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Abstract

Shock effects of rock-forming minerals with a focus on Fe-Ti-oxides from the Ries- and the Vredefort
impact structures were studied in relation to the magnetic properties. Therefore, samples were
investigated from locations characterized by enigmatic magnetic anomalies attributed to the
respective impact events. The main aim is to gain insights into the host rocks' stress, temperature and
oxygen fugacity evolution. Based on different shock effects in impact breccias, the emplacement
conditions of the rocks are discussed.

Archean basement gneisses within the pronounced magnetic anomaly northwest of the Vredefort
impact structure center have quartz (SiO;) grains with shock-generated planar fractures, as
documented by two drill cores with =10 m depth. limenite (FeTiOs) revealed that shock loading and
unloading at relatively low shock pressures (<16 GPa) can result in the formation of mechanical (0001)
and {1011} twins. At re-equilibration temperatures of 600-700°C, exsolution of magnetite (FesOa)
within ilmenite occurred, forming a few um-sized magnetite lamellae parallel to the {1011} twin
boundaries and spheroid magnetite along twin and grain boundaries. Furthermore, shearing fractured
and locally melted Fe-bearing oxides, which resulted in their intrusion into adjacent shear fractures
within neighboring quartz and feldspar. Dauphiné twins associated with shock-induced planar
fractures within quartz suggest that the temperatures before the impact event (paleo-depth of 11-23
km resulting in 650-725°C) were higher than the Curie temperature of magnetite (580°C), which is the
carrier of the paleomagnetic orientation. Therefore, uplift of the Archean gneiss upon shock-unloading
and subsequent cooling in the magnetic field direction present during the Vredefort impact best
explains the observed magnetic remanence. The study, furthermore, found no microstructural
difference (i.e., phase assemblage, planar fracture abundance and frequency) between samples from
the surface and depth of the two drill cores. Lightning strikes heavily influenced the magnetic record
of the surficial rocks, however, microstructural products formed from lightning strikes are likely nm-
sized and reside below the resolution of the scanning electron microscope.

lImenite in the Ries impact breccias recorded that at moderate shock pressures (>16 GPa),

transformation twin lamellae were generated that share a common {1120} plane with the host and a
109° angle between the c-axes of host and twin. Moreover, new grains with foam structure formed,

which are characterized as orientation domains that also share a common {1150} plane and whose c-
axes span 109° or 99° angles. This crystallographic orientation relationship of new grains and the
inferred twins indicates the back-transformation from FeTiOs high-pressure polymorphs (liuite and
wangdaodeite). A variety of different high-temperature reactions generated rutile (TiO,; T=850-
1050°C) and minerals of the ferropseudobrookite-armalcolite solid-solution [(Fe,Mg)Ti,Os; T>1140°C]
from ilmenite. Furthermore, redox reactions recorded variations in oxygen fugacity. At high
temperatures, an enrichment of iron, in terms of elevated Fe/Ti ratios at the rims of ilmenite
aggregates, indicates the presence of a reducing agent during the impactite formation, which
generated elemental iron. Cooling and subsequent oxidation of iron formed magnetite. Below 700°C
at high oxygen fugacity conditions in combination with a leaching agent, pseudorutile (Fe,TisOs) was
locally created around single ilmenite grains or completely replaced them.

A new occurrence of polymict crystalline breccia in the Ries impact structure at the Aumihle quarry
exhibits the direct lithological relationship to the underlying Bunte Breccia and overlying suevite. The
polymict crystalline breccia consists of =50% shocked crystalline clasts from the Variscan basement
and =50% components from the sedimentary cover sequence, which display no apparent shock
effects. Its emplacement likely occurred during the excavation stage of impact cratering. The



mathematical Maxwell Z-model describes flow fields during excavation, indicating that shocked
material from the crystalline basement was ballistically ejected. A mixture with ballistically ejected
sedimentary clasts was subsequently placed on top of Bunte Breccia and then covered by suevite.
Reworking of Bunte Breccia and suevite to form polymict crystalline breccia can be excluded based on
the absence of glass fragments, larger clast sizes, and random paleomagnetic directions of polymict
crystalline breccia compared to suevite. The proposed emplacement is consistent with observations
of polymict crystalline breccias from other impact structures.

Ballen SiO, with characteristically curved fractures within impact melt rocks from the Ries impact
structure was investigated to elucidate its formation mechanisms and conditions. It likely originated
from fluid-inclusion-rich quartz grains in the gneisses of the crystalline basement. Quartz transformed
into diaplectic glass upon shock loading, which partly retained structural information about the
precursor phase. As a result, the fluid inclusions dissolved into the amorphous phase. Upon shock
unloading and subsequent cooling, dehydration caused fracturing of the glass resulting in curved
interfaces as similarly observed from volcanic glasses, i.e., perlitic structures. Structural remnants
within the diaplectic glass enabled topotactic crystallization, resulting in preferred crystallographic
orientations within quartz. In cases without structural information within the amorphous phase,
quartz as well as cristobalite (at elevated temperatures) formed with random crystallographic
orientations. Denderitic cristobalite only occurs at the rim of the aggregates in correlation with adjacent
vesicles and is interpreted to have formed from a fluid-rich melt.



Contents

Y o1y - Lot T TPV P U PO VPRTOUSOUPI
Chapter 1
INEFOAUCTION ...ttt sttt e st e e bt e e st e e e s bt e e sabeesabe e e sabeesabeeeaneeesaneeenanes 1
1.1 Shock effects in MINEIals. ..ottt s 2
1.2  Impactites within the Ries impact StrUCLUIE ........ccoocuieiiiiiiee e 3
1.3 Generation of Magnetic aNOMAlieS ......cciiviieiiiiiiie e e 5
1.4 Motivations Of the STUIES.......eiiiuiiiiiee e e s 6
1.5  Author publications and contribUtioNns..........coocciiiiiiiiii i 7
Chapter 2
limenite and magnetite microfabrics in shocked gneisses from the Vredefort impact structure,
SOUEN AFFTICA ...ttt b e bt sa e st e bt e b e e s bt e s at e st et e e b e e bt e sbe e et e earean 9
LY o131 - T OO TP TP PSSP PP PPTUPROPPOUO 9
INEFOTUCTION ittt et s e s bt e s bt e e bbe e sabeesabeeesabeesabteennteesabaeesareean 9
LCT=To] o] =4 Tor- o AV T oV Lo USRS 10
NY=Ta0Y o] =4 1o Vo I g =i o Lo e L3P 11
Y= Y01 ] L o = PSPPSRt 11
Optical microscopy and universal stage MEaSUrEMENTS .......cccueeeeeciieeeeeiiiieeeeiiee e eereee e eeree e e eeveeas 13
o= TaT o [a - =1 (=Tel oY ol g Yol o LYol ] o 1V ANt 13
T e Ta I o =Totd o X olo] o)V Z8 NN 13
RESUIES ..ttt ettt b e s bt s b e eat e et e e bt e e bt e e bt e e ab e et e et e e bt e ebe e e heeeabeeteeabeesheesaeeea 13
Y- Yaa] o] (e (1Yol o] o o I PPt 16
IImenite and magnetite MiICrofabriCS........oii i e 17
D11y ol U1 o o PO T R PPPR T 19
Deformation CONITIONS ....cccueiiiiiieieee ettt et eteesbeesenesane e 19
Shear heating and mobilization of ilmenite and magnetite .........ccccoueeeieciiei e, 21
1T =T T =T ATV o o 11 = PRSP 23
Exsolution of magnetite Within iIMeNnite........cc.ovi i 23
IIMENItE IEEIATION ..eeeieieeeiee et sar e s e e sme e e sneeennnes 27

Implications for MagnNetic ProPerties ........ccucueieiiiiiiee et e s e e e e e e e e e aaeeas 27



(@fo] o [ol [V o1 0 FF=T o To I U0 12 =1 V2RSS 27

Yol Lo 1T 1=To Pl o Y=Y o SR 29
RETEIENCES ..ttt et et s et e s ab e e st e e s bt e e sabe e e bbeesabeesabeeesabeesabeeeseeesareeennnes 29
Chapter 3
limenite phase transformations in suevite from the Ries impact structure (Germany) record
evolution in pressure, temperature, and oxygen fugacity conditions ...............ccccccoeeiii e, 33
Y o1 o - [ot TP PO PP PUOTOPPRI 33
INEFOAUCTION .ttt ettt e s bt e e s bt e e b e e e sabeesabeeesabeesabeesneeesareeesnnes 34
[CT<To] (o) ={Tor- o 1V oV L= R 35
IMEEEROAS ...ttt ettt ettt e tb e e st e e sttt e s ab e e s bbeeea b e e s be e e sabeesbeeebteesabeeenares 36
RESUIES ..ttt et b e s bt e s bt e s ae e et e e bt e e bt e s bt e e ab e e a bt e b e e be e e bt e sheeeab e et e e nbeenheesaeeea 36
Y- Yaa] o] (e (1Yol o o IRt 36
Phase determination of Fe-Ti-OXideS .....c..eiiiiiiiiiiriieieeic ettt 38
Microfabrics of ilmenite and associated Fe-Ti-phases in suevite from Zipplingen...........c.......... 39
Microfabrics of ilmenite and associated Fe-Ti-phases in suevite from Aumihle...........c.c.......... 47
Distribution of aggregates within the SampPles ... 48
D11y o{ U E1 o o TP PP P PP PPROT 49

IImenite transformation twins and associated orientation relationship between new grains....50

Ferropseudobrookite and armalcolite formation conditions...........ccceeciieeiiciee e, 53
Formation of rutile within aggregates and magnetite outside aggregates.......ccccccveeveveveeeennnnn. 54
PseUdOrutile fOrM@tioNn .......c.oociiiiiieeee e e et 56
(00T o[l [V ToT a1 T o Yo I U L0411 =1 VR RPN 57
(01014 [oTo) Q=T aTo ITaaY o] [ToF=NuToT o 13U 59
F Yol ol T 1=To Pl o Y=Y oY LSRR 59
REFEIEINCES ..ttt ettt h e ettt e e bt e s bt e she e st e et e e b e e bt e abeesaeesabeeabeenbeenbeesaeenas 59
SUPPIEMENTANY At iiiiciiiii it e st e e s ta e e e e ratr e e e esntaeeeesataeeeeantreeeennrraeeaan 65
Chapter 4

Polymict crystalline breccia in the Ries impact structure - Emplacement of moderately shocked
basement clasts during crater excavation and subsequent mixing with weakly shocked
SEAIMENTANY CLASES ... ..o e et e e et e e e st e e e e sabee e e enteeeeenntaeeeenreeas 66

JAY o 1Y 1 = o1 RPN 66

[g) 0o Ye [ Lot o] o NN 67



The Ries impact structure and its iMPaCt DreCCias .....ccvveevciveieeiiiee e e 68

Y= T00Y o] (I o I 4 =] 1 o [o Yo LSRR 70
RESUIES ...ttt ettt e st e e bt e e s a b e e s bt e e s ab e e e be e e sab e e s be e e sabeesbeeeanteesabeeenanes 71
Field occurrence of polymict crystalling breccia........ooucvieeecciieec e 71
Shock effects in the basement Clasts ........c.coiiiiiiii e 73
Maskelynite and mechanical (TOl) twins in amphibole from amphibolite clast .................. 73
Diaplectic SiO2 glass iN GNEISS Clast........ccicciiiiiiiiiee et e e ertee e e e erraeeeeanes 76
Metagranite cataclasite Clast.........ociuiiii i e 77

NY=Te [T a g =T o} =TV ol = T PP UPR 79
DISCUSSION. ...ttt ettt e e s e s st e e s s b et e s s b e e e s s b e e e s s b e e s s e e e s e nreeas 80
Shock and deformation conditions of clasts within polymict crystalline breccia.........ccccccveee.e. 80

Comparison of polymict crystalline breccia from the Aumihle quarry with similar outcrops in

TNE NOIFAINEEE RIES .ttt ettt e e et e e e et e e e e ettt e e e e ataeeeeassaeeesansaeeesansseeesansseeenan 81
Polymict crystalline breccia at Aumiihle quarry and relation to suevites ........ccccoeveeeevciieeeinnen. 82

Relation to dikes of polymict crystalline breccias within the Ries and other impact structures.. 82

Emplacement of polymict crystalling breccia........c.ueeeeieeecciieeccee e 83
CONCIUSIONS ...ttt ettt et ettt e s bt e s bt e e s a bt e s bt e s bbeesabeeebbeesaseesabeeesabeesaseesneeesabeeanes 85
F Yol oLV 1=To Pl <Y o a Y=Y oY LTS 85
RETEIEINCES ...ttt ettt e r et e s st st b e bt e bt e s b e e s mee st e eareereesreesane e 86
Chapter 5
Quartz and cristobalite ballen in impact melt rocks from the Ries impact structure, Germany,
formed by dehydration of shock-generated amorphous phases................ccccooeiiiiiiiicciiee e 90
Y o1 1 1o OO OO PTUPPTU PR PRSP 90
T oo [¥ Tt o] o PSP T PP PR PRURPOP 90
IMEEENOAS ...ttt sttt et e bt e s sttt e bt b e b e s ae e s ae e e r e e r e e naeesane e 90
Y= 1021 0] LTSRN 92
RESUIES ...ttt s et e b e e e st e s b e e e sa b e e e b et e e n et e s be e e sab e e sne e e aneeesreeennnes 92
1Ty o{ U1 o o PO RURTOT 96
Transition of Quartz to Shock-Induced Amorphous Phase.........cccceeeeciieeiiiiieee e 96
Role of Multiple Phase Transformations ........cccooccuieeiiciiie et 101
Formation of Ballen Shape — Dehydration of Amorphous Phase .........ccccccecceeeeciieeeccciiee e, 102
CONCIUSIONS <.ttt e sttt e st e e bt e e s bt e sas e e s bt e e neeesabeeeaneeesareesareeesareeennes 103
ACKNOWIEAGEMENTES.......eeiiiieeie et e e e e e st e e e e e e e e st ee e e e e e eesnnbaeeeeaeeesansstaneeaaaeesnnrenns 103

Y =TT (L= TR 103



Chapter 6

Summary, conclusions, and OULIOOK....................coooiiiiiiiiiiiicce e 105
6.1 llmenite and magnetite, as well as associated Fe/Ti-phases within impactites ................. 105
6.1.1 Low shock conditions (P<16 GPa)......ccceccueieiiieiiieeiiieeeieeestre e sieeeseeeesteeetae e ae e e eaeesaee s 105
6.1.2 Moderate shock conditions (P>16 GPa) ......uuueeeiiiiiiiiriiieieee e e e eenaees 106

6.2  Implications for properties of Archean basement rocks from the magnetic anomaly
northwest of the Vredefort impact structure center.......cccocveviivcee e, 109
6.3  Polymict crystalline breccia emplacement.........cccueii i 110
6.4  Formation of Dallen SiOa......coui i 111
6.5 CONCIUSIONS ...eiitieeiiee ettt ettt st st e s bt e e st e e bt e e sateesabeeesabeesabeeesnteesareeasaneens 114
5.6 OULIOOK .ttt ettt e b e bttt beenes 115
REFEIEINCES ...ttt ettt et e b e s bt e she e s it e et e et e e sbeesaeesaeesabeeaneebeennes 116
DAY s o 1T T [ PO SRPSP 128
FiN o] LA VA Y AT g I =d (o 1YY | VSRR 128
Chemical formulae of MINEralS.......co.i it 128
ACKNOWIEAZEMENLES ... et e e et e e st e e e e sabae e e ssbaeeesntaeeesassseeeans 129

Note that this is a cumulative PhD Thesis, representing a compilation of two published (Chapters 2 and
5), one accepted (Chapter 3), and one submitted manuscript (Chapter 4), which do not contain
numbered headings of their contents. Therefore, only the framework of this thesis (Chapter 1 and 6)
contains numbered headings.



1 Introduction

More than 200 impact structures are confirmed on Earth, whose surface is strongly modified and
recycled by plate tectonics and the biosphere, both unique features in our solar system (Osinski et al.
2022). In contrast, over 100,000 meteorite craters occur on the lunar surface (Yang et al. 2020). Since
the 21% century, impact cratering has been widely recognized as one of the most fundamental
geological processes in the solar system. The Moon was likely formed by the impact of the planetoid
Theia into the proto-Earth (Giant Impact Hypothesis: e.g., Canup 2012; Herwartz et al. 2014).
Moreover, the early crust formation (e.g., Grieve et al. 2006; Latypov et al. 2019) and the initiation of
plate tectonics on Earth (e.g., Johnson et al. 2022) are discussed as a consequence of major impact
events. Necessary chemical ingredients for life on Earth might have been generated or delivered by
impacts, where furthermore habitats could have formed within crater lakes, impact-generated rocks,
and hydrothermal systems (e.g., Reimold et al. 2005; Grieve 2013; Osinski et al. 2020 and references
therein).

During impact-cratering, target rocks are subjected to extremely high pressures, stresses, strain-rates,
and temperatures, as well as fast changes in redox conditions within milliseconds during shock
loading, unloading, and subsequent modifications processes (e.g., Melosh 1989; Migault 1998;
Nesterenko 2001; Sharp and DeCarli 2006). As a result, minerals within the target rocks can be
modified by, e.g., fracturing, straining the crystal structure, creating dislocations, twinning, and re-
arrangement of atomic positions, which can lead to phase changes. As for rock-forming silicate
minerals (e.g., Deer et al. 2013), the analysis of Fe-Ti-oxides can reveal information about their
formation and the deformation of the host rock (e.g., Rahmdor 1969; Haggerty 1991). The magnetic
characteristics of iron-bearing and ferrimagnetic minerals within impact structures can be significantly
influenced by shock effects, which can result in large-scale magnetic field anomalies (e.g., Pilkington
and Grieve 1992; Scott et al. 1997; Plado et al. 1999; Pilkington and Hildebrand 2000; Ugalde et al.
2005; Pohl et al. 2010). However, modifications on iron-bearing and magnetic minerals within target
rocks as a result of shock-pressure, shock-generated heat with subsequent changes in redox
conditions, and post-shock modifications are not-well understood. Furthermore, the influence of
those shock effects on the host rock's magnetic properties and how the iron-bearing minerals record
the intensity and direction of the ambient field is poorly known (e.g., Reznik et al. 2016, 2017; Gilder
et al. 2018). Variations in magnetic properties were attributed to changes, such as phase transitions
and exsolutions of ferrimagnetic grains, crystal-plastic deformation, and grain size reduction through
fracturing, however, correlations of magnetic investigations to microstructural analyzes to confirm
how the magnetic recording is affected by meteorite impacts remain scarce (e.g., Mang and Kontny
2013; Mang et al. 2013; Kontny and Grothaus 2016).

This thesis aims to characterize and identify microfabrics of Fe-Ti-oxides, such as ilmenite (FeTiOs) and
magnetite (Fe304), which are generated and/or modified by meteorite impacts and correlate them
with magnetic anomalies of the host rocks. Shock effects within silicates, such as quartz (SiO;) and
impact-generated other SiO, polymorphs, are investigated and used as pressure indicators. For this
purpose, the Vredefort impact structure (South Africa) and the Ries impact structure (Germany) were
selected for their different occurrences of shocked rock types. The Vredefort impact structure is about
2.02 Ga old (Spray 1995; Kamo et al. 1996; Gibson et al. 1997) and deeply eroded with a diameter of
80-90 km displaying mainly the crystalline basement (McCarthy et al. 1990; Gibson et al. 1998; Henkel
and Reimold 1998). In contrast, the Nordlinger Ries is 14.8 Ma old (Rocholl et al. 2017, 2018;
Schmieder et al. 2018a, 2018b; Schwarz et al. 2020), has a diameter of about 26 km, and is one of the
best-preserved impact structures in the world, where impact rocks, such as Bunte Breccia, suevite,
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and impact melt rocks, are studied extensively since the 1960s. Lithologies with enigmatic magnetic
anomalies, which experienced low (<1 GPa) to high (>60 GPa) shock pressures and respective shock
temperatures of up to 1300°C, were selected to investigate their emplacement conditions and/or
modification mechanisms based on the correlation of field observations and microfabric analysis.

1.1 Shock effects in minerals

To correlate the shock effects observed in iron-bearing minerals, known shock effects of abundant
rock-forming minerals can be used as shock pressure gauges. This chapter summarizes some
significant phase transformations, deformations, and formations as well as related microfabrics.

Planar deformation features (PDFs) within quartz are diagnostic for meteorite impacts and are
commonly used as shock-pressure indicators (Goltrant et al. 1991, 1992a, 1992b; Langenhorst 1994;
Langenhorst and Deutsch 1994; Leroux et al. 1994; Stoffler and Langenhorst 1994; Leroux and
Doukhan 1996; Trepmann et al. 2005; Trepmann and Spray 2006). During shock compression >10 GPa,
PDF orientations parallel to crystallographic planes are generated, where a high-density amorphous
phase (diaplectic glass) forms from quartz as a result of structural instabilities (Goltrant et al. 19923,
1992b; Langenhorst 1994; Trepmann and Spray 2006; Trepmann 2008). Experiments on feldspar
revealed a PDF generation as a function of shock pressure and chemical composition at 34 GPa within
albite (NaAlSi;Osg) and in the range of 18/22 — 24 GPa within anorthite (CaAl,Si»Os) (Schaal and Horz
1977; Ostertag 1983).

Diaplectic silica glass (SiO;) forms at shock pressures ranging from 34 to 50 GPa as a solid-state
transition from quartz (Stoffler 1971a, 1972; Stoffler and Hornemann 1972; Kowitz et al. 2013). Its
density and optical refractive index are higher than glass quenched from a melt (Stoffler and
Langenhorst 1994). Horz and Quaide (1973) demonstrated a gradual lattice breakdown as a function
of increasing shock pressures and a possible resulting crystallographic structural memory of diaplectic
glass. Plagioclase (solid solution of albite and anorthite) transforms into diaplectic glass (maskelynite)
in the range of 24/34 to 40 GPa (Stoffler and Hornemann 1972; Kieffer et al. 1976; Schaal and Horz
1977; Ostertag 1983; Stoffler et al. 1986; Schmitt 2000). Arndt et al. (1982) proposed that diaplectic
glass forms as a result of the short duration of the shock-induced transient high-temperature
excursion, where the melt transition does not come to completion, i.e., an intermediate state between
a supercooled liquid and a solid.

Planar fractures (PFs) within quartz occur along cleavage planes, such as (0001) and {1011} (e.g.,
Troger 1982), and are thus non-diagnostic (e.g., Briickner et al. submitted), albeit common, shock
effects occurring from 5 to 34 GPa (Stoffler and Langenhorst 1994; French and Koeberl 2010; Stoffler
et al. 2018). Cleavage occurs as material relaxation during tensile load as a brittle fracture process
along crystallographic planes (e.g., Schultz et al. 1994). The initiation of cleavage cracks is controlled
by, e.g., fracture toughness of the crystallographic plane as a function of bond density, elastic
modulus, and surface free energy (e.g., Kranz 1983; Thompson and Knott 1993; Schultz et al. 1994;
Armstrong 2015). In contrast, feather features (FFs) are shear fractures, which contain sets of
secondary short fractures at the tensional domain during shear fracture propagation characterized by
transient tensile stresses (Poelchau and Kenkmann 2011; Ebert et al. 2020). These secondary cracks
are similar to those at the tensile domain related to the propagation of shear fractures during seismic

rupturing (Di Toro et al. 2005). The secondary fractures of FFs are oriented parallel (0001), {1011}, and
{1122} (Poelchau and Kenkmann 2011; Ebert et al. 2020). The formation of FFs is reported for samples



below 18 GPa based on investigations of impactites (Poelchau and Kenkmann 2011) and shock
experiments (Tada et al. 2022).

High-pressure polymorphs (structural change with the same stoichiometry) of minerals can form from
a solid-state reaction upon shock loading. Graphite-bearing gneisses in the Ries impact structure are
reported to contain shock-induced diamonds, which have formed at 30-40 GPa from graphite (El
Goresy et al. 2001). At ambient temperature conditions, quartz transforms to coesite at >3 GPa and
stishovite at >7 GPa (Hemley et al. 1994 and references therein). An ilmenite high-pressure polymorph
named liuite (Ma and Tschauner 2018) forms >16 GPa (e.g., Liu 1975; Leinenweber et al. 1991). Upon
decompression, wangdaodeite (Xie et al. 2020) is generated as a metastable polymorph (e.g., Mehta
et al. 1994) and was recently identified in the Ries impact structure (Tschauner et al. 2020).

Crystal twins can be generated as a result of meteorite impacts and are generally defined as an
intergrowth of at least two crystallographic domains of the same crystal species. A twin law can
express their orientation relationship and represents an additional symmetry operation to those
defining their space group (e.g., Hahn and Klapper 2006). Mechanical twinning of crystals results from

tectonic and shock-induced shear stresses (e.g., Seybold et al. 2023). llmenite mechanical {1012} twins
due to tectonic deformation are common (e.g., Minkin and Chao 1971; Frick 1973; Reynolds 1984).
IImenite twins with boundaries parallel {1011} have been experimentally formed at a differential
stress of 0.75 GPa, a confining pressure of 1.3 GPa, and a strain rate of 10*/s at 25°C (Minkin and Chao
1971). Shock-induced twinning of ilmenites has been reported from lunar rocks, as well as shock

experiments, where twins with boundaries parallel (0001) and {1011} are documented (Minkin and
Chao 1971; Sclar et al. 1973; Syono et al. 1981). At shock compression <8 GPa, Brazil twin lamellae
parallel (0001) form in quartz, which are likely the result of high differential stresses (Goltrant et al.
1992a, 1992b; Leroux et al. 1994; Leroux and Doukhan 1996; Trepmann and Spray 2005, 2006;
Trepmann 2008, 2009). Transformation twinning can occur due to retrograde phase transitions either
as a result of high-pressure and/or high-temperature excursions. Hexagonal B-quartz transforms to
trigonal a-quartz at <573°C at ambient pressure resulting in the generation of Dauphiné twins, which
are rotated 180° around their a-axes (e.g., Tullis 1970; Markgraaff 1986; Heaney and Veblen 1991).

Upon shock loading, the target is compressed, which leads to an increase in internal energy. This
irreversible pressure-volume work results in heating (Osinski et al. 2013) in addition to frictional heat
generation, which can strongly affect the mineralogy. Quartz transforms at ambient pressure
conditions to tridymite (SiO,) at >870°C, to cristobalite (SiO2) at >1470°C, and eventually into a silica
melt at >1705°C (e.g., Heaney 1994 and references therein). limenite is reported to decompose into
rutile (TiO3), elemental iron (Fe), and oxygen (O3) at 850°-1050°C and low oxygen fugacity (e.g., Taylor
et al. 1972). Ferropseudobrookite (FeTi,Os) forms from ilmenite at >1140°C at a low oxygen fugacity
(Lindsley 1965; Keil et al. 1970; Tuthill and Sato 1970), whereas pseudobrookite (Fe;TiOs) is generated
at >800°C and high oxygen fugacity (Fu et al. 2010). Biotite (K(Mg,Fe,Mn);[(OH,F), | (Al,Fe,Ti)Sis01o]) is
often used as a temperature gauge and decomposes at >600°C forming magnetite (FesO4) and
hematite (Fe;0s3) (Wones and Eugster 1965).

1.2 Impactites within the Ries impact structure

On Earth, impact-generated rocks are formed from single impact events, whereas on other planetary
bodies, such as the moon, impactites likely record multiple impact events (Stoffler et al. 2018). Well-
preserved impact structures, like the Nordlinger Ries, can exhibit different impactites generated
during impact cratering with various degrees of experienced shock pressures. Although the heavily
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eroded Vredefort impact structure is the subject of this thesis, the only impactite remnants are, e.g.,
pseudotachylytes (e.g., Reimold and Collision 1994) and impact melt dikes (granophyres; e.g., Huber
et al. 2022) in the crater floor, which were not studied here and are, therefore, not described in this
chapter.

The “Bunte Trimmermassen” (German for “varicolored debris masses”) represent a proximal
allochthonous impact blanket with the largest clast sizes of impactites and encompasses the “Bunte
Breccia” (German for “varicolored breccia”) and megablocks (von Engelhardt 1990; Stoffler et al.
2018). Megablocks have single clast sizes of >25 m (e.g., Sturm et al. 2015), which were fragmented
and displaced as a result of the crater formation (Pohl et al. 1977; Stoffler et al. 2013, 2018). The Bunte
Breccia is a lithic breccia with mm- to m-sized clasts and is commonly constituted of >90% sedimentary
components without glass fragments and relatively low shock conditions (P<10 GPa; T<100°C) (e.g.,
Horz et al. 1983; von Engelhardt 1990; Stoffler and Grieve 2007; Stoffler et al. 2018). The emplacement
of the Bunte Trimmermassen is suggested to have occurred as a rolling-gliding base surge (Chao et
al. 1987) and/or a ground level debris flow (Oberbeck 1975; Horz et al. 1983). The latter model was
used to analogize lunar ejecta formations without an atmosphere under dry conditions (Oberbeck
1975). Sturm et al. (2013) compiled data on the Ries Bunte Breccia thickness and reported a thicker
accumulation at =1.45-2.12 Rc (crater radii) compared to reduced thickness at =1.00-1.45 sRc, which
resembles as moat and rampart morphology. The model of a rolling-gliding base surge (Chao et al.
1987) is based on field observations, such as plastic flow and tight folding of clay-bearing units of
distant stratigraphies and plastic deformation of clay ironstone and carbonatic rock at isostatic
pressures of =3 GPa (Chao et al. 1987), as well as striations on rock surfaces (e.g., Chao 1976; Chao et
al. 1987), and large ejecta deposits in pre-Ries lowlands and vallies (Bader and Schmidt-Kaler 1977).
Smearing, twisting, and folding of Tertiary clays, which occur wrapped around clasts is interpreted as
ductile deformation during emplacement of the Bunte Breccia (Pietrek and Kenkmann 2016).

Suevite contains cogenetic (devitrified) glass fragments (Fladle) as well as lithic clasts and minerals of
the target rock within a fine-grained matrix of the same material (e.g., Pohl et al. 1977; Stoffler and
Grieve 2007; Stoffler et al. 2013, 2018). Shock effects within minerals indicate shock pressures up to
45 GPa as well as temperatures likely reaching up to 900°C (e.g., von Engelhardt et al. 1995; Stoffler
and Grieve 2007; Stoffler et al. 2013, 2018 and references therein). Suevite is commonly observed
overlaying the Bunte Trimmermassen (Stoffler et al. 2013 and references therein); however, different
emplacement models are discussed: deposition by a granular fluid-based density current similar to
ignimbrite formation of volcanic systems (Siegert et al. 2017), collapse of a phreatomagmatic plume
system (Artemieva et al. 2013; Stoffler et al. 2013), deposition of an impact melt flow (Bringemeier
1994; Osinski et al. 2004; Meyer et al. 2011) or density flow (Newsom et al. 1990), as well as a collapse
of an ejecta plume (von Engelhardt 1997).

Impact melt rocks can be crystalline, semi-hyaline, or hyaline and solidified from an impact melt. Shock
effects within clastic debris can indicate variable degrees of shock, whereas whole rock melting itself
is the highest degree of shock modification representing shock pressures >60 GPa and temperatures
likely up to 1500°C (e.g., Dence 1971; Grieve 1987; Stoffler and Grieve 2007; Stoffler et al. 2018 and
references therein). In the Ries impact structure, impact melt occurs commonly within the megablock
zone, reaching approximately 4-12 km radial distance from the impact center (e.g., von Engelhardt
1997; Buchner et al. 2010; Stoffler et al. 2013).

Polymict crystalline breccia in the Nordlinger Ries consists of allochthonous or parautochthounous
clasts from various crystalline rocks of the Variscan basement, such as metagranites, amphibolites,
and gneisses, which experienced shock pressures of up to a few tens of GPa. Furthermore, minor



amounts of sedimentary clasts from the sedimentary cover sequence occur within a fine-grained
matrix likely derived from the clasts (Abadian 1972; von Engelhardt and Graup 1984; von Engelhardt
1990; Huttner and Schmidt-Kaler 1999; Stoffler et al. 2013). Polymict crystalline breccias typically
occur as irregular bodies on top of the Bunte Breccia (Abadian 1972; Arp et al. 2019). Their formation
conditions and the exact stratigraphic relationships in the Noérdlinger Ries remain unclear (Pohl et al.
1977; von Engelhardt 1990; Stoffler et al. 2013).

1.3 Generation of magnetic anomalies

Earth's magnetic field is generated by electric currents within the planet’s core due to the convection
of molten iron and nickel, the so-called geodynamo (e.g., Wicht and Sanchez 2019 and references
therein). As a result, it forms a magnetic dipole, which is currently oriented that the magnetic north
pole is almost aligned with the geographic south pole, which is defined as normal polarity (e.g.,
Basavaiah 2011). However, the magnetic poles slowly but continuously move over geological time
scales (e.g., Schettino and Scotese 2005) and irregularly switch their polarization, which can result in
areversed polarity, i.e., the magnetic north pole is almost aligned with the geographic north pole (e.g.,
Clement 2004), present for example at the Vredefort and Ries impact event (Hargraves 1970; Pohl et
al. 2010).

When magnetic minerals, such as (titano-)magnetite and (titano-)hematite, crystallize from a melt or
precipitate from a fluid within a magnetic field, they can record the surrounding magnetic field
direction and intensity (e.g., Butler 1992). An external magnetic field can also control the orientation
of magnetic carriers within sediments (e.g., Katari and Bloxham 2001). Therefore, rocks can acquire a
natural remanent magnetization (NRM), which records the Earth’s magnetic field direction at the time
the mineral was formed or deposited (e.g., Butler 1992). Remagnetization of magnetic minerals can
occur due to several processes. If the new magnetic orientations differ from the initial NRM
orientations, for example, the magnetic mineral formed in a reversed polarity and was remagnetized
in a normal polarity of Earth, local magnetic orientation anomalies can be created. Magnetic carriers
can be remagnetized by heating them above their respective Curie (ferro-/ferrimagnetism, e.g.,
magnetite) or Neél (antiferromagnetism, e.g., hematite) temperature, which results in a phase
transition towards a paramagnetic mineral. Subsequent cooling leads to a back transformation, which
records the present external magnetic field as a thermal remanent magnetization (TRM) (e.g., Dekkers
2012). However, the remanent magnetization can be modified at constant temperatures below the
respective Curie or Neél temperatures to form an isothermal remanent magnetization (IRM) (e.g.,
Jackson 2007). For example, changes in the chemical environment, such as redox conditions, can lead
to the modification and generation of new magnetic carriers, which can overprint the present
magnetic record and produce a chemical remanent magnetization (CRM) (e.g., Tonti-Filippini et al. in
preparation). Lightning strikes are characterized as strong electric currents resulting in strong
magnetic field strengths (e.g., Rakov and Uman 2003), which can remagnetize the magnetic minerals
and thus produce a lightning-induced remanent magnetization (LIRM) (e.g., Carporzen et al. 2012).
Besides the magnetic anomalies resulting from different magnetic directions, changes in the
magnetization intensities can also produce anomalies. For example, oxidation of magnetite
nanoparticles to hematite nanoparticles would lower the total saturation magnetization from 39.5-70
JTkg? (Mufti et al. 2020) to 0.3 JTkg? (Teja and Koh 2009). In contrast, reducing magnetite to
elemental iron would increase the total saturation magnetization to 217.6 JT'kg?! (Crangle and
Goodman 1971).



The Vredefort impact structure displays a long-wavelength negative magnetic anomaly (<-3000 nT)
northwest of the impact center, which is attributed to thermal overprinting during impact when the
Earth's magnetic field was in a reversed polarity state (e.g., Hargraves 1970; Carporzen et al. 2012).
Lithologies closer to the center of the structure do not show a negative field anomaly, which is
explained due to lower concentrations of magnetite (e.g., Hart et al. 1995; Carporzen et al. 2005).
Carporzen et al. (2012) demonstrated that the top one m surface layer within the magnetic anomaly
is remagnetized by lightning strikes, which produced short-wavelength, high-amplitude anomalies,
whereas deeper samples display the magnetization also documented from impact melt rocks (e.g.,
Hargraves 1970; Carporzen et al. 2005; Salminen et al. 2009). Within the Ries impact structure, the
negative magnetic anomalies correlate with the occurrence of suevites, which are likely deposited
above the Curie temperature of magnetite (580°C) and, therefore, recorded the reversed polarity
magnetic field during the Ries impact event (Pohl et al. 2010).

1.4 Motivations of the studies

Generally, investigations of shock effects on iron-oxides and their correlation to magnetic anomalies
of their host lithologies remain poorly understood. Therefore, ilmenite and magnetite were
investigated from low- to highly shocked lithologies from impact structures with enigmatic magnetic
anomalies, i.e., the Ries impact structure and the Vredefort impact structure.

Although ilmenite is a common opaque Fe-Ti-oxide in igneous and metamorphic rocks, studies on its
response to shock from meteorite impacts remains scarce. FeTiOs high-pressure polymorphs were first
described in meteorites, i.e., liuite in Shergotty martian meteorite (Ma and Tschauner 2018) and
wangdaodite in Suizhou L6 chondrite (Xie et al. 2020). However, the structural relation of ilmenite and
its high-pressure polymorphs is unclear. Due to its abundance and role as a resource for, e.g., TiO;
(Sibum et al. 2012), ilmenite phase transformations as a function of temperature (e.g., Lindsley 1965;
Taylor et al. 1972; Fu et al. 2010), and changes in redox conditions (e.g., Teufer and Temple 1966;
Gupta et al. 1990; Zhao and Shadman 1990) are well-characterized. To study the response of ilmenite
to low and high shock pressures with respective shock-induced temperatures, case studies were
conducted with Archean basement samples from the Vredefort impact structure shocked at relatively
low pressures <20 GPa (e.g., Grieve et al. 1990; Reimold and Gibson 2005) and suevite samples from
the Ries impact structure that experienced high shock pressures up to 60 Gpa (e.g., Stoffler et al.
2013). The results are addressed in Chapter 2 and Chapter 3, respectively.

At the magnetic anomaly northwest of the Vredefort impact center, the magnetic directions below
the top one m surface layer are aligned as those derived from impact melt rocks (e.g., Hargraves 1970;
Carporzen et al. 2005). This indicates that the investigated basement rocks cooled through the Curie
temperature of magnetite (580°C) after impact (e.g., Henkel and Reimold 1998, 2002; Muundjua et al.
2007; Salminen et al. 2009). However, the heat source remains unknown and will be discussed in this
thesis. Furthermore, Carporzen et al. (2012) suggest that magnetite observed along shock-induced
planar features, as documented in several studies in the Archean Vredefort gneisses (Grieve et al.
1990; Hart et al. 1991, 2000; Cloete et al. 1999; Carporzen et al. 2006), are a result of lightning-induced
melting. Their exact emplacement mechanism, however, is not understood and will be addressed in
this thesis in Chapter 2.

In the Nordlinger Ries, only a few studies have concerned polymict crystalline breccia (Abadian 1972;
Abadian et al. 1973; Graup 1978). Therefore, there is no uniform definition, and the stratigraphic
relation as well as the emplacement mechanism are unclear (Stoffler 1971b; Abadian 1972; Abadian
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et al. 1973; Graup 1978; von Engelhardt 1990). A new outcrop of polymict crystalline breccia and
characterizations of shock effects as well as insights into its emplacement with a correlation to
magnetic properties and comparison to other impact structures, will be addressed in this thesis in
Chapter 4.

Due to its abundance on the Earth’s crust and the generation of characteristic shock effects, such as
PDFs, quartz microfabrics are well-investigated and commonly used as diagnostic criteria for
meteorite impacts and as shock pressure gauges (e.g., Langenhorst and Deutsch 1994; Stoffler and
Langenhorst 1994; Trepmann and Spray 2005). However, the formation mechanism of aggregates
comprised of globular quartz generated by meteorite impacts remains poorly understood. Those so-
called “ballen” aggregates, consisting of spherical quartz with sizes ranging from 10 to few hundred
pm in diameter, have been documented from several impact structures, predominantly from
impactites affected by high post-shock temperatures (Short 1970; von Engelhardt 1972; Carstens
1975; Bischoff and Stoffler 1984; Rehfeldt-Oskierski et al. 1986; French 1998; Osinski 2004; Ferriere et
al. 2008, 2009, 2010; Buchner et al. 2010; Chen et al. 2010; Schmieder et al. 2014; Chanou et al. 2015).
Their formation is interpreted to result from a back-transformation from shock-induced states and is,
therefore, argued as an impact-characteristic criterion (Carstens 1975; Bischoff and Stoffler 1984;
Ferriére et al. 2009). However, their formation mechanism and the potential influence of multiple
phase transformations from quartz to amorphous phases back to quartz remain unclear, as are the
conditions under which ballen form (Ferriere et al. 2010). Based on melt rock samples from the Ries
impact structure, a study about ballen characterization with electron backscatter diffraction (EBSD)
analysis and interpretations on ballen formation mechanisms has been carried out within the
framework of this thesis and is addressed in Chapter 5.

1.5 Author publications and contributions

Four research projects were designed to address the aims of this thesis, which Chapter 2 encompasses
to Chapter 5. Fabian Dellefant (FD) and his supervisors Claudia Trepmann (CT) and Stuart Gilder (SG)
collaborated with luliia Sleptsove (IS), Lina Seybold (LS), Melanie Kaliwoda (MK), Wolfgang Schmahl
(WS), Kai-Uwe Hess (KUH), Ben Weiss (BW), Stefan Holzl (SH), and Dirk Miiller (DM). The respective
author contributions and publication/manuscript status are addressed in the following.

o Chapter 2 (Chap. 2) by Dellefant et al. (2022): “Dellefant, F., Trepmann, C.A., Gilder, S.A.,
Sleptsova, I.V., Kaliwoda, M., and Weiss, B.P. (2022) llmenite and magnetite microfabrics in
shocked gneisses from the Vredefort impact structure, South Africa. Contributions to
Mineralogy and Petrology, 5.”

FD, CT, and SG designed the study. SG and BW carried out fieldwork and sampling. FD
conducted thin section analyses with transmitted and reflected light microscopy, scanning
electron microscope (SEM), and EBSD measurements under the supervision of CT. Phase
determinations by Raman spectroscopy were carried out by FD. FD merged the data and
drafted the manuscript. All authors contributed to the interpretation and discussions. The
results were published online on the 5™ of September, 2022.



Chapter 3 (Chap. 3) by Dellefant et al. (2023): “Dellefant, F., Trepmann, C.A., Schmahl, W.W.,
Gilder, S.A., Sleptsova, 1.V., and Kaliwoda, M. (2023) limenite phase transformations in suevite
from the Ries impact structure (Germany) record evolution in pressure, temperature, and
oxygen fugacity conditions. American Mineralogist, in press.”

FD and CT designed the study. CT carried out sampling. Under the supervision of CT, FD
conducted microstructural analyses by optical microscopy with transmitted and reflected light
microscopy as well as SEM and EBSD measurements. FD carried out phase determinations by
Raman spectroscopy. DM and FD carried out electron microprobe (EMP) data acquisition. FD
merged the data and drafted the manuscript. FD, CT, WS, SG, IS, and MK contributed to the
interpretations and discussions. The results were accepted for publication on the 24™" of July,
2023.

Chapter 4 (Chap. 4) by Dellefant et al. (submitted): “Dellefant, F., Seybold, L., Trepmann, C.A.,
Gilder, S.A., Sleptsova, V., H6lzl, S., and Kaliwoda, M. - Polymict crystalline breccia in the Ries
impact structure - Emplacement of moderately shocked basement clasts during crater
excavation and subsequent mixing with weakly shocked sedimentary clasts. International
Journal of Earth Sciences.”

CT, SG, and FD designed the study. Sampling was carried out by SG, IS, FD, and CT. FD and CT
conducted microstructural analyses by transmitted light microscopy, SEM, and EBSD. Phase
determinations by Raman spectroscopy were carried out by FD. FD merged the data and
drafted the manuscript. All authors contributed to the interpretation and discussions. The
results were submitted on the 15" of August, 2023.

Chapter 5 (Chap. 5) by Trepmann et al. (2020): “Trepmann, C.A., Dellefant, F., Kaliwoda, M.,
Hess, K.U., Schmahl, W.W., and Hélzl, S. (2020) Quartz and cristobalite ballen in impact melt
rocks from the Ries impact structure, Germany, formed by dehydration of shock-generated
amorphous phases. Meteoritics and Planetary Science, 55, 2360-2374.”

CT designed the study. Under the supervision of CT, FD conducted microstructural analyses by
transmitted light microscopy and phase determination by Raman spectroscopy. CT performed
the SEM and EBSD measurements, merged the data, and drafted the manuscript. All authors
contributed to the interpretations and the manuscript. The results were published online on
the 24 of November, 2020.
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Abstract

We investigated microfabrics of shocked Archean gneisses from two, 10 m-deep drill cores located near the center of the
Vredefort impact structure in an area that is characterized by a prominent, long-wavelength negative magnetic anomaly
(<—3000 nT) together with short-wavelength, high-amplitude anomalies attributed to lightning strikes. Planar fractures and
feather features in quartz, which can be partially recrystallized, indicate shock conditions less than 20 GPa. Micrometer-sized
magnetite and ilmenite along shock-related shear fractures in quartz and feldspar emanate from adjacent deformed coarse
(> 100 pm) ilmenite and magnetite host grains. These fine-scaled veins suggest mobilization of magnetite and ilmenite dur-
ing shear deformation of host Fe-phases and adjacent silicates, probably associated with frictional heating. Coarse ilmenite
has fine-lamellar mechanical twins parallel to {lOTl} and single (0001) twins, indicative of dislocation-glide-controlled
deformation under non-isostatic stresses related to shock. A few pm-wide magnetite lamellae parallel to { 1011 } and sphe-
roidal magnetite (diameter ~10 um) within coarse ilmenite document exsolution after shock. Dauphiné twins associated
with planar features in quartz imply cooling from 650 to 725 °C after shock, which accords with estimates of pre-impact
basement temperatures from petrographic studies. The Curie temperature of magnetite is 580 °C; therefore, the central nega-
tive magnetic anomaly was produced as a thermoremanent magnetization acquired during cooling of the initially hot crust.
The long-wavelength anomaly was likely amplified by the newly created magnetite that also acquired a thermal remanence.
Although the magnetic properties of surface samples are often influenced by lightning strikes, we found no microstructural
evidence for lightning-related processes.

Keywords Shock effects - [Imenite twins - Magnetite exsolution - Magnetite and ilmenite veins - Frictional heating - Planar
fractures

Introduction

Large meteorite impacts impart rapid stress changes onto the
target rocks during shock loading and subsequent unloading;
elevated temperature conditions as well as changes in redox
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conditions prevail over longer time scales (Melosh 1989;
Migault 1998; Nesterenko 2001; Sharp and DeCarli 2006).
Upon these changes, the microstructures of the target rocks
are permanently modified. Minerals undergo phase transfor-
mation (e.g., melting, amorphization, exsolution) and defor-
mation (e.g., fracturing, twinning) on different time scales
throughout the cratering process. We refer to “shock” for all
processes that affect the target rocks during impact cratering
and to “shock effects” for the resulting microstructures. The
microstructural changes influence the magnetic properties
of ferrimagnetic minerals within impact structures, leading
to distinct km-scale magnetic field anomalies (Fig. 1) (Pilk-
ington and Grieve 1992; Scott et al. 1997; Plado et al. 1999;
Pilkington and Hildebrand 2000; Ugalde et al. 2005; Pohl
et al. 2010). However, the effect of shock pressure, shock-
generated heat, and post-shock modifications on magnetic
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Fig.1 a Simplified geological map of the Vredefort impact structure
(modified after Nel 1927 and Carporzen et al. 2012). b Sample loca-
tion (red star) in the aeromagnetic anomaly map based on data of

minerals are poorly understood (Reznik et al. 2016, 2017;
Gilder et al. 2018).

Lightning strikes can also effect magnetic minerals by
rapidly changing temperature and redox conditions (Rakov
and Uman 2003; Salminen et al. 2013). The magnetic
fields produced by lightning are typically characterized by
high Koenigsberger ratios, defined as the ratio of the natu-
ral remanent magnetization (NRM) to the magnetization
induced by Earth’s magnetic field (Koenigsberger 1938).
Furthermore, lightning-induced magnetic fields can be
characterized by ratios of the NRM divided by a saturating
isothermal remanent magnetization that approach 1 (Kletet-
schka et al. 2004). As a result, long-lived crustal magnetic
fields can be generated by lightning that extend a few m to
several tens of m, displaying gradients of up to tens of nT/m
(Sakai et al. 1998; Verrier and Rochette 2002; Appel et al.
2006; Shimizu et al. 2007).

The Vredefort impact structure is characterized by large,
km-scale (> 1000 nT) magnetic anomalies (Hargraves
1970; Hart et al. 1995; Muundjua et al. 2007; Carporzen
et al. 2012). Moreover, the surface is subjected to frequent
lightning strikes (Gijben 2012), which includes the area
northwest of the center, which possesses a km-scale nega-
tive magnetic anomaly (red star in Fig. 1) superimposed
on the short-wavelength anomalies due to lightning. Sin-
gle-domain (SD) magnetite observed within planar shock
effects in quartz from this location has been related to both
the impact shock event (Grieve et al. 1990; Hart et al. 1991;
Cloete et al. 1999) and lightning strikes (Carporzen et al.
2012). Carporzen et al. (2012) showed that samples from
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two 10 m-deep drill cores up to 100 cm below the surface
exhibit dual Verwey transition temperatures (120-130 and
90-110 K) and high remanent coercivities (= 40 mT). The
population with higher Verwey transition temperatures and
lower coercivities was ascribed to original, Archean multi-
domain (MD) magnetite, while the fraction with lower
Verwey transition temperatures and higher coercivities was
ascribed to lightning strikes. At depths below the influence
of lightning overprinting, the magnetization was inter-
preted as a thermoremanent magnetization acquired in the
geomagnetic field following impact at 2.02 Ga (Carporzen
et al. 2012).

The samples drilled within the high-amplitude anomaly
of the shocked Archean basement rocks within the Vredefort
Dome described by Carporzen et al. (2012) offer an ideal
occasion to evaluate microstructural differences within rocks
from the same locality (i.e., at similar shock conditions) to
distinguish the local influence of lightning or meteorite
impact on magnetite and ilmenite microfabrics and on the
magnetic properties, which is the aim of this study.

Geological overview

The Vredefort Dome lies in the Witwatersrand Basin, cen-
tral Kaapvaal Craton, South Africa (27° 00" S, 27° 30" E,
Fig. 1), centered approximately 120 km southwest of Johan-
nesburg. It is a deeply eroded, 80-90 km diameter structure
formed by a meteorite impact at ca. 2.02 Ga (Spray 1995;
Kamo et al. 1996; Gibson et al. 1997). A 40-50 km central
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region of Archean amphibolite- to granulite-facies migma-
titic gneiss is surrounded by a 15-20 km wide collar of late
Archaean to early Proterozoic rocks (Armstrong et al. 1991).
The oldest age estimated from the gneiss is 3.6 Ga based on
a comparison to the Barberton basement rocks (Compston
and Kroner 1988; Hart et al. 1990; de Wit et al. 1992; Zeh
et al. 2011). The upper amphibolite- to granulite-facies
metamorphism in the core region occurred at 3.09-3.07 Ga,
with the metamorphic grade increasing towards the center
of the structure, consistent with increasing levels of central
uplift during impact cratering (Hart et al. 1999, 2004; Per-
chuk et al. 2002; Lana et al. 2003, 2004; Gibson 2019). Vari-
ous migmatitic to more restitic gneisses (Hart et al. 1990;
Stepto 1990) occur, which represent variable amounts of
melt segregation, migration, and fractionation (Lana et al.
2003, 2004). Metamorphism of the surrounding lower Wit-
watersrand Supergroup sediments occurred at mid-amphi-
bolite to greenschist facies conditions and is dated to about
2.9-2.7 Ga (Armstrong et al. 1991).

The original diameter of the impact structure is estimated
to be 250-300 km based on geophysical modeling (Henkel
and Reimold 1998), remote sensing (Phillips et al. 1999),
as well as empirical relations of central uplift diameter to
rim diameter, the spatial distribution of pseudotachylyte, and
concentric large-scale structural patterns (Therriault et al.
1997). The amount of erosion is estimated to be 8—11 km
as constrained by geobarometric analyses (Gibson et al.
1998) and geophysical considerations (Henkel and Reimold
1998); McCarthy et al. (1990) estimated 5—10 km of erosion
occurred since impact based on regional stratigraphic stud-
ies. Fluid inclusions along shock-induced planar deforma-
tion features (PDFs) indicate trapping at depths of 7-15 km
(Fricke et al. 1990). Together with an assumed structural
uplift of about 3—-12 km and an erosion of 8—11 km, the
rocks exposed today in the central region were estimated to
have been at depths of about 11-23 km before the impact
(Gibson et al. 1998, 2019).

The prolonged thermal history of the exposed exhumed
deep part of the Vredefort structure has considerably modi-
fied the shock effects which obscure estimates of the pres-
sure conditions acting during impact (e.g., Schreyer and
Medenbach 1981; Fricke et al. 1990; Grieve et al. 1990;
Gibson and Reimold 2005). In the center of the dome, quartz
is largely recrystallized, where at increasing distance from
the center, the amount of recrystallized grains decreases
and new grains are aligned along strings within coarse host
grains, which are interpreted to represent annealed planar
features (Lilly 1981; Schreyer and Medenbach 1981; Fricke
et al. 1990; Grieve et al. 1990; Reimold 1990; Hart et al.
1991; Leroux et al. 1994). Microstructural evidence based
on shock effects in feldspar suggests that shock conditions
were locally very heterogeneous, with maximum shock pres-
sures in the central parts of the dome exceeding 30-35 GPa,
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and locally more than 45 GPa, decreasing to about 10 GPa
at a 20 km distance from the center (Gibson and Reimold
2005).

One of the largest known magnetic anomalies found in
a terrestrial impact structure is a km-scale ring of negative
anomalies (< — 5500 nT) surrounding the crystalline bed-
rock at Vredefort (Fig. 1). The ring has been attributed to
ferruginous shales of the Witwatersrand Group (Corner et al.
1990). Strongly negative (< — 3000 nT) anomalies exist in
the Archean basement rocks northwest of the impact struc-
ture’s center, which were probably generated due to ther-
mal overprinting when the field was in a reversed polarity
state (Hargraves 1970; Antoine et al. 1990; Muundjua et al.
2007; Carporzen et al. 2012). The lack of negative anomalies
closer to the impact structure’s center can be explained by
lithologies impoverished in magnetite and not from shock
demagnetization (Hart et al. 1995; Carporzen et al. 2005).
The rocks studied in this present contribution stem from the
“central negative anomaly” about 10 km from the center of
the structure (red star in Fig. 1).

Sampling and methods
Sampling

We investigated material from two = 10 m deep bore holes
(VRED?2 and VRED?3; Lat -26.970942° Long 27.388698°)
drilled in 2008 in an area of high-amplitude magnetic
anomalies within Archean basement rocks (Fig. 1), where a
pronounced foliation dips nearly vertical (Lana et al. 2003;
Carporzen et al. 2012). The VRED2 and VRED?3 drill cores
have diameters of 2.5 cm and lengths of 10.12 and 10.56 m,
respectively. They were acquired using a Winkie drill at two
sites located ~ 5 m apart. VRED?2 lies within a strongly
negative geomagnetic anomaly (positive inclination, down-
ward), whereas VRED3 lies in a locally strong positive geo-
magnetic anomaly (negative inclination, upward) (Carporzen
et al. 2012). Three-component magnetic field measurements
taken in a 10 m x 10 m grid at 0.55, 1.2, and 2.55 m height,
together with paleomagnetic data from samples drilled at the
same location on the surface, demonstrate that the magnetic
anomalies were produced by a lightning strike whose line-
currents travelled along the surface for>20 m (Carporzen
et al. 2012). From each core, 10 samples were selected at the
following depths below the surface:

VRED2: V2 1.f (6 cm), V2 2.5 (13 cm), V2 4.2 (33 cm),
V2 10.e (83 cm), V2 46.1 (456 cm), V2 54.1 (574 cm), V2
66.4 (770 cm), V2 69.1 (809 cm), V2 71.£ (861 cm), and V2
78.2 (1003 cm).

VRED3: V3 2.1 (5cm), V3 3.6 (15cm), V33.16 (26 cm),
V3 6.1 (87 cm), V3 34.12 (384 cm), V3 46.1 (549 cm), V3
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«Fig.2 Polarized light photomicrographs of the sampled Archean
gneisses. a Main rock-forming minerals quartz (qz), feldspar (fsp),
biotite (bt), chlorite (chl), amphibole (amp), and pyroxene (px); trans-
mitted light, crossed polarizers; sample V2 54.1 (574 cm depth). b
Magnetite (mt) and ilmenite (ilm) in reflected light; sample V2
54.1 (574 cm depth). ¢, d Feather features (FFs) with shear offset
(red double arrow) in quartz (qz). Along the shear fracture mag-
netite (mt), pyrite (py), and chalcopyrite (cp) occurs; ¢ in transmit-
ted light, crossed polarizers and d in reflected light; sample V2 4.2
(33 cm depth). e Transgranular shear fracture (red) in feldspar (fsp)
and quartz (qz). Crossed polarizers; sample V3 60.5 (659 cm depth).
f Sheared (red) ilmenite (ilm) along fracture (white arrow) within
feldspar grains. Reflected light; sample V2 4.2 (33 cm depth). g Kink
bands (yellow arrows) in biotite (bt) between quartz (qz) and feldspar
(fsp). Crossed polarizers; sample V2 1.f (6 cm depth). h Shear zone
(sz) with calcite (cal) in contact with a quartz grain (qz). Note the
feather features (FF) emanating from the phase interface. Crossed
polarizers; sample V2 78.2 (1003 cm depth)

60.5 (659 cm), V3 66.13 (769 cm), V3 67.3 (805 cm), and
V373.4 (994 cm).

Optical microscopy and universal stage
measurements

Polished, uncovered thin sections (25 um) were prepared
from all samples and investigated by polarization micros-
copy (Leica DM2700 P) using both transmitted and reflected
light. Photomicrographs were taken with a Leica MC170
HD camera and processed with the Leica Application Suite
X 3.08.19082 software. A Leitz Universal-stage (U-stage)
mounted on a Leitz optical microscope was used to deter-
mine the 3D orientation of the planar fractures (PFs) rela-
tive to the c-axis of the quartz. Uncertainty in the U-stage
measurements is estimated at +5°; undulatory extinction
in quartz crystals may increase the uncertainty. The meas-
urements are displayed in stereographic projections of the
lower hemisphere. The crystallographic orientations of the
PFs were derived by measuring the angle between the pole
to the fracture and the c-axis (Stoffler and Langenhorst 1994;
Trepmann and Spray 2005; Ferricre et al. 2009). The results
from the U-stage were compared with crystallographic ori-
entations in quartz measured by electron backscattered dif-
fraction (EBSD).

Scanning electron microscopy

Eight carbon-coated thin sections from V2 2.5 (13 cm), V2
4.2 (33 cm), V2 71.f (861 cm), V2 54.1 (574 cm), V3 2.1
(5 cm), V3 3.16 (26 cm), V3 34.12 (384 cm), and V3 60.5
(659 cm) were studied with a Hitachi SUS000 scanning
electron microscope (SEM) equipped with a field emission
gun, NordlysNano high-sensitivity EBSD detector (Oxford
Instruments), energy-dispersive X-ray spectroscopy (EDS)
detector (Oxford Instruments), and backscattered elec-
tron (BSE) detector. Full crystallographic orientation data
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were obtained from automatically indexed EBSD patterns
acquired with AZtec analysis software 4.2 (Oxford Instru-
ments). For EBSD, thin sections were chemo-mechanically
polished with a colloidal alumina suspension (Syton) to
reduce the surface damage produced from preparation. SEM
observations used accelerating voltages of 20 kV and work-
ing distances of 10-25 mm. Depending on the EBSD-pattern
quality and resolution, step sizes for automatic mapping have
been chosen between 0.5 and 2 um. We used a sample holder
tilted at 70°. EBSD data were processed by the Channel
software 5.12.74.0 (Oxford Instruments). All stereonets are
equal-angle projections of the lower hemisphere.

Raman spectroscopy

In situ Raman spectroscopy was carried out to identify the
iron-bearing phases and feldspar in fine-grained aggregates
with an HORIBA JOBIN YVON XploRa ONE micro Raman
system at the Munich Mineralogical State Collection Munich
(SNSB). The Raman spectrometer was equipped with edge
filters and a Peltier-cooled CCD detector. A 1800 g/mm
grate was used together with a green 2w-Nd:YAG laser
(532 nm) on iron-bearing phases in an attenuated mode (10%
laser power) corresponding to max. 0.9 mW on the sample
surface to avoid oxidation (Bauer et al. 2011; Kaliwoda et al.
2021), which could, for example, transform magnetite-to-
hematite, thereby leading to a false interpretation. Hole and
slit diameters were 300 and 100 um. An integration time of
2% 16 s was applied. For feldspar, the green laser was used
in attenuation mode with 100% laser power correspond-
ing to maximum 9.1 mW at the surface. Hole and slit were
set to 300 and 200 pm with counting times of 3 X 60 s. A
100 xlong working distance objective resulted in a 0.9 pm
laser spot size on the sample surface. Wavelength calibration
was performed with a pure Si wafer chip on the predominant
520+ 1 cm™! peak. The wave number reproducibility was
checked several times a day and deviations were found to be
less than 0.2 cm™; the precision in Raman peak position is

estimated at+ 1.5 cm™..

Results

We first give a general description of the shocked Archean
gneisses (Fig. 2) with shocked quartz crystals (Fig. 3) and
associated occurrences of fine-grained quartz and feldspar
aggregates (Figs. 2h, 4). We then describe ilmenite and mag-
netite deformation fabrics (Figs. 5, 6, 7, 8, 9), which is fol-
lowed by a description of ilmenite and magnetite alteration
microfabrics (Fig. 10). All observed microfabrics occur in
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Fig.3 EBSD and U-stage data of shocked quartz, sample V2 2.5
(13 cm depth). a EBSD orientation map (inverse pole figure of
z-direction), displaying aggregates of new grains (1) and new grains
along PFs (2) within a host quartz (3). b Polarized light photomicro-
graph with the indicated orientation of the two sets of PFs parallel
to (0001) and (1011). ¢ Stereographic projections (lower hemisphere)
of the PFs orientations (white) displayed in b, measured by U-stage.
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The c-axis measurements are colored red. 1, 2 Pole figures and den-
sity plots of the ¢- and a-axes and poles to r-planes of the aggregates
of new quartz and new quartz grains along PFs, respectively, stereo-
graphic projections (lower hemisphere), corresponding to the orienta-
tion map in a. 3 Pole figures of ¢- and a-axes and poles to r-planes of
the host quartz in stereographic projections (lower hemisphere), cor-
responding to the orientation map in a
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Fig.4 Polarized light photomicrographs, EDS data, and Raman
spectra of fine-grained quartz and feldspar aggregates, sample V2
71.f (861 cm depth). a, b Schlieren microstructure in contact with an
altered amphibole (amp) and recrystallized quartz (recry. qz). Image
b taken with crossed polarizers. ¢ Boundary (red) between shear zone
and quartz (qz) and plagioclase grains (plag). A and B indicate the
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Raman spots for the spectra displayed in d, whereas the white rec-
tangle indicates the area scanned by EDS analysis shown in e-h.
Crossed polarizers and lambda plate. d Raman spectra of an albite-
rich plagioclase grain (A) and the albite-rich component of the vein
matrix (B). e-h Distribution maps for K (e), Na (f), Ca (g), and Si (h)
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Fig.5 BSE images of ilmenite and magnetite microstructures. a
Ilmenite (ilm)—magnetite (sw. mt) sandwich microstructure. Note
lamellar (lam. mt) and spheroid (sph. mt) magnetite exsolutions.
The red arrow indicates ilmenite along fractures in feldspar (fsp). b
IImenite host grain (ilm) displaying intrusions composed of ilmenite
and rarely magnetite (mt), which are located within fractured feld-
spar (fsp). Image a and b taken from sample V2 4.2 (33 cm depth).

both drill cores with a frequency that does not systematically
vary with depth (Fig. 11).

Sample description

Based on polarized light and electron microscopy, the inves-
tigated rocks are medium- to coarse-grained gneisses com-
posed of 60-75% feldspar and 20-40% quartz (Fig. 2). Phyl-
losilicates occur up to 5% and consist of chlorite and biotite,
which are commonly altered to chlorite and/or anatase.
Pyroxene and amphibole are often chloritized (Fig. 2a).
Opaque phases comprise 1-5% of the rock (Fig. 2b—d):
iron/titanium oxides consist of ~70% ilmenite and ~30%
magnetite, with minor pyrite and chalcopyrite (Fig. 2c¢, d).
No hematite was identified in any sample. Anatase, calcite,
zircon, and apatite often occur in direct contact with mag-
netite and/or ilmenite.

@ Springer
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¢ Coarse magnetite (mt) associated with ilmenite (sw. ilm) sandwich
microstructure within feldspar (fsp). Magnetite and ilmenite occur
along fractures in feldspar (sample V3 60.5, 659 cm depth). The area
marked by the black rectangle is enlarged in d. d Ilmenite (ilm) and
magnetite (mt) along a fracture in feldspar (fsp). Note the straight
phase boundaries of magnetite and the rather curved ilmenite phase
boundaries

All minerals are fractured, especially quartz (Fig. 2c—e),
feldspar, and ilmenite (Fig. 2f); shear fractures show offsets
of several tens of pm (Fig. 2e, f). Biotite commonly displays
kink bands (Fig. 2a, g). Quartz shows sets of crystallographi-
cally controlled, parallel fractures with a spacing of up to a
few tens of um (Figs. 2c—e, h, 3). These so-called PFs are
well-known but non-diagnostic shock effects (Stoffler and
Langenhorst 1994; French and Koeberl 2010; Stoffler et al.
2018). On one side of such fractures, second-order, fine-
lamellar, sub-parallel fractures can emanate at high angles
(Fig. 2c¢, d, h). These so-called feather features (FFs) are also
common shock effects in quartz (Poelchau and Kenkmann
2011; Ebert et al. 2020). The central fractures of the FFs
typically show a marked shear offset of tens of um (Fig. 2c).
When coarse magnetite and ilmenite are in contact with PFs
and FFs of quartz or with fractures of feldspar, fine-grained
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magnetite and ilmenite (and more rarely pyrite and chalco-
pyrite) occur within the shock features (Fig. 2c, d).

We measured the 3D orientation of PFs and FFs using a
U-stage microscope in 18 grains from 10 samples [V2 1.f
(6cm), V22.5(13cm), V2 4.2 (33 cm), V2 46.1 (456 cm),
V2 66.4 (770 cm), V3 2.1 (5 cm), V3 3.16 (26 cm), V3
34.12 (384 cm), V3 60.5 (659 cm), and V3 73.4 (994 cm)].
Figure 3 compares the U-stage and EBSD measurements
to determine crystallographic orientations. We identified
26 sets, of which 15 were characterized as (0001) with
45 individual U-stage measurements, 9 as {IOTI} with
18 individual measurements, and one of each {2221 } and
{1152} with 2 individual measurements related to FFs.
The PFs can be bent due to internal misorientation of the
host quartz crystal (Fig. 2c, e).

About 30% of the quartz crystals are locally replaced by
new grains (<2%) aligned along crystallographic planes
parallel to (0001) and {lOTl } (Fig. 3), which are known
quartz cleavage planes (Troger 1982). About 20% of the
PFs are decorated by secondary quartz grains. Partly
recrystallized quartz in rocks from similar distances from
the impact structure’s center has been previously observed
and interpreted to represent modified planar shock effects
(e.g., Schreyer 1983; Fricke et al. 1990; Grieve et al.
1990; Reimold 1990; Leroux et al. 1994; Gibson and Rei-
mold 2005). EBSD data show a large scatter in the crys-
tallographic orientation of the new grains with a weak
maximum close to the crystallographic orientation of the
host quartz crystal, especially for the grains along PFs
(Fig. 3a).

Fine-grained pure feldspar aggregates occur together with
quartz replaced by new grains by about 50% (Figs. 2h, 4).
These recrystallized quartz grains and fine-grained feldspar
aggregates form few pm to 500 pum-wide transgranular zones.
In polarized light and SEM, the fine-grained feldspar aggre-
gates show a schlieren microstructure composed of K-feld-
spar (Or,Ab,,) and plagioclase (Ab,,An,), as indicated by
EDS (Fig. 4a—c, e-h) and Raman spectroscopy (Fig. 4c, d).
Characteristic Raman peaks identified albite Si/Al-O bonds
at284 cm™",479 cm™!, 511 cm™!, and 574 cm™!, as well as
peaks associated with Na—O and Ca—O vibrations (Mernagh
1991). The main peaks of Ab-rich plagioclase in direct con-
tact with the schlieren microstructure display similar spectra
with the main peaks at 285 cm™', 480 cm™', 508 cm™', and
570 cm™! (Fig. 4d). The fine-grained feldspar and quartz
aggregates show curved yet sharp boundaries to the neigh-
boring grains. Planar shock effects can be present within
adjacent quartz at the immediate contact with fine-grained
feldspar aggregates (Fig. 2h). Adjacent amphibole shows
cataclasis and alteration (Fig. 4a, b). These microstructures
occur in both drill cores at all depths [V2 4.2 (33 cm), V2
66.4 (770 cm), V2 69.1 (809 cm), V2 71.f (861 cm), V2
78.2 (1003 cm), V3 2.1 (5 cm), V3 60.5 (659 cm), V3 66.12
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(769 cm), V3 67.3 (805 cm), and V3 73.4 (994 cm)]. No pol-
ymineralic pseudotachylitic breccias, as described elsewhere
from the Vredefort Dome (e.g., Killick and Reimold 1990;
Dressler and Reimold 2004; Reimold and Gibson 2005,
2006; Mohr-Westheide and Reimold 2010; Reimold et al.
2016), were observed in our samples.

limenite and magnetite microfabrics

Coarse ilmenite grains can include a few tens of um wide
single magnetite layers, representing sandwich structures
(Haggerty 1991), as well as fine-lamellar or spheroidal-
shaped magnetite exsolutions of a few um (Fig. 5a, b).
Ilmenite and magnetite-filled veins emanating from the
phase boundary of the host Fe-oxide phase into adjacent
feldspar or quartz are um- to tens of um wide and become
narrower with distance from the boundary (Fig. 5a—d). In the
wider veins, magnetite typically shows straighter boundaries
compared to ilmenite, which exhibits rather smoothly curved
phase boundaries (Fig. 5d).

Coarser ilmenite is commonly twinned. A few pm to
50 pm-wide irregular lamellar twins are characterized
by boundaries parallel to {TOIZ}, a rotation axis paral-
lel to <02§1>, and a rotation angle of 86° (black lines
in Figs. 6a, 8a). Two different sets of {7012} twins are
observed. Very straight and fine-lamellar twins with bound-
aries parallel to {1011} crosscut the {1012} twins. They
are characterized by a rotation of approximately 69° about
the <1101> axis, show a small spacing of ~ 20 pm, and a
width of only few pm (red lines in Fig. 6a). The {1011}
twins crosscut the {TOIZ} twins with marked shear offset
(Fig. 6a).

Fine-lamellar magnetite exsolutions within ilmen-
ite can occur parallel to other symmetrically equivalent
{ 1011 } planes. They have a spacing of several um, a width
of ~# 1 um, and a length of ~ 5 um (Figs. 5a, 6a, 7a, b).
EBSD measurements show an epitactic relationship, where
{110} of magnetite is parallel to {1010} of the host ilmenite
and (0001) of ilmenite coincides with {111} of magnetite
(Fig. 7b, d, e). Crystallographically-controlled magnetite
exsolution lamellae show minor relative misorientation
(misorientation angles <5°) (Fig. 7b). In contrast, the crys-
tallographic orientation of exsolved spheroidal magnetite
(~ 10 pm diameter) is not controlled by the crystallographic
orientation of the host ilmenite (Fig. 7a, c, ). These spheroid
magnetite exsolutions occur preferentially along the { 1011}
twin boundaries and along grain boundaries (Fig. 7a).

An ilmenite grain with an internal misorientation of up to
30° was observed to host another type of twin with a width
of ~ 15 pm (Fig. 8a, c). This (0001) twin is characterized
by a rotation axis parallel to the c-axis and a misorienta-
tion angle of 178° (white line [e] in Fig. 8a). Within the
adjacent quartz grain, a shear fracture, which is decorated
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«Fig.6 EBSD data of deformed ilmenite (sample V2 4.2, 33 cm
depth). a Orientation map (inverse pole figure of z-direction) of two
grains (ilm a and ilm b), where two different twins (red {1012} twin
boundaries and black {1011} twin boundaries) are identified. The
numbers correspond to the respective pole figures. Note that ilmen-
ite along PFs of quartz (qz) has a similar orientation compared to
the host. Lamellar magnetite exsolutions are oriented along {1011}
planes of the ilmenite host (blue lines) plotted in 3 and 4. b Reflected
light photomicrograph of the ilmenite (ilm) and quartz (qz) grain par-
tially displayed in a. ¢ Relative misorientation angle (10°) maps for
the two grains with their misorientation reference points marked by
white Xs. 1, 2 Stereographic projections (lower hemisphere) of the
{1012} twins with rotation axes and misorientation angle (Am). The
great circles depict the orientation of the twin planes marked black in
a. 3, 4 Stereographic projections (lower hemisphere) of the {1011}
twins with rotation axes and misorientation angle (Am). The great
circle depicts the orientation of the twin planes marked red and blue
in a. 5, 6 Stereographic projections (lower hemisphere) of the (0001)
and the {1120} planes of the ilmenite host and intrusion of ilm a (5)
and ilm b (6) into quartz fractures depicted in a

by fine-grained ilmenite, is emanating in contact with the
(0001) twin in the host ilmenite (compare Fig. 8a, h).

Crystallographic orientations of ilmenite filling sin-
gle fractures in quartz are remarkably similar to those of
the coarse adjacent ilmenite grains with misorientation
angles < 10° (Figs. 5, 6a). Magnetite along single fractures
exhibits relatively homogenous crystallographic orienta-
tions (Figs. 8f, h, 9b, d). However, a systematic relationship
between the crystallographic orientations of magnetite in
different fractures within the same quartz grain is not appar-
ent (Fig. 9). No crystallographic relationship with the host
quartz grain was observed. The fractures in quartz are com-
monly parallel to Dauphiné twin boundaries, characterized
by a misorientation with a rotation of 60° around the c-axis
(Fig. 8g, 1).

Coarse-grained ilmenite in samples V2 1.f (6 cm), V2
66.4 (770 cm), V3 2.1 (5 cm), V3 3.6 (15 cm), V3 3.16
(26 cm), and V3 46.1 (549 cm) is altered when in direct
contact to partly chloritized biotite (Fig. 10a, d). Altera-
tion products are anatase inclusions of a few tens of um
in diameter (Fig. 10b, d), as identified by Raman spectros-
copy. Chlorite commonly occurs along the magnetite exso-
lution lamellae within the host ilmenite grains, indicating
that chlorite preferentially replaces magnetite (Fig. 10c, e).
Calcite occurs within the alteration products together with
anatase, chlorite, and residual ilmenite (Fig. 10d, f). Within
the alteration products, magnetite grains with diameters of
up to 15 pm can be identified, which have smoothly curved
grain boundaries compared to the irregular grain boundaries
of ilmenite and anatase (Fig. 10f).
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Discussion

Figure 11 summarizes the distribution of the observed
microfabrics in the samples from the two drill cores as a
function of depth. Here, we first discuss the shock conditions
implied by the microstructures, then the deformation, and
transformation processes of ilmenite and magnetite during
impact cratering and finally the implications for rock mag-
netism. A summary of the observed shock effects is given
in Table 1.

Deformation conditions

The PFs in quartz are dominantly parallel to (0001) and
{1011} (Figs. 2c, e, h, 3a—c, 8g, i, 9a), which are known
quartz cleavage planes (e.g., Troger 1982) and common,
albeit non-diagnostic, shock effects that represent tensile
cracking (Stoffler and Langenhorst 1994; French and Koe-
berl 2010; Stoffler et al. 2018). Shearing is indicated by
abundant shear fractures with shear offset, especially along
the central fracture of FFs (Fig. 2c). Based on the spacing
and the intrusion of Fe-phases, we interpret most of the pla-
nar features observed here as PFs. At lithologically equiva-
lent locations at Vredefort, basal PDFs, i.e., Brazil twins
parallel to (0001), were observed by transmission electron
microscopy (TEM, Leroux et al. 1994). Some fine-lamellar
(0001) planar features observed in our study (Figs. 2e, h, 3a,
b) might represent basal PDFs. However, we did not perform
TEM measurements, which would be required to resolve
their nature as Brazil twins.

Only about 20% of the PFs are decorated by secondary
quartz grains aligned along (0001) and {IOTI} cleavage
planes, yet not along other rhombohedral planes, such as
{1013} and {1012}, typical of PDFs that indicate higher
shock pressures (Langenhorst and Deutsch 1994). Gener-
ally, we observed no microstructural evidence for rhombo-
hedral PDFs, consistent with the findings that PFs and FFs
develop at lower shock conditions. However, in associa-
tion with fine-grained feldspar zones, adjacent quartz can
be replaced by up to 50% with secondary quartz (Fig. 4),
which might reflect local higher strain, i.e., higher shock
conditions consistent with heterogeneous shock conditions
on the grain scale (e.g., Gibson and Reimold 2005). Huffman
et al. (1993) and Huffman and Reimold (1996) suggested
that generally fewer PDFs might have been generated at
Vredefort given the deep crustal levels with higher ambient
temperature and pressure conditions.

Monomineralic fine-grained quartz aggregates that
replace original grains, as observed in our samples, were
previously described from similar locations (e.g., Schreyer
and Medenbach 1981; Fricke et al. 1990; Grieve et al.
1990; Gibson and Reimold, 2005). However, no larger
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Fig.7 EBSD data of sample V2 4.2 (33 cm depth). a Two different
types of magnetite grains within the ilmenite host adjacent to quartz
(qz). Magnetite grains display a spheroid (sph. mt) and a lamellar
(lam. mt) shape. The black rectangle marks the area magnified in b.
b Misorientation map of lamellar magnetite grains (color). ¢ Pole
figures and density plots of the {100}, {110}, and {111} planes/axes
of the spheroid magnetite grains in stereographic projections of the
lower hemisphere, corresponding to the orientation map in a. d Pole
figures of the {100}, {110}, and {111} planes/axes of the lamellar

scale pseudotachylitic breccias with polymineralic lithic
components documented elsewhere in the Vredefort dome
(e.g., Killick and Reimold 1990; Dressler and Reimold
2004; Reimold and Gibson 2005, 2006; Mohr-Westheide
and Reimold 2010; Reimold et al. 2016) are present in our
samples. Nor did we find high-pressure SiO, polymorphs as
described in samples within the Witwatersrand quartzites
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magnetite grains in stereographic projections of the lower hemi-
sphere, corresponding to the orientation map in b. The red circles
indicate the epitactic relationship with the ilmenite host orientation
displayed in e. e Pole figures of the {0001}, {1010}, and {1011}
planes of the host ilmenite in stereographic projections of the lower
hemisphere, corresponding to the orientation map in b. The red cir-
cles indicate the epitactic control of the lamellar magnetite orienta-
tion displayed in d

surrounding the Vredefort Dome (e.g., Martini et al. 1978,
1991, 1992). The new quartz grains are aligned parallel to
crystallographic planes, which are known quartz cleavage
planes with crystallographic orientations similar to that of
the host grain (Fig. 3a). This suggests that the newly created
quartz formed by effective strain-induced grain boundary
migration, i.e., recrystallization, along the damage zone of



Contributions to Mineralogy and Petrology (2022) 177: 88

Page130f24 88

the cracks during static annealing without the involvement
of a melt or a glass being necessary. Formation of new grains
with a similar microstructure was described in high strain-
rate deformation experiments with subsequent annealing
(“kick-and-cook” experiments of Trepmann et al. 2007), i.e.,
strings of quartz grains generated along the damage zone of
pre-existing cracks with a crystallographic orientation con-
trolled by the host quartz crystal. However, the involvement
of glass or melt cannot be ruled out given the prolonged
post-impact thermal history of the Vredefort gneisses. This
is especially true for the fine-grained aggregates replacing
pre-impact quartz grains in the center (Fig. 4b), which are
found only spatially related to fine-grained feldspar aggre-
gates with K-felspar-plagioclase schlieren (Figs. 2h, 4).
The fine-grained feldspar aggregates suggest some mobil-
ity, indicating either localized stronger cataclasis or even
“monomineralic” melting of feldspar, consistent with the
lower melting temperature and fracture toughness of feld-
spar compared to quartz (Spray 2010, Fig. 12). Therefore,
the fine-grained quartz and feldspar microstructures defining
few um to hundreds of um-wide, mm-long zones (Figs. 2h,
4), indicate that they represent localized higher strain com-
pared to the host rock. This strain localization may be due
to deformation after the passage of the shock wave dur-
ing the modification stage of impact cratering (then these
microstructures might represent cataclasites or potentially
pseudotachylytes, that involve frictional melts) or due to
deformation at high shock conditions related to the shock
wave through the mechanical contrast between feldspar and
quartz (hence, these microstructures might be called “shock
veins” that potentially involve shock melting). However, it
is impossible from our observed microstructures alone, and
lies outside the scope of our study, to distinguish the two.
For a recent review on the ongoing discussion of shock melt-
ing versus frictional melting, the reader is referred to Spray
and Biren (2021) and references therein. We, therefore, use
the term “shear zones” in the sense that the microstructures
observed here represent localized zones of increased strain
given the higher number of fine-grained aggregates when
compared to the host rock.

The observed shock effects of biotite kink bands (see
Fig. 2a, g), PFs and FFs, possible basal PDFs in quartz that
are partly decorated by recrystallized grains, and the absence
of evidence for rhombohedral PDFs in quartz, together sug-
gest our samples experienced F-S2 to F-S3 shock stages
(Stoffler et al. 2018) and between 0 and Ia shock stages
according to the IUGS system (Stoffler and Grieve 2007).
FFs have been reported to occur at shock pressures up to 18
GPa (Tada et al. 2022). Given the lack of annealed rhombo-
hedral PDFs in our samples on one hand, and considering
the general difficulty of constraining shock pressure, not to
mention its heterogeneous character, in addition to the strong
modification due to the prolonged thermal history after the
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impact, we conclude that shock conditions were < 20 GPa.
This shock level is consistent with the observations from
samples at similar positions in the Vredefort impact struc-
ture (e.g., Grieve et al. 1990; Reimold and Gibson 2005). At
these relatively low shock conditions, shock-related shear
deformation might be expected (Trepmann 2008; Ebert et al.
2020), which is consistent with the potential presence of
(0001) Brazil twins and the abundance of shear fractures.

The fact that the Dauphiné twin boundaries lie parallel to
the PFs (Fig. 8h) implies they were generated after impact,
when the fracture surfaces served as preferred sites of twin
nucleation, as observed at the Charlevoix impact structure
(Trepmann and Spray 2005). Dauphiné twins can occur
from the transformation of hexagonal f-quartz to trigonal
a-quartz, when cooled below the transition temperature of
=~ 573 °C at atmospheric pressure (Tullis 1970; Markgraaff
1986; Heaney and Veblen 1991) or = 25 °C/kbar under ele-
vated confining pressure (Coe and Paterson 1969). Assum-
ing a structural uplift of 3—12 km and an erosion of 8§—11 km
since then (Gibson et al. 1998, 2019) and a geothermal gra-
dient of 30 °C/km (Gibson and Wallmach 1995) in combi-
nation with a rock density of 2700 kg/m?, a temperature of
about 650725 °C would be required for stabilizing S-quartz.
Thus, if the observed Dauphiné twins formed during cool-
ing from f-quartz to trigonal a-quartz stability conditions,
the rocks were at temperatures above 650-725 °C during
impact cratering. These temperatures appear quite realistic,
given the high post-shock temperatures estimated to about
650-750 °C based on petrological constraints inferred from
reaction fabrics (orthopyroxene-plagioclase coronas and
cordierite-orthopyroxene symplectites) in metapelites of the
Archean basement, which were interpreted to have formed
after the impact (Perchuk et al. 2002).

Shear heating and mobilization of ilmenite
and magnetite

Several studies have observed opaque minerals in shock-
induced planar features in the Vredefort gneisses (Hart
etal. 1991, 2000; Cloete et al. 1999; Carporzen et al. 2006).
Cloete et al. (1999) suggested that they formed by crystal-
lization from a melt. Moreover, Cloete et al. (1999) found
that magnetite crystallized with its <101> sub-parallel to {1
100} of the host quartz grains as well as magnetite sub-
parallel to an orientation of <101> on the sample scale. Our
observations also show a remarkably homogeneous crystal-
lographic orientation of magnetite, but only within single
fractures, with no sub-parallel relationship of <101>, with
no control of {]_100} from the host quartz and independ-
ent of the magnetite in other fractures within the same host
quartz grain (Figs 8f—i, 9). The crystallographic orientation
of ilmenite within PFs of quartz seems to be controlled by
the host ilmenite orientation from which the veins emanate,
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and not by the crystallographic orientation of the silicate
phase (Figs. 6a, 8a). We suggest that shear heating during
shock-related deformation at non-isostatic stresses of both
the host Fe-phase and the adjacent silicates (Fig. 8a, g)
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played a major role in mobilizing ilmenite and magnetite,
as well as chalcopyrite and pyrite, to intrude shear fractures
within quartz and feldspar. Depending on the composition
and eutectic temperature, shear heating can partially or
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«Fig.8 EBSD data of sample V3 2.1 (5 cm depth). a Misorientation
map of an ilmenite grain (ilm) with two different twins (white lines)
corresponding to d and e as well as associated ilmenite (white arrow)
within PFs of quartz (qz). Note that the localized zone of increased
misorientation in ilmenite related to the (0001) twin (red) is spa-
tially related to shear fractures within the adjacent quartz, which are
decorated by ilmenite. b Pole figures of the c-plane, as well as the
a- and r-axes of ilmenite in stereographic projections of the lower
hemisphere, corresponding (colored) to the misorientation map in a.
¢ Misorientation angle distribution of the misorientation map in a.
d, e Stereographic projections (lower hemisphere) of the {1012} and
(0001) twins with rotation axes and misorientation angle (Am). The
great circles depict the orientation of the twin planes marked white
in a. f EBSD orientation map (inverse pole figure of z-direction)
of magnetite (mt) within an ilmenite grain (ilm) and within PFs of
quartz (qz). The black rectangle indicates the data area of h. g EBSD
orientation map (inverse pole figure of z-direction) of a quartz grain
(qz) displaying a Dauphiné twin relationship (blue and green) as well
as shear offsets (white double arrows) along PFs. h Pole figures of
the {100}, {110}, and {111} planes/axes of magnetite along PFs of
quartz in stereographic projections of the lower hemisphere, corre-
sponding to the orientation map in f. i Pole figures of the c-plane, as
well as the a- and r-axes of quartz in stereographic projections of the
lower hemisphere, corresponding to the orientation map in g

completely melt/breakdown chalcopyrite, pyrite, ilmenite,
and magnetite (Nakamura et al. 2002) and thus strongly
influence their mobility. Opaque minerals have not been
observed along phase or grain boundaries, but exclusively
along PFs in quartz commonly associated with shear off-
sets (Figs. 2c, d, 8) as well as along shear fractures within
feldspar. The crystallographic continuity with the source
Fe-bearing phase might be explained by epitactic crystal-
lization in the vein, where the host phase acted as a substrate
that dictated the crystallographic orientation of the newly
precipitated phase.

The two main controlling factors of frictional melting
are the melting point/breakdown temperature (7y;z) of the
respective phases as well as their fracture toughness (K)
(Fig. 12) (Spray 1992, 2010). In relation to their melting
point and fracture toughness, Spray (2010) suggested a hier-
archy in the response to comminution (grain size reduction)
and frictional melting of minerals. Feldspar, pyrite, mag-
netite, and quartz show increasing values of fracture tough-
ness and melting/breakdown temperatures (Fig. 12), which
leads to a decreasing tendency of the respective phases to
fracture or melt. Those mechanical properties appear to cor-
relate with the microstructures of pyrite (Figs. 2d, 9b) and
magnetite (Figs. 2d, 5, 8f, 9b) along the fractures in quartz
and feldspar. Magnetite has the highest fracture toughness
and melting temperature among the iron-bearing phases
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and preferentially displays brittle fracturing. Ilmenite, on
the other hand, displays smoothly curved phase boundaries
(Fig. 5) and, in general, appears more often within fractures
of adjacent silicate phases. Therefore, its mobility might be
explained by the lower melting point (Eriksson and Pelton
1993) in combination with a lower fracture toughness in
relation to magnetite.

limenite twinning

Twins parallel to {IOTZ} are common in ilmenite (Minkin
and Chao 1971; Frick 1973; Reynolds 1984). The tens of um
wide {1072} twins with irregular boundaries indicate that
they were modified by twin boundary migration. We, there-
fore, interpret them as pre-shock deformation structures.
The fine-lamellar { 1011} twins offset and thus postdate the
{10?2} twins (Fig. 6). They show very straight boundaries
and can be wedge-shaped, indicating that they are mechani-
cal twins. Mechanical twinning is a crystal-plastic deforma-
tion mechanism at non-isostatic stresses, involving disloca-
tion glide, which does not require diffusion and is thus fast
and not thermally controlled. The (0001) single twin, which
shows irregular boundaries, is related to a site of high strain
as indicated by misorientation angles and spatially related to
shear fractures decorated by ilmenite in the adjacent quartz
(Fig. 8). Deformation-induced {IOTI} twins have been
reported in natural samples and from experiments at con-
fining pressures of 1.3 GPa with applied differential stress
of 0.75 GPa and a strain rate of 10™%s at 25 °C (Minkin
and Chao 1971). Twin planes parallel {1011} and (0001) in
ilmenite were reported from shock experiments as well as
in ilmenite from lunar rocks (Minkin and Chao 1971; Sclar
et al. 1973). Therefore, we interpret the {lOTl} and (0001)
twins to be related to the high strain rate deformation at
non-isostatic stress conditions related to meteorite impact-
ing, consistent with the quartz and feldspar microstructures.

Exsolution of magnetite within ilmenite

In contrast to twinning, exsolution requires diffusion. The
magnetite exsolution lamellae, as well as the twins parallel
to { 1011 } planes of ilmenite, crosscut and offset the { 10T2}
twins (Fig. 6a) and thus postdate the {1012} twins. Exsolved
magnetite in ilmenite occurred during subsolidus re-equili-
bration from slow cooling (Buddington and Lindsley 1964;
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Fig.9 EBSD and U-stage data of sample V3 34.12 (384 cm depth).
a EBSD orientation map (inverse pole figure of z-direction) of a
quartz grain (qz) displaying Dauphiné twins (yellow and violet) as
well as PFs oriented along (0001) and {1011}. b EBSD orientation
map (inverse pole figure of z-direction) of magnetite (mt) along PFs
of quartz (qz). Note that magnetite shows distinct orientations in the
different PFs. The occurrence of pyrite is indicated in white. ¢ Pole

Tan et al. 2016). It has also been described to form during
cooling after meteorite shock events (Sclar et al. 1973). The
temperatures required to exsolve magnetite from ilmenite
must have been higher than the ilmenite—hematite misci-
bility gap at 600-700 °C; otherwise, hematite would be
expected to have formed (Lindsley 1991; Harrison 2000).
Epitactic relations of magnetite exsolution in ilmenite
are related to the densely packed oxygen planes of mag-
netite and ilmenite (Wenk et al. 2011; Tan et al. 2016). We
observed an epitactic relation only for those magnetite exso-
lution lamellae that were controlled in shape and occurrence
by the ilmenite {IOTI} planes (Fig. 7b, d, e). There, the
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figures of (0001), {1100}, and {1011} with PF great circles of the
host quartz in stereographic projections of the lower hemisphere,
corresponding to the orientation map in a. d Pole figures of {100},
{110}, and {111} of magnetite along PFs of quartz in stereographic
projections of the lower hemisphere, corresponding to the orientation
map in b

magnetite {110} planes parallel the {1010} planes of the
host ilmenite (Fig. 7d, e). In contrast, spheroidal magnetite
exsolutions show neither shape nor crystallographic orienta-
tion that are controlled by the crystallography of the ilmen-
ite host. However, the spheroid magnetite exsolutions occur
preferentially along the {1011} twins and grain boundaries,
indicating heterogeneous nucleation at sites of increased
disorder that facilitated diffusion. The magnetite exsolution
lamellae in ilmenite crosscut the pre-shock {1012} twins
and are associated with the fine-lamellar {1011} twins that
are interpreted as having been shock-induced. Therefore,



Contributions to Mineralogy and Petrology (2022) 177: 88

Page170f24 88

Fig. 10 Altered ilmenite. a, b Altered ilmenite in direct contact with
chloritized biotite (bt/chl) and feldspar (fsp). The alteration fronts are
displayed by red lines and separate the alteration products consisting
of anatase and chlorite (ant+chl) from the residual ilmenite (ilm).
Note the feldspar grain (white arrow) in between an ilmenite and a
chloritized biotite. Few pm-sized anatase grains also occur within
biotite/chlorite. The black rectangle indicates the image of d. Image
a taken with transmitted light and image b taken with reflected light.
¢ Magnetite exsolution (mt) within the host ilmenite (ilm) replaced by
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chlorite (chl). BSE image. d Altered ilmenite, where residual ilmen-
ite (ilm) with magnetite exsolutions (mt) occurs in direct contact with
chlorite (chl), which locally reacted to anatase (ant). Calcite (cal) is
also observed. The red line displays the alteration front. BSE image.
e Phase map based on EDS data displaying image section of ¢ with
ilmenite (ilm), magnetite (mt), chlorite (chl), biotite (bt), and quartz
(qz). f Phase map based on EDS data showing a reaction microfabric
of altered ilmenite consisting now of anatase (ant), calcite (cal), chlo-
rite (chl), and magnetite (mt)
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Fig. 11 Summary of microstructural observations of samples from
the VRED2 (V2) and VRED3 (V3) drill cores versus magnetic prop-
erties reported for the same material by Carporzen et al. (2012). Fe-
phase-bearing veins in shear fractured feldspar and quartz occur at all
depths. a Samples of drill cores V2 and V3 displaying ilmenite altera-
tions (green) and shear zones (blue). Note that samples V2 66.4 and
V3 2.1 contain both ilmenite alterations and shear zones. b Remanent

coercivity H, and median demagnetizing field (MDF) summarized
for both drill cores. Datapoints in black adopted from Carporzen et al.
(2012). ¢ High- and low-temperature Verwey transitions (HT-Tv;
LT-Tv) summarized for both drill cores. Vertical dashed line at 124 K
displays the Verwey transition temperature for pure stoichiometric
magnetite. b, ¢ after Carporzen et al. (2012)

Table 1 Summary of the observed shock effects in different components

Mineral Shock effect Figure references

Ilmenite {1011}/(0001) twin Figs. 6, 8a—c
um-scale veins along PFs and FFs within quartz and shear fractures in feldspar Figs. 5, 6, 8a
Alteration to anatase, chlorite, calcite, and magnetite Figs. 10, 11

Magnetite Lamellar and spheroid exsolutions within coarse ilmenite Figs. 5a, b, 7, 10c—e
um-scale intrusions PFs within quartz and fractures within feldspar Figs. 2d, 5, 8f, 9b

Quartz PFs/FFs Figs. 2c,e.h, 3a—
Dauphiné twin Figs. 8g, 9a
Partially recrystallized Fig. 3

Biotite Kink bands Fig. 2a, g

Pyrite/Chalcopyrite um-scale intrusions in PFs of quartz and fractures of feldspar Figs. 2d, 9b

Feldspar Fine-grained schlieren structure associated with recrystallized quartz in shear zones Figs. 2h, 4, 11
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Fig. 12 Melting/breakdown 25
temperature Ty of selected
mineral phases with their
respective fracture toughness

K (Rankin 1915; Morey and
Bowen 1922; Shimada 1969;
Eriksson and Pelton 1993;
Galwey and Brown 1999;
Tromans and Meech 2002;
Broz et al. 2006; Whitney et al.
2007; Spray 2010; Deer et al.
2013). The fracture toughness
of chalcopyrite and ilmenite
(blue) was roughly estimated
by the authors based on the
observations of the investigated
microfabrics of this study
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the magnetite within the lamellae likely crystallized during
cooling after impact.

Iimenite alteration

Samples V2 1.f (6 cm), V2 66.4 (770 cm), V3 2.1 (5 cm),
V3 3.6 (15 cm), V3 3.16 (26 cm), and V3 46.1 (549 cm)
contain altered ilmenite and magnetite. Chlorite is formed
at the expense of biotite and magnetite; ilmenite is partially
transformed into the Ti-phase anatase. Chloritized biotite
throughout the drill core often contains a few pm-sized
anatase grains (Fig. 10b, d, f), which might represent
alteration products. Ilmenite can be largely replaced by a
mineral assemblage of anatase, chlorite, calcite, ilmenite,
and small magnetite grains—the latter occur primarily in
contact with calcite, chlorite, and anatase. The observation
that magnetite exsolutions within an ilmenite host are only
replaced by chlorite when in direct contact with altered
biotite (Fig. 10a—d), but not in contact with feldspar, indi-
cates that fluid availability, and hence alteration, depended
on being in direct contact with water-bearing minerals.

Implications for magnetic properties

An important starting point of this study was to disentangle
Fe-oxide microstructures that are related to shock effects
from the meteorite impact event from those that might
have been related to lightning. We did not find evidence for
lightning-generated microstructures in the uppermost meter
of either core. Carporzen et al. (2012) suggested, based on
high coercivities (>30 mT) and low Verwey transition tem-
peratures (Fig. 11), that oxidized, SD magnetite (< 100 nm)
formed from the lightning strikes at the surface. However,
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such small grain sizes are below the resolution of the analyti-
cal techniques we used.

Salminen et al. (2009) found that granophyre and pseu-
dotachylitic breccia from Vredefort samples contain a few
um-sized and a second > 50 pum-sized altered generation of
a magnetic phase with high Koenigsberger ratios. They sug-
gested that the high Koenigsberger ratios could be related
to high temperatures of the rocks that were uplifted due to
the Vredefort impact. Nakamura et al. (2010) argued that
Fe-oxides within chloritized biotite largely contribute to
the magnetic remanence at Vredefort. Granophyre dikes or
polymineralic pseudotachylitic breccia, however, are not
present in our samples. Although altered biotite and ilmen-
ite are common in our samples (V2 66.4, 770 cm and V3
46.1, 549 cm), the few pm-sized opaque minerals within
(altered) biotite and chlorite in our samples were mostly
anatase (Fig. 10b). Given the occurrence of multiple genera-
tions of magnetite at all depths in the drill core (Fig. 10), we
cannot associate specific magnetite populations as principal
contributors to the negative magnetic anomaly.

The temperature of the drilled samples prior to impact is
an important factor to explain the magnetic remanence of the
host rocks. As discussed above, the temperature of the pre-
impact basement (650-725 °C) was higher than the Curie
temperature of magnetite (580 °C), as already suggested by
Henkel and Reimold (2002) and Salminen et al. (2009). Any
additional temperature from impact (i.e., shock heating) can-
not be distinguished from the thermal remanence recorded
by different magnetite populations. Hence, one should not
use the term shock remanent magnetization to describe the
thermal remanences in the central region of the Vredefort
impact structure.
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Two types of magnetite exsolutions within ilmenite
formed, related to preceding crystal-plastic deformation
probably associated with frictional heating during impact
cratering (Fig. 7b, d, e). Both the randomly oriented spheroid
exsolutions as well as the crystallographically controlled
lamellar exsolutions likely increase the thermal remanent
magnetization of the host rock.

Fracturing of coarse magnetite leads to grain size reduc-
tion and potentially a transition from MD to SD magnetite,
thereby enhancing the remanent magnetization and coerciv-
ity. As shown by Carporzen et al. (2006), locally enriched
fine-grained magnetite, like that in polymineralic pseudo-
tachylyte formed during impact cratering, can display Ver-
wey transition temperatures ranging from 94 and 111 K.
Based on our observations, both investigated drill cores
contain fine-grained (albeit almost monomineralic quartz
aggregates and feldspar aggregates) shear zones within the
top 100 cm, and also below 6 m (Fig. 11). The occurrence of
two Verwey transition temperatures within the top 100 cm
might therefore arise from pre-impact coarse-grained mag-
netite with high Verwey transition temperatures (=~ 124 K)
and potentially newly formed, fine-grained magnetite with
low Verwey transition temperatures (94—111 K), which,
however, are below the resolution limit of the SEM as they
are skewed toward SD sizes, roughly less than a few 100 nm.

It seems possible that samples collected as a function of
distance from the center should reveal systematic differ-
ences in remanent magnetization. Approaching the paleo-
surface (i.e., toward the sediments), the pre-impact basement
temperature should have been below the Curie temperature
of magnetite, so the original magnetite there should have
different remanence characteristics than the thermorema-
nent magnetization acquired around 2.02 Ga. This could
explain the lack of high-amplitude negative anomalies in
the amphibolite facies aureole (Fig. 1). Carporzen (2003;
2006) tried to test this, but the lightning-induced compo-
nent overprinted the 2.02 Ga (or older) remanence, because
the samples were collected on the surface. To observe an
influence on the remanence characteristics, one should use
the Winkie-drill approach (Carporzen et al. 2012) to obtain
lightning-free material along a radial transect approaching
the paleo-surface.

Conclusions and summary

The studied Archean gneisses from the Vredefort impact
structure reveal shock-related deformation of Fe-phases and
silicates at non-isostatic stress conditions. The observed
PFs and FFs in quartz, which is partially recrystallized, as
well as kink bands in biotite, and the abundant shear frac-
tures and shear zones, together with the lack of evidence
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for rhombohedral PDFs, indicate that shock pressures were
less than 20 GPa. Our documented impact-related shock
effects in Fe-bearing minerals at these shock conditions are
as follows:

1. Mechanical (0001) and {IOTI} twins in coarse pre-
impact ilmenite indicate shock-related dislocation glide-
controlled deformation (no diffusion required) at non-
isostatic stresses.

Upon cooling after shock heating, crystallographically-
controlled lamellar magnetite (& 5 X 1 pm) and sphe-
roid magnetite (~ 10 pm) formed by exsolution within
ilmenite. The lamellar magnetite exsolutions are parallel
{1011} of the host ilmenite. The spheroidal magnetite
exsolutions occur at sites of increased disorder, e.g.,
along grain boundaries and phase boundaries, aside
from twin boundaries, that facilitated diffusion.
Shock-related shear deformation and resulting frictional
heating of pre-impact magnetite and ilmenite resulted
in mobilization of Fe-bearing phases such as ilmenite,
magnetite, pyrite, and chalcopyrite, including injection
into shear fractures of adjacent quartz and feldspar.
The crystallographic orientation of ilmenite within frac-
tures of quartz and feldspar is controlled by an epitactic
relationship with the host ilmenite.

Comparing ilmenite and magnetite along shear fractures
in quartz and feldspar, magnetite appears to be more
effectively deformed by cataclasis, whereas pre-impact
ilmenite deforms by crystal-plastic deformation (i.e.,
twinning, dislocation glide), consistent with the rela-
tively higher fracture toughness and melting point of
magnetite.

The implications of the magnetic properties are:

1. Impact related fracturing of coarse-grained magnetite
likely increased the remanence carrying capacity of the
existing MD magnetite as found in laboratory experi-
ments (Carporzen and Gilder 2010). This, together with
the newly formed fine-grained magnetite exsolutions
within ilmenite, increases the remanent magnetization
of the host rock and contributes to the strong, negative
magnetic km-scale anomaly northwest of the impact
structure’s center.

Quartz Dauphiné twins restricted to PFs imply temper-
atures around 650-725 °C (given the assumed paleo-
depth of 11-23 km) during impact cratering and are
therefore higher than the Curie temperature of magnetite
(580 °C). Therefore, the paleomagnetic remanence is
best explained by impact-related uplifting of the initially
hot material and cooling in the magnetic field direction
present during the Vredefort impact.
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No lightning-related microfabric or magnetic phase
could be identified within the top 100 cm of the drill
core, although magnetic properties suggest a strong
influence. Those grains likely reside in the SD grain size
range (< 100 nm) below the resolution of the SEM.
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Abstract Aggregates of ilmenite with varying amounts of rutile, ferropseudobrookite, and
pseudorutile in suevites from the Ries impact structure have been analyzed by light microscopy,
analytical scanning electron microscopy, electron microscope analysis, and Raman spectroscopy to
constrain their formation conditions. The 10s-100s um aggregates comprise isometric ilmenite grains
up to 15 um in diameter that form a foam structure (i.e., smoothly curved grain boundaries and 120°
angles at triple junctions). Grains with foam structure show no internal misorientations, indicating a
post-impact formation. In contrast, ilmenite grains with internal misorientation occurring in the core
of the aggregates are interpreted as shocked remnant ilmenite originating from the target gneisses.
They can contain twin lamellae that share a common {1120} plane with the host and the c-axis is
oriented at an angle of 109° to that of the host. Similarly, the new grains with foam structure display
up to three orientation domains, sharing one common {1120} plane for each pair of domains and c-
axes at angles of 109° and 99°, respectively. This systematic orientation relationship likely reflects a
cubic supersymmetry resulting from the transformation of the initial ilmenite upon shock (>16 GPa)
to a transient perovskite-type high-pressure phase (liuite), subsequent retrograde transformation to
the polymorph wangdaodeite, and then back-transformation to ilmenite. Whereas the new grains
with foam structure formed from complete transformation, the twin domains in the shocked ilmenite
are interpreted to represent only partial transformation. Ferropseudobrookite occurs mostly near the
rim of the aggregates. An intergrowth of ferropseudobrookite, ilmenite, and rutile as well as magnetite
or rarely armalcolite occurs at contact with the (devitrified) matrix. The presence of
ferropseudobrookite indicates high temperature (>1140°C) and reducing conditions. The surrounding
matrix provided Mg* to form the ferropseudobrookite-armalcolite solid solution. Rutile can occur
within the aggregates and/or along the ilmenite boundaries; it is interpreted to have formed together
with iron during the decomposition of ilmenite at lower temperatures (850°-1050°C). We suggest
magnetite in the rims formed by electrochemical gradients driven by the presence of a reducing agent,
where Fe?* within ilmenite diffused towards the rim. Subsequent cooling under oxidizing conditions
led to the formation of magnetite from the iron-enriched rim as well as pseudorutile around ilmenite
grains.

Our study demonstrates that the specific crystallographic relationships of ilmenite grains with foam
structure indicate a back-transformation from high (shock) pressures >16 GPa; moreover, the
presence of associated Fe-Ti oxides helps indicate local temperature and oxygen fugacity conditions.
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Introduction

lImenite (Fe?*TiOs) is a common Fe-Ti-bearing opaque mineral in magmatic and metamorphic rocks.
Its deformation and transformation to ferrimagnetic phases during impact cratering can change the
magnetic properties of impactites (e.g., El Goresy 1964; El Goresy et al. 2010; Dellefant et al. 2022),
which in turn can result in large-scale magnetic anomalies in impact structures (Pilkington and Grieve
1992; Scott et al. 1997; Plado et al. 1999; Pilkington and Hildebrand 2000; Ugalde et al. 2005; Pohl et
al. 2010). Heating of ilmenite under oxidizing conditions leads to the formation of hematite (Fe,0s3),
rutile (TiO,), and nFe;03 x nTiO,; from 500°-800°C, whereas a complete transformation of ilmenite to
pseudobrookite (Fe,TiOs) occurs at temperatures above 800°C (Fu et al. 2010). Pseudorutile
(Fe3*,Tiz09) forms as a transitional phase from ilmenite alteration towards rutile (Teufer and Temple
1966), commonly observed under high oxygen fugacity and below 700°C (Gupta et al. 1991) in
combination with iron removal by a leaching agent, such as water, along grain boundaries (Micke and
Bhadra Chaudhuri 1991) and/or structural discontinuities within the grain (Temple 1966; Grey and
Reid 1975).

Under reducing conditions, ilmenite dissociates to elemental iron and rutile at temperatures ranging
from 850° to 1050°C (Taylor et al. 1972) and forms ferropseudobrookite (Fe?'Ti,Os) at >1140°C
(Lindsley 1965; Keil et al. 1970; Tuthill and Sato 1970; Sargeant et al. 2020), which is mostly found in
extraterrestrial material (Keil et al. 1970; Fujimaki et al. 1981). Armalcolite [(Fe?*,Mg)Ti»Os] can be
formed from ferropseudobrookite when part of Fe?* is substituted by Mg?* (Anderson et al. 1970).
High-temperature experiments with reducing agents can produce a rim of pure iron around ilmenite
grains (Gupta et al. 1990; Zhao and Shadman 1990) with various amounts of rutile, ilmenite, and
elemental iron (Gupta et al. 1990; Kucukkaragoz and Eric 2006; Sargeant et al. 2020). IImenite is
reduced with carbon in an argon atmosphere at 1000°C, resulting in Ti-oxides and finely distributed
iron within the core and a rim of metallic iron (Gupta et al. 1990), as well as in veinlets of Ti-oxides
within the grain as similarly reported by H;-reduced ilmenites (Sargeant et al. 2020). Experiments of
synthetic ilmenite under reducing conditions with CO between 900 and 1100°C resulted in a core of
ilmenite encompassed by an inner rim of rutile and an outer rim of pure iron (Zhao and Shadman
1990). The formation of the iron-enriched rim is attributed to the migration of iron to the grain
boundaries (Zhao and Shadman 1990; Kucukkaragoz and Eric 2006), whereas finely distributed iron
within the grain is interpreted by a movement of a reducing agent into and out of the grain (Li et al.
2012; Dang et al. 2015; Sargeant et al. 2020).

Liu (1975) described a high-pressure phase transition of ilmenite to an orthorhombic perovskite
structure at 14 GPa at 1400-1800°C based on X-ray diffraction data. Furthermore, Leinenweber et al.
(1991) documented an unquenchable, high-pressure polymorph of ilmenite with a perovskite
structure forming at 16 GPa and =27°C using a diamond-anvil cell and in-situ powder diffraction. Upon
decompression, the high-pressure phase transformed into a meta-stable FeTiOs phase with a lithium
niobate structure (Mehta et al. 1994). Further studies documented these high-pressure phase
transitions as a function of temperature [7-10 GPa at 1327-1527°C (Mehta et al. 1994); 10-20 GPa at
=400°C (Ming et al. 2006); 20-30GPa at =1337°C (Nishio-Hamane et al. 2012)]. The orthorhombic
perovskite-type FeTiOs; phase named liuite was reported by Ma and Tschauner (2018) from the
Shergotty martian meteorite. Xie et al. (2020) described a natural occurrence of the lithium niobate-
type FeTiO3 named wangdaodeite from the Suizhou L6 chondrite. Wangdaodeite was reported for the
first time in terrestrial rocks from Zipplingen in the Ries impact structure by Tschauner et al. (2020).
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Further shock experiments with pressures ranging from 23 to 53 GPa reported quenchable
orthorhombic Fe,TiO4 (Hashishin et al. 2014), Fe,TiO4 (Ca;TiOs-Type) + TiO, and wistite (FeO) + TiO,
(Nishio-Hamane et al. 2012), wistite and orthorhombic FeTisO7 (Nishio-Hamane et al. 2010), as well
as Fe15TisO and Fe1.sTiz-505 (Wu et al. 2009). Based on hybrid-density functional modelling, Wilson et
al. (2005) predicted a phase transition of FeTiO3; above 65 GPa to TiO; (cotunnite) + FeO (wdstite).

Studies of ilmenite shock effects in ilmenite from natural impactites, however, are relatively scarce
(Minkin and Chao 1971; Sclar et al. 1973; Syono et al. 1981; Tschauner et al. 2020; Dellefant et al.
2022). This study aims to shed light on the potential of iimenite as a recorder of temperature, pressure,
and oxygen fugacity conditions in impactites based on microfabric and phase relation analyses. To this
aim, we investigated 35 ilmenite aggregates within suevites from the Ries impact structure (Zipplingen
and Aumihle) with optical light microscopy (transmitted and reflected), Raman spectroscopy, and
scanning electron microscopy (SEM) in combination with electron backscatter diffraction (EBSD), as
well as electron microprobe (EMP) measurements.

Geological overview

The =26 km diameter Ries impact structure formed about 14.8 Ma ago (Rocholl et al. 2017, 2018;
Schmieder et al. 2018a, 2018b; Schwarz et al. 2020; Di Vincenzo 2022). The Ries impactor hit a 600-
700 m thick, sedimentary layer of limestones, shales, and sandstones that overlay Variscan basement
(Bolten and Miiller 1969; Pohl et al. 1977) mainly composed of various paragneisses, amphibolites,
and metagranites (Schmidt-Kaler 1969; Pohl et al. 1977; Hiittner and Schmidt-Kaler 1999; Stoffler et
al. 2013). The Ries structure can be divided into the inner crater, the inner wall [being presumably the
rim of the primary inner crater, (Wiinnemann et al. 2005)], the megablock zone, and the outer crater
rim (Stoffler et al. 2013). Suevite constitutes the most important ejecta blanket that contains polymict
impact breccia bearing both lithic clasts and cogenetic melt particles (Stoffler and Grieve 2007; Stoffler
et al. 2013). On a microscopic scale, (devitrified) glass represents a heterogeneous distribution of
incompletely mixed melts of different compositions interspersed with vesicles indicating gas phases
(von Engelhardt et al. 1995). Based on the occurrence of high-temperature phases such as baddeleyite
+ Si0; formed from zircon, fused SiO, formed from quartz, or pseudobrookite and rutile formed from
ilmenite (El Goresy and Chao 1976), von Engelhardt et al. (1995) suggested the initial melt
temperature exceeded 2000°C. Glass fragments in suevites were reported to contain ilmenite with
accompanying rutile, magnetite, and pseudobrookite (EI Goresy 1964), as well as armalcolite and
polycrystalline ilmenite (El Goresy and Chao 1976).

Here, we studied ilmenite aggregates in suevite from a small outcrop between the outer and inner
ring in the northwestern part of the Ries impact structure, close to the village of Zipplingen (sample
CT8274a, Lat 48.92615°, Long 10.40889°) and in a shocked gneiss clast within suevite sampled close to
the contact of the underlying bunte breccia in the Aumihle quarry at the northeastern rim of the
structure (sample R20-16A, Lat 48.97151°, Long 10.62908°).

35



Methods

Uncovered and polished thin sections (25 um) were prepared from the samples and investigated by
polarization microscopy (Leica DM2700 P) using both reflected and transmitted light.
Photomicrographs were taken with a Leica MC170 HD camera and processed with the Leica
Application Suite X 3.08.19082 software.

In-situ micro-Raman spectroscopy was carried out at the Mineralogical State Collection Munich (SNSB)
to identify the iron-bearing phases with a HORIBA JOBIN YVON XploRa ONE system. The Raman
spectrometer is equipped with a Peltier-cooled CCD detector and edge filters. An 1800g/mm grating
was used in combination with a 532 nm 2w-Nd:YAG laser on iron-bearing phases in an attenuated
mode (10% laser power) corresponding to max. 0.9 mW on the sample surface to avoid oxidation
(Bauer et al. 2011; Kaliwoda et al. 2021), which could transform magnetite to hematite thereby leading
to a false phase determination. Hole and slit diameters were 300 um and 100 um, respectively, using
an integration time of 2 x 16 s. On the sample surface, a 100x long working distance objective resulted
in a 0.9 um laser spot size. Wavelength calibration was conducted with a pure Si-wafer chip on the
predominant 520+1 cm™ peak. The precision in the Raman peak position is estimated at +1.5 cm™.

The samples were studied with a Hitachi SU5000 SEM, equipped with a NordlysNano high-sensitivity
EBSD detector (Oxford Instruments), energy-dispersive X-ray spectroscopy (EDS) detector (Oxford
Instruments), field emission gun, as well as backscattered electron (BSE) and secondary electron (SE)
detectors at the Department for Earth and Environmental Sciences, LMU Munich. Thin sections were
chemo-mechanically polished with a colloidal silicon suspension (Syton) for EBSD to reduce the surface
damage produced from preparation. SEM observations used accelerating voltages of 20 kV and a
working distance ranging from 10 to 25 mm. The sample holder was tilted at 70° with respect to the
electron beam. EBSD patterns were acquired and automatically indexed with the AZtec analysis
software 4.2 (Oxford Instruments). Step sizes for automatic mapping were between 0.5 pm and 2 um,
depending on the resolution and the desired EBSD-pattern quality. EBSD data were processed by the
Channel software 5.12.74.0 (Oxford Instruments). The inferred different crystallographic orientations
were analyzed by characterizing the smallest angle required to rotate one orientation into another,
i.e., by the misorientation angle and the misorientation axis [e.g., Wheeler et al. (2001)]. Grains are
detected by a misorientation angle threshold of 10°. Stereograms in the proceeding figures are equal-
angle projections of the lower hemisphere with viewing directions identical to the EBSD map.

The chemical compositions of ilmenite, ferropseudobrookite, armalcolite, rutile, and pseudorutile
were measured using a Cameca SX-100 electron microprobe (EMP) at the Department for Earth and
Environmental Sciences, LMU Munich. As measurement conditions, 15 kV accelerating voltage, 40 nA
sample current, and a focused beam were applied. Calibration was performed using silicate and oxide
standards: periclase (Mg), albite (Na), bustamite (Mn), Fe,0s; (Fe), wollastonite (Ca, Si), rutile (Ti), and
orthoclase (K, Al).

Results
Sample description

The investigated suevite sample from Zipplingen (CT827a) consists of =85% (devitrified) glass, in which
roundish to elongate aggregates of Fe-Ti-oxides with a long axis of 10s to 100s of um are
homogeneously distributed (Fig. 1a, b). The aggregates consist mostly of ilmenite with various
amounts of rutile, ferropseudobrookite, and sphene. Magnetite occurs as pm-sized grains dispersed
in the matrix and often occurs as a rim around the Fe-Ti-oxide aggregates (Fig. 1a). Calcite grains
(=15%) can have (devitrified) glass as inclusions (Fig. 1b, yellow arrows) and calcite can be included in
(devitrified) glass (Fig. 1b, orange arrows). Irregular phase boundaries of calcite are concave with
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respect to the glass matrix, where the sharp point of the cusps of the silicate glass-calcite phase
boundary points towards the silicate glass (Fig. 1b).

Sample R20-16A from the Aumihle quarry can macroscopically be recognized as a gneiss clast within
suevite by its lighter color and foliation. In polarized light, it is characterized by a cryptocrystalline
matrix with <10% vesicles (Fig. 1c, d). Elongate ilmenite aggregates with a long axis of several 10s to
100s of um, as well as secondary hematite, occur homogeneously distributed in the matrix (Fig. 1c).
Minerals in the gneiss clast were almost completely amorphized due to the meteorite impact, as
evidenced by the cryptocrystalline matrix (Fig. 1d), indicating shock pressures of 35-45 GPa,
representing shock stage F-S5 (Stoffler et al. 2018) or Il (IUGS system; Stoffler and Grieve 2007).

Fig. 1 Polarized light micrographs of ilmenite- and other Fe-Ti-oxide aggregates within samples from the Ries impact
structure. a, b) Glass fragment (Fladle; sample CT827a) from Zipplingen. a) Fe-Ti-oxide (fto) aggregates are associated with
magnetite (Mag); reflected light. b) Homogeneously distributed Fe-Ti-oxide aggregates (white arrows) and calcite (Cal) within

the matrix in reflected polarized light. Note the (devitrified) glass globules within calcite (Cal, yellow arrows) and calcite
globules within the matrix (gl, orange arrows). The inset displays the irregular glass-calcite boundary in transmitted light with
crossed polarizers. Note that calcite is concave with respect to the glass matrix. ¢, d) Strongly shocked gneiss clast (sample
R20-16A) in suevite from the Aumihle quarry that contains ilmenite (llm) aggregates, secondary hematite (Hem), and
vesicles (vs) within a cryptocrystalline matrix (cr); (c) single plane-polarized reflected light, (d) transmitted light and crossed
polarizers.
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Phase determination of Fe-Ti-oxides

The Fe-Ti bearing phases in the aggregates were determined by optical reflected light microscopy and
confirmed by Raman spectroscopy, chemical EDS and EMP analyses, as well as EBSD patterns. [Imenite
has the main Raman peaks at 227, 333, 371, and 449 cm™ with the prominent peak at 683 cm™ (Fig.
2a) (Wang et al., 2004). The rutile spectra have main Raman peaks at 240, 446, and 611 cm™ (Fig. 2b)
(Mazza et al., 2007). Ferropseudobrookite has prominent Raman peaks at 134, 204, 317, and 643 cm’
1 and a relatively wide peak at 773 cm™ (Fig. 2c), in accordance with spectra of isostructural karooite
(MgTi,0s) (Liermann et al. 2006; He et al. 2017) in combination with a Fe/Ti ratio of =1:2 based on EDS
and EMP analysis. Peak broadening is associated with a disordered crystal structure (Cynn et al. 1992;
Liermann et al. 2006). Magnetite shows typical Raman peaks at 294 and 530 cm™ with the main peak
at 661 cm™ (Fig. 2d) (Wang et al., 2004). Within the matrix, magnetite spectra display peaks at 538
and 666 cm™ (Fig. 2e) and thus differ slightly from magnetite at the Fe-Ti-oxide aggregate rim
(compare Fig. 2d). We observed additional peaks from the crystallized matrix at 324, 368, and 392 cm"
1 and a strong peak at 1002 cm™ (Fig. 2e). Sphene displays the main Raman peaks at 166, 254, 335,
468, 548, and 608 cm™ (Fig. 2f) in agreement with Panti¢ et al. (2014). Within the Aumiihle suevite
sample (R20-16A), ilmenite has major Raman peaks at 224, 329, 372, and 681 cm™ (Fig. 2g) (Wang et
al., 2004). The Raman peaks of pseudorutile are very broad and overlapping, with main peaks at about
153, 264, 312, 419, 557, 599, 693, and 823 cm™ (Fig. 2h) as reported by Imperial et al. (2022).
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Fig. 2 Raman spectra of (a) ilmenite, (b) rutile, (c) ferropseudobrookite, (d) magnetite rim surrounding ilmenite, (e) magnetite
within the (devitrified) glass matrix, and (f) sphene within sample CT827a; as well as (g) ilmenite and (h) pseudorutile within
sample R20-16A.

Microfabrics of ilmenite and associated Fe-Ti-phases in suevite from Zipplingen

lImenite within the Zipplingen suevite (CT827a) has a composition ranging from Fegss
Mno.0sMg0.06 Tio.0s03 t0 FeossMng.12Mgo.02Tio.ssOs (Fig. 3a-g; Tab. 1) with small amounts of Al,Os.
Chemical profiles from the core of the ilmenite aggregate towards the rim conducted with the EMP
show an increase in the Fe/Ti ratio (0.83 — 1.03), which correlates with an increase in the Al,O3 content
(0.07-0.33 wt.%) and a decrease of the analytical total (98.56-96.92 wt.%) (Fig. 3g, h; Tab. S1). The
deviation from a total of 100 wt.% of ilmenite can be explained by the presence of a Fe,03 component,
which decreases the total wt.% when expressed as FeO. Rutile occurs with variable amounts of FeO
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(Tab. S1: #1-#4), up to 20 um in diameter in the cores of the aggregates (Fig. 3a, g) or distributed as
um-sized grains along ilmenite boundaries (Fig. 3c, d). (Sub-)euhedral magnetite grains, <5 um in
diameter, can occur at the rim or within the matrix at a close distance to the ilmenite aggregate (Figs.
3a, ¢, e, f 4a).
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Fig. 3 SEM analyses of Fe-Ti-oxide aggregates embedded in a (devitrified) glass matrix (gl) sample CT827a, Zipplingen; (a-e,
g) are BSE images and (f) is a SE image. a, b) Foam-structured ilmenite (llm) aggregate containing rutile (Rt; black) with a
magnetite (Mag; white) rim. The yellow rectangle displays the area depicted in (b). ¢, d) Foam-structured ilmenite (lim)
aggregate with isolated small rutile (Rt; black) grains along ilmenite boundaries. Note that the image contrast was optimized
to show the orientation contrast of ilmenite grains (grey shades), rutile appears black. Magnetite (Mag; white) occurs at the
rim. The yellow rectangle displays the area depicted in (d). e, f) (Sub-)euhedral magnetite (Mag) occurring at the rim of Fe-
Ti-oxide aggregates. The yellow rectangle displays the area depicted in (f). g) Fe (green) and Ti (purple) map of the aggregate
consisting of ilmenite (Ilm) with rutile (Rt) in the core and a rim of magnetite (Mag). The yellow arrow indicating the Fe/Ti
gradient displayed in (h). h) Increasing Fe/Ti gradient from the core towards the rim of the aggregate based on EMP data
(Tab. S1).

Tab. 1 EMP data (wt.%) of ilmenite (Ilm), ferropseudobrookite (Fpb), and armalcolite (Arm) from sample CT827a (Figs. 4, 8)
as well as ilmenite and pseudorutile (Prt) from sample R20-16A (Fig. 9c, d). Note that the detection limit in ppm is given in
brackets for a concentration below 0.004 wt.% and/or a not detectable (n.d.) component (*=data as Fe,03). The deviation of
the total wt.% can be explained for ilmenite due to the presence of a Fe,03 component, which binds more oxygen and thus
would increase the calculated total. Porosity of ferropseudobrookite(-armalcolite solid solution) (Fig. 7c-f) leads to a decrease
in the total wt.%, whereas in pseudorutile, the presence of water and/or hydroxyl groups decreases the total wt.%.

Phase Fig. FeO / TiO, MnO MgO | SiO, | Al,O3 Na,O Ca0 | KO Total
Fe,03*
lIm 4 (core) | 41.35 | 51.86 | 3.80 1.55 | 0.08 | n.d.(253) | 0.03 0.05 | n.d.(239) | 98.72
lIm 4 (core) | 41.52 5191 | 3.91 1.55 0.10 | n.d.(253) | 0.01 0.05 | 0.02 99.07
lIm 4 (core) | 41.41 | 51.91 | 3.90 1.54 | 0.07 | n.d.(253) | n.d.(370) | 0.06 | n.d.(239) | 98.88
lIm 4 (rim) 40.86 51.89 | 3.65 2.08 | 0.09 | 0.02 0.02 0.06 | (249) 98.67
IIm 4 (rim) 41.88 51.27 | 3.90 1.47 0.06 | 0.09 0.02 0.09 | 0.01 98.80
IIm 4 (rim) 41.44 51.61 | 4.01 1.60 0.10 | 0.11 0.02 0.07 | (240) 98.96
lIm 8 41.83 50.79 | 5.68 0.41 0.06 | n.d.(239) | 0.03 0.04 | 0.01 98.87
lIm 8 41.42 51.28 | 5.49 0.43 0.10 | (239) 0.02 0.05 | 0.01 98.85
lIm 8 42.14 50.68 | 5.74 0.40 0.07 | n.d.(239) | 0.03 0.04 | (242) 99.11
Fpb 8 33.89 59.69 | 1.86 0.37 0.75 | 0.10 0.02 0.56 | 0.02 97.31
Fpb 8 34.47 59.39 | 2.20 0.21 0.55 | 0.11 0.01 0.10 | 0.02 97.07
Fpb 8 34.31 60.33 | 1.72 0.40 | 045 | 0.14 n.d.(379) | 0.12 | 0.01 97.50
Arm 8 30.54 57.72 | 0.93 2.61 3.17 | 0.82 0.10 0.29 | 0.16 96.45
Arm 8 29.83 59.98 | 1.20 2.05 1.35 | 0.32 0.04 0.20 | 0.04 95.09
Arm 8 31.08 60.30 | 1.32 1.64 2.51 | 0.30 0.09 0.33 | 0.06 97.76
lIm 9c, d 50.74 44.46 | 1.70 0.52 0.07 | n.d.(242) | 0.02 0.03 | (249) 97.56
lIm 9c, d 46.74 48.66 | 1.94 0.66 0.04 | 0.01 0.03 0.06 | 0.03 98.16
Im 9, d 4856 | 46.64 | 1.70 | 0.69 | 0.08 | n.d.(242) | 0.04 0.03 | n.d.(241) | 97.78
Prt 9¢, d 41.93* | 52.84 | 1.06 0.11 0.29 | n.d.(242) | 0.01 0.04 | 0.01 96.33
Prt 9, d 41.96* | 5253 | 0.81 | 0.07 | 0.33 | n.d.(242) | 0.02 0.04 | (233) 95.79
Prt 9, d 41.42* | 52.80 | 0.80 | 0.08 | 0.37 | n.d.(242) | 0.01 0.06 | n.d.(233) | 95.56

We distinguish two different types of ilmenite grains in the aggregates based on their internal
misorientations, grain shape, and composition (Figs. 3-6): (i) Small, isometric grains of up to 15 um in
diameter show smoothly curved grain boundaries and 120° angles at triple junctions, forming a so-
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called foam structure (Fig. 3a, b, d). They have generally low internal misorientations with angles <3°
(Figs. 4b, c, e, 6b). (ii) In contrast, in the core of the aggregates coarse ilmenite grains can occur that
have a short wavelength lamellar internal misorientation with misorientation angles of >10° (Figs. 4 c,
d, 5a). These deformed grains can contain a few um wide twin lamellae that are characterized by a
misorientation angle of =75° around a misorientation axis parallel to [5110], which corresponds to c-
axes at an angle of =109° and a common {1120} plane (Fig. 5a, c, ). This crystallographic relationship
does not correspond to the known (0001), {1011}, and {1012} twin systems of ilmenite (Minkin and
Chao 1971; Sclar et al. 1973; Syono et al. 1981; Dellefant et al. 2022). In some aggregates, only isolated
ilmenite grains with internal misorientations are preserved (Fig. 6b, white arrows). The deformed
ilmenites have similar crystallographic orientations within single aggregates (Fig. 6e, f).

@ Coarse grain in the core
{0001} {1120} {1011}

b

ARvdLyaN
NN

Small grains of the rim
{0001} {1120} {1011}

“n = 24710 5

Fig. 4 EBSD data of ilmenite aggregate, sample CT827a, Zipplingen. a) Phase map of ilmenite (red), magnetite (blue), and
rutile (yellow). b) Orientation map (all Euler coloring) of (a). ¢) Grain Reference Orientation Distribution map (GROD)
displaying the angular deviation from the average grain orientation. Note the short wavelength misorientation pattern in the
core. d, e) Pole figures of the {0001}, {1150}, and {10?1} planes of the (d) coarse grain in the core and (e) polycrystalline
ilmenite rim.

The ilmenite grains with foam structure and low internal misorientation (Fig. 4a-c, 5a, 6) can show
crystallographic orientations scattering largely around that of the deformed ilmenite with internal
misorientations (Fig. 4d, e, 53, c, e, 6). The orientations depict maxima that correspond to the twin

relationship, i.e., they share a common {1120} plane and c-axes that are at an angle of =109° (Figs. 5,
6f). Up to three distinct orientation domains were observed with 109° or 99° angles, respectively,
between the c-axes (Fig. 5b, d, f, 6f).
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@ limenite Orientations @ limenite Orientations
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Fig. 5 Crystallographic orientations within ilmenite aggregates, sample CT827a, Zipplingen. a) Orientation map (inverse pole
figure of z-direction) of rim and core, which displays twin lamellae (orange; twin boundaries in white). The blue and yellow
triangles depict the positions of representative core and lamellae orientations depicted in (e). b) Orientation map (inverse
pole figure of z-direction) with green, blue, and pink triangles, which depict the positions of representative crystallographic
orientations displayed in (f). ¢, d) Pole figures and density plots of the {0001}, {1120}, and {1011}, corresponding to the
orientation map in (a) and (b), respectively. e) Representative orientations of the host (blue triangle) and lamellae (yellow
triangle) depicted in (a) of the {0001}, {1150}, and {10?1} planes. f) Representative orientations (green, blue, and pink
triangles) of the three different crystallographic domains depicted in (b) of the {0001}, {1120}, and {1011} planes.

The grains with foam structure can show varying grain sizes (Figs. 5b, 6a, b). Larger grains (>10 um)
are commonly concave and have a high number of neighbors (>6, Fig. 6a, white arrows), and smaller
new grains are mostly convex and have fewer neighbors (<6), which suggests some grain boundary
migration driven by the reduction in interfacial free energy, i.e., grain growth (e.g., Nicolas and Poirier,
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1976; Evans et al., 2001). Strain-free grains with foam structure can contain minor amounts of alumina
(0.02-0.11 wt. %), whereas the deformed grains are alumina-free (Tab. 1).

Grains diameter 5 - 10 ym
{1120} {1011}

@ Grains diameter >10 ym
{0001} {1120} {1011}

n = 30073 (c-f)

Fig. 6 EBSD data of ilmenite aggregate within sample CT827a, Zipplingen. a) All Euler orientation map. Note the larger grains
with concave grain boundaries indicated by the three arrows as well as the region strongly enriched in TiO; displayed by the
white line. b) GROD map displaying the angular deviation from the average grain orientation. Note the grains with internal
misorientation and irregular grain boundaries indicated by the white arrows. (c-e) limenite pole figures of the {0001}, {1120},
and {1011} planes of c) grains <5 um, d) grains 5 — 10 pum, e) grains >10 um. f) Orientation of all grains with GROD coloring
as displayed in (b). Blue circles indicate that the enclosed orientation data is mostly derived from grains with low internal
misorientation, whereas red circles indicate that the enclosed orientation data is mostly derived from grains with relatively
high internal misorientation.

Ferropseudobrookite occurs at the boundary of the aggregate with the matrix, or along cracks (Fig.
7b-f), and is locally associated with sphene (CaTi[O|SiO4]) (Figs. 7b, c, 8b), with grains diameters of up
to 10s of um in diameter (Figs. 7b-f, 8a, b, d). Ferropseudobrookite displays a symplectitic intergrowth
with ilmenite and rutile towards the core of the aggregate (Fig. 7c-e) with random orientations (Fig.
8d, f), whereas ilmenite displays one maximum but also dispersed crystallographic orientations (Fig.
8c, e) and can occur locally as a fine-grained rim around the aggregate (Fig. 8b, c). In contrast to
ilmenite, ferropseudobrookite has minor Mn concentrations (Fig. 8b, g). Locally, at the Fe-Ti-oxide
boundary towards the matrix, Mg-enrichment indicates compositions within the
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ferropseudobrookite-armalcolite solid solution (Fe1.0, Mno.0aMgo.13Ti1.79Si0.09Al0.02Ca0.01Na0.010s; Fig. 8h;
Tab. 1). The occurrence of ferropseudobrookite and/or rutile in the aggregates correlates with the
presence of um-sized (sub-)euhedral magnetite at the rim or a close distance within the matrix (Fig.
7f).

Fig. 7 Ferropseudobrookite in Fe-Ti oxide aggregates, sample CT827a, Zipplingen. a, b) Fe-Ti-oxide aggregate with magnetite
(Mag) at the rim and within the (devitrified) matrix (gl); BSE images. Yellow rectangles in (b) indicate the close-ups in (c), (d),
and (e). ¢, d) Ferropseudobrookite (Fpb) along a fracture within the ilmenite aggregate, where sphene (Spn) is locally present.
Note symplectic intergrowth of ferropseudobrookite and ilmenite (llm) as well as rutile grains [Rt; dark grey in (c) and white
in (d)] along ilmenite grain boundaries at the top of the images; BSE and reflected single plane-polarized light, respectively.
e) Close-up of rutile (Rt) along ilmenite (llm) boundaries, as well as a symplectic intergrowth of ilmenite and
ferropseudobrookite (Fpb) at the contact to the (devitrified) matrix (gl), where (sub-)euhedral magnetite grains (Mag) also
occur; BSE image. f) Traces of (sub-)euhedral magnetite grains (Mag) within the (devitrified) matrix (gl) in close distance to
an intergrowth of ilmenite (Ilm) and porous ferropseudobrookite (Fpb).
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Fig. 8 EBSD and EDS data of ilmenite and ferropseudobrookite aggregates, sample CT827, Zipplingen. a) Reflected light
micrograph of a Fe-Ti-oxide aggregate. The red rectangle depicts the area displayed in (b-d, g, h). b) Phase distribution map
of ilmenite (llm; red), ferropseudobrookite (Fpb; green), sphene (Spn; light blue), magnetite (Mag; dark blue), and rutile (Rt;
yellow). c) limenite orientation map (inverse pole figure of z-direction). d) Ferropseudobrookite orientation map (inverse
pole figure of z-direction). e) Pole figures of the {0001}, {1150}, and {10?1} planes of ilmenite displayed in (c). f) Pole figures
of the {100}, {010}, and {001} planes of ferropseudobrookite displayed in (d). g) Manganese (Mn) and h) magnesium (Mg)
distribution within the Fe-Ti-oxide aggregate.
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Microfabrics of ilmenite and associated Fe-Ti-phases in suevite from Aumiihle

Within sample R20-16A from the Aumiihle quarry, ilmenite aggregates have an average composition
of Fep.92Mg0.04Mno04TiO3, with a very similar polycrystalline microfabric as Zipplingen sample CT827a,
possessing a foam structure of single grains up to 15 um in diameter (Figs. 3a, b, 9a) with intergranular
cracks (Fig. 9b). No ferropseudobrookite was detected, instead, pseudorutile can be present as um-
sized rim surrounding single ilmenite grains, as larger crystals with some ilmenite remnants in the core
(Fig. 9c, d), or completely replacing ilmenite with elongated pores exhibiting a preferred orientation
(Fig. 9e). A few aggregates have a <5 um wide rim of 0.5 um x 2um-sized intergrown ilmenite needles
(Fig. 9f).

IIm

lIm rim

Fig. 9 BSE images of Fe-Ti-oxide microfabrics within suevite sample R20-16A from Aumdiihle. a) Coarse ilmenite grain (llm)
within a cryptocrystalline matrix (cr) containing vesicles (vs). The yellow rectangle depicts the area in (b). b) llmenite (lim)
with foam structure. c) Fe-Ti-oxide (fto) reaction fabric within a vesicle-bearing (vs) cryptocrystalline matrix (cr). The yellow
rectangle depicts the area in (d). d) limenite with a rim of pseudorutile (Prt). Remnants of ilmenite in the bottom right are
mostly covered by pseudorutile. e) Former ilmenite grain transformed almost completely to pseudorutile (Prt) with
preferentially oriented pores/cracks and remnants of foam-structured ilmenite (Ilm). f) Foam-structured ilmenite (llm) with
a finer-scaled ilmenite rim (Ilm rim) embedded in a cryptocrystalline matrix (cr).
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Distribution of aggregates within the samples

Of 35 ilmenite orientation investigations within aggregates from Zipplingen and Aumiihle, three
display three distinct maxima with a common {1150} plane, eight display two orientation maxima with
a common {1120} plane, and ten display one weak to moderate maxima, whereas 14 display only
dispersed orientations. Three aggregates show coarse irregular ilmenite with short wavelength
lamellar misorientations, in two of these aggregates the deformed ilmenites have twin lamellae.

In total, 23 aggregates of Fe- and/or Ti-bearing phases within the Zipplingen suevite (CT827a) were
investigated with SEM/EBSD, where ilmenite is always present (Tab. 2). Aggregates range from 10 um
x 10 pm to 160 pm x 80 um in size and often show a distinct rim (n=15) comprised of different Fe-Ti-
oxides. We observed no size or distribution dependence of aggregates with (10 pm x 10 pm — 160 um
x 80 um) or without rims (40 um x 20 um — 160 um x 50 um), as well as no preferred occurrence of
distinct phases as a function of size. The aggregates are distributed homogeneously throughout the
thin section.

Tab. 2 Investigated rim and core of aggregates of Fe- and/or Ti-bearing phases (Ilm = ilmenite; Mag = magnetite; Rt = rutile;
Spn = sphene; Fpb = ferropseudobrookite; Arm = armalcolite) within sample CT827a. The lowercase numbers indicate their
occurrence in %.
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Size [um] Rim phase(s) Core phase(s) Size [um] Rim phase(s) Core phase(s)

160 x 80 IImsg, Armsg Fpbeo, IImss, Spncs, Rtcs 100 x 40 IImsg, Rtso IIm

120x 100 | Mag Ilmgs, Fpbio, Spncs, Rt<s 70 x 50 Mag llmsgs, Rt<s

160 x 70 Mag IImgs, Spn<is, Rt 100 x 30 llmsgs, Rt<s

170 x 50 Ilmsgo, Magzo Ilmgs, Rts 60 x 50 llmsgs, Rt<s

160 x 50 - IIm 140 x 20 - lImsgs, Rt<s

120 x 80 Fpb IImgs, Rt<10, Spn<s 100 x 25 Mag IImgs, Rts

100 x 90 IIm Ilmgs, Rts 70 x 30 Mag IImgs, Rts

120 x 60 | Magsgs, IImsss, Rtes 40x30 | Mag lImss, Rtis

IImss

100 x 60 | Mag IImsss, Rtcs 40x30 | - Spnso, Magyo, lImss,
Rts

80x70 | Mag lImgs, Fpb1o, Mages, 40x20 |- [Im

Rt<s
80 x 60 - [Imsgs, Rt<s 10x 10 Mag lImsgs, Rt<s
70 x 60 - lImsgs, Rtes




From Aumiihle (R20-16A), 12 aggregates of Fe- and/or Ti-bearing phases were investigated with
SEM/EBSD where ilmenite was consistently present (Tab. 3). Aggregates range from 10 um x 5 pum to
180 pum x 120 um in size and can display rims (n=4) composed of ilmenite. The aggregates are
distributed homogeneously throughout the thin section.

Tab. 3 Investigated rim and core of aggregates of Fe- and/or Ti-bearing phases (Ilm = ilmenite; Prt = pseudorutile; Rt = rutile)
within sample R20-16A. The lowercase numbers indicate their occurrence in % (* = sub-aggregates of fractured ilmenite).

Size [um] | Rim phase(s) Core phase(s) Size [um] Rim phase(s) | Core phase(s)

180x120 | Ilim Ilmgs, Prts 20x 10 - IImgs, Prts

220x 70 IIm IIm 15x 10 - IImsgs, Prics

70 x 30 - IIm *140x50 | - lIm

50 x 20 IIm IImsgs, Prics *40 x 15 - IIm

40 x 25 IIm IIm *30x 20 - IIm

40 x 20 - lIMsos, Rts *10x 5 - lIm
Discussion

IImenite grains from Variscan gneisses shocked to low pressure-temperature conditions from the Ries
impact structure show neither a comparable foam structure (Figs. 3a, b, 4, 5, 6) nor short wavelength
lamellar misorientation patterns, nor twinning (Figs. 4, 5a), as described in this study. The coarse
ilmenite with short wavelength lamellar internal misorientation (Figs. 4, 5a) is interpreted to be
preserved shocked ilmenites originating from the target gneisses. The strain-free grains with foam
structure (Figs. 3a, b, 4, 5) document an equilibrium fabric and some grain growth, which is indicative
of isostatic conditions during their formation (e.g., Nicolas and Poirier, 1976; Evans et al. 2001).
Therefore, they are interpreted to have formed after the shock event. Possible processes for the
formation of the new grains, which will be discussed in the following, might be (i) strain-induced grain
boundary migration, i.e., recrystallization of the originally shocked ilmenite, (ii) crystallization from a
Fe-Ti-oxide glass or melt formed upon shock loading and unloading or (iii) phase transformations from
transient high-pressure phases formed during shock compression.

Similar ilmenite aggregates as those studied here have been found in kimberlite pipes (Pasteris 1980;
Haggerty 1991; Kostrovitsky et al. 2020), which were interpreted as having formed from cumulates in
the deep mantle that were deformed and recrystallized during ascent to the crust (Frick 1973; Mitchell
1973). Recrystallization, i.e., grain boundary migration driven by the reduction in strain energy, to
replace the shocked original ilmenite grain would result in sutured grain boundaries (Drury and Urai
1990), which is rarely observed for some remnant shocked grains (Fig. 6a, b). In contrast, the foam
structure indicates that the reduction in interfacial free energy was the driving force for the grain
boundary microstructure formation (e.g., Nicolas and Poirier, 1976; Evans et al. 2001). Furthermore,
recrystallization cannot explain the specific crystallographic relationships with up to three distinct
orientation maxima with a common {1120} plane, comparable to the twin relationship of the shocked
remnant grains (Fig. 5b, d, f, 6). Nor can recrystallization explain the occurrences of the different Fe-
Ti-phases. The same holds for crystallization of ilmenite grains from a glass or melt. Foam-structured
ilmenite aggregates also occur in the suevite sample from Aumiihle, which does not display high-
temperature phases, such as ferropseudobrookite or pseudobrookite, indicating that temperatures
were insufficient for melting.

We suggest that (1) the ilmenite aggregates with foam structure and (2) specific crystallographic
relationship similar to the twin relationship in remnant shocked grains, both reflect phase
transformations from transient high-pressure phases that were generated upon shock compression
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and decompression, as discussed below. We then discuss the formation conditions of the other Fe-Ti
phases in the aggregates.

llmenite transformation twins and associated orientation relationship between new grains

The observed twin lamellae in shocked ilmenite with a misorientation angle of =75° around a
misorientation axis parallel to [5110], and a common {1150} plane (Fig. 53, c, €) has not been reported
for ilmenite so far. Shocked ilmenites in nature and laboratory experiments generate (0001), {10T1},

and {10T2} twins (Minkin and Chao 1971; Sclar et al. 1973; Syono et al. 1981; Dellefant et al. 2022).
No similar mechanical twins are observed in our study.

The two observed twin domains (host and lamellae) in Figure 53, c, e are characterized by an angle of
=109° between the c-axes, i.e., the threefold axes (Fig. 5e); this angle is very close to the value of the
tetrahedral angle between threefold axes in the cubic system (109.47°). The threefold axes of the two
twin domains in Figure 5e span a plane which is perpendicular to the apparent interface plane of the
host and the twin (Fig. 5a, c, e). The crystallographic preferred orientations of the aggregates with
foam structure (Fig. 5f) are characterized by three orientation domains, where the c-axes enclose
similar angles of 109° and 99°, respectively. Furthermore, each of the three distinct orientation
domains shows one common {1120} plane with the other two domains, reflecting the same twin
operation as in Figure 5a,c, e that maps any two of the domains onto each other. These characteristics
suggest a twinning process related to a cubic supersymmetry: While two of the three orientation
domains have acommon {1150} plane, the deviation from a cubic matrix does not allow a third domain
to have a common pole with the other two simultaneously (e.g., Bueble et al. 1998; Hahn and Klapper
2006; Janovec and Privratska 2006), explaining the 99° angle between the c-axes of two of the
observed orientation domains. The space group of ilmenite is R3 (No. 148) (Barth and Posnjak 1934)
corresponding to point group 3. A twin operation must not be element of the space- or point group
of the twinned phase and the twin operation is, accordingly, not an element of 3. The observed twin
operation can be expressed as (a) a 180° rotation around the bisecting angle axis of the c-axes of the
twin pair (Fig. 5e) combined with (b) a 180° rotation around the c-axis of one of the twins. Further,
combining the 3 point group symmetries of the ilmenite twin domains in their observed mutual
orientation with the (a) 180° rotation, leads to a compound supersymmetry equal to the cubic
crystallographic point group m3m (Fig. 10). The order of point group m3m is 48, whereas the order of
point group 3 is 6. Therefore, eight (48/6 = 8) equivalent twin domains are theoretically possible. The
rhombohedral 3 axis can be chosen along any of the four <111> directions of the cubic compound
supersymmetry. Moreover, for each choice of <111>. direction, there are two choices for the
orientation of the q, B-axes, since m3m also has a threefold rotation axis parallel to the 3 roto-
inversion. In the case of the pole figure shown in Figure 5e, the projection is approximately along a
fourfold axis of the supersymmetry group m3m with only two of the 8 theoretically equivalent twin
states realized in the investigated ilmenite grain. In Figure 5f, however, the projection is approximately
along a threefold axis of the m3m compound supersymmetry and three orientation domains out of
the 8 possible orientation domains are present. The Bain lattice-correspondence matrix between the
rhombohedral and the cubic lattice, expressed for one out of the 8 possibilities is:

-1/3 -1/3 -=-2/3
(@ B Aewn = (@ E 5)hex<+1/3 —2/3 _1/3>(ECI- 1)
+1/6 +1/6 -—-1/6

1 0 2
((_i B 5)hex= ((_i E 5)cub<0 -1 2>(Eq'2)
1 -1 -2
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(the columns of the matrix give the new lattice basis vectors in terms of the old)

Twins where the twin element is a symmetry element of a supergroup G of the space- or point group
H of the twinned phase are frequent in cases where a phase transition occurs from a high-symmetry
phase of symmetry G (usually at high temperature) to a low-symmetry phase with subgroup symmetry
H of G. They are called transformation twins (Janovec and Ptivratska 2006).

A high-pressure polymorph of ilmenite, liuite, with an orthorhombic (space group Pnma, No.62)
perovskite structure (Ma and Tschauner 2018) is reported to form at pressures >16 GPa (Liu 1975;
Leinenweber et al. 1991). The Pnma perovskite structure results from a simple displacive distortion of
the ideal cubic Pm3m perovskite structure (Fig. 10) as similarly discussed by Wang et al. (1991). Upon
decompression, liuite transforms first to wangdaodeite (Xie et al. 2020), which is a meta-stable FeTiOs
with a lithium niobate structure, space group R3c (No.161) (Abrahams et al. 1966; Weis and Gaylord
1985; Mehta et al. 1994; Ma and Tschauner 2018) and a related generation of transformation twins
due to the many symmetry-equivalent ways of forming wangdaodeite from liuite. Moreover,
Wangdaodeite finally transforms to ilmenite (space group R3) with resulting transformation twins
reported in ilmenite (Leinenweber et al. 1994; Mehta et al. 1994). Typically, transformation twins
result from phase transitions of the displacive or order-disorder type (e.g., Bueble et al. 1998; Hahn
and Klapper 2006; Janovec and Pfivratska 2006). However, the ilmenite, LiNbOs, and perovskite
structure types are topologically different but nevertheless have related unit cell geometries (Fig. 10).
Therefore, the observed twins are interpreted as transformation twins generated by phase transitions
with some reconstructive character, albeit with a topotactic relationship between the lattices
involved. The experimentally observed prograde and retrograde phase transition sequence (Wang et
al. 1991; Leinenweber et al. 1994; Mehta et al. 1994) is sketched in Figure 10a. Leinenweber et al.
(1994) argued that as a result of the retrograde perovskite-type to LiNbOs-type phase transition, the
mirror planes (100)orth, (010)orth, and (001)orth in the Pnma perovskite point group disappear, with the
latter causing the formation of twinning as similarly discussed by Wang et al. (1991). We follow
essentially a similar line of argument and extend it by the new information of the 109° angle between
the c-axes of the twin domains: additionally, it must be considered that the symmetry of the
orthorhombic perovskite liuite Pnma (point group mmm) is also a subgroup of the cubic perovskite
symmetry Pm3m (point group m3m). Thus, the m3m symmetry is a common supergroup of the
lattices of all involved phases (Fig. 10b) and becomes the inherent compound symmetry of the
twinning process, without an actual cubic perovskite phase necessarily needing to occur during the
impact or the retrograde process. Therefore, the transformation from ilmenite to liuite upon shock
compression and transformation to wangdaodeite and finally ilmenite upon unloading (Fig. 10)
explains the observed twinning in shocked ilmenite and orientation relationship of new grains in our
EBSD maps.
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Fig. 10 High-pressure phase transformations of FeTiOs. a) Phase transformations during loading and unloading of FeTiOz with
their respective symmetries, space group numbers (No.), as well as crystallographic lattice parameters a, b, and c. b) Group
theoretical analysis of the symmetry conversion (blue dashed lines) of ilmenite, wangdaodeite, and liuite with the respective
Bain-correspondence matrix. Note that all symmetries derive from the cubic perovskite supersymmetry. Point groups and
their respective order are in orange. The red dashed line indicates reconstructive positional shifts of the phase transitions.
The generation of transformation twins occurs from the transformation of liuite to wangdaodite.

Wangdaodeite has recently been detected in gneiss inclusions within suevites from Zipplingen, the
same locality as our samples, where the documented BSE images of Tschauner et al. (2020, Fig. 1b)
show similar microstructures, as those analyzed here (Figs. 3, 7, 8a). However, with Raman
spectroscopy, we did not detect wangdaodeite as there was no indication of the characteristic peak
of 73941 cm™ compared to the Raman spectrum of ilmenite (Xie et al. 2020). The metastability of
naturally occurring wangdaodeite in the Ries structure was suggested by Tschauner et al. (2020) due
to doping of a few mol.% of MnTiOs, which increases the kinetic barrier for a back-transformation to
ilmenite. In contrast to the ilmenite-wangdaodeite-bearing gneiss inclusions investigated by the latter
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authors, our sample is comprised of ilmenites within a (devitrified) glass matrix indicating higher
temperatures, which could favor the back-transformation to ilmenite despite a few mol.% of MnTiOs
being present (Fig. 8h; Tab. 1).

Similar microstructures as observed in our study have been documented within shocked zircons,
where the high-pressure phase reidite occurs as lamellae or, with increasing shock pressures, replaces
the entire grain. For the latter, back-transformation to um-sized granular zircon leads to a systematic
orthogonal disorientation relationship of =90° around <110> directions between adjacent granules,
topotactically controlled by the crystallographic structure of the reidite, leading to a similar
orientation relationship of the metastable reidite lamellae and the host zircon (Erickson et al. 2017;
Timms et al. 2017; Cavosie et al. 2018). Similarly, the foam structure of ilmenite with distinct
orientation maxima of the crystallographic orientations of ilmenite grains can be used as a
geobarometer to indicate pressure conditions >16 GPa realized for example in impactites and
kimberlites.

Ferropseudobrookite and armalcolite formation conditions

Ferropseudobrookite (Fe?'Ti,Os) requires >1140°C and a low oxygen fugacity to form (Lindsley 1965;
Keil et al. 1970; Tuthill and Sato 1970; Sargeant et al. 2020). In contrast, ferrous-ferric pseudobrookite
solid solution forms >800°C under oxidizing conditions (Fu et al. 2010). Therefore, in the Zipplingen
sample (CT827; Figs. 7c-f, 8b, d), we interpret that the ferropseudobrookite at the boundary of the Fe-
Ti-oxide near the matrix, representing quenched melt, formed from ilmenite as a result of shock-
heating after shock-unloading at >1140°C and low oxygen fugacity according to:

2FeTiOs; — FeTi,0Os + FeO (Eqg. 3)

Maximum temperatures could have exceeded the FeO-TiO, melting point of =1400°C (Eriksson and
Pelton 1993) locally at the aggregate boundary towards the silicate melt. However, the foam structure
of ilmenite grains with specific crystallographic relationship documents that solid-state phase
transformations dominated.

Armalcolite [(Fe?*,Mg)Ti,Os] is stable above 1010+20°C at ambient pressure (Lindsley et al. 1974) with
a pseudobrookite structure (Bowles 1988). Armalcolite was first documented in lunar samples from
the Apollo 11 (Anderson et al. 1970) and Apollo 17 missions (Haggerty 1973; El Goresy et al. 1974) and
later on Earth in kimberlites (e.g., Haggerty 1975) and lower crustal / mantle xenoliths (e.g., Grégoire
et al. 2000; Hayob and Essene 1995; Spiridonov et al. 2019). El Goresy and Chao (1976) first described
the occurrence of armalcolite and associated ilmenite in the Ries impact structure within glasses in
suevite from diverse localities based on FeO/MgO of 21.1 to 4.5. Microscopic observation and
microprobe data of a rutile core and an armalcolite rim suggest a reaction of pre-existing rutile and
silicate melt (El Goresy and Chao 1976). In our study, chemical interaction of the silicate melt,
represented by the (devitrified) matrix with the Fe-Ti-oxide aggregates, presumably led to the
formation of a rim of Mg-bearing ferropseudobrookite-armalcolite solid solution formed from
ilmenite (Fig. 8a, b, d, f, h), as also suggested by El Goresy and Chao (1976):

2(Fe,Mg)TiO3; — (Fe,Mg)Ti,0Os + FeO (Eq. 4)

An interaction of ferropseudobrookite with the surrounding silicate melt, where the latter provides
MgO in exchange for FeO could also produce armalcolite:

FeTi,Os + MgO — (Fe,Mg)Ti>0Os + FeO (Eq. 5)

In each case, FeO would be enriched within the silicate melt close to the Fe-Ti-oxide aggregates.
Temperature stability experiments found that armalcolite decomposes unless rapidly quenched
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(Lindsley et al. 1974). Adjacent to the Fe-Ti-oxide aggregate and within fractures, sphene can be
present (Figs. 2f, 7c, 8b), which was also likely generated from a chemical reaction with the silicate
melt. In contrast to our observations, lunar armalcolites exhibit an inverse core-rim relationship of
ilmenite and armalcolite with the latter forming the core (El Goresy et al. 1974; Smyth 1974; Kesson
and Lindsley 1975), which therefore indicates different possible modes of formation.

Formation of rutile within aggregates and magnetite outside aggregates

From the 23 Fe-Ti-oxide aggregates analyzed from Zipplingen, 10 display magnetite rims on the
boundary towards the (devitrified) matrix and rutile within the aggregate core (Fig. 3, 7a-e, Tab.1).
The phase assemblage resembles a Fe concentration gradient, where the rimis enriched in Fe, residing
within um-sized sub(-euhedral) magnetite (FesOas; Fig. 3a, g). Further inwards, the Fe content
decreases to ilmenite (FeTiOs) and finally, Fe is absent, where rutile (TiO,) exists (Figs. 3a, g, 7a-e).
Moreover, the occurrence of ferropseudobrookite and/or rutile within the Fe-Ti-oxide aggregates
(Figs. 7c-f, 8b, d) correlates with the presence of um-sized (sub-)euhedral magnetite at the rim or in
proximity to the (devitrified) glass. Only two ilmenite aggregates were observed without magnetite
rims — they contain neither rutile nor ferropseudobrookite (Tab. 2).

We suggest that the association of um-sized rutile along ilmenite grain boundaries included in the
aggregates (Figs. 3c, d, 7c-e) was generated due to the thermal decomposition of ilmenite to rutile
and Fe® after generation of the ilmenite aggregates, i.e., after shock unloading and under a low oxygen
fugacity at temperatures ranging from 850° to 1050°C (Taylor et al. 1972) along sites of increased
diffusivity like grain boundaries:

FeTiOs — TiO, + Fe + %0, (Eq. 6)

However, a sub-solidus re-equilibration, where ferropseudobrookite first formed at grain boundaries
at the expense of ilmenite, with a subsequent back-transformation during cooling below 1140°C
(Lindsley 1965) could, furthermore, lead to the formation of ilmenite and rutile (Haggerty and Lindsley
1969; Haggerty 1983; Anovitz et al. 1985):

FeTi,Os — FeTiOs3 + TiO; (Eq. 7)

Experiments under temperatures from 900° to 1350°C with ilmenite and reducing agents of C (Gupta
et al. 1990), CO (Zhao and Shadman 1990), or H; (Sargeant et al. 2020) generally form elemental iron
at the rim, which is interpreted as a migration of iron towards the grain boundaries (Zhao and
Shadman 1990; Kucukkaragoz and Eric 2006). Furthermore, ilmenite, rutile, and iron within the
product aggregates can form through diffusion of a reducing agent into ilmenite along vacancies
and/or pathways through interstitial structures, such as grain boundaries (Merk and Pickles 1988;
Dang et al. 2015; Sargeant et al. 2020).

The presence of a reducing agent could donate electrons to ilmenite at the rim, where Fe?* is reduced
to Fe®. More available electrons would then generate a gradient attracting Fe?* to diffuse from within
the aggregate, which agrees with fast Fe?* diffusion in ilmenite modelled by Kuganathan et al. (2019).
As a result, Fe?* diffuses towards the rim and vacancies towards the core, thereby leaving TiO; inside
the ilmenite aggregates, as observed in our study (Figs. 3a, g, 6a). Consistently, we observe an
increasing Fe/Ti ratio for ilmenite from the core of the aggregates towards the rim (Fig. 3g, h; Tab. S1).
Therefore, we interpret the process of iron enrichment at the rims of the aggregates in terms of an
electrochemical solid-state model, where ilmenite aggregates serve as the anode and a reducing agent
as the cathode, which generates an electrochemical potential as a driving force for Fe?* diffusion inside
the ion-conducting ilmenite (Kuganathan et al. 2019).
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The high-temperature (>1140°C) phase transformation of ilmenite to ferropseudobrookite (Eq. 3) only
occurs at a low oxygen fugacity and results in the formation of FeO (Lindsley 1965), which was not
observed throughout the sample. We suggest that the absence of FeO together with the pores within
ferropseudobrookite (Fig. 7c-e) as well as magnetite along the rim (Fig. 7b, e) are also the result of
Fe?* migration towards the Fe-Ti-oxide aggregate — melt/matrix boundary. In general, the oxygen
fugacity and thus the Fe*'/Fe?" ratio increases with decreasing temperature in silicate melts (Sack et
al. 1981; Kilinc et al. 1983). Therefore, oxidation of elemental iron along the Fe-Ti-oxide boundaries
could form magnetite at intermediate oxygen fugacity conditions, as experimentally produced from
400° to 700°C (Mitchell et al. 1982; Kuroda and Mitchell 1983). The experiments of Kuroda and
Mitchell (1983) produced dispersed oriented magnetite as the first iron oxide phase to form, as
observed in our study:

3Fe + 20; — Fes04 (Eq. 8)

The formation of armalcolite leads to a local enrichment of FeO in the silicate melt (Egs. 4, 5), which
likely contributed to the (sub-)euhedral magnetite due to oxidation, as observed within the matrix
(Figs. 1a, 2e, 3¢, 73, f):

3FeO + %50, — Fes04 (Eq. 9)

Magnetite formation by oxidation of ilmenite can be excluded because the reaction would
stoichiometrically lead to the additional formation and local enrichment of TiO,, which is not observed
at the Fe-Ti-oxide boundaries:

3FeTiO; + %0, — Fe;04 + 3TiO; (Eq. 10)

Furthermore, oxidation of ilmenite above 800°C would only form pseudobrookite (Fe,TiOs) and
hematite (Fe,0s) (Fu et al., 2010). Neither of the ferric phases were observed in the sample material
from Zipplingen.

Fluorite-structured TiO; and rock salt-structured FeO were experimentally generated from ilmenite at
shock pressures >60 GPa (Liu 1975; King and Ahrens 1976). In our study, TiO; is observed structurally
only as rutile (Fig. 2b) and generally occurs within the cores of the Fe-Ti-oxide aggregates (Fig. 3a, g)
or along grain boundaries of single ilmenite grains (Figs. 3c, d, 7c, d, e), and not together with a Fe-
rich phase, as could be expected for the breakdown of ilmenite to FeO and TiO,. We cannot exclude
that other breakdown reactions of ilmenite took place in addition to the described breakdown
reactions in the presence of a reducing agent but we do not observe evidence from the microfabric.

The investigated sample from Zipplingen consists of =15% of calcite, which either occurs as globules
within the (devitrified) silicate matrix or as coarse xenomorphic calcite grains incorporating globules
of (devitrified) silicate glass (Fig. 1b). The calcite phase boundary is irregular and concave with respect
to the silicate matrix. Philpotts and Ague (2009) used such observations to interpret a silicate and an
adjacent carbonatic melt based on the viscosities and, therefore, the surface energies of the
respective systems. Graup (1999) discussed a liquid immiscibility of silicate and carbonatic melt in
suevites from Zipplingen, which is in agreement with Osinski et al. (2008), who considered melting as
the common behavior of calcite in impact cratering. On the other hand, Horz et al. (2015, 2020)
proposed devolatilization of calcite as the dominant process based on SEM, electron microprobe
analysis, thermal analyses, and shock experiments. Temperatures of a melt vapor mixture formed
from basement gneisses, where the ilmenites from our study were likely derived, were modelled to
be in excess of 2000°C (von Engelhardt and Graup 1984). Carbonaceous sedimentary target rocks were
first hit by the impactor and thus experienced even higher temperature conditions (Bolten and Mller
1969). Thermal decomposition of calcite produces CO, at temperatures above =650°C (Galwey and
Brown 1999) and CO when temperatures exceed 1500°C (Itoh et al. 1993). Furthermore, the initial
impact melt was presumably at pressure conditions above the stability conditions for CO,. Above 30
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GPa, oxygen and diamond can form, which during subsequent unloading may react to CO (Nellis et al.
1991; Tschauner et al. 2001). Overall, we suggest CO as a potential reducing agent, which was mixed
into the silicate melt due to suevite formation.

lImenites in lunar basaltic breccia have =3 um spaced, parallel veins of rutile in combination with
droplets of metallic iron inside glass with a well-developed flow texture containing trains of minute
iron spherules (Sclar et al. 1973). limenite aggregates were not reported to be enriched in Fe at the
ilmenite-glass phase boundary. The presence of a reducing agent as a result of the Ries impact could,
therefore, explain the iron-enriched rim of the Fe-Ti-oxide aggregates in comparison to lunar samples,
where elemental iron is occurring within the grain (Sclar et al. 1973).

Pseudorutile formation

In the Aumiihle gneiss (R20-16A), pseudorutile (Fe;TizOs) forms a rim around individual ilmenite
grains within the aggregates (Fig. 9c, d) or as a nearly complete replacement of coarse ilmenite (Fig.
9e). Broad peaks in the Raman spectra indicate a fairly amorphous structure (Fig. 2h) (Imperial et al.
2022). limenite alteration to pseudorutile occurs when water acts as a transport medium for iron
leaching (Micke and Bhadra Chaudhuri 1991) at a high oxygen fugacity below 700°C (Gupta et al.
1991), which proceeds along grain boundaries and structural discontinuities within the grain (Teufer
and Temple 1966; Temple 1966; Grey and Reid 1975). Iimenite aggregates in sample R20-16A have
intergranular microcracks (Fig. 9b), which could have allowed fluids to circulate along the grain
boundaries, thereby favoring pseudorutile formation surrounding single ilmenite grains during a late
stage of hydrothermal activity. A paleomagnetic study by Sleptsova et al. (2022) shows that the
suevites from Aumdiihle, including from sample R20-16A, were partially overprinted by hydrothermal
activity, compatible with our observations. Arp et al. (2013) suggested hydrothermal activity lasted
=250 ka after the Ries impact.
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Conclusions and summary

The homogeneously distributed ilmenite aggregates within the investigated samples contain a suite
of Fe-Ti-oxide phases created by pressure-, temperature-, and oxygen-fugacity-changes during impact
cratering. Figure 11 summarizes our proposed scenario of how the modification of ilmenite via solid-
state transformation through time can explain the phase assemblages in the Ries impact structure.

(1) Upon shock loading, target ilmenites were (partly) transformed into the high-pressure phase liuite
(>16 GPa), then transformed upon unloading to wangdaodeite and subsequently ilmenite forming a
foam structure (Fig. 11-1). In =5% of the observed cases, shocked ilmenite is preserved in the core of

the aggregates, which can contain transformation twins that share a common {1120} plane with the
host and the c-axis is oriented at an angle of 109° to that of the host (Figs. 4, 5a, 6b). The
transformation from the high-pressure phase liuite is reflected by the crystallographic relationship of
the new grains that exhibit up to three orientation domains that share a common {1150} plane and
whose c-axes enclose angles of 109° and 99°, respectively, similar to the twin lamellae within the only
partly transformed remnant shocked ilmenite (Fig. 5), which are suggested to represent
transformational twins (Fig. 10).

(H+111+1V) Heat production during shock unloading leads to a decrease in oxygen fugacity, however,
high-temperature gradients produce different phases and microfabrics. The formation of
ferropseudobrookite from ilmenite, occurring mostly at aggregate boundaries and along fractures (Fig.
11-11), indicates temperatures >1140°C with a low oxygen fugacity. Rutile grains along boundaries of
ilmenite in the aggregates (Fig. 11-1Il) indicate thermal decomposition of ilmenite between 850° and
1050°C favored along sites of increased diffusivity. The presence of a reducing agent (likely CO)
generated an electron enrichment, which resulted in an electrochemical potential driving Fe?* to
migrate from within the ilmenite aggregate cores towards the rim, forming TiO; inside the ilmenite
aggregates (Fig. 11-1V). Depending on whether the influence of heating or reduction locally prevailed,
either um-sized rutile on grain boundaries (Fig. 11-1Il) or larger TiO, residues were formed (Fig. 11-1V),
respectively. The chemical interaction of the silicate melt with ferropseudobrookite formed rare
armalcolite-ferropseudobrookite solid solution (Fig. 8a, b, h).

(V) Oxygen fugacity increased as temperature decreased after the impact, which oxidized the iron-
enriched rim of the ilmenite aggregates, thereby resulting in the formation of um-sized (sub-)euhedral
magnetite (Fig. 11-V).

(VI) In the aftermath of the impact at temperatures <700°C in combination with high oxygen fugacity,
pseudorutile locally formed along intergranular cracks within the ilmenite aggregate in the presence
of a fluid (Fig. 11-VI).
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P4 P, T, fO: as a function of time
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Fig. 11 Ssummary and interpretations of this study. Pressure (P; green), temperature (T; red), and relative oxygen fugacity
(fOy; blue) conditions as a function of time based on the observed characteristic Fe-Ti-oxide microfabrics. 1) Foam-structured
ilmenite (Ilm). Il) Ferropseudobrookite (Fpb; dark grey) along a fracture within a Fe-Ti-oxide aggregate. Note that rarely
observed armalcolite (Arm) likely formed from Fpb. Ill) Rutile (Rt) along grain boundaries of ilmenite (lim). IV) limenite (lIm)
aggregate containing rutile (Rt) and with a rim enriched in Fe (Fel). V) (Sub-)euhedral magnetite (Mag). VI) Pseudorutile
(Prt) as rim around grains of ilmenite aggregates (llm). (bl) — (bV) sample CT827a and (bVI) sample R20-16A. Note that
reactions as a function of temperature (red arrows) are always coupled to oxygen fugacity reaction (blue arrows) conditions
and vice versa, in contrast to the high-pressure reaction (green arrows). The dashed lines represent pressure, temperature,
and oxygen fugacity regimes in which the corresponding reactions take place, except for reaction IV, which presumably takes
place up to the ferropseudobrookite stability field (1140°C). BSE images (bl)-(blV), (bVI) and SE image (bV). Pressure
conditions after Leinenweber et al. (1991); temperature and oxygen fugacity conditions after Lindsley (1965), Keil et al.
(1970), Tuthill and Sato (1970), Taylor et al. (1972), Mitchell et al. (1982), Kuroda and Mitchell (1983), Gupta et al. (1991),

and Sargeant et al. (2020).
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Outlook and implications

The interpretations of our study rely on experiments conducted in thermodynamic equilibrium. The
shock conditions during meteorite impacts, however, are far from thermodynamic equilibrium
conditions (Melosh 1989; Stoffler et al. 2018). Future shock experiments with subsequent high-
temperature quenching under controlled oxygen fugacity should yield insight into more realistic
temperature, pressure, and oxygen fugacity conditions of shocked ilmenites in the natural
environment.

IImenite-bearing material, such as the regolith of the moon, may constitute an in-situ oxygen source
(Badescu 2012 and references therein) and produces water when heated to temperatures between
850° and 1050°C and reduced with H; (Li et al. 2012; Dang et al. 2015; Sargeant et al. 2020). Our study
demonstrates that ilmenite microfabrics can be largely modified due to meteorite impacts, resulting
in aggregates that consist of various Fe- and/or Ti-bearing phases, which change the physical,
chemical, and/or magnetic properties of the host rocks. Our findings might also be relevant for the
consideration of breakdown reactions of Fe/Ti-phases in the scope of in-situ resource utilization (ISRU)
on planetary objects, whose surfaces are blanketed by meteorite impact structures.
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1433-1438.

Tab. S1 EMP data [wt.%)] of profile (step size =1 um) from core (#1) to rim (#29) depicted in Figure 3g, h with the at.%-ratio
of iron and titanium (Fe/Ti). Note that Fe/Ti increases towards the aggregate’s rim and #1-#4 correspond to rutile with
varying amounts of FeO. The detection limit in ppm is given in brackets for either a concentration below 0.004 wt.% or a
not detectable (n.d.) component. The deviation of the total wt.% can be explained due to the presence of Fe,03, which
binds more oxygen and thus would increase the calculated total.

# FeO TiO, MnO MgO Si0; Al,03 Na;O CaO | K;O Total Fe/Ti
1 32.16 6135 | 2.17 2.72 0.24 (249) 0.01 0.06 | 0.01 98.72 0.58
2 7.13 86.93 | 0.64 0.59 0.26 (251) 0.02 0.08 | 0.01 95.67 0.09
3 2.57 95.05 | 0.20 0.17 0.34 n.d.(251) | 0.01 0.07 | 0.02 98.44 0.03
4 12.35 86.26 | 0.62 1.00 1.30 0.03 0.01 0.08 | 0.02 101.71 0.16
5 35.43 59.39 | 2.14 2.93 0.93 0.09 0.02 0.12 | 0.01 101.09 0.66
6 36.66 57.19 | 2.39 3.20 0.47 0.02 0.01 0.08 | n.d.(249) | 100.05 0.71
7 35.76 55.36 | 2.43 3.27 0.80 0.05 0.02 0.09 | 0.02 97.81 0.72
8 29.87 67.05 | 1.74 2.32 0.63 0.04 n.d. (260) | 0.09 | (247) 101.75 0.50
9 32.45 58.88 | 2.31 2.87 0.94 0.06 0.05 0.11 | 0.02 97.73 0.61
10 | 18.29 7421 | 1.40 1.81 0.76 0.09 0.05 0.13 | 0.02 96.76 0.27
11 | 23.87 69.43 | 1.62 2.07 0.46 0.07 0.02 0.09 | (248) 97.65 0.38
12 | 37.60 55.63 | 2.16 2.82 0.69 0.10 0.01 0.14 | 0.02 99.19 0.75
13 | 39.98 52.47 | 2.43 341 0.27 0.09 n.d.(380) | 0.10 | 0.02 98.78 0.85
14 | 39.53 52.66 | 2.49 3.47 0.23 0.07 n.d. (380) | 0.09 | 0.02 98.56 0.83
15 | 39.52 52.82 | 2.52 3.47 0.22 0.11 n.d.(380) | 0.11 | 0.01 98.80 0.83
16 | 39.42 52.68 | 2.58 3.53 0.27 0.10 0.03 0.09 | 0.01 98.70 0.83
17 | 39.56 5242 | 2.49 3.53 0.26 0.10 0.01 0.11 | n.d.(244) | 98.48 0.84
18 | 39.57 5239 | 2.45 3.45 0.27 0.11 0.01 0.10 | 0.01 98.38 0.84
19 | 39.59 5240 | 2.43 3.51 0.31 0.13 0.03 0.08 | 0.01 98.54 0.84
20 | 39.84 52.11 | 2.40 3.37 0.31 0.14 0.03 0.10 | 0.01 98.34 0.85
21 | 39.94 51.97 | 245 3.35 0.25 0.14 0.01 0.10 | (238) 98.22 0.85
22 | 39.95 51.98 | 2.40 3.46 0.29 0.14 0.02 0.13 | 0.01 98.43 0.85
23 | 40.21 5190 | 2.36 3.36 0.33 0.18 0.02 0.10 | 0.02 98.51 0.86
24 | 39.96 5144 | 2.29 3.27 0.72 0.23 0.02 0.16 | 0.02 98.14 0.86
25 | 40.39 50.87 | 2.33 3.38 0.40 0.24 n.d.(367) | 0.16 | 0.02 97.81 0.88
26 | 40.64 50.83 | 2.27 3.36 0.27 0.24 0.01 0.15 | 0.02 97.81 0.89
27 | 40.85 50.50 | 2.18 3.31 0.36 0.25 0.01 0.18 | 0.03 97.68 0.90
28 | 41.24 49.38 | 2.03 3.22 0.46 0.33 n.d.(373) | 0.20 | 0.04 96.92 0.93
29 | 41.44 45.28 | 1.99 3.01 7.75 1.75 0.22 0.29 | 0.28 102.03 1.02
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Note: The content of this chapter was submitted to the International Journal of Earth Sciences. For a
better reading-experience, this version has been created for this thesis.

Polymict crystalline breccia in the Ries impact structure - Emplacement of moderately shocked
basement clasts during crater excavation and subsequent mixing with weakly shocked
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Abstract The Aumihle quarry in the Ries impact structure contains shocked clasts from the
Variscan basement mixed with apparently unshocked clasts from the Mesozoic sedimentary cover.
Clasts sizes range up to a few decimeters and are embedded in a fine-grained lithic matrix; no glass
fragments (Fladle) are observed. We analyzed the clasts by optical microscopy, scanning electron
microscopy (SEM/EDS/EBSD) and Raman spectroscopy to unravel their emplacement relation to the
overlying suevite and the underlying Bunte Breccia. Basement clasts show shock effects indicating a
few 10s of GPa; whereas, the sedimentary clasts show no distinct shock effects, with shock pressures
<1 GPa. Amphibolite clasts contain maskelynite with a few lamellar remnants of preserved former
feldspar, indicating shock pressures of 28-34 GPa. Amphiboles show cleavage cracks and (101)
mechanical twins indicating differential stresses >400 MPa. Felsic gneiss components have optically
isotropic SiO; indicating shock pressures of =35 GPa. Gneiss-breccia components consist of quartz with
a high density of fine rhombohedral planar deformation features indicating shock pressures of =20
GPa. These strongly shocked basement clasts probably derived from the lower levels of the transient
cavity, where they were ballistically ejected during the excavation stage. In accordance with paleo-
and rock magnetic data, subsequent turbulent deposition at the top of the Bunte Breccia resulted in
an additional mixing with sedimentary clasts forming the basement-rich horizon, independently and
before the emplacement of the suevite. This occurrence of basement clasts between suevite and the
underlying Bunte Breccia is consisitent with the commonly reported inverse stratigraphy.

Keywords emplacement; inverse stratigraphy; crater excavation stage; shocked basement clasts;
shock effects
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Introduction

The Nordlinger Ries is one of the best-preserved impact structures in the world, where the impact
rocks of the two dominating ejecta blankets, the suevites and the underlying Bunte Triimmermassen
(german for multi-coloured detritus), are studied intensely since the 1960s. Especially, the
discontinuous ejecta layer, the melt-fragment (“Fladle”)-bearing suevites has been the subject of
many geochemical and structural investigations [see the most recent review on the Ries impact
structure by Stoffler et al. (2013) and references therein]. The continuous ejecta layer of the Bunte
Triimmermassen at the bottom comprises (i) melt-free lithic breccias with components <25 m, the so-
called Bunte Breccia, and (ii) lithic components of >25 m in size, so-called “megablocks”, which both
typically show relative low shock conditions (e.g., Hittner and Schmidt-Kaler 1999; Sturm et al. 2015).
Furthermore, lithic polymict crystalline breccias are commonly distinguished because they are
dominated by Variscan basement clasts shocked to <10-50 GPa, in contrast to the Bunte Breccia, which
is dominated by weakly shocked sedimentary components (Abadian 1972; von Engelhardt and Graup
1984; von Engelhardt 1990; Huttner and Schmidt-Kaler 1999; Stoffler et al. 2013). The formation
conditions and emplacement mechanisms of these polymict crystalline breccias as well as the relation
to the other impact breccias in the Nordlinger Ries are still largely unknown (Pohl et al. 1977; von
Engelhardt 1990; Stoffler et al. 2013). One reason is that few known occurrences of polymict
crystalline breccia in the Nordlinger Ries are documented, and their relation to the Bunte
Trimmermassen and suevite is hardly exposed. The particular interest of such lithic polymict
crystalline breccias with moderately shocked clasts (>10 GPa) is their spatial relation to components
characterized by weak shock conditions (<7 GPa), i.e., the mixing of components from obviously
different source positions within the impact structure. Thus, they might carry information on the
relative trajectories from excavation to deposition.

In this study, we present a new occurrence of polymict impact breccias with moderately shocked (>10
GPa) Variscan basement clasts and weakly shocked (<7 GPa) sedimentary cover clasts that occur at
the contact between Bunte Breccia and suevite in the Aumiihle quarry in the Nordlinger Ries (Fig. 1).
We characterize the field occurrence and shock effects in the clasts and discuss our findings in
combination with the complementary magnetic characterization by Sleptsova et al., (submitted), to
evaluate the formation conditions and emplacement mechanism of the polymict crystalline breccia
considering observations and interpretations of similar breccias of other impact structures.
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Fig. 1 Simplified geological map of the Ries impact structure with occurrences of polymict crystalline breccia [green for this
study; red for documented shock pressures of up to =35 GPa (Abadian 1972; Graup 1978; Arp et al. 2019); yellow without
estimations on shock pressures (Abadian 1972; Stoffler 1977; Chao et al. 1987; Seybold et al. 2022). Map edited after: The
General Geological Map of the Federal Republic of Germany 1:250,000 (GUK250), © Bundesanstalt fiir Geowissenschaften
und Rohstoffe (BGR).

The Ries impact structure and its impact breccias

The 26 km diameter Ries impact structure was formed by a meteorite impact at =14.8 Ma (Di Vincenzo
2022; Lange and Suhr 2022 and references therein). The affected target rocks comprise the
approximately 700 m thick Mesozoic sedimentary sequence of the Swabian-Franconian Alb and the
underlying Variscan basement, mainly composed of amphibolites, metagranites, and paragneisses
(e.g., Graup 1978; von Engelhardt and Graup 1984; Hittner and Schmidt-Kaler 1999). Stoffler et al.
(2013) distinguish five major structural units: I) the central basin r<6 km, Il) the uplifted inner
crystalline ring r=6 km, 1lI) the megablock zone r=6-13 km, IV) the structural rim r=13-14 km, and VI)
the outer continuous ejecta blanket r=13-45 km. In general, the ejecta masses are distinguished into
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the ballistically ejected lithic Bunte Triimmermasse and the overlying glass fragment-bearing suevite
(e.g., Sturm et al. 2015; Stoffler et al. 2013 and references therein).

Suevite is an allochthonous polymict impact breccia with a fine-grained matrix, which contains mineral
and lithic clasts of the target and cogenetic (devitrified) glass fragments (Fladle), both mainly
originating from shocked Variscan basement (Pohl et al. 1977; Stoffler and Grieve 2007; Stoffler et al.
2013, 2018). The shock effects indicate a broad range of shock conditions [e.g., felsic components
from low shock conditions up to F-S6 (von Engelhardt et al. 1995; St6ffler and Grieve 2007; Stoffler et
al. 2018; Stahle et al. 2022)]. Suevites occur inside the inner ring on top of the crystalline basement
(crater suevite), outside the inner ring on top of the Bunte Triimmermasse (outer suevite), and as
dikes within the parautochthonous crater basement as well as within ejected crystalline megablocks,
i.e., dike suevites (Stoffler 1977).

The continuous ejecta blanket of the Bunte Trimmermassen consists of allochthonous rotated rocks
that originate from the sedimentary cover and the Variscan basement, which were fragmented and
displaced during the formation of the crater (Pohl et al. 1977; Hiittner and Schmidt-Kaler 1999; Stoffler
et al. 2013; Sturm et al. 2015). The Bunte Trimmermassen form the volumetrically dominant impact
breccia deposit in the Ries (Horz et al. 1983; Sturm et al. 2015). Megablocks of >25 m in size are
comprised dominantly of the Mesozoic sedimentary cover rocks and Variscan basement megablocks
are less common (<10% of the area covered by all megablocks, Sturm et al. 2015). These basement
megablocks commonly display few shock effects, such as kink bands in biotite, implying shock
conditions below 10 GPa (von Engelhardt and Graup 1984). The mm- to m-sized clasts in the Bunte
Breccia are dominantly derived from the sedimentary cover rocks that experienced relatively low
shock conditions (P<10 GPa; T<100°C) (Horz et al. 1983; von Engelhardt 1990; Stoffler and Grieve
2007). About 3-10% of the lithic clasts come from the Variscan basement, which has been described
as lithic polymict impact breccia that contains basement clasts that experienced various shock
conditions (<10-50 GPa; e.g., Stoffler 1971a; Abadian 1972; Pohl et al. 1977; Graup 1978; Stoffler and
Ostertag 1983; von Engelhardt 1990). Locally, the components of the Bunte Trimmermassen occur in
the Ries impact structure with an inverse stratigraphy, i.e., Ries lower units can be overlain by upper
units (e.g., Pohl, 1977; Sturm et al., 2015).

Abadian (1972) and Stoffler (1971a) distinguished monomict and polymict crystalline breccia based
on whether they contain one or more types of rocks from the Variscan basement, independent of the
shock conditions (<10-50 GPa). Von Engelhardt (1990) defined polymict crystalline breccia as having
experienced shock pressures of at least 10 GPa and containing various rock types from the Variscan
basement. Graup (1978) defined monomict crystalline breccia as having basement components with
similar shock conditions, whereas polymict crystalline breccia has basement components with variable
shock conditions. The breccia described in this study consists of heterogeneously shocked clasts from
the Variscan basement and Mesozoic sedimentary rocks, consistent with all the above definitions.

Abadian (1972) distinguished three types of polymict crystalline breccias: 1) isolated complexes
without relationship to the surrounding (Marienhdhe/Leopold-Meyers-Keller); 1) occurrences with
components likely derived from the adjacent basement megablock (Appetshofen+Lierheim, Itzing);
and Ill) breccia dikes with material different to the basement megablocks in which they occur
(Maihingen-Klostermihle) (Abadian et al. 1973; Arp et al. 2019). Furthermore, cataclastic veins
consisting of mixed basement and sedimentary clasts are reported to occur within the basement at
depths of up to 1187 m, as shown by the FBN1973 research drill core north of Nordlingen (Stoffler et
al. 1977). These veins are interpreted as highly energetic and early emplacement during the
excavation stage of the cratering process (Stoffler 1977). However, no shock pressure estimations
were reported for the veins (Graup 1977; Hittner 1977; Stoffler 1977; Stoffler et al. 1977).
Furthermore, no shock pressure estimations were published for the polymict crystalline breccia of
Unterwilflingen to our knowledge (Chao et al. 1987; Seybold et al. 2022). Within the inner ring,
polymict crystalline breccia was documented in depth ranging from 55.5 m to 62.43 m in the Erbisberg
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drilling 2011 located above upper Triassic sandstone blocks from the Bunte Breccia and below intact
gneiss blocks and monomict crystalline breccias (Arp et al. 2019).

Samples and methods

We studied a horizon rich in basement and sedimentary clasts occurring between the overlying suevite
and the underlying Bunte Breccia at the northeastern corner of the Aumihle suevite quarry (N
48°58'16.00416” E 10°37'47.59735, Fig. 1-3), which is located in the megablock zone, between the
inner crystalline ring and the structural rim, in the north-northeastern part of the Ries impact
structure. Fieldwork was conducted between 2020 and 2023 with the main sampling on 15th
September 2020. Due to the ongoing excavation work in the quarry, the investigated part of the
outcrop is now partly removed or covered (Fig. 2), as also described by Kroepelin et al. (2022). Samples
described here (Fig. 2) were taken from one amphibolite clast (R20-4,5; Fig. 2c), one gneiss clast (R20-
14; Fig. 2e), one metagranite cataclasite clast (R20-2; Fig. 2b), and one sandstone clast (R20-8; Fig. 2d).

A Metagranite cataclasite clast
. W TR w)ﬂr,’: S

z sandstone clast R sl Gneiss clast




Fig. 2a) Locations of samples R20-2, R20-4,5, R20-8, and R20-14 in the Aumihle quarry within polymict crystalline breccia
(PCB) indicated by the references to (b), (c), (d), and (e), respectively. Note the contact to suevite (Sv) and Bunte Breccia (BB)
displayed by the yellow dashed line and the suevite locally as lense within the Bunte Breccia. The drill core diameter is 2.5
cm of b) metagranite cataclasite clast sample R20-2, c¢) amphibolite clast sample R20-4,5, d) quartz sandstone clast sample
R20-8, and e) gneiss clast sample R20-14.

Polished and uncovered thin sections (25 um) were prepared from the samples and investigated by
polarization microscopy (Leica DM2700 P). Photomicrographs were taken with a Leica MC170 HD
camera and processed with the Leica Application Suite X 3.08.19082 software.

Raman spectroscopy was conducted for phase determination with a HORIBA JOBIN YVON XploRa ONE
micro-Raman system at the Munich Mineralogical State Collection Munich (SNSB). The system is
equipped with a Peltier-cooled CCD detector and edge filters. An 1800 g/mm grating and a 532 nm
(green) 2w-Nd:YAG laser were used. Slit and hole diameters were 100 um and 300 pum, respectively,
combined with an integration time of 5x5 s. For maskelynite, plagioclase, and amphibole, 50% laser
power was applied, whereas diaplectic SiO; glass was measured with 25% laser power corresponding
to max. 5.4 mW or max. 2.5 mW on the sample surface, respectively. A 100x long working distance
objective resulted in a 0.9 um laser spot size on the sample surface. Wavelength calibration was
performed with a pure Si-wafer chip on the predominant 520+1.5 cm™ peak. The precision in the
Raman peak position is estimated at +1.5 cm™.

Samples were studied with a Hitachi SU5000 scanning electron microscope (SEM) equipped with a
backscattered electron (BSE) detector, energy-dispersive X-ray spectroscopy (EDS) detector (Oxford
Instruments), NordlysNano high-sensitivity electron backscatter diffraction (EBSD) detector (Oxford
Instruments), and field emission gun. SEM observations used accelerating voltages of 10-20 kV and a
working distance of 10-25 mm. Chemical compositions were acquired with AZtec analysis software 4.2
(Oxford Instruments). Thin sections were chemo-mechanically polished with a colloidal alumina
suspension (Syton) for EBSD analysis to reduce the surface damage from preparation. Step sizes for
automatic mapping have been chosen between 0.5 um and 1 um depending on the EBSD-pattern
quality and resolution. A sample holder tilted at 70° with respect to the electron beam was used. EBSD
data were processed by the Channel software 5.12.74.0 (Oxford Instruments). All stereograms are
equal-angle projections of the lower hemisphere.

Results
Field occurrence of polymict crystalline breccia

The Aumihle quarry is a well-exposed outcrop in the Ries impact structure, where the irregular
contact between the lithic components of the Bunte Trimmermassen and the generally overlying
melt-fragment-bearing suevite are clearly visible (Fig. 2a; e.g., von Engelhardt 1997; Hittner and
Schmidt-Kaler 1999; Osinski et al. 2004; Stoffler et al. 2013). The suevite can form injection veins into
the components of the Bunte Breccia, forming vein-like structures or lenses (Fig. 2a). Ongoing quarry
activity continuously albeit transiently exposes melt-fragment-free breccia with a high amount of
basement clasts mixed with clasts from the sedimentary cover rocks (Figs. 2, 3).

At the northeastern corner of the Aumiihle quarry, the clasts in the Bunte Breccia range from a few
cm up to 15 m in diameter (Fig. 2a, 3a-c). Upper Jurassic black shales are overlain by upper Triassic
sandstones (Fig. 3a), consistent with an inverse stratigraphy (e.g., Pohl, 1977; Sturm et al., 2015). The
overlying matrix-rich and matrix-supported suevite with mm to dm-sized (devitrified) glass fragments
(FIadle) and fine-grained to few cm-sized lithic components are typically relative fresh and grey (Fig.
23, 3a, b, e, f). It can, however, locally be altered at the contact to the Bunte Breccia (Fig. 3b) and
polymict crystalline breccia (Fig. 3d), where it is red colored due to a high amount of fine-dispersed
hematite (Sleptsova et al., submitted).
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The contact between the polymict crystalline breccia to (altered) suevite and the components of the
Bunte Breccia is always sharp, without a gradual transition of clast sizes and lithologies (Fig. 3b-f).
Components of the polymict crystalline breccia have sizes of a few cm- to dm and are characterized
as basement rocks (=50%), such as gneisses and amphibolites, as well as sedimentary rocks (=50%),
such as quartz sandstones and clay stones, embedded in a fine-grained matrix of pulverized
component material (Figs. 2b-e, 3e-h). This basement-clast-rich horizon is distinguished from the
Bunte Breccia and suevite and referred to as polymict crystalline breccia because no glass fragments
have been identified and because the basement clasts are moderately shocked in contrast to the
apparently unshocked sedimentary clasts, which will be shown in the following.
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Fig. 3 Polymict impact breccia overlying suevite and Bunte Trimmermassen at the bottom in the Aumihle quarry. a)
Components of the Bunte Trimmermassen with inverse stratigraphy: lower Jurassic black shales (BS) are overlain by upper
Triassic sandstones (SS). Note the suevite (Sv) in the background. b) Sharp contacts of suevite (Sv), altered suevite (alt. Sv),
polymict crystalline breccia (PCB), and Bunte Breccia (BB). c¢) Polymict crystalline breccia (PCB) as vein-like structure in
component of Bunte Breccia (BB, iron sandstone middle Jurassic) covered by suevite (Sv). d) Sharp contact of altered suevite
(alt. Sv) and polymict crystalline breccia (PCB). e) Sharp contact of grey suevite (Sv) and polymict crystalline breccia (PCB),
which contains a granitoid clast (G). f) Granitoid clast (G) at the interface between Bunte Breccia (BB) and suevite (Sv). g, h)
Polymict crystalline breccia (PCB) comprised of angular basement clasts [A = amphibolite in (g), G = gneiss in (h)] and
sedimentary clasts [C = clay stone; QS = quartz sandstone in (g)].

Shock effects in the basement clasts

The following sections describe the shock effects within clasts of the polymict impact breccia (Fig. 2a),
a gneiss clast (Fig. 2b), an amphibolite clast (Fig. 2c), a quartz sandstone clast (Fig. 2d), and a
metagranite cataclasite clast (Fig. 2e).

Maskelynite and mechanical (101) twins in amphibole from amphibolite clast

The amphibolite clast (sample R20-4,5; Fig. 2a, c) within the polymict crystalline breccia has a weak
foliation consisting of 300 um to mm-sized constituents (Fig. 4a), which are characterized as
amphibole and an optically isotropic transparent phase (Fig. 4b, c) with feldspar composition as
indicated by EDS measurements (Fig. 4d). The anorthite-albite ratios range from 0.41 to 0.45,
corresponding to an andesine composition. Structurally, this phase can be interpreted as maskelynite
(diaplectic feldspar), which has typical broad Raman peaks (Fig. 4g) of approximately 457, 510, and
586 cm (Fritz et al. 2005). Locally, lamellae with birefringence, interpreted as remnants of the former
feldspar, occur in the maskelynite (Fig. 4b, c), depicting main Raman peaks at 482 and 509 cm™ (Fig.
4b, c, e), indicative of feldspar (Mernagh 1991).

EDS measurements of amphibole measurements indicate actinolite and magnesio-hornblende
compositions based on an Mg/(Mg+Fe) ratio of 0.55-0.70 and 6.5-7.6 Si per formula unit according to
the nomenclature of Leake et al. (1997). Distinct planar features commonly occur parallel to (101),
whereas fractures are oriented parallel (100) and {110} (Fig. 4f, g). Structural analysis via Raman
spectroscopy reveals broadening in the respective peaks (Fig. 4e) resulting from a disturbed
crystallographic structure.
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Fig. 4 Amphibolite clast, sample R20-4,5. a) Weak foliation of maskelynite (mask; white), i.e., former feldspar and amphibole
(amp; green); thin section scan. b, c) Polarized light micrographs of maskelynite (mask) with lamellae of residual feldspar; (c)
taken with crossed polarizers. d) Na distribution map with maskelynite (mask) appearing with turquois colour and amphibole
(amp) containing no Na appears black). €) Raman spectra of maskelynite, feldspar (lamellae), shocked amphibole, and an
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amphibole standard [grey; RRUFF standard (R050025)]. f) All Euler orientation map depicting different amphibole (amp)
grains with planar fractures (white dashed lines). Note that grains with feldspar composition show mostly no electron
backscattered diffraction patterns (no EBSP), but can locally contain remnants of feldspar (white arrow). g) Stereographic
projections (lower hemisphere) of fractured amphiboles depicted in (f) of (100), (IOl), (010), and {110} planes as well as
[001] direction with colored great circles corresponding to fracture orientations of the colored grains in (f).

The planar features along (101) are identified as twin lamellae with widths up to =10 pm (Fig. 5a-d).
The fine-lamellar twins can be bent, indicating that they are mechanical twins resulting from crystal-

plastic deformation associated with dislocation glide (Fig. 5¢, d). The (101) twin plane, a misorientation

axis parallel [101], and a misorientation angle of ~180° (Fig. 5c¢, d, e) characterizes them as (101)[101]
twins, known from high-stress crystal plasticity associated with pseudotachylyte formation (Briickner
and Trepmann 2021). Twin densities typically range from 10 um to 80 um. Cleavage fractures parallel

{110} typically are deflected by the {101} twin boundaries and do not crosscut them (Fig. 5f).
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Fig. 5 Twinned amphibole within amphibolite clast in polymict crystalline breccia, sample R20-4,5. a, b) Polarized light

micrographs of amphibole (amp) with planar features and maskelynite (mask), (b) is taken with crossed polarizers. c, d) All
Euler orientation map of amphibole (amp) with twin boundaries (orange). The area marked yellow is enlarged in (d). e)

Stereographic projections (lower hemisphere) of twinned amphibole depicted in (d) with great circle of (101)[101] twin
boundaries (orange) as well as (101), (010), {110} planes, and the [001] direction. f) BSE image of amphibole with {101} twins
and {110} fractures.
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Diaplectic SiO; glass in gneiss clast

The gneiss clast (sample R20-14; Fig. 2a, e) within the polymict crystalline breccia has a foliation
consisting of altered feldspar with bands of optically isotropic SiO,, interpreted as former quartz with
an mm-sized width in association with biotite (Fig. 6a-c). The optically isotropic diaplectic SiO; glass is
characterized by main broad Raman peaks (Fig. 6d) approximately at 456, 490, 603, and 813 cm
(Kowitz et al. 2013b).
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Fig. 6 Gneiss clast, sample R20-14. a-c) Diaplectic SiO; glass (SiO;) and altered feldspar (alt. fsp) within foliation fabric of the
gneiss host in polarized light (a, c) are taken with crossed polarizers. d) Raman spectrum of diaplectic SiO; glass.

76



Metagranite cataclasite clast

The metagranite cataclasite clast (sample R20-2; Fig. 2a, b) occurs as component within the polymict
crystalline breccia, which consists of a pronounced fine-grained, phyllosilicate-rich, and red lithic
matrix as well as angular foliated metagranite components with diameters ranging from 100 um up to
cm containing shocked feldspar and quartz (Fig. 7a, b). Quartz shows mottled undulatory extinction
and a high density of planar deformation features (Fig. 7c, d). Although the shocked quartz still is
birefringent (Fig. 7c), it shows a very poor band contrast of the EBSD pattern (EBSP) in the SEM, so
indexing was only rarely possible (Fig. 7e). In these cases, an orientation of the most dominant planar

deformation features (PDFs) parallel to {10T3}, {01T3} and {01T2} is indicated (Fig. 7d, e).
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Fig. 7 Metagranite cataclasite clast, sample R20-2. a) Overview of metagranite cataclasite (MGC) with fragmented calcite
(cal) clasts in a fine-grained red matrix; thin section scan taken with crossed polarizers. The yellow rectangle depicts the area
magnified in (b). b) Metagranite clast composed of foliated feldspar and quartz (fsp+gz) with adjacent phyllosilicate-rich
matrix; polarized light micrograph taken with crossed polarizers. ¢) Quartz (qz) within metagranite cataclasite clast has PDFs
(yellow arrow); polarized light micrograph taken with crossed polarizers. d) BSE image and e) EBSD map with pole figures of

quartz with PDFs parallel to {1013} and {0112}. Note that the black areas in (e) indicate no EBSP.
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Calcite aggregates occur embedded within the cataclasite, with the long axis of the aggregates ranging
up to 1 mm (Fig. 8a). The calcite aggregates are fractured with fragment sizes from 10s of um to 100s
of um (Fig. 8a-d). Calcite locally exhibits unusual interference colors (white arrow in Fig. 8b) that are
indicated by EBSD analysis to represent deformed grains with internal misorientation with angles
deviating from the grain average orientation of up to 20° and mechanical twins (Fig. 8b, d). Two twin
systems have been recognized, e-twins (yellow twin boundaries in Fig. 8d) and r-twins (red twin
boundaries in Fig. 8d, e), similar to those reported recently from metagranite cataclasites from
Maihingen in the Ries (Seybold et al. 2023). Also, undeformed grains with low internal misorientation
(Fig. 8c, d) occur adjacent to the deformed grains with mechanical twins and internal misorientation.
When comparing the crystallographic orientation of the deformed and undeformed grains (Fig. 8c, d,
e), a remarkable orientation relationship with a common {1120} plane can be observed (yellow circles
in Fig. 8e). The twinned grains with high misorientation angles are characterized in BSE images by a
high amount of sub-um-scale pores (Fig. 8f).

Fig. 8 Shock effects of fractured calcite (cal) aggregate within metagranite cataclasite clast (MGC), sample R20-2. a, b)
Polarized light micrographs taken with crossed polarizers of calcite aggregates. Note that EBSD data of (b) is presented in (c)
— (e). ¢) Grain Reference Orientation Distribution map (GROD) displaying the angular deviation from the average grain
orientation. d) EBSD All Euler orientation map depicting r-twin boundaries in red and e-twin boundaries in yellow. The dashed
line indicates the area, which orientation data is displayed in (e). Note the grains, which crosscut the twins, marked by the

white arrows. e) Pole figures of the <0001> axis as well as the {1150}, and {1014} planes of the area marked in (c). Note the
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overlapping {1120} planes of all three orientation maxima indicated by the yellow circles. The red dashed great circle displays
the r-twin boundary orientation. f) BSE image of twinned grain, which is partly replaced by a new grain (white arrow). Note
the pores (black) within the twinned calcite.

Sedimentary clast

Sedimentary clast (sample R20-8; Fig. 2a, d) occurs within the polymict crystalline breccia. The grain-
supported and phyllosilicate-cemented, well-sorted iron-rich quartz sandstone (sample R20-8) within
the polymict crystalline breccia is composed of grains with sizes ranging from 5 to 40 um and =5%
limonite with rarely occurring hematite grains (Fig. 9). No apparent shock effects can be observed,
consistent with the study of (Sleptsova et al., submitted), which only reports unshocked sedimentary
components.




Fig. 9 Polarized light micrographs of quartz sandstone component within polymict crystalline breccia (sample R20-8). Quartz
(gz) and limonite (lim) grains occur together with local hematite (hem) grains within a matrix of phyllosilicates (phyllo). No
apparent shock effects can be observed; (c, d) are taken with crossed polarizers.

Discussion
Shock and deformation conditions of clasts within polymict crystalline breccia

The observed amphibolite, gneiss, and metagranite cataclasite components in the polymict crystalline
breccia compare well with the Variscan gneisses documented from the Nordlingen 1973 drilling
project (Graup 1977) as well as the basement components investigated by Graup (1978). The shock
effects and shock pressure interpretations are summarized in Table 1.

Diaplectic SiO, glass in gneiss clast sample R20-14 (Fig. 6) indicates shock pressures of 35-50 GPa
(Stoffler 1971b, 1972; Stoffler and Hornemann 1972; Kowitz et al. 2013a), which can, therefore, be
classified as shock stage F-S5 (Stoffler et al. 2018) or shock stage Il according to the IUGS system
(Stoffler and Grieve 2007). Biotite without adjacent thermal decomposition products, such as fine-
grained hematite or magnetite, indicates temperatures below 600°C (Wones and Eugster 1965). For
the amphibolite clast (sample R20-4,5), diaplectic glass with an andesine composition (Fig. 4b-e),
shock pressures range from 20 to 34 GPa (Schaal and Horz 1977; Ostertag 1983; Stoffler et al. 2018),
equivalent to shock stages M-S3 to M-S4 (Stoffler et al. 2018) or shock stages lla to llb according to
the IUGS system (Stoffler and Grieve 2007).

The (101)[101] mechanical twins in amphibole (Fig. 4f, g) further indicate crystal plastic deformation
at high differential stresses. The (101)[101] twinning is documented in pseudotachylyte (e.g., Briickner
and Trepmann 2021), other meteorite craters (Chao 1967), as well as in nuclear explosion sites (Borg
2013). According to the experimentally calibrated critical resolved shear stress of 200-400 MPa

(Rooney et al. 1970), differential stresses of >400 MPa are required for (101)[101] twinning of
amphibole (Fig. 5). Stahle et al. (2022) documented shock veins within shocked amphibolite clasts
(shock stages M-S3 to M-S4) in suevite from the Ries impact structure, which is not apparent in the
amphibolite clast of our study. Metagranite cataclasite clast sample R20-2 consists of metagranite and
calcite clasts. Calcite was likely pre-existing in hydrothermal veins in the crystalline basement prior to
impact (Seybold et al., 2023). The occurrence of the metagranite cataclasite components within the
breccia (Fig. 7) indicates two stages of fracturing, where initially, the cataclasite formed, which was
subsequently incorporated as clast into the breccia. Quartz within the gneiss clast exhibits a high
density of fine rhombohedral PDFs (Fig. 7c-e). Shock pressures thus range from 10 to 20 GPa (Horz
1968; Miiller and Hornemann 1969; Stoffler and Langenhorst 1994), representing shock stages F-S2
to F-S3 (Stoffler et al. 2018) or shock stage la according to the IUGS system (Stoffler and Grieve 2007).
Sandstone clast R20-8 displays no apparent shock effects (Fig. 9), lacking planar fractures or other
planar features, high-pressure polymorphs, and/or glass (Kieffer et al. 1976; Kowitz et al. 2016) and is
classified by shock stages SR-S1 (Stoffler et al. 2018) or 0 according to the IUGS system (Stoffler and
Grieve 2007).

The different shock conditions of the basement clasts of different rock types with shock pressures
ranging from 10 to 50 GPa and differential stresses of 2400 MPa, are in accordance with the
observation from other polymict crystalline breccias (e.g., Abadian 1972; Graup, 1978; von Engelhardt
1990). The unshocked sedimentary clast (e.g., R20-8) is derived farther away from the center of the
crater. Suevites also contain components shocked under variable conditions, yet they contain glass
fragments (e.g., Stoffler et al. 2013), which are not observed in the here-described polymict crystalline
breccia samples.
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Tab. 1 Summary of shock stage classifications after Stoffler et al. (2018) of the different lithologies investigated in the
polymict crystalline breccia of this study with the respective shock pressure interpretations. The magnetic carrier and the
paleomagnetic directions are from Sleptsova et al. (submitted), with the corresponding sample names in brackets. (Qz =
quartz; Amp = amphibole; Fsp = feldspar; Mag = magnetite; Hem = hematite)

Sample Lithology Shock effects Shock Shock Stage Apparent Paleomagnetic
pressures magnetic carrier directions
R20-14 Gneiss diaplectic SiO, 34-50 GPa F-S5 mostly Mag Ries
(CS01_1)
R20-8 Sandstone none <1 GPa SR-S1 Hem Ries
(CB03_1)
R20-4,5 Amphibolite Amp twins; 20-34 GPa M-S3 to M-S4 mostly Mag random
diaplectic Fsp with
(CBO5_1) laplectic ksp wi
lamellae
(CB0O5_2)
R20-2 Gneiss breccia | fracturing; PDFs in 1-20 GPa F-S2 to F-S3 Hem random
z
(CBO6_1) Q

Comparison of polymict crystalline breccia from the Aumiihle quarry with similar outcrops in the
Nordlinger Ries

The type locality of the documented polymict crystalline breccia from the Nordlinger Ries is Meyers
Keller, where it occurs as an irregular body on top of the Bunte Breccia (e.g., Abadian 1972; Abadian
et al. 1973; Graup 1978). This is a similar structural position as in the Aumihle quarry with the
difference that in Aumiihle quarry the polymict crystalline breccia is overlain by suevite (Fig. 3a, b, f)
and in Meyers Keller, Ries lake sediments overlie the breccia. Similarly, in the Erbisberg drillcore
documented by Arp et al. (2019), polymict crystalline breccia was detected on top of Bunte Breccia,
which contains, like in Meyers Keller and the here-described Aumihle outcrop, highly shocked
material (up to 35 GPa, Arp et al. 2019) and no melt products. Yet, in the Erbisberg drillcore, polymict
crystalline breccia is overlain by intact gneiss blocks and monomict crystalline breccias of the Bunte
Triimmermassen (Arp et al. 2019). The apparent systematic structural position on top of the Bunte
Breccia at Meyers Keller (Abadian 1972), Aumihle (this study), and Erbisberg drillcore (Arp et al. 2019)
indicates that deposition of the polymict crystalline breccia took place after the deposition of the
Bunte Breccia.

The emplacement of the Bunte Triimmermassen is interpreted as a ballistic sedimentation during
secondary cratering, which results in a ground-level debris flow (Oberbeck 1975; Horz et al. 1983)
or/and an emplacement by a rolling-gliding base surge (Chao et al. 1987). The first model is an
analogue to ejecta formations on the Moon under dry conditions without an atmosphere (Oberbeck
1975). A continuous Bunte Breccia deposit with a reduced thickness at ~1.00-1.45 Rc (crater radii)
compared to a thicker accumulation at ~1.45-2.12 Rc resembling a moat and rampart morphology was
revealed by Sturm et al. (2013) through an analysis of the Ries Bunte Breccia thickness. The model of
a rolling-gliding base surge (Chao et al. 1987) is based on observations, such as striations on rock
surfaces (e.g., Chao 1976; Chao et al. 1987), plastic deformation of carbonatic rock and clay ironstone
at isostatic pressures of =3 GPa, plastic flow and tight folding of clay-bearing units of distant
stratigraphies (Chao et al. 1987), as well as the occurrence of large ejecta in pre-Ries valleys and
lowlands (Bader and Schmidt-Kaler 1977). Ductile deformation during emplacement is reported by
Pietrek and Kenkmann (2016) based on observations of folding, twisting, and smearing of Tertiary
clays, which also occur wrapped around component clasts. Furthermore, the latter authors explain
granular flow and the generation of deformation patterns as a result of vaporization of pore water in
sand- and siltstones.
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Polymict crystalline breccia at Aumiihle quarry and relation to suevites

In contrast to all other known outcrops, the polymict crystalline breccia in the Aumihle quarry is
overlain directly by suevite (Figs. 2a, 3b-f). The sharp boundary to the suevite (Fig. 3b-f), the absence
of glass fragments and the occurrence of larger basement and sedimentary components within the
polymict crystalline breccia (Fig. 3f, g) compared to the suevite clearly separates the polymict
crystalline breccia from the latter. Furthermore, the basement clasts' magnetic properties differ from
those of the suevites (Sleptsova et al., submitted). Paleomagnetic studies reveal a reversed polarity in
impact-related melts of the Nordlinger Ries, corresponding to reversed polarity chron C5Bnlr (e.g.,
Pohl et al. 1977; Koch et al. 2012; Rocholl et al. 2018). Generally, suevite has magnetite as magnetic
carrier and possesses tightly grouped paleomagnetic directions corresponding to the Ries direction
(chron C5Bn1r) as a result of the deposition temperature above the Curie temperature of magnetite
(580°C). Basement clasts of the same polymict crystalline breccia in our study were found by
(Sleptsova et al., submitted) to possess a stable remanent magnetization with randomly oriented
paleomagnetic directions for clasts with hematite as magnetic carrier, whereas clasts dominated by
magnetite have the Ries direction. Based on the application of a partial thermal remanent
magnetization in the laboratory, Sleptsova et al. (submitted) determined that the magnetization of
the hematite-bearing clasts was blocked before rotation and that the temperature of the post-Ries
hydrothermal system was below 300°C. Table 1 summarizes the magnetic properties of the samples
investigated in this study.

The emplacement of suevite is discussed as a collapse of an ejecta plume (von Engelhardt 1997),
deposition of an impact melt flow (Osinski 2004), via lateral flow (Bringemeier 1994; Meyer et al.
2011), density flow (Newsom et al. 1990), or through a collapse of a post-impact phreatomagmatic
plume system, which evolved from a fuel-coolant interaction of an aquifer or water with an impact
melt sheet (Artemieva et al. 2013; Stoffler et al. 2013). Siegert et al. (2017) propose an emplacement
by a radial, granular fluid-based particulate density current similar to ignimbrite formation of volcanic
systems. In neither of these emplacement scenarios, an accumulation of a melt-free polymict
crystalline breccia is expected at the base of the suevites. If the basement-rich horizon would have
resulted from mixing and reworking of the Bunte Breccia and suevite during turbulent emplacement,
the presence of glass fragments and smaller basement clasts (as typical for the overlying suevite)
would be expected.

Overall, the stratigraphic position of the polymict crystalline breccia on top of the Bunte Breccia and
underlying the suevite as well as the sharp contacts between both (Figs. 2a, 3b-e), together with large
basement clasts, without glass fragments and in accordance with the paleomagnetic data, indicates
that the suevite was deposited independently and after the emplacement of the polymict crystalline
breccia.

Relation to dikes of polymict crystalline breccias within the Ries and other impact structures

Dike occurrences of lithic breccias are reported from the Ries (FBN1973 research drillcore, Stoffler
1977) and various other impact structures: the Rochechouart impact structure (e.g., Lambert, 1981;
Bischoff and Oskierski, 1987), the Slate island impact structure (e.g., Dressler and Sharpton, 1997), the
Lockne impact structure (e.g., Sturkell and Ormo, 1997), and the Chesapeake Bay impact structure
(e.g., Wright Horton et al. (2009). These observations indicate that polymict lithic breccias often occur
as dikes within the crystalline basement and basement megablocks in contrast to the isolated
complexes of irregular bodies, as observed in Aumiihle quarry in this study (Figs. 2, 3). The dike
breccias are generally characterized as matrix- or clast-supported injections veins of a few cm to
several m in width and >1 km in length [i.e., polymict clastic-matrix breccias in Dressler and Reimold
2004; polymictic clastic matrix breccias in Dressler and Sharpton (1997)]. Similar to the polymict
crystalline breccia in Aumihle quarry, they are constituted of mostly shocked fragments from all
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stratigraphic levels of the pre-impact target (e.g., Abadian 1972; Abadian et al. 1973; Stoffler 1977,
Lambert 1981; Bischoff and Oskierski 1987).

Emplacement of polymict crystalline breccia

The emplacement of vein-like polymict crystalline breccias is interpreted as a highly energetic process,
which takes place during the growth of the crater when shocked and fragmented material moves
against and along the transient crater wall and intrudes it with a high particle motion (e.g., Stoffler
1977; Lambert 1981). The injected material is transported from 10s of m to a few km (e.g., Stoffler
1977; Dressler and Sharpton 1997). The necessary energies as a function of pressure for the
emplacement were only sufficient during the shock compression and the excavation stage of crater
formation (Bischoff and Oskierski 1987). The mathematical Maxwell Z-model (Maxwell 1977; Croft
1980) predicts that material from within the impact center moves horizontally or vertically along the
forming crater wall, whereas the same material is also partially ballistically ejected (Bischoff and
Oskierski 1987). The amount of the ballistically ejected material depends on the geometry of the
excavation cavity, which is distinct from the transient cavity and the apparent impact structure
geometry (Croft 1980). The amount of ballistically ejected material is hard to estimate given the highly
energetic and turbulent excavation stage, however, the emplaced basement clasts have the same
composition as the injected material (Fig. 10).

The occurrence of polymict crystalline breccia in Aumihle quarry is observed as irregular bodies on
top of the Bunte Breccia (Figs. 2a, 3b) or within the components of the Bunte Breccia (Fig. 3b-e) with
a sharp contact to the suevite above (Fig. 33b-e). At several locations, we found singular large clasts
from crystalline basement rocks located directly at the base of the suevites and the top of the Bunte
Breccia (Fig. 3f). Therefore, we suggest an emplacement of the polymict crystalline breccia from the
Aumthle quarry as predicted by the Maxwell Z-model (Maxwell 1977; Croft 1980). After the incipient
crater formation, where temperatures vaporized the target rock (Fig. 10a), first melting and then
fracturing occurs upon unloading from shock compression (Davies 1972). The metagranite cataclasite,
sample R20-2, likely formed during this initial stage after passage of the shock wave by in situ cataclasis
of Variscan metagranite with pre-existing calcite veins (Fig. 10a), whereas brecciation with
fragmentation of the basement clasts and transport of the clasts occurred upon subsequent crater
excavation (Fig. 10b). The shocked and fragmented clasts from the Variscan basement were either
injected into fractures within the transient excavation cavity wall or ballistically ejected by cratering
flow fields consistent with an inverse stratigraphy (Maxwell 1977; Croft 1980) (Fig. 10b). The ejecta
was subsequently deposited on the Bunte Breccia layer, which formed by a rolling-gliding base surge
(Chao et al. 1987) and/or ground level debris flow (Oberbeck 1975; H6rz et al. 1983) (Fig. 10c).
Additional ballistically transported sedimentary clasts (Oberbeck 1975; Horz et al. 1983), which only
experienced minor shock, were mixed with the shocked basement clasts and form polymict crystalline
breccia. Suevite was subsequently deposited above the polymict crystalline breccia and the Bunte
Breccia (Fig. 10d). The irregular distribution of larger bodies of polymict breccia (Figs. 2a, 3b) as well
as single larger clasts from the crystalline basement at the interface between Bunte Breccia and
suevite (Fig. 3f), are consistent to this emplacement mechanism, given the highly energetic and
turbulent deposition of impact ejecta (Dressler and Sharpton 1997; Dressler and Reimold 2004;
Kenkmann et al. 2014; Siegert et al., 2017).

The inverse stratigraphy as predicted by the Maxwell Z-model (Maxwell 1977; Croft 1980) is displayed
in the Aumihle quarry from top to bottom as i) crystalline basement derived suevite (Figs. 2a, 3a-e),
ii) polymict crystalline breccia composed of shocked basement clasts and sedimentary components
(Figs. 2a, 3b, d, e), iii) Bunte Breccia composed of upper Triassic sandstone (Fig. 3a), and iv) Bunte
Breccia consisting of upper Jurassic black shales (Fig. 3a).
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Crater excavation, fracturing, and
Bunte Trimmermassen deposition

Relative emplacement of Ries Impactites

@ Incipient crater excavation
and vaporization

" Basementclast -

Polymict Crystalline Breccia
@ ! dergosmon @ Suevite deposition

[ ] Sedimentary Cover [ ] Basementclasts

[ ] Crystalline Basement [ | Bunte Trummermassen
Y4 | Fractures %5 Particle and Melt Cloud
[ ] Vapor B  Suevite

Fig. 10 Relative emplacement of Ries impactites. a) Upon incipient crater excavation, Bunte Trimmermassen are ejected
from the excavation cavity, where temperatures lead to rock vaporization (Davies 1972). The yellow area indicates the source
of the shocked basement clasts. b) Ongoing crater excavation results in the formation of a fine-grained particle and melt
cloud. Radial forces (F; red) lead to enhanced fracture generation within the crystalline basement and the overlying
sedimentary cover sequence. As a result, shocked basement clasts are partially injected into the newly formed fracture
system driven by the crater excavation. However, fragmented clasts are also ejected outwards, where Bunte
Trimmermassen are already deposited with inverse stratigraphy. c¢) Shocked basement rock fragments and sedimentary
clasts settle on top of the Bunte Trimmermassen as irregular bodies and individual clasts before d) suevite deposition.
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Conclusions

An outcrop of polymict crystalline breccia at the Aumiihle quarry, Ries impact structure exhibits a clear
depositional relationship with the Bunte Breccia at the base and suevite on top. From the macroscopic
observations and microfabric analysis of the clasts, we conclude the following:

1.

The missing glass fragments, the random orientation of the paleomagnetic directions in the
basement clasts as well as the sharp boundaries between the deposits (Figs. 2, 3) argue against
an origin of the polymict crystalline breccia by mixing of Bunte Breccia and suevite upon
turbulent deposition of the suevite.

The mixture of moderately shocked clasts from the crystalline basement [shock stages up to
F-S5 after Stoffler et al. 2018 (35-50 GPa) (Figs. 4-8)] and apparently unshocked sedimentary
clasts (Fig. 9) reflects their different source localities within the impact structure (Fig. 10a).
The cataclasite clasts (Figs. 7, 8) indicate two stages of fracturing, one stage of in situ cataclasis
after unloding from shock compression (Fig. 10a) and a later brecciation and transport of the
basement clasts (Fig. 10b).

The shocked basement clasts were either injected within fractures of the transient crater wall
or ballistically ejected on top of the somewhat earlier deposited components of the Bunte
Trimmermassen consistent with an inverse stratigraphy (Fig. 10c), where they were mixed
with the sedimentary cover clasts to form the polymict crystalline breccia deposit before
emplacement of the suevite (Fig. 10d).

Acknowledgements

The fieldwork and assistance with polarized light microscopy and SEM by Ayoub Benhoummad is
greatly acknowledged. We thank Jean Pohl for his helpful comments on the manuscript. We
acknowledge the financial support of the Deutsche Forschungsgemeinschaft (TR534/9-1 and
Gl712/20-1).

Declaration of interest

No known competing financial interests or personal relationships influenced the results reported in
this study.

85



References

Abadian M (1972) Petrographie, StoBwellenmetamorphose und Entstehung polymikter kristalliner Breccien im Nordlinger
Ries. Contrib to Mineral Petrol 35:245-262

Abadian M, von Engelhardt W, Schneider W (1973) Spaltenfillungen in allochthonen Schollen des Nérdlinger Ries. In:
Geologica Bavarica 67. pp 229-237

Arp G, Reimer A, Simon K, Sturm S, Wilk J, Kruppa C, Hecht L, Hansen BT, Pohl J, Reimold WU, Kenkmann T, Jung D (2019)
The Erbisberg drilling 2011: Implications for the structure and postimpact evolution of the inner ring of the Ries
impact crater. Meteorit Planet Sci 54:2448-2482. https://doi.org/10.1111/maps.13293

Artemieva NA, Wiinnemann K, Krien F, Reimold WU, Stoffler D (2013) Ries crater and suevite revisited-Observations and
modeling Part Il: Modeling. Meteorit Planet Sci 48:590-627. https://doi.org/10.1111/maps.12085

Bader K, Schmidt-Kaler H (1977) Der Verlauf einer prariesichen Erosionsrinne im 6stlichen Riesvorland zwischen
Treuchtlingen und Donauwdérth. In: Schmidt-Kaler H (ed) Geologica Bavarica 75. Bayerisches Geologisches
Landesamt, Minchen, pp 401-410

Bischoff L, Oskierski W (1987) Fractures, Pseudotachylite Veins and Breccia Dikes in the Crater Floor of the Rochechouart
Impact Structure, SW-France, as Indicators of Crater Forming Processes

Borg 1Y (2013) Some Shock Effects in Granodiorite to 270 Kilobars at the Piledriver Site. In: Heard HC, Borg 1Y, Carter NL,
Raleigh CB (eds) Flow and Fracture of Rocks. American Geophysical Union Geophysical Monograph Series,
Washington DC, pp 293-311

Bringemeier D (1994) Petrofabric examination of the main suevite of the Otting Quarry, Nordlinger Ries, Germany.
Meteoritics 29:417-422. https://doi.org/10.1111/j.1945-5100.1994.tb00607.x

Briickner LM, Trepmann CA (2021) Stresses during pseudotachylyte formation - Evidence from deformed amphibole and
quartz in fault rocks from the Silvretta basal thrust (Austria). Tectonophysics 817:229046.
https://doi.org/10.1016/j.tecto.2021.229046

Chao ECT (1976) Mineral-Produced High-Pressure Striae and Clay Polish: Key Evidence for Nonballistic Transport of Ejecta
from Ries Crater. Science (80- ) 194:615-618. https://doi.org/10.1126/science.194.4265.615

Chao ECT (1967) Shock effects in certain rock-forming minerals. Science (80- ) 156:192-202.
https://doi.org/10.1126/science.156.3772.192

Chao ECT, Huttner R, Schmidt-Kaler H (1987) Aufschllsse im Ries-Meteoriten-Krater. Bayerisches Geologisches Landesamt,
Miinchen

Croft SK (1980) Cratering flow fields: implications for the excavation and transient expansion stages of crater formation.
Geochim Cosmochim Acta, Suppl 14:2347-2378

Davies GF (1972) Equations of state and phase equilibria of stishovite and a coesitelike phase from shock-wave and other
data. ) Geophys Res 77:4920-4933. https://doi.org/10.1029/J1B077i026p04920

Di Vincenzo G (2022) High precision multi-collector 40Ar/39Ar dating of moldavites (Central European tektites) reconciles
geochrological and paleomagnetic data. Chem Geol 608:121026. https://doi.org/10.1016/j.chemgeo.2022.121026

Dressler BO, Reimold WU (2004) Order or chaos? Origin and mode of emplacement of breccias in floors of large impact
structures. Earth-Science Rev 67:1-54. https://doi.org/10.1016/j.earscirev.2004.01.007

Dressler BO, Sharpton VL (1997) Breccia formation at a complex impact crater: Slate Islands, Lake Superior, Ontario,
Canada. Tectonophysics 275:285-311. https://doi.org/10.1016/50040-1951(97)00003-6

Fritz J, Greshake A, Stoffler D (2005) Micro-Raman spectroscopy of plagioclase and maskelynite in Martian meteorites:
Evidence of progressive shock metamorphism. Antarct Meteor Res 18:96-116

Graup G (1978) Das Kristallin im Nordlinger Ries - Petrographische Zusammensetzung und Auswurdmechanismus der
kristallinen Triimmermassen, Struktur des kristallinen Untergrundes und Beziehungen zum Moldanubikum.
Ferdinand Enke Verlag, Stuttgart

Graup G (1977) Die Petrographie der kristallinen Gesteine der Forschungsbohrung Nérdlingen 1973. In: Schmidt-Kaler H
(ed) Geologica Bavarica 75. Bayerisches Geologisches Landesamt, Minchen, pp 219-229

86



Horz F (1968) Statistical measurements of deformation structures and refractive indices in experimentally shock loaded
quartz. In: French BM, Short NM (eds) Shock metamorphism of natural materials. Mono Book Corps, Baltimore,
Maryland, pp 243-254

Horz F, Ostertag R, Rainey DA (1983) Bunte Breccia of the Ries: Continuous Deposits of Large Impact Craters. Rev Geophys
Sp Phys 21:1667-1725

Hattner R (1969) Bunte Triimmermassen und Suevit. In: Preuss E, Schmidt-Kaler H (eds) Geologica Bavarica 61. Bayerisches
Geologisches Landesamt, Munich, pp 142-200

Huttner R (1977) Makroskopische Beobachtungen zur Deformation des Kristallins in der Forschungsbohrung Nordlingen
1973. In: Schmidt-Kaler H (ed) Geologica Bavarica 75. Bayerisches Geologisches Landesamt, pp 273-283

Huttner R, Schmidt-Kaler H (1999) Die Geologische Karte des Rieses 1: 50 000 (2., Uberarbeitete Auflage). Geol Bavarica
104:7-76

Kenkmann T, Poelchau MH, Wulf G (2014) Structural geology of impact craters. J Struct Geol 62:156-182.
https://doi.org/10.1016/j.jsg.2014.01.015

Kieffer SW, Phakey PP, Christie JM (1976) Shock processes in porous quartzite: Transmission electron microscope
observations and theory. Contrib to Mineral Petrol 59:41-93. https://doi.org/10.1007/BF00375110

Koch SA, Gilder SA, Pohl J, Trepmann C (2012) Geomagnetic field intensity recorded after impact in the Ries meteorite
crater, Germany. Geophys J Int 189:383—-390. https://doi.org/10.1111/j.1365-246X.2012.05399.x

Kowitz A, Glildemeister N, Reimold WU, Schmitt RT, Wiinnemann K (2013a) Diaplectic quartz glass and SiO2 melt
experimentally generated at only 5 GPa shock pressure in porous sandstone: Laboratory observations and meso-
scale numerical modeling. Earth Planet Sci Lett 384:17-26. https://doi.org/10.1016/j.epsl.2013.09.021

Kowitz A, Glildemeister N, Schmitt RT, Reimold WU, Wiinnemann K, Holzwarth A (2016) Revision and recalibration of
existing shock classifications for quartzose rocks using low-shock pressure (2.5-20 GPa) recovery experiments and
mesoscale numerical modeling. Meteorit Planet Sci 51:1741-1761. https://doi.org/10.1111/maps.12712

Kowitz A, Reimold WU, Schmitt RT (2013b) DIAPLECTIC QUARTZ GLASS AND SiO2 MELT EXPERIMENTALLY GENERATED AT
ONLY 5 GPa SHOCK PRESSURE: LABORATORY OBSERVATIONS VERSUS MESOSCALE MODELING. Lunar Planet Sci Conf
44:5-6

Kroepelin K, Wimmer K, Hoffmann VH (2022) Recent Observations in Suevite outcrops (Ries Impact, Germany).
Jahresberichte und Mitteilungen des Oberrheinischen Geol Vereins 104:163—-184.
https://doi.org/10.1127/jmogv/104/0005

Lambert P (1981) Breccia dikes: geological constraints on the formation of complex craters. Multi-ring basins Form Evol 59—
78

Lange J-M, Suhr P (2022) The distal Effects of the Ries Impact — a Synopsis. Jahresberichte und Mitteilungen des
Oberrheinischen Geol Vereins 104:11-90. https://doi.org/10.1127/jmogv/104/0001

Leake BE, Woolley AR, Arps CES, Birch WD, Gilbert MC, Grice JD, Howthorne FC, Kato A, Kisch HJ, Krivovichev VG, Linthout
K, Laird J, Mandarino JA, Maresch WV, Nickel EH, Rock NMS, Schumacher JC, Smith DC, Stephenson NCN, Ungaretti
L, Whittaker EJW, Youzhi G (1997) Nomenclature of amphiboles: Report of the subcommittee on amphiboles of the
international mineralogical association, commission on new minerals and mineral names. Am Mineral 82:1019-
1037. https://doi.org/10.1180/minmag.1997.061.405.13

Maxwell DE (1977) Simple Z model for cratering, ejection, and the overturned flap. In: Roddy DJ, Pepin RO, Merrill RB (eds)
Impact and Explosion Cratering. Pergamon Press, New York, pp 1003—-1008

Mernagh TP (1991) Use of the laser Raman microprobe for discrimination amongst feldspar minerals. J Raman Spectrosc
22:453-457. https://doi.org/10.1002/jrs.1250220806

Meyer C, Jébrak M, Stoffler D, Riller U (2011) Lateral transport of suevite inferred from 3D shape-fabric analysis: Evidence
from the Ries impact crater, Germany. Bull Geol Soc Am 123:2312-2319. https://doi.org/10.1130/B30393.1

Miller WF, Hornemann U (1969) Elektronenmikroskopischer Nachweis amorpher Bereiche in stoRwellenbeanspruchtem
Quarz. Naturwissenschaften 56:279-279. https://doi.org/10.1007/BF00633926

87



Newsom HE, Graup G, Iseri DA, Geissman JW, Keil K (1990) The formation of the Ries Crater, West Germany; Evidence of
atmospheric interactions during a larger cratering event. In: Sharpton VL, Ward PD (eds) Global catastrophes in Earth
history; an interdisciplinary conference on impacts, volcanism, and mass mortality: Geological Society of America
Special Paper 247. pp 195-206

Oberbeck VR (1975) The role of ballistic erosion and sedimentation in lunar stratigraphy. Rev Geophys 13:337-362.
https://doi.org/10.1029/RG013i002p00337

Osinski GR (2004) Impact melt rocks from the Ries structure, Germany: An origin as impact melt flows? Earth Planet Sci Lett
226:529-543. https://doi.org/10.1016/j.epsl.2004.08.012

Osinski GR, Grieve RAF, Spray JG (2004) The nature of the groundmass of surficial suevite from the Ries impact structure,
Germany, and constraints on its origin. Meteorit Planet Sci 39:1655-1683. https://doi.org/10.1111/j.1945-
5100.2004.tb00065.x

Ostertag R (1983) Shock experiments on feldspar crystals. In: Proceedings of the 14th Lunar and Planetary Science
Conference. pp B364—-B376

Pietrek A, Kenkmann T (2016) Ries Bunte Breccia revisited: Indications for the presence of water in Itzing and Otting drill
cores and implications for the emplacement process. Meteorit Planet Sci 51:1203-1222.
https://doi.org/10.1111/maps.12656

Pohl J, Stoffler D, Gall H, Ernston K (1977) The Ries impact crater. In: Roddy DJ, Pepin RO, Merrill RB (eds) Impact and
Explosion Cratering. Pergamon Press, New York, pp 343-404

Rocholl A, B6hme M, Gilg HA, Pohl J, Schaltegger U, Wijbrans J (2018) Comment on “A high-precision 40Ar/39Ar age for the
Nordlinger Ries impact crater, Germany, and implications for the accurate dating of terrestrial impact events” by
Schmieder et al. (Geochimica et Cosmochimica Acta 220 (2018) 146—157). Geochim Cosmochim Acta 238:599-601.
https://doi.org/10.1016/j.gca.2018.05.018

Rooney TP, Riecker RE, Ross M (1970) Deformation twins in Hornblende. Science (80- ) 169:173-175.
https://doi.org/10.1126/science.169.3941.173

Schaal RB, Horz F (1977) Shock Metamorphism of Lunar and Terrestrial Basalts. Proc Lunar Sci Conf 2:1697-1729

Seybold L, HOlzI S, Trepmann C, Ernst V, Bahmer L (2022) Megablocks from the crystalline basement — the Lehberg outcrop,
Unterwilflingen, Nordlinger Ries. Jahresberichte und Mitteilungen des Oberrheinischen Geol Vereins 104:147-161.
https://doi.org/10.1127/jmogv/104/0004

Seybold L, Trepmann CA, Holzl S, Pollok K, Langenhorst F, Dellefant F, Kaliwoda M (2023) Twinned calcite as an indicator of
high differential stresses and low shock pressure conditions during impact cratering. Meteorit Planet Sci 19:.
https://doi.org/10.1111/maps.14056

Siegert S, Branney MJ, Hecht L (2017) Density current origin of a melt-bearing impact ejecta blanket (Ries suevite,
Germany). Geology 45:855-858. https://doi.org/10.1130/G39198.1

Sleptsova IV, Gilder SA, Dellefant F, Trepmann CA, Ahanin N, Pohl J (submitted) Thermal and structural history of impact
ejecta deposits, Ries impact structure, Germany. J Geophys Res Solid Earth

Stdhle V, Chanmuang N. C, Schwarz WH, Trieloff M, Varychev A (2022) Newly detected shock-induced high-pressure phases
formed in amphibolite clasts of the suevite breccia (Ries impact crater, Germany): Liebermannite, kokchetavite, and
other ultrahigh-pressure phases. Contrib to Mineral Petrol 177:80. https://doi.org/10.1007/s00410-022-01936-3

Stoffler D (1977) Research drilling Nordlingen 1973: Polymict breccias, crater basement, and cratering model of the Ries
impact structure. In: Schmidt-Kaler H (ed) Geologica Bavarica 75. Bayerisches Geologisches Landesamt, Munich, pp
163-189

Stoffler D (1971a) Progressive metamorphism and classification of shocked and brecciated crystalline rocks at impact
craters. ) Geophys Res 76:5541-5551. https://doi.org/10.1029/jb076i023p05541

Stoffler D (1971b) Coesite and stishovite in shocked crystalline rocks. J Geophys Res 76:5474-5488.
https://doi.org/10.1029/jb076i023p05474

Stoffler D (1972) Deformation and transformation of rock-forming minerals by natural and experimental shock processes.
Fortschritte der Mineral. 49:50-113

88



Stoffler D, Artemieva NA, Wiinnemann K, Reimold WU, Jacob J, Hansen BK, Summerson IAT (2013) Ries crater and suevite
revisited-Observations and modeling Part I: Observations. Meteorit Planet Sci 48:515-589.
https://doi.org/10.1111/maps.12086

Stoffler D, Ewald U, Ostertag R, Reimold WU (1977) Research drilling Nérdlingen 1973: Composition and texture of
polymict impact breccias. In: Schmidt-Kaler H (ed) Geologica Bavarica 75. Bayerisches Geologisches Landesamt,
Munich, pp 163-189

Stoffler D, Grieve RAF (2007) Impactites. In: Fettes D, Desmons J (eds) Metamorphic Rocks: A Classification and Glossary of
Terms, Recommendations of the International Union of Geological Sciences. Cambridge University Press, Cambridge,
pp 82-92, 111-125 and 126-242

Stoffler D, Hamann C, Metzler K (2018) Shock metamorphism of planetary silicate rocks and sediments: Proposal for an
updated classification system. Meteorit Planet Sci 53:5—-49. https://doi.org/10.1111/maps.12912

Stoffler D, Hornemann U (1972) Quartz and feldspar glasses produced by natural and experimental shock. Meteoritics
7:371-394

Stoffler D, Langenhorst F (1994) Shock metamorphism of quartz in nature and experiment: |. Basic observation and theory.
Meteoritics 29:155-181. https://doi.org/10.1111/j.1945-5100.1994.tb00670.x

Stoffler D, Ostertag R (1983) The Ries Impact Crater. Fortschritte der Mineral 61:71-116

Sturkell EFF, Ormo J (1997) Impact-related clastic injections in the marine Ordovician Lockne impact structure, Central
Sweden. Sedimentology 44:793-804. https://doi.org/10.1046/j.1365-3091.1997.d01-54.x

Sturm S, Kenkmann T, Willmes M, Pésges G, Hiesinger H (2015) The distribution of megablocks in the Ries crater, Germany:
Remote sensing, field investigation, and statistical analyses. Meteorit Planet Sci 50:141-171.
https://doi.org/10.1111/maps.12408

Sturm S, Wulf G, Jung D, Kenkmann T (2013) The ries impact, a double-layer rampart crater on earth. Geology 41:531-534.
https://doi.org/10.1130/G33934.1

von Engelhardt W (1990) Distribution, petrography and shock metamorphism of the ejecta of the Ries crater in Germany-a
review. Tectonophysics 171:259-273. https://doi.org/10.1016/0040-1951(90)90104-G

von Engelhardt W (1997) Suevite breccia of the Ries impact crater, Germany: Petrography, chemistry and shock
metamorphism of crystalline rock clasts. Meteorit Planet Sci 32:545-554. https://doi.org/10.1111/j.1945-
5100.1997.tb01299.x

von Engelhardt W, Arndt J, Fecker B, Pankau HG (1995) Suevite breccia from the Ries crater, Germany: Origin, cooling
history and devitrification of impact glasses. Meteoritics 30:279-293. https://doi.org/10.1111/j.1945-
5100.1995.tb01126.x

von Engelhardt W, Graup G (1984) Suevite of the Ries crater, Germany: Source rocks and implications for cratering
mechanics. Geol Rundschau 73:447-481. https://doi.org/10.1007/BF01824968

Wones DR, Eugster HP (1965) Stability of biotite: Experiment, theory, and application. Am Mineral 50:1228-1272

Wright Horton J, Gibson RL, Reimold WU, Wittmann A, Gohn G, Edwards L (2009) Geologic columns for the ICDP-USGS
Eyreville B core, Chesapeake Bay impact structure: Impactites and crystalline rocks, 1766 to 1096 m depth. Spec Pap
Geol Soc Am 458:21-49. https://doi.org/10.1130/2009.2458(02)

89



The \

Meteoritical

Society doi: 10.1111/maps.13590

") Check for updates

Meteoritics & Planetary Science 55, Nr 11, 2360-2374 (2020)

Quartz and cristobalite ballen in impact melt rocks from the Ries impact structure,
Germany, formed by dehydration of shock-generated amorphous phases

Claudia A. TREPMANN

" Fabian DELLEFANT', Melanie KALIWODA?, Kai-Uwe HESS!,

Wolfgang W. SCHMAHL'"?, and Stefan HOLZL?

'Department of Earth and Environmental Sciences, Ludwig-Maximilians-University, 80333 Munich, Germany
“Mineralogische Staatssammlung, Staatliche naturwissenschaftliche Sammlungen Bayerns, 80333 Munich, Germany
3RiesKraterMuseum, Staatliche naturwissenschaftliche Sammlungen Bayerns, 86720 Nordlingen, Germany

*Corresponding author. E-mail: claudia.trepmann@]lmu.de

(Received 19 March 2020, revision accepted 06 October 2020)

Abstract—Quartz and cristobalite ballen aggregates surrounded by dendritic cristobalite in
gneiss clasts of impact melt rocks from the Ries impact structure are analyzed by Raman
spectroscopy, microscopy, and electron backscattered diffraction to elucidate the
development of the characteristic polycrystalline ballen that are defined by curved interfaces
between each other. We suggest that the investigated ballen aggregates represent former
fluid inclusion-rich quartz grains from the granitic gneiss protolith. Upon shock loading,
they transformed into an amorphous phase that partly retained information on the
precursor structure. Volatiles from inclusions dissolved into the amorphous phase. During
decompression and cooling, dehydration takes place and causes fracturing of the amorphous
phase and disintegration into small globular ballen, with the fluid being expelled along the
fractures. A similar formation of small globules due to dehydration of silica-rich glass is
known for perlitic structures of volcanic rocks. Remnants of the precursor structure are
present in the amorphous phase and enabled topotactic crystallization of quartz, leading to
a crystallographic preferred orientation. Crystallization of more distorted parts of the
amorphous phase led to random orientations of the quartz crystals. Ballen comprised of
cristobalite formed from a dehydrated amorphous phase with no structural memory of the
precursor. Dendritic cristobalite exclusively occurring at the rim of quartz ballen aggregate
is interpreted to have crystallized directly from a melt enriched in fluids that were expelled
during dehydration of the amorphous phase.

INTRODUCTION

“Ballen” of quartz and cristobalite aggregates have
been observed in impactites from a number of terrestrial
impact structures, predominantly from impact melt
rocks, suevites, and target rock clasts affected by high
post-shock temperatures (7" > 1200 °C, e.g., Short 1970;
Engelhardt 1972; Carstens 1975; Bischoff and Stoffler
1984; Rehfeldt-Oskierski et al. 1986; French 1998;
Osinski 2004; Ferriere et al. 2008, 2009, 2010; Buchner
et al. 2010; Chen et al. 2010; Schmieder et al. 2014;
Chanou et al. 2015). The ballen are characterized by
aggregates of globular quartz and/or cristobalite that
can in rare cases contain small inclusions of coesite
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(Ferriecre et al. 2010). Based on polarized light
microscopy, Bischoff and Stoffler (1984) distinguished
three types of ballen, which they interpreted to
crystallize at various shock pressures from an impact-
generated diaplectic glass that can preserve the shape of
the original quartz grain and retains remnants of the
original crystalline structure. Type A (~30-35 GPa) is
described as optically homogeneous, type B (~45-
55 GPa) shows variable crystallographic orientations,
and type C (>50 GPa) is described as newly crystallized
from a melt. Ferriere et al. (2008, 2009) distinguished
five different types: Type I is defined as o-cristobalite
ballen with homogeneous extinction, types II-V as o-
quartz ballen with either homogeneous extinction (type



Ballen from the Ries crater

II), heterogeneous extinction (type III), intraballen
crystallization (type IV), or chert-like ballen (type V).
Ferriere et al. (2009) concluded that the ballen
aggregates are the result of back-transformations from
shock-induced states and different types of ballen do
not indicate specific shock pressures, but that shock
pressures in excess of ~35 GPa are required for all of
them to form either from diaplectic glass or from a
silica melt (lechatelierite). Furthermore, brownish
colored, so-called “toasted” ballen have been reported
(Whitehead et al. 2002; Ferriere et al. 2010). Various
models for the formation of the ballen aggregates have
been proposed to date, which mostly include multiple
silica phase transformations (Short 1970; Engelhardt
1972; Carstens 1975; French 1998; Ferriere et al. 2009,
2010). Ferriere et al. (2010) suggested from a
compilation of quartz and cristobalite ballen aggregates
from different impact structures that o-quartz in ballen
is the product of back-transformation of B-quartz and/
or a-cristobalite with time.

Yet, the detailed formation mechanism of the ballen
shape and especially the role of multiple phase
transformations from quartz to amorphous phases back
to cristobalite and/or quartz, as well as the conditions
under which ballen form, remain unclear (Ferriere et al.
2010). The existing ballen classifications are based on
the dominant phase comprising the ballen (quartz or
cristobalite) and the optical extinction characteristics
(Bischoff and Stoffler 1984; Ferriere et al. 2008, 2009).
Optical  extinction  characteristics  result  from
crystallographic misorientations, which can be analyzed
and quantified by the electron backscatter diffraction
(EBSD) technique. Using EBSD, we will describe this
microfabric, including the crystallographic orientations
of quartz and cristobalite in ballen aggregates within
granitic gneiss clasts from the Polsingen impact melt
rocks of the Ries impact structure, Germany, and we
discuss the conditions and the formation mechanisms of
ballen based on these observations. Although quartz
ballen aggregates and dendritic rims of cristobalite
around ballen aggregates are well known from the Ries
(e.g., Engelhardt 1972; Ferriere et al. 2009, 2010;
Osinski 2004), cristobalite ballen aggregates have, to our
knowledge, not been described from the Ries impact
structure so far.

METHODS

Impact melt rocks were sampled in April 2018 at
the old quarry southwest of Polsingen, in the Ries
impact structure, Germany (e.g., Stoffler et al. 2013).
From five samples, polished thin sections (~30 um) were
prepared that were analyzed by polarized light
microscopy. Two samples (CT915, CT917) were chosen
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for detailed scanning electron microscopy (SEM) and
Raman spectroscopy.

EBSD allow us to measure the 3-D crystallographic
orientation of crystalline material by SEM (scanning
electron microscope) and to quantify misorientations
within crystals and between different grains. For EBSD
analyses, an additional chemo-mechanical polish with a
colloidal silica solution (Syton) was applied. SEM
investigations including EBSD and energy dispersive
spectroscopy (EDS) were performed on the carbon-

coated thin sections wusing a Hitachi SUS5000
microscope, equipped with a field emission gun,
NordlysNano  high-sensitivity ~ detector  (Oxford

Instruments), EDS detector (Oxford instruments), and
MiniCL detector (Gatan). For EDS and EBSD data
acquisition, the AZtec analysis software (Oxford
Instruments) was used. The SEM was operated at
accelerating voltages of 20 kV and a working distance
of 10-25 mm. The step size for automatic EBSD
mapping using a sample holder pre-tilted at 70° with
respect to the electron beam was in the range of 0.5-
2 um, dependent on the EBSD pattern quality and
required resolution. The EBSD data were processed
using the Channel software (Oxford Instruments). All
pole figures are stereographic projections of the lower
hemisphere.

Silica displays abundant polymorphism as a
function of temperature and pressure (e.g., Boyer et al.
1985; Stahle et al. 2008). Therefore, in situ Raman
spectroscopic investigations were carried out to identify
the SiO, phases present in a sample by using a
HORIBA JOBIN YVON XploRa ONE micro Raman
machine at the Mineralogical State Collection Munich
(SNSB). This specific Raman spectrometer was
equipped with edge filters, a Peltier-cooled CCD
detector, and three different lasers working at 532 nm
(green), 638 nm (red), and 785 nm (near IR). A green
20-Nd:YAG laser (532 nm) was used in an attenuated
mode of 50% laser power belonging to 5.5 + 0.1 mW
on the sample surface. Focusing was completed through
a 100 LWD (long working distance) objective, resulting
in a 0.9 pm laser spot size on the sample surface. The
wavelength calibration of the green laser was performed
by manual calibration with a pure Si wafer chip; the
main peak was located in the interval of 520 + 1 cm™".
The wave number reproducibility was checked several
times a day within deviations of less than <0.2 cm™'.
Monthly deviation was in the range of 1 cm™' before
calibration. Hole and slit were set to 300 and 100 pm.
The 1200T/1800 T grating was used to obtain a better
spectral resolution. Short counting times (2 x 8 s) were
chosen. The precision of determining Raman peak
positions by this method is estimated to be +1 to
+1.5 cm™". In addition to single point measurements,
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Fig. 1. Impact melt rock from Polsingen. a) Hand specimen and (b) thin section of sample CT917 showing a red matrix and
clasts of granitic gneisses (arrows). (Color figure can be viewed at wileyonlinelibrary.com.)

several mapping efforts inside the quartz and
cristobalite ballen have been performed to check the
phase distributions.

SAMPLES

The studied ballen occur in impact melt rocks from
the old quarry southwest of Polsingen within the 15 Ma
old, 26 km diameter Ries impact structure, Germany
(for a recent review of the Ries, see Stoffler et al. 2013).
The outcrop is located about 11 km to the northeast of
the assumed center of the crater, and is located in the
megablock zone  (N48°55'03"/E10°42'21",  Fig. 1),
beyond the inner ring, the typical radial range for these
rare, melt-rich deposits of the Ries (e.g., Engelhardt
1997; Buchner et al. 2010; Stoffler et al. 2013). These
impact melt rocks are characterized by a large amount
of biotite-bearing granitic gneiss fragments in a red melt
matrix due to finely dispersed hematite (Fig. 1). In the
granitic gneiss clasts, ballen aggregates, vesicles, and
decomposed biotite are common (Figs. 2a and 2b). The
composition of the Polsingen impact melt matrix has
been reported to be similar to the impact melt rock
drilled at Enkingen, as well as to the melt particles in
the frequently occurring “outer suevites,” containing
about 6-9 wt% Na,O + K,;O and 60-65 wt% SiO,
(Osinski 2004; Stoffler et al. 2013). This vesicle-rich
impact melt rock from Polsingen with decomposed
biotite indicates a shock stage F6 (former shock stage
I11), for granitic target rocks after Stoffler et al. (2018),
representing a shock pressure range of 45-60 GPa and
postshock temperatures of 900-1300 °C. The occurrence
of these melt rocks at Polsingen most likely represents
an erosional remnant of an originally more
widespread impact melt sheet (e.g., Engelhardt and
Graup 1984; Osinski 2004; Buchner et al. 2010; Stoffler
et al. 2013).
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RESULTS

The ballen aggregates comprised of individual
ballen occur within the granitic gneiss clasts of the
impact melt rocks (Fig. 2). They are mostly composed
of pure a-quartz (Fig. 3A) and more rarely partly
composed of a-cristobalite (Figs. 2f, 2g, and 3B). The
spectra of a-quartz show the typical Raman peaks at
127, 205, 262, 354, 394, and 800 cm ' as well as a main
peak at 464 cm~' (Fig. 3A). o-cristobalite in the ballen
shows the typical triplet at 113, 231, and 418 cm™' and
a weaker peak at 785 cm ' (Fig. 3B). A rim of
brownish cristobalite is surrounding a ballen aggregate
only where it is in contact with a vesicle in the impact
melt rock (Figs. 2h and 3C).

The ballen aggregates have typically a diameter of a
few hundreds of pm to I mm and show a rectangular
(Fig. 2b) or an irregular shape (Figs. 2c and 2f-h).
Partly, they can preserve the shape of the original
quartz grain from the host rock (Fig. 2b) or they can
exhibit the shape of a droplet (Fig. 2¢). No structures
indicating significant viscous flow within the aggregates
are evident. The individual ballen are globules of a few
tens of pum in diameter (Fig. 2). Quartz within
individual ballen is characterized by undulatory
extinction (Figs. 2c—f), which is also apparent as
orientation contrast in BSE images (Figs. 4a and 4b).
Cristobalite ballen show a radiating orientation contrast
in BSE images (Fig. 4d). The curved interfaces defining
the individual ballen can be open (Figs. 4a and 4b) or
partly filled by siliceous material rich in Fe, K, Al, and
Mg (Figs. 4c and 4d), as indicated by EDS
measurements. Quartz that retains its original shape but
with curved fractures forming incipient individual ballen
can show several sets of planar features parallel to the
basal plane (0001) and {10-13} rhombohedral planes, as
indicated by EBSD measurements (Figs. 4e and 4f).
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Fig. 2. Polarized light micrographs of ballen silica. a) Irregular aggregates of quartz with ballen (red arrows) in matrix rich in
vesicles, sample CT915. Yellow arrows mark decomposed biotite. Black arrows point to vesicles. b) Quartz grain with preserved
original shape and incipient ballen (qtz, type IV), sample CT917, compare Figs. 4e, 4f, and 9. Yellow arrows mark decomposed
biotite in coarse-grained granitic gneiss clast component. ¢) Droplet-shaped quartz aggregate with ballen and heterogeneous
extinction (type IV), crossed polarizers, and compensator plate inserted, sample CT915. d) Ballen showing two domains with
slightly different crystallographic orientations and heterogeneous extinction of single ballen (type IV), crossed polarizers and
compensator plate inserted, sample CT915. e) Ballen quartz with “chert-like” extinction (type V, where quartz ballen are hardly
visible) but also areas displaying a heterogeneous extinction (type IV, ballen distinct, yellow arrow). f, g) Ballen aggregate of
quartz (qtz) with relatively homogeneous extinction of ballen (type III) and cristobalite (crs, type I). Image (f) taken with crossed
polarizers and compensator plate inserted, sample CT917, compare Fig. 6. h) Quartz aggregate with ballen surrounded by
brownish rim of cristobalite in contact with vesicle (vs, type IV, compare Figs. 6, 8a, 8b, 9c and 9d). (Color figure can be viewed
at wileyonlinelibrary.com.)
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Fig. 3. Raman spectra of (A) a-quartz and (B) o-cristobalite aggregates with ballen (compare Figs. 2d and 2e, respectively). In
(C), the Raman spectra of a-cristobalite at the rim surrounding ballen aggregates in contact with vesicles are shown (compare

Fig. 2f).

In Table I, the classification of ballen quartz and
cristobalite aggregates after Ferriere et al. (2009), using
their extinction characteristics in polarized light, is
applied to our observations. The classification is,
however, not always explicitly applicable to our
samples, as single aggregates commonly show different
extinction characteristics in polarized light. Most ballen
aggregates (67%) can be classified as type IV, as they
show undulatory extinction of individual ballen
(Figs. 2c—f and 4a,b). However, 20% of the quartz
ballen aggregates show coarser domains of similar
extinction, although individual ballen show undulatory
extinction (Fig. 2d). About 32% show a “chert-like”
extinction characteristic of type V (Fig. 2e), where
individual ballen show on small-scale largely different
extinction positions. However, ballen aggregates with
“chert-like” extinction (type V) can in other parts show
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rather a heterogeneous type IV extinction (Figs. 2e and
S5). Also, ballen aggregates occur that comprise quartz
and cristobalite (Figs. 2f and 2g). The cristobalite part
of the ballen aggregate would classify as type I with low
birefringence; the part comprised by quartz would
classify as type III, as it shows relatively homogenous
extinction of individual ballen (Fig. 2f). We did not find
a systematic difference in the occurrence of the various
types within the samples, whether the ballen
aggregates are in the center of a granitic gneiss clast, at
the rim to the matrix, or within the matrix of the
impact melt rock. Yet, in 2-D thin sections, the 3-D
distributions of the ballen aggregates within the very
heterogeneous impact melt rock are not apparent.
To further characterize the ballen aggregates by
their crystallographic orientation characteristics, we
performed EBSD measurements.
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Fig. 4. BSE images of silica aggregates with ballen. a, b) Curved interfaces (white arrows) define the quartz ballen. Note porosity
close to the fractures (black arrows) and mottled orientation contrast, sample CT915. ¢) Siliceous material rich in Fe, K, Al, and
Mg decorate fractures (white arrows), sample CT917. d) Cristobalite with radial orientation contrast and siliceous material rich
in Si, Fe, K, Al, and Mg along the curved fractures, sample CT917. e, f) Quartz with sets of planes following the basal and the
{10-13} rhombohedral planes and ballen aggregate that retains its original shape from the host rock, sample CT917, compare

Fig. 2b.
The EBSD measurements reveal that the
individual quartz ballen are generally themselves

polycrystalline (Figs. 5 and 6a, 6b), consistent with the
presence of high-angle grain boundaries
(misorientation angle >10°, red lines in Fig. 5¢). Low-
angle grain boundaries (misorientation angle <10°,
yellow lines in Fig. 5¢) are relatively rare (Figs. 5¢ and
6b). The quartz ballen aggregates that classify as types
IV and V show a crystallographic preferred orientation
(CPO) with one or two dominating orientations, as
indicated by EBSD measurements (Figs. 5d, 5f, 5i and
6b, 6¢), which is consistent with the optical
appearance of similar extinction positions of larger
domains (Fig. 2d). These domains are characterized by
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one marked maximum at low misorientation angles,
yet one maximum at about 60° (Fig. 5i), which shows
that they contain Dauphiné twin orientations, as also
evident from the pole figures (Fig. 5f). Dauphiné twin
orientations are characterized by a 60° misorientation
angle and a rotation axis parallel to the quartz <c>
axis, that is, they do not contribute to a difference in
optical extinction. Apart from these dominant
orientations characterized by a marked CPO, quartz
occurs also in scattered orientations (Figs. Se and 5g)
with an almost random misorientation angle
distribution (Fig. 5h).

In a ballen aggregate that comprises cristobalite and
quartz (Figs. 2f, 2g and 7), the individual quartz ballen
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Type according Extinction characteristics Textural characteristics Example % in
to Ferriere Mineral in polarized light, crossed shown Polsingen
et al. (2009) phase polarizers of aggregate of ballen in Fig. samples
Type I a-cristobalite  Low birefringence Almost random  Polycrystalline 2f, 2g, 7 1
Type 11 o-quartz Homogeneous extinction of - - - -

all ballen in aggregate
Type 111 o-quartz Heterogeneous extinction No CPO Polycrystalline  2f, 2g, 7 1

of aggregate but each

ballen has relative

homogeneous extinction
Type IV o-quartz Heterogeneous extinction CPO Polycrystalline  2c, 2e 46

of individual ballen

Homogeneous extinction of 2d, 2f,6,9 20

domains, individual ballen show

heterogeneous extinction
Type V o-quartz Chert-like heterogeneous CPO Polycrystalline  2e, 5 32

extinction, individual
ballen are hardly detectable

show a relative homogeneous extinction compared to
other observed ballen. EBSD measurements reveal
random crystallographic orientations, that is, no CPO
(Figs. 7a—c). The cristobalite ballen are polycrystalline
with radiating elongate grains (Fig. 4d). The <c> axis
orientations are largely scattering but preferentially
radiating likewise and the <010> axis is clustered in a
point maximum parallel to the normal to the thin
section plane (Fig. 7d). The cristobalite found
exclusively along the rim of the ballen aggregates
(Figs. 2h and 6a, 6b) shows the same texture (compare
Figs. 6d and 7d). The shape of the cristobalite grains is
dendritic with the long axes of the dendrites radiating
outward (Figs. 8a and 8b). The dendritic cristobalite
rim shows a high porosity at the direct contact with the
ballen aggregate, which is decreasing toward the outer
boundary to the matrix (dark area in Figs. 8a and 8b).
Barium and sulfur have been detected by EDS to be
present at the cristobalite—quartz contact, suggesting the
presence of barium sulfate (black arrow, Fig. 8a). More
rarely, prismatic cristobalite can occur surrounding the
ballen aggregates together with K-feldspar forming the
contact with the polyphase matrix of the impact melt
rock (Figs. 8c—f and 9c, 9d). Cristobalite in the ballen
aggregates as well as cristobalite at the rim and in the
matrix is generally enriched in Na>O (0.4-0.7 wt%) and
AlLO; (1.4-1.7 wt%) summing up to about 2 wt%, as
indicated from EDS measurements from five different
ballen aggregates.

Coarse quartz grains in granitic gneisses of shock
stage 0 (Fig. 9a) show typically abundant fluid inclusion
trails. In contrast, the quartz ballen aggregates even
with only incipient ballen and preserving the original
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grain shape systematically do not show fluid inclusion
trails (Figs. 9b—d).

DISCUSSION
Transition of Quartz to Shock-Induced Amorphous Phase

Bischoff and Stoffler (1984) suggested that different
extinction properties of ballen aggregates are
characteristic for different shock pressure conditions.
Ferriere et al. (2009), however, argued that different types
of ballen do not indicate specific shock pressures, as they
result from transformations from either shock-induced
diaplectic glass or silica melt (lechatelierite). Our
observations of different extinction characteristics in
polarized light occurring on thin section scale and even
within single ballen aggregates confirm that the different
types of ballen cannot be taken to indicate specific shock
pressures on sample scale. The stress—temperature
conditions may vary locally on grain scale or below, given
the different response of the polycrystalline and
polyphase granitic gneisses to shock loading and
unloading. The EBSD measurements show that the
ballen types IV and V differentiated by Ferriere et al.
(2009, 2010) are characterized by polycrystalline quartz
with a varying amount of grains in random orientations
relative to dominant orientations resulting in the
observed CPO (Figs. 5 and 6). Only in aggregates
comprised by both cristobalite and quartz, no CPO is
observed (type I/111, Fig. 7). The dominant orientation is
interpreted to be inherited from the original quartz grain
in the granitic gneiss protolith, opposed to the random
orientations, which are interpreted as “new” orientations.
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Fig. 5. EBSD data of ballen quartz with “chert-like” extinction (type V), sample CT917. a, b) Polarized light micrographs with
and without crossed polarizers, respectively. The red box in (b) indicates the location of the EBSD map. c) Euler angle map
overlain by band contrast with boundaries characterized by misorientation angles below (yellow) and above (red) 10°. d, e) Euler
angle maps overlain by band contrast, where dominant crystallographic orientation and scattered orientations are highlighted,
respectively. f, g) Pole figures of [c], <a>, and {r} axes in stereographic projections of the lower hemisphere, corresponding to the
maps in (d) and (e), respectively. h, i) Misorientation angle histograms of scattered, and dominant orientations, corresponding to
maps in (d) and (e), respectively.
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Fig. 6. EBSD data of ballen quartz showing different domains with homogeneous extinction, single ballen show heterogeneous
extinction (type IV) and rim of cristobalite, sample CT915 (compare Figs. 2f, h and 7a, b). a, b) Polarized light micrograph
(crossed polarizers) and Euler angle map overlain by band contrast, respectively. ¢) Pole figures of quartz [c], <a>, and {r} axes
in stereographic projections of the lower hemisphere, corresponding to the maps in (b). d) Pole figures for cristobalite and
density plots in stereographic projections of the lower hemisphere, corresponding to the maps in (b), respectively.
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Fig. 7. EBSD data of quartz and cristobalite with ballen, sample CT917 (compare Figs. 2f, 2g). a, b) Band contrast maps with
phase boundary between quartz and cristobalite (red line) and map color coded by Euler angles and grain boundaries,
respectively. ¢) Pole figures of quartz [c], <a>, and {r} axes in stereographic projections of the lower hemisphere, corresponding
to the maps in (b). d) Pole figures for cristobalite and density plots in stereographic projections of the lower hemisphere,
corresponding to the maps in (b), respectively.

99



2370

C. A. Trepmann et al.

Fig. 8. BSE images of cristobalite microstructures at the rim of ballen aggregates. a, b) Dendritic structure of rim around quartz
aggregate with ballen, sample CT915 (compare Fig. 2h and Fig. 6). ¢) Cristobalite grains at rim of quartz aggregated with ballen,
sample CT915. d—f) Cristobalite grains next to K-feldspar at the rim of quartz with incipient ballen, sample CT917 (compare
Fig. 2b, Figs. 9b-d). (Color figure can be viewed at wileyonlinelibrary.com.)

We take the observed CPO as a strong indication that the
original quartz grains were transformed upon shock
loading and rapid unloading into a heterogeneous
amorphous phase with varying degree of distortion of the
original crystallographic precursor structure. The
interpretation, that a transformation from primary
quartz from the target rock to a rapidly quenched/
decompressed silica melt or diaplectic silica glass is the
initial formation mechanism of ballen, is widely accepted
(e.g., Carstens 1975; Ferriere et al. 2009, 2010; Buchner
et al. 2010). Diaplectic glass is a dense amorphous phase
formed during shock compression (e.g., Engelhardt et al.
1967; Horz and Quaide 1973; Arndt et al. 1982; Kruger
and Jeanloz 1990; Langenhorst 1994). Characteristic for
diaplectic glass is a preserved short-range order of the

precursor structure due to rapid decompression and
cooling, such that the glass retains remnants of the
original shape and crystal structure. Arndt et al. (1982)
suggested that due to the short duration of the shock-
induced transient high-temperature excursions, the
crystal to melt transition does not come to completion,
resulting in a diaplectic glass as disordered transitional
state intermediate between the structures of the
crystalline and quenched molten phase. As such, any
difference between a diaplectic glass without transition to
a melt on the one hand and a glass generated from
rapidly quenched shock-induced melt on the other hand
might not be sharp but rather be of a gradual nature.
Diaplectic glass can be expected to be of heterogeneous
structure, with variable degrees of the precursor structure
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Fig. 9. a) Polarized light micrographs with crossed polarizers showing quartz grain with typical abundant fluid inclusion trails
from granitic gneisses, shock stage 0, sample CT830 (Maihingen). b) Polarized light micrographs with crossed polarizers showing
polycrystalline quartz aggregate with incipient ballen (type IV), with the shape of the original single crystal preserved sample
CT917 (compare Fig. 2b). Yellow rectangle shows location of EBSD map in (¢) and BSE image in (d). ¢) EBSD phase map
showing polycrystalline quartz with ballen (yellow), K-feldspar (blue), and cristobalite (red) at the rim. d) BSE image of the same

area shown in (c).

being present. Whereas quartz crystallizing from
diaplectic silica is found to rather form polycrystalline
aggregates (e.g., Rehfeldt-Oskierski et al. 1986;
Trepmann 2008), feldspar is typically back-transforming
as single crystal with only minor misorientations (e.g.,
Arndt et al. 1982).

The textural characteristics of the quartz ballen
aggregates with CPO together with various amounts
of new random orientations (Figs. 5 and 6a-c) are
consistent with crystallization of quartz from a
diaplectic glass and/or from a rapidly quenched highly
viscous, supercooled silica melt, that is, a
heterogeneous disordered quenched transition state
intermediate between the structure of the crystalline
and quenched molten phase. Topotactic crystallization
of the diaplectic glass with preserved short range

order of the precursor structure leads to the
dominating orientation of  quartz, whereas
crystallization from the more strongly disordered

amorphous phase leads to crystallization of quartz
with random orientation.

The observed shape of the aggregates is irregular
ranging from rectangular (Fig. 2b) to a droplet shape
(Fig. 2c), indicating variable degrees of modification
from the precursor quartz grain. Independent of their
shape, most observed ballen aggregates show a CPO
(Table 1). Even in the case of the mixed quartz and

cristobalite ballen, the shape of the aggregate is rather
rectangular (Figs. 2f and 2g). Given the textural and
structural characteristics, we suggest that the ballen
aggregates are derived from coarse quartz grains of the
granitic gneiss protolith that were transformed to an
amorphous silica phase with various amounts of
information on the precursor structure upon shock
loading and rapid unloading.

Role of Multiple Phase Transformations

To explain the specific microstructure of ballen and
the related occurrence of cristobalite, further multiple
transformations mostly from cristobalite to quartz have
been suggested (e.g., Engelhardt 1972; Carstens 1975;
Ferriére et al. 2009, 2010; Buchner et al. 2010). Ferriere
et al. (2010) came to the conclusion that a-quartz ballen
are the result of back-transformation from either o-
cristobalite or B-quartz with time. For our samples, a
phase transformation from  p-quartz  originally
crystallized from the shock-induced amorphous phase to
a-quartz might be indeed suggested by the occurrence of
Dauphiné twin orientations (Fig. 5), as reported, for
example, also for shocked quartz from the Charlevoix
structure (Trepmann and Spray 2005). Yet, the
displacive a-quartz to B-quartz phase transition cannot
explain the globular shape of the ballen. Ferriere et al.
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(2009) discussed that the volume change from
cristobalite to quartz is responsible for the different
types of ballen silica (types II, III, IV, V). Yet, as also
cristobalite ballen occur, the cristobalite to quartz phase
transition cannot be a prerequisite for the globular
shape. Furthermore, our observations do not provide
any evidence for a cristobalite to quartz transition. In
contrast, the commonly observed CPO interpreted as
inherited from the precursor quartz suggests direct
crystallization of quartz (either o- or B-quartz) from a
diaplectic glass. The phase transition from the topology
of the cristobalite structure (tetragonal o- or cubic [-
cristobalite) to the topology of the quartz structure
(hexagonal B- or trigonal a-quartz) would require the
complete restructuring of the tetrahedral network,
which is incompatible with the observed CPO for
symmetry reasons. Likewise, the rarely observed sets of
planar features parallel to crystallographic planes in
ballen quartz (Figs. 4¢ and 4f) would be difficult to
explain by multiple phase transformations (from quartz
to an amorphous phase to cristobalite and back to
quartz), as already discussed by other authors (e.g..
Buchner et al. 2010; Chanou et al. 2015).

Formation of Ballen Shape—Dehydration of Amorphous
Phase

The ballen resembles perlitic structures, that is,
globular microstructures, known from cristobalite in
silica-rich andesitic to rhyolitic volcanic rocks and
hydrated glass (obsidian, e.g., Swanson et al. 1989;
Horwell et al. 2013). On the basis of experimental
evidence, Marakushev et al. (1988) interpreted perlitic
structures to form due to the solidification of hydrous
silica-rich melts with hindered dehydration. Due to the
separation of the water phase during decompression and
cooling, strain concentrations cause peeling and radial
cracks in the crystallizing glass (Marakushev et al.
1988). In andesitic-rhyolitic volcanic rocks, cristobalite
commonly occurs in pores and fractures as a precipitate
from a vapor phase or by devitrification from an
amorphous volcanic glass. K-feldspar can be associated
within spherulites in devitrified obsidian domes and
rhyolitic lavas (e.g., Swanson et al. 1989; Horwell et al.
2013). The cristobalite stability field ranges between
1470 and 1713 °C at <1 GPa, but cristobalite can exist
as a metastable phase due to the required activation
energy for the reconstructive transformation of
cristobalite to low quartz. Cristobalite can grow in
dendritic to spherulitic deposits on a cold (200-700 °C)
quartz substratum from hydrothermal fluids at high
temperature gradients (100-600 °C) as demonstrated in
the experiments by Florke et al. (1990).

C. A. Trepmann et al.

We suggest the following: The original quartz
crystals from granitic gneisses in the Ries contain
abundant fluid inclusions (Fig. 9a). Upon shock loading,
the fluid inclusion-rich quartz grains transformed into an
amorphous silica phase, in which the volatiles dissolved.
During decompression and cooling, the amorphous silica
phase dehydrates and a water-rich fluid is generated,
which results in strain concentrations causing radial
“dehydration cracks,” comparable to the perlitic
structure in volcanic rocks (Marakushev et al. 1988).
Such dehydration is consistent with the common
observation of an increased porosity close to the curved
interface between the ballen (black arrow in Fig. 4b). The
water-rich fluid is expelled along the curved dehydration
cracks. Water contents in fluid inclusion-rich quartz in
granitoid rocks is typically on the order of 7000-
14,000H/10° Si (approximately 0.1-0.2 wt% H,O:
Kronenberg and Wolf 1990; Kilian et al. 2016). This
water content is close to what is required for the
formation of perlitic structures in obsidians (H,O
contents 0.1-4.8 wt%: Marakushev et al. 1988).

Dendritic cristobalite is exclusively observed at
the outer rim of the ballen aggregates in contact
with vesicles (Figs. 2h, 5a, 5b, 6a). Its occurrence is
therefore interpreted to be related to the ballen
formation. Cristobalite probably crystallized directly
from the volatile-rich melt that was expelled from
the amorphous silica phase, possibly involving
degassing to form the vesicles, as also suggested for
volcanic perlites (e.g., Horwell et al. 2013). If
associated  with K-feldspar, = some  prismatic
cristobalite can surround the ballen aggregates. These
fine-grained  polyphase aggregates are likewise
interpreted to have crystallized directly from a silica-
rich melt (Figs. 8d-f and 9c, 9d).

Cristobalite occurring as radiating elongate crystals
within the ballen aggregates together with quartz without
CPO (Fig. 7) is suggested to have crystallized from a
rapidly quenched highly viscous, supercooled silica
amorphous phase with no memory of the precursor phase,
as opposed to quartz ballen with CPO. In this sense, the
specific microstructures are suggested to reflect a different
degree of disordering of the shock-induced amorphous
phase from which they formed. (1) Ballen quartz with sets
of planar features parallel to crystallographic planes of the
precursory quartz grain is indicative of a shocked SiO,
material, which still retains significant crystalline order; (2)
ballen quartz with CPO crystallized from amorphous silica
with remnants of crystalline long-range order to dominate
nucleation; (3) ballen quartz with random texture
crystallized from an amorphous silica, where the long-range
order of quartz was totally destroyed; and (4) cristobalite
occurs if the quartz-like short-range order is completely lost
and/or if contamination of the silica by components like
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Na' and AI’* has occurred. These different microstructures
are interpreted to reflect locally heterogeneous
stress—temperature conditions on grain scale or below, due
to the different response of the polycrystalline and
polyphase granitic gneisses to shock loading and unloading
(i.e., differences in crystallographic orientation, structure,
phase, shape, fluid content, etc.).

We would like to point out that planar deformation
features in quartz are known as shock compression-
induced incomplete transformation into diaplectic silica
glass localized along crystallographic planes (e.g.,
Goltrant et al. 1992a, 1992b; Langenhorst 1994). The
commonly observed fluid inclusions present along
annealed planar deformation features in shocked quartz
(e.g., Goltrant et al. 1992a, 1992b; Leroux and Doukhan
1996; Trepmann and Spray 2006; Trepmann 2008) would
be consistent with our interpretation of the dissolution of
volatiles initially present in fluid inclusions from the
precursory quartz grains into diaplectic glass upon shock
loading and dissolving of the fluid upon decompression
and cooling. Upon shock compression, the water in the
crystal segregates locally along specific
crystallographically controlled planes and dissolves into
the generated diaplectic glass. Upon decompression and
cooling, water is expelled again as fluid inclusions that
are observable along annealed PDFs.

CONCLUSIONS

Based on our observations on Ries impact melt
rocks, we come to the following conclusions:

1. The observed ballen aggregates are derived from
coarse original quartz grains from the granitic
gneiss protolith. Upon shock loading, quartz is
transformed to a diaplectic glass and/or a highly
viscous, supercooled silica melt.

2. Topotactic crystallization of the diaplectic glass with
preserved short range order of the precursor
structure leads to dominant crystallographic
orientations, whereas crystallization from the more
strongly disordered amorphous phase leads to
crystallization of quartz with random orientation.

3. Cristobalite within ballen aggregates crystallized
from a shock-induced amorphous phase with no
memory of the precursor phase remaining.

4. From the microstructural and textural observations
in our samples, there is no indication for a phase
transformation from cristobalite to quartz.

5. We suggest that the globular shape of ballen in our
samples is due to dehydration and associated
cracking during rapid decompression and cooling of
the amorphous phase, similar to perlitic structures
in volcanic rocks.
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6. Cristobalite, quartz with random texture, quartz
with  CPO, and quartz with remnants of
crystallographically controlled planar features
present in ballen aggregates are interpreted to
represent a decreasing degree of disordering of the
amorphous  phase originating from  shock
compression of the precursor quartz grains.

7. In contrast, dendritic cristobalite occurring at the
rim of quartz ballen aggregates in contact with
vesicles crystallized directly from a melt enriched in
fluids that were expelled from the dehydrating glass
and/or melt.
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6 Summary, conclusion, and outlook

6.1 IImenite and magnetite, as well as associated Fe/Ti-phases within
impactites

6.1.1 Low shock conditions (P<16 GPa)

Within shocked Archean gneisses from the Vredefort impact structure northwest of the impact
structure’s center (Chap. 2: Fig. 1), coarse feldspar (60-75%), quartz (20-40%), phyllosilicates (i.e.,
biotite and chlorite; =5%), and Fe/Ti-bearing phases [i.e., ilmenite, magnetite, pyrite (FeS,), and
chalcopyrite (CuFeS;); 1-5%] occur (Chap. 2: Fig. 2). Quartz contains PFs and FFs, which can be partially
recrystallized (Chap. 2: Figs. 2c, e, 3). Abundant shear fractures, especially along the central fracture
of FFs, indicate shearing (Chap. 2: Figs. 2c, e, f, 8g). No (annealed) PDFs could be observed. Based on
the quartz shock effects, shock stages F-S2 to F-S3 can be attributed (Stoffler et al. 2018), representing
shock stages between 0 and la according to the IUGS system (Stoffler and Grieve 2007). In addition to
the results on Fe-Ti-oxide microfabrics discussed in Chapter 6.1.2, the Archean gneisses experienced
shock conditions of less than 16 GPa as reported from similar positions in the Vredefort impact
structure (e.g., Grieve et al. 1990; Reimold and Gibson 2005). These relatively low shock conditions
imply shock-related shear deformation, which explains the abundance of shear fractures.

IImenite and magnetite occur as coarse grains (Chap. 2: Figs. 2b, f, 5a, c). However, coarse ilmenite
grains can include tens of um wide layers of single-grained magnetite, which resembles a sandwich
structure (Chap. 2: Fig. 5a, c; e.g., Haggerty 1991). Furthermore, spheroidal and fine-lamellar
magnetite exsolutions of a few um are often present (Chap. 2: Figs. 5a, b, 7a, b, 10c, d). limenite and
magnetite, as well as pyrite and chalcopyrite, can occur along shock-induced PFs as decorations within
quartz and fractured feldspar grains (Chap. 2: Figs. 2c, d, 5, 6a, 8f, 9b). Those veins emanate from
adjacent Fe-bearing phases and are um to tens of um wide and become narrower with distance from
their source (Chap. 2: Fig. 5¢). Within the PFs of quartz, magnetite and ilmenite generally display a
remarkably homogeneous crystallographic orientation within single fractures. However, no
crystallographic control by the quartz host could be observed (Chap. 2: Figs. 6, 8, 9). Instead, the
crystallographic orientation is likely controlled by the source Fe-oxide grain from which the veins
emanate (Chap. 2: Fig. 6). Shock-related deformation and non-isostatic stresses presumably led to
shear heating of the shear fractured silicates and Fe-phases (Chap. 2: Figs. 2c, e, f, 8a). As a result,
ilmenite and magnetite mobilization into adjacent quartz and feldspar shear fractures took place
(Chap. 2: Figs. 2c, d, 5, 6a, 8f, 9b). Shear heating can partially or entirely melt ilmenite and magnetite
depending on the eutectic temperature as a function of the composition. Frictional melting is
controlled by the fracture toughness and the melting point of the respective phase (Spray 1992, 2010).
Therefore, a hierarchy in response to grain size reduction and frictional melting can be interpreted
(Spray 2010). Quartz (Broz et al. 2006; Spray 2010; Deer et al. 2013), magnetite (Samsonov 1982;
Tromans and Meech 2002), ilmenite (Eriksson and Pelton 1993), feldspar (Rankin 1915; Morey and
Bowen 1922; Shimada 1969; Tromans and Meech 2002; Broz et al. 2006; Whitney et al. 2007; Spray
2010), pyrite (Arnold 1971; Tromans and Meech 2002), and chalcopyrite (Zivkovi¢ et al. 1996) display
decreasing values of fracture toughness and/or melting/breakdown temperatures (Chap. 2: Fig. 12),
which leads to an increasing tendency of the respective phase to fracture and melt/breakdown (Spray
2010). Magnetite has a higher fracture toughness and melting point than ilmenite and mainly displays
brittle fracturing. In contrast, ilmenite has smoothly curved grain boundaries within shear fractures of
silicate phases and occurs more frequently (Chap. 2: Figs. 5, 6a, 8a, f). Moreover, fine-grained feldspar
additionally occurs within up to 500 um wide and transgranular shear zones within the Archean
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gneisses (Chap. 2: Fig. 4), which can be attributed to its relatively low fracture toughness and melting
point (Chap. 2: Fig. 12). The described microfabrics, thus, seem to correlate with the mechanical
properties of the respective phases and might explain the occurrence of ilmenite and magnetite veins
within quartz PFs (Chap. 2: Fig. 12; Spray 2010).

Lamellar ilmenite twins occur parallel (0001), {10T1}, and {TOIZ} (Chap. 2: Figs. 6, 8). The latter is
common in ilmenite, can be generated due to tectonic deformation (Minkin and Chao 1971; Frick
1973; Reynolds 1984), and displays irregular grain boundaries (Chap. 2: Fig. 6), indicating modifications
by twin boundary migration. They are, therefore, interpreted as pre-shock deformation structures.
The fine-lamellar {1011} twins, however, show very straight boundaries and offset and thus postdate

the {1012} twins (Chap. 2: Fig. 6). Locally, they can be wedge-shaped, indicating mechanical twinning,
which is a crystal-plastic and fast deformation mechanism involving dislocation glide at non-isostatic
stresses without diffusion and thus not a function of temperature. At a site of high strain, indicated by
high internal misorientation angles, a (0001) twin was observed in combination with shear fractures
within adjacent quartz and feldspar, which are decorated by ilmenite (Chap. 2: Fig. 8). Based on the

observations and ilmenite shock experiments, which resulted in the formation of those {1011} and
(0001 twins (Minkin and Chao 1971; Sclar et al. 1973; Syono et al. 1981), the observed twinning along
{1011} and (0001) is interpreted as a result of high strain rate deformation at non-isostatic stress
conditions related to impact cratering.

Within coarse twinned ilmenite grains, lamellar (=1 um x 5 um) and spheroidal (=10 um) exsolutions
of magnetite were identified (Chap. 2: Fig. 7a, b). Contrary to twinning, diffusion drives exsolution
mechanisms. Magnetite exsolutions in ilmenite are reported to form during sub-solidus re-
equilibration from slow cooling (Buddington and Lindsley 1964; Tan et al. 2016) and as a result of
meteorite shock events (Sclar et al. 1973). Exsolution temperatures must have exceeded the
miscibility gap of ilmenite-hematite at 600-700°C. Otherwise, the exsolution of hematite would be
expected (Lindsley 1991; Harrison et al. 2000). Spheroidal magnetite occurs mostly along grain
boundaries and the {10T1} twins, which represent sites of increased disorder that facilitate diffusion,
indicating heterogeneous nucleation (Chap. 2: Figs. 6a, 7a). Whereas the spheroidal magnetite
exsolutions display neither shape nor crystallographic preferred orientation (CPO) with respect to the
ilmenite host (Chap. 2: Fig. 73, c, e), the lamellar magnetite exsolutions show an epitactic relationship.
They occur shape-controlled and parallel {10T1} planes and their {110} planes are oriented parallel
{1010} of the ilmenite host (Chap. 2: Fig. 7b, d, ). Lamellar magnetite and fine-lamellar {1011} twins
crosscut and offset the twins parallel {1012} and, therefore, postdate them (Chap. 2: Figs. 6a, 7a).
Therefore, the lamellar magnetite exsolutions likely formed during cooling after impact.

6.1.2 Moderate shock conditions (P>16 GPa)

Two suevites from Zipplingen and the Aumiihle quarry within the Ries impact structure, which contain
ilmenite aggregates with foam structure, were investigated and compared. The sample from
Zipplingen consists primarily (=85%) of devitrified glass with embedded coarse Fe-Ti-oxide aggregates
as well as calcite (=15%) (Chap. 3: Fig. 1a, b). Based on the presence of devitrified glass, shock stages
F-S6 to F-S7 can be attributed (Stoffler et al. 2018), representing shock stages between Il and IV
according to the IUGS system (Stoffler and Grieve 2007) corresponding to 45-60 GPa. The sample from
the Aumihle quarry is a gneiss clast, which microscopically displays a cryptocrystalline matrix with
embedded coarse Fe-Ti-oxides and <10% vesicles (Chap. 3: Fig. 1c, d). All silicate phases were
amorphized as a result of the meteorite impact. Therefore, shock stage F-S5 (Stoffler et al. 2018) or Il
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according to the IUGS system (Stoffler and Grieve 2007) can be attributed, representing shock
pressures of 35-45 GPa. The lower limit of 16 GPa will be discussed in this chapter.

The 100 um-sized ilmenite aggregates (Chap. 3: Fig. 1a, c) consist of isometric grains up to 15 pum in
size with smoothly curved grain boundaries and 120° angles at triple junctions (Chap. 3: Figs. 3a-d, 5a,
6a, 9a, b). Locally, a rim of smaller ilmenite grains surrounds a coarse ilmenite core, which displays

internal misorientations (Chap. 3: Fig. 4c) and lamellae with common {1120} planes with respect to
the host. Furthermore, the twin c-axis is oriented at an angle of 109° to that of the host (Chap. 3: Fig.
53, ¢, e). The twin domain can be defined by a misorientation angle of =75° around a misorientation

axis parallel to [2110] (Chap. 3: Fig. 5a, ¢, e). The same crystallographic orientation relationship is
displayed by ilmenite with foam structure with up to three orientation domains, which display c-axes
at angles of 109° and 99° and share one common {1120} plane for each pair of domains, respectively
(Chap. 3: Figs. 5b, d, e, 6). High-pressure experiments revealed that ilmenite transforms into the high-
pressure polymorph liuite at shock pressures >16 GPa, which has an orthorhombic perovskite
structure and belongs to the Pnma space group (Liu 1975; Leinenweber et al. 1994; Ma and Tschauner
2018). Subsequent unloading leads to a retrograde formation of the polymorph wangdaodeite with a
lithium niobate structure (Mehta et al. 1994), which belongs to the R3c space group (Abrahams et al.
1966; Weis and Gaylord 1985). The shocked ilmenites investigated from the Ries impact structure
likely experienced the same high-pressure excursion (Chap. 3: Fig. 10a). Wangdaodite was identified
within a shocked gneiss clast from the same outcrop (i.e., Zipplingen, Tschauner et al. 2020). Together
with the space group R3 of ilmenite (Barth and Posnjak 1934), the space groups of the high-pressure
polymorphs belong to a supersymmetry equal to the cubic crystallographic point group Pm3m (Chap.
3: Fig. 10b), which is indicated by the tetrahedral angle of =109° between the c-axis of the lamellae
and the host (Chap. 3: Fig. 5). As a result, the retrograde transformation from liuite to wangdaodeite

leads to a symmetry loss, which is expressed by transformation twin domains with common {1120}
planes within ilmenite as similarly suggested by Mehta et al. (1994) and expressed for this type of
phase transitions by, e.g., Wang et al. (1991). Wangdaodeite is metastable (Mehta et al. 1994),
especially with elevated temperatures as inferred by the adjacent devitrified glass, i.e., former melt
(Chap. 3: Figs. 1a, b, 33, ¢, 73, b, f), and transforms to ilmenite by some reconstructive character, which
eventually documents the phase transformation evolution with the observed transformation twin
lamellae (Chap. 3: Fig. 5a, c, e). lImenite aggregates document the same orientation relationship with

a foam structure, where up to three dominant orientation domains share two common {1120} planes
and display 109° or 99° angles between their respective c-axis orientations (Chap. 3: Fig. 5d, d, f).
Therefore, the foam structure indicates iso-static stress conditions represented by smoothly curved
grain boundaries and 120° angles at triple junctions and documents phase transformations as a
function of high-pressure excursions.

Exclusively within the sample from Zipplingen, rutile can occur at the core of ilmenite aggregates (tens
of um; C3: Fig. 3a, g) or distributed along triple junctions (sub-um; C3: Fig. 3c, d), whereas magnetite
can occur as euhedral um-sized grains at the rim (Chap. 3: Figs. 3a, c, e, f, g, 7a, b, e) or at a close
distance within the matrix (Chap. 3: Fig. 73, e, f). Additionally, ferropseudobrookite(-armalcolite solid-
solution) [(Fe,Mg)Ti,0s) can be present at the rim or within fractures of ilmenite aggregates (Chap. 3:
Figs. 7b-f, 8a, b, h). Ferropseudobrookite forms from ilmenite at temperatures >1140°C and low
oxygen fugacity (Lindsley 1965; Keil et al. 1970; Tuthill and Sato 1970; Sargeant et al. 2020). This phase
transition explains the occurrence of ferropseudobrookite at ilmenite aggregate boundaries towards
the adjacent melt and within fractures (Chap. 3: Figs. 7b-f, 8a, b). The melting point of FeO-TiO; at
temperatures above =1400°C (Eriksson and Pelton 1993) could have been reached. However, the
presence of the foam structure, which preserved the crystallographic orientation relationships derived
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from high-pressure polymorphs, indicates that solid-state reactions prevailed. Armalcolite requires
temperatures of 1010°C to form (Lindsley et al. 1974). Locally, ferropseudobrookite-armalcolite solid-
solution likely formed from ilmenite in combination with a chemical exchange with the adjacent melt,
which provided Mg (Chap. 3: Fig. 8a, b, h), as suggested by El Goresy and Chao (1976). However, a
chemical interaction with the melt, which provided Mg to form ferropseudobrookite-armalcolite solid-
solution from ferropseudobrookite would also be possible.

The occurrence of rutile and/or ferropseudobrookite correlates with magnetite as a rim around Fe-Ti-
oxide aggregates or within the matrix at a close distance. The Fe-Ti-oxide aggregates often resemble
a decreasing Fe concentration gradient with um-sized sub(-euhedral) magnetite (Fes04) at the rim,
ilmenite (FeTiOs) further inwards, to an absence of iron within rutile (TiO;) (Chap. 3: Fig. 3a, g).
Chemical profiles conducted with EMP of ilmenite from the rim to the core of the aggregates
consistently show a decreasing Fe/Ti value based on at% (1.02 to 0.83; C3: Fig. 3g, h, Tab. S1). Within
temperatures of 850-1050°C and a low oxygen fugacity, ilmenite thermally disproportions to TiO,, Fe,
and oxygen (Taylor et al. 1972). This reaction likely starts at sites of increased diffusivity, such as grain
boundaries, which can explain the occurrence of um-sized rutile at triple junctions of the ilmenite
foam structure (Chap. 3: Fig. 3c, d). High-temperature experiments with ilmenite conducted with a
reducing agent, such as CO (Zhao and Shadman 1990) or C (Gupta et al. 1990), generally form a rim of
elemental iron, which is interpreted as an iron migration toward grain boundaries (Zhao and Shadman
1990; Kucukkaragoz and Eric 2006). Therefore, a reducing agent could have donated e to the rim of
the ilmenite aggregates from the Zipplingen sample, with a subsequent reduction of Fe?* to Fe’. An
accumulation of negative charges would have generated a gradient, which attracted Fe?* from within
the aggregate via diffusion, consistent with a fast Fe?* diffusion in ilmenite (Kuganathan et al. 2019).
Consequently, Fe?* diffused towards the phase boundary and/or within the silicate melt, whereas
vacancies moved towards the core, leaving TiO, within central parts of the aggregates, as observed in
backscattered electron (BSE) images and chemical profiles (Chap. 3: Fig. 3a, g, h). This process
resembles a solid-state electrochemical reaction, where the reduction agent serves as the cathode
and ilmenite as the anode, which generates an electrochemical potential and, thus, a driving force for
Fe?* diffusion. The stability of ferropseudobrookite consistently requires a low oxygen fugacity and
thus similar conditions (Lindsley 1965). With decreasing temperatures, the Fe*/Fe?* ratio increases in
silicate melts (Sack et al. 1981; Kilinc et al. 1983). Therefore, oxidation of elemental iron could have
formed magnetite at the rim (Chap. 3: Figs. 3a, c, e, f, 7a, b, e) at intermediate oxygen fugacity
conditions between temperatures of 400-700°C as similarly reported by Mitchell et al. (1982) and
Kuroda and Mitchell (1983). Around 15% of the sample of Zipplingen consists of calcite, which either
occurs as xenomorphic grains incorporating globules of devitrified silicate glass or as globules within
the matrix (Chap. 3: Fig. 1b). The phase boundary is irregular and convex with respect to the silicate
matrix. Based on similar observations, Philpotts and Ague (2009) interpreted a carbonatic and an
adjacent silicate melt elicited from the surface energies as a function of the respective viscosities. A
liquid immiscibility for melt fragments from Zipplingen, the same outcrop as this study, was discussed
by Graup (1999). Osinski et al. (2008) consider melting as the typical phase transition of calcite in
impact cratering. Contrarily, devolatilization of calcite was proposed as the dominant process based
on shock experiments, thermal analyses, microprobe analysis, and SEM observation by Horz et al.
(2015, 2020). The investigated material of this study likely derives from the basement gneisses, which
were modelled to be heated above 2000°C (von Engelhardt and Graup 1984). The sedimentary cover,
where the calcite within our sample material likely derives from, was first hit by the meteorite and,
therefore, could have experienced even higher temperature excursions (Bolten and Miller 1969).
Above 650°C, calcite (CaCOs) decomposes to CO, (Galwey and Brown 1999), which in turn
disproportions to CO at temperatures above =1500°C (ltoh et al. 1993). Therefore, CO might have
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been a potential reduction agent, which likely mixed into the silicate melt, contributing to the
observed microfabrics from the Fe-Ti-oxides.

Besides ilmenite, different Fe-Ti-oxide phases within the sample from the Aumihle quarry are
pseudorutile (Fe,TisOs; : Fig. 9) as well as hematite (Chap. 3: Fig. 1c). Pseudorutile occurs either as a
rim around single ilmenite grains or as an almost complete replacement of former ilmenite. IImenite
transformations to pseudorutile occur under a high oxygen fugacity below temperatures of =700°C
(Gupta et al. 1991) in combination with a leaching agent, such as water (Temple 1966; Teufer and
Temple 1966; Grey and Reid 1975; Miicke and Bhadra Chaudhuri 1991). limenite aggregates have
intergranular microcracks as a result of high-pressure excursions and resulting high-pressure phase
(back-)transformations, which facilitates fluid circulation and subsequent pseudorutile formation
along grain boundaries and fractures during a hydrothermal activity within the Ries impact structure
(Arp et al. 2013).

6.2 Implications for properties of Archean basement rocks from the magnetic
anomaly northwest of the Vredefort impact structure center

The investigation of the Archean gneiss from the crystalline basement within the magnetic high-
amplitude anomaly northwest of the center of the impact structure (e.g., Muundjua et al. 2007;
Chap. 2: Fig. 1) aimed primarily to disentangle effects that might have been related to lightning strikes
from Fe-oxide microstructures, which resulted from the meteorite impact. Carporzen et al. (2012)
reported a strong remagnetization from lightning strikes within the uppermost meter of the drill cores
(total depth =10 m). However, no evidence for lightning-generated microstructures in the uppermost
meter of each of the two drill cores (V2 and V3) could be found when comparing to samples from
depths >1 m (Chap. 2: Fig. 11). Based on low Verwey transition temperatures (90°K to 110°K) and high
coercivities (>30 mT), oxidized single domain (SD) magnetite (<100 nm) was suggested to have formed
as a result of lightning strikes at the surface (Carporzen et al. 2012). Opaque phases along PFs were
suggested as potential magnetic carriers of the surficial magnetic properties (Carporzen et al. 2012),
however, those microstructures could be identified in all depths of both drill cores and are, therefore,
not a result of lightning strikes. Generally, the grain sizes of the carriers of the lightning-induced
magnetic signals might be too small for the analytical techniques (optical microscopy and SEM) used.

Information about the temperature before impact is crucial for interpreting the magnetic remanence
and the magnetic carriers of shocked rocks. Dauphiné twin boundaries within quartz grains often
correlate with PFs (Chap. 2: Figs. 8g, 9a), which implies that they were generated after impact. The
fracture surfaces served as sites of preferred twin nucleation, as reported by, e.g., Trepmann and
Spray (2005). Dauphiné twinning can occur as a result of a retrograde phase transformation from
hexagonal B-quartz to trigonal a-quartz below the transition temperature of =573°C at atmospheric
pressure conditions (Tullis 1970; Markgraaff 1986; Heaney and Veblen 1991). Under confining
pressure, this temperature increases by 25°C per 0.1 GPa (Coe and Paterson 1969). Structural uplift
due to impact is estimated at 3-12 km, and erosion at 8-11 km since then (Gibson et al. 1998; Gibson
2019). Taking this paleo-depth-range into account, in addition to a geothermal gradient of 30°C/km
(Gibson and Wallmach 1995) and an average density of 2700 kg/m?3, the stabilization temperature for
B-quartz can be estimated to be 650-725°C. Therefore, the Archean gneiss was likely at temperatures
above the Curie temperature of 580°C of magnetite during impact cratering (Henkel and Reimold
2002; Salminen et al. 2009). This is consistent with temperature estimations of 650-750°C based on
reaction fabrics (orthopyroxene-plagioclase coronas and cordierite-orthopyroxene symplectites) in
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metapelites, which are interpreted as a result of phase recalibration after impact (Perchuk et al. 2002).
Consequently, the magnetic anomaly was generated due to structural uplifting and subsequent
cooling through the Curie temperature of magnetite. Given those new observations, referring to the
magnetic anomaly as shock remanent magnetization might not be correct.

Grain sizes and shapes of magnetic carriers, such as magnetite, strongly influence their magnetic
carrying capacity. Coarse-grained magnetite exists within the multi-domain (MD > 10 um) state, which
remanence carrying capacity is lower compared to pseudo-single-domain (PSD = 700 nm — 10 um).
Single-domain (SD = 50 nm — 700 nm) grains have the highest magnetic carrying capacities. Below,
magnetite occurs as super-paramagnetic (SP) grains, which cannot acquire a stable thermal remanent
magnetization (Dunlop 2002b, 2002a; Hatfield and Stoner 2013). The generation of exsolved lamellar
(=5 um x 1 um) and spheroidal magnetite (=10 um) within coarse ilmenite grains (Chap. 2: Figs. 5a, b,
7) increases the magnetic carrier density in the Archean gneisses. Furthermore, fracturing of coarse-
grained magnetite likely results in a transition from MD to PSD/SD magnetite, thereby increasing the
carrying capacity in combination with additional internal strain, which also leads to an increase as
reported from laboratory experiments (Carporzen and Gilder 2010).

6.3 Polymict crystalline breccia emplacement

At the Aumihle quarry in the northwestern part of the Ries impact structure (Chap. 4: Fig. 1), polymict
crystalline breccia with a width of dm to m occurs overlying Bunte Breccia (Chap. 4: Figs. 2a, 3b, c) and
covered by suevite (Chap. 4: Figs. 2a, 3d). The grain-supported lithology comprises =50% shocked
crystalline clasts (up to 50 GPa; C4: Figs. 4-8; Tab. 1) from the crystalline basement and =50% clasts
from the sedimentary cover sequence (Chap. 4: Fig. 3d, g, h). There, the investigated sandstone clast
has no apparent shock effects (Chap. 4: Fig. 9). The matrix of the polymict crystalline breccia is
composed of fine-grained clast material. A complementary study by Sleptsova et al. (submitted), who
magnetically characterized impactites, including the samples of this study, found that suevite has
tightly grouped paleomagnetic directions, which can be attributed to the Ries impact. Clasts within
the polymict crystalline breccia with hematite as magnetic carrier have paleomagnetic directions with
random distribution, whereas magnetite-dominated clasts have the Ries direction (Chap. 4: Tab. 1).

Generally, polymict crystalline breccia was rarely documented within the Nordlinger Ries. An isolated
body of polymict crystalline breccia overlying Bunte Breccia is reported from the outcrop Meyers
Keller (Abadian 1972), however, without a suevite cover layer, as similarly reported from the Erbisberg
drillcore (Arp et al. 2019). Our observations, combined with the findings from Meyers Keller and the
Erbisberg drillcore, therefore, indicate that the emplacement of the polymict crystalline breccia
occurred after the emplacement of the underlying Bunte Breccia and before the emplacement of the
suevite. The absence of glass fragments within the polymict crystalline breccia in combination with
random paleomagnetic directions and a sharp contact with the suevite (Chap. 4: Fig. 3b, d, e) rules out
that polymict crystalline breccia represents a mixed horizon of components of Bunte Breccia and
suevite.

Impact breccias, similarly characterized as the polymict crystalline breccias from the Ries with cm to
dme-sized, crystalline-rich, and shocked clasts with a contribution of sedimentary components, are
reported from various other impact structures. They occur as dike structures, i.e., lithicimpact breccias
in the Chesapeake Bay impact structure (e.g., Wright Horton et al. 2009), polymict clastic matrix
breccias in the Slate Island impact structure (e.g., Dressler and Sharpton 1997), dike breccias in the
Rochechouart impact structure (e.g., Lambert 1981; Bischoff and Oskierski 1987), clastic injections in
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the Lockne impact structure (e.g., Sturkell and Ormo6 1997), and dike breccias in the Ries impact
structure in the crystalline basement (e.g., Stoffler et al. 1977). Dike structures have widths of cm to
m and lengths of >1 km [i.e., polymictic clastic matrix breccias in Dressler and Sharpton (1997) as well
as polymict clastic-matrix breccias in Dressler and Reimold (2004)]. Their emplacement is interpreted
as a highly energetic process during crater excavation, where fragmented and shocked material moves
against and along the excavation cavity wall and intrudes local fracture systems with a high particle
motion (e.g., Stoffler 1977; Lambert 1981). The Maxwell Z-model (Maxwell 1977; Croft 1980) suggests
flow fields, which move material horizontally or vertically along the forming excavation cavity walls,
whereas the same material is also ballistically ejected (Bischoff and Stoffler 1984). Given the highly
energetic and turbulent process, the amount of the ballistically ejected material is hard to estimate.
However, emplaced deposits have similar shock stages and compositions as the injected material
within dikes.

Polymict crystalline breccia in the Aumiihle quarry is systematically observed as irregular bodies (one
larger and several smaller outcrops) overlying Bunte Breccia with a sharp contact towards the suevite
(Chap. 4: Figs. 2a, 3b, d, e). Singular large clasts from the crystalline basement can occur directly on
the interface of suevite with underlying Bunte Breccia (Chap. 4: Fig. 3f). Those observations can be
interpreted as the result of ballistically ejected material predicted by the Maxwell Z-model (Maxwell
1977; Croft 1980). The irregular distribution of larger polymict crystalline breccia bodies (Chap. 4: Figs.
2a, 3b) and the occurrence of single larger clasts from the crystalline basement (Chap. 4: Fig. 3f) is
likely due to the highly energetic and turbulent character of impact cratering and subsequent
impactite emplacement (e.g., Kenkmann et al. 2014). Combined with an irregular and still moving
Bunte Breccia surface, the distribution and emplacement of polymict crystalline breccia likely occurs
heterogeneously as clusters as similarly observed by, e.g., Dressler and Reimold (2004), or as singular
clasts. Occurring sedimentary clasts indicate the turbulent character during emplacement, where
unshocked material from the sedimentary cover is intermixed.

6.4 Formation of ballen SiO>

For the investigation of SiO, ballen structures, which are characteristic globular aggregates, two
impact melt rock samples were chosen for a detailed study from an old quarry southwest of Polsingen
within the Ries impact structure to unravel the formation processes and conditions. The samples
contain a large amount of biotite-bearing granitic gneiss fragments within a (devitrified) matrix, which
has finely dispersed hematite (Chap. 5: Fig. 1). The gneiss clasts contain decomposed biotite, vesicles,
and ballen SiO; (Chap. 5: Fig. 2a, b). Based on the decomposition of biotite and the presence of melt,
shock stage F-S6 (Stoffler et al. 2018) or Il according to the IUGS system (Stoffler and Grieve 2007)
can be attributed, indicating shock pressures of 45-60 GPa and post-shock temperatures of 900-
1300°C.

Ballen aggregates typically have a diameter of hundreds of um to mm and show either an irregular
and drop-like (Chap. 5: Fig. 2c, f-h) or a rectangular shape (Chap. 5: Fig. 2b), which is interpreted as
the shape of the initial quartz grain from the host rock (Chap. 5: Fig. 9a, b). The individual globule-
shaped ballen have a diameter of a few tens of um (Chap. 5: Fig. 2) and are comprised of quartz with
undulatory extinction (Chap. 5: Fig. 2c-f) or radially oriented cristobalite (Chap. 5: Fig. 4a, b).
Intergranular curved interfaces of ballen can be filled by siliceous material (Chap. 5: Fig. 4c, d) or be
open (Chap. 5: Fig. 4a, b). Around 67% of the investigated ballen aggregates display undulatory
extinction of individual ballen (Chap. 5: Figs. 2¢-f, 4a, b), whereas =20% are comprised of quartz, which
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shows coarser domains of similar extinction (Chap. 5: Fig. 2d). A “chert-like” texture, where singular
ballen display vastly different extinction positions on a small scale (Chap. 5: Fig. 2e) or a heterogeneous
extinction (Chap. 5: Figs. 2e, 5), occurs at =32% of the ballen aggregates. Rarely, planar features

oriented parallel (0001) and {10T3} of the host quartz ballen can be observed (Chap. 5: Fig. 4e, f).
Additionally, ballen aggregates consisting of quartz and cristobalite occur, where the latter displays a
low birefringence and quartz displays a relatively homogeneous extinction of individual ballen (Chap.
5: Fig. 2f). A rim of dendritic cristobalite occurs locally around ballen aggregates in contact with
vesicles (Chap. 5: Figs. 2h, 6a), which displays a radiating crystallographic orientation of the {110}, and
{001} planes as well as a point maximum parallel to the thin section normal of the {010} plane (Chap.
5: Fig. 6a, b, d), which is similar to cristobalite orientations within ballen aggregates (Chap. 5: Fig. 7a,
d).

The initial formation mechanism of ballen aggregates is widely accepted as a transformation from
primary quartz from the target rock to a quenched/decompressed silicate melt or diaplectic glass (e.g.,
Carstens 1975; Ferriere et al. 2009, 2010; Buchner et al. 2010). Diaplectic glass is formed as a dense
amorphous phase during shock compression (e.g., von Engelhardt et al. 1967; Arndt et al. 1982; Kruger
and Jeanloz 1990; Langenhorst 1994). However, the short-range order and grain shape of the pre-
cursor structure can be preserved, resulting in remnants of the crystallographic structure as a function
of disorder (H6rz and Quaide 1973). The ballen aggregates of our study were likely formed from quartz
grains within the crystalline basement, similar to the fluid-inclusion-rich granitic gneisses (Chap. 5: Fig.
9a, b). The dominating orientations of quartz likely derive from a topotactic crystallization of the
diaplectic glass with preserved crystallographic memory. In contrast, a more strongly disordered
amorphous phase leads to random orientations. The shapes of the ballen aggregates can be droplet-
like to rectangular, which indicates that the pre-cursor quartz grain experienced variable degrees of
modifications. However, most observed ballen SiO, aggregates display a CPO independent of their
shape (Chap. 5: Tab. 1). The microstructure of ballen and the related occurrence of cristobalite is
explained by multiple transformations, mainly from cristobalite to quartz (Carstens 1975; von
Engelhardt 1997; Ferriere et al. 2009, 2010; Buchner et al. 2010). The occurrence of a-quartz ballen is
explained by Ferriere et al. (2010) as a transformation from B-quartz or a-cristobalite over time, which
does not explain the significant round interfaces of the ballen. Ferriére et al. (2009) proposed the
phase transition from cristobalite to quartz and the subsequent volume change as a mechanism for
the globular microstructure. However, we observed cristobalite with a ballen structure (Chap. 5: Figs.
2f, g, 7a). Therefore, the cristobalite to quartz transformation cannot be a prerequisite for the ballen
structure. Within our samples, CPOs within ballen quartz are commonly observed, suggesting a direct
crystallization from diaplectic glass with a crystallographic memory of the pre-cursor quartz grain,
which is consistent with the observation of remnant planar features (Chap. 5: Fig. 4e, f). In contrast,
diaplectic SiO; glass crystallization to cristobalite would require restructuring the tetrahedral network,
which is not indicated by the crystallographic orientations.

Globular microstructures of cristobalite within silica-rich volcanic glass, i.e., obsidian, is known as
perlitic structure and can occur in andesitic to rhyolitic rocks and hydrated glasses (e.g., Swanson et
al. 1989; Horwell et al. 2013). Marakushev et al. (1988) interpreted perlitic structures to form due to
the solidification of water-bearing silica-rich melts with inhibited dehydration based on experimental
evidence. During decompression and cooling, strain concentrations cause peeling and resulting radial
cracks in the crystallizing glass as a result of the separation of the fluid phase (Marakushev et al. 1988).
Based on experiments, Florke et al. (1990) demonstrated that cristobalite can grow from
hydrothermal fluids at high-temperature gradients (100-600°C) in dendritic to spherulitic deposits on
a quartz substratum (200-700°C).
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Upon shock loading, the original fluid-inclusion-rich quartz crystals from granitic gneisses in the
Nordlinger Ries were likely transformed into an amorphous silica phase, where the volatiles could
dissolve. Upon decompression and subsequent cooling, the amorphous silica phase dehydrated, which
generated a water-rich fluid. The resulting strain concentration caused radial “dehydration cracks “,
similar to perlitic structures in volcanic rocks (Marakushev et al. 1988), at which the fluids could expel.
Therefore, ballen aggregates cannot be used as a diagnostic criterion for meteorite impacts. Dendritic
cristobalite only occurs at the rim of ballen aggregates adjacent to vesicles. Therefore, it is likely
related to the ballen formation. The volatile-rich melt was expelled from the amorphous silica phase,
possibly degassed forming vesicles, where cristobalite then crystallized, as similarly suggested for
volcanic perlites by Horwell et al. (2013). Cristobalite occurring as radiating crystals within the ballen
aggregates (Chap. 5: Fig. 4d) together with quartz without a CPO likely crystallized from a highly
viscous, rapidly quenched, and thus supercooled silica amorphous phase with no orientation memory
of the pre-cursor phase. Ballen with a CPO, however, probably crystallized from an amorphous phase
with an orientation memory.
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6.5 Conclusions

Investigations of shocked ilmenites have proven their great potential for revealing a broad range of
shock conditions. For shock pressures <16 GPa, the following shock effects were recorded:

1. Shearing attributed to the impact led to fracturing of ilmenite with subsequent frictional
melting and intrusion in adjacent fractures.

2. Mechanical twinning occurred along (0001) and {IOTI}.
3. Lamellar and spheroidal magnetite exsolved above T=600-700°C.
At shock pressures >16 GPa, various microfabrics were generated:

4. The high-pressure polymorph liuite formed upon shock loading, transforming upon
decompression to wangdaodeite and, finally, ilmenite. As a result, transformation twins

developed that share a common {1120} plane and c-axes of host and twin spanning a 109°
angle. Furthermore, a foam structure was generated where the individual grains have a similar
crystallographic relationship as the observed transformation twins, which implies that the
microfabric is also the result of the retrograde transformation.

5. Atlow oxygen fugacity conditions, shock heating formed rutile along grain boundaries (T=850-
1050°C) and/or ferropseudobrookite (T>1140°C) adjacent to the silicate melt.

6. A reducing agent, such as CO, generated an electrochemical gradient, producing an iron-
enriched rim around Fe-Ti-oxide aggregates. Subsequent oxidation formed euhedral
magnetite grains.

7. High oxygen fugacity conditions in combination with the presence of water and temperatures
below 700°C formed pseudorutile around single ilmenite grains.

Investigations on shocked Archean gneisses from the Vredefort impact structure revealed the
occurrence of Dauphiné twins in quartz, which have twin boundaries restricted to PFs, indicating that
they formed after shock unloading. Given a paleo depth of 11-23 km, temperatures were higher (650-
725°C) than the Curie temperature of magnetite (580°C) before impact. Thus, the paleomagnetic
remanence can be explained by impact-related uplifting and subsequent cooling in the magnetic field
direction present during the Vredefort impact. Fe-Ti-bearing phases along PFs occur independently of
the depths of the drill cores (x10m). Therefore, a generation as a result of lightning strikes can be ruled
out.

Polymict crystalline breccia at the Aumiihle quarry in the Ries impact structure reveals sharp contacts
to the underlying Bunte Trimmermassen and the overlying suevite, representing the first clear
deposition relation in the Nordlinger Ries. A generation by re-working of Bunte Breccia and suevite
can be excluded due to the absence of glass fragments in the polymict crystalline breccia in
combination with the sharp lithological contacts as well as larger clast sizes and partially random
paleomagnetic directions compared to the suevite, which has tightly grouped paleomagnetic
intensities attributed to the magnetic field direction present during the Ries impact. The emplacement
likely occurred as deposition from ballistic ejecta from within the transient excavation cavity, as
inferred from the Maxwell Z-model. Mixing is indicated by the additional occurrence of unshocked
clasts from the sedimentary cover sequence.
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Ballen aggregates of SiO; polymorphs within melt rocks from the Nordlinger Ries originated from fluid
inclusion-rich coarse-grained quartz from a granitic gneiss protolith. Upon shock, quartz transformed
into a diaplectic glass, where the fluid inclusions could dissolve. Decompression and cooling led to
dehydration of the amorphous phase resulting in radial cracks. Topotactic crystallization of diaplectic
glass with preserved short-range order resulted in dominant crystallographic domains within quartz,
independent of the crack network. Without a structural memory, highly disordered domains within
the amorphous phase crystallized as cristobalite or quartz with a random crystallographic orientation
as a function of temperature. The formation mechanism is similar to the formation of perlitic
structures formed from obsidian in volcanic systems. Therefore, ballen aggregates are not a diagnostic
criterion for meteorite impacts.

6.6 Outlook

The emplacement of impactites, such as suevite, Bunte Breccia, and polymict crystalline breccia, is
poorly understood and heavily debated. Investigations on Fe-Ti-oxides have shown great potential to
narrow down the evolution of pressure, temperature, and oxygen fugacity conditions combined with
the magnetic properties essential for distinguishing different emplacement conditions. The studies of
Fe-Ti-oxides within the framework of this thesis indicate various modification and formation
conditions, which result in distinct phase relationships often attributed to characteristic microfabrics.
Interpretations are based on thermodynamic studies, where products were equilibrated to the
respective laboratory reaction conditions. However, meteorite impacts are characterized as highly
energetic, fast, and thus turbulent events far from thermodynamic equilibrium (e.g., Melosh 1989;
Kenkmann et al. 2014; Stoffler et al. 2018). To better understand the observed microfabrics, shock
and high-temperature quenching experiments under controlled oxygen fugacity should yield insights
into more representative conditions of Fe-Ti-oxides in the natural environment.

IImenite occurs within impactites on the lunar surface and is discussed as an in-situ oxygen source
(Badescu 2012 and references therein) and produces water when heated and reduced with H, (Li et
al. 2012; Dang et al. 2015; Sargeant et al. 2020). This thesis indicates that ilmenite can be largely
modified due to meteorite impacts. The resulting product phases might strongly affect the physical
and chemical bulk properties. Therefore, this thesis's findings might be relevant for optimizing the in-
situ resource utilization (ISRU) on planetary objects, such as the Moon and Mars, whose surfaces are
blanketed by impact structures. limenite aggregates from kimberlite pipes (e.g., Solov’eva et al. 2019)
document a foam structure strikingly similar to the foam structure reported in this thesis. Pressure
conditions in the mantle could also stabilize the high-pressure polymorph liuite, which might have
transformed to ilmenite during ascent and subsequent unloading, forming a foam structure, as this
thesis discusses.

Generally, ilmenite is a common mineral in igneous and metamorphic rocks on the Earth’s crust and
mantle, as well as on the Moon and Mars. Therefore, the complex phase relations and microfabrics
can document diverse formation and modification conditions in various geological settings on
planetary surfaces.
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Appendix

Abbreviation glossary

SEM scanning electron microscope NRM
EBSD electron backscattered diffraction TRM
BSE backscattered electron IRM
SE secondary electron CRM
EDS energy dispersive X-ray spectroscopy LIRM
U-Stage universal tilting stage microscope MD
EMP(A) electron microprobe (analysis) PSD
TEM transmission electron microscopy SD
PDF planar deformation feature SP
PF planar fracture UGS
FF feather feature

CPO crystallographic preferred orientation

Chemical formulae of minerals

The following information is based on:

natural remanent magnetization

thermal remanent magnetization

isothermal remanent magnetization

chemical remanent magnetization
lightning-induced remanent magnetization
multi-domain

pseudo-single-domain

single-domain

super-paramagnetic

international union of geological sciences

Deer, W.A., Howie, R.A., and Zussman, J. (2013) An Introduction to the Rock-Forming Minerals, 3rd
ed., 549 p. Berforts Information Press, Stevenage, Hertfordshire.

Fe-Ti-Oxides
IImenite

Magnetite

Hematite
Ferropseudobrookite
Armalcolite
Pseudobrookite
Pseudorutile

Rutile

Anatase

Sulfides
Pyrite
Chalcopyrite

Fe*TiOs
Fe?*Fe3*,04
Fe3*,03
Fe?*Ti,0s
(Fe?*,Mg)Ti20s
Fe**,TiOs
Fe3*,Tiz09
TiO2

TiO2

FeS>
CuFeS:

Silicates
(a/B-)Quartz
(at/B-)Cristobalite
(a/B-)Tridymite
(a/B-)Stishovite
Feldspar (group)
Plagioclase (group)
Albite

Anorthite
Kali-Feldspar
Amphibole (group)
Zircon

Chlorite (group)
Biotite (group)
Sphene

Other
Apatite
Calcite

128

SiO2

SiO2

SiO2

SiO2

solid solution of albite — anorthite — kali-feldspar
solid solution of albite — anorthite

NaAlSizOs

CaAl2Si>Os

KAISizOg

(Si,Al)a011(OH,F,Cl)2 with a large variety of cations
ZrSiO4

(Fe,Mg,Al,Zn)e(Si,Al)a010(OH)s
K(Mg,Fe?*,Mn)3[(OH,F)2 | (Al,Fe3*,Ti)Si3010]
CaTi[0|SiO4]

Cas(PO4)3(OH,F,Cl)
CaCOs



Acknowledgements

| am grateful for the supervision of Claudia Trepmann, who entrusted me with the research position,
which led to my PhD Thesis. Without her guidance and support in developing my scientific
understanding and workflow, only a fraction of the results would have been possible. Furthermore, |
thank my second supervisor Stuart Gilder, who always encouraged me to follow my theories and
simultaneously achieved to argue against them. Both supervisors motivated me with their spirit,
knowledge, and humor and always took their time for discussions, explanations, chats, and jokes; |
know that is uncommon!

| thank my colleagues Lisa Briickner and luliia Sleptsova for being companions on the way of our rocky
paths (but that’s why we chose Geosciences) towards the PhD and the collaborative projects with
plenty of coffee and tea. Moreover, | highly appreciate the possibility of working with Lina Seybold
and Giulia D’Ercole on projects on and off my thesis, which helped me reset and sharpen my mind for
scientific questions. The same is true for the ongoing research with Nastaran Ahanin and Justin Tonti-
Filippini. The discussions with Wolfgang Schmahl and Kai-Uwe Hess about research questions and
everything under the sun (and Sci-Fi) are greatly acknowledged.

The constant support during my Bachelor’s, Master’s, and the PhD of the curators of the Museum
Mineralogia, namely Melanie Kaliwoda, Rupert Hochleitner, and recently Malte Junge, of course, with
the presence of Amanda Glinther, always created a familiar and comforting atmosphere. The
acquisition of sample materials for investigations of the Ries and the Vredefort impact structure
wouldn’t have been possible without the help of Stefan Holzl and Ben Weiss, respectively. The direct
and fast action by David Planner (IT) and Rosa Susnjar (administration) was a substantial help when
needed. Furthermore, the Deutsche Forschungsgemeinschaft is acknowledged for funding the project
(DFG Grant no. TR534/9-1). Julian Waldenmaier, Anna Huber, Hans Heusterberg, and Amanda
Gunther are thanked for proof-reading.

And last but not least, | want to thank my family and friends, especially my partner Milena Auhagen
for her support and endurance and my daughter Tara Dellefant for her vitality, who saw the light of
the day during my PhD.

129



