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Abstract

Large scale meteorite impact events are some of the most catastrophic and instantaneous geological
processes in nature. These events release high amounts of energy, and generate pressures which will
vaporize, melt and metamorphose the target rock. Large impact events create impact structures with
very characteristic features, one of which being intense magnetic anomalies. These anomalies are
caused by a contrast of the total magnetization in the shocked target, newly formed impactites (that is,
rocks formed by, or related to the impact event) and the regional background magnetization. The total
magnetization (M) is the sum of natural remanent magnetization (NRM) and induced magnetization
(x*B, « is magnetic susceptibility and B is Earth’s magnetic field).

Shock deformation causes a sharp loss of up to 90% of NRM and « in the magnetite-bearing target. The
demagnetization of magnetite is caused by the shock-induced physical deformation, such as brittle grain
fracturing and fragmentation, and ductile crystal lattice defects. Physical defects also enhance magnetic
domain wall-pinning, which decreases the apparent domain state of magnetite, from originally multi-
domain (MD) towards pseudo-single domain (PSD), or even single domain (SD) states. The change in
apparent domain state is concomitant with an increase in magnetic coercivity, and further decreases «.
However, a recent study found that post-shock thermal annealing of shocked magnetite causes a
“healing” of some of the reversible ductile lattice defects, which reduces domain wall-pinning and
allows for the restoration and recovery of some magnetic properties, including an increase of «.

Natural post-impact magnetic recovery through temperature has not been studied to date, and is
particularly relevant for large impact craters such as the Chicxulub (Mexico). In this study we compared
the large Chicxulub (diameter ca. 200 km) with the smaller Nordlinger Ries structure (Germany,
diameter ca. 25 km). In both impact structures, high temperature impactites (>900°C) and post-impact
hydrothermalism may lead to optimal conditions for natural annealing to take place. The effect that this
phenomenon has on the characteristic magnetic signature of the craters remains unclear until now.

To address this knowledge gap, magnetite samples from the Chicxulub and Nérdlinger Ries craters
were investigated through rock-magnetic, petrographic and mineral chemical methods. Two generations
of magnetite common to both craters were observed: (1) a pure, stoichiometric shocked magnetite with
large (~100 um) grains in the basement; and (2) a newly formed, generally low-cation substituted (Ti-)
magnetite, with smaller (~10-50 um) grains and no visible shock deformation, in the impactites.

Naturally shocked MD magnetite was found to show an apparent domain state decrease towards PSD,
similar to magnetite shocked experimentally in laboratory conditions. Temperatures above 540°C create
an irreversible increase in «k, and restore some apparent MD state contributions. The threshold for
annealing and magnetic recovery is estimated to be ~540°C. If the magnetite is oxidized and hematite
is present in the sample, it transforms back to magnetite if experimentally heated above 560°C in an
argon atmosphere. The transformation creates very small magnetite grains with mottled textures and
SD to superparamagnetic (SP) domain states, in a process that masks annealing if both occur
concomitantly. This is an underappreciated phenomenon, that may lead to NRM remagnetization and
overprint in nature, under certain conditions.

In Chicxulub, the shocked magnetite of the uplifted basement shows shock-reduced NRM and « values,
leading to a low total magnetization in the peak-ring. We attribute the negative anomaly in the peak-
ring to this lack of magnetization. The hydrothermal system did not significantly overprint the magnetic
signal, and its temperatures (~450°C) were not high enough to anneal the magnetite naturally, and thus
it did not affect significantly the magnetic anomaly in the peak-ring. Natural annealing takes place in
contact with the impact melt, where basement magnetite shows increased «, and a transformation of
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pre-impact oxidation-derived hematite into newly formed SD-SP magnetite. The impact melt shows
strong NRM and « values, but in the peak-ring it constitutes only a thin layer, which also does not
significantly contribute to the anomaly.

In Nérdlinger Ries, the basement magnetite is similarly demagnetized, and natural annealing occurs
locally due to the prevalence of melt bearing suevite dykes in the basement, with high emplacement
temperatures (>900°C). The hydrothermal system in Nordlinger Ries had shorter duration and lower
temperatures than in Chicxulub (max. 300°C), and also does not significantly affect the magnetic
anomalies of the crater. The impact melt shows weak magnetization, with k values comparable to the
shocked and demagnetized basement. On the other hand, impact breccia (suevite) in Nordlinger Ries
show high « and strong reverse polarity magnetization, which contributes to the negative magnetic
anomalies.



Kurzfassung

GroRflachige Meteoriteneinschldge gehdren zu den katastrophalsten und am schnellsten ablaufenden
geologischen Prozessen in der Natur, bei denen groRe Energiemengen freigesetzt und hohe Driicke
erzeugt werden, die das Zielgestein verdampfen, schmelzen und metamorphisieren kénnen. Grofie
Einschlagsereignisse schaffen Einschlagsstrukturen mit sehr charakteristischen Merkmalen, wie z. B.
starke magnetische Anomalien. Diese Anomalien werden durch einen Kontrast zwischen der
Gesamtmagnetisierung im geschockten Zielgestein, in neu gebildeten Impaktiten (d. h. Gesteinen, die
durch das Einschlagsereignis entstanden sind oder damit in Zusammenhang stehen) und der regionalen
Hintergrundmagnetisierung verursacht. Die Gesamtmagnetisierung (M) ist die Summe der natdrlichen
remanenten Magnetisierung (NRM) und der induzierten Magnetisierung («*B, « ist die magnetische
Suszeptibilitat (MS) und B ist das Erdmagnetfeld).

Schockverformung fuhrt zu einem starken Verlust von bis zu 90 % der NRM und x im
magnetitfiihrenden Zielgestein. Dieser Magnetisierungsverlust wird auf die physikalische Verformung
von Magnetit zurtickgefiihrt, wie z. B. Sprdodbruch und duktile Kristallgitterdefekte, die ihn
entmagnetisieren. Physikalische Defekte filhren auch zu einer verstarkten magnetischen
"Wandreibung", wodurch der Doménenzustand von urspriinglich Mehrbereichsteilchen (multi-domain,
MD) zu Pseudo-Einbereichs-Teilchen (PSD) oder Einbereichssteilchen (SD) abnimmt. Dieser Prozess
fuhrt aulerdem zu einem Anstieg der magnetischen Koerzitivfeldstarke und einem weiteren Riickgang
der x. In einer kirzlich durchgefiihrten Studie wurde jedoch festgestellt, dass eine thermische
Behandlung von geschocktem Magnetit nach dem Schock einige der reversiblen Gitterdefekte
ausgliihen lasst, die “Wandreibung” verringert und somit die Wiederherstellung einiger magnetischer
Eigenschaften und der x ermdglicht.

Eine natlrliche magnetische Erholung nach einem Meteoriteneinschlag durch Temperatur wurde bisher
noch nicht untersucht und ist besonders fiir groe Einschlagskrater wie die Chicxulub-Struktur
(Mexiko, Durchmesser ca. 200 km) relevant. In dieser Arbeit wurde die deutlich kleinere Nordlinger-
Ries-Struktur (Deutschland, Durchmesser ca. 25 km) zum Vergleich ebenfalls untersucht. In beiden
Impaktstrukturen kdnnen Hochtemperaturschmelze und Suevite (>900°C) sowie Hydrothermalsysteme
nach dem Einschlag zu einer naturlichen Gitterausheilung fiihren. Es ist bisher unklar, wie sich dies auf
die charakteristische magnetische Anomalie in den Kratern auswirkt.

Im Rahmen dieser Arbeit wurden Magnetitproben aus den beiden Einschlagskratern, Chicxulub
(Mexiko) und Nordlinger-Ries (Deutschland), mit gesteinsmagnetischen, petrographischen und
mineralchemischen Methoden untersucht. In beiden Kratern wurden zwei Generationen von Magnetit
beobachtetet: (1) einen reinen, stdchiometrischen geschockten Magnetit mit groRen (~100um) Kornern
im Grundgebirge, und (2) einen neu gebildeten, im Allgemeinen kationenarmen (Ti-)Magnetit mit
kleineren (~10-50pum) Kdrnern und ohne sichtbare Schockverformung in der durch den Einschlag
erzeugten Schmelze und im Suevit.

AuRerdem konnte im Rahmen dieser Arbeit festgestellt werden, dass MD-Magnetit in der Natur eine
ahnliche Abnahme des Doménenzustands in Richtung PSD zeigt wie experimentell geschockter
Magnetit, unabhangig vom Vorhandensein von Oxidation. Es konnte beobachtet werden, dass eine
thermische Behandlung bei tber 540 °C zu einem irreversiblen Anstieg der Suszeptibilitdt und des
Doménenzustands von PSD hin zu erhéhten MD-Beitragen fuhrt. Wenn Hamatit in der Probe
vorhanden ist, wandelt er sich in SD-SP-Magnetit um, sobald er iber 560 °C erhitzt wird, und zwar in
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einem Prozess, der das Ausheilen von Defekten im Magnetit verdeckt, wenn beides gleichzeitig
geschieht. Dies kann ein neues und unterschatztes Phdnomen sein das zu einer Umagnetisierung der
NRM fihren kann.

In Chicxulub zeigt der geschockte Magnetit des angehobenen Grundgebirges schockreduzierte NRM-
und k-Werte, was zu einer allgemein sehr niedrigen Gesamtmagnetisierung im der zentralen
Ringstruktur fuhrt. Das hydrothermale System hat das magnetische Signal nicht wesentlich Uberlagert,
und seine Temperaturen (~450°C) lagen deutlich unter der Gluhschwelle (~540°C). Die natlrliche
Gliihung findet im Kontakt mit der Impaktschmelze statt, wo der Magnetit des Grundgebirges erhdhte
Suszeptibilitaten, und eine pra-Impakt Umwandlung von Hamatit zu Magnetit aufweist. Die thermische
Uberpragung nach dem Einschlag in Chicxulub hat die magnetische Anomalie nicht wesentlich
beeinflusst, was auf die fehlende Magnetisierung im angehobenen Grundgebirge zurtickgefiihrt werden
kann. Die Impaktschmelze weist relativ hohe NRM- und «-Werte auf, aber es handelt sich um eine
dinne Schicht in der zentralen Ringstruktur, die nicht wesentlich zur Anomalie beitrégt.

Im Nordlinger Ries zeigen die Ergebnisse dieser Arbeit, dass der Magnetit aus dem Grundgebirge mit
vergleichbarer Intensitdt entmagnetisiert ist. Hier verursachte der Einschlag ein zweistufiges
hydrothermales System mit kiirzerer Dauer und niedrigeren Temperaturen (max. 300°C in der ersten,
<100°C in der zweiten Stufe). Natiirliches Gliihen im Grundgebirge wird lokal im Magnetit beobachtet,
was auf das Vorhandensein von schmelzhaltigen Suevit-G&ngen mit hohen Platznahmetemperaturen
(>900°C) zurlickzufuhren ist. Impaktschmelzen im Nordlinger Ries weisen eine schwache
Magnetisierung auf, aber die Suevite zeigen eine starke k und NRM mit umgekehrten
Magnetisierungsrichtungen, was teilweise zu den negativen magnetischen Anomalien beitragt.
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1. Introduction

1.1. Motivation

The magnetic signatures of impact structures on Earth varies widely with target rock composition,
impact-derived magnetization, crater fill, and post-impact sedimentation (Pilkington and Grieve, 1992).
Despite these factors, large impact structures on Earth consistently denote significant magnetic
anomalies related to magnetite (the most prominent magnetic carrier in the Earth’s crust), present in
both the shocked target and impactites (e.g., Hart et al., 1995; Gattacceca et al., 2007; Quesnel et al.,
2013; Gilder et al., 2018). These anomalies are caused by the interplay of the contrasting total
magnetization (M) in the shocked target, newly formed impactites (that is, rocks formed due to, or
related to the impact event), and the regional background magnetization. The total magnetization is the
sum of natural remanent magnetization (NRM) and induced magnetization (x*B, where « is magnetic
susceptibility [occasionally be referred to as “MS” throughout this work] and B is an ambient magnetic
field, in this case, Earth’s magnetic field). The shockwave created by the impact event causes a sharp
loss of NRM and « in magnetite-bearing target, which has been documented extensively in literature
for the past decades.

The loss of NRM in particular has been studied in detail (e.g., Pearce and Karson, 1981; Gilder et al.,
2006; Bezaeva et al., 2007; Gattaceca et al., 2010; Tikoo et al., 2015), demonstrating that even under 2
GPa, magnetite may lose up to ~90% of its pre-shock NRM. Shock may also lead to the acquisition of
a shock remanent magnetization (SRM), but this is often quite weak, at few percent of original
magnetization. Research into « loss during impact is more recent, and has shown that for shock
pressures equal or above 5 GPa, 90% of « is lost (Reznik et al., 2016).

The impact-related loss of « and NRM are attributed to physical deformation mechanisms such as
permanent brittle fracturing and grain fragmentation, but also plastic deformation-related defects in a
slightly distorted crystal lattice. Furthermore, fractures and defects lead to enhanced magnetic domain
wall-pinning effects in magnetite (e.g., Lindquist et al., 2015), which lead to a decrease in apparent
domain state, from originally multi-domain (MD) towards pseudo-single domain (PSD), or even close
to single domain (SD) behaviors. These variations lead to an increase in magnetic coercivity and
decrease of « (Fig. 1.1, black symbols, e.g., Lindquist et al., 2015, Reznik et al., 2016). A follow-up
study (Kontny et al., 2018) found that post-shock thermal treatment of magnetite can cause annealing
of some of the reversible plastic deformation and lattice defects. Annealing reduces domain wall-
pinning, and allows for the recovery and restoration of some magnetic properties, leads to an apparent
domain state increase, decrease in coercivities, and increase in « (Fig. 1.1, red symbols, Kontny et al.,
2018).

Post-impact temperature overprint on the magnetic signature of large-scale impact structures has not
been studied to date. The experimental observations by Kontny et al. (2018) are particularly relevant
for large complex impact craters, such as the Chicxulub (Mexico, ca. 200 km diameter) or Nordlinger
Ries (Germany, ca. 25 km diameter) structures, where the formation of high temperature melt and
suevites (both of which above 900°C) may lead to conditions favorable for natural annealing. The
presence of these high temperature lithologies is also a heat source for hydrothermal systems, which
are a common feature of impact events (e.g., Newsom 1980; Ames et al. 1998; Hode et al. 2004;
Naumov 2005; Osinski et al., 2013). In Chicxulub, the latent heat from the cooling of the impact melt
fueled a long lived (approx. 0.5 to 2.1 Myr) and hot (350°C to 450°C) hydrothermal system (Kring et
al., 2020). This system ubiquitously permeated the basement and may have created favorable conditions
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of magnetic property recovery. In addition, the deposition of new ferrimagnetic phases due to
hydrothermal conditions, may further enhance the magnetization of the shocked target.

Lastly, the inhomogeneous effect of chemical alteration in natural samples is not appropriately emulated
by laboratorial experiments. This is a major limitation in these studies, as hydrothermalism may cause
significant oxidation of magnetite into hematite, even at low temperatures (Horton et al., 2006, 2009a,
2009b). Magnetite to hematite oxidation is widespread in crustal rocks, and can occur pre-, syn- or post-
impact, and will influence the properties of the magnetite, including NRM, MS and domain state.
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Figure 1.1. Response of magnetic properties of magnetite to shock and post-shock temperature treatment. (a)
Mass susceptibility versus shock pressure (after Reznik et al., 2016); (b) Mrs/Ms vs. Bcer/Bc diagram for initial
and shocked (black symbols) magnetite (Reznik et al., 2016), and post-shock annealed magnetite (red symbols,

Kontny et al., 2018); (c) Temperature-dependent magnetic susceptibility (MS) for initial and shocked magnetite
at 20 GPa.

1.2. Aims

The aim of this study is to investigate the effects of post-impact overprint of temperature in two large
natural impact structures, in Chicxulub (Mexico) and Noérdlinger Ries (Germany). Both craters have
associated magnetic anomalies (Fig. 1.2), despite very distinct post-impact evolutions. Chicxulub
experienced an extensive, long-lived, and high temperature post-impact hydrothermal system (e.g.,
Kring et al., 2020), whereas Nordlinger Ries shows lower temperature and localized hydrothermalism
(e.g., Osinski et al., 2004, 2005; Sapers et al., 2017). Comparing and contrasting the properties of these
two craters provides insight into the controlling factors of natural thermal overprint, and the interaction
of shock, temperature, hydrothermalism, and their influence in the magnetic anomaly patterns. To study
the interplay between physical (shock) and chemical (e.g., oxidation) processes have on the magnetic
properties of shocked magnetite, a detailed investigation on the response of domain states to shock
deformation and post-shock temperature treatment was also conducted. My work focuses on five major
aspects:

e Characterization of the natural magnetic carriers in the Chicxulub and Nordlinger Ries craters,
including composition and stoichiometry, NRM intensity and directions, observed «k versus
expected «k from non-shocked analogues, and observed domain state behavior versus expected from
grain size.
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e The presence or absence of natural thermal overprint from hydrothermalism or impactite heat, and
its role in the magnetic properties of the magnetite and resulting anomaly patterns.

¢ How the high-temperature transformation of secondary hematite to magnetite occurs in nature, its
controlling factors, and how the magnetic signal contrasts with the annealing-induced physical
response to temperature.

e Magnetic domain state response to shock, chemical alteration, and temperature.

e Comparison with experimentally shocked samples as analogues to nature.
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Figure 1.2. Magnetic anomalies in (a) Chicxulub (after Rebolledo-Vieyra et al., 2010); and (b) Nordlinger Ries
(after Pohl et al., 2010).

1.3. Overview

1.3.1. Peak-Ring Magnetism (Chapter 2)

Chapter 2 pertains to the Chicxulub impact crater, in the Yucatan peninsula, Mexico. The Chicxulub
impact event ~ 66 Ma ago (e.g., Renne, 2013) created the only complex crater on Earth with a preserved
peak-ring. The peak-ring was drilled for the first time by the IODP-ICDP Expedition 364, drill core
MO077A (Morgan et al., 2017), which revealed that it consists of uplifted and strongly deformed
granitoid basement rocks, overlain by 130m of impact melt and suevite (Morgan et al., 2017). Pre- and
post-impact hydrothermal systems affected the basement, with post-impact temperatures reaching up to
450°C (Kring et al., 2020).

The magnetic mineralogy of pre-, syn- and post-impact rocks was characterized through polarized and
electron microscopy, mineral chemistry, temperature-dependent magnetic susceptibility (x-T) and
hysteresis properties. The shocked basement granitoid is rich in large, pure and stoichiometric
magnetite, but shows unusually low « (~10* SI) compared both with theoretical estimates and non-
shocked analogue granitoids (~102 to 10 SI, Tarling and Hrouda, 1993; Just and Kontny, 2011). These
results are in line with experimental shock-related reduction in «, and decrease in apparent domain state.
Cation substituted magnetite in the melt (with varying compositions) carries a higher induced and
remanent magnetization, with stable paleomagnetic directions for the time of impact.

In the shocked basement, the magnetite is partially oxidized to hematite before the impact by
hydrothermal activity. This transformation is ubiquitous throughout the basement, but is not observed
in contact with the impact melt. When exposed to high temperatures during our x-T experiments in an
argon atmosphere, the hematite transforms back to magnetite, with increased bulk-sample coercivity
and a decrease of the bulk-sample average domain state. This transformation happens concomitantly
with magnetic annealing and both phenomena overlap, making it impossible to distinguish their
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individual influence in «-T experiments. Basement samples in contact with the melt show partially
recovered magnetic properties and no hematite, which suggests that annealing and/or hematite-to-
magnetite transformation also occurs naturally, under high temperatures in non-oxidizing conditions.

The hydrothermal system did not reach temperatures high enough for magnetic annealing, estimated to
begin at 540°C, or for hematite to magnetite transformation, estimated to begin between 560°C and
580°C. The demagnetized and reduced k of the shocked magnetite in the thick uplifted basement
section, and the absence of hydrothermal overprint, remain yet unexplored causes of the negative
magnetic anomaly in the Chicxulub peak-ring.

1.3.2. Restoration and Transformation (Chapter 3)

Chapter 3 is a follow-up study focusing on the response of the magnetic domain state of both pure and
oxidized magnetite to shock, and subsequent thermal treatment and annealing. In chapter 2 it is
described how annealing may occur naturally, but can be overprinted by high-temperature hematite-to-
magnetite transformation in oxidized samples when heated in non-oxidizing environments.

In this chapter, | isolated these two phenomena, and their effect on domain states of magnetite. The
evolution of hysteresis, isothermal remanent magnetization components and first order reversal curve
(FORC) diagrams was investigated at different high-temperature steps, starting at the 540°C threshold
identified in Chapter 2. The experiments were made in non-shocked and non-oxidized MD magnetite
ore; non-shocked but oxidized magnetite from a granitoid of the EPS-1 drill core at Soultz-sous-Foréts,
analogue to the Chicxulub granitoid (Just and Kontny, 2011); experimentally shocked but non-oxidized
magnetite (shocked at 5-30 GPa, Reznik et al., 2016); and the naturally shocked and oxidized magnetite
from Chicxulub explored in Chapter 2.

It was observed that shock clearly changes the apparent domain state of magnetite, from MD towards
behavior typical of PSD. With annealing, the apparent domain state increases with increasing
temperatures, whilst hematite-to-magnetite transformation creates new SD and SP particles which
decrease the bulk-sample average domain state, but strongly increase the magnetization. The two
phenomena are observed and distinguished for the first time using FORC diagrams. Where both shock
and oxidation occur, hematite-to-magnetite transformation masks annealing. As magnetite oxidation is
a ubiquitous process in surface rocks, these results are relevant even outside of impact crater research,
and may have broader implications for the paleomagnetic community.

1.3.3._Ries Magnetic Mineralogy (Chapter 4)

Chapter 4 explores the Nordlinger Ries (Ries) impact structure, Germany. Here, the post-impact
hydrothermal activity was not as long lasting, nor reached as high temperatures as in Chicxulub. Its
magnetic anomaly pattern has been studied in detail before, however the relationship between the
magnetic anomaly and the magnetic mineralogy of the target and impactites is not always
straightforward.

In the Ries crater, the negative magnetic anomalies are attributed to a reverse polarity NRM in the
impact-melt bearing lithologies and suevites. These interpretations contrast with the results from
Chapter 2, where the cause of the negative magnetic anomaly in the Chicxulub peak-ring is the
demagnetized uplifted basement.

For this chapter, four surface locations were sampled, as well as the NR73 and SUBO-18 drill cores.
Chemical, rock- and mineral-magnetic data is presented, from the Ries crater’s shocked basement,
suevite and melt. Two generations of magnetite carry the magnetization in Ries, with pure,
stoichiometric shocked magnetite in the basement, and low cation substituted magnetite in the melts.
The shocked basement is strongly demagnetized and presents reduced magnetic susceptibilities (~10
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SI), up to three orders of magnitude lower than its analogues and theoretical estimates (~102to 10 SI;
Tarling and Hrouda, 1993; Just and Kontny, 2011, Edel et al., 2013).

The impactites from of SUBO-18, in the inner crater rim, shows weak NRM and intermediate magnetic
susceptibilities. A locally different origin for the negative anomalies in the Ries crater is proposed, with
both reverse polarity NRM and demagnetized uplifted target controlling the local magnetic anomalies.
While NRM and « of impactites can be locally strong (Pohl et al., 2010), these are local outliers in the
suevite and impact melt layers. Thus, the reverse polarity NRM directions seem to be only of minor
importance for the magnetic anomaly of the inner ring, with its uplifted crustal basement. This finding
is in accordance with our interpretation of data in Chapter 2, where the thickness of a contiguous layer
of demagnetized and shocked basement in the uplifted peak-ring created a region of low total
magnetization. The comparison of the origin of the anomalies in Nérdlinger Ries and Chicxulub
indicates that the understanding of magnetic anomalies over impact structures on Earth remains a
challenge in impact crater research.
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2. Peak-Ring Magnetism: Rock and Mineral Magnetic Properties of the
Chicxulub Impact Crater

2.1. Abstract

The Chicxulub impact event ~ 66 Ma ago left in its wake the only complex crater on Earth with a
preserved peak-ring, characterized by a well-developed negative magnetic anomaly. To date, little is
known about its magnetic properties. The IODP-ICDP Expedition 364 drill core M0O077A revealed that
the peak-ring consists of uplifted and strongly deformed granitoid basement rocks overlain by a 130 m
thick impact melt and suevite layer. Pre- and post-impact hydrothermal systems affected the basement
with maximum temperatures up to 450°C. We used microscopy, mineral chemistry, temperature-
dependent magnetic susceptibility, and hysteresis properties, to characterize the magnetic mineralogy
of pre-, syn- and post-impact rocks. Compared to its amount of pure and stoichiometric shocked
magnetite, the granitoid basement shows conspicuously low magnetic susceptibility, which is in line
with earlier experimental studies that suggest shock reduces magnetic susceptibility. Cation substituted
magnetite with varying compositions in the melt rocks carries a higher induced and remanent
magnetization, compared to the basement. In the granitoid basement, magnetite is partially oxidized to
hematite by a pre-impact hydrothermal event, but at lithological contacts with high temperature impact
melt rock, this hematite is locally transformed to new magnetite, with mottled textures. Elsewhere in
the granitoid basement, the temperature reached in the hydrothermal system was too low for hematite
transformation. It was also too low to anneal all the lattice defects in the shocked magnetite, which
likely occurs above 540°C. The presence of shocked magnetite in the granitoid basement well explains
the negative magnetic anomaly, due to its unusually low induced magnetization and demagnetized
NRM.

2.2. Introduction

The Chicxulub impact event marked the end of the Mesozoic era, and is widely regarded as a main
contributor to the K-Pg extinction event of the non-avian dinosaurs and to severe global environmental
changes (e.g., Hildebrand et al., 1991; Sharpton et al., 1992; Smit, 1999; Schulte et al., 2010). It was
the last of the “Big Five” Phanerozoic mass extinctions, and the impact left the 3" largest impact crater
known on Earth (e.g., Witts et al., 2018; Burgess, 2019). The impact took place in the Yucatan peninsula
(Fig. 2.1a) at ~66 Ma (e.g., Renne, 2013) by the collision of an asteroid of carbonate chondrite
composition ~12 km in diameter, hitting Earth with a steeply inclined trajectory from the NE (Collins
et al., 2020).

The size of the impactor caused the formation of a complex impact crater, approximately 200 km in
diameter. A so-called peak-ring of ~150 km in diameter formed due to the interaction of the outward
collapsing central uplift and inward collapsing transient wall (e.g., Riller et al., 2018), which shows a
characteristic negative magnetic anomaly (Fig. 2.1b) and a noteworthy gravity signature (Fig. 2.1c).
The Chicxulub structure is the only known complex impact crater on Earth which preserved its peak-
ring (e.g., Morgan et al., 2000), largely due to a ~1 km thick Cenozoic sediment cover in the Gulf of
Mexico (Fig. 2.1a). Another special feature of the Chicxulub impact crater is the existence of a post-
impact, well-developed and long-lived (0.5 up to 2 Myr) hydrothermal system, with fluid temperatures
of 350°C to 450°C (Kring et al., 2020).
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Figure 2.1. (a) Geographic location of the Chicxulub impact crater in the Yucatadn Peninsula, (Mexico); (b)
Aeromagnetic anomaly map (nT) (after Rebolledo-Vieyra et al., 2010) and (c) Gravity anomaly map (mGal)
(modified after Gulick et al., 2013) with location of borehole M0077A indicated with a white star in a magnetic
and gravity low corresponding to the peak-ring.

To date, a wide range of scientific and exploration drilling projects were carried out, which makes the
Chicxulub structure one of the best investigated impact craters on Earth (e.g., Burgess, 2019). However,
only core M0077A from the joined Integrated Oceanic Drilling Program (IODP) and International
Continental Scientific Drilling Program (ICDP) Expedition 364 (Morgan et al., 2017) ever drilled and
recovered samples from the Carboniferous granitoid basement at the peak ring of the crater (Zhao et al.,
2020; Ross et al., 2022). This core drilled through the melt-bearing polymict impact breccia (suevite),
Upper Impact Melt layer (UIM), and through the shocked granitoid basement, down to a depth of
1334.69 meters below sea floor (mbsf). The recovery of this wide range of crater lithologies provides a
unique opportunity for research into the rock- and paleomagnetic properties which carry the
magnetization and are responsible for the characteristic circular high-amplitude aeromagnetic
anomalies (Fig. 2.1b).

Previous paleomagnetic research in drill core MO077A focused on the inclination of NRM vectors (e.g.,
Tikoo et al., 2017; Kring et al., 2020). These works determined reverse polarities in samples from the
impact melt unit, with inclinations expected for the impact location during Chron 29r (~-44°). Zones of
normal polarity in the upper peak ring suevite unit have been interpreted as chemical remanence from
secondary deposited (Ti-)magnetite formed during post-impact hydrothermal activity at sufficiently
elevated temperatures (100°C to 250°C; Kring et al., 2020). Other authors argue that a wide variability
of inclinations may suggest no post-depositional remagnetization, as temperatures would be too low
(Gulick et al., 2019).
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The magnetic anomaly above the Chicxulub impact crater was originally discovered in 1981 by Penfield
and Camargo (1981) and was crucial for its discovery and exploration (e.g., Hildebrand et al., 1991;
Sharpton et al., 1992; Morgan et al., 1997; Gulick et al., 2008; Morgan and Artemieva, 2008). Melt
rock, impact breccias, and the central uplift, were argued as major magnetic sources for the composite
character of the Chicxulub anomaly field, with large amplitude inverse dipolar anomalies in the central
sector (Rebolledo-Vieyra et al., 2010). Pilkington et al. (2004) reported that the predominant magnetic
mineral in the drill core Yax-1 from the Chicxulub Scientific Drilling Project is secondary magnetite
formed from low temperature (<150°C) hydrothermal alteration. However, exceptionally high magnetic
susceptibilities (MS) are related to mafic basement gabbro clasts in the impact breccia (Pilkington et
al., 2004). In drill core M0O077A rock magnetic measurements indicate high MS in the impact-melt
bearing lithologies and dykes, and low MS in granitoid basement rocks (Fig. 2.2; Urrutia-Fucugauchi
et al., 2018). Magnetite and titanomagnetite are described as main magnetic carriers (Kring et al., 2020;
Urrutia-Fucugauchi et al., 2018), while secondary magnetite and Fe-sulfides are also reported as a high
temperature (300-400°C) alteration product (Kring et al., 2017). The basement rocks are highly
fractured with a high concentration of planar features and feather features in quartz (Riller et al., 2018)
indicating average shock pressures in the range between 10 to 35 GPa, and locally >60 GPa, as
suggested by the occurrence of impact melt rock (Morgan et al., 2017; Ferriére et al., 2017). The
extreme fracturing explains the very low density and high porosity of the drilled rocks, causing the
gravity anomaly (Fig. 2.1c).

Although the principal structural elements of the magnetic anomaly pattern are thought to be largely
understood, only direct sampling of one of the magnetized zones within the impact melt layers would
provide conclusive information (e.g., Morgan et al., 2000; Pilkington et al., 2004; Rebolledo-Vieyra et
al., 2010). Until now, it is not clear how the shocked basement rocks influence the magnetic anomaly
pattern, although shock-related reduction of MS is a well-known phenomenon (e.g., Acufia et al., 1999;
Plado et al., 1999; Pilkington and Hildebrand, 2000; Ugalde et al., 2005; Reznik et al., 2016; Kontny
and Grothaus, 2017). In experimentally shocked multi domain (MD) magnetite the mass-specific bulk
susceptibility decreases exponentially by about 90 % for pressures up above 5 GPa (Reznik et al., 2016).
Similar results have also been found for experimentally shocked pyrrhotite by Louzada et al. (2010)
and Mang et al. (2013). Particularly in the low shock pressure range below 10 GPa this seems to be a
general shock-related phenomenon of magnetic material. The main reasons for these changes are
apparent magnetic grain size and domain state reduction (Reznik et al., 2016) and alteration of
ferrimagnetic phases (e.g., Kontny and Grothaus, 2017). Recent investigations of shocked minerals
suggest that a post-shock thermal exposure may lead to a recovery of some of these pre-shock properties
through thermal annealing (Kontny et al., 2018).

The MO0077A drill core is the first probing into the uplifted shocked basement and provides a unique
opportunity to study the multiple lithological contributors to the anomalous magnetic field (Fig. 2.1b).
We investigated the rock-magnetic properties and magnetic mineralogy of the impact and shocked
basement rocks from the Chicxulub peak-ring in order to better understand impact-related modifications
of magnetic properties. To this end, we analyzed 44 samples from drill core M0O77A to distinguish pre-
, Syn- and post-impact magnetite in these lithologies. We also evaluate the shock and post-shock thermal
overprint, either due to the remaining heat during cooling of the impact melt rocks, or due to post-
impact hydrothermal temperature overprint. This knowledge can be used to better understand the
Chicxulub crater magnetic anomaly pattern.
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2.3. Geological Setting and Samples

2.3.1. Lithology of core M0077A in the Chicxulub peak ring

The Chicxulub impact structure is located in the northwest of the Yucatan peninsula, Mexico (Fig. 2.1a).
Here, the peninsula is comprised of a ~3 km thick lower Cretaceous carbonate platform sequence
composed of limestone, dolomite, marl and anhydrite (e.g., Ramos, 1975; Gulick et al., 2008). It
overlays the crystalline Maya block, which is mainly composed of Pan-African rocks (e.g., Keppie et
al., 2011; Weber et al., 2018). The cored granitoid rock of the Chicxulub peak-ring intruded the Maya
block during Carboniferous times in an arc setting with crustal melting related to the closure of the
Rheic ocean (Feignon et al., 2021). Rasmussen et al. (2019) and Ross et al. (2022) determined U-Pb
zircon ages between 326 — 334 Ma.

A total core length of 1334.69 meter below sea floor (mbsf) was recovered during IODP-ICDP
expedition 364 at site MOO77A in 2015 (Morgan et al., 2017). The lithologies of the peak-ring can be
subdivided into four general units (Morgan et al., 2017; Fig. 2.2). Unit 1 are post-impact Paleogene to
Quaternary carbonate rocks, Units 2 and 3 are impactite rocks, syn-genetically formed during the impact
event, and Unit 4 represents a Carboniferous basement granitoid rock, which is intruded by impact and
pre-impact dykes. As our study investigates the relation between temperature and shock on the magnetic
mineralogy in the impact lithologies and basement granitoids, the post-shock carbonate platform
sedimentary rocks of Unit 1 are not considered further.

Unit 2 (617.33 to 721.61 mbsf) comprises a sequence of melt-bearing suevite layers. Clast sizes
decrease from bottom to top (e.g., Gulick et al., 2017b, 2019). This unit is very porous (~15-40%), and
shows a generally low magnetic susceptibility (~10-100x10° SI) (Fig. 2.2). The suevite can be
subdivided into three subunits from top to bottom:

Units 2A (617.33 to 664.52 mbsf) and 2B (664.52 to 712.84 mbsf) are resurge sequences of breccia
deposited at low temperatures, posterior to crater flooding (Gulick et al., 2019). The distinction between
units 2A and 2B is based on the amount of groundmass vs. clasts, grain size, and the presence of
sedimentary features: while Unit 2A presents >20 repeated upward-coarsening or upward-fining
structures and cross lamination, Unit 2B does not show any sedimentary structures besides a general
upward-fining succession (Gulick et al., 2017b). Unit 2A shows a downhole increase of magnetic
susceptibility from ~10x10~ to 100x10° SlI. This trend corresponds to a decrease in porosity from
around 40% to 30% (Gulick et al., 2017b). In Unit 2B, the porosity varies widely between 20 and 30%,
while the magnetic susceptibility remains high, around 100x10° SI.

Unit 2C (712.84 to 721.61 mbsf) is a suevite sequence with black impact melt clasts in a grey and green
matrix, with occasional occurrence of basement granitoid clasts. It is in direct contact with the impact
melt of Unit 3. Unit 2C is a coarse-grained, poorly sorted suevite, and the first impact breccia to be
deposited after the impact. During deposition, this suevite has probably maintained temperatures above
580°C, the Curie temperature of pure magnetite (de Graaff et al., 2022). This unit was later exposed to
explosive melt-water interactions from the tidal resurge that deposited Units 2A and 2B shortly
afterwards (Gulick et al., 2019; Osinski et al., 2020). It also shows the highest magnetic susceptibility, increasing
progressively from the top of the unit (100x10° SI) to the basal contact with the melt rock of Unit 3
(1000x10°° SI). This subunit shows the lowest porosity values of the suevites (20-30%), values which
are comparable with the melt (unit 3). Units 2C and 3 record a thermal remanent magnetization with
inclination around -46°, while Units 2A and 2B show highly scattered (negative and positive) magnetic
inclination values (Gulick et al., 2019; Kring et al., 2020).

10



2.3. Geological Setting and Samples

Simplified Porosity (%) MS (10 5SI) Lith.
Depth  Lithology o, oo 0 20 40 04 10 1000  unit

(mbsf)
e

-8007 Crystalline
810 Basement
B (Granitoid)

L =0T

Pre-Impact
Melt Dikes

Unit 2 (A, B and Q) - Suevite; Unit 3 (A and B) - Melt; Unit 4 - Granitoid

Figure 2.2. Simplified lithological units (Lith. unit) of borehole M0077A, downhole porosity and MS data
(modified after Gulick et al., 2017a). Black dots correspond to multisensor core logger (MSCL) measurements,
while the grey line represents the downhole log measurements. Sample code corresponds to its approximate depth
(mbsf). Samples in black represent samples taken at the onshore science party for Expedition 364 in Bremen
(Germany) by M.P., while samples in grey were provided by the Gulf Coast Repository of the International Ocean
Discovery Program (IODP), College Station, Texas (USA).

Unit 3 (721.61 to 747.02 mbsf) comprises a ~26 m thick impact melt layer, subdivided into two subunits
of different melt compositions: a calcium-rich green schlieren and black impact melt mixture (Unit 3A,
721.61 to 737.56 mbsf) followed downward by a continuous section of silica-rich black melt rock (Unit
3B, 737.56 to 747.02 mbsf). At the transition between Units 3A and 3B the green schlieren disappears,
although a similar calcium concentration for both subunits is reported (De Graaff et al., 2022). There
are also no differences between subunits concerning porosity (20-30%) or magnetic susceptibility
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(~1000x10° Sl); both are similar to Unit 2C. The upper boundary of Unit 3A is a gradual transition
from the coarse-grained breccia of Unit 2C, and its lower boundary is characterized by the complete
disappearance of the green schlieren. The disappearance of green schlieren occurs gradually, with
intense brecciation at the top, via mingling of calcium (similar to carbonatite melts) and silica-rich
melts, to a complete mixing of the two melts in Unit 3B (Osinski et al., 2020, De Graaff et al., 2022).
Unit 3B is characterized by the black SiO2-rich melt containing shocked basement clasts (Gulick et al.,
2019). Melt temperatures of Unit 3 have been constrained to be potentially between ~650°C and ~750°C
(De Graaff et al., 2022). We refer to the whole Unit 3 as Upper Impact Melt (UIM).

Unit 4 (747.02 to 1334.69 mbsf) consists of the shocked felsic granitoid basement. This is a coarse-
grained granite, with pre-impact magmatic dykes, as well as pegmatite and aplite dykes. This granite
has been shocked at pressures from 10 to 35 GPa and shows — from a granite perspective — a high
porosity of around 10% with increased levels in the Lower Impact Melt unit at the bottom. Also, its
magnetic susceptibility is generally low: 10-300x10° SI (Fig. 2.2). It is suggested that the granite was
affected by two distinct hydrothermal alteration events (Feignon et al., 2021): (1) a hydrothermal
metasomatic event presumably related to the breakup of the supercontinent Pangea, at ~273 + 21Ma,
~50Myr after the granite emplacement; and (2) a post-impact-related hydrothermal activity (e.g. Kring
et al. 2020).

Between 1206.98 and 1334.69 mbsf, a section of prevalent impact melt dykes occurs, including sections
with tens-of-meters of continuous impact melt. Henceforth this section is referred to as Lower Impact
Melt (LIM) unit. Dykes belonging to this LIM are also exposed at 917.17, 995.24, and 1063.52 mbsf.
These dykes occur at different angles and imply heavy deformation of the granite around the contact
(Riller et al., 2018).

The LIM unit is broadly characterized as a brecciated impact melt rock, containing both impact melt
rock clasts and different basement-derived material (de Graaff et al., 2021). The absence of calcium-
rich melt suggests that this unit consists predominantly of crystalline basement melt, with no
contribution from the carbonate-rich sedimentary target rocks. These impact melts are interpreted to be
injected into the basement during the compression and excavation stage of the cratering process, and
are suggested to be delamination surfaces within the crystalline basement which accommodated
deformation during peak-ring formation (Riller et al., 2018). The LIM in general also shows a higher
concentration of Al,O3, MgO and FeO, when compared with the UIM (De Graaff et al., 2021).

After impact, the latent heat from the cooling of the impact melt helped to start and fuel a long lived
(approx. 0.5to 2.1 Myr) and hot (350°C to 450°C) hydrothermal system, which could have extended to
depths of 5-6 km below sea floor. All the units described above show ubiquitous hydrothermal alteration
including the deposition of secondary sulfide minerals (e.g., pyrite, chalcopyrite) (Kring et al., 2020).
These hydrothermal fluids are interpreted as originally pH neutral and undersaturated in Si, as quartz
was wholly or partially dissolved in the impact melt rocks. However, they evolved over time towards
more alkaline fluids which promote the precipitation of smectite and calcite. It is suggested that
secondary (Ti-)magnetite grains precipitated in relation to protracted hydrothermal activity (Kring et
al., 2020).
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2.4. Methods

2.4.1. Material

A total of 44 half and quarter drill core samples from site M0077A were used for this study (sample
codes in black and grey, see Fig. 2.2). All sample names refer to approximate meter below sea floor but
we omit the “mbsf” in the following sample names for better readability. Further, we give the sample
unit in parenthesis to help the reader contextualize its provenance. From 15 ‘black’ samples, cylindrical
specimens with 1.5 cm diameter and 1.2 cm length were stepwise demagnetized. We were able to
reorient these cores using a CT scan rotation log (after McCall et al., 2017). See Appendix A.1 and A.2
for a list of samples and CT scan rotation corrections details.

Sample 999 shows a contact between the shocked basement granite and an injection dyke of the Lower
Impact Melt (LIM). The contact is a flow-foliated ultra-cataclasite between the granitoid rock and the
lower impact melt, likely developed during peak-ring formation, where the melt dykes acted as
deformation allocation zones (e.g., Riller et al., 2018; De Graaff et al., 2021). From this sample, we
carefully cut six subsamples for temperature dependent susceptibility (x-T) analysis, two from the
basement, two from the melt, and two from the intermediate and contact region, in order to study the
spatial temperature overprint of the impact melt injections on the magnetic minerals. From sample 1100
(basement granite) we prepared a polished piece of ~5 mm diameter and subjected it to the same heat
treatment as used during temperature-dependent magnetic susceptibility measurement (see section
2.4.3.). This piece was observed under the microscope before and after heat treatment to investigate
potential alteration of the magnetic phases due to temperature.

2.4.2. Microscopic and mineral chemical analysis

We performed transmitted and reflected light microscopy with a Leitz polarizing microscope at the
Karlsruhe Institute of Technology (KIT). 64 electron probe microanalyses (EPMA) of magnetite and
backscattered electron (BSE) images were done on 10 representative carbon-coated samples at the
University of Freiburg, Germany, using a Cameca SX100 electron microprobe with five WD
spectrometers and an ED detector, with 15nA current and 15kV voltage settings. We used natural and
synthetic standards for calibration of Cr, Si, Mg, Fe, Al, Ti, Ni, Mn and Na (Supplemental data files 1
and 2, see Appendix A.6. for details) and calculated the spinel formula assuming a composition of 3
cations and 4 oxygens.

2.4.3.Rock magnetic methods

Rock magnetic investigations include temperature-dependent magnetic susceptibility (x-T),
thermomagnetic curves (M-T), isothermal remanent magnetization (IRM) component analysis,
hysteresis loop analysis, as well as two first order reversal curve (FORC) diagrams for representative
sample 1100 before and after heating. x-T analysis was performed at KIT using an AGICO (Brno,
Czech Republic) KLY-4S susceptometer, in a 300 A/m applied magnetic field. The instrument is
equipped with CS-L and CS-3 units, respectively for low-temperature analysis (“LT”, from -192°C to
15°C) and high-temperature analysis (“HT”, from room temperature up to 700°C; then cooled to 40°C,
at an average heating/cooling rate of 12°C/min). Low-temperature curves were obtained by applying
liquid nitrogen in the cryostat and cooling the sample down to -192°C and letting it heat up through
contact with ambient atmosphere, which causes heating rates to be faster at the beginning of the
experiment. Temperatures were measured with a Pt resistance thermometer in contact with the samples.
The accuracy of these thermometers is +1°C up to 150°C, and +3°C from 150°C up to 700°C (Lattard
et al., 2006). High-temperature measurements were performed in a flowing argon atmosphere (110
mL/min, Ar purity of 99.998%) in the furnace to minimize oxidation during analysis. However, it has
to be mentioned that argon gas, even in high purity, can contain traces of gases like hydrocarbons (HC)
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(https://industry.airliquide.us/argon). We also measured some samples in ambient atmosphere, to
evaluate the influence of a different measurement environment. x-T curves are compared with the
temperature dependence of magnetization (M-T curves, see below).

Furthermore, we performed stepwise k-T experiments, where sample 1100 was heated in argon to 450,
500, 520, 540, 560 and 580°C, with intermittent cooling to room temperature. Stepwise k-T experiments
provide insight into the reversibility of the samples, as we expected a shock-pressure overprint in
magnetite from the granitoid rocks (see e.g., Reznik et al., 2016), and explored the temperature threshold
for annealing of the crystal lattice defects occurs (Kontny et al., 2018).

Lastly, we performed two sets of repeated HT susceptibility experiments from room temperature up to
700°C, to investigate the stability of the magnetic phases after heating, using sample 1100. The first set
consists of four consecutive repeated experiments with a standard heating/cooling rate of 12°C/min.
The second set consists of two consecutive experiments, with different heating rates: a first “slow”
experiment (7°C/min, with 20 min hold at maximum temperature), and a follow-up at the standard
heating/cooling rate. Both sets maintain constant flowing argon atmosphere, and the samples were not
exposed to air at any point during the process.

Hysteresis loops analyses were performed at the Debye Institute for Nanomaterials Research at Utrecht
University (UU), Netherlands, using a EZ Vibrating Sample Magnetometer (VSM), with a sensitivity
of ~5x101°Am?2. This method provides insight into the mean coercivity and saturation magnetization
behavior of the ferrimagnetic minerals. Sample shards (<20 mg) were glued to a Pyrex 8mm transverse
sample holder, and its position is adjusted for each individual measurement. These samples were then
exposed to an applied field varying in field direction from 2.2T, to -2.2T and back to 2.2T, in a total of
110 data points. Between (£)2.2T and (£)0.5T, each step is 0.1T, while within the 0.5T to -0.5T interval,
each step is 0.01T, for higher resolution. High field slope corrections were applied starting at 0.9T. A
second round of hysteresis measurements were done to investigate hysteresis property changes post-
heating. We selected 20 samples from UIM (4 samples), LIM (2 samples) and basement granitoid/LIM
dykes and contacts (14 samples) and performed HT x-T measurements in Ar atmosphere, up to 600°C,
and repeated the hysteresis measurements. In addition to the hysteresis loops, the FORC diagrams of
sample 1100 before and after heating were measured using an alternating gradient magnetometer
(MicroMag AGM 2900, Princeton Measurement Corporation, Princeton, NJ, USA). These
measurements were done in steps of 2.0 mT, with an averaging time of 150 ms and a saturation field of
0.9 T. In total, 200 curves were measured and then processed, smoothened, and drawn using
FORCINEL software (Harrison and Feinberg, 2008; Egli, 2013).

Isothermal remanent magnetization (IRM) was measured stepwise at room temperature by using a
Micro-Mag 2900 AGM instrument (Princeton Measurements Corporation, USA) with a maximum
magnetic field of 1 T. At least 40 points were measured and further analyzed following the cumulative
log-Gaussian functions for statistical analysis according to Kruiver et al. (2001). Three parameters
describe the magnetic components obtained from the statistical analysis: SIRM proportional to the
mineral content in the sample, the mean coercivity (B12) at which half of the SIRM is reached, and the
dispersion parameter (DP) corresponding to the individual cumulative log-normal distribution. Both,
FORC and IRM measurements were done at the Institute of Geophysics, Polish Academy of Sciences
in Warsaw, Poland.

Temperature-dependence of magnetization (M-T) measurements were performed at the Fort Hoofddijk
Paleomagnetic Laboratory, at Utrecht University. For these measurements we used a modified
horizontal translation Curie balance (Mullender et al., 1993). We measured seven representative
samples (two suevite samples, two melt rock samples, and three granitoid basement samples), in
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ambient atmosphere. Heating rate was 6°C/min, cooling rate 10°C/min, peak temperatures of
subsequent segments are: 150, 250, 350, 400, 450, 525, 620, 700°C.

2.4.4.Determination of magnetic transition temperatures

We determined the Verwey transition temperature (T.) of magnetite using low-temperature «-T curves
before and after the heating cycles (Tv1 and T2, respectively, Fig. 2.3) applying the first derivate
method. In samples where this method was not possible, we used the tangent method as described by
Lied et al. (2020). The Verwey transition temperature for pure stoichiometric magnetite is -153°C (120
K; Verwey, 1939), and it is very sensitive to both lattice defects (i.e., due to shock, Reznik et al., 2016;
Biato et al., 2019) and chemical inhomogeneities (i.e., cation substitution, Biato et al., 2019; or vacancy
concentration, Aragon et al., 1985). With increasing number of lattice defects, the Verwey transition
temperature tends to increase (Reznik et al., 2016), while cation doping and slight oxidation related to
a higher number of vacancies cause Ty to decrease, and its expression in k-T curves becomes less
pronounced (Ozdemir et al., 1993; Biato et al., 2019). T, is also stress-sensitive and decreases when
measured under pressure (e.g., Carporzen and Gilder, 2010) and increases upon pressure release (e.g.,
Reznik et al., 2016).

We identified the Curie temperatures from the heating (T.1) and cooling (T2) cycles (Fig. 2.3a) using
the first derivate method (Fig. 2.3b; Petrovsky and Kapicka, 2006). This temperature defines the
transition of ferro- to paramagnetic behavior in magnetic minerals, and allows to identify the magnetic
carriers. For pure magnetite, the Curie temperature is 578°C. Lower values indicate cation substitution
(e.g., Engelmann, 2008, Lattard et al., 2006), while oxidation of non-substituted magnetite forms as
oxidized end member maghemite (y-Fe.Os) with a T. up to 640°C (e.g., Nishitani and Kono 1981,
O’Reilly, 1984; Ozdemir and Dunlop, 2010).

We normalized both LT and HT «-T curves to the susceptibility values at room temperature, and the
following parameters were used to evaluate them:

e Verwey peak ratio: T\PR = Kmax/Kis, where Kis is susceptibility value at 15°C and Kmax the maximum
value around the Verwey transition (Kontny et al., 2018).

e Hopkinson Peak ratio: HPR = Kmax/Kao, Where Kao is susceptibility value at 40°C and Kmax the
maximum value before the Curie temperature (Dunlop, 2014).

According to Dunlop (2014) and Kontny et al. (2018) these ratios describe magnetic domain states and
their changes during the heating experiments. In experimentally shocked magnetite, a decrease in peak
ratios is associated with annealing of lattice defects and wall unpinning, leading to an increase of
magnetic domain size (Kontny et al., 2018).

A third useful parameter is:

o A40 parameter: A40[%] = 100*((kao-Kao)/Kao) * 100, where kao and Kag are the susceptibility values
at 40°C in the cooling and heating branch, respectively (Hrouda, 2003).

This parameter characterizes the alteration of magnetite during x-T measurements. A positive A40
indicates an increase of post-heating susceptibility, suggesting the formation of a ferrimagnetic phase,
or relaxation of strain in the crystal lattice during the experiment; a negative A40 indicates the decrease
of susceptibility during heating due to mineral transformations to a phase with lower magnetic
susceptibility (e.g., maghemite to hematite).

A fourth parameter was used to quantify the formation of new magnetite across the Curie temperature:
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o Auxp parameter: Anp [%] = 100*((Krp-Knp)/Knp) * 100, where knp and Kyp are the susceptibility
values at the Hopkinson peak, in the cooling and heating branch, respectively (Fig. 2.3).

This parameter is similar to A40, as it characterizes the irreversible alteration of magnetite, but here we
used it to control the formation of new magnetite during heating in the high-temperature annealing
experiments. If this parameter is distinctly positive, it suggests the formation of new magnetite in the
sample during heating.
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Figure 2.3. Parameters from temperature-dependent magnetic susceptibility that were used in this study. Tv1/Tv2
— Verwey Transition Temperature pre- and post- heating, respectively; Tc1/Tc2 — Curie temperature of heating
and cooling cycles, respectively; HPR — Hopkinson Peak Ratio; TvP — Verwey Peak Ratio; A40[%] — Alteration
Index at 40°C; AHP [%] — Alteration Index between Hopkinson Peaks; (b) 1st derivate curve for k-T example,
showing how Tc and Tv were identified (after Petrovsky and Kapicka, 2006).

2.4.5.Paleomagnetic directional analysis

We obtained paleomagnetic directions for 25 specimens with an AGICO JR5A spinner magnetometer,
controlled by AGICO’s Remasoft 3.0 (Chadima and Hrouda, 2007). Both thermal and alternating field
(AF) stepwise demagnetization were performed on duplicate samples from the same core piece.
Thermal demagnetization was performed with 40-60°C steps from room temperature up to 750°C with
a Magnetic Measurement (UK) Thermal Demagnetizer (MMTD1). AF demagnetization was performed
using a Magnon International’s MI AFD 1.1 demagnetizer, in 12 steps of 2.5-30mT, up to 160mT. All
measurements and demagnetization were performed in a low field environment inside an in-house built
low-field Faraday cage. We calculated the magnetic component directions from Zijderveld diagrams
(Zijderveld, 1967) through principal component analysis (Kirschvink, 1980) and the composite great
circle approach described in McFadden and McElhinny (1988). For the UIM and suevite data, a 45°
cutoff angle around the average direction was applied, excluding one sample. Interpretation of the data
was done using the platform Paleomagnetism.org (Koymans et al., 2016, 2020).
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2.5. Results

2.5.1. Texture and composition of magnetic phases

2.5.1.1. Granitoid basement

The main magnetic phase in the shocked granitoid basement is magnetite, which shows grain sizes of
~100 pm up to ~500 um. These grains are often strongly fractured and show corroded rims (Fig. 2.4a,
2.4b), often with sulfide fillings in cracks. Ubiquitous oxidation to hematite is noticed as well (Fig.
2.4b).

Some of the intra-granular fractures do not extend to the surrounding quartz and feldspar, and often
form shear fractures (see blue lines in Fig. 2.4a). Smaller, irregular fractures often cause further
fragmentation of magnetite into smaller grains (10-50um) between the main sets of cracks (Fig. 2.4a,
2.4b). The secondary hematite shows the same fracture patterns as the magnetite, and thus likely pre-
dates the impact event. EPMA results indicate that the shocked basement magnetite is generally pure
(Table 2.1, samples 747 and 1135 are representative of basement magnetite). These results are
consistent throughout the basement, and common to all our granitoid samples.

2.5.1.2. Suevite

In suevite, visible magnetic phases are scarce and mostly occur in basement clasts, with the same
characteristics as described in the granitoid. In the matrix, scarce, relatively small (<10 um) idiomorphic
non-fractured grains occur (Fig. 2.4c), with most grains generally too small for EPMA analysis (spot
size of 2-3 um). The grains big enough to be measured show a non-substituted (henceforth referred to
as “pure”) magnetite composition (sample 646 and 721 in Table 2.1).

2.5.1.3. Upper Impact Melt

The composition of magnetite in the UIM is not homogeneous throughout the profile. In the green
schlieren samples of Unit 3A, scarce clusters of magnetite with skeletal textures occur (clusters reach
up to 50um, with individual grains often <10um, Fig. 2.4d). These clusters often contain sulfides, pyrite
and chalcopyrite, alongside the inverse spinel-group phases. Sulfides are prevalent throughout the
impact melt units. Magnetite compositions vary between the uppermost (Table 2.1, sample 727) and
lowermost parts (Sample 732) of the UIM, with some of the inverse spinel group minerals ranging from
a Ti-, Al- and Mg-substituted magnetite (sample 727 points 2-1 and 2-2) to nearly pure magnetite
(sample 732 point 3-11).

A wide variation of Ti-substitution in the oxides is shown by the Ti# (a number that quantifies the ratio
between the titanium content with the remaining cations, given by 100x[2Ti/(2Ti+Al+Cr)], see Fig.
2.5). In the titanomagnetite grains, the Ti# varies widely, ranging from 16% in sample 727
(F62.69Mgo,19A|0.07Cl’o,03Tio,1O4,) up to 92,7% in sample 732 (F92.75Tio_18|\/|go,o4A|o,3cao.01O4).

We also observe a consistently high Mg# (number quantifying the amount of magnesium for Fe?*
substitution in the crystal structure; 100x(Mg/[Mg+Fe?*], see Fig. 2.5) of about 70% in most analyzed
grains. Only sample 727 (point 1-6) shows a Cr# (quantifies the ratio between chromium substitution
with aluminum; 100x[Cr/(Cr+Al)]) of 30% (Table 2.1), indicating mafic to ultramafic contributions to
the impact melt.

Sample 732 shows the widest range of composition. This sample is found at the bottom of Unit 3A,
likely in the transition zone between the green schlieren and black melts (Unit 3B).

In the impact melts of Unit 3B, magnetic oxides are more abundant. They occur as small (10-50um)
idiomorphic grains, larger than in Unit 3A, scattered within the melt’s matrix, particularly in the
uppermost samples (Fig. 2.4e). The chemical composition of Unit 3B magnetite does not vary as much
as in Unit 3A and is generally consistent throughout the subunit (see representative samples 738 and
744, Table 2.1). Within the range of compositions observed in Unit 3A, the grains in Unit 3B show
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high-end concentrations of Al and Mg (Mg# ~60%) and Ti (up to TiO, ~5-7 wt% and Ti# up to 80-
85%). Magnetite formulas range from Fe2 .65 Ti0.19M0.08Al0.06Ca0.0104 t0 Fe267Tio.14Mgo.10Al0.070a.

In addition to chemical composition, Table 2.1 shows calculated Curie temperatures for single point
analysis in the magnetic minerals, using the empirical formula given in Engelmann (2008) based on
synthetic titanomagnetite (K was converted to °C after the calculation) and modified in Lied et al.
(2020). The formula considers the cation substitution of Al and Mg, as well as of Cr and Mn in samples
that contain these elements. All these elements have a decreasing effect on the Curie temperature
compared to magnetite (Fes0.).

[ ] TCcalc (Al,Cr‘Mg‘Mn) = TCcaIC - 539 * [A|+CI‘] —_ 82 * [Mg+Mn]

We did this in order to compare the Tccac to the measured T for the whole rock sample using the
temperature-dependence of magnetic susceptibility (Table 2.2).

2.5.1.4. Lower Impact melt

Sample 999 shows the contact between the granitoid basement with shocked and fractured pure
magnetite (Fig. 2.4f and 2.4g) and the LIM (Fig. 2.4h). In this case, magnetite does not show any visible
oxidation to hematite. In the LIM, the spinel textures are similar to those in Unit 3B with relatively
small, idiomorphic grains (10-50pum) scattered within the melt’s matrix, and with occasionally larger
(~100um), non-fractured grains (Fig. 2.4h and 2.4i). In contrast to the UIM, the LIM is characterized
by a wider range of compositions even in very close proximity and association, with generally higher
concentrations of Ti (Table 2.1). In sample 1224, some of the cation-substituted magnetite appears
along veins “injected” into the granite in contact with melt (Fig. 2.4j). In comparison to Unit 3B,
magnetite shows varying Ti concentrations (0.24 — 12.6 wt% TiO,) with no Al and Mg substitution,
and formulas ranging from nearly pure magnetite (FezosTio01O4, 1224 111-9) to intermediate
titanomagnetite (Feze2Tio.3s04, Ti# 100%, 1224 111-7). These compositions are found in the grains
shown in Fig. 2.4j suggesting that there is a poor element homogenization in the melts.

2.5.2.Magnetic Grain Size

Hysteresis data plotted on a Day diagram (Fig. 2.6a) show that the M«/Ms and B./B. ratios of the
different lithologies plot along the multi domain (MD) — single domain (SD) mixing line for magnetite
(Day et al., 1977; Dunlop et al., 2002; Lanci et al., 2003). The large, fractured basement magnetite
shows predominantly pseudo-single domain (PSD) behavior, and with five samples showing MD
magnetite. Magnetite from suevite mostly show PSD behavior. Melt samples from the UIM tend to
higher B./B. ratios (>4), with the majority of the magnetite grains showing PSD+MD behavior. Large
magnetic grain size variation with some clustering at the PSD-SD boundary (B«/B. = ~2; Fig. 2.6a) are
typical for magnetite from the LIM.

For 20 samples we measured hysteresis parameters before and after k-T measurements in order to test
if the hypothesis that magnetic domain state changes due to annealing of lattice defects and mineral
reactions. Six samples were rejected due to very weak/paramagnetic signals after heating. UIM samples
show a significant decrease of B./B. ratios, and increase of Ms/M; ratios, from PSD+MD towards a
more general PSD domain state behavior (Fig. 2.6b, Table 2.2), in line with the formation of new,
smaller magnetite grains during heating. The LIM and LIM dykes manifest no change in B./Bc, but in
general an increase of M/Ms. Granitoid basement samples show a small increase of the B../B. ratio,
which is however not very significant. Two basement samples in contact with melts show a decrease in
B../Bc ratios. Samples from the LIM display a general increase of Ms/Ms, and no change in Bc/B. (Fig.
2.6b). Domain state changes in the cation substituted magnetite after heating suggest a general pattern
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of grain size reduction on the Day-plot (Fig. 2.6d). Despite this, the interpretation of a Day-diagram in
cation-substituted magnetite is not without issues (see e.g., Roberts et al., 2018), and the mechanism
through which this grain size reduction occurs remains elusive.

The results of IRM component analysis are presented as normalized gradient acquisition plots (GAPS),
in Fig. 2.6¢ to 2.6f, and Table A.3.1 in Appendix A. For the majority of the samples, a single-component
distribution is favored, with mean coercivity (B12) varying between 30 and 73 mT, which we identify
as magnetite. For a few samples we observed a high coercivity component (B, >500 mT) with
relatively low contribution (<14%), which we identify as hematite (see Fig. 2.6¢ and 2.6e).

Basement granitoid Upper Impact Melt
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Lower Impact Melt and Intrusions
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Figure 2.4. Back scattered electron (e, i, j) and reflected light microscopy (a, b, ¢, d, f, g and h) images of
representative grains. mt=magnetite, (Ti-)mt = titanomagnetite, hem = hematite, py = pyrite, cpy = chalcopyrite,
gz = quartz, fsp = feldspar, M = melt; G = Granitoid; FFO = Ferrofluid. (a) Large (>200um) pure, fractured
magnetite grain in the basement granitoid. Note shear fractures (blue lines); (b) Very large (~1mm) pure, fractured
magnetite grain altered into hematite in the basement granitoid (polished section coated with ferrofluid). Note that
shock fractures also occur in hematite, thus both Fe-oxides predate the impact event; (c) Newly formed, small
magnetite grains (~10um) in unit 2A; (d) Small skeletal grains surrounded by dusted sulfides in Unit 3A, and (e)
small grains of cation-substituted magnetite in the melt matrix of Unit 3B, together with a larger grain of the same
cation-substituted magnetite (in the center); (f) fractured magnetite of sample 999 in contact with melt, note
absence of hematite oxidation; (g) fractured magnetite of sample 999 coated with ferrofluid: (h) Newly formed
cation-substituted magnetite in 999 LIM intrusion dyke (Unit 4) coated by ferrofluid; (i) Relatively large non-
fractured magnetite grains in melt of sample 1224; (j) Melt-injected newly formed cation-substituted magnetite
grains close to the contact of granite with melt (see Table 2.1 for mineral chemistry).
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Figure 2.5. Variation of spinel composition in the melt samples of the UIM. For representative analyses, see Table
2.1 (all single analyses are given in Supplemental data file 2, see Appendix A.6 for details). Note the large
variability in composition particularly in sample 732 from the transition between the green schlieren zone and
black melts of Unit 3B. The grey dots denote an evolution from a more Mg- dominated substitution towards a
more Ti-dominated substitution in Unit 3B.

Sample 1100 shows two components before heating, with 95% and 5% contributions of magnetite and
hematite, respectively, but only one low coercivity component after heating (Fig. 2.6¢, Table A.3.1. in
Appendix A). However, it should be noted that some components are skewed and does not fit to the
log-normal distribution applied in the excel workbook by Kruiver et al. (2001). As we cannot include
skewness in the component analysis, we decided not to use another low-coercivity component that
would be artificial to fill the space below the left branch of the fitting line (see e.g., Fig. 2.6f).

Hysteresis measurement data is in Supplemental file 7 (see Appendix A.6. for details), and hysteresis
parameters before and after heating experiments are given in Table 2.2. IRM component analysis data
is in Appendix A.3., and raw data in Supplemental File 9 (see Appendix A.6. for details).

2.5.3.Magnetic Transition temperatures

2.5.3.1. Granitoid basement

The basement granitoid samples from 747 to 1197 m are characterized by Verwey transitions between
-157° and -151°C in the first low temperature measurement (Table 2.3, Fig. 2.7a, Fig. 2.8). In a second
low-temperature measurement after a heating cycle, the Verwey transition shows a decrease in
temperature up to 3°C (Fig. 2.8). The transition is sharp, and Verwey peak ratios are around ~1.3, with
a tendency to decrease to ~1.1-1.15 after the heating cycle (Fig. 2.8, Table 2.3). Curie temperatures of
the granitoid samples range mostly from 572° to 585°C (Fig. 2.7; 2.8) and are largely the same in the
heating and cooling curves. This observation indicates more or less stoichiometric magnetite, in
agreement with the mineral chemical analysis (see Table 2.1). Hopkinson peak ratios are around 1.2 to
1.3, decreasing to 1.1 to 1.2 in the cooling curves (Fig. 2.8).

Most granitoid basement samples show a positive A40 below 50%, with magnetic susceptibility
increasing after heating (Fig. 2.7a, sample 1100; Fig. 2.8). This behavior is often observed in rocks
containing hematite, when x-T measurements are done in argon atmosphere (e.g. Just and Kontny,
2011). It implies the presence of a reducing agent in the argon gas (see rock magnetic methods), which
enables the transformation of hematite (Fig. 2.4b) to magnetite. A notable exception is sample 747,
which shows an essentially reversible behavior (A40 of 3%). This was confirmed by our M-T results,
where no sign of hematite was found during heating, and Tc is that of pure stoichiometric magnetite
(Fig. 2.7e, sample 747).
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2. Peak-Ring Magnetism

Table 2.2. Hysteresis parameters pre- and post-heating to 600°C.

Pre-Heating Post-Heating
Sample

Mr/Ms Bcr/Bc Mr/Ms Bcr/Bs
727 (2A) 0.088 4.879 0.165 3.723
732 (3A) 0.036 6.665 0.089 2.762
738 (3B) 0.058  4.465 0.091 4.240
744 (3B) 0.051 7.406 0.081 3.325
747 (4) 0.060 4.435 0.063 3.913
804 (4) 0.093 3.327 0.107 3.543
995AG (4) 0.209 1.960 0.242 1.938
995AM (4) 0.172 2.170 0.207 2.000
999C (4) 0232 2111 0.258 2.014
1100 (4) 0.263 1.729 0.336 1.629
1100 (4) 0.244 1.763 0.303 1.688
1100 (4) 0.087 2.603 0.089 2,917
1194 (4) 0.051 3.658 0.053 4.249
1224C (4) 0.073  4.052 0.087 3.457
1224DG (4)| 0.265 1.810 0.299 1.931

LIM intrusions into the granitoid also show magnetite with Curie temperatures around 570 to 580°C,
and are not very different from the granitoid host rocks. However, they show a negative A40 (sample
847 and 1224 in Table 2.3 and Fig. 2.7d), which seems to be characteristic for the impact melts and
indicates an instability of the ferrimagnetic phase. A detailed description of a granitoid-LIM contact is
given in section 2.5.3.4., below.

2.5.3.2. Suevite

Suevites from Units 2A and 2B (Fig. 2.7b) show Verwey transitions between -165 and -150 °C, and
lower T\PRs after heating (T\PR2; Table 2.3, Fig. 2.8). Suevites from Unit 2A are characterized by a
broad Curie temperature interval between ~500°C to 580°C, and a suppressed, but faintly visible
Verwey transition in the first low-temperature measurement (Fig. 2.7b and Fig. 2.8). After heating to
700°C, two better defined Curie temperatures at 441°C and 584°C occur in the cooling curve (Fig.
2.7b). Heating curves of suevites from Unit 2B show a small but sharp transition at 580°C, and in the
cooling curve a prominent second transition varying from 440 to 460°C, with large HPRs (Table 2.3,
Fig. 2.8). In the M-T curve for sample 646 a decrease of magnetization from 400°C to 460°C and a final
Curie temperature at 570-580°C is observed (Fig. 2.7e, Sample 646).

These suevite samples show the highest A40 alteration index (174% to 345%), suggesting mineral
transformation to a ferrimagnetic phase during heating (Table 2.3, Fig. 2.8). As the suevite contains
high amounts of secondary carbonates (e.g., Kring et al., 2020) it is likely that they transform into Fe
and/or Mn-bearing spinel group minerals (Just and Kontny, 2011). One of the ferrimagnetic minerals
that is formed by these mineral reactions is stoichiometric magnetite, as evidenced by the Curie
temperature close to 580°C in the heating curve and the clear Verwey transition in the second low-
temperature measurement.

2.5.3.3. Upper Impact Melt

The uppermost samples of Unit 3A do not show a Verwey transition, neither before or after heating up
to 700°C (Fig. 2.7c). Samples between 732 and 744 do show a Ty, but at significantly lower
temperatures (below -170°C, see sample 744 in Fig. 2.7c) compared to stoichiometric magnetite (-
153°C) (Fig. 2.8). Heating curves show distinctly higher Curie temperatures (512-545°C) compared to
those retrieved from the cooling curve (440-530°C; Fig. 2.7 and 2.8, Table 2.3). The lower T in the
cooling curves is also observed in the M-T curve (Fig. 2.7e, sample 727). Alteration index A40 is mostly
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2.5. Results

negative and suggests a decrease of the ferrimagnetic phase during heating. All data for «-T
measurements are in Supplemental file 3; all M-T measurements are in Supplemental file 4, See

Appendix A.6. for details.
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Figure 2.6. (a) Day—Dunlop-plot (Day et al., 1977; Dunlop et al., 2002) for hysteresis data of our samples; (b)
Day—Dunlop-plot with pre- and post-heating data of the 14 accepted samples. (c, d, e, f) IRM component
analysis GAP for representative samples; (c) basement granitoid sample 1100 before (left) and after (right)
heating. Note the disappearance of the second, high coercivity component after heating; (d) Basement granitoid
sample 747; (e) Two-component solution for sample 688, which we identify as magnetite and hematite; (f) UIM
representative samples from unit 3A (left) and 3B (right). Ms—remanent magnetization; Ms—saturation
magnetization; B.—coercivity; Bi—Ccoercivity of remanence; SD—single domain; MD—multi domain; UIM—
upper impact melt; LIM—Ilower impact melt; B1>—mean coercivity.
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Figure 2.7. Representative k-T curves from different lithological units of drill core MO077A. See Fig. 2.3 for the
description of the susceptibility parameters. (a) Granitoid basement; (b) suevite; (c) upper impact melt (UIM); (d)
Lower Impact Melt. See main text for formulas. (¢) Representative thermomagnetic (M(T)) measurements for
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cooling curve.
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Table 2.3. Parameters determined from k-T curves.

Sample (Unit) [Tv1 (°C) Tv2 (°C) TcH (°C) TcC (°C) TvPR1 TvPR2 HPR1 HPR2 A40[40%]
639 (2A) 151 -155 573 467 127 105  1.29 129 1747
646 (2A) - -155 491|553 441|584 - 095  1.28 134 2077
683 (2B) -150 - 554 579 1.18 - 134 245 4114
688 (2B) 159  -153 574 468|581 123 101  1.02 229 3455
700 (2B) - -166 490|592 443|578 - 101 134 123 4.4
721 (3A) - - 538 481|583 - - 1.32 1.43 -26.2
727 (3A) - - 545 529 - - 1.17 1.25 18.6
732 (3A) 186  -186 521 481 113 1.02 1.01 1.12 -14.0
738 (3B) 187  -189 513 438 108 098  1.08 1.22 -20.0
744 (3B) 180  -184 512 473 1.08 097 124 121 -18.1
747 (4) -153  -153 589 595 124 124 134 129 2.9
763 (4) -158  -161 572 574 128  1.22 1.28 1.19 18.0
804 (4) -154  -158 583 587 131 1.22 1.28 1.18 20.9
810 (4) -160  -158 572 575 131 1.27 1.27 1.21 236
847 (4) 159  -154 582 572 131 103 190 142 -23.9
967 (4) 157  -158 572 578 129  1.22 1.23 1.12 15.9
982 (4) -157  -156 574 579 131 118 117 1.10 37.8
994 (4) -154  -155 552 577 130 119 117 1.15 26.2
995AM (4) 157 -157 574 571 112 116 154 1.3 233
995AG (4) 155 -156 576 580 124 1.07 1.12 1.21 7.4
995B (4) 156  -157 572 574 132 124 128 1.17 48.9
996 (4) - - 553 567 - - 1.48 1.19 89.2
997 (4) 155  -155 574 576 097 119 173 1.26 16.7
999M1 (4) -151  -163 579 579 119 109 134 126 -11.3
999M2 (4) 156  -158 572 574 120 110 150  1.22 -14.3
999C (4) 157 -154 571 576 098 105 145  1.82 -40.6
999G3 (4) -153  -153 311|570 581 126 154 131 1.73 -61.2
999G2 (4) 152 -158 580 577 128 131 111 1.17 9.5
999G1 (4) 152 -154 582 593 157 131 113 1.12 34.2
1085 (4) - - 572 571 - - 225 163  197.6
1097 (4) 153 -154 575 582 130 120 130  1.19 47.8
1100 (4) -156  -159 573 577 133 124 128 1.19 45.0
1103 (4) -156  -156 574 581 129 119 125 112 455
1135A (4) -158  -160 576 581 132 123 120 112 19.3
1135B (4) 147  -153 585 591 119 115 120 115 14.5
1137 (4) 155 -157 581 577 130  1.27 1.28 110 1664
1140 (4) 159  -157 573 575 131 125  1.32 1.27 12.3
1149 (4) 155 -157 574 578 128 117 1.18 1.26 49.6
1150 (4) -156  -158 570 573 128 118 121 1.08 19.5
1161 (4) 153 -159 577 583 130 126  1.26 1.19 16.9
1194 (4) 156  -158 574 575 129 126  1.29 1.22 13.6
1197 (4) 157 -157 570 576 133 124 112 1.10 14.5
1224A (4) -157  -161 572 574 120 120  1.39 1.21 -1.2
1224B (4) 162 -161 570 577 122 121 136 1.19 2.2
1224C (4) -160  -163 576 578 119 121 131 1.08 9.3
1224DG (4) -160  -163 572 574 126 121  1.23 1.08 12.7
1224DM (4) -164  -167 569 573 118 121 130 116 -18.7
1225 (4) -165  -164 582 579 105  1.17 1.71 1.37 3.3
1231 (4) 161 -165 572 577 121 121 1.23 1.16 8.8
1249 (4) -167  -175 582 588 120 124 134 125 35
1326 (4) -154  -164 580 585 117 116 127 1.15 58.8
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Figure 2.8. Depth variation of susceptibility parameters along core MO077A. Note that Verwey transition
temperatures are lower in the UIM and LIM units, while they remain relatively constant between -151°C and -
159°C in the granitoid unit (Unit 4). Curie temperatures remain constant through Unit 4, and both T,PR and HPR
show a decrease after the heating cycles, suggesting a magnetic domain state increase during the experiment. The
background coloring is the same pattern as in Fig. 2.2 (from top to bottom: Suevite, upper impact melt, and
basement Granitoid [intercalated with lower impact melt dykes]). TcH—Curie temperatures (heating); T.C—
Curie temperatures (cooling).

2.5.3.4. High resolution profiles of Lower Impact Melt — Granitoid basement contact

To evaluate the thermal effect of the impact melt on the shocked magnetite from the granitoid basement
rocks, we measured six k-T curves over an eight cm profile across a basement granitoid — LIM contact
at 999 mbsf, investigated the magnetic phases microscopically, and performed IRM component analysis
(Fig. 2.9). The k-T curves from the granitoid rock show a relatively good reversibility (G1 and G2 in
Fig. 2.9). The A40 of G1 and G2 is 34% and 10% respectively, which is lower than the average of the
basement (around ~45%). Only at a distance of less than 1 cm from the contact, an alteration effect in
form of a hump between 200 and 400°C is observed (G3 in Fig. 2.9). This hump is particularly well
exposed in the flow-foliated ultra-cataclasite (C in Fig. 2.9). IRM component analyses show only one
low coercivity component with By, = 48-51 mT in the granite samples, and 56-62 mT in the melt
samples.

The hump also faintly occurs in the impact melt (M1 and M2 in Fig. 2.9). While this hump disappears
in the cooling curves of the granitoid rock (G2, G3) and flow-foliated ultra-cataclasite sample (C), it
remains visible in the impact melt samples (M1, M2) where it shifts towards slightly higher
temperatures. Magnetite grains in the impact melt are too small for a reliable quantitative EMPA
determination. However, the Curie temperature near 580°C implies a close to stoichiometric
composition of magnetite. The Hopkinson peak at the Curie temperature disappears in the cooling run
suggesting that some annealing causes magnetic domain state increase and apparent magnetic grain size
growth and/or a mineral reaction forming a non- or less-magnetic phase.
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Figure 2.9. High-resolution «-T curves and IRM analysis at the granitoid rock — ultra-cataclasite — impact melt
contact of sample 999. Note the increased prominence of a hump in the heating curve towards the contact and in
the melt region. Note also the texture differences between the large, fractured magnetite in the granite (left) and
the small grains of newly formed magnetite in the melt (right). Norm. Susc. = Normalized Susceptibility.
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2.5.3.5. High temperature annealing experiments

To better understand the role of temperature in the post-impact processes that affect the magnetic
mineralogy, we performed a stepwise heating/cooling experiment for sample 1100 from the granitoid
basement (for susceptibility parameters see Table 2.3) to investigate the onset of irreversible behavior
(Fig. 2.10a). Until 540°C, magnetic susceptibility of heating-cooling runs was reversible (Fig. 2.10a),
but at 560°C we observed a significant irreversibility (20% increase in susceptibility) between the
heating and cooling curve (Fig. 2.10b) with a decrease of the HPR from 1.38 to 1.24, suggesting a slight
domain size increase (Dunlop, 2014; Kontny et al., 2018). The higher susceptibility and lower HPR is
maintained in the next heating curve of the subsequent run (to 580°C), and shows once again a decrease
in HPR from 1.29 to 1.27, however not as distinct as in the first experiment (Fig. 2.10b). In this curve
we observe also a slight increase of MS at the Hopkinson peak. This increase is smaller than the increase
in the k-T curves observed elsewhere in the basement when regularly heated up to 700°C, even in the
same sample (sample 1100, see Fig. 2.7a). To quantify this change in magnetic susceptibility, we utilize
parameter Aunp (See calculation in methods), which is related to the formation of new magnetite during
heating. Sample 1100, when heated to 700°C (Fig. 2.7a) shows an Anp value of 33.5%. In our annealing
experiments, the curve up to 560°C has an Anp of 0.81%, while the curve up to 580°C has a value of
4.4%. This factor, combined with the positive A40 (14.9%) in the 580°C run, indicates that the
formation of new magnetite initiates between 560 and 580°C. We attribute the original ~20% increase
in susceptibility between 540°C and 560°C to domain size changes through annealing of the lattice
defects.

To further investigate the hematite to magnetite transformation during heating in the shocked magnetite,
we performed four repeated heating/cooling cycles from room temperature to a maximum of 700°C
until we obtained full reversibility of the heating and cooling curve (Fig. 2.10c). After the first cycle
MS increased by around 45% (A40 = 45%), and shows a distinctly positive Anp (26.5%). This
irreversibility is related to a transformation of oxidation-derived hematite (as seen in Fig. 2.4b; 10d:
pre-heating) to magnetite (Fig. 2.10d: post-heating). This feature also agrees with an interpretation that
a positive A40 (<50% in our basement samples) and well-defined magnetite Curie temperatures at
~580°C, are indicators for a hematite to magnetite transformation when measured in an Ar atmosphere,
as already suggested by Just and Kontny (2011). In addition, we see a decrease in the HPR from 1.35
to 1.17 indicating annealing of the defects in the shocked magnetite (e.g., Kontny et al., 2018).

The FORC of sample 1100 pre-heating (Fig. 2.10e, left) shows a PSD behavior with some indication
of interactions between particles and coercivities up to 50-60 mT. After heating (Fig. 2.10e, right), the
sample still shows a well-defined PSD behavior, with a higher coercivity tail up to 150 mT. While still
PSD, this may suggest the presence of newly formed SD particles during heating. After heating, we
also observe an upward shift of the FORC and more asymmetric contours, which may signal an increase
in interactions between magnetic particles (e.g., Roberts et al., 2014).

IRM component analysis shows also a significant increase in coercivity in the measured grains from
this sample after heating. Original By, values in 1100 range from 30 mT to 63 mT pre-heating, while
post heating there is a systematic increase of coercivities in all samples, ranging from 53 to 72 mT. All
samples show an increase in coercivity, which may suggest an increased contribution of SD magnetite
in the samples after heating. (see Table A.3.1., in Appendix A).

Subsequent 2" and 3" cycles show a hump in the heating curve, that can suggest either a transformation
between 300 and 400°C into a phase with lower magnetic susceptibility compared to magnetite (likely
maghemite or hematite) or a thermal relaxation effect of superparamagnetic (SP) magnetite. As we do
not observe oxidation during our measurements in an argon atmosphere (see e.g. Fig. 2.10d post
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heating), this irreversibility is more likely a grain-size effect of SD-SP magnetite grains (e.g., Zhao and
Liu, 2010; Gao et al., 2019), during the transformation from hematite to magnetite. After the 4" heating
cycle, heating and cooling curves are reversible, and reached a state where magnetite is the only stable
phase (Axp of 1.3%). This behavior is similar to the granitoid sample 747, which occurred close to the
basement-UIM- contact (Anp of 0.81%) (Fig. 2.7a). When a slower cooling rate (7°C/min) was used
(Fig. 2.10f), the shape of the first curve is the same, while a 2" cycle (using again the standard
heating/cooling rate of 12°C/min) shows a nearly-reversible curve, suggesting the stability of the
transformation is not only temperature, but also time-of-exposure dependent.

(@) 14 (d) Preheating Postheating
450°C - 540°C
3 —
3 1
@ ~—
E — Heating
Sos —— Cooling
0 200 400 600
Temperature (°C)
(b)
15| Step susc. increase comparison
2
8 4
o
[0}
O
g
2] ——560 heating HPR1 560 = 1.38 (e) T
o i = 03 Preheating i Postheating
05 —560 cooll_ng HPR2 560 = 1.24 Am2/kg T2 AmZ2ikg T2
= —580 heating HPR1 580 =1.29 100
= 580 cooling HPR2 580 = 1.27 02k 8 02}t
S | Aw560=081%  Awr 580 =4.4% 0
60
0
0 200 400 600 . 0.1F 01} 4I'F 20
Temperature (°C) = 0 =
(c) @ , 0 @ 10
15 1st Measurement 1 8,2nd Measurement (Yy] mmeen—— 00 - ——
. 0
a 0
Za 2 0.1F 20 0.1} E
£ -10
204 . 06 0
0 Anp = 26.5% . 02+ 50 02k | 50
0 200 400 600700 Y0 200 400 600 700 L1
Temperature (°C) Temperature (°C) 0 0.5 0.1 0.15 0.2 0 05 0.1 0.15 0.2
B.(T) B (T)
1.6, 3rd Measurement 1.4 4th Measurement (f) 3,
(%) 62 <
(2] (2] 3
210 1.0 3 8
E 0.6 0.5 Et &
g : 2 [HPR1=1.38 E |HPR1 =
0 0 Ane =1.3% HPR2 = 1.16 ZO HPR2 = 1.16
0 200 400 600 700 O 200 400 600 700 0 200 400 600 700 0 200 400 600 700
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)

Figure 2.10. Stepwise heating/cooling experiments in Ar atmosphere for sample 1100. (a) Consecutive heating
to 450°C, 500°C, 520°C, and 540°C show reversible behavior. (b) At 560°C and 580°C irreversible behavior
occurs. HPR1 is determined from the heating and HPR2 from the cooling curve (details in text). Susceptibility is
normalized to room temperature value of the 560°C heating curve (red). (c) Four consecutive measurements up
to 700°C until reversibility is reached (heating in black, cooling in grey). Susceptibility normalized to the room
temperature susceptibility of the first measurement; (d) Magnetite and hematite of sample 1100 before (left) and
after (right) 1%t heating experiment up to 700°C. Note the incomplete oxidation of the magnetite along the grain
boundaries. After the heating experiment, hematite is completely transformed into magnetite. () FORC diagrams
before (left) and after (right) the same heating treatment as described in (d); (f) Repeated experiments with
different heating/cooling rates (slow on the left, fast on the right). See text for details. Norm. Susc. = Normalized
Susceptibility.
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2.5.4.Rock- and paleomagnetic data

2.5.4.1. Rock magnetic properties

The Koenigsberger ratio (Q-ratio, given by Q = NRM / (k*B); where B is today’s magnetic field, and
(k*B) is induced magnetization) gives the relative importance of remanent (Q>1) or induced
magnetization (Q<1) for a given lithology (measurement data are provided in Supplemental file 6, see
Appendix A.6. for details). The NRM and susceptibility values of the basement and suevite samples are
both quite low, with a dominance of the induced magnetization (Q<1, Fig. 2.11a, 2.11b). The UIM and
LIM unit show both higher NRM and susceptibility values (Fig. 2.11a), and a similar contribution of
induced and remanent magnetization (Q ~ 1, Fig. 2.11b). In general, our data show a positive correlation
(R = 0.83) between NRM and MS in the impact lithologies suggesting that the amount of magnetite
controls the NRM. This is not the case in the basement granitoid with a more scattered distribution
(R=0.48).

2.5.4.2. Paleomagnetic directions

Alternating field (7 samples) and thermal (16 samples) demagnetization shows two distinct groups of
magnetic directions between the basement and the impactite samples (Fig. 2.11c and 2.11d). After the
azimuth corrections based on drill core rotation were applied, we are able to interpret both declination
and inclination of our paleomagnetic results. The granitoid basement samples (n = 17) show scattered
directions, without a discernible pattern. On the other hand, the impact melt samples (n = 4) show a
clear clustering around Dec/Inc: ~180%-40° (Fig. 2.11c and 2.11d). In the suevite samples of Unit 2A
(n = 2) we have fitted and anchored two as great circle interpreted points following the approach
described in McFadden and McElhinny (1988) combining great circles and linear best fits. The
remaining suevite sample 683 (Unit 2B) is the only direction excluded by a 45° cut off around the
average directions. This, together with the anchored great circle fits for Unit 2A demonstrate both, the
uncertainty and the variability of paleomagnetic directions in Unit 2. Data files are in Supplemental file
8 (in Paleomagnetism.org 2.0 format; Koymans et al., 2020, see Appendix A.6. for details).
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Figure 2.11. (a) NRM vs magnetic susceptibility for selective samples. (b) Q-ratio (NRM/(k*B)) vs magnetic
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2.6 Discussion

2.6. Discussion

2.6.1.Mineral magnetic characteristics

In the lithological units from the Chicxulub peak ring drilled at site M0O077A, we distinguished three
types of magnetite related to different impact-induced processes: pure, shocked magnetite in the
granitoid basement, cation-substituted magnetite crystallized from the impact melt, and pure magnetite
formed from hydrothermal fluids, although the latter plays a subordinate role. These magnetite types
are essentially the only magnetization carrier in our M0077A samples.

The pure magnetite in the basement granitoid belongs to the pre-impact Carboniferous magmatic
mineral assemblage, and is the original carrier of magnetization. This magnetite shows locally pre-
impact transformation to hematite (Fig. 2.4b, 2.6¢ pre-heating), is heavily fractured by the impact, and
its hysteresis parameters show a wide variation (Fig. 2.6a), suggesting domain state changes from a
likely original MD state. The Curie temperature at ~578°C, and the Verwey transition, usually between
-151°C and -163°C, suggest that this magnetite is close to stoichiometry. The slight shift of the Verwey
transition towards lower temperatures (Fig. 2.8) compared to pure magnetite (-153°C; Verwey, 1939)
either indicates a certain amount of non-stoichiometry in Fesq-yO4, Or cation substitution (e.g., Ozdemir
and Dunlop, 1997). Microprobe analysis (Table 2.1) and a sharp Curie temperature at 580°C indicate
that magnetite grains from the basement granitoid are rather slightly oxidized than cation-substituted.
From the lower T, values, we estimated that vacancies (8) in magnetite are very low, approximately
0.001 < 6 <0.00125 (Aragon et al., 1985), which is reasonable as slight oxidation is omnipresent in
magnetite in all geological settings (e.g., Vahle et al., 2007; Zhang et al., 2020, 2021). In the case of
Chicxulub, oxidation is likely concentrated along shock-induced fractures and grain boundaries in
magnetite and appears to be a common feature in the shocked crystalline basement rocks (e.g., Mang
and Kontny, 2013; Kontny and Grothaus, 2017). For the Chesapeake Bay impact structure (USA), Mang
and Kontny (2013) suggest that both fractured basement magnetite and newly formed small magnetite
in the suevite, are very sensitive to surface oxidation. Therefore, oxidation of magnetite may preclude
its use as a reliable pressure indicator for impact structures, if the Verwey transition is considered
(Carporzen and Gilder, 2010; Reznik et al., 2016).

The k-T curves from the Chicxulub basement show mostly irreversible behavior if measured in an argon
atmosphere (see sample 1100 in Fig. 2.7a). This signal is typical for the presence of magnetite and
hematite in the sample, where latter is transformed to magnetite above a temperature of about 580°C
(Fig. 2.4b; 2.10d). This mineral reaction is probably an artifact of the inert argon gas, as even in high
purity it can contain traces of hydrocarbon gases like CH4. However, this effect helps to identify Fe-
bearing minerals due to their typical reactions (e.g., Just and Kontny, 2011). Reversible behavior
indicative of magnetite only occurs at the top of Unit 4 near the boundary to the UIM (Fig. 2.4a and
2.7a, sample 747) and in the vicinity of intercalated melt rock layers within the LIM (Fig. 2.8; 2.9 —
G2) and is interpreted as high-temperature overprint due to the proximity to the impact melt. IRM
analyses confirm the absence of hematite (e.g., Fig. 6d; 2.9, granitoids) in these samples.

Low A40 values indicate a nearly reversible behavior, while distinctly positive values (commonly <50%
in the basement granitoids, see Table 2.3, Fig. 2.8) indicate the transformation of hematite into
magnetite during heating in argon atmosphere (Table 2.3 and Fig. 2.8; see also Just and Kontny, 2011).
If only pure magnetite occurs in the samples, it can be assumed that there was no alteration to hematite
before the impact, or that hematite has been transformed back to magnetite in the presence of high
enough temperatures (>580°C), either during or after the impact event, as our heating experiment in
Fig. 2.10b suggests. Sufficiently elevated temperatures for this reaction were likely reached in the
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proximity of impact melts for which temperatures between ~650°C and 750°C in the UIM are reported
(De Graaff et al., 2021).

In the basement the large range of hysteresis properties across the PSD field (Fig. 2.6a) is noteworthy,
as magnetite grains with > 100 um are expected to be in the MD field. This discrepancy can be attributed
to two factors: 1) the fracturing of large grains into smaller individual grains, and 2) the formation of
crystal lattice defects inside the larger grains (Reznik et al., 2016). The lattice defects will cause the
domain walls to become pinned (e.g., Lindquist et al., 2015) and effectively reduce domain state in an
otherwise MD grain. This mechanism is confirmed by the reduction of the Hopkinson peak ratios after
heating, which occurs as a result of thermal annealing. Transmission electron microscopy on an
experimentally shocked magnetite has shown that shock-induced defects in magnetite can recover after
thermal treatment through recrystallization of magnetite and nucleation of new magnetite nano-grains
along micro-fractures (Kontny et al., 2018). These mechanisms, combined with thermally-induced
relaxation of slightly distorted lattices in the un-fractured sections of the magnetite may cause
“unpinning” of the domain walls, and thus apparent domain state increase during the heat treatment
(Kontny et al., 2018). However, hysteresis data before and after heating in an argon atmosphere to
600°C revealed only slight changes for magnetite from the granitoid basement (Table 2.2 and Fig. 2.6b,
2.6¢) suggesting that fracturing is the more important mechanism, over crystal lattice defects. However,
it has to be mentioned that the hysteresis data after heating may mask the annealing of lattice defects,
due to the formation of magnetite from hematite, and therefore its contribution might be underestimated.

Cation-substituted (Ti, Mg, and Al) magnetite is present in both impact melt units, and was even injected
into the granitoid basement where it occurs as small, skeletal grains (e.g., Fig. 2.4j). These grains are
not fractured, show no signs of shock deformation but a large range of compositions (Table 2.1, Fig.
2.5). Both upper and lower impact melt units show similar compositions, denoting a granitoid and
dolerite mixed melt source, however different quenching histories are reported (De Graaff et al.,
2021). Unit 3A likely cooled at the fastest rates, especially in its upper portions, where water re-entry
into the crater would have caused very fast quenching. Here, the newly formed cation-substituted
magnetite is enriched in Mg- and Al-, whereas in the lower UIM (Unit 3B) and LIM, Ti-substitution
dominates. As for both impact units the whole-rock major elements are similar (De Graaff et al., 2021),
the source of the Mg- and Al-substituted magnetite may be different. Ebel and Grossman (2005)
reported unaltered grains of magnesioferrite spinel from spherules occurring at the K-T stratigraphic
boundary worldwide, and suggested from thermodynamic modelling that this phase has formed due to
sequential condensation of solids from the plume of vaporized carbonate and anhydrite target rocks.
Therefore, the Mg- and Al-substituted magnetite grains may be a result of some admixing of carbonate
melts in the uppermost UIM unit.

The green schlieren in Unit 2C and Unit 3A shows Mg-dominated magnetite compositions
(Fe2.6sMgo.19Al0.07Cro.03Ti0.0104), with higher Curie temperatures in the heating curve than in the cooling
curve, and no Verwey transition (Ty; Fig. 2.7, Table 2.3). The irreversibility of T. in the heating and
cooling curve can be expressed by AT (ATc= Te-Heating— Tc-cooling) and varies between 17°C and 106°C.
Such an irreversibility can be either explained by cation ordering processes during the heating and
cooling experiments (e.g., Harrison and Putnis, 1998, 1999; Lattard et al., 2006; Bowles et al., 2013),
by vacancy-enhanced nanoscale chemical clustering in the octahedral sublattice (Bowles et al., 2019),
or by maghemitization (e.g., Bowles et al., 2019; Lied et al., 2020; Zhang et al., 2021). At magmatic
temperatures the cation distribution in the inverse spinel structure is highly disordered and the closure
temperature defines the temperature at which reordering rates become so slow that a cation ordering
state is frozen (Jackson and Bowles, 2014).
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Positive ATcs are reported for pyroclastic deposits by Lied et al. (2020), Bowles et al. (2013) and
Dudzisz et al., (2022). It occurs in cation substituted magnetite that is quenched very rapidly from
magmatic temperatures through the closure temperature. If the temperature after deposition remains
constant for a certain time interval, the cation distribution evolves towards equilibrium for this specific
temperature, increasing the degree of order and T, (Jackson and Bowles, 2014). Therefore, T in cation-
substituted magnetite with an inverse spinel structure depends on the degree of ordering, and is lower
for a fully disordered arrangement, compared to a perfectly ordered one (Harrison and Putnis, 1999).
The effect of different cation substitutions in natural cation-substituted magnetite is not yet investigated
in detail, but studies from Bowles et al. (2013, 2018, 2019) and Lied et al. (2020) point to significant
differences in AT,, especially if Mg and Al are involved.

Interestingly, in samples with lower cation substitution but with a higher Mg concentration (compare
sample 721 with 738 in Tables 2.1 and 2.3) Ty is suppressed, suggesting that Mg substitution has a
stronger suppressing effect on Ty than Ti substitution. Below Ty, the relatively free electron hopping
between Fe?* and Fe®* in the octahedral site halts, leading to a sharp increase in resistivity (up to 3
orders of magnitude, e.g., Biato et al., 2019). Since Mg occupies the position of Fe?* in the octahedral
sites of the inverse spinel structure (see e.g., Bowles et al., 2019 and references therein), increase in Mg
leads to a reduction of the total amount of Fe?*, and increases the Fe**/Fe?* ratio. An increase of this
ratio has been associated to an increase in resistivity at T > Ty (e.g., Mi et al., 2009), leading to a lower
resistivity difference below and above Ty, and thus suppressing the intensity of the transition.

The cation-substituted magnetite from the impact melt acquired a TRM with the expected directions for
Chron 29r at the time of the impact (Dec/Inc= 180°/-40°, Fig. 2.11c) which agrees with earlier studies
(e.g., Gulick et al., 2019). These are the only samples in our study with a Q-ratio close to or above 1,
which indicates the magnetization is dominated mostly by the NRM, suggesting these directions are the
only reliable paleomagnetic directions in our study.

A third type of magnetite is represented by very small (<5um) non-shocked and non-fractured grains
(Table 2.1, Fig. 2.4e). These grains are found throughout the core in all lithological units, particularly
in regions with strong hydrothermal alteration or in basement fractures, and often in assemblage with
sulfides such as pyrite or chalcopyrite, as well as hematite. This magnetite does not constitute a main
magnetic carrier in any of our samples, with the potential exception of the topmost two samples from
Unit 2A suevites, where we measured sections without basement clasts. We consider this magnetite to
be secondary and associated with the hydrothermal percolation. Because its abundance is low, it is the
least important magnetite type, as its contribution to the samples’ magnetic properties is subordinate.

2.6.2.Effect of the post-impact hydrothermal system on shocked magnetite

Despite the fact that hydrothermally formed magnetite may only be of magnetic significance in some
sections of the upper suevite layers, post-impact hydrothermal alteration is prevalent throughout the
whole peak-ring. Higher temperature (>250°C) secondary minerals tend to form in the shocked
crystalline basement, while low-temperature (<250°C) hydrothermal minerals are concentrated in the
upper 130 m impactite lithologies (Kring et al., 2020), where vertical alteration channels are interpreted
as indicators of post-impact hydrothermal venting. Paleomagnetic data has been interpreted by some
authors as to suggest a long-lived hydrothermal system that extends from the reverse Chron 29r to a
younger, normal polarity interval (Kring et al., 2020). On the other hand, other authors argue that large
scattering of positive and negative inclinations suggest instead these layers retain their primary
magnetization post-depositional NRM (i.e., temperatures were not high enough to induce
remagnetization, Gulick et al., 2019). These interpretations may be reconciled, as inhomogeneity in the
suevite units may lead to some regions having their NRM carried by newly formed hydrothermal
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magnetite or local chemical remanent magnetization (CRM) acquisition. CRM directions can be
imparted at any temperature, and could potentially have Chron 29r or younger directions (see great
circle interpretations, Fig. 2.11c). Other sections may be dominated by basement clast magnetite that
maintain their primary NRM directions (likely scattered during the cratering process), in the absence of
high-enough temperatures to “reset” the NRM vector (see rejected grey dot in Fig. 2.11c,
“Suevite+UIM” panel). We are hesitant however in making definitive claims regarding these directions,
as we consider our paleomagnetic data obtained from Unit 2 to be unreliable (Q-ratios <<1, Fig. 2.11a).
The basement magnetite was also not remagnetized by the hydrothermal system, as remagnetization
would have homogenized the NRM directions. This is not the case as we observe scattered “Basement”
directions (Fig. 2.11c¢, “Basement” panel, and Appendix A.5).

After the impact, the cooling of the large impact melt pool in the central basin of the crater created a
long-lived hydrothermal system (up to 2 Myr, Kring et al., 2020), with neutral pH conditions and
starting temperatures of 350 to 450°C. The fluids are expected to have evolved into a more reducing
composition with time, but temperatures would have remained relatively high (Kring et al., 2020).
These are the fluids which formed the hydrothermal magnetite previously described.

In close proximity between melt and basement (e.g., samples 995, 999, and 1224D; Fig. 2.8), we
observed a hump between 200 and 400°C in x-T curves that either indicates metastable maghemite
(Zhang et al., 2020, 2021) or thermal relaxation due to nm-sized magnetite particles of different
diameter (Zhao and Liu, 2010). In natural samples we encounter this hump in regions of higher porosity,
such as the ultra-cataclasite at the boundary between the melt and the granitoid, and in the 130 m thick
suevite and impact melt layer. These are samples where we would expect hematite to magnetite
transformation due to the reducing fluids, and formation of new magnetite with a mottled texture,
similar to what we have observed in our transformation experiments (Fig. 2.10b, 2.10c). While bulk-
rock hysteresis results are inconclusive regarding thermal annealing (Fig. 2.6b), our IRM component
analysis and FORC diagrams show a consistent increase in coercivities after thermal annealing in the
granitoid (Fig. 2.6¢ and 2.10e). We suggest that this increase in coercivity is due to magnetic exchange
coupling interaction between newly formed SD-SP magnetite particles formed during the
transformation of hematite to magnetite.

In the granitoid basement, post-impact hydrothermal alteration of magnetite is not as severe (A40
ranging from 3 to 90%) as in the impact rock Units 2 and 3. Only locally a stronger alteration of
magnetite is indicated by A40 >100% (Table 2.3), or in the proximity of the LIM dykes (see sample
999 G3, Fig. 2.9, Table 2.3). Magnetite transformation into hematite (martitization) is a widespread
phenomenon in crustal rocks (e.g., Lagoeiro, 1998), and is a general phenomenon in hydrothermally
altered magnetite-bearing granites. The alteration index can be used to detect hydrothermally-induced
oxidation of magnetite into hematite as previously mentioned (see section 2.5.3.5, also e.g. Just et al.,
2004; Just and Kontny, 2011). Feignon et al. (2021) described a hydrothermal metasomatic event that
occurred in the Permian approx. 50 Myr after the Variscan emplacement of the granite in the Maya
block, which has likely caused this martitization before the impact.

Ishihara (1979) and Ishihara et al., (2000) have investigated the magnetic susceptibility of Mesozoic
and Cenozoic batholiths of Japan and Peru and suggested a value of 3 x 10 SI (300 x 10 SI units)
units as the boundary dividing magnetite- and ilmenite-series granitoids. In the shocked granitoid
basement of the Chicxulub peak ring magnetic susceptibility values are ranging between 50x10-° and
300x107°SI and therefore rather would belong to the ilmenite instead to the magnetite-series. This is,
however, inconsistent with our observations, as the shocked granitoid shows large, albeit fractured,
magnetite grains. From petrographic observation one would expect significantly higher MS, as the rock
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clearly belongs to the magnetite-series granitoids. Therefore, we should compare our results with an
analogous magnetite-bearing granite, for which a hydrothermal breakdown from magnetite to hematite
was investigated in detail (Just et al., 2004; Just and Kontny, 2011). Two different stages of alteration
were described in the Carboniferous Soultz-sous-Foréts (“Soultz) granite in France: Stage | comprises
a widespread, syn-emplacement alteration, of which the main effect is a localized formation of hematite.
k-T curves show a clear irreversibility of pure magnetite and positive alteration indexes with the new
formation of a ferrimagnetic phase during the measurement in an argon atmosphere. Stage Il occurs in
fault zones of altered and fresh granite and is characterized by a nearly complete breakdown of
magnetite to hematite. This transformation is very prominently seen in MS, which significantly
decreases in the fault zones (see Fig. 2.2 in Just and Kontny, 2011). This, is clearly distinct from the
granitoid basement of the Chicxulub peak-ring, where magnetite shows a microscopically visible
transformation into hematite, but not a complete breakdown (Fig. 2.4b). MS values range between
50x10° and 300x10° SI, which is significantly lower than those of the fresh and stage I granite from
Soultz, showing MS values in the order of 1000-3000x10°SI, one order of magnitude higher than in the
peak ring granitoid rocks. Our peak ring samples are more in line with the susceptibilities from the stage
I1 Soultz granite (~50-150x10°SI), however we do not see comparable levels of oxidation in the peak-
ring material. Therefore, we have to assume that either the amount of magnetite during original
crystallization was significantly lower, or a shock effect must be responsible for the significantly lower
MS. Magnetite grains of several hundred um in size (Fig. 2.4a, 2.4b), even if partially oxidized to
hematite, would constitute well above > 0.1 wt% of the basement composition, which would still result
in magnetic susceptibility values larger than 300 x 10 SI units (see e.g., Fig. 2.1 in Tarling and Hrouda,
1993, where a MS range of 50-300x107° Sl units require magnetite to comprise only 0.01 to 0.1 wt% of
the basement). Even relatively low shock pressures (3-5 GPa) can decrease MS by approximately 90%
(Reznik et al., 2016; Kontny and Grothaus, 2017). The peak-ring lithologies experienced shock
pressures in the order of 10 to 35 GPa (Morgan et al., 2017; Ferriére et al., 2017), and clearly were
affected by a reduction of MS. A 90% reduction would imply original values of up to ~1000x10°SI
(not considering variation due to an inhomogeneous distribution of magnetite in the granite). This is in
the range of the fresh Soultz granite in the Upper Rhine Graben, and other ferrimagnetic Carboniferous
granites from the Variscides in Europe and elsewhere (e.g., Henry, 1988; Bouchez et al., 1995, 1997;
Ishihara et al., 1979, 2000; Henry et al., 2004).

2.6.3.Implications for magnetic sources of the Chicxulub impact structures

Magnetic signatures of complex terrestrial impact craters vary greatly with composition of target rock,
impact-related magnetization, and effect of crater fill and post-impact sedimentation (Pilkington and
Grieve, 1992). For the Chicxulub impact crater three major magnetic sources were reported for the
concentric magnetic anomaly rings (Fig. 2.1b; Rebolledo-Vieyra et al., 2010): (1) melt rock units, (2)
suevite-like breccia, and (3) central uplift with highly magnetized breccia sequences and melt sheets. It
is also well known that strong positive magnetic anomalies occur when basement rocks are involved
(Pilkington and Grieve, 1992). On the other hand, it is well documented that shock causes a reduction
of MS and NRM (e.g., Acufia et al., 1999; Plado et al., 1999; Pilkington and Hildebrand, 2000; Ugalde
et al., 2005; Bezaeva et al., 2016).

The M0077A core was drilled into a negative magnetic anomaly within the peak-ring of the Chicxulub
impact crater. Rebolledo-Vieyra et al. (2010) has related the negative magnetic anomaly pattern to a
system of regional vertical faults and the IODP-ICDP Expedition 364 drill core M0077A has revealed
that these structures consist of strongly fractured and faulted granitoid rocks (Morgan et al., 2017; Riller
etal., 2018). The shock has demagnetized, or at least reduced NRM and likely randomized its directions
in the basement granitoid, while NRM is stronger in the non-shocked cation-substituted magnetite
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formed in the impact melts. The Q-ratios reflect this, but even where the Q-ratios are above 1 (in the
LIM melt rock), they are not higher than 3. This observation suggests that the negative magnetic
anomalies in the peak ring are dominated by the reduced induced magnetization component of the
uplifted and shocked granitoid basement. In the peak-ring, the influence of the impact melts with higher
magnetization is negligible, due to their minor thickness (~26 m), when compared to the uplifted
basement with a thickness of at least 550 m (Fig. 2.2). The impact melt is likely responsible for the
positive magnetic anomaly regions, such as the central basin of the crater (e.g., Rebolledo-Vieyraet al.,
2010; Urrutia Fucugauchi et al., 2011), where it likely shows a similar NRM intensity and directions as
the peak-ring layer, however no drilling to date has confirmed this assumption.

2.7. Conclusions

The IODP-ICDP Expedition 364 drill core M0077A revealed that the Chicxulub peak ring consists of
uplifted granitoid basement rocks overlain by a 130 m thick impact melt and suevite layer. Pre- and
post-impact hydrothermal systems affected this basement with maximum temperatures up to 450°C. We
investigated the rock magnetic properties and magnetic mineralogy in order to study magnetic mineral
transformation during pre-, syn- and post-impact processes.

The shock from the impact induced lattice defects and fractures in magnetite, which are responsible for
demagnetization and a substantial decrease in magnetic susceptibility. Our results suggest that
decreased MS and NRM in shocked basement magnetite are responsible for the negative magnetic
anomaly in the peak-ring. In the melt rocks, cation substituted magnetite carries the magnetization, with
higher MS values and NRM intensities than in the basement. This magnetite acquired a TRM with the
expected directions for Chron 29r at the time of the impact (Dec/Inc = 180°/-40°), in agreement with
earlier studies (Gulick et al., 2019). The post-impact hydrothermal overprint in the shocked basement
magnetite is negligible, from a magnetic properties point of view, and did not significantly influence
the magnetic anomaly pattern.

The majority of the basement granitoid shows varying degrees of pre-impact oxidation of magnetite. In
the basement, the post-impact hydrothermal activity does not visibly contribute to changes in the
chemical properties of magnetite. Locally, we observed a transformation of hematite to magnetite due
to the reducing character of the hydrothermal fluids, or due to high temperatures near the impact melt.
This transformation creates new, small magnetic grains within the original large grains. The high
surface area is expected to be more prone to oxidation due to seawater percolation at any point after the
hydrothermal system ceased. However, we found no clear indication for maghemitization.

The temperature onset of a possible hematite to magnetite transformation is found in «-T curves above
580°C, substantially higher than the upper bound of the hydrothermal system’s temperature (~450°C).
Our experiments further suggest that the hydrothermal system also does not reach high enough
temperatures to anneal the magnetite crystal lattice defects, which we suggest to occur between 540°C
and 560°C. Therefore, high temperature overprints in the peak-ring basement are limited to areas of
proximity and in contact with the impact melt rocks.
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3. Restoration and Transformation: The Response of Shocked and Oxidized
Magnetite to Temperature

3.1. Abstract

Large impact craters on Earth are associated with prominent magnetic anomalies, residing in magnetite
of the shocked target rocks and impactites. Shock experiments on magnetite suggest that up to 90% of
magnetic susceptibility is lost at pressures >5 GPa, but can be partially restored by post-shock thermal
annealing. The magnetic property changes are caused by shock induced grain size reduction, as well as
domain wall-pinning at crystal lattice defects. A recent study of granitoids from the Chicxulub crater
found that annealing may occur naturally, but can also be overprinted by high-temperature hematite-to-
magnetite transformation in non-oxidizing environments. In this study, we isolate the effect annealing
and hematite-to-magnetite transformation using the evolution of hysteresis, isothermal remanent
magnetization components and first order reversal curve (FORC) diagrams at different high-
temperature steps. We used a laboratory-shocked magnetite-quartz ore, a non-shocked naturally
oxidized granite, and a naturally shocked and oxidized granite. Our findings suggest that annealing of
shock-induced lattice defects partially restores some pre-shock magnetic behavior and causes an
apparent average bulk-sample domain state increase. Hematite-to-magnetite transformation creates new
fine-grained magnetite that strongly overprints the original signal, and decreases the average bulk-
sample domain state. Where annealing and hematite-to-magnetite transformation both occur, the new
magnetite masks the annealing-induced property restoration and apparent domain state modification in
the shocked magnetite. As magnetite oxidation is a ubiquitous process in surface rocks, these findings
are fundamental to understand hematite-to-magnetite transformation as a potential overprint
mechanism, and could have broad implications for paleomagnetic interpretations.

3.2. Introduction

Large impact craters on Earth are associated with prominent magnetic anomalies, carried by magnetite
in shocked and impact-related rocks (e.g., Hart et al., 1995; Gattacceca et al., 2007; Quesnel et al., 2013;
Gilder et al., 2018). In fact, the famous Chicxulub impact crater, associated with the K-Pg boundary
and a mass extinction linked to a severe global climate change event (e.g., Hildebrand et al., 1991;
Sharpton et al., 1992; Smit, 1999; Schulte et al., 2010), was discovered by Penfield and Camargo (1981)
through its aeromagnetic and gravity anomaly. Magnetic anomalies are a result of the displacement of
the magnetized rocks in the impact cratering process, decomposition of the existing rock magnetization,
and formation of new magnetic phases in impactites (e.g., Pilkington and Grieve, 1992, Hart et al.,
1995, Plado et al., 1999). Although magnetic anomalies in impact craters are well documented, the
effect of shock on the magnetic behavior of magnetite has only been studied in detail in the last decade
(e.g. Carporzen and Gilder, 2010; Louzada et al., 2010; Tikoo et al., 2015; Reznik et al., 2016). The
shockwave released by an impact causes a nearly instantaneous compression and decompression of the
target, and a loss of up to two-thirds of the magnetic moment (e.g., Gilder et al., 2006) and up to 90%
of the magnetic susceptibility (Reznik et al., 2016), if magnetite is responsible for the magnetization.
Loss of magnetic susceptibility in particular results from brittle fracturing and fragmentation of large
grains, and from plastic deformation such as lattice defects or dislocations, that lead to a deformed and
strained crystal lattice (Reznik et al., 2016; Kontny et al., 2018).

The magnetic behavior of magnetite is closely related to its grain size and crystal structure. The smallest
magnetite grains (<~30 nm, Dunlop, 1973) are superparamagnetic (SP), and are incapable of carrying
a NRM. Larger grains have the ability to record a NRM (given by Ms/Ms, where M is the saturation
magnetization, and Ms is the saturation remanent magnetization), but this ability is also subordinate to
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grain size and shape. Small grains (<~80 nm for rounded, and <~300 nm for elongated shapes, Newell
and Merrill, 1999; Witt et al., 2005) are generally uniformly magnetized in a single domain (SD) state,
and are resistant to changes in magnetization (that is, they have a high coercivity, B¢). With increasing
grain size, a single domain becomes unstable and collapses into a circular shape, or “vortex” (V,
commonly referred to in literature as pseudo-single domain, PSD; e.g., Roberts et al., 2000, 2017),
comprising either a single vortex (SV, see e.g., Pike and Fernandez, 1999) or multiple vortexes (MV),
and its coercivity depends on the size, number and shape of the vortexes (Lascu et al., 2018).

For even larger grains, multiple vortexes resolve into multiple discrete domains (MD), separated by
narrow so-called domain walls which migrate relatively freely within the grain in response to external
magnetic fields. The transition from PSD/V state to MD state has been described to occur in magnetite
particles around ~10 um (Nagy et al., 2019). MD grains have generally low coercivity, due to the
relative ease of migration of the domain walls. However, the presence of physical obstacles such as
shock-induced fissures and fractures, lattice defects, or dislocation networks, will often “pin” the walls
along them, in a process of “domain-wall pinning” (e.g., Moskowitz, 1993; Ozdemir and Dunlop, 1997;
Lindquist et al., 2015). If a wall becomes pinned it can still migrate, but requires a higher field intensity
to do so (manifested as increased coercivity), and will “jump” from one dislocation/defect to the next,
in a so called “Barkhausen jump” (Barkhausen, 1919). MD is the most common domain state in natural
magnetite, including those from large impact craters, but the associated shock-induced brittle and plastic
deformation fundamentally alters these grains, leading to magnetic behaviours more typical of the
PSD/V state such as lower magnetic susceptibility, higher coercivity and higher M«s/Ms (Reznik et al.,
2016, Kontny et al., 2018).

While brittle fracturing and fragmentation irreversibly reduces grain size, the lattice defects are plastic
deformation features that can be annealed through a thermal treatment that reduces wall-pinning (e.g.,
Pike et al. 2001b). Annealing of shocked magnetite leads to a recovery of magnetic susceptibility and a
striking irreversibility of temperature dependent magnetic susceptibility (k-T curves), as well as a
decrease in coercivity and Ms/Ms. These changes in magnetic properties lead to an apparent increase in
the domain state after heating, towards a more MD-like behavior (Kontny et al., 2018). A recent study
on the effects of natural shock and post-impact high temperature exposure on the magnetic behavior of
granitoids from the Chicxulub peak ring, reports that defect annealing can occur naturally (Mendes et
al., 2023). However, the effects of annealing are often overprinted by the transformation of secondary
hematite into newly formed, fine and mottled textured magnetite (Mendes et al., 2023). The k-T curves
of both phenomena show a similar irreversible behavior (Fig. 3.1) with an onset of annealing and/or
chemical transformation at ~540°C (Mendes et al., 2023). Standard magnetic methods such as bulk-
sample hysteresis or isothermal remanent magnetization component analysis were not sensitive enough
to separate magnetic property changes caused by annealing and hematite-to-magnetite (hem-mt)
transformations (Mendes et al., 2023). These effects likely overlap in natural impact craters as oxidized
magnetite is not only described from Chicxulub (Mendes et al., 2023), but also in Chesapeake Bay (US)
(Mang and Kontny, 2013), Vredefort (S-Africa) (Carporzen et al., 2006), Zhamanshin Astrobleme
(Kazakhstan) (Sergienko et al., 2021), Manicouagan (Canada) (Morris et al., 1995), Bosumtwi (Ghana)
(Kontny et al., 2007), and the Gusev impact crater on Mars (Morris et al., 2006).

In this study, we used hysteresis, isothermal remanent magnetization components analysis and first
order reversal curve (FORC) diagrams at different high-temperature steps to investigate systematically
each process and their interactions. Specifically, we aim to (1) isolate physical (shock) and chemical
(hem-mt transformation) effects on magnetite, (2) observe and characterize the magnetic properties and
(apparent or real) domain state and associated magnetic behavior evolution with temperature in shocked
and oxidized samples, (3) define an approximate temperature threshold for annealing and hem-mt
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transformation, (4) determine the dominant phenomenon in complex natural samples such as the
shocked Chicxulub basement and its implications for application of magnetic methods in crustal impact
structures, and (5) explore the implications of hem-mt transformation for broader rock-magnetic studies,
outside of impact research.

3.3. Samples and methods

3.3.1. Samples
We selected a total of nine samples for this study: seven magnetite ore samples shocked at increasing

pressures (from a non-shocked “Initial” sample, to 1, 3, 5, 10, 20 and 30 GPa, as the samples will be
referred to as, henceforth), and two natural magnetite samples from the non-shocked Soultz-sous-Foréts
granite (France) (“Soultz”, or Sample 2533 and 2476), and from the Chicxulub impact crater peak ring
granitoid basement (Mexico) (“Chicxulub”, or sample 1100).

The magnetite ore used for shock experiments originates from a metamorphosed quartz-magnetite
banded iron ore of the Sydvaranger mine (Norway), with alternating polycrystalline quartz layers
intergrown with cubic magnetite crystals, and bands of polycrystalline magnetite. This magnetite has a
sharp Verwey transition (Tv) at -152°C £ 2°C and a Curie temperature (Tc) at 578°C £ 2°C (Fig. 3.1a).
The shocked magnetite ores are from the same shock experiment batches used in the study of Reznik et
al. (2016) and Kontny et al. (2018), and none of them contained hematite. The shock experiments were
originally commissioned by Reznik et al. (2016) at the Ernst Mach institute (Freiburg, Germany), using
a flyer plate that impacts an ARMCO iron container with a disk-shaped target accelerated either by an
air gun (1 to 5 GPa) or high explosives (10 to 30 GPa) at a given velocity (see Reznik et al., 2016; and
for details on the shock reverberation setup see Miller and Hornemann, 1969, and Fritz et al., 2011).
After applying shock pressures of 5 GPa and above, the shocked samples show a mass susceptibility
decrease of up to 90% (see Figure 11b in Reznik et al., 2016), and an increase of Tv to -144°C while
Tc remains relatively stable. k-T curves in the shocked magnetite ore are irreversible, and after heating
to 700°C the originally strong Hopkinson peak (Hopkinson, 1889) decreased (Fig. 3.1b).

Non-shocked granite samples (2533 and 2476) with magnetite oxidized to hematite (stage | alteration
in Just and Kontny, 2012) comes from the EPS-1 drill core of the Soultz-sous-Foréts Variscan granite
pluton (France). The Soultz sample comprises large oxidized magnetite grains (Fig. 3.1c, where sample
2540 represents stage | alteration, after Just and Kontny, 2012), has a magnetic susceptibility of ~10-3
Sl, shows a Tv of -150 + 2°C and a Tc of 573 + 2°C. k-T curves are irreversible, and after heating to
700°C a much higher magnetic susceptibility indicates the transformation of hematite into magnetite
(Fig. 3.1d). Sample 2476, with similar properties, was used in this study for before-after heating
experiments, to get an idea of the natural heterogeneity of granite oxidation.

The naturally shocked granite from the peak-ring of the Chicxulub impact crater was obtained from
borehole MOO77A, drilled during the joint International Ocean Drilling Program and International
Continental Scientific Drilling Program Expedition 364 (Morgan et al., 2017). Magnetite experienced
pre-impact oxidation to hematite (Fig. 3.1e; Mendes et al., 2023), and was subjected to natural shock
pressures in the ~16 to 18 GPa range (as determined by planar deformation features in quartz grains),
with slight shock attenuation with increased depth (Feignon et al.,, 2020). The magnetite is
stoichiometric, and the granite displays conspicuously low magnetic susceptibility (~50x10-6 Sl),
resulting from shock demagnetization (Mendes et al., 2023). Sample 1100, which has been used for this
study, shows a Tv of -156 + 2°C and a Tc of 572 + 2°C, and the x-T curve displays a significant increase
in magnetic susceptibility and a slight “hump” after heating (Fig. 3.1f).
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Figure 3.1. Previous literature data on the response of our samples’ temperature treatment. a) Temperature-
dependent magnetic susceptibility (Susc. norm. versus Temperature) for Initial magnetite ore (after Kontny et al.,
2018); b) Temperature-dependent magnetic susceptibility for magnetite ore shocked at 20 GPa, note the peaks at
the Verwey transition and Curie temperature (after Kontny et al., 2018); ¢) Strong transformation of magnetite to
hematite in sample representative of the Stage-1 alteration of the Soultz-sous-Foréts granite, with and without
ferrofluid (FFO) for clear contrast (after Just and Kontny, 2012); d) Normalized temperature dependent
susceptibility curve for sample 2533, which is similar oxidized as sample 2540 in ¢) (Just and Kontny, 2012); e)
Hematite-to-magnetite transformation before (left) and after (right) temperature dependent susceptibility
measurement to 700°C in sample 1100 from the Chicxulub peak ring, with ferrofluid (FFO) for clear contrast
(after Mendes et al., 2023); f) Normalized MS-T curve for the sample represented in a) is taken from Mendes et
al. (2023).

Our sample selection for the FORC measurements allows us to isolate the effects of shock and
oxidation, if measured stepwise up to high temperatures. The initial magnetite ore is an ideal standard,
with a reversible «-T curve and behavior typical of MD magnetite that remains stable with temperature.
The remaining magnetite ore samples have only been exposed to increasing shock and contain no
evidence of chemical alteration, which provides insights into domain state evolution with increasing
shock and annealing. The natural oxidized magnetite from the Soultz granite (2533) allows us to
constrain the effects of the hem-mt transformation with temperature in the absence of shock
deformation. Finally, the naturally shocked and oxidized magnetite from the Chicxulub (1100) peak
ring granitoid provides sample where both shock-annealing and oxidation-transformation relationships
can be investigated.

3.3.2. Sample preparation

We used small magnetite shards from the shocked ore samples Initial, 3 and 5 GPa, and powdered
material for the remaining shocked magnetite ore samples (1, 10, 20 and 30 GPa), as they were
completely pulverized during the shock experiment. To isolate magnetite in the natural granite samples,
we gently crushed the rock and made a magnetic pre-separation using a strong hand-held magnet and a
second visual pre-selection of the magnetic grains, to avoid other minerals such as micas. We prepared
three additional samples from the granites (1100, 2533 and 2476) for before-after (BA) experiments
(see section 2.3), referred to as “[Sample name] BA”, henceforth. Sample mass was measured, and from
the powdered shocked magnetite ore and magnetite grains from the granites (which are too small to
handle) we created sample-pellets using a high-temperature porcelain-like two-part cement concrete
from Omega Engineering, to maintain sample integrity throughout the experiments. Although this
cement does not contain iron according to the manufacturer information, traces of iron in this batch
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cannot be ruled out. Cement impurities or potential unexpected mineral reactions were taken into
consideration in the interpretation of the results. The shard samples were placed inside size 4 gel caps,
and were immobilized with non-reactive fiber flax wool. Whenever these samples broke or needed extra
immobilization, an alumina-silica cement (ZIRCAR Ceramics) was used. The sample pellets were
prepared according to the holder size and did not require further immobilization.

3.3.3. Methods

All experiments were performed at the Institute for Rock Magnetism (IRM, Minneapolis, USA). We
used a LakeShore 8600 Series Vibrating Sample Magnetometer (VSM) instrument with a maximum
saturation field of 1 T to measure hysteresis loops, direct current demagnetization (DCD), and FORC
acquisition (Pike et al., 1999; Roberts et al., 2000) in sequence for each mass normalized sample, at
each temperature step. Samples were heated stepwise using an ASC furnace with a controlled argon (Ar
purity of ~99.998%) atmosphere chamber. Each step began with a flooding of the chamber at a constant
argon flow for 10 minutes, which was then switched to a slower constant flow (~160 mL/min). For the
magnetite ore samples, we used 5 steps, at room temperature (RT), 540, 560, 580 and 700°C, while for
the natural samples we added the 600 and 650°C steps (“Full-Run” or “FR” experiments). The threshold
value of 540°C was used according to the estimated onset of annealing and/or hem-mt transformation
reported by Mendes et al. (2023). In the natural samples we performed additional BA experiments,
which consisted of a single temperature step up to 700°C. For FR experiments, the desired temperature
was held for 15 minutes, before returning to RT by flowing air around the isolated chamber. For the
BA experiments, the maximum temperature was held for one hour, to obtain information about the time-
dependence of hem-mt transformation. Sample 1100 BA was exposed to a second 700°C temperature
step experiment (held for 15 minutes) to investigate the stability of the newly formed phase.

Bulk-sample hysteresis parameters were determined from hysteresis loops and DCD curves. Saturation
magnetization (M), saturation remanent magnetization (M), and coercivity (Bc) were estimated from
hysteresis single-loop measurements, and coercivity of remanence (B.r) was determined from the DCD
curves. The DCD curves were also used for IRM component analysis (Robertson and France, 1994),
and were processed using the online software MAX UnMix (Maxbauer et al., 2016). IRM component
modeling allows us to isolate and track the evolution of the magnetite and hematite components
individually with temperature. By isolating the magnetite and hematite contributions in the natural
granite samples, it is possible to compare the magnetite properties in the natural and shocked magnetite
ore samples. This is not possible to do with bulk-sample parameters, which include also the hematite
contribution without distinction. We applied a fixed number of magnetite components (2) to fit each
sample, which is required to compensate for a natural skewness and temperature relaxation in natural
magnetic particle systems (e.g. Heslop et al., 2004). The component with the highest signal contribution
is what we consider our “main” magnetite component. We determined the mean coercivity of
remanence of this main magnetite component at each temperature step for all samples (B after
Maxbauer et al., 2016). We refer to By simply as the “coercivity” of the magnetite fraction, and for
variations or trends in both bulk (B, Ber) or component (Bn) coercivity, we use “coercivity (S.1.)” for
better readability.

A total of 151 FORCs were collected per heating step, using a saturation field (Bsx) of 500 mT. FORC
diagrams were processed using the FORCinel software, version 3.08 (Harrison and Feinberg, 2008).
The FORC diagrams have a standard range of B, field from -100 to 80 mT, and a maximum B field of
120 mT. Samples 3 and 5 GPa were measured with a lower B field (max = 100 mT) in the initial room
temperature (RT) measurements. For consistency, we rescaled these diagrams despite there being no
data past B = 100 mT. Sample 5 GPa broke into two shards after the second step, causing difficulties
stabilizing the sample in the holders, so we removed one of the shards and applied a different mass
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normalization for these steps. We applied a standard smoothing factor of 4 to all diagrams of the
magnetite ore, and a smoothing factor of 6 to the natural samples. One exception is the first
measurement for sample 1100, which required a smoothing factor of 10.

To help visualize the changes in the FORC signals, we investigated the variations in the irreversible
component (AMr, the magnitude of switching events between reversal fields (Br)) and reversible ridge
(the contribution of particles with coercivity = 0 mT, given by the vertical feature density profile along
B. = 0, after Pike, 2003), at RT and after heating to 700°C. We also calculated the horizontal FORC
feature density distribution (along By = 0) at each temperature step, to help visualize the evolution in
coercivity of the central peak lobe. Furthermore, we quantified domain state changes with temperature
using a procedure introduced by Reznik et al. (2016). First, we applied a binarization algorithm
incorporated into the ImageJ software (Fig. 3.2, left and center; Rasband, 1997), and determined the
ratio [%] of black pixels within the area within a threshold that constrains all positive FORC
contributions above the 0.05 significance level (Fig. 3.2, right; Heslop and Roberts, 2012). The defined
area is referred to as “SD-MD signal area” (Reznik et al., 2016), and ignores small intensity or coercivity
variations while being representative of global FORC signal changes. Further details on the method can
be found in the legend of Figure 3.2. A similar outcome can be achieved by tracking the variation of
the area within the FORC signal-to-noise envelope at each step, which is readily calculated and
displayed by FORCinel, however we decided to use the SD-MD area procedure for a direct comparison
with the results presented in Reznik et al. (2016).

In Appendix B.1 the step-by-step procedure for estimating the SD-MD signal area [%] and further IRM
parameters are described. See Appendix B.2 for a description of the remaining Supplemental files (2-
4; Mendes and Kontny [Dataset], 2023).
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Figure 3.2. “SD-MD” area calculation scheme, as described by Reznik et al. (2016), using the ImageJ software
(Rasband, 1997). We start by importing the original diagram (left), and create a binary black-and-white (BW)
version of the diagram (center). Once converted to BW, we select the area defined within the thresholds: -200 <
Bu (mT) < 65; and 5 < Bc(mT) < 100 thresholds (right). This area constrains all positive FORC contributions
above the 0.05 significance level (Heslop and Roberts, 2012), and are limited on the bottom and right-hand side
to fit the truncated 3 and 5 GPa RT diagrams, as keeping the total diagram area (in pixels) constant, which allows
comparisons between samples. The SD-MD area is calculated by the ratio (in percentage) of area covered by the
black pixels to the total figure area. Changes in global FORC features with temperature can thus be quantified and
compared directly, ignoring subtle intensity or coercivity variations. A detailed step-by-step description is given
in Supplemental file 1; all BW and original FORC diagrams are given in Supplemental file 2, together with a
calculation sheet for the ratios.
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3.4. Results

3.4.1. Room temperature

RT FORC diagrams for the non-shocked Initial magnetite ore (Fig. 3.3a) and Soultz 2533 (Fig. 3.3b)
are typical of MD grains, characterized by a low-coercivity vertical elongation of the FORC signal
along the B. (mT) = 0 axis, and a weak high-coercivity horizontal tail along B, (mT) = 0. According to
IRM component analysis, the Initial magnetite ore shows a coercivity of 13.5 mT (Table 3.1, RT; Fig
3.3¢). Sample 2533 shows a slightly higher coercivity of 18.2 mT (Table 3.1, RT), as well as an
additional high-coercivity component, which accounts ~11% to the total signal contribution, which we
attribute to hematite (Table 3.1, green line in Fig. 3.3c). Low shocked (1 and 3 GPa) magnetite ore also
retain a MD behavior similar to the non-shocked samples, but with a slightly increased coercivity of
20.1 and 18.2 mT, respectively (Fig. 3.3a, Table 3.1, RT).

For magnetite ore shocked at 5 GPa, the spread in the spectra of coercivity and interaction field increases
strongly compared with lower pressures, but the characteristic closed-contour lobed distributions
observed for V-state particles (e.g., Pike and Fernandez, 1999; Lascu et al., 2018; Egli, 2021) are not
yet well defined. The sample also denotes an increased coercivity of 33.2 mT (Table 3.1, RT), which
we attribute to a mixture of MD and coarse MV (behaving) grains (e.g., Roberts et al., 2017, Lascu et
al., 2018, Harrison et al., 2018). The high shocked magnetite ore at 10, 20, and 30 GPa displays an
asymmetric MV-state FORC signal (see e.g., Lascu et al., 2018), with intense closed-contour peak lobe
shape and broad horizontal and vertical dispersion. These samples show even more increased coercivity
values, ranging from 42.3 to 50.1 mT (Table 3.1, RT), consistent with an increased contribution of MV
(and MV-behaving) grains. The vertically elongated signal at low-coercivity is faintly observable
around the origin, which suggests that a small amount of grains may have preserved MD behavior (Fig.
3.3a). The Chicxulub sample 1100 has a similar MV-like lobed distribution signal (Fig. 3.3b), but lower
coercivity (34.6 mT) than the high shocked magnetite ore (Table 3.1, RT; Fig. 3.3c). Note that all FORC
distributions at RT in samples shocked above 5 GPa are significantly asymmetric, between the positive
and negative values of B, (Fig. 3.3).

3.4.2. Temperature-dependent measurements

3.4.2.1. Shocked magnetite ore

FORC signals for no and low shocked magnetite ore do not show any variations with temperature.
Coercivity decreases slightly after heating in the low shocked magnetite ore (-0.3 mT and -5.8 mT for
1 and 3 GPa, respectively; Table 3.1, ABs is the difference between By at 700°C and RT). This indicates
that MD behavior has not changed with heating (see Supplemental file 2 for all FORC diagrams).

For magnetite ore shocked above 5 GPa, we observe a systematic shift of the FORC lobes towards
lower coercivity with increasing temperature, and a noticeable decrease in FORC asymmetry (Fig. 3.4a,
Supplemental file 2). This shift is accompanied by a consistent coercivity decrease with each
temperature step, causing ABy in the range from -12.0 mT to -17.7 mT (Table 3.1). With temperature,
the irreversible component (AMir) decreases (see vertical arrows in Fig. 3.4a, top), and the reversible
ridge increases (Fig 4a, bottom, also seen in the FORC density plot in Fig. 3.5a). The FORC central
peak lobe denotes a clear (leftward) progression toward lower B, values with temperature (Fig. 3.5a),
which is not observable in the no and low shocked magnetite ore (cf. dashed lines and horizontal arrow
in Initial and 20 GPa magnetite ore of Fig. 3.5a). The decrease in FORC asymmetry and shift of its
features towards lower coercivity result in a systematic decrease in the SD-MD signal area, with a
reduction of 10 to 15% (downward vertical arrows, Fig. 3.5b). Plotting the hysteresis parameters in a
M:s/Ms versus Be/Bc diagram (Fig. 3.6) highlights the evolution of the magnetic behavior: a shock-
induced increase of Ms/M; and decrease of Bc/Bc, from no and low shocked to high shocked (>5 GPa)
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magnetite ore (cf. stars in Fig. 3.6) is followed by a systematic decrease of Ms/M;s and an increase of
B./B. at each temperature step in the high shocked samples (cf. circles and squares in Fig. 3.6).
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Figure 3.3. a) Room-temperature FORC diagrams of all magnetite ore samples before heating. Note the marked
development of the PSD/MV lobes in the FORC diagrams with increasing shock pressures >5 GPa; b) Room-
temperature FORC diagrams of the natural granite samples, from Chicxulub (1100) and Soultz (2533). We used
here sample 1100 BA, due to increased measurement noise on the full run sample); ¢) Fit of coercivity components
to the IRM acquisition curves for representative samples. Note the migration of the components to higher
coercivity values between Initial and after 20 GPa shock pressures; note also the presence of a second component
(green) in the natural granite samples. Color scale units are in Am?/kgT?.

3.4.2.2. Oxidized magnetite from the Soultz granite

The evolution of the oxidized Soultz 2533 granite sample with temperature is divided into two stages:
(1) up to 560°C magnetic properties change mildly, while (2) above 560°C changes are much more
drastic between each step (Fig. 3.4b).

The first stage up to 560°C, is characterized by a slight strengthening of the horizontal high-coercivity
tail (Fig. 3.4b), a reduction of the hematite contribution to the IRM signal from 10.7 to 6.9 %, and an
increase in the coercivity of magnetite from 18.2 to 28.9 mT (Table 3.1), suggesting that some hem-mt
transformation takes place. At this stage, the central peak lobe does not denote coercivity changes (Fig.
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3.5a), the SD-MD signal area remains <5%, similar to the no and low shocked magnetite ore (Fig. 3.5b).
Only a slight increase in M/Ms values at 560°C (Fig. 3.6) is observed, but MD behavior is broadly
preserved.

In the second stage above 560°C, the high-coercivity tail grows in intensity, creating a high-coercivity
central-ridge like feature in the FORC diagram and a 45° ridge-like feature in the negative interaction
field (Fig. 3.4b). The reversible ridge and irreversible component also increase after 700°C (Fig. 3.4b).
The formation of the central ridge is observed to accelerate after 600°C (Fig. 3.5a, vertical arrows in
Oxidized (2533)), consistent with a transformation of the hematite component (3.1% after 700°C, Table
3.1), which causes an increase of the total coercivity in the magnetite fraction, to 43.2 mT (ABn = +25.0
mT). Central peak coercivity remains consistent throughout the experiment, meaning that no changes
to the original MD magnetite are taking place (cf. dashed lines in Fig. 3.5a). The SD-MD signal area
shows an increase to 12% (Fig. 3.5b), and the sample denotes a strong increase of Ms/Ms and decrease
of B./B. after 700°C, (Fig. 3.6). As no changes to the MD magnetite fraction are taking place, magnetic
property variations are necessarily related to a new magnetite fraction, formed through hem-mt
transformation.

3.4.2.3. Shocked and oxidized magnetite from the Chicxulub granite

The RT FORC of the Chicxulub 1100 “FR” granite has a noisy signal (see Fig. 3.4c), however the RT
measurement for 1100 BA (used in Fig. 3.3b) allows us to infer an initial asymmetric MV-state FORC
diagram, with closed-contour peak lobes similar to the high shocked magnetite ore. The magnetic
response to temperature shows now features observed in both the shocked and annealed magnetite ore,
and the oxidized and transformed magnetite from the Soultz granite.

Pertaining to the oxidation-related features, Chicxulub 1100 follows the same two-stage evolution
described for Soultz 2533, up to and above 560°C. In the first stage up to 560°C, the high-coercivity
tail becomes more prominent but no central ridge is formed (Figs. 4c, 5a), around half of the hematite
signal contribution disappears (from 7.1% to 3.6%), and magnetite coercivity increases from 34.6 to
41.9 mT (Table 3.1). The SD-MD area largely remains constant, at around 16% (Fig. 3.5b). In the
second stage, the central ridge forms (Figs. 4c, vertical arrow in Fig. 3.5a), the hematite contribution
disappears entirely, and the coercivity of the magnetite fraction increases to 51.7 mT (ABn = +17.2 mT,
Table 3.1). A 45° ridge-like feature in the negative interaction field identical to the one in Soultz 2533
appears, (cf. Figs. 4b and 4c), and an increase of the reversible ridge and irreversible component takes
place (vertical arrows in Fig. 3.4c). The changes in the FORC features and formation of the central-
ridge causes the SD-MD signal area to increase to around 23% at 700°C (Fig. 3.5b). The evolution in
the M/Ms, versus Be/B. diagram does not follow the same pattern as Soultz 2533, but instead a
continuous increase of Ms/Ms and a generally constant B./B. is observed (Fig. 3.6). The shock-related
response in this sample is not as distinct as in the high shocked magnetite ore, but is seen in the FORC
diagrams as a shift of the central peak toward lower coercivity (cf. lobe shiftin Fig. 3.5a, with elongation
of color contours towards the origin in Fig. 3.4c). This shift and the decrease in asymmetry are masked
by the formation of the central-ridge, but we can still observe a (leftward) progression of the central
peak in the horizontal FORC density profile (Fig. 3.5a). Despite the noisy signal at RT, the density of
FORC features at low coercivity increases consistently with temperature (Fig. 3.5a, see the region left
of the vertical dashed lines), and culminate in the separation of two peaks at 700°C, one at lower and
one at higher coercivity compared to the RT peak (horizontal arrows pointing toward red lines in Fig.
3.5a). The low-coercivity peak has identical coercivity as the Initial, 2533, and post-heated 20 GPa
peaks (cf. red dashed lines of Fig. 3.5a).
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Figure 3.4. FORC diagrams, vertical FORC density profile for B:=OmT (reversible ridge) and irreversible
component (given by AM;y), that illustrate sample evolution with temperature. a) Temperature evolution of
representative shocked magnetite ore at 20 GPa, which is representative of the high shocked samples; b) evolution
of first and second stages of the hem-mt transformation in sample Soutlz 2533; and c) evolution of first and second
stages of the Hem-Mt transformation and shock defect annealing in sample Chicxulub 1100. Scale units are in
Am?/kgT? for FORC diagrams and AM;. No and low shocked samples have no FORC signal changes. Results

for all samples can be found in Supplemental file 2.

3.4.3. Before/After experiments — Time-dependence and phase stability

Before heating, 2533 BA shows a typical MD FORC signal, with a magnetite coercivity of 20.8 mT,
and a hematite component with 13.9% signal contribution (Fig 7a, Table 3.2). After heating, we observe
a sharp increase in the intensity and the formation of the central ridge, together with a (rightward) shift
of the central FORC feature peak to higher coercivity values in the horizontal profile (vertical and
horizontal arrows in Fig. 3.7a). The total disappearance of the hematite component is achieved (Table
3.2), as the coercivity of magnetite increases from 20.8 mT to 46.8 mT (Table 3.2). The reversible ridge
and irreversible component also increase significantly (vertical arrows in Fig. 3.7a, bottom). In this
experiment, the newly formed magnetite doubles the original sample intensity (Fig. 3.7a) and nearly
fully overprints the original MD signal. Sample 2476 shows identical results (see Supplemental file 2).

Before heating, sample 1100 BA displays an asymmetric MV-state FORC lobe distribution, a smaller
hematite component than its “FR” counterpart (only 1.8%), and a magnetite coercivity of 30.8 mT
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(Table 3.2). After heating, the hematite contribution disappears, the coercivity of the magnetite fraction
doubles (to 60.9 mT, Table 3.2), and the signal becomes dominated by the newly formed central ridge
(Fig. 3.7b). The increase in the reversible and irreversible components is clearer than in the 1100 FR
(cf. Fig. 3.7b and 3.4c). In the horizontal profile, two peaks have formed identical to the FR experiment,
however both peaks now have lower coercivity than the original (cf. blue and orange horizontal profiles
in Fig. 7b). A second heating of sample 1100 BA to 700°C shows only a slight signal intensity increase
compared to the first heating (Fig. 3.7b, “After 2”).
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Figure 3.5. Evolution and variation of the FORC signal with temperature. a) Horizontal FORC density profiles
along the By,= 0 mT axis (i.e., horizontal dashed lines in Figures 4.3 and 4.4), at different temperatures, for
representative samples of no and low shocked magnetite ore (Initial) and high shocked magnetite ore (20 GPa),
as well as both natural granites (2533 from Soultz and 1100 from Chicxulub) b) SD-MD signal area for all
investigated samples. Shock pressure of 16.5 GPa for sample 1100 is an approximation (Feignon et al., 2020).
Samples that suffered no shock are plotted for clarity at -1 (sample 2533) and 0 (Initial magnetite ore). Description
and Data of SD-MD area calculations are provided in Appendix B.1 and Supplemental file 2, respectively.
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Table 3.1. (Top) Mean coercivity of remanence (Bn) of the grain population of the main magnetite component 1.
(Bottom) Total magnetite (Mt) and hematite (Hem) contribution to the signal with temperature, in the natural
granites from Soultz (2533) and Chicxulub (1100). Further IRM modeling parameters can be found in
Supplemental file 3.

Average grain population coercvity [mT] |

Sample RT 540°C | 560°C | 580°C | 600°C | 650°C | 700°C ABh [mT]
Ini 135 143 134 8.1 - - 125 -0.9
1 GPa 20.1 18.1 18.3 16.2 - - 19.9 -0.3
3 GPa 18.2 12.8 134 16.1 - - 12.3 -5.8
5 GPa 33.2 29.8 21.4 195 - - 18.1 -15.2
10 GPa 42.3 324 311 30.5 - - 30.3 -12.0
20 GPa 50.1 36.9 36.3 35.7 - - 324 -17.7
30 GPa 47.6 35.1 34.2 311 - - 30.5 -17.1
1100 (Chicx) | 34.6 38.2 41.9 43.7 47.6 52.3 51.7 +17.2
2533 (Soultz)| 18.2 23.2 28.9 35.1 39.9 43.5 43.2 +25.0

Contribution to signal [%]
RT 540°C | 560°C [ 580°C | 600°C | 650°C | 700°C
1100 mt 92.9 95.9 96.4 96.8 98.1 98.6 100.0

Sample

1100 hem 7.1 4.1 3.6 3.2 1.9 1.4 0.0
2533 mt 89.3 92.6 93.1 93.8 94.5 95.3 96.9
2533 hem 10.7 7.4 6.9 6.2 5.5 4.7 3.1
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Figure 3.6. Ms/M;s versus Be/B. diagram for all samples at room temperature (RT) and with temperature. Note
that shocked magnetite ore at RT shows PSD/V domain state behavior, which moves toward a more MD behavior
with increasing temperature. Only oxidized (2553) and shocked and oxidized (1100) granite show the contrary
trend, with bulk-sample average magnetic domain state decreasing, with increasing temperature (marked by a
dashed line and arrows). Numbers mark outliers in samples Initial, 3 and 5 GPa, and the “threshold” of stage 1
and stage 2 of Hem-Mt transformation in sample 2533.

Table 1.2. Mean coercivity of remanence (Bn) of magnetite before and after heating to 700°C for Chicxulub
(1100) and Soultz (2476 and 2533) granite, and signal contribution of magnetite and hematite. Further IRM
modeling parameters found in Supplemental file 3.

sample Before After After 2
Bh[mT] | mt [%] | hem [%] | BA[mT] | mt [%] | hem [%] | BA[mT]| mt [%] [hem [%]
1100 (Chicx) | 30.8 | 98.2 1.8 60.9 | 100.0 0.0 629 | 1000 0.0
2533 (Soultz) | 20.8 | 86.1 13.9 468 | 100.0 0.0 - - -
2476 (Soultz) | 18.9 | 84.4 15.6 377 | 9.1 4.9 - - -
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Figure 3.7. FORC diagrams, fit of coercivity components to the IRM acquisition curves, vertical FORC density
profile for Bc=OmT (reversible ridge) and irreversible component (given by AMiy), for the Before-After (BA)
experiments in the natural granites. a) oxidized granite (2533) from Soultz, note more nearly on order of magnitude
intensity increase in the central ridge after heating; b) shocked and oxidized granite (1100) from Chicxulub, second
measurement “After 2” suggest the newly formed magnetite is stable after repeated heating; see section 3.3 for
details.

3.5. Discussion

3.5.1. Shocked magnetite ore

Hysteresis loops, IRM component analysis, and FORC diagrams of the shocked magnetite ore
demonstrate that below the Hugoniot elastic limit of magnetite (~5 GPa, Ahrens and Johnson, 1995)
shock does not create significant irreversible magnetic domain state changes, and thermal annealing
also has no significant effect.

In the low shocked magnetite ore, the magnetic characteristics typical for natural undeformed MD
magnetite (e.g. by Pike et al., 2001b) are largely retained after shock and heating. A slight increase in
the magnetite coercivity and M/M:s ratios from the Initial to the low-shocked 1 and 3 GPa magnetite
ore may indicate a limited increase of domain wall-pinning effects in dislocation networks or local
micro-cracks in a strained crystal lattice (Lindquist et al., 2015). Previous studies on MD magnetite at
this pressure range are limited to hydrostatic compression experiments between 1-4 GPa (see Gilder et
al., 2002, 2004, 2006). After decompression, these authors observed a decrease of ~65% in reversible
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magnetic susceptibility, a slight decrease in the median demagnetization field (field required to
demagnetize 50% of the original signal, a proxy for coercivity), and a loss of up to two thirds of
magnetic moment. The changes are attributed to a restructuring of domain patterns, increased domain
wall nucleation and wall-pinning from an increase in defects. Although a direct comparison of our
results with these studies has its limitations (different strain rates between compression-decompression
cycles and shock experiments), our results are in agreement with such a model. Gilder et al. (2002,
2004) also noted that magnetic properties only vary slightly below 2 GPa, and become more pronounced
between 2 and 3 GPa. The measurements between 2 and 3 GPa were made under pressure thus not
directly comparable to ours, however we do observe that annealing at 3GPa causes a decrease of the
magnetite coercivity (ABn = -5.8 mT), whilst at 1 GPa temperature has a negligible effect (ABn = -0.6
mT). The behavior changes are not significant, but the onset of defect annealing leads us to consider
that the 3GPa ore potentially represents a “transitional” stage in shock-deformation.

For magnetite ore shocked at 5 GPa and above, the RT FORC diagrams (Fig. 3.3; stars in Fig. 3.5b),
IRM results (Table 3.1, RT; Fig. 3.3) and hysteresis parameters (stars in Fig. 3.6) demonstrate a trend
towards behavior more typical of MV. The lower B/B. and higher Ms/M;s ratios (Fig. 3.6) would also
indicate a “PSD” (V) domain state, according to the classical “Day diagram” (Day et al., 1977).

Our FORC results and SD-MD area evolution are similar to observations by Reznik et al. (2016) in
different pieces of the same shocked magnetite ore sample material (cf. Figs. 3.3, 3.5b of this work, and
Figure 9 in Reznik et al., 2016). These features agree well with a transition from a mainly brittle-elastic
mechanical behavior at low-shock conditions, towards irreversible brittle-plastic deformation in the
higher shocked magnetite ore. In the 5 and 10 GPa magnetite ore, shear bands and particle fragmentation
are reported as the dominant microstructural deformation mechanism (Reznik et al., 2016). At 20 GPa,
grain fragmentation becomes more intensive, shear bands grow wider and mosaic-like sub-grains form.
At 30 GPa, the shockwave leads to the formation of kink-bands, composed of multiple twinned sub-
grains (Reznik et al., 2016). The shear- and kink-bands increase the intra-crystalline strain and
anisotropy, which is responsible for the distinctly asymmetric FORC signals. The asymmetry of the
FORC diagrams can be explained by different vortices created and destroyed at different fields,
depending on their location within the crystal (Lascu et al., 2018). With the formation of shear- and
kink-bands, the increased strain leads to a widening of the dispersion of the field distribution of the
vortex nucleation and annihilation events (Lascu et al., 2018), and thus increasing the asymmetry. While
fracturing and fragmentation causes grain size reduction and reduces the bulk-sample average domain
state, plastic deformation features create a denser network of physical barriers to domain wall-
migration. As domain walls become increasingly pinned along the dense defect network, the expression
of individual domains becomes inhibited, resulting in the high Ms/M;s ratios and coercivity (s.l.). This
leads to magnetic behaviors typical of MV state, despite the magnetite retaining multiple discrete
domains, causing an apparent decrease in domain state.

The effects of plastic deformation are partially recovered with temperature, associated with a systematic
decrease in magnetite coercivity, FORC asymmetry and SD-MD area, at each step (Table 3.1, Fig. 3.4a,
3.5b). Hysteresis parameters also change consistently towards lower M;s/Ms and higher Bcr/B. ratios,
along the classic SD-MD mixing line of Day et al. (1977) towards increased MD contributions (see
squares in Fig. 3.6). The increased MD behavior is particularly highlighted by the leftward progression
of the FORC central peak towards coercivity values identical to the MD no and low shocked samples
(Fig. 3.5a). This suggests that our final results are a composite of MD and MV behaviors, from
originally dominant MV behaviors before heating. The partial restoration of the original MD state
behavior through temperature is caused by a mosaic-like recrystallization of magnetite, in line with a
recovery of lattice defects (Kontny et al., 2018). The defect recovery and recrystallization relaxes the
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elastic crystal strain, and allows the magnetic domain walls to migrate more easily again. Easier
migration reduces grain coercivity (s.l.) and the occurrence of Barkhausen jumps of domain walls, thus
reducing the irreversible component, and consequently increasing the reversible ridge (Fig. 3.4a). It also
decreases domain wall-nucleation, which increases the individual domain volume size (Kontny et al.,
2018). The MV behavior that is preserved after heating derives from the reduced grain size caused by
irreversible brittle fracturing and fragmentation.

3.5.2. Oxidized magnetite from the Soultz granite

The disappearance of hematite with temperature in the natural magnetite-bearing granite is clear and
systematic, concomitant with the formation of new magnetite grains from hematite-to-magnetite
transformation that causes an increase in coercivity of magnetite (Table 3.1; Fig. 3.4b). The hem-mt
transformation process is associated with an increase both in reversible ridge and irreversible
components, and the formation of a high coercivity central ridge in the FORC diagrams, which increases
the SD-MD signal area (Fig. 3.4b, 3.5a and 3.5b).

The formation of the central ridge is fundamental to understand the properties of the newly formed
phase, as central ridges are typical for non-interacting SD (e.g., Harrison et al., 2018; Roberts et al.,
2019), or SV (Lascu et al., 2018) grains. SV-dominated FORC diagrams have lobes that are confined
to the positive and negative interaction fields (e.g., Zhao et al., 2017) and are as intense as the central
ridge. A negative “trough” feature immediately below the central ridge is also characteristic of SV
grains (Lascu et al., 2018). On the other hand, SD central ridges are much more intense than the
remaining features, and do not show the negative “trough” (Lascu et al., 2018). In our granite samples,
the intensity of the ridge and lobes is likely dependent on the extent of the hem-mt transformation.
Comparing samples 2533 FR and 2533 BA (cf. Fig. 3.4b and 3.7a), the latter has a ridge that is much
stronger than the remaining features (cf. Figs. 7a and 4b). While the real extent of the hem-mt
transformation and amount of newly formed magnetite is hard to estimate (a ~11% signal contribution
of hematite requires its concentration to be much larger than that of magnetite; see Frank & Nowaczyk,
2008; Liu et al., 2019), we can only assume that the transformation in 2533 BA is more thorough than
in 2533 FR (see contributions in Tables 3.1 and 3.2). Therefore, we find it reasonable that given a more
complete transformation, the central ridge is significantly stronger than the other contributions (Fig.
3.7a, horizontal profile). Additionally, we do not observe a “trough” feature below the central ridge,
which is more in line with a SD state for the newly formed magnetite. The formation of a Hopkinson
peak after heating in the «-T curve for this sample (Fig. 3.1d) supports this interpretation as the
Hopkinson peak is a feature associated with the unblocking of SD state just below T¢ (Dunlop, 2014).
Interaction between the original MD and newly formed SD grains, two fractions of contrasting
coercivity, causes the positive area above the 45° ridge in the negative interaction fields. A sharp
increase in the irreversible component is well explained by the formation of SD grains, due to an
increase in the irreversible rotation of SD magnetization vectors (e.g., Bir¢akova et al., 2019). As for
the reversible ridge, it is unlikely that the increase is caused by changes in domain wall migration, as
no fundamental changes to the original MD magnetite take place (Fig. 3.5a). Therefore, the increase
must be related to newly formed magnetite, likely a fraction of newly formed SP grains, whose
magnetization is entirely reversible (Roberts et al., 2000).

The formation of fine grained SD-SP magnetite causes an increase in bulk-sample coercivity, however
the coercivity tail of this newly formed phase extends to at least 120 mT (Fig. 3.5a, 3.7a), a high value
even for fine grain sizes. Such high values may be explained by a strained crystal lattice. Jiang et al.
(2016) observed that the crystal structure of nanohematite is often preserved in magnetite formed via
reduction through heating, which could be a source for such a lattice strain. Alternatively, we also
cannot exclude that the high coercivity (s.l.) is connected to the formation of some minor maghemite,
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as the transformation of magnetite to hematite is reported to occur via maghemite as a metastable phase
(e.g., Annersten and Hafner, 1973). If present, this maghemite has an insignificant contribution to the
magnetic signal, as our IRM modelling results show no signal that can be related to it.

Our results support the hypothesis postulated by Just and Kontny (2012), and Mendes et al. (2023) that
hematite, when heated in an inert argon atmosphere, transforms to magnetite (Fig. 3.1e). We assume
that the reason for this mineral reaction are traces of hydrocarbons in the argon gas, despite a high Ar
purity (~99.998%; https://industry.airliquide.us/argon). From our BA experiments, we suggest that the
formation of the new magnetite phase is an instantaneous process, and that this phase is stable and will
not decay or alter with further heating. Mendes et al. (2023) observed that the newly formed magnetite
has a mottled texture resulting from small grain sizes that are not resolvable by reflected light
microscopy, which is consistent with the SD-SP range proposed here. Lastly, we can exclude that the
new magnetite grains formed due to impurities in the cement mix, as no new magnetic phase was
detected after heating the cemented 1, 10, 20 and 30 GPa magnetite ore. However, we cannot exclude
some influence of other minerals such as mica, even in small quantities, in facilitating the hem-mt
transformation in the granite.

3.5.3. Shocked and oxidized magnetite from the Chicxulub granite

The Chicxulub granite show features of annealing and hem-mt transformation, both influencing the
evolution of the magnetic behavior. These two effects are confirmed by the formation of two FORC
feature density peaks (Fig. 3.5a) after temperature treatment.

The shock-induced MV-like behavior is partially reverted through annealing, in the same process
described in section 4.1 for the shocked magnetite ore, however the concomitant hem-mt transformation
nearly fully masks it. Partial restoration of the pre-shock MD behavior results in the low coercivity
peak, at an identical coercivity to the high shocked magnetite ore after annealing (cf. 1100 and 20 GPa
in Fig. 3.5a). At the same time, the formation of SD-SP magnetite grains from hem-mt transformation
is responsible for the formation of the second, higher coercivity peak (Fig. 3.5a). The new fine SD-SP
magnetite causes the sample to present a behavior typical of MV state (Fig. 3.6). Bulk-sample coercivity
(s.l.) increases, and the positive feature above the 45° diagonal ridge in the negative interaction field
highlights the coercivity contrast between the annealed MD-MV and newly formed SD-SP fractions.
The «-T curve for sample 1100 is also in good agreement with SD-SP grain formation (see “hump”
below grey arrow in Fig. 3.1f), as such “humps” are suggested to be caused by thermal relaxation of SP
particles (Zhao and Liu, 2010, Gao et al., 2019). After heating, the SD-SP grains are dominant and
counteract the annealing-induced decrease in coercivity (s.l.) and SD-MD area. Whilst the restoration
of MD behavior is still observable, the classic bulk-sample hysteresis and IRM modelling methods are
not able to distinguish between these two effects. Only FORC diagrams, the most sensitive method to
detect small scale domain state changes (e.g. Roberts et al., 2014), can distinguish them.

Our observations are relevant for natural impact crater investigations. Magnetite to hematite oxidation
is a ubiquitous product of hydrothermal or meteoric alteration of crustal rocks (e.g., Horton et al., 2006;
2009a; 2009b), so the post-impact high-temperature exposure in impact craters may cause hem-mt
transformation naturally, which overprint the original features. This is observed in the Chicxulub crater,
where samples in close contact with impact melt have reversible or nearly reversible k-T curves, with
the exception of the same abovementioned “hump” from SD-SP thermal relaxation (Pike et al., 2001a,
Mendes et al., 2023). Even at very small percentages, SD-SP grains are able to overprint MD signals,
also in non-shocked samples (see e.g., Harrison et al., 2018). Shocked magnetite is already
demagnetized, so even the transformation of as low as 1.8% of the signal from hematite will cause a
significant overprint (see Fig. 3.7b). Lastly, we believe our results from the natural shocked magnetite
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validate the models postulated by Reznik et al. (2016) and Kontny et al. (2018), and demonstrate that
the laboratory-shock and post-shock annealing experiments are good analogues to the natural system.

3.5.4. Implications

Magnetite is the most dominant ferrimagnetic mineral in the Earth’s crust, and consequently also in
large impact craters, where prominent negative magnetic anomalies are related to the shock
demagnetization and/or extensive alteration and destruction of the magnetite phases (e.g. Pilkington
and Grieve, 1992; Scott et al., 1995). Magnetite oxidation is regarded as a near-equilibrium redox
phenomenon where magnetite is altered to hematite by oxidation; but the opposite is also possible,
where hematite is reduced by hydrogen or organic matter back to magnetite (e.g., Just and Kontny,
2012). Oches and Banerjee (1996) described a hem-mt transformation in oxygen-free environments in
loess-paleosol sediments, and Ohmoto (2003) and Otake et al. (2007) even describe non-redox
transformations between magnetite and hematite under H-rich hydrothermal conditions, a mechanism
that is not only restricted to Earth’s surface but that can also act at greater depths in the crust. These
interpretations have been used to explain irreversibility of x-T experiments in impact studies (e.g., Mang
and Kontny, 2013).

Mendes et al. (2023) postulated that in shocked magnetite from the peak ring of the Chicxulub impact
structure, natural hydrothermal temperatures are insufficient to cause annealing or hem-mt
transformation. We confirm this interpretation with our results, as the preservation of both the shocked
and oxidized state (see RT results from sample 1100 in Fig. 3.3, 3.4c and 3.7b), suggests that even long
exposures (from 500 kyr to 2 Myr) to relatively high hydrothermal temperatures of 450°C (Kring et al.,
2020) is insufficient to initiate such a process. Because magnetite already shows signs of annealing
when heated to 540°C, we place the temperature threshold for the initiation of annealing between 450°
and 540°C. The results of the Soultz 2533 sample from this study suggest that most of the hem-mt
transformation occurs above 560°C and the bulk of new magnetite formation occurs above 600°C. No
transformation is observed below the Curie temperature of magnetite (~580°C) in the x-T curves of
Soultz (Fig. 3.1d), so we estimate that ~580°C is a reasonable threshold for the onset of the hem-mt
transformation in most samples.

Several geoscience research subjects report hem-mt transformation at high temperatures: from impact
research, loess deposit research, to environmental contamination studies and wildfire related mineral
transformations in soils (e.g., Deng et al., 2001; Just and Kontny, 2012; Mang and Kontny, 2013; Jiang
etal., 2016; Szczepaniak-Wnuk et al., 2020; Gérka-Kostrubiec et al., 2019). Oches and Banerjee (1996)
hypothesized about high-temperature hem-mt transformation in k-T analyses, but to our knowledge no
in-depth study of this phenomenon has been published. Despite the pre-impact oxidation being
ubiquitous in the Chicxulub peak-ring (Kring et al., 2020), wherever the granite is in proximity to the
impact melt hematite is absent and x-T curves become more reversible or show the “hump” also before
heating (Mendes et al., 2023). This suggests that the hem-mt transformation is not exclusively related
to an argon atmosphere with traces of hydrocarbons but can also occur in nature under reducing high-
temperature conditions, e.g., related to a magmatic pulse (e.g., through orogenic re-burial, dyke
emplacement, or sequential plutonic emplacement).

A potential case study for a possible unnoticed overprint of natural hem-mt transformation is the
Manteigas granodiorite, in central Portugal (Dias et al., 2022). This is a Lower Ordovician granodiorite
(481.1 £ 5.9 ma; Neiva et al., 2009), and was intruded by the adjacent Seia granite in the late
Carboniferous (311-306 Ma; Sant’Ovaia et al., 2010). Dias et al. (2022) described the presence of large
(>100 wm) magnetite crystals, that are partially oxidized into hematite. IRM modelling for these
samples indicate that, where only magnetite is identified, B, ranges from 25 to 40 mT. However, close
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to the contact with the younger Seia pluton, some hematite is observed (~15% contribution to the
signal), and the magnetite component coercivity is higher (60 - 63 mT). This coercivity difference is
similar to the observed increases in our results, attributed to the hem-mt transformation, even when
incomplete (see e.g., Sample 2533 in Table 3.1; Table 3.2). If partial hem-mt transformation occurred
in the granodiorite due to the emplacement of the Seia granite, this may have led to incorrect
conclusions. It would be difficult to identify a hem-mt derived overprint without looking for it. Our
results demonstrate that formation of small-scale SD-SP state grains overprint original magnetic signals
and increases magnetizations (e.g. Fig. 3.7a). SD grains are more stable and reliable recorders of
paleomagnetic directions than MD grains at a geological time-scale (e.g., Heider et al., 1988; Roberts
et al., 2017), therefore, even a small fraction of SD grains formed by the hem-mt transformation
provides a mechanism for overprinting paleomagnetic recordings. We believe that hem-mt
transformation may be an under-appreciated mechanism that deserves more attention in future studies.

3.6. Conclusions

Using FORC measurements to detect subtle magnetic behavior and domain state variations, we have
characterized how shock, annealing, oxidation and hematite-to-magnetite transformation produce
different magnetic behavior responses with temperature. We demonstrate that shock pressures above
the Hugoniot elastic limit for magnetite (~5 GPa) have a tangible effect on the apparent domain state of
magnetite, causing MD grains to behave PSD/MV-like, despite maintaining multiple discrete domains.
Brittle fracturing and grain fragmentation are irreversible, and cause permanent grain size reduction
with a bulk-sample average domain state decrease, creating “real” MV state grains. On the other hand,
thermal annealing of strained magnetite recovers some of the lattice defects by grain recrystallization
and lattice defect recovery. The reduction of intra-crystalline strain and defect networks reduces domain
wall pinning, and partially restores some of the original MD behavior. Together, these mechanisms
cause a bulk-sample increased domain state, with a composite MD and (real) MV magnetic behavior,
after heating. The temperature threshold for annealing is estimated to be between ca. ~500-520°C.

High temperature hematite-to-magnetite transformation in a non-oxidizing argon atmosphere caused
the formation of SD-SP magnetite and a bulk-sample average domain state decrease. Even in small
amounts, the newly formed SD magnetite causes a strong magnetic signal overprint of the original
signal, and masks any thermal annealing effect, making hem-mt transformation the dominant
phenomenon of the two. The new SD-SP phase is stable, even after consecutive heating. We estimate
transformation to initiate at ~580°C, becoming most prominent above 600°C. Formation of new SD
magnetite as a response to temperature may overprint paleomagnetic directions and other magnetic
behaviors in nature, creating the need for an extra layer of scrutiny when interpreting paleomagnetic
data. It may also be a new process for producing remagnetizations.
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4. Ries Magnetic Mineralogy: Exploring Impact and Post-Impact Evolution
of Crater Magnetism

4.1. Abstract

Large scale impact events are some of the most catastrophic and instantaneous geological processes in
nature and leave in their wake conspicuous geological structures with characteristic magnetic
anomalies. Despite magnetic anomalies in craters being well-documented, their relationship with the
magnetic mineral composition of the target and impactites is not always straightforward. Furthermore,
the influence of impact shock and post-impact events in the magnetism of natural craters remains
elusive. In the Ries crater, Germany, the negative magnetic anomalies are attributed to a reverse polarity
remanent magnetization in the impact-melt bearing lithologies. We report new chemical, rock- and
mineral-magnetic data from the shocked basement and impactites, from surface samples, NR73 and
SUBO-18 boreholes, and explore how temperature and hydrothermalism may influence the magnetic
mineralogy in the crater. We identified shocked, pure magnetite in the basement, and low cation
substituted magnetite in the impactites as the main magnetic carriers. The shocked basement is
demagnetized but remain largely unaltered by post-impact hydrothermalism, while the impactites show
weak magnetization and are extensively altered by neutral-to-reducing post-impact hydrothermalism.
We suggest that the magnetic mineralogy of the demagnetized uplifted basement may contribute
significantly to the magnetic anomaly variation, in line with recent findings from the Chicxulub peak-
ring.

4.2. Introduction

Large scale impact events are some of the most catastrophic and instantaneous geological processes in
nature. Hypervelocity impacts release high amounts of energy and generate pressures that will vaporize,
melt and metamorphose the target rock, and may have large scale environmental implications such as a
contribution to extinction events (e.g., Hildebrand et al., 1991; Schulte et al., 2010). These events leave
in their wake large conspicuous impact structures with very characteristic features, such as gravity and
magnetic anomalies (Pilkington and Grieve, 1992). These physical anomalies have been used to detect
these structures even after millions of years of sedimentary burial.

Magnetic anomalies in impact structures are very well documented phenomena (e.g., Hildebrand et al.,
1991; Pilkington and Grieve, 1992; Gulick et al., 2008; Ugalde et al., 2005), but their relationship with
the magnetic mineralogy of both shocked target rocks and impact-derived rocks is not always
straightforward. Shock-related reduction of the total magnetization (M), which is the sum of natural
remanent magnetization (NRM) and induced magnetization (M; = NRM + «*B, where « is magnetic
susceptibility and B is an ambient magnetic field, in this case Earth’s magnetic field) is well documented
in literature. The loss of NRM in target rocks has been studied in detail over the last decades (e.g.,
Pearce and Karson, 1981; Jackson, et al., 1993; Kletetschka et al., 2004; Gilder et al., 2006; Louzada et
al., 2007, 2011; Bezaeva et al., 2007; 2010; Gattaceca et al., 2010; Tikoo et al., 2015), demonstrating
that even at pressures under 2 GPa, multi-domain (MD) magnetite, the most important magnetic mineral
in the Earth’s crust, may lose up to ~90% of its pre-shock NRM. While shockwave deformation may
impart a shock remanent magnetization (SRM, e.g., Fuller, 1977; Srnka, et al., 1979; Gattacceca et al.,
2006, 2007; Louzada et al., 2011; Tikoo et al., 2015) this is often a very inefficient process, and creates
a weak magnetization (only few percent of the original NRM).

Research into the loss of magnetic susceptibility (k) in experimentally shocked magnetite is more recent
and has shown that even relatively low shock pressures of 5 GPa cause a reduction of up to 90% in pure
magnetite (Reznik et al., 2016). The reduction in « is related to physical processes, such as grain
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fracturing, fragmentation, and intra-crystalline lattice defects, that lead to an apparent decrease in the
domain state of originally MD magnetite. Lattice defects enhance domain wall pinning (e.g., Lindquist
etal., 2015), and together with fracturing cause a reduction of the apparent magnetic grain size, increase
of magnetite coercivity, and further reduction of k (Reznik et al., 2016). However, follow-up studies on
the same shocked magnetite samples has found that through exposure of shocked magnetite to high
temperatures (up to 700°C), thermal annealing of the crystal lattice defects could restore some of the
lost magnetic properties and «, and reduce wall pinning effects, leading to a decrease of coercivity and
an apparent increase of domain state (Kontny et al., 2018; Mendes and Kontny, in press). The shock-
derived reduction of both remanent and induced (through reduction of k) magnetization in shocked
target rocks, and the potential post-impact restoration of some of these properties, will invariably
contribute to the magnetic anomaly pattern in impact structures.

However, the effects of impact shock and temperature-related post-impact restoration of magnetic
properties, and the influence that these phenomena have in natural impact craters, remain largely
unexplored. A recent study in the ~200 km diameter Chicxulub impact crater (first discovered by
Penfield and Camargo, 1981) has found that the prominent negative magnetic anomaly in the peak-ring
is controlled by the shock-induced demagnetization (~0.01 A/m) and reduction of « (~50x107SI) in the
uplifted shocked granitoid basement (Mendes et al., 2023). Here, large magnetite grains (>500pum) show
around ~90% lower k when compared with intact (not shocked) granite containing similar amounts of
magnetite (x = ~1000x10°SI, see e.g., Ishihara, 1979; Ishihara et al., 2000, and discussion in Mendes
et al., 2023). A post-impact, long lasting (up to 2 Myr) hydrothermal system with temperatures up to
450°C (Kring et al., 2020) was not enough to anneal the internal defects and restore some of k (Mendes
et al., 2023), or significantly imprint a secondary NRM in the basement (Mendes et al., 2023).
Furthermore, the suevite (impact breccia) in Chicxulub is magnetically very weak (Mendes et al., 2023),
and show very low amounts of magnetite, mostly concentrated in small basement or melt fragments.

These observations in the Chicxulub suevite contrasts with the extensively studied ~26 km diameter
Nordlinger Ries impact crater (referred to as “Ries crater” henceforth), in Germany. Here, the
magnetization is carried by magnetite, newly formed in the impact melt of the suevite, at the time of
deposition at high temperatures (up to 900°C in the suevite and >2000°C for the impact melt, Osinski
et al., 2004). It was suggested that a very strong reverse polarity NRM in the suevite is the reason for
the intense negative anomalies in the inner basin of the crater (Pohl, 1965; Pohl and Angenheister, 1969;
Pohl et al., 1977a; 2010; Iseri et al. 1989; Arp et al., 2019). Despite the extensive amount of research,
the magnetic characteristics and contribution of the shocked basement have not yet been constrained.
Furthermore, the contiguous layers of impact melt in the Ries crater ubiquitously shows low NRM and
K, the reason for which is also unclear. Post-impact hydrothermalism is also reported in this crater
(Osinski et al., 2004; Naumov, 2005; Osinski et al., 2013; Arp et al., 2013; Sapers et al., 2017), although
with lower temperatures than in Chicxulub (max. 300° in the inner crater, 130°C in the outer regions,
see Osinski, 2005) and with a shorter lifespan (max. 250 kyr, Arp et al., 2013). The influence that
hydrothermalism had in the magnetic mineralogy and particularly in their magnetic properties also
remains unexplored.

The aim of this study is to fill these knowledge gaps in the magnetic mineralogy of the Ries crater
lithologies, with special focus on the magnetic properties of the shocked magnetite in the basement. We
also constrained the influence of post-impact exposure to natural high temperatures in the basement due
to the impactites and studied the influence of hydrothermal alteration on crater magnetism. We
investigated drill cores from FBN73 and SUBO-18 (NR73 and SUBO henceforth) and collected surface
samples from the megablock zone at four locations (Polsingen, Aumdihle, Altenbirg and
Wengenhausen). Through rock-magnetic, microscopical and mineral chemical methods, we
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discriminated pre-, syn- and post-impact geological processes, to gain insight into the different
contributions to the magnetic anomaly. Based on our data and previous literature, we propose a
conceptual model of the evolution of the magnetic phases before, during, and after the impact. Lastly,
we present a short comparison between the Chicxulub and Ries crater system.

4.3. Geological Setting and Samples

4.3.1. Crater structure and stratigraphy

The ~26 km diameter Ries impact crater is located in southern Germany (Fig. 4.1a). It was formed in a
sequence of layered Permian, Mesozoic and Oligocene/Upper Miocene sediments of ~600 m thickness,
overlaying crystalline basement composed of Variscan granite, gneiss and amphibolite (Fig. 4.1b and
4.1c; e.g., Graup 1975). The age of the impact is dated to 14.808+0.038 Ma (Schmieder et al., 2018).
This crater is classified as a complex impact structure (e.g. Pohl et al., 1977a), and is divided into an
inner crater, delimited by the “inner ring” with ~12 km in diameter, and an outer megablock zone (Fig.
4.1b). The inner crater is characterized by shocked Variscan basement overlain by an allochthonous
crater-fill deposit, called crater suevite (see e.g., Osinski et al., 2004), later covered by Tertiary crater-
fill lake sediments (Fig. 4.1b, 4.1c and 4.2).

The inner ring consists of uplifted shocked basement and separates the inner crater from the megablock
zone. The inner ring is also the boundary of the post-impact crater lake fill (Fig. 4.1c). The term
“megablock” refers to “displaced fragments of all stratigraphic units of the target rocks, which are larger
than 25 m in size and can be geologically mapped” (Pohl et al., 1977a). The megablocks are covered
by the Bunte Breccia, an impact breccia derived predominantly from the Mesozoic sedimentary target
(e.g., Fraas and Branco, 1901; Hittner, 1969; Horz et al., 1983). This is a poorly sorted, glass-free
breccia which comprises the most volumetrically abundant proximal ejecta, interpreted as a continuous
ejecta blanket (e.g., Oberbeck 1975; Morrison and Oberbeck 1978). Two drill cores were sampled for
this study, one in the inner crater (NR73), and one on the inner flank of the inner ring (SUBO) (Fig.
4.1cand 4.2).

The most characteristic rock type of the Ries crater is suevite (Schwabenstein), described here for the
first time (Sauer, 1920). Currently, suevite is defined as a polymict breccia with a particulate matrix,
containing lithic and mineral clasts at all stages of shock metamorphism, including impact melt particles
(e.g., Stoffler and Grieve, 2007). The suevite is described to consistently overlie the Bunte Breccia (Fig.
4.1b and 4.1¢), and a distinction is made in literature between “main” and “basal” suevite (Bringemeier,
1994). The main suevite is unsorted and well consolidated, with abundant impact glass clasts, and a
preferred horizontal orientation of flat glass clasts. This type is the most abundant, and we sampled it
at Altenbiirg and Wengenhausen, in the megablock zone (Fig. 4.1b). In contrast, the basal suevite is
fine grained and poorly consolidated, moderately to well sorted, and deficient in glass clasts (e.g. Chao
et al. 1978), which we sampled at the Aumihle quarry.

Coherent impact melt rock, or “red suevite” is rare in the Ries crater compared with other craters (e.g.
Chicxulub). The question of “missing melt” in the Ries crater has been raised before (e.g., Graup, 1999;
Grieve, 1999; Osinski, 2003, 2004; Osinski et al., 2004, 2008; Wiinnemann et al., 2008; Pohl et al.,
2010), however no concrete explanations have been provided so far. It occurs as isolated bodies with
lateral extents of up to 50 m (Pohl et al., 1977a), and is found on the surface overlaying the Bunte
Breccia, containing variably shocked basement (predominantly granite) and mineral clasts
(predominantly quartz) (Engelhard et al., 1969, Pohl et al., 1977a). Alkali feldspar, plagioclase, quartz,
and ilmenite comprise the microcrystalline groundmass (Osinski, 2004). This “red suevite” is sampled
in Polsingen, and in parts of the borehole SUBO (Fig. 4.2).
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4.3.2. Lithology of the drill cores

4.3.2.1. NR73

The scientific drilling project Nordlingen 73 was drilled in 1973 at about 3.5 km from the crater center
in a region of negative magnetic anomaly (Fig. 4.1d). The borehole is 1206 m deep, and the core is the
only one reaching the shocked crystalline basement at depth. It also comprises the longest continuous
core of suevite in the crater (~200 meters, Fig. 4.2). The lithologies of interest are found below 314 m
of post-impact sedimentary fill, and can generally be subdivided into three sections (e.g. Meyer et al.,
2012):

Graded Suevite (314 — 331 m) is interpreted as subaerial fallback material from the ejecta plume
(Jankowski, 1977). This section shows a transition from medium grained gravel at its base to silt at its
top and is intercalated by pervasively altered breccias. The melt clasts in this subunit are weathered, but
this weathering decreases with depth (Meyer et al., 2012).

Melt-Rich Suevite (331-520 m) refers to a section of suevite with an increased melt-clast content.
Between 331 — 390 m the lithic and melt contents remain constant with a slight increase of grain size.
From 390 m, large basement blocks intersect the suevite (e.g., Bauberger et al., 1974), and below 436
m the impact melt contents decrease until no melt can be discerned macroscopically in the suevite.

Shocked basement (520 -1206 m) refers to a sequence of Variscan basement (Graup, 1975) which has
been shocked during the impact. An irregular sequence of gneiss, amphibolite and granite dominates
between 520 m and 820 m, below which metabasites are predominant. We focused our sampling on the
gneiss-amphibolite-granite sequence, where primary shocked magnetite grains are expected. We used
available, low-resolution downhole magnetic susceptibility and NRM intensity data from literature (Fig.
4.2; after Pohl et al., 1977b) to select sampling intervals, attempting to sample regions at the stronger
end of intensities of NRM and «. The basement rocks are mostly continuous, disrupted locally by
intercalations or dykes of melt-poor suevite, where melt particles are not macroscopically detectable.
This suevite also shows a decreased grain size with depth. Some of these dikes have been interpreted
as lateral intrusions by highly turbulent flow, during the crater forming processes (e.g., Stoffler et al.,
1977; Stéffler 1977).

4.3.1.1. SUBO

SUBO was drilled in 2006 in the southern section of the inner ring at Enkingen, into a local negative
magnetic anomaly (Pohl et al., 2010, Fig. 4.1d, 4.2). It has a total depth of ~100 m and consists of ~21
m of crater fill sediments (not considered in this study), and of 79 m of suevite and impact melt rock
(Fig. 4.2, Pohl et al., 2010). The impact rock is a complex sequence of multiple brecciated suevite-melt
lithologies, which we broadly subdivide into “suevite” (21.19 - 40 m), “clast-and-melt rich suevite” (41
- 58 m), and “impact melt” (58 - 99.98 m) units, after the dominant macroscopic characteristics
described in Pohl et al. (2010).

Suevite (21.19 — 40 m) is characterized by a sandy-clayey matrix, without a carbonate component (Pohl
et al., 2010). Here, the suevite is generally coherent, with varied amounts of melt clasts, and evidence
of secondary carbonate impregnation (Pohl et al., 2010). Melt fragments show a preferred sub-
horizontal orientation, and lithic clasts are abundant, mostly comprising felsic gneiss and granitoid
basement (Pohl et al., 2010). The suevite unit also shows strong hydrothermal alteration, with the
groundmass substantially altered to phyllosilicates, mainly illite and smectite as alteration products, and
rare chlorite, together with both primary and secondary Fe-sulphides, mainly pyrite (Sapers et al., 2017).
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Figure 4.1. a) Geographic location of the Nordlinger Ries impact crater in Germany; b) lithological map of the
Ries crater and sampling locations (modified after Zhao et al., 2022); c) Sketch of the crater profile (modified
after Zhao et al., 2022); d) Aeromagnetic anomaly map (nT) (after Pohl et al., 2010).

Clast- and melt-rich suevite (41- 71 m) is friable and highly altered, with little core recovery. In this
section, we sampled only a 3-meter-long section where the quality was suitable and coherent whitish
pink suevite matrix contained increased impact melt and lithic clasts. From 58 — 71 m no cores were
recovered.
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Melt-rich suevite (71 - 99.98 m) is dominated by melt-clasts. A characteristic dark-red colour in the
melt suggests the presence of hematite. Melt clasts form up to 80% of the rock, but individual melt
bodies within the previously described white-pink groundmass can be found down to a depth of 86.24
m, locally intersected by suevite. From 86.24 m to 99.98 m, the remaining rock is a coherent and
continuous section of impact melt rock.

Pohl et al. (2010) describes a pseudo-single domain (PSD) magnetite as the main ferrimagnetic mineral
in SUBO, with sulfidic ferrimagnetic minerals such as pyrrhotite not described. In the crystalline
basement clasts magnetite is suggested to be primary but secondary magnetite also occurs, produced by
impact-induced thermal decomposition of mafic minerals. Hematite also is found in some samples.
Magnetic modelling suggests that the granitic basement of the inner ring is located between 10-20 m
below the bottom of the drill core (Pohl et al., 2010).

4.3.3. Hydrothermalism

Post-impact hydrothermal activity is a common feature in impact craters with impact melt-bearing
lithologies and an elevated geothermal gradient in central uplifts being the main source of heat (e.g.,
Newsom 1980; Ames et al. 1998; Hode et al. 2004; Naumov 2005; Osinski et al., 2013). The
hydrothermal alteration in the Ries crater is spatially extensive but not laterally continuous (Sapers et
al., 2017). Pervasive and high-temperature alteration is restricted to the inner crater, where NR73 and
SUBO were drilled. Ejecta in the megablock zone shows locally intense lower temperature
hydrothermal alteration (Sapers et al., 2017).

As hydrothermal alteration is localized and concentrated within the suevite, their deposition at
temperatures >750-900°C (Osinski et al., 2013) is suggested as dominant heat source. The initial melt
temperature of the impact melt was also quite high (>2000°C) with relatively high-water content (>5
wt%) (Osinski et al., 2004), whose latent heat might also have played a role. Hydrothermal activity
lasted up to ~250,000 yrs after the impact (Arp et al., 2013). A two-stage cooling is proposed in literature
(e.g. Naumov, 2005; Sapers 2017), with a first stage involving rapid convection-driven cooling above
boiling temperatures (ca. 200-300°C, Osinski, 2005) through steam generation and degassing, and a
second stage with a long-lasting gradual cooling. The fluid sources are described to vary locally, but a
combined contribution from both shallow and deep sources is likely, due to fluid-rock interaction with
the different target lithologies. In the megablock zone meteoric water dominates, while in the inner
crater the fluids derive from the crater lake and the high fracturing and disruption of the groundwater
table (Sapers 2017). The heterogeneity of the fracture patterns will further contribute to the different
alteration intensities found throughout the crater.

The most pervasive alteration is found in the inner crater, where the crater lake allowed for saturated
conditions of the fluids (Osinski, 2005; Sapers 2017). The high temperature early stage is restricted to
the crater suevite and is characterized by K-metasomatism throughout the upper sections (Osinski,
2005). Basement alteration is limited to minor albitization and chloritization, which also occurs in this
early stage (Osinski, 2005). In the suevite, the main stage of alteration is characterized by a complete
replacement of all impact glass and basement clasts, forming saponite, montmorillonite and analcite
(Osinski, 2005). Alkali and calcic zeolites are predominant in the altered suevite, indicating weakly
alkaline hydrothermal solutions. These alkaline fluids are further responsible for the deposition of
goethite throughout the drill core NR73 as minor phase (Osinski, 2005).

To date, the hydrothermal alteration of core SUBO has not been investigated in detail. However, its
location in the inner ring, the observation of crater-lake sediments and crater suevite suggest that the
hydrothermal system affecting SUBO is comparable to that of NR73. It is unclear at which stage the
formation of hematite in impact melt rocks and red suevite of SUBO occurred, as it can represent either
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a low-temperature hydrothermal phase or vapor deposition, or a combination of the two, like the surface
melts in Polsingen (Osinski, 2004, 2005).

Alteration of surface suevite, including the Aumdihle quarry (Sapers, 2017), is characterized by the
formation of montmorillonite and Ba-phillipsite. The main alteration in this suevite is constrained to be
below 100-130°C (Osinski, 2005) and have a slightly more acidic composition in contrast with the inner
ring fluids (Muttik et al., 2011; Sapers et al., 2017).
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Figure 4.2. Simplified lithological units of boreholes NR73 and SUBO, with highlighted sample locations, and
downhole magnetic susceptibility (k) data. NR73 lithology and x modified after Pohl et al., 1977b; SUBO
lithology and x modified after Pohl et al., 2010.
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4.3.4. Rock magnetism

Previous research has been conducted on the characteristic magnetic anomaly patterns in the crater
(Pohl, 1965, Pohl et al., 1977a, 2010). Spots of negative magnetic intensities are mostly concentrated
in the inner ring (Fig. 4.1d) and the surface suevite in the western section of the megablock zone.
Previous studies (Pohl, 1965; Pohl and Angenheister, 1969; Pohl et al., 1977a; 2010; Arp et al., 2019)
have investigated surface samples and drill cores from Otting, Wornitzostheim, NR73, SUBO and
Erbisberg, and related the intense negative magnetic anomalies to a generally reverse polarity of NRM
in the high temperature suevites. In surface samples, paleomagnetic directions with Dec/Inc = ~ 194°/-
57° (Pohl and Angenheister, 1969) and Dec/Inc = 188.6°/-60.8° (/15 = 0.78°; Iseri et al. 1989) are
described. These directions are consistent with an acquisition of magnetization at the time of impact.
The studies further suggest that titanomagnetite with low Ti concentration is the main carrier of
magnetization in the Ries suevite. Maghemite formed during low-temperature oxidation of
titanomagnetite is also described, which records the same direction as the titanomagnetite, indicating a
hydrothermal alteration shortly after the emplacement of the suevite (Iseri et al. 1989).

4.3.4.1. Surface Samples

Altenbiirg shows the highest intensities of NRM (0.4 A/m), followed by Polsingen (0.2 A/m), and being
the weakest at Aumihle (<0.1 A/m) (Pohl et al., 2010). The aim for resampling these surface samples
was a discrimination between pre- and syn-impact magnetite formation, which may help to better
understand the magnetic evolution and anomaly pattern distribution. Samples from the Wengenhausen
location have never been studied before. Lastly, the sampling of the Polsingen melt rocks allows us a
comparison with the melt sections of SUBO.

4.3.4.2. NR73

Previous data from NR73 have been published by Pohl, 1977a and 1977b (Fig. 4.2). These data show a
consistent reverse inclination ~-60° and high average NRM intensity in the suevite (~2.7 A/m), despite
a wide variation along the core. High intensity was only found in the suevite, while the shocked
basement shows a scatter of positive and negative inclinations, with very low NRM intensities, and
decreased magnetic susceptibility in the gneisses and granitoids, and higher values in metabasite
sections at greater depths (Fig. 4.2, Pohl et al., 1977b). To our knowledge, no investigations of the
magnetic mineralogy and properties of the shocked basement has been done until now, aside from the
low-resolution downhole k and NRM intensity data published by Pohl et al. (1977b) (see Fig. 4.2).

4.3.4.3. SUBO

A detailed magnetic survey including rock magnetic investigations was performed by Pohl et al. ( )
in the SUBO drill cores. This study confirmed again a stable reversed polarity magnetization in suevite,
in a local negative magnetic anomaly (Fig. 4.1d). The inclination in the “melt” unit of the SUBO drill
core shows the same ~-60° average inclination, but the reported intensity (1.5 A/m) is lower than those
described from the NR73 drill cores. Magnetic susceptibility seems to be generally lower in the suevite
(~0.5x1072 SI), when compared with the impact melt rock (up to 8x1072 SI), but conversely the melt has
lower NRM intensities than the suevite. This leads to very high Koenigsberger (Q-) ratios in the suevite
(10 to 40), while in the melt Q-ratios are generally lower (~5), but still showing a clear dominance of
remanence over induced magnetization (Q>1).

4.4. Methods

4.4.1. Material

72 samples were used for this study, including four surface samples collected in the megablock zone
(Fig. 4.1b), 32 samples from the drill core NR73 (Fig. 4.2, left), and 36 samples from the drill core
SUBO (Fig. 4.2, right). All drill core samples were numbered according to their depth (Fig. 4.2).
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Samples from NR73 comprise the shocked Variscan basement (25 samples), and suevite (seven
samples, three of which are intercalated with basement blocks). Samples from SUBO comprise seven
suevite samples, nine basement-melt intercalated samples, and 20 impact melt samples. All four surface
samples comprise impact-melt rich suevite.

We provide all data files used for this study in Supplemental Files (SF). SF1 is a text file with a short
overview of the contents of the remaining supplemental files. A list with sample names, depths and
lithology can be found in Supplemental File SF2. See Appendix C.1. for a description of the contents
of the supplemental files.

4.4.2. Microscopic and mineral chemical analysis

We performed transmitted and reflected light microscopy at the Karlsruhe Institute of Technology
(KIT) using a Leitz polarizing microscope. For some samples, we applied oil-based ferrofluid coatings
(FerroTec EMG 508 and EMG 905) for easier visualization of the ferromagnetic phases. 189 electron
probe microanalysis (EPMA) spot-measurements and back-scattered electron (BSE) images were taken
of 11 representative carbon-coated samples from suevite surface samples (three samples), NR73 (five
samples) and SUBO (three samples) at the Deutsches GeoForschungsZentrum (GFZ) in Potsdam,
Germany. We used a JEOL Hyperbole JXA-8530F PLUS microprobe, with five wavelength dispersive
spectrometers (WDS) for quantitative analyses and an energy dispersive X-ray (EDX) detector for
overview phase identification. For quantitative measurements, we applied 15 kV, 100 nA and a surface
probe size of 2 um. We used natural and synthetic standards for calibration of Cr, Mg, Fe, O, Al, Ti and
Mn such as ASTIMEX® magnetite for Fe and O. This routine allowed us to measure individual element
weight percentage (wt [%]), with oxygen measured individually, rather than oxide wt [%]. To obtain
the spinel formula, we have performed two calculations, one assuming 4 oxygen molecules, and another
assuming 3 cations, for stoichiometry control calculation. We present our results in the text assuming 4
oxygens for easier readability. Further, we calculated the average amount of vacancies in the magnetite
measurements according to: Vacancies = 3 - [sum of cations], for the formulas normalized to 4 oxygens.
Samples were checked randomly for further accessory elements using EDX, but no other elements
appeared in quantities larger than the detection limits (<100 ppm (1s)). Vacancies are therefore likely
and well explainable by geochemical processes.

4.4.3. Rock magnetic methods

We performed temperature-dependent magnetic susceptibility measurements (k-T), bulk-magnetization
and bulk magnetic susceptibility measurements, as well as isothermal remanent magnetization (IRM)
component and hysteresis loop analysis, to investigate the magnetic properties of our samples.

k-T curves and bulk k measurements were performed at the KIT using an AGICO (Brno, Czech
Republic) KLY-4S kappabridge, at an applied field of 300 A/m and a frequency of 970 Hz. For «-T
experiments, we used a CS-L and CS-3 unit for the instrument, which allows us to make low-
temperature and high-temperature measurements. Low-temperature “LT” measurements were
performed by applying liquid nitrogen to the CS-L cryostat and cooling the sample down to ~-192°C
and measuring k throughout warming in contact with ambient atmosphere, which causes warming rates
to be faster at the beginning of the experiment. High-temperature “HT” measurements were performed
by heating the CS-3 furnace from room temperature (RT) up to 700°C, and cooling it to 40°C, at a
constant rate of 12°C/min. High temperature measurements were performed in a flowing argon
atmosphere (133 mL/min, Ar purity of 99.998%) to minimize oxidation. During the experiment,
temperature is measured with a Pt resistance thermometer in contact with the samples. The accuracy of
these thermometers is £1°C up to 150°C, and £3°C from 150°C up to 700°C (Lattard et al., 2006). Bulk
Kk measurements were also performed using the KLY-4S kappabridge, with an applied field of 300 A/m
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for all samples. Bulk « is determined by averaging three measurements per sample and applying holder
corrections to this average value.

NRM intensities were measured manually using an AGICO JR-5/5A Spinner Magnetometer at KIT.
When samples did not have the standard cylindrical shape, cylindrical holders were used to maintain
the material stable during measurement. The values were determined by averaging three measurements
per sample and applying mass and holder corrections after measuring.

Hysteresis loops were measured to investigate the content of magnetic particles, the mineralogy and
magnetic grain size. A Day diagram (Day et al., 1977) with SD-MD mixing lines (Dunlop, 2002) was
prepared using the hysteresis parameters obtained from these loops. Our measurements were performed
at the Institute of Geophysics of the Polish Academy of Sciences, in Warsaw, Poland, using an
alternating gradient magnetometer (MicroMag AGM 2900, Princeton Measurement Corporation, USA)
with a maximum operating field of 1T. We determined the hysteresis parameters coercivity (Bc),
saturation magnetization (Ms) and remanent magnetization (M) after applying paramagnetic
contribution (high-field linear trend) correction, background signal correction, and mass normalization.
The coercivity of remanence (B.r) was estimated from direct current back-field demagnetization (DCD)
of IRM.

DCD curves are also used for IRM modeling and were measured in the same instrument. Cumulative
log-Gaussian functions were applied for a statistical analysis of the curves according to Kruiver et al.
(2001). Three parameters describe the magnetic components: saturation isothermal remanent
magnetization (SIRM), which is proportional to the magnetic mineral content in the sample; mean
coercivity of remanence of the grain population that constitutes each component, at which half of the
SIRM is reached (B112), and dispersion parameter (DP), which corresponds to the individual cumulative
log-normal distribution. We focus our discussion on the mean coercivity of remanence in the text for
easier readability.

4.4.4. Magnetic transition temperatures and susceptibility parameters

We determined the magnetic transition temperatures from the measured «-T curves applying the first
derivate method for data where the transitions are well defined. In samples where this method is
unreliable, we have used the tangent method described by Lied et al. (2020).

The Verwey transition temperature (T,) was determined in samples where magnetite is present, using
the LT-curves before (Ty1) and after (T,2) heating. The Verwey transition for pure stoichiometric
magnetite is -153°C (120 K, Verwey, 1939), and is very sensitive to physical (e.g., shock-induced lattice
defects or internal crystal stresses, Carporzen and Gilder, 2010; Reznik et al., 2016; Biato et al., 2019)
and chemical (e.g., cation substitution or vacancies, Aragon et al., 1985; Biato et al., 2019) alteration
of magnetite.

We identified Curie temperatures from the HT-curves during heating (T¢1) and cooling (T¢2). This
temperature characterizes the transition from ferro- to paramagnetic behavior in all magnetic minerals,
and allows for a quick identification of the magnetic carriers. Pure magnetite has a characteristic sharp
drop of « at a temperature of 578°C, and deviations from this may indicate cation substitution (e.g.,
Engelmann, 2008; Lattard et al., 2006), or oxidation. Oxidation of non-substituted magnetite forms the
oxidized end member maghemite (y-Fe;O3), with a T up to 640°C (e.g., Nishitani and Kono 1981;
O’Reilly, 1984; Ozdemir and Dunlop, 2010).

Both LT and HT measurements were normalized to the x values at RT, and were used to determine
three other parameters:
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Verwey and Hopkinson peak ratios (TvPR and HPR, respectively), which we use as proxy for magnetic
domain states and their variation throughout heating. A decrease in these ratios after heating is
associated with a change of magnetic behavior, consistent with an increase (real or apparent) in domain
state, if chemical reactions can be excluded (Dunlop, 2014; Kontny et al., 2018; Mendes and Kontny,
in press). TyPR = kmax/ k15, Where «is is k value at 15 °C and kmax the maximum value around the Verwey
transition (Kontny et al., 2018); HPR = xmax/ ka0, Where ko is k value at 40°C and Kmax the maximum
value before the Curie temperature (Dunlop, 2014).

The alteration parameter A40 [%] characterizes the alteration occurring during the x-T experiment, as
a percentage increase or decrease of k before and after heating to 700°C. A positive A40 value indicates
a post-heating increase of «, which may suggest the formation of a new ferromagnetic phase during
heating (e.g., magnetite from hematite, Mendes et al., 2023; Mendes and Kontny, in press), or the
relaxation of internal crystal lattice strain through thermal annealing (Kontny et al., 2018). A negative
A40 indicates a decrease of k during experiment, which may indicate syn-heating transformation to a
mineral phase with lower « (e.g., maghemite to hematite or titanomaghemite to ilmenite and magnetite).

Finally, the Koenigsberger (Q-) ratio, calculated as Q = NRM / (x*B), discriminates the relative
importance of remanent (Q>1) or induced magnetization (Q<1) in the total magnetization of a given
sample. Total magnetization (M) is given by: M; = NRM + («*B), where NRM is the intensity of the
natural remanence magnetization, and x*B is the induced magnetization (B is the present day’s Earth
magnetic field).

4.5. Results

4.5.1. Rock magnetic data

4.,5.1.1. Surface samples

All suevite surface samples (n=4) show Q-ratios above 1 (Fig. 4.3a), ranging from 1.8 to 4.15, despite
low NRM intensities (ranging from 2.6x10* to 37x10* A/m, Fig. 4.3b), and low « (from 3.7x10° to
33.8x10® SI, Fig. 4.3a, 4.3b). Total magnetizations are quite low, ranging from 3.86x10* to 47.8x10*
A/m, with the highest values in the Polsingen melt sample (Table 1).

45.1.2. NR73

The suevite samples (n=19) show a clear dominance of remanent magnetization (Q>1, Fig. 4.3a) with
generally high « (from 2000x10° to 12000x10° Sl, Fig. 4.3b) and NRM (0.2 to 3 A/m, Fig. 4.3b). The
total magnetization of the suevite is also quite strong, ranging from 2.16x107 in the suevite dykes in
the basement, to 3.2 A/m in the upper suevite section, where it averages 2 A/m (Table 1) in agreement
with earlier reports by Pohl et al., (1977b).

In the basement (n=29), the induced magnetization is dominant (Q<1, Fig. 4.3c), although generally
low « (ranging from 4.8x10° to 3500x10° Sl, Fig. 4.3d) dominate, except for three outlier gneiss
samples that locally show higher « (23700x10° up to 39100x10° SI). NRM intensity in the basement
is also lower than in the suevites (2.9 x10™* to 520x10* A/m), with exception of the same three outlier
gneiss samples (NRM between 0.5 and 0.9 A/m) (Fig. 4.3d). Despite the lithological differences and
the outliers, NRM and « show a positive correlation (Fig. 4.3d). Total magnetizations are quite low in
the basement, ranging from 5.44x10* to 0.9 A/m, averaging at 0.1 A/m, except for the abovementioned
gneiss outliers, which range from 1.3 to 2.2 A/m (Table 1).

4.5.1.3. SUBO

All SUBO samples show a dominance of NRM over induced magnetization (Q>1), with the exception
of one melt outlier (Fig. 4.3a, 4.3e). The suevite samples (n=6) show low « (from 4.2x10® to 45x10®
SlI) and low NRM intensities (4.5 x10*“to 70x10* A/m) (Fig. 4.3b), comparable to the values from the
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surface samples. One suevite sample is an outlier with higher x of 208x10® SI and NRM intensity of
5x102 A/m. Total magnetizations range from 0.06x10 to 6.30x102 A/m, averaging at ~0.014 A/m,
two orders of magnitude lower than the suevite in NR73 (Table 1).

In the melt samples (n=28) « shows a broad range but is generally higher than in the suevite (from
12x10°° to 4900x10° SI, average of 943x10° Sl, Fig. 4.3e, 4.3f; Table 1). NRM intensity follows the
same trend, with a wide range but generally higher values than in the suevite (from 4.4x103to 0.5 A/m,
average of 0.13 A/m; Fig. 4.3f). Melt sample 80-11 was excluded from our analysis, as it showed
negative NRM and « results. Total magnetization ranges between 0.007 and 0.55 A/m, averaging at
0.161 A/m, one order of magnitude higher than the suevites from SUBO, but one order of magnitude
lower than the suevites of NR73 (see compare Figs. 3b and 3f; Table 1).
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Figure 4.3. Rock magnetic properties: k = Magnetic susceptibility [SI]; Natural remanent magnetization (NRM)
intensity [A/m]; Koenigsberger (Q-) ratios, by sample lithology. a) Suevite samples all demonstrate NRM control
of magnetization (Q>1); b) Suevite samples show very strong NRM and « in the NR73 suevites, and similar values
in the suevites in SUBO-18 and surface samples; c) Basement of NR73 demonstrates induced magnetization is
the main control of magnetization (Q<1); d) intensity of NRM and « values are strongly reduced in the basement;
e) SUBO-18 melt samples demonstrate NRM control of magnetization; f) SUBO-18 met samples demonstrate
generally low NRM intensities, and intermediate «.

4.5.2. Magnetic grain size and magnetic component analysis

Hysteresis data are plotted in a Day diagram (Day et al., 1977; Fig. 4.4) showing the Ms/Ms and Bc/Bc
ratios, which are distributed along the MD-SD (multi-domain and single-domain) mixing lines of
magnetite (Dunlop et al., 2002). IRM component analysis are presented as Gradient Acquisition Plots
(GAPs), and complimentary Linear Acquisition Plots (LAPs) in Fig. 4.5. Table 2 shows average
coercivity of remanence (Bip, shortened to “coercivity” for easier readability) and component
contribution to the total magnetization signal [%]. Supplemental file SF3 has all IRM and hysteresis
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data used in this section, including Supplemental Table (ST) ST3, which contains extra parameters for
each sample.

4.5.2.1. Surface samples

The suevite surface samples show pseudo-single domain (PSD) behaviour in the Day diagram (Fig.
4.4), and three out of four samples possess a single component of magnetization with average coercivity
between 40 and 52 mT, which is interpreted as PSD magnetite (Fig. 4.5, Table 2). The melt rich
Polsingen sample shows a second high coercivity (1778 mT) component with a contribution of 36%,
which we interpret as hematite.

Table 4.1. Rock magnetic parameters. k — magnetic susceptibility; x*B — Induced magnetization; NRM — Natural
Remanent Magnetization; Q — Koeningsberger ratio; Mt = Total Magnetization, given by NRM + « *B

Sample K [SI] (x*B) NRM [A/m] Q M total [A/m] Sample K [S]] (k*B) NRM [A/m] Q M total [A/m]
Surface Samples NR73
Altenburg 9.98E-06 0.0003  0.0006 187 0001 [ ooooas  36E03 01172 0268 2.28 0.385
Aumiihle 3.70E-06 0.0001  0.0003 217 0.000 29E-03 0.0968  0.259 2.67 0.355
Polsingen 3.38E-05 0.0011  0.0037 3.30 0.005 11E-02 03621  1.437 3.97 1.799
Wengehausen  3.75E-06 0.0001  0.0005 4.15 0.001 8.9E-03 02913  2.367 8.13 2.658
SUBO NR73-376 S 85E-03 02811  2.968 10.56 3.249
SUBO-22 4.23E-06 0.0001  0.000 3.23 0.001 74E-03 02446  2.455 10.04 2.700
SUBO-24 4.39E-06 0.0001  0.001 455 0.001 73E-03 02396  1.816 758 2.056
SUBO-33 1.05E-05 0.0003  0.002 555 0.002 11E-02 03621  1.899 5.25 2.261
SUBO-38-I 2.08E-04 0.0068  0.056 8.20 0063  INR73-475S 1.1E-02 0.3588  1.920 5.35 2.279
SUBO-38-II 4.56E-05 0.0015 0.007 4.69 0.009 1.2E-02 0.3983 2167 5.44 2565
SUBO-40 4.03E-05 0.0013 0.005 3.95 0.007 9.7E-03 0.3203 1.461 456 1.781
SUBO-50-I 2.57E-04 0.0084 0.062 7.38 0.071 1.1E-02 0.3555 1.662 4.68 2017
SUBO-50-II 6.98E-05 0.0023 0.009 3.83 0.011 NR73-498 SG 1.2E-02 0.3884 2.039 5.25 2427
SUBO-50-Il 3.98E-04 0.0131 0.077 591 0.091 1.1E-02 0.3686 1.531 4.15 1.900
SUBO-50-V  5.80E-05 0.0019  0.013 6.70 0.015 10E-02 03291 1279 2.89 1608
SUBO-50-V  1.80E-05 0.0006  0.018 30.42 0019 |NR73528Gn  9.3E-04 00308 0005 0.15 0.035
SUBO-51-1 1.83E-04 0.0060  0.041 6.76 0.047  INR73-520Gn  5.9E-04 00195  0.003 0.14 0.022
SUBO-51-1I 2.63E-04 0.0086  0.068 7.83 0076 |NR73-530Gn  3.9E-02 1.2869  0.943 0.73 2.230
SUBO-52-1 167E-04 0.0055  0.039 7.03 0044 INR73-530 Gn-ll 7.9E-04 0.0261  0.006 0.23 0.032
SUBO-52-I 2.58E-04 0.0085  0.076 8.91 0084 |\R73.534Gn  17E-03 00553 0018 0.33 0.074
SUBO-71 7.11E-04 00234 0228 9.76 0252 INR73-535Gn  1.1E-03 00356  0.036 1.02 0.072
SUBO-73 2.26E-05 0.0007  0.020 26.32 0020 |NR73-536Gn  2.8E-03 0.0905  0.052 0.57 0.143
SUBO-80-1 947E-04 00312 0476 15.26 0507 INR73-539Gn  2.3E-04 0.0075  0.000 0.04 0.008
SUBO-84 3.63E-04 00120  0.138 11.53 0150 (NR73-540SG  4.2E-04 0.0139  0.001 0.04 0.014
SUBO-85 123€-05 0.0004  0.007 16.43 0007 |NR73-546SG  3.5E-03 0.1155  0.023 0.20 0.138
SUBO-86 185E-03 0.0610  0.004 0.07 0065  |NR73552SG  8.0E-04 00262  0.009 0.34 0.035
232823. i'éég'gi g'gfl’gg g'gig i; g'g;g NR73-557Gn  55E-04 00182  0.003 0.18 0.022
el OO0 0. : : : NR73-573Gn  8.9E-04 0.0294  0.005 0.17 0.034
SUBO-89-I 2.46E-03 0.0810  0.409 5.05 049  |\R73.6740n  44E.04 00145  0.000 017 0.017
SUBO-90 2.34E-03 0.0770  0.448 5.82 0525 . : : : :
NR73-612Gn  1.7E-03 0.0546  0.012 0.22 0.067
SUBO-91 4.22E-04 00139 0126 9.10 0.140 AEE04 00148 0002 013 0017
SUBO-92-1 4.98E-03 0.1641  0.278 1.69 0442  |NR73-617 A . . . : :

3.9E-04 00129  0.002 0.15 0.015

SUBO-92-I 2.50E-04 0.0085  0.058 6.86 0.067
NR73-621Gn  6.4E-04 0.0211  0.003 0.15 0.024

SUBO-93 421E-04 00139  0.085 6.14 0.099
NR73-623Gn  6.5E-04 0.0215  0.006 0.30 0.028

SUBO-95-I 2.79E-03 0.0919  0.151 1.65 0.243
NR73-624 Gn  1.4E-05 0.0004  0.000 0.97 0.001

SUBO-95-I 3.20E-03 0.1084  0.444 4.09 0.552
SUBO.97 266E.04 00120 0,079 650 001 |NR73-629Gn  48E-06 00002  0.000 2.42 0.001
SUBO-98 1.21E-03 00397  0.072 1.81 0111 |NR73-630Gn  2A#E-02 07801 0477 0.61 L.257
SUBO-100  1.79E-03 0.0589  0.189 321 0.248 24E-02 07998 0787 0.98 1.586
NR73-664 Gn  7.7E-04 0.0254  0.018 0.71 0.044
NR73-672Gn  5.2E-04 0.0170  0.003 0.17 0.020
22E-03 00711  0.195 275 0.266
27E-03 0.0889  0.346 3.90 0.435
NR73-680SG 3403 01132 0461 4.08 0.575
48E-03 01573 0.764 4.86 0.922
NR73-820MB  5.5E-04 0.0180  0.000 0.02 0.018
NR73-826 MB  3.0E-04 0.0100  0.002 0.16 0.012
NR73-827 MB  8.5E-04 0.0280  0.004 0.15 0.032
NR73-820 MB__ 1.5E-03 0.0492  0.017 0.34 0.066
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45.2.2. NR73

The basement samples from NR73 show PSD behavior (Fig. 4.4), with generally low M/M; values (<
0.2), and two outlier samples that move further into the MD+PSD area (Fig. 4.4). Suevite samples also
show PSD behavior, despite a wider distribution and a trend to higher Ms/Ms values (Fig. 4.4). IRM
component analysis does not show a clear distinction from suevite, with 30 out of 35 analyzed samples
showing a single component, with coercivity ranging between 23 and 68 mT (average of 40 mT). Five
samples show two components, three of which show a 13-25% high-coercivity component contribution
(1000-1412 mT), which we interpret as hematite. One suevite sample shows a medium-coercivity
component (200 mT) with a contribution of 17%, which we interpret potentially as Ti-maghemite
(Table 2).

4.5.2.3. SUBO

Suevite samples from SUBO show similar apparent PSD domain state, but generally with higher Ms/Ms
than the NR73 suevites (Fig. 4.4). IRM component analysis suggests a single component of
magnetization with coercivity ranging from 55 to 87 mT, averaging at 68 mT. This phase is interpreted
as high-coercivity magnetite, suggesting magnetic domain states of fine PSD or SD. All melt samples
show a mean component coercivity ranging from 40 to 112 mT (average at 68 mT, like the suevites),
which we also interpret as relatively fine PSD or SD magnetite. 22 out of 34 samples show a second
component, which we separate into two categories: “medium-coercivity” (200-500 mT), and “high-
coercivity” (500-1258 mT). Ten samples show the “medium-coercivity” component, which we interpret
as being potentially Ti-maghemite with contributions ranging from 5% to 12%. The “high-coercivity”
component is present in 12 samples, which we interpret as hematite, with contributions between 5%
and 34%. Melt samples generally show high coercivity PSD state behavior in the Day diagram, with
some plotting close to the PSD+SD area, suggesting fine magnetic grain sizes (Fig. 4.4). The results
from both suevite and melt in SUBO do not fit within the SD-MD mixing lines from Dunlop et al.
(2002) (Fig. 4.4), likely due to the presence of a significant amount of non-magnetite components,
which limits the interpretations that can be made from the Day diagram (see Roberts et al., 2018). For
this reason, we evaluate the domain state primarily from high-coercivity results of the IRM modelling.

05 ASUBO melt
A N ONR73 basement
- i A i & Surface Suevites

0.4r Am Borehole suevite

wn
>
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Figure 4.4. Day diagram (Day et al., 1977) with SD-MD mixing lines (Dunlop et al., 2002) for hysteresis data of
our samples. SD — Single Domain, PSD — Pseudo Single Domain. Note a preferential close clustering of domain
states in basement of NR73 along the SD-MD mixing lines, and a tendency of SUBO melts towards PSD+SD
mixed compositions.
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Figure 4.5. IRM component analysis GAP and LAP for representative samples; a) Surface samples with one (left)
and two (right) components; b) NR73 shocked magnetite with one (left) and two (right) components; ¢) SUBO
suevite samples with one and two components (top left and right, respectively), and SUBO melt samples with one

and two components (bottom left and right, respectively).
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Table 4.2. IRM modelling component contribution and average grain population coercivity (Bi) for all our

samples, see text for details.

Component 1 Component 2 Component 1 Component 2
Sample Sample
Cont[% B(1/2)[mT]| Cont[% B(L/2)[mT] Cont[%] B(L/2)[mT]| Cont[%] B(1/2)[mT]
Surface Samples SUBO
Altenbiirg 100 43.7 SUBO-22 100 83.2
Aumiihle 100 52.5 - - SUBO-24 100 87.1 . B
Polsingen 64 41.7 36 1778.3 |SUBO-33 91 57.5 9 223.9
Wengenhaussen 100 39.8 SUBO-38-I 100 72.4
NR73 SUBO-38-II 100 55.0
NR73-332 S 100 67.6 - - SUBO-40g 100 58.9
NR73-376 S 83 44.7 17 199.5  |SUBO-40m 100 58.9
NR73-475 S 100 57.5 SUBO-50-I 100 69.2
NR73-498 SG 100 57.5 SUBO-50-II 100 66.1
NR73-528 Gn 100 41.7 SUBO-50-IlI 100 60.3 - -
NR73-529 Gn 100 36.3 SUBO-50-IV 88 44.7 12 398.1
NR73-530 Gn 100 38.0 SUBO-50-V Red 88 63.1 12 446.7
NR73-530 Gn-ll 100 33.1 SUBO-50-V Wht 100 70.8 - -
NR73-534 Gn 100 43.7 SUBO-51-I 92 56.2 8 251.2
NR73-535 Gn 100 28.2 SUBO-51-Il 96 60.3 4 794.3
NR73-536 Gn 100 30.2 SUBO-52-I 93 56.2 7 794.3
NR73-539 Gn 100 42.7 SUBO-52-1l g 80 60.3 20 1258.9
NR73-540 Gn 100 40.7 SUBO-52-Il m 100 66.1 - -
NR73-546 S 100 38.0 - - SUBO-71 95 97.7 5 794.3
NR73-552 SG 87 39.8 13 1000.0 |SUBO-73 90 89.1 10 1000.0
NR73-557 S 100 355 SUBO-80-1 93 74.1 7 501.2
NR73-574 Gn 86 33.9 14 14125 [SUBO-84M 84 79.4 16 489.8
NR73-612 Gn 100 28.8 - - SUBO-85 100 93.3
NR73-617 A 75 63.1 25 1000.0 [SUBO-86 100 75.9 - -
NR73-621 Gn 100 331 SUBO-87 88 72.4 12 631.0
NR73-623 Gn 100 38.0 SUBO-89-1 Gn 100 9.5 - -
NR73-624 Gn 100 30.8 i i SUBO-89-1 M 76 47.9 24 707.9
NR73-629 Gn 50 36.3 50 3081 [|SUBO-8%I 91 74.1 9 1000.0
NR73-630 Gn 100 40.7 SUBO-90 93 39.8 7 1000.0
NR73-664 Gn 100 33.9 SUBO-91 100 66.1 - -
NR73-672 Gn 100 316 SUBO-92-1 9% 4.7 5 251.2
NR73-680 SG 100 29.5 SUBO-92-l 100 70.8 - -
NR73.820 MB 100 0.3 SUBO-93 95 67.6 5 316.2
NR73.826 MB 100 920 SUBO-95-II 90 47.9 10 794.3
NR73.827 MB 100 282 SUBO-95-II 66 46.8 34 933.3
NR73-829 MB 100 30.9 SUBO-97 100 63.1
SUBO-98 100 61.7 - -
SUBO-100 94 66.1 6 1000.0

4.5.3. Texture and composition of magnetic phases

4.5.3.1. Surface samples

In the Altenbiirg suevite the main magnetic phase is magnetite, with small and round void-filling
skeletal textures, and grain sizes ranging from ~5 to 10 um, often grown in multi-grain clusters up to
50 um in diameter (Fig. 4.6a). In this suevite, some very rare, fractured magnetite grains (~40 wm) were
also observed. EPMA analysis indicate that the non-fractured granular grains show compositions near
magnetite (Fez2.g6Al0.02Tio.0aMgo.0104, N=32) with a small number of vacancies (Vacancies = 0.1, see
Table 3), indicating some cation deficiency. Vacancies are formed from the oxidation of ferrous Fe due
to low-temperature hydrothermal alteration or weathering according to 2 Fe?* = Fe** + vacancy (Dunlop
and Ozdemir, 2000). These results suggest some degree of maghemitization of magnetite.

The very melt-rich suevite samples from Polsingen present both magnetite and hematite as the main
magnetic phases according to our rock magnetic data. Macroscopically, the samples show a red color,
while microscopically hematite shows skeletal (~5um) growth around and along fractures in quartz
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crystals. Other oxides contain very high Ti concentrations and are grown as skeletal grains and
“clusters” like magnetite in the Altenbiirg suevite (Fig. 4.6b). EPMA of suitable grains (n=6) suggests
this is a member of the pseudobrookite series (Fe1gsTios7Mdo.16Alo.0sMno.010s; SF4, and ST4).

Aumuhle suevite does not show any microscopically visible magnetic phase. The Fe-rich phase in this
sample consists of cation-substituted and cation-deficient ilmenite (Tio.soF€067MJ0.0sMno.0103, N=36)
(Fig. 4.6¢; SF4, and ST4).

4.5.3.2. NR73

The main magnetic phase in all lithologies of NR73 is magnetite. In suevite, there is a mix of inherited,
shock-fractured magnetite from the basement, and newly formed magnetite. The new magnetite is
generally idiomorphic and non-fractured, with grain sizes ranging from ~5 um up to ~100 um (Fig.
4.6d). Like in surface suevite, some fractured basement magnetite grains are also found. EPMA analysis
(n=14) show low cation substitution in this magnetite (Fezg9Ti0.0104) and no vacancies (Table 3).
However, one spot measurement indicated that locally some of these non-fractured magnetite grains
may show a higher cation-substitution (Fe2esTio.12Mnoo1Alo.01Os), but these grains are very rare (only
once observed, see SF4 and ST4).

In the gneiss basement, the magnetite grains are fractured and larger than in the suevite (up to ~200 um;
see Fig. 4.6e and 4.6f). These grains often show ilmenite either filling the fractures in magnetite (see
Fig. 4.6e), or intergrown with magnetite (Fig. 4.6f), suggesting that some of the ilmenite is secondary
and post-impact. EPMA show that magnetite compositions range from Fes02Cro01Alo.01Tio0104 to
Fe2.93Tio.01Alo.0104 (in two samples with n=15 and n=10, see Table 3), with a low vacancy concentration
(0 to 0.05). Secondary ilmenite shows a range of compositions from TiozsF€073MnNp2403 tO
Feo.ss TioesMno.1203 (SF4 and ST4).

Magnetite from the metabasite basement show a very chromium-rich composition (n=10,
Fe286Cro11Ti0.0204) and in average a vacancy concentration of 0.13. These magnetite grains occur as
dusty grains in silicates (~5-10 um) and as lightly fractured larger xenomorphic grains (~100 um)
between silicate crystals, fractured during impact (Fig. 4.6g), which we interpret as preserved primary
magmatic or metamorphic textures of pre-impact origin. Cation-substituted and cation-deficient
ilmenite (Tiog1Fe073Mno16Mgo.0103, N=15) is also present in the metabasite with textures like the
magnetite, suggesting a congenic formation of both Fe-oxide phases.

4.5.3.3. SUBO

In the suevite and melt-rich suevite sections (21.19 to 86.24), mostly pyrite and Fe-carbonates occur
(see raw and EDX data in SF 3 - EPMA). When Fe-oxides are present, only very small hematite grains
are identified. Only in the continuous impact melt rock (86.24 to 99.98), sample 90 shows magnetite
grains large enough to be measured by EPMA. Most of the grains is very small (~5-10 pm) with some
exceptions where measurement is possible (Fig. 4.6h, 4.6i). These grains are not fractured, show
globular shapes that appear to fill pore spaces (Fig. 4.6h and 4.6i), and are often intergrown with other
oxides, generally hematite and ilmenite (Fig. 4.6h and 4.6j, see SF4, Table 2). Where magnetite was
observed, the compositions are slightly cation-substituted (Fez7sTio.0sAlo.0sMgo.0104) and cation-
deficient (vacancies = 0.11).

In addition to chemical composition, Table 3 shows the calculations of expected Curie temperatures for
each composition, using the empirical formula described in Engelmann (2008) for comparison with the
measured Curie temperature.
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4.5.4. Magnetic transition temperatures

4.5.4.1. Classification of k-T cUrves

We subdivided four different types according to their main features in the heating x-T curves.
Frequently the «-T curves are irreversible, with the heating curves reflecting the original magnetic
phases. Mineral reactions during heating may mask this phase in the cooling curve, which in turn
provides insight into the alteration of the sample.

Type 1 shows paramagnetic behavior in the LT measurement and heating curve. We classify a curve as
type 1a if both heating and cooling curves are reversible and paramagnetic (see “AUMI1 - Type 1a”, in
Fig. 4.7a). Type 1b curves show paramagnetic behavior in the heating curve, but irreversible cooling
curves with a strong increase of «, a large bump between around 200 to 400°C, and generally a A40
>100% (e.g., “WENI - Type 1b”, Fig. 4.7a), indicating the formation of a ferrimagnetic phase during
the measurement.

Surface Samples
Altenburg

475 Suevite ff(€) o 530 Gneiss

100 pym 100 pm

MB821 Metabasite

90-A Melt

Figure 4.6. Back scattered electron images obtained from electron probe microanalysis (EPMA) of representative
grains. mt=magnetite, hem=hematite, ilm=ilmenite, psb=pseudobrookite. a) small and round, void-filling grains,
melt-derived, from Altenbliirg; b) void-filling textured pseudobrokite-series grain in the Polsingen melt sample; ¢)
secondary ilmenite deposited along cracks of fractured grains in suevite from Aumihle; d) small, newly-formed
magnetite grains in the suevite of NR73; e) fractured magnetite grain in the basement of NR73 — note the ilmenite
deposited in shock fractures of magnetite; f) shock fractured magnetite and shocked fractured primary ilmenite
intergrowth in the basement of NR73; g) Cr-rich skeletal grains in the metabasite sample in NR73; h-j) Examples
of suitable, larger-than-usual grains that allowed for EPMA analysis, from the SUBO melt sample 90.
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Table 4.3. Averaged Electron Probe Microanalysis data, in wt % and cation contribution per formula unit of
surface, NR73, and SUBO-18 samples, refer to text or details. In brackets standard deviations (1) are given.

Altenbiirg NR73-475S 475 Ti-rich NR73-530 Gn NR73-530 Gn-Il  NR73-821MB SUBO-90

n 32 14 1 15 10 10 7
(0] 28.09 (1.56) 27.36 (0.56) 28.82 27.21 (0.58) 28.4 (0.49) 27.58 (0.58) 27.91 (1.17)
Cr 0.05 (0.03) 0.07 (0.04) 0.02 0.24 (0.02) 0.03 (0.01) 2.56 (0.51) 0.06 (0.07)
Fe 69.83 (2.00) 71.4 (0.43) 67.46 71.65 (0.35) 67.2 (0.20) 68.87 (0.80) 66.69 (2.29)
Mn 0.07 (0.04) 0.05 (0.04) 0.35 0.02 (0.01) 0.89 (0.02) 0.10 (0.03) 0.11 (0.09)
Al 0.24 (0.19) 0.04 (0.03) 0.11 0.09 (0.04) 0.11 (0.05) 0.023 (0.01) 0.56 (0.48)
Mg 0.13 (0.08) 0.01 (0.01) n.d. n.d. 0.01 (0.00) 0.02 (0.00) 0.13 (0.10)
Ti 0.19 (0.29) 0.12 (0.11) 2.54 0.11 (0.04) 2.62 (0.10) 0.13 (0.04) 1.60 (1.00)
Total 98.61 (0.45) 99.06 (0.67) 99.31 99.32 (0.65) 99.27 (0.67) 99.29 (0.81) 97.07 (0.72)
Cr - - - 0.01 (0.00) - 0.11 (0.02) -
Fe2+ 1.41 (0.00) 1.41 (0.00) 1.41 1.41 (0.00) 1.41 (0.00) 1.41 (0.00) 1.41 (0.00)
Fe3+ 1.45 (0.21) 1.58 (0.10) 1.27 1.61 (0.07) 1.52 (0.05) 1.45 (0.06) 1.34 (0.21)
Mn - - 0.01 - - - -
Al 0.02 (0.01) - 0.01 0.01 (0.00) 0.01 (0.00) - 0.05 (0.04)
Mg 0.01 (0.01) - - - - - 0.01 (0.01)
Ti 0.01 (0.01) 0.01 (0.03) 0.12 0.01 (0.00) 0.01 (0.00) 0.01 (0.00) 0.08 (0.05)
(0] 4.00 4.00 4.00 4.00 4.00 4.00 4.00
# Cations 2.90 3.00 2.82 3.04 2.95 2.87 2.89
Vacancies 0.10 - 0.18 - 0.05 0.13 0.11
Tc Calc (40) 574 576 513 576 573 576 537
Tc Measured 572 574 574 578 578 556 541

Type 2 and type 3 (3a and 3b) refer to (Ti-)magnetite, usually presenting Verwey transitions between -
147° and -175°C; and Curie temperatures between 545° to 604°C, depending on cation substitution and
oxidation. Type 2 curves are mostly reversible (Fig. 4.7b), whilst type 3 is irreversible (Fig. 4.7c). Type
3arefers to irreversible (Ti-) magnetite that show stable k from RT to the Curie temperature (Fig. 4.7d),
while type 3b refers to samples with constant « increase from RT to Hopkinson peak (Fig. 4.7e),
generally attributed to very small SD magnetite grains. Type 3a can present two types of irreversibility
in NR73, those with a k decrease after heating (negative A40; Fig. 4.7¢), or increase (positive A40, Fig.
4.7d, 7e).

Type 4 shows at least two ferrimagnetic phases, attributed to different (Ti-)magnetite compositions with
varying rates of cation-substitution, causing the presence of two different T, (see two examples in Fig.
4.7d).

We further subdivided the curves into sub-types “O” and “R”, depending on their alteration during the
k-T experiment expressed in the cooling curves.

Subtype “O” is characterized by a “hump” in « between 200-350°C in the heating curve. Samples with
this behavior may show typical (Ti-)magnetite characteristics (e.g., a “3a-O” type), with this “hump”
which we associate with transformation of maghemite to magnetite during the experiment (Fig. 4.7d).

Subtype “R” is irreversible and characterized by a very sharp Curie temperature at ~320°C in the
cooling curve, which we associate with formation of pyrrhotite from pyrite during the heating
experiment in an argon atmosphere (Fig. 4.7e).

These alterations mainly pertain to maghemitization of magnetite, or presence of secondary pyrite in
the samples, both of which are diagnostic of hydrothermal alteration. Thus, this subdivision allows us
to constrain the hydrothermal conditions (“O” = Oxidizing; “R” = Reducing).

Supplemental file SF5 contains all «-T curves for the surface samples, NR73 and SUBO.
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Figure 4.7. Representative x-T curves from different types found in our samples. a) Type 1 samples, Type la
(left) shows fully paramagnetic sample, Type 1b (right) shows formation of a new ferrimagnetic phase after an
original paramagnetic curve; b) Type 2 shows a reversible x-T curve denoting (Ti-)magnetite; ¢) Type 3 shows
an irreversible x-T curve denoting (Ti-)magnetite, 3b denotes a SD (Ti-)magnetite curve; d) Subtype “O” curves
are characterized by a “hump” of x between 200-350°C in the heating curve; e) Subtype “R” curves are
characterized by a very sharp Curie temperature at ~320°C, caused by the syn-experimental formation of pyrrhotite
from pyrite; f) Type 4 curves show a multi-component «-T curve, characterized by two Curie temperatures, at
580°C, and a second, around 530°C, regardless of the shape of the curve

4.5.4.2. Surface samples

The Altenbilrg suevite (n=2) shows no clear Verwey transition in the first low temperature
measurement, but it appears as a broad transition around -175°C (Table 4) in a second low temperature
measurement after heating to 700°C. Both measured samples are classified as type 3a-O. The Curie
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temperature at ~570°C is sharp and reversible, in accordance with the T. calculated from chemical
composition (see Table 3). The cooling curve shows an increase in k below 400°C, causing an A40 =
~47% (Table 4).

The Polsingen melt and melt-rich suevite both are classified as type 3b-O. A Verwey transition at -
165°C can be observed. Curie temperatures of both samples are around 576°C (Table 4), and «-T curves
are reversible in both melt and melt-rich suevite samples, suggesting no difference in the magnetic
carriers of melt and suevite.

Both samples in Aumiihle and Wengenhausen belong to type 1, with fully paramagnetic behavior.
Aumdtihle is a type l1a sample, whilst Wengenhausen samples show a large positive A40 (Fig. 4.7a,
Table 4). A repeated k-T curve was done for a second Wengenhausen sample (WEN2-1-1 and 2-2;
Table 4 and SF5), where the shape of WEN2-1’s cooling curve was maintained in WEN2-2, indicating
that the newly formed ferrimagnetic phase is stable at RT conditions. We suggest that in Wengenhausen
the signal is due to Fe-carbonate alteration into a ferrite of presumably mixed cation (e.g. Fe, Mn, Mg,
Ca) composition during the first k-T experiment.

4.5.4.3. NR73

In the NR73 drill core (n=41), the majority of k-T curves either belong to type 2 (n=7) or type 3 (n=24),
indicating (Ti-)magnetite is the main carrier of magnetization both in the suevite and the basement.
Type 1 samples are also common (n=7), and four consist of type 1b. In the lowest sections of the core,
type 4 curves can be identified (n=3), with at least two types of cation-substituted magnetite contributing
to the magnetization of the sample (see example in Fig. 4.7d; in Table 4 notice the two Curie
temperatures in heating and cooling curves from the type 4 metabasite samples).

In the suevites, four out of seven samples show hydrothermal alteration, with three “3b-O” subtype in
the lower sections of the unit, and one 3b-R curve at the contact with the basement (Table 4). The
observation of type 3b in these samples suggests small SD grain sizes, in agreement with our
microscopical observations (Fig. 4.6d). All type 3 curves in the suevites show a positive A40,
suggesting the formation of new ferromagnetic material, causing a 16 to 55% increase in k. Verwey
transitions are ~-167°C, and Curie temperatures in the heating curve around ~578°C, in agreement with
the calculated from the chemical composition (Table 3).

In the basement, most samples are unaltered, with one 3a-R sample limited to a suevite dyke at 546 m
depth (Table 4). Most type 3 show a decrease of k ranging from 9 to 29%. Only one basement type 3
sample shows a 20% increase in k. The Verwey transitions are ~-158°C, which is lower than the T, for
pure magnetite (~-153°C, Verwey 1939), only sample 821MB shows an even lower Ty at -180°C. The
Curie temperatures average 580°C, with variations related to varying degrees of cation substitution (see
calculated T in Table 3). Type 4 samples are limited to the lower sections of the core in the metabasite
samples, where we attribute the pure magnetite T, ~580°C to the dusty grains, and the second Curie
temperature ranging from 440 to 529°C, to the Cr-rich phases are observed (cf. calculated T in Table
3, Table 4; Fig. 4.69).

4.5.4.4. SUBO

In SUBO (n=35) the most common type is also type 3 (n=22), mainly type 3b, suggesting that SD (Ti-
)magnetite is the main magnetic carrier, in line with previous observations (Table 2, 3, Fig. 4.4, 4.5,
4.6). A wider range of cation-substitution is inferred by the wider range of Curie temperatures in the
heating curves, ranging from 545°C to 619°C in the main magnetic phase (Table 4). The presence of
type 4 samples (n=7) in the melt and suevites
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demonstrates the range of cation substitution, where a more substituted (Ti-)magnetite creates multiple
Curie temperatures, sometimes as low as 484°C (averaging at 530°C, see “TcH2” in Table 4). After
heating, the Curie temperatures are generally irreversible and tend to decrease, which may be attributed
to cation order/disorder effects (e.g., Bowles, 2013; Jackson and Bowles, 2014). Verwey transition
temperatures are generally lower than in pure magnetite, ranging from ~-149°C to ~-191°C, in
agreement with a wide range of generally high cation-substitution rates. The Verwey transition is
suppressed in the melt region.

From type 1 (n=6), two samples show “la” characteristics, one of them shows the formation of
pyrrhotite during the experiment (1a-R, Table 4), while the remaining paramagnetic samples are type
1b. In SUBO, hydrothermal alteration is prevalent, with only 11 unaltered samples. The most prevalent
alteration is reducing, with subtype “R” samples (n=18) widespread through the core. Subtype “O”
(n=2) is only observed in a transitory region with both melt and basement clasts present.

4.6. Discussion

4.6.1. Magnetic mineralogy

We performed a magnetic mineralogy study of basement and impact rocks from the inner ring and
megablock zone of the Ries crater using surface and drill core samples. Our study confirms that (Ti-
)magnetite is the main ferrimagnetic carrier of the magnetic properties and the paleomagnetic directions
as described in Pohl (1965), Pohl and Angenheister (1969), Pohl et al. (1977a; 2010), and Arp et al.
(2019). However, it also shows that the magnetic mineralogy is more complex, and magnetization is
often carried by multiple co-existing phases, related to shocked and new formed magnetite. In this
section, we will discuss the evolution of the magnetic mineralogy in relation to pre-, and syn-impact
events.

We will further discuss how post-impact hydrothermalism may have played a role in the observed
magnetic characteristics. These details have not been studied before and might be an important aspect
to understand the magnetic anomaly pattern.

To this end, we calculated an estimated percentage of magnetic contribution and hydrothermal overprint
for each sample location (Fig. 4.8). We used our «-T data to classify each of our samples into pre- and
syn-impact formed magnetite, and divided samples with signs of hydrothermal alteration into those with
a more “oxidizing” or “reducing” character. For example, out of 41 x-T measurements in NR73 (Table
4), seven are paramagnetic. Thus, paramagnetic samples make up 17% of the contribution in NR73. All
type 1 samples were excluded from ferrimagnetic contribution calculations.

4.6.1.1. Magnetic contribution

Pre-impact magnetite is only found in the basement of NR73 or in basement clasts in the suevite. These
grains are large, originally MD magnetite, which were exposed to a shock pressure of ~25 GPa
(Engelhardt and Graup, 1977), causing grain fracturing, fragmentation and crystal lattice defects. All
type 2, 3 and 4 basement samples of NR73 show shock features under the microscope and we consider
them as pre-impact magnetite (see Fig. 4.6e, 4.6f). Despite the abundance of large magnetite grains, the
shocked samples are generally demagnetized (Table 1 and Fig. 4.3) and have lower k than predicted by
empirical calculations (see Tarling and Hrouda, 1993) (Table 1, Fig. 4.3, 4.6e, 4.6f). The magnetite
shows intermediate PSD coercivities (~40 mT on average), despite their large grain sizes (>100um),
which would be expected to imply more MD behavior. The finer end of MD state is suggested for grain
sizes of ~10 um (Nagy et al., 2019), but PSD behavior may still occur up to ~100 um, under certain
lattice strain or anisotropy conditions (see Heider et al., 1996). In NR73, 25 out of 41 samples show
these characteristics, leading to a 61% pre-impact contribution (17% paramagnetic; Fig. 4.8).
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Syn-impact magnetite formed during or directly related to the impact event from impact melt and occurs
in glass-bearing breccia (suevite). These impactite-formed magnetite grains are generally smaller and
thus have higher coercivities (~68 mT) than the shocked ones (see e.g., Fig. 4.6d compared with 4.6e
and 4.6f), even after shock deformation (~40 mT). x and NRM are also generally higher in the syn-
impact magnetite (Fig. 4.3, Table 1). Syn-impact magnetite comprises type 2 and 3 curves from
Altenbiirg and Polsingen, as well as in the NR73 suevites (9/41; in total 22%). In SUBO, all samples
are classified as syn-impact (83%) except for the paramagnetic type 1 samples (17%) (Fig. 4.8).

4.6.1.2. Hydrothermal conditions

Subtypes O and R can be classified as pre- or syn-impact with hydrothermal overprint of an already
existing ferrimagnetic phase. This overprint is either related to oxidation of the original phase (subtype
0), or to the presence of hydrothermally deposited pyrite which transforms into pyrrhotite during the
heating experiment in an argon atmosphere (subtype R).

Type 1 samples were excluded from the magnetic contribution analysis, however type 1b samples,
which indicate the transformation of Fe-carbonate into a ferrimagnetic phase during experiments,
require oxidizing conditions for Fe-carbonate deposition. Therefore, we considered samples 1b along
with subtype “O”, to characterize the oxidizing hydrothermal overprint. This type of overprint is rare
in both NR73 (18%), and SUBO (16%) (Fig. 4.8), however prominent in the surface samples
(Wengenhausen, type 1b; Altenbiirg and Polsingen, type 3-0O).

On the other hand, subtype “R” is characterized by the formation of pyrrhotite during the heating
experiment and demonstrate the presence of sulphur-rich minerals like pyrite. The formation of pyrite
indicates a reducing nature of the hydrothermal fluids (Osinski et al., 2005). This is the most dominant
hydrothermal overprint in SUBO (51%), but rare in NR73 (only 5%).

Samples that do not meet the 1b, “O” or “R” characterization are proposed as hydrothermally unaltered
samples, that did not exhibit significant magnetic overprint or a hydrothermal effect in their magnetic
properties. This is the vast majority of NR73 (76%) and one third of the samples of SUBO (32%),
mostly in the continuous melt section (Table 4).

4.6.2. Magnetic evolution conceptual model

4.6.2.1. Pre-impact

Our results provide the first in-detail characterization of the magnetic mineralogy in the shocked
basement of the Ries crater. Before the impact, the regional magnetization was carried mostly by pure
magnetite with low rates of oxidation (maximum calculated vacancies around 0.05 for 3 cations, Table
3), and large grain sizes (up to ~200 um) suggesting an initial MD state (Nagy et al., 2019; Heider et
al., 1996). From size and abundance of these grains in thin sections we estimate a concentration of ~1%
magnetite in the bulk gneiss samples. At this concentration, we suggest that the original « in the pre-
impact Variscan gneisses range between 102 and 10 SI (see Tarling and Hrouda, 1993). This estimate
is in line with regional trends. Studies from (not shocked) Variscan granitoid basement rocks, such as
the Vosges mountains in France, show « values ranging from 102 Sl to ~10* SI (Edel et al., 2013). In
fresh, hydrothermally unaltered granite samples from the Soultz-sous-Foréts granitoid, k values are
around 102 SI (Just and Kontny, 2011), and a borehole of the German Continental Deep Drilling
Program (KTB) into the Variscan basement in the Oberpfalz region (Bavaria, Germany) shows « of
(not shocked) gneisses and metabasites in the same range of 10 to 10 SI (Berckhemer et al., 1997).
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Figure 4.8. Aeromagnetic anomaly map (nT) (after Pohl et al., 2010), with sampling locations. Vertical bars
represent the calculated [%] of magnetic contribution (Pre-, Syn- or Paramagnetic) and hydrothermal overprint
conditions. Refer to text for details in calculations of percentages.

At impact, the shockwave alters the magnetic properties of magnetite in three distinct and independent
ways: k reduction (e.g., Reznik et al., 2016); demagnetization (e.g., Gilder et al., 2006), and SRM
acquisition (e.g., Gattacceca et al., 2006, 2007; Sato et al., 2021). These three effects will irreversibly
affect the total magnetization values observed in Table 1, so we must address them individually.

The shock-induced grain fracturing (see Fig. 4.6e and 4.6f), and crystal-lattice defect formation may
reduce k in magnetite by up to 90% after shock pressures of 5 GPa (the Hugoniot Elastic Limit of
magnetite, Ahrens and Johnson, 1995; Reznik et al., 2016). Shock deformation causes grain size
reduction and associated (apparent or real) domain state decrease, through increased domain wall-
pinning (Lindquist et al., 2015; Reznik et al., 2016; Mendes and Kontny, in press). As the basement
(expected original « ~10 to 10" SI) was exposed to ~25 GPa, we attribute its reduced x (observed ~10°
4 S, Table 1, Fig. 4.3) and relatively high coercivities (~40 mT, consistent with PSD behavior; Table
2; Fig. 4.4, 4.5) to shock deformation.

NRM intensities in the Ries basement are generally quite low (<0.1 A/m Fig. 4.3, Table 1), compared
to the intact Variscan basement (e.g., KTB drill cores show NRM intensities around ~0.1 A/m, locally
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up to 10 A/m; Berckhemer et al., 1997). At impact, the demagnetization of the target and SRM
acquisition occur simultaneously but independently (Gattacceca et al., 2010). It is widely accepted that
ferrimagnetic minerals are subject to substantial demagnetization through compression, even at
pressures well below 5 GPa (e.g., Louzada et al., 2011). The demagnetization of an existing NRM
strongly depends on the coercivity of the target and thus, indirectly, the grain size (e.g., Cisowski and
Fuller, 1978). Shock demagnetization is stronger in the low coercivity fraction of the NRM (MD
magnetite, Pearce and Karson, 1981; Jackson, et al., 1993; Louzada et al., 2007; Bezaeva et al., 2007,
2010; Gattaceca et al., 2010). In fact, Kletetschka et al. (2004) demonstrated that <2 GPa MD magnetite
may lose up to ~90% of its pre-shock NRM, compared to a loss of ~70% in SD magnetite. In (Ti-
)magnetite, the demagnetization is also correlated to the Ti content (Bezaeva et al., 2010), however our
pre-impact magnetite is mostly pure (Table 3), so this is not a factor to consider in our case. MD
magnetite is also particularly susceptible to SRM acquisition (e.g., Tikoo et al., 2015). Compression at
low pressures in the presence of an ambient field may allow for SRM acquisition (Fuller, 1977;
Gattacceca et al., 2007, 2010; Srnka, et al., 1979; Louzada et al., 2011). Although the acquisition of
SRM depends on magnetic mineralogy and grain size (e.g., Sato et al., 2021), it is less efficient and
intensities are several times lower than the original NRM acquired through other processes, e.g., TRM
(Gattacceca et al., 2006). Therefore, we attribute the decreased NRM intensities of our rocks to shock
demagnetization, and rather neglect an SRM contribution to the total magnetization of these rocks. The
existing literature for the paleomagnetic directions in the shocked basement of NR73 (Pohl et al., 1977b)
suggest scattered inclinations, which implies that no primary pre-impact magnetization was retained,
and no stable post-impact remagnetization was acquired. Due to the reduced intensities, dominance of
induced magnetization (Q < 1), and likely scatter of directions during the modification stage of the
crater, the contribution of a potential SRM would be insignificant to the magnetic properties of the
basement of the Ries crater.

The shocked Ries basement shows similarities to those observed in the much larger Chicxulub impact
crater, Mexico (e.g., Mendes et al., 2023), where shocked magnetite is also the main carrier of
magnetization. Magnetite grains with similar sizes (>200 um), exhibit PSD state with coercivities
around ~40 mT, and a strongly reduced x (Mendes et al., 2023). The k (~10° to 10 SI) and NRM
(~0.01 A/m) (Mendes et al., 2023) of the shocked basement in Chicxulub are comparable to the x and
NRM observed here. In Chicxulub, the negative magnetic anomaly along the peak-ring is associated
with this shocked magnetite (Mendes et al., 2023). The peak-ring structure in Chicxulub consists of a
kilometers-thick section of uplifted basement morphologically like the inner ring in Ries (see Fig. 4.1c),
where reduced x and NRM cause a local drop in total magnetization along the structure, creating the
negative magnetic anomaly (Mendes et al., 2023). Due to the preponderance of literature on the
systematic reduction of k and NRM due to shock as described above, we consider the influence of
demagnetized basement for negative magnetic anomalies over impact craters to be a universal
observation and should be carefully weighed in magnetic anomaly interpretations of these structures.

4.6.2.2. Syn-impact

At the time of impact and the minutes immediately after, the high emplacement temperatures of the
suevite and impact melt (up to 900°C in the suevite and >2000°C for the impact melt, Osinski et al.,
2004), allowed for the formation of new and thus intact cation-substituted magnetite. The main
characteristic of this phase is mostly a low cation substitution, with Curie temperatures ~570°C (Table
3, 4), indicating compositions close to pure magnetite. Some minor cation-substituted magnetite with
lower Curie temperatures (~540°C) were also observed in the impact melts of SUBO. All newly formed
magnetite phases show Q-ratios >1, indicating that magnetization is mainly controlled by NRM (Fig.
4.3a, 4.3¢).
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The x, NRM intensity and domain state of magnetite in suevite (NR73 and Altenbiirg) and impact melt
(SUBO and Polsingen) varies strongly, and thus we will discuss them separately. The surface suevite
from Wengenhausen and Aumiihle show a strong hydrothermal overprint, so we will discuss them in
detail under the next heading.

In NR73, magnetite in suevite has higher k and NRM intensity than in shocked basement (Table 2) and
the suevite shows a wide range of domain states and coercivities, extending from SD to MD (Fig. 4.4).
This range show either that larger shocked magnetite grains inherited from the basement clasts
contribute to the total grain population, or that different cooling rates during magnetite crystallization
from impact melt caused a range of grain sizes.

In Altenbirg, k and NRM values are very low, and magnetite shows a low cation substitution (Table
3). The small grains, with skeletal textures in isolated clusters (Fig. 4.6) suggest that the cooling of this
surface suevite was faster than in the crater suevite, which may have not allowed for a more prolific
magnetite crystallization. Furthermore, the cation deficiency in this sample (vacancies = 0.1; Table 2)
and type 3b-O k-T curves suggest some degree of maghemitization and oxidation. This maghemite
seems to be transformed into magnetite during the x-T experiment, causing a positive A40 of ~47%,
and the appearance of the Verwey transition in a second low-temperature run (Table 2). The Verwey
transition may have been repressed in the first LT-curve by the maghemitization, since it is sensitive to
oxidation (Aragon et al., 1985). We consider the low concentration of magnetite, its small grain sizes,
and its oxidation/maghemitization to be the cause of the low magnetization in Altenblirg.

The long exposure to high temperatures after the impact event is also expected to have strong effects
on the shocked pre-impact magnetite. Recent studies of experimentally heated shocked magnetite
indicate that thermal annealing of shock-induced lattice defects has a significant effect on the recovery
of magnetic properties (Kontny et al., 2018; Mendes et al., 2023; Mendes and Kontny, in press). With
thermal annealing, domain states appear to increase and some « is restored (Kontny et al., 2018; Mendes
et al., under review). This « restoration after heating is evident in notoriously irreversible x-T curves
with positive A40[%] values of 20-50% (e.g., see Fig. 4.1 in Kontny et al., 2018). Shocked basement
shows irreversible type 3 x-T curves, however with negative A40[%]. Negative values indicate a
transformation of magnetite to a less magnetic phase, such as ilmenite (Hrouda, 2003; Table 4). These
negative values do not exclude annealing as a process but may suggest that « increase through annealing
could be masked by a larger « decrease from mineral transformation. An example for the
transformations of hematite to magnetite during heating in argon atmosphere in natural samples of
Chicxulub showcase how mineral transformations dominate and overprint the signal of thermal
magnetite annealing, although annealing still takes place (Mendes et al., 2023; Mendes and Kontny, in
press). Under these circumstances, thermal annealing is only identified through very sensitive methods
that identify small domain state variations, such as first order reversal curve (FORC) diagrams (Mendes
and Kontny, in press).

The presence of type 2 curves in the shocked basement suggests that not all basement magnetite
undergoes mineral transformations, but also do not experience an annealing-induced « increase during
the experiment. Therefore, we propose that these samples may have already been annealed naturally by
the emplacement of suevite dykes (>900°C) that intersect the basement. Immediately after
emplacement, contact with the suevite could lead to high enough temperatures to anneal the physical
defects, without necessarily creating favorable chemical conditions for mineral transformations. In the
absence of mineral transformations, magnetite shocked above 5 GPa always shows an increase in «
after heating (Kontny et al., 2018; Mendes and Kontny, in press). The absence of an « increase
necessitates that either: 1) samples already experienced annealing in nature; or 2) the shock pressures
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in the basement are heterogeneous, and did not reach 5 GPa in NR73, leading to irreversible brittle
deformation (fracturing and fragmentation) but no plastic deformation that can be reverted by thermal
annealing. We find explanation 2) unlikely for the basement of NR73 however, where shock pressures
at the sampled depths (~600 m; Fig. 4.2) are estimated to be around 25 GPa (Engelhardt and Graup,
1977). Some shock attenuation is identified in the basement; however, the shock pressures are described
to be still above 5 GPa until around 1200 m depth (Engelhardt and Graup, 1977). Furthermore, the
intensity of grain fracturing and fragmentation of the magnetite (Fig. 4.6e, 4.6f), low NRM, « (Table 1,
Fig. 4.3), and the apparently decreased PSD domain state (Table 2, Fig. 4.4), strongly suggests that the
magnetite was exposed to shock pressures above the 5 GPa threshold. Thus, we favor the interpretation
that an abundance of suevite dyke intercalations within the basement lead to a natural annealing of the
magnetite immediately after the impact event. It is possible that the intensity of the irreversible brittle
deformation is significantly more extensive over plastic reversible deformation, thus making the
restoration of magnetic properties through annealing insignificant at the larger scale.

Impact melts in SUBO and Polsingen have low k and NRM intensity (Table 1; Fig. 4.3), with general
small apparent magnetite grain size, decreased domain state, and associated high coercivity (Table 2;
Fig. 4.4, 4.6i and 4.6j). In SUBO, magnetite is slightly more cation-substituted than in the other suevite,
with T¢ on average at around 570°C in the main phase, and 540°C for minor phases (Table 4). Coercivity
values of ~68 mT of the magnetite phase suggest a SD/fine-PSD domain state (Fig. 4.4, 4.5, Table 2),
consistent with grain sizes that can be too small for EPMA analysis (with some exceptions, see Fig.
4.6h). Our results are in contrast to previously published data of SUBO (Pohl et al., 2010), that described
NRM intensity up to 1.5 A/m, whereas our samples are on average ~0.13 A/m. We attribute the low
magnetization to the prevalence of very small SD grains and cation-substituted magnetite in the impact
melt, as well as the presence of ilmenohematite which gives these samples their characteristic red color
(Osinski et al. 2004; 2005). Low intensities can also be caused by cation-substituted hematite with
contribution to the NRM signal ubiquitous in the melt, but rare in in the suevite (Table 2). We attribute
the deviation between our results and the results published by Pohl et al. (2010) to natural heterogeneity,
with high intensities being outliers to the average. In the Polsingen red suevite, we observed a lower
cation-substitution (Tc ~577°C) and mean coercivity of ~40 mT (Table 2; Fig. 4.4, 4.5a), suggesting
coarser grains, but also PSD state. PSD state behavior is retained until around ~10 um (Nagy et al.,
2019), but grains of that size are rare in the impact melt (note that Fig. 4.6 depicts the only grain used
for EPMA in Fig. 4.6h and 4.6i). As in SUBO, the small (~5 wm) magnetite and (cation-substituted)
hematite (Fig. 4.5, Table 2) also explains the low NRM intensities.

4.6.2.3. Post-impact hydrothermal overprint

The post-impact hydrothermal system in the Ries crater was well developed, but generally of low
temperature (~130°C to 300°C, Osinski, 2005) and not very laterally extensive (Sapers et al. 2017). The
hydrothermal alteration affects each of the magnetic phases, and the main characteristics of the
hydrothermal alteration are overall similar in NR73 and SUBO. Surface samples from the megablock
zone are limited to a first, high temperature phase (see below).

In pre-impact minerals from the basement and in clasts found in suevite of SUBO, hydrothermal
alteration causes minor oxidation of pure magnetite likely along free surfaces of the fractures and grain
boundaries (Fig. 4.8). The hydrothermal fluids are also responsible for the deposition of Fe-carbonates
responsible for type 1b curves (Table 4, Fig. 4.8). In some pre-impact samples, IRM modeling suggests
the presence of some hematite, which we interpret as likely formed from this same hydrothermal phase.
The hydrothermal systems described in the Ries impact crater (Newsom et al., 1986; Osinski 2004,
2005; Osinski et al., 2013; Sapers 2017) have generally low temperatures, around ~130 — 300°C in a
first, steam dominated phase, and <100°C during a second, long-lasting phase (Osinski et al., 2005).
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These temperatures are too low to cause annealing in pre-impact magnetite, with minimum required
temperatures ~45 to 540°C (Mendes et al., 2023; Mendes and Kontny, in press). It is worth noting that
despite 76% of the ferrimagnetic samples of NR73 being hydrothermally “unaltered”, some secondary
ilmenite is observed in the cracks of the shocked magnetite (Fig. 4.6e), denoting that hydrothermal
alteration happened, but did not overprint or affect strongly the magnetic characteristics in the Ries
basement. In NR73, 18% of the samples show oxidizing and only 5% reducing conditions, with most
of the alteration is localized in the suevites (Table 4). Thus, despite ubiquitous hydrothermal alteration
in NR73, the magnetic phases were generally preserved.

In syn-impact magnetite, the hydrothermal overprint also varies regionally. The paramagnetic type la
curves from Aumihle were taken from degassing channels, where a large amount of secondary ilmenite
is deposited (see EPMA data in SF4, Fig. 4.6¢). In Wengenhausen and the upper suevite of SUBO
(Table 4), type 1b curves suggest the presence of some Fe-carbonates in the sample, which transform
into a ferrimagnetic phase during x-T experiments, likely (Ti-)maghemite or (Ti-)magnetite. Suevite
from NR73 and Altenbirg also show mostly oxidizing hydrothermal alteration and maghemitization
(Table 4, Fig. 4.8).

In contrast to NR73, a hydrothermal overprint in SUBO is dominant, with 64% of the samples showing
signs of overprint. The majority of the overprint occurring in SUBO is reducing (51% of the samples;
Fig. 4.8; Table 4), with a majority of samples showing the formation of pyrrhotite during the heating
experiment. Pyrrhotite is formed from paramagnetic pyrite, deposited in a reducing environment. It is
worth noting that in SUBO, at least one sample shows the presence of both Fe-carbonates and pyrite
(see Table 4 sample SB-33). These results suggest that both alteration conditions affected the samples,
possibly requiring continued evolution of the hydrothermal fluids over time.

To our knowledge, this is the first study focusing on the influence of hydrothermalism on magnetic
mineralogy. Our results agree well with previously published studies regarding the hydrothermal
systems more generally, suggesting that most of the alteration is localized in the suevites (e.g., Osinski
et al., 2013). A two-stage cooling model has been proposed in literature (e.g., Naumov, 2005; Sapers
2017) that describes a first, rapid convection-driven cooling above boiling temperatures through steam
and degassing, and a second long-lasting gradual cooling stage. The samples from Aumiihle which were
taken from degassing pipes have been attributed to this first stage (Chao et al., 1978; Newsom et al.,
1986; Sapers et al., 2017). We suggest the first stage is responsible for generally reducing conditions,
leading to the deposition of the Fe-sulphides in the inner crater suevite. We propose that in the basement,
the injection of suevite dykes during the formation of the crater (Stoffler et al., 1977; Stoffler 1977) and
partial melting of the gneiss and metabasite, created a very Ti- rich impact melt and fluids at the time
of impact. Although vapor convection-driven alteration of the first stage is restricted to the upper
suevites, we believe that the high-temperature suevite dykes in the basement have also created
conditions that allow for contemporaneous deposition of the secondary ilmenite observed in the
fractures of the shocked magnetite throughout the basement.

The second hydrothermal phase (see Sapers et al., 2017) likely lasted for a long time (up to 250 kyr)
and was characterized by slow cooling of heated material (e.g., Osinski et al., 2013) and weakly alkaline
(pH > 8 — 9) fluids, which are derived from meteoritic water and from the crater lake (Muttik et al.,
2011). These alkaline fluids may be responsible for the creation of oxidizing conditions for the
formation of the Fe-carbonates, maghemitization, and local oxidation of pyrite to goethite in the surface
samples and suevite of NR73 and SUBO. The second stage is stronger in the inner crater, and we suggest
that it may locally overprint the first stage through oxidation of the earlier formed pyrite, as subtype
“R” is absent in NR73. Alternatively, it is also possible that first-stage pyrite only forms where enough
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Fe and S species are available in the fluid. The high carbon content within claystone, such as those from
the Mesozoic sedimentary cover (Graup, 1975) could lead to more reducing fluids locally, which
enhances the mobility of Fe and S species. While in the inner crater no sedimentary cover is preserved
in the crater basement (see Fig. 4.2), it is hypothetically possible that some of the sequence may be
preserved closer to the inner ring. Both second-stage oxidation of pyrite or absence of pyrite deposition
can reasonably explain the absence of subtype “R” in NR73.

4.6.3. Implications for the magnetic anomaly pattern

Magnetic anomalies in the Ries crater have long been related to the presence of a strong NRM reverse
polarity in the crater suevite (Pohl, 1965; Pohl and Angenheister, 1969; Iseri et al., 1989; Pohl et al.,
1977a, 2010; Arp et al., 2019). Our results from NR73 corroborate this hypothesis, as the Q-ratios show
that the magnetization of the suevite is controlled by the NRM, and a strong total magnetization (~2
A/m). In contrast, the total magnetization of the basement is much weaker (average ~0.1 A/m), and the
induced magnetization is dominant over the NRM (Q<1). With « reduced by up to two orders of
magnitude (~10* from originally estimated ~10 Sl), the magnetization in the basement is very low
(~0.1 A/m, Table 1). This allows the thick layer (~200 m) of strongly reverse polarity suevite to
dominate the magnetic signal and create the negative magnetic anomalies in the inner crater.

In SUBO this relationship is not so clearly developed. Although the Q-ratio is >1, the total
magnetization in the investigated samples is generally one order of magnitude lower than in NR73
(average ~0.14 A/m, Table 1). SUBO, which was drilled into the uplifted inner ring (see Fig. 4.1 and
Arp et al., 2019), did not reach the basement, however modeling of the magnetic anomaly performed
by Pohl et al. (2010) estimates that the basement is only ~120 m below the surface. This means that the
impactite layer of ~100 m, which is only slightly stronger magnetized than the demagnetized basement
(Table 3), has only half the thickness of the NR73 impactites. However, the intensity of the negative
anomaly is comparable to NR73 (see Fig. 4.1d, and Pohl et al. 2010). The NRM of the suevite is very
weak (average ~0.01 A/m), and the melt, albeit stronger (~0.16 A/m), presents only a very thin (at most
~50 m) continuous layer, which is still two orders of magnitude weaker than the impactites layer of
NR73. The weakness of the impactites, combined with the thicker and high-uplifted demagnetized
basement, lead us to propose that in SUBO the reverse polarity of NRM may not be the dominant reason
for the negative anomaly as previously proposed by Pohl et al. (2010), but rather is caused by the overall
lack of magnetization instead. While NRM and « can be locally strong (see Fig. 4.2 and Pohl et al.,
2010), these are outliers rather than a lithology wide trend. The absence of magnetization creates a
contrast with the background magnetization, which causes the anomaly. This hypothesis can be tested
by modeling the anomaly, combining the results presented by Pohl et al. (2010) and in our study,
however such modeling is beyond the scope of the present work.

A significant contribution from the uplifted demagnetized basement would agree with observations
from the Chicxulub impact structure (Mexico, Mendes et al., 2023), where a layer of shocked,
demagnetized basement in the uplifted peak-ring created a region of low total magnetization (x = ~1x10-
3SI; NRM= ~0.01 A/m). Syn-impact cation-substituted magnetite in the impact melt of the peak-ring
shows much stronger NRM (up to 1 A/m), « (up to 20x107 SI), Q-ratios >1, and reverse polarity
inclinations (Inc. = ~-44°; see Tikoo et al., 2017; Kring et al., 2020; Mendes et al., 2023). Despite the
reverse polarity in the peak-ring, the newly formed magnetite from the melt is suggested to cause the
positive magnetic anomaly in the adjacent melt pool in the central basin of the crater (e.g., Rebolledo-
Vieyra et al., 2010; Urrutia Fucugauchi et al., 2011). However, the relationship between the magnetic
mineralogy and the positive anomaly is still under debate, as no drilling has recovered material from
this melt pool until now. Nonetheless, the inclination found in the melt layer of the peak-ring agrees
with the expected direction for the time of impact at Chron 29r, which lasted for at least 250 ka after
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the impact (Sprain et al., 2018). This observation raises a question regarding the origin of the magnetic
anomaly: if the central basin cooled below 580°C within 250 ka (which is likely) and shows the same
reverse inclination as the rest of the melt, why does it present such a strong positive magnetic anomaly?
This is different to the observation in the Ries crater made in this paper and in previous studies (Pohl,
1965; Pohl and Angenheister, 1969; Pohl et al., 1977a, 2010; Arp et al., 2019), which considers the
direction and intensity of the NRM to be the main controlling factor for the magnetic anomalies. A
comparison between Ries and Chicxulub highlights how the understanding of the relationship between
magnetic mineralogy, impact processes and magnetic anomalies over craters remains a challenge in
impact research. We suggest that the contribution of the demagnetized basement to the magnetic
anomaly is generally underestimated, and often overlooked.

4.7. Conclusions

We have investigated the magnetic properties and magnetic mineralogy in suevite, impact melt and
shocked basement from the surface (outer ring and megablock zone), and from boreholes NR73 (inner
crater) and SUBO (inner ring) in the Nordlinger Ries impact crater, Germany. We discriminated pre-,
syn- and post-impact processes to better understand the evolution of crater magnetism, and the
contribution for the total magnetization and magnetic anomaly pattern.

The main magnetic mineral in the surface and NR73 suevite is low cation substituted magnetite. This
phase is also observed in SUBO, but a second, more cation-substituted magnetite also contributes to the
magnetization. Suevites in NR73 have a strong total magnetization (~2 A/m), whilst in SUBO both melt
and suevite show much lower magnetizations (~0.14 A/m). We attribute the lower magnetization to the
smaller grain sizes and related domain states, higher cation-substitution, and an overall higher
concentration of ilmenohematite rather than magnetite, in these rocks.

The shocked basement of NR73 contains pure, shocked, and demagnetized magnetite (~0.1 A/m), with
PSD domain state and high coercivity, despite large grain sizes (~200 um). The shocked magnetite was
likely annealed locally, in contact with high temperature suevite and impact melt (900° to 2000°C).

A two-stage hydrothermal system altered but did not significantly overprint the pre-existing magnetic
properties of our sampled lithologies. A first, steam driven fluid is responsible for wide-spread
formation of Fe-sulphides and ilmenite locally in the shocked basement. This was followed by a weakly
alkaline longer lasting system, depositing Fe-carbonates, and oxidizing existing phases.

We propose that the negative magnetic anomalies above NR73 and SUBO have different origins. In
NR73 it is caused by a strong reverse polarity NRM, in accordance to previously published literature.
However, for the local negative magnetic anomaly at SUBO we suggest that the anomaly is caused by
an overall absence of magnetization. A thicker section of contiguous uplifted and demagnetized
basement overlain by a magnetically weak melt and suevite layer causes a localized lack of
magnetization, that contrasts with the background magnetization, causing the local magnetic anomaly.
This mechanism has been observed before and is proposed to explain negative anomalies over other
large impact craters, such as the Chicxulub crater (Mexico). However, a holistic understanding of the
relationship between magnetic mineralogy and magnetic anomalies in impact craters remains elusive
and requires new modeling of the magnetic anomalies, incorporating the here suggested concept.
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5. Summary
5.1. Nature versus laboratory

5.1.1. Shock in nature and laboratory

| investigated naturally shocked magnetite in two impact craters, Chicxulub (Mexico) and Ries
(Germany). In a first stage, the effects of impact shockwave deformation on the magnetic properties of
magnetite were constrained, and then compared to experimentally shocked magnetite. Magnetite in the
natural craters loses up to 90% of its magnetic susceptibility (x), when compared to theoretical
estimations and other natural analogues. This is in agreement with shock reverberation experiments and
previous studies in shocked magnetite (Reznik et al., 2016). The results presented in this thesis are
consistent with brittle fracturing, grain fragmentation, and plastic crystal lattice defect accumulation as
the main mechanisms of shock-induced loss in k. This deformation model postulates a relation between
shock pressure, increase in lattice strain, and decrease of apparent domain state through grain
fragmentation and domain wall-pinning in fractures and lattice defects. The findings presented in
Chapter 3 further show that experimentally shocked magnetite is an adequate analogue for naturally
shocked magnetite, particularly with respect to shock-related apparent domain state changes and
associated coercivity increase (Fig. 5.1).

The naturally shocked samples also demonstrate a similar response to thermal treatment as the
experimentally shocked magnetite, even in the presence of chemical alteration. Thermal annealing is
directly observed to occur in the natural samples, and is a phenomenon that conclusively can happen in
nature, given high enough temperatures (e.g., contact with high temperature impact melt and suevite).
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Figure 5.1. a) Room-temperature FORC diagrams of all magnetite ore samples before heating; b) Room-
temperature FORC diagrams of the natural granite samples, from Chicxulub (1100) and Soultz (2533). Note that
the sample from the Chicxulub crater demonstrates similar domain state behavior as samples experimentally
shocked at 10-30GPa; c) Fit of coercivity components to the IRM acquisition curves for representative samples.
Color scale units are in Am?/kgT?.
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5.1.2. Natural temperature and hydrothermal overprint?

The results demonstrate that temperature overprint of magnetic properties also occurs in natural impact
craters, but the conditions required are more confined than previously thought. The annealing of lattice
defects in magnetite and the recovery of magnetic properties is an instantaneous process, with exposure
time having a negligible effect given high enough temperatures. Chapters 2 and 3 establish ~540°C as
a minimum temperature threshold for physical annealing, which shows clear irreversible changes in the
magnetic domain state of the sample (Fig. 5.2).
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Figure 5.2. Stepwise heating/cooling experiments in Ar atmosphere for sample 1100. (a) Consecutive k-T heating
steps to 450°C, 500°C, 520°C, and 540°C, all showing reversible behavior; (b) At 560°C and 580°C irreversible
behavior initiates; (c) experimentally shocked sample at 20 GPa before and after heating to 540°C, denoted a
domain state increase towards more MD behavior, and coercivity distribution shift towards lower values.

The maximum temperatures of the natural hydrothermal systems in both Chicxulub and Ries impact
structures are significantly lower (~450°C and ~300°C, respectively) than the threshold for magnetic
annealing. The results of sample 1100 in Chapter 3 prove that annealing did not occur naturally in the
peak-ring of Chicxulub, as its FORC signal is similar to the experimentally shocked samples before
annealing (see Fig. 5.1). Even in Chicxulub, where hydrothermal temperatures were highest and
exposure time the longest, no natural annealing of magnetite could be observed. This fact, together with
only a subordinate signal of hydrothermally deposited ferrimagnetic phases, leads us to believe that
post-impact hydrothermalism did not significantly overprint the magnetic properties of the shocked
magnetite in Chicxulub and Ries. Despite no magnetic properties being changed, hydrothermal
alteration is observed in the form of oxidation or alteration of non-magnetic phases. These phases may
later be responsible for the formation of new ferrimagnetic phases with temperature, during the
experiments.

5.1.3. Influence of shock and temperature in magnetic anomaly patterns

Natural annealing is observed to occur in contact with high temperature melt or suevite layers or dykes
where temperatures are above 700°C. These occurrences are local however, and do not significantly
impact the magnetic signature of the shocked basement. As hydrothermalism fails to ubiquitously
anneal the magnetite, thermal annealing in natural impact craters does not seem to play a major role in
the magnetic anomalies of the studied impact craters.
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The investigations carried out in Chapter 2 and 4 suggest that the shocked and magnetically unrecovered
target basement systematically show reduced NRM and « values, which may significantly contribute to
the observed negative magnetic anomalies. The role of this demagnetized basement has been
underappreciated until now, but it is an important factor to consider as a major contribution to the
anomaly patterns over impact structures.

Lastly, the relationship between NRM direction and its influence on magnetic anomalies remains
unclear. Observations described in literature for the Ries impact structure describe partially how strong
reverse polarity NRM directions controls the magnetic anomalies (e.g., Pohl, 1965; Pohl and
Angenheister, 1969; Pohl et al., 1977a; 2010; Arp et al., 2019). However, in Chapter 2 and in some
other recent literature (e.g., Tikoo et al., 2017; Kring et al., 2020), the Chicxulub melts demonstrate a
similarly strong NRM (~0.1 to 1 A/m), and also reverse polarity directions. This implies that the melt
pool in the central basin of Chicxulub would be expected to show an equally strong negative magnetic
anomaly, which it does not. The fact the magnetic anomaly in the central basin of Chicxulub is strongly
positive despite the likely reverse polarity NRM directions, showcases how the understanding of
magnetic anomalies over impact structures on Earth remains a challenge in impact research.

5.2. The hematite question: how does oxidation affect the response to temperature?

5.2.1. Influence in natural craters

The oxidation of magnetite is a ubiquitous process on the Earth’s surface, and occurs in multiple impact
craters as well. As the most common oxidation process is the alteration of magnetite towards
magnetically weaker phases such as hematite, this destruction of the magnetic phases in a crater post-
impact inevitably contributes to the magnetic anomaly pattern. This does not apply to the craters studied
here, as particularly in Chicxulub the oxidation and formation of hematite occurred before impact, and
thus the bulk of the loss of magnetic properties are shock-related rather than oxidation-related.

The work presented in this thesis shows that oxidation-derived hematite will revert back to magnetite
if exposed to high enough temperatures, even in near-inert environments such as an Argon atmosphere,
potentially due to the presence of trace hydrocarbons. This newly formed phase is much stronger than
the existing magnetite, and strongly overprints annealing effects when both happen concomitantly. The
fact that this transformation can occur even in near-inert atmospheres suggests it does not require
particularly reactive environments, if given high enough temperatures. This transformation also occurs
naturally in Chicxulub, in contact with the melt dykes.

Natural hematite to magnetite transformation is not particular to impact craters, and it can take place in
a range of geological environments, such as loess deposits, environmental contamination and wildfire
related mineral transformations in soils (e.g., Deng et al., 2001; Just and Kontny, 2012; Mang and
Kontny, 2013; Jiang et al., 2016; Gorka-Kostrubiec et al., 2019; Szczepaniak-Wnuk et al., 2020;).
Despite it being wide spread, the magnetic consequences of this phenomenon has until now not been
studied in depth.

5.2.2. A new process of remagnetization?

A significant discovery presented in this thesis pertains to the domain state of the magnetite formed
from hematite transformation. The transformation is instantaneous and irreversible, and creates new
mottled textured magnetite grains, which denote SD-SP domain state due to their fine grain size. The
new magnetite substantially overprints the original magnetic signal, even when the transformation is
incomplete. The overprint is significant, even in magnetite that has not been exposed to shock or other
demagnetization processes, such as the magnetite-series granite occurring at depth near Soultz-sous-
Foréts in the Upper Rhine Graben.
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We believe that research into the boundary conditions of this phenomenon is an important next step for
the paleo- and rock magnetic research community: SD magnetite grains are more stable and reliable
recorders of paleomagnetic intensities and directions than MD grains, at the geological time scale. This
means that even a small fraction of SD grain forming from hematite transformation could completely
remagnetize and overprint the original direction, and we believe that this process has so far been
underestimated. However, it remains unclear from our preliminary results if this new phase could
maintain a stable NRM direction. Furthermore, the temperature threshold for the transformation
estimated here (>560°C) is close to the unblocking and Curie temperatures of natural magnetite, and
thus are likely to cause remagnetizations regardless. On the other hand, the chemical conditions
associated with such high temperatures in nature are seldom near-inert (like in our 99.998% purity argon
atmosphere). If the trace hydrocarbon content in the Argon atmosphere is the cause of transformation,
it is reasonable that the transformation would be enhanced in more hydrogen-rich conditions, for
example derived from the process of serpentinization (e.g., Osselin et al., 2021). Such environments are
known to induce hematite to magnetite transformation at lower temperatures, around ~200°C (Thins et
al., 2019), far from the unblocking and Curie temperatures of magnetite. It also suggests that the
temperatures necessary for hematite to magnetite transformation may be inversely related with how
reducing the environment where it takes place.
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6. Conclusions and outlook
6.1. Conclusions

Magnetic anomaly patterns in the Chicxulub and Ries impact structures are both connected to magnetite
as the main magnetic mineral, despite each crater’s very different size and post-impact evolution. Both
impact structures have two generations of magnetite in common: (1) in the shocked basement, a primary
magnetite phase that is pure and stoichiometric, with large shock-deformed and fractured grains (>100
um), reduced NRM and «, Q-ratios <1, and decreased domain state from originally MD to PSD/V; and
(2) in the impact melts and suevites, a newly formed, non-shocked and generally low-cation substituted
(Ti-)magnetite, with smaller (~10-50 um) grains, generally high NRM and «, Q-ratios >1, and domain
state ranging from SD to PSD.

The Chicxulub impact generated an extensive, high-temperature (up to 450°C) and long-lasting (up to
2 Ma) hydrothermal system that ubiquitously permeated the shocked and porous basement.
Hydrothermalism was fueled by the latent heat of the central melt pool, and melt dykes that intrude the
peak-ring, particularly in M0O077A’s lower section. The hydrothermal system did not significantly
overprint the magnetic signal in the basement of the Chicxulub peak-ring, as it did not generate a
significant new magnetite phase (or destruction of magnetic phases), and the temperatures reached were
well below the annealing threshold (~540°C). Regions of contact with the impact melt show that locally
magnetic annealing did take place, together with transformation of pre-impact secondary hematite back
to magnetite. The post-impact thermal treatment did not affect the magnetic anomaly significantly, and
the demagnetized and unrecovered shocked basement is the main contributing factor to the negative
magnetic anomaly in the peak-ring. The melt-formed cation-substituted magnetite shows a much
stronger magnetization, and the large impact melt pool in the central basin is likely responsible for the
positive magnetic anomaly, despite the reverse polarity magnetization.

The Ries impact generated a two-stage hydrothermal system with lower temperatures (max. 300°C in
the inner crater, 130°C in the rim and outer crater in the first stage, <100°C in the second stage), and
shorter duration (~250 kyr). The high temperature, melt-bearing suevite dykes intruded the basement
extensively, leading to high post-impact temperatures which likely naturally annealed part of the
basement. While the suevite shows general high NRM intensities, the impact melt in Ries is not as
strong as in Chicxulub. This factor suggests that in regions of uplifted basement such as the crater rim,
the thickness of the demagnetized basement together with the low-magnetized impactites may be the
main contributor to the negative anomaly. The magnetic anomalies in Ries are suggested to have locally
two different origins, with some being carried by a strong reverse polarity NRM of the suevites, and
others by a weak magnetization of the impactites together with uplifted basement, forming a vertically
thick region of demagnetized material.

MD shocked magnetite in nature shows a similar apparent domain state decrease towards PSD as
experimentally shocked magnetite, regardless of oxidation. Thermal treatment above 540°C creates an
irreversible increase in magnetic susceptibility and restoration of apparent domain state increase
towards increased MD contributions. If hematite is present in the sample, it transforms to SD-SP
magnetite when heated above 560°C, in a process that masks annealing if both happen concomitantly.
Only the most sensitive methods, such as FORC diagrams, can distinguish between the effects of
annealing and the effects of hematite to magnetite transformation. This process may be a new,
underappreciated, understudied and underestimated remagnetization mechanism relevant for a plethora
of geoscience subjects.
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6.2. Outlook

The results presented in this thesis are a significant step towards the better understanding of the
fundamental mechanisms behind magnetic anomalies in craters, and provide insight into the
mechanisms of apparent magnetic domain variation. However, these results also raise two important
guestions regarding remanent magnetizations, which demand further investigation.

Firstly, the fact that the negative magnetic anomaly of the Ries structure has been studied extensively
through the last decades and described as being caused by the reverse polarity of the impactite NRM
directions, is in contradiction with the current accepted hypothesis for the positive magnetic anomaly
in the Chicxulub central basin’s melt pool. The melt samples studied in the peak-ring show a strong
reverse polarity (Inc. = ~-44°), in agreement with the expected direction for the time of impact at Chron
29r, which lasted for at least 250 ka after the impact. Q-ratios in the melt are low, but above 1, with
NRM dominating the magnetization. If the central basin cooled below 580°C within 250 ka (which is
likely), and thus shows the same reverse polarity as the rest of the melt, why does it present such a
strong positive magnetic anomaly? For now, this is a question that will remain unanswered, as no
drilling into the central basin’s melt sheet has taken place to date. As this study was focused on the
magnetic effects of post-impact temperature overprint and magnetic recovery, this factor was beyond
the scope of the research, but it is important to consider and further research is merited.

The second question concerns the transformation of hematite into magnetite. At the geological
timescale, MD magnetite, with its low coercivity, is not considered an ideal paleomagnetic direction
recorder. SD magnetite, on the other hand, is a more reliable and stable carrier of magnetization. If the
newly formed SD magnetite is capable of holding a stable NRM direction, this could be a significant
mechanism of remagnetization or overprint. This is something to keep in mind, not only in the
interpretation of primary paleomagnetic directions, but also potentially for thermal demagnetization
processes, to avoid the loss of data. We believe further research into this hematite-magnetite
transformation is not only relevant but urgent for the paleomagnetic community, as low temperature
oxidation of magnetite to hematite is a widespread phenomenon in the Earth’s crust.
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Appendices

Three folders containing the supplemental files described below are available for download
electronically at the KITopen repository.

KITopen ID: 1000167980
DOI: https://doi.org/10.35097/1913

Appendix A — Chapter 2

A.1 - Sample list

Table A.1. Sample list from MOO77A in the peak ring of the Chixculub impact crater, with lithology, unit and
IODP identification code. S=Suevite; SM = Suevite+Melt; M = Melt; G = Granitoid; MGC = Melt-Granitoid
Contact.

Sample # Lithology |Depth| Unit | Core| Sec | Top | Bot | Sample # Lithology |Depth| Unit | Core | Sec | Top | Bot
639 (S-2A) Suevite 639 | 2A | 47 2 42 | 445|999 (G3-4) Granitoid 999 4 192 | 2 58 60
646 (S-2A) Suevite 646 | 2A | 49 | 2 | 36 | 385999 (G2-4) Granitoid 999 [ 4 | 192 | 2 | 58 | 60
683 (S-2B) Suevite 683 [ 2B | 63 | 1 | 13 | 155|999 (G1-4) Granitoid 999 [ 4 | 192 2 | 58 | 60
688 (S-2B) Suevite 689 [ 2B | 65 | 1 | 80 | 825 ]1085(G4) Granitoid | 1085 | 4 | 222 | 1 | 55 | 57
700 (S-2B) Suevite 700 [ 2B | 73 | 2 | 21 | 2351097 (G4) Granitoid | 1098 | 4 | 226 | 1 | 61 | 63
721 (SM-3A) [ S-M mix 721 | 3A 87 2 30 31 [1100 (G-4) Granitoid 1100 | 4 227 | 1 5 7
727 (M-3A) 1. Melt 727 [ 3A | 89 | 2 | 56 | 57 |1103(G4) Granitoid | 1103 | 4 | 228 | 1 | 31 | 33
732 (M-3A) 1. Melt 732 | 3A 91 1 29 | 31.5 |1135A (G4) Granitoid 1135 4 238 | 1 76 78
738 (M-3B) 1. Melt 739 | 3B 93 1 78 | 80.5 |1135B (G-4) Granitoid 1135 | 4 238 | 1 98 | 101
744 (M-3B) 1. Melt 744 [ 3B | 95 | 1 | 26 | 285 |1137(G4) Granitoid | 1138 | 4 | 239 | 1 | 475|515
747 (G4) Granitoid 747 4 96 1 8 10 1140 (G4) Granitoid 1140 | 4 239 | 2 | 116 | 118
763 (G-4) Granitoid 763 4 (1112 3| 30 | 32 |1149(G4) Granitoid | 1149 | 4 | 242 | 3 | 26 | 28
804 (G4) Granitoid 804 | 4 | 115| 2 | 60 | 62 |1150(G4) Granitoid | 1150 | 4 | 243 | 2 | 21 | 23
810 (G4) Granitoid 810 4 118 | 2 50 52 [1161 (G-4) Granitoid 1161 4 247 | 2 23 26
847 (G-4) Gr./Dol. 847 | 4 | 134 | 3 | 83 | 86 |1194(G4) Granitoid | 1194 | 4 | 258 | 1 | 15 | 17
967 (G4) Granitoid 967 4 182 | 1 70 72 1197 (G-4) Granitoid 1197 4 259 | 1 5 7
982 (G-4) Granitoid 982 | 4 | 187 | 1 | 60 | 62 |1224A (G-4) | Granitoid | 1224 | 4 | 267 | 2 | 100 | 102
994 (GD-4) Granitoid 94 | 4 | 191] 1 9 11 |1224B (G4) Granitoid | 1224 | 4 | 267 | 3 9 1
995 (M-4) Granitoid 995 4 191 1 87 90 [1224C (M-4) 1.Melt 1224 ( 4 267 | 3 24 26
995 (G-4) Granitoid 995 [ 4 | 191 | 1 | 108 | 110 |1224C(G4) Granitoid | 1224 | 4 | 267 | 3 | 24 | 26
996 (G-4) Granitoid 996 4 191 3 40 42 11224D (G-4) Granitoid 1224 ( 4 267 | 3 32 34
997 (S-4) S.Dyke | 998 | 4 | 192 1 | 65 | 67 |1225(G4) Granitoid | 1225 | 4 | 268 | 1 | 58 | 60
999 (M1-4) 1. Melt 999 | 4 | 192 | 2 | 58 | 60 |1231(G4) Granitoid | 1231 4 | 270 | 1 | 59 | 61
999 (M2-4) 1. Melt 999 [ 4 | 192 | 2 | 58 | 60 |1249(G4) Granitoid | 1249 | 4 | 276 | 1 | 15 | 17
999 (MGC-4) [M-Gcontact| 999 [ 4 | 192 | 2 | 58 | 60 |1326(G4) Granitoid | 1327 | 4 | 301 | 2 | 28 | 30
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Appendix A

A.2 — Core azimuth correction

In order to correctly determine the declination of the paleomagnetic vector, as well as correct geographic
directions of the main axes of susceptibility, we have applied an azimuth correction prior to the drilling
of our cores.

On a first stage, the cores were marked with an arbitrary “marker line” after drilled, and an acoustic
image of the hole walls was done using a slim line tool coupled with a 3-component magnetometer and
accelerometer, which provides a magnetic north orientation in these acoustic images. On a second stage,
CT scans of the cores were made, and aligned with the acoustic images using recognizable features,
such as structures, cracks, and dipping strata. Knowing the direction of “north” in acoustic images of
the borehole wall, the angle discrepancy between the “marker line” and north were recorded (+/- angles
corresponding to clockwise/counter-clockwise rotations respectively). A ranking of 1-5 was attributed
to the correction for each section, depending on the certainty of the correction (5 being certain, 1 being
uncertain). For more details, see (McCall et al., 2017). For our sections, the angles and confidence rating
are as follows:

49 2 645.55 -69.7 3
63 1 683.47 76.73 1
89 2 727.43 52.43 5
95 1 744.20 -122.65 5
96 1 747.07 -122.65 4
134 3 847.01 50.58 4
192 1 997.74 -41.36 4
222 1 1085.13 -23.14 5
238 1 1135.02 66.00 3
239 1 1137.57 126.72 5
268 1 1225.12 97.59 1

276 1 1249.49 -68.33 4
The samples were cut along a plane perpendicular to the “Marker Line”, allowing for re-orientation of
these pieces accordingly. Lastly, we marked the angle corrections in our samples, prior to drilling the
cylindrical specimens for demagnetization and AMS measurements. This guarantees that all our
specimens have an orientation of 0/90, allowing for interpretation of the data in specimen coordinates.
See diagram below (Fig. A.3.1):

Sample 747
Marker Line
-122.5¢ Archive Half
North i
Direction o
Specimen

Figure A.2.1. Sketch diagram of orientation procedure, using the data from table 1. Quarter core on the bottom right is our
working sample.
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A.3 - Isothermal Remanent Magnetization component analysis

Table A.3.1. IRM component analysis results for all samples of M0077A, except 1100.

Component 1 Component 2
Sample | Cont (%) SIRM(A/m) logB12)mT Bya(mT) DP(mT) | Cont (%) SIEM(A/m) logBr2)mT Bia(mI) DP(mT)
639 (2A) 100.0 0.1 1.7 53.7 02
646 (2A) 100.0 0.0 1.7 501 02
683 (2B} 100.0 0.1 1.6 437 02
688 (2B} 86.8 0.0 1.6 427 02 13.2 0.0 22 1413 0.3
721 (2C) 100.0 5.8 1.6 38.0 03
727 (3A) 100.0 3.0 1.6 437 02
732 (3A) 100.0 3.6 1.6 398 02
738 (3B) 100.0 7.1 1.5 34.7 0.3
744 (3B) 100.0 15.8 1.8 58.9 0.2
747 (4) 100.0 28 1.8 61.7 0.3
763 (4) 93.8 0.0 1.7 46.8 0.3 6.3 0.0 2.7 446.7 0.3
804 (4) 100.0 0.2 1.5 331 0.3
810 (4) 100.0 0.7 1.7 44.7 0.3
847 (4) 100.0 72.7 1.9 81.3 0.2
967 (4) 100.0 1.1 1.7 513 0.3
982 (4) 100.0 0.4 1.6 398 0.3
994 (4} 100.0 1.3 1.7 457 03
995b (4} 100.0 5.1 1.7 46.8 03
995G (4) 100.0 0.1 1.7 479 02
997 (4) 100.0 1.7 1.9 70.8 03
999 G3 (4) 100.0 0.1 1.7 53.7 02
999 G2 (4) 100.0 0.4 1.7 53.7 03
999 M1 (4) 100.0 18.8 1.8 61.7 02
999 M2 (4) 100.0 299 1.8 56.2 0.2
1085 (4) 100.0 0.2 1.8 67.6 0.2
1135A (4) 100.0 1.1 1.6 427 0.3
1135B (4) 100.0 2.1 1.7 49.0 0.3
1137 (4) 100.0 38 1.8 56.2 0.3
1224A (4) 96.4 1.1 1.9 72.4 0.3 3.6 0.0 2.8 5754 0.4
1224B (4) 100.0 27 1.8 63.1 0.3
1224C (4) 922 1.8 1.6 427 0.3 7.8 0.2 28 616.6 0.3
1224D-g (4} 100.0 0.6 1.7 501 0.3

Table A.3.2. IRM component analysis results for sample 1100 before and after heating. Note the increase
of By before and after heating.

Component 1 Component 2
Sample Cont. (%) SIRM({Am) logBr)mT Bira(mT) DP(mT) | Cont (%) SIRM(A/m) logBr2)mT Bia(mT) DP(mT)
1100 Big 95.4 20.5 1.5 30.2 0.3 4.6 1.0 2.7 467.7 0.3
1100 Big after 100.0 439 1.8 56.2 0.3
1100 n 100.0 0.1 1.7 457 0.3
1100 n After 92.0 0.3 1.9 724 0.3 8.0 0.0 2.8 562.3 0.3
1100 white 95.0 0.1 1.7 55.0 0.3 5.0 0.0 2.7 501.2 0.3
1100 white after 100.0 0.6 1.9 724 0.3
1100 pink 100.0 0.1 1.8 63.1 0.3
1100 pink after 100.0 0.2 1.9 70.8 0.3
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A.4 — Hysteresis parameters with depth
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Figure A.4.1. Depth variation of hysteresis parameters along core MOO77A.
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A.5 — Paleomagnetic directions

Sample Fr.Code Dec(°) Inc(®) MAD  Steps Group Method Notes
646 005A 199.93 -43.80 12.54 6 NF Thermal GC/Anchored
646 005B 174.81 -40.82 11.14 7 NF AF GC/Anchored
683 0130 115.87 -16.88 10.20 6 NF  Thermal -

727 026A 173.49 -42.31 1.94 8 NF AF -
727 026B 164.95 -41.45 3.74 7 NF  Thermal -
744 029A 184.96 -39.99 2.56 7 NF AF -
744 029B 182.82 -40.79 3.17 7 NF  Thermal -
747 030B 1 314.78 -46.05 9.82 5 S Thermal -
747 030B 2 269.05 -42.97 5.27 4 S Thermal -
847 095A 161.68 -0.60 3.83 6 S AF Anchored
847 095C 125.04 -4.94 6.42 6 S Thermal -
847 095D 1 135.10 -4.86 15.16 6 S Thermal -
847 095D 2 178.54 19.94 2.62 5 S Thermal -
997 2370 167.34 11.53 6.03 7 S AF -
1085 262B 107.61 4.51 3.97 5 S Thermal -
1135B 262C 126.02 18.94 3.52 5 S AF -
1137 263A 250.54 -4.86 5.80 6 S AF -
1137 263B 248.00 -2.21 3.66 7 S Thermal -
1137 263C 290.79 8.56 9.05 6 S Thermal -
1225 313A 30.37 -39.77 1.12 8 S Thermal -
1225 313B 25.92 -37.84 2.05 8 S AF -
1249 321 216.05 -29.31 5.00 8 S AF -
1326 3377 264.26 -24.85 5.52 5 s AF -

Table A.5.1. Paleomagnetic direction parameters for Chicxulub. Dec/Inc — Declination and inclination (°); MAD
— maximum angular deviation; NF — Newly formed; GS — Great Circle.

A.6 — Supplemental Data Files

All data used for Chapter 2 is made available by GSA Buletin (supplement of DOI: 10.1130/B36547.1).
This includes all of our Electron Probe Micro-Analysis (EPMA) (Supplemental Data S1), all our
temperature dependent magnetic susceptibility data (x-T, Supplemental Data S2); temperature
dependent magnetization (M-T, Supplemental Data S3); Repeated heating experiments x-T data
(Supplemental Data S4); calculations of, and involving Koeningsberger ratios (Q-ratios, Supplemental
Data S5); the hysteresis parameters and individual measurements (Supplemental Data S6); and the
paleomagnetism data (Supplemental Data S7). Supplemental Data S8 contains all isothermal remanent
magnetization (IRM) component analysis data. A supplemental text is also provided, with additional
details regarding each data file.
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Appendix B — Chapter 3
B.1 - SD-MD area procedure

In order to quantify variations in FORC features with temperature, we took a 4-step approach using the
software ImageJ (Rasband, 1997).

1. After importing the original diagram (Fig. B.1.1., left), we create a binary black-and-white (BW)

version of the diagram (Fig. B1.1., middle, all available in SF2, read below):
a. Process -> Binary -> Make Binary.

2. Once converted to BW, we select a rectangle that excludes the X=0 axis, with lower Y threshold of
Bu(mT) = -200, and maximum threshold of B.(mT) = 100 (Fig. B.1.1., right). We selected these
dimensions, because RT measurements for the 3 and 5 GPa samples were truncated due to
procedural changes after these measurements. Keeping the constant area (in pixels) the same in all
diagrams allows for better comparison.

3. We then measured the area of the selected rectangle (see procedure below). This was only done
once, because the area for all diagrams is the same. Then, we changed the measurement parameters,
to measure only points above the color threshold (in this case, 255 = black).

a. Analyze > Measure
b. Analyze - Set Measurement - Limit to threshold [x] (selected). Repeat a) for black area.

4. Finally, we note both the original area and area covered by black pixels in an excel spread sheet

(See SF3), and calculate the ratio (in percentage) of black area vs total area.

B,(mT)

800

600
-100 ¢

400
-150

200

=200 L 20GPa o

0 _60_100 0 60 _100 O 60 _ 100

B:(mT) B (mT) B(mT)
Figure B.1.1. SD-MD area calculation procedure (see text for details); A - original diagram; B — converted binary
diagram; C — SD-MD area considered.

“SD-MD"
drea

B.2 — Supplemental Data Files

All data used in Chapter 3 is available in the Mendeley Data repository, DOI: 10.17632/f66zx5bjnp.2. The dataset
is provided in three separate supplemental files (SF) (2-4). This includes all our first order reversal curve (FORC)
diagrams (SF 2), all of our isothermal remanent magnetization (IRM) modelling processed files (SF 3); and all
data files for hysteresis, backfield, and FORC measurements (SF 4). Additional tables are provided in each of
these files, where all data can be accessed. A supplemental text is also provided, with additional details regarding
each data file.
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Appendix C — Chapter 4

C.1 - Supplemental Data Files

All data used in Chapter 4 is available under supplemental files 2-5. These include a list with all our
samples (file 2); all of our hysteresis loop and isothermal remanent magnetization (IRM) modelling
processed and raw data files, including a supplemental table with additional model parameters (file 3);
all our raw and processed data from electron probe microanalysis (EPMA), and a supplemental table
with non-magnetite measurements (file 4); and all our temperature-dependent magnetic susceptibility
(x-T) data (file 5). A supplemental text is also provided, with additional details regarding each data file.
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