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Abstract 

Large (>100 km) impact events have shaped the surfaces of terrestrial bodies in the inner Solar 

System. They have fundamentally altered the Earth’s geochemistry and may even have contributed 

to making the Earth habitable. Early collision, during accretion, resulted in proto-planets evolving 

from a bulk chondritic composition to the modern non-chondritic compositions of planets. The 

considerable post-accretion influx of large to giant impactors on Earth, culminating in the late 

heavy bombardment (LHB), destroyed almost all of the proto-crust through vaporisation, mixing 

and resurfacing. With a sufficiently hot geothermal gradient, the largest impact events (> 200 km 

craters) also likely generated magmatism through decompression melting, which could have led to 

the emplacement of large igneous provinces (LIPs).  

This thesis presents in situ geochemical investigations of impactites from one impact ejecta 

layer, the 1.1 Ga Stac Fada Member (Scotland), and two impact craters, the 1.85 Ga Sudbury basin 

(Canada) and the 65 Ma Chicxulub structure (Mexico). Analysis of juvenile green vitric products 

from the Stac Fada Member has succeeded in isolating the chondritic siderophile element cargo. 

Detailed Pb isotope examination of the Sudbury impact basin melt sheet and lower basin infill 

identified considerable (>95%) Pb depletion. Additionally, magma-seawater interaction is shown to 

have resulted in a more pronounced, volatile metal loss. In situ rare earth element investigations 

reveal a deep lithosphere origin of melt fragments found in both Sudbury and Chicxulub 

impactites. New Nd isotope data on selected vitric components indicate that basalt from 
decompression melting assimilated Palaeo- or Mesoarchean lower crust en-route to the surface.  

This work provides empirical evidence for several new insights: i) Extra-terrestrial 

siderophile elements from meteorite impacts were transferred to magnesian glass fragments in 

impactites. Weathering broke down the material and aided siderophile element migration into the 

mantle; ii) Collisional erosion has resulted in significant loss of moderately volatile metals. The 

moon-forming impact and the influx of Large (>100 km) impacts during the LHB contributed to 

the depletion of approximately 90% of the Earth’s original Pb budget; iii) New evidence of post-

impact magmatism has been discovered in large, Sudbury-sized impact structures; and iv) 

Lithospheric decompression melting associated with vertical movement of rocks during and 

immediately after impacts may have led to the emplacement of LIP into impact basins. 
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Chapter 1: Introduction 
 

1.1.  Context of thesis 
 

Impact events have been identified as key processes in the evolution of terrestrial bodies in 

the Solar System (e.g. Melosh and Ivanov, 1999; Campbell and O’Neill, 2012; Sharp and 

Draper, 2013; Boujibar et al., 2015). For many chemical elements, the bulk Earth resembles 

the composition of CI chondrites and other meteorites, yet it is moderately enriched in 

refractory siderophile elements and considerably depleted in volatile elements (e.g. Gast, 1960 

and Allègre et al., 2001). A considerable proportion of the Earth’s highly siderophile elements 

(HSE) were trapped during core formation, approximately 30 Ma after planetary accretion 

(McDonough, 2003). This event separated the Earth into two portions; the core and the bulk 

silicate Earth (BSE) which consists of the mantle and the lithosphere (McDonough and Sun, 

1995).  

The scarcity of known large impact craters on Earth can be attributed to destruction of the 

crust via plate tectonics or burial of craters either through volcanic resurfacing, auto-

obliteration of the crater (Jones et al. 2002), erosion or burial under sediment and/or water, like 

the Vredefort Structure in South Africa (Therriault et al., 1997), the Chixculub crater in 

Mexico (Claeys et al., 2003) and the impact that generated the Stac Fada Member ejecta layer 

in Scotland (Simms, 2015). Morphological evidence and spectral analysis from planetary 

bodies such as the Moon, Mars and Mercury have instead been used to infer the rate and size 

of impacts in the early Solar System (Melosh and Ivanov, 1999; Marchi et al., 2014). The first 

ca. 0.6 Ga following nebular collapse saw a period of intense collision with terrestrial bodies, 

culminating with the cataclysmic event known as the Late Heavy Bombardment (LHB) 

between 4.15 and 3.9 Ga (Marchi et al., 2014). 

 High energy collisional events between planetesimals during the late stages of accretion 

vaporised the proto-crust and upper mantle, with the more refractory elements re-condensing 

more favourably than volatile elements resulting in a more refractory rich crust (Boujibar et al., 

2015). Persistent meteoritic bombardment after core formation would likely have delivered 

additional HSE into the BSE as the so called late veneer (Kimura et al., 1974). Elevated HSE 

systematics have been identified in ejecta layers and spherule beds compared to the 

surrounding country rock (e.g. Alvarez et al., 1980; Lowe et al., 1989; Young, 1999; Amor et 

al., 2008, Petrus et al., 2015). Whole rock analysis on the ca. 12m thick Stac Fada Member 

highlighted Cr, Ni and PGE enrichment but the carriers of this meteoric signal have yet to be 
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discovered. In-situ analysis on spherule layers from the Barberton Greenstone belt identified 

micro-nuggets of Cr-Ni spinel to be the bearers of the HSE (Mohr-Westheide et al., 2015). On 

a local scale, this material was then redistributed by alteration (e.g. Glikson et al., 2016), and it 

may have taken up to 1.5 Ga to fully sequester the global late veneer into the upper mantle 

(Maier et al., 2009).  

The Moon-forming collision between the proto-Earth and a Mars-sized body occurred ca. 

50 Ma after nebular collapse (Canup and Asphaug, 2001). Large fractions of material from the 

BSE, significantly the incompatible volatile elements from the proto-crust, may have been lost 

following impact of this magnitude (e.g. Agnor et al. 1999; Agnor and Asphaug 2004). In the 

subsequent 0.6 Ga, the Hadean crust was pummelled by impacts of varying size, and by the 

end of the LHB at 3.9 Ga perhaps only approximately 30% original Hadean crust remained 

(Marchi et al., 2014). The proto-crust was vaporised in early accretionary events, and later 

giant impact events, resulting in preferential loss of incompatible moderately volatile elements 

(O’Neill and Palme, 2008). The depletion of highly volatile elements, such as the hydrophilic 

halogens, Cl, Br and I, may have contributed to make the Earth habitable (Sharp and Draper, 

2013). Taking into account the compositions of the Earth’s crust, mantle and core (McLennan, 

2001; McDonough & Sun, 1995; McDonough, 2003) the Earth may have lost approximately 

85% of its original Pb budget (McDonough & Sun, 1995). O’Sullivan et al (2016) documented 

volatile metal loss at the Sudbury impact basin in Canada. The lowest units of the basin infill 

there display significant Pb depletion suggesting that loss of moderately volatile elements 

could be studied in terrestrial impact basins.  

Ronca (1966) used the Sudbury impact crater as evidence for volcanism being caused by 

large meteoritic impact, citing the work of Dietz and Butler (1964). Specifically, Ronca (1966) 

referred to Dietz and Butler’s (1964) proposal that there was evidence for volcanism in the 

immediate aftermath of the impact. Dietz and Butler (1964) interpreted a layered intrusion as a 

lopolith, having welled up into the impact crater. This tabular intrusion is now referred to as 

the Sudbury Igneous Complex (SIC) and while it still classifies as a lopolith it is known to be 

the crystallised impact melt sheet and not a post-impact magmatic product. The SIC is 

geochemically very similar to the assemblage of target rocks exposed at the surface, supporting 

the view that it is a product of impact melting rather than later volcanism (Stöffler et al 1994). 

More recently, Jones et al. (2002) and Elkins-Thanton and Hager (2005) looked at whether 

giant impacts could trigger very large scale igneous activity. One observation that motivated 

these proposals is that mass extinction events in the palaeontological record often coincide 

temporally with evidence for large igneous provinces (LIPs) as well as evidence for 

extraterrestrial projectiles. Rather than seeking to attribute the cause of mass extinctions to 
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either of these two events, Jones et al. (2002) proposed that they might be genetically related. 

Namely, the giant impact caused large scale melting and LIP emplacement and this combined 

with the physical effects of impact might have had devastating consequences for the biosphere. 

The difficulty of this proposal is that there are no bona fide geological features that would 

directly support giant impact-triggered mantle melting or LIP emplacement. Jones et al. (2002) 

argued that any geologic features of giant impacts that could have produced large scale 

magmatic activity would have been auto-obliterated. Examples of suggested possible indirect 

very large impact features include the Bushveld Complex, break up of tectonic plates, 

formation of oceanic plateaus and continental flood basalts such as the Deccan traps. In this 

context, Elkins-Tanton and Hager (2005) pointed to the possible significance of shocked 

minerals in 200 Ma old sedimentary rocks at the time of the Central Atlantic Magmatic 

Province suggesting the possibility that a giant impact could have caused this geological event. 

Regardless of the temporal coincidence, Elkins-Tanton and Hager (2005) contended that there 

was currently no unequivocal evidence for simultaneous occurrences of giant impacts and 

flood basalt emplacement on Earth.   

From a point of view of melting mechanisms, Jones et al. (2002) suggested that a Sudbury 

basin scale impact (ca. 200 km diameter crater) would trigger decompression melting if the 

impact occurred where geothermal gradients were high and the mantle temperature was 

already close to the solidus. Jones et al. (2002) also looked at the immediate and long-term 

theoretical effects of an impact by calculating the pressure and temperature conditions after the 

transient crater collapse, i.e. following the mass evacuation of crustal load and crustal isostatic 

rebound. Elkins-Tanton and Hager (2005) proposed that the isostatic rise could possibly 

initiate convection in the mantle resulting in adiabatic melting.  

The calculations by Jones et al. (2002) suggested that it is possible to generate large 

volumes of melt, enough to supply the Siberian traps, and that statistically speaking, impacts 

resulting in craters 200 km in size are expected to occur every 150 Ma, with craters 500 km in 

size every 450 Ma. Bottke et al. (2012) came up with similar estimates using the ratio of 

gravitational cross-sections of the Moon and the Earth. The authors estimated 68±8 Chicxulub 

sized craters should have been formed since 3.7-3.8 Ga. Of the projected ca. 25 craters over 

200 km in diameter, and the one to five that could exceed 500 km, most cannot be identified 

directly in the geological record due to auto obliteration or resurfacing. However, these 

projections are not universally accepted. Ivanov and Melosh (2003) conducted numerical 

models of impacts similar in size to those proposed by Jones et al. (2002) and found that the 

pressure release under the crater is smaller than suggested by Jones et al. (2002). Accordingly, 

whereas the initial transient crater can indeed get quite deep, the cavity soon deforms and 
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flattens, resulting in a far shallower final crater. Ivanov and Melosh (2003) calculated that the 

minimum crater size to generate mantle melting is 500 km in diameter. Furthermore, if it 

occurred in an area with a low geothermal gradient the crater would need to be at least 1200 

km in diameter.  Ivanov and Melosh (2003) also argued that there is no convincing correlation 

between impacts and the formation of LIPs but conceded that it is possible, but highly unlikely, 

that a large impact striking a young mantle hotspot could trigger a volcanic eruption. 

Studies of possible impact-triggered magmatism on Earth are frustrated by the frequent 

plate-tectonically driven reworking of the terrestrial surface and the consequent paucity of 

well-preserved large impact structures. It is therefore not surprising that there have been 

numerous papers looking at other planetary bodies in our Solar System to explore whether 

decompression melting could result from bolide impacts (e.g. Elkins-Tanton et al., 2004; 

Jozwiak et al., 2015; Ernst et al., 2015). Unlike on our own planet, it is possible to see the 

effects of the LHB on the Moon, on Mercury and parts of Mars where bombardment generated 

truly giant impact basins (e.g. Bottke et al. 2012). Elkins-Tanton et al. (2004) showed that 

between 98 and 100% of the melt calculated in giant impact models were generated through in-

situ decompression melting. Recent work by Jozwiak et al. (2015) suggested that the fractures 

created by impacts served as pathways for magma transport from the sub-crater region to the 

surface of the crater floor. Other topographical features noted by Jozwiak et al. (2015) include 

surface lava flows, vent formation and Vulcanian eruptions with pyroclastic deposits. Thomas 

et al. (2015) noted evidence of pyroclastic volcanism linked to faults around the central uplift 

of a Mercurian impact crater, using spectral analysis and morphological evidence collected 

from the MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) 

spacecraft. These more recent studies thus provided a new focus, away from impact-induced 

LIPs towards volcanism caused by impacts.  

In this context, Cañón-Tapia (2014) reviewed different triggers that can cause volcanic 

eruptions but did not consider a bolide impact to be a viable mechanism to cause volcanic 

activity for a number of different reasons, citing the numerical work carried out by Melosh and 

Ivanov (1999). Cañón-Tapia (2014) commented on the discrepancies between the time it 

would take for melt generation caused by an impact - on the order of a few minutes - and 

emplacement of the large volcanic provinces that usually lasted a much greater time interval, 

commonly on the order of 1 Ma. This discrepancy in timing was recently addressed by Jones 

(2014) with a new model on the time scale of decompression melting following a large impact 

(> 200 km impact). Accordingly, in the seconds and minutes following the impact, immediate, 

short-lived target rock melting in the transient crater occurs. However, as the crater is 

deformed through isostatic rebound, subsequent sub-crater decompression melting could 
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theoretically occur over a longer time frame, from minutes to thousands of years. Finally, over 

the following million years, there could be additional post-impact mantle up-flow 

decompression melting, resulting from post-impact mantle convection (Elkins-Tanton et al. 

2004). 

Importantly, Cañón-Tapia (2014) differentiated between impact-triggered volcanism and 

LIPS, arguing that glass fragments, bombs and suevites associated with impact structures such 

as those found in the Onaping Formation in the Sudbury basin, could indeed be considered a 

result of volcanic activity. The formation of volcanic rocks by impacts was also advocated by 

Branney and Brown (2011) in a study of the Stac Fada ejecta. However, Cañón-Tapia (2014) 

opposed the view that impacts could form LIPs and concluded, in a general context, that 

impacts were negligible triggers of volcanic eruptions. This conclusion contradicted the 

proposal by Marchi et al. (2014), who calculated that during the LHB, up to 70% of the 

terrestrial surface could have been reworked by impacts, including by melting and, in some 

cases repeatedly, in giant and very large impact basins. 

In summary, terrestrial studies of possible impact-related magmatism have been limited by 

the very small number of well-preserved large impact structures and the possibility of auto-

obliteration of giant impact structures. By contrast, studies of the much better preserved very 

large impact structures on the Moon and on Mercury rely heavily on morphological evidence 

with limited geological data available to test the time elapsed between crater formation and the 

emplacement of igneous rocks within the crater (e.g. Ernst et al., 2015). For this thesis, the 

well-preserved Sudbury impact basin and Stac Fada ejecta were revisited with a novel 

approach to in-situ geochemical analysis, to provide a more detailed understanding into the 

role impacts have played on the evolution of the early Earth. Additionally samples from the 

Chicxulub impact basin and from subaqueous volcanic rocks from the Greek island of Milos 

were investigated to give broader context to the study. 

 

1.2. Layout and themes of the Thesis 
 

The main aim of this PhD was to produce a thesis composed of a collection of thematically 

related peer-reviewed publications/manuscripts while also satisfying the remit of the Science 

Foundation Ireland grant (to Balz Kamber), which provided the funding for my PhD. A 

number of self-contained projects were devised, each forming a chapter of the thesis. Because 

each chapter represents an independent manuscript, comprehensive introductions and 

conclusions can be found in each. The last chapter provides a summarising conclusion and 
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outlook. The publication status of each chapter is identified at the outset and each chapter has 

been formatted for the thesis, regardless of original journal formatting. 

Chapter 2 presents a detailed investigation to identify the carrier of the extra-terrestrial 

cargo in the Stac Fada impact deposit, Scotland. Previous whole rock studies of the impactite 

noted elevated platinum group element (PGE) concentrations and extra-terrestrial Cr-isotope 

ratios (Amor et al., 2008) yet the signal carrier had remained elusive. My study focuses in 

particular on the importance of in situ analysis for teasing out discrete features not evident in 

whole rock studies. Additionally, the study discusses the mechanisms for delivery of highly 

siderophile elements (HSE), such as Ni, Cr and PGE, into the Earth’s lithosphere.  

In chapter 3 I investigate the plausible extent of Pb loss from the Earth through impact 

erosion and volatilisation. A key question was whether large impact events could have caused 

preferential volatile metal loss in the early Earth. The study revisits the 1.85 Ga Sudbury 

impact basin where recent publications (O’Sullivan et al., 2016; McNamara et al., 2017) had 

noted significant volatile metal depletion in the Sudbury Igneous Complex (SIC) and Onaping 

Formation; the melt sheet and the lower basin infill. In order to better determine the extent of 

volatile metal loss, samples were chosen from a complete transect of the basin from the base of 

the SIC through to the top of the Onaping Formation. I explored whether a collisional erosion 

model could provide a solution to the first terrestrial Pb isotope paradox; the rocks on the 

Earth’s surface significantly higher 206Pb/204Pb and 207Pb/204Pb than CI chondrites and their 

position to the right of the meteorite isochron (Allègre, 1969). To date, existing solutions 

suggested volatility-related loss to have occurred during accretion alone (e.g. Allègre et al., 

1982; Chauvel et al., 1995; Kramers and Tolstikhin, 1997; Murphy et al., 2002). 

The study presented in chapter 4 was part of a much larger comprehensive re-investigation 

of the Sudbury impact basin (e.g. Petrus et al. 2015, 2016; O’Sullivan et al. 2016; Kenny et al. 

2016; McNamara et al., 2017) which covered the base of the SIC through to the base of the 

Onwatin Formation. This paper revisits the Onaping Formation, the lowest portion of the 

unexpectedly thick Whitewater Group (Ames et al., 2002; Grieve et al., 2010). Grieve et al. 

(2010) suggested that the Onaping Formation formed via explosive meltsheet-seawater 

interaction, not simply as fallback material like previously believed (e.g. French, 1970; Dence, 

1972). We present new field and petrographic observations, which suggest that explosive 

meltsheet-seawater interaction is only applicable to the lower portion of the Onaping 

Formation. Instead we propose that the upper 1,000 km of the Onaping Formation was formed 

as a result of protracted volcanism sourced from reservoirs at a greater depth than the melt 

sheet. In situ SEM-EDX analysis was applied to obtain major element composition detailing 

the pervasive alteration that affects the devitrified shards throughout the stratigraphy.  
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In chapter 5 I investigate whether large impacts could destroy enough of the crust to induce 

magmatism through decompression melting. To date, modelling has been used to support this 

idea but it is by no means widely accepted (e.g. Jones et al., 2002; Ivanov and Melosh, 2003; 

Elkins-Thanton and Hager, 2005). The self-destructive nature of giant impacts might obliterate 

most empirical evidence that could be geologically identified. The Sudbury impact crater is 

large enough to have caused decompression melting (Jones et al., 2002) and it is also 

exceptionally preserved and easily accessible, unlike Vredefort and Chicxulub. The study 

presented in chapter 4 discusses the presence of two distinct devitrified shard varieties and 

suggests that they originated from two distinct sources. The beige coloured fluidal fragments 

formed following interaction of seawater with the molten meltsheet whereas the green shards 

were sourced from a deeper reservoir. In order to gain better insight into the origin of the vitric 

shards, as well as understanding the context of the bombs and aphanitic dykes, in situ LA-ICP-

MS analytical techniques were utilised. The purpose of this analysis was primarily to 

determine the rare earth element (REE) composition of both shard varieties. Further analysis 

was undertaken using solution ICP-MS on carefully selected hand-picked samples of vitric 

products to verify the analytical veracity of the in situ data. Finally, Nd isotope data were 

obtained in an aim to more conclusively determine the reservoir that produced the devitrified 

green shards. In order to provide global context to the study two additional impact deposits 

were selected for similar examination; the 66 Ma Chicxulub impact crater and the Mexico 

(Claeys et al., 2003). Claeys et al. (2003) compared the Chicxulub suevite with the Onaping 

formation in Sudbury due to the presence of different melt clast types. As the ca. 200 km 

Chicxulub impact structure is buried beneath the Yucatan peninsula, samples were obtained 

from the Yaxcopoil-1 drill core. Finally, subaqueous volcanic samples were collected from 

Milos, Greece. The purpose of this comparison was to determine the geochemical effects of 

melt-seawater interaction on trace elements.  

Chapter 6 is the synthesis of the results gathered from the observations presented in the 

core chapters of the thesis and an essay on the wider implications of the new findings for the 

evolution of the Earth following nebular collapse through to the Archean era in terms of 

removal of volatile incompatible elements, addition of refractory siderophile elements and 

reworking of the Hadean crust.  

 

1.3. Co-author statement  
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The four core chapters (2-5) of this thesis consist of one published paper and three 

submitted manuscripts. All four are multi-authored and I am the lead author on three of these 

works. I wrote the lead-authored manuscripts in their entirety. Detailed roles of the co-authors 

are listed below. 

Teresa Ubide, University of Queensland, Brisbane, was the first author of the article that 

constitutes Chapter 4. My contribution to this paper was to provide leadership for the field 

campaign that underpinned the study, create thin section scans, take photo-micrographs of key 

features, and preform detailed petrography of the samples used in the study. I also preformed 

all the in-situ geochemical analyses using SEM-EDX and LA-ICP-MS, crafted figures 9, 10, 

11, 12, 13 and 14 and provided editorial input into the manuscript. Dr. Ubide also provided 

assistance with sampling, field context and editorial comments on Chapter 5. 

Joseph Petrus, University of Melbourne, Parkville, contributed Cr, Ni and PGE analyses to 

complement the analyses which I completed at Trinity College Dublin. He also provided 

editorial comments for Chapter 2. He contributed samples, discussion and editorial comments 

for Chapters 3 and 5. 

Mike Simms, National Museums Northern Ireland, Belfast, provided samples and location 

descriptions from the Stac Fada Member and editorial comments on Chapter 2. 

Edel O’Sullivan, Universität Bern, Bern, provided hand-picked samples from the Onaping 

Formation for the study presented in Chapter 3. She assisted with sampling, field petrography 

and solution data from the Onaping Formation matrix for Chapter 5, as well as editorial 
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Abstract 
 

The mantle is curiously enriched in highly siderophile elements (HSE) relative to the values 

that might be expected following core formation. Cargo from meteoritic bombardment after 

core formation - the late veneer - has been suggested as a mechanism to add HSE into the 

upper lithosphere. We present new geochemical data from the 1.18 Ga Stac Fada Member 

impact ejecta layer, exposed on the northwestern coast of Scotland. Previous studies have 

found significant HSE elevation compared to the surrounding rock yet the physical carriers of 

this signal were not identified. Our in situ geochemical analyses attributes elevated HSE 

content to the green vesicular devitrified glass fragments. These have unusually high Ni/Cr and 

are significantly enriched in HSE compared to the suspected target lithologies. The origin of 

the mafic melt precursor is unknown but the association of meteoritic HSE with this glass 

suggests a complex transfer of impactor to target. Breakdown of glass-rich impactites on the 

early Earth surface could have aided the transfer of HSE into the mantle. 
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1. Introduction 
 

The Earth resembles CI chondrites in its non-volatile chemistry but, due to core formation, 

the bulk silicate Earth is deficient in siderophile and chalcophile elements (McDonough and 

Sun, 1995). Although the mantle is depleted in highly siderophile elements (HSE) by a factor 

of >100 (McDonough and Sun, 1995), this is less than predicted from experimental constraints 

(Kimura et al. 1974). Continued meteoritic bombardment implanted additional HSE (termed 

the 'late veneer') after core formation (Kimura et al., 1974). Archean mantle-derived melts 

suggest that mixing the late veneer into the upper mantle took up to 1.5 Ga (Maier et al., 2009).  

Although there is strong evidence for the late veneer, the subsequent dispersal processes of 

the meteoritic material are poorly understood. In large high-angle impacts, the bolide should 

mostly be obliterated (melted or vaporized) leaving only cryptic remnants within the crater 

(Pierazzo and Melosh, 2000). Therefore, the study of the meteoritic components and 

identification of the bolide type is achieved indirectly, with HSE systematics and metal-isotope 

ratios of impactites and spherule beds (e.g. Alvarez et al., 1980; Lowe et al., 1989; 

Shukolyukov and Lugmair, 1998; Pope et al., 1999; Young, 1999; Byerly et al., 2002; Amor et 

al., 2008, Petrus et al., 2015). For example, spherule layers from the Barberton Greenstone belt 

have elevated Ir concentrations compared to local rock (Lowe et al., 1989). Two in-situ studies 

of spherules suggested that HSE are heterogeneously distributed, mostly as micro-nuggets of 

Cr-Ni spinel (Mohr-Westheide et al., 2015), and were redistributed by alteration (e.g. Glikson 

et al., 2016). The apparent heterogeneous incorporation of meteoritic components by fallout 

from the impact plume on the scale of mm-sized spherules illustrates the uncertainty regarding 

projectile dispersal mechanisms. 

One impactite with unequivocal evidence for retention and incorporation of extra-

terrestrial material is the c. 1.18 Ga Stac Fada Member in Scotland. This has excess 53Cr 

(Amor et al., 2008) in whole rocks, which also yielded elevated Ir and Pt abundances (Young, 

1999). The discovery of rare reidite (a high-P polymorph of zircon) adds even stronger 

evidence for the impact origin of the Stac Fada Member (Reddy et al., 2015). The thickness of 

this impactite indicates that it is more proximal than spherule layers, inviting investigation of 

in-situ trace elements to establish whether the HSE enrichment can be attributed to one 

particular carrier phase. 

 

2. Regional geology, samples and methods  
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The Stac Fada Member is part of the ca. 2 km thick Mesoproterozoic Stoer Group, the 

oldest continental sedimentary rocks of the Torridonian Supergroup in NW Scotland. It was 

described in detail by Stewart (2002), Amor et al. (2008) and Simms (2015). The Stoer group 

lies unconformably above the Archean Lewisian Gneiss (e.g. Simms, 2015). The Stac Fada 

Member outcrops intermittently for 50 km along the coast (Fig. 1) and is from c. 4m to c. 12 m 

thick. It is predominantly a red quartzose muddy sand with occasional cm-dm scale lithic clasts 

and reworked mudstone or siltstone intraclasts. Importantly, it contains 20-30% by volume of 

devitrified melt clasts (typically 2-3 cm across). Shocked quartz and elevated Ir and Ni 

concentrations were noted by Young (1999) and Stewart (2002). Discovery of a 53Cr-excess 

was taken as evidence of an impact origin (Amor et al. 2008), but it is the presence of shocked 

quartz (Amor et al. 2008) and reidite (Reddy et al. 2015) that provided unequivocal evidence 

for the Stac Fada Member as an impact ejecta blanket. 

In the two northernmost outcrops accretionary lapilli and ash pellets occur in the upper part 

of the deposit. Their relation to the other facies suggests a threefold sequence of lithofacies 

(Branney and Brown, 2011), representing deposition from a passing impactoclastic density 

current. Thus, the Stac Fada Member could contain changing proportions of deposits from the 

initial fluid-based density current, followed by deposition from unsteady current and finally 

fallout of pellets from a buoyant plume. 

The volumetrically significant devitrified glass fragments (henceforth called 'shards') occur 

 

Figure 1. Geology of north-west Scotland (see inset for geography) with locations referred to in the text, from 

north to south: St, Stoer; Eb, Enard Bay; Sc, Second Coast (after Simms, 2015). 



17 
 

as beige-grey and green clasts and dominate the lower and middle part of the member (see 

supplemental data). The green variety has long been documented (Lawson, 1972) yet few 

investigations into its petrology exist. Previous geochemical analysis (Young, 2002; Stewart, 

2002) of hand-picked crushed samples of the devitrified material indicated a Ni-rich basaltic or 

gabbroic nature of the green vitric products but the studies did not identify elevated HSE 

concentrations. 

Samples for this study were collected at three sites; Stoer, Enard Bay and Second Coast 

(Fig.1) that were considered representative of the entire Stac Fada Member (see supplemental 

data for more information). Detailed petrographic study of 13 polished thin sections 

determined the shape, type and composition of the different components and devitrified melt 

clasts in particular. Quantitative in-situ major element analysis (n=500) was undertaken on 

vitric materials and ash matrix using a Scanning Electron Microscope (SEM) with Energy 

Dispersive Spectrometers (EDS) with analytical protocols explained in the supplemental data. 

Vitric fragments were also analysed for trace elements (Cr, Ni, Ir and Pt) and rare earth 

elements (REE) using in-situ laser ablation inductively coupled plasma mass spectrometry 

(LA-ICP-MS) at the Geochemistry Laboratories of Trinity College Dublin with Cr, Ni, Ir and 

Pt concentrations independently determined by LA-ICP-MS at Laurentian University. 

 

3. Results 
 

The Geological components of the Stac Fada Member breccia were identified as devitrified 

vesicular shard-shaped clasts, lithic fragments and ash pellets supported by an ash matrix (e.g. 

Lawson, 1972; Stewart, 2002; Simms, 2015). As in previous studies (e.g. Branney and Brown, 

2011) accretionary lapilli were found only in the upper portions of the units at Stoer and Enard 

Bay. Devitrified shards can be grouped into a pale-apple green or a beige-grey variety; both are 

vesicular and contain abundant sub-angular to sub-rounded lithic fragments. Detailed 

petrographic and SEM-BSE investigation of the smaller (<1 cm) devitrified shards suggests the 

possibility of mixing of the two types. 

  

3.1. Major elements 
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Major element compositions of the various analysed components are shown on a plot of 

SiO2 vs. (MgO+FeOt+CaO) in Fig. 2. For comparison, the plot shows local target lithologies: 

Laxfordian gneiss, Scourian basement, Torridonian mudstones (Young, 1999) and Scourie 

dykes (Hughes et al., 2014) and additional global reference compositions: CI chondrite, 

primitive mantle (McDonough and Sun, 1995) and upper continental crust (UCC, here MuQ of 

Kamber et al., 2005). Additionally, the positions of typical alteration phases are also shown 

(see figure for details). 

The beige-grey devitrified shards display high SiO2, and Na2O and low MgO, FeO, and 

CaO contents. On Fig. 2, they plot between the target lithologies (Scourian crust, Torridonian 

mudstones and Laxfordian gneiss) and typical feldspathic alteration minerals (albite, K-

feldspar and quartz). Green devitrified shards plot as a clearly distinctive group with a notable 

enrichment in MgO, FeO and CaO compared to the beige-grey devitrified shards. Most green 

devitrified shards define an array between the target lithologies and CI chondrite with a 

significant number plotting between chlorite and epidote. However, some devitrified green 

shards also plot similar to feldspar, away from the main array. Ash pellets and accretionary 

lapilli all plot between CI chondrite, quartz and feldspars. Most ash pellets plot  

 

Figure 2. Major element geochemistry of Stac Fada Member impactite components and target rocks and 

global reference compositions. Local target rocks: Laxfordian gneiss, Scourian basement, Torridonian 

mudstones (Young, 1999) and Scourie dykes (Hughes et al., 2014). Global reference compositions: CI 

chondrite and primitive mantle (McDonough and Sun, 1995) and upper continental crust (UCC, here MuQ of 

Kamber et al., 2005). Position of alteration minerals is also shown: c, chlorite; e, epidote; a, albite; k, k-

feldspar; q, quartz (Ubide at al., 2017). All data recalculated on an anhydrous basis. 
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closer to CI chondrite whereas lapilli are closer to the target rocks and the feldspathic alteration 

minerals. Target lithologies have diverse compositions but generally plot close to the beige-

grey devitrified shards. Only the Scourie dykes display high MgO-FeO-CaO contents, but plot 

off the trend defined by devitrified green shards. The green shards that have not mixed with 

beige-grey shards are homogeneous without any crystal growth (see EDS elemental maps in 

the supplemental data). The major element composition of all devitrified shards indicates 

alteration; green shards to epidote or chlorite and beige-grey shards to feldspar or quartz, 

compromising the ability to constrain the origin of the precursor melt using major elements. 

 

3.2. Trace and rare earth elements 
 

Ni, Cr, Pt, Ir and REE data were collected from green and beige-grey vesicular devitrified 

shards, lapilli and matrix. The data are presented in the context of local target lithologies: 

Laxfordian gneiss, Scourian basement (Amor et al., 2008) and Scourie dykes (Hughes et al., 

2014). Additional global reference compositions for CI chondrite, Primitive Mantle 

(McDonough and Sun, 1995) and upper continental crust (UCC; Rudnick and Gao, 2003) were 

added for comparison and a very large number (n=9,449) of Archean volcanic rocks were 

plotted as background values. Whole-rock compositional data from the base, lapillite and top 

layers of the Stac Fada Member were added (Amor et al., 2008).  

In both Cr vs. Ni (Fig. 3a) and Pt vs. Ir (Fig. 3b) plots, the analysed components of the Stac 

Fada impactite define arrays between typical crustal values and CI chondrite. There is a 

notable Ni enrichment in the devitrified green shards compared to the beige-grey shards, lapilli 

and matrix (Fig. 3a). Nearly all analyses of green devitrified shards display elevated Ni and Cr 

values when compared to the target lithologies (Laxfordian gneiss, Scourie crust and Scourie 

dykes). Importantly, they plot at higher Ni/Cr than 95% of global Archean greenstones. 

Similarly Pt and Ir contents in devitrified green shards are high whereas beige-grey shards are 

comparable with the target lithologies (Fig. 3b). 

Rare earth element (REE) data were obtained for representative green (n=35) and beige-

grey (n=48) shards, and the five most typical analyses for each group are shown as UCC-

normalized patterns (Fig. 4). Within each group, the shape of patterns remains comparable but 

the patterns for both groups are different. Beige-grey shards have REE patterns similar to UCC 

but with a strong positive Eu anomaly. By contrast, green shards are clearly depleted in light 

REE (LREE) bearing some similarity to CI Chondrite (McDonough and Sun, 1995). 
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Figure 3. Cross plots of (A) Ni vs Cr  and (B) Pt vs Ir comparing analysed Stac Fada impactite components 

are selected whole rock compositions (Amor et al., 2008) with local target lithologies (Laxfordian gneiss, 

Scourian basement (Amor et al., 2008), Scourie dykes (Hughes et al., 2014) and Lewisian mafics and 

untramafics (Johnson et al., 2016)), CI chondrite and Primitive Mantle (McDonough and Sun, 1995) and 

UCC (Rudnick and Gao, 2003). For a global comparison, 9,947 volcanic rock analyses from the “Archaean 

cratons" database in GEOROC are shown in (A), after removal of highest and lowest 2.5% in terms of Ni/Cr. 

Representive LA-ICP MS 2SE error ratios on Ir and Pt for green shards and beige shards are 2.63 and 6.86, 

and 2.01 and 4.09 respectively.   
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4. Discussion 
 

The most significant finding from this study is that the green devitrified shards have clearly 

elevated Ni and Cr contents and significantly higher Ni/Cr than crustal targets. They share the 

high Ni/Cr with chondritic meteorites (see Fig. 3a). The green devitrified shards also have the 

highest HSE concentrations of all Stac Fada Member components analysed, greatly exceeding 

that of all target lithologies. In combination with the known 53Cr excess of Stac Fada 

impactite whole rocks (Amor et al., 2008), the new evidence suggests that the precursor melt to 

the green devitrified material was the principal carrier of the meteoritic component of the Stac 

Fada impact. The elevated Ni/Cr is thus a strong guide to the most promising targets for Cr 

isotope analysis, unless the projectile was an achondrite (Foriel et al., 2013). 

The few previous studies that have determined carrier phases of meteoritic components from 

terrestrial impacts have focused on the analysis of spherules. Cr-Ni spinel-bearing spherules 

have been identified as carriers of meteoritic material (Mohr-Westheide et al., 2015, Belza et 

al., 2017), with the presence of HSE in spherules being ascribed to condensation from the 

primary impact vapour plume (Belza et al., 2017). At Stac Fada, fallout from the buoyant 

plume yielded pellets from agglomerated dust (Branney and Brown, 2011) but Cr and Ni  

 

Figure 4. Rare earth element patterns showing the composition of five representative analyses of beige-grey 

(A) and green shards (B) in the Stac Fada Member, as well as CI chondrite (McDonough and Sun, 1995) for 

comparison. Data were normalized to average upper continental crust (Rudnick and Gao, 2003). 
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analysis of these shows (Fig. 3a) that the projectile was melted and partially vaporized into the 

plume that these pellets sampled. Instead, some of the HSE were transferred to the precursor of 

the green shards. 

The mafic juvenile carrier in the green shards of the Stac Fada Member differs in not being 

a condensate, but likely a melt. This can be inferred from the shape of the devitrified clasts and 

their vesicularity. Even the most HSE-enriched green shards still have much lower 

concentrations than chondrites and hence the precursor cannot have been the melted impactor. 

It is more likely that a portion of the extra-terrestrial HSE cargo was transferred to a relatively 

magnesian melt in the transient impact crater before being ejected into the blanket deposit 

away from the impact site. The Cr-Ni spinel identified in spherule layers have not been found 

within the green devitrified shards. Distinctive juvenile melts exist at other impact sites (e.g. 

Cupelli et al., 2014; Ubide et al., 2017) but their origin is not yet well constrained. Regardless, 

in the Stac Fada Member there is evidence of impactor remnants in ejecta more than 50 km 

from the proposed buried impact location (Simms, 2015).  

Modelling suggests that high impact angles (>45°) would result in complete bolide 

obliteration within the crater (Pierazzo and Melosh, 2000). The findings of this study suggest, 

however, that the HSE cargo was at least in part transferred to a melt that differed in 

composition from the direct impact melt of the immediate Si-rich targets. For even larger 

impacts, such as those seen in the 4.5–4.0 Ga Late Heavy Bombardment (Marchi et al., 2014), 

there could have existed an even greater dispersal of HSE enriched melt over larger areas of 

the Earth’s crust. Rapid weathering of impact glass and subsequent erosion of the resultant 

clays at the Earth's surface, as seems to have occurred following deposition of the Stac Fada 

Member (Simms 2015), could have proven an effective means for transferring HSE into the 

erosional cycle and eventually to plate boundaries. Over billions of years this may have proved 

an effective mechanism for transferring the late veneer from Earth's surface into the mantle 

(Maier et al., 2009).   
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Supporting information 
 

Field descriptions and sampling 

 

At its type locality in Stoer Bay the Stac Fada Member (SFM) is c. 12 m thick (Sup. Fig. 

1). It is predominantly hard, massive and virtually unbedded. Melt clasts are randomly 

orientated through most of the deposit but lie subhorizontally in the uppermost metre, which 

also contains accretionary  

 

Supplemental figure 1. Stratigraphic logs of the sampling localities selected from the Stac Fada Member, 

Stoer Group, NW Scotland, shown in Fig.1. 
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lapilli <10 mm across. Wedges of less indurated impact ejecta are found intruded between 

some of the sandstone layers immediately beneath the main body of the SFM. Irregular 

feldspar-lined degassing pipes are conspicuous on vertical faces. At Enard Bay the member is 

ca. 12 m thick (Sup Fig. 1), divisible into two distinct units. The lower c. 8 m are massive, 

unbedded and intensely hard. In places the lower unit resembles the impact deposit at Stoer, 

with randomly orientated melt clasts in a quartzose sand groundmass. The upper part 

comprises several distinct beds in which accretionary lapilli, often 10-15 mm across, are 

abundant. Troughs up to 2 metres deep have been eroded into these lapilli beds, with the 

undulating surface capped by an 8 cm thick dust pellet layer (Branney and Brown, 2011) and 

succeeded by planar-bedded lake deposits.  At Second Coast, the member is ca. 5.5 m thick 

(Sup Fig. 1). It is a mixture of muddy quartzose sand and melt clasts as at Stoer, but melt clast 

orientation imparts a distinct small scale planar fabric to the deposit. Nine samples were 

collected in April 2015. From those nine samples, 21 polished thin sections were prepared and 

scanned for further analysis. 

 

Analytical methodology 

 

In-situ major element analysis was undertaken using a field-emission-gun Scanning 

Electron Microscope (SEM: Tescan TIGER MIRA3) with two Energy Dispersive 

Spectrometers (EDS: Oxford X-Max 150 mm2 detectors running Oxford AZtec X-Ray 

Microanalysis System. Compositional data were obtained with an acceleration voltage of 20 

kV, a beam current of 288 pA with a spot size of 10 nm at a magnification of 31,000 x. The 

dataset comprises 500 analyses on vitric materials and ash matrix (Table 1). Standardization 

was carried out using Smithsonian Microbeam Standards (Jarosewich et al., 1980: microcline, 

anorthoclase, pyrope and augite) and synthetic TiO2, Cr2O3 and NiO glasses. Minor beam 

current drift was controlled by frequent analysis of cobalt and matrix correction was made 

using an Oxford-PP procedure. 

SEM-BSE and SEM-EDS maps were obtained using the same SEM. The BSE map was 

undertaken at a resolution of 1,048, 5 ms per pixel and a process time of 2. The EDS map was 

collected with a resolution of 512, 2,000 ms per pixel and a process time of 2. 

Analysis for trace (Cr, Ni, Ir and Pt) and rare earth elements was undertaken using laser 

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Geochemistry 

Laboratories of Trinity College Dublin, using a Teledyne Photon Machines Excite 193 nm 
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Excimer UV ArF laser coupled to a Thermo iCapQs quadrupole mass spectrometer. Ablation 

was performed with a spot size of 65 µm, a laser fluence of 4 J/cm2, and a repetition rate of 5 

Hz, ablating for 40 s and allowing a pause of 40 s between spots for washout and then 

background measurement. NIST610, NIST612 and BHVO-2G glass reference materials were 

systematically analysed as calibration and quality control standards. Silicon was used as the 

internal standard and Iolite v2.5 was used for data reduction (Paton et al., 2011).  

The Cr, Ni, Ir and Pt content were also independently determined by LA-ICP-MS at 

Laurentian University. The measurements were made with a Resonetics RESOlution M-50 

laser ablation system coupled to a Thermo X Series II quadrupole ICP-MS. Various clasts and 

lapilli with their surrounding matrix were analysed as a series of parallel and adjacent traverses 

with a large 90 µm circular spot, laser pulse rate of 10 Hz, scan speed of 45 µm/s, and fluence 

of 5 J/cm2. Reference materials NIST612, GSD, and Po725 were analysed at the beginning 

and end of every map, and periodically throughout the session. Data reduction was carried out 

with Iolite v. 3.5 using the trace elements data reduction scheme. Quantified mean 

compositions for the different components were determined by using NIST612 and Po725 as 

external standards with Si acting as the internal standard. Average SiO2 contents of 30.95% and 

66.7% were used for the green shards from 15BSK005 and beige shards from 15BSK007, 

respectively. The Cr and Ni concentrations reported were calibrated with NIST612. The Pt and 

Ir concentrations were calibrated with NIST612 and Po725 for comparison, and were found to 

be within uncertainty regardless. As there is the potential for interferences from REE argides 

and Hf oxides on Pt and Ir, two isotopes of each Pt and Ir were analysed. The Pt and Ir 

concentrations as determined from the different isotopes were always within uncertainty of one 

another and therefore interferences are not likely to be influencing the data. The mean 

compositions of each component were extracted from the time/space-resolved data using the 

data interrogation tool Monocle (Petrus et al., 2017). 

 Pt and Ir content of green and beige shards, as well as accretionary lapilli material was 

also analysed independently at University College Dublin. Between 25 and 80 mg of picked 

coarse crush sample were mixed with a 185 Re- 191 Ir- 194 Pt tracer solution and digested in a 

closed Teflon beaker in 2.5 ml 22 M HF and 0.5 M 16 M HNO3 at 120 °C overnight. After 

taking the solution to dryness, samples were converted to chloride by addition of 0.5 ml 6 M 

HCl. After drydown, samples were taken up in 1 ml 0.2 M HCl and loaded onto 50W-X12 

(200-400 mesh) cation resin columns for matrix removal, following a procedure modified after 

Ely et al. (1999). For removal of HFSE, notably Hf, a cleanup step following the procedure by 

Chu et al. (2015) on LN-SPEC resin was performed. Samples were measured on the iCAP Q 

quadrupole mass spectrometer at NCIG/UCD in standard mode, with analyte masses 169 Tm, 171 
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Yb, 178 Hf, 185 Re, 187 Re, 189 Os, 191 Ir, 193 Ir, 194 Pt, 195 Pt, 196 Pt, and 200 Hg being monitored to 

correct for isobaric and oxide interferences. Mass bias was corrected by measuring a 1 ppb 185 

Re/ 187 Re standard solution at the beginning and end of each measurement session and 

correcting to 185 Re/ 187 Re of 0.5971. Data from Trinity College Dublin, University College 

Dublin and Laurentian University are listed in Table 2. 

 

 

 

Supplemental figure 2. Thin section scans representative of samples from Stoer (a) and Second Coast (b). 

The green vesicular devitrified shards are abundant in (a) whereas the beige-grey vesicular shards are more 

common in (b). The white box in (a) signifies the location of the green shard used in Sup. Fig. 3. 
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Petrology 

 

The devitrified vesicular melt clasts found in the Stac Fada Member breccia can be 

subdivided into two end-members; a more common beige-grey type and a pale bottle green 

variety. These shards are easily recognized on transmitted light scans of the thin sections; two 

thin sections are shown on Sup. Fig. 2. The section in Sup. Fig. 2a was selected to highlight the 

green shards. These shards vary in size from less than 0.1 cm to over 1 cm and they almost all 

are vesicular. The larger shards are generally more elongate and whispy and the smaller shards 

display evidence of hydroclastic fragmentation similar to the green shards found in the 

Sudbury basin infill (Ubide et al. 2017). The sharp edges and delicate features of some of the 

smaller green shards point to a lack of reworking. All green shards support lithic fragments 

that are inferred to be remnants of target rock. These lithic fragments are predominantly quartz 

and feldspar and are angular to sub-angular in shape. The vesicles are infilled with a black 

matrix and occasionally lithic fragments. The larger (> 0.5 cm) green shards are commonly 

found with an iron oxide rich rim, which is useful for distinguishing them from the beige type 

and green varieties that have undergone some feldspathic alteration.  

The section shown in Fig. 2b is dominated by beige-grey shards. These shards appear to be 

more vesicular than the green shards, the vesicles here are also infilled by black matrix and 

lithic fragments. The size of the beige-grey shards is in the same range as the green shards. 

This section also illustrates that hybrid varieties occur, where color alone is not diagnostic; the 

larger (over 0.5 cm) beige-grey shards in this section display evidence of mixing between the 

two melts. These hybrid shards were not widely analysed for this study, instead we focused on 

the end-members.  

Chemical analysis of the green shards focused on the portions of green material with the 

least evidence for oxide formation, feldspar alteration and lithic fragment inclusion. One 

example of a homogenous shard is identified in Sup. Fig. 2a with a white box. This clast was 

compositionally mapped with SEM EDX in detail (Sup. Fig. 3). The chemical map of the 

green shard reveals several features. On the composite false-color map it is identified as the 

area of elevated Mg in green color. The Si map shows the abundant presence of (lithic) quartz 

fragments dominantly in the matrix of the breccia but also as lithic inclusions in the melt shard. 

The Al map highlights the other main lithic fragments; plagioclase and K-feldspar. The K-

feldspar is differentiated from the plagioclase on the composite false-color map where the K 

and Na are shown in light blue and pink respectively. The lack of Al in the green shard 

indicates the absence of spinel inclusions. The green shard is the prominent feature displayed  
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Supplemental figure 3. BSE and EDS maps of the green vesicular shard highlighted in Sup. Fig. 2. In 

addition to the BSE and layered EDS maps there are individual elemental maps; Si, Al, Mg, Fe, Cr and Ni. 

The green shard displays notable element homogeneity with no evidence of crystal growths that could house 

the high HSE signal. 
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in the Mg map which exhibits notable homogeneity. Curiously there is a Mg coating around 

most lithic fragments and a Mg enrichment within both the ash pellet and green shard vesicle 

which bear remarkable similarity. The ash pellet and vesicle are more pronounced in the Fe 

map. Iron is found in the green shard but the content is not as high as Mg. Both Cr and Ni 

maps illustrate the elevated siderophile content of the green shard and ash pellet compared to 

the surrounding feldspar and quartz fragments. However there is a propensity for the Ni to 

associate with the green shard over the ash pellet whereas the Cr appears more enriched in the 

ash pellet over the green shard.  

 

Late Veneer calculations  

 

The bulk silicate Earth is depleted in PGE’s, as well as other siderophile and chalcophile 

elements (McDonough and Sun, 1995). Sustained meteoritic bombardment after core 

formation (Kimura et al. 1974), the “Late Veneer”, may have enriched a HSE-poor mantle to 

modern day estimates (Maier et al., 2009). 7.47 x 108 Stac Fada-sized impact events, where the 

impactors were CI chondrite in composition and all of the impacting material was assimilated 

into the BSE, are estimated to be needed to account for the Late Veneer (Sup. Fig. 4). The 

volume of meteoritic material emplaced into the BSE would be equivalent to covering the 

surface of the Earth with an approximately 12 km thick layer. 

 

 



34 
 

 

Supplemental figure 4. Plot shows the number of Stac Fada sized impactors (Simms, 2015) with CI 

composition (McDonough and Sun, 1995) needed to increase the mantle’s depleted PGE content following 

core formation to modern levels (Maier et al., 2009), assuming complete assimilation of the projectile into 

the mantle. The Moon’s Pt content of 0.2 ppb (Day and Walker, 2015) is used as a proxy value for the 

Earth’s mantle Pt composition following core formation. For comparison, Chicxulub and Sudbury sized 

impactors (Morgan et al., 1997; Petrus et al., 2015a), and asteroids 1 Ceres, 4 Vesta and 16 Psyche are also 

plotted.  
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Supplemental Table 1. Late Veneer mass balance 

 

 
Stac Fada 

size 
Chicxulub 

size 
Sudbury 

size 
16 Psyche 

size 
4 Vesta 

size 
1 Ceres 

size 
Impactor diameter (m) 2.50E+03 1.00E+04 1.50E+04 1.86E+05 5.25E+05 9.46E+05 
Number of events  7.47E+08 1.17E+07 3.46E+06 1.81E+03 8.07E+01 1.38E+01 
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Abstract  
 

The Earth is apparently depleted in volatile and moderately volatile elements compared to CI 

chondrites and other stony meteorites. Collisional erosion during the late stages of accretion of 

large planetary bodies may have led to the preferential loss of incompatible elements from the 

enriched surface of early forming planetary bodies. Vaporised refractory elements re-condense 

more favourably than volatile elements following repeated impacts in Earth’s formative years 

eroding the proto-crust and lower lithosphere. All differentiated rocky bodies in the inner Solar 

System have likely undergone impact erosion resulting in non-chondritic patterns of volatile 

elements. 

Evidence of preferential loss of moderately volatile elements, such as Pb and Zn, can be found 

in Earth’s Moon. The view that the Moon formed from the debris ejected following a giant 

impact between a Mars-sized object and the early Earth is supported by the Moon’s isotopic 

and elemental similarity with the Earth. The Moon‘s mantle is considered to be depleted in Pb 

by more than 95% relative to Earth, which itself is also significantly depleted in Pb relative to 

chondrites.   

Here we present new geochemical data from the 1.85 Ga Sudbury impact basin. Recent studies 

had shown distinct Pb-depletion in both the melt sheet and the lower basin of the Sudbury 

impact structure. The new data suggests that the meltsheet was originally depleted in Pb by a 

factor of ca. 3 relative to upper continental crust. Feldspars in the melt sheet were characterised 

using in situ analysis (SEM-EDX and by LA-ICP-MS). The early crystallising Ca-rich 

cumulate feldspar has notably lower Pb concentrations (2.8±1.5 ppm; 2𝜎𝜎) compared to the 

surrounding Na-rich overgrowths (4.8±0.4 ppm; 2𝜎𝜎) and K-rich crystals grown in the 

interstitial space (13.9±5.1 ppm; 2𝜎𝜎).  
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Further investigation on the lower basin material has shown an even more pronounced Pb-

depletion than previously suggested. Significantly, the Pb loss in the basin subaqueously 

deposited is more pronounced than in the meltsheet. This new evidence suggests that 

moderately volatile elements, specifically Pb, have undergone preferential loss following large 

subaqueous impacts. Consequently we provide a new multi-step volatility-loss model as a 

solution for the first terrestrial Pb-isotope paradox. 
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1. Introduction 
 

The Earth has apparently lost approximately 10% of its silicate part relative to its Fe metal-

rich core (O’Neill and Palme, 2008; Campbell and O’Neill, 2012) and is severely depleted in 

volatile and moderately volatile elements compared to CI chondrites (Fig. 1) and other 

meteorites (e.g. Gast, 1960 and Allègre et al., 2001). High energy collisions between large 

bodies during the late stages of accretion may have contributed to the loss not only of silicate 

in general, but preferentially of incompatible elements from the enriched surface of early 

forming planetary bodies (O’Neill and Palme, 2008). This theory may be supported by the 

Earth’s elevated Fe/Mg ratio, roughly 10% above chondritic values, constituting a piece of 

evidence in favour of silicate over metal loss. The concept of impact erosion was further 

developed by Campbell and O’Neill (2012) who challenged the necessity for hidden deep 

mantle reservoirs rich in incompatible elements that would complement the accessible Earth. 

Instead, these authors suggested 'lost' impact eroded reservoirs could explain mass imbalances 

in incompatible elements and also that the higher than chondritic 142Nd/144Nd ratio of the 

modern terrestrial mantle originated from a fractionation event into an early enriched reservoir 

(EER) with low Sm/Nd and an early depleted reservoir (EDR) with high Sm/Nd. Jellinek and 

Jackson (2015) noted that because only the EDR has been observed, but mass balance requires 

an EER, this could have been lost to space through impact erosion. Sharp and Draper (2013) 

proposed that large (>100 km) impact events preferentially depleted the crust in the highly 

volatile hydrophilic halogens, Cl, Br and I and that this loss contributed to make the Earth 

habitable. Finally Boujibar et al. (2015) drew attention to the effects of prolonged impact 

erosion on the proto-Earth composition. A notable proposal of their paper was that following 

repeated giant impacts that eroded the proto-crust and upper mantle, vaporised refractory 

elements could have re-condensed more favourably than volatile elements. 

Evidence of impact erosion among differentiated bodies in the inner Solar System can be 

seen on the asteroid 4 Vesta. O’Neill and Palme (2008) pointed to the large impact crater 

Rheasilvia at the south pole of Vesta, which excavated circa 1% of the mass of the asteroid. 

Twenty smaller asteroids exist in Vesta's vicinity and share its spectral reflectivity (Binzel & 

Xu, 1993), supporting the hypothesis that they originated from the larger asteroid. O’Neill and 

Palme (2008) suggested that all differentiated rocky bodies in the inner Solar System have 

undergone impact erosion and might now bear non-chondritic patterns of volatile elements and 

modified silicate/metal ratios as a result.  

For several moderately volatile metals (Allègre et al., 2001) such as Pb, it may be very 

difficult if not impossible to distinguish between loss during post-nebular volatilisation versus 



41 
 

loss via preferential collisional erosion. Impacts that are too small to cause impact erosion may 

still be able to cause volatilisation and loss of moderately volatile elements. Conversely giant 

impacts that cause preferential collisional erosion of the surface material of a growing 

planetary body may additionally induce loss of volatile elements from even greater depth than 

erosion. First hand evidence of preferential loss of the moderately volatile element Pb is found 

in Earth’s Moon. The remarkable isotopic and elemental similarity with the Earth (e.g.  

 

 

Fig. 1: Panel (A) shows a comparison of the composition of the bulk silicate Earth with the cosmic 

abundance of the elements. Bulk silicate Earth values were divided by cosmic abundance and then transposed 

to a common Mg value (McDonough and Sun, 1995). The elements are arranged in order of compatibility 

during MORB-type melting (Kamber et al. 2005 modified from Sun and McDonough, 1989 and Kamber et 

al., 2002). Panel (B) displays a collation of the make-up of the upper continental crust (Taylor & McLennan, 

1985) with the cosmic abundance of the elements (McDonough and Sun, 1995).  
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Humayun and Clayton, 1995; Wiechert et al., 2001; Savage et al., 2010; Armytage et al., 2012; 

Sedaghatpour et al., 2013; Young et al., 2016), supports the view that the Moon originated 

from the debris ejected during a giant collision of a Mars-sized object with the early Earth 

(Canup and Asphaug, 2001) and the Moon's mass can account for approximately one fifth of 

the material lost from the Earth (O’Neill and Palme, 2008). Importantly, the Moon is very 

severely depleted in Pb relative to the Earth. Lead loss on the Moon is extremely ancient and 

has led to the unique lunar Pb-isotope compositions (e.g. Tera et al., 1974; Premo et al., 1999). 

Snape et al. (2016) have recently estimated that the Moon's mantle has a 238U/204Pb (μ) ratio of 

ca. 400, far higher than the silicate Earth’s modern μ value of ca. 10, implying that the Moon's 

mantle is depleted in Pb by more than 95% relative to the silicate Earth, which is itself strongly 

depleted in Pb relative to chondrites.  

This study revisits the moderately volatile element Pb but in a terrestrial large impact 

basin.  Based on the composition of the continental crust (e.g. McLennan, 2001; Kamber et al., 

2005; Marx and Kamber, 2010) and the mantle (Mcdonough & Sun, 1995) and inferences on 

the Pb concentration in the core (McDonough, 2003), the Earth is estimated to have a Pb 

content of 0.39 ppm. By comparison with the average 2.47 ppm Pb content of CI chondrites 

(McDonough & Sun, 1995), this suggests that the Earth has lost ca. 85% of its original Pb 

budget (Fig. 1). Other notable depleted elements of moderately volatile nature are the alkali 

elements and chalcophile metals such as Sn and Zn (e.g. Palme and O’Neill, 2014; Wang et al., 

2016). Of these, Pb offers the advantage that the stable isotope 204Pb has only experienced loss 

whereas the abundances of 206Pb, 207Pb and 208Pb have increased with time as 238U, 235U, and 
232Th, respectively, have decayed at different rates. This makes Pb an ideal subject for the 

study of the timing of possibly multiple events that resulted in Pb loss (e.g. Connelly and 

Bizzarro, 2016). In what became known as the first terrestrial Pb paradox, Allègre (1968) 

noted that the majority of rocks accessible on the Earth’s surface (the accessible Earth) have 

significantly higher 206Pb/204Pb and 207Pb/204Pb than CI chondrites but also that the accessible 

Earth plotted to the right of the meteorite isochron, implying a protracted history of Pb loss. 

While there is an agreement that Pb loss has occurred from the Earth as a whole, opinions 

differ about the mechanisms and timings of the events leading to this Pb loss. As we are unable 

to accurately analyse the core and deep mantle, it is difficult to test to what extent Pb 

sequestered into the core (e.g. McDonough, 2003). Allègre et al. (1982) proposed a solution to 

the first terrestrial Pb paradox in which Pb was partitioned into the core approximately 250 

Myr following accretion. In this model, the core plots to the left of the meteorite isochron in 

common Pb isotope space thus balancing the accessible Earth. Chauvel et al. (1995) argued 

that in addition to the core, a further hidden Pb reservoir was needed to balance the Pb isotope 
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compositions of the accessible Earth. They suggested that the subduction of high μ (238U/204Pb) 

oceanic crust into the MORB-source mantle increased its μ over time. Murphy et al. (2002) 

revisited the core sequestration solution in the light of new W-isotope data that required much 

earlier core formation than the previously suggested 250 Myr (Schoenberg et al., 2002; Kleine 

et al., 2002; Yin et al., 2002). Murphy et al. (2002) found that given a maximum core 

formation age of 35 Myr the core could only have sequestered 30% of the missing Pb and that 

there existed an additional hidden low μ reservoir. Kramers and Tolstikhin (1997) proposed 

that the lower continental crust could be the missing low μ reservoir but lower crustal xenolith 

data (e.g. Bolhar et al., 2007) do not support this hypothesis. Wood and Halliday (2005) argued 

that Pb could have been lost to the core after the giant Moon forming impact via segregation of 

a sulphur-rich metal phase. However, Yin and Jacobsen (2006) and Kamber and Kramers 

(2006) pointed out that unless the µ of the Earth is known, Pb isotopes cannot be used to date 

core formation. Furthermore, Lagos et al. (2008) found that Pb is not chalcophile under the 

conditions likely to have prevailed during core formation. More recently, Connelly and 

Bizzarro (2016) suggested that the Earth’s core formation occurred very soon after accretion 

and that Pb sequestration to the core was ineffective. Instead these authors inferred that volatile 

erosion associated with planetary accretion and a late (4.426–4.417 Ga) Moon formation event 

contributed to the net Pb loss.  

The aim of this study was to look at potential Pb loss from the Earth within the new 

context of impact erosion and volatilisation. As summarised above, most existing solutions to 

the first terrestrial Pb isotope paradox envisage volatility-related loss to have occurred during 

accretion alone but not during later bombardment of the Earth. Following the discovery by 

O’Sullivan et al. (2016) that the lower basin fill of the Sudbury impact structure may be Pb-

depleted, we here investigated in greater detail whether a large, but not giant, submarine 

impact could have caused preferential loss of Pb and how sensitive the silicate Earth Pb isotope 

composition is to potential Hadean impact-related Pb loss. 

 

2. Regional geology and samples  
 

First discovered during the construction of the Canadian Pacific Railway in the 1880’s 

(Pye et al., 1984), the 1.85 Ga Sudbury impact structure has provoked much discussion about 

how it was formed. The structure (Fig. 2) was originally interpreted to be a product of igneous 

activity (e.g., Burrows and Rickaby, 1930; Fairbairn and Robson, 1941, 1942; Speers, 1957; 

Thomson, 1957, Williams, 1957) but was eventually discovered to contain evidence for a very 
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large bolide impact (e.g. Dietz and Butler, 1964; French, 1967; Dence, 1972; Peredery, 1972 

a,b; Gibbins 1994; Ames, 1999). When the entire basin is considered, including the thick basin 

fill, the combination of impact, magmatism and hydrothermal alteration processes best 

describe the end product (e.g. Ames et al., 2009; Grieve et al., 2010; Ubide et al., 2017). It is 

important to remind readers that the basin has undergone multiple deformation events and is 

preserved as a 60 x 30 km eroded synformal ellipsoid representing only a small portion of the 

original structure that was at least 200 km in diameter (e.g. Deutsch et al., 1995; Therriault et 

al., 2002; Spray et al., 2004; Riller, 2005; O’Sullivan et al., 2016). 

The impact structure is made up of three main features, defining the stratigraphy of the 

basin (Fig 2). The stratigraphically lowest element comprises the brecciated and shock-

metamorphosed footwall rocks. Because the basin straddles an ESE-WSW trending 

Neoarchaean terrane boundary, a large number of rock types with very different radiogenic 

isotope character were encountered by the bolide. To the north of the boundary lies the 

Southernmost Neoarchaean Abitibi Subprovince, a granitoid-greenstone and high grade 

tonalitic gneiss terrane at the southernmost edge of the vast Superior Province. The majority of 

these rocks were formed in a series of nine magmatic-sedimentary pulses between 2.75 and 

2.675 Ga (Ayer et al., 2002). To the south of the terrane boundary lies the Archaean Southern 

Province. No basement rocks are exposed in outcrop but the extreme antiquity of the basement 

can be inferred from the detrital zircons in quartzites and quartz-arenites that cover the 

basement (Rainbird et al., 2006; Petrus et al., 2015). The terrane boundary is of late 

Neoarchaean age and produced highly potassic granites emplaced during accretion (e.g. Petrus 

et al., 2016). Huronian metasediments (mostly quartz-rich meta-sandstones) were deposited 

during a Palaeoproterozoic rifting event and covered the Archaean basement either side of the 

terrane boundary. Importantly, at the time of impact the target area is interpreted to have been 

in a subaqueous foreland basin setting (Shanks and Schwerdtner, 1991), thus suggesting a 

relatively shallow submarine impact site. 

The second element of the structure is the 2.5-3 km thick Sudbury Igneous Complex (SIC). 

This is widely interpreted to be the crystallised differentiated impact melt sheet and 

stratigraphically overlies (Fig. 2) the footwall rocks (Therriault et al., 2002). The lowest SIC 

lithology is the contact or sublayer, the host rock of the majority of the world-class Ni, Cu and 

platinum group element deposits. The main mass of the SIC is divided into norite, quartz 

gabbro and granophyre. Some workers (e.g. Avermann and Brockmeyer, 1992; Anders et al., 

2015) also attribute a suite of intrusive bodies in the roof of the SIC (the Onaping intrusions) to 

the meltsheet. The coherent stratigraphy around the preserved basin (Fig. 2) does not do justice 

to the fact that in detail, the North and South Ranges of the SIC have discernibly different 
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petrology (Naldrett et al., 1970). Regardless of this complexity, the main mass of the SIC 

geochemically resembles average upper continental crust (UCC; Taylor and McClennan, 1985) 

and is very similar in composition to the assemblage of target rocks exposed at the present 

surface (Stöffler et al., 1994). 

The third element of the structure is the stratigraphically youngest Whitewater Group that 

filled the basin (Fig. 2).  It is divided into three Fm; the Onaping Fm., the Onwatin Fm. and the 

Chelmsford Fm. For the purpose of this study, the Onwatin (black shales) and Chelmsford 

(turbiditic sands) Fms. are too young to be of importance. By contrast, the immediate basin fill, 

the Onaping Fm. has assumed a central role in the interpretation of the entire structure. 

Agreement exists that it can be subdivided into three distinct Members (Fig. 2). The Garson 

Member (up to 100m thick) is only found on the south eastern edge of the basin and could 

represent the fallback material of the primary impact plume. It is largely composed of a 

quartzite mega-breccia. Where the Garson Member is not developed, it is considered to have 

been consumed by the roof of the meltsheet. On account of its patchy preservation and its 

relatively high degree of deformation the Garson Member was not included in this study.  

By contrast, the much thicker Sandcherry (300-500 m thick) and Dowling Members (1000 

m thick) are uniformly found around the basin (Ames et al., 2002). Both members are 

composed of breccias and finer grained (sand and mud-sized) equivalents, rich in devitrified 

glass products. Rocks of both members also contain abundant shock-deformed lithic clasts 

(mainly quartz with planar deformation features). Grieve et al. (2010) made a convincing case 

that the vitric products show evidence for fuel-coolant interaction and because of its uniform 

composition similar to the SIC, these authors argued that the Onaping Fm. formed due to 

violent explosive interaction between the original meltsheet and water that entered the basin. 

However, more recently, Petrus et al. (2016) showed that only the Sandcherry Member has 

U/Pb zircon age distributions matching the collage of target rocks whereas the thicker Dowling 

Member had zircon sourced from the local footwall below the SIC. This difference as well as 

clear chemostratigraphic trends across the Onaping Fm. led O'Sullivan et al. (2016) to propose 

that the Sandcherry Member alone was the result of explosive interaction between the 

meltsheet and seawater flooding the basin butthat the Dowling Member was longer-lived and 

contained products of an additional magma source. Ubide et al. (2017) studied vitric products 

from the Onaping Fm. and argued that the green-weathering volcanic shards in the Dowling 

Member were not related to the SIC. Regardless of whether the entire Onaping Fm. was caused 

by re-working of the original meltsheet or represents two distinctive deposits, there is wide 

agreement that it is largely not the product of the collapse of the primary impact plume but  



46 
 

 

 

 



47 
 

Fig. 2: Geological map of the Sudbury impact basin and surrounding country rock lithologies, modified from 

McNamara et al. (2017). Sampling locations from McNamara et al. (2017) and O’Sullivan et al. (2016) are 

indicated with red circles and dark blue circles respectively. The locations of the felsic norite sample 

(PR17A) and the vitric rim sample (07AV-02-2A) are noted by light blue and green circle, respectively. The 

stratigraphic units of the Sudbury basin, from the brecciated and shock-metamorphosed footwall rocks to the 

Chemlsford Fm. at the top of the Whitewater Group are shown on in a log. A separate stratigraphic log shows 

the detail and complexity of the Onaping Fm. after O’Sullivan et al. (2016). Samples used in this study 

describe a complete transect from the norite in the Sudbury Igneous Complex through to the lower Onwatin 

Fm. 
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instead at least in part formed as a result of a secondary plume caused by fuel- coolant 

interaction (similar to the findings at the Ries impact structure; Stöffler et al., 2013). The 

existence of secondary plumes will be shown to be a possibly important phenomenon of 

subaqueous impact basins for volatile element loss. 

Nearly all the samples analysed in this study were obtained and petrographically studied as 

part of a larger re-investigation of the Sudbury impact basin (e.g. Petrus et al. 2015, 2016; 

O’Sullivan et al. 2016; Kenny et al. 2016; McNamara et al., 2017; Ubide et al., 2017; Kenny et 

al., 2017). Collectively, these samples cover the full transect from the base of the SIC, through 

the SIC, into its roof, across the entire Onaping Fm., ending in the base of the Onwatin Fm. 

(Fig 2).  

Samples from the SIC were collected from a transect along the NW Bypass of route 144 in 

2014 (Fig. 2). This transect was one of several documented in a larger study into the Pb isotope 

and trace element geochemistry of feldspars in the SIC (McNamara et al., 2017), the data of 

which were available for the present study. One additional norite sample (PR17A) was 

collected from the North Range on a roadside outcrop at the junction of Route 144 and Elks 

Club road in 2011 (location 467206.12, 5162502.32). 

The samples from the Onaping Fm. were collected in three subsequent field seasons in 

2012, 2013 and 2014 and documented in Petrus et al. (2015), O’Sullivan et al. (2016), and 

Ubide et al. (2017). Exact sample locations are found in Table 1 of O’Sullivan et al. (2016). 

Geochemical data for a large collection of additional samples from the Onaping Fm., from 

many transects along the North Range, were also available for this study from Ames et al. 

(2002). One of these samples, 07AV-02-2A, (from NW Bypass of Route 144, location 

470670.54, 5159701.35) contains well-developed vitric rims around lapilli and was re-

investigated in this study.  

 

3. Analytical details 
 

We present new and review published data from the Sudbury basin relevant to the topic of 

moderately volatile element loss during large impact events. For published data, full analytical 

details can be found in the original articles but for convenience and to aid comparison, relevant 

basic sample preparation and analytical details are summarised here. 
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3.1. Sample preparation 
 

All samples studied were collected in the field with a view of minimising, as best as 

possible, the effects of pervasive alteration. It is recognised that all components of the Onaping 

Fm. are altered to some degree but wholesale alteration of the rocks themselves can be mapped 

(Ames, 1999) and was avoided. In the laboratory, all collected samples were first studied 

petrographically to assess the extent of pervasive alteration. Only the least altered samples 

were selected for geochemical analysis. In stratigraphic order (lowest to highest) the selected 

samples were prepared for analysis as follows: 

One sample (PR17A) of SIC norite was analysed in situ for Pb content of feldspar from a 

polished thin section with SEM-EDX and by LA-ICP-MS. The thin section was produced at 

Trinity College Dublin and polished on a silicate-only lap so as to ensure that there was no 

accidental contamination with Pb from the general polishing lap or from earlier samples 

prepared in the laboratory. The largest number of Pb concentration and isotope composition 

data for the SIC was presented by McNamara et al. (2017). These authors isolated feldspar 

using magnetic handpicking from the non-magnetic fraction of >100 SIC samples. The 

feldspars were then leached and analysed for trace element content and Pb isotope 

composition. 

The bulk of the Onaping Fm. sample powders relevant to this study were produced for the 

studies of Petrus et al. (2015) and O'Sullivan et al. (2016). Both aimed at physically isolating 

'ash'-sized matrix from the breccias by crushing, milling and careful hand-picking. The hand-

picking step also allowed the authors to avoid selection of chips with sulphide, feldspar- and 

epidote alteration (see Suppl. Fig. 2 of O'Sullivan et al., 2016). The samples for these studies 

were obtained mainly from a single transect at Joe Lake along the northeastern rim of the 

basin. To substantiate the findings of O'Sullivan et al. (2016) we also revisited the data 

presented by Ames et al. (2002). In that study, Onaping Fm. samples were obtained in 10 areas 

along the entire basin, focussing mainly on the less deformed North Range. These authors 

obtained least-altered vitric compositions not by hand-picking ash-sized matrix but by 

focussing their sampling effort on vitric bombs, blocks and cores of dykes. This difference 

needs to be considered when comparing the datasets. 

One sample of Sandcherry Member from Ames et al. (2002), 07AV-02-2A, was 

investigated in the present study. A well-developed 2 mm thick vitric rim around a lapillus was 

identified on a thin section plaquette of this sample. To isolate vitric rim material, a 1.5 mm 

thick slice was cut off the plaquette and the lapillus with its vitric rim was also observed on the 



50 
 

newly exposed side of the slice. The slice was then fixed on a length of double-sided sticky 

tape and lightly tapped and broken with an agate pestle. The broken pieces of the slice 

remained adhered on the tape. Under a binocular microscope, clean fragments of vitric rim 

were then hand-picked with tweezers. The collected fragments collectively weighed 30 mg. 

They were equally divided into six aliquots of ca. 5 mg and analysed as separate samples. 

 

3.2. Analytical details 
 

The norite thin section was first characterised by SEM – EDX at the Centre for Microscopy 

and Analysis, Trinity College Dublin. The thin section was carbon-coated before analysis on a 

Tescan MIRA XMU FE-SEM operating under high vacuum conditions. The SEM was 

equipped with an Oxford X-Max 80 mm2 detector running Oxford INCA analysis software and 

compositional data were obtained with an acceleration voltage of 20kV, a beam current of ca. 

300 pA with a spot size of 10 nm at a magnification of 31,000x. Trace element data were then 

obtained by LA-ICP-MS at Trinity College Dublin on a Photon Machine Analyte Excite 

coupled to a Thermo Elemental iCAPQs. Ablation was performed with a spot size of 47 µm, a 

laser fluence of 5 J/cm2 and a repetition rate of 4 Hz, ablating for 90 s and allowing a pause of 

90 s between spots for washout and then background measurement. NIST610 was analysed as 

calibration and quality control standards. 29Si was used as the internal standard. 

All solution-based trace element data were obtained with the same analytical protocol 

modified after Eggins et al. (1997) as explained in Kamber (2009). The newly reported data for 

the hand-picked vitric rim material were obtained at Laurentian University in 2011. The 

Onaping Formation matrix data reported in Petrus et al. (2015) and O'Sullivan et al. (2016) 

were obtained at Trinity College Dublin. The important detail for this study concerns the 

analysis of Pb. In all experiments, intensities for masses 206Pb, 207Pb and 208Pb were acquired. 

These were then summed and the total Pb intensity was used for instrument calibration. This is 

an important aspect because many analyses of the Sandcherry Member matrix samples yielded 

much lower mass 207 / mass 206 intensity ratios than modern common Pb. The feldspar 

analyses of McNamara et al. (2017) and the new vitric rim data reported here additionally 

recorded Hg-corrected mass 204 intensities with which crude Pb isotope ratios could be 

calculated. These and the low apparent 207Pb/206Pb ratios found by O'Sullivan et al. (2016) 

suggested that as much as 40% of the total Pb could be of radiogenic origin. By contrast, the 

Pb concentration data reported by Ames et al. (2002) were obtained by XRF, a method that 

cannot discriminate between common and radiogenic Pb. 
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Because of the presence of radiogenic Pb, a selection of 15 remaining stock solutions of 

the digests from O'Sullivan et al. (2016) were dried down and used for Pb purification, using 

the method of Kamber and Gladu (2009). The Pb isotope ratios were determined by 

quadrupole ICP-MS at Trinity College Dublin using the protocol of Ulrich et al. (2010). Over 

the course of the study, NBS SRM 982 was analysed as a quality monitor, yielding data 

accurate within 1 sigma standard deviation reproducibilites: 208Pb/206Pb = 1.00012±38; 
207Pb/206Pb = 0.46710±18; and 206Pb/204Pb = 36.740±26. 

 

4. Results 
 

In this section, only the new results of this study are presented with discussion limited to 

the most pertinent points. Detailed analysis of the data follows in the subsequent section in 

which the broader context of existing results will be used to evaluate the behaviour of Pb in the 

Sudbury basin. The new data are presented in stratigraphic order (from lowest to highest). 

 

4.1. Pb content of the impact melt  

 

Lightfoot et al. (1997) published widely-used estimates for the average composition of the SIC 

for a very broad range of elements but, for unstated reasons, data for Pb are missing. There are 

two factors that potentially complicate estimating the Pb concentration in the SIC. Firstly, the 

uppermost part of the SIC (i.e. the upper half of the granophyre) experienced alteration that is 

visible in S and O isotope transects through the SIC (Ripley et al., 2015; Kenny et al., 2017). 

Petrographically, alteration is expressed by the growth of nearly pure albite laths. This has 

potential to bias Pb estimates if Pb was either gained or lost during alteration. A more serious 

problem affecting the lower, unaltered portion of the SIC is that the potentially super-heated 

meltsheet shows clear evidence for having assimilated the underlying footwall, thereby melting 

basement, which could impart local Pb concentrations into the SIC. Darling et al. (2010b) 

argued that the fine-scale along-strike variation in Pb isotope composition in the base of the 

SIC is entirely a feature of local footwall assimilation.Supporting evidence for assimilation of 

local minimum melts from the basement into the SIC comes from isotopic and trace element 

data for SIC feldspars (Darling et al., 2010a). These show that in addition to the cumulate Ca-

rich large plagioclase laths, there is a separate, more Na-rich population of smaller-grain 

feldspars, whose composition is sometimes also found as rims around the large cumulus laths  
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Table 1. Trace element compositions of feldspar from one norite sample in the SIC 

Sample ID Pb 
(ppm) 

Sr 
(ppm) 

Ba 
(ppm) 

Ce 
(ppm) An% Ab% Or% 

PR17A - A 4.29 890 729 21.6 32.2 64.2 3.6 
PR17A - B 2.66 980 309 9.01 57.2 41.3 1.5 
PR17A - C 1.83 975 272 7.10 53.9 44.1 2.0 
PR17A - D 1.51 980 266 7.47 55.5 42.9 1.6 
PR17A - E 1.36 974 251 7.45 54.4 43.9 1.7 
PR17A - F 1.47 971 258 7.07 55.2 42.9 1.9 
PR17A - G 1.84 982 252 8.27 58.6 40.4 1.1 
PR17A - H 3.01 932 657 19.9 49.7 48.3 2.0 
PR17A - I 3.85 761 870 30.1 28.8 66.6 4.6 
PR17A - J 5.20 743 560 54.3 26.3 68.9 4.8 
PR17A - K 4.69 749 764 28.1 26.3 69.5 4.2 
PR17A - L 4.47 797 544 30.4 22.0 75.9 2.1 
PR17A - M 19.0 865 17000 8.41 1.9 20.4 77.7 
PR17A - N 16.5 730 7230 33.9 2.4 19.5 78.0 
PR17A - O 11.9 758 8320 8.65 0.8 12.1 87.1 
PR17A - P 8.75 547 2257 18.0 0.0 9.3 90.7 
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(Thomson et al., 1985; Therriault et al., 2002). Because the melt from which the Na-rich 

feldspars grew was clearly different in composition to the SIC, whole-rock Pb concentration 

data could not be considered accurate in reflecting the Pb content of the original impact melt.  

This observation forms the context of the data presented here (Table 1) for a felsic norite 

sample (PR17A) from the North Range of the SIC. The data are best illustrated in petrographic 

context (Fig. 3). An SEM-BSE image shows a portion of a euhedral ca. 5 mm long plagioclase 

in SW-NE orientation, surrounded by interstitial ilmenite (white), and intergrowths of finer-

grained plagioclase, K-feldspar and quartz.  

 

Fig. 3: Panel (A) shows major element analyses of feldspars in the norite unit of the Sudbury melt sheet. 

Backscattered electron (BSE) image of plagioclase feldspar phenocryst and interstitial space with circles 

showing the locations of energy-dispersive X-ray spectroscopy (EDS) major element analysis and laser 

ablation inductively coupled plasma mass spectrometry (LA-ICPMS) trace element analysis (with 

apostrophe). Colours of circles correspond to composition on inset ternary diagram. Note the two distinct 

clusters of plagioclase feldspar compositions: the core of the phenocryst is relatively Ca-rich while the outer 

rim (which is visibly darker in BSE – see transition at white arrows) and interstitial space is relatively Na-

rich. Note that the intermediate composition of analysis H is an analytical artefact produced by the analyse 

location overlapping both the core and rim. Darkest phase in interstitial space is quartz. Or = orthoclase, Ab = 

albite, An = anorthite. Panel (B) displays rim-core-rim major (EDS) and trace element (LA-ICPMS) traverse 

of plagioclase feldspar crystal in the norite unit. Note that most define a plateau in the centre of the crystal 

and only vary at the rim, which has a very similar composition as the interstitial space shown in the right-

hand side column. This appears to be the product of a discrete two-stage history of the melt rather than a 

continuous process such as fractional crystallisation (see text). Despite large uncertainties, Pb in the centre of 

the crystal are statistically distinguishable from those of the interstitial plagioclase, which is thought to be 

related to the crystal rim. Despite not being resolvable beyond analytical uncertainty, Pb alone appears to 

define a curved profile, suggesting later diffusion has raised values in the interior of the crystal; if this is case, 

the lowest value for Pb may therefore be considered the crystal’s maximum original value. Ab = albite, An = 

anorthite, Ba = barium, Ce = cerium, Pb = lead, Rb = rubidium, Sr = strontium. Error bars are 1 SD. 
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Superimposed on the BSE image are sites of major and trace element analysis, which are also 

illustrated as a traverse through the plagioclase into the adjacent interstitial phases. In terms of 

Pb content, the Ca-rich bulk of the cumulate feldspar has low Pb concentrations of 2.8±1.5 

ppm (2𝜎𝜎). This contrasts with both the Na-rich overgrowths as well as discrete 100-200 µm K-

rich crystals intergrown with quartz in the interstitial space. These have Pb contents of ca. 1.5-

14 times higher, averaging 4.8±0.4 ppm (2𝜎𝜎) and 13.9±5.1 ppm (2𝜎𝜎), respectively. When 

arranged as a traverse through the cumulate crystal, the data show that the Pb concentrations 

are lowest in the core (2.2 ± 0.8 ppm; 2𝜎𝜎) and increase to more than double that value towards 

the rim (4-5 ppm). This pattern is also shown by Ce and Ba, whereas Sr shows a much flatter 

distribution (Fig. 3). 

In summary, the early crystallising feldspar clearly has a low Pb content, unlike the later 

feldspar, which starts to assume more typical crustal Pb concentrations (note that average UCC 

has a Pb content of ca. 20 ppm). Thus, the possibility exists that the original impact melt sheet 

had quite a low Pb content and feldspars crystallising from it did so as well. Attempts at 

analysing the feldspars for Pb-isotope compositions in situ with LA-ICP-MS were 

unsuccessful on account of the small Pb signals from the Ca-rich portion and the small crystal 

size/diameter of overgrowths of the Na-rich material. 

 

 

Fig. 4: Comparison of full trace elements patterns of the six melt rim analyses from sample 07AV-02-2A 

(Table 2). Upper continental crust (here MuQ) normalisation according to Marx and Kamber (2010) modified 

from Kamber et al. (2005). The elements are organised in order of increasing condensation temperature 

(Lodders, 2003). Save for a few elements, the outline of the pattern can be characterized as a flat horizontal 

line implying an origin from typical UCC. Moderately volatile metals such as Pb, Cs, Li and Cu display 

deficiency, the most severe being Cs and Pb at 90-95% depletion relative to UCC. 
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Table 2. Trace and REE compositions of vitric rim from sample 07AV-02-2A 

Sample ID JP-01 JP-02 JP-03 JP-04 JP-05 JP-06 

Sample weight (mg) 5.03 5.25 5.62 5.74 4.77 5.78 
W (ppb) 573 587 892 1013 561 934 
Zr (ppb) 179000 138000 137000 150000 121000 142000 
Hf (ppb) 4360 3630 3450 3710 3090 3560 
Dy (ppb) 2570 2740 3230 3530 2760 3140 
Er (ppb) 1470 1546 1807 2050 1557 1867 
Gd (ppb) 2970 3240 3650 3910 3230 3410 
Ho (ppb) 528 561 659 734 563 658 
Lu (ppb) 222 217 247 284 222 281 
Sc (ppb) 12600 12500 13900 14100 12200 12500 
Tb (ppb) 446 484 557 601 480 530 
Th (ppb) 7480 8900 8700 6650 8010 6110 
Tm (ppb) 222 229 267 303 231 281 
Y (ppb) 14400 15100 17900 20200 15300 18200 
U (ppb) 3900 3880 4280 4770 4030 4030 
Nd (ppb) 15100 22800 19100 12700 18000 11700 
Mo (ppb) 8440 8700 9100 9900 9280 5550 
Sm (ppb) 3230 3960 4040 3750 3670 3310 
Pr (ppb) 4230 6940 5450 3280 5160 2990 
Ti (ppb) 2420000 2730000 3140000 3350000 2580000 3070000 
La (ppb) 17100 29000 21600 11500 20500 10400 
Ta (ppb) 522 559 597 613 510 511 
Nb (ppb) 7460 8460 9060 9230 7720 7700 
Yb (ppb) 1440 1470 1680 1920 1490 1840 
Ce (ppb) 36900 62800 47800 26900 45100 24400 
Sr (ppb) 87100 84000 89400 98100 80500 91600 
Ba (ppb) 332000 551000 414000 343000 424000 376000 
Be (ppb) 1690 1600 1520 1380 1440 1220 
V (ppb) 138000 148000 139000 132000 138000 132000 
Eu (ppb) 799 908 982 1027 864 921 
Ni (ppb) 16300 44000 130000 37000 26000 116000 
Co (ppb) 12900 13800 23100 9750 10400 22800 
Cr (ppb) 87900 90300 91700 118000 92800 109000 
Li (ppb) 4510 5140 4770 7300 5910 9250 
As (ppb) 6040 8350 5710 1400 2000 9610 
Cu (ppb) 2140 25500 11200 2200 3330 16100 
Sb (ppb) 299 318 465 352 346 329 
Ga (ppb) 11400 11600 11700 15000 12300 15800 
Rb (ppb) 34100 51600 40700 35700 42800 42900 
Cs (ppb) 125 155 125 146 158 173 
Pb (ppb) 1570 1840 2520 1550 1720 1460 
Zn (ppb) 24000 25400 21700 23400 23200 31800 
Sn (ppb) 1630 1560 1560 1460 1420 1220 
Cd (ppb) 76.3 61.7 55.5 60.3 50.7 60.1 
Tl (ppb) 181 275 219 190 230 235 
       
208Pb/206Pb 0.889 0.908 1.058 0.803 0.906 0.828 
± 0.018 0.018 0.021 0.016 0.018 0.017 
207Pb/206Pb 0.328 0.342 0.393 0.289 0.333 0.300 
± 0.007 0.007 0.008 0.006 0.007 0.006 
206Pb/204Pb 57.62 54.70 46.04 70.08 56.24 67.06 
± 1.44 1.37 1.15 1.75 1.41 1.68 
Common Pb (ppb) 915 1113 1663 788 1014 759 
Radiogenic Pb (ppb) 656 728 861 763 701 696 
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4.2. Chemistry of the vitric rim around a lapillus in Sandcherry 

Member breccia 
 

Trace element data for the 6 small (4.77 mg to 5.78 mg) hand-picked aliquots of devitrified 

glass isolated from the vitric rim around a lapillus are reported in Table 2.  The data are 

illustrated as UCC (here MuQ; Kamber et al., 2015 and Marx and Kamber, 2010) normalised 

extended trace element diagrams (Fig. 4). The first thing to note is that there is very good to 

excellent agreement in the shape of the normalised patterns between the subsamples. This 

confirms that the meticulous sample preparation succeeded in isolating the vitric material from 

lithic fragments and the lapillus itself. The second feature of the data is the overall striking 

similarity with typical UCC, the target of the Sudbury bolide. Apart from very few elements, 

the shape of the pattern can be described as a flat horizontal line at ca. 0.7 x upper continental 

crust. However, a few elements deviate consistently from this pattern. Molybdenum, Ni and As 

appear to be enriched in the vitric material. We cannot exclude the possibility that the positive 

deviation of Mo was caused by contamination with stainless steel (which also contains Ni and 

As). However, potential contamination cannot explain the elements that occur at lower than 

expected abundance. Chief amongst these are Cs and Pb and to a lesser extent Li, Cu and Zn. 

The concentration of Cs is 95% lower than in typical upper continental crust while that of Pb is 

also depleted by ca. 90% relative to UCC. 

 

4.3. Pb isotope compositions and common Pb concentrations 
 

The study by O’Sullivan et al. (2016) detected a pronounced and coherent stratigraphy in 

the Pb content of the Onaping Fm. Specifically, these authors noted a very strong depletion of 

Pb in the Sandcherry Member, followed by a rapid increase to more typical crustal Pb 

concentrations at the contact between the Sandcherry and Dowling Members (Fig. 5). During 

the trace element analysis of these samples, it was noted that many had unusually low 
207Pb/206Pb and 208Pb/206Pb ratios typical of radiogenic Pb, suggesting that the true common Pb 

content of some of the samples could be substantially lower. 

For the present study, 15 of the remaining stock solutions were used to purify Pb and 

determine its isotope composition. These data are reported in Table 3 and plotted as an inverse 

common Pb isotope diagram in Figure 6a. The data are highly colinear and can be tightly fitted 

(r2 = 0.999) to the known 207*Pb/206*Pb (0.1131) corresponding to the age of the Sudbury 
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impact basin.  The regression line extends towards average 1.85 Ga UCC (open circle in Fig. 

6a, representing 'erosion mix' of Kramers and Tolstikhin (1997)) in agreement with the general 

crustal character of the SIC and basin fill. The stock solutions that remained for analysis were 

mainly from the middle and upper Dowling Member of the Onaping Fm. and their Pb is not as 

radiogenic in nature as the matrix separated from breccias lower down in the Sandcherry 

Member. In order to estimate the Pb isotope compositions of all samples reported by 

O'Sullivan et al. (2016), the raw intensity ratios of the trace element runs were re-processed by 

correcting them for blank and instrumental mass bias, which was estimated from USGS 

standards that were run as quality control and calibration standards (W-2, BHVO-1, BHVO-2, 

BCR-2). The resulting 207Pb/206Pb and 208Pb/206Pb ratios are listed in Table 3. USGS standard 

 

 

Fig. 5:  Stratigraphic column of the Onaping and Onwatin Fms. (modified from Ubide et al., 2017) showing 

concentrations of total Pb (ppm), common Pb (ppm) and 207Pb/204Pb ratios (Table 3). Both total Pb and 

common Pb chemostratigraphies display severe Pb loss in the lower Onaping Fm. compared to UCC values 

in the upper Onaping Fm. The 207Pb/204Pb ratios are up to three times higher in the lower Onaping Fm. before 

returning to UCC values in the Dowling Member. 

 

 



58 
 

Table 3. Pb isotopes and Pr composition of matrix from the Whitewater Group. 

Samples Unit 

HT 

above 

SIC (m) 

uncorrected 

Pb (ppm) 

corrected 

Pb (ppm) 

Pr 

(ppm) 

208Pb/ 
204Pb 

207Pb/ 
204Pb 

206Pb/ 
204Pb 

208Pb/ 
206Pb 

207Pb/ 
206Pb 

14EOS066 Onw. Fm. 1369 27.0 27.7 9.63 37.1 15.6 19.3 1.92 0.81 

14EOS063 Onw. Fm. 1364 19.5 19.6 7.80 37.3 15.8 20.5 1.82 0.77 

14EOS060 Onw. Fm. 1359 24.0 23.8 12.0 37.6 15.8 21.1 1.78 0.75 

14EOS057 Onw. Fm. 1354 8.82 7.89 12.2 40.7 16.4 25.8 1.58 0.63 

14EOS054 Onw. Fm. 1349 15.9 15.8 16.1 37.9 15.8 20.5 1.85 0.77 

14EOS051 Onw. Fm. 1346 7.24 6.65 6.83 39.2 16.3 25.1 1.56 0.65 

14EOS048 Onw. Fm. 1343 18.0 18.1 8.80 37.1 15.8 20.5 1.81 0.77 

14EOS040 DMUU 1335 5.74 4.97 6.07 41.3 16.6 27.8 1.49 0.60 

14EOS037 DMUU 1324 7.69 7.20 5.54 39.1 16.2 23.9 1.64 0.68 

14EOS034 DMUU 1315 64.9 70.0 2.46 36.2 15.4 17.0 2.12 0.90 

14EOS031 DMUU 1304 165 181 8.18 35.9 15.3 15.9 2.26 0.96 

14EOS028 DMUU 1296 50.7 54.9 7.58 36.2 15.3 16.7 2.17 0.92 

14EOS025 DMUU 1287 7.86 7.42 5.21 38.7 16.1 23.6 1.64 0.68 

14EOS019 DMUU 1266 41.1 43.9 6.32 36.3 15.4 17.5 2.08 0.88 

14EOS016 DMUU 1259 42.9 45.5 7.53 36.4 15.5 17.8 2.05 0.87 

14EOS013 DMUU 1244 3.18 2.59 6.22 43.1 17.0 31.1 1.39 0.55 

14EOS010 DMUU 1217 7.94 6.91 7.58 41.0 16.6 27.6 1.49 0.60 

14EOS007 DMUU 1188 4.49 3.67 5.30 42.1 17.0 31.6 1.33 0.54 

14EOS004 DMUU 1161 8.78 8.54 5.44 38.0 16.0 22.1 1.72 0.72 

14EOS001 DMUU 1134 10.4 9.70 7.63 38.8 16.2 24.0 1.62 0.67 

14PCG113 DMUU 1343 8.17 7.91 5.22 39.1 15.9 21.5 1.82 0.74 

12JAP-101 DMUU 1334 17.5 18.1 5.50 37.3 15.6 18.8 1.99 0.83 

14PCG114 DMUU 1166 3.82 2.91 6.08 47.0 17.2 33.3 1.41 0.52 

12JAP-038 DMUU 1147 7.12 6.48 5.99 40.6 16.2 24.5 1.66 0.66 

13GGK009 DMUU 1146 5.38 4.33 6.59 43.5 17.0 31.7 1.37 0.54 

14PCG115 DMUU 1142 4.01 2.90 6.36 47.7 17.7 37.5 1.27 0.47 

14PCG116 DMUU 1085 5.91 5.39 5.88 41.1 16.2 24.0 1.71 0.68 

12JAP-089 DMUU 1074 4.63 4.06 6.32 42.3 16.4 25.9 1.63 0.63 

12JAP-091 DMMU 1101 10.8 9.86 5.80 42.1 16.1 23.3 1.81 0.69 

12JAP-087 DMMU 1065 6.42 5.92 5.80 40.5 16.1 23.7 1.71 0.68 

12JAP-099 DMMU 1025 5.19 4.51 5.73 42.7 16.4 26.1 1.64 0.63 

12JAP-096 DMMU 980 5.26 4.66 6.12 41.6 16.4 25.8 1.61 0.64 

12JAP-095 DMMU 966 4.91 4.39 6.17 41.2 16.3 25.4 1.63 0.64 

12JAP-056 DMMU 857 7.87 7.37 5.23 39.9 16.1 23.1 1.73 0.70 

12JAP-037 DMMU 818 6.39 5.47 6.18 42.3 16.6 27.7 1.53 0.60 

12JAP-057 DMMU 776 14.8 15.2 5.71 37.5 15.6 18.9 1.98 0.83 

14PCG101 DMMU 755 3.72 2.97 5.46 44.6 17.0 31.3 1.42 0.54 

14PCG100 DMMU 717 5.74 4.95 4.97 42.7 16.5 26.7 1.60 0.62 

12JAP-058 DMMU 674 3.50 2.49 5.91 47.8 17.8 38.8 1.23 0.46 

13GGK008 DMMU 661 6.31 5.69 5.45 41.0 16.3 24.9 1.65 0.65 

12JAP-059 DMMU 646 3.80 2.57 6.34 50.5 18.2 41.5 1.22 0.44 

12JAP-060 DMMU 622 4.19 2.95 6.58 48.5 17.9 39.2 1.24 0.46 

12JAP-061 DMMU 608 4.93 3.74 6.66 46.2 17.3 34.4 1.34 0.51 
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14PCG093 DMMU 591 4.84 3.83 5.11 44.9 17.1 31.8 1.41 0.54 

14PCG092 DMMU 562 4.93 3.74 5.53 44.5 17.5 36.0 1.24 0.49 

12JAP-062 DMMU 552 3.61 2.19 6.98 55.3 18.9 48.3 1.15 0.39 

14PCG091 DMLU 534 3.81 2.82 6.69 48.0 17.4 35.1 1.37 0.50 

14PCG090 DMLU 521 3.30 2.21 6.70 52.2 18.1 40.8 1.28 0.44 

12JAP-063 DMLU 500 6.19 4.71 6.92 46.8 17.2 33.5 1.40 0.52 

14PCG089 DMLU 486 4.65 3.46 7.25 46.8 17.5 35.5 1.32 0.49 

14PCG088 DMLU 457 4.88 3.29 7.35 50.3 18.2 41.7 1.21 0.44 

13GGK061 DMLU 383 2.02 1.02 5.96 66.1 20.4 61.2 1.08 0.33 

13GGK016 DMLU 378 2.11 1.16 7.22 60.7 19.7 55.0 1.10 0.36 

13GGK015 DMLU 375 3.19 2.46 8.37 45.5 17.3 33.6 1.35 0.51 

12JAP-064 DMCU 453 7.07 5.92 6.42 43.2 16.7 28.7 1.50 0.58 

13GGK048 DMCU 415 2.00 0.90 6.71 74.6 21.4 70.2 1.06 0.31 

13GGK052 DMCU 411 5.00 4.15 13.6 45.3 16.6 27.6 1.64 0.60 

13GGK031 DMCU 398 2.77 1.47 10.0 68.7 19.4 52.4 1.31 0.37 

13GGK030 DMCU 388 1.61 0.61 7.02 91.6 23.0 84.4 1.09 0.27 

12JAP-066 DMCU 380 3.43 1.77 7.56 62.7 20.4 61.5 1.02 0.33 

12JAP-003 DMCU 373 2.84 1.51 6.91 62.0 20.0 58.0 1.07 0.35 

13GGK027 DMCU 370 0.78 0.39 5.39 62.5 20.8 64.5 0.97 0.32 

13GGK014 DMCU 362 1.28 0.81 7.07 53.8 18.6 45.4 1.19 0.41 

13GGK059 SM 384 0.34 0.14 8.90 70.8 23.0 83.9 0.84 0.27 

12JAP-108 SM 375 6.08 1.75 5.21 122 26.2 112 1.09 0.23 

12JAP-067 SM 347 3.18 1.89 7.36 58.8 18.9 47.8 1.23 0.40 

12JAP-121 SM 332 2.04 1.11 6.11 63.3 19.6 53.8 1.18 0.36 

12JAP-068 SM 327 1.38 0.64 6.90 67.2 21.6 72.4 0.93 0.30 

13GGK076 SM 310 0.71 0.30 7.19 67.7 23.0 84.7 0.80 0.27 

12JAP-069 SM 305 1.44 0.70 5.69 69.0 20.6 62.9 1.10 0.33 

13GGK077 SM 298 0.52 0.17 7.78 75.4 27.4 123 0.61 0.22 

12JAP-122 SM 293 0.96 0.49 4.84 69.2 19.7 55.6 1.25 0.36 

13GGK078 SM 273 0.43 0.17 5.96 80.5 23.5 88.4 0.91 0.27 

13GGK043 SM 248 0.81 0.31 12.56 76.3 24.4 96.9 0.79 0.25 

12JAP-029 SM Dyke 288 2.70 1.13 4.77 81.4 22.0 75.5 1.08 0.29 

12JAP-072 SM Bomb 266 2.81 1.53 2.81 67.0 19.2 50.3 1.33 0.38 

WM-15 QD 0 12.2 11.8 8.51 42.5 15.6 18.7 2.27 0.83 

12JAP-022 QD 0 10.3 10.3 8.66 40.0 15.5 18.4 2.17 0.84 
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data processed in the same manner were found to be accurate within 1.5% and within run 

precision of ratios was better than 1%. We conservatively estimate the error of the ratios to be 

2%. When the ratios from the trace element run are compared to those obtained on purified Pb 

(Figure 6b), tight linear arrays are found and accuracy is estimated to be 0.5 and 1.6% for 
207Pb/206Pb and 208Pb/206Pb, respectively. 

The vitric rim trace element run for the data reported here also recorded mass 202 (Hg) and 

mass 204 (Pb and Hg) intensities. Mass 202 counts were found to be very low (40-45 cps) and  

 

Fig. 6: Panel (A) shows an inverse common Pb isotope diagram for 15 Onaping Fm. matrix samples (orange 

circles; errors smaller than symbol size). These data can be successfully fitted with a linear regression line (r2 

= 0.999) corresponding to the age of the Sudbury impact event (1.85 Ga, with a fixed y-intercept of 0.1131). 

The line extends at the common Pb end to the composition of contemporaneous UCC (open circle) but 

indicates derivation from a source with a higher 207Pb/206Pb ratio than mid-ocean-ridge mantle (open triangle; 

both sources from Kramers and Tolstikhin, 1997). Also shown are 6 vitric rim datapoints obtained as a by-

product of trace element analysis of this study (green squares; errors smaller than symbol size).  Panel (B) 

shows comparison of 207Pb/206Pb and 208Pb/206Pb ratios obtained from purified Pb (x-axis) versus ratios 

calculated from trace element analysis (y-axis; note larger error bars). For both ratios, the regression lines 

indicate accuracy better than 2%. 
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the Hg interference on mass 204 was therefore minimal and could easily be corrected for. The 

blank, Hg, and mass bias corrected 207Pb/206Pb, 208Pb/206Pb, 206Pb/204Pb ratios are reported in 

Table 2 and plotted alongside the Onaping Fm. matrix samples in Fig. 6a. The 6 vitric rim 

data-points are also highly co-linear and can be fitted (not shown on Fig. 6a) with a regression 

line (r2 = 0.989) forced through the known intercept of 0.1131. The vitric rim data are offset 

from the Dowling Member matrix data towards slightly more juvenile compositions (i.e. lower 
207Pb/204Pb). As is typical for material retrieved from the Sandcherry Member, the vitric rims 

have more radiogenic Pb (206Pb/204Pb ranging from 46 to 71) than the Dowling Member 

matrices for which dedicated Pb isotope data were obtained (206Pb/204Pb ranging from 16 to 

42). 

For samples with known Pb isotope composition it is possible to estimate the fraction of 

excess radiogenic Pb relative to present-day UCC by summing the 208Pb/204Pb, 207Pb/204Pb, 
206Pb/204Pb and 204Pb/204Pb ratios and dividing this sum by 75.02, the sum of these ratios in 

UCC (here present-day 'erosion mix' of Kramers and Tolstikhin (1997)). This calculation 

shows that the excess radiogenic Pb in the vitric rim samples ranges from 34 to 49%. 

Therefore, the true common Pb deficit in these samples is even lower than would be suggested 

by the straight Pb concentration and requires correction. Once corrected, the majority of 

Sandcherry Member matrix analyses have Pb concentrations of less than 1 ppm, with several 

as low as 0.3 ppm. 

 

5. Discussion 
 

In this section, we first discuss the Pb concentration distribution in the Sudbury impact 

basin to evaluate the quality of evidence for volatility-related Pb loss postulated by O'Sullivan 

et al. (2016).  We then discuss the set of circumstances and physical parameters that could 

have contributed to the inferred Pb loss upon the impact and in its aftermath.  Finally, we 

present first-order calculations that explore the scope of volatility-related Pb loss for 

explaining the Pb deficit of the Earth as a whole. 

 

5.1 Lead distribution in the Sudbury impact basin 
 

There is abundant evidence that the Sudbury impact event occurred into a submerged piece 

of continental crust, possibly within a foreland basin (Shanks and Schwerdtner, 1991). The 
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resulting impact basin was therefore filled with seawater soon after the collapse of the transient 

cavity.  The situation of a water column sitting atop of a crystallising and differentiating melt 

sheet was conducive to alteration, not only in the crater fill, but also in the upper portion of the 

SIC (e.g. Ripley et al. 2015).  The observed Pb distribution in the basin therefore needs to be 

discussed in the context of possible alteration-related mobility. We first discuss the 

concentration of Pb in the differentiated meltsheet and then move onto the Pb distribution in 

the Onaping Fm. 

 

5.1.1 Lead content of the impact meltsheet 
 

There are three possible ways of estimating the Pb content of the original impact melt. The 

most obvious is to study the SIC, representing the differentiated meltsheet. In addition, several 

‘offset’ dykes that radiate from the basin preserve inclusion-free glassy chilled facies, widely 

regarded to represent least differentiated impact melt (e.g. Lightfoot et al., 1997). Finally, it 

has been argued that vitric products from the Onaping Fm. might be the most truthful proxies 

for the original impact melt (e.g. Ames et al., 2002). We discuss Pb concentration systematics 

of the proxies in this order. 

By studying the feldspar Pb content from a least altered norite sample from the North 

Range we are avoiding the complications of alteration in the top of the SIC. Figure 3 and Table 

1 demonstrate that there is a clear progression of Pb concentration in the feldspars. Because 

partition coefficients for most incompatible elements increase with increasing albite content 

(e.g. Bédard, 2006) and because K-feldspar has generally higher affinity for Pb than 

plagioclase (Leeman, 1979), there is a need to evaluate to which extent the pattern can simply 

be explained by feldspar chemistry. The three analysis sites (D, E, and F) within the centre of 

the plagioclase lath have a uniform Pb concentration of 1.44±0.08 ppm (2𝜎𝜎) and anorthite 

content of 55%. According to Bindeman et al. (1998), D plagioclase/melt at ca. 1,000°C is 0.55 

for this composition, implying that the impact melt had a Pb concentration of ca. 2.2 ppm. This 

is much lower than typical crustal melts, which have Pb concentrations on the order of 15-20 

ppm. The albitic rims (analysis sites A and I) and the distinct smaller albitic crystals in the 

interstitial space (analysis sites J, K and L) have a fairly constant anorthite content of 27%. For 

these compositions, Bindeman et al. (1998) predict a higher partition coefficient for Pb (0.9; at 

800°C). The mean Pb concentration of these 5 sites is indeed higher (4.5 ppm) and returns a 

coexisting melt with a Pb content of 5.0±1.0 ppm (2𝜎𝜎). The increase in Pb content over the   
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Table 4. Pb/Pr and Zn/Zr ratios from Sudbury, Canada and Milos, Greece. 

 Pb/Pr SD Zn/Zr SD  
DMUU 1.00 0.93 0.45 1.88 O’Sullivan et al. (2016) 

DMMU 0.69 0.51 0.40 1.65 O’Sullivan et al. (2016) 

DMLU 0.23 0.24 0.24 0.86 O’Sullivan et al. (2016) 

DMCU 0.15 0.26 0.10 1.12 O’Sullivan et al. (2016) 

SM 0.10 0.16 0.15 1.35 O’Sullivan et al. (2016) 

Offset Dyke 1.28 0.14 0.45 0.01 O’Sullivan et al. (2016) 

14TU023 moderatly altered 3.81 0.48 0.32 0.22 This study 

14TU023 unaltered 3.20 0.61 0.20 0.04 This study 

14TU013 20.1 18.3 2.03 0.68 This study 

14TU010 7.89 2.79 0.63 0.28 This study 

14TU006 30.4 11.7 0.80 0.28 This study 

MuQ 2.42  0.37  Kamber et al. (2005) 

UCC 2.39  0.37  McLennan (2001) 
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estimate from the earlier crystallised plagioclase could simply be an effect of enriching the 

residual liquid in Pb. The presence of quartz-K-feldspar intergrowths is somewhat unexpected 

in a norite (consisting of orthopyroxene, augite and plagioclase). The late-forming K-feldspars 

are richest in Pb 14.0±4.6 ppm (2𝜎𝜎) and also have the least coherent trace element chemistry 

(Table 1). According to Leeman (1979), D K-feldspar/melt for Pb is not very temperature 

sensitive and ca. 1.0. Thus, the K-feldspars seem to have formed from a melt with crustal Pb 

content. 

The analysis of this single norite sample thus seems to suggest that the original impact melt 

was Pb-depleted (ca. 2.2 ppm) but that the residual liquid became richer in Pb either simply 

due to fractional crystallisation or infiltration (contamination) by xenomelts from cannibalised 

footwall.  The latter possibility would suggest that whole-rock analyses of SIC rocks could 

reflect a hybrid of original melt and assimilated footwall. There are few published whole-rock 

dataset for SIC that contain Pb data (Dickin et al., 1996) and these yield a mean Pb 

concentration of 8.3±1.4 ppm (2𝜎𝜎). This is still lower than UCC but much higher than the 2.2 

ppm estimate from cumulate plagioclase in PR17A.  

With respect to the representativeness of sample PR17A, we note that McNamara et al. 

(2017) have recently reported Pb concentrations for 126 handpicked feldspar separates from 

the SIC.  Although these authors did not distinguish between Ca- and Na-rich plagioclase or K-

feldspar, the overall Pb contents reported is also low: the median granophyre feldspar Pb 

content is lowest at 2.9±2.8 ppm, increasing to 4.0±2.4 ppm in the gabbro and to 5.0±1.8 ppb  

 

 

Figure 7 displays Pb/Pr and Zn/Zr ratios of samples from Milos, Greece, and median compositions from the 

Onaping Fm., Sudbury (O’Sullivan et al., 2016). Additional crustal ratios come from McLennan (2001) and 

Kamber et al. (2005). 
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in the norite. This pattern as well as the fact that Pb-isotope variability is greatest in the base of 

the SIC (Darling et al., 2010a) favours the explanation that the higher Pb concentration of the 

late K-feldspar in the norite is due to infiltration of liquids from assimilated footwall. 

McNamara et al. (2017) separated feldspar from a norite from the same small outcrop as 

PR17A (their sample GSM-09-104). Data for this feldspar are also listed in our Table 1. It can 

be noted that this leached feldspar separate has lower apparent Sr content (379 ppm) compared 

to the in situ data from PR17A. This suggests that ca. 50-60% of the feldspar aliquot from 

GSM-09-104 was lost during leaching with HCl and HF. Regardless, the important observation 

is that when the in situ data are combined with the feldspar separate in a plot of Ba/Sr vs. Pb/Sr 

(Suppl. Fig. 1), the GSM-09-104 datum (Pb/Sr = 0.02) clearly falls into the area defined by the 

K-feldspars of PR17A (Pb/Sr = 0.019±0.037; 1𝜎𝜎). Thus, McNamara et al. (2017) mainly 

separated K-feldspar that has a similar (relatively high) Pb content as the late interstitial K-

feldspar in PR17A. 

The combined evidence suggests that the original impact melt had a low Pb content, which 

is difficult to estimate from the SIC, even in the unaltered norite. It can be stated with some 

certainty that the observed average whole rock Pb content of 8.3±1.4 ppm (Dickin et al., 1996) 

is an over-estimate for the original impact melt and that the best estimates could come from the 

base of the (unaltered) granophyre, because its Pb isotope composition is more homogenous 

across the basin (McNamara et al., 2017) and its feldspar Pb content is lowest. There is no 

indication that the Sudbury target lithologies were unusually Pb poor (e.g. Lafrance & Kamber, 

2010) and the magmatic sulphides at the base of the SIC are also poor in Pb. Indeed, Darling et 

al. (2010a) found very surprisingly radiogenic Pb in SIC sulphides, strongly arguing that the 

low Pb content of the proto-SIC was an original feature. 

In terms of Pb concentration data for glassy, inclusion poor facies of the offset dykes, very 

little data are available. O’Sullivan et al (2016) reported a replicate analysis for one of these 

(produced from two separately prepared powders), yielding an average present-day Pb content 

of 11.02±0.76 ppm. Darling et al (2010b) reported Pb isotope but not concentration data for a 

greater number of offset dykes. On the basis of heterogeneous Pb isotope compositions, these 

authors proposed a very oblique angle and only very shallow excavation of the basin, 

contradicting with conclusions of earlier studies. The argument of Darling et al. (2010b) has 

since been revisited by Petrus et al. (2015, 2016) whose new comparative PGE and zircon 

U/Pb date required deep excavation.  In light of the new data presented here, it is more likely 

that the heterogeneous Pb-isotopic composition of the offset dykes represents local 

contamination of an originally very Pb-depleted impact melt. 
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5.1.2 Lead content of the basin infill 
 

The two remaining impact melt proxies are found in the Onaping Formation. The most 

direct are vitric (albeit fully devitrified) rims around lithic clasts.  These clasts are interpreted 

to have become ejected from the impact site, most probably in the secondary plume that 

formed when seawater entered the basin that was occupied by the superheated impact 

meltsheet.  In the course of their trajectory through the plume they acquired a melt coating, i.e. 

the material analysed here. 

In terms of the relative abundance of most trace elements (Fig. 4), the vitric rim resembles 

closely UCC. In terms of absolute abundance, it is ca. 30% lower than typical UCC, which 

could reflect the high proportion of trace element poor quartzite in the target. However, the 

stand-out feature of the vitric rim geochemistry is its extreme depletion in a number of 

elements, most notably Cs and Pb. When corrected back to common Pb, it can be estimated 

that the vitric rim had a Pb concentration of 1.04±0.33 ppm. This is even lower than the 

estimate of 2.2 ppm of the uncontaminated norite. The depletion in Pb is mirrored by several 

other elements but the depletion trend does not follow a pattern of condensation temperature 

(Fig. 4). This could be taken as an argument that depletion was not caused by loss via volatility 

but instead indicate that alteration specifically affected only a few elements, i.e. 

Pb>Cs>Cu>Li>W>Rb, Sn and Zn.  

Alteration-related Pb loss cannot be discounted as a possibility but several observations 

make it an improbable explanation. Most importantly, the elemental order of apparent 

depletion does not follow the established patterns during low T alteration. Studies of both 

felsic (Nesbitt et al., 1980) and mafic (Babechuk et al., 2014) rock alteration clearly show that 

the earth alkali elements are more easily lost from protoliths and that the alkali elements (i.e. 

Cs and Li) remain largely immobile due to adsorption onto secondary sheet silicates. However, 

the vitric rims are only mildly (Sr and Ba by <10%) depleted relative to UCC, if at all (Ba). 

Furthermore, the pattern of elemental deficiency amongst the alkali elements is Cs>Li>Rb≈Tl 

is not consistent with the observation that during alteration, Rb is lost preferentially over Cs 

(e.g. Nesbitt et al., 1980). Although the behaviour of Pb during alteration can be complex, it is 

generally found that if anything, Pb content of altered igneous rocks are higher than the fresh 

protolith (e.g. Nesbitt and Markovics, 1997). 

As demonstrated by O'Sullivan et al. (2016), the alteration of vitric material in the Sandcherry 

Member involved seawater, leading to an increase in U content of altered products. The Th/U of 

the vitric rim is 1.86±0.34, less than half the UCC value (e.g. Kramers and Tolstikhin, 1997), 
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consistent with seawater interaction. As we were unaware of any study documenting seawater 

induced alteration during emplacement of basaltic to andesitic lapilli, we analysed an analogue 

from the island of Milos (Greece), where abundant sub-aqueously emplaced andesitic, dacitic and 

rhyolitic deposits exist (e.g. Fytikas and Marinelli, 1976). Additional results of that investigation 

are presented in Chapter 5 but the data relevant to Pb and Zn are summarised here in Fig. 7. Fresh 

unaltered to moderately altered andesite from a sill was analysed for comparison with vitric 

products that represent submarine explosive eruptions. The concentrations of Pb and Zn were 

compared to the elements of most similar compatibility (Pr and Zr, respectively, e.g. Kamber et al., 

2002) but considered least mobile and hence least affected by alteration. It is found (Fig. 7) that the 

unaltered andesite has a Pb/Pr of 3.2±1.22 (2𝜎𝜎) very similar to UCC, but that the seawater-altered 

vitric products have much higher Pb/Pr, strongly suggesting that Pb was added during alteration 

rather than lost. This strongly contrasts with the Sandcherry Member matrix (also shown on Fig. 7), 

which has consistently much lower Pb/Pr. A similar situation is found for Zn where average Zn/Zr 

ratios of altered sub-recent volcanic products are higher than UCC but lower Onaping Fm. matrix 

averages substantially lower. However, the scatter in Zn/Zr is much larger, resulting in overlap of 
error bars (Fig. 7). 

Finally, it could be argued that the Onaping Fm. transect investigated at the Joe Lake locality 

(Fig. 5) might not be representative. To test this possibility, the 169 XRF data of vitric products 

reported by Ames et al. (2002) were used to extract a mean stratigraphic transect, representing 

many transects along the North Range of the Sudbury Basin. As explained earlier, these samples 

were not hand-picked under a binocular, and were analysed by XRF without correction for 

radiogenic Pb. Regardless, there is a clear stratigraphic trend of increasing Pb/Pr and Zn/Zr from 

values much lower than UCC towards values as high, or even exceeding UCC in the uppermost 

Dowling Member. Thus, the general observation of strong Pb (and Zn) depletion in the lowermost 

Onaping Fm. appears robust. In terms of statistical distribution of Pb and Pr concentrations up 

stratigraphy, it can be seen (Suppl. Fig. 3) that Pr distribution is relatively uniform, with averages 

ranging from 5.2±2.1 ppm to 6.6±1.6 ppm. By contrast, the Pb distribution is more skewed (Suppl. 

Fig. 3) and averages are influenced by outliers of unusually high (but not low) concentrations. 

Median Pb concentrations in the Sandcherry member samples are low (3.0±2.6 and 4.0±1.6 ppm in 

the equant shard and fluidal fragments, respectively) and reach their highest values of 13±59 ppm 

in the uppermost Dowling member. Thus, the systematic stratigraphic increase in Pb/Pr (Suppl. 

Fig. 2) is driven by Pb. Despite the pleasing agreement of elemental behaviour between the bulk 

rock and carefully hand-picked matrix results, it is important that only the latter, radiogenic Pb 
corrected data (Fig. 5) are capable of exposing the full depletion in Pb. 

In summary, the three most important findings of this study are: 

1) The melt sheet appears to have been depleted in Pb relative to its original target source 

lithologies by ca. 80-90%. It is difficult to estimate the extent of Pb loss more 
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accurately because the super-heated impact melt was emplaced on shocked basement, 

which was partially melted and assimilated and contaminated the crystallising SIC. The 

elements most vulnerable to secondary contamination were those, which were 

originally lowest in concentration, i.e. the moderately volatile Pb; 

2) By comparison with the meltsheet, the breccias that represent the top of the meltsheet 

that interacted with seawater in fuel coolant explosions are much more severely 

depleted in Pb. Although the possibility that some of this depletion was caused by 

alteration cannot be completely excluded, subaqueously emplaced and altered volcanic 

products from Milos Island do not show loss of Pb (and Zn and other moderately 

volatile metals). The data therefore most likely imply that additional loss of volatile 

elements occurred in the secondary plume (Stöffler et al., 2013) that formed when 

seawater flowed onto the superheated meltsheet; 

3) Neither in the meltsheet nor in the lower crater breccias does moderately volatile 

element loss follow the order of condensation temperature. The significance of the 

relative order of loss is currently unconstrained and requires experimental data on 
elemental behaviour in (hydrous) silicate vapour. 

 

5.2. Circumstances and physical parameters contributing to 

impact induced Pb loss. 
 

In order to lose the moderately volatile element Pb following collision of an asteroid with 

the Earth, the impactor must be of a large enough size to sufficiently erode the crust and eject 

the volatile elements out of the atmosphere but the processes collectively falling under the term 

'impact erosion' may be more complex than whole-sale ejection of the targeted crustal material. 

In general, stony impactors under 100 m do not cause impact erosion, and therefore Pb 

loss, as impactors of that size detonate in the atmosphere (Hills and Goda, 1998). Bland and 

Artemieva (2006) argued that iron meteorites caused the majority of the smaller impact craters 

on the Earth. These small ferrous impactors, like the 40 m Meteor Crater producing Canyon 

Diablo impactor, can produce impact craters approximately one km in diameter (Shoemaker, 

1987). The Meteor Crater in Arizona is 1.2 km in diameter and was originally 200 m deep 

before being infilled with 30 m of sediment (Poelchau et al., 2009), this gives an approximate 

excavation volume of 3 x 108 m3 from an impactor less than 100 m in diameter.  While 

impacts of this size may be very common they clearly did not contribute to the global Pb loss 

in any meaningful way. Impact craters over 20 km in diameter require an impactor of 

approximately one kilometre in size; the 24 km Ries impact crater in Bavaria was produced by 
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an impactor 1.5 km in diameter (Stöffler et al. 2002) and approximately 6 x 1011 m3 of the 

crust was excavated. Here an impactor roughly 30 times larger than the Canyon Diablo 

meteorite removed around 2000 times more crust thus increasing the possibility of volatile 

metal loss substantially.   

According to the Earth Impact Database there are 190 confirmed impact structures ranging 

in size from 13 m to over 160 km in diameter since 2.4 Ga. Of those 190, only 44 are above 20 

km in diameter which gives an average of one every 54.5 Ma, a value that varies greatly from 

the estimate provided by Grieve and Dence (1979). However this does not account for craters 

that are yet to be discovered, destroyed by geological processes or simply buried like the 

impact crater that produced the Stac Fada Member, Scotland (Simms, 2015). Because of this 

crustal destruction and burial the cratering of the moon has also been used to determine the rate 

of crater formation (Grieve and Dence 1979). They proposed that impactors capable of 

generating 20 km and 100 km craters occurred on average every 560,000 years and 14 Ma 

respectively.  

Ivanov and Melosh (2003) suggested that craters larger than 200 km, 250 km and 300 km 

were formed on average every 125-250, 250-500 and 500-1000 Ma respectively. As Pb loss 

has apparently occurred in the Sudbury impact, craters of the magnitude mentioned above 

would almost certainly result in significant Pb loss. Lunar samples returned to Earth as part of 

the Apollo 15, 16 and 17 missions highlighted a period of intense bombardment of the ancient 

lunar crust (Tera et al., 1974) from 4.0-3.8 Ga known now as the Late Heavy Bombardment 

(LHB). A key observation in this study was that some of the impacted material showed almost 

complete Pb depletion. Morbidelli et al. (2012) highlighted a significant drop in the impact 

flux following the LHB compared to the flux immediately preceding the c.a. 200 million year 

event.  

Marchi et al. (2014) determined the magnitude and timing of impacts on the Earth from 

4.5-3.5 Ga using an impactor flux estimated by the lunar cratering record. The sizes of 

impactors were selected at random using a size–frequency distribution with a lower limit of 15 

km. The upper limit was set to 4000 km prior to 4.15 Ga and 1000 km after 4.15 Ga when the 

LHB was initiated. These authors postulated that the Earth was hit by 25-45 and five impactors 

of greater than 200 km and 500 km respectively. This equates to the Earth being hit, on 

average, by an impactor over 200 km in diameter every 101-183 million years. Marchi et al. 

(2014) argued that almost no impactor over 500 km has hit the Earth in the last 4 Ga. 

Furthermore the number of impacts has noticeably decreased since the end of the LHB (Jones, 

2014). This implies that if Pb loss occurred as a direct result of large to giant impacts it must 
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have taken place prior to 3.85 Ga. Marchi et al. (2014) suggested that before 4.4 Ga up to 60–

70% of the Earth’s surface was reworked to an average depth of 20 km. 

For the volatile and moderately volatile elements, impact erosion may have been more 

complex. Boujibar et al. (2015) suggested that repeated collisions into the proto-crust resulted 

in the erosion of incompatible elements from the crust and upper mantle and that the refractory 

elements were favoured in the re-condensation compared to the volatile elements. Up to 50% 

of the radiogenic heat producing elements U, Th and K found in the accessible Earth may have 

been lost to collisional erosion (Palme and O’Neill, 2003; Jellinek and Jackson, 2015). If a 

highly refractory element like U, Th and K (Allègre et al., 2001) can be depleted in such a way 

it implies that the more volatile elements found in the Earth’s crust likely underwent even more 

severe depletion. It is clear from studies of tektites (e.g. Moyner et al., 2009, 2010; Watt et al., 

2011; Rodovská et al., 2017 ) and experiments of element loss (e.g. Wulf et al., 1995) that the 

Earth's depletion in moderately volatile elements does not strictly follow the order of 

condensation temperature of pure metals in vacuum. Impact-induced volatile metal loss is 

better represented by data from elemental behaviour in silicate vapour plumes but experimental 

data for these systems are sparse (see e.g. Loewen and Kent, 2012). 

The most significant observation from this study is that volatile loss from a planet with a 

hydrous atmosphere may have to consider the additional complexity of the formation of the 

secondary plume, resulting from water flowing onto the super-heated meltsheet. The data from 

our study clearly suggest that the most Pb depleted section of the impact stratigraphy is the 

immediate crater fill, representing the fuel-coolant interaction breccias (Fig. 5) , that have 

common Pb concentrations as low as 0.17 ppm, at least 10 x lower than the estimate for the 

direct impact melt. There is growing evidence that the late Hadean Earth did have a liquid 

hydrosphere (e.g. Wilde et al., 2001; Kramers, 2003) and that many giant impacts of the LHB 

thus likely produced secondary plumes, capable of enhancing loss of at least some of the 

moderately volatile elements. 

 

5.3. Can volatility-related Pb loss contribute to a solution for the 

1st terrestrial Pb paradox? 

 

This four stage model describes how Pb developed from an initial primordial composition 

to present day compositions with three major events, t1, t2 and t3, inducing Pb fractionation 

(Fig. 8). After each event the 238U/204Pb (μ) ratio increased as Pb was lost; μ0 was before core 
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formation, μ1 was after core formation, μ2 was after Giant Impact and μ3 was after LHB. The 

first fractionation was the catastrophic core formation event (e.g. Allègre et al., 1982; Murphy 

et al., 2002). The timing of core formation has been the focus of many studies (e.g. Allègre et 

al., 1982; Labrosse et al., 2001; Kleine et al., 2002; Yin et al., 2002; McDonough, 2003) but is 

now generally thought to have taken place no earlier than 30 million years and no later than 

100 million years after accretion (McDonough, 2003). The second event was the Giant Impact, 

the collision of a Mars sized body and the Earth that resulted in the formation of the Moon 

approximately 60 million years after the Earth’s accretion (Snape et al, 2016). Touboul et al. 

(2007) noted that the short lived 182Hf was extinct by the time of lunar formation giving a 

maximum age of 4500 Ma. Connelly and Bizzarro (2016) proposed that the Moon-forming 

event occurred later than expected (4.426–4.417 Ga) and that Pb did not sequester into the 

Earth’s core as it formed too early. They determined that early Pb loss was instead a result of 

collisional erosion between planetesimals. The third event described in the model was the Late 

Heavy Bombardment (LHB) which lasted from 4.15 Ga to 3.85 Ga (Marchi et al., 2014) 

signalling the end of the Hadean Era. Almost all of the crustal rocks originating from the 

Hadean Era were either destroyed or buried by impact melt in this prolonged event. 

The Canyon Diablo meteorite has been used as a proxy for Earth’s initial composition 

(Stacey & Kramers, 1975). The slope of the meteorite isochron and the decay constants of 238U 

and 235U are found in Table 5. The accessible Earth plots to the right of the meteorite isochron 

and is here defined as 70% modern sediment (erosion mix), 25% modern N-MORB, and 5% 

modern OIB.  

In order to solve the value for μ at each event a value must be given for each t. We set the 

core formation event (t1) at 4.531 Ga, 35 million years after Earth’s accretion (Campbell and 

O’Neill, 2012). The Giant Impact (t2) was set to 4.51 Ga, 21 million years after core formation 

and 60 million years after the Earth’s accretion (Snape et al., 2016). The LHB (t3) was set to 

3.95 Ga, 570 million years after the Giant Impact and 616 million years after the Earth’s 

accretion (Marchi et al., 2014). 

Earth’s initial 238U/204Pb (μ0) is assumed to be 1.0 but this value may have increased 

slightly in the early accretionary stages as some volatile elements were likely lost following the 

collision of planetesimals (O’Neill and Palme, 2008). At 4.531 Ga, following early 

accretionary Pb loss and the sequestering of Pb to the core, the 238U/204Pb (μ1) is assumed to be 

1.667. We suggest that the Pb in the core and lost in the early accretionary stage accounts for 

40% of the Pb lost from the accessible Earth. 

We know that the Earth is further depleted in Pb and that at least one more event is needed 

to generate a growth curve which accessible Earth plots on. We propose that a further 45.65% 
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of the Earth’s Pb was extracted from the accessible Earth following the catastrophic Moon 

forming giant impact and the LHB removed a further 4.35% of the Earth’s Pb leaving just 10% 

of the Earth’s original Pb in the accessible Earth. The 238U/204Pb (μ2, μ3) ratios after the  

 

 



73 
 

 

 

Fig. 7: Panel (A) Construction of a four stage model of the 207Pb/204Pb vs 206Pb/204Pb evolution of the Earth 

solving the first terrestrial Pb paradox. The two known end members of this model are the meteoric initial 

and the accessible Earth, here located by a black and green circle respectively. The meteoritic initial plots on 

the meteoritic isochron but the accessible Earth plots off the isochron to the right. The Canyon Diablo 

meteorite is used as the meteoritic initial, values for this, the accessible Earth and the meteoritic isochron are 

shown in Table 5. The catastrophic core formation event, annotated A with a red circle, resulted in 

approximately 40% of the Earth’s Pb budget being sequestered into the core. The Moon forming Giant 

Impact, marked B and with a yellow circle, occurred shortly after core formation and resulted in a further ca. 

45% of the Earth’s original Pb allocation. The Late Heavy Bombardment (LHB) took place from 4.15-3.85 

Ga with a peak at 3.95 Ga (Marchi et al., 2015) and is described by C and a blue circle. This event resulted in 

further Pb loss and since 3.85 Ga the accessible Earth’s Pb budget has remained constant at 10%. Panel (B) 

displays a time line of the Earth’s history from 4.566 Ga to present with the three key Pb loss events plotted 

and annotated. Below the timeline there is a graph displaying the percentage of Pb available in the accessible 

Earth, note that approximately 85% of the Pb budget has been removed from the accessible Earth by 4.51 Ga 

and the Pb content has remained stable since 3.85 Ga. 
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Table 5. Parameters, dimensions, and timescales (Ga). 

 Time (Ga) 
206Pb/ 
204Pb 

207Pb/ 
204Pb 

238U/ 
204Pb  

Canyon Diablo 4.566 9.307 10.294 1 Stacey and Kramers (1975) 
Core formation 4.531 9.318 10.316 1.667 This study 
Giant impact event 4.51 9.329 10.338 6.967 This study 
 3.95 10.495 12.156 10 This study 
Present day 0 18.956 15.634 10 This study 
      
Present day 
(modern sediment)  19.074 15.691  Kramers and Tolstikhin (1997) 
Present day  
(N-MORB)  18.518 15.479  Kramers and Tolstikhin (1997) 
Present day  
(OIB)  19.503 15.617  Kramers and Tolstikhin (1997) 
      
      
Decay constants   
238U 1.55 X 10-10 yr-1  Stacey and Kramer (1975) 
235U 9.85 X 10-10 yr-1  Stacey and Kramer (1975) 
   
Meteorite isochron   
207Pb*/206Pb* 0.624473      Amelin (2006) 
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giant impact event and LHB were 6.967 and 10.0 respectively. The giant impact accounts for 

the loss of approximately 75% of the available Pb in the accessible Earth and the subsequent 

collisional erosion of the LHB accounts for approximately 30% of the Pb in the already 

depleted accessible Earth. A later Moon forming impact event, such as the one proposed by 

Connelly and Bizzarro (2016), would result in an increased Pb loss and a reduced Pb loss 

associated with the LHB. However, LHB Pb loss is still needed to reach modern Pb isotope 

ratios. Our estimates on the Earth’s μ-value after the LHB are close to the value suggested by 

Stacey & Kramer (1975) where they first investigated multiple-staged models to describe 

terrestrial Pb evolution. Stacey & Kramer (1975) postulated that the μ-value of the Earth has 

not changed since about 2.5 Ga meaning the differentiation events needed to explain the 

Earth’s Pb evolution must have been completed long before 2.5 Ga.  

 

6. Summary 
 

The work presented above has provided the following insights:  

• Very large impact events have led to the depletion in moderately volatile metals in the 

melted target lithologies. The SIC was originally depleted in Pb by a factor of ca. 3 

relative to UCC.  

• Explosive fuel-coolant interaction between seawater and the still molten meltsheet led 

to further Pb loss. This new evidence suggests that very large impacts into a 

subaqueous environment contributed to the preferential loss of moderately volatile 

elements such as Pb. 

• Volatile metal loss is much more pronounced following fuel-coolant interaction (i.e. 

the Sandcherry Member) than from the direct impact melt (i.e. the SIC). This suggests 

that subaqueous impacts, which are statistically more common than terrestrial impacts, 

have played a key role in the loss of moderately volatile metals from the Earth. 

• Pb loss from the formation of the Earth’s core alone is not enough to balance the Pb 

paradox. We propose that the Moon forming impact and the later large to giant impacts 

of the LHB contributed to the loss of volatiles metals, such as Pb. Additionally our 

model provides a solution to the enrichment of refractive elements like Th and U in the 

Earth’s crust relative to the upper mantle. Following vaporisation of the proto-crust the 

refractive elements are more likely to re-condense to form a new crust compared to 

volatile elements like Pb (Boujibar et al., 2015).   
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Supporting Information 
 

 

Supplemental Figure 1: Ba/Sr vs. Pb/Sr plot of the feldspars shown in Fig. 3. Bulk feldspar from McNamara 

et al. (2017) is also shown. The bulk feldspar analysis (grey circle) plots near the alkali feldspar (green 

circles) which has grown in the interstitial space between the plagioclase (core and rim in purple and red 

respectively) 
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Supplemental Figure 2: Typical Pb/Pr ratio which increases up the stratigraphy of the Onaping Formation. 

This systematic stratigraphic increase in Pb/Pr is driven by Pb. 
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Supplemental Figure 3: Pb and Pr concentrations throughout the Onaping Fm. Note that the Pr distribution is 

relatively uniform, with averages ranging from 5.2±2.1 ppm to 6.6±1.6 ppm. However, the Pb concentrations 

increase from the Sandcherry Member to the Dowling Member Upper Unit (from 3.0±2.6 to 13±59 ppm) 
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Abstract 
 

Morphological studies of large impact structures on Mercury, Venus, Mars, and the Moon 

suggest that volcanism within impact craters may not be confined to the shock melting of 

target rocks. This possibility prompted reinvestigation of the 1.85 Ga subaqueous Sudbury 

impact structure, specifically its 1.5 km thick immediate basin fill (Onaping Formation). 

Historically, breccias of this formation were debated in the context of an endogenic versus an 

impact-fallback origin. New field, petrographic, and in situ geochemical data document an 

array of igneous features, including vitric shards, bombs, sheet-like intrusions, and peperites, 

preserved in exquisite textural detail. The geochemistry of vitric materials is affected by 

alteration, as expected for subaqueous magmatic products. Earlier studies proposed an overall 

andesitic chemistry for all magmatic products, sourced from the underlying impact melt sheet. 

The new data, however, suggest progressive involvement of an additional, more magnesian, 

and volatile-rich magma source with time. We propose a new working model in which only the 

lower part of the Onaping Formation was derived by explosive “melt-fuel-coolant interaction” 

when seawater flooded onto the impact melt sheet in the basin floor. By contrast, we suggest 

that the upper 1000m were deposited during protracted submarine volcanism and sedimentary 

reworking. Magma was initially sourced from the impact melt sheet and up stratigraphy, from 

reservoirs at greater depth. It follows that volcanic deposits in large impact basins may be 

related to magmatism caused by the impact but not directly associated with the impact-

generated melt sheet. 
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1. Introduction 
 

In the early history of the Solar System, large impact events were amongst the most 

important processes shaping the crust of the planets (e.g., Marchi et al., 2014). On Earth, the 

study of the effects of large impacts is limited because plate tectonic action has eradicated the 

vast majority of the ancient (>3.85 Ga Hadean) impact structures and compromised the 

preservation of or access to the three known large impact structures: Vredefort, Sudbury, and 

Chicxulub. By contrast, an abundance of impact structures are preserved on solid Solar System 

bodies lacking significant tectonics and resurfacing, such as Mercury and the Moon. Their 

study is limited by the current observational means, and models draw heavily on topographic-

feature analysis and information from spectral data (Platz et al., 2015). The small number of 

well-preserved terrestrial impact sites and the scarcity of in situ geological data for the 

nonterrestrial impact basins conspire to significantly limit the knowledge regarding the 

potential for large impacts to rework or destroy the impacted lithosphere (e.g., Moser et al., 

2009). In addition, it is presently poorly understood whether large impacts could cause melting 

other than the well-established direct fusion of impacted target lithologies (e.g., Zieg and 

Marsh, 2005; Cupelli et al., 2014). 

The subject of postimpact magmatism in the inner Solar System has received renewed 

attention because modern high-quality topographic data from Mercury (Marchi et al., 2013), 

Venus (Herrick and Rumpf, 2011), and Mars (Edwards et al., 2014) have identified igneous 

features that clearly postdate impact structures. On Mercury, for example, the first Mercury 

Surface, Space Environment, Geochemistry and Ranging flyby showed evidence for the 

important role of volcanism in impact craters (Head et al., 2008). Subsequent studies have 

produced a variety of data supporting the link between impacts and volcanism (Roberts and 

Barnouin, 2012; Whitten and Head, 2015) and indicating that crater-related fractures may have 

controlled long-lived explosive volcanism, whose products are largely contained in the impact 

structures (Goudge et al., 2014; Thomas et al., 2014a, 2014b, 2015). Explosive volcanism on 

Mercury, as well as explosive volcanism and mare basalt flows in lunar basins, are typically 

hundreds of millions of years younger than the impact structure in which they are contained 

(e.g., Hiesinger et al., 2011). Nevertheless, recent research suggests that the extent of the 

physical effects of impacts can be dramatic. On Mercury, Ernst et al. (2015) calculated that an 

impact producing a 1420 km basin (the large Caloris basin) would have melted both the lower 

crust and upper mantle. On the Moon, Yamamoto et al. (2010) detected regions with 

anomalously high abundances of olivine at the margins of impact basins, whose centre is 

typically occupied by mare basalts. These authors suggested that such olivine-rich deposits 
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might be related to excavation of the lunar upper mantle by the impacts that formed the basins. 

Indeed, numerical modelling by Zhu et al. (2015b) suggested that the impact producing the 

Orientale basin (930 km) could have excavated mantle materials, deposited as ejecta within the 

basin and later covered by mare basalts (e.g., Zhu et al., 2015a). 

The possibility of lithosphere-scale impacts is important for two areas of terrestrial 

geology. First, the Hadean- Archaean boundary coincides with the proposed late heavy 

bombardment. This could be a fortuitous temporal coincidence (Kamber, 2015) or imply that 

high-impact flux was the cause for the near-total destruction of the Hadean terrestrial crust 

(Marchi et al., 2014). Second, there is ongoing discussion around the coincidence between 

mass extinction events, evidence for large impacts, and eruption of Large Igneous Provinces 

(Jones et al., 2002, 2003; Abbot and Isley, 2002, 2003; Glikson, 2003; Ivanov and Melosh, 

2003; Elkins-Tanton and Hager, 2005; White and Saunders, 2005; Marchi et al., 2013; Jones, 

2014). Hydrodynamic modelling by Jones et al. (2002, 2003) suggested that isostatic rebound 

after large (~200 km diameter crater) impacts could induce decompression melting of the 

underlying mantle, triggering long-lived, plume-like volcanism if it occurred where geothermal 

gradients are high and the mantle temperature is already close to its solidus. In contrast, 

Melosh (1989), Melosh and Ivanov (1999), and Ivanov and Melosh (2003) considered isostatic 

rebound unlikely after carrying out numerical simulations of large impacts on both “cold” and 

“hot” lithosphere. More recently, modelling by Elkins-Tanton et al. (2004) and Elkins-Tanton 

and Hager (2005) suggested that an impact generating a 600 km diameter crater on a relatively 

thin (75 km) lithosphere could produce long-lived mafic magmas, first by immediate in situ 

decompression and later by convective mantle flow underneath the isostatic uplift. 

The 1.85Ga Sudbury basin in Canada is one of the oldest, best preserved, and most 

accessible impact basins on Earth (Figure 1). Originally a circular multi-ring basin with a 

diameter of 150–260 km, the whole impact structure was deformed into an ellipsoid-shaped 

syncline during the Penokean Orogeny and later deformation events (e.g., Hirt et al., 1993; 

Pope et al., 2004). The exceptional exposure of an oblique section through the impact structure 

(Figure 2), transecting the shocked basement, the impact melt sheet (Sudbury Igneous 

Complex), the immediate impact basin fill (Onaping Formation), and the black shales and 

carbonates above, provides a unique opportunity to study post impact history from in situ 

geological data. A recent geochemical investigation (Petrus et al., 2015a) estimated that an 

impact structure the size of Sudbury could have been created by a 15 km diameter comet. 

According to the algorithm of Collins et al. (2005), impact of such an object would have 

created a transient crater of 30 km depth (Figure 1a) through the whole continental crust, a 

possibility substantiated by numerical and geochemical modelling (Grieve et al., 1991; 
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Mungall et al., 2004). The depth of immediate impact melting is substantially lower than the 

depth of the transient cavity (Melosh, 1989; Roberts and Barnouin, 2012, and references  

 

Figure 1. (a) Estimated transient crater depths in relation to the diameter of the impactor, calculated following 

Collins et al. (2005) for a comet impactor of 700 kg/m3 density and 51 km/s velocity, impacting at an angle 

of 45° on sedimentary rocks, crystalline rocks or water; according to Petrus et al. (2015a), the Sudbury 

impact structure could have been created by a 15 km diameter comet (star). (b) Comparison of geological 

data of the Sudbury structure with other terrestrial impact structures (data from Grieve et al. (2010); question 

marks denote data unknown due to erosion); note the great thickness of the Onaping Formation in the 

Sudbury impact basin. 
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therein). However, the large scale of the transient cavity invites entertainment of the possibility 

that isostatic rebound could have triggered decompression melting in the deep lithosphere, 

fuelling postimpact volcanism. Miljkovic et al. (2013, 2015) found that on the Moon, the 

temperature of the target before the impact has an effect on the size and morphology of the 

impact crater and the diameter of the region affected by crustal thinning and mantle uplifting. 

In the Sudbury region, a recent study in preparation of geoneutrino experiments (Phaneuf and 

Mareschal, 2014) discovered that the crust is exceptionally rich in U, Th, and K, producing an 

unusually high modern heat flow. At 1.85Ga crustal radiogenic heat production was ~55% 

higher than today, and in addition, the impact occurred during the Penokean Orogeny, which 

would have further increased the temperature of the target rocks (Pope et al., 2004). 

Postimpact volcanic activity could help explain the unexpectedly thick stratigraphy of the 

Onaping Formation (Figure 1b) (Peredery and Morrison, 1984; Grieve et al., 2010). However, 

evidence of decompression melts unrelated to the initial impact event, such as mantle-derived 

igneous materials, has not been found so far (Mungall et al., 2004, and references therein). The 

Onaping Formation is composed of 1.5km of breccias and tuffs. We use “tuff” as a purely 

descriptive petrological term, to describe rocks dominated by fine grained (<2mm) matrix and 

abundant vitric (devitrified) shards. The rocks show high complexity in terms of the petrology 

of their components, and vitric fragments are widespread through the stratigraphy. Discussion 

regarding the origin of the Onaping Formation as impact fallback versus volcanism-related is 

 
Figure 2. Simplified geological map of the North Range of the Sudbury impact basin in Ontario, Canada 

(modified from Ames (1999)). Coordinates refer to UTM zone 17°N. Two transects across the stratigraphy of 

the Onaping Formation were studied in detail: Morgan Township (Figure 3) and Joe Lake (Figure 4). 

Additionally, an intrusion cross-cutting high stratigraphic levels of the Onaping Formation was sampled in 

Dowling Township (star; see Figures 6d and 12d). 
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long standing (e.g., Dietz, 1964; Muir and Peredery, 1984; Grieve and Therriault, 2000; 

Osinski et al., 2016). Dressler et al. (1996) suggested that impact-induced upwelling of mantle 

may have resulted in endogenic, magmatic activity, even a considerable time after the impact, 

but this idea was later contested by Grieve et al. (2010), who suggested that the Onaping 

Formation largely consists of reworked impact melt. The latter authors highlighted the 

importance of interaction between the melt sheet and seawater entering the structure, 

generating explosive hydroclastic fragmentation of the impact melt. In the present paper, we 

revisit evidence for the processes involved in the deposition of the Onaping Formation. We 

present new detailed mapping, field observations, quantitative lithostratigraphy, petrography, 

and in situ geochemistry, focusing on the abundant and varied vitric materials that occur in the 

basin fill. We propose a genetic model in which long-lived explosive volcanic activity, initially 

sourced from the impact melt sheet but later from an additional, more magnesian source, 

played a key role in the postimpact history of the basin. 

 

2. Regional Geology 
 

The present-day exposure of the Sudbury Igneous Complex (SIC) impact melt sheet 

(Figure 2) is a small, eroded, folded remnant (60 × 30 km) of a much larger, 150–260 km 

diameter impact basin that lies on the boundary between the Superior and Southern geologic 

provinces in Canada (Grieve et al., 1991, and references therein). The SIC is 2.5 km thick and 

differentiated internally into a layered structure. From bottom to top, the SIC is composed of 

mafic to felsic norite, quartz gabbro, and granophyre (Zieg and Marsh, 2005). There is a 

discontinuous basal unit known as the “sublayer,” which is composed of norite with local and 

exotic mafic to ultramafic xenoliths (Lightfoot et al., 1997; Zieg and Marsh, 2005, and 

references therein). In addition, there is a network of radial or concentric “offset” dykes 

intruding into the shocked basement beneath the SIC. The offset dykes have an overall 

composition of granodiorite and represent SIC magma injected into basement fractures and 

chilled rapidly (e.g., Lightfoot et al., 1997; Wood and Spray, 1998; Hecht et al., 2008). 

The Onaping Formation comprises 1.5 km of polymict breccias and tuffs deposited directly on 

top of the SIC impact melt sheet. One of the most remarkable features is the abundance of 

vitric materials, both as vitric fragments and as aphanitic intrusive bodies. The Onaping 

Formation is overlain by shales, siltstones, and wackes of the Upper Whitewater Group, which 

represent the final basin fill (Figure 2) (Grieve et al., 1991). Scientific curiosity regarding the 

origin of the Sudbury structure as a whole has been fuelled by its economic relevance. World-
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Figure 3. Geological map of the Onaping Formation at Morgan Township (modified from Ames and Gibson 

(2004a)). Coordinates refer to UTM zone 17°N. The Onaping Formation (Sandcherry and Dowling 

Members) lies on top of the Sudbury Igneous Complex and is overlain by mudstones of the Upper 

Whitewater Group (Onwatin Formation). 
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Figure 4. Geological map of the Onaping Formation at Joe Lake (modified from Ames and Gibson 

(2004b), with additional new mapping). Coordinates refer to UTM zone 17°N. The Onaping Formation 

(Sandcherry and Dowling Members) lies on top of the Sudbury Igneous Complex and is overlain by 

mudstones of the Upper Whitewater Group (Onwatin Formation). In the new mapping area, exposed outcrops 

are outlined with solid lines and filled with intense colours, whereas in unexposed parts, inferred geology is 

denoted using lower intensity colours. Star symbols mark the locations where grid survey was carried out, 

defining two transects across the stratigraphy of the Onaping Formation. 
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class ore deposits of Ni, Cu, and the platinum-group elements (PGE) are hosted by the SIC and 

adjacent basement rocks (Naldrett et al., 1999; Ames and Farrow, 2007), and hydrothermal 

massive sulphide deposits of Zn-Cu-Pb-Au-Ag occur in the Upper Whitewater Group 

overlying the Onaping Formation (Ames et al., 1998, 2006; Ames and Farrow, 2007, and 

references therein). 

The Onaping Formation is commonly subdivided into three members: the Garson Member, 

the Sandcherry Member, and the Dowling Member (Ames et al., 2002). The Garson Member 

(up to 500m thick) is strongly metamorphosed and crops out only along a 25 km strike length 

over the southeastern lobe of the SIC (Coulter and Osinski, 2015). By contrast, the Sandcherry 

Member (SM; 300–500m thick) and Dowling Member (DM; 1000m thick) are mappable all 

around the ellipse margin of the Sudbury basin (Figure 2) (Ames et al., 2002). Detailed 

geological mapping of the Onaping Formation at two transects along the North Range of the 

Sudbury impact basin (Figures 3 and 4) shows the relationships between the units making up 

the Sandcherry and Dowling Members. 

The so-called Onaping Intrusions occur at the base of the Onaping Formation, close to the 

SIC granophyre, and have been recently interpreted as roof rocks of the SIC impact melt sheet 

(Grieve et al., 2010; Anders et al., 2015, and references therein). The Sandcherry Member is 

subdivided into the Equant Shard Unit and the Fluidal Fragment Unit following lateral 

variations. The Dowling Member subdivisions, by contrast, reflect chronological evolution of 

deposition. The Contact Unit crops out as discontinuous patches predating the more continuous 

Lower, Middle, and Upper Units. The Contact and Lower Units (up to ~200m thick together) 

are relatively thin compared to the Middle and Upper Units (~800m thick together). The 

transition between the Onaping Formation and the younger black shales of the Upper 

Whitewater Group is gradational in the field (marked with a dashed thick line on the maps in 

Figures 3 and 4) (e.g., Muir and Peredery, 1984; Gibbins, 1994), but the transition is sharply 

depicted in terms of trace element geochemistry (O’Sullivan et al., 2016). 

Previous workers (e.g., Muir and Peredery, 1984; Grieve et al., 1991; Avermann and 

Brockmeyer, 1992; Avermann, 1999) subdivided the Onaping Formation on the basis of colour 

(Gray, Green, and Black Members). However, colour is a function of carbon content and 

chlorite alteration, both of which cross cut lithological boundaries and are not necessarily 

primary features (Gibbins, 1994; Ames et al., 1998; Ames, 1999). In this contribution, we refer 

to the Sandcherry and Dowling Members and use further subdivisions into units as outlined 

above and described in section 4. 
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3. Methods 
 

Field campaigns in May–June 2013 and 2014 provided the main body of observations and 

samples that build the present study. We focused on the North Range of the Sudbury structure 

(Figure 2), which experienced much less tectonic overprint than the South Range (e.g., Riller, 

2005). The first aim of the fieldwork was the detailed study and sampling of two representative 

transects across the Onaping Formation at Morgan Township (Figure 3) and Joe Lake (Figure 

4). The traces of these two transects were chosen through areas with relatively good exposure 

and low alteration that had been characterized in previous studies (Ames and Gibson, 2004a, 

2004b). Geological exploration and mapping informed subsequent sampling of least altered 

rocks representative of the diversity of materials that make up the basin fill, including breccias, 

tuffs, and intrusions. Additionally, we sampled a locality in Dowling Township (star symbol in 

Figure 2), where an aphanitic intrusive body occurs at a high stratigraphic level in the Onaping 

Formation (Ames and Gibson, 2004a; Gibbins et al., 2004). Fresh rock samples were obtained 

with hammers, chisels, and sledge hammer and, where outcrops were flat, used a large 

handheld circular saw with a diamond-tipped blade. Finally, we quantified lithostratigraphic 

variations by point counting rock components using a 1 × 1 m, 100-node grid across the 

stratigraphy of the Onaping Formation at Joe Lake (see locations in Figure 4). At each of the 

15 locations, we quantified the nodes as either matrix or clast and, in the latter case, described 

the clast further according to size, shape, texture, modal mineralogy, and the presence or 

absence of vitric rims (data are available in supporting information Data Set S1). 

Surprisingly for the old age of the deposits, the preservation of textural relationships is 

exceptional in places. Where the quality of textural information may not be evident on the 

weathered surface of the rocks, the field saw was used to cut a fresh surface, which was then 

inspected under water, or less commonly, after impregnating the surface with epoxy. Samples 

examined macroscopically were further sawed into several slices to select optimal surfaces for 

thin section study. Polished thin sections of 139 samples were prepared at the Department of 

Geology of Trinity College Dublin. We aimed to undertake an in-depth petrographic 

investigation of the Onaping Formation as a whole, and the vitric materials in particular, to 

augment and update previous studies (e.g., Gibbins, 1994; Ames, 1999; Ames et al., 2002, 

2006). To this end, we studied the thin sections with a twofold approach. First, we scanned the 

thin sections with high resolution to provide a map of the texture of the rocks and the textural 

relationships between different components. Second, we examined the thin sections using 

polarized light microscopy to describe the type, shape, texture, and modal mineralogy of the 

vitric clasts and intrusions, as well as their degree of alteration and recrystallization. 
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Detailed petrography across the Onaping Formation informed the selection of vitric 

materials for in situ major element analyses, undertaken using a Field Emission Scanning 

Electron Microscope equipped with an Energy Dispersive Spectrometer (FE-SEM-EDS) at the 

Centre for Microscopy and Analysis, Trinity College Dublin. We analysed the least altered 

vitric fragments, using samples where the matrix was unaltered. The thin sections were coated 

with carbon and introduced into a Tescan MIRA XMU FE-SEM operating under high vacuum 

conditions and equipped with an Oxford X-Max 80mm2 EDS detector running Oxford INCA 

analysis software. Analyses were performed using an accelerating voltage of 20 kV and 

scanning a large area of 30 × 30 μm, to assure representativeness on largely recrystallized 

vitric components. Standardization was carried out with Smithsonian microbeam standards 

(Jarosewich et al. (1980): microcline, anorthoclase, pyrope, and augite) and a synthetic TiO2 

glass. Beam current drift was controlled by frequent analysis of cobalt, and matrix correction 

was made using an Oxford-PP (ZAF-type; Z: atomic number, A: absorption, F: fluorescence) 

procedure. The final data set comprises 555 in situ analyses on vitric materials across the 

Onaping Formation (see supporting information Data Set S2). Precision and accuracy were 

monitored by analysing Smithsonian mineral and glass standards (San Carlos olivine, Kakanui 

pyrope, and Juan de Fuca Ridge basaltic glass) (Jarosewich et al., 1980) at the beginning of 

each analytical session. Precision was better than 1% for all analysed elements; accuracy was 

better than 5% for elements with concentrations above 1 wt % and better than 10% for 

elements with concentrations below 1 wt % (see supporting information Data Set S3). 

Vitric fragments from a representative sample from the Dowling Member Contact Unit 

were further analysed for rare earth elements using in situ laser ablation inductively coupled 

plasma mass spectrometry at the Geochemistry Laboratories of Trinity College Dublin (see 

supporting information Data Set S4). We used a Teledyne Photon Machines Excite 193nm 

Excimer UV ArF laser coupled to a Thermo iCapQs quadrupole mass spectrometer. Ablation 

was performed in ultrapure He to which Ar makeup gas with a trace amount of N2 was added 

for efficient transport and to aid ionization. We used a laser fluence of 4 J/cm2, a spot size of 

47 μm, and a repetition rate of 5 Hz, ablating for 40 s and allowing a pause of 40 s between 

spots for washout and then background measurement. NIST610 glass reference material was 

systematically analysed as calibration standard. Recrystallisation of vitric components 

precluded accurate internal standard correction, and data were reduced in semiquantitative 

mode using Iolite v2.5 free software (Paton et al., 2011). 

 

4. Results 
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4.1. Field Observations and Variations Across Stratigraphy 
 

The Onaping Formation is mainly composed of variably altered, dark colour, dense, 

polymict breccias, and tuffs. The rocks consist of a combination of clasts of disparate nature, 

shape, and proportions, embedded in a fine-grained matrix. Rock components show systematic 

variations with stratigraphy as quantified by visual point counting (Figure 5; see locations in 

Figure 4 and full results from the grid survey as supporting information Data Set S1). Grain 

size decreases gradually upward. The Sandcherry Member consists of clast supported to 

matrix-supported breccias, whereas the Dowling Member is composed of matrix-supported 

breccias and tuffs, and the volume fraction of matrix increases up stratigraphy (Figure 5). The 

presence of carbon is significant and most prominent in the Dowling Member, making the 

matrix considerably darker than in the Sandcherry Member. Carbon is locally present in the 

coarser-grained rocks of the Contact Unit and widespread in all rocks from the Lower Unit 

upward. Key characteristics of the Onaping Formation at the scale of field observations are 

described below and illustrated in Figures 6–8. 

 

Figure 5. Stratigraphic log of the Onaping Formation (modified from Ames (1999)) and vertical variations in 

rock components quantified by grid analysis (see locations in Figure 4; data set available as supporting 

information Data Set S1). We apply the terms ash (<2 mm), lapilli (2–64 mm), and bomb (>64 mm) to 

describe grain size, regardless of the shape or origin of the fragment. The Sandcherry Member and the 

Contact Unit of the Dowling Member are described as breccias, whereas the Lower, Middle, and Upper Units 

of the Dowling Member are described as tuffs, progressively finer-grained up stratigraphy. Zircon data are 

from Petrus et al. (2015b) (square) and Pb concentrations in matrix separates are from O’Sullivan et al. 

(2016) (triangle). 
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Lithic clasts are particularly abundant in the Sandcherry Member Equant Shard Unit (up to 

>50 vol % at the base of the Onaping Formation; Figure 5) and decrease in size and volume 

fraction up stratigraphy. These clasts are country rock fragments primarily of granitoid and 

quartzite and to a lesser extent other metasedimentary rocks, gneiss, and metavolcanic rocks. 

Sizes range from a few millimetres to (rarely) a few meters, classifying as lapilli and bombs. 

For the sake of clarity, we apply the terms “ash” (<2 mm), “lapilli” (2–64 mm), and “bomb” 

(>64 mm) in their widest sense, to refer to sizes only, regardless of the shape or origin of the 

fragment. Granitoid clasts are often irregular and rounded in shape (Figure 6c), whereas 

quartzite clasts are typically angular. Lithic clasts commonly have a mm-thick black rim and 

sometimes a vitric fluidal rim (Figures 6c and 7b–7d) up to 250mm in width. Toward the top 

of the Sandcherry Member, bomb-sized clasts of granite and quartzite are commonly 

surrounded by “wings” of vitric fluidal material, forming winged cored bombs (Figures 7b–7d) 

that compose of up to ~20 vol % of the rock. 

One of the most striking features of the Onaping Formation is the abundance of vitric 

material (devitrified and/or altered glass) (Ames et al., 1998, 2006; Osinski et al., 2016), which 

occurs in a variety of sizes and morphologies. In addition to vitric fluidal material rimming 

country rock clasts of different sizes (e.g., Figure 6c), there are green clasts (Figure 6a) and 

pale to yellow clasts (Figure 6b) composed entirely of devitrified glass. Both types have 

angular edges and typically range in size from millimetres to a few centimetres. Green vitric 

clasts with sizes between lapilli and ash are sometimes banded and characteristically show very 

sharp, angular to cuspate margins (see section 4.2); we describe them collectively as “green 

shards”. Pale-colour vitric clasts with sizes from lapilli to ash are typically banded and we 

describe them as “fluidal fragments”. Green shards were previously called andesite clasts 

(Grieve et al., 2010) or lenticular shards (Gibbins, 1994; Ames, 1999; Ames et al., 2002), but 

given their alteration and uncertain protolith(s) we prefer to use a non-genetic, purely 

descriptive classification. Green shards increase in abundance dramatically at the transition 

from the Sandcherry Member to the Dowling Member, from <5 up to 24 vol. %. In contrast, 

fluidal fragments decrease from 25 to 10 vol. % at the same stratigraphic boundary and down 

to <5 vol. % from the Lower Unit onward (Figure 5; full data are available as supporting 

information Data Set S1). 

Vitric clasts are sometimes over 6.4 cm, in which case we describe them separately as 

bombs (Figure 7a). They are most common in the Contact Unit, where they occur concentrated 

into horizons that can be followed along strike for 100 m or more. In these horizons, vitric 

bombs typically have fluidal margins, either rounded or winged (Figure 7a). In the Sandcherry 

Member, bombs are typically cored by lithic fragments as described above (Figures 7b–7d). In 



104 
 

the Dowling Member, bombs are typically not cored and composed of green vitric material. 

These green bombs decrease in abundance gradually from the Contact Unit (10 vol %) upward 

(Figure 5). 

Larger vitric bodies occur as intrusions in the Sandcherry Member, the Contact Unit, the 

Lower Unit, and to a lower extent, the Middle Unit of the Dowling Member (aphanitic 

intrusions, see stratigraphic log in Figure 5). These intrusions are several meters in diameter, 

aphanitic, and fluidal in texture. The contacts with the fragmental units of the Onaping 

Formation are irregular, although overall, aphanitic intrusions tend to form relatively tabular, 

dyke- or sill-like bodies. The irregular margins are wavy and characterized by millimetre to 

meter size undulations which can be considered “billows” (Befus et al., 2009; Lago et al., 

2012). Where the margins are disrupted, they generate millimetre to meter size globules of 

vitric material dispersed into the host Onaping Formation. The transition from the coherent 

intrusive body into jigsaw fit assemblages with injected veinlets of host rock, and then into 

dispersed vitric fragments, was recognized in transects sawed through the contact zones

 

Figure 6. Field features of the Onaping Formation (photographs and interpretative sketches). Canadian dollar 

or pencil serve as scale. (a) Abundant vitric green shards with angular margins and banding in some cases, in 

Dowling Member Lower Unit (DMLU; UTM 17°N 500081 5174478). (b) Banded, elongate, vitric, pale-

colour fluidal fragment in Dowling Member Lower Unit (DMLU; UTM 17°N 500251 5174426); note the 

angular end on the left side and the flame-like end on the right side. (c) Granitoid fragment rimmed by vitric 

fluidal material in Sandcherry Member Equant Shard Unit (SMES; UTM 17°N 500056 5174672). (d) 

Aphanitic intrusion into Dowling Member Middle Unit (DMMU; UTM 17°N 474834 5161561) with vesicles 

aligned parallel to the intrusion margins (not seen in the photograph). (e) Reworked packages of DMMU 

within Dowling Member Upper Unit (DMUU; UTM 17 N 500845 5172823). (f) Cross bedding in DMMU 

(UTM 17°N 481642 5166215). 
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 (Figure 8). These margins are considered peperites (cf., White et al., 2000; Skilling et al., 

2002; Cas and Giordano, 2014) and were previously described also as large bodies extending 

over 1 km strike length in the Middle to Upper Units of the Onaping Formation (Ames et al., 

2002, 2006). In the Sandcherry Member, vitric fluidal fragments and bombs are abundant in 

the vicinity of aphanitic intrusions, whereas in the Dowling Member, vitric green shards and 

bombs are often found close by. Aphanitic intrusions are often, but not always, rich in vesicles 

that are filled with quartz and/or calcite and occur aligned parallel to the margins of the 

intrusion. For example, the intrusion in Figure 6d has a subhorizontal orientation and its 

vesicles align accordingly. 

The so-called Onaping Intrusions (Grieve et al., 2010; Anders et al., 2015, and references 

therein) are a separate suite of igneous bodies from the vitric materials described above. They 

are found throughout the Onaping Formation but are larger and more widespread at the base, 

intruding the Sandcherry Member close to the contact with the underlying impact melt sheet 

 

Figure 7. Field photographs of winged bombs in the Onaping Formation. Bombs are composed of vitric 

material and often include lithic fragments. Coin for scale. (a) Elongated, fluidal winged bomb in Dowling 

Member Contact Unit (UTM 17°N 499057 5174457); note the sharp, cuspate margins at the wings (white 

arrows). (b–d) Granitoid fragments rimmed by a layer (wing; white arrow) of vitric fluidal material, making 

up winged cored bombs in Sandcherry Member Equant Shard Unit (UTM 17°N 499360 5174573). (b) One 

large granitoid fragment makes up the core of the winged bomb. (c) Granitoid fragments of varied sizes make 

up the core of the winged bomb. (d) Detail of the vitric wing of the bomb in Figure 7c. 
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(granophyre). The Onaping Intrusions have a morphology in outcrop more globular compared 

to the sheet-like aphanitic intrusions. They are leucocratic and show a fine-grained phaneritic 

texture, in contrast with the more mafic aphanitic intrusions. Moreover, the Onaping Intrusions 

contain lithic fragments. These features have led to the interpretation that the Onaping 

Intrusions are roof rocks of the SIC impact melt sheet (Grieve et al., 2010; Anders et al., 2015); 

they are not considered further in this contribution. A recent geochemical investigation on the 

petrology and geochemistry of the Garson Member (Coulter and Osinski, 2015) concluded that 

the Onaping Intrusions and the Garson Member share a similar origin as roof rocks to the SIC, 

and therefore, they should be considered part of the SIC.  

Upward in the stratigraphy of the Onaping Formation, as the Middle and Upper Units of 

the Dowling member become dominated by ash-size matrix, there are sedimentary structures 

such as bedding and, more rarely, cross bedding (Figure 6f). Additionally in the Upper Unit, 

there are packages of coarse-grained rock (Figure 6e) that represent fragments of the Middle 

Unit reworked into the Upper Unit. 

 

4.2. Petrography 
 

Examples of thin sections scanned for textural analysis demonstrate the exquisite state of 

preservation of morphology and also the complex and heterogeneous nature of the breccias and 

tuffs making up the Onaping Formation (Figure 9). The variety and size of clasts decreases 

upward in accordance with the field quantification (Figure 5). Toward the top of the Dowling 

Member, the rocks are much finer grained, and the clasts and matrix often define planar 

features that most likely represent bedding. 

A specific aim of the petrographic analysis was to characterize vitric materials (Figures 

10–12). Although green shards are recrystallized into cryptocrystalline secondary assemblages, 

their original glassy texture can still be inferred and they show very sharp, angular to cuspate 

edges with the host matrix (Figures 10a–10d and 11c–11g). Green shards are often vesicular, 

with some of the vesicles infilled with matrix material and others infilled with polycrystalline 

quartz assemblages (Figures 10a, 10b, and 10d and 11d–11f). Some green shards are flow 

banded (Figures 10c and 10d) and/or deformed (Figure 10c). Green shards are widespread 

throughout the Dowling Member and decrease in size up stratigraphy. 

Fluidal fragments are also recrystallized into cryptocrystalline secondary assemblages, but 

these are white to yellow in colour under the microscope (Figures 10e and 10f). They show a 
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variety of vesicular and banded microtextures. Fluidal fragments are widespread in the 

Sandcherry Member, particularly in the Fluidal Fragment Unit, and they occur less abundantly 

in the Contact Unit of the Dowling Member and onward. Fluidal fragments are typically more 

altered than green shards, which show variable alteration. Variably altered green shards and 

fluidal fragments coexist in close proximity in single thin sections of rock where the matrix is 

unaltered. While some of the samples (typically from the Sandcherry Member) are 

comprehensively altered, most of our samples have largely unaltered matrix. 

Large vitric green clasts (green bombs) show further textural complexities (Figures 11a 

and 12a). Bombs are generally banded at the microscopic scale, and show sharp, irregular, and 

angular contacts with the host matrix (Figures 11a and 11b). Vesicles are common and often 

follow the banding within the bomb (Figure 12a). When located at the bomb margin, vesicles 

are sometimes open to the matrix and infilled with matrix material (Figure 11b); otherwise, 

they are mostly infilled with polycrystalline quartz assemblages (Figure 12c). In the Dowling 

Member, green shards are typically abundant in the vicinity of green bombs (Figures 11a and 

11c). 

Aphanitic intrusions are fine grained and often vesicle rich (Figure 12b). These intrusive 

bodies are mostly pervasively altered but we sampled relatively well-preserved rocks that 

retain original igneous intergranular texture (Figure 12d) dominated by plagioclase microlites 

and pseudomorphs after a mafic mineral that may have been pyroxene. Microcrysts of quartz 

and opaque minerals complete the major mineral assemblage. Vesicles, when present, are filled 

 

Figure 8. Transect sawed in the field across the contact between an aphanitic intrusion and the Onaping 

Formation (DMLU: Dowling Member Lower Unit; UTM 17 N 499024 5174456). The contact between vitric 

materials and the host rock is highlighted in the bottom panel sketch. Note the complex transition from the 

intrusive body with injections of host rock, to jigsaw fit assemblages of vitric globules in host rock (peperite 

margin), to host rock with dispersed vitric fragments (green shards). 
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with carbonate (Figure 12d) and/or quartz. If both minerals are present, quartz crystals 

typically form a palisade at the margin of the vesicle and carbonates fill in the central cavity. 

 

4.3. Geochemistry: Compositions of Vitric Components 
 

Major element compositions of green shards, bombs, and fluidal fragments were obtained 

for samples spanning the whole stratigraphy of the Onaping Formation. The results are 

summarized graphically in Figure 13. For comparison, we include compositions of 

hydrothermal alteration mineral phases from Ames (1999) and compositions related to the SIC: 

the average composition of the SIC, the composition of mafic norite, and felsic granophyre of 

the SIC (Lightfoot et al., 1997) and a representative offset dyke composition (Wood and Spray, 

1998). We also plot compositions of target lithologies in the region, including the Nippising 

gabbro (Lightfoot and Naldrett, 1996), the East Bull Lake Intrusion (Peck et al., 1995), the 

Levack gneiss (Lafrance et al., 2008), the Superior Province TTG (Feng and Kerrich, 1992), 

and the Huronian metavolcanic and metasedimentary rocks (Debicki, 1990). Full geochemical 

data (555 analyses and 22 comparison data) are available in supporting information Data Set 

S2 and expand significantly on previous geochemical results (Ames et al., 2002; Dressler et al., 

1996).  

The compositions of vitric materials in the Onaping Formation define clear trends in 

bivariate major oxide plots (Figure 13). Green shards and fluidal fragments show distinct 

compositions. Green shards are more enriched in MgO, FeOt (total iron expressed as FeO), and 

CaO than fluidal fragments, which have higher concentrations in SiO2, Na2O, and K2O. The 

variability in Al2O3 contents is similar in both compositional groups, and particularly large in 

green shards. Bombs overall plot as intermediate compositions, although most bomb data plot 

closer to the fluidal fragment end-member than to the green shard end-member. 

Considering that alteration and recrystallization affect the studied vitric materials 

significantly, the significance of major element compositional variability needs to be evaluated 

with care. Most analytical results have totals below 100 wt % because of glass hydration, and 

compositional trends encompass hydrothermal alteration minerals characterized in previous 

studies of the Onaping Formation (Ames, 1999) (Figure 13). Most vitric compositions define a 

linear trend between actinolite and feldspar. Green shards plot close to actinolite, with some 

compositions enriched in Al2O3, MgO, FeOt, and CaO, and depleted in SiO2, similar to chlorite 

and epidote. Fluidal fragments, by contrast, plot close to feldspars, with a few compositions 

particularly enriched in SiO2, toward quartz. 
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Figure 9. Thin section scans representative of the stratigraphy across the Onaping Formation. The Sandcherry 

Member breccias show lateral variations from Equant Shard Unit, clast- to matrix-supported and rich in lithic 

fragments (e.g., large angular quartzite clast: q), to Fluidal Fragment Unit, rich in vitric fluidal fragments 

with angular margins (ff). The Dowling Member Contact Unit breccias have lithic fragments smaller than the 

Sandcherry Member, pale fluidal fragments (ff), and the first occurrence of green shards (gsh). The Dowling 

Member Lower, Middle, and Upper Units grade upward from coarse-grained to fine-grained tuffs; green 

shards are widespread and decrease in size from the Lower to the Upper Unit, whereas lithic and fluidal 

fragments are accessory. The rectangle in the thin section from the Upper Unit marks the location of the 

photomicrograph of green shards in Figure 11g. 
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Figure 10. Photomicrographs of green shards and fluidal fragments in the Onaping Formation. Plane 

polarized light. (a) Green shard in Dowling Member Middle Unit, with vesicles and cuspate margins. (b) 

Green shard in Dowling Member Middle Unit; note the delicate thin sharp fragment of the shard within the 

large vesicle. (c) Green shard in Dowling Member Lower Unit; note the flow banded texture and 

deformation. (d) Green shard in Dowling Member Contact Unit, with flow banding and a vesicle on the right-

hand side. (e) Fluidal fragment in Dowling Member Contact Unit; note the pale alteration around shard rim 

and vesicles. (f) Altered fluidal fragment with angular margins in Sandcherry Member. 
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Figure 11. (a) Scanned thin section of the contact between a bomb (lower half) and the host Onaping 

Formation (Dowling Member Middle Unit; upper half); rectangles indicate the location of expanded features 

in Figures 11b and 11c. Note the vesicle at the margin of the bomb (black arrow). (b) Vesicle on the bomb 
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margin filled with matrix ash (black arrow); note also the angular shape of the contact between the bomb and 

the host rock (white arrow). (c) Typical green shard (white arrow) found abundantly in the vicinity of bombs. 

(d–g) Photomicrographs (plane polarized light) of green shards with delicately preserved sharp, cuspate 

margins at high stratigraphic levels in the Onaping Formation: uppermost Dowling Member Middle Unit 

(Figures 11d and 11e) and Dowling Member Upper Unit (Figures 11f and 11g). Note the widespread 

presence of vesicles in green shards, which typically fragment across vesicle walls. 
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Disregarding vitric compositions plotting toward chlorite-epidote and quartz, our vitric 

data set varies between ~50–70 wt % SiO2 and 0–15 wt % MgO, defining linear variation 

trends in bivariate plots (Figure 13). The average SIC composition plots within the overall 

vitric trend, relatively close to the fluidal fragment end-member. The representative offset dyke 

composition plots relatively close to the average SIC, consistent with their common origin 

(e.g., Mungall et al., 2004). The internally differentiated mafic norite and granophyre plot on 

either side of the average SIC and a hypothetical SIC differentiation trend between mafic 

norite and granophyre does not follow the overall trend defined by vitric materials of the 

Onaping Formation. The target rocks have varied compositions but generally plot close to the 

fluidal fragments, bombs, and SIC compositions, and they do not replicate the MgO-FeOt-CaO 

enrichments found in green shards.  

 

Figure 12. (a) Scanned thin section of the contact between a bomb (right) and the host Onaping Formation 

(Sandcherry Member; left); note vesicles aligned with the banding in the bomb. (b) Scanned thin section of 

an aphanitic intrusion intruding into Dowling Member Contact Unit; note the large size of the vesicles, which 

align parallel to the margins of the intrusion. (c) Photomicrograph in plane polarized light of the bomb in 

Figure 12a; vesicles are infilled with polycrystalline quartz assemblages, and elongated following the 

banding. (d) Photomicrograph (crossed polarizers) of an aphanitic intrusion, intruding into Dowling Member 

Middle Unit; note the intergranular texture marked by plagioclase laths and pseudomorphs after mafic 

minerals, as well as the vesicle infilled with carbonate on the bottom right of the picture. 
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Therefore, the major element composition of vitric materials of the Onaping Formation 

reflects alteration processes and, also, a geochemical distinction between green shards and 

fluidal fragments. Bombs have intermediate compositions but are generally closer to fluidal 

fragments. It is noteworthy, in agreement with their colour, that green shards are dominated by 

alteration minerals found in metabasites. Within a given type of vitric composition (green 

shards, bombs, and fluidal fragments), no correlation was found between chemical variations 

and stratigraphic height in the Onaping Formation. If small geochemical variations existed 

within vitric types, however, they could have been obscured by alteration processes. 

Importantly, the distribution of vitric compositional types through the Onaping Formation is 

tightly controlled by stratigraphy (Figures 5 and 9). 

Immobile trace elements were analysed to test geochemical signatures of vitric fragments 

beyond alteration. We selected a representative sample from the Dowling Member Contact 

Unit, where fluidal fragments occur together with green shards (Figure 14). The thin section 

scan (Figure 14a) shows green shards and fluidal fragments coexisting in close proximity and 

distributed randomly in the rock. The major element data (Figure 14b) confirm the 

 

Figure 13. Major element compositional plots for green shards, bombs, and fluidal fragments from the 

Onaping Formation. Representative compositions for alteration minerals (Ames, 1999) (c: chlorite, e: 

epidote, ac: actinolite, ab: albite, k: K-feldspar, q: quartz), the Sudbury Igneous Complex (Lightfoot et al., 

1997), the offset dykes (Wood and Spray, 1998) and the country rocks (Lightfoot and Naldrett (1996): 

Nippising gabbro, Peck et al. (1995): East Bull Lake Intrusion, gabbro-norite zone, Lafrance et al. (2008): 

Levack gneiss, Feng and Kerrich (1992): Superior Province TTG, and Debicki (1990): Huronian 

metavolcanic and metasedimentary rocks) are plotted for comparison. All data recalculated to anhydrous 

basis. FeOt is total iron expressed as FeO. Data set available as supporting information Data Set S2. 
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geochemical distinction between both compositional groups. Rare earth element (REE) 

compositions were obtained for four selected green shards and four selected fluidal fragments, 

and the median for each group is represented in Figure 14c, normalized against the average 

SIC composition (Lightfoot et al., 1997) and then to the total REEs so that each trend averages 

to 1 (full data are available in supporting information Data Set 4). The normalized REE 

patterns are strikingly distinct. Fluidal Fragments have patterns similar to the SIC, whereas 

green shards are clearly depleted in light rare earth elements (LREE), similar to basaltic 

compositions in mid-ocean ridges (normal mid-ocean ridge basalt (N-MORB)) (McDonough 

and Sun, 1995). 

 

5. Discussion 
 

5.1. Postimpact Subaqueous Volcanism 
 

Vitric, recrystallized components are widespread in the Onaping Formation. They occur at 

many different scales, from fluidal rims surrounding lithic clasts to fluidal fragments, green 

shards, bombs, and aphanitic intrusions, and are clearly recognized by their devitrified, often 

banded appearance, their igneous textures (when preserved), and the presence of vesicles. The 

abundance of vitric clasts is consistent with the occurrence of significant magmatic activity 

during the deposition of the Onaping Formation, including volcanism related to dissemination 

of the impact melt sheet. The angular to cuspate shape of fluidal fragments, green shards, and 

bomb margins (Figures 6a and 6b, 10, and 11) indicate hydroclastic fragmentation of magma 

due to contact with water. In general, the rocks making up the Onaping Formation resemble 

hyaloclastite breccias from more recent submarine volcanic deposits (e.g., Yagi et al., 2009; 

Cas and Giordano, 2014; Soriano et al., 2014). Specifically, morphological features of green 

shards such as cuspate margins and angular vesiculated fragments are reminiscent of mafic 

pyroclasts fragmented in subaqueous conditions (Murtagh and White, 2013). Fluidal margins 

on fragments are most easily explained by eruption of low-viscosity magma in water (cf., 

Simpson and McPhie, 2001). The wide range of sizes of vitric fragments also supports 

hydrodynamically enhanced magma fragmentation in a subaqueous environment (Cashman 

and Fiske, 1991; Rotella et al., 2013). In this context, the sharp change from coarse grained 

Sandcherry Member to fine-grained, green shard-rich Dowling Member suggests that the 

fragmentation mechanism changed with time, and that volcanism became more explosive at 

the Dowling Member. 
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The presence of vitric bombs with fluidal wings in the upper Sandcherry Member and 

Contact Unit in the Dowling Member (Figure 7) suggests that the depositional environment 

might have been intermittently subaerial. At the smaller Ries impact structure in Germany, 

“glass bombs” were historically described as having “aerodynamic” shapes and, therefore, 

interpreted as having an airborne mode of origin (Hörz, 1982). More recently, however, 

Osinski et al. (2011) showed that such shapes can form in any confining flow, such as in dykes 

injected into the crater floor that have never been airborne. At the Sudbury structure, eutaxitic 

textures reported locally in the Contact Unit (Ames et al., 2002; Grieve et al., 2010) lend 

further support to subaerial conditions. It follows that the Sudbury basin was not completely or 

at least not immediately submerged after the impact. This situation could be explained by 

water intermittently or periodically breaching the basin rim, so that volcanism could be 

subaqueous and subaerial in different areas at low stratigraphic levels in the Onaping 

Formation before the basin was completely flooded. In addition, syndepositional faults could 

have created palaeotopography and channelled the ascent of magma up to subaerial 

environments as suggested by Grieve et al. (2010). Alternatively, where the water column was 

relatively shallow, an erupting explosive plume could have breached the head of water (Allen 

and McPhie, 2009; Cas and Giordano, 2014, and references therein) providing local subaerial 

conditions. 

Aphanitic intrusions in the Onaping Formation can be considered coeval with the 

deposition of the breccias and tuffs given their wavy, billowed margins that often transition 

into peperite (Figure 8) and globules of vitric material intermixing with the Onaping 

Formation. These relations are normally found where magma has come in contact with water-

saturated, unconsolidated sediments (Kokelaar, 1982; White et al., 2000; Hooten and Ort, 

2002; Skilling et al., 2002; Befus et al., 2009; Lago et al., 2012; Cas and Giordano, 2014). 

Hence, field relationships between aphanitic intrusions and host rocks provide evidence of 

syndepositional intrusion of magma into wet and not fully consolidated breccias and tuffs 

throughout the Onaping Formation. 

Field and petrographic evidence shows that explosive volcanism contributed to deposit the 

Onaping Formation as water flooded the basin after the impact. There is growing evidence 

linking volcanic processes with impact structures on Earth (e.g., Branney and Brown (2011) in 

a study of the Stac Fada outflow deposit of Scotland). Explosive reactions due to magma-water 

interaction were identified in earlier studies at the Sudbury basin (e.g., Grieve et al., 2010) and 

have also been suggested at the smaller Ries crater in Germany (e.g., Meyer, 2013; Stöffler et 

al., 2013). However, deposits filling the Sudbury and Ries structures show significant 

lithological, stratigraphic, and petrographic differences, and Ries deposits have alternatively 
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been related to impact into mixed sedimentary-crystalline target rocks (Osinski et al., 2016, 

and references therein). In the light of our new data, it is worth noting that the range and 

prominence of hydroclastically fractured igneous materials preserved throughout 1.5 km worth 

of stratigraphy is exceptional in the context of other known impact sites 

State-of-the-art surface analysis of inner Solar System planetary bodies has identified 

postimpact volcanism as a common process (e.g., Mercury (Marchi et al., 2013), Venus 

 

Figure 14. Major and trace element composition of green shards and fluidal fragments in the Dowling 

Member Contact Unit. (a) Scanned thin section of a Contact Unit sample with green shards and fluidal 

fragments; color-coded arrows indicate location of analyses in Figures 14b and 14c. (b) Major element 

compositional plot where compositions in the sample are plotted on top of the general data set for the 

Onaping Formation (see Figure 13 for details). (c) Normalized rare earth element (REE) diagram showing the 

median composition of green shards and fluidal fragments in the sample, as well as the composition of N-

MORB (McDonough and Sun, 1995) for comparison; data are normalized against the average SIC 

composition (Lightfoot et al., 1997) and then normalized to the total REEs so that each trend averages to 1. 

Note the contrasting compositional trends of green shards and fluidal fragments within a single sample: green 

shards are more mafic and have light REE depletions similar to N-MORB, whereas fluidal fragments have 

trace element compositions equivalent to the SIC. Data set available as supporting information Data Set S4. 
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 (Herrick and Rumpf, 2011), Mars (Edwards et al., 2014), and the Moon (Elkins-Tanton et 

al., 2004)). At the Rembrandt basin on Mercury, Whitten and Head (2015) found melt deposits 

related to the impact, as well as volcanically produced smooth plains younger than the impact. 

On the Moon, impact craters are typically flooded by younger mare basalts. Zhu et al. (2015a) 

proposed multiple stages of mare volcanism within the Orientale basin, for a protracted period 

of up to 2 Ga. Timing of volcanism relative to basin formation is difficult to ascertain in 

extraterrestrial bodies, but volcanism typically postdates the impact by hundreds of millions of 

years (e.g., Hiesinger et al., 2011). A recent study on Mercury’s Caloris basin (Ernst et al., 

2015), however, found no clear evidence of ghost craters in volcanically flooded plains, 

suggesting that volcanism may have occurred quite shortly after basin formation. The 

implications of these findings to the Sudbury structure are not straightforward, given the much 

larger size of the Caloris basin (1420 km). In addition, the key role of water at the Sudbury 

structure, producing explosive volcanism and fragmented volcanoclastic deposits, complicates 

the comparison with postimpact scenarios on planetary bodies such as Mercury or the Moon, 

where volcanism in the absence of water produces primarily basaltic smooth planes. Presently, 

the type of volcanism found in the Sudbury basin, where the entire Onaping Formation was 

deposited within the 1.5 Ma error of U/Pb dates of zircon and titanite, is unique. It may have 

more importance as a petrologic analogue model for long-destroyed Hadean and Eoarchean 

terrestrial impact structures than for basins on planetary bodies lacking a liquid hydrosphere. 

 

5.2. Magma Source(s) 
 

It is suggested that explosive subaqueous volcanism documented in the Onaping Formation 

was generated by interaction between magma and water in the impact basin (section 5.1) (see 

also Ames et al., 2006 and Gibbins, 1994). Impact-related volcanic processes have recently 

been considered for the Sudbury structure breccias, invoking the underlying impact melt sheet 

as the logical source of melt (e.g., Grieve et al., 2010). However, several lines of evidence 

suggest that the magmatism may have had more than one source. 

Vitric components show wide variability in major element chemistry (Figure 13). Pale-

colour fluidal fragments and fluidal rims that surround lithic clasts have SiO2-rich 

compositions similar to the bulk SIC. By contrast, green shards, bombs, and aphanitic 

intrusions have more magnesian compositions that deviate from the SIC significantly. All 

vitric components show evidence of alteration and recrystallization, and their major element 

compositions are similar to hydrothermal alteration minerals previously characterized in the 
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Onaping Formation (Ames, 1999) (Figure 13): fluidal fragments are preferentially altered to 

albite and K-feldspar and then variably silicified; green shards on the other hand are altered to 

actinolite, chlorite, or epidote assemblages, yielding the characteristic green observed 

petrographically (e.g., Figure 11). This means that major element results must be interpreted 

with caution, qualitatively rather than as direct indicators of the composition of the precursor 

glass phase(s). Still, disregarding the effects of silicification and chloritization, the vast 

majority of our data cluster into a single variation trend between ~50 and 70 wt % SiO2 and 0–

15 wt % MgO, where SiO2 increases and MgO decreases from green shards to fluidal 

fragments. Such variation cannot be linked to differentiation of the impact melt sheet, because 

SIC compositions define a distinct, narrower chemical trend (Figure 13). Rather, the 

compositional variation of vitric materials seems to suggest mixing between two distinct 

magma sources (siliceous versus magnesian). This inference is supported by the observation 

that vitric fragments occurring only millimetres away from each other have distinct immobile 

trace element signatures (Figure 14). Fluidal fragments have REE patterns similar to the SIC, 

whereas green shards have LREE depletions comparable to mantle-derived melts (Figure 14c). 

Impact glasses with different compositions could be formed during a single impact event 

and from impact melting alone, if the target rocks are compositionally heterogeneous. 

However, such scenario is not supported in Sudbury because country rock compositions are 

unable to replicate the MgO-enriched compositions of green shards (Figure 13). In addition, 

the relative abundance of siliceous versus magnesian vitric components in the Onaping 

Formation is strongly controlled by stratigraphy. Fluidal fragments and fluidal rims 

surrounding lithic clasts are abundant in the Sandcherry Member and the Contact Unit of the 

Dowling Member but decrease sharply in abundance upward (Figures 5 and 9). This supports 

the origin of feldspar-altered magma in the Onaping Formation by hydroclastic fragmentation 

of the cooling melt sheet (proto-SIC) as water flooded the possibly superheated basin floor 

(explosive “melt-fuel-coolant interaction” between impact melt and water as described by 

Grieve et al. (2010) and Osinski et al. (2016)). By contrast, green shards, green bombs, and 

synsedimentary aphanitic intrusions become particularly abundant in the volumetrically more 

significant Dowling Member. This could indicate progressive input from a separate, more 

magnesian melt with time. Two chemically different silicate melts have been observed in the 

Chicxulub impact basin in Mexico (Claeys et al., 2003), where the melt changes from 

feldspathic to more mafic composition up stratigraphy, but detailed petrological analysis of the 

Chicxulub impact basin fill is still to be conducted. In the footwall of the Vredefort structure in 

South Africa, Cupelli et al. (2014) described mafic cumulates (gabbro-norite) suggesting the 

presence of mafic magmas below impact basins. The authors favoured downward injection of 

melted magnesian mafic targets (Cupelli et al., 2014), but the data are also compatible with the 
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gabbro-norites having originated as crustally contaminated mantle melt. Thus, it is possible 

that at Vredefort, mafic melts may have originated from below the (now eroded) impact melt 

sheet. 

The most striking evidence of magnesian magma supply throughout the deposition of the 

Onaping Formation is the preponderance of green shards. Early petrological studies of the 

Onaping Formation drew attention to the increase in green shards at the base of the Dowling 

Member by calling the Contact Unit the “Green Member” (e.g., Avermann, 1999). However, 

shard morphologies, fragmentation, and depositional processes have remained poorly 

documented in the peer-reviewed literature. At high stratigraphic levels of the Onaping 

Formation, green shards have very angular to cuspate margins (e.g., Figures 11c–11g), 

suggesting that they are freshly fragmented juvenile material and not reworked fragments. 

Accordingly, magnesian volcanism persisted at stratigraphic levels as high as the Upper Unit 

of the Dowling Member, where impact-related materials such as fluidal and lithic fragments 

are no longer present (Figures 5 and 9). Earlier studies (Grieve et al., 2010, and references 

therein) drew attention to the initial evidence for sedimentary reworking, which is also 

reflected in the geochemistry of the Dowling Member (Mungall et al., 2004; O’Sullivan et al., 

2016). Sedimentary processes are clearly recognized in the Middle and Upper Units of the 

Onaping Formation by the presence of bedding, cross bedding (Figure 6f), and reworked 

packages of rocks from lower levels in the stratigraphy (Figure 6e). However, we also 

document intricately shaped green shards, including bubble wall fragments (Figures 10 and 11) 

in the Middle and Upper Units of the Onaping Formation, suggesting that volcanoclastic 

sedimentation occurred while magnesian volcanism continued, albeit at a waning rate. 

Continued eruption of magnesian magma is also indicated by the presence of green bombs and 

aphanitic intrusions coeval with the deposition of the Middle Unit (Figures 5, 6d, 8, 11a and 

11b, and 12d). From a chemical point of view, increasing input of magnesian magma agrees 

with the increase in PGE concentrations reported up stratigraphy in the Onaping Formation, in 

addition to the involvement of a cometary component (Mungall et al., 2004; Petrus et al., 

2015a), as well as high Nb/Ta and Zr/Hf ratios (David et al., 2000; Kamber et al., 2005) in the 

Dowling Member ash-sized matrix (O’Sullivan et al., 2016).  

The origin of the additional magnesian magma remains to be fully explored. Mungall et al. 

(2004) proposed that the offset dykes could have supplied vitric shards in the Dowling 

Member. However, the composition of the offset dykes is very similar to the bulk SIC and 

does not account for the significant enrichment in MgO and depletion in SiO2 found in green 

shards (Figure 13). As discussed before, impact melts can show a wide range in composition 

(Grieve et al., 1977; Melosh, 1989) and mafic target rocks could have produced magnesian 
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impact melts (Cupelli et al., 2014), but target rocks at Sudbury do not reproduce the 

compositions of green shards (Figure 13). The requirement of a persistent magnesian magma 

supply throughout the deposition of the 1000m thick Dowling Member calls for the 

consideration of a deep mantle source. Indeed, immobile REE patterns of green shards are 

similar to basaltic compositions generated by decompression melting of the mantle at mid-

ocean ridges (Figure 14c). We note that the potential of impacts to trigger decompression 

mantle melting is very controversial (e.g., Ivanov and Melosh, 2003). The Sudbury structure is 

continental and may be too small (~200 km diameter crater) to have triggered pressure-release 

melting in a continental shield with low geothermal gradient (Jones et al., 2003; Elkins-Tanton 

and Hager, 2005; Edwards et al., 2014). However, Phaneuf and Mareschal (2014) showed that 

the crust in the Sudbury region is unusually rich in U, Th, and K, leading to a high geothermal 

gradient that could have facilitated crustal thinning and mantle uplifting, as suggested recently 

from numerical simulations on the Moon (e.g., Miljkovic et al., 2013, 2015). In addition, the 

geothermal gradient in Sudbury was enhanced at the time of impact due to the ongoing 

Penokean Orogeny (Pope et al., 2004). The present study has identified target samples for 

future geochemical analysis to further test the origin of the magnesian melt source. However, 

we highlight here the complexity of all vitric clasts, their alteration, and the preponderance of 

lithic inclusions, which will all complicate efforts to pinpoint the melt source. 

The implications of our findings for other planetary objects are not straightforward, as the 

Earth has a very different geology, dominated in many ways by the presence of a substantial 

liquid hydrosphere. Regardless, recent investigations have focused on the destructive potential 

of basin-forming impacts on Mercury and the Moon. For example, according to calculations by 

Ernst et al. (2015), the impact that formed Mercury’s large Caloris basin would have melted 

both the lower crust and upper mantle. The role of impact events for the evolution of 

Mercury’s crust is much more significant than on the Moon (Whitten and Head, 2015, and 

references therein), but a global survey of the lunar surface nonetheless detected olivine-rich 

deposits at the margins of impact basins, which might be related to excavation of the lunar 

upper mantle by impacts (Yamamoto et al., 2010). Such olivine-rich deposits appear to be 

unrelated to the younger mare basalts, which seem to have originated from partial melting 

underneath the basins from radioactive heat generation (e.g., Zhu et al., 2015a). Numerical 

modelling of the impact generating the Orientale basin suggested that a 100 km diameter 

impactor hitting a relatively cold Moon could have excavated mantle materials, which were 

deposited as ejecta within the basin (Zhu et al., 2015b) and later covered by mare basalts (e.g., 

Zhu et al., 2015a). 
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5.3. Comparison With Previous Models for the Genesis of the 

Onaping Formation 
 

Field, petrographic, and compositional data make it possible to reconstruct the origin of the 

1.5 km thick, petrologically complex Onaping Formation with unprecedented detail. In this 

section we discuss our findings in the context of previous models (Ames, 1999; Ames et al., 

2002; Mungall et al., 2004; Grieve et al., 2010; Petrus et al., 2015a, 2015b; O’Sullivan et al., 

2016) before developing a new working model in section 5.4 (Figure 15). 

The genetic model for the Onaping Formation by Grieve et al. (2010) linked the whole 

depositional history to melt-fuel-coolant interaction between the impact melt sheet and 

seawater breaching the basin rim. Our field and petrographic data are in agreement with 

magma-water interaction throughout the Onaping Formation (see section 5.1), and our 

geochemical data support that the fluidal fragments were sourced from the SIC impact melt 

sheet (see section 5.2). However, we detect significant differences in petrography and 

geochemistry of vitric components across the stratigraphy, including a decrease in abundance 

of fluidal fragments coupled with an increase of green shards from the Sandcherry to the 

Dowling Member (Figures 5 and 9). Earlier studies (Ames, 1999; Ames et al., 2002; Mungall 

et al., 2004) highlighted the petrological and geochemical differences between the Sandcherry 

Member and the Dowling Member, suggesting that the Dowling Member was not sourced 

from the underlying SIC melt. 

The petrology of the rocks varies dramatically from lithic-rich, coarse-grained breccias to fine-

grained tuffs with abundant vitric shards. This suggests that the Dowling Member is related to 

more explosive fragmentation mechanisms than the Sandcherry Member. In a comprehensive 

petrological study of the Onaping Formation, Ames (1999) linked the Dowling Member to 

volcanoclastic activity. Subsequently, the matrix geochemistry study by Mungall et al. (2004) 

proposed that the Dowling Member was related to reworking, which could have occurred via 

volcanoclastic activity. We have documented devitrified shards with exquisitely preserved 

cuspate morphologies almost to the top of the Dowling Member (e.g., see Figure 11), 

supporting a volcanic origin. In addition, our compositional data indicate that the green shards 

are significantly more magnesian and LREE-depleted than the fluidal fragments, which 

resemble the SIC. We propose that melt-fuel-coolant interaction between the impact melt sheet 

and seawater flooding the basin accounts for the source and emplacement mechanisms of the 

lower ~300m of the Onaping Formation (Sandcherry Member) only, as originally suggested by 

Ames (1999). The top 1000m (Lower, Middle, and Upper Units of the Dowling Member), by  
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Figure 15. Conceptual model for the origin of the Onaping Formation after the impact in Sudbury (not to 

scale). The sequence of events and resulting materials are sketched in three stages. (a) Deposit of Sandcherry 

Member on top of the melt sheet, still in molten state. After the deposition of initial fall back breccias, water 

entering the basin produced violent fuel-coolant interaction with the melt sheet, triggering hydroclastic 

fragmentation of the melt sheet and reworking of the overlying fallback breccia. The lateral variations 

between Equant Shard and Fluidal Fragment Units (SMES and SMFF) correspond to local predominance of 

lithic and fluidal fragments, respectively. (b) Deposit of Dowling Member Contact Unit (DMCU) into 

topographic discontinuities formed by faulting the Sandcherry Member and the crystallizing melt sheet, 

which likely was a crystal-melt mush at this stage; these faults, together with fractures along target rocks (not 

shown), might have channelled the ascent of magmas from the melt sheet and from an additional magnesian 

source, marked in green. Volcanism was subaqueous and locally subaerial, accounting for the presence of 

bombs with fluidal wings which could have been aerodynamically shaped. (c) Deposit of Dowling Member 

Lower, Middle, and Upper Units (DMLU, DMMU, and DMUU, respectively) by a combination of 

subaqueous magmatism and sedimentary reworking. Magnesian magmatism was widespread, producing 

vitric materials that decrease in size upward, from bombs and aphanitic intrusions with peperite margins to 

submillimetre green shards with cuspate margins. Sedimentary reworking increased up stratigraphy, as 

inferred from the presence of bedding, cross bedding, and the occurrence of fragments recycled from lower 

stratigraphic levels. 
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contrast, may instead be related to submarine volcanoclastic activity sourced from a melt more 

magnesian than the SIC. 

Recently published zircon ages and volatile metal chemostratigraphy (Figure 5) provide 

additional support for our proposal. Petrus et al. (2015b) demonstrated that the zircon U/Pb age 

distribution between the Sandcherry and Dowling Members differs markedly. Whereas the 

Sandcherry Member zircon age distribution is uniform across the basin, the Dowling Member 

zircon age distribution is different between the South and North Ranges. In the Dowling 

Member, zircon age spectra match those of the local basement now exposed below the SIC. 

Grieve et al. (2010, and references therein) suggested that tsunami-like waves could have 

washed back materials from outside the impact structure, but O’Sullivan et al. (2016) showed 

that the basin remained isolated from its surroundings during the deposition of the entire 

Onaping Formation, based on matrix chemostratigraphy of high field strength elements. 

Therefore, it appears most likely that the zircons were sourced from below the melt sheet, 

brought up by the magma that we argue to have fed the volcanic products of the Dowling 

Member. The clear stratigraphic and petrological break within the Onaping Formation is also 

visible in volatile elements, such as Pb. The SIC and the Sandcherry Member are strongly 

depleted in volatile elements, as expected from impact volatile loss. By contrast, the Dowling 

Member has much higher volatile metal abundances like ordinary upper continental crust 

(Figure 5), suggesting that it was derived from a source below the SIC that never experienced 

the intense shock-induced volatilization (O’Sullivan et al., 2016). 

The unexpectedly great thickness of the Onaping Formation (Figure 1) might find some 

explanation in our proposal for the origin of the Dowling Member. Tapping of an additional 

deep-seated magma source along syncrater faults might have allowed readjustment of the basin 

floor creating additional accommodation space. It is worth noting that the Onaping Formation 

was buried by deeper-water anoxic black shales of the Onwatin Formation (Upper Whitewater 

Group; Figure 2), implying that the original basin was not deep enough to accommodate both. 

Regarding the conduits through which deep melts travelled toward the surface, we note 

that early geological papers reported melt bodies cross cutting the remnant of the Sudbury 

impact melt sheet (Collins, 1936; Dressler, 1984; Krogh et al., 1984). In addition, observations 

on the spatial distribution of explosive volcanism in impact basins on Mercury and the Moon 

have revealed that volcanic products occur in proximity to central uplifts, rings, or the rim 

itself (Thomas et al., 2014b, 2015; Bennett et al., 2016), as these are typically zones of 

weakness within impact structures. As an analogy, it is likely that deep-sourced melts feeding 

the upper Onaping Formation were primarily delivered through fractures along target rocks. 
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5.4. New Working Model 
 

The proposed interpretation for the genesis of the Onaping Formation is summarized in the 

working model presented in Figure 15. We present a new hypothesis regarding the formation 

of the upper Onaping Formation, to be tested in future studies. 

The Sudbury impact generated a 2.5km thick melt sheet from molten country rock, which 

later crystallized into the SIC (Zieg and Marsh, 2005). Although many uncertainties remain 

regarding depth/diameter relationships in impact structures, the final cavities of large diameter 

structures are not deeper than a few kilometres (Pike, 1977). As an approximation, the impact 

algorithm of Collins et al. (2005) models that craters with final diameters of ~200 km, which 

generate a 2.5km thick impact melt sheet, have floor depths of 1.2 to 1.5 km. In the initial 

seconds after impact, the basin is occupied by the melt sheet but upon collapse of the impact 

plume, lithic clasts, and impact melt clasts fall back down, while the melt sheet is still in 

molten state. In the Sudbury structure, it is expected that the massive impact melt sheet melted 

and digested some of the overlying fallback (Grieve et al., 2010). We interpret in situ fallback 

material to be preserved as the lowermost, clast-supported Sandcherry Member Equant Shard 

Unit. The starting point of our model (Figure 15a) is the time after collapse of the impact 

plume. 

The impact occurred in a marine setting and seawater eventually reoccupied the basin 

(Bunch et al., 1999; Campos-Alvarez et al., 2010). Estimated basin wall heights are a few 

hundred meters (Collins et al., 2005), similar to the water depth in the envisaged foreland basin 

setting. Thus, seawater may have catastrophically flooded back into the basin or more 

gradually leaked through the rim. Regardless, as water flooded the basin melt-fuel-coolant 

interaction of impact melt with water caused violent explosive activity, as proposed by Grieve 

et al. (2010). This triggered hydroclastic fracturing of the impact melt sheet into fluidal 

fragments, which are typically angular and vesicular (Figures 6b and 10e and 10f) and 

particularly abundant in the Sandcherry Member Fluidal Fragment Unit. In addition, explosive 

activity might have reworked and disrupted the unconsolidated, lithic-rich fallback breccias 

(Muir and Peredery, 1984; Ames et al., 2002; Grieve et al., 2010; Osinski et al., 2016) (Figure 

15a). At this stage, lithic fragments from the original fallback could have been rimmed by 

fluidal material, most spectacularly in armoured lapilli (Figure 6c) and winged cored bombs 

(Figures 7b–7d), as observed in the Sandcherry Member Equant Shard Unit. 

The unconformity between the Sandcherry and the Dowling Members is related to the 

development of syndepositional growth faults (Figures 3 and 4), marking the onset of a 
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depositional environment not yet described from other subaqueous impact structures on Earth. 

The top of the impact melt sheet was likely a rheologically brittle crystal-melt mush at this 

stage. The faults could have created palaeotopography and may have served as conduits for the 

ascent of SIC melt. In addition, there was magma supply from a more magnesian, LREE-

depleted, and volatile-rich source (marked in green in Figure 15; see discussion in section 5.2) 

that we infer might have existed below the melt sheet and could have also ascended through 

fractures along target rocks (not shown). During this transition period, a new style of 

subaqueous volcanism controlled the deposition of the Contact Unit (Figure 15b). The 

resulting deposits are dominated by fluidal fragments and lithic clasts, but green shards are also 

present (Figure 14a). The development of vitric bombs with fluidal wings could be related to 

local subaerial conditions. 

The Lower, Middle and Upper Units of the Dowling Member make up the top 2/3 (1000 

m) of material of the Onaping Formation (Figure 15c). The fine-grained nature of the rocks 

and the abundance of vitric shards suggest explosive, submarine, volcanoclastic fragmentation. 

Evidence for magnesian, volatile-bearing magmas is widespread in the form of vesicular green 

shards (Figures 10a–10d and 11c–11g), green bombs (Figures 11a and 11b and 12a and 12c) 

and aphanitic intrusions (Figures 12b and 12d). By contrast, fluidal fragments sourced from the 

impact melt sheet and lithic fragments are accessory (Figures 5 and 9). Magnesian magmas 

reaching the flooded basin floor generated subaqueous volcanism, hydroclastic fragmentation 

of the magma into green shards and volcanoclastic reworking of older, unconsolidated 

materials. The preservation of green shards with delicate cuspate margins across the entire 

Dowling Member strongly supports the development of protracted postimpact volcanism. 

Magmas also stagnated at various levels of the stratigraphy, at times forming sheet-like 

intrusions (Figure 6d). As magmas were injected into wet, unconsolidated breccias and tuffs, 

they generated syndepositional aphanitic bodies with billowed margins, peperites (Figure 8), 

and vitric globules injected into the host rock, recognized as bomb-sized green clasts. An 

interplay between magnesian magmatism and sedimentary reworking controlled the deposition 

of the Lower, Middle, and Upper Units. Magmatism waned with time in favour of greater 

development of subaqueous sedimentary processes, as recognized from sedimentary bedding 

and cross bedding (Figure 6f) and the presence of packages of material reworked from lower 

stratigraphic levels (Figure 6e). 

 

6. Summary 
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Reinvestigation of vitric materials in the exceptionally thick and well-preserved basin fill 

sequence in the Sudbury impact structure has provided the following insights: 

1. Volcanism persisted during the 1.5 km deposition of the basin fill Onaping 

Formation above the impact melt sheet. 

2. The lower part of the Onaping Formation is dominated by fragmented melt sheet 

and fallback materials, reworked due to explosive interaction with seawater coming 

into the basin. 

3. The top 1000 m of the Onaping Formation are related to long-lived submarine 

volcanism sourced from deep-fed magma, more magnesian, and volatile-rich than 

the impact melt sheet. 

Our results indicate the development of protracted, magnesian magmatism in the 

subaqueous impact basin. This contrasts with observations on other planetary bodies of the 

inner Solar System, where postimpact magmatism is considered much younger than the host 

basin. The Sudbury impact structure may serve as a better analogue for long-destroyed Hadean 

and Eoarchean impact basins than for basins on the Moon, Mars, and Mercury. More work is 

needed to determine the source of the mafic magma and its mode of emplacement. 
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Abstract 
 

Large (>100 km) impact events may generate decompression melting of the mantle and 

production of melt volumes comparable with those of large igneous provinces (LIPs). To 

investigate such connections, the ca. 1.5 km thick immediate basin fill (Onaping Formation) of 

the ca. 300 km, 1.85 Ga Sudbury impact structure was revisited for this study. Evidence of 

impact volcanism within the Onaping Formation has previously been presented, yet the source 

of magnesian melt remains to be constrained. We present new petrographical and geochemical 

data from the ‘green’ magnesian melt fragments from the Onaping Formation. Previous studies 

highlighted the pervasive alteration affecting all vitric materials, hence we concentrated on in-

situ trace and rare earth element (REE) geochemistry. Based on a parallel study on volcanic 

products from Milos Island (Greece), we show that REE systematics are not significantly 

altered by interaction of magma with sea water. Our geochemical data for the Onaping 

Formation point to a deep lithospheric source for green magnesian melt fragments in the upper 

part of the Formation. Further Nd isotope data support mixing between decompression melts 

and ancient lower crust. We propose a new model in which the upper crust was vaporised and 

the lower crust significantly weakened following the impact. Decompression melting of the 

lower lithosphere beneath the crater was followed by assimilation of weakened lower crust en 

route to the surface. Additional REE data from the 65 Ma Chicxulub impact structure show 

that certain melt fragments there also indicate a deep lithospheric source. We conclude that 

magmatism generated by large to giant impacts may be a global occurrence. 
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1. Introduction 
 

The link between large (>100 km) to giant (>1000 km) bolide impacts and magmatism has 

been discussed since the 1960s. Ronca (1966) investigated this potential association using 

theoretical insight and limited empirical field data from known terrestrial craters, notably the 

1.85 Ga Sudbury impact basin. First discovered during the construction of the Canadian Pacific 

Railway in the 1880s (Pye et al. 1984), the Sudbury impact basin has become one of the most 

comprehensively studied geological features on Earth with the interpretation of its origin 

changing, often significantly, over the years. Grieve et al. (2010) provided an in-depth 

overview of the evolving history of thought on this enigmatic structure.  

The ca. 300 km diameter Sudbury structure (Bleeker et al., 2015) is understood (Dietz and 

Butler, 1964) to be the result of a large bolide impact that occurred at 1849.53 ± 0.21 Ma 

(Davis, 2008). For the 80 years prior to Dietz and Butler’s (1964) hypothesis, the structure had 

been interpreted to be a product of an endogenous igneous process (e.g. Burrows and Rickaby 

1930; Fairbairn and Robson 1941, 1942; Speers 1957; Thomson 1957; Williams 1957). The 

shift from the initial igneous origin train of thought to the impact model was quite rapid and by 

the early 1970’s many papers reported evidence in support of the impact hypothesis (e.g. 

French 1967; Dence 1972; Peredery 1972). However, recently, the infill of the basin has been 

interpreted to be the product of impact induced volcanism (e.g. Muir, 1982; Ames, 1999; Ames 

et al., 2002; Grieve et al., 2010; Ubide et al., 2017). There is strong field (e.g. Grieve et al., 

2010) and petrographic evidence (e.g. Ubide et al., 2017) that the impact basin was filled with 

hydroclastic melt, volcanic debris and sediment derived from volcanic products. Ubide et al. 

(2017) proposed that there were two distinct melt products with the more mafic variety 

originating from an as yet unidentified source beneath the structure. 

The possibility of volcanism postdating a large impact event is significant because Jones et 

al. (2002) and Elkins-Tanton and Hager (2005) suggested that giant impacts could trigger very 

large scale magmatic activity beyond the direct impact melt sheet. Giant impact events and 

large igneous provinces (LIPs) are debated as competing potential causes for mass extinction 

events in the palaeontological record but Jones et al. (2002) proposed that large impacts and 

LIPs may in fact be genetically related. Namely, giant impacts may have caused LIP 

emplacement and the combined effects of the initial energy release and protracted LIP 

degassing could have led to massive extinction events. Similarly, Elkins-Tanton and Hager 

(2005) suggested that the 200 Ma Central Atlantic Magmatic Province may have been linked 

to a giant impact event due to the presence of potentially shocked minerals in sedimentary 

rocks deposited around the same time. However, many researchers (e.g. Ivanov and Melosh, 
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2003) remain unconvinced and argue that there is no unequivocal evidence to support the 

correlation between giant impacts and the formation of LIPs. 

Statistically speaking, 200 km and 500 km impact craters occur approximately every 150 

Ma and 450 Ma, respectively (Bottke et al., 2012). These authors estimated that 68 ± 8 

Chicxulub-sized craters (180 km) should have been created since the end of the Late Heavy 

Bombardment (LHB), some 3.7-3.8 Ga ago. Numerical models have been used to determine 

whether mantle melting following impact is possible (e.g. Jones et al., 2002; Ivanov and 

Melosh, 2003). Both numerical models investigated the effect of impacts of a Sudbury-size 

event but concluded with opposite results. Jones et al. (2002) proposed that decompression 

melting could be triggered by a Sudbury basin scale impact (ca. 200 km diameter crater), but 

only if the geothermal gradients were sufficiently high and the mantle temperature was close to 

the solidus. Elkins-Tanton and Hager (2005) suggested that the isostatic rise associated with 

the lithospheric rebound after the transient crater collapse could potentially trigger convection 

in the mantle, thus resulting in adiabatic melting. By contrast, Ivanov and Melosh (2003) 

proposed that the minimum crater size needed to generate mantle mantling is 500 km in 

diameter. Furthermore, they calculated that if a bolide struck an area with a low geothermal 

gradient the crater would need to be at least 1200 km in diameter to generate mantle melting. 

The same model suggested that impact related magmatic activity might be possible if the 

bolide struck the lithosphere above a young hotspot producing a final crater 400-500 km in 

size. 

Genuine geological features that would directly support the idea of impact-induced mantle 

melting have yet to be discovered. It is possible that these geological features may have been 

destroyed following the production of large scale magmatic activity or auto-obliteration (Jones 

et al., 2002). The empirical study of very large impact craters is frustrated by the paucity of 

preservation. Only three impact basins of over 180 km original diameter are known; the 

Chicxulub crater in Mexico, the Sudbury impact structure in Canada and the Vredefort 

structure in South Africa. Of these structures, only the Sudbury impact crater is suitable for 

detailed study through field-based geology and sampling; the Vredefort structure has 

undergone significant erosion (Therriault et al., 1997) and the Chicxulub crater is buried 

beneath thick sediment and water (Claeys et al., 2003). Regardless, Cañón-Tapia (2014) 

reviewed different triggers that can cause volcanic and magmatic eruptions and argued that the 

glass fragments, bombs and suevites associated with impact structures could indeed be 

considered a product of volcanic activity. However, Cañón-Tapia (2014) did not consider 

bolide impacts to be a viable mechanism to cause magmatic activity, arguing that there was too 

great a time discrepancy between melt generation following impact and emplacement of LIPs. 
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This argument was addressed by Jones (2014) who presented a new model on the time-

scale of decompression melting following a large impact (> 200 km impact). Accordingly, 

target rock melting in the transient crater takes place in the seconds and minutes following the 

impact and sustained sub-crater decompression melting only starts as the transient crater 

collapses and is deformed through isostatic rebound, over years if not 1000’s of years. With a 

large enough impact event there could even be post-impact mantle upflow decompression 

melting due to mantle convection (Elkins-Tanton et al. 2004).  

The possibility of impact-induced decompression melting has also been tested on other 

planetary bodies in the Solar system where impact craters are much better preserved than on 

Earth (e.g. Elkins-Tanton et al., 2004; Jozwiak et al., 2015; Ernst et al., 2015). The scars of the 

LHB are still visible on the Moon, on Mercury and parts of Mars, where truly giant impact 

basins were formed (e.g. Bottke et al., 2012). Marchi et al. (2014) suggested that up to 70% of 

the terrestrial surface may have been reworked by large impacts during the LHB. This process 

included melting in large impact basins. With improved satellite data from Mars, the Moon and 

Mercury, it is now possible to identify magmatic products that were clearly emplaced after the 

formation of the impact melt sheet (e.g. Roberts and Barnouin, 2012; Goudge et al., 2014; 

Thomas et al., 2015; Whitten and Head, 2015). Jozwiak et al. (2015) proposed that fractures 

created by impacts seen on the Moon might have channelled deep magma from sub-crater floor 

intrusions to the surface. 

In summary, the small number of well-preserved large impact structures have limited the 

terrestrial investigations of impact-related magmatism. In this study, we revisited the well-

preserved Sudbury impact basin with the aim of more carefully determining the source of the 

green vitric products found throughout the basin fill in the Onaping Formation (Ubide et al., 

2017). Additionally, we re-examined the Chicxulub suevite where previous studies had 

identified multiple different melt fragment varieties (Claeys et al., 2003). Finally, as both the 

Sudbury and Chicxulub impact basins were subaqueous, hyaloclastite samples from the island 

of Milos (Greece; e.g. Stewart and McPhie, 2006) were analysed to determine the effects of 

seawater on freshly erupted melt products. 

 

2. Regional Geology 
 

2.1. The Sudbury structure  
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The 300 km diameter Sudbury structure is made up of three main features; the brecciated 

and shock-metamorphosed footwall rocks, the Sudbury Igneous Complex (SIC) and the 

Whitewater Group, which fills the central basin of the structure (Bleeker et al., 2015). The 

impact occurred into a shallow foreland basin on a submerged part of the Superior craton, 

some 1.85 Ga ago (e.g. Rousell and Long 1998; Bunch et al. 1999). The Sudbury impact basin 

has been affected by syn- to post-impact regional deformation and metamorphism (the 1.9–1.8 

Ga Penokean orogeny and 1.16–0.99 Ga Grenville orogeny), resulting in deformation to an 

eroded synformal ellipsoid and greenschist facies metamorphism (Spray et al., 2004). The SIC, 

a ca. 2.5 km thick layered igneous body originally thought to be an intrusive laccolith but now 

understood to be an impact melt sheet, is well-studied and its differentiation and evolution are 

petrologically and isotopically documented (e.g., Dressler et al. 1996; Lightfoot et al. 1997; 

Keays and Lightfoot 2004; Kenny et al., 2017). The overlying Whitewater group is split into 

four distinct formations; the Onaping, Vermilion, Onwatin and Chelmsford. Rousell (1984) 

described 1.5 km of initial fining upwards sequences of breccias and clastic rocks cut by 

aphanitic intrusions (Onaping Formation), followed by argillite and siltstone units (Onwatin  

 

Figure 1. Stratigraphic column of the Lower Whitewater Group, containing the entire Onaping Formation and 

base of the Onwatin Formation; modified from Ubide et al. (2017). The Sudbury Igneous Complex (SIC) 

underlies the Whitewater Group. The present subdivision of the Onaping Formation, developed by Ames 

(1999) and Ames et al. (2009), is compared here with the former subdivision of the Onaping Formation 

(Stevenson 1961; Peredery 1972; Avermann 1992). Note the correlation between the DMCU and DMLU, the 

Green Member and the presence of both green shards and green bombs. The cumulative grain size, vol. % 

green bombs and vol. % green shards graphs are the product of a detailed grid analysis transect through both 

the Sandcherry Member and the Dowling Member (Ubide et al., 2017). The Zr/Hf graph shows an abrupt 

change in the Zr/Hf ratio at the Onaping - Onwatin Formation boundary (O’Sullivan et al., 2016). 
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Formation) and proximal turbidite successions that formed greywacke (Chelmsford 

Formation). 

The stratigraphy of the Onaping Formation (Fig. 1), the main study object of this paper, is 

divided into the Garson, Sandcherry and Dowling Members (Ames et al., 1998). These are the 

presently recognised Member names in the literature and arose from the work of Gibbins 

(1994), Ames (1999) and Ames et al. (2002). Previously, the Onaping Formation had been 

subdivided into the Grey, Green and Black Units (e.g. Avermann 1992). Figure 1 illustrates 

how the former lower Whitewater Group subdivisions fit in with the present day stratigraphy. 

Ubide et al. (2017) provided a thin section petrography of the various rock types encountered 

across the Onaping Formation stratigraphy (their figure 9). 

The Garson Member is stratigraphically the lowest, not uniform in thickness and only 

found along limited sections of the southern edge of the basin (referred to as the South range). 

It is likely that it was more extensive originally but largely consumed by the underlying melt 

sheet. A recent geochemical investigation suggests that the Garson Member should be 

considered as part of the SIC (Coulter and Osinski, 2015), likely representing the roof. 

Conformably overlying the Garson Member is the Sandcherry Member, a 50-500m thick 

breccia. The Sandcherry Member has been subdivided into the Equant Shard and Fluidal 

Fragment Units (Ames et al., 2007). The Sandcherry Member is very rich in lithic and beige-

coloured fluidal fragments, representing one of the two most commonly found vitric products 

in the Onaping Formation. The Dowling Member unconformably overlies the Sandcherry 

Member. Ames (1999) distinguished between these members based on the size and distribution 

of the lithic fragments found in the Onaping Formation rather than the amount of reduced 

carbon present as in the older stratigraphy. The Dowling Member is rich in green shards, the 

other of the two common vitric products found in the Onaping Formation. The presence of 

reduced C and green shards were the basis of the older terminology of Black and Green 

Members, respectively (see Fig. 1). 

 

2.2. The Chicxulub structure  
 

The ca. 200 km Chicxulub impact structure on the Yucatàn Peninsula is best known as the 

product of a bolide impact that potentially caused the Cretaceous–Paleogene (K-Pg or K-T) 

boundary mass extinction. The bolide impacted into a shallow water platform consisting of 

carbonates and evaporites resting on Pan-African basement (Lopez-Ramos, 1975; Krogh et al., 

1993). The basement under the Yucatàn Peninsula consists of chlorite schists, quartzites, 
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granites, and volcanic rocks such as rhyolites. Sandstones, siltstones, clastic red beds and silty 

dolomites overlay the crystalline basement. Two to 3 km of shallow water limestones and 

dolomites interbedded with anhydrite were deposited in the Cretaceous prior to the impact. 

Due to the lithologic complexities of the Yucatàn area, particularly the presence of carbonate 

and evaporite, the suevite produced following the impact is quite heterogeneous (Claeys et al. 

2003).  

The Chicxulub suevite has been subdivided into three distinct types; the lower thermo-

metamorphic, the middle clast-rich and the upper carbonate-rich varieties (Claeys et al., 2003). 

The upper Chicxulub suevite is mainly comprised of small angular to subangular carbonate 

clasts with few silicate fragments, most clasts being between 0.5 and 1 mm in size. Clasts 

composed of clay minerals are present, which may indicate alteration of original vitric material 

similar to that seen in the Ries structure (Osinski, 2003) and inferred to have been present in 

the Onaping Formation. Small clasts of amphibolite are also found within the matrix. The 

middle part of the micro-breccia is distinguished by an increase in concentration of larger 

clasts (2-5 mm) supported by a fine-grained matrix. There is a significant increase in the 

proportion of basement material compared to the upper carbonate-rich suevite. In addition to 

clasts of target rock, there are clasts of silicate melt fragments and the majority of clasts have 

undergone alteration. Interestingly, the different clasts are not equally distributed throughout 

the stratigraphy. However, as the petrological knowledge is based on study of relatively few 

drill cores, the significance of the lithological distribution remains to be established. 

Importantly, Claeys et al. (2003) highlighted the presence of sub-rounded green, clay mineral-

rich fragments representing approximately 20% of the clasts in this part of the suevite. The 

lower suevite is rich in silicic basement clasts and abundant silicate melt fragments. These 

clasts have also undergone a high degree of alteration and ca. 15% of the clasts display shock 

features. The matrix is no longer clastic but instead formed of tightly packed intergrown 

minerals (Claeys et al. 2003).  

Claeys et al. (2003) linked the Chicxulub suevite to the Onaping Formation; the lower, 

middle and upper parts representing possible analogues to the Garson Member plus Onaping 

intrusions, the Sandcherry Member and the Dowling Member, respectively. Importantly Claeys 

et al. (2003) highlighted the presence of two distinct silicate melts in the Chicxulub suevite; a 

mafic melt in the middle and lower suevites, and a feldspathic melt in the upper suevite. 

 

2.3. The Milos volcanics  
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The island of Milos (Greece) is part of the South Aegean Volcanic Arc and has been 

volcanically active since the Mesozoic (Fytikas et al, 1977; Fytikas et al., 1986). The Milos 

succession occupies a 151 km2 area and is ca. 700 m at its thickest (e.g. Fytikas and Marinelli, 

1976; Fytikas et al., 1986; Stewart and McPhie, 2006). It primarily consists of felsic volcanic 

rocks and pyroclastic deposits, none of which relate to bolide impact. The relevance of Milos 

for the present study is that the island exposes some of the best preserved and studied products 

of subaqueous volcanism, notably Middle-Upper Pliocene phreatomagmatic products (e.g. 

Fytikas et al., 1986; Stewart and McPhie, 2006). The presence of juvenile volcanic clasts and 

hyaloclastic deposits with quench fragmentation features are important for comparison with the 

deposits in the subaqueous Sudbury and Chicxulub basins (e.g. Grieve et al., 2010). Marine 

ichnofacies and volcanological observations suggest a transition from subaqueous to subaerial 

eruptions at 1.44 Ma (e.g. Stewart and McPhie, 2004). This permits the geochemical 

comparison of equivalent unaltered (subaerial) and altered subaqueous igneous products and an 

assessment of element mobility during quench fragmentation and alteration in seawater. 

 

3. Methodology and sample details 
 

Field observations and samples from the Sudbury impact basin were collected over three 

campaigns conducted in 2012, 2013 and 2014 (Ubide et al., 2017). The field work was carried 

out as part of a larger reinvestigation into the structure (e.g. Petrus et al., 2015, 2016; 

O’Sullivan et al. 2016; Kenny et al. 2016, 2017; Ubide et al., 2017). Samples from the 

Chicxulub impact structure were provided by D. E. Ames and were collected from the 

Yaccopoil-1 (YAX-1) drill core, from the Hacienda Yaxcopoil, 40 km southwest of Mérida, 

Mexico. The YAX-1 core was drilled as part of the Chicxulub Scientific Drilling Program 

(CSDP) and originally described petrologically by Dressler et al. (2003) and geochemically by 

Ames et al. (2004). Samples from the island of Milos, Greece, were collected in 2014 by T. 

Ubide and B. S. Kamber.  

Polished thin sections from both the Chicxulub and Sudbury impact structures had already 

been created for earlier studies (e.g. Dressler et al., 2003; Ames et al., 2004; Petrus et al., 2015; 

Ubide et al., 2017). Samples from Milos were first examined macroscopically and later sawed 

into several slices to select optimal surfaces for thin section study. Polished thin sections of 40 

samples were prepared at the Department of Geology of Trinity College Dublin. All thin 

sections were first scanned with a high resolution flat-bed scanner to provide textural context. 

Later, the thin sections were examined using polarised light microscopy. 
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Detailed petrography informed the selection of vitric materials for in situ major element 

analyses. This analysis was undertaken only for samples with the least altered vitric fragments. 

Data were obtained using Field Emission Scanning Electron Microscopes equipped with 

Energy Dispersive Spectrometers (FE-SEM-EDS) at the iCRAG laboratories at Trinity College 

Dublin. Two instruments were used. Earlier work was completed using the Tescan MIRA 

XMU FE-SEM equipped with one Oxford X-Max 80mm2 EDS detector running Oxford INCA 

analysis software. Later analyses were obtained using the Tescan TIGER MIRA3 FE-SEM 

operated using two Oxford X-Max 150 mm2 detectors running Oxford AZtec X-Ray 

Microanalysis System. Vitric components were analysed with an acceleration voltage of 20 

kV, a beam current of ca. 300 pA and a spot size of 10 nm at a magnification of 31,000 x. The 

555 analyses on vitric materials from the Sudbury impact basin were previously presented in 

Ubide et al. (2017), where details about standardisation and beam current calibration 

procedures are explained. 

Vitric materials were also analysed for selected minor, trace and the rare earth elements 

(REE) using laser-ablation inductively-coupled-plasma mass-spectrometry (LA-ICP-MS). In 

total, 427 spot analyses were performed on rocks from the Sudbury basin, 190 spot analyses on 

rocks from the Chicxulub impact structure and 88 spot analyses on rocks from Milos. The in 

situ data were compared to solution ICP-MS data for 35 vitric products (see below) and 41 

ash-sized matrix samples reported by O’Sullivan et al. (2016), who carefully handpicked 

matrix from the Onaping Formation to minimise contamination with abundant lithic fragments. 

LA-ICP-MS work was completed at the Geochemistry Laboratories of Trinity College 

Dublin between 2014 and 2016 on a Teledyne Photon Machines Excite 193 nm excimer Ar-F 

laser with a Helix 2-volume ablation cell and He-Ar carrier gas (ca. 0.8 l/min He and ca. 0.7 

l/m Ar). An in-house developed variable volume device was used for signal smoothing 

between the laser and the mass spectrometer. A small flow of N2 (ca. 7ml/min) was introduced 

to the sample-gas mixture via the smoothing device to enhance signal sensitivity and reduce 

oxide formation. Laser ablation parameters were: fluence of 4 J/cm2, spot size of 47 μm, 

repetition rate of 5 Hz, ablating for 40 s and allowing a pause of 40 s between spots for 

washout and then background measurement. Two separate adjacent holes were drilled for the 

REE and for other trace elements so as to limit the length of the duty cycle and avoid strong 

down-hole fractionation from an overly deep pit. The mass spectrometer used was a 

quadrupole Thermo iCapQc. The instrument was tuned with scans on NIST612 glass reference 

material (Jochum et al., 2011) at the beginning of each analytical session. NIST610 glass was 

used as external standard and the data were processed using Iolite v2.5 (Paton et al., 2011) with 

the known Si concentration used as internal standard. 
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As will be shown, the in situ analysis succeeded in obtaining data from devitrified, albeit 

altered, former vitric portions of clasts but such small volumes of material could not be used to 

also obtain meaningful radiogenic isotope data (e.g. Hf or Nd). A two-step procedure was thus 

employed for selection of samples for Nd-isotope analysis. Initially, a total of 35 samples of 

vitric products were carefully selected, representing a full transect through the Dowling 

Member, and including two bombs, two aphanitic dykes and a peperitic intrusion. A saw was 

first used to separate the most promising vitric material from the surrounding host rock. The 

sections removed were carefully shaved down further with a micro-saw to remove as much 

unwanted matrix and other crustal contaminants leaving only one small green shard or section 

of bomb/dyke/peperitic intrusion. The remaining material was then carefully crushed with a 

small hammer and transferred into a Petri dish. The fragments were carefully studied 

petrographically with notes describing whether the sample was noticeably banded or vesicular, 

contained sulphides, which shades of colour the various shards had and whether the shards 

showed evidence for pervasive alteration. Aliquots of ca. 100 mg of small fragments of best 

quality were hand-picked for each sample and then milled using an agate mortar and pestle. An 

additional portion of each sample was collected as a pre-contaminant in a separate petri dish to 

prepare the mortar before each sample was milled, thus avoiding cross-contamination. The 

milled samples were then prepared for solution analysis by ICP-MS using the same 

methodology as that reported in O'Sullivan et al. (2016). A very small (ca. 1%) liquid aliquot 

of each digest was analysed for trace elements and the success of obtaining least contaminated 

vitric green material was evaluated by comparing the solution ICP-MS data with the in situ 

LA-ICP-MS data. Five samples with most depleted light REE (LREE) concentrations were 

then selected for separation of Nd for isotope ratio analysis. The long-term Sm/Nd ratio 

reproducibility of the employed solution ICP-MS method is better than 0.5% (Babechuk and 

Kamber, 2011) and the ratios for USGS rock standards are well within multi-collector ICP-MS 

reference values (Kamber, 2009). The Nd-isotope composition was determined from unspiked 

purified Nd on a Triton thermal ionisation MS at University College Dublin using the same 

procedure as detailed in Babechuk et al. (2015). 

 

4. Results 
 

The source of the vitric products, notably the green shards found in the Onaping Formation, 

has long been of wide scientific interest (e.g. Muir and Peredery, 1984; Ubide et al., 2017). 

Dressler et al. (1996) showed that the vitric products (called 'glasses' by these authors) within 

the Onaping Formation were chemically diverse and they proposed an origin by impact 
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melting of diverse target lithologies. By contrast, Grieve et al. (2010) concluded that the 

composition of the vitric products was overall andesitic and resembled that of the bulk SIC (i.e. 

prior to differentiation) and that the vitric products were the result of violent interaction 

between the melt sheet and ocean water. Ames (1999) acknowledged that hydrothermal 

alteration of the original glass changed the bulk composition of the preserved shards, bombs, 

dykes and other vitric products, a factor not properly considered by Dressler et al. (1996). Most 

recently, Ubide et al. (2017) used petrographic and major element geochemistry to suggest that 

the beige coloured, so-called “fluidal fragments” formed following seawater interaction with 

the Sudbury melt sheet as the basin flooded (akin to the model proposed by Ames et al., 2006; 

Grieve et al, 2010), but that the green shards were petrographically and chemically distinct 

from the beige coloured fluidal fragments. Ubide et al. (2017) also provided limited REE 

evidence to support a more primitive melt source for the green shards. Collectively, the 

published results prompted a more thorough geochemical investigation. 

 

4.1. Petrography of the Onaping Formation green shards 
 

The green shards found in the Onaping Formation are not abundant in the Sandcherry 

Member but are readily found throughout the entire Dowling Member. Following extensive 

petrographic analysis through over 150 thin sections transecting the entire Onaping Formation, 

the following pattern of green shard distribution emerged. Photographs of representative shards 

are shown in Figure 2. The subdivision was used to analyse and interpret major and REE data.  

The green shard type with the simplest morphology is shown in panels A and B in Figure 

2. These shards have a rounded or sub-rounded shape, do not display banding or vesicles and 

are typically free of lithic fragments. They are commonly found in the Dowling Member 

Contact Unit (DMCU) but have been located in other units within the Onaping Formation, 

from the top of the Sandcherry Member to as high as the Dowling Member Upper Unit 

(DMUU). There is a sharp petrographic contrast between these green shards and the 

white/grey- to beige-coloured melt fragments (fluidal fragments) found in the Sandcherry 

Member and DMCU (e.g. see left lower corner of Fig. 2B). Fluidal fragments are vesicular, 

banded, brecciated and typically contain lithic inclusions.  

A more striking green shard type is the vesicular, banded, bottle-green shard. It begins to 

appear in the DMCU but is predominantly found in the Dowling Member Lower Unit 

(DMLU). An example of this type is shown in Figure 2C. These green shards are the easiest to 

recognise as they sharply contrast with the surrounding matrix, lithic fragments and white/grey  
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Figure 2. Photomicrographs of different types of green shards, modified from Ubide et al. (2017). A) 

Rounded, non-vesicular green shard from the Sandcherry member; note the alteration on the shard rim. B) 

Rounded, non-vesicular green shard from the Dowling member contact unit. C) Vesicular, banded green 

shard from the Dowling member contact unit; note the squished vesicle near the top of the shard. D) 

Vesicular, banded green shard from the Dowling member lower unit; note the whispy texture of the shard. E) 

Vesicular, hydrofractured green shard from the Dowling member middle unit; note the sharp angular edges of 

the shard, in contrast to previously described shards. F) Vesicular, hydrofractured green shard from the 

Dowling member middle unit; note the thin sharp fragment of the shard within the large vesicle indicating 

two vesicles forming side by side. 
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to beige melt fragments. Some of this type of vitric product can get up to the size of bombs, the 

highest concentration of which can be found in the DMCU. This variety of green shard appears 

to have undergone plastic deformation inferred from oblong and sheared vesicles. A less 

common type is the non-vesicular banded green shard (Figure 2D). These shards are mainly 

found in the same units as the vesicular banded green shards and share many features, other 

than vesicles. 

The last green shard includes delicate lime-green shards with vesicles and angular margins 

broken along bubble walls (Figure 2E-F; note the curved edges flanked by sharp points 

indicating the former presence of gas bubbles). This green shard variety is the most common, 

primarily found throughout the Dowling Member Middle Unit (DMMU) and DMUU. Unlike 

the vesicular and banded green shards, hydroclastically fractured green shards are not very 

distinctive in the field due to their smaller size, especially in the DMMU.  

In summary, petrographic evidence suggests a more complex green shard evolution 

through stratigraphy than previously documented. Regardless of its significance, a further 

important petrographic observation relates to the distribution of alteration minerals. There is 

very clear evidence in the studied samples that alteration did not pervasively change the 

mineralogy of the entire rock. Rather, alteration rims and fronts are preserved within many of 

the physical features of the shards, including 'concentric' rims, outlines of vesicles, banding 

and haloes around lithic inclusions.  

 

4.2. Major element geochemistry of the Onaping Formation 

vitric components 
 

A general overview of the geochemistry of green shards, fluidal fragments and bombs is 

shown in Figure 3A-B. Metamorphic and alteration minerals found in the Onaping Formation 

(Ames, 1999) and the average SIC composition (Lightfoot et al., 1997) are shown for context. 

Full geochemical data can be found in Ubide et al. (2017). Panel A clearly illustrates that most 

of the data plot as vectors between the different metamorphic minerals that have formed in the 

green shards, whereas panel B highlights the silicic nature of the alteration that affected the 

bombs and fluidal fragments. The µm-scale beam interaction volume of the FE-SEM operated 

at a 31,000 x magnification exposes the alteration mineralogy but does not permit accurate 

determination of the bulk composition.  
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Analyses on three bombs across the stratigraphy (Fig. 3C) are highly variable but primarily 

point to dominant feldspathic alteration. Sandcherry Member and DMLU bombs plot along a 

linear trend towards quartz and actinolite, whereas some data from DMMU plot towards 

chlorite. The primary alteration that affected the beige and white/grey fluidal fragments from 

the Sandcherry Member and DMCU is albitisation (Fig. 3D). The green shards are more 

geochemically complex than the fluidal fragments and bombs. This is demonstrated in detail in 

Supplemental Figure 1, which subdivides the vitric products based on stratigraphy and 

illustrates syn-depositional alteration.  

 

Figure 3. Panels A-D show a selection of Harker Diagrams modified from Ubide et al. (2017) with the 

average composition of the SIC (Lightfoot et al., 1997) and the composition of hydrothermal alteration 

mineral phases from Ames (1999): quartz, albite, K-feldspar, actinolite, epidote and chlorite. A) displays 

green shards, fluidal fragments and bombs on an anhydrous based Al2O3 vs CaO + MgO + FeO(t) graph. 

This graph illustrates alteration of green shards, f-uidal fragments and bombs. B) displays the same analyses 

on a Al2O3 vs SiO2 diagram. Note the lack of silica alteration on green shards, in contrast with bombs and 

fluidal fragments, which also show feldspathic alteration. C) Al2O3 vs K2O + Na2O plot of bomb analyses. 

The Sandcherry Member and DMCU bombs appear to undergo actinolite and feldspathic alteration, whereas 

the DMMU bomb shows chlorite and feldspathic alteration. D) Al2O3 vs Na2O plot of fluidal fragments, 

which have undergone albitization.  
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At the stratigraphically lowest occurrence (Suppl. Fig. 1A) the green shards in the 

Sandcherry Member owe their colour to actinolite and lesser chlorite, with no feldspar in 

evidence. In the DMCU and DMLU (Suppl. Figs. 1B and C), green shards display a propensity 

for mixed actinolite and feldspar alteration with lesser presence of chlorite. Further up, in the 

DMMU and DMUU (Suppl. Figs. 1D and E), actinolite is less common and chlorite and 

epidote are the predominant metamorphic and alteration phases. In view of the strong vectors 

defined by analyses from even individual shards, the chemical variation (mainly in SiO2) 

reported by Dressler et al. (1996) from electron microprobe analyses was likely the result of 

alteration and metamorphic recrystallisation. However, the striking petrographic evidence for 

co-existing and even neighbouring green and beige shards is supported by the major element 

data reported here, suggesting that the rocks were not comprehensively altered. Rather, 

alteration mineralogy appears to mimic a contrast in the chemistry of the original vitric  

 

Figure 4. Al2O3 vs CaO + MgO + FeO(t) diagrams of green shards across the stratigraphy. The average 

composition of the SIC (Lightfoot et al., 1997) and the composition of hydrothermal alteration mineral 

phases from Ames (1999) are also plotted. Panel A shows the green shards analysed from the Sandcherry 

Member. Curiously there is no indication of albitization but instead the predominant alteration is to actinolite. 

In the DMCU (panel B), there is a sudden shift into albitization as well as continued actinolite alteration and 

chloritization. This alteration pattern is similar in the green shards from the DMLU (panel C). In the DMMU, 

there is a sharp difference in the alteration types compared to those from lower units (panel D). Here there is 

a noticeable shift to chloritization and epidote alteration. The actinolite alteration still affected the green 

shards of the middle unit. The premidominant alteration of the DMUU is chloritizaton (panel E).  
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precursors to green shards vs. beige and white/grey fluidal fragments. However, due to the 

greenschist overprint, it is not possible to infer the original alteration paragenesis. 

To explore any chemical differences between the various petrographic types of green 

shards, Figure 4 displays how each type of green shard was affected by alteration. What is 

immediately clear is that shards that have vesicles are more susceptible to chloritisation and 

epidote alteration (panels C and D) and shards with no vesicles have undergone almost no  

 

 

Figure 5. Al2O3 vs CaO + MgO + FeO(t) diagrams of green shards, separated by type. The average 

composition of the SIC (Lightfoot et al., 1997) and the composition of hydrothermal alteration mineral 

phases from Ames (1999) are also plotted. Panel A shows the green shards that display no vesicles or 

banding. These are quite distinct to the vesicular shards, as they show no chlorite or epidote alteration. 

Instead, these shards are altered to actinolite and albite. Panel B shows the banded green shards, which are 

relatively rare and predominantly altered to actinolite. Panel C shows the vesicular and banded shards. These 

shards appear similar to the other shard types but with a more pronounced actinolite alteration as well as hints 

of chloritization. Panel D shows that the predominant alteration that affected the vesicular shards was chlorite 

alteration, however some vesicular shards have undergone actinolite and epidote alteration. 
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chloritisation or epidote alteration (panels A and B). Additionally, almost all green shards have 

undergone actinolite alteration, explaining the generally low Al2O3 levels in the majority of 

green shard analyses. Some green shards, mainly the non-banded, non-vesicular shards 

described as ‘other shards’, have undergone albitisation. 

The new results broadly support the regional alteration model proposed by Ames (1999) 

but readers are reminded that for the current study, samples were selected in the field and after 

petrography with the least evidence for wholesale alteration. The delicately preserved 

petrographic features (e.g. Fig. 2F) and the new observation that alteration type relates to 

primary igneous features such as vesicularity suggest that the transformation of glass occurred 

early, probably starting from fragmentation during fuel-coolant interaction (e.g. Grieve et al., 

2010), and continued until lithification and metamorphism. Regardless, other than suggesting 

that the precursor glass of the green shards was more ferromagnesian than that of fluidal 

fragments, major element chemistry is unable to determine the origin of the green shards. 

Therefore, further investigation into trace and REE of the green shards, which are not so easily 

affected by alteration, was conducted to provide insight into the source of the shards. 

 

4.3. In situ REE and trace element geochemistry of the Onaping 

Formation vitric components 
 

In terms of REE, the Onaping Formation ash-sized matrix is geochemically very similar to 

the SIC (O’Sullivan et al., 2016; Fig. 5A). The matrix extracted from samples of the DMMU 

and DMUU appears to best resemble the SIC, whereas matrix from samples from the DMLU, 

DMCU and Sandcherry Member may have been contaminated by other, possibly lithic, 

material or contain an additional component (O’Sullivan et al., 2016). Panels B to F of Figure 

5 show the 214 REE LA-ICP-MS spot analyses on green shards, normalised to the SIC and 

displayed in reverse stratigraphic order. Despite internal standardisation to the known Si 

content of the shard, there is substantial variability in REE concentration. This may at least in 

part be due to the fact that the Si content of the shards is internally quite variable (see also Fig. 

10 of Dressler et al. (1996)). Regardless, many of the patterns of the subdivided shards are 

parallel or at least sub-parallel. Most importantly, unlike the matrix, the majority of green 

shards do not bear the same REE pattern as the SIC (Lightfoot et al., 1997). Almost all green 

shard analyses display light rare earth element (LREE) depletion, unlike the SIC and matrix 

(Fig. 5A). Analyses on shards from the lower units, notably the Sandcherry Member, display 

consistent LREE depletion. Additionally, there is a negative Eu anomaly that noticeably affects 
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almost all green shards in the lower parts of the Onaping Formation but is much less evident in 

the matrix data. The Eu anomaly is also less pronounced in the DMMU and DMUU. 

While all units contain green shard analyses displaying LREE depletion, there is a notable 

increase of green shards with REE patterns comparable to the SIC up stratigraphy. This could 

indicate a crustal signature, or simply be caused by the inclusion of lithic fragments in the in 

situ analysis of the green shards, as will be explored later. The green shards from the 

Sandcherry Member have most homogeneous compositions and most severe LREE depletions, 

suggesting a distinctive source. 

 

 

Figure 6. Rare Earth Element composition of matrix separates (panel A; O’Sullivan et al., 2016) and green 

shards (panels B-F; this study), normalised to the average composition of the Sudbury Igneous Complex 

(SIC; modified from Lightfoot et al. 1997). Matrix compositions are homogeneous across the stratigraphy 

and similar to the SIC, suggesting a common source. By contrast, green shards show two distinct patterns, 

one similar to the SIC and the other depleted in light rare earth elements (LREE), implying a different source. 

The few green shards similar to the SIC are found in the upper units of the Dowling Member, possibly 

indicating a contamination of the source with crustal SIC. This is supported by the homogeneity of the green 

shards from the Sandcherry Member, which all show LREE depletion. 
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To investigate a more appropriate melt source than the SIC, the REE compositions were 

also compared with N-MORB (McDonough & Sun, 1995) on Figure 6, where the median of all 

analyses from each stratigraphic unit is presented as a solid black line. The matrix data of 

O’Sullivan et al. (2016) shown in 6A display the expected typical crustal LREE enrichment. 

This trend can also be found in half the analyses from the DMUU (6B) and several analyses 

from the DMMU (7C). The remaining analyses in 6B are very close to N-MORB in terms of 

REE, with the exception of Eu anomalies which can be found in almost all green shard 

analyses. Other than green shards with noticeable crustal signatures, the majority of green 

shards have a pattern quite similar to N-MORB. 

Four bombs, two from the Sandcherry Member and two from the Dowling Member, were 

also analysed by LA-ICP-MS and compared to N-MORB (Suppl. Fig. 2). All four display a 

slight LREE enrichment. Panel A shows a bomb from the DMMU, the same one analysed with 

SEM-EDS for major element geochemistry (Fig. 3C). This bomb was found protruding from 

 

Figure 7. Rare Earth Element composition of matrix separates (panel A; O’Sullivan et al., 2016) and green 

shards (panels B-F; this study), normalised to N-MORB (McDonough & Sun, 1995). Geochemical data are 

as in Fig. 6, but the normalisation here shows that green shards are primarily sourced from an N-MORB-type 

magma, whereas the matrix is sourced from the SIC. 
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an aphanitic dyke which was also sampled and analysed (Suppl. Fig. 3A). Panel B shows a 

bomb from the DMCU which bears a similar LREE pattern to the bomb located in the DMMU, 

however, it displays a more severe Eu anomaly. The bomb shown in panel C has a Eu anomaly 

and greater LREE enrichment than that shown in panel B. Panel D shows data from a transect 

of a winged bomb from the Sandcherry Member (see Ubide et al., 2017; their Fig. 7), which 

bear striking similarity with the green shards analysed from the Sandcherry Member in terms 

of the shape of the REE pattern, particularly the cusp within the LREE (Fig. 5F). 

Three representative aphanitic dykes were analysed by LA-ICP-MS for comparison with 

the green shards and bombs (Suppl. Fig. 3). The dyke sampled alongside the bomb from the 

DMMU is shown in panel A. Other than three analyses with LREE enrichment, the dyke 

shows a similar REE pattern to the bomb. The DMCU aphanitic dyke shown in panel B does 

not display significant LREE enrichment but there is evidence for alteration-related Eu 

mobility. The dyke cross-cutting the Sandcherry Member (panel C) has significant LREE 

enrichment, and does not resemble the REE patterns of shards and bombs within the member, 

instead being more similar to vitric products higher in the Onaping Formation stratigraphy. 

Thus this could represent a feeder to overlying volcanic products in the DMUU.  

 

Figure 8. Rare Earth Element composition of bombs, normalised to N-MORB (McDonough & Sun, 1995). 

Panels A-C include bombs analysed for major elements by SEM-EDS (Fig. 3C). Panel D shows a transect 

through the wing of a bomb from the Sandcherry Member. Note the heterogeneity of results, including N-

MORB-like and SIC-like data, the latter suggesting crustal contamination. The bomb plotted in panel D 

appears more homogenous as all analyses follow the same trend and appear to have REE patterns closer to N-

MORB than to the SIC. 
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In an effort to find the reasons for LREE elevation in some of the vitric components 

analysed by LA-ICP-MS, two polished thin sections from the Dowling Member (DMMU and 

DMLU) were selected for further tests. In each thin section three green shards were selected 

which had previously undergone in situ analysis and yielded REE patterns similar to N-

MORB. In the three green shards from DMLU, three lines were analysed across each shard. In 

the DMMU section, only one green shard was large enough to accommodate three lines, and 

the other shards were analysed with one and two lines, respectively. Each line was treated as a 

 

Figure 9. Rare Earth Element composition of aphanitic dykes, normalised to N-MORB (McDonough & Sun, 

1995). A) vesicular aphanitic dyke from the DMMU (data Figure 8A are from a bomb coming off this dyke). 

B) dyke from the DMCU. C) dyke from the Sandcherry Member. The aphanitic dykes intruding the DMCU 

and the Sandcherry Member display a significant crustal REE pattern, whereas the aphanitic dyke intruding 

the DMMU displays an overall N-MORB trend. 
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single analysis and then compared to N-MORB (Suppl. Fig. 4). In the samples where more 

than one line was run, an additional heavier line shows the average of the lines from that 

particular sample. Where a line was deliberately run through either a vesicle or lithic fragments 

(panels B, C, E and F), it is clear that these analyses are strongly offset towards higher LREE 

compared to the purely vitric component. The deliberate analysis of contaminants from matrix 

included in vesicles and from lithic inclusions shows that the even accidental co-analysis of a 

small amount of contaminant in the 45 µm spot analysis likely explains the variably developed 

LREE enrichment.  

 

 

Figure 10. Transects across six green shards in two diff¬erent thin sections, one from the DMMU (A-C) and 

the other from the DMLU (D-F). Each graph represents a di¬fferent green shard and all data are normalised 

to N-MORB (McDonough & Sun, 1995). Panels B-F have an additional heavy black line, showing the 

average values in the graph. The purpose of these graphs is to test the homogeneity of the green shards and 

the contamination effects of matrix-filled vesicles and lithic fragments. All shards chosen were previously 

analysed and showed N-MORB-like REE patterns (Fig. 7). Depending on the size of each sample, one to 

three lines were run through each shard at random for unbiased sampling. Shards displayed in panels B, C, E 

and F all had a transect which collected data from either a lithic fragment or matrix filled vesicle. These are 

represented with a diamond symbol. In each of these shards, the effect of including crustal REE components 

is quite significant when looking at the shards average REE values.  
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Whereas it is straightforward to explain the relatively LREE-enriched patterns in terms of 

contamination, the main novel finding of the in-situ analyses is the LREE depletion relative to 

the SIC and typical upper continental crust (UCC). In this respect, the primary interest was to 

explore if these could have arisen by loss of LREE during alteration. O'Sullivan et al. (2016) in 

their study of ash-sized matrix found strong evidence for water-rock interaction involving 

seawater. Seawater has tell-tale geochemical signatures, such as a very high (>1000) U/Th 

ratio, a strongly super-chrondritic Y/Ho ratio (50-100; Nozaki et al., 1997) and high Mo 

content, features that are very uncommon in most igneous rocks (e.g. Kamber et al., 2005; 

Pack et al., 2007). During fluid-rock interaction involving seawater, these features can become 

imprinted into the alteration products. In the case of the Onaping Formation ash matrix, this 

resulted in Y/Ho ratios between 26-30 (chondrite = 25.94 ± 0.08; Pack et al., 2007) and Th/U 

between 1.4 and 2.5, much lower than the typical terrestrial ratio of 3.75-4.25 (e.g. Galer and 

O'Nions, 1985). The median Th/U ratio of the complete dataset of green shards is also much 

lower (1.1) than that in UCC, whereas the median Y/Ho is super-chondritic at 28.7, very 

similar to the ratio found by O'Sullivan et al. (2016). These traits suggest that seawater-induced 

alteration did occur within the green shards. It was therefore tested whether the LREE-

depletion, expressed as N-MORB-normalised La/Sm and La/Yb, correlated with Y/Ho and 

Th/U. All correlation coefficients in the resulting cross-plots (not shown) were very low 

(<0.02) suggesting that there is no straight forward relationship between potential loss of 

LREE and gain of U and Y (from seawater). 

The N-MORB-normalised La/Sm and La/Yb ratios were also plotted vs. compatible 

element concentrations (Sc, Cr and Ni) and alteration-sensitive elements (Rb and Sr) and 

element ratios (Eu/Eu*), but no convincing correlations were found in the very large dataset. In 

terms of overall concentrations, we nevertheless note that the median green shard Sc, Cr and 

Ni concentrations (22, 279 and 83 ppm, respectively) are substantially higher than in typical 

UCC (e.g. McLennan, 2001). This contrasts with the Onaping Formation ash matrix, which is 

not LREE-depleted and does not have unusually high compatible element concentrations. This 

finding would support the notion that a more ferromagnesian source (depleted in LREE) was 

tapped by the precursor magmas of the green shards. Median Sr and Rb (15 and 5.3 ppm) are 

much lower than in UCC, clearly indicating loss of these two mobile elements during 

alteration, but the correlation with (Eu/Eu*) was found to be very modest (r2 of 0.2 in the case 

of Rb). 

In summary, the in-situ trace element geochemical data document substantial variability in 

REE patterns. Incorporation of ash and lithic fragments can explain LREE-enrichment (relative 

to SIC). However, the majority of analyses of green shards in the Sandcherry Member and the 
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lower parts of the Dowling Member are LREE-depleted. There is clear evidence for alteration-

induced change in trace element chemistry (e.g. increase in U and Y content) involving 

seawater, but no clear relationship between extent of alteration and LREE depletion. On their 

own, the REE data may be interpreted as indicative of a more mafic magma source additional 

to the melt sheet (e.g. Ubide et al., 2017) but further data were sought to clarify the influence 

of alteration. 

 

4.4. The geochemical effects of seawater interaction on 

subaqueously emplaced vitric material 
 

The motivation for studying subaqueously emplaced volcanic products for the effects of 

seawater alteration was the study of Ritter et al. (2015). These authors determined the 

composition of unaltered and smectite-altered impact glass spherules from the Chicxulub event 

deposited originally at ca. 2000 m water depth and now exposed on Haiti using in situ 

techniques, similar to those employed in this study. They found that in the process of 

conversion of impact glass to smectite, 99% of the LREE and 92% of the HREE were lost, 

leading to a massive overall depletion in REE and an apparent LREE depleted slope. 

Because the Onaping Formation breccias contain green glass shards with clear evidence for 

fuel-coolant interaction rather than spherules, we decided that it was more appropriate to study 

alteration effects on subqueously deposited quartz andesites and dacites exposed on the 

northern coast of Milos Island, Greece. Milos is one of the best-studied examples of volcanic 

deposits from violent subaqueous volcanic activity (Stewart and McPhie, 2006) but the subject 

of alteration during fragmentation, seawater-glass interaction and compaction has not yet been 

approached. The full result of this investigation will be reported in a separate study. For this 

paper, only the most pertinent findings are reported in Table 1. Data are from a dacitic peperite 

(sample TU14023) and three lapilli stones with fragments of hydrofractured clasts ranging 

from andesitic to dacitic in composition.  

The first and most important observation was made in the peperite, from which a thin 

section was cut to cover a transect from the altered edge (against fine-grained marine 

sediment) towards the unaltered core (with visible phenocrysts). It was found that the core has 

a constant Th/U ratio of 3.5±0.1, typical of UCC. By contrast, the moderately altered edge has 

a statistically significant lower ratio of 2.9±0.2 (Table 1). Furthermore, the average Th/U ratios 

of the various highly-altered shards analysed in the three lapilli stones were much lower again,  
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Table 1. Trace and REE compositions of Milos volcanics  

Sample ID TU-14006 TU-14010 TU-14013 TU-14023 TU-14023 

Location Pollonia Pollonia Pachena Sarakiniko Sarakiniko 

Longitude N36°45.656' N36°45.633'  N36°45.245' N36°44.568' N36°44.568' 

Latitude E024°31.900' E024°31.950' E024°30.202' E024°27.617' E024°27.617' 

Rock name 

Lapilli stone 

with different 

coloured clasts 

and altered 

glass, bottom 

facies 

Lapilli stone 

with some 

andesite clasts, 

scoria>pumice

, packed 

Ash tuff with 

lapilli-rich 

horizon 

Exposed dacite sill with large 

(mm-sized) crystals of Bt-Pl-Qz-

Amp 

Analyses 3 10 4 Unaltered 6 Altered 4 

Li 17.7 5.19 10.0 2.45 12.1 6.97 8.83 0.61 10.1 2.14 
Ti 10400 4300 3380 749 15800 13900 1260 218 1240 439 
Cr 106 28.7 72.0 42.4 2280 2140 9.24 3.25 9.90 4.57 
Ni 30.0 11.9 11.5 5.50 555 564 5.23 1.82 7.20 3.49 
Cu 21.3 3.66 35.5 8.50 35.1 23.9 26.9 4.06 38.0 26.5 
Zn 113 27.5 83.7 50.0 462 336 20.8 4.55 20.6 8.7 
Rb 107 43.3 54.0 31.3 29.5 40.5 83.4 3.18 62.9 23.7 
Sr 446 102 475 109 258 171 135 30.0 270 164 
Y 11.7 1.07 11.4 2.60 11.4 4.78 11.1 1.29 7.4 3.7 
Zr 146 23.4 127 16.5 205 119 102 2.46 75.2 29.3 
Nb 48.7 31.9 6.22 1.76 18.5 16.2 5.54 0.39 4.47 1.39 
Sb 9.17 4.25 3.83 2.89 50.2 47.4 0.49 0.14 0.56 0.17 
Cs 12.6 2.64 12.7 9.37 8.5 12.2 4.04 0.30 3.43 1.48 
La 18.8 2.33 17.0 3.20 16.5 10.1 17.5 1.23 14.3 2.6 
Ce 20.6 9.58 33.6 6.39 32.4 20.6 33.5 3.27 25.6 6.6 
Pr 3.56 0.29 3.80 0.79 3.55 2.05 3.35 0.46 2.42 0.76 
Nd 14.5 0.44 14.6 3.25 13.2 7.72 11.3 1.7 8.0 2.8 
Sm 2.67 0.24 2.73 0.66 2.65 1.46 1.90 0.35 1.31 0.48 
Eu 1.19 0.16 0.81 0.16 0.92 0.49 0.44 0.06 0.64 0.29 
Gd 2.39 0.25 2.27 0.56 2.17 1.18 1.75 0.35 1.15 0.48 
Tb 0.35 0.06 0.33 0.08 0.39 0.16 0.27 0.05 0.17 0.08 
Dy 2.06 0.34 1.97 0.48 2.06 1.20 1.71 0.29 1.12 0.52 
Ho 0.42 0.06 0.38 0.09 0.44 0.20 0.36 0.06 0.24 0.11 
Er 1.20 0.14 1.15 0.27 1.25 0.72 1.18 0.20 0.77 0.35 
Tm 0.17 0.03 0.16 0.03 0.23 0.11 0.20 0.04 0.13 0.06 
Yb 1.15 0.24 1.17 0.24 1.34 0.79 1.49 0.23 0.94 0.43 
Lu 0.17 0.04 0.19 0.04 0.27 0.12 0.25 0.04 0.17 0.07 
Tl 0.74 0.03 1.25 0.36 1.12 0.63 0.53 0.03 0.41 0.14 
Pb 110 48.3 26.7 9.7 75.6 67.4 10.5 1.03 8.95 1.85 
Th 14.3 5.84 6.39 0.98 3.57 2.45 9.65 0.58 7.07 2.78 
U 11.8 4.20 5.29 2.48 4.20 3.21 2.79 0.14 2.43 0.89 
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Sample ID TU-14023 

Location Sarakiniko 

Longitude N36°44.568' 

Latitude E024°27.617' 

Rock name Exposed dacite sill with large (mm-sized) crystals of Bt-Pl-Qz-Amp 

Analyses Unaltered 6 Altered 4 

Li 8.35 9.23 8.56 9.24 9.58 8.02 10.9 12.7 8.04 8.62 
Ti 1130 1580 1160 1490 1080 1110 620 1650 1350 1350 
Cr 10.0 8.90 5.32 14.5 10.3 6.40 5.30 7.20 11.6 15.5 
Ni 6.00 7.00 2.30 7.00 4.25 4.80 3.70 4.70 10.3 10.1 
Cu 20.2 32.1 24.7 29.0 27.6 27.7 52.0 12.0 19.8 68.0 
Zn 17.6 28.3 18.8 24.0 16.1 19.9 13.5 33.0 16.2 19.7 
Rb 84.7 85.8 87.5 81.9 81.2 79.0 44.4 40.4 84.3 82.4 
Sr 143 119 121 192 113 119 372 447 136 127 
Y 10.5 12.4 10.7 13.0 9.7 10.3 5.15 3.46 10.9 10.2 
Zr 100 104 104 102 103 97.9 48.7 51.0 102 98.8 
Nb 5.50 6.11 5.80 5.59 5.14 5.10 2.68 4.06 5.74 5.38 
Sb 0.68 0.37 0.32 0.45 0.62 0.49 0.33 0.56 0.60 0.74 
Cs 4.44 4.28 3.67 4.15 3.90 3.78 2.52 1.90 4.23 5.08 
La 17.4 17.9 17.5 19.7 16.7 16.1 12.5 11.7 16.7 16.2 
Ce 31.6 34.5 32.6 39.7 32.0 30.8 20.8 19.0 31.3 31.1 
Pr 3.18 3.58 3.22 4.16 2.98 2.97 1.92 1.61 3.11 3.02 
Nd 10.7 11.8 10.5 14.5 9.9 10.2 6.3 4.9 10.4 10.2 
Sm 1.81 2.11 1.73 2.52 1.57 1.67 0.99 0.81 1.74 1.69 
Eu 0.40 0.49 0.40 0.54 0.37 0.44 0.78 0.98 0.43 0.38 
Gd 1.66 1.91 1.56 2.38 1.41 1.61 0.76 0.70 1.58 1.54 
Tb 0.25 0.29 0.24 0.36 0.22 0.24 0.12 0.10 0.25 0.23 
Dy 1.59 1.94 1.53 2.18 1.40 1.62 0.76 0.59 1.63 1.51 
Ho 0.34 0.42 0.34 0.46 0.30 0.32 0.17 0.12 0.35 0.32 
Er 1.07 1.32 1.09 1.51 1.02 1.06 0.56 0.40 1.12 1.01 
Tm 0.18 0.25 0.18 0.26 0.17 0.18 0.10 0.06 0.18 0.17 
Yb 1.37 1.74 1.35 1.82 1.31 1.34 0.70 0.45 1.35 1.26 
Lu 0.24 0.31 0.24 0.30 0.22 0.23 0.12 0.09 0.23 0.22 
Tl 0.52 0.54 0.51 0.55 0.57 0.50 0.30 0.28 0.51 0.54 
Pb 10.9 9.9 10.0 10.1 12.5 9.9 7.7 7.1 10.2 10.8 
Th 9.94 10.0 10.4 9.45 9.40 8.74 4.19 5.19 9.45 9.45 
U 2.87 2.85 2.90 2.84 2.75 2.51 1.45 1.93 3.37 2.96 
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ranging from 1.0 to 1.4. The low Th/U ratio could imply Th loss or U gain but the absolute 

concentrations leave little doubt that in the process of alteration, seawater-derived U was 

incorporated into the alteration products (XRD analysis showed illite to be the prominent clay 

mineral). The finding of high U concentration, ranging between 2.4 and 11.8 ppm is in 

complete contrast to the work of Ritter et al. (2015). Their data show that the unaltered 

spherule glass had 1.32 ppm U and a Th/U ratio of 5, whereas the alteration product smectite 

had lost nearly all its U (range: 0.02 to 0.4 ppm U). Their Figure 8 illustrates that in the case of 

the altered spherules, U loss was nearly as comprehensive as REE-loss. 

By contrast, the REE systematics of the samples from Milos show neither evidence for 

comprehensive loss of REE nor for systematic LREE>>HREE loss (Fig. 7). Turning our 

attention first to the peperite sample TU14023, it can be seen that the unaltered dacite has flat, 

slightly concave UCC-normalised REE pattern. This is also found within the altered edge of 

the peperite albeit at ca. 1/3 lower concentration. It is impossible to address to which extent the 

apparently lower REE concentrations are due to hydration of the original glassy matrix of the 

peperite as LA-ICP-MS analyses cannot be corrected for loss on ignition. Regardless, the most 

important observation is that the shape of the REE pattern was not changed during alteration. 

The REE patterns of the altered shards in the lapilli stones have, within error, identical REE 

patterns (Fig. 7), with no evidence for preferential REE loss. Indeed, when the individual 

analyses from the peperite were used to plot Th/U vs. UCC-normalised La/Yb (Fig. 7B), it is 

found that if anything, the La/Yb increases with decreasing Th/U (i.e. seawater-induced U-rich 

alteration). 

Our findings suggest that alteration of volcanic vitric material during and after quench 

fragmentation in seawater does not change the REE pattern of the altered material. This does 

not question the important conclusions by Ritter et al. (2015) regarding spherule glass 

alteration and the difference is likely related to the type of alteration (in Milos mainly to illite) 

and the rate of alteration. The new findings also cannot rule out that some preferential LREE 

loss might have occurred when the original alteration products metamorphosed to greenschist 

facies minerals. We note that in a recent study of greenschist facies green shards in the Stac 

Fada ejecta layer, Guyett et al. (under revision) found very high Ni/Cr ratios, suggesting that 

the compatible element inventory of ejected glass survived greenschist alteration. This 

contrasts again with the findings of Ritter et al. (2015), who observed severe Cr-loss during 

smectite alteration. Clearly, the subject of alteration of vitric material associated with impacts 

requires further study, ideally focusing both on ejecta as well as breccias deposited within the 

craters. Additional insight from subaqueously emplaced sub-recent volcanic rocks will also 

further inform this issue. 
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Figure 11. Trace element composition of subqueously emplaced dacitic peperite (sample TU14023) and three 

lapilli stones with fragments of hydrofractured clasts from Milos Island, Greece. Panel A shows the average 

(with error bars) REE patterns of samples 14TU006, 14TU010, 14TU013, unaltered 14TU023 and altered 

14TU023. All data are normalised to N-MORB (McDonough & Sun, 1995). Panel B shows individual 

analyses on 14TU023 on a cross plot of Th/U vs La/Yb.   
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4.5. Bulk REE and Nd isotope data from the Onaping 

Formation 
 

In order to assess whether the LREE depletion in the green shards from the lower Dowling 

Member were caused by alteration or indicate a separate source, radiogenic isotope data for Nd 

were acquired, since alteration soon after deposition cannot change the initial isotope flavour 

of a magma source. 

The line-scan LA-ICP-MS analysis on green shards clearly exposed the propensity for 

lithic inclusions and ash contained in vesicles to strongly affect the overall REE patterns of 

shards. Because the green material is devitrified and cloudy under the binocular microscope, it 

was impossible to ensure complete purity of the hand-picked samples. The strategy for the Nd 

isotope analysis thus was to digest a relatively large number of hand-picked samples, analyse a 

small aliquot of the digest for trace elements and select only those that best agree with the 

clean in situ data (i.e. LREE-depleted) for isotope analysis. The solution ICP-MS data for the 

35 hand-picked separated green vitric materials are listed in Table 2 and the SIC-normalised 

REE patterns shown in Figure 8. Panel A shows 19 green shard analyses from the DMMU. In 

terms of REE trends, most shards are similar to the ICP solution matrix samples from 

O’Sullivan et al. (2016) shown in Figure 5 but three shards display a significant LREE 

depletion. The REE patterns of the 6 DMLU and 5 DMCU green shard analyses are presented 

in panels B and C, respectively. All but three of the green shards display clear LREE depletion 

relative to SIC. The two bombs and three intrusions (two aphanitic and one peperitic) are 

shown in panels D and E, respectively. Variably developed Eu anomalies can be seen in all 

five analyses but the main observation again is that both the peperitic intrusion and the bombs 

have a significant LREE depletion. The two aphanitic intrusions show a less pronounced 

LREE depletion. 

In terms of the stratigraphic trend, the solution ICP-MS data correlate well with the in situ 

analysis in showing a greater crustal signature in the green shards up stratigraphy. As far as 

other trace element systematics, the bulk data also show evidence for seawater-rock 

interaction, but less distinctly than the in situ data. The median Y/Ho is 27.0 and Th/U is 3.0. 

The median Sr and Rb (100 and 35 ppm) concentrations are also much higher than in the in 

situ data, suggesting that the bulk data contain, on average, less altered material. This probably 

reflects the fact that the much larger in situ data set was obtained in thin sections from a great 

variety of shards, the majority of which was much smaller (10-1000 x) than the hand-picked 



171 
 

fragments, therefore analysing material much closer to the shard edges where alteration was 

more severe (e.g. Fig. 2E). As with the in situ data, there is no covariation between Th/U and 

Y/Ho with the slope of the REE pattern (e.g. La/Sm or La/Yb). 

Due to the higher precision and accuracy of the bulk data obtained with the method 

modified after of Eggins et al. (1997), it is also possible to use the solution data to explore 

other indicators of mafic influence within the source of the green vitric materials. Omitting one 

highly aberrant sample (PCG16), the entire dataset has a very high median Zr/Hf ratio 

(39.6±2.0) typical of basaltic melts (e.g. David et al., 2000). Albeit highly variable, the Nb/Ta 

ratio is also higher than UCC at 15.2±4.9 but the Nb/Th ratio is much lower (1.1±0.7) than 

typical 1.9 Ga basaltic melts from the depleted mantle (13.0±0.9; Babechuk and Kamber, 

 

Figure 12. Rare Earth Element composition of green shard, bomb and dyke separates, normalised to the SIC 

(modified from Lightfoot et al. 1997) and shown in stratigraphic order. N-MORB is plotted as a thick grey 

line for comparison in all graphs. A major difference between the results shown here and the in situ analyses 

(Fig. 6) is a LREE increase in the majority of data. Two of the aphanitic intrusions are similar to the SIC, 

whereas the bombs and peperitic intrusion are more comparable to N-MORB albeit with a minor LREE 

enrichment. The analyses displayed in panel F comprise the five samples that have REE components most 

comparable with N-MORB. Four are green shards (one from DMCU, one from DMLU and two from 

DMMU) and one is the peperitic intrusion from the DMLU. These samples were selected for further Nd 

analysis to determine whether or not they have a mantle origin. 
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2011). In terms of compatible elements, the medians of the bulk dataset are lower with Sc, Cr 

and Ni concentrations of 11, 97, and 28 ppm, respectively, suggesting that the more highly 

altered material analysed by LA-ICP-MS could have retained least mobile elements and/or that 

the in situ data suffered uncorrected isobaric interferences (though BCR-2G quality monitor 

did not show these effects). Regardless, the trace elements indicate a complex origin of the 

precursor magmas of the green vitric materials with at least three sources: the melt sheet as 

represented by the SIC, a LREE-depleted reservoir and UCC. Readers are reminded that 

although the SIC shares many features with UCC, its chemistry cannot be successfully 

modelled without an unexposed possibly deeper component (e.g. Mungall et al., 2004) and that 

its unusually high Zr/Hf (41) and Nb/Ta (16) for a melt of quartz-dioritic to granodioritic 

composition remain unexplained (O'Sullivan et al., 2016). 

The REE patterns of the 5 samples selected for further isotope analysis are shown in Figure 

8F. All show LREE-depletion relative to SIC, but they are neither as depleted nor do they have 

HREE concentrations as high as N-MORB (which is also shown in solid black). The samples 

include two green shards from DMMU, one each from the DMLU and DMCU and one 

peperitic intrusion. The present-day 143Nd/144Nd ratios and the 1.85 Ga initial ratios expressed 

as ε143Nd are listed in Table 2 and compared to published data for target rocks, the SIC and 

Onaping Formation whole rock samples in Figure 9. As can be seen, the target rock average 

ε143Nd is typical of Neoarchaean crust (-6.9±2.5) within error of the homogenous composition 

of the SIC (-7.7±0.7). A chemically and isotopically homogeneous original melt sheet has 

recently been confirmed with Hf-isotope analyses from the SIC (Kenny et al., 2017). An 

identical ε143Nd (-7.7±0.7) is found for the whole rock Sandcherry Member samples of Ames 

(1999). However, three of the green shards (one each from the DMCU, DMLU, and DMMU) 

have more negative ε143Nd averaging -11.3±0.5. The remaining green shard from the DMMU 

has an ε143Nd of -7.9, similar to the one whole rock vitric composition (-8.3) reported by Ames 

(1999) for the Dowling Member. Figure 9 also shows that variable ε143Nd between -10.3 and -

8.0 are found for dykes. The peperite analysed in this study is very similar in Nd isotope 

composition with an ε143Nd of -8.7. 

In summary, the Nd isotope data confirm the findings of the REE patterns in that the green 

shards deposited at the base of the Dowling Member have a different parentage than the SIC. 

In addition, dykes and sills are also found to have more negative ε143Nd than the SIC, 

suggesting that they could have acted as conduits to deliver the magma of the green vitric 

shards to surface. Within the new small Nd isotope dataset, there are a few significant positive 

correlations between initial  ε143Nd and trace element ratios  of  incompatible element 

concentrations, the tightest of which is Th (r2 = 0.873). The unexpected finding of the most  
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Table 2. Trace and REE compositions of vitric material from the Onaping Fm. 

Lab number 
 

PCG01 PCG02 PCG03 PCG04 PCG05 

Sample Number 
 

14PCG013 13GGK037b 14PCG006 14PCG080 13GGK015 

Stratigraphy 
 

SMES DMLU DMMU DMCU DMLU 

Type 
 

Bomb Bomb Dyke Dyke Green Shard 

7Li ppb 9231 2387 21990 4637 2734 
9Be ppb 1781 1622 1312 1892 1974 
45Sc ppb 15370 14370 14530 14960 17790 
49Ti ppb 4599000 3858000 4660000 4421000 4728000 
51V ppb 109500 110900 122300 102100 162100 
53Cr ppb 134300 120200 122000 126700 131400 
59Co ppb 18710 7942 17940 14430 15860 
60Ni ppb 47790 18530 31420 50760 46570 
65Cu ppb 32730 1403 1526 1347 19 
66Zn ppb 28540 17900 35060 16120 19570 
71Ga ppb 9210 6921 15850 10870 8220 
75As ppb 914 3015 17140 1111 422 
84Sr ppb 66930 101100 59240 100300 47420 
85Rb ppb 189500 197500 114200 113100 29520 
86Sr ppb 67160 99670 58380 98830 47590 
89Y ppb 16210 13680 16300 18620 16880 
91Zr ppb 159700 127500 159300 147500 160400 
93Nb ppb 8252 7538 7629 7931 9044 
98Mo ppb 2606 2114 1603 2441 8193 
111Cd ppb 68 44 50 47 54 
115In ppb 30 41 20 56 51 
120Sn ppb 602 1276 1156 2116 1498 
121Sb ppb 338 763 307 339 475 
133Cs ppb 287 484 383 243 77 
135Ba ppb 1037000 1738000 2315000 2259000 283300 
139La ppb 11050 8881 14580 19260 3774 
140Ce ppb 26950 20310 32020 43850 13310 
141Pr ppb 3519 2568 4071 5386 2175 
146Nd ppb 14050 9749 16480 20700 10340 
149Sm ppb 2803 2116 3733 4353 3140 
151Eu ppb 551 284 601 908 735 
159Tb ppb 404 370 510 570 505 
160Gd ppb 2550 2107 3414 3878 3253 
161Dy ppb 2665 2439 3018 3434 3039 
165Ho ppb 591 519 606 704 630 
167Er ppb 1765 1462 1656 1936 1745 
169Tm ppb 279 221 247 283 261 
172Yb ppb 1841 1413 1539 1737 1659 
175Lu ppb 292 212 229 258 266 
178Hf ppb 4059 3327 3905 3697 4100 
181Ta ppb 590 512 477 506 536 
184W ppb 432 483 941 516 525 
205Tl ppb 966 1064 879 667 184 
208Pb ppb 2080 1062 1735 1321 911 
232Th ppb 8118 5900 7360 7391 3148 
238U ppb 3906 1779 1992 2471 2194 
147Sm/144Nd      0.1828 
143Nd/144Nd      0.5119 
εNd (at 1.85 Ga)      -11.852 
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Lab number 
 

PCG06 PCG07 PCG08 PCG09 PCG10 

Sample Number 
 

13GGK016 13GGK027 13GGK027 13GGK047 13GGK068 

Stratigraphy 
 

DMLU DMCU DMCU DMCU DMMU 

Type 
 

Green 

Shard 

Green 

Shard 

Green 

Shard 

Green 

Shard 

Green 

Shard 

7Li ppb 1175 1693 1311 1140 3231 
9Be ppb 1476 2009 1696 1222 2142 
45Sc ppb 11860 12200 12680 11670 10680 
49Ti ppb 2773000 3191000 3414000 4356000 3185000 
51V ppb 94100 111000 92560 92730 81320 
53Cr ppb 99980 97110 106800 97200 92330 
59Co ppb 12520 8593 13060 9497 8734 
60Ni ppb 29640 20400 39400 29800 37670 
65Cu ppb 757 1266 11300 7095 2333 
66Zn ppb 16630 26570 17960 10000 27030 
71Ga ppb 6423 7388 7701 11280 6391 
75As ppb 516 795 4886 727 768 
84Sr ppb 55510 91650 103900 99380 166900 
85Rb ppb 60190 10980 11800 11560 27770 
86Sr ppb 55870 91450 104100 99350 166600 
89Y ppb 11560 12120 13870 16630 13110 
91Zr ppb 104700 123400 124000 175300 117800 
93Nb ppb 6200 6842 6574 9375 6693 
98Mo ppb 1679 2424 2248 1463 4730 
111Cd ppb 39 40 39 53 49 
115In ppb 42 50 33 21 16 
120Sn ppb 1098 1749 1160 1409 723 
121Sb ppb 381 828 593 203 577 
133Cs ppb 140 39 40 40 171 
135Ba ppb 526600 114200 123600 114900 441300 
139La ppb 5445 6733 9287 6188 35590 
140Ce ppb 14360 20690 24390 18040 55250 
141Pr ppb 1800 2845 3113 2706 5163 
146Nd ppb 6683 10480 12300 12170 17800 
149Sm ppb 1547 2121 2591 3306 3391 
151Eu ppb 289 425 377 706 738 
159Tb ppb 288 319 354 503 413 
160Gd ppb 1621 2004 2323 3187 2891 
161Dy ppb 1997 2042 2253 3021 2398 
165Ho ppb 442 455 505 622 490 
167Er ppb 1282 1399 1546 1697 1353 
169Tm ppb 193 234 248 245 200 
172Yb ppb 1223 1603 1620 1504 1279 
175Lu ppb 189 254 244 215 192 
178Hf ppb 2651 3119 3107 4513 2979 
181Ta ppb 380 420 413 736 403 
184W ppb 390 453 359 586 1190 
205Tl ppb 336 60 66 65 184 
208Pb ppb 936 1183 1052 1272 1806 
232Th ppb 4574 5569 5697 3824 6034 
238U ppb 1515 1550 1654 2675 2217 
147Sm/144Nd     0.1636  
143Nd/144Nd     0.5117  
εNd (at 1.85 Ga)     -11.052  
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Lab number 
 

PCG11 PCG12 PCG13 PCG14 PCG15 

Sample Number 
 

13GGK069 14PCG082 14PCG085 14PCG087 14PCG089 

Stratigraphy 
 

DMMU DMCU DMLU DMMU DMMU 

Type 

 

Green 

Shard 

Green 

Shard 

Green 

Shard 

Green 

Shard 

Green 

Shard 

7Li ppb 2273 4644 5075 3295 1726 
9Be ppb 1122 1107 4726 3051 2756 
45Sc ppb 9289 9111 25640 16350 13140 
49Ti ppb 2210000 1821000 7987000 5125000 3955000 
51V ppb 73780 60070 262500 138900 141500 
53Cr ppb 62650 62630 239000 153200 105800 
59Co ppb 5148 14660 22430 14420 7981 
60Ni ppb 15240 39000 60130 38680 23240 
65Cu ppb 2840 4376 627 352 13710 
66Zn ppb 16030 25380 65980 42220 33630 
71Ga ppb 5994 12110 9214 5898 4373 
75As ppb 1005 220 2894 1816 927 
84Sr ppb 79710 71280 127500 81620 135900 
85Rb ppb 137000 149800 52290 33480 89890 
86Sr ppb 79210 71560 126200 80760 136100 
89Y ppb 10380 16810 19330 12350 12950 
91Zr ppb 104000 98400 242900 154000 138500 
93Nb ppb 5241 5598 14830 9450 6981 
98Mo ppb 1023 815 5088 3226 2247 
111Cd ppb 34 38 90 59 44 
115In ppb 29 36 61 38 36 
120Sn ppb 1049 547 2866 1830 971 
121Sb ppb 442 72 2269 1467 795 
133Cs ppb 214 451 280 182 279 
135Ba ppb 1624000 1276000 802800 518800 989100 
139La ppb 9308 5069 17630 11430 10420 
140Ce ppb 21830 13150 41150 26730 25460 
141Pr ppb 2734 2063 5186 3368 3245 
146Nd ppb 10210 9896 19650 12660 12720 
149Sm ppb 1951 3189 4024 2627 2826 
151Eu ppb 301 395 656 425 213 
159Tb ppb 263 519 514 336 352 
160Gd ppb 1688 3215 3513 2284 2440 
161Dy ppb 1667 3070 3131 2032 2136 
165Ho ppb 383 628 701 453 473 
167Er ppb 1244 1658 2210 1428 1429 
169Tm ppb 208 231 373 241 219 
172Yb ppb 1430 1328 2598 1686 1397 
175Lu ppb 216 173 415 269 205 
178Hf ppb 2708 2621 5913 3821 3458 
181Ta ppb 442 386 903 583 434 
184W ppb 416 155 1255 812 496 
205Tl ppb 736 730 287 184 571 
208Pb ppb 1553 1929 3544 2250 1148 
232Th ppb 5995 7733 12000 7696 7007 
238U ppb 2140 1238 2615 1683 1548 
147Sm/144Nd       
143Nd/144Nd       
εNd (at 1.85 Ga)       
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Lab number 
 

PCG16 PCG17 PCG18 PCG19 PCG20 

Sample Number 
 

14PCG092 14PCG098 14PCG104 14PCG053A 14PCG053G 

Stratigraphy 
 

DMMU DMMU DMMU DMLU DMLU 

Type 

 

Green 

Shard 

Green 

Shard 

Green 

Shard 

Peperite Green Shard 

7Li ppb 375 11000 1181 8147 5552 
9Be ppb 246 1690 798 2551 868 
45Sc ppb 158 9654 8340 13610 14790 
49Ti ppb 26720 2096000 2823000 3500000 2835000 
51V ppb 1531 81850 23560 98660 43880 
53Cr ppb 1573 72560 71590 120300 100700 
59Co ppb 3161 15930 40890 9914 8297 
60Ni ppb 2020 54410 10810 23850 29970 
65Cu ppb 78270 16050 45030 1292 3294 
66Zn ppb 16720 30360 5062 12400 6293 
71Ga ppb 521 8572 14200 9718 7654 
75As ppb 306 409 64810 2455 1592 
84Sr ppb 32990 101200 66220 109000 131200 
85Rb ppb 1985 37310 116700 65270 226600 
86Sr ppb 34130 100500 66110 108900 130900 
89Y ppb 453 12270 14130 13690 20160 
91Zr ppb 907 96590 159000 150800 144900 
93Nb ppb 244 8647 10300 7036 9864 
98Mo ppb 399 1713 641 3821 4472 
111Cd ppb 12 33 55 54 53 
115In ppb 8 38 11 26 12 
120Sn ppb 92 973 1193 461 1951 
121Sb ppb 328 231 267 256 146 
133Cs ppb 99 211 700 255 691 
135Ba ppb 11490 706200 780900 439600 2437000 
139La ppb 462 33220 34830 11710 9156 
140Ce ppb 868 64150 67580 25150 23260 
141Pr ppb 98 7366 7745 2976 3077 
146Nd ppb 357 26710 27430 11270 12590 
149Sm ppb 69 4496 4718 2197 3227 
151Eu ppb 26 872 754 303 357 
159Tb ppb 10 432 471 323 643 
160Gd ppb 72 3359 3624 2032 3651 
161Dy ppb 56 2397 2685 2119 3929 
165Ho ppb 14 461 537 494 790 
167Er ppb 40 1220 1504 1518 2075 
169Tm ppb 6 176 231 239 290 
172Yb ppb 39 1095 1514 1573 1700 
175Lu ppb 5 168 232 240 230 
178Hf ppb 42 2545 4260 3653 3635 
181Ta ppb 7 644 915 495 442 
184W ppb 126 985 1284 544 1747 
205Tl ppb 42 279 869 384 1406 
208Pb ppb 1377 3112 8292 1384 2611 
232Th ppb 62 6135 15590 7145 7439 
238U ppb 86 2151 2064 2574 2087 
147Sm/144Nd     0.1174  
143Nd/144Nd     0.5112  
εNd (at 1.85 Ga)     -8.661  
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Lab number 
 

PCG21 PCG22 PCG23 PCG24 PCG25 

Sample Number 
 

14PCG083 14PCG084 14PCG086 14PCG088 14PCG090 

Stratigraphy 
 

DMCU DMLU DMLU DMMU DMMU 

Type 

 

Green 

Shard 

Green 

Shard 

Green 

Shard 

Green 

Shard 

Green 

Shard 

7Li ppb 3437 2389 1741 1352 2794 
9Be ppb 1574 1240 2152 2268 1149 
45Sc ppb 14410 7315 15150 12280 9227 
49Ti ppb 3199000 1641000 3463000 3089000 1976000 
51V ppb 134100 79260 115100 102100 69690 
53Cr ppb 106100 53930 121600 101500 67550 
59Co ppb 21630 9761 9099 5431 4739 
60Ni ppb 38680 28130 22590 15900 15780 
65Cu ppb 8455 22960 1711 3434 1773 
66Zn ppb 29820 24900 21950 29370 31500 
71Ga ppb 8991 7107 6509 4431 4757 
75As ppb 7137 689 378 1055 1468 
84Sr ppb 85960 138800 96360 131800 118800 
85Rb ppb 63930 197500 33810 45970 105500 
86Sr ppb 85280 137600 95780 131100 117500 
89Y ppb 28660 9580 14270 12350 10790 
91Zr ppb 117300 76400 143700 130000 115600 
93Nb ppb 11260 4435 8414 6777 5030 
98Mo ppb 3276 1308 4891 2415 1267 
111Cd ppb 49 30 56 50 47 
115In ppb 51 34 45 28 17 
120Sn ppb 2357 891 1640 1740 740 
121Sb ppb 401 290 288 573 417 
133Cs ppb 189 600 59 137 323 
135Ba ppb 595500 1462000 426300 601200 1361000 
139La ppb 16560 12110 22940 6344 12220 
140Ce ppb 40630 26690 39150 19650 25970 
141Pr ppb 5764 3311 4328 2816 3077 
146Nd ppb 26360 12780 14910 11150 11250 
149Sm ppb 7808 2828 2594 2501 2323 
151Eu ppb 1246 418 471 356 289 
159Tb ppb 1119 354 380 336 317 
160Gd ppb 7569 2490 2344 2361 2140 
161Dy ppb 6181 1965 2446 2007 1877 
165Ho ppb 1127 370 541 439 399 
167Er ppb 2747 936 1625 1307 1128 
169Tm ppb 360 128 256 199 172 
172Yb ppb 2005 767 1693 1255 1139 
175Lu ppb 268 114 257 185 175 
178Hf ppb 2917 1921 3631 3206 2952 
181Ta ppb 571 291 562 423 456 
184W ppb 449 172 480 420 485 
205Tl ppb 349 1160 160 282 732 
208Pb ppb 1889 1374 1885 1028 1555 
232Th ppb 6472 4337 5713 6321 5821 
238U ppb 2102 1538 2166 1214 1922 
147Sm/144Nd      0.1244 
143Nd/144Nd      0.5112 
εNd (at 1.85 Ga)      -11.050 



178 
 

Lab number 
 

PCG26 PCG27 PCG28 PCG29 PCG30 

Sample Number 
 

14PCG094 14PCG095 14PCG096 14PCG097 14PCG099 

Stratigraphy 
 

DMMU DMMU DMMU DMMU DMMU 

Type 

 

Green 

Shard 

Green 

Shard 

Green 

Shard 

Green 

Shard 

Green 

Shard 

7Li ppb 3580 276 8632 752 3922 
9Be ppb 428 242 347 1990 736 
45Sc ppb 1833 1021 4462 10200 6354 
49Ti ppb 200500 192500 207600 2968000 1194000 
51V ppb 21400 5857 51440 21850 28480 
53Cr ppb 6353 7924 20540 93530 31420 
59Co ppb 2043 35500 3678 8964 5121 
60Ni ppb 9883 73830 12820 54550 29180 
65Cu ppb 3498 203500 7642 22310 3935 
66Zn ppb 14100 40090 30380 1967 13150 
71Ga ppb 2263 709 5670 5158 3826 
75As ppb 1474 2326 1131 654 931 
84Sr ppb 408400 8799 7474 243900 126400 
85Rb ppb 4291 3597 5522 11900 29460 
86Sr ppb 403200 9579 13740 240900 128200 
89Y ppb 3623 905 2857 14360 8757 
91Zr ppb 7379 8738 44570 124900 49110 
93Nb ppb 572 731 527 6223 2958 
98Mo ppb 610 2350 1061 6041 2525 
111Cd ppb 28 828 70 58 35 
115In ppb 16 32 10 13 11 
120Sn ppb 954 320 479 1167 472 
121Sb ppb 75 1919 366 437 208 
133Cs ppb 49 185 131 51 113 
135Ba ppb 52100 33780 78250 239900 469200 
139La ppb 13800 2614 10890 13740 7520 
140Ce ppb 24680 4406 18440 29620 14790 
141Pr ppb 2619 467 1831 3809 1724 
146Nd ppb 8808 1604 5723 14930 6513 
149Sm ppb 1198 267 769 2978 1389 
151Eu ppb 401 56 166 1527 637 
159Tb ppb 85 27 84 398 231 
160Gd ppb 806 203 623 2676 1455 
161Dy ppb 488 165 481 2465 1463 
165Ho ppb 116 35 101 520 319 
167Er ppb 370 98 296 1443 885 
169Tm ppb 57 15 47 210 129 
172Yb ppb 427 100 305 1303 812 
175Lu ppb 76 15 46 190 120 
178Hf ppb 194 195 1171 3074 1274 
181Ta ppb 49 60 167 410 281 
184W ppb 78 1056 280 2041 536 
205Tl ppb 28 143 46 156 208 
208Pb ppb 965 60270 3405 16540 1726 
232Th ppb 487 420 1913 6621 5234 
238U ppb 199 330 654 1993 1385 
147Sm/144Nd       
143Nd/144Nd       
εNd (at 1.85 Ga)       



179 
 

Lab number 
 

PCG31 PCG32 PCG33 PCG34 PCG35 

Sample Number 
 

14PCG100 14PCG101 14PCG102 14PCG103 14PCG105 

Stratigraphy 
 

DMMU DMMU DMMU DMMU DMMU 

Type 

 

Green 

Shard 

Green 

Shard 

Green 

Shard 

Green 

Shard 

Green 

Shard 

7Li ppb 1257 3700 5514 2414 3318 
9Be ppb 371 698 1461 259 1630 
45Sc ppb 793 7830 5835 690 8308 
49Ti ppb 20870 686000 2375000 162900 2552000 
51V ppb 5544 24910 31830 7839 24810 
53Cr ppb 5611 39580 84010 6926 97620 
59Co ppb 2664 1632 3619 1525 5163 
60Ni ppb 10050 8350 20290 8249 12580 
65Cu ppb 5100 2038 12300 20450 11650 
66Zn ppb 31540 18050 22310 9716 25080 
71Ga ppb 812 4282 6224 1453 5552 
75As ppb 399 2915 76490 502 6070 
84Sr ppb 533300 51680 134800 8288 139900 
85Rb ppb 1416 10800 34700 5648 17910 
86Sr ppb 528200 61590 134500 9627 139700 
89Y ppb 3968 8935 15900 677 16660 
91Zr ppb 2243 46940 120300 5433 121000 
93Nb ppb 63 1802 10120 586 10360 
98Mo ppb 291 1593 1167 700 1260 
111Cd ppb 149 72 180 26 373 
115In ppb 5 27 16 5 12 
120Sn ppb 11 706 758 169 794 
121Sb ppb 39 339 166 67 148 
133Cs ppb 67 51 114 28 75 
135Ba ppb 8839 259700 758700 170000 353800 
139La ppb 7303 6044 7789 519 9858 
140Ce ppb 13400 11400 18890 1058 24540 
141Pr ppb 1449 1292 2717 128 3833 
146Nd ppb 5134 5058 11790 484 18050 
149Sm ppb 883 1173 2847 109 4630 
151Eu ppb 459 378 1086 36 1417 
159Tb ppb 95 195 445 17 558 
160Gd ppb 759 1193 2885 110 3893 
161Dy ppb 535 1326 2740 113 3221 
165Ho ppb 129 308 587 25 645 
167Er ppb 403 918 1646 74 1735 
169Tm ppb 60 139 241 11 248 
172Yb ppb 444 910 1477 74 1498 
175Lu ppb 76 134 219 11 213 
178Hf ppb 48 1261 3023 158 3076 
181Ta ppb 3 344 529 43 732 
184W ppb 54 625 980 78 833 
205Tl ppb 18 85 266 46 139 
208Pb ppb 836 1163 13490 598 3249 
232Th ppb 139 3351 6213 1147 8281 
238U ppb 155 1689 3603 219 2565 
147Sm/144Nd      0.1544 
143Nd/144Nd      0.5117 
εNd (at 1.85 Ga)      -7.871 
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Figure 13. Histograms of initial Nd isotope values (at 1.85 Ga) of the target rocks (A), the SIC (B), the 

Sandcherry Member of the Dowling Fm. (C), green vitric products (D) and dykes (E). Literature data from 

Prevec et al. (2000), Faggart et al., (1985); and Ames (1995).  
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LREE-depleted samples having the most crustal Nd isotope character adds to the complexity of 

the geochemistry of the wider Sudbury impact structure and will be discussed in further detail 

in the final section. 

 

4.6. Wider context: A comparison between impact melts 

produced in a different large impact event 
 

To provide wider context, an effort was made to determine whether deeply sourced impact 

melt was produced in other similarly sized craters. The ca. 300 km Vredefort crater, South 

Africa, was deemed unsuitable due to the significant erosion which removed the basin infill 

(Therriault et al., 1997). For a direct comparison, however, the ca. 200 km diameter 65 Ma 

Chicxulub impact crater on the Yucatàn Peninsula, Mexico, although buried under nearly a 

kilometre of Tertiary sediment (Ames et al., 2004), is more suitable. The Mexican oil company 

PEMEX first drilled into the crater for exploration purposes over 40 years ago (Claeys et al., 

2003). The impactite sequence has since been accessed with several scientific drill cores, most 

recently in 2015 (Morgan et al., 2016). Claeys et al. (2003) carried out detailed studies into the 

Chicxulub breccias found in the Yucatàn 6 (Y6) drill core, located 50 km SW from the centre 

 

Figure 14. REE compositions of vitric components from the Chicxulub impact structure, normalised to N-

MORB (McDonough & Sun, 1995). Panels A and B display the mafic melts from the lower sorted suevite 

and upper suevite, respectively. Panel C shows felsic silicate melts found in the four stratigraphic units 

analysed. Panel D displays the mean composition of shards from panels A and B, the mean composition of 

shards from panel C and the black glass mean composition from Ritter et al. (2015). 
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of the impact structure. Importantly, Claeys et al. (2003) identified two distinct silicate melt 

species; one feldspathic and the other chemically more mafic. These findings prompted our 

preliminary study into these silicate melt fragments to determine if they might be 

geochemically similar to the melts seen in the Sudbury structure. 

Petrographic investigations on polished thin sections from the Yaxcopoil-1 (YAX-1) drill 

core were used to identify silicate melt fragments. Claeys et al. (2003) and Ames et al. (2004) 

presented major element geochemical data from silicate melt fragments using microprobe 

analysis. The data highlighted the pervasive secondary alteration throughout the Chicxulub 

suevite, similar to the Onaping Formation in the Sudbury structure. For our investigation, 4 

thin sections were selected, each representing different lithologies and stratigraphic heights 

from the YAX-1 drill core for in situ trace and REE analysis using LA-ICP-MS. The units 

sampled are the brecciated impact melt rock, middle suevite, upper suevite and lower sorted 

suevite. 

The results of the LA-ICP-MS REE analysis are displayed in Figure 10 as N-MORB 

normalised patterns. All units analysed contain the feldspathic silicate melt fragments (Fig. 

10C), whereas the mafic melt variety was only found in the two upper units, namely the upper 

suevite (Fig. 10B) and lower sorted suevite (Fig. 10A). The mafic melt type displays REE 

systematics that are comparably depleted in LREE to N-MORB (panels A and B). However, 

like the LREE-depleted green shards from the Onaping Formation at the Sudbury structure, the 

LREE-depleted mafic vitric material from Chicxulub have lower HREE than N-MORB. 

Furthermore, in parallel with the green shards from the upper units of the Dowling Member, 

the melt fragments from the upper suevite display a minor LREE enrichment which may 

represent some form of crustal component, as well as a minor Eu anomaly. The feldspathic 

melt fragments (Fig. 10C) show significant LREE enrichment comparable to the upper 

continental crust, similar to the fluidal fragments of the Onaping Formation (Ubide et al., 

2017) and the black glass of Chicxulub ejecta (e.g. Ritter et al., 2015). 

 

5. Discussion 
 

In the last decade, the SIC and the lower part of the Whitewater Group, the basin infill of 

the Sudbury impact structure, have been reinvestigated (e.g. Darling et al., 2010; Anders et al., 

2015; Petrus et al., 2015, 2016; Grieve et al., 2016; O’Sullivan et al., 2016; O'Callaghan et al., 

2016; McNamara et al., 2017; Ubide et al., 2017; Kenny et al., 2017). Building on the work of 

Ubide at al. (2017), the primary aim of this study was to determine the geochemical 
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characteristics of the Onaping Formation green shards stratigraphically and work towards 

determining their magmatic source. As the fluidal fragments in the Sandcherry Member are 

geochemically indistinguishable in terms of REE from the SIC (Ubide et al., 2017; their Fig. 

14) they were not further investigated here. 

A key advance of the present study is the realisation that petrographic, major element and 

REE geochemical characteristics show stratigraphic trends that compare and contrast in the 

matrix and dyke components of the Dowling member. Thus, they provide a clearer picture of 

the evolution of the impact basin during the deposition of the Onaping Formation.  

 

5.1. Differentiating between the Sandcherry Member and 

Dowling Member - new petrographic and geochemical evidence 
 

The Onaping Formation is subdivided into the Sandcherry and Dowling Member (Gibbins. 

1994; Ames, 1999; Ames et al., 2002, 2006; Ames and Gibson, 2004a, 2004b, 2004c, 2004d, 

2004e). As previously explained, this division is based on the size and percentage of fragments 

(large and populous in the Sandcherry Member and small and sparse in the Dowling Member) 

and the shape of vitric components (blocky in the Sandcherry Member and lenticular in the 

Dowling Member). The Dowling Member is further subdivided into contact, lower, middle and 

upper units (DMCU, DMLU, DMMU and DMUU). The DMLU is quite distinctive in the field 

due to its relatively high proportion and shape of green shards (Ames, 1999). These green 

shards are striking and contrast sharply with the surrounding carbon rich matrix and lithic 

fragments. Ubide et al. (2017) reinforced the view that the green shards are quite rare in the 

Sandcherry Member but are found in abundance (10-25 %) throughout the entire Dowling 

Member, particularly in the DMCU and DMLU. 

The first appearance of green shards occurs in the upper 100 m of the Sandcherry Member 

and lenticular green shards persist to the top of the DMUU (Ames, 1999; Ubide et al., 2017). 

The presence of very fine-grained but delicately shaped vitric fragments in the uppermost 

Onaping Fornmation (DMUU) is consistent with continued pyroclastic volcanic activity 

apparently within an enclosed crater basin. The green shards in the Sandcherry Member are 

almost exclusively non-vesicular, non-banded and altered mainly to actinolite, albite and 

feldspar. The presence of chlorite alteration indicates seawater interaction; this is in agreement 

with recent studies (Ames et al., 1998; Ames, 1999; Grieve et al., 2010; O’Sullivan et al., 

2016; Ubide et al., 2017) where seawater interaction with the melt sheet is interpreted to have 

formed the breccias and tuffs of the Sandcherry Member. 
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Various green shards in the DMCU show different alteration consisting of vesicular shards 

that are chloritised, the vesicular and banded shards are actinolite altered, and the non-

vesicular, non-banded shards have undergone albitisation. This suggests an environment where 

there was production of green shards in both subaqueous and subaerial settings, supporting 

previous inferences from the occurrence of winged bombs at this level in the stratigraphy 

(Ubide et al., 2017) and the initiation of intermittent channelized breaching of crater wall 

(Ames et al., 2006). The crater floor was likely heavily faulted as the impact basin adjusted 

itself to its final wider and shallower shape, resulting in topographic heights along faults. The 

DMLU green shard population is similar to the DMCU but with a noticeable increase in the 

amount and size of vesicular banded green shards. 

Stratigraphically higher from the DMLU to DMMU, there is a shift to smaller, 

hydroclastically fractured, vesicular blocky green shards, an introduction of epidote alteration 

and a noticeable increase in chloritisation of green shards in the DMMU. Presumably, this 

implies that the smaller-sized shards were more effectively altered to sheet silicates (including 

chlorite) that later metamorphosed at greenschist facies conditions. Along with petrographic 

evidence for sedimentary structures first appearing in the lower part of the DMMU (Ames, 

1999), the combined evidence indicates deepening of the water column above the crater floor 

(Ames et al., 2006). Magma erupted out from the crater floor likely auto-brecciated into small 

green shards as the vesicles expanded or burst following exposure into cooler water. 

Interestingly, there is no evidence of actinolite-altered green shards in the DMUU. This may be 

due to the distance between the upper units of the Onaping Formation and the underlying SIC, 

which likely aided in the thermal metamorphism of the lower units. 

The geochemical and petrographic change in green shard types and abundance from the 

Sandcherry Member to the Dowling member provides key evidence that the Dowling Member 

is not a reworked variant of the Sandcherry Member (e.g. Ames, 1999; Ames et al., 2002). An 

increase in green shard vesicularity up stratigraphy suggests that the melt tapped into a volatile 

contaminent en route to the crater floor. This volatile contaminent may have been amphibolite-

derived water in the upper crust beneath the crater, sulphur assimilated from the sub-layer of 

the SIC, or from seawater which had perculated through the shocked footwall. Morgan et al. 

(2016) noted that the granitic basement beneath the Chicxulub impact crater displayed 

significantly reduced density and increased porosity. The blocky morphologies of freshly 

hydrofractured green shards in the DMMU and DMUU indicate an input from a separate melt 

source, incompatible with reworking of the white/grey to beige melt fragments abundant in the 

Sandcherry Member and sourced from the underlying melt sheet (e.g. Grieve et al., 2010; 

Ubide et al., 2017). Recent geochronological and chemostratigraphic studies of the Onaping 
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Formation (Petrus et al., 2016; O’Sullivan et al., 2016) have provided insight into the 

mechanism for delivering this melt into the crater floor.  

Petrus et al. (2016) extracted and U/Pb-dated a very large number (n=3920) of zircons 

from throughout the Onaping Formation and compared their ages to potential target rocks. The 

most important finding by Petrus et al. (2016) was that there is a zircon age discrepancy within 

the Onaping Formation with noticeable differences between the Sandcherry and Dowling 

Members. The Sandcherry Member zircon ages span the full range of known target lithologies 

and there is no stratigraphic or spatial difference in age distribution within the Sandcherry 

Member. This supports the field evidence (quantity and diversity of lithic clasts) and reinforces 

the idea that the Sandcherry Member is a breccia comprised of either the fall back material 

formed in the immediate aftermath of the impact or, more likely (Grieve et al., 2010; Ubide et 

al. 2017) the original fallback on the melt sheet that was then subjected to fuel-coolant 

interaction when seawater entered the basin. Compared to the Sandcherry Member, the 

Dowling Member samples have significantly tighter zircon U/Pb age distribution, particularly 

up stratigraphy, supporting the view that the upper 2/3rd of the Onaping Formation cannot 

represent reworked Sandcherry Member (i.e. Gray member; Rousell, 1984). Significantly, 

Petrus et al. (2016) demonstrated that the zircons in the Dowling Member cannot be derived 

from a mixture of all of the original target rocks. Three possible explanations for the source of 

the Dowling Member zircons were proposed; 1) the zircons were washed into the crater from 

footwall exposed beyond the crater wall (implying a breached crater wall); 2) the zircons were 

derived from the crater wall itself; or 3) the zircons were derived from local footwall exposed 

as topographic highs (e.g. as inner rings or a central peak) within the crater.  

In a detailed chemostratigraphic investigation of ash-sized matrix from the Onaping 

formation to the base of the Onwatin formation, O’Sullivan et al. (2016)  identified that the 

major elements, REE and refractory trace elements of the ash matrix and SIC were chemically 

similar (Fig. 1). The increase in matrix/ash volume up the Dowling Member may indicate that 

the ash matrix originated as reworked impact melt (SIC). The ash matrix has elevated Zr/Hf 

ratios that range from 38.5 to 41.5, that also characterise the green shards analysed (O’Sullivan 

et al., 2016). The most important feature of chemostratigraphy is the abrupt change in the 

Zr/Hf and Nb/Ta ratios across the Onaping– Onwatin Formation boundary (Fig. 1). This 

indicates that the Onwatin Formation shales have a different source than the Onaping 

Formtion. Thus, O'Sullivan et al. (2016) interpreted the contact to represent the final breaching 

of the crater wall. The transition is characterised by other sharp changes in trace element ratios 

and a petrographically discrete change from the reworked ash and tuffs to organic material and 
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mud particles. This is evidence that by the time of Onwatin Formation, deposition the crater 

wall was clearly breached. 

O’Sullivan et al. (2016) proposed that the Dowling Member must have been deposited in 

an isolated environment in which sedimentation of volcanic ash and fuel-coolant interactions 

were able to continue for a significant amount of time without interruption. Therefore it was 

proposed that the crater structure must have been intact throughout the entire development of 

the Onaping formation and the eventual disintegration of the crater rim would have led to the 

exposure of the basin to the exogenic input of marine sediments resulting in the deposition of 

the Onwatin formation. This new proposal on the timing of the crater collapse contrasts with 

Ames et al. (2006), who postulated that the collapse started much earlier during the deposition 

of the Dowling Member contact unit. Ames et al. (2006) suggested that intermittent breaching 

of wall and faulting that was occurring during the deposition of the Dowling Member contact 

unit were intrinsically linked, whereas O’Sullivan et al. (2016) suggested that the crater 

collapse may have been caused by continuous erosive action of the surrounding ocean. It is 

widely accepted that the bolide impacted into a shallow sea in a foreland basin formed during 

the Penokean Orogeny (e.g. Rousell and Long, 1998; Bunch et al., 1999), which is more 

consistent with continuous erosion action theory provided by O’Sullivan et al. (2016).  

Based on this new evidence, it appears that the crater wall persisted for longer than 

previously suggested, ruling out one potential source for the Dowling Member zircons (Petrus 

et al., 2016). The original Sudbury impact basin was at least 300 km in diameter and complex 

in origin, with crustal uplifts similar to the peak rings in the Chicxulub structure (e.g. Morgan 

et al., 2016). In this respect, the observation of the zircon U/Pb age distribution of local 

footwall (from below the SIC) matching that in the Dowling Member breccias lends support to 

the existence of topographic heights within the crater. The faults along which these uplift 

structures formed could have been viable pathways for deeper seated magmas to reach the 

surface. The relative timing of post-impact events including initial fuel-coolant interaction 

between the melt sheet and flooding water (Sandcherry Member), crater readjustment leading 

to the unconformity between the Sandcherry and Dowling Members, and tapping of a separate 

deeper melt through the intensely deformed crustal column is, at least qualitatively, consistent 

with what is known about the evolution of complex craters (e.g. Morgan et al., 2016). 

 

5.2. The source of the Onaping Formation green shards - new 

geochemical evidence 
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There is an absence of exposed Archaean middle and lower crust, and Southern Province 

basement around the Sudbury structure (Ames et al., 2008), thus hindering adequate modelling 

of the possible parental composition of the melt that gave rise to the green shards. The 

reasonably certain constraints are as follows. 

The original melt sheet (SIC) likely contributed to the green shard parental magma due to the 

variable REE patterns of green shards up stratigraphy (Fig. 5). The parental magma was likely 

more magnesian than the average SIC, explaining the conspicuous green colour of the shards 

composed of greenschist-facies ferromagnesian minerals. Any crustal contaminant of the rising 

magma must have had high Nb/Ta, Zr/Hf and La/Yb ratios. The latter constraint becomes 

evident when comparing the REE pattern of N-MORB with the most LREE-depleted green  

 

Figure 15. Binary plot of Zr/Nb ratio vs. Nd-isotope composition (at 1.85 Ga). Data for vitric products from 

this study shown as green full circles. Two binary mixing models are shown. In both cases, the juvenile end-

member is contemporary N- MORB (approximated with the ca. 1.89 Ga old Elbow Lake ocean floor 

assemblage basalts in the Flin Flon belt, Babechuk and Kamber (2011)). The crustal endmembers are average 

SIC (combining trace element average data from Lightfoot et al. (1997) with Nd isotope data from Faggart et 

al. (1985)) and a proxy for Mesoarchaean lower crust of the Southern Province (data from Satkoski et al. 

(2013)). Simple mixing of a juvenile melt source with SIC cannot reproduce the observed data, which require 

the involvement of ancient deeper crustal contaminants. 
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Table 3. Nd-isotope composition (at 1.85 Ga) and trace element ratios 

 

εNd  

(at 1.85 Ga) 
La/Sm La/Yb Nb/Th Zr/Nb Nb/Ta Zr/Hf 

Morton Block TTG -21.9 11.6 63.3 0.50 13.5 26.3 27.2 

Vitric dyke -7.70 6.50 19.6 1.02 20.9 16.3 41.2 

Flin Flon MORB 5.67 0.67 0.56 13.1 40.9 14.8 29.7 

PCG-05 -11.9 1.20 2.27 2.87 17.7 16.9 39.1 

PCG-09 -11.1 1.87 4.11 2.45 18.7 12.7 38.8 

PCG-19 -8.66 5.33 7.45 0.98 21.4 14.2 41.3 

PCG25 -11.0 5.26 10.7 0.86 23.0 11.0 39.1 

PCG-35 -7.87 2.13 6.58 1.25 11.7 14.1 39.3 
 

      
Morton Block TTG Satkoski et al. (2013) 

    
Vitric dyke O'Sullivan and Kamber (submitted) 

   
Flin Flon MORB Babechuk and Kamber (2011) 
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shards, as they have lower HREE than N-MORB (Fig. 8F). Lead and Hf isotope evidence 

(McNamara et al., 2017; Kenny et al., 2017) leave little doubt that Palaeo- or Mesoarchaean 

crust of the Southern Province was exposed in the transient cavity and is likely present below 

the Sudbury basin. The Nd isotope composition of the parental melt was less radiogenic than 

that of the target rocks. Because the Abitibi Subprovince has a juvenile radiogenic isotope 

character (e.g. Ketchum et al., 2008) the northern exposed rocks were not a significant source 

or contaminant of the parental melt of the green shards. Finally, the collapse of the transient 

cavity and the central uplift left the crust below the melt sheet highly deformed and permeable. 

Using these constraints, we compiled the most relevant data in an attempt to model the 

trace element chemistry of the green shard parent magma (Table 3). As a starting composition, 

we used the 1.89 Ga N-MORB average meta-basalt composition of the Elbow Lake ocean-

floor assemblage from the Paleoproterozoic Trans-Hudson orogen, Flin Flon, Manitoba, 

reported in Babechuk and Kamber (2011). Two possible contaminants of the basaltic precursor 

were modelled. Firstly, the original melt sheet, which was approximated by combining the 

average SIC compilation of Lightfoot et al. (1997) and the vitric offset dyke composition 

reported by O'Sullivan et al. (2016). Secondly, a possible lower to lower-middle crust 

contaminant of Southern Province character was considered as a contaminant. In the absence  

 

 

Figure 16. Rare Earth Element composition of the hypothesised deep melt source, a mixture of 80% 1.89 Ga 

N-MORB and 20% Mesoarchean lower crust melt, normalised to the SIC (modified from Lightfoot et al. 

1997). The five green shard solution analyses from Fig. 12F are also displayed for comparison. 
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of exposed (or drilled) such crust, we resorted to using the Palaeo- to Mesoarchaean gneiss 

data from the Morton and Montevideo blocks of the Minnesota River Valley gneisses reported 

by Satkoski et al. (2013) as an analogue. This terrane is believed to be of similar age and 

isotopic character as the basement of the Southern Province underlying the Huronian 

sedimentary rocks at Sudbury (e.g. Petrus et al., 2016; McNamara et al., 2017). The gneisses 

have very steep CI-normalised REE patterns, a very unradiogenic initial Nd-isotope 

composition at 1.85 Ga (ε143Nd of -21), a high Nb/Ta ratio of 26 (not uncommon for 

Palaeoarchaean gneisses, e.g. Hofmann et al., 2011), a very low Nb/Th ratio of 0.5 and quite a 

low Zr/Hf ratio of 27 (Table 3).  

Conservative binary mixing lines were constructed between the basaltic end-member and 

the two potential contaminants and compared to the five vitric compositions for which Nd 

isotope data were obtained in this study. The example for Zr/Nb versus initial Nd isotope 

composition is shown in Figure 11. Regardless of which combination of trace element ratio vs. 

Nd isotope composition is used, it is obvious from the mixing models that in order to achieve 

the more negative Nd isotope composition of the green shards, it is necessary to contaminate a 

possible juvenile, LREE-depleted basaltic melt with a substantial percentage (20-35%) of 

ancient gneiss, which, in the case of the modelled Minnesota Valley Gneisses, had a very 

negative ε143Nd (-21) at 1.85 Ga. Binary mixing could also have taken place between felsic and 

mafic mid- to low crustal melts. The resulting hybrid is modelled to have had MgO and FeO 

contents of ca. 5 wt% and 10 wt%, respectively, sufficient to explain the relatively high 

abundance of ferromagnesian minerals in the green shards. We note that the modelled REE 

pattern satisfies some of the REE constraint imposed by the new green shard data (Fig. 12) but 

in detail, the modelled composition is too HREE enriched and has a slight up-swing in the 

lightest LREE, arising from the very steeply negative REE slope of the gneisses. This may be 

due to the actual lower crust below the Sudbury structure having different REE character than 

the modelled Minnesota Valley Gneisses. 

The alternative explanation would be the occurrence of a separate, relatively mafic crustal 

melt below the melt sheet in the aftermath of the impact. This melt sheet might have inherited 

the isotopic and trace element character of its crustal precursor. The difficulty with this 

proposal is that the putative crustal source, with its superchondritic Sm/Nd ratio, would have 

rapidly evolved to positive ε143Nd. Thus, the only possible such source would not greatly 

exceed the age of the impact and would itself, be of mantle origin and heavily contaminated 

with ancient crust, similar to the case modelled above. The only known possible candidates 

would be the 2.45 Ga Thessalon basalts at the base of the Huronian Supergroup. However, 
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their Nd isotope composition is more juvenile than even the SIC and they do not show LREE 

depletion (Ketchum et al., 2013).  

 

5.3. A model for post-impact melting below the Sudbury impact 

basin 
 

We propose a provisional model explaining the occurrence of a deep magma source 

feeding volcanism beyond the immediate impact. The model is illustrated on Figure 13. It 

proposes the existence of a basaltic melt from decompression melting of either a mafic lower 

crust, basaltic underplating at the Moho and/or the mantle of the terrane suture between the 

Abitibi Subprovince and the Southern Province. 

 

Figure 17. Conceptual model for the emplacement of mantle originated vitric material in the Onaping 

Formation. Decompression melt from the lower lithosphere beneath the impact structure assimilated Palaeo- 

or Mesoarchaean lower crust as it migrated to the surface. Faults acted as conduits for the melt, which likely 

erupted along the footwall and topographic highs within the crater floor.  
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Numerical models of large impacts suggest that impact induced deep magmatism would 

only be possible in lithosphere with sufficiently high geothermal gradient (e.g. Jones et al., 

2002; Ivanov and Melosh, 2003; Elkins-Tanton and Hager, 2005), possibly in areas already 

affected by a mantle hotspot. We note that the crust is the Sudbury region is very unusually 

rich in U, Th, and K (Phaneuf and Mareschal, 2014), with detrital uraninite in K-feldspar-

bearing arkoses of the Huronian Supergroup being a prime example of U and K enrichment 

(e.g. Robinson and Spooner, 1984; Vennemann et al., 1996). We therefore regard the thermal 

structure of the lithosphere as a key factor in crustal thinning, melting and lithospheric re-

adjustment. Additionally, Pope et al. (2004) suggested that the geothermal gradient in Sudbury 

was further enhanced at the time of impact due to the ongoing Penokean Orogeny. Thus the 

abnormally high geothermal gradient at Sudbury at the time of impact may have rendered this 

particular lithosphere more prone to decompression melting from an impact event of that size 

than more normal lithosphere. 

Regardless, the samples recovered from the central uplift in the similarly-sized Chicxulub 

crater leave no doubt that the collapse of the transient cavity and the topographic readjustment 

after the central uplift led to substantial vertical movement of heavily deformed rock (Morgan 

et al., 2016). In our model, lithospheric adjustment and re-organisation of the crater geometry 

are expressed as the unconformity between the Sandcherry and Dowling Members of the 

Onaping Formation (Ames, 1999). It is at this relative point in time when the green shards 

become most abundant in the DMCU and DMLU, essentially filling the depo-centres marking 

the unconformity (see e.g. Figures 3 and 4 of Ubide et al., 2017). Thus, the deeper melt largely 

remained contained below the melt sheet until this point in time. The origin of the melt is 

poorly constrained but most likely represents a hybrid between lower crustal anatexis of 

ancient gneisses and a basaltic melt either crustal or from below the Moho. 

In terms of absolute duration of volcanism, the possibilities range from hours to possibly as 

long as ca. one million years. The models of Morgan et al. (2016) suggest that the collapse of 

initial central uplifts happens within hours. A geologically speaking relatively short time scale 

for emplacement of the green vitric products is supported by the general absence of antecrysts 

or phenocrysts although we note that at least some dykes within the Sandcherry Member have 

textures suggesting original amphibole and plagioclase crystals. The discovery of a smoothly 

increasing content of biogenic reduced C throughout the Dowling Member (O'Sullivan et al., 

2016) argues against very rapid (i.e. hours) deposition of the ca. 1000 meter column of 

breccias and tuffs. A limit for the time contained within the Dowling Member is <1 Ma, 

imposed by the 1848.4 +3.8/–1.8 U/Pb age of titanite that formed hydrothermally in the 

Sandcherry Member (Ames et al., 1998).  
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Finally, although we note that deeply sourced magmatism may be an unusual feature for 

impact basins of that size, we note that at least some evidence of impact induced volcanism can 

be found in similar sized structures. Studies on the Chicxulub impact crater have revealed two 

distinct silicate melts (Claeys et al., 2003). This impact structure is smaller and significantly 

younger than the 1.85 Ga Sudbury structure, suggesting that the lithosphere there was cooler 

and hence the chance of encountering evidence of deeply source magmatism is lower. 

However, the melt fragments found in the Chicxulub structure bear a striking similarity to 

those found in Sudbury; the more common silicate melt resembles the target lithologies in 

terms of the REE whereas the other, less common silicate melt is comparable to N-MORB. 

Finally, Cupelli et al. (2014) reported the discovery of gabbronorite emplaced into the shocked 

basement of the Vredefort dome. These authors preferred to interpret this as a downward 

injection of fractionated melt from the base of the (now eroded) melt sheet but stated that (p. 

405): "The highly negative εHf values for igneous zircon from the gabbronorite indicate that it 

crystallized from either a crustally contaminated mantle melt, or a melt derived from Archean 

crust and/or derivative sediments. The highest εHf values... could be interpreted as reflecting 

impact-triggered mafic magmatism, which would bring into question how deeply the impact 

affected the crust and underlying mantle beyond impact-triggered flow at the crust-mantle 

boundary”. We note that like in the case of the green vitric products, the mafic precursor 

magma at Vredefort also had a highly crustal (Hf) isotopic signature. Despite the unresolved 

ultimate source of these magmas, the presence of mafic igneous rocks in three of the largest 

preserved terrestrial impact craters suggests that impact induced magmatism is more complex 

and can last longer than the immediate aftermath. 

 

6. Summary 
 

The present study has provided the following insights: 

• Volcanism within the heavily faulted Sudbury crater transitioned from subaerial to 

subaqueous as seawater penetrated and then finally flooded the basin. Syn-crater faults 

were used as conduits as the melt migrated from the source beneath the impact melt 

sheet to the surface.  

• The magnesian vitric fragments (‘green shards’) of the Onaping Formation originate 

from a deep basaltic melt beneath the crater, produced through decompression melting 

of the mantle or mafic lower crust. Ancient lower crustal lithologies were assimilated 

by the melt on the way to the surface. 
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• Altered and unaltered Milos volcanic products indicate that seawater interaction with 

juvenile material does not change the REE components of the altered melt fragments.  

• Evidence of impact-induced volcanism has been identified in the Chicxulub impact 

structure. Significantly, the Chicxulub impact structure is smaller in size and much 

younger than the Sudbury basin. The Chicxulub mafic silicate melts display LREE 

depletion similar to the deeply sourced Onaping Formation magnesian melt.  
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Chapter 6: Conclusions and general discussion. 
 

Large to giant impact events have played a critical role in the geochemical, physical and 

biological evolution of the Earth. The bulk Earth is depleted in volatile elements and 

moderately enriched in refractory elements when compared with CI chondrites and other 

meteorites (e.g. Gast, 1960 and Allègre et al., 2001). Following nebular collapse, collisions 

between planetesimals in the early stages of accretion may have led to the preferential erosion 

of volatile elements from vaporised proto-crust (O’Neill and Palme, 2008). The Earth’s crust 

may have become enriched in refractory lithophile elements that re-condensed from the vapour 

plume (Boujibar et al., 2015). Most of the Earth’s highly siderophile element (HSE) budget 

was sequestered into the core (e.g. Maier et al., 2009). Significantly, over 98% of the Earth’s 

platinum group element (PGE) content is contained in the core (McDonough, 2003). Maier et 

al. (2009) found an increase in PGE content from Archaean to early Proterozoic komatiites. 

Importantly, the 3.5 Ga Baberton greenstone belt komatiites are depleted in PGE relative to 

late Archaean and younger komatiites. This additional material may have been implanted in 

the bulk silicate Earth (BSE) through continued meteoritic bombardment after core formation, 

the so called 'late veneer' (Kimura et al., 1974). However, on Earth, neither direct evidence for 

core formation, nor for Hadean, Eo- and Palaeoarchaean bombardment is preserved. 

By analogy with other inner Solar System bodies, Marchi et al. (2014) proposed that up to 

70% of the Earth’s proto-crust was almost completely destroyed to a depth of 20 km by large 

to giant impact events in the 4.15-3.85 Ga cataclysmic 'Late Heavy Bombardment' (LHB). The 

influx of large to giant bolides onto Earth has decreased since the conclusion of the LHB 

(Marchi et al., 2014). Nevertheless, there have been an estimated 68±8 Chicxulub-sized 

impacts (over 180 km in diameter) since the LHB (Bottke et al., 2012). The number of 

identified and confirmed Chicxulub-sized impact structures is much lower than expected from 

bolide flux models (Jones, 2014), suggesting that not all may actually leave a traceable 

geological record. A few mass extinction events have been attributed to large impact events but 

additional extinctions cannot be positively linked to bolide impacts. There is the additional 

interesting observation that certain large impact events may be related to both an impact event 

and emplacement of large igneous provinces (LIPs) (e.g. Jones et al., 2002; Elkins-Thanton 

and Hager, 2005). Jones et al. (2002) suggested that the two proposed triggers of such events 

might be related, in that the giant impact caused large scale melting and LIP emplacement and 

that the combined effects resulted in global scale extinction. More recently, Jones (2014) 

reviewed the difficulty of conducting investigations into >200 km terrestrial impact structures, 
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naming crater auto-obliteration and plate tectonic driven crustal resurfacing as the main 

reasons for poor preservation. 

In the light of these challenges it is important to focus investigations on the well-known 

large impact structures, such as the 1.85 Ga Sudbury basin, whose geology has been the focus 

of detailed studies for over 100 years (e.g. Dietz and Butler, 1964; Dence 1972; Pye et al., 

1984; Ames et al., 2002; Grieve et al., 2010; Ubide et al., 2017). Buried, eroded, or auto-

obliterated impact sites can still be accessed through investigations of their proximal and distal 

ejecta layers; such as the four spherule beds deposited between 3.5 and 3.2 Ga in the Pilbara 

and Kaapvaal Cratons (Bryerly et al., 2002), and the event that produced the 1.18 Ga Stac Fada 

Member in Scotland (e.g. Young, 1999; Amor et al., 2008; Simms, 2015). This thesis has re-

visited three large impact events and used discrete in situ analysis on melt products found in 

impactites to advance discussion of the global effects that large to giant impacts may have had 

on the Earth. The resulting data and analysis have revealed new and important insights into the 

mechanisms for transferring HSE’s into the BSE following impact, the magnitude of loss of 

moderately volatile elements through impact erosion, and new constraints on whether large 

impacts could trigger mantle decompression or deep crustal melting and subsequent 

magmatism. The most significant contributions and conclusions of the thesis relevant to the 

effects of large to giant impacts on the geochemical and physical evolution of the Earth can be 

summarised as three main findings: 

• Finding 1: Highly siderophile element transfer from post-accretion 'late veneer' 

Following the formation of the Earth’s core, the BSE was left severely depleted in HSEs, 

notably wholesale PGE depletion (McDonough, 2003; Maier et al., 2009). Archaean 

komatiite eruptions indicate a steady increase in these elements in the melt source over 1.5 

Ga, after which time the PGE content in the source became comparable with the modern 

primitive upper mantle (Maier et al., 2009). This HSE increase has been attributed to the 

'late veneer', referring to extra-terrestrial material transfer into the BSE after core formation 

(Kimura et al., 1974). However, the exact mechanism for transferring the HSE signal from 

the impactor into the BSE has, to date, remained unresolved. Direct evidence for the 'late 

veneer' has come from heterogeneously distributed Cr-Ni spinel micro-nuggets found in 

spherules from the Barberton greenstone belt (Mohr-Westheide et al., 2015). Alteration 

processes possibly released and redistributed the extra-terrestrial HSEs from the spherules 

(Glikson et al., 2016). While this is indeed a mechanism for transferring meteoritic 

components from impactor to the mantle, the nature and scale of such dispersal does not 

appear to be very large. 

 In this context, the 1.18 Ga Stac Fada Member in Scotland is of global significance. It 
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represents an ejecta impactite from an unidentified, possibly buried, >40 km impact 

structure (Simms, 2015). Whole rock analysis had previously been used to document above 

crustal concentrations of Ni, Cr, Pt and Ir (Young, 1999; Amor et al., 2008) and an 

anomalous excess of 53Cr (Amor et al., 2008), the latter piece of evidence strongly 

implying an extra-terrestrial source. Existing studies had, however, not succeeded in 

locating the carrier of the extraterrestrial material within the impactite. In this thesis, the 

Stac Fada Member was revisited using discrete in situ analysis on the vitric fragments 

within the impactite, paying special attention to the fact that two distinct melt varieties 

have been identified within the impactite (Simms, 2015 and references therein). This 

analysis showed that the meteoritic component was transferred from the impactor 

exclusively to the green mafic vitric fragments, which display Ni, Cr, Pt and Ir values 

significantly above the target rock values. However, the HSE concentrations are below 

chondritic values, thus indicating that the impactor melt has been contaminated with target 

lithologies. Importantly the in situ concentrations in green vitric fragments are enriched 

compared to the previously presented whole rock data thus highlighting the importance of 

using targeted analysis. In situ major element geochemical analysis on the vitric 

components are also presented and these highlight the alteration processes that have 

affected the impactite. Simms (2015) noted that these mafic shards are extremely 

susceptible to weathering to clays. Weathering and subsequent erosion of HSE-rich impact 

glass likely proved an effective mechanism for transferring the meteoritic signal into the 

sedimentary cycle and ultimately into subduction zones and then mantle. The model 

presented in this thesis provides a new mechanism for re-distributing the 'late veneer'.  

 

• Finding 2: Moderately volatile element loss during impact erosion 

The bulk chemistry of the Earth no longer resembles the composition of CI chondrites and 

other meteorites (Allègre et al., 2001). The Earth is moderately enriched in refractory 

elements but very depleted in volatile elements, including in moderately volatile metals 

and halogens (Allègre et al., 2001). O’Neill and Palme (2008) suggested that high energy 

collisions between large bodies during the late stages of accretion may have resulted in the 

preferential loss of incompatible elements from the proto-crust of early formed 

planetesimals. Campbell and O’Neill (2012) challenged the concept of hidden deep mantle 

reservoirs, instead proposing that incompatible elements were more likely removed 

through impact erosion. Hidden deep mantle reservoirs had previously been used as 

solutions for problems such as the first terrestrial Pb isotope paradox (e.g. Murphy et al., 

2002). The first terrestrial Pb isotope paradox refers to the observation that the majority of 

rocks accessible on the Earth’s surface (the accessible Earth) have far higher 206Pb/204Pb 
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and 207Pb/204Pb ratios than CI chondrites and that they plot to the right of the 4.567 Ga 

meteorite isochron (Allègre, 1968). In this thesis, a new multi-stage solution to the first 

terrestrial Pb-isotope paradox is presented. Instead of relying on hidden reservoirs, the 

model proposes that the accessible Earth’s Pb budget was reduced following core 

formation, the Moon forming impact and, additionally, also during the LHB. O’Sullivan et 

al. (2016) had earlier demonstrated moderately volatile metal loss from the base of the 

Whitewater Group; the infill of the Sudbury impact crater. Their study focused specifically 

on the Onaping Formation and the base of the Onwatin Formation. The study presented in 

this thesis revisited the Sudbury impact crater with a wider scope, but focused on only one 

element (Pb) due to its unique importance for reconstructing silicate Earth differentiation 

(e.g. Kramers and Tolstikhin, 1997). As well as reinvestigating the Onaping Formation and 

base of the Onwatin Formation, samples from the meltsheet, known as the Sudbury 

Igneous Complex (SIC), were carefully analysed. Feldspars crystallised from the original 

melt of the SIC display significant Pb depletion compared to the known target lithologies. 

Using Pb isotope composition, it is also demonstrated that the common Pb loss at the base 

of the Onaping Formation is more pronounced than estimated by O’Sullivan et al. (2016). 

The comparison between Pb loss from the direct impact melt (i.e. the SIC) and the fuel-

coolant interaction breccia comprising the lowermost basin fill suggested that in 

subaqueous impacts (statistically more common than terrestrial impacts), volatile metal 

loss is much more pronounced. The work arising this thesis suggests that models of impact 

erosion to explain bulk Earth elemental abundance patterns may need to take into account 

not just volatility but also the behaviour during interaction of superheated melt sheets with 

water.   

 

• Finding 3: Sustained deeply-fed magmatism following very large impact events 

The concept that large to giant impact events could trigger volcanism, or even magmatism, 

was first suggested by Ronca (1966) following the identification of the Sudbury structure 

as an astrobleme (Dietz and Butler, 1964). Several studies have since reinterpreted the 

Onaping Formation to be the product of volcanism triggered by the impact (e.g. Grieve et 

al., 2010; Ubide et al., 2017). Cañón-Tapia (2014) agreed that features found in the 

Onaping Formation, such as bombs and vitric shards, could indeed be considered a product 

of volcanic activity. However, Cañón-Tapia (2014) argued against magmatism generated 

by bolide impact due to perceived time discrepancies. In situ studies into the possibility of 

impact induced magmatism are challenging as impact craters deemed large enough to 

trigger mantle decompression have likely been auto-obliterated (Jones et al., 2002). 

Previous investigations on this topic have instead focused on modelling with contrasting 
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outcomes (e.g. Jones et al., 2002, 2003; Ivanov and Melosh, 2003; Elkins-Tanton and 

Hager, 2005; Marchi et al., 2013; Jones, 2014). The study by Ubide et al. (2017) focused 

on the two different impact melt fragment types found in the Onaping Formation and 

determined that while the fluidal fragments were the product of fuel coolant interaction 

between seawater and the SIC, the mafic variety must have originated from deeper beneath 

the crater. The study presented in this thesis completed a more thorough geochemical 

investigation of these green shards. Careful petrographic descriptions and in situ major 

element geochemical analysis were used in an effort to better understand the evolution of 

the crater floor as the Onaping Formation was deposited. Rare earth element (REE) 

analysis of the mafic vitric material suggests that the melt originated from a deep 

lithospheric source and was fed through uplifts within the basin, to the evolving crater floor 

by aphanitic dykes. The model presented in this thesis is that the impact vaporised the 

upper crust, structurally compromised the lower crust and the associated isostatic rebound 

triggered decompression melting. Neodymium isotope analysis on the vitric material 

suggests the decompressed mantle assimilated Palaeo- or Mesoarchean lower crust en route 

to the surface. The study provides additional analyses from a similarly sized impact 

structure; the 65 Ma Chicxulub impact crater. Analyses on the impact melts in the 

Chicxulub suevite bear striking resemblance with those seen in the Onaping Formation. 

The work presented here shows that post-impact magmatism can indeed occur in Sudbury 

sized impact crater, but that local geothermal conditions may be important to constrain the 

likelihood of lithospheric decompression melting. 

In light of these new findings from impactites, it seems logical to propose, as a working 

hypothesis, that the Earth’s apparent HSE enrichment, volatile element depletion and crustal 

resurfacing can all be connected with large to giant impacts in the Hadean and earliest 

Archean. In terms of future research arising from this work, there is clear evidence for the need 

of discreet in situ analysis in impactites where whole rock studies have highlighted potentially 

extraterrestrial signals (see also Glikson et al., 2016). In particular, units where multiple 

distinct melt varieties have been identified require this analytical approach. For example, 

whole rocks of Stac Fada impactite have yielded 53Cr excesses (Amor et al. 2008). Having 

demonstrated here that the excess Cr resides uniquely in the green vitric shards, it is likely that 

a directed Cr isotope study of hand-separated green shards will yield a much better idea of the 

nature of the impactor. 

It is conspicuous that three impactites (Sudbury, Chicxulub, Stac Fada) contain the 

expected typical upper crustal vitric products but also the easily discernible green vitric shards 

that seem to share many similarities. The origin and significance of these shards needs further 
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study, particularly at Chixculub, to explore the melt source. Further investigations into impact 

generated magmatism needs to be undertaken. This will require the careful study of crater-

filling volcanic rocks on the Moon and therefore retrieval of targeted lunar material 

(Yamamoto et al., 2010) and may also require new looks at very significant terrestrial LIPs 

with obviously high PGE content, such as the Siberian traps (Starostin and Sorokhtin, 2011), 

the Bushveld Complex (Latypov et al., 2017) and the Great Dyke (Maier et al., 2015) may 

need to be reinvestigated, to determine if they are the products of auto-obliterated or hidden 

giant impacts. 

The Earth is unique amongst the rocky planets of the Solar System in having featured a 

sustained liquid hydrosphere for at least 4 Ga (e.g. Harrison et al., 2009). As such, it has 

provided a unique environment for giant impact formation, because superheated LIPs (impact 

melt sheets) were formed at its surface, immediately to be flooded by water. This led to 

formation of unique impactite types generated by violent fuel coolant interaction, loss of 

volatile elements and formation of alteration minerals. Further study of such rock types are 

likely to yield interesting information about the early Earth's surface but will require a much 

better understanding of alteration in subaqueously emplaced volcanic units. 
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Glossary 
 

BCR-2 - Basalt, Columbia river - 2  

BCR-2G - Basalt, Columbia river – 2 glass 

BHVO-1 - Basalt, Hawaiian Volcano Observatory – 1 

BHVO-2 - Basalt, Hawaiian Volcano Observatory – 2 

BHVO-2G - Basalt, Hawaiian Volcano Observatory – 2 glass 

BSE - Bulk silicate Earth  

CI chondrite - A group of carbonaceous chondrite 

CSDP - Chicxulub Scientific Drilling Program (CSDP) 

DMCU - Dowling Member Contact Unit (DMCU) 

DMLU - Dowling Member Lower Unit (DMLU) 

DMMU - Dowling Member Middle Unit (DMMU) 

DMUU - Dowling Member Upper Unit (DMUU) 

EDR - Early depleted reservoir  

EER - Early enriched reservoir  

FE-SEM - Field emission scanning electron microscope 

GEOROC - Geochemistry of Rocks of the Oceans and Continents 

HREE - Heavy rare earth element 

HSE - Highly siderophile elements  

iCRAG - Irish Centre for Research in Applied Geosciences 

K-Pg - Cretaceous–Paleogene boundary 

K-T - Cretaceous–Tertiary boundary 

LA-ICP-MS - Laser ablation inductively coupled plasma mass spectrometry 

LHB - Late heavy bombardment   

LIP - Large igneous province 
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LREE - Light rare earth element 

MESSENGER - MErcury Surface, Space ENvironment, GEochemistry, and Ranging  

MORB - Mid oceanic ridge basalt 

MuQ - MUd from Queensland 

NIST610 - National Institute of Standards and Technology 610 

NIST612 - National Institute of Standards and Technology 612 

N-MORB - Normal mid oceanic ridge basalt 

OIB - Ocean island basalt 

PEMEX - Petróleos Mexicanos 

PGE - Platinum group element 

REE - Rare earth element 

SEM- BSE - Scanning electron microscope with backscattered electron 

SEM- EDX - Scanning electron microscope with energy-dispersive X-ray spectroscopy 

SFM - Stac Fada Member  

SIC - Sudbury Igneous Complex   

SMES - Sandcherry Member Equant Shard (SMES) 

SMFF - Sandcherry Member Fluidal Fragment (SMFF) 

TIGER - Tescan integrated geo elemental raman  

TTG - Tonalite-Trondhjemite-Granodiorite 

UCC - Upper continental crust  

UTM - Universal Transverse Mercator  

W-2 - Diabase 

XRD - X-ray diffraction 

XRF - X-ray fluorescence 

Y6 - Yucatàn 6 drill core 

YAX-1 - Yaccopoil-1 drill core 
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