic matrix (f) Zircon inclusion in (e) with multiple sets of 

intersecting planar fractures crosscutting magmatic zoning. 
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density phase, presumably SiO2 (Fig. 2.5). In all cases, the ZrO2 phase occurs intergrown 

with granular zircon as small (<1 ɛm) granules surrounded by zircon (commonly around 

grain rims), or distributed through entire zircon grains (Fig. 2.5a ï f). The extent of 

decomposition in SIV zircons is variable, representing the degree of thermal dissociation 

(Fig. 2.5). Raman spectroscopy confirms that the ZrO2 polymorph is baddeleyite, with 

peaks at 181, 308, 477, 561, 617 and 640 cmī1 and zircon peaks at 222 and 439 cmī1 (Fig. 

2.5g). These peaks are comparable to previously documented baddeleyite spectra (e.g., 

Kock et al., 2011; Wittmann et al., 2006).  

Shock level V zircons show granular textures in the absence of ZrO2 (Fig. 2.6; 

Table 2.2). Granularization in these grains is pervasive, with several grains retaining their 

original crystal habits (Fig. 2.6a, b), while in other grains the original habit is partially or 

completely lost (Fig. 2.6c, f). In several grains, newly formed zircon neoblasts occur as 

distinct, sub-rounded grains surrounded by a lower density phase (Fig. 2.6d), whereas in 

other grains zircon granules occur as clusters that intermingle with the surrounding melt 

matrix (Fig. 2.6f). The absence of ZrO2 is 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 non-planar fractures (NPFs) 

I-II  Planar fractures (PFs) 

IV  Thermal Dissociation (ZrO2) (with granular textures) 

V Granularization (without ZrO2) 

* Shock level assignment based on Timms et al. (2012/2017), Wittmann et al. (2006) and Schmieder et al. (2015). 
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Figure 2.5. BSE images and Raman spectrum for thermally dissociated SIV zircons. In all cases, the primary crystal habit it crudely preserved. 

Both (a) and (b) zircon grains with minor baddeleyite, indicating minimal dissociation of ZrSiO4. (c) Zircon grain with extensive ZrO2 throughout 

the entire host grain. Boxed region (d) highlights the association of mïZrO2 with granular zircon. (e) and (f) Zircon grains with minor ZrO2 along 

the grain rims occurring within granular zircon, which is pervasive throughout the entire grain. (g) Raman spectrum obtained from region (g) of 

grain (c), revealing the presence of baddeleyite (green, bold) and zircon (italics). 
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Figure 2.6. BSE images of shock level V zircons exhibiting granular textures within ZrO2, all of 

which are within impact melt matrices and melt fragments. Grain (a) and (b) are completely 

granular and crudely retain the primary grain habit. (c) Granular zircon which has lost its original 

crystal shape and contains zircon granules that are randomly oriented throughout the grain and 

surrounded by a lower density (SiO2) phase as shown in (d). (e) Granular zircon situated within 

crystalline melt matrix. (f) close up of zircon E showing distinct clusters of granules intermingling 

with melt. 
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2.4 LA -ICP-MS U-Pb Geochronology 

2.4.1 Apatite 

A total of 84 laser ablation spots from 57 apatite grains within seven rock samples 

were obtained for U-Pb geochronology (Table A5.1.1). When plotted on an inverse 

concordia diagram, the data reveals isotopic compositions populating a region between an 

older Mesoproterozoic array with a lower intercept of Ḑ1740 Ma, and a younger Middle 

Devonian array intersecting at Ḑ385 Ma (Fig. 2.7a). The latter was refined to obtain a 

statistically robust lower intercept impact age of 387 ± 5 Ma (MSWD = 0.87, n = 26) with 

a y-intercept of 0.884 ± 0.010 corresponding to the initial 207Pb/206Pb composition (Fig. 

2.7b).  

Apatite grains reset by the impact occur as individual grains within the melt matrix 

or within impact melt fragments (Fig. 2.7a). In comparison, grains recording the original 

isotopic compositions (i.e., corresponding to the basement Nueltin plutonic suite; Peterson 

et al., 2002; Scott et al., 2015), occur as inclusions within lithic clasts and are not in direct 

contact with the once-molten matrix (Fig. 2.7a). Furthermore, impact reset apatites occur 

within the melt matrix alongside zircons shocked to level IV ï V (i.e., zircons exhibiting 

granular textures, with or without baddeleyite; Fig. 2.5, Fig. 2.6). The conditions required 

to produce these features (>30 GPa and >1700 ÁC; OôKeefe and Ahrens, 1977; Timms 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 NPFs and PFs (i.e., S0 ï II) occur within 

the same rock clasts as un-reset apatites (Fig. 2.8b). 
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Figure 2.7. Apatite data plotted on an inverse concordia diagram (uncorrected). All error ellipses are 2ů. (a) 

All apatite UïPb data showing a variable degree of isotopic resetting. Yellow ellipses correspond to apatite 

grains within lithic clasts (i.e., 0% thermal resetting) with a lower intercept of ~1740 Ma corresponding to 

the Nueltin plutonic suite. Red ellipses relate to grains within the impact melt matrix or impact melt fragments 

which are completely reset and yield an impact age. (b) Refine regression of most reset population with a 

lower intercept age of 386.9 ± 4.5 Ma (MSWD = 0.87, n = 26,) and a y-intercept of 0.884 ± 0.010 

corresponding to the initial Pb composition. 
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2.4.2 Zircon 

A total of 90 laser ablation analyses from 52 zircon grains within two impact melt-

bearing breccia samples yield a minimum lower intercept age of 384 ± 8 Ma (MSWD 

=1.3, n = 22) and an upper intercept age of 2679 ± 14 Ma, and a second discordia with an 

upper intercept of Ḑ1740 Ma (Fig. 2.9b; Table A5.1.2). The impact age recorded by zircon 

overlaps with that obtained from apatite (387 ± 5 Ma), and is consistent with the zircons 

being inherited from both the underlying Archean Snow Island suite (Scott et al., 2015) 

and Paleoproterozoic Nueltin suite (Scott et al., 2015; Davis et al., 2015). As with the U-

Figure 2.8. Images showing the spatial relationship between impact reset apatite and zircon. (a) 100 

% reset apatite (top left) situated within glassy melt matrix of clast-laden impact melt. Apatite is 

within same melt matrix as both granular zircon (SV) and ballen quartz. (b) Un-reset apatite occurring 

within large granitic clast and co-existing with S0 zircon (magmatic zoning, NPFs). 
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Pb isotope systematics of apatite, zircons record both the timing of impact and basement 

ages. However, unlike apatite, zircon shows no correlation between the degree of resetting 

and petrographic context (Fig. 2.9a). Instead, there is a relationship between the recorded 

206Pb/238U ages and the U content of zircons (Fig. A2.1.2). Furthermore, comparing the 

shock state of individual grains and U-Pb ages, zircons classified as shock level 0 ï II (i.e., 

exhibiting NPFs and PFs) fall along the discordia near the upper concordia intercept (Ḑ2.7 

Ga) (Fig. 2.9a), while those with granular textures (i.e., SV) are closer to the lower impact 

intercept (Ḑ385 Ma). 

Figure 2.9. Zircon UïPb data plotted on normal concordia diagrams. (a) All zircon data showing 

occurrence of two discordia arrays: one with an upper intercept age of ~2.7 Ga corresponding to the Snow 

Island granites, and a lower intercept age corresponding to the Nicholson Lake impact event, and a second 

discordia array with the same lower intercept age and an upper intercept age of ~1740 Ma corresponding to 

the Nueltin granites. No correlation between textural setting and degree of resetting is evident, but a 

correlation between reset and shock level exists where granular zircons plotting near the lower intercept 

and those with NPFs and PFs clustering near the upper intercept. (b) Refined discordia with an upper 

intercept of 2679 ± 14 Ma and a lower intercept age of 384  ± 8 Ma (MSWD = 1.3) within error of apatite. 
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2.5 Discussion 

2.5.1  In situ U-Pb dating of impact-metamorphosed apatite and zircon 

In situ LA-ICP-MS U-Pb geochronology of apatite and zircon within impact melt-

bearing breccias and clast-laden impact melts from Nicholson Lake record lower intercept 

ages of 387 ± 5 Ma (Fig. 2.7b) and 384 ± 8 Ma, respectively (Fig. 2.9b). Because there is 

no evidence for regional geological activity following the intrusion of the Nueltin plutonic 

suite at Ḑ1740 Ma (Peterson, 2006; Scott et al., 2015), the Ḑ385 Ma age is interpreted to 

constrain the timing of the Nicholson Lake impact event. The U-Pb ages coincide with the 

stratigraphic constraints imposed by the involvement of post Middle Ordovician 

sedimentary rocks during impact-related annular down faulting, and a suggested 

maximum age of 400 Ma determined by previous 40Ar/39Ar 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. Apatite within granitic clasts retain pre-impact ages 

corresponding to the Nueltin suite (1.77 ï 1.73 Ga; Scott et al., 2015) (Fig. 2.7a). Although 

no such textural correlation was found to exist in zircon, two discordia lines obtained from 

zircon have upper intercept ages corresponding to both the Nueltin (upper intercept age 

Ḑ1740 Ma) and Archean Snow Island suites (upper intercept age Ḑ2.7 Ga), representing 

the timing of magmatic crystallization (Fig. 2.9a). The absence of 1.84 ï 1.80 Ga ages 

corresponding to the Hudsonian granites (Davis et al., 2015) implies that they were not 

involved with the Nicholson Lake impact, contrary to previous interpretations (Dence et 

al., 1968). 

The degree of isotopic resetting (i.e., Pb loss) is known to be caused by: (1) 

radiation damage resulting from alpha recoil damage (i.e., metamictization, post-impact 
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Pb loss) (Mezger and Krogstad, 1997), (2) low temperature hydrothermal dissolution 

reprecipitation (DRP) (Geisler et al., 2003; Hanchar and Hoskin, 2003), (3) solid-state 

recrystallization (Krogh et al., 1993; Moser et al., 2011; Erickson et al., 2017), and (4) 

crystal-plastic 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 and fluid flow, resulting in 

the increased mobility of U and Pb. 

For apatite, there is no correlation between U content and common-Pb corrected 

206Pb/238U ages (Fig. A2.1.1a), nor observable DRP textures. This eliminates 

metamictization and DRP as causes for the isotopic disturbance (Fig. 2.7a). Furthermore, 

the lack of correlation between apatite grain size and 206Pb/238U ages precludes the role of 

simple volume diffusion, where a strong positive correlation would be expected for grains 

crystallized directly from a melt (Fig. A2.1.1b; cf., Cochrane et al., 2014).  

Thermal experiments on apatite crystals at 600 ï 900 °C (Cherniak et al., 1991) 

and 900 ï 1250 °C (Watson et al., 1985) define an Arrhenius relation for Pb diffusion. If 

impact-related temperatures exceeded 1700 °C, this would yield a characteristic diffusive 

length scale (ḐãDt) in apatite of Ḑ3 mm in 800s, allowing complete isotopic resetting in 

100 ɛm grains. This means that those apatite grains directly immersed in super-heated 

melt would have been isotopically reset rapidly (within minutes), with temperatures far 

exceeding the ~450 °C closure temperature range of apatite (Watson et al., 1985; Cherniak 

et al., 1991). The spread of isotopic ages in apatite in this study can, therefore, be 

interpreted as being thermally controlled as a result of temperature heterogeneities in the 

impact melt-bearing breccias, and the proximity (i.e., petrographic setting) of apatite to 

the initially superheated melt component  (Figs. 2.7; Fig. 2.8). Clearly, even though the 
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melting point of apatite (Ḑ1600 °C; e.g., Bhatnagar, 1969) is less than that predicted for 

superheated melt (>1700 °C; e.g., OôKeefe and Ahrens, 1977), the survival of inherited 

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 shock features and 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 

indicator of 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 

are required to further determine the role of shock metamorphism on U-Pb age resetting. 

For zircon, the overall discordance in zircon can be explained by enhanced Pb loss 

facilitated by metamictization (Mezger and Krogstad, 1997) and shock induced 

granularization/recrystallization (Krogh et al., 1993; Moser et al., 2011) (Fig. 2.9a). Pb 

loss induced by metamictization is supported by a strong correlation between U content 

and 206Pb/238U ages (Fig. A2.1.2), with low U-content zircons plotting closer to the upper 

intercept and high U-content zircons falling nearer the lower intercept. It is further noted 

that there is a relationship between the level of shock experienced by zircons and their 

degree of resetting during the impact event. Granular textured zircons (SV) plot closer to 

the lower impact intercept (Ḑ385 Ma), while S0 ï II grains cluster closer to the upper 

intercept at Ḑ2.7 Ga, corresponding to the Archean basement Snow Island suite (Davis et 

al., 2015; Fig. 2.9a). The ability of highly shocked zircon to record impact ages has been 

demonstrated previously in both terrestrial (Krogh et al., 1993; Moser 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 

shock-induced recrystallization (i.e., granularization). Thus, the variation in age recorded 

by relic zircons is attributed to the interplay of both the metamict state (Fig. A2.1.2) and 

granularization/shock level (Fig. 2.9), the latter being observed here for the first time. 

2.5.2 Shocked zircon thermobarometry  

During the impact cratering process, target rocks are known to undergo bulk 

melting at shock pressures >60 GPa and heating above 1700 °C (e.g., French, 1998). Here, 

shock microstructures in zircon are used to estimate the P-T-t conditions during the 

Nicholson Lake impact event due to zirconôs unique response to shock loading (pressure) 

and unloading (temperature). Zircon has recently been established as a robust 

thermobarometer under extreme P-T condition (Timms et al., 2017), where shock 

microstructures in zircons are directly linked to P-T diagrams that describe phase relations 

of ZrSiO4 polymorphs and their dissociation products. Here, the recognition of a 

progressive range of shock metamorphic effects in zircon (S0 ï V) is used to provide P-T 

constraints on the Nicholson Lake impact event.  

Zircons that contain NPFs and retain magmatic zonation are indicative of the lower 

most P-T conditions (S0, i.e., un-shocked). Although not necessarily diagnostic of shock 

metamorphism, where NPFs can form due to volume expansion during metamictization 

and at low strain rates associated with tectonic activity (Langenhorst, 2002; Timms et al., 

2012), they are here used to indicate negligible grain interaction with the shock front and 

thus are considered indicative of shock level 0 conditions (<5 GPa). In comparison, planar 

fractures are indicative of SI ï II conditions (20 ï 40 GPa) (Fig. 2.4c, d). Planar fractures 

(PFs) are regarded as cleavage planes activated by the resulting shear or tensile stressed 

realized during the contact and compression stage (Leroux et al., 1999; Langenhorst, 2002; 
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Timms et al., 2012). SIV conditions are indicated by the thermal dissociation of ZrSiO4 

Ÿ ZrO2 + SiO2, which is a temperature dependent process initiated during extreme post-

shock thermal excursions (Kusaba et al., 1985; Timms et al., 2017). The abundance of 

ZrO2 (baddeleyite) associated with granular zircon (Table. 2.2; Fig. 2.5), indicates that the 

post-shock thermal pulse at Nicholson Lake involved temperatures >1673 °C (Butterman 

and Foster, 1967; Kaiser et al., 2008; Timms et al., 2017). It should be noted, however, 

that while baddeleyite (monoclinic (m) ZrO2) is manifest now, there are several ZrO2 

polymorphs (i.e., tetragonal, cubic, hexagonal, orthorhombic), all of which can revert to 

m-ZrO2 at <1200 °C and <1 GPa (Kaiser et al., 2008). Where the presence of ZrO2 is 

limited (i.e., Fig. 2.5a, b), dissociation would likely have been inhibited upon quenching, 

whereas zircon grains containing high densities of ZrO2 were subjected to prolonged 

temperatures >1673 °C. Thus, although higher P-T stability ZrO2 polymorphs may have 

existed prior to baddeleyite, 1673 °C is a minimum estimate for SIV temperatures. 

The association of baddeleyite and granular zircon, where it is found to enclose 

baddeleyite crystals to variable extents (Fig. 2.5c ï f), indicates that granularization post-

dates dissociation, whereby ZrO2 and SiO2 recombine and recrystallize into neoblastic 

(i.e., granular) domains at >1690 °C 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 ZrO2 (Fig. 2.6), are considered to 

record SV conditions (Bohor et al., 1993; Timms et al., 2017), and preserving the highest 

recorded shock related P-T conditions during the Nicholson Lake impact event. The 

prevalence of baddeleyite (m-ZrO2) and granular-textured zircon, and the absence of high 

pressure polymorphs (i.e., reidite) suggest that the post-shock thermal pulse at Nicholson 

Lake was extreme, with high temperatures overprinting early, shock-induced 
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microstructures. As a result, it cannot be ruled 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., 2016, 2017).  

2.6 Conclusions 

[1] This study presents the first high precision age determination for the Nicholson 

Lake impact structure. Apatite records an impact age of 387 ± 5 Ma and an older Ḑ1740 

Ma population corresponding to the crystallization age of the underlying Nueltin suite. 

Zircon records a lower intercept impact age of 384 ± 8 Ma, and two, older discordia arrays 

with upper intercept ages corresponding to both the Paleoproterozoic Nueltin suite (Ḑ1740 

Ma) and the Archean Snow Island granites (2679 ± 14 Ma).  

[2] Apatite grains in direct contact with originally superheated melt, and in 

association with SIV ï V zircons (i.e., granular ± m-ZrO2), record the age of impact, 

whereas those shielded within lithic and occuring as mineral clasts within clastic matrices, 

and coexisting with S0 ï II zircons (i.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 shock metamorphism. 

[4] The application of in situ LA-ICP-MS to obtain U-Pb 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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3.1 Abstract 

In situ multiphase U-Pb geochronology has been performed via laser ablation inductively 

coupled mass spectrometry on shocked apatite, titanite and zircon from the ~ 8 km 

diameter Lac La Moinerie impact structure, Québec, Canada. The three analyzed phases 

are inherited from target rocks that were transformed to impact melt-bearing breccias and 

clast-laden impact melts. Apatite yields an array of U-Pb ratios populating a region 

between a younger regression with a refined lower intercept age of 453 ± 5 Ma, and an 

older regression with a lower intercept age of 1708 ± 10 Ma. Titanite defines a younger 

regression with a lower intercept age of 444 ± 15 Ma, and an older array with a lower 

intercept age of 1844 ± 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 igneous-metamorphic events in granitoid 

target rocks of the De Pas Suite. Isotopic resetting in apatite and titanite, with relatively 

high Pb diffusion rates, was controlled by a combination of proximity to impact-generated 

superheated melt, and 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 significant impact-induced Pb loss. An approach is 

outlined for discriminating ótrueô impact ages from metamict zircons with high common 

Pb that have experienced post impact 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 Middle-to-Late 



 

38 

   

Ordovician, with potential connection to the L-Chondrite 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 (N57°26ǋ; E66°37ᾳ) (Fig. 3.1a). The 

structure was discovered during regional gravity studies and field operations conducted 

by the Earth Physics Branch (Department of Energy, Mines and Resources, Canada) in 

the early 1970s (Gold et al., 1978). The structure lies in the Core Zone of the Southeast 

Churchill Province, a ~ 300 km wide Paleoproterozoic (1.9 ï 1.7 Ga) transpressional 

system that links the Superior and Nain Provinces (Wardle et al., 2002; Corrigan et al. 

2018; Fig. 3.1a). The Core Zone is bounded to the west by the 1.83 ï 1.80 Ga New Québec 

Orogen, to the east by the 1.87 ï 1.86 Ga Torngat Orogen, and is truncated in the south 

by the Grenville Province (Wardle et al., 2002; Corrigan et al., 2018; Fig. 3.1a). The Core 

Zone comprises transposed and reworked Archean crustal units and Paleoproterozoic 

suites (charnockites, gneisses, migmatites and plutonic igneous rocks), with radiometric 

ages ranging from 2.78 to 1.70 Ga (Wanless et al., 1970; Wardle et al., 2002; Corrigan et 

al., 2018). The Lac La Moinerie impact occurred within granitoids of the Paleoproterozoic 

De Pas Suite, which comprise migmatitic (charnockitic) and granitic lithologies situated 

within the George River Block (Corrigan et al., 2018). Intrusion of the De Pas Suite 

granitoids occurred during basin closure associated with collision between the Core Zone 

and North Atlantic craton at 1.84 ï 1.70 Ga (Wanless et al., 1970; Corrigan et al., 2018). 

Magmatism overlapped with, and was post-dated by, granulite to amphibolite facies 
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metamorphism and tectonism, resulting in the De Pas lithologies being variable deformed 

and recrystallized (Corrigan et al., 2018). 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 impact melt-bearing breccia indicates the presence of 

subordinate carbonates in the target. The source for the carbonates could have been (1) 

migmatitic paragneisses of the Paleoproterozoic Suite de False, which comprise 

quartzites, iron formation and calcsilicates, including carbonates (Lafrance et al., 2014), 

and/or (2) fossiliferous (ostracod-bearing) limestones as described by Gold et al. (1978), 

which would have to be pre-impact in age if incorporated into the impactites. Aside from 

very minor carbonate involvement, Lac La Moinerie represents one of the few terrestrial 

impact structures developed entirely within 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 yields a residual 

anomaly with an amplitude of ~ 4 mGal (Thomas et al., 1978), which constrains an 

apparent rim diameter of ~ 8 km (Fig. 3.1c). Recently acquired high-resolution residual 

magnetic data of the area reveals a strong linear signature that is truncated by the impact 

structure (DôAmours and Intissar, 2013; Fig. 3.1c). The source of the linear 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 a south-east plunging antiform 

(Lafrance et al., 2014). The ñcuttingò of the linear body is interpreted to be due to local 

shock demagnetization combined with the uplift of basement material. This magnetic 



 

40 

   

truncation coincides with a ~ 4 km diameter central uplift, which overlaps the centre of 

the gravity anomaly (Fig. 3.1b, c). An ~ 8 km apparent diameter for Lac La Moinerie is 

consistent with an outer shock and thermal limit of < 10 km based on an unreset basement 

K-Ar age of 1.709 Ga obtained from biotite in a granitoid sample ~ 1 km north of the lake 

(Fig. 3.1c; Wanless et al., 1970; corrected via Steiger and Jäger 1977). Scaling constraints 

for an ~ 8 km diameter structure are compatible with an impact-related thermal influence 

of < 10 km (e.g., Jõeleht et al., 2005), while the age of 1.709 Ga coincides with the 

youngest metamorphic events recorded in the northern part of the De Pas Suite (Corrigan 

et al., 2018).  

Previous studies of Lac La Moinerie are limited to the initial abstract by Gold et 

al. (1978) and a preliminary gravity report by Thomas et al. (1978). Bulk rock argon-argon 

dating of impactite material was performed by Bottomley et al. (1990), indicating an age 

of 400 ± 50 Ma and remains the quoted age for the impact event. In this study, evidence 

for a projectile component of Lac La Moinerie is hinted at by iridium (< 0.5 ppb) and 

chromium (0.02 %) anomalies in samples of fine undifferentiated till deposits collected 

from around the crater (Fig. 3.1b; Charette et al., 2018). Samples used in this study were 

collected by Gold et al. (1978) as float on the north-west islands (Fig. 3.1b). 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 probably a cold-based 

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, clast-laden impact melt rocks, and minor fossiliferous limestone. 
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3.3 Impactite petrography 

3.3.1 Impact melt-bearing breccias (suevites) 

Impact melt-bearing breccias at Lac La Moinerie comprise 40 ï 50 % impact melt 

bodies of various shapes and sizes, with the remainder comprising clastic matrix (Fig. 

Figure 3.1. Geological setting and crater morphology of the Lac La Moinerie impact structure, northeastern 

Quebec, Canada. (a) Simplified geological map showing regional setting of Lac La Moinerie. (b) Google 

Earth-based image of the structure overlain with the regional Bouger gravity field (numbers are in mGal). 

White circles: sample locations; blue circles: iridium and chromium-bearing till samples. Scale = 4km. (c) 

High-resolution magnetic signature surrounding Lac La Moinerie showing a highly magnetic linear body 

cross-cutting the lake, truncated by a subdued magnetic region ~4 km across (central uplift). The outer 

apparent crater rim is ~8 km. Red circle: un-reset basement age. Complied from Wanless et al. (1970); Gold 

et al. (1978); Thomas et al. (1978); DôAmours and Intissar (2013); Charette et al. (2018); Corrigan et al. 

(2018). 
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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., Stöffler et al., 2013; 

Thompson and Spray, 2017). Melt fragments range in size from smaller (< 0.5 mm), more 

melt-dominated bodies, to larger (< 3 cm) fragment-rich bodies (Fig. 3.2a). In some 

samples, the melt component occurs as stringer-like bodies that are compositionally 

layered (Fig. 3.2b). 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 and clays (Fig. 3.2c). 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., 2002). 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. Accessory 

phases include apatite, titanite, zircon, and ilmenite.  

3.3.2 Clast-laden impact melts 

Clast-laden impact melt rocks at Lac La Moinerie contain ~ 30 % variably shocked 

and partially digested mineral and lithic fragments set within a brown ï to ï red 

microcrystalline to glassy matrix (Fig. 3.2d). Feldspar clasts show evidence of 

deformation and recrystallization (Fig. 3.2e). The melt component typically comprises 

plagioclase crystallites (5 ï 20 ɛm length) set in a finer cryptocrystalline groundmass, 

similar to that observed in the suevitic samples but coarser (Fig. 3.2c). Locally, the 

feldspar crystallites may exhibit a flow foliation (Fig. 3.2e). EDS raster analysis of the 
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crystalline impact melt component reveals that it has a quartz syenite composition, 

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

cover that may have been present (Table 3.1). 

 

Table 3.1. Major element energy dispersive spectrometry (EDS) data obtained from the dated 

phases and glassy/microcrystalline areas.   

 

wt%  Apatite Titanite Zircon 
Melt composition 

(raster ~1 mm2) 

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

      (n = 5)  (n = 2)   

SiO2 1.97 ± 0.19 
32.36 ± 

0.54 
32.22 ± 0.55  29.63 27.91 68.5 

TiO2   
36.62 ± 

1.11 
  0.37   0.7 

ZrO2     67.36 ± 0.70  55.14 54.28   

HfO2     0.15 ± 0.33 1.87 0.86   

Al 2O3   2.02 ± 0.25 0.53 ± 0.73 1.25 1.01 16.38 

FeOT 0.19 ± 0.32 0.87 ± 0.38 0.12 ± 0.26 0.9 0.5 1.23 

MgO 0.14 ± 0.27         1.65 

CaO 
50.59 ± 

0.87 
27.99 ± 

0.87 
  1.48 2.05 0.39 

Na2O 0.08 ± 0.16         1.94 

K2O           9.19 

UO3       1.27 1.85   

P2O5 
42.31 ± 

0.74 
          

Nb2O5   0.03 ± 0.08         

Cr2O3   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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Figure 3.2. Petrographic images of suevites and clastïladen melt rocks used in this study. (a) Suevite containing 40 ï 50 % impact 

melt bodies within a clastic matrix. Melt bodies occur as discrete, microcrystalline or glassy bodies with contorted shapes. Large 

granitic clast on right containing locally developed maskelnite (partially to completly isotropic). (b) Example of suevite with stringerï

like melt fragments with strong flowïbanded textures and compositional layering. (c) Representative BSE image of typical 

microcrystalline impact melt composed of zoned plagioclase laths with dark albite cores and lighter, calcic rims intermixed with glassy 

impact melt, Fe-oxides (bright) and clay minerals. (d) Example of melt matrix of clastïladen impact melt rocks with microïplagioclase 

laths in a fine brown-to-red glassy matrix. (e) BSE image of recrystallized regions of shock-melted feldspar clast. Feldspar crystallites 

are <5 ɛm in size, strongly aligned and shock evidence of flow foliation.  
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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 totals indicates that it also contains OHī and/or CO3
2ī. In terms of 

shock features, apatite commonly exhibits multiple sets of open planar microstructures 

(Fig. 3.3a, b), similar to previous observations of naturally shocked apatite from the Santa 

Fe, New Mexico (Cavosie and Centeno, 2014) and Nicholson Lake, Canada impact 

structures (Chapter 2, McGregor et al., 2018). Planar microstructures are also observed 

coexisting with discontinuous, linear to sublinear arrays of vesicles/pores (1 ï 2 sets), 

similar to shocked apatite from Nicholson Lake (Chapter 2; McGregor et al., 2018). This 

micro-vesicular texture is comparable to amorphous melt inclusions 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 with planar microstructures.  

Granular (neoblastic) textures in apatite are also documented, providing the first 

observation of recrystallization in terrestrially shocked apatite (Fig. 3.3d ï f). Granular 

textures are observed in grains occurring as inclusions in granitic clasts (Fig. 3.3d), and as 

mineral clasts within impact melt (Fig. 3b, e), with neoblasts being more extensively 

developed when directly juxtaposed with impact melt. When situated in clast-laden melt 

rocks, apatite neoblasts develop along open planar microstructures (Fig. 3.3b), or, when 

as inclusions, occur throughout the host grain and impinge on co-existing planar fractures 

(Fig. 3.3d). 
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Figure 3.3. Shock features observed in apatite. (a) Coïexisting open planar microstructures and subïlinear 

arrays of vesicles. (b) Apatite clast in impact melt with two sets of intersecting planar microstructures, along 

which are roundedïtoïsubrounded apatite neoblasts (inset). (c) Same grain as in (a) showing both open planar 

microstructures and linear arrays of vesicles partly infilled by oxides (bright specks). (d) Apatite inclusion in 

granitic clast exibiting subïrounded, neoblastic textures coexisting with, and impinging on, planar 

microstructures (two sets). (e) Neoblastic apatite clast within microcrystalline melt matrix with the host grain 

containing an apparently un-granulated domain (top left of grain) transitioning to subhedralïtoïanhedral 

apatite neoblasts. Euhedral, elongate and hexagonal apatite crystallites occur along the rim. (f) Closeïup 

image of boxed region in (e) highlighting the transition from impinging neoblasts to euhedral crystallites. (g) 

Fractured relic apatite clast contacting both the microïcrystalline igneous textured melt matrix (left) and 

microcrystalline/glassy impact melt (right). (h) Closeïup of boxed region in g showing contact between host 

grain and microcrystalline/glassy imapct melt. Along the contact, stubby apatite grains are present on the 

host apatite (bottom left). Within the melt adjacent to the host grain, randomly orientated apatite crystallites 

of various sized (2ï30 m˃) are present. Habits vary from acicular to prismatic.      
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Grains directly juxtaposed with crystalline impact melt exhibit partial ï to ï 

complete recrystallization (i.e., granularization) textures (Fig. 3.3e ï h). Elongate (c axis) 

and hexagonal (basal section) apatite crystallites occur along rims and may grow into the 

surrounding matrix (Fig. 3.3f). Newly crystallized apatite is observed in grains contacting 

the now microcrystalline/glassy impact melt (Fig. 3.3g, h). Where the host grain contacts 

crystalline impact melt, no crystallization features 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 crystallized apatite with elongate to stubby 

prismatic crystallites are hosted by the microcrystalline melt matrix (Fig. 3.3h). The 

development of neoblasts and granular structures has also recently been observed in lunar 

apatites (Ļernok et al., 2019) and terrestrial apatite from the Paasselkä impact structure, 

Finland (Kenney et al., 2020). However, both these studies suggest that BSE alone cannot 

reveal the presence of internal recrystallization microstructures in apatite. While it can be 

agreed that EBSD can provide a more quantitative measure of recrystallization textures, 

the documentation of granular texture 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 Table 3.1, revealing the presence of 

minor niobium and chromium in some grains. There is minimal evidence of any OHī or 

halogen component. Ilmenite is a common alteration product of those titanite grains that 

occur as mineral clasts and inclusions, where ilmenite rims titanite as variably sized, 

randomly orientated euhedral laths (Fig. 3.4a). In contrast, where ilmenite-rimmed grains 
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occur within impact melt, ilmenite forms a wormy ï to ï sub-rounded texture along the 

host rim, and as randomly orientated blebs dispersed away from titanite grains, indicating 

melt-clast interactions (Fig. 3.4b). This suggests that the morphology of ilmenite has been 

thermally modified, or has undergone further dissociation during interaction with 

superheated melt. However, based on the observation of titanite inclusions without 

ilmenite rims, it is consider that the titanite-associated ilmenite formation is primarily a 

pre-impact feature, likley associated with metasomatism of the De Pas Suite granitoids 

during pluton cooling, and not a product of impact (cf., Broska et al., 2006).  

In terms of shock features, planar microstructures are observed in titanite as open 

fractures, which may show evidence of offset (Fig. 3.4c). Micro-vesicles in titanite occur 

as single sets (Fig. 3.4a), which may co-exist with, and cross-cut, planar fractures (Fig. 

3.4c), or occur as multiple, intersecting arrays with different orientations (Fig. 3.4d). In 

all cases, these features are discernable optically in PPL (plane polarized light), where 

they appear as high relief linear features that are comparable to PDFs in quartz (Fig. 3.4a, 

c). While recent studies reveal the presence of shock-induced micro-twins and planar 

microstructures in titanite from the Vredefort, Sudbury and Chicxulub impact structures 

(Papapavlou et al., 2018; Timms et al., 2019), these studies do not document the presence 

of linear trails of micro-vesicles. As such, the micro vesicles within titanite in this study 

are more comparable to partial-melt inclusions observed in shocked zircon (Moser et al., 

2011), and, unlike apatite, likely represent partial-melt injections along planar 

microstructures or micro-twin planes (Moser et al., 2011). 
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3.4.3 Zircon 

Zircon within the impact melt-bearing impactites displays a wide range of shock 

features indicative of extreme post-shock temperatures and associated post-shock cooling. 

In this study, in order to differentiate shock levels in zircons for filtering LA-ICP-MS data, 

shock levels 0 ï V are assigned to differentiate zircon groups (Table 2.1; Table 3.2). While 

all textural types observed are comparable to shocked and thermally decomposed zircons 

from other terrestrial impact sites in terms of indicating a continuum of effects (e.g., Moser 

Figure 3.4. Shock features observed in titanite. (a) Titanite clast within clastic matrix showing a primary 

(preïimpact), reaction rim of randomly oriented ilmenite laths (bright BSE, opaque PPL). Grain contains 

single set of linear vesicles that appear as dark voids in BSE, and high relief óbubblesô in PPL (white arrow). 

(b) Titanite with ilmenite rim contacting the impact melt matrix. Ilmenite occurs as wormyïtoïsubïrounded 

crystals around the host grain, and randomly oriented blebs that are dispersed away from the grain. (c) Titanite 

containing open planar microstructures that show evidence of offset, and a single set of parallel linear vesicles 

(insert in PPL). (d) Titanite containing multiple sets of intersecting linear arrays of microïvesicles.   
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et al., 2011; Timms et al., 2017), the classification schemes from Wittmann et al. (2006) 

and Schmieder et al. (2015) is adopted to better relate shock states to LA-ICP-MS data.  

Table 3.2. Grain count and statistical analysis of zircon shock features 

Sample 

No. 

Total # 

grains Shock level assignment* 

  S0-c S0-m I-IIa IVb Vc 

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 on Timms et al. (2012; 2017a). S0-c = crystalline  

  zircons. S0-m =  metamict zircons.  a Planar microstructures. bZrO2 with 

  granular zircon. c Granular zircon without ZrO2. 

 

Shock level 0 (S0) zircons are crystalline and retain primary zoning (referred to 

here as S0-c; Fig. 3.5a), or exhibit metamict domains (referred to here as S0-m; Fig. 3.5b 

ï f). The extent of metamictization is variable, occurring in isolated domains around rims 

(Fig. 3.5b), or as strongly metamict cores (Fig. 3.5c ï f). Rims are partly crystalline, retain 

primary zoning and contain radial fractures (Fig. 3.5c, e). Metamict domains contain high 

densities of open porous structures (< 1 ɛm) that are commonly infilled by iron oxide (Fig. 

3.5d). Compositionally, metamict grains contain high concentrations of uranium, 

hafnium, and trace amounts of CaO, Al2O3, FeOT and TiO2, and have notably low totals 

(Table 3.1), which is attributed to the presence of OH- and/or the porous texture of grains 

(i.e., Fig. 3.5). The low totals would be compatible with metamict, hydrozircon 

development (e.g., Coleman and Erd, 1961). In contrast, crystalline (S0-c) zircons contain 

only trace amounts of hafnium (concentrated along growth zones), with no other 

impurities detected via EDS, and exhibit good totals (Table 3.1). 
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Planar microstructures in zircon occur as multiple sets of cross-cutting, open 

fractures that are pervasive across grains, which, when contacting impact melt, contain 

thin dissociation rims of ZrO2 (Fig. 3.6a). No presence of high-pressure polymorphs (e.g., 

reidite) was detected, and therefore it is not possible to constrain high pressure, shock 

level III (SIII) conditions. Shock level IV features (i.e., granular zircon with ZrO2) are 

present in zircons within suevitic impact melt bodies (Table 3.2; Fig. 3.6b ï f). Remnant, 

oscillatory zoned cores are observed to be surrounded by 5 to 20 ɛm wide reaction rims 

composed of granular zircon with minor ZrO2 and silica glass (Fig. 3.6b). ZrO2 is also 

developed within the outer rims of zircon cores (Fig. 3.6c).  

In grains with wider reaction fronts, the original shape of the host zircon is lost 

and trails of zircon granules disperse into the surrounding melt matrix (Fig. 3.6d). SIV 

zircons may also display granular zircon cores with rims (~ 4 ɛm) of vermicular ZrO2 

(Fig. 3.6e). Zircons within the melt matrix of clast-laden melt rocks are composed entirely 

of granular zircon with ZrO2 (Fig. 3.6f). Shock level V zircons are composed of granular 

zircon without ZrO2 (Fig. 3.6g, h). Granular textures are developed along pre-existing 

primary magmatic zones and alternate with porous metamict domains (Fig. 3.6g), or occur 

as distinct domains within the host zircon (Fig. 3.6h) 

 

 

 

 

 

 



 

52 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. BSE images of S0ïc and S0ïm zircons. (a) Crystalline zircon (S0ïc) with remnant zoning and 

no metamict domains. (b) Mostly crystalline zircon with small metamict domain along rim (bottom right). 

(c) S0ïm zircon with a crystalline rim containing radial fractures and a strongly metamict core. (d) Closeï

up of boxed region in (c) showing highly porous, vesicular texture of the metamict core. Arrows point to 

pores infilled by later oxide phase (bright BSE). (e) S0ïm zircon exhibiting radial fractures within a 

crystalline rim and a strongly metamict core. (f) High magnification image of metamict core in grain (e) 

with strong vesicular texture.   
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Figure 3.6. Textures of SIIïV zircons. (a) SII zircon exhibiting two sets of open planar microstructures and 

minor ZrO2 along rim (insert, arrow). (b) SIV zircon within impact melt showing oscillatory zoned core 

surrounded by a ~10 ɛm dissociation rim composed of granular zircon and minor ZrO2. (c) High 

magnification image of (b) showing the presence of ZrO2 crystallites along outer grain rim, and along 

fractures within the crystalline host. (d) SIV zircon showing almost complete conversion to granular ZrSiO4 

and ZrO2, with only a small (~ 15 ɛm) remnant core containing < 1 ɛm ZrO2 crystallites. (e) SIV zircon with 

a granular zircon core and a thin rim of vermicular ZrO2. (f) SIV zircon composed entirely of granular zircon 

and ZrO2 crystallites. (g) SV zircon composed of granular zircon (<2 ɛm in size) óghostingô earlier zoning 

and alternating with vesicular/porous domains (insert, white arrow). (h) SV zircon with granular texture 

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 samples (Table A1.2), apatite (97 grains; 109 

analyses), titanite (82 grains; 94 analyses) and zircon (66 grains; 118 analyses) were 

selected for in situ LA-ICP-MS U-Pb geochronology (Table A5.2.2 ï A5.2.4). 

3.5.1 Apatite 

Apatites analyzed for in situ U-Pb geochronology contain variable U (average 31.2 

ppm) and Th (average 30.0 ppm), and an average U/Th ratio of 2.60 (Table A5.2.2). When 

the uncorrected data is plotted on an inverse concordia diagram, apatite records 206Pb/238U 

ratios populating a region between an older Proterozoic array, and a younger Paleozoic 

array (Fig. 3.7a). An unconstrained linear regression through both populations indicates 

that the common Pb component (y intercept: impact regression: 0.979 ± 0.030; basement 

regression: 1.059 ± 0.095) is similar to 207Pb/206Pb values obtained from basement 

feldspars (Table A2.2.1), and estimated values from Pb-evolution models (i.e., Stacey and 

Kramers, 1975; 1770 ï 1900 Ma = 0.97 ï 0.99). Based on this, the use of initial Pb values 

from co-genetic feldspars is considered justified. Projecting a straight line through the 

youngest data points (uncorrected), with the regression anchored using our independently 

measured 207Pb/206Pb value, a lower intercept age of 453 ± 5 Ma (MSWD = 1.2, n = 8) is 

obtained (Fig. 3.7a). Grains defining the impact regression occur as mineral clasts within 

impact melt zones of the suevites, or within clast-laden impact melt rocks (Fig. 3.7b). 

Anchored using the same 207Pb/206Pb value, the oldest population yields a lower intercept 

age of 1708 ± 11 Ma (MSWD = 1.4) (Fig. 3.7a), corresponding to known ages for 

metamorphic overprinting of the De Pas Suite (Wanless et al., 1970; Corrigan et al., 2018). 

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 within granitic clasts in the clastic 

matrix (i.e., Figs. 3.3a, 3.7a) are partially reset to unreset, and plot along the basement 

regression. Where planar microstructures co-exist with micro-vesicles (i.e., Figs. 3.3c, 

3.7a), apatite grains are slightly more reset, but still plot close to the basement regression. 

In contrast, where planar microstructures co-exist with neoblasts, with grains situated 

within crystalline impact melt (i.e., Figs. 3.3b, Fig. 3.7a), are more moderately reset, with 

the analyses plotting closer to the impact regression. Due to the size of neoblasts (< 10 

ɛm), and limitations on crater size imposed by LA-ICP-MS (~ 33 ɛm minimum), no U-

Pb analyses were possible on fully recrystallized apatites.  

Figure 3.7. Apatite UïPb data (uncorrected for 204Pb) (Table. A5.2.2). (a) All data plotted on an inverse 

concordia diagram showing distribution of 238U/206Pb, defining a younger refined impact regression with a 

refined lower intercept age of 453 ± 5 Ma (n = 8; MSWD = 1.2) and an older regression with a refined lower 

intercept age of 1708 ± 11 Ma (MSWD = 1.4). Both regressions are anchored using an initial Pb value of 

1.0055 ± 0.0020 obtained from co-genetic feldspar. Ellipses (2ů) are colourïcoded by petrographic setting 

and microstructure (see inset legend). (b) Representative PPL image showing petrographic setting of impact-

reset apatite juxtaposed to impact melt, and (c) Representative PPL image of unïreset apatites occurring as 

inclusions in biotiteïrich lithic clast. 
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3.5.2 Titanite 

A total of 82 titanite grains (94 analyses) were selected for U-Pb dating, with target 

domains containing variable U and Th concentrations (0.77 ï 180 ppm U; Th/U ratios 

0.03 ï 9.34; Table A5.2.3). Similar to apatite, free regressions of both age populations 

give y-intercept values (impact regression: 0.982 ± 0.023; basement regression: 0.966 ± 

0.021) that are in agreement with Pb-evolution models, and are similar to values obtained 

from apatite. This is in contrast to previous work by Kirkland et al. (2017, 2018), where 

apatite common Pb is similar to evolution models, whereas titanite retains a lower 

207Pb/206Pb ratio distinctly different to Pb models, which would indicate that both phases 

originally crystallized within the same magmatic suite, but incorporated distinct Pb/Pb 

compositions (Kirkland et al., 2017, 2018). Thus, given that all initial Pb values are 

similar, the initial common Pb compositions are best estimated using co-genetic feldspars, 

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 = 2.2, n = 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 (Figs. 3.4a, 3.8a), one contains linear arrays of micro-vesicles, while 

the other two show no evidence of shock deformation. An anchored regression through 

the oldest populations defines a lower intercept age of 1844 ± 24 Ma (MSWD = 1.6, n = 

5,) (Fig. 3.8a) and is within error of the crystallization age of the De Pas Suite (Corrigan 

et al., 2018). Similar to apatite, titanites situated within the clastic matrix of suevites, as 

either mineral clasts or inclusions within lithic clasts, and with or without planar 

microstructures (i.e., Fig. 3.4b, c), experienced negligible to partial isotopic resetting 
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3.5.3 Zircon 

A total of 118 analyses from 66 zircon grains were obtained for U-Pb dating (Table 

A5.2.4). Plotted on a normal Wetherill concordia, a correlation between U-Pb resetting 

and the structural state of zircon is observed. Crystalline (S0-c) and PF-bearing zircons 

(SII) plot on, or near, the upper intercept (Fig. 3.9a), while granular zircons (SV) and 

analyses on S0-m grains (i.e., metamict domains) plot near the lower intercept (Fig. 3.9a). 

Reversely discordant dates are obtained from ZrO2 bearing zircons (SIV) (Figs. 3.6f, Fig. 

3.9a).  

Figure 3.8. Titanite UïPb age data (uncorrected for 204Pb) (Table A5.2.3). (a) All data plotted on an inverse 

concordia diagram with 238U/206Pb ratios defining a younger regression with a lower intercept age of 444 ± 

15 Ma (MSWD = 2.2, n = 3), and an older regression with a lower intercept age of 1844 ± 24 Ma (MSWD = 

1.6). Both regressions are anchored using an initial Pb value of 1.0055 ± 0.0020 obtained from co-genetic 

feldspar. Analyses are colour coded based on petrographic setting and microstructure (see inset legned). All 

data ellipses 2ů. (b) Representative PPL image of impact-reset titanites occurring within impact melt and c) 

representative PPL image of un reset titanite occurring as an inclusion within a granitic clast. 
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To assess the role of both pre-impact and post-impact radiation damage (i.e., recent 

Pb loss) on zircon U-Pb systematics, the total amount of radiation damage is calculated 

using Eq. (1) (Meldrum et al. 1998; Nasdala et al. 2001): 

 

Ὀ ψ Ȣ  Ȣ   Ȣ  Ȣ

 Ȣ   ȢὩ ρ  χ Ȣ  Ȣ   Ȣ  Ȣ

 Ȣ   ȢὩ ρ 

                                     φ Ȣ
Ȣ   

 Ȣ   ȢὩ ρ                                                                  (1) 

 

 

 where Ὀ  denotes the total alpha dose in Ŭ-decay events/mg; D1, D2 and D3 refer 

to the measured actinide concentrations (in ppm) of 238U, 235U and 232Th, respectively; 

ɚ238, ɚ235 and ɚ232 are the respective decay constants (Steiger and Jäger, 1977), and NA 

denotes Avogadroôs number (6.022 Ĭ 1023 atoms/mol; Faure, 1991). Note that this 

equation assumes a present day U composition of 99.28 % 238U and 0.72 % 235U. Alpha 

doses are calculated for two different ages; t1 = crystallization age (i.e., pre-impact alpha-

dose) an t2 = impact age (post-impact alpha-dose, assuming complete annealing of damage 

domains upon impact).  

In both scenarios, the cumulative average alpha dosage is several orders of 

magnitude greater than is required to induce the crystalline ï metamict transition (~ 5 × 

1013 Ŭ-decay events/mg; Ewing et al., 1995). Crystalline (S0-c) zircons with no visible 

metamict features contain lower common Pb (206Pb/204Pb ~ 5312), high radiogenic Pb 

(>99.3 % Pb*) and post-impact Ŭ-dosages of < 5 × 1015 Ŭ-decay events/mg (Table A5.2.4). 

Comparatively, zircons with metamict textures have significantly higher common Pb (i.e., 
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206Pb/204Pb < 3400), lower amounts of radiogenic Pb (96 ï 98 % Pb*), and cumulative 

post-impact alpha dosages of > 2 × 1016 Ŭ-decay events/mg (Table A5.2.4). 

Due to the presence of common Pb incorporated during impact-induced 

recrystallization (i.e., granularization) and post-impact metamictization, a more judicious 

approach is required to avoid error propagations on lower intercept ages (Anderson, 2002). 

Limitations on measuring low 204Pb concentrations (e.g., ppb level) in zircon imposed by 

LA-ICP-MS instrumentation (McFarlane and Luo, 2012) means that common Pb 

corrections are only reliable for analyses with measurable net 204Pb signals (typically > 

100 cps in this study). The most reliable measurements are, therefore, those with high 

206Pb/204Pb where the effects of common Pb incorporation are minimized. To account for 

effects of common Pb, and to address issues related to metamictization, lower intercept 

ages are calculated based on a subset of the uncorrected data with > 9000 206Pb/204Pb, < 

1000 ppm U and > 99 % radiogenic Pb (% Pb*), 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 Ma 206Pb/238U; 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 (Fig. 3.10b). 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 magmatic crystallization of the target De Pas granitic suite (Corrigan et al., 

2018). The youngest discordant spot, with a 207Pb/235U age of 378 ± 10 Ma, is from the 

core of a metamict zircon with a post-impact (t2 = 450 Ma) alpha dose of 3.51 × 1016 (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 post-impact Pb loss from metamict domains. 

3.6 Discussion 

Multiphase U-Pb geochronology performed on apatite, titanite and zircon within impact 

melt-bearing breccias and clast-laden 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 impact event during the Late Ordovician, close to, or 

at, the Sandian-Katian boundary (Walker et al., 2018). Lower intercept ages of 444 ± 15 

Ma from titanite (Fig. 3.8a) and 433 ± 21 Ma from zircon (Fig. 3.9b) are both within error 

of apatite. However, the low error (± 5 Ma) and associated MSWD (1.2), the greater 

number of completely reset grains (n = 8), combined with rapid Pb-diffusion rates and 

resistance of apatite to recent Pb loss (see below), favour apatite as the more robust impact 

Figure 3.9. Zircon UïPb age calculations (Table A5.2.4). (a) Normal concordia plot highlighting the 

correlation between shock level/radiation damage and isotopic resetting. (b) Concordia plot of uncorrected 

analyses (>9000 206Pb/204Pb; <1000 ppm U; >99 % Pb*) with an upper intercept age of 1810 ± 13 Ma (MSWD 

= 2.6), and a lower intercept age of 433 Ñ 21 Ma (MSWD = 2.6). All data ellipses are 2ů. 
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chronometer of the three phases. In addition to being impact-event reset, all three dated 

phases retain pre-impact 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 (Corrigan et al., 2018). In contrast, apatite (1708 ± 11 Ma), 

which possesses the lowest blocking temperature compared to titanite and zircon, overlaps 

with previous K-Ar biotite dates (Wanless et al., 1970), and upper intercept U-Pb ages 

from zircons from metagranodiorite-hosted zircons (Corrigan et al., 2018) associated with 

metamorphic overprinting of the De Pas Suite at 1.8 ï 1.7 Ga. 

3.6.1 Lac La Moinerie and other Middle to Late Ordovician impact events 

An age of 453 ± 5 Ma for Lac La Moinerie places it within the ~ 460 ï 450 Ma 

period that defines a cluster of Middle to Late Ordovician impact events on Earth. These 

include; Decorah (464 ï 467 Ma), Hummeln (~ 443 ï 470 Ma), Kärdla (~ 455 Ma), Tvären 

(~ 455 Ma) and the Lockne-Mälingen crater-doublet (~ 458 Ma), as well as Lac La 

Couture, Ames, Brent, Calvin, Granby, Pilot Lake and Slate Island (Fig. 3.10; Table A2.1; 

Earth Impact Database 2019). Additionally, U-Pb dating of shocked zircons 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 ages, or large age errors; 

the ages obtained here for Lac La Moinerie so far being one of only a few high-precision 

radiometric determinations (Fig. 3.10; Table A2.1). Based on radiometric dating of L-

Chondrite meteorites (Korochantseva et al., 2007; Lindskog et al., 2017) and 

micrometeorite flux reconstructions (Martin et al., 2018), the disruption event occurred in 

the asteroid belt during the Middle Ordovician at ~ 467 Ma.
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The majority of these potentially associated impact events, including Lac La Moinerie, 

are post-breakup of the L-Chondrite parent body (Ormö et al., 2014; Martin et al., 2018), 

which would be compatible with a protracted (2 ï 30 Ma) asteroid delivery window to 

Earth (Zappala 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 Harper, 2018) rather than enhancing it (cf., Schmitz et al., 2008). 

3.6.2 U-Pb systematics of shocked apatite and titanite 

In this study, the use of in situ LA-ICP-MS U-Pb geochronology has allowed U-

Pb systematics of datable minerals to be assessed based on their petrographic context and 

microstructural characteristics. Apatite and titanite grains occurring as inclusions within 

lithic clasts, or as mineral fragments in the clastic matrix, retain initial U-Pb compositions 

and preserve pre-impact or partially reset ages. In comparison, those that were juxtaposed 

with superheated 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 either un reset or partially reset (Figs. 3.7a; Fig. 3.8a). 

Figure 3.10. Age constraints of known impact craters interpreted to be potentially linked to the LïChondrite 

parent body breakup event. Circles are colour-coded based on the dating method used, with references for 

respective ages provided in Table A2.1.  
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For apatite, grains with micro-vesicles are only slightly reset (Fig. 3.7a), while only a 

single titanite grain which contains minor vesicles, and is situated within impact melt, is 

completely reset and defines the impact regression (Fig. 3.8a).  

These results demonstrate a strong relationship between U-Pb resetting and the 

proximity of grains to impact melt rather than microstructures alone, suggesting that 

isotopic resetting is primarily thermally driven in these phases. The observed variation in 

U-Pb ratios in grains from different microstructural groups (i.e., planar fractures, micro-

vesicles), where grains with micro-vesicles within impact melt are completely reset, 

demonstrates that the extent of reset may be influenced by microstructure. However, the 

observation of a weakly shocked (i.e., moderately vesiculated) titanite immersed in impact 

melt, and seemingly unshocked apatites that are completely reset, suggests that interaction 

with superheated melt plays the principal role in facilitating isotopic resetting in both 

apatite and titanite. Furthermore, this suggests that, unlike zircon, diffusion in apatite and 

titanite is facilitated by a combination of both microstructure, and more importantly, 

interaction with superheated melt.  

While the relationship between petrographic setting and resetting has previously 

been observed in apatite within melt-bearing breccias (i.e., Nicholson Lake; Chapter 2 

(McGregor et al., 2018)), this study is the first to document a comparable relationship 

between melt proximity and U-Pb systematics in titanite in the same lithology. The 

observation of partial resetting of grains with planar microstructures in titanite supports 

previous observations by Papapavlou et al. (2018). However, the relationship between 

reset and micro-vesicular titanites, and partial Pb loss in apatites with planar 

microstructures, as demonstrated here, has not previously been documented, nor have 
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these phases been dated in impact melt-bearing breccias, and thus highlights the utility of 

shocked titanites and apatite within impact melt bearing breccias for obtaining impact 

ages. 

3.6.3 Post-impact 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 and pre-impact 

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 (Fig. 3.9a) (Moser et al., 2011; Cavosie and Centeno, 2014), with 

additional contributions from pre- and post-impact radiation damage (cf., Nicholson Lake; 

McGregor et al., 2018).  

The presence of Al2O3, CaO, TiO2, FeO and common Pb in metamict zircons, 

which are below detection limits in crystalline zircon (Table 3.1), supports the 

interpretation that metamict zircons are susceptible to post-impact alteration, recent post-

impact Pb loss and subsequent incorporation of common Pb (and, potentially, water). The 

approach used here to calculate zircon intercept ages involved using uncorrected data with 

high 206Pb/204Pb and low U to mitigate potential errors due to common Pb and 

metamictization. This efficiently removes the 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 impact-age resetting (Fig. 3.9a), subsequent post-impact metamictization of 

zircon facilitates recent Pb loss, and may yield anomalously young ages (Fig. 3.9b).  
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Therefore, while metamict zircons may be used to obtain impact ages, careful 

filtering (i.e., > 9000 206Pb/204Pb, <1000 ppm U and > 99 % radiogenic Pb (% Pb*)) of U-

Pb datasets is crucial to obtain geologically meaningful results. The presence of reversely 

discordant analyses on ZrO2 bearing (SIV) zircons is interpreted to be the result of matrix 

mismatching between zircon and ZrO2, similar to previous documentation by Crow et al. 

(2017) in shocked lunar zircons. The presence of impact melt dispersed between zircon 

granules may also cause matrix bias. Caution must be taken when dating these grains using 

LA-ICP-MS, in which spots sizes are significantly larger than, for example, SIMS, and 

therefore ZrO2 bearing grains should be excluded from age calculations unless matrix 

mismatch is accounted for. 

3.6.4 Apatite as a robust impact chronometer 

Due to apatiteôs crystallographic structure and the diffusional behavior of Pb, it is  

reasoned that, in comparison to titanite and zircon, apatite is the more reliable 

geochronometer when using shocked phases in melt-bearing rocks 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., P-O, Ti-O and Si-O; Kerr, 1984; Ewing et al., 1995). Thus, due to the lower bond 

strength of P-O in apatite, with an energy barrier for recrystallization of 143 kcal/mol 

(Kerr, 1984), apatite can anneal damage as it accumulates. In contrast, the Si-O bonds of 

zircon have a higher energy barrier for rejoining (i.e., recrystallizing), with activation 

energies of 194 kcal/mol required for complete recrystallization of amorphous domains 

(Kerr, 1984; Ewing et al., 1995). Similarly, titanite, which contains both Ti-O (159 

kcal/mol; Kerr, 1984) and Si-O bonds, has an intermediate energy barrier for 



 

66 

    

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 s at 600 ï 1200 

°C, given a typical diffusion coefficient value of 1.27 × 10ī8 cm2 sī1 (D defects), and a 

standard depth profile of 0.1 ɛm (Cherniak, 2010). Therefore, given the superheated 

temperatures (> 1700 °C) realized upon impact, any metamict domains in apatite would 

have been annealed extremely rapidly. In comparison, zircon has a much higher D defect 

value (7.8 × 10ī2 cm2 sī1; Cherniak, 2010), with complete recrystallization of defect-free 

zircon (i.e., annealing) requiring temperatures to be maintained at T > 1100 °C for several 

minutes to hours. However, due to the presence of dislocations, grain boundaries and 

shock-related defects in shocked zircons, which lower the activation energy for 

recrystallization, this temperature is likely to be less than that required for a defect-free 

zircon. Regardless, while these temperatures are achievable in superheated melt-bearing 

lithologies, due to temperature heterogeneities within melt-bearing impactites not all 

zircons would have been sufficiently recrystallized to completely anneal any pre-existing 

amorphous domains prior to quenching. Therefore, while pre-impact metamict zircons are 

susceptible to impact-age resetting, these same domains (in addition to post-impact 

metamict domains), are more prone to post-impact Pb loss than either apatite or titanite, 

resulting in error propagation on lower intercept ages (i.e., Fig. 3.9b).  

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 further discussion. 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 impact-reset population of apatite 

(n = 8) compared to titanite (n = 3). Moreover, experimental results by Cherniak (1993) 

demonstrate that the original Pb isotope ratios are more readily retained in titanite than 

apatite at temperatures < 850 °C, which would explain why minimal resetting is 

experienced by titanite in this study. 

3.7 Conclusions 

[1] The Lac La Moinerie impact event occurred at 453 ± 5 Ma during the Late 

Ordovician (at, or close to, the Sandian-Katian boundary). It is a new addition to the 

cluster of Middle ï to ï Late Ordovician impact structures arising from the proposed 

enhanced asteroid flux to Earth following the L-Chondrite parent body breakup event at 

~ 470 Ma. 

[2] Ages associated with the plutonic and tectonic history of basement units have 

also been determined, with both primary (1.84 ï 1.81 Ga from titanite and zircon) and 

metamorphic (~ 1.7 Ga from apatite) ages 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 retain pre-impact 

basement or partially reset ages. 

[4] This study validates the use of apatite and titanite as suitable U-Pb impact 

chronometers when occurring as shocked phases within impact melt-bearing breccias. It 
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is demonstrated that the U-Pb isotope systematics of impact-modified accessory phases 

are controlled by a combination of thermally driven (i.e., juxtaposition relative to impact 

melt and duration of heating) and, to a lesser degree, deformation-enhanced diffusion 

processes (i.e., recrystallization/granularization and metamictization).  

[5] Due to the small age error (± 5) and low MSWD (1.2), apatite is interpreted to 

be the most robust impact chronometer of all three phases, at least when occurring within 

impact melt-bearing rocks. This is interpreted to be the result of rapid Pb-diffusion rates, 

low U concentrations and apatiteôs ability to rapidly anneal radiation damage. 

Furthermore, the documentation of recrystallization textures in shocked apatites, the first 

such observation from a terrestrial impacts structure, is similar to those observed in 

shocked zircons, and demonstrates its potential utility for accurately and precisely 

recording impact ages. 

[6] The U-Pb geochronology of zircon presented here highlights the significance 

of pre-impact structural damage (i.e., metamictization) on U-Pb systematics. Metamict 

domains in pre-impact grains facilitate enhanced impact-induced Pb loss. It is further 

demonstrated that post-impact metamictization results in significant post-impact (recent) 

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) Multiphase UïPb geochronology of 

sintered breccias from the Steen River impact structure, Canada: Mixed target considerations for a 

Jurassic-Cretaceous boundary event. Geochemica et Cosmochimica Acta. 274: 136ï156.  
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4.1 Abstract 

In situ U-Pb geochronology has been conducted using laser ablation inductively coupled 

plasma mass spectrometry (LA-ICP-MS) on shocked and thermally metamorphosed 

apatite, titanite, and zircon grains from the Steen River impact structure, Canada. The 

dated relict mineral phases occur within impact melt-bearing breccias that underwent post-

deposition sintering at 450 °C > T < 800 °C. Apatite yields a refined lower intercept age 

of 141 ± 4 Ma, which is interpreted as the best estimate age for the Steen River impact 

event. Titanite was only partially reset; yielding a lower intercept age of 113 ± 41 Ma. 

Zircon yields a lower intercept age of 120 ± 14 Ma, which is considered a minimum best-

estimate impact age. The most reset zircon analyses that control this lower intercept are 

complicated by combinations of common Pb incorporation, and recent Pb loss associated 

with granularized and radiation-damaged (metamict) domains. All three phases preserve 

Paleoproterozoic crystalline basement ages, with a single concordant 206Pb/238U age of 

1914 ± 39 Ma from apatite, an upper intercept age of 1882 ± 11 Ma from zircon, and an 

upper intercept age of 1842 ± 9 Ma from titanite. For apatite, the degree of isotopic 

resetting is largely thermally controlled, with the extent of reset closely 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., planar fractures, 

micro-vesicles, and recrystallized domains). While titanite records an impact age that falls 

within error of apatite and zircon, the majority of grains experienced only partial isotopic 

resetting, which is attributed to incomplete Pb loss associated with rapid cooling and post-

depositional sintering of the breccia matrix below the titanite closure temperature (<800 

°C). In zircon, ancient (impact) Pb loss was facilitated along defect-related, fast-diffusion 
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pathways within pre-impact metamict domains, shock defects, and via impact-induced 

recrystallization. These same domains were also subject to recent (post-impact) Pb loss 

and common Pb contamination, significantly compromising the reliability of zircon ages. 

The distribution of U-Pb ratios in apatite and titanite is unlike those observed in crystalline 

targets, a feature that is interpreted to be characteristic of impact structures developed in 

mixed (sedimentary-crystalline) targets, such as Steen River. In this case, disaggregated 

melt systems create thermal regimes distinct from those derived from predominantly 

igneous/metamorphic targets. With an age of 141 ± 4 Ma, Steen River joins the Dellen 

(Sweden), Gosses Bluff (Australia), Mjolnir (Barents Sea), and Morokweng (South 

Africa) impact structures in being formed at, or close to, the Jurassic-Cretaceous 

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 precision geochronology. Whole-rock K-Ar and Rb-Sr ages obtained from a 

ñvesicular pyroclastic rockò indicate formation at 91 ± 7 Ma (Carrigy and Short, 1968; 

corrected using the decay constants of Steiger and Jäger, 1977). However, this age 

conflicts with recently acquired stratigraphic evidence from the overlying (post-impact; 

~180 m thick) Cretaceous Albian Loon River Formation, which is now dated at 108 ± 0.66 

Ma (zircon ID-TIMS U-Pb; Hathway et al., 2013), and therefore requires the impact event 

to be >108 Ma in age. The Steen River impact structure (SRIS) is located in northwestern 

Alberta, Canada (59°31ôN; 117°39ôW) (Fig. 4.1a). It was formed within mixed target 

rocks of the Western Canada Sedimentary Basin, and is now completely buried beneath 
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~200 m of Albian (Cretaceous) marine shale and sandstone (Fig. 4.1b, c). The structure 

was discovered in the 1960s as a result of resource-oriented seismic surveys, field studies 

and drilling. Drill core/cutting samples reveal features comparable to those produced by 

nuclear explosion (Carrigy and Short, 1968), and indicative shock metamorphism 

characteristic of hypervelocity impact (Winzer, 1972). Despite its relatively remote 

location, Steen River and the surrounding undisturbed stratigraphy 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 NW-SE, ~20 km NE-SW), complex 

impact structure defined by a 20 ï 50 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 rocks of the Great Bear magmatic arc and 

the Hottah accreted terrane. The basement is elevated ~800 ï 1000 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 impact, 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 

(1875 ï 1850 Ma; Hildebrand et al., 1987, 2010), which are in faulted contact with the 

Hottah accreted terrane (1890 ï 1915 Ma; Ootes et al., 2015); the latter comprising 

metamorphosed volcanic and back-arc sedimentary rocks, and a felsic plutonic complex 

(Fig. 4.1a). These basement units are juxtaposed to the southeast with the Kistuan 

magmatic arc and the Chinchaga accreted terrane along the Great Slave Lake shear zone 

(Fig. 4.1a).
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Figure 4.1. Regional and local geology of the Steen River impact structure (SRIS). (a) Geographic location (top left insert) and basement geology of the 

SRIS. Dashed outline represents crater location, with the inner circle approximating the ~8 km base of central uplift and the outer circle delineating the 

structural rim (20 ï 25 km). White dots represent drill core locations, with ST003 relevant to this study. (b) Cross section of the SRIS along line B ï Bô 

showing location of ST003 drill core (c) Stratigraphic column of northwest Alberta and relative location to the SRIS event. (d) Simplified ST003 drill 

core stratigraphy showing the locations of samples investigated in this study. Modified from Walton et al. (2019) and MacLagan et al. (2018). 
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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. 4.1c). A major regional angular unconformity (the sub-Cretaceous 

unconformity) separates the Devonian sequence from overlying material (Fig. 4.1c). 

Above this, post-impact 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 postdates the impact, although approximately 

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 the succession 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 melt-bearing breccias intersected by a continuous diamond drill core 

(ST003) were sampled for this study (Fig. 4.1d). The ST003 drill core intersects 206 m of 

postimpact sedimentary deposits, a 164 m sequence of impact melt-bearing breccias, and 

11 m of shock-veined 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 ST003 drill 

core (Fig. 4.1d; Table A1.3). The mineralogy, texture, 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 matrix-supported shocked mineral and 

lithic fragments, and black ï to ï red ï coloured bodies of quenched impact melt. These 

submillimetre to cm-size clasts of impact melt are generally elongate, variably vesiculated 

and exhibit a contorted, flow-banded appearance (Fig. 4.2a). The average melt volume for 

the breccias is ~19 % (MacLagan et al., 2018). In this context, the ñmatrixò refers to the 

submillimetre-size fraction interstitial to the macroscopic clasts (impact melt, lithic and 

mineral), although this is somewhat an arbitrary definition as there is a continuum between 

centimetre ï to ï submillimetre-sized breccia components (Fig. 4.2a ï d). Lithic clasts are 

predominantly granitic (except for billet SR753, which is dominated by sedimentary 

clasts), composed mostly of coarse-grained feldspar and quartz, minor biotite and 

amphibole, and accessory apatite, titanite, and zircon (Fig. 4.2b). Mineral fragments are 

dominantly feldspar and quartz, which exhibit evidence of shock-related deformation and 

transformation effects, including partial amorphization, mosaicism, and planar 

deformation features (Fig. 4.2d). Thermally decomposed biotite and amphibole are also 

present. The entire ~164 m breccia sequence has been pervasively affected by 

hydrothermal alteration associated with Na-K metasomatism. This hydrothermal system 

precipitated secondary albite, adularia, Na-Ca zeolites, calcite, Fe-sulfides 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 meltïbearing breccia at Steen River, intersected by the ST003 

core. (a) Photograph of the polished surface of a rock tile / billet of sample SR950. This rock was collected 

at a depth of 289.56 m (950 feet). At this depth, the breccia comprises clasts of dark impact melt, shocked 

granite and minerals embedded in a greenïcoloured, fine-grained matrix. An example of a partially-melted 

and deformed cm-size granitic clast rimmed by flowïtextured impact melt can be seen on the bottom left half 

of the image. (b) BSE image of a granitic clast entrained within the breccia, composed of thermally 

decomposed biotite (Bt), vesiculated feldspar (Fsp), quartz (Qtz) and zircon (Zrn). Smaller clasts of impact 

melt (IM) are shown by the arrows. (c) The contact between the breccia matrix (left) and an impact melt clast 

(right). (d) A higher magnification BSE image of the breccia matrix / impact melt contact. A grain of partially 

dissolved quartz (Qtz) entrained within impact melt of approximately feldspathic composition (CaïNaïKï

AlïSiïrich). Former rounded vesicles (black in BSE images) are lined by euhedral Kïfeldspar rhomboids 

formed by hydrothermal alteration (Kspar). (e) BSE image of the breccia matrix containing shocked quartz 

grains (Qtz), newly formed highïCa pyroxene (Cpx) and magnesioferrite (Mg-Fer).   
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The matrix in SR753 (from the upper ~10 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 (Fig. 4.3c, d). The upper section (i.e., 

SR753) is dominated by clasts derived from sedimentary lithologies, including limestone 

and shale. In contrast, the breccia matrix in samples SR950 and SR933 is distinctly green, 

owing to the abundance of green-coloured high-Ca pyroxene (augite-diopside) and high-

Ca garnet (grossular-andradite), and is dominated by quartzo-feldspathic lithic clasts 

derived from the crystalline basement (Fig. 4.2a). These breccias are considered 

ñrecrystallizedò due to the development of new high-temperature minerals: clinopyroxene 

+ garnet + sanidine + titanite + magnesioferrite (Fig. 4.2e; Fig. 3e, f) [Note that this titanite 

species is < 33 µm in size, so not amenable to LA-ICP-MS analysis].  

The recrystallized matrix was generated by solid-state grain growth at 

temperatures estimated to have been within the range 639 ï 824 °C based on thermal 

models (Walton et al., 2017). Originally, the now recrystallized matrix was probably a 

mixture of granitic and Ca-rich target lithologies (carbonates and Ca sulfates), the latter 

accounting for the high calcium content that was partitioned into the newly-formed Ca-

bearing phases. In this scenario, it was the finest grained matrix fraction with the highest 

surface-to-volume ratio in highly shocked, metastable states that recrystallized. In this 

respect, the process is akin to sintering, wherein disaggregated material is heated to 

temperatures in excess of approximately half their melting point (>0.5 Tm, but < Tm) to 

generate a cohesive solid. This occurs via solid-state grain boundary bonding, grain 

growth, neo-crystallization, and densification (e.g., Spray, 2016). Here, these breccias are 

referred to as ñrecrystallized-clasticò to account for the matrix comprising recrystallized 
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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 devolatilization of sedimentary target rocks, and residual heat 

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 recrystallized-clastic impact melt-

bearing breccias were selected for U-Pb dating based on their textural setting (Fig. 4.3) 

and shock microstructures identified in BSE images (Fig. 4.4). Both phases occur in three 

major textural settings: (1) as inclusions in lithic clasts (Fig. 4.3a, b); (2) as mineral clasts 

within the clastic matrix (i.e., SR753 and SR1197; Fig. 4.3c, d) or the recrystallized matrix 

(i.e., SR933 and SR950; Fig. 4.3e, f); and (3) as mineral clasts immersed in, or juxtaposed 

with, impact melt (Fig. 4.3g, h). 

Various impact-related microstructures were documented in both apatite and 

titanite grains. These include: partial to complete recrystallization textures, similar to 

those observed at the Lac La Moinerie (i.e., Chapter 3: McGregor et al., 2019a, 2019b) 

and Paasselka (Kenny et al., 2020) impact structures; micro-vesicles comparable to those 

at Nicholson Lake (i.e., Chapter 2; McGregor et al., 2018), and planar fractures as found 

at Santa Fe (Cavosie and Centeno, 2014) and Nicholson Lake (Chapter 2; McGregor et 

al., 2018). Micro-vesicle-bearing apatite grains are associated with impact melt or the 

recrystallized-clastic matrix, with micro-vesicles occurring as <3 µm diameter, circular 

óbubblesô that are either randomly dispersed, or occur as sub-linear to linear arrays (Fig. 

4.4a). Two types of micro-vesicles are observed in titanite: (1) larger (>3 µm) vesicles, 
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which are variably shaped, randomly distributed, and infilled by a lower density phase, 

possibly impact melt glass (Fig. 4.4b); and (2) smaller (<3 µm), randomly distributed, 

more rounded vesicles, which are comparable to those observed in apatite (Fig. 4.4d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. BSE images indicating the various textural settings of apatite and titanite grains selected for U ï 
Pb geochronology. Four main textural settings are distinguished: (a) and (b) inclusions in lithic clasts; (c) 

and (d) mineral clasts in the clastic matrix (i.e., SR753 and SR1197); (e) and (f) mineral clasts in the 

recrystallized (sintered) breccia matrix (i.e., SR933 and SR950). (g) and (h) mineral clasts situated within 

impact melt fragments. 
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Similar to apatite, all micro-vesicular titanite grains occur either within the 

recrystallized matrix or are associated with impact melt. Given that micro-vesicles have 

so far only been identified in apatite and titanite grains occurring as mineral clasts within 

impact melt-bearing breccias (i.e., Nicholson Lake (McGregor et al., 2018) and Lac La 

Moinerie (McGregor et al., 2019a)), they probably formed in response to the extreme 

temperatures realized during grain interaction with superheated impact melt and hot target 

materials, rather than being pressure induced. Two types of recrystallization texture are 

observed in apatite grains (Fig. 4.4c, e). Type 1 is considered partially recrystallized, with 

new apatites forming around relict host grains either as laths possessing hexagonal (c axis) 

cross-sections (referred to as microcrystals or crystallites), or as rounded to sub-rounded 

grains (referred to as neoblasts) (e.g., Fig. 4.4c). Type 2 recrystallized apatite is considered 

completely recrystallized, with entire relict grains comprising sub-rounded, impinging 

neoblasts of variable size (Fig. 4.4e). These textures are similar to those from the Lac La 

Moinerie impact structure, where complete recrystallization was first observed in 

terrestrially shocked apatite (McGregor et al., 2019a, 2019b). Recent applications of 

electron backscattered diffraction (EBSD) on shocked apatite show that recrystallization 

textures may not be readily observable in BSE (Cêrnok 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 crystallites may have 

been readily observable (i.e., McGregor et al., 2019c). No recrystallization textures were 

observed in titanite. 

Multiple, intersecting planar fractures with different orientations are observed in 

both titanite and apatite grains (Fig. 4.4). Planar structures in apatite typically occur as 
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single or 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 (Papapavlou et al., 2018). Shock induced micro-twins have recently 

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

Figure 4.4. Shock microstructures in apatite and titanite. (a) Apatite within impact melt fragment containing 

linear to sublinear arrays of vesicles (<3 ‘Í  diameter). (b) Variably sized (>3 to <1 ‘m) and shaped micro-

vesicles in titanite, randomly distributed and infilled by both lateïstage Feïoxides and a lower density impact 

melt phase. (c) Partially recrystallized apatite with evidence for recrystallization only visible along grain rims 

as both subïrounded neoblasts or as lathïshaped crystallites. (d) Titanite containing small (<3 ‘m), randomly 

distributed microïvesicles. (e) Completely recrystallized apatite with wellïformed, subïrounded neoblasts 

of various sizes. (f) Intersecting planar fractures in titanite coexisting with microïvesicles.  
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 Nor were any linear arrays of micro-vesicles observed, such as those observed in 

titanite from Lac La Moinerie (Chapter 3; McGregor et al., 2019b), which would be 

consitant with melt-injection along micro-twin interfaces (Moser et al., 2011). 

4.4.2 Zircon 

A range of shock microstructures are observed in 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 scheme of Wittmann et al. (2006) and 

Schmieder et al. (2015) is used here, where grains are distinguished texturally (i.e., T0 ï 

V). While this texture-based scale is not directly equivalent to the shock stages of Stöffler 

(1971), it is applied here in order to filter the LA-ICP-MS data and understand the 

relationship between resetting and estimated shock level. 

Type 0/I zircons are defined as either crystalline (T0/I-c) or metamict (T0/I-m) 

(Fig. 4.5). Crystalline zircons exhibit non-planar fractures (NPFs) and appear óóclearò, 

with no evidence of alteration (Fig. 4.5a). Metamict zircons have radially fractured rims 

and heavily damaged cores with a distinct porous texture (e.g., Fig. 4.5b). TIV zircons are 

classified based on the presence of ZrO2, formed by the thermal dissociation of zircon at 

temperatures > 1673 °C (Timms et al., 2017 and references therein). These grains have 

granular-textured cores with partial dissociation rims of ZrO2, that are dispersed into the 

surrounding matrix (Fig. 4.5c, d). In these grains, zircon cores are composed of impinging, 

rounded to sub-rounded neoblasts of similar size (<5 µm) (Fig. 4.5c insert), or comprise 

both rounded/sub-rounded, and more angular/blocky neoblasts (1 ï 6 µm) with inclusions 

of a darker (BSE) phase (probably silica glass), and larger domains that appear vesicular 
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(Fig. 4.5d). In contrast to TIV zircon, TV zircon is entirely granular, ZrO2 is absent, and 

zircon neoblasts are distributed throughout entire grains (Fig. 4.5e, f). 

Figure 4.5. Shock microstructures in zircon classified using the texturally based shock schemes from 

Wittmann et al. (2006) and Schmieder et al. (2015) (i.e., T0 ï TV). (a) Crystalline (T0/1 ï c) zircon situated 

within crystalline impact melt. (b) Metamict (T0/I ï m) zircon occurring as inclusion within large granitic 

clast. (c) and (d) TIV zircons containing granular zircon cores and ZrO2 rims. (e) and (f) Representative 

images of TV zircons composed entirely of rounded to sub-rounded granular zircon.  

 




































































































































































































































































































































































