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Abstract

Impact events are known to generate hydrothermal systems, which can subsequently
vent into an overlying crater lake and potentially create ideal conditions for some
microbial life-forms. Thus, early post-impact sedimentary deposits would be excellent
targets for Mars sample return, and as such, the robust characterization of such deposits
on Earth is critical. In this thesis, we establish an improved understanding of how the
Ries crater lake formed, and how an active impact-generated hydrothermal system
influenced its early evolution. The ~14.8 Ma Ries impact structure hosts the majority of
its paleolake deposits within the structure's central basin with some deposits situated at
higher stratigraphic positions beyond the central basin's edge. This research highlights
and reconciles differences between the basal sedimentary deposits within the central basin
sampled by the Nordlingen drill core, and those beyond the edge of the central basin
sampled by the Wornitzostheim drill core. We suggest that the Wornitzostheim
sedimentary deposits likely represent the transition from a back stepping alluvial fan to a
playa lake system. The basal conglomerates representing the Waornitzostheim alluvial fan
host 100-130 °C mineral deposits localized to void and fracture spaces. lllite, kaolinite
and particularly smectitic clay minerals were major constituents throughout the alluvial
fan to playa lake transition, and their 580 and ¢H indicate formation from weakly
alkaline, local meteoric water at ~20 °C. The basal sedimentary deposits of the
Nordlingen drill core likely represent a water-laden debris flow, as opposed to previous
interpretations suggesting subaerial deposition from an ejecta plume. These deposits lack
accretionary lapilli and were affected by pervasive alteration; they host 100-200 °C, void-
filling mineralization in their basal conglomerate and gravelstone sections. This re-
interpretation implies that ejecta plume fallback deposits are not always well-preserved
and that they may not always be ideal marker beds, and points to concomitant fluvio-
lacustrine deposition and hydrothermal activity. Overall, the results of this thesis have
shown evidence of spatially diverse lacustrine processes during early sedimentary
deposition and contributes the first mineralogical evidence of hydrothermal alteration at
temperatures of ~100 °C or greater in early post-impact sedimentary deposits in an impact

structure on Earth.
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Summary for Lay Audience

Meteorite impact events are well known for their destructive force, imparting massive
amounts of energy into the surface of rocky bodies throughout the solar system. If an impact
event is big enough, the energy from the impact can potentially create pools of molten rock,
which can retain their heat for thousands of years as they gradually cool. On Earth, and
potentially on ancient Mars, craters made by meteorite impacts can also infill with lake
systems. In cases where water begins to fill an impact crater that still has hot masses of
rock the heat causes that water to circulate through the cracks and fractures in the impact
structure, potentially creating ideal conditions for early forms of life. The interaction
between an impact crater lake and hot rocks created by the impact are potentially recorded
in the rock record as the lake deposits accumulate over time. This thesis investigates the
interface between rocks made by impact crater lakes and the previously molten rocks
created by the impact event itself to better understand the environmental conditions in the
early crater lake environment. The Ries impact structure in southern Germany, being one
of the best preserved and well-studied impact structures on Earth, makes an excellent
candidate for this case study. The rocks representing the earliest parts of the Ries crater
lake were characterized, and their sedimentary structures and mineralogy indicated that
they likely represented debris flows and the formation of alluvial fans. Additionally, the
minerals in the fractures and voids of these rocks indicated that slightly alkaline, high
temperature 100-130 °C fluids were present, which cooled to ~20 °C. High temperature
minerals were more abundant in central regions of the crater lake environment than they
were towards the edge of the lake system. Not only is this crater lake environment spatially
diverse, but the processes that formed it were also shown to complicate the preservation of
plumes of dust launched into the air by the impact event, making them less useful as

markers for timing than previously thought.



Co-Authorship Statement

Chapter 2: The data for this chapter was collected and processed by Matthew Svensson
with the aid of technical staff: Marc Beauchamp, Liane Loiselle, Alex Rupert and Kim
Law. Data for this chapter was partially collected for contributions to research regarding In
Situ X-Ray Diffraction (ISXRD) for the exploration of Mars led by Dr. Roberta Flemming.
This chapter was guided mainly by Dr. Gordon Osinski. A manuscript version of the
chapter was written by Matthew Svensson with edits from Dr. Gordon Osinski, Dr. Fred
Longstaffe, and Dr. Tim Goudge. Although largely complete, this work has not yet been
published.

Chapter 3: The data for this chapter was collected and processed by Matthew Svensson
with the aid of technical staff: Marc Beachamp, Grace Yao and Kim law. This chapter was
guided primarily by Dr. Fred Longstaffe. This work is largely reliant on the foundation set
by Chapter 2. Comments and editing were provided by Dr. Gordon Osinski and Dr. Fred
Longstaffe. Additional data collection is anticipated prior to the publication of this chapter.

Chapter 4: The data for this chapter was collected and processed by Matthew Svensson
with the aid of technical staff: Liane Loiselle, Peter Christoffersen and Josh Laughton. This
chapter was guided primarily by Dr. Gordon Osinski. Comments and edits for this chapter
were provided by Dr. Gordon Osinski and Dr. Fred Longstaffe. Additional data collection
is anticipated prior to the publication of this chapter.



Acknowledgments

| am deeply grateful for the guidance, mentorship and support of my supervisors Dr.
Gordon Osinski and Dr. Fred Longstaffe. | would like to thank Oz for the freedom and
exploration afforded to me during my time in his research group. All the unforgettable field
courses, the trips to the Ries, the uniquely fascinating analogue missions, the discussions
and fun at conferences, and the wonderful people | have met over the last few years are
because you answered the email of a curious undergraduate student in spring of 2016. |
would like to thank Fred for his light-hearted, supportive mentorship, and patience as |
navigated my academic growth in the world of science. The steps | take in my career will
always be taken with the example you set as a mentor, scientist, and leader in mind. Thank
you to the members of my Ph.D. committee: Dr. Robert Linen and Dr. Tim Goudge. Thank
you to Bob for keeping me on my toes during my comprehensive exam in a far more
significant manner than | had anticipated. Thank you to Tim for your thoughtful input and
guidance throughout the final years of my degree. Thanks as well to Dr. Livio Tornabene
for your time and tutelage as | took my first steps into world of spectroscopy.

Thank you to the examiners: Dr. Roberta Flemming, Dr. Phil McCausland, Dr. Gernot
Arp and Dr. Peter Ashmore. Thank you for your time and attention as you participated in
my defense, and provided edits, comments and suggestions on my thesis. Thank you as
well to the chair of my defense, Dr. Carole Creuzenet for your attentive moderation.

Thank you to the technical staff who have made the completion of this degree at all
possible: Kim Law, Grace Yau, Li Huang, Jacob Walker, Marc Beauchamp, Liane Loiselle,
Josh Laughton, Peter Christoffersen, Laura Jenkins, and Alex Rupert. | would like to
especially thank Kim Law whose guidance and patience fostered my technical
understanding and ability in the lab throughout my entire degree. | would also like to thank
my friends and colleagues in the lab group, whom I will look up to for the rest of my career
as you made the long hours in the lab possible and inspired me to better myself every day:
Zach Morse, Patrick Hill, Matt Cross, Sarah Simpson, Christy Caudill, Haley Sapers and
Cassandra Marion.

Vi



Thank you to Alexis Pascual, Mohammed Chamma and Stephen Amey for making the
High-Altitude Balloon Initiative the uniquely memorable and fun experience that it was.
Thank you for your unwavering comradery, your revitalizing senses of humor, and
friendship as we navigated the great many challenges of managing and running the
initiative for two years. Special thanks to field team 2, who kept field team 1 from self-
destructing.

Thank you to the many friends who have come and gone during my time in grad school.
Thank you for the laughs, the lunches, the teams, the support and community on our
rollercoaster rides through grad school. Thank you for making goodbyes difficult and thank
you for saying hello and welcome later on.

Thank you to my family who have been unwavering in their support as | inexplicably
decided to study rocks for a living. Throughout my trials and growth, you have always been
present and supportive, and | will in turn always be there for you. Thank you to my
grandmother who was always a gentle and joyful presence in my life. You are dearly missed

every day.

This work was made possible by funding contributions of the Province of Ontario
through the Ontario Graduate Scholarship (OGS) (ms), the Natural Sciences and
Engineering Research Council of Canada (NSERC) Postgraduate Scholarships Doctoral
Program (ms), the NSERC Discovery Grants Program (fjl), the Canada Research Chairs
Program (fjl), and the technical support of the Laboratory for Stable Isotope Science (LSIS)
and the Earth and planetary Materials Analysis (EPMA) Laboratory teams. Thank you to
the team at ZERIN, particularly Poes Gisela, Dr. Stefan Holzl and Karen Heck for their

valuable support in field work and sample acquisition.

Vii



Land Acknowledgement

| acknowledge that Western University is located on the traditional lands of the
Anishinaabek, Haudenosaunee, Liinaapéewak and Attawandaron peoples, on lands
connected with the London Township and Sombra Treaties of 1796 and the Dish with One
Spoon Covenant Wampum. This land continues to be home to diverse Indigenous peoples
(e.g. First Nations, Métis and Inuit) whom we recognize and thank as contemporary
stewards of the land.

viii



Table of Contents

ADSTFACT ... I
SUMMArY FOr LAY AUGIENCE ......oivieiecie ettt sne e ens iv
Co-Authorship Statement (where applicable) ..o v
ACKNOWIBAGMENES.......eiieiiiece et e e re e sre e neenae e Vi
TabIE OF CONTENES ...ttt IX
LASE OF TADIES ... Xiii
LSE OF FIQUIES ...ttt bbbt Xiv
List of Appendices (where applicable) ..........ccooeiveiiiiiiicce e XVii
1 Introduction and Literature REVIEW ...........ccociiiiiiiiinieie e 1
1.1 INEFOAUCTION ...ttt 1
1.2 Geological Setting of the Ries Impact StruCture...........c.ccocvvvvriiieienc e 2
1.3 The Impact Cratering PrOCESS ......ccccvviiieiieieieesie ettt sre e sre e 4
1.4 Impact Generated Hydrothermal SYStEMS ........cccooeiiiiiininiiieieeee e 7
1.5 Terrestrial Impact Crater LaKES ..........ccccveeiiiieiiece e 10
1.5.1 Ries Impact Structure, GEIMANY .........ccccererereiininiseeeeeee e 11

1.5.2 Bosumtwi Impact Structure, Ghana.............ccccoeevveiieiecie e 14

1.5.3 Lonar Lake Impact Structure, India..........cccevveiiiiieneeie e 16

1.5.4 Boltysh Impact Structure, UKFaine...........ccccceeveeieiieie e 18

1.5.5 The Haughton Impact Structure, Canada............ccceceerveverieerveresieseennnns 20

156 SUMMAIY ..ottt e e e e e s nnreeens 22

1.6 Clay MINEIAIS........oiiiiiiiieiee bbb 26
1.7 THeSIS OULIING ..o 28

1.7.1 Chapter 2: A mineralogical and textural investigation of the impact
melt-bearing breccia to post-impact sedimentary transition in the
Wornitzostheim drill core, Ries impact structure, Germany .................... 28



1.7.2 Chapter 3: Tracing the fluid evolution of early post-impact fluvio-
lacustrine systems beyond the central basin of the Ries impact
STFUCEUIE, GEIMANY .. .eiiiiiieeiie e cttee et e e e e snae e enreas 29

1.7.3 Chapter 4: Revisiting the origin of the Ries graded suevite:
implications for plume fallback preservation and early post-impact

sedimentary depoSItION. ........cccviieiiee e 29
1.7.4 Chapter 5: Discussion and ConClUSIONS............ccouerirreiieienenese e 30
1.8 RETEIEINCES ....c.eeiiieiie ittt ettt nne s 30

A mineralogical and textural investigation of the impact melt-bearing to post-
impact sedimentary transition in the Wornitzostheim drill core, Ries impact

STFUCTUIE, GRIMMANY ...ttt ettt sttt et e e bt et e e be e et e e nbe e s beeseeas 1

2.1 INEPOTUCTION ...t 50

2.2 BaCKGIOUND ... 51

2.3 Samples and Analytical TECANIQUES ........c.coveiiieiiiiieiece e 55

2.4 Results: Drill core, mineral chemistry and petrographic descriptions.................. 59

2.4.1 Impact melt-bearing breccias (>32 — 20.1 m; units 15 and 14)................ 62

2.4.2 Conglomerates (20.1-13.1 m; units 13, 12 and 11).....ccccceoerererirernnnnns 68
2.4.3 Sandstones and sandstone conglomerate (13.1 — 10.7 m; units 10, 9 and

) OO 77

2.4.4 Marlstones (10.7-2.0 m; units 7,6, 5,4, and 3) .....c.ccceevvivieiveieiiecienn, 79

2.4.5 Mudstones (3.0 =0 m; unitS 2 and 1)....cccoveriieiininiiieee e 84

2.5 DISCUSSION ...ttt b e b e nnn e 85

2.5.1 Comparison With previous WOrK...........ccccoeiiienininieniecese e 85

2.5.2 Post-impact sedimentation and environmental record..............c.ccccoevneene. 89

2.5.3 Hydrothermal activity during early post-impact sedimentation ............... 96

2.6 CONCIUSTONS ..ottt 98

2.7 RETEIBNCES ...t bbbttt b e bbb ene s 100

Tracing the fluid evolution of early post-impact fluvio-lacustrine systems beyond
the central basin of the Ries impact structure, GErmany ...........ccoccevvvereneneseneneenns 50



3.1 INErOAUCTION ... 107

3.2 GeologiCal SELLING......cveiieiicieieere et 109
3.3 MENOUOIOGY ...t 115
Bi RESUIES ...t 121
3.4.1 Clay Mineral Chemistry ........ccooiiiiiiiiiescise e 121
3.4.2 Clay Mineralogy (X-ray Diffraction)..........cccccocevivevviieiieneeie e 125
3.4.3 9°H and 680 MEaSUrEMENTS ............cccuvveeverirerieerereeee e 128
3.5 DIESCUSSION ...tttk bbbttt 130
3.5.1 Clay MiINEralogy .......ccccooeeeiiiiiiiiiieieiesie e 130
3.5.2 Stable Isotope Composition of Mid-Miocene Meteoric Water............... 137
3.5.3 Modeling temperatures and isotopic composition of potential clay
mMineral SOUICe FlUIAS.........coviiiiiiiiece e 138
3.5.4 Controls on Clay Mineral FOrmation ............cccccoovrinininienenenesese 146
3.5.5 Comparison to Previous Petrographic Interpretations................cccceeveee. 146
3.8 CONCIUSTIONS ...ttt ene s 147
3.7 RETEIBNCES ... 148
Revisiting the origin of the Ries graded suevite: implications for plume fallback
preservation and early post-impact sedimentary deposition. ............cccccevveveivveseennne 107
A1 INEFOTUCTION ...ttt 162
4.2 BaCKGIOUNG .....coeiiieie ettt et sreete e 164
4.3 METNOUOIOGY ...t 167
A4 RESUILS ...ttt 168
441 SHAGIAPNY .o 170
4.4.2 Alteration and Secondary Mineralization in the Graded Unit (331.5-
U 11) WS 174
4.5 DISCUSSION ...ttt bbbttt b b 180
45.1 Deposition of the Ries Graded UNit...........ccocoviriiiniiieiene e 180

Xi



4.5.2 Hydrothermal Alteration of the Ries Graded Unit...........cc.cccoovvviinnnnne 185

4.5.3 Comparison to the Wornitzostheim Drill Core........cccocovvvvevvevciicinene 186
4.5.4 Comparison with Ejecta Plume Deposit Preservation at the Bosumtwi
Crater, GRANA .......coiviieieee e 187
4.6 CONCIUSIONS. ..ottt bbb bbb ene s 188
4.7 RETEIBNCES ...ttt 189
5 Discussion and CONCIUSIONS.........ccuiiiiiiiiiiieeee e 162
5.1 INErOTUCTION ... 196
5.2 Reconciling Early Lacustrine Processes within and beyond the Ries Central
BaSIN <.t 197
5.3 The Interface Between Post-Impact Lake Systems and Impact Generated
Hydrothermal SYStEMS.........ccviiiiiiic e 199
5.4 Applications to Astrobiology and Mars EXploration .............cccceeeveneiiininninns 200
5.5 CONCIUSTON ...ttt 202
5.6 FULUIE WOTK ... 202
5.7 REFEIBNCES ... 203
CUITICUIUM VITAE ...ttt 284

Xii



List of Tables

Chapter 1

Table 1. 1: Summary of key parameters pertaining to the context and characteristics of
Five IMPACE Crater 1aKES. ......ccviiie e e 24
Chapter 2

Table 2. 1: Sample record and analytical techniques applied to each sample. .................. 58
Table 2. 2: UNit MINEIalOgY . ...cveiveieeieieeie et 61

Table 2. 3: Averaged WDS results of micas and feldspars from conglomerate units.

............................................................................................ Error! Bookmark not defined.

Chapter 3

Table 3. 1: Samples and analytical teChnIQUES. ..........coeiieiiiiiiice e 116
Table 3. 2: Summary of averaged WDS analysis of clay minerals..............cc.ccoovvvinennne. 123
Table 3. 3: 5'80 and §°H results for the 2-0.2, <2 and <0.2 um size-fractions. .............. 129

Table 3. 4: Clay mineral abundances* for the Ca-EG saturated <0.2 um size-fractions.133

Table 3. 5: Isotope geothermometers for modeling clay mineral source water

COMIPOSTEIONS. ...tttk b bbbttt b bbbt ne e es 141

Table 3. 6: Weighted isotopic compositions of hypothetical 20 °C source waters*. ....... 143

Xiii


https://uwoca-my.sharepoint.com/personal/msvenss_uwo_ca/Documents/GRAD%20STUDIES/Writing/Combined%20Thesis/Final%20Edits/Svensson_MJO_PhD_Thesis_Preliminary_Submission%20-%20Copy%20V8.docx#_Toc122560069
https://uwoca-my.sharepoint.com/personal/msvenss_uwo_ca/Documents/GRAD%20STUDIES/Writing/Combined%20Thesis/Final%20Edits/Svensson_MJO_PhD_Thesis_Preliminary_Submission%20-%20Copy%20V8.docx#_Toc122560069
https://uwoca-my.sharepoint.com/personal/msvenss_uwo_ca/Documents/GRAD%20STUDIES/Writing/Combined%20Thesis/Final%20Edits/Svensson_MJO_PhD_Thesis_Preliminary_Submission%20-%20Copy%20V8.docx#_Toc122560078
https://uwoca-my.sharepoint.com/personal/msvenss_uwo_ca/Documents/GRAD%20STUDIES/Writing/Combined%20Thesis/Final%20Edits/Svensson_MJO_PhD_Thesis_Preliminary_Submission%20-%20Copy%20V8.docx#_Toc122560080

List of Figures

Chapter 1
Figure 1. 1: A geological map of the Ries impact Crater. ...........ccccoovvevriinineiniieeee 3

Figure 1. 2: A diagram outlining the excavation and modification stages of the impact

cratering process as labelled on the diagram .........cccceeee e 6

Figure 1. 3: The distribution of impact generated hydrothermal deposits within the
context of a typical COMPIEX Crater. ........ociiiiiiiiieeee s 8

Figure 1. 4: The distribution of the post-impact lacustrine rocks at the Ries impact

SETUCTUIE. ...ttt e e 12
Figure 1. 5: Carbonate facies of the northeastern margin of the Ries lake...................... 14
Figure 1. 6: Geological map of the Bosumtwi Lake impact Structure. ............cc.ccccevvenee 16
Figure 1. 7: Geological map of the Lonar Lake impact structure.............ccccccevvevveviesnnennn. 18
Figure 1. 8: Simplified cross section of the Boltysh post-impact deposits....................... 20

Figure 1. 9: Simplified geological map of the western side of the Haughton impact
STTUCTUI. ..ttt ekt e ekt ekt e et et e e st b e e s ab e e e enb e e e emb e e e et e e e nnn e e e nneas 22

Figure 1. 10: The general structure of a 2:1 layer clay mineral with interlayer material

distinguishing it from the tetrahedral sheet of another clay mineral .............c.cccccoveeienie 27
Chapter 2

Figure 2. 1: Simplified geological map and cross section of the Ries impact structure ... 54
Figure 2. 2: Stratigraphic column for the Wornitzostheim 1965 drill core....................... 60
Figure 2. 3: Common alteration and groundmass textures in the pink melt-bearing breccia

(unit 15), sampled from 32 M depth........cccooiiiiiiiie e 64

Xiv



Figure 2. 4: Degassing pipe sample observed at 27.50 — 27.70 m depth...........ccccoeeee. 66

Figure 2. 5: Quench and immiscibility textures in glasses and groundmass of unit 14.... 67

Figure 2. 6: Ternary diagrams of feldspar and mica mineral compositions .................... 70
Figure 2. 7: Back-scattered electron images of mineral textures from unit 13................. 72
Figure 2. 8: Representative core sample of unit 11 ... 74
Figure 2. 9: Back-scattered electron images from unit 8..........ccccoooveiiiicicieicncnee, 76
Figure 2. 10: Core sample of unit 9 from 12.74 m depth......c.ccoceeveveiiiicic e, 79

Figure 2. 11: Cross-polarized and plane-polarazied optical microscope images of thin-

SECtioN SAMPIES OF UNIE 5. .veeeiiiie et 82

Figure 2. 12: Cross sectional and top view of the white-toned material from unit 6, sub-

parallel layering, load structures and pseudo-polygonal mud cracks.. ............ccccevevveenee. 84

Figure 2. 13: Graphical representation of the upper 32 m of the Wornitzostheim 1965

drill core based on the descriptions in Forstner’s (1967) original 10g. ..........cccccvvevvrrneens 86

Figure 2. 14: A diagram illustrating the likely deposition environment represented by the

WOrNItZoStheim drill COTE .......cc.oiiiiicice e 95
Chapter 3

Figure 3. 1: A geological map of the Ries impact Structure ............ccccceoeveieieninennnn 111
Figure 3. 2: The stratigraphy of the Wornitzostheim 1965 drill core ...........ccccoevvnnnne. 114

Figure 3. 3: Back-scattered electron and WDS images of clay minerals occurring in unit
I U3 To 0T 0 TSP 122

Figure 3. 4: Metal oxide abundances (wt.%) of interstitial and void-filing clay minerals as
determined by WDS SPOL @NAIYSES ......cc.oiviiiirieiiiieieiesie e 124

XV



Figure 3. 5: Diffraction patterns collected from the <2 um size-fraction. ...................... 127

Figure 3. 6: 680 and §2H of samples collected from melt-bearing breccias, main

conglomerates, sandstone conglomerates, and marlStones. ...........ccccccevveveiieieere s, 130

Figure 3. 7: Values of 0°H vs §*0 for <0.2 pum size-fraction samples from the

Warnitzostheim drill core plotted against calculated water and clay mineral compositions.

......................................................................................................................................... 145
Chapter 4:

Figure 4. 1: A schematic representation of the process by which a cloud of impact-
generated material settles back into the bounds of the impact structure......................... 163
Figure 4. 2: A geological map of the Ries impact Structure ............cccceveveieieninennnn 166
Figure 4. 3: Simplified stratigraphy of the Nordlingen 1973 drill core. .........ccccoveveee. 169
Figure 4. 4: The stratigraphy of the Ries graded Unit ..............cccoooeviiie v 171
Figure 4. 5: Transmitted light photomicrographs of glass clasts............cccccevviiiiiinnne. 172
Figure 4. 6: Photomicrographs hydrothermal mineral textures ..........ccccooeveienininnnen 176
Figure 4. 7: Zoned alteration feature from 322.0 m depth........ccccoevviiiiiiii e, 178
Figure 4. 8: A section of a granitoid lithic clast showing sericitic alteration to clay
minerals in the TEIASPArS .........ooi i 180

XVi



List of Appendices

AAPPENAICES ...ttt bbbttt bbbt b bbbttt bbb ane s 209
Appendix A: Chapters 2 & 3 Supplementary Data.............cccooveverieieeinsie e, 209
A. 1 WOrnitzostheim Drill COre LOg ....cooveieieeiiiie i 209
Standards for WDS ANAIYSIS ........coiveiiiieieee e 217

WDS Data TADIES .....c.ooeeiiiieeiee e 218

Raw Oxygen and Hydrogen Isotope Results ......... Error! Bookmark not defined.

pXRD Scans of Wornitzostheim Core Samples ............ccoovvveieienencnenisesee 240
Appendix B: NOrdlingen Drill Core LOgG ........cccvevveieieeieiie e 248

Appendix C: Preliminary pXRD results and In-Situ X-Ray Diffraction (ISXRD)
Research ContribULIONS. ..........cooiiiiiiieiee s 273

xvii



°C

°20
UXRF
%o

%

Ab.
An.
BGMN
Bi.
BSE
Cal.
Chl.
cm
Dol.
EDS
EG
Eqn.
EVA
FBN73
Fe-Do.
FE-EPMA

GADDS

GC
GMWL
Gyp.
ICDD
It.

List of Abbreviations

Degrees Celsius

Degrees two theta

Micro X-ray fluorescence

Permil

Percent

Albite

Anorthite

Bergman

Biotite

Back scattered electron

Calcite

Chlorite

Centimetres

Dolomite

Energy Dispersive Sepctroscopy
Ethylene Glycol

Equation

DIFFRAC PLUS Evaluation software
Nordlingen 1973 drill core

Ferroan dolomite

Field Emission Electron Probe Micro-
Analyzer

General Area Detector Diffraction
System

Gas chromatography

Global meteoric water line

Gypsum

International Center for Diffraction Data
IHlite

Xviii



IRMS Isotope Ratio Mass Spectrometry
ISXRD In-Situ X-Ray Diffraction

Kfs. Potassium feldspar

Kin. Kaolinite

km Kilometres

KTB German Continental Deep Drilling
kV Kilovolts

Ky. Kyanite

Lam. Lamination

LSIS Laboratory for Stable Isotope Science
m Metres

mA Mili-Amps

mm Milimetres

Ms. Muscovite

nA Nano-Amps

nm Nanometres

Opx. Orthopyroxene

Ph. Phlogopite

PI. Plagioclase

PPL Plane Polarized Light
pXRD Powder X-Ray Diffraction
Py. Pyrite

Qz. Quartz

Ref. Reference

RH Relative Humidity

RT Room Temperature

SE Secondary Electron

Sme. Smectite

TC-EA Thermal Combustion Elemental Analyzer
USGS United States Geological Survey
VSMOW  Vienna Standard Mean Ocean Water

XiX



WDS
Wit%
XPL
XRD
ZERIN
§'%0
§°H

um
uXRD

Wavelength Dispersive Spectroscopy
Weight Percent

Cross Polarized Light

X-Ray Diffraction

Ries Impact Crater Museum

Delta Oxygen-18

Delta Hydrogen-2

Wavelength

Micrometres

Micro X-Ray Diffraction

XX



1 Introduction and Literature Review

1.1 Introduction

The goal of this thesis is to enhance our understanding of the early depositional processes
associated with impact crater lake environments and the evolution of their early stages. As
possible host environments for early forms of life and as high-resolution record keepers of
climate change and aqueous history over time, the deposits of lakes hosted by impact craters
have been the subject of significant interest both on Earth and on Mars (e.g., Hickey et al.,
1988; Newsom et al., 1996; Cabrol and Grin, 1999; 2001; Arp et al., 2013a; Osinski et al.,
2013; 2020; Cockell et al., 2020). During early lacustrine deposition, interaction between
water and latent heat from melt-bearing impactites can generate hydrothermal systems
capable of creating potentially suitable conditions for early life forms (Osinski et al., 2013;
2020; Cockell et al., 2020).

The ~24 km diameter, ~14.8 Ma Ries impact structure, Germany, hosts several styles of
post-impact lacustrine deposits (e.g., Fuchtbauer et al., 1977; Riding, 1979; Pache et al.,
2001; Arp, 2006; Arp et al., 2013a; 2017; Christ et al., 2018), and evidence of impact
generated hydrothermal alteration is well documented and spatially variable (Arp et al.,
2013b; Caudill et al., 2021; Newsom et al., 1986; Osinski, 2005; Osinski et al., 2004; Sapers
et al., 2017). As such, this structure provides an optimal site to study early post-impact
lacustrine sedimentation, and the effects of impact generated hydrothermal alteration on
crater lake evolution. This thesis contributes a case study of the Ries impact structure,
Germany, with the aim of characterizing the early crater lake environment to frame early
post-impact ecological recovery on Earth and establishing a renewed understanding for the
exploration of Mars. This thesis focuses on two main drill cores: the Nordlingen 1973 drill
core, and the Wornitzostheim drill core, which sample lake deposits in the central basin of
the impact structure and an outer basin, respectively. Key mineralogical products formed
from impact generated hydrothermal systems in early post-impact lacustrine deposits are
highlighted with an emphasis on clay minerals; providing insight on the mechanisms of
lacustrine formation, the temperature and compositional evolution of early lacustrine fluids,

the sources and availability of water at the Ries, and the effect of water availability on the



record of other post-impact processes. Additionally, this thesis contributes the first
comprehensive study of secondary alteration products in early post-impact sedimentary
deposits at the Ries impact structure. Overall, the goals of this thesis are as follows:
e Outline possible depositional environments recorded in sedimentary rocks from
distinct settings within the impact structure.
e Characterize any hydrothermal mineral assemblages present in the post-impact
sedimentary deposits.
e Reconcile differences in lacustrine and hydrothermal environments between the

distinct settings investigated in this thesis.

1.2 Geological Setting of the Ries Impact Structure

The ~24 km diameter, ~ 14.8 Ma Ries impact structure in southern Germany (Fig. 1.1;
Schmieder et al., 2018) is a complex impact structure that occurs in a mixed target rock of
Hercynian age gneissic crystalline rocks overlain by Jurassic limestones and Triassic
sandstones, siltstones and conglomerates. The Ries impact structure is characterized by a
tectonic outer rim delineated by a roughly circular ring of highlands and a ~12 km diameter
central basin bound by a so called “inner ring” that lacks any modern topographical
expression. The displacement, melting and recrystallization of the target material resulted
in the formation and emplacement of the Ries’ impactites; rocks created or modified by a
hypervelocity impact event (Grieve and Therriault, 2013). The impact event generated a
series of impact melt bearing breccias which comprise a continuous ~600 m thick crater fill
deposit situated within the central basin, and a discontinuous series of melt-bearing breccias
ejected from the central basin (hereafter, melt bearing ejecta) scattered outside the bounds
of the central basin that are up to ~80 m thick (Forstner, 1967; Pohl et al., 1977; Stoffler et
al., 2013). The crater-fill melt-bearing breccias host pervasive secondary alteration, likely
owing to the presence of an overlying lacustrine system (Osinski, 2005). The melt-bearing
ejecta typically present secondary hydrothermal mineralization that is generally limited to
fillings and linings within fractures and voids (Osinski, Grieve and Spray, 2004; Osinski,
2005; Sapers et al., 2017). The concentration of hydrothermal mineralization in these melt-
bearing deposits indicates that they likely contributed a major source of heat, fueling the

impact generated hydrothermal system at the Ries (Osinski et al., 2004; Osinski, 2005).



Approximately 400 m of lacustrine deposits directly overly pervasively altered melt-
bearing breccias within the central basin, and up to 20 m of lacustrine deposits occur
directly overlying some melt-bearing ejecta (Forstner, 1967; Pohl et al., 1977; Stoffler et
al., 2013). The direct abutment of melt-bearing breccias with post-impact lacustrine
deposits indicates that the impact generated hydrothermal system could have vented into
the overlying lacustrine system (Osinski et al., 2013); however, mineralogical evidence of
hydrothermal venting into the Ries crater lake has not been documented in detail, hence the
motivation for the current study.
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Figure 1. 1: A geological map of the Ries impact crater highlighting (A) the location of the
impact structure with respect to Germany, and (B) major post-impact deposits, impactites
and pre-impact lithologies (Erickson et al., 2017) based on the work of Pohl et al. (1977).



The solid black line outlines the extent of the tectonic outer rim of the impact structure, and
the dashed line outlines the approximate extent of the central basin. Additionally, this map

highlights the location of the Nordlingen and Waérnitzostheim drill cores.

1.3 The Impact Cratering Process

Impact cratering and the formation of impactites is a geological process at the foundation
of this thesis. Historically, the impact cratering process has been characterized by three
loosely defined stages (Fig. 1.2): (1) contact and compression, (2) excavation and (3)

modification (Gault et al., 1968). These stages are briefly discussed below.

The contact and compression stage is characterized by immediate transmission of kinetic
energy from a hypervelocity projectile (>3,000 m/s) to the target rock, thereby generating
an initial shockwave that compresses the target with several hundred gigapascals of
pressure and generates temperatures in excess of 10,000 K (Melosh, 2013). Melosh (2013)
contextualizes the pressure-temperature conditions triggered by impact events with a
comparison to that of the Earth’s core, which are ~350 GPa and ~5,000 K, respectively.
These shockwaves also propagate through the impactor as rarefaction waves and, with
sufficient shock pressures, can cause the complete vaporization of the projectile itself
(Gault et al., 1968; Melosh, 1989; 2013). The transition to the excavation stage is defined
by the complete vaporization of the projectile; however, the transition between stages exists

as a continuum.

The excavation stage is characterized by the complex interactions between the impact-
generated shockwave and the target material as the shockwave radially propagates from the
point of impact. Impact induced rarefaction waves also propagate downward from the point
of impact creating an “interference zone” where shockwaves and rarefaction waves interact
(Melosh, 1989; 2013). The interaction of shock and rarefaction waves in the interference
zone creates an excavation flow-field (Fig. 1.2) which outlines zones where target material
is likely to be displaced or excavated from the point of impact (Dence, 1968; Grieve and
Cintala, 1982). The excavation of target material results in the formation of a transient
cavity. Excavated target rock is ballistically ejected beyond the forming transient cavity
and deposited as a continuous ejecta blanket (Oberbeck, 1975; Pohl et al., 1977) whereby



material from the upper zone of the target at the point of impact achieves a proximal
emplacement (Stoffler et al., 1975), and deeper target material is emplaced at more distal
locations. The pressure gradient triggered by the impact is such that deeper target material
is subjected to higher pressures; so, when material is rapidly excavated, the decompression
from high shock pressures combined with the initial high temperatures and pressures of the
impact event causes melting (Osinski et al. 2011). The cooling melt and newly formed
breccias comprise impact generated rocks (Osinski et al., 2018). It was experimentally
determined that material within the displaced zone generally does not leave the transient
cavity (Stoffler etal., 1975); however, observations from terrestrial impact craters indicates
that some material from the displaced zone (Fig. 1.2) can be transported beyond the crater
during a secondary phase of ejecta emplacement (Osinski et al., 2011). Impact melt-bearing
rocks line the interior of the transient cavity, which later settle in what becomes the crater
interior and form “crater-fill deposits”. Observations from terrestrial impact craters indicate
that impact melt-bearing material can also be ejected beyond the crater rim as ground-
hugging flows that incorporate fragments of the target rock (Osinski, 2004; Osinski et al.,
2011). The end of the excavation stage is marked by the point where propagating

shockwaves and rarefaction waves are no longer able to eject or displace material.

The modification stage is largely controlled by the size of the transient cavity and the
physical properties of the target rock (Melosh and Ivanov, 1999). Simple craters are formed
at diameters of ~3 km on Earth and ~6 km on Mars where the transient cavity exhibits
relatively little modification to its approximate bowl shape, which is by extension transitive
to the shape of the final crater (Pike, 1980; Osinski et al., 2022). At diameters that exceed
that of the simple crater size “limit”, the transient cavity is unstable and gravitational
settling of impacted material results in the formation of a complex impact structure (Dence,
1968). Central uplifts are triggered by the movement of material in the floor of the transient
cavity (Melosh, 1989). The movement of material in the crater floor can also result in the
formation of central peak basins to peak ring basins in the place of a central uplift with
increasing diameter of the crater. The modification stage never truly ends as it encompasses

post-impact processes such as weathering and erosion.
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Figure 1. 2: A diagram outlining the excavation and modification stages of the impact
cratering process as labelled on the diagram (Osinski et al., 2011). This model depicts the
emplacement of impact generated melt in the case of both simple (left panel) and complex
(right panel) impact structures. Letter and arrow labels present in the modification stage



indicate different stages in time (a—c). The first stage (a) represents the initial collapse of
the crater walls and the central uplift, followed by (b) the flow of melt and clasts off the
emergent central uplift, and finally (c) continued transport of clasts and melt-bearing

material upon the collapse of the crater wall.

1.4 Impact Generated Hydrothermal Systems

Hydrothermal alteration is defined as a chemical weathering processes whereby rock-
forming minerals interact with fluids at temperatures that are higher than expected
considering the geothermal gradient of the given area (Kirsimée and Osinski, 2013). The
formation of any hydrothermal system requires the presence of a heat source, a source of
H>0 and a pathway to facilitate fluid circulation (e.g., faults and fractures). The generation
of hydrothermal systems as a product of impact cratering is a well-documented
phenomenon, which has been reported from ~70 of the ~200 known impact craters studied
on Earth (Naumov, 2005; Kirsimée and Osinski, 2013; Osinski et al., 2013). The faulting,
fracturing and general disaggregation of target material can provide potential fluid
pathways for hydrothermal circulation. The shock heating of the target material by the
propagation of shockwaves and uplifting of warm deep seated rocks during the formation
of a central uplift provides two notable sources of heat that could partly fuel an impact
generated hydrothermal system; however, the primary heat source is provided by the impact
melt rocks and melt-bearing impactites, in particular the continuous melt “sheet” hosted in
annular depressions or central basin (Abramov and Kring, 2004; 2007). Primary fluid
sources vary depending on the host region of the impact structure, but impact generated
hydrothermal systems are generally fed by either meteoric water or seawater (Naumov,
2005). During the evolution of these hydrothermal systems, source fluids become more
alkaline due to the hydrolysis of unstable, shocked (alumino-) silicates and impact-
generated glass. The dissolution of this material creates a supersaturation of silica, which
enables Fe-Mg clay minerals and zeolites to readily precipitate, as evident by their
prevalence as main hydrothermal alteration phases in impact generated systems hosted in

silicate target rocks (Naumov, 2005).

Three stages of hydrothermal alteration were broadly defined for impact generated

hydrothermal systems based on petrographic observations and dominant fluid environment



regimes: (1) a vapor dominated stage characterized by potassium metasomatism of
silicates, followed by (2) an intermediate stage of vapor to liquid-dominated alteration
characterized by chlorite—smectite—zeolite mineralization, and lastly (3) a liquid dominated
stage characterized carbonate—sulfide / oxyhydrate mineralization (Osinski et al., 2001;
Versh et al., 2005).

Six general locations have been distinguished where impact generated hydrothermal
deposits can occur (Fig. 1.3; Osinski et al. 2013): (1) crater-fill melt rocks and melt-bearing
breccias; (2) the interior of central uplifts; (3) the exterior of central uplifts; (4) the crater
rim; (5) post-impact crater lake deposits; (6) ejecta deposits (Osinski et al., 2013). The
formation of these deposits, and the extent to which they form, generally correlates with

the available heat sources and the geometry of the impact generated fracture network.
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Figure 1. 3: The distribution of impact generated hydrothermal deposits within the context
of a typical complex crater. Approximate limits to the scale of impact structures to which
this model is primarily applicable are indicated in addition to the general location of various

syn- and post-impact deposits (Osinski et al. 2013).

At the Ries impact structure, hydrothermal deposits are generally concentrated in the
melt-bearing breccias. As indicated by the presence of impact generated glass, initial
emplacement temperatures of the melt-bearing breccias was likely 750-900 °C or greater,

which then rapidly cooled (Newsom et al., 1986; Osinski, 2005). Ries melt-bearing deposits



likely occur both as crater-fill deposits and ejecta (Osinski, 2004), and the hydrothermal
deposits are variable between the two deposits, as suggested by their locations (Osinski et
al., 2013). Crater-fill melt-bearing breccias exhibit pervasive alteration characterized by K-
feldspar, albite, clay minerals, chlorite, zeolites, calcite, and additional minor phases such
as pyrite, goethite, barite and siderite (Osinski, 2005). This mineral assemblage represents
an initial stage of K-metasomatism concomitant with albitization and chloritization at 200—

300 °C followed by intermediate argillic alteration and zeolitization (Osinski, 2005).

This alteration assemblage is notably different to that of the melt bearing ejecta where
alteration is typically limited to smectitic clay minerals, Ba-phillipsite, quartz and calcite
which lines and fills vesicles, fractures and voids (Osinski, 2005). This assemblage of
secondary minerals reflects low temperature 100—130 °C alteration (Osinski, 2005). The
alteration of melt-bearing ejecta is a more contentious subject and neither their original
emplacement mechanism (Osinski, 2004; Stoffler et al., 2013) nor their alteration history
(Newsom et al., 1986; Osinski, 2003; 2005; Osinski et al., 2004; Muttik et al., 2008; Muttik
et al., 2010; Sapers et al., 2017; Caudill et al., 2021) are fully agreed upon. The lack of
consensus with respect to the origin hydrothermal alteration history of the melt-bearing
ejecta is largely owing to uncertainties pertaining to the origin of clay minerals which
comprise >70 vol% of the groundmass (Osinski, Grieve and Spray, 2004). Oxygen and
hydrogen isotope studies of clay minerals broadly present in the <2 um size fraction of the
ejected melt-bearing breccias suggest that the clay minerals of the ejected melt-bearing
breccias were formed by aqueous, low-temperature weathering processes following the
deposition of the rock (Muittik et al., 2008; Muttik et al., 2010). Conversely, it has been
shown that the clay minerals of the ejected melt-bearing breccias are highly complex
(Newsom et al., 1986; Osinski, Grieve and Spray, 2004) and some are not consistent with
surficial weathering or hydrothermal alteration, and instead, could have formed from the
recrystallization / devitrification of metastable impact melt (Osinski et al., 2004). The
ejected melt-bearing breccia exhibit variable hydrothermal alteration products comprising
mixed layer illite-smectite, calcite, chlorite, zeolite and K-feldspar (Osinski et al., 2004;
Sapers et al., 2017), and present platy clay mineral (montmorillonite) textures that are

consistent with hydrothermal origins (Newsom et al., 1986; Osinski et al., 2004).



The duration of the Ries hydrothermal system is not well constrained but estimates have
been made using cooling models (Daubar and Kring, 2001), which indicate that a 25 km
diameter crater, with a 200 m thick melt sheet cooling from 800°C to 160°C could persist
for approximately 3,000 years. Using a separate model, Pohl (1977) calculated that the
cooling of a 200 m thick melt sheet from 800°C to 100°C would take several thousand
years. Arp et al. (2013b) stratigraphically correlated a hydrothermal spring mound with
late-stage lacustrine deposits, suggesting that the Ries’ hydrothermal system was active

250,000 years after the impact event.

1.5 Terrestrial Impact Crater Lakes

Crater lakes specific to impact craters are not well understood, so a general model for
impact crater lake formation on Earth has not been determined. Volcanic crater lakes and
impact crater lakes share some similar scientific value. Volcanic crater lakes analogous to
impact crater lakes, such as maar and caldera lakes, can record subtle environmental
changes over longer periods of time than most other lake types, with some crater-lakes
persisting for several million years (Cohen, 2003). The longevity of a crater-lake’s life
cycle is attributed to the steep crater walls and relatively small catchment area, which result
in moderately high sedimentation rates (Cohen, 2003). Their small catchment size
minimizes the influence of distal fluid sources and minimizes the number of potential
lithologies influencing the watershed. These lake deposits are valuable because they
preserve high resolution records of climate change over long periods of time (Cohen, 2003).
Similarly, impact crater lake deposits were historically utilized largely for their
climatological archives (Talbot and Johannessen, 1992; Gurov et al., 2006; Shanahan et al.,
2006; 2009; Brigham-Grette et al., 2007; Melles et al., 2012); however, with the discovery
of potential crater lake deposits on Mars (Forsythe, 1990; Forsythe and Zimbelman, 1995;
Cabrol and Grin, 1999; Fassett and Head, 2005; 2008a; 2008b), impact crater lakes on Earth
became the subject of special interest owing to their value as potential analogues for the

sedimentary, hydrochemical, and paleobiological evolution of Martian paleolakes.

A review of crater lake deposits has been conducted for Martian craters (Newsom et al.,
1996; Michalski et al., 2022), and the potential significance of crater lakes to the impact
related biosphere and impact generated hydrothermal environment are generally noted
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(Cabrol et al., 1999; Osinski, 2005; Osinski et al., 2013; 2020; Grotzinger et al., 2014,
Cockell et al., 2020); however, a comprehensive review of impact crater lakes on Earth has
not been conducted to date. As a precursor to such a contribution, a short review of a few
post-impact crater lakes is provided here, with an emphasis on the Ries, and briefly discuss
their common properties. This literature review outline the background for each impact
structure and note traits such as location, age, size, target rock, and evidence of past or
present ecosystems. We also briefly discuss the extent of hydrothermal deposits, the climate
at the time and region of the impact event, and lacustrine evolution where applicable. We
note whether the impact structures host a modern lake system or only paleolake deposits,
whether there was any record of overflow, whether there is evidence of inlets and / or
outlets, and whether the lake was or is hydrologically closed or open. For the purposes of
this review, we focus mostly on crater lakes that are relatively well-studied and exclude
large impact craters such as the ~180 km diameter Chicxulub impact structure, Mexico,
and the ~250 km diameter Sudbury impact structure, Canada. In addition to the Ries impact
structure, we discuss the Bosumtwi impact structure, Ghana, the Lonar Lake impact
structure, India, the Boltysh impact structure, Ukraine, and the Haughton impact structure,

Canada.

1.5.1  Ries Impact Structure, Germany

The sedimentary record of the Ries impact crater accounts for an approximately 1.2 Ma
long period of time (Pohl et al., 1977) during the transition from the Mid-Miocene Climatic
Optimum to a cooler climate influenced by the growth of the Antarctic ice sheet from ~14—
13 Ma (Flower and Kennett, 1994; Shevenell et al., 2004; Westerhold et al., 2005; Holbourn
et al., 2007). The immediate post-impact climate of the Ries is in alignment with the end
of the Mid-Miocene Climatic Optimum (14.7 Ma) and is characterized by warm-—
subtropical conditions at ~20 °C with high, but seasonally variable levels of precipitation
(B6hme, 2003; 2010; Bohme et al., 2006; 2011; Holbourn et al., 2007; Ivanov and Béhme,
2011). Two general post-impact lacustrine lithofacies formed, cumulatively comprising the
Ries lake deposits: (1) the basin center siliciclastics, and (2) the basin margin deposits (Arp
etal., 2017).
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Figure 1. 4: The distribution of the post-impact lacustrine rocks as determined based on
Pohl et al. (1977) highlighting different post-impact lacustrine units (Jankowski, 1981), and
the location of major borehole drilling sites (Arp et al., 2021). Locations of the Nordlingen
1973 and Wornitzostheim drill cores are marked by the crosshairs labelled N6 1973 and

W0, respectively.

The Ries’ basin center units comprise a ~350 m thick sequence of siliciclastic
sedimentary rocks. These rocks record four major stages in the evolution of the Ries crater-
lake as it transitioned from (1) an alluvial playa setting to (2) a stratified, alkaline and saline
lake, to (3) an unstratified and less saline lake, and finally to (4) a freshening lake with coal
swamps (Fuchtbauer et al., 1977; Jankowski, 1981; Arp et al., 2013a; 2017). Flichtbauer et
al. (1977) described the sedimentary packages that recorded these environmental changes,
where they denoted the packages as units A, B, C and D, from deepest to shallowest,
respectively (Fig. 1.4). Unit A (basal member) is comprised of sandstones and breccias

derived from “reworked suevite”, which transitions into the bituminous shales of unit B
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(laminate member). Unit C (marl member) is comprised of marls and unit D (clay member)
is comprised of claystones with intercalated lignites (Flichtbauer et al., 1977; Jankowski,
1977a; 1981; Arp G., 2006).

The basin margin deposits generally represent the final stages of the Ries lake system
where the central basin filled with sediment and the marginal carbonates were deposited on
its slopes (Jankowski, 1977a; 1981). The eventual establishment of Pleistocene river
systems cross-cutting the Ries area eroded approximately 100 m of the youngest lake
sediments; leaving the marginal carbonates deposited on the slopes of the inner ring the
only modern expression of their sequence (Arp, et al., 2013; Arp, 1995; Fichtbauer et al.,
1977). The basin margin carbonates have an approximate vertical extent of 50 m and
comprise travertines, packstones, palustrine limestones and dolomitic algal bioherms (Fig.
1.5; Arp, 1995; Arp G., 2006; Riding, 1979). The marginal carbonates also constitute
streamer carbonates and travertines at the Erbisberg spring mound (Arp, et al., 2013). The
occurrence of these facies types were indicative of a subaerial hydrothermal origin of the
mound and stratigraphically correlated with late stage sediments in the lacustrine basin
center deposits (Arp, et al., 2013). This suggested that the Ries hydrothermal system could
have persisted for approximately 250,000 years after the impact and potentially influenced
the evolution of the lake system during the late deposition of the laminate member outlined
in Jankowski (1981). The work of Arp et al. (2013b) was subsequently revisited (Arp et al.,
2019), where direct evidence of travertines interfingering with lacustrine mudstones was
documented, and results of 8Sr / 8Sr indicated that the Erbisberg spring mound
stratigraphically correlated with the timing of the early, rather than late, laminate member

deposition.

In addition to the basin margin carbonates, coarse-siliciclastics comprising
conglomerates and sandstones exist along the marginal regions of the lake, mainly in the
north-western region of the Ries basin (Arp G., 2006; Arp et al., 2019b). The conglomeritic
units are variable with some forming lenticular beds with poor cross-stratification, and
others locally interfingering with clay-rich sandstones and sandy dolomite beds (Arp G.,
2006). The Ries crater was, at least initially, a hydrologically closed lake (Arp, et al., 2013,
2017; Fuchtbauer et al., 1977; Jankowski, 1981), that potentially transitioned into an open

13



lake system via a lake outlet (Wolff and Fichtbauer, 1976). While there is evidence of
fluvial activity (Arp, 2006; Arp et al., 2019; Fuchtbauer et al., 1977; Jankowski, 1981), no
clear evidence of an inlet, breach flood, or an outlet at the Ries impact structure has been
presented to date. It was more recently suggested that the clay member does not represent
a final stage of freshwater conditions but rather represents a temporary decline in salinity
(Arpetal., 2017), so a transition to hydrologically open conditions might not be necessary

to explain this trend with salinity.
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Figure 1. 5: A graphic of the northeastern margin of the Ries lake depicting the
approximate distribution of carbonate facies with respect to the main lake system (Arp,
1995).

1.5.2  Bosumtwi Impact Structure, Ghana

The 10.5 + 0.5 km diameter Bosumtwi impact structure is a complex impact structure
with a central uplift (Jones et al., 1981; Karp et al., 2002; Scholz et al., 2002) and an age of
1.07 Ma (Schnetzler et al., 1967; Koeberl et al., 1997). The target material was the
greenschist facies metasediments of the 2.1-2.2 Ga Birimian Supergroup (Fig. 1.6; Wright
et al., 1985). The Birimian Supergroup is traditionally divided into the Lower Birimian,
which is comprised of metagraywackes, quartzite graywackes, shales and slates, and the
Upper Birimian; comprised of altered, basic intrusives with intercalated metasediments
(Jones et al., 1981; Koeberl et al., 1998; Reimold et al., 1998; Wagner et al., 2002). The
Bosumtwi impact structure is completely filled with the modern Lake Bosumtwi (~45 m
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depth); however, the age of the impact structure indicates that initial conditions were dry,
and that early lake deposition was largely controlled by precipitation and evaporation
(Beuning et al., 2003; Shanahan et al., 2006; 2009). Hydrothermal deposits constituting
alteration veining and matrix material of 2M-muscovite and secondary chlorite were
reported in samples from the melt-bearing impactites, lapilli-bearing fallback deposits, and
lithic breccias (Petersen et al., 2007); however, the extent of the alteration was limited

generally to fracture fillings.

The Bosumtwi crater lake is hydrologically closed with no reported connection the
regional groundwater aquifer, nor is there an inlet or stream inflow (Turner et al., 1996).
Local groundwater compositions were controlled by the incongruent dissolution of
aluminosilicates and, to a lesser extent, the weathering of carbonates; thereby causing a
transition from Na-Mg-HCOs water at the upper catchments to Ca-Mg-HCO3 water within
the crater (Loh et al., 2016). The post-impact lake deposits at the Bosumtwi impact structure
are diverse and consist of interlayering units of fluviodeltaic gravels and beach sands, and
lacustrine silts and clay (Shanahan et al., 2006). Final lake high stands are marked by
stromatolite mounds and stromatolitic surface coatings on rocks (Talbot and Delibrias,
1977). The Bosumtwi paleolake deposits records several lake level fluctuations controlled
by climate, which in turn was strongly influenced episodes of glaciation (Talbot and
Johannessen, 1992; deMenocal, 1995; 2004; Turner et al., 1996; Shanahan et al., 2006).
The evolution of lake Bosumtwi has been studied with respect to the last few thousand
years (Talbot and Delibrias, 1977; Talbot and Johannessen, 1992; Beuning et al., 2003;
Shanahan et al., 2006); however, there have been no reports on the timing of initial
lacustrine deposition. Arid environmental conditions surrounding the initial formation of
Lake Bosumtwi are inferred based on climatological studies of West Africa (deMenocal,
1995; 2004). Throughout the last several thousand years, evidence of one instance of
overflow conditions was recorded which would have funnelled out of the crater through the
spillway / crater outlet located ~110 m above the modern lake surface (Turner et al., 1996).
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Figure 1. 6: Geological map of the Bosumtwi Lake impact structure depicting major host
rock and impactite lithologies. Solid black lines highlight main fault systems. (Baratoux et
al., 2019).

1.5.3  Lonar Lake Impact Structure, India

The Lonar Lake crater, presently host to a ~6 m deep hydrologically closed lake, is a
~1.9 km diameter, simple impact structure located in southwestern India, emplaced entirely
in the Deccan basaltic traps (Nayak, 1972; Fredriksson et al., 1973; Maloof et al., 2010).
The age of the Lonar Lake impact structure is somewhat contentious; multiple ages have
been reported from ~12 Ka (Maloof et al., 2010) to ~570 + 47 Ka (Jourdan et al., 2011),
which complicates the application of relevant climatological studies. At least during the
Holocene, the climate was characterized by a period of high monsoon activity from ~13 to
8 Ka, which was followed by a period of low monsoon activity with increasing aridity from
~5t0 0.5 Ka (Anoop et al., 2013; Menzel et al., 2013; Prasad et al., 2014; Misra, Tandon
and Sinha, 2019). The paleolake deposits of Lonar Lake record the climatic fluctuations

from high monsoon activity to aridity. High lacustrine aquatic productivity, increased
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detrital input and calcareous clay mineral deposits mark periods of high monsoon activity,
whereas evaporative gaylussite (Na2Ca(COs)2-5H20) marks periods of aridity (Prasad et
al.,, 2014). Major sources of water for Lonar Lake currently comprise monsoon
precipitation, perennial freshwater springs and streams (Maloof et al., 2010). Groundwater
input into the lake is effective during periods of high and low monsoon activity, which
themselves largely control lake level fluctuations (Komatsu et al., 2014). There is no stream
outlet from Lonar Lake; however, groundwater discharges as springs occurring along the
inner walls of the crater rim where the basaltic rock is vesicular or where proximal
impactites are deposited (Komatsu et al., 2014). The crater rim presents several signs of
subaqueous erosion and deposition such as gullies, debris flows, and the Dhar valley
incision into the rim, which is associated with a fan delta (Komatsu et al., 2014). The lake
is saline (~0.4 % NacCl), alkaline (pH ~10), eutrophic and permanently anoxic to sub-anoxic
below 4 m depth (Joshi et al., 2008; Antony et al., 2013; Komatsu et al., 2014). Over the
last several decades, the salinity of Lonar Lake has been progressively decreasing with

continued input from fresh water (Joshi et al., 2008).

While there have been no biogenic carbonate deposits documented at Lonar Lake, the
lake ecosystem hosts species of blue-green algae (Siddiqi, 2008), which are a similar type
of organism to those responsible for the stromatolitic mounds and bioherms present at the
Bosumtwi impact structure (Talbot and Delibrias, 1977), and the Ries impact structure
(Riding R., 1979; Arp, 1995), respectively. There is currently no evidence of a lacustrine

overflow event at the Lonar Lake impact structure.

Although water at the Lonar Lake impact structure was at least intermittently present in
this potentially ~12 Ka impact structure, the presence of an impact generated hydrothermal
system has generated some debate (Hagerty and Newsom, 2003; Newsom et al., 2005;
Maloof et al., 2010). Putative impact generated hydrothermal deposits at Lonar lake
constitute saponitic clay minerals, celadonite and calcite, which are pervasive in melt-
bearing impactites (Hagerty and Newsom, 2003; Newsom et al., 2005). Additionally,
groundwater heated by remnant energy imparted by the impact was proposed as a potential
fluid source for an impact generated hydrothermal system at Lonar Lake (Nayak, 1996). It

has, however, been argued that these hydrothermal deposits described in Hagerty and
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Newsom (2003) and Newsom et al. (2005) are not a result of impact generated

hydrothermal activity, but instead represent pre-impact alteration of basaltic flow tops that

were highly comminuted (Maloof et al., 2010).
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Figure 1. 7: Geological map of the Lonar Lake impact structure highlighting major
geological units. The dashed grey line delineates the extent of the continuous ejecta blanket.
Quaternary units are colored as indicated on the legend. Abbreviations are as follows: Qb—
beach unit; Qe—ejecta unit; Qf—forest unit; Qh-histosol unit; Qi—irrigated alluvial fan; Qt—
talus (Maloof et al., 2010).

1.5.4  Boltysh Impact Structure, Ukraine

The ~24 km diameter Boltysh impact structure is a complex impact structure with a ~6
km diameter central uplift (Grieve et al., 1987). The Boltysh impact structure currently has
minimal surface expression and is largely buried by up to 30 m of Quaternary sediments

(Gurov et al., 2006). The target rock comprises a complex mixture of ~ 1550 Ma

18



Proterozoic porphyritic, aplitic granites associated with migmatites, locally known as
Kirovograd type, and older biotite gneiss aged 1850-2220 Ma (Shcherbak et al., 1978;
Grieve et al., 1987). The impact event occurred on the northeastern margin of the Tethys
Ocean at 65.39 + 0.14 / 0.1 Ma; a time during ecological recovery from the Cretaceous—
Paleogene (K-Pg) extinction (Pickersgill et al., 2021). The impact event generated melt-
bearing breccias in addition to impact melt rocks which both occur as crater-fill deposits
within the annular depressions of the impact structure (Grieve et al., 1987). Approximately
10-100 m of impact melt-bearing breccias overly a ~150-220 m thick sheet of impact melt
rocks (Gurov, Shekhunova and Permiakov, 2011). The impact melt rocks can be generally
separated into two distinct units comprising (1) a lower unit of glassy impact melt rocks
with a glassy matrix, and feldspar and orthopyroxene microliths, and (2) an upper unit of
microcrystalline melt rocks with microliths of feldspar and chloritized orthopyroxene
(Grieve et al., 1987; Gurov et al., 2011). The chloritization of orthopyroxene and the
crystalline structure of the matrix present in the upper melt rocks were attributed to
interactions with meteoric water during hydrothermal alteration (Gurov et al., 2006; Gurov
et al., 2015). Aggregates of apatite and pyrite-apatite hosted in hydrothermal veins
comprise the hydrothermal deposits in the melt-bearing breccias (Gurov et al., 2015) in
addition to pervasive alteration to smectitic clay minerals (Williams et al., 2013).

The Boltysh impact structure contains ~580 m of post-impact sedimentary rock
overlying the melt-bearing breccias (Fig. 1.8). The collapse of material from the crater rim
and the inner slopes of the crater deposited the earliest post-impact sedimentary rocks in
the impact structure and comprise sandstones and sedimentary breccias with some
macrofossils (Gurov et al., 2006; Ebinghaus et al., 2017). Studies of Bf hopanes indicated
that the bottom 10 m of these initial post impact deposits were potentially subjected to
short-lived, and low temperature heating (Gilmour et al., 2013); however, an unconformity
between the melt-bearing breccias and post-impact lacustrine deposits (Gurov et al., 2006;
Ebinghaus et al., 2017) indicates that the duration of hydrothermal heating could have been
longer than initially proposed. The initial lake system was hydrologically closed and
exhibited lake level fluctuations controlled by surface run-off (Ebinghaus et al., 2017).
Water influx and early fresh-water conditions were maintained by continuous groundwater

flow and seasonally controlled precipitation (Ebinghaus et al., 2017). Lacustrine siltstones,
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claystones and oil shales represent deposition from a primarily a freshwater lake that was
biologically active (Gurov et al., 2006; Ebinghaus et al., 2017). The lake was initially
inhabited by populations of ostracods and mollusks, which were later replaced during an
episode of anerobic conditions where blue-green algae were dominant (Gurov et al., 2006);
however, salinity and alkalinity levels subsequently varied (Ebinghaus et al., 2017). Marine
transgression during the Middle Eocene caused the flooding of the impact structure with
sea water, which deposited sandstones, claystones and marlstones. The sediments deposited
as a result of this marine transgression record a period extending to the late Eocene. A final

stage of freshwater conditions was recorded by Neogene claystones and sandstones that are
up to 100 m thick.

Depth (m) 42/11

200
300
400
500 [~
600

5 km Central uplift

VL

197457 K/Pg impact breccia

2] Turbidite-dominated and debris-flow [Zi===| Marlstones and siltstones
:| dominated facies (pre-excursion) = (post-excursion)

P77~} Proterozoic basement Laminated facies )
(granite and gneiss) - (negative excursion) Quaternary alluvial cover
: < Proximal conglomerates Silt-richand sand-rich shallow lake-

(not exposed in 42/11) [ dominated facies
(recovery and post-excursion)

Figure 1. 8: Simplified cross section of the Boltysh post-impact deposits. The cross section
highlights major lithologies and the location of a drill core used to establish the
relationships depicted here (Ebinghaus et al., 2017).

1.5.5  The Haughton Impact Structure, Canada

The ~31 km apparent diameter (Osinski et al., 2005b; Erickson et al., 2021) and 31.04
+ 0.37 Ma (Erickson et al., 2021) Haughton impact structure located on Devon Island,
Canada, hosts the Neogene and Quaternary sediments of the Haughton Formation (Hickey,

Johnson and Dawson, 1988); remnant deposits of a post-impact crater lake system (Fig.
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1.9). The Haughton impact structure is complex with a central uplift and is hosted in an
approximately 1,880 m thick sequence of Lower Paleozoic sedimentary rocks of the Arctic
Platform, which overly the Precambrian metamorphic rocks that comprise the Canadian
shield (Osinski et al., 2005; Stockwell, 1982). The Lower Paleozoic sedimentary rocks are
comprised of dolomite and limestone with some evaporites, minor shales and sandstones
(Osinski et al., 2005; Stockwell, 1982). The volumetrically dominant crater fill lithology is
a clast-rich impact melt rock that comprises a silicate-carbonate-anhydrite groundmass that
exhibits immiscibility textures with sedimentary and crystalline clastic material derived
from the target rock (Osinski et al., 2001; Osinski et al., 2005; Osinski & Spray, 2003).
Hydrothermal deposits occur in cavity and fracture fillings within crater-fill impact melt-
bearing breccias, breccias comprising the central uplift, fractures fillings near the central
uplift, and in hydrothermal pipe structures and fault surfaces in the crater rim region
(Osinski et al., 2001; Osinski et al., 2005). The main alteration assemblage constitutes
calcite and selenite with minor marcasite, quartz and goethite (Osinski et al., 2001; Osinski
et al., 2005).

Field studies of the Haughton Formation indicate that it was deposited ~8-10 Ma after
impact (Osinski and Lee, 2005). The crater-wide unconformity that marks the contact
between the base of the Haughton formation and pristine, unweathered clast-rich impact
melt rocks indicates that the Haughton formation was deposited after a period of glaciation
erosion removed an upper section of the clast-rich impact melt rocks (Osinski & Lee 2005).
The Haughton formation has preserved an assemblage of pollen, plant microfossils and
early Neogene arctic vertebrates, including fish, which can be used as a vector for
paleoclimatological study (Hickey et al. 1988). The preservation of delicate fossils, lack of
current scouring and or ripple marks in the post-impact lacustrine deposits indicates deep
water conditions in a climate that was characterized by a mean annual temperature range
of 16-28 °C (Hickey et al., 1988), although this temperature regime is based on age
estimates for the Haughton formation that have since been revised (Osinski and Lee, 2005).
No information regarding the physiochemical evolution or micro-ecology of the Haughton
Formation paleolake has been reported to date. Additionally, no evidence of a rim-

breaching event associated with the Haughton formation has been presented; however, a
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breaching event of the crater rim occurred in association with the Haughton River, possibly

triggered by the uplift of the Devon Plateau (Hickey et al., 1988).
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lacustrine environment. The timing of a sufficient post-impact water supply necessary to
generate a lacustrine system is still not fully understood for most impact structures;
however, in cases where immediate lacustrine infilling is hypothesized, such as the Ries
impact structure and the Boltysh impact structure, the crater-fill melt-bearing impactites
exhibit pervasive alteration associated with clay minerals. There has been no evidence
presented for breach flooding at any of the reviewed impact structures as an event that could
have initiated lacustrine formation; however, this process is suspected to have formed the
Haughton formation. Most of these lake systems began as shallow saline lakes with the
exception of the Boltysh impact structure where a constant supply of groundwater and
consistent run-off maintained a fresh-water system. In most cases, water supply was at least
temporarily intermittent, which led to temporary dry periods in the cases of Bosumtwi, and
Lonar Lake. During deposition from the margins of the lacustrine environment, the
formation of stromatolites and / or modern living algae is common to all the impact craters
studied here with the exception of the Haughton impact structure where it is unclear
whether the Haughton Formation records evidence of the presence of algae. The findings
of this limited review of a few properties of five terrestrial impact craters are summarized
in table 1.

This brief review comprises a very small sample set of impact crater lakes on Earth and
as such does have limitations with respect to temporal resolution, representation of varying
latitudes, representation of crater type, representation of both modern and paleolakes, and
an in-depth review of the respective biospheres of each crater lake system. There are indeed
several outstanding questions such as the cause of the termination of the selected
paleolakes, and whether breach events could be triggered from overflow, fluvial activity or
other processes such as those outlined in Bamber et al., (2022). Indeed, a geomorphological
study of the various and relatively unexplained inlets and outlets present in modern crater
lakes would be hugely insightful into the processes that govern their evolution. Finally,
gaining a more robust understanding of the formation of stromatolites and other biogenic
deposits in the marginal regions of these lakes would be significant to the exploration for
evidence of life on Mars where the Perseverance rover is set to explore putative lacustrine

carbonate deposits in the margins of Jezero crater (Horgan et al., 2020).
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Table 1. 1: Summary of key parameters pertaining to the context and characteristics of
five impact crater lakes.

Parameter Ries Bosumtwi Lonar Boltysh Haughton
Lake
Germany Ghana India Ukraine Canada
Location 48.8833° N 6.5017° N 19.9758° N 48.7500° N, 75.4319° N
10.5667° E 1.4145°W 76.5069° E 32.1667° E 89.8112° W
Impact 12 Kato
Structure Age 14.8 Ma 1.07 Ma 570 Ka 65.39 Ma 23.5Ma
Diameter of
the Impact 24 km 10.5 km 1.9 km 24 km 23 km
Structure
Impact
Structure Complex Complex Simple Complex Complex
Type
Mixed: Crystalline: ngﬁghe
Limestone greenschist Crystalline Crystalline: i
i ; ' . with
Target Rock with facies : Deccan granites and p .
- A . . recambrian
amphibolite  metasedimen  trap basalt migmatites .
- metamorphi
gneiss ts o rocks
Modern / Paleolake Modern Modern Paleolake Paleolake
Paleolake
(Extensive) o
Smectitic  (Limited) ~ (imited) _
Saponitic (Extensive) o
clay 2M1- oy (Limited)
. . clay Chloritized .
minerals, K- muscovite . Calcite and
minerals, orthopyroxen =
feldspar, and : ; selenite in
. ; celadonite e, pervasive .
Main Impact albite, secondary : impact melt-
. o and calcite secondary .
Generated chlorite, chlorite in in melt- smectite in bearing
Hydrothermal | calcite, Ba-  melt-bearing beari . breccias,
. e . ; earing impact melt
Deposits phillipsite in impactites, . . central
. impactites rocks and ; .
crater-fill fallback : . uplift region
) ; (disputed impact melt-
impact deposits and . and crater
o as not bearing . .
melt- lithic . . rim region
beari . impact breccias
earing breccias
brecei related)
reccias
Evidence of . PP hopane
Intercalatio studies
Impact ith .
Generated n wit consistent
hydrotherm Unknown Unknown with short- None
Hydrothermal . .
o al spring lived, low
Heating in
. mounds temperature
Lake Deposits heati
eating
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Water
Source(s) /
Lake Level

Control

Lacustrine
Physiochemic
al Evolution

Inlet / Outlet

Hydrologicall
y Open/
Closed

Timing of
lacustrine
infilling with
respect to
impact event

Deep /
Shallow
Water

Seasonal
precipitatio

Initially
alkaline +
saline
Progressivel
y shifted to
less saline
conditions
with
increasing
input from
rain

Unknown

Closed

Diverse
Stromatolite
s at basin
margins

Constant —
no complete
drying
episodes

Immediate
(?)
Hypothesize
d but no
direct
evidence

Rythmic
Initially
shallow

with deep

Precipitation

Alkaline +
saline water
evolving to
fresh water

Outlet

Closed

Diverse

Stromatolites

at basin
margins

initially
Currently
constant

Later

(unknown
time gap)

Initially
shallow

Deep modern

lake

Monsoon
rains

Saline,
alkaline,
eutrophic

with
anoxic

water
bottoms

Inlet (with
groundwat
er
discharge
through
springs)

Closed

Modern
algal
blooms

Intermitten
t

Unknown

Precipitation
/ sea-rise

Fresh water,
controlled by
groundwater
Temporarily
shifted to
saline due to
marine

transgression
Returned to
fresh water

Unknown

Closed
Shifting to
open with sea
level rise
then
returning to
closed

Ostracods,

molluscs,

blue-green
algae

Immediate
(?)
Hypothesized
, but no direct
evidence

Rythmic
Initially
shallow with

Precipitatio
n?

Unknown

Potentially
an inlet

Closed?

Intermittent

8-10 Ma
time gap



water deep water

periods periods
Overflow Potentially One None Potent_lally Unknown
Events one multiple

1.6 Clay Minerals

The Ries impact structure hosts a multitude of lithofacies that are replete with clay
minerals (Fuchtbauer et al., 1977; Salger, 1977; Jankowski, 1981; Newsom et al., 1986;
Osinski, Grieve and Spray, 2004; Osinski, 2005; Muttik et al., 2008; 2010; Sapers et al.,
2017; Caudill et al., 2021), and indeed clay minerals comprise a key mineralogical presence
in each chapter of this thesis. As such, their formation conditions with respect to the Ries
impact structure, and in general, are similarly significant to impact cratering, impact

generated hydrothermal systems, and crater lakes.

Clay minerals are generally present in the <2 um size fraction of rocks and soils, and
typically comprise phyllosilicates classified based on the size and origin of their permanent
charges. The permanent charges of these clay minerals are dictated by their crystal
structure; alternating sheets of octahedrally and tetrahedrally coordinated cations.
Octahedral cations, usually aluminum or magnesium, are generally in coordination with
hydroxyl groups and / or oxygen (Brindley and Brown, 1980). Silica, or sometimes
aluminum, tetrahedral cations, are coordinated with oxygen (Brindley and Brown, 1980).
Sheets of tetrahedra form such that the apical oxygen of tetrahedra are aligned along the
same plane (Grim, 1968). The conjoining of one tetrahedral sheet and one octahedral sheet
creates 1:1 layer clay minerals such as kaolinite and serpentine, whereas the similar joining
of two tetrahedral sheets on either side of an octahedral sheet creates a 2:1 layer clay
mineral (Fig. 1.10) such as montmorillonite or illite (Grim, 1968). In the case of 2:1 layer
clay mineral, the space between two 2:1 layers (the interlayer space) can be occupied by
water, cations, hydroxyl groups, or organics depending on their charge (Moore and
Reynolds, 1997). The diverse array of material that can occupy the interlayer causes 2:1
layer clay minerals to have a variety of characteristics and properties. Furthermore,

different types of 2:1 layer clay minerals can intercalate with one another, further
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diversifying their properties and complicating the interpretation of their precise mineralogy
(Brindley and Brown, 1980; Moore and Reynolds, 1997).
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Figure 1. 10: The general structure of a 2:1 layer clay mineral with interlayer material

distinguishing it from the tetrahedral sheet of another clay mineral. Dark blue circles
indicate silica, light blue circles indicate oxygen, orange circles indicate hydroxyl groups,
red circles indicate aluminum, grey circles indicate water, red stars indicate various cations;

however, other possible constituents of the interlayer are noted (Ghadiri et al., 2015).

The presence of structurally bound hydrogen and oxygen in clay minerals (Brindley and
Brown, 1980) has made them attractive targets for isotopic provenance studies. The
isotopic composition of clay minerals can provide information about the geological
processes that formed them; however, this is only true if they retained the isotopic
compositions acquired in the process (Savin and Lee, 1988). In particular, work pertaining
to the equilibrium fractionation between clay minerals and water has enabled the
approximate reconstruction of the isotopic compositions of clay mineral source fluids;
provided that a myriad of conditions such as the likely formation temperature(s), mixed
clay mineral intercalation, presence of organics, likelihood of re-equilibration, and possible
low-temperature Kinetic effects are taken into consideration (Savin, 1967; Sheppard et al.,
1969; Savin and Epstein, 1970; Yeh, 1980; Yeh and Epstein, 1981; Savin and Lee, 1988;
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Longstaffe and Ayalon, 1990; Capuano, 1992; Sheppard and Gilg, 1996). Research
regarding the equilibrium fractionation between clay minerals and water has been
instrumental for paleoclimate and palaeohydrological research (Longstaffe, 1991; Gilg et
al., 1999; Gilg, 2000). In this thesis, similar approach is used to aid in understanding early

post-impact processes at the Ries impact structure.

Clay minerals at the Ries impact structure that occur along the transition from melt-
bearing impactites to post-impact sedimentary deposits are a focus of this thesis. These clay
minerals are important for their potential to record early post-impact environmental
conditions and the early evolution of hydrothermal and lacustrine fluids. Clay minerals
were documented throughout lacustrine deposits in the central basin of the Ries impact
structure by Fiichtbauer et al. (1977) who reports “mixed layer” clay minerals, illite and
kaolinite with additional chlorite in basal lacustrine deposits. Salger (1977) also reports
occurrences of secondary high temperature montmorillonite clay minerals in the same basal
lacustrine deposits described in Fuchtbauer et al. (1977). As discussed previously, clay
minerals are present in the melt-bearing impactites (see section 1.4: Impact Generated

Hydrothermal Systems), and their origins are not fully agreed upon.

1.7 Thesis Outline

The following chapters are written as a series of journal articles. The key contributions
of each chapter are summarized below.

1.7.1  Chapter 2: A mineralogical and textural investigation of the impact
melt-bearing breccia to post-impact sedimentary transition in the
Wornitzostheim drill core, Ries impact structure, Germany

The purpose of this chapter is to contribute the first detailed investigation of the post-
impact sedimentary deposits sampled by the Wornitzostheim drill core, catalogue the
mineralogical and textural indicators of environmental changes throughout the sedimentary
sequence, and outline a potential depositional history. Furthermore, the Wornitzostheim
drill core samples the transition from specifically the ejected melt-bearing breccias to post-
impact sedimentary deposits, so this investigation offers additional context for the potential
origins of the clay minerals therein and provides the first detailed investigation of post-
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impact sedimentary deposits overlying the melt-bearing ejecta at the Ries impact structure.
The investigation reported here is focused on the stratigraphy and sedimentary petrology
of post-impact sedimentary deposits, and the petrology of melt-bearing impactites; with an
additional component of clay mineralogy as determined by powdered X-ray diffraction
(pXRD). In this chapter, we highlight different depositional processes recorded by the
Warnitzostheim drill core. We additionally constrain an assemblage of alteration minerals

within the post-impact sedimentary deposits and estimate potential alteration temperatures.

1.7.2  Chapter 3: Tracing the fluid evolution of early post-impact fluvio-
lacustrine systems beyond the central basin of the Ries impact
structure, Germany

Chapter 3 builds on the results of chapter 2 and aims to characterize the evolutionary
sequence of fluids recorded by the Waornitzostheim drill core. This chapter contributes a
detailed investigation of the clay mineralogy preserved in the transition from melt-bearing
ejecta to post-impact sedimentary deposits, and additionally contributes the first stable
isotopic analysis of 2-0.2 and <0.2 um size fractions conducted on any deposit at the Ries
impact structure. We use temperature estimates determined in chapter 2, and results of
previous palaeoclimatological studies of Central Europe and the North Alpine Foreland

Basin during the Mid-Miocene as guides to outline potential evolution pathways of fluids

during the formation of the basal sedimentary deposits of the Waornitzostheim drill core.

This research further contextualizes the formation of melt-bearing ejecta at the Ries and

offers additional insights into their potential origins. Finally, this chapter also offers

constraints for possible temperature and fluid composition fluctuations that would frame
the immediate ecological recovery following the Ries impact event.

1.7.3  Chapter 4: Revisiting the origin of the Ries graded suevite:
implications for plume fallback preservation and early post-impact
sedimentary deposition.

The original goal of this chapter was to characterize the alteration in the basal post-
impact lacustrine deposits sampled by the Nordlingen 1973 drill core (FBN73); however,
previous research provided little consensus as to whether the basal sedimentary deposits of

FBN73 were deposited subaerially from the ejecta plume (Jankowski, 1977b) or
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subaqueously from a turbidity current (Artemieva et al., 2013). A major cause for this
debate is the presence of normal grading in the basal sedimentary deposits (hereafter, the
graded unit). As such, this chapter aims to contextualize the occurrence of the graded unit
in FBN73 using palaeoclimatological studies of Central Europe and the North Alpine
Foreland Basin, and by drawing comparisons with similar deposits at the Bosumtwi impact
structure, Ghana. This chapter contributes a petrographic study with a main focus on
documenting any occurrences of accretionary lapilli and glass spherules throughout the
graded unit and the overlying basal unit (unit A) of Jankowski (1981). As additional
objectives, this study documents secondary alteration phases present in the graded unit and
provides the most detailed log of the basal unit (unit A) and graded unit to date. This
research offers insight into the processes that control the preservation of plume fallback
deposits within the context of fluviolacustrine activity and impact generated hydrothermal
alteration. This chapter additionally contributes a new interpretation for the origin of the
graded unit that integrates considerations from the present study, previous work,

paleoclimate, and processes recorded at other impact structures.

1.7.4  Chapter 5: Discussion and Conclusions

This chapter summarizes the main conclusions of chapters 2 to 4 and outlines the key
interpretations of this thesis and addresses objective of reconciling differences between the
lacustrine and hydrothermal environments preserved in the Nordlingen drill core and the
Wornitzostheim drill core. This chapter also highlights additional research that was not

fully realized or integrated into this dissertation but serves as a vector for future work.
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2 A mineralogical and textural investigation of the impact melt-
bearing to post-impact sedimentary transition in the
Wornitzostheim drill core, Ries impact structure, Germany

2.1 Introduction

Impact cratering is among the most commonly occurring geological processes on rocky
and icy bodies in the solar system. On planets like Earth and Mars, meteorite impact craters
are commonly capable of hosting lacustrine systems, which are valued for their climatic,
geological and possible biological records (Cabrol and Grin, 1999; 2001; Brigham-Grette
etal., 2007). Furthermore, hypervelocity impact events forming complex craters are known
to produce hydrothermal systems in the presence of sufficient amounts of water (Naumov,
2005a; Kirsimé&e and Osinski, 2012; Osinski et al., 2013). If it occurred, the venting of these
hydrothermal systems into any overlying lake environments could have provided ideal
habitats for microbial life (Cockell et al., 2017; Osinski et al., 2020).

Many impact craters on Earth and Mars preserve evidence for the past and/or present-
day (in the case of Earth) presence of intra-crater lakes. In addition, many craters on Earth
and a growing number found on Mars, also preserve evidence for past hydrothermal activity
(e.g., Osinski et al., 2013). However, the timing of the impact-generated hydrothermal
systems with respect to lake initiation is typically not well constrained. Such deposits on
Mars would be invaluable targets for sample return, which is particularly relevant and
timely for the Mars 2020 Perseverance rover mission to Jezero Crater (Farley et al., 2020).
Two inlet valleys are present in the north and west crater rim of this crater, as well as an
outlet valley on the eastern rim, which implies a standing body of water existed in the basin
(Fassett and Head, 2005).

One of the best preserved and accessible examples of post-impact lacustrine sediments
in a crater with demonstrated impact-generated hydrothermal activity is provided by the
~24 km diameter Ries impact structure in southern Germany. The ~14.8 Ma Ries impact
structure (Schmieder et al., 2018) is one of the world’s most well-studied complex impact
structures (e.g., see reviews by Pohl et al., 1977, Stoffler et al., 2013, and references therein)

and provides a unigue opportunity to study post-impact sedimentary deposits in detail (e.qg.,
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Forstner, 1967; Flchtbauer et al., 1977; Salger, 1977; Riding, 1979; Arp, 2006; Arp et al.,
2013a; 2017; 2019; Christ et al., 2018). The impact-generated hydrothermal system at the
Ries has also been well studied (e.g., Newsom et al., 1986; Osinski, 2005; Sapers et al.,
2017). One study suggested that the Ries hydrothermal system was persistent for 250,000
years following the impact event (Arp, et al., 2013), which would suggest that hydrothermal
activity and sediment deposition occurred concomitantly. However, there has been little
documentation of any hydrothermal alteration of post-impact lacustrine sedimentary
deposits. If such alteration did occur, we would expect it to be recorded in the transition
from the impact melt-bearing breccias, the impactites that provided the source of heat to
the hydrothermal system (Osinski, 2005), to the post-impact sedimentary deposits. This
transition is preserved in the Wornitzostheim and Nordlingen drill cores, which have not
been studied in detail since the 1960’s and 1970’s (FoOrstner, 1967). The present study
provides a detailed investigation of the transition from impact melt-bearing breccias to
post-impact sedimentary rocks as sampled by the Wornitzostheim 1965 drill core to test

this hypothesis.
2.2 Background

The Ries impact event penetrated a sequence of Mesozoic sedimentary rocks comprising
mainly Jurassic limestones and Triassic siltstones, sandstones and conglomerates of
varying thickness, and an underlying basement of Hercynian age crystalline rock (Pohl et
al. 1977). The resulting impact structure that exists today is a near-circular region bound
by a ring of isolated hills 24 km in diameter, and a buried central basin bound by an uplift
of crystalline rocks approximately12 km in diameter; often called an “inner ring” (Fig. 2.1a,
b; Pohl et al. 1977). The buried floor of the impact structure between the outer rim and
central basin is relatively flat whereas the transition from the edge of the central basin
inwards is stepped and steep (Ernstson, 1974). The impact event generated two main
deposits of impact melt-bearing breccias, also known as “suevite”: (1) impact melt-bearing
breccias that were deposited as ejecta (Fig. 2.1a); and (2) crater-fill impact melt-bearing
breccias confined to the central basin (Fig. 2.1b; e.g., Horz et al., 1977; Osinski et al., 2004).
Impact melt-bearing breccias at the Ries can be broadly distinguished by the degree of

secondary alteration in addition to their locality. Alteration in the ejecta deposits is
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generally restricted to calcitic cavity and fracture fillings, and replacement of clasts and
lining of fractures and cavities by smectitic clay minerals (Osinski, 2005; Sapers et al.,
2017). Crater-fill melt-bearing breccias that occur within the inner ring are pervasively
altered, with the majority of impact glass replaced by montmorillonite (Osinski 2005).
Furthermore, the crater-fill melt-bearing breccias occur as a continuous layer that varies
from <100 m in thickness near the inner ring, to up to 300 m in thickness towards the center
of the basin (Stoffler et al. 2013); whereas the ejected melt bearing breccias were deposited
in topographically higher areas outside the central basin and can be up to 80 m in thickness
(FOrstner 1967).

The presence of impact glasses in the melt-bearing breccias suggests initial temperatures
of >2,000°C, which cooled rapidly to <100-300°C (Osinski 2005). With a structural uplift
of approximately 1-2 km and an assumed geothermal gradient of 30°C km™, the uplift
possibly contributed approximately 40—70°C as a heat source for the Ries hydrothermal
system (Osinski 2005). Heat from the residual kinetic energy of the shockwaves could have
made up a minor additional heat contribution, but its magnitude is currently unquantified.
Thus, the major heat source for the Ries hydrothermal system was the impact melt-bearing
breccia units (Osinski 2005).

The duration of the Ries hydrothermal system is not well constrained but general
estimates can be made using Daubar and Kring’s (2001) cooling model. A 25 km diameter
crater, with a 200 m thick melt sheet cooling from 800 to 160°C could persist for
~3,000years. Using a separate model, Pohl (1977) calculated that the cooling of a 200 m
thick melt sheet from 800 to 100°C would take several thousand years. Arp et al. (2013b)
stratigraphically correlated a hydrothermal spring mound with late-stage lacustrine
deposits, suggesting that the Ries’ hydrothermal system was active 250,000 years after the
impact event. Consistent sedimentation in deep impact crater lakes enables them to record
subtle environmental changes over longer periods than most other lake types, with some

crater-lakes persisting for several million years (Arp et al. 2017).

The sedimentary record of the Ries impact crater accounts for an ~1.2 Ma long period
of time (Pohl 1977) during the transition from the Mid-Miocene Climatic Optimum to a

cooler climate influenced by the growth of the Antarctic ice sheet (Flower and Kennett,
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1994). The lake sediments deposited during this time period can be broadly divided into
two groups: (1) the basin center deposits, and (2) the basin margin deposits (Fig. 2.1a; Arp
et al. 2013b). The basin center deposits consist of ~350 m of siliciclastic sedimentary rocks.
These rocks are interpreted to record the evolution of the Ries crater-lake as it transitioned
from an alluvial playa setting to a stratified, alkaline and saline lake, to an unstratified and
less saline lake, and finally to progressively freshening lake with coal swamps (Arp et al.,
2017). Flchtbauer et al. (1977) described the sedimentary packages that recorded these
environmental changes in the 1.2 km deep Noérdlingen 1973 drill core, where they denoted
the packages as units A to D, from deepest to shallowest. Unit A is a coarse basal unit
comprised of sandstones and breccias derived from “reworked suevite”, which transitions
into the bituminous shales of unit B. Unit C is comprised of marls and unit D is comprised
of claystones with intercalated lignites ((Fuchtbauer et al., 1977; Jankowski, 1977; 1981).

In the lake’s final stages, the inner ring filled with sediment and the marginal carbonates
were deposited on its slopes (Janowski 1977, 1981). The basin margin carbonates have an
approximate vertical extent of 50 m and comprise travertines, carbonate sands, palustrine
limestones and dolomitic algal bioherms (Riding 1979; Arp 2006). In addition to the basin
margin carbonates, coarse-siliciclastics comprising conglomerates and sandstones exist
along the marginal regions of the lake, mainly in the north-western region of the Ries basin
(Arp 2006, Arp et al. 2018). The conglomeritic units are variable with some forming
lenticular beds with poor cross-stratification, and others locally interfingering with clay-
rich sandstones and sandy dolomite beds. The eventual establishment of Pleistocene river
systems cross-cutting the Ries area eroded ~100 m of the youngest lake sediments, making
the marginal carbonates deposited on the slopes of the inner ring the only modern

expression of their sequence (Flichtbauer et al. 1977; Arp et al. 2013Db).
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Figure 2. 1: (A) Simplified geological map of the Ries impact structure, modified from
Sapers et al. (2017) and Arp et al. (2017) highlighting major geological units and drill core
locations. The distribution of the post-impact lacustrine rocks as determined based on Pohl
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et al. (1977), Ernston (1974) and Huttner and Schmidt-Kaler (1999). The cross-section (B)
depicts hydrothermal convection cells, and units sampled by the Nordlingen 1973 drill core
and Wornitzostheim 1965 drill core (modified from Sapers et al. 2017). Disclaimer: this
cross section is an interpretation of internal structures and relationships between major

lithologies and is not intended for use as a to-scale model.

2.3 Samples and Analytical Techniques

This study focuses on the transition from the impact melt-bearing breccias to the post-
impact sedimentary deposits sampled by the Wornitzostheim 1965 drill core. The
Wornitzostheim core was drilled ~2 km outside the bounds of the Ries’ so-called “inner
ring” (Fig. 2.1) and samples approximately 20 m of post-impact sedimentary rocks, which
overly approximately 80 m of ejected melt-bearing breccias. In this study, the upper 32 m
of the drill core was logged in detail. This upper 32 m segment includes all sedimentary
rocks sampled by the Warnitzostheim drill core in addition to several meters of impact
melt-bearing breccias (Fig. 2.2). The lithological units in the core log were distinguished
on the basis of macro-scale and microscale textures, such as matrix color and grain-size,
abundance of melt fragments, and sedimentary structures. Samples were borrowed from
the Ries Impact Crater Museum (ZERN) in the town of Nordlingen, Germany. A summary
of all the samples borrowed, and the analyses performed on them to date is provided in
Table 2.1.

Representative samples of each unit were characterized using powder X-ray diffraction
(pXRD) scans of bulk powders, as well as preferentially (00l) oriented <2 um separates.
All pXRD analyses and associated sample preparation were performed at the Laboratory
for Stable Isotope Science at the University of Western Ontario. Samples for XRD were
prepared by grinding with an agate mortar and pestle to a fine flour. Sample material that
was representative of individual components of the rock, such as clast types or matrix
material, were preferentially collected where possible. Back-packed mounts of randomly
oriented bulk sample powders were analyzed prior to separating the <2 um size-fraction.
pXRD data of bulk powders was collected from 2-82 °20 with a 0.02° step size and a
scanning speed of 10° per minute using the Rigaku Rotaflex diffractometer. The

diffractometer was operated at 45 kV accelerating voltage and a 160 mA tube current with
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a Co rotating anode source (Co Ka, A = 1.7902 A). The resultant diffraction patterns were
analyzed by hand, and in partial conjunction with the DIFFRAC.EVA software package
using the International Center for Diffraction Data (ICDD) mineral database and Profex-
BGMN, an open-source XRD and Rietveld refinement software package (Doebelin and
Kleeberg, 2015), using the standard BGMN internal structural reference files. The Rietveld
program BGMN was named after its developer, Jorg Bergman, hence BGMN stands for

Bergman.

Preferentially (00l) oriented <2 pum separates were prepared by suspension and
centrifugation, and then subsequently separated into aliquots that were saturated with CaCl>
and KCI, respectively. Ca-saturated samples were analyzed from 2—42 °26 after remaining
in a 54% relative humidity (RH) desiccation chamber overnight. Ca-saturated samples were
subsequently solvated with ethylene glycol (EG) and scanned from 2—-82 °26. K-saturated
samples were analyzed from 2—42 °260 at 0% RH (107 °C), 54% RH, and then at 300 °C
and 550 °C. All analyses of <2 um size fraction separates were collected using the same
diffractometer and the same operating conditions as per the bulk samples powders, and all

resultant diffractograms were analyzed by hand.

Additionally, thin section offcuts of clastic samples were analyzed using in situ XRD
analytical techniques as described in Flemming (2007) to target the mineralogy of
particular clasts and to further resolve differences between clast and matrix contributions
that would appear in pXRD patterns. The in situ XRD data for this study were collected
using the Bruker D8 Discover Micro X-Ray Diffractometer (WU XRD) with a Co Ko X-ray
source (AL =1.7902 A) at 35 kV and 45 mA. A Gdbel mirror parallel optics system was used
with a 300 pm pinhole snout. The 6—0 geometry of the instrument allows for the X-ray
source and detector to rotate around the sample location independently while the sample
remains stationary. X-rays were detected with a two-dimensional General Area Detector
Diffraction System (GADDS) in omega scan mode from 14 to 105 “260. Omega scan
parameters were 01 = 14.5°,02 =20.5"°, ® = 10 °, 60 min duration for frame one, and 61
=40.0",02=40.0°, ®=10 °, 90 min duration for frame two with effectively 0.025 °/step.
GADDS results were analyzed by hand, and in partial conjunction with the DIFFRAC.EVA

software package with the same database as described for pXRD analyses.
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Eighteen polished thin sections were prepared without the use of water to preserve the
original texture of any swelling clay minerals. These thin sections were examined using
transmitted and reflected light microscopy with plane-polarized light (PPL) and cross-
polarized light (XPL), and subsequently analyzed using the JEOL JXA-8530F Field
Emission Electron Probe Micro-Analyzer (FE-EPMA) at the Earth and Planetary Materials
Laboratory at the University of Western Ontario. Back-scattered electron (BSE) imagery,
secondary electron (SE) imagery, and energy dispersive spectroscopy was used to identify
mineral species and textures. Wavelength dispersive spectroscopy (WDS) was used to
determine the chemical composition of primarily mica and feldspar mineral phases with
operational conditions dependent on the phase being targeted for analysis. Micas and
feldspars were targeted because they were the most common clast types observed in the
sedimentary deposits. The following mineral standards were used for the WDS analysis of
feldspar minerals: Albite Amelia, Orthoclase CM Taylor, Anorthite Smithsonian USNM
13704, Diopside Smithsonian USNM 117733. The follow mineral standards were used for
micas: Plagioclase Astimex, Orthoclase CM Taylor, Diopside Smithsonian USNM 117733,
Fayalite, Rutile, and Rhodonite. Feldspar and micas were analyzed at 15 kV accelerating
voltage, 10 nA probe current and a 2 um spot size. The combined average reproducibility
was * 4 % with + 5 % accuracy. Only sample data with totals > 90 % by weight were
included in the results (Appendix A).
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Table 2. 1: Sample record and analytical techniques applied to each sample.

Sample Context Analytical Techniques
Target
. - . WDS  WDS pXRD
Lithology ngnbz'le it D(erg;h (f'\cf'ra:f_r;ﬂ ] Mgfég‘;’py EDS Spots  Spots pXRD ?kﬁll?lg (<2
) (Micas) (Feldspars) pum)
p-XRD)
Mudstones RW0.9* 1 0.9 Bulk
RW10 2 1.0 Bulk
RW20 3 20 Bulk
Marlstones RW3.0 4 3.0 Bulk
RW8.1 4 8.1 Bulk
Dolomite  pywgy 5 82  Bulk
Packstone
RW9.6A- White
Wht.** 6 9.60 material
Marlstones RW9.6B- 6 9.60 Dargr.ey
Gry. material
RW10.55 7 10.55 Bulk
Sandstone RW10.93 8 10.93 Bulk
Sandstone o174 9 1274 Matrix |
Conglomerate
Sandstone RW13.0 10 13.0 Bulk
Grey RW13.2 11 13.2 Matrix
Conglomerate
RW14.33-
Altered Grey ~ ALT 11 14.33 Clasts
Conglomerate RW14.33- :
MTX 11 14.33 Matrix
RW14.78 11 14.78 Matrix
Grey  RWIB16- 44 4646 Clasts
Conglomerate ALT
RW16.16- .
MTX 11 16.16 Matrix
Light Brown o\\1685 12 16.85  Matrix
Conglomerate
RW19A-
Pink CLST 13 19.00 Clasts
Conglomerate RW19B- .
MTX 13 19.00 Matrix
Grey-Toned
Melt-Bearing RW22 14 22.00 Matrix
Breccia
Pink-Toned
Melt-Bearing RW32 15 32.00 Matrix
Breccia

*Sample naming convention: R: Ries impact structure; W: Wornitzostheim drill

core; [number]: depth location of sample.

** -Wht.: White-toned material; -Gry.: Grey-toned material; -ALT: altered

material; -MTX: matrix material; -CLST: clast material.
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2.4 Results: Drill core, mineral chemistry and

petrographic descriptions

This study contributes a new stratigraphic column representing the upper 32 m of the
Wornitzostheim 1965 drill core (Fig. 2.2). Our stratigraphic column highlights features that
were previously not reported by Forstner (1967), and is based on notes recorded from direct
observation of drill core, not on the tabulated notes contributed by Forstner (1967). As such,
our observations of the upper 32 m of drill core represents a key result. The upper 32 m of
drill core captures the entirety of the post-impact sedimentary deposits and a portion of the
underlying melt-bearing breccias (Fig. 2.2). We identified fifteen distinct units that were
distinguished based on their macro-scale textures, color, tone and mineralogical
composition (Table 2.2); this approach was similar to the original work of (Forstner, 1967);
however, our updated log is based on new detailed textural and mineralogical
characterization of micro-scale matrix material, which is discussed in the following
sections. Results from pXRD analysis are logged in Appendix A and uXRD results are
logged in Appendix C. Our classification deviates from Forstner’s classification in that the
extent of some units differs slightly and additional sub-units are included that were not
previously described in detail. Differences between the log in this study and that of

(Forstner, 1967) are described in the discussion.

The results of our log indicate that the upper 32 m of the Wornitzostheim core transitions
upward through five distinct unit groups from impact melt-bearing breccias (units 15, 14)
to basal conglomerates (units 13-11), to sandstones and the sandstone conglomerate (units
10-8), to marlstones (units 7-3), and then to mudstones (units 2, 1; Fig. 2.2). The nature of
the transition between the breccias and some overlying sedimentary units is not always
preserved in drill core; consequently, the extents of the marl and mudstone units are
estimated based on assays affiliated with remaining core specimens rather than through

direct observation.
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Legend

Woérnitzostheim 1965 Mudstone | dark brown (1) — Sandy, Qz, Pl. feldspars; light brown
(2) — minor Cal. marl, mixed K/PI. feldspars, Kin. & Sme. clay

minerals.

Convoluted marlstones, varying colors (3, 4, 7) | distinct
convoluted Lam., Kin., Sme._lit. Clay minerals.

DEPTH (m)

Sandy dolostone (5) | dolomitic packstone, rare framboidal Py.,
minor Kin. clay minerals, tubular structures.

. q" Dolomite marlstone (6) | dark grey: Dol., Cal., Kin,, Iit.,
“~=1 plant matter; white: Cal., mudcracks, wavy lam.

Sandstones (8, 10) | fine Qz. grains and mixed K/PI.
feldspars, Kin., Iit. & Sme. clay minerals.

Sandstone conglomerate (9) | sandstone clasts; altered

crystalline clasts, mixed K/PI. feldspars, Kin., lit. & Sme. clay
minerals.

Conglomerate, blue-grey color (11) | rare glass clasts; altered
crystalline & sedimentary clasts, mixed K/PI. feldspars, mainly Sme.
clay minerals.

Weathered breccias, pink / yellow color (12, 13) | rare glass

clasts; altered crystalline clasts, mixed K/PI. feldspars, mainly

Sme. clay minerals, some Kin. & lit. clay minerals.

Limestones Mudstones

Marlstones &

» Grey melt-bearing breccia (14)| few lithic clasts; alteration at de-
gassing pipe, Cal. in voids; glass clasts; Sme. clay minerals.

Pink melt-bearing breccia (15) | few lithic clasts; mixed K/PL.
feldspars; abundant glass clasts; Sme. clay minerals.

Convoluted
- Tube structures. Plant matter. ~¥— Mudcracks.
%Iammaﬂon. == Tube structures ’

==== Wavy lamination. O Zoged alteration 3% De-gassing pipe.
pattern. O

Representative Core Sample Scans

Basal
Conglomerates Sandstone Units

Mudstones
[ 020m

Marlstones &
Limestones
2.0-11.6m

Sandstone Units
10.7-13.1m

Basal Conglomerates
13.1-20.1 m

Melt-Bearing Breccia
20.1-32 m

Figure 2. 2: Stratigraphic column for the Waornitzostheim 1965 drill core showing the

Melt-Bearing Breccia

major lithological units present. The thickness and depth of the units is denoted on the y-
axis and the approximate grainsize from clay to very coarse sand is denoted on the x-axis.
Grain-sizes were approximated using a grain-size card. Refer to Forstner (1967) for a
detailed account of grain-size distribution. Each unit is assigned a number in sequential
order starting from the top of the drill core. Representative core scans of each major unit
are shown at the samples’ depth locations. Abbreviations: Qz. — quartz; PIl. — plagioclase;
Klin. — kaolinite; Ilt. — illite; Sme. — smectite; Cal. — calcite; Dol. — dolomite; Py. — Pyrite;

Lam. — lamination; Sandstone Units — Sandstones and Sandstone Breccias.

60



Table 2. 2: Unit Mineralogy.

Lithology

Sandstone &
Sandstone Mudstone
Marlstones
Conglomerat s

Melt-
bearing
breccias

Main
Conglomerates

Mineral Unit

15 1413 12 11{10 9 8|7 6 5 4 3| 2 1

Feldspars

* PI. feldspar

» K-feldspar
Phyllosilicates
* Smectite

* Illite

* Chlorite

* Phlogopite

* Biotite

* Kaolinite
Sulfides

* Pyrite
Sulfates

* Gypsum

* Anhydrite

* Barite
Oxides

* [lmenite

* Rutile

* Fe-Oxides
Carbonates

* Calcite

* Fe-Dolomite
* Siderite
Zeolites

* Clinoptilolite
* Thompsonite
* Phillipsite
Phosphates

* Apatite

* Fluorapatite
* Malhmoodite
Silica Minerals
* Quartz

* Silicate Glass
Humites

* Zircon

* Titanite
Olivines
Pyroxenes

Garnets

—— — S S m M Em mm SEEEEEEEEE EEsEsEEsEsEEEEEEREEEEEEn

Note: Solid lines indicate minerals that occur as major phases (=10 % volume), dashed lines, minor
phases (1 — 10 % volume) and dotted lines, trace phases (<1% volume).
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2.4.1 Impact melt-bearing breccias (>32 — 20.1 m; units 15 and 14)

The impact melt-bearing breccias are the deepest units logged in this segment of drill core
(Fig. 2.2) and comprise two sub-units distinguished by the nature of their groundmass
material and the abundance and composition of different coarse (> 100 um diameter) clastic
material. As units 15 and 14 are most apparently distinguishable by the color and
composition of their groundmass material, unit 15 is hereafter denoted as “pink melt-
bearing breccia” and unit 14 is denoted as “grey melt-bearing breccia”. The mineralogy of
the impact melt-bearing breccias has previously been described in detail based on samples
acquired from quarries throughout the impact structure and drill core (e.g., Osinski et al.
2004; Stoffler et al. 2013; Sapers et al 2017). Generally, the mineralogy of both the pink
and grey melt-bearing breccias observed in the present study consistent with previous work
(e.g., Osinski et al. 2004; Osinski 2005; Sapers et al. 2017), but with additional details as

provided below.

2.4.1.1 Unit 15, pink-toned melt-bearing breccia: (32—-27.2 m)

Unit 15 comprises the pink-toned melt-bearing breccia, which extends to ~78.3 m depth
(Forstner, 1967; Sapers et al. 2016); however, only the upper 5.2 m were sampled and
analyzed in this study. This unit is a poorly sorted breccia that contains cm to mm scale,
sub-angular to angular felsic clasts comprised of K-feldspar and plagioclase feldspar (Table
2.2) with sericitic alteration textures at the grain boundaries and along internal fractures.
Rare (<1% bulk composition, <20 um scale), fractured zircon and fluorapatite occur in
association with the feldspar clasts, and phillipsite occurs as linings, and fracture fillings in
the fluorapatite. Another significant component of the cm to mm scale clasts includes
impact-generated glass with calcitic vesicle fillings and well-preserved flow banding and
minor alteration at the grain boundaries and along perlitic fractures. Whole rock impact
glass (hereafter “impact glass”) occurs as highly convoluted ameboid shapes with complex

textures (Fig. 2.3A).

Finer (~100-20 um scale) clastic material is comprised of plagioclase feldspar, K-
feldspar, quartz and impact glass, with characteristics that match their coarser counterparts

(Table 2.2). Finer clastic material also included rare biotite clasts (<10% bulk composition)
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that are kink-banded and commonly exhibit rutile exsolution textures. Calcite and zoned,
euhedral ferroan dolomite also occur on the ~100—20 pm scale as vesicle linings throughout
the unit (Fig. 2.3B).

This study follows the definition of “groundmass” used in previous studies (e.g., Osinski
et al. 2004), which describe it as fine-grained material that encloses fragments of shocked
and unshocked target material and excludes any mineral or lithic clasts >10-20 pum in
diameter. The groundmass of unit 15 comprises clay minerals and exhibits a flaky texture,
similar to typical flaky honeycomb textures formed by smectite (Fig. 2.3C); however, they
are relatively x-ray amorphous yielding muted peaks in the 12.5 A region of the diffraction
patterns of bulk, untreated samples, which suggests that they could be palagonitic. The
impact glass and palagonitic groundmass material create a texture reminiscent of
immiscibility (Fig. 2.3A) such that the palagonitic groundmass forms in inclusion-like

pockets with sharp contacts with the impact glass.
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Figure 2. 3: Common alteration and groundmass textures in the pink melt-bearing breccia
(unit 15), sampled from 32 m depth (sample label RwW32). (A) Convoluted impact glass
with complex structures and putative immiscibility texture with a palagonitic groundmass.
(B) A common vesicle lining texture involving the occurrence of calcite and ferroan
dolomite (Fe-Dol.) along the walls of the vesicle. (C) A flaky texture exhibited by the
groundmass that is pervasive throughout the sample similar to the honeycomb texture
exhibited by smectites.

2.4.1.2 Unit 14, grey-toned melt-bearing breccia (27.2 — 20.1 m)

Unit 14 comprises the grey-toned melt-bearing breccia, which is poorly sorted and
mineralogically the most similar unit in this log to the surficial suevite described in previous
studies (e.g., Stoffler et al. 1977; Engelhardt and Graup 1984; Osinski et al. 2004). This
unit in the Waornitzostheim 1965 drill core was previously included in the reworked suevite

units of Forstner’s (1967) log. The grey melt-bearing breccia (Unit 14) can be broadly
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distinguished from the pink-colored melt-bearing breccia (Unit 15) by its lesser quantity of
quartz and feldspar and greater abundance of calcite. pXRD scans of bulk powders shows
that unit 14 has its most intense peak at 3.02 A, suggesting calcite is one of main phases in
the rock, and broad ~12.5 A peaks indicating the presence of clay minerals, while unit 15
exhibits a strong 3.345A quartz peak and 3.31 A — 3.16 A feldspar peaks, muted 12.5 A
clay mineral peaks and 3.02 A calcite peaks. The mineralogical differences between units
14 and 15 can be distinguished in Figure 5 of Sapers et al. (2017), which also shows that
mineralogical similarities exist between the uppermost melt-bearing breccias in the
Wornitzostheim drill core and similar grey-toned melt bearing breccias that underlie unit
15 from 78.3 m to 98.4 m. Figure 2 of Forstner (1967) highlights the distribution of calcite,
which shows a similar pattern between unit 14 of this study and the melt-bearing breccias
from 78.3 m to 98.4 m depth in Forstner (1967). A significant macro-scale feature that
distinguishes unit 14 from 15 is the notable occurrence of a degassing pipe in unit 14 from
27.5—27.7 m depth (Fig. 2.4), previously noted by (Caudill et al., 2021).
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Coarse clasts accentuated
by reduced amount of fines

Argillic alteration
to host rock

Secondary calcite
mineralization

Figure 2. 4: Degassing pipe sample observed at 27.50 — 27.70 m depth. The degassing pipe
is defined by its characteristic quasi-vertical orientation, and its clast-rich appearance
accentuated by its fine-poor nature. Degassing pipes are commonly associated with
alteration (e.g., Caudill et al. 2021), which is consistent with the secondary calcite

mineralization and pervasive argillic alteration observed here.

The most prominent clast type in unit 14 is cm- to mm-scale, fresh, vesicular glass clasts
that occur in irregular and angular shapes with well-preserved flow banding. The glass
clasts show minor alteration to smectitic clay minerals along perlitic and quench fractures,
and frequently host embedded globules of fresh calcite. Calcite globules form an
immiscibility texture with the silicate glasses and where they occur in this setting, the
globules of calcite are often rimmed with smectitic clay minerals and exhibit sharp
boundaries with other phases, consistent with the observations of Osinski et al. (2004) (Fig.
2.5A\). Calcite globules also occasionally hosted spherulites comprised of feldspar and
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quartz (Fig. 2.5B). Feldspar and quartz clasts that occur on the cm- to mme-scale in the
groundmass occasionally host minor, calcite veining. Feldspar clasts frequently show K-
feldspar exsolution textures and host sericitic alteration at their grain boundaries and along
internal fractures. Quartz and feldspar clasts are also present at the ~100 um scale in

addition to kink-banded micas and angular, fractured apatite grains.

The groundmass in unit 14 is similar to that reported elsewhere at the Ries (Osinski et
al. 2004) and contains fresh skeletal plagioclase with swallow tail terminations (Fig. 2.5C),
pyroxene crystallites, quartz, calcite, fluorapatite and ilmenite. Some differences include
an absence of garnet crystallites and Ba-phillpsite, and the addition of sub-rounded titanite,
and rutile exsolved from micas. Within the groundmass, calcite also occurs as irregular
bodies with embayed outlines. Smectitic clay minerals comprise most (>50%) of the
groundmass and formed in association with irregular bodies of calcite in the groundmass

and exhibit void filling textures.

Impact Glass

Calcite

Skeletal PI.

Figure 2. 5: Quench and immiscibility textures in the glasses and groundmass of unit 14
from 22 m depth (sample label: RW22). (A) BSE imagery of immiscibility textures
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between calcite, and silicate glass (Si. G.) showing clear flow features. (B) A reflected-
light image of an immiscible bubble of calcite hosted in a silicate glass showing plumose
and bowtie spherulites (Sp.) comprising quartz and feldspar. (C) A BSE image of unit 14
depicting the occurrence of skeletal plagioclase feldspar (Pl.) with rare swallow tail
terminations in the smectitic (Sme.) groundmass of the melt-bearing breccia sampled by

this unit.

2.4.2 Conglomerates (20.1-13.1 m; units 13, 12 and 11)

The conglomerates comprise 3 sub-units: unit 13 to 11 (Fig. 2.2). These units are
generally distinguished from the underlying impact melt-bearing breccias (units 14 and 15)
by their sub-rounded cm-scale crystalline, and glass clasts, overall fewer >100 pm scale
clasts and by a less coherent and more friable matrix. These units are denoted as
“conglomerates” instead of “Reworked Breccia” as originally given for the equivalent
stratigraphic section in the notes of Forstner (1967) because of the common sub-rounding
of the glass clasts, which are typically elongated or irregularly shaped (e.g., Osinski et al.
2004). The mica and feldspar minerals exhibited a range of chemical compositions, which
are averaged in Table 2.3 and listed completely in Appendix A. Feldspars occurred as a
range of albitic and potassic variants (Fig. 2.6A). Micas showed compositions indicating
phlogopite, biotite and chlorite were dominant (Fig. 2.6B). This WDS data was collected
from samples RW14.33 and RW19.
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20 40 50 60 0 %0 An
NaAlSi;O, CaAl,Si,Oq
Plagioclase Feldspars | Na,Ca; ,Al;,Si,.,Oy

Figure 2. 6: Ternary diagrams of (A) feldspar mineral compositions and (B) mica mineral
compositions. The values are reported here as oxide Wt. % divided by the molar mass of
the oxide and normalized to 100 % using the oxides indicated at the apices of each plot.
The apices of the feldspar diagram represent mineral formulas that were calculated after
converting from wt. % to molar, and then inputting the resulting values into the following
expressions: An. = Ca/(2*Al+2*Si); Ab. = Na/(Al+3*Si); Kfs. = K/(Al+3*Si). The apices
of the mica diagram represent combinations of measurements as follows: A = Al,03 +
Fe203 — Na,O — K;0 — Ca0; K = KyO; F = FeO + MgO + MnO + TiO3. Titanium was
included in the mica plot to account for the relatively high titanium measurements in the
biotitic micas (Table 2), and the association with titanium bearing minerals such as ilmenite
and rutile as reported in the individual unit descriptions. Fields associated with specific
minerals are highlighted on each plot. Abbreviations: Kfs. — K-feldspar; Ab. — albite; An.
— anorthite; Ms. — muscovite; Ph. — phlogopite; Bi. — biotite; Chl. — chlorite; Opx. —
orthopyroxene; Ky. — kyanite.

2.4.2.1 Unit 13, pink conglomerate (20.1 — 17.1 m)

Unit 13 is a poorly sorted, matrix-supported conglomerate with cm-scale clasts of fine-
grained, white-toned material comprising the only clasts that are distinguishable to the
naked eye. These white-toned clasts occasionally occur with black, glassy centers, and are
generally comprised of clay minerals. The matrix of unit 13 is made up of clay to very fine

sand-sized, clastic matrix material that exhibits a wide range of compositions. The clasts in
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the matrix consist of a mixture of K-feldspar and plagioclase feldspar, micas, quartz,
calcite, and rare glass fragments (Table 2.2; Table 2.3; Figs. 2.6A, B). The glass fragments
have irregular shapes and occasionally enclose rounded pockets of matrix material. The
clastic mica grains are compositionally phlogopitic, biotitic and chloritic, and consistently
exhibit kink-banding (Fig. 2.6B, Fig. 2.7A). In some cases, rutile, barite and Fe-oxides
occur between the kinked bands of the chloritic micas. Quartz occurs as angular to sub-
rounded grains and occasionally exhibit PDF’s and toasted textures. Calcite generally
occurs as 10 um-scale, featureless grains with irregular shapes and sharp boundaries with
the matrix around them. Calcite globules, unlike those observed in unit 14, are rare
occurrences that are typically fragmented and lack any smectite borders. Indeed, the 3.02A
pXRD peak associated with calcite is notably less intense with respect to the 3.02A peak
observed from unit 14. Uncommon clasts in the matrix include apatite, ilmenite, barite, iron
oxides and zircon, which commonly occur as ~10 um-scale, fractured or fragmented grains.
Rare subhedral to euhedral ferroan dolomite occurs in voids and empty pockets in the
matrix, in a similar manner to unit 15, with rare intergrowths of skeletal plagioclase (Fig.
2.7B).

The interstitial matrix material is mainly comprised of mixed smectitic clay minerals,
which exhibit a well-formed honeycomb texture throughout the matrix and occur as void
fillings and linings. Smectites occurring as void-fillings and linings appear to be the most
well-formed, exhibiting clear honeycomb textures, and occasionally forming ringed
structures (Fig. 2.7B). Smectitic clay minerals also form capillaceous growths which
nucleated from individual bands of micaceous material (Fig. 2.7C) and “fluffy” growths
from feldspar grains such as remnant skeletal plagioclase. Smectitic clay minerals were
identified by pXRD scans of preferentially oriented <2um separates, which yielded peaks
at 17.14 A for glycolated, Ca-saturated samples, 15.45 A for hydrated samples (Ca-
saturated, 54%RH) and 10.10 A for samples heated to 300 °C; indicating the expansion and
collapse of smectitic material. The consistent occurrence of a relatively broad and weak 10
A peak is consistent with the presence of illitic clay minerals, but suggests they are not
abundant in the mixture of clay minerals. Additionally, peaks at 3.56 and 1.48 A collapse
at 550 °C indicating the presence of kaolinite due to its characteristic dehydroxylation at

elevated temperatures.
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Figure 2. 7: Back-scattered electron images of notable mineral textures and occurrences
from unit 13 (A, B, C; sample label: RW19) and unit 12 (D; sample label: RW14.78). (A)
A phlogopite mica exhibiting a kink-banding texture and capillaceous smectite growths
sourced from a strand of micaceous material. (B) A subhedral ferroan dolomite (Dol.)
bordering void space and enclosing K-feldspar (Kfs). (C) Honeycomb textures in matrix
clay minerals typical of smectites. (D) Smectitic clay minerals exhibiting a “fluffy” texture,

and subhedral ferroan dolomite (Fe-Dol.) occurring in void spaces in unit 12.

2.4.2.2 Unit 12, light-brown conglomerate (17.4 — 16.6 m)

Units 12 is a matrix-supported clastic unit that is poorly sorted and bears a strong
resemblance to unit 13 such that the only cm-scale clasts visible to the naked eye are sub-
rounded clasts altered to clay minerals. Additionally, the fine clastic matrix in unit 12
consist of the same assemblage of minerals as unit 13: quartz, feldspars, phlogopitic,
biotitic and chloritic micas, and glass fragments (Table 1). Bulk diffraction patterns exhibit
10 A peaks that are stronger than that of unit 13 and muted 3.31A — 3.21A peaks typically
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associated with K-feldspar. Uncommon ~10 pm-scale clastic minerals in unit 12 consist of
apatite, ilmenite, barite, and zircons. Fragments of rounded calcite globules are absent.

The tone of the matrix material changes from a light red in unit 13 to a light brown in
unit 12, which is accompanied by a change in the dominant texture of smectitic clay
minerals in the matrix, and a sharper and more intense 10 A peak Matrix smectitic clay
minerals in unit 12 generally exhibit a tightly packed fluffy texture that form in elongated
groups, which curve and clump together (Fig. 2.7D). The smectitic clay minerals in unit 12
are more strongly associated with individual bands of kink-banded chlorites than they are
in unit 13 (Fig. 2.7D), and commonly occur in voids, occasionally in association with

subhedral ferroan dolomite.

2.4.2.3 Unit 11, grey conglomerate (16.6 — 13.1 m)

Unit 11 is a matrix-supported conglomerate that is poorly sorted with cm-scale clasts
similar to those in units 12 and 13 (Table 2.2), that is, mainly sub-rounded clasts of clay
material that occasionally have glassy centers. Unlike units 12 and 13, unit 11 additionally
hosts sub-rounded cm-scale clasts made up of sandstone, exhibiting faint laminations (Fig.
2.8A\), and felsic crystalline rock (Fig. 2.8B). These clasts occur frequently throughout unit
11 and are characterized by red-brown iron oxide staining at their edges. Unit 11 also hosts
occurrences of zoned argillic alteration features associated with strong red-brown to yellow
discolorations with no distinguishable clast-related origin (Figs. 2.8C, D). These features
are reminiscent of epithermal style alteration and are similar in color and zonation pattern
to alteration halos associated with glass clasts observed in the graded unit of the N6érdlingen
1973 drill core (Chapter 4).
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Figure 2. 8: Aside (A) and top view (B) of a representative sample of unit 11 from a depth
of 16.00 m (sample label: RW16.00), which highlights common clast types that are unique
among the conglomerates. A side (C) and top view (D) of an argillic alteration feature
sampled from unit 8 at a depth of 14.33 m (sample label RW14.33). Strong red-brown
discoloration occur adjacent to zones of weaker, yellow discoloration. These zones
consistently occur together in weakly concentric patterns; however, no central zone was

observed.

The matrix material in unit 11 mainly comprises smectitic clay minerals, and a notably
greater abundance of gypsum, anhydrite and pyrite than units 12 and 13 (Table 2.2).
Anhydrite and gypsum are difficult to distinguish visually in BSE images. These phases
have instead been identified using pXRD by the presence of a strong 7.61 A peak indicating
gypsum, and a small 3.50 A peak indicating anhydrite; the results suggests that gypsum
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may be the dominant sulfate phase. Glass clasts occur more frequently and are coarser (<10
—>100 pm) in unit 11 than they do in units 12 and 13. Additionally, relatively intact ~20
pum-sized skeletal feldspar and bowtie-like feldspar spherulites occur in rare clusters
scattered throughout the matrix (Fig. 2.9A). Coarse (>100 um diameter) felsic crystalline
clasts show a strong association with gypsum, anhydrite, pyrite and smectite at their
borders, and sometimes throughout the internal fractures of the clast. Prominent peaks in
the 3.31A — 3.21A range suggest a greater accumulation of plagioclase and K-feldspar in
unit 11 than unit 12. Other matrix minerals in unit 11 include rutile, apatite, ilmenite, barite,

titanite and zircon.

The clay minerals comprising the matrix of unit 11 are mainly smectitic, and commonly
exhibit a fluffy texture that occurs in the same form as in unit 12 (Fig. 2.9B). The fluffy
texture of the matrix clay minerals is more distinct in closer proximity to void spaces,
whereas clay minerals associated with tightly packed clasts tend to wrap around them. Clay
minerals in the matrix also appear to have less clear association with clasts, and do not
occur with clear nucleation points associated with clastic material as they did in units 13
and 12. While less prominent than the smectitic clays, and not observed in BSE imagery,
illitic clay minerals and kaolinite are indicated by their characteristic d(001) pXRD peaks
in the <2 um separates, as described for unit 13. Within the context of the conglomerates,

the complexity of the clay mineral mixture increases with depth.

The sulfates and sulfides, comprised of primarily gypsum, anhydrite and pyrite,
respectively, are prominent components of the matrix (Table 2.2). Pyrite occurs in three
main settings: (1) as clusters of framboids occuring in voids, such as open cavities in the
rock linear and voids that conform with the shape of the kink bands in micaceous clasts;
(2) clusters of framboids surrounded by gypsum (Fig. 2.9C); and (3) individual cubic
growths, which are scattered in close proximity to larger pyrite framboids. In addition to
occuring in association with pyrite scattered in the matrix, gypsum commonly occurs as
growths between kink bands of micaceous clasts. Pyrite and gypsum are commonly
associated with one another and primarily occur as void fillings, occasionally in association

with smectitic clay minerals.
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Figure 2. 9: BSE images from 14.33 m depth (sample label: RW14.33). (A) Back-scattered
electron images from unit 8 depicting occurences of feldspar bowtie-like spherulites. (B)
Clumped and elongated groups of “fluffy” clay minerals. (C) Framboidal pyrite (Py.) is
occurs here in voids in association with clumps of fluffy smectitic clays (Sme.), and gypsum

(Gyp.).
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2.4.3  Sandstone Units (13.1 — 10.7 m; units 10, 9 and 8)

The sandstone units include the two sandstones (units 10 and 8) and the sandstone
conglomerate (unit 9). Transitions between the sandstone units and the adjacent marlstone
and conglomerate units were not observed in this study. Generally, the colour and
appearance of the conglomerate matrix and sandstone is consistent with that of the

underlying grey conglomerates.

2.4.3.1 Unit 10, sandstone A (13.1 — 13.0 m) and unit 8, sandstone
B (11.6 - 10.7 m)

Units 10 and 8 are both massive sandstone units that host rare mm-scale lithic clasts,
which are texturally and mineralogically similar enough to be described together. The mm-
scale clasts consist of heavily fractured quartz and feldspar grains, and account for ~10%
of the total volume of both units 10 and 8 (Table 2.2). The finer grained (a~10 pm-scale
material) clastic material in the matrix consists of a complex mixture of muscovite and
chloritic mica clasts, heavily fractured quartz clasts, and K-feldspar and plagioclase. Other,
less common 10 pum clastic material includes ilmenite, apatite, beryl, rutile and zircon
(Table 1). Glass clasts and spherulites observed in the conglomerates (units 11 — 13) are
absent in these sandstone units. Gypsum and pyrite occur in similar settings described in
unit 11; however, pyrite and gypsum appear to be relatively minor components of these
sandstone units, cumulatively comprising ~2% of the overall composition. Smectitic clay
minerals make up the main matrix mineralogy with illite and kaolinite comprising ~35%
of the clay minerals. These sandstones exhibit less porosity than the conglomerates (units
13 — 11) and unit 9 (porosity was determined by qualitative observations from BSE
imagery; porosity data for drill core above ~17 m was not documented in Forstner (1967)).
As such, mineralization associated with voids such as ferroan dolomite, some clay mineral
occurrence styles and some pyrite occurrence styles is less common. Unit 8 can be
distinguished from unit 10 by the gradual reduction in the commonality of mm- scale grains
and a subtle overall reduction in grainsize as depth decreases, suggesting that unit 8 exhibits
subtle normal grading.
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2.4.3.2 Unit 9, sandstone conglomerate (12.8 — 11.6 m)

Unit 9 is a poorly sorted conglomerate that is distinguished from the basal conglomerate
unit group (units 13-11) by the occurrence of rounded, > 1 cm diameter lithic clasts
comprised of massive, marly sandstone (Fig. 2.10A), and its stratigraphic position between
two units of massive sandstone. Conversely, the matrix material of unit 9 is
petrographically similar to that of units 13-11 with the notable exception of the
phyllosilicate mineralogy comprising the matrix (Table 2.2). Smectitic clay mineral
diffractions are muted and illite 001 diffractions are sharper and exhibit greater intensities.
Kaolinite d(001) and d(002) diffractions also exhibit greater intensities. K-saturated
samples of unit 7 exhibited a broad 14.69 A peak after heating at 107 °C, indicating
incomplete collapse of the smectitic clay mineral structure, and therefore, the likely
presence of mixed layering in this phase. Matrix material and the >100 um-scale clasts
exhibit similar textures and mineralogy to that of units 13-11 with the exception that >100

pm-scale micas are more common.
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Figure 2. 10: (A) Core sample of unit 9 from 12.74 m depth (sample label: RW12.74)
where examples of sandstone clasts are outlined. (B) Core sample of unit 4 from 10.55 m
depth showing chaotic lamination (sample label RW10.55). (C) Back-scattered electron
image shows preferential orientation of clasts within the roughly linear voids and the
occurrence of framboidal pyrite within them. The layers consist mainly of clay minerals.

2.4.4  Marlstones and Limestones (10.7-2.0 m; units 7, 6, 5, 4, and
3)

Units 7-3 are distinguished from one another based on changes in the abundances and
types of carbonate minerals, and the prevalent sedimentary structures. Units 7, 4 and 3 are
each clay-rich, calcitic marlstones with striking convoluted lamination (Fig. 2.10A). Unit
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6 is a mixture of dark grey rock that contains embedded plant matter and exhibits chaotic,
pseudo-convoluted lamination with a light-toned calcitic rock that has faint mudcracks and
wavy, sub-parallel laminations. Unit 5 is comprised of mainly aggregated silt-sized
dolomite particles with some clay minerals and rare root fossils. These units are described

in detail below.

2.4.4.1 Units 7, 4, and 3, convoluted marlstones A (10.7-10.0 m),
B (8.2-3.0 m) and C (3.0-2.0 m), respectively

Units 7, 4 and 3 each exhibit continuous, finely laminated, convoluted bedding structures
(e.g., Fig. 2.10B) and disjointed layers of light-toned, calcitic mud occur as rare
discontinuous features. The convoluted marlstones are comprised primarily of illitic clay
minerals and kaolinite and a mixture of dolomitic and calcitic carbonates. Fine sand-sized
clasts in this section consist of mainly K-feldspar, quartz and micas (Table 2.2). These
clasts are generally angular to sub-rounded and are aligned along their long-axes with the
chaotic bedding and flow textures. Pyrite occurs in abundance along bedding-parallel linear
voids and fractures. Pyrite also occurs between bands of kink-banded micaceous clasts in
a similar fashion as in units 13, 12 and 11 (Fig 2.10B).

Unit 3 is distinct from units 7 and 4 in that the color of the matrix is light-brown as
opposed to the light-grey in the units 7 and 4. This change can be attributed mainly to
changes in the dominant matrix mineralogy of the matrix. Units 7 and 4 exhibit stronger
12.5 A peaks in bulk pXRD patterns and host a greater number of feldspars than unit 3.
Unit 3 exhibits stronger quartz peaks than unit 7 and 4, which suggests that swelling clay
minerals and their common precursors are less prominent. Units 7 and 4 are mineralogically
consistent with one another and each exhibit the same sedimentary structures, but are

distinguished by their stratigraphic position.

Forstern’s (1967) original description of this material includes mention of wavy,
alternating limestone / mudstone that was not observed here. Presumably, this alternation
is consistent with the observations described in unit 6 below, where alternating light- and
dark-toned material with different textures is described. Instead of omitting their presence

entirely due to a lack of observation, we assume, based on Forstern’s (1967) observations,
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that the light-toned limestone layers are less prominent and less common than they are in

unit 6.

2.4.4.2 Unit 6 mixed grey dolomite / calcite marlstone and white
calcitic limestone (10.0 — 8.6 m)

Unit 6 is a mixture of two different rock types that do not have a clear textural association
with each other as contacts between them were not observable in the remaining rock chips
available for study. Approximately 70 % of the avalable material was comprised of a dark-
grey toned marlstone with chaotic bedding and scattered clasts of micaceous material. The
remaining 30 % is comprised of a white-toned limestone with mudcracks and wavy, sub-

parallel lamination.

Grey-toned dolomite / calcite marlstone: The grey-toned material in unit 6 is a clast-
supported marlstone (15-20 % carbonates) with fine, sand-sized (> 100 um scale) mica and
sub-rounded to sub-angular dolomite nodules comprising the dominant clastic phases. Unit
6 displays convoluted bedding, but the laminations are commonly discontinuous and
disjointed, which is associated with the occurrences of broken and fractured clasts of mica.
When crushed and sonicated, bark, stems and other plant debris are exhumed from the rock;
however, this plant matter was not observed in further petrographic studies of this unit. The
> 100 pum-scale mica clasts are primarily muscovite with minor biotite and chlorite
occurrences (Table 2.2), and exhibit prominent kink-banding (Figs. 2.11A, B). The spaces
between the disassociated layers of the kink-banded micas are filled with matrix material
(Fig. 10C). The > 100 um dolomite particles consist of aggregates of many euhedral
dolomite rhomboids, merged together at their crystal boundaries (Figs. 2.11A, B). The
matrix is comprised of a complex mixture of mainly <10 pm-sized muscovite and biotite,
sub-rounded calcite clasts, sub-rounded dolomitic clasts, framboidal pyrites, and gypsum.
Feldspars are rare, but do occur in the matrix as <10 um-sized subhedral grains with sharp

grain boundaries.
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Figure 2. 11: (A) Cross-polarized(XPL) and (B) plane-polarazied (PPL) optical
microscope images of thin-section samples of unit 5, at 9.6 m depth (sample label RW9.6-
Gry.). Highlighted in both XPL and PPL photomicrographs are examples of the two major
clast types: micaceous and dolomitic. (C) Gypsum, anhydrite and pryite occur as
intergrowths between layers of >100 um scale mica clasts and conform to the shape of the
layers. (D) Gypsum and pyrite also occur in linear voids in the matrix and bordering quartz
and feldspar grains. Gypsum occurs together with anhydrite around the border of a quartz
grain. Gypsum is represented by the slightly darker toned material and is bound by fibrous
growths of likely anhydrite (slightly lighter tone). Gry. = grey toned material.

Pyrite and gypsum in the dark-toned material of unit 6 occur in similar settings as
described in unit 11, with some exceptions. In addition to the three formation settings
described in unit 11, pyrite in unit 6 also occurs as clusters of framboids within sand-sized
dolomitic clasts and as clusters of framboids in linear voids that conform with the shape of

the kink bands in sand-sized micaceous clasts. While the occurrences of pyrite and gypsum
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do appear less common in the marlstone units than in the reworked brecias, they are
nonethless present in similar settings (Figs. 2.11C, D).

Gypsum and anhydrite occur in a similar arragement to pyrite in that these phases
conform with the kink bands of micaceous material, but tend to form as lenses in this setting
In many instances it is difficult to determine whether the observed sulfate is gypsum or
anyhydrite using BSE images. A strong 3.51 A peak indicating anhydrite and muted 7.56
A peak indicating gypsum are used to infer the presence of both minerals. Gypsum and
anhydrite also occur extending out from the mixed phyllosilicates in the matrix towards the

boundaries of quartz grains, creating a partial rim around the grain (Figs. 2.11D).

Micas and clay minerals are the most abundant minerals in the dark material of unit 6.
Clay minerals make up the interstitial material. pXRD of preferentially oriented <2 um
separates indicates that the interstitial clay minerals are largely kaolinite and illitic clay
minerals, with less prominent smectitic and chloritic components. The sharpness of the 10
A feature in the pXRD scans of preferntially oriented <2 pum separates may suggest that, in

addition to illite, muscovite is also likely a component of the clay-sized material.

White calcitic limestone: The white calcitic limestone is comprised mainly of muddy
layers with wavy, sub-parallel lamination (Fig. 2.12A) and mud cracks (Fig. 2.12B). The
muddy layers are structurally distinct and can be generally divided into light- and dark-grey
layers, which exhibit wavy structures (Fig. 2.12A), and white-toned layers that exhibit
fracturing and faulting (Fig. 2.12A). Clear load structures occur as partially and fully
detatched intrusions of material into adjacent tonally distinct layers. The tonally distinct
layers have varying clay mineralogy and carbonate abundances associated with the colour
changes. Dark grey layers are generally dominated by smectitic and kaolin clay minerals
and light grey layers are generally dominated by similar clay minerals, but calcite occurs
as a more prominent phase. The white-toned material is comprised of a mainly calcite-
dominated mud. Generally, framboidal pyrite occurs as clusters within calcitic layers and
intrusions of more calcite dominant material into the dark grey layers. Feldspars and quartz

minerals are broadly distributed throughout the tonally distinct layers but are rare.
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Figure 2. 12: Cross sectional (A) and top view (B) of the white-toned material from unit 6
at 9.6 m depth (sample label: RW9.6-Wht.) . (A) Sub-parallel layering and load structures

. (B) Pseudo-polygonal mudcracks. Wht. = white toned material.

2.4.4.3 Unit 5, dolomite packstone (8.6 — 8.2 m)

Unit 5 is predominantly (~85 %) comprised of allochems made up of dolomite (Table
1). The allochems are fossiliferous; however, their recrystallized nature impedes accurate
identification. Branching tubes with ranging diameters (50 — 150 um) and internal veneers
of euhedral dolomite rhombs are consistent with descriptions of cladophorites described in
Riding (1979), which are common components of bioherms hosted at the Ries impact
structure (e.g., Riding 1979; Jankowski 1981). These organisms are proposed to have
played a major role in building the bioherms around the Ries structure (Riding 1979). Clay
minerals occupy some intergranualr spaces between the dolomitic allochems and comprise
a mixture of illite and kaolinite. Pyrite was observed as clusters of framboids with a
seemingly random distribution throughout the unit. Calcite and quartz were not directly
observed using optical microscopy, SE imagery or BSE imagery, but their presence was
inferred through the appearance of diagnostic peaks at 3.343 A (quartz) and 3.02 A (calcite)
in bulk XRD patterns.

2.4.5 Mudstones (3.0 — 0 m; units 2 and 1)

Units 2 and 1 are mudstones, which are distinguished by the prevalance of kaolinite

(Table 2.2), and a poorly sorted mixture of silt and sand-sized particles. In both units, the
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clastic material is comprised of plagioclase and potassic feldpsar, muscovite and quartz.
There is a notable change in the color and grainsize in unit 2, which has a light-brown tone
and some rare well-rounded gravel sized clasts. Unit 1 is texturally similar to unit two but
lacks any gravel-sized clasts and has a dark brown tone. These units are further
distinguished from the rest of the drill core by the prominence of calcite, which is indicated
by a 3.03 A calcite peak observed in XRD patterns. Calcite peaks are prominent in unit 2,
but muted and difficult to distinguish in unit 1. The presence of calcite in the mudstones
also marks a major overall shift in the dominant carbonate mineralogy away from dolomite,

which was predominant throughout units 10 — 3.

2.5 DISCUSSION

2.5.1  Comparison with previous work

The Wornitzostheim drill core was first studied by Forstner (1967) who focused on the
mineralogy of the impact melt-bearing breccias. While Forstner’s (1967) log did cover the
transition from post-impact sedimentary deposits to impact melt-bearing breccias, the
nature of this transition was not discussed in detail. The present work thus represents the
first detailed study of the transition from post-impact sedimentary deposits to impact melt-
bearing breccias. While some notable differences exist between our work and Forstner’s
(1967) log (Fig. 2.13), some of Forstner’s (1967) data regarding the approximate extent of
the units was used to fill in gaps in the record where material was missing from the drill
core. Mainly, Forstner’s (1967) assays were used to determine the extent of units 10 — 8,
and 4 (Fig. 2.2) because the contacts associated with these units were not preserved in the

drill core.
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Legend (This Study)

Wornitzostheim 1965 (Forstner 1967) Wernitzostheim 1965 (This Study) Mudstone | dark brown (1) — Sandy, Qz, Pl. feldspars; light brown
(2) — minor calcite marl, mixed K/PL. feldspars, KIn. & Sme. clay

minerals.

Convoluted marlstones, varying tones (3, 4, 7)| distinct
convoluted Lam., Kin,, Iit. clay minerals.

DEPTH (m)
DEPTH (m)

£ Sandy dolostone (5) | dolomitic packstone, rare framboidal Py.,
7~ minor Kin. clay minerals tubular structures.

)

Dolomite maristone (6) | dark grey: Kin. Iit. clay minerals,
plant matter; white: limestone, mudcracks

Mudstones

Sandstones (8, 10) | fine Qz. grains and mixed K/PI.
feldspars, Kin., It. & Sme. clays

Sandstone conglomerate (9) | sandstone clasts; altered

crystalline clasts, mixed K/PI. feldspars, Kin,, lit. & Sme. clay
minerals.

Conglomerate, blue-grey color (11) | rare glass clasts; altered
crystalline & sedimentary clasts, mixed K/P!. feldspars, mainly
Sme. clay minerals.

Weathered breccias, pink / yellow color (12, 13) | rare glass clasts;
altered crystalline clasts, mixed K/PI. feldspars, mainly Sme. clay
minerals, some Kin. & Iit. clay minerals.

A

Marlstones &
Limestones

Marlstones

» Grey melt-bearing breccia (14)| few lithic clasts; argillic alteration at de-
gassing pipe, Cal. In voids; abundant glass clasts; Sme. clay minerals.

A

Sandstone Units

Pink melt-bearing breccia (15) | few lithic clasts; mixed K/PI
feldspars; abundant glass clasts; Sme. clay minerals.

% Convoluted lamination.  ZT== Tubular structures.

Zoned alteration pattern 3{5,}1 De-gassing pipe.

“==== Wavy lamination. ' Plant matter. Y Mudcracks.

Legend (Férstner 1967

=r=r=7 Upper Miocene lake sediments; &
wavy alternating limestone / z
maristone.

A

Basal Conglomerates

Reworked Suevite

2 Sandy Marl; dolomitic
~ marlstone.

Sandy marl & reworked suevite; marls & weathered
crystalline clasts.

A

Reworked suevite; sandy matrix with abundant clay and
carbonate clast replacement; rare glass.

Weakly reworked suevite; abundant glass bombs, sandy
matrix.

Suevite
Melt-Bearing Breccias

Suevite; coarse breccia with abundant glass clasts, rare crystalline
-+ fragments with brown-toned sandy matrix.

Figure 2. 13: We produced a graphical representation of the upper 32 m of the
Warnitzostheim 1965 drill core based on the descriptions in Forstner’s (1967) original log
(left) and provided our original log (right) for comparison. The log generated as part of this
study (right) was not based on Forstner’s (1967) work, but represents an entirely separate,
assessment of the drill core. Forstner’s (1967) log is subdivided into six main units: (1)
Upper Miocene Lake Sediments (3.0-11.2 m), (2) Sandy Marl (11.2-13.1 m), (3) Sandy
Marl and Reworked Suevite (13.1-16.4 m), (4) Reworked Suevite (16.4-19.7 m), (5)
Weakly Reworked Suevite (19.7-25 m), and (6) Suevite (25 — 32m).

The most apparent difference between this work and the work of Forstner (1967) is the
inclusion of multiple new sub-units, such as the material logged from 0 m to 3 m (units 1,
2 and 3), which was not included previously. The Upper Miocene lake sediments (3.0-11.2

m) from Forstner’s (1967) log are consistent with the marlstone units of this study. We
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divided the marlstone unit into five sub-units based on textural differences described
earlier: unit 3 (2.0-3.0 m), unit 4 (3.0-8.2 m), unit 5 (8.2-8.6 m), unit 6 (8.6-10.0 m), and
unit 7 (10.0-10.7 m). An additional discrepancy exists in the depth extent of the marlstones
(2.0-10.7 m) when compared to Forstner’s (1967) Upper Miocene lake sediments (3.0—
11.2 m). This difference exists due to the reallocation of material originally included in
Forstner’s (1967) Upper Miocene lake sediments (10.7-11.2 m) to the sandstones and
sandstone breccia units in this study (Fig. 12), and the inclusion of previously unlogged

material from 2.0 m to 3.0 m.

The sandy marl unit (11.2-13.1 m) in Forstner’s (1967) log is consistent with the
sandstones and sandstone breccia units of this study, with the additional documentation of
massive sandstone units overlying (unit 8: 10.7-11.6 m) and underlying (unit 10: 12.8-13.1
m) sandstone conglomerate (unit 9: 11.6-12.8 m). Material from 10.7 m to 11.2 m was
originally included in the upper Miocene lake sediments unit of Forstner’s (1967) but has
been reallocated here to the massive sandstone that comprises unit 8. The reallocation of
this material in this interval is due to the textural and mineralogical similarities between it
and unit 10. Both are comprised of massive sandy material made up of fine, ~10 um-scale,
clastic material that consists of muscovite and chloritic clasts, quartz, and K-feldspar and
plagioclase. Unit 7 is texturally and mineralogically similar to the conglomerates in this
study (units 13-11) but it was not included in that grouping due to the overlying and

underling sandstone units, and the prominence of cm-scale, marly sandstone clasts.

Forstner (1967) describes three units comprised of “reworked suevite”. “Reworked
suevite” is a term coined seemingly during the 1960°s and 1970’s and it is used in several
early Ries publications (e.g., FOrstner, 1967a; Jankowski, 1977; Stoffler et al., 1977),
although its precise origins and meaning is unclear. Its use suggests that it indicates a
sedimentary rock that formed from the reworking of impact melt-bearing breccias,
presumably through fluvio-lacustrine processes in the Ries basin (e.g., Forstner, 1977,
1967; Fuchtbauer et al., 1977; Jankowski, 1977, 1981). The term “reworked suevite” was
not used in the present study to avoid assumptions regarding provenance of the sedimentary
rocks studied here. The units in Forstner’s (1967) log that include “reworked suevite” are:

“sandy marl and reworked suevite” (13.1-16.4 m), “reworked suevite” (16.4-19.7 m), and
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“weakly reworked suevite” (19.7-25.0 m). The extent of the three “reworked suevite” units
from Forstner’s (1967) log refers to most of the same material described in the basal
conglomerate unit group of this study, which we have divided into three sub-units: unit 11
(13.1-16.6 m), unit 12 (16.6-17.1 m), and unit 13 (17.1-20.1 m). Forstner’s (1967) log
suggests a much deeper extension of the “reworked suevite” (25.0 m) than our study (20.1
m). Our reasoning for this deviation is that the material at 22.0 m depth (e.g., unit 11; 20.1-
27.2 m) is petrographically consistent with descriptions of impact melt-bearing breccias
elsewhere at the Ries and exhibits similar alteration patterns (e.g., Caudill et al., 2021,
Engelhardt et al., 1995; Osinski et al., 2004). Glasses in unit 14 (grey melt-bearing breccia)
are typically >100 um-scale clasts, exhibit distinct flow textures and bear similar mineral
associations to the suevite described in Osinski et al. (2004). Glass clasts in unit 14 are
associated with calcitic vesicle fillings and globule formations of clay minerals that rim
glass clasts and line vesicles. Primary plagioclase crystallites in unit 11 also occur in the
groundmass and in the glasses, as documented in Osinski et al. (2004). We further
distinguish unit 14 from the basal conglomerates in that the predominant carbonate phase
in the conglomerate units is dolomite in contrast to calcite (Table 1), which is the most
common carbonate in the grey-toned melt-bearing breccias (unit 14). In addition,
occurrences of glass are rare in the conglomerates, whereas they are common in the melt-
bearing breccias. There is also a notable difference in how frequently > 100 um sized clasts
occur between the melt-bearing breccias and the conglomerates. Clasts on > 100 um occur
more frequently in the melt-bearing breccias than they do in the conglomerates. Finally, the
dominant mineral phase in the matrix of the conglomerates varies between the sub-units,
ranging from mainly smectitic to mixed smectitic, kaolinite and illitic clay minerals,
whereas the matrix of the melt-bearing breccias is consistently comprised of smectitic clay

minerals.

Lastly, we distinguished two types of impact melt-bearing breccias (unit 14: 20.1-27.2
m and unit 15: 27.2 m — end of log) based on the dominant composition of the matrix
material and the clasts. This contrasts with the single type of impact melt-bearing breccia
allocated for this section of drill core in Forstner (1967). Unit 15 (pink-toned melt-bearing
breccia), while still clearly a melt-bearing breccia, displays some notable petrographic

distinctions from unit 14 (grey-toned melt-bearing breccia) and the surficial suevite
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documented in Osinski et al. (2004). First, the matrix of unit 15 is more uniformly smectitic
and clearly exhibits honeycomb textures that are not found in unit 14. Second, Fe-
carbonates occur more frequently in unit 15 as zoned, euhedral vesicle fillings (Fig. 3B).
Third, pXRD patterns indicate a far more quartz and far less calcite in unit 15 relative to
unit 14. The greater diversity of clay mineralogy and textures, and the presence of
alteration features such as degassing pipes, suggest that unit 14 may be more altered than

unit 15. Accordingly, units 14 and 15 should be treated as distinct from one another.

2.5.2 Post-impact sedimentation and environmental record

2.5.2.1 Topography, and sources of water

The high topographic setting of the units studied here relative to the main series of lake
deposits within the central basin of the Ries impact structure suggest that water sources
would have been more limited, and that the timing of lacustrine formation recorded by the
sedimentary record of the Wornitzostheim drill core could differ from that of the
Nordlingen 1973 drill core, which sampled the central basin. Indeed, it could be possible
that isolated bodies of water existed prior to the formation of a large contiguous lake
system. Influx of water at the site of the Waornitzostheim drill core could have been less
immediate than it was within the central basin, and different sources of water could have
dominated in different regions of the impact structure. Possible sources of water to consider
include rainwater, groundwater recharge, and fluvial influx. The main source of water may

vary for each of the units described in this study.

2.5.2.2 Deposition of the basal conglomerates (units 13 — 11: 20.1
—13.1m)

As discussed above, the conglomerates (units 13-11) show signs of mechanical
reworking and likely represent the earliest post-impact sedimentary deposition at the Ries,
as recorded by the Warnitzostheim drill core. The transitions between the individual
conglomerate units are gradual (Fig. 2.2). The relatively consistent clast mineralogy of
specifically units 13 and 12 (K-feldspar, plagioclase, micas, quartz and impact glass) in
conjunction with the gradual transition between units suggests they formed from

continuous sedimentation of material derived from local impact melt-bearing breccias.
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Melt-bearing breccias at the Ries are known to host a small amount (0.4% volume) of
sedimentary clasts (Engelhardt, 1997), but 1-4 cm-sized sedimentary clasts occur in unit
11 at a greater (~15 % volume) abundance, which suggests a slightly different, but still
local, sediment source than units 13 and 12. The Bunte breccia is a local impact generated
breccia which hosts sedimentary clasts (Horz, Ostertag and Rainey, 1983) and as such, it
likely comprises an additional source for clastic material comprising unit 11 (Fig. 2.1). Unit
11 also includes coarse (>100 pum), fresh glass clasts and spherulites (Fig. 8A) derived from
the melt-bearing breccias (Fig. 5B, C). While the poor sorting and cm-scale clasts
throughout all basal conglomerate units suggests deposition in relatively high energy
environments, the greater consistency of >100 um-scale clast occurrences, and the
inclusion of clasts up to 4 cm in diameter suggests that unit 11 formed in a higher energy
environment than units 13 and 12. As opposed to a Bunte breccia sediment source, unit 11
might represent debris or gravity flow deposition from an outlet breach or overflow flood
originating from the central basin. This could provide an alternate explanation for the
occurrence of parallel laminated sedimentary clasts, and the general increase in clast size
exhibited by unit 11 relative to units 13 and 12; however, this would require an additional
focused study to clarify. Considering the commonality of cm-scale clasts in all
conglomerate units, in conjunction with the local sediment source, matrix supported nature
and nearby topographic highs of the uplifted crystalline ring and the tectonic outer ring of
the impact structure, we suggest that the conglomerates (units 13 — 11) likely represent a

debris flow or gravity flow of sediment.

The subtle differences in depositional environments between units 13, 12 and 11 are
reflected in their micro-scale textures and mineralogy. The well-formed honeycomb texture
of the smectitic clay minerals comprising the matrix of unit 13 and their nucleation
association with feldspars, micas and impact glass, could indicate that they are primarily
authigenic matrix minerals, which precipitated in situ from fluids associated with
dissolution of feldspars, micas and glass. The densely packed “fluffy” textures of the
smectitic clay minerals comprising the matrix of units 12 and 11, and relatively few
occurrences of clear nucleation points associated with clastic material, suggests that this
matrix material may not be entirely authigenic. The tight packing of the smectitic clay

minerals between clasts suggests compaction by settling sediment, which implies a degree
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of mechanical reworking, and hence a mixed detrital and authigenic origin. Additionally,
by virtue of being matrix supported, the matrix of the conglomerates would have to at least

partially consist of detrital clay minerals.

The authigenic clay minerals comprising the matrix of the lower reworked breccia (unit
13) likely formed from a potassium-rich, alkaline fluid derived from K-bearing source
materials (K-feldspar, impact glass and muscovitic micas). The presence of alkaline fluids
is consistent with interpretations from the Nordlingen 1973 drill core, such that the early
stages of the Ries lake system were alkaline with generally low salinity (Fuchtbauer et al.
1977; Jankowski 1977, 1981; Arp et al. 2013a). The prevalence of smectitic clay minerals
in the basal conglomerates is also consistent with alteration of fine-grained, highly shocked
and glassy material in mildly alkaline environments (Bohor and Triplehorn, 1993). This
further suggests that the basal conglomerates (units 13-11) represent early post-impact
sedimentary deposits; subaerial debris flows which later flooded triggering the formation
of authigenic clay minerals.

The increase in the abundance of framboidal pyrite (from <10% in units 13 and 12 to
~10-12 % in unit 11) in unit 11 (Table 1) indicates that substantial sulfur was introduced
to the system. Sulfur could have been leached from the sedimentary rocks present in the
breccia during weathering or hydrothermal alteration, and / or derived from dissolved
organic matter originating from an overlying lacustrine system that travelled downwards in
supergene fluids through fractures and voids. In the former scenario, the pervasive
mineralization of gypsum and clay minerals throughout unit 11 would require the presence
of fluid during deposition of the unit. In the latter scenario, the close relationship between
framboidal pyrite, gypsum, anhydrite and void spaces suggests pyrite formation from the
reduction of gypsum and anhydrite, which itself formed from fluids traveling through the
voids in unit 11 after the breccias had been deposited. We suggest that the presence of a
strongly reducing environment led to formation of these framboidal pyrites following
deposition of unit 11.
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2.5.2.3 Deposition of the sandstones and sandstone conglomerate
(units 6 — 3: 11.6 — 3.0 m)

We interpret the changing grain-size of the sandstone units (Fig. 2.2) to reflect subtle
normal grading that was truncated by an abrupt increase in depositional energy, which
produced the sandstone conglomerate (unit 9, Fig. 2.10) bound between the two sandstone
units. We interpret the normal grading of the sandstones to indicate progressive aggradation
of the alluvial fan, as the basin backfilled with sediment and the crater lake level began to
rise. Reverse grading would be expected during normal alluvial aggradation; however, the
backstepping of the alluvial fan would result in the normal grading observed in unit 8.
Flooding or shifting of the alluvial fan surface during alluvial progradation might have
deposited the sandstone conglomerate (unit 9). The grain-size and mineralogy of the marly-
sandstone clasts in unit 9 is similar to the sandstones comprising units 8 and 10 (micas,
feldspars and quartz clasts with a kaolinite and illitic clay mineral-dominated matrix). Due
to this similarity, we suggest that the marly-sandstone clasts in unit 9 were derived from
unit 10. The changing dominant clay mineralogy from smectitic in the conglomerates to
illitic and kaolinitic in the sandstone and sandstone conglomerate, in addition to the absence
of glass clasts and the prominence of feldspars, quartz and micas comprising the clastic
material, points to a changing sediment source. Material from increasingly distal locations
may have been delivered as the lake system evolved. Sources such as melt-poor impact
breccias like the Bunte Breccia or crystalline breccias are likely possibilities.

2.5.2.4 Deposition of the marlstones (units 6 — 3: 11.6 — 3.0 m)

The prevalence of kink-banded micas (Fig. 10A, 10B) and illite- / kaolinite-dominant
clay mineralogy points to a sediment source that is comprised largely of melt-poor material
and that is similar to the source for the sandstones and sandstone conglomerate. This is
consistent with the sediment source shifting slightly from the impact melt-bearing breccias

to nearby Bunte Breccia ejecta deposits.

The fine grain-size (Fig. 2.2) and the fine laminations (e.g., Fig. 2.10B, C) in units 7, 6,
4 and 3 point to deposition in a low energy environment. The presence of the carbonates
comprising the marl sequence could be explained by deposition in a swampy environment

where there was a sufficient quantity of aquatic plants to shift the bicarbonate / carbonate
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equilibrium towards carbonate through the removal of CO> from the water (Boyd, 2015).
Plant matter recovered from unit 6 indicates that the presence of aquatic plants is plausible.
Another possible explanation for the presence of dolomite and calcite is the incorporation
of detrital calcite from the mechanical weathering of proximal impact melt-bearing
impactites. Given the close proximity of melt-bearing impactites, and the presence of plant
matter, it is plausible that a combination of biologically driven and geologically driven
processes led to the deposition of detrital calcite and possibly both detrital and endogenic

dolomite in these units; however, dolomite appears to be mainly endogenic.

The convoluted lamination that is prevalent throughout units 7, 6, 4 and 3 can be
explained by the gradual slumping of sediment away from the shoreline during post-impact
settling and lake infilling. Sediment loading during rapid lacustrine deposition could have
produced enough weight to fracture underlying layers before the sediment layers fully
lithified. The presence of rare broken mud layers (Fig. 2.10A) indicates that these internal
structural failures may have allowed the larger scale partial fluidization and movement of
already deposited layers of soft sediment. Similar sedimentary structures produced by

slumping have been observed in the N6rdlingen drill core (Mertes, 1977).

Due to the preserved plant matter in the dark-toned material in unit 6, we attribute the
fracturing and breaking of the convoluted laminations to bioturbation (Fig. 2.11A, B).
While there were no fossils directly observed in thin section or under BSE or SE imagery,
it could be possible that the dolomitic clasts originated as calcitic growths around
fossiliferous nuclei. Fluids carrying cations from Fe-bearing detrital micas possibly led to
the subsequent dolomitization. Additionally, the abundance of gypsum between kinked
bands of mica (Fig. 2.11C) and between clasts (Fig. 2.11D) points to an increased sulfur
content, potentially due to sulfur uptake and concentration by plants. Many plants would
have died off during periodic desiccation of the lake, which would have concentrated sulfur

in the soil to be available for gypsum mineralization during subsequent wetting periods.

The consistent wavy layering and mud cracks in the calcitic light-toned material of unit
6 suggest that the otherwise swampy lake exhibited a dry period with low deposition rates,
which prevented convoluted lamination from forming and caused the formation of mud

cracks (Fig. 2.11B) through desiccation. The desiccation and differential loading could
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have caused compression fracturing of the mud layers and enabled intrusions of less dense
material to migrate into adjacent layers, forming load structures (Fig. 2.12A). Due to the
prevalence of convoluted lamination and the presence of fractured, light-toned layers, we
interpret the wavy lamination in this unit to be a product of soft sediment deformation
caused by differential loading and partial liquefaction as opposed to a primary depositional
feature.

The tube structures in unit 5 are mineralogically and texturally consistent with other
cladophorite fossil-bearing dolomite packstones around the Ries that are indicative of the
transition from a saline to an increasingly fresh lake environment (Arp, 1995, 2006; Arp et
al., 2017). The occurrence of this dolomite packstone in local alternation with marlstones
bearing polygonal mudcracks suggests that unit 5 represents a lithostratigraphic level
equivalent to the Aldesberg-type bioherms described in Arp (1995, 2006), which represent
a shallow eulittoral environment and the earliest known algal bioherms of the Ries basin.
Alternatively, the tube structures could also represent root networks of aquatic plants as
documented elsewhere at the Ries (Arp 1995, 2006), but would similarly indicate eulittoral,
shallow water environments (Arp 1995, 2006). With the data presently available, it is
unclear which interpretation of the tube structures is the most accurate; whoever, in either

case, a shallow eulittoral environment is likely what is represented by unit 5.

2.5.2.5 Deposition of the mudstones (units 2 and 1: 3.0 — 0.0 m)

The distinct mineralogical characteristics of the mudstone units and the change in major
carbonate species from dolomite to calcite sets them apart from the other post-impact
sedimentary deposits (marlstones, sandstones and sandstone conglomerate, and basal
conglomerates) described above. Given the limited amount of sample and contextual
information for the mudstone units, it is difficult to suggest a possible origin with
confidence. Additionally, without observable contacts and with a distinct shift in
mineralogy, and possible sediment source, it is possible that these units represent
Quaternary material that was deposited following the erosion of the upper ~50 m of lake
deposits towards the end of the Ries lake’s lifecycle; however, this cannot be stated with

certainty.
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2.5.2.6 Depositional Environment Summary

The transition between the basal conglomerates, sandstone units, and marlstones and
limestone units likely represent the transgression of the lake shoreline (Fig. 2.14). The
mudstones are excluded from this interpretation owing to the lack of data available. The
early, water-laden debris flows likely represented by the conglomerates could be the early
stages of alluvial deposition and the beginnings of fluviolacustrine infilling. The formation
of a lake system is represented by marlstones and limestones. The mud cracks potentially
represent desiccation in either the shoreline or potentially the entire body of water. The
dolomite packstone overlying these marlstones likely represents a shallow eulittoral
environment, and the marlstones that subsequently overly it represents the landward
transgression of the shoreline as the lake buried the packstone under deeper water sediment.

W ornitzostheim?

Brecciated basement Melt-bearing breccia
. Marlstones / Limestones E Dolomite Packstone
. ] Sandst )a & Congl t
. andstone onglomerate
00

Figure 2. 14: A diagram illustrating the likely deposition environment represented by the
Wornitzostheim drill core. Key units re summarized here, with the potential units sampled
by the Wornitzostheim drill core indicated on the diagram. Although depicted as the
bottom-most unit here, melt-bearing breccia can drape over some lithologies (Pohl 1977),
and as such this illustration does not preclude the possibility of melt-bearing breccias

comprising the source of the conglomerates.
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2.5.3 Hydrothermal activity during early post-impact sedimentation

Impact-generated hydrothermal alteration is well documented in the impact melt-bearing
breccias throughout the Ries impact structure (e.g., Caudill et al., 2021; Newsom et al.,
1986; Osinski, 2005; Osinski et al., 2004; Sapers et al., 2017). Similar textural and
mineralogical occurrences have been observed in the same melt-bearing breccias (units 14
and 15) sampled by the Wornitzostheim drill core. Indeed, localized occurrences of clay
minerals in vugs and voids hosted by glass clasts are common, and the presence of alteration
associated with degassing pipes has been described in detail (Caudill et al. 2021). Thus, an
impact-generated hydrothermal system was active in the impact melt-bearing breccias at
the location sampled by the Wornitzostheim drill core. Unlike the melt-bearing breccias
sampled by the Nordlingen drill core in the central basin of the Ries (Osinski 2005),
however, those sampled by the Wérnitzostheim dill core do not show evidence of pervasive
hydrothermal alteration. We suggest two possible explanations for this difference. First, the
higher elevation of the impactites in the Warnitzostheim dill core (Fig. 2.1B) may have
meant that water was less readily available than deep in the central basin of the Ries impact
structure. Additionally, the melt-bearing breccia deposited at the site of the Wornitzostheim
drill core (~80 m) is notably thinner than the crater-fill, melt-bearing breccias (~300 m)
sampled by the Nordlingen drill core in the central basin (e.g., Fig. 2.1B), which would
have resulted in shorter-lived hydrothermal activity in this region. Thus, the hydrothermal
environment of the Warnitzostheim drill core would have been different from that of the
Nordlingen drill core. In a similar fashion, the melt-bearing breccia from quarries and drill
cores elsewhere at the Ries exhibit spatially variable hydrothermal environments (Sapers
et al. 2017). The question is then whether hydrothermal activity was still ongoing at the

time of sediment deposition.

The textures and mineralogy of matrix and void-filling minerals are variable throughout
the basal conglomerates. Given the generally subhedral to euhedral form of the void-filling
minerals, they are considered secondary, and hence most likely to preserve any signature
of a hydrothermal origin (e.g., Fig. 2.7B, D). The matrix of unit 13 consists of smectitic
clay minerals with a distinct honeycomb texture (Fig. 2.7C) that are associated primarily

with detrital impact glass, mica and feldspar clasts. Clay minerals in units 12 and 11, by
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comparison, primarily exhibit densely packed and fluffy textures in the matrix and show
few obvious nucleation or growth textures associated with clastic material (e.g., Fig. 2.7D;
Fig. 2.8B). Considering the authigenic nature of clay minerals comprising the matrix of
unit 13, we suggest they are cogenetic with the void-filling minerals, or at least similar in
their timing of formation. As such, the matrix smectitic clay minerals and the void-filling
minerals could be part of the same hydrothermal mineral assemblage.

The mineral assemblage of smectitic clay minerals, dolomite and feldspar in unit 13 is
mostly consistent with the early to late stages of the principal sequence of mineralization
in impact-generated, hydrothermal systems (Kirsimae and Osinski 2013; Naumov 2005).
We suggest that the rare feldspar occurrences within void-filling dolomite represents a brief
period of spatially limited ~300°C hydrothermal mineralization, which was followed by
quenching, resulting in the spherulitic plagioclase, and rapid cooling to ~100°C. Void-
filling clay minerals likely precipitated at these lower temperatures. The upper temperature
limit for clay minerals of the melt-bearing breccias is 130 °C, as proposed by Newsom
(1986), so it is unlikely that fluid temperatures associated with the overlying basal
conglomerates exceeded this limit. As such, we suggest a temperature range of 100-130 °C
for void-filling clay minerals, or potentially lower. The temperature range for clay minerals
cannot yet be stated with certainty based on the results of this study. The prevalence of clay
minerals (smectite, illite, kaolinite) and the suggested temperature range (~100-300 °C) is

typical of argillic alteration (Gifkins, Herrmann and Large, 2005).

The mixed detrital / authigenic nature of the clay minerals comprising the matrix of units
12 and 11 suggests a temporally distinct difference between void-filling minerals and
matrix minerals; hence, we cannot approximate the formation temperature of the matrix
minerals using the void-filling mineralogy as a proxy. It also remains unclear whether the
clay minerals comprising the matrix of units 12 and 11 were formed during hydrothermal
activity. Hydrothermal mineralization in unit 12 could have triggered the formation of void-
filling dolomite and smectitic clay minerals (Fig. 2.6B, D). Considering the lack of -
feldspar, and the relatively low abundance of gypsum and pyrite (<10 %) we again invoke

the principal sequence of mineralization in impact-induced, hydrothermal systems
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(Kirsimde and Osinski 2013; Naumov 2005) to suggest potential hydrothermal alteration at
~<100°C.

The abundant gypsum, anhydrite and pyrite in the voids of unit 11 point to an influx of
sulfur, which we suggested above was derived from dissolved organic matter in an
overlying lake system (Fig. 2.2) and/or from the alteration of sedimentary clasts that were
incorporated into the breccia. As also discussed previously, the lake system that deposited
unit 6 contained abundant plant matter and gypsum in the paleolake-bed, which would
imply a notable supply of dissolved organics; however, this has not been measured. The
mud cracks associated with unit 6 indicates periodic wetting and drying, which would have
further concentrated salts and organic matter. In the playa setting recorded in unit 6, sulfur-
rich lake water could have percolated through the sandstones (units 10 — 9) into unit 11.
Hydrothermal activity affecting unit 11 could have triggered precipitation of hydrothermal
gypsum in the voids of the breccia (Fig. 8C), which is consistent with the late, low
temperature (~100 °C) stages of mineralization in impact-induced, hydrothermal systems
(Naumov, 2005; Kirsimée and Osinski, 2013). The formation of framboidal pyrite from
gypsum and anhydrite could occur biogenically through bacterial sulfate reduction of
gypsum or anhydrite, as the presence of framboidal pyrites have been considered putative
indicators of biogenic mineralization (Love, 1957; Folk, 2005). However, formation of
framboidal pyrite during hydrothermal mineralization has also been documented (e.g.,
Scott et al., 2009; Wilkin & Barnes, 1997). Both hydrothermal and biogenic formation

pathways occurring in concert is plausible but requires further investigation.

2.6 Conclusions

The results of this study indicate that the upper 20.1 m of rock sampled by the
Wornitzostheim drill core broadly represents deposition of an alluvial fan into a playa lake,
and finally into a progressively freshening lake system. Early alluvial sedimentation was
affected by venting of an impact-generated hydrothermal system. Presumably shortly after
the impact event and the deposition of melt-bearing breccias (units 15 and 14), an influx of
freshwater from rain, emergent fluvial systems and groundwater likely reworked and
eroded sediment from local melt-bearing breccias. The remnant heat of the transported

sediment and the venting of an underlying hydrothermal environment present in the melt-
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bearing breccias geothermally modified the composition of the incoming freshwater into a
weakly alkaline fluid through the leaching of potassium from clastic material. These
alkaline fluids likely precipitated the clay minerals comprising the matrix of unit 13 with
well-formed honeycomb textures (Fig. 17a). Venting of hydrothermal fluids in unit 13
shortly after deposition, and subsequent quenching likely triggered the formation of the rare
skeletal feldspar in the voids and fractures of unit 13, indicating initial temperatures of
~300°C. Subsequent cooling of the system facilitated mineralization void-filling smectite
at ~100-130°C. Continued fluvial sedimentation of material eroded from local melt-bearing
breccias under cooler conditions likely triggered the formation of clay minerals with a
“fluffy” texture and a change in the tone of the rock in unit 12. Ongoing hydrothermal
mineralization likely triggered the formation of dolomite and smectitic clay minerals in the
fractures and voids of unit 12 (Fig. 17b). The progradation of the alluvial fan recorded a
period of relatively high energy mass wasting, which eroded sedimentary clasts from
additional sediment sources, and coarser clastic material from local melt-bearing breccias
during the deposition of unit 11. Sulfur leached from the sedimentary clasts by
hydrothermal fluids could have triggered formation of sulfates and sulfides. Alluvial
progradation and backfilling towards the sediment catchment area potentially caused burial
of the basal conglomerates by the sandstone units. A flooding event or shifting alluvial fan
surface likely truncated the record of alluvial backfilling by depositing the sandstone
conglomerate (unit 9). Rapid sedimentation in a low energy, lacustrine setting produced
marlstones with convoluted laminations, which transitioned to wavy laminations,
bioturbation and mud cracks as the system underwent intermittent drying. Lake water
carrying sulfur and salt leached from decaying plant matter and sulfates in unit 6 were likely
transported into unit 11 where hydrothermal activity from the still warm, reworked breccias
triggered formation of hydrothermal gypsum, which was reduced to framboidal pyrite.
During the dry periods recorded in unit 6, gypsum converted to anhydrite. Subsequent
deepening of the lake triggered the deposition of fossiliferous dolomite packstones and

chaotically laminated marlstones as rapid deposition resumed.

This study demonstrates that hydrothermal mineralization during early, post-impact,
fluviolacustrine sedimentation is possible, even in circumstances where sources of fluid

and heat are relatively limited. We suggest that the heat potentially originated from the
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sediment itself in conjunction with heat contributed from the underlying melt-bearing
breccias. The chemical composition of freshwater can be extensively modified by
interaction with warm sediment, and additionally by underlying impact melt-bearing
breccias through which it possibly flowed. The deltaic deposits targeted by the
Perseverance Rover in Jezero crater, Mars may contain similar fluvio-lacustrine deposits
(e.g., Fassett & Head, 2005) that, like the basal conglomerates of the Waornitzostheim drill
core, record post-impact hydrothermal interaction with the emerging lake system. The
origins of the minerals and their textures recorded in early, post-impact fluviolacustrine
deposits are indeed difficult to distinguish. Nonetheless, the potential for these features to
record a wide array of processes such as hydrothermal mineralization, biomineralization,
ecological recovery from the impact event, and climate change, makes their investigation

a worthwhile investment.
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3 Tracing the fluid evolution of early post-impact fluvio-
lacustrine systems beyond the central basin of the Ries
impact structure, Germany

3.1 Introduction

Impact cratering is a ubiquitous process affecting rocky and icy bodies throughout the
solar system. In settings on Earth and Mars where there is sufficient water in the target
region, impact cratering can potentially trigger the formation of transient hydrothermal
systems (Naumov, 2005; Kirsimde and Osinski, 2012; Osinski et al., 2013) and
fluviolacustrine systems (Cabrol and Grin, 1999; 2001; Brigham-Grette et al., 2007; Arp et
al., 2013a). Latent heat from the kinetic energy of the impact event, heat from melt-bearing
impactites, and heat from uplifted geothermal gradients (Naumov, 2005) can trigger the
circulation of incoming fluids from a possible mixture of mainly rainwater, groundwater,
and fluvial water, thus generating hydrothermal convection cells within the subsurface.
Venting of these hydrothermal systems into an emerging lacustrine environment can create
potentially ideal habitats for microbial forms of life (Cockell and Lee, 2002; Osinski et al.,
2013; 2020; Cockell et al., 2020). Such environments can potentially be generated even in
settings where water and heat may be relatively limited (Chapter 2). Due to the high
resolution of the environmental record commonly preserved in post-impact sedimentary
deposits (Arp et al., 2017), it is possible to trace fluid evolution and generate accurate
models of post-impact environmental recovery. Hydrated minerals such as phyllosilicates,
which contain OH™ and H2O bound in their crystal structure can reflect the physiochemical
environment at the time of their deposition in their textures, layering patterns, bulk
chemical composition, and hydrogen (5°H) and oxygen (5'®0) isotope geochemistry
(Brindley and Brown, 1980; Longstaffe and Ayalon, 1990; Libbey et al., 2013). Such
phyllosilicates are present in the form of <2 pum clay minerals, which commonly occur in
post-impact sedimentary deposits (e.g., Salger, 1977; Chapter 2). Thus, clay minerals from
early post-impact sedimentary deposits can be used to reconstruct early lacustrine evolution
and provide a resource for the detailed characterization of post-impact crater-lake
habitability on Earth and Mars.
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Clay minerals have been detected in many different localities on Mars (Ehlmann et al.,
2011), and the required presence of water for their formation has generated substantial
interest in determining their origins. Many different theories for the formation of clay
minerals on Mars have been proposed. Some studies suggested that clay minerals on Mars
could have formed during the Noachian period at the planet’s surface under warm and wet
conditions (Poulet et al., 2005; Bibring et al., 2006), as well as in the subsurface under cold
and dry conditions (Ehlmann et al. 2011). It has also been suggested that clay minerals on
Mars might have formed during the early formation of the planet’s crust (Cannon, Parman
and Mustard, 2017). Clay minerals could have also formed in aqueous environments like
fluviolacustrine systems (Milliken and Bish, 2010; Bristow and Milliken, 2011), or in
hydrothermal environments initiated by volcanism (Farmer, 1996) or meteorite impacts
(Newsom, 1980; Rathbun and Squyres, 2002; Tornabene et al., 2013). The detection of
complex clay minerals in records of impact-generated environments preserved on Earth
(e.g., Caudill et al., 2021; Naumov, 2005; Osinski et al., 2013; Simpson et al., 2022;
Tornabene et al., 2013) provides the basis for hypotheses that impact cratering can generate
similarly complex and potentially widespread clay mineral-bearing deposits on Mars.
Current exploration of Mars’ surface is focused on impact structures that host clay mineral-
bearing units that preserve evidence of post-impact fluviolacustrine deposition such as Gale
Crater (e.g., Bristow et al., 2015, 2018; Bristow & Milliken, 2011; Cabrol et al., 1999;
Grotzinger et al., 2014, 2015; Rapin et al., 2019) and Jezero Crater (e.g., Goudge et al.,
2015, 2017, 2018; Horgan et al., 2020; Schon et al., 2012). Understanding the influence of
impact cratering on the early aqueous history, and subsequently the clay mineralogy, of
these areas is critical. Using terrestrial analogues, it is possible to better contextualize the
observations of the Curiosity and Perseverance rovers (exploring Gale and Jezero crater,
respectively) and provide a resource to better prioritize sampling targets as the rovers
explore their respective impact structures. Analyses of the many distinct settings in which
clay minerals occur in impact structures on Earth can provide further insight into the role

of impact cratering, and subsequent modification processes in generating clay minerals.

The Ries impact structure in southern Germany, hosts several clay mineral-bearing units
such as melt-bearing breccias (e.g., von Engelhardt, 1997; Osinski, Grieve and Spray, 2004;
Osinski, 2005; Sapers et al., 2017; Caudill et al., 2021), melt-poor breccias (e.g., Caudill et
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al. 2021), and post-impact sedimentary deposits (e.g., Salger 1977; Chapter 2). Clay
minerals preserved in post-impact sedimentary deposits at the Ries impact structure are
spatially widespread (Salger, 1977) and early deposits are derived from complex and
mineralogically diverse clay-bearing units such as the melt-bearing breccias and melt-poor
breccias (Salger et al. 1977; Chapter 2). Smectitic clay minerals are a major mineralogical
constituent of the impact melt-bearing breccias (Osinski et al. 2004; Osinski 2005), and
early post-impact sedimentary deposits sampled by the Wornitzostheim drill core at the
Ries impact structure (Chapter 2). Thus, the basal sedimentary units of the Wornitzostheim
drill core represented by units 13-11 are an ideal target for the study of the character and
origins of clay minerals generated by early interactions between an impact-induced

hydrothermal system and post-impact fluviolacustrine system.

In this study we contribute a detailed investigation of the mineralogy, and hydrogen
(6°H) and oxygen (6'80) isotope geochemistry of <2 um, 2-0.2 um, and <0.2 um size-
fraction separates from melt-bearing breccias and basal alluvial fan deposits sampled by
the Wornitzostheim drill core from the Ries impact structure. Smectite is a phyllosilicate
mineral that occurs throughout the <2 um size-fraction of the upper 27 m of the
Wornitzostheim drill core, which encompasses the entirety of the drill core’s post-impact
sedimentary deposits and an upper section of melt-bearing breccias. We build off previous
studies of the crater lake environment at the Ries impact structure and highlight
implications for the formation of clay minerals on Mars and the early post-impact

fluviolacustrine environment at the Ries impact structure.

3.2 Geological Setting

The ~24 km diameter, complex Ries impact structure, Germany formed in a
compositionally mixed target during the early Miocene (~14.8 Ma; Schmieder et al., 2018).
The target rock comprised Hercynian crystalline basement of amphibolites, gneisses,
ultrabasic rocks and later granitoid intrusions that are overlain by a Triassic—Jurassic
sedimentary package of mainly limestone with some conglomerates, sandstone, siltstone
and marlstone contained in the Triassic rocks (Fig. 3.1A, B). The modern expression of the
Ries impact structure consists of a tectonic outer ring represented by a roughly circular

array of highlands, and a buried central basin (~12 km in diameter, 800 m deep) bound by
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uplifted, but still buried, crystalline rocks loosely resembling an inner ring. The ejecta
blanket represented by the Bunte breccia was deposited outside the bounds of the so called
“inner ring” and extends ~26 km away from the tectonic rim (von Engelhardt, 1990). A
series of melt-bearing breccias ejected from the central basin was discontinuously deposited
as patchy remnants upon the Bunte Breccia (Fig. 3.1A, B). These ejected melt-bearing
breccias exhibit secondary alteration features limited to calcite and smectitic clay minerals
lining and filling fractures and voids (Osinski, 2004; 2005; Sapers et al., 2017) and are
occasionally overlain by up to 20 m of post-impact sedimentary rocks (Forstner, 1967).
Patches of ejected melt-bearing breccias can be up to 80 m thick (Forstner 1967). Crater-
fill melt-bearing breccias that were pervasively altered (mainly to smectitic clay minerals
with void lining / filling calcite; Osinski 2005) occur as a continuous sheet within the
central basin and are overlain by ~400 m of post-impact sedimentary rocks. The thickness
of the crater-fill melt-bearing breccias varies from <100 m near the so called “inner-ring”

to up to 300 m towards the basin center (Stoffler et al. 2013).
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Figure 3. 1: (A) A geological map of the Ries impact structure highlighting major clay-
bearing units and the locations of the Nordlingen 1973, and Wdornitzostheim drill cores

(modified from Sapers et al. 2017 and Arp et al. 2017). Siliciclastic and calcareous
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lacustrine deposit distribution is based on the work of (Ernstson, 1974; Pohl et al., 1977;
Hittner and Schmidt-Kaler, 1999). The cross section (B) depicts hypothetical hydrothermal
convection cells, interpretations of major structural features, such as the central basin, and
units sampled by the Noérdlingen 1973 drill core and Warnitzostheim 1965 drill core
(modified from Sapers et al. 2017). This figure is an interpretation and is not intended for

use as a ‘to-scale’ model.

The melt-bearing breccias at the Ries impact structure are likely the main source of heat
that drove an impact-generated hydrothermal system (Osinski 2005). Initial temperatures
of the melt-bearing breccias were ~2,000 °C or higher, which then rapidly cooled to ~300
°C (Osinski 2005). Alteration under saturated aqueous conditions triggered the pervasive
hydrothermal mineralization observed in the crater-fill melt-bearing breccias (Osinski
2005). Relatively limited or slow water influx in the topographically high regions of the
ejected melt-bearing breccias resulted in the concentration of alteration features to fracture
and void fillings (Osinski 2005; Sapers et al. 2017; Chapter 2). Additional heat was likely
contributed by an uplifted geothermal gradient. Assuming a geothermal gradient of 30 °C
km?, it is possible that the 1-2 km structural uplift of the Ries geothermal gradient
contributed ~40-70 °C of heat to drive the Ries hydrothermal system (Osinski 2005).

The length of time during which the Ries hydrothermal system was active has not been
well constrained, but Daubar and Kring’s (2001) cooling model indicates that a 25 km
diameter crater, with a 200 m thick melt-sheet, cooling from 800 to 160 °C could persist
for ~3,000 years. Pohl (1977) applied a similar cooling model, which suggested that a 200
m thick melt sheet cooling from 800 to 100 °C would take several thousand years. Evidence
of hydrothermal alteration in early post-impact sedimentary deposits (Chapter 2) and the
occurrence of hydrothermal spring mounds that are stratigraphically correlated with late-
stage lacustrine deposits (Arp et al. 2013a) indicate that the duration of the Ries
hydrothermal system was sufficiently long-lived to affect post-impact fluviolacustrine
processes. Additionally, Arp et al. (2013a) indicates that the Ries’ hydrothermal system

was active for at least 250,000 years after the impact event.

The overall sedimentary succession of post-impact fluviolacustrine evolution in the Ries

impact structure consists of four major phases as recorded by the Nordlingen 1973 drill
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core, which samples post-impact sedimentary deposits from within the central basin (Arp
et al., 2013b, 2017, 2021; Flchtbauer et al., 1977; Jankowski, 1977, 1981). These deposits
are divided into four main units as follows:
A. Alluvial fan progradation represented by debrites and reworked melt-bearing
breccias intercalated with playa deposits (unit A — basal member).
B. Soda lake deposition represented by laminites and bituminous shales with
authigenic analcime and clinoptilolite zeolites (unit B — laminate member).
C. Soda — Halite lake transition represented by dolomitic marlstones (unit C — marl
member).
D. Halite lake approaching freshwater compositions with salinity fluctuations
represented by alternating claystones, marlstones and limestones (unit D — clay

member).

The general sequence of events recorded by units A-D in the Nordlingen 1973 drill core
spans an ~1.2 Ma period of time (Pohl 1977; Jankowski 1981), which coincides with the
transition from the Mid-Miocene Climatic Optimum to progressively cooler climates with
the growing Antarctic ice sheet (Flower and Kennett, 1994). While aspects of this record
are useful contextual tools that are generally applicable across the impact structure,
stratigraphic correlation of units A-D in the Nordlingen 1973 drill core becomes more
difficult with increased distance from the basin center (Arp et al. 2021). Mineralogical and
textural studies indicate a good correlation between units in the Waornitzostheim drill core
and unit A, and unit D, from the Nordlingen drill core (Chapter 2). Basal sedimentary
deposits from the Wornitzostheim drill core, which are in contact with underlying melt-
bearing breccias, were likely subjected to low temperature alteration (<100-300 °C;
Chapter 2). The sedimentary succession sampled by the Wornitzostheim drill core (Fig.
3.2) broadly represents the transition from an alluvial-playa setting influenced by early
hydrothermal alteration to increasingly fresh lacustrine conditions where the basal units in
this drill core represent the early aggradation of a fluvial-dominated alluvial fan (Chapter
2).
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. Legend

Woérnitzostheim 1965 Mudstone | dark brown (1) — Sandy, Qz., PI. feldspars; light brown
(2) — minor Cal. marl, mixed K/P!I. feldspars, Kin. & Sme. clay
minerals.

Convoluted marlstones, varying colors (3, 4, 7) | distinct
convoluted Lam., Kin., Sme._lit. Clay minerals.

= Sandy dolostone (5) | dolomitic packstone, rare framboidal Py.,
= minor Kin. clay minerals, tubular structures.

7 Dolomite maristone (6) | dark grey: Dol., Cal., Kin., Iit,
plant matter, white: Cal., mudcracks, wavy lam.

Sandstones (8, 10) | fine Qz. grains and mixed K/PI.
feldspars, Kin,, Iit. & Sme. clay minerals.

Sandstone conglomerate (9) | sandstone clasts; altered
. crystalline clasts, mixed K/PI. feldspars, Kin,, lit. & Sme. clay
= minerals.
Conglomerate, blue-grey color (11) | rare glass clasts; altered
"+ crystalline & sedimentary clasts, mixed K/PI. feldspars, mainly Sme.
¢ clay minerals.
= Weathered breccias, pink / yellow color (12, 13) | rare glass
clasts; altered crystalline clasts, mixed K/PI. feldspars, mainly
Sme. clay minerals, some Kin. & Iit. clay minerals.

Limestones Mudstones

Marlstones &

» Grey melt-bearing breccia (14)| few lithic clasts; alteration at de-
s gassing pipe, Cal. in voids; glass clasts; Sme. clay minerals.

Pink melt-bearing breccia (15) | few lithic clasts; mixed K/PI.
: feldspars; abundant glass clasts; Sme. clay minerals.

Conglomerates Sandstone Units

© Convoluted
o Plant matter. ~V— Mudcracks.
32 2 amination. =7 Tube structures. ' matter. r
m ~— P Zoned alteration P
=== Wavy lamination. D 3
=== Wavy O pattem. 4 e-gassing pipe.
Representative Core Sample Scans
i Mudstones
r 0-20m
Marlistones &
~ Limestones
] 20-116m

Sandstone Units
10.7-13.1m

Basal Conglomerates
m 13.1-20.1 m

Melt-Bearing Breccia
20.1-32 m

Figure 3. 2: The stratigraphy of the Waornitzostheim 1965 drill core is represented by the

Melt-Bearing Breccia

above stratigraphic column (Chapter 2), which indicates the extent of major lithologies.
The depth and unit groups are denoted on the y-axis of the column, and the approximate
grainsize as determined using a grainsize card are indicated by the x-axis. Forstner (1967)
reports a detailed record of grainsize changes throughout the Wornitzostheim 1965 drill
core. lllustrations for each unit depicted in the column are specific to each unit and intended

to best approximate the appearance and textures. Each distinct unit is assigned a number in
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sequential order starting from the top of the drill core. Images of representative core scans
of each major unit group is provided below the legend with the depth location of the unit
group. Abbreviations used in the symbology descriptions are as follows: Abbreviations:
Qz. — quartz; PIl. — plagioclase; Kin. — kaolinite; Ilt. — illite; Sme. — smectite; lam. —

lamination; Sandstone Units — Sandstones and Sandstone Breccias.

3.3 Methodology

Of the 15 units logged in the upper 32m of the Wornitzostheim drill core (Fig. 2; Chapter
2), 9 units were sampled for the purposes of this study, covering the two melt-bearing
breccias (units 15 and 14), the basal conglomerates (units 13-11), the sandstone
conglomerates (unit 9), the basal marlstone unit (unit 7), and the marlstone unit bearing
mud cracks and bioturbation (dark- and white-toned material from unit 6, respectively).
This transect encompasses the transition from melt-bearing breccias to lacustrine
marlstones with a sampling focus on the main conglomerate units (units 13-11). In total,
13 samples were studied for the purposes of detailed analyses by field emission electron
probe micro-analyzer (FE-EPMA), powder X-ray diffraction (pXRD), and hydrogen (52H)
and oxygen (8'80) measurements. Multiple samples were taken from the units outlined in
Chapter 2, such that material was collected from the clasts and matrix separately. The suite
of samples analyzed and applied analytical techniques used in this study are summarized
in Table 3.1.
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Fourteen polished thin sections were examined using transmitted light microscopy, and
subsequently analyzed using the JEOL JXA-8530F Field Emission Electron Probe Micro-
Analyzer at the Earth and Planetary Materials Laboratory at the University of Western
Ontario. Back-scattered electron (BSE) imagery, secondary electron (SE) imagery, and
energy dispersive spectroscopy were used to identify mineral species and textures. Polished
thin sections were prepared without the use of water to preserve the original texture of
swelling clay minerals as much as possible. Wavelength dispersive spectroscopy (WDS)
was used to map the spatial distribution of elements and determine the chemical
composition of mineral phases with operational conditions dependent on the phase being
targeted for analysis. The following mineral standards were used for the WDS analysis of
clay minerals: Albite Amelia, Orthoclase CM Taylor, Anorthite Smithsonian USNM
13704, Diopside Smithsonian USNM 117733. Clay minerals were analyzed at 15 kV
accelerating voltage, 10 nA probe current and a 2 um spot size. Aluminum, magnesium,
potassium and iron were targeted due to their common associations with octahedral cation
coordination (Al, Mg, and Fe) or interlayer occupation (K, e.g., illite) in clay minerals
(Brindley and Brown 1980). The combined average reproducibility was = 3 % with + 5 %
accuracy. Only sample data with totals > 80 weight % (wt. %) were included in the results
(Appendix A).

X-ray diffraction and isotopic analysis of clay minerals were conducted at the
Laboratory for Stable Isotope Science (LSIS) at The University of Western Ontario. Sample
material was selected with the goal of isolating clay minerals associated with clasts and
matrix material where possible and ground to a fine powder by hand using an agate mortar
and pestle. Back-packed mounts of randomly oriented, bulk sample powders and <2 um,
2-0.2 um, and <0.2 um separates were prepared for analysis by powder X-ray diffraction
(pXRD) following the methods of Libbey et al. (2013). A Rigaku Rotaflex RU-200B series
X-ray diffractometer, equipped with a Co-rotating anode source (Co Ka, A =1.7902 A) and
operated at 45 kV accelerating voltage and 160 mA tube current, was used in this study.
All XRD scans were conducted at 10° 26 /min, using a step-size of 0.02° 20. Differing
scanning ranges were used where appropriate for the various treatments applied to the

separates as outlined below.
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Bulk powders were gently back-packed into steel sample holders with a glass base and
scanned from 2-82° 20. Initially, <2 um size-fraction separates were prepared by
suspension and centrifugation, and then subsequently treated with 6% sodium hypochlorite
and set in a water bath at 65 °C for ~12 hours. Treatment with sodium hypochlorite was
performed to oxidize remnant organics, but also caused Na* to become the dominant
exchangeable cation on the clay minerals. Samples were then separated into aliquots that
were saturated with 2M CaCl, and KCI, respectively, causing Ca?* and K* to become the

dominant exchangeable cation in their respective aliquots.

Following the procedures of Ignasiak et al. (1983) and McKay and Longstaffe (2013), a
portion of each aliquot was pipetted onto a glass slide to establish a preferred (00I) clay
mineral orientation, and air-dried. Ca-saturated samples were scanned from 2-42° 26 after
remaining in a 54% relative humidity (RH) hydration chamber (achieved using a saturated
Mg-nitrate solution) at room temperature (RT) overnight. Ca-saturated samples were
subsequently vapour-solvated with ethylene glycol (EG) in a sealed chamber at 65 °C
overnight, allowed to further equilibrate at RT for 24 hours, and then scanned from 2-82°
260. K-saturated samples were analyzed from 2-42° 26 at 0% RH (achieved by drying at
107 °C for 12 h), 54% RH at RT (as for Ca-saturated samples), then at 300 °C (achieved
by heating for at least two hours prior to analysis), and finally at 550 °C (achieved by
heating for at least 3 hours prior to analysis). These techniques were used because swelling
clay minerals such as smectite exhibit characteristic changes in XRD (d(00l)) behavior that
are dependent upon interlayer cation composition, relative humidity and heating (Brindley
and Brown, 1980). These techniques were only applied to the full suite of <2 um size-
fraction separates, and a smaller subset of the 2-0.2 and <0.2 um size-fraction separates.
Front-packed mounts of K-saturated, randomly oriented, <2 pum, 2-0.2 um, and <0.2 pm
size-fraction separates were scanned from 58 to 78° 20 at 2° 20 /min to highlight the d(060)
peaks, which can indicate whether the present clay minerals are dioctahedral or
trioctahedral.

The diffraction patterns obtained from pXRD data of bulk powders were analyzed by
hand, and in partial conjunction with the DIFFRAC.EVA software package using the
International Center for Diffraction Data (ICDD) mineral database, and Profex-BGMN, an
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open source XRD and Rietveld refinement software package (Doebelin and Kleeberg,
2015), using the standard Bergman (BGMN) internal structural reference files. Diffraction
patterns resulting from analyses of preferentially oriented separates were analyzed strictly
by hand with interpretations guided using Brindley and Brown (1980) and Moore &
Reynolds (1997).

Oxygen and hydrogen isotope analyses were performed at LSIS at The University of
Western Ontario. K-saturated separates of <2 um, 2-0.2 um, and <0.2 um from all twelve
selected samples were analyzed for §°H and 6%0. All oxygen and hydrogen isotope
compositions reported here are expressed using the normal d-notation in parts per thousand
(%o0) relative to Vienna Standard Mean Ocean Water (VSMOW).

Oxygen isotope analyses were performed in accordance with methods developed by
Borthwick & Harmon (1982) and Clayton & Mayeda (1963). Prior to analyses, samples in
which carbonates were detected by pXRD were mixed with 2 mL of 1 M HCI and were
allowed to react for 2 hours at room temperature. An additional 1 mL of 1 M HCI was
subsequently added, and the sample observed for fizzing prior to being allowed to react
overnight. If fizzing was observed, an additional 1 mL of 1 M HCI was added the following

day, and the process repeated.

Approximately 7.5 mg of each sample was heated at 150 °C for 12 hours to expel water
adsorbed to the surface of the sample and held in smectite interlayers. Internal laboratory
standards (quartz: ORX, and kaolinite: KGa-1) were heated under vacuum alongside the
samples under the same conditions. Samples and standards were then heated at 150 “C for
an addition 3 hours after transferring to a nickel reaction vessel to maximize the removal
of interlayer and surface water. Cryogenic transfer by N2gy was used to add a stoichiometric
excess of CIFs and the reaction vessels were exposed to vacuum conditions again to expel
non-condensable gases. The vessels were then sealed and reacted overnight at 550 °C.
Liquid nitrogen was used to separate oxygen from the waste reagent and other compounds.
Oxygen was subsequently converted to CO> for use in isotopic analysis by exposure to
carbon heated to temperatures in excess of 550 °C to produce a red iridescence. A VG
Optima triple-collecting, dual-inlet isotope-ratio mass-spectrometer (IRMS) was used to

obtain oxygen isotope analyses. The combined average reproducibility for the <2, 2-0.2,
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and <0.2 pm samples was £ 0.15 %o (n=7). Internal laboratory standards calibrated to
VSMOW-SLAP, quartz (ORX), kaolinite (KGa-1) and gas standard CO. yielded +11.70
0.17 %o (average, n=5), +21.07 £ 0.55 %o (average, n = 5), and +10.11 + 0.05 %o,
respectively, showing good agreement with their accepted values of +11.5 %o, +21.5 %o,

and +10.2 %o, respectively.

Hydrogen isotope analyses were performed in accordance with best practices outlined
by Bauer and Vennemann, (2014), Kanik et al. (2022), Qi et al. (2017), Sharp et al. (2001)
and Vandevelde & Bowen (2013). Sample portions treated with HCI for the removal of
carbonates were not used for hydrogen isotope analysis. Approximately 1.5 mg of each
sample, 2.5 mg of USGS 58 (muscovite) and 3.5 mg of each of USGS 57 (biotite) and GBS
(internal biotite standard) were gently packed into 5 x 3.5 mm silver capsules. The powders
were heated at 220 °C under vacuum for 24 hours to expel adsorbed and interlayer water.
The samples were then transferred into a Costech Zero Blank autosampler. All samples
were then transferred into the autosampler in less than four minutes to minimize
contamination from atmospheric moisture. The autosampler was then sealed and purged
with He gas for a minimum of 10 minutes. Powders deposited in the autosampler were then
combusted at 1450 °C in a Thermo Scientific™ Thermal Combustion Elemental Analyzer
(TC-EA), which generated a H> gas to be subsequently purified using a 1 m-long gas
chromatographic (GC) column, which was heated to 120 °C and contained 0.5 nm
molecular sieves. Hz gas from the samples and standards were transported in He gas, using
the TC-EA’s continuous flow function, to a Thermo Scientific Delta XL Plus™ IRMS. The
combined average reproducibility of the 2-0.2 and <0.2 pm size-fractions was +1.9 %o (n
= 8). Internal laboratory standards were calibrated to VSMOW-SLAP using USGS57
(biotite) and USGS58 (muscovite), which have accepted §°H of —=91.5 %o and —28.4 %o,
respectively (Qi et al. 2017), and were reproducible to £+ 0.8 %o (SD, n = 4) and £1.0 %o
(SD, n =4), respectively. Accuracy was evaluated using the GBS biotite internal laboratory
standard, calibrated to VSMOW-SLAP, which yielded a §°H of —63.4 + 1.0 %o (SD, n =
12) as compared to its accepted value of —64 +2 %.. Hydrogen isotope measurements were

performed in duplicate and those values averaged for use in this study.
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3.4 Results
3.4.1 Clay Mineral Chemistry

Maps of the relative elemental abundances (counts) and spatial distribution of the clay
minerals in the basal conglomerates, determined by WDS mapping, show a strong
association of the clay minerals with aluminum and a lesser association with iron and
magnesium. The association between clay minerals in the basal conglomerates and mainly
aluminum is consistent, regardless of the changing clay mineral textures (Fig. 3.3A-D).
Further semi-quantitative analyses by WDS show that the oxide content (in wt.%o0) of
aluminum in clay minerals is typically ~10-20 % across the transition from melt-bearing
breccias to marlstones (Fig. 3.4A; Table 3.2). Potassium, usually associated with illitic clay
minerals, exhibits a range of compositions from KO = ~0.8-2 % in the melt-bearing
breccias and basal conglomerates. The potassium content gradually increases up-section
through the sandstone conglomerate and marlstones to ~2.5-3.5 % (Fig. 3.4B). The oxide
weight percent of iron generally decreases along the transition from melt-bearing breccias
to marlstones. The lower basal conglomerates (RW19 MTX) and melt-bearing breccias
have iron oxide weight % of ~5 %, which decrease towards the upper reworked breccias,
sandstone breccia and marlstones to ~4.2-3.5 % (Fig. 3.4C). The oxide weight percent of
magnesium in clay minerals shows little change throughout the transition, yielding values
of ~2.5-3.2 % (Fig. 3.4D). The chemical composition of the clay minerals is averaged in
Table 3.2, and fully documented in Appendix A. Smectitic clay minerals with honeycomb
textures (Chapter 2; Fig. 3.3A) typically yielded chemical totals <80 %, so only 4 / 51
points could be included in the results. This cut-off was selected to isolate the highest

possible totals with the data available, as most totals were ~80-85% with some <70 %.
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Figure 3. 3: Back-scattered electron and WDS images of clay minerals occurring in unit
13 (A, B, respectively; sample label: RW19) and unit 11 (C, D, respectively; sample label
RW14.78). False color WDS maps highlight the distribution of aluminum throughout the

area pictured in the accompanying BSE images.
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Table 3. 2: Summary of averaged WDS analysis of clay minerals.

Grey Toned Melt- Pink C Grey Sandstone Marlstone
. i onglomerate  Conglomerate X
Bea_rlng Breccia anglomerate (Unit 11, (Unit 9, (Units 6. RW9.6
(Unit 14, RW22) (Unit 13, RW19)* RW14.33) RW12.74) Gry.**)
Mean Mean Mean Mean Mean
Oxide Wt. % 20 WtL.% 20 Wt% 20 WtL% 206 WtL% 2o
Si02 55.59 2.64 56.10 4.02 54.16 3.42 50.89 4,01 50.94 2.59
Alzos 17.07 1.83 15.04 4.04 17.73 2.49 15.83 1.52 21.35 1.96
Nazo 1.22 2.27 1.38 1.58 0.63 1.34 0.87 0.84 0.20 0.09
MgO 2.38 0.66 2.03 0.71 3.33 1.03 3.47 0.70 2.81 0.38
CaO 2.40 1.87 1.30 0.55 1.44 1.30 291 1.67 1.07 0.91
KO o086 0238 129 072 170 138 288 079 333 042
FeO 401 1.18 4.13 1.05 4.04 1.49 4.32 1.31 4.13 0.52
Total 84.43 5.82 81.27 2.74 83.18 2.73 82.64 2.90 83.84 2.73
n 26 4 27 9 32

*Clay minerals in the pink conglomerates generally had honeycomb textures and yielded a low

number of usable analyses (n).

**QGry. stands for “grey”, and indicates data collected from the grey-toned material in the

marlstone.
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Figure 3. 4: Metal oxide abundances (wt.%) of interstitial and void-filing clay minerals as
determined by WDS spot analyses. Associated sample labels are denoted next to each point
and are applicable to all plots. The points on each diagram comprise an average of multiple
spot analyses performed on a single unit. These units are units 14, 13, 11, 9, 7 and 6 from
bottom to top, respectively. The number of analyses performed for each unit are as follows:
n = 21 (grey-toned melt-bearing breccia; unit 14; RW22-MTX), n = 4 (pink conglomerate;
unit 13; RW19-MTX), n = 27 (grey conglomerate; unit 11; RW14.33-MTX), n = 9
(sandstone conglomerate; unit 9; RW12.74-MTX), n = 19 (marlstone; unit 7; RW10.55-
Gry.), n = 13 (marlstone; unit 6; RW9.6-Gry.). Error bars represent the standard deviation

of the averaged data used to generate each point on the plot.

124



3.4.2 Clay Mineralogy by X-ray Diffraction

Analysis by pXRD of the <2 pum, 2-0.2 um, and <0.2 um separates indicated a mixture
of clay minerals, quartz, carbonates, and feldspars in all samples. Clay minerals are present
in all size-fractions and appear to be the only phase present in the <0.2 um size-fraction
(Appendix A). In the absence of more detailed clay mineral analysis of the 2-0.2 um, and
<0.2 um separates, the present study focuses on results from pXRD scans of the <2 pm
size-fraction, unless otherwise stated. Generally, upon Ca-saturation and solvation with
ethylene glycol (EG), the XRD patterns presented smectitic d(001) peaks at 17.56-17.01 A
(Fig. 3.5). Additionally, illitic d(001) peaks were detected at 10.06-10.00 A (Ca-EG), and
10.02-9.96 A (Ca-54% RH; Fig. 3.5). K-saturation, air drying, and heating at 300 °C and
550 °C generally resulted in the collapse of the smectitic d(001) ~17 A peaks and triggered
a notable broadening and shift of peaks at ~10 A, such that 10.00 A (Ca-EG) shifted to 9.83
A (K-550°C), typically with notable asymmetry on the low 20 side of the peak (Fig. 3.5).
The low 20 side of these peaks produce a “saddle” feature that can be typical of
interstratified illite-smectite (Inoue et al., 1989). This feature is most prevalent in the
conglomerate units (units 13—11). The saddle remains present during heating at 107 “C, 300
°C and 550 °C (Fig. 3.5) — a treatment which additionally reveals peaks ranging from 15.88
A to 13.29 A in multiple samples (Fig. 3.5). Additionally, peaks at ~7.15 A and 3.58 A
consistently disappeared completely at 550 °C, indicating the presence of kaolinite. The
occurrence of 3.55 A peaks with varying degrees of clear distinction from kaolinite d(002)
3.58 A peaks indicated an additional chlorite component in many samples (Fig. 3.5).
Heating to 550 °C does not consistently isolate the chlorite d(004) 3.54 A peak as it
commonly collapses, contributing to a broad, asymmetric 3.32—3.30 A peak. Peaks at 3.34
A, 3.23-3.19 A, 3.03 A and 2.90 A indicate the presence of quartz, K- and plagioclase
feldspars, calcite and dolomite, respectively. These peaks were detected in the <2 pum size-

fractions of most samples (Figs. 3.5A-D).

Interpretation of the d(060) region in the <2 um separates was complicated by the
presence of a quartz diffraction at ~1.54 A thus preventing accurate determination of the
dioctahedral versus trioctahedral nature of the clay minerals. The few pXRD scans obtained

of the <0.2 um size-fraction show that they are dominated by clay minerals and are quartz-
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free. Analysis of d(060) peaks obtained for these <0.2 pm separates revealed the

dioctahedral nature of the clay minerals present (Appendix A).
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C. Pink Conglomerate D. Grey-Toned Melt-Bearing Breccias
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Figure 3. 5: Diffraction patterns collected from the <2 pm size-fraction of specific samples
from major unit groups in the upper 32 m of the Wornitzostheim drill core, stacked for
clarity. (A) marlstones, (B) sandstone conglomerate, (C) pink conglomerate (D) grey-toned
melt-bearing breccia. Each diffraction pattern was collected from samples with preferred
basal orientation after various treatments were applied as labelled on each diagram. Ca =
calcium-saturated; K = potassium-saturated; EG = ethylene-glycol saturated; RT = room

temperature; RH = relative humidity.
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3.4.3 0°H and 680 Measurements

Measurements of 90 were obtained for <2 um, 2-0.2 um, and <0.2 pm separates, and
for 5°H for 2-0.2 um and <0.2 pum separates (Appendix A; Table 3.3). The §'80 of the <2
pm, 2-0.2 um, and <0.2 pm separates range from +9.8 to +23.4 %o (Table 3.3; Fig. 3.6).
Except for the marlstone samples, the 580 values of the 2-0.2 pm size-fraction are lower
those for the <2 and <0.2 pm separates with <0.2 um separates yielding the highest §20.
The 6°H values range from —129 to —61 %o (Table 3.3; Fig. 3.6) and display notable
differences between size-fractions: 2-0.2 um, —114 to —61 %o, and <0.2 pum, —129 to —98
%o. The marlstones have distinctly less negative °H than other units studied here and
corresponds with a shift in the dominant clay mineralogy from smectite to illite and
kaolinite. The 6°H also trends towards less negative values with depth within the basal
conglomerate unit group: ranging from —118 %o (<0.2 pum) at the base of the basal
conglomerate unit group (unit 13; 20.1 m) to —129 %o (<0.2 pm) at the top (unit 11; 13.1
m; Table 3.3; Fig. 3.6). Other units generally show little within-unit variation in 6°H. The
0°H of the <0.2 um and 2-0.2 pm separates follow the same trends within the context of
the entire dataset (i.e., if the 6°H values of the <0.2 um size-fraction increases with depth,
so does that of the 2-0.2 um), except for the pink-toned, melt-bearing breccia sampled at
32 m depth where the 6°H of the 2-0.2 pum size-fraction notably increased.
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Figure 3. 6: 6180 (A) and ¢%H (B) of samples collected from melt-bearing breccias, main
conglomerates, sandstone conglomerates, and marlstones. 620 values are reported for <2,

2-0.2 and <0.2 pm separates; 6°H values are reported for 2-0.2 and <0.2 pum separates.

3.5 Discussion

3.5.1 Clay Mineralogy

Generally, the <2 um size-fraction is impure, which is indicated by the pXRD results
(Figs. 3.5A-D) and reflected in the ¢?°H and 6*%0 results (Fig. 3.6). The <2 um size-fraction
typically consists of a heterogenous mixture of different clay minerals in addition to non-
clay minerals such as quartz, feldspars, dolomite and calcite. Detrital phases in the <2 um
size-fraction possibly include muscovite and biotite micas (Chapter 2). The few available

pXRD analyses of the 2-0.2 pum size-fraction indicate that non-clay minerals are
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concentrated in that size-fraction; this pattern is also reflected in the clear distinction in
080 between the different size-fractions (Fig. 6). The prevalence of aluminum, as
indicated by the WDS spot analyses and WDS maps, and the consistent 1.50 A d(060) peak,
suggests that the dominant smectitic clay mineral throughout this suite of samples could be
montmorillonite or beidellite. Illite would exhibit a similar association with aluminum and
show a 1.50 A d(060) peak; however, illite peaks are too muted to indicate its presence as
a dominant phase (Figs. 3.5A-D). The Ca-54%-RH treatments show smectite d(001)
ranging from 15.50 to 12.89 A. The geochemical trends shown in Figure 3.4 likely represent
stoichiometric differences arising from varying clay mineralogy rather than geochemical
trends in the system.

The <2 um size-fraction of the impact melt-bearing breccias is dominated by smectite.
The main clay mineral phase in the post-impact sedimentary deposits, however, is likely
not just smectite, given the 15.88-13.29 A peaks present in several major units (Figs. 3.5A—
D), and the consistent incomplete collapse of smectite d(001) peaks during heating. The
presence of material interlayered with smectite is likely. The basal d(00l) reflections of
smectite, illite and kaolinite all produce a rational series of peaks with relatively sharp
d(001) peaks (Figs. 3.5A-D), indicating that kaolinite and illite are not likely to comprise
the interlayer material (Figs. 3.5A-D; Brindley and Brown 1980). Chlorite peaks are too
weak to determine the rationality of its d(00I) peaks. Minor chloritic phases would produce
peaks in the region of 14.20 A, so a discrete chloritic clay mineral could potentially be
responsible for the 15.88-13.29 A peaks, and possibly the incomplete collapse of the
smectite d(001) peaks upon heating. Similarly, the presence of hydroxy-interlayer material
and organics is possible and could be responsible for the incomplete collapse of smectite
d(001) peaks. Hydroxy-interlayered material is defined by (Barnhisel & Bertsch (1989) as
a solid-solution series between smectite, vermiculite and Al-chloritic end members. The
occurrence of smectite d(001) peaks at ~17 and ~15 A is not necessarily consistent with the
presence of hydroxy interlayer material (Barnhisel and Bertsch, 1989; Meunier, 2007) but
their presence cannot be definitively ruled out. Most remnant organics would be oxidized
by treatment with sodium hypochlorite; however, recalcitrant organic matter could survive
on clay mineral surfaces. It is unclear what the exact nature of the interlayered material is;

thus, we continue to use “smectite” and “smectitic clay mineral” as the main descriptor of
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swelling clay minerals in the discussion below. We use the saddle method described in
Inoue et al. (1989) to roughly estimate the % of interlayer material in the smectitic clay
mineral. We acknowledge that the saddle method is intended for use with mixed layer illite-
smectite; however, without a detailed characterization of the interlayer material, it presently
provides the best means of roughly estimating its quantity. The % abundance of
interlayered material mixed with the smectitic clay minerals are highlighted in parentheses

in Table 3 where applicable.

The % abundance of each clay mineral was estimated using the background-subtracted
peak heights of d(001) peaks with weighting factors similar to the methods described in
Biscaye (1965). These abundance estimates are primarily used for modeling the isotopic
composition of possible waters from which clay minerals formed (hereafter: clay mineral
source waters), so pure clay mineral samples are necessary for analysis. The <2 um size-
fraction of each sample generally contains non-clay mineral contaminants, whereas the few
pXRD analysis of the <0.2 um size-fraction indicate the presence of purely clay minerals.
In cases where pXRD scans of the <0.2 um size- fraction could not be collected, the
mineralogy of the <2 um size-fraction was used to estimate the <0.2 um clay mineralogy.
The clay mineralogy of the <2 pum size-fraction was assumed contain the same clay
minerals as the <0.2 pum size-fraction, and it was assumed that the <0.2 pm size-fraction
would consist of 100 % clay. The abundance of non-clay minerals was estimated using the
same method used to estimate the abundance of clay minerals. The abundance of non-clay
minerals was subtracted from the overall % composition of the <2 um size fraction, and the
remainder was normalized to 100 % clay, thus providing an approximation for the <0.2 pm
size-fraction. This approach carries the caveat that some clay minerals could remain in the
2-0.2 um size fraction, and that the <2 um size-fraction could contain detrital clay minerals
that would not appear in the <0.2 um size-fraction. These caveats cannot be mitigated
presently but are taken into consideration when interpreting the results. The abundances of
clay minerals in each sample, normalized to 100 % clay minerals, are summarized in Table
3.4. These estimates are used as a guide for interpreting isotopic data discussed in sections
3.5.3.
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Table 3. 4: Clay mineral abundances™* for the Ca-EG saturated <0.2 pm size-fractions

Lithology Label Depth(m) Material % Sme.** % Chl. % Ilt. % Kin.
Dark grey
RW9.6B 9.6 ] 10 45 45
material
Marlstone
White
RW9.6A 9.6 _ 5 40 55
material
Sandstone
RW12.74 12.74 Matrix 55 (0.4)*** 35 5
Conglomerate
RW14.33-
14.33 Clast 95 (0.1) 5 0
Altered Grey ALT
Conglomerate RW14.33- _
14.33 Matrix 85 (0.1) 10 5
MTX
RW14.78 14.78 Matrix 80 (0.2) 15 5
RW16.16-
Grey 16.16 Clast 80 (0.2) 15 5
ALT
Conglomerate
RW16.16-
16.16 Matrix 80 (0.2) 15 5
MTX
Pink RW19-CLST  19.0 Clast 80 (0.2) 15 5
Conglomerate RW19-MTX  19.0 Matrix 55 (0.2) 25 15
Grey-Toned
Melt-Bearing  RW22 22.0  Groundmass 100 0 0
Breccia
Pink-toned
Melt-Bearing  RW32 32.0  Groundmass 100 0 0

Breccia

*Clay mineral % abundance is rounded to nearest 5% and normalized to 100%.

**Sme. = smectitic clay mineral as described in section 3.5.1.

***(0.X), where indicated, represents the abundance of interlayered material expressed as a

decimal fraction, following Inoue et al. (1989).
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3.5.1.1 Melt-bearing breccias

The melt-bearing breccias are dominated by smectite (Table 3.4) with ~17.2 A d(001)
peaks (Ca-EG; Fig. 3.5D).The primary source material for clay mineral formation in the
melt-bearing breccia unit group was impact-generated glass in addition to some crystalline
clasts and rare sedimentary clasts (Chapter 2). Given the well-formed “fluffy” textures
exhibited by these clay minerals (Chapter 2), and the relative symmetry of the smectite
d(001) peaks (Figs. 3.5A-D), these clay minerals have been interpreted as being mainly
authigenic. The sharpness of the smectite d(001) peaks (Ca-EG; Fig. 5D) indicates
relatively high crystallinity (Kubler, 1967; 1968; 1984; Frey, 1987; Kibler and Goy-
Eggenberger, 2001), which is also consistent with earlier interpretations of an authigenic
origin (Chapter 2). The minor, low 20 angle saddle on the smectite d(001) peak could
indicate some minor interlayering with chloritic, hydroxy or organic material, but the
saddle method indicates essentially 0 % is interlayered with the smectitic clay mineral
(Table 3.4).

3.5.1.2  Pink conglomerates (unit 13; 20.1-17.1 m)

The pink conglomerates are dominated by smectite with lesser contributions from illite
and kaolinite, and only minor peaks indicating chlorite (Table 3.4). The overall symmetry
and sharpness of the smectite d(001) peaks (Fig. 3.5C), and the rationality of the smectite,
illite and kaolinite, d(00I) diffractions from the basal conglomerate unit indicates relatively
high crystallinity (Kibler, 1967; 1968; 1984; Frey, 1987; Kubler and Goy-Eggenberger,
2001), which could indicate authigenic origins; consistent with previous work (Chapter 2).
A low 20 angle saddle on the d(001) peak is more prominent in diffraction patterns from
the pink conglomerate than those from the grey-toned melt-bearing breccia, which could
indicate interlayering with chloritic, hydroxy or organic material (Table 3.4). The matrix-
supported nature of the pink conglomerate (unit 13; Chapter 2) indicates that the origins of
the clay minerals might not be entirely authigenic; however, detrital clay minerals emplaced
during debris flow deposition (Chapter 2) could have been completely replaced by
dissolution and reprecipitation during post-depositional chemical weathering. A likely

scenario is that the smectite peaks represent a mixture of detrital and authigenic origins.
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Ilite and kaolinite present d(001) peaks with a similar sharpness to that of smectite and
rational d(00I) series, and so we suggest that illite and kaolinite likely represent discrete
authigenic clay minerals, like smectite. Kaolinite is more likely to form through in-situ
authigenesis because, as a 1:1 layer clay mineral, kaolinite is less capable of existing in
states of fine disaggregation and tends to occur as particles composed of relatively large
numbers of associated layers (Bradley, 1953). The relatively high intensity of the kaolinite
peaks could be indicative of higher Al.Oz activity, and the illite peaks could similarly
indicate higher K20 activity, and moderate fluid alkalinity (Zhang et al., 2017). Under these
conditions, illite and kaolinite could have formed by the dissolution and reprecipitation of
similar source material to smectite. We also considered the possibility that chlorite could
have formed at the expense of authigenic or detrital smectite. Moderate alkalinity (pH of
8.0-8.5), as potentially indicated by the presence of authigenic of illite, would be ideal for
the formation of diagenetic chlorite from smectite by dissolution and reprecipitation
through chemical weathering (Bradley, 1953). This chloritic component could have formed
as an interlayered phase with smectite, but due to the low amounts of chlorite (Table 3.4,

Fig. 3.5C), this possibility cannot be stated with certainty.

3.5.1.3 Grey conglomerates (unit 11; 16.6-13.1 m)

Like the pink conglomerates, the smectite d(001) peaks (Ca-EG) of the grey
conglomerates exhibit relatively good overall symmetry and sharpness, and the series of
smectite d(00I) reflections is rational. which indicates relatively high crystallinity (Frey,
1987; Kibler, 1967, 1968, 1984; Kibler & Goy-Eggenberger, 2001), which, by extension,
could indicate authigenic formation. The low 20 angle saddle on smectite d(001) peaks (Ca-
EG) likely indicates intercalation with some interlayered material (Table 3.4). As was the
case with the pink conglomerates, the grey conglomerates are matrix-supported, suggesting
that the clay minerals might not be entirely authigenic, and could include some detrital clay
minerals. In contrast to the pink conglomerates, however, the lower percentage of illite
(Table 3.4) could indicate less alkaline conditions or differing source material for the grey
conglomerate (Chapter 2). Similarly, the low percentage of kaolinite (Table 3.4) could
indicate that the clay minerals in the grey conglomerates are more comminuted and could

have a greater detrital component than that of the pink conglomerates. However, a lack of
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kaolinite could also point to a different source of material for the grey conglomerate that
results in less Al>Os activity (Chapter 2). The clastic material sampled from the altered grey
conglomerates sampled from 14.33 m depth are typically comprised of nearly pure smectite
with little to no peaks from other clay minerals. These smectitic clay minerals most likely
formed from the dissolution and reprecipitation of the original clasts and would have an
authigenic origin in that case. By extension, it is likely that the smectitic clay minerals
comprising the matrix have at least some authigenic components. Like the pink
conglomerate (unit 13), we suggest that the clay minerals of the grey conglomerate (unit

11), have mixed detrital and authigenic origins.

3.5.1.4 Sandstone conglomerate (unit 9; 12.8-11.6 m)

The asymmetry exhibited by the smectite d(001) peaks (17.21 A; Ca-EG) and the
pronounced saddle on the low 20 angle side of the smectite d(001) peak suggests the
presence of mixed-layer chlorite-smectite or potentially the presence of hydroxy or organic
interlayer material. The material interlayered with smectite could comprise up to 40 % of
the smectitic clay mineral (Table 3.4). The smectitic clay mineral, illite, and kaolinite all
exhibit a rational series of d(00l) reflections, which suggests that each aforementioned
phase is discrete from the other. The 14.16 A peak (K-107 °C), and the broad, low 26 angle
shoulder on the illitic d(001) 10.00 A peak (K-107 °C) are interpreted as a chlorite d(001)
peak that has possibly shifted slightly from the expected 14.20 A spacing. The deviation of
the chlorite d(001) peak to a lower d-spacing and the prominent low 26 angle saddle could
indicate that chlorite-smectite is more likely present than a smectitic clay mineral
interlayered with hydroxy or organic material. The sandstone conglomerate (unit 9) hosts
sandstone clasts that do not occur in other units, which suggests a different the sediment
source. This could explain the increased abundance of illite and kaolinite. The sharpness of
the smectitic clay mineral, illite and kaolinite peaks could indicate higher crystallinity
which by extension would indicate that an authigenic component could exist. We suggest
that these clay minerals have a mixed authigenic and detrital origin.
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3.5.1.5 Marlstones (unit 6; 10.0-8.6 m; grey material)

The most abundant clay minerals are illite and kaolinite (Table 3), which both show a
rational series of d(00l) reflections. The asymmetry and broad shape of the smectite d(001)
peak suggest that smectite is relatively minor constituent of this marlstone (unit 6; Table
3). Traces of chlorite may also be present. It is unclear whether the occurrences of these
discrete clay mineral phases are associated with specific clast types or with the distinct
laminae present in unit 6 (Chapter 2). Some clay minerals could be preferentially associated
with dolomitic clasts, and others could be preferentially associated with mica clasts
(Chapter 2), but that remains unclear. The relatively high abundance of kaolinite likely is a
product of authigenic formation in large numbers of associated layers (Bradley 1953). The
formation of authigenic illite from the chemical weathering of mica clasts (Chapter 2) is
likely and would be consistent with an alkaline lake system as interpreted in previous work
(e.g., Fuchtbauer et al., 1977; Jankowski, 1977; 1981; Arp et al., 2013b).

3.5.2  Stable Isotope Composition of Mid-Miocene Meteoric Water

The 680 and ¢%H of water from geothermal systems and hot springs throughout the
world indicate that they derive most if not all of their water from meteoric sources (Craig,
1961). The near-surface position of the Ries hydrothermal system likely follows the same
pattern, and so meteoric water during the Mid-Miocene is a likely source fluid for clay
mineral formation in this study (Chapter 2; Pohl et al., 1977; Osinski, 2005; Stoffler et al.,
2013).

The §*80 of mid-Miocene meteoric water for the nearby Seinheim basin determined by
Titken et al. (2006) of —5.9 + 1.7 %0 (VSMOW) is used in the models constructed here.
Titken et al. (2006) calculated the composition of drinking water likely consumed by large
mammals (proboscideans, rhinocerotids, equids, cervids, suids) that existed during the mid-
Miocene (14.3 to 13.5 Ma) in the region of the Steinheim basin. The Steinheim basin is an
impact structure that occurs ~100 km south-west of the Ries impact structure. The hydrogen
isotope composition of mid-Miocene meteoric water was determined using the 6°H of
groundwater obtained from the German Continental Deep Drilling site (KTB) by Fritz and

Lodemann (1990) who reported values ranging from —75 to —65 %.. The KTB site is located
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in north-eastern Bavaria (~100 km NE of the Ries impact structure) and has been the subject
of extensive hydrologic studies (e.g., Fritz and Lodemann, 1990; Lodemann et al., 1990;
Moller et al., 1997; Gilg, 2000). A likely meteoric water temperature is indicated by Béhme
(2003) who report a mean annual temperature of 17-22 °C for central Europe, which was
determined using herpetological, paleobotanical and bauxite formation data. These
temperatures are temporally aligned with the Mid-Miocene Climatic Optimum and the Ries
impact event. We additionally consider the possibility that meteoric fluids could be
geothermally modified. As such, we consider fluid temperatures of up to 130 °C as

estimated in Chapter 2, by Newsom et al. (1986) and by Osinski (2005).

Finally, we consider the possibility of groundwater input from river networks
transporting low 880 precipitation from the Alps. In regions of high topographic relief,
groundwater can potentially retain its isotopic composition after travelling hundreds of
kilometers (e.g., Banner et al., 1989; Musgrove & Banner, 1993), and the Central European
Alps are located only ~130 km south of the Ries impact structure. The isotopic composition
of precipitation in Central European Alps during the mid-Miocene were reported as —14.6

+ 0.3 %o for oxygen and —107 + 2 %o for hydrogen (Campani et al., 2012).

3.5.3 Modeling temperatures and isotopic composition of potential
clay mineral source fluids

Only oxygen and hydrogen isotope measurements from the <0.2 um size-fraction were
used to model the isotopic composition of possible waters from which clay minerals formed
due to the purely clay mineral composition of that size- fraction. The <0.2 um size-fraction
from a sample of any naturally occurring clay-bearing material generally only contains
authigenic clay minerals, so it is unlikely that possible detrital clay minerals as discussed
in section 3.5.1 contributed to these results. The isotopic composition of potential clay
mineral source fluids was modeled using the geothermometers listed below in equations 1
6 (Table 3.5). These equations were used to calculate the clay mineral-water isotopic

fractionation factors.

For hydrogen isotopes, geothermometers presented by Sheppard and Gilg (1996) were

used for kaolinite (Eqn. 1), as this geothermometer is suitable for the relatively low
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temperature ranges of clay formation expected here. For illite and smectitic clay minerals,
the clay-water hydrogen geothermometer presented by Capuano (1992) was used (Eqgn. 2).
Hypothetical illite and smectitic clay mineral isotope compositions, calculated using
Equation 2, based on mid-Miocene meteoric water compositions, were in good agreement
with the actual measured clay mineral compositions of samples dominated by illite and
smectite. The temperature-dependence of the chlorite-water fractionation factor is not well
understood. The fractionation factor may be more strongly controlled by the nature of
hydrogen bonding within the chlorite crystal structure as opposed to temperature of
chemical composition (e.g., Fe/Mg ratio). Chlorite-water fractionation factors for hydrogen
are especially poorly defined at temperatures below 250 °C (Graham, Viglino and Harmon,
1987; Savin and Lee, 1988). The chlorite-water fractionation factor for the lowest
temperature estimate (100 °C) available, —40 %o, was used in the present study (Savin and
Lee, 1988).

For oxygen isotopes, geothermometers presented by Sheppard and Gilg (1996) were
used for illite, kaolinite and smectite given that the intended temperature range of these
geothermometers is similar to possible clay mineral formation temperatures expected here.
The smectite geothermometer of Sheppard and Gilg (1996) was used for the smectitic clay
minerals present here (Eqns. 3-5), despite possible minor interstratification with other layer
types; alternate oxygen isotope geothermometers that account for interlayered material
(e.g., Savin & Lee, 1988) did not provide statistically significant different results. This
outcome is likely due to the low % abundance of interlayered material, as estimated using
the saddle method (Inoue et al., 1989). The low abundance of chlorite (Table 3.4) impeded
determination of its chemical composition, making an appropriate geothermometer is
difficult to select. Given that the geological context of these samples is similar to that
described by Simpson et al. (2022), we elected to use the same chlorite geothermometer

(Egn. 6), originally from Savin and Lee (1988).

Reference lines representing kaolinite, illite and montmorillonite formation,
respectively, in the presence of meteoric water at 35 °C were plotted in °H and 580 space
(Fig. 3.7); these lines are based on the work of Capuano (1992), Savin & Lee, (1988), Savin
(1967) and Sheppard & Gilg (1996). Such lines are traditionally used in 6°H and 580 space
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to distinguish supergene versus hypogene origins of clay minerals; the geothermometers
used to calculate these lines are listed in Table 3.5. Figure 3.7 also shows the traditional
“weathering” lines for kaolinite, illite and montmorillonite in equilibrium with meteoric
water at 20 °C (Savin, 1967; Savin and Epstein, 1970), along with the Global Meteoric
Water Line of Craig (1961). Supergene / hypogene lines and weathering lines were not
plotted for chlorite because of its low abundance, and because of the uncertainty regarding
the hydrogen isotope chlorite-water fractionation factor. Mid-Miocene meteoric water plots
away from the Global Meteoric Water Line (Fig. 3.7) in 5°H and 680 space likely because
it represents tropical climatic conditions that characterized the Mid-Miocene Climatic
Optimum in central Europe. The position of mid-Miocene meteoric water relative to the
GMWL is typical of tropical meteoric water (Sharp, 2017).
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Table 3. 5: Isotope geothermometers for modeling clay mineral source water compositions.

Clay

Isotope Mineral

Egn.*
Number

Geothermometer

Ref.

Kaolinite  Eqgn. 1

Hydrogen

Smectite

and Illite  EA"-2

106
1000 In @ **g_yy= 2.2 77| 7.7

103
1000 Inac_y = —45.3 - +94.7

Sheppard
and Gilg
(1996)

Capuano
(1992)

Kaolinite  Egn. 3

Smectite  Eqn. 4

Oxygen

Ilite Egn. 5

Chlorite  Eqn. 6

106
1000 lnag_y = 2.76 Tz )~ 6.75

106
1000 n as_y = 2.55 (o ) = 4.05

T2
1012 10°
el e 0.31 -7

+2.5 10° +3.27 107 12.62
S | 72 . T .

10°
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*Abbreviations: Eqn. = Equation; Ref. = reference; W = water; K = kaolinite; S = smectite; | =

illite; Chl = chlorite; C = clay.

**q = the fractionation of the element in question (e.g., O or H) between the phases denoted in

the expression (e.g., S, W).

The isotopic compositions of the <0.2 pum size-fractions generally plot directly upon, or

close to, the smectite “weathering line”, calculated for 20 °C (Fig. 3.7). Additionally, the

<0.2 pm size-fractions are consistently offset from the supergene / hypogene lines for

smectite, illite and kaolinite at 35 °C, which broadly suggests formation at <35 °C (Fig.

3.7). The isotopic compositions of hypothetical 20 °C source waters (Table 3.6; Fig. 3.7)

were calculated using the equations listed in Table 4, as weighted based on the clay mineral
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abundances reported in Table 3.4. A temperature of 20 °C was chosen as an appropriate
intermediate from the 17-22 °C range reported by Bohme (2003). These hypothetical water
compositions show excellent agreement with the isotopic composition of mid-Miocene

meteoric water in central Europe (Fig. 3.7).

Water compositions calculated for the pink-toned melt-bearing breccias, altered grey
conglomerate and sandstone conglomerate form a distinct group, separate from the grey-
toned melt-bearing breccia, pink conglomerate, grey conglomerate, and marlstone (Fig.
3.7). The marlstone is further distinguished by its kaolinite- and illite-dominated clay
mineralogy, which sets it apart from the smectite-dominated units. Thus, we define three
distinct groups of water compositions (Fig. 3.7): group 1 (pink-toned melt-bearing breccias,
altered grey conglomerate and the sandstone conglomerate), group 2 (grey-toned melt-

bearing breccia, pink conglomerate and the grey conglomerate), and group 3 (marlstone).

Representative water compositions for each group were additionally calculated for
temperatures ranging from 0-300 °C and are indicated by the dashed “source water” lines
in Figure 3.7. The source water lines were calibrated for water in equilibrium with
hypothetical clay minerals whose isotopic compositions are an average of the samples in
each group. Additionally, the mineralogy of these hypothetical clay mineral assemblages
was determined by averaging their normalized abundances and the source water
compositions were weighted accordingly. These source water lines provide a visual aid of

where each group would plot for the formation temperatures indicated along each line.

We suggest that meteoric waters at ~20 °C were likely the dominant source water for
most clay minerals in the <0.2 um size-fractions. The source water lines indicate that
compositions influenced by distal precipitation originating in the European Central Alps

was unlikely; instead, the source waters were likely relatively local meteoric sources.
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Table 3. 6: Weighted isotopic compositions of hypothetical 20 °C source waters*.

18 2
Depth Material Group** 0°0 Water  6°H Water

Lithology Label

(m) (%0, VSMOW) (%0, VSMOW)
Dark grey
RW9.6B 9.6 ' 3 -5.3 —47
material
Marlstone
White
RW9.6A 9.6 ' 3 -5.2 -38
material
Sandstone
RW12.74 12.74 Matrix 1 -5.9 =71
Conglomerate
RIS 1433 Clast 1 7.1 69
Altered Grey  ALT ' as o -
RW14.33-
Conglomerate 1433 Matrix 1 7.1 67
MTX
RW14.78 14.78 Matrix 2 4.3 —64
RW16.16-
Grey 16.16  Clast 2 4.1 -59
ALT
Conglomerate
RW16.16- .
16.16 Matrix 2 -39 —61
MTX
Pink RW19-CLST 19.0 Clast 2 —4.6 -60
Conglomerate RW19-MTX 19.0 Matrix 2 —4.7 -59
Grey-Toned
Melt-Bearing  RwW22 22.0 Groundmass 2 -2.3 —65
Breccia
Pink-toned
Melt-Bearing  RW32 32.0 Groundmass 1 -7.0 -69
Breccia

*Weighted isotopic compositions of hypothetical 20 “C source waters were calculated
using the isotope geothermometers (Table 4), weighted for the clay mineral abundances in
the <0.2 um size-fraction.

**The groups of modelled hypothetical water compositions associated by clustering or

mineralogy.
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Mid-Miocene meteoric water shows particularly good agreement with group 1, which
suggests ~20 °C meteoric source waters and high water / rock ratios during alteration of the
grey conglomerates and the deposition of the sandstone breccia. Meteoric water
temperatures spanning ~18-27 °C for the altered grey conglomerates is consistent the
isotopic composition range of mid-Miocene meteoric water; potentially indicating low
temperature chemical weathering at up to 27 °C. We also consider the possibility that the
good agreement of 5°H values between mid-Miocene meteoric water and the altered grey
conglomerates could indicate post-depositional isotopic re-equilibration with meteoric
waters, similar to that described by Longstaffe & Ayalon (1990). Meteoric water
percolating through the same fractures that facilitated the localized alteration of the grey
conglomerates (Chapter 2) could also have allowed for later fluid flow from meteoric water;
however, significantly higher or lower 6°H values for the clay minerals associated with the
altered conglomerates is not consistent with any reasonably possible source water.
Interestingly, the single point from the pink-toned melt-bearing breccia, a unit that likely
underwent alteration at 100—130 °C according to previous work (Chapter 2; Newsom et al.,
1986), also plots in Group 1. An incursion of ~20 °C meteoric water during deposition of
the pink-toned melt-bearing breccia could explain the isotopic signature it yields but having
only a single data point precludes further speculation.

The hydrogen and oxygen isotope compositions of Groups 2 and 3 are somewhat higher
than mid-Miocene meteoric water. The ephemeral lake system represented by the
marlstones (Chapter 2) and the water-laden debris flows represented by the pink and grey
conglomerates (Chapter 2) could have undergone evaporative isotopic enrichment. The
calculated hydrogen isotopic composition of group 3 waters is notable higher than groups
1 and 2. Considering that an evaporative lake environment associated with these rocks,
changing lake salinity or changing climate could explain these results, but this cannot be
stated with certainty. The single point from the grey-toned melt-bearing breccia, contained
in Group 2, is notably enriched in 0 relative to all other measurements. While interesting,
a single data point is difficult to interpret. We consider a likely alteration temperature to
have been 100-130 °C (Chapter 2; Newsom et al., 1986), and speculate that the clay
minerals associated with the grey-toned melt-bearing breccias may have been affected by

more evolved hydrothermal fluids or may have formed at a lower water / rock ratio.
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Figure 3. 7: Values of §°H vs 60 for <0.2 pum size-fraction samples from the
Wornitzostheim drill core plotted against calculated water and clay mineral compositions.
Symbols (circles, measured <0.2 um size-fraction; diamonds, measured 2-0.2 um size-
fraction; triangles, calculated fluid for <0.2 um size-fraction at 20°C) are colour-coded by
unit (see legend). A range of calculated possible source water compositions is also shown
for temperatures ranging from 0 to 300 “C for Groups 1-3 as indicated by their respective
water lines Also shown are lines dividing supergene from hypogene (S/H) formation of
smectite, illite and kaolinite, calculated at 35 °C, and ‘weathering’ lines for smectite, illite
and kaolinite formed in equilibrium with meteoric water at 20 °C (Savin 1967; Savin and
Lee 1988; Sheppard and Gilg 1996; Capuano 1992). The Global Meteoric Water Line of
Craig (1961) is also shown for reference. The estimated isotopic composition of mid-
Miocene meteoric water in the Ries region is also shown, along with the calculated source
water isotopic compositions for Ries clay mineral formation at 20 °C. The estimated
isotopic composition of precipitation from the Central European Alps is shown alongside
a “mixing zone” calculated for mixed local meteoric water and Alps meteoric water.

Abbreviations: S/H = supergene / hypogene; G. = Group.
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3.5.4  Controls on Clay Mineral Formation

Clay mineralogy varies between most units in this study (Table 3), yet all hypothetical
fluid compositions are roughly consistent with local ~20 °C meteoric water (with caveats
for the marlstone, and pink-toned and grey-toned melt-bearing breccias as discussed
previously; Fig. 7). The varying sediment sources described in Chapter 2 could be exerting
a significant influence over the clay mineralogy or the influence of cation activity in the
source water could be stronger in different units. We also consider that the clay mineralogy
is largely based on interpretations of the <2 um size-fraction and could contain detrital
phases that are not truly present in the <0.2 um size-fraction, from which the isotopic results

are derived.

3.5.5 Comparison to Previous Petrographic Interpretations

The results of this study indicate that clay minerals comprising the lithologies described
in Chapter 2 likely formed at relatively low temperatures from weakly alkaline meteoric
water. Conversely, euhedral dolomite and plagioclase spherulites in some fractures and
voids of the pink and grey conglomerates suggest the post-impact presence of high
temperature fluids (100-130 °C). Higher fluid temperature is also consistent with previous
studies of hydrothermal mineral deposits at the Ries impact structure, (e.g., Newsom et al.,
1986; Osinski, 2005), and hydrothermal activity is likely to have persisted during post-
impact lacustrine deposition (Arp et al., 2013b). We suggest that the high temperature
mineral deposits present in the basal conglomerates studied previously (Chapter 2)
represent the limited spatial extent of such mineralization, and that input from local
meteoric source contributed to the rapid cooling of these hydrothermal fluids, resulting in
the spherulitic quench textures, and low temperature (<27 °C) clay mineralization. The
widespread clay mineralization likely means that the post-impact depositional environment

was similarly characterized by ~20 °C meteoric water.

The results of this study also indicate that the clay minerals associated with the impact
melt-bearing breccias (units 15 and 14) formed from low temperature meteoric water,

which is notably inconsistent with previous studies of impact melt-bearing ejecta (Newsom
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et al., 1986; Osinski, Grieve and Spray, 2004). While this conclusion about the nature of
these units cannot be stated with certainty based on the data provided in this study, it does
warrant further investigation. The melt-bearing breccias likely comprise the sediment
source for the post-impact deposition of the conglomerates and marlstones (Chapter 2). It
is plausible that some clay minerals contained in the conglomerates and marlstones may
have inherited their isotopic composition from the impact melt-bearing breccias. As such,
more accurately determining the clay mineralogy and associated hydrogen and oxygen
isotope geochemistry of the pink-toned and grey-toned melt-bearing breccias is pertinent

to the interpretation of the overlying sedimentary rocks.

Some of the clay minerals in the 2-0.2 um size-fractions could have formed at higher
temperatures; possibly indicated by ¢2H results, which show a clear distinction between the
2-0.2 and <0.2 pm size- fractions (Fig. 6). Unlike 620, the 9°H results from the 2—-0.2 um
size-fraction would not be affected by quartz, feldspar, and carbonate contamination. The
few pXRD results from the 2-0.2 um size-fraction do indicate that phyllosilicates are
present, in addition to non-clay minerals. The origin of phyllosilicates or any other hydrous
mineral in the 2-0.2 um size-fraction is currently unclear. They could originate from higher
temperature alteration associated with the impact-generated hydrothermal system, but they
could also be of detrital origin, for example, derived from pre-impact granitoid and gneissic

rocks. This possibility warrants further investigation.

3.6 Conclusions

This study indicates that the source fluids associated with the deposition of the clay
minerals in the impact melt-bearing breccias, and post-impact sedimentary deposits
sampled by the Wornitzostheim drill core are likely characterized by local weakly alkaline
~20 °C meteoric water. Smectitic clay minerals with an unknown type of interlayer material
are the dominant clay mineral, comprising 55-100 % of the clays reported for all units
except for the marlstones, which are dominated by kaolinite and illite. Major changes in
clay mineralogy are likely driven mainly by changing sediment sources between units.
Oxygen and hydrogen isotope results for <0.2 pm size-fractions of clay minerals from the

grey and pink conglomerates suggest that water associated with their authigenic formation
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could have been affected by evaporative enrichment. Meteoric water likely percolated into
the subsurface during the establishment of the ephemeral lake system represented by the
marlstone. Meteoric water in the subsurface then contributed to the low temperature (up to
27 °C) chemical weathering of the grey conglomerates. The eventual drying of the playa
lake system resulted in the evaporative isotopic signature recorded in the marlstone;
however, the higher hydrogen isotope signature could indicate an associated change in
water salinity or climate. It remains unclear whether higher temperature fluids could be
indicated by the hydrogen (and perhaps also oxygen) isotope compositions of clay minerals

in the 2-0.2 um size-fraction. Additional investigation of this possibility is warranted.
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4  Revisiting the origin of the Ries graded suevite:
implications for plume fallback preservation and early
post-impact sedimentary deposition.

4.1 Introduction

Craters formed from hypervelocity impact events can host deposits that represent a variety
of post-impact processes, such as lacustrine, biological, hydrothermal, and fluvial activity
(e.g., Jankowski, 1977a; Riding, 1979; Osinski, 2005; Koeberl et al., 2007a; Arp et al.,
2013; 2019; Osinski et al., 2020). As such, meteorite impact craters can contain valuable
paleoenvironmental records and are high-priority targets for the exploration of Mars.
Impact cratering has also heavily influenced the evolution of the Earth’s surface and could
have provided key habitats facilitating the origins of life on Earth and elsewhere in the
Solar System (Kring, 2000; Osinski et al., 2020). Despite the importance of understanding
the impact cratering process for the exploration of the Earth, Moon and Mars, some aspects
of the process remain poorly understood. The emplacement of impactites, in particular
crater-fill and ejecta deposits, in one such area of ongoing study. Building on early studies
of the Moon that proposed the ballistic emplacement of continuous ejecta blankets
(Oberbeck, 1975) and the recognition of overlying impact melt ponds and flows (e.g.,
Hawke & Head, 1977), Osinski et al. (2011) proposed a working hypothesis for the
emplacement of impact melt lithologies, impact ejecta, and crater-fill deposits consisting
of 4 main stages: (1) crater excavation and ballistic ejecta emplacement, (2) late
excavation—early modification and minor melt-rich flow emplacement, (3) crater
modification and “late” melt-rich flow emplacement, and (4) minor fallback. Of these
stages, the subaerial deposition of material from ejecta plumes (i.e., fallback) into the crater
is least understood and the deposits can be difficult to distinguish from other post-impact
depositional products. In fact, relatively few studies have focused on the lithologies formed
from the subaerial deposition of material from the ejecta plume. A notable exception is the
Bosumtwi impact structure, Ghana, which hosts a normally graded ejecta plume deposit
that formed after immediate post-impact modification within hours after the impact
(Koeberl et al., 2007a).
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Complicating the recognition of subaerial plume deposits is that the early post-impact
environment can be inundated with multiple processes, such as impact generated
hydrothermal alteration (Naumov, 2005; Kirsimé&e and Osinski, 2013; Osinski et al., 2013),
lacustrine deposition (e.g., Fuchtbauer et al., 1977; Jankowski, 1977b; 1981; Salger, 1977;
Arp et al., 2017), and biological activity (e.g., Cockell & Lee, 2002; Osinski et al., 2020)
resulting in the formation of highly heterogeneous deposits representing early post-impact
deposition. Based on theory and observations, these early fallback deposits are expected to
be normally graded and should be situated stratigraphically above impact melt-rich crater-
fill impactites (i.e., impact melt rocks and/or impact melt-bearing breccias), and below post-
impact lacustrine deposits (Fig. 4.1; Koeberl et al. 2007a; Osinski et al. 2011). It remains
unclear how these deposits vary between different impact structures, and what post-impact
processes control the nature of their deposition and their preservation. Thus, it is pertinent
to investigate putative fallback deposits in well preserved impact structures to develop a

more informed understanding of their formation mechanisms.

Collapsing

Ejecta Plume | Lacustrine deposits

Graded sequence

Melt-rich crater fill

l

Subaerial Fallback l

b

I Subaerial Fallback

NN /
Melt-rich crater fill
Lacustrine deposits

Melt-rich crater fill Melt-poor ballistic ejecta

Figure 4. 1: A schematic representation of the process by which a cloud of impact-
generated material settles back into the bounds of the impact structure and deposits a fining-
upward graded “fallback” sequence, which can then be subsequently buried by post-impact

lacustrine deposition.

In this study, we revisit the origin of the so-called “graded suevite” unit sampled by the
Nordlingen 1973 drill core (FBN73) from the Ries impact structure in southern Germany.
The Ries graded unit is ~17 m thick and transitions from a conglomeritic base to fine silt at

its top. While the Ries graded unit is interpreted as representative of a single depositional
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event (Jankowski, 1977b), there are contradicting interpretations regarding the nature of
this event. Jankowski (1977b) suggested that the most probable explanation is that this
graded sequence was formed from the fallback of ejecta plume material; although this
author does acknowledge the possibility of deposition from a turbidity current and states
that such an interpretation would require further study. More recently, Artemieva et al.
(2013) modeled the depositional setting of the Ries graded sequence and used a comparison
of subaqueous and subaerial settling models to determine the amount of water or air
necessary to grade such a mixture of sediment. The results suggested that subaerial deposits
were well-mixed, whereas the subaqueous deposits were well-graded. Thus, these authors

suggested the subaqueous deposition of the Ries graded unit.

Here, we present the results of the first detailed study of the petrography and
sedimentology of the graded unit (331.0-314.3 m) sampled by the FBN73 drill core since
1977. To improve the current geological context for the deposition of the graded unit, we
provide an investigation of the overlying post-impact sedimentary rocks (FBN73 Unit A,
314.3-256.0 m), which represent the transition from impact melt-bearing breccias to post-
impact lacustrine deposits sampled by FBN73 and compare that transition to that of the
Wornitzostheim drill core (Fig. 4.2; Chapter 2). We also compare the Ries graded unit to
the graded unit of a well characterized fallback deposit at the Bosumtwi impact structure,
Ghana (Koeberl et al. 2007a). The graded unit at the Bosumtwi impact structure is used as
a guide for the classification of subaerial fallback deposits and serves as a starting point to
begin interpreting the processes that may control subaerial fallback preservation. It should
be noted that, while the term “fallback™ has been used to describe melt-bearing breccias
often called “suevite” at many impact craters (e.g., fallback suevite), the merits of such
terminology has been the subject of some discussion (e.g., Engelhardt. W. v. et al., 1995;
Osinski et al., 2004; Stoffler. et al., 1977), so for the purposes of this study subaerial

fallback shall specifically refer to graded units.

4.2 Background

The ~24 km diameter, ~14.8 Ma (Schmieder et al., 2018) Ries crater in southern Germany

is a complex impact structure with a central basin enclosed within the so-called inner ring,
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and a tectonic outer ring representing the crater rim. The central basin of the impact
structure hosts the majority of the sedimentary deposits from the post-impact crater lake
and underlying crater-fill impact melt-bearing breccias that comprised a significant source
of heat for the impact generated hydrothermal system (Osinski 2005). The impact melt-
bearing breccias and post-impact sedimentary deposits that occupy the central basin were
sampled by the FBN73 drill core, with main results presented in the 75" volume of the
journal Geologica Bavarica in 1977 (Pohl et al., 1977). The FBN73 core samples 604.0 m
of crystalline basement from 1206.0 to 602.0 m, followed by 270.5 m of altered impact
melt-bearing breccias, from 602 to 331.5 m depth. The alteration of the crater-fill impact
melt-bearing breccias consists of an early stage of K-metasomatism with minor albitization
and chloritization of crystalline basement clasts, which was subsequently followed by
argillic alteration and zeolitization (Osinski, 2005). The pervasive nature of the alteration
to the crater-fill impact-melt bearing breccias indicated that they were likely the main

source of heat for the Ries hydrothermal system (Osinski 2005).

The focus of this study, the “graded unit”, overlies the melt-bearing breccias from 331.5
to 314.3 m depth. The upper and lower contacts of the graded unit are inclined and at least
the upper contact is erosional (Fuichtbauer et al., 1977). This unit is then overlain by post-
impact sedimentary rocks from 314.3 m to the top of the drill core. The basal unit of post-
impact sedimentary deposits within the central basin (Unit A of Fiichtbauer et al. 1977;
Jankowski 1977) records the transition from impact melt-bearing breccias to lacustrine
deposits. Flichtbauer et al. (1977)’s Unit A was described as “reworked suevite” and is also
referred to as the “basal unit” by other workers (Jankowski, 1977a), and extends from 314.3
to 256.0 m depth. Early studies of the “reworked suevite” interpreted the rocks as flysch
type graded beds that were deposited subaqueously (Fuchtbauer et al., 1977). These flysch
type deposits were interpreted to represent deposition in an arid playa environment
(Fuchtbauer et al., 1977; Jankowski, 1977a). Overlying units in the sedimentary sequence
sampled by FBN73 record soda lake deposition (unit B: laminate member), which
transitions into soda to halite lake deposition (unit C: marl member), and finally to halite
lake approaching freshwater conditions (unit D: clay member; Flchtbauer et al., 1977;

Jankowski, 1981; Arp et al., 2013; 2017; 2021).
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Figure 4. 2: (A) A geological map of the Ries impact structure modified from Sapers et al.
(2017) and (Arp et al., 2017), which depicts main geological faces and locations of the
Nordlingen 1973 borehole. The distribution of the post-impact lacustrine rocks as

166



determined based on Ernstson, (1974), Huttner & Schmidt-Kaler (1999) and Pohl et
al., (1977). The cross section (B) illustrates the subsurface nature of the main structural
components of the Ries impact structure, and main geological faces. Drill core locations
and arrows indicating regions of significant hydrothermal alteration are overlain on the

Cross section.

One of the only other examples of a graded unit within the crater-fill of a complex impact
structure is at the ~10.5 km diameter, ~1.0 Ma (Schnetzler et al., 1967; Koeberl et al., 1997)
Bosumtwi Crater in southern Ghana. A drilling project under the framework of the
International Continental Scientific Drilling Program (ICDP) recovered 16 drill cores from
six locations within Lake Bosumtwi, one of which (LB-05) sampled a graded unit between
crater-fill the impactites and overlying post-impact lake deposits (Koeberl, et al., 20074;
Koeberl et al., 2007b). This ~30 cm thick graded unit preserves roughly spherical
aggregates of clastic material interpreted as accretionary lapilli, and impact glass clasts that
display spherical, teardrop, dumbbell and irregular shapes (Koeberl et al. 2007a). The lapilli
are most abundant at the top of the graded unit and showed a notable population decrease
with depth (Koeberl et al. 2007a).

4.3 Methodology

For this study, 142.6 m of the Nordlingen 1973 drill core (FBN73) stored at the Impact
Crater Museum (ZERIN) in Nordlingen, Germany, was logged from a depth of 334.6—
192.0 m capturing ~80 lithological unit changes and the transition from crater-fill impact
melt-bearing breccias to post-impact sedimentary rocks. The ~17 m thick graded unit from
FBN73 (314 — 331.5 m) was logged in detail, with 15 representative thin sections made to
document the 10 major lithological changes observed along this transect (Fig. 4).
Additionally, a set of 38 samples were taken along the 334.6-192.0 m transect and those
showing signs of potential secondary mineralization were targeted for focused study. Thin
sections were examined using transmitted and reflected light microscopy with plane
polarized light (PPL) and cross polarized light (XPL), and subsequently analyzed using the
Bruker M4 Tornado micro-X-ray fluorescence (UXRF) instrument with at 17 um spot-size.

The uXRF instrument produced false color images, which indicated elemental distribution,
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and was used to qualitatively estimate the elemental composition of the most friable
material and to contextualize microscale features. Additionally, early optical microscopy
and pXRF was used to vet samples for accretionary or glass lapilli, and to establish an

analytical baseline for more focused analyses.

4.4 Results

The section of drill core investigated in this study (334.6-192 m; Fig. 4.3) records a
complex series of lithological changes that are outlined here to provide context for the
graded sequence. Altered crater fill impact melt-bearing breccias were documented from
334.6-331.5 m (cf., Osinski, 2005; Stoffler et al., 1977). These impactites show pervasive
argillic alteration of impact glass and crystalline clasts, plus calcite and feldspar
mineralization primarily in fractures and voids. While not observed in this study, these
impact melt-bearing breccias directly abut the graded unit with an angular and sharp contact
(Fuchtbauer et al. 1977; Pohl pers. comm. 2019). Below, we detail our observations on the
units overlying the crater-fill impact melt-bearing breccias.
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Representative Core Samples

Units B—-D (B:
Laminate member;
C: marl member; D:
clay member)

Laminate Member (Unit B)
» Soda lake deposition
* (256.0-145.0m)

Jsodap ayeT

Logged Section

(192.0-334.6 m) Reworked Suevite (Unit A)

4 + Alluvial playa setting
*  (314.3-256.0m)

Graded Suevite
* (331.5-314.3m)

8JIAaNS [|I}-18)el))

Crystalline basement

with breccia dikes Crater-fill Suevite

* Pervasively altered impact
melt-bearing breccia
* (331.5-600 m)

1206.0 m

— 1cm

Figure 4. 3: Simplified stratigraphy of the Nordlingen 1973 drill core noting the location
of the logged section studied here, and representative core images of the major units

demarcated in previous studies (e.g., Flichtbauer et al. 1977; Stoffler et al. 1977).
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4.4.1  Stratigraphy
4.4.1.1 Graded Unit331.5 to 314.3 m depth

The graded unit gradually fines upwards from a coarse, clast-rich, but matrix supported
conglomerate at its base (331.5-325.2 m) to clast supported gravelstone (325.2-324.0 m),
to clast supported sandstones (324.0-316.3 m), and finally to clast supported siltstones
(316.0-314.0 m; Fig. 4.4). This upward transition, demarcated by gradual overall grainsize
changes, is intermittently truncated by the abrupt occurrence of pervasively altered breccias
at 322.1-322.0 m and 316.3-316.0 m (Fig. 4.4). Each unit logged in the graded sequence
is massive and poorly sorted except for the basal gravelstone (325.2 — 324.0 m), which
exhibits preferential alignment among most clasts. The contacts between the different units
were not preserved in the remaining drill core. Clasts throughout the graded sequence
comprise a mixture of sub-rounded to sub-angular granitoid and amphibolite lithic clasts,
feldspar and quartz mineral clasts, and impact glass clasts. The granitoid and amphibolite
lithic clasts typically occur on mm to cm scales; whereas feldspar and quartz clasts occur
on mm to sub-mm scales. Impact glass clasts occur from cm to sub-mm scales and possess
irregular shapes (Figs. 4.5A-C). The clast morphology of all aforementioned granitoid,
amphibolite, impact glass, feldspar and quartz clasts is does not change throughout the

graded sequence.
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FBN73: Graded Unit (314 — 331 m)
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Figure 4. 4: The stratigraphy of the Ries graded unit showing the major lithological
changes, grainsize changes and occurrences of notable features such as cm-scale clasts with
alteration halos. Notable alteration mineralogy, mode of occurrence and approximate rarity
are described by the basic paragenetic to the left of the stratigraphic column.
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The impact glass clasts occurred mainly in the basal sandstones, gravelstone and
conglomerates (322.1 — 331.5 m) and most commonly as sub-rounded glass clasts.
Additionally, these glass clasts exhibit schlieren textures, and perlitic cracks and vesicles
where argillic alteration is sometimes concentrated. Calcite commonly occurs within the
glass clasts as globules and often exhibiting liquid immiscibility textures with the glass.
UXRF scans of glass clasts showed a strong association with potassium, aluminum, and
silica. Perfectly spherical glass clasts or accretionary lapilli as documented in Koeberl et
al. (2007a) at the Bosumtwi crater were not observed throughout the Ries graded unit in

this study.

Sub-rounded Sub-angular Irregular

<3 Fractured lapilli =55

Figure 4. 5: Transmitted light photomicrographs of (A) sub-rounded glass clasts, (B) sub-

angular glass clasts, and (C) irregularly shaped glass clasts under cross polarized light from
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324.0 m depth. (D) A reflected light photomicrograph contact between a post-impact
conglomerate overlying a fine mudstone, which hosts a mixture of fractured and well-
preserved accretionary lapilli at 282.0 m depth. The long axis of the lapilli is consistently
oriented sub-parallel to the contact with the overlying conglomeritic unit. (E, F) Close-up
images of individual accretionary lapilli observed in (D). XPL = cross polarized light; PPL

= plane polarized light.

4.4.1.2 Reworked Suevite (Unit A): 314.3 to 256.0 m Depth

Overlying the graded unit is a complex 58.3 m thick (314.3-256.0 m), assortment of
interstratified conglomerates and fine siltstones (Fig. 4.3; Appendix B). This section of core
was originally logged as a series of flysch-type sedimentary rocks called “reworked
suevite” by Jankowski (1977b). This author described a series of basal flysch cycles from
314.3 to 305.4 m, with three other overlying major flysch cycles at 305.4-284.0 m, 284.0—
272.3 m, and 272.3-257.1 m. Flysch cycles comprise normally graded packages of
sedimentary rock that are interpreted as a progression from turbidity flow deposits to
shallow water sandstones to claystones (Stow et al., 1996). The results of our study reveal
complex and numerous lithological changes that were previously not documented in detail
(Appendix B). The conglomerates and gravelstones in this section of the drill core exhibit
variations in alteration styles, matrix color, dominant clast type, and style of alteration.
Similarly, the fine sandstones and siltstones, which are typically massive, do occasionally
exhibit some lamination, and occasional convoluted bedding (Appendix B).

Accretionary lapilli have been reported at 296.0 m and 309.5 m depth in FBN73 by other
authors (Figs. 5A—-C of Stoffler et al., 2013; Mueller et al., 2018). We also observed similar
features at 2820. m depth (Figs. 4.5D—F), in both well-preserved and fragmented forms.
Discussing all the lithological changes in the detail necessary to capture the variability
exhibited by these units is not the focus of this current contribution. However, in summary,
from 314.3 to 267.5 m we observed at total of ~12 cycles of coarse cm-scale conglomerates
transitioning upwards to massive siltstones (Appendix B). These cycles are consistent with
observations of flysch type sedimentary rocks from Fiichtbauer et al. (1977). Contacts

between most units were generally not preserved in drill core with exceptions at 282.0 m
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depth, where a sharp, undulating contact exists between a massive siltstone and a
conglomerate, and 256.0 m depth, where a sharp, lightly undulating contact exists between
a fossil-bearing conglomerate and parallel laminated siltstone. While not explicitly stated
in Jankowski (1977b), the contact at 256.0 m depth could mark the upper limit of Unit A.
From 267.5 to 256 m, conglomeritic units are interbedded with laminated siltstones and
sandstones. Laminations in Unit A siltstones are typically well defined but are more
difficult to distinguish in sandstone units. The lithology of the Laminate Member (Unit B)
of Jankowski (1977a) is relatively consistent throughout the section of Unit B that was
logged in this study (256.0-192.0 m) such that the lithology consists of finely parallel
laminated siltstone. There is a notable exception at the base (254.6 m depth) where a
siltstone breccia occurs with cm-scale clasts of finely laminated siltstone and a fine silt /

clay matrix.

4.4.2  Alteration and Secondary Mineralization in the Graded Unit
(331.5-314.3 m)

Generally, alteration mineralization in the graded sequence is limited to the bottom 11.5
m of the unit (~331.5-320.0 m). Alteration phases present in fine-grained sandstones and
siltstones from 321.0 to 314.3 m could not be conclusively distinguished, except for
alteration in the interbedded breccia (316.3-316.0 m), and as such, the fine sandstones and
siltstones comprising this segment have been excluded for the purposes of assessing
alteration mineralogy. The alteration mineralization present in the graded unit of FBN73
can be loosely divided up into three different zones as follows: (1) basal conglomerate /
gravelstone alteration zone (331.5— 324.0 m), (2) basal sandstone alteration zone (324.0—
320.0 m), (3) and the interbedded breccia alteration zones (322.1-322.0 m; 316.3-316.0

m). The alteration mineralogy that characterizes these units is discussed below.
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4.4.2.1 Basal Conglomerate / Gravelstone Alteration Zone (331.5—
324.0 m)

Alteration to the basal conglomerates and gravelstones is characterized mainly by
pervasive argillic alteration whereby secondary clay mineralization occurs as fine-grained,
brown-colored overprints affecting all clast types and overprinting multiple grain
boundaries. Occasionally, clay mineralization exhibits semi-spherical budding and globular
textures (Fig. 4.6A). Budding and globular clay mineral textures typically occur in
association with glass clasts where clay minerals also commonly occur along perlitic
fractures. Feldspar granitoid and amphibolite clasts exhibit argillic (sericitic) alteration to
clay minerals along internal fractures and along grain boundaries (Figs. 4.6B, C). Complete
replacement of impact glass with clumped aggregates of clay minerals becomes common
in the lower 1.5 m (331.5-330.0 m) of the graded unit. Clay minerals also make up a
common constituent of the void-filling mineral assemblage. Starting at 324 m depth,
secondary clay mineralization commonly occurs as linings and spherical globules within
fractures and voids Pervasive clay mineralization does not overprint void-lining minerals

throughout the graded sequence.

Secondary mineralization occurring in addition to the alteration phases in the basal
conglomerates / gravelstones are characterized by the occurrence of plagioclase feldspar
spherulites as a void-filling phase, and mm to sub-mm scale bladed calcite lining fractures
and voids (Figs. 4.6B, C). Plagioclase spherulites typically occurred as sub-spherical
radiating aggregates of fibrous material, which nucleate from the void walls and radiate
towards the centers of the voids (Figs. 4.6B, C). It was also common for feldspar to radiate
from veneers of euhedral calcite crystals that lined the walls of void spaces, and to exhibit
polysynthetic twinning at sub-mm scales (Fig. 4.6E). Calcite occurs as bladed mm to sub-
mm scale veneers of cm scale void spaces; however, the occurrences of cm-scale voids was

restricted to the basal conglomerates (Fig. 4.6F).
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Figure 4. 6: (A) Photomicrograph of globular clay mineral textures occurring in association
with impact glass (324.0 m). (B) Argillic alteration along an internal fracture of an
amphibolite clast (330.0 m). (C) Pervasive argillic alteration to a feldspar clast (330.0 m).
(D) Radial textures of feldspar spherulites occurring within a void lined by euhedral calcite
crystals (324.0 m). (E) Polysynthetic twinning exhibited by lathes of plagioclase feldspars
within a calcite-lined void (324.0 m). (F) Sub-mm scale calcite lining a cm scale void (331.0

m). XPL = cross polarized light.
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4.4.2.2 Basal Sandstone Alteration Zone (324.0-320.0 m)

Alteration of the basal sandstones is characterized generally by distinct cm-scale,
localized alteration halos that occur concentrically on amphibolite clasts and impact glass
clasts. These alteration halos generally occur as three concentric rings that consistently
transition inward from a thin outer ring of red-brown material to a thicker ring of yellow-
brown material, and lastly to an equally thick ring of white toned material with a clast at
the center (Fig. 4.7A). Analyses by uXRF indicates that these glass clasts are associated
with Fe- and S-bearing minerals (Fig. 7B). The alteration halos bordering these glass clasts
are primarily comprised of clay minerals and are often linked by fractures which host

veneers of bladed calcite (Fig. 4.7C).
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Figure 4. 7: (A) Zoned alteration feature from 322.0 m depth showing a full image of the
drill core and a close-up image for detail. (B) A uXRF image of the alteration halo from
322.0 m depth showing an association between the central clast and iron, sulfur and
calcium. (C) Bladed calcite occurring along a fracture that links two clast-related alteration

halos with an close-up image for detail.
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The basal sandstone alteration zone also hosts pervasive argillic alteration, but to a lesser
degree than occurs in the basal conglomerates and gravelstones. Argillic alteration to the
basal sandstones differs to that of the basal conglomerates / gravelstones such that fewer
clasts exhibit complete replacement by clay minerals, and alteration along internal fractures
of feldspar clasts and amphibolite clasts and along perlitic fractures of impact glass clasts
is less common. Additionally, feldspar spherulites occur as void filling phases; however,
they occur less frequently than they do in the basal conglomerates, as do void spaces

broadly speaking.

4.4.2.3 Interbedded Breccia Alteration Zones (322.1-322.0 m;
316.3-316.0 m)

Alteration to the interbedded breccias is similar to that of the basal conglomerates with
the main noticeable difference being the color of the matrix of the interbedded breccias,
which tend to take on a pinkish color; whereas the basal conglomerates and gravelstones
present a green-grey color (Fig. 4.4). Generally, the clasts in both the basal conglomerates
and gravelstones and the interbedded breccias consist of fragmented clasts of amphibolite,
feldspars and impact glass. In both cases, this clastic material shows argillic alteration along
internal fractures (Figs. 4.8A, B). Additionally, argillic alteration is pervasive in both the
interbedded breccias and basal conglomerates / gravelstones, and both alteration zones
show similar void filling mineral assemblages that consist of plagioclase feldspar

spherulites, clay minerals, and euhedral calcite.
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4.5 Discussion

45.1 Deposition of the Ries Graded Unit

The Ries graded unit is a ~17 m thick, normally graded deposit of sub-rounded clastic
material from 331.5 to 314.3 m depth, that is interbedded with two distinct breccia units
(322.1-322.0 m and 316.3-316.0 m). There are also three main zones of secondary
alteration, which are (1) the basal conglomerate / gravelstone zone, (2) the basal sandstone

zone, and (3) the interbedded breccia zone.

It is notable that the graded fallback deposit preserved at the Bosumtwi impact structure
is many times smaller than the Ries graded unit with a total thickness of ~30 cm (Koeberl
et a. 2007a), and secondary mineralization in the Bosumtwi fallback deposit is generally
restricted to very thin rim of alteration phases around glass spherules and accretionary
lapilli. Although the Bosumtwi impact structure is approximately half the diameter of the
Ries (~10.5 km diameter and ~24 km diameter, respectively), this size difference does not
provide a satisfactory explanation for the difference in the scale of Ries and Bosumtwi

graded units if subaerial deposition is assumed for both deposits. We acknowledge that the
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difference in target material potentially influenced the size and make-up of a possible
fallback deposit; however, this is speculative. It is therefore plausible, based on the
difference in thickness alone, to postulate that the Ries graded unit was not formed by the
same processes as the Bosumtwi fallback deposit. The nature and preservation of glass
clasts and accretionary lapilli would allow for better distinction between the Bosumtwi

fallback deposit and the Ries graded unit.

Impact glass clasts are present in the Ries graded unit from ~331.5 to 322.3 m depth,
and only occur rarely from 322.3 to 314.3 m. An important distinction between the glasses
in the Ries’ graded unit and Bosumtwi crater’s fallback deposit is that the Ries glass clasts
are sub-rounded to sub-angular (Figs. 4.4A—C); whereas at Bosumtwi the glasses occur
with perfectly spherical, teardrop, dumbbell, and irregular shapes. The common
morphology of the Ries glasses is consistent with that of the granitoid, amphibolite, feldspar
and quartz clasts, and indicates that all aforementioned clasts were subjected to erosive
transport; whereas the relatively well-preserved morphology of the glass lapilli observed in
the Bosumtwi fallback deposit does not indicate any notable erosion or mechanical
reworking., Additionally, the glass present in the Ries graded unit has an inverse population
distribution with respect to that of Bosumtwi. The glass clasts are common at the base of
the Ries graded unit; whereas they occur in abundance at the top of the Bosumtwi fallback
deposit (Koeberl et al. 2007a) as is predicted from theory (Melosh, 1989). In addition, the
glass clasts in the Ries graded unit share similar alteration patterns to glass clasts observed
in crater-fill impact melt-bearing breccias (Osinski 2005), and to impact melt-bearing
breccia ejecta present in the Woérnitzostheim drill core (Chapter 2). In all cases, glass clasts
show alteration along perlitic fractures and an association with secondary alteration to clay

minerals.

We conclude that the glass observed in the Ries graded unit are not lapilli but are rather
detrital glass clasts derived from local impact-melt-bearing breccias. This is supported by
the presence of vesicles and schlieren in the glasses in the Ries graded unit, which is
consistent with whole rock impact glasses in the underlying crater-fill sequence. While it

could be argued that any lapilli at the top of the Ries graded unit could have been eroded
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as evident by the erosional contact documented in (Flichtbauer et al. 1977), there are no
broken spherical glass clasts. The fact remains that glass clasts are present at the base of
the Ries graded unit, whereas they are not present at the base of the Bosumtwi fallback

deposit.

Despite the lack of accretionary lapilli and glass lapilli in the graded unit, accretionary
lapilli are not absent in the FBN73 drill core, having been documented in Unit A (314.3—
256 m), which preserves flysch-type sedimentary rocks (e.g., Mueller et al. 2018; Figs. 8F—
H). Prior to this study, accretionary lapilli in FBN73 have been observed at depths of 309.5,
(Mueller et al. 2018), 304.0 and 296.0 m (Stoffler et al. 2013). We also noted an additional
occurrence at a depth of 282.0 m. Importantly, these accretionary lapilli-bearing units are
distinct from the graded unit and record different depositional processes. The mix of
fractured and well-preserved accretionary lapilli and their preferential alignment at 282.0
m depth in our study — and at slightly shallower levels in the aforementioned previous
studies — suggests they were subject to a degree of erosional transport. Thus, there are, at
present, no accretionary lapilli in their primary depositional setting at the Ries impact
structure and, therefore, no conclusions about the ejecta plume dynamics and immediate
post-impact deposition of fallback material should be drawn. Instead, the occurrence of
accretionary lapilli within the flysch type sedimentary deposits of Unit A and the fractured
state of some lapilli, indicates that these lapilli were likely deposited elsewhere and
transported to their current setting.

Having now ruled out subaerial deposition from an ejecta plume (Jankowski, 1977b),
we now turn to the second proposed mechanism for the graded sequence, namely
subaqueous deposition from a turbidity current (Artemieva et al., 2013). The notion that
the Ries impact structure rapidly filled in with water (e.g., Pohl et al. 1977; Osinski 2005;
Stoffler et al. 2013) could support the theory proposed by Artemieva et al. (2013). Indeed,
the pervasive alteration to the impact melt-bearing breccias immediately underlying the
graded unit was also considered indicative of immediately available source of water in
sufficient volumes to trigger such alteration (Osinski 2005). However, the deposition of a

turbidity flow deposit and the flysch type sedimentary sequences of Unit A (314.3-256.0
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m; Flchtbauer et al. 1977) would require the existence of a deep body of water prior to the
deposition of both units, and it is unclear what depth could be plausibly achieved during
early lacustrine filling. Importantly, no deep-water sedimentary deposits occur
stratigraphically below the graded unit, so there is no evidence that a sufficiently deep body
of water required to deposit a ~17 m thick turbidity flow, as suggested by Artemieva et al.
(2013), and the overlying flysch cycles was present prior to the deposition of the graded
unit. The sharp contact at the base of the graded unit (Fichtbauer et al. 1977) does, however,
indicate that such deposits could have been eroded. Additionally, the absence of deep-water
deposits does not necessarily preclude the rapid formation of a deep body of water. Framing
the climatic setting at the time of the Ries impact event could indicate whether the
formation of a body of water capable of forming a ~17 m thick turbidity current deposit

prior to subaerial fallback deposition is plausible.

The age of the Ries impact structure (~14.8 Ma; Schmieder et al. 2018) indicates that
the impact event occurred during the Mid-Miocene Climatic Optimum, and B6hme (2003)
reported on migration events of vertebrates adapted to a dry climate towards central Europe
at the time of the Ries impact event (~14.7-14.5 Ma), which suggests that water availability
was highly seasonal (Béhme 2003). Paleoclimate studies of central Europe also indicate
relatively high amounts of rain with a mean annual precipitation of ~828-1362 mm
(Béhme, Bruch and Selmeier, 2007), which is supported by further isotopic studies that
show meteoric water, likely precipitation, was a major component of early fluids at the
Ries, at least in the nearby periphery of the central basin (Chapter 3). While torrential rains
should not be ruled out, there is currently no evidence for immediate post-impact formation
of a deep body of water of the central basin. Groundwater influx into the newly lowered
hydrologic head created by the impact event could provide a major source of fluid in the
central basin. One could also speculate that the evaporation of incoming groundwater
caused by hot impact melt-bearing breccias and the evaporation of volatiles bound in
sedimentary target rocks in the melt-bearing breccias themselves could generate a transient
humid atmosphere, which likely contributed to subsequent precipitation events upon
cooling of the airmass. Given the highly seasonal nature of precipitation at the time of the

Ries impact event (Bohme, 2003), we suggest that it is highly unlikely that groundwater
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influx in conjunction with immediate torrential rains triggering the formation of a large
enough body of water to accommodate a ~17 m thick subaqueous turbidity flow within
hours after impact is a realistic explanation for the occurrence of the graded unit.

Based on our observations, we suggest an alternative depositional setting whereby the
Ries graded unit was deposited by water-laden, subaerial debris or gravity flows during
alluvial fan-delta formation, triggered by post-impact modification and precipitation-driven
weathering and erosion of local impact melt-bearing breccias. Deposition by water-laden
alluvial processes could similarly explain the sub-rounding of the clasts in the Ries graded
unit, and the pervasive alteration present at the base of the graded unit. Additionally, the
location of the Nordlingen drill core is towards the periphery of the central basin and would
sample the fining upwards sequence produced by a backstepping alluvial fan. Indeed, the
original work of Flchtbauer et al. (1977) and Jankowski (1977a) suggests that the basal
sedimentary deposits (~256.0-314.3 m) overlying the Ries graded unit represents a
progressively drying environment with desiccation cracks and evaporitic minerals. The
progression into a dry playa environment would fit well with the evolution of a
fluviolacustrine system from an alluvial fan in a climate with highly seasonal precipitation.
Torrential rains and subsequent flooding could explain the sharp contact that marks the
upper limit of the Ries graded sequence and could explain the occurrence of bodies of water
that could trigger the deposition of flysch type sedimentary sequence overlying the graded

unit.

The flysch type deposits overlying the graded unit record likely record multiple flooding
events and debris flows, consistent with interpretations of Jankowski (1977a). The first
occurrence of parallel laminated siltstones, clear indicators of lacustrine deposition, occurs
at 267.5 m depth. One final overlying cycle of normally graded sedimentary rocks occurs
from 267.2 to 262.6 m, which could represent a turbidity current. Parallel and convoluted
laminated siltstones representing continued lacustrine deposition comprise the main
lithology of FBN73 from 267.6 m and upward; however, the limit of Unit A is marked by
the final occurrence of a conglomerate bearing fossils of shelly fauna at 256.0 m (Appendix

B; Fuchtabuer et al. 1977; Jankowski 1977a). We suggest that the alteration features present
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in the conglomerates throughout Unit A likely have detrital origins and indicate alteration

from a previous setting rather than their current one.

4.5.2 Hydrothermal Alteration of the Ries Graded Unit

There are four main styles of secondary mineralization throughout the graded unit, that
are distributed across the three alteration zones: basal conglomerate / gravelstone zone
(331.5-324.0 m), basal sandstone zone (324.0-320.0 m) and the interbedded breccia zone
(322.1-322.0 m; 316.3-316.0 m). The styles are: (1) alteration halos associated with coarse,
cm-scale glass and granitoid and amphibolite lithic clasts, (2) bladed calcite occurring along
fractures and cm-scale vugs, (3) clay minerals, plagioclase feldspar spherulites and calcite
occurring as void-lining and /or void-filling minerals, and (4) pervasive secondary clay

mineralization with varying degrees of replacement of lithic and glass clast.

The bladed calcite present in sandstones throughout this subsection indicates that boiling
occurred during secondary mineralization (Simmons and Christenson, 1994). The radial
pattern exhibited by plagioclase feldspar spherulites have been experimentally reproduced
at ~ 1 atm with a 100-200 °C undercooling (Muncill and Lasga, 1988); however, this is
dependent on the composition of the feldspar, which is not known here. While it cannot be
said with certainty, we suggest that the presence of both radial spherulites and bladed calcite
indicate that fluid temperatures of ~100-200 °C should be considered. Provided that the
dominant source of fluids for the Ries hydrothermal system was likely dominated by
meteoric water (Chapters 2 and 3), a fluid temperature of at least 100 °C is likely. As such,
this comprises the best evidence to date for >100 °C alteration to post-impact lacustrine

deposits in an impact structure.

The association of impact glass and crystalline clasts with both alteration halos and bladed
calcite alteration styles suggests that the origin and timing for both styles of alteration were
similar. The sharp contrast between the breccias and sandstones suggest differing
depositional origins; however, both the breccias and the basal conglomerates and
gravelstones of the graded sequence exhibit pervasive alteration to secondary clay minerals.

The exclusion of void-lining minerals from the assemblage of material that are overprinted
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by secondary clay mineralization suggests that void-filling minerals formed either at the
same time as the pervasive clay mineralization or sometime after. Additionally, the
occurrence of alteration halos overprinting pervasive clay mineralization suggests that both
alteration styles 1 and 2 occurred after pervasive alteration to secondary clay minerals.
Thus, the timing of the varying secondary mineralization styles was such that there was a
period of pervasive alteration to secondary clay minerals (4), which occurred concomitantly
or prior to void filling mineralization, possibly at 100 to 200 °C (3). Continued alteration
due to the presence of cm-scale granitoid and glass clasts triggered the continued formation
of secondary clay minerals in the form of concentric alteration halos (1). Fractures and
voids associated with the coarser clastic material were lined with bladed calcite (2) during
the formation of the alteration halos.

45.3 Comparison to the Woérnitzostheim Drill Core

The Wornitzostheim drill core was acquired from the south-eastern edge of the Ries
central basin (Fig. 2A), and samples the transition from impact melt-bearing breccias to
post-impact lacustrine deposits at a ~200 m higher elevation than that of FBN73 (Fig. 2B;
Stoffler et al. 2013). The alteration to the impact melt-bearing breccias that were
transported beyond the bounds of the Ries central basin show limited alteration features
that are generally restricted to fracture and void-filling minerals (Osinski et al. 2004;
Osinski 2005). These melt-bearing breccias are characterized by rapid cooling to 100-130
°C (Osinski 2005), which is additionally supported by the presence of plagioclase feldspar
spherulites (Chapter 2); a texture of plagioclase that indicates quenching from relatively
high temperatures. A relatively small, normally graded sandstone unit occurs from 13.1-
10.7 m in the Wdrnitzostheim drill core (Chapter 2); however, no accretionary or glass
lapilli have been observed (e.g., Chapter 2; Forstner, 1967). Many of the original contacts
between the different units sampled by the Wornitzostheim drill core have not been
preserved, so it is unknown whether any graded fallback deposits from the ejecta plume
were deposited and then eroded, or never deposited in the first place. The graded sandstone
of the Wornitzostheim drill core is underlain by a series of conglomerates (16.6-13.1 m;
Chapter 2). Together, the sandstones and conglomerates sampled by the Wornitzostheim
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drill core are interpreted to represent the progradation and back-stepping of an alluvial fan,

where the conglomerates represent early debris flow deposits.

The alluvial debris flow deposits of the Wornitzostheim drill core are similar to the
conglomerates of the graded unit sampled by FBN73 but exhibit fewer hydrothermal
alteration features. Hydrothermal alteration in the debris flow deposits of the
Warnitzostheim drill core are limited to pm-scale fillings of voids and fractures scattered
throughout the conglomerate units (Chapter 2); whereas that of the conglomerates in the
FBN73 graded unit is generally more pervasive, and comprises multiple styles of alteration,
some of which extend into the overlying sandstones. We suggest that the more abundant
and earlier presence of water in the central basin of the Ries impact structure likely was a
major cause of pervasive alteration occurring in the basal conglomerates and gravelstones
of the graded unit sampled by FBN73. Water was likely to be less readily available at the

higher elevation of the Waornitzostheim drill core location.

The different hydrothermal environments represented by the debris flows of FBN73 and
that of the Warnitzostheim drill core could create different ecological niches for endolithic
and endogenic organisms. These basal lacustrine habitats can enable the establishment of
stable microbial communities and preserve bio-signatures and organics that could indicate
their origins (Meyers and Ishiwatari, 1993). Indeed, there is significant potential for the
preservation of diverse ecological systems influenced by impact-generated processes,
warranting further exploration of ecological niches provided by early debris flow deposits

and weathered impact melt-earing breccias (Chapter 2).

4.5.4  Comparison with Ejecta Plume Deposit Preservation at the
Bosumtwi Crater, Ghana
Accretionary lapilli have not been observed in their primary setting at the Ries impact
structure, but rather interbedded in the overlying Reworked suevite. Additionally, the glass
that is present in the Ries graded unit is distributed inversely relative to the Bosumtwi
fallback deposit, and they typically exhibit sub-rouded morphologies that are consistent

with other clast types. We propose that the Ries does not possess primary fallback deposits.
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The complex interaction between concurrent hydrothermal alteration, fluviolacustrine
deposition, and ejecta plume deposition in a likely humid atmosphere are all likely
contributing factors causing accretionary lapilli to occur in unexpected settings at the Ries
impact structure. The complex interplay of ongoing processes comprises an important
distinction between the Ries impact structure and the Bosumtwi impact crater with respect
to the preservation of a distinct plume fallback deposit. The age of the Bosumtwi impact
crater suggests it occurred during arid episodes that marked the terminal Pliocene (~1.0
Ma; Koeberl et al., 1997; Schnetzler et al., 1967), and that precipitation and evaporation in
a predominantly dry atmosphere had a greater influence on its early lacustrine processes
(Shanahan et al., 2006). In contrast, a greater availability of water at the Ries impact
structure likely mitigated the preservation of a distinct plume fallback deposit and

redistributed the constituents of such a deposit throughout early fluviolacustrine deposition.

4.6 Conclusions

Due to the gravity-controlled nature of subaerial deposition, it is likely that ejecta plume
deposits would exhibit normal grading (Osinski, Tornabene and Grieve, 2011). As the name
suggests, the graded unit at the Ries impact structure possesses this characteristic; however,
within the context of impact generated ejecta plume deposits, the occurrence of other
characteristic features would be expected, specifically accretionary and glass lapilli (e.g.,
Koeberl et al. 2007a), which, despite detailed petrographic analysis of the Ries graded unit
sampled by FBN73, were not observed in this study. Conversely, the graded unit at the
Bosumtwi impact structure, possesses distinct glass lapilli in spherical, teardrop and
dumbbell shapes, in addition to accretionary lapilli (Koeberl et al. 2007a). Active
fluviolacustrine deposition combined with ongoing hydrothermal activity and subaerial
deposition under a warm and humid atmosphere are likely processes that impeded the
preservation of subaerial fallback from the Ries ejecta plume. At the Bosumtwi impact
structure, the arid climate and relatively limited influx of water could have resulted in better
preserved fallback deposits. Poor fallback deposit preservation at the Ries impact structure
is further suggested by the presence of accretionary lapilli as preferentially aligned and

fractured detrital material in sedimentary units stratigraphically above the Ries graded unit.
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Hypothetically, if glass lapilli were in fact present in the Ries graded unit, but not observed
in this study, then in addition to the notable reworking and redistribution of material from
the ejecta plume, the extensive hydrothermal alteration of glass clasts observed in the
graded unit suggests that lapilli would be heavily altered. At the very least, it is highly
unlikely that the Ries graded unit solely represents deposition of airborne ‘“fallback”
material. We suggest a more likely scenario is that the Ries graded unit represents early
water-laden debris flows from early alluvial fan deposition and fluviolacustrine processes
controlled by precipitation. While formation of the Ries graded unit from a turbidity flow
cannot be completely ruled out based on this study, we suggest debris flow deposition
represents a simpler explanation as it does not invoke the presence of a deep body of water;
for which evidence is yet to be observed. A follow-up study of the clay mineralogy and
hydrogen and oxygen isotope composition would aid in establishing a more accurate

understanding of the depositional environment.

This study has conclusively shown that the Ries graded unit is notably different to the
fallback deposit preserved at the Bosumtwi impact structure and that the Ries graded unit
likely did not form from the subaerial deposition of ejecta plume material. There remains
some debate regarding whether there are any “true” ejecta plume fallback deposits are at
the Ries impact structure (e.g., Stoffler et al., 1977; Graup, 1981; Osinski, 2004; Meyer C.,
2012; Artemieva et al., 2013). But the results of this study suggests that a distinct and
discrete deposit that solely represents ejecta plume fallback does currently not exist at the
Ries impact structure, and that the inclusion of a normally graded fallback deposit as a
fundamental component of impact structures might not be consistently necessary or
accurate. While the presence of lapilli in post-impact sedimentary deposits are undoubtedly
likely, the context and nature of their occurrence can be a strong indicator of the complex

processes that shaped the post-impact environment.
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5 Discussion and Conclusions

51 Introduction

This thesis has provided an extensive investigation of early post-impact sedimentary
deposits sampled by the Nordlingen 1973 drill core (FBN73) and the Waornitzostheim drill
core, which sample the transition from impact melt-bearing breccias to post-impact
sedimentary deposits within the Ries central basin and just beyond the edge of the central
basin, respectively. The ~ 14.8 Ma Ries impact structure (Schmieder et al., 2018) is one of
the most well-studied and well-preserved impact structures on Earth; hosting accessible
examples of post-impact lacustrine sedimentary rocks (e.g., Forstner, 1967; 1977
Fuchtbauer et al., 1977; Riding, 1979; Jankowski, 1981; Arp et al., 2013a; 2017; Christ et
al., 2018) in a crater with documented hydrothermal mineral deposits (Newsom et al., 1986;
Osinski et al., 2004; Osinski, 2005; Arp et al., 2013b), making it an excellent candidate for
the study of early post-impact sedimentation. This thesis establishes an improved
understanding of how the Ries crater lake formed, and how an active impact-generated
hydrothermal system influenced its early evolution; contributing the first detailed account

of the sedimentary deposits sampled by the Wornitzostheim drill core since the 1970°s.

This thesis contributed a characterization of hydrothermal alteration styles, and the
depositional environments of the entire sedimentary record preserved by the
Wornitzostheim drill core (Chapter 2). This study has additionally provided a focused
mineralogical and geochemical investigation of clay minerals in the Wornitzostheim drill
core’s transition from impact melt-bearing breccias to basal lacustrine deposits with
implications for early fluid evolution and hydrothermal alteration temperatures in lacustrine
settings beyond the Ries central basin (Chapter 3). This research also provides additional
context for the determination of the origin of impact melt-bearing breccias emplaced
beyond the central basin of the Ries impact structure, which is contentious largely due to
uncertainty regarding the origin of clay minerals comprising the groundmass of these rocks
(Newsom et al., 1986; Osinski, 2003; 2005; Osinski, Grieve and Spray, 2004; Muttik et al.,
2008; Muttik et al., 2010; Sapers et al., 2017; Caudill et al., 2021). Finally, this thesis has

contributed a detailed log of the transition from impact melt-bearing breccias to basal
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lacustrine deposits sampled by FBN73 and proposed a new origin for the Ries graded unit
with implications for ejecta plume fallback preservation, the timing of early lake evolution
and hydrothermal alteration styles and temperatures of lacustrine deposits within the Ries
central basin (Chapter 4). Overall, this thesis has outlined processes and products of early
lacustrine processes at the Ries impact structure and provides a resource to broadly
characterize the processes which shape and control the physiochemical evolution of impact
crater lakes on Earth, and better understand the different biological niches present in impact
crater lake environments. This thesis is concluded with the reconciliation of early lacustrine
processes within the central basin of the Ries crater with that of the region just outside the

central basin’s edge and outline possible avenues for future work.

5.2 Reconciling Early Lacustrine Processes within and
beyond the Ries Central Basin

The upper 32 m of the Wornitzostheim drill core represents the transition from impact
melt-bearing breccias ejected beyond the central basin to deposits from an alluvial-playa
environment. This transition preserves a dolomite packstone which potentially
stratigraphically correlates with early eulittoral bioherm deposition at the Ries (Chapter 2;
Arp G., 2006). Based on interpretations from this thesis, the transition into a lacustrine
environment represented by the Waérnitzostheim drill core is marked by the transition from
pristine, relatively unaltered impact melt-bearing breccias to debris flow conglomerates, to
massive normally graded alluvial sandstone, to chaotically laminated lacustrine marlstones
and massive dolomitic packstones, and finally to mudstones. The presence of feldspars,
dolomite and smectitic clay minerals as authigenic void-linings and fillings in the debris
flow conglomerates is consistent with early to late stages of the principal sequence of
mineralization in impact-generated, hydrothermal systems (Naumov, 2005; Kirsimée and
Osinski, 2013), and indicates localized alteration at temperatures 100—130 °C. The limited
spread of alteration in the basal debris flow deposits of the Woérnitzostheim drill core was
interpreted as an indicating less available water beyond the edge of the central basin relative
to within the central basin. The absence of accretionary lapilli or any fallback deposit
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beyond the edge of the central basin could be a result of post-impact erosion; however,

there is currently no direct evidence of such erosional events.

The 331.0-256.0 m transect of the Nordlingen 1973 drill core (FBN73) represents the
transition from crater-fill impact melt-bearing breccias to parallel laminated lacustrine
deposits just within the bounds of the central basin. The transition sampled by FBN73
encompasses the Ries graded unit (331.0-314.3 m depth), and the Reworked Suevite
(A.K.A. Unit A; 314.3-256.0 m). The Ries graded unit likely represents water-laden debris
flow deposit that formed early after impact (Chapter 4). Similarly, Unit A likely represents
flooding events and debris flows (Chapter 2; Fuchtbauer et al., 1977; Jankowski, 1977) that
are interbedded with erosively emplaced fallback material at 309.5, 304.0, 296.0 and 282.0
m (Chapter 2; Mueller et al., 2018; Stoffler et al., 2013). These deposits could represent
early and rapid water-laden alluvial sedimentation occurring just within the edge of the
central basin, which then transitioned into a playa lake environment over time (Chapter 4;
Jankowski 1977). The immediate presence of water, and an abundant source of heat from
the crater-fill melt-bearing breccias likely triggered pervasive alteration in the basal
conglomerates, gravelstones and sandstones preserved in the Ries graded unit (Chapter 4).
Alteration to graded unit occurred in two main stages consisting of pervasive argillic
alteration to the matrix of the basal sedimentary rocks that occurred prior to or
concomitantly with the occurrence of void-filling minerals such as clay minerals and
calcite. Following the pervasive argillic and void-filling hydrothermal alteration, alteration
halos and bladed calcite associated with clasts were deposited comprising a late-stage
hydrothermal mineral assemblage (Chapter 4). The boiling indicated by bladed calcite
(Simmons and Christenson, 1994) and the likely meteoric fluid composition (Chapter 3),
together with the ~100 to 200 °C undercooling temperatures indicated by radial plagioclase
spherulites (Muncill and Lasga, 1988), suggests that hydrothermal mineralization likely
occurred at 100-200 °C (Chapter 4).

The timing of lacustrine processes in the central basin are expected to be relatively rapid
and soon after impact (Chapter 4; Osinski 2005); however, the timing of lacustrine

processes preserved in the Wornitzostheim drill core is unclear as it lacks markers such as
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accretionary lapilli (Chapter 4), but could stratigraphically correlate with early bioherm
deposition (Chapter 2). The lacustrine processes preserved by the Woérnitzostheim drill core
could also represent discrete ponding at higher elevations beyond the edge of the Ries
central basin (Chapter 2). Current estimates are based on textural and mineralogical
similarities between a dolomite packstone sampled by the Waornitzostheim drill core (8.6—
8.2 m; Chapter 2), and other similar deposits representing early bioherm formation in the
Ries lake (Arp, 2006; Arp et al., 2013a). Additionally, it was speculated that parallel
laminated sedimentary clasts in basal debris flow deposits of the Wornitzostheim drill core
(16.6-13.1 m) could have potentially originated from pre-existing crater-lake sedimentary
rocks. If these sedimentary clasts do originate from pre-existing post-impact lake deposits,
it would constitute evidence of the establishment of an outlet breach or overflow event. As
such, the Ries lake system might not have necessarily been continuous across the impact
structure during its early evolutionary stages (Chapter 2). Conclusive identification of
multiple paleolake systems within an impact structure is yet to be reported, but such a
conclusion could imply that impact crater lake systems have the potential to host more
environmentally diverse biological niches than previously thought. Overall, the early
lacustrine evolution both within and beyond the Ries central basin are characterized by
similar alluvial playa settings but differ strongly in the degree of hydrothermal alteration,

and the availability of water.

5.3 The Interface Between Post-Impact Lake Systems
and Impact Generated Hydrothermal Systems

This thesis has shown, for the first time, that post-impact sedimentary rocks can preserve
mineral evidence of hydrothermal venting into an emerging fluviolacustrine environment
in multiple settings. In both FBN73 and the Wornitzostheim drill cores, early lacustrine
deposits preserve hydrothermal mineralization (Chapters 2-4). The alteration to early
lacustrine deposits in both FBN73 and the Waornitzostheim drill core are characterized by
temperatures of ~100 to at least 130 °C (Chapters 2—4) and fluids dominated by local,
weakly alkaline meteoric water (Chapter 3; Osinski 2005); however, this alteration is far

more limited in the environmental setting represented by the Warnitzostheim drill core,
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where hydrothermal mineral deposits are locally restricted to euhedral pm-scale void-lining
minerals, and mm- to cm-scale alteration halos (Chapter 2). Despite the lack of abundant
fluids, hydrothermal activity still affected the early lacustrine evolution preserved by the

Wornitzostheim drill core (Chapter 2).

The pervasive alteration present in the graded unit, and the abundant debris flow
deposits throughout the 331.0-256.0 m transition preserved by FBN73 indicates an
abundant and immediately available source of water in the central basin, and points to
relatively high sedimentation rates. Comparatively, the upper 32 m of the Wornitzostheim
drill core shows limited alteration mineralogy in the early post-impact debris flow deposits,
an overall smaller size of the debris flow deposits likely indicates less abundant and less

immediately available water sources.

In both FBN73 and the Wornitzostheim drill core hydrothermal mineral deposits are
concentrated in the basal conglomerates of each respective sequence of post-impact
sedimentary rocks (Chapters 2—4). In both cases, these mineral deposits are mainly
characterized by euhedral or bladed carbonates (dolomite / calcite) associated with voids
and fractures. These carbonate minerals are typically associated with euhedral plagioclase
spherulites, which could indicate that these carbonates were deposited by a relatively hot
~100-130 °C fluid that exhibited quenching. While the clay minerals present in the basal
conglomerates of the graded unit in FBN73 are pervasive, and their possible water
compositions have not yet been explored, similar analyses of the basal conglomerates of
the Wornitzostheim drill core indicate that the main composition of water was local
meteoric water. A similar source of water to that of the Waornitzostheim drill core is likely
for the clay minerals sampled by the basal conglomerates of FBN73; however, this cannot
be stated with certainty.

5.4 Applications to Astrobiology and Mars Exploration

Impact crater lakes have a demonstrated history of preserving evidence of complex
ecosystems on Earth (e.g., Riding, 1979; Hickey et al., 1988; Arp, 1995); however, the

earliest signs of ecological recovery in any impact structure have not yet been conclusively
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identified. It is possible that the subsurface environments affected by impact generated
hydrothermal alteration could be the best candidates to record such signs (Cockell and Lee,
2002; Cockell et al., 2002; 2020; Osinski et al., 2020). The sandstones, gravelstones and
conglomerates that record early fluviolacustrine evolution provide a porosity and
permeability that enables the flow of relatively high temperature fluids (Chapters 2—-4),
which could be ideal for the transport of potentially key compounds for microbial
metabolism. Minerals like the framboidal pyrite in the grey conglomerates of the
Wornitzostheim drill core could potentially be indicators of such processes (Svensson et
al., 2022). As such, these deposits make for ideal candidates to explore the possibility of

life’s emergence on Earth and potentially on Mars in similar environments.

The improved understanding of the processes and products of post-impact crater lake
deposits provided by this thesis could be relevant in guiding rover-based exploration of
impact crater lake deposits on Mars. Further exploration of the characteristics of the Ries
lake deposits can help to answer key questions about the origins of putative lake deposits
on Mars (e.g., Svensson et al., 2021). Specifically, the exploration of Jezero crater, Mars,
has resulted in the potential identification of crater lake carbonates at the margins of the
crater (Horgan et al., 2020). Jezero crater is an approximately 45 km diameter impact
structure located at 18.9°N 77.5°E in the Nili Fossae region of Mars, which is currently
being explored by the Mars 2020 Perseverance Rover. The origin of carbonate-bearing
units in the marginal regions of Jezero crater has been the subject of some debate (e.g.,
Ehlmann et al., 2008, 2009; Goudge et al., 2015, 2017; Horgan et al., 2020; Tarnas et al.,
2021), specifically pertaining to whether these carbonates have lacustrine origins. Until
recently, the inlets, outlets and fan deposits were considered the primary evidence of
lacustrine activity (Fassett and Head, 2005; Schon et al., 2012; Goudge et al., 2017). Horgan
et al. (2020) generated new maps of Jezero using hyperspectral data collected by CRISM
in concert with imagery captured by HIiRISE. They found a greater spectral diversity and a
more distinct morphology in carbonates that exist between the western delta and the crater
rim than previously thought and hypothesized that these carbonates could be associated
with precipitation from the water column at the paleolake margins. A comparison between

the lacustrine carbonate distribution at the Ries and the distribution of the possible
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lacustrine carbonates at Jezero could contribute to discussions regarding Jezero’s marginal

carbonates.

55 Conclusion

This thesis has shown evidence of spatially diverse lacustrine processes during early
sedimentary deposition and has documented the first mineralogical evidence of
hydrothermal alteration at temperatures of ~100 °C or greater in early post-impact
sedimentary deposits in an impact structure on Earth. The potential microbial habitat
provided during immediate post-impact lacustrine evolution can then be characterized by
fresh, weakly alkaline meteoric waters fueled mainly by precipitation and local
groundwater at temperatures of 100-200 °C, depending on the locality, which would have
then cooled to 18-27 °C. This thesis comprises a foundational contribution to the growing
body of literature focused on impact-crater lake systems and comprises a key steppingstone
towards understanding the role of impact crater lake systems as potential “cradles” for the
genesis of life on Earth and potentially Mars. With impact cratering being a ubiquitous
geological process on rocky bodies across the solar system, it was likely influential during
the early evolution of Earth’s crust. For this reason, the significance of impact craters on
Earth to understanding the potential origins of life cannot be understated, and
comprehensive investigations of additional terrestrial impact crater lakes should be

prioritized.

5.6 Future Work

This thesis prompts several questions and hypotheses that warrant further investigation.
Additionally, several potential chapters were excluded from the final version of this thesis
but are noted here. Here, we briefly discuss eight proposed investigations as follows: (1)
additional constraints for the chemical evolution and clastic provenance of the
Wornitzostheim lake deposits; (2) the origins of potentially biogenic framboidal pyrite in
preserved in the basal debris flow deposits of the Wornitzostheim drill core and FBN73;
(3) characterization of the post-impact lacustrine deposits at the Ries Wengenhousen
outcrop; (4) a detailed investigation of the complex flysch deposits preserved in the
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“Reworked Suevite” / Unit A of FBN73; (5) a detailed investigation of hydrothermal
alteration mineralogy in the Ries graded unit sampled by FBN73 with a special focus on
clay minerals; (6) investigating the utility of in-situ X-ray diffraction (ISXRD) as a tool to
better refine the identification of clay minerals during rover-based exploration; (7) a
terrestrial analogue study between the carbonate deposits of the Ries impact structure and
the marginal carbonate unit at Jezero crater; (8) as comprehensive a review as possible of
impact crater lakes on Earth, expanding on the review provided in Chapter 1.
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Appendices

Appendix A: Chapters 2 & 3 Supplementary Data
A.1 Wornitzostheim Drill Core Log

This log contains original unrefined notes during field excursions to the Ries impact

structure and visits to the Nordlingen Impact Crater Museum, Nordlingen, Germany.
Appendix A. 1: Wornitzostheim Drill Core Log

Depth (m) Lithology Description

0-0.9 Mudstone  Dark brown, highly weathered, muddy lake sediments,
essentially soil at this point, parallel lamination is very

weakly preserved

Interesting white structures reminiscent of the white

bleaching mentioned earlier and the coral at Hainsfarth

09-2 Mudstone  Brown, highly weathered, muddy lake sediments with
weathered out globular structures produced by
cladophorites, very minor layering preserved - distorted

and incorporated into the weathering profile

abundant silica clasts <1lmm to 1mm in size; 10% spatial
coverage; sub-rounded to angular clasts possibly
incorporated from above - description based off hand

sample of core from drawer - gets greyer with depth

2-3 Marlstone  Grey - Brown, highly weathered, muddy lake sediments
with weathered out globular structures produced by the
cladophorites, parallel lamination preserved (could

actually just be drill chatter)



Light grey clay no distinct clasts, coherent, not chunked
3-82 Marlstone .

in a bag

no tube structures, but dominated by the mat structures

soft material - can be scratched by a fingernail

parallel lamination preserved in the mats, mudstone

Light grey clay with crinkled mats from cladophorites
8.2-8.6 Limestone _ . _

White tone occurring in patches appears to be bleaching

the rock

Fabric of the crinkled mats are preserved

Dark grey coloration is also present

8.6 -10.0 Limestone? Light grey clay with crinkled mats from cladophorites

White coloring in chunks still occurs - now appears to be
associated with a highly altered section of core within
the 9.6-9.0 range although it's exact location could not be

determined

Dark grey clasts with muddy texture and softness occurs
in contact with the bleached white areas and the mats

10.0 - Marlstone  Light grey, consolidated, muddy clay is the dominant
10.7 lithology and fractures in the core now occur along planar
surfaces indicating very weak parallel lamination or

possible influence from cladophorites.

Clasts are absent.

10.7 - Sandstone  Light grey, consolidated, massive sandstone / siltstone (?)

Poorly sorted, subrounded to angular, polymict clasts
dominated by a very fine-grained matrix made of light

grey, muddy, clay material



Contains clasts ranging from <1 mm; generally sharp

contact between clasts and matrix, but sometimes fuzzy

Polymict clasts: consists of very fine black and white
material; difficult to distinguish from groundmass, but

possibly the altered glass, more clasts of silica

11.6 -  Conglomerate Light grey, consolidated, less brittle than suevite, more

12.8 competent, frequently retains scars from drill

Poorly sorted, subrounded to angular, polymict clasts
dominated by a very fine-grained matrix made of light

grey, muddy, clay material

Contains light grey sed clasts ranging from <1mm to
1.5cm across; generally sharp contact between clasts and

matrix, but sometimes fuzzy

Contains additional, 1cm-3cm sized, well rounded, very
light grey, soft, irregularly shaped, clay-like fragments

within the matrix previously described.

Polymict clasts: consists of very fine black and white
material difficult to distinguish, but possibly the altered

and unaltered glass

Light grey, consolidated, less brittle than suevite, more

competent, frequently retains scars from drill

Poorly sorted, subrounded to angular, polymict clasts
dominated by a very fine-grained matrix made of light

grey, muddy, clay material



Contains clasts ranging from <1lmm to 1.5cm across;
generally sharp contact between clasts and matrix, but
sometimes fuzzy; glass clasts were observed with yellow-

brown alteration rind *picture taken*

Polymict clasts: consists of very fine black and white
material (difficult to distinguish, but possibly the altered
and unaltered glass

12.8 - Sandstone  Similar to 10.7 — 11.6: massive, light grey sandstone, but
131 slightly coarser.

Polymict clasts: consists of very fine black and white
material; difficult to distinguish from groundmass, but

possibly the altered glass, more clasts of silica

13.1—-  Conglomerate Light grey/blueish tinge, moderately unconsolidated,

16.6 more brittle than suevite, suevite sediments

Poorly sorted, subrounded to angular, polymict clasts
supported by a very fine-grained matrix made of light

grey, clay-like amorphous material

In general the clasts are much smaller than generally
observed in suevite, larger than Wor-kt-17, vernally sharp

contact between clasts and matrix, but sometimes fuzzy

Polymict clasts: consists of highly altered glassy
material, with fuzzy boundaries rimmed by white,
powdery amorphous material (50% of the polymict
clasts) - completely replaced by white powder in some

cases. Disjoined, broken down, muddy clasts are



entrained with parallel lamination in these suevite seds
clearly at 16m (Wor-kt-16) with brown-yellow

alteration halos

These cm-scale sedimentary clasts occur again at 15.1m

in 2-4cm size whitened chunks

The mud material is soft, but less brittle thus retaining
scars from the drill, but not shattering

Prominent brown-yellow alteration features throughout
14.1-13.8m

The % abundance and size of the glass clasts undergoes a
marked increase at 15.10m, immediately after the flakey
clay clasts (mud rip-ups) were observed. The overall %
abundance and size of the glass clasts remains constant

until the change in lithology at 16.6m

16.6 —  Conglomerate Light grey/tan-brown, moderately unconsolidated, more
17.1 brittle than suevuite, denser than suevite, suevite
sediments.

Poorly sorted, subrounded to angular clasts supported by
very fine-grained, muddy matrix made of a light grey

clay-like amorphous material

In general, the clasts are slightly smaller than generally
observed in suevite, gernally sharp contact between clasts

and matrix, but sometimes fuzzy

Polymict clasts: glass (<1mm) (<1%); red sediment

(shale?), usually angular clasts; rounded globular shell-



like material possibly derived from the layers of
accumulated gastropods in the lake sedimentary rocks
(<1mm) (<1%); clasts are comprised primarily of <lmm -

2mm sized chunks of silica(?)

17.1—-  Conglomerate Pink-grey reworked suevite, gradual transition from light
20.1 grey/tan-brown material (suevite sediments), possibly

reworked by the overlying lake system

Contains polymict clasts supported by an aphanitic pink-

grey matrix

Clasts: both rimmed (by white amorphous material),
non-rimmed glass clasts at a range of sizes from, <1lmm
to 2cm, rims are usually sharp, but sometimes fuzzy;
white clasts - possibly siliceous clasts or glass altered to

fine white material
contains, <1mm sized vein-like structures

Light grey reworked suevite(slight pinkish hue); has a
weathered appearance: the fines are dominant and

crumbly; matrix supported polymict clasts
Poorly sorted, subrounded to angular clasts

Polymict clasts: primarily reworked, irregularly shaped
glass and melt fragments observed coated in pervasive
white amorphous material which has completely replaced
the fragments in most cases (20% completely replaced
glass fragments, 5% reworked glass fragments), size
range of fresher glass = <1lmm (most common) to 3mm,

size range of replaced clasts is more difficult to



distinguish = roughly <1mm to 2cm; 2% overall coverage
of other clasts <1mm in size so their lithology is difficult

to distinguish, typically angular with sharp borders

Appears to have a gradual contact with more coherent,

moderate to lightly reworked suevite unit below

20.1- Melt-bearing  Light grey, moderately reworked suevite(slight white
27.2 breccia hue); has a weakly weathered appearance, matrix
(surficial supported poymict clasts

suevite)
Poorly sorted, subrounded to angular clasts

Matrix is comprised of very fine white-grey amorphous

material

Polymict clasts: primarily reworked, irregularly shaped
glass and melt fragments observed coated white
amorphous material which has completely replaced the
fragments in most cases (15% completely replaced glass
fragments, 10% reworked glass fragments), size range of
fresher glass = <Imm (most common) to 10mm, size
range of replaced clasts is more difficult to distinguish =
roughly <1mm to 2cm; 10% overall coverage of other
clasts <lmm to 3cm in size, typically sub-rounded with
sharp borders, sometimes fuzzy, moderate replacement
by white powdery material making the primary lithology
difficult to distinguish

Appears to have a gradual contact with highly weathered

looking, non-reworked suevite unit below
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Gradual increase in prominence of melt fragments with
depth

Gradual decrease in white powdery replacement

27.2-32 Melt-bearing Light grey-red, moderately reworked suevite; has a
breccia surficial weathered appearance on exterior of core, matrix
(surficial supported polymict clasts

suevite)
Poorly sorted, subrounded to angular clasts

Matrix is comprised of very fine white-greyish red

amorphous material
Very similar to Nor-73-328

Polymict clasts: primarily reworked, irregularly shaped
glass and melt fragments observed coated white
amorphous material which has completely replaced the
fragments in most cases (15% completely replaced glass
fragments, 20% reworked glass fragments), size range of
fresher glass = <1mm to 4cm, size range of replaced
clasts is more difficult to distinguish = roughly <1mm to
2cm; 10% overall coverage of other clasts <1mm to 3cm
in size, typically sub-rounded with sharp borders,
sometimes fuzzy, appears to be mainly comprised of

sedimentary material
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A.2 Standards for WDS Analysis

The standards used during the WDS analyses of different types of minerals are noted in

Table 6.1. The results of these analyses are listed in highlighted in Appendix A.2.2.

Table 6. 1: Mineral standards used per WDS elemental analysis and corresponding target

mineral phase.

Element Clay Minerals Micas Feldspars
Si Albite Amelia Plagioclase Astimex  Albite Amelia (TAP)
(TAP)* (TAP)
Al Albite Amelia (TAP)  Plagioclase Astimex  Albite Amelia (TAP)
(TAP)
Na Albite Amelia (TAP)  Albite Amelia (TAP)  Albite Amelia (TAP)
K Orthoclase CM Orthoclase CM Orthoclase CM
Taylor (PETH) Taylor (PETH) Taylor (PETH)
Ca Anorthite Plagioclase Astimex Anorthite
Smithsonian USNM (PETJ) Smithsonian USNM
137041 (PETJ) 137041 (PETJ)
Mg Diopside Smithsonian Diopside Smithsonian Diopside Smithsonian
USNM 117733 USNM 117733 USNM 117733
(TAP) (TAP) (TAP)
Fe Fayalite (LIFL) Fayalite (LIFL) Fayalite (LIFL)
P Apatite Astimex - Apatite Astimex
(PETH) (PETH)
Ti Rutile (PETJ) Rutile (PET)J) Rutile (PETJ)
Mn Rhodonite Astimex Rhodonite Astimex Rhodonite Astimex
(LIFL) (LIFL) (LIFL)
Sr Celestite Astimex - Celestite Astimex
(PETH) (PETH)

*Analyzing crystals associated with each element are noted in parentheses after the
standard used for the same element.
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A.3 WDS Data Tables

This section contains tables of WDS data. For data collected on clay minerals, only totals
of ~ 80 % or greater were included for interpretations detailed in Chapter 3. Totals of ~80
% were selected as the acceptable limit because the majority of analyses were above 80 %.
The name of the sample analyzed is noted in each table along with the number of spot
analyses, an average of the spot analyses, the % error and the standard deviation of the suite
of reported values associated with each oxide reported at the top of the tables below. The
% error was automatically generated in reference to a standard, and then averaged for each
oxide in the tables provided below. The sample associated with the data in each table is
indicated by the sample label, e.g., RW22. The sample labels are written such that the
number following “RW” corresponds with the depth from which the sample was collected

and RW stands for Ries impact structure, Woérnitzostheim drill core.

A.3.1 Clay Mineral WDS Data

Clay Minerals
RW?22 Wt. % Oxide
Spot Si0 AIROs NaxO MgO CaO0 KO FeO  Total
1 5477 16.81 0.12 271 093 1.01 451 80.85
2 58.01 17.66 0.13 316 1.27 0.88 430 85.40
3 55.55  16.67 0.09 265 1.29 0.69 542  82.35
4 58.16  17.67 0.13 272 119 0.76 5.27  85.89
5 5458 16.78 0.14 244  0.88 1.50 443  80.75
6 56.93 17.36 0.06 280 133 0.82 432 83.62
7 53.22  15.55 0.14 280 2.83 0.51 5.24  80.29
8 53.22  15.55 0.14 280 2.83 0.51 5.24  80.29
9 51.99 15.77 0.18 214 544 0.46 512  81.09
10 54.45  16.55 0.14 293 1.86 0.42 5.03  81.37
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11 5453 16.29 0.20 272 1.10 0.97 475 80.54
12 57.26  16.80 0.19 250 0.85 1.13 6.24  84.96
13 53.72 1547 0.16 243 097 0.93 6.30 79.98
14 5830 1705 016 245 096 0.90 6.25 86.08
15 57.96 17.15 0.13 255 101 0.86 6.31 85.96
16 59.83  17.56 0.13 279 119 0.84 6.24  88.57
17 53.81 15.11 0.16 262 1.65 1.04 5.97 80.36
18 5420 15.38 0.32 297 3.78 0.77 549  82.90
19 5493 1571 0.15 270 132 0.72 5.63 81.15
20 5297 16.89 0.20 285 1.46 1.06 481 80.23
21 54.88  16.24 0.29 292 161 0.82 5.27  82.02
Average 55.59  17.07 1.22 238 240 0.86 491 84.43
20 2.64 1.83 2.27 0.66 1.87 0.23 1.18 5.82
Avg. % Error |  0.81 1.45 31.84 446 528 7.36 3.60
Clay Minerals
RW19 Oxide Wt. %
Spot Si0;  AlO3 NaxO MgO CaO KO FeO Total
1 56.12 1829 354 132 186 081 287 84.79
2 51.89 1650 156 163 113 234 371 7875
3 61.52 9.14 013 226 060 120 465 79.50
4 5488 1624 029 292 161 082 527 8202
Average 56.10 15.04 138 203 130 129 413 8127
20 4.02 4.04 158 071 055 072 105 274
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Avg. % Error 0.78 156 19.10 459 6.61 6.07 391
Clay Minerals Continued
RW14.78 W1t % Oxide
Spot Si0p A0 NaO MgO Ca0 KO FeO Total
1 53.66 16.38 2.26 227 095 116 3.28 80.38
2 52.68 16.50 0.18 295 238 066 4.67 80.71
3 94.71 16.71 0.14 347 132 055 498 83.96
4 56.06 17.55 0.34 337 099 059 340 8277
Average 54.28 16.78 0.73 301 141 074 408 8196
20 1.45 0.53 1.02 054 0.67 0.29 0.87 1.71
Avg. % Error | 0.79 1.42 2258 361 6.22 8.08 3.90
Clay Minerals Continued
RW14.33 Wt % Oxide
Spot SiO; Al20s  NaoO MgO Ca0 KO FeO  Total
1 51.34 17.63 0.08 358 134 246 6.05 8248
2 51.79 17.05 012 475 191 296 6.96 8555
3 63.79 10.07 0.04 218 334 145 346 84.32
4 51.29 18.71 015 426 280 368 630 87.18
5 51.21 22.39 015 306 171 416 431 86.98
6 54.66 18.03 011 494 062 376 594 88.05
7 50.15 22.16 017 457 051 402 641 8798
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8 47.60 18.95 009 391 088 292 505 79.40

9 51.74 20.57 0.09 406 102 342 527 86.17

10 56.36 14.77 012 292 068 200 391 80.77

11 51.40 21.67 014 375 116 393 5.06 87.10

12 59.80 13.30 009 328 052 090 258 80.47
13 55.21 16.95 028 391 083 073 338 81.28
14 51.15 17.91 471 090 488 136 137 82.28
15 50.82 18.28 509 054 545 139 116 8272
16 58.50 18.65 013 337 095 032 322 8513

17 56.22 17.92 0.10 338 038 046 315 81.60
18 56.60 17.87 013 361 040 047 3.07 8213

19 56.05 17.53 011 393 033 056 366 8216
20 57.21 18.18 022 369 046 060 351 83.88
21 53.56 17.90 196 217 125 099 244 80.26
22 53.81 17.69 001 392 077 017 337 79.73
23 55.07 17.48 011 317 106 032 3.09 80.30
Average 52.16 17.22 057 334 237 187 4.04 81.58
20 7.73 3.47 135 105 35 137 152 6.99

Avg. % Error |  0.83 1.44 7131 371 722 656 4.20

Clay Minerals Continued

RW12.74 Oxide Wt. %
Spot SiO; Al20s  NacO MgO Ca0 KO FeO  Total
1 51.47 16.54 092 326 305 117 270 79.10
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2 57.75 17.19 2.99 201 092 361 1.77 86.23

3 52.71 16.83 0.49 3.71 1.27 261 553  84.77

4 46.10 15.48 1.15 3.02 236 3.69 556  78.39

5 50.11 17.47 0.39 416 368 289 428 8455

6 51.06 16.89 0.52 3.96 1.70 361 5.12 8454

7 5450 1486 045 378 239 236 408 83.86

8 49.79 13.15 0.66 312 593 290 458 8292

9 44.54 14.08 0.30 418 488 311 524  79.44
Average 50.89 15.83 0.87 347 291 288 432 8264
20 4.01 1.52 0.84 0.70 1.67 0.79 131 2.90

Avg. % Error 0.84 1.50 1415 339 448 3.79 3.95
Clay Minerals Continued
RW10.55 Wt. % Oxide

Spot SiO» Al O3 NaO MgO Ca0O KO FeO Total

1 51.06 19.77 0.13 2.64 0.53 317 448 81.78

2 55.49 20.80 0.33 2.81 0.68 255 355 86.20

3 50.62 19.70  0.20 2.83 116 330 484 8264

4 48.08 20.82  0.33 2.58 0.75 347 428 8031

5 53.06 2044 033 280 055 328 457 85.02

9 51.83 2200 0.36 2.90 120 3.74 438 86.40

10 52.27 21.29 0.39 3.02 0.17 3.38 456 85.07

11 50.09 28.44  0.32 1.87 054 215 2,63 86.05

12 47.13 2092 0.25 2.55 425 3.04 350 81.63
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14 49.12 20.82 0.16 2.80 139 431 442 83.02
15 49.38 18.12 0.07 2.77 188 384 471 80.77
18 56.75 21.29 0.15 2.89 044 359 433 8943
19 48.92 20.20 0.15 2.84 106 356 446 8119
Average 51.06 2112 0.24 2.71 112 334 421 8381
20 2.81 2.40 0.10 0.29 1.05 055 0.62 276
Avg. % Error 0.83 1.27 2870 3.74 9.06 339 384
Clay Minerals Continued
RW9.6 Wt. % Oxide
Spot SiO» Al2O; Na,O MgO Ca0 KO FeO Total
1 5141 2261 0.15 2.85 055 328 410 84.94
2 52.29 2275 0.12 2.97 039 347 435 86.32
3 51.56 23.01 0.15 2.76 0.34 344 443 85.68
4 55.34 21.36  0.15 2.20 143 315 348 87.11
5 48.28 2022 0.14 2.68 096 311 3.78 79.17
6 47.15 2042 0.18 3.80 268 330 3.75 8127
7 51.46 22.18 0.16 3.57 1.12 344 448 86.40
12 49.90 2019 0.14 2.88 0.64 343 393 8111
13 49.55 2236 0.16 294 089 331 3.80 83.00
Average 50.77 2168 0.15 296 100 333 4.01 83.89
20 2.40 1.15 0.02 0.47 0.72 013 035 284
Avg. % Error 0.84 1.26 34.31 3.69 8.89 341 391

223



A.3. Mica WDS Data

This section contains tables of WDS data collected from micas as discussed in Chapter 2.

Only WDS analyses with totals at ~90 % or greater were included for interpretation. The

name of the sample analyzed is noted in each table along with the number of spot analyses,

an average of the spot analyses, the % error and the standard deviation. In the name of each

sample, the number follow “RW” corresponds with the depth from which the sample was

collected.
Micas
RW19 Wt. % Oxide

Spot Si0, AlLOs Na, O MgO TiO, CaO KO FeO MnO Total
341 159 170 1.9 3.2 180 91.1

1 5 3 0.15 3 9 0.31 8 7 0.22 3
405 16.8 10.7 1.2 26 169 91.7

2 4 7 0.45 8 2 1.97 9 7 0.20 0
475 379 0.3 7.1 96.8

3 5 3 206 0.69 2 0.03 0 1.16 0.01 5
394 17.0 15 69 17.2 91.9

4 7 1 0.23 8.99 4 0.37 0 7 0.13 1
399 17.0 1.4 74 16.8 92.2

5 3 6 0.18 8.89 3 0.39 4 0 0.11 3
38.7 17.0 1.4 6.8 175 91.6

6 1 0 0.22 9.25 1 0.53 6 4 0.13 6
437 271 0.3 5.4 92.0

7 1 1 0.24 5.72 0 0.27 3 9.15 0.13 5
476 29.6 0.3 7.7 94.5

8 2 1 0.20 4.08 2 0.14 9 477 0.06 7
411 17.8 104 26 27 132 88.8

9 9 7 0.25 6 2 0.41 2 9 0.07 8
415 18.0 10.3 1.9 42 13.6 90.5

10 2 9 0.24 7 8 0.36 2 2 0.10 0
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11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

55.1

53.9

56.9

31.3

30.9

37.0

38.0

37.3

52.4

51.5

51.0

48.7

47.5

47.4

38.8
8

14.8

13.9

14.6

20.5

20.9

20.0

19.0

20.4

31.8

31.5

26.6

34.2

28.4

29.0

15.9
0

0.22

0.25

0.19

0.17

0.15

0.29

0.30

0.31

0.31

0.44

0.68

0.85

0.79

0.95

0.35

4.71

4.06

4.30

9.24

9.73

7.16

6.39

7.35

1.95

2.05

2.05

1.20

1.76

1.46

5.84
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0.34

0.29

0.35
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0.26

0.20

0.19
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0.09

2.23
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1.5

1.7

1.8

1.2

1.4
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5.3
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7.2

8.3
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9.4

6.9

7.2

6.7
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25.6
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39.3 16.1 2.4 6.2 204 91.4
26 0 9 0.21 6.02 1 041 6 3 0.25 8
435 220 1.4 52 127 92.4
Average 4 3 041 621 4 065 7 9 0.13 7
1.1 2.4
20 729 697 040 394 0 064 4 792 012 259
Avg. % 15.6 96 137 14 99.3
Error 0.85 1.20 6 3.15 7 1 1 2.31 4
Micas Continued
RW16.85 Wt. % Oxide
Spot Si0;  Al,Os NaO MgO TiO, CaO KO FeO MnO Total
36.4 16.4 4.0 94 216 96.0
1 3 6 020 751 8 004 4 9 0.25 9
356 164 4.1 95 221 95.9
2 9 2 016 757 8 001 9 1 0.21 4
36.0 16.9 4.2 96 218 96.6
3 0 2 014 764 2 001 O 8 0.22 5
356 16.0 112 4.0 89 159 92.0
4 3 4 0.22 2 3 003 2 4 0.07 9
37.7 171 121 4.0 9.2 16.2 96.9
5 9 7 0.21 1 4 003 4 7 0.08 4
36.9 16.7 118 4.1 9.2 16.2 95.4
6 5 1 0.21 8 1 002 3 8 0.09 7
36.1 16.3 115 4.0 9.0 16.0 93.3
7 1 0 0.24 0 0 005 5 3 0.09 7
41.3 149 11.7 24 7.3 149 93.9
8 4 3 0.41 4 0 033 9 6 0.41 3
39.1 151 120 3.0 91 172 96.7
9 0 6 0.42 5 1 012 0 4 0.59 7
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11

12

13
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16
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19

20

21

22
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24

40.8

39.7

39.5

39.0

38.4

36.5
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37.8
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36.2
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36.3

35.9
7

15.0
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14.6
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11.2

10.9

2.5
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2.6

2.8
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4.7

4.9

1.3

1.7

3.5

3.5

0.33

0.21

0.15

0.24

0.18

0.19

0.19

0.11

0.53

0.05

0.03

0.57

0.09

0.08

0.06

8.2

8.1

8.5

7.9

8.3

8.3

8.6

9.0

6.8

9.0

9.0

2.2

2.8

8.4

8.7

15.9

17.0

16.9

16.0

16.2

16.3

19.8
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4.55

18.1

18.1

24.0

23.7

195
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0.49

0.56

0.58

0.28

0.27

0.27

0.67

0.69

0.04

0.22

0.24

0.24

0.24

0.38

0.37

95.9

96.6

96.1

94.6

94.5

91.9
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95.3

96.1

95.8

94.7

88.9

89.6
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379 16.0 105 3.3 81 178 94.6
Average 8 6 0.25 1 5 015 6 8 0.32 6
1.1 1.8
20 482 164 016 220 2 015 6 390 019 213
Avg. % 18.2 3.7 529 038 21.5
Error 0.88 1.36 4 1.90 8 8 6 1.40 6
Micas Continued
RW14.78 Wt. % Oxide
Spot Si0;  Al,Os NaO MgO TiO, CaO KO FeO MnO Total
39.4 145 3.5 83 20.2 95.9
1 1 6 021 851 5 024 5 2 0.46 1
409 143 3.0 73 177 92.4
2 7 6 019 738 3 035 9 1 0.39 8
39.0 139 3.0 75 17.8 91.7
3 6 6 018 761 8 148 0 6 0.42 6
395 143 3.4 86 209 98.3
4 9 9 016 883 9 088 9 6 0.53 6
38.8 13.6 2.9 72 169 91.2
5 9 5 019 73 5 314 1 6 0.39 0
333 123 3.1 76 18.6 91.4
6 5 3 017 811 5 696 9 6 0.44 9
37.8 144 3.7 88 214 95.2
7 4 3 016 769 3 018 1 2 0.30 4
35.4 136 3.1 74 21.0 89.3
8 8 4 021 743 5 024 7 7 0.25 5
36.5 14.2 3.2 82 224 94.0
9 9 1 019 797 9 020 O 8 0.30 0
37.8 147 3.1 80 219 95.6
10 1 4 019 85 5 014 9 7 0.30 4
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409 15.0 14.7 2.7 53 15.2 94.9
11 7 2 0.19 2 1 028 6 7 0.12 4
409 1438 13.2 26 79 15.0 95.4
12 1 3 0.18 8 8 013 6 6 0.10 5
39.7 149 16.1 2.8 40 153 94.3
13 0 6 0.27 6 2 046 9 3 0.16 3
385 142 3.1 74 188 93.8
Average 0 4 019 951 4 113 5 4 0.32 6
0.3 1.3
20 227 073 003 307 2 194 3 268 014 246
Avg. % 18.3 32 111 038 17.3
Error 0.87 1.44 2 2.02 3 9 7 1.33 6
Micas Continued
RW14.33 Wt. % Oxide
Spot SiO  AlLOs NaO MgO TiO; CaO KO FeO MnO  Total
374 137 10.1 9.1 21.0
1 4 9 0.09 5 3.72 0.02 0 3 0.18 95.52
37.3 1338 10.3 94 213
2 7 0 0.11 6 3.77 0.02 8 7 0.25 96.52
32.7 184 15.1 25 195
3 7 0 0.04 8 2.05 0.09 4 3 0.31 90.91
35.2 175 14.2 48 18.0
4 6 1 0.09 9 2.28 0.58 6 9 0.25 093.21
33.8 17.0 13.8 4.7 19.0
5 8 0 0.06 7 2.29 0.06 2 6 0.26 91.19
29.3 221 14.8 0.1 226
6 3 8 0.03 7 0.07 0.06 6 9 0.12 89.51
274 220 15.2 0.0 237
7 2 7 0.01 1 0.07 0.05 5 4 0.14 88.75
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194

18.3

17.3

19.1

18.1

18.5

22.8

22.4

23.1

23.1

16.9

17.4

0.01
0.01
0.02
0.26
0.24
0.22
0.27
0.23
0.22
0.61
0.56
0.59
0.61
0.19

0.23

100.5

9431

92.22

90.18

89.74

88.53

92.09

88.89

89.80

88.71

89.77

89.43

89.70

95.12

95.64



372 135 11.9 93 174

23 3 0 018 9 340 009 2 4 020 9335
38.6 158 14.2 96 138

24 2 9 039 2 372 000 3 4 020 9652
388 16.1 14.1 96 137

25 9 5 039 1 377 000 0O 6 018 9684
47.3 313 8.6

26 7 4 044 133 072 023 7 158 002 9170
43.6 306 9.3

27 3 5 045 143 079 025 7 171 001 8829
48.8 356 8.8 -

28 6 3 032 121 079 002 2 126 001 96.89
457 324 9.5

29 1 3 048 126 077 007 7 146 002 9175
371 135 11.2 71 183

30 6 2 013 8 329 003 2 8 028 9118
381 165 84 210

31 8 5 031 705 330 00l 6 7 055 9547
376 16.1 87 227

32 6 0 028 772 337 004 2 1 067 9725
36.5 158 87 223

33 3 8 030 750 314 008 8 9 059 9518
36.5 142 12.0 85 17.7

34 8 6 028 4 417 003 3 8 021 9387
381 140 12.2 80 165

35 6 6 024 7 403 021 5 9 025 9385
382 194 58 158

Average 6 8 046 979 219 046 7 8 025 9264

3.3
2. 680 651 1.31 483 128 097 6 777 020 3.8

231



Avg. % 45.8 136 1939 21 65.9
Error 091 131 8 9.26 5 6 7 2.40 4
Micas Continued
RW13.2 Wt. % Oxide
Spot Si0;  AlOs NaO MgO TiO; CaO KO FeO  MnO  Total
422 16.8 11.3 3.7 7.7 135 96.5
1 2 1 0.54 0 0 0.59 4 1 0.19 9
405 16.9 11.8 3.9 85 148 97.5
2 2 6 0.53 1 0 0.22 3 4 0.20 2
36.6 149 115 4.1 8.7 149 91.6
3 0 1 0.50 0 8 0.06 7 1 0.20 2
365 140 53 84 218 95.1
4 5 4 0.17 7.98 4 0.36 4 3 0.48 9
35.7 13.7 4.0 91 224 94.2
5 7 0 0.17 8.42 6 0.06 8 0 0.53 7
366 14.3 4.1 90 214 94.9
6 9 6 0.23 8.17 2 0.37 0 6 0.51 1
38.2 140 4.6 94 21.2 97.2
9 7 8 0.15 9.09 6 0.04 0 1 0.32 3
36.3 13.8 4.9 9.0 220 95.4
10 0 2 0.13 8.87 1 0.01 6 1 0.35 6
37.7 139 4.5 9.2 209 96.1
11 1 5 0.16 9.31 2 0.03 4 6 0.29 6
373 136 4.7 93 21.2 96.1
12 8 8 0.14 9.25 8 0.04 7 2 0.29 5
505 34.9 0.7 9.3 99.5
13 2 2 086 1.57 5 0.09 1 1.54 n.d. 6
51.0 35.3 0.7 8.5 99.0
14 0 9 061 1.37 3 0.06 7 1.27 0.00 0
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486 329 0.6 9.1 95.1

15 5 3 090 1.58 0 0.08 3 1.33 n.d. 9
486 34.0 0.5 9.4 96.5

16 2 7 0.98 1.53 9 0.06 3 1.29 0.01 9
38.3 140 119 27 95 19.2 96.1

17 6 0 0.10 8 2 0.04 3 1 0.20 4
38.7 134 114 35 8.7 164 94.1

18 1 1 0.27 7 8 1.34 2 4 0.20 4
39.1 138 111 3.3 78 146 91.4

19 2 3 0.25 0 8 1.22 0 3 0.12 4
353 125 113 4.2 8.7 16.2 90.8

20 6 9 0.33 5 9 1.72 3 7 0.18 1
404 18.7 3.3 8.8 148 95.4

Average 6 5 0.39 8.20 8 0.35 8 0 0.25 4

1.6 0.5
20 537 865 029 391 1 0.52 3 794 016 2.39
Avg. % 15.1 40 484 0.7 162.4
Error 0.85 1.32 0 2.58 9 1 9 2.25 9
Micas Continued
RW12.74 Wt. % Oxide

Spot Si0;  AlOs NaO MgO TiO; CaO KO FeO  MnO  Total
450 295 0.5 90.6

1 9 1 069 141 2 363 825 155 0.00 6
477 30.1 0.5 91.9

2 2 3 069 157 2 121 840 169 0.01 3
48.1 36.4 0.8 97.4

3 8 1 068 068 0 013 939 1.15 nd 1
38.0 154 128 35 15.7 95.6

4 9 1 0.16 5 8 052 9.12 6 0.19 9
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10

11

12

13

14

15

16

17

18

19

37.8

37.7

38.0

37.1

31.2

38.6

36.6

36.5

37.1

37.3

48.5

48.3

47.8

48.8

42.2
3

15.3

15.7

13.5

13.4

11.2

13.8

14.0

13.6

14.1

13.9

33.3

33.7

34.0

34.0

14.8
9

0.15

0.16

0.17

0.16

0.15

0.13

0.22

0.25

0.25

0.34

1.13

1.00

0.99

0.26

0.16

12.6

12.1

12.3

12.0

10.3

12.3

10.1

8.55

9.74

10.0

1.16

1.07

0.91

1.27

12.1

3.6

3.6

4.4

4.3

3.4

4.5

5.2

4.1

4.7

4.8

0.3

0.2

0.3

0.4

3.6

0.12

0.07

0.19

1.10

0.62

0.21

0.13

1.37

0.60

1.19

0.21

0.16

0.17

0.12

0.37

9.36

9.46

8.68

8.90

7.05

9.03

8.91

7.56

8.53

8.76

8.54

9.04

9.04

10.3

7.95

16.3

16.5

18.0

16.4

24.9

16.6

18.8

16.3

17.8

17.8

1.89

1.81

1.62

1.84

13.8

0.20

0.21

0.20

0.21

0.23

0.21

0.21

0.18

0.21

0.22

0.00

0.01

0.00

0.03

0.19

95.7

95.7

95.6

93.9

89.3

95.5

94.4

88.6

93.3

94.5

95.1

95.4

94.9

97.2

95.4
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Average

2 o.

Avg. %
Error

41.2 21.0 2.8 11.6 94.2
3 9 041 755 2 0.64 8.76 3 0.14 5

1.9
555 952 034 514 2 084 074 811 009 246

14.4 6.3 138 238.2
0.84 124 7 330 2 3 0.80 2.66 8
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A.4 Feldspar WDS Data

This section contains tables of data representing the WDS analyses of spots on feldspar

minerals, which was used in Chapter 2. Only analyses with totals of ~90 % or greater were

used for interpretation. The name of the sample analyzed is noted in each table along with

the number of spot analyses, an average of the spot analyses, the % error and the standard

deviation. In the name of each sample, the number follow “RW?” corresponds with the depth

from which the sample was collected.

Feldspars
RW14.78 Wt. % Oxide
Al,O
Spot SiOy 3 Na,O MgO TiOp Ca0O KO FeO  MnO Total
69.1 200 12.0
1 2 8 1 0.00 0.03 004 007 015 nd. 10150
679 200 115
2 6 7 0 n.d. nd. 043 006 012 nd. 100.14
68.6 20.1 122
3 8 3 6 n.d. 0.00 0.17 0.10 0.17 0.00 10151
64.1 19.6 12.9
4 1 7 191 0.01 0.10 0.06 9 0.18 n.d. 99.01
63.2 19.0 13.7
5 7 6 161 0.03 0.07 0.06 8 0.19 n.d. 98.06
64.0 18.9 13.9
6 8 5 1.03 nd. 0.04 0.02 4 0.14 n.d. 98.19
64.0 18.8 13.2
7 9 6 1.23 0.01 0.01 0.02 3 0.21 001 97.65
654 22.8
8 4 7 946 0.07 000 155 210 0.23 nd. 10172
63.5 23.6
9 6 4 8.51 0.08 nd. 170 240 0.22 0.02 100.12
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62.6 24.4
10 2 5 809 007 nd 283 223 025 001 100.55
68.2 20.7 11.6
11 9 2 5 000 nd. 038 013 011 nd. 10128
68.1 199 114
12 1 6 9 001 003 015 0.09 014 nd. 99.97
65.7 20.7
Average 8 0 756 003 003 062 509 017 0.01 99.97
20 245 189 471 003 003 091 6.26 0.05 0.01 145
Avg. % 5440 4256 59.2 16.2 340 4723 1558.1
Error 0.72 127 476 8 0 2 1 1 1 8
Feldspars Continued
RW14.33 Wt. % Oxide
Al,O
Spot SiO, 3 Na,O MgO TiO, CaO KO FeO MnO  Total
66.1 221 10.0 101.2
1 8 5 2 0.04 0.02 222 047 014 0.01 4
66.8 18.3 13.7
2 6 1 0.26 0.04 0.05 0.01 6 0.26 n.d. 99.54
65.7 18.6 154 100.5
3 6 5 0.43 0.03 0.03 0.07 0 0.19 0.01 7
64.8 18.8 151
4 9 5 0.48 0.10 0.03 0.10 2 0.21 0.01 99.79
65.3 18.8 14.7
5 2 5 0.26 n.d. 0.02 0.03 4 0.15 0.01 99.37
65.2 194 13.3 100.1
6 5 8 1.78 0.00 0.02 0.14 4 0.11 0.01 2
66.2 19.0 14.9 1015
7 2 2 1.05 n.d. 0.05 0.03 8 0.22 nd. 7
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10

11

12

14

15

16

17

18

19

20

22

23

24

25

65.9

64.9

67.2

66.3

66.1

66.5

66.8

65.9

65.4

66.3

59.7

63.8

66.0

65.3

64.9

66.9
0

18.8

19.0

22.0

19.0

18.9

19.3

21.1

18.9

19.3

18.9

27.0

18.6

18.8

19.5

19.1

22.3
3

0.10

0.69

10.3

1.45

0.56

1.17

10.0

0.92

1.75

0.93

7.09

0.17

0.31

0.15

1.63

10.2
6

0.01

0.01

0.02

0.00

0.00

n.d.

0.01

n.d.

n.d.

0.01

0.00

0.08

0.04

0.00

n.d.

n.d.

n.d.

0.02

0.02

0.04

0.04

0.00

n.d.

n.d.

0.04

n.d.

0.02

0.03

0.03

0.07

0.05

n.d.
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0.04

0.04

1.73

0.04

0.02

n.d.

1.22

n.d.

0.03

0.02

7.75

0.01

0.01

n.d.

0.03

2.50

12.4

14.9

0.36

14.0

16.0

154

0.59

154

11.7

154

0.15

16.2

16.1

15.9

13.8

0.28

0.09

0.19

0.14

0.18

0.14

0.17

0.13

0.10

0.06

0.14

0.09

0.14

0.19

0.09

0.18

0.15

0.02

n.d.

0.01

0.01

n.d.

n.d.

n.d.

0.03

n.d.

n.d.

0.02

n.d.

n.d.

0.00

n.d.

0.04

97.49

99.77

101.8

101.1

101.9

102.5

99.94

101.3

98.42

101.7

101.9

99.11

101.5

101.0

99.80

102.4



65.5 19.3 135 100.5
26 2 5 191 0.00 0.04 0.06 1 0.18 n.d. 7
69.7 205 113 102.2
27 0 5 1 0.01 0.02 0.39 018 0.05 n.d. 0
66.2 19.1 15.5 101.8
28 3 6 0.87 nd. n.d. n.d. 8 0.05 0.01 8
66.1 194 15.0 101.7
29 5 2 0.97 nd. 0.03 0.01 5 0.09 0.01 3
65.7 19.1 15.1 101.3
30 6 3 1.14  n.d. 0.02 0.01 5 0.10 0.01 2
699 206 114 102.5
31 3 5 2 0.00 n.d. 0.30 0.18 0.07 n.d. 4
68.6 19.0 10.3
32 0 4 0.16 n.d. n.d. n.d. 5 0.07 nd. 98.22
715 205 102.1
33 5 5 9.66 n.d. 0.01 0.17 0.10 0.07 0.01 2
684 21.6 100.3
34 6 7 7.78 0.03 0.01 2.08 0.15 0.13 0.03 3
69.4 18.8
35 5 7 2.10 0.03 0.03 005 852 012 nd. 99.17
678 220 104 102.4
36 8 5 8 0.04 0.02 144 036 0.17 0.02 5
67.4 205 100.3
37 7 5 9.94 0.08 0.02 064 129 033 n.d. 1
65.8 19.9
38 7 6 9.99 0.21 0.08 079 027 038 001 9757
66.4 19.9 100.6
Average 3 3 3.88 0.03 0.03 071 965 015 0.01 9
20 198 1.67 4.38 0.05 0.02 150 6.84 0.07 0.01 1.43
Avg. % 116 8114 5257 1355 46.7 397.8
Error 0.72 1.30 8 5 2 9 6.47 6 9
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A.5 Key pXRD Scans of Wornitzostheim Core Samples

This section contains representative bulk pXRD patterns of samples from the
Warnitzostheim drill core. Representative diffraction patterns of relevance to the discussion
of Chapter 2 are shown in their respective unit groups in Figures A.5.1-A.5.5. an example
of the differences between the pXRD scans of the <0.2 and 2-0.2 um size-fractions are
shown for the grey material in the marlstones (Fig. A.5.6). Scans of for d(060) peaks are
shown in Figure A.5.7, highlighting an example from the clastic and matrix material from
the pink conglomerate (19 m depth). The following abbreviations are used in Figures 6.1
6.7: Qz. — quartz, PI. — plagioclase, Kfs. — K-feldspar, Clay — clay minerals (e.g., smectite,
illite, kaolinite, chlorite; these peaks often overlap in diffraction patterns from non-oriented
samples), Cal. — calcite, Dol. — dolomite, Py. — pyrite, and Msc. — muscovite.
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Mudstones a3 Dark brown mudstones

Unit 1; 0.9 m depth

Label: RWO0.9

Key Phases (100% I):
Qz. -3.34
Pl.-3.19

Kfs. —3.24
Clay. —4.49

5000

Kfs. (left; 3.24), PL(right; 3.19).
Clay (4.49) ’

s Qz. Qz.

¥ ~ Clay. Qz. Qg Qs Q. Q.
W, J-\,L ,|,; A ) “ e, b, A

10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

Clay Clay
d .

Intensity (Counts)

Mudstones Light brown mudstones
Unit 2; 1.0 m depth
Label: RW1.0

Key Phases (100% I):
5000 - Qz -3.34
Clay — 4 .45
cal.(3.03) Gyp. —7.67
; Py . —-272
Cal. —3.03

Qz.
Gyp.(7.67) Clay(4.45) |
Clay

! Py.(2.72)

i Clay

* Qz. Qz. Qz. Qz py. Qz.

A o n A e

10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

Diffraction Angle (°26)

Figure A5. 1: Bulk pXRd diffraction patterns of the dark brown and light brown
mudstones as labelled. The most intense (100 % 1), diagnostic peak of each mineral is

indicated next to each pattern.
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Marlstones & Limestones White-toned material

cal. (3.04) Unit 6; 9.6 m depth
Label: RW9.6A-Wht.
Key Phases (100% I):
Cal. — 3.04
Dol. —2.90
Qz. - 334
Clay — 4 46
Py —-271
4000
Dal. {left; 2.90), Cal. (right)
—_ i Py.(2.71) cal.
..g i cal. cal. cal. Cal.
e ' ' cal.
=3 I
(o]
Q
= o b b b b b b b by
2 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00
[}
£ Marlstones & Limestones Grey-toned Material
Unit 6; 9.6 m depth
az. (334 Label: RW9.6B-Gry.
4000 Key Phases (100% 1):
Qz. - 334
Cal. — 3.04
Dol. —2.91
Clay — 4 48
Kfs. (left; 3.22),
BI. (right; 3.19) Py.-2.71
: Msc. —10.10
jcal- (3.09) Kfs. — 3.22
Clay (4.48) | Dol.(291) PlL.-3.19
Ll Py (2.71)
Clay H
Clay/ Msc. (10.10) P Claye,
Clay ZClay,Jr Msc.
0wt by b b bos b b b g

10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

Diffraction Angle (°26)
Figure A.5. 2: Bulk pXRd diffraction patterns of the white toned and grey toned material

described for the marlstones of unit 6. The most intense (100 % 1), diagnostic peak of each
mineral is indicated next to each pattern.
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Marlstones & Limestones Dolomite Packstone

Unit 5; 8.2 m depth

Dol. (2.90) Label: RW8.2
Key Phases (100% I):
Dol. —2.90

Qz. -334

Cal. —3.04

Clay — 4.48

Cal. (3.04) Dol.

Qz (334) |
Clay(448) & Do | | Do. | Dol Dol
ay (4. i [ i
! ~_ipoip | )PP ool | Dol 5120

10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

Sandstone Units Sandstone Conglomerate
Unit 9; 12.74 m depth

Qz. (3.34) Label: RW12.74

Key Phases (100% I):
Qz. —-3.34

Cal. — 3.03
Kfs. (left; 3.23),

Pl (right; 3.19) glol. - 24_9532
2000 ! Cal (3.03 ay — 4.

i ca (309 Py — 272

p Dol (299) Msc. — 10.08
(2.72) Kfs. — 3.23
Clay Pl —3.19

Intensity (Counts)

Mixed Kfs. / Pl.
Clay / Msc. (10.08) |

Clay 1 Clay (452)

Clay

Qz.

Cal. cal.

Qz! Qz e

Clay

Clay py.

10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

Diffraction Angle (°26)
Figure A.5. 3: Bulk pXRd diffraction patterns of the matrix material from the dolomite

packstone and the sandstone conglomerate. The most intense (100 % I), diagnostic peak of
each mineral is indicated next to each pattern.
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Basal Conglomerates - (33499  Grey Conglomerates (14.78 m)
Unit 11; 14.78 m depth
Label: RW14.78-MTX
Key Phases (100% I):
Kfs. (left; 3.24), Qz. -3.34
Pl (right; 3.20) Cal. — 3.03
5000 ; Dol. - 2.91
 cal (3.09) Clay — 4.48
Mixed Kis /Pl | | | ;D;" ((22'113)) Ey - 21TO3 o
Clay/Msc. (10.08) ¢z | |1 iPv-(2 sc. —
| i [—‘ﬂ J |1 iClay Kfs. - 3.24
Clay » ‘ | ical Qz PL-3.20
Clay (4.48) |8 b
by iQz Clay Py. Qz Clay
10.00 20.00 20.00 40.00 50.00 60.00 70.00 80.00
Basal Conglomerates
Q. (3.34) Light Brpwn Conglomerates
w Unit 12; 16.85 m depth
E Label: RW16.85-MTX
8 5000 Key Phases (100% I):
= Qz. - 3.34
o) Kfs. (3.28) Cal. - 3.03
2 1Pl.(3.20) Clay — 4.48
O Clay / Msc. (10.06) It Cal (3.03) Msc. — 10.06
IS Qz. i Cal Kfs. —3.28
= : I Gz az p_3p
T A : [P ST
Clay (4.48) 1 " |1} | Clay, lQz Qz iClay!
C}ay T TR Y cal.Gz- Clay Qz. Clay
[TRRRRERA NN ARARA AR RN ANRANRNRRA RN ARRRARRA RRNRRANNNANNNRRNNACARARRRRANRA AN)
10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00
Basal Conglomerates qz (334 Pink Conglomerates
Unit 13; 19.0 m depth
Label: RW19B-MTX
Key Phases (100% I):
5000 Qz. —3.34
Cal. - 3.04
Dol. - 2.93
Kfs.(3.29) Clay — 4.49
'PL.(3.19) Msc. — 10.02
Qz. 11 Cal (3.04) Kfs. — 3.29
Clay/Msc_(1002) Uipol oy Q7 Qa PL - 3.19
: Pl Ll Lo
Clay (4.49) § | Clay Cal Clay!
Clay Clay : 3{ 1Lz SL? ‘ ?IYE Cal ¥z Clay Qz. Clay

10.00

Figure A.5. 4: Bulk pXRd diffraction patterns of the matrix material from the grey, light

brown and pink conglomerate. The most intense (100 % 1), diagnostic peak of each mineral

is indicated next to each pattern.

20.00

30.00 40.00 50.00 60.

Diffraction Angle (*20)
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Grey-toned melt-bearing breccia

Melt-Bearing Breccias Unit 14; 22.0 m depth
Cal. (3.03) Label: Rw22
Pl (3.19) Key Phases (100% I):
KfS.(3.29I}E Qz. -334
i Cal —3.03
Qz. (3.34) i} Clay — 4.46
Msc. — 10.06
5000 " Kfs. —3.29
i Pl.—3.19
:é‘ Clay / Msc. (10.06) Call.
c CIEVH'%}'\QZ'P:LE pl.
3 R
Q
:é“‘ wrrrrrs besrrvrrnr byrrrrsnre by e bivennrr e bev v b bovrnanan by
2 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00
(]
= , . .
- Melt-Bearing Breccias Pink-toned melt-bearing breccia
Qz. (3.34 .
=324 Unit 15; 32.0 m depth
Label: RW32
5000
Key Phases (100% I):
Qz. - 334
Dol. —2.90
Clay — 4 .51
Msc. — 10.07
PI. Pl —3.22
Pl i
Clay(451) TL ! pol. (2.50)
Clay / Msc. (10.07) Lo | ! o
i 10z, ' PL 1z. Qz.
ol i rpClay Si i pl. Q. Sj Qz. Clay

10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

Diffraction Angle (°26)

Figure A.5. 5: Bulk pXRd diffraction patterns of the groundmass from the grey-toned and
pink-toned melt-bearing breccias. The most intense (100 % 1), diagnostic peak of each

mineral is indicated next to each pattern.
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Marlstones

8000
Qz. (3.34) )
Marlstones & Limestones
2 Label: RW9.6B-Gry.
§ Key Phases (100% I):
- 4000 Qz. —-3.34
% Cal. —3.04
S Kfs. (left; 3.22), Dol. - 2.91
= Pl (right; 3.19) Clay — 4.48
ical. (2.04) Py 271
ol | Msc. — 10.10
4000 Clay (4.48) § Dol (2.91) Kfs. — 3.22 Bulk Size Fraction
Loy (2.71)
Clay Vo
Cllay,Jr Msc. (10.10)
2-0.2 pm, untreated
<0.2 ym, untreated
: : : : ! : :
0 Wil ||||||||I||||||||||||||||||||||||||||||||||||||||||'||||||||||||I||||||||I|||||||||

10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

Diffraction Angle (726)

Figure A.5. 6: pXRd diffraction patterns of the grey toned material described for the
marlstones of unit 6 showing differences between the bulk size-fraction, <0.2 um size-
fraction and the 2-0.2 um size-fraction. Vertical dashed lines indicate the continuity of
peaks and mineralogy between size fractions.
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Pink Conglomerate d(060)
(Unit 13; Matrix; 20.10-17.10 m)

600 Dioctahedral Montmorillonite: 1.492—1.504 A , RW19-CLST
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Figure A5. 7: pXRd diffraction patterns of the clast (CLST) and matrix (MTX)
highlighting the 58-78 26 region where d(060) peaks are located. The peaks are labelled
with their associated d-spacing (1.500 A and 1.499 A), which is consistent with
dioctahedral clay minerals such as montmorillonite and illite (Moore & Reynolds 1997).

The sample labels associated with each pattern and indicated next to the labelled peak.
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Appendix B: Nordlingen Drill Core Log

This log contains original unrefined notes during field excursions to the Ries impact
structure and visits to the Nordlingen Impact Crater Museum, Nordlingen, Germany.

Recurring lithologies are named with the use of different “types” to delineate their

recurrence.
Depth Extent (m) Lithology Unit Description

192-254.6 Siltstone Highly friable parallel laminated clay-rich siltstone with
disconnected laminae and abundant white flecks - could be
redox spots?

254.6-255 Siltstone Dark brown, dramatically undulating parallel laminated silt

breccia in a sharp contact with a light grey unit of highly

brecciated lithic clasts. The clasts all have weakly
undulating parallel lamination. Could be some alteration at
the base of the unit. Appears to represent an earthquake or
landslide at this section of the basin. Abundance of mm
scale calcite (?) vugs relatively aligned.

255-255.8 Siltstone Parallel laminated clay-siltstone alternating with
chaotically laminated clay-siltstone.

255.8-256 Fossil- Brecciated unit with hydrothermally overprinted clasts and

bearing massive coarse matrix in contact with dramatically
polymict undulating clay-siltstone. The hydrothermal overprint is
breccia concordant with laminae orientation. Snail shells

embedded in matrix.



256-260 Siltstone Parallel laminated clay-siltstone alternating with
chaotically laminated clay-siltstone.

260.0-261.0* Siltstone Light-grey toned, parallel laminated clay-siltstone with
horizontal bedding. Different conformable zones can be
distinguished based on the faint mm scale undulations
associated with a darker tone. The grainsize is too small to

distinguish any individual mineralogy.

261.0-261.35* Only one 4cm thick small chunk of the depth extent is

preserved. At the base of the sample is a light grey-white
Interbedded

siltstone

toned section (~0.5cm thick) comprised of similarly gently
undulating, parallel laminated clay-siltstone described in
the dark toned unit above (260-261). The white undulating
siltstone alternates with ~0.5cm thick sections of massive

rhythmite

light bluish-grey clay. This alternating unit is
approximately 1.75cm thick. The upper 2.25cm thick

section of core is entirely comprised of massive clay.

261.35-261.80* Siltstone Weakly parallel laminated to massive, grey-white
claystone. The nature of transition from the previous unit is
unknown. Parallel lamination is faint and difficult to
distinguish - it also does not appear to be laterally
continuous. Parallel laminations are more visible in the

hole drilled for geophysics analyses.
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261.80-262.05* Siltstone Weakly parallel laminated, grey-white clay-siltstone. The
nature of transition from the previous unit is unknown. One
mm scale dark layer similar to what was observed in 260.0-
260.10 - undulations are absent throughout the entire
sample - except at the base where there appears to be some

undulating purple material.

262.05-262.6* Siltstone Weakly parallel laminated, white-grey, silt-claystone.
Some chunks of the core in the bag appear to contain
discordant, purple toned, wavy layers - although their
relationship to the core immediately surrounding it is
difficult to determine as they only exist in small cm scale
chunks. There are some very faint, weakly undulating,
discontinuous layers of laterally conformable dark
material. As observed with some of the chunks of core in
the bag - this lateral discontinuity may be related to the
purple toned material (possibly to the emplacement

mechanism?)

262.6-263.4* Fine Silt-sandstone - massive (?). It is difficult to tell the overall
sandstone  grainsize and structures present in this core as most of it is
tightly covered by a plastic, rubber casing, however it does

appear to be generally massive and comprised of clay.

263.4-264.2* Sandstone  Massive, light grey toned coarse silt-sand. The sand

contains polymict clasts comprise of 70% 0.5-2mm scale
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Fe-oxides and 30% white, amorphous specs (<1mm) - %

by total coverage of the surface area.

264.2-266.0* Laminated  Massive, coarse muddy siltstone with a small clast
sandstone  composition. Potentially cross laminated. Most of the clasts
are mm to sub mm scale and are comprised of dark black-
grey ameboid spots. There are three prominent cm scale
clasts: one sub-rounded glass clast with an Fe-oxide rim,
one subrounded, rimless white clast of amorphous material
with sub-mm scale black spots and one angular, green

possibly lithic clast with an Fe-oxide rim.

266-266.3* Medium The core is clast rich with a massive, light grey clay-
Sandstone  siltstone matrix. The clasts are polymict and are comprised
___________________________________________________ of mm to cm scale white, ameboid blobs that appear to be
derived from the dark black, glass clasts most of the
"fresher" black clasts are rimmed with a reddish -orange
Fe-oxide-like material. There is one ~1cm wide dark green

clast with a similar Fe-oxide rim to the black clasts.

266.3-266.6* Type 1 The core contains mostly mm scale clasts with light grey,
gravelstone /  siltstone comprising the matrix. 35% angular to ameboid
fine mm scale, black glass clasts; 35% white amorphous,
conglomerate  powdery, ameboid clasts. The rest of the clasts are cm scale
and have varying compositions. There are three white,
ameboid shaped ~1.5cm sized clasts with black specs, One

~3cm wide green-grey clast with a prominent black-red
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ring possibly made of Fe-oxides and one ~1cm wide likely
originally green clast, but heavily overprinted with Fe-
oxides so it's difficult to tell.

266.6-267.2* Conglomerate Prominent change in composition.... The only preserved
sample at 267.2m has a small amount of the light grey
siltstone comprising the matrix preserved. In this light grey
siltstone matrix, the black clasts are notably absent (or just
too fine grained to make out with the naked eye), but the
white, powdery amorphous clasts previously described

were abundant in mm to sub-mm scale.

The base of the sample appears to have fractured along a
contact with a ~7cm wide white-black clast that is
reminiscent of the basement gneissic material.

There is a prominent grey-green, angular, lithic clast that
appears to be surrounded by one light grey-brown
alteration halo and then a second dark brown alteration

halo

A fine, clast supported conglomerate comprises the upper
half of the sample. The conglomerate has very little matrix
but most of what it does have appears to be heavily altered.
There is a wide range of clast compositions that appear to
mostly consist of mm scale, angular to sub-angular clasts
with a brown-green overprint. The clast composition has a
small component of rounded to sub-angular, white pebbly,
lithic clasts and white amorphous, powdery material. The

matrix and overprint both have a light brown-green color.
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267.2-267.5*

Fine siltstone

/ claystone

Fine grained, parallel laminated silt-claystone with dark,

sub-mm scale, gently undulating bands

Massive

claystone

268.5-268.75*

Conglomerate

Prominent alteration feature with approximately the same
composition as what was observed in the 266.6-267.2
range, but without the conglomerate unit. There is a weakly

overprinted gneissic clast and little preserved matrix.

Massive

claystone

269.0-269.5*

Conglomerate

Coarse, blue-grey siltstone-clay matrix with abundant
polymict clasts 50% comprised of altered / overprinted
grey-green clasts and 45% white, amorphous, ameboid
shaped, powdery clasts - similar to what was observed in
Wor. 13.15-13.20. There is one prominent 3.5cm wide
basement-like clast with a dark brown-green alteration
halo.
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269.5-270*

Coarse
sandstone /

conglomerate

The clast composition and morphology of 269.5-270 is
approximately the same as 267.2-269.5 with a notable
increase in clasts overprinted with brown-orange Fe-
oxides. The matrix is significantly sandier and more

friable.

270-270.8*

Type 1

conglomerate

Coarse, blue-grey silty-clay matrix with abundant polymict
crystalline and sedimentary sub angular to angular clasts.
Coarsest clasts are heavily oxidized. Some white,
amorphous, ameboid shaped, powdery clasts. The lithic
clasts appear to be primarily felsic but have become very
powdery and friable due to weathering. Some lithic clasts
have a dark green overprint. Poorly sorted. Standard type 1

breccia.

270.8-271.5*

Massive
siltstone

Massive, coarse muddy siltstone with a small clasts
composition. Most of the clasts are mm to sub mm scale
and are comprised of dark black-grey flecks. There is one
prominent cm scale clasts: one sub-rounded glass clast with
an Fe-oxide rim. Similar to 264.2-266.

271.5-271.8*

Pervasively
altered

gravelstone

Coarse, green-grey silty-clay matrix with 65% mm scale
rounded to sub-angular black and 35% white clasts withe
the same clast morphology reminiscent of a pervasively
altered crater-fill suevite. There is a prominent black-
brown alteration feature although it is not preserved in
contact with the surrounding core. The green tone is likely

due to alteration.



271.8-272.7* Red / dark-  The core is highly friable and crumbled in a bag where
brown only a few cm scale pieces remain relatively intact. Most of
gravelly the core is comprised of an amorphous, dark-brown silty-
chunks of silt  clay material which makes up the matrix. Light green and
and clay white irregularly shaped clasts make up roughly 30% of the
total volume of the material although it is possible that the
white clasts may have been more prominent as they would
crumble out and be lost first. The green clasts appear to be
lithic, but overprinted with the green coloration and may
have been derived from basement material. One cm scale

black glass clast with white, powdery patches is preserved.

272.7-273.3* Light-brown  The core is highly friable and crumbled in a bag where
gravelly several cm scale fragments of clumped matrix and some
chunks of silt  clasts remain relatively intact. Most of the core is

and clay comprised of an amorphous, light-brown silty-clay
material which makes up the matrix. There are three main
clast compositions observed. The first is a white powdery
amorphous material with ranging sizes from mm to cm
scale and ranging shapes from rounded to sub-angular.
There are less abundant black, glassy clasts that follow the
same morphology as the white clasts and some mm to cm
scale, rounded to sub-rounded lithic clasts with a green-

brown overprint, possibly derived from basement material.

273.3-273.8* Type 1 Coarse, blue-grey silty-clay matrix with abundant polymict

conglomerate crystalline and sedimentary sub angular to angular clasts.
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Coarsest clasts are heavily oxidized. Some white,
amorphous, ameboid shaped, powdery clasts. The lithic
clasts appear to be primarily felsic but have become very
powdery and friable due to weathering. Some lithic clasts
have a dark green overprint. Poorly sorted. Standard type 1
breccia.

273.8-274.8* Sandy Massive, sandy siltstone, with ~5% surface coverage sub-

siltstone mm scale sub-rounded clasts comprised of 50% black

flecks, 45% white powders and 5% (one mm scale grain)
of subhedral calcite. There are some pockets on the surface
of the core where it fractured where it appears as though
some grains have been plucked out; these were possibly
calcite grains suggesting there was once a greater
abundance of them in this section of the core. There are

some minor brown weathering / Fe-oxide overprints

274.8-275.0* Weathered  Massive, light grey-white sandy-silt matrix with cm scale,
sandstone  ameboid shaped, interconnected, white powdery clasts with
a pinkish surficial overprint. In addition to the white
powdery material are individual dark black, and black and
white clasts - often observed with Fe-oxide alteration rims.
The clast sizes range from sub-mm to mm scale. There are
also a few flecks of the white powdery material in addition

to the sample wide, interconnected coverage.

275.0-275.8* Coarse Massive, light grey-white, highly friable silty-clay matrix

conglomerate with a single ~ 2.5cm wide, white powdery clast. There is a
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small dark brown alteration feature in contact with the
white clast and Fe-oxidation appears to be more prominent
as the crumbled core in the bag appears to have a higher
concentration of the orange-brown material. In addition to
the white powdery material are individual dark black, and
black and white clasts - often observed with Fe-oxide
alteration rims. The clast sizes range from sub-mm to mm
scale. There are also several flecks of the white powdery
material in addition to the sample wide, interconnected

coverage.

275.8-278.9* Massive Massive light grey toned claystone with no visible clasts or
claystone bedding - except for very rare metallic flecks - possibly
mica. The core has a rubber casing and appears to be

moderately friable.

278.9-279.5* Type 1 Coarse, blue-grey silty-clay matrix with abundant polymict
conglomerate crystalline and sedimentary sub angular to angular clasts.

Coarsest clasts are heavily oxidized. Some white,
amorphous, ameboid shaped, powdery clasts. The lithic
clasts appear to be primarily felsic but have become very
powdery and friable due to weathering. Some lithic clasts
have a dark green overprint. Poorly sorted. Standard type 1
breccia.

279.5-280.0* Type 1 Highly friable and crumbled material reminiscent of

conglomerate suevite. The matrix appears to have once been a light blue
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grey clay, but altered to a white-green powdery material.
There are white crystalline clasts with red-brown alteration

rims and a greenish overprint.

280-280.9 Finetype 1l  Coarse, blue-grey silty-clay matrix with abundant polymict

conglomerate crystalline and sedimentary sub angular to angular clasts.
Coarsest clasts are heavily oxidized. Some white,
amorphous, ameboid shaped, powdery clasts. The lithic
clasts appear to be primarily felsic but have become very
powdery and friable due to weathering. Some lithic clasts
have a dark green overprint. Poorly sorted. Clasts are
generally 1 cm diameter or less. Matrix is a more

prominent component than other type 1 breccias.

280.9-281.3 Massive silt- Massive grey-white silty claystone with two types of mm
claystone scale clasts. There are 50% clasts comprised of white
irregularly shaped amorphous material, 45% clasts
comprised of red, rounded Fe-oxides and 5% metallic mica
flecks

281.3-281.5 Type 2 Coarse, green-grey silty-clay matrix with 65% mm scale
gravelstone  rounded to sub-angular white and 35% black clasts withe
the same clast morphology as pervasively altered crater-fill
suevite. The green tone may be due to alteration.

281.5-282 Type 1 Coarse, blue-grey silty-clay matrix with abundant polymict
conglomerate clasts 10% comprised of altered / overprinted grey-green

in contact  clasts and 90% white, amorphous, sub-rounded, powdery
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with massive  clasts - similar to suevite transition in Wor 13.15-13.20, but
siltstone with predominantly white clasts. There are a few cm scales

basement-like clast with dark brown-green alteration rims.
There is a 3cm deep unit of massive clay with a very sharp
undulating contact with the overlying blue suevite-like
unit. There are some clasts at the base of the clay unit
suggesting it may transition back into the blue suevite-like
unit before progressing again into the green suevite unit

described previously.

282-282.20 Pervasively  Coarse, green-toned, suevite like material with a green-
altered coarse grey, silty clay matrix. The 30% surface area coverage of
conglomerate polymict clasts and green-grey / green-yellow tone are the

most striking features of this section of core. A prominent
deep green-brown, highly altered, irregularly shaped, cm
scale section of the core hosts ameboid, white powdery
clasts almost exclusively and also has what appears to be
dark, black glass clasts behaving like veins.

The clasts size ranges from mm to cm scale with 60% of
the clasts on a mm scale and 40% on a cm scale. The mm
scale clasts are comprised of mostly angular to sub-
rounded white powdery clasts that mostly appear to be
derived from the larger lithic clasts. Some look completely
made up of K-spar in some cases and biotite in others (both
with angular habits and occurring infrequently with biotite
occurring the least frequently. The cm scale clasts are
mainly shocked, lithic clasts derived from basement

material and in some cases are completely altered out.
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Most have a dark brown alteration rim. The other cm scale
clasts are either comprised of a white amorphous powder
or a dark, black powdery material.

282.20-282.30 Type 1 Coarse, green-grey silty-clay matrix with 65% mm scale
gravelstone  rounded to sub-angular white and 35% black clasts withe

the same clast morphology reminiscent of a pervasively

altered crater-fill suevite. The green tone may be due to

alteration.

282.30-283.5 Coarse Coarse, blue-grey silty-clay matrix with some polymict
sandstone/  clasts 10% comprised of altered / overprinted grey-green
conglomerate clasts and 10% white, amorphous, ameboid shaped,
powdery clasts. There are multiple cm scale basement-like
clast with dark brown-green alteration rims. The material is

highly friable and is covered in a rubber casing.

283.5-283.6 Coase The material appears to be mostly comprised of sand with
sandstone  some influences of suevite in the composition of the
polymict mm scale clasts that appear often only marginally
larger than the matrix material. The matrix is comprised of
a light grey-brown fine sand. The sub-mm scale polymict

clasts have a roughly 40% surface area coverage and are
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comprised of 50% white powdery, angular to sub-angular
flecks, 30% powder rounded black flecks, 5% mm scale
angular biotite, 10% red, weathered (?) Fe-oxide clasts and

5% angular K-spar

283.6-284.4 Coarse Massive light grey toned claystone with no visible clasts or
sandstone /  bedding - except for very rare metallic flecks - possibly
conglomerate mica. The core has a rubber casing and appears to be
moderately friable.

284.4-284.75 Massive Massive light grey toned siltstone with no bedding or clasts
siltstone other than rare mm scale ameboid shaped, white

amorphous material

284.75-285.60 Type 1 Mostly comprised of sand with some influences of suevite
gravelstone in the composition of the polymict mm scale clasts with

rare cm scale basement derived clasts with a green
overprint and brown rim. The matrix is comprised of a
light grey-brown fine sand. The sub-mm scale polymict
clasts have a roughly 40% surface area coverage and are
comprised of 50% white powdery, angular to sub-angular
flecks, 30% powder rounded black flecks, 5% mm scale
angular biotite, 10% red, weathered (?) Fe-oxide clasts and

5% angular K-spar

285.60-285.70 Fine Massive light grey toned sandstone with no bedding or
sandstone /  grading, but does contain polymict clasts ranging in size

conglomerate  with two dominant compositions. Sizes range from sub-
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mm to cm scale with the two compositions being white

amorphous material and reddish-brown oxidized material.

285.70-286.40 Type 1 Mostly comprised of sand with some influences of suevite
gravelstone  in the composition of the polymict mm scale clasts with

rare cm scale basement derived clasts with a green
overprint and brown rim. The matrix is comprised of a
light grey-brown fine sand. The sub-mm scale polymict
clasts have a roughly 40% surface area coverage and are
comprised of 50% white powdery, angular to sub-angular
flecks, 30% powder rounded black flecks, 5% mm scale
angular biotite, 10% red, weathered (?) Fe-oxide clasts and

5% angular K-spar

286.4-287 Massive Massive light grey toned sandstone with no bedding or
sandstone  clasts other than rare mm scale ameboid shaped, white

amorphous material

287-287.30 Type 1 Suevite-like material with a blue-grey toned, clay matrix
gravelstone /  with a 50% clast coverage comprised of polymict clasts
conglomerate  with a range of compositions and sizes. 25% cm scale,

subrounded basement clast with light green overprint and
no brown rim, 35% ameboid shaped white, cm and mm
scale, powdery clasts, 15% cm scale, angular basement
clasts with no overprint or rim, 10% dark black biotite
flecks, 5% angular mm scale K-spar, 10% angular Fe-

oxides
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287.30-288.4 Massive Massive light grey toned siltstone with no bedding or clasts
siltstone other than rare mm scale ameboid shaped, white

amorphous material

288.4-288.55 Massive Massive grey toned siltstone with no bedding or clasts
siltstone other than rare mm scale ameboid shaped, white
amorphous material *** |t may have some
bedding that is exaggerated by the coating on the core,
which may imply it has some undulating laminations or

possible ripples (?)*** difficult to say.

288.55-289.9 Type 1 The material appears to be mostly comprised of sand with

gravelstone /  some influences of suevite in the composition of the

conglomerate  polymict mm scale clasts with rare cm scale basement
derived clasts with a green overprint and brown rim. The
matrix is comprised of a light grey-brown fine sand. The
sub-mm scale polymict clasts have a roughly 40% surface
area coverage and are comprised of 50% white powdery,
angular to sub-angular flecks, 30% powder rounded black
flecks, 5% mm scale angular biotite, 10% red, weathered

(?) Fe-oxide clasts and 5% angular K-spar

289.9-290 Type 2 Coarse, green-grey silty-clay matrix with 65% mm scale
conglomerate rounded to sub-angular white and 35% black clasts withe
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the same clast morphology like a pervasively altered crater-

fill suevite. The green tone may be due to alteration.

290-290.2 Sandy Moderately friable, light grey, sandy siltstone with
siltstone abundant sub-mm scale black and white (45%/45%)

rounded to sub-angular clasts and 10% sub-mm scale Fe-

290.2-293.2 Type 1 Coarse, green-grey silty-clay matrix with 65% mm scale
gravelstone /  rounded to sub-angular white and 35% black clasts with
type 2 the same clast similar morphology to that of a pervasively
conglomerate altered crater-fill suevite. The green tone may be due to

alteration.

293.2-296.0 Massive Massive, light-grey clay-siltstone with abundant white,
siltstone with  sub-mm, angular to rounded powdery spots - same material
mm pyrite  also observed filling a sub-mm wide fracture extending for
~4cm across the width of the core. Abundant (and only
occurrence) black, ameboid clasts (pyrite) with a sharp
boundary between the clast and the matrix.

296.0-298.3 Weathered  Friable and crumbly material reminiscent of suevite. The
type 1 matrix is a light blue-grey clay. There are white clasts with
conglomerate red-brown alteration rims and a greenish overprint
suggesting that they were once the lithic basement derived
clasts documented previously but have since been broken

down and have become crumbly.
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298.3-298.5 Type 1 Light grey, sandy silt matrix with 40% clast coverage of
gravelstone  the surface area. Clasts are mm scale with some reaching
low cm scale. Compositions include: 50% white
amorphous material, 20% black angular to sub-rounded
clasts rarely occurring with green-brown overprints, 25%
angular, lithic clasts, 5% angular K-spar

298.5-300 Type 2 Darkish grey clay-silt matrix with 30% clast coverage of
conglomerate the surface area on mm to low cm scales. Compositions
include: 30% white amorphous material, 25% black
angular to sub-rounded clasts commonly occurring with
green-brown overprints, 30% angular, lithic clasts, 15%

ameboid, black, glassy clasts

300-300.4 Coarse type 1  Light grey toned, clay matrix suevite with 30% clast
conglomerate coverage - mostly due to the few large 2-5cm wide clasts

as there are a relatively small amount of mm to sub-mm
scale clasts. The cm scale clasts consist of 50% unaltered
gneissic clasts and 30% 2cm sized, heavily altered gneissic
clasts with a green overprint and a brown-orange alteration
rim - some are completely overprinted with Fe-oxides,
whereas others (20%) consist of a white amorphous
powdery material. The sub-mm scale clasts consist of 50%
white angular to sub-rounded, amorphous, white powdery
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clasts, 25% black, powdery sub-rounded clasts, and 25%

lithic clasts containing some K-spar and possibly gneiss

300.4-310 Pervasively  Darkish green-grey clay-silt matrix with 30% clast
altered type 2 coverage of the surface area on mm to low cm scales.
conglomerate  Compositions include: 30% white amorphous ameboid

clasts, 15% black angular to sub-rounded clasts, 40%
angular, lithic clasts commonly occurring with green-
brown overprints and sometimes almost completely
weathered out, 15% angular, harder than nail, black clasts
with sub-mm scale subhedral K-spar and calcite - these
were probably present in other similar rocks but were not
noticed in hand sample - picture: 20170630 030534 1

310-311 Massive Massive sandstone with a light grey clay sand matrix. The
sandstone  clasts exclusively consist of angular to subrounded,
sometimes ameboid shaped, powdery white clasts of
amorphous material. There are abundant sub-mm scale tiny
black specs that could be micas and faint, wavy, reddish-
brown oxidation features visible on the side of the core that
appear to be associated with a concentration of the white

clasts with coarser material.

311-311.5 Pervasively  Grey clay-silt matrix with 30% clast coverage of the
altered type 2 surface area on mm to low cm scales. Compositions
conglomerate include: 15% white amorphous angular to sub-rounded

clasts, 15% black angular to sub-rounded clasts, 55%
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angular, lithic clasts usually occurring with green-brown
overprints and sometimes almost completely weathered
out, 15% angular, harder than nail, black clasts with sub-

mm scale subhedral K-spar and calcite.

311.5-316 Massive White-brown sandy-silt material with bright micaceous

siltstone with  flecks <1lmm across. There is a prominent, white
Top of the graded

unit (314 -331 m)

ameboid sedimentary clasts with irregular shapes and sharp contacts
(white) sandy  with the matrix material. These clasts appear to have very

clasts (?) faint undulating layering conforming lengthwise.

316-316.3 Pervasively  Grey clay-silt matrix with 30% clast coverage of the
altered surface area on mm to low cm scales. Compositions
breccia include: 15% white amorphous angular to sub-rounded

clasts, 15% black angular to sub-rounded clasts, 55%
angular, lithic clasts usually occurring with green-brown
overprints and sometimes almost completely weathered
out, 15% angular, harder than nail, black clasts with sub-

mm scale subhedral K-spar and calcite

316.3-318 Massive Somewhat friable sandstone with a light grey clay sand
siltstone with  matrix. There are no visible clasts or layering, but there are
ameboid (red) abundant sub-mm scale tiny black specs that could be

sandy clasts  micas and faint, wavy, reddish-brown oxidation features

(?) visible on the side of the core and on the cut face

318-318.5 Massive silt-  Grey silt-sand matrix with 30% clast coverage of the
sand matrix  surface area on mm to low cm scales. Compositions
include: 15% white amorphous angular to sub-rounded
clasts, 15% black angular to sub-rounded clasts , 55%

angular, lithic clasts usually occurring with green-brown
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overprints and sometimes almost completely weathered
out, 15% angular, harder than nail, black clasts with sub-
mm scale subhedral K-spar and calcite

318.5-318.9 Cross Somewhat friable, light grey, medium sandstone with a
laminated (?) light grey clay sand matrix. There are no visible clasts or
fine layering, but there are abundant sub-mm scale tiny black
sandstone  specs that could be micas as well as similarly sized and
shaped white specs.

318.9-319.4 Fine Sharp contact between an unpreserved shale unit and the
sandstone /  sandstone* The shale is blue-grey with only minor parallel
shale? laminations with slight undulations visible in hand sample.
The sandstone is medium grained, somewhat friable, light
grey, sandstone and has a light grey clay sand matrix.
There are rare mm scale sub-angular clasts of what

amorphous material and faint parallel lamination.

319.4-320 Medium Somewhat friable, light grey-green, medium sandstone
sandstone  with a light grey clay sand matrix. There are no visible
clasts or layering, but there are abundant sub-mm scale tiny
black specs that could be micas as well as similarly sized

and shaped white specs.

320-322 Medium Coarse, friable, clast-rich sandstone with abundant sub-mm
sandstone to mm scale clasts and rare cm scale clasts. The sub-mm to

mm clasts are by total surface area coverage comprised of
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50% white, angular to sub-rounded, powdery material,

35% black, angular to sub-angular, flaky clasts (possibly
biotite in some cases), 10% white and black, angular,
powdery remnants of the shocked basement and 5%
angular K-spar grains. The cm scale clasts are comprised of
70% altered black clasts with prominent green and brown
alteration rims, and 30% white, angular powdery casts -

possibly remnants of the shocked basement.

322-322.1 Conglomerate Coarse, green-toned, suevite like gravelstone / fine matrix
supported conglomerate. Pink-grey, silty clay matrix. The
30% surface area coverage of polymict clasts and pink-
grey / yellow-grey color.

The clasts size ranges from mm to cm scale with 60% of
the clasts on a mm scale and 40% on a cm scale. The mm
scale clasts are comprised of mostly angular to sub-
rounded white powdery clasts that mostly appear to be
derived from the larger lithic clasts. Some look completely
made up of K-spar in some cases and biotite in others (both
with angular habits and occurring infrequently with biotite
occurring the least frequently. The cm scale clasts are
mainly shocked, lithic clasts derived from basement
material and in some cases are completely altered out.
Most have a dark brown alteration rim. The other cm scale
clasts are either comprised of a white amorphous powder

or a dark, black powdery material.
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322.1-323.0 Coarse Coarse, friable, light brown, clast-rich sandstone with
sandstone  abundant sub-mm to mm scale clasts and rare cm scale

clasts. The sub-mm to mm clasts are by total surface area
coverage comprised of 50% white, angular to sub-rounded,
powdery material, 35% black, angular to sub-angular, flaky
clasts (possibly biotite in some cases), 10% white and
black, angular, powdery remnants of the shocked basement
and 5% angular K-spar grains. The cm scale clasts are
comprised of 70% altered black clasts with prominent
green and brown alteration rims, and 30% white, angular
powdery casts - possibly remnants of the shocked basement

or linked to de-gassing pipes

323.0-324 Coarse Coarse, friable, green-light brown, clast-rich sandstone
sandstone  with abundant sub-mm to mm scale clasts and rare cm

scale clasts. The sub-mm to mm clasts are by total surface
area coverage comprised of 50% white, angular to sub-
rounded, powdery material, 35% black, angular to sub-
angular, flaky clasts (possibly biotite in some cases), 10%
white and black, angular, powdery remnants of the shocked
basement and 5% angular K-spar grains. No significant

clasts with alteration rims.

324-325.2 Coarse Coarse, green-blue clay matrix with 65% mm scale

gravelstone  rounded to sub-angular white and 30% black clasts withe
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the same clast morphology and 5% angular, K-spar clasts,
like a pervasively altered crater-fill suevite. The green tone
in previous samples was attributed mainly to the matrix,
but in this case the matrix appears to be more blue,
suggesting the green tone maybe a result of the high overall

clast content - each with varying degrees of alteration.

325.2-326 Pervasively  Light, brown-grey toned suevite with common cm scale
altered dark-brown altered clasts and some angular green-black
conglomerate clasts. Some K-spar appears to be present in the lithic -
/ coarse basement like clasts - most of the brown, altered clasts are

gravelstone  completely weathered out.

326-328.2 Pervasively  Dark-brown-green weathered suevite.
altered The matrix is amorphous - clay-like and has a fluid

conglomerate appearance. There is an approximate clast coverage of 60%
with a range of 20% sub-mm scale to 40% cm scale clasts.
Sub-mm clast composition: 45% lithic clasts with varying
%compositions of K-spar, pyroxenes and Hbl, 30%
powdery, irregularly shaped - sometimes squiggly, white
amorphous material. 25% black clasts - difficult to tell
whether glassy or mica at this scale
The cm scale clasts have varying degrees of alterations
with a brown-green overprint - most appear to be gneissic-
granitic in composition with varying amounts of K-spar,

pyroxenes and Hbl



328.2-329.4 Pervasively — Dark-brown-green weathered suevite - same overall
altered composition, but this section has a significantly higher

conglomerate  %cm scale clasts (70%)

329.4-330 Pervasively  Clay-rich grey-brown matrix with several heavily altered
altered and overprinted clasts - the clasts and matrix are a roughly
conglomerate  uniform colour. Rare well rounded clasts in contact without
surrounding fines - may be related to the degassing pipe

documented previously.

330-332 Coarse Dark-brown-green weathered suevite - same overall
conglomerate composition, but this section has a significantly higher

%cm scale clasts (70%)

332-334 Melt-bearing  Light, brown-grey toned suevite with common cm scale
breccia dark-brown altered clasts and some angular green-black
(crater-fill  clasts. Some K-spar appears to be present in the lithic -
suevite) basement like clasts - most of the brown, altered clasts are

completely weathered out.

334-334.6 Melt-bearing  Dark-brown-green weathered suevite.
breccia The matrix is amorphous - clay-like and has a fluid
(crater-fill  appearance. There is an approximate clast coverage of 60%

suevite) with a range of 20% sub-mm scale to 40% cm scale clasts.
Sub-mm clast composition: 45% lithic clasts with varying
%compositions of K-spar, pyroxenes and Hbl, 30%
powdery, irregularly shaped - sometimes squiggly, white
amorphous material. 25% black clasts - difficult to tell

whether glassy or mica at this scale
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The cm scale clasts have varying degrees of alterations
with a brown-green overprint - most appear to be gneissic-
granitic in composition with varying amounts of K-spar,

pyroxenes and Hbl

Appendix C: Preliminary uXRD results and In-Situ X-Ray
Diffraction (ISXRD) Research Contributions.

Appendix C contains the sample descriptions submitted in contribution to the “In-Situ X-
ray diffraction (ISXRD) for exploring mineralogy and geology of Mars” research project
(Flemming et al., 2020). Current contributions comprise samples obtained from the
Wornitzostheim drill core sampled from just beyond the edge of the Ries central basin. The
samples contributed for this study and preliminary results, where possible, are summarized

below.
Appendix C.1: Pink-toned melt-bearing breccia (Unit 15)

Sample Name: RW32

Figure. C.1.1: (A) Core sample of impact melt-bearing breccia from a depth of
approximately 32 m in the Warnitzostheim drill core. (B) Spots are selected from a thin
section offcut of RW32 for clay-rich matrix, and different types of glass.
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Figure. C.1.2: uXRD diffraction pattern with shown with a context image of the “Matrix
17 target material from RW32 and the accompanying GADDS image. Phase identification
as shown was conducted using the peak-match function in the DIFFRAC.EVA software
package using the International Center for Diffraction Data (ICDD) mineral database.
Estimation of clay mineral phases here were used as a guide and not were intended for full

clay mineral identification.
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Figure. C.1.3: uXRD diffraction pattern with shown with a context image of the “Matrix
2” target material from RW32 and the accompanying GADDS image. Phase identification
as shown was conducted using the peak-match function in the DIFFRAC.EVA software
package using the International Center for Diffraction Data (ICDD) mineral database.
Estimation of clay mineral phases here were used as a guide and not were intended for full

clay mineral identification.
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Figure. C.1.4: uXRD diffraction pattern with shown with a context image of the “Black

2Theta WL=1.78897

Glass” target material from RW 32 and the accompanying GADDS image. Phase
identification as shown was conducted using the peak-match function in the
DIFFRAC.EVA software package using the International Center for Diffraction Data
(ICDD) mineral database. Estimation of clay mineral phases here were used as a guide and

not were intended for full clay mineral identification.
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Figure. C.1.5: pXRD diffraction pattern with shown with a context image of the “Red
Glass” target material from RW32 and the accompanying GADDS image. Phase
identification as shown was conducted using the peak-match function in the
DIFFRAC.EVA software package using the International Center for Diffraction Data
(ICDD) mineral database. Estimation of clay mineral phases here were used as a guide and

not were intended for full clay mineral identification.
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Appendix C.2: Grey-toned melt-bearing breccia (Unit 14)

Sample Name: RW22

1cm

Figure. C.2.1: (A) Core sample of impact melt-bearing breccia from a depth of
approximately 22 m in the Waérnitzostheim drill core. (B) Spots are selected from a thin
section offcut of RW22 for clay-rich matrix, and impact glass. Phase identification as
shown was conducted using the peak-match function in the DIFFRAC.EVA software
package using the International Center for Diffraction Data (ICDD) mineral database.
Estimation of clay mineral phases here were used as a guide and not were intended for full

clay mineral identification.
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Figure. C.2.2: uXRD diffraction pattern with shown with a context image of the “Matrix”
target material from RW22 and the accompanying GADDS image Phase identification as
shown was conducted using the peak-match function in the DIFFRAC.EVA software
package using the International Center for Diffraction Data (ICDD) mineral database.
Estimation of clay mineral phases here were used as a guide and not were intended for full

clay mineral identification.
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Figure. C.2.3: uXRD diffraction pattern shown in Fig. C.2,2 with a focus on the 52-76 °26
range to highlight possible d(060) reflections from clay minerals in the target (RW22).
Results are consistent with dioctahedral smectitic clay minerals. Phase identification as
shown was conducted using the peak-match function in the DIFFRAC.EVA software
package using the International Center for Diffraction Data (ICDD) mineral database.
Estimation of clay mineral phases here were used as a guide and not were intended for full

clay mineral identification.
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Figure. C.2.4: uXRD diffraction pattern with shown with a context image of the “Glass 1”
target material from RW 32 and the accompanying GADDS image. Phase identification as
shown was conducted using the peak-match function in the DIFFRAC.EVA software
package using the International Center for Diffraction Data (ICDD) mineral database.
Estimation of clay mineral phases here were used as a guide and not were intended for full

clay mineral identification.
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Appendix C.3: Weathered breccia (Unit 13)

Sample Name: RW19

Fig. C.3.1: (A) Core sample of weathered breccia from a depth of approximately 19 m in
the Warnitzostheim drill core. (B) Spots are selected from a thin section offcut of RW19

for clay-rich matrix.
Appendix C.4: Conglomerate (Unit 11)

Sample Name: RW16.16

Fig. C.4.1: (A) Core sample of weathered breccia from a depth of approximately 16.2 m in
the Wornitzostheim drill core. (B) Spots are selected from a thin section offcut of RW16.16

for clay-rich matrix.
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Appendix C.5: Conglomerate (Unit 11, Fig. C,1)

Sample Name: RW14.33

Fig. C.5.1: (A) Core sample of weathered breccia from a depth of approximately 14.3 min
the Warnitzostheim drill core. (B) Spots are selected from a thin section offcut of Rw14.33

for clay-rich matrix.
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