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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 (SiO2) grains with shock-generated planar fractures, as 

documented by two drill cores with ≈10 m depth. Ilmenite (FeTiO3) 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 (Fe3O4) 

within ilmenite occurred, forming a few µm-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.   

Ilmenite 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 {1120} 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 FeTiO3 high-pressure polymorphs (liuite and 

wangdaodeite). A variety of different high-temperature reactions generated rutile (TiO2; T=850-

1050°C) and minerals of the ferropseudobrookite-armalcolite solid-solution [(Fe,Mg)Ti2O5; 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 (Fe2Ti3O9) 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 Aumühle 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 
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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 SiO2 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. Dendritic 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.  
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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 21st 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 (FeTiO3) and 

magnetite (Fe3O4), 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 (SiO2) and 

impact-generated other SiO2 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 Nördlinger 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; Stöffler 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. 1992a, 

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 (NaAlSi3O8) and in the range of 18/22 – 24 GPa within anorthite (CaAl2Si2O8) (Schaal and Hörz 

1977; Ostertag 1983). 

Diaplectic silica glass (SiO2) forms at shock pressures ranging from 34 to 50 GPa as a solid-state 

transition from quartz (Stöffler 1971a, 1972; Stöffler and Hornemann 1972; Kowitz et al. 2013). Its 

density and optical refractive index are higher than glass quenched from a melt (Stöffler and 

Langenhorst 1994). Hörz 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 (Stöffler and Hornemann 1972; Kieffer et al. 1976; Schaal and Hörz 

1977; Ostertag 1983; Stöffler 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., 

Tröger 1982), and are thus non-diagnostic (e.g., Brückner et al. submitted), albeit common, shock 

effects occurring from 5 to 34 GPa (Stöffler and Langenhorst 1994; French and Koeberl 2010; Stöffler 

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 
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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). Ilmenite mechanical {1012} twins 

due to tectonic deformation are common (e.g., Minkin and Chao 1971; Frick 1973; Reynolds 1984). 

Ilmenite 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 10-4/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 β-quartz transforms to 

trigonal α-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 (SiO2) 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). Ilmenite is reported to decompose into 

rutile (TiO2), elemental iron (Fe), and oxygen (O2) at 850°-1050°C and low oxygen fugacity (e.g., Taylor 

et al. 1972). Ferropseudobrookite (FeTi2O5) forms from ilmenite at >1140°C at a low oxygen fugacity 

(Lindsley 1965; Keil et al. 1970; Tuthill and Sato 1970), whereas pseudobrookite (Fe2TiO5) is generated 

at >800°C and high oxygen fugacity (Fu et al. 2010). Biotite (K(Mg,Fe,Mn)3[(OH,F)2|(Al,Fe,Ti)Si3O10]) is 

often used as a temperature gauge and decomposes at >600°C forming magnetite (Fe3O4) and 

hematite (Fe2O3) (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 (Stöffler et al. 2018). Well-

preserved impact structures, like the Nördlinger 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 Trümmermassen” (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; Stöffler 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; Stöffler 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., 

Hörz et al. 1983; von Engelhardt 1990; Stöffler and Grieve 2007; Stöffler et al. 2018). The emplacement 

of the Bunte Trümmermassen is suggested to have occurred as a rolling-gliding base surge (Chao et 

al. 1987) and/or a ground level debris flow (Oberbeck 1975; Hörz 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 (Flädle) 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; Stöffler and 

Grieve 2007; Stöffler 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; Stöffler 

and Grieve 2007; Stöffler et al. 2013, 2018 and references therein). Suevite is commonly observed 

overlaying the Bunte Trümmermassen (Stöffler 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; Stöffler 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; Stöffler and Grieve 2007; Stöffler 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; Stöffler et al. 2013). 

Polymict crystalline breccia in the Nördlinger 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 
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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; Hüttner and Schmidt-Kaler 1999; Stöffler 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 Nördlinger Ries remain unclear (Pohl et al. 

1977; von Engelhardt 1990; Stöffler 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 

a reversed 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 

JT-1kg-1 (Mufti et al. 2020) to 0.3 JT-1kg-1 (Teja and Koh 2009). In contrast, reducing magnetite to 

elemental iron would increase the total saturation magnetization to 217.6 JT-1kg-1 (Crangle and 

Goodman 1971). 
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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. FeTiO3 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., TiO2 

(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., Stöffler 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 Nördlinger 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 (Stöffler 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; Stöffler 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 

µm 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 Stöffler 1984; Rehfeldt-Oskierski et al. 1986; French 1998; Osinski 2004; Ferrière 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 Stöffler 1984; 

Ferrière 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 (Ferrière 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 Iuliia Sleptsove (IS), Lina Seybold (LS), Melanie Kaliwoda (MK), Wolfgang Schmahl 

(WS), Kai-Uwe Hess (KUH), Ben Weiss (BW), Stefan Hölzl (SH), and Dirk Müller (DM). The respective 

author contributions and publication/manuscript status are addressed in the following. 

• 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) Ilmenite 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 5th of September, 2022. 
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• Chapter 3 (Chap. 3) by Dellefant et al. (2023): “Dellefant, F., Trepmann, C.A., Schmahl, W.W., 

Gilder, S.A., Sleptsova, I.V., and Kaliwoda, M. (2023) Ilmenite 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 24th of July, 

2023. 

 

• Chapter 4 (Chap. 4) by Dellefant et al. (submitted): “Dellefant, F., Seybold, L., Trepmann, C.A., 

Gilder, S.A., Sleptsova, I.V., Hölzl, 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 15th 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 Hölzl, 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 24th of November, 2020. 
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Ilmenite phase transformations in suevite from the Ries impact structure (Germany) record 

evolution in pressure, temperature, and oxygen fugacity conditions 
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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 µm aggregates comprise isometric ilmenite grains 
up to 15 µm 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 Mg2+ 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 Fe2+ 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 

Ilmenite (Fe2+TiO3) 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 (Fe2O3), 
rutile (TiO2), and nFe2O3 x nTiO2 from 500°-800°C, whereas a complete transformation of ilmenite to 
pseudobrookite (Fe2TiO5) occurs at temperatures above 800°C (Fu et al. 2010). Pseudorutile 
(Fe3+

2Ti3O9) 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 (Mücke 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 (Fe2+Ti2O5) 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 [(Fe2+,Mg)Ti2O5] can be 
formed from ferropseudobrookite when part of Fe2+ is substituted by Mg2+ (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). Ilmenite 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 H2-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 FeTiO3 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 FeTiO3 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 Fe2TiO4 (Hashishin et al. 2014), Fe2TiO4 (Ca2TiO4-Type) + TiO2 and wüstite (FeO) + TiO2 
(Nishio-Hamane et al. 2012), wüstite and orthorhombic FeTi3O7 (Nishio-Hamane et al. 2010), as well 
as Fe1-δTiδO and Fe1+δTi2-δOδ (Wu et al. 2009). Based on hybrid-density functional modelling, Wilson et 
al. (2005) predicted a phase transition of FeTiO3 above 65 GPa to TiO2 (cotunnite) + FeO (wüstite).  

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 ilmenite 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 Aumühle) 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 Müller 1969; Pohl et al. 1977) mainly composed of various paragneisses, amphibolites, 
and metagranites (Schmidt-Kaler 1969; Pohl et al. 1977; Hüttner and Schmidt-Kaler 1999; Stöffler 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, (Wünnemann et al. 2005)], the megablock zone, and the outer crater 
rim (Stöffler et al. 2013). Suevite constitutes the most important ejecta blanket that contains polymict 
impact breccia bearing both lithic clasts and cogenetic melt particles (Stöffler and Grieve 2007; Stöffler 
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 
+ SiO2 formed from zircon, fused SiO2 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 (El 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 
CT827a, 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 Aumühle quarry at the northeastern rim of the 
structure (sample R20-16A, Lat 48.97151°, Long 10.62908°).  
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Methods  

Uncovered and polished thin sections (25 µm) 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 2ω-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 µm and 100 µm, 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 µm laser spot size. Wavelength calibration was conducted with a pure Si-wafer chip on the 
predominant 520±1 cm-1 peak. The precision in the Raman peak position is estimated at ±1.5 cm-1. 

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 µm and 2 µm, 
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), Fe2O3 (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 µm are 
homogeneously distributed (Fig. 1a, b). The aggregates consist mostly of ilmenite with various 
amounts of rutile, ferropseudobrookite, and sphene. Magnetite occurs as µm-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 Aumühle 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 µm, 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 (Stöffler et al. 2018) or II (IUGS system; Stöffler 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 (Flädle; 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. c, d) Strongly shocked gneiss clast (sample 

R20-16A) in suevite from the Aumühle quarry that contains ilmenite (Ilm) aggregates, secondary hematite (Hem), and 

vesicles (vs) within a cryptocrystalline matrix (cr); (c) single plane-polarized reflected light, (d) transmitted light and crossed 

polarizers. 

 

  



38 

 

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. Ilmenite 
has the main Raman peaks at 227, 333, 371, and 449 cm-1 with the prominent peak at 683 cm-1 (Fig. 
2a) (Wang et al., 2004). The rutile spectra have main Raman peaks at 240, 446, and 611 cm-1 (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-1 (Fig. 2c), in accordance with spectra of isostructural karooite 
(MgTi2O5) (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-1 with the main peak 
at 661 cm-1 (Fig. 2d) (Wang et al., 2004). Within the matrix, magnetite spectra display peaks at 538 
and 666 cm-1 (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-1 (Fig. 2e). Sphene displays the main Raman peaks at 166, 254, 335, 
468, 548, and 608 cm-1 (Fig. 2f) in agreement with Pantić et al. (2014). Within the Aumühle suevite 
sample (R20-16A), ilmenite has major Raman peaks at 224, 329, 372, and 681 cm-1 (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-1 (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 

Ilmenite within the Zipplingen suevite (CT827a) has a composition ranging from Fe0.88 
Mn0.08Mg0.06Ti0.98O3 to Fe0.88Mn0.12Mg0.02Ti0.98O3 (Fig. 3a-g; Tab. 1) with small amounts of Al2O3. 
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 Al2O3 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 Fe2O3 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 µm in diameter in the cores of the aggregates (Fig. 3a, g) or distributed as 
µm-sized grains along ilmenite boundaries (Fig. 3c, d). (Sub-)euhedral magnetite grains, <5 µm in 
diameter, can occur at the rim or within the matrix at a close distance to the ilmenite aggregate (Figs. 
3a, c, 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 (Ilm) aggregate containing rutile (Rt; black) with a 

magnetite (Mag; white) rim. The yellow rectangle displays the area depicted in (b). c, d) Foam-structured ilmenite (Ilm) 

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 Fe2O3). The deviation of 
the total wt.% can be explained for ilmenite due to the presence of a Fe2O3 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 / 
Fe2O3* 

TiO2 MnO MgO SiO2 Al2O3 Na2O CaO K2O Total  

Ilm 4 (core) 41.35 51.86 3.80 1.55 0.08 n.d. (253) 0.03 0.05 n.d. (239) 98.72 

Ilm 4 (core) 41.52 51.91 3.91 1.55 0.10 n.d. (253) 0.01 0.05 0.02 99.07 

Ilm 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 

Ilm 4 (rim) 40.86 51.89 3.65 2.08 0.09 0.02 0.02 0.06 (249) 98.67 

Ilm 4 (rim) 41.88 51.27 3.90 1.47 0.06 0.09 0.02 0.09 0.01 98.80 

Ilm 4 (rim) 41.44 51.61 4.01 1.60 0.10 0.11 0.02 0.07 (240) 98.96 

Ilm 8 41.83 50.79 5.68 0.41 0.06 n.d. (239) 0.03 0.04 0.01 98.87 

Ilm 8 41.42 51.28 5.49 0.43 0.10 (239) 0.02 0.05 0.01 98.85 

Ilm 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 0.45 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 

Ilm 9c, d 50.74 44.46 1.70 0.52 0.07 n.d. (242) 0.02 0.03 (249) 97.56 

Ilm 9c, d 46.74 48.66 1.94 0.66 0.04 0.01 0.03 0.06 0.03 98.16 

Ilm 9c, d 48.56 46.64 1.70 0.69 0.08 n.d. (242) 0.04 0.03 n.d. (241) 97.78 

Prt 9c, d 41.93* 52.84 1.06 0.11 0.29 n.d. (242) 0.01 0.04 0.01 96.33 

Prt 9c, d 41.96* 52.53 0.81 0.07 0.33 n.d. (242) 0.02 0.04 (233) 95.79 

Prt 9c, 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 µm 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 µm wide twin lamellae that are characterized by a 

misorientation angle of ≈75° around a misorientation axis parallel to [2110], which corresponds to c-

axes at an angle of ≈109° and a common {1120} plane (Fig. 5a, c, e). 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). 

 

 

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). c) 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}, {1120}, and {1011} 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, 5a, 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).  



43 

 

 

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). c, 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}, {1120}, and {1011} 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 µm) 
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). 

 

 

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 TiO2 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) Ilmenite pole figures of the {0001}, {1120}, 

and {1011} planes of c) grains <5 µm, d) grains 5 – 10 µm, e) grains >10 µm. 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 µm 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 (Fe1.02 Mn0.04Mg0.13Ti1.79Si0.09Al0.02Ca0.01Na0.01O5; Fig. 8h; 
Tab. 1). The occurrence of ferropseudobrookite and/or rutile in the aggregates correlates with the 
presence of µm-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). c, d) Ferropseudobrookite (Fpb) along a fracture within the ilmenite aggregate, where sphene (Spn) is locally present. 

Note symplectic intergrowth of ferropseudobrookite and ilmenite (Ilm) 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 (Ilm) 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 (Ilm; red), ferropseudobrookite (Fpb; green), sphene (Spn; light blue), magnetite (Mag; dark blue), and rutile (Rt; 

yellow). c) Ilmenite orientation map (inverse pole figure of z-direction). d) Ferropseudobrookite orientation map (inverse 

pole figure of z-direction). e) Pole figures of the {0001}, {1120}, and {1011} 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 Aumühle 

Within sample R20-16A from the Aumühle quarry, ilmenite aggregates have an average composition 
of Fe0.92Mg0.04Mn0.04TiO3, with a very similar polycrystalline microfabric as Zipplingen sample CT827a, 
possessing a foam structure of single grains up to 15 µm in diameter (Figs. 3a, b, 9a) with intergranular 
cracks (Fig. 9b). No ferropseudobrookite was detected, instead, pseudorutile can be present as µm-
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 µm wide rim of 0.5 µm x 2µm-sized intergrown ilmenite needles 
(Fig. 9f).  

 

Fig. 9 BSE images of Fe-Ti-oxide microfabrics within suevite sample R20-16A from Aumühle. a) Coarse ilmenite grain (Ilm) 

within a cryptocrystalline matrix (cr) containing vesicles (vs). The yellow rectangle depicts the area in (b). b) Ilmenite (Ilm) 

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) Ilmenite 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 (Ilm) 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 Aumühle, three 

display three distinct maxima with a common {1120} 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 µm 
x 10 µm to 160 µm x 80 µm 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 µm x 10 µm – 160 µm 
x 80 µm) or without rims (40 µm x 20 µm – 160 µm x 50 µm), 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 %. 

Size [µm] Rim phase(s) Core phase(s)  Size [µm] Rim phase(s) Core phase(s) 

160 x 80 Ilm50, Arm50 Fpb60, Ilm35, Spn<5, Rt<5   100 x 40 Ilm50, Rt50 Ilm 

120 x 100 Mag Ilm85, Fpb10, Spn<5, Rt<5  70 x 50 Mag Ilm>95, Rt<5 

160 x 70 Mag Ilm85, Spn<15, Rt<1  100 x 30 - Ilm>95, Rt<5 

170 x 50 Ilm80, Mag20 Ilm95, Rt5  60 x 50 - Ilm>95, Rt<5 

160 x 50 - Ilm  140 x 20 - Ilm>95, Rt<5 

120 x 80 Fpb Ilm85, Rt<10, Spn<5  100 x 25 Mag Ilm95, Rt5 

100 x 90 Ilm Ilm95, Rt5  70 x 30 Mag Ilm95, Rt5 

120 x 60 Mag>95, 
Ilm<5 

Ilm>95, Rt<5  40 x 30 Mag Ilm85, Rt15 

100 x 60 Mag Ilm>95, Rt<5  40 x 30 - Spn50, Mag20, Ilm15, 

Rt15 

80 x 70 Mag Ilm85, Fpb10, Mag<5, 
Rt<5 

 40 x 20 - Ilm 

80 x 60 - Ilm>95, Rt<5  10 x 10 Mag Ilm>95, Rt<5 

70 x 60 - Ilm>95, Rt<5     
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From Aumühle (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 µm x 5 µm to 
180 µm x 120 µm 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 [µm] Rim phase(s) Core phase(s)  Size [µm] Rim phase(s) Core phase(s) 

180 x 120 Ilm Ilm95, Prt5  20 x 10 - Ilm95, Prt5 

220 x 70 Ilm Ilm  15 x 10 - Ilm>95, Prt<5 

70 x 30 - Ilm  *140 x 50 - Ilm 

50 x 20 Ilm Ilm>95, Prt<5  *40 x 15 - Ilm 

40 x 25 Ilm Ilm  *30 x 20 - Ilm 

40 x 20 - Ilm>95, Rt<5  *10 x 5 - Ilm 

 

Discussion  

Ilmenite 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 Aumühle, 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. 

 

Ilmenite 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 [2110], and a common {1120} plane (Fig. 5a, c, e) has not been reported 

for ilmenite so far. Shocked ilmenites in nature and laboratory experiments generate (0001), {1011}, 

and {1012} 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 5a, 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 a common {1120} 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 Přívratská 2006), explaining the 99° angle between the c-axes of two of the 
observed orientation domains. The space group of ilmenite is R3̅ (No. 148) (Barth and Posnjak 1934) 
corresponding to point group 3̅. 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 3̅. 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 3̅ 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 m3̅m (Fig. 10). The order of point group m3̅m is 48, whereas the order of 
point group 3̅ is 6. Therefore, eight (48/6 = 8) equivalent twin domains are theoretically possible. The 
rhombohedral 3̅ axis can be chosen along any of the four <111> directions of the cubic compound 
supersymmetry. Moreover, for each choice of <111>cub direction, there are two choices for the 

orientation of the 𝑎⃗, 𝑏⃗⃗-axes, since m3̅m also has a threefold rotation axis parallel to the 3̅ 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 m3̅m 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 m3̅m 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: 

(𝑎⃗ 𝑏⃗⃗ 𝑐)𝑐𝑢𝑏 =   (𝑎⃗ 𝑏⃗⃗ 𝑐)ℎ𝑒𝑥 (

−1/3 −1/3 −2/3
+1/3 −2/3 −1/3
+1/6 +1/6 −1/6

) (Eq. 1) 

(𝑎⃗ 𝑏⃗⃗ 𝑐)ℎ𝑒𝑥 =   (𝑎⃗ 𝑏⃗⃗ 𝑐)𝑐𝑢𝑏 (
1    0    2
0 −1    2
1 −1 −2

) (Eq. 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 Přívratská 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 Pm3̅m 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 FeTiO3 
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 R3̅) 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 Přívratská 2006). However, the ilmenite, LiNbO3, 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 LiNbO3-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 Pm3̅m (point group m3̅m). Thus, the m3̅m 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 FeTiO3. a) Phase transformations during loading and unloading of FeTiO3 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 739±1 cm-1 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 MnTiO3, 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 MnTiO3 
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 µm-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 (Fe2+Ti2O5) 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: 

2FeTiO3 ➝ FeTi2O5 + FeO (Eq. 3) 

Maximum temperatures could have exceeded the FeO-TiO2 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 [(Fe2+,Mg)Ti2O5] 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)Ti2O5 + 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: 

 FeTi2O5 + MgO ➝ (Fe,Mg)Ti2O5 + 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 rim is enriched in Fe, residing 
within µm-sized sub(-euhedral) magnetite (Fe3O4; Fig. 3a, g). Further inwards, the Fe content 
decreases to ilmenite (FeTiO3) and finally, Fe is absent, where rutile (TiO2) 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 µm-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 µm-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 Fe0 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: 

FeTiO3 ➝ TiO2 + Fe + ½O2 (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): 

FeTi2O5 ➝ FeTiO3 + TiO2 (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 H2 (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 Fe2+ is reduced 
to Fe0. More available electrons would then generate a gradient attracting Fe2+ to diffuse from within 
the aggregate, which agrees with fast Fe2+ diffusion in ilmenite modelled by Kuganathan et al. (2019). 
As a result, Fe2+ diffuses towards the rim and vacancies towards the core, thereby leaving TiO2 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 Fe2+ 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 
Fe2+ migration towards the Fe-Ti-oxide aggregate – melt/matrix boundary. In general, the oxygen 
fugacity and thus the Fe3+/Fe2+ 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 + 2O2 ➝ Fe3O4 (Eq. 8) 

The formation of armalcolite leads to a local enrichment of FeO in the silicate melt (Eqs. 4, 5), which 
likely contributed to the (sub-)euhedral magnetite due to oxidation, as observed within the matrix 
(Figs. 1a, 2e, 3e, 7a, f): 

 3FeO + ½O2 ➝ Fe3O4 (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 TiO2, which is not observed 
at the Fe-Ti-oxide boundaries:  

3FeTiO3 + ½O2 ➝ Fe3O4 + 3TiO2 (Eq. 10) 

Furthermore, oxidation of ilmenite above 800°C would only form pseudobrookite (Fe2TiO5) and 
hematite (Fe2O3) (Fu et al., 2010). Neither of the ferric phases were observed in the sample material 
from Zipplingen. 

Fluorite-structured TiO2 and rock salt-structured FeO were experimentally generated from ilmenite at 
shock pressures >60 GPa (Liu 1975; King and Ahrens 1976). In our study, TiO2 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 TiO2. 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, Hörz 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 Müller 
1969). Thermal decomposition of calcite produces CO2 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 CO2. 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. 

Ilmenites in lunar basaltic breccia have ≈3 µm 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). Ilmenite 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 Aumühle gneiss (R20-16A), pseudorutile (Fe2Ti3O9) 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). Ilmenite alteration to pseudorutile occurs when water acts as a transport medium for iron 
leaching (Mücke 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). Ilmenite 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 Aumühle, 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.  

(I) 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-I). 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 {1120} 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).  

(II+III+IV) 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-II), indicates temperatures >1140°C with a low oxygen fugacity. Rutile grains along boundaries of 
ilmenite in the aggregates (Fig. 11-III) 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 Fe2+ to 
migrate from within the ilmenite aggregate cores towards the rim, forming TiO2 inside the ilmenite 
aggregates (Fig. 11-IV). Depending on whether the influence of heating or reduction locally prevailed, 
either µm-sized rutile on grain boundaries (Fig. 11-III) or larger TiO2 residues were formed (Fig. 11-IV), 
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 µm-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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Fig. 11 Summary and interpretations of this study. Pressure (P; green), temperature (T; red), and relative oxygen fugacity 

(fO2; blue) conditions as a function of time based on the observed characteristic Fe-Ti-oxide microfabrics. I) Foam-structured 

ilmenite (Ilm). II) Ferropseudobrookite (Fpb; dark grey) along a fracture within a Fe-Ti-oxide aggregate. Note that rarely 

observed armalcolite (Arm) likely formed from Fpb. III) Rutile (Rt) along grain boundaries of ilmenite (Ilm). IV) Ilmenite (Ilm) 

aggregate containing rutile (Rt) and with a rim enriched in Fe (Fe↑). V) (Sub-)euhedral magnetite (Mag). VI) Pseudorutile 

(Prt) as rim around grains of ilmenite aggregates (Ilm). (bI) – (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 (bI)-(bIV), (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; Stöffler 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. 

Ilmenite-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 H2 (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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Supplementary data 

Tab. S1 EMP data [wt.%] of profile (step size ≈1 µm) 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 Fe2O3, which 
binds more oxygen and thus would increase the calculated total. 

# FeO TiO2 MnO MgO SiO2 Al2O3 Na2O CaO K2O Total Fe/Ti 

1 32.16 61.35 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 74.21 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 3.41 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 52.42 2.49 3.53 0.26 0.10 0.01 0.11 n.d. (244) 98.48 0.84 

18 39.57 52.39 2.45 3.45 0.27 0.11 0.01 0.10 0.01 98.38 0.84 

19 39.59 52.40 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 2.45 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 51.90 2.36 3.36 0.33 0.18 0.02 0.10 0.02 98.51 0.86 

24 39.96 51.44 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 



66 

 

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. 
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Abstract The Aumühle 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 (Flädle) 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 SiO2 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 

 

  



67 

 

Introduction 

The Nördlinger 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 Trümmermassen 
(german for multi-coloured detritus), are studied intensely since the 1960s. Especially, the 
discontinuous ejecta layer, the melt-fragment (“Flädle”)-bearing suevites has been the subject of 
many geochemical and structural investigations [see the most recent review on the Ries impact 
structure by Stöffler et al. (2013) and references therein]. The continuous ejecta layer of the Bunte 
Trümmermassen 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., Hüttner 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; Hüttner and Schmidt-Kaler 1999; Stöffler 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 Nördlinger Ries are still largely unknown (Pohl et al. 1977; von 
Engelhardt 1990; Stöffler et al. 2013). One reason is that few known occurrences of polymict 
crystalline breccia in the Nördlinger Ries are documented, and their relation to the Bunte 
Trümmermassen 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 Aumühle quarry in the Nördlinger 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; Stöffler 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 (GÜK250), © Bundesanstalt für 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; Hüttner and Schmidt-Kaler 1999). Stöffler et al. 
(2013) distinguish five major structural units: I) the central basin r<6 km, II) the uplifted inner 
crystalline ring r≈6 km, III) 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 Trümmermasse and the overlying glass fragment-bearing suevite 
(e.g., Sturm et al. 2015; Stöffler 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 (Flädle), both mainly 
originating from shocked Variscan basement (Pohl et al. 1977; Stöffler and Grieve 2007; Stöffler 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; Stöffler and Grieve 2007; Stöffler et 
al. 2018; Stähle 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 Trümmermasse (outer suevite), and as 
dikes within the parautochthonous crater basement as well as within ejected crystalline megablocks, 
i.e., dike suevites (Stöffler 1977).  

The continuous ejecta blanket of the Bunte Trümmermassen 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; Hüttner and Schmidt-Kaler 1999; Stöffler 
et al. 2013; Sturm et al. 2015). The Bunte Trümmermassen form the volumetrically dominant impact 
breccia deposit in the Ries (Hörz 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) (Hörz et al. 1983; von Engelhardt 1990; Stöffler 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., Stöffler 1971a; Abadian 1972; Pohl et al. 1977; Graup 1978; Stöffler and 
Ostertag 1983; von Engelhardt 1990). Locally, the components of the Bunte Trümmermassen 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 Stöffler (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: I) isolated complexes 
without relationship to the surrounding (Marienhöhe/Leopold-Meyers-Keller); II) occurrences with 
components likely derived from the adjacent basement megablock (Appetshofen+Lierheim, Itzing); 
and III) breccia dikes with material different to the basement megablocks in which they occur 
(Maihingen-Klostermühle) (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 Nördlingen (Stöffler et 
al. 1977). These veins are interpreted as highly energetic and early emplacement during the 
excavation stage of the cratering process (Stöffler 1977). However, no shock pressure estimations 
were reported for the veins (Graup 1977; Hüttner 1977; Stöffler 1977; Stöffler 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 Aumühle 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). 

 



71 

 

Fig. 2a) Locations of samples R20-2, R20-4,5, R20-8, and R20-14 in the Aumühle 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 µm) 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) 2ω-Nd:YAG laser were used. Slit and hole diameters were 100 µm and 300 µm, respectively, 
combined with an integration time of 5x5 s. For maskelynite, plagioclase, and amphibole, 50% laser 
power was applied, whereas diaplectic SiO2 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 µm laser spot size on the sample surface. Wavelength calibration was 
performed with a pure Si-wafer chip on the predominant 520±1.5 cm-1 peak. The precision in the 
Raman peak position is estimated at ±1.5 cm-1. 

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 µm and 1 µm 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 Aumühle quarry is a well-exposed outcrop in the Ries impact structure, where the irregular 
contact between the lithic components of the Bunte Trümmermassen and the generally overlying 
melt-fragment-bearing suevite are clearly visible (Fig. 2a; e.g., von Engelhardt 1997; Hüttner and 
Schmidt-Kaler 1999; Osinski et al. 2004; Stöffler 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 Aumühle 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 
(Flädle) and fine-grained to few cm-sized lithic components are typically relative fresh and grey (Fig. 
2a, 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 Trümmermassen at the bottom in the Aumühle quarry. a) 

Components of the Bunte Trümmermassen 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 µm 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-1 (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-1 (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). e) 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), (𝟏01), (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 µm (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. 5c, 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 (Brückner 
and Trepmann 2021). Twin densities typically range from 10 µm to 80 µm. Cleavage fractures parallel 

{110} typically are deflected by the {101} twin boundaries and do not crosscut them (Fig. 5f). 

 

 

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 SiO2 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 SiO2, interpreted as former quartz with 
an mm-sized width in association with biotite (Fig. 6a-c). The optically isotropic diaplectic SiO2 glass is 
characterized by main broad Raman peaks (Fig. 6d) approximately at 456, 490, 603, and 813 cm-1 
(Kowitz et al. 2013b).  

 

 

Fig. 6 Gneiss clast, sample R20-14. a-c) Diaplectic SiO2 glass (SiO2) 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 SiO2 glass. 
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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 µm 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 {1013}, {0113} and {0112} is indicated (Fig. 7d, e).  

 

 

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+qz) with adjacent phyllosilicate-rich 

matrix; polarized light micrograph taken with crossed polarizers. c) 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 µm to 100s 
of µm (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-µm-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). c) 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 {11𝟐0}, 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 µm 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. 
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Fig. 9 Polarized light micrographs of quartz sandstone component within polymict crystalline breccia (sample R20-8). Quartz 

(qz) 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 Nördlingen 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 SiO2 glass in gneiss clast sample R20-14 (Fig. 6) indicates shock pressures of 35-50 GPa 
(Stöffler 1971b, 1972; Stöffler and Hornemann 1972; Kowitz et al. 2013a), which can, therefore, be 
classified as shock stage F-S5 (Stöffler et al. 2018) or shock stage II according to the IUGS system 
(Stöffler 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 Hörz 1977; Ostertag 1983; Stöffler et al. 2018), 
equivalent to shock stages M-S3 to M-S4 (Stöffler et al. 2018) or shock stages IIa to IIb according to 
the IUGS system (Stöffler 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., Brückner 
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). Stähle 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 (Hörz 
1968; Müller and Hornemann 1969; Stöffler and Langenhorst 1994), representing shock stages F-S2 
to F-S3 (Stöffler et al. 2018) or shock stage Ia according to the IUGS system (Stöffler 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 (Stöffler et al. 2018) or 0 according to the IUGS system (Stöffler 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 ≥400 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., Stöffler 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 Stöffler 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 
pressures 

Shock Stage Apparent 
magnetic carrier 

Paleomagnetic 
directions 

R20-14 

(CS01_1) 

Gneiss  diaplectic SiO2  34-50 GPa F-S5 mostly Mag Ries 

R20-8 
(CB03_1) 

Sandstone  none <1 GPa SR-S1 Hem Ries 

R20-4,5 

(CB05_1) 
(CB05_2) 

Amphibolite Amp twins; 
diaplectic Fsp with 
lamellae 

20-34 GPa M-S3 to M-S4 mostly Mag random 

R20-2 

(CB06_1) 

Gneiss breccia  fracturing; PDFs in 
Qz 

1-20 GPa F-S2 to F-S3 Hem random 

 

Comparison of polymict crystalline breccia from the Aumühle quarry with similar outcrops in the 
Nördlinger Ries  

The type locality of the documented polymict crystalline breccia from the Nördlinger 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 Aumühle quarry with the 
difference that in Aumühle 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 Aumühle 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 
Trümmermassen (Arp et al. 2019). The apparent systematic structural position on top of the Bunte 
Breccia at Meyers Keller (Abadian 1972), Aumühle (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 Trümmermassen is interpreted as a ballistic sedimentation during 
secondary cratering, which results in a ground-level debris flow (Oberbeck 1975; Hörz 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.  



82 

 

Polymict crystalline breccia at Aumühle quarry and relation to suevites  

In contrast to all other known outcrops, the polymict crystalline breccia in the Aumühle 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 Nördlinger Ries, corresponding to reversed polarity chron C5Bn1r (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; Stöffler 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, Stöffler 
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 Ormö, 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 Aumühle 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 Aumühle 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; Stöffler 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., Stöffler 
1977; Lambert 1981). The injected material is transported from 10s of m to a few km (e.g., Stöffler 
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 Aumühle 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 
Aumühle 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; Hörz et al. 1983) (Fig. 10c). 
Additional ballistically transported sedimentary clasts (Oberbeck 1975; Hörz 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 Aumühle 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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Fig. 10 Relative emplacement of Ries impactites. a) Upon incipient crater excavation, Bunte Trümmermassen 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 

Trümmermassen are already deposited with inverse stratigraphy. c) Shocked basement rock fragments and sedimentary 

clasts settle on top of the Bunte Trümmermassen as irregular bodies and individual clasts before d) suevite deposition.  
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Conclusions  

An outcrop of polymict crystalline breccia at the Aumühle 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.  

2. The mixture of moderately shocked clasts from the crystalline basement [shock stages up to 
F-S5 after Stöffler 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).  

3. 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). 

4. 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 
Trümmermassen 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). 
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6 Summary, conclusion, and outlook 

6.1 Ilmenite 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 (FeS2), and 

chalcopyrite (CuFeS2); 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 (Stöffler et al. 2018), representing 

shock stages between 0 and Ia according to the IUGS system (Stöffler 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.  

Ilmenite and magnetite occur as coarse grains (Chap. 2: Figs. 2b, f, 5a, c). However, coarse ilmenite 

grains can include tens of µm 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 µm are often present (Chap. 2: Figs. 5a, b, 7a, b, 10c, d). Ilmenite 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 µm to tens of µm wide and become narrower with distance from 

their source (Chap. 2: Fig. 5c). 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 (Živković 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 µm 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), {1011}, and {1012} (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 µm x 5 µm) and spheroidal (≈10 µm) 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 {1011} 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. 7a, c, e), the lamellar magnetite exsolutions show an epitactic relationship. 

They occur shape-controlled and parallel {1011} planes and their {110} planes are oriented parallel 

{1010} of the ilmenite host (Chap. 2: Fig. 7b, d, e). 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 Aumühle 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 (Stöffler et al. 2018), representing shock stages between III and IV 

according to the IUGS system (Stöffler and Grieve 2007) corresponding to 45-60 GPa. The sample from 

the Aumühle 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 (Stöffler et al. 2018) or II 
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according to the IUGS system (Stöffler 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 µm-sized ilmenite aggregates (Chap. 3: Fig. 1a, c) consist of isometric grains up to 15 µm 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. 

5a, c, e). The twin domain can be defined by a misorientation angle of ≈75° around a misorientation 

axis parallel to [2110] (Chap. 3: Fig. 5a, c, 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 R3̅ 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 Pm3̅m (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, 3a, c, 7a, 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). Ilmenite 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 µm; C3: Fig. 3a, g) or distributed along triple junctions (sub-µm; C3: Fig. 3c, d), whereas magnetite 

can occur as euhedral µm-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. 7a, e, f). Additionally, ferropseudobrookite(-armalcolite solid-

solution) [(Fe,Mg)Ti2O5) 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-TiO2 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 µm-sized sub(-euhedral) magnetite (Fe3O4) at the rim, 

ilmenite (FeTiO3) further inwards, to an absence of iron within rutile (TiO2) (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 TiO2, 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 µm-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 Fe2+ to Fe0. An 

accumulation of negative charges would have generated a gradient, which attracted Fe2+ from within 

the aggregate via diffusion, consistent with a fast Fe2+ diffusion in ilmenite (Kuganathan et al. 2019). 

Consequently, Fe2+ diffused towards the phase boundary and/or within the silicate melt, whereas 

vacancies moved towards the core, leaving TiO2 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 

Fe2+ diffusion. The stability of ferropseudobrookite consistently requires a low oxygen fugacity and 

thus similar conditions (Lindsley 1965). With decreasing temperatures, the Fe3+/Fe2+ 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 Hörz 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 Müller 1969). 

Above 650°C, calcite (CaCO3) decomposes to CO2 (Galwey and Brown 1999), which in turn 

disproportions to CO at temperatures above ≈1500°C (Itoh 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 Aumühle quarry are 

pseudorutile (Fe2Ti3O9;  : 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. Ilmenite 

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; Mücke and Bhadra Chaudhuri 1991). Ilmenite 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 β-quartz to trigonal α-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/m3, the stabilization temperature for 

β-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 µm) state, which 

remanence carrying capacity is lower compared to pseudo-single-domain (PSD = 700 nm – 10 µm). 

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 µm x 1 µm) and spheroidal magnetite (≈10 µm) 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 Aumühle 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 Nördlinger 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 

dm-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., lithic impact 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 Ormö 1997), and dike breccias in the Ries impact 

structure in the crystalline basement (e.g., Stöffler 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., Stöffler 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 Stöffler 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 Aumühle 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 SiO2 

For the investigation of SiO2 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 SiO2 (Chap. 5: Fig. 2a, b). Based on the decomposition of biotite and the presence of melt, 

shock stage F-S6 (Stöffler et al. 2018) or III according to the IUGS system (Stöffler 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 µm 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 µm (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. 2c-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 {1013} 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; Ferrière 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 (Hörz 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 SiO2 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; Ferrière et al. 2009, 2010; Buchner et al. 2010). The occurrence of α-quartz ballen is 

explained by Ferrière et al. (2010) as a transformation from β-quartz or α-cristobalite over time, which 

does not explain the significant round interfaces of the ballen. Ferrière 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 SiO2 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, Flörke 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 

Nördlinger 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 {1011}. 

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. At low 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 (≈10m). Therefore, a generation as a result of lightning strikes can be ruled 

out.  

Polymict crystalline breccia at the Aumühle quarry in the Ries impact structure reveals sharp contacts 

to the underlying Bunte Trümmermassen and the overlying suevite, representing the first clear 

deposition relation in the Nördlinger 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 SiO2 polymorphs within melt rocks from the Nördlinger 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; Stöffler 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. 

Ilmenite 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 H2 (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. Ilmenite 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 natural remanent magnetization 
EBSD electron backscattered diffraction TRM thermal remanent magnetization 
BSE backscattered electron IRM isothermal remanent magnetization 
SE secondary electron CRM chemical remanent magnetization 
EDS energy dispersive X-ray spectroscopy LIRM lightning-induced remanent magnetization 

U-Stage universal tilting stage microscope MD multi-domain 
EMP(A) electron microprobe (analysis) PSD pseudo-single-domain 
TEM transmission electron microscopy SD single-domain 
PDF planar deformation feature SP super-paramagnetic 
PF planar fracture IUGS international union of geological sciences 
FF feather feature   
CPO crystallographic preferred orientation   
    

 

Chemical formulae of minerals 

The following information is based on: 

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  Silicates  
Ilmenite Fe2+TiO3 (α/β-)Quartz SiO2 
Magnetite Fe2+Fe3+

2O4 (α/β-)Cristobalite SiO2 
Hematite Fe3+

2O3 (α/β-)Tridymite SiO2 

Ferropseudobrookite Fe2+Ti2O5 (α/β-)Stishovite SiO2 

Armalcolite (Fe2+,Mg)Ti2O5 Feldspar (group) solid solution of albite – anorthite – kali-feldspar 
Pseudobrookite Fe3+

2TiO5 Plagioclase (group) solid solution of albite – anorthite 
Pseudorutile Fe3+

2Ti3O9 Albite NaAlSi3O8 
Rutile TiO2 Anorthite CaAl2Si2O8 
Anatase TiO2 Kali-Feldspar KAlSi3O8 
  Amphibole (group) (Si,Al)4O11(OH,F,Cl)2 with a large variety of cations 
Sulfides  Zircon ZrSiO4 
Pyrite FeS2 Chlorite (group) (Fe,Mg,Al,Zn)6(Si,Al)4O10(OH)8 
Chalcopyrite CuFeS2 Biotite (group) K(Mg,Fe2+,Mn)3[(OH,F)2|(Al,Fe3+,Ti)Si3O10] 
  Sphene CaTi[O|SiO4] 
    

  Other  
  Apatite Ca5(PO4)3(OH,F,Cl) 

  Calcite CaCO3 
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