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Abstract

The discovery, at the beginning of the 20" century, that elements can transform into other elements, due to the spontancous decay of an instable to a stable
atomic nuclei, gave rise to a powerful source for age information in many fields of earth science. For impact structures, it is crucial to establish well-defined and
precise ages in order to understand how impact events affect the Earth’s geo and biosphere and also with regard to possible future events that can have devastating
effects on our civilization.

During the impact cratering process immense amount of energy is released in relatively short time, resulting in extreme temperature and pressure conditions
that can even melt and vaporize rocks. The thermal impact is so high that in consequence, the composition between instable and stable nuclei in a melted rock
or mineral is changed due to the loss of stable nuclei through diffusion. Thus, the atomic or isotopic clock of a rock or mineral is reset and the accumulation of
new stable nuclei starts again, preserving the imprint of the impact event. Traditionally, impact structures are dated by “’Ar/*Ar on impact melts. Such melts
quench soon after their formation and thus, inhibit the diffusional loss of newly-formed stable nuclei. Therefore, these melts can be used to date an impact event.
Further, individual minerals can yield impact-related ages, too, such as zircon. The U-Pb decay in zircon is the most widely used dating method. Due to the
recrystallisation or new growth of zircon within impact melts, Pb is lost, indicating an impact relation. However, even though impact events have a devastating
effect, in some cases minerals preserved in the target rock show no sign of shock, but instead, be affected by post-impact processes, such as by hydrothermal
activity. Thus, impact crater ages are not always straight forward and should be interpreted with great care.

The U-Pb analyses of zircon grains from the target rock of the Siljan impact structure in Sweden can be explained by different residency time of zircon at shal-
low, cool crustal levels rather than by the impact event. Prior to the uplift by the impact event about 380 Ma ago, zircon grains near the crater centre resided at
greater depth, where radiation-damaged lattice is able to anneal due to higher temperatures, leading to much less Pb loss. Whilst zircon grains distal to the crater
centre was preserved near the erosional surface at temperatures that inhibit any annealing of radiation damage since >1260 Ma and thus, prone to lose more Pb.

The “Ar/*Ar age data of biotite and amphibole from the Siljan target rock exclude an impact age, as well, and instead, indicate an imprint by hydrothermal
fluids driven by the impact. Whilst the “’Ar/*’Ar dating of whole rock impactites from the Hummeln and Mien impact structures in Sweden and the Pu-
chezh-Katunki impact structure in Russia suggests a correlation with an impact event, even though Hummeln shows only a partial reset of the “°Ar/*’Ar system
and Puchezh-Katunki yield an age range between 192 and 196 Ma.

Further challenges combine dating with element mapping and microtextural analyses. Highly shocked zircon, extracted from impact melts of the Mien crater,
with certain textural features can yield U-Pb ages that are impact-related. It shows that the formation of shock textures in zircon is promoted when the lattice is
metamict, i.e., damaged by radiation due to the U-Pb decay.
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Basic definitions and abbreviations

Here are the definitions and abbreviations of terms used in this thesis.

Hypervelocity impact body: A cosmic projectile with a minimum diameter of 50 m for stony and 20 m for iron meteor-
ites (Osinski and Pierazzo, 2013) to be capable of passing the Earth’s atmosphere with no energy loss and thus, strike
the surface at its original cosmic velocity of >11 km/s (French, 1998), generating high-pressure shock waves in the
target. Due to the high energy loss when passing the atmosphere, a smaller projectile is only able to produce a so-called
‘penetration crater’ where no shock waves are generated (Osinski and Pierazzo, 2013).

Asteroid: A small object consisting of rocky material and probably be a fragment of planetesimals. The size in diameter
range from a few kilometres to a few tens of kilometres. The largest known asteroid is Ceres with a diameter of 1000
km. The majority of asteroids, in particular the larger objects, stem from the Main Asteroid Belt located between Mars
and Jupiter (French, 1998).

Comet: A small object consisting of rocky material and volatile ice, with a diameter of tens of kilometres. When ap-
proaching the sun, the volatile ice starts to evaporate which produces the shining tail of comets. The size in diameter
reaches about tens of kilometres. There are two types of comets 1) short-period comets orbiting the sun within a few
years on small, near-circular orbits. An example of a short-period comet is Comet Halley with a complete orbiting
around the sun in less than 200 years. 2) long-period comets need thousands of years for a complete orbit around
the sun, e.g., Comet Hale-Bopp. Their orbit is highly elongated and reaches far beyond Pluto (French, 1998). There
are two sources for comets 1) The Oort Cloud, a cloud of comets surrounding the Solar system at 50000 AU. 2) The
Kuiper Belt, which exist beyond Neptune. Presumably, short-period comets come from there (French, 1998).

Tektite: An impact glass, consisting of impact melt and gaseous material, which was ejected ballistically during the
crater formation and deposited far away from the crater in so-called strewn fields (Osinski and Pierazzo, 2013). Due
to its travel through the air it often has an aerodynamic shape. The colour range from black to green. So-called mi-
crotektites, mm to dm-sized glassy particles, are brown or grey and occur in deep-sea sediments (Osinski and Pierazzo,
2013). Tektites have a high chemical resistivity and to devitrification. Their chemistry is characterized by a high Fe**/
Fe’* ratio, low volatile content and less than 0.02 wt% (200 ppm) H,O (Osinski and Pierazzo, 2013). Based on their
appearance they are divided into three types 1) Splash forms; the most common forms are teardrops, spheres, dumb-
bells, and bars. 2) Aerodynamic forms; they are similar to splash-shaped tektites but with signs of atmospheric ablation
like pits, grooves, notches and flanged button shapes. And 3) Muong Nong; tektites that are only found in Asia with
a blocky shape and layered vesicular texture (Osinski and Pierazzo, 2013).

Spherules: Glassy to microcrystalline, mm-sized spherical particles occurring in thin, discrete layers. Globally deposited
spherules are probably the product of condensed rocks that vaporized during a large impact event (Osinski and Pieraz-
zo, 2013). Whilst spherules less widely deposited from a crater are probably impact melts ejected ballistically during
the crater formation. They are called melt droplets (Osinski and Pierazzo, 2013).

P: Pressure

T Temperature

PDF: Planar deformation features

FRIGN zircon: Former reidite in granular neoblastic zircon

Isotope: A series of atomic species of an element that have the same nuclear charge, i.e, the same number of protons in
the nucleus, but due to a different number in neutrons, they differ in their nuclear masses. Isotopes were discovered by
Soddy and Fajans in 1913 (Davis et al., 2003; Schoene, 2014).
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Decay rate, also defined as activity, is the number of radioactive isotopes that are counted per time unit. It can be
expressed by half-life (T, ), mean-life (t) and the decay constant (\). The half-life represents the time that has passed
after one-half of radioactive parent isotopes is decayed to radiogenic daughter isotopes. The mean-life of a radioactive
isotope represents its life expectancy. Both half-life and mean-life are related to the decay constant, where the mean-life
is equal to the reciprocal of the decay constant (Faure and Mensing, 2005),

Halflife: Mean-life:
T1/2 = (11'12))\,- =0.693\ = )\‘ j:te—)»tdt — -[(Xt 4 1))\‘- e-kt]c;: 1)\‘.

The unit of the decay constant is the inverse of time: 1/s.

T: Closure temperature

FE-SEM: Field Emission-Scanning Electron Microscope

EBSD: Electron Backscatter Diffraction

SE: Secondary Electron

BSE: Backscatter Electron

CL: Cathodeluminescence

ID-TIMS: Isotope Dilution-Thermal lonisation Mass Spectrometry
LA-ICP-MS: Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry
SIMS: Secondary Ion Mass Spectrometry

“Ar*: Radiogenic argon

PAr,: Neutron-generated *Ar through decay of K

n: Neutron

p: Proton

[ Electron

d: Deuteron

a: Alpha particle

p*: Positron

y: Gamma particle

o: Sigma error

Argon sources: : According to McDougall and Harrison (1999) it can be distinguished between different types of argon.

1) Atmospheric argon representing the isotopic composition in today’s atmosphere.

2) Trapped argon is initial incorporated argon at that time when the mineral/rock is formed or due to

following events. In terrestrial samples it has an atmospheric composition of “Ar/**Ar = 298.56 + 0.31 (Lee et al.,
2006). Whilst in extraterrestrial samples the “°Ar/**Ar composition is different, often about 1.

3) Radiogenic argon comes from the in-situ “’K decay in a sample.

4) Cosmogenic argon is formed due to cosmic rays which interact with an atomic nucleus, e.g., calcium, titanium, or
iron. Reactions are spallation or neutron capture. It is significant for extraterrestrial material.

5) Neutron-induced argon is formed, due to the interaction between neutrons and potassium, calcium, and chlorine,
during the irradiation in a nuclear facility.

6) Extraneous argon, including excess and inherited argon, is a kind of trapped argon, but yielding “°’Ar/*°Ar ratios
significant above the atmospheric composition (298.56 + 0.31, Lee et al., 2006). Excess argon is introduced in to the
system from outside, e.g., fluid inclusions (Kelley, 2002b). Inherited argon as physical contamination, e.g., dis-equil-
ibrated clast in impact melt (Jourdan et al., 2012), is an argon reservoir already present in the system (Kelley, 2002b)
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1. Introduction

Impact structures are formed by an unusual geological
process where the sudden release of immense amounts
of kinetic energy concentrated in a point lead to physical
conditions far beyond normal processes on Earth, which
have an instantaneously devastating effect on the envi-
ronment and change it within seconds. As we humans
are incapable of imaging that such an enormous destruc-
tiveness can ever happen, impact events are more seen
as science fiction and a good theme for disaster movies.
However, the Chelyabinsk event in 2013 (e.g., Popova et
al., 2013) or the Tunguska event in 1908 (e.g., Longo,
2007) remind us that such impact events are real and can
even happen in modern times. Both events were caused
by smaller objects, i.e., 10-100 m in diameter (Artemie-
va and Shuvalov, 2016), that exploded as airbursts in the
Earth’s atmosphere. Even though they did not strike the
surface directly, however, their energy release, between
0.5 (Chelyabinsk) and 20.0 (Tunguska) megatons TNT
(Artemieva and Shuvalov, 2016), was still sufficient
enough to produce shock waves which caused tremen-
dous destruction in over large areas. In the case of Tun-
guska, an area of over 2000 km” was destroyed (Gasperini
etal., 2007).

The impact crater record, according to Schmieder and
Kring (2020), currently counting 200 confirmed impact
structures, shows that the Earth has always been a tar-
get and in particular large objects, i.e., several kilometres
in their diameter, have destroyed, altered and shaped the
surface of the Earth continuously. On other planets, with
no atmosphere or tectonic activity, impact cratering is of-
ten the only surface-modifying process. Fortunately for
us, bigger events on Earth are rare. However, we know
of at least one big event that triggered a biological crisis
on Earth. It was about 66 Ma ago (Alvarez et al., 1980),
when a ~10 km-sized asteroid collided with the Earth
just outside of Yucatan, Mexico, and produced the 150
km-wide Chicxulub crater (Schulte et al., 2010). Cli-
mate-sensitive gases, such as CO, and SO,, and dust were
introduced into the atmosphere causing darkness, global
cooling, and acid rains (Schulte et al., 2010, and referenc-
es therein). The majority of the terrestrial and marine life
forms were eradicated, including the dinosaurs (Schulte
et al., 2010). This event led the biological evolution on
Earth in to a new direction towards the rise of the mam-
mals (Meredith et al., 2011), including humankind. To-
day, this Cretaceous-Paleogene mass extinction is visible
in the stratigraphic records around the world, e.g., Stevns
Klint, Denmark (Sepulveda et al., 2009). Beside the geo-
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logical and biological significance, impact craters are also
of economic importance. The formation of huge volumes
of igneous rocks during a large impact event can lead to
the formation of ore deposits (French, 1998). Fractured
rocks can serve as traps for hydrocarbons and locally im-
pact-generated rocks are often used as building stone, e.g.,
the Suevite from the Nordlinger Ries impact structure,
Germany (French, 1998). For instance, at the Sudbury
impact structure, Canada, about 1.65x10? tons of ores are
mined with 1.2% Niand 1.1% Cu with an average value
of about two billion US-dollars per year (Grieve and Ma-
saitis, 1994; Grieve, 2005).

Since the 1960’s, when the research community realized
that impacts have played a major role in shaping Earth’s
surface and in altering its geological history, much knowl-
edge regarding Earth’s impact structures and the cratering
process has been gained. However, the majority of the
craters on Earth are still not well-dated or their age is even
unknown. As impact events are part of the Earth’s history
and will be involved in shaping the future, it is crucial to
determine accurate and precise ages of impact structures
in order to constrain an impact crater rate through time
and thus, develop a database for an impact periodicity, in
particular, to infer to potential bigger events in the future.
Further, for the understanding how such events affect the
Earth’s geosphere and biosphere, especially with regard to
biological crisis such as the Cretaceous-Paleogene mass
extinction, a well-established dating of impact structures
is needed.

This thesis is focused on the dating of three Swedish im-
pact structures (Siljan, Mien, and Hummeln), and one
Russian impact structure (Puchezh-Katunki). Besides
mineralogical investigations by optical microscopy and
scanning electron microscopy, the main research was per-
formed on radiometric age determination using the U-Pb
and “°Ar/*’Ar method. Both individual mineral grains,
such as zircon, amphibole, and biotite, separated either
from the target rock or impact melts, and the impact
melts themselves as whole rock material were used for the
dating. The aim of this thesis is to investigate to what ex-
tent isotopic systems, such as the U-Pb and the K-Ar sys-
tem, can be affected by syn and post-impact impact pro-
cesses and in the best case show a complete reset, i.e., fully
loss of daughter isotopes and re-start of the isotopic clock,
which can be correlated with an impact event. In particu-
lar, the isotopic systems of different mineral phases from
the Siljan impact structure are studied, to see whether they
behave in a contrasting way in their resetting between in-
side and outside the crater and to clarify potential reasons
for the differences. Uranium-lead and “Ar/*Ar studies
on zircon and impact melts, taken from Mien, Hummeln
and Puchezh-Katunki impact structures, are conducted
to clarify the ages of the respective impact events. Four
manuscripts and one co-author paper build the basis for
this thesis, which are summarized in chapter 8. Abstracts
that are produced during my PhD-studies can be found
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in Supplementary A. The research presented in this thesis
was partly funded by contributions from the Kungliga
Fysiografiska Sillskapet i Lund, Bokelunds Resestipendie
fond (Research and travel grants of the Faculty of Sci-
ence), and travel award from the Barringer Crater Com-
pany, the IRD-French National Research Institute for
Sustainable Development, and the Meteoritical Society.

2. Impact structures

Impact structures are orbicular geological depressions at
the surface of terrestrial planets (Fig. 2.1) generated by
the collision between a hypervelocity impact body (pro-
jectile), e.g., asteroid or comet, and a planetary object
(target), e.g., Earth (Osinski and Pierazzo, 2013).

On Earth, it is distinguished between simple and complex
impact structures (Fig. 2.1), where the simple structures
form small (diameter <2-4 km), bowl-shaped depressions
with an uplifted rim (Fig. 2.1A, C, E) and crater filling
consisting of impact breccias mixed with melt material
(see chapter 3.3; French, 1998; Osinski and Pierazzo,
2013). Complex impact structures are large craters (di-
ameter >2-4 km) with a flat profile, an uplifted central
part surrounded by an annular trough and a structural
complex, terraced rim (Fig. 2.1B, D, F; French, 1998;
Osinski and Pierazzo, 2013). The central uplift consists
of deep-seated material which moved upward near the
surface during the crater formation process. Thus, such
structural uplifts provide a seldom insight into deeper
crustal levels (French, 1998; Osinski and Pierazzo, 2013).
Further crater types are peak-ring and multi-ring basins.
Both are made up by one or several uplifted rings, re-
spectively, that are concentric concentrated around the
crater centre. The rings are separated by down-faulted val-
leys (ring-graben) (French, 1998; Osinski and Pierazzo,
2013). The most prominent peak-ring structure on Earth
is the Chicxulub impact structure, Mexico. Whilst mul-
ti-ring basins so far are observed only for other planetary
bodies such as Moon, Mercury or Mars (French, 1998;
Osinski and Pierazzo, 2013). Most of them were formed
during the early stage of the Solar system (>3.9 Ga), when
large projectiles with a diameter of several hundreds of
kilometre and their collision with other planetary objects
were more likely (French, 1998).
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Figure 2.1 Schematic cross sections through A) simple impact struc-
ture showing a bowl-shaped crater with an uplifted crater rim and, B)
complex impact structure with a shallow profile, an uplift in the cen-
tral part surrounded by an annular trough and a terraced crater rim.
Both figures show the positions of the different impactites where they
deposited during the crater formation. C) The simple bowl-shaped
crater Zumba on Mars. Colorized 3D Model by NASA/JPL/UA
(11/03/2020:

tiles-in-the-subsurface-of-mars-and-the-impact-process/). D) Com-

hteps://scitechdaily.com/a-connection-between-vola-

plex crater on Mars showing central uplift in the middle of the crater
and a structural complex crater rim. Taken by NASA/JPL-Caltech/Ar-
izona State University (11/03/2020: https://marsed.asu.edu/mep/cra-
ters/complex-craters). E) Meteor crater, USA, a young terrestrial sim-
ple bowl-shaped crater where the circular crater form is still preserved
(11/03/2020: Google Earth, 35°01°39.69”N and 111°01°19.20”W,
elevation 1565 m). F) Remnants of the complex Siljan impact struc-
ture, Sweden. The image shows the central part of the crater which
was uplift during the event about 380 Ma ago (Reimold et al., 2005;
Jourdan et al., 2012) surrounded by an annular trough, recently
partly filled with lakes (11/03/2020: Google Earth — Lantmiteriet/
Metria, Maxar Technologies, CNES/Airbus, 60°57°23.56”N and
14°55’°43.99”E, elevation 214 m).

2.1 Crater formation

In contrast to endogenic processes on Earth, e.g., tectonic
deformation or metamorphism, the crater formation is
instantaneously. It takes between a few seconds to min-
utes for a large crater to form (French, 1998; Osinski and
Pierazzo, 2013). Upon impact, the sudden energy release
(between 11.0 and 8.7x107 megatons, about 5.5x10 to
4.4x10° megatons times the atomic bomb explosion in
Hiroshima; French, 1998), concentrated in a relatively
small point, lead to the formation of a shock wave accom-
panied by pressure and stress conditions exceeding that of

11



Geochronology of impact structures - constraining syn and post-impact processes using “’Ar/*?Ar and U-Pb techniques

normal geological processes (French, 1998). For instance,
the lithostatic pressure, compressing rocks due to super-
imposed load, reach a maximum pressure of 1 GPa, how-
ever, the pressure of an impact event rises up to several
hundred gigapascal (French, 1998). Further, the strain
rate of normal deformation is about 10 to 10°%/s, whilst
the strain rate during the crater formation lie between
10%and 10%/s (French, 1998). The expanding shock wave,
moving with supersonic velocity through the target ma-
terial, not only causes a permanent and unique change in
the rocks and minerals (see chapter 3), but also induces
the movement and excavation of the target and in conse-
quences the crater formation (French, 1998). The crater
formation process can be divided in three stages:

2.1.1 Contact and compression stage

When the projectile impacts the planetary object, it pen-
etrates about one to two times its diameter beneath the
target surface (Fig. 2.2A; Osinski and Pierazzo, 2013).
Thus, the projectile is stopped abruptly and all its kinetic
energy is transferred into the target, leading to the for-
mation of a shock wave at the contact between the pro-
jectile and target (French, 1998; Osinski and Pierazzo,
2013). The shock waves expand in both projectile and
target where they induce extreme compression of the
material with pressures of several hundred gigapascal and
temperatures of up to 10000 K (Osinski and Pierazzo,
2013). These pressures and temperatures lie far above the
conditions reached in the Earth’s core with P = 350 GPa
and T = 5000 K (Osinski and Pierazzo, 2013). In the
target, due to the overall decrease in the energy density,
heating, deformation and acceleration of the material,
the energy of the shock waves decrease outwards from
the impact point. Correspondingly, the shock pressures
decrease exponentially with greater distance to about
1-2 GPa (French, 1998). At this point, the shock wave
change to seismic waves and rather cause fracturing of
the target material than permanent physical changes and
shock effects as near the impact point (French, 1998). In
the projectile, the shock wave is reflected at the free sur-
face and move back as a rarefaction wave into the interior,
inducing a decompression from the strong compressed
state and thus, an unloading of the projectile from the
high shock pressures. This results in melting, and vapori-
zation and finally complete destruction of the projectile,
marking the end of the contact and compression stage
(French, 1998; Osinski and Pierazzo, 2013). The entire
process of contact and compression occurs within sec-
onds. For instance, when a 10 km-wide projectile strikes
the Earth’s surface with a cosmic velocity of 20 km/s, the
contact and compression will be done within 0.5 sec, e.g.,
similar for the Cretaceous-Paleogene event about 66 Ma
ago leading to the formation of the Chicxulub impact
structure, Mexico (Osinski and Pierazzo, 2013).
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2.1.2 Excavation stage

The contact and compression stage continues gradually
into the excavation stage, where the crater is opened up
due to the expanding shock waves (Fig. 2.2B; French,
1998; Osinski and Pierazzo, 2013). At this stage, the
disrupted projectile is part of the vapour plume formed
above the potential crater und thus, is not further in-
cluded in the formation processes (French, 1998). The
shock wave propagates radially from the impact point
and form a hemisphere in the target. Its centre is located
beneath the target surface from which the shock waves
induce that the target material moves outwards in a ra-
dial manner, as well. When the shock wave reaches the
free surface, it is reflected as a rarefaction wave backward
into the target, causing fracturing and shattering of the
near-surface target rocks (French, 1998; Osinski and
Pierazzo, 2013). The inward-directed rarefaction wave act
against the outward and upward movement of the shock
waves. This complex interplay transfers kinetic energy to
the target rocks finally resulting in their excavation and
thus, to the formation of a bowl-shaped depression in
the target, called transient cavity (transient crater) (Fig.
2.2B; French, 1998; Osinski and Pierazzo, 2013). Within
the upper part of the transient cavity, the velocities are
high enough to eject target material ballistically beyond
the crater rim (Fig. 2.2B; French, 1998; Osinski and
Pierazzo, 2013). In the proximity of an impact structure,
it forms ejecta blankets (see chapter 3.3), whereas distal
ejecta, e.g., tektites and spherules, can be deposited sev-
eral hundreds to thousands of kilometres from the crater
(see chapter 3.3; Osinski and Pierazzo, 2013). In con-
trast, within the lower part of the transient cavity, the
displaced zone, the excavation flow is too low to displace
any material outside the potential crater rim (Fig. 2.2B).
The target rocks remain within the structure with some
coherent upward and outward moving and thus, build
part of the later crater filling (French, 1998; Osinski and
Pierazzo, 2013). During the propagation of the transient
cavity, target material is excavated continuously undil its
maximum expansion, where the energy of the shock and
rarefaction wave is no longer high enough to displaces
target rocks, but the gravity does not affect them yet
(French, 1998; Osinski and Pierazzo, 2013). It represents
the end of the excavation stage (French, 1998; Osinski
and Pierazzo, 2013). The excavation and opening of the
crater lasts several minutes, e.g., a transient cavity with a
diameter of 200 km and an average excavation flow of 1
km/s is excavated within 2 min (French, 1998).
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2.1.3 Modification stage

The transition from excavation to modification is contin-
uous, as the modification starts when the transient cav-
ity still expands (Fig. 2.2C; French, 1998; Osinski and
Pierazzo, 2013). Modification means the change of the
shape of the transient cavity to its final crater form (Fig.
2.2D; French, 1998; Osinski and Pierazzo, 2013). The
energy of the shock and rarefaction wave has dropped so
far that both are now seismic waves and thus, do not play
any further role. Instead, gravity, other rock mechanics,
and endogenic processes, e.g., isostatic uplift, erosion,
mass flow, and sedimentation, shape the final crater
(French, 1998; Osinski and Pierazzo, 2013). Small im-
pact structures (diameter <2-4 km) are less modified and
build the simple, bowl-shaped craters, where the transient
cavity forms more or less the final rim. The upper crater
walls of the transient cavity collapse gravitationally and
the material slumps inward, where it forms, together with
impact breccia mixed with melt material (see chapter
3.3), the crater filling (Fig. 2.2D; French, 1998; Osinski
and Pierazzo, 2013). In contrast, larger, complex tran-
sient cavities are more unstable, where the shock wave
effects, gravity and strength of the target material induce
that the central part moves in and upward (Fig. 2.2D).
Consequently, rocks deeply preserved beneath the sur-
face are uplifted within minutes and form a central uplift
(Fig. 2.2C and Dj; French, 1998; Osinski and Pierazzo,
2013). For instance, the deep-seated rocks of the central
part of 100-200 km-diameter impact structures can be
uplifted about 10-20 km relative to their original position
(French, 1998). Simultaneously to the central uplift for-
mation, the gravitational collapse of the transient cavity
leads to the inward and down-faulting of target material,
forming the annular trough around the uplifted crater
centre (Fig. 2.2D; French, 1998; Osinski and Pierazzo,
2013). At the outer margin, the gravity causes the ter-
race-like formation of the crater rim (Fig. 2.2C and D;
French, 1998).

2.2 Identification of impact structures

Post-impact processes like hydrothermal activity, erosion,
deformation, volcanic activity, metamorphism and bur-
ial processes often obliterate impact structures (French,
1998; Osinski and Pierazzo, 2013). Younger craters
might still have their circular appearance where the ejecta
material and other shocked rocks still occur at their orig-
inal position, e.g., Meteor crater, USA (French, 1998).
However, most of the older impact structures on Earth
are deeply eroded with no distinctive circular crater form
left. Impact breccia and melt rocks are often only pre-
served as remnants or are even completely removed. The
central uplift surrounded by a circular fracturing pattern
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Figure 2.2 Schematic cross sections showing the three main stages, A)
contact and compression stage, B) and C) excavation stage, and C)
and D) modification stage, of the crater formation process. The left
side depicts the formation of a simple crater and the right side of a
complex crater (modified after Osinski and Pierazzo, 2013).

is often the only remaining rest of a larger, complex im-
pact structure (e.g., Fig. 2.3A). Some impact structures
are buried due to post-impact sedimentation and there-
fore, are not even exposed at the surface, e.g., Chicxu-
lub impact structure, Mexico (French, 1998). Thus, the
identification of impact structures is quite challenging
and should follow certain criteria that are diagnostic for
impact events.

Circular structures with strong fracturing, faulting, brec-
ciation and ‘unusual’ igneous rocks, identified by remote
sensing, e.g., air imagery, or field studies, can be a lead
to an impact structure. However, numerous endogenic
processes, e.g., volcanic calderas or craters, diatremes, ig-
neous intrusions, salt domes, tectonic deformation, and
erosion produce circular topographies, as well (Fig. 2.3A-
J; French, 1998; French and Koeberl, 2010; Osinski and
Pierazzo, 2013).

The intense brecciation and fracturing of the rocks be-
neath the crater floor and the crater fillings, consisting of
impact breccias, melts, and also post-impact sediments,
can change the geophysical properties of the rocks with-
in and near a crater, seen as gravitational and magnet-
ic anomalies (Fig. 2.4A-D; French, 1998; Osinski and
Pierazzo, 2013). Due to the strong fractured and there-
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Figure 2.3 Different circular morphological structures in compari-
son to the A) Siljan impact structure, Sweden, (11/03/2020: Goog-
le Earth — Lantmiteriet/Metria, Maxar Technologies, CNES/Air-
bus, 60°57°23.56”N and 14°55’43.99”E, elevation 214 m) and B)
Haughton impact structure, Canada (11/03/2020: Google Earth
- Maxar Technologies, Landsat/Copernicus, 75 °22°22.32"N and
89°39700.16”W, elevation 149 m). C) Zavaritski caldera, located in
the central part of Simushir Island, Kuril Islands, Russia (11/03/2020:
Google Earth — TerraMetrics, Maxar Technologies, 46°54'43.21”N,
151°58’15.19”E, elevation 258 m). D) Diamond Head, a volcanic
crater on the Hawaiian island O’ahu (11/03/2020: Google Earth,
21°15°40.62”N and 157°48’19.64”W, elevation 66 m). E) Kondyor
Massif, a circular igneous intrusion, located in Khabarovsk Krai, Rus-
sia (11/03/2020: Google Earth - Landsat/Copernicus, Maxar Techno-
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logies 57°36°23.19”N and 134°33°41.62”E, elevation 1037 m). F)
Jabal Arkanu, a circular-like igneous intrusion in the Libyan desert 50
km West to the Egypt border (11/03/2020: Google Earth — CNES/
Airbus, Maxar Technologies, 22°20°13.37”N and 24°34°33.69”E, el-
evation 562 m). G) Two salt dome structures (black arrows), Melville
Island, Canada (15/04/2020: Google Earth — Landsat/Copernicus,
76°41°07.35”N and 108°52’51.89”W, elevation 39 m). H) Richat
Structure, also called Eye of the Sahara, is a deeply eroded structural
dome (11/03/2020: Google Earth — CNES/Airbus, Maxar Technolo-
gies, 21°05°10.60”N and 11°21’12.68”W, elevation 425 m). I and ])
Circular collapse structures in a near-surface karst system, both locat-
ed in the East of the Saudi Arabia peninsula (I: 11/03/2020: Google
Earth — CNES/Airbus, 22°19°11.70”N and 46°14°19.23”E, elevation
831 m; J: 11/03/2020: Google Earth — CNES/Airbus, 22°19°56.69”N
and 46°14°16.317, elevation 838 m).

fore, less dense rocks below the crater floor, small impact
structures commonly show a negative gravity anomaly,
which often matches the limits of the crater bounda-
ry. Whilst central uplifts, consisting of deep-seated and
thus, denser rocks, yield a positive gravitational anomaly
in the centres of large impact structures (French, 1998;
French and Koeberl, 2010; Osinski and Pierazzo, 2013).
Magnetic anomalies are less specific, but some larger im-
pact structures show a strong negative anomaly (e.g., Fig.
2.4D), due to the chaotic lithology in and around the
crater, which lowers the magnetic susceptibility (French,
1998; Osinski and Pierazzo, 2013). However, geophysical
investigations can only give a clue to a potential impact
structure and in particular to locate buried or submarine
structures, e.g., Chicxulub impact structure, Mexico (Fig.
2.4A and B).

In order to verify a structure as impact-related the proof
relies on the finding of distinctive geochemical signatures
or shock metamorphic features. Therefore, the sampling
of an impact structure is crucial. Distinctive geochemi-
cal signatures can be produced cither by fragments of the
projectile that survived the impact event or by the de-
stroyed and vaporized projectile which has been incorpo-
rated in impact breccias, impact melts and ejecta material
(French and Koeberl, 2010; Osinski and Pierazzo, 2013).
Projectile fragments are rarely preserved and are mostly
destroyed due to melting and vaporization during the cra-
ter formation or by post-impact weathering. Remnants
of projectiles can be found in small and younger craters,
e.g., Meteor crater, USA or Kaali crater, Saaremaa, Esto-
nia (Fig. 2.5A and B), and in the dry climate of deserts or
in the polar regions (French and Koeberl, 2010). How-
ever, even in those extreme environments, a projectile
fragment commonly does not survive more than -50 ka
(French and Koeberl, 2010). Older meteorite fragments
are known from the Cretaceous-Paleogene boundary or
Ordovician sediments in Sweden, where however they are
strongly altered (French and Koeberl, 2010).

Up to 1 wt% of the projectile material is usually incorpo-
rated in impact breccias, impact melts, and ejecta materi-
al (French and Koeberl, 2010). This leads to an elevated
concentration of siderophile elements like PGEs (Ru, Rh,
Pd, Os, Ir, Pt, Ni), Cr and Co and to anomalous isotopic
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ratios in Os and Cr in the impact-related rocks (French,
1998; French and Koeberl, 2010; Osinski and Pierazzo,
2013). Iridium is the mostly used of these to identify an
extraterrestrial source and thus, establish an impact re-
lation, where a concentration of “>” 1-2 ppb is already
enough (French, 1998). '¥’Os/'¥¥Os ratios are used to
determine minute projectile material in terrestrial rocks,
whereas *Cr/**Cr and **Cr/**Cr can distinguish between
different types of projectiles or meteorites (Osinski and
Pierazzo, 2013).

Shock metamorphic features can be identified both mac-
roscopically in form of shatter cones and microscopically,
e.g., PDFs in quartz, the most accepted criteria to verity
a structure as impact-related (French, 1998; French and
Koeberl, 2010; Osinski and Pierazzo, 2013). Further de-
tails about shock metamorphism, see chapter 3.

* W odbess U,
Figure 2.4 A) and B) Map of the Bouguer gravity field of the Chicx-
ulub impact structure, Mexico. The white line in A) represents the
current coastal line and the white dots water-filled sinkholes, so-
called cenotes (11/03/2020: https://en.wikipedia.org/wiki/Chicx-
ulub_crater#/ MediaFile:Chicxulub-Anomaly.jpg). The small inset
shows the location of the supposed crater mark by the dotted line
(11/03/2020: Google Earth — Landsat/Copernicus, 21°46’00.81”N
and 90°12°03.48”W, elevation 33 m). B) shows a 3D image of the
gravity field of Chicxulub (11/03/2020: https://sk.m.wikipedia.org/
wiki/S%C3%BAbor:Chicxulub2.jpg). C) Vredefort impact struc-
ture, South Africa (11/03/2020: Google Earth — Landsat/Coper-
nicus, 27°01°04.18”S and 27°29°46.64”E, elevation 1439 m). D)
Map of the magnetic field of the Vredefort impact structure showing
a clear circular shape with a low in the central part of the structure
(11/03/2020: http://www.passc.net/EarthImpactDatabase/New%20
website_05-2018/Vredefort.html).
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Figure 2.5 A) and B) Fragments of meteorites from the Kaali impact
structure, Saaremaa, Estonia. A) Fragment called ‘Maria’ with a weight
0f172.2 g (found and named by the author of this thesis, 31/07/2017).
B) Fragment called ‘Mateusz’ with a weight of 396.1 g. The size of the
2 Euro coin is about 2 cm in diameter (found 31/07/2017). Both
fragments are stored at the University of Tartu, Estonia.

3. Shock metamorphism

French and Koeberl (2010) define shock metamorphism
as all irreversible changes in rocks and minerals that stem
from a shock wave passage, solely generated by an impact
of a hypervelocity body. The extreme conditions with P =
10-60 GPa and T>1000°C, which initially can rise up to
P =100 GPaand T>2000°C at the point of impact, lie far
beyond the P-T range of endogenic processes, e.g., met-
amorphism (P<3 GPa, T<1000 °C) or igneous activity
(Fig. 3.1; StofHler, 1971; French, 1998; French and Koe-
berl, 2010). The instantaneously produced shock waves
travel with supersonic velocity (-10 km/s; French, 1998)
through the target rock. This generates extreme P-T and
stress conditions and high strain rates, that affect rocks
and minerals in a tremendous way that their physical
state can change permanently, resulting in textural shock
features that are unique for an impact event (French,
1998; French and Koeberl, 2010).

The P-T conditions and thus, the shock metamorphic
effects decrease outwards from the point of impact (pro-
gressive stage of shock metamorphism), which defines
a hemispherical volume in the target rock with distinct
shock pressure zones characterized by distinctive shock
features (StofHler, 1971; French, 1998; French and Koe-
berl, 2010). At shock pressures below 10 GPa, shatter
cones (Fig. 3.2A), fracturing, twinning and deformation
bands (e.g., deformation lamellae or kink bands; Fig.
3.2B and C), are generated. At pressures above ~10 GPa
other features, diagnostic for a shock wave are formed.
These include PDFs in quartz (10-25 GPa) (Fig. 3.2D),
high-pressure phases like coesite (Fig. 3.2E) and stishovite
(12-30 GPa), diaplectic glasses (30-45 GPa) (Fig. 3.2F),
complete melting and even vaporization of the target
rock at P>60 GPa (StofHer, 1971; French and Koeberl,
2010). Many shock features refer to framework silicates
with quartz as the most-described shocked mineral. Due
to its open crystal structure, quartz responds with a high
compressibility during the shock wave passage and thus,
can yield a great variety of shock features from fracturing
to melting (Stoffler, 1971). Mineral phases investigated in
this thesis, such as zircon, biotite and amphibole, reveal
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Figure 3.1 Pressure-temperature diagram showing the P-T conditions
of shock metamorphism (light red field) in comparison to ‘normal’
metamorphism on Earth (light grey field). The pressure of the eclogite
facies metamorphism reach up to maximum of 3 GPa and the tem-
perature of the granulite facies to maximum of 1000°C. Whilst the
pressure of the shock metamorphism lies between 5 GPa and exceed
far above 100 GPa. The temperature can rise up to more than 3000°C.
The x-axis is on logarithmic scale (modified according to Osinski and
Pierazzo, 2013, and references therein).
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Figure 3.2 Shatter cones in metasandstone of the Cuiabd Group, Ara-
guainha impact structure, Mato Grosss and Goids, Brazil. The size
of this part of the hammer is ~15 cm (photo: author of this thesis,
06/10/2019). B) Deformation lamellae in quartz which, however,
are not impact indicators (12/03/2020: hetp://www.alexstrekeisen.
it/immaging/meta/lamelle(salarioli) (13).jpg). C) Kink bands (white
arrows) in a biotite grain from the Siljan impact structure, Sweden
(photo: author of this thesis, 12/06/2017). D) Several sets of paral-
lel, closely-spaced PDFs in quartz from the Siljan impact structure,
Sweden (photo: author of this thesis, 29/05/2017). E) Coesite in
garnet  (12/03/2020:  http://webmineral.com/specimens/picshow.
php?id=2925&target=Coesite#. XmtC_Up7IPY). F) Cross-polarized
light image of a diaplectic plagioclase glass clast (modified according
to Pickersgill et al., 2015).
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shock features, as well.

3.1 Shock features in zircon

Its variety of shock features with increasing shock met-
amorphism and high resistivity even under granulite
facies conditions (Reimold et al., 2002), makes zircon
a robust shock indicator. Depending on the P-T condi-
tions, specific shock features are formed that are used as
thermobarometer to develop P-T diagrams for zircon at
extreme conditions (e.g., Wittmann et al., 2006; Timms
et al., 2017). Experimentally shocked zircon grains (20-
60 GPa) are described by Kusaba et al. (1985) and Leroux
etal. (1999). Krogh et al. (1984) discovered the first nat-
ural shocked zircon from the Sudbury impact structure,
Canada, and since then it has been reported from oth-
er structures, as well, e.g., Vredefort impact structures,
South Africa (e.g., Moser et al., 2011), or Chicxulub im-
pact structures, Mexico (e.g., Kamo and Krogh, 1995).
At shock pressures below 20 GPa common shock features
in zircon are curviplanar (Fig. 3.3A) and irregular frac-
tures (Fig. 3.3B), crystal-plastic deformation with sub-
grain formation and planar deformation bands (Leroux
etal., 1999; Timms et al., 2017). Between 20 and 40 GPa
planar features (see Paper I) and microtwins are formed
(Erickson et al., 2013a; Morozavo, 2015). Planar features
are multiple intersecting sets of closely-spaced, parallel,
lamella with different orientations (see Paper I; Fig. 3.3C
and D; Erickson et al., 2013a). Microtwins are parallel to
the {112} orientation, often 65° about <110> misorien-
tated to the host grain (Morozova, 2015). Microtwins are
often associated with reidite (e.g., Moser et al., 2011; Cox
et al., 2018), the scheelite-structured high-pressure poly-
morph of zircon, formed at shock pressures above 30 GPa
(Kusaba et al., 1985; Leroux et al., 1999). Reidite was first
described experimentally by Reid and Ringwood (1969)
and later found naturally at the Chesapeake Bay impact
structure, USA, by Glass and Lui (2001). Reidite forms
lamellar, granular, partly lense-shaped domains and even
completely replace zircon at very high pressures between
50 and 60 GPa (Kusaba et al., 1985; Leroux et al., 1999;
Wittmann et al., 2006; Erickson et al., 2017; Timms et
al., 2017; Cox et al., 2018). Above 53 GPa, and up to
94 GPa, reidite decomposes to ZrO, and SiO,, which,
according to Kusaba et al. (1985), is more likely temper-
ature-driven. Kaiser et al. (2008) showed experimentally
that zircon decomposition occurs at T = 1673°C. Natural
decomposed reidite, to ZrO, and SiO,, is first described
from the Stac Fada impactites, Scotland (Reddy et al.,
2015).

At the highest shock stage with temperatures above
1200°C, reidite reverts back to granular or neoblastic-tex-
tured zircon (Fig. 3.3E; Kusaba et al., 1985; Timms et al.,
2017), so-called FRIGN zircon (see Paper IV; Fig. 3.3F;
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Cavosie et al., 2018), where the neoblasts (small crystal-
lites that nucleate from the host grain) preserve the crys-
tallography of reidite (phase heritage; Timms et al., 2017)
with a <110> . alignment with [001] revealing a
high misorientation angle of about 90° between adjacent
neoblasts (Cavosie et al., 2018). FRIGN zircon is diag-
nostic for the high P-T conditions of an impact event
(Cavosie et al., 2018). Other granular textures are formed
either due to the recrystallization of amorphous zircon
or due to ZrO, reaction with a Si-enriched impact melt,
both initiated at temperatures above 1100°C, respectively
(Wittmann et al., 2006). However, the latter can also be
a product of pro-grade metamorphism where baddeleyite
(ZrO,) breaks down under the presence of Si-rich fluids
to form polycrystalline zircon grains (Séderlund et al.,
2008; Beckman et al., 2017).

Microporous or vesicular textures (see Paper V; Fig. 3.3G
and H) are reported from different impact structures,
e.g., Popigai impact structures, Russia (Wittmann et al.,
2006); Haugthon impact structures, Canada (Singleton
et al., 2015), Mien impact structures, Sweden (Mar-
tell, 2018), Lac La Moinerie impact structures, Canada
(McGregor et al., 2019), and from lunar material (Zhang
et al., 2011), but also from greenschist facies rocks (Hay
and Dempster, 2009; Dempster and Chung, 2013). Pre-
vious studies (e.g., Bohor et al., 1993; Wittmann et al.,
2006; Zhang et al., 2011; Singleton et al., 2015) inter-
preted it as a melting and degassing texture where the
temperature increased near the melting point of zircon
and thus, stated at the stage prior to the decomposition of
zircon into ZrO, and SiO,. Other studies (e.g., Hay and
Dempster, 2009; Dempster and Chung, 2013; McGre-
gor et al., 2019) observed a spaced relation between the
appearance of micropores and radiation-damaged do-
mains (Paper IV; e.g., Fig. 3.3H), where Hay and Demp-
ster (2009) suggested that radiation damage promotes the
alteration of the zircon to microporous texture (and to
granular texture, as well; e.g., Schmieder et al., 2015).

3.2 Shock features in biotite and
amphibole

In contrast to framework silicates with an open crys-
tal structure and, thus high compressibility, the closely
packed crystal structure of sheet and chain silicates, as
for biotite and amphibole, respectively, is less compressi-
ble during the shock wave passage (Chao, 1968; StofHler,
1971, 1972). In consequence, biotite and amphibole are
highly resistant to shock pressure and distinctive shock
features occur over a wide pressure range (Chao, 1968;
StofHler, 1972). The major physical changes are generated
at shock pressures above 40 GPa, where, in comparison,
quartz is already highly shocked as observed in phase tran-
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Figure 3.3 Curvi-planar fractures in a zircon grain from the Siljan im-
pact structure, Sweden (photo: author of this thesis, 04/05/2017). B)
Irregular fractures in a zircon grain from the Siljan impact structure,
Sweden (photo: author of this thesis, 04/05/2017). C) Planar features
(red arrows) in a zircon grain from the Siljan impact structure, Sweden
(photo: author of this thesis, 04/05/2017). D) Two intersecting sets of
planar features (red arrows) in a polished zircon grain from the Siljan
impact structure, Sweden (photo: author of this thesis, 19/07/2017).
E) Close-up of a granular zircon from the Siljan impact structure,
Sweden (photo: author of this thesis, 10/05/2017). F) Polished granu-
lar zircon from an impact melt of the Mien impact structure, Sweden
(photo: author of this thesis, 07/07/2019). G) Polished zircon grain
from an impact melt of the Mien impact structure, Sweden, showing
a complete porous texture (photo: author of this thesis, 07/07/2019).
H) Polished zircon from an impact melt of the Mien impact structure,
Sweden, which is partly porous-textured. Pores occur along oscillating
zones along the rim and within the core of the grain that might rep-
resent metamict domains (photo: author of this thesis, 07/07/2019).
(All images are BSE images with one In-Beam BSE for grain E).

sitions, e.g., into the high-pressure phase coesite or di-

aplectic glass (Chao, 1968; Stoffler, 1972). The most
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characteristic shock feature in biotite are kink bands
(Paper II; Fig. 3.2C) accompanied with a reduced bire-
fringence and pleochroism (Chao, 1967, 1968; Stoffler,
1972). They are generated over a shock pressure range
between 1 and 45 GPa, due to a crystal lattice gliding
along the base (0001) accompanied with a rotation of the
lattice (Chao, 1968; Stoffler, 1972). However, kink bands
are also a product of tectonic deformation. Planar fea-
tures are less common in biotite (Chao, 1968).

The major shock effect in chain silicates such as amphi-
bole is polysynthetic mechanical twinning, a set of close-
ly-spaced, parallel bands with a width of about 10 pm
(Paper II; Stofler, 1972). In amphibole, they are orien-
tated parallel or subparallel to (001) and less to (100)
(StofHler, 1972). As with kink bands in biotite, twinning
appears over a large range with pressures between 5 and
45 GPa (Stoffler, 1972). Planar features, sets of close-
ly-spaced, parallel lamella, and mosaicism with a reduced
birefringence are generated at shock pressures above 30-
40 GPa (Chao, 1967, 1968; StofHer, 1972).

Both biotite and amphibole are temperature-sensitive,
which means they undergo a thermal decomposition rath-
er than melting when exposed to high post-shock tem-
peratures and shock pressures above 45-50 GPa (Chao,
1967, 1968; StofHer, 1972; Sazonova et al., 2007). At
temperatures of ~600°C and -640°C, respectively, bio-
tite and amphibole oxides, accompanied by a decrease of
their birefringence and ploechroism until they become
opaque (Chao, 1968; StofHler, 1972). Their thermal de-
composition into magnetite and an amorphous or glassy
phase starts at about 1000°C (Chao, 1967, 1968; Stoffler,
1972; Sazonova et al., 2007). However, natural observa-
tions of shock metamorphosed rocks from the Jinisjirvi
crater, Russia, by Fel'dman et al. (2006b) showed that the
mineral chemistry of biotite is already modified at shock
pressure between 13 and 16 GPa and above 20 GPa with
increasing shock pressure K, Fe and Mg migrate out of
biotite where in return significant amounts of Na, Ca and
Si are incorporated. Finally, biotite breaks down to a mix-
ture of ilmenite, orthopyroxene and sanidine (Feldman
et al., 2006a and b). Shock experiments, between 20
and 200 GPa, on the same sample material reveal a bio-
tite decomposition to ringwoodite and spinel at 25 GPa
(Fel'dman et al., 2006a).

Amphibole shows a migration of elements, as well, but at
higher shock pressures than biotite (26-52 GPa), where
an increase of certain element concentrations, e.g., in K,
Ti and F, promotes a greater thermal stability of amphi-
bole whereas a higher Fe content has the opposite effect
(Sazonova et al., 2007).
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3.3 Impactites

Rocks affected by shock metamorphism are called im-
pactites, ranging from completely molten (impact melts,
such in Paper IIT and V; Fig. 3.4A and B) to fractured
target material (Fig. 3.4C and Dj; Osinski and Pieraz-
z0, 2013). Depending on how far the material has been
transported from its original pre-impact position during
the event, impactites are grouped into autochthonous (at
place), parautochthonous (short transportation) and al-
lochthonous (long transportation) (Osinski and Pierazzo,
2013).

Autochthonous and parautochthonous impactites occur
immediate to an impact structure as in the rim, beyond
the crater and in the crater floor (Osinski and Pieraz-
z0, 2013) (Fig. 2.1A and B). The autochthonous might
have been experienced some uplift during the crater for-
mation process, but still kept its original position and
stratigraphic relation. Even though the autochthonous
shows impact-related fracturing, it reveals rarely shock
features (Osinski and Pierazzo, 2013). In large, complex
impact structures, the parautochthonous form the uplift-
ed central part of a crater (Fig. 2.1B), where originally
deep-seated rocks were moved upwards and are now ex-
posed at the surface. The uplifted material exhibits shock
effects that record shock pressures up to 25 GPa (Osinski
and Pierazzo, 2013, and references therein). Parautoch-
thonous material is also deposited in the annular trough
which surrounds the uplifted central part of a complex
impact structure (Fig. 2.1B; Osinski and Pierazzo, 2013).
Allochthonous impactites occur both proximal and distal
to an impact structure (Fig. 2.1A and B). Proximal ma-
terial is comprised of impact breccias and impact melt
rocks forming the crater filling (Fig. 2.1A and B; Osinski
and Pierazzo, 2013, and references therein). Impact brec-
cias are subdivided into lithic and melt-bearing breccia,
both consisting of lithic clasts of the target rock, clasts of
non-shocked and shocked minerals embedded in a fine-
grained matrix, where the melt-bearing breccia hosts melt
clasts (Fig. 3.5A-C), as well. Distal build impact breccias
the majority of the ejecta blanket, deposited outside of a
crater (Fig. 2.1A and B) often with inverted stratigraphy
(Osinski and Pierazzo, 2013). The lower part of the ejecta
blanket is made of lithic breccias which only preserve a
low level of shock. The material stems from the near-sur-
face levels of the target. The lithic breccias are overlain
by melt-bearing breccias, hosting high shocked material
which comes from deeper sources in the target (Osinski
and Pierazzo, 2013). Due to strong erosion, ejecta blan-
kets are described only for a few impact structures, e.g.,
Nordlinger Ries impact structure, Germany, where the
Bunte breccia (lithic breccia) is sharply overlain by the
Suevite (melt-bearing breccia) (Fig.3.5D and F; Osinski
and Pierazzo, 2013, and references therein).

Impact melts, as used in Paper Il and V (Fig. 3.4A and
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B), are a characteristic product of a hypervelocity impact
event. They are whole-rock melts consisting of a melt-
ed matrix mixed with target material including shocked
and non-shocked minerals and lithic clasts (Osinski and
Pierazzo, 2013, and references therein). Depending on
the amount of clasts, it can be distinguished between
clast-rich (e.g., Fig. 3.4A), clast-poor and clast-free im-
pact melts, where the clasts show thermal reactions with
the melt matrix. Regarding the appearance of the melt
matrix, it can be described as glassy (e.g., Fig. 3.4B), de-
vitrified or fine, medium or coarse-crystalline (Osinski
and Pierazzo, 2013). Impact melts are formed due to the
immediate impact-generated melting of the target rock
by decompression from high shock pressures and tem-
peratures between 1500 and 2500°C, that subsequently
cools down relative rapidly (Osinski and Pierazzo, 2013,
and references therein). In large, complex impact struc-
tures, the bulk of impact melts form a meter-thick melt
sheet at the crater floor above the parautochthonous,
which can extent laterally several kilometres (Osinski and
Pierazzo, 2013, and references therein). Impact breccias
can flank the melt sheet from above and below, forming
a thin layer between the parautochthonous and the melt
material (Osinski and Pierazzo, 2013). Impact melts also
occur as centimeter to meter-sized dikes intruding the
parautochthonous of the crater floor or form melt lenses
and/or glassy particles in impact breccias, too (Osinski
and Pierazzo, 2013).

Melted material in kind of millimeter to centimeter-sized
spherules and tektites/microtektites (Fig. 3.6A and B) is
formed in the very early stage of the crater formation pro-
cess (Osinski and Pierazzo, 2013). In the proximity of a
crater, they are a part of the ejecta blanket and distally
deposited in strewn fields several hundred to thousand
kilometres away from the crater, e.g., the North Ameri-
can strewn field of the Chicxulub impact structure, Mex-
ico (Koeberl, 1993; Osinski and Pierazzo, 2013, and ref-
erences therein). Another type of impact-generated melt
is pseudotachylite, which was first described by Shand
(1916) from the Vredefort impact structure, South Af-
rica (Fig. 3.6C; Osinski and Pierazzo, 2013). The matrix
of pseudotachylite is generally dark and aphanitic, sur-
rounding lithic clasts, minerals and fragments of the tar-
get rock (Fig. 3.6C). As irregular injections, pseudotac-
hylites are pervasively in the parautochthonous, especially
in the uplifted central part of a crater, where they form
dikes, veins and anastomosing bodies. But they occur in
impact-generated faults and contacts between different
lithologies, as well (Osinski and Pierazzo, 2013, and ref-
erences therein). Pseudotachylites can also be a product
of endogenic tectonic processes (Fig. 3.6D), thus they are
not unique for impact events. However, whether impact
or endogenic-related, both include frictional melting and
cataclasis as the presumable main formation processes for
pseudotachylite (Osinski and Pierazzo, 2013, and refer-
ences therein).
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Figure 3.4 A) Clast-rich impact melt from the Mien impact structure,
Sweden, showing a brownish to dark grey melt matrix floating around
lithic clasts (used in Paper III). The size of the coin is 2 cm (photo:
author of this thesis). B) Plane-polarized image of a Mien impact melt
sample. The dark brown melt matrix floats around strong altered clasts
(lower left corner) and clasts of minerals. The white arrows show bal-
len quartz, indicative for shock metamorphism. The red arrows show
so-called schlieren quartz. C) Shocked and fractured pebbles of a de-
formed conglomerate of the Alto Gar¢as Formation (Rio Ivai Group),
Araguainha impact structure, Mato Grosss and Goids, Brazil. The size
of this part of the hammer is ~10 cm (photo: author of this thesis,
06/10/2019). D) Brittle deformed sandstone showing normal faulting
caused by impact event. Aquidauana Formation at the southwestern
boundary of the Araguainha impact structure, Mato Grosss and Goids,
Brazil (photo: unknown, 05/10/2019).

SLlexfité
(meltsbering breceia)

Suevite (melt-bearing breccia)

Bunte breccia
(lithic breccia)
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Figure 3.5 A) A boulder of suevite, a specific term solely used for
the melt-bearing impact breccia from the Nérdlinger Ries impact
structure, Germany (photo: author of this thesis, 03/08/2016). B)
Close-up of A showing irregular-shaped, dark grey melt clasts (Flidle)
surrounded by a light grey, fine-grained matrix (photo: author of this
thesis, 03/08/2016). C) Suevite showing a lithic clast of the target
rock surrounded by irregular-shaped, dark grey melt clasts and a light
grey, fine-grained matrix (photo: author of this thesis, 03/08/2016).
The size of the pen in A-C is 14 cm. D and E) Sharp contact between
lower Bunte breccia (lithic breccia) and overlying suevite (melt-bear-
ing breccia) in the suevite quarry Aumiihle, Nordlinger Ries impact
structure, Germany. Size of the hammer is 31 cm (photo: author of
this thesis, 04/08/2016). F) Bunte breccia in contact with limestone,
marked by the black, dotted line. The limestone shows tilted bedding.
In general, the limestone of a quarry in Wemding, eastern rim of the
Nordlinger Ries impact structure, Germany, is deformed and inclined
to variable degrees due to the impact event (photo: author of this the-

sis, 04/08/2016).

2 c 48 e S
Figure 3.6 A) Altered spherules from the Cretaceous-Paleogene
boundary in Haiti (12/03/2020: https://www.e-education.psu.
edu/earth501/content/p3_p5.html). B) Tektites in variable shapes
(12/03/2020: htep://www.tektites.co.uk/). C) Pseudotachylite from
the Vredefort impact structure, South Africa (13/03/2020: hteps://
skyfallmeteorites.com/glossary/pseudotachylite#sf-2/0/impact-brec-
cia-pseudotachylite-Vredefort.jpg). D) Pseudotachylite formed by
tectonic processes from the Outer Hebrides, Scotland (13/03/2020:
http://tectonicstudiesgroup.org/outer-hebrides-fieldtrip-2015/).

4. Geochronology

In order to get a better understanding on how the Earth
has evolved since its formation, the temporal control of
geological processes is crucial. Thus, the geochronology,
dealing with the age determination of terrestrial and ex-
traterrestrial material, have grown to an important sci-
entific field over the last decades. Since the discovery of
the radioactivity by Henri Becquerel in 1896 (Press and
Siever, 2003; Faure and Mensing, 2005) and the decay
of highly radioactive elements by Ernest Rutherford and
Frederick Soddy in 1902 (Press and Siever, 2003; Faure
and Mensing, 2005), absolute ages have been possible to
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established through various radiometric dating methods.
First attempts to determine radiometric dates were done
by Ernest Rutherford and Bertram Borden Boltwood in
1905 and 1907, respectively, and subsequently by Arthur
Holmes in 1911 (Badash, 1968). In 1927, Arthur Holm-
es published his “7he Age of the Earth, an Introduction to
Geological Ideas , where he estimated the age of the Earth
between 3.0 and 1.6 Ga based on the uranium and lead
content of the Earth’s crust.

Radiometric dating uses the decay of unstable, radioac-
tive parent isotopes to stable, radiogenic daughter iso-
topes, which is assumed to proceed under a constant rate.
Today exists a great variety of radio-isotope chronometers
based on different radioactive decay systems. This thesis
is focused on the U-Pb (Paper I and IV) and K-Ar decay
systems (Paper II, III and V). Due to their long half-lifes
(10 yr), both decay systems enable the dating of terrestri-
al and extraterrestrial material with ages of up to billions
of years. For instance, Patterson (1956) used the U-Pb
decay system of meteorites to determine the age of the
Earth to about 4.55 Ga. The K-Ar decay system can yield
accurate and precise ages to date quaternary volcanic
eruptions (e.g., Hearty et al., 2005).

In order to the radiometric age is geologically significant
it is assumed that rocks or minerals became a closed iso-
topic system nearly at the same time and remained closed
until today, i.e., both parent and daughter isotopes are
neither gained nor lost except from the radioactive decay
(Fig. 4A and B). Further, the decay constant is stable over
geological times (Faure and Mensing, 2005). In a closed
isotopic system, radiogenic daughter isotopes are accu-
mulated and increase over time, whereas the number of
parent isotopes decreases (Fig. 4B and C). Presuming the
decay rate of a certain parent isotope is known, the age
can be calculated from the ratio between daughter and
the parent isotopes of the system. Following the law of
radioactivity by Rutherford and Soddy from1903:

- (dNdt) = AN

stating that the decay rate (AN) of the parent isotopes (N)
are proportional to the number of isotopes that remain
in the system at any time (t) (Faure and Mensing, 2005).
Due to conversion, the basic age equation is:

D=D,+N(¢"-1)

with D equals the number of radiogenic daughter iso-
topes, D is the number of initial daughter isotopes, N
is the number of radioactive parent isotopes, A is the de-
cay constant and t depicts the time (Faure and Mensing,
2005). Important to consider is that the resulting radi-
ometric date is actually addressed as an age of the rock
or mineral, which reflects the time that elapsed since the
system became closed and started to accumulate daugh-
ter isotopes (Fig. 4D). In this thesis age determination of
impact structures is used to clarify the timing of impact
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events. Such events can decompose minerals and even
melt entire rocks in such a way that a portion of daugh-
ter isotopes are lost from an isotopic system which re-
start the isotopic clock (Paper III). The recrystallisation
of molten rocks with newly grown mineral phases even
generates new isotopic clocks corresponding to an impact
event (Paper IV and V). However, even though impact
events have a devastating effect, in some cases isotopic
systems are not affected. Thus, a further focus of the the-
sis lies on syn and post-impact processes that influenced
isotopic systems unrelated to an impact event (Paper I

and II).
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Figure 4 A) Open system (mineral/rock = dashed line) at high temper-
ature. Radiogenic daughter isotopes (white) are highly diffusive and
is lost from the system as soon as they are formed due to the radio-
active decay of an unstable parent isotope. B) Closed system (cooled
mineral/rock = solid line) at low temperatures. The diffusivity of the
daughter isotope is ceased and they are trapped within the system.
As consequence they will be accumulated as illustrated in C) Plot in-
crease of number of daughter isotopes and decrease of number of par-
ent isotopes vs time, in a closed isotopic system. D) Plot accumulation
of daughter isotopes vs time (modified according to McDougall and
Harrison, 1999). When the system cools down, it eventually passes
through the closure temperature (see chapter 5.2), from which the
daughter isotopes become immobile and start to accumulate in the
system. The time since the system was closed represents the age of the
sample. In a closed system, due to the radioactive decay, the number
of daughter isotopes increase, while the number of parent isotopes
decreases, as shown in C.

5. U-Pb chronometer

c Time D Time

5.1 Overview

The radioactive decay of U to Pb (Fig. 5.1) builds the basis
for the most widely used dating method which is capable
to date events from the time the solar system was formed

about 4.57 Ga ago, until more recent times (Schoene,
2014). The first published U-Pb age by Bertram Bolt-
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wood in 1907 was determined on thorinite, a U-rich
mineral taken from rocks along the southern coast of Sri
Lanka (Badash, 1968; Hélzl et al., 1994). Uranium oc-
curs in significant amounts in accessory minerals, such as
zircon, titanite, monazite, apatite, baddeleyite, xenotime
and rutile. In this thesis, zircon (Paper I and 1V) is in-
vestigated. Among all U-bearing accessories, zircon is the
most widespread mineral. Its relative resistivity to altera-
tion and incorporation of U, while excluding Pb, making
it suitable for U-Pb dating. Uranium, belonging to the
high field strength elements, has a high ionic charge and
thus, is incompatible during the magma differentiation.
It becomes enriched in the liquid phase as the crystallisa-
tion proceeds and finally incorporated in higher concen-
trations in accessory phases such as zircon (U = 100-6000
ppm and Pb = 10-10000 ppm; Stosch, 1999). Under
non-oxidizing conditions, both U and Pb have a tetrava-
lent oxidation state and similar ionic radii (U** = 1.05 A;
Faure and Mensing, 2005, and Pb* = 0.94 A; Lee et al.,
1997), which makes both elements immobile. However,
once Pb is reduced to its divalent oxidation state, which
coincides with an increase of the ionic radius (Pb* = 1.29
A; Lee et al., 1997), Pb becomes incompatible and thus,
is discriminated from zircon. Therefore, all Pb in a zircon
is typically radiogenic in origin with no or very low con-
centrations of initial Pb.

Uranium consists of essentially two natural isotopes
U and **U, both of them being radioactive. The long
half-lifes of ¥*U (T, = 4.468x10” yr) and *°U (T,
= 0.704x10° yr) enable the dating of very old material
(Faure and Mensing, 2005; Schoene, 2014). Both **U
and *U decay through two independent chains to ***Pb
and *”Pb, respectively (Fig. 5.1; Faure and Mensing,
2005). It allows for an internal test whether the system
remained closed over geological times, where the dates of
the #¥U/?*Pb and *U/*’Pb ratios should agree. A third
isotopic ratio, namely the 2’Pb/?*Pb, can be used to cal-
culate an age providing the **U/**U is known. The main
isotopes of Pb are 2**Pb, 2°°Pb, 2’Pb and ***Pb. Except for
204Pb, all isotopes are radiogenic. **Pb is formed through

the decay of #?Th.

5.2 Closure temperature concept

From fully open to fully closed-system behaviour, an
isotopic system passes a cooling interval, which Dodson
(1973) defined as closure temperature (Fig. 4D). With-
in this temperature range radiogenic daughter isotopes,
highly diffusive and leaving the system (mineral/rock) as
soon as they are formed at high temperatures, become
continuously immobile until their diffusion is negligible
and they are trapped in the mineral or rock when the
system becoming closed. The additional incorporation of
parent isotopes into the system is stopped, as well. Accor-
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Figure 5.1 The two decay chains of U with their shorthand-written
description in the upper left corner. Legend in the lower right corner
indicates the B~ and o decays.

ding to Dodson (1973), the temperature of a system at a
certain time corresponds to its apparent age. Cessation of
daughter isotope diffusion does not necessarily occur with
the crystallisation of a mineral or rock and they can still
be mobile far below the crystallisation temperature. Thus,
the T, differs between the chronometers and in compari-
son, the U-Pb system in zircon has one of the highest T .
>900°C (Lee et al., 1997; Cherniak and Watson, 2000),
which allows for the determination of crystallisation ages.

5.3 Methdology

In general, the ratios between remaining parent isotopes
and new-formed daughter isotopes of a closed system are
determined by mass spectrometry. The first instruments,
mass spectrographs, were built in the early 20™ century
by J. J. Thomson, E W. Aston, and A. J. Dempster, who
discovered the natural isotopes for the majority of the el-
ements of the periodic table (Faure and Mensing, 2005).
The mass spectrometry separates isotopes based on their
masse-to-charge ratio. A mass spectrometer is build up by
three main components: 1) ion source, 2) mass analyzer
(e.g., quadrupole or magnetic sector), and 3) detector sys-
tem. After the ionization in the ion source, the isotopes
are separated through a magnetic or electric field accord-
ing to their mass-to-charge ratios following the equation
(McDougall and Harrison, 1999; Faure and Mensing,
2005):

r’ = (m2V)(eB2)

with r equals the radius of ion beam trajectory, m is the
ion mass, V is the kinetic energy of the ion, e is the ion
charge, and B is the strength of the magnetic or electric
field. In summary, it means low-mass ions are more de-
flected than high-mass ions.

Since several masses have to be measured, due to varia-
tions in the magnetic or electric field or in the acceleration
voltage, the ion beam can be steered into the detectors
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in a way that it switches between different masses (mo-
no-collection mode by peak-hopping) without moving
the detector (Faure and Mensing, 2005). Multiple collec-
tor arrangements enable the simultaneous acquisition of
the masses without a beam switch (static mode). When
an ion strikes a detector, a difference in the voltage is re-
corded whose signal appears as a peak. A series of peaks
build a mass spectrum of an element where each peak is
characterized by a certain mass-to-charge ratio which is
assigned to a certain isotope (Faure and Mensing, 2005).

5.3.1 Sample preparation

All zircon preparation was carried out at the Department
of Geology at Lund University. In a first step, a rock sam-
ple was hand-crushed using a hammer until a powder was
formed (Fig. 5.2A). Subsequently, the rock powder was
separated in to different size fractions by a sieve stack.
In this thesis, the final size fraction is 80-250 pm from
which the zircon grains are separated (Fig. 5.2B). The
zircon separation is done by a water-based density sepa-
ration (Wifley Table) (Fig. 5.2C), followed by hand-pick-
ing under the optical microscope with 100-200 grains per
sample (Fig. 5.2D). The separated grains are fixed on a
tape and mounted in epoxy resin (Fig. 5.2E). A cylindri-
cal-shaped ring is used to get the disc-like shape of the
epoxy mount. Finally, the hardened epoxy mount is pol-
ished using diamond pastes with different grinding sizes
from 9 pm to 0.25 pm. The polishing is finished when
the interior of each zircon grain is exposed at the epoxy
surface (Fig. 5.2F). Zircon grains analysed by EBSD are
eventually polished with a silica colloidal suspension.
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250-500 um
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i 2w 80250 Ry
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with the seprated zircon grains
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Figure 5.2 Schematic illustration of the sample preparation.

5.3.2 FE-SEM analyses

The complex crystallisation history of many zircon grains,
often with different growth textures associated with varia-
ble U-Pb chemistry, makes it necessary to conduct anal-
yses by SEM prior to the U-Pb analyses in order to have
control on the internal grain texture and thus, being able
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to target suitable sites for the U-Pb dating. In particular,
in this thesis analyses of shock features such as planar fea-
tures and neoblasts (Fig. 3.3C-F; see chapter 3.1) are of
great interest for the interpretation of recorded dates. All
FE-SEM analyses is carried out at the Department of Ge-
ology at Lund University using a Tescan Mira3 High Res-
olution Schottky FE-SEM (Fig. Box 5.1.1A). The SEM
technique uses an electron beam to enlarge features on
pm to nm-scale. It provides near-surface information by
scanning the sample with an electron beam where a vari-
ety of signals are generated that either produce an image
or yield compositional data (Ul-Hamid, 2018). Analyses
by EBSD give information about the crystallography of
a mineral phase. It enables the determination of crystal
structures, orientations, grain sizes and boundaries as well
as identifying phases (Ul-Hamid, 2018). As the entire in-
strumentation is under vacuum, the sample material has
to be coated, e.g., with carbon, to make it conductive.
The FE-SEM instrumentation at the at the Department
of Geology at Lund University, however can also work in
low vacuum mode (7-500 Pa), where no coating is need-

ed.

5.3.2.1 Imaging

Signals that are used in this thesis (see Paper I and IV) are
SE, BSE, and CL. SE and BSE are inelastic and elastic
deflected electrons (Fig. Box 5.1.2A), respectively, with
different kinetic energies (Ul-Hamid, 2018). They come
from different depth within a specimen (Fig. Box 5.1.2B),
carrying different information. The low kinetic energy SE
are from a shallower depth (-100 nm) and thus, image
the topography of a specimen (Ul-Hamid, 2018). There-
fore, surface features such as planar features in zircon are
clearly visible in SE images (Fig. Box 5.1.2C). Whilst
BSE, coming from about 1 pm below the specimen sur-
face, give information about compositional contrasts
(Ul-Hamid, 2018), e.g., ZrO, inclusions occur as bright
spots within a zircon grain (Fig. Box 5.1.2D). In contrast,
CL signals are emitted light of specimen atoms when they
return from their excited (caused by high-energy beam
electrons) to the ground state. They stem from about
1-5 um depth and yield information about the internal
texture and element distribution (Ul-Hamid, 2018). For
instance, different growth zones in a zircon with variable
U and Pb incorporation become visible in different grey
scales (Fig. Box 5.1.2E). Further signals such as character-
istic X-rays for chemical composition, continuum X-ray
(Bremsstrahlung) or Auger electrons are not recorded in
this thesis. For more details, see Box 5. 1.

5.3.2.2 EBSD analyses

The primary electron beam strikes the surface of the sam-
ple, which is tilted about 70° from horizontal (Fig. Box
5.1.3A and B). As the primary beam penetrates only few
tens of nanometers, EBSD is a surface-sensitive method

(Ul-Hamid, 2018). Thus, the surface of the sample has to
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be well polished. Resulting backscattered electron dif-
fractions at atomic planes, that are arranged periodically
and form the crystal lattice, are visualized as straight lines
(Fig. Box 5.1.3B). As these atomic planes are orientated
in different directions, various straight lines are produced,
intersecting each other and form a network, the so-called
Kikuchi pattern (Fig. Box 5.1.3B; Ul-Hamid, 2018). An
EBSD detector equipped with a phosphor screen and a
CCD camera image the Kikuchi pattern (Fig. Box 5.1.3B
and C). It is indexed by a computer software and provides
information about crystal structure and orientation. For
more details, see Box 5.1.

In Paper IV, EBSD analyses are performed in order to
identify the former presence of reidite by the scanning
of granular or neoblastic zircon, which still preserves
its crystallography. This specific textural zircon, called
FRIGN zircon, are highly promising to yield reliable im-
pact-related ages.

5.3.3 U-Pb analyses

There are three standard ways for the U-Pb dating of a
sample. The first is called ID-TIMS analyses and implies
chemical dissolution of a number of zircon grains (or
parts of a single grain) by dissolving them in hydrofluo-
ric and nitric acid. In order to calculate the amounts of
U and Pb isotopes, a prerequisite for obtaining accurate
206Pb/238U and 2"Pb/*°U ages, a small amount of an iso-
topic tracer (e.g., **Pb/*°U) is added to the sample be-
fore dissolution. After some chemical steps in the clean
lab the sample is eventually loaded onto a Re-filament
and put into the ion source of the mass spectrometer.
Due to gradual heating of the filament under vacuum,
the U and Pb isotopes are ionized at different filament
temperatures and measured in dynamic (peak-hopping)
or static mode.

SIMS and LA-ICP-MS, both are in-situ techniques,
enable spatial analyses of a zircon grain (Schaltegger et
al., 2015). Both techniques use a beam to ablate a small
amount of material which is subsequently analysed by a
mass spectrometer. SIMS typically operates with a spot
size of 2-30 pm (Schaltegger et al, 2015) and a penetra-
tion depth of less than 4 pm (Schoene, 2014). It applies a
higher spatial resolution, which requires less sample vol-
ume and is thus less destructive than LA-ICP-MS, which
typically invokes a spots size of 25-35 pm and a penetra-
tion depth of 15-40 um (Schaltegger et al., 2015).

Both LA-ICP-MS (see Paper I) and SIMS (see Paper IV)
were performed during the course of this PhD project.
The LA-ICP-MS analyses are carried out at the Depart-
ment of Geology at Lund University, equipped with a
Bruker Aurora Elite ICP-MS (Fig. Box 5.2.1A). LA-ICP-
MS uses a laser beam to ablate material from a zircon
grain which is transported as aerosol by a constant flow
of a carrier gas to the ICP-MS system. A plasma, formed
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Box 5.1 Field Emission-Scanning Electron Microscope

A SEM instrument consists of an electron column and a

sample chamber, which is controlled by a computer sys-
tem (Fig. Box 5.1.1A and B; Ul-Hamid, 2018).

5.1.1 Electron column

A field emission electron gun, equipped with a high
brightness Schottky emitter at the top of the electron col-
umn, generates the electron beam (A, Fig. Box 5.1.1B).
It consists of a tungsten cathode with a sharpened tip
(Ul-Hamid, 2018). The electron gun is supplied by a
high voltage of 30-40 kV (B, Fig. Box 5.1.1B; Ul-Hamid,
2018). A negative potential (3-5 kV) at the tip of the cath-
ode generates a highly concentrated electric field (10° V/
pm). It reduces the potential barrier so that the electrons
can be emitted from the cathode tip without increasing
their kinetic energy (tunneling effect) (Ul-Hamid, 2018).
Subsequently, due to a potential difference, the electrons,
forming a beam, are accelerated (acceleration voltage =
50 V to 30 kV) towards the sample chamber at the lower
end of the electron column (C, Fig. Box 5.1.1B). Elec-
tronic optics such as electromagnetic lenses (condenser
and objective lenses), apertures, stigmators and scanning
coils, shapes and corrects the electron beam for lens aber-
rations, such as astigmatism, during its passage through
the electron column and finally focus a fine beam on the
sample (D, Fig. Box 5.1.1B; Ul-Hamid, 2018). A vacuum
pump system, evacuating the entire FE-SEM instrumen-
tation (E, Fig. Box 5.1.1B), enables a free pathway for
the electrons to the sample chamber without colliding
with air molecules and thus, getting eventually scattered.
At the Department of Geology at Lund University, de-
pending on the demands of the analysis, it can be worked
in high (<9x10° Pa) and low vacuum (7-500 Pa) mode.
Working in the high vacuum mode, samples have to be
coated with carbon to make them conductive.

5.1.2 Sample chamber

The sample chamber (F, Fig. Box 5.1.1B) is equipped with
a motorized sample stage, an infra-red camera and sev-
eral detectors, including BSE, SE and CL. For the sam-
ple loading, the entire chamber can be opened, where
the sample, fixed on a sample holder, is placed on the
motorized stage. It can move laterally in x and y as well
as towards the column optic axis in z direction, which
changes the working distance between the sample and the
electronic optics. The entire stage can rotate 360°. The
movement can be controlled manually or automatically
by default in the x, y, and z.
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The infra-red camera provides a live image from inside the
sample chamber which enables a monitoring of the sam-
ple stage and holder in real time. When some detectors
are used such as for BSE and CL imaging, the camera has
to be switched off due to their sensitivity to IR rays. The
different detectors collect the signals, coming from the
sample, and convert them into electrical pulses, which are
shown either as an image or as an elemental spectrum.
The signals, leaving the samples, are elastic and inelas-
tic deflected electrons from the incoming beam, which
interacts with the near-surface atoms of the specimen
(Ul-Hamid, 2018). Elastically scattered beam electrons,
deflected in an angle larger than 90° and without loss of
their kinetic energy, are backscattered out of the specimen
and thus, detected as BSE signal (Fig. Box 5.1.24; Ul-Ha-
mid, 2018). Due to their high deflection angle, the BSE
detector should be located right above the specimen (G,
Fig. Box 5.1.1B). The Department of Geology at Lund
University uses a retractable BSE and an In-beam BSE
detector. In contrast, inelastic scattered beam electrons
with a low deflection angle kick out weakly bonded elec-
trons from the outer shells of the specimen atomic nucle-
us and transfer their kinetic energy to these ejected elec-
trons, known as SE (Fig. Box 5.1.24; Ul-Hamid, 2018).
The Department of Geology at Lund University uses an
Everhart-Thornley detector (H, Fig. Box 5.1.1B), consist-
ing of a scintillator-photomultiplier system, and an In-
beam SE detector to record the SE signal. The CL signals
are detected by a panchromatic motorized retractable CL
detector (I, Fig. Box 5.1.1B) collecting the emitted light
with a wave length between 185 and 850 nm. The FE-
SEM instrument at the Department of Geology at Lund
University can achieve a maximal imaging resolution of
1.0 nm under 30kV and in high vacuum mode.

5.1.3 EBSD analyses

When the electrons of the primary beam interact with
the near-surface atoms of a 70°-tilted sample (Fig. Box
5.1.3A), backscattered electrons are formed that scatter
in all directions and become diffracted at atomic planes,
which build up the crystal lattice (Ul-Hamid, 2018). A
small part of the backscattered electrons is diffracted in
such an angle in order to fulfil Bragg’s law (Ul-Hamid,
2018):

nA = 2dsin0

with n is the order of diffraction, A is the electron wave-
length, d is the atomic or lattice plane spacing, and 0 is
the Bragg angle of diffraction.
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Figure Box 5.1.1 A) Tescan Mira3 High Resolution Schottky FE-
SEM at the Department of Geology at Lund University (17/07/2020:
https://www.geology.lu.se/research/laboratories-equipment/
field-emission-scanning-electron-microscopy-and-edsebsd-analy-
sis-laboratory) B) Schematic illustration of a scanning electron micro-
scope as it is used at the Department of Geology at Lund University
(modified according to Ul-Hamid, 2018). The bold letter indicate the

steps as described in the text.
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Figure Box 5.1.2 A) High-angle elastic and low-angle inelastic deflec-
tion of electrons producing BSE and SE signals, respectively (modified
according to Ul-Hamid, 2018). B) Activation volume of the different
signals which are generated by the interacting of an incoming electron
beam with a specimen. The signals come from different depths of the
specimen where SE stem from near the surface and BSE from deeper
parts. CL signals come from the deepest levels. The other signals such
as characteristic X-rays, Bremsstrahlung X-rays, X-ray fluorescence
and auger electrons are not recorded in this thesis (modified according
to Ul-Hamid, 2018). C) SE image of a zircon showing planar features
(black arrows) as topographic information. Zircon from the Siljan
impact structure, Sweden (photo: author of this thesis, 19/07/2017).
D) BSE image of a porous zircon from the Mien impact structure,
Sweden. Bright inclusions of ZrO, (black arrows) are shown as com-
positional contrast (photo: author of this thesis, 07/07/2019). E) A
SE image (left) in comparison to a CL image (right) of a zircon from
the Siljan impact structure, Sweden. The CL image reveals an oscillat-
ing zoning visible in different grey scale, indicating inhomogenities in
the chemical composition, which cannot be observed in the SE image

(photo: author of this thesis, 19/07/2017).

These backscattered electrons form a diffracted beam,
which leaves the sample cone-like in all directions (Fig.
Box 5.1.3B; Ul-Hamid, 2018). Each atomic plane pro-
duces two conical-shaped diffraction beams, where the
first one is coming from the front and the second from
the rear of the plane (Fig. Box 5.1.3B; Ul-Hamid, 2018).
Both, so-called diffraction cones, occur as parallel-paired
dark lines with a bright band between them in the Ki-
kuchi pattern, which itself is made up by several of these
paired dark lines with different orientations and intersect-
ing each other to form the network of the pattern (Fig.
Box 5.1.3B; Ul-Hamid, 2018). Each paired dark lines
represent one atomic plane in the sample and thus, the
Kikuchi pattern reflects the symmetry of the crystal struc-
ture of a mineral phase.

The Kikuchi pattern is formed on the phosphor screen of
the EBSD detector (Fig. Box 5.1.3C), e.g., a NordlysNano
from Oxford Instruments as used at the Department of
Geology at Lund University. When the diffraction cones
cross the phosphor screen, the backscattered electrons are
converted into a light signal. It passes a lead glass, sitting
after the screen, and reaches the CCD camera of the de-
tector (Fig. Box 5.1.3C), where the light is converted into
an image, occurring onto the computer monitor (Ul-Ha-
mid, 2018). As only a small part of the backscattered
electrons is diffracted in a Bragg angle, the majority of
them form the background which masks the signal of the
Kikuchi pattern. Therefore, the background has to be col-
lected during an analysis in order to subtract or divide it
from the pattern (Ul-Hamid, 2018). Computer software,
such as Aztec from Oxford instrumentations as used at
the Department of Geology at Lund University, enable
the identification of mineral phases using the Kikuchi
pattern. The software indexes several points from the pat-
tern and compare them to crystallographic values, e.g.,
crystallographic indices, stored in the database. The result
is a best fit of the investigated mineral, giving the phase
and its orientation (Ul-Hamid, 2018). In Paper IV, the
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Kikuchi patterns of the sample grains are compared with
the reflector list for zircon (Hazen and Finger, 1979; 1
atm), reidite (Farnan et al., 2003) and monoclinic ZrO,
(baddeleyite; Gualtieri et al., 1996).

Computer

Stage control

Electron beam
control

Digital stage and
beam control unit

A c
Figure Box 5.1.3 A) Schematic illustration for an EBSD system set up.
B) Two diffraction cones build up by backscattered electron diffracted
in Bragg angle from an atomic plane. When crossing the phosphor
screen of the EBSD detector, both cones are imaged as two paral-
lel-paired dark lines with a bright band between them. Several of these
paired dark lines orientated differently and intersecting each other
form the Kikuchi pattern, as shown in a small image to the right. It
shows the Kikuchi pattern of a zircon (10/07/2020: http://www.ebsd.
com/ebsd-applications/ebsd-gallery/diffraction-patterns-from-vari-
ous-materials). C) The image above shows the arrangement between
sample and EBSD detector in the SEM sample chamber (10/07/2020:
https://www.birmingham.ac.uk/Documents/college-eps/metallurgy/
cem/Intro EBSDG63slidesv2.pdf), as it is used at the Department of
Geology at Lund University. Image below shows a schematic illus-
tration of an EBSD Nordlys detector as used at the Department of
Geology at Lund University.

through inductive coupling of electrons and ions in a
magnetic field, ionizes the isotopes of the acrosol, which
are subsequently separated and analysed by a quadrupole
mass spectrometer (see chapter 5.3) and recorded by re-
spective detectors. For the U-Pb analysis in this thesis, a
complete scan over the entire mass range includes **Hg,
204Pb, 206Pb, 207Pb, 28Pb, ?Th, ¥U. *?Hg is analysed in
order to correct for the interfering ***Hg which is sitting
on the mass like ***Pb which is needed for the correction
of common Pb. For more details, see Box 5.2.

The SIMS analyses are carried out by a CAMECA IMS
1280 ion microprobe at the Swedish Museum of Natu-
ral History in Stockholm (NordSIMS facility) (Fig. Box
5.3A). The zircon grains are bombarded with a primary
ion beam. Due to sputtering, near-surface material is re-
moved and emits as secondary ions, consisting of atomic
ions and molecular ionic compounds (Schoene, 2014),
which are subsequently analysed by a magnetic sector
mass spectrometer (Fig. Box 5.3B). Commonly, Zr, e.g.,
as Zr O, **Pb, **Pb, *"Pb, **Pb, **U, U oxides (UO,
UO,) and ***Th are detected by SIMS (Ireland and Wil-
liams, 2003). Additionally, the CAMECA IMS 1280 ion
microprobe is capable of performing ion imaging analy-
ses, which provide element distribution maps (Joo and
Liang, 2013). In Paper IV it is used to mapped the dis-

26

tribution of U and Pb within shocked zircon grains. For
more details, see Box 5.3.

5.3.4 Calibration

All U-Pb analyses are calibrated against a first reference
material and additionally a second reference material is
used. For the LA-ICP-MS, GJ-1 (608.53 + 0.37 Ma; Jack-
son et al., 2004) and 91500 (1062.4 + 0.8 Ma; Wieden-
beck et al., 1995) are the first and secondary reference
material, respectively. Whilst for SIMS, 91500 is the first
and Tremora-2 (416.78 + 0.33 Ma; Black et al., 2004) the
second reference material. All are natural zircon. The pri-
mary standard provides control on the accuracy, precision
and plausibility of the results (Kosler, 2008), i.e., whether
the measured dates are correct and finally record an age.
The secondary reference material, calibrated against the
primary, tests for systematic uncertainties in the analyses
to see if the method is correct (Schaltegger et al., 2015).
The reference material is measured together with the
sample under the same analytical conditions. Common
are standard-sample bracketing procedures where sever-
al unknowns are enclosed by reference material, e.g., for
LA-ICP-MS, an analytical sequence starts with 5-6 GJ-1
and subsequently one 91500, followed by a series of un-
knowns.

5.3.5 Age calculation

Three different ages can be calculated: *®U/**Pb,
25U/*7Pb and *"Pb/**Pb age. Starting with the basic age

equation:
D=D, +N(™-1)

which is converted according to
t= 11 [(D-D)N) + 1]

Transferred to the U-Pb system, it can be written for the
calculation of the #*U/*Pb and **U/*"Pb ages, under
the assumption the initial Pb concentration (D, = 0 att =
0) in zircon is negligible (Schoene, 2014):

381206 = 17538' [(*°°Pb/**U) + 1]
t 17»235' [Pb/?5U) + 1]

2351207 —

By dividing of the two above-mentioned equations for
both isotopic system, the equation for the calculation of
the 2”Pb/?*Pb ages is yielded, which is solved iteratively
(Schoene, 2014):

(*7Pb/2°Pb) = (¥ U/P8U)[(e¥% -1)/ (% -1)] =
(1/137.88) (23 -1)/ (2% -1)]

The 2¥U/?U ratio is seen as constant with a value of
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Box 5.2 Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry

A LA-ICP-MS system is build up by two main compo-
nents 1) a laser ablation system with a sample cell, and
2) a mass analyzer with an ICP system (Fig. Box 5.2.14).

5.2.1 Ablation system

The sample material is ablated by a Cetac Analyte G2
excimer laser with a wave length of 193 nm and <4 ns
pulse width (A, Fig. Box 5.2.2; Fig. Box 5.2.1B). The la-
ser conditions are set to 7-8 Hz repetition rate, 5-6 ]/
cm? fluence, 30 sec ablation duration, and 18x18 pm to
20x20 pm spot size. A 9-hole sample holder (each hole
= 2.54 cm in diameter; Fig. Box 5.2.1C) is used to place
the epoxy mount, carrying the zircon grains, along with
the reference materials, where each one is set on a sepa-
rate hole. The sample holder is placed into a two-volume
HelEx2 sample cell (Fig. Box 5.2.1D), where the ablation
procedure takes place (B, Fig. Box 5.2.2). A permanent
flow of a carrier gas of He (0.8 [/min) mixed with N, (6.5
/min) evacuates the ablated sample material as aerosol
and transport it through a 2 mm PFTE tubing (a ‘squid’
is used to smooth the signal when low ablation rates are
necessary) to the plasma torch (C, Fig. Box 5.2.2).

5.2.2 Plasma torch (ICP system)

The plasma (T = 6000-10000 K and energy = 0.6-1.6
kW; Bruker Aurora Training Manual, version 5.0, 2011)
used to ionize the isotopes of the aerosol is an atmos-
pheric-pressure plasma, formed by a constantly argon gas
flow (0.95 [/min) through a torch (D, Fig. Box 5.2.2; Fig.
Box 5.2.3A). The torch, formed of fused silica, consists of
three concentric tubes, where the majority of the argon
plasma gas is supplied between the intermediate and out-
er tube (Fig. Box 5.2.3A; Bruker Aurora Training Manual,
version 5.0, 2011). Induction coils at the outer tube (Fig.
Box 5.2.34), fed with a radio-frequency current of 27
MHz and a power of 1300 W, build up a magnetic field
where, due to inductive coupling of electrons and ions of
the argon gas, the energy is constantly transferred to the
plasma and thus, keep it on running. Its ignition is finally
triggered by a discharge spark of the argon gas while a ra-
dio-frequency current supplies the induction coils (Bruk-
er Aurora Training Manual, version 5.0, 2011).

The aerosol is routed through the centre tube of the torch
to the plasma (Fig. Box 5.2.3A) where its isotopes become
ionized due to the removal of an electron from their outer
shells. It leads to a constant positive ion beam consisting
of univalent charged ions (D, Fig. Box 5.2.2; Bruker Au-
rora Training Manual, version 5.0, 2011).

5.2.3 Interface

The interface represents the passage to guide the ion
beam from the plasma torch with atmospheric pressure
(~100000 Pa) to the low pressure and thus, high vacuum
of the mass spectrometer (<0.001 Pa) (E, Fig. Box 5.2.2;
Fig. Box 5.2.3B and C; Bruker Aurora Training Manual,
version 5.0, 2011).

It consists of a sample cone, skimmer cone and small ap-
erture where due to differential pumping the pressure is
step-wise decreased in three stages (E, Fig. Box 5.2.2; Fig.
Box 5.2.3B). A rotary pump reduces the pressure of the
first stage to about 667 Pa between the sample and the
skimmer cone (Fig. Box 5.2.3B; Bruker Aurora Training
Manual, version 5.0, 2011). The sample cone (Cu/Cr al-
loy; Bruker Aurora Training Manual, version 5.0, 2011),
exposed to the plasma, is water-cooled and thus, dissi-
pates most of the heat. The remaining plasma, entering
the evacuated space of the first stage (Fig. Box 5.2.3B),
expands rapidly leading to quick temperature decrease.
The skimmer cone finally separates the atmospheric pres-
sure from the vacuum area. A turbomolecular pump keep
the second stage between the skimmer cone and a small
aperture under 0.04 Pa (Fig. Box 5.2.3B; Bruker Aurora
Training Manual, version 5.0, 2011). A small aperture,
transmitted by the ion beam, is the passage to the third
stage of the differential pumping system, where the mass
analyzer is situated (F7g. Box 5.2.3B and C). The high vac-
uum is 0.0007 Pa formed by a second turbomolecular
pump (Fig. Box 5.2.3B; Bruker Aurora Training Manual,
version 5.0, 2011).

Extraction lenses behind the skimmer cone capture the
ions and focus them to the ion mirror. The ion mirror,
consisting of four electrodes (Fig. Box 5.2.3C), build an
electrostatic field and deflect and focus the ions as beam
towards the small aperture, the entrance of the mass ana-
lyzer (E Fig. Box 5.2.2; Bruker Aurora Training Manual,
version 5.0, 2011).

5.2.4 Quadrupole mass analyzer

Fringe rods at the entrance of the mass analyzer smooth
the pathway of the incoming ions and bring them into
a curved trajectory (G, Fig. Box 5.2.2; Fig. Box 5.2.3C;
Bruker Aurora Training Manual, version 5.0, 2011).

The mass analyzer has a quadrupole design, consisting
of four conductive rods arranged around a central axis
(H, Fig. Box 5.2.2; Fig. Box 5.2.3C). The opposite pairs
of rods are supplied with a radio frequency and DC po-
tentials, respectively, finally leading to opposite polarities
between the paired rods. The resulting electric field affects
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all incoming ions that are vibrated oscillatory where ions
with an appropriate mass-to-charge ratio are not deflect-
ed and pass the electric field on a stable path (H, Fig.
Box 5.2.2; Bruker Aurora Training Manual, version 5.0,
2011). Ions with other mass-to-charge ratios either col-
lide with the rods or get a slow drift in such a way that
its trajectory cannot corrected anymore to a straight path
through the electric field (H, Fig. Box 5.2.2). For an effec-
tive mass filtering, the quadrupole has to be long enough
in order to guarantee a separation according to the mass-
to-charge ratios, including the colliding with the rods for
ions with an unstable path, in sufficient time. Further, the
velocities of the ions have to be sufficient that they can be
transmitted and move not too quickly through the elec-
tric field (Bruker Aurora Training Manual, version 5.0,
2011).

Due to changes of the electric field, the ions pass the
quadrupole in a certain succession with increasing mass-
to-charge ratios and finally are scanned as mass spectrum.

5.2.5 Detector system

The detector a discrete dynode electron multiplier
(DDEM; Fig. Box 5.2.3D), consisting of a series of elec-
trodes (dynodes) (I, Fig. Box 5.2.2). When an incoming
ion strikes the first electrode, which is at a high nega-
tive potential (-2 kV), electrons are emitted (Bruker Au-
rora Training Manual, version 5.0, 2011). Towards the
last electrode the potential decreases to ground potential
(Bruker Aurora Training Manual, version 5.0, 2011).
Therefore, electrons are accelerated cascade-like from
electrode to electrode. During each impact at an electrode
more electrons are emitted and thus, the pulse is ampli-
fied (I, Fig. Box 5.2.2). The procedure is repeated several
times till the last electrode (I, Fig. Box 5.2.2). In the end
a current is measured, which passes a pre-amplifier/dis-
criminator module, where pulses with a certain threshold
are amplified and therefore, the noise is reduced (J, Fig.
Box 5.2.2). Counting electronics record the incoming
pulses that are re-calculated in to counts per second by
a ICP-MS Quantum software (K, Fig. Box 5.2.2; Bruker
Aurora Training Manual, version 5.0, 2011).

The U-Pb analyses at the Department of Geology at
Lund University are run in a mono-collector system in a
dynamic mode (peak-hopping), i.e., the ion beam jumps
between the masses for several times and each mass is
counted between 10 and 40 milliseconds (dwell time) by
the detector system. A complete scan over the entire mass
range (2°2Hg, 204pp, 206ply, 207Phy, 208Phy, 232Th, 2330J) lies be-
tween 120 and 150 milliseconds. Each sequence includes
100-120 analyses, all set on automatic mode including
laser firing, timing and data acquisition.
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5.2.6 Data processing

The raw data reduction and age calculations, including
data plotting, are done by Iolite (version 3.63; Paton et
al., 2011) and Excel Add-In Isoplot (Ludwig, 2012), re-
spectively. The processing of the raw data in Iolite, in-
cluding baseline subtraction, correction for interferences,
downhole fractionation, and mass bias, as well as calibra-
tions, are carried out by the data reduction scheme Vi-
zualAge (Petrus and Kamber, 2012).

Once the laser file with all the information of the base-
line, reference materials and unknowns is uploaded in
Iolite, all signals of the reference materials and unknowns
(values along the y-axis) are graphically shown in a plot vs
the acquisition time along the x-axis, which enables a data
processing timeslice-by-timeslice (Paton et al., 2011). At
first the baseline is subtracted from the signals of the ref-
erence materials and unknowns. Afterwards, integration
periods for each signal are defined. The integration pe-
riods are shown as small boxes carrying the time forma-
tion, shown along the x-axis, and with a 95% confidence
interval of the average value from the y-axis (Paton et al.,
2011). The integration periods can be defined for differ-
ent channels (e.g., 2*U, 2*Pb, etc.; channel = Iolite term;
Paton et al., 2011), which are included in each signal of
the reference materials and unknowns. As the integration
periods are set manually, their extent are chosen in a way
that only signal areas, which are sufficient flat or with the
least noise, are included.

Signals or analyses (data points) with integration periods
that contain a signal duration of less than 5 seconds are
excluded from age calculations. Further, analyses that
partly missed the target area (zircon) during laser firing,
consisting of more than one age component (rim-core),
are reverse discordant, and with high common Pb con-
tamination are excluded, too. In order to choose the anal-
yses with the least common Pb, the **°Pb/?*Pb ratio was
plotted against the *’Pb/**Pb for each sample. A lower
limit for the **Pb/?**Pb ratio was placed where a signif-
icant change in the 2’Pb/**Pb ratio was observed. The
limit of the **Pb/?*Pb ratio varies between the samples
but mostly lie between 10° and 10*. Based on this proce-
dure, no common Pb corrections were performed.
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Figure Box 5.2.1 A) The LA-ICP-MS instrumentation (Bruker Au-
rora Elite ICP-MS) as it is used at the Department of Geology at
Lund University. B) A Cetac Analyte G2 excimer laser as used in
this thesis to ablate the sample material (25/03/2020: https://www.
selectscience.net/products/analyte-g2-excimer-laser-ablation-sys-
tem/?prodID=204411).C) Different sample holders that are used at
the Department of Geology at Lund University. The sample material
along with the primary and secondary reference material are placed
onto the 9-hole sample holder of the upper left corner (20/03/2020:
https://www.geology.lu.se/research/laboratories-equipment/laser-ab-
lation-inductively-coupled-plasma-mass-spectrometry-la-icp-ms). D)
Twovolume HelEx2 sample cell as used at the Department of Geology
at Lund University. The image shows how the sample holder is incor-
porated into the sample cell while the laser is firing. The small black
line indicates where the sample cell is situated in the laser of image B
(25/03/2020: http://www.teledynecetac.com/products/laser-ablation/
eqe).
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Figure Box 5.2.2 Schematic illustration of a quadrupole mass spec-
trometer equipped with a laser-ablation system as used at the Depart-
ment of Geology at Lund University. The bold letter indicate the steps
as described in the text.
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Figure Box 5.2.3 A) A plasma torch of a Bruker Aurora Elite ICP-MS
showing ignited plasma (photo: Bruker Aurora Training Manual, ver-
sion 5.0, 2011). The cartoon illustrates the construction of a plasma
torch (modified according to Bruker Aurora Training Manual, ver-
sion 5.0, 2011). B) Schematic illustration of the differential pumping
system with its three vacuum stages including the interface between
the sample and skimmer cone. The arrow illustrates the pathway of
the ion beam generated by the plasma (modified according to Bruker
Aurora Training Manual, version 5.0, 2011). C) Cross-section of a
ICP-MS (image: Bruker Aurora Training Manual, version 5.0, 2011)
showing the plasma torch to the right, the interface/1st vacuum stage
between sample and skimmer cone, second vacuum stage with the
ion mirror (central part of the image) and the small aperture which
separates the second from the third vacuum stage of the mass ana-
lyzer. At the entrance of the mass analyzer are the fringe rods (image:
Bruker Aurora Training Manual, version 5.0, 2011) followed by the
quadrupole (25/03/2020: https://www.youtube.com/channel/ UCz-
Kvxa5WHArynT-ImwRbd_Q) to the left. D) A discrete dynode elec-
tron multiplier (DDEM) (25/03/2020: https://www.wikiwand.com/

en/Electron_multiplier).

29



Geochronology of impact structures - constraining syn and post-impact processes using “’Ar/*?Ar and U-Pb techniques

Box 5.3 Secondary Ion Mass Spectrometry

A SIMS instrumentation consists of two main compo-
nents with 1) secondary ion generation, including the
primary ion source, primary ion column and secondary
ion extraction, and 2) a mass analyzer with the detector
system (Fig. Box 5.3A and B). The entire system, includ-
ing sample chamber, is hold under high vacuum in order
to prevent deflection of secondary ions by gas molecules
or formation of unwanted secondary ions (Wiedenbeck,
2017). A high vacuum of 10” mbar is achieved by a com-
bination of ion, turbo, scroll, Ti-sublimation pumps and

a cold trap on the sample chamber (Wiedenbeck, 2017).

5.3.1 Secondary ion generation

The analysis of positive charged species, such as U and Pb,
requires a negative primary ion beam, most commonly a
1°O- primary beam (Ireland and Williams, 2003; Wieden-
beck, 2017). The '*O" primary beam in CAMECA ion
microprobe is formed by a duoplasmatron ion source (A,
Fig. Box 5.3B and A4; Ireland and Williams, 2003; Joo and
Liang, 2013; Wiedenbeck, 2017). Within the source, ox-
ygen atoms interact with electrons that are emitted from
a cathode filament and become negatively charged (Joo
and Liang, 2013). The negative oxygen atoms are acceler-
ated to an anode and leave the ion source as a high-speed
ion beam with energies between 1 and 30 keV (Joo and
Liang, 2013; EAG labs, SIMS tutorial, 2020). A positive
13Cs* primary beam is formed by a surface ionization
source (Joo and Liang, 2013; Wiedenbeck, 2017). The
primary beam column (B; Fig. Box 5.3B) transfers the
primary ion beam into the sample chamber (C, Fig. Box
5.3B and A). Mass filters, electrostatic lenses, apertures
and deflectors within the primary beam column focus and
deflect the primary beam on the sample (Ireland and Wil-
liams, 2003; Joo and Liang, 2013). For the zircon U-Pb
analyses, the primary beam operates in the Kohler mode
(Aperture Illumination mode) (Wiedenbeck, 2017).
When the primary beam bombards the sample, its nega-
tive ions interact with the near-surface atoms (2-10 nm;
Joo and Liang, 2013; EAG labs, SIMS tutorial, 2020;
Schaepe et al., 2020), leading to a cascade-like displace-
ment between them (D, Fig. Box 5.3B). In consequence,
the bonds between the atoms are broken and they are
emitted as secondary particles, leaving the samples with
a kinetic energy between 0 and 100 eV (Ireland and Wil-
liams, 2003; Joo and Liang; Schaepe et al., 2020). Dur-
ing this so-called sputtering process, the secondary atoms
become charged positively, negatively, or stay neutrally. A
Au-coating on the sample avoids charging effects (Ireland
and Williams, 2003). Common sputter rates lie between
between 0.5 and 5.0 nm/s (EAG labs, SIMS tutorial,
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2020). Due to an applied accelerating voltage between
sample and an extraction plate, the positively charged sec-
ondary ions are extracted from the sample and transferred
through a transfer lens to the entrance slit of the mass
analyzer (E, Fig. Box 5.3B; Joo and Liang, 2013; Wieden-
beck, 2017).

5.3.2 Magentic sector mass analyzer

The sputtering process leads to a large energy spread be-
tween the secondary ions, which is corrected by the elec-
trostatic analyzer (ESA), sitting behind the entrance slit
(E Fig. Box 5.3B and A). Only secondary ions with a giv-
en specific energy pass the ESA and are focused onto the
energy slit (Wiedenbeck, 2017), where high-energy ions
are blocked and low-energy ions pass through it (G, Fig.
Box 5.3B; Joo and Liang, 2013). Apertures adjust the sec-
ondary beam in such way that only ions from the central
part of the analysed sample area reach the mass analyz-
er (Ireland and Williams, 2003). In the magnetic sector
mass analyzer (H; Fig. Box 5.3B) a magnetic field, operat-
ing perpendicular to the travel direction of the secondary
ions, separate them in a manner that the heavy ions are
less deflected and move along an outer trajectory. Whilst
light ions, more deflected, are bent on an inner trajectory
(I, Fig. Box 5.3B; Faure and Mensing, 2005). Thus, the
heavy ions are recorded at the outer and light ions at the
inner detector positions of the SIMS instrumentation (I,

Fig. Box 5.3B).

5.3.3 Detector system

The secondary ions of U and Pb isotopes are detected
in mono-collection mode (J, Fig. Box 5.3B) through
peak-hopping by a secondary electron photomultiplier,
which is operating like the electron multiplier described
for the LA-ICP-MS (see Box 5.2, chapter 5.2.5). The
SIMS electron multiplier counts the incoming second-
ary ions and re-calculate it into counts per second. Best
operation of the electron multiplier is achieved between
0.1 and 500 kHz (Wiedenbeck, 2017). Its maximum ion
counting rates is reached at 1 MHz (1 million counts/sec;
Wiedenbeck, 2017). Above that the electron multiplier
is saturated and shut off automatically. The secondary
ion beam is then bent to the Faraday cups (Wiedenbeck,
2017). They consist of both a 10'° and a 10" Q resistor
(Wiedenbeck, 2017), which convert the incoming ions in
to a voltage signal which is finally recorded. The Faraday
cups yield the best counts between 3 and 6 MHz and
thus, they are suitable to analyse major elements or high
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trace element concentrations with SIMS (Wiedenbeck,
2017).

Commonly, for the U-Pb analyses Zr molecular species
as Zr,0, 204ph, 200Ph, 27Ph, 208Pb, 238U, U oxides (UO
and/or UO,) and **Th are recorded in a single analysis
(Ireland and Williams, 2003; Wiedenbeck, 2017). The Zr
species is used both to calculate the U, Pb and Th con-
centrations and as mass reference for the peak position of
204Ph (Ireland and Williams, 2003; Wiedenbeck, 2017).
All Pb isotopes enable the determination of the amount
of common and radiogenic Pb. The U oxides are impor-
tant for the calculation of the Pb/U ratio of the sample
and Th allow Pb/Th age calculations, which serve as basis
for the Th/U ratio (Ireland and Williams, 2003). The Pb
yield, i.e., counts per second, can be increased by flooding
the sample chamber with oxygen. In combination with
the primary beam in Kéhler mode the counting rate of
Pb is increased by about 4 times (Wiedenbeck, 2017).

5.3.4 Isobaric interferences

During the sputtering process, besides ions of interest,
secondary molecular ions are released, as well, which form
isobaric interference in particular with Pb, i.e., they have
similar mass-to-charge ratios like Pb and thus, sitting on
the same mass, e.g., HfSi* (M = 205.92) and **Pb* (M
= 205.97) (Ireland and Williams, 2003; Schoene, 2014).
In order to guarantee that only the wanted secondary
ions pass the mass analyzer and not interfering molecular
ions, the isobaric interference has to be reduced either by
energy filtering, commonly performed in small geometry
SIMS instruments, or mathematically by mass resolution
(Wiedenbeck, 2017). Even though both wanted second-
ary ions and interfering molecular ions have the same
nominal masses, they still differ in their exact masses
(EAG labs, SIMS tutorial, 2020), which is used for the de-
termination of the mass resolution. It is the ratio between
the mass of the ion of interest and the difference to mass
of the interfering molecular ion (Wiedenbeck, 2017). A
high mass resolution is able to distinguish between ion-
ic and molecular species with similar masses (EAG labs,
SIMS tutorial, 2020). Mass resolution are commonly
determined for large geometry SIMS instruments like
CAMECA IMS 1280. Typical high mass resolutions lie
between 2000 and 4000, but can be increased to 10000
and 15000 (Schoene, 2014; Wiedenbeck, 2017). For the
SIMS analyses in Paper IV, the mass resolution is set to
4860, suitable to analyse Pb.

5.3.5 Data reduction
The raw data reduction of the U-Pb analyses in Paper

IV is carried out by an in-house developed excel-based
spreadsheet (NordAge) written by M. J. Whitehouse
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(NordSIMS facility, Stockholm). The raw data are up-
loaded into “CIPS” where the isotopic ratios can be seen
with the estimations of their uncertainties. The raw data
are divided into standard spread sheet, including the pri-
mary reference material (91500), and unknowns spread
sheet, including samples and secondary reference mate-
rial (Tremora-2). The 91500 analyses define the Pb/U
calibration curve which is used to calibrate the samples
against it to obtain their true U/Pb ratios (Wiedenbeck,
2017). The calibration curve is determined by inter-el-
ement ratios under the assumption that the ionization
efficiency of the reference material and sample is affected
in the same way by the sputtering process (Wiedenbeck,
2017). It has been shown that the Pb*/U* ratio change
with respect to the UO*/U ratio (Ireland and Williams,
2003; Wiedenbeck, 2017). It allows the determination
of a correlation equation, representing the UO*/U* ratio,
which is used for the Pb/U ratio calculation from the Pb*/
U* ratio (Wiedenbeck, 2017). The final construction of
the Tera-Wasserburg plots and age calculations are done
by Isoplot Excel Add-in (Ludwig, 2012).

5.3.6 Ion imaging analyses

The CAMECA IMS 1280 instrument can operate in an
ion microscope mode, too, and yield element distribu-
tion maps (Wiedenbeck, 2017). The primary ion beam
raster over an area of the sample, which can provide el-
emental map images with a diameter up to 250 um and
a spatial resolution of 2 um (Wiedenbeck, 2017). There
are three approaches to achieve such maps: 1) digital
maps obtained by a Resistive Anode Encoder, 2) analog
maps generated by mirco-channel plates connected to a
CCD camera, and 3) digital maps compiled in the scan-
ning ion imaging mode of the microprobe (Wiedenbeck,
2017). The ion imaging analyse of Paper IV is performed
by the third option, where the intensity of the second-
ary ion beam is recorded as a function of the primary
beam position during it rasters over the analysed sam-
ple area (Wiedenbeck, 2017; EAG labs, SIMS tutorial,
2020). The primary beam of the ion imaging analyses in
Paper IV has a spot size of 2 um and raster over an area
of 40x40 pum. Uranium is detected as **U 160, in the
mono-collection mode through peak-hopping, whereas
the subsequent recording of the Pb isotopes (***Pb, **°Pb,
27Pb, 2%Pb) is done simultaneously in multi-collection
mode (K, Fig. Box 5.3B). It consists of several electron
photomultipliers and Faraday cups, where the latter ones
sit on the highest and lowest mass (Wiedenbeck, 2017).
Five isotopic species can be measured simultaneously
(Wiedenbeck, 2017). The data reduction of the ion im-
aging analyses is carried out by the CAMECA Winlmage
software to construct **°Pb/?*¥U, U and 2*°Pb maps. An
area definition tool is used to select regions of interests

(ROIs) within the mapped grains, where 2*U/?*Pb and
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207Pb/2%Ph ratios are calculated. The ratios are corrected
for detector gains using the **Pb/**U ratio = 0.17964 and
for common Pb using the 2°°Pb/**Pb = 18.7033023 and
27Pb/?*Pb = 0.835619596. Finally, the ratios are used to
calculate #*U/*Pb and *’Pb/**Pb ages using equations
derived from Isoplot Excel add-in (Ludwig, 2012).
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Figure Box 5.3 A) Large image in the middle shows the CAMECA
IMS 1280 ion microprobe at the Swedish Museum of Natural His-
tory in Stockholm (02/07/2020: https://www.nrm.se/en/forsknin-
gochsamlingar/geovetenskap/nordsim.904.heml). The small images
are close-ups that show different parts of the instrumentation. Note,
these close-ups were taken from the CAMECA IMS 1280-HR at the
Heidelberg University, Germany (02/07/2020: https://www.geow.
uni-heidelberg.de/HIP/cameca_en.html). B) Schematic illustration of
a CAMECA IMS 1280 ion microprobe at the Swedish Museum of
Natural History in Stockholm (NordSIMS facility). The bold letter
indicate the steps as described in the text. The three insets in the mid-
dle illustrates the sputtering process, multi-collection and mono-col-
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137.88. The decay constants of Steiger and Jiger (1977)
are used, as well, with &, = 1.55125x10"%/yr and A, =
9.8485x10"%yr.

5.4 Data presentation

There are three possibilities to present U-Pb data: Weth-
erill Concordia plot, Tera-Wasserburg plot and isochron
plot. In Paper I the U-Pb data are presented in Wetherill
Concordia plots and in Paper IV in Tera-Wasserburg
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plots. In general, statistical tools, such as the MSWD,
facilitates the evaluation of data sets. The MSWD assess-
es the random scatter of the data, where an MSWD -~
1 indicate that the scatter lies within the analytical un-
certainties of the mass spectrometer analyses (Schaen et
al., 2020). Whilst MSWD<1 suggests an overestimation
or incorrect propagation of the analytical uncertainties
(Schaen et al., 2020) and MSWD>1 indicate a scatter
not caused by analytical uncertainties alone, but reflect a
geological perturbation such as partial loss of radiogenic
daughter isotopes (Schaen et al., 2020).

5.4.1 Wetherill Concordia plot

The concordia diagram was introduced by Wetherill
(1956) where *Pb/?**U is plotted against *’Pb/**U (Fig.
5.3A). The concordia curve is derived by a set of solutions
calculated by the following equations where t = constant
(Schoene, 2014):

(206Pb/238U) — (CKZSSt _ 1)
(207Pb/235U) — (67»235t _ 1)

Three different data types are distinguished, concordant,
discordant and reverse discordant, which enable an inter-
nal check whether the U-Pb system remained closed over
time. 2*Pb/?*U and *”’Pb/**U ratios that are consistent
in their dates fall onto the concordia curve, i.e., are con-
cordant and indicate closed-system behaviour (Fig. 5.3A;
Faure and Mensing, 2005; Schoene, 2014). Whilst in an
open U-Pb system, the **Pb/?**U and *”Pb/**U ratios
yield unequal dates, providing discordant data that plot
below or above the concordia curve (Fig. 5.3A; Faure and
Mensing, 2005; Schoene, 2014). Commonly a regression
line, so-called discordia, can be drawn through the dis-
cordant points which intersects the concordia curve in an
upper and lower intercept (Fig. 5.3A). For igneous rocks,
the upper intercept is often interpreted to represent the
crystallisation age. The lower intercept is typically in-
terpreted to represent the time of isotopic disturbance,
e.g., Pb loss (see chapter 5.5; Fig. 5.3A; Schoene, 2014).
Further cause for data discordance could be that differ-
ent-aged domains are mixed and the gain or loss of inter-
mediate daughter isotopes (Schoene, 2014). Data points
above the concordia curve are reversely discordant (Fig.
5.3A). They seldom originate from natural processes and
can be rather explained by problems in the calibration or
analytical procedure (Schoene, 2014).

5.4.2 Tera-Wasserburg plot

Tera-Wasserburg plots the 2*U/?Pb ratio along the x-ax-
is against the *’Pb/**Pb ratio along the y-axis, with a
concordia curve derived in a similar manner as for the

Wetherill Concordia plot (Fig. 5.3B; Schoene, 2014).



LITHOLUND THESES 34

The interpretation of the different data types, i.e., con-
cordant, discordant and reversely discordant, are identi-
cally to the Wetherill Concordia plot (Fig. 5.3B). Thus,
the Tera-Wasserburg diagram facilitates to test for open
or closed-system behaviour, where the upper and lower
intercepts are derived by a discordia regressed through
discordant data points (Fig. 5.3B; Schoene, 2014). Addi-
tionally, the upper intercept yields the value for the initial
Pb composition, due to the intersection of the discordia
with the y-axis (Fig. 5.3B; Schoene, 2014).

5.4.3 Isochron plot

In a isochron plot the isotopes of both U-Pb decay sys-
tems are standardized against the non-radiogenic **Pb
(Fig. 5.3C), where the following equations are used to
construct an isochron diagram:

(2%5Pb/2%Pb) = (2°Ph /2°4Pb)0 .
(38U/2%Pb) (3% -1)
(’Pb/2%Pb) = (*’Pb /2°4Pb)0 +
(335U/2%Pb) (€35 - 1)

It is assumed that for a set of minerals, coming from the
same sample, the initial (***Pb/***Pb) and (*’Pb/**Pb) ra-
tios are identical (Fig. 5.3C). However, the 2*U/**Pb and
25U/*Pb ratios are variable. As with increasing time the
U decays, the *U/?Pb and *U/**Pb ratios decrease
while the 2°°Pb/?**Pb and *"Pb/?**Pb increase. But due to
different start U concentrations, the increase varies result-
ing in different 2*Pb/?*Pb and *’Pb/**Pb ratios which
should fit on a regression line (Fig. 5.3C). Its intersection
with the y-axis yields the value for the initial isotopic Pb
composition (Fig. 5.3C).

According to the equation of a straight line, the slope m
of the regression line yields the age (Fig. 5.3C), e.g.:

y =N + Xm
(206Pb/2041)b) — (206Pb/204Pb)0 + (238U/204Pb) (ek238( _ l)
[((206Pb/2041‘)b)_(206Pb/2041’)b)0)/(238U/204Pb)] — (ek238t _ 1)

5.5 Pb loss

Under dry conditions at high temperatures above the T,
of Pb (>900°C; Cherniak and Watson, 2000), Pb loss
in crystalline zircon is controlled by volume diffusion
through the crystal lattice (Tilton, 1960; Lee et al., 1997;
Cherniak and Watson, 2000). Whilst under common
crustal conditions, far below 900°C, Pb loss in reason-
able geological times is only possible in metamict zircon
(Mezger and Krogstad, 1997), which is discussed in Paper
I. Metamictization is interpreted as radiation damage of
the zircon lattice, due to the radioactive U decay, where
7-8 alpha particles are emitted within each U isotope de-
cay scheme (Fig. 5.1; Ewing et al. 2003, Schoene 2014).
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Figure 5.3 A) An example of a Wetherill Concordia plot as used in this
thesis. The curvature of the concordia is controlled by different T1/2
of #%U and **U, where U with a shorter T, = 0.704x10° yr decays
faster than U with T1/2 = 4.468x10° yr. B) Tera-Wasserburg plot.
The different types of data points are interpreted in the same fashion
as for the Wetherill Concordia plot. C) Isochron plot with fictional
data points. The red line illustrates the initial situation and the blue
regression line after the growth of *°Pb due to the decay of 2*U.

Their simultaneous recoil with radiogenic daughter nuclei
cause a cascade-like permanent displacement of several
atoms, producing alpha recoil and fission tracks that leads
to a metamict state (Ewing et al., 1987, 2003; Meldrum
et al., 1998; Nasdala et al., 2001). In radiation-damaged
lattice, the Pb diffusion is enhanced and thus, metamict
zircon is more prone to lose Pb, resulting in discordance
(Cherniak et al., 1991; Nasdala et al., 1998; Geisler et al.,
2007). Zircon accumulates radiation damage over time
at temperatures below 650°C, where Pb loss is controlled
either by diffusion through the damaged lattice, by leach-
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ing or by recrystallisation of the metamict domains under
the presence of hydrothermal fluids (Pidgeon et al., 1966;
Sinha et al., 1992; Mezger and Krogstad, 1997; Rizvano-
va et al., 2000; Cherniak et al., 1991; Cherniak and Wat-
son, 2003; Geisler et al., 2001, 2002, 2003, 2007). The
recrystallisation or annealing of radiation damage tracks
such as alpha recoil and fission tracks can still continue at
significant lower temperatures between 200 and 250°C
(discussed in Paper I; Yamada et al., 1995; Tagami and
Shimada, 1996; Tagami et al., 1996; Nasdala et al., 2001;
Hasebe et al., 2003).

Lead loss from zircon during an impact event is either
induced by the recrystallisation into a neoblastic texture
or by new growth of a zircon grain, both excluding Pb
due to its incompatibility in the zircon lattice. Radia-
tion-damaged domains are considered as nucleation sites
for neoblasts (Schmieder et al., 2015), indicating that the
metamict state of a zircon may promote the recrystalli-
sation of neoblastic as well as porous texture during an
impact event (discussed in Paper IV).

5.6 Common Pb

Common Pb is the non-radiogenic Pb component, com-
posed of 2*Pb, 2°°Pb, 2’Pb, and 2**Pb. It can be incorpo-
rated into the U-Pb system initially during the crystalli-
zation, during subsequent processes such as hydrothermal
activity (Watson et al., 1997), or through contamination
during the sample preparation and/or analysis (Andersen,
2002).

Common Pb causes, like Pb loss, discordant data, but in
such a way that the slope of the discordia can show a very
high steepness resulting in upper intercepts with ages old-
er than the Earth (Schoene, 2014). Therefore, the U-Pb
analyses have to be corrected for common Pb. There are
several approaches. Conventional corrections based on
the analysis of the non-radiogenic **Pb to monitor the
common Pb component. It is either measured on a Pb-
rich mineral with low U and Th concentrations, such as
feldspar, or stem from estimations based on Pb growth
curves (Andersen, 2002; Ireland and Williams, 2003;
Petrus and Kramer, 2012). The common Pb correction
of the SIMS analyses in Paper IV are done using the ***Pb
counts to estimate the common **Pb-percentage of the
total amount of 2*Pb. It is based on the assumption of
a modern-day Pb isotope composition by Stacey and
Kramer (1975). However, when the 2*Pb is difficult to
estimate as for LA-ICP-MS, the Andersen procedure is
used to correct for common Pb (Andersen, 2002). As the
signal for 2*Pb is too low and thus, often disappears in
the background, the LA-ICP-MS is not able to measure
the 2Pb signal sufficient precisely. The data reduction
scheme VizualAge used in Paper I provide common Pb
corrected data based on both the conventional correction
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method that measures *“Pb and the Andersen procedure
(Petrus and Kamber, 2012). During the LA-ICP-MS
analyses it was partly possible to record **Pb, but still the
corrected U-Pb data seem to suffer from overcorrection.
Therefore, in Paper I only data points with the least com-
mon Pb contamination are included in further calcula-
tions (no common Pb corrections).

6. ©Ar/*Ar chronometer

6.1 Overview

The K-Ar and “Ar/*Ar dating methods are based on the
radioactive decay of “K to “Ar. The alkali metal potas-
sium and noble gas argon were discovered in the early
and late nineteenth century, respectively (Davy, 1808;
Rayleigh and Ramsay, 1895; McDougall and Harrison,
1999). Potassium consists of three natural isotopes ('K
=93.2581 + 0.0029%; “°K = 0.01167 + 0.00004%; *’K
= 6.7302 + 0.0029%; McDougall and Harrison, 1999),
where at first the non-radioactive 'K and *K were dis-
covered by Aston (1921; see McDougall and Harrison,
1999). Klempere (1935) and Newman and Walke (1935)
suggested that “’K was probably radioactive, which was
confirmed by several studies (e.g., Nier, 1935; Smythe
and Hemmendinger; see McDougall and Harrison,
1999). Further, Newman and Walke (1935) and later von
Weizsicker (1937) argued that “K has a branched decay
to “*Ca and “Ar (McDougall and Harrison, 1999). About
90% of the “K decays to “’Ca through a f~-decay (Fig.
6.1; McDougall and Harrison, 1999; Kelley, 2002a). The
remaining 10% of “K decays with T, = 1250 Ma to
“Ar, occurring in two different modes either by electron
capture or emission of a positron (f*) (Fig. 6.1; McDou-
gall and Harrison, 1999). The “K-“Ar branch builds
the basis for the K-Ar and “Ar/*Ar dating. Whilst the
“K-“Ca branch is only suitable for the dating of low
Ca-minerals. “’Ca is one of the most common natural
isotopes in rock-forming minerals and therefore, difficult
to discriminate it from low amounts of radiogenic “’Ca.
Von Weizsicker (1937) observed a three orders of mag-
nitude higher concentration of argon in the atmosphere
relative to other noble gases and concluded that the excess
was generated from the “K-decay in K-bearing rocks and
minerals (McDougall and Harrison, 1999). This was con-
firmed by Aldrich and Nier (1948), who analysed several
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K-bearing mineral phases in which a higher amount of
“Ar relative to *°Ar was measured in comparison to the at-
mospheric “°Ar/**Ar ratio. In this study, they determined
the first K-Ar ages, as well (McDougall and Harrison,
1999). Aldrich and Nier (1948) suggested that under the
usage of an accurate decay constant the “K-“°Ar decay
can be used to determine ages (McDougall and Harrison,
1999). Since Aldrich and Nier (1948), the K-Ar method
experienced a rapid development and is widely applied
to K-bearing minerals and rocks. In this thesis both in-
dividual mineral phases, such as biotite and amphibole
(Paper II), and whole rock material, such as impact melts
(Paper III and V), are investigated. Their incorporation
of “K and discrimination of “’Ar making these mineral
phases suitable for K-Ar and “°Ar/*Ar dating. In tradi-
tional K-Ar dating, the parent (K) is analysed through
flame photometry, X-ray fluorescence, or isotope dilution
and the daughter (Ar) is measured by isotope-dilution
noble-gas mass spectrometry (Schaen et al., 2020). Thus,
the sample material has to be divided in to two aliquots
in order to analyse both the parent and daughter isotopes,
which is both time-consuming and can introduce addi-
tional analytical uncertainties due to sample inhomoge-
neity.

The “°Ar/*Ar dating method is based on the production
of Ar from *K during the irradiation of sample mate-
rial with fast neutrons in a nuclear reactor. It was first
described in a conference abstract by Merrihue (1965),
who observed *’Ar production during the neutron irra-
diation of a meteorite and concluded that it was due to
the neutron-interaction with *K. This reaction forms the
basis of the “Ar/*?Ar dating technique, which is described
in detail by Merrihue and Turner (1966), where the arti-
ficial generated ¥Ar is used as a proxy for “K, assuming
that the “K/*K ratio of 0.01167 (Garner et al., 1975)
is a constant. The great advantage of the “Ar/*Ar dat-
ing, compared to the K-Ar method, is that is allows both
parent and daughter isotopes to be analysed in a single
experiment on a noble gas mass spectrometer. Thus, it is
more time-efficient, avoiding inhomogeneities related to
the K and Ar distribution when splitting the sample, and
parent/daughter isotope ratios can be measured more pre-
cisely (McDougall and Harrison, 1999; Kelley, 2002a).
Further, the “°Ar/*’Ar method enables the determination
of multiple ages on one sample through step-heating
experiments using a laser or furnace. Due to a different
retentivity, argon is extracted from different domains or
mineral phases which gives information about the ther-
mal history of a sample, e.g., disturbance by a thermal
event such as an impact event (Paper III and V) or by
low-temperature processes such as hydrothermal altera-
tion (Paper II; McDougall and Harrison, 1999).

It is important to note that “°Ar/*?Ar dating is a relative
method which requires that the sample material is irradi-
ated together with a fluence monitor, a mineral of known

age (McDougall and Harrison, 1999). In order to have
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control over the fast-neutron dose and how much *°Ar is
generated from *K in the sample material, the “°Ar*/ 39ArK
ratio of the fluence monitor is used to calculate the di-
mensionless irradiation parameter ] through the follow-
ing equation (Mitchell, 1968; McDougall and Harrison,
1999; Faure and Mensing, 2005):

J - [(ek total t monitor _ 1)/(40Ar*/3‘)ArK)]

with A equals the decay constant and t is the age of the
flux monitor.

In this thesis, FC-2 (28.201 + 0.046 Ma; Kuiper et al.,
2008; Paper II and III), a sanidine from the Fish Canyon
Tuff, and TC (28.608 + 0.033; Renne et al., 2011; Paper
V), a sanidine from the Taylor Creek Rhyolite, are used as
neutron flux monitors.

40K
electron
capture
10.32%
B+
0.001% B
electron
Y capture
Y
89.52%
4OCa
0.16%
4OA
18 19 20

Number of protons (Z)

Figure 6.1 Branched decay of “K to “Ca (-90%) and “Ar (-10%),
occurring in three modes 1) the majority (10.32%) of the electron
captures generate “°Ar, which is in an excited state, where due to sub-
sequent y-ray emission, it yields its ground state, 2) about 0.001%
of the “K decays to “Ar in an excited state by emission of a posi-
tron (B*), where again due to subsequent y-ray emission, “°Ar reach its
ground state, and 3) about 0.016% of the electron captures produce
“Ar directly in the ground state (modified according to McDougall
and Harrison, 1999). During an electron capture reaction, a proton of
the nucleus captures an external electron and transforms to a neutron.

6.2 Closure temperature in “°Ar/*Ar
dating

Argon is a noble gas and due to its large ionic radius (1.9
A, McDougall and Harrison, 1999), it is highly incom-
patible and thus, tends to diffuse out from a solid system/
mineral through the lattice or along grain boundaries
(Kelley, 2002a and b). The T,. with respect to argon for
silicate minerals is relatively low (150-580°C; McDougall
and Harrison, 1999; Reiners et al., 2005, and references
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therein) in comparison to Pb diffusion in zircon
(T>900°C; Cherniak and Watson, 2000). For example,
amphibole has aTC of between 480 and 580°C (Harrison,
1981; Dahl, 1996), whereas biotite yields a much lower
T interval with 280-350°C (Harrison et al., 1985; Grove
and Harrison, 1996). Thus, the “Ar/*’Ar method is use-
ful for yielding cooling ages of crystalline basement rocks.
It is also a viable technique for dating impact structures,
where the target rock was exposed to extreme temperature
conditions that would likely lead to a partial or total reset
of the K-Ar system. In particular, “Ar/*°Ar dates of ful-
ly outgassed and rapidly quenched impact melts should
closely reflect the age of an impact event (Paper III and
V). Further, as the T is relatively low, post-impact pro-
cesses, such as hydrothermal fluid activity, are sufficient
to affect the K-Ar system of biotite and amphibole, giving
“Ar/*Ar dates that post-date an impact rather than being
directly related to an event (Paper II).

6.3 Methodology

6.3.1 Sample preparation

The preparation of the mineral separates in Paper II and
impact melts in Paper V are performed at the Depart-
ment of Geology at Lund University. It starts in a similar
manner to the zircon preparation for U-Pb (see chapter
5.3.1), where, however, the final step is the hand-picking
from the 250-500 pm size fraction without subsequent
density separation or casting in epoxy. Due to its general
higher K content, about 10-20 mg of biotite (K = 7-8%;
McDougall and Harrison, 1999) are separated, whereas
amphibole generally with K = 0.1-1.0% (McDougall and
Harrison, 1999) about 50-100 mg.

The preparation of the impact melt samples in Paper 111
is done at the Natural History Museum of Denmark in
Copenhagen. Micro-X-ray fluorescence analysis (Flude et
al., 2017) is carried out prior to the sample preparation
using a Bruker M4 Tornado with a beam current of 200
A and a beam voltage of 50 kV (Fig. 6.2A). This kind of
analysis enables a quick (max. 1 hour in this thesis) and
non-destructive elemental characterization of the sample
material. Each impact melt sample is scanned on auto-
matic run on several sites with an area of 8.59x12.70 mm
in order to identify potential, K-rich sites for the sam-
ple preparation. Once, the sites are selected, mm-sized
whole-rock cores are drill out by a Dremel mini-driller
(Fig. 6.2B and C). From each impact melt sample one to
four sub-samples were taken. (Fig. 6.2C)

In a final preparation step, all separated sample material
are cleaned in deionized water and ethanol in an ultra-
sonic bath.

36

The following sections refer solely to Paper II and Paper
III. For the irradiation, the separated grains and mini
cores are placed along with the fluence monitors into in-
dividual mm-sized wells (different in diameter) on several
aluminium discs (diameter = 18 mm) (Fig. 6.2D). The
samples and fluence monitors are geometrical arranged
in such a manner that each sample is surrounded by suf-
ficient fluence monitors in order to achieve an accurate
and precise determination of the J values (Fig. 6.2D). Af-
ter the sample loading for the irradiation, the aluminium
discs are stacked forming an irradiation batch, wrapped in
aluminium foil and encapsulated in a heat-sealed quartz

glass tube (Fig. 6.2E and F).

6.3.2 Neutron irradiation, **Ar recoil effect and
interfering reactions

Based on the ages of the samples and fluence monitors,
an optimal neutron flux has to be find with an irradia-
tion duration set to be sufficient to meet the three main
criteria by Turner (1971), i.e., 1) to produce enough *Ar
from the in-situ decay of K to enable accurate age de-
terminations, 2) to minimize the production of interfer-
ing “Ar due to the “K decay (“K(n,p)*Ar; Tab. 6.1),
and 3) to minimize the production of interfering *°Ar
due to the “Ca decay (**Ca(n,na)**Ar; Tab. 6.1) that the
atmospheric “’Ar correction can be carried out properly.
Younger samples with a short time elapsed since the clos-
ing of the isotopic system, produced less amounts of “°Ar
from the “°K decay. Thus, the irradiation is set adequately
short even down to the range of minutes. However, the
samples analysed in this thesis are basically older than
100 Ma, i.e., they could accumulate comparatively more
“Ar, Therefore, the irradiation duration is set to about 40
hours to generate sufficient *?Ar which is comparable to
the amount of the natural produced “Ar.

Sample material in Paper II and III are irradiated at the
TRIGA research nuclear facility of the Oregon State
University, USA. It is a MW TRIGA Mark II pulsing re-
search reactor cooled by water where uranium and zirco-
nium-hydride fuel elements are used that are grouped in
a circular grid. The reactor core, located in a water-filled
tank, is surrounded by a graphite slab where the neutrons
are reflected towards the core. For “°Ar/*Ar experiments,
the sample material and fluence monitor are shielded
from slow neutrons by a Cadmium-Lined In-Core Irradi-
ation Tube (CLICIT) in order to minimize **Ar produc-
tion from “*Ca. Both sample material and fluence moni-
tor are placed in an aluminium TRIGA tube during the
irradiation procedure.

During the intended reaction interacts a *’K nucleus with
a neutron and is transformed to *Ar under the emission

of a proton (McDougall and Harrison, 1999):

39 1. _ 39 1
19K+ Jn= 18Ar+ 1H
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Table 6.1 Neutron-induced reactions during the irradiation in the reactor.
Target element
Argon isotope Ca K Ar Cl
SAr “Ca(n,na)*°Ar 3Cl(n,y)**Cl-->p-->°Ar
Ar “Ca(n,a)>Ar ¥K(n,nd)>Ar Ar(n,y)¥Ar
¥K(n,d)*Ar ) )
BAr “Ca(n,na)**Ar K (0,0 Cleos P> Ar ©Ar(n,nd)**Cl-->p-->*Ar ~ ¥Cl(n,y)*Cl-->p-->Ar
WA “Ca(n,0)>Ar ¥K(n,p)*Ar BAr(n,y)*Ar
' “Ca(n,na)*Ar K (n,d)*Ar ©Ar(n,d)*Ar-->p-->"Ar
w0 “Ca(n,o)* Ar “K(n,p)*°Ar

“Ca(n,na)°Ar

4K (n,d)Ar

In bold marks the important interfering nuclear reactions, which have to be corrected. Bold, red type marks the reaction crucial for the “Ar/*’Ar

analysis.

The shorthand-written reaction is following:
9K (n,p)PAr

where in brackets between the parent and daughter iso-
tope are the bombarded (n) and the emitted (p) particles
included in this reaction (Tab. 6.1; McDougall and Har-
rison, 1999).

Undesirable consequences of the neutron irradiation that
have to be considered are the 1) *Ar recoil effect, and 2)
reactions that produce interfering Ar isotopes (Tab. 6.1),
which requires correcting for in order to calculate accu-
rate ““Ar/*Ar ages.

The energy release of about 100 to 200 keV (McDou-
gall and Harrison, 1999) during the neutron-induced
¥K decay provokes the displacement of *Ar over a dis-
tance between 820 and 3780 A (0.082-0.378 pm; Turner
and Cadogan, 1974, Huneke and Smith, 1976, Onstott
et al., 1995). As dealing with fine-grained material such
as impact melts in Paper III and V, or with textures on
pm-scale, such as the strong intergrowth between biotite
and chlorite in Paper II, the recoil of *Ar can be a seri-
ous problem. *Ar either escapes near the sample surface
or it is displaced from a K-rich phase (e.g., biotite) to a
neighbouring K-poor phase (e.g., chlorite) (McDougall
and Harrison, 1999), leading to a depletion of *°Ar the
K-rich phase.

Important interfering reactions are caused by “*Ca and
“Ca that produces *Ar and *°Ar, respectively (Tab. 6.1).
It is also vital to know how much *°Ar was generated by
the reactor interfering reactions in order to make an accu-
rate estimate of the non-radiogenic (atmospheric) argon
component for model age calculations. To correct for the
Ca-interfering reactions, **Ar and *°Ar are measured rela-
tive to ¥Ar, an isotope exclusively formed from “°Ca (Tab.
6.1), carried out on an irradiated pure calcium salt, e.g.,
CaF, (McDougall and Harrison, 1999). However, due to
the short half-life of about 35 days of *’Ar, the subsequent
“Ar/*Ar analyses have to be done shortly after the irra-
diation (McDougall and Harrison, 1999). Slow neutron

reactions of “°K to “°Ar, 3*Ar and *Ar (Tab. 6.1) can be
reduced by cadmium shielding. The correction factors are
determined in a similar manner than for calcium through
the measurements of “’Ar, *Ar and ¥Ar relative to *Ar
on a pure potassium salt, e.g., K, SO,, orona synthesized
potassium-rich silicate glass (McDougall and Harrison,
1999).

Reactions with Cl and ’Cl to **Ar and **Ar, respectively
(Tab. 6.1), are negligible, but could be crucial for min-
erals with high Cl/*Ar ratios like for hornblende. It can
be monitored by using a mineral with known CI content

(McDougall and Harrison, 1999).

6.3.3 “°Ar/*Ar analyses

After the irradiation the samples are stored for several
months in order to allow the decay of short-lived radi-
onuclides. For “Ar/*Ar analyses in Paper II and III, the
irradiated samples together with the fluence monitors are
transferred into individual mm-sized wells in a stainless
steel laser disc (diameter = 6 cm; Fig. 6.2G). The “Ar/*Ar
analyses are carried out at the Quaternary Dating Labo-
ratory (Quadlab), Natural History Museum of Denmark
in Copenhagen using a fully automated Nu Instruments
Noblesse multi-collector noble gas mass spectrometer
(Fig. Box 6.1A and B) in which the argon was extracted
from the samples in laser step heating experiments (Fig.
Box 6.1C and D). In a step heating procedure, the ar-
gon is released in incremental gas fractions by increasing
the output laser power until the sample is completely de-
gassed. As there are several possible argon reservoirs with
different isotopic compositions (McDougall and Har-
rison, 1999), step heating experiments can often detect
these different domains. For instance, alteration causes
argon loss in a crystal, leading to lower “°Ar*/*K ratios
and in consequence, to apparent younger ages at lower
power laser steps. Those differences in relation to more re-
tentive sites can be observed by a step heating procedure
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Figure 6.2 A) Bruker M4 Tornado (18/03/2020: https://mms.busi-
nesswire.com/media/20160307006074/en/513081/5/4-M4_Torna-
do.jpg) used for p-XRF analyses to identify K-rich sites as potential
sample sites within the impact melt samples. The right inset shows
the sample chamber of the instrumentation. The left inset shows a
screen shot of the data acquisition during the scanning of an impact
melt sample (HUM 15-01]; see Paper III) (photos of the two insets:
author of this thesis, 09/02/2017). B) Dremel mini-driller to take
mini cores from the impact melt samples (photo: author of this thesis,
03/03/2017). C) Millimeter-sized mini cores of an impact melt sam-
ple. Inset to the left shows the different drilling sites (MIE 15-03]; see
Paper III) (photos: author of this thesis, 03/03/2017). D) Alumini-
um disc used for the irradiation of the sample material. The left disc
shows the geometrical arrangement of Fish Canyon sanidine (FC-2;
fluence monitor) and biotite samples (for Paper II). The right disc
shows the geometrical arrangement between FC-2, and amphibole
(for Paper II) and hornblende of Hb3gr, a fluence monitor, however,
not used in this thesis (photos: author of this thesis, 21/01/2017).
E) Aluminium discs stacked to an irradiation batch (here situation
after irradiation) and wrapped in Al foil (photo: author of this thesis,
04/01/2018). F) Stacked Al discs encapsulated in a heat-sealed quartz
glass tube (here situation after the irradiation; photo: author of this
thesis, 04/01/2018). G) Stainless steel laser disc as used for the analy-
ses of the samples in a step- heating procedure (photo: author of this

thesis, 05/01/2018).

and finally excluded from subsequent age calculations.
After the cleaning of the released argon from reactive gas-
es in a cold trap and getter pump system (Fig. Box 6.1E),
the isotopic analysis of unknowns, blanks, and monitor
minerals were carried out in identical fashion on the No-
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blesse mass spectrometer, in which “Ar and *’Ar were
measured on the high-mass Faraday detector (F), **Ar and
3Ar on the axial ion counter (AxIC), and *°Ar on the low-
mass ion counter (LoIC). Measurements of “°Ar, **Ar, and
Ar ion beams were carried out simultaneously, followed
by sequential measurements of *Ar and ¥Ar. The data
collection and reduction were carried out using the pro-
gram “Mass Spec” (by A. Deino, Berkeley Geochronolo-
gy Center, Berkeley, CA). Detector intercalibration and
instrumental mass fractionation was determined follow-
ing previously documented procedures (e.g., Storey et al.,
2012) by using a series of atmospheric argon aliquots de-
livered from a calibrated air pipette using the following
detector configuration (“Ar/**Ar)F/LoIC, (“Ar/**Ar)F/
AxIC, and (*°Ar/*°Ar)F/AxIC. For more details, see Box 6.

6.3.4 Age calculation

Starting with the basic age equation:
D=D, +N(e"-1)

Converted to t, it gives the following equation:
t= 1A In[DN- + 1]

under the assumption D = 0 (no initial daughter iso-
topes, all are exclusively radiogenic) at t = 0.

Transferred to the “°Ar/*?Ar dating, the ages are calculat-
ed by the following equation (McDougall and Harrison,
1999; Kelley, 2002b):

t=10In[1 + J (“Ar*/*Ar))]

with t equals time, A is the decay constant of K, J is the
irradiation parameter and * means radiogenic.

Due to the branched decay of “K, its total decay con-
stant includes the partial decay constants from both the
B~ decay to “Ca and the electron capture to “Ar. They
have been re-determined by various studies, summarized
in Table 6.2 (Rivera, 2013). In Paper II and III, the to-
tal decay constant (5.463 + 0.054x10'°/yr) of Min et al.
(2000) is used.

Errors that must be considered, contributing to the age
calculation, are instrumental uncertainties such as detec-
tor intercalibration and the analytical precision of indi-
vidual 40Ar*/”ArK analyses, the error in J, interference
corrections, uncertainties in the age of the fluence moni-
tor, and in the decay constant.

6.4 Data presentation

“Ar/*Ar data can be presented in several ways, where
the age data are commonly presented in age spectra and
isochron plots, including normal and inverse plots. Fur-
ther, Arrhenius plots are used to present Ar diffusion
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Box 6 Gas-source Mass Spectrometer

A noble gas mass spectrometer consists of two compo-
nents 1) the ultrahigh vacuum line where the argon is
extracted and purified, and 2) a mass spectrometer to
analyses the isotopic argon composition of the samples
(Fig. Box 6.2). The entire extraction system is connect-
ed through manually and automatically controlled valves
(Fig. Box 6.2), where the movement of the release argon
gas within the system can be regulated. Due to low blanks
the entire system has to be kept under ultrahigh vacuum
(UHV), which is achieved by several turbomolecular and
ion pumps (Fig. Box 6.2).

6.1 Argon release system

The argon release is done by a defocused 50-W Synrad
CO, laser with a wavelength of 10.6 um (A, Fig. Box 6.2;
Fig Box 6.1B and C). The focus of the laser beam can be
controlled by a set of Al coated mirrors and ZnSe lenses
(A, Fig. Box 6.2; Fig. Box 6.1B and C). A beam integrator
lens is used for the stepwise degassing (Fig. Box 6.1B and
C), which generated a 6 mm-squared laser beam at the
focal plane.

The stainless steel laser disc with the irradiated samples
and fluence monitors are placed into double vacuum
UHYV sample chamber (Fig. Box 6.1F and G). The cham-
ber has a ZnSe viewport window which is transparent to
the infra-red 10.6 pm wavelength of the CO, laser (A,
Fig. Box 6.2; Fig. Box 6.1F and G). During the incor-
poration of the laser disc into the extraction system, the
sample chamber is exposed to normal atmospheric pres-
sure (Fig. Box 6.1F). Thus, it has to be baked for one or
two days afterwards under continuous pumping in order
to re-establish the vacuum (Fig. Box 6.1F). A KBr cover
slip on the laser disc hinders evaporated or melted sample
material to introduce into the vacuum or to condensate at
the ZnSe viewport window during the step heating (Fig.
Box 6.1G). The entire sample chamber is fixed on a X-Y
stage, where the individual samples can be moved under
the laser beam. A video camera allows the control of the
position of the laser disc in both manual and automatic
runs.

6.2 Gas cleaning system

As gases other than argon (e.g., N,, O, H, H,0, CO,,
and hydrocarbons) are released during step heating, the
argon-gas mixture has to be cleaned up prior to the iso-
tope analyses by a cold finger and a two getter pump sys-
tem. The cold finger works at -130°C to freeze the H,O
(B, Fig. Box 6.2; Fig. Box 6.1E). The two subsequently
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following SAES GP-50 getters pumps, running at 450°C
and room temperature, respectively, first crack the hydro-
catbon (C; Fig. Box 6.2; Fig. Box 6.1E) and second re-
move the hydrogen (D, Fig. Box 6.2; Fig. Box 6.1E). After
the clean-up, the resulting pure argon gas enters the mass
spectrometer, which is directly connected with the ultra-
high vacuum extraction line through an automatic valve.

6.3 Nu Instrument Noblesse

Once the argon gas entered the mass spectrometer, it
equilibrates for several minutes until the analyses contin-
ues (E; Fig. Box 6.2). The Nu Instruments Noblesse gas
mass spectrometer works in a static mode to analyse the
argon isotopes. The ion source is a Nier-type ionization
source where a hot filament (tungsten) emit electrons
which are accelerated through the ion source chamber
towards a trap due to a small potential difference (E, Fig.
Box 6.2; McDougall and Harrison, 1999). On their way,
they collide with the argon gas molecules, leading to a
positive ion beam, due to the removal of electrons from
the outer shells of the argon atoms (McDougall and Har-
rison, 1999).

The ion beam passes through a defining slit and several
pairs of Z plates which focus and steer the beam, respec-
tively. It is finally accelerated through a flight tube (F, Fig.
Box 6.2) to the magnet which has an angle of 75° and
a radius of 240 mm. Two small, fixed magnets produce
the magnetic field to separates the ions according to their
masses (G, Fig. Box 6.2).

The detector system consists of one Faraday cup on the
high mass position for “Ar and *Ar and three ETP
ion-counting electron multiplier, sitting on axial position
for ®Ar and ¥Ar, and on low mass for *°Ar, respectively
(H, Fig. Box 6.2). This detector geometry enables the si-
multaneous measurements of up to three isotopes. “’Ar,
38Ar, and °Ar are recorded simultaneously, followed by
peak hopping to measure *Ar and *’Ar, with baseline ac-
quisition following the same sequence. Two quad lenses
between the magnet and the detector system and varia-
tions in the magnetic field of the magnet let the beam
switch between the different masses without moving of
the detectors, which finally facilitates the multi-collector
analyses of the different isotopes. In order to keep the
consistency in the measurements, all runs of samples,
blanks, air aliquots and fluence monitors set on automat-
ic are carried out in an identical fashion with the same
detector configurations, based on protocols described by
Brumm et al. (2010).
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6.4 Air pipette system

The gas preparation system is equipped with an air pi-
pette system (I; Fig. Box 6.2) to monitor instrumental
mass fractionation and for detector intercalibration. In
the Quadlab system about 6x10"* mol for argon air al-
iquot is delivered from a two-liter reservoir (], Fig. Box
6.2). The atmospheric “°Ar/**Ar ratio of 298.56 + 0.31
and **Ar/*°Ar ratio of 0.1885 + 0.0003 (Lee et al., 2006)
are used to monitor and correct for instrumental mass
fractionation and detector bias on a regular basis, where
the isotopic composition of the air aliquot is measured
and the discrimination is finally calculated in compari-
son with the atmospheric ratios (McDougall and Harri-
son, 1999). The air aliquot is measured under the same
detector configuration as for the samples, fluence moni-
tors and blanks. Causes for mass discrimination could be
drifts in the magnetic field, variable ionization efficiency,
and mass dependency of the detector system.

6.5 Data acquisition

Prior to the analyses are set on automatic run, one to
three samples are measured manually to observe their gas
release. Based on the degassing behaviour, the laser power
and duration of gas extraction is programmed appropri-
ately for each step when running automatically.

Each run starts with a blank, typical with values ~1x10
mol for ®°Ar and ~1x10"'® mol *°Ar, and several inbetween
to identify any argon gas that still remains in the extrac-
tion and cleaning line of the instrument from a previous
step or any further contamination.

An entire clean-up set of one run, including gas extraction
via step heating and cleaning through the cold finger and
getter pumps, takes 600 sec, followed by 30 sec equilibra-
tion time prior to start the analyses in the mass spectrom-
eter. The measurements are conducted in 14 data-acqui-
sition cycles, including recording of the baseline in each
cycle at half a mass unit off the peak. The baseline for the
ETP ion-counting electron multiplier is zero. However,
due to the usage of a 10" Q resistor, which amplifies the
signals of “°Ar and *Ar, the baseline of the Faraday cup
exhibits the so-called “Johnson noise”. Therefore, the sig-
nals of “?Ar and *Ar has to be at least 2mV, respectively,
to distinguish it from the Johnson noise.

After the end of the data collection, linear and parabolic
fits are implemented to extrapolated the heights of the
peaks back to time zero, where the argon is initially in-
troduced into the mass spectrometer. Argon isotopes of
the air aliquots are allocated to parabolic fits and of the
blanks to linear fits. For the samples and fluence moni-
tors, “°Ar is allocated to parabolic or linear fits, depending
on the analysis of each cycle. ¥Ar, **Ar, *Ar and **Ar are
allocated to linear fits.

Each analysis is blank-corrected either by using the value
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before this analysis started, or by using the average of
all blanks that are measured over a longer term for each
mass. The “Ar/**Ar ratio of 298.56 + 0.31 and **Ar/*°Ar =
0.1885 + 0.0003 (Lee et al., 2006) are used to correct for
instrumental mass fractionation and detector bias.

To calculate the J values, first the J value of a fluence mon-
itor, placed on a certain position within the irradiation
batch, is calculated by using the weighted mean of the
“Ar*/*Ar, ratios of each analysis for that given position.
Subsequently, the arithmetric mean of the “Ar*/*Ar, ra-
tios of each single fluence monitors are taken to calcu-
lated the J value that neighbour the surrounding sample
positions within the irradiation batch.

All data collection, reduction and age calculation are
done by “Mass Spec”, written by Al Deino (Berkeley Ge-
ochronology Center).

>l AEY

Figure Box 6.1 A) Nu Instruments Noblesse multi-collector noble
gas mass spectrometer showing its three main components: left) ion

source, centre) magnet, and right) detector system (photo: author of
this thesis, 10/01/2018). B) Instrumentation set-up in the Quaternary
Dating Laboratory (Quadlab), Natural History Museum of Denmark
in Copenhagen, showing the argon extraction line, equipped with
a defocused 50-W Synrad CO, laser to the left, as well as the fully
automated Nu Instruments Noblesse multi-collector noble gas mass
spectrometer to the right (photo: author of this thesis, 10/01/2018).
C) 50-W Synrad CO, laser from the side (photo: author of this the-
sis, 10/01/2018). D) 50-W Synrad CO, laser from the front showing
where the sample chamber for the argon extraction is situated (photo:
author of this thesis, 10/01/2018). E) Gas cleaning system consisting
of a cold finger to freeze the H,O and two SAES GP-50 getter pumps
to remove the hydrocarbons and H,, respectively (photo: author of
this thesis, 10/01/2018). F) Sample chamber with the ZnSe viewport
window which transmits the intra-red radiation of the laser beam. The
sample chamber is baked under continuous pumping to re-establish
the vacuum after the sample loading, where this part of the extraction
line is exposed to atmospheric pressure (photo: author of this thesis,
10/01/2018). G) Opened sample chamber during sample loading.
This part is exposed to atmospheric pressure. It shows the KBr cover
slip right on the copper laser disc. The cover slip prevents that melted
or evaporated sample material is introduced into the vacuum or con-
densate at the ZnSe viewport during the step heating (photo: author
of this thesis, 10/01/2018).
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Figure Box 6.2 Schematic illustration of the Nu Instruments Noblesse
multi-collector noble gas mass spectrometer as used at the Quaternary
Dating Laboratory (Quadlab), Natural History Museum of Denmark
in Copenhagen. The bold letter indicate the steps as described in the
text.

data and laser-ablation microprobe maps reveal intra-crys-
talline variations in “°Ar* (Schaen et al., 2020), which are
not discussed further. Similar to the U-Pb method, the
MSWD enables the evaluation of data sets (see chapter
5.4) presented in age spectra or isochron plots.

6.4.1 Age spectra

Age spectra or “Ar/*?Ar release pattern are the most com-
mon way to present step heating data, where model ages
of each incremental heating step are plotted against the
cumulative *Ar released (e.g., Fig. 6.3A). Assuming an
undisturbed isotopic system, the “Ar and neutron-in-
duced *Ar have a homogeneous distribution in the sam-
ple, where the individual steps of an age spectrum show
constant “Ar/*’Ar ratios, finally resulting in a plateau
(Fig. 6.3A). The age is determined as weighted mean of
the steps that define the plateau.

There have been various suggestions by previous authors
(e.g., Fleck et al., 1977; Berger and York, 1981; Foland
et al., 1986) for criteria that define an “Ar/*Ar age pla-
teau. Most recently Schaen et al. (2020) suggest that an
“Ar/*Ar age plateau should: 1) consist of at least five
concordant steps that comprise more than 50% of the re-
leased °Ar, 2) concordant steps do not show a slope, i.e.,
neither an incremental increase or decrease of the appar-
ent ages, and 3) the isochron through all concordant steps
reveal an initial “°Ar/*°Ar ratio close to the atmospheric
value at the 95% confidence interval.
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The age spectrum plot is suitable to monitor for distur-
bance of the isotopic system. Partial “Ar loss results in
different “’Ar/*°Ar ratios and in consequence in so-called
stair-cased age spectra during incremental heating (Paper
I1I; Fig. 6.3B). Sites with less Ar retentivity, e.g., altered
domains, suffer more “°Ar loss, resulting in low “Ar/*Ar
ratios. As argon can diffuse out more easily, those sites re-
lease their gas during the first steps in a step heating pro-
cedure (Fig. 6.3B). Whilst towards higher steps, the argon
is released from more retentive sites, where consequently
the “°Ar/*Ar ratios are higher and the steps rise to older
ages. In summary, the first steps yield the maximum age
for the re-heating event, e.g. impact event (Paper III) or
hydrothermal activity (Paper II), that caused the isotopic
disturbance, whereas the higher steps of an age spectrum
represent the minimum for the primary age of a sample
(Fig. 6.3B; McDougall and Harrison, 1999).

In an idealized system, all argon trapped in a mineral is
radiogenic (°Ar*). However, this is rarely the case as most
minerals contain a non-radiogenic argon component and
this is typically atmospheric in origin. This assumption is
the basis of model K-Ar and “Ar/*’Ar age calculations in
which the non-radiogenic “’Ar component (determined
by measuring *°Ar) is taken as atmospheric in origin.
A non-disturbed mineral that has trapped atmospheric
argon will yield an age plateau providing air correction
has been properly applied. In contrast, the presence of
a trapped extraneous argon component (excess and in-
herited argon; McDougall and Harrison, 1999; Kelley,
2002b) can compromise an “°Ar/*’Ar age spectrum. For
instance, argon, which did not completely diffuse out
from the target rock during an impact event, can be still
trapped as extraneous argon component in impact melts
either within clasts of target material or within the melt
matrix (Paper V; Jourdan et al., 2007, 2008, 2012). It
can give rise to complex U-shaped age spectra, where the
initial high ages fall steeply to younger ages at the inter-
mediates steps and rise again to anomalous old ages at
the last degassing steps (Paper V; Fig. 6.3C). In some cas-
es, the minimum at the intermediate steps can approach
a meaningful age (Paper V; Fig. 6.3C; McDougall and
Harrison, 1999).

The *Ar recoil effect can result in often hump-shaped age
spectra. Due to the displacement of *Ar from a K-rich
phases (e.g., biotite) into a neighbouring K-poor phase
(e.g., chlorite) during the fast neutron irradiation, *Ar is
depleted in the K-rich phase. In consequence, some steps

Table 6.2 Summary table of partial and total decay of “°K (Rivera, 2013)

Steiger and Jiger (1977) Min et al. (2000)

Renne et al. (2010)

Renne et al. (2011)

A, (x10%yr) 0.581 0.580+0.007
Ay (c107%7yr) 4.962 4.8840.049
A, (x10"%yr) 5.543 5.463%0.054

0.5755+0.0016
4.9737+0.0093
5.54924+0.0011

0.5757+0.0016
4.9548+0.0134
5.5305+0.0015

The decay constant in bold type was used in this thesis to calculate the “°Ar/*Ar ages.
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Figure 6.3 A) An example of an age spectrum showing steps with con-
stant “’Ar/*Ar ratios and thus, are concordant and form a plateau from
which the weighted mean age is finally calculated. Flat age spectrum
indicate that isotopic system is undisturbed since the moment of clos-
ing. B) Stair-cased age spectra (HUM 15-02-3 from Hummeln impact
structure, Sweden, see Paper I1I) indicating disturbed isotopic system,
where the apparent age of the first steps yield the maximum age of the
thermal event that induced the opening of the isotopic system, where-
as towards increasing steps the apparent ages reflect the minimum
of the primary age of the sample (McDougall and Harrison, 1999).
C) U-shaped age spectrum (Sample 1251A from Puchezh-Katunki
impact structure, Russia, see Paper V) indicating the presence of an
extraneous argon component. In this case the steps at the minimum
yield a weighted mean plateau age = 192.07 + 0.64 Ma. D) Humped-
shaped age spectrum with steps older than the primary age of the sam-
ple (Sample 58-1 from Siljan impact structure, Sweden, with two step
ages ~2.0 Ga above the crystallization age of ~1.9-1.7 Ga; see Paper II)
indicating that *Ar recoil, in this case from biotite to chlorite, might
have occurred during the neutron irradiation. E) An example of an
isochron plot with *Ar as reference isotope for *Ar (x-axis) and “Ar
(y-axis). The slope of the positive regression line yields the age and
its intercept with the y-axis the initial “°Ar/*°Ar ratio. F) An example
of an inverse isochron with “°Ar as reference isotope for ¥Ar (x-axis)
and *Ar (y-axis). The x-intercept of the negative regression line gives
the age as inverse of “’Ar/*Ar and the y-intercept the inverse initial
“©Ar/*Ar ratio. The regression line represents the mixing between two
argon reservoirs, where the lower end reflects the radiogenic argon
and the upper one the trapped argon component with an atmospheric
composition of “°Ar/**Ar = 298.56 £ 0.31 (Lee et al., 2006).

increase to anomalous old ages (Paper II; Fig. 6.3D; Lo
and Onstott, 1989; Di Vincenzo et al., 2003).
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6.4.2 Isochron plots

In order to determine the initial argon composition, an
isochron plot is rather a better approach (McDougall and
Harrison, 1999). In a normal isochron plot, “Ar and
PAr are standardized against *°Ar. The slope of a posi-
tive, linear correlation yields the age and the intercept
with the y-axis the initial isotopic “’Ar/**Ar composition
(Fig. 6.3E; Heizler and Harrison, 1988; McDougall and
Harrison, 1999). However, measurements of *°Ar, which
makes 0.3364£0.0006% (McDougall and Harrison,
1999) of the total argon, are not very precisely and can
lead to erroneous analyses. Thus, errors, then occurring
on both axes, can yield a false linear correlation (McDou-
gall and Harrison, 1999).

Instead “°Ar can be used as reference isotope for *°Ar and
$Ar, such as in inverse isochron plots. Due to its major
abundance in argon, “°Ar (99.6%; McDougall and Harri-
son, 1999) can be measured with a higher precision, lead-
ing to small and often negligible errors. An inverse isoch-
ron has a negative regression line, where the x-intercept
gives the age (inverse “’Ar/*?Ar ratio) and the y-intercept
the inverse of initial isotopic “°’Ar/>*Ar composition (Fig.
6.3F). A robust linear fit, indicated by the MSWD, repre-
sents the mixing line between two different argon sourc-
es, commonly suggested between radiogenic and trapped
argon, where the trapped component is atmospheric in
composition und thus, should have a terrestrial “°Ar/**Ar
ratio of about 298.56 + 0.31 (Lee et al., 2006). Analyses
near the x-axis are assigned to the radiogenic component
and near the y-axis contain trapped argon (Fig. 6.3F;
Roddick, 1978; Heizler and Harrison, 1988; McDougall
and Harrison, 1999). Atmospheric ratios above 298 in-
dicate the presence of extraneous argon (McDougall and
Harrison, 1999; Kelley, 2002b), which can compromise
the linear regression of an isochron plot. Extraneous ar-
gon let rise the “Ar concentration above that actually
produced by the in-situ “K decay (Kelley, 2002b), lead-
ing to too old ages, sometimes even older than the Earth
(McDougall and Harrison, 1999).

7. Dating of impact

events

Impact cratering is an instantaneous event with extreme
P-T conditions affecting the target rocks and minerals
profoundly. One would think that the isotopic systems



LITHOLUND THESES 34

should be affected in the same fashion and thus should
allow for the determination of precise impact ages. Iso-
topic dating of impact events is commonly applied to
lithologies that experienced a complete melting during
an impact event, such as impact melt rocks from coherent
melt sheets, tektites, spherules, melt-bearing (suevitic),
and pseudotachylitic breccias as well as minerals phases
newly formed within such melts (Deutsch and Schirer,
1994; Jourdan, 2012; Jourdan et al. 2009, 2012). During
an event, shock pressures of more than 100 GPa near the
point of impact lead to complete melting of the target
rock (Fig. 7). Passing outward, lower shock pressures of
60 GPa still induce rock melting and at shock pressure
between 40 and 60 GPa selective melting of individual
mineral phases still occurs (French and Koeberl, 2010).
Due to the deposit of post-shock waste heat in the target
rock during the shock wave passage, the temperature can
rise to 2000°C and more (StéfHer, 1971; French, 1998;
French and Koeberl, 2010). It exceeds the closure tem-
peratures of the different isotopic systems which means
that radiogenic daughter isotopes leave the isotopic sys-
tems through diffusion. In the best case this leads to a
complete reset of an isotopic system (Fig. 7). Soon after
the impact event, the molten target material is recrys-
tallised which prevent newly formed daughter isotopes
from escaping. Thus, the recrystallisation of the molten
material as well as new crystallised mineral phases within
these melts start a new isotopic clock, where the new par-
ent/daughter isotope ratios reflect the time elapsed since
the impact event (Fig. 7). However, several drawbacks
can compromise this approach and make dating of im-
pact events a challenging task. For instance, impact melts
can still preserve an inherited daughter isotope compo-
nent (pre-impact daughter isotope component) either
in clasts, consisting of target material, or trapped within
the melt matrix. Additionally, many impact structures on
Earth are deeply eroded and therefore no melt material
for dating is available. Furthermore, hydrothermal activ-
ity, which commonly follows after an impact event, can
overprint an isotopic system in such a way that it does
not record the impact event. Materials that experienced
different degrees of shock metamorphism can coexist in
an impact structure and might even be subjected differ-
ently to post-impact heating. In summary, in an impact
structure pre, syn and post-impact ages can occur side by
side (Deutsch and Schirer, 1994; Jourdan, 2012; Jourdan
et al., 2009, 2012; Hauser et al., 2019), which warrants
careful interpretation of the age data.

The most frequently utilized isotopic techniques in dating
impact events are the U-Pb and “’Ar/*Ar methods. Relia-
ble impact ages obtained from the U-Pb dating common-
ly come from zircon either newly formed (e.g., Hodych
and Dunning, 1992; Kamo et al., 1996) or with a recrys-
tallised neoblastic texture (e.g., Krogh et al., 1993; Kamo
and Krogh, 1995), both extracted from impact melts. As
Pb is incompatible in zircon, all Pb accumulated prior to
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an impact event will be excluded from the newly formed
or recrystallised zircon, leading to a reset of the U-Pb sys-
tem (Fig. 7). Due to the accumulation of new radiogenic
Pb, a new U/Pb ratio will be established which should re-
cord the impact event (Fig. 7). Since Krogh et al. (1984)
reported the first natural shocked zircon at the Sudbury
impact structure in Canada, zircon U-Pb dating has long
been used in dating impact events and it was mostly con-
ducted by ID-TIMS (e.g., Hodych and Dunning, 1992;
Kamo and Krogh, 1995; Kamo et al., 1996). However,
recent advancements in EBSD analyses as well as in in-si-
tu dating, such as SIMS (e.g., Moser et al., 2011; Kenny
et al., 2017, 2019; Erickson et al., 2020) allow for tex-
tural control. Different zircon shock features (see chap-
ter 3.1), recorded by EBSD, can be linked to different
degrees of U-Pb age reset and in the best case yield an
impact age. For instance, the EBSD analyses combined
with ID-TIMS of shocked zircon from the Vredefort
impact structure in South Africa by Moser et al. (2011)
have shown that zircon grains with planar and curvipla-
nar fracturing as well as twinning experienced little to no
U-Pb reset and still preserve the primary age of the tar-
get rock. Recrystallised neoblastic zircon grains from the
same study area yield impact-related ages (Moser et al.,
2011). Combined EBSD and SIMS analyses of neoblas-
tic zircon from the Sudbury impact structure, Canada, by
Kenny et al. (2019) revealed a variable age reset within
the non-neoblastic domains, whereas large neoblasts yield
a complete reset of the U-Pb system related to the impact
event about 1856 Ma ago. Furthermore, EBSD analyses
can be used to identify FRIGN zircon (see chapter 3.1),
a neoblastic zircon formed due to the reversion of reidite
(see chapter 3.1) at temperatures above 1200°C. Previous
studies (e.g., Hauser et al., 2019; Kenny et al., 2019) have
shown that FRIGN zircon is a suitable candidate to date
impact events. In Paper IV, we utilize SIMS U-Pb spot
dating and ion imaging analyses combined with EBSD
analyses conducted on shocked zircon from impact melts
of the Mien impact structure, Sweden. Similar to the re-
sults of previous studies, it shows that the different shock
features (from partly porous to fully neoblastic-textured
zircon grains) can be correlated with a different degree
of U-Pb age resetting, where in particular FRIGN zircon
grains reveal a complete U-Pb reset related to the impact
event about 119 Ma. It is consistent with previous stud-
ies giving an impact age of about 122 Ma (Bottomley et
al., 1990; Schmieder and Kring, 2020) ago. Ion imaging
analyses enable the construction of U-Pb distribution
maps with grain-internal age information of individual
zircon grains. The highest U concentrations, often ac-
companied with younger **Pb/?**U ages, are observed in
the neoblastic and porous domains of the zircon grains. It
indicates that radiation-damaged domains served as nu-
cleation sites for neoblasts as suggested by previous stud-
ies (e.g., Schmieder et al., 2015; Schwarz et al., 2020).
Thus, metamictization likely promoted the recrystallisa-
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tion of neoblastic and porous textures during the impact
event, which finally led to Pb loss in these zircon grains.
In contrast, U-Pb dating of zircon with shock features
such as fracturing, planar features, twinning and reidite
that record shock pressures of up to 30 GPa often fail to
date an impact event and instead preserve the pre-impact
age of the target rock (e.g., Moser et al., 2011; Erickson
et al., 2013b). Deutsch and Schirer (1990) and Schirer
and Deutsch (1990) have shown that shock pressure
alone, even rising up to between 35 and 59 GPa, is of-
ten not sufficient to cause significant Pb loss in zircon.
U-Pb studies by Moser et al. (2011) revealed that zircon
extracted from the target rock from the Vredefort impact
structure, South Africa, that recorded a maximum shock
pressure of 20 GPa, did not experience any resetting of
the U-Pb system. Similar results are obtained by the U-Pb
studies in Paper I. Zircon grains from the target rock of
the Siljan impact structure, Sweden, are characterized by
planar features. According to Timms et al. (2017), such
features are formed at P-T conditions of T<900°C and
P < 20 GPa. It is consistent with PDF studies on quartz
grains by Holm-Alwmark et al. (2018) who determined a
maximum shock pressure of about 16 GPa for the highly
shocked samples of the target rock near the crater centre
in Siljan. It suggests that the P-T conditions were insuffi-
cient to cause any resetting of the U-Pb system and thus
these zircon grains are not suitable to date the impact
event, even though that the lower intercept dates overlap
temporally with the impact age about 380 Ma ago (Rei-
mold et al., 2005; Jourdan et al., 2012). Instead, we con-
clude that the U-Pb data reflects preserved information
about the residency times at shallow, cool crustal levels of
zircon grains located near and distal to the crater centre.
Prior to the impact event, zircon near the crater centre
resided deep in the crust at warm conditions. Thus, radi-
ation damage annealed continuously, which inhibited Pb
loss until the basement was uplifted to shallower, cooler
levels during the impact event. In contrast, zircon dis-
tal to the crater centre was located at near-surface con-
ditions, residing near the current erosional surface for at
least 1260 Ma. Thus, radiation-damaged domains were
not able to anneal and these zircon grains lost Pb to a
larger extent than zircon grains near the crater centre.
Dating of impact events by the “Ar/*Ar method is most-
ly applied to material melted by the impact event, such
as impact melt rocks (Swisher et al., 1992; Jourdan et al.,
2008), tektites (Schmieder et al., 2018), melt-bearing
(suevitic) breccia and pseudotachylitic breccia (Reimold
etal., 2005), as well as mineral phases newly grown with-
in these melts (Alwmark et al., 2017). As the T . of argon
diffusion in silicate minerals is relatively low (150-580°C;
McDougall and Harrison, 1999; Reiners et al., 2005, and
reference therein), the initial temperatures during shock
wave passage, that can reach 2000°C and more (StofHler,
1971; French, 1998; French and Koeberl, 2010), should
induce a complete degassing of these types of impactites
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during an impact event. They quenched soon after it,
which means that the “’Ar/*°Ar data of these melts should
closely reflect the age of the impact event. The “°Ar/*Ar
analyses of whole rock impactites (fine-grained volcan-
ic rocks affected by impact) from the Hummeln impact
structure, Sweden and impact melt rocks from the Mien
and Puchezh-Katunki impact structures, Sweden and
Russia, respectively, in Paper III and Paper V suggest that
the acquired data can be related to the respective impact
events. The “°Ar/*?Ar data of samples from the Hummeln
impact structure, in Paper III indicate a partial reset of
the K-Ar system. The “’Ar/*Ar analyses of impact melts
from the Mien impact structure in Paper III reveal dates
between 120 and 118 Ma, which give a slight younger
impact age of about 119 Ma compared to the current
impact age of 122 Ma (Bottomley et al., 1990; Schmieder
and Kring, 2020). The “°Ar/*Ar analyses of impact melts
from the Puchezh-Katunki impact structure in Paper V
revise the impact event to a much older age than the com-
monly quoted impact age of about 167 Ma (e.g., Masait-
is, 1999; Mashchak, 1999). However, due to the presence
of an inherited argon component, that did not complete-
ly diffuse out during the impact event and thus, is still
trapped in clasts or within the melt matrix, a common
drawback in “°Ar/*’Ar dating of impact events (Jourdan
et al., 2012), an age range of 196-192 Ma was chosen
instead of a precise impact age.

Unless material is molten, a complete reset of the K-Ar
system is difficult to achieve. Experiments with shock
pressures of up to 60 GPa on individual mineral phases,
such as biotite, amphibole and feldspar, as well as whole
rocks do not show severe disturbance of the K-Ar system
(Davis, 1977; Jessberger and Ostertag, 1982; Stephan and
Jessberger, 1992). These experimental analyses are sup-
ported by observations from natural impact events. For
instance, at shock pressures between 40 and 45 GPa, the
K-Ar system of shocked biotite and amphibole from the
Nordlinger Ries impact structure, Germany (Jessberger
et al., 1978), showed no response to the impact event.
The K-Ar system of shocked biotite and feldspar from the
Haughton impact structure, Canada, reveal a partial loss
of radiogenic argon. (Stephan and Jessberger, 1992). In
general, at P-T conditions of T>1000°C and P>45 GPa
the breakdown temperature of both biotite and amphi-
bole will be exceeded leading to a thermal decomposition
in to a mixture of magnetite and an amorphous phase
(glass) rather than melting (Chao, 1967, 1968; Stoffler,
1972). In this sense, decomposition might induce a re-
distribution of the K and Ar isotopes which could finally
lead to loss of radiogenic argon and thus make the mate-
rial suitable for dating.

In order to induce argon loss of non-molten, relatively
low shocked material, such as clasts of less shocked target
rock (<10 GPa; French and Koeberl, 2010), it either must
be exposed to elevated temperatures for a prolonged time
after the impact (Bogard et al., 1987, 1988; Jessberger
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and Ostertag, 1982; Stephan and Jessberger, 1992) or be
subjected to alteration processes. In this case, the “’Ar/*’Ar
age data post-date an impact rather than are directly relat-
ed to the event. Bogard et al. (1988) investigated granitic
clasts from the suevitic breccia of the Nérdlinger Ries im-
pact structure, Germany, which were shocked to various
degrees between 10 and 52 GPa. It shows that clasts af-
fected by shock pressure to at least 20 GPa, but subject-
ed to elevated temperatures after the impact event can
reveal clear resetting of the K-Ar system. Bogard et al.
(1987, 1988) proposed that the post-impact residency at
higher temperatures for a sufficient time causes the major
argon loss of material which was not molten during im-
pact. Alteration processes are commonly induced by the
circulation of hydrothermal fluids that generally follow
an impact event (Osinski and Pierazzo, 2013). Previous
studies have shown that such hydrothermal systems can
be active between 0.6 and 1.6 million years in medi-
um-sized craters, e.g., for the Lappajirvi impact structure,
Finland (Schmieder and Jourdan, 2013), and up to 4-6
million years in large-sized craters such as the Chicxulub
impact structure, Mexico (Pickersgill et al., 2019). With
temperatures (e.g., Komor et al., 1988; Kirsimie et al.,
2002), that can exceed the closure temperature for argon
diffusion in silicate minerals, hydrothermal fluid activity
seems sufficient to affect the K-Ar system, as shown in
Paper II. Biotite and amphibole from the target rock near
and distal to the crater centre of the Siljan impact struc-
ture, Sweden, is analysed. The “°Ar/*?Ar data show that
biotite near the crater centre, strongly altered to chlorite,
reveal a strong disturbance of the K-Ar system. Whilst
the K-Ar systems of biotite less altered and distal to the
crater centre is less disturbed. Similar results account for
amphibole both near and distal to the crater centre. We
conclude that the hydrothermal alteration of biotite to
chlorite near the crater centre led to loss of radiogenic
argon. In contrast, towards to localities distal to the cra-
ter centre the fluid activity was less intense and thus, the
K-Ar systems of the less altered biotite and amphibole
was not overprinted to the same extent.

8. Summary of papers

8.1 Paper I

Herrmann, M., Soderlund, U., Scherstén, A., Neraa, T.,
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Target rock prior to an impact event Age of target rock prior to impact event

Jad

Impact event and meltingof the target rock

Loss of daughter isotopes

Crystallization of melt rock after impact Isotopic system has been reset and

accumulation of new daughter isotopes

Aging of the impact structure New parent/daughter isotope ratio, record-

ing time elapsed since impact event

Figure 7 Schematic illustration how an isotopic system is reset in melt
rock during an impact event. Right column: in white = parent isotopes
and in grey = daughter isotopes.

Holm-Alwmark, S., and Alwmark, C. The effect of anneal-
ing on discordance of U-Pb ages of zircon. Submitted in Sci-
entific Reports.

In this paper, we show that Pb loss and the resulting dis-
cordance of U-Pb data of zircon is primarily controlled by
the residence time at shallow, “cool” crustal levels rather
than linked to a disturbing tectonothermal event. Mezger
and Krogstad (1997) hypothesised that diffusional Pb loss
occurs only in radiation-damaged zircon residing at shal-
low, “cool” conditions, below the annealing temperature
of 600-650°C. In order to test their hypothesis empirical-
ly, we investigated 23 zircon samples by LA-ICP-MS. The
samples were taken from the granitoid basement in and
around the Siljan impact structure, Sweden (Fig. 8). The
rocks were variably affected by different shock pressure
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(2-16 GPa; Holm et al., 2011; Holm-Alwmark et al.,
2018) during the impact event about 380 Ma ago (Re-
imold et al., 2005; Jourdan et al., 2012).Our U-Pb data
demonstrate that zircon close to the crater centre is sig-
nificantly less discordant, even down to U concentrations
between 200 and 400 ppm U (mean discordance = 3.0 +
0.4% (1o) at 200-400 ppm U, mean discordance = 8.3
+ 2.3% (1o) at 1200-1400 ppm U), than grains from
distal localities (mean discordance = 8.5 + 2.6% (1o) at
200-400 ppm U, mean discordance = 25.2 + 4.1% (10)
at 1200-1400 ppm U). Even though hydrothermal fluids
were intensively active near the crater centre (Komor et
al., 1988), that could potentially have forced the Pb loss,
yet the grains near the crater centre still remain less dis-
cordant. We argue that a difference in the residence time
at shallow, “cool” crustal levels below the annealing tem-
perature seems a reasonable explanation for the contrast-
ing discordant behaviour of the zircon near and distal to
the crater centre. Zircon grains distal to the crater centre
have been near the erosional surface >1260 Ma (Séder-
lund et al., 2006; Lundmark and Lamminen, 2016) and
thus, prone to accumulate radiation damage and lose Pb
to a larger extent. Whilst zircon near the crater centre
resided in greater depth at temperatures sufficient to con-
tinuously anneal the radiation damage in kind of alpha
recoil and fission tracks until the rock became uplifted
due to the impact at ~380 Ma. This model agrees with
our data and hence corroborate the hypothesis by Mezger
and Krogstad (1997). An estimated uplift of -8 km
(Holm-Alwmark et al., 2017) of the crater centre dur-
ing the impact, let suggest that the annealing of alpha
recoil and fission tracks still proceeds at temperatures as
low as ~200-250°C, which is in good agreement with the
annealing temperature determined by previous studies
(Yamada et al., 1995; Tagami and Shimada, 1996; Tag-
ami et al., 1996).

8.2 Paper 11

Herrmann, M., Alwmark, C., and Storey, M. New “ArP°Ar
data on biotite and amphibole from the Siljan impact struc-
ture, Sweden — Impact-related or post-impact hydrothermal
alteration? Submitted in GSA Special Papers — Proceedings
in LMIVI

In this paper, we present “’Ar/*’Ar data of biotite and am-
phibole from the Siljan impact structure, Sweden (Fig.
8), in order to see whether the post-impact hydrothermal
fluid activity was triggered by the impact event. Previous
studies (Johansson and Rickard, 1984; Lindblom and
Wickman, 1985; Valley et al., 1988; Komor et al., 1988;
AlDahan, 1990; Hode et al., 2003; Drake et al., 2019),
indicate that near-surface fluids were likely driven by the
impact. Fluid-inclusion analyses on different mineral

46

phases indicate temperatures between 327 and 342°C
close to the crater centre, decreasing towards the rim of
structure, with 40 to 225°C (Komor et al., 1988; Hode
et al., 2003; Drake et al., 2019). Due to the low closure
temperature of argon in silicate minerals, the impact-trig-
gered hydrothermal system of Siljan should be seen in
the “Ar/*?Ar ages (Komor et al., 1988) of biotite (T, =
280-350°C; Harrison et al., 1985; Grove and Harrison,
1996) and amphibole (TC = 480-580°C; Harrison, 1981;
Dahl, 1996). In total 13 biotite and 6 amphibole sam-
ples, separated from whole-rock granite samples taken in
and around the Siljan crater, were analysed by “Ar/*Ar.
Biotite near the crater centre, strongly altered to chlorite,
yield strongly disturbed age spectra, where the first (low
laser power) step ages (-606-190 Ma) overlap with the
Siljan impact event about 379.7 + 2.0 Ma ago (our recal-
culation based on decay constant of 5.463 + 0.214x10'/
yr by Min et al., 2000, and fish canyon sanidine age of
28.201 + 0.046 Ma by Kuiper et al., 2008). This could
indicate an impact relation. However, previous studies
(Jessberger et al., 1978; Stephan and Jessberger, 1992;
Feldman et al., 2006a) have shown that the K-Ar sys-
tem is highly shock resistant and even at shock pressure
up to 45 GPa no significant argon loss can be observed
(Stephan and Jessberger, 1992). Maximum shock pres-
sures of the investigated samples are 16 GPa (Holm-Alw-
mark et al., 2018). Instead, we argue that hydrothermal
alteration could explain the disturbances. The alteration
temperature of biotite lies between 200 and 340°C (Parry
and Downey, 1982; Eggleton and Banfield, 1985), which
is in fact in good agreement with the closure temperature
of biotite (T = 280-350°C). In contrast, biotite distal to
the crater centre and amphibole, irrespective from near
or distal to the crater centre, show much less alteration,
which also can be seen in their less disturbed, near-flatc
age spectra (1.6 Ga), close to zircon U-Pb crystalliza-
tion ages of ~1.9-1.7 Ga (see Paper I). This indicates that
the temperature of the hydrothermal fluids near the cra-
ter centre were >200 °C sufficient to disturb the K-Ar
system of biotite during its chloritization, but too low
to affect the amphibole (T = 480-580°C). Towards lo-
calities distal to the crater centre, the temperature of the
hydrothermal fluids seems to drop so far, as no significant
disturbance of the K-Ar system can be observed in ei-
ther biotite or amphibole. This agrees with the trapping
temperatures determined on fluid inclusions, where near
the crater centre the temperatures lie between 327 and
342°C and thus, overlap with the alteration temperature
of biotite (200-340°C). Whilst distal to the crater centre,
the fluid inclusions yield temperatures ranging from 40
to 225°C, i.e., too low to induce significant argon loss
from biotite.

The overlap of the (low laser power) step ages (-606-190
Ma) with the Siljan impact event (380 Ma) indicates
that the hydrothermal system near the surface in Siljan
was impact-triggered.
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8.3 Paper III

Herrmann, M., and Storey, M. New “ArP°Ar dating of the
Mien and Hummeln impact structures, Sweden. Manu-
script.

The third paper is focused on the “°Ar/>?Ar analyses of im-
pactites from the Mien and Hummeln impact structures,
both located in southern Sweden (Fig. 8), in order to ob-
tain impact-related ages. The impact ages of both craters
are either not well-constrained by biostratigraphy (485-
470 Ma; Grahn and Nélvak, 1993; Grahn et al., 1996;
Lindstrom et al., 1999) as for Hummeln, or the age is still
debatable as for Mien with a best-estimation of 122.4 +
2.3 Ma (re-calculated by Schmieder and Kring, 2020).
The new “°Ar/*’Ar analyses, performed in step-heating
procedures, were done on several whole rock mm-sized
drill cores.

The age spectra of the Mien samples reveal “pseudo-pla-
teau” ages around 120 to 119 Ma, with integrated ages
from 118.83 + 0.08 to 118.02 + 0.07 Ma and three
concordant steps of 119.04 + 0.08 Ma, consistent with
known impact age. However, the smaller uncertainties of
the new “’Ar/*Ar data, narrow the age-constrain for the
time of impact with a tendency to younger ages. Thus,
based on our three concordant steps, the impact event
is suggested to ~119 Ma. All Hummeln age spectra suf-
fer from disturbance of the K-Ar system, indicative for a
partial resetting between 478 and 272 Ma. The older first
step ages (477.8 + 1.0 Ma and 467.6 + 2.2 Ma) can be
chronologically correlated with the biostratigraphic data
(485-470 Ma), suggesting a causal link of the partial loss
of radiogenic argon with an impact. The disruption of
a large L-chondrite parent body at about 470 Ma ago,
increased the impact crater formation rate for 10 to 30
Ma following the break-up (Schmitz et al., 2001, 2003).
Hummeln, with its temporal overlap of the older first step
ages (~478-468 Ma) with the age of the Mid-Ordovician
event (485-470 Ma), might belong to the same family of
Scandinavian impact structures (e.g., Lockne, Malingen,
Tviren) that likely formed as a consequence of this large
break-up event. However, as some mineral phases are
strongly altered, alteration could be an alternative expla-
nation for the disturbed age spectra. In particular, when
K-bearing minerals phases alter, argon is lost (Lo and
Onstott, 1989; Que and Allen, 1996). The lower argon
retentivity of the altered phases (e.g., chlorite; Hess et al.,
1987) force them to degas first during the step-heating
analyses. Therefore, the first step ages could also be cor-
related with the degassing of the altered mineral phases.

MARIA HERRMANN

8.4 Paper IV

Herrmann, M., Martell, J., Alwmark, C., Kenny, G., and
Whitehouse, M. U-Pb systematics of shocked zircon from the
Mien impact structure, Sweden: Implications for a new im-
pact age and for metamict-induced zircon texture formation
during impact event. Manuscript.

This paper is focused on the investigation of shocked
zircon grains from impact melts and suevitic breccia of
the Mien impact structure, Sweden (Fig. 8), using SIMS
U-Pb spot dating and ion imaging combined with EBSD
analyses. The grains display a variety of textures, includ-
ing pristine-porous, partly porous, completely porous,
granular-porous and granular.

The U-Pb spot dating reveals four highly shocked zircon
grains that yield seven data points concordant in the low-
er intercept with an age of 119.7 + 1.1 Ma. This overlaps
with current best-estimate impact age of 122.4 + 2.3 Ma
(Bottomley et al., 1990; Schmieder and Kring, 2020), de-
termined on impact melts by “Ar/*Ar. However, as the
authors do not explain why they claim it as the best-esti-
mate age for the impact event, together with the fact that
their plateaus are not well-defined (Bottomley etal., 1978,
1990), makes the current impact age debatable. Due to a
MSWD of 1.04 and a probability of 0.41, the age of this
study is more robust and revise the Mien impact event to
~119 Ma. EBSD analyses have shown that the impact age
is mainly based on the U-Pb system of FRIGN zircon,
which is consistent with other studies (e.g., Hauser et al.,
2019). However, one grain, clearly not FRIGN zircon,
indicates that even granular-porous zircon with only little
mis-orientation can reveal a complete U-Pb reset induced
by an impact and thus, a potential candidate to date such
events, as well.

Metamictization, the radiation damage of the zircon lat-
tice, enhance the Pb diffusion within zircon (e.g., Nasda-
la et al., 1998). Previous studies (e.g., Schmieder et al.,
2015) speculated that the metamict state of a zircon may
promote its alteration into porous and granular texture.
In order to prove whether metamictization play a role
in their formation, the U-Pb systematics of differently
shocked zircon were analysed by ion imaging. This en-
ables the acquisition of U-Pb distribution maps, where
for certain regions of interest within a zircon grain the
grain-internal ages can be determined. Spot analyses have
shown that pristine to partly porous zircon and com-
pletely porous, granular-porous to granular zircon build
two different populations, revealing contrasting trends of
the discordance plotted against the U concentration. In
both populations, the highest U concentrations can be
observed in the porous and granular domains, indicating
that metamictization promoted the formation of both
textures during the impact event. Metamict domains are
more prone to lose Pb, resulting in younger 2*U/***Pb
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ages, as observed in the pristine to partly porous zircon
population. The U-rich, porous domains yield younger
28U/*Pb ages than the Pb-rich, pristine domains. Hy-
drothermal fluids, triggered by the Mien impact (Astrom,
1996), may have induced the Pb loss from the porous do-
mains. EBSD analyses show no mis-orientation for this
zircon population. Thus, recrystallisation into neoblasts
as Pb loss process can be excluded. Whilst recrystallisation
of neoblasts of complete porous, granular-porous and
granular zircon has likely induced the Pb loss, as indicat-
ed by EBSD analyses. Recrystallisation can affect more or
less an entire zircon grain and thus, leading to generally
younger **U/**Pb ages in both U and Pb-rich domains,
in particular in fully granular zircon grains with complete
U-Pb reset. High U concentrations in their neoblasts in-
dicate on one hand metamictization as a potential nu-
cleation trigger and on the other hand recrystallisation
overprinting original magmatic zoning and mobilizing U
into neoblasts.

8.5 Paper V

Holm-Alwmark, S., Alwmark, C., Ferriére, L., Lindstrom,
S., Meier, M. M. M., Scherstén, A., Herrmann, M., Masai-
tis, V. L., Mashchak, M. S., Naumov, M. V., and Jourdan,
E An Early Jurassic age for the Puchezh-Katunki impact
structure (Russia) based on “ArP°Ar data and palynology.
Meteoritics and Planetary Science 54:8:1764-1780. DOI:
10.1111/maps. 13309,

This paper presents “’Ar/*’Ar data from step-heating anal-
yses of five impact melt rocks from the Puchezh-Katunki
impact structure, Russia (Fig. 8). The data allow us to
significantly revise the age range of the crater formation
to 196-192 Ma. A new palynological investigation of
post-impact sediments, deposited in the crater lake, gives
an interval from late Sinemurian to early Pliensbachian
(-196-189 Ma; Gradstein et al., 2004) and thus, supports
this radiometric age estimate.

Characteristics of the 40-km-in-diameter Puchezh-Katun-
ki crater is an 8-10 km-wide central uplift (Masaitis et
al., 1996; Masaitis and Pevzner, 1999), surrounded by an
annular depression, which extends laterally between 8-12
km and 25-30 km (Masaitis et al., 1996; Masaitis and Pe-
vzner, 1999). The basement rocks of gneiss and schist are
overlain by Proterozoic to Mesozoic sediments of clastics,
limestone, carbonates, marl, clays and evaporates (Ma-
saitis et al., 1996; Masaitis and Pevzner, 1999). Previous
age studies date the impact event between 203 and 164
Ma, with 167+3 Ma as the commonly quoted impact age
(e.g., Masaitis, 1999; Mashchak, 1999).

For the “Ar/*Ar step-heating analyses, five impact melts
samples were taken from different depths along the Voro-
tilovskaya deep drilling hole in the crater centre. For the
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palynological investigations the sample material comes
from the near-surface of the same drilling. Additional-
ly, a previous palynological study (Masaitis and Pevzner,
1999) were re-evaluated. The majority of the “Ar/*Ar
analyses, run in two aliquots per sample, yield U-shaped
age spectra, indicative for the presence of inherited ar-
gon either from incomplete degassed clasts or trapped in
the melt matrix during the melting phase of the impact
event (Jourdan et al., 2012). One plateau reveals an age of
193.7 + 1.1 Ma as well as two mini-plateaus have ages of
196.3 + 0.8 Ma and 192.1 + 0.6 Ma, where each of them
yield additionally two isochron ages of 193.2 + 2.0 Ma
and 190.1 + 1.3, respectively. The plateau age seems to
be a good estimation of the impact age, but the mini-pla-
teau and inverse isochron ages are poorly supportive. Fur-
ther, the plateau age itself does not reveal a statistically
robust inverse isochron, where the “°Ar/*°Ar ratio of the
trapped argon component could be determined. Thus, at
the best it can be only tested for the presence of inher-
ited argon. Therefore, only a conservative approach for
the impact age is possible with an age range between 196
and 192 Ma, which is currently the best estimation for
Puchezh-Katunki crater. It is supported by the palyno-
logical analyses. The new investigations and re-evaluation
of previous data Masaitis and Pevzner, 1999) reveal an
age interval from late Sinemurian to early Pliensbachi-
an (~196-189 Ma; Gradstein et al., 2004) for the impact

event.
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Figure 8. Map of Europe showing the localities of the impact struc-

tures investigated in this thesis.
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9. What is dated so far
and what does the future
brings?

According to Schmieder and Kring (2020), there are cur-
rently 200 confirmed impact structures on Earth. There
are numerous techniques that can be used to character-
ize an impact structure. However, its age determination
is still not routinely included during the documentation
process of an impact structure. Thus, many of them are
not well-dated or even the age is unknown. Figure 9A
shows the number of the current dated craters in [%] in
comparison to the numbers [%]. Marked in orange shows
the own study based on ages available from the current
literature, which is compared with the study by Jourdan
et al. (2009), marked in blue. As done in Jourdan et al.
(2009), craters with age ranges as well as ages mentioned
either vaguely, with a maximum, or with a minimum val-
ue, are considered as not constrained. Thus, 81 (41% of
the total) of the 200 terrestrial craters are here considered
not dated (Fig. 9A). Whilst the remaining 119 craters
(60% of the total) are constrained by radiometric dat-
ing, (bio-) stratigraphy, fission track dating, cosmogenic
nuclides, optical stimulated and thermoluminescence, as
well as historical records. Thirty craters (15% of the to-
tal) have been dated with a precision better than 10%,
15 craters (8% of the total) with a precision between 10
and 5%, 19 craters (10% of the total) with a precision
between 5 and 2%, 18 craters (9% of the total) with a
precision between 2 and 1%, and 37 craters (19% of the
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total) with a precision better than 1% (Fig. 9A). Since
Jourdan et al. (2009), the number of dated impact struc-
tures increased from 88 (51% of the total) to 119 cra-
ters (60% of the total) with a tendency of more craters
(this study: 55 craters = 28% of the total; Jourdan et al.
(2009): 25 crater = 14% of the total) yielding ages with a
precision better than 2% (Fig. 9A), and also with a bias of
younger craters (Fig. 9B). It is a trend in the right direc-
tion, but still the vast majority of impact structures is not
well-constrained or not even dated. The improvement of
the database of precisely determined impact ages is cru-
cial in order to understand to what extent impact events
drive environmental changes and correlate them with bi-
ological crises in the Earth’s record as well as with regard
to future global catastrophes, based on the estimation of
impact flux rate through time.

Up until now, the Chicxulub impact structure, Mexico,
is the only crater where the radiometric age (66.07 + 0.37
Ma; Swisher et al., 1992; Jourdan et al., 2012) can be
correlated with the K-Pg mass extinction about 66 Ma
ago (Alvarez et al., 1980; Bohor et al., 1987). However,
other craters and events were considered, too. Kunk et al.
(1989) determined an “’Ar/*Ar age of 65.7 + 1.0 Ma for
the Manson impact structure, USA and thus, overlapping
temporally with the K-Pg boundary (66.043 + 0.011 Ma;
Renne et al., 2013), too. However, Izett et al. (1998) re-
vised the age to 73.8 + 0.3 Ma. The 65.82 + 0.74 Ma-
old (Kelley and Gurov, 2002; Meier and Holm-Alwmark,
2017) Boltysh impact structure, Ukraine, with its 24 km
in diameter is too small to cause a global catastrophe. The
huge eruptions (>1.3 million km3; Schoene et al., 2015)
of the flood basalts of the Deccan traps are seen as an
alternative explanation for the K-Pg mass extinction. The
volcanic activity lasted several million years and peaked
about 65.5 Ma ago (e.g., Basu et al., 1993; Hofmann et
al., 2000; Widdowson et al., 2000). The above-mentioned
example shows how constant updating of the impact ages
and their precise refinements enable a better correlation
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between different events and even exclude some as in the
case of the Manson impact structure.

A similar example is given by the Siljan impact structure,
Sweden, regarding whether it is linked to the Late Devoni-
an mass extinction at the Frasnian-Famennian boundary,
which affected mostly shallow marine species of the trop-
ical and subtropical environment (e.g., Buggisch, 1991).
Previous age determinations (e.g., 361.9 + 1.1 Ma; Bot-
tomley et al., 1978; 343 + 4 Ma and 349 + 3 Ma; Aberg et
al., 1989; 368.0 + 1.1 Ma; Bottomley et al., 1990; 377 +
2 Ma; Reimold et al., 2005) show a continuously revising
of the impact age. The current impact age of 380.9 + 4.6
Ma (Reimold et al., 2005; Jourdan et al., 2012) suggests a
connection to the Frasnian-Famennian boundary, which
was considered at 374.5 + 2.6 Ma or 376.1 + 1.6 Ma
according to Gradstein et al. (2004) and Kaufmann et al.
(2004), respectively. However, recent U-Pb zircon studies
by Percival et al. (2018) revised the Frasnian-Famennian
boundary to 372.36 + 0.053 Ma, which do not overlap
with the Siljan impact age. Thus, for now Siljan as cause
for the Late Devonian mass extinction seems not under
debate anymore. Instead, other theories, such as sea-lev-
el fluctuations (e.g., Joachimski and Buggisch, 1993) or
massive volcanic eruptions (e.g., Rampino et al., 2019),
are considered for the mass extinction in the Late Devo-
nian. However, the current Siljan impact age of 380.9
+ 4.6 Ma (Reimold et al., 2005; Jourdan et al., 2012)
is based on a single best-estimation of the least altered
sample material (Reimold et al., 2005), which give new
attempts to date Siljan by other techniques in order to get
a better age. The U-Pb analyses of zircon have shown that
the impact event had not effect on the isotopic system
(see Paper I), suggesting the temperature conditions were
insufficient to trigger any Pb loss. As the Siljan impact
structure is deeply eroded (about 4 km since the crater
formation; Holm-Alwmark et al., 2017) and almost no
melt material is preserved, an alternative approach could
be U-Th/He dating on zircon, apatite, and titanite. In all
three mineral phases, this isotopic system has a TC below
220°C (Reiners et al., 2005, and references therein), im-
plying that a potential heat effect from the impact event
could be recorded. Previous studies on the Wetumpka
impact structure, USA (Wartho et al., 2012), the Man-
icouagan impact structure, Canada (Biren et al., 2014),
the Morokweng and Vredefort impact structures, South
Africa (Wielicki et al., 2014), and Clearwater West and
Clearwater East impact structures, Canada (Biren et al.,
2016) have shown that the U-Th/He system yields relia-
ble impact-related ages and thus, it offers an alternative
way of dating impact events when a structure is deeply
eroded and impact melts are missing.

Switching focus to the impact cratering rate through time,
the impact dating record reveal that some impact events
occurred frequently and cluster around certain time peri-
ods. If defining that a cluster is built up by at least three
craters with ages that overlap in the 26 uncertainty and
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have a precision better than 2%, three clusters can be
recognized Figure 9C; the Late-Ordovician (-455 Ma),
and two in the Early Cretaceous (~142 Ma and ~123
Ma) (based on the chronostratigraphic chart by Cohen
et al., 2013). Whilst other age clusters (3 Ma, 15 Ma,
36 Ma, 48 Ma, 66 Ma, 74 Ma, 94 Ma, 168 Ma, 201
Ma, 215 Ma, 228 Ma, and 252 Ma) cannot be recog-
nized when compared with previous studies (Osinski
and Pierazzo, 2013; Rampino and Caldeira, 2015, 2017,
2018; Rampino et al., 2019; Meier and Holm-Alwmark,
2017; Fig. 9C). However, these studies also included ages
with uncertainties worse than 2% and accounted already
two craters as a cluster. For instance, the cluster at 66
Ma, consisting of two impact structures (Chicxulub and
Boltysh), is excluded according the above-mentioned cri-
teria. The Gusev impact structure, Russia, with 63.5 +
0.54 Ma (Movshovic etal., 1991) plots close but does not
show an 26 overlap. Rampino and Caldeira (2017, 2018)
and Rampino et al. (2019) claim that some crater cluster
(36 Ma, 66 Ma, 145 Ma, 168 Ma, and 215 Ma) can be
correlated with mass extinctions. Further, Rampino and
Caldeira (2015, 2017) and Rampino et al. (2019) used
such cluster to determine a probability distribution of the
cratering rate over the last 260 Ma and concluded that
an impact event occurs in a periodicity of about 26 Ma.
However, Meier and Holm-Alwmark (2017) questioned
this claim, concluding that no evidence for a periodicity
can be seen in the current impact age record. As the ma-
jority of impact structures do not have a well-constrained
age, 1 agree with Meier and Holm-Alwmark (2017).
Thus, more work is needed to obtain better precise ages
and in order to see a potential periodicity for the impact
cratering rate through time and use it to make estima-
tions for future events.

Nevertheless, the clustering of some impact events seems
real, where the crater formation rate was raised drastical-
ly for a short time period (Meier and Holm-Alwmark,
2017). The Late-Ordovician cluster is the most ro-
bust one where, due to the break-up of a large parental
L-chondrite body (radius > 50 km; Haack et al., 1996)
about 470 Ma ago, the flux of extraterrestrial material
was enhanced about two orders of magnitude than today
for 10-30 Ma (Schmitz et al., 2001, 2003). Many im-
pact structures on the Baltic Shield are seen as the result
of this event, for example the Lockne impact structure,
Sweden. Others, however, are still under debate, such as
the Hummeln impact structure, Sweden. The “°Ar/*?Ar
dating on impactites of Paper III are promising, but are
not a grounded proof that Hummeln belongs to the fam-
ily of impact structures that are formed as a consequence
of the large break-up event. In order to do additional age
determinations and find dateable material, in the best
case melt material or shocked zircon which also can be
used for U-Th/He dating, a drilling campaign into the
Hummeln structure has to be considered in the future as
discussed in Alwmark et al. (2015).
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Figure 9 A) Current number of dated and non-dated impact structures
in [%] (orange, own study) in comparison to the numbers compiled
in Jourdan et al. (2009) (blue) vs the precision in the case for age-con-
strained craters. The value at each column represents the percentage of
craters that are included in each column. A precision of >10% means
below than 10% and <1% means better than 1%. B) The amount of
craters in each time period, showing a predominant bias to younger
craters, but also an increased number of impact structures during the
Ordovician and Precambrian time. The value at each column repre-
sents the total number of craters included in each column. C) Plot of
all ages between 500 and 50 Ma, constrained by radiometric dating,
(bio-)stratigraphy, fission track dating, cosmogenic nuclides, optical
stimulated and thermoluminescence. There are four cluster (recogniz-
able as “plateaus” consisting of at least three impact ages that overlap
in 26 uncertainty and each of them has a precision better than 2%)
during the Ordovician (-461 Ma) and Late Cretaceous (~142 Ma and
~123 Ma), where impact events occurred frequently and increased the
crater formation rate for a short time period. The left and the right in-
set at the bottom include the ages < 50 Ma and > 500 Ma, respectively.
Some “plateaus”, such as at about <0.008 Ma and 3 Ma in the left as
well as at about 555 Ma in the right inset, let suggest a clustering of
impact events. However, most of the ages have a precision below 2%
and/or have no overlap in the 26 uncertainty.
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Svensk sammanfattning

Nir en nedslagskrater bildas frigérs enorma mingder
energi under vildigt kort tid. Detta resulterar i fysiska
forhallanden (extrema temperaturer och tryck) som inte
forekommer vid nigra andra naturliga geologiska pro-
cesser pa jorden, si som vid vulkanutbrott eller jordskalv.
P4 grund av destruktiva geologiska processer, till exem-
pel erosion, bergskedjebildning och subduktionszoner,
ir nedslagsstrukturer relativt ovanliga pa jordytan. Idag
kinner vi bara till ungefir 200 nedslagsstrukturer pa jor-
den. Minst en ging i jordens historia har en katastrofal
kollision utldst en biologisk kris pa jorden. Det var for
cirka 66 miljoner &r sedan, nir en ca. 10 km stor aster-
oid kolliderade med jorden strax utanfér Yucatanhalvon
i nuvarande Mexiko, och skapade den 150 km stora
Chicxulubkratern, vilket ledde till ett massutddende pa
jorden, da till exempel dinosaurierna dog ut. Nedslag-
skratrar kan ocksd vara ekonomiskt intressanta, da sto-
ra volymer uppsprucket berg genomstrommas av varmt
vatten efter nedslaget. Det hir kan leda till bildning av
mineraliseringar av ekonomiskt intressanta grundimnen.
Ett exempel 4r Sudbury strukturen i Kanada, dir man
bryter bland annat koppar och nickel. Det uppspruckna
berget kan dven tjina som fillor for kolviten och ned-
slagsbildade bergarter anvinds ocksd som byggsten, till
exempel bergarten suevit frin Riesstrukturen i Tyskland.
Sedan 1960-talet, nir forskarsamhillet insdg att nedslag-
shiandelser har spelat en viktig roll i formandet av jordens
yta och for att forindra dess geologiska historia, har vi lirt
oss mycket om jordens nedslagskratrar och processerna
som rader vid bildandet av en krater. For att vi ska kun-
na forstd hur nedslagshindelser paverkat jorden behéver
man kinna till nir specifika nedslagsstrukturer bildades.
Aldrar behovs ocksa for att man ska kunna analysera hur
inflddet av kraterbildande kroppar till jorden sett ut, eller
forandrats, 6ver tid. I forlingningen vill man ocksa forstd
vad det hir kan ha for konsekvenser f6r jorden i fram-
tiden. Majoriteten av nedslagskratrar pa jorden ar dock
inte vil daterade, eller i vissa fall 4r aldern till och med i
princip okind.

Den hir avhandlingens fokus ligger piradiometriska date-
ringar av tre svenska nedslagskratrar (Siljan, Mien och
Hummeln) och en rysk nedslagskrater (Puchezh-Katun-
ki). Radiometrisk datering mojliggor bestimning av ab-
soluta dldrar baserade pa radioaktivt sonderfall av instabi-
la, radioaktiva forildraisotoper till stabila dotterisotoper.
Sonderfallet leder till en minskning av férildrarisotoper
och dirmed en okning av dotterisotoper som ackumul-
eras i ett slutet system over tid. Bildningsaldern kan da
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beriknas utifran forhallandet mellan nybildade dotteriso-
toper och férildraisotoper som fortfarande finns kvar i
systemet. Idag finns det ett brett spektrum av s kallade
kronometrar, som man kan likna vid olika typer av klock-
or, baserade pa olika radioaktiva sonderfallssystem. Dessa
kan anvindas for att dldersbestimma hindelser fran de
tidigaste perioderna av jordens historia till nyare geologis-
ka hindelser. I denna avhandling anviindes “°Ar/*’Ar- och
U-Pb-metoderna f6r att underséka om och hur dessa iso-
topsystem paverkas av en nedslagshindelse samt de pro-
cesser som foljer efter nedslaget. For att gora det analyse-
rades bade enskilda mineralkorn av zirkon, amfibol och
biotit, och hela prover av berg som bildats vid nedslag
genom uppsmiltning av malberggrunden, si kallad ned-
slagssmalta.

Nir kratern Siljan bildades sa lyftes djupt beldgen berg-
grund upp till grunda nivéer i jordskorpan. Det sker pd
grund av att det stora hdl som bildas nir en stor himlak-
ropp triffar jordytan inte dr gravitationsmissigt stabilt,
utan det fylls delvis igen genom att djupt beligen berg-
grund lyfts upp. Genom att studera zirkoner frin den
tidigare djupt beligna berggrunden si kunde vi visa att
de mineralkorn som varit beldgna djupt i jordskorpan un-
der andra temperaturférhillanden 4n korn nirmre ytan
behillit ett mer stabilt U-Pb-system, som resulterade i
mer ldttutldsta dldrar. Bly, som bildas genom sonderfall
av uran, har en tendens att smita nir zirkoner kommer
i kontakt med till exempel vatten, men de férhéllanden
som rader djupare ner i jordskorpan forhindrar att det
hir sker. De analyserade zirkonkristallerna som kom frin
prover utanfér Siljansringen visade mer tecken pé att vara
paverkade av forlust av bly. I en av de andra studierna
som presenteras i den hir avhandlingen kunde vi vidare
visa att ocksd “°Ar/*Ar-systemet i mineralkorn paverkats
av nedslaget vid Siljan. Mineralen biotit och amfibol, som
innehaller kalium som sénderfaller till argon, visar hur
berggrunden péverkats genom att varma vitskeblandnin-
gar, sa kallade hydrotermala 16sningar, flodat genom alla
de sprickor som bildades vid nedslaget.

Med “°Ar/*Ar-systemet analyserades ocksd prover
frain Hummeln i Smaland och nedslagskratern Pu-
chezh-Katunki i Ryssland. Datan visade att halten av dot-
terisotoper péaverkats av respektive nedslag, och vi kunde
dra slutsatsen att nedslagssmilta fran Puchezh-Katunki,
och alltsa sjilva kratern, bildades fér 192-196 miljoner
ir sedan. “°Ar/*Ar-datan frin proverna frin Hummeln
visade sig vara mer svartolkade di de inte hade paverkats
i samma utstrickning.

Vidare analyserades ocksd zirkoner fran nedslagskratern
Mien i Smiéland med hjilp av U-Pb-metoden. Tidigare
var dldern pa nedslaget, ca. 122 miljoner ar, kind gen-
om analys med “Ar/*?Ar-metoden, men vi kunde ocksé
visa att zirkonerna gav en statistiskt mer tillforlitlig alder
pa nedslaget (119.7 + 1.1 Ma). Studien visade ocksa at
bildningen av chocktexturer i zirkon frimjas i korn som
skadats av strilning pa grund av U-Pb sonderfall.
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