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Basic definitions and 
abbreviations

Here are definitions and abbreviations of the most impor-
tant terms used in this thesis. 

Impact craters: General term that encompasses craters 
formed by all impacts of an extraterrestrial object, with or 
without evidence of shock metamorphism. 

Hypervelocity impact crater: Morphological structure 
formed by a collision of two planetary bodies at, or near, 
cosmic velocity. Requires evidence of shock metamorphism 
in the target rocks. 

(Hypervelocity) impact structure: Non-pristine impact cra-
ter, where the original crater morphology is modified or no 
longer present, e.g., due to erosion. 

Shock metamorphism: Permanent deformation in minerals 
and rocks subjected to hypervelocity impacts.

Impactites: rock that was created or modified during a 
hypervelocity impact.

NCT: Neutron computed tomography

XCT: X-ray computed tomography

EBSD: Electron Backscatter Diffraction

SEM: Scanning electron microscopy

EDS: Energy dispersive spectroscopy

K–Pg boundary: Cretaceous–Paleogene boundary
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Introduction

 Impact cratering is today accepted as a fun-
damental geological process on all rocky celestial 
bodies in the solar system. Some of our closest neigh-
bors, the Moon and Mars, have gotten their distinct 
appearance from millions of collisions since their 
formation, and although not as obvious on Earth, 
we know that meteorite impacts have influenced 
both the geological and the biological history of our 
planet; at least one mass extinction can be linked to 
a massive impact event (Alvarez et al. 1980; Smit 
and Hertogen 1980; Schulte et al. 2010). However, 
meteorite impacts are not merely destructive forc-
es; they might in fact have been essential for life to 
emerge in the first place, by delivering the necessary 
building blocks for life to our planet (Osinski et al. 
2020).  
 Since the Moon is the only celestial body 
whose cratered surface can be seen with the naked 
eye from Earth, it has inspired humans through-
out history to reflect on our place in the universe: 
could the Moon be inhabited by other living crea-
tures (e.g., Wilkins 1638)? How did it form, and 
why does it look so different from Earth? A major 
scientific breakthrough came when Galileo point-
ed a telescope at the Moon and created a detailed 
map of its surface. He thereby showed that it is not a 
smooth sphere, but has terrain similar to Earth (e.g., 
Koeberl 1999). Some centuries later, inventor and 
astronomer James Nasmyth began to carefully sculpt 
plaster figures based on observations made through 
a self-made telescope, which he then photographed 
and printed in the book The Moon: Considered as a 
Planet, a World, and a Satellite in the year of 1874. 
The photographs provide a spectacular view of the 
terrain that, although fake, was more realistic than 
any photographic technique at the time could 
achieve (Fig. 1).

Impact cratering research in the 20th century

 Although considered to be of minor impor-
tance, impact craters were recognized in the early 
20th century. Mining engineer Daniel M. Barringer 
and his colleague Benjamin C. Tilghman suggested 
in 1905 that the spectacular Meteor Crater (some-
times called “Barringer Crater”) in Arizona was pro-
duced by the impact of an iron-metallic meteorite 
(Barringer 1905) which was later confirmed by the 

findings of the quartz polymorph coesite (e.g., Chao 
et al. 1960). Nevertheless, it would take several de-
cades until meteorite impacts were considered major 
contributors to Earth’s geological history, and it was 
first when Apollo astronauts brought lunar rocks to 
Earth in the 1960 and 1970s, that it became wide-
ly accepted that the craters of the moon formed as 
the result of meteorite impacts rather than volcanic 
activity (Melosh 1989). The realization that the con-
ditions during hypervelocity impacts can produce 
permanent and unique modifications to rocks and 
minerals, paved the way for the discovery and confir-
mation of impact structures on Earth (e.g., McIntyre 
1962; Carter 1965; Stöffler 1966 and many others).
Lunar rocks and other returned samples (e.g., from 
the Hayabusa mission; Yada et al. 2022) have ad-
vanced our knowledge of the Solar System; e.g., 
the Apollo samples have shed light on the origin of 
the moon (e.g., Wiechert et al. 2001; Zhang et al. 
2012), and enabled surfaces of cratered bodies to be 
dated using  “crater chronology”, a crucial tool in 
understanding the evolution of other planets (e.g., 
Le Feuvre and Wieczorek 2011). The upcoming 
Mars Sample Return will likely be the next big leap 
in planetary science, aiming to answer fundamental 
questions about the origin of life and the early histo-
ry of our solar system (e.g., Farley et al. 2020).   
 The future of impact cratering research is 
bright, and new technological advances have, and 
will continue to, expand the toolbox for investigat-
ing some of the most violent geological processes in 
the solar system by searching for the tiniest traces of 
impact.

Figure 1. Plaster figure of the Tycho crater on the 
Moon. From the book “The Moon: Considered as a Plan-
et, a World, and a Satellite” by James Nasmyth in 1874.
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Scope of the thesis

 The motivation of this thesis was to explore 
how correlative imaging techniques can advance our 
understanding of the impact cratering process, both 
during crater formation and post-impact. The focus 
was on impactites, and to localize and character-
ize shock metamorphic features, hydrous minerals, 
and projectile material within these rocks. This was 
achieved by utilizing non-destructive neutron- and 
X-ray tomography, and electron backscatter diffrac-
tion. 

More specifically, the work included in this thesis 
can be divided into four specific aims:

I. To employ a multimodal approach to pinpoint-
ing projectile material in impactites.

II. To explore the complementarity of neutron and 
X-ray tomography for investigating the distribu-
tion of hydrous phases in meteorites.

III. To gain insight into the impact cratering process 
through the identification of shock metamor-
phic features.

IV. To pave the way for using non-destructive tech-
niques in light of upcoming sample return mis-
sions.

This thesis is based on three first-author papers, of 
which two are published, and one is manuscript 
form. 

The chapters of this summary are intended to pro-
vide a broad context to the papers in this thesis.

Background

The impact cratering process

About 66 million years ago, a celestial body trav-
eling at hypervelocity speed (>11 km/s) penetrated 
the Earth’s atmosphere and unleashed the cataclys-
mic event that triggered the extinction of ~75% of 
all living species, including the non-avian dinosaurs 
(e.g., Alvarez et al. 1980; Smit and Hertogen 1980; 
Schulte et al. 2010). The projectile (most likely an 
asteroid; e.g., Quitté et al. 2007; Goderis et al. 2013) 

was large enough to remain coherent until it hit the 
surface of the Earth and caused permanent deforma-
tion in rocks and minerals, which is still detectable 
today (e.g., Bohor 1990; Kamo et al. 2011). These 
particularly energetic impact events form hyperveloc-
ity impact craters (Melosh 1989; Osinski et al. 2022). 
On Earth, the constant reworking of the crust, vol-
canism, burial, and erosion leads to an incomplete 
terrestrial impact record, biased toward young struc-
tures. To date, approximately 200 hypervelocity im-
pact structures have been identified on Earth (Im-
pact crater database 2022, impact.uwo.ca), and the 
oldest of these, the Yarrabubba impact structure in 
Australia, is “only” 2.2 billion years old (Erickson et 
al. 2020).
 The formation of a hypervelocity impact 
crater begins the instant the projectile reaches the 
ground surface, and is usually divided into three 
stages: (1) contact and compression, (2) excavation, 
and (3) modification (Fig. 2A–E).

The contact and compression stage

The contact and compression stage is the 
briefest of the three stages: the initial contact between 
the projectile and the planet’s surface (target), and 
the subsequent compression, takes place in a mat-
ter of milliseconds, meaning that in the blink of an 
eye, a single point on Earth can experience pressures 
of up to a thousand gigapascals (GPa; for compari-
son, the pressure at the centre of the Earth is ~360 
GPa), extremely high strain rates, and temperatures 
of many thousands of degrees (e.g., Melosh 1989). 
The kinetic energy carried by an impacting object 
(projectile) only a few meters across is equivalent to 
that of an atomic bomb (French 1998). When the 
projectile reaches the ground surface, it will gener-
ate strong shock waves that propagate through, and 
compress, both the target and the projectile (Me-
losh 1989). As the shock waves propagate through 
the target rocks, they form a hemispherical pattern, 
and the pressure decreases steadily as the shock waves 
move away from the point of impact. Shock waves 
in the projectile will become rarefaction (release) 
waves as they reach the back end of the projectile, 
and when they reach the projectile-target interface, 
the entire projectile will vaporize and melt (Fig. 2A; 
Melosh 1989). 
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Excavated zone

Figure 2. Formation of a hypervelocity impact crater in a non-marine target. The left part of the figure depicts the forma-
tion of a simple crater, and to the right the formation of a complex crater. A) The initial contact and compression stage. B-C) 
The excavation stage. A transient cavity forms as the target material is excavated and displaced. The transition to the modifica-
tion stage of complex crater begins when the uplift starts to form. D-E) During modification, debris will fall inwards back into 
the crater in small (simple) craters. In complex craters, a collapse of the transient cavity will occur, and the crater floor will be up-
lifted (to a central uplift). E) Final crater form. Figure modified from Osinski and Pierazzo (2012) and Osinski et al. (2022).

A)

B)

C)

D)

E)
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The excavation stage

At this stage, the projectile has been vapor-
ized and is no longer involved in the crater forma-
tion (Fig 2B–C). Vaporized target and projectile 
material may expand rapidly to form a vapor cloud/
plume above the crater, parts of which in some cases 
can even exceed the escape velocity (Melosh 1989).
The subsequent crater excavation takes place as the 
shock waves move through the rock, setting material 
into motion, and forming an “excavation flow field” 
that spreads out from the point of impact. Materi-
al thrown out of the crater only sample about 1/3 
of the crater depth, abd material further down is 
pushed downward into the target, causing deforma-
tion of the underlying rocks. This process results in 
the formation of a “transient cavity”; material in the 
upper part of this zone (“excavated zone”) is eject-
ed ballistically beyond the crater rim, where it forms 
a continuous ejecta blanket. Material from below 
the excavated zone carries to little kinetic energy to 
be ejected, but will be displaced (“displaced zone”) 
within the transient cavity (Fig. 2B; e.g., Melosh 
1989). 

The modification stage

When the shock and rarefaction waves no 
longer excavate or displace material, i.e., when the 
transient cavity has reached its “final” diameter, de-
bris will move downward and back toward the crater 
center. The extent of the collapse can range from de-
bris falling back into small, simple craters and form-
ing a breccia lens, to formation of central peaks and 
terraced walls in larger, complex craters (Fig. 2D–E) 
(Melosh 1989). The degree of modification of the 
transient crater is controlled by e.g., the energy car-
ried by the projectile (i.e., velocity and size of the im-
pactor), gravity and material properties. The result-
ing crater can either be described as a simple crater, 
which are small, ~2–4 km (on Earth), bowl-shaped 
depressions with raised rims (Fig. 3), or as larger, >4 
km (on Earth) complex craters, which form a central 
uplift (Fig. 3; French 1998).  Large, complex craters 
can display peak-rings that are thought to form from 
a process involving inward-collapsing rim material 
that collides with an over-steepened central peak 
(Fig. 3; Baker et al. 2016; Gulick et al. 2020). Multi-
ring basins are an elusive crater morphology; they 
are the largest impact craters in the solar system, and 
have characteristic rings surrounding a central, flat 

basin (Fig. 3; Potter 2015).
While the three phases describe the forma-

tion of hypervelocity impact craters, long-term cra-
ter modification, caused by e.g., lithostatic crustal 
relaxations and erosion can continue over millions 
of years (e.g., Kenkmann et al. 2012). In Paper II 
we discuss one of these major post-impact processes, 
namely impact-induced hydrothermal systems.

Impact-induced hydrothermal systems

 A hydrothermal system is, in its most gener-
al sense, hot water circulating through the bedrock, 
and it thus requires a heat source, permeable host 
rock, and a fluid source. On Earth, hydrothermal 
systems are mainly associated with volcanic areas, 
but impact-generated heat from an impact melt 
sheet can similarly drive the circulation of hot flu-
ids if the target rock contains water or ice (Farm-
er 2000; Abramov and Kring 2005; Osinski et al. 
2013). Although pressures and temperatures reached 
near the point of impact during crater formation 
are high enough to eradicate life in the immediate 
surrounding, these extreme conditions rapidly decay 
with distance from the center (e.g., Ramkissoon et 
al. 2021). The cooling history of the heated impac-
tites depends on the size of the crater and the nature 
of the target rock (Abramov and Kring 2005; Coc-
kell 2006), but the lifetime of an impact-induced 
hydrothermal system can be thousands of years, and 
in large-scale impacts, up to millions of years (e.g., 
1 Ma for the Sudbury impact structure; Ames et al. 
1998; Schmieder and Jourdan 2013). Impact-in-
duced hydrothermal systems were likely important 
sub-surface refugia for organisms early in the Earth’s 
history, during a time when cataclysmic meteorite 
impacts might have vaporized the Earth’s oceans for 
long periods (Kring 2003). On Earth, heterotrophic 
microorganisms have been found in shocked gneiss 
from the Haughton impact structure in the Arctic 
(Cockell 2004). Shocked rocks offer UV shielding 
and retain moisture (Cockell et al. 2003; Kring 
2003) and are favorable for deep and long-lasting 
microbial colonization, at depths of several kilome-
ters (Kring 2000; Kring and Cohen 2002). There 
is increasing evidence that Mars hosted habitable 
conditions throughout the Noachian (about 4.1 to 
3.7 billion years ago), and impact-generated hydro-
thermal systems could have continued to support life 
forms as the Martian surface began to lose its wa-
ter (Ramkissoon et al. 2021). Shocked rocks could, 
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thus, be prime targets for exploring traces of life on 
other planets than Earth.
 Hydrothermal alteration refers to the chem-
ical weathering of minerals, caused by their interac-
tion with warm water that has a temperature above 
the local geothermal gradient (e.g., Osinski et al. 
2013). Outside Earth, aqueously altered minerals 
have been found e.g., in Martian meteorites (e.g., 
Gooding et al. 1991; Treiman et al. 1993), and on 
the Martian surface (e.g., Mustard et al. 2008; Far-
ley et al. 2022). Osinski et al. (2013) suggested a 
division of impact-generated hydrothermal minerals 
into either 1) primary hydrothermal minerals pre-
cipitated from solutions, 2) secondary assemblages 
formed by the alteration of primary hydrothermal 

minerals, or 3) hydrothermally-altered target-rock 
assemblages. The nature of the mineral assemblag-
es is influenced by the target lithology and the hy-
drothermal fluids and can provide insight into the 
nature of the hydrous activity, as well as the lon-
gevity of the system (Osinski et al. 2013). Based on 
the simple mineralogy of secondary assemblages of 
the “SNC” (Shergotty-Nakhla-Chassigny) Martian 
meteorites, Bridges et al. (2001) suggested a short-
lived hydrothermal system with low-temperatures 
(25–150°C). More long-lived systems are generally 
expected to result in a higher degree of alteration and 
more extensive hydrothermal deposits (Osinski et al. 
2013). 

D

Mare Orientale (multi-ring)
970 km in diameter

Schrödinger Basin (peak-ring)
320 km in diameter

Linné crater (simple) 
2.2 km in diameter

Tycho crater (complex)
86 km in diameter

Figure 3. A comparison between four crater morphologies. A schematic illustration on the images of Linné and Tycho crater depicts a 
cross-section of these crater types. The dotted line represent the original ground surface. All photos are from the Lunar Reconnaissance Orbiter 
Camera (NASA/GSFC/Arizona State University). The illustrations are modified from Osinski et al. (2012).
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Impactites

 Impactite (also “impact rock”) is a general 
term for all rocks shaped or formed by shock waves 
or other processes taking place during a hypervelocity 
impact (Grieve and Therriault 2012). The result can 
be everything from breccias with melt particles, thick 
melt sheets, and glassy fragments (both distal and 
proximal), and they in many cases contain evidence 
of shock metamorphism. During the excavation 
stage of an impact, most target rocks are subjected to 
shock pressures of >25 GPa (French 1998), resulting 
in a mixture of vapor, highly shocked (but coherent) 
rocks, and rock melts (Grieve and Therriault 2012). 
Depending on the distance to the point of impact, 
the target material is either ejected from the transient 
crater or remains within the structure. The classifica-
tion of impactites changes with new interpretations 
and knowledge, but generally, it is based on the lith-
ological character of the rock, such as particle size, 
source material, the relative percentage of different 
components (melt, matrix, and inclusions), and the 
source location (Grieve and Therriault 2012). They 
are further grouped by whether they have remained 
in their original, pre-impact, location or if they have 
been transported by the crater flow field or during 
the modification stage (e.g., Grieve and Therriault 
2012). Impactites that have remained in their origi-
nal location are called autochthonous; these are frac-
tured rocks found in the rim areas of both simple 
and complex craters. Parautochthonous impactites 
are found on the crater floor in simple structures, 
and have been moved from their original location, 
but appears to be in place. They often contain shock 
metamorphic features that record pressures of up 
to ~25 GPa around the centre of the structure. In 
complex craters, the parautochthonous target rock is 
uplifted to surface positions during the modification 
stage. Allochthonous impactites have been displaced 
from their original location (formed elsewhere and 
clearly moved to their current location), and can be 
either proximal or distal, depending on if they re-
main within or around the final crater or if they are 
ejected out of the crater. Proximal, allochthonous 
impactites include impact breccias and impact melt 
rocks (Grieve and Therriault 2012). Impact breccias 
without melt particles make up the main part of the 
crater fill in simple structures. In complex structures, 
especially in crystalline targets, a higher percentage 
of the target rock will be melted and thus mixed with 
the impact breccias, which is generally found below 
the impact melt sheet. Melt-bearing breccias are gen-

erally polymict with clasts of impact glass and lithic 
clasts in a clastic matrix. In complex impact struc-
tures that are formed in crystalline targets, the parau-
tochthonous target rock is covered by a coherent sheet 
of impact melt rock. Impact melt rock can also occur 
as dikes in complex structures of crystalline targets 
(Grieve and Therriault 2012). As the name suggests, 
the impact melt rocks have a melt matrix, which is 
either crystalline, glassy or devitrified glass, depend-
ing on the cooling history, and with a composition 
close to that of the target rocks (Grieve and Therri-
ault 2012). The melt matrix is mixed with varying 
degrees of mineral and lithic clasts, and based on the 
clast content they can be referred to as either clast-
rich or clast-poor impact melt rocks (Stöffler et al. 
2018). Historically, impact melt rocks have often 
been mistaken for being of volcanic origin, e.g., the 
“Mien rhyolite” in the Mien impact structure in 
Sweden (Holst 1890; see discussion in Martell et al. 
2021b). Distal allochthonous impactites always refer 
to ejecta, and include air-fall deposits, tektites and 
impact glass (Grieve and Therriault 2012; Stöffler et 
al. 2018). In some cases, this ejecta can be traced 
back to the source crater, for example, distal ejec-
ta (e.g., accretionary lapilli, spherules, and shocked 
quartz) from the Sudbury impact structure has been 
found approximately 400–900 km from the source 
crater (e.g., Cannon et al. 2010). Sometimes, it is 
not possible to identify a source crater; perhaps be-
cause the source crater has been removed by erosion 
or covered by post-impact geologic activity. In these 
cases, ejecta deposits might be the only remaining 
“evidence” of an impact event, and can give valuable 
information about impact events early in the Earth’s 
history (Koeberl et al. 2015). 
 Physical fragments of the projectile rarely 
survive the (hypervelocity) impact process, but a 
meteoritic component can be preserved in the target 
rock in the form of a small amount of melted and 
recondensed projectile material (generally less than 
1 wt%; Goderis et al. 2012a). Impact melt rocks are 
typically the most enriched in projectile material 
(Palme et al. 1978), but also other impactites can 
contain an extraterrestrial signal, as documented for 
the K–Pg boundary layer (Alvarez et al. 1980; Smit 
and Hertogen 1980). Identification of projectile 
material is usually done by detecting enrichments 
of certain siderophile elements, such as the plati-
num group elements (PGEs; Ru, Rh, Pd, Os, Ir, Pt) 
alongside more moderate siderophile elements such 
as nickel, chromium and cobalt, and by atypical iso-
topic ratios. Besides the K–Pg boundary layer, me-
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teoritic components have been identifi ed in e.g., the 
Chesapeake Bay impact structure (Lee et al. 2006), 
the Clearwater Lake impact structures (Grieve 
1978), and in Lunar samples from the Apollo 15 and 
16 landing sites (Liu et al. 2015), based on Re-Os 
isotope systematics and trace elements. Precise iden-
tifi cation of the projectile, down to the meteorite 
class, has only been constrained for about 10 impact 
structures on Earth (Goderis 2011). One major issue 
in studies aimed at constraining the impactor type is 
that the inhomogeneous distribution of the materi-
al, most likely in the form of PGE nuggets, requires 
large sample volumes for their detection, and the ex-
act processes governing the incorporation of meteor-
ite material are still not known (Koeberl 1998; God-
eris et al. 2012a). Consequently, the inhomogeneous 
distribution can result in a nugget eff ect (e.g., Tagle 
et al. 2004; Lee et al. 2006) that can lead to under- 
and overestimation of the PGE concentration for 
the whole rock, and furthermore to that projectile 
material is easily missed depending on sample size. 
In this thesis (Paper III), we investigate whether it is 
possible to locate project material in impactites using 
non-destructive methods. If possible, it would both 
provide knowledge about what happens during the 
incorporation of meteoritic material in impactites, 
and circumvent issues with whole-rock methods for 
determining projectile type for impact structures. 

Shock metamorphism

 Shock metamorphic features are permanent, 
residual eff ects that develop in rocks and minerals 
during hypervelocity impacts, and thus occur in 
both terrestrial and extraterrestrial rocks that were 
subjected to impact cratering. Th e deformation is 
caused by the shock wave as it transits the mineral, 
leading to a sudden increase in pressure that exceeds 
its Hugoniot elastic limit (HEL), which for most 
minerals is in the range between 1–10 GPa. Th e 
enormous pressure increase, and subsequent pressure 
release, lasts for less than a second, and the process is 
unique in nature to hypervelocity impacts. A com-
parison between static, endogenous metamorphism 
of the terrestrial crust (which rarely reaches pressures 
of about 1–2 GPa) and shock metamorphism can 
be illustrated by a pressure-temperature (P-T) plot 
(Fig 4). Shock experiments have demonstrated how 
the response of several minerals (e.g., quartz, zircon) 
changes with shock pressure and how these minerals 
can be used as shock barometers. Several factors can 
infl uence peak pressure and temperature in impacted 
materials, such as high porosity or fractures in-be-
tween grains, which can cause local pressure excur-
sions up to a magnitude higher than the shock front 
peak pressure (Sharp and DeCarli 2006). 

Figure 4. A pressure-temperature plot showing conditions during “normal” endogenic crustal metamorphism (gray), and conditions during 
shock metamorphism (orange-red). In the fi gure are also show where some diff erent shock metamorphic features form (e.g., planar deforma-
tion features), as well as the transition between three high-pressure polymorphs. Th e pressure axis is logaritmic. Modifi ed from French (1998) 
and Osinski et al. (2022).
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 Shock-metamorphic features can be seen at 
both the macro- and microscales, with shatter cones 
(macroscale), phase transformations (e.g., zircon to 
reidite and quartz to stishovite), and mechanical 
deformation in minerals being the most common 
(Stöffler et al. 2018). Planar deformation features 
(PDFs) in quartz have been reported from near-
ly all terrestrial impact structures and remain the 
most commonly used shock diagnostic feature (e.g., 
Engelhardt and Bertsch 1969; Stöffler and Langen-
horst 1994; Grieve et al. 1996; French 1998; French 
and Koeberl 2010). PDFs are thin, straight lamellae 
that develop in specific crystallographic planes. The 
orientation of these planes corresponds to different 
shock pressures (e.g., Grieve 1997), which have been 
used to constrain the shock barometry of e.g., the 
Slate Island impact structure (Dressler et al. 1998), 
and the Siljan impact structure in Sweden (Holm et 
al. 2011). 
 The mineral zircon (ZrSiO4) is a common 
accessory mineral in many terrestrial rocks, and 
due to its capability as a U-Pb geochronometer, 
zircon has been used to constrain the age of sever-
al impact structures, such as the Sääkasjärvi struc-
ture in Finland (Kenny et al. 2020), and the Yar-
rabubba impact structure in Australia (Erickson et 
al. 2020). Compared to many other minerals, zircon 
is resistant to alteration and can thus remain in the 
geological record for a long time; zircon from Jack 
Hills in Australia has yielded U-Pb ages of ~4.4 Ga, 
making these grains the oldest minerals so far found 
on Earth (Wilde et al. 2001). Zircon can display a 
variety of shock microstructures such as mechanical 
twins (along {112}; Moser et al. 2011; Timms et al. 
2012; Erickson et al. 2013), {100}-parallel deforma-
tion bands (Timms et al. 2012; Erickson et al. 2013), 
granular textures (e.g., Bohor et al. 1993; Schmied-
er et al. 2015; Martell et al. 2021b) decomposition 
of zircon to ZrO2 and SiO2 (El Goresy 1965), and 
conversion to the high-pressure phase reidite (Glass 
and Liu 2001). Reidite has been found in a number 
of impact structures (e.g., Glass et al. 2002; Witt-
mann et al. 2006; Cavosie et al. 2015; Reddy et al. 
2015; Plan et al. 2021), and can be identified us-
ing e.g., Raman spectroscopy (e.g., Knittle and Wil-
liams 1993; Gucsik 2007) and electron backscatter 
diffraction (EBSD) techniques (Cavosie et al. 2015; 
Plan et al. 2021). In recent years, technical advanc-
es using EBSD have resulted in the identification 
of systematically oriented zircon neoblasts, that are 
expressed as 90° clusters when plotted in a pole fig-
ure, so-called FRIGN (Former Reidite in Granular 
Neoblasts) zircon (Erickson et al. 2017; Cavosie et 

al. 2018a). The neoblasts form as the reidite reverts 
back to zircon, and FRIGN zircon is thus consid-
ered a “phase heritage” (Cavosie et al. 2020) and can 
be used as a shock-indicator. In Paper I, we report 
the findings of shock metamorphosed zircon in im-
pacites from the Mien impact structure (see Martell 
et al. 2021b). Shock experiments have shown that 
the phase transition to reidite occurs at pressures of 
~30 GPa and is completed by 52 GPa (Kusaba et al. 
1985; Fiske 1999; Leroux et al. 1999). The identifi-
cation of shock metamorphic features is thus not just 
a method to confirm impact structures; the unique 
response of minerals to hypervelocity impacts offers 
a window into a process we have never experienced 
first-hand. 

Methods

Imaging methods in planetary science

 Optical microscopy and scanning electron 
microscopy (SEM) are two invaluable tools for e.g., 
petrographic descriptions and the identification of 
shock metamorphic features in minerals. For exam-
ple, PDFs in quartz are easily observed by means of 
optical microscopy (e.g., Stöffler and Langenhorst 
1994; French 1998), and SEM can be employed to 
retrieve detailed compositional information about 
a mineral (e.g., Treiman 2005). However, sample 
preparation often involves crushing the sample for 
manual picking of minerals or whole-rock analysis, 
dissolving the sample in acid to separate e.g., heavy 
minerals, or cutting the sample to produce thin sec-
tions. Concequently, the mineralogical context is ei-
ther lost or limited to a 2D view, which might not 
be fully representative of the rock. Furthermore, for 
especially valuable material, such as meteorites and 
returned samples, sample loss must be kept to an 
absolute minimum. In this thesis, alternative and/
or complementary, imaging techniques have been 
explored. This chapter includes a short review of the 
three main techniques utilized within the scope of 
this thesis, followed by a method description of how 
the data was collected and processed. 
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Electron backscatter diffraction 
(EBSD) 

 Electron backscatter diffraction (EBSD) is 
a scanning electron microscopy (SEM) based tech-
nique that can be used to obtain quantitative miner-
al information on, e.g., grain size, grain orientation, 
strain gradient measurements, textures, and phase 
identification. Since the EBSD detector collects 
phase data based on the crystal structure of a mineral 
rather than the composition (compared to e.g., en-
ergy dispersive spectroscopy analysis; EDS), it is, for 
example, possible to distinguish between different 
polymorphs.
 EBSD is nowadays routinely used in the 
Earth sciences (e.g., Prior et al. 2009). Applications 
to planetary materials include, e.g., investigations 
into petrofabrics in Martian meteorites (Daly et 
al. 2019b; Griffin et al. 2022), the identification of 
high-pressure polymorphs (Cavosie et al. 2018a), 
and shock deformation (Erickson et al. 2013). Shock 
experiments help us to understand under which con-
ditions these features/polymorphs form, and thus, 
the EBSD analysis can give insights into the geolog-
ical history of an impact structure.
 To collect EBSD patterns, an electron beam 
is focused on a tilted (70°) sample surface, and the 
incident electrons will interact with the atoms in 
the sample and diffract among the crystallographic 
planes. Some diffracted electrons incident on specific 
atomic planes, at angles that fulfil the Bragg equa-
tion. The diffracted electrons can be detected on a 
fluorescent screen, where visible lines, so called “Ki-
kuchi bands” or “EBSPs” (electron backscatter pat-
terns) appear. These patterns are related to the geom-
etry of the lattice planes in the crystal and thus give 
information about the crystal structure and orien-
tation of the crystal. The patterns are indexed using 
a database with crystallographic information about 
different minerals. Further post-processing analysis 
is done with dedicated software. In Paper I and Pa-
per II, we investigated shock deformation in zircon 
grains from the Mien impact structure, and augite 
crystals in a Martian meteorite, respectively.

 Sample preparation

 In Paper I, the investigated zircon grains were 
either handpicked and imaged as individual grains, 
or as part of thin sections. For picking of individual 
mineral grains, the impactite samples were crushed 

into a powder, from which zircon grains are sepa-
rated by water-based gravitational separation using a 
Wilfley water shaking table (following the method by 
Söderlund and Johansson 2002). The zircon grains 
were then handpicked using a binocular microscope 
and cast in epoxy. The Martian meteorite sample 
was simply cast in epoxy without prior treatment. 
To collect high-quality EBSP patterns, the sample 
has to be polished flat. This is done by grinding the 
surface with increasingly finer grinding paper to re-
move scratches, and finally polishing the sample on 
a soft polishing cloth with colloidal silica in a NaOH 
dispersion. Our samples were also coated with a ~5 
nm layer of carbon (a thicker layer will obstruct the 
beam) to avoid charging effects. After polishing, the 
sample was attached to a pre-tilted sample holder at 
an angle of 70° and inserted into the SEM chamber. 

Acquisition

 Both SEM and EBSD data were acquired at 
the Department of Geology, Lund University, Swe-
den using a Tescan Mira3 High-Resolution Schottky 
field-emission SEM, equipped with an Oxford En-
ergy-Dispersive X-ray Spectroscopy (EDS) system a 
cathodoluminescence system, and an EBSD detec-
tor (Symmetry S2, Oxford Instruments), operating 
at 20 kV, with a working distance of 20 mm and a 
beam current of ~10 nA. More detailed acquisition 
details, such as step sizes for each measurement, are 
given in the method section of each paper.

Data processing

 Post-processing was done using the software 
Channel 5, which allow constructing phase maps, 
visualization of misorientation between e.g., grains 
or neoblasts (i.e., the change in orientation from one 
feature to another), and intra-grain deformation. 

Neutron and x-ray tomography

 Combined neutron- and X-ray tomography 
was conducted on samples in papers II-III. 

Neutron- and X-ray tomography (XCT/NCT) are 
non-destructive imaging techniques, used to study 
the interior of samples while requiring minor, or no, 
sample preparation. As such, they are ideal for inves-
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tigating particularly sensitive and rare samples, e.g., 
from museum collections or extraterrestrial, returned 
samples (e.g., Blumenfeld et al. 2015; Mannes et al. 
2015; Hanna and Ketcham 2017). Furthermore, by 
conducting an initial scan of a sample, later destruc-
tive analyses can target specific regions-of-interest-
that might have been missed by random cutting of 
the sample for making thin sections. Scanning the 
sample also enables, e.g., quantification of inter-
nal porosity, distribution of different minerals, and 
fracture systems within a sample (Tengattini et al. 
2020a).  
 X-rays were discovered already in 1895 by 
Wilhelm Röntgen (who was awarded a Nobel prize 
for the discovery) and were immediately put into 
practice for medical imaging purposes (Hessen-
bruch 2002). Neutrons were discovered by James 
Chadwick in 1932 (Chadwick 1932), almost four 
decades after X-rays. The discovery awarded him 
the Nobel Prize shortly after, but the development 
of neutron applications took a halt due to the Sec-
ond World War. New progress was made in the mid-
1950s when Thewlis utilized a neutron beam from 
the BEPO reactor at Harwell for neutron imaging 
(Brenizer 2013; Rogers 2013). 

Previous studies in planetary science using NCT 
and XCT

 X-ray imaging has been utilized for analy-
ses of planetary materials since the 1980s, and has, 
during the last two decades, become a routine meth-
od to study the interior of planetary samples (Han-
na and Ketcham 2017). Investigated materials range 
from meteorites and terrestrial impactites to returned 
samples, including 3D reconstructions of the interior 
of Apollo samples (Zeigler et al. 2014; Blumenfeld et 
al. 2015), petrography and petrofabrics of different 
types of chondrites (e.g., Krzesińska 2011; Friedrich 
and Rivers 2013; Hezel et al. 2013; Matsumoto et al. 
2013) and impactites (Koeberl et al. 2002; Zubov et 
al. 2021), fracture networks in the Nakhla Martian 
meteorite (Needham et al. 2013) and a study of in-
clusions in chromite (Alwmark et al. 2011), but the 
number of XCT studies in planetary science exceed 
far beyond this list (an extensive review is given in 
Hanna and Ketcham 2017). In contrast, NCT has 
only been utilized in a limited number of studies of 
planetary materials, and most of these are relatively 
recent, in part due to the rarity of neutron facilities 
compared to XCT systems, which are available at 
several thousands of research institutions (Tengattini 

et al. 2020b). Previous NCT investigations include 
imaging of different types of chondrites (Hess et al. 
2011; Pakhnevich 2016; Treiman et al. 2018; Need-
ham et al. 2020), structural characterization of iron 
meteorites (Peetermans et al. 2013; Caporali et al. 
2016) and investigations of impactites (Steen Duch-
nik et al. 2012; Fedrigo et al. 2018; Martell et al. 
2021a), where the last is the precursor to paper III in 
this thesis.

Interaction with matter

 X-rays interact with the electrons in the atom 
shell; on the contrary, neutrons lack electrical charge 
and interact with the nucleus of the atom. The in-
teraction probability (cross-section) of neutrons is 
thus not dependent on the number of electrons of 
a specific atom, while for X-rays it follows a linear 
relationship with the atomic mass (Fig. 5; Kardjilov 
et al. 2006). The differences in cross-sections make 
neutrons and X-rays highly complementary; the 
neutron attenuation of light elements such as hydro-
gen is several orders of magnitude higher than the 
X-ray attenuation for the same element, while other 
heavier elements, for example, metals such as alumi-
num and lead, are practically transparent to neutrons 
(Tengattini et al. 2020b). A classic example illustrat-
ing this is an experiment showing a lead container 
containing a lily; the lead effectively blocks X-rays 
from penetrating the container, while the neutrons 
instead image the organic (hydrogen-rich) material 
within the container (Fig. 6). 
 The neutrons’ ability to image the hydrogen 
within different materials has found many applica-
tions in, e.g., archaeological (Kardjilov et al. 2006; 
Mannes et al. 2015), paleontological (Pakhnevich et 
al. 2018), and medical sciences (Floyd et al. 2004), 
where distinguishing organic material is often im-
portant. Since neutrons interact with the nucleus of 
the atom, they are also sensitive to different isotopes. 
This has been utilized in 3D visualization exper-
iments of water uptake in plants where heavy wa-
ter (D2O) has been used as a contrast agent to H2O 
(Kardjilov et al. 2018). 
 The interaction between X-rays and neu-
trons with matter also depends on the energy of the 
applied radiation. For neutron imaging, thermal or 
cold (meV) neutrons are generally used, while X-ray 
energies in X-ray imaging are typically in the order 
of ten to several hundred keV (Kardjilov et al. 2006), 
making neutrons far less invasive in terms of radia-
tion damage (Tengattini et al. 2020b). Neutrons are 
generated either by spallation in accelerator-driven 
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facilities (Kardjilov et al. 2006) or by nuclear fi ssion 
(Tengattini et al. 2020b). At a spallation source, neu-
trons are generated by accelerating protons towards 
a heavy-metal target, e.g., lead, causing neutrons to 
be emitted as the protons hit the target nuclei. In 
nuclear fi ssion. In both cases, the neutrons need to 
be slowed down to be applicable for imaging purpos-
es, which is usually done by leading them through 
“moderators”. Th ese generally consist of hydrogen 
or hydrogenous materials at low temperatures (Ten-
gattini et al. 2020b). X-ray experiments can be con-
ducted both in large-scale facilities (synchrotrons) 
and in lab-sized X-ray scanners. At synchrotrons, 
free electrons are accelerated to high velocities in a 
storage ring. X-ray radiation is generated from the 
electrons when their direction is modifi ed, e.g., by 
undulators and wigglers (an insertion device) or by 
bending magnets, which forces the electrons to emit 
X-ray radiation. In lab-sized XCT systems, electrons 
are accelerated toward a metal target, and the inter-

action will generate X-ray photons. 

Sample preparation

 Th e acquisition requires no sample prepa-
ration; the sample is simply transferred to a sample 
holder. In our experiments, the size and type of sam-
ple holder (plastic for XCT and metal for NCT) dif-
fered depending on, e.g., the geometry of the sample 
and the number of samples scanned in each scanning 
session; in the latter case, samples were separated by 
a few layers of tinfoil. All samples were scanned with 
high-resolution X-ray imaging at the 4D imaging lab 
in Lund following the NCT. Potential epoxy embed-
ding has to be removed before the NCT; this was the 
case for the Chicxulub drill core sample, which had 
a small amount of epoxy left on the surface when we 
fi rst received it. Epoxy embedding is, however, not 
an issue for XCT, so if a sample would benefi t from 

Attenuation coe�cients for X-rays (cm-1) (150kV)

Attenuation coe�cients for thermal neutrons (cm-1) 

X-rays

Neutrons

Absorption

Scattering

Absorption

Scattering

Photoelectron

Figure 5. X-rays and neutrons have diff erent attenuation coeffi  cients for diff erent elements. Top: the X-rays interact with the electrons of the 
atoms, and the attenuation therefore increases with the atomic number. Th is is highlighted in the period table, where darker shades correspond 
to higher attenuation. On the contrary, neutrons interact with the nuclei, and the attenuation coeffi  cient is thus not dependent on the num-
ber of electrons of an atom. Because of this, many neigbouring elements can be distinguished from one another. Iridium and hydrogen are 
highlighted in the periodic tables (red box). In contrast to X-rays, neutrons are sensitive to hydrogen, while both modalities have high iridium 
attenuations. Figure modifi ed from Tengattini et al. 2020
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epoxy embedding at a later stage of the investigation, 
NCT should be conducted before. 

Acquisition

 Neutron data was acquired at the ICON 
beamline at PSI in Switzerland (beamline specifics 
in Kaestner et al. 2011), and at the NeXT beamline 
at ILL in France (beamline specifics in Tengattini et 
al. 2020a). Both beamlines utilize cold neutrons at 
slightly different wavelength spectra. Following the 
neutron tomography, complementary X-ray imaging 
was conducted at the 4D imaging lab in Lund, Swe-
den. Voxel sizes for both modalities varied between 7 
µm to 45 µm; the obtained voxel size for each sample 
was mainly due to a compromise between the allo-
cated beam time, the sample size, and the signal-to-
noise ratio.
 In short, the sample is placed on a rotation 
stage, and radiographic projections are collected at 
different angles while the stage is rotated. At the same 
time, a detector measures the decrease in intensity 
between the incident beam and the final intensity af-
ter traversing the sample (i.e., the attenuation). The 
attenuation is dependent on the interaction between 
the X-ray photons/neutrons and the sample, and the 
amount of material traversed. The radiographs are 
then transformed into a set of 2D slices by recon-
struction algorithms such as filtered backprojection. 
The resulting slices are “stacked” so that they can be 
visualized as a 3D volume, with grey scales corre-
sponding to the attenuation of each voxel.

Data processing

 Reconstruction of the images was performed 
at the neutron facility (Institut Laue Langevin and 
Paul Scherrer Institut respectively) using filtered 
backprojection. Back in Lund, the reconstructed im-
ages were aligned (or “registered”) using the open-
source software SPAM (Stamati et al. 2020). Fiji/
ImageJ (Schindelin et al. 2012) was used to down 
sample the datasets for an initial, coarse registration, 
which decreases the computing time. The images 
were then loaded into SPAM for multi-modal im-
age registration. A “by-product” of registration us-
ing SPAM is that it generates a phase segmentation 
based on a joint histogram, which provides a first 
indication of the character of the sample. After a 
coarse registration, the registration was refined using 
the full dataset. 

 After registering the NCT and XCT images, 
image segmentation (classifying voxels into different 
categories based on attenuation) and visualization 
were conducted using Dragonfly ORS (Dragonfly 
2021.1 [Computer software]  2021). The registered 
images can be compared slice-by-slice, which allows 
segmentation based on the attenuation of different 
phases. Dragonfly generates a bivariate histogram, 
where the X-ray and neutron attenuation in each 
voxel is plotted as a point, and this histogram can 
be used for simple phase segmentations. Due to 
overlapping attenuations of some materials in the 
samples, we also manually segmented several miner-
als based on their crystal shapes, e.g., the greyscales 
of the rims in some olivine and augite grains in the 
Martian meteorite sample overlapped with parts 
of the mesostasis. The segmentation was compared 
with the results from SEM-EDS imaging- and com-
positional analysis of 2D sections of the samples.  

Figure 6.  Neutron image of lilies inside a lead cask. The image 
demonstrates that lead is “transparent” to neutrons, while its sensitiv-
ity to hydrogen enable resolving even fine details such as the leaf veins 
inside the flowers. Image credit: Daniel Hussey/NIST.
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Materials/ 
Geological setting

 This chapter will provide a short introduc-
tion to the samples that have been studied within 
the scope of this thesis, and brief description of the 
geological setting, where it is applicable. A detailed 
description of each sample can be found in the pa-
pers. 

Paper I: The Mien impact structure

 The studied samples in paper I were col-
lected from the Mien impact structure (Fig. 7–8; 
56.41812°N 14.85785°E). The structure is located 
in southern Sweden and is situated in the “Trans 
Scandinavian igneous belt”, which stretches 1600 
km from southeastern Sweden to northwestern Nor-
way. The depression is today filled by a lake, and the 

island Ramsö (approximately in the center of the 
lake) has been interpreted to be a remnant from the 
central uplift and is also the only location in the im-
mediate area of the lake where outcrops can be found 
(Åström 1998). The surrounding bedrock in the 
area consists of Precambrian (1.8–1.4 Ga) granites 
and gneisses, and the bottom of the lake is filled by 
glaciofluvial sediments from the last glaciation. The 
first geological report of the structure is from 1890 
(Holst 1890), in which rocks, sampled from around 
the lake, were described as “abnormal magmatic 
rocks” that “look like incomplete molten products, 
made artificially”. However, the elusive Mien impac-
tites were noticed long before Holst published his 
report; findings of neolithic settlements in the area 
show that these rocks were chosen as material for 
stone axes (Nilsson 2003) and possibly favoured be-
cause of the peculiar terrain of Mien (Nilsson 2003). 
 Holst (1890) suggested that the structure 
could be a remnant of a tertiary volcano, but with 
some hesitation; he sent samples to the petrographer 
Prof. F. Zirkel, who wrote back (in a letter dated 
March 13, 1888), that “… I would not entirely re-
ject the idea that a completely abnormal process is 
responsible for their genesis”. At a meeting of the 
Geological Society of Stockholm, A. G. Högbom 
compared Mien to the newly confirmed Meteor Cra-

Figure 7.  Geological map of the Mien impact structure (from Paper I). Sample localities for the impact melt rocks and the suevitic breccia are 
marked in the figure. Figure from Martell et al. 2021.
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ter in Arizona and suggested a similar origin for both 
structures (Högbom 1910). It can also be noted that 
Holst, although he could not explain its formation, 
in his report actually provided the first drawing of 
ballen silica, which can be found in specific types of 
impactites, and that has a characteristic-looking tex-
ture consisting of ovoid aggregates that result from 
back-transformation from shock-induced states 
(Ferrière et al. 2010). 
 The similarity between certain rocks from 
Mien and suevite from the Ries impact structure in 
Germany was also noted relatively early; guided by 
known coesite-bearing samples from Ries, Svens-
son and Wickman (1965), were able to find coesite 
in Mien impactites, and together with evidence of 
PDFs in quartz (von Engelhardt and Stöffler 1965) 
it was soon more or less accepted that the Mien 
structure had an impact origin.
 The structure has been dated to 121.0±2.3 
Ma using 40Ar–39Ar (Bottomley et al. 1978) and later 
recalculated to 122.4±2.3 Ma using updated decay 
constants (Schmieder and Kring 2020). The current 
diameter of the lake is ~6.5 km, but its original diam-
eter has been estimated to be 9 km (Åström 1998). 
Three drill cores from the lake were recovered in the 
1970s, in which the first ~20 meters are impact melt 
rock, followed by a small horizon of melt-bearing 
breccia (the “Mien suevite”) and brecciated target 
rock. 
 The samples used in Paper I consist of two 
impact melt rock samples with varying clast content 
(one being more clast rich than the other) and a sam-
ple of suevitic breccia (or melt-bearing breccia). The 
impact melt rocks samples have a glassy matrix and 
contain lath-like microlites of plagioclase and feld-
spar, ballen silica, and quartz with two sets of PDFs. 

The suevitic breccia is a polymict, porous breccia 
containing fragmented crystalline lithic clasts and 
melt particles in a fine-grained clastic matrix. The 
impactite samples were collected at the lake shore 
and in a gravel pit south of the lake, respectively (Fig. 
7). 

Paper II: Martian “nakhlite” meteorites

 The nakhlite meteorites are igneous, pyrox-
ene-rich rocks deriving from Mars. On the basis 
of their similar ejection age (~11 Ma), petrology, 
and geochemistry, they are thought to derive from 
the same source region (Nyquist et al. 2001; Trei-
man 2005). Their crystallization ages range between 
~1416 to 1322 Ma and they were likely emplaced in 
at least four magmatic events (Cohen et al. 2017). 
Several nakhlites show evidence of pre-terrestrial 
aqueous alteration in the form of clay minerals, or 
“iddingsite” (e.g., Bunch and Reid 1975; Darby et 
al. 2005), cross-cutting mainly olivine grains of the 
samples. A Martian origin of the iddingsite has been 
determined by hydrogen isotopic systematics (Wat-
son et al. 1994; Hallis et al. 2012), and by chemical 
and isotopic compositions that are consistent with 
in-situ analyses on Mars (Treiman 2005; Corrigan 
et al. 2015; Udry and Day 2018). A correlation be-
tween shock microstructures in augite and second-
ary mineral assemblages, suggest that the heat from 
an impact event facilitated the alteration (Daly et al. 
2019a).  
 The source terrain of the nakhlites is not 
known, but suggestions include the large volcanic 
terrain of the northern plains, Tharsis, Elysium-Am-
azonis volcanic plains, and Syrtis Major (Bridges and 
Warren 2006; Bridges and Schwenzer 2012). In pa-
per II, we show the results of combined NCT, XCT, 
and EBSD on two specimens of the Miller Range 
(MIL) 03346 meteorite. MIL 03346 is a nakhlite 
composed of phenocrystic clinopyroxene, with lesser 
amounts of olivine (crosscut by iddingsite) and skel-
etal Fe-Ti oxides, in a fine-grained mesostasis (Day 
et al. 2006a). The results from one of these speci-
mens are also reported in Paper III. 

Paper III: Case studies

 Paper III includes results from four samples, 
presented as case studies: (1) a sample of Libyan des-

Figure 8.  Photograph from the shore of Lake Mien. Ramsö island 
(remnant from the central uplift) is visible in the horizon. (Photo: 
Josefin Martell)
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ert glass, (2) a Chicxulub drill core sample, (3) a Lu-
izi impact melt rock sample, and (4) a specimen of 
the Martian MIL 03346 meteorite. MIL 03346 is 
described in the previous section (4.2). 

Libyan desert glass

 Libyan Desert Glass (LDG) is a silica-rich 
(98 wt. % SiO2) impact glass found in the desert at 
the border between Libya and Egypt, and formed 
~29 million years ago (Fig. 9). Th e glass occurs as 
centimeter to decimeter-sized pieces, with colors 
ranging from light yellow to light green. Some piec-
es contain characteristic, layering or “bands” of dark 
brown material, suggesting a fl ow structure (Fig. 9; 
e.g., Pratesi  et al. 2002). Th ese bands consist main-
ly of isolated spherules of Fe, Al, and Mg that have 
formed an emulsion with the silica glass as a result 
of silicate-silicate liquid immiscibility (Pratesi et al. 
2002). Low osmium isotopic ratios (Koeberl 2000; 
Koeberl and Ferrière 2019), and enrichment of sid-
erophile elements (e.g., Cipriani et al. 2000; Giuli et 
al. 2003) have indicated a the presence of a meteorit-
ic component in the bands. Because of this, a sample 
of Libyan Desert Glass, containing dark banding, 
was investigated using NCT and XCT (Paper III), 
aiming to pinpoint projectile material. Th e impact 
origin of the glass has been confi rmed by fi ndings 
of the former presence of the impact diagnostic, Zr-
SiO4 high-pressure polymorph reidite (FRIGN zir-
con; Cavosie and Koeberl 2019). No source crater 
has been identifi ed and the nature of the target rock 
is under debate, although a recent study suggests a 
loose sedimentary formation with sandstones of dif-
ferent ages (Sighinolfi  et al. 2020). 

Chicxulub drill core sample

 To date, the only hypervelocity impact that 
has been linked to a mass extinction is the one that 
marks the Cretaceous–Paleogene (K–Pg) bound-
ary (Alvarez et al. 1980; Smit and Hertogen 1980; 
Schulte et al. 2010). Th e boundary is marked by a 
thin layer of clay containing elevated concentrations 
of iridium relative to continental crustal background 
levels, and has been found in the geological record 
across the globe (e.g., Kiessling and Alvarez 2002; 
Schulte et al. 2010). Besides iridium, the layer is en-
riched in other moderately (e.g., Ni, Co) and highly 
siderophile elements (Ru, Rh, Pd, Re, Os, Pt, and 
Au; e.g., Schulte et al. 2010). Th e impact resulted 

in a ~200 km-sized impact structure, located on 
the Yucatán Peninsula of Mexico (Hildebrand et al. 
1991). In 2016, a continuous drill core from 505.7 
to 1334.7 meters was recovered from the peak ring 
of the crater (International Ocean Discovery Pro-
gram (IODP); Morgan et al. 2016; Goderis et al. 
2021). Th e sample investigated in Paper III is from 
the IODP-ICDP Expedition 364 drill core sample 
364_77_A_040_R_001_36.5-39.0 (recovered be-
tween 616.605 and 616.63 meters below sea fl oor; 
see e.g., Goderis et al. 2021). Th e interval represents 
a transitional unit mainly composed of brown-to-
gray carbonate-rich claystone (Goderis et al. 2021). 
A sample of this particular unit was chosen for com-
bined XCT/NCT because of elevated concentrations 
of Ir, Ni, Re, and Os concentrations compared to the 
upper continental crust (Goderis et al. 2021). 

Luizi impact melt rock

 Th e 17-km-wide Luizi impact structure is 
located in the Democratic Republic of the Congo 
(10°10’13.5”S / 28°00’27.0”E; Ferrière et al. 2011a) 
and is the fi rst confi rmed impact structure in Cen-
tral Africa (Ferrière et al. 2011b). Findings of shatter 
cones, shocked quartz grains (Ferrière et al. 2011a), 
and the former presence of reidite in shocked zircon 
grains (Cavosie et al. 2018a) have confi rmed an im-
pact origin of the structure. Th e target rock is part 

Figure 9.  Map showing the approximate location where Libyan De-
sert Glass (LDG) samples have been found. In the lower right is the 
investigated sample in our study (Sample size is about 2 cm along the 
longest axis).
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of the Kundelungu plateau, which consists of Neo-
proterozoic (~574 Ma) arkosic sandstones (Claeys et 
al. 2008) that are melted and deformed at the cen-
tral peak of the structure (Cavosie et al. 2018b). The 
sample in Paper III derives from a boulder retrieved 
from a lake 6.2 km from the original crater center 
of the structure. The boulder is an impact melt rock 
that consists of acicular SiO2 crystals in an alumi-
nosilicate glass with quartz, alkali feldspar, biotite, 
and clinopyroxene (Cavosie et al. 2018a). Zircon, 
Fe-Ti oxides, and chromite occur as accessory phases 
(Cavosie et al. 2018a). The sample was included in 
this study to investigate whether it contains traces 
of projectile material as well as to explore if com-
bined NCT and XCT could help in distinguishing 
between various features in this impactite lithology. 

Summary of papers

The author’s contribution to each paper is given in 
Table 1. 

Paper I

Martell, J., Alwmark, C., Holm-Alwmark, S. and 
Lindgren, P. (2021), Shock deformation in zircon 
grains from the Mien impact structure, Sweden. Mete-
oritics & Planetary Science, 56:362–378.  

 In this paper, we present the first detailed 
investigation of shock deformation in zircon grains 
from the Mien impact structure in Sweden. The zir-
con grains derive from two impactite lithologies: a 
suevitic breccia and two specimens of impact melt 
rock with varying clast content, of which petro-
graphic descriptions of each sample are given. Ballen 
silica was found in the impact melt rock sample, and 
all samples contain quartz grains with planar defor-
mation features (measured using a Universal stage). 
Shock textures in zircon grains were identified using 
EBSD and the results show that several zircon grains 
with granular textures display a systematic misorien-
tation between granules, which is indicative of the 
former presence of the zircon high-pressure poly-
morph reidite (“FRIGN” zircon). Reidite forms at 
shock pressures of ~30 GPa in crystalline targets, and 
is only known from impact structures.  A majority of 
the zircon grains also display granular and/or “mi-

croporous” textures that we relate to the impact (al-
though not diagnostic). Recognition of shock met-
amorphic features is crucial for confirming impact 
structures. Our study shows that impact-diagnostic 
FRIGN zircon can be expected also from relatively 
small impact structures, with little material available 
due to e.g., erosion. We conclude with a recommen-
dation that zircon grains from the impact melt rock 
could be targeted for a refined age dating of Mien.  

Paper II

Martell J., Alwmark C., Daly L., Hall S., Alwmark 
S., Woracek R., Helfen L., Hektor J., Tengattini A., 
Lee M. 2022. The scale of a hydrothermal system ex-
plored using combined neutron and x-ray tomography. 
Science Advances, 8(19), eabn3044.

 In this paper we used combined neutron– 
and X-ray tomography, together with SEM-EBSD 
techniques, to investigate the 3D distribution of hy-
drous alteration (iddingsite) in two nakhlite meteor-
ite specimens: Miller range (MIL) 03346,231 and 
MIL 03346,230. Previous studies have shown that 
the iddingsite formed from pre-terrestrial hydrous 
alteration, and that the alteration event likely took 
place ~650 Ma, i.e., after the crystallization of the 
sample (~1.3 Ga). The iddingsite often occurs in as-
sociation with shock deformation, which suggests 
that the ingress of fluids was facilitated by shock 
fracturing following a meteorite impact. If large 
enough, an impact-induced hydrothermal system 
could retain heat and moisture for millions of years 
and might be a favorable environment for microbial 
life. We, therefore, set out to explore the scale of the 
hydrothermal system, by pin-pointing the iddingsite 
in three dimensions. Our results show that the aque-
ous phases mainly cluster around olivine grains, with 
limited interconnectivity between clusters. These 
results indicate that the alteration event was likely 
short, and that a potential fluid source could be lo-
cal patches of sub-surface ice that melted during a 
heat pulse from an impact event, or that the location 
where the sample was sourced was in the vicinity of 
the hydrothermal system. Furthermore, the results 
also highlight the advantages of using non-destruc-
tive methods, in particular neutron tomography, in 
studies of meteorites.
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Paper III

J. Martell, C. Alwmark, R. Woracek, S. Alwmark, 
S. Hall, L. Ferrière, C. Daly, L., Bender Koch, J. 
Hektor, L. Helfen, A. Tengattini, D. Mannes. Com-
bined neutron and x-ray imaging for detecting pro-
jectile material and hydrous constituents in meteorites 
and terrestrial impactites. Manuscript.

 In this “proof-of-concept” study we show 
results from combined neutron- and X-ray tomog-
raphy (NCT/XCT) of four different impactite sam-
ples. Our primary aim was to demonstrate that these 
methods can be used to locate projectile material in 
impactite samples, but also to show the capabilities 
of combined XCT/NCT/EBSD for investigating 
other features in planetary samples. The investigated 
samples are: a sample of Libyan Desert glass (LDG); 
an impact melt rock sample from the Luizi impact 
structure; a Chicxulub drill core sample; and a sam-
ple of the Martian meteorite MIL 03346. Two sam-
ples (LDG and the Chicxulub drill core) were cho-
sen because of previous studies showing the presence 
of a meteoritic component. Using both methods, 

we were able to pin-point a FeNi silicide spherule in 
the impact glass. However, we did not detect projec-
tile material in the Chicxulub drill core sample; this 
could be due to poor resolution or too little avail-
able projectile material in this specific sample, or 
that the hydrogen-rich clay obscures other features. 
Nevertheless, the LDG spherule shows that projec-
tile material can be detected using combined NCT 
and XCT. The impact melt sample was scanned with 
the aim of evaluating how combined NCT and XCT 
can help distinguish between different minerals; us-
ing both methods, it was possible to both segment 
clay (based on NCT images), zircon grains, and two 
spherical “rims” of iron oxides (based on XCT imag-
es). These results highlight the complementarity of 
the methods. The Martian meteorite was included 
to demonstrate that NCT is outstanding in locat-
ing hydrous phases, which would be interesting for 
other meteorites as well. We also discuss limitations 
using XCT/NCT when studying planetary samples 
and how these can be addressed, and implications 
for future sample return missions. To conclude, we 
share our expertise on these methods, providing a 
“recipe” for other researchers that want to pursue 
studies using these techniques. 

Table 1. Author contributions.

Paper I Paper II Paper III
Study design J. Martell C. Alwmark J. Martell

C. Alwmark L. Daly C. Alwmark
S. Alwmark R. Woracek S. Alwmark
P. Lindgren

Data collection
Field work/Sampling J. Martell

C. Alwmark
Sample preparation for SEM-EBSD J. Martell J. Martell J. Martell

C. Alwmark
Neutron tomography S. Hall L. Helfen

L. Helfen A. Tengattini
A. Tengattini S. Hall
J. Martell R. Woracek

D. Mannes
J. Martell

X-ray tomography S. Hall S. Hall

SEM-EBSD J. Martell J. Martell J. Martell
C. Alwmark C. Alwmark C. Alwmark

Data analysis 
Registration of tomography data J. Martell J. Martell

J. Hektor
Data interpretation All authors J. Martell J. Martell

C. Alwmark C. Alwmark
L. Daly S. Alwmark
R. Woracek R. Woracek
S. Alwmark S. Alwmark
S. Hall
J. Hektor

Figures and illustrations J. Martell J. Martell J. Martell
Writing: original draft J. Martell J. Martell J. Martell
Writing: review and editing All authors All authors All authors
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Discussion of results

This overall motivation with this thesis was to ex-
plore, and pave the way for, how advanced imaging 
techniques can be used to study impactites, either as 
an alternative to more “conventional” imaging tech-
niques, or as a complementary method, to maximize 
the scientific outcome. 
 In Paper I, we showed that zircon within im-
pact melt samples from the Mien impact structure 
contain evidence of the former presence of reidite 
(FRIGN zircon), highlighting the diversity of shock 
pressures recorded by shocked materials in the sam-
ples, which allowed us to give a pressure estimate 
of at least 30 GPa for these grains. In Paper II, we 
showed that combined neutron- and X-ray tomog-
raphy can be used to render the distribution of hy-
drous phases in Martian meteorites in 3D, and dis-
cussed implications for the Martian meteorite MIL 
03346. In Paper III, we show that combined XCT/
NCT can be used to locate projectile material in im-
pactite samples. 

Shocked zircon from the Mien impact 
structure

In this paper, we present the first finding of FRIGN 
(former reidite in granular neoblasts) zircon from 
a Swedish impact structure. Shocked zircon grains 
were found in two impactite lithologies: impact melt 
rock and suevitic breccia. We also include documen-
tation of other microtextures in both zircon- and 
quartz grains that we relate to the impact event.  
 The target rock at the Mien impact was crys-
talline, and shock experiments have shown that the 
formation of reidite takes place at pressures of ~30 
GPa in crystalline rocks (Kusaba et al. 1985; Leroux 
et al. 1999) and that the transformation is complete 
at pressures of ~50 GPa. The reversion back to reidite 
occurs at temperatures >1200°C (Kusaba et al. 1985; 
Fiske 1999). Several FRIGN zircon grains from the 
Mien impactites also contained micrometer-sized in-
clusions of ZrO2, indicating that the granular texture 
formed at temperatures in excess of 1673°C, which 
is when zircon begins to dissociate (e.g., Kaiser et 

al. 2008). FRIGN zircon with ZrO₂ inclusions thus 
both records the high pressures needed to form reid-
ite, and the high temperatures required both for 
reidite to revert back to zircon, and for zircon to 
dissociate into ZrO2. (Cavosie et al. 2018a). How-
ever, it should be mentioned that the target litholo-
gy affects the shock response of zircon; recent shock 
experiments showed that reidite starts forming at 
pressures from 10 to 17.5 GPa in sedimentary target 
rocks, likely as the result of the pore-space leading to 
localized shock pressure amplification (e.g., Bishop 
2022; Cavosie et al. 2022). Furthermore, pre-impact 
radiation damage might also influence whether the 
zircon grain will transform into reidite or not (Erick-
son et al. 2017). Although the exact (pressure) num-
ber might change slightly over time, our study shows 
that FRIGN zircon can be expected also from rela-
tively small and eroded hypervelocity impact struc-
tures, with little material available, expanding the 
type of setting where it has been described. Shock-re-
crystallized zircon has also successfully been used to 
provide ages for impact events, e.g., (e.g., Kenny et 
al. 2017; Erickson et al. 2020), making the granular 
grains from Mien prime candidates for refining the 
age of the Mien impact, and the results from Paper 
I resulted in a follow-up study by Herrmann et al. 
2022 (currently in review; manuscript not included 
in this thesis).
 The terminology of the Mien impactites has 
varied over time; the impact melt rock is sometimes 
referred to as “Mien rhyolite” (e.g., Holst 1890; 
Ekelund and Ekström 1990) or Mienite (Henkel 
1992), which might have contributed to that the, 
since the 1970s, obsolete theory of a volcanic origin 
of Mien, still is mentioned as a possibility on the in-
formation signs around the lake. Furthermore, when 
the structure was mentioned in Swedish state media 
(SVT) in 2007, the news article was accompanied 
by a fact box describing the formation of rhyolite 
(which was correct, if it had been a rhyolite). There 
is also an on-going discussion on the formation of 
“suevites” (Osinski and Grieve 2017), why we rec-
ommend using the term suevitic breccia (accord-
ing to the classification by Stöffler et al. 2018) or 
melt-bearing breccia for this rock type. 

To conclude, we did consider including 
complementary XCT of Mien zircon grains; a 3D 
characterization of the exterior of detrital zircon 
grains from the Murchison River has previously 
been done by Markwitz et al. (2017), with the aim 
of quantifying how fluvial transport affects the 3D 
shape. They obtained a voxel resolution of 5.14 µm, 
which would be sufficient for a simple 3D rendering 
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of the exterior of the Mien zircon, but would likely 
not provide any insights to the shock metamorphic 
features observed using SEM-EBSD. Suuronen and 
Sayab (2018) attempted a multimodal X-ray nanoto-
mography approach (X-ray absorption, diffraction, 
and fluorescence tomography) to quantify internal 
structures in zircon grains from the Central Finland 
Granitoid Complex, and were able to identify and 
segment 1–5 µm-sized inclusions within the zircon 
grains as well as internal fractures. A similar study 
could potentially be interesting for shocked zircon 
but would expand the project significantly. Due to 
the many lock downs of research facilities and de-
partments half-way through the thesis work and 
the subsequent delays of the other studies (Paper II 
and III) we decided that the EBSD results could be 
published without the addition of more techniques. 
For a future study, it could be interesting to make an 
attempt at X-ray nanotomography of shocked min-
erals, to get insight into e.g., the distribution of mi-
crofractures and possibly other microtextures. Fur-
thermore, an initial XCT and/or NCT scan of the 
impactite sample could guide what regions to target 
for obtaining highly shocked material, e.g., to locate 
zircon grains for geochronological purposes. 

Combined NCT and XCT imaging of 
planetary samples

 Paper II and III show that utilizing several 
different imaging methods, starting with the least 
destructive (NCT and XCT), followed by more de-
structive (SEM-EDS/EBSD) ones, can provide in-
sights into planetary samples that would not have 
been possible by using only one technique. NCT 
is particularly suitable for investigating hydrous al-
teration in meteorites, but the XCT images were 
crucial for characterizing other phases in the MIL 
03346 sample.The tomography images also “save” 
information for future studies, even if the sample 
has been sectioned or consumed using destructive 
methods. This may be especially important for rare 
and delicate samples, such as specific meteorite types 
or returned samples (e.g., Tsuchiyama et al. 2002). 
Tomography can also be employed to avoid sample 
bias, for example, if only a small amount of material 
is allowed to be sectioned. Comparing thin sections 
to the 3D images can thus strengthen any interpre-
tation made. 

Insights into Martian meteorites using 
combined NCT and XCT

 Paper II focused on the nakhlite MIL 03346, 
which is known to contain pre-terrestrial alteration 
assemblages in the form of iddingsite (e.g., Treiman 
2005; Day et al. 2006b; Hallis and Taylor 2011; 
Hallis et al. 2012). The nakhlites are believed to have 
been emplaced in the same source region (Udry and 
Day 2018) and have similar crystallization ages and 
ejection ages (e.g., Nyquist et al. 2001; Cohen et al. 
2017). MIL 03346 was likely emplaced close to the 
ground surface, indicated by a fine-grained mesos-
tasis and the absence of feldspar (Hallis and Taylor 
2011). Several authors have proposed that the aque-
ous alteration could have been facilitated by an im-
pact event, which could both fracture the rock and 
melt sub-surface ice, such as permafrost (Changela 
and Bridges 2010; Daly et al. 2019a). With our study, 
we wanted to explore the distribution of the hydrous 
alteration to see whether it is pervasive throughout 
the sample or if it occurs as patches, which could 
give insights into the source of the fluids and the 
longevity of the (potential) hydrothermal system. 
The 3D images show that the iddingsite occurs as 
discrete “clusters” within and around the olivine 
grains, and occasionally as localized patches in the 
mesostasis, but with limited interconnectivity be-
tween the clusters (Fig. 10). Furthermore, the EBSD 
analysis revealed shock deformation in augite grains 
in the altered areas. The findings support that a fluid 
source could be localized patches of sub-surface ice, 
which melted during an impact event. A limitation 
to this type of study is the small amount of mate-
rial investigated, as well as the lack of a geological 
context. Using these techniques on other nakhlites 
could possibly shed light on the differences between 
the samples, for example, if they are altered to the 
same extent; e.g., based on higher water rock ratios 
in rocks excavated from greater depths, it could be 
expected that these are more heavily altered. This 
study also highlights that comparative investigations 
of this sort can be interesting for future sample re-
turns, such as the Mars sample return campaign. 
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Combined XCT and NCT for locat-
ing projectile material

 An intriguing opportunity with NCT and 
XCT is that both modalities have a high iridium at-
tenuation. Combining these methods, and only in-
vestigating inclusions with both high X-ray and high 
neutron attenuation, thus opens up the possibility 
to locate projectile material, such as PGE-nuggets 
in impactites, which is today usually done by em-
ploying whole-rock techniques. We decided to scan 
two samples with a known projectile component; a 
sample from the Chicxulub drill core, and a sam-
ple of Libyan Desert Glass (LDG). By comparing 
the 3D images slice-by-slice we were able to locate 
an inclusion in the LDG with high attenuation for 
both modalities (Fig. 11). Th e sample was carefully 
polished to enable detailed investigation of the in-
clusion, and the SEM-EDS analysis revealed it to be 
a 80 µm-sized FeNi silicide spherule. Th ese have not 
been found in the LDG before. However, Hamann 
et al. (2022) reported nanometer-sized FeNi silicides 
from the Wabar impact glass, and interpreted those 
as mixtures of impact-vapor condensates mixed 
with condensates from the ablation of the impac-
tor. Combined NCT and XCT is thus a promising 

technique for studies of other impact glasses, which 
ultimately could provide insight into processes in the 
impact plume. Th e EDS map of the spherule did not 
show a presence of PGEs, but we will conduct fur-
ther analyses (higher resolution XCT, and possibly 
Inductively coupled plasma mass spectrometry) to 
better constrain its origin. Th e K–Pg sample seemed 
to be the most promising sample for this study due 
to a known PGE contribution in this specifi c inter-
val. However, we did not detect any potential PGE-
rich inclusions in the K–Pg sample; the reason could 
be that the hydrogen-rich clay “overshadows” other 
phases, a too low resolution of the 3D images, or 
that this particular specimen does not contain high 
amounts of PGEs. 
 Using combined NCT and XCT to locate 
projectile material involves several steps; from select-
ing the sample, to applying to beam time, processing 
and analysis of 3D images, and preparing for SEM 
analysis by polishing the sample (Fig. 11). If poten-
tial projectile material is found, it then has to be fur-
ther investigated using e.g., isotopic analyses (e.g., 
Koeberl 1998; Goderis et al. 2012b). It is therefore 
crucial to establish what works, and what does not. 
It is still relatively diffi  cult to get access to neutron 
facilities, and it is both important to motivate the 
need for beamtime and to use the allocated time ef-
fi ciently. By showing the results of combined XCT 
and NCT on several diff erent impactite samples, 
the intention is to provide some guidance into what 
samples that may yield the most promising results.

Conclusions and outlook

 Compared to XCT, NCT is still an unex-
plored imaging technique in planetary science, but 
will most likely fi nd new users and applications in 
the up-coming years; the neutron facility European 
Spallation source (ESS) is currently being built in 
Sweden, and will open to users in the near future. 
XCT will be employed early in the analyses pipeline 
for the Mars Sample Return (e.g., Welzenbach et al. 
2017; Tait et al. 2022). For NCT to be considered 
alongside XCT, it will be crucial to determine how 
neutrons aff ect samples on a sub-µm scale, especial-
ly organic compounds. Although both methods are 
considered non-destructive, the interaction between 
the neutrons/X-rays and the sample material can af-
fect e.g., isotopic systems (Sears et al. 2016; Treiman 

Figure 10.  3D rendering of MIL 03346, based on segmented phases 
from both the X-ray and the neutron images. Olivine grains are seg-
mented in cyan, and the hydrous phases in magenta. Th e results show 
that the hydrous phases mainly are clustered within and around the 
olivine grains. Figure from Martell et al. 2022 (Paper II).
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Figure 11.  Method used to locate projectile material using combined NCT and XCT. 1: Th e setup for XCT and NCT is similar; the sample 
is placed in a sample holder that is mounted on a rotating stage. A detector measures the decrease in intensity between the incident beam and 
the fi nal beam, after traversing the sample. 2: Th e tomograms are reconstructed into 2D slices that are then stacked so that they can be viewed 
as a 3D volume. Th e two data sets (NCT and XCT) are “registered” (aligned) so that they can be compared slice-by-slice. For projectile detec-
tion, regions-of-interest are inclusions that are highly attenuating for both modalities. 3: If an inclusion is found, it can be rendered in 3D and 
located within the volume. 4: Th e sample is manually polished to expose the inclusion at the surface for e.g., SEM analysis.

et al. 2022). Furthermore, it is worth keeping in 
mind that what is undetectable today might not be 
in the future, and plan the experiments accordingly. 
 Nevertheless, we conclude that NCT is a 
powerful method for locating hydrous material and 
projectile components within rocks without having 
to cut them open, and that XCT and NCT will be 
key techniques in future studies of planetary materi-
als. 
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Populärvetenskaplig  
sammanfattning

 Av alla geologiska strukturer på stenplaneter-
na (och månarna) i vårt solsystem så är nedslagskra-
trar den vanligaste. Detta är kanske oväntat eftersom 
vi har förhållandevis få på jorden – det räcker att 
se upp på vår egen måne för att få en uppfattning 
om hur jorden hade kunnat se ut, eftersom det varit 
precis lika många meteoritnedslag på jorden som på 
alla andra steniga himlakroppar. Bevarandegraden 
på jorden är dock väldigt dålig: plattektonik,  ero-
sionsprocesser, samt hav och vegetation som täcker 
stora delar av jordytan gör att få nedslagskratrar, 
eller nedslagsstrukturer eftersom själva kratern sällan 
finns kvar i sin ursprungliga form, från jordens tidiga 
historia finns bevarade – den äldsta som vi känner till 
är ”endast” 2.2 miljarder år gammal (Yarrabubbas-
trukturen i Australien).  

Vi kan studera vad som händer vid dessa 
nedslag genom att undersöka de bergarter som bil-
dats eller modifierats vid nedslaget, s k impaktiter. 
De extrema tryck och temperaturer som uppstår vid 
meteoritnedslag uppgår till 1000 gigapascal (inne i 
jordens kärna är det cirka 380 gigapascal) och sker 
på en mikrosekund från det att projektilen, dvs det 
som kolliderar med jorden, når jordytan. Chockvå-
gen som genereras deformerar bergarter och miner-
al på ett vis som är unikt för nedslagsprocessen, s 
k chockmetamorfos. Det mesta av själva projektilen 
förångas, men lite material från den kan mixas med 
den uppsmälta berggrunden. I ett av projekten i den-
na avhandling letar vi efter dessa spår av projektilen, 
genom att analysera impaktiter. Vanligtvis så kros-
sar eller upplöser man impaktiterna och analyserar 
allt pulver på samma gång. Målet i vår studie är att 
istället först lokalisera projektilmaterial i 3D, för att 
sedan kunna extrahera för mer detaljerade analyser, 
vilket minskar risken för att missa material, bevarar 
kontext (hur förhåller sig projektilmaterialet till an-
dra mineral i impaktiten?), och ge insikt i vad som 
händer kemiskt när projektilmaterial blandas med 
den uppsmälta berggrunden. Våra resultat visade 
att kombinerad röntgen- och neutrontomografi kan 
användas för detta ändamål. Vi hittade nämligen 
en järn-nickel-inklusion som förmodas innehålla 

projektilmaterial. Vi beskriver i manuskriptet hur 
denna metod fungerar, och diskuterar begränsningar 
och möjligheter med de icke-destruktiva teknikerna 
röntgen- och neutrontomografi. 

Vi har även undersökt impaktiter från sjön 
Mien, som är en nedslagsstruktur vid gränsen mellan 
Blekinge och Småland. Impaktiterna krossades till 
ett fint pulver för att zirkon skulle kunna separeras 
ut. Detta gjordes sedan under mikroskop med hjälp 
av ett penselstrå (!), eftersom zirkonkornen inte är 
större än cirka 50 µm, vilket är ungefär som tjocklek-
en av ett hårstrå. Dessa korn studeras sedan med ett 
svepelektronmikroskop. När berggrunden utsätts för 
chockmetamorfos, så kan vissa mineral ”omvand-
las” till högtrycksfaser (eller ”polymorfer”), ungefär 
som grafit och diamant som har samma kemiska 
sammansättning men olika kristallstruktur. Dessa 
högtrycksfaser är inte stabila vid trycket uppe vid 
jordytan, och kommer i vissa fall tillbakabildas till 
sitt ursprungsmineral. När vi undersökte zirkonkorn 
från Mien kunde vi se att vissa av dem tillbakabildats 
från högtrycksfasen reidite; reidite är indikativt för 
nedslagsprocesser, och bildas vid ungefär 30 gigapas-
cal. Detta tryck motsvarar trycket som råder nästa 
1000 km ned under jordytan. Fördelen med att hitta 
dessa material är att de både kan lära oss om själ-
va nedslaget, t ex vilka tryck och temperaturer som 
råder på olika platser i en krater, men också att de 
kan användas för att bevisa att en struktur bildats av 
ett nedslag och inte av någon annan geologisk pro-
cess. Zirkon har också en annan fördel, nämligen att 
de rutinmässigt används för att datera berggrunden. 
En slutsats är att de zirkoner vi funnits skulle kun-
na användas för att ge en mer korrekt datering av 
Mien-nedslaget.

 Vi har även undersökt en meteorit från 
Mars med syftet att förstå hur vatten rört sig genom 
provet. Just denna meteorit har nämligen reagerat 
med flytande vatten vid något tillfälle när det fort-
farande var del av berggrunden på Mars; detta kan 
man se på t ex mineralet olivin, som i sprickor om-
vandlats till olika slags lermineral. Man har räknat ut 
lermineralen bildades för ungefär 600 miljoner år se-
dan. Detta var långt efter att meteoriten först kristal-
liserade (cirka 1.3 miljarder år sedan) och under en 
”torr” period på Mars, då man tror att allt flytande 
vatten försvunnit från Marsytan. Vi ville därför ta 
redan på hur mycket vatten som rört sig genom me-
teoriten; om det fanns mycket vatten tillgängligt vid 
denna tidpunkt så skulle det nämligen kunna vara en 
gynnsam miljö för mikrober. Vi använde oss av rönt-
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gen- och neutrontomografi, och våra resultat visade 
att lermineralen bildade kluster runt olivinkornen, 
men att dessa inte såg ut att vara sammankopplade, 
till exempel genom spricksystem. Detta tyder dels på 
att själva källan till vattnet måste varit lokal, samt att 
det inte skulle vara en gynnsam miljö för mikrobiellt 
liv. Vår tolkning är att det funnits lokala ansamlingar 
av underjordisk is (permafrost) som smält upp och 
omvandlat olivinkornen, förmodligen i samman-
band med ett meteoritnedslag.Neutrontomografi är 
en särskilt bra metod för att undersöka vatten (H2O) 
i meteoriter och impaktiter; neutroner är nämligen 
väldigt känsliga för väte (H). 

 Sammantaget, så har vi med hjälp av 
avancerade ”imaging”-tekniker kunnat visa att neu-
tron- och röntgentomografi kan användas för att lo-
kalisera både väte och projektilmaterial i impaktiter. 
Vidare så föreslår vi att dessa metoder bör användas 
vid analys av material som hämtats från platser utan-
för jorden (exempel på material som “hämtats” från 
andra himlakroppar är t ex månproverna efter Apol-
lo-expeditionerna på 1960- och 1970talet). Runt 
år 2030 så förväntas NASA hämta hem prover från 
Mars, och dessa kommer vara ovärderliga. Icke-de-
struktiva metoder kan därför vara till stor hjälp, både 
för att bedöma var destruktiva analyser ska göras för 
att spara så mycket material som möjligt, men också 
för att kunna göra analyser utan att förstöra provet. 
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