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PREFACE

This thesis represents three years of work at the Uniy@fsitienna Department of Lithos-
pheric Research. The thesis focuses on ejecta from latg®rite impact events. In particular, in
this work | am exploring how impact spherules, located in cliles in Karelia, Russia, formed and
how they may be related to the Vredefort impact structur@uthSAfrica (Chapter 3); the petrogra-
phy and geochemistry of impact ejecta from the Sudbury impactse (Chapter 4); and finally,
as part of these investigations, an algorithm designed to datexon planar deformation features,
which form as during shock metamorphism (Chapter 5). Resulesé studies have been submit-
ted to peer-reviewed journals (Geology and Meteoritics & Plan8eience).

In addition to these chapters, this work also contains a htretiuction to the impact crater-
ing process (Chapter 1) and a detailed description of the method® wsstbtate data in these stu-
dies (Chapter 2). Finally, a co-authored paper is included (&haptoncerning a statistical model
of impactors that could collide with earth. A Curriculum Vitdghe author is attached to the end of

the thesis.
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ABSTRACT

Hypervelocity meteorite impacts generate a varietshoicked and melted products that are
ejected from the impact crater. These products vary withrdistfrom the crater. Distal ejecta is
poorly understood. In this study, impact spherules from a laegearite impact have been studied
from the Fennoscandian Arctic Russia-Drilling Early Earthjéat (FAR-DEEP) drill cores. These
mm-diameter spherules are likely formed by a large meteionppact event, with supporting evi-
dence from the petrographic characteristsics of the spherutgsdimilar to previously investigated
spherule layers from other parts of the world and the platinunpgriement (PGE) concentrations
having distinct ratios and greater abundances from any lokznic source could provide. Itis
likely that the Karelian spherule layer was formed from edethaterial of the Vredefort impact cra-
ter, based on the age of the formation being constrained to 1980-2050Mar to the 2020 Ma
age of the Vredefort structure.

Closer to an impact crater, thicker deposits of debris cdoumel. Between ~5 crater radii
and ~10 crater radii, discontinuously deposited distal ejeathedound as brecciated clasts of tar-
get material mixed with melted, vesicular material and lsbdgrains. In the case of the Sudbury
crater in Ontario, Canada, the ejecta has been found in MiclsigdriMinnesota, USA, and western
Ontario, Canada (particularly near the city of Thunder Bayiis Work presents petrographic and
geochemical data of ejecta from these locations, with sntaken from various distances from the
impact crater to determine the variation with distance fitwercrater that ejecta deposition under-
goes. Nearest the crater (ca. 500 km), the deposits are dedninyalithic clasts that are unshocked

and unmelted. Farther away from the crater (ca. 700 km), ébtaajeposits are dominated by melt
viii
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droplets that are deposited thickly. In both of these casedefitesits are capped by accretionary
lapilli. The most distal ejecta studied (ca. 900 km) conaistest entirely of melt spherules.

To properly understand impact deposits, it is necessary to studkeshaqaartz. Shocked
quartz is the most abundant and readily identifyable and quantifyatslegraphic indicator of a
hypervelocity impact event on Earth. However, the process afurieg the individual planar de-
formation features in a single grain and indexing them to thésa@xletermine the crystallographic
orientation of the shock planes is a time consuming task, ldogeBuse, prior to this work, it was
required that all samples be indexed by hand. This work presentaputer algorithm that facili-
tates the indexing of shocked quartz grains to greatly enhance theabitsearchers to rapidly
and accurately process data gathered from U-stage measurenmatsaofdleformation features in

quartz grains.
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ZUSAMMENFASSUNG

Hochgeschwindigkeits-Meteoriteneinschlage erzeugen eine Vignaggschockten und
geschmolzenen Produkten aus dem Einschlagskrater bei seiner Bildungateyeaverden. Diese
Produkte variieren mit der Distanz vom Krater. DistalesvAurfsmaterial ist noch wenig
verstanden. In dieser Studie wurden Impaktspharulen eines grafiearNeneinschlags von
Bohrkernen des Fennoskandisch-Arktisch-Russischen Friiherden Bohrp{efeRtOEEP)
untersucht. Diese mm-grofRen Spharulen wurden vermutlich durch ein grol3es
Meteoriteneinschlagsereignis gebildet, belegt durch diegretphischen Charakteristiken der
Sphérulen, welche den zuvor erforschten Sphéarulenlagen in andererd@egesltweit &hneln.
Belegt wird dies auch durch die Platingruppenelement(PGE)-Koazenten, die sich durch héhere
Haufigkeiten und unterschiedlichen Verhéltnissen von jeglicher nigd&her Quelle unterscheiden.
Wahrscheinlich wurde die untersuchte Karelische Sphéarulenlage geschmolzenes Material des
Vredeforteinschlagkraters gebildet, basierend auf das angenommeeedeklLage (zwischen
1980-2050 Ma), in das das Alter der Vredefortstruktur (2020 Mk) fal

Nahe eines Impaktkraters kommt eine grof3ere Haufigkeit awuiraassen vor. Zwischen
~5 und ~10 Kraterradien kann diskontinuierlich abgelagertes digtakgurfmaterial, wie Brekzien
gemischt mit geschmolzenem, vesikularen Material und gescimogltesralen, gefunden werden.
Im Falle des Sudbury Kraters in Ontario, Kanada, wurden Ausmagsen in Michigan und
Minnesotta (USA) sowie in West-Ontario (Kanada, im Besomdeatie der Stadt Thunder Bay)
gefunden. Diese Arbeit préasentiert petrographische und geochenlis¢éen von Auswurfsmaterial

aus diesen Gegenden. Die Proben wurden dabei in unterschiedlichenz&istam Impaktkrater
X
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entnommen um die Variationen der Ablagerungen des Auswurfmateriatier Distanz zum Krater
zu bestimmen. Naher zum Krater (ca. 500 km) werden die Aliagen von lithischen,
ungeschockten und ungeschmolzenen Klasten dominiert. Etwas weitd€rater entfernt

(ca. 700 km) werden die dicken Auswurfsablagerungen von Schmelztapféniert. In beiden
Fallen werden die Auswurfsablagerungen von akkretionierten Lapilédie. Die am entferntesten
gelegenen untersuchten Auswurfsmassen (ca. 900 km) bestehasll&ghdig aus Schmelz-
Spharulen.

Um Impaktablagerungen ausreichend zu verstehen ist es notwendhiggds Quarze zu
untersuchen. Geschockter Quarz ist der haufigste, einfach idientifire und quantifizierbare
petrographische Indikator eines Hochgeschwindigkeits-Impaktereigraséeler Erde. Der Prozess
des Messens der individuellen planaren Deformationsmerkmale im eingigen Mineralkorn und
die Indizierung dieser zur C-Achse, um die kristallographischen@erung der Schockebenen zu
erfassen, ist jedoch zeitaufwandig, grof3teils, weil, dsebisotwendig war alle Proben manuell zu
indizieren. Diese Arbeit prasentiert nun einen Computeraklgous der das Indizieren geschockter
Quarzkdrner erleichtert und somit die Fahigkeit des Forscheestert, schnell und genau Daten

von U-Tisch-Messungen planarer Deformationsstrukturen in Quarzk&ranenhalten.

Xi
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1.0INTRODUCTION

Observations from telescopes and satellite missions to phakgts, moons, and asteroids
have revealed that impact craters are among the most commacesigditures in the Solar System.
Impact craters are found on all rocky bodies (Fig. 1-1),(®lglosh, 1989). The distribution of the
impact craters, however, is not always even across the valemetary bodies. Bodies large enough
to sustain surface modification processes tend to have a smatiber of visible impact craters.

For example, an atmosphere (as in the case of Venus), liquitssirface (as in the case of Titan),
or ice tectonics (as in the case of Europa) can destroy irofets after they have formed (e.g., de
Pater and Lissauer, 2010). On Earth, the presence of an atmosplaege amount of liquid water
at the surface, and plate tectonics serve to resurfaqeatiet, limiting the number of visible impact
craters. Only 184 impact craters are currently (mid-2013)rooedl on the surface of the Earth
(Fig. 1-2) (Earth Impact Database; http://www.passc.ndtifapactDatabase/index.html), and
many of those have no surface expression at all. This ginast to the millions of craters on the
Moon, which, having essentially the same distance from theS#arth throughout its history,

should have encountered a similar number of impacting bodies (deaRdteissauer, 2010).
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Figure 1-1: Craters on the far side of the Moon. Photo mosaic prepared froruthar IOrbiter

program. From http://www.Ipi.usra.edu/resources/lunar_orbiter/imagesh.jpg

Craters have been extensively studied on Earth, with a fuitbraf geology being devoted
to their study. Many cores have been drilled into impacersaincluding the Chicxulub impact
crater in Yucatan, Mexico (e.g., Dressler et al., 2004)Btsumtwi crater in Ghana (e.g., Koeberl
et al., 2007a), the EI'gygytgyn crater in Russia (e.g., Melled., 2011); the Chesapeake Bay im-
pact crater in Virginia, USA (Gohn et al., 2008), amongséist From these studies, the internal
morphologies of craters have been established. By combinirgsheties with observations of
craters on other planets and with observations of nuclear exploaienscian overall picture of im-

pact cratering as a planetary process has been developed8Fig. 1
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Figure 1-3: Meteor Crater, Arizona, USA, is one of the first impact ceaterhave been identified

as such on the Earth, and also one of the best studied, which mam&teemental as a pristine
example of an impact crater that has greatly advanced the sadhbtifinderstanding of impact

processes. Photo by author.
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1.1 Mechanics of impact crater formation

In order to form an impact crater, the impacting body must be mathdypervelocity.

The Earth orbits the Sun at a velocity of approximately 29.8 kihéspotential impacting body is
travelling exactly in the same direction as Earth with timeesdistance from the Sun, it will have a
relative velocity of 0 m/s. If the body is allowed to freb@the surface, it will obtain a minimum
velocity of 11 km/s upon impact (the same velocity that wouldehaired to escape from Earth’s
gravity). Earth’s escape velocity from the Sun is 42.1 karld,any object at similar distance from
the gravitational center of the Sun has the same escape welddierefore, an object with an ellip-
tical orbit that has its perihelion at 1 AU and its apheliahaiedge of the Sun’s gravitational influ-
ence could collide with Earth at a maximum velocity of 2942# km/s, resulting in a maximum
impact velocity of 71.9 km/s. Thus, the velocity of extrateri@dbodies impacting the Earth is con-
strained between ca. 11 and 72 km/s. Experiments and observatiorshbanethat the most com-
mon meteorite impact velocities on Earth are approxim&@{80 km/s (e.g., Johnson and Melosh,
2012).

The effects of impact events are partially controlled by tigdesof the impact. Craters will
be circular for impacts arriving between approximately 15° and 9€fo@i, 1989). Lower than 15°,
craters can become elongate or have irregular morphologiesarnple of impact of any given bo-
lide is random, which results in the average bolide strikinguiniace at 45°. While it is not simple
to discriminate between impacts of differing angles, tieexidence that some minor morphologi-
cal differences occur within craters striking at lower asigl€he most visible effect of varying angle

of impact is the effect on ejecta from the impact (i.dei®eck, 1975; see below).
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Impacts occurring at hypervelocities release enormous amoustefy, following the
physical law KE = % m*¥(KE = kinetic energy; m = mass; v = velocity). Even ajectof small
mass can release a large amount of energy if it has a Hagtitye A recent poignant example of the
power of impacts on Earth was given by the Chelyabinsk megdalit The meteor was observed in
the early morning hours of February 15, 2013, over Chelyabinsk, Rasdi&ft an enormous fire-
ball in the sky (Nazarov, 2013). A few seconds after the figm the fireball was visible, the
shock wave arrived, shattering windows, blowing down doors, entwally causing injuries to
over 1000 people in the region. However, the bolide itself wasl@lb m in diameter. It caused
such damage because it was traveling at 18 km/s (Yeomansadd<Z2013).

When bolides impact the Earth at hypervelocity, the bolide wilepate the ground to a
depth roughly equal to the projectile’'s diameter (Melosh, 1989)shtek wave generated by the
contact between the surface of the Earth and the projectilprafiagate through the projectile, and
upon reaching the opposite side of the projectile, will reffecining the rarefaction wave. As the
rarefaction wave propagates, the projectile spalls apargwaerdually is completely vaporized.
Meanwhile, the shock wave travels through the target radedreating zones of high pressure with
varying expressions. The initial shock wave can have pressuresliexc&80 GPa (French, 1998).
The zone around the impact point will be completely vaporized. Fudrtma the impact point, rocks
will be completely melted, and farther still, mineralsl wiperience shock effects. Rocks in a wide
area around the impact point will be brecciated, faulted, antifead (e.g., Robertson et al., 1977).

The shock wave propagates downward into the rock, eventually éxcpsdbowl-shaped
hole called the transient cavity (Fig. 1-4). The transieviticguickly collapses, whereupon the

floor of the crater is uplifted and the diameter of the ciateases. The crater rim will also be up-
5
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lifted at this point. The size of the impactor affects whiltoccur at this stage (Melosh, 1989). If
the impactor is small, the target will rebound into a bowl-shapeidy known as a simple crater. A
sufficiently large impact event (depending on the target métenm gravity of the target body) will
result in the floor of the transient cavity rebounding beyond its otigigath, leaving behind an
uplifted bump (the central peak) in the middle of the crater. i§tdascomplex crater. Much larger
impact events can result in concentric rings forming around ther.cr&tich multi-ring basins are
known mainly from other planets, although some authors have argube féredefort, Sudbury,

and Chicxulub impact craters on Earth to be considered mudtbasins (e.g., Grieve et al, 1999).

Projectile
10 kmis

Ejecta
Cuﬁﬂlﬂl,» Ejecta trajectories

\ Excavatiél_'l o
! flow paths

Shock
pressure
contours

1 GPa

Figure 1-4: Shock wave and effects from hypervelocity meteorite impaatsn French (1998).
The upper surface of the target material is only in contdbttve atmosphere, and thus

creates a free surface that cannot propagate the shocKkmasteof the wave is rebounded off of the
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surface back into the rock). The effect of interferencevéen the outward propagating waves and
the rarefaction wave that can occur near the surface leadsie material being spalled off of the
surface, which can generate secondary craters and potentiallylangeehunks of unshocked mate-
rials from the target to space (Ong and Melosh, 2012).le&ipal has important implications for the
study of other bodies in the solar system: it is the prdmesgich pieces of the surface of Mars are
ejected from the planet to eventually arrive at Earth witle lthock damage (Melosh, 1984).

After the crater is formed, it undergoes the modificatiogestavherein several processes oc-
cur to give the crater its final morphology (Melosh, 1989). Théeciis filled by breccias formed
from the shattered target rocks; large slump blocks from the ngiif{ed, structurally unstable
crater rim fall back into the crater along massiveitisaults; and the rocks in the crater may expe-
rience hydrothermal alteration as the melt infill coolBhese processes can take anywhere from a
few minutes in the case of slumping and infill up to milliohgears for the melt rocks in the crater

to cool (e.g., Ivanov and Artemieva, 2002).

1.2 Ejecta

Approximately one third of the upper portion of the target mataffected by the impact
event will be removed from the crater as ejecta (Vickery7198he vast majority of the ejectais
deposited in the continuous ejecta blanket. Most particlesréhakaavated by the impact travel out
of the crater at approximately a 45° angle or higher (Andersaln 2004), and ejecta are deposited
with inverse stratigraphy: the uppermost layer of the targgemal is the first layer deposited in the

ejecta, and the lowest layer of the target material ifinhElayer deposited. The uppermost layers
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of the target are usually found in the ejecta not only at the baiftoine stratigraphy of the ejecta
blanket, but also in greater relative abundance closer tangbect crater than farther out from it.
The overturned stratigraphy is characteristic of well-preskimpact craters (e.g., Carlson and Ro-
berts, 1963).

The distribution of ejecta can be divided into proximal and dégeatta (Stoffler and Grieve,
2007). Closest to the impact crater (up to 5 crater rauiii the crater rim), the bulk of the ejecta
are deposited as proximal ejecta (Simonson and Glass, 200i4)is Tontained within a continuous
ejecta blanket, which is a region around a crater where @hengo gaps in deposition between areas
where breccias, melt rocks, shocked and unshocked matevial$He crater are deposited. Farther
from the impact, the discontinuous ejecta blanket is depositédhwas many of the same characte-
ristics of the continuous ejecta blanket, but with gaps betweendundideposits where little to no

ejecta are deposited (Stoffler and Grieve, 2007).
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1.2.1. Proximal gecta

Figure 1-5: The bright ejecta blanket of a lunar crater formed from a low-angfgact event. Ar-
row shows the approximate direction the impactor was travelimgte€diameter is ~220 m.

LROC image M1104509842L (NASA).

The continuous ejecta blanket is found up to 5 crater radii awaytfrerdge of the crater
(though this is highly variable and depends on the planetary body $teirtk). Outside of the con-

tinuous ejecta blanket is the discontinuous ejecta blanket. $bentinuous ejecta blanket can be
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found up to 10 crater radii from the impact crater, but itgbllivariable (Melosh, 1989). The
shape of the ejecta blanket is modified by a number of factdrs.d@gree of asymmetry of the ejec-
ta blanket can be affected by the angle of impact. Ejectadifafriom impacts at 90° will have cir-
cular symmetry, but impacts at low angles (i.e., < 30° fnonizontal) will result in asymmetry of
the ejecta blanket perpendicular to the direction of traviéileobolide (Wulf et al., 2012; Fig. 1-5).
More ejecta will be deposited downrange of the crater withrl@nwgle impacts. Low angle impacts
also develop a “zone of exclusion” in the ejecta blanket downrange ahpact crater, which forms
because of interference by the bolide during the ejection processejdcta blanket will also be
affected by the composition of the target rocks. More competatarials will generate much dif-
ferent deposits than materials that are easily disaggregatedt are volatile-rich (Hoerth et al.,
2013). The underlying structure of the target can also havdemt efi the deposition of ejecta, as
can a severe slope or topographic discontinuity that falls witieirmrea affected by the impact. The
presence and density of an atmosphere can have a major effeciegectady causing particles to
fall along pathways that are not strictly ballistic by slagyvihem in the atmosphere (e.g., Stoffler et
al., 2002).

There are three main categories of breccias formed fimudh impact: monomict breccia
(monomict = single clast lithology), polymict melt-free biieggolymict = multiple clast litholo-
gies), and polymict melt-bearing breccia (Stoffler et2002). Deposits from the Ries crater offer a
poignant and well studied example of how these are deposited. Motwedcia is found in dis-
creet layers deep within the crater filling material arst alt the base of ejecta deposits. The poly-
mict melt-free breccia is found overlying the monomict brectiee polymict melt-bearing breccia,

also known as suevite, is deposited at the top of the crategopsits and overlies the melt-free
10
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breccias outside of the crater (Fig. 1-6). A sharp coigdotind between the melt-free breccia
(known at the Ries as Bunte Breccia) and the suevite, dratradl alteration zone is found at the

boundary between the two (Osinski, 2011).

Figure 1-6: Bunte breccia from the Gundelsheim quarry at the Ries impact evéteparticularly

large clasts. Christian Koeberl for scale. Photo by author.

1.2.2 Distal Ejecta

Outside of the discontinuous ejecta blanket, distal egretaleposited. Distal ejecta tends to

form thin layers, with thicknesses of only a few cm in marsgesdSimonson and Glass, 2004), with

11
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most of the mass of ejecta already being deposited atdikiseces to the impact. Distal ejecta are
defined to begin 10 crater radii from the edge of a cratestaDgjecta can be composed of several
components, including mostly sand-sized grains of solid and niatigget material (Stoffler and
Grieve, 2007). Very large impact events can generate glofaklaf ejecta. The Chicxulub impact
crater, for example, is connected to a global ejecta layeisthdew cm thick at the K-Pg boundary
(e.g., Claeys et al., 2002).

Very early after the initial contact of the bolide, metiand ejection of a small fraction of
the target material known as tektites will occur (Fid@96). Tektites are glasses formed from sur-
face material (Serefiddin et al., 2007). A few tektitestain inclusions of other grains that are most
likely the remnant unmelted grains of the target materigl,(&lass and Barlow, 1979; Deloule et
al., 2001). There are four well-known tektite strewn fieldse European strewn field, the Ivory
Coast strewn field, the North American strewn field, anddhstralasian strewn field (Koeberl,
2007). The European tektites were sourced from the Riestiroyzder, the Ivory Coast tektites
came from the Bosumtwi impact crater, and the North Ametigeites are related to the Chesa-
peake Bay impact crater, but the source crater of the Aasitralstrewn field is still unknown (e.g.,
Koeberl, 2007). Tektites are deposited downrange from an impaet,axdhich allows the direction
of the indicated impacts to be determined with a high degree ointerta.g., Stoffler et al., 2002).

Some percentage of distal ejecta will leave the atmosplr@rean ejection angle of 45°, any
ejecta that is ejected with sufficient velocity to travdeast 200 km must travel above the 100 km
definition of the atmosphere. Ejecta with velocity above eseajpeity (11 km/s) will leave the
planet, but slower ejecta will fall back to Earth. Themyeof ejecta will generate significant fric-

tion through interaction with the atmosphere (Goldin, 2010). This heatause a pulse of energy
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to be released that can potentially have an effect onAifeer an impact occurs, a plume of super-
heated vaporized rock will form over the impact crater (JohnsoMafatsh, 2012). The plume is
typically rapidly dispersed, and has a very low density. Howeaye limpacts can form condensa-
tion spherules, which tend to be greatly enriched in material thermrmpacting body. These impact
spherules can be found in global deposits and were useful ildérgifying the Chicxulub impact

crater as being responsible for K-Pg extinction event (Akyat®8380).

1.3 Identification of impact structureson Earth

Because Earth is a geologically active planet, there avender of features that can form
with grossly similar morphologies to impact craters. €fae, to confirm that structures are im-
pact-generated on Earth, there are only a few methods¢hat@epted: 1) Observed falls or strewn

fields; 2) Shocked minerals; 3) Shatter cones; 4) GeochEimdicators of impact.

1.3.1 Observed fallsand strewn fields

Observed falls present little difficulty in confirming, karilyone crater is known to have
formed from an observed fall in recent history, namely thar@as crater in Peru, which was
formed on September 15, 2007, near the village of Carancas,Brewn(et al., 2008). The crater
was originally 4.5 m deep and 13.7 m in diameter. Bec&asenpact was observed, including by a
villager who was approximately 100 m from the impact site, tvaeno doubt about the impact

origin of the structure. No large impact craters have beemws® form in recent human history.
13



Matthew S. Huber Doctoral Thesis | 2013

Small pitted craters that are surrounded by strewn fields @famte fragments are usually
accepted as impact-generated features. One such exan@éiali craters in Estonia (Fig. 1-7),
which are a set of 9 impact craters associated withoamieteorite field that probably impacted

within the last 10,000 years (Reinwald, 1937).

Figure 1-7: Main crater of the Kaali craters. The craters are found assediatith meteorite frag-
ments, which is the only definitive evidence for impact oofthe craters. Image from wikipe-

dia.org/wiki/Kaali_crater.

1.3.2 Shocked minerals

Shocked minerals are formed by the passage of the shock wavehtgemiggical materials
(Stoffler, 1992). Impacts result in a shock wave that caatemressures exceeding 100 GPa, which
is unique in low temperature rocks on Earth. The most studiedahinénigh pressure is quartz.
Quartz experiences a number of high-pressure phase transitioaawefor identification of im-
pact events. At pressures exceeding 100 GPa, quartz is coynpégietized (French, 1998).

Above 60 GPa, quartz is transformed to glass. Small grathe &iQ polymorph coesite are

14
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formed from quartz above 30 GPa by compression of the crysie¢laSimilarly, quartz is altered
to stishovite at pressures of 12-15 GPa. Planar deformationdedRDFs) form in quartz above 10

GPa, and planar fractures (PFs) form in quartz from 5-7 &fea¢h, 1998).

Figure 1-8: Shocked quartz grain from a quartzite clast in suevite in the Bosimnmpact crater
(core LB-07A, depth 240.36 m). Image by Ludovic Ferriére (Hubar,e2011).

Shocked minerals form in all hypervelocity impacts, and ideatibn of these mineral phase
transitions are critical to determining if a structure ipat related (French and Koeberl, 2010).
Quartz is ubiquitous on the surface of Earth and is geologi¢alijes and most impacts form in
settings that allow PDFs to develop in quartz (Fig. 1-&n&1 deformation features are the most
commonly used indicator of impact origin of a structure. Whilesiteean form in high-pressure
geologic environments in tectonic settings (albeit withearty different provenance; e.g., Gillet et

al., 1984), PDFs only form in impact settings, where a pulsatoeémely high pressure occurs (Lan-
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genhorst, 2002). PDFs are characterized by multiple sets eficiestremely narrow, parallel pla-
nar regions in mineral grains, with a thickness of individualfeatof 2-3 um and a spacing of 2-10
pm (Ferriere et al., 2009). PDFs are most commonly ideshtifigically, although transmission elec-
tron microscope and electron backscatter diffraction images azgrains with PDFs can be used
to confirm the amorphous planes of PDFs (Trepmann and Spray, 2005gafure that makes
PDFs ideal for identifying impact structures is that PDFsfalong predictable crystallographic
orientations (Ferriére et al., 2009). The orientation of PDRbealetermined optically by usage of
the universal stage, which allows grains to be analyzed threasionally in thin sections. Similar
to PDFs, PFs form ubiquitously in quartz at even lower shockymes Planar fractures are parallel
sets of multiple planar cracks or cleavages in the quartz trati develop at the lowest shock pres-

sures and are roughly 5-10 um wide and are spaced at 15-20 ptrarfCetial., 1991).

1.3.3 Shatter Cones

The only macroscopic (hand-sample scale) features formed bytgnpatare unigue to
impacts are shatter cones (Gash, 1971). Shatter cones a@, @inated fractures that typically
form partial to complete cones and are generally found in rocks bledogrdter floor. Shatter cones
are typically penetrative, such that breaking or eroding awitbkshatter cones at the surface will
reveal similar internal features (Ferriére and OsinskiD20 Shatter cones can develop in most
rocks, but are best developed in fine-grained materials, sulichestone or quartzite. These fea-
tures form very early in the impact process, as they cantsoesebe found as clasts in crater-filling

breccias. Shatter cones are unique to impacts, althoughrgimitassion cones can be formed at
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lower pressures during explosions, such as when blasting rockamaad (e.g., Oh and Shin,
2005). Sedimentary features, such as cone-in-cone strucredsund in specific desert environ-
ments and bear a superficial similarity to shatter cdngsjo not have the same penetrative quality
of shatter cones. Slickensides can form tectonically, bubtibave the same curved nature as shat-
ter cones. Shatter cones tend to be widely distributed arountpacticrater due to their formation

at relatively low pressure (e.g., 5 GPa; Sagy et al., 2002)

Figure 1-9: Large shatter cone from the Sudbury impact crater located just et tdwn of Sud-

bury, Ontario, Canada with hammer for scale. Photo by author.
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1.3.4 Geochemical indicator s of impact

When neither shocked minerals nor shatter cones can be found, tieliahlg method of
confirming an impact origin to a structure is through geochemidatators. Platinum group ele-
ments (PGEs; Ru, Rh, Pd, Os, Ir, and Pt) are usedtlmsiors of impact based on the relatively high
abundance of elements such as Ir and Ru in chondrites and near absernteelements on the
surface of Earth (e.g., Koeberl 1998; Koeberl et al. 2012pnlppact, the impactor is typically
completely destroyed, with most of the impactor being vaporizddie remainder being mixed
with rocks from the target. By measuring the PGE abundandks melt rocks of the crater, a me-
teoritic signature can often be ascertained. This signaturessaommonly very small (i.e., < 1%),
but because of the high abundances of the PGEs in meteoritessutisng mixture (e.g., melt
rocks), and thus the PGE ratios, are dominated by the extsiteal signal. The ratios of PGEs and
siderophile elements can be used to constrain the type of gejeatning impact craters, because
different classes of meteorites have different elementiakrée.g., Palme et al., 1982).Any such
analysis, though, must also include determination of the PGE confehtstarget rocks, as some
terrestrial rocks, such as komatiites, may have high abuesl@afi®GEs that would confound this
analysis (Fiorintini et al., 2011).

The same technique is especially powerful for studying ejegadits, which have usually
undergone less of the reworking processes that happen withdratbe itself, such as a differentiat-
ing melt sheet or hydrothermal activity. By examining the P@HELe clays that mark the K-Pg
layer, Alvarez et al. (1980) and Smit and Klaver (1981) wile @ identify a spike in PGE abun-

dances that indicated an impact origin, and provided the first tiledievidence that the end-
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Cretaceous extinction was caused by asteroid impact. Siiities have been carried out for
anomalous spherule deposits found in the Australia and South Afrigglhean and Proterozoic
layers (e.g., Lowe and Byerly, 2003). The layers almostrrieaxe shocked quartz associated with
them. Investigations of PGEs have provided evidence that the splagmrieare impact related
(Simonson and Glass, 2004).

The isotopic ratios of Cr have been used effectively to constraprdfectile type (Shuko-
lyukov and Lugmair, 1998; Koeberl et al., 2007b). Achondritemarenriched in siderophile ele-
ments, but they can have a significantly differd8r abundance, which changes the rati&’6f to
®2Cr, and can thus be used to discriminate between projectile. tyfffeés powerful technique has
successfully been used to determine the impactor type of numeemnasririan ejecta layers (e.g.,

Koeberl, 2007; Simonson and Glass, 2004).
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2.0METHODS

Many methods were employed in the analysis of rocks for thik.whine samples were col-
lected from drill cores and outcrops for analysis by various gaaw and qualitative methods.
Approximately 100 thin sections were studied as part of this worptigal microscopy, scanning
electron microscope analysis, and electron microprobe analydiitiohally, powders of the sam-
ples were used to measure the bulk chemical composition of tidesany X-ray fluorescence, in-

strumental neutron activation analysis, and inductively coupledthplasass spectrometry.

2.1. Samples

Samples for these projects were selected from two diségions. The samples for the Ka-
relian spherule project were selected from ICDP FAR-DERPcdres, with samples taken from
cores 12A and 13A. In core 12A, samples were taken from 4.074t@% m. In core 13A, samples
were taken from 26.51 to 27.40 m, from 66.83 to 67.38 m, and from fldEpth. Quarter-core

samples were taken, with a diameter of approximately 2 cm.

s o o
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Figure 2-1: FAR-DEEP 12A core box with sample locations marked by red tickiee FAR-

DEEP project was drilled near Lake Onega in Karelia, Russia.

Samples for the Sudbury ejecta project were obtained durieflaséason in August, 2010.
The field excursion involved visiting a large number of sites¢hatain ejecta from the Sudbury
impact event, and samples from these sites were returnedUnithersity of Vienna. Three sites
were selected, based on their preservation and distancehfedButlbury structure. The sites are the
Connors Creek site, the Pine River site, and the Colerame®he Connors Creek site (GPS) was
visited in the field and samples were collected directlynfoutcrops. The Pine River site (GPS)
was sampled by a single exploratory diamond drill core that wasessd in 2004 by Falconbridge
Limited. The core was obtained by Bill Addison, who subsequently soédf-@ore split to the Uni-
versity of Vienna. Samples from the Coleraine site werairmdd from four closely spaced drill
cores that are housed by the Minnesota Department of NatwaliRes core repository (MDNR) in
Minnesota (USA). The MDNR facility was visited as a mdrthe field season, and cores DL
20009, DL 20018, DL 20021, and DL 20030 were sampled based on recoveryliil itwres.

Sample locations for the sites are as follows: The two Cori@sk sites are located at N
46° 37’ 46.33", W 87° 50’ 50.84” and N 46° 37’ 48.50”, W 87° 50’ 50.36”. Time River drill core
was drilled at N 48° 03’ 24", W 89° 30’ 48”. At Coleraine, thare four drill cores: DL 20009 lo-
cated at 47° 18 59.68”" N, 93° 20’ 09.68” W; DL 20018 located at 47° 19’ 06.1@3N20’ 46.17"
W; DL 20021 located at 47° 19’ 17.13" N, 93° 20’ 12.37” W; and DL 20030 Idcate47® 18’
49.70" N, 93° 21’ 25.47" W. The Pine River core was sampled fraepth of 695.86 m to 691.4

m. Core DL 20009 was sampled from 116.9 m to 117.5 m depth; DL 20Gil8awegpled from 70.6
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m to 70.7 m depth; DL 20021 was sampled from 66.3 m to 66.4 m deptBDORO was sampled

from 114.2 m to 114.8 m depth.

2.2. Analytical Methods

A wide variety of analytical methods were used for the studawiples in this study. For
these analyses, powders of material or thin sections weuéred prior to the analysis taking place.
Bulk powders were prepared by first crushing samples in a aejamicrusher, then reducing the
sample fragments to powders in an agate mill. Specific pewgarticularly for analysis of accre-
tionarylapilli and impact spherules, were drilled from a&fasterest using a Nouvag NM 300 den-

tal drill with a silicon carbide head. Thin sections wesslmat the University of Vienna.

2.2.1 Optical microscopy

Thin sections from each project were examined by transnfigtetdoptical microscopy. The
universal stage (U-stage) was used for analysis of shockea guairis; however, due to the low
number of such grains, the U-stage was not used often. Tteg&l{see Reinhard, 1931; Emmons,
1943; or Férriere et al., 2009 for details on usage) allowsafopkes to be studied by rotating thin
sections to any desired inclination under the microscope. Becausedgioanation features (PDFs
and PFs) are planes within quartz grains along particulamipgtaphic axes, the determination of
the particular orientation of the shock planes is a frequently askditjue to differentiate shock

features from other features in quartz grains. For thimiguae, the orientation of the c-axis and
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each of the shock planes in the grain must be measured. atinerahgle between the c-axis and
PDF sets, combined with the angle between the various PDin sie¢sgrain, can be used to approx-
imate which crystallographic axis the PDF sets occupy (Hutar, 2011; Chapter 5. Once the
orientations are measured, the data can be indexed to the ogysiatiic axis using either a Wulff

stereonet (Ferriere et al., 2009) or a mathematical digofitiuber et al., 2011).

2.2.2 Scanning electron microscope and electron microprobe

The routine technique of scanning electron microscopy (SEM) allaysrhagnification
images to be acquired, as either secondary electron (REarkscattered electron (BSE) images.
The SEM functions by firing electrons from an electron gun, whiehten focused in the electron
column. The electrons then bombard a sample in the specimen chantbthen the resultant X-
rays are captured in an X-ray analyzer. The mode of the &FEdimines which X-rays are used to
form an image. The X-ray analyzer can be used to perfamircpgantitative chemical analysis of
samples. The SEM can be used to achieve magnification byt 50,000 times. Further informa-
tion can be found in Potts (1987), Gill (1997), Watt (1997), and Gofdsteil. (2003).

The electron source is most commonly tungsten, which can entibeleat energy most of-
ten from 5-30 keV. The electrons emitted from the anode aredddwy condenser lenses, which
then pass through deflection coils. The electron beam then pasaeghtthe objective lens, which
focuses the electrons into the sample. Once the electrorecintéth the sample, they interact with
a teardrop-shaped area of the sample, known as the intenagltiome. The size of the interaction
volume depends on the energy of the beam, the density of the samipilee @tomic number of the
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elements in the sample. Electrons will reflect from theda by elastic and inelastic scattering, and
some electrons are absorbed by the sample, producing variousofaiadgation; for this study, the
most significant are secondary electrons and backscatteréwetec

Secondary electrons are emitted from the K-orbitals of atonrgelgstic scattering of inci-
dent electrons. These are low-energy electrons (< 50 eVarihgenerated near the sample’s sur-
face, making them ideal for imaging the surface of a sainpdetail.

Backscattered electrons are high-energy electrons fromebieal beam that are reflected
from the interaction volume by inelastic scattering. Becaigdedtomic number atoms more effi-
ciently reflect electrons, BSE images can be used to &stithe composition of samples. In such
images, brighter regions correspond to higher mean atomic numbeaeker areas correspond to
relatively low atomic number.

The sample will also emit X-rays with specific wavelédnghd energy depending on the
element that emitted the X-ray. Such radiation can be mebkyr@n X-ray analyzer to estimate the
chemical composition of a sample. The X-ray analyzers areaooshonly either energy disper-
sive X-ray spectrometers (EDS) or wavelength dispersiverspeeters (WDS). The EDS uses a
solid state semiconductor to measure X-ray energies.used effectively for qualitative analysis
because it can analyze a large number of elements simultaneadtigbugh it is less sensitive than
WDS and is thus less capable of quantitative analysis. The W8ESBragg diffraction to discrimi-
nate the X-ray wavelengths, such that only the desired X-aaglangths reach the detector. This
results in much higher accuracy of measurement than EDS, ditboliga single element may be
analyzed by the detector during any measurement. The WDSasrpdefor quantitative analysis

for this reason.
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To be electrically conductive, samples must be coated witim datyer of a conductive ma-
terial, most commonly carbon for geological materials. Risrdtudy, samples were carbon coated
and then studied using a JEOL JSM 6400 SEM at the Natural HMtagum of Vienna and a
JEOL JXA 8500A electron microprobe at the Natural History MuseuBedfn. Each of these ma-
chines is equipped with an EDS. Samples were measured pyimaBiSE mode to differentiate
various mineral phases. Qualitative chemical measuremenésused to estimate the compositions
of various phases and to prepare targets for quantitative mnalyjse operating conditions were 15
keVvoltage and 1.2 nA beam current. The interaction volume waexap@tely 2 pm diameter.

The relative error of EDS is <5 % with a theoretical digd@ limit of about 0.1 wt. %, WDS has a
relative error of <1 % for major elements, and has a thealekitection limit of 0.01 wt. %

(Goldstein et al., 2003).
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Figure2-2. Schematic diagram of a typical scanning electron microscope. Aftds8m et al.

(2003).

2.2.3 X-ray fluorescence

X-ray fluorescence (XRF) spectrometry is a commonly usetoddor bulk chemical analy-
sis of geological samples. The technique is highly accaratgrecise, and requires only small

amounts of sample. The XRF system can be used to deternvide sange of elements. The XRF
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generates X-rays from an X-ray tube (the primary radiatiorcedua sample holder, a primary col-
limator (to orient photons), an analyzing crystal, a secondarynattlr, and a detector. The sample
is irradiated with high-energy X-rays from the X-ray tulvjch liberate electrons from the lowest
energy orbitals of atoms. Electrons from the outer orbitatsfihehe newly opened space, which
simultaneously releases secondary X-rays (fluorescenceh ément produces a unique fluores-
cent X-ray signature that is determined by the differdratereen the two binding energies of the
corresponding shells. The fluorescent X-rays are collimatedextrally divided with an analyz-
ing crystal to form a spectrum; these diffracted X-raysageen collimated so that a parallel beam of
X-rays arrives at the detector. This process can be custidry adjusting the position of the sec-
ondary collimator, the analyzing crystal, and the detectothat only X-rays of the desired element
will arrive at the detector. The intensities of the X-ragrbving at the detector are quantified by
comparing them with reference standards. For details dhsfectrometry, see Potts (1987) and
Gill (1997).

For this study, XRF analysis was performed at the Universit§ieafna for determining ma-
jor element oxides (SIDTIO,, Al,Os, F&O3, MnO, MgO, Ca0, N4, K;0, and ROs) and trace
element abundances (V, Cr, Co, Ni, Cu, Zn, Rb, Sr, Y, Br,add Ba). For major elements, powd-
ers were made into fused glass beads by combining them withrlitmetaborate. The trace ele-
ments were measured on pressed powder discs. The sampleseasteed using a Philips PW

1400 XRF spectrometer.
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Figure 2-3. Emission of X-rays from the lower electron shell of an atonghwikithe fundamental
principle of X-ray fluorescence. X-rays are fired towards aenwhere they cause an electron
from the lower shell of an atom. The newly vacant electrothéifrk-shell) is then replaced by an
electron that had been occupying a higher energy state (i.e., thdll.-gkethe electron moves to a
lower energy state, X-rays are emitted from the atom. TiagyKemitted are unique to each atom.

Image from http://www.amptek.com/xrf.html.

2.2.4 Inductively coupled plasma mass spectrometry

Mass spectroscopy is a method by which a large number of elecaenite measured with a

high degree of accuracy. For studies in this volume, the methodsea to determine the precise
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concentrations of platinum group elements (PGEs; Ir, RudPRP, and Au) in samples that were
concentrated using the nickel sulphide fire assay concentration pre¢aedudescribed in Huber et
al., 2001). The inductively coupled plasma mass spectromehmyitpie (ICP-MS) functions by
first ionizing a sample and then using a mass spectrometerntfgule ions. Inductively coupled
plasma is formed by transforming a sample to plasma bypfiegaring liquid solutions, then intro-
ducing the solutions to inductive heat sources to form plastha.iohized gas is then introduced to
a mass spectrometer,

Within the mass spectrometer (Fig. 2-4), the gas idexated by a high voltage field in a
vacuum. The isotopes move past a magnetic source thatisi@fles based on their mass to charge
ratio, which is distinct for most isotopes (although isobars, isetaftle the same mass number,
cannot be separated by this technique, and extra controls must be iatrpdoc to introduction to
the mass spectrometer to distinguish between them). The nowategjgans eventually arrive at a
detector, which consists of either a Faraday cup or an electritipliar detector. The detector can
function by measuring either the charge or the current induced by thatridirsy the collector. A

fully detailed description of the process can be found in Potts (1887j1997) or de Groot (2004).

Accelerating
egion

lon Source

Detector
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Figure 2-4. Schematic diagram of a mass spectrometer. After

http://lwww.succeedingwithscience.com/labmouse/chemistry _as/1001.php

For measurement of PGEs, samples were prepared usingkbksuilfide fire assay precon-
centration and tellurium coprecipitation procedure. Fifteen gramewdflered samples were mixed
with a flux, then melted in a furnace to generate a concethtnad¢al sulfide bead. After cooling,
the bead was powdered and added to a solution of aquamura to prep@re-Kkég lanalysis. Full

details can be found in McDonald and Viljoen (2006).

2.2.5 Instrumental neutron activation analysis

Instrumental neutron activation analysis (INAA) allows forcggse determination of up to 40
elements without chemical treatment. For INAA, small am®ohpowder are necessary (usually
75-150 ug). Samples are irradiated by neutrons in a nucletomeshereby a stable isotope under-
goes a neutron capture reaction to generate a short-lived ragédaotope that will then undergo
decay (mostly beta decay), releasing an X-ray or gammalsatopes can be identified from the
emitted gamma rays, which are unique to each isotope. Duerdgtay process, the spectrum
changes over time due to the half-life of the isotopedjatovarious nuclides are producing the
highest intensity gamma rays at different times. Therefoudtjple measurement cycles are per-
formed to maximize the accuracy and breadth of the technique. M#hereasurements are com-
pleted, the data is quantified by comparison of the measured sampdésrence materials. For

more detailed information on the technique as performed at theriditywof Vienna, see Mader and
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Koeberl (2009), and for more information on the INAA method, seedBhrand Vance (1991),
Koeberl (1993), Koeberl (1995), and Gill (1997).

To prepare the samples for analysis, 90-150 mg of each spowptker and approximately 90
mg of powder from standards were used. Three standards were heediCIE granite (Centre de
Recherche Petrographique et Geochimique, Nancy, France; Govind#£%4}); the Allende carbo-
naceous chondrite (ALL; Smithsonian Institute, Washington D.C., U8/Asewich et al., 1987);
and Devonian Ohio Shale (SDO1; United States Geological Suresyndaraju, 1989). Powders
were weighed, then sealed into water-tight polyethylene capsBbesples were then irradiated,
then allowed to cool for a period of 4 days. After this period,rgamay flux was measured at the
University of Vienna, Department of Lithospheric Research. Rimlr-purity germanium detectors
with efficiencies between 12 and 45% and energy resolutions betweég and 1.85 keV were used
for the measurements, which were performed at three sefiamaseto account for the different half-
lives of nuclides. The initial measurement took place four dags iafadiation, with a counting
time of one hour for each sample; the second measurement begays Hitelairradiation, with a
counting time of 3 hours; and finally, the third counting period bege month after irradiation and
each sample was counted for 12-24 hours. In all cases, additioaavas given for samples with
lower activity to provide better accuracy. The once all omegsents are completed, data is
processed by the automated software PNAA v1.1, and then thes ifstile analysis were compared

to XRF analysis where overlap for both elements existed.
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Abstract

Spherule beds of possible impact origin have been discovered dritwamres in the Paleoprotero-
zoic Zaonega Formation, Karelia, NW Russia. Platinum groupegiecontents of the spherule
beds indicate mixing of target rocks with a small meteoctimponent. The age of the Zaonega
Formation is constrained between 1.980+0.027 Ga and 2.050+0.02hiGh brackets the age of
the 2020 Ma Vredefort impact structure in South Africa, and stggleat the spherule beds could

represent ejecta from that event. If the link is confirntiee size of the spherules and thickness of
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the beds necessitating that the distance from the impabesit2500 km, thereby constraining the
paleogeographic distance between the Fennoscandian Shieldapmegldl Craton during the late
Paleoproterozoic, and providing evidence that the Vredefort ingpaat was caused by an impactor

of chondritic composition.

3.1 Introduction

The terrestrial impact cratering record includes impaattires and ejecta layers (Glass and
Simonson, 2012). The oldest confirmed terrestrial impact csathei2.02 Ga old, originally ca.
300-km-diameter Vredefort structure (Kamo et al., 1996; Gibsah,e1997). Early Archean im-
pact ejecta were found in supracrustal sequences on the Kaapgdilbara cratons (Lowe et al.,
1989, Simonson and Glass, 2004).

The only possible occurrence of Vredefort ejecta that has beeribaekis the Graenesco
spherule layer in Greenland (Chadwick et al., 2001), but theagsraint on that layer is poor
(2.130-1.848 Ga), the spherules were reported from a singfgessand no unambiguous evidence
of impact origin was found. Herein we present petrographic anchgenical data on sedimentary
rocks of the Paleoproterozoic Zaonega Formation that host possible iejgzeta of the Vredefort

impact event.

3.2 Geological Setting

The Fennoscandian Shield contains well-preserved Paleoproteroz@icrsstal successions
in Karelia, Russia. One such succession, the Zaonega Formatien@fieéga Paleobasin, is
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represented by basaltic lavas and organic-matter rich Eibtic and carbonate sedimentary rocks
deposited in a deep marine basin mainly from turbidity curr€ntse(et al., 2013a, b). The mini-
mum age of ca. 1.98 £ 0.02 Ga is constrained by Sm-Nd and RbdPoons on a mafic-ultramafic
sill overlying the Zaonega Formation (Puchtel et al., 1998) anghper age constraint of ca. 2.05
+ 0.02 Ga was obtained on the basis of Re-Os isochron on orgatec fraan the uppermost part of
the Zaonega Formation (Hannah et al., 2008). Rocks of the Zaonenatieorhave been affected
by contact metamorphism, hydrothermal fluid alteration, and petraheigimation, triggered initially
by emplacement and heating effects of basalts and co-magmzatiogalls during deposition and
subsequently by regional metamorphism up to greenschist facieg thei 1980-1790 Ma Sveco-
fennian Orogeny (e.g., Volodichev, 1987; Strauss et al., 2013).

In 2007, the Fennoscandia Arctic Russia-Drilling Early Eartijéet (FAR-DEEP) was in-
itiated within the International Continental Drilling Program[I2). Within FAR-DEEP, 15 holes
intersecting Paleoproterozoic rocks were drilled in Rudsam®lia region and Kola Peninsula. Two
of the Karelian cores, core 12A (N 62° 29’ 41", W 35° 17’ 20") and t8re(N 62° 35’ 21", W 34°
55’ 38"), drilled at the northern shore of the Lake Onega integdethe upper part of the Zaonega

Formation, and included intervals that were found to contain sphepaditicles.
3.3 Description of Drill Cores

Given the metamorphic alteration of rocks, lithologies gpented herein as meta-
lithologies. The lower part of core 12A contains basalts (ssible diabase intrusion) overlain by

a 20-m-thick interval of massive organic-rich rocks and beddetstones and sandy limestones.

The base of interbedded dolostones and cherts at 9 m marks a mia@cFange((rne et al.,
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2013a). Core 13A, drilled 20 km northwest of core 12A (Fig. 1), contmamparable lithologies and
the same major facies change as observed in core 12A: in 13Adhaddstones are overlain by
dolostones and cherts at a depth of 76.€mé et al., 2013b). Within core 13A, however, the lower
part of dolostones and cherts (49-76.6 m) has been brecciated bytyyerbieining resulting in
monomict breccias composed of either dolostone or chert chabts pyrobitumen matrixfne et

al., 2013b). The upper interval of dolostones and cherts (26-49atspifractured, but contains
fewer breccias than the lower intervélie et al., 2013b). The major facies change represented by
the first dolostones and cherts can be used for correlating the boati8a8ym in core 12A with the
same boundary at 76.6 m in core 184r(e et al., 2013b). The correlation between the cores is sus-
tained by similar organic matt&t°C trends (Supplementary materials Fig. Al). In core 12A¢-sph
rules were found between 4.03 and 4.28 m. In core 13A, thareupper interval with spherules
from 26.51 to 27.69 m and a lower interval from 66.83 to 67.33 m,axsthall number of individu-

al spherules found in a few cm-sized dolostone clasts withincaiarat 71.10 m. The spherules in

all intervals are petrographically remarkably similar tcheaiber.
3.4 M ethodology

Twelve bulk samples were studied by X-Ray fluorescencamples with spherules were
examined by electron microprobe and scanning electron microscopts &tk samples were ana-
lyzed for platinum group elements (See supplemental informatiafefails), including samples

from the spherule-rich intervals beds, magmatic rocks in the andethe Vredefort granophyre.
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3.5 Petrography

Most spherules are perfectly round, but approximately 5% have dilrabbeardrop shapes
(Fig. 2A). Spherules span the size range from 200-1500 pm, witheaage size of 800 um. The
spherules are observed to have a distinct outer zone andriatar® (Fig. 2B) that are both textural-
ly and geochemically distinct. Typically, the outer zone makespppoximately 20-30% of the
radius of each individual spherule. In both spherule-rich intertredsspherules have been signifi-
cantly altered to phyllosilicates (usually varieties of bétiCalcite replacement, sometimes com-
plete, is recognizable in most spherules (Fig. 2C). Although spbstrules have a simple inner and
outer zone, some of the spherules show complex internal structftegsincluding internal parti-
tions with the same mineralogical characteristics as the poie (Fig. 2D).

The outer zone most commonly consists of closely spaced mididtngs(<5 pm) phyllosi-
licates, noticeably smaller than in the inner zone. In stases, the textures show inward-radiating
crystals (Fig. 2B). Most commonly, the border between the zerdemarcated by an irregular bo-
tryoidal line. The distinction between the two zones indicdeis distinct genetic history. In addi-
tion to phyllosilicates and calcite, the outer zone of mostrgpggealso contains 50-100-pm-sized
crystals of rutile and anatase and rare 10-pum-sized moraziteirconalite crystals.

The inner zone contains larger elongate phyllosilicate crysttissandom orientations.
These phyllosilicates are more loosely packed in comparison tohhawiter zone, often with bitu-

minous material filling the pore spaces. This is observedibathses where the phyllosilicates are
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preserved and in cases where calcite alteration has compégiklged the spherules. Accessory
minerals are not observed in the inner zones.

Spherules often have an outer rim of pyrite. In some casde pgas overgrown the minerals
within the spherules. Some of the pyrite is Ni-rich, and scengdgrffite (AsNiS) is observed inter-
fingering with the pyrite rims. Additionally, some spherulegehiin (<20 um) apatite rims, but no

phosphates are observed within spherules.

3.6 Geochemistry

The bulk composition of the spherule-rich intervals dominantlyaesfldhe carbonate matrix,
with approximately 28-29 wt. % CaO, 14.4-17.2 wt. % MgO, WwiL1% SiG, 2.4-3.5 wt. % FOs,
2.8-3.8 wt.% AJO3, and 1.0-1.8 wt. % ¥O. The spherule-rich intervals have elevated Ni (190-230
ppm) and Cr (75-110 ppm) concentrations relative to portions of teettatrcontain no spherules
(typically 35-90 ppm and 40-60 ppm for volcanic rocks in the Zaonegadtion, respectively).
Although the compositions are similar, the outer zone of spherul@s te be relatively enriched in
Al, K, and Si relative to the inner zone, and the inner zone teruks relatively enriched in Mg and
Fe. The outer zone contains an average of 50 wt. % $iQwt. % MgO, 23 wt. % ADs, 0.9 wt. %
FeO, and 9.1 wt. % O. The inner zone contains an average of 48 wt. %, S®©wt.% MgO, 20
wt. % AlLO3, 1.2 wt. % FeO, and 8.5 wt. %® (Supplemental materials Table Al).

The concentrations of Al, Mg, and Si were mapped (Supplementafiadat-ig. A2), show-

ing the locations of dolomite, calcite, and two compositionalyirit phyllosilicates (Si-rich and
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Si-poor). The inner and outer zones are easily distinguished on tkebtsir petrographical and

geochemical characteristics.

3.7 Platinum Group Elements

To test the hypothesis that the spherules are impact genextitedthan volcanic-related,
platinum group element (PGE) concentrations were measured jthesaitom the spherule-rich in-
tervals. The contents of siderophile elements, including the RE&&Emuch higher in most mete-
orites compared to contents in the upper terrestrial crust Rudnick and Gao, 2003); such
enrichments have been used for identifying meteoritic componeimgpact melt rocks, breccias,
and ejecta (see, e.g., Koeberl et al., 2012). The iridbmentration in the lower spherule-rich
intervals was found to be elevated up to 0.75 ppb above a backgrodu®d @ipb found in the
magmatic rocks of the core (Table 1; Fig. 3). The upper atéas a much more modest enrich-
ment of 0.14 ppb Ir. The Ru/Ir ratio in spherule-rich indéswvas found to have an average value of
2.0, compared to an average background value of 4.7 (where thea#a/of Cl chondrites is ap-
proximately 1.5 and the upper crust is 10 (Rudnick and Gau, 2003)) (Sup@ématerials Fig.
A3). The Ru/lr ratio of the magmatic rocks is dissimitathe spherule-rich samples (Fig. 3). The
abundances of Rh, Pt, Pd, and Au in the spherules are sinmtterstof the magmatic samples, but
the higher abundances of Ir and Ru in the spherule-rich inteasllf in significantly different ele-
mental ratios (Supplemental materials Fig. A4). Iridium andriRboth the upper and lower sphe-
rule-rich intervals are strongly correlated, but in the matgnsamples, which have very low abun-
dances of both elements, there is not a correlation betivesa two elements. The ratios of Ir to Pt
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and Pd in the spherule-rich samples do not correspond to those ingimaticssamples (Fig. 3).
The absolute concentrations of the PGEs are low, but the o&tios elements are consistent with a
small contribution from a chondritic source.

The samples of Vredefort granophyre have PGE abundances compathblsgherule-
bearing samples. The Ir abundances are 0.11 and 0.20 ppb, aatibthef the PGEs are largely

similar to the ratios observed in the spherule-rich samples @upptary materials Fig. A4).

3.8 Discussion

The typical indicators of meteorite impact structures ort&jare the presence of shocked
minerals or a meteoritic component, which can be verified by teléabundances of siderophile
elements, especially the PGEs, or by the isotopic compositidbsarid Os (e.g., Simonson and
Glass, 2004, French and Koeberl, 2010, Koeberl et al., 1996, 26 BXpdambrian spherule layers,
shocked minerals are almost completely absent and identificatioa heavily on PGE abundance
and Cr or Os isotope data (e.g., Simonson et al., 2009, Ketladr 2012).

The textures of the Karelian spherules are similar to thoseasin impact spherules (Glass
and Simonson, 2012). The teardrop and dumbbell shapes are typical dfopkdts, with distinct
inner and outer zones, which have been observed in a number of éppaaile layers (Walkden et
al., 2002; Simonson and Glass, 2004), but similar morphologies amvetge the products of vol-
canic fire-fountaining events (Rutherford and Papale, 2009). Emplatefigasalts and co-
magmatic gabbro sills, coeval with sedimentation, is charatitedf the Zaonega Formation in the
region where cores 12A and 13A were drilled (Galdobina, 1987; Qu 20&R; Crne et al.,
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2013a,b). However, the PGE ratios of the magmatic samplagyaiticantly different from those of
the spherule-rich intervals (Fig. 2), and, therefore, a vaicamirce is considered highly unlikely for
these melt droplets. Moreover, the Ru/Ir ratios of the voloantiks are in the terrestrial range, aver-
aging about 5, and are clearly distinct from the much lowdr Ratios of about 2 found in all inter-
vals containing spherules.

Correlative spherule-rich intervals in cores 12A and 13A sheaivthe spherules were distri-
buted over an area extending at least 20 km, which is expectedofactigjecta from a large impact
and not typical of the distribution of fire fountaining, which is cargdiin areas less than a few
square km (Rutherford and Papale, 2009).

In addition to the solitary clast at 71.10 m depth containingvesfinerules within pyrobitu-
men breccia, there are two intervals with abundant spheruleseii88r Both intervals of spherules
have similar textures, compositions, spherule sizes, and acgesiserals and appear to have im-
pact related origin. While it cannot be excluded that two largadtevents are recorded in the drill
core, this is considered statistically unlikely. Althoughtihee interval represented by the 40 m
stratigraphic difference is uncertain, the recurrence iatef\/redefort-sized impact events is ap-
proximately 0.15Ga (French, 1998), which is much longer than the tpresented by deposition of
the entire Zaonega Formation (a smaller impact would not be eapiaptoducing such deposits, as
it would generate smaller melt droplets, a thinner deposigrdam many other components at
nearer distances to the impact; e.g., Johnson and Melosh, 2012).

The two layers of phyllosilicates found in the spherules are takepresent originally hol-
low melt spherules based on the chemical and textural distirigtareen the two layers. The outer

layer is chemically distinct and houses the accessory mirikedlare found in the spherules. The
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density of phyllosilicates is much greater in the outer lajollowness is a typical feature of distal
impact spherules (Walkden et al., 2002), and inner edge of hgiloerdes is commonly botryoidal
(cf., Bohor et al., 1987).

PGE abundances in Chicxulub impact ejecta are most elevateglfing-grained material
that settled above the impact layer after condensing from thetipipace (Claeys et al., 2002); this
layer is also the most susceptible to erosion and does not fornitdeymasly as thick as ballistically
emplaced ejecta. However, in Precambrian spherule lay8Es Bre significantly enriched in bal-
listically emplaced beds (e.g., Simonson et al., 2009). Gteshf the Karelian spherules show evi-
dence of contribution from a chondritic source, but do not have thepgtOD abundances ob-
served for Archean spherule layers (Kyte et al., 1992; Simonsdn 2009). Similar modest
enrichment of PGEs (i.e., <1.5 ppb Ir) is observed in efeata the similar-scale Sudbury impact
event (Pufahl et al., 2007). The ratios of PGEs are not suffigiwell constrained to distinguish a
particular chondritic group, which is unsurprising given the low abs®@E abundances.

The size of spherules based on the diameter of the impactingsb@bhinson and Melosh,
2012):

Dm ~ 0.9 (Rmp/Ve)** (1)
where 0, is the diameter of the spherulg,Rs the radius of the impactor, and, ¥ the velocity of
the ejecta leaving the impact crater. For velocities at&jikely to result from a hypervelocity
impact (i.e., 2-5 km/s; Johnson and Melosh, 2012) and usingeaage diameter of spherules of 850
pm, an 8-16 km impactor diameter can be suggested. Whileistsgamificant uncertainty in the
calculation, the clear implication is that impact spherulghetiiameter found in Karelia must re-

sult from a large impact. Additionally, the total thickeed the spherule-rich intervals (excluding
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the matrix) is ca. 10 cm. A bed of this approximate thickgesgrated from a 20-km-diameter im-
pactor should be <2500 km from the site of the impact (Artendaaedaviorgan, 2011).

The Vredefort granophyre has similar Ru and Ir abundances andtoati@sspherule-rich
intervals (Fig. 3). The other elemental ratios (Fig. 3) fournithé granophyre do not exclude a link
between the spherules and melts in the Vredefort crater. Howeis unclear how directly these
two melts can be compared, as the granophyre likely formed weWliké surface of the Vredefort
structure (Koeberl et al., 1996), while impact spherules shoutd ffem the upper portions of the
transient crater. Koeberl et al. (1996) found that the gramepiontained an extraterrestrial com-
ponent equivalent to about 0.2% chondrite. The granophyre may cowglhte the spherules be-
cause of a similar amount of chondritic contribution, although theegs by which enrichment took
place is vastly different.

The age of the spherule beds in the Karelian drill coresristained between 1.980+0.027
Ga and 2.050+0.020 Ga, which brackets the 2.020+0.001 Ga Vredgbaxtisvent. The Karelian
spherules thus represent either ejecta from Vredefort ovepsty unknown large-scale impact
event occurring at about the same time. If one or both of Westigated spherule-rich intervals is,
in fact, ejecta from the Vredefort impact event, then thtadce between the paleogeographic loca-
tions of the Fennoscandian Shield at Lake Onega and the Ka&atah at the site of the Vrede-
fort structure is constrained to <2500 km during the late Palewpmatic. This agrees with the in-
terpretation of Koeberl et al. (1996) that the Vredefort impaacture was formed by a chondritic

impactor.
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Figure 1. Simplified geological and geographical map of the Lake Onega region in timo$ean-

dian Shield (modified after Koistinen et al. 2001) showing locatiottseadrill cores 12A and 13A.
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Figure 2. Images of spherules from core 13A. A) BSE-SEM image of spheante2#10 m. A
large teardrop-shaped spherule is present in the center of the imade dumbbell shaped sphe-
rule is partially visible in the upper left corner. Moghrules are circular in cross-section. B)
Photomicrograph (plane polarized light - PPL) of a spherule from 27.0anlg showing the inner
and outer zones of the spherule. The outer zone has fibrous crygiblegipite-biotite with an
outward radial pattern. Calcite has partially replaced the uppghtrportion of the outer zone. C)
Photomicrograph (PPL) of a spherule from 67.21 m. The spherule is ethypleplaced by calcite,
but the two zones within the spherule are still clearly \asiliD) Photomicrograph (PPL) of a sphe-

rule from 26.90 m showing distinct chambers within the spherule.
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Figure 3. PGE abundances of measured samples. Filled circles represent ntkaphegule-
bearing samples, open circles represent magmatic samples, andegtegsant Vredefort grano-
phyre. The linear regression of the spherule-bearing samples ispknttl the slope of the line (m
= slope of linear regression) is indicated. The ratios of P@B&e spherules are clearly distinct
from the magmatic samples for all examples. Note that Rufinéospherules is quite similar to the

Vredefort granophyre.
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TABLE 1. RESULTS OF PLATINUM GROUP ELEMENT ANALYSES IN FAR-DEEP CORE

Depth Lithology Ir Ru Rh Pt Pd Au
(m) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
12A
4.03 Spherule-bearing dolostone 0.07 0.2 0.48 2.6 4.31 3.88

67.46 Diabase/Basalt 0.05 0.36 0.36 3.59 3.45 2.29

83.75 Diabase/Basalt 0.04 0.16 0.52 4.5 10.6 9.47
13A

26.92 Spherule-bearing dolostone 0.11 0.16 1.11 3.67 8.36 1.36
27 Spherule-bearing dolostone 0.05 0.13 0.16 0.53 3.22 1.87
27 Spherule-bearing dolostone 0.06 0.13 0.21 0.57 3.55 21

27.28 Spherule-bearing dolostone 0.09 0.16 0.78 112 6.77 4.17

27.36 Spherule-bearing dolostone 0.14 0.44 1.25 2.33 7.08 7.76

67.12 Spherule-bearing dolostone 0.75 1.52 1.88 4.23 6.24 1.87

67.12 Spherule-bearing dolostone 0.27 0.65 0.89 1.92 5.13 1.62

94.17 Basalt 0.05 0.19 0.05 0.65 0.44 12

109.06 Peperite 0.04 0.11 0.06 1.47 0.62 1.39

122.18 Diabase 0.04 0.14 0.07 0.92 0.72 0.96

203.64 Diabase/Basalt 0.06 0.28 0.64 10.2 25 8.61

203.64 Diabase/Basalt 0.08 0.31 0.54 9.77 221 8.96
236 Diabase/Basalt 0.04 0.44 0.83 12.7 224 4.07

BG-9 Vredefort granophyre 0.2 0.56 0.43 4.2 10.1 2.41

BG-168 Vredefort granophyre 0.11 0.44 0.38 2.8 3.5 2.3
Upper Crust 0.02 0.21 0.38 0.51 0.52 1

Note: Samples with same depth indicated are duplicate analyses of a single powder. Crustal values from Rudnick and Gau (2003).
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Figure Al. Lithostratigraphy, organic mattefC profiles, and Ir abundances for the upper parts of

200m

cores 12A and 13A and the positions of spherule-rich beds. Correlatioadrette cores is based
on lithology Crne et al., 2013a,b) and corroborated by the stratigraphic trend&*6fof organic
matter ¢-°C data within core 12A are from Kump et al., 208*C data for core 13A from Lee
Kump, accessed via the internal FAR-DEEP webftegeep.icdp-online.org)The Ir anomaly of
the upper and lower spherule-rich layers in core 13A is indicatetk that no samples were ana-

lyzed between the two spherule-rich layéithologies are meta-lithologies.
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Figure A2. A) BSE_SEM image of a spherule from core 13A at 27.0 m deptHistitict inner and
outer phyllosilicate layers; The electron density of the phyltag#s is similar, obscuring the com-
positional difference. B) EDX map of the same spherule, shailegar separation of inner and
outer zone, with the inner zone composed of the same Si-enrichledipbates found in the matrix.
This pattern is reflected in most examined spherules. The péttigtaly the result of originally
hollow spherules being later infilled by phyllosilicates. Thek@ind yellow colors on the map are
the result of overlap of Al and Si, with the pink area being relbtienriched in Si and yellow rela-
tively enriched in Al.
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Figure A3. Chondrite normalized (after McDonough and Sun, 1995) platinum group elemerit chem
stry of the spherule intervals in core 13A and the PGE concentsaitiovolcanic rocks (grey fields).
Iridium and Ru abundances are clearly elevated in the spherule-rich lelgive to both the vol-

canic deposits in the core and relative to upper crustal values.udtGrupper crust. Crustal val-

ues from Rudnick and Gau (2003).
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Figure A4. Comparison of ratios between elements in spherules and magmatiesdropi core
samples. Individual samples are not plotted; values are deterrfrioradca linear regression of all
analyses (see Figure 6), and error bars represent the 95% configdeeoeal. A) Ru/Rh vsRu/Ir for
spherules, magmatic samples, and various chondrite groups. B) P&u/igor spherules, mag-
matic samples, and chondritic groups. The spherules are clearlgaifitbom the magmatic samples
and have an apparent chondritic source of PGEs. Likely due to thebomdances of the PGEs in
these samples, the particular chondritic source cannot be identifdeth for chondrites from Tagle
and Hecht (2006).
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M ethodology

Whole-rock X-ray fluorescence analysis of major and traceezi¢s of 12 samples was car-
ried out at the Geological Survey of Norway using a PANaly#xios at 4 kW. The precision @)
is typically around 2 rel. %.

The major element composition of the phyllosilicates within spasrof six samples was de-
termined at the Museum fur Naturkunde (MfN) in Berlin using @LJEXA 8500A electron micro-
probe with a field emission cathode and five wavelength-disgesgiectrometers. Measurements
were made at 15 kV acceleration voltage and 30 nA beam cuirbatsample spot size (surface)
was approximately 1 um. Back-scattered electron images amem@ mappings were also done with
a JEOL JSM-6610LV scanning electron microscope equipped with &BAXS Quantax 800
EDX system at MfN.

Iridium, Ru, Pt, Rh, Pd, and Au abundances were measureddiff®g inductively coupled
plasma mass spectrometry after being concentrated fronpd&dgrs by NiS fire assay (see Huber
et al, 2001 and McDonald and Viljoen, 2006 for details on the methaht &mples containing
spherules were analyzed and eight samples of basalt, diabhdggepperite from other depths in the
same drill core were measured for background values (see Tabledddition, PGEs from two
samples of Vredefort granophyre were measured for comparisorsaiiifes BG-9, a spherulitic
granophyre, and BG-168, a granular granophyre, were previously usedtondiief Koeberl et al.

(1996).

References
64



Matthew S. Huber Doctoral Thesis | 2013

Crne, A.E., Melezhik, V.A., Prave, A.R., Lepland, A., Raiin, A.E., Rychanchik, D.V., Hanski,
E.J., and Lueo, Z., 2013a, Zaonega Formation: FAR-DEEP holesrt?228, and neigh-
boring quarriesin Melezhik, V.A., ed., Reading the archive of Earth’s oxygenaki@hjme
3: Heidelberg, Springer p. 946-1007.

Crne, A.E., Melezhik, V.A., Prave, A.R., Lepland, A., Raiin, A.E., Rychanchik, D.V., Hanski,
E.J., and Luo, Z., 2013b, Zaonega Formation: FAR-DEEP holeifi3velezhik, V.A., ed.,
Reading the archive of Earth’s oxygenation, Volume 3: Heidelbergdgpip. 1008-1046.

Koeberl, C., Reimold, W.U., and Shirey, S.B., 1996, A Reso®pe and geochemical study of the
Vredefort granophyre: clues to the origin of the Vredefa&tre, South Africa: Geology
v. 24 p. 913-916.

Kump, L.R., Junium, C., Arthur, M.A,, Brasier, A.T., FeKj A.E., Melezhik, V.A., Lepland, A.,
Crne, A.E., and Luo, G., 2011. Isotopic evidence for massive oxidatiorgahic matter fol-
lowing the great oxidation event: Science v. 334, p. 1694—-1696.

Huber H., Koeberl C., McDonald I., and Reimold W.U., 2001, Geoddteyrand petrology of Wit-
watersrand and Dwyka diamictites from South Africa: searchri@xtraterrestrial compo-
nent. Geochimica et Cosmochimica Acta, v.65, 2007-2016.

McDonald, I., and Viljoen, K. S., 2006, Platinum-group element geoictignof mantle eclogites: a
reconnaissance study of xenoliths from the Orapa kimberlitsywo@: Applied Earth

Sciences, v. 115, p. 81-93.

65



Matthew S. Huber Doctoral Thesis | 2013

Rudnick, R.L. and Gao, S., 2003 The composition of the continentdtlio Holland, H. D., and
Turekian, K. K., eds. Treatise on Geochemistry Volume 3ofdxfElsevier-Pergamon, p. 1-

64.

Tagle, R., and Hecht, L., 2006. Geochemical identification of gtitge in impact rocks: Meteoritics

and Planetary Science, v. 41 p. 1721-1735.

66



Matthew S. Huber Doctoral Thesis | 2013

4. PETROGRAPHY AND GEOCHEMISTRY OF EJECTA FROM

THE SUDBURY IMPACT EVENT

Matthew Hubet', lain McDonald, and Christian Koebérf

!Department of Lithospheric Research, University of ViennhpA#itrasse 14,
A-1090 Vienna, Austria
2 School of Earth and Oceanic Sciences, Cardiff University, GaZ@it0 3AT, United Kingdom
3Natural History Museum, Burgring 7, A-1010 Vienna, Austria

*corresponding author: matthew.huber@univie.ac.at

Submitted to: Meteoritics and Planetary Science, 17 May, 2013

Abstract

To better understand the nature of the Sudbury impact event, fegentthe Connors Creek
site in Michigan (500 km from the Sudbury Igneous Complex [St4)Pine River site in Western
Ontario (650 km from the SIC), and the Coleraine site in Minng88@& km from the SIC) were
sampled for petrographic and geochemical analysis. The Connorssieeets found to have ap-
proximately 2 m of ejecta, including shocked quartz, melt droets accretionary lapilli; the Pine
River site has similar deposits with about 1 m of thickrefisough with smaller lapilli; the Cole-
raine site contains only impact spherules in a 20-cm thick.laljee ejecta transition from a chaotic
deposit of massively bedded impactoclastic material intermixtidiocally derived detritus at the

Connors Creek site to a deposit with apparently very litiietdiematerial that is made up primarily
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of impact melt droplets at the Pine River site to a deplaaitis almost entirely composed of impact
spherules at the Coleraine site. The major and tracestecompositions of the ejecta were meas-
ured, confirming the previously observed similarity of the ejecta dsgoghe Onaping Formation

in the SIC. Platinum group element (PGE) concentrations fromadabe sites were also measured,
revealing significantly elevated PGE contents compared to baokdivalues. PGE abundances in
samples from the Pine River site can be reproduced by additappaiximately 0.2% CI chondrite
to the background composition of the underlying sediments in the These results provide evi-
dence that, although the contribution of the impactor to the ejecta teisdsio low to pinpoint the
exact type of the impactor, PGE interelement ratios indibatettie Sudbury impact event was like-

ly caused by a chondritic impactor.

4.1 Introduction

4.1.1 Sudbury Structure

The 1.85 Ga Sudbury impact structure (Davis 2008), preserved undiaurg, Ontario (Cana-
da), is the remnant of one of the largest impact cratersntiyrfqown on Earth. Its original diame-
ter is thought to have been approximately 200-250 km (e.g., Dickin E296; Mungall et al. 2004).
The most prominent feature of the current structure is the Sudinegus complex (SIC), which
was deformed into a 30 by 18 km truncated oval by the Penokean oraggmpyaimately 1.85 Ga
and the Yavapai orogeny at approximately 1.75 Ga (Piercey2&i0¥) and later by the Grenville
orogeny (Szabo and Halls 2006). There are numerous shock indicaaagsanound the SIC, in-

cluding shatter cones, impact breccias, pseudotachylitic byeralgplanar deformation features
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(PDFs) in quartz, coesite, and impact diamonds (e.g., FrenchR8uéell et al. 2003). Shatter
cones occur around the SIC on all sides, being well-developed iim¢hgr&ined sediments of the
target material, and apparently more abundant on the southern etlgeswiitture, including in the
city of Sudbury (e.g., Bray 1966). The SIC is cut by a complegssef large-scale faults that are
related to both original emplacement and later deformationinahdle the economically important
offset dikes. The impact struck metasedimentary rocks dfitihenian supergroup, including qua-
rtzites, shales, and also carbonates, in addition to the #&wratrgstalline basement (e.g., Fedorowich
et al. 1999), locally intruded by granitic plutons and the East BaldéLsuite, which included noritic
dikes and layered intrusions (e.g., Vogel et al. 1998).

The SIC is divided into the granophyre and norite layers ([2re$884). The SIC is over-
lain by the Onaping Formation, which is divided into the Sandcherry andirigy members. The
two members have been interpreted to be the result of two differenation mechanisms (Grieve
et al. 2010). The Sandcherry member is thought to have formedjthdirect fallback of ejecta,
while the Dowling member is thought to have formed through phreagoratic interaction between
the melt sheet and water as it filled the structure. Tihnel@eerry member experienced thermal and
hydrothermal alteration as a result of overlying the still-erotnelt sheet, and the Dowling member
was formed through explosive interactions, such that only cladt@valasts remain of the original
ejecta deposits (Grieve et al. 2010). As such, neither nramlesents unaltered ejecta.

Investigations into the nature of the impactor that formed the Sudbpacirstructure have
been more successful at determining the mechanics of the ithpadhe composition of the impac-
tor (e.g., Pope et al. 2004; Deutsch et al. 1995; Grieve 3%, Mungall et al. 2004). While a few

authors argue for a cometary impactor (i.e., Darling &dl0), most models of the impact involve
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an approximately 10 km diameter body impacting at asteroidal tiekof about 20 km/s (i.e., lva-
nov 2005). The models typically use a dunitic impactor, althougthels involving an icy comet
have been attempted (Darling et al. 2010). The composition ahgfsetor has not been positively
identified owing to the high concentrations of platinum group elen{®x@&s) from the host rocks
that obscure the meteoritic signature in melt rocks (i@he@ et al. 2000). The large amount of
PGE in the SIC is likely due to melting of the entire c{psbbably including intrusions of the East
Bull Lake suite containing PGE mineralization; e.g. Peci 2001) during the impact event (Kring
1995; Pope et al. 2004). Attempts to use isotopic systems to ydbrtiimpactor have been incon-
clusive (Morgan et al. 2002; Koeberl and Shirey 1997). Morgan €@02) found low concentra-
tions of meteoritic Os in their analysis of PGEs in drem the SIC, which they argued suggests

that the impactor may have been a lIB iron meteorite.

4.1.2 Ejecta deposits

Distal ejecta from the Sudbury impact have been describeddations with distances
from the center of the SIC ranging from 450 to 980 km in MichigannkBota, and Ontario (Figure
1). Direct evidence of distal ejecta from the Sudbury impas first described by Addison et al.
(2005). The sites described by Addison et al. (2005) and those subsedeentliped by Pufahl et
al. (2007), Cannon et al. (2010), and Addison et al. (2010) are shdvigure 1. The most exten-
sive study of the Sudbury ejecta, by Cannon et al. (2010), chazadténe stratigraphy and petro-
graphy of ten sites, and measured the major element, tesmer#, and rare earth element (REE)

geochemistry of ejecta materials at five sites. The pgapéddison et al. (2005) included the pe-
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trography and stratigraphy of samples from four other sitésvtr@ not examined by Cannon et al.
(2010), along with zircon U/Pb data demonstrating the age coorelagitween the ejecta layer and
the Sudbury impact event (constraining the layer to an age of fB3Ma). To date, only one
attempt has been made to determine the PGE chemistry ejetita deposits (Pufahl et al. 2007),
which indicated that ejecta-bearing samples from two cordsdiriear Marquette, Ml, have PGE
anomalies, with Ir abundances up to 0.74 ppb. The work did eat@tto constrain the impactor
composition. Finally, Addison et al. (2010) described the petrograpthgtratigraphy of an addi-
tional eight sites, but did not present geochemical data.

The stratigraphy of most of these sites indicates depositiosialow water settings, al-
though some of the sites from Ontario may have been depositedbaerial setting (Addison et al.
2010). The sites south of Lake Superior, in the USA, were aleeoistinly deposited in a foreland
basin (Cannon et al. 2010; Schulz and Cannon 2007). Ejecta overdiesveock types, depending
on the location, but most commonly it is found overlying shalet,chebanded iron formations.
Each site where ejecta have been found is distinct in terthg ekact nature of the ejecta, thickness
of various units, geochemistry, etc., but only a few componentgesent in the various ejecta de-
posits. These components are: 1) altered melt dropletsp@ed quartz grains, 3) unshocked
qguartz and chert, and 4) accretionary lapilli (Addison et al. 2B0gghl et al. 2007; Cannon et al.
2010; Addison et al. 2010). These components frequently overlie locatlgidred rocks. A few
sites also include megabreccias, with single clasts up tinédrameter (Addison et al. 2010).

In this study we revisit three sites to more fully chardze the abundances of the major and trace
elements, including the REEs and the PGEs, of the variotis €@mponents in order to better un-

derstand the Sudbury impact event. The Connors Creek, Pire &ideColeraine sites have been
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selected because of pristine preservation of ejecta, lim#echgmical alteration, similar deposi-
tional environment (all three are quiet water shelf depositg) aba range of distances from the im-

pact (with distances of 500, 650, and 980 km from the SIC, résggctigure 1).

4.2 Samples and M ethods

Field work and visits to core repositories by M. H. in Aug8t,0, resulted in the collection
of samples of ejecta from the Connors Creek, Pine RiverCatetaine sites, which were then pe-
trographically and geochemically investigated. The Connors Giteels accessible at an outcrop
(see below), but the Pine River and Coleraine sites are kaolyrirom drill cores. The Pine River
samples were obtained from a single exploratory diamond drillthatevas recovered in 2004 by
Falconbridge Limited. Samples from the Coleraine sitewbtained from four closely spaced drill
cores that are housed by the Minnesota Department of NatwwaliiRes core repository (MDNR) in
Minnesota (USA). Six bulk samples were selected from the Cer@raek site across the entire stra-
tigraphy, while the drill cores from the other two locationeva#ld for samples to be obtained along
the entire ejecta-bearing section. The Pine River sitesamapled at intervals of 4-5 cm, starting
from the breccia, just below the accretionary lapilli, uput pbove the lapilli. Samples from Cole-
raine were selected depending on sample recovery from the de#l. chocation details for the
samples can be found in the appendix.

A set of 30 thin sections were prepared for petrographic inegistiy Samples were crushed
using a ceramic jaw crusher, and powders of 15 g were prepdhedniagate mortar for major and
trace element analysis by X-ray fluorescence (XRF). Xfdlyges were performed at the University

of Vienna using a Philips PW2400 after 1.2 g fused beads weezaged using a Philips Perl X3
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automatic bead machine in a Pt-Au crucible and mold. Traceenatezontents were determined
after 10 g pressed powder pellets were homogenized with 0.5pulyinyl alcohol. Measure-
ments were made in the Philips PW2400 while a 3 kW Rh-anodg XH#va generated X-rays (see
Schmid et al., 2000, for details on precision).

Powders for samples from each site were irradiated fon 6:8he 250 kW Triga Mark Il
reactor at the Atomic Institute of the Austrian Univeesitat a thermal flux of 1.7x¥ncm?* as
preparation for measurement of short-lived nuclides by instrumentatbneactivation analysis
(INAA) at the University of Vienna (see Mader and Koeberl 2009details on instrumentation,
methodology, analytical precision, and standards).

Approximately 15 g of powder was also used for PGE analp§&s were concentrated into
a bead using the fire assay method (see Huber et al 200Ac®whald and Viljoen 2006 for more
details on methodology), which was then powdered and measured byveiuctiupled plasma
mass spectrometry at Cardiff University.

In addition, Raman spectrometry was used to identify minpeadias in thin sections. Spec-
tra were obtained using an edge filter based confocal Renishal@®Mnicro-Raman spectrome-
ter, with a 632.8 nm HeNe laser source, at the Universifiestha.

Note on terminology: Although the term “lapilli” strictly ek to a size category of volcanic
ejecta, the term “accretionary lapilli” has been frequently irs@dpact literature to describe a pe-
trographically identical component of impact ejecta. In this péfaqmi)li” is used to describe accre-

tionary clasts of impact origin.
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4.3 Field observations

4.3.1. Connors Creek

The Connors Creek site was previously examined by Cannon(20HD). The site is ap-
proximately 500 km from the center of the SIC. The site has godeminimal tectonic deforma-
tion. There are two outcrops at this site that contain evidefnoeing impact related. These out-
crops have been exposed by recent glacial activity, with theopstbeing located in the centers of
two glacially carved drumlins. A stratigraphic section of oacl shows approximately 1 m of
black chert that represents the local host rock (Figure 2@} uhit is overlain by 21 cm of sand
sized material that contains chert, quartz, phyllosilicates carbonates. Above this section is 27
cm of sand that contains large chert clasts (ca. 15 x$izmd clasts), in some places mixed with
accretionary lapilli. For 7 cm, no accretionary lapitk anixed with the sand, followed by 15 cm of
thinly interbedded accretionary lapilli and sand. This is then aiwndoly 1.50 m of sand mixed with
chert cobbles, lapilli, and cm-scale altered glass fragmdiits.outcrop is eroded above this point.
The second outcrop is approximately 100 m N from outcrop 1 and has vergmlitharacteristics,
consisting of about 12 cm of black chert that is overlain byd apparently cross-bedded sand (al-
though it is possible that the sand is not strictly cross-beddedepasited on a slope). The sand
contains chert fragments and fragments of lapilli, but thera@teedded lapilli at this outcrop. The
rock existing above the sand at this outcrop has been removed by ebosiamearby white bedded
chert appears to overlie the sand. Cannon et al. (2010) ingetpihet two outcrops to be continuous
with one another, suggesting that the second outcrop directly ouesdiéisst one; however, this is

not the only possible interpretation, and an alternative intatjgre would be that the outcrops are
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not stratigraphically continuous, perhaps owing their differentaciaristics to the chaotic nature of

ejecta deposition.

4.3.2. Pine River

Samples from the Pine River drill core were included asgbaine study of Addison et al.
(2005), but the drill core is not described in detail, nor is geoids information presented. The
core was drilled approximately 650 km from the center of the $H& samples obtained are well
preserved, with only diagenetic alteration affecting the ratkle core. The base of the sampled
interval is located at 695.22 m depth (Figure 2b), where bredatests of chert are visible in a
sandy matrix. This extends for 13 cm, grading into a carbonatetonedsith gray coloration and
some chert clast inclusions. Fifteen cm above the base, sglniienaceous sand is present and se-
parated from the lower mud unit by stylolites. Alternating befdgrey and white mud with clasts of
chert are present up to 40 cm above the base of the outcrop. Ftor6240m above the base of the
outcrop, greenish mud and sand are interlayered with some roundszhlentlasts that are incorpo-
rated into the mud. From 62 to 70 cm above the base, sifakts occur but have angular shapes.
Accretionary lapilli appear in a concentrated layer at 71asmd,then become less concentrated until
they totally disappear at 81 cm. A single chert pebble wasiseerporated into the lapilli layer.
The lapilli are overlain by a green sand from 81 to 96 cm, theraiw by cross-bedded mud and
sand up to 107 cm above the base, which is taken to be the @edmpictoclastic material; earlier
studies by Addison et al. (2005) have shown that this intervalinerghocked quartz grains within

the sands. The original thickness of the layer is obscured by nunstytmlites.
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4.3.3. Coleraine

Four drill cores in Northern Minnesota, approximately 980 km froncéiméer of the SIC,
contain ejecta from the Sudbury impact. These represent thalistastejecta identified so far from
the Sudbury impact event. The cores have similar thickness andrpghic characteristics. The
ejecta layer is identified in the Biwabik Iron Formation in tzsition zone between the Upper
Cherty member and the overlying Virginia Formation graywack&ach core contains a bedded
layer up to 20 cm thick that consists primarily of melt dropdétired to (mainly) phyllosilicates.
The friable nature of the ejecta layer resulted in only partied recovery. The samples have only
been compacted and undergone diagenetic alteration,. The egeptas@rved primarily as sub-mm
melt spherules encased in a very fine-grained silicatéxfakcept in the case of DL 20018, which
has an Fe-rich matrix). The ejecta layers are beddednia sases, the bedding deforms around
cm-sized clasts of chert, demonstrating their presence tasfplae original deposit; in other cases,
replacement of original phases by chert is apparent. Segaliiow that compaction has reduced the

total thickness of the beds. Accretionary lapilli were not foatrithis location.

4.4. Results

4.4.1. Petrographic observations

4.4.1.1. Connors Creek site
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The Connors Creek site is notable for having abundant accretiapdliyin a m-thick,
cross-bedded layer. The lapilli are approximately 1 to 3 aieimeter, often with an up to 2:1 ratio
of long to short axis (probably due to tectonic compressiagu(€ 3a). The rims of the lapilli are
somewhat distorted because of intrusions from surrounding grainsagsheliic activity. They are
composed of very fine-grained silicates that are layered cormhtaround a nucleus, which is
most frequently an agglomeration of mm-sized grains bound togetaeraphanitic groundmass
(composed of phyllosilicates and some carbonates). While the groundraassnitic, there are
some phaneritic clasts contained in the lapilli, most of waieh<20 um in size. These clasts are
mostly angular quartz and chert fragments. Up to 3% of the cgraitis are shocked (i.e., contain-
ing planar fractures [PFs] and/or planar deformation featureSgpand frequently, the grains
exhibit undulose extinction. Some lapilli include phyllosilicatestdaalthough the phyllosilicates
may represent diagenetic alteration. Phyllosilicate lattign lapilli are almost always smaller than
the laths that occur in the matrix.

The lapilli are entrained as clasts in a sandy matrixishiatistinguishable from the underly-
ing sand that does not contain lapilli, except in the frequency of pitighdss representing altered
melt droplets. Quartz grains in the sand are usually < 208ipe and range from sub-rounded to
well rounded. There are also chert clasts up to 3 mm inetii@mSome angular clasts of aphanitic
material resemble broken lapilli. Significant carbonétieration has obscured part of the original
composition; some samples are entirely altered to carbonate, thvaileast altered samples still con-
tain approximately 10 area % carbonate in thin section. Thiealrigxture is still visible in almost

all cases, with flow textures and amygdales, which may reprasfilled vesicles.
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Where phyllosilicates are preserved, irregular blobs of nahtgpito 1 cm diameter with
flow textures and entrained quartz grains are present, wittlae# the shape of either preserved
spheres or collapsed ovoids (Figure 3b). Some vesicles stigies and textures reminiscent of
microtektites or microkrystites. Rutile grains tend toinatthe edges of vesicles and also appear
occasionally in the interior of the melt droplets. Where gugndins are entrained, they often have
rims and flow textures around them composed of the phyllosilicate grassdand are very well
rounded. These grains sometimes show undulose extinction, but nedlgoektz grains have
been observed within melt droplets. Melt droplets contain a signifiamount of carbonates in the
form of calcite and dolomite. Some samples have clastsghatato be primary calcite inclusions,
although some euhedral crystals of calcite are clearly segontas unclear what percentage of the
carbonate is actually secondary. Samples CC 3-6 appearet@ manch higher percentage of sec-

ondary carbonate.

4.4.1.2. PineRiver site

Samples from the Pine River drill core are very well gne=d. Ejecta at this location are
finely bedded. The impact sand consists almost entirely oédltaelt droplets, which now consist
of various phyllosilicates (mostly chlorite and biotite) that hawen deformed by diagenetic com-
paction. There are abundant shocked quartz grains, making up as muatea®s of some thin
sections. Unshocked quartz and chert are also common, batstheajority of the grains are al-
tered melt droplets. There is not a significant petrographferdifce in the sand above and below
the accretionary lapilli. At various places in the coreh@aate alteration obscures the original pe-

trographic characteristics. The samples show evidence of ctiopebut the original textures seem
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to be preserved. Fine-scale zonations within melt particledsibte, with different phyllosilicates
being present in different melt droplets. These are finelyvilmeen, with some retaining the ap-
pearance of devitirification. The melt droplets are preseatfityped perpendicular to the direction of
compaction, so that the shape of the melt droplets is diffe@scertain. The droplets are up to 1
cm long, though it is difficult to be certain if this represah&soriginal morphology. Grains of
quartz and chert are present as subrounded to angular mmlastdérca matrix of melt droplets.
Some of the quartz grains have well-preserved PDFs (upet® slets per grain as seen under the
optical microscope; Figure 4a), and toasted quartz (e.gi¢feeet al., 2009) is also present. There
are some samples where carbonate replacement has been sigmifipanially samples PR 11A, B,
and C.

While the Pine River core does contain accretionary lapity aare petrographically differ-
ent from those found at the Connors Creek site. The lapillittebd much smaller in size, with the
largest being only 1 cm, and rarely show evidence of multiple zonasi at the Connors Creek site.
However, the mineralogy is similar, with subangular quartingrand phyllosilicates. The lapilli

here appear to be similar to the agglomerated nuclei ofdhadts Creek lapilli.

4.4.1.3. Coleraine site

The material from the drill cores at Coleraine is sinmifamany respects to the material from
Pine River, in that the ejecta deposits are bedded and contdlg ejested melt material rather
than the abundant detrital grains observed at the Connors CreeKtsitéragments of glass have
been replaced by phyllosilicates, chert, and carbonate. Withlvettee occasional rounded chert

clasts appear to have deformed the bedded ejecta, and thus woutd begonesent prior to diage-
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nesis. PDFs in quartz are exceptionally rare at this locatidp;a single, 70 um grain of shocked
guartz has been confirmed (Figure 4b). The abundant subrounded to guguiagrains show un-
dulose extinction and in some cases toasting, although thegesfeare not considered diagnostic of
impact (French and Koeberl 2010). As at the Pine River sitgtDjis a much less significant con-
stituent than the melt droplets (now altered to phyllosil@atélternating with beds of melt drop-
lets are mm to cm thick beds of aphanitic material, whicdome cases pinch out within the thin
section scale, although most seem to be more extensive. phaisitc material contains some fine-
grained quartz grains, and has a general appearance sintfilat tdbserved as the matrix of lapilli at
the Connors Creek and Pine River sites.

Very well preserved impact spherules are observed at thitoleca he spherules are ob-
served in the upper portions of the cores, where they are presks2t mm spheroids (Figure 3d).
The spherules have complex internal morphologies, with vesicles$z guausions, and layers of
different phyllosilicates preserving the original structuréhefspherules. Many of the spherules
have an outer rim composed of microcrystalline rutile or anafi®st commonly, the cores of the
spherules are finer grained material than the outer edgisspdssible that some of the structures
indicate that the spherules originally were hollow.

The melt droplets at Coleraine are more spherical and contasides that are distributed
differently than vesicles in melt droplets nearer to the imgitet Closer to the impact structure, at
Connors Creek and Pine River, melt droplets tend to be langkirregularly shaped, and vesicles
are distributed randomly in the melt droplets. Vesiclehése glasses tend to be smaller. At the

Coleraine site, vesicles tend to be localized in the cefigsherical glass droplets.
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4.4.2. Major and Trace Element Composition

Major and trace element data are summarized in Tableafigstiphic positions of samples
are given in Fig. 2. Samples analyzed from Connors Creektalthe category of either carbonate-
poor or carbonate-rich, depending on the amount of calcite preséetsarnples. The carbonate-
poor samples have, on average, 73.8 wt. %,3i@7 wt. % A}O3, 3.75 wt. % KO, 3.65 wt. %

Fe0s (total), 1.93 wt. % MgO, 0.81 wt. % CaO and 0.43 wt. %,J#nd LOI of 2.5 wt. %. This is
consistent with petrographic observations, which show that the tgagbthe unaltered samples are
made of sandy quartz with phyllosilicates. There is almosta® in any of the Connors Creek
samples. The carbonate-rich samples from Connors Creek (CG;3rt 6) were found to have,
on average, 24.8 wt. % Si(8.98 wt. % AJO3, 2.43 wt. % KO, 6.68 wt. % FgO; (total), 8.78 wi.

% MgO, 20.3 wt. % CaO, and 0.27 wt. % FiNotably, these samples had 27.4 wt. % LOI (about
20% calcite). This is also consistent with the petrographiysieahat showed a major amount of
carbonate alteration. Carbonate alteration in this case liéesdddilica to approximately 1/3 of the
abundance observed in other samples. Samples from Pine Riverilig\eofesistent major ele-
ment chemistry. Through the ejecta layer, there is angwefad 7.0 wt. % Si@) 21.1 wt. % AJO;,
7.49 wt. % KO, 4.71 wt. % CaO, 4.13 wt. % MgO, 4.40 wt. %@ and 0.90 wt. % Ti@ The
lesser amount of detrital quartz observed in these samples actmutiie much lower SiQrvalues

in these samples as compared to the Connors Creek sitaaiG®kkamples are slightly different
than other sites, with much higher,Bg. The average composition is 43.0 wt. % $iZ5.0 wt. %

Fe0s, 14.6 wt. % AJO;, 3.80 wt. % KO, 3.33 wt. % MnO, and 0.55 wt. % TiOThese samples
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represent mostly melt spherules, but the spherules resideatria that is similar in composition to
the underlying shales.

Trace element compositions are summarized in Table 1aHjech Connors Creek have Cr
values up to 2850 ppm, Ni up to 304 ppm, and very little Co. VanaaiuhBa contents are ele-
vated, although this is similar to samples in the underlying loeddert formations. The Pine River
site has Cr concentrations up to 301 ppm, Ni up to 56 ppm, attdlipppm Co. Vanadium is high-
ly enriched in these samples, with values up to 2280 ppm. RubidiuBeacahtents are also ele-
vated in these samples. The Coleraine site has up to 173 ppm Tf2appgm Ni, the only site
measured where the Ni content exceeds that of Cr.

Rare earth elements (REEs) have similar patterns feamlples. The heavy REEs are ele-
vated relative to the light REEs, and all samples sedmaue a slightly negative Eu anomaly. The
La/Yb ratio of the samples, ranges from 10 to 25 for measamgles, except for one sample from
Coleraine, which has anomalously high La. The samples generalgircgaty little Th and U, al-
though several samples contain > 10 ppm of these elements, witth&fg 12.5 ppm Th and 14.1

ppm U, and CR 9-2 having 8.7 ppm Th and 14.8 ppm U.

4.4.3. PGE chemistry

Platinum group element concentrations for each site are sirathén Table 2. The chon-
drite-normalized values of the PGEs are shown in Figure $heAConnors Creek site, PGE abun-
dances are clearly diluted by the presence of a large amourititsl aeaterial, including chert

clasts, which carry no PGEs. The maximum Ir concentrationurezhss 0.33 ppb, with the mini-
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mum being indistinguishable from a crustal value of 0.09 ppb. Riutineconcentrations are also
only slightly elevated relative to crustal values, randingh 0.29 to 0.75 ppb. The Ru/lr ratio of
chondrites is 1.6, and the Ru/lIr ratio of the upper continental isr@5.5 (Rudnick and Gau 2004).
The Ru/Ir ratios of material at Connors Creek range fr@ndl4.4. All measured samples show a
depression of Rh, with values of 0.04 to 0.37 ppb, which arenire £ases below the crustal value of
0.06. The Pt content is much more variable, with the CC2 sgmaplag 0.29 ppb Pt, though all
other samples (excluding CC2) have more Pt, ranging from 1.32 t@@91As can be seen in Fig-
ure 6, the absolute abundances of the PGEs at the Connors i@resk Bwer than either of the
other sites. However, the ratios of the elements ardycleamparable to the other sites. The ratios
of PGEs are closer to chondritic values than to the intrusitessiai the target rocks (Figure 7).

The Pine River samples show the most consistent elevation «f &Glie measured ejecta
samples, likely because the samples are composed almody aitejected melt material with little
locally derived material. Iridium concentrations range ffbd¥ to 1.16 ppb in measured samples,
and Ru concentrations range from 1.15 up to 2.68 ppb. The Ru/lisratasistently in the range of
2.2-2.6. All other PGEs are elevated relative to averagéatheckground (McDonough and Sun
1995), with the contents of Pt ranging from 2.27 ppb to 13.4 ppb ase dfid&Rh ranging from 0.39
to 1.11 ppb. This is the site with the highest abundances of, R@&slso the site with PGE ratios
closest to chondritic.

Coleraine samples are somewhat variable in their PGE mwatiens. Iridium values range
from 0.19 ppb to 0.91 ppb in measured samples, and Ru concentratigagroan 0.50 up to 3.09
ppb. The Ru/Ir ratio falls between 1.6 and 3.4. Platinum saterange between 1.91 and 3.42

ppb, whereas those of Rh values vary from 0.21 to 0.96 ppb.
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4.5. Discussion

The Connors Creek, Pine River, and Coleraine sites have tigtaracteristics, but these
differences primarily reflect the variation in the nature qfa$ition with increasing distance from
the impact. The depositional environment of each of the threengitea shelf setting (Schulz and
Cannon, 2007), and so the differences observed between the sitdsearmtbe close to representa-
tive of the differences that occur due to the change of naturdaftfaith distance from the impact.
The Chicxulub and Sudbury impact events are similar to each ptherSudbury impact took place
on a shallow marine shelf environment that included carboratdgyoth impact structures were of
similar size (Kring 1995; Pope et al. 2004). Thus, computational sadetl to explain emplace-
ment of ejecta from Chicxulub are applicable to discuss ejeictnesses at 500, 650, and 980 km
from the center of the Sudbury impact structure, where the #ssks are approximately 2.3 m,
1.07 m, and 0.30 m, respectively. A model of ejecta thickioegshe Chicxulub impact event was
presented in Artemieva and Morgan (2009). This model shows thiatibaledimentation alone is
inadequate to explain the full thickness of ejecta at variousndiss from the site of the impact
event. A combination of three mechanisms has been used to explabséreations of ejecta thick-
ness from the Chicxulub impact: 1) ballistic emplacement, Butent motion within an expanding
impact plume, and 3) atmospheric dispersal during re-entrofeej In addition to these factors,
post-depositional processes, such as reworking through waveyaatidimass wasting provide me-

chanisms to explain the distribution of ejecta.
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4.5.1. Comparison of petrography

Each site contains a significant component of melt droplets dlmsndant at the Connors
Creek site), which may originally have been in the form arokirystites, microtektites, or possibly
as disaggregated melt particles. They are now altered tlogitightes with original textures still
visible in many cases. The melt droplets constitute a importampenent of the overall ejecta ma-
terial at each location, although the Connors Creek site has aivutedidtal material, whereas the
Pine River and Coleraine sites are composed almost entinglglbtiroplets. There are obvious pe-
trographic similarities between the melts at each locatich site contains droplets with vesicles in
the size range of 1-2 mm in diameter. The Connors Cree#lsitdnas > 1 m thick cross-beds of
accretionary lapilli at the top of the deposit; much smaitede cross-beds (i.e., 1 cm amplitude) are
observed at the Pine River site. Cross bedding is not obsertleel Coleraine cores. The cross-
bedding is suggestive of wave activity taking place soon after dieposftthe ejecta. There has
been some debate about the depth of water at the site of the Sundpacy, iwith authors suggesting
anywhere from a subaerial impact to an impact into deep ocean(agte Cannon et al. 2010). The
ejecta deposits are consistent with the impact event talacg pi relatively shallow water, such as
a shelf deposit. This could potentially generate wave actikityta the well-studied Chesapeake
Bay impact structure (Dypvik 2003), which has been shown to riesisiinamis along the shelf that
would be sufficient to disturb the newly deposited beds (such gotreitild additionally depend on
the geometry of the coastline relative to the impact.ditg)act-generated tsunamis dampen more
quickly than tectonic tsunamis (Van Dorn 1961), which is congistégh major wave activity ob-

served at 500 km from the impact and greatly reduced wawéyacdiserved 1000 km from the
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impact (although this also depends on water depth, which is diffticditermine). Another possi-
ble explanation for the difference in reworking of materidghat large blocks (observed up to 8 m in
diameter at some ejecta locations; see Addison et al. 2010}y whaie likely ballistically emplaced,
may have generated additional wave activity near the Connogek €ite, while these blocks are
largely absent at greater distances from the impact.

Few shocked quartz grains were found in any of the sites obsertres $tudy. The Con-
nors Creek site has shocked quartz within accretionary lapithst of the quartz grains at the Con-
nors Creek site were probably derived locally. The Pine Ritehas a comparatively high percen-
tage of shocked quartz mixed with the melt droplets. Only one sthaogletz grain was observed at
the Coleraine site. The reason for this variation is liksiylained by the mechanisms of deposition
(see below).

The model of Artemieva and Morgan (2009) predicts that downrangstiza#implacement
will result in about 1 m of ejecta at 500 km, about 20 cej@fta at 650 km, and about 10 cm of
ejecta at 1000 km for the Chicxulub impact event, which can be sskaminimum thickness for
the somewhat larger Sudbury impact event (the two impact dvawesbeen considered by several
authors to represent energy release of similar order of magnétigdePope et al. 2004; Grieve and
Therriault 2000). This model reasonably accounts, at least talanarmagnitude, for the ob-
served thicknesses at Connors Creek and Coleraine, but does ndttheettickness of ejecta at the
Pine River site. The present day thickness of the Pine Biteeis about 1 m, though this does not
account for the compaction that generated stylolites in the sed@core does not show clear
evidence of reworking, although this cannot be fully ruled out assajildg. More likely is that

other processes created a local maximum in ejecta thicldess$p the turbulent nature of re-entry
86



Matthew S. Huber Doctoral Thesis | 2013

by ejecta that traveled above the atmosphere. It is impdotawate that the topography of the depo-
sitional environment was not likely to be smooth; rather, trougtisiaes were undoubtedly present.
Because of that, the depositional environment could differ sigmifiy even along relatively short
distances; e.g., the McLure site, located just 10 km fronCtreors Creek site, is up to 40 m thick

and lacks the clear stratification that is present at the Coi@reek site (Cannon et al. 2010).

4.5.2. Mineralogical and geochemical composition

The mineralogy of the melt droplets at various sites ify/fednsistent, ranging from Si-rich
phyllosilicates to Si-poor biotite and phlogopite, which likelyeetls similar original compositions.
Such phyllosilicates are typical of altered impact glass sandar compositions have been found at
Chicxulub (Koeberl 1993), in the Alamo Breccia (Morrow and H&€85), and in Archean sphe-
rules (Simonson et al. 2009; Hassler et al. 2011). Only the nitsttoey elements are expected to
be immobile. The major element chemistry of the phyllosiéEds most likely entirely secondary,
although it is suggestive of reducing conditions during diagenesih@@wnd Hanor 1987). The
Pine River site contains higher abundances gbAtompared to the other sites (excepting the car-
bonate-altered PR 10, 11A, 11B, and 11C); this is probably a césbk high phyllosilicate abun-
dance of the Pine River site (and sample CR 9-2). The tept#tNgO in samples is likely the
result of mobilization after deposition.

The ubiquitous rutile and anatase observed in the melt droplets$ tiewélaermal history of
the samples. Although several dozen Ti phases were examinednay BRpectrometry, all were

found to be either anatase or rutile. The transition point betiéiand anatase at low pressures
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is 500-600°C (Dachille et al. 1968), which is taken as a temyperaf crystallization in this case, as
there was insufficient Zr observed to use as a geothermonfeteutile and anatase are observed at
all of the ejecta sites and none of the sites experienced raghmetamorphic temperatures, it is
likely that these phases formed as the melt droplets werengotilshould be noted that Ti phases
are always observed in the interior of the melt droplets and iretlee groundmass or matrix, show-
ing that the enrichment of Ti is from the impact melt rathem th&insic to the host rock.

Using the classification system of Winchester and Floyd (19Highwvas previously ap-
plied to the Onaping formation (Ames et al. 2002), the ejeetaloown to have compositions rang-
ing from andesite to dacite to trachyandesite, with some sarhaléng alkaline basaltic ratios on
the Zr/TiG, versus Nb/Y plot (Figure 8). This compares favorably withQhaping formation, and
previously measured Sudbury ejecta (Cannon et al. 2010) which hasiaratesiacitic composi-
tions. Similarly, the Zr/TiQratio can be reasonably explained as an average composition of the n

rites, mafic norites, and granophyres of the SIC (Figure 9).

4.5.3. PGE Chemistry

Previous attempts to determine the impactor compositiBnatury have been unsuccessful
(i.e., Morgan et al. 2002). The Sudbury structure itself conséwated PGE contents because of
fractionation of the impact melt sheet that concentrated botsteal and meteoritic PGEs in the
SIC. The impact ejecta, however, experienced no such cortaenvbPGES, and the strongest

signal of PGE should be from the impactor. The previous attengateérmine the PGE content of
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the ejecta (Pufahl et al. 2007) made no attempt to constraimpiaetor type, except in concluding
that the impactor was a meteorite rather than a comet.

This study finds that all all sites have elevated Ir aboeemand have elemental ratios much
closer to chondritic values than to terrestrial ones. For exdryileratios average ~2.5; closer to
chondritic ratios that cluster between 1.4-1.6, rather thamg@erust which typically has Ru/lr >10
(Figure 6). The highest ratios of Cr/Ni are observed in sanfgliesthe Pine River site. Figure 7
shows that Ru and Rh correlate most strongly with Ir. Afghdet and Pd correlate with Ir, there is
a weaker correlation, probably indicating addition of these elerfremtsthe PGE-rich ores that
were affected by the impact, such as the East Bull Lake 8efiosits (Vogel et al. 1998; James et
al. 2002). The abundances of the PGEs are much lower insdiepdes than many other impact
melts (i.e., McDonald et al. 2001; McDonald 2002; Tagle and C2@§5), which seriously com-
plicates the task of identifying the impactor group. The eggteears to have a small chondritic
component, as many of the elemental ratios involving PGE wgtihdondensation temperatures and
low crustal abundances are near to the chondritic values ¢FigurAchondrites seem unlikely to
generate such PGE enrichments, as they are typically Ir-déiet., Laul et al. 1972). However,
distinguishing between an asteroid and a comet on the basis ofif#@Bblematic, as the abun-
dances of nonvolatile elements in comets is largely unknown (Tadlelecht 2006), and studies of
grains of comet Wild 2 from the Stardust mission revealtti@aCr/Ni ratios of the comet are ap-
proximately chondritic (Lanzirotti et al., 2008). Although Pufatdle(2007) claimed that the “geo-
chemical contrasts” found in the ejecta are sufficient tout a comet, the authors did not provide
any details of how this conclusion was reached. The geochemidaheg favors a chondritic im-

pactor, but does not unequivocally rule out a cometary impactor. \Howbe impact record on
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Earth suggests that cometary impactors are significantlgégsmon than asteroidal ones (Koeberl
et al. 2012).

This study bears similar results to previous studies ofaefeom the Sudbury impact. The
Cr/Ni ratio of the deposits is in line with analyses from Canrnah. €2010) (Figure 10), although
abundances of both elements are significantly higher in this sftiy data are also consistent with
previous measurements from the Onaping Fm (Mungall et al. 20®4xdition to the Cr/Ni ratios,
the Ni/Ir ratios of the ejecta deposits are consistent meghsurements from the Onaping Fm, al-
though samples from Pine River and Coleraine may have agliagtier contribution from the im-
pactor than the Onaping Formation (Mungall et al. 2004) (FigureTlig.ejecta deposits at all sites
appear to have less Ni than the Onaping Fm, which is likely assdavith carbonate alteration (as
reported in Pufahl et al., 2007).

To determine the contribution of the impactor to the ejectgosition, the HMX mixing
model (Stéckelmann and Reimold 1989) was used to determineritrdations necessary from the
Sudbury area mafic intrusions and the impactor. The background compadithe Rove shale that
underlies the Sudbury ejecta in the Pine River drill corg wged as minimum values, and sample
PR 5 was used for model values. As an approximation of thearighpactor, a Cl chondritic
composition (McDonough and Sun 1995) was used for the impactor sourcethghfignew intru-
sion, part of the East Bull Lake intrusions, was used asgeptative of the mafic composition,
based on the presence of these intrusions in the impact basin iamellatigely high concentration
of PGEs (average of 0.2 ppb Ir, 0.5 ppb Ru, 17.9 ppb Pt, 19.2 pdbdBdypb Au, 159.3 ppm Cr,
41.8 ppm Co, and 137.8 ppm Ni) (Vogel et al. 1998). The Agnew iatris located 70 km to the

west of the SIC. In addition, upper crustal values (Rudnick and G&) 2@0e used.
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The HMX model was attempted with contributions from the Rovéeskast Bull Lake in-
trusions, upper crustal values, and CI chondrite. The resulésimeonclusive, however, after mul-
tiple trials, a consistent contribution of approximately 0.29%/CI chondrite closely was found to
be necessary for the abundances of Ir, Ru and Rh in tha @régtire 12). This is also consistent
with algebraic mixing models, and a similar amount of Cl coniobutan be seen in Figure 11.

Other chondritic groups, such as ordinary chondrites, produce siaslats.

4.5.4. Interpretation of depositional mechanisms

Observations of continuous ejecta blankets from impact ci@atgrianetary bodies show that
they tend to extend approximately 1-2 crater radii from thieicrem (Melosh 1989). In the case of
the Sudbury impact event, it is difficult to determine what distathis would actually correlate to
because of the large disagreements between various researcgtde size of the Sudbury event
itself (e.g., Mungall et al. 2004); 2) the location of th€ 8lithin the original Sudbury structure,
with some authors arguing that the SIC represents the cerler stfucture, while other argue that it
represents the rim of the structure (e.g., Grieve and Ther2i@d®); and 3) continuous ejecta blan-
kets from large impacts on Earth are only understood from d sumber of impacts (e.g., Pope et
al. 1999; Osinski et al. 2005). While previous authors have seggéstt the continuous ejecta
blanket from the Sudbury event may have been close to this distariabl € al. 2007), this is dif-
ficult to ascertain with certainty. If the center of tHE & taken to represent approximately the lo-
cation of the center of the Sudbury impact crater, and the tiadeat diameter of 200 km, then the

continuous ejecta blanket should extend about 500 km from the cettter®HC. This would mean
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that the Connors Creek site would be just outside of the continuousldpadtat. If the SIC holds
the location of the western edge of the original crater, hawtwen the site should be well outside
of the continuous ejecta blanket. The thicknesses of the spmtato correspond more closely to
models of distal ejecta than to models of the continuous ejectieblgee below), which suggests
that the sites can be considered to sample three distancesthétliilscontinuous ejecta blanket.
The deposition of ejecta at the Connors Creek site, 500 km fi@®IC, shows a complex
depositional history. The melt droplets are mixed with largieést 20 cm diameter) clasts of local-
ly derived chert (or possibly other compositions that have alteredert), and the sand bearing the
melt droplets is mostly unshocked, suggesting that this ialateas locally derived. The same is
true at the Sudbury ejecta sites that contain megabreccia® thbamegaclasts were not derived
from the impact crater (not documented in this paper, see Adelisin2010), but are locally de-
rived. A base surge has been proposed to explain depositionSiidbary ejecta (Addison et al.
2010), though it is unclear exactly how such a process should @pé&aomewhat similar process
has been proposed to explain the Stac Fada ejecta deposit (Baadrgsown, 2011). In the Bran-
ney and Brown (2011) model, the impact generates a deposit idéaticablcanic pyroclastic den-
sity current (PDC), which propagates along the ground surfacéisimodel, the melt droplets
mixed with the unshocked sands would represent the lowermost partaistheurge. This model
also accounts for the late deposition of accretionary lapilli, whimlld not settle out of the plume
until late in the depositional event. The alternative maatetiéposition of the Connors Creek ejecta
is that it was ballistically emplaced and then reworkedh(@a et al. 2010). Because the accretio-
nary lapilli observed at the Connors Creek site are not weddwith the melt-bearing sands, the

authors consider it unlikely that the entire package was kedorHowever, the lapilli at the top of
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the outcrop are cross-bedded, which almost certainly represemtkirgy due to late wave activity
(which may or may not be directly related to impact effects).

Modeled ballistic emplacement of ejecta at the Pine Riter&b0 km from the impact, ac-
counts for only about 25% of the observed thickness of 80 cm. Of cthesaumerical model does
not predict fine-scale deposits, although a factor of 4-5rdiffee from the modeled value may re-
quire explanation. It is unlikely that the deposit has been coahpleworked, since the accretio-
nary lapilli only occur in a discrete layer, although like tloe@ors Creek site, there appears to have
been wave activity forming channels in the sediments abovepitieléyer. Additionally, almost
all of the material in the Pine River deposit is derived ftbenimpact. The smaller accretionary
lapilli found at this site as opposed to the ones observed @otireors Creek site are likely due to
the greater travel distance to the site allowing for hegaticles to already have been deposited
before reaching this distance.

Finally, the thickness of ejecta at the Coleraine sitebeaaccounted for entirely by ballistic
emplacement of melt spherules. The thickness is approximhtebame as predicted by ballistic
emplacement. The lack of accretionary lapilli or any sigaift impact indicators can be accounted
for by dispersal of the dense accumulations of particles that wesidt in the formation of accre-
tionary clasts. The model of Artemieva and Morgan (2009) peeditdw ejection velocity of
basement material, so that at 1000 km from the site of impeterials are only emplaced ballisti-
cally. This could explain not only the greater proportion of melt e at this site, but also the
dearth of observed shocked quartz grains, which would be less bkigdvel to such distances.

Melt droplet properties change somewhat with distance fronmip&ct location, with regard

to the overall shape of the glasses and the vesicles witmn tBgecta deposited at the Coleraine
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site, being farthest from the site of impact, would have had timesfor vesicles to coalesce before
being quenched, resulting in the single vesicle that they are otigerliave. In contrast, ejecta at
the nearer Connors Creek and Pine River sites would have hadejeeton velocity (for the same
ejection angle) and thus vesicles would be less likely to amabtise to shorter flight times before
guenching. The trace element chemistry of the melts seebesconsistent between these sites.
The ejecta reflect the composition of the target materitleaSudbury site, and they share many
similarities with the Onaping formation in terms of the gewmsital and petrographic similarity
(Figures 8-11; Cannon et. al. 2010), with armored clasts in thdcBerry member of the Onaping
formation closely resembling the accretionary lapilli observedeaConnors Creek and Pine River
sites.

Curiously, the thicknesses modeled by Artemieva and Morgan (200fy @ahe downrange
direction from the Chicxulub impact. In all other directions, tejécicknesses would be less. Ejec-
ta have only been described in one vector from the Sudbury impatiehejecta thickness seems to
be roughly (at least in an order-of-magnitude scale) in litie pvedictions of the model. Therefore,
either the ejecta deposits that have been found are in the downreggeifrom the impact (i.e.,
<45° from the path of the impactor), or the energy releasedgdilmé Sudbury impact event was

much larger than the Chicxulub impact event.

4.6. Summary and Conclusions

The Connors Creek (ca. 500 km from the SIC), Pine Rive6ftakm from the SIC), and
Coleraine (ca. 980 km from the SIC) sites, which each toajacta from the Sudbury impact, have

been investigated to determine petrographic and geochemical prepditie Connors Creek site
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consists of chert overlain by ejecta-bearing breccia with dneplets, which is overlain by cross-
bedded accretionary lapilli. The Pine River drill core recapjzroximately 1 m of material depo-
sited as a result of the Sudbury impact event, primarily dimgisf mm-scale melt droplets, with a
thin layer of small accretionary lapilli that is overlain bgss-bedded sediments that contain melt
droplets. The Coleraine site contains approximately 20 cm of impeltspherules with very little
breccia or locally derived materials. The melt dropletaah®f the sites have been altered to phyl-
losilicates. Each of the sites contains some amount of shqokett, although at the Connors
Creek site the shocked quartz is only observed inside of asastilapilli. The Pine River site
contains shocked quartz mixed with the melt droplets. The Oudeséte contains very little
shocked quartz, with only one grain identified.

The PGE abundances of samples from each of the sites\eatedlabove the background
abundances expected for typical upper continental crust. The maximemeibs abundance is
1.16 ppb Ir, which is the highest abundance yet observed in Sudbugy ejEige Ru/Ir, Rh/Ru, and
Pt/Ir ratios are consistent with contribution from a chondriticamuput the small extraterrestrial
component does not allow for reliable identification of the impaatoongst the different potential
chondritic groups. By modeling the PGE abundances in the Rove fomthatit hosts the ejecta as
compared to the elevated PGEs in the ejecta deposits, @&atatr of 0.2 wt. % chondritic impac-
tor was found.

The ejecta deposits appear to have been deposited by primdrdiidoaimplacement, with
some atmospheric disturbances. Based on the thicknessesegdta compared to previously per-
formed models of ejecta thickness from a large impact etrengjecta likely have been deposited in

the downrange direction from the Sudbury impact event.
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4.8. Appendix

Specific locations of samples:

The two Connors Creek sites are located at N84646.33”, W 87 50’ 50.84” and N 4%
37’ 48.50”", W 87 50’ 50.36”. The Pine River drill core was drilled at N 88’ 24", W 89 30’
48”. At Coleraine, there are four drill cores: DL 20009 lodate47 18’ 59.68" N, 93 20’ 09.68"
W; DL 20018 located at 4719’ 06.10” N, 93 20’ 46.17" W; DL 20021 located at 479’ 17.13" N,
93" 20" 12.37” W; and DL 20030 located at’4I8’ 49.70” N, 93 21’ 25.47” W. The Pine River
core was sampled from a depth of 695.86 m to 691.4 m. Core DL 2@308ampled from 116.9 m
to 117.5 m depth; DL 20018 was sampled from 70.6 m to 70.7 m deptPQ@1 was sampled

from 66.3 m to 66.4 m depth; DL 20030 was sampled from 114.2 m 8 fildepth.
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Figure 1. General map showing the locations of the three Sudbury ejecta sitémteabeen docu-

mented and investigated in this study (grey halos): the Connors,&ieekRiver, and Coleraine

sites.
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Connors Creek Pine River
ABm Cross-bedded accretionary lapilli Cross-bedded sand
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Figure 2. A) Stratigraphic column of the Connors creek site showing theevigilitrop at Site 1.
Height above ground level is indicated. Approximate stratigraphidipnssf samples is indicated
to the right of the column. B) Stratigraphic column of the Pine Risircore showing the ejecta-
bearing interval. Depth in drill core indicated. Stratigraphic posit@samples PR-4 and PR-11
are indicated; other samples are spaced evenly between these samthlesnsecutive numbering.
C) Simplified stratigraphic column of DL 20009 drill core; each of@méeraine drill cores has

similar expression in drill cores. Depth in drill core indicated.
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Figure 3. Thin section plane-polarized light photomicrographs; a) Accretionaryllepffom 2.0 m
above the base of the Connors Creek site, showing distinct layarioge, and quartz crystals en-
trained in the lapillus. b) Melt droplet from 1.4 m abovelibse of the Connors Creek site with
irregular morphology and vesicles. c¢) Melt droplets from the IRiver core at 695.6 m depth. The
majority of the grains in the Pine River drill core are alteradlt droplets. d) Melt spherules from
the Coleraine core DL 20009 at 117.2 m depth. The majority of¢btaet the Coleraine site are
melt spherules. Note the large, central vesicles that differ those found in melt droplets at the

nearer Connors Creek site.
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Figure4. Planar deformation features in each of the examined sites. a) PL¥rguartz grain
from the Pine River site at 695.6 m depth. There is vy dietrital quartz at this site, so that
shocked grains are more readily found mixed with the glass fragmenBDFs in a quartz grain
from the Coleraine core 20009 at 117.2 m depth. This represenislthexample of shocked

guartz found at this site.
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Figure 5. Chondrite-normalized platinum group element abundance patterns for sampleg)from
Connors Creek, b) Pine River, and c) Coleraine sites, reseti Chondrite values from McDo-

nough and Sun (1995).
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Figure 6. Platinum group element abundances in Sudbury ejecta. For all plots,esegresent
samples from the Connors Creek site, circles represent sarfnphe the Pine River drill core, and
triangles represent samples from the Coleraine drill corebe Slope of a linear regression through
the points is indicated for each graph (m = slope). Iridium, ruthenand rhodium abundances
have a near linear relationship to one another, but Pd and Pt abundances tlow a linear

relationship. It is possible that these elements have expetisocee degree of mobilization.
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Figure 7. Ratios of PGEs in Sudbury ejecta at all sites measurec
this study (Ej), chondrite groups (Ch), and the East Bull Lake inti
sives (In). The ratios are determined from the slope of a lirear
gression of the measured ratios of the individual samples, and e
bars represent a 95% confidence interval. As shown in Tagle an
Hecht (2006), the regressed data is more reliable than individual
samples for comparison of groups of data. The ratios of PGEs
not overlap with any of the chondritic groups, but this is likely b
cause the contribution of the impactor to the ejecta is too low in i
of the measured samples to positively identify the geochemical
source of the impactor. It is clear that the ejecta samplesnaich
more closely related to chondrites than to the East Bull Lake sar

ples. Data for East Bull Lake from Djon and Barnes (2012).
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Figure 8. Compositions of samples from three investigated sites plottegjicaltvolcanic rock
classification (after Winchester and Floyd 1977) showing the variationempositions of the sam-
ples from those sites, which tend towards andesitic to trachyaiedeBhe same range of composi-
tions is observed in the Onaping Formation (Ames et al. 2002). fbat&udbury Ejecta” from

Cannon et al. (2010); data for Onaping Fm. from Ames et al. (2002).
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Figure9. Plot of Zr vs. TiQ contents for the compositions of the ejecta at the three S,

fields indicate analyses by Ames et al. (2002) from the SIC.
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Figure 10. Nivs. Cr for Sudbury ejecta deposits compared to the Onaping FiI@uthiént Fm,
and chondritic groups. The Sudbury ejecta deposits appear to cortaimtrédbution from a carbo-
naceous chondrite. Data for chondrites from Tagle and Hecht (2008)]i@urdrmation from

Polat et al. (2012); Onaping Formation from Ames et al. (2002); SudbucyeHj@m Cannon et al.,

2010.
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Figure 11. Ir vs. Ni for Sudbury ejecta, the Onaping Fm, melt rocks fterSudbury impact struc-
ture, and target rocks. Ejecta deposits follow a trend consistiémevmixture of a chondritic im-
pactor mixing with average quartz diorite (cross symbol). The Onapimgskows increasing Ir
with stratigraphic height (Mungall et al. 2004), and ejecta deposits appdaave higher Ir than the
Onaping Fm. The ejecta deposits have slightly depleted Ni, whiglhendue to carbonate altera-
tion diluting the signal. Data from Mungall et al. (2004); crustal ahdralritic values from McDo-

nough and Sun (1995).
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Figure 12. Modeled chondrite-normalized PGE abundances (Cl values from McDonough and Sun
1995) of the Sudbury impact ejecta. Background values were taken frémehRiver drill core,

and “ejecta” corresponds to the sample from Pine River drill caieethat was sampled just above

the accretionary lapilli layer, and in which PGEs were foundaweehthe highest abundances.
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Table 1. Geachemical data for Sudbury impact ejecta deposits

Connors Cresk Pine Biver
CC-1A CC-1B CC-IC  CC-? €C-3  CC4 CC-5 CCa PR4 FRS PR &
wt %
5i0, T7.9 751 692 o 265 244 255 249 482 325 455
Ti0, 034 043 057 0.36 021 020 025 0.34 1.2¢ 041 0.80
AL, 12.0 13.0 16.0 o7 6.0 ol 28 12.0 26 150 21.0
Fe 0y i 141 411 340 558 6.75 706 7.56 358 570 449
MnO nd. nd nd nd 04 04 04 o4 0l 0.6 0z
MgO 13 15 212 25 e B2 g6 73 38 7. 2
Ca0 03 11 0.6 13 210 0.0 20.0 0.0 32 150 52
Na, O 0.01 nd nd 0.03 nd 001 nd od 018 001 014
.0 34 42 458 25 15 246 14 32 210 47 72
FP,0: 012 0.14 0.13 0.1z 0.04 0.05 012 0.14 021 018 015
LOI 55 233 129 328 281 281 272 6.4 839 186 108
Total 1008 1002 206 100.1 1003 980 1003 1022 281 1001 100.7
Ppm
Sc 211 870 114 .77 302 58 315 358 e 19 2246
v 07 184 205 216 155 37 it 101 2280 1180 1450
Cr 300 58.8 TO.5 2850 410 435 59.8 0.6 3m 226 109
Co | Bl 01 14 2.56% 14 10.0* 2.5 11 72 1L0* 57
Ni 304 17.4 ins 245 358 202 251 0.4 50.1 907 53.4
Cu 27 354 109 235 2.4 69 T4 51 124 245 75
As 336+ 108 L] B.26* 6.8 16.9% 16.8 13 TS 605 718
Se nd. - - .26 - nd - - - nd -
Er nd. - - nd - 0.3* - - - 0.6 -
Eb 83.1 87.6 103 602 52.1 296 6.1 109 418 227 362
sr 10.5 154 124 vl 4 104 154 31 158 746 163.0 87.0
Y 11.7 12.9 142 103 114 130 17.8 18.4 625 426 378
Ir 984 122 130 853 484 [ ] 1.6 811 243 872 161
Nb o9 12.0 164 1046 6.3 1.0 80 10.9 272 04 16.1
Sh 030* - - 1.15* - 043+ - - - 0.8+ -
Cs 7153 - 5.42* - .30+ - - - 17.0* -
Ba 18 184 2 129 40 116 140 193 124 140 140
La 16:2# 245 218 33.6* 218 14.3* 181 267 423 207+ 455
Ce 5.4 2E1 142 288+ 337 40.3* 23.0 528 630 61.0* 729
Nd 11.1* 11.9 23 16.5 128 I2.6* 172 6.4 464 103+ 402
5m 234- - 317 - .02+ - - 4,004
En 048+ - - 0.57# - 0.63* - - - 0.75* -
Gd 1.51* - - L7 - 2.16* - - - 287 -
Th 029+ - - 0.26% - 032+ - - - 043+ -
Tm D22e - - 0.21* - D.15* - - - bz -
Th L&o= - - .99+ - 0a7* - 1424
Lu 02ge - - 0.16* - D.13* - - - D23 -
Hf o5 - - 2481+ - 237 - - - 213 -
Ta 050~ - - 180+ - 0.5g* - - - 0.6o*
w I3 - - 8.1 - 18+ - - - 1.73* -
Ir (ppb) nd. - - nd - nd - Do+
Aun(ppb) 02 - - 03 - 0.3* - - - 0.5* -
Th 6.0 4.0 54 61* 30 358 235 il 125 43 80
U 26 3.1 30 xie 1.8 2.1 2.7 31 141 331 7.6

n.d = oot deteced

* analyzis by INA A All other analyses by XEF.
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Pine River Coleraine
PRT PRE PES PRI} PRI11A FRI1IE PR1IC CR®1 CR®! CRI1S8-1
wt. %
5i0, 50.9 311 51.0 51.2 231 241 199 53.7 4387 28.6
Ti0y, 0.86 093 1.0 1.10 0.24 009 010 047 100 017
AlLO, 220 220 B0 230 74 35 37 14.0 230 6.7
Fe 0y 458 414 458 4.14 7.85 695 123 20.3 122 46.5
MnO 0l 0l 0.1 01 10 11 11 07 01 9z
MgO i3 34 32 il a0 87 24 19 14 11
Ca0 34 25 19 18 40 230 280 03 01 oe
Na,O 014 020 0.18 021 nd. nd nd nd od oM
K0 82 81 84 83 13 0.2 0.1 22 13 17
FP,0; 0.22 0.24 0.18 0.19 0.08 007 0.05 0.06 005 0.04
LOI 4938 4.94 6.60 651 256 2746 307 5.65 512 701
Total 1007 987 100.1 20.6 006 100.3 101.3 1002 1002 1019
Ppm
Sc 19.6 215 20.5 20.2 358 36.1 ELE] 18.2 1.0 18.9
v 1830 1530 1200 1050 241 554 4632 T6.4 153 3ila
Cr 231 20 188 223 .6 109 142 114 173 30.7
Co 42 38 43 87 72 44 58 245 7.20* 15.7
Ni 40.4 332 542 558 451 9.7 270 172 118 315
Cn 6.6 80 121 10.3 7. 35 53 415 6.0 63.3
As 485 5.1 578 5.7 6.6 376 248 195 257 47
Se - - - - - - - - od nd
Br - - - - - - - - 108+ -
Eb 3 H5 448 435 63.3 79 24 824 204 T3.4
Sr 0.6 831 74.7 76.3 104 110 12% 283 280 139
Y 53.8 522 414 422 195 142 123 248 2.7 14.1
Ir 212 202 200 231 56.3 283 263 883 178 325
Nb 15.8 16.5 17.8 207 435 22 2.0 12.5 89 6.4
Sh - - - - - - - - 041+ -
Cs - - - - - - - - 0.65* -
Ba 107 157 144 161 189 5.0 5.0 04 18 261
La 271 320 214 149 46.5 302 201 59.2 113+ 48.0
Ce 40.8 451 303 339 kYN 144 148 104 185+ 41.3
Nd 304 352 228 235 0.6 123 44 380 T8 85
Sm - - - - - - - - 179 -
En - - - - - - - - 0.72# -
Gd - - - - - - - - 217+ -
Th - - - - - - - - 0.33+ -
Tm - - - - - - - - 0.15+ -
Yh - - - - - - - - 091+ -
Lu - - - - - - - - 0.14* -
Hf - - - - - - - - 0.55+ -
Ta - - - - - - - - 0.15+* -
w - - - - - - - - 1.1+ -
Irippby - - - - - - - - nd -
Au{ppb) - - - - - - - - 0.4* -
Th 10.4 11.8 10.5 14.6 335 0.5 04 i4 a7 nd
U 89 88 1.0 6.8 1.7 22 1.5 54 14.8* 55

n.d. = not detected

* analysis by INAA ALl other analyses by XEF.
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Table I: Flatinum Group Element abundances for Sodbury impact ejecta deposits

Connors Creek Pima Fiver

CCIC CCl CCla CClb CC4 CC5 CCha CCHb PE5 FPR6

Ir 000 010 019 022 015 031 0.26 04 099
Rm 041 030 042 0352 020 075 061 115 237
Pt 391 020 132 375 1460 133 132 227 438
Rh 009 004 027 021 012 0.24 026 032 078
Pd 235 372 3290 2185 207 2351 2.80 421 485
Aw 076 042 134 074 027 019 0.27 0.81 048

Ping Fiver Coleraine

FRT FRS FR? FRID C9-1a C8-1b C8-2 C18a C18b C18-2

Ir 088 066 09 L16 08 049 001 021 012 031
Rm 205 144 210 2468 249 114 300 050 057 0350
Pt 344 7356 449 134 218 129 347 145 191 306
Rh 077 049 076 111 094 058 006 022 021 040
Pd 680 408 T80 036 335 195 357 406 364 540
Am 0325 128 044 318 147 124 080 072 085 230

All samples measured by ICP-MS affer conceniration by the fire assay method.

Values in ppb. Samples with lower-case lemers are repeat analyses.
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Table A1: Limits of detection and gquantitation for PGE analysis using the X Series ICP-
M35 using the method outlined in the text. Also shown are typical reagent blanks for the
period of study and an assessment of the accuracy of the analyses using certified
reference materials WITS-1 and TDB1. All figures are in parts per billion.

Ir Ru Rh Pt Pd Au

Detection Limit 0003 0002 0004 0070 0.005  0u0ov
Quantification Limit 0010 0031 0013 0032 0016 0uo24
Reagent Blank 1 o011 0 bl 0.10 015 012
Reagent Blank 2 0014 007 bl o0.1g 012 0.1
WITS1-1 146 420 112 Lk .31 782
Wits1 Recommended {ﬂq‘}"’ 14203 30108 11102 5716 50:1.2 40128
Wits1 Recommended {ﬂu‘f 158 441 1.20 B.20 5.64 no data
TDB1-1 0.10 024 0.57 647 254 7.70
TDB1-2 0.06 022 043 6.00 234 &8s
TDB1 Certified (+1a)* 0.15 0.3 o7 5.8+1.1 224414 63413

TDB1 Recommended (41 u’]s 0075 0198 047 501 243 no data

Data sources: (1) Tredoux and McDonald 1996; (2) Pesrson and Woodland (2000); Maisel
and Moser (2004); (4) Govindaraju (1994)
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Abstract:

Planar deformation features (PDFs) in quartz, one of the gcoaghonly used diagnostic in-
dicators of shock metamorphism, are planes of amorphous matetritalltha crystallographic
orientations, and can thus be distinguished from non-shock inducagdésam quartz. The process
of indexing data for PDFs from universal-stage measurementsadénally been performed us-
ing a manual graphical method, a time-consuming process in winick ean easily be introduced.
A mathematical method and computer algorithm, which we caltitemated Numerical Index
Executor (ANIE) program for indexing of PDFs, was produced anceg&epted here. The ANIE
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program is more accurate and faster than the manual graphicahidetésn of Miller-Bravais in-
dices, as it allows control of the exact error used in theilzdion, and removal of human error from

the process.

5.1. Introduction

The presence of planar deformation features (PDFs) in quaits ¢yas been used as one of
the most reliable indicator of shock-metamorphism for the coafiom of hypervelocity impact
structures (see, e.g., French and Short, 1968; Stoffler and LangetB8¢s Grieve et al., 1996;
French, 1998; French and Koeberl, 2010, and references therein). lRDEgdarly spaced, thin,
planar features, generally oriented parallel to rational diygtaphic planes (Fig. 1), and formed in
guartz grains upon shock compression greater than ~5-10 GPa ($kee &bdf Langenhorst, 1994,
and references therein). Because they develop along avgségdhic planes, suspected planar fea-
tures can be investigated (i.e., measured and indexed) intordietermine if they correspond to
known planes that accommodate shock deformation (Engelhardt asdiBdi®#69; Stoffler and
Langenhorst, 1994; Ferriére et al., 2009). PDFs with specifitatiggraphic orientations are known
to form in quartz at different shock pressures (e.g., H®@8; Muller and Défourneaux, 1968;
Huffman and Reimold, 1996), so that peak shock pressure can betedtioraa given sample based
on PDF orientations measurements (e.g, Robertson and Grieve Gig&é et al., 1990; Dressler et
al., 1998; Ferriére et al., 2008). The measurement of the omerstalf suspected PDFs is possible
using transmission electron microscopy (TEM; e.g., Goltraalt €1991; Trepmann and Spray,
2006), a spindle stage (e.g., Bohor et al., 1987), or the uniwstagm-(U-stage) on a petrographic

microscope (e.g., Engelhardt and Bertsch, 1969; Langenhorst, 2002re~et al., 2009). Neverthe-
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less, a note of caution is necessary: determining if somarleatures are true PDFs, especially if
they are altered (e.g., in the form of planar fluid inclusrails), is not possible based on only the
determination of the crystallographic orientation of these festlrecause deformation of quartz
crystals will often (but not exclusively) follow the rationaystallographic planes even if shock me-
tamorphism is not involved. Thus presentation of an orientation diegj@e is not sufficient to
confirm the presence of true PDFs. For such questionable fedfdswork remains necessary.

The most common and least expensive method of determining PDRabdestin quartz is
the U-stage microscope analysis. According to the recent stugrbgre et al. (2009), it is also the
only technique that allows large, statistically significariadats to be readily generated. However,
the manual process of converting raw measurements from $tege-to orientations of PDFs has
traditionally been done using a graphical method based on a Wulfi-@tgla) stereonet and a
stereographic projection template (see, e.g., EngelhardtemstB, 1969; Ferriere et al., 2009), and
is rather time-consuming. It is also possible that manualigrchining the Miller-Bravais indices
using the graphical method may introduce some additional eortine data. Here, for the first time,
the mathematical basis for indexing PDFs is presented, aldmgmvalgorithm for indexing, named
Automated Numerical Index Executor (ANIE), designed for use urddbft Excel (version 2007
and later). In addition, mathematically indexed PDFs from tbaeaples, BOS (a meta-greywacke
from the Bosumtwi impact crater), M8 (a biotite-gneiss ftbmManson impact structure), and
AUS (a sandstone from the Gosses Bluff impact structure Feeigre et al., 2009, for more details
on these samples) are compared to results obtained by the matihwadl rfi.e., using the stereo-

graphic projection template) in order to demonstrate the verafottur mathematical method.
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5.2. Mathematical method for deter mining crystallographic orienta-

tions of PDFs

Previously, indexing PDFs has involved a graphical interfaselescribed in e.g., Engelhardt
and Bertsch (1969), Stoffler and Langenhorst (1994), and Ferrierg20@9). However, this me-
thod is, as mentioned above, time-consuming and somewhat inepr@sis allows a certain “fudge
factor” in the plotting of measurements on the stereonet, iadjustment of the data, and in the
actual reading of indices from the projected chart. All thesgnveniences provided the motivation
for a mathematical method to determine crystallographioiatiens of PDFs.

The stereonet (or Wulff net) essentially represents a twordiimeal projection of a three
dimensional sphere. To determine PDF orientations using the stersareral steps must be fol-
lowed. In the first step, the azimuth and inclination of thgis-and poles perpendicular to planes of
all PDFs in a given grain are plotted on a stereonet. Datéhen adjusted by rotating the overlay by
hand until the c-axis and a given pole lie on the same meridiggdidat circle on the stereonet) in
order to obtain the polar angle. Next, the c-axis is moved dfengquatorial line of the stereonet to
the center, and the poles perpendicular to planes of all RBEsasformed along small circles by
the same angle. Finally, the transformed data are compartee $teteographic projection template
(STP) of PDFs in quartz, which displays the pole orientatidksown PDF planes within a 5°
envelope of measurement error. This last step is done by rotagii®T P until all poles (or a maxi-
mum of them) fall into the circles of the STP (see, €ggelhardt and Bertsch (1969), Langenhorst

(2002), and/or Ferriere et al. (2009) for the detailed procedurejlédtzibe here how all these
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graphical steps can be performed using mathematical calculatioveddieom spherical trigonome-
try (see Fig. 2).

The first step is to calculate the great circle distdrateseen the c-axis and the pole to PDF
plane, which corresponds to the so-called polar angle. This distanbtained from the Law of Co-

sines for spherical triangles, and can be calculated usingltbeifig equation:

cos (90 2¥) = cos (90 — z) * cos (90A) + cos (90 — z) * cos (90A) * cos @ — a) [Eq. 1]

where "z" is the measured c-axis inclinatioud, i5 the measured c-axis azimutiA™is the meas-
ured PDF inclination, "a" is the measured PDF azimuth, @fids'the polar angle of the PDF. Note
that the center of the sphere would be measured at 90°, soishatdessary for calculations to be

taken as "90 minus measurement" (see Fig. 2). Therdfiereguation can be simplified as follows:

sin¥ = sin z * sinA + sin z * sinA * cos @ — a) [Eg. 2]

Then, the second step is to calculate the azimuth of the PDwasld be if the c-axis were in the

middle of the sphere. This is calculated from the Law of Swrespherical triangles using the fol-

lowing equation:

sind / sin (90 — z) = sino(— a) / sin (90 ) [Eq. 3]

Which simplifies to the following equation:
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sind=sin@—a) *cos z/co¥ [Eq. 4]

where ‘6" is the azimuthal angle of the PDF after correcting theis+a the center of the sphere.
Importantly, the value of8" must be corrected to determine the exact azimuth of the &Dthjs
equation will only result in an accurate value for half of deifowing to the fact that cosine is an
even function). In order to find the exact value &f ‘a determination of the proper quadrant is ne-

cessary. The value 08" does not need adjustment if Eq. 4 is positive and if sin (&) 819 * sin
(A). The value of 8" should be adjusted byt 3" if either Eq. 4 is negative or sin (z) < si)(*
sin (A). In the case where Eq. 4 is negative and sin (z) <8it ¢in (A), the value of 8" should be
adjusted by "2 + 8" to ensure that8" refers to the correct quadrant and can be properly compared
to other measured PDF sets in the given grain.

After the inclination ¥" and azimuth 8" of all PDFs have been calculated for a given grain,

the next step is to calculate the great circle distancecketihe two PDFs being indexed, "c"; this

can be calculated using the following equation:

cos ¢ = co¥; * cos¥, + cos¥; * cosY, * cos 01 —9) [EQ. 5]

Once this is calculated, the angle between PDFs (denoted H€¥8 aan be calculated using the

law of cosines for spheres with the following equation:

cos C = (cos ¢ — coB; * cosW,) / (sinWy * sin 'Py) [Eq. 6]
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The combination of the polar ang#" and the angle between PDF sets "C" allows PDFs to be in-
dexed. Each PDF set has a singular polar angle and occurs at@graangle to all other PDFs (see
Table S1 in the Supporting Information). Two PDF sets candexéed by first finding the polar
angles close to the determined values, then determinihg drigle between the measured planes

"C" is within 2 times error (i.e., within the 5° envelopentdasurement error for each PDF, or 10°

error) to the angle between crystallographic planes in the grain.

5.3. Description of the Automated Numerical Index Executor (ANIE)

program

Based on the mathematical method described above, a computehaidmai been written
as a Microsoft Excel 2007 macro. The program, named ANIESspporting Information), allows
the automated indexing of up to 10 PDF sets per grain in an wdimitmber of quartz grains. Data
can be entered directly as obtained from U-stage measureimehiding input of the full range of
values determined for a particular PDF set, input as thahalxhigh measured values for both azi-
muth and inclination. Data can also be input as both East andovigaghtions.

From the input screen, the maximum error (corresponding tethelbpe of measurement
error") that is traditionally fixed at 5° (see, e.g., Fawmiet al., 2009) can be defined by the user as
any value between 0 and 10°. The user also has options concerning the ahetiodlation. Grains
with a single PDF set can either be included or excluded frorm#igsss, and the program can ei-

ther use an average value of the U-stage measuremehesfall range of measured values for in-
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dexing. When PDFs fall into the region whene®3} and {1014} orientations overlap, the program
can be set to indicate that both orientations are possiblecsuti

The measurements are matched to possible crystallographic ibdsms on the calculated
polar angle (Eq. 2) as compared to the ideal angle foragstallographic index, plus or minus the
defined error. Angles between ideal PDF sets (Eqg. 5) are cethfmthe list of possible angles be-
tween measured planes plus or minus the defined error (Table Ijdw tlae possible orientations
for each plane to a single possible Miller-Bravais index. Ifetlaee multiple indices that are possi-
ble, the Miller-Bravais index with the lowest calculated angeteor (i.e., the more likely) is re-
ported.

Such analyses take only a few seconds to complete indexing fograathe.g., the analysis
of sample AUS, with 208 PDF sets in 71 grains, was compietagproximately 1 minute. After the
U-stage measurements are indexed, the program presentatteinasvo forms. The cumulative
data are reported along with graphs presenting the proportion of indekadaRB the polar angles
of the PDFs. The data are also presented in a grain-bylgtawith details on the polar angle and
Miller-Bravais indices of all PDF sets. Two histograms gresented upon completion of the pro-
gram (Fig. 3); one with the frequency distribution of polar anglgegain bins of 5°, and one with
the absolute frequency of indexed PDFs with Miller-Bravais indiees, e.g., Grieve et al., 1996;
Ferriere et al., 2009). The number of PDF sets, the number a@f guains, as well as the percentage
of unindexed planes and the error used for the indexing, aretediidimectly on the upper right part
of the graph.

Data can also be exported to a comma-separated value spréaghigeretains the original

input values, the polar angle values, the Miller-Bravaisciglof the PDFs, and the angular error of
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the orientation for each PDF set in all grains. Graphicsrgi@tkeby the ANIE program can be ex-
ported directly to a Microsoft Powerpoint presentation, or tlaeyatso be copied for export to other

programs.

5.4. Comparison of mathematical method and graphical method for

indexing PDFs

The most recent stereographic projection template (with theopelatations of known PDF
planes; see Ferriére et al., 2009) used for the graphical msttlesigned to have 5° errors (i.e., "U-
stage measurement errors") associated with all Millevddsandices. However, additional errors
can be introduced in this method from a number of factors, includingitttle of the line at the bor-
der of the circles (i.e., the 5° envelopes), the width of the berack used when comparing the
measurements to the STP by rotation, and the high likelihobthéhdiuman eye will not be able to
properly discern whether measurements that are close to the bbedparticular orientation are
actually indexed or not. The mathematical method eliminakes these factors of error and uncer-
tainty. Because of that, a few minor discrepancies appeaeéettlie results obtained with graphical
method versus mathematical method. Results are summarized énlTabl

The data for three samples (AUS, BOS, and M8, all contamiorg than 65 grains with
PDFs) have been processed mathematically using the ANIE progiden four sets of conditions:
(1) with a 5° error and using average values from U-stage (Btwith a 5° error and using the full
range from reported U-stage data; (3) with a 6° error and ugérgge values from U-stage data;

and (4) with a 6° error and using the full range from reportecajestlata. The reason for testing the
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mathematical method with a 6° error was to account for the padtefiadge factor” introduced by
the graphical method. Note that all of the PDFs were indexé&adubg with the graphical method by
an experienced user (see Ferriére et al., 2009, for theragimddology and procedure). Results
using ANIE with average values from U-stage data with bo#m8°6° error have a noticeable dif-
ference compared to results obtained with the graphicaloshetfowever, very similar results are
found between the graphical and mathematical results for 5°usirgy ranges of values, and near-
identical results are found when 6° error is used with rangeslwés.

Sample AUS is the largest dataset indexed, with 74 grains anue&ffired PDF sets. By
hand, it was found to have 10 unindexed planes, whereas when usingaAdNEverage values from
U-stage data, with 5° and 6° error, 49 and 38 unindexed PDweetfound, respectively. Howev-
er, using the ranges of values resulted in 21 unindexed PD5S%doror, and 10 unindexed PDFs
within 6° error. The graphically measured polar angles for Ald& similar to those found using
ANIE, though with some minor discrepancies. For example, 4 R@Fes identified as being basal
PDFs when plotted by hand, whereas they were unindexed using thenaitidthémethod as the
angular distance between the c-axis and the PDF setigladyshbove error. The majority of differ-
ences between the graphical and mathematical method areuh@®fé@nprecision in the graphical
method on the order of less than half a degree. Similar regerésfound for the samples BOS and
M8 (Table 1).

Our comparison of results obtained with both methods allows usrttifydaree main cate-
gories of differences between mathematical indexing using ANIErengraphical indexing of the
data. The first one arises when there are multiple possikigosd that allow all measurements to

fit within known PDF crystallographic orientations. In the manasion, the user visually esti-
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mates the best fit (i.e., using eyes and "intuition"), whettgasnathematical method determines the
set of Miller-Bravais indices that has the lowest errat, @hus, is the most likely one. This accounts
for 48% of the discrepancies. Secondly, PDF sets that arelese/to a known PDF crystallograph-
ic orientation, but that fall just outside of the defined erirer,(traditionally of 5° as in the STP pre-
sented in Ferriere et al., 2009) may be graphically countéddexed sets" even they are in fact
unindexed PDFs. This also accounts for 48% of discrepanciesyFaibtither discrepancies be-
tween graphical versus mathematical method that do not correspeititetoof these, such as errors
in plotting data, account for the remaining 4% of discrepanches p&ucity of such discrepancies
indicates that the mathematical method is reliably meagtiig exact same features as when using
the graphical method, while the commonality of the second catefjdigcrepancies indicates that
the user, in the case of the graphical method, can easily intredoeeerrors into the indexing
process.

Thus, based on our comparison of results as obtained for thesstinfdJ-stage data with
the graphical method and the mathematical method (i.e., usitg)Ary similar results are ob-
tained when using the range of measured values and an error o 6&cimmended that users of
the ANIE program, or of the mathematical method describedsmthnuscript, state specifically
which error setting is chosen for the indexing of the PDigsvehether average values or ranges of

values are used for the determination of crystallographic isdice

5.5. Conclusions and recommendations

The process of indexing PDFs in quartz grains is somewhat tediairgy because of the

time-consuming and difficult nature of plotting U-stage measunésrand properly reading the Mil-
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ler-Bravais indices after the data have been obtained. The dewelbpnd presentation of an auto-
mated method for the determination of crystallographic orientatibR®Fs removes a large part of
the tedium for those who are attempting to verify the shock origiieformation features in quartz
grains and/or who are interested in the evaluation of the peak stesskig recorded by a given
sample.

Our comparison of indexing PDF sets using the mathematical méthagodhe ANIE pro-
gram) versus the "old" graphical method reveals that the bestieen the two methods is found
when using 6° error and the full ranges of values (as opposed teetlag@ value of measurements)
in the ANIE program. For the 564 PDFs evaluated in the pretsty, a total of 46 differences were
found between indexing with the mathematical method versus the gahptéthod, which corres-
ponds to a difference of ~8%. Finally, our study suggestghibajraphical method, although de-
signed with a 5° envelope of measurement error, is actuallyr ¢téé error in reality. However, it
is recommended to users to define a 5° error when using ANIE progsaifra 6° error is used, the
error envelopes of the PDFs pole traces fot 4} and {1013} orientations partially overlap. Any-
one presenting PDF data indexed with the ANIE program or thieematical method is asked to
state clearly the error used in the calculation, as wellhether the average value of measurements

or the ranges of values is used for indexing.
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Figures

Fig. 1. Photomicrograph (crossed polars) of a quartz grain with twa&&BFs; both PDF sets

with of{ 1013}-equivalent orientations (sample from the Bosumtwi impact crate
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Fig. 2. Simplified representation of the process of indexing PDFs in qudrezc-axis is measured,
then moved to the center of a projected sphere; this operationrisdibfi a distance of "90A

and an angle ofi". The distance between the center of the projected sphere amédbared posi-
tion of the pole to PDF plane is "90 — z", and the angla'isThere is a distance of "90# be-
tween the c-axis and the pole to PDF plane, which is constamélzefd after correction to the cen-

ter. The pole to PDF plane is moved to a new position, whichrasgle of 8". The angle between

the c-axis and the pole to PDF plane is ‘ta"-
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PDF Reference # 1 2 3 1 5 6 7 B 9 10 " 12 13 14 e - 7+e
sz Miller-Bravais Indices ~ 0001 " 1013 " 1012 " 1011 " 1010 " 1122 " 1121 " 2131 " 5161 " 1120 " 2241 " 3141 " 4041 " 5160 " 1014 Unindexed|1013+1014
Total Number of Sets 0 18 0 4 0 1 0 4 1 0 2 1 1 0 4 4 14
Input
Absolute Frequency 0% 32% 0% 7% 0% 2% 0% 7% 2% 0% 4% 2% 2% 0% 7% 7% 27%
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Angle between c-axis and poles to PDF (degrees) Angle between c-axis and poles to PDF (degrees)
Histogram of absolute frequency percent of indexed PDFs Histogram of angles between the c-axis and poles to PDF in 57 bins
recalculated to 100% to exclude unindexed PDFs. Unindexed PDFs are marked in black, while indexed PDF's are grey.

Fig. 3. Indexed PDFs data are summarized by the ANIE program as af pégtograms, which
show the absolute frequency percent of indexed PDFs and the frequénbuytiia of polar angle
values of PDFs in 5° bins. The error used for analysis isatetl on the graph for indexed PDFs,
and each graph also displays whether data are processed based gesaeranges of values. Un-

indexed PDFs are marked in black on the histogram of polar ealgles of PDFs.
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Table 1. Comparison of the number of indexed PDF crystallographic orientations, as obtained using the graphical method and ANIE program with different settings, in quartz grains

from three samples.

PDF AUS sample (208 PDF sets in 74 grains) BOS sample (145 PDF sets in 65 grains) M8 sample (211 PDF sets in 71 grains)

crystallographic  Graphical 5°error 5°error  6°error  6°error  Graphical 5°error  5°error 6°error  6°error  Graphical 5°error  5°error 6°error  6°error

orientations method® averagesb ranges® averages ranges method averages ranges averages ranges method averages ranges averages ranges
¢ (0001) 59 47 53 53 58 n.d. n.d. n.d. n.d. nd. 4 4 4 4 4
{1014)° 6 8 22 6 21 2 12 13 7 12 10 7 17 4 14
{1014}/{1013}° 44 30 23 38 35 47 28 21 36 27 77 64 52 84 71
w {1013} 60 48 59 48 53 32 34 45 35 42 79 61 78 56 65
{1012} 2 2 3 2 3 28 23 28 27 29 2 2 6 2 6
r,z{1011} 10 11 12 10 12 5 7 7 6 8 13 10 15 14 16
m {1010} 1 1 3 1 3 1 1 1 1 1 n.d. n.d. n.d. n.d. n.d.
€ {1122} 5 1 3 1 4 4 2 3 3 2 3 3 3 2 3
s {1121} n.d. n.d. n.d. 1 n.d. 2 2 4 3 4 n.d. n.d. 1 1 1
p {2131} 3 3 4 2 4 3 2 2 3 2 3 3 8 3 8
x {5161} 1 2 2 2 2 1 1 n.d. n.d. n.d. 1 1 1 n.d. 1
a {1120} 1 1 n.d. 1 n.d. 1 n.d. 1 1 1 n.d. n.d. n.d. n.d. n.d.
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{2241} n.d. 1 n.d. 1 n.d. 6 5 3 5 3 10
{3141} 3 3 3 3 3 3 5 6 4 7 2
t {4041} 2 1 n.d. 1 n.d. 2 2 2 2 1 2
k {5160} 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1
Unindexed 10 49 21 38 10 8 21 9 12 6 5

®PDF planes indexed with the graphical method; Data from Ferriére et al. (2009).
°PDF planes indexed using ANIE program with a 5°env elope of measurement error and the average value of measurements for indexing.

°PDF planes indexed using ANIE program with a 5°env elope of measurement error and the ranges of values for indexing.
d{1014} PDF orientations uniquely indexed.

°PDF planes which plot in the overlapping zone between {1014} and {1013} crystallographic orientations.

f{1013} PDF orientations uniquely indexed.

n.d. = none detected.
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6. RECAPITULATION

This work has explored three aspects of the impact craferoogss: Two studies were
made on ejecta deposits from large impact events, with ong fatdchg a new layer of impact
spherules that have previously not been described and #grestildy exploring the ejecta from
the Sudbury impact event in petrographic and geochemical thal/have expanded the scientif-
ic understanding of the deposits particular to the Sydéwent and also for the general under-
sanding of ejecta from large impact events, as it is oel\séitond crater in its size range to be
investigated for ejecta (the first being the Chicxulub impaent); a separate study worked to
find the mathematical relationship between planar defoom&tatures and the c-axis of quartz

grains to allow them to be quantitatively indexed.
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A STATISTICAL DYNAMICAL STUDY OF

METEORITE IMPACTORS:
A CASE STUDY BASED ON PARAMETERS
DERIVED FROM THE BOSUMTWIIMPACT EVENT
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Abstract Tha smady of mereorite craters on Earth provides information about the dynamic
evolution of bodies within the Solar System  Bosumowi crater is a well stadied.
10.5 km in diameter, ca. 1.07 Ma old impact smucrre located in Ghana. The
impactor was -1 km in diameter. an ordinary chendrite and struck the Earth
with an angie berween 307 and 45° from the horizontal We have uzad a o
phase backward integTation to corsTain the most probable parent region of the
impaceor We find that the most likely source region is a high imclination object
from the Middle Mam Belr.

Keywords:  impact craters — czlestial mechanics — minor planets, astsroids

1. Introduction
When studying mmpact craters, it 15 sometimes posiible to determine the
properties of the impactor that produced the crater, but the zource where the 1m-
pactar onginated o the Solar System 15 more difficult to determme. Recontly,
the Almahata Sitta £l was observed by astronomers, tracked by satellites as it
entered the atmesphere and collected soon after stnking Sudan In this case.
dynamical models were combined with detailed information about the mete-
arite type to track the mpactor back to the Inner Mamn Belt (Jennizkens et
zl, 20109, For older mipacts. the same pracizsion cannot be achieved beczuse
of the lack of detailed information on orbutal parameters. However, based en
the gaologzical constramts on the dynamic nanwe of the impactor, a stafistical
model can be used to suggest the most probable region from which the 1m-
pactor could have originated. The mim of thiz study 15 to stansheally constrain
the most probable parent region of the impaetor that formed the Bosumtwi

1mpact erater
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I

I
I

143



Matthew S. Huber Doctoral Thesis | 2013

2

Bosumtwi crater: Geological background

The Bosumtwi mpact crater was chesen for this study because of ifs rel-
atively young age and unusually good constraints on the direction of the im-
pactor. The Bosumtwi impact crater is a 10.5 km i diameter complex mete-
onte impact crater located m the Ashanti Province of southern Ghana. It is
1.07 = 0.11 Ma old and relatively well preserved (e.g., Koeberl et al., 1997a).
The Bosumtwi structure 15 currently filled by the closed-basin Lake Bosumtwi
that is 8 km in diameter and up to 72.5 m deep. It is considered to be the
largest. relatively young. confimmed impact stracture on the Earth. Bosumtwi
is a umique crater. since it 1s one of just three craters in the world that are asso-
ciated with a tektite strewn field (e.z., Koeberl 1994). Tektites are cenfimeter-
sized pieces of natural glass formed dunng a hypervelocity impact event by
ejection of molten target-surface material and occwring mn strewn fields (e.g.,
Koeberl, 1994). Bazed on the distmbution of tektites around Bosumtwi crater
it 15 possible to constrain the direction of travel of the bolide prior to the im-
pact. Based on the Cr isotope composition of the tektites derrved from Bo-
sumtwl, Koeberl et al. (2007b) established that the impactor that formed Bo-
sumtwi crater was most probably an ordinary chondnte (while carbonaceous
and enstafite chondrites were excluded). The properties of the impactor that
formed the crater have been constrained by mumencal modeling. According to
Artemieva et al. (2004), the Bosumtwi structure was formed by an impactor
0.75 to 1 km in diameter, moving with a velocity higher than 15 km/s, and
most probably 20 km/s. Due to association of the Bosumtwi crater with the
Ivory Coast tektite strewn field. the direction of the mcomng impactor was
estimated to be from N-NE to 5-5W and the angle of mpact 1s thought to be
between 307 and 457 (Artermeva et al | 2004).

2. Model & Methods

This study uses a statistical approach to constrain the parent region of the
Bosumtwi impactor. using o — i space (g and i for semi-major axis and or-
bital inchmation, respectively) and the absolute magmitude (H,) distnbution
inside the defined regions of the Solar System. First we made a backward
integration’ from the present to the time of mmpact. The mtegration used the
Radan integrator, included relatrvity, and all the planets plus Phito. the Moon,
Westa, Ceres, Pallas and Jimo. The integration considered the positions of the
Earth between 0.96 and 1.18 Ma (1.07 =+ 0.11 Ma) in order to find the possible
pesition of the Earth dunng the time when the impact eccured. accounting for
the error of the impact age measurement. Then, we made another backward
integration using the Lie-integrator (Eggl and Dvorak, 2010) without Mercury,
Pluto and the 4 asteroids, from the time of the mpact to 100 Ma. simulating
the orbital evolutions of 924 fictiions Bosumtwi mmpactors beginning at the
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calculated location of the Earth. Two cases were considered for this mtegra-
fion:

Fixed case (FC): we started the mtegration at the location of the Earth (as
caleulated in the mitial integration) exactly at 1.07 Ma. Then. 384 par-
ticles, with a gaussian distibution of impact velocities (v;) around 20
km/s were launched with 32 different velocities. Those velocities corme-
spond to the average value for Earth-impactors, as well as the most hkely
velocities indicated by mimenical modeling for the Bosumtwi impactor
{Artenmeva et al . 2004). Velocities have a Gaussian distnbution in the
range of 11.2 to 40 km/s, which are the escape velocity from the Earth
and cometary speed, respectively. Then, 4 impact angles were consid-
ered using random values among & = 37.57 + 7.57 for each velooity
and 3 different directions (2, — 67.5 4+ 3.57, f1a — 7875 + 3.5" and
2y = 56.25 + 3.5° from east) for each angle. The launch position is the
present latihude and longitude of the Bosumtwi crater site.

General case (GC): 340 particles were integrated using combinations of the
following properties to account for the lack of knowledge of the exact
position of the Earth at the time of the impact: 3 different orbatal po-
sitions of the Earth. comesponding to the minimum. average and max-
imum aphelion (at 3 different times) m the Solar System; 3 different
directions of the impactor (£; — 67.5+ 3.57, (¥ — 7R.75 + 3.5 and
Qy — 56,25 £ 3.5 from east); and 50 different sections of the Earth
along lines of longitude every 67 for each pesiton of the Earth. For
each of the 540 particles, mmpact angle and latitude® were disiributed
randomly, and v; had a gaussian distnbution hike in the FC.

Once data were generated, analysis was done on two levels. First, regions were
defined as in Table 1, where only the semimajor axis was considered Then,
for those particles which fell into the Main Belt. more specific constramts were
necessary because of the much higher population. Assunung the impactor was
an ordinary chondnte (Koeberl et al.. 2007b) and from the numerical results of
Artemiieva et al.® (2004), we can exclude the possibility of a cometary orbit,
such as NEOs (Near-Earth objects) with orbits of () = 4.5 AU (Ferndndez et
al, 2002).

REGIONS (Table 1): At the end of the integration. the particles are exammed
to determine the probability that they fall mto a defined region based on
the semi-major axis range (called P{a)). The orbital properties of the
particles were denved from the time intervals between close encounters
where they show little variance. The average time between close en-
counters with planets was determined to be 284 ky.
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MAIN BELT GROUPS (Table 2): Astercids in the Mam Belt were subdi-

vided mnto 3 regions and with these 3 constramts: (1) 15264 < a < 5.05
AU & = 546AU (aphelion of Hilda famuly from Broz and Vokrouh-
Licky, 2008), (2} g = L0017 AU (the average semi-major axis of the
Earth after 100 Myr of mtegration) and (3) the NEAs with @ < 4.35
and g = 1.0302,
Then, each of these 3 groups was divided into 2 subgroups: the low
melination group (LIG) and the high mnclination group (HIG), the bor-
der between the two regions being ¢ — 17.16 (Novakovi¢ et al.. 2011).
The regions with the highest densities of particles were then determined.
For these the Tisserand parameter with respect to Jupiter: T; = =X 4
2,/2(1 — ¢} cos i, where a; is the semi-major axis of Jupiter, a, ¢ and
i are the actions of the osculatory elements of the asteroid. Tt was calcu-
lated to test whether or not the properties comrespond to known families
in the Main Belt

Absolute magnitude and spectroscopy

Ordmary chondrites, thought to be responsible for the Bosumtwi impact, are
associated with the taxonomical S-group: 5. L. A, K E. Q and intermediate
types SL. Sa. Sk, Sr. Sq (Bus & Binzel. 2002).

Surveys have also revealed that the NEA population 15 dominated by ob-
jects belonging to the taxonomic classes S and Q (23% as Q-type and 40 %
as S-type. Bus et al, 2004). When corrected for observational biases. about
40% of the NEA population belong to one of these two taxonomic classes. In
the case of Mars crossers, 65% belong to the 5 class (de Léon et al.. 2010).
To compute the absolute magmtude of our mpactor, we used the equation of
Fowler and Clullemm (1992): H, — —5(0;3{%%]. Using the average albedo
for the S-group asteroids, 0.197 (Pravec et al. 2012}, and considering the Iikely
size range of the Bosumtwi impactor, its abselute magnitude ranged from 174
to 18.0 mag. The absolute magnstude of the impactor can be used to calculate
the probability (called F(Hy ) that the impacter originated from a particular
region based on the hikelihood of objects of similar absolute magnitude ong-
inating in a particular region, Le., from the IMB, 1121 < H,,,,, < 27.60.
The spectral properties of ordinary chondntes exclude the possibility that thus
object come from a famuly such as Vesta or Hungana, but 1t favours the Flora,
Anadne Nysa, Mana, Eunomia, Mersia, Walsonia. Coelesting, Hellona, Ag-
nia, Gefion and Koronis groups (Cellino et al , 2002) Barcelona and Hansa for
the HIG (Novakovié, etal., 2011).
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3 Results and discussion

The final backward integration of 100 My shows that particles which sur-
vived the integration tend to comverge on the Main Belt (Figure 1). and that
only a negligible number of them is found in cometary orbits with an initial
aphelion greater than Jupiter's one. with a v > 27 km/s; then a very neghgible
part in hyperbolic orbits with a v; = 33 km/s. This suggests that the impactor
most likely onginated m the Main Belt.

REGIONS: The results are hsted in Table 1, where P(H, ) shows that on the
basis of the absolute magnitade, the object most likely onginated from
the Main Belt. with a 37% probability of criginating from the IMB and a
20% probability of eriginating i the MMB. The integration performed
in this work shows that the majority of backwards mtegrated particles
fall into the IMB and MMB, with ~ 10% of objects in the FC falling
into each of these. The GC, however, resulted in the majonty of objects
enginating from the MMB. again with ~ 10% of objects. and only ~ 4%
of objects originating from the IMB.

Tabie 1. Pezions are defined by the a that comesponds to strong permrbarive Mean Mogon
Eesonance (2.06 AU for J4 ¢ | and 3.28 for J2 © 1), spart Sor the inner border of the {(IME)
equal to the aphelion of Mars. The borders of the Tupiter Trojans (TRO) as in Tsizanic ot al
(2005) and for the TNOs, the standard definition is used. MMB, OME, CEN stand respectively
for Middle Main Belr, Outer Main Belt and Centaars. Opk. stands for semi-major axis borders of
the region. For the lower border of the IMB (=), we take the minimm o for the innermast group
of asteroids (see Galiazzo at. al. 2012). The “@&™ means that . are biased for the sbsence of
2 small bedies survey, so no significative computation is possible. Froio) and Fop(a) stands
respectively for probability to find the origin in the region through the @ in the FC and m the
GC.

Reg. Crb. PH.) Prela) Facla)
IME L.7E* < o < 2.06 03737 0.0024 0.0404
MMB 206 < o< 328 0.2870 0.1036 0.1030
OMB 308 < a < 505 0.0732 0oz 0.0121
TRO 505 < o< 535 - 0.0056 0.0000
CEM 5.35 < a < 30.00 . 0.056 00646
™NO & > 30.00 L p.o112 0.0020

MATIN BELT: Results are given in Table 2, subdivided in 2 rows. In the upper
row we have the LIG and the lower one, the HIG: (. i) is the probabil-
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Table 2. MBAs group have the same subdivision per semi-msjor axiz, 35 in Table 1, apart for
the IMB: 1.53 = a -« 2.00 where the lower Hrmit iz the average aphelion of Mars in 100 Myt
from the impact time). “Low”= Low inclined orbit (i < 17.18) and “High"= High inclhined
orbit Pr(a,i) and Pr{a, 1) stands respectively for probsbility to find the origin in the region
defined by semi-major axis. and mclknation too. in the FI©" and in the GO

Rer Low FplH_} Pela,i) Fia, i)
Raeg High Fu{H.} Peia,i) Prio, i)
IME Lowr 0234 0.0046 0.000
IMB Hish G420 00046 0.018
MMMEB Low 0307 .00 0.010
MIWEB Hieh 0113 0.020 0.022
OME Low 0023 0.003 000
OME High 0019 0000 0.004

ity to find the asteroid at igh or low inclinations in the regions defined
via semi-major axis. (7 and # stands respectively for GC and FC.

FC: The most probable source regicn of the Bosumtwi mpactor based on the
fixed case integration falls within the Maim Belt at high mclination, with
the most likely group being the MMB at hugh melmaton, with 2% of
the population falling into this group. The objects have highly inclined
orbits (up to ~ 7537), and the most populated zone at 2424003 < T; <
2.84 +0.25.

GC: The most probable source region of the Bosumtwi impactor based on the
general case 15 from the MMB with high mchnation: ¢ > 369 (Fig. 2)
and 242 £ 0.05 < T; < 2.79 + 0.00. However, low mchnation MMB
is also possible, together with high inclination IVB.
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Evolution of a sample, through the diferent ranges of admited velocites, of ficti-
tious asteroids (impactors) over the total integration fime. In colours the T, x-axic is the impact
velocity (km's) and the y-axis is the aphelion (AU). On the left, at a ficdtious velocity of 6
km's we have the planets as reference, from top to the bottom: Satum, Fupiter, Mars, Earth and
Vemus., The T; shows that the particles tend 1o achieve the values of the MBAs (plot at 100 my).
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FC.

4. Conclusions

The Bosumtwi impactor probably ongmated in the MMB at orbital mclina-
tions greater than 35° with a possible mmifial T; equal to 2.G3 + 0.25 These
values are based only on ouwr mumerical integrations (the highest values® m
Pela, i) and Fria) found in the GC, see Table 1 and 2 and Figure 2.) and not
considening the spectroscopical type too, because we do not have yet any sig-
nificant number of measure in this zone of the Main Belt (Cellino et al, 2002).
Also this zone is still not well studied and so we could not identify a particu-
lar famly as the most hikely source. Asteroids with smmlar orbital parameters
to the medeled Bosumtw: impactor are: 2002 MO5, 2009 XFg, 2002 5U and
2010 RR.y,. There could be a cluster of astercids at very high inclined orbits
a5 shown by these results, something that we are planning to study after this
work. This method should be improved to find more consistent probabilifies
(i.e. with more fichtious particles and larger mtegration tmes) and it can po-
tentially be applied to other old impact craters with well constrained mpactor
properties, and even to impacts on ather planets.
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Notes

1. Drue to the fact that a backward intermation could be distarted by chaotic motion in close enconmers,
we have looked for a measure that iz as simple a5 possile and is expressad in terms of orbém] elements, singe
these are famitiar mdices of orbir diferences. Because there should be preferencial arbits m the regions far
fom the Earth, we can use a staistiral approach. We stopped the imtesration for a paricular body whenever
ﬂmEﬁ%mmmmmmwﬂ.ﬁsiummd:dnmmmwﬁaplmzrlessﬂ:m
~ 104 ALL

1. warying +1.9° (Nema deSurgy & Laskar, 10905} from the present ome, to account for the varance
of the ohlquiry.

3. z== also their Tahle 2 where the fit between the dizmeter of the rater and the mmpact velociny is in
agreement with impact velocities rypical of asteroids.

2. Because of close encoumiers, some imtegrations wene stopped before 100 My, so less orbifs end their
evohrion m the Maim belt. ses Fig 1. These ones are the missing percentage from the rezults. a part stll
Eappen to be as WEAS. a part reach our maxinmm tolerance value for eccentricity (0.05) and ansther small
fracton bhas azxin impacts dunng the backward integration.
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Coconino Sandstone and its Structural Displacement Dthim§ormation of Barringer

Meteorite Crater (a.k.a Meteor Crater). Submitted to Metesrétnd Planetary Science.

Huber, M., Crne, A., Lepland, A., McDonald, I., Melezhik, Koeberl, C., and the FAR DEEP
Science Team.Probable Vredefort ejecta from Karelia, Russiay to understanding

Precambrian impacts. Submitted to Geology.

Huber, M., Hecht, L., and Koeberl, C. Geochemistry qfant ejecta from the Sudbury impact:
Insights into large impacts. Submitted to Meteoritied Rlanetary Science

Publicationsin preparation

Huber, M., and Plado, J. Misuse of evidence in identifyiassible impact structures: Case
study of the Suavjarvi structure. In preparation for Meéties and Planetary Science.

Huber, M., and Koeberl, C. Accretionary lapilli formed frame Sudbury impact. In preparation
for Meteoritics and Planetary Science.

Huber, M., and Byerly, G. Komatiites of the Saw Millr@glex, Weltevreden Formation, Bar-

berton Greenstone Belt. In preparation for South Afritiaurnal of Geology.

Other Publication

Huber, M., and Crane, D., 2009. Examination of resereométional processes of the Eocene

Gatchell Sandstone. Internal document for Chevron Cb2mp.

Geology Experience

2012 Lunar and Planetary Institute Sudbury Field Camp Sudbury, Canada
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2011
2010
2010
2010

2009

2009

2007-2009

2008

2005-2010

2007

2006

2006

Network on Impact Research Ries Field Camp Nordljngermany
Collaboration with FAR-DEEP ICDP drilling peci Trondheim, Norway
Lunar and Planetary Institute Meteor Crater FieldgCameteor Crater, AZ
Field analysis of impact ejecta in Orosirian terrains Marquette, Ml and
the Canadian Shield in Michigan and Ontario Thunder B&y,
Laboratory technician Baton Rouge, LA
Prepare rocks for chemical analysis
Prepare powders and thin sections

Separate zircons using magnetic separation and heavy liquids

Asset Development Team Intern for Chevron Bak&dsCA
Developed VBA macros to aid in analysis of core data
Used Stratworks and Geolog to evaluate reservoir properties
Adapted data to develop new reservoir formationehod
Teaching Assistantship at Louisiana Stateelsity Baton Rouge, LA
Classes: Physical Geology
Historical Geology
Physical Geology Lab
Igneous and Metamorphic Petrology
Geological mapping of Weltevreden Formation, Barberton Barberton, SA
Greenstone Belt, South Africa
Geology presentations for the North MS GednMineral
Society, UT Martin Geoclub, and LSU geology club
Geologic mapping of GrenvillianOrogenic belt ireBesLake  Hamilton, NY
Shear Zone
Geology of Belize: Field studies of Bolide imgatirough Central Belize
time with an emphasis on the Chicxulub impact crater.
Field Methods in Volcanology course from the Celotethe Hilo, Hawaii

Study of Active Volcanoes

Conference Contributions
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Huber, M. S., King Jr., D. T., Petruny, L. W., and KegpC. 2013.Revisiting Kilmichael
(Mississippi), a possibleimpact structure. 44" Lunar and Planetary Science Confe-
rence, Abstract #2250.

Huber, M., and Koeberl, C., 201&ccretionary lapilli from the Sudbury impact: observa-
tions from five sour ces. GSA Annual Meeting, Abstract #210692.

Huber, M., and Koeberl, C. 201Ristribution of meteoritic material in Sudbury impact
gecta. 75" Annual Meeting of the Meteoritical Society Cairns, Aakia, Abstract
#5136.

Huber, M., Crne, A., Lepland, A., McDonald, |., Melezhik, Koeberl, C., and the FAR DEEP
Science Team, 201Zhemical analysis of ballisticimpact spherules from the Zaone-
ga Formation, Karelia, Russia, and implicationsfor Vredefort origin. Lunar and Pla-
netary Science XVIII, Abstract #1970.

Huber, M., and Koeberl, C., 201\ ariation of fallout g ecta with distance from the Sudbury
crater.Geological Society of AmericAbstracts with Programst3, 305.

Huber, M., and Koeberl, C., 201Components of distal Sudbury g ecta. Meteoritics and Pla-
netary Science, 46, A104.

Kring, D.A., Balcerski, J., Blair, D., Chojnacki, M., Dainue, P., Drummond, S., Garber, J.,
Hopkins, M., Huber, M., Jaret, S.,Losiak, A., Maier, Witchell, J.,Ong, L.,Ostrach, L.,
O'Sullivan, K., Potter, R. W. K., Robbins, S., ShanBar Shea, E., Singer, K., Sori, M.,
Sturm, S.,Willmes, M.,Zanetti, M.,Wittmann, A., 20Fld hingein Overturned Co-
conino Sandstone and its structural displacement during the formation of Barringer
Meteorite Crater (a.k.a Meteor Crater). Lunar and Planetary Science XVII, Abstract
#1740.

Kring, D.A., Balcerski, J., Blair, D., Chojnacki, M., Bohue, P., Drummond, S., Garber, J.,
Hopkins, M., Huber, M., Jaret, S.,Losiak, A., Maier, Witchell, J.,Ong, L.,Ostrach, L.,
O'Sullivan, K., Potter, R. W. K., Robbins, S., ShanBar Shea, E., Singer, K., Sori, M.,
Sturm, S.,Willmes, M.,Zanetti, M.,Wittmann, A., 20symmetrical distribution of
impact g ected lithologies at Barringer Meteorite Crater (a.k.a Meteor Crater). Lu-
nar and Planetary Science XVII, Abstract #1746.

Huber, M., Crne, A., Lepland, A., Melezhik, V., Koeberl, @nd the FAR DEEP Science Team,
2011. Possible occurrence of distal impact € ecta from the Vredefort impact event
in drill coresfrom the Onega Basin, Russa.Lunar and Planetary Science XVII, Ab-

stract #1487.
155



Matthew S. Huber Doctoral Thesis | 2013

Huber, M., Ferire, L., Losiak, A., and Koeberl, C. 20JANIE: A mathematical algorithm
for automated indexing of planar deformation featuresin shocked quartz. Lunar and
Planetary Science XVII, Abstract #1200.

Losiak, A., Wojciechowski, J., Fegre, L., Huber, M., and Koeberl, C. 2014 web-based
program for indexing planar deformation featuresin quartz. Lunar and Planetary
Science XVII, Abstract #1286.

Huber, M.and Gibson, M., 200Preliminary inter pretation of paragenesis of mineral and
sediment infill in Scyphocrinitesiobloiths from the lower Devonian Ross for mation
of Western Tenessee. Geological Society of Americabstracts with Programs39, 35.

Technical Skills
< Optical microscope and universal stage
« Openworks Suite experience (Chevron)
e Geolog experience (Chevron)
e Microsoft Excel VBA programming
e Scanning Electron Microscope
e Electron Microprobe
e X-ray diffractometer
e X-ray fluorescence
e u-X-ray fluorescence
* Infra-red spectrometry

« Raman spectrometry

Professional Organizations

2010-present Meteoritical Society

2007-present American Geophysical Union

2007-present American Association of Petroleum Geologists
2006-present American Association for the AdvancementiehBe
2004-present GSE (UT Martin chapter president 2006-2007)
2003-present Geological Society of America

Awards
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2012 Wiley-Blackwell Award for outstanding presentasidny students
2012 Planetary Studies Foundation travel grant

2011 Barringer Family Fund Award

2011 LPI Career Development Award

2007 Outstanding Geoscience Student Award

2003-2007 University Scholars Academic Scholarship

2006 McCutchen Geology Award

2003-2006 North Mississippi Gem and Mineral Sociaetiydkarship

Other Experience and Activities

Employment
2008-2010 Grader for Office of Independent Learning, LSU
2004-2007 Resident Manager of the Baptist Student Céméetin, TN.

Non-professional Organizations

2011-present Vienna chess club

2006-present PADI (SCUBA Diving).

2003-present United States Chess Federation.

1995-present North Mississippi Gem and Mineral SocMgmphis Archaeological and Geo-
logical Society.

Community Service

2012 Guest lectures on geology at Mississippi Delta CamitynCollege

2009 Education outreach for Baton Rouge elementary students.

2008 Hurricane Gustav evacuation center care giving.

2006 Hardin Co., TN geological presentation for elemergangents.
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