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Program and Abstracts
Saturday, September 28, 2019
9:30 a.m.

Institute of Geosciences

9:30 a.m.

Institute of Geosciences

Workshop: Electron Backscatter Diffraction (EBSD)
and Geochronology
Workshop: Recognition of Impact Structures and Ejecta Layers
on Earth — Shock Metamorphism in Rocks and Minerals – Day One

Sunday, September 29, 2019
9:30 a.m.

Institute of Geosciences

3:00 p.m.

FINATEC Center

7:30 p.m.

Sallva Restaurant

Workshop: Recognition of Impact Structures and Ejecta Layers
on Earth — Shock Metamorphism in Rocks and Minerals – Day
Two Registration for Large Meteorite Impacts and Planetary
Evolution VI Conference
Welcome Function

Monday, September 30, 2019
9:00 a.m.
3:00 p.m.

FINATEC Auditorium
FINATEC Auditorium

5:30 p.m.

FINATEC Poster Gallery

Impact Cratering and Complex Impact Structures
Special Session: Impact Cratering on Lunar and Planetary Bodies, and
Effects on Their Evolution
Poster Session: Impact Cratering and Planetary Evolution

Tuesday, October 1, 2019
9:00 a.m.
2:00 p.m.

FINATEC Auditorium
FINATEC Auditorium

Special Session: Distal Impact Ejecta: Processes and Products
Perspective on Large Impact Cratering Studies and Evolution of Life

Wednesday, October 2, 2019
9:00 a.m.
2:50 p.m.

FINATEC Auditorium
FINATEC Auditorium

7:30 p.m.

Coco Bambu Restaurant

Special Session: The Chicxulub Impact Event and the K‐Pg Boundary
Formation and Evolution of Impact Melt, in General, and Impact
Melt Sheets
Conference Banquet

Thursday, October 3, 2019
9:00 a.m.

FINATEC Auditorium

12:10 p.m.

FINATEC Auditorium

Special Session: Shock Wave/Material Interactions:
to Experiment
Impactites: From Proximal to Distal

From Nature

WORKSHOP: ELECTRON BACKSCATTER DIFFRACTION (EBSD)
AND GEOCHRONOLOGY
Saturday, September 28, 2019
8:30 a.m.
Institute of Geosciences
Chair: Aaron Cavosie, Erin L. Walton, Timmons M. Erickson, Gavin G. Kenny
Times
Authors (*Denotes Presenter)
Abstract Title and Summary
8:15 a.m.
Buses Depart St. Moritz Hotel for Institute of
Geosciences (UnB)
8:30 a.m.
Workshop Registration with Coffee/Tea Service
Introduction to New Geochronology and Microstructural Methods
9:30 a.m.
Cavosie A. J. *
Getting Started with EBSD: Samples, Preparation,
Instruments, Analysis
10:00 a.m.
Erickson T. M. *
Revealing Shock Deformation Microstructures with
EBSD Analysis
10:30 a.m.
Kenny G. G. *
An Overview of State‐of‐the‐Art Techniques in U‐Pb
Geochronology of Shocked Accessory Phases
11:00 a.m.
Coffee Break and Discussion
Applications I: Microstructural March of Phospates
11:30 a.m.
Cox M. A. *
Cavosie A. J.
Shock‐Deformation Microstructures in Xenotime from the
Polechau M.
Kenkmann T.
Spider Impact Structure, Western Australia [#5092]
Bland P. A.
Miljković K.
High‐resolution electron backscatter diffraction (EBSD) is used
to characterize shock‐deformation microstructures in the
mineral xenotime.
11:55 a.m.
Erickson T. M. *
Shocked Monazite: An Impact Barometer
and Geochronometer [#5109]
This abstract presents a summary of the current state of the
art microstructural analyses and in situ U‐Pb geochronology of
shock deformed monazite.
12:20 p.m. Kenny G. G. *
Microstructural Analysis of Shocked Apatite from the Paasselkä
Impact Structure, Finland [#5073]
Microstructural analysis of shocked apatite reveals shock‐
recrystallization and crystal‐plastic deformation textures;
future work should integrate EBSD with U‐Pb analysis and
measurements of volatile abundances and
isotopic compositions.
12:45 p.m.
Lunch and Discussion
Applications II: Geochronology and Microstructure of shocked Accessory Minerals
2:00 p.m.
Cavosie A. J. *
Mineral Transformations Unraveled Using Electron
Backscatter Diffraction [#5071]
This abstract describes the use of electron backscatter
diffraction (EBSD) to identify the former presence of high‐
pressure and high‐temperature polymorphs that form briefly
during impact events.
2:25 p.m.
Herrmann M. *
Martell J.
SIMS U‐Pb Dating and EBSD Structural Analyses of Granular
Alwmark C.
Whitehouse M. J.
Zircon from the Mien Impact Structure, Sweden [#5022]
SIMS U‐Pb spot dating and ion imaging combined with EBSD
structural analyses were carried out on granular zircon grains
from the Mien impact structure to see to what extent the U‐Pb
experienced a reset and is there any link to the Mien
impact event.
2:50 p.m.
McGregor M. *
In Situ Multiphase LA‐ICP‐MS U‐Pb Geochronology of
McFarlane C. R. M.
Spray J. G.
Terrestrial Impact Structures [#5100]
Application of in situ LA‐ICP‐MS U‐Pb geochronology provides
a new technique for dating impact structures using impact‐
melt bearing breccias, and provides insights into the isotope
systematics of apatite, titanite and zircon.
3:15 p.m.
Coffee Break and Discussion

Applications III: More Microstructural Madness
3:45 p.m.
Kovaleva E. *
Zamyatin D.
Leroux H.

4:10 p.m.

Walton E. L. *

4:35 p.m.

Tielke J. *
Peslier A. H.
Chistoffersen R.
Erickson T.
Cintala M.
Cline C.

5:00 p.m.
5:30 p.m.

Timms N. E.

Twisted Kink Bands: New Shock Deformation Microstructure
in Zircon from the Vredefort Impact Structure [#5056]
We present a new type of impact‐related deformation
microstructure in zircon from the Vredefort impact structure.
Unusual pointed deformation bands with twisted internal
structure are described using a combination of
microscopic techniques.
Complexities in Calcite Textures Revealed: A Combined
Electron Backscatter Diffraction, X‐Ray Fluorescence, Electron
Microscopy and Raman Spectroscopy Study of Steen
River Impactites [#5033]
Using an array of analytical techniques, calcite in impact melt
bearing breccias from Steen River were investigated. EBSD
mapping reveals complexities in calcite textures; apparent
carbonate impact melt are shown be to replacement textures.
Calculation of Dislocation Densities in Shocked Minerals Using
Electron Backscatter Diffraction [#5121]
We will discuss the protocol, applications, and limitations of
using electron backscatter diffraction to calculate densities of
geometrically necessary dislocations in shocked terrestrial and
planetary material.
Final Remarks and Discussion
Buses Depart Institute of Geosciences (UnB) for St.
Moritz Hotel

WORKSHOP: RECOGNITION OF IMPACT STRUCTURES AND EJECTA LAYERS
ON EARTH — SHOCK METAMORPHISM IN ROCKS AND MINERALS
Saturday, September 28, 2019
RECOGNITION OF IMPACT STRUCTURES AND EJECTA LAYERS ON EARTH WORKSHOP: DAY ONE
8:30 a.m.
Institute of Geosciences
Chairs: Ludovic Ferrière and Michael Poelchau
Times
Authors (*Denotes Presenter)
Abstract Title and Summary
8:15 a.m.
Buses Depart St. Moritz Hotel for Institute of
Geosciences (UnB)
8:30 a.m.
Workshop Registration with Coffee/Tea Service
9:30 a.m.
Ferrière L. *
Welcome Words and Logistics
9:40 a.m.
Rae A. S. P. *
Shock Physics for Geoscientists
10:00 a.m.
Ferrière L. *
Requirements for the Confirmation of an Impact Structure
and/or an Ejecta Layer on Earth
10:10 a.m.
Ferrière L. *
Current Status of the Terrestrial Impact Record – Impact
Structures and Ejecta Layers
10:30 a.m.
Baratoux D. *
Reimold W. U.
Shatter Cones — Diagnostic Fractures for
Impact Structures [#5020]
Shatter cones are the only accepted meso‐ to macroscopic
recognition criterion for impact structures. We will present a
chart for the identification of shatter cones in the field, and for
reporting their findings in scientific publications.
11:00 a.m.
Coffee Break with Hands‐on Shatter Cone and “Pseudo‐Shatter
Cone” Specimens
11:30 a.m.
Poelchau M. *
Shock Effects in Quartz: An Overview
12:05 p.m. Ferrière L. *
Rajpriye S.
Characterization of Shocked Quartz Grains in Sandstone from
Sapozhnikov P.
the Shiyili Impact Structure (Kazakhstan) [#5119]
Baimagambetov B.
Petrographic analysis of 15 samples collected at the Shiyili
impact structure is presented. The studied samples
experienced in general relatively low shock pressures, with a
peak shock pressure of at least 20 GPa.
12:25 p.m. Cox M . A. *
Cavosie A. J.
Confirmation of the Yallalie Impact Structure in Western
Ferrière L.
Timms N. E.
Australia: Shocked Quartz in Polymict Impact Breccia [#5091]
Bland P. A.
Miljković K.
Confirmation of a new impact structure in Western Australia.
Erickson T. M.
Hess B.
Identification and indexing of Planar deformation features and
planar fractures in quartz from impact breccia.
12:45 p.m.
Lunch and Discussion
2:00 p.m.
Gibson R. L. *
Science, Opinion, and Serendipity – What a Century of Research
in the Vredefort Dome Can Teach us About Identifying an
Impact Structure [#5123]
Understanding of the impact origin of the Vredefort Dome
evolved over several decades in tandem with multiple global
scientific and technological breakthroughs, and through linking
of results from widely diverse disciplinary fields.
2:20 p.m.
Rae A. S. P. *
Practical Experiences of Shock Barometry [#5060]
Shock barometry is an important method in impact cratering
research. Here, I will review a number of recent studies that
have used shock barometry. I will also describe some practical
considerations and limitations of the method.
2:40 p.m.
Ferrière L. *
A Summary on the Different Methods That Can be Used to
Detect and to Characterize Shock Effects in Minerals
3:00 p.m.
Optical Microscope Lab – Session 1
5:30 p.m.
Buses Depart Institute of Geosciences (UnB) for St. Moritz
Hotel

Sunday, September 29, 2019
RECOGNITION OF IMPACT STRUCTURES AND EJECTA LAYERS ON EARTH WORKSHOP: DAY TWO
9:00 a.m.
Institute of Geosciences
Chair: Ludovic Ferrière and Michael Poelchau
Times
Authors (*Denotes Presenter)
Abstract Title and Summary
8:30 a.m.
Buses Depart St. Moritz Hotel for Institute of
Geosciences (UnB)
9:00 a.m.
Registration/Coffee and Tea Service
9:30 a.m.
Pickersgill A. E. *
Shock Effects in Feldspar: An Overview [#5086]
The feldspar group minerals display a range of shock
metamorphic effects from fracturing, kinking, and mosaicism,
to formation of planar features, amorphization, and melting.
9:55 a.m.
Folco L. *
Kamil Crater (Egypt): A Type‐Structure for Small‐Scale Impact
on Earth [#5034]
I will overview 10 years of research on the 45‐m‐diameter
Kamil crater (Egypt), from field work to laboratory
investigations, with an emphasis on the potential of Kamil
Crater studies in furthering our understanding of small impact
craters on Earth.
10:15 a.m.
Schulze T.
Kenkmann T. *
Douglas Impact Crater Strewn Field, WY, USA: A
Poelchau M. H.
Sundell K. A.
Progress Report [#5036]
Cook D.
The 280 Myr old Douglas crater strewn field was discovered in
2018. We found PDFs and PFs in 14 of the more than 40 crater
depressions ranging from 16–100 m diameter. The minimum
size of the crater strewn field has enlarged to 6.9 x 12.8 km.
10:35 a.m.
Optical Microscope Lab – Session 2
12:45 p.m.
Lunch and Discussion
2:00 p.m.
Rochette P. *
Alac R.
Beck P.
Proving a Large Recent Impact Crater in Tropical Humid
Brocard G.
Cavosie A. J.
Climate (Pantasma Crater Case): Not an Easy Task
Debaille V.
Devouard B.
Without Drilling! [#5039]
Jourdan F.
Mougel B.
The circa 14 km diameter Pantasma circular structure in
Moustard F.
Moynier F.
Oligocene volcanic rocks in Nicaragua has recently been
Nomade S.
Osinski G. R.
published as a new impact crater. We will discuss why it was
Reynard B.
Cornec J.
not an easy task to bring the demonstration of its
impact origin.
2:20 p.m.
Drake S. M. *
Beard A. D.
Ground Truthing the Paleocene Meteorite Impact on the Isle of
Jones A. P.
Brown D. J.
Skye, NW Scotland, Using Macro and
Guyett P.
Microscale Evidence [#5062]
The presence of impacted minerals together with unmelted
parts of the impactor in the same samples are extremely rare
in the geological record. We detail such a scenario from the
Paleocene, Isle of Skye, NW Scotland meteorite impact event.
2:40 p.m.
Discussion on How to Search and Confirm Impact Structures
and Ejecta Layer on Earth and Concluding Remarks
3:00 p.m.
Buses Depart Institute of Geosciences (UnB) for FINATEC
Center

LARGE METEORITE IMPACTS AND PLANETARY EVOLUTION VI
Sunday, September 29, 2019
3:00 p.m.
FINATEC Center
Times
2:45 p.m.
Buses Depart St. Moritz Hotel for FINATEC
3:00 p.m.
Registration for Large Meteorite Impacts and Planetary
Evolution VI Conference at FINATEC with Refreshments
Note that speakers for Monday morning, September 30,
2019, must hand in their talks in the designated Speaker‐
Ready Room during this registration period.
5:30 p.m.
Buses Depart FINATEC for St. Moritz Hotel
7:00 p.m.
Buses Depart St. Moritz Hotel for the Welcome Function at
Sallva Restaurant
7:30 p.m.
Welcome Function
10:30 p.m.
Buses Depart Welcome Function for St. Moritz Hotel
Monday, September 30, 2019
IMPACT CRATERING AND COMPLEX IMPACT STRUCTURES
9:00 a.m.
FINATEC Auditorium
Chairs: Roger Gibson and Thomas Kenkmann
Times
Authors (*Denotes Presenter)
Abstract Title and Summary
8:30 a.m.
Buses Depart St. Moritz Hotel for FINATEC
9:00 a.m.
Welcome Speech
9:30 a.m.
Spray J. G. *
A Role for Superplasticity in Impact
Structure Formation [#5122]
Large volumes of rock are moved during the impact process,
especially during the excavation. For complex structures, this
extends into modification stage. We explore the deformation
mechanisms responsible for this, including
superplastic behaviour.
10:00 a.m.
Rae A. S. P. *
Kenkmann T.
Strain‐Rate Dependent Brittle Deformation in Rocks [#5057]
Padmanabha V.
Schäfer F.
Brittle failure is rate‐sensitive. Here, we characterise the
Poelchau M. H.
Agarwal A.
mechanical and micro‐structural response of rocks to quasi‐
Dörfler M.
Müller L.
static and dynamic loading. Our results can be used to
parameterise dynamic strength and
compressive fragmentation.
10:20 a.m.
Christou E. *
Pickersgill A. E.
Controls on the Duration of Impact‐Induced Hydrothermal
Bach W.
Activity via Numerical Simulations [#5037]
We perform simulations for the post‐impact hydrothermal
flow response, by testing apart from porosity and
permeability, additional parameters such as fracturing,
hydraulic conductivity and sealing of fractures in time‐
dependent mode.
10:40 a.m.
Coffee Break
11:10 a.m.
Alsemgeest J. *
Auqué L. F.
Preliminary Results for Constraining Parameters in the Impact‐
Generated Hydrothermal System at Vargeão Dome (Brazil)
Through Thermodynamic Modelling [#5003]
The Vargeão Dome impact structure is a unique analogue for
impact‐generated hydrothermal systems on Mars. To
understand its evolution, thermodynamic modelling was used
to provide constraints on water compositions and
temperatures in the structure.

11:30 a.m.

11:50 a.m.

Niang C. A. B. *
Baratoux D.
Diallo D. P.
Braucher R.
Rochette P.
Koeberl C.
Jessel M. W.
Reimold W. U.
Boamah D.
Faye G.
Sapah M. S.
Vanderhaeghe O.
Bouley S.
Wimmer K. *
Jung D.
Kroepelin K.

12:10 a.m.

Sarv K. *
Gulick S.

Jõeleht A.
McCall N.
Wilk J.
Pösges G.

12:30 p.m.

Cavosie A. J. *

12:50 p.m.
2:00 p.m.

Lambert P. *

Weber J.

2:20 p.m.

Gibson R. L. *
Wela S. S.
Andreoli M. A. G.

2:40 p.m.

Kenkmann T. *
Agarwal A.

Wulf G.

The Origin of the Circular K Anomalies at the Bosumtwi
Impact Structure [#5008]
A combined morphological analysis, field observations, a series
of ground‐based gamma‐ray measurements, with cosmogenic
nuclides analyses in order to determine the origin of K‐
anomalies in Bosumtwi impact structure.
The Fate of a Mega‐Block — Insight into the Dynamics of Ries
Crater Formation [#5026]
A mega‐blocks at the northwestern rim of the Ries crater was
cut open by a new road. The 500m outcrop offers a unique
insight into a more than 200 m thick profile of the former Ries
underground and an illustrative example of the fate of a mega‐
block.
The Structure of Ries Crater Megablock Zone and Southern Rim
Area According to Seismic Reflection Profiles [#5030]
New high‐resolution seismic reflection profiles in Ries crater
allow good visualization of the underground structure of the
megablock zone with the characterization of the
parautochthonous blocks and the distribution of breccia cover.
Micro‐Riedel Shear Zones as Shear Sense Indicators in Shocked
Zircon from Sandstone in the Central Uplift of the Kentland
Impact Structure, Indiana, USA [#5023]
We have identified micro‐Riedel shear zones in shocked zircon
grains from the Kentland impact structure, which provide new
insight into the formation of 112 deformation twins and planar
deformation bands in zircon.
Lunch
An Eroded Peak Ring Impact Recording a Tsunami on
Earth: Rochechouart [#5021]
An up date of the interpretation of the Rochechouart impact
structure in light of the preliminary results of the 2017‐2018
drilling campaign .
Structural Analysis of the M4 Drill Core, Morokweng Impact
Structure (South Africa) — Implications for Peak Ring
Formation Processes [#5051]
Analysis of shocked target rocks in the Morokweng M4 core (R
= 18 km) reveals ubiquitous reverse‐slip faulting with localised
cataclasis, friction melting and suevite dike formation,
consistent with large‐scale slip related to collapse of the
peak ring.
India´s Third Impact Crater: Ramgarh, Rajasthan [#5007]
The impact origin of the Ramgarh structure is confirmed. It is a
complex crater of ~10 km diameter that was formed by an
oblique impact from SW into a shallow water environment
during the Mid Jurassic. Morphology and structure resemble
Gosses Bluff.

Monday, September 30, 2019
SPECIAL SESSION: IMPACT CRATERING ON LUNAR AND PLANETARY BODIES, AND EFFECTS ON THEIR EVOLUTION
3:00 p.m.
FINATEC Auditorium
Chairs: Kai Wünnemann and Katarina Miljkovic
Times
Authors (*Denotes Presenter)
Abstract Title and Summary
3:00 p.m.
Zhu M.‐H.
Artemieva N.
Retention of Impactor Material on the Moon During
Wünnemann K. *
Morbidelli A.
Late Accretion [#5049]
Yin Q.‐Z.
Becker H.
We quantify the amount of material that is added to the Moon
during late accretion by coupling impact and Monte Carlo
modeling of the impactor flux focusing on the first 500 Ma
after the formation of the Moon.
3:20 p.m.
Lompa T.
Wünnemann K. *
The Effects of Impactor and Target Properties on the Formation
of Basin Structures on the Moon [#5117]
Impact basins on the Moon are remnants of late accretion
phase. To improve our understanding on how these basins
formed we investigate the effect of impactor and target
properties on the formation process and perform numerical
modeling studies.
3:40 p.m.
Coffee Break
4:20 p.m.
Denton C. A. *
Johnson B. C.
Formation of the Sputnik Planitia Basin: Moving Towards
Refined Constraints on Ocean Thickness [#5104]
We model the formation of Sputnik Planitia, Pluto, as an
impact basin using a broader range of initial thermal gradients
and updated basin dimensions to constrain conditions for
survivability of the putative subsurface ocean.
4:40 p.m.
Rajšić A. *
Miljković K.
Seismic Efficiency of Meter Size Crater‐Forming Impacts
Collins G.
Wójcicka N.
on Mars [#5044]
In this work iSALE‐2D shock‐physics hydrocode has been used
to investigate the seismic response of Mars’ bedrock and
regolith as a result of an impact forming a meter‐sized crater.
This work contributes to the analysis of the InSight data.
5:00 p.m.
Neish C. D. *
Impact Melt Deposits on Terrestrial Planets [#5089]
Spying on planets / Constrains impact melt features /
Planetary sleuth.

Monday, September 30, 2019
POSTER SESSION: IMPACT CRATERING AND PLANETARY EVOLUTION
5:30
FINATEC Poster Gallery
Buses Depart FINATEC at 7:30 p.m.
Authors (*Denotes Presenter)
Abstract Title and Summary
Walton E. L.
Timms N. E.
Complexities in Calcite Textures Revealed: A Combined Electron
Backscatter Diffraction, X‐Ray Fluorescence, Electron Microscopy and
Raman Spectroscopy Study of Steen River Impactites [#5033]
Using an array of analytical techniques, calcite in impact melt bearing
breccias from Steen River were investigated. EBSD mapping reveals
complexities in calcite textures; apparent carbonate impact melt are shown
be to replacement textures.
Kovaleva E.
Zamyatin D.
Twisted Kink Bands: New Shock Deformation Microstructure in Zircon
Leroux H.
from the Vredefort Impact Structure [#5056]
We present a new type of impact‐related deformation microstructure in
zircon from the Vredefort impact structure. Unusual pointed deformation
bands with twisted internal structure are described using a combination of
microscopic techniques.
Cavosie A. J.
Mineral Transformations Unraveled Using Electron
Backscatter Diffraction [#5071]
This abstract describes the use of electron backscatter diffraction (EBSD) to
identify the former presence of high‐pressure and high‐temperature
polymorphs that form briefly during impact events.
Cox M. A.
Cavosie A. J.
Shock‐Deformation Microstructures in Xenotime from the Spider Impact
Polechau M.
Kenkmann T.
Structure, Western Australia [#5092]
Bland P. A.
Miljković K.
High‐resolution electron backscatter diffraction (EBSD) is used to
characterize shock‐deformation microstructures in the mineral xenotime.
McGregor M.
In Situ Multiphase LA‐ICP‐MS U‐Pb Geochronology of Terrestrial
McFarlane C. R. M. Dr.
Impact Structures [#5100]
Spray J. G. dr.
Application of in situ LA‐ICP‐MS U‐Pb geochronology provides a new
technique for dating impact structures using impact‐melt bearing breccias,
and provides insights into the isotope systematics of apatite, titanite
and zircon.
Erickson T. M.
Shocked Monazite: An Impact Barometer and Geochronometer [#5109]
This abstract presents a summary of the current state of the art
microstructural analyses and in situ U‐Pb geochronology of shock
deformed monazite.
Tielke J.
Peslier A. H.
Calculation of Dislocation Densities in Shocked Minerals Using Electron
Chistoffersen R.
Erickson T.
Backscatter Diffraction [#5121]
Cintala M.
Cline C.
We will discuss the protocol, applications, and limitations of using electron
backscatter diffraction to calculate densities of geometrically necessary
dislocations in shocked terrestrial and planetary material.
Herrmann M.
Martell J.
SIMS U‐Pb Dating and EBSD Structural Analyses of Granular Zircon from the
Alwmark C.
Whitehouse M. J.
Mien Impact Structure, Sweden [#5022]
SIMS U‐Pb spot dating and ion imaging combined with EBSD structural
analyses were carried out on granular zircon grains from the Mien impact
structure to see to what extent the U‐Pb experienced a reset and is there
any link to the Mien impact event.
Baratoux D.
Reimold W. U.
Shatter Cones — Diagnostic Fractures for Impact Structures [#5020]
Shatter cones are the only accepted meso‐ to macroscopic recognition
criterion for impact structures. We will present a chart for the
identification of shatter cones in the field, and for reporting their findings
in scientific publications.
Cox M . A.
Cavosie A. J.
Confirmation of the Yallalie Impact Structure in Western Australia:
Ferrière L.
Timms N. E.
Shocked Quartz in Polymict Impact Breccia [#5091]
Bland P. A.
Miljković K.
Confirmation of a new impact structure in Western Australia/ Identification
Erickson T. M.
Hess B.
and indexing of Planar deformation features and planar fractures in quartz
from impact breccia.

Drake S. M.
Jones A. P.

Beard A. D.
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Ground Truthing the Paleocene Meteorite Impact on the Isle of Skye, NW
Scotland, Using Macro and Microscale Evidence [#5062]
The presence of impacted minerals together with unmelted parts of the
impactor in the same samples are extremely rare in the geological record.
We detail such a scenario from the Paleocene, Isle of Skye, NW Scotland
meteorite impact event.
Characterization of Shocked Quartz Grains in Sandstone from the Shiyili
Impact Structure (Kazakhstan) [#5119]
Petrographic analysis of 15 samples collected at the Shiyili impact structure
is presented. The studied samples experienced in general relatively low
shock pressures, with a peak shock pressure of at least 20 GPa.
Kamil Crater (Egypt): A Type‐Structure for Small‐Scale Impact
on Earth [#5034]
I will overview 10 years of research on the 45‐m‐diameter Kamil crater
(Egypt), from field work to laboratory investigations, with an emphasis on
the potential of Kamil Crater studies in furthering our understanding of
small impact caters on Earth.
Shock Effects in Feldspar: An Overview [#5086]
The feldspar group minerals display a range of shock metamorphic effects
from fracturing, kinking, and mosaicism, to formation of planar features,
amorphization, and melting.
Practical Experiences of Shock Barometry [#5060]
Shock barometry is an important method in impact cratering research.
Here, I will review a number of recent studies that have used shock
barometry. I will also describe some practical considerations and
limitations of the method.
Douglas Impact Crater Strewn Field, WY, USA: A Progress Report [#5036]
The 280 Myr old Douglas crater strewn field was discovered in 2018. We
found PDFs and PFs in 14 of the more than 40 crater depressions ranging
from 16‐100 m diameter. The minimum size of the crater strewn field has
enlarged to 6.9 x 12.8 km.
Microstructural Analysis of Shocked Apatite from the Paasselkä Impact
Structure, Finland [#5073]
Microstructural analysis of shocked apatite reveals shock‐recrystallization
and crystal‐plastic deformation textures; future work should integrate
EBSD with U‐Pb analysis and measurements of volatile abundances and
isotopic compositions.
Semi‐Automated Extraction of Morphometric Parameters of Impact Craters
on Pluto’s Surface [#5017]
This study concern the collection and analysis of morphometric parameters
of impact craters on Pluto by a semi‐automated method. This includes
analysis between different morphological provinces of the dwarf planet.
Gravity Forward Modeling of the Santa Marta Impact Structure [#5028]
The Santa Marta is a complex impact structure located in the state of Piauí,
Brazil. In this work we present the gravity signature of SM impact structure
using the Bouguer anomaly and a forward modeling, in order to estimate
the basement depth.
Numerical Simulations of Wetumpka Crater Formation Using iSALE‐
2D [#5084]
The formation of Wetumpka structure, a marine‐target crater, is being
simulated by iSALE‐2D. In this study we explore differences in the final
structure and formation processes in different scenarios, based on water
depth and target properties.
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Shock Deformation in the Cleanskin Impact Structure, Northern
Territory, Australia [#5014]
Cleanskin is a 15 km diameter circular structure in NT, Australia. We
present indexed PDFs, PFs, and FFs that confirm its impact origin. The
complex crater has been formed in Early Meso‐Proterozoic siliciclastics and
is visible in satellite imagery.
The Australian Impact Record: A Review [#5024]
Australia is a great place to study impact structures. Here we describe the
Australian impact record in context of the level of study and available data‐
sets for confirmed and suspect structures.
Geological Characterization of the São Miguel do Tapuio Impact Structure,
Piauí ‐ Brazil [#5016]
In this abstract we present shock features and petrograph‐ic descriptions
of samples collected from the recently confirmed São Miguel do Tapuio
impact structure.
Geoelectric Signatute of the Santa Marta Impact Structure, Brazil [#5031]
The Santa Marta impact structure is a complex structure with an atypical
central plateau. In order to investigate this aspect, we have carried out
inversions 1‐d with data collected inside the structure in three stations MT.
Superficial Magnetic Characterization of the Araguainha
Impact Structure [#5113]
The Araguainha Dome is the largest impact crater in South America. This
research proposes an Magnetic Susceptibility analysis of the structure. The
result of this work is a magnetic map which contribute to the recognition of
the impact structure.
Field Survey of Enigmatic Boulders Within Interior Diamicton at the
Wetumpka Impact Structure, Alabama (USA) [#5083]
Within the Wetumpka impact structure there is an occurrence of enigmatic
boulder‐bearing diamictite deposit. Field survey of boulders in Neathery
Creek suggest a possible relationship to the origin and emplacement
boulder‐bearing diamictite.
Cretaceous‐Paleogene Boundary Stratigraphy of Belize [#5101]
The Cretaceous‐Paleogene boundary stratigraphy of Belize consists of
distal ejecta facies that vary laterally and vertically, and include spherulitic
beds, impactoclastic breccias, and re‐worked pebble conglomerates.
Study of the Preferential Orientation Distribution of Shock‐Induced Planar
Microstructures in Quartz and Feldspar [#5053]
Studies on the preferred orientation distribution of shock‐induced planar
microstructures look promising to constrain the shock wave propagation
direction, but the extremely local shock wave scattering hampers any
extrapolation at the crater scale.
Raman Mapping of Mineral Phases Within UHPHT Vein Impact Glass of the
Giant Kara Meteorite Crater [#5055]
Raman mapping of multi‐component stockwork‐like vein‐type UHPHT
impact melt glasses with coesite crystals within inhomogeneous tight
aggregates of different crystallinity level is presented.
Timing of Emplacement of Vredefort Granophyre Dykes [#5080]
We examine impact melt dykes from the Vredefort impact structure using
a combination of geophysical and geochemical methods. The results show
that the dykes intruded in minimum two stages to a controlled depth by
crustal re‐equilibration mechanism.
Evidence of Large Variations of the Meteorites Impact Rate on Mars, During
Similar Times to the Cambrian Period on Earth [#5012]
The martian craters with diameters between 80 and 90 kilometers were
investigated. The number of these craters with depths larger than a given
value shows a significant slope change, which could be the manifestation
of impact rate large alterations.
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Multiscale Geoelectrical Investigations on the Rochechouart/Chassenon
Impact Breccia [#5011]
Using multiscale geoelectrical measurements of the
Rochechouart/Chassenon impact breccia and target rocks, we reveal the
local geometry and stratigraphy of the different breccia lenses, in
agreement with surface mapping and drilling geological data.
Current Stage of the CIRIR Research and Outreach at Rochechouart [#5027]
A review of ongoing and planned projects at Rochechouart in the frame of
the CIRIR programme for scientific research (over 60 projects) and for
restitution to the public, with the run for the Unesco World Heritage label
as an incentive for both ends.
Mora Ring Structure, a New Complex Impact Crater in Cameroon
Central Africa [#5042]
Mora Ring Structure (MRS) is a proposed new complex impact crater in the
southwestern part of the Mora city Cameroon, central Africa (lat. 10° 56’
50.4759” N, long. 14° 01’ 40.7651” E).
The Tin Bider Impact Structure (Saharan Platform, Algeria): New Inputs
on Structural Aspects [#5087]
The Tin Bider impact structure, centered at 27°36’ N and 05°07’ E, is 6 km
in diameter, and is the largest complex impact crater known in Algeria. We
report here on structural aspects of Tin Bider with a general presentation
of its complex structure.
Central Structure and Classification of Ries Crater [#5103]
We present high resolution seismic data transecting Ries Crater. Results
show a collapsed central uplift and suggest a non‐peak ring origin for the
inner ring, placing Ries as a transitional crater form between a central peak
and peak ring crater.
Impact Diamonds of the Popigai Impact Crater: Genetic Features [#5010]
In the Popigay meteorite crater, two types of impact diamonds are
identified: a) those formed in melted rocks (tagamites) and b) thrown out
of the crater at the impact event. The conditions of their formation
are compared.
Transmission Electron Microscopy of Impact Carbon Products from the
Giant Kara Astrobleme [#5094]
High resolution transmission electron microscopy studies of after‐coal
diamonds, diamond fossils and co‐following carbons are presented. The
carbons are presented by aggregates of diamond, graphite, glass‐like
carbon and onion‐like holey carbon.
Micrometeorites from Barreiras Group and Pós‐Barreiras Sediments,
Northeast Region of Pará State, Amazônia, Brazil — First
Scientific News [#5043]
This work report for the first time micrometeorites included in Geological
Units of Tertiary and Quaternary ages in the Pará State, related to the
Barreiras Group (Miocene to Pliocene) and Pós‐Barreiras
Sediments (Pleistocene‐Holocene).
Observational Constraints on Numerical Models of Peak‐
Ring Formation [#5059]
We compare observational data from the IODP‐ICDP cores of the Chicxulub
peak ring with predictions from numerical impact simulations. Our results
are remarkably consistent, demonstrating the predictive capabilities of
numerical impact models.
Quenched Indicator of Carbon‐Bearing Grains at
Meteoritic Impacts [#5118]
Quenched formations of carbon‐bearing solids from artificial impacts can
be applied to meteoritic impacts of the Sudbury, Barringer, and meteorite
showers of the Chelyabinsk and the Nio sites, together with the Solar
System and the Human society.
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Distinguishing Different Types of Projectiles from Terrestrial Impact Craters
— Clearwater East (Canada) and Rochechouart (France) Re‐
Investigated [#5006]
Nebular processes produced compositional variation in PGE chemistry of
chondrites. However, diagnostic Ir/Rh, Ru/Rh and Os/Rh ratios in impact
melts from Clearwater East and Rochechouart craters contradict projectile
identification using Cr isotopes.
Spectral Properties of Ceres’ Bluish Material — Comparison with Terrestrial
Impact Melt [#5069]
We investigate the peculiar spectral behavior of fresh impact crater and
ejecta material on dwarf planet Ceres and compare our results with
spectra acquired from terrestrial impact melt samples.
Melting Induced by Giant Collisons in the Earth‐Moon System [#5116]
In our numerical model series, we quantify impact‐induced melt volumes
by giant collisions in the Earth‐Moon system.
Estimation of Impact Conditions on Tsiolkovsky Crater, Moon [#5040]
In this work, has been realized some mathematical estimations for the
impact conditions on Tsiolkovsky crater (Moon).
Insights into the Formation of Menrva Crater on Titan and Implications
for Habitability [#5015]
We have modeled the formation of large impact craters on Titan, using the
case of the largest one known on its surface, Menrva Crater and then
analyzed the implications of impacts cratering for providing conditions for
the development of life.
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SPECIAL SESSION: DISTAL IMPACT EJECTA: PROCESSES AND PRODUCTS
9:00 a.m.
FINATEC Auditorium
Chairs: Luigi Folco and Tanja Mohr‐Westheide
Times
Authors (*Denotes Presenter)
Abstract Title and Summary
8:30 a.m.
Buses Depart St. Moritz Hotel for FINATEC
9:00 a.m.
Davatzes A. K. *
Korman K. S.
Geochemical Change Associated with Precambrian
Impact Events [#5004]
Two big impacts hit / Geochem changes after / Caused by life
or dust?
9:20 a.m.
Sato H. *
Nozaki T.
ExtraTerrestrial Impact Recorded in the Upper Triassic Deep‐
Ishikawa A.
Onoue T.
Sea Deposits from Japan [#5045]
Kimura J.‐I.
Chang Q.
Sedimentary signatures for a large meteorite impact event
have been discovered in the Upper Triassic bedded chert
succession from Japan. This includes PGE anomaly and Os
isotope excursion with occurrences of microspherules and Ni‐
rich spinels.
9:40 a.m.
Oliveira G. J. G. *
Reimold W. U.
Geochemistry of Archean Impact‐Derived Spherule Layers in
Crósta A. P.
Hauser N.
Four Drill Cores from Fairview Mine, Northern Barberton
Koeberl C.
Schmitt R. T.
Greenstone Belt, South Africa [#5072]
Mader D.
Mohr‐Westheide T.
The FV SL all have the same stratigraphic placement, from the
contact between the Onverwacht and Fig Tree groups,
northern of BGB, and show petrographic and chemical
similarities to, S2, S3‐S4, S5, CT3 and BARB5– all from this
contact interval.
10:00 a.m.
Mohr‐Westheide T. *
Salge T.
Advanced Characterisation of Impact Generated Platinum‐
Fischer‐Gödde M.
Greshake A.
Group Element Alloys from Archean Spherule Layers [#5076]
Falken M.
Palasse L.
Kirmse H. We report results of a STEM and TKD study of two sub‐µm PGE
Meßling N.
Wollschläger N.
metal nuggets and a FE‐SEM/EDX study of additional 13 PGE
Reimold W. U.
metal particles. In addition, first results of a Ru isotopic study
will be presented. Samples are from the BARB5 drill core
and CT3.
10:20 a.m.
Coffee Break
10:50 a.m.
Salge T. *
Mohr‐Westheide T.
Detection and Quantification of Sub‐Micrometre Sized
Platinum Group Metal Alloys from Archean Spherule Layers
Using Low Voltage FE‐SEM‐EDS [#5102]
Applying low voltage SEM‐EDS to automated feature analysis
allows the detection of extraterrestrial components. The
possibilities and limitations of quantitative analysis with a
spatial resolution <100 nm will be highlighted.
11:10 a.m.
Kaskes P. *
Goderis S.
Belza J. Caught in Amber: Geochemistry and Petrography of Uniquely
Tack P.
DePalma R. A.
Smit J.
Preserved Chicxulub Microtektites from the Tanis K‐Pg Site
Vincze L.
Vanhaecke F.
from North‐Dakota (USA) [#5090]
Claeys Ph.
We report the first occurrence of uniquely preserved Chicxulub
microtektites that are embedded in fossilized amber. By
analyzing their microtexture and geochemistry, we interpret
their formational mechanisms and link with Yucatán
target lithologies.
11:30 a.m.
Ferrière L. *
Meier M. M. M.
Investigation of the Noble Gas Content of
Busemann H.
Maden C.
Uruguaite Tektites [#5115]
Koeberl C.
Noble gas concentrations are reported for the first time for
uruguaites and compared with values from other tektite
strewn fields. The point of last equilibration with the
atmosphere took place at much lower altitudes than for other
known tektites.

11:50 a.m.

12:10 p.m.

Gärtner M. *
Hergarten S.
Kenkmann T.
Schäfer F.

Gulde M.
Ebert M.
Putzar R.

The First Microsecond of an Hypervelocity Impact [#5065]
Experimental studies serve as basis for understanding jetting
processes. The experiments were performed using a two‐stage
light‐gas gun. We numerically analysed the jetted particle
cloud and evaluated the velocity as function of the
ejection angle.
Short Discussion followed by Lunch

Tuesday, October 1, 2019
PERSPECTIVE ON LARGE IMPACT CRATERING STUDIES AND EVOLUTION OF LIFE
2:00 p.m.
FINATEC Auditorium
Chairs: Philippe Lambert and David Baratoux
Times
Authors (*Denotes Presenter)
Abstract Title and Summary
2:00 p.m.
Kenkmann T. *
Update of the Terrestrial Impact Crater Record: Crater
Discovery Statistics, Size, and Age
Frequency Distributions. [#5013]
I have compiled a database of the 204 terrestrial impact
structures currently known with about 15,000 entries. Here I
present the discovery statistics, the size frequency distribution,
and the age frequency distribution of craters and more...
2:20 p.m.
Lambert P. *
Global Impact Heritage Association: A Project Serving the
Public and Impact Research [#5029]
The why, who and how associating the globally existing
structures to promote impact geoheritage amongst the public
are discussed in preamble to a project intended for the benefit
of the public worldwide, and the ground based
planetary research.
2:40 p.m.
Wright S. P. *
The Goal to Put Humans on the Moon by 2024 Should Spur
Field Studies of Terrestrial Impact Sites [#5095]
A goal of landed missions is to determine the geologic history
of the site. Sample collection of impact glasses is suggested
to aid in the geochronology of the impact event that produced
the ejecta layer from which it was collected.
3:00 p.m.
Bouley S. *
Baratoux D.
Vigie‐Cratère, When Citizens Become Meteoritic
Steinhausser A.
Zanda B.
Impact Explorers [#5048]
Colas F.
Thanks to shaded relief images, Vigie‐Cratère will makes it
possible to identify new structures that may not be visible on
satellite imagery. This citizen science program allows as many
people as possible to learn about impact science.
3:20 p.m.
Surendra V. S. *
Jayaram V.
Discovery of Complex Macroscale Structures in Impact Induced
Karthik S.
Vijayan S.
Shock Processed Biomolecules — Implications to the Origins
Chandrasekaran V.
Thombre R.
of Life [#5074]
Vijay T.
Raja Sekhar B. N.
We present laboratory simulation of shock processing of
Bhardwaj A.
Jagadeesh G.
biomolecules, amino acids and nucleobases, utilizing shock
Reddy K. P. J.
Mason N. J.
tube. The study suggests that impact induced shock events
Sivaraman B.
could have polymerized building blocks of life on Earth as well
as on other Solar System bodies.
3:40 p.m.
Coffee Break
4:10 p.m.
Onoue T. *
Takahata N.
Enhanced Flux of Extraterrestrial 3He Across the Permian‐
Sato H.
Ishikawa A.
Soda K.
Triassic Boundary in Pelagic Deep‐Sea Chert [#5052]
Sano Y.
Isozaki Y.
We report evidence for an extraterrestrial 3He influx in the
Permian–Triassic boundary section of deep‐sea bedded cherts
from Japan.
4:30 p.m.
Wirth R. *
Effects of Impact Conditions on Matter Probed by TEM [#5005]
Application of state‐of the art TEM and FIB sample preparation
with meteorites and impact structures.
4:50 p.m.
Shumilova T. G. *
Isaenko S. I.
After‐Coal Impact Diamonds and Diamond Fossils in the Giant
Ulyashev V. V.
Svetov S. S.
Kara Impact Crater [#5075]
Chazhengina S. Yu.
Kis V. V.
The work presents the varieties of the Kara impact diamonds
formed after non‐graphite carboniferous natural precursor.
The novel variety of impact diamond has been described ‐
diamond fossil.

5:10 p.m.

Rochette P. *
Demory F.
Cherait O.
Hervieu L.
Celerier B.
Lofi J.
Pezard P. A.
Lambert P.
Quesnel Y.

5:30 p.m.

Baratoux D. *
Niang C. A. B.
Lofi J.
Rochette P.
Reimold W. U.
Lambert P.

5:50 p.m.

Ould Mohamed Navee E. C. *
Chennaoui Aoudjehane H.
Baratoux D.
Ferrière L.
Ould Sabar M. S.

6:10 p.m.

Core and Downhole Petrophysical Properties of the
Rochechouart Impact Rocks [#5046]
Through the measurements of physical properties both on
cores and in‐situ with logging instruments we foresee a
number of applications from understanding the origin of the
geophysical anomalies observed in Rochechouart.
Mapping the K, Th, U Distribution at the Rochechouart Impact
Structure: In‐Sight into Impact‐Related and Post‐
Impact Processes [#5019]
This abstract focuses on preliminary result about K, Th and U
re‐distribution by impact and post‐impact processes based on
the recent drilling campaigns at the Rochechouart
impact structure.
Aouelloul Impact Crater, Mauritania: New Structural and
Lithological Data [#5093]
In this abstract we are presenting new data on structural
geology and lithological data for the Aouelloul impact crater in
Mauritania as well as a new repartition of the impact glass.
Buses Depart FINATEC for St. Moritz Hotel

Wednesday, October 2, 2019
SPECIAL SESSION: THE CHICXULUB IMPACT EVENT AND THE K‐PG BOUNDARY
9:00 a.m.
FINATEC Auditorium
Chairs: Sean Gulick and Michael Poelchau
Times
Authors (*Denotes Presenter)
Abstract Title and Summary
8:30 a.m.
Buses Depart St. Moritz Hotel for FINATEC
9:00 a.m.
Gulick S. P. S. *
Morgan J. V.
What has Chicxulub Taught Us About Large Impact Processes
IODP‐ICDP Expedition 364 Scientists and Mass Extinction? [#5114]
We summarize recent geophysical and borehole studies of the
200 km Chicxulub impact structure and emphasize key
discoveries applicable for impacts generally. IODP‐ICDP
Expedition 364 has been critical for testing models of
formation and architecture.
9:30 a.m.
McCall N. *
Gulick S.
Rae A.
Orientation of Fractures in the Chicxulub Peak Ring [#5097]
Poelchau M.
Riller U.
We present measured orientations of fractures in the shocked
Morgan J.
Lofi J.
granite drilled from the Chicxulub peak ring. Our results
broadly agree with predictions of principal stress directions
through the cratering process from hydrocode modeling.
9:50 a.m.
Ebert M.
Poelchau M. H. *
Kinked Biotite as a Stress Orientation Indicator in Chicxulub’s
Kenkmann T.
Peak Ring [#5067]
Kinked biotites from granites of Chicxulub’s peak ring prove to
be an excellent indicator of shock wave orientation. They are
in good agreement with feather feature orientations, and as a
structural marker infer folding within the granitic rocks.
10:10 a.m.
Rasmussen C. *
Stockli D.
Thermal History of Chicxulub’s Peak Ring — Constraints from
Chatterjee R.
Pickersgill A. E.
Zircon U‐Pb and (U–Th)/He Double Dating [#5081]
Gulick S. P. S.
Schmieder M.
U‐Pb and (U‐Th)/He double dating of zircon from Chicxulub’s
Kring D. A.
Witmann A.
peak ring rocks preserve complex thermal history, and possibly
Ross C.
Christeson G.
Tikoo S. indicate pro‐longed hydrothermal activity.
Xiao L.
Morgan J. V.
10:30 a.m.
Coffee Break
11:00 a.m.
Goderis S. *
Sato H.
Ferrière L. The Final Settling of Meteoritic Matter on the Peak‐Ring of the
Schmitz B.
Burney D.
Chicxulub Impact Structure at Site M0077A of IODP‐ICDP
Bralower T. J.
de Graaff S. J.
Expedition 364 [#5068]
Déhais T.
de Winter N. J.
This abstract focuses on the distribution of siderophile
Elfman M.
Feignon J.‐G.
elements in the IODP‐ICDP Expedition 364 core in the peak‐
Gulick S. P. S.
Ishikawa A.
ring of the Chicxulub impact structure to better constrain the
Kaskes P.
Koeberl C.
final phases of impact crater formation and the fate of
Kristiansson P.
Lowery C. M.
the impactor.
Morgan J.
Neal C. R.
Owens J. D.
Schulz T.
Sinnesael M.
Smit J.
Vellekoop J.
Whalen M. T.
Wittmann A.
Vanhaecke F.
Van Malderen S.
Claeys Ph.
11:20 a.m.
Cox M. A. *
Erickson T. M.
High Resolution Electron Backscatter Diffraction Mapping of
Schmieder M.
Kring D. A.
Shock‐Deformation in Apatite from the Chicxulub
Impact Structure [#5041]
Detailed microstructural analysis of apatite in ~550 m of
shocked granitoid rocks and impact melt rocks from the peak
ring of the Chicxulub impact structure.
11:40 a.m.
Kaskes P. *
De Graaff S. J.
Geochemical and Petrographic Characterization of the Suevite
Déhais T.
Goderis S.
Sequence Within the IODP‐ICDP Exp. 364 Core of the Chicxulub
Feignon J.‐G.
Ferrière L.
Peak Ring [#5085]
Koeberl C.
Smit J.
Claeys Ph.
This study presents a detailed geochemical and petrographic
characterization of the suevite sequence within the IODP‐ICDP
Exp. 364 core in the Chicxulub crater. This approach sheds new
light on the emplacement mechanisms of suevite.

12:00 p.m.

12:20 p.m.

Ross C. H. *
Stockli D. F.
Rasmussen C.
Gulick S. P. S.
de Graaff S. J.
Claeys Ph.
Zhao J.
Xiao L.
Pickersgill A. E.
Schmieder M.
Kring D. A.
Wittmann A.
Morgan J. V.
IODP 364 Science Party
Feignon J‐G. *
Ferrière L.
Koeberl C.

12:40 p.m.

2:00 p.m.

de Graaff S. J. *
Kaskes P.
Déhais T.
Goderis S.
Debaille V.
Feignon J. ‐G.
Ferrière L.
Koeberl C.
Ross C. H.
Claeys Ph.

2:20 p.m.

Pickersgill A. E. *
Christou E.
Mark D. F.
Lee M. R.
Tremblay M. M.
Rasmussen C.
Morgan J. V.
Gulick S. P. S.
Schmieder M.
Bach W.
Osinski G. R.
Simpson S.
Kring D. A.
Cockell C.
Collins G. S.
Christeson G.
Tikoo S.
Stockli D.
Ross C.
Wittmann A.
Swindle T.
Expedition 364 Scientists
Déhais T. *
Kaskes P.
de Graaff S. J.
Chernonozhkin S. M.
Debaille V.
Vanhaecke F.
Claeys Ph.
Goderis S.

2:40 p.m.

Zircon U‐Pb Geochronology and Trace Elements of the
Chicxulub Impact Structure Basement [#5120]
One of Yucatán basement ages is preserved within the
Chicxulub peak ring and is 300 ‐ 350 Ma, which helps
constrain the collision of Gondwana and Laurentia as well as
understand distal K‐Pg ejecta processes.
Shocked Quartz Grains in Granitoids from the Chicxulub Impact
Structure Peak‐Ring IODP‐ICDP Expedition 364 Drill Core:
Characterization and Shock Pressure Estimations [#5098]
Characterization of shock metamorphic features in quartz
grains from granitoids recovered in the peak‐ring of the
Chicxulub impact structure. Universal stage investigations on
selected samples allow us to make shock pressure estimations.
Lunch and Conference Photo
Please gather to the front of the FINATEC Center at 1:40 to
take part in the conference photo.
Making (More) Sense of Destruction — A Comprehensive
Geochemical Investigation of Chicxulub Impactites Recovered
During IODP‐ICDP Expedition 364 [#5079]
This study presents major and trace element geochemical data
of 101 bulk rock samples, sampling all pre‐impact and
impactite lithologies of the Chicxulub crater. Using this data we
aim to better constrain the formation of the Chicxulub
impact melt.
Six Million Years of Hydrothermal Activity
at Chicxulub? [#5082]
Could hydrothermal activity have lasted 6 million years around
the peak ring of Chicxulub? Yes.

Disentangling Cratering Processes Using Non‐Traditional
Isotope Ratios on Core M0077A of the IODP‐ICDP Expedition
364 in the Chicxulub Impact Structure [#5106]
Non‐traditional isotope ratios (Fe, Zn, and Cu) have been used
to disentangle the different syn‐ and post‐impact cratering
processes recorded in core M0077A of the IODP‐ICDP
Expedition 364 in the Chicxulub impact structure.

Wednesday, October 2, 2019
FORMATION AND EVOLUTION OF IMPACT MELT, IN GENERAL, AND IMPACT MELT SHEETS
2:50 p.m.
FINATEC Auditorium
Chairs: Lutz Hecht and Natalia Hauser
Times
Authors (*Denotes Presenter)
Abstract Title and Summary
3:00 p.m.
Hecht L. *
Siegert S.
Preservation of Melt Heterogeneity in Ries
Crater Impactites [#5096]
Ries suevite melt particles have been revisited with respect to
major and trace element chemistry at various scales. The
results provide new information about the origin and
subsequent emplacement processes of the impact melt.
3:20 p.m.
Prevec S. A. *
Büttner S. H.
Injection of Melt Sheet into Impact Crater Footwall:
Implications from Offset Dykes of the Sudbury Igneous
Complex, Canada [#5002]
Offset dykes associated with the Sudbury impact melt are
perceived to be multiphase injections. Proposed processes
involving thermal contraction, hydraulic pressure loading
and/or sediment loading are assessed.
3:40 p.m.
Shumilova T. G. *
Isaenko S. I.
UHPHT Coesite‐Containing Vein‐Type Melt Glasses in Suevites
Zubov A. A.
of the Giant Kara Meteorite Crater (Pay‐Khoy, Russia) [#5054]
The recently found an unusual type of stockwork‐like ultrahigh
pressure high temperature vein glasses with melt crystallized
coesite within suevites from the giant diamondiferous Kara
meteoritic crater (Pay‐Khoy, Russia) have been described.
4:00 p.m.
Coffee Break
4:30 p.m.
Singh A. K.
Pati J. K.
Patil S. K.
Magnetic Fabric Orientation in Impact Melt Breccia and Target
Reimold W. U. *
Rao A. K.
Rocks from the Dhala Structure, North‐Central India, Using
Pandey O. P.
AMS Data [#5050]
The Anisotropic Magnetic Susceptibility data of impact melt &
target rocks from Dhala impact structure, India are presented
in this study to decipher the surface and subsurface disposition
of impact melt rocks and fabric orientations in target rocks.
4:50 p.m.
Pilles E. A. *
Osinski G. R.
The Offset Dykes in the North and East Range of the Sudbury
Grieve R. A. F.
Impact Structure, Canada: A Review [#5064]
We discuss three big‐picture questions related to the
formation of the Offset Dykes: What causes the variable
composition between the dykes, why are the centres of the
dykes typically inclusion‐rich, and how did the enigmatic
“metabreccia” unit form?
5:10 p.m.
Kenny G. G. *
Crowley J. L.
High‐Precision Geochronology and Thermal Modeling of the
Schmitz M. D.
Andreoli M. A. G.
Morokweng Impact Melt Sheet, South Africa [#5061]
Gibson R. L.
New high‐precision zircon ages for five samples from the
Morokweng impact melt sheet reveal that zircon throughout
the body crystallized within 65,000 years and the impact event
is not likely to have coincided with the Jurassic‐
Cretaceous boundary.
5:30 p.m.
Hauser Natalia. *
Sr‐Nd‐Os Isotope Analysis of Impactites and Country Rocks
Hoffmann Elis, J.
from the Araguainha Dome Impact Structure, Brazil [#5088]
Gleißner Philipp.
Sr‐Nd‐Os from a set of impact melt rocks, Transitional Granite,
pseudotachylitic breccia and melt clast from suevite were
Reimold Wolf, U.
Becker Harry.
compared with Sr‐Nd‐Os from the targets rocks (alkali granite
Crósta Álvaro, P.
and phyllite) from Araguainha Dome.
S. M. Souza Carolinna.
Grayselle Jeane.
Baumotte Osorio Luis, F.
de Mattos Beatriz.
5:50 p.m.
Buses Depart FINATEC for St. Moritz Hotel

Thursday, October 3, 2019
SPECIAL SESSION: SHOCK WAVE/MATERIAL INTERACTIONS: FROM NATURE TO EXPERIMENT
9:00 a.m.
FINATEC Auditorium
Chairs: Maree McGregor, Erin Walton and John Spray
Times
Authors (*Denotes Presenter)
Abstract Title and Summary
8:30 a.m.
Buses Depart St. Moritz Hotel for FINATEC
9:00 a.m.
Spray J. G. *
Gores P.
Experimental Hypervelocity Impact of Anorthosite at 1.8 to
6.7 km/s: Ejecta Parameters, Crater Shapes and
Shock Effects [#5078]
Eleven experiments have been performed using a two‐stage light
gas gun. Velocities ranged from 1.8 to 6.7 km/s. The target were
anorthosite, the projectiles stainless steel. We report ejecta
dynamics, crater forms, and shock effects.
9:20 a.m.
Folco L. *
Campanale F.
Impact Coesite: Formation and Survival [#5035]
Glass B. P.
Mugnaioli E.
This is an overview of our group’s current research on the
Masotta M.
Lee M.
Gemmi M. formation and survival of coesite, with implications on the
definition of PTt conditions experienced by impact rocks and
impact scenarios.
9:40 a.m.
Agarwal A. *
Kontny A.
Effects of Target Layering on Subsurface Deformation [#5058]
Poelchau M. H.
Kenkmann T.
The objective is to understand the effects of target layering on
subsurface deformation through impact experiments. Strain and
magnetic fabric analysis reveal different distribution of plastic
strain based up on the orientation of the layering.
10:00 a.m.
Hopkins R. G. *
Spray J. G.
Pressure‐Temperature‐Time Relations for Shock Vein and Melt
Pocket Generation: An Example from the Moon [#5070]
This study examines the composition and morphology of shock
veins and melt pockets within lunar meteorite Northwest Africa
(NWA) 3163 to constrain the pressure, temperature, and
temporal conditions experienced by the target during
shock metamorphism.
10:20 a.m.
Coffee Break
10:50 a.m.
Prevec S. A. *
de Bruyn J. A.
Shocked and Juvenile Zircons in Impact Crater Footwall, Sudbury,
Nxesi B.
Canada: Partial Melting of a Reactivated Footwall
Mylonite Zone [#5001]
Remelted mylonites in a thermal aureole from an impact melt
sheet contain zircons displaying igneous, shocked, overgrown and
deformed textures, precluding an igneous origin for the intrusion.
11:10 a.m.
Walton E. L. *
Timms N. E.
Shock Conditions Experienced by Haughton Crystalline Basement
Jurak H. A. M.
Osinski G. R.
Rocks: A Combined Raman Spectroscopy and Electron
Backscatter Diffraction Study of a Sample from
Anomaly Hill [#5032]
A sample of granitic gneiss from Haughton was investigated using
Raman and EBSD. This clast is assigned to shock stage III;
identified reidite and zircon microstructures constrain shock
pressures to have been >30 GPa with local temperatures >1200 C.
11:30 a.m.
Erickson T. M. *
Kirkland C. L.
Shocked Zircon and Monazite Ages Establish, Yarrabubba,
Timms N. E.
Davison T. M.
Western Australia, as the Earth’s Oldest Preserved
Impact Structure [#5107]
This study presents high‐resolution microstructural analyses
coupled with in situ U‐Pb geochronology of zircon and monazite
from the Yarrabubba impact structure, Western Australia,
establishing an age of 2229 +/‐ 5 Ma.
11:50 a.m.
McGregor M. *
Erickson T. M.
Recrystallization and Micro‐Twinning in Apatite and Titanite from
Spray J. G.
the Lac La Moinerie Impact Structure, Canada: Implications for
U‐Pb Impact Chronology [#5099]
Detailed microscopy and EBSD analysis reveals the presence of
new shock features in apatite and titanite: shock‐recrystallization,
crystal plastic deformation and micro‐twinning.

Thursday, October 3, 2019
IMPACTITES: FROM PROXIMAL TO DISTAL
12:10 p.m.
FINATEC Auditorium
Chairs: Christian Koeberl and Wolf Uwe Reimold
Times
Authors (*Denotes Presenter)
12:10 p.m. Koeberl C. *

12:40 p.m.
2:00 p.m.

Ferrière L. *
Wegner W.
Topa D.
Mader D.
Gruber B.
Koeberl C.

2:20 p.m.

Rochette P. *
Nomade S.
Jourdan F.
Debaille V.
Devouard B.
Moynier F.
Zhu K.
Bizzarro M.
Cornec J.

2:40 p.m.

Pilles E. A. *
Osinski G. R.

3:00 p.m.

Wimmer K. *
Schweigert G.
Jung D.
Simon T.

3:20 p.m.

Miao B. *
Chen G.
Zhang C.
Xia Z.
Ban Z.
Tong J.
Huang L.

3:40 p.m.

Souza C. S. M. *
Hauser N.
Reimold W. U.
Maciel A. R. P.
Crósta A. P.
Marchi L. P.

4:00 p.m.

Wright S. P. *

4:20 p.m.
4:40 p.m.

Tornabene L. L.

Michalski J. R.

Abstract Title and Summary
What Do We Know About the Formation of Libyan
Desert Glass? [#5105]
The formation of Libyan Desert Glass by either airburst or
impact is discussed based on available data.
Lunch
Tektite or Obsidian? — The Case of the Cali
Glass (Colombia) [#5111]
Cali glass is assumed to be a type of obsidian by some authors,
whereas others argued that it is a tektite. Petrographic
observations, chemical composition, and Nd and Sr isotopes
values suggest that the Cali glass is not a tektite but
an obsidian.
Further Proofs for a Tektite‐Crater Couple in Central America at
0.8 Ma: Coeval Ages and Genetic Links Between Pantasma
Crater and Belizites [#5047]
coeval Ar/Ar ages, coherent isotopic and elemental
geochemistry, presence of iron oxides inclusions as well as
ordinary chondrite contamination all concur to propose a
genetic link between Pantasma and belizites.
A Comparison of Martian and Terrestrial
Impactite Dykes [#5063]
We examine the variety of dykes in the central uplifts of
martian impact craters and compare these findings to
pseudotachylitic, lithic breccia, and impact melt rock dykes
found in terrestrial impact structures.
New Shatter Cones from the Ries Crater — A BreakThrough
Beyond Quantity [#5009]
Shatter cones from a new hotspot in the Ries crater originate
in lime‐stone beds within the Keuper sandstone section. A
likely scenario is that they were transported in a big block from
the vicinity of the inner wall over more than 5 km to the north.
Akebulake Iron Meteorite: The Second Confirmed Impact Site
in China [#5038]
We present shock effect results of impactite of Akebulake iron
meteorite. The impactite is the direct product of granite
shocked by the iron. Combined with field work, the recovery
site should be the second confirmed impact site in China.
Preliminary Results of a First Detailed Study of the Polymict
Impact Breccias in the Araguainha Dome, Brazil [#5077]
The study is to quantify the occurrences and character of the
polymict impact breccias at Araguainha Dome. This structure
was the first, and still is the largest, confirmed impact structure
in South America.
La Barda Negra, Neuquen, Argentina — NOT an
Impact Crater [#5066]
Field investigations of a potential impact site emplaced into a
basalt target revealed that the crater was most likely created
due to one or more water‐lava interactions.
Final Remarks and Discussion
Farewell Function with Refreshments

Notes
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IMPACT DIAMONDS OF THE POPIGAI IMPACT CRATER: GENETIC FEATURES. V.P. Afanasiev1,
A.P. Yelisseyev 2 and S.A. Gromilov3, 1 V.S. Sobolev Institute of Geology and Mineralogy Siberian Branch of Russian Academy of Sciences, 3 Ac. Koptyug Ave., 630090 Novosibirsk, Russia, avp-diamond@mail.ru, 2 V.S. Sobolev
Institute of Geology and Mineralogy Siberian Branch of Russian Academy of Sciences, 3 Ac. Koptyug Ave., 630090
Novosibirsk, Russia, eliseev.ap@mail.ru., 3 Nikolaev Institute of Inorganic Chemistry Siberian Branch of the Russian Academy of Sciences, 3 Lavrentyev str., 630090, Novosibirsk, Russia, grom@niic.nsc.ru

Mineralogy of impact diamonds from the Popigai
impact crater has been quite well studied, which provides insights into the mechanisms and conditions of
their formation.
1. The Popigai impact diamonds are of two main
types: (1) hosted by tagamite (remolten target gneisses
that contained graphite converted to diamond upon the
shock); (2) ejected from the central crater and dispersed during the impact event over a distance of 500
km around (yakutite). The tagamite-hosted (type 1)
diamonds were studied at the Skalnoye deposit, about
40-50 km southwest of the crater center. Yakutite (type
2) diamonds were studied in a placer along the Ebelakh
River outside the crater. The diamonds of both types
are aggregates of nanometer lonsdaleite and residual
graphite grains produced by martensitic transformation
of graphite into high-pressure phases.
2. Type 1 diamonds formed in situ as a bolid hit
the target rocks and caused their melting and annealing
in a high-temperature silicate melt. Type 2 diamonds
formed at the maximum dynamic stress and were dispersed by the explosion which led to their quenching;
the Ebelakh placer diamonds are coated with crusts of
silicate melt.
3. Type 1 diamonds are extracted from tagamite
by crushing and subsequent flotation, and are clasts
(mainly <1 mm) of larger crystals. Type 2 diamonds
have natural sizes from 1 mm to 1 cm or larger.
4. The diamonds have formed at different conditions which shows up in mineralogy difference.
Type 1 diamonds formed near the edge of the Popigai crater at lower pressures and temperatures. The
Skalnoye deposit stores diamonds of species A and B:
a light-colored mostly cubic phase (A) and dark crystals of coexisting cubic diamond, hexagonal lonsdaleite, and residual graphite. Fourier-transform infrared (FTIR) spectroscopy and cathode luminescence
(CL) images reveal aggregated nitrogen impurity produced by high-temperature effects.
Type 2 diamonds comprise diamond and lonsdaleite phases and almost no graphite. The absence of
graphite may be due to PT parameters higher at the
explosion epicenter than in the crater periphery. No
aggregated nitrogen impurity species have been found,
as the mineral was quenched upon dispersal.

5. The heavy mineral concentrate of tagamite
from the Skalnoye deposit consists of impact diamonds
of type 1 and graphite, at a ratio of 1/25. As shown by
experiments on graphitization of impact diamond, this
is residual graphite which has not converted to diamond during the impact event. The coexistence of cubic diamond, lonsdaleite, and graphite in a local volume at the same PT parameters can be explained proceeding from experimental results. The experiments
show that orientation of the impact with respect to the
graphite basal cleavage is critical in the graphite-todiamond conversion. Namely, the conversion is more
complete and leads to the formation of cubic diamond
if the shock is directed orthogonally to the basal cleavage of graphite. A shock oblique to this cleavage occurs at partial stress relaxation in basal sliding in the
graphite structure and produces hexagonal lonsdaleite
along with cubic diamond and residual graphite. At
high impact angles, stress release is greater, and no
high-pressure phases can form. This model accounts
for the coexistence of three phases and for large
amounts of residual graphite. Yakutites, on the contrary, form at highest pressures and temperatures and thus
contain little or no graphite.
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EFFECTS OF TARGET LAYERING ON SUBSURFACE DEFORMATION. A. Agarwal1, A. Kontny2, M. H.
Poelchau1 and T. Kenkmann1. 1Institute of Earth and Environmental Sciences – Geology, Albert-Ludwigs-Universität Freiburg, Germany, Albertstrasse 23-B, 79104 Freiburg im Breisgau. amar@daad-alumni.de. 2Institute of Applied Geosciences,
Karlsruhe Institute of Technology, Karlsruhe, Germany.

Introduction: Target layering is common on most
bodies in the solar system [1]. Layers formed by lithological variation display mechanical anisotropies and
heterogeneities. These variations can significantly influence crater formation [2], [3]. Differences in thickness of the stratigraphic layering also yield significant
structural differences between terrestrial craters formed
under similar conditions [4], [5].
Target layering is thus expected to affect subsurface deformation. The only established techniques to
investigate subsurface deformation over a large range
of depths are either drilling into real craters or numerical modelling. While the former is very expensive, the
later does not consider the mechanical heterogeneity of
the target rocks.
Therefore, in the present study, we conducted cratering experiments with layered targets and their subsurface deformation was quantified through detailed
strain and magnetic fabric analysis.
Methods: Two cubical blocks of Maggia gneiss
were used for impact cratering experiments. The foliation was vertical, i.e., perpendicular to the target surface, in experiment A38, and horizontal, i.e., parallel to
the target surface, in experiment A37. Aluminium
sphere projectiles, 5 mm in diameter (dp) and 0.177 g
in weight, impacted the targets at 7 km/s. The two cratered blocks were sawn in half and thin sections were
made perpendicular to the foliation and to the target
surface.
For anisotropy of magnetic susceptibility (AMS), a
non-magnetic diamond bit, 14 mm in diameter, was
used to drill oriented cylindrical cores from an unshocked and the two shocked blocks. Specimens were
drilled parallel and perpendicular to the metamorphic
foliation in the unshocked block. From samples A38
and A37, specimens were drilled into the target surface
and into the sawed surface. The specimens are 14 mm
in diameter and 11.2 mm long. Thermomagnetic behavior was analyzed and AMS was measured at lowtemperature (LT) and room-temperature (RT).
For strain analysis in the subsurface, high resolution BSE image maps of the thin sections were made.
Based on these maps, the amount of kinking in individual biotite grains was quantified. The length of
kinked biotite c-axis planes l0 was measured as well as
the length of the shortened biotite l1, giving a strain
value e = (l0 - l1) / l0. A total of 1337 values were
measured. Furthermore, the orientation of the kink

plane, which is a hypothetical plane lying within the
fold hinges of a kink, was measured relative to the
foliation and relative to the impact point source. The
interlimb angle, which is the opening angle of the two
limbs of a kink, was also measured.
Results: The target rocks in the subsurface of the
two craters experienced low shock pressures (< 3
GPa).
Magnetic fabric analysis: A Curie temperature of ~
576º C indicates almost pure magnetite, which often
occurs within biotite. The LT-K3 and the LT-magnetic
foliation planes coincide with RT-K3 and the RTmagnetic foliation planes, respectively. This, indicates
no difference in the orientation of AMS at room and
low temperature. The ferrimagnetic fabric is, thus, coaxial with the paramagnetic biotite fabric.
Impact cratering has increased the average susceptibility from 0.61 x 10-3 SI (in unshocked specimens)
to 1.47 x 10-3 SI (in A38) and 1.49 x 10-3 SI (in A37).
Moreover, P´ has increased from 1.49 to 1.72.
The deviation in K3 is more significant (up to 22°)
when the shock waves propagate along the magnetic
foliation. Whereas, K3 deviates < 4° for an oblique
incidence of the shock wave. As a consequence, in
A38 the maximum deformation is concentrated beneath the crater centre, while in A37 it is along the
sides (yellow zones in figure 1). In A37, the deviation
in K3 near the surface is less than in the vertical sections.
Strain analysis: The crater of experiment A37 (horizontal foliation) shows a fundamentally different pattern of strain with respect to the crater of A38 (Fig. 2).
First, the principal strain axes are flipped so that in
A38 the elongation axis e1 is oriented radially whereas
the shortening direction e2 is trending concentric with
respect to the source point. In A37 e1 is concentric and
e2 is radial. This is because in A37 horizontal layering
of biotite grains allows compression in horizontal direction, and low kinking corresponds with weak dampening of the shock wave, thus allowing strong reflections. The reflections cause tensile fracturing, which
lead to extension in vertical direction.
In general, the strain decreases with depth below
the crater floor. In the strain anisotropy map, below the
crater floor of A37, the strain is highest in the left part
as compared to the central and right part (Fig. 2). The
strain is higher below the crater centre, than adjacent to
the crater below the target surface.
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The distribution of strain was also analysed within
single grains of twenty biotite flakes of A38. ~70% of
biotite reported here are more strained at the top and
bottom compared to the middle.
Discussions: Folding and kinking of biotite due to
shock deformation may cause a significant reorientation of magnetic fabrics by passively changing
the position of magnetite grains with respect to each
other. Re-orientation of magnetic fabrics is conspicuous down to 20 dp (10 cm) below the point source.
Higher strain at the top of a single grain is owed to
the stronger shock wave at the top, which loses part of
its energy as it travels down the grain. Higher strain at
the lower part of the grain may be explained by the
superimposing of the deformation by the incident
shock wave and its reflected part. Thus the strain distribution is heterogeneous at the grain scale.
Comparison of strain anisotropy maps of A38 and
A37 reveal two important pieces of evidence which
clearly demonstrate the control of the foliation on
strain. First, the strain below the crater floor in A38 is
an order of magnitude higher than in A37. Second,
near the crater floor in A38, the highest strain is recorded vertically below the point source and is lower in
the grains near the crater floor in the left and right
oblique profiles. On the other hand, in A37 the vertical
profile has lower strain than the left oblique profile
even though the grains in the former are nearer to the
point source. These two stark contrasts are owed to the
ability of biotite to deform easily along its basal plane
[6].
AMS and strain analysis show comparable results.
Both AMS and strain analysis reveal the effect of interaction of free surface with the shock wave. This
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Figure 1: The maps show the position of the specimens
(black dots) and the deviation in K3 with distance from the
point source in A38 and A37. The impact crater is
represented with red arc and the point source is marked by
a red dot.
interaction decreases the deformation near the target
surface adjacent to the crater wall.
Conclusions: The cratering experiments into
gneiss have shown that deformation is higher below
the crater floor than adjacent to the crater wall. Furthermore, the intensity and distribution of deformation
(represented by strain and dispersion of K3) depends
upon the orientation of the layering. This anisotropy of
deformation underlines the critical effect of the orientation of mechanical heterogeneities such as stratigraphic layering or foliation.
References: [1] Senft L.E. and Stewart S.T. (2007) J.
Geophys. Res. E Planets 112:1–18. [2] Pohl J. et al. (1977)
Impact and explosion cratering: 343–404. [3] A. Agarwal,
et al. (2019) J. Geophys. Res.
Solid Earth: 2018JB017128.
[4] G. S. Collins et al. (2008)
Meteorit. Planet. Sci. 43:
1955–1977. [5] Stickle A.M.
and Schultz P.H. (2013)
Meteorit. Planet. Sci. 48:
1638–1650. [6] Borg I. and
Handin J. (1966)
Tectonophysics 3: 249–367.

Figure 2: Strain anisotropy
map of A37 (left) and A38
(right). The data points are
shown with the black dots.
The projectile and the point
source are shown at the
estimated burial depth.

Large Meteorite Impacts VI 2019 (LPI Contrib. No. 2136)

5003.pdf

PRELIMINARY RESULTS FOR CONSTRAINING PARAMETERS IN THE IMPACT-GENERATED
HYDROTHERMAL SYSTEM AT VARGEÃO DOME (BRAZIL) THROUGH THERMODYNAMIC
MODELLING. J. Alsemgeest1, L.F. Auqué1, 1Department of Earth Sciences, University of Zaragoza, Calle Pedro
Cerbuna 12, 50009 Zaragoza, Spain

Introduction: The Vargeão Dome impact structure
(Brazil), located in basaltic target terrain, is a unique
analogue for impact craters on Mars [1]. Based on the
ancient impact-generated hydrothermal system (IGH)
present within the structure, important constraints can
be found on the evolution of IGHs on Mars, allowing
for distinction between possible causes of hydrated
minerals observed on the Martian surface [2,3]. However, the precise thermal and hydrological evolution of
Vargeão Dome is not yet fully understood.
The evolution of any hydrothermal system is dependent on the species dissolving and precipitating
during the process of hydrothermal alteration, as well
as on the initial conditions (water composition, pressure, temperature) [4,5], and constraining these conditions is necessary to provide estimates on the thermal
evolution. Dissolving species can be either whole-rock
compositions or compositions of particular minerals
when preferential dissolution plays a role [1], whereas
precipitating species are likely limited to the observed
mineral assemblages formed as a product of alteration
[1,6]. For Vargeão Dome, pressure can be estimated to
a maximum of around 90-100 kPa based on a modelled
amount of erosion [7]. Factors that are harder to constrain include water compositions and temperatures. A
strong possibility is that the involved water is related to
the Botucatu Aquifer system [1]; however, this aquifer
was likely different at the time of the impact [8] and
present-day water compositions need to be adjusted for
conditions after the impact. Initial temperatures during
this phase are thought to be below 300°C, although this
constraint remains too wide to allow comparison to
similar impact structures on Mars.
In this framework, thermodynamic modelling has
been performed to constrain the thermal evolution of
the IGH in Vargeão Dome. Here, we present preliminary results constraining water compositions and temperatures in different sections of the structure.
Methods: Thermodynamic reaction path models
were developed using PHREEQC [9], a program for
geochemical modelling, to provide restrictions on the
parameters for hydrothermal alteration within two sections of the Vargeão Dome structure; the central depression and the inner collar. To test for variation in
the initial composition, 1000 randomized solutions
were generated, based on the compositions of the
Botucato Aquifer [10] and extrapolated to higher salinities (total dissolved solids, TDS, up to 10.000 mg/L).

The model consisted of dissolving either whole-rock or
plagioclase compositions (based on published observations, [1]) and allowing observed mineral assemblages
to precipitate. Models were run using the LLNL database [11] at a pressure of 90 kPa and temperatures between 0 and 300°C (with increments of 75°C) to test
their ability to produce secondary minerals. Models
showing results that significantly deviated from observations were eliminated to provide a range to the initial
compositions and temperatures.
Results and discussion: Over 800 initial water
compositions were eliminated, and from the remaining
ones a range for the concentration values was obtained.
Preliminary results indicate a TDS between 10 and 750
mg/L, with maximum concentrations for the main individual species of 400 (Na+), 250 (HCO3-), 100 (Ca2+,
Mg2+, CO32-, Cl- and SiO2), 10 (K+) and 1 mg/l (total
Fe). The pH should be between 5 and 10 based on aquifer compositions, but shows no preference throughout the models. Initial temperature showed a maximum
value of 150-225°C for the inner collar, whereas it may
still be as high as 300°C for the central depression.
Although the modelled constraints remain rather
rough, due to the large temperature increments and the
uncertainties related to the choice of minerals and the
thermodynamic database [5,12], they can provide a
basis for future improvements in the models. A more
precise range is expected once multiple databases are
incorporated into the model and more data on the precise mineralogy of the system becomes available.
References: [1] Yokoyama, E. et al. (2015).
Icarus, 252, 347–365. [2] Abramov, O. and Kring,
D.A. (2005). JGR E Planets, 110, 12, 1–19. [3]
Turner, S.M.R. et al. (2016). JGR. Planets, 121, 608–
625. [4] Gysi, A.P. and Stefánsson, A. (2012). Chem.
Geol., 306–307, 10–28. [5] Imdahl, H. (2012). Chem.
Geol., 304–305, 26–38. [6] Crósta, A.P. et al. (2012).
Meteorit. Planet. Sci., 47, 1, 51–71. [7] Vasconcelos,
M.A.R. et al. (2013). LMI V Abstract #3039. [8]
Araújo, L.M. et al. (1999). Hydrogeol. J., 7, 3, 317–
336. [9] Parkhurst, D.L. and Appelo, C.A.J. (2013).
U.S.G.S. Tech. Methods, B., 6-43A. [10] da Silva,
R.B.G. (1983). Est. Hidroq. Isot. ág. subt. aquif.
botucatu est. sao paolo. [11] Delany, J.M. and
Lundeen, S.R. (1991). LLNL thermoc. data base. [12]
Jiang, W.-T. et al. (1994). Clay Clay Miner., 42, 5,
593–605.
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ducted in parallel with remote sensing and field studies
Introduction: Radiometric data can be processed
of K, Th, U signatures at various impact structures in
into distribution maps for K – Th - U concentrations of
Africa, and Australia.
surface materials. These three elements are incompatiMethodology: We aim at mapping the distribution
ble - K is mobile under aqueous alteration, whereas the
of K, Th, and U concentrations on surface and at depth
mobilities of Th and U are comparatively much lower
at various scales (from the size of mineral grains to the
and depend on pH and degree of oxidation, respectivescale of the impact structure). For this purpose, we
ly. Therefore, impact processes (shock metamorphism,
plan to combine different techniques, including a)
melting and vaporization of target rocks), post-impact
ground-measurements using a portable radiospectromhydrothermal, and surface processes may all be reeter (RS-BGO-230), b) airborne radiometric data acsponsible for redistribution of these elements within
quisition (planned in 2020 by the Comissariat à
the impact-affected crust.The radiometric signature of
l’Energie Atomique), c) gamma-ray logging using the
terrestrial impact craters has not been well studied.
different drill holes of the Rochechouart drilling camOnly two cases were formally documented in peerpaign, and d) autoradiography of thin sections (to inreviewed publications, Lake Bosumtwi in Ghana [1,2]
vestigate the distribution of K, Th, U at thin secand Serra da Cangalha in Bresil [3], wheareas anomation/mineral scale). We report here preliminary results
lies appear to be also common for a number of Australbased on ground-based measurements, evaluation of
ian meteoritic impact structures [4]. The importance of
vertical core profiles, and geostatistical analysis of
the respective processes potentially responsible for
these data.
such anomalies is not understood. Moreover, the redistribution of heat-producing elements in the planetary
Surface mapping of K, Th, U concentrations at
crust in relation to impact processes has fundamental
Rochechouart: Ground-based measurements of K,
implications for planetary evolution, especially during
Th, and U concentrations were achieved during a field
the early phases of planetary evolution characterized
campaign from 25 September to 15 November 2017. A
by intense impact bombardment as well as much more
total of 520 ground-based measurements were
intense heat production from the decay of 40K. It is
achieved during this period at outcrops representing
the diversity of lithologies affected or generated by the
possible that radiometric anomaly patterns could also
impact (granitoids, gneiss, impact breccias, and catabe useful in the search for new impact structures or
clasites). The measurements reveal a wide range of
may together with other geophysical data, orovide
concentrations (K from 2 to more than 10 wt%, Th
constraints of the size of known impact structures.
from 5 to 40 ppm, and U from 2 to 16 ppm), which
In this context, we would like to use the
represents a favorable context to investigate potential
Rochechouart impact structure and the opportunity
redistribution of K, Th and U by impact and/or postoffered by the results of the CIRIR drilling campaign
impact processes. Granitoids have distinct and elevated
to develop a better understanding of the mechanisms of
Th/K and Th/U ratios, whereas the Th/K ratio is lower
redistribution of K, Th and U in relation to impact
to similar in gneiss and impact breccias. These meas(shock metamorphism, deformation) and post-impact
urements will be completed in August 2019 to estimate
processes (hydrothermal alteration and surface prothe frequency distribution of K, Th and U concentracesses This knowledge may be used to develop stratetions and of the K/Th and U/Th ratios for each of the
gies for the exploration of new impact structures as
lithologies exposed on surface.
well as characterization of known impact structures
based on the analysis of K, Th and U maps derived
Vertical distribution of K, Th and U concentrafrom airborne surveys on the Earth, and from orbiting
tions at Rochechouart: Vertical K, Th, and U consatellites equiped with gamma-ray sensors on other
centration profiles were acquired for 6 drill sites. One
rocky bodies. This research at Rochechouart is conmeasurement is available for every 5 cm of core. For
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each of these profiles (e.g., Fig.1), we analyzed the
one-to-one variation of the elements as a function of
depth (e.g. Fig. 2), the frequency distribution for each
element along linear and log scales (e.g., Fig. 3), and
we also evaluated the 1-D variogram.

Fig. 1 – Extract of the vertical profiles for the K, Th
and U concentrations for the SC2 drill core from
Chassenon. Thin lines correspond to original data,
whereas the thicker line represents the variation after
smoothing with a 1 m wide Savitzky-Golay filter [6].
The data are relatively noisy, and therefore the
original analyses were smoothed over 1 meter intervals
(thick lines in Fig. 1).

Fig. 2 – K versus Th concentrations as a function of
depth for the SC2 drilling site (Chassenon).
Discussion: Comparison of concentrations between
surface measurements and vertical profiles for the SC2
drilling indicates that surface material is relatively
enriched in K, and the range of variation for Th and U
concentrations is wider at depth than on surface (Fig.
2). The vertical profile also reveals an enhanced decrease in K concentrationswith depth below ~ 15 to 20
m. This is reflected by a bi-modal distribution of K
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(Fig. 3), with K-rich material exclusively found nearsurface. The distributions of Th and U are generally
log-normal (gaussian shape in log-scale) rather than
normal (gaussian shape in linear scale) - as generally
observed fo igneous rocks [5].

Fig. 2 – Frequency distribution and geostastitical
parameters for the concentrations of K, Th and U
along the SC2 drill core. Upper part: frequency distributions for K, Th and U concentrations estimated at a
linear scale. Bottom: frequency distributions of K, Th
and U concentrations estimated at log-scale.
Conclusion: The wide range of concentrations of
K (0 to 10 wt%), Th (0 to ~100 pm), and U (0 to more
than 100 ppm) provides a favorable context to examine
the potential re-distribution of these elements associated with impact-related or post-impact processes. Further work will focus on the comparison of K, Th, U
profiles with images and lithological description of the
drill cores to further elucidate the processes controlling
the 3D distribution of these elements at Rochechouart.
Acknowledgments: The authors the National Reserve and the local communities (Porte Océane du
Limousin with support of the State and EU) for funding the drillings and for supporting the CIRIR facilities
and means on site.
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SHATTER CONES – DIAGNOSTIC FRACTURES FOR IMPACT STRUCTURES
D. Baratoux1 and W.U. Reimold2 1Géosciences Environnement Toulouse, University of Toulouse, CNRS & IRD,
14, Avenue Edouard Belin, 31400, Toulouse, France. 2Institute of Geosciences, Laboratory of Geodynamics, Geochronology and Environmental Science, University of Brasília, Brasília, Brazil.
Introduction: Shatter cones are a fracture phenomenon that is exclusively associated with shock metamorphism and has also been produced in the laboratory
in several shock experiments. The occurrence of shatter cones is the only accepted meso- to macroscopic
recognition criterion for impact structures. Shatter
cones exhibit a number of geometric characteristics
(orientation, apical angles, striation angles, sizes) but
may be difficult to recognize in the field. The can be
confused with other features, including ventifacts, percussion marks, plumose fractures, slickenslides, crenulation clivage, and cone-in-cone, especially to nonexperts. We will review in this presentation these features, which have been sometimes mistaken for shatter
cones (see examples Fig. 1). We will also discuss a
chart that has been proposed for the identification of
shatter cones in the field, and for reporting their findings in scientific publications (Fig. 2), since pictures
are generally not sufficient to assess the nature of the
striated surface.
Methodology: the chart uses a number of parameters that can be directly observable in the field, including (a) the distribution of striated surfaces, either occuring at the surface, and occuring as space fracturing
in the volume of the rock, (b) the lithology, and in particular the igneous, metamorphic of sedimentary nature
of the rock, (c) the shape of the striated surface, curved
or planar, (d) the amplitude of striations, millimetric to
centimetric (e) the orientation of striated surfaces,
unique or variable (f) the track of striations, parallel or
diverging and (g) the morphology of striations, angular
or rounded. The order of the parameter is important to
progressively rule out the occurrence non-shatter cones
phenomena. Shatter cones may occur in all types of
rocks, however, they may be easily confused with
crenulating clivage in metamorphic rocks, so we emphasize here the possible confusion when possible
shatter cones are found exlusively on this type of rock
(e.g., shale). The most important criteria includes the
presence of curved surfaces, occurring in the volume
of the rock, with diverging and rounded striations,
which can be found in variable orientation.
Conclusion: As shatter cones may be not identified
with certitudes from pictures we strongly recommend
to publish pictures accompanied with a thourough description, which uses a strandard description scheme.
The chart that we propose [1] is a first step in this di-

rection and is naturally open for discussion and improvement.

Fig. 1 – Example of shatter cones and other striated
surfaces, which are possible sources of confusion.
From upper left, to bottom: near-complete shatter cone
in dolomite from the Haughton Dome impact structure,
cone-in-cone structures from Devonian-Silurian shale
south of Erfoud (Morocco), specimen 6 cm wide Canada, detail of plumose fractures in limestone, Glacier
National Park (detail of a photograph by M. C. Rygel,
via Wikipedia Commons), wind abrasion features from
the Gilf Kebir Plateau (Photo courtesy M. Di Martino),
specimen ~1 m large, example of crenulation cleavage
from the Tarkwaian-type sediments (~2110 Ma) of the
Hounde greenstone belt, Burkina Faso. Photo courtesy
L. Baratoux, hammer for scale. Illustrations from [1].
References: [1] Baratoux, D. and W.U. Reimold,
Met. Plan. Sci. 1-46, doi:10.1111/maps.12678.
.
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Fig. 2 Chart for the discrimination of shatter cones from other, possibly similar appearing geological features [1].
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MICROMETEORITES FROM BARREIRAS GROUP AND PÓS-BARREIRAS SEDIMENTS,
NORTHEAST REGION OF PARÁ STATE, AMAZÔNIA, BRAZIL – FIRST SCIENTIFIC NEWS. Maurício
S. Borges1, Samuel M. F. Borges2, Luciana C. Brelaz3, Claudio N. Lamarão1, Ana P. P. Corrêa1; 1Institute of Geosciences, Federal University of Pará, Augusto Corrêa Street, n° 01, Guamá. Zip Code: 66.075-110. Belém, Pará,
Brazil. Email: mauricio@ufpa.br; 2ESF Alto Pereru, Rural Zone, City Hall of São Caetano de Odivelas, Pará, Brazil; 3PETREC, Hélio Almeida Street S/N, Room 43, Federal University of Rio de Janeiro, RJ, Zip Code: 21941-614.

Introduction: In this work, we describe for the
first time, the records of fossil micrometeorites included in rocks of Tertiary and Quaternary ages arranged in
the Northeast Region of the State of Pará, belonging to
the Barreiras Group and Pós-Barreiras Sediments. The
most recent studies point to Miocene, Meso-Miocene
and Mio-Pliocene ages for the Barreiras Group [1, 2, 3]
and Pleistocene to Late Pleistocene-Holocene [4, 5] for
Pós-Barreiras Sediments in which micrometeorites are
present. Thus, the inflows records of extraterrestrial
materials in these Geological Units were unknown in
the Amazon Region and perhaps in Brazil, especially
for the Barreiras Group. Based on these new data, there
is clear evidence of the partial contribution of extraterrestrial material in the final sedimentary composition of
the siliciclastic stratigraphic successions of the Upper
Tertiary and Quaternary ages in the Northeast Region
of the State of Pará.
Methods. The research consisted of fieldwork for
the samples collection for this specific purpose of looking for micrometeorites, from the year 2010 to the present. The recovered material was submitted to optical
investigations through the petrographic microscope and
subsequently researched by scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEMEDS Analysis).
Simplified Geological Setting. The Barreiras
Group in Northeast of the Pará Region has marine influence in this beds, that are marked “by the action of
tidal currents” [6]. According [5] Pós-Barreiras sedimentation is associated with a fluvial paleovalley.
Expedited description of the Barreiras Group
micrometeorites. From the geometric point of view,
the micrometeorites with spherical three-dimensional
forms (cosmic spherules) dominate (Figs. 01 and 02).
However, sub-spherical and prolate forms are common
(Fig. 03). Some of them have crystal trails. There are
specimens that appear to be "hollow" (Fig. 04). The
spherules are composed on their surface by crystals
whose arrangements produce textures ranging from
anhedral to well-defined euhedral. The results of the
chemical microanalyses are varied, however, typically
include: O (28.50%), Al (1.35%), Si (1.17%), Fe
(68.18%), Ni (0.60%), Pt (0.20%), among others.

Figure 01. Spherical micrometeorite image from Barreiras Group obtained by SEM using secondary electrons.

Figure 02. Spherical micrometeorite image obtained
by SEM using secondary electrons.
Pós-Barreiras Micrometeorites. The micrometeorites
observed in the Pós-Barreiras Sediments have a dominantly perfect spherical shape tendency (Fig. 05) and
they are generally smaller than those present in the
rocks of the Barreiras Group.
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Figure 03. Prolate micrometeorite image from Barreiras Group obtained by SEM, using backscattering
electrons. It is possible observe the linear orientation of
the some crystal clues

Figure 04. Micrometeorite with "hollow" appearance.
SEM image obtained using backscattering eletrons.

Figure 05. Micrometeorite collected in a sample of
Pós-Barreiras Sediments. Microcratering is visible.
SEM image processed using secondary eletrons.
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They have textural variations on their surfaces,
however, with a smoother tendency. But, it is not uncommon anhedral and even circular or elongated textures for some crystals. The chemical microcomposition presented, in general, is: C (5.84%), O (46.78%),
Al (29.87%), Si (0.13%), Fe (1.31%), others elements
(16.07%).
Conclusions. This work describes for the first time
the occurrence of micrometeorites in stratigraphic units
of the Upper Tertiary and Quaternary in the Northeast
of the Pará State. These occurrences indicate the clear
contribution of material inflow from extraterrestrial
provenance to the final balance on the sedimentary
composition of the deposits related to this geological
time. The morphology and microscopic appearance and
textures of the cosmic spherules is diagnostic of micrometeorites, as well as the textural arrangements of
the surfaces of many of them. The occurrences of FeNi and Pt-based compositions also point to this conclusion. The data also indicate the principle that in most
cases they are type I spherules [7, among others].
Acknowledgements. This work was supported by
the Instituto de Estudos Superiores da Amazônia
(IESAM), during 2010 to 2014, and later by the
Estácio Educational Group, between 2014 to 2017. We
thank to the Geology Faculty from Federal University
of Pará (UFPA) and the Postgraduate Program in Natural Risk Management and Disasters in the Amazon
(PPGGRD), for allowing the execution of the field
works, since 2018. We are grateful to the Laboratory of
Chemistry Microanalysis of UFPA Geosciences Institute, for the support in the acquisition of data MEVEDS and the Company Vale S.A, as well as to the Instituto Tecnológico Vale, for the assignment of noncostly use of the Scanning Electron Microscopy
Equipment. We are also grateful to the ICJ-UFPA colleague and the Pará State Attorney, Dr. Dennis Verbicaro Soares, for the long academic and “Geolaw”
discussions that possibly would hatch of the work.
References: [1] Arai M. et al. (1988) Anais do 35°
Congresso Brasileiro de Geologia, Belém, V.2, 738752. [2] Arai M. (2006) Geol. USP. Sér. Cient. São
Paulo, V.6, Nº 2, 1-6. [3] Rossetti D. F. (2006) 43º
Congresso Brasileiro de Geologia, Aracaju. Evolução
Sedimentar Miocênica no Norte do Brasil. 16 p. [4] Sá
J. H. S. (1969) Boletim do Instituto de Geologia, 3,
21-36. [5] Tatumi S. H. et al. (2008). Revista Brasileira de Geociências, 38(3), 514-524. [6] Rossetti D. F.
and Góes A. M. (2007). XI Congresso da ABEQUA,
Belém, Processos de Maré na Formação Barreiras,
Estado de Alagoas, CD-ROM. [7] Genge M. J. et al.
(2017) Geochimica et Cosmochimica Acta, 218, 167200.
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EVIDENCE OF LARGE VARIATIONS OF THE METEORITES IMPACT RATE ON MARS, DURING
SIMILAR TIMES TO THE CAMBRIAN PERIOD ON EARTH. William Bruckman ; University of Puerto
Rico At Humacao Ret., Department of Physics, Humacao, Puerto Rico 00792.(miguelwillia.bruckman@upr.edu)
Introduction: The Martian craters, with diameters
, ܦ, between 80 ݇݉   ܦ 90 ݇݉, were investigated, using data from Robbins et al (2012) [1]. The
graph ࡺࢉ(݀݁), describing the number of these craters
with depths larger than a given value, ݀݁, is presented
in a plot ࡺࢉ(݀݁)݁݀ ݏݒ, (see figure 1), where it shows
a significant slope change in the interval 1.9km 
݀݁  2.0݇݉. In what follows, this change will be interpreted as the manifestation of a large alteration of
the meteorites impact rate that formed these craters,
about 500 to 600 millions years ago. The verification
of this conclusion will strongly suggest that a similar
change in impact rate is connected to the Cambrian era
on our planet.
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Figure 1: ࡺࢉ(݀݁)  ݁݀ ݏݒfrom table 1 and 2.
General Considerations: Studies by Garvin et al
(2002) [2] and Boyce et al (2007) [3] demonstrated
that the relation between the depth and the diameter, ܦ,
of the deepest and freshest complex craters is given
by: ݉ܽܦݐ݊ܽݐݏ݊ܿ = ݄ݐ݁݀ ݊ݑ݉݅ݔ ,where k is a
constant with value near ½. For instance, in Boyce et
al k=0.52, and in Garvin et al k=0.49. The above formula allows the following interpretation. When an impact crater of diameter D is formed, there is a high
probability that its initial depth is determined by this
equation. This interpretation is suggested by the depth
vs diameter plots illustrated in Boyce et al (2007) [3]
and Robbins et al ( 2008 ) [4] papers , where the number of craters sharply drops when depths are greater
than the values given by the above mathematical relation.
In an idealistic model, where craters of diameter ܦ
and the same initial depth are uniformly degraded, reducing their depth at the same rate, we can then associate an age of formation ߬, corresponding to a crater
depth = ݀݁, so that smaller ߬ implies larger ݀݁. Thus,
in such heuristic situation, the number of craters deeper
than ݀݁: ࡺ(ܦ, ݀݁), gives also the number of craters

younger than ߬: ܰ(ܦ, ߬), and a group of craters with
greater depth than another group will also have
younger craters. However, in a realistic model, with
differences in degradation rate, and where only similar
initial maximum depths are expected, we would instead assume that the “majority” of craters with larger
depth are younger than the craters in the other group.
Furthermore, the greater the differences in depths of
the two groups are, the greater this majority. Therefore,
counting all craters, ࡺ(ܦ, ݀݁), deeper than ݀݁ (depth>
݀݁) would be an approximation to the actual
ܰ(ܦ, ߬). In other words, a crater with depth > ݀݁ is
probabilistically younger than craters with depth < ݀݁.
Consequently, let us assume that ࡺ(ܦ, ݀݁) is similar
to ܰ(ܦ, ߬) , and thus : ࡺ(ܦ, ݀݁) ൎ ܰ(ܦ, ߬).
A discussion of a general form for the functions
ࡺ(ܦ, ݀݁) and ܰ(ܦ, ߬) is given in Refs. (5) and (6),
but here the analysis will be limited to the craters in
the bin 80 ݇݉   ܦ 90 ݇݉, from Robbins et al
(2012) data, illustrated in the figure 1 and tables 1 and
2. Hence, let’s use the adaptation ࡺࢉ(݀݁) ൎ ܰܿ(߬),
where ࡺࢉ(݀݁) and ܰܿ(߬) are the cumulative crater
numbers in the interval 80 ݇݉   ܦ 90 ݇݉.
The Impact Flux: We see in figure 1 a significant
increase in the slope (οࡺࢉ(݀݁) /(ο ݀݁ )݄ݐof the
transition from depth 2.0 km to 1.9 km. This is also
shown in table 1 and 2, where 11 craters are added
from depth 2.0 km to 1.9 km. In contrast, for the interval from 2.1 km to 2.0 km, the number of craters
change only by 2. Furthermore, for depths larger than
2.1 km, the number of craters added per 100 m intervals is never larger than 4. Let’s investigate the hypothesis that this peculiar alteration in slope is mainly
a consequence of a drastic change in the craters rate of
production associated to an event in time, ߬ . For these
relatively deep craters, with depths > 1.9 ݇݉, and
large diameters, the use of the following approximation ܰܿ(߬) ൎ തതതത
ߔܿ ߬ is justified (Refs. [5], [6]), where
തതതത
ߔܿ is the average impact flux in the interval ߬, so we
can use ࡺࢉ(݀݁) ൎ ܰܿ(߬) ൎ തതതത
ߔܿ ߬. Thus we have, using
tables 1 and 2, that οࡺࢉ(݀݁) ൎ തതതത
ߔܿ ο߬ ൎ 11, ο݀݁ =
1.9݇ െ 2.0݇݉, where ο߬ is the time interval corresponding to the depth interval from 2.0 to 1.9km.The
expectation here is that the most of the 11 craters in the
interval ο݀݁ = 1.9݇݉ െ 2.0݇݉, have an age between
߬ - ο߬ and ߬ . However, the probability exits that a
crater in this group is older or younger than the ages in
this time interval, and should be removed from the 11.
Yet, also a probability exist that the age for a crater
outside ο݀݁ = 1.9݇݉ െ 2.0݇݉ is in the interval
ο߬,and should be added to οࡺࢉ(݀݁). Therefore, the
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“errors” tend to cancel each other out, keeping the
number 11 as a good estimate of craters during ο߬.
࣎ ࢙࢜ ࢊࢋ࢚ࢎ: To estimate the functional dependency between ߬ and depth , let’s consider again figure
1, for the interval with depth > 2݇݉. This sector of the
data is relatively smooth, and suggest that it can be
represented by a parabolic behavior of the form:
ࡺࢉ(݀݁) ൎ ݇ଵ [݇ଶ െ ݀݁]ଶ , ݇ଵ , ܽ݊݀ ݇ଶ constants.
The non-linear fitting, using Mathematica, gives
݇ଵ =15.4/(݇݉ଶ ), ݇ଶ = 3.15 ݇݉. ,
which is a very good reproduction of the data in table
2, for depths > 2.0 km. (see: table 2, column 3; figure
2). According to the above interpretation, these large
and relatively young craters satisfy ࡺࢉ(݀݁) ൎ ܰܿ(߬)
ൎ തതതത
ߔܿ ߬. In addition, drastic slope variations are not
found in this part of the data, thus it also suggest that
തതതത
ߔܿ is approximately constant , which also implies that
߬ ൎ [ ן3.15݇݉ െ ݀݁]ଶ , or ߬ ൎ ߬ [1 െ ݀݁/3.15݇݉]ଶ ,
where the constant ߬ is the scale factor of time, corresponding to the value of ߬ when ݀݁ = 0, and hence can
be identified with the age of the oldest craters.
If we write ߬ = (3500)(1  ט1/7)݉ ݕ, then, the
possible values of ߬ are ranging from 3000 to 4000
millions of years (݉)ݕ, which is essentially covering
the Noachian and the Hesperian periods of crater formation in Mars. Substituting the above value of ߬ and
depth = 1.9݇݉, we obtain ߬(1.9݇݉) = ߬ ൎ
(551)(1  ט1/7)݉ ݕ, and, moreover, ߬ െ ο߬ =
߬(2.0݇݉) ൎ (466)(1  ט1/7)݉ݕ.We can also evaluate the impact rate for depths > 2.0݇݉. using തതതത
ߔܿ ൎ
20/[466)(1  ט1/7)݉ ]ݕൎ [(23)(1  ט1/7)݉ି] ݕଵ .
Let’s calculate an estimate of the impact rate for
the period of the steep slope from 2.0km to 1.9km,
where ο߬ ൎ (85)(1  ט1/7)݉ݕ, for the associated time
interval, and the change in ࡺࢉ(݀݁) is 11, and thus we
have that തതതത
ߔܿ ൎ [ ( 7.7)(1  ט1/7)݉ି] ݕଵ , or about
three times the impact flux of more recent times.
There is a crater depth of 4.91km, well beyond the
next depth of 2.91km. This much deeper crater is interpreted to be a statistical anomaly to the above models.
It is natural to pay attention to the fact that
500 ݉ ݐ ݕ600 ݉ ݕyears ago on our planet we had
the extraordinary Cambrian period. A corroboration of
the impact flux estimates in this work, would strongly
suggest that a significant increase in meteorite impact
flux, follow by a drastic reduction, could be connected
to the Cambrian era.
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Figure 2: : ࡺࢉ(݀݁)  ݁݀ ݏݒ, From Table 2. The continuous curve is from: ݇ଵ [݇ଶ െ ݀݁]ଶ .
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Table 1
ࡺࢉ(݀݁)

݀݁(݇݉)

ࡺࢉ(݀݁) ݀݁(݇݉)

174

0

95

1.0

168

0.1

87

1.1

163

0.2

77

1.2

150

0.3

71

1.3

142

0.4

63

1.4

130

0.5

56

1.5

121

0.6

52

1.6

119

0.7

46

1.7

112

0.8

37

1.8

102

0.9

31

1.9

Table 2
ࡺࢉ(݀݁)

݀݁(݇݉)

݇ଵ [݇ଶ െ ݀݁]ଶ ൎ
തതത ߬:
ߔܿ

20

2.0

20.37

18

2.1

16.98

14

2.2

13.90

11

2.3

11.13

8

2.4

8.66

7

2.5

6.51

5

2.6

4.66

3

2.7

3.12

2

2.8

1.89

1

2.91

0.89
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MICRO-RIEDEL SHEAR ZONES AS SHEAR SENSE INDICATORS IN SHOCKED ZIRCON FROM
SANDSTONE IN THE CENRAL UPLIFT OF THE KENTLAND IMPACT STRUCTURE, INDIANA, USA.
A. J. Cavosie1 and J. Weber2, 1Space Science and Technology Centre, Curtin University, Australia. Email: aaron.cavosie@curtin.edu.au. 2Grand Valley State University, USA.

Introduction: Shock microstructures in minerals
provide diagnostic, ideally experimentally-calibrated,
paleobarometers to estimate intensity of shock damage.
Shear stress is inferred to play a critical role during the
formation of shock microstructures, however it can be
difficult to uniquely constrain the contribution of shear
stress to observed strain, particularly in accessory minerals. Here we report the occurrence of Riedel shear
zones within individual shocked zircon grains from the
Ordovician Saint Peter sandstone at the Kentland impact
structure (Indiana, USA) that form uniquely as a consequence of shearing.
Background: Kentland is a complex impact structure exposed in the Newton County quarry in NW Indiana [1]. Target rocks include disturbed Ordovician-Mississippian sedimentary rocks that are overlain by Quaternary glacial till, yielding a poorly constrained stratigraphic age of impact from ~325 Ma to ~50 ka. Paleomagnetic studies suggest a Jurassic age [1]. Existing
size estimates range from 6-13 km. Shatter cones in carbonate rocks are abundant. Preliminary studies have
identified planar microstructures in quartz, including
planar fractures and feather features [2].
Sample: Zircon grains were separated from a ~2 kg
sample of Saint Peter Sandstone and mounted in epoxy.
Approximately ~1000 grains were analyzed at moderate
resolution (~500 nm step size) by electron backscatter
diffraction to search for evidence of shock deformation.
A sub-set of 103 grains were subsequently chosen for
higher resolution orientation analysis (~50-100 nm step
size). A total of 37 grains were found to contain {112}
deformation twin lamellae, and many more grains contained planar deformation bands (PDBs), all broadly
similar in character to features reported from other impact structures (e.g., [3]). Within the zircon population,
5 grains preserve intra-grain arrays of planar deformation bands and/or twins with the classic geometry of
Riedel shear zones (e.g., [4]), which we here refer to as
micro-Riedel shear zones. Such features have not previously been reported in zircon, and are the focus of this
study.
Results: The micro-Riedel shear zones occur within
individual zircon grains, and range up to ~30 μm in
width (Figs. 1, 2). They are defined by classical synthetic shear bands (R) that connect en echelon arrays of
antithetic shear bands (R’). Some grains also contain
sets of tensional fractures (T), oriented ~45° from the
inferred principle shear zone orientation. In the zircon

grains analyzed, the R and R’ shear bands are defined
by planar deformation bands (PDBs) along {100},
whereas the T fractures coincide with {112} twin lamellae (Fig. 1).

Fig. 1. Orientation map (inverse pole figure) of a
shocked zircon with a micro-Riedel shear zone from the
central uplift at Kentland. Synthetic (R) and antithetic
(R’) shear bands (manifested as PDBs), and extensional
fractures (T) (manifested as {112} twin lamellae) are indicated. Dashed lines are the inferred orientation of the
principle dextral shear zone.
For grains with twins, an inferred stress ellipse fitted
to the canonical Riedel shear zone geometry predicts the
local maximum principal stress direction (σ 1) in an orientation parallel to {112} deformation twin lamellae,
placing twin formation in an extensional context. These
results represent the first occurrence where formation of
{112} deformation twin lamellae in shocked zircon are
unambiguously constrained to have occurred during
shear deformation. To our knowledge, this is also the
first report of microscopic Riedel shears occurring
within individual minerals, which likely formed in microseconds.
The micro-Riedel shear zones were only found in 5
of ~1000 zircon grains. Despite their rarity, and our current inability to spatially correlate features in the disaggregated grains with larger-scale features in an intact
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rock sample, they none-the-less provide critically important kinematic indicators. They have potential to
bridge macro-scale mineral deformation to macro-scale
rock deformation in order to better understand deformation mechanisms in various crater environments, the
role of shear stress, and the interplay between brittle,
cataclastic, and plastic deformation. Connecting localized principle shear stress orientations at grain-scale to
crater-wide structures may provide new insight into how
strain is accommodated over a dynamic range of scales
(μm to km), in seconds.

Fig. 2. Orientation
map (texture component) of a shocked zircon from the central
uplift at Kentland with
a micro-Riedel shear
zone. Synthetic (R) and
antithetic (R’) shear
bands are indicated.
Dashed line is the inferred orientation of
the principle dextral
shear zone. Twins are
not present in this
grain.

References: [1] Weber J. C. et al. (2018) Geol. Soc.
Am. Field Guide, 51, 393-407. [2] Morrow J. and Weber
J. (2009) LPS XV, Abstract #1913. [3] Erickson et al.
(2013) Am. Mineral., 98, 53-65. [4] Davis G. H. et al.
(2000) J. Struct. Geol., 22, 169-190.
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CONTROLS ON THE DURATION OF IMPACT-INDUCED HYDROTHERMAL ACTIVITY VIA
NUMERICAL SIMULATIONS. E. Christou1, A. E. Pickersgill1,2 and W. Bach3. 1School of Geographical & Earth
Sciences, University of Glasgow, Gregory Building, Lilybank Gardens, Glasgow G12 8QQ, U.K.; 2NERC Argon Isotope Facility, Scottish Universities Environmental Research Centre (SUERC), Rankine Avenue, East Kilbride G75 0QF, U.K.; 3 MARUM,
Faculty of Geosciences, Petrology of the Ocean Crust Department, University of Bremen, Bremen, Leobener Straße 8, 28359,
Germany.

Introduction: The duration of hydrothermal activity in both volcanogenic and impact-induced systems
affects the activation energy of chemical and mineralogical reactions and determines the habitability of
these systems [1-2]. [3-5] highlighted the effects of
permeability on the lifetimes of post-impact hydrothermal systems at Sudbury crater, putative Martian
craters and Chicxulub, respectively. Furthermore, [6]
showed that conductive cooling in craters 20 to 200 km
in diameter results accordingly to a range of 10 Ky to 1
My of hydrothermal activity. [7] suggested that the
hydrothermal duration depends on the size and initial
temperature of the heat source, physical and thermal
parameters of host rocks (such as permeability, heat
capacity, and thermal conductivity), availability of liquid water in the setting, self-sealing due to mineral
precipitation and other factors. For simplicity and
computational efficiency, previous contributions consider permeability as the most significant parameter for
hydrothermal circulation and its duration. Nevertheless,
mathematical algorithms addressing hydrothermal convection solutions treat rocks as continuous media. In
our models, permeability and porosity decrease exponentially with depth, but we have simultaneously included local changes in permeability based on lithology
to increase the complexity of the simulated domains.
Hence, we incorporated fracturing, sealing of fractures,
fluid viscosity and density and fluid heat exchange
fluxes as additional input parameters discretely through
numerical coding. We adopted this approach and resolved the coupled, time-dependent heat and fluid
transport differential equations using the finite element
method for fractured areas in the setting. We then introduced our solutions to the HYDROTHERM: Version 3 program [8-9] to simulate the evolution of fluid
flow in several impact-induced hydrothermal settings.
Methodology: In this communication, a putative
hydrothermal setting that represents the Chicxulub
post-impact thermodynamic environment is initially
defined via the HYDROTHERM 3 software of the
USGS. The coupled time-dependent heat and fluid
transport differential equations were independently
solved via the Galerkin finite element method and the
Picard iterative technique and were then imported as
modifications in the HYDROTHERM 3 code. The

code is now feasible to model fractured porous settings
(by utilizing a Voronoi mesh generator, similarly to the
methods followed by [10]). Multiple sets of simulations were produced for the specified setting in the
presence and absence of fractures to validate the feasibility of the modified algorithm versus the original
numerical code of the HYDROTHERM 3 Software.
The validation results proved that fractures are efficiently implemented in the algorithm.
Results: Assuming that the rocks of the peak ring
and central inner basin of a Chicxulub-size impact
crater are far more fractured than those of the outer rim
regions, we investigated the effects of the localized
higher permeability on the hydrothermal fluid flow.
The simulations showed that fractures initiate and
maintain hydrothermal fluid circulation in media which
would otherwise behave passively [Figure 1]. Fracture
location seems to govern both the convection pattern
and vigour of a closed thermodynamic system. In fluid
mechanics, discrete fractures can also change an established convection pattern and multiple fractured porous
media are comparable with the homogeneously anisotropic media in all numerical solutions. This is also
consistent with observations on the geological settings
of impact craters, where rock units of the peak ring and
the central basin are substantially fractured.
We found that the lifetime of hydrothermal flow is
significantly affected, after minor changes on the hydraulic conductivity within the fractures and the spatiotemporal distribution and geometry of fractures and
convective cells. Figure 1 illustrates differences in the
post-impact hydraulic response in the absence [1A] and
presence [1B] of fractures (size of fractures in [1B]:
1mm - 2cm). We performed several simulations to test
how the width and distribution of discontinuities affect
the hydrothermal cooling rates. Preliminary results
suggest that fractures of a width greater than 4 cm result in far more rapid cooling of the hydrothermal system and shorten the duration of fluid flow. Moreover,
the geometrical characteristics of fractures play an important role in the convection pattern of the setting but
more tests are needed to construct an empirical correlation for the direction of flow and the geometry of fractures. The results suggest that if fractures of a 1 mm – 2
cm width range are present in the impactites, then the
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duration of hydrothermal flow is increased by a factor
of 2 and water flux is greater by 3 orders of magnitude
at 2 My after the impact [Figure 2]. Future work should
focus on relating the width and orientation of fractures
with the fluid flow pattern within rocks that have been
severely shocked and that exhibit post-impact hydrothermal alteration.

Figure 2. [I]: Post-impact water flow in a fractured
porous impactite setting of a putative crater. [II]: Water flow in the same setting without fractures. At 2 My
after the impact, the Water Mass Flux max. in [I] =
3.39E-6 g/s·cm2; WMF max. in [II] = 3.06E-9 g/s·cm2.

Figure 1. [A] Fluid mass flux in a porous media (maximum value = 4.46 x 10-7 kg/s·m2) without fractures.
Permeability (k) = 4 x 10-17 m2 and thermodynamic
properties of the matrix are assigned to represent a
suevitic breccia rock domain. [B] Fluid mass flux in
the suevitic breccia (maximum value = 9.1 x 10-5
kg/s·m2) including fractures. Fractures are illustrated
with dark-red lines; fracture widths range between 0.55 mm. Fracture lengths range between 0.05-0.5 m and
are exaggerated in section B for clarity. All fractures
are randomly placed and randomly oriented to the flow
direction. Fracture permeability (kf) = 4 x 10-12 m2 and
matrix permeability (k) = 4 x 10-17 m2, decrease exponentially with depth and are additionally expressed as
functions of temperature (equations 1-3 [11]:)

Discussion: Fracturing seems to affect the lifetimes of hydrothermal systems, either by increasing the
duration of fluid flow as presented in this study, or by
resulting in rapid cooling, if the density and width of
fractures overcome a yet unknown critical threshold.
Future research should focus on establishing an empirical relationship that would adequately describe these
phenomena. Within a broader picture, these findings
imply that the lifetimes of post-impact hydrothermal
systems on Earth and other planetary bodies may have
been underestimated. Thus, a reinvestigation of these
environments may shed new light on their habitability.
References: [1] Kring D.A. (2000) GSA Today,
10, no. 8, 1–7. [2] Osinski G.R. et al. (2013) Icarus,
224(2), 347–363. [3] Abramov O. and Kring D.A.
(2004) JGR, 109, E10007. [4] Abramov O. and Kring
D.A. (2005) JGR, 110, E12S09. [5] Abramov O. and
Kring D.A. (2007) MAPS, 42:1, 93–112. [6] Turtle
E.P. et al. (2003) MAPS, 38: 293–303. [7] Newsom
H.E. et al. (2001) Astrobiology, Spring 1(1):71-88. [8]
Kipp K.L. et al. (2008) USGS, Version 1, 6–A25. [9]
Hayba D.O. and Ingebritsen S.E. (1994) USGS, 944045. [10] Yang J. et al. (1998) GJI, 135:2, 627–649.
[11] Hayba D.O. and Ingebritsen S.E. (1997) JGR,
102:12, 235–252.
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Confirmation of the Yallalie Impact Structure in Western Australia: Shocked Quartz in Polymict Impact Breccia. Morgan A. Cox1, Aaron J. Cavosie1 , Ludovic Ferrière2 , Nicholas E. Timms1, Phil A. Bland1, Katarina Miljković1,
Timmons M. Erickson1,3 and Brian Hess4
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Introduction: Yallalie is a circular depression ~12
km diameter which is located ~200 km north of Perth,
in Western Australia (Fig. 1). Previous studies at the site
suggested that the feature was a buried, complex impact
structure based on geophysical surveys [2]. Geological
surveys also identified an allochthonous, polymict breccia, suggested to be possible impact ejecta, but no diagnostic evidence of impact such as shatter cones, shocked
minerals or meteoritic anomalies [3] were identified [4].
The age of the structure is poorly constrained due to no
materials identified for radiometric dating and therefore
stratigraphic relations must be used, which suggest the
structure is Upper Cretaceous [4]. Here we report the
confirmation of diagnostic evidence of impact in the
form of shock-deformed quartz from the allochthonous
breccia.
Samples and Methods: Two samples of clast-rich
(16YA09),
and clast-poor (16YL01) polymict
Mungedar Breccia were collected from approximately 4
km west of the rim of the Yallalie structure. The breccia
is made up of green, tan and brown coloured rocks and
clasts, and has a quartz–rich, sand-dominated matrix.
Rock samples were cut and impregnated with epoxy and
then polished thin sections were made. A petrographic
microscope and scanning electron microscope was then
used in order to search for shocked minerals.
Crystallographic orientations of PFs and PDFs in
grains of shocked quartz were determined using a fouraxis universal stage (u-stage) at the University of Vienna.
Results: Twenty-one quartz grains with planar fractures (PFs) were identified, with eighteen grains containing PFs identified in the nine thin sections of the
clast-rich breccia (sample 16YA09), and three in the
clast-poor breccia (sample 16YL01). Grains with PFs
range in size from 150 μm to 1.2 mm, and occur in both
the matrix and the mudstone clasts. PFs cut across the
quartz grains, are well-developed and are typically
spaced between 10 to 20 μm apart. The orientation of
the PFs within 21 quartz grains were indexed using the
u-stage, with the main orientations within 65 sets measured being (0001), {10ͳ1}, {11ʹ2}, and {3141} (Fig.
2C,D). Quartz grains contain between one to five sets of

Figure 1. Location map of the Yallalie impact structure in Western Australia [1].
PFs per grain. One grain was identified to contain
feather features that emanate from a planar fracture.
Six quartz grains contain decorated PDFs, with a total of nine sets of PDFs indexed using a u-stage. Indexing of the PDFs identified the presence of (0001) (Fig.
2A), {10ͳ2} (Fig. 2B), {10ͳത3}, {10ͳ1} and {11ʹ2}
(Fig. 2) orientations, which are all established PDF orientations in quartz [5]. Grains are sub-rounded to angular and range in size from 100 μm to 4 mm. PDFs in all
grains, a total of nine sets, were also indexed using the
u-stage and with the orientations of the planar microstructures confirmed to occur along known crystallographic orientations for PDFs in quartz.
Discussion: The planar microstructures in the quartz
grains indexed by u-stage are in orientations that are diagnostic of shocked quartz, with indexed PFs recording
pressures from 5 to 10 GPa, while the orientations of
indexed PDFs record pressures from 7.5 to 20 GPa. Out
of the 27 shocked quartz grains identified, 6 grains with
PFs are found within mudstone clasts, therefore confirming the mudstone as a shocked target rock. Based
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Figure 2. Petrographic images of shock-deformed quartz grains [1]. A-B) Shocked quartz with one orientation
of planar deformation features (PDFs) that were indexed by the universal stage. C-D) Shocked quartz grain
with four orientations of planar fractures (PFs) that were indexed by the universal stage.
on the presence of multiple quartz grains within the matrix that contain PFs and PDFs, we estimate that these
grains experienced pressures from 5-20 GPa, while PF
grains in mudstone clasts experienced pressures <10
GPa [5,6].
Conclusion: Identification of diagnostic PFs and
PDFs in quartz grains from allochthonous breccia at the
Yallalie structure allows the confirmation of a new,
complex impact structure in Western Australia [1]. The
PFs and PDFs found in twenty-seven quartz grains that
were characterized using u-stage provide diagnostic evidence of shock deformation, and confirm that these
quartz grains and the lithic clasts that contain them experienced shock pressures from 5-20 GPa.
Acknowledgements: Support was provided by the
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NNAI3AA94A) and a Curtin Research Fellowship.
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Introduction: The rare earth element-bearing phosphate xenotime (YPO4) is isostructural with zircon and
therefore forms similar shock deformation microstructures when it undergoes shock deformation, such as
{112} deformation twins, e.g., [1]. To date, further characterization of these microstructures in xenotime has not
been reported. Here we report shock deformation twining, polycrystalline texture (strained and strain free neoblasts), high angle planar deformation bands and multiple sets of planar fractures in xenotime grains from the
Spider impact structure in Western Australia. We use
high-resolution electron backscatter diffraction (EBSD)
to characterize the degree of crystal-plastic deformation
within xenotime grains as well as using pressure estimates from planar deformation features in quartz along
with the presence or absence of shock-deformed zircon
to constrain pressures needed to form impact-related microstructures in xenotime.
Spider Impact Structure: Spider impact structure
is located in the Kimberley, Western Australia, around
450 km north east of Broome. The structure is 11 x 13
km in diameter and is suggested to be a deeply eroded,
asymmetric crater caused by an oblique impact event
[2]. Both shatter cones and shocked minerals have been
identified at the structure [2,3], with shock barometry of
the samples suggested to be around 10 - 20 GPa [3].

Therefore the Spider impact structure is an excellent locality to study lower pressure shock-deformation microstructures in xenotime.
Samples and Methods: A total of ten shatter cone
samples in sandstone were collected from the central
uplift of the Spider impact structure. The shocked Paleoproterozoic rocks (Warton and Pentecost sandstone)
have little to no porosity and contain predominantly
quartz with minor zircon, monazite, rutile and xenotime.
Samples were cut and made into thin sections, and then
polished for imaging and EBSD mapping.
Optical and back-scatter electron imaging of all
grains was conducted in order to determine textural occurrences of xenotime grains within samples. Electron
backscatter diffraction mapping was used to analyse
grains for shock deformation, with EBSD maps conducted at 50 – 200 nm in step size. Maps were processed
with the software package Channel-5, using Mambo and
Tango modules.
Results: A total of twenty-five xenotime grains
were identified within ten thin sections surveyed. Xenotime is found as individual detrital grains (11 grains),
diagenetic overgrowths on zircon grains (4 grains), an
intergrowth of zircon and xenotime (1 grain) and diagenetic polycrystalline grains (9 grains). Detrital xenotime
grains range in width between 4 to 25 μm, and exhibit

Figure 1. Electron backscatter diffraction maps of a xenotime grain from the Spider impact structure. A) Band
contrast image, showing one dominant orientation of planar fractures. B) Texture component map showing
planar deformation bands that are misorientated up to 30° from the host grain.
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subhedral to anhedral crystal shapes. Up to four orientations of planar fractures (PFs) are identified within a
single detrital grain. Some grains contain microstructures that are localised to small areas of the grains while
others are dominant throughout the grain. Xenotime
overgrowths on zircon range from 5 to 30 μm in width
and are rounded along with the host zircon grains. The
overgrowths only occur along grain boundaries, thus are
likely diagenetic. Two of the xenotime overgrowths
contain planar microstructures identified through BSE
imagining, with up to 3 orientations of fracture sets observed. The planar fractures are not localised and crosscut the xenotime overgrowths.
One grain of interest consists of an intergrowth of
zircon that does not contain diagnostic shock microstructures, with xenotime that contains {112} twins and
planar fractures and is found within a shocked quartz
grain within basal PDFs. Diagenetic polycrystalline xenotime grains are observed in multiple samples and contain interlocking crystals that range from ~1μm to 6 μm
in length. A single polycrystalline grain contains planar
microstructures within individual crystal domains.
All twenty-five xenotime grains were mapped by
electron backscatter diffraction (EBSD). Crystal-plastic
deformation within the grains surveyed is variable, with
up to 30° of deformation identified in a single grain.
Five grains contain polycrystalline domains that appear
granular in inverse pole figures but are most likely a
product of diagenetic processes due to the textural occurrence. A single polycrystalline xenotime grain contains a mixture of high strain and low strain zones. The
high strain zones contain planar deformation bands
(PDBs) that are up to 30° misorientated from the host
grain. Thirteen xenotime grains contain well-developed
planar microstructures identified in band contrast maps,
but lack diagnostic {112} deformation twins along these
features.
Two xenotime grains contain planar deformation
bands (PDBs) that are up to 30° misorientated from the
host grain (Fig. 1). The deformation bands propagate
parallel to the planar fractures within the grain and in all
cases a misorientation profile from the host across the
PDB does not return back to the host orientation profile.
Twelve xenotime overgrowths within the epoxy mount
were surveyed by EBSD. No grains contain diagnostic
shock deformation twins and all grains have minimal
strain (<5°). EBSD mapping of the xenotime and zircon
intergrowth, confirmed the presence of two orientations
of {112} deformation twins within the xenotime but absence of diagnostic evidence of shock-deformation
within the zircon grain.
Discussion: Xenotime appears to be an excellent
mineral for recording low-pressure shock-deformation.
Characterization of the microstructures is important in
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developing a better understanding of how target rocks
respond to <10 to 20 GPa pressures.
The presence of a single twinned xenotime grain and
the absence of twins in all other xenotime grains surveyed within this study suggests that specific formation
conditions may be needed to develop {112} deformation twinning in xenotime. The presence of multiple
sets of planar features within 11 grains indicate that
{112} twins could either be poorly developed in some
grains, or smaller than 50 nm in width, and therefore not
within the detection limit (~50 nm) of our EBSD mapping. Detrital xenotime grains with planar fractures are
similar to those observed in grains from the Santa Fe
impact Structure [6], as well as in zircon grains from
multiple impact structures, such as Vredefort Dome
[6,7].
Conclusion: The deformation microstructures in
xenotime described here shows that the phase responds
to shock-deformation in multiple ways such as PDBs,
PFs, {112} twinning and possible granular recrystallization. The presence of only a single shock-twinned
grain indicates that there may be strict formation conditions required to twin xenotime, and that planar fractures and crystal-plastic deformation are more dominant
microstructure observed within the sample suite of
shock-deformed target rocks from the Spider impact
structure.
Acknowledgements: We gratefully acknowledge
support provided by the Eugene Shoemaker Impact Cratering Award (to M. A. Cox) , and funding provided by
TIGeR, and the Space Science and Technology Centre
and the John de Laeter Centre at Curtin University.
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Introduction:
The
phosphate
apatite,
Ca5(PO4)3(F,Cl,OH), is a ubiquitous accessory mineral
found in both terrestrial and extraterrestrial rocks. It is
commonly used to study planetary volatile abundances
and, because it is a U–Pb carrier, to determine the ages
of geologic events (e.g., [1]). The utility of apatite may
be affected by impact cratering processes that produce
shock-deformation microstructures within the phase,
including planar fractures, partial to whole-scale
recrystallization, and low angle grain boundaries, which
have been observed in both terrestrial and
extraterrestrial samples [2-6]. To better ascertain that
type of deformation, we conducted a detailed
microstructural analysis of crystals in ~550 m of
shocked granitoid rocks and impact melt rocks in a core
from the peak ring of the Chicxulub impact structure.
Chicxulub Impact Structure: The Chicxulub
impact structure, located on the Yucatán Peninsula of
Mexico, is ~180 km in diameter and exhibits the only
well-preserved peak ring on Earth (e.g., [7,8]). The peak
ring of the structure is ~80 to 90 km in diameter and
rises ~400 m above the structural crater floor (e.g., [9]).
In 2016 the International Ocean Discovery Program
(IODP) and International Continental Scientific Drilling
Program (ICDP) recovered 829 m of core from the peak
ring of the Chicxulub crater during Expedition 364
[8,11]. The borehole M0077A consists of ~112 m of
post-impact carbonates, ~130 m of impact melt rocks
and (reworked) suevite, 587 m of coarse grained
granitoid lithologies as well as pre-impact volcanic
dikes and impact melt and breccia dikes [9,11].
Previously indexed orientations of planar
deformation features (PDFs) and planar fractures (PFs)
in quartz constrain shock pressures between ~12 and 17
GPa throughout the basement portion of the core [12].
Shock-deformation features have also been described
within titanite crystals [13], along with the occurrence
of the high-pressure polymorph TiO2–II [14]. Here we
complement those studies of shock deformation with
new observations of shock-deformation in apatite from
the peak-ring granites and in impact melt rock that
experienced higher shock pressures.
Samples and Methods: Seventeen samples from
the core were selected representing the interval 745 to
1320 meters below sea floor. The granitoid rocks
(samples 95-2-82-84, 96-3-7-8.5, 111-2-77-78.5, 1253-0-3, 150-3-25.5-27, 155-1-12-14, 168-3-25-27, 210-

2-36-37.5, 237-2-60-61.5, 273-1-58-59.5, 276-1-85-87,
285-2-3-5, 299-2-10-12.5, 303-2-71-72.5) consist of
plagioclase, quartz, alkali feldspar, biotite, with minor
muscovite, apatite, zircon, titanite, epidote, garnet,
ilmenite, and magnetite. The impact melt rock and melt
veins (89-3-13.5-15, 163-3-52.5-54, 206-3-54-56) are
aphanitic and mainly composed of quartz, feldspar, and
calcite along with clasts of bedrock.
A total of 560 apatite crystals were identified and
imaged using optical microscopy at the LPI. Backscattered electron imaging using a JEOL-5910 scanning
electron microscope (SEM) was then conducted at the
NASA Johnson Space Center (JSC) in order to
characterize microstructures within select apatite
crystals.
Microstructural analyses of a subset of 108 apatite
crystals were made with an Oxford Symmetry electron
backscatter diffraction (EBSD) detector on a JEOL
7600f field emission gun SEM at JSC. Acquisition
parameters included a 20 kV accelerating voltage, 18
nA beam current, 20.5 mm working distance, and 70°
sample tilt. Step sizes of EBSD maps were between 700
to 50 nm.
Results: Apatite crystals range in length from 30 to
900 μm and exhibit euhedral to subhedral basal and
prism crystal structures. Optical imaging of apatite
crystals revealed planar fractures (PFs), sub-planar
fractures, cataclastic deformation, and granular textures.
All samples contain crystals with PFs; a total of ~250
apatite crystals contain PFs. Up to three orientations of
PFs were identified within a single apatite crystal.
Offsets along planar fractures are also identified in
heavily fractured crystals, with up to ~5 μm of apparent
displacement. Sub-planar fractures are common within
apatite. Cataclastic deformation is present in 60 crystals
and with some crystals sheared along fractures.
Seven apatite crystals within impact melt rock and
melt veins in samples 89-3-13.5-15, 163-3-52.5-54 and
206-3-54-56, contain granular microstructures. Crystals
are ~10 to 100 μm in size and contain a mixture of
rounded neoblastic microstructures and larger euhedral
laths.
Electron backscatter diffraction of 108 apatite
crystals from granitoid and impact melt rock indicate
plastic deformation affected apatite throughout the core.
Crystals containing planar fractures (PFs) exhibit a
higher degree of apparent deformation. Planar
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deformation bands (PDBs) are observed in 5 crystals,
with PDBs systematically misorientated up to 20˚ from
the host in preferred crystallographic orientations (Fig.
1). Cataclastically deformed crystals exhibit >40˚ of
mis-orientation of rotated fragments, with surrounding
quartz showing high degree of crystal-plastic
deformation as well.
High-resolution EBSD mapping of partially recrystallized grains from impact melt shows that host
apatite crystals contain large dispersions in pole figures
due to impact-induced deformation, while newly
recrystallized domains show little to no dispersion on
pole figures indicating that they are strain-free domains.
Fully re-crystallized grains show differences in
crystallinity, with one grain containing a newly recrystallized rim of apatite, while the interior of the
crystal does not map by EBSD. Apatite included in
sheet silicates show very low levels of crystal-plastic
deformation, with <5º of misorientation observed, while
crystals in contact with zircon and/or quartz show up to
20º misorientation across the crystal, with a high degree
of deformation at the contact between apatite and zircon
or quartz.
Discussion: Apatite microstructures observed
throughout the core show varying levels of shock
deformation from planar fractures, crystal-plastic
deformation to complete recrystallization. Crystalplastic deformation observed within apatite from the
Chicxulub impact structure is similar to that described
in apatite from the Paasselkä impact structure (Finland)
[5] as well as in phosphate from lunar samples [4].
Planar deformation bands observed within apatite from
our samples, however, are the first described from an
impact structure. Planar deformation bands observed in
the apatite crystals in this study are similar to those
observed in zircon and xenotime from the Vredefort
Dome and Santa Fe impact structures [15,16].
Recrystallization of apatite has been described at
only a few impact structures, including lath-like crystals
and rounded neoblasts in recrystallized crystals from the
Paasselkä, Finland [5], Lac La Moinerie, Quebec [17],
and Nicholson Lake, Northwest Territories [3] impact
structures.
Further work that will be presented at the meeting
includes field emission gun (FEG) electron microprobe
analysis of recrystallized and partially recrystallized
apatite crystals in order to quantify any possible changes
in the volatile / halogen composition due to
recrystallization, as well as high-resolution (~5 nm)
transmission Kikuchi diffraction analyses and
transmission electron microscopy data on apatite
crystals with crystal-plastic deformation, specifically
targeting planar deformation bands.
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Figure 1. Texture component map showing misorientation within an apatite grain in shocked
granitoid rock. The grain has PDBs that are up to 18º
misoriented from the host grain. 168-3-25-27 (932.79
mbsf).
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Introduction: Titan exhibits unique characteristics
when compared to other planetary bodies in our solar
system: it is an ocean world, an icy world and an organic world. In Titan’s dense atmosphere organic molecules are synthetized and then follow a path down to
the surface. From the surface, it may be possible that
organic molecules were delivered to the deep subsurface ocean [1 and refs. therein]. Among the geological
processes that could potentially deliver organic molecules to the aqueous environment at the contact of the
ice shell and the subsurface ocean are large cosmic
impacts. Hypervelocity impacts can release enough
energy to breach through the external ice shell and
reach Titan’s subsurface ocean. In addition, they could
also provide the conditions for liquid water to remain
ephemerally at or near Titan’s surface. This scenario,
combined with hydrothermal fluid circulation cells
produced by large impacts, could create transient habitable environments.
The aim of this study is to model the formation of
large impact craters on Titan, using the case of the
largest one known on its surface, Menrva Crater, and
then analyze the implications and potential contributions of impact cratering for providing conditions for
the development of life on Titan.
Menrva Crater: Differently from other solid planetary bodies, impact craters are not a landform commonly found on Titan. Crater identification is challenging due to the limited and low spatial resolution of the
radar and optical imaging data on Titan, coupled with
erosional and depositional processes that alter crater
morphology leading, in the long term, to the partial or
total obliteration of the impact record. Viscous relaxation can also contribute for the limited impact record
[2]. Only a relatively small number of impact craters
(49) were initially identified in Titan’s surface by [3],
who divided them into three categories: certain, nearly
certain and probable. A more recent appraisal [4]
raised this number to 75, this time with a fourth category: possible.
Among Titan’s known impact craters, Menrva
Crater stands out due to its large 425 km diameter,
making it at least three times larger than the next largest crater (Forseti, ca. 140 km diameter).
We have chosen Menrva for the modeling exercise,
based on the fact that such a large impact would potentially create favorable conditions to put the organic
molecules in contact with liquid water from the subsur-

face ocean and also potentially provide enough thermal
energy to create the conditions for a transient habitable
environment.
Menrva is a complex, double-ring crater, still exhibiting its main characteristic features despite its advanced degradation mostly by erosion: crater rim,
crater fill, crater rings and central peak, as well as partially preserved ejecta deposits (Fig. 1).

Figure 1: Left: Synthetic Aperture Radar (SAR) image
from Cassini RADAR instrument over a 0.93 micron infrared
image showing Menrva Crater (ca. 425 km diameter); Right:
Updated geomorphological map of Menrva Crater [5]. The
white bar for scale has a 100 km length.

Modeling: To simulate the formation of the
Menrva-like crater, we use the iSALE2D hydrocode
[6,7]. The model is set up with an icy projectile vertically striking a 2-layered target at 15 km/s. The target
is comprised of an ocean overlaid by a conductiveconvective ice shell (Fig. 2). To test a wide parameter
space [8], we vary the temperature of the warm convective ice, the total thickness of the ice shell and the
thickness of the conductive (stagnant) lid (Fig. 2). Examples of thermal profiles are shown in Fig. 3.
Figure 2: Diagram depicting
the 2-layered target structure
representing the Titan-like
conditions. A wide parameter
space was tested by varying
the conductive lid and ice
shell thickness, and temperature of warm convective ice as
shown in the diagram (not to
scale).

The impactor diameter is 45 km, which is appropriate for producing a Menrva-like impact crater.
The model inputs are consistent with the earlier model-
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ing study that examined the formation of impact craters
on Europa [9]. To represent the ocean layer and ice Ih,
we implement the ANEOS [10] and Tillotson [11]
equations of state, respectively. The grid resolution is
20 cells per projectile radius, which is sufficient for
estimating the final crater dimensions, and evaluating
the surface-ocean material exchange during the crater
collapse process.

Figure 3: Examples of thermal structure for various conductive-convective scenarios for the 75 km thick ice shell. The
surface temperature is set to 94 K.

Results: Only some model scenarios lead to the
formation of an impact crater with the dimensions and
morphology consistent with that of Menrva, which
helps in constraining the conditions present at the time
this crater came into the existence. In particular, only
those ice shells with a 60 and 36 km stagnant lid and
warm convective ice at 245 K lead to a discernable
impact structure, but only the latter reproduces
Menrva’s relatively low depth. Conversely, the ice
shells with a stagnant lid <36 km thick yield conditions
that are too warm for any impact features to be retained
upon completion of the crater collapse process. This is
expected, considering that thermal gradient plays an
important role in impact cratering process on icy bodies [9 and refs therein].
The surface-ocean communication is possible only
in the thinnest ice shell scenario, which is 75 km. In the
100 km thick ice shell, some breaching occurs but only
during the later stages of impact crater collapse, which
is more likely due to the vertical geometry rather than a
real effect. The 125 km and 150 km thick ice shells
remain intact; however, there is significant amount of
impact induced heating. Figure 4 shows the time series
of the crater collapse process for the 75 km thick ice
shell with the 36 km thick stagnant lid.
Conclusions: We modeled the formation of a
Menrva-size impact crater in a Titan-like target using
iSALE hydrocode. Our results suggest that at the time
this crater formed, Titan’s ice shell had a 36 km thick
stagnant lid overlying warm convective ice with the
likely temperature of 245 K. The surface-ocean pathway is entirely possible, allowing the uppermost organ-
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ic layer to mix with the ocean, and driving hydrothermal activity. If the ice shell was as thin as 75 km, as
some studies suggest [8], the Menrva-scale impact may
have formed conditions conducive to formation of simple life.
Going forward, we also aim to estimate the melt
production, and in more detail evaluate transport and
mixing of the material around the point of impact.
Figure 4: Time series
of the Menrva crater
produced by a 45 km
projectile impacting
vertically at 15 km/s
into the 75 km thick
ice shell with the 36
km stagnant lid (dT/dz
= 5 K/km). From top
to bottom, the panels
show the time steps at
100, 1700 and 7900
seconds. The ice shell
is breached and surface-ocean communication
established.
This would allow the
uppermost
organic
layer to mix with the
ocean. The final crater
dimensions are consistent with that of
Menrva.
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GEOCHEMICAL CHANGE ASSOCIATED WITH PRECAMBRIAN IMPACT EVENTS. A. K. Davatzes1
and K. S. Korman2, 1Department of Earth and Environmental Science, Temple University, alix@temple.edu,
2
Department of Earth and Environmental Science, Temple University, katrina.korman@temple.edu.
Introduction: Globally, large impacts to the
Earth’s surface would release substantial amounts of
gases, including CO2, NOx, SOx, and water vapor [1],
with the relative abundances of these dependent on the
target rock composition. In addition, they create
mechanical and thermal effects, such as earthquakes,
fires and hydrothermal activity [1]. Evidence of global
environmental change associated with large impacts
are well documented in the sedimentary record
associated with Phanerozoic events, but the lack of
fossils, lack of abundant rock record, and differences
in atmospheric chemistry compared to the modern
Earth have made it more difficult to observe these
effects in the Precambrian record. Meteor impactinduced changes to the biosphere, atmosphere,
hydrosphere, and lithosphere in the Precambrian
should be discernible as consistent shifts in
geochemical patterns within the stratigraphy. Through
detailed petrographic and geochemical analysis, we
present evidence of micro-scale changes in the
geochemistry of the sedimentary layers associated with
two impact events.
Samples and Methods: Spherule beds from both
the Barberton greenstone belt of South Africa and the
Hamersley Basin of Western Australia, ranging in age
from 3.3 Ga to 2.4 Ga, were sampled along with associated sedimentary layers. Here we focus on five sections: the Loop Road and Barite Valley Sections of the
S3 spherule bed (~3.24 Ga), and the Paraburdoo, Weeli
Wolli, and Governor sections of the Paraburdoo
Spherule Layer (PSL; ~2.57 Ga). These sections are
selected because the spherule bed is deposited in a
section with quiescent water, with little or no evidence
of wave or tsunami reworking that would disrupt a
stratigraphic depositional sequence. Both the PSL and
S3 layer are well-preserved at these locations with fully concentrated spherule beds lacking admixed material, and both spherule layers contain primary Nichromites and relict textures, as well as Ir anomalies.
The PSL layer is contained within the Paraburdoo
Member of the Wittenoom Formation, with associated
stratigraphy composed primarily of thin beds of ankerite and argillite (Fig 1A). The S3 spherule bed is preserved at the base of the Fig Tree Group in finely laminated grey chert (Fig 1B,C). Despite these differences
in sediment lithologies, we note some consistent patterns associated with both impact events.
Major and trace element geochemistry was analyzed in the sedimentary layers below, within, and
above the impact deposit by bulk XRF, handheld XRF,

and bulk ICP-MS analysis for both the S3 and PSL
layer. In addition, bulk total organic carbon (TOC)
was measured for S3 and the adjacent sedimentary
layers.
Results: In handheld XRF analyses, arsenic and
iron concentrations increase above the PSL and S3
impact layer at all sites, and Ba increases at the Paraburdoo section of the PSL and in both S3 sections (Fig
2). Maximum values of As are 60 ppm, compared to
pre-impact levels below 20 ppm in the PSL, and 100
ppm compared to pre-impact levels of ~35 ppm in S3
(error is ~5 ppm). Ba increases by a couple hundred
ppm in the PSL, and increases from about 1500 ppm to
6000 ppm in S3 (error is ~50 ppm). Iron increases by
about a weight percent in the PSL and 2 weight percent
in S3 (error is ~100 ppm).
Total organic carbon (TOC) is also higher
within and above the spherule bed in both the Loop
Road and Barite Valley sections, compared to below,
and this correlates strongly with the Ba concentrations
(Figure 3).


A

B

S3
C

PSL

Figure 1: (A) Field photo from the Governor section of the
PSL. White arrow points to the impact layer, stratigraphy
above and below is fine-grained ankerite and argillite. (B)
Top of the spherule bed and overlying fine-grained laminated
grey chert at Loop Road section of S3. (C) Underlying laminated grey chert. Top of this sample is just below the base of
S3 at Loop Road.
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Figure 2: Handheld XRF analyses of the 40 cm surrounding
the spherule beds at three sections of the PSL impact layer.
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Discussion: Given the relative mobility of Ba, As,
and Fe in sedimentary systems, we are cautious, but
find it notable that the same trend is observed in multiple sections, hosted in very different sediments, with
different diagenetic histories, and several hundred million years apart in age. We investigate 3 possible explanations for the geochemical change noted above the
impact layer: 1) Increased terrigenous input and/or
increased aeolian dust due to an increase in weathering, 2) Die off of organisms leading to increase C deposition and barite production, 3) Hydrothermal activity
associated with fallout of hot particles. We can largely
eliminate the third, as these are both distal deposits in
relatively deep water, and are therefore likely to be
relatively cool at the time of deposition. In addition,
similar effects are not observed below the bed, as
would be expected in this scenario. Further TOC analyses and ongoing isotopic analyses will help to further
explore the second possibility. We find the first explanation particularly compelling for many reasons. Dust
from the impact may have persisted in the atmosphere
long after the impact spherules had deposited, and increased dust from climatic change associated with a
period of high temperatures after the impact could
have resulted in increased terrigenous dust production.
Dust particles are believed to be the primary source of
iron to the open oceans [2], though alteration of basalt
or hydrothermal activity may also have been important
sources, particularly in the low-oxygen Archean
oceans [3]. Regardless, it remains striking that more
pronounced evidence of climatic change is not observed in these very large impacts.
References: [1] Pierazzo, E., & Artemieva, N.
(2012) Elements, 8(1), 55-60. [2] Jickells, T. D., et al.
(2005) Science, 308 (5718), 67-71. [3] Kendall, B.,
Anbar, A. D., Kappler, A., & Konhauser, K. O. (2012)
Fundamentals of Geobiology, 1, 65-92.
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MAKING (MORE) SENSE OF DESTRUCTION – A COMPREHENSIVE GEOCHEMICAL
INVESTIGATION OF CHICXULUB IMPACTITES RECOVERED DURING IODP-ICDP EXPEDITION
364. S. J. de Graaff1,2, P. Kaskes1,2, T. Déhais1,2, S. Goderis1, V. Debaille2, J.-G. Feignon3, L. Ferrière4, C. Koeberl3,4,
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powdered samples employing alkaline fusion to acquire
total sample solution.
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Introduction: In 2016, the IODP-ICDP Expedition
364 drilled into the peak-ring structure of the Chicxulub
impact crater, Yucatán, recovering the near continuous
core M0077A, which includes ±130 m of suevite and
impact melt rocks, and ±610 m of granitoid basement
material [e.g., 1]. The basement material is intruded by
both impact melt rocks and pre-impact magmatic dikes,
with the latter ranging from voluminous dolerites to rare
dacites and felsites. The pre-impact lithologies have
been subjected to pre-impact tectonic deformation and
hydrothermal alteration and syn-impact shockmetamorphism [2]. Moreover, the entire core has been
subjected to post-impact tectonic deformation and
hydrothermal alteration [1,2].
This study concerns the major and trace element
composition of 101 samples from core M0077A to
better constrain the geochemical variation (or lack
thereof) of the suevite and of the two impact melt rock
units, while also characterizing the basement
lithologies. This approach aims to better understand
impact melt formation through the direct study of both
the product (impact melt rocks and suevites) and its
initial components (the pre-impact lithologies).
Sample selection and methods: We subdivide the
impact melt rock section into an upper unit, which was
sampled between 721.45 – 759.02 m (representing core
depth), and a lower unit, sampled between 997.65 –
1334.33 m. Sample selection focused on black,
macroscopically homogeneous, clast-poor lithologies.
Granitoid basement material was sampled at regular
intervals throughout the core between 730.29 – 1334.33
m, with a focus on isolated clasts entrained in the impact
melt rock as they might reflect granitoid material that
has laterally moved throughout the crater. These clasts
possibly sampled a larger variety of granitoid material,
allowing for more general conclusions on target rock
heterogeneity. An effort was made to sample each
individual pre-impact dike identified throughout the
core. For comparison to other impactite material,
suevite was sampled at regular intervals between 628.90
– 721.59 m. In total 29 granites, 20 (unique) pre-impact
dikes, 32 impact melt rocks, 14 suevites, and 6 nongranite clasts were sampled. All data reflects bulk
analyses using ICP-OES and ICP-MS on homogenized
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Figure 1. MgO vs SiO2, with data recalculated on a volatile-free basis
(top). CI Chondrite-normalized [3] trace element data of all reported
lithologies (bottom).

Results: The granites are characterized by high
SiO2 (~70 - 78 wt%) and low MgO (< 1.5 wt%) contents
(Fig. 1) and show an enriched light rare earth element
signature when compared to CI chondritic composition,
with most plotting above 10x CI, while heavy rare
earths show values below 10x (Fig. 1). This results in
strongly varying La/Yb ratios from 10 up to 50x CI (Fig.
2). Their composition is fairly homogeneous throughout
the stratigraphy (Fig. 1), arguing for lateral consistency
of the granites. The more mafic dolerites, with low SiO2
(~43 - 50 wt%) and high MgO (~9 - 15 wt%) contents,
display a flatter trace element pattern, between 10 and
100x CI (Fig. 1). With one exception, the La/Yb ratios
are, comparatively low, not being higher than 5. The
felsites and dacites are distinct from one another, with
the felsites representing the more enriched lithology,
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showing trace element values of around 100x CI up to
1000x and La/Yb ratios up to 30. While the dacites do
show similarly high La/Yb ratios, their overall trace
pattern is less enriched than the felsites (Fig. 1).
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Figure 2. CI Chondrite-normalized [3] La/Yb plotted versus Yb
(top) and MgO (bottom). MgO is recalculated on a volatile-free basis.
Mixing lines are calculated between averaged dolerites and averaged
(possible) endmembers. Symbol use as in Fig. 1.

Impact melt formation: Geochemical variations in
the impact melt rocks highlight the complex nature of
the impactites as a whole. This is documented in the
higher Al2O3 (up to 18 wt%) and CaO (up to 20 wt%),
and generally lower Fe2O3 and MgO (around 5 and 2
wt%, respectively) contents of the upper relative to the
lower impact melt rocks ([4]; Fig. 1). However, the trace
element compositions of both the upper and lower
impact melt rocks are quite similar (Fig. 1).
Interestingly, they are also comparable to those in the
suevite ([4], Fig. 1,2). Slight variations, such as Sr and
Ca enrichment in the suevite, likely reflect the
contribution of carbonate material (i.e., as clasts and/or
matrix). These variations notwithstanding, these
observations suggest large scale homogenization of the
Chicxulub impactite material.

Even though most trace element contents appear
highly comparable, specific trace element ratios allow
for better disentanglement of the impact melt
components. Figure 2 shows mixing lines calculated
between the dolerites and all pre-impact material.
Mixing of averaged granites, felsites, and dacites with
averaged dolerites, is not able to resolve the low La/Yb
ratios observed in the impact melt [Fig. 2]. Only mixing
between averaged granites that have < 20 La/Yb is able
to explain the low ratios observed in the impact melt
rocks [Fig. 2].
These observations imply one of the following
scenarios: (1) The impact melt rocks represent the
residue of a differentiated impact melt, recorded by the
high Yb compared to La (Fig. 2); (2) An unconstrained
target rock component significantly contributed to the
melt that drove up Yb (to conversely decrease the
La/Yb). Such contribution may derive from the nongranitic, crystalline and/or metamorphic clasts that have
been documented to occur in the Chicxulub impact melt
rocks ([1, 5], Figs. 1,2); (3) Alternatively, granites with
La/Yb ratios of less than 20 represent less altered
material, suggesting the majority of the granites to be
significantly altered. Pervasive alteration has affected
the Chicxulub core with Ca-Na and K-metasomatism
[2] potentially compromising whole rock compositions
of fluid-mobile elements (including La, Na, K).
Consequently, variations in such elements might reflect
alteration rather than primary magmatic signals. The
observation that La/Yb ratios of the granites display
variations by a factor of ~5 at similar Yb compositions
(Fig. 2) strongly suggests that La has been remobilized,
with only granites exhibiting La/Yb < 20 preserving
primary signatures. This is also supported by La/Yb
ratios plotted versus immobile elements Ti and Zr,
wherein La/Yb is decoupled from variations in both
elements.
Conclusions: As the characterized Chicxulub
impact melt does not show evidence of crystal
accumulation and various pre-impact components
(dacites, felsites, and clasts) are significantly enriched
in both La and Yb relative to the granites, the
geochemical compositions of the impact melt rocks
likely reflect mixing of mostly granitic target rock and
dolerites, following an ~80% – 20% contribution.
Variations within the impact melt rock likely reflect
local heterogeneities related to clast entrainment.
References: [1] Gulick S. P. S. et al. (2017) Exp.
364 Prelim. Rep., IODP, 38 pp. [2] Kring D. A. et al.
(2017) LPS XLVIII, Abstract #1212. [3] Sun S-s. and
McDonough W. F. (1989) Geol. Soc., London Geol. SP.
42, 313–345. [4] de Graaff S. J. et al. (2018) AGU 2018.
[5] Kring D. A. (2005) Chemie der Erde, 65, 1–46.
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DISENTANGLING CRATERING PROCESSES USING NON-TRADITIONAL ISOTOPE RATIOS ON
CORE M0077A OF THE IODP-ICDP EXPEDITION 364 IN THE CHICXULUB IMPACT STRUCTURE.
T. Déhais1,2, P. Kaskes1,2, S. J. de Graaff1,2, S. M. Chernonozhkin3, V. Debaille2, F. Vanhaecke3 Ph. Claeys1, and
S. Goderis1 1Analytical, Environmental and Geo-Chemistry, Vrije Universiteit Brussel, Brussels, Belgium (thomas.dehais@vub.be), 2Laboratoire G-Time, Université Libre de Bruxelles, Brussels, Belgium, 3Atomic & Mass Spectrometry, Ghent University, Ghent, Belgium.
Introduction: The Chicxulub impact structure, located on the Yucatán peninsula of Mexico, has been
drilled by the IODP-ICDP Expedition 364 in 2016. A
continuous sequence of the upper peak-ring has been
retrieved from Site M0077A. This core is from top to
bottom composed of ~110 m of Paleogene sediments,
~130 m of suevite and impact melt rocks, and ~590 m
of crystalline and metamorphic basement lithologies [1]. The suevite complex deposition is the result of
several processes, including the fall-back of material
ejected by the impact, slump and avalanches on the
peak-ring, and wash-back by tsunami waves within the
crater [2]. Therefore, the suevite was likely exposed to
different thermodynamic processes during its deposition, as was the case for the impact melt rocks. In addition, the whole core has been the subject of severe hydrothermal alteration, potentially overprinting any primary compositional and isotopic signatures [3].
This abstract examines the Fe, Zn, and Cu isotopic
composition of 27 samples from various units within
core M0077A, and combines these with major and
trace element data and petrographic observations. The
main objectives are to disentangle the different processes affecting the various units of the upper peakring, such as mixing of distinct target lithologies, tracing potential volatilization or condensation effects (as
observed for sulfur [4]), and determining the degree of
post-impact hydrothermal alteration.
The choice of the Fe, Zn, and Cu stable isotope systems here is motivated by the relative abundance of
these elements in the samples, their distribution among
different mineral phases, and their difference in volatility with a 50% condensation temperature of 1334K for
Fe (medium refractory), 1037K for Cu (semi-volatile),
and 1037K for Zn (highly volatile) [5 ; 6]. Because of
these different condensation temperatures, the isotopic
ratios of these elements may exhibit variations inherited from distinct thermodynamic environments and time
intervals during crater formation.
Sample Selection and Methods: All data were obtained by bulk analysis on homogenized powdered
samples. The isotopic compositions of Fe, Zn, and Cu
were determined using MC-ICP-MS, following established ion-exchange chromatographic procedures. Major and trace element compositions were obtained using ICP-OES and ICP-MS, with total sample dissolution based on alkaline fusion of homogenized sample

powders. Particular attention was paid to the transitional interval, including five samples between 616.58 to
617.33 meters below sea floor (mbsf), suevite unit,
with twelve samples between 617.34 to 721.62 mbsf,
and upper impact melt interval, characterizing three
samples between 721.62 to 747.02 mbsf, as these parts
of the core may have been affected more strongly by
distinct thermodynamic conditions. The three samples
from the upper impact melt sheet range from macroscopically homogeneous black clast-poor melt rock to
dark green impact melt rock (with schlieren), containing angular black melt fragments [1]. In addition, several samples have been selected from the granitoid
basement material, including two granites, two dolerite
dikes, one metamorphic clast, and two lower impact
melt rocks from between 747.02 to 1334.69 mbsf [7].
Results: The Fe concentrations are expressed as
Fe2O3 based on a volatile-free basis to allow comparison between the different lithological units. These
Fe2O3 concentrations range from ~1.5 to 14 wt%
throughout core M0077A [Fig. 1], with the granites
exhibiting the lowest values (~1.5 wt%). All impact
melt rocks and most of the suevite samples display
limited variation between ~4.5 to 7 wt%. Certain suevite samples (at 617.67, 618.67, 690.59, and 704.50
mbsf) and all samples from the transitional unit fall
within the range of granites and impact melt rocks. A
single suevite sample at 617.35 mbsf shows a higher
value of ~8.5 wt%. The highest Fe2O3 concentrations
within core M0077A are found for the dolerite and
metamorphic samples (~10.8 to 14 wt%), which are in
range of the upper continental crust value (UCC) of
~11.2 wt% [8]. The Zn concentrations for all samples
vary between ~2 and 85 ppm. Suevite samples, granite,
and metamorphic samples range from ~2 to 50 ppm.
The Zn concentrations in the impact melt rock vary
from ~25 to 75 ppm. The dolerite dikes record the
highest concentrations up to ~85 ppm. Additional
measurements for the samples of the transitional and
suevite units are in progress.
All stable isotope ratios for Zn and Fe vary according to a mass-dependent relation. Consequently, the
various stable isotope ratios for a single element show
similar trends. Therefore, only the δ56/54Fe and δ66/64Zn
results are discussed in this work [Fig. 1]. The Cu results have so far only been obtained for a fraction of
the samples, and are the subject of additional analyses.
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The δ56/54Fe fall within a narrow range of -0.1 to 0.2‰
throughout core M0077A, similar or close to the values
obtained for the BHVO-2 reference basalt (~0.11‰)
and are in range of the values typically obtained for the
upper continental crust [9]. More strongly fractionated
values are measured in the transitional unit (δ56/54Fe
down to -0.95‰) and the top part of the suevite
(δ56/54Fe down to -0.34‰). Similarly, the Zn isotope
ratios exhibit limited variation in the core (δ66/64Zn
between ~0.1 and 0.4‰), comparable to the value of
~0.3‰ obtained for BHVO-2 and in range of UCC
values [10]. Compared to Fe, only few samples exhibit
fractionated values. These samples are different from
those displaying isotopic deviations for Fe. The black
impact melt rock displays δ66/64Zn of -0.5‰. This is
distinct from the values of the green schlieren, which
fall within the range of 0.34 to 0.42‰. A metamorphic
clast at 1252.33 mbsf displays a positively fractionated
δ66/64Zn value of 0.9‰, which is also observed for a
single sample from the transitional unit at 617.04 mbsf
with δ66/64Zn of 0.82‰. Four suevite samples from
649.94 to 675.91 mbsf display gradually increasing
δ66/64Zn from ~0.0 to 0.4‰ with decreasing core depth.
Discussion: For both Fe and Zn, the isotopic compositions of most samples are in range of UCC values.
This is the case for all main units within the core
M0077A, including the transitional unit, the upper
peak-ring sequence (suevite and upper impact melt
rocks), and the lower peak-ring sequence (granitoid
basement and dikes, and lower impact melt rocks).
However, there is still some isotopic heterogeneity
preserved within the core, likely driven by distinct lithological or mineralogical carriers. In the case of the
transitional unit, the negative δ56/54Fe values down to
-1‰ corresponds to a pyrite interval at ~616.54 mbsf.
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Microbially reduced pyrite formed in normal marine
conditions is known to exhibit fractionated values with
respect to the host sediment [11]. This may indicate a
different formation history for the pyrite at very top of
the impactite section relative to that found elsewhere in
the core.
The negatively fractionated isotopic Zn value of the
black melt sample at 738.03 mbsf relative to two samples with green schlieren (showing ~50% and ~100%
schlieren) with normal δ66/64Zn suggest a hydrothermal
overprint. The positively fractionated suevite sample at
617.04 mbsf may indicate a large metamorphic contribution to this particular sample.
Conclusions: Possible hints of volatilization or
condensation in the M0077A core of the Chicxulub
impact event appear to be overprinted by post-impact
hydrothermal alteration. Nevertheless, the stable isotope signatures of Fe, Zn, and Cu may still contribute
unique information related to the emplacement of the
various impactite units. The Fe and Zn isotope ratios
uniquely detect the admixture of distinct target lithologies within particular units. Further isotopic analyses
on 10 additional samples selected throughout core
M0077A will allow a complete overview and will further develop these initial results.
References: [1] Morgan J. et al. (2017) Proceedings of the International Ocean Discovery Program, 364. [2] Ormö J. et al.
(2018) LPS XLIX, Abstr. #1221. [3] Kring D. A. et al. (2017) LPS
XLVIII, Abstr. #1212. [4] Kaskes P. et al. (2019) LMI VI, Abstr.
[5] Lodders K. (2003) ApJ, 591, 1220-1247. [6] Allègre C. et al.
(2001) EPSL, 185, 49–69. [7] de Graaff S. J. et al. (2019) LMI VI,
Abstr. [8] Rudnick R. L. and Gao S. (2004) The Crust, 3, Treatise
on Geochemistry. [9] Heimann A. et al. (2008) GCA, 72, 43794396. [10] Pons M.-L. et al. (2013) Geobiology, 11, 201-214.
[11] Craddock P. R. and Dauphas N. (2011) EPSL, 303, 121-132.

Figure 1. (A) [Fe2O3] on a volatile-free basis, (B) [Zn], (C) δ56/54Fe, and (D) δ66/64Zn vs depth (2σ uncertainty).
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NUMERICAL SIMULATIONS OF WETUMPKA CRATER FORMATION USING iSALE-2D. L. De
Marchi1, V. Agrawal1,2, and D. T. King, Jr.1, 1Geosciences, Auburn University, Auburn University, Auburn, AL
36849 2Aerospace Engineering, Auburn University, Auburn AL 36849 (vinagr@auburn.edu).
Introduction: The Wetumpka impact structure
(Fig.1) is a 7.6-km marine-target crater located in
central Alabama, USA [1]. The impact occurred
during Late Cretaceous in a shallow marine
environment within the Gulf Coastal Plain.
Wetumpka’s target region was comprised of
crystalline rocks of the Piedmont metamorphic terrane,
which were overlaid by poorly consolidated Upper
Cretaceous sediments of Tuscaloosa Group and Eutaw
Formation. The structure, which lacks a central uplift,
is rimmed and heavily eroded, showing a ”horseshoe”
shape due to a collapse of the southwestern section of
the rim (Fig.1) [1, 2]. Previous studies [1, 2], based on
field and drill-core observations, has provided a
detailed geologic characterization of the structure.
The surficial geology of the crater consists of a
deformed, semi-circular, crystalline rim, composed of
Appalachian Piedmont bedrock. The intra-structure
region is a relatively lower relief area composed by
deformed sediments from Tuscaloosa Group and
Eutaw Formation, as well as chalk deposits and megablocks from sedimentary and crystalline origin[1].
Drill-core analysis provided observation of infilling
sedimentary units, which seem to be also related,
besides resurge sedimentation, to the collapse of part
of the rim. Wetumpka’s infilling units consist of, from
bottom to top, crystalline breccia, impactite sand, a
unit formed by the slide of the southwestern rim
named as trans-cater slide, a boulder-bearing breccia
unit containing quartz grains with PDFs, and resurge
chalk deposits (reworked Mooreville Chalk) [1, 2].
Based on paleogeographic reconstructions and facies
analysis of the Mooreville Chalk [3], 4], the water
depth at the time of the impact was estimated to be 30100 meters. In this study we use hydrocode
simulations in order to understand, from a numeric
perspective, the formation process of the Wetumpka
crater.
Methods: Simulations of Wetumpka crater
formation are being performed by iSALE-2D, an extension of the SALE hydrocode developed to model
impact crater formation [5,6,7,8], and focus on shorttime scales with an axisymmetric approximation of the
original impact problem. Questions to be explored are
the differences in impact structure based on water layer and target properties and the formation of tsunami.
As an initial approach we use a target model consisting
of three layers, granite as bedrock, wet tuff as the sed-

iment layer (Tuscaloosa and Eutaw target formations),
and topmost water layer of different thickness. The
impactor is represented by a spherical granite impactor
of 400m diameter traveling at 20km/sec. Specific
equation of state (EOS) which relates state variables
such as pressure, volume, temperature, or internal energy, were applied for each material. We used ANEOS
EOS for granite, while Tillotson EOS was used for
water and wet tuff. Simulations were performed on 9
CPPR (cells per projectile radius, reflecting in a cell
size = 22.22 m), using Collins’ damage model [9], that
accounts for pressure and shear in the material. Porosity properties [10] were added to the sediment layer. In
order to compare different impact scenarios, simulations were performed using different seawater depths
(66 m; 88 m; 110 m; and 132 m), while maintaining
the impactor and target properties.
Results and Discussion: For all different water depth
scenarios (66 m; 88 m; 110 m; and 132 m), simulations
predicted a stable crater, at 200 seconds, of approximately 5.4 km in diameter and 0.85 km in depth, with
no development of a central uplift. After excavation of
the transient crater, three main processes were identified (Fig. 2): (1) tsunami formation; (2) collapse of
the crystalline part of the rim; and (3) collapse of sedimentary part of the rim. The tsunami is formed at 27
seconds in all four simulations, and sea water is
pushed outward, also influenced by the fall of ejecta’s
curtain. By measuring tsunami amplitude and velocity
in different water depth scenarios, and at the same time
step of 50 seconds, it is evident that, as water depth is
increased from 66 m (3 cells) to 132 m (6 cells), the
outgoing wave has larger amplitudes and lower velocities (Table 1). However, differences in amplitude are
too small considering the cell size of 22.22 meters. The
collapse of the rim occurs first by slide of crystalline
material, which is followed by slide of sediments from
the rims (Fig. 2). In our models, the process of
crystalline rim collapse seems to be shorter in progressively deeper scenarios (102 sec, 94 sec, 90 sec,
and 81 sec). Previous geological investigations based
on field studies and shallow core drilling have indicated that the crater moat’s impact filling sequence is (a)
crystalline megablock breccia followed by a sequence
of (b) impactite sand, which is overlain by (c) a transcrater slide unit from rim failure of sedimentary strata.
This is in turn overlain by (d) a boulder bearing breccia and (e) a thin resurge chalk deposit from the returning tsunami [2, 11]. The interval of rim collapse in our
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simulations, first by slide of crystalline materials and
then by a longer sedimentary slide may account for the
emplacement of the crystalline breccia followed by
impactite sand, trans-crater slide, and boulder breccia
unit. A higher resolution simulation of 80 CPPR is
being performed (currently we have plots for the initial
11 seconds – Fig. 3) in order to compare tracer plots
with drill core descriptions in specific locations within
the crater-fill sediments. This higher resolution simulation also aims to explore the differences of tsunami
amplitude in different water depth scenarios.
References: [1] King, D.T. Jr. et al. (2002) Earth
and Planetary Science Letters, 202:541–549. [2] King,
D.T. Jr. and Ormӧ, J. (2011) GSA SP 483, 287-300.
[3] Puckett, M. (1991) Geology 19, 449-452. [4]
Rindsberg, A. K. (1986) Alabama geological society
guidebook, p. 111–119, 1986.[5] Melosh H.J. et al.
(1992) JGR 97, no. E9, 14735-14759. [6] Ivanov B.A.
et al. (1997) Int. J. Impact Eng. 20, 411-430. [7] Collins G. et al. (2004) MAPS 39, 217-231. [8] Wunnemann K. et al. (2006) Icarus 180, 514-527.[9] Collins,
G. S. H. et al. (2004) MAPS, 39(2):217–231. [10]
Wünnemann, K. et al. (2006) Icarus, 180(2): 514–
527.[11] Heider E.S. and King D.T. Jr. (2016) GCAGS
Trans. 66, 231-249.

Fig. 2: Tsunami formation (top), collapse of crystalline part
of the rim (middle), and collapse of sedimentary rim (bottom).

Fig. 1: Wetumpka impact crater outline and drill cores location.

Fig. 3: Crater excavation at 11 seconds in 80 CPPR simulation (in progress).
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FORMATION OF THE SPUTNIK PLANITIA BASIN: MOVING TOWARDS REFINED CONSTRAINTS
ON OCEAN THICKNESS. C. A. Denton1 and B. C. Johnson1. 1Department of Earth, Atmospheric, and Planetary
Sciences, Purdue University, West Lafayette, IN, 47907, USA (denton15@purdue.edu).
Introduction: Sputnik Planitia (SP) is a 1200 x
2000 km elliptical basin on Pluto centered close to the
Pluto-Charon tidal axis [1, 2]. Its massive size, location, and relationship to local tectonics suggest that SP
is associated with a positive mass anomaly (mascon),
which induced true polar wander [1, 3]. Recent impact
modeling work has suggested that a mascon may develop in SP through uplift of a thick, salt-rich subsurface ocean in an impact-origin scenario, in conjunction
with subsequent loading by dense N2 ice at the surface
[4]. Here, we further assess the presence and stability
of Pluto’s putative subsurface ocean, as it is a primary
factor in mascon formation. We utilize impact simulations that introduced the full range of hypothesized
thermal conditions for the ice shell [5], including the
new potential for sustained colder temperatures [6],
producing a suite of possible post-impact thermomechanical structures for the basin. We then compare our
results to the more recently updated dimensions and
depth of SP [2], as the shallower depth and larger basin
size than previously utilized in [4] are more conducive
to preserving positive mass and gravity anomalies.
Methods: Following [4], we use the iSALE shock
physics code to simulate a 220-km impactor striking a
Pluto-like target at 2 km/s [7], with the same model
setup, resolution, and internal structure [8-10]. Following [1] and [5], we go beyond the single “hot” and
“cold” structures tested in [4] to assess thermal gradients of 0.4-1.7 K/km for Pluto’s ice shell. We then
utilize the resulting basal temperatures to define appropriate ice thicknesses that permit stability of a
thinned shell over geologic time. Colder simulations
were incorporated into this stability range following
the work of [6], which suggested that a liquid ocean
could be sustained under a colder ice shell than previously anticipated if combined with an insulating clathrate layer. Within our defined stability range we test
multiple preimpact ocean thicknesses (0, 50, 100, 150,
and 200 km) to assess the relationship between preimpact ice shell thickness and target thermal structure in
producing the final basin structure. The combined ice
shell/ocean thickness is held constant at 328 km [4].
Preliminary Results: By expanding the analyses
of [4] to incorporate a greater range of initial thermomechanical conditions for Pluto’s ice shell, we can
establish a range of postimpact basin states to be used
in assessing the formation of a mascon within SP.
From our full suite of results, we consider which resulting basin structures align with the updated depth
and dimensions of the contemporary SP basin [2], as

well as which combinations of preimpact ocean thicknesses and thermal gradients result in subsurface topography most consistent with formation of a positive
mass anomaly at basin center.
As expected, basin structure is sensitive to the preimpact thermal structure of the target [e.g., 4, 8, 11].
For ocean thicknesses of 50 and 100 km, ice shell thinning occurs at basin center; however, as noted in [4],
the strength of colder ice shells in many cases also
produces a sustained central uplift near basin center,
reducing thinning overall. Increased ice shell thinning
is observed with thicker oceans (100 km and onward),
while surface topography transitions from a central
uplift to a consistent basin-like profile.

Figure 1a-c. Final thermal structures for an ocean
thickness of 150 km and thermal gradients of 0.8, 1.0,
and 1.2 K/km, respectively. Temperature range is 44273 K. Black curves mark material interfaces (e.g., iceshell-ocean), while gray curves mark the preimpact
location of the same interfaces for comparison. Fig.
1d-f. Profiles of postimpact topography (blue), change
in ice shell thickness (red), and expected topography
assuming isostatic equilibrium (black) illustrate the
compensation state of the basin for each of the corresponding thermomechanical initial conditions.
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Within the thinner ice shell/thicker ocean cases,
progressively warmer preimpact thermal structures
(1.2-1.6 K/km) facilitate collapse flow during crater
formation, reducing ice shell thinning in the postimpact structure. This trend is facilitated by general properties associated with thinner ice shells [4]; as ice shell
thickness decreases, collapse becomes more dynamic –
for a 150-km ocean, thickening rather than thinning of
the ice shell occurs as warm, flowing ice accumulates
near basin center (Fig. 1a-c). For a 200-km ocean, extensive thinning of the ice shell is accompanied by
incorporation of ocean material into the ice shell during the collapse phase, while the surface basin remains
shallower (~10 km in depth) relative to basins produced in thicker ice shells.
These ice shell thickness-dependent trends remain
observable at each of the stable thermal gradient configurations tested; however, additional trends can be
observed in association with thermal gradient variations. Increasing the thermal gradient for a given ice
shell thickness yields more subtle changes in ice shell
topography, particularly decreased basin depth and
reduced ice shell thinning (Fig. 1). As Figure 1a indicates, the lowest tested thermal gradient for a 150-km
ocean (0.8 K/km) produces the greatest amount of ice
shell thinning (over 70 km) while also retaining a
deeper basin at the surface. As the thermal gradient is
increased, both ice shell thinning and basin topography
are reduced; in assessing lowest vs. highest stable
thermal gradients for a 150-km ocean the basin depth
is decreased by over ~10 km at basin center, while ice
shell thinning is also reduced by up to 20 km in some
locations within the basin (Fig 1d-f). The zone of
greatest thinning within the ice shell is also reduced
laterally, such that thinning occurs at smaller radii
from basin center.
To assess which of the simulated postimpact structures for SP are most consistent with the presence of a
mascon, we compare postimpact basin topography
with the expected basin topography assuming isostasy
(Figs. 1d-f). From this comparison we find that for the
150-km ocean case, variations in thermal gradient and
ocean thickness result a series of basins that are all
nearly isostatic even at relatively low thermal gradients, despite significant variations in ice shell thinning
between test cases. Increasing thermal gradient produces basin topography that is slightly closer to isostatic equilibrium (Figs 1d-f), but the magnitude of these
differences are minimal relative to the much larger
variations in basin profile and ice shell thinning. While
in each case these basins exhibit significant uplift of
the ice/ocean interface consistent with the presence of
a positive mass anomaly produced from impact, the
differences in postimpact compensation state of SP
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will likely result in different long-term pathways of
evolution for the basin during viscous relaxation and
loading. As such, while postimpact conditions may
appear to facilitate mascon formation in scenarios incorporating ocean thicknesses greater than 100 km and
a wide range of thermal gradients, further testing must
consider the relative role of viscous relaxation of basin
topography in diminishing the observed postimpact
structure for the various thermal gradients.
Conclusions and Outstanding Questions: Initial
analysis of impact simulations for formation of the SP
basin indicates that variations in preimpact thermal
gradient produce dramatic differences in resulting ice
shell thickness and surface topography for the postimpact basin. As such, as we continue to refine ocean
thickness estimates the thermal gradient of the ice shell
must be considered a primary control on ocean survivability in addition to ocean thickness itself. We find
that uplift of a subsurface ocean may occur at a range
of potential thermal gradients, provided that the ocean
thickness exceeds 100 km. In testing much lower ice
shell thermal gradients than previously considered
(~0.6-0.8 K/km), we find that colder preimpact thermal
structures also produce substantial uplift of the iceocean interface; such a scenario could occur in association with an insulating clathrate layer to mitigate viscous relaxation above and ocean freezing below [6].
Future work will incorporate the final basin structures
from these runs as the starting point for full finite element modeling following [14-15], which will incorporate the postimpact relaxation of the basin and its response to N2 loading to assess the resulting mass and
gravity anomalies produced by the basin.
Acknowledgements: We gratefully acknowledge
the developers of iSALE, including Gareth Collins,
Kai Wünnemann, Boris Ivanov, Jay Melosh, and Dirk
Elbeshausen.
References: [1] Nimmo, F. et al. (2016) Nature,
549, 94-96. [2] Schenk, P. et al. (2018) Icarus, 314,
400-433. [3] Keane, J.T. et al. (2016) Nature, 540, 9093. [4] Johnson, B.C. et al. (2016) Geophys. Res. Lett.,
43, 10068-10077. [5] Kamata, S. and F. Nimmo (2014)
JGR Planets, 119, 2272-2289. [6] Kamata et al. (2019)
Nature Geoscience, 12, 407-410. [7] Zahnle, K. et al.
(2003) Icarus, 231, 394-406. [8] Bray, V.J. et al.
(2001) Icarus, 231, 394-406. [9] Turtle, E.P. and E.
Pierazzo (2001) Science, 294, 1326-1328. [10] Benz,
W. et al. (1989) Icarus, 81, 113-131. [11] Ivanov, B.A.
et al. (2010), Large Meteorite Impacts & Planetary
Evolution IV, Spec. Pap. 495, 29-49. [14] Melosh, H.J.
et al. (2013) Science, 340, 1552-1555. [15] Freed,
A.M. et al. (2014), JGR Planets, 119.
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Ground truthing the Paleocene meteorite impact on the Isle of Skye, NW Scotland, using macro and microscale evidence.
S.M. Drake1, A.D.Beard1, A.P.Jones2, D. J. Brown3, and P. Guyett4.
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Proving impact events in the absence of an unequivocal
crater may be extremely challenging. Detection of an
event often relies on a combination of petrological,
mineralogical and geochemical evidence. The methods
commonly employed include examination of thin sections and grain mounts, using petrological microscope,
electron microprobe, and Raman spectroscopy.
Impacted minerals may show shocked features. Quartz
may show planar deformation features (PDFs). However, linking quartz PDFs to an impact event can be
problematic since impact derived quartz PDFs may be
mistaken for tectonically induced deformation lamellae[1]. The high pressure zircon (ZrSiO4) polymorph
reidite may exist, and all natural occurrences of reidite
are considered to be associated with impact events [2].
However, it is extremely rare to find both shocked
minerals and unmelted impactor fragments within the
same sample. Such a scenario exists on the Isle of
Skye, NW Scotland. Here two ejecta layer sites 7km
apart, both contain vanadium rich osbornite (TiVN)
and niobium rich osbornite (TiNbN) [3]. TiVN only
previously reported as dust from comet Wild 2 exists at
both Skye sites as an unmelted phase. Reidite, barringerite [(Fe,Ni)2P], baddeleyite (ZrO2), alabandite
(MnS), and carbon-bearing native iron spherules also
occur at both sites. Such unique, exotic, mineralogical
associations provides compelling evidence that meteorite impact took place. Recently we have found a third
ejecta deposit layer site on Skye which contains Ni (Fe)
schreibersite.
The site 1 ejecta layer lies beneath the oldest (60Ma)
basaltic lavas on Skye which form part of the British
Palaeogene Igneous Province (BPIP). At site 2 the
same layer is plastered onto Cambro-Ordovician dolostone and contains a basaltic clast dated at 61.54 Ma.
Impact is therefore bracketed between 60- 61.54 Ma.
We have targeted base Paleocene exposures to establish the extent of ejecta deposits elsewhere in the BPIP,
and the location of any hidden impact crater. Very recently we have recorded reidite at two sites, spaced 15
km apart, in Northern Ireland. Reidite from these, and

the Skye sites were analysed at both Birkbeck/UCL,and
Trinity College Dublin.

References:
[1] Vernoij M.G.C. and Langenhorst F.(2005) Meteoritics Planet. Sci., 40, 1353-1361. [2] Leroux, H.,
Reimold, W.U., Koeberl, C., Hornemann, U., and
Doukhan, J-C. (1999), Earth and Planetary Science
Letters v. 169, p. 291–301. [3] Drake S.M and Beard
A.D, et al (2017) Geology 46, 171–4.
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KINKED BIOTITE AS A STRESS ORIENTATION INDICATOR IN CHICXULUB’S PEAK RING M.
Ebert1, M. H. Poelchau1, T. Kenkmann1, 1Institute of Earth and Environmental Sciences – Geology, Universität
Freiburg, Germany, Albertstraße 23B, 79104 Freiburg, Germany (matthias.ebert@geologie.uni-freiburg.de)
Introduction: Although kinking in micas has
been observed in a variety of terrestrial craters, the
structural information of this feature has rarely been
used to understand the heterogeneous deformation that
have occurred during large meteorite impacts, probably due to the coeval occurrence in tectonic settings. It
has been known since the 1960s that shocked micas (in
particular biotite) kink by pressure-induced gliding
with external rotation, and the spatial orientation of the
kink bands allows conclusions to be drawn about the
maximum principle axis of stress σ1 in the shockwave
[1,2,3]. Detailed ground truth data of shock wave orientation and propagation in target lithologies can potentially yield important new insights into the cratering
process, but, to date, are lacking in the literature.
The recent drilling into Chicxulub’s peak ring revealed a ~580 m thick unit of shocked granites [4], and
provided an excellent dataset of well-documented
samples whose orientation relative to geographic north
(as well as the crater center) was known. Here, we use
kink bands in biotite to derive a first set of local σ1
orientations and thus document the three-dimensional
state of stress in these peak-ring granites. We then
benchmarked this against σ1 data from recently obtained feather feature (FF) orientations [5].
Methods: Polished thin sections from various
depths within the granitic section of the drill core were
systematically searched for kinked biotites (Fig. 1).

Fig 1. Photomicrograph of a granite including intense
kinking of biotite and FFs in shocked quartz. The FF
lamellae (trending to the NNE) are oriented perpendicular to the kink bands and parallel to σ1.
The three-dimensional orientation (azimuth and
dip) of the kink plane and the biotite’s basal {001}
plane relative to the thin section reference frame were

determined with a u-stage microscope. We defined the
orientation of σ1 as (i) the normal to the kink plane for
single kink plane orientations and (ii) as the acute bisecting angle between the poles of conjugated kink
plane sets (Fig. 2). (iii) If kinked as well as unkinked
biotites occur in the same sample, the poles of the basal planes of unkinked biotites are additionally used as
a reference for σ1. Azimuth and dip of σ1 were calculated from the u-stage data using stereonet software
(Stereo32®). σ1 data were then reoriented to geographic north using rotational corrections from [6].

Fig. 2 Schematic sketch of asymmetrically conjugated
kink bands in micas. σ1 is derived from the bisecting
angle between the poles of the kink plane sets. ε and δ:
kink angles; ω: rotation angle. (Altered from [2].)
Results: Out of 60 surveyed thin sections of granite, 8 were found to contain measurable kinked biotites. Post-impact hydrothermal alterations of biotite to
chlorite often resulted in a substantial loss of kink
bands throughout the granite.
The biotites vary in size between ~50 μm and ~1
mm, show no preferred orientation in the granitic samples, and generally feature lens- to spindle-shaped kink
bands. Kinking appears straight when the bands are
present in low densities, but evolve to be curved where
the density is higher (e.g., Fig 1). Individual kink
bands occur, but conjugated sets are more common,
with one set being more dominant than the other.
Kinking is oriented at moderate to high angles to the
{001} cleavage (e.g., approx. 90° in Fig. 1). In a few
cases it is even possible to observe a 2nd generation of
kink bands within a kink band. In addition to the
kinking, the biotites typically show a gentle bending.
We also compared the orientation of the feather feature
lamellae in shocked quartz with the kink bands (Fig.
1). Both microstructural features show a high angle
relative to each other (~75° to 90°).
In total, the orientations of ~200 kink band planes
were measured (see density map of Fig 3). In individual thin sections, the kink bands show nearly uniform
orientations. The angles between conjugated kink sets
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are within the range of ~20° and ~40°. The azimuth
values of the kink planes are particularly striking, as
they show a radially-oriented trend relative to the
crater center; recognizable by the clear girdle with
WNW-ESE strike (Fig. 3).
σ1 values could be determined for each of the 8
thin sections (Fig. 3). Except for two sample, the values are obtained on the measurement of conjugated
kink band sets. Although the data volumes are still
statistically rather low, an increase in the inclination
angle of σ1 is recognizable, from relatively shallow
>20° to steep ~65° between ~750 and ~1200 mbsf .

Fig 3. Density map of 192 measurements of biotite
kink plane poles for eight samples between ~750 and
1200 mbsf. Data form a girdle oriented radially to the
crater center. The values for the sample at 1249 mbsf
are not included in the density map due to inaccurate
reorientation of the drill core. Filled dots are averages
of σ1 orientations from biotite kink planes. Open dots
are averages from FF measurements from [5]. Sample
numbers are core depth in [mbsf] with the number of
measured kink planes given in parentheses.
Discussion: In a recent study [5], we analyzed the
same samples to determine σ1 values using FF orientations. Both methods (kink planes vs. FFs) show strikingly similar σ1 orientations (cf. Fig 3). Their corresponding azimuth and inclination angles only differ by
<20° (except for the sample at 1249 mbsf with ~30°)
and <10°, respectively. The strong correlation between
these two stress orientation markers shows that FFs
and biotite kinks were formed under the same stress
field within the shock wave, and that the two can be
used interchangeably to determine σ1 orientations.
With these useful tools, structural deformation can be
derived from shocked target materials that would otherwise prove difficult to analyze.
For the case of the Chicxulub peak ring granites,
our obtained data supports the assumption that at the
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drill core location a sub-horizontally expanding
shockwave [7,8] produced kink bands and FFs oriented relative to an initial sub-horizontal σ1 orientation.
During the crater modification and peak ring formation, the granitic basement rock must have been
rotated from their original position [7,8]. The final
rotation of these granites is estimated at ~90° from
numerical simulations [7], suggesting that σ1 orientations should be sub-vertical within the core. While the
kink band data and the FF data from [5] confirm this
for the lower parts of the granite, the data also indicate
that the granite between 750 and 1200 mbsf behaved
as a semi-coherent block that underwent internal folding, due to the increase of the σ1 inclination angle with
depth (Fig. 3). The internal fold axis strikes NNOSSW, i.e., concentric to the crater center (Fig. 3). The
sample at 1249 mbsf (Fig 3) is from the lowest part of
the peak ring core (below 1200 mbsf), which is interpreted as the main outward thrust zone active during
imbrication of the peak ring [8]. Here, high-strain deformation processes in the thrust zone may induce
small-scale rotational movements in this peak ring
unit, which results in a deviating σ1 orientation compared to higher units between 750 and 1200 mbsf.
Outlook: Additional samples without post-impact
hydrothermal alterations are to be prepared and analyzed. [9] used kinked biotites as a strain marker in
shocked gneisses of hypervelocity impact experiments.
We intend to check to what extent this method can be
applied to the biotites from the peak ring.
Conclusions: This study shows a clear directional
dependence between the biotite kink band orientation
of Chicxulub's peak ring and the presumed shock
front, and indicates a strong deviatoric stress component of the stress tensor. In combination with other
deformational markers like FFs, the stress situation
within the shock wave and the subsequent movements
of the rock units can be traced. It should be noted that
although kinked biotites are common in impacts, they
can also be produced tectonically and are thus not a
unique criterion for shock metamorphism.
References: [1] Cummings (1965) Science, 148:950952. [2] Hörz and Ahrens (1969) American Journal of Science 267:1213-1229. [3] Graup G. (1978) Enke Verlag
190pp. [4] Morgan J. V. et al. (2016) Science, 354:878–882.
[5] Ebert et al. (2019) LPSC Abstract #2465. [6] McCall et
al. (2017) LPSC Abstract #1522. [7] Rae et al. (2019) Journal of Geophysical Research: Planets, 124:396-417. [8]
Riller et al. (2018) Nature, 562:511-518. [9] Agarwal et al.
(2019) LPSC Abstract 2540.
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ESTIMATION OF IMPACT CONDITIONS ON TSIOLKOVSKY CRATER, MOON. J. C. Echaurren1,
1
Codelco Chile / Chuquicamata Division, jecha001@codelco.cl .
Introduction: Tsiolkovsky crater is an elliptical (~
200km diameter major axis, by ~ 180 km diameter
minor axis) complex impact structure centered at
(129ºE, 20ºS) on the far side of the Moon. Tsiolkovsky
is distinct from other impact craters on the lunar far
side due to the presence of a mare deposit overlying
much of the crater floor, and what has been show to be
an exceptionally rocky surface texture covering parts of
the crater rim and ejecta blanket. This structure has
been shown to have an age of ~ 3.2 Ga and is remarkably well preserved due to a lack of subsequent impact
cratering in the region [1]. The models used here are
based on some equations postulated by Holsapple
(crater depth) [2]; scaling; polynomial analysis; and an
adaptation of quantum formalism for the mathematical
representation of the energy pulse generated in the impact point, in where besides, is used one solution (soliton type) of the Korteweg-DeVries’s equation [3].
Results obtained with the models: The development of this crater is realized in 4 stages [4], in which
are specified the variables of impact more common, as
follows: a). Contact/Compression Stage: In this stage
the diameter of the impactor is estimated in ~ 21.47
km, the velocity of impact is ~ 1.50 km/s, the impact
angle is ~ 38°, the density of impactor is ~ 3.92 g/cm3,
the crater depth is estimated in ~ 5.44 km [2], the melt
volume is ~ 4.42×103 km3, the total energy of impact is
estimated in ~ 1.06×1023 Joule ~ 1.06×1030 Erg (~
2.52×107 megatons), pressure to 1 km of the impact
point is ~ 6.19×103 Gpa, and the seismic shock-wave
magnitude is > 10.0 according the Richter Scale. b).
Modification/Excavation Stage: In this stage the diameter of transient crater is ~ 115.08 km. c). Collapse/Modification Stage: In this stage the pressure
toward the final crater rim decrease to ~ 0.72 Gpa. d).
Final Crater Stage: The relation between the transient
crater and the final crater is ~ 0.62, value that is in accordance with the specification realized by Bevan
French [4], the time of creation for the final crater can
be estimated in ~ 2.41 minutes according to Schmidt
and Housen [2].
Discussion: In this model the total energy, is the
sum between the energy of radiated friction, and the
energy released in the point of impact on the surface of
the Moon. This total energy, differs conceptually from
the kinetic energy of the impactor. The kinetic energy
of the impactor, is latent energy, and the total impact
energy, is energy released. This energy behaves like a
pulse consisting of a fundamental transient, followed
by a train of permanent soliton waves, which move

radially from the point of impact towards the edge of
the crater. A more detailed analysis of how this energy
pulse behaves, will be addressed in future work.
References:
[1] Morse Z. R., Osinski G. R., and Tornabene L. L.
(2018) LPS XLIX, Abstract #2146. [2] Holsapple K.
A. Theory and Equations for “Craters from Impacts
and Explosions”. [3] Echaurren J. C. and Ocampo A.
C. (2003), Geophysical Research Abstracts, Vol. 5,
04450, EGS-AGU-EUG Joint Assembly. [4] French B.
M. (1998) Traces of Catastrophe: A Handbook of
Shock-Metamorphic Effects in Terrestrial Meteorite
Impact Structures.
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Introduction: The Yarrabubba impact structure is
a deeply eroded feature within the northern Yilgarn
Craton, Western Australia [1]. While no circular crater
remains at Yarrabubba, the remnant structure is centered on a large exposure of granophyre known as Barlangi Rock (118˚50’E, 27˚10’S). Impactites of the
Yarrabubba impact structure are predominantly the
Yarrabubba Monzogranite (YM), granitic target, and
the Barlangi Granophyre (BG), impact melt rock. Evidence for an impact origin of the Yarrabubba structure
includes shatter cones and shocked quartz grains within both YM and BG [1, 2]. Due to post impact tectonics and deep erosion of the structure, the original dimensions of Yarrabubba are poorly constrained but an
elliptical magnetic anomaly ~20 km N-S by ~11 km EW centered on Barlangi Rock provides a minimum
diameter of the original size of the structure.
The age of the Yarrabubba impact structure is Proterozoic, but until now has been poorly constrained.
The upper limit of the impact age is 2.65 Ga based on
U – Pb zircon ages from the YM [3]. Zircon grains
from the BG have a more complicated U – Pb systematics. Concordant zircon ages extend from 2.79 Ga to

2.58 Ga [3, 4]. A 1.13 Ga 40Ar/39Ar age from sericite
within pseudotachylite veins records a minimum age
for the Yarrabubba impact structure [5], and is interpreted to record alteration during post-impact intrusion
of regional dolerite dykes.
While shocked zircon and monazite can be used to
determine the age of an impact event (e.g., [6, 7, 8]),
subsequent tecono-thermal activity can partially to
completely overprint this signature (e.g., [9]). In order
to address this complexity, we undertook a detailed
microstructural examination of the shock features in
zircon and monazite from YM and BG, combined with
targeted in situ U – Th – Pb analyses to determine the
Yarrabubba impact age.
Methods: Shocked zircon and monazite were extracted from samples of the YM and BG using a Selfrag electric pulse disaggregator. Grains were mounted
in a 25.4 mm epoxy stub and polished. A chemicalmechanical polish with colloidal silica dispersion was
used to achieve a final surface with <50 nm topography. Electron imaging was undertaken using a Tescan
Mira3 field emission gun scanning electron microscope.
Backscattered
electron
(BSE)
and

Figure 1. BSE, CL and EBSD images of shocked zircon and maonzite from the Yarrabubba impact structure. (A) Shocked zircon from the Yarrabubba Monzogranite displaying primary igneous zonation crosscut by shock twins. (B) shocked monazite
displaying deformation twins and neoblastic domains (C) Polycrystalline zircon from the Barlangi Granophyre with crystallographic evidence for recrystallization after reidite. D. Monazite grain from the Barlangi granophyre with similar textures to (B).
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cathodoluminescence (CL) images were collected prior
to electron backscatter diffraction (EBSD) microstructural analyses. In Situ U – Th – Pb analyses were undertaken using the sensitive high resolution ion microprobe (SHRIMP) II within the John deLaeter Center,
Curtin University.
Results: Within the Yarrbubba Monzogranite zircon and monazite preserve a range of microstructures.
Zircon grains display primary oscillatory zonation that
is crosscut by planar and sub-planar microstructures
(Fig. 1A). Mapping by EBSD reveals irregular lowangle grain boundaries, {112} shock twins, and {100}
planar deformation bands. Monazite grains preserve a
broader range of shock features including domains
with low-angle grain boundaries and multiple sets of
shock twins along (001), (100) and (101), and domains
of strain-free granules or neoblasts (Fig. 1B) [10].
Within the Barlangi Granophyre, zircon and monazite are xenocrystic and contain a broad spectrum of
shock features. The textures in shocked zircon range
from minimally shocked grains preserving primary
oscillatory zoning to grains containing planar microstructures, to polycrystalline aggregates, and to grains
with ZrO2 inclusions (Fig. 1C). The polycrystalline
zircon aggregates contain systematic misorientations
indicative of formation after {112} twins and the highpressure polymorph reidite [11, 12, 13]. Zircon with
ZrO2 inclusions form by shock-driven dissociation to
ZrO2 and SiO2 and subsequent reversion to zircon during cooling. This texture occurs in silica saturated
melts, such as BG, above 1673 °C [12]. Monazite
grains from BG preserve a similar range of shock features to those from YM, including low-angle boundaries, shock twins, and neoblastic domains (Fig. 1D).
Shock deformed zircon grains within the YM yield
an upper intercept age (2σ) of 2626 ± 36 Ma, consistent with magmatic crystallization of Yilgarn granitoids, and a lower intercept age of 1202 ± 210 Ma.
However, shock recrystallized zircon within the BG
yields an upper intercept of 2246 ± 17 Ma (Fig. 2).
Shock recrystallized domains of monazite from both
the YM and the BG yield complicated age spectra.
Analyses within high-strained or shock twinned domains record 207Pb/206Pb ages between 2457 ± 24 Ma
to 2284 ± 14 Ma, while randomly-oriented neoblasts
cluster around concordia, and record a 207Pb/206Pb age
of 2229 ± 5 Ma (Fig. 2).
Conclusions: The shocked zircon and monazite
age results establish Yarrabubba to be 2229 ± 5 Ma, ~
200 Myrs older than the Vredefort Dome, the previously oldest known impact structure on Earth [14, 15].
Furthermore, the impact age determined here demonstrates coincidence between the Yarrabubba event and
the termination of the youngest diamictite deposit as-
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Figure 2. Tera-Waserburg Concordia Diagram of recrystallized zircon and monazite from the Yarrabubba
Monzogranite (sample 14YB07) and Barlangi Granophyre
(14YB03). Shock recrystallized zircon record an upper
intercept age of 2246 ± 17 Ma, while neoblastic monazite
record a weighted mean 207Pb/206Pb age of 2229 ±5 Ma.

sociated with the Palaeoproterozoic snowball Earth.
The Rietfontein diamictite, the uppermost glacial deposit in the Transvaal basin of South Africa, is constrained to have a minimum depositional age of 2225 ±
3 Ma based on the age of the overlying Hekpoort basalt [16]. Termination of the Palaeoproterozoic snowball Earth is also simultaneous with a global shift to
highly positive δ13C ‰ values in carbonates, known
as the Lomagundi-Jatuli excursion, which has a best
estimated maximum age of 2221 ± 5 Ma [17].
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Planet. Sci. Lett., 213, 235–247. [2] Haines P. W.
2005. Austral. J. Earth Sci. 52, 481–507. [3] Fletcher I.
R. & McNaughton N. J. (2002) MERIWA report 222.
[4] Nelson 2005. GSWA Report 178063. [5] Pirajno F.
2005. Austral. J. Earth Sci., 52, 587–603. [6] Moser D.
E. et al. (2011) Can. J. Earth Sci., 48, 117–139.
[7] Cavosie, A. J. et al. (2015) Geology, 43, 999–1002.
[8] Erickson T. M. et al. (2017) Con. Min. Pet., 172.
[9] Schmieder M. et al. (2015) GCA, 161, 71 – 100.
[10] Erickson T. M. et al. (2016) Geology, 44, 635 –
638. [11] Cavosie A. J. et al. (2016) Geology, 44, 703–
706. [12] Timms et al. (2017) Earth-Sci. Rev., 165,
185–202. [13] Cavosie A. J. et al. (2018) Geology, 46,
891-894. [14] Kamo S. L. et al. (1996) Earth Planet.
Sci. Lett., 144, 369–387. [15] Moser, D. E. (1997) Geology, 25, 7 – 10. [16] Dorland H. C. (2004) Ph. D.
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SHOCKED QUARTZ GRAINS IN GRANITOIDS FROM THE CHICXULUB IMPACT STRUCTURE
PEAK-RING IODP-ICDP EXPEDITION 364 DRILL CORE: CHARACTERIZATION AND SHOCK
PRESSURE ESTIMATIONS. J-G. Feignon1, L. Ferrière2, and C. Koeberl1,2, 1Department of Lithospheric Research, University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria (jean-guillaume.feignon@univie.ac.at),
2
Natural History Museum, Burgring 7, A-1010 Vienna, Austria.

Introduction: The peak-ring of the ~200-km diameter Chicxulub impact structure (Mexico) was
drilled in 2016 during the International Ocean Discovery Program (IODP) and International Continental Scientific Drilling Program (ICDP) supported Expedition
364. The impactite sample suite recovered provides a
unique opportunity to better understand peak-ring formation mechanisms, the nature and composition of the
rocks it is made of, and also to characterize shock effects with depth [e.g., 1].
A continuous core (M0077A) was recovered between 505.7 and 1334.7 mbsf (meters below sea floor).
It was divided in three main lithological units: (1) a
“post-impact” sedimentary rocks section (from 505.7 to
617.3 mbsf), (2) a “upper peak-ring” section (from
617.3 to 747.0 mbsf) made of ~105 m of melt-bearing
polymict impact breccia (suevite) overlaying ~25 m of
impact melt rocks, and (3) a “lower peak-ring” section
(from 747.0 to 1334.7 mbsf) consisting of granitoid
(coarse-grained leucogranite with aplite and pegmatite
dikes) intruded by several pre-impact sub-volcanic
dikes and intercalations of millimeter to decameter
suevite and impact melt rocks [1].
Here we report on the main results of a detailed investigation of shocked quartz grains in granites from
the “lower peak-ring”. The characterization of the
shock features in quartz was followed by an estimation
of the average shock pressure recorded by each sample.
Material and Methods: Forty polished thin sections were prepared for a selected number of granite
samples (taken as regularly as possible between 747.0
and 1334.7 mbsf). They were investigated for shock
metamorphic features in quartz and other minerals using optical microscopy and scanning electron microscopy (SEM). Planar deformation feature (PDFs) orientations were further investigated using the Universal
stage (U-stage) microscope for nine thin sections ranging from 752.5 to 1311.1 mbsf. These thin sections
were selected due to their high abundance in individual
quartz grains (at least 15 or 20) in order to provide
reasonable statistics. The indexing of the PDFs orientations was performed using WIP software [2] as well as
manually [3]. Shock pressure estimates were done following the method described in [4].
Results: Quartz grains are relatively abundant in
the granite from the “lower peak-ring” section, representing 25 to 35 vol. % of the mineral phases. Ortho-

clase (25-40 vol. %) and plagioclase (25-35 vol. %)
and, to a lesser extent, biotite generally chloritized (1-5
vol. %) are the other main minerals. Quartz grain size
varies from 0.5 to 4 cm, with also submillimeter-sized
grains in cataclasite (microbrecciated) veins crosscutting some granite samples.
In rare cases, shock effects in quartz grains can be
seen with the naked eye, in the form of macroscopically visible planar fractures (PFs). In the investigated thin
sections, nearly all observed quartz grains are shocked
(only one apparently unshocked quartz grain was seen
during our survey), including PFs with (or without)
feather features (FFs) and decorated PDFs (up to 6 sets
of PDFs as seen under the U-stage) (Fig. 1). In addition, a number of quartz grains show strong undulose
extinction and rarely even kinkbands. As seen under
the optical microscope and further documented under
the SEM, PFs can be filled with calcite and PDFs are
decorated with tiny vugs or fluid inclusions (Fig. 2).

Fig. 1 Microphotograph (cross-polarized light) of a
quartz grain with two sets of PFs with FFs and three
sets of strongly decorated PDFs. Granite sample
201R1_70-74 (1022.2 mbsf).
The U-stage was used to characterize the crystallographic orientation of both PFs and PDFs in quartz. In
total, 808 sets of PDFs were measured in 302 quartz
grains, resulting in an average of ~2.7 PDFs sets per
grain.
Planar fractures are mainly oriented parallel to
(0001) and { 10 1 1 }. The PDFs are preferentially ori-
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ented parallel to { 10 1 3 } and { 10 1 4 } orientations (i.e.,
representing together 53 to 82 % of the total). Then, by
decreasing abundances, PDF parallel to { 10 1 2 },
{ 10 1 1 }, { 1122 }, { 2241 }, { 31 4 1 }, and (0001) orientations occur (i.e., abundance between ~2 and 10 % on
average). Other PDFs orientations are rare, representing less than 2 % of the total.

Fig. 2 Backscattered electron (BSE) image showing
two strongly decorated sets of PDF in a quartz grain.
Granite sample 142R2_105-109 (861.9 mbsf).
The average number of PDFs sets per grain seems
to slightly decrease with increasing depth. The three
deepest samples investigated so far have mainly
shocked quartz grains with two sets of PDFs (representing ~32 to 49 % of the total), whereas the shallowest samples have a majority of quartz grains with three
sets of PDFs (representing ~30 to 48 % of the total).
Discussion and Conclusions: Based on our UStage results we estimate that the granites from the
“lower peak-ring” section have recorded shock pressures between ~15 and 18 GPa with a very slight shock
attenuation with increasing depth (Fig. 3). Our pressure
estimates are consistent with observations on zircon
grains, as the absence of impact-induced microstructures in zircon grains indicates that the shock pressure
was <20 GPa [5]. In general, the range of pressure estimates is very narrow, taking into account the errors
associated with the measurements, however, interestingly, PDFs parallel to the { 10 1 2 } orientation (i.e.,
known to form at pressures of ~20 GPa [4]) are significantly more abundant in the upper section of the granite basement (representing between 6 and 14 %) than in
the lower section (representing less than 3 %). This
further supports the suggestion that the upper section of
the granite basement experienced slightly higher shock
pressures than the lower section.

Fig. 3 Average shock pressure estimates versus depth
in granites from the “lower peak-ring” section. The
pressure range is narrow but a slight decrease with
depth is apparent.
The average of 2.7 PDF sets per grain is significantly higher than in all previously investigated drill
core and for most K–Pg boundary samples (e.g., [6]
and references therein). However, comparisons between different sets of data are difficult as user experience can influence the results.
Acknowledgements: The Chicxulub drilling was
funded by the IODP as Expedition 364 with co-funding
from ICDP. The ECORD implemented Expedition
364, with contributions and logistical support from the
Yucatán state government and Universidad Nacional
Autónoma de México.
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354, 878–882. [2] Losiak A. et al (2016) MAPS, 51(4),
647–662. [3] Ferrière L. et al. (2009) MAPS, 44(6),
925–940. [4] Holm-Alwmark S. et al. (2018) MAPS,
53(1), 110–130. [5] Timms N. E. et al. (2019) Contrib.
Min. Pet., 174, 38. [6] Nakado Y. et al. (2008) MAPS,
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Introduction: The Santa Marta impact structure is
located in southeastern portion of Piauí state. It is a
complex structure of ~10 km diameter with a partially
exposed raised rim and central uplift with a diameter of
3.2 km (Fig. 1) [1][2].
Complex craters normally show a circular and proportional central uplift in relation to its diameter. However, Santa Marta exhibits a central plateau with an
irregular shape and displaced from the center towards
SW (Fig. 1). This is can be related to either late sedimentary cover on an initially regular central uplift or to
differences between the uplifted basement and the
structure of the crater [1]. In order to investigate this
aspect, we have carried out a magnetotelluric (MT)
survey inside the structure to obtain a map of resistivity distribution. This is an ongoing project and here we
present the preliminary results of 1-D inversion of
three stations located next to the central elevation.
Geological setting: The Santa Marta structure was
formed in a region where the Mesozoic Sanfranciscan
basin overlaps the Paleozoic Parnaíba basin. The Silurian - Devonian units belonging to the Parnaíba basin
serve as a basement for the Mesozoic sedimentary
rocks. This basement consists, in the region of the Santa Marta structure, in the Serra Grande (conglomerates,
sandstones, and shales) and Canindé (shales, sandstones) Groups and has the top estimated at ~1km deep
inside de crater [3].
Overlapping these Paleozoic strata, there is the upper sedimentary sequence of the Sanfranciscan basin,
comprising the Areado group (sandstones, shales, and
conglomerates) that is, in turn, overlapped by the
Urucuia group (sandstones with large-scale crossstratification, conglomeratic sandstones, and pelites)
and the Chapadão formation (unconsolidated sandstones and laterites). The first two sequences are of
Cretaceous age and the latter one is of Cenozoic age
[4][5].
Methods: We present herewith the results of three
MT stations spaced ~1km-apart in the annular basin,
(Fig. 1), with frequency range between 4.104 Hz and
128 Hz. Data processing followed the flux of GEOMA
group (National Institute for Space Rearch - INPE) [6],
which employs the Egbert routine [7]. A dimensionality analysis with Waldim code [8] in acquired data allowed us to apply the 1-D inversion, performed with
the RHOPLUS software, which obtains synthetic MT
responses from one-dimensional conductivity models

that minimize the χ2(chi-square) misfit through a series
of delta functions [9] (Fig. 2B).

Figure 1: Geological map of studied area with the location of the MT stations. Adapted from [2].
Results and Conclusions: After processing the
MT data, the typical curves of apparent resistivity and
phase were obtained (Fig. 2A). Figure 2B shows an
upward trend of the conductance along all the stations.
Our data show two abrupt geoelectric contrasts,
which suggest the presence of three distinctive sedimentary layers, the first ~ 0,5 km thick and the second
~0,95 km thick. The significant increase of the conductance starting at ~ 1 km depth in the data of the
three stations (Fig. 2B) might be interpreted as the
basement of the basin, which is consistent with the
shale dominated conductive lithology of both Serra
Grande and Canindé groups. In addition, this result
confirms the estimation of ~ 1 km of depth for the top
of the basement within the structure of Santa Marta,
given by [3].
We have acquired a total of 24 wide-band magnetotelluric stations during the project. The next steps
consist of processing and inverting the data of the other
stations to characterize the geoeletric signature of Santa Marta basement.
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Figure 2: (A) Typical curves of apparent resistivity and
phase and (B) 1D conductance inversion outcomes for
three the stations.
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Introduction: Tektites are a very rare type of impact glass found on Earth in only a few distinct strewn
fields, namely the Australasian, Ivory Coast, Central
European, and North American fields [e.g., 1], as well
as in Uruguay [2] and possibly also in Belize [3]. Tektites are distal impactites derived from the surface of
the target rocks, with specific petrographic, chemical,
and isotopic characteristics, as well as extremely low
H2O content due to their mode of formation, still not
fully understood [e.g., 1].
In 2017, Ferrière et al. [2] first reported on a new
tektite strewn field located in Uruguay. These tektites
were named "uruguaites" after their place of occurrence. Based on two fieldwork campaigns, the extension of the strewn field is still not well defined; however, its largest diameter is at least 230 km. The source
impact crater is currently unknown.
Some studies have shown that noble gas content of
tektites can provide valuable information about their
formation conditions [e.g., 4-5]. As tektites enclose gas
from the Earth’s atmosphere (at their time of formation), they could be used as an archive of the evolving noble gas composition of the Earth’s atmosphere
through time. Furthermore, because the concentration
of the heavy noble gases (Ar, Kr, and Xe) in tektites is
determined by the ambient pressure at which they solidify, the altitude at which they ended equilibration
with the atmosphere can be determined (up to 40 km
for other tektites [5]). The light noble gases (He and
Ne) however are thought to re-enter the sample after its
deposition, resulting in much higher concentrations
[6,7].
Here we report the first noble gas concentrations
for uruguaites and compare them with literature values
from other tektite strewn fields.
Methods: Analysis was done at the noble gas laboratory at ETH Zurich. The samples were wrapped in
Al foil and loaded into the sample holder of the inhouse-built "Albatros" mass spectrometer. The sample
chamber was evacuated to <10-9 Torr, and heated to
~80°C over two weeks to remove adsorbed atmospheric gases. Three fragments of ~1 g of distinct tektite
samples (named Uru-1, -2, and -3) were then analyzed.
Gases were extracted from the samples using a Mofurnace heated by electron bombardment to 1700°C in
a single heating step. Complete melting of the sample
was ascertained by visual inspection at high tempera-

ture, followed by a re-extraction of the first sample at
higher temperature. The released gases were then purified in an extraction line containing Ti-Fe-V getters
and LN2-cold traps.

Fig. 1. Fractionation relative to 36Ar and the atmosphere (see
text for definition of F(m)), for the three tektite samples
measured. The shaded area shows the range for other tektites
from Matsuda et al. [5]. Not shown: fractionation for 3He
and 40Ar.

The purified gases were then admitted into the mass
spectrometer and analyzed based on a protocol similar
to the one recently described by Riebe et al. [8]. We
analyzed all stable isotopes of He, Ne, and Ar as well
as 82,84,86Kr and 129,131,132,136Xe, in two consecutive
steps: 1) He and Ne, separated from the higher mass
gases by freezing them out with LN2; 2) Ar, Kr, and
Xe. During the He/Ne step, we measured HD, H2O,
40
Ar, and CO2 to correct for potential interferences by
doubly-charged and molecular ion species. During the
Ar/Kr/Xe step, we monitored 35,37Cl for potential interference correction on 36,38Ar, respectively. All interferences proved to be negligible (much smaller than the
counting error on the main signals).
Results and conclusions: For all three tektite samples, the measured noble gas isotopes (see above) were
all clearly resolved from the background. The elemental fractionation pattern, defined by the parameter
F(m) = (mX/36Ar)sample / (mX/36Ar)atmosphere (where mX is
an isotope, e.g., 20Ne) is identical to the one observed
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for tektites from other strewn fields (e.g., [5]), as
shown in Fig. 1. He and Ne are both enriched relative
to their atmospheric abundances relative to 36Ar, likely
related to the quick diffusive entry of these gases into
the samples after their deposition [6,7]. This effect is
less pronounced (by about an order of magnitude) for
uruguaites compared to other tektites (Fig.1).

Fig. 2. 36Ar and 84Kr concentrations in samples from this
work (closed symbols) and from the literature (open symbols). Nearly all data points plot close to the atmospheric
ratio, indicating that the original source of these gases is the
atmosphere (and not the impactor). The uruguaites plot at the
upper end of the distribution, indicating that they might have
last equilibrated at a lower atmospheric height (<20 km)
compared to other tektites (>20 km).

The measured 3He/4He ratio in the three samples is
much higher than in air (~150 RA). While this might
suggest the presence of some primordial He (e.g., derived from the impactor?), we cannot entirely exclude
at the moment that the unusually large sample masses
(for the spectrometer used for our measurements) mobilized some minor residual 3He from prior analyses in
the same instrument, which would not be released in a
normal hot blank (the hot blank contribution for 3He is
already on the order of 10-25% for the three samples).
The Ne isotopic composition of the released gases is
identical to air. The 36Ar/38Ar isotopic ratio is atmospheric, as well, but the sample gas is strongly enriched
in radiogenic 40Ar (contributing to about 90% of the
total 40Ar in the sample). The resulting K-Ar ages
(based on K2O concentrations of 2.93, 2.71, and 3.13
wt% for Uru-1, -2, and -3, respectively) are between 42
and 44 Ma. The isotopic compositions of Kr and Xe
are also compatible with the atmospheric ones.
While tektites characteristically have low concentrations of volatiles (especially water), their noble gas
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contents depend on the noble gas solubility in the silicate liquids from which the tektites solidified. Unlike
the case for water, this solubility actually increases
with increasing temperature [9]. However, the concentrations of heavy noble gases (Ar, Kr, and Xe) in tektites, including uruguaites, are lower than the theoretical equilibrium solubilities of these gases at 1 bar external pressure. The simplest explanation for this observation, compatible with all experimental work (see
[5]), is that the pressure of the atmosphere at the point
of last equilibration was <1 bar, i.e., the tektite solidified (or at least cooled to the point where further exchange of the heavy noble gases with the atmosphere
stopped) while still high up in the air. Following [5]
and using Henry’s law, empirically determined proportionality constants [10], an atmospheric scale height of
8.4 km, and the measured 36Ar concentration, we can
estimate that the point of last equilibration with the
atmosphere took place at a height of ~3, ~16, and ~22
km above sea-level for samples Uru-1, -2, and -3, respectively (Fig. 2). Note that if full equilibrium with
the ambient atmosphere was not reached, these altitudes are lower limits. These altitudes are much lower
than observed for other tektites, where altitudes of up
to 40 km have been calculated [5]. Kr and Xe concentrations in the samples are higher than for other tektites
(Fig. 2), thus, the implied altitudes of last equilibration
with the atmosphere from these gases are lower than
for Ar, which might either be due to some atmospheric
gases adsorbing onto fresh sample surfaces during
sample preparation, or perhaps due to equilibration
ending at a different point in time for Ar vs. Kr and Xe.
We plan the analysis of additional uruguaite samples,
as well as further laboratory experiments, to better understand these processes.
Acknowledgements: We thank the Permanent Mission
of Switzerland to the International Organizations in Vienna
for its financial support. Expeditions to Uruguay would not
have been possible without the financial support from C.
Roger-Lacan and from an anonymous sponsor in memory of
Th. Monod (1902–2000). MM was partially supported by an
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TEKTITE OR OBSIDIAN? – THE CASE OF THE CALI GLASS (COLOMBIA). L. Ferrière1, W. Wegner2,
D. Topa1, D. Mader2, B. Gruber2, and C. Koeberl1,2, 1Natural History Museum, Burgring 7, A-1010 Vienna, Austria
(ludovic.ferriere@univie.ac.at), 2Department of Lithospheric Research, University of Vienna, Althanstrasse 14, A1090 Vienna, Austria.

Introduction: Tektites are distal impactites derived from the surface of the target rocks, with specific
petrographic, chemical, and isotopic characteristics, as
well as extremely low H2O content due to their mode
of formation. They are a very rare type of impact glass
found on Earth in only a few distinct strewn fields
[e.g., 1]. Tektites along with some of the other types of
impact glasses somewhat resemble obsidian and can be
easily misidentified. Obsidian is a naturally occurring
volcanic glass, generally black in color (as most known
tektites) but it can also be brown, grey, or green. Obsidian typically exhibits layers, whereas tektites do not
(with the exception of the Muong Nong-type layered
tektites). Over the last 100 years, a number of glass
samples were described as possible tektites and one of
these glasses is the so-called “Cali glass”, which is
found near the city of Cali (Colombia). This glass is
assumed to be a type of obsidian by some authors,
whereas others argued that it is a tektite [see e.g., 2, 3].
Recently, Ocampo et al. [4] have used the Cali glass,
which they assume (without much evidence) to be a
tektite, to, in turn, “confirm” the impact origin of a 36
x 26 km in diameter “crater” structure.
Here we report on a study of eleven Cali glass samples combining a number of different analytical methods to unravel the origin of this glass.
Methods: Two distinct sets of samples were investigated, including one set of seven samples from the
Natural History Museum Vienna (NHMV) collection
(i.e., these samples were given to the NHMV by a mineral dealer more than three decades ago; on the label it
is written “Tektites, Cali, Colombia”), and four samples recently obtained from A. P. Crósta. Macroscopic
investigations were conducted on all eleven samples.
Six samples were cut (i.e., without any problem, which
is interesting as tektites frequently explode during cutting due to internal residual stress) for the preparation
of polished sections. Petrographic investigations were
completed using an optical microscope and a JEOL
JSM-6610 SEM at the NHMV. Major element compositions were measured for six samples at the NHMV
using a JEOL JXA-8530-F field emission gun electron
microprobe. Major and trace element abundances were
obtained for three samples by instrumental neutron
activation analysis (INAA) at the University of Vienna.
Strontium and Nd isotopic compositions were obtained
at the University of Vienna by thermal ionization mass
spectrometry (TIMS).

Results: The investigated samples are dark brown
to black in color, with sizes ranging from 2 to 5 cm
(Fig. 1a). They are spheroidal, oval, or somewhat irregular in shape (with flattened portions), with heavily
pitted surfaces. Some of the samples show some type
of layering. In transmitted light, the glass is pale grey
to pale brown in color. A few small vesicles and mineral inclusions occur, including quartz (and cristobalite?; would need to be confirmed using microRaman),
feldspar, iron oxides, zircon, and apatite (Fig. 1b). One
of the investigated samples shows alternating layers
with numerous (preferentially aligned) microlites.

Fig. 1. Cali glass. a) Macrophotograph of a typical
sample with pitted surface and remnants of soil. b)
BSE image showing inclusions of quartz (Qtz) and
feldspar (Fsp), and numerous microlites and tiny iron
oxide inclusions in glass.
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Microprobe investigations show that chemically,
the glass is homogeneous in composition. The investigated samples show no major variations, neither at the
scale of one sample (even not in the case of the layered
sample), nor between different samples. This is also
confirmed by the INAA data. Compositional ranges for
major elements oxides (in wt%) as determined using
microprobe for seven samples and for trace elements
(in ppm) as determined with INAA for three samples
are as following: SiO2 (76.4-78.9), Al2O3 (12.2-12.9),
TiO2 (bdl.-0.19), FeO (0.35-0.59), MnO (bdl.-0.08),
MgO (0.04-0.09), CaO (0.61-0.66), Na2O (3.87-4.17),
K2O (4.64-5.00), Cr (5-8), Co (0.3-0.4), Ni (7-8), Rb
(168-195), Sr (37.0-46.2), Zr (209-254), and Ba (300367). As shown in Fig. 2, the K2O + NaO content of
the Cali glass samples is significantly higher than for
tektites, but in the same range as for obsidians from
Colombia and Ecuador as reported in [6]. The same is
also true for other major and traces elements which
abundances are very similar to those in obsidians from
this region [see 6].
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report of frothing when heated [see 3] indicates that it
has a high volatile content, also typical of obsidian but
incompatible with tektite. Our investigations allow us
to exclude an impact origin for the Cali glass, which
are most probably volcanic in origin.
Acknowledgements: We thank A. P. Crósta for
providing some of the samples that were investigated in
this study.
References: [1] Koeberl C. (2014) In Treatise on
Geochemistry (Second edition), 2, 73–118. [2] Merrill
G. P. (1911) Proceedings of the United States National
Museum, 40, 481–486. [3] Martin Wz. R. (1933)
Leidse Geologische Mededelingen, 6, 123–132. [4]
Ocampo A. et al. (2017) LPS XXXXVIII, Abstract
#2832. [5] Le Maitre R. W. et al. (1989) A Classification of Igneous Rocks and Glossary of Terms. Blackwell, Oxford, 193 p. [6] Bellot-Gurlet L. et al. (2008)
Journal of Archaeological Science, 35(2), 272–289.
[7] Shaw H. F. and Wasserburg G. J. (1982) Earth &
Planetary Science Letters, 60(2), 155–177. [8] Blum J.
D. et al. (1992) Geochim. Cosmochim. Acta, 56 (1),
483–492. [9] Ngo H. H. et al. (1985) Geochim. Cosmochim. Acta, 49(6), 1479–1485. [10] Zindler A. and
Hart S. (1986) Annual Review of Earth and Planetary
Sciences, 14, 493–571.

Fig. 2. Total alkali vs. silica (TAS) diagram of [5] with
Cali glass samples compared to typical obsidians [6]
and tektites [7-9].
Based on the three samples for which we have obtained Sr and Nd isotopic compositions, with high Nd
isotopes (εNd values between 2.0 and 2.1) and low Sr
isotopes (εSr values between 2.4 and 2.7), the investigated samples show a mantle signature, whereas all
known “proper” tektites show a continental crust signature (Fig. 3).
Conclusions: Both the petrographic characteristics
of the studied samples, such as the presence of layering
and microlites, as well as the chemical composition,
with extremely low FeO content and high K2O + NaO
content, and also the high Nd and low Sr isotopes values, typical for a mantle signature, suggest that the Cali
glass is not a tektite but an obsidian. In addition, the

Fig. 3. Rb-Sr and Sm-Nd isotope data for Cali glass
and for the four main tektite strewn fields [7-9]. Mantle
domains data from [10].
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IMPACT COESITE: FORMATION AND SURVIVAL. L. Folco1, F. Campanale1,2, B. P. Glass3, E. Mugnaioli2, M. Masotta1, M. Lee4 and M. Gemmi2, 1Dipartimento di Scienze della Terra, Università di Pisa, V. S. Maria 53,
I-56126, Pisa, Italy (luigi.folco@unipi.it; fabrizio.campanale@phd.unipi.it, matteo.masotta@unipi.it), 2Center for
Nanotechnology Innovation@NEST, Istituto Italiano di Tecnologia (IIT), Piazza San Silvestro 12, 56127 Pisa, Italy
(enrico.mugnaioli@iit.it; Mauro.Gemmi@iit.it), 3Department of Geosciences, University of Delaware, Newark,
Delaware 19716, USA (bglass@udel.edu), 4Department of Geographical and Earth Sciences, University of Glasgow, Glasgow G12 8QQ, UK (Martin.Lee@glasgow.ac.uk).

Introduction: This is an overview of the results of
our ongoing research (in part published, [1], in part
under review, [2] and [3]) aiming at better understanding of the formation and survival of impact coesite - a
debated issue in impact cratering and shock metamorphism studies. Impact coesite occurs in the form of
nanometer-sized grains with polysynthetic twinning on
(010) grains, typically embedded in silica glass. Its
presence in rocks that experienced shock conditions
beyond the stability field is an intriguing and controversial issue. Models, widely accepted since its discovery in 1960 [4], predict that coesite forms during crystallization from highly densified silica melts [5], [6],
[7] or from diaplectic glass [8] during shock unloading,
when the decompression path intersects the coesite
stability field (pressure 3–10 GPa, temperature <3000
K). In contrast to these mechanisms, we show mineralogical and petrographic evidence of subsolidus direct
quartz-to-coesite transformation in quartzose impactites from different geological contexts, including a
plausible mechanism for this polymorphic transformation. These results have implications on the reconstruction of the P-T-t paths experienced by target rocks
and on the definition of impact scenarios.
Samples: Our investigation focused on a shocked
sandstone from Kamil Crater (Egypt), microscopic
ejecta particles of silica composition from the Australasian microtektite layer and a Muong Nong-type Australasian tektite. All samples lack evidence for postshock thermal overprint and alteration due to hydrothermal activity.
The shocked sandstone sample from Kamil Crater
is a fist-sized ejecta. It was collected ~350 m from the
crater rim in the main downrange ejecta ray during the
2010 Italian/Egyptian geophysical expedition as reported by [9].
The microscopic ejecta particles (n = 4; 200-700
µm size) from Australasian microtektite layers are
from two deep-sea sediment cores in the South China
Sea: core 37 from ODP Hole 1144A and core SO9517957-2, less than 2000 km away from a proposed
impact location in Indochina [10].
The Muong Nong tektite was found in the general
area of Muong Phin, Laos (16°32’N, 106° 01’ E) as
reported by [11].

Methods: Samples were studied using a combination of FE-SEM-EDS microscopy, EDX mapping,
µRaman spectroscopy, EPMA, FIB, TEM and Electron
Diffraction Tomography (EDT) and crystal orientation
mapping (PACOM) analyses.
Results: Coesite in Kamil sandstone. The studied
sandstone ejecta is a fragment of a medium-grained
quartzarenite dominated by heavily shocked, equigranular quartz grains with an average grain size of 1 mm
(~78 vol%) and including accessory tourmaline and
zircon. Intergranular veins and pockets (up to 1 mm
across) of silica glass contain microcrystalline coesite.
These domains are known in the literature as symplectic regions, first described in the Coconino Sandstones
from the Barringer Crater, USA [12].
Orientations and frequency of PDF in shocked
quartz are {10-13}, 23%, and {10-12}, 14% [6]; the
amount of silica glass is ~22 vol%. Intergranular
symplectic regions show microstructural zoning. From
the core of the quartz crystals to the core of the
symplectic regions, we can distinguish a "quartz zone",
a "coesite zone" and a "silica glass" zone. The quartz
zone consists of PDF-bearing shocked quartz. The
coesite zone, up to several tens of μm in thickness,
typically consists of polycrystalline aggregates of micro-to-nanocrystals (<5 μm) coesite set in pure silica
glass, i.e. lechatelierite. Coesite shows fine polysynthetic (010) twinning. Polycrystalline aggregates, arranged along planes that are parallel (or nearly so) to
PDFs of the quartz crystals in the adjacent quartz zone,
consists of fine coesite plus quartz intergrowths, causing tartan-like microtextures. Flame-like corrosion
textures characterize the margins of the coesite aggregates. The silica glass zone consists of homogeneous
lechatelierite with usually one central bubble up to
several tens of μm across.
Coesite in ejecta particles from the Australasian
microtektite layer. The particles are dominated by
coesite regions locally intergrown with relic PDFbearing quartz microstructures. Up to 4 sets of PDF
were observed with the most frequent sets belonging to
the {10-13} and {10-12} families. Coesite regions
consist of polycrystalline aggregates of nm-sized,
(010) polysynthetically twinned grains with rounded or
elongated habit. Coesite and quartz are in direct con-
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tact with no detectable amorphous or ‘glassy’ volume
in between. Quartz boundaries are always lobate or
saw-tooth-like, with euhedral coesite crystals penetrating through the quartz boundaries, and partially erasing
the PDF microstructures. 3D ED and crystal orientation mapping (PACOM) show a recurrent pseudo isoorientation between the (1-11) vector in quartz and the
(010) vector of neighboring coesite crystals.
Coesite in Muong Nong tektite. Coesite occurs in
opaque, vesicular inclusions up to several 100s of µm
across embedded in and elongated along the compositional banding typical of Muong Nong-type tektites.
The inclusions usually consist of a core, surrounded by
froth layer, and quartz neoblast layer. The cores are
composed of a mixture of silica glass, coesite, and
quartz in varying proportions. Overall, many of the
inclusion cores have petrographic features similar to
the symplectic regions observed in the shocked sandstones from Kamil.
Discussion: Kamil [1]. Coesite forms locally, in
symplectic regions. These are interpreted as intergranular pore space in origin. The quartz-coesite intergrowths with tartan-like textures in the "coesite zone"
suggest that coesite grew at the expenses of PDF bearing quartz. PDF orientation in the quartz zone indicate
shock pressures of 20–25 GPa according to [13]. Thus
coesite growths during the decompression-pressure
amplification path associated with the collapse of
pores, as predicted by numerical models in the literature [14]. The corrosion texture of coesite observed in
the coesite zone indicate subsequent melting of the
pre-existing crystalline silica phases, as a result of the
temperature increase associated with the friction
caused by the collapse of the pores.
Ejecta particles [2]. The features of the contact between coesite and PDF-bearing quartz indicate direct
transformation of quartz into coesite, after PDF formation. The frequency and orientation of PDF indicate
pressure of 20–25 GPa according to [13]. Similarly to
what observed and proposed for Kamil sandstones, we
suggest that coesite formed as result of shock wave
reverberation at medium discontinuities (grain boundaries, fractures, dislocations, inclusions?), followed by a
rapid pressure and temperature drop of P and T, without entering the liquid stability field of the silica system. 3D EDT analysis of neighboring crystals of quartz
and coesite shows that the [010]* reciprocal vector of
coesite is often sub-parallel to the [-101]* reciprocal
vector of quartz. We thus propose that quartz structure
can transform into coesite by a martensitic-like transformation. This involves consecutive shift along (-101)
planes, which triggers a rearrangement of Si-tetrahedra
chains. The (-101) planes of quartz turn then into the
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(010) planes of coesite, corresponding to the direction
of disorder and twinning in impact coesite.
Muong Nong tektite [3]. The lack of detailed nanoscale investigation of the silica phases in the coesite
bearing inclusion cores precludes a definite conclusion
of the origin of coesite. However the observed petrographic similarities with the symplectic regions in
Kamil sandstones hints for a similar origin in a quartzrich domain of the tektite precursor rock. We propose
that the survival of coesite was possible due to the
froth layer that acted as a heat sink during bubble expansion and then as a thermal insulator. Finally, the
distribution and textural relationships between the
coesite-bearing inclusions and the tektite matrix point
to an in situ formation of the coesite due to an impact,
rather than to an infall into tektite melt during the aerial burst of a bolide [14].
Conclusions: i) Impact coesite forms locally,
through a direct subsolidus transformation from quartz
as a result of shock reverberation at medium discontinuities (pore spaces, grain boundaries). ii) The mechanism of the direct quartz-coesite transformation is
likely a solid-state martensitic-like process involving a
relative structural shift of {-1011} quartz planes, which
turns into coesite (010) twin planes. iii) We emphasize
the role of shock reverberations at medium discontinuities (e.g., pores, grain boundaries, etc.) in producing
localized PTt gradients, eventually resulting in the cooccurrence of shock metamorphic features indicating
variable shock levels at the microscopic scale. iv) The
widespread occurrence of coesite in impact ejecta of
the Australasian tektite-mcicrotektite strewnfield, and
in particular its in situ formation in tektites lends support to the impact-cratering origin of Australasian tektites, and not to the airburst scenario invoked to explain the missing crater [15].
References: [1] Folco L. et al. (2018) Geology, 46,
739–742. [2] Campanale F. et al. (2019) Geochim.
Cosmochim. Acta (under review). [3] Glass B. P. et al.
(2019), Meteoritics & Planet. Sci. (under review). [4]
Chao E. et al. (1960) Science, 132, 220–222. [5]
Langenhorts F. 2003, [6] Chen M. et al. (2010) Earth
& Planet. Sci. Lett., 297, 306–314,. [7] Fazio et al.
(2017) Meteoritics & Planet. Sci., 52, 1437–1448. [8]
Stähle V. et al. (2018) Contrib. Mineral. & Petrol.,
155, 457–472. [9] Fazio et al. (2014). [10] Glass B.
and Fries M. (2008) Meteoritics & Planet. Sci., 43,
1487–1496. [11] Schnetzler C. C. and McHone J. F.
(1996) Meteoritics & Planetary Science, 31, 73–76.
[12] Kieffer S. W. et al. (1976) Contrib. Mineral. &
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THE FIRST MICROSECOND OF AN HYPERVELOCITY IMPACT. M. Gärtner1,2, M. Gulde1, S. Hergarten2,
M. Ebert2, T. Kenkmann2, R. Putzar1 and F. Schäfer1,2, 1Fraunhofer Institute for High-Speed Dynamics, Ernst-MachInstitut, EMI, Freiburg, Germany (marie.gaertner@emi.fraunhofer.de), 2University of Freiburg, Institute of Earth and
Environmental Sciences-Geology, Freiburg, Germany.

Introduction: Jetting during the early stages of an
hypervelocity impact has long been proposed as an explanation for the terrestrial origin of tektites [1]. This
highly shocked and superheated material have been
found hundreds [2] to thousands of kilometers away
from the point of impact [3], requiring extremely high
ejection velocities. Although there have been several
experimental studies dealing with the jetting process
[e.g. 1, 4], detailed investigation on the jetted particle
cloud are virtually non-existent. [5] recently tracked the
leading particle front in hypervelocity impact experiments perpendicular to the impact direction and showed
that jetted material can reach velocities higher than 2.5
times the impact velocity. We developed a method to
track the entire front and evaluate the expansion velocity as a function of the ejection angle. Even though data
acquisition is challenging due to the rapid jetting process and small particle size, it is possible to numerically
analyze the front for angles between 5° and 45° with respect to the target surface using advanced image analysis approaches.
Experiments such as the one presented here serve as
the basis for understanding jetting processes. By gauging numerical models with experimental results and
subsequently scaling the simulations to planetary dimensions, we hope to improve thermodynamic material
models, and to help developing more sophisticated
models of hypervelocity impact processes.
Methods: In order to investigate the jetting process,
a series of ten hypervelocity impact experiments were
performed using the Fraunhofer EMI two-stage lightgas gun. Aluminum projectiles (Ø = 5 mm) impacted
along a horizontal trajectory with a velocity of ~6 km/s
onto aluminum targets. The target chamber was evacuated to 0.25 mbar during the shots, to avoid deceleration
of the projectile in flight, and turbulences of the ejecta.
The jetted particle front was recorded by a high-speed
video camera, Hyper Vision HPV-X from Shimadzu
[6], at ten million frames per second.
The jetted particle front is tracked along reference
lines, using image analysis techniques (the 45° reference line is shown in Fig. 1A). The reference lines emanating 2.5 mm on both sides from the impact point
(Fig. 1A), which correspond to the radius of the projectile. The images are evaluated from the moment when
the projectile has approximately penetrated halfway into

the target. Prior to this moment, the projectile focuses
the jetting on the sides and produces an annulus of jetted
material ejected at shallower angles. From every experiment, 10 to 15 images can be analyzed, allowing the
velocity to be calculated and, to a limited extent, the deceleration of the jetted particle front to be determined.
Results: The jetted particle front was tracked in angles between 5° and 45° in relation to the target surface.
At higher angles, the contrast of the images inhibited an
automatic analysis, but it was still possible to manually
track the particle front up to an angle of 75°.
Figure 1B shows the velocity of the jetted particle front
as function of ejection angle at a time 1.3 μs after the
initial contact. The velocity of the jetted particle front is
higher than the impact velocity at angles above approximately 15°. The velocity increases with higher angles,
and the fastest particles are found at angles between 40°
and 65°. Regarding the deceleration, the velocities are
stable at higher angles. At angles close to the target surface, deceleration can be observed in later time frames.
A)

impact direction

45°

vImpact ≈
6 km/s

5°

45°

5°
target surface

2 mm
B)

Figure 1: A) An example of the lowest and highest reference
lines, plotted onto the jetted particle cloud. The image shows
the particle cloud 1.3 μs after the initial contact of the projectile. The impact velocity of this experiment was 6.3 km/s. B)
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The mean velocity of the jetted particle front as function of the
ejection angle (α). The data points in dark green are evaluated
automatically and fitted exponentially. The light green data
points are evaluated manually and are not included in the fit
because of their uncertainty.

Discussion: According to the hitherto understanding, the jetting velocity is greater at acute angles close
to the target surface [4]. In contrast, the experiments carried out here show that the highest velocities can be
found at angles of approx. 40° to 65°.
The peak velocity of the particle front reached twice
the impact velocity. [5] measured velocities higher than
2.5 times the impact velocity in comparable impact experiments. They used projectiles made of polycarbonate
and in contrast we used projectiles made of aluminum.
This may explain the difference in the jetting velocity.
Likewise, the experiments confirm that the jetted particle front is self-luminous. The measurements presented
here indicate that the jetting process results in a particle
cloud with a velocity gradient that depends on the ejection angle. The velocity increases up to 65°.
Our results may shed new light on the ejection
mechanism of tektites that represent early stage ejecta
and believed to be formed during the jetting phase. As
next, we try to relate the measured data to the moldavite
strewn field. These tektites ejected from the Nördlinger
Ries impact, occur at a distance between 200 and
450 km to the crater [2]. To be able to travel this far
through the atmosphere, the jetted material needed to be
ejected in high angles relative to the target surface and
with velocities higher than the impact velocity. In this
context, experiments on geological materials are
planned to investigate the material dependence of the
jetting process. Additionally, we will test the influence
of the atmosphere on the formation of the jetted particle
cloud by further reducing the ambient pressure.
Conclusion: The experiments show that jetting
comprises of a self-luminous particle cloud which is
partially ejected at higher velocities than the velocity of
the impactor. The structure of the cloud confirms a dependency of the velocity on the angle of ejection. The
progression of the jetted particle front shows a deceleration at angles close to the target surface. An expansion
without deceleration can be observed at higher angles of
ejection because of the ambient vacuum conditions.
This study will be compared to numerical simulations in order to improve material models and enhance
general understanding of hypervelocity impact processes on planetary scales.
References: [1] Yang and Ahrens (1995), Icarus,
116:269-274, [2] Stöffler D. el al (2002) Meteoritics
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and Planetary Science 37, 1893-1907, [3] Glass, B.P.
(1990) Tectonophysics, 171, 393-404 [4] Vickery A. M.
(1993) Icarus 105, 441-453, Vol. 50, No. 1, [5] Kurosawa K. et al. (2015) J. Geophys. Res. Planets, 120,
1237–1251, [6] Goji Etoh T. et al. (2003) IEEE Transactions on Electron Devices.
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SCIENCE, OPINION, AND SERENDIPITY – WHAT A CENTURY OF RESEARCH IN THE
VREDEFORT DOME CAN TEACH US ABOUT IDENTIFYING AN IMPACT STRUCTURE. R. L. Gibson,
School of Geosciences, University of the Witwatersrand, PO WITS, Johannesburg 2050, South Africa (roger.gibson@wits.ac.za).

Introduction: Although its status as the world’s
oldest (2.02 Ga), largest (~300 km) and most deeply
exhumed (~10 km) known terrestrial impact structure
has been challenged in recent years, the Vredefort Impact Structure (VIS), and particularly the 90-km-wide
Vredefort Dome that lies at its center, is one of the
most well-known geological icons on Earth. It is also
one of the most-studied regions of geological real estate on the planet owing to its overlap with the superlative gold deposits of the Witwatersrand Basin that have
been a source of employment for many hundreds of
geoscientists for more than 150 years, as well as its
remarkable accessibility and excellent infrastructure.
Geological Setting: The Vredefort Dome is a 90km-wide feature formed in Archean and Paleoproterozoic rocks of the central Kaapvaal craton of southern
Africa. Its southern half is buried beneath Paleozoic
Karoo Supergroup sedimentary strata. The uplift and
subsequent erosion of the dome has exposed a 40-kmwide core of >3.1 Ga Mesoarchean granite-greenstone
gneisses and schists. Surrounding this is a 25-km-wide
collar of 3.0-2.1 Ga Neoarchean to Paleoproterozoic
sedimentary and volcanic strata intruded by mafic sills
and small alkali granite intrusions. The cumulative
thickness of exposed crust is estimated at ~25 km. The
supracrustal strata display dominantly steep centripetal
(overturned) dips but are locally folded and disrupted
by faults. Surrounding the dome is a rim syncline, beyond which strata dip much more shallowly inward
toward the dome. Present interpretations thus correlate
the Vredefort Dome with the central uplift, and the rim
syncline with the moat, of a larger complex impact
structure (the VIS); however, the exact limits of the
original crater are unknown owing to erosion. Almost
all features of interest related to the impact are located
within the limits of the dome, consequently, it forms
the main focus of the ensuing discussion.
Milestones in Vredefort Dome Research: The following discussion is drawn from books by [1] and [2],
in which the references below may be found. The first
geological report of the Vredefort Dome was by G.W.
Stow in 1879 (although gold mining had commenced in
the collar of the dome nearly a decade earlier). He remarked on the strongly “altered” (metamorphosed)
nature of the rocks and speculated that it was some sort
of volcanic center. The theme of the dome being a
magmatic center was continued by G.A.F. Molengraaff
(1903), who proposed that intrusion of the granitoid

core both heated and overturned the collar supracrustal
strata. A.L. Hall and Molengraaff (1925) produced the
first detailed description of the dome’s geology. They
drew parallels between the presence of alkaline granitic
rocks in the dome and similar rocks in the Bushveld
and Pilanesberg Complexes to the north and cautioned
that its origin was open to debate. Among the enigmatic features already noted in the dome at this stage were
mm- to Dm-long dikes hosting up to m-size blocks of
wallrock in a dark, aphanitic matrix that S.J. Shand
(1916) named “pseudotachylyte”. Hall and Molengraaff (1925) described even larger dikes up to several km long, that contained more varied clasts, but in a
locally spherulitic- and granophyric-textured matrix.
They named this rock “Vredefort Granophyre” and
speculated that it was “a glorified form of pseudotachylyte”. The first detailed geological map of the dome
was produced by L.T. Nel (1927) and was only recently superseded by that of A.A. Bisschoff (2000).
The first unambiguous proposal to link the dome to
impact was by J.D. Boon and J. Albritton (1936), who
speculated that the semicircular topographic expression
of the layered supracrustal strata, referred to as the
“Vredefort Ring” was suggestive of a gigantic explosion that could have been caused by an impact. R.A.
Daly’s (1947) detailed review of the Vredefort Ring
led him to support such an hypothesis, although he
doubted that it could ever be proven. South Africa’s
pre-eminent geologist, A.L. du Toit, countered in 1948
that the dome was the product of polyphase thrusting
and “excludes the fantastic view [of Daly] of meteoritic
[sic] impact”. It is worth noting that, at this time, there
was consensus on the impact origin of only a few geological sites globally; however, this was to rapidly
change over the next 20 years. Despite the global revolution, however, a similar dismissive, and even taunting, tone was directed at proponents of an exogenic
origin for the dome in multiple South African geological textbooks in the ensuing four decades, significantly
influencing local attitudes about its origin.
The post-WWII era heralded major technological
advances that benefitted the geosciences immensely,
but perhaps the three most significant developments
that launched impact science were the scientific studies
of nuclear explosions and ballistics, and the Race for
the Moon. As knowledge of the damage caused by
high-velocity impacts and explosions in solid materials
grew, and geoscientists started investigating the geolo-

Large Meteorite Impacts VI 2019 (LPI Contrib. No. 2136)

gy of terrestrial craters as a prelude to the lunar missions, impact studies took shape as a new scientific
discipline. Shatter cones had been described by R.S.
Dietz from numerous suspected impact structures, and
from a nuclear test site; his suggestion in 1959 that
they might be found in the Vredefort Dome led to an
investigation (and confirmation) by R.B. Hargraves
(1961), although subsequent studies have pointed out
that most occurrences are not true cones. This was followed by the identification of microscopic shock deformation effects in experiment and nature, particularly
crystallographically-oriented sets of micron-scale planar glass lamellae (PDF) in quartz. Whilst planar features with similar orientations were soon identified in
the dome (N.L. Carter 1965), the absence of both glass
and any systematic increase in the number of sets consistent with centripetally increasing shock pressures
was used by critics to suggest the Vredefort features
were not PDFs. (Later, P.A. Lilley (1981) suggested
that these features must have formed during more than
one event. It was only with the TEM work of H.
Leroux et al. (1994) that their origin by shock was confirmed.) Chief among these critics was one of South
Africa’s leading geoscientists, L.O. Nicolaysen, who as
late as 1990 favoured a cryptoexplosion model for the
dome. Nicolaysen claimed that the favourable location
of the dome at the intersection of major crustal-scale
lineaments allowed the rise of a volatile-rich mantle
magma into the lower crust where it ponded, metamorphosing and melting the overlying rocks. Crystallization led to volatile buildup that was eventually released
via a catastrophic process that could explain the unusual melt breccias and fracture and microdeformation
phenomena. His model was based in part on metamorphic evidence that showed that rocks in the dome experienced significantly higher temperatures than their
equivalents further afield (A.A. Bisschoff, 1982; W.
Schreyer, 1983); moreover, petrographic evidence and
the advent of the first radiogenic isotope age-dating
techniques suggested that metamorphism and doming
were coeval at ~2.0 Ga, and thus penecontemporaneous with Bushveld Complex magmatism. To many
local geologists in the 1980s, the origin of the dome
appeared intimately linked to the Bushveld Event, and
even led to a proposal that the Bushveld Complex itself
was the product of multiple overlapping impacts compounded the confusion. In 1987 a special on-site field
conference held in the dome sought to evaluate the
evidence for and against the opposing models.
High-pressure silica polymorphs were identified in
several impact sites in the 1960s. After a long search,
J.E.J. Martini (1978) identified coesite and stishovite in
quartzite in a few sites in the dome; unfortunately, in
1977, coesite was identified in a kimberlite xenolith,
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which led to questioning of its impact significance. By
the early 1990s, technological advances in geochemical
and geochronological instrumentation were able to
address two of the most vexing questions about the
dome. Single-zircon U-Pb dating was able to distinguish the age of the melt breccias as 2023 ± 4 Ma (S.L.
Kamo et al., 1996), distinct from the Bushveld Complex (and, more importantly, the small granite plutons
in the collar) intrusion at 2.06 Ga, and Re-Os isotope
analysis of the Granophyre was finally able to isolate a
meteoritic component, proving it to be the impact melt
rock (C. Koeberl et al., 1996). The final piece of the
puzzle was provided by the giant leaps in computer
technology in the 1990s that allowed more complex
numerical modeling of impact cratering. These models
(E.P. Turtle and E. Pierazzo, 1998; B.A. Ivanov, 2005)
not only showed that the Vredefort Dome itself was
only the central uplift of a much larger structure but,
combined with independent work by R.L. Gibson et al.
(1998) on the metamorphic textures in its rocks that
showed that doming was followed by a long-lived
thermal anomaly centered on the dome, it was recognized that the original impact structure has been eroded
by as much as 10 km since its formation. These results
allowed reappraisal of unusual high-T granofelses
found in the central core of the dome as thermally annealed diaplectic glasses that have also been partially
melted, providing alternative evidence of the required
high shock pressures and an explanation for the annealed PDF in quartz (Gibson and Reimold, 2005).
Lessons from the Vredefort Dome: Taking a historical perspective of research into the geology of the
Vredefort Dome provides salutary lessons and encouragement for geoscientists working to confirm the origins of other suspected impact structures around the
world. This history shows that there is often a long
time between first hypothesis and scientific proof, that
long stalemates may only be broken through technological advances, and that researchers must retain a
healthy humility and open mind in considering what the
evidence does – and doesn’t – show. The story of the
Vredefort Dome is one shared by many prospective
structures currently under investigation in which structurally disturbed geological formations with signs of
melt-rocks and heating effects were initially attributed
to magmatism. Even among impact supporters, VIS
diameter estimates have evolved over time from an
original 40 km, to 70-90 km, 140 km and then 250-300
km, so even today, consensus on a basic parameter has
not been reached, reminding us that questions remain!
References: [1] Gibson R. L. and Reimold W.U.
(2008) Memoir, Council for Geoscience, Pretoria, 97,
181 p. [2] Reimold W. U. and Gibson R. L. (2010)
Meteorite Impact! 3rd Edition, Springer, Berlin, 337 p.
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STRUCTURAL ANALYSIS OF THE M4 DRILL CORE, MOROKWENG IMPACT STRUCTURE (SOUTH
AFRICA) – IMPLICATIONS FOR PEAK RING FORMATION PROCESSES. R. L. Gibson, S. S. Wela and
M. A. G. Andreoli, School of Geosciences, University of the Witwatersrand, PO WITS, Johannesburg 2050, South
Africa (roger.gibson@wits.ac.za).

Introduction: The formation of peak rings within
large impact craters is one of the most intriguing aspects
of cratering mechanics, requiring as it does extreme initial short-term mechanical weakening of the rock volume to facilitate substantial vertical and radial transport,
followed by almost immediate recovery of rock strength
to sustain structural and topographic elevation differences [1]. Mechanisms proposed for this weakening include impact-induced fracturing and fragmentation,
fault weakening by shear heating, shock-induced thermal softening, and acoustic fluidization [1, and references therein]. Interpretation of the recently-recovered
IODP/ICDP Expedition 364 M0077A drill core from
the peak ring of the Chicxulub crater by [1] has suggested that it preserves, inter alia, structures related to
initial shock-induced cataclasis and ensuing quasi-continuous flow facilitated by acoustic fluidization, as well
as more discrete fault structures related to peak ring collapse. Here we describe structural features intersected in
a core recovered from near the center of the Morokweng
impact structure in northwestern South Africa that share
some similarities with those described by [1] but which
appear to fit a more restricted strain history.
Geological Setting: The 146.1 ± 0.02 Ma [2]
Morokweng impact structure (MIS) is largely buried beneath up to 150 m of Cenozoic Kalahari Group sediments and is, thus, mainly constrained from regional geophysical surveys and samples recovered from borehole
cores [3]. Although the structure is poorly defined and
appears to have been eroded by 1-1.5 km prior to deposition of the Kalahari Group, the most likely original
crater diameter estimate appears to be 70-100 km [4].
The M4 hole is located 18 km NNW of the center of an
oval cluster of (350 nT) magnetic anomalies interpreted
as the extent of the melt sheet [3] (see [2] for map). Four
other exploration holes drilled into the cluster intersected impact-melt sheet, with the thickest intersection
(800 m) occurring in the M3 hole only 6 km from the
M4 hole [2, 4]. The >800 m difference in the elevation
of crater floor rocks relative to the M3 hole may relate
to its location at the edge of the oval cluster, leading [4]
to propose that M4 is sited in the MIS peak ring.
The 368 m M4 core comprises Kalahari Group sand
and calcrete to a depth of 96 m and a lower section of
crystalline, moderately to weakly foliated, Archean
granitoid gneisses and younger metadolerite and dolerite intrusions that all display variable levels of brecciation and cataclasis and that are cut by mm- to m-scale

melt, cataclasite and suevite dikes that overall constitute
12% of the core. Between 140-160 m and 260-300 m
depths the core comprises 50% melt and suevite dikes.
Shock metamorphism and impact-induced hydrothermal effects: The gneisses contain ubiquitous
evidence of shock effects, including multiple decorated
PDF sets, reduced birefringence and toasting in quartz
and feldspar, feather features, ladder features in plagioclase, exsolution in alkali feldspar and kinked biotite
[4]. Based on PDF measurements in quartz, a relatively
uniform peak shock pressure of >22 GPa is estimated
throughout the core. All lithologies display evidence of
hydrothermal alteration that overprints the impact shock
features and breccias and which is most comprehensive
in the cataclasite, suevite and melt dikes and in areas of
intense faulting. The alteration assemblage is dominated
by smectites, zeolites, quartz, calcite and hematite ±
magnetite, but chlorite, pyrite, garnet and epidote are increasingly found in the deeper parts. These parageneses
also occur in mm- to cm-wide dilational veins that cut
all other impact-related features.
Impact-related structural features: The most
ubiquitous macroscopic impact-related feature in the
M4 core is a network of shear faults exhibiting predominant shallow to moderate dips that are generally characterized by kaolinite ± hematite alteration. The fault
spacing varies from meters to <1 cm and displacements
from a few mm to greater than the core width. Almost
all displacements are reverse. Fault geometry ranges
from planar to anastomosing and curved, with continuity between moderately dipping and steep segments being relatively common. In places, a conjugate pattern
defined by paired shallow and moderately dipping fault
sets is found. Where cm-scale fault spacing occurs, the
gneiss foliation may display a sigmoidal crenulation
consistent with reverse shear. Straight fault segments
may also be stepped along mm- to cm-scale sigmoidal
breccia lenses. Slickenlines are commonly evident
where the core has broken along a shear fault surface.
Microscopically, apart from the intragranular shock
features, the gneisses show intergranular fracturing and,
locally, jigsaw-like brecciation (particularly of quartz).
Internal strain and brittle disaggregation of mineral
grains increases on a microscale towards the shear
faults. The faults are characterized by mm-wide zones
of microcataclasite to ultracataclasite with internal sigmoidal fabric elements indicating shear. The shear fault
spacing is most intense between 140-160 m and 260-

Large Meteorite Impacts VI 2019 (LPI Contrib. No. 2136)

300 m depths, grading into highly kaolinitized cataclasite and associated with the widest breccia dikes.
Three types of clast-bearing dikes are found: (1) narrow (mm-scale), subvertical, planar to branching, black
to red dikes characterized by iron oxide (predominantly
hematite) but locally with angular quartz and feldspar
fragments; (2) red to orange melt breccias ranging in
width from 1-2 mm to ~3 m; and (3) red, grey and green
suevite, from 1-2 cm up to 6 m wide. Bulk-rock major,
trace and rare-earth element geochemistry confirms that
the melt dikes formed from the granitoid and doleritic
wallrocks, with the most voluminous and least viscous
melts being derived from the mafic lithologies. Petrographic analysis reveals incomplete mixing of melts in
larger dikes, including disrupted fluidal melt clasts; additionally the dolerite-derived melts incorporate granite-derived cataclasite masses that are themselves plastically deformed. Melt dikes are intruded into cataclasite
and the boundaries between the melt and cataclasite
commonly display folds consistent with flow instabilities between two low-viscosity media. Petrographic
analysis confirms that the suevite matrix is cataclastic in
origin and that the melt clasts were derived by brecciation of thin quenched melt dikes. Rare wispy melt particles in the suevite suggest an intimate timing relationship between melting and cataclasite formation. Overall, these relationships support contemporaneous cataclasis, melting and melt and cataclasite mobilization
into dikes.
Although establishing lithological contact relationships in high-grade granitoid gneisses in a drill core is
difficult, the three dike types are typically located along
lithological contacts that transect the gneiss foliation,
thus supporting their link to faulting. On a smaller scale,
the dike margins not only exploit the reverse shear faults
but thinner melt dikes may be displaced by the shear
faults. In contrast, thicker melt dikes are not truncated
but their internal flow lamination may be deflected with
a reverse shear sense adjacent to shear faults in the
wallrock. Pinch-and-swell of the internal layering of
steeply-dipping dikes occurs via steep to moderately
dipping asymmetric ductile shear bands.
Whilst evidence exists locally of subvertical offshoots of melt from larger melt dikes, the thin vertical
hematite-bearing dikes are not interpreted as highly oxidized melt dikes as their highly angular clasts suggest
a more explosive, in situ, brecciation. These dikes are
always displaced by shear faults.
Discussion and Conclusions: The range of structural features observed in the M4 core shows strong similarities to features documented by [1] in the M0077A
Chicxulub core, supporting the peak ring setting for M4.
[1] proposed that the M0077A core features document a
major part of the cratering history, from initial shock-
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related fragmentation and acoustic fluidization following the impact, followed by the progressive regaining of
shear and cohesive strength leading to increasing partitioning of strain. This model proposes (ultra)cataclasite
formation in response to acoustic fluidization and that
subsequent peak ring collapse produced an imbricate
thrust zone into which impact melt trapped beneath the
peak ring intruded before crystallizing and being weakly
deformed by ductile shear bands related to final gravitation spreading of the peak ring.
Whilst the Morokweng M4 core contains evidence
of significant strain heterogeneity, the overall orientation and vergence of structures and their timing relationships can be reconciled within a somewhat simpler
model than that proposed for the M0077A core. Specifically, the reverse shear fault network throughout the
core can be linked to two fault zones, at 140-160 m and
260-300 m depths. The higher strains in each of these
fault zones led to intensification of shear faulting, possibly exploiting the gneiss-(meta)dolerite contacts.
Complex fault breccias, comprising dm- and larger
lithic clasts in a matrix of cataclasite and friction melt
(pseudotachylite), formed. Within each fault zone ongoing slip over tens of seconds facilitated intrusion and
mingling of the melt and cataclasite, and even brecciation of quenched melt dikes in the incoherent cataclasite. The prolonged and significant slip provided a
mechanism for intrusion of melt, cataclasite and suevite
into dilatant sites associated with block rotations in the
fault zones, or into the adjacent wallrock. Extrapolating
the reverse slip sense seen in the shear faults to the
larger faults can also explain the vertical extension of
dikes manifested in internal pinch-and-swell and extensional shear band features. Although no directional data
are available for the M4 core, consideration of models
for peak ring formation would suggest that this strain
pattern would be compatible with outward collapse of
the peak ring over time spans of tens of seconds. The
only inconsistent feature is the narrow subvertical breccia dikes; however, these appear to predate the thrust
faulting and, thus, might represent an explosive dilational feature produced by acoustic fluidization.
In conclusion, structural evidence preserved in the
M4 core is compatible with a major low-angle thrust
fault that generated voluminous cataclasite, pseudotachylite and mixed suevite breccias as a result of its unique
long-lived slip history during collapse of the
Morokweng peak ring.
References: [1] Riller U. et al. (2018) Nature, 562,
511–518. [2] Kenny G. G. et al. (2019) LMI VI, Abstract. [3] Hart R. J. et al. (1997) Earth Planet. Sci. Lett.,
147, 25-35. [4] Wela S. S. (2017) Unpubl. MSc Dissertation, Univ. Witwatersrand, 392p.
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WHAT HAS CHICXULUB TAUGHT US ABOUT LARGE IMPACT PROCESSES AND MASS
EXTINCTION? S. Gulick1, J. V. Morgan2, and IODP-ICDP Expedition 364 scientists*, 1University of Texas at
Austin, Institute for Geophysics & Department of Geological Sciences, Austin, Texas 78758, USA
(sean@ig.utexas.edu). 2Department of Earth Science and Engineering, Imperial College London, SW7 2AZ, UK.
Introduction: Three terrestrial impact structures,
Vredefort, Sudbury and Chicxulub impact structures,
are large enough to be comparable to multi-ring impact
basins observed on other planets [1]. Study of these craters is critical to understanding large impact basin formation as 3-D characterization is currently only possible on Earth where seismic, potential fields, petrophysics, and direct sampling from scientific drilling can be
applied. Of these three craters only the ~200 km diameter Chicxulub impact structure contains a fully preserved ring structure, terrace zone, peak ring, melt sheet,
and impactite sequence. In particular the integration of
core-log-seismic data within the peak ring of Chicxulub
at IODP-ICDP Site M0077 has been a critical path for
the testing models of formation and architecture [2].

Figure 1. Gravity image of Chicxulub with the coastline
of the Yucatán in white, cenotes as black dots, and Site
M0077A as a red square. Exterior, Outer and Inner Rings are
clusters of faults where the area of these ring faults shown in
gray. A terrace zone is present from the inner ring to beneath
the peak ring and shown here as a zone of slump blocks. The
discontinuous topography of the peak ring is outlined in white
and observed as a gravity low. Modified from [3].

The ~66 Ma Chicxulub impact event is also the only
asteroid impact conclusively linked to a mass extinction
event. A global impact-generated sedimentary layer
that is unique in the geologic record marks this Cretaceous-Paleogene boundary (K-Pg). Study of Chicxulub
is important for examining the environmental effects of

the impact event to understand the so-called kill mechanisms, and how life recovered globally and within the
crater. Here we summarize recent geophysical and
borehole studies of Chicxulub and emphasize key discoveries applicable for studies of impacts generally.
Testing Geophysical Insights: Potential fields data
over Chicxulub highlight two key features: 1) the low
densities (Fig. 1) associated with both the crater fill and
the peak ring, and 2) high magnetic anomalies in some
way associated with the impactites [3]. Two key constraints were added by Expedition 364 and previous
drilling data. First, all peak ring lithologies from suevite
to uplifted granite are low velocity, high porosity, and
low density [4]. Detailed analyses of the Chicxulub
cores demonstrate much of this porosity is from microfracturing by shock effects [5]. Second, while the melt
rocks drilled exhibit reversed polarity magnetization
consistent with the time of impact, numerous zones
within the suevite that caps the peak ring or are within
the central basin exhibit normal polarity [6]. This result
may reflect hydrothermal overprinting of magnetization
acquired at the time of the impact.
Seismic imaging offshore has allowed mapping of
faults from the central basin outwards. We observe a
zone of slump blocks present beneath the peak ring outwards to the inner rim or inner ring of the impact basin
(Fig. 1) [3]. The inner ring consists of one or more large
offset (>500 m) faults at radial distances from crater
center of 70-85 km. The outer ring also consists of a
group of large faults 95-105 km radial distance (thus
crater diameter is 190-210 km). Exterior ring faults are
also present in most imaged azimuths at distances < 125
km. Assessment of the topography these ring faults
would have generated is needed for better comparison
with multi-ring basins elsewhere. These observations
show that exposed portions of terrace zones are a small
part of the structural collapse features related to crater
modification and that the structural deformation that
generates crater rings and basin rims is complex and appears to be influenced by target heterogeneities [3].
Integration of seismic imaging and Expedition 364
drill cores demonstrate that peak rings form in a manner
consistent with the dynamic collapse model [7]. Implications are that significant vertical transport occurs during large impacts as in the case of Chicxulub where the
peak ring granitoids originated at ~10 km depth. Seismic images show the peak ring is underlain by Cretaceous sediments transported as slump blocks but also
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100s of meters of seismically indistinct material that extends to beneath the crater floor and in places reaching
2 km thick. We interpret this seismic facies as a breccia
derived from transient cavity wall collapse. Full waveform images in concert with the Expedition 364 drill
cores further allows definition of distinct units of suevite present inside, above, and outside of the peak ring
which form the crater floor.

ICDP Yaxcopoil-1 demonstrated the dynamic sedimentological setting of Chicxulub, not just immediately
after impact but well into the Paleocene, due to newly
created topography and slopes [9]. With 100% core recovery, IODP-ICDP Expedition 364 with its 100% recovery provides a very high temporal resolution record
of the impact aftermath. Site M0077 includes 130-m of
impact melt rock and suevite, covered by < 1m of micrite-rich carbonate deposited over the subsequent
weeks to years. The presence of terrestrial soil derived
biomarkers and a reflected rim-wave tsunami deposit at
the top of the 130-m sequence implies that the poorly
sorted suevite may have been deposited through a combination of density flows and melt-water interactions,
and the well sorted suevite deposited in a flooded crater
within the first day of the Cenozoic (Fig. 2) [6].
Environmental Effects of Impacts and Resiliency
of Life: The K-Pg mass extinction demonstrates that
impact events can have global consequences. Impacts
cause mass extinction by inducing rapid physical and
chemical changes to the atmosphere and/or oceans that
cannot be accommodated by adaptation or motility. In
the case of Chicxulub and the K-Pg extinction it appears
that the presence of sulfur-rich evaporites, and other
volatiles, was a key, but not unique, ingredient driving
the extinction [6,10]. Site M0077 however also provided evidence for rapid return of life to the crater environment [11] and generation of a subsurface habitat.
References: [1] Grieve, R. et al. (2008) MAPS, v. 43,

Figure 2. Key events in the first day of the Cenozoic based on
numerical modeling, geophysical data, and IODP Expedition
364 drilling. A) Pre-impact. B) 100 km wide transient crater
and remnant of the impact plume. C) Collapse of the transient
crater with central uplift starting to undergo dynamic collapse.
D) Morphology after peak-ring formation with initial ocean
resurge and melt-water interactions (MWI). E) Ocean resurge
cresting the peak ring. F) Settling of debris within flooded
crater to form the bulk of the suevite deposit that blankets the
peak ring. G) Returning rim-wave tsunami. Modified from [7].

[2]Morgan J.V. (2017) Proc. of IODP 364. [3] Gulick, S. et al.
(2013) Rev Geophys., v. 51, [4] Christeson, G. et al. (2018)
EPSL, v. 495, [5] Rae, A. et al. (2019) J. Geophys. Res. Planets, in press, [6] Gulick, S. et al. (2019) PNAS, in press, [7]
Morgan, J. et al. (2016) Science, v. 354, [8] Riller, U. et al.
(2018) Nature, v. 562, [9] Whalen, M. et al. (2013) SEPM
Spec. Pub. 105, [10] Artemieva, N. et al. (2017) GRL, v. 44,
[11] Lowery, C. et al. (2018) Nature, v. 558.

Insights into Geologic Processes and Timescales:
The weakening mechanism that allows rocks to deform
in a fluid-like rheology often employed in numerical impact models is acoustic fluidization, but observational
evidence for this process has been lacking. Expedition
364 cores of the peak ring exhibit consecutive stages of
fracturing and shear deformation that in general increase
in localization and decrease in spacing on the timescale
of crater formation (minutes) [8]. These observations
imply a sudden loss of cohesion, followed by a gradual
recovery of shear strength, which is consistent with
models of impact-induced acoustic fluidization [5,8]
and leaves the peak ring rocks in a permanently and pervasively fractured, distended state [4].
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Sr-Nd-Os ISOTOPE ANALYSIS OF IMPACTITES AND COUNTRY ROCKS FROM THE
ARAGUAINHA DOME IMPACT STRUCTURE, BRAZIL. N. Hauser1, E.J. Hoffmann 2, P. Gleißner2, W.U.
Reimold1, H. Becker2, A.P. Crósta3, C. S. M. Souza1, J. Grayselle1, L.F. Baumotte Osorio1, B. de Mattos1,
1
Geochronology Laboratory, Campus Universitário Darcy Ribeiro, Brasília - DF, 70910-900, Universidade de Brasília, Brazil (nataliah@unb.br); 2Freie Universität Berlin, Geowissenschaften, Maltheserstrasse 74-100, BerlinGermany. 3Geosciences Institute, State University of Campinas, R. Carlos Gomes 250.

Introduction: The 40 km diameter Araguainha
impact structure, Central Brazil, is the largest confirmed impact structure in South America [1]. It is
located ca. 750 km to the west of the Brazilian capital,
Brasília, at the border of Goiás and Mato Grosso
states. The structure was formed at the northeastern
border of the Mesozoic Paraná basin at the end of the
Permian; in fact, the currently preferred age for the
impact event is 251-257 Ma [2,3,4] straddling the age
for the Permian-Triassic Boundary at 251.6 Ma. Several types of polymict lithic and suevitic impact breccia have been recognized at Araguainha, besides impact melt rocks of quasi-granitic or quartzitic compositions [5,6,7]. The well exposed stratigraphy, the
preservation of impact-related melt rocks, and the
available data base make this structure an excellent
candidate to evaluate the Sr-Nd-Os isotope systematics
of impact melt rocks in terms of involvement of the
country rocks related with the evolution of the Paraná
basin or from the crystalline basement in the generation of melt.
Geological background: The central area of the dome
represents a stratigraphic uplift. This involves, from
the center outward, shock metamorphosed and even
partially melted (so-called Transitional Granite) Cambrian alkali granite, which is sometimes porphyritic.
This core of the central uplift of the impact structure is
surrounded by a collar of Neoproterozoic phyllites/metasandstones of what has been thought to represent the Cuiabá Group in this area [8]. Successively
further out from the center follow Devonian sandstones of the Furnas Formation, as well as sandstone,
metapelitic, and quartzitic supracrustal lithologies of
Paleozoic age related to the evolution of the Paraná
basin. From the Ponta Grossa Formation outward, this
involves the ring syncline of the impact structure that
at ca. 20 km from the center merges into an anticlinorium of the structural rim formed by strata of the
Aquidauana Formation and remnants (outliers) of
Corumbatai and Iratí strata of the Passa Dois Group.
Impact melt rocks, at most occurrences in the core of
the structure have chemical composition that is very
similar to that of the alkali granite, the so-called Transitional Granite (TG), and thin veinlets of possible
pseudotachylitic breccia (PTB). In addition, there are

polymict impact breccias.. Suevite contains impact
melt rock clasts of both quartzitic/arenitic and granitic compositions. All target rock strata can be recognized in the polymict impact breccias [9].
Results: By now 17 Sr and 21 Sm-Nd isotope analyses
have been conducted on impact melt rock, Transitional Granite, pseudotachylitic breccia, alkali granite,
melt clast from suevite, and phyllite. Analyses were
done at the Geochronology Lab at Brasilia University.
Of this suite, 11 samples (six impact melt rocks derived from granite and one impact melt rock derived
from a sandstone precursor, one alkali granite, one
Transitional Granite, one phyllite, and one hematite
“bomb” from the polymict breccia) were analyzed for
Re-Os isotopes at Freie Universität Berlin. In terms of
initial 87Sr/86Sr ratios (recalculated to 253 Ma), the
alkali granite and Transitional Granite samples are
similar (between 0.72124 and 0.72860), and they have
negative ɛNd values (~-9). The Cuiabá samples are
somewhat more enriched (between 0.73142 and
0.73861) and have more negative εNd values (between
-11.23 and -14.86). The pseudotachylitic breccia sample and one impact melt rock are homogeneous in Sr
isotopes (between 0.72326 and 0.72581) and, thus,
similar to the alkali granite and transitional granite
compositions, with εNd ~-11.00. The Os/Os data for
the alkali granite and Transitional Granite samples
are similar and very low (0.35). The impact melt rocks
spread over two orders of magnitude with respect to
Re/Os and Os/Os isotopic ratios (Fig. 1).
Interpretation and Conclusions: The fact that the
main lithology contributing to the impact melt rocks,
the alkali granitic phases, have very low Os/Os isotope
ratios and a second likely contributor, the phyllites
from the Cuiabá Group have high Os/Os isotope ratios, on the one side precludes the possibility to detect a
meteoritic component, and on the other opens the possibility to include the Cuiabá phyllites into the geochemical modelling of the formation of the impact
melt rocks of the Araguainha Dome. Thus, the impact
melt rock samples have highly varied and partially
strongly enriched Os/Os isotope ratios, which suggests
that they were not only formed from alkali granite but
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also may well have involved one or more enriched
crustal component(s), including the Cuiabá phyllite.
Previous platinum group element analysis by Hippertt
and Lana [6] and Machado et al. [7] also failed to
provide any indication of the presence of a meteoritic
component in the Araguainha impact melt rock.

Figure 1: Re-Os isotope ratios of the impact melt rock from
Araguainha Dome. Alkali granite and phyllites from the
Cuiabá Groups are also shown.
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Introduction: Conclusions on the origin and emplacement of impact melt are largely based on geochemical data. In general, it is concluded that impact
melt represents a rather homogeneous mixture of the
target lithologies [1]. Nevertheless, in cases specifically trace element studies have demonstrated impact melt
heterogeneity [2]. Melt from melt-bearing impact breccias (suevite) of the Ries impact structure was in focus
of many previous studies [3, and references therein]. In
particular melt particles in suevite were used for genetic statements of the origin and emplacement of suevite,
and for estimation of involved lithologies at impact
melt formation. Despite noted heterogeneities at the
sub-centimeter scale, the conclusions are very similar
from homogeneous to nearly homogeneous in terms of
major element composition [e.g., 4, 5] by melting of
ca. 20% to 40% amphibolite and 60% to 80% granites
[5, 6, 7]. In this study the Ries suevite melt particles
have been revisited with respect to major and trace
element chemistry at various scales. The results provide new information about the origin and subsequent
emplacement processes of the impact melt [8, 9].
Results: Incomplete or selective melting of the
target caused heterogeneity between and within single
melt particles of the Ries suevite. Based on this concept and the textural and microchemical data three
major types of melt particles are distinguished [9].
Whole rock melting produces the most common and
volumetrically abundant melt type 1. Emulsions with
carbonate melt (melt type 1c) or schlieren of mafic
rock melts (melt type 1m) may occur in melt type 1
particles. Polymineralic melts (melt type 2) and
monomineralic melts (melt type 3) occur attached to or
within melt type 1 particles as well as embedded in the
suevite matrix. Melt 1 types represents whole rock
melting and therefore are much more homogeneous in
composition than melt types 2 and 3. Hydrothermal
activity and/or weathering led to alteration of all melt
types at many suevite deposits. Many major and trace
elements are affected by these alteration processes. In
contrast, many high field strength elements (HFSE)
like Zr, Nb, Hf, Th, Ta, V, and Ti were mostly immobile. The HFSEs are most suitable to study the origin
and emplacement of the impact melt-bearing breccias.
Significant differences exist in HFSE composition
between melt type 1 particles of suevite locations in
the East and West of the Ries crater. This reflects prob-

ing of chemically different target lithologies during
cratering [9]. The consideration of trace elements and
the separate evaluation of melts from suevite from two
different regions of the crater allow a more precise
estimation of the relative amount of various crystalline
basement rocks involved in the formation of the major
melt particles (melt type 1). In the western area
gneisses and granitoids represent 91%, schist 1%, and
mafic rocks 8%. In the eastern area gneisses and granitoids represent 89%, schist 3%, and mafic rocks 8%.
Conclusions: The three major melt types represent
the sequence of successively decreasing shock pressure
with whole-rock melting, and then partial melting of a
certain volume of rocks, with variations of mixing of
monomineralic melts. Trace element analysis of melts
allow to distinguish between melts from different regions of the crater recording primary heterogeneities in
the target. Mixing of the whole-rock melt (and associated rock and mineral fragments) during ejection and
emplacement occurred only on a rather local scale of
not more than hundreds of meters. Incomplete larger
scale mixing of whole-rock melts and schlieren in
many melt particles verify the assumption that mixing,
ejection, and quenching were very rapid processes
suggesting emplacement of suevite during and/or close
to the end of the excavation stage.
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Sindern (LA-ICP-MS) and R.-T. Schmitt (XRF) are
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Introduction: Granular zircon is considered to represent the extreme P-T conditions of an impact event
(e.g., [1]). It is made of sub-micrometer neoblasts that
either recrystallize from amorphous ZrSiO4 or formed
by the reaction between ZrO2 and a Si-rich impact melt
[1] or due to the re-convertion of reidite to zircon [2].
Neoblasts are formed at temperatures above 11001200°C [1], [2] which exceeds the closure temperature
for Pb diffusion in zircon (900-950°C, [3]), and thus,
their formation should potentially be sufficient to completely, or partly, reset the U-Pb system [4]. Previous
U-Pb analyses on granular zircon, e.g., from the Vredefort crater, South Africa (e.g. [5]), the Chicxulub
crater, Mexico (e.g. [6]), the Sudbury crater, Canada
(e.g. [7]) or the Manicougan crater, Canada [8] have
yielded reliable impact ages.
Here we present the preliminary results of the U-Pb
analyses by SIMS spot analysis and ion imaging combined with EBSD data of shocked zircon from impact
melts of the Mien impact structure. Various shock features in zircon grains from the Mien impact structure,
from non-granular through porous and partly to fully
granular, have previously been described in detail by
[9]. In this study, non-shocked to fully granular grains
were analysed in order to see (1) to what extent the
zircon grains show a reset of the U-Pb system, and (2)
is there a link to the Mien impact event?
Mien impact structure: The Mien impact structure is located in the province Småland, southern Sweden. The diameter of the structure is 7 km [10]. Mien
was formed in Precambrian crystalline basement consisting of gneissic granites and granodiorites (e.g.
[11]). The bedrock is covered by glacial sediments.
Along the southern shore are boulders of impact melts
(e.g. [11]). Previous authors [10], [11], [12] described
them as lava-like rocks. Drilling campaigns (e.g. [11])
confirmed the existence of a 20-25 m thick melt sheet
that covers brecciated bedrock. Discoveries of shock
features, e.g., planar deformation features in quartz
[13], considered an impact-origin. Whole rock data of
impact melts through 40Ar/39Ar, K-Ar and fission track
dating reveal a broad age range between 121 and 92
Ma [14], [15], [16], [17], where according to the Earth
Impact Database (2019) the best-estimate of 121.0±2.3
Ma by [15] is the currently accepted impact age for
Mien.
Sample material and methods: We separated several zircon grains from three different samples: melt-

bearing breccia, clast-rich and clast-poor impact melt.
For a detailed description of the sample material see
[9]. The U-Pb analyses (n = 123 spots) and ion imaging
(n = 49 images) were done by secondary mass spectrometry (SIMS) on a CAMECA IMS1280 ion microprobe of the NordSIMS group at the Swedish Museum
of Natural History in Stockholm. The size for spot
analysis was 10x10 μm and for ion imaging 1x1 μm.
91500 was used as reference material. The data reduction was carried out by an in-house developed software
whereas the age calculations and Tera Wasserburg
plots were made using Isoplot (version 4.15, [18]).
Imaging of zircon grains by SE, BSE and CL detectors,
in order to identify shock features, such as granular
texture, and microstructural analyses of granular grains
by electron backscatter diffraction (EBSD) were carried out on an FE-SEM with an accelerating voltage of
15 kV at the Department of Geology, Lund University.
Results: The FE-SEM analyses revealed the presence of non-shocked, partly porous, fully porous, granular-porous and fully granular zircon in all three samples (e.g., Fig. 1a & d). The pores of the porous grains
and the neoblasts of the granular grains, both have a
maximum diameter of 5 μm. The pores occur in zones,
which are often associated with simple or oscillatory
zoning. Some zoning is related to metamict zircon.
Some shocked grains show bright inclusions of ZrO2
[9]. Planar features are sporadic.
The U-Pb data of all three samples reveal discordant to concordant analyses scatter near a regression line
with MSWDs between 26 and 218. Data points from
non-zircon mineral phases (e.g. monazite) or points
identified as outliers due to a high uncertainty in the
207
Pb/206Pb ratio are excluded. The upper intercepts
range from 1741 ± 53 to 1697 ± 59 Ma whereas the
lower intercepts lie between 143.0 ± 62.0 and 121.0 ±
9.2 Ma.
The ion imaging maps show a variable distribution
of U and Pb which often has no correspondence to zoning observed in the CL derived images. Both elements
can be either evenly distributed or concentrated in
nodules and patches (Fig. 1b & e). The nodules can be
correlated with the pores of porous zircon. It is notable
that in granular grains both elements are often concentrated at the same site, whilst in most of the porous
grains U and Pb occur at different sites within a grain.
Here the U is mostly concentrated in porous zones and
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thus, occur preferentially in nodules (Fig. 1b) whereas
Pb is predominantly situated within the non-porous
zones.
The microstructure of 17 zircon grains from the
clast-poor impact melt, ranging from partly porous to
fully granular, were analysed by EBSD. The porous
grains look homogeneous without any sign of recrystallization by misorientated neoblasts (Fig. 1c), whilst the
neoblasts of the granular grains show a variable orientation (Fig. 1f). Five of these granular grains can be
identified as FRIGN zircon. In accordance to [19], our
pole figures of the neoblastic grains are consistent between (110) and (001) showing two to three clusters
with an ~90° orthogonal angle and high misorientations
between the neoblasts (Fig. 2).
Conclusion: The data processing, especially of the
ion imaging, is still in progress. Thus, the interpretation
of the data is preliminary.
The upper intercepts of the U-Pb spot analyses are
consistent with the 1.7 Ga crystallization age of the
target rock [20]. The lower intercepts of the zircon
from the clast-rich (124.2 ± 7.8 Ma ) and clast-poor
(121.0 ± 9.2 Ma) impact melts overlap temporally with
the 121.0 ± 2.3 Ma impact age [15] and thus, indicate a
linkage to the impact event. It is notable that the partly
to fully porous grains tend to plot closer to the upper
intercepts along the regression lines, whereas the porous-granular and fully granular grains occur closer to
the lower intercepts. It might suggest that granular zircon experienced Pb loss to a larger extent compared to
porous zircon. The ion imaging maps of the porous
zircon grains, with the U concentrated in the porous
and Pb in the non-porous zones (Fig. 1b), implies that
U and Pb were fractionated without complete opening
of the U-Pb system during the impact event where in
consequence today the U is concentrated in the porous
and Pb in the non-porous zones (Fig. 1b). According to
FE-SEM analyses, no neoblasts are developed indicating that the porous grains did not exceed a temperature
of 1100-1200 °C [1], [2] (T c for zircon U-Pb = 900950°C, [3]) and thus, the P-T conditions were not high
enough to reset the U-Pb system properly. In contrast,
the U and Pb within the granular zircon grains tend to
be more evenly distributed. It seems not only Pb
moved via diffusion, but likely U was mobile, too, during the impact event and thus, both elements occur at
the same sites within the grains. FRIGN zircon together
with ZrO2, like in our case, indicates impact-generated
temperature conditions above 1673 °C [19], which
finally exceeded the closure temperature of Pb in zircon and caused Pb loss. One of the FRIGN zircon
grains (Fig. 1d-f) is even concordant with the concordia curve at the lower intercept. It implies that the
complete Pb loss of this grain was actually triggered by
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the impact event and thus, the lower intercept date of
the clast-rich impact melt can be treat as a reliable impact age (121.0 ± 9.2 Ma).
a

d

c

b

e

Fig. 1
Fig. 1 a-f. The upper row shows a
partly porous and the lower row a
fully granular zircon grain, both separated from the clast-poor impact melt.
a & d) SE derived images, b & e) ion
imaging maps of 238U, and c & f)
EBSD data. Fig. 2 to the right are the
pole figures of the EBSD data of the
fully granular grain showing that the
~90° orthogonal cluster are consistent
in (001) and (110). It indicates
FRIGN zircon.

f

Fig. 2
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RAMAN MAPPING OF MINERAL PHASES WITHIN UHPHT VEIN IMPACT GLASS OF THE GIANT
KARA METEORITE CRATER. S.I.Isaenko1, T. G. Shumilova1, 1Institute of Geology FRC Komi SC UB RAS,
Pervomayskaya st. 54., Syktyvkar, 167982, Russia; shumilova@geo.komisc.ru; s.i.isaenko@gmail.com.

Introduction: The method of two-dimensional
Raman mapping allow observe distribution and relationship of mineral phases and some spectroscopic
features "in situ" of the studied sample that is especially useful for studying of polished thin sections and polished tabs. The latter looks especially perspective for
microscopic objects of the products of impact metamorphism. The method allows to provide visualization
of mineral phases spatial distribution, features of their
morphology, grain sizes and relationship of minerals,
degrees of their crystallinity, orientation of crystallites
and their size, different structural parameters and defects, such as residual tension within minerals and other mineralogical features [1-3]. Thus, the method is an
important modern instrument for extraterrestrial material and other different impact processes products.
In this work we present the Raman mapping in application to multi-component stockwork-like vein-type
UHPHT impact melt glasses with coesite crystals within inhomogeneous tight aggregates of different crystallinity level.
Material and instrumental: The sampling of the
ultrahigh pressure high temperature (UHPHT) was
provided in 2015 and 2017 at the Southern rim zone of
the Kara impact crater (Pay-Khoy ridge, Russia). The
UHPHT impact glasses are presented by the vein complex within the host suevite first time discovered at the
Kara astrobleme in 2015 [1-3]. The preliminary studies
have been provided with scanning electron microscopy
(SEM), electron probe microanalysis (EPMA), elemental mapping, high resolution transmission electron
microscopy (HRTEM), electron diffraction (ED). The
Raman spectra were registered with use a Raman spectrometer LabRam HR 800 (Horiba, Jobin Ivon) in the
mode of two-dimensional Raman mapping for XY axes
by use of a He-Ne laser (O= 633 nm) with the power of
20 mW, in the spectral region 100–4000 cm−1, a spectrometer grating – 600g/mm, the laser spot locality –
about 1.5 μm2, the analysis square – about 5 μm2. The
mapping was provided by the net 50×50 points with a
step about 1.6-1.8 μm, the spectra were processed with
LabSpec 5.39 software.
Results: The UHPHT impact glasses of the vein
type described in detail in [4-7] have multi-component
composition with presence of coesite crystals. They are
presented by tight aggregates of aluminosilicate and
silica glasses, being with liquation structural relations,
with inclusions of microcrystals of pyroxene (within
aluminosilicate glass) and coesite (silica glass). The

elemental composition of the phases has been studied
with electron microprobe analysis and electron diffraction patterns [4, 7]. The phase boundaries relations has
been visualized with SEM and elemental mapping. It
was preliminary found that the general matrix of the
UHPHT vein glass consists of aluminosilicate content
of the feldspar composition and includes single crystalline augite microcrystallites. The host matrix includes
UHPHT silica “drops” of glass with coesite microcrystals.

Figure 1. Combined optical image of the UHPHT vein
impact glass from the Kara meteorite crater in transmitted light with Raman mapping by mineral phases within: red – coesite, yellow – silica glass, violet – aliminosilicate glass, blue – region of the high luminescence
(smectite region).
After the detailed SEM and elemental mapping
studies by use of individual Raman spectra studies for
the detail phase analysis we have selected regions with
silica drops containing coesite crystals with the aim to
analyze the features of the phase relations supported
with spectroscopic data. By typical individual spectra
of optically visible mineral phases we have collected
the massifs of the individual spectra with the following
map reconstruction for different phases and their structural features spatial distribution.
Following to the received data we have described
the spatial relationships of amorphous substances aluminosilicate and silica glasses and crystalline phases
- coesite, pyroxene and smectite. The latter has very
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high lumeniscence, its phase state was proven with
high resolution transmission electron microscopy
(HRTEM) with electron diffraction (ED) and distribution hare was constructed by luminescence indicator in
the collected Raman spectra.
The provided mapping allows to see that the coesite
crystals are set close set together within the central
parts of the silica “drops”. The latter also contains the
large number of smectite inclusions set within the next
zone from the “drops” center to its edge. The tight
spatial co-existence of smectite and coesite crystals
allow conclude that the smectite was formed under
UHPHT conditions. Some earlier the possibility of
smectite crystallization from impact melt has been described by G.R.Osinski [8] for the impactites of the
Ries crater (Bavaria, Germany).
Conclusion: The Raman mapping of the UHPHT
mineral associations allowed to describe an unusual
tight co-existence of coesite and smectite within pure
amorphous silica glass of the Kara melt impactites. The
produced data demonstrate that Raman mapping is
useful for analyzing of complicated aggregates consisting of amorphous and crystalline phases within impact
products.
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THE TIN BIDER IMPACT STRUCTURE (SAHARAN PLATFORM, ALGERIA) : NEW INPUTS ON
STRUCTURAL ASPECTS.
F. Kassab1 and D. Belhai1, 1University of Sciences and Technologies Houari Boumediene, Algeria.
(kassabfazia@gmail.com)
Introduction: The Tin Bider impact structure, centered at 27°36’ N and 05°07’ E, is 6 km in diameter,
and is the largest complex impact crater known in Algeria. It excavates sedimentary rocks, mainly Albian sandstones and Upper Senonian limestones. The age of the
impact event is constrained to <65 Myr by stratigraphy,
the youngest formation affected by the impact being
~65 Myr old limestones. We report here on structural
aspects of Tin Bider with a general presentation of its
complex structure.
Methods: From remote sensing imagery, we determined the general structure of Tin Bider which is
deeply eroded.
We conducted a fieldtrip at Tin Bider to collect structural data. The regional geomorphology of the area
around the Tin Bider impact structure is characterized
by flat lying sedimentary rocks of the Upper Cretaceous. Considerable competence contrasts exist between competent limestone, chert and incompetent
marls.
Results and discussion: On satellite imagery, the
Tin Bider structure shows several ring features dissected by wadi drainage system. In Tin Bider, the target
rocks are highly deformed. Indeed, folds are a
remarquable structural feature of the structure.
According to [1], these folds are developed in all directions. They described normal, reverse and disharmonic
folds. However, these folds do not seem to be developed in all directions, we clearly observed anticline and
syncline with radial and concentric fold axes.
Radial and concentric folds are known and occur in
many other impact structures developed in sedimentary
targets (e.g., the Decaturville [2], Sierra Madera [3],
and Wells Creek [4] impact structures), but apparently
not in structures formed in crystalline targets [5].
Wavelength, amplitude, and geometry of folds depend
on the amount of shortening, the thickness of the competent and incompetent layers, and the viscosity contrast between the materials [e.g., 6,7].
Conclusion: Tin Bider is a remarquable structure
with a central uplift and several annular ridges. Sandstones from the central peak have been uplifted exhibiting vertical layers. Moreover, the structure study
needs deeper investigations in order to understand the
formation mechanism of such a complex crater.

Folding in Tin Bider is the most important feature in
the crater. Indeed, we clearly observe radial and concentric folds which strain rate increase from the periphery to the center of the crater.
References: [1] Lambert Ph. et al. (1981)
Meteoritics 16:203–227 [2] Offield T.W and Pohn
H.A (1979) Professional Paper 1042. U.S. Geological
Survey, p. 48. [3] Wilshire H.G et al. (1972) Geological survey professional paper 599-h [4] Wilson and
Stearns (1968) Bulletin Tennessee, Division of Geology. [5] Lana C. et al. (2003) Meteorit. Planet. Sci. 38,
1093-1107. [6] Ramberg H. Tectonophysics, volume 1,
issue 4 (1964) [7] T. Kenkmann et al. (2010) Geological Society of America 465: 471-487.

Large Meteorite Impacts VI 2019 (LPI Contrib. No. 2136)

5013.pdf

83'$7(2)7+(7(55(675,$/,03$&7&5$7(55(&25'&5$7(5',6&29(5<67$7,67,&6
6,=($1'$*()5(48(1&<',675,%87,216
7 .HQNPDQQ ,QVWLWXWH RI (DUWK DQG (QYLURQPHQWDO 6FLHQFHV ± *HRORJ\ $OEHUW/XGZLJV8QLYHUVLWlW )UHLEXUJ
*HUPDQ\$OEHUWVWUDVVH%)UHLEXUJLP%UHLVJDX7KRPDVNHQNPDQQ#JHRORJLHXQLIUHLEXUJGH


2XU NQRZOHGJH RI WKH WHUUHVWULDO LPSDFW UHFRUG LV
7DE,PSDFWVWUXFWXUHVQRWOLVWHGLQWKH(,'%
FRQVWDQWO\ LQFUHDVLQJ $OPRVW HYHU\ \HDU DQFLHQW LP

SDFW VWUXFWXUHV DUH GLVFRYHUHG (DFK QHZ FUDWHU DGGV
LPSRUWDQWDVSHFWVWRWKHJHQHUDOFRPSUHKHQVLRQRIWKH
IXQGDPHQWDO SURFHVV RI LPSDFW FUDWHULQJ 7KH UDSLG
LQFUHDVH RI RXU NQRZOHGJH RQ LPSDFW FUDWHUV UHTXLUHV
IURP WLPH WR WLPH D UHQHZHG VXPPDU\ RI WKH YDVW
DPRXQWRIDYDLODEOHGDWD
7KHODVWFRPSUHKHQVLYHVXPPDULHVRIWKHWHUUHVWULDO
LPSDFWFUDWHUUHFRUGDUHPRUHWKDQ\HDUVROG>@
DQGUHTXLUHVH[WHQVLYHXSGDWHV$QLPSRUWDQWVRXUFHRI
LQIRUPDWLRQLVSURYLGHGE\WKH(DUWK,PSDFW'DWDEDVH
(,'% KWWSZZZSDVVFQHW(DUWK,PSDFW'DWDEDVH1HZZHEVLWHB
,QGH[KWPO  KRVWHG E\ WKH 3ODQHWDU\ DQG 6SDFH
6FLHQFH &HQWHU DW WKH 8QLYHUVLW\ RI 1HZ %UXQVZLFN
&DQDGD 3$66&  ,W LV D IUHTXHQWO\ XVHG SODWIRUP IRU
H[SHUWV DQG WKH JHQHUDO OD\ SXEOLF WR DFTXLUH IDVW LQ
IRUPDWLRQDQGUHIHUHQFHVRQVSHFLILFFUDWHUV+RZHYHU
WKLVOLVWKDVQRWEHHQXSGDWHGVLQFH,QWZR

DWODVHVRQWHUUHVWULDOLPSDFWFUDWHUV>@ZLOOEHSXE

OLVKHG DQG SUHVHQW QRYHO UHPRWH VHQVLQJ LPDJHV DQG
5HIHUHQFHV >@ *ULHYH 5$)  3LONLQJWRQ 0
JHRORJLFDO LQIRUPDWLRQ RI HDFK LPSDFW VWUXFWXUH 7KLV

 AGSO J. Austral. Geol Geophys. 16
LV FRPSOHPHQWHG E\ UHYLHZ SDSHUV DQG ERRNV WKDW
>@
*ULHYH
5$)   7KH WHUUHVWULDO FUDWHULQJ
VXPPDUL]H WKH LPSDFW FUDWHU UHFRUG RI VLQJOH FRQWL
UHFRUG,Q$FFUHWLRQRIH[WUDWHUUHVWULDOPDWWHUWKURXJK
QHQWVRUODUJHWHUUDLQVVXFKDV6RXWK$PHULFD>@$I
RXW (DUWK¶V KLVWRU\ SS   6SULQJHU %RVWRQ
ULFD >@ $XVWUDOLD >@ $UDELD >@ &DQDGD >@ QRUWK
0$>@)ODPLQL(HWDO HGV   Encyclopedic
HDVWHUQ (XUDVLD >@ $SDUW IURP WKLV WKH FXUUHQW VWDWH
Atlas of Terrestrial Impact Craters 6SULQJHU >@
RIRXUXQGHUVWDQGLQJRIWKHLPSDFWFUDWHULQJSURFHVVLV
*RWWZDOG 0 HW DO   Terrestrial Impact StrucUHYLHZHGLQWKHERRN³,PSDFWFUDWHULQJ3URFHVVHVDQG
tures: The TanDEM-X Atlas 3IHLO9HUODJ>@&URVWD
3URGXFWV´>@
$ HW DO   Chemie der Erde-Geochemistry, 
7KHDLPRIWKLVFRQWULEXWLRQLVWRSURYLGHDQXSGDWH
>@5HLPROG:8 .RHEHUO&  J. AfRIWKHWHUUHVWULDOLPSDFWFUDWHUUHFRUG/LNHLQ>@,FRQ
rican Earth Sci. 93>@+DLQHV3:  
VLGHU  FUDWHU VWUXFWXUHV  PRUH WKDQ FXUUHQWO\
Australian J. Earth Sci.SS>@&KDERX
OLVWHG LQ WKH (,'% 7DE  7KH DGGHG FUDWHUV KDYH
0&  ,Q$%HQGDRXGHWDO HGV The GeoloUHFHQWO\ EHHQ GLVFRYHUHG RU FRQILUPHG DQG IXOILOO WKH
gy of the Arab World—An Overview6SULQJHU*HROR
FULWHULD IRU SURYHQ LPSDFW VWUXFWXUHV DFFRUGLQJ WR WKH
J\ SS  >@ *ULHYH 5$)   Impact
FULWHULD GHILQHG HJ LQ >@ +RZHYHU WKH OLVW RI 
Structures in Canada.*HRORJLFDO$VVRFLDWLRQRI&DQ
FUDWHUVFRQWDLQVFUDWHUVIRUZKLFKPRUHGRFXPHQWD
DGD *HR7H[W 1R   SS >@ 0DVDLWLV 9/
WLRQ LV GHVLUHG DPRQJ WKHP VHYHUDO FUDWHUV WKDW DUH
  M&PS, 34  >@ 2VLQVNL * 5 
OLVWHGLQWKH(,'%7KHVHDUH&RORQLD&RQROO\%DVLQ
3LHUD]]R( HGV   Impact cratering. Processes
+LDZDWKD+LFNPDQ0RXQW7RRQGLQD2XDUN]L]3DQ
and Products :LOH\ >@ )UHQFK %  .RHEHUO &
WDVPD 3LFFDQLQQ\ 5LR &XDUWR &UDZIRUG DQG )OD[
 Earth Sci. Rev. 98>@+HUJDUWHQ6
PDQ , KDYH FRPSLOHG D GDWDEDVH RI WKHVH  LPSDFW
 .HQNPDQQ 7   EPSL 425  >@
FUDWHUV DQG JDWKHUHG URXJKO\  SDUDPHWHUV IRU HDFK
0D]URXHL6HWDO  Science, 363>@
LPSDFW VWUXFWXUH PDNLQJ LW D GDWDEDVH ZLWK DERXW
+HUJDUWHQ 6 HWDO  ScienceFRPPHQW-XO\
 HQWULHV 7KH ILJXUHV  VKRZ D ILUVW FRPSLOD

WLRQ RI VRPHUHVXOWVRIWKLVGDWDEDVHWKDWZLOOEHSXE
OLVKHGVRRQ

Large Meteorite Impacts VI 2019 (LPI Contrib. No. 2136)

5013.pdf

)LJ  'LVFRYHU\ VWDWLVWLFV RI WKH WHUUHVWULDO
LPSDFW FUDWHUV 7KH FXPXODWLYH SORW VKRZV
WKDW PRVW FUDWHUV ZHUH GLVFRYHUHG LQ WKH
V ZKHQ XS WR VHYHQ FUDWHUV ZHUHDGGHG
SHU \HDU 7KH RYHUDOO GLVFRYHU\ UDWH DSSHDUV
WRGHFUHDVHVLQFHDERXW,QUHFHQW\HDUV
PRUH WKDQ WZR FUDWHUV SHU \HDU ZHUH GLVFRY
HUHG RQ DYHUDJH 7KH JUDSK VKRZV D SURMHF
WLRQRIWKHGLVFRYHU\UDWHWRWKHIXWXUH$EHVW
ILWLVIRXQGZKHQXVLQJWKHORJLVWLFIXQFWLRQ
7KHLQLWLDOVWDJHRIWKLVIXQFWLRQRIJURZWKLV
H[SRQHQWLDO 7KHQ DV VDWXUDWLRQ EHJLQV WKH
JURZWK VORZV WR D OLQHDU IXQFWLRQ DQG DW
PDWXULW\JURZWKVWRSV7KHHVWLPDWHRI\HWWR
ILQGFUDWHUVLVLQURXJKDJUHHPHQWWR>@

)LJ  1RUPDOL]HG FXPXODWLYH VL]H
IUHTXHQF\ GLVWULEXWLRQ RI WKH WHUUHVWULDO LPSDFW
FUDWHUVNQRZQDVRI1RWHWKDWWKHDSSDUHQW
FUDWHUGLDPHWHULVGLVSOD\HG)RUFUDWHUVUDQJLQJ
EHWZHHQ  P DQG  NP D YHU\ JHQWOH VORSH LV
FKDUDFWHULVWLFZLWKDJUDGXDOVWHHSHQLQJEHWZHHQ
NPDQGNP7KLVLQGLFDWHVDQLQFRPSOHWH
UHFRUG RI FUDWHUV IRU WKH VPDOO VL]H UDQJH 7KH
LQFRPSOHWHQHVV VHHPV WR EH UHODWHG WR WKH
VLPSOHWRFRPSOH[ WUDQVLWLRQ RI LPSDFW FUDWHUV
,W DSSHDUV WKDW VLPSOH FUDWHUV DUH PRUH GLIILFXOW
WR GHWHFW WKDQ FRPSOH[ FUDWHUV >@ 7KH
GHWHFWLRQ RI EXULHG VLPSOH FUDWHUV E\ PHDQV RI
JHRSK\VLFDO PHWKRGV DSSHDUV WR EH SDUWLFXODUO\
GLIILFXOW


)LJ  $JHIUHTXHQF\GLVWULEXWLRQ RI WKH
WHUUHVWULDOLPSDFWFUDWHUVNQRZQDVRI7KH
TXDOLW\ RI DYDLODEOH IRUPDWLRQ DJHV RI LPSDFW
FUDWHUV YDULHV FRQVLGHUDEO\ 5HPDUNDEOH NLQNV
RFFXU DW DERXW  0D  0D DQG 
0D7KHNLQNDW0DFRUUHVSRQGVWRWKH/DWH
(RFHQHLPSDFWVKRZHUWKHRQHDW0D
FRUUHODWHVWRWKHODWH2UGRYLFLDQLPSDFWFOXVWHU
WKHRQHDW0DFRUUHODWHVZLWKWKHEHJLQQLQJ
RIWKH3KDQHUR]RLFHUD>@SURSRVHGDGHILFLW
RIODUJHWHUUHVWULDOFUDWHUVEHWZHHQDQG
0DUHODWLYHWRPRUHUHFHQWWLPHVDQGVXJJHVWHG
WKDW WKHLPSDFWIOX[KDVVLJQLILFDQWO\LQFUHDVHG
 0\U DJR 7KLV LV QRW VXEVWDQWLDWHG E\ RXU
GDWD>@

$FNQRZOHGJHPHQW 7KLV SURMHFW LV D VLGH
HIIHFW RI WKH FRPSLODWLRQ RI WKH DWODV RQ
WHUUHVWULDO LPSDFW FUDWHUV >@ RYHU WKH ODVW 
\HDUV DQG , ZRXOG OLNH WR WKDQN 0 *RWWZDOG
DQG85HLPROGIRUWKHJUHDWFROODERUDWLRQ





$JH>0\U@

Large Meteorite Impacts VI 2019 (LPI Contrib. No. 2136)

5014.pdf

SHOCK DEFORMATION IN THE CLEANSKIN IMPACT STRUCTURE, NORTHERN TERRITORY,
AUSTRALIA.
T. Kenkmann 1, P. W. Haines2, I. Sweet3 and K. Mitchell4, 1Institute of Earth and Environmental Sciences – Geology, Albert-Ludwigs-Universität Freiburg, Germany, Albertstrasse 23-B, 79104 Freiburg im Breisgau, Thomas.kenkmann@geologie.uni-freiburg.de. 2Geological Survey of Geological Survey of Western Australia, 100 Plain
Street East Perth WA 6004, Australia. 3Deceased. 4Gerringong, NSW 2534, Australia.
Introduction: Cleanskin (18°10 S, 137°56 E) is a
circular structure in northern Australia that measures
approximately 15 km in diameter. It is located in a
remote region without infrastructure close to the border between the Northern Territory and Queensland
about 320 km northwest of Mount Isa. Cleanskin is
situated less than 100 km NW of the Lawn Hill impact
crater. The structure containing anomalous fold and
fault patterns in otherwise mildly deformed rocks was
first noted by Ian Sweet during a mapping campaign
for the Northern Territory Geological Survey in 2001
[1]. Cleanskin was subsequently proposed as an impact structure by Peter Haines, Ian Sweet and Ken
Mitchell in 2008 and 2012 [2; 3]. The work was largely overlooked and, consequently, the structure was not
included in the Earth Impact Database although some
reliable but unindexed shock features in quartz and
shatter cones have been presented in their posters.
Here we present further evidence of this impact structure by the documentation of indexed planar deformation features (PDFs), planar fractures (PFs) and
feather features (FFs) in quartz grains of sandstones
sampled in the structure.
Methods: Our investigation is based on former geological field work by Ian Sweet and Ken Mitchell,
microscopic analysis, and remote sensing. Polished
thin sections of the six samples were used to investigate shock deformation. Shock lamellae were investigated at 500x magnification. Orientations of PFs, FFs,
and PDFs were measured with a LEITZ U-stage
mounted on a LEICA microscope. Satellite image data
provided by the BaseMap function of ArcGIS 10.4
(source: Digital Globe) with a spatial resolution up to
0.5m as well as Sentinel 2 and TanDEM-X digital
elevation data allowed mapping of the structure.
Geology and Structure: Cleanskin is a circular
structure that can be recognized in Google Earth imagery. Figure 1 shows a combination of a Sentinel 2
image with a Tandem-X DEM. Cleanskin is also visible as a circular feature on geophysical maps available
from the Northern Territory Geological Survey, in
particular radiometric imaging with combined channels for potassium, thorium, and uranium helped to
map the structure geologically.
The structure lies wholly within the Constance
Sandstone, in the lower part of the early Mesoprotero-

zoic South Nicholson Group. The sandstone comprises
white, medium- and coarser-grained, quartz-rich
sandstone members alternating with dark-colored,
very fine-grained sandstone, siltstone and mudstone
units (Fig. 1). The Constance Sandstone has an inferred depositional age between 1,400-1,500 Ma [4].
The western half of the structure is poorly defined
because of overlying undeformed Early Cretaceous
strata that cap the impact-deformed strata (Fig. 1).
About 100 km to the west and south the Precambrian
strata of the South Nicholson Group are unconformably overlain by Early Cambrian rocks. The terrain
within the Cleanskin structure consists of low ridges
and valleys with local relief of about 50 m. The ridges
are built up by moderately-dipping competent sandstones and – locally – by massive lithic breccias that
are strongly lithified.
The inner part of the structure forms a dome of about
5-6 km diameter with at least three repetitions of the
same two members of the Constance Sandstone separated by reverse faults. Impact-induced faults are
characterized by zones of brecciated sandstone and
siltstone tens of meters in extent. These faults form a
circumferential pattern and are unrelated to regional
deformation, which is characterized by ENE and
WNW fault orientations.
Shock deformation: Field observations in the SE
quadrant located shatter cones in sandstones 3.5 km
from the center. Melt rocks were not recognized. All
collected samples from the SE sector of the structure
represent either fractured or brecciated sandstone.
Sample CS10 is closest to the center, about 2 km out,
CS1, CS2 about 4 km, and CS6, CS7 and CS8 a little
over 5 km away from the center. All samples show
shock metamorphism. PDFs are decorated and form
multiple cross-cutting sets (Fig. 2a). PFs with abundant FFs were found in all samples (Fig. 2b). Sample
CS1 contains PDFs in ten different orientations (Fig.
2c) with (0001) being the most frequent orientation.
Age of Impact: The impact clearly occurred prior to
the Early Cretaceous, as sedimentary rocks of this age
blanket the structure. The impact is inferred to have
taken place well before the Cambrian, because Cambrian rocks lie at approximately the same erosion level
outside the structure as the present day surface, indicating that the impact site must have been deeply
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eroded prior to Cambrian deposition. Thus, the impact
is likely to have occurred between about 1,400 Ma and
the Early Cambrian.
Conclusions: Apart from its circular nature and the
presence of a central uplift, proof that Cleanskin is an
impact site relies on the presence of shatter cones,
extensive breccia formations, and in particular indexed PDFs, PF, and FFs. The impact structure is
listed in the new atlas of terrestrial impact craters by
Gottwald, Kenkmann, and Reimold [5].
Acknowledgement: We acknowledge the allocation of the TanDEM-X imagery by Manfred Gottwald
and assistance by Gerwin Wulf and Max Pfaff. PWH
publishes with permission of the Executive Director of
GSWA.
References: [1] Rawlings DJ, et al. (2008). 1:250 000
geological map series. SE 53-12. Northern Territory
Geol. Surv. [2] Haines P, et al. 2008. Austral. Earth
Sci. Conv. 2008, abstracts p. 127 [3] Haines, P.W., et
al. (2012). M&PS, Abstract. #5,176; [4] Jackson M.J.
et al. (1999) In Bradshaw BE & Scott DL (eds.), Aust.
Geol. Surv. Org., 1999/19. [5] Gottwald, M. et al.
(2019). Terrestrial Impact Structures: The TanDEMX Atlas.
Fig. 1 Remote sensing image of the Cleanskin structure using Sentinel 2 and TanDEM-X imagery.
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Fig.2 (A). Decorated cross-cutting PDFs in four orientations in sample CS7. (B). Abundant PFs and FFs in
sample CS10, (C) 46 indexed PDF orientations measured in 21 quartz grains of sample CS1.
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INDIA´S THIRD IMPACT CRATER: RAMGARH, RAJASTHAN. T. Kenkmann 1 G. Wulf1 and A. Agarwal1,
Institute of Earth and Environmental Sciences – Geology, Albert-Ludwigs-Universität Freiburg, Germany, Albertstrasse 23-B, 79104 Freiburg im Breisgau, Thomas.kenkmann@geologie.uni-freiburg.de.
Introduction: Ramgarh is a well-known morphological landmark in a flat sedimentary terrain of SE Rajasthan, India, that has caused a sensation among Indian
geologists since the 19th century. It has been controversially investigated since then. The 3.5 km diameter
annular feature rises some 200 m above the surrounding flat plain. Geological interpretations of the structure included scenarios of a dome-like uplift induced
by a combination of a magmatic intrusion and tectonic
forcing [1], an origin by a volcanic explosion or kimberlite pipe [2], diapirsm or an origin by an impact
event, e.g., [3]. The impact scenario is the one favored
nowadays by most of the Indian researchers. Several
attempts to prove the impact hypotheses have been
carried out in the past decades. Although the finding
of shock features including planar deformation features (PDFs), and planar fractures (PFs) in quartz
grains has repeatedly been claimed, e.g. [5-8], in none
of these publications unequivocal evidence of shock
metamorphism has been presented. Here we document
PFs and feather features (FFs) found in situ in quartz
grains of the central part of the Ramgarh structure
that confirms its impact origin.
All previous studies that suggested an impact
origin interpreted the 3.5 km wide morphological ring
as the rim of the crater [5-8]. Here we show that the
morphological annular collar of Ramgarh is not the
rim of the crater but represents the outer part of a central uplift of a considerably larger impact structure.
Methods: Our investigation is based on geological
field work, microscopic analysis, and remote sensing
using various types of satellite imagery. Polished thin
sections of 33 rock samples were prepared. Shock lamellae were investigated at 500x magnification. Orientations of PFs and FFs were measured with a LEITZ
U-stage. High-resolution satellite image data provided
by the BaseMap function of ArcGIS 10.4 (source: DigitalGlobe) with a spatial resolution up to 0.3 m as well
as Sentinel 2 and Landsat 5 multi-spectral data and
digital elevation data from the ALOS mission with a
resolution of 1 arc-second (30 m) were used to analyze the Ramgarh structure in detail.
Results: The structure is situated in the center of
the Vindhyan Basin that represents a large Proterozoic
depocenter within India´s Bundelkhand craton. It
formed in flat-lying sediments. The oldest strata of the
domal uplift, Upper Rewa sst. of the Proterozoic Upper Vindhyan Group, is exposed at its geographic center and shows vertical dips (Fig. 2). The next younger

unit, named Ganugarh shale formation, occupies the
central depression and comprise heavily deformed
shales, sandstones, as well as limestones, partly disintegrated into fault-bounded megablocks. The collar of
the Ramgarh structure is formed by competent Lower
Bhander sst. that also belongs to the Upper Vindhyan
group (Fig. 2). This collar does not mark the rim of
the impact crater as assumed in the previous literature,
but represents the outer part of a central uplift of a
complex impact structure of about 10 km diameter.

Fig.1. The upper figure shows {10-12} FFs emanating
from a {11-21} PF that is decorated with ores, the
lower shows PFs at the margin of a quartz grain.
We found a weak shock metamorphic overprint in
sandstone taken in situ from a site in the western part
of the central depression [9], mapped as a 100 m sized
megablock (Fig. 2). In four thin sections of this rock
we found three grains per thin section with shock effects. Shock effects are mainly PFs, from which narrow-spaced FF lamellae emanate in a comb-like arrangement (Fig. 1a). FFs and PFs are decorated with
tiny opaque phases, most likely hematite. PFs devel-
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oped along the (0001) basal plane, {10-12}, and {5161}, while the FFs have {11-22},{11-21} or {10-12}
orientation. One grain shows possible PDFs. Only one
grain with PFs was found in the central Rewa sandstone. Quartz of the Lower Bhander Sst. does not
show shock lamellae. Shatter cones are absent at
Ramgarh, but intense brittle deformation is omnipresent in the central uplift.
The central uplift is somewhat rectangular in
shape (Fig. 2) and is dissected by numerous faults that
are co-genetic with the formation of the central uplift.
The central uplift has a bilateral symmetry along a
SW-NE axis where a large dextral strike-slip fault
documents the strong horizontal shear component.
This direction corresponds to the impact trajectory
from the SW towards the NE. Further structural characteristics indicative for an oblique impact from SW
are a stack of concentrically striking thrusts up range,
narrow-spaced radial fault swarm downrange and
oblique fault-bounded blocks cross range.
The apparent crater rim is exposed along a local
river bed at 5 km distance SE and N from the crater
center as a low-angle normal fault with ramp-and-flat
structure and can be traced as lineaments in remote
sensing imagery. Spectral remote sensing data, the
local drainage network, and available gravity data
delineate the circular structure with even a slightly
larger diameter and indicate that the crater was originally a bit larger than 10 km in diameter.

5007.pdf

Adjacent to the crater rim fault occur tilted strata
of the Upper Bhander formation that are interpreted as
slump blocks that moved into the crater depression
during crater modification. The Ramgarh impact
event occurred into a shallow water environment as
indicated by massive soft-sediment deformation and
convolute bedding observed in younger sediments at
and near the crater rim and the deposition of diamictites above the rim and within the crater moat. The
lack of a morphological visible crater rim and the
presence of low-angle crater rim normal faults give
further hints that the uppermost target was unconsolidated at the time of impact. Gastropodes embedded in
the diamictite have a Mesozoic Upper Middle Jurassic
(Callovian) age of 164.8 ± 1.3 Myr and constrain the
time of the impact.
References: [1] Sharma H. S. (1973) Nature 242, 39–
40.[2] Balasundaram M. S. and Dube A. (1973). Nature 242: 40. [3] Crawford A. R. (1972). Nature 237,
96. [4] Master S. and Pandit M. K. (1999). M&PS 34:
A 79. [5] Sisodia M. S., et al. (2006). J. Geol. Soc.
India 67: 423–431. [7] Dutta A. et al. (2018). LPSC
49 Abstract no. 1293. [8] Misra S., et al. (2019). In
Mukherjee S. (ed.), Tectonics and Structural Geology:
Indian Context. Springer Geology, 327-352. [9]
Kenkmann et al. (2019). M&PS (submitted).
Fig. 2 Geological Map of Ramgarh based on our investigation [9].
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HIGH-PRECISION GEOCHRONOLOGY AND THERMAL MODELING OF THE MOROKWENG
IMPACT MELT SHEET, SOUTH AFRICA.
G. G. Kenny1,2*, J. L. Crowley2, M. D. Schmitz2, M. A. G. Andreoli3 and R. L. Gibson3. 1Department of Geosciences, Swedish Museum of Natural History, SE-104 05 Stockholm, Sweden, 2Isotope Geology Laboratory, Department
of Geosciences, Boise State University, 1910 University Drive, Boise, Idaho 83725, USA, 3School of Geosciences,
University of the Witwatersrand (WITS), Johannesburg, South Africa. *gkennyeire@gmail.com

Introduction: Given that impact cratering was a
fundamental geological process in the early Solar System [e.g., 1], understanding how large impact structures cool is critical to understanding the thermal evolution of early crusts on Earth and other planetary bodies. However, few studies have reported direct measurements that constrain the crystallization and early
cooling history of a large impact melt sheet.
The Morokweng impact structure, South Africa
(Fig. 1) provides an exciting case study for assessing
melt sheet crystallization, while also being a priority
target for high-precision dating given its age near the
Jurassic-Cretaceous (J-K) boundary [2,3].
Estimates for the diameter of the Morokweng impact structure have varied significantly and a consensus
has yet to be reached. However, the observation of
limited deformation in the KHK-1 borehole (Fig. 1)
appears to constrain the maximum present-day diameter to about 75-80 km [4] and a diameter in this approximate range would also be consistent with initial
interpretations that the M4 borehole (Fig. 1) appears to
have intersected the peak ring [5].
In contrast to some of the largest impact structures
on Earth (such as the heavily eroded Vredefort structure, deeply buried Chicxulub structure, and 1.85 Ga
Sudbury structure), Morokweng hosts a melt sheet that
has been intersected by a number of boreholes (Fig. 2)
and is suitably young to allow individual samples to be
dated with extremely low absolute age uncertainties.
However, it is important to note that the top of the melt
sheet is an erosional surface (meaning that there may
be a substantial section of melt missing) and there is
also the possibility that gneisses intersected in the bottom of the M3 borehole do not represent true basement
but may belong to a >100 m wide clast within the melt
– similar to interpretations that the granite at the bottom of WF5 belongs to a boulder (Fig. 2).
Zircon from the melt sheet at Morokweng has previously given 206Pb/238U ages of 145.2 ± 0.8 Ma (all
data are 2σ) [2] and 146.2 ± 1.5 Ma [3], in agreement
with less precise Ar-Ar ages for biotite of 143.5 ± 3.6
Ma [2]. In light of emerging data that the J-K boundary
may as much as 5 Myr younger than the currently accepted 145 Ma age [6-8], a modern, high-precision age
for the Morokweng impact melt sheet may offer insight
into the relative timing of the impact and the boundary.

Fig. 1. Simplified geological map of the Morokweng impact structure, South Africa, showing boreholes mentioned in the text or
shown in Fig. 2. Modified after [9] and [10].

Here we aimed to assess the early stages of cooling
in a large impact structure by constraining the length of
time for an initially molten impact melt sheet to crystallize, while also placing high-precision constraints on
the timing of the Morokweng impact event.
Materials & Methods: Zircon grains were separated from six samples from the M3 borehole (Fig. 2)
and mounted in epoxy. The grains were analyzed for
U-Pb isotopic age data and trace element composition
by in situ laser ablation-inductively coupled plasma
mass spectrometry (LA-ICPMS) at Boise State University. A selection of the grains from five samples were
then plucked from the grain mount and analyzed by
chemical abrasion-isotope dilution-thermal ionization
mass spectrometry (CA-ID-TIMS). The aliquots were
spiked with EARTHTIME isotope dilution tracer solution ET2535 and analyzed on an IsotopX Isoprobe-T
mass spectrometer.
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Fig. 2. Simplified stratigraphy of boreholes into the Morokweng
impact melt sheet. Modified after [10]. Information on the depth of
meteorite fragment from [11]. Zircon from sample M3-5, immediately below sample M3-4, was not analyzed by CA-ID-TIMS.

Results: We dated five samples of the Morokweng
impact melt sheet to a precision of approximately
0.01%, i.e. most samples are constrained to better than
± 20,000 years (2σ). The top four samples (M3-1 to
M3-4; Fig. 2) are indistinguishable at this level of precision whereas the stratigraphically lowest sample has a
resolvable younger age. The younger age of the lowest
sample is consistent with thermal modeling which indicates that the melt sheet would have cooled from the
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top downwards owing to its limited insulation from the
atmosphere above.
The stratigraphically highest sample (M3-1;
146.056 ± 0.018 Ma, MSWD = 1.08, probability of fit
= 0.37, n = 7) and stratigraphically lowest sample (M36; 146.018 ± 0.017 Ma, MSWD = 1.47, probability of
fit = 0.18, n = 7) are separated by 38,000 ± 25,000
years, indicating that zircon throughout the melt sheet
took a maximum of 63,000 years to crystallize.
Discussion: Our results indicate extremely fast
cooling and crystallization of the presently preserved
Morokweng impact melt sheet, with the lowest, most
insulated portion of the melt having crystallized less
than 65 kyr after higher levels. As the top of the melt
sheet is an erosional surface, it is possible that the
missing upper portion may have given an age younger
than sample M3-1, thereby extending the apparent extent of crystallization. However, the fact that samples
M3-1 to M3-4 give indistinguishable, tightly constrained ages suggests that the main body of the melt
did indeed cool extremely quickly.
Our new ages for the melt sheet agree with previously published data [2,3] but are far more precise.
Given that the melt sheet would have cooled from the
top downwards, we interpret the age of the stratigraphically highest sample, M3-1, to most closely constrain
the timing of the impact event. This age of 146.056 ±
0.018 Ma indicates that the Morokweng impact event
did not coincide with the J-K boundary, which may be
as young as 140 Ma [6-8].
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CRETACEOUS-PALEOGENE BOUNDARY STRATIGRAPHY OF BELIZE. D. T. King, Jr.1 and L. W.
Petruny1, 1Geosciences Office, 2050 Memorial Coliseum, Auburn University, Auburn, Alabama 36849 USA.
[kingdat@auburn.edu]
Introduction: The Cretaceous-Paleogene (K-Pg)
boundary unit in Belize is a stratigraphic unit that can
be mapped at the surface and traced in well logs in the
subsurface. This stratigraphic unit ranges in thickness
from about 15 m to less than one meter. Thickness
generally decreases in all directions away from the
source crater, but there are anomalously thick zones in
local fault-bounded grabens [1, 2].
Stratigraphy: At Albion Island in northern Belize
(Fig. 1), this informal stratigraphic unit has been
named the Albion formation, but elsewhere there is no
assigned name. The K-Pg boundary unit in Belize
commonly lies atop the post-Barton Creek regional
unconformity, and in places fills in low areas on that
karstic surface. The typical sequence of lithologies
within the K-Pg boundary unit is: a spherule-bearing
fine clastic bed; boulder-bearing breccia beds; and a
re-worked, pebbly ejecta unit. The basal fine clastic
unit lies on eroded limestones of the Barton Creek
formation at Albion Island, but lies atop a paleosol on
Barton Creek at Armenia (Fig. 1).
Sedimentology: Fine clastic matrix of the basal
bed is a mixture of clay and clay-sized carbonate
fragments. Spherules in the fine clastic unit range in
size from a few mm to a few cm. The spherules typically have a lithic fragment at the nucleus and finely
layered carbonate coatings surrounding the nucleus.
The boulder-bearing breccia beds are impactoclastic
deposits that contain a mixture of angular limestone
blocks (including boulders up to 15 m in diameter) and
finely pulverized carbonate matrix containing varying
amounts of green glass shards (mainly altered to clay).
The boulder-bearing breccia beds do not persist across
all of northern Belize, and are apparently limited to
areas within a few 10s of km of the Mexican border.
Pebbly ejecta: The re-worked pebbly ejecta unit
consists of matrix and grain-supported conglomeratic
beds of rounded and in some places polished (pink to
red) limestone pebbles and some grey to tan chert pebbles ranging in size from a few cm to a few dm. The
striated polish on the surfaces of these limestone pebbles is quite distinctive and appears to have been
formed by the abrasive activity of numerous fine particles. Some limestone pebbles exhibit apparent impact
craters and pits. In rare instances, the small impacting
particle remains in the impact pit. The chert is not so
well polished, and commonly has a chalcedonic rim.
The re-worked pebbly ejecta is interpreted to have
fallen over wide areas in northern Belize and to have

been subsequently washed into grabens or other lowlying areas, and there deposited with a fine clastic matrix (e.g., Progresso Lagoon, Fig. 1).
Overlying units: The upper surface of the K-Pg
boundary unit in Belize is an unconformity in most
places. Overlying stratigraphic units in northern Belize
include the Paleogene Red Bank formation (clays), El
Cayo group (micritic limestones), the Doubloon Bank
formation (cherty micrites), or the Orange Walk group
(sands and marls). In southern Belize, the spherulitic
K-Pg boundary unit is overlain by the Toledo formation (a complex of submarine fans and other deep
water clastics).
References: [1] King, Jr. D. T. and Petruny L. W.
(2003) Impact markers in the stratigraphic record:
203-228. [2] Pope, K.O. et al. (2005) GSA Special
Paper 384, 171-190.

Figure 1. Google Earth ® map of Belize with key graben-bounding faults marked and three key K-Pg localities of northern Belize indicated by red stars.
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WHAT DO WE KNOW ABOUT THE FORMATION OF LIBYAN DESERT GLASS? Christian Koeberl1,2,
1
Department of Lithospheric Research, University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria (christian.koeberl@univie.ac.at), 2Natural History Museum, Burgring 7, A-1010 Vienna, Austria.
Introduction: Libyan Desert Glass (LDG) is an
enigmatic silica-rich natural glass, which occurs between sand dunes of the southwestern corner of the
Great Sand Sea in western Egypt. The glass shows a
limited variation in major and trace element abundances. Some cristobalite inclusions occur, but otherwise LDG is perfectly glassy. Although the origin of
LDG is still debated by some workers, an origin by
impact seems most likely. There are, however, some
differences to “classical” impact glasses, which occur
in most cases directly at or within an impact crater.
Evidence for an impact origin includes the presence of
schlieren and partly digested mineral phases, such as
lechatelierite (a high-temperature mineral melt of
quartz), and baddeleyite, a high temperature breakdown product of zircon, as well as traces of meteoritic
material. References for all the statements made here
can be found in two recent publications on this topic
[1, 2].
Location: Libyan Desert Glass is found in an area
of about 2500 to 6000 km2 (the exact numbers vary
between different publications, and the higher numbers seem to include pieces transported by, e.g., wind).
The glass occurs as centimeter to decimeter-sized irregular and strongly wind-eroded pieces. The total
preserved quantity of the glass has been estimated at
1.4x109 grams, but it is quite likely that the original
mass was much larger. Attempts to determine the age
of the LDG were made using the K-Ar and fissiontrack methods. Due to the low K content of the glass,
errors on K-Ar ages are too high to be meaningful.
The only precise ages of the LDG come from fission
track determinations, which gave ages ranging from
28.5 ± 2.3 Ma to 29.4 ± 0.5 Ma (plateau age), and
28.5 ± 0.8 Ma.
Information on Origin: The origin of LDG has
been the subject of much debate since its discovery,
and a variety of exotic processes were suggested (e.g.,
a hydrothermal sol-gel process, or a lunar volcanic
source). Recently, there has been much interest in the
possibility that LDG could have formed by airburst.
However, there is abundant evidence of an impact
origin of these glasses, including the presence of
schlieren and partly or completely digested minerals,
such as lechatelierite, or baddeleyite, and evidence for
the former presence of reidite, a high-pressure polymorph of ZrSiO4, which requires shock pressures on
the order of 30 GPa [1]. Also, there are some strong

indications for the presence of a meteoritic component
in dark streaks or layers of the desert glass from the
presence of platinum-group element anomalies. This
was confirmed in an osmium isotopic study; unpublished Cr isotope data point in the same direction.
Crustal strontium and neodymium isotopic values exclude a significant mantle component; thus, the osmium abundances and isotopic values confirm the presence of a meteoritic component in LDG. The iron oxidation state, measured by iron K-edge high resolution
X-ray absorption near edge structure (XANES) spectroscopy indicates that in the layers with higher iron
content, iron occurs in a more reduced state, which
suggests that some or most of the iron in these layers
may be directly derived from the meteoritic projectile
and that it is not of terrestrial origin.
The source material of the glass remains a mystery. The rare earth element (REE) abundance patterns are indicative of a sedimentary precursor rock,
and the trace element abundances and ratios are in
agreement with an upper crustal source. Specifically,
Zr/U and REE data suggest that none of the sands or
sandstones from various sources in the region are
good candidates to be the sole precursors of LDG.
Compositional data for surface sands show significant
differences from the average LDG composition. The
high-temperature involved was recently confirmed by
the detection of mullite in LDG samples. Also, LDG
has KLJK į7Li at Å ZKLFK P ay represent the
previous fluvial history of parental material that was
perhaps deposited under lacustrine conditions or in
coastal seawater. TKH į2 YDlues of bulk rock and
quartz from intrusives of Pan-African age and the
results obtained were compatible with their values
obtained for LDG samples (9.0-11.9‰). Thus, geochemical measurements have been essential to determine the origin of the LDG as some type of impact
glass, and have also given valuable indications regarding the source material.
Several workers (see references in [1, 2]) have
considered the possibility that the LDG might be related to one or both of the Libyan impact structures,
based on the proximity of these structures to the area
of the Libyan Desert Glass (LDG), which is found in a
limited strewn field about 150 km to the east, and the
lack of disturbed Lower Cretaceous sandstone strata in
the area of the occurrence of the glass. There are indications that the BP and Oasis structures could be older

Large Meteorite Impacts VI 2019 (LPI Contrib. No. 2136)

than the LDG. There is some chemical and isotopic
similarity to rocks from the BP and Oasis impact
structures in Libya, but a Rb-Sr and Sm-Nd isotopic
study of LDG suggests that “Nubian” rocks are not
likely precursors of LDG. The study of rocks from
these structures did not yield any convincing evidence
of a connection to LDG. To complicate things even
further, earlier work in the 1990s noted some shocked
quartz-bearing breccias in the LDG strewn field, but –
so far – no evidence for an actual crater has been
found in this area.
Most recently, Koeberl and Ferrière [2] reported
on the presence of shocked quartz from bedrock samples within the LDG strewn field, providing evidence
for the possible existence of the erosional remnant of a
former impact structure in the area.
Conclusions: LDG remains an enigmatic glass.
The question of the mode of formation, airburst or
impact, or a combination of the two, is still not resolved. This author prefers an explanation by impact,
or at least predominantly by impact, with a deeply
eroded impact structure in the area, due to the discovery of shocked bedrock and clear indications of physical interaction of meteoritic material with the target
rocks, as shown by the admixture of meteoritic material in the glass. The absence of a crater, or at least the
fact that none has been discovered yet, is problematic
but not impossible to explain, given the erosion rate in
such areas. To explain LDG just by airburst brings up
the question of why there is evidence of high-pressure,
high-temperature, and meteoritic admixture. Also, if
LDG formed by impact, one wonders why, as airburst
would be much more common than impact, there are
not more similar deposits on Earth. This all indicates
that LDG is something rather unusual, no matter what
the formation mechanism was.
Acknowledgements: I thank many colleagues
over the years for discussions on the origin of LDG.
The search continues.
References: [1] Cavosie A. and Koeberl C. (2019)
Geology, 47, 609-612. [2] Koeberl C. and Ferrière L.
(2019) MAPS, doi.org/10.1111/maps.13250.
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TIMING OF EMPLACEMENT OF VREDEFORT GRANOPHYRE DYKES. E. Kovaleva1, M. S. Huber1, M.
Clark1 and F. Fourie2, 1Department of Geology, University of the Free State, 205 Nelson Mandela Drive, 9300
Bloemfontein, South Africa, kovalevae@ufs.ac.za, 2Institute for Groundwater Studies, University of the Free State,
205 Nelson Mandela Drive, 9300 Bloemfontein, South Africa.

Introduction: Impact melt created by basinforming impact events are found as thick sheets, dykes
and irregular bodies on top of and within the country
rocks beneath the impact crater floor [1]. One such
expression of impact melt is found in the Archaean
basement of the deeply-eroded 2.02 Ga Vredefort impact structure. Impact melt dykes at Vredefort, referred
to as “granophyre dykes”, have an intermediate to felsic composition [2,3,4]. The dykes were previously
shown to have formed later than impact-related
pseudotachylite bodies [1,5,6,7], to contain clasts of
shocked target rocks [7,8], and have a Re-Os signature
indicative of a meteoritic component [9]. Based on
these lines of evidence, the general understanding is
that the granophyre dykes represent remnants of the
impact melt sheet that propagated downward along
fractures in the basement rocks during the final postimpact modification stage [6,8,10,11]. The nature and
timing of the event(s) that led to melt emplacement
remain contentious.
Here, we examine the depth of penetration of granophyre dykes, as well as their chemical compositions
and textures. We infer the timing of the emplacement
of granophyre dykes, with implications for the development of large impact basins on Earth, the Moon, and
other rocky bodies of the solar system.
Methods: Four granophyre dykes, namely the
Kopjeskraal dyke, located at the boundary between the
granitic core and the metasedimentary collar of the
Vredefort structure (the “core-collar boundary”), as
well as the Daskop, Lesutoskraal and Holfontein dykes,
located in the granitic core of the structure, were investigated by electrical resistivity tomography, a nondestructive geophysical method described in [11].
Samples from the core-collar dyke and core dykes were
analyzed with X-ray fluorescence for bulk chemical
composition, according to the methodology described
in [4].
Results: Geophysical data. The resistivity of the
granophyre dykes (>2000 Ωm) is distinctly higher than
that of adjacent country rocks, which have resistivities
<1000 Ωm. Resistivity variation in the host rock is
consistent with its variation in composition, ranging
from granite to dolerite [11]. The >2000 Ωm resistivity
zone of the Kopjeskraal granophyre dyke extends
downward past the 50 m depth of the profile. Thus, the
terminus of this dyke at depth has not been determined
(Fig. 1A). The resistivity models of the core dykes are

broadly similar to one another (Fig. 1B-D). The resistivity model of the Holfontein granophyre dyke shows
that the dyke terminates at ~5 m below the surface (Fig.
1B). Similarly, the resistivity models of the Daskop
and Lesutoskraal granophyre dykes indicate that the
dykes do not penetrate beyond 3 m below surface (Fig.
1C-D).
Geochemical data. Our data of the core granophyre
dykes show that the compositions are generally dacitic,
in the compositional range of ~64-72 wt.% SiO2 and 46 wt.% Na2O+K2O, in agreement with [4,12,13].
The Kopjeskraal granophyre dyke locally contains
two distinct textural and geochemical phases, the Kopjeskraal granophyre A (KGA) and Kopjeskraal granophyre B (KGB). Abundant clasts of the granite host are
incorporated into the KGA. Compositionally and texturally, the KGA is similar to the core dykes. The KGB
is located approximately in the central part of the Kopjeskraal dyke, and is present as a finer-grained and
darker-colored phase of the granophyre. A contact between the KGA and KGB runs parallel to the contact
between the KGA and the host granite. Rounded clasts
of the KGA are included within the KGB (Fig. 2). The
KGB is andesitic in composition being more mafic
than other measured granophyre samples.
Discussion: The core-collar dyke is at the same elevation as the core dykes, but is wider and penetrates
significantly deeper (Fig. 1), suggesting that the emplacement mechanism affected the core-collar dykes
differently than the core dykes. The same mechanism
may have resulted in the similar penetration depths of
all of the dykes in the core.
The consistent narrow range of geochemical compositions present in the core dykes and KGA suggests
that they were derived from the same melt source. The
comparatively felsic composition indicates that this
was the homogeneous impact melt sheet prior to differentiation. The KGB has a more mafic composition than
the core dykes, with a compositional range similar to
the Sudbury Offset Dykes, suggesting that the KGB
was emplaced after the melt sheet started to differentiate. Clasts of the KGA captured by the KGB indicate
that KGA crystallized prior to KGB emplacement,
showing that the KGB was emplaced significantly later
than the KGA. Thus, the granophyre emplacement process occurred in a minimum of two discrete phases
over an extended timeframe [3].
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The timing of the two stages of the granophyre emplacement process can be constrained by comparison
with the cooling history of the Sudbury melt sheet. The
emplacement of undifferentiated melt occurred within
~101-102 y of the impact event [14]. The emplacement
of differentiated melt must have happened after the
beginning of differentiation, but before the melt sheet
reached the solidus, i.e. within ~102-104 y [14].
The geophysical results demonstrate that the current exposure of the core dykes represents the lowermost termination of the dykes, and thus the first stage
of intrusion. In contrast, the core-collar dyke is not at
its lowermost termination, which is consistent with the
presence of the second intrusion stage (KGB) and the
prolonged emplacement history that it represents.
The penetration depths of the granophyre dykes
(Fig. 1) in combination with timing constraints on melt
intrusion stages can be explained by a post-impact process analogous to isostatic rebound [6], which drove
the granophyre emplacement. Crustal re-equilibration
was necessary after the removal of a significant amount
of upper crustal material during the impact event. Crustal re-equilibration occurred in discrete pulses, causing
fractures to open in the crater floor. Driven by the negative pressure gradient, granophyre melt was emplaced
within the fractures, thereby sampling the composition
of the melt sheet at the time of the fracturing event.
Acknowledgments: The research is supported by
the GRAVITAS grant by the University of the Free
State. Thanks to Christo Meyer, Muller Terblanche,
Dr. J.A. van Collar, and Cobus van Rensburg for access to field locations. We thank Ulrich Riller for his
comments and suggestions.

5080.pdf

Fig. 1: Resistivity profiles of the granophyre dykes
examined in this study. Highly resistive material (interpreted as granophyre) is shown in pink and the surrounding rocks are shown in green.

Fig. 2: Field photograph of Kopjeskraal granophyre A
and Kopjeskraal granophyre B contact, with clasts of
Kopjeskraal granophyre A included within Kopjeskraal
granophyre B. Finger for scale.
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TWISTED KINK BANDS: NEW SHOCK DEFORMATION MICROSTRUCTURE IN ZIRCON FROM
THE VREDEFORT IMPACT STRUCTURE. E. Kovaleva1, D. Zamyatin2 and H. Leroux3, 1Department of Geology, University of the Free State, 205 Nelson Mandela Drive, 9300 Bloemfontein, South Africa, kovalevae@ufs.ac.za, 2Zavaritsky Institute of Geology and Geochemistry, Ural Branch of Russian Academy of Sciences, 15 Vonsovskogo str., 620016 Ekaterinburg, Russia, 3Unité Matériaux et Transformation, University of Lille,
UMR 8207 Bâtiment C6, F-59655 Villeneuve d'Ascq, France.

Introduction: Shock microstructures in accessory
minerals are important microscopic indicators of impact metamorphism. In zircon, planar fractures and
shock microtwins are the result of intense differential
stresses, while at extreme shock pressure, zircon transforms to its high-pressure polymorph reidite, and acquires neoblastic granular texture at high (post)shock
temperature [1,2,3,4,5]. Shock process may also cause
crystal-plastic deformation of zircon, but its extent and
post-shock recovery processes are not well constrained.
We examined a population of deformed zircons from
the Archaean granite basement in the core of the
Vredefort impact structure, where we identified new
impact-driven crystal-plastic deformation features.
It should be said that the enigmatic “deformation
twist bands” associated with shock microtwins in zircon from the basement granites of the Vredefort impact
structure had first been described by [6]. According to
[6], these bands have triangular shape in 2D section, a
base attached to zircon grain boundary, a pointed tip,
directed into grain’s interior, and a “twisted” internal
structure. Their formation was explained by “the microstructural effect of a ‘kinking’ of the zircon lattice
in response to strain” [6].
Methods: We studied a zircon grain in shocked
Vredefort basement granite with similar deformation
microstructures, applying backscattered electron (BSE)
and cathodoluminescence (CL) imaging, Raman spectroscopy, electron probe microanalysis (EPMA), electron backscatter diffraction (EBSD) and transmission
electron microscopy (TEM). EBSD data was plotted
using the MTEX toolbox for MATLAB.
Results: BSE and CL images reveal clear concentric growth zoning, which is obliterated in the upper
part of the grain (Fig. 1A), where the tip is severely
deformed (Fig. 1B). Raman spectroscopy maps show
that the degree of crystallinity relates positively to the
CL signal intensity, but the B1g/Eg peaks intensity ratio
is distorted in the deformed tip. According to the
EPMA data, zircon contains 0.8-1.3 wt.% Hf, CL-dark
zones are partially altered and hydrated, with elevated
Al, Mg, Ca, Fe, Dy, Ho, Tm contents, as well as Y
content measured up to 2.7 wt.%. EBSD mapping
shows grain size reduction in the top left margin, unusual kink bands in the upper part, and {112} shock
microtwins in the bottom part, where kink bands are

absent (Fig. 1B). Kink bands have pointed tips, and
sharp, locally lobate boundaries. We observed up to six
generations of deformation bands with different orientations (Fig. 1B, a-f), each subsequent crosscuts the
previous one. The bands extend parallel to {100} plane
and represent lattice domains that are rotated at >50°
about [001] axis with respect to the undeformed lattice
(Fig. 1C). Similar to the data obtained by [6], the internal orientation within the individual bands “twists”
along the bands’ long axis, reaching point-to-origin
misorientations of 45° along the bands. TEM study
confirms the presence of numerous {112} microtwins
in this grain, typically 50-100 nm thick (Fig. 2A),
which are terminated at the boundaries of deformation
bands. In TEM, kink bands represent elongated subgrains with boundaries along {100}, accommodating
high misorientation (Fig. 2B), with occasional smaller
subgrains (100-800 nm) and lattice bending along the
bands. Boundaries between deformation bands appear
as fractures, with regular thickness of ~10 nm, filled
with TEM-white material enriched in Ca, Al and Y and
depleted in Si, Zr and Pb. Deformation bands intercalate with the parallel zones of strongly metamict lattice
and with the zones composed of multiple small (100200 nm) isometric hexagon-shaped subgrains. Abundant Pb nanospheres occur in non-metamict domains.
Discussion: According to [7], in the course of impact cratering, orientations of principal stress directions
change rapidly depending on the crater formation
stage. At the grain scale, such rotation can lead to highly heterogeneous deformation microstructures, which
must include microstructures generated by the whole
spectrum of extreme deformation conditions. We suggest that the analyzed grain was deformed under high
shear stresses, leading to the formation of twisted kink
bands parallel to the extension direction. Groups of
kink bands formed subsequently from a to f, and were
followed by brittle deformation of the grain at the uppermost left tip. The microtwins (1.7 to 2.6 GPa shear
stress required, [8]) apparently formed after kink bands
and occupied undeformed grain domains. This change
of deformation regimes occurred when the principal
stress field had changed its orientation and/or magnitude. Thus, “twisted kink bands” can be regarded as a
newly discovered indicator of shock deformation in
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zircon, which is not related to the extreme compression, but rather to the extreme differential stress.
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Fig. 1: A) CL map of the studied grain, showing
concentric growth zoning that is blurred in the pointed
upper tip. B) EBSD map color-coded in the inversed
pole figure (IPF) colors. Arrows a-f show generations
of twisted kink bands that crosscut each other. C) Upper hemisphere equal angle pole figures of [001] and
<100>, showing the full rotation of <100> axes around
the c-axis; color-coding as in B.

Fig. 2: A) Bright field TEM image showing a microtwin lamellae. B) Bright field TEM image of elongated subgrains (deformation bands) with boundaries
parallel to {100} zircon plane.
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AN ERODED PEAK RING IMPACT RECORDING A TSUNAMI ON EARTH: ROCHECHOUART. P.
Lambert1. 1CIRIR-Center for International Research and Restitution on Impacts and on Rochechouart-87600
Rochechouart-France, lambertbdx@gmail.com,
Introduction: Rochechouart has been known as an
eroded impact structure since 1969 [1]. The structure
is located on the western margin of the Hercynian
Massif Central [1-2]. The ages determined in the last
decade agree with a late Triassic event (between 207
and 201 Ma, within error limits [3-5]). Despite it being an obvious structure of interest and having excellent accessibility, Rochechouart has received considerably less attention than other large terrestrial impact
structures, and many questions have remained unanswered, such as what were its initial morphology and
size [2]. The work related to the preparation of the
2017-18 drilling campaign and the preliminary results
thereof have allowed to reconsider the interpretation
of the structure.
Main results: Over 540 m of cores were recovered
from 8 sites. They intercepted both the crater fill deposit and the underlying target rocks (see [6] and Fig.
1). Despite the wide variety of target debris encountered in the various impactite lithologies sampled,
only metamorphic and igneous clasts are encountered.
The cores confirm the strictly crystalline character of
the Rochechouart target. The paleogeographic data
suggest the impact took place onto a narrow isthmus
connecting the Hercynian Massif Armoricain and the
Massif Central, separating a shallow intracontinental
sea (Raethian Sea) to the North from the Tethys to the
South (Fig. 1). Rochechouart at the time of the impact
was located next to the 30th parallel, which nowadays
runs across the middle of the Sahara platform. The
climate was arid [10-12].
The drillings confirm the sub-horizontal nature of
the impactite deposits in the structure. The local variations of altitude of the crater floor compare to the regional variations and the small 0.5° apparent inclination to the North is seemingly not significant (Fig. 2).
Combined with surface exposure of the crater floor
[2], results confirm the absence of a central stratigraphic high. The sub-circular horizontal deposit fills
a topographic low, from which it can be deduced that
the Rochechouart impact structure does not match a
central peak crater, but rather correspond to a central
ring crater (Fig. 2). Erosion has removed all “upper”
structures of the crater (rim, annular through and annular ring)(Fig. 3) but abated, at least in places, before
reaching the bottom of the central depression, allowing the complete sequence of impactite lithologies to
be exposed there today [2].

Fig. 1: Paleogeographic map for the end of the Triassic,
modified after [7-9]. Dots: tsunamite/seismites attributed to
the Rochechouart event (blue [3], yellow [9]). Red: Major
basalt flows related to the CAMP large igneous province.

Fig. 2: Top: drilling sites and section accross the
Rochechouart crater fill deposit. Red line: crater floor.
Bottom: interpreted cross section of the initial crater (left)
and the lunar Schrödinger basin for comparison ( right)

Fig. 3: Left: map of the Rochechouart breccia deposit with
the dilling location superimposed onto a vertical view of
Schrödinger for comparison. Right: profile of the
Schrödinger crater floor after [13] with peaks (pr) and rim
crest (rc) used as scale for the Rochechouart deposit (blue)
remaining after erosion (grey shaded = minimun erosion)
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Considering the 11.4 km diameter of the remaining central deposit at Rochechouart, the range of possible initial crater diameter of Rochechouart (~50-80
km) can be inferred form the morphometrical characteristics of peak ring craters on planetary surfaces,
such as Schrödinger basin on the Moon (Fig. 3).
While the cores obtained at the center of the structure (SC7, 11 and 17) and in the southernmost area
(SC16) all start with a red, clast-rich horizontal impact melt layer covering various melt-bearing breccias, the northernmost drilling (SC2) does not (Fig. 3
and 4), in agreement with surface exposures [2, 1416]. Instead, it intercepts a ~100 m thick melt-clast
bearing breccia, with two distinct units according to
texture and melt-clast content. The upper 40 m thick
melt-rich unit displays a series of layers with variations in granulometry and matrix content (Fig.4), contrasting with the underlying unsorted/ungraded meltpoor suevite [6]. This can be interpreted as the signature of an intense reworking of the top part of the
crater deposit by a tsunami. These observations add
credit to the interpretation of a variety of tsunamites in
the EU by [3] and more recently by [4], which have
been attributed to the Rochechouart impact. Such deposits have previously been interpreted as related to
the CAMP volcanism. Tsunamites of age matching
the age of Rochechouart are also distributed around
the impact site and seem to be better related geographically with the Rochechouart event than with the
CAMP volcanism that developed further to the southwest (Fig. 1). When the impact occurred at the margin
and in the direct prolongation of the developing narrow ocean, could it have weakened the crust at the
right spot leading to sudden acceleration of the opening of the Atlantic after the Trias?

Fig. 4: Left: Schematic log of the upper part of the
Chassenon core (SC2). Right, optical view of the core at
~1.5, 12.5 and 24.5m depths illustrating the sorting and
changes in textures in the deposit.
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Eventually the leading specialists of marine impact
within the CIRIR group are currently studying the
Chassenon cores. Preliminary results suggest the
Rochechouart area may have been fully coved by sea
at the time of impact [17].
Conclusions: The first drilling campaign at
Rochechouart is more than keeping its promises.
Similarities with Chicxulub were already mooted and
advocated the drilling project at Rochechouart [18].
The preliminary results of this campaign lead to even
more similarities. The size and previously held structural differences between the two impact structures are
“shrinking”. Rochechouart must have been larger than
currently thought. It is not a central peak crater but
rather a peak ring, like Chicxulub. Unlike Chicxulub
affecting a mixed target, the drillings confirm the
strict crystalline character of the Rochechouart target.
The drillings reveal that Rochechouart, like Chicxulub, must have triggered a large tsunami. Finally, it
appears that both the climate and the paleoenvironment at these two sites may have been similar, too.
Acknowledgments: The author thanks all the
CIRIR members for their trust and support as well as
the National Reserve and the local communities (Porte
Océane du Limousin with support of the State and
EU), for funding the drillings and for supporting the
CIRIR facilities and means on site.
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CURRENT STAGE OF THE CIRIR RESEARCH AND OUTREACH AT ROCHECHOUART. P. Lambert1. 1CIRIR-Center for International Research and Restitution on Impacts and on Rochechouart-87600
Rochechouart-France, lambertbdx@gmail.com,
Introduction: On August 14, 1969, Mrs Boulesteix, landowner near the center of the Rochechouart
structure guided François Kraut and Bevan French on
her property to what she understood what these gentlemen were seeking: “shatter cones”. This is how
Rochechouart entered into the family of terrestrial
impact structures, after F. Kraut presented the finding
at the French Academy of Sciences in October of the
same year [1]. Following the recognition of the heritage value of the site by the State in 2008, the “Réserve
Naturelle Nationale de l’Astroblème de RochechouartChassenon” was inaugurated in 2009 in Rochechouart
to protect 12 of the most significant outcrops. Eventually 2019 is also the 5th anniversary of the launch of
the “Mission to Rochechouart”. This is a project presented at the Meteoritical Society Meeting in Casablanca [2] for achieving the objective announced in
2008 at the LMI IV conference in Vredefort [3], i.e.,
developing active research on Rochechouart (that remained at the exploration stage since its recognition
as an impact structure), and promoting the site as a
natural laboratory open to research and education –
worldwide, for ground truth data mining of impact
cratering information and on the collateral effects on
planetary surfaces. Despite a remarkable accessibility
and the richness of the geological record (see [2-4]), a
major drawback for achieving this goal at
Rochechouart has been the vegetation cover. Inspired
by Apollo, the means proposed in Casablanca for
overtaking this limitation and for mobilizing the
community worldwide on Rochechouart were to i)
realize a first drilling campaign within the geosite,
and ii) make the cores available to the world community via a dedicated storage facility on site and an organization to facilitate and coordinate research [2].
Results: Thanks to the support of the local district
councils, the State, and a number of scientists who
endorsed these two complementary projects, CIRIR
(Center for International Research and Restitution on
Impacts and on Rochechouart) was created in 2016
and the drilling program was undertaken in 20172018. A total of 8 sites were drilled delivering over
540 m of core [5-6]. In parallel, CIRIR has grown by
associating individuals and organizations (currently
over 70 scientists from a dozen countries) who take
advantage of the geosite, the geomaterials, the facilities on site, and the group itself for carrying out projects of their own. They all contribute to the empowerment of the impact geoheritage to the mutual benefit

of the scientific community, the geoheritage, the Reserve, and the public at large (see below). The combined effort forms the CIRIR program currently counting 60 research projects covering essentially all impact-related topics [5-6]. All applied geophysics in
France has joined CIRIR and teamed up for testing
and developing technologies using Rochechouart as a
test site and the drill core as reference material, resulting in a better understanding of the structure itself
(see presentations at the Conference by [7-9]). Projects
unrelated to the cores and/or not requiring core samples have started and already resulted in a significant
increase in the bibliographic record on Rochechouart
within the last 5 years [5-16]. The detailed studies on
the drill core will start soon. The first series of samples requested by CIRIR PI’s will be delivered in the
fall of 2019. Yet the preliminary investigations related
to the cores have already led to major results regarding the size and morphology of the initial crater (> 50
km-peak ring), the paleogeography (influence of the
sea), and the related distal and local effects (tsunami)
([5-6]). In parallel, the CIRIR facility has been installed at Rochechouart. It is composed of two units.
One is designed for accommodating and managing the
cores and also the surface samples (see before). CIRIR
has proposed the idea endorsed by the prefectures to
install a scheme similar to that for archeology on the
impact territory at large. When a hole is dug and the
bed rock is reached, CIRIR will be informed and will
collect a sample for conservation before the temporary
outcrop is destroyed or masked by construction. As for
meteorite finds, the population within the impact area
at large will be invited to contribute by reporting their
own observations and findings. This citizen science
program serves both the interest of science and the
public. It enriches the sample library, and raises the
level of scientific awareness amongst the public. It is
also a factor of social cohesion by adding pride and
self-esteem to the population.
All samples will be managed, curated and made
available to the community worldwide by CIRIR
(“impact on shelf”) [5]. The main practical requirement for building up such a “dynamic” sample library
is space for storage. The community of communities
“Porte Océane du Limousin” (POL) already provided
the land and 2 buildings for storage in the center part
of Rochechouart. A third building next to the sample
library provides housing and office facilities for up to
10 guests. It will be completed in late 2019. A linked
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lodge unit located 12 km from Rochechouart is also
part of the CIRIR facility. It can accommodate up to
50-60 people in 16 chalets. With the support of the
State and local communities, POL invested nearly 0.5
M€ in the construction and equipment including a
laboratory for sample preparation and for optical studies. These facilities are open to visiting scientists, students and professionals coming to take advantage of
the sample library and/or the field itself, and/or the
presence of CIRIR members for their research and/or
training. The facilities are maintained by public money and are available at no charge as part of a “world
public service” for promoting the Rochechouart geosite and impact science in general. Samples and the
field are the “heritage”. They belong to the site and to
Humanity. The community worldwide has the responsibility to both protect and make good use of this heritage. CIRIR and the Natural Reserve are the instruments on site for achieving this goal. In this context
sample curation and sampling of the Rochechouart
impact structure require a minimum formalism by
CIRIR (and the Reserve when it applies), by signing
an agreement regarding the use, the tracking and the
restitution of the sample(s), the material being thus
available for further studies by other users. The next
call for samples is open until spring 2020 when a
batch sample allocation process will take place, the
same scheme being repeated each year.
Beyond research, the CIRIR program and teams
expand into education and outreach including geoconservation and geotourism. The aim is empowering the
science achieved at Rochechouart and on impact cratering in general, and the human adventure that goes
with it, and to make it profitable for the public at
large. Owing to its accessibility and exposure, the
Rochechouart impact structure is a unique site for
field learning and for experiencing all scientific and
practical issues related to large impacts on Earth and
on other planetary surfaces (Moon and Mars in particular). The whole planetary geology course of the 3
leading universities in Belgium, representing a group
of 40, has already taken advantage of the CIRIR facility for field training. Several similar projects are
planned in France and in the wider EU. More will
develop with the propagation of the research on
Rochechouart into the academia worldwide. On a
practical geological ground, the prospect of utilizing
the Moon and near-Earth Asteroids for resource targeting is appearing on the agenda of several space
agencies and of private companies. In this context,
together with a former space mission director at ESA,
who has joined the CIRIR Restitution team, we propose Rochechouart and the CIRIR facilities and
means, to Space agencies, and concerned industries,
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for education and training and for developing technologies related to prospecting and exploiting impact
materials [17]. Locally, CIRIR directly contributes to
sustainable development. Its activity on site gives an
unprecedented visibility to the region and its impact
workers. The aura of the topic and the quality of visitors from other countries benefit tourism and the population. CIRIR activities also directly serve the other
structures and initiatives linked to natural heritage,
such as the National Reserve, the Regional Park (Parc
Naturel Régional du Périgord-Limousin), and the local tourist offices. For instance, CIRIR provides the
Reserve, at no cost, with the legitimacy and the expertise for achieving one of its primary missions - characterizing the geological heritage on its territory as illustrated by the installation of the first drilling campaign
by the CIRIR in 8 of the 12 sites of the Reserve. Inversely the Reserve benefits CIRIR and the scientific
community. It funded the 2017-2018 drillings with the
help of the State and the local communities. Such a
win-win relation is a key factor of the CIRIR strategy
for setting up and implementing its Research and Restitution progams. Another example is Cassinomagus,
a world-class gallo-roman archeological site comprising thermal baths, aquaduct, temple, and other constructions that are entirely made in impactite. The
outreach structure (archeological park) and the archeology research center on site have both joined the
CIRIR teams, each benefiting from the aura, skills and
information of the others, in their own field. CIRIR is
also contributing to a project led by a local association
for installing a planetarium on site and offering the
tourists and populations training on stars, meteors,
meteorites, and impacts. At the national and international scales CIRIR leads an ambitious project intended to boost the attractivity of the site and to facilitate
all initiatives and projects, including science, by proposing the Rochechouart asteroid impact and its distal
effects at various places in Europe, to the World Heritage list (CIRIR-UNESCO project).
Acknowledgments: Thanks to the Reserve, POL and all CIRIR
members for their trust and support, without which none of this would
have been possible, with special thanks to Uwe Reimold.
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GLOBAL IMPACT HERITAGE ASSOCIATION: A PROJECT SERVING THE PUBLIC AND IMPACT
RESEARCH. P. Lambert1. 1CIRIR - Center for International Research and Restitution on Impacts and on
Rochechouart, F-87600 Rochechouart, France, lambertbdx@gmail.com,
Introduction: The why, who and how associating
the globally existing structures to promote impact
geoheritage amongst the public are discussed in preamble to the project “Global Impact Heritage Association” (name subject to change), intended for the benefit of the public worldwide, with positive impact on
ground based planetary research.
Why: Impact cratering is a still relatively young
and newly recognized geo-process (~60 years), and its
nature, effects, and role are not well known by the
public at large. Yet impact cratering is now widely
acknowledged by the scientific community as a fundamental planetary process that occurred, and still
occurs, throughout the solar system. Meteorites as the
remnants of planetary bodies are abundantly affected
by impact processes, and the large planetary objects of
the solar system were essentially formed as the result
of impacts. Eventually, impact craters are the most
observed geo-form on the surface of most planetary
objects (including the Moon, Mercury, much of Mars,
and many other rocky and frozen bodies). Over the
last decades it has also become apparent that impact
events have profoundly affected the origin and evolution of Earth. The European Space Agency identifies
asteroid impact as a major threat to Earth and focuses
its 2019 strategy for renewed funding on this threat.
The cataclysmic role of meteorite impact on evolution
of life is also widely recognized by the public. What
has remained obscure, however, is the potentially fundamental “positive” role impact could have played
regarding the development and evolution of life, both
as a possible “carrier” of micro-organisms to seed
Earth, and as a provider of environmental conditions
favorable for the seeding with and/or the development
of life on otherwise hostile planetary surfaces (including the early Earth). Recent space missions revealed
that complex organic chemistry is active on a variety
of planetary objects (including satellite Titan or comet
Churyumov–Gerasimenko). Organic chemistry has
become an active field of meteorite studies. It has been
recently established that large impacts are capable of
triggering hydrothermal activity on planetary surfaces
without free water, a mechanism that may have resulted in transient giant lakes in large impact craters on
Mars [1]. And finally, impacts can also produce economic ore deposits. Approximately one third of the
meteorite impact structures confirmed on Earth hve
major or significant economic resources. On the
Moon, the impact mechanism is responsible for all

materials exposed on its surface, and plans for mining
the Moon’s resources necessarily need to consider the
impact cratering process. While essentially incomplete
due to erosion, sedimentation, and plate tectonics, the
terrestrial impact cratering record is and will remain
for many decades the best opportunity offered to mankind in the whole Solar System to conduct field work
and laboratory studies towards improved understanding of the impact cratering process. In this context the
need for elevating the level of awareness of impact
cratering, and interest by the public on this topic is
obvious. The scientific community and the funding
available for research in this field are still rather small
and both needs to be developed. This situation can be
improved through sensibilization of the general public
and other stakeholders.
This is precisely the core objective of the already
existing outreach initiatives and structures dedicated
to meteorite impact cratering. Our proposal is, thus, to
gather the global forces toward that aim, bringing the
existing and future structures together into a “winwin” partnership (see “How”).
Who: This association would primarily focus on
structures (private and public) directly in contact with
the public, i.e. museums, natural reserves and parks,
and geoparks. With nearly 300,000 visitors/year, Meteor Crater Museum, a private structure, is way ahead
of all others in terms of visitors’ numbers. The accessibility, the quality of the Museum and the perfectlysized and preserved crater combine to make this site
such a success. Next in line are the Ries crater museum and the Ries geopark in Germany, where the total
number of visitors to both these institutions is more
difficult to figure out but is estimated at some
50,000/year. The Ries Crater Museum in Nördlingen
is ran by the state of Bavaria and the municipality.
The Ries Geopark is a national institution that is run
by the local district council. The next structures are
about ten times smaller, with the Steinheim Meteor
Crater Museum (Germany) that opened in 1978, run
by the local communities, and the Paul Pellas Museum
in Rochechouart dedicated to the Rochechouart impact
structure. This facility is part of the “Réserve Naturelle Nationale de l’Astroblème de RochechouartChassenon” primarly intended to protect the impact
geoheritage. CIRIR, the publically funded international association for developing both the research and the
restitution to the public is currently settling on site.
CIRIR involves more than 70 specialists of geoherit-
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age and impact research, and aims to bring the
Rochechouart impact structure onto the World Heritage list. CIRIR and CIRIR-UNESCO project will
boost the interest of the public and the stakeholders in
the Rochechouart impact and in terrestrial impact
structures, in general. A number of smaller visitor
centers exist at a variety of impact sites such as, in no
particular order, Odessa (Texas-USA), Charlevoix
(Quebec-Canada), Campo del Cielo (Argentina),
Gardnos (Norway), Lockne (Sweden), and Söderfjärden (Finland). Other plans for visitors centers exist
at Vredefort and Tswaing in South Africa, with
Vredefort being a designated but not effected World
Heritage site, also at Siljan (Sweden), Chicxulub
(Mexico), Wetumpka, and Flynn Creek (USA), Dellen
and several other sites in Sweden, Karikkoselkä, Keurusselkä, Lappajärvi, Saarijärvi, and Summanen in
Finland, Morasko in Poland, Bosumtwi (Ghana), and
possibly others.
How: To be efficient the proposed association of
outreach establishments must benefit all members,
must be cost-efficient and without intellectual constraints. Ideally, the following rules should apply: no
entry fees, all members would be equal and free to
contribute on a voluntary basis, and for a win-win
scenario. The geographical spread of the concerned
structures is such that each could easily promote others without risking local or regional competition. The
international dimension of the group and the respective visibilities of the members would then benefit
others. Further benefits would come from exchanges
(e.g., relevant information, news, return of experience…) in the group. Beyond “networking”, the sites
could exchange “materials”. For instance, each associate could provide the others with “matter to show”
related to their own site and or initiatives. The members could also combine assets, and possibly join for
common initiatives (e.g., joint exhibition/event, specific development such as documentaries, software,
and more…). For the developer, this would mean increased visibility, thus promotion of its site and initiatives. For the associate, it would provide collaborative
input possibilities, use of materials from others, and
the possibility to bring their aspects into the other development. Collaboration – but without obligation.
Each member would decide and would be responsible
for what he wants to provide to the others. In that context, some members could decide to join forces, or the
whole group could join forces for specific projects,
such as “a world tour of terrestrial impact craters”.
With or without the contribution of the scientific
community, the group could also collectively look for
international support for some specific projects for
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education, cultural heritage and geo-tourism related to
impact craters on Earth, eventually addressing broader
issues and topics, such as preservation of our planet,
or the policies to set at the world level in the context
of the fast growing future for exploring and exploiting
extraterrestrial natural resources (starting with the
Moon).
Conclusion: The proposed world association of
outreach structures (private and public) dedicated to
terrestrial impact craters would benefit all. It would
benefit the members by increasing their attractivity/visibility and increase their cost efficiency via mutualization of means and experiences. It would benefit
the populations on site through geo-tourism and the
public at large by increasing knowledge and quality of
tuition about geological and biological processes. The
association would serve science, by attracting the
youth and motivating decision makers for reinforcing
research in this field. In this context, the combined
efforts can be seen and advertised as a service to humankind. Preliminary contacts have been made with
the managers of the largest structures listed above and
communication is in progress. Results will be reported
at the conference.
Acknowledgments: I am grateful to the host of
friends and colleagues for support, constructive exchange and information, including Uwe Reimold,
Drew Barringer, Jennie Wadsworth, Jens Ormo,
Gisela Prosges, Elmar Bruckner, Susanne Schwenzer,
Martin Schmieder, Paula Lindgren, David Kring, Carleton Moore, Bjorn Forsberg, Stefan Hölzl, Linda
Wickstrom, Pierre Poupart and others who will hopefully forgive me for not being listed here.
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THE EFFECTS OF IMPACTOR AND TARGET PROPERTIES ON THE FORMATION OF BASIN
STRUCTURES ON THE MOON. T. Lompa1 and K. Wünnemann2, 1Museum für Naturkunde Berlin
(Invalidenstr. 43, 10115 Berlin, tomke.lompa@mfn.berlin), 2Museum für Naturkunde Berlin (Invalidenstr. 43, 10115
Berlin, kai.wuennemann@mfn.berlin).

Introduction: The prominent large impact basins
on the Moon are remnants of the late accretion phase.
To improve our understanding on how these basins
formed we investigate the effect of impactor and target
properties on the formation process. In our study, target properties are defined by the thermal state, composition and crustal thickness. Impactor properties are
given by mass, velocity and, size. Previous studies (e.g.
[2], [7], [9], [5]) revealed that especially thermal conditions in the target have a large influence to the material behavior and therefore affect the crater formation
process. Our study support these results and we provide a more systematic and qualitative analysis of the
relationship between the target temperature, solidus,
strength, and the resulting basin structure. We use
gravity data from GRAIL mission to constrain our
models. We can show that the pre-impact thermal
structure influences the shape (amplitude/width) of the
modeled gravity signature. Based on this we can draw
first conclusions from gravity data to the thermal preimpact target conditions. These findings lead to a much
better understanding on how the thermal evolution of
the Moon is related to changes in the formation of basins.
Method: We use the iSALE2D shock physics
code to simulate the formation of large basins ([1],[8]).
For our study, we varied target properties (strength as a
function of pressure) with respect to the temperature
profiles ([5], [6],[9]). We use thermal profiles, solidus
and liquidus as a function of pressure (depth) that are
based on thermal evolution models ([5],[6],[7]). Besides the temperature profile the solidus is particularly
important as the difference between temperature and
solidus defines how much material is thermally softened (decrease in strength). The strength is the ruling
parameter influencing e.g. the mantle uplift. The model
includes the ANEOS equation of state of basalt (crustal
material) and gabbro (mantle material) and the rock
strength model. The cell size in the simulations is 1.5
km x 1.5 km.
Model constraints: Remote sensing data from
LOLA provide information about the topography and
can be supplemented by gravity data from the Gravity
Recovery and Interior Laboratory (GRAIL) spacecraft
[10] which provide detailed information about the deep
structure of lunar basins. Previous studies have shown
that positive Bouguer gravity anomalies result from
mantle uplift [4]. It was noticed that the amount of up-

lift, the extent of crustal thinning, and the crustal thickening close to the mantle uplift, strongly depend on the
thermal state of the Moon at the time of impact [5].
These observational data are used as constraints for a
systematic modeling study, where we investigate how
varying target conditions as a consequence of different
thermal profiles affect observable parameters of the
basins.
Results: Yield strength in the target material is a
parameter that is sensitive to temperature changes. Figure 1 shows that yield strength of warm material is
shifted to lower values compared to material with a
colder temperature profile (dashed blue and red lines).
Below a depth of approximately 60 km (mantle regime)
the differences in yield strength are large. This leads to
the assumption that it is mostly the thermally softened
behavior of mantle material that influence the crater
formation process. Figure 2 shows the effect of the
usage of a cold and a warm thermal profile in our simulations. In case of the warm target the mantle is exposed at the surface of the impact basin. In the other
case (cold target) there remains a crustal cap in the
crater center.
The geometry of the internal structure, and, therefore, the density distribution inside the basin contribute
to the amplitude of the gravity field. Dense mantle material close to the surface increases the Bouguer gravity
signal, whereas a less dense crustal cap lowers the amplitude of the gravity field.
Figure 3 shows the density distributions and calculated Bouguer gravity signals (blue) corresponding to
the cold and warm target simulations as discussed
above. The green curve represents the gravity data
from the GRAIL mission for the Orientale basin. The
calculated gravity signal from the simulation using a
warmer target (right column) approximates the observed gravity data better than the modeled gravity
signature from the cold target simulation (left column).
The crustal cap and the exposed mantle are the prominent features that influence the amplitude as well as the
width of the gravity signal.
Summary and Outlook: Our study shows that final crater morphologies are sensitive to the thermal
state of target material and, thus, yield strength. This is
important for the study of basin formation during the
cooling of an initially hot Moon (4.5 Ga) to a relatively
cold Moon (3.5 Ga), when the main basin formation
era ended.
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During our ongoing work, we will have a closer
look to the relationship between gravity signal, thermal
properties, and impactor characteristics. In addition it
has to be taken into account that the present-day observations have been altered through long-term processes
and one has to be careful taken such present day observational data as constraints for the formation models.
For example, the gravity signal we can derive from our
models is related to a fresh impact basin, whereas the
GRAIL gravity measurements represent the subsurface
mass distribution that has been subject to long-term
isostatic relaxation processes [3]. Taking this process
into account will be subject of future work.
References: [1] Collins, G. S., Melosh, H. J. and
Ivanov, B. A., (2004) Meteoritics & Planetary Science,
39, 217-231. [2] Ivanov, B., Melosh, H., and Pierazzo,
E. (2010) Large Meteorite Impacts and Planetary Evolution IV, 29-49. [3] Freed, A. M. et al. (2014), Journal
of Geophysical Research: Planets, 119, 1-20 [4]
Melosh, H. J. et al. (2013) Science, 340, 1552- 1555.
[5] Miljkovic, K. et al. (2016) Journal of Geophysical
Research: Planets, 121, 1695-1712. [6] Padovan, S. et
al. (2018) EPSC, Abstract #755 [7] Potter, R. W. K. et
al. (2013) Journal of Geophysical Research: Planets,
118, 963-979. [8] Wünnemann, K., Collins, G. and
Melosh, H. (2006) Icarus, 180, 514- 527. [9] Zhu, M.H., Wünnemann, K. and Potter, R. W. K. (2015) Journal of Geophysical Research: Planets, 120, 2118-2134.
[10] Zuber, M. T. et al. (2013) Science, 339, 668-671.
Acknowledgment: We gratefully acknowledge the
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Figure 2: The figure shows two sections of the final
basin structure of numerical models (v=17km/s,
L=70km) depending on thermal target conditions
(warm/cold target). Green colors indicate crustal material, blue color mantle material. The final basin having
a cold pre-impact target is covered by a crustal cap in
the center of impact basin, whereas mantle is exposed
after impacting warm target material. Models with a
cold target material also show thickened crustal slabs,
dipping towards the crater center.Yield strength
(dashed lines) as a function of temperature in the target
(solid lines).

Figure 1: Yield strength (dashed lines) as a function
of temperature in the target (solid lines).
Figure 3: The upper frame shows the observed (blue)
and modeled gravity anomalies for the cold (left) and
warm (right) target. Below, the corresponding density
structures are shown. The last row presents again the
final basin structure as already shown in Figure 2. Depending on the preimpact thermal state of the target,
the gravity response of the models (blue line) vary
(bouguer correction density is 2940 kg/m³).
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ORIENTATION OF FRACTURES IN THE CHICXULUB PEAK RING. N. McCall1, S. Gulick1, B. Hall2, A.
Rae3, M. Poelchau3, U. Riller4, J. V. Morgan5, J. Lofi6 and Expedition 364 scientists, 1University of Texas at Austin,
Jackson School of Geosciences, Institute for Geophysics, J.J. Pickle Research Campus, Austin, Texas 78758, USA
(nmccall@utexas.edu). 2Enthought, Inc, Austin, Texas USA, 3University of Freiburg, Geology, Albertstraße 23b,
Freiburg, 79104, Germany. 4Institut für Geologie, Universität Hamburg, Bundesstrasse 55, Hamburg, 20146, Germany, 5Department of Earth Science and Engineering, Imperial College London, SW7 2AZ, UK. 6Géosciences
Montpellier, Université de Montpellier, France
Introduction: IODP/ICDP Expedition 364 drilled
into the peak ring of the Chicxulub crater in April and
May 2016 at site M0077A, 45.6 km northwest of the
crater center. The expedition recovered 829 m of core
from 505.7 to 1334.7 meters below seafloor (mbsf) [1].
In this study, we present orientations of planar fracture
surfaces from the granitic rocks that compose the lower ~600m of the Expedition 364 core. Our understanding of how impact craters form relies on the morphology of existing craters and hydrocode modeling, these
measurements can provide ground truth to test the predicted stress orientations from modelling.
Hypothesis: The orientation of fractures will be
consistent with the orientation of modeled principal
stresses. Throughout the cratering process rocks rapidly move kilometers inwards and outwards over the
span of minutes and principal stresses change as rocks
move [2],[3]. During the initial outwards movement,
the maximum and minimum principal stresses (σ1 and
σ3) are radially oriented [3], fractures formed during
this time would dip at ~45-60° to σ1 and would therefore be at moderate dips, towards and/or away from the
crater center. Grain-scale fractures and the earliest cataclasite-filled fractures form during this phase [4].
Continuing through the cratering process, rocks move
inwards during the formation of the central uplift resulting in a reorganization of principal stresses and σ1
becomes oriented in the hoop direction with σ2 and σ3
becoming radially oriented [3] . The expected dip direction for fractures that form during this time are approximately tangential to the peak ring. Cataclastic and
ultra-cataclastic fractures form during this phase [4].
With the collapse of the central uplift rocks move outwards and again σ1 and σ3 become radially oriented
[3]. Shear faults form both during this phase and during the collapse of the central uplift [4] and therefore
would have a wide range of expected fracture orientations.
Methods: We utilized X-ray computer tomography (CT) scans of the core, linescan photographs of the
split core, and acoustic borehole images. Before analysis of the core, adjustments were needed to restore the
core to its in-situ orientation. Acoustic borehole images were collected in conjunction with a magnetometer,
therefore the borehole images can serve as a reference

for restoring the in-situ orientation of the core. Features present in both the borehole image and CT scans
such as open fractures, lithological contacts and dipping beds were matched to correct the orientation of
the core. For an outlined orientation methodology see
IODP Expedition 364 data report regarding core orientation [5].
Images of the oriented core in the cylinder unwrap
view were imported into ImageJ [6] for analysis. In the
cylinder unwrap view, linear fractures are presented as
sinusoids. To measure the orientation of the fractures a
rectangular selection was made with the peak and
trough of the sinusoid in opposite corners of the rectangle using ImageJ. This selection records the height,
width and position of the fracture, which can then be
used to calculate the dip and dip direction of the fracture. The following equations were computed for dip
and dip direction:
1) dip = tan-1 (fracture amplitude/radius of core)
2) dip direction = 360°×(lateral distance of
trough/circumference of the core)
A total of 2379 fractures were measured. Fractures
were binned into facies based on observational characteristics, measured facies are open fractures, fine fractures, fractures filled with cataclasite, fractures filled
with ultra-cataclasite and filled fractures by noncataclastic material (e.g. mineralization). The fracture
facies was noted for each measurement. The location
of the trough was recorded for each measurement as
well to ensure proper calculation of dip direction. Not
every fracture in the core was measured: some fractures were too pervasive and intertwined with others to
follow the trace of the fracture with confidence, and
some were too faint and/or discontinuous to measure.
We excluded non-planar fractures which present as
asymmetric sinusoids. Additionally, this method is
artificially biased against dips with angles below 15°
due to the low amplitude expression of troughs and
peaks in low angle sinusoids. An additional bias in this
data set is that by nature vertical drilling will sample
more horizontal and moderately dipping fractures rather than vertical and high angle fractures.
Fractures are presented on lower hemisphere equalarea projections showing poles to planes of dip and dip
directions (Figure 1). Contours are made using the
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modified Kamb method [7] with significance level of
E = 3σSD and contour intervals of 2σ, where a value of
3σ represents no preferred orientation [8]. Densities of
points above 3σ are interpreted as having preferred
orientation [7]-[9]. Contouring allows for a visual assessment of the orientation data; one is able to get a
sense if data are unimodal or multimodal, and the orientation of the highest contours. Orient software was
used to create lower hemisphere equal-area projection
plots and cluster analysis [10], [11] .
Results: The eigenvector mean dip and dip direction for fractures are listed in Table 1 along with the
number of measurements and the maximum eigenvalue. The maximum eigenvector represents the best fit
values of the data whereas the eigenvalues demonstrate
the significance of the eigenvector [12],[13]. Ultracataclasite and cataclasite filled fractures had 2 modes
present when contoured and were separated into 2
clusters. Open fractures have a wide range of orientations with the highest contours dipping to the northwest . Fine and filled fractures appear to be multimodal
but attempted clustering did not provide a good fit.
Table 1: Orientation of fractures
Fracture
type
UltraCataclasite 1
UltraCataclasite 2

Dip
Direction

n

Dip

Maximum
Eigenvalue

39

39.7

48.3

0.676

91

231.5

55.4

0.777

Cataclasite 1

79

51.0

50.9

0.708

Cataclasite 2

146.5

36.0

0.688

Open

93
117
5

269.1

13.4

0.533

Fine

526

191.0

3.2

0.513

Filled

390

247.6

37.8

0.428
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Interpretation and conclusion: The orientation of
fractures filled with cataclasite and ultra-cataclasite are
consistent with orientations of principal stresses predicted during modeling. Cataclasite filled fractures
have two predominant clusters of orientations with the
mean dip directions of 051° and 146°, which are approximately tangentially and radially oriented, respectively. Ultra-cataclasite filled fractures have two clusters of orientations with mean dip directions at 039°
and 232°, which are approximately tangential to the
peak ring. Our results suggest that cataclasite filled
fractures occurred during the growth of the transient
crater and continued into the growth of the central uplift, and ultra-cataclasite fractures formed during
growth of the central uplift. Open and fine fractures
may represent a combination of shear faults, drilling
induced fractures and preexisting deformation. If they
do represent shear faults a wide range of orientations
with radially dipping clusters is consistent with modeled stresses. Our analyses are broadly consistent with
predictions of stress directions through the cratering
process from hydrocode modeling.
References: [1]Morgan J.V. (2017) Proc. of IODP
364. [2] Morgan J.V. et al. (2016) Science, vol. 354,
[3] Rae A.S.P. et al. (2019) J. Geophys. Res. Planets,
vol. 5, [4] Riller U. et al. (2018) Nature, vol. 562, [5]
McCall N.T. et al. (2019) IODP Exp. 364 data report,
[6] Schindelin J. et al. (2012) Nat Methods, vol. 9, [7]
Vollmer F.W. (1995) Computers and Geosci., vol. 2,
[8] Kamb W. (1959) J. Geophys. Res., vol. 64, [9] Ragan D.M. (2009) Cambridge Univ. Press. [10] Vollmer
F.W. (2019) Orient: Spherical Projection and Orientation Data Analysis Software User Man. Ver. 3.9.1. [11]
Vollmer F.W. (2019) Orient: Spherical projection and
orientation data analysis software, Ver. 3.9.1. [12]
Bingham C. (1974) The Annals of Stats., vol. 2, [13]
Fisher N.I. et al. (1987) Cambridge Univ. Press.
Figure 1. Stereographic projection
of poles to fracture planes for dip
and dip direction. Kamb contours at
2σ, represents the deviation from a
uniform distribution. Bold black
dot shows the maximum eigenvector. Colors denote clustering. A)
Cataclastic filled fractures. B) Ultra-cataclastic filled fractures. C)
Open Fractures D) Fine fractures
E) Filled fractures excluding cataclasite and ultra-cataclasite F) Fine
and open fractures together. 
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CENTRAL STRUCTURE AND CLASSIFICATION OF RIES CRATER. N. McCall1, S. Gulick1, K. Sarv2, A.
Jõeleht2, J. Wilk3, G. Pösges4, 1University of Texas at Austin, Jackson School of Geosciences, Institute for Geophysics,
10100 Burnet Rd Bldg ROC, Austin, Texas 78758, USA (nmccall@utexas.edu),2University of Tartu, Department of
Geology, Tartu, Estonia, 3University of Freiburg, Institute of Earth and Environmental Sciences, Freiburg, Germany,
4
Geopark Ries, Harburg, Germany.

Introduction: Impact craters are traditionally categorized as simple or complex. Simple craters are small,
deep, and bowl-shaped, complex craters are larger, shallow, and have either a central uplift, a peak ring or a
peak ring and additional ring-shaped features [1,2].
Peak rings are concentric hills that are topographically
higher than the crater floor that form by the interaction
of the outwards collapse of an over heightened central
uplift on top of the inwardly slumped crater rim [3]. On
Earth, the transition between simple to complex crater
occurs at between 2 – 4 km depending on target rock,
and a crater diameter of approximately 25 – 30 km is
needed to form a peak ring [3-5]. Although >25km impact craters on Earth are rare due to tectonics and erosion, there are several craters this diameter and larger.
However, only Chicxulub (diameter ~200km) has an
unequivocal peak ring [4,6,7]. Ries is a good candidate
to study because at 15 Ma it is geologically young and
well preserved, and with a diameter of 26 km Ries is
near the theoretical threshold between a complex central
peak crater and a complex peak ring crater. The crater
has been filled in by lacustrine sediments which have
preserved the crater from erosion but the subsurface
structure of the crater is poorly known. Data are limited
to 1970s and earlier drill cores and logs and a low-frequency, crustal-scale reflection line [8]. Despite being
one of the most geologically studied impact craters on
Earth, it had not been previously imaged with high-resolution seismic reflection. We present high-resolution
seismic reflection profiles transecting Ries crater which
image the subsurface structure of the crater at a resolution capable of resolving impact deposits and crater
morphology. These new data show the presence of a
subdued central uplift and related, subtle topographic
uplifts near the crater center.
Previously mapped features at Ries include an incomplete crystalline inner ring and a mega-block zone
between the inner ring and the crater rim (figure 1)
[8,10]. The inner ring is composed of large crystalline
blocks with occasional outcrops forming 50 m high hills
[8,11]. From the crystalline ring to the crater rim is the
‘megablock zone’, largely composed of allochthonous
and parautochthonous sedimentary blocks [8,9]. Outcrops of crystalline blocks are also present in the megablock zone, and are more abundant towards the crater

center [11]. The process behind the formation of the inner ring is uncertain, and there is no surface expression
of a central uplift.
Methods: We acquired high-resolution seismic reflection profiles across Ries crater over the course of 18
days in August 2017 (figure 1). The seismic source was
an Earth tamper capable of visualizing reflections 1.5
km deep. The tamper generated about 300-500 compressions over a 45 second listening period. Our set up
had 72 channels with 5 geophones each. Channel spacing was 10 m. Maximum offset from source to receiver
was 710 m. We collected 4 seismic profiles ranging
from 3.1 km to 8.7 km in length, the survey spans the
center of the crater to outside the crater rim.
Results and observations: In the inner crater the
upper part of seismic sections shows continuous subparallel reflectors that can be linked to post-impact lake
sediments. Below this, prominent, semi-continuous reflectors overlay a deeper surface of discontinuous reflectors for the length of the seismic lines. The prominent reflectors are interpreted as melt bearing impact
breccia, or suevite, and the discontinuous reflectors are
interpreted as crystalline basement. The prominent reflectors that resolve the suevite form a well-defined surface that cover or onlap the changes in topography of
the basement.
Two seismic lines, 1702 and 1701 are located in the
central basin. On line 1702, the prominent suevite reflectors define the central basin of the crater as relatively
flat and gently sloping towards the crater center for approximately 2.7 km (from CDP 2700 to 5400) then transition to a region of discontinuous peaks in the center of
the crater.
The expression of the center of the crater is not symmetric on both seismic lines. On line 1701, the suevite
reflectors deepen towards the crater center, and the discontinuous basement reflectors below this span the
length of the seismic line, which is a distance of 2.4 km
from the crater center. On the longer seismic line 1702,
the suevite reflectors shallow towards the crater center.
The discontinuous reflectors within the basement extend for 3.3 km on line 1702 (from CDP 8680 to 5400),
which corresponds to 2.4 km from the crater center.
Moving outwards towards the crater rim, seismic
line 1702 shows two peaks centered at CDP 150 and
2500 in the surface below the mapped position of the
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crystalline ring. These peaks do not contain internal reflectors.
Between the crystalline ring and the crater rim, seismic line 1703 shows prominent dipping reflectors with
many peaks and troughs below the mapped megablock
zone. There are dipping layered reflectors below the
prominent reflectors in some of the peaks in this region.
Interpretation: Ries has a collapsed central uplift
expressed by a cluster of discontinuous central peaks in
the seismic data. We interpret this subsurface structure
to be a collapsed central uplift rather than a preserved
central uplift due to the asymmetric expression on the
two seismic lines and the discontinuous morphology
with many troughs and peaks clustered within the central basin.
Unlike the subsurface below the megablock zone,
the topography at the inner rim does not have clear internal reflectivity normally associated with sedimentary
layering and are thus interpreted to be crystalline, in
agreement with existing literature and outcrops. The
proximity of the tilted blocks of the megablock zone
with the crystalline blocks and the presence of a collapsed central uplift that is still centrally located imply
that the crystalline peaks do not represent a peak ring
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formed by material outwardly collapsing from a central
uplift. Instead our results support hydrocode models
[11,12] where the crystalline ring consists of upturned
basement blocks produced by the collapse of the transient cavity wall. Therefore, we propose that Ries crater
is a transitional crater form between a central peak crater
and peak ring crater.
References: [1] Melosh H. (1989) Oxford Univ. Press,
1989, [2] Dence M.R. (1964) Meteorit. Planet. Sci., vol. 2,
[3] Morgan J.V et al. (2016) Science, vol. 354, [4] Morgan
J.V. et al. (1997) Nature, vol. 390, [5] Alexopoulos J.S. and.
McKinnon W.B. (1994) GSA Spec. Paper, no. 293, [6] Hildebrand A.R. et al. (1998), Geo. Society, vol. 140, [7] Gulick
S.P.S, et al. (2013) Rev. of Geophys. vol. 51, [8] Pohl J. et al.
(1977),” Impact and explosion cratering, [9] Sarv et al
(2019), this volume [10] D. Stöffler et al. (2013) Meteorit.
Planet. Sci. vol. 48, [11] G. S. Collins et al. (2008) Meteorit.
Planet. Sci. vol. 43, [12] Wünnemann et al. (2005) Icarus,

vol 18.
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Figure 1: Geologic map of Ries crater with 2017 seismic profiles plotted in
red. Map by Schmidt-Kaler 1999 Bayerisches Geologisches Landesamt
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RECRYSTALLIZATION AND MICRO-TWINNING IN APATITE AND TITANITE FROM THE LAC LA
MOINERIE IMPACT STRUCTURE, CANADA: IMPLICATIONS FOR U-PB IMPACT CHRONOLOGY.
M. McGregor1, T. M. Erickson2, J. G. Spray1. 1 Planetary and Space Science Centre, University of New Brunswick,
Fredericton, NB E3B 5A3, Canada (mmcgrego@unb.ca), 2Jacobs–JETS, NASA JSC, Mailcode XI3, 2101 NASA
Parkway, Houston, TX 77058 USA.

Introduction: Accessory mineral geochronometers, such as baddeleyite, monazite and zircon are rapidly revealing the complex behavior of the U–Pb system in response to shock metamorphism. However,
little is known about the response of apatite and titanite
to shock pressures and temperatures. Understanding
the development of shock microstructures in these
phases is critical for understanding the response of the
U–Pb isotope system to hyper-velocity meteorite impact. While both apatite and titanite are widely applied
U–Pb geochronometers within the Earth Sciences, their
utility for impact chronology has only recently being
explored [1, 2, 3]. Furthermore, studies on shock microstructures in apatite and titanite are limited [5, 6, 7].
Here we provide detailed microscopy, BSE imaging
and EBSD analysis of shocked apatite and titanite from
the Lac La Moinerie impact structure, Canada, to characterize the presence of external and internal shock
features.
Geologic Setting and Samples: The Lac La
Moinerie (Monastery Lake) impact structure is situated
in northeastern Quebec (N57°26’, W66°37’). Formed
within Paleoproterozoic granitoids of the De Pas Suite.
The structure is a small complex crater, with an apparent rim diameter of ~8 km and a ~4-km-diameter central uplift [1]. During reconnaissance field studies a
range of impactite lithologies were collected [4], including impact melt-bearing breccias and clast-laden
impact melt rocks. We selected apatite and titanite
grains that occur as mineral clasts within these samples
to document the presence of shock microstructures.
Analytical Techniques: Apatite and titanite grains
were characterized using optical microscopy, backscattered electron (BSE) imaging and electron backscattered diffraction (EBSD) mapping. Grain exteriors
were imaged in BSE mode using a Hitachi SU-70 field
emission scanning electron microscope (FESEM)
equipped with a Schottky emitter housed at the University of New Brunswick, Canada. Prior to EBSD analysis, thin sections were further polished using a colloidal
silica dispersion. A thin (~5 nm) carbon coat was applied to all slides to mitigate charging. EBSD analyses
were conducted on a JEOL JSM-7600F (FESEM) with
a Oxford Instruments Symmetry EBSD detector housed
at NASA Johnson Space Centre, Houston. All EBSD
maps were processed using the Tango and Mambo
modules of Oxford Instruments Channel 5.11.

Results: Apatite. We observe a range of shock microstructures in apatite from the Lac La Moinerie impact structure. In addition to planar fractures and microvesicles, we also observed shock-recrystallized apatites. Unlike previous studies [5, 6], individual neoblasts are readily discernable in BSE images (e.g.,
Fig. 1a, b), highlighting the viability of field emission
SEM for identifying recrystallization textures. Recrystallized apatite grains are composed of polycrystalline
aggregates of neoblasts, which occur in distinct morphologies, including hexagonal, subrounded, angular/blocky and elongate (e.g., Fig. 1a, b). Unlike previous studies where apatite granules have maximum misorientations of ~15° [5], the apatite neoblasts measured
here have relative misorientations of up to ~40° (e.g.,
Fig. 1c). Additionally, we observe, for the first time,
apatite neoblasts which have nucleated in two systematic orientations, with ~30° relative misorientation
about the <10-10> principle axis of apatite.

Figure 1. a) and b) high resolution BSE image highlighting
variable morphology of apatite neoblasts. c) IPF misorientation map of recrystallized apatite.
Titanite. We document crystal plastic deformation,
polysynthetic micro-twins and recrystallization textures
in titanite from Lac La Moinerie. In BSE, micro-twins
are discriminated as discrete lines of bright BSE contrast, which terminate along linear to sub-linear arrays
of vesicles, and in some grains appear heavily annealed
(Fig. 2a). In EBSD, we identify multiple sets of polysynthetic micro-twins with a twin-host disorientation
relationship of 74° about <102> (Fig. 2b; T1, T2), similar to micro-twins observed at the Sudbury, Vredefort
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and Chicxulub impact structures [3, 7]. The microtwins with misorientations about <102> occurs as single sets, parallel sets or intersecting sets, occasionally
within single grains. We also observe a new micro-twin
with a twin-host disorientation relationship of 70°
about <103>, which occurs within single grains or coexists with sets of the 74°/<102> twin (e.g., Fig. 2b).
We also observed evidence of recrystallization in titanite, although the sub-grain domains are less well defined compared to [3]. Where titanite is intergrown
with rutile, both phases are microcrystalline, similar to
recrystallized rutile from the Chicxulub impact structure, Mexico [8].
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recrystallized (i.e., granular), and in some cases twins
with the 74°/<102> misorientation are partially preserved.
The range of microstructures observed in apatite
and titanite within the impact melt rocks from Lac La
Moinerie highlights the microstructural complexity of
shocked apatite and titanite at the sub-micron scale.
These different microstructure responses may therefore
variably reset the U–Pb systematics. Thus, given recent
U–Pb dating of apatite and titanite from terrestrial impact craters [1, 2, 3], this study has implications for
microstructural U–Pb geochronology, whereby discrete
deformation zones may be targeted for dating.
References: [1] McGregor M. et al. (2019) Contrib. Mineral. Petrol., 174, 62. [2] McGregor M. et al.
(2018) Earth Planet. Sci. Lett., 504, 185–197. [3] Papapavlou K. et al. (2018) Contrib. Mineral. Petrol.,
173, 82. [4] Gold D. P. et al. (1978) Geol Soc Am, 10,
Ab #10. [5] Kenny G. G. (2019) LPSC L, Abstract
#1357. [6] Cernok A. et al. (2019) Meteoritics & Planet. Sci., 56, 6, 1-21. [7] Timms et al. (2019) Contrib.
Mineral. Petrol., 174, 38. [8] Schmieder et al. (2019)
LPSC, Abstract #1658.

Figure 2. a) Backscattered image of titanite grain showing
annealed structure and linear-to sub linear arrays of microvesicles. b) corresponding EBSD map showing presence of T1, T2 and T3.
Implications: A range of shock microstructures are
observed in apatite and titanite from the Lac La Moinerie impact structure.
Granular or neoblastic apatite is widespread in the
studied impact-melt rocks. In contrast to recent documentations of granular apatite [5, 6], recrystallized
apatite observed here is readily observed in BSE and
individual apatite neoblasts have morphologically distinct habits (i.e., as hexagonal, subrounded, angular/blocky and elongate crystallites) (Fig. 1a, b). Furthermore, we document two distinct orientations of
apatite neoblasts observed in a single grain, suggesting
that recrystallization may be crystallographically controlled.
Titanite grains studied here show evidence for both
shock-induced deformation (micro-twinning) and dynamic recrystallization. Within a single grain, we observed two differently orientated 74° <102> microtwins and a newly identified micro-twin with a twinhost orientations of 70° about <103>. Where titanite is
intergrown with rutile (pre-impact), both phases are

Large Meteorite Impacts VI 2019 (LPI Contrib. No. 2136)

5100.pdf

IN SITU MULTIPHASE LA-ICP-MS U-PB GEOCHRONOLOGY OF TERRESTRIAL IMPACT
STRUCTURES. M. McGregor1, C. R. M. McFarlane3, J. G. Spray1. 1 Planetary and Space Science Centre, University of New Brunswick, Fredericton, NB E3B 5A3, Canada (mmcgrego@unb.ca) 2 Department of Physical Sciences,
MacEwan University, 10700 - 104 Ave, Edmonton, AB, T5J 4S2, Canada, 3 Department of Earth Sciences, University of New Brunswick, Fredericton, NB E3B 5A3, Canada.

Introduction:
Geochronological studies of terrestrial impact
structures are crucial for understanding the role of meteorite bombardment on Earth, with accurate and precise impact ages enabling correlation of impact events
with environmental change and evolutionary processes.
While high precision ages are attainable from minerals
crystallized within impact melt sheets (e.g., Manicouagan, Canada [1, 2]), coherent melt sheets are not always developed, such as in smaller complex craters
(<15 km) or craters formed in targets dominated by a
significant sedimentary component. In these cases, the
impact melt component is only present as crater-fill,
existing as fragments within impact-melt bearing breccias or as a melt-matrix within clast-laden rocks. These
impactites are typically challenging to date, as newly
formed (impact-generated) minerals are typically not
developed. Rather, they occur as inherited mineral
clasts within the melt-clast volume which may experience variable to incomplete isotopic resetting.
In this contribution, we outline a dating approach
that allows ages to be obtained from inherited (relict)
phases incorporated within impact melt-bearing rocks.
The application of in situ laser ablation ICP-MS U-Pb
geochronology, combined with detailed petrographic
analysis of individual grains, not only yields reliable
impact and basement ages, but also provides insights
into the mechanisms responsible for variable isotopic
resetting. Using this approach, we discuss the results of
performing multiphase U-Pb geochronology on apatite,
titanite and zircon from three impact structures within
the Canadian Shield: Lac La Moinerie, Nicholson Lake
and Steen River.
Multiphase U-Pb geochronology: Lac La Moinerie. Lac La Moinerie is a small (~8 km) complex
crater situated within northeastern Quebec [3]. Formed
in crystalline basement of the De Pas Suite, and a very
minor sedimentary component [3], the structure represents one of the few terrestrial impact structures developed entirely within plutonic granitoids. A total of 97
apatite grains (109 analyses), 82 titanites (97 analyses)
and 66 zircons (118 analyses) were selected from 7
thin sections of clast-laden melts and impact meltbearing breccias. Apatite yields a younger, lower intercept discordia age of 453 ± 5 Ma (MSWD = 1.2), and
an older discordia array with a lower intercept age of
1708 ± 10 Ma (MSWD = 1.4). Similar to apatite, titan-

ite yields two discordia arrays, with the youngest having a lower intercept age of 444 ± 15 Ma (MSWD =
2.2), which is within error of apatite, and an older array
with an intercept age of 1844 ± 24 Ma (MSWD = 1.6).
Similar to titanite, zircon yields an upper intercept age
of 1810 ± 13 Ma (MSWD = 2.6) and a lower intercept
of 433 ± 21 Ma (MSWD = 2.6), which is within error
of both phases. However, due to recent Pb-loss and
common Pb contamination associated with the process
of metamictization and granularization [3], a lower
intercept age of 433 ± 21 Ma is considered the bestestimate minimum age, and is the least precise of all
three phases. The oldest age obtain from titanite (1844
± 24 Ma) and zircon (1810 ± 13 Ma) are consistent
with the crystallization age of the De Pas Suite granitoids [5], while the oldest age recorded by apatite (1708
± 10 Ma) corresponds to later metamorphic overprinting [5]. An impact age of 453 ± 5 Ma from apatite,
which we argue is the most precise and reliable of all
three phases, places the Lac La Moinerie impact event
in the Middle-to-Late Ordovician, joining a cluster of
more than 12 terrestrial impact structure potentially
formed during the L-chondrite parent body breakup
event.
Nicholson Lake. Nicholson Lake is a small complex
crater (~13 km) formed in Archean and Proterozoic
crystalline target rocks, overlain by a thin veneer of
fossiliferous limestone [4]. A total of 57 apatite grains
(84 analyses) and 52 zircons (90 analyses) were analyzed in situ within 7 thin sections of clast laden impact
melt and impact melt-bearing breccias from the Nicholson Lake impact structure. Comparable to results
from Lac La Moinerie, apatite records two well defined
discordia arrays that define ages for both the impact
event and regional tectono-metamorphic events in the
underlying target lithologies. The youngest array yields
a precise lower intercept age of 384 ± 5 Ma (MSWD =
0.87), which corresponds to the impact event, and an
older array with a maximum age lower intercept of
~1740 Ma, within error of the basement Nueltin Suite
[6]. Similarly, zircon yields two distinct discordia arrays, both of which intersect at 384 ± 8 Ma (MSWD =
1.2). The oldest discordia has a maximum age upper
intercept of 2679 ± 14 Ma and a younger discordia
array which intercepts at ~1740 Ma, recording the
same Nueltin age as apatite [6].
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Steen River. The Steen River impact structure, located in northwest Alberta, Canada is a buried complex
crater with an apparent rim diameter of ~25km [7]. It
formed within mixed crystalline-sedimentary target
rocks of the Western Canada Sedimentary Basin
(WCSB), with the target component dominated by ~1.2
km Devonian shales, carbonates and evaporites [8, 9].
A total of 84 apatite grains, 38 titanites and 49 zircons
from impact-melt bearing breccias were selected for UPb dating. Apatite gives a lower intercept age of 138 ±
7 Ma (MSWD 2.1) and zircon yields an impact age of
120 ± 14 Ma (MSWD = 1.5), within error of apatite.
The youngest age obtained from titanite is 162 ± 2 Ma
(MSWD = 2.0). Being ~30 Ma older than co-existing
apatite and zircon, titanite is considered partially reset
and is the least reliable of all three phases. In terms of
basement ages, zircon yields an upper intercept age of
1882 ± 11 Ma (MSWD = 1.5), titanite gives a concordia age of 1898 ± 6 Ma (MSWD = 1.1), while a single
concordant point from apatite gives a 206Pb/238U ages
of 1914 ± 39 Ma. The oldest ages from all three phases
are within error of the underlying Hottah Terrane [10].
Discussion and Implications: The dating technique outlined here provides the first high precision
age constraints for Nicholson Lake, Lac La Moinerie
and Steen River. We discuss the mechanisms responsible for isotopic resetting in all three phases (i.e., melt
proximity, nature of clastic matrix, and shock microstructures). Moreover, we demonstrate a cautionary
tale for zircon, and argue that apatite is the more robust
impact chronometer when dating impact melt-bearing
breccias. Furthermore, by comparing the U-Pb results
from each structure, we demonstrate that the nature of
target lithologies (i.e., crystalline verses mixed crystalline-sedimentary) has a significant affect on the extent
of isotopic resetting in apatite and titanite. We argue
that by using a multiphase approach it is possible to
discriminate ‘true’ impact ages by ensuring that all
phases are within error and that the most accurate age
is used as the age of formation.
References: [1] Hodych J. P. and Dunning G. R.
(1992) Geology, 261, 51–54. [2] McGregor et al.
(2019a) LPSC L, 2434. [3] McGregor M. et al. (2019b)
Contrib. Mineral. Petrol., 174, 62. [4] McGregor M. et
al. (2018) EPSL, 504, 185 – 197. [5] Corrigan D. et al.
(2018) Geosci Can., 45, 1-24. [6] Scott J. M. J., et al
(2015) Can. J. Earth. Sci., 52, 495-518. [7] McGregor
et al. (2019) GCA (submitted). [8] MacLagen E. A. et
al. (2018) MSc thesis, Uni. of Alberta. [9] Walton E. L.
et al (2019) Meteoritics & Planet. Sci., 53, 75–92. [10]
Ootes L. et al. (2015) Can. J. Earth. Sci., 52, 10621092.
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AKEBULAKE IRON METEORITE: THE SECOND CONFIRMED IMPACT SITE IN CHINA. B. Miao
(miaobk@glut.edu.cn), G. Chen, C. Zhang, Z. Xia, Z. Ban, J. Tong and L. Huang, 1Institution of Meteorites and
Planetary Materials Research, 2Key Laboratory of Planetary Geological Evolution, 3 Guangxi Key Laboratory of
Hidden Metallic Ore Deposits Exploration, Guilin University of Technology, Guilin 541004, China.

Introduction: Impact events are an important process of Solar System formation and evolution, e.g. a
large number of impact craters on the Moon and Mercury[1]. Since the complex history of movements of the
earth crust, a lot of ancient meteorite craters on the
earth have been erased. However, nearly 200 meteorite
craters and/or impact sites are confirmed as yet. These
meteorite impacts with their impact products have great
significance of getting insight onto impact history of
the earth, extraterrestrial material flux, as well as modification of rocks and minerals under supervelocity impacts. Since 1980’s, Chinese cosmochemistists and
geologists have made great efforts to look for meteorite
impacts in China [2], only one meteorite crater is confirmed until 2012 with impactite evidences [3]. Recently we found some impactites around Akebulake iron
meteorite in Xinjiang, China. Based on petrographic
observation and research, the impactite samples display
rich shock metamorphic effects and confirm an impact
site. Here we present a preliminary report on this second impact site in China.
Aletai iron meteorite rain: In 1898 a large iron
meteorite with 28 tons was found in western China,
Xinjiang, which was named Armanty and is the biggest
meteorite in China and also one of the biggest meteorites in the world. In recent 10 years, more than 10 big
iron meteorites have been found in Aletai region,
northwest Xinjiang. These iron meteorites share the
same type as IIIE. Furthermore, their found positions
are located geographically within an array, suggesting
that they belong to a iron meteorite rain. Interestingly,
its strewn field spans over 425 km˄Fig.1˅, which
should be the longest one on the earth [4].
Geological Setting: Akebulake, weighing 18 tons,
was found in 2011. It locates on a top of Aletai Mountain range, where is covered with snow for most of the
year. The altitude is above 3000 meters. In the vicinity
of its site, it was covered with so many huge granite
boulders that it could hardly find the outcrop of bedrock. Based on the geological map of the region and the
field survey, Akebulake should land on granite body.
Petrography and Shock Effects of the Impactits:
Petrography. In this work, two kinds samples with
different shock-induced melting degrees are observed.
Both of them occur in the vicinity of Akebulake recovery site. One is a kind of vesicular molten glass, while
the other is partially impact-melted granite. The glass

consists of black glass matrix and white/light brown
quartz grains as porphyry, and the glass matrix is vesicular with mm-sized bubbles, it has two colors of
bands which shows a flow texture. And the partially
melted granite displays blastogranitic texture. It shows
varying degree of melting, from one end of almost molten glass with quartz relict grains, to other end of fractured granite without obvious melting of minerals.
Shock effects. The two kinds of petrographic type
samples show similar shock features, but with somewhat different melting degrees. The main shock effects
are included as follows: (1) The impactite rocks experienced strongly shock-induced melting into glass
which shows a flow texture and vesicular texture. (2)
the shock effects of quartz include mosaic fracture and
extinction, melting along cracks in it, brown melt in
some quartz grains with some small vesicles and
crystobalite crystallization. (3) Plagioclase and orthoclase are transformed into diaplectic glass or melt glass
in which some crystallite s are formed. (4) Mica displays different shock effects. Some mica grains are
shocked into magnetite aggregates embedded in glass.
And other mica grains are decomposed into small magnetite crystallites. (5) Zircon is decomposed into baddeleyite and quartz along its boundary, and some zircon grains are melted in its rims.
Discussion and Conclusions: It is confirmed that
the samples are direct shock products of Akebulake
iron meteorite. The composition of glass shows that the
original rock of the glass impactite is granite – monzonitic granite. The peak shock pressure should possibly
be 30- 50 Gpa[5]. The post shock peak temperature is
probably over 1750 ć[6]. Above all, the recovery site
of Akebulake iron should be a second impact site in
China. However, the structure of this impact site needs
further work.
References: [1] Osinski G. et al. (2012) , Impact
Cratering: Processes and Products, p. 43-59. [2] You
Z. and Liu R. (2008) Journal of geomechanics (in Chinese with English abstract), 14(1), 22-36, 21. [3] Chen,
M. and Yin F. (2012) Meteoritics & Planet. Sci., 5023.
[4] Wang K. and Hsu W. (2016) Chinese Science Bulletin, 2016. 61, 2834-2842. [5] Grieve R. et al. (1996)
Meteoritics & Planet. Sci., 31, 6-35. [6] Carstens H.
(1975) Contributions to Mineralogy and Petrology, 50,
145-155.
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Fig. 1 The strew field of Aletai iron meteorite rain
(modified after [4])
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QUENCHED INDICATOR OF CARBON-BEARING GRAINS AT METEORITICIMPACTS. Y. Miura1 and
T. Kato2, 1Yamaguchi University (Chuou 4-1-23, Yamaguchi, Japan, 753-0074. yasmiura50@gmail.com),
2
Yamaguchi University (Yoshida 1677-1, Yamaguchi, Japan, 753-8512 ).
Introduction: High pressure-type minerals (including diamonds) and melted glasses formed by any
meteoritic collision and impact processes are generally
discussed with crystalline minerals and chemical composition [1]. Quenched process of collisions in meteorites are mainly found by round shapes of round
chondrules [2-4]. The present paper is discussed on
quenched indicator of carbon-bearing solids (obtained
as micro-aggregates and/or micro-minerals formed at
meteoritic shower (as fusion crust and chondrules) of
the Nio chondrite shower, and any meteoritic impact
materials, which can be applied as new quenched process (between volatiles and stone elements) of many
meteorite collisions and formation in the Solar System
[1-11].
Significance of cooling process of dynamic meteorite activity: Cooling process is previously found by
textures of grains and glassy solids. Carbon-bearing
grains are considered to be significant indicator of rapid cooling process, because volatile element and stable
phases of mineral, vapor and liquid states are principal
states of high-temperature and pressure reactions of
shocked collisions and evaporated impact ejection [14].
Carbon-bearing solids formed by rapid process:
Macroscopic evidences of quenched indicator of meteorite are proved by formation of stone elements (except
volatiles) obtained as glassy solids and shocked textures previously, where it shows mainly descriptive
expression of glass and shocked lamellae. Present paper indicates that submicroscopic and dynamic signature of shocked evidence is related with state changes
among solid-liquid-vapor (called as SLV in this paper)
states during quenched process with carbon-bearing
element considered as stable vapor element (in the
SLV process) of carbon [1-4], where carbon can be
remained mainly in single solid (C) and chemical composition (CO2 or H2CO3 etc).
Carbon-bearing solids of natural and artificial
products: Hot jet-stream of carbon dioxide air has
been artificially injected into rock to observe carbonbearing grains with the analytical FE-SEM (EPMA)
instrument. Many fine grains with various compositions (called as carbon-bearing grains) have been obtained as solidified grains on the surface. Natural volcanic (Mts. Kirishima and Miyake) and meteoritic impact rocks (the Sudbury (Canada), the Barringer (USA),
and drilled samples of buried craters of the Akiyoshi
and the Takamatsu (Japan)) shows carbon-bearing
grains formed by melted and/or shocked reaction with

dynamic carbon streams (from volatiles and sedimentary rock of carbonates), where submicroscopic carbon-bearing grains have been observed with the FESEM instrument (Fig. 1) [1-10].

Figure 1. Electron-micrograph of carbon-bearing grains formed
by quenched process from the breccias of the Sudbury, Canada.

Historical meteoritic shower of the Nio
chondrite: The Nio meteorite shower (observed on
1897AD, Meiji 30) has been officially recorded 2 pieces (Niho site) and 3 pieces (Miyano site) by the Yamaguchi Prefectural Office and Police Station (at the Tokyo Nichi-Nichi News Paper, Japan), where 2 more
pieces missing (at Niho site) and one piece (at Miyano
site) are remained now. The significant point of meteoritic shower records is that famous meteorite shower
Nio has been controlled at the Public office informed
the Tokyo Newspaper at the Meiji period (before the
WWII), though after the WWII almost all public information has been discarded and only private information of collectors of the meteorites has been remained and printed at the academic reports. Our research group has been investigated huge meteoritic
fragments at two impact sites (at Niho and Miyano).
The FESEM investigation of the collected fragments
(by magnetic separation method in the rice-paddy solids) have been obtained by characteristic iron and carbon-rich spherules from more than several thousand
pieces (quenched by meteoritic shower process in air)
(Fig.2) [2]
Evidence of quenched process of Nio chondritic
meteorite: Characteristic evidence of quenched process at meteorite formation in the Solar System have
been obtained by characteristic magnesium and carbonrich chondrule from present study of the Nio chondritic
meteorite (Fig.2). The method of quenched process can
be applied to other meteorites (the Chelyabinsk Mete-
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orite fallen in 2013 and the Hayabusa samples etc.)
(Fig.3).

Figure 2. Electron-micrographs of meteoritic fragment with
chondrules, and FeC-bearing spherule formed by quenched process
from the Nio meteorite shower in air , which has been collected by
magnetic separation method at deep impact site of the Nio ricepaddy soils.

Figure3. Electron-micrograph of carbon-bearing grains formed
by quenched process from Chelyabinsk Meteorite fallen in 2013,
Russia.

Significant process of carbon concentration: The
present quenched process of the carbon-bearing grains
is considered to be significant step-by-step of carbon
concentration in the Solar System and formation of
carbon-rich rocks and inorganic-organic carbon fundamentally. The present idea would be applied to other
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application of human society of decrease of carbondioxides in air from industrial output, which has been
reported officially by senior author recently [12].
Summary: The present study can be summarized
as follows. 1) Quenched formations of carbon-bearing
solids applied to meteoritic impacts are discussed on
impact craters, meteorite showers of the Chelyabinsk
and the Nio meteorite showers. 2) The Nio meteorite
shower has been remained many broken fragments and
secondary melted spherules of FeC-bearing fusion crust
and MgC-bearing spherules from two impact sites of
remained meteorite 3) Quenched indicator of carbonbearing grains can be applied to many meteorite collisions and formation in the Solar System. 4) The
quenched process of the carbon-bearing grains is considered to be significant carbon concentration in the
Solar System and formation of carbon-rich rocks and
inorganic-organic carbon fundamentally. 5) The present idea would be applied to human society of decrease of carbon-dioxides in air from industrial output.
References: [1] Miura Y. (1986) LPSC XVII, Abstract #1258. [2] Miura Y. (2001) Meteoritics & Planetary Science 36: A136. [3] Miura Y. (2017):
LPSC2017, Abstract #3028. [4] Miura Y. (2017):
JpGU-AGU 2017 (Makuhari, Japan), Abstracts
#C5357, #C2249, # C2158. [5] Miura Y. et al. (2017)
Planet. Sci. Vision 2050 Workshop 2017(USRA), Abstract #8101. [6] Miura Y. (2018) IMA-2018 (Melbourne), Abstract #2039. [7] Miura Y. (2004) LPI
Contrib. No. 1197 (USRA, USA) Abstract #2150. [8]
Miura Y. (2007) LPI Contrib. No.1338. Abstract
#1118. [9] Miura Y.(2018) LPI Contrib.No.2070
(USRA) Abstract #6037. [10] Kono Y. et al. (1994):
Report of Kaken B (Japan), 36pp. [11] Miura et al.
(2000) LPI Contrib. No.1000 (USRA) Abstract #1645.
[12] Y. Miura (2016):Patents. JPO-4945758, 5958889.

Large Meteorite Impacts VI 2019 (LPI Contrib. No. 2136)

5076.pdf

ADVANCED CHARACTERISATION OF IMPACT GENERATED PLATINUM-GROUP ELEMENT
ALLOYS FROM ARCHEAN SPHERULE LAYERS. T. Mohr-Westheide1,2, T. Salge3, M. Fischer-Gödde4, A.
Greshake1, M. Falken5, L. Palasse5, H. Kirmse6, N. Meßling4, N. Wollschläger7, W.U. Reimold8. 1Museum für Naturkunde Berlin, 10115 Berlin, Germany. Tanja.Mohr-Westheide@mfn-berlin.de. 2Freie Universität Berlin, Institut für
Geologische Wissenschaften, 12249 Berlin, Germany. 3Imaging and Analysis Centre, Natural History Museum, London, SW7 5BD, UK. 4Universität zu Köln, Institut für Geologie und Mineralogie, Zülpicher Str. 49B, 50674 Köln,
Germany. 5Bruker Nano GmbH, Am Studio 2D, 12489 Berlin, Germany. 6Humboldt-Universität zu Berlin, Institute
of Physics, Newtonstrasse 15, Berlin-Adlershof, Germany. 7Bundesanstalt für Materialforschung und -prüfung
(BAM), Unter den Eichen 87, D-12205 Berlin, Germany. 8Institute of Geosciences, University of Brasilia, Brasilia,
DF, 70910-900, Brazil.
Introduction: Archean spherule layers in the Barberton Greenstone Belt (BGB) of South Africa are
amongst the oldest known remnants of large bolide impacts onto Earth. Spherules in these layers have been interpreted as either molten impact ejecta, condensation
products from impact vapor plumes, or impact melt particles that were ejected from craters and then melted
during atmospheric re-entry. Extremely high platinumgroup element (PGE) concentrations and characteristic
chromium isotopic ratios are indicative for the presence
of an anomalously high extraterrestrial component
(ETC), sometimes far in excess of chondritic meteoritic
abundances. The search for phases hosting this extraterrestrial PGE signature led to the discovery of sub-µm
PGE micronuggets [1], whose formation process(es) is
(are) still controversial. Primary particles from the impacting body, the product of impact melting, or condensation from the plume have all been proposed as possible origin(s) for these alloys. We report results of a scanning transmission electron microscopy (STEM) energy
dispersive spectroscopy (EDX) study and transmission
Kikuchi diffraction (TKD) [2] analysis of two sub-µm
platinum group-metal (PGM) phases and a compositional field emission scanning electron microscope (FESEM)/EDX study of additional 13 PGMs, all hosted by
Ni-Cr spinel. In addition, first results of a Ru isotopic
study will be presented. Samples are from the BARB5
ICDP drill core (central BGB) and from the CT3 exploration core (NE BGB).
Method: Low voltage analysis was performed for
two PGMs (C2P2; C3P4) in the CT3 core sample from
71.21–71.25 m depth, by FE-SEM-EDX [3]. Following
SEM pre-characterization, focused ion beam (FIB) lamellae from the two PGM grains were prepared for
STEM-EDX and TKD analysis. Bright and dark field
STEM and electron diffraction methods were applied to
determine the textural characteristics, microstructure,
and orientation with respect to the Ni-Cr spinel host
crystals for these two PGE particles. Quantitative high
resolution STEM-EDX analysis in PGE micronuggets
and host spinel was carried out using the Cliff-Lorimer
method and theoretical Cliff Lorimer factors to obtain
detailed information about the composition and

chemical zoning. TKD in the SEM using electron-transparent FIB samples was applied to analyze the crystal
orientation of PGM grains at 10 nanometer resolution.
In addition, a compositional study of 25 sub-micrometer sized PGM alloys hosted in Ni-Cr spinel from
the CT3 exploration core at 69.15 – 69.18 m depth was
carried out by low voltage FE-SEM-EDX analysis in order to obtain high-resolution elemental data at the submicrometer (~100 nm) scale. We acquired hyperspectral
EDX data on 12 grains at 110 pA probe current and 6
kV accelerating voltage using a FEI Quanta 650 FESEM and annular Bruker FlatQUAD SDD [3]. Thirteen
smaller grains were analysed by point analysis.
Ruthenium isotopes were measured for bulk samples of spherule layers and associated shales using the
NeptunePlus MC-ICPMS of the Geo- and Cosmochemistry group at the University of Cologne.
Results and discussion: Data acquired by low voltage SEM/EDX are currently under evaluation. Preliminary results show the presence of Ir, Pt, Ru, Rh, Os, Ni
in highly variable chemical zonation patterns. For three
particles (C2P2, P736 and P1465) an internal PGE zonation pattern according to the normal sequence of PGE
condensation temperatures [4] was observed, with
highly refractory metals in the central part, and lower
refractory metals in the outer part of the particle (Fig.
1A,B). Five PGM particles (P1809, P1748, P879,
P2118, P1913) reflect chemical zonation patterns that
are contrary to the accepted condensation sequence, e.g.
Pt and/or Ni in central areas of such particles. In contrast, PGM P741 is very homogeneous in composition
containing significant amounts of the highly refractory
siderophile elements Os and Ir. For other PGMs no clear
zonation trend has been observed.
TKD analysis of PGM C2P2 and C3P4 confirmed
the compositional results from STEM/EDX and FESEM/EDX. For C2P2, TKD and EDS identified a RuIr-Os phase with hexagonal symmetry in the center of
the grain and a Ni-Pt phase in pseudo-cubic crystal
structure in the outer part. For PGM grain C3P4 the center is enriched in Pt and the rim is composed of Ru-IrOs. For both particles no preferred crystallographic orientations of PGE crystals with respect to the host phase
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could be observed by TKD. For C2P2 STEM brightfield imaging revealed lattice planes of the PGM phase
well aligned to the lattice of the host. This orientational
relationship hints to a slow process of PGM formation.





Fig. 1A,B: Composite net intensity element maps (6 kV, 110
pA, 58 kcps input count rate, 244 x 238 pixels, 6. 5 nm pixel
resolution, 40 min) of heterogeneous PGM particle P736
hosted by Ni-Cr spinel in a CT3 core sample at 69.15 m depth.
Element X-ray lines with overlapping peaks were automatically deconvoluted using a physical background subtraction
and a least-squares fit with stored line profiles.
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The spherule layers and associated shales exhibit
negative anomalies in 100Ru, which are similar to
those of ordinary chondrites, IVA iron meteorites or CI
carbonaceous chondrites. These anomalies provide unambiguous evidence for an extraterrestrial origin of the
PGE in the BARB5 and CT3 cores.
Conclusion: TEM analysis provides sometimes evidence for either the formation of such PGMs by exsolution from the spinel host phase, precipitation from a
melt phase, or condensation from a gas phase (of the impact vapor plume) [5]. The quantification results for 25
PGE phases from core CT3 by low kV FE-SEM/EDX,
and the first TKD analyses of metal particles did not
show any consistent chemical zonation trend that could
support a specific formation mechanism. However, for
three PGM particles a PGE zonation pattern was found
that is compatible with a condensation origin. In summary, compositional data and microstructural results indicate that different mechanisms may have been involved in the formation of PGM associated with Ni-Cr
spinel in Archean SL. Further analytical efforts must be
made to enlarge the statistical database.
We conclude that low voltage SEM-EDX is an appropriate method to analyze and characterize heterogeneous metal phases in bulk samples with a spatial reolution <100 nm to better constrain the nature of PGE
phases and decipher their formation history. This
method allows to preselect samples for complementary
analytical techniques (TEM, EBSD, and NanoSIMS). It
can also be used for other materials, e.g., refractory
metal nuggets in chondritic meteorites. Detailed evaluation of the current analytical protocol and further tests
of new analytical approaches will provide further insight into the possibilities and limitations of low voltage
SEM-EDX quantification that is relevant for earth and
planetary sciences - specifically the sample return missions.
References: [1] Mohr-Westheide T. et al. (2015)
Geology 43:299-302. [2] Daly et al., (2017) GCA
216:42-60. [3] Salge T. et al. (2017) (abstract) 80th Ann.
Meet. of The Met. Soc., Santa Fe, USA, July 2017. [4]
Lodders K. (2003) Astrophys. Jour., 591:1220-1247. [5]
Mohr-Westheide, T. et al. (2018) Meteoritics & Planet.
Sci., 53:1516-1536.
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providing the CT3 samples. T. Mohr-Westheide’s research was supported by Europlanet 2020 Ri funding
18-EPN4-077 and 16-EPN2-057. Europlanet 2020 RI
has received funding from the European Union's Horizon 2020 research and innovation programme under
grant agreement No 654208.
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THE ORIGIN OF THE CIRCULAR K ANOMALIES AT THE BOSUMTWI IMPACT STRUCTURE.
C.A.B. Niang1,2,3, D. Baratoux3, D.P. Diallo1, R. Braucher4, P. Rochette4, C. Koeberl5, M.W. Jessell6, W.U.
Reimold7, D. Boamah8, G. Faye9, M.S. Sapah10, O. Vanderhaeghe3, S. Bouley11.
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Introduction: Radiometric data are commonly
used for geological mapping in mineral exploration,
particularly in tropical regions where outcrop conditions are poor. This technique uses the emission of
gamma rays from the decay of the naturally occurring
radioisotopes 40K, 232Th, and 238U. Thus, airborne radiometric data are used to produce maps of surface concentrations of K, Th, and U, at different scales, depending on the parameters of acquisition (flight altitude, line spacing). Airborne radiometric data have
been rarely used to date to investigate meteorite impact
structures, in comparison with other geophysical data
sets, such as gravity or aeromagnetic anomaly maps, or
electric methods, which have been commonly used to
investigate impact structures buried under sedimentary
layers. To date, K, Th, and U radiometric signatures
have been documented for only two impact structures:
Bosumtwi in Ghana [1] and Serra da Cangalha in Brazil [2]. Both structures are characterized by an annular
high-K anomaly, whereas Serra da Cangalha is also
marked by annular low-Th and low-U anomalies. Bosumtwi is a 1.07 Ma old complex impact structure 10.5
km diameter, which shows a double-ring K anomaly.
The first anomaly, 10 – 12 km from the center, corresponds more or less to the crater rim section (ring I).
The second one has a diameter of about 18 km (ring II)
[3, 4].
Data and method: To decipher the origin of the K
anomalies, we combined morphological analysis based
on 30 m/pixel SRTM data and field observations (from
a 4-day field campaign in November 2017). The latter
includes a series of ground-based gamma-ray measurements, using a portable gamma-ray spectrometer
(RS BGO 230). The objective of this analysis was to
determine the nature of K-poor and K-rich material
observed in the airborne radiometric and determine
whether or not variations in K are related to lithological properties (presence of different types of rocks) or

to weathering, erosional and transport processes. Several samples were also taken at surface and combined
with samples from shallow boreholes used for cosmogenic nuclide analysis. This part of the project has the
objective to quantify the exposure age and erosion rate
of Bosumtwi impactites.

Fig. 1 – RGB representation of K, Th, and U concentrations based on the airborne radiometric data with
locations of two shallow boreholes (BH1 and BH3)
(modified after [4]). To the southeast of the structure,
the hills forming the Obuom Range are composed of
basic intrusive and Birimian metasediments [5].
Results: The morphological analysis reveals the
presence of an annular plateau, which is terminated by
a distal ridge. The distal ridge indicates fluidized emplacement of ejecta [4,5]. K, Th, and U concentrations
were measured at 46 outcrops (Fig. 2). These measurements indicate that variations in K are not primarily
related to the compositions of metasediments and other
lithologies. However, K-poor material corresponds to
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laterite surfaces, which are present outside of the structure and within the annular depression (or moat) between the crater rim and the distal ridge, whereas Krich material corresponds to fresh rock exposures,
which occur at the crater rim and distal ridge.

whereas a new laterite surface developed within the
moat. The annular K-rich anomaly is therefore the
consequence of post-impact erosion and alteration
processes in the equatorial climate.

Fig. 2 – Illustration of ground-based radiometric measurements of K, Th, and U concentrations.
Table1: Mean values of K, Th, and U concentrations
measured at Bosumtwi (see Fig. 2) with a handheld
spectrometer.
Rock type

K

Stdv

Th

(wt%)

Stdv

(ppm)

U

Stdv

(ppm)

Metasediments

2.09

0.5

4.27

1.5

1.38

0.7

Intrusive (granite)

1.3

0.2

3.4

1.1

1.03

0.2

Breccias

1.9

0.6

4.5

1.2

1.3

0.4

Saprock

1.22

0.6

5

1.8

1.6

0.5

Saprolite

1.18

0.6

4.1

1.1

1.2

0.3

Preliminary analyses of cosmonuclides (10Be and
26
Al) on surface samples and collected to a depth of 15
m (shallow boreholes BH1 and BH2 into the ejecta,
see Fig. 1, [1]) suggest that the laterite surface within
the moat developed since emplacement of Bosumtwi
ejecta at ca. 1 Myr, whereas the laterite surface outside
the crater, the ejecta, and the surface beneath the ejecta
are much older. The in-situ produced 10Be concentrations measured on purified quartz extracted from the
samples varies between 0.01 and 2 Mat/g. This is much
lower than concentrations previously measured from
total superficial material [6], in the 100-400 Mat/g
range, because the latter are mainly controlled by atmospheric 10Be deposited in the soil [7].
Based on these results, we propose the following
scenario for the formation of the K-rich circular anomalies (Fig. 3). The impact crater formed about 1 Myr
ago on a well-developed laterite surface (locally at
least 15-20 m thick), which covered K-rich metasediments, and which is commonly observed in this part of
Ghana. Since crater formation, the distal ejecta ridge
and the crater rim have been continuously eroded. This
resulted in exhumation of K-rich metasediments,

Fig. 3 – Scenario of formation of the annular K-rich
anomalies at Bosumtwi.
Conclusions: This study reveals that the enigmatic
circular K anomalies result from post-impact surface
processes. This was controlled by the topography of
the impact structure is not a direct consequence of the
impact process. Considering the context and presence
of laterite surfaces in Central Brazil, we suggest that
the circular enrichment in K observed at Serra da
Cangalha may represent an analogous situation to
Bosumtwi. Other circular radiometric anomalies at
impact structures in Australia are being investigated to
capture the diversity of processes responsible for radiometric anomalies associated with meteorite impact
structures.
References: [1] Boamah, D., Koeberl, C. 2002. In
Impact in Precambrian Shields. Springer, Berlin Heidelberg. Eds J. Plado, L. J. Pesonen, pp. 211–255. [2]
Vasconcelos, M.A.R. et al.., 2012. Geophys. Res. Lett.,
39, L04306, doi:10.1029/2011GL050525. [3] Pesonen,
L.J., et al., 2003. Airborne geophysical survey of the
Lake Bosumtwi meteorite impact structure (Southern
Ghana) – Geophysical maps with description. Technical Report. Jhrb. Geol. Bundesanstalt, Wien, ISSN
0016-7800. [4] Baratoux, D. et al. (2019) Meteorit.
Planet. Sci. doi: 10.1111/maps.13253. [5] Koeberl C.
and Reimold W. U. 2005. Geological map of the Bosumtwi impact crater. Map Supplement to the Jahrbuch
der Geologischen Bundesanstalt, Vienna, Yearbook of
the Austrian Geological Survey. [6] Wulf, G. et al
(2019) Earth Planet. Sci. Lett. 506, 209-220.
doi:10.1016/j.epsl.2018.11.009. [7] Serefiddin et al.
(2007) Geochem. Cosmoch. Acta, 71, 1574–1582.
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GEOCHEMISTRY OF ARCHEAN IMPACT-DERIVED SPHERULE LAYERS IN FOUR DRILL CORES
FROM FAIRVIEW MINE, NORTHERN BARBERTON GREENSTONE BELT, SOUTH AFRICA.
G. J. G. de Oliveira1, W. U. Reimold2, A. P. Crósta1, N. Hauser2, C. Koeberl3,4, R. T. Schmitt5, D. Mader3, T. MohrWestheide5,6. 1Institute of Geosciences, University of Campinas, R. Carlos Gomes 250, 13083-855 Campinas, São
Paulo, Brazil. 2Institute of Geosciences, Laboratory of Geodynamics, Geochronology and Environmental Sciences,
University of Brasília, Darcy Ribeiro Campus, Asa Norte, CEP 90190-900, Brasília, Brazil. 3Department of Lithospheric Research, University of Vienna, Althanstrasse 14, 1090 Vienna, Austria. 4Natural History Museum, Burgring
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Invalidenstrasse 43, 10115 Berlin, Germany. 6Freie Universität Berlin, Institut für Geologische Wissenschaften,
Malteserstrasse 74-100, 12249 Berlin, Germany. Corresponding author: gracejuliana.oliveira@gmail.com
Introduction: Archean spherule layers (SL) have been
described from various parts of the Barberton Greenstone Belt (BGB), and their impact or terrestrial origin
has been strongly debated [1,2] in the past. We have
examined four SL bearing sections from exploration
drill cores BH5901, BH5907, BH5911 and BH5949
from Fairview Gold Mine (FV; 25°43'53''S/31°5'59''E).
The core intersections are from the contact between the
Onverwacht and Fig Tree groups, in the northern domain of the BGB [3]. The FV SL have the same stratigraphic placement and show petrographic and chemical
similarities to, at least, three well-known SL of the
BGB, known as S2, and S3-S4 [2]. The number of SL
at around the contact of these two groups have been
increased recently [4, 5], leaving the question as to
how many distinct SL do actually occur in this interval
[e.g., 2, 4, and 5]. The spherule beds studied are completely modified by alteration and metamorphism over
more than 3 Ga. Given the intense tectonic deformation
in this part of the BGB, it is very difficult to establish
the exact number of events that actually produced the
SL in this interval.
Oliveira et al. (2019) presented a detailed account
of the petrography of the Fairview SL [3]. Here we
focus on the geochemistry of these spherule layer intervals, in comparison to the chemical compositions of
their host rocks. The elevated siderophile element contents in the FV SL are compared with the abundances
of these elements in other spherule beds previously
described from this stratigraphic interval.
Methods: Two quarters of all SL intersections
were provided by Fairview Gold Mine. All samples
were studied by transmitted and reflected light microscopy, SEM-EDS, EPMA, micro-XRF [3], XRF, and
INAA. Major elements were analyzed by XRF. Seventy-four 1-cm-long subsamples from quarter slices of
cores BH5901, BH5907, and BH5949 were cut from
SL and host rocks (greywacke, volcanic tuff and banded chert) [3]. INAA was conducted to determine the
concentrations of some major elements as Na, K, and
Fe and the majority of trace elements, including the
REEs, in 96 1-cm-long subsamples from quarter slices
of cores BH5901, BH5907, BH5911 and BH5949.

More details on the method, instrumentation and accuracy are given by [6, 7].
Results and discussion: The results of whole-rock
chemical analysis conform with the fact that the FV SL
are pervasively altered to mainly quartz and phyllosilicate phases (mostly sericite). The variations in abundances of SiO2, Al2O3 and K2O are directly correlated
with major mineralogical variations [3]. This pronounced silica alteration in the FV SL and their host
rocks has also been reported for other BGB spherule
layers, and has been attributed to common lowtemperature alteration at the Barberton seafloor [8].
The Al2O3 and K2O contents show positive correlation
in the SL sections, in contrast to the host rock samples.
However, generally there is a negative correlation between the Al-K and the Si abundances, with increase of
the Al-K concentration with depth in accordance with
the presence of sericite filling in spherules. The secondary K overprint is positively correlated with Al-Ti
contents. Al2O3 and TiO2 contents are relatively high in
the FV SL, with values reaching up to 29 wt% for
Al₂O₃ and ~2 wt% for TiO₂. TiO2 is deposited at
spherule rims. High bulk Al₂O₃ contents, occasionally
up to 32 wt%, have also been reported for other Archean and Phanerozoic impact spherules [9]. Besides silicification and sericitization, late sulfide- and arsenidemineralization (mainly pyrite and gersdorffite) and
carbonatization also affected the FV SL and their immediate host rocks. They normally fill veins and fractures, these phases are directly correlated with high
bulk abundances of Fe, Ni, As and Ca, Mg and Fe,
respectively. Sulfides, arsenides and carbonate phases
are commonly related to the gold-mineralization in the
BGB [10], also at Fairview Mine.
Primary characteristics of the FV SL include
spherule sizes, inner textures, and the presence of NiCr spinel [3]. Ni and Cr abundances are not well correlated. The highest Ni contents in the FV SL are correlated with secondary sulfide mineralization, whereas
the highest Cr contents commonly are associated with
presence of microscopic Ni-Cr spinel. Bulk SL material shows distinctly elevated contents of Ni, Co, Ir, and
Cr along single SL, and also among layers (see Table
1). The highest Ni contents occur in BH5949 (985-

138

2622

809

1326

3350
712

88.9

36.6

497

3165

2857

537

19.3

419
465

1.9
0.7

59.3
976

15.7

464
not detect
29.7

357

not detect

8.6
176

133

23.7
0.8
0.6
20.1

384

113
400

not detect

4.5
601

1.1

1.3
200

139

min.

0.01
35.0

19.7

19

431
3.5

1.6

363
9.1

144
0.8
40.7

59.8

0.61
110

5212

8.06
450
119
greywacke

12.8

1.21
1182
12
banded chert

1324
113
SL

1.04
107
29
volcanic tuff

4.15
67

7.99
223

4254

149

greywacke
BH5907 SL

72.8

2.93
451

1493

min.

2.20
219

268

10

985

banded chert

banded chert

32

259

volcanic tuff

BH5949 SL

BH5911

43
SL

BH5901

44

min.
lithology

greywacke

Ni

max.

4.38

Co

max.

0.01

Ir*

max.

min.

Cr

max.

5212 ppm), and the lowest in BH5901 (43-219 ppm
Ni). Regarding Cr, the maximum abundance occurs in
BH5911 (712-3350 ppm), and the lowest in BH5901
(363-566 ppm). Highest Ir occurs in BH5949 (59.3465 ppb), and lowest in BH5901 (0.01-9.1 ppb). Cobalt abundances are low in BH5901 (2.2-35 ppm) and
relatively higher in BH5949 (59.8-976 ppm). Generally, the highest Ni and Co values are positively correlated and are associated to the local presence of sulfide
mineralization, as in BH5949. The BH5901 SL shows
the lowest values of these elements among the FV SL,
which may be due to the high degree of secondary silicification of this layer. The BH5911 SL displays the
highest values of Cr, whereas sulfide mineralization
affects more the BH5949 SL. BH5907 has both individual subsamples with high amounts of sulfide or with
high Cr contents. A correlation of Ir and Cr recognized
in the subsamples (mainly in the bulk samples from
BH5907, BH5911 and BH5949) suggest that Ni-Cr
spinel is associated with PGE phases, which are most
likely of extraterrestrial origin [11].
Conclusions: The occurrence of four distinct SL,
with densely packed spherules, without evidence of
depositional segregation, intercepted in distinct drill
cores taken a few meters from each other (BH5901,
BH5907 and BH5911) or ~90 m (BH5949) from the
others at Fairview Mine is interpreted as representing a
single impact event, resulting in ejecta deposited in a
marine, deep and calm environment, without current
and/or wave activity [3]. Our initial chemical findings
indicate strong heterogeneity, even between the closely
spaced intersections of this layer, and as indicated by
the strong variability in the abundances of Ni, Co, and
Ir from subsample to subsample within a given drill
core section. The highest abundances measured are
consistently associated with the presence of Ni-Cr spinel previously ascertained by optical microscopy. The
abundances of Ni, Co, Cr, and Ir measured for the
Fairview spherule layer intersections are on the same
level as the abundances of these elements previously
determined in other Archean SL, e.g., S2, S3-S4, S5,
CT3 and BARB5 [12] – all from this contact interval
between the Fig Tree and Onverwacht groups.
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Table 1. Ni, Co, Ir and Cr ranges of SL data in the four
cores, and for background (host rock). *All values are
in ppm, except for Ir that is given in ppb.
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Introduction: The Santa Marta (SM) impact structure is a complex crater with a diameter of approximately 10 km, with a raised rim and a central elevated
plateau (CEP) of approximately 3.2 km in diameter. It
is located in the state of Piauí, Brazil, and it is the sixth
confirmed impact structure in the country. In comparison with other Brazilian craters, such as Serra da
Cangalha and Riachão, it is reasonably preserved [1].
In this work we present the gravity signature of SM
impact structure using the Bouguer anomaly and a forward modeling, in order to estimate the basement
depth.
Geological Aspects: Santa Marta is located in the
Parnaíba Province and in a region where two sedimentary basins overlap, with the northern part of the
Sanfranciscan basin overlying the southeastern part of
the Parnaíba basin [2].
The Santa Marta sedimentary strata is basically divided into four groups. The first two, belonging to the
Parnaíba basin, are the Ordovician-Silurian Serra
Grande and the Devonian Canindé groups. The last two
belong to the Sanfranciscan basin, the Cretaceous Areado and Urucuia groups [2].
The Serra Grande group consists basically of sandstones and conglomerates. The Canindé group is divided into two units: Pimenteiras, composed of shales; and
Cabeças, made up of sandstones. The Areado Group is
divided into three formations: Abaeté, composed of
conglomerates; Quiricó, composed of shales; and Três
Barras, composed of sandstones. The Posse Formation
of the Urucuia Group, is composed of sandstones. In
addition to these groups there is a more recent Cenozoic sedimentary cover, also composed of sandstone [2].
The basement appears to be formed of metamorphic rocks such as mica-schist, as loose fragments of
this type or metamorphic rock were found near the
central plateau [1]. The most probable explanation is
that the basement was partially exhumed as a result of
the impact-induced central uplift [1].
Methods: Two field campaigns have been carried
out to obtain the 272 gravity stations in the area. The
Bouguer anomaly was obtained using the WGS84
model as reference ellipsoid. Data were interpolated
using the kriging method. For the purpose of this work,
we have performed a forward modeling along N-S using the GM-SYSTM program. Previous geological studies of the Santa Marta structure [1, 2] were used as

constraints in order to provide more reliable models.
For the density of each layer we have used the mean
density obtained from the literature [4], based on the
composition of each formation. The density values are
shown in Table 1. The basement corresponds to the
average density for schist. The first sedimentary layer
corresponds to the Canindé Formation, which is represented as Cabeças, the second to the Abaéte Formation,
the third one to the Quiricó Formation and the fourth to
sandstones of the Três Barras and Posse formations.

Table 1: Densities used in the model for each one of
the geological formation.

Results: The residual Bouguer signature is somewhat peculiar (Fig. 1), as already noticed by [1]. The
highest values of the anomaly inside the structure, do
not coincide spatially with the plateau (CEP), but are
displaced towards the northern rim. It is known that the
existence of a central uplift is not a sufficient condition
for the existence of a relative high gravimetric in complex craters [3]. However, the gravity signature of SM
does not show a circular pattern, as it would be expected.
The forward model of Santa Marta is presented in
Figure 2. The data were relatively well-fitted with error
of 0.536. The model started based on a basement
around 1km-depth, according to [5], and sedimentary
units represented four layers. The model was built to
represent rocks of the distinctive zones: central uplift,
annular basin and outer edge.
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Figure 1: Residual Bouguer anomaly of the Santa Marta impact structures showing the boundaries of the
outermost rim and the CEP in the central area. The
dashed line shows the direction of the profile used to
produce the model.
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In order to explain the positive gravity anomaly observed in the northern portion of the central uplift, we
suggest a higher uplift of the basement under the
anomaly than at the central area that corresponds to the
CEP. The depth of the basement under the high positive gravity anomaly is estimated at approximately 700
m, whereas under the CEP at approximately 850 m.
The plateau presents a contrast of low densities when
compared to the Cabeças Formation. This might be due
to the presence of less dense rocks and breccias forming the CEP [2]. The model seems coherent with the
general pattern of gravimetric signatures of similar
impact structures.
Acknowledgements: We gratefully acknowledge
FAPESB for Mr. J. Oliveira fellowship and FAPESB
JCB #0041/2016 for supporting this research.
References: [1] Oliveira G. J. G. et al. (2014)
Meteoritics & Planet. Sci., 49, 1915-1928. [2] Oliveira
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47(4), 673-692. [3] Pilkington M. and Grieve R. A. F.
(1992) Reviews of Geophysics, 30, 2 , 161-181. [4]
Telford W. M. et al. (1990) Applied Geophysics, 2, 1516. [5] Vasconcelos M. A. R. et al. (2010) The Geological Society of America, 465, 201-217.

Figure 2: Forward gravity model of the Santa Marta impact structure. Dashed back line correspond to observed data;
black line corresponds to calculated data, and red line is the error.
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AOUELLOUL IMPACT CRATER, MAURITANIA: NEW STRUCTURAL AND LITHOLOGICAL DATA.
E. cheikh Ould Mohamed Navee1, H. Chennaoui Aoudjehane1, D. Baratoux2, L. Ferrière3, and M. S. Ould Sabar4,
1
GAIA, Laboratory, Hassan II University of Casablanca, Faculty of Sciences Ain Chock Casablanca, Morocco
(elycheikhnaviee@gmail.com), 2Geosciences Environnement Toulouse, University of Toulouse, Research Institute
for Development & CNRS, 14, Avenue Edouard Belin, 31400 Toulouse, France, 3Natural History Museum,
Burgring 7, A-1010 Vienna, Austria, 4Department of Geology, Faculty of Science and Technology University of
Nouakchott El-Aasriya, Nouakchott, Mauritania.
Introduction: The Aouelloul impact crater is located in Mauritania, in the Adrar region, about 50 km
SE from the city of Atar. It was first discovered from
the air by A. Pourquié in 1938 and visited by him on
the same year and again in 1939. The crater was first
described in the scientific literature by Monod and
Pourquié in 1951 [1]. However, it was already known
for a very long time already from the local people who
call it "Hofrath Aouelloul" (i.e., the “hole of Aouelloul”) [1]. The crater, with a well-developed rim, is
almost 400 m in diameter. Fission track and K-Ar dating of impact glasses found around the crater yielded
an age for the crater of 3.25 ± 0.50 Ma [2] and 3.1 ±
0.3 Ma [3], respectively. It is formed in sandstones
from the Oujeft and Zli Formations, both Ordovician in
age [1]. It was confirmed to be of impact origin based
on the presence of an extraterrestrial component in the
glass fragments found around the crater [4]. So far only
a few quartz grains with “possible remnants of planar
deformation features (PDFs)” were reported by [4]
from fractured sandstone samples collected from the
crater rim. We report here on new structural and lithological data acquired during a 2019’s field campaign.
Field campaign, method and data: One of the
main source of information about the Aouelloul impact
crater comes from field observations published in [1;
only available in French language]. In order to update
this work and to better understand the structural deformations associated with this small impact crater, a
fieldwork campaign was organized at Aouelloul in
February 2019. All co-authors of this abstract went in
the field. The main objectives were to collect structural
measurements and a number of samples from outcrops
(Fig. 1) as well as to collect information on the Aouelloul impact glass distribution. A number of impact
glass samples were also collected and some were acquired from local persons (Fig. 2). All the collected
information is reported on a new lithostructural map of
the crater and its surroundings (Fig. 3). We spent a
total of three days at and around the impact crater.
More than a dozen of rock samples were collected
along the rim and structural measurements at 16 outcrops (i.e., strike and dip of sedimentary layers, and/or
orientations of fractures) were obtained. Features already reported in [1] were checked and compared with
our data taking into account that at the time they have
prepared their map, GPS was not available to collect
accurate coordinates. Our field data are overlaid on a

Bing Maps aerial image of the Aouelloul crater. The
locations of impact glass fragments collected at several
locations around the crater are also reported, allowing
us to update the spatial distribution of the glass, which
was limited to a very small sector at the SE of the
crater on the map by [1]. All information were reported
with the ArcGis software on the aerial image.

Fig. 1. Typical outcrop of the sandstone/quartzite belonging to either the Zli or the Oujeft Formations as
seen on the rim of the crater.
Lithological mapping of the Aouelloul impact
crater: Most of the interior of the impact crater is
filled with recent (quaternary) sand deposits. Solid
rocks outcrops are found almost exclusively in the inner flanks of the crater rim, mostly restricted to its
north and west parts. Macroscopic examination of
these outcrops revealed that they consist of more or
less weathered sandstone and quartzite (Fig. 1). The
distinction between both lithologies was difficult in the
field and will requires petrographic examinations of
thin sections of the collected samples to be completed.
Structural mapping of the Aouelloul impact
crater: The rim of the impact crater is characterized by
more or less disturbed meter to pluri-meters rock
“blocks” showing fracturing and dipping toward either
the interior or the exterior of the crater (Figs. 1 & 3).
Both radial and concentric fracturing were observed.
We were able to measure only three radial and six concentric fractures in total.
Aouelloul impact glass: A number of Aouelloul
impact glass samples were collected. They range in
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size from less than a centimeter up to 9 cm for the largest one. The Aouelloul impact glass is mainly dark gray
in color, but some dark to light green, to yellowish or
even rare beige samples were also found (Fig. 2). The
location of some of the collected samples is reported
on the map (Fig. 3) but some local transport after deposition cannot be excluded.

Fig.2. Macrophotograph of a selection of impact glass
fragments collected by L.F. around the Aouelloul crater
(scale bar is 1 cm).
Discussion: All the collected information, structural measurements, rocks and impact glass distribution
were reported on an aerial image of the Aouelloul impact crater (Fig. 3). Fracturing seems to be mostly concentric. Impact glass fragments are mainly found in two
areas, in the eastern and in the southern part of the ex
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terior of the crater. This asymmetric distribution may
be the result of an oblique impact (if original distribution is preserved), or just the result of a difference in
preservation (i.e., no impact glass samples were found
in the north and west parts).
Conclusion and perspectives: The preliminary
lithostructural map of the Aouelloul impact crater presented here shows for the first time the structural measurements and accurate geographic coordinates of all
components of the Aouelloul impact crater, including
the impact glass distribution. Petrographic investigations of the collected samples are currently in progress
and results will be presented at the conference. We
hope to find shocked quartz (i.e., with PDFs) and to
characterize their orientations.
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Fig. 3. Preliminary lithostructural map of the Aouelloul impact crater. Data are overlaid on a Bing Maps aerial image
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Hydrothermal systems are considered to have
played an essential role in the origin of life on Earth
and, potentially, on other planets [1–4]. These systems
are known to form within hypervelocity impact structures [1,5–7], making them a target for astrobiology
research. Such environments provide heat sources on
otherwise cold planetary surfaces, thereby creating
habitable environments for thermophilic and hyperthermophilic microorganisms [3] and potentially acting
as ‘cradles’ for prebiotic chemical reactions [4]. Constraining the duration of hydrothermal activity at impact structures is therefore crucial for understanding
the origin of life. We present 40Ar/39Ar geochronology
and numerical simulations of the hydrothermal system
in and around the peak ring of the ~200 km diameter
Chicxulub impact structure. Previous simulations of
impact-induced hydrothermal activity found a maximum duration at Chicxulub of 2.3 million years, where
the lifetime of the hydrothermal system is defined as
the time taken to cool to 90 °C within 1 km of the surface [8,9].
Here we find that authigenic feldspar in the impact
melt rocks at Chicxulub formed over ~6 Myr, from the
time of impact ~66 Ma to ~60 Ma. We paired these
empirical data with new, independently derived numerical simulations that show continued hydrothermal
fluid flow up to 7 Myr post-impact. We therefore interpret hydrothermal activity at Chicxulub to have lasted at least 6 Myr.
We used samples and data obtained from the joint
International Ocean Discovery Program (IODP) and
International Continental Scientific Drilling Program
(ICDP) Expedition 364 at Site M0077 (21.45° N,
89.95° W) [10,11]. Hole M0077A, drilled into the peak
ring approximately 45 km from the crater center, re-

vealed new stratigraphy and physical properties of the
rocks [10,12] which suggested that the hydrothermal
system might have endured longer than previously
believed. Microscopic observations of impact melt
rocks from Core M0077A additionally revealed the
presence of hydrothermal feldspar [13], which we
interpret to have formed as the water flux in the system
declined.
We conducted 40Ar/39Ar step heating analyses on
four samples of impact melt rock from three different
depths: 706.4, 735.0, and 756.0 mbsf. Samples CHX
706.4, 735.0, and 756.0A are dominated by authigenic
K-rich feldspar which nucleated around quenchcrystallized plagioclase. Sample CHX 756.0B, from
the same depth as 756.0A, is dominantly quenchcrystallized plagioclase surrounded by pore space.
Samples CHX 735.0, 756.0A, and 756.0B all
yielded plateau ages ranging from 58.3 ± 0.43 Ma (2σ)
to 66.24 ± 0.74 Ma (2σ). Age probability of plateau
ages yields a peak at ~60 Ma. The oldest ages measured in this study are indistinguishable from the K-Pg
boundary (K-Pg = 66.052 ± 0.086 Ma, 2σ [14]). Sample CHX 706.4 did not yield any plateau ages. The
spread of ages are interpreted to reflect protracted and
heterogeneous formation of hydrothermal feldspar over
at least ~4 to 6 Myr after the impact.
Independently of the 40Ar/39Ar results, numerical
simulations were conducted to simulate water mass
flux and heat distribution in the post-impact hydrothermal system at Chicxulub. These simulations followed a similar methodology to previous simulation
studies [8,9,15], but are different in that they include
constraints from the physical properties and stratigraphy of the M0077A core. For this study, we used a
modified version of the U.S. Geological Survey
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(USGS) HYDROTHERM - Version 3 software
[16,17]. Simulations were conducted in two dimensions, creating a 160 km cross-section from the crater
center, through the peak ring and up to its rim. Permeability is a key constraint in numerical simulations of
hydrothermal systems, since permeability has yet to be
measured on the M0077A samples, permeability values for these simulations come from analogous materials [18–22].
Results of the simulations suggest that hydrothermal fluid circulation at Chicxulub lasted for at least 6
to 7 million years after the impact (impact age =
66.038 ± 0.098 Ma [23]). After 6 million years the
water mass flux in the system is 2 orders of magnitude
smaller than at the start of the simulation, and after 7
million years the temperatures have returned close to
the regional geothermal gradient.
The lifetimes of impact-induced hydrothermal systems in general are poorly constrained, with durations
in only a few having been quantified by geochronological measurements [e.g., 19–21], and numerical simulations [e.g., 8,9]. The Sudbury impact structure, Canada, is the site of the most extensive hydrothermal alteration in a terrestrial impact structure [8]. Along with
its large size (~250 km in diameter) it is therefore a
useful analogue for the duration of a hydrothermal
system in a large impact structure such as Chicxulub.
A maximum duration of conductive cooling of the
Sudbury igneous complex of 1 Myr was determined
based on zircon U-Pb ages [27], and cooling of the
hydrothermal system is considered to have been much
faster, on the order of tens to thousands of years, due to
the added effects of fluid convection. However, numerical modeling of the hydrothermal system at Sudbury
by Abramov and Kring [8] suggests that the hydrothermal system could have remained active for hundreds of thousands to several million years depending
on permeability of the host rock. Similar results (~1.5
to 2.3 Myr) were found for Chicxulub when conducting numerical modeling of hydrothermal activity, depending on permeability of the host rocks [9].
Based on the combined geochronological and numerical simulation results of the present study, the
duration of the hydrothermal fluid flow at Chicxulub
appears to have been at least 6 Myr, up to three times
longer than the previously simulated ~2 Myr [9]. We
attribute this difference primarily to the different physical properties of the rocks measured in the M0077A
drill core relative to those in the Yaxcopoil-1 and Yucatan-6 cores. Specifically the lithologies from
M0077A exhibit higher density of fractures and higher
porosity than the cores used in previous simulations
[12]. Additionally, the version of HYDROTHERM
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used in the present study is better able to account for
complex stratigraphy than previous versions.
The duration of hydrothermal systems generated by
large impact structures is clearly highly complex, and
more thermochronometric data are necessary to unravel the intricate thermal history at Chicxulub [ see also
28, 29]. If Chicxulub is found to be unique in terms of
its cooling and/or fluid flow history, then the search for
extraterrestrial life should be focussed on impact structures that were big enough to disrupt the mantle on
their respective planets,; that formed when there was
mantle convection, or that otherwise bear similarity to
the formation environment of Chicxulub.
More work is needed to empirically measure the
duration of hydrothermal activity at terrestrial impact
structures of various sizes in order to constrain the
ability of these systems to have provided habitable
environments on early Earth or on other planets. This
study has opened future research pathways to better
understand the durations and temperatures involved in
impact-generated hydrothermal systems.
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Introduction: The Offset Dykes are impact meltbearing dykes that formed as a part of the ~1850 Ma
(Krogh et al. 1984) Sudbury impact event. They occur
concentrically around – and radiating outwards from –
the Sudbury Igneous Complex (SIC), the remnants of a
differentiated impact melt sheet from which the Offset
Dykes originated [2,3]. They consist of two phases: an
inclusion- and sulfide-rich quartz diorite (IQD) in the
centre of the dyke, and an inclusion- and sulfide-poor
quartz diorite (QD) along the margins of the dyke [4].
A third Offset Dyke lithology that is often overlooked
is the so-called metabreccia, which consists of a recrystallized heterolithic breccia that is unique to the Offset
Dykes north of the SIC in the North Range [5]. However, some details regarding the origin and emplacement of the Offset Dykes remain uncertain. In this
study we evaluate the current understanding of the
North and East Range Offset Dykes (Hess, Trill, Ministic, Cascaden, Pele, Foy, Parkin, and Whistle dykes )
and identify a coherent emplacement model that is consistent with the geological, mineralogical, and geochemical observations.
Potential Emplacement Methods: The most
common hypothesis for the formation of the Offset
Dykes involves two intrusion events: an early emplacement of clast- and sulfide-poor melt from the SIC,
followed by emplacement of an inclusion- and sulfiderich melt after the melt sheet became sulfur-saturated
(c.f., Worthington [6], Copper Cliff [7], Trill [8],
Whistle and Parkin dykes [5]. Although cross-cutting
relationships between QD and IQD (e.g., enclaves of
QD in IQD at the Foy dyke [9]) are consistent with the
concept that QD must have been at least partially solidified when IQD emplaced, there are some spatial relationships that are not explained by multi-stage emplacement model(s). For example, these studies provide no explanation as to why a second intrusion of
IQD is often, but not always located in the centre of
QD, and it is not clear what physical process of melt
sheet re-adjustment was responsible for a second phase
of injection of mineralized inclusion-bearing quartz
diorite. An alternate hypothesis is that a single injection
of clast- and sulfide-bearing melt occurred, and that
flow differentiation was responsible for separating out
clasts, forming a clast-rich phase in the middle (IQD)
and a clast-poor marginal phase (QD) [10]
Methodology: Fieldwork was conducted in the
summer months from 2013 – 2018 on property owned
by Wallbridge Mining Company Limited covering the

distal regions of the Hess, Trill, Cascaden, Ministic,
Pele, Foy, and Parkin dykes, as well as the Whistle Pit,
owned by Glencore and Vale, and North American
Nickel Post Creek site. Updated regional field maps of
the Trill and Parkin Offset Dykes were created at
1:2,000 and 1:5,000 scale [11], and detailed trench
maps were created at 1:100 scale at the Hess, Trill,
Pele, Foy, and Parkin dykes [10-12]. Samples were
analyzed using optical microscopy, wavelength (WDS)
and energy dispersive spectrometry (EDS), and chemical analysis via inductively coupled plasma optical
atomic emission spectroscopy (ICP-AES) and mass
spectrometry (ICP-MS).
Geochemical Variation of the North Range Offset Dykes: The majority of the North Range Offset
Dykes have very similar geochemical properties suggesting they were emplaced at around the same time,
relative to the differentiation of the SIC. Minor variations in chemistry between the dykes can be explained
by the effects of their host rocks, which altered both the
original composition of the impact melt and subsequently altered the melt through the assimilation of
local clasts. For example, subtle differences between
the Parkin dyke and the other North Range dykes (e.g.,
lower Sr, TiO2, Ba, and Rb) can be attributed to the
effect of the Huronian metasedimentary rocks that host
the dyke. Similarly, Foy and Whistle Offset Dykes exhibit minor variations in terms of their REE profile,
and the ratios of incompatible elements (e.g., high
Th/U and La/Y ratios). This is potentially due to assimilation of Levack Gneiss material that hosts sections of
both dykes, and exhibits similar REE profiles and incompatible element ratios to the dykes [13]. An exception is the chemically evolved nature of the Pele dykes,
which suggests that the dykes were emplaced later than
the other North Range dykes, from a portion of the SIC
melt sheet that was more chemically evolved and devoid of clasts.
Emplacement mechanisms of IQD and QD: In
the multiple emplacement model, dykes consisting of
only QD or only IQD would be expected. There is one
instance of a QD-only dyke (Pele), which suggests
there was at least one late injection of clast-poor melt.
However, the lack of an IQD-only dyke is inconsistent
with the multiple emplacement model. The crosscutting relationships between QD and IQD have commonly been cited as evidence for multiple emplacements. However, enclaves of QD and IQD within IQD
are possible in the flow differentiation model as well,
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and only requires that portions of the dyke begin to
crystallize while the majority of the dyke continues to
flow. For this reason, the QD / IQD cross-cutting relationships are consistent with either model and should
not be considered as evidence to support one over the
other. The variable nature of the QD / IQD contact
could also be the result of either model. In the flow
differentiation model, minor differences in the immiscibility between the clast-poor and clast-rich melts (affected by clast content, viscosity, density, and temperature) would change the nature of the contact over short
distances. In the multiple emplacement model, this
implies that some portions of the dyke are not fully
crystalline prior to emplacement of IQD. Finally, the
presence of primary sulfides in QD and IQD imply that
both must have been emplaced after sulfides began to
concentrate at the base of the melt sheet. This is inconsistent with many emplacement models that suggest an
early QD emplacement and a later IQD emplacement.
Metabreccia formation: Metabreccia shares many
similarities to footwall breccia, and does not appear to
be related to QD or IQD. The footwall breccia is also
composed of quartz and feldspar and shows diffuse
matrix-clast contacts. The texture of the matrix of both
breccias is characterized by poikilitic to poikiloblastic
textures and signs of partial melting and local recrystallization features are also present in footwall breccia.
Geochemical data suggests that metabreccia is not genetically related to QD or IQD, but instead shares a
closer resemblance to footwall breccia [14]. Based on
the petrographic and geochemical similarities, footwall
breccia is considered to be the closest analogue to
metabreccia, and it seems likely that metabreccia is
metamorphosed and thermally overprinted footwall
breccia (as was proposed by [15]), and that this hypothesis likely holds true for metabreccia found
throughout the North Range Offset Dykes.
A model for the emplacement of the North
Range Offset Dykes: In summary, the following working hypothesis is presented for the timing relationship
of the North Range Offset Dykes, the relationship between QD and IQD, and the formation of metabreccia.
The impact event produced a fractured and brecciated
footwall (footwall breccia) and an impact melt sheet
that was initially stratified with a clast rich bottom and
top. As the melt sheet cooled, it started to become sulfur saturated and sulfides formed and settled towards
the base (e.g., [2,3]). Late-stage adjustments in the
floor opened dilatant fractures (cf., [6]) into which the
clast- and sulfide-rich melt was emplaced. The first
melt is clast rich but as the base of the melt sheet drains
locally the melt available becomes less clast rich. It is
believed that the Hess Offset Dyke was emplaced into
a concentric fault system that would correspond with
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the terrace of the crater. The exact timing of this emplacement is not clear; however, relationships between
the Foy and Hess indicate that both were liquid at the
same time [10]. During emplacement, clasts of the
brecciated footwall rock material were ripped up and
included into the dyke. The heat of the Offset Dykes
recrystallized the breccias resulting in pods of
metabreccia. The Hess dyke, having been emplaced
from the collapsed terrace and not directly beneath the
melt sheet, would not have ripped up the same brecciated material as the radial dykes, explaining why it
lacks metabreccia. As the dykes continued to flow,
clasts and sulfides moved away from the walls of the
dyke, starting to concentrate in the centre, resulting in a
clast-poor marginal phase (which crystallized to form
QD) and a clast-rich central phase (that crystallized to
form IQD) [10]. The above is believed to have occurred for the Hess, Trill, Ministic, Cascaden, Foy,
Parkin, and Whistle dykes, at approximately the same
time – geologically speaking. After these dykes solidified, the remaining melt sheet began to differentiate.
After some differentiation had occurred, the chemically-evolved clast-poor melt was emplaced to form the
Pele Offset Dykes.
References: [1] Krogh et al. (1984) In The geology
and ore deposits of the Sudbury structure, pp. 431–
446. [2] Lightfoot et al. (1997) Econ. Geol., 92, 289–
307. [3] Therriault et al. (2002) Econ. Geol., 97, 1521–
1540. [4] Grant and Bite (1984) In The geology and
ore deposits of the Sudbury structure, pp. 275–300. [5]
Murphy and Spray (2002) Econ. Geol., 97, 1399–
1418. [6] Hecht et al. (2008) Meteoritics & Planet.
Sci., 43, 1659–1679. [7] Rickard and Watkinson
(2001) Explor. Min. Geol., 1-2, 111–124. [8] Klimesch
(2009) M.Sc. thesis, Freie Universität Berlin. [9]
Tuchscherer and Spray (2002) Econ. Geol., 97, 1377–
1397. [10] Pilles et al. (2018) Earth Planet. Sci. Lett.,
495, 224–233. [11] Coulter (2015) M.Sc. thesis, University of Western Ontario. [12] Pilles et al. (2017)
Can. J. Earth Sci., 55, 230–240. [13] Meldrum et al.
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A COMPARISON OF MARTIAN AND TERRESTRIAL IMPACTITE DYKES. E. A. Pilles1, L. L. Tornabene1, and G. R. Osinski1.
1
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Introduction: Impactite dykes consisting of impact melt rocks and/or breccias occur in nearly every
terrestrial impact crater studied. They can be hosted in
the crater floor, walls, or central uplift, and often occur
as complex networks of dyke systems that formed as a
result of the impact event. Various mechanisms have
been proposed for the formation of these dykes, such as
the injection of impact melt into fracture systems (either caused by the impact or pre-existing weaknesses)
[1], in-situ melting [2] or physical breakdown (cataclasis) during the impact event, or simply the uplifting
pre-existing dykes. However, for craters on Earth, in
many cases there is limited surface exposure, due to the
extent of degredation and/or exposure of the impact
structure, and interpretations of the dykes’ formation
are, therefore, often limited to sparse outcrop exposures or drill core. For these reasons, this study examines remote sensing data from exposed bedrock in the
central uplifts of Martian impact craters to compare the
morphology of Martian impactite dykes to potential
terrestrial analogues.
Methodology: A total of 1,338 central uplifts were
surveyed using images from the HiRISE (Highresolution Imaging Science Experiment) camera on
board the Mars Reconnaissance Orbiter (MRO). This is
a continuation of the global crater-exposing bedrock
(CEB) database developed by [3]. Of these, 416 central
uplifts had exposed bedrock. Of those, dykes were observed in 96 central uplifts. This does not imply that
there are no dykes in other craters, merely that there is
a lack of exposure in other craters. Dykes were categorized based on their morphology, and comparisons
were made to terrestrial examples.
Terrestrial impactite dykes: In spite of their limited surface exposure, terrestrial impactite dykes have
been classified in various ways based on their morphology (e.g., branching vs anastomosing), the texture
and composition of their matrix (e.g., melt matrix vs
clastic matrix), and their clast content (e.g., clast-rich
vs clast-free; or polymict vs monomict) [4]. Although
observations of the matrix of Martian dykes are not
plausible with remote sensing data, the morphology
and clast content can be observed with the HiRISE
(High-resolution Imaging Science Experiment) camera
on board the Mars Reconnaissance Orbiter (MRO). For
the purposes of this study, we consider four dyke types:
Pseudotachylites contain cm-scale (and occasionally m-scale) clasts in a melt matrix, with a composition

that typically corresponds to the surrounding target
rocks [1,4], suggesting they formed from in-situ frictional melting and/or cataclasis (parautochthonous
breccias), with some transportation involved.
Lithic breccia dykes consist of a fine-grained clastic
matrix, and include both polymict and monomict breccias. They vary considerably in size from only 10s of
cm’s thick (e.g., at the Manicuagan impact structure
[1]) to 10s of meters thick (e.g., the Slate Islands impact structure [5]. Dykes of this nature have been proposed to have formed during the modification stage of
crater formation [4].
Impact melt rock dykes are continuous dykes that
range from a few mm in width to several 10s of meters
thick. These dykes commonly contain lithic, mineral,
and glass fragments in a matrix of impact melt material
nd are believed to have formed during late-stage fracturing during the crater modification process [4].
On a different scale altogether are impact melt
dykes that range from ~10 to 100 meters wide and up
to 50 km in length that occur in large impact structures,
such as the so-called Offset Dykes at the 150 – 200 km
diameter Sudbury impact structure [6] or the granophyre dykes at the ~300 km diameter Vredefort impact
structure [2]. They occur as planar sheets and/or discontinuous bodies within the basement rocks and occur
concentrically around – or extending radially outwards
from – the impact melt sheet. In this study, dykes of
this scale are referred to as offset-style dykes.
Discussion: The dykes were categorized based on
their colour and morphology in HiRISE images:
Thin dark-toned fractures are dark-toned dykes
typically <5 m thick that form complex anastomosing
networks, and occasionally contains m-scale clasts.
This type of dyke was ubiquitous across all uplifts that
contained fractured bedrock (see the thin, dark fractures in Fig. 1A). A terrestrial analogue for this type of
dyke is pseudotachylite, which similarly consist of a
dark-toned matrix, and are known to form complex
networks in the footwall and central uplifts of impact
structures [1]. At the resolution of HiRISE, clasts <1 m
in size would be difficult to resolve.
Dark-toned breccia dykes are characterized by a
dark-toned matrix that contains breccia clasts of varying size, some of which are exotic in origin, indicating
some degree of transport was involved (Fig. 1A). They
are typically ~5 – 50 m thick, fairly straight, with sharp
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contacts with the surrounding rocks. In terrestrial impact structures, pseudotachylites can form large irregular bodies, some 10s of meters thick, often containing
m-scale clasts, and can be continuous for up to ~100 m
(for example, at the Vredefort impact structure). This
variety of pseudotachylite is potentially analogous to
the dark-toned breccia dykes in Martian craters.
Light-toned and blue-toned dykes are typically <10
m thick, up to 1 km in length, and have sharp contacts
with the surrounding rocks (Fig. 1B). These dykes
commonly have a sinuous shape, and stand out in relief
forming ridges. Some appear blue-toned in HiRISE
IRB images, indicative of ferrous-bearing material. It is
difficult to find a direct comparison between this group
of dykes and a single terrestrial impactite dyke. One
potential analogue to the light-toned dykes is lithic
breccia dykes, which vary considerably in size from
only 10s of cm’s thick (e.g., at the Manicuagan impact
structure [1]) to 10s of meters thick (e.g., the Slate Islands impact structure [4]. Another potential analogue
to the light-toned dykes is impact melt rock dykes.
These dykes are straight, continuous dykes that range
from a few mm in width to several 10s of meters thick.
These dykes commonly contain lithic, mineral, and
glass fragments in a matrix of impact melt material that
typically reflects the composition of the dyke’s immediate host rocks. When found in crystalline targets,
these dykes typically have a black to dark-grey matrix,
that is not consistent with their light-toned appearance
in HiRISE images (e.g., the Mistastin Lake [7] and
West Clearwater impact structures [8]). However,
when dykes of this scale occur in sedimentary targets,
they tend to have a lighter-coloured matrix than the
crystalline-hosted dykes (e.g., at the Chicxulub [9],
Manicuoagan [1], Siljan [10], and Terny impact structures [11]). However, most of the light-toned dykes
observed in this study do not contain clasts that are
visible at HiRISE-scale resolution, which makes it dif-
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ficult to draw direct comparisons between these dykes
and terrestrial analogues.
Offset-style dykes: We identified only 7 examples
of Martian impactite dykes >50 m wide. It is possible
that dykes of this scale exist in other craters, but are not
observable due to dust or poor exposure. The morphology of these dykes can be compared directly to the
morphology of the Offset Dykes at Sudbury. The dykes
are commonly offset by 10s or 100s of meters, and
form branches that weave in and out giving the dykes
an anastomosing geometry (Fig. 1C).
Conclusions: Dykes in terrestrial impact structures
share many similarities in morphology to those observed in Martian impact structures. And while offsetstyle dykes are poorly exposed (only 7/1,338 craters
surveyed contained them), there are Martian examples
of these features. Further study of dykes in wellpreserved Martian craters will aid our understanding of
similar features in terrestrial craters that are heavily
eroded, metamorphosed, and difficult to interpret.
References: [1] Dressler and Reimold (2004)
Earth-Sci Rev, 67, 1–54. [2] Reimold and Gibson
(2011) Chem Erde-Geochm, 66, 1–35. [3] Tornabene et
al. (2015) Bridging the Gap III, 1861, p. 1043. [4]
Lambert (1981) In Multi-ring basins: Formation and
evolution, pp.59–78. [5] Fairchild, Swanson-Hysell,
and Tikoo (2016) GSA, 44, 723–726. [6] Grant and
Bite (1984) In The geology and ore deposits of the
Sudbury structure, pp. 275–300. [7] Singleton et al.
(2011) LPSC, 42, p. 2250. [8] Wilks (2016) M.Sc.
Thesis, UWO. [9] Wittmann et al. (2004) Meteoritics
& Planet. Sci., 39, 931–954. [10] Reimold et al. (2005)
Meteoritics & Planet. Sci., 40, 591–607. [11] Sharpton,
Krochuk, and Herrick (2013) Meteoritics & Planet.
Sci., 48, 806–818.
Fig. 1. HiRISE false-colour infrared images (IRB) of central
uplifts with dykes at 25 cm/pixel.
A) Thin dark-toned fractures and a
thick dark-toned breccia dyke with
a xenolithic clast indicated by the
arrow (PSP_007767_1970). B)
Cross-cutting blue- and lighttoned breccia dykes in the uplift of
Negril
Crater
(ESP_025700_2005). C) A 50 –
100 m thick green-toned dyke in
the central uplift of Jori Crater
with a variety of morphologies
(ESP_028535_1515) compared to
the geometries of offset dykes at
the Sudbury impact structure.
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Introduction: The distribution of the orientations
of shock-induced planar microstructures in feldspar
and quartz, such as planar fractures (PFs), planar deformation features (PDFs; e.g., [1,2]), and possibly
microtwins (e.g., [3-5]), has never been considered to
our knowledge at the sample scale, because such a
distribution of orientations is considered to be random.
Indeed, even the intensity of shock effects has a large
variability within a sample, due to the local shock
wave scattering, caused by the different shock impedance between mineral phases, between crystals of
the same mineral but with different crystallographic
orientations, or due to pre-existing heterogeneities in
the rock. However, the frequency of such microstructures, for example the frequency of specific crystallographic orientations of PDFs in quartz, measured on a
statistically meaningful number of grains, provides
information on the shock intensity (e.g., [2]) and has
allowed studies on shock attenuation (e.g., [6]). Recently, it was proposed to use the shear sense indication along PFs in quartz, as inferred from the orientation of feather features (FFs), in samples from the
IODP-ICDP Chicxulub Expedition 364 drill core [7] to
constrain the original orientation of granitic target
blocks in the peak ring, by relating the supposed orientation of the maximum compression axis with the center of the crater [8], after having unsuccessfully tried in
the past with PDFs in quartz [9].
In this work, we focus on the orientation of planar
microstructures in shocked feldspar and quartz, in the
hypothesis that they preferentially develop along directions that are favorably oriented with respect to the
local shock waves, disregarding their mechanism of
formation (maximum compression, shock relaxation,
or shear). We have measured the orientation of such
microstructures with the Universal-stage (U-stage)
with respect to a selected local reference system. In
shatter cone samples, the used reference is the striated
surface, and in "oriented" IODP-ICPD Chicxulub Expedition 364 drill core samples, the reference is the
core axis. Comparing the results from the shatter cone
samples with those from the Chicxulub drill core, we
discuss the possibility to infer information on the original orientation of the blocks in the peak ring of the
Chicxulub impact structure.

Samples and methods: Shatter cone samples used
in this study were: CHA09-12-01 from the Charlevoix
impact structure, Canada, recording no pre-impact tectonic deformation (e.g., [10;11]), WMM-102A-64C1
from the Manicouagan impact structure, Canada,
recording weak pre-impact deformation (e.g., [12;13]),
and VN3 from the Keurusselkä impact structure, Finland, which is strongly foliated (e.g., [14]). Thin sections were cut roughly normal to the striated surface
and the striation direction. The samples were selected
with different stages of tectonic deformation to exclude
a potential influence of pre-impact crystallographic
preferential orientation of the investigated phases in
the orientation of the shock microstructures. The samples from the Chicxulub drill core [7] are
132R1_54-57 (838.76 m below sea floor, mbsf),
164R2_47-52 (919.52 mbsf), 188R2_11-13.5 (986.19
mbsf), 212R1_129-131.5 (1056.01 mbsf), and
224R1_61-63.5 (1091.39 mbsf). Thin sections were cut
both normal and parallel to the core axis. Petrographic
thin sections were investigated with the U-stage, and
data were plotted with the program Stereo32.
Results: In the shatter cone samples, a strong
preferential orientation of the shock-induced planar
microstructures in quartz and feldspar is obvious, disregarding the abundance of such microstructures or the
nature of the mineral they are contained in. This preferential orientation defines a maximum in the pole
figures with an angle of ca. 30° with respect to the striated surface of the shatter cones and is independent
from the eventual presence of foliation (Fig. 1). In the
Chicxulub drill core samples, a preferred orientation is
not obvious in the investigated samples and does not
seem to be strongly correlated with the orientation of
the considered thin section (normal or parallel to the
core axis). However, it seems that the pole figures obtained from thin sections cut parallel to the core axis
are similar to those obtained for the shatter cones,
defining a maximum in orientation frequency. The pole
figures obtained from thin sections cut normal to the
core axis commonly show either no maximum or two
or more maxima, implying a more random orientation
distribution of the shock planar microstructures in this
case.
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Discussion: The geometry of the U-stage limits
the investigated volume for planar microstructures to
the central area in stereographic projections, which
means that the poles plot all along the margin of the
pole figures. For this reason, thin sections cut in different orientations with respect to the reference system
are needed for a full 3D characterization of the distribution of planar microstructure orientations. As the shatter cone samples were only available in the form of
one set of thin sections, we cannot proceed to cut additional thin sections along other directions for testing
the validity of our hypothesis.
The Chicxulub samples are also not ideal due to
their coarse grain size (i.e., limiting the number of
grains that can be measured per thin section) and the
lack of control on the sample orientation. Although the
orientation with respect to the drill core axis (dip)
could be reconstruct, the azimuth orientation of the
thin section cannot be constrained.
Even though the formation mechanism of shatter
cones is still debated and different shatter cone orientations can be seen within a single sample, the striated
surface offers a local reference system for shock propagation at the thin section scale. In the considered
samples the preferred orientation distribution of planar
microstructures in thin sections cut normal to the striated surface is incredibly consistent among the samples. A similar pole figure is obtained for thin sections
cut sub-parallel to the drill core axis in the case of the
Chicxulub samples. However, the unknowns at the
local scale, in terms of shock wave scattering, and the
uncertainty in the 3D orientation of the samples from
the drill core cannot be ignored and prevent any
straightforward extrapolation. Any attempt to constrain
the original position of the granitic blocks in the target
rock at the time of the impact based on the preferred
orientation of such planar microstructures is, therefore,
not possible.
Conclusions: Even though studies on the preferred
orientation distribution of planar microstructures in
shocked samples look promising to constrain the shock
wave propagation direction, the extremely local shock
wave scattering hampers the use of this technique at a
larger scale than a thin section, especially in the absence of a proper reference.
Acknowledgments:
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Fig. 1 Pole figures of all planar microstructures measured in samples from shatter cones in several impact structures.
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Introduction: Radial and tangential offset dykes
associated with the Palaeoproterozoic Sudbury Igneous
Complex (SIC), Canada, are believed to represent
compositionally modified representatives of a large
(>200 km diameter) impact melt sheet. They are characterized by variable xenolith populations which include economic sulphide ores and also autobrecciated
melt sheet, among other things. Although there are
additional local volumetrically minor subfacies, two
main facies of offset dyke have been distinguished,
historically [1,2], comprising an inclusion-poor quartz
diorite (QD) and a distinctly inclusion-bearing equivalent (IQD). The two facies are texturally and compositionally very similar, and the contact relationships are
typically sharp, where xenoliths of the QD may be
found within IQD, but never the reverse. The contacts
between QD and IQD are less commonly found to be
gradational, sometimes in the same outcrops as sharp
contacts appear. Dykes of QD may contain IQD in
their interiors or along one contact, but dykes consisting of IQD alone have not been reported to date. A
range of explanations for these two dominant facies of
offset dyke have been proposed.
Existing proposed models: Proposed models for
the broadly bimodal nature of the offset dykes can be
divided into two gross categories, consisting of models
which assume a ‘significant’ time interval between the
injection of the two facies, and those which do not.
These will be briefly summarized here, but more expansive presentations and references are available
[3,4].
Melt emplacement events in rapid succession.
There are a number of publications suggesting that
both facies of offset dyke were emplaced immediately
after melt formation and during the rebound and subsequent crater collapse phase, which restricts the emplacement duration for the dykes to a timescale of seconds to minutes, perhaps years. These models allow for
the locally gradational boundaries between QD and
IQD to be explained as magma mixing interfaces, but
the evidence for petrologically distinct facies and autobrecciated or xenolithic relationships between them
are less easily explained. Most recently, it has been
suggested that the two temporally and thermally proximal facies could be explained by flow differentiation
of a single melt injection involving coexisting facies
rendered effectively immiscible by clast density contrast [5].

2
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Melt emplacement involving two discrete events.
These models involve injection of the second (IQD)
magma after a time interval sufficient to allow cooling
from a superheated (>ca. 1700C) QD to an IQD which
has experienced sulphur saturation and can transport a
range of xenoliths, including those of QD, for significant distances. Several models appeal to unspecified
later tectonic remobilization, but one particularly intriguing model calls on thermal contraction of the postimpact crater footwall as the mechanism for facilitating
a secondary fracture reopening event [3].
Evaluation of existing models: Most published
models which do not allow for any significant time gap
between QD and IQD suffer from the problem of not
facilitating any basis for the texturally distinct characterization of the two facies, nor easily explaining the
typically sharp contacts. These would seem to require a
thermal contrast between the two facies, which would
require very rapid cooling (effectively quenching) of
the melt sheet, which is inconsistent with textural evidence. The differentiated single-pulse model [5] exploits the arguably grey area in terms of distinguishing
between textures of magma mixing, magma mingling,
and autobrecciation of hot solids.
The thermal contraction model [3], which is particularly appealing given that it would explain why a suite
of previously exploited fractures might reopen after a
prolonged time interval across the entire crater flow
simultaneously, is unfortunately not consistent with any
of the numerous published thermal evolution models
for large impact melt footwalls. While rapid initial
heating of the footwall is prominent, in no case is there
subsequent suitably rapid cooling of the aureole in
which brittle (non-elastic) contraction could occur. If
anything, the floor experiences prolonged heating from
the overlying melt sheet as its distinguishing feature for
large impacts on the scale of the SIC.
An alternative two stage model: We have proposed a mechanism which allows for sufficient time to
allow for a) local compositional modification of both
QD and IQD prior to injection, b) distinct thermal
characteristics of QD and IQD to explain their xenolith
populations (including zircons, sulphides, and silicates), and c) appeals to a systemic melt sheet-wide
trigger to drive it.
The model is based on progressive pressure increase on the cooling melt sheet, which provides a vertically competent hydrostatic column. Any source of
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pressure increase acting on the column will be instantaneously transmitted throughout the column. The
thickness of the melt sheet becomes irrelevant in terms
of loading and pressure transmission. In a context
where the ca. 1.5 km of fallback breccia (the Onaping
Fm) overlying the melt sheet apparently continued to
behave as an incompetent mush for a prolonged period
after the impact [6], this cover must be considered as
part of the hydrostatic column, rather than an independent load superimposed upon it. That being the
case, modest amounts of pressure increase within the
melt sheet (consistent with pressure magnitudes predicted for magmatic degassing in subvolcanic magma
chambers and layered intrusions [7]) induced by progressively enhanced fluid pressure buildup from a
combination of degassing of assimilated country rock
from the footwall breccia and water saturation of crystallising roof and basal melt sheets are sufficient to
drive first a) fracture dilation and QD melt sheet injection soon (but not necessarily instantly) after impact,
followed later by b) refracturing and dilation and injection of the IQD dyke facies.
Alternatively, if the Onaping Fm sediments are perceived as an independent, rapidly accumulating clastic
load not connected hydrostatically to the underlying
melt sheet, a thickness of ca. 1.5-1.8 km of sediment
has been modelled as sufficient to induce refracturing
of the footwall floor as well, and reopening of the earlier offsets.
Why would the IQD have followed the QD injections? The interior of the first (QD) dykes would have
represented the least mechanically competent regions,
therefore most susceptible to repeat dilation and injection events. Any footwall fractures susceptible to serve
as melt injection hosts would have been exploited by
the initial (QD) injection event. With increasing distance from the overlying melt sheet, the thermal (and
hence mechanical or strength) contrast between dyke
centre and margins would decrease, and eventually (at
sufficient distance from the melt sheet) the IQD dykes
could find that the QD-footwall margin was the most
mechanically receptive interface to exploit, rather than
following the QD dyke interior. This is broadly consistent with field observations.
The time span between the two emplacement events
and its relationship to the cooling rate of the melt sheet
depends on the model constraints for cooling, regional
fluid interactions affecting thermal gradients in the
country rock, and regional geotherms. The published
models [8,9,10] encompass a range of a factor of 2-5
for the solidification of the melt sheet, so this is fairly
accommodating in terms of constraining offset dyke
magma injection times.
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SHOCKED AND JUVENILE ZIRCONS IN IMPACT CRATER FOOTWALL, SUDBURY, CANADA: PARTIAL MELTING OF A
REACTIVATED FOOTWALL MYLONITE ZONE. S. A. Prevec1, J. A. de Bruyn1 and B. Nxesi1
1

Dept of Geology, Rhodes University, Makhanda, South Africa, 6140; s.prevec@ru.ac.za.

Introduction: Zircon ages are seen as incorruptible and unquestionable recorders of magmatic ages.
However, evidence from rocks rendered geological
complex by large bolide impacts and related shock
metamorphism and crater evolutionary processes,
combined with pre- and post-impact orogenic activities, demonstrate that misleading age-data can be produced, resulting in significantly erroneous geological
interpretations of the geological history. In this study, a
regionally metamorphosed leucogabbroic sill in volcanosedimentary rocks affected by impact heating by the
Palaeoproterozoic Sudbury Igneous Complex (SIC)
and localised shearing has produced zircon U-Pb ages
both by SHRIMP and TIMS [1] reflecting only impactaged lead loss, leading to the conventional interpretation that the host rock itself represents juvenile, impactinduced magmatism. Furthermore, no evidence of
shock deformation had been identified in the previously dated grains. This is believed to be inconsistent with
“circumstantial” evidence such as radioisotopic tracer
and geochemical evidence, and comparison with other
spatially and compositionally apparently equivalent
leucogabbro sills regionally [1].
Geological setting: A locally mylonitic constituent
of a major regionally-transgressing fault system (the
Folsom Lake Fault Zone and South Range Shear Zone)
lying within the thermal aureole of the large Palaeoproteroic Sudbury impact structure offers a relatively
unique opportunity to examine the effects of superimposed fault-induced deformation, impact-induced
shock metamorphism, and melt sheet-induced thermal
aureole effects.
Recent mapping and petrological and SEM-based
study has revealed that the Drury Township leucogabbro hosts mylonitic rocks related to the regional scale
South Range Shear Zone in areas where this was not
previously recorded as such. Furthermore, the mylonite
has been locally remelted syn- to post-deformationally,
characterised by centimetre- to decimetre-scale melt
veinlets (Fig. 1).
Within or proximal to these veinlets, populations of
very small diameter zircon grains have been identified
which display a variety of textures, in contrast to those
previously extracted for geochronology, including clear
evidence of shock metamorphism and subsequent new
growth of zoned igneous zircon, which has been subsequently cataclastically deformed. The association of
thorite with the zircon is also suggestive of thermal
breakdown of existing zircon. These textures clearly

require the existence of magmatic zircon prior to fault
deformation and high grade thermal metamorphism,
precluding the possibility that the intrusion is impactrelated or -induced in origin. This also has implications
for the prospective ability of large terrestrial impact
craters to induce or access mantle partial melting.
melt veinlet

Figure 1. Partially melted mylonitic breccia in Drury Twp metaleucogabbro.

b)

a)

20 μm

20 μm

d)

c)

20 μm

20 μm

Figure 2. An assortment of zircon textures from
Drury Twp mylonite samples: a) euhedral; b)
shocked and fractured; c) fractured with thorite inclusions, and d) granular aggregates.
References: [1] Prevec, S.A. and Baadsgaard, H.
(2005) Geochim. Cosmochim. Acta 69, 3653-3669.
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THE AUSTRALIAN IMPACT RECORD: A REVIEW. R. R. Quintero1, A. C. Cavosie1, and Miljković, K.1,
1

Space Science and Technology Centre (SSTC), School of Earth and Planetary Sciences, Curtin University, Perth, WA 6102,
Australia, E-mail address: r.quinteromendez@postgrad.curtin.edu.au

The study of meteorite impact craters and impact
structures adds to our understanding of the solar system, early earth history, mass extinctions, and large
mineral deposits. About 190 structures have been confirmed as impact structures globally (Earth Impact Database, 2019), and many other sites remain as suspected impact structures. Based on our compilation Australia preserves 30 confirmed impact structures, 27 of
which are documented in Earth Impact Database. The
3 additional structures in our compilation are Yallalie
[1], Raeside [2], and Hickman [3,4]. Australia also
contains approximately 24 structures suspected to be of
impact origin. Like North America and Northern Europe, it is one of the best preserved terrestrial records.
The Australian continent has several features which
make it a great place for studying impact structures,
such as low relief, aridity, and relatively stable geology
[5]. Australian impact structures have been studied for
some time. The most recent comprehensive reviews of
confirmed and suspected Australian impact structures
and distal ejecta have been done by Hawke (2004) and
Haines (2005) [6,7]. Since then more data has been
made available and 3 additional structures have been
confirmed [1,2,3].
With further investigation and technological advances we gain abundant data on each site and a need

to systematically describe them arises. The ability to
process bigger datasets using open source data analysis
tools provides an opportunity to compile and update a
catalogue for Australia. Here we describe the Australian impact record in terms of characteristics such as
size, target rocks, morphometry and diagnostic features. We also provide context regarding the level of
study and available datasets for confirmed and suspect
structures. Available datasets include but are not limited to publications, field samples, core, wireline data,
gravity, magnetics, and seismic. Figure 1 represents an
example of a compilation of Western Australia data in
the context of impact structures.
Most of these data are easily accessible via the Australian states’ geological surveys and online tools.
However, these databases are not interlinked. We’ve
embarked on an effort to catalogue the data and systematically describe Australian impact structures.
References: [1] Cox M.A. et al. (2019) Meteoritics
& Planet. Sci., 54, 621-637. [2] Glikson A.Y. et al.
(2016) AJES, 63, 99-109. [3] Glikson A.Y. et al.
(2008) AJES, 55, 1107-1117. [4] Haines P.W. and
Freeman M. (2013) GSWA Newsletter, 65, 1-5. [5]
Shoemaker C.S. and Macdonald F.A. (2005) AJES, 52,
477-479. [6] Hawke P.J. (2004) Ph.D. thesis, UWA,
314p. [7] Haines P.W. (2005) AJES, 52, 481-507.

WA 400m Gravityy Merge
Core
Seismic
Confirmed Structure
Suspected Structure

b

a b

Figure 1. Australian impact record. (a) Confirmed and suspected site in context of target rock age. Age
regions map source: Geoscience Australia. (b) Available core and seismic data for Western Australia.
Base map is a 400m gravity merge. All data from the Geological Survey of Western Australia.
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SEISMIC EFFICIENCY OF METER SIZE CRATER-FORMING IMPACTS ON MARS. Andrea Rajšiü1, 1Katarina

0LOMNRYLü, 2Gareth S. Collins and 2Natalia Wójcicka, 1School of Earth and Planetary Science, Space Science and
Technology Center, Curtin University (andrea.rajsic@postgrad.curtin.edu.au), Perth, Australia; 2Imperial College
London, UK
Introduction: In November 2018, NASA’s InSight
mission landed on Mars carrying a seismometer called
the Seismic Experiment for Interior Structure (SEIS)
[1]. SEIS was designed to detect planet’s seismic activity. One of suspected seismic sources on Mars could be
caused by meteoroid impacts [2].
It has been shown that the type of target medium
(bedrock or porous regolith) influences not only crater
growth and formation [3], but also propagation of the
pressure wave in the medium [4-6]. On Mars, the region in the vicinity of the InSight lander is estimated to
have a layer of approximately 3-17 m of relatively finegrained porous regolith [7].
In this work, we investigate the seismic response of
Mars’ bedrock and regolith as a result of an impact
forming a meter-sized crater. Impactor energy was chosen within within the range of impacts that are likely to
be detected by InSight [2,8].
We varied the porosity of the regolith [5] and track
the pressure wave from the impact point until the elastic regime appropriate for seismic generation. Then, we
quantify the seismic efficiency for each case and compare it with the results for non-porous bedrock target.
Seismic efficiency in impact cratering: The seismic efficiency, k, quantifies how much of the kinetic
energy of the impactor is turned into seismic energy
upon impact [5-6, 9]. In this work, we used a simplified
approach that was used in previous studies [4-6, 9] and
defines k as:

where x is the distance between gauges, P is the presVXUH ¨W GXUDWLRQ RI SUHVVXUHSXOVHȡLVWKHGHQVLW\RI
the target, Cp is the speed of sound in the target, and Ei
is the kinetic energy of the impactor.
The advantage of this approach is that each parameter in the equation can be calculated from the impact
simulation results.
The seismic efficiency of impacts in geologic media has been estimated from previous numerical simulations [5-6, 9], scaling laws [10], anthropogenic impacts [11], and laboratory experiments [12, 13]. The
estimates range from k=10-2 to 10-6 [4, 11]. The seismic
efficiency depends on target porosity [3, 6-9, 12]. High
seismic efficiencies are typical in bedrock or highly
consolidated materials (k>10-3) and low seismic efficiencies are typical in sediments or unconsolidated

sands and soils (k<10-5) [5-7]. Here we investigate the
seismic efficiency of impacts on Mars that are expected
to form meter size craters in regolith and bedrock, using numerical impact simulations.
Modelling: The formation of meter-size impact
craters on Mars was simulated using the iSALE2D
shock physics hydrocode [14]. We tested both the
ANEOS [15] and the Tillotson equation of state for
basalt [3], used for both target and projectile properties. We used the Lundborg strength model to represent
damaged rocks, with a low rock cohesion, coefficient
of internal friction and limiting strength at high pressure [16]. These values were estimated as representative of the Martian regolith, and were used in our porous cases. For the bedrock, a strength model for competent rock was used [17], with parameters for a typical
basaltic rock.
For the purpose of tracking the initial pressure
wave propagation, we focused on the contact and compression stage of crater formation, therefore gravity
and the atmosphere were not included.
Impact energy was varied by changing the size, velocity and mass of the projectile. The investigated impact energy ranged from 106-108 J. The projectile radius ranged from 4.4 cm to 0.1 m. The impact speed at
ground was 2-5 km/s, taking into account the expected
atmospheric drag and ablation effects in the martian
atmosphere. All impacts assumed vertical incidence.
For every impact scenario, the porosity was varied.
We used the İ-Į SRURVLW\ PRGHO >3], with parameters
shown in Table 1.
Table 1. Porosity model parameters
Porosity ALPHA0 EPSE0 ALPHAX
37%
1.6
-0.01
1.15
44%
1.8
-0.01
1.1
65%
2.8
-0.01
1.6

KAPPA
0.98
0.98
0.97

CHI
0.33
0.33
0.21

Validation: To establish a methodology for seismic
wave detection in the hydrocode as well as the formation of small craters in planetary regolith, we validated our numerical approach in iSALE2D using anthropogenic impact events on the Moon. Anthropogenic impacts can be used for validation purposes because
they can be considered a controlled impact experiment.
For this purpose we used Apollo 14 S-IVB rocket stage
drop. Apollo 14 was chosen in this work, since it fell in
Montes Riphaes in Mare Cognitum [18] at an angle
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close to vertical [19]. The S-IVB boosters had mass
~14 000 kg and speed ~ 2600 km/s. Apollo 14 S-IVB
made a crater 33.3x31.7 m [18]. We made eight different simulations with 6-48 cells per projectile radius,
while keeping the energy and mass of the projectile
constant. The model was considered validated when
the final crater diameter matched the observations.
Results showed that the optimal resolution for this type
of modeling is between 12 and 24 cells.
Calculation of seismic efficiency: Seismic efficiency was calculated from P-t data recorded in gauge
points (selected numerical cells). Gauges were distributed in the target radially from the impact point along a
line 45o from the vertical to keep track of the shock
wave as it decayed and transitioned into an elastic
wave.
Results: A significant amount of impactor energy is
spent on compaction of the pore space, and as a result
the peak pressure amplitudes in bedrock can be an order magnitude higher than in the regolith. The speed of
sound is higher in bedrock than regolith, therefore, the
waves travel further and faster in bedrock than in regolith.

Figures 1-2. The total plastic strain (TPS) showing the extent
of plastic deformation during the same crater forming in nonporous (top) regolith and 44% porous regolith (bottom).

The seismic efficiency for porous targets was around
10-4 and for bedrock targets 10-3-10-2. This is in agreement with previous numerical investigations of the
seismic efficiencies in small cratering [5-6, 8-9].
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While the difference between the bedrock and any
porous rock is significant, our numerical results also
indicate that the seismic efficiency slightly decreases
with increase of porosity. Porosity also affects time of
transition of shock wave to elastic.
Preliminary results also showed that seismic efficiency may depend on the impact energy and this is a
topic of further investigation.
Outlook: This work and further investigations of
effects of target properties and impact energy on the
seismic signals produced by impacts will help differentiate impacts from other sources of seismic activity on
Mars. Therefore, this work contributes to the analysis
of the InSight data.
Acknowledgements: We gratefully acknowledge
the developers of iSALE (https://isale-code.github.io/).
AR and KM are fully supported by the Australian Research Council (DP180100661 and DE180100584).
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Introduction: Disentangling the thermal evolution
of impact craters and their targets is often challenging
due to complex alteration histories that stem from multi-phase thermometamorphic activity, encompassing
pre- and post-impact thermal events and the impact
itself. Specifically, many impact craters (~70 out of
130 craters on Earth) hosted subsurface hydrothermal
systems [1]. By introducing a heat source (such as the
passage of the shock wave, impact-induced melting,
and the uplift of rocks with higher temperatures) and
the subsequent interaction of those heated materials
with H2O in the target allows for those systems to
evolve [2]. Crater hydrothermal systems have received
growing attention since it has been hypothesized that
the impact-induced increase in porosity and permeability in combination with long-lasting (~1 to 2.3 Myr)
hydrothermal activity at temperatures ~300–100 °C
might facilitate pre-biotic chemical reactions or even
the evolution of life [1-5].
In order to better understand the role of impact cratering for planetary surface evolution and habitats, it is
imperative to improve our understanding of the thermal
evolution of those structures. Zircon chronometers can
reveal (partial) age information from multiple thermal
events preserved within an individual crystal, including
the time of crystallization and post-formation thermal
episodes including impact events [6,7].
The large (~200 km wide) Chicxulub impact crater,
associated with the K-Pg boundary and mass extinction
event, also hosted a hydrothermal system [e.g., 4,5,8].
In 2016, the peak ring of the Chicxulub crater was
drilled (Hole M0077A; 21.45°N, 89.95°W) by the International Ocean Discovery Program (IODP) – International Continental Scientific Drilling Program
(ICDP) Exp. 364. A total of 829 meters of continuous
core sections were recovered, including ~130 m of
impactites (clast-poor melt sheet topped by reworked
suevite), that overlay the predominantly granitoid
basement (Fig. 1A) [8]. Hydrothermal alteration has
been reported from samples of previous coring projects

(Yucatán-6 and Yaxcopoil-1 (Yax-1) [e.g., 9,10]), but
also from the Exp. 364 cores, from which minerals
representing high-temperature (Calcium-Na and Kmetasomatism) and low-temperature conditions (e.g.,
clay alteration and zeolites) have been described [5].
Building on previous work on the IODP Exp. 364
cores, we seek to further constrain the thermal evolution of Chicxulub impact crater by employing zircon
multi-proxy chronometry, allowing us to account for
the high- and low-temperature conditions within the
peak ring via radioisotopic analyses.
Material and Methods: We extracted zircon from
two samples from IODP Exp. 364 core, one suevite
(89-R-1), and one melt-bearing breccia (45-R-1) (Fig.
1A). First, each crystal surface was imaged using a
JEOL 6490LV scanning electron microscope in low
vacuum mode and without carbon coating. Zircon crystals showing no apparent virtual disturbance and an
adequate size (>50 μm diameter) were chosen for the
radioisotopic analyses (Fig. 1B).
Each individual zircon crystal (15 total) was analyzed twice: (1.) with aid of Laser Ablation Inductively
Coupled Plasma Mass Spectrometry using a Photon
Machines 193 nm Analyte G2 excimer laser-ablation
system with large-volume Helex sample cell, coupled
to a Thermo Scientific Element2 HR-ICP-MS, we obtained U–Pb ages (shallow pit [continuous ablation for
15 sec.] and small pit [25 μm spot]); and (2.) by bulk
grain analyses with aid of laser-heating and dissolution
techniques, He ages were acquired. The zircon crystals
were heated and degassed under ultra-high vacuum and
total He concentration was measured on a quadrupole
mass spectrometer. Completely degassed grains (99%)
were dissolved with a combination of Hf and HNO3.
The dissolved samples were analyzed on a Thermo
Scientific Element2 ICP-MS for absolute U, Th, and
Sm concentrations. All analyses were conducted at the
University of Texas at Austin (Electron Microbeam
Laboratories & UTChron facility).
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Results: Our analytical approach of ‘double dating’
reveals that the zircon U–Pb system preserves ages
ranging from ~620 to 340 Ma, whereas the (U–Th)/He
system yielded ages ranging from ~260 to 50 Ma (Fig.
1C). Measured Uranium concentrations for the individual crystals range from 70 to 595 ppm (Fig. 1D).
Discussion: Applying two different geochronometers to the same zircon crystal further constrains the
crystallization and thermal history of the Chicxulub
peak ring. The zircon U–Pb system records ages within
a range that reflect mainly the age of the Yucatán
basement (Maya block), possibly linked to the panAfrican orogenic cycle [11]. One crystal yielded a Carboniferous U–Pb age. Similar ages were previously
reported from the IODP Exp 364 core and seem to be
linked to regional arc magmatism [12] (see also Ross et
al., (2019) this volume). Therefore, in the case of our
dataset, U–Pb ages were not reset by the impact but
provide information about the time of crystallization
allowing us to identify the provenance of those zircon
crystals, while also demonstrating that the temperatures
within the impactites overlying the peak ring did not
exceed ~700 °C for a prolonged time (<1 Myr) [13].

Figure 1: (A) Stratigraphic section of IODP Exp. 364 core (sample
locations indicated) [8]; (B) Example of zircon crystal picked for
‘double dating’ approach; (C) Summary of U-Pb and (U-Th)/He
results; and (D) (U-Th)/He) ages plotted vs. U concentration.

In contrast, the (U–Th)/He ages reflect the cooling
history at temperatures of ~170 to 190 °C [7]. Several
pre-impact ages are preserved that might be linked to
the opening of the Gulf of Mexico [11] and/or to partial age resetting [6]. The Chicxulub impact age is well
constrained (66.038 ± 0.098 Ma [14]) and three (UTh)/He results form an age cluster possibly reflecting
the time of impact (66 ± 3 Ma, Fig. 1C). Due to the
relatively high analytical uncertainty associated with
the (U–Th)/He method it cannot be resolved whether
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this age reflects the time of impact or post-impact hydrothermal overprint.
Based on radioisotopic analyses, the lifetime of hydrothermal activity in medium and large sized impact
structures (e.g., Lappajärvi and Sudbury), may last for
~1 Myr [e.g., 15,16]. Numerical modeling suggested
the Chicxulub hydrothermal system lasted for ~1.5 to
2.3 Myr [4]. In contrast, our (U–Th)/He ages indicate
that the temperatures inside the peak ring remained
elevated for a prolonged period of time, as indicated by
ages clustering around 54 Ma (Fig. 1C). Prolonged
hydrothermal fluid flow might facilitate pre-biotic
chemistry or the habitability of crater subsurfaces (see
also Pickersgill et al., (2019) this volume). However,
post-impact resetting due to a currently unidentified
thermal event cannot be ruled out and further lowtemperature geochronology is necessary to constrain
the post-impact thermal history.
Further, our data shows that, even within the same
sample, variable ages can be obtained which might
indicate that hydrothermal fluid flow was rather heterogeneous within the peak ring. In summary, the thermal
history of the Chicxulub peak ring area is complex and
our analytical approach allows us to unravel its thermal
evolution.
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PROVING A LARGE RECENT IMPACT CRATER IN TROPICAL HUMID CLIMATE (PANTASMA
CRATER CASE): NOT AN EASY TASK WITHOUT DRILLING! P. Rochette1, R. Alaç 2, P. Beck3, G. Brocard2, A. J. Cavosie4, V. Debaille5, B. Devouard1 , F. Jourdan4, B. Mougel6*, F. Moustard1, F. Moynier6, S. Nomade7, G. R. Osinski8 , B. Reynard9 and J. Cornec10. 1 Aix-Marseille Univ., CNRS, INRA, IRD, Coll. France,
CEREGE, 13545 Aix-en-Provence, France, 2 Earthbyte Group, School of Geosciences, University of Sydney, Australia, 3 IPAG Grenoble, France, 4 Space Science and Technology Centre and The Institute for Geoscience Research
(TIGeR), School of Earth and Planetary Science, Curtin University, Perth, Western Australia, Australia, 5 Laboratoire G-Time, Université Libre de Bruxelles, Brussels, Belgium, 6 Institut de Physique du Globe de Paris, Université Sorbonne Paris Cité, CNRS UMR 7154, Paris, France 7 LSCE, Gif sur Yvette, France, 8 Centre for Planetary
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Introduction: Proving an impact crater (e.g. [1,2])
means finding robust diagnostic features for shock
metamorphism (shatter cones, shocked quartz, HP
phases, etc.) or extraterrestrial contamination. Such
indices can be found either inside the crater cavity, or
in the ejecta blanket. On a recent crater outside arid
areas, there are generally no outcrops of impactites in
the depression as they have been covered by post impact sediments. Outcrops occur mostly on the rims but
rim target rocks usually do not record high pressures.
On the other hand, finding remnant of the ejecta blanket is not granted. That’s why a number of candidate
craters in tropical humid areas remain unconfirmed
without drilling in the central depression to sample
impactites with high-pressure record and/or extraterrestrial contamination. One can cite, for example, Colonia (Brazil [3]) and Darwin (Tasmania [4]), for
which drilling has been performed, but without reaching impactites.
The Pantasma crater case: The circa 14 km diameter Pantasma circular structure in Oligocene volcanic rocks in Nicaragua has recently been reported as
a new impact crater [5]. Geomorphology, field mapping, petrographic and geochemical investigations are
all consistent with an impact origin for the Pantasma
structure. Observations supporting an impact origin
include outward-dipping volcanic flows, the presence
of former melt-bearing polymict breccia, impact glass
(with lechatelierite and H2O content < 300 ppm), and
also a possible ejecta layer containing Paleozoic rocks
which originated from hundreds of meters below the
surface. Diagnostic evidence for impact is provided by
detection in impact glass of the former presence of
reidite in granular zircon [6] as well as coesite, and
extra-terrestrial ε54Cr value in polymict breccia. Four
40
Ar/39Ar plateau ages with a combined weighted mean
age of 809 ± 6 ka (2 σ) were obtained on impact glass.
This age is consistent with geomorphological data and
erosion modeling, which all suggest a rather young
crater.
No shatter cones were observed (in line with the
lack of target or impactites outcrops inside the depres-

sion) and no shocked quartz (in line with the rarity to
absence of quartz in the target rocks).
We note that the diagnostic evidence for impact
were derived from rare “float” samples found in river
bed gravels near the crater center, as either small pebbles of impact glass, or as larger suevite-like boulders.
This seems less convincing than in-situ obtained samples, but this is the norm in recent undrilled craters as
erosional level inside the depression has not reached
the crater floor. Finding evidence of impact is easier in
older craters. Vegetation cover and surface weathering
in humid climate also strongly limit the availability of
samples with diagnostic impact evidence.
References: [1] French and Koeberl C.
(2010) Earth Science Reviews 98:123–17. [2] Reimold
and Koeberl ( 2014) Journal of African Earth Sciences
93:57–175 [3] Crosta et al. (2019) Geochemistry 79,
191-220 [4] Howard and Haines ( 2007) Earth Planet.
Sci. Lett. 260, 328 –339 [5] Rochette et al. 2019.
MAPS 54, 880-901 [6] Cavosie et al. (2018) Geology
46: 891-894.
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CORE AND DOWNHOLE PETROPHYSICAL PROPERTIES OF THE ROCHECHOUART IMPACT
ROCKS. P. Rochette1, F. Demory1, O. Cherait1, L. Hervieu1, B. Celerier2, J. Lofi2, P.A. Pezard2, P. Lambert3, Y.
Quesnel1, 1Aix-Marseille University, CNRS, IRD, INRA, Coll France, CEREGE, Aix-en-Provence, France (quesnel@cerege.fr), 2Geosciences Montpellier, France, 3CIRIR, Rochechouart, France.
Introduction: The Rochechouart impact structure
(Limousin, France), has been submitted to scientific
drilling operated by CIRIR to 60 m depth at six sites
and 120 m depth only at Chassenon [1]. All the holes
intercept impactites, mainly suevites and impact melt
rocks, and most also cross cut the contact with brecciated granitic to gneissic target.
Objectives and methods: Through the measurements of physical properties both on cores and in-situ
with logging instruments we foresee a number of applications from understanding the origin of the geophysical anomalies observed in Rochechouart [2] to
constraining the pressure, temperature, redox condition
versus time from the impact. Indeed transformation of
the impactites properties occurred on impact but also
within an unknown time interval afterwards, due to
intense hydrothermal activity. Comparison of in-situ
and core measurements will also allow to calibrate the
depth reported on cored material, that may suffer uncertainties with respect to in-situ depth. Petrophysical
properties measured are electrical resistivity, magnetic
susceptibility, seismic velocity, density and porosity,
paleomagnetism, and magnetic anisotropy. The last
two lab-based techniques allow to evaluate, 1) the flow
of material in the impactites sheet, and 2), the time
interval between impact and remanence acquisition
due to cooling or post-impact crystallization of new
magnetic grain. A comparison with previous measurement from surface outcrops [3-4] should also unveil
the effect of surface weathering and the vertical gradients in petrophysical properties.
Preliminary results: large porosities and electrical
conductivities are measured in impactites, Chassenon
being characterized by a high clay content. These data
are consistent with surface geophysical profiles (electrical and electromagnetic, gravimetry).
Magnetic properties of bedrocks are mainly paramagnetic (low susceptibility and remanence), as for the
majority of the impactites. More strongly magnetic
impactites are found only on a limited depth range in
Chassenon, Valette and Puy Chiraud cores: 0-38, 1538, 2-12 m, respectively. The most magnetic site is
Valette. In Chassenon the first 13 meters are less magnetic than the underlying suevite. These observations
well illustrate the fact that coring gives access to material unavailable in surface outcrops. The magnetic
mineral identified in the strongly magnetic intervals is
magnetite, that has been produced by impact processes.

Measurement of large samples (about 40 cc) ensures a better representativity of directional data in
such heterogeneous material. Magnetic anisotropy is
high in the bedrock gneisses (up to 20%) and low in
the impactites (less than 5%) with a generally planar
fabric. Anisotropy directions will be reoriented in azimuth using the paleomagnetic vector, and compared
with planar features measured in borehole imagery. A
significant number of impactites samples from Vallette
and Puy Chiraud show a near vertical maximum axis
of the fabric as well as foliation plane, indicating a
vertical extension, at odds with emplacement as an
horizontal sheet. On the other hand, the upper part of
Chassenon does show a consistently horizontal foliation.
References: [1] Lambert et al. (2019) LPSC 50th ,
Abstract #2005. [2] Quesnel et al. this meeting. [3]
Carporzen and Gilder (2006) Geophys. Res. Lett. 33,
L19308. [4] Eitel et al. (2014). Earth Planet. Sc. Lett.
387, 99-106.
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FURTHER PROOFS FOR A TEKTITE-CRATER COUPLE IN CENTRAL AMERICA AT 0.8 MA: COEVAL AGES AND GENETIC LINKS BETWEEN PANTASMA CRATER AND BELIZITES. P. Rochette1, S.
Nomade2 F. Jourdan3, V. Debaille4, B. Devouard1, F. Moynier5 , K. Zhu5, M. Bizzarro6 and J. Cornec7. 1AixMarseille University, CNRS, IRD, INRA, Coll France, CEREGE, Aix-en-Provence, France, 2LSCE, Gif sur Yvette,
France, 3Curtin University, Perth, Western Australia, Australia, 4Laboratoire G-Time, Université Libre de Bruxelles,
Brussels, Belgium, 5Institut de Physique du Globe de Paris, Université Sorbonne Paris Cité, CNRS UMR 7154,
Paris, France, 6 University of Copenhagen, Denmark 7Geologist, Denver, USA.
Introduction: the glasses found by J. Cornec in
West Central Belize share almost all characteristics of
tektites: splash-forms, low vesicularity, chemical homogeneity, dryness, lack of Fe3+, lechatelierite as the
main inclusions, significant 10Be content [1-4]. The
only characteristic feature lacking is the long distance
ejection, due to limited size of the natural strewn-field
(about 30 km). Indeed, the identical glasses found in
Tikal [5] and other Maya excavations could have been
traded from Belize in Maya time, although natural occurrence in soil is more likely. These archeological
findings thus do not prove securely an extended
strewn-field. Thus, if we can confirm the hypothesis
that Belize glasses (hereafter named belizites) were
ejected from the recently proven 14 km diameter Pantasma crater in Nicaragua [6], belizites should definitely be accepted as bona fide tektites.
Ar/Ar results: to ensure the lowest possible biases
we measured aliquots of two samples of belizites and
two samples of Pantasma impact glasses prepared by
the same operator, in the two Ar/Ar laboratories of
Curtin and LSCE. Belizites yield mean plateau age of
4 aliquots at 792±9 ka (2 sigma error; in rough agreement with [7]). Pantasma glasses yield mean plateau
age of 4 aliquots at 809±6 ka (excluding a relative outlier give 806±7 ka). This is hardly significantly different and a synchronous origin for both glasses is possible. The composite Belizite-Pantasma age (804±9 ka),
assuming cogenetic origin as demonstrated below, is
on the other hand significantly older than the most
recent australasites age obtained in the same laboratories (788±3 ka; [8]). This is not the case if considering
only the belizites data. However, the large error bar on
belizite is linked to high Ca/K ratio that prevents
reaching the same precision as for australasites.
Identical sources based on geochemistry and inclusions: Pantasma crater occurred on the Nicaraguan
volcanic highlands made of Oligo-Miocene flows of
andesitic to trachytic composition produced by the
subduction of Pacific and Coco plates. The isotopic
ratio of Nd and Sr measured in G-Time on Pantasma
rocks and glasses as well as belizites are nearly identical and coherent with regional subduction volcanism.
They are far away from all other tektite fields [9]. Major and trace elements are also compatible, belizites
showing mostly an enrichment in Ni and Cr, and de-

pletion in Na and K, with respect to Pantasma glasses
and rocks.
The main type of inclusion found in belizites and
Pantasma glass is lechatelierite, which is not very diagnostic. Pantasma glass is also rich in magnetic iron
oxide inclusions with a peculiar granular texture, only
described elsewhere in El’Gygytgyn and Zhamanshin
glasses [6,10]. Although belizites are essentially paramagnetic we found about 1% of the collection has significant ferromagnetic content. Polished sections of the
most magnetic belizites yield granular iron oxide inclusions, very similar to the ones of Pantasma glass,
suggesting they derive from rocks with the same iron
oxide precursors.
Impactor signature: we obtained new Cr isotopic data
indicating an ordinary chondrite impactor signature in
both a belizite sample and a magnetic extract from the
Pantasma suevite. ε54Cr obtained are -0.26±0.12 and 0.44±0.22, respectively. This is clearly different from
the terrestrial value (+0.10±0.13, [11]) and compatible
with significant contamination by ordinary chondrite (0.39±0.12 [12]). This new data on Pantasma suevite is
more impactor rich than the one published in [6]. This
is another independent clue for cogenetic origin of
Pantasma crater and belizites.
Conclusions and perspectives: the PantasmaBelizite couple is the fourth tektite-crater couple
known on Earth and the younger (the three others being Bosumtwi-Ivoirite, Ries-Moldavite, and Cheasapeake Bay-Bediasite+Georgiaite). The Central American couple is the first to derive from volcanic rocks,
with a specific isotopic and geochemical signature. It
otherwise resembles a lot the West African couple, in
terms of the small size of the tektite strewn-field, size
distribution of tektites, crater to strewn-field distance,
crater diameter, impactor type [13]. Next step is to find
microtektite related to the Central American event, as
found in the ivoirite case [14]. The number of tektites
recovered in Belize (>5000) also strongly suggest that
the few hundreds tektites reportedly found in Ivory
Coast are only a minor fraction of what could be collected by systematic search.
References: [1] Povenmire et al. (2011) 42th
LPSC, abstract #1224. [2] Koeberl and Glass, 2014.
77th MetSoc meeting, abstract #5034. [3] Giuli et al.,
(2014) 45th LPSC, abstract #1777 [4] Park et al.
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(2000) JGR 105, 18921-18925. [6] Rochette et al.
(2019a). MAPS 54, 880-901. [7] Schwarz et al. (2015)
GCA 178:307-319. [8] Jourdan et al. (2019) MAPS
doi: 10.1111/maps.13305. [9] Koeberl et al. (2015)[10]
Rochette et al. (2019b) Geosciences 9, 225;
doi:10.3390/ geosciences 9050225. [11] Mougel et al.,
(2018) EPSL 481:1-8. [12] Gopel et al. (2015) GCA
156: 1-24. [13] Koeberl et al. (2007) EPSL 256, 534546. [14] Glass et al. (1991) EPSL 107, 182-196.
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Plateau age= 498.1 ± 5.3 Ma
MSWD =1.5
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DETECTION AND QUANTIFICATION OF SUB-MICROMETRE SIZED PLATINUM GROUP METAL
ALLOYS FROM ARCHEAN SPHERULE LAYERS USING LOW VOLTAGE FE-SEM-EDS
T. Salge1 and T. Mohr-Westheide2,3 1Imaging and Analysis Centre, Natural History Museum, London, SW7 5BD,
UK, t.salge@nhm.ac.uk. 2Museum für Naturkunde Berlin, 10115 Berlin, Germany. 2Freie Universität Berlin, Institut für Geologische Wissenschaften, 12249 Berlin, Germany.
Introduction: Our research project is driven by a
need for mineralogical characterisation at ever smaller
scales. In Archean meteorite impact deposits, extraterrestrial platinum group element (PGE) metal nuggets were identified in Ni-Cr spinels from the BARB5
and CT3 exploration core [1,2]. Low accelerating
voltage scanning electron microscopy (SEM) with
energy-dispersive spectrometry (EDS) is required to
decrease the excitation volume for generated X-rays
and to characterise these heterogeneously composed,
1 μm sized phases in bulk samples. By analysing low
to intermediate energy X-ray lines, we are, however,
departing from traditional and well-proven quantitative
SEM-EDS methods (where a higher accelerating voltage is used), thus, confronting us with new challenges.
We will demonstrate the possibility of automated classification of extraterrestrial components (ETC) using
feature analysis with stage control. We further highlight the possibilities and limitations of quantitative
analysis of low to intermediate X-ray lines.
Methods: Feature analysis combines morphological with chemical classification in order to detect and
classify features of interest. A ZEISS Ultra plus field
emission (FE) SEM equipped with an OXFORD
INSTRUMENTS AZtec EDS system and XMax80
silicon drift detector (SDD) has been used to classify
PGE metal nuggets in a CT3 thin section. 3254 back
scattered electron (BSE) micrographs (2048 x 1536
pixels, 154 x 115 μm, 75 nm pixel resolution) were
acquired over an area of 52.62 mm2. Features of interest were first detected in BSE micrographs by binarisation of the bright grayscale threshold. As a consequence of the pixel size, and due to the Nyquist's Theorem, the minimum particle size that can be detected is
150 nm. Subsequently, EDS spectra on the identified
features were automatically acquired using an accelerating voltage of 6 kV and a probe current of 1.41 nA.
Selected particles were analysed with an FEI Quanta 650 FE-SEM equipped with an annular BRUKER
FlatQUAD SDD [3]. Hyperspectral imaging datasets
that provide complete spectra for each pixel of the
SEM micrograph were acquired at 6 kV, 110 pA and a
pixel resolution of 6.5 nm in addition to point spectra.
Quantification was performed using pure element reference samples using element lines in the intermediate
energy range (L- and M-line families of Ru, Rh, Pd,

Re, Os, Ir, Pt: ~2-3 keV) and low energy range
(<1 keV, L-line families of Fe, Ni).
Results: 2298 particles were analysed by feature
analysis. Next to sulphides, arsenides, tellurides and
phophates, 38 PGE metal nuggets with an equivalent
circular diameter of 0.19-1.59 μm were identified
(Fig. 1). Element mapping show that some particles
are heterogeneously composed with varying concentrations of Pt, Ir, Os, Ru, Rh, Fe and Ni (Figs. 2 and 3).
Quantification results of spectra that were extracted
from the hyperspectral imaging datasets show variations in the totals. Compared to pure PGE phases, the
contribution of transition elements Fe and Ni result in
high totals up of ~105 mass% confirming results on
Cr-Ni steel [4,5]. These studies have shown that the
absorption edges within the Bremsstrahlung background and the uncertainties of absorption effects in
the low energy range result in higher errors for both
EDS and wavelengths dispersive spectrometry (WDS).
Conclusions: Applying low voltage EDS to automated feature analysis allows the detection of ETC
with particle sizes of ~200 nm in bulk samples. Analysis at high spatial resolution by low voltage SEMEDS hyperspectral imaging provides insights into the
nature of PGE phases that may decipher their formation history. It is an ideal reconnaissance method
before selection and preparation for other analysis
techniques. The L- and M-line families of PGE in the
intermediate energy range can be accurately quantified
using pure element references with a spatial resolution
<100 nm. Further investigations are needed to improve quantification of X-ray lines in the low energy
range (Fe-L, Ni-L) in regard to obtain precision and
accuracy.
References: [1] Mohr-Westheide T. et al. (2015)
Geology 43:299-302. [2] Mohr-Westheide, T. et al.
(2018) Meteoritics & Planet. Sci., 53:1516-1536. [3]
Terborg R. et al. (2017) Microscopy Today 25:30-35.
[4] Llovet X., et al. (2012) IOP Conf. Series: Mat. Sci.
Eng. 32:012014. [5] Pinard P. T. et al. (2015) Microsc.
Microanal. 21:1879-1880.
Acknowledgement: This research was supported
by Europlanet 2020 RI funding. Europlanet 2020 RI
has received funding from the European Union's Horizon 2020 research and innovation programme under
grant agreement No 654208.
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Fig. 1: (a) BSE micrograph of a heterogeneously composed platinum group metal particle. (b,c) Deconvolution results in the intermediate and low energy range of an area spectrum from the particle shown in (a). The black line
shows the experimental spectrum, the dark grey area shows the Bremsstrahlung background, the light grey area
shows the superposition of the element line profiles.

Fig.2: (a) Composite net intensity element map (6 kV, 110 pA, 58 kcps input count rate, 244 x 238 pixels, 6.5 nm
pixel resolution, 40 min) of the platinum group metal particle shown in Fig. 1a. Element X-ray lines with overlapping peaks were automatically deconvoluted using a physical background subtraction and a least-squares fit with
stored line profiles. (b) Quantitative line scan (at.%) of the area shown in (a).

Fig.3: Quantitative maps (at.%) showing the distribution of Pt, Ni, Os, Ir, Ru and Rh. 4x4 pixel binning has been
performed to obtain better count statistics.
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SUPERFICIAL MAGNETIC CHARACTERIZATION OF THE ARAGUAINHA IMPACT
STRUCTURE. H. M. Santana1 and E. P. Leite1, 1Institute of Geosciences, University of Campinas, Campinas,
SP, Brazil. (hmoreirasantana@gmail.com) (emilson@unicamp.br).
Introduction: The Araguainha Dome is the
largest impact structure of South America. It is
centered at 16º47’S/52º59’W on the border between
the states of Goiás and Mato Grosso, in the midwest
of Brazil.
Geophysics provides important tools for the
characterization of this type of structure, and one of
these tools is the analysis and interpretation of
magnetic susceptibility (MS). The characterization by
MS measurements on the surface contributes to a more
complete physical understanding of the structures and
helps in the formulation of subsurface models. Thus,
this work aims at improving the geophysical
characterization of this important impact crater.
Geological Setting: Araguainha is a complex
impact structure formed in the Permian-Triassic limit
by sediments of the Paraná Basin. The interior of the
structure exposes a central uplift surrounded by an
annular basin 5 km wide and two main rings 10-12 and
14-18 km from the center. Typical impact features,
such as shatter cones, impact breccias and planar
deformation features (PDFs) were found in the
structure area, evidencing intense deformation and
fusion [1].
Methods: The data consists of MS values
measured at 890 locations along the structure with a
hand-held magnetic susceptibility meter. The data
were interpolated by Ordinary Kriging to produce a
regular grid with cells of 100 m x 100 m.
Results and Discussion: MS values range from
0.00 to 58.37 (x10-3SI). The magnetic map shows
higher values of MS in the region around the central
uplift, in the Ponta Grossa Formation (Figure 1).
These higher values may be correlated with the
ferruginous concretions in the shales of the Ponta
Grossa Formation [1]. They are surrounded by low
MS values in the Aquidauana Formation. In the
central uplift, relative higher MS values occur in the
Polymict breccias.
Conclusion: The results obtained with the
magnetic map allow: the identification of regions with
higher magnetism; the association of these regions
with rock types; and the correlation of with the
morphology and annular arrangement in which the
geological units occur. These results can be used as
constraints in magnetic inversions.
Acknowledgements: The authors acknowledge
FAPESP for the research grant (#2016/16021-5) and
CNPq for the scientific-initiation fellowship provided
to H.M. Santana. They are also thankful to the

geologist Johann Lambert Silva for providing the
magnetic data.
References: [1] Crosta A. P. (1982a). Dissertação,
Instituto de Pesquisas Espaciais, São José dos Campos.

Figure 1: A) Magnetic Susceptibility (MS) of the Araguainha
Dome showing the measured points and the area of the Figure
1-B. B) MS of the central area of the Araguainha Dome.
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THE STRUCTURE OF RIES CRATER MEGABLOCK ZONE AND SOUTHERN RIM AREA
ACCORDING TO SEISMIC REFLECTION PROFILES. K. Sarv1, A. Jõeleht1, N. McCall2, S. Gulick2, J.
Wilk3, G. Pösges4 1University of Tartu, Department of Geology, Ravila 14a, 50411, Tartu, Estonia (kaidi.sarv@ut.ee), 2University of Texas at Austin, Jackson School of Geosciences, Institute for Geophysics, 10100 Burnet Rd Bldg ROC, Austin, Texas 78758, USA 3University of Freiburg, Institute of Earth and Environmental Sciences, Freiburg, Germany, 4Rieskrater Museum, Eugene-Shoemaker-Platz 1, D-86720 Nördlingen, Germany

Introduction: Ries crater in Germany is a well
preserved 26 km wide complex impact crater that is
characterized by a crystalline inner ring of about 12 km
in diameter [1]. The annular area between the inner
ring and outer rim is called the megablock zone, which
comprises of allochthonous megablocks of variable
size and composition covering the parautochthonous
blocks of sedimentary rocks. Allochthonous blocks
originate from the target rocks that were initially ejected or transported outside of the transient cavity as a
result of the impact event; these include both sedimentary and crystalline lithologies and are embedded in the
Bunte breccia, covering the megablock zone within the
crater and as a continuous layer over a large area outside the crater [1].
The parautochthonous blocks are formed as the
larger blocks outside the transient crater have slumped
inward during the crater collapse. These blocks occur
only in the megablock zone [1]. Several boreholes have
penetrated the area, and numerical models have been
created to simulate the event and final crater structure
[2,3]. While the understanding of the location and
composition of the allochthonous breccia has developed over time, the nature of the parautochthonous
blocks has remained speculative, yet this information is
important for understanding the cratering processes.
Methods: Four seismic profiles were acquired in
summer 2017, two of which are discussed here. One of
the profiles (profile 3) covers most of the area of the
megablock zone, whereas the other profile (profile 4)
shows the area just outside the crater (line locations in
figure 1). Both profiles were acquired using a recording array 710 m long with geophone groups of 5 located every 10 m along the line. An earth-tamper was
used for 45 seconds as a semi-random source of seismic waves at every channel. Once the first 24 measurements were taken, the covered geophones and the
connecting cable were transported to the end of the line
to continue the profile. The tamper moved to the next
10 m interval, and the measurements continued from
the new beginning of the line. In this way, the data acquiring process could progress along the profile. Profile 3 covered a total of 5260 m and profile 4 covered
5000 m.
Long records provided us hundreds of shots from
each channel location. The channel closest to the earth-

tamper was used for hit timings, Further processing of
initial records included correlation-based shot time
adjustment and rejection of shots to maintain source
randomness. Selected shots (typically 200-400) were
stacked together to overcome traffic and other random
seismic noise. Seismic data with 1 ms sampling interval
were prepared with two second record length although
1 second was enough to see the deepest prominent reflections. Seismic data have a wide range of frequencies with peaks at 30–80 Hz.
The profiles followed roads and paths which were
not straight. The source to channel offsets were altered
to compensate for the wave arrival time anomalies due
to the curved paths of the profiles.

Figure 1. Locations of the seismic profiles. In the
background is 1:50 000 geological map [4].
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Manually picked first breaks were used for velocity
tomography for near-surface layers combined with calculation of residual statics account for weathering layer
and incorrect shot timings. The following processing
was performed using Seismic Unix software. The processing flow followed the traditional path with the
Kirchhoff prestack depth-migration used to create
depth-sections.
Results and discussion: In profile 3 the contact
between the Bunte breccia containing allochthonous
blocks and deep-lying parautochthonous blocks can be
distinguished. The outline is seen as several peaks and
valleys of prominent reflections. The size of parautochthonous blocks does not follow any general rule regarding the distance from the current crater rim, but
seem to be roughly equal in size through most of the
profile. The distance between the adjacent crests of the
listric faults vary between 500–700 m and the slopes
have little or no asymmetry.
The strong reflection between the Bunte breccia
and parautochthonous blocks allows for estimating the
thickness of the breccia at various locations. The thickness of the breccia reaches its maximum (up to 150 m)
in the troughs overlying the footwalls of this fault system. Above the crests, or where the tilted blocks represent hanging walls, the thickness varies between 60–80
m. Bunte breccia and potential suevite patches are not
separable from each other, and therefore, the estimated
thickness of the breccia might also incorporate suevite.
Apparently topography of parautochthonous blocks
and ground surface are not linked suggesting that hilly
topography in mega block zone is likely due to variations in resistance to erosion of Bunte breccia and suevite.
While the top of the parautochthonous blocks could
be easily seen, the internal structure of the parautochthonous zone remains ambiguous. A strong reflector
seen in profile 4 also continues in profile 3 but is soon
distorted and largely lost for the rest of the profile.
Occasional groups of strong reflectors occur approximately at the same depth but at larger distances.
Profile 4 proves to be a good source of information
of the geological setting outside the crater that has been
only minimally affected by the cratering process. Here
the boundary between the Bunte breccia (ejecta) and
sedimentary bedrock is not observed. This is probably
due to the small thickness of the breccia cover, that
could not be visualized in the near-surface area. However, several prominent reflections occur at deeper
levels. These reflections can be interpreted as boundaries of Malm-Dogger and Lias-Keuper lithostratigraphic units, and the top of the crystalline basement. The
contact of Lias and Keuper units is likely to be the
origin of the strong reflection seen also in profile 3.
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It is also seen that the geological units dip southwards (away from the crater) [1], but not as much as
previously thought. The tilting is around 130 m per 5
km. Instead of a gradual increase of depth, the reflections make a steeper descent in the southern half of the
profile 4. The abrupt change of dip gives a reason to
suggest that there might be a larger fault in this area.
The thicknesses of the rock sequences are constant
throughout the profile and seem to follow the topography of the crystalline basement.
Besides the aforementioned prominent reflections
in profile 4, no other clear reflections could be seen.
The lack of good reflectors, even in the undisturbed
area might be the reason why the megablock zone in
profile 3 has only a few reflections from within the
parautochthonous blocks. As the contact between the
crystalline basement and overlying sediment cover
showed only a faint reflection in profile 4, it is even
more unlikely that it could be noticed in profile 3.
Conclusions: These seismic profiles provide a rare
glimpse into the underground structure of the megablock zone of the well preserved Ries impact crater.
The outlines of the parautochthonous blocks are well
seen at the contact of Bunte breccia. This allows to
estimate the thickness of impact sediments that cover
the parautochthonous megablocks, ranging from 60–
150 m depending on the location of these blocks. For
most of the profile these blocks have nearly symmetrical slopes and are of similar size. The ejecta layer is
not distinguishable outside the crater due to its small
thickness, but the profile gives a good understanding
the overall geological setting outside the crater.
References: [1] Hüttner R. and Schmidt-Kaler H.
(1999) Geologica Bavarica, 104, 7–76. [2] Sturm S. et
al. (2015) Meteoritics & Planet. Sci., 50, 141–171. [3]
Collins G. S. et al. (2008) Meteoritics & Planet. Sci.,
43, 1955–1977. [4] Hüttner R. and Schmidt-Kaler H.
(2005) Bayerisches Geologisches Landesamt
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EXTRATERRESTRIAL IMPACT RECORDED IN THE UPPER TRIASSIC DEEP-SEA DEPOSITS
FROM JAPAN. H. Sato1, T. Nozaki2, A. Ishikawa3, T. Onoue4, J.-I. Kimura2 and Q. Chang2, 1Ocean Resources
Research Center for Next Generation, Chiba Institute of Technology, Chiba, 275-0016, Japan (honami.sato@p.chibakoudai.jp), 2Japan Agency for Marine-Earth Science and Technology (JAMSTEC), Kanagawa,
237-0061, Japan, 3Department of Earth and Planetary Sciences, Tokyo Institute of Technology, Tokyo, 152-8550,
Japan, 4Department of Earth and Planetary Sciences, Kyushu University, Fukuoka, 819-0395, Japan.
Introduction: The Late Triassic, 237-201 million
years ago (Ma), is marked by the formation of several
large impact structures on the Earth, including the 90km-diameter Manicouagan crater in Canada [1]. Late
Triassic impact events have been considered as one of
the factors affecting biotic extinction events in the
Late Triassic (e.g., end-Norian extinction event), but
this scenario remains controversial because of a lack
of stratigraphic records of ejecta deposits. In order to
reconstruct the stratigraphic record of impact events
in the Late Triassic, we examined a stratigraphic profile of the highly siderophile elements (PGE: Os, Ir,
Ru, Pt and Pd) concentrations and osmium isotope
ratios (187Os/188Os) from Upper Triassic bedded chert
successions from Japan.
Samples and methods: Samples for whole-rock
geochemical analysis were collected from chert and
claystone layers in the Sakahogi section, Mino Belt of
the Japanese accretionary complex, which accumulated in a deep seafloor environment in an equatorial
region of the Panthalassa Ocean [2]. PGE concentrations and Os isotope ratios were determined by isotope dilution mass spectrometry (ID-MS) using the
high-temperature sample digestion method with inverse aqua regia in closed glass tubes [3, 4].
Results: Evidence of the Late Triassic impact
event was discovered from a claystone layer in an
Upper Triassic bedded chert succession of the Sakahogi section. This claystone layer shows a high
abundance of PGE and negative Os isotope excursion
with occurrences of microspherules and Ni-rich magnetite spinels [5]. This claystone layer can be divided
into lower and upper sedimentary sublayers. The lower sublayer (8-mm-thick) contains 10–15% (by rock
volume) microspherules in a matrix of clay minerals
(mainly illite), cryptocrystalline quartz and hematite.
The geochemical signals of the extraterrestrial impact are recorded in the lower sublayer of the claystone. PGE concentrations of the lower sublayer claystone were 3.1 ppb Os, 28.5 ppb Ir, 42.4 ppb Ru, 24.7
ppb Pt and 9.6 ppb Pd. CI chondrite-normalized PGE
values in the lower sublayer claystone are three orders
of magnitude higher than those of chert samples.
187
Os/188Os ratios of the bedded cherts exhibit
negative excursions in the lower sublayer claystone.
Timing of the negative Os isotope excursion (~0.477

to ~0.126) is almost equivalent to the base of the M.
bidentata conodont zone. This Os isotope excursion
interval has the elevated Os concentrations (3.1 ppb)
and low Re/Os ratios (~0.03 [6]). In the upper sublayer claystone, initial 187Os/188Os ratios gradually increase from 0.178 to 0.234. These analytical data
suggests a significant input of an extraterrestrial materials into the deep-sea deposits.
Discussion: PGE concentrations in the claystone
layer were used to identify the impactor component [7,
8]. PGE elemental ratios in the claystone layer suggest the impactor origin of (1) a chondrite or (2) an
iron meteorite. The Ru/Ir and Pt/Ir ratios of all the
claystone samples from the study sites are plotted
along the mixing line between chondrites and upper
continental crust. Although a chondrite cannot be distinguished from iron meteorites by using PGE/Ir ratios, the claystone layers show Cr/Ir ratios between
104–105, indicating that the claystone layer is clearly
contaminated by chondritic material. The size of the
impactor can be estimated from the Os isotope ratios
assuming the range of the Os amount released from
the impactor into seawater. Given the 22–100% release of chondrite-derived Os into seawater, the impactor is calculated to be 3.3–7.8 km in diameter [6,
9]. According to the Earth Impact Effects Program
[10], the type and size of the impactor estimated from
the PGE and Os isotope data would have produced a
crater of about 56–101 km in diameter. The estimated
size range of the crater is consistent with the size of
the Late Triassic Manicouagan crater (ca. 90 km in
diameter) in Canada, which coincides in age with the
extinction event (e.g., radiolarians and conodonts) in
the Late Triassic.
References: [1] Spray J. G. et al. (1998) Nature,
392, 171–173. [2] Uno K. et al. (2015) Phys. Earth
Planet. Int., 249, 59-67. [3] Nozaki T. et al. (2012)
Geostand. Geoanal. Res., 36, 131–148. [4] Ishikawa
A. et al. (2014) Chem. Geol., 384, 27–46. [5] Onoue
T. et al. (2012) PNAS, 109, 19134–19139. [6] Sato H.
et al. (2013) Nat. Commun., 4, 2455. [7] Tagle R. and
Hecht L. (2006) Meteorit. Planet. Sci., 41, 1721–1735.
[8] Koeberl C. et al. (2012) Elements, 8, 37–42. [9]
Sato et al. (2016) Palaeogeogr. Palaeoclimatol. Palaeoecol., 442, 36–47. [10] Collins G. S. et al. (2005)
Meteorit. Planet. Sci., 40, 817–840.
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DISTINGUISHING DIFFERENT TYPES OF PROJECTILES FROM TERRESTRIAL IMPACT CRATERS
– CLEARWATER EAST (CANADA) AND ROCHECHOUART (FRANCE) RE-INVESTIGATED.
G. Schmidt, Institute of Earth Sciences, Heidelberg University, D-69120 Heidelberg, Germany,
Gerhard.Schmidt@geow.uni-heidelberg.de
Introduction: Nebular processes have produced
some compositional variation in the platinum group
element chemistry of chondrites. This compositional
variation makes it possible to identify projectiles from
impact craters. The refractory metals Os, Ir, Ru, Pt, and
Rh (TC > 1360 K) are abundant in most meteorites but
depleted in crustal rocks. For Ir and Os, there is a difference of four orders of magnitude, and Rh three orders of magnitude between their meteoritic and crustal
abundances. The Ir/Rh, Ru/Rh and Os/Ir mass ratios
are particularly suitable for distinguishing projectile
types from impact melt rocks (Figs. 1 and 2). In this
study I review diagnostic element ratios of less mobile
elements in the Earth's crust with respect to the chemical impactor compositions of Clearwater East and
Rochechouart impact craters.

Fig. 1. Nebular processes have produced compositional variation in the Ir/Rh chemistry of chondrites.

Fig. 2. Correlation of Ir/Rh mass ratios and heliocentric distance of the formation region of chondrites. Є100Ru, Ir, and Rh
data from [1-9]. No Є100Ru data for Clearwater East melt
samples available. Commas in axis label represent points.

Impact crater on Earth: The Moon can provide
insight into the early development of the Earth, where
the direct record of early evolution was destroyed by
geological activity. During solidification of the Earth’s
crust the surface was exposed to a similar flux of impacting asteroids as the Moon. In 1991 about 130 terrestrial impact craters were known. The Earth Impact
Database comprises a list of currently about 190 confirmed impact structures (http://www.passc.net). The
chemical composition of impacting asteroids can be
obtained from relative abundances of platinum group
elements (PGE) in impact melts. The determination of
these elements is a difficult challenge because of the
low contents in the pg/g to ng/g range. However, high
quality data especially of Rh and Ir might answer fundamental questions of cosmochemistry. Studying the
nature of impactors is crucial to understand the characteristics and origin of material delivered to planets.
Clearwater East (Canada): Impact melts from
Clearwater East crater with a diameter of ~22 km have
the highest fraction of extraterrestrial component of any
terrestrial impact structure. The crater was probably
formed by a chondrite (e.g. [6,7,10-14]). However,
element ratios of the IVA iron meteorite Gibeon [8]
match with melt samples [6][7] (Figs. 3 and 4). Based
on PGE and Ni excesses up to ~1.2 wt.% of a Gibeonlike component or about 7 wt.% of a member of a unknown chondrite group, not present in meteorite collections (H. Palme, pers. communication) is contained in
melt. Contrary to an iron or unknown chondrite an ordinary chondrite as projectile is preferred by [14] based
on Cr isotopic composition.

Fig. 3. Ru/Rh versus Ir/Rh mass ratios of Clearwater East
melt samples [6,7] and meteorite groups [4,8]. Commas in
axis label represent points.
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60315#10 (Apollo 16 impact melt) excluded from calculation.
Commas in axis label represent points.

Fig. 4. CI chondrite normalized element ratios differ significantly from ratios in Clearwater melt samples (upper part of
figure). Element ratios of IVA iron Gibeon agree with ratios
in melt samples from Clearwater East. All elements shown in
the figures normalized to Gibeon mean taenite and kamacite
data (n=17, [15]) (log scale) plot more or less on a horizontal
line (lower part of figure). Thus the most likely projectile type
based on PGE and Ni would be an iron meteorite. Commas in
axis label represent points.

Rochechouart (France): Based on the abundance
of Os, Ir, Ni, and Pd in melt samples and subchondritic
Os/Ir ratios a IIA magmatic iron asteroid fragment is
favoured as projectile type by [16]. [17] report “The
projectiles for Rochechouart and Sääksjärvi do not
appear to be chondritic in composition but instead stem
from fractionated asteroid fragments (Janssens et al.,
1977; Palme et al., 1980; Schmidt et al., 1997)”. [17]
further report “The PGE patterns of IA and IIIC iron
meteorites are identical to the element patterns in the
impact melt rocks of Rochechouart and Sääksjärvi”.
Contrary, based on 53Cr excess an ordinary
chondrite is favoured by [14]. These authors estimated
about 3 wt.% of a chondritic component in the melt.

Fig. 5. Ru/Rh versus Ir/Rh mass ratios of Rochechouart [17]
and Clearwater East melt samples [7] and meteorite groups
[4,8]. Large symbols indicate ratios ±5% (error bars) of
summed element masses. Element masses of each subsample,
e.g. of the Moon (about 10 ~ 0.04 to 0.1 g subsamples [18]),
were summed and the ratios were calculated. Subsample

However, Ru/Rh and Ir/Rh from Rochechouart [17]
match melt rocks from Apollo 16 landing site [18], IA,
IIC, IVA, and ILD 83500 irons [19] (Fig. 5).
Conclusion: The compositional variation in the Ir,
Rh and Ru chemistry of chondrites is due to their formation region in the solar nebular. The Ir/Rh mass ratios increases with increasing distance from the sun.
Therefore, Ir/Rh and Ru/Rh ratios in melt samples from
impact craters allows the differentiation of projectile
types. However, diagnostic ratios of Ir, Rh, Ru and Os
in impact melts from Clearwater East and
Rochechouart impact craters contradict projectile identification by Cr isotopes. Recently, a new indicator for
the heliocentric distance of the formation region of
chondrites was discovered. [1] report that more reduced materials like enstatite and ordinary chondrites
have less negative ε100Ru compared to more oxidized
and volatile-rich materials such as carbonaceous
chondrites that formed at greater heliocentric distance.
The Ir/Rh mass ratios as an indicator for the heliocentric distance increases with increasing ε100Ru anomalies.
In the future, measurements of Ru isotopes in melt
samples (Ru contents of up to 50 ng/g have been determined in Clearwater East melt samples [6,7]) could
shed light in controversal projectile identification.
References: [1] Fischer-Gödde M. and Kleine T.
(2017) Nature 541, 525-527. [2] Fischer-Gödde M. et
al. (2011) Chem Geol 280, 365 - 383. [3] Palme H. et
al. (2014) Treatise on Geochemistry, 15–36. [4] Tagle
R. and Berlin J. (2008) Meteoritics & Planet. Sci., 43,
541–559. [5] Fischer-Gödde M. et al. (2010) Geochim.
Cosmochim. Acta 74, 356–379. [6] Evans N. J. et al.
(1993) Geochim. Cosmochim. Acta 57, 3737–3748. [7]
Schmidt G. (1997) Meteoritics & Planet. Sci., 32, 761767. [8] Petaev M. I. and Jacobsen S. B. (2004)
Meteoritics & Planet. Sci., 39, 1685-1697. [9] FischerGödde M. et al. (2015) Geochim. Cosmochim. Acta
168, 151-171. [10] Palme H. et al. (1978) Geochim.
Cosmochim. Acta 42, 313–323. [11] Palme H. et al.
(1979) LPS X, 2465–2492. [12] Grieve R. A. F. et al.
(1981) Contrib Mineral Petrol 75, 187-198. [13]
McDonald I. (2002) Meteoritics & Planet. Sci., 37,
459-464. [14] Koeberl C. et al. (2007) Earth Planet Sci
Lett 256, 534–546. [15] McCoy T. J. et al. (2011)
Geochim. Cosmochim. Acta 7, 6821-6843. App A.
Supp data. [16] Janssens M.-J. et al. (1977) JGR, 82,
750–758. [17] Tagle R. et al. (2009) Geochim.
Cosmochim. Acta 73, 4891-4906. [18] Fischer-Gödde
M. and Becker H. (2012) Geochim. Cosmochim. Acta
77, 135-156. [19] McCoy T.J. et al. (2019) Geochim.
Cosmochim. Acta 259, 358-370.
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DOUGLAS IMPACT CRATER STREWN FIELD, WY, USA: A PROGRESS REPORT.
Tabea Schulze1, Thomas Kenkmann1, Michael H. Poelchau1, Kent A. Sundell2, Douglas Cook3, 1Institut für Geo- und
Umweltnaturwissenschaften - Geologie, Albert-Ludwigs-Universität Freiburg, Germany, Thomas.kenkmann@geologie.uni-freiburg.de; 2Casper College, Casper, WY, USA; 3Independent Consultant, Colorado Springs, CO USA.
Introduction: Douglas is a collective term for a recently discovered strewn field of small impact craters
found on the Sheep Mountain anticlinal range of the
eastern Rocky Mountains in Wyoming.
Five circular depressions on Sheep Mountain were
first recognized in a master thesis by A. Spelman in
1959 [1], who did not interpret their origin. In an undergraduate fellowship report by H. Kastning and P. Huntoon in 1996 [2] these depressions were interpreted as
small impact craters – however, without providing proof
for the validity of this hypothesis. This report stimulated
a survey of these craters in 2017, in which shock metamorphism could be demonstrated and the size of the
strewn field [3-5] was enlarged. The current state of
knowledge is given in [5] and is briefly summarized below. The present investigation focuses on the microstructural proof of the impact origin of further crater depressions of this strewn field that were not yet analyzed.
This is a progress report and includes implications concerning the formation of this large crater strewn field.
The Douglas crater strewn field: More than 40 circular to ellipsoidal possible impact structures have been
identified on the northeast flank of the Sheep Mountain
anticline near Douglas, WY, USA, centered on
42°40’38”N, 105°28’00”W [5]. The crater structures
are exposed in the uppermost sandstone of the PermoCarboniferous Casper Formation. The diameters of the
crater pits range from 16 to 100 m. The previously reported strewn field size had a minimum length of 7.5 km
in southeast-northwest direction and a width of 1.5 km.
Many of the “craterlings” have the geomorphology of a
simple, bowl-shaped impact crater with a raised rim and
overturned flap, apparently continuous ejecta blankets,
and ovoid shapes oriented SE to NW coincident with the
strike of the strewn field. Based on crater structure and
ejecta distribution, an impact from the southeast towards the northwest has been inferred [5]. Other craters
exhibit lesser quality of the described features and are
variably rated “possible” to “probable”. Prior to this
study, shock metamorphism had been demonstrated in
seven of the crater pits by the documentation of indexed
planar deformation features (PDFs) and planar fractures
(PFs) of various crystallographic orientations in quartz
[5]. It was documented that the deformation affected
rounded quartz grains but not quartzitic overgrowths on
them. This implied that the impact occurred in unconsolidated sand prior to diagenesis. Fractures and PDFs
are massively decorated with fluid inclusions suggesting that pore space was filled with water during impact.

The craters have been exhumed from beneath the redcolored shales of the Permo-Triassic Goose Egg Formation and are formed in very resistant Casper sandstone. Strata were tilted by 15° east-northeast during the
Laramide Orogeny during the Upper Cretaceous and
Paleogene. The craters occur only in a narrow stratigraphic band along strike at the top of the Casper Formation. The impact age was inferred from the age limits
placed by regional stratigraphy as 280 Myr [5].
Methods: Polished thin sections of rock samples
were prepared and examined with a LEICA DMR polarizing microscope. Shock lamellae were investigated
at 500x magnification. Orientations of planar microstructures in quartz grains, including PFs and PDFs
were measured with a four-circle LEITZ U-stage
mounted onto a LEITZ polarizing microscope. Measurements were then indexed using a template for crystallographic orientations in quartz. The accuracy of Ustage measurements is estimated at ±5°.

Fig.1. Douglas crater strewn field ellipse constrained by
14 confirmed craters and the inferred impact direction
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New results: Meanwhile we have inspected 98 thin
sections of Casper sandstone samples of 29 possible impact craters of the crater strewn field. We found PDFs
and PFs in quartz grains in 14 of the crater pits (Tab. 1)
and additionally in a nearby stratigraphic profile that
comprise a continuous section from the Casper Formation to the Opeche Member of the Goose Egg Formation. In total we found so far 55 quartz grains that
contain either PDFs or PFs or both in 40 thin sections.
Some grains show crosscutting sets of PDFs. Various
crystallographic orientations of the lamellae were measured for both PDF and PF lamellae (Tab.1). Feather features have not been observed in any of the samples.
With a mean grain size of the Casper sandstone of 200300 μm and approximately 1.5 shocked grains per thin
section, one out of 6000-7000 quartz grains exhibits a
shock metamorphic overprint. The vast majority of
quartz grains show intense brittle deformation. Among
the new confirmed craters is one that lies not on the
Sheep Mountain anticline but further south on a the
Sage Hen Anticline within the same exposure of the uppermost Casper sandstone in transition to the Opeche
Member of the Goose Egg Formation (Crater WR-5;
Table 1). This crater outlier of about 50 m diameter is
situated about 9 km south of the center of the previously
determined strewn field ellipse [5] and expands the inferred crater strewn field ellipse to a minimum of 6.9 km
by 12.8 km (Fig.1).
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With increasing size and width of the crater strewn
field a classical atmospheric break-up scenario of a single bolide becomes more unlikely [6]. Alternative scenarios to explain the wide extent of the strewn field may
include: (i) Multiple airbursts of a single or paired meteoroids at high altitude, (ii) an asteroid break-up prior
to atmospheric entry, (iii) an asteroid shower. Alternatively (iv), the craters may represent a section of a secondary crater field around a large, yet unknown crater
that should be located several hundreds of kilometers
SE of the current exposure somewhere buried near the
Colorado-Nebraska-Kansas boundary. Likewise, a possible connection to the 7 km diameter Cloud Creek
crater [7], situated 120 km NW of the strewn field along
the trajectory downrange needs to be investigated further.
References: [1] Spelman, A.R. (1959). University of
Wyoming, unpublished Master thesis, 89 pp. [2] Kastning H., Huntoon P. W. (1996). NASA's Wyoming
Space Grant Fellowship Program 1995-6, p. 57-64. [3]
Kenkmann, T. et al. (2018). LPSC 49, Abstract, #1469.
[4] Sundell, K. A. et al. (2018) M&PS 81, Abstract,
#6149 [5] Kenkmann, T. et al. (2018). Scientific Reports, 8, pp. 13,246. [6] Artemieva, N. A. & Shuvalov,
V. V. (2001) J. Geophys. Res. 106, 3297–3309. [7]
Stone, D. S. & Therriault, A. M. (2003) M&PS 38, 445455.

Table 1:    ǤȓͳͲǦͳͲȔȗǡ ȓͳͳǦʹͲȔ
ȓͷͳǦͲȔǤ
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AFTER-COAL IMPACT DIAMONDS AND DIAMOND FOSSILS IN THE GIANT KARA IMPACT
CRATER. T. G. Shumilova1, S.I.Isaenko1, V. V. Ulyashev1, S. S. Svetov2, S.Yu.Chazhengina2, V.V.Kis3, 1Institute
of Geology FRC Komi SC UB RAS, Pervomayskaya st. 54., Syktyvkar, 167982, Russia; shumilova@geo.komisc.ru;
s.i.isaenko@gmail.com; 2Institute of Geology of the Karelian Research Centre of the Russian Academy of Sciences,
Petrozavodsk, Pushkinskaya St.11; ssvetov@krc.karelia.ru; 3Institute for Technical Physics and Materials Science,
Centre for Energy Research, Hungarian Academy of Sciences, Budapest, Hungary, 1121 Budapest XII., KonkolyThege u. 29-33, Hungary, kis.viktoria@energia.mta.hu.
Introduction: It is widely known that impact diamonds can be formed by the solid-phase diffusion-less
mechanism from graphite transition to diamond under
shock pressure > 30 GPa [1-4]. Much less known impact diamond variety formed after coal substance was
found in the 70-s by V.A.Yezerskiy [5] at the unique
Kara astrobleme (Pay-Khoy, Russia). After more than
30 years since the discovery of the after-coal diamonds
by application of a complex of modern high resolution
techniques we have found that the type of diamonds
have specific structural, elemental composition and
properties [6].
Sampling and methods: The sampling of the diamondiferous suevites and clast-poor impact melt rocks
was provided in 2015 and 2017 at the Kara impact
crater (Pay-Khoy ridge, Russia). The afte-coal impact
diamonds have been enriched from the host impactites
by chemical dissolution at the Laboratory of Diamond
Mineralogy of the IG FRC Komi SC UB RAS (Syktyvkar, Russia). The studies have been provided with a
wide complex of high resolution methods including
Raman spectroscopy in visible and ultra-violet light,
scanning electron microscopy (SEM) with focused ion
beam preparation (FIB), electron probe microanalysis
(EPMA), elemental mapping, high resolution transmission electron microscopy (HRTEM), electron diffraction (ED); infrared spectroscopy (IR), LA-ICP-MS and
organic G13C isotopic studies.
Results: Our study of after-coal diamonds and cofollowing carbon phases by the complex of the methods allowed recognize a new short-distance diffusion
mechanism of the diamonds formation similar to supposed to experimentally produced impact diamonds
from coal and bitumen proposed by N. I. Borimchuk et
al. [7]. Also, we have divided at the Kara impact crater
two different varieties of impact diamonds presented
by really after-coal substance (sugar-like diamonds)
and diamond pseudomorphs formed after organic relics
(diamond fossils) (Figure 1). The both varieties are free
of mechanical defects and deformation twinning, also
named by lonsdaleite. The after-coal variety is characterized by uniform shaped particles having irregular
morphology after carboniferous fragments of the host
black shales of a target. They have unusual porous
structure with well shaped diamond crystallites of 20-

30 nm in size. At the same the diamond fossils nicely
preserve the organics micromorphological details, have
microcrystallites size just about 2-5 nm being ultrananocrystalline diamond material. The latter is a
novel promising material intensively studied in material science [8].

Figure 1. Optical image of diamond fossil enriched
from a host melt clast within suevite of the giant Kara
meteorite crater (Pay-Khoy, Russia), reflected light
through a binocular microscope.
Following to LA-ICP-MS data the diamond fossils
have REE-poor composition compare to the after-coal
diamonds. The IR measurements point to preservation
of cellulose and lignin components within the ultrananocrystalline diamond aggregates. The carbon
isotopic composition of the Kara diamonds (-24.2 y 28.0 ‰ r0.1 ‰) points to organic carbon precursor
came from host rocks such as black shales and sandstones of the Kara sedimentary target. At the same
time, we cannot exclude that a part of the diamond
fossils has been formed after alive wood fragments.
Conclusion: Following to the present studies it is
found that the natural impact diamonds can be formed
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by different mechanisms stimulated by shock process –
diffusion-free (after graphite) and short-distance diffusion (after coal and organics) mechanisms. The latter
can be explained by different mechanical properties
and elemental composition resulted in easily producing
of plastic and liquid state of the carboniferous matter
stimulating in some diffusion effects. The non-aftergraphitic impact diamonds have very special structure
and composition differ them from the well known aftergraphite impact diamonds. By the moment we can conclude that the lonsdaleite presence (mechanical defect
diamond twinning) cannot be the necessary proof of
impact origin for the impact structures. Following to
the much more widely spread sedimentary rocks, “a
priory” containing some organic matter, we can preview an essentially wider distribution of after-organics
diamonds and other carbon phases within impact craters. The preservation of structural elements of organic
matter in the products of intensive impact metamorphism under giant impact events can help in impact
nature proving for debated impact structures around the
world, gives a new information for geological paleoreconstructions and astrobiological studies, and for
developing of the extraterrestrial life origin models.
Acknowledgments: The authors thank all Russian
field team members for participating at the field works;
E. M. Tropnikov, B. A. Makeev, I.V Smoleva, Ye.
A.Vasilyev, F. Langenhorst, D. Harris and K. Pollok,
for analytical studies of the impact diamonds;
E.V.Susol and V.A.Zhidova for technical assistance.
The study has been provided with funding of the Russian Foundation for Basic Research, Project # 17-0500516. The analytical work has been provided in the
Center for Collective Use “Geonauka” supported by
Project NIR # AAAA-A17-117121270036-7.
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Introduction: The disordered substances such as
glasses belong to value type of materials. The latter
formed under extremely high PT-conditions have especial interest in fundamental field and in perspective for
high-tech technologies. But usually experimental technologies are provided at room temperature under pressures lower 1-2 GPa (exclusively rare up to 8 GPa).
But, it is strongly previewed that high temperature can
have very important role for glasses structure and
properties [1]. However, by present the latter remain
insufficiently clear, despite actively conducted studies
in materials science.
At the same time natural impact glasses formed under ultrahigh pressure high temperature (UHPHT) is
the least studied as a possible new type of highpressure materials. Progressively the analysis of natural
impact glasses can dive a fundamental information on
the noncrystalline substances formation under extreme
conditions, about their stability, and also to estimate
them from the point of possible materials for hi-tech
applications, in particular for different microelectronics
and high-energy laser technologies.
Here we present our recent results on the found by
us an unusual type of ultrahigh pressure high temperature vein glasses from the giant diamondiferous Kara
meteoritic crater [2-5]. The UHPHT glasses have been
found in 2015 within suevite complex at the edge of
the Southern part of the Kara meteoritic crater on the
right and left banks of the Kara river (Pay-Khoy, Russia). The glass bodies have subvertical stockwork-like
complex of the veins with the thickness 0.5-10 cm [1].
The latter have cut position to the host suevites. The
UHPHT nature of the vein glasses has been proven by
presence of melt crystallized defect-free coesite within
liquated structures of silica/aluminosilicate glasses [2].
Results: On the basis of X-ray diffraction studies it
is established that the UHPHT vein glasses have the
lowest crystallization degree in comparison to other
condensed impact melts – bulk clast-free and clastpoor melt rocks and vitro-clasts in suevite. The bulk
melt rocks are characterized by high degree of crystallinity – up to 90%; the clastic melt glass within suevite
breccia has divided into two varieties – containing up
to 10% of an amorphous component and its total absence. The vein glasses cutting suevite have the largest
content of an amorphous component can get up to 95%
according to X-ray diffraction measurements.

The especial specifics of the found UHPHT vein
glasses is connected with presence of several levels of
liquation, which partly has been described in [2].
The uniform sites of aluminosilicate impact glasses
contain in local areas rather evenly the distributed clinopyroxene microcrystals with their possible higher
concentration in inhomogeneous regions. The detailed
studies by means of the high-resolution transmission
electron microscopy showed that the coesite microcrystals are located in completely amorphous SiO2 glass
(Figure 1, 2). It is established that the vein ultrahighpressure impact glasses are characterized by high content of nonstructured molecular H2O in comparison to
massive clas-poor melt rock, vitro-clasts within suevite
and the sedimentary rock target.

Figure 1. Scanning electron microscopy image of
UHPHT glass with silica glass drops including melt
crystallized coesite, GlAl-Si – aluminosilicate glass, Px –
pyroxene, GlSiO2 – silica glass, Coe-coesite; Smectite –
smectite inclusions within silica glass, the silica glass
“drop” boundaries are marked with perforated line.
The detailed analysis of UHPHT vein impact glasses structure with use of the high resolution transmission
electron microscopy allowed to reveal presence of
smectite crystallized directly from an impact melt [5].
Nanostructures of UHPHT vein impact glasses of
the Kara astrobleme under comparing with low pressure low temperature glasses of natural and artificial
origin showed a number of features. The comparative
analysis of the impact glasses of in-crater impactites,
outer crater emissions, volcanic and artificial glasses,
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including Suprasil standard, showed that the low pressure fast quenched impact glasses have more uniform
SiO2 matrix with smaller amount of impurity in comparison to volcanic glasses and high pressure impact
glasses of suevites. In the complex analysis of atomic
force microscopy data and microprobe analyses the
dependence of the extent of nanostructural heterogeneities of natural glasses from a saturation of their structure by cations modifiers (Al, Na, Ca, Mg) is revealed
[4]. The especially strong influence is noticed in connection with Na impurity presence that, most likely, in
many respects and defines nanostructural heterogeneity
of natural silica-alumina glasses.

Figure 2. Raman spectrum of coesite crystal within
silica glass.
Some physical properties of the impact glasses have
been investigated. Absolute values of nanohardness has
the strong dispersion – from 2000 HV to 10-100 HV.
This circumstance, most likely, is defined by inhomogeneities in the studied impact glasses resulted by nonuniform distribution of impurities and, also possibly,
caused by the non-regular content of non-structured
water and crystallization degree level of an impact
melt.
According to spectroscopic studies with ultraviolet
Raman spectroscopy the very low degree of polymerization of the impact glasses is established. Besides, the
experimental data about a possibility of existence of a
certain specific state – carbon-containing silicate glass,
which was revealed as separate particles among products of thermochemical extraction and in subsurface
layers of impact diamonds, was obtained. And also it is
revealed directly within a matrix of the vein glasses "in
situ". This find will be studied in the future works in
detail.
Conclusion: The complex analysis of geological,
mineralogical-petrographic, petrochemical features and
degree of crystallinity of melt impactites (clast-poor
melt rocks, vein glasses and vitro-clastic formations
from suevites) to establish that the structural and phase
states of the melt impactites are defined, first of all, by
the initial character of the melted sedimentary target
and cooling velocity of an impact melt. The large vol-
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umes of an impact melt created massive clast-poor melt
bodies have longer cooling underwent with the almost
complete crystallization. The obtained data indicate the
specific nature of melt glasses of vein type and prospects of their further study of the fundamental questions and application perspectives.
The study was carried out in the framework of the
RSF project # 17-17-01080; analytical measurements
have been provided with instrumental equipment of the
Center of Collective Use “GEONAUKA” (Syktyvkar,
Russia) funded through NIR GR #AAAA-A17117121270036-7.
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THE DHALA STRUCTURE, NORTH-CENTRAL INDIA, USING AMS DATA. A. K. Singh1, J. K. Pati1,2, S.
K. Patil3, W. U. Reimold4, A. K. Rao1 and O. P. Pandey1, 1Department of Earth and Planetary Sciences, Nehru Science Centre, University of Allahabad, Allahabad-211002, India (anujpcb@gmail.com, jkpati@gmail.com), 2National
Centre of Experimental Mineralogy and Petrology, 14 Chatham Lines, University of Allahabad, Allahabad-211002,
India, 3Dr. K. S. Krishnan Geomagnetic Research Laboratory, Jhunsi, Allahabad-221505, India, 4Laboratory of Geochronology, Instituto de Geociências, Universidade de Brasília, CEP70910 900 Brasília, DF, Brazil.
Introduction: The Dhala structure, north-central
India (N 25º17'59.7" and E 78º8'3.1") occurs in an
Archean, mixed crystalline basement. Dhala is one of
the oldest (1.7-2.5 Ga) impact structures known to date
on Earth. The estimated diameter, after erosion, is
about 11 km. Impact melt breccia is exposed as curvilinear, discontinuous bodies over a strike length of
nearly 6 km [1, 2, 3], and is characterized by the presence of diagnostic shock metamorphic features and
containing a chondritic or iron meteorite impactor
component [3]. Recently, a fragment of shatter cone
has also been reported from an outcrop of monomict
breccia, on an angular, medium-grained clast of granite
[4]. The impact melt lithology is variously altered and
at least two phases of hydrothermal alteration (~530
Ma and ~1 Ga) have been invoked from thermochronology [2, 3]. The disposition of impact melt as a curvilinear series of bodies on the geological map, and its
substantial outcrop width (~170 m) suggest that either
the impact melt occurs as a dike or a melt sheet. To
resolve this issue the present study was carried out using anisotropic magnetic susceptibility (AMS) data for
the impact melt rock. In addition, the effect of high
kinetic energy on the magnetic fabric of the target
granitoids was also investigated.
Material and Methods: In total, 19 impact melt
breccia samples from 5 different outcrops and 12 target
rock samples from 3 widely spaced locations (4 samples from each site) were chosen for anisotropic magnetic susceptibility analysis. Measurements were carried out using a Kappabridge apparatus (MFK1-FA) at
the K.S. Krishnan Geomagnetic Research Laboratory
(KSKGRL), Jhunsi, Allahabad, India.
Results: The low and high frequency magnetic
susceptibilities were measured with the MS-2B instrument (LF: 68.08-211.56 x 10-8 m3/kg-1; HF: 62-190.70
x 10-8 m3/kg-1). The AMS fabric orientation of impact
melt was measured at 5 locations, which determined
the directions of maximum susceptibility (K1: 1.005),
intermediate susceptibility (K2: 1), and minimum susceptibility (K3: 0.994). The observed degree of anisotropy was 1.198 for the majority of the samples. In general, the distribution of AMS vectors is random in impact melt breccias, with few samples showing preferred
orientation, whereas the magnetic fabrics are highly
scattered in the target rocks. The impact melt is rela-

tively more altered compared to the target rocks [2, 3]
and yet the AMS fabric in the target rocks is random.
This suggests a marginal effect of alteration on the
AMS fabric. The AMS fabrics are represented by equal
proportions of oblate and prolate shaped magnetic
grains.
Importantly, the impact melt samples of the Dhala
area do not show any preferred orientation. This suggests that the impact melt is more likely to occur as a
melt body (sheet) rather than as a dike-like body. These
inferences from the AMS fabric study are supported by
the core drilling information obtained at about 70 locations, with coring depths down to 500 m. The drillings
cover a major part of the Dhala structure. In fact, the
melt body seems to spread over 12 sq km, for an estimated melt volume of about 2.4 km3.
References: [1] Pati J. K. et al. (2008) Meteoritics
& Planet. Sci., 43, 1383-1398. [2] Pati J. K. et al.
(2010) GSA Special Paper, 465, 571-591. [3] Pati J. K.
et al. (2017) Meteoritics & Planet. Sci., 52, 722-736.
[4] Pati J. K. et al. (2019) Meteoritics & Planet. Sci.
(in press).
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PRELIMINARY RESULTS OF A FIRST DETAILED STUDY OF THE POLYMICT IMPACT BRECCIAS
IN THE ARAGUAINHA DOME, BRAZIL. C. S. M. Souza1, N. Hauser1, W. U. Reimold1, A. R. P. Maciel1, A. P.
Crósta2, L. P. Marchi3. 1Geosciences Institute, University of Brasília, Darcy Ribeiro Campus, ICC, 70910-900, Brasília/DF, Brazil, maia.carolinna@gmail.com), 2Geosciences Institute, State University of Campinas, R. Carlos
Gomes 250, 13083-855, Campinas/SP, Brazil, 3Department of Geosciences, Auburn University, Alabama 36849, USA.
Introduction: The Araguainha Dome has a
diameter of 40 km. The structure is located between the
small towns of Araguainha and Ponta Branca, in the
state of Mato Grosso, Brazil, between the coordinates
of 16º 30’ to 17º 15’ S and 52º 45’ to 53º 15’ W. The
structure is located within the northeasternmost part of
the Mesozoic Paraná Basin. Araguainha was the first,
and still is the largest, confirmed impact structure in
South America [1].
Morphologically, this is a complex impact structure
(Fig. 1A) characterized by a central uplift, an annular
basin, and at least two rings further out [2]. In the central uplift (Fig. 1B) occur several types of impactgenerated lithologies, including the so-called transitional granite (part-melted alkali granite), impact melt
rocks, monomict breccias, and polymict impact breccias. The impact melt rocks were quite extensively studied by various groups [references in 1]. The polymict
breccias of the Araguainha Dome are well exposed.
They can be divided into lithic impact breccias without
melt material and suevites with impact melt particles.
Crósta et al. [3] and von Engelhardt et al. [4] recognized the existence of these breccias in the Araguainha
Dome. Only one detailed study of a single section
through a ca. 75 m thick deposit of polymict impact
breccia has been reported to date [5].
One of the major problems still unresolved in the
science of impact cratering is to understand the genesis
and distribution of polymict impact breccias [6-7]. The
aim of the present study is to quantify the occurrences
and character of the polymict impact breccias at Araguainha Dome.

Methodology: Detailed geological description in
the polymict impact breccias has been initiated in the
NW sector of the central uplift of the Araguainha impact structure. A 152 m long NW-SE trending section
(Fig. 1A), representing a vertical section of 23 m, was
described in order to characterize the clasts in terms of
lithological composition, stratigraphic provenance,
size, shape, roundness, and sphericity, as well as the
relative proportions of different clasts and matrix. In
the course of the field work some samples were collected for mesoscopic analysis. The characterization of
a polymict breccia must follow some assumptions,
mainly related to limits of size between clasts and matrix, at the different scales of work.
For macro- and mesoscopic analysis the following
scale ranges were established in order to differentiate
between matrix and clasts:
Matrix
Clasts
Macroscopic
< 1.0 cm
> 1.0 cm
Mesoscopic
< 0.4 cm
> 0.4 cm

Figure 2. (A) A Cross sections through polymict impact breccias in the NW sector of the central uplift of
the Araguainha Dome and (B) after [5]. The type and
relative size of the clasts along the profile are represented by the colors in the legend.

Figure 1. (A) Geologic map of the Araguainha Dome
showing the morphology. (B) Detailed map of the central uplift highlighting the cross sections through
polymict impact breccias of this study and the work of
the [5]. Adapted from [8].

Preliminary results and discussion: Along this
152 m long NE-SW trending section of 23 m thickness
(Fig. 2), the main types of clasts identified were grey
spotted metapelite (some of them with shatter cones),
brown pelite, white sandstone, quartz clasts (some of
them sheared), grey sandstone, granite, red sandstone,
conglomerate, and black pelite. The relative propor-
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tions of matrix and clasts (> 1cm) are 52:48. Most of
these clasts were also identified in hand specimen, except for granite and conglomerate clasts.
The obtained data were compared with those from
the de Marchi [5] profile located 1.88 km further to the
NW from our profile (Fig. 1). The studied area is situated at intermediate altitude (526-549 m) compared to
this profile (Fig. 2). The main differences between the
studied profile and that from de Marchi [5] are:
1) The high proportion of grey spotted metapelite
along the studied profile. In the de Marchi [5] profile
the more frequent clasts were brown pelite, red sandstone, and quartz clasts. The metapelites were only
recognized at the middle part of the profile and at the
end (Fig. 2B).
2) We identified big blocks of monomict breccia, assigned to the Cuiabá Group (metapelites), whereas at
the de Marchi [5] profile the only type of block described was granite. At this point it is difficult to say if
these blocks are part of the basement, representing the
paleotopography prior to deposition of impact breccia
or whether they are allochthonous blocks incorporated
into the polymict breccia during the excavation flow.
3) The matrix proportion at the studied profile is 52 %,
more than found at the de Marchi [5] profile, where
matrix comprises less than 35%. And generally in our
study the average size of macroscopic clasts is smaller
than in the de Marchi [5] profile. These differences
could be related to the depth of the studied profile, with
the megablocks in the zone at the bottom end of the de
Marchi [5] profile not having been excavated in our
profile.
The stratigraphic column of the Paraná basin affected by the impact is well differentiated, making it an
appropriate example to understand the genesis of a
polymict breccia. The basement is composed of the
granite and metapelites assigned to the Cuiabá Group
(Neoproterozoic); quartz clasts and conglomerates
could be derived from the basal portion of the Furnas
Formation (Devonian) and/or from the Rio Ivaí Group
(Alto Garças Formation, Ordovician); white sandstone
from the Furnas Formation; red sandstones and brown
pelites resemble lithologies of the Aquidauana Formation (Carboniferous); black pelite can be related
with black shales of the Iratí Formation (Permian); and
grey sandstone with sandstone of the Corumbataí Formation (Permian).
This architecture makes it easy to understand eventually whether the vertical variation of clast population
in the breccia can be correlated to normal or inverted
stratigraphy in the polymict breccia.
Conclusion: While it was possible to tentatively relate the macroscopic and mesoscopic clasts to important lithologies in the target stratigraphy, a detailed
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microscopic study is still required and will be completed closer to the conference. Macroscopically or
mesoscopically it has not been possible to unambiguously identify melt clasts. However, according to [5]
there is a distinct type of altered melt clasts in the microscopic clast population which would denote this
package of polymict impact breccia a suevite. This
notion will be followed up by further optical petrographic analysis.
References:
[1] Crósta A. P. et al. (2019) Chemie der Erde, 79,
1-61. [2] Lana C. et al. (2007) Geological Society of
America Bulletin, 119, 1135–1150. [3] Crósta A. P. et
al. (1981) Revista Brasileira de Geociências, 11, 9197. [4] von Engelhardt W. v. et al. (1992) Meteoritics,
27, 442-457. [5] de Marchi L. (2015) B.Sc., Campinas
State University, São Paulo, 77 pp. [6] Shukla and
Sharma (2018) Solid Earth Science, 3, 50-59. [7]
Stoffler et al. (2018) Meteoritics, 53, 5-49. [8] Preuss
J. (2012) M. Sc thesis (unpubl.), University of Potsdam, Berlin, 92 pp.
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A 5ole for 6uperplasticity in ,mpact 6Wructure )ormation J. G. Spray, Planetary and Space Science
Centre, University of New Brunswick, Fredericton, NB E3B 5A3, Canada. Email: jgs@unb.ca
Introduction:
Superplasticity is the ability of solid materials to
undergo near-neck-free tensile elongation of several
hundred percent when subjected to certain stresses,
strain rates and temperatures. Early work (1940s)
emphasized a polycrystalline requirement and
principally addressed metals and their alloys.
Superplastic behavior is now known to include
ceramics, cermets, composites, bulk metallic glasses
and other solids under conditions of compression,
torsion and multi-axial stress, as well as tension. A
common factor is the requirement for the strain-rate
sensitivity index m (the slope of isothermal log stress –
log strain rate plot) to be >0.3. It is now established
that that are two types of superplasticity: (a) structural
and (b) transformational. The former includes a
characteristic microstructure that remains highly
resistant to grain growth, and which typically involves
a <10 micron grain size under conditions of a high
homologous temperature of deformation T > 0.4-0.5
Tm, where Tm is the melting point of the material. For
submicrometre and nanometre microstructures,
superplasticity can be achieved at lower homologous
temperatures (~0.3 Tm). Structural superplasticity is
commonly exploited in industrial manufacturing to
efficiently form near-net shapes.
Transformation Superplasticity:
Transformation superplasticity does not require a
fine grain size and can be developed in polyphase
materials undergoing temperature/pressure changes
through a phase transformation, or temperature cycling
with anisotropic thermal expansion. Importantly, this
type of superplasticity can apply to rocks. During the
excavation stage of impact structure formation,
movement of material beyond the largely
destroyed/transformed isobaric core (>60 GPa) has to
withstand extreme strain rates, which can be
accommodated via (a) disaggregation and acoustic
fluidization, (b) shear localization, and /or, as proposed
here, transformation superplasticity. The basis of
initiating superplastic behaviour under these conditions
is the accommodation of internal strains produced by
the mismatch between polymorph states, which
become biased in the direction of external stress. This
potentially facilitates large macroscopic strain under
shock loading and heating followed by relaxation
during the thermal pulse of decompression. This
overview will present an introduction to superplastic
behaviour and discuss its potential role in the
excavation stage of impact crater formation.
Superplasticity will be evaluated in the light of existing
deformation processes wherein very large volumes of
rock are moved in very short timescales.

Transformation superplasticity does not require a
fine grain size and can be developed in polyphase
materials undergoing temperature/pressure changes
through a phase transformation, or temperature cycling
with anisotropic thermal expansion. Importantly, this
type of superplasticity can apply to rocks.
Application to Hypervelocity Impact:
During the excavation stage of impact structure
formation, movement of material beyond the largely
destroyed/transformed isobaric core (>60 GPa) has to
withstand extreme strain rates, which can be
accommodated via (a) disaggregation and acoustic
fluidization, (b) shear localization, and /or, as proposed
here, transformation superplasticity. The basis of
initiating superplastic behaviour under these conditions
is the accommodation of internal strains produced by
the mismatch between polymorphic states, which
become biased in the direction of external stress. This
potentially facilitates large macroscopic strain under
shock loading and heating, followed by relaxation
during the thermal pulse of decompression. This
overview will present an introduction to superplastic
behaviour and discuss its potential role in the
excavation stage of impact crater formation.
Superplasticity will be evaluated in the light of existing
deformation processes wherein very large volumes
(100s to 1000s of km3) of rock are moved in very short
timescales (seconds to minutes)
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Experimental Hypervelocity Impact of Anorthosite at 1.8 to 6.7 km/s: Ejecta Parameters,
Crater Shapes and Shock Effects
John G. Spray and Philip Gores, Planetary and Space Science Centre, Department of Mechanical
Engineering, University of New Brunswick, Canada. jgs@unb.ca
The effects of impacting a stainless steel (0.1375 g) projectile into 3 cm-diameter, 6 cm long
cylindrical anorthosite targets in a sequence of 11 increasing velocities (from 1.8 to 6.7 km/s) are
reported. The experiments were performed using a two-stage light gas gun with a 1 cm diameter
launch tube. High-speed cameras were deployed to define projectile speeds and to capture ejecta
velocities and particle sizes.
The target was Shawmere anorthosite from the Kapuskasing Structural Zone of northern
Ontario, Canada [1]. It comprises thermally recrystallized (granulite facies), equigranular (1–3 mm
average grain size) anorthosite with a plagioclase content of 97 vol%, and an average anorthite
content of An78 (bytownite). This anorthite content is high for a terrestrial anorthosite, but lower
than that typical of lunar highlands lithologies (e.g., An94-99 for ferro-anorthosite). Plagioclase
porphyclasts up to 1 cm in size occur sporadically. Olivine, hypersthene, diopside and orthoclase
constitute the majority of the remaining phases (~3 vol%), with accessory opaques, apatite and
zircon. Critically, alteration is minor and is restricted to fracture systems, which can be largely
avoided when sampling. As a high-An anorthosite it provides a good terrestrial analogue for lunar
highlands material [1].
For impact velocities above 4 km/s, a ~0.02 ms-duration flash of light was detected at
mouth of the target holder. We attribute this to the site of impact becoming hot enough to vaporize
some of the surrounding material, and to ionize some of the vapour, creating plasma [2]. The light
flash is due primarily to black body radiation from the heated material and, to a lesser extent, from
excited atoms in the vapour cloud. Both of these processes are related to the energy of impact. The
light flash became brighter at successively higher energy impacts [3].
Two distinct phases could be distinguished in the ejecta that escaped the target holder
following each impact. The first of these phases was a fine stream of material within which
individual particles could not be discerned, whose time of appearance after impact decreased with
increasing energy, proving a relationship between its velocity and impact energy. We attribute this
phase to the jetting of material from the projectile-target interface during excavation. This differs
from the second phase of ejecta, which consists of larger (mm size on average), distinct particles,
whose velocities did not depend on impact energy across the range of impacts considered. We
attribute this to spalling (scabbing) of the target surface on arrival of release waves, whose arrival
at the free target surface was controlled by the physical properties and dimensions of the target
rock, target holder and holder mount.
The total volume of anorthosite removed from the target systematically increased with
increasing impact energy (velocity), ranging from 6.5 g to 54 g for the lowest (1.8 km/s) and
highest (6.7 km/s) velocities, respectively. The resulting crater shapes developed in the anorthosite
targets evolved with increasing impact energy from gently concave to more parabolic to hyperbolic
shapes at the highest velocities.
In terms of shock effects, we distinguish between the earlier jetted material that was
predominantly collected from the catch tank upstream of the target, and the spall, that was collected
from within the target holder and the catch tank. Material from the holder is unshocked, whilst
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catch tank material is shocked or unshocked. Within the shocked material, the metal (projectile)
component occurs as spherules. Plagioclase shows evidence of melting and PDF development.
The pressure-temperature-time evolution of the impact events are discussed, as well as the
differences between experiment and natural impact processes.
[1] Battler, M.M. and Spray, J.G. 2009. Plan. Space Sci. 57, 2128-2131.
[2] Friichtenicht, J. 1965. Investigation of High-Speed Impact Phenomena. NASA Contact No.
NA Sw-936, 1965.
[3] Eichhorn, G. 1976. Impact Light Flash Studies: Temperature, Ejecta, Vaporization. In
Interplanetary Dust and Zodiacal Light - Lecture Notes in Physics, vol. 48, Heidelberg, Springer,
1976, pp. 243-247.
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Discovery of complex macroscale structures in impact induced shock processed biomolecules Implications to the Origins of life. V S Surendra1,*, V Jayaram2, S Karthik1, S Vijayan1, V Chandrasekaran3, R
Thombre4, T Vijay5, B N Raja Sekhar6, A Bhardwaj1, G Jagadeesh7, K P J Reddy7, N J Mason8, B Sivaraman1,*,
1
Physical Research Laboratory, Ahmedabad, India,2Indian Institute of Science, Bangalore, India,3Vellore Institute of Technology, Vellore, India,4Modern College of Arts and Science, Pune, India, 5Indian Institute of Technology Gandhinagar, Gandhinagar, 6BARC at RRCAT, Indore, India,7Indian Institute of Science, Bangalore,
India, 8University of Kent, United Kingdom. *Email: surendra@prl.res.in, bhala@prl.res.in
Introduction: Impacts play a profound role in planetary system formation and evolution. A wide variety
of impact features have been observed on the Solar
System bodies showing evidence of impact activity in
the past. Such impacts will create shock wave because
of sudden compression and produce sharp increase in
pressure and temperature, and subsequent cooling due
to the expansion, which induces chemical pathways for
complex molecular synthesis. Shock driven synthesis,
thus can be a possible inventory for synthesis of complex molecule on Solar System bodies. Previous experiments have reported that impact-shock processing
of simple molecules can lead to the synthesis of building blocks of life such as amino acids [1]. A recent
study reported molecular dynamics simulation that
shows that shock wave drives the synthesis of glycine
containing complexes when passed through an icy mixture representative of a comet [2]. However, the fate of
these amino acids remains unexplored when subjected
further to impact-shock conditions. Blank et al. [3],
performed an impact experiments on aqueous solution
of amino acid at room temperature and observed the
signature of peptides. While Sugahara and Mimura [4],
performed impact experiments under cryogenic condition and also found signature of peptides. Here, we set
out to experimentally verify shock processing of amino
acids and nucleobases.
Experimental set-up: The experiments were performed in a 7-meter-long, gas-driven shock tube with
driven side pumped down to 10-4 mbar and purged with
argon to avoid any contamination of gases and 40-60
bar on the driver side. The driven and drive section is
separated by an aluminium diaphragm of 2 mm thickness using high pressure helium gas cylinders. Samples
were placed in a reaction chamber at the end of the
driver section separated by a ball valve. Shock temperature ranges from 1500 K to 8000 K over 2 ms timescale. Starting with the simplest amino acid glycine, we
have used different combination of mixtures containing
2, 4, 18 and 20 different amino acids and mixture of
nucleobases in equal weight proportion [5]. The shock
processed samples were further analyzed using Scanning Electron Microscope (SEM) and Transmission
Electron Microscope (TEM) to understand the effect of
shock on biomolecules.
Results: Shocked samples are subjected to SEM analysis, and we have observed the formation of complex

macroscale structures. We also observed certain geometric structure like threads, ribbons with smooth texture. On increasing the combination mixture of amino
acids, we observed more complex structures. While
adding glutamic acid to glycine, a bunch of flower petals appeared. With further adding two more amino acids, we observed cylinder tube with complex patterns.
With 18 mixtures of amino acids, complex structure
containing tubes, folded and twisted threads were observed (Fig. 1). Similar patterns were also observed
with nucleobases and other amino acid mixtures.

Fig.1. SEM micrograph of shock processed 18 amino
acids mixture.
Discussion: Our experiment provides compelling
evidence of a synthetic pathway of complex macroscale
structures from the building blocks of life under impact-shock condition. The results are a significant step
towards our understanding of origins of life. Given
plethora of Solar System bodies with necessary composition, impact-shock could have act as a driving force
to form more complex assemblies. Furthermore, our
experiment could also be a possible explanation for the
thread like features reported in the meteorites [6],
which were initially suggested to be fossilized life
form, which could be the aggregation of molecules,
that have been shock processed during impact events.
Further experimental investigation are under pipeline
which will enhance our understanding in this field.
References: [1] Bar-Nun, et al. (1970) Science,
168, 470-47. [2] Goldman, N. et al. (2010) Nature
Chemistry, 827, 949-954. [3] Blank, J. G. et al. (2001)
Origins of Life and Evolution of the Biosphere, 31, 1551. [4] Sugahara and Mimura (2014), Geochemical
Journal, 48, 51-62. [5] Surendra et al., (2019) arXiv
1906.05958. [6] Mamikunian, G. et al. (1963) Nature,
197, 1245-1248.
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CALCULATION OF DISLOCATION DENSITIES IN SHOCKED MINERALS USING ELECTRON
BACKSCATTER DIFFRACTION
J. Tielke1, A.H. Peslier2, R. Christoffersen2, T. Erickson2, M. Cintala3, C. Cline2, 1Lunar and Planetary Institute, 3600
Bay Area Blvd, Houston, TX 77058, USA, jacob.a.tielke@nasa.gov, 2Jacobs, NASA Johnson Space Center (JSC), Mail Code
XI3, Houston, TX 77058, USA, 3ARES, Mail Code XI3, NASA-Johnson Space Center, Houston, TX 77058, USA,

Introduction: During shock, minerals are exposed
to extreme conditions of stress, pressure, and temperature, resulting in the development of a range of defects
[1]. Importantly, shock results in an increase in the
density of line defects (dislocations) in crystals [2],
which may significantly modify the physical properties
of planetary samples. Observations of dislocations are
commonly carried out using transmission electron microscopy (TEM), which allows for measurement at
high spatial resolution but is restricted to small samples
sizes [3].
Recent advances in processing electron backscatter
diffraction (EBSD) data enables calculation of the distribution and density of geometrically necessary dislocations (GNDs) [4]. The GND density describes the
number and type of dislocations needed to produce
observed lattice curvature in deformed crystals. The
EBSD-GND technique allows for larger sample regions to be investigated and yields more complete information about dislocations (Burgers vector and line
direction) compared to traditional TEM investigations.
Importantly, laboratory-based measurements of how
the GND density varies with shock pressure may be
used to more precisely constrain shock conditions recorded in impacted material on Earth and in planetary
samples.
Methods: EBSD analyses were carried out on three
types of samples: (1) Terrestrial olivine single crystals
that were shocked at peak pressures ranging from 22 to
59 GPa using a flat plate accelerator at the Experi-

mental Impact Laboratory at NASA’s Johnson Space
Center (JSC), (2) deformed olivine-rich diogenite
(NWA5480), and (3) a brecciated lunar dunite (7241554). Analyses were carried out using a JEOL 7600F
equipped with an Oxford Symmetry EBSD detector at
JSC. Processing of EBSD data and calculations of
GND densities were performed using the MTEX
toolbox [5] for MATLAB.
Results: Edge dislocations on the (010)[100],
(010)[001], (100)[001], and (001)[100] slip systems
were found to be dominant in both experimentally and
naturally shocked samples (Figure 1). Densities of
GND’s were similar for olivine experimentally shocked
near 40 GPa as for those observed in lunar dunite.
GND densities were significantly lower in large olivine
clasts in diogenite samples.
Workshop Goals: This session will focus on describing (1) the protocol for collecting and processing
EBSD data for GND calculation using MTEX software, (2) examples of applications of these data to
studies of deformed rocks, and (3) the advantages and
limitations of applying this method to studies of deformation of planetary material.
References: [1] Stöffler et al. (1988) in Meteorites
and the Early Solar System 165-202. [2] Ashworth &
Barber (1975) EPSL 27, 43-50. [3] Leroux et al.
(2003) MPS 28, 81-94.[4] Wallis et al. (2016) Ultramicroscopy 168, 24-45. [5] Bachmann et al. (2010)
Trans Tech Publications 60, 63-68.

Figure 1: Maps of GND densities for different slip systems in an olivine grain in lunar dunite (72415) returned from the Apollo
17 mission. The rows correspond to different Burgers vectors and columns to different line directions. Slip systems are labeled in
white for each map.
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TRANSMISSION ELECTRON MICROSCOPY OF IMPACT CARBON PRODUCTS FROM THE GIANT
KARA ASTROBLEME. V. V. Ulyashev1, T.G. Shumilova1, B. A. Kulnitskiy2, I. A. Perezhogin2, V. D. Blank2,
1
Institute of Geology FRC Komi SC UB RAS, Pervomayskaya st. 54., Syktyvkar, 167982, Russia; vaskom77@mail.ru, shumilova@geo.komisc.ru; 2Technological institute of superhard and new carbon materials, 7a
Tsentralnaya street, Troitsk, Moscow, Russia, 108840, info@tisnum.ru.
Introduction: Under natural impact processes not
only graphite, but also other varieties of carbonaceous
substance can be treated including the organic matter
of sedimentary rocks in targets. By present only two
non-graphitic objects with after-coal diamonds had
been found and described for the first time about 30
years ago at the giant Kara (65 km in diameter) and
Ust`-Kara (25 in diameter) astroblemes (Pay-Khoy,
Russia) [1]. The deep studies of the after-coal diamonds was provided 3 decades ago and were no any
novel information on the modern level had been provided. Thus, the detail structure, composition and formation mechanism of the impact diamonds are still not
clear. In this work we have provided high resolution
transmission electron microscopy (HRTEM) studies of
after-coal diamonds, diamond fossils and co-following
carbons. Thus, the vision on the carbon varieties at the
Kara astrobleme has been essentially corrected and
developed.
Material and methods: The carbon particles have
been enriched from the impactites of the Kara impact
crater by thermochemical dissolution of the host rock,
the method had been described in [2]. For the studies
we have used powder specimens set on perforated carbon TEM foils. For preliminary studies we used Tesla
BS 500 operated at 60 kV and for high resolution investigations JEM-2010 was used with the voltage 200
kV.
Results: As a result of TEM and HRTEM studies
we have found out that within the high pressure products of the Kara impactites multiphase nanostructured
aggregates occur. The proven phases are presented
with ultrananocrystalline diamond, glass-like carbon
(Figure 2), holey onion-like carbon (Figure 3), graphite.
It was established that the proposed earlier “togorite” described by Yeserskii as an independent new
hard dense carbon mineral (natural dense carbon polymer) was rather presented with tight aggregate of nanocrystalline diamond core covered with glass-like carbon [2].
The spatial relationship between glass-like carbon
and nanodiamond diamond on a nanolevel was analyzed for the first time, the borders are clear, without
gradual transitions and violations of structure. The all
studied carbon phases are without signs of mechanical
deformations. The nanostructural features of the glasslike carbon allow suppose that the carbons formation

temperature was at least 2600 qC for the studied particles [3].

Figure 1. Bright field TEM image of polyphase carbon
aggregate: glass-like carbon (GLC) and ultrananocrystalline diamond (UNCD).
Additionally to impact Kara diamond the especially
interesting is find of onion-like holey carbon (or multiple concentric fullerene-like carbon shells) [4-6], which
never was found earlier within the impact natural objects. It is experimentally known that the onion-like
carbons are formed by various ways: 1) transformation
of graphite under high pressure, 2) annealing of
nanodiamonds, 3) vacuum sedimentation, 4) soot annealing, 5) arc process, 6) radiation treatment on soot
by electron beam, 7) ions implantation [5]. From the
listed ways for carbon bulbous structures in impactites
we see more similarity only with annealing of nanodiamonds with residual high temperatures with transformation to onions.
However, the relic sedimentary origin of onion-like
carbons cannot be excluded, as the low ordered carboniferous matter presents within the initial sedimentary rocks of the Kara target, such as shungit-like/coal
matter [2]. Usually the experimentally produced onionlike carbons are produced with hole sizes 3-5 nm. The
bulbs size increasing is connected with pressure growth
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[5, 6]. For example at 55 GPa the bulbs have sizes of
25 nanometers. This size is similar to our case for
holey onion-like carbons found in Kara impactites.

Figure 2. Holey onion-like carbon from the polyphase
carbon aggregate, HRTEM image.
Conclusion: The studied carbon polyphase aggregates were formed no less than 55 GPa with the probable temperature about 2600 qC. The simultaneous
presence and tight spatial relations of the carbon phases allow propose very nonequilibrium P-T conditions
of carbons formation within the very local volume. The
future detail studies will allow to get more information
on carbon polymorphism under impact processes with
possible finds of new carbon phases.
Acknowledgments: The authors thank E.V.Susol
and V.A.Zhidova for technical assistance. The study
has been provided with funding of the Russian Foundation for Basic Research, Project # 17-05-00516 with
partial support of the NIR # AAAA-A19119031390057-5. The analytical work has been provided at the Center for Collective Use “Geonauka”
supported by Projects NIR # AAAA-A17117121270036-7.
References:
[1] Yezerskiy V. A. (1986) Int. Geol. Review. 28:2,
221–228.
[2] Shumilova T. G., Isaenko S. I., Ulyashev V. V.,
Kazakov V. A., Makeev B. A. (2018) EJM, 30, 1, 61–
76.
[3] Harris, P.J.F. (1997) Int. Mater. Rev., 42, 206–
218.
[4] Zeiger M., Jackel N., Mochalin V. N., Presser
V. (2016) J. Mater. Chem. A, 2016, 4, 3172-3196.

5094.pdf

[5] Blank V.D., Denisov V.N., Kirichenko A.N.,
Kulnitskiy B.A., Martushov S.Yu., Mavrin B.N., Perezhogin I.A. (2007) Nanotechnology,18, 345601-4.
[6] Blank V.D., Kulnitskiy B.A., Dubitsky G.A.,
Alexandrov I. (2005) Fullerenes, Nanotubes, and Carbon Nanostructures, 13, 167 – 177.

Large Meteorite Impacts VI 2019 (LPI Contrib. No. 2136)

5017.pdf

SEMI-AUTOMATED EXTRACTION OF MORPHOMETRIC PARAMETERS OF IMPACT CRATERS
ON PLUTO’S SURFACE. C. V. N. Villaça1 and A. P. Crósta1, 1 University of Campinas, R. Carlos Gomes, 250,
Campinas, SP, Brazil. (caiovillaca@yahoo.com.br)

Introduction: In July 2015, the New Horizons
mission obtained high-quality images of approximately
35% of Pluto's surface varying in resolution from 76 to
850 m/px [1], making possible to create of a digital
elevation model (DEM) of most of its imaged area.
Since then, few studies were performed to obtain data
concerning the morphometry of impact craters on Pluto
[1, 2]. This project aims to contribute in establishing
the morphometry of impact craters on this dwarf planet. Impact crater morphometry can be used to gain insight into the properties of the target’s crust and the
endogenous and exogenous processes that could modify impact craters
Objectives: The goal of this project is to elaborate
a semi-automated method to delineate the crater’s rim
(Fig.1A) and collect detailed morphometric data of
impact craters from Pluto’s different geomorphological
provinces. The morphometric data are being compared
between the different terrains, in order to check eventual links between crater morphometry and the composition and age of the target. For mapping purposes we
need to take into account the different ranges of resolution from the New Horizon data, that causes different
levels of noise depending on the region. Our work was
based on [3] that divided Pluto into geomorphological
and topological domains (Fig.1B). The map of Sputnik
Planitia [4] is used as a reference basis, as well as the
upcoming new geological maps of Pluto [5]. The advantages of using a semi-automated method is to reduce the human abstraction of data analysis, as well as
to accelerate the analyses of impact crater morphometry in any kind of terrain.
Method: The topological data are being extracted
from a DEM with resolution of 300m/px [6]. The code
of the semi-automated method allows the user to draw
a simplified circle around the crater’s rim as an initial
input. Then, the script follows a concept similar to the
one employed by [7]. In order to delineate the crater as
close as possible to reality, the script creates several
profile lines starting from the outside of the crater and
passing through the crater center to find three points of
reference: slope break (S.B.), maximum elevation
(M.E.) and local maxima (L.M.). The script then connects the points of reference, thus delineating the
crater’s rim. With the crater boundary delimited, it then
extracts the diameter, depth, medium slope of the wall
and rim height (and how it varies along the rim).
Preliminary results: So far, we developed a script
that can, with minor errors, delineate and extract basic

morphometric data from the impact craters distributed
on many varieties of Pluto’s terrains. We have yet to
further improve the code in order to be able to collect
reliable data, especially on the chaotic terrains, such as
Cthulhu Macula, and then gather a significant amount
of morphometric measurements to create a database to
be used in a statistical comparison between Pluto’s
different terrains.

Figure 1: A) Impact crater delineated automatically
using the code here developed, with approximately 30
km of diameter located on 130ºE 20ºN. B) Map showing major topographic and morphological provinces
mapped by [4].
Acknowledgements: We acknowledge Fundação
de Ampara à pesquisa do estado de São Paulo
(FAPESP) for the support for this research.
References: [1] Singer, Kelsi N., et al. (2019) Science 363.6430: 955-959. [2] Robbins, Stuart J., et
al.(2017) Icarus 287: 187-206. [3] Schenk, Paul Michael, et al.(2018) Icarus 314: 400-433. [4] White,
Oliver L., et al. (2017) Icarus 287: 261-286. [5] White,
Oliver L., et al. (2019) Planetary Geologic Mappers,
Abstract #2154. [6] Moore, Jeffrey M., et al. (2016)
Science 351.6279: 1284-1293. [7] Geiger, L. M.
(2013), Undergraduate honors thesis, Wellesley College, 106 Central Street, Wellesley, Mass.
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COMPLEXITIES IN CALCITE TEXTURES REVEALED: A COMBINED ELECTRON BACKSCATTER
DIFFRACTION,
X-RAY
FLUORESCENCE,
ELECTRON
MICROSCOPY
AND
RAMAN
SPECTROSCOPY STUDY OF STEEN RIVER IMPACTITES. E. L. Walton1 and N. E. Timms2, 1 Department
of Physical Sciences, MacEwan University, Edmonton, AB, T5J 4S2 (waltone5@macewan.ca). 2School of Earth and
Planetary Sciences, The Institute for Geoscience Research, Curtin University, GPO Box U1987, Perth, WA, Australia.

Introduction: Impact into sedimentary targets are
potentially more detrimental to the atmosphere and biosphere compared to impacts of the same magnitude occurring in purely crystalline rocks. The increased destructive nature of sedimentary targets stems from their
volatile-rich nature and ability to decompose, liberating
greenhouse gases such as CO2 from carbonates, SOx
from sulfates or H2O from phyllosilicates [1]. For example, calcite in limestone may decompose via the reaction CaCO3(s) → CaO(s) + CO2(g)↑ during adiabatic decompression from high shock pressures or post-impact,
associated with thermal equilibration-related heating [2,
3]. Recent studies have emphasized the amount of impact melt that may be generated from carbonate rocks,
which would significantly decrease the amount of atmospheric CO2 release [4]. The relative importance of
carbonate melting versus decomposition remains actively debated [e.g., 5, 6]. In contrast to these deleterious
effects, hypervelocity impact events may also be regarded as conducive to life through creation of microbiological niches associated with hydrothermal activity
[7]. The syn- and post-impact environment is therefore
an extremely complex system, that can be understood
through numerical and computer-based modeling, combined with field and laboratory investigation; however,
impacts into sedimentary targets are particularly difficult to model because of layering, pore space and volatiles. In this context, the mineralogy and microtextures
of sedimentary-derived impactites are particularly useful, because they serve as physical markers of the physicochemical conditions in which they formed. Study of
the texture, composition, chemistry and crystallography
of a given mineral may be used to discriminate between
those grains inherited from target rocks, impact-produced materials and hydrothermal precipitates.
This study focuses on calcite-bearing impactites
from the crater fill deposits of the 25-km diameter Steen
River impact structure in Alberta, Canada [8, 9]. The
target stratigraphy comprised ~1.28 km of Devonian
evaporites, variably dolomitized limestone and carbonaceous shales overlying Precambrian granitic rocks. Previous work on calcite in these breccias suggest several
generations, distinguished by texture and minor element
composition from spot analyses obtained via an electron
microprobe analyzer (EMPA) [9]. These include: (1)
cm-size limestone clasts retaining primary sedimentary

structures, (2) mm-size marble-textured calcite recrystallized from limestone clasts, (3) frothy calcite formed
by incipient decomposition, (4) quench-crystallized calcite as a product of impact melting, and (5) hydrothermal calcite. Here, we investigate calcite in these same
breccias using micro-X-ray Florescence (XRF) and
electron diffraction backscatter diffraction (EBSD)
mapping. Both techniques are non-destructive. XRF
mapping is useful for simultaneous characterization of
the distribution of a wide range of major, minor, and
trace elements over large areas, to a spatial resolution of
~10–30 μm. EBSD typically has a spatial resolution of
~50 nm. This technique (EBSD) has the capability to
identify crystalline phases, quantify grain size distribution, shapes and crystallographic preferred orientations
of each phase, and characterize intragrain microstructures such as twins and crystal-plastic strain. EBSD can
also be used to recognise amorphous (glassy) materials.
The results demonstrate how XRF and EBSD mapping
may be combined with conventional methods to maximize the amount of information gleaned. Our results
have implications for the dominant response of carbonates to hypervelocity impact at Steen River.
Samples and Methods: Thin sections and polished
thin section offcuts of samples S3-703, S3-769.5, S1921 from the calcite-bearing breccia at Steen River were
examined. Sample numbers refer to the core identifier
and the depth in feet (e.g., S1-921 is from core ST001
at a depth of 921 feet). EBSD mapping was done using
a Tescan MIRA3 field emission SEM fitted with Oxford
Instruments AZtec EDS/EBSD acquisition system and
Nordlys Nano (S3-703A and S3-769.5) / Symmetry
(S1-921) EBSD detectors at Curtin University. Data
were processed via Channel 5.12 software to produce
thematic maps and pole figures. XRF maps of the entire
polished surfaces were obtained using a Bruker 2D micro-XRF Tornado system at CSIRO, Perth.
Results and Discussion: Calcite in all three samples were indexable using EBSD mapping, indicating
that this phase is highly crystalline. EBSD quantified the
grain size, shape and crystallographic orientation of calcite, which, when combined with compositional information from XRF and EDS maps, were used to gain insight into its formation conditions. The results reveal
more complexity than described in our earlier combined
SEM, EMPA and Raman spectroscopy study [9].
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Sample S1-921: Impact melt in this sample occurs
as matrix-supported clasts in which calcite and plagioclase are the two most abundant phases. Vesicles are
filled by calcite and smectite. Portions of these clasts
were mapped using EBSD with a 2 μm step size. The
first area contains smectite-filled amygdales, with domains of banded calcite visible in SEM back-scattered
electron (BSE) images. The flow-textured calcite is
aligned with linear trains of vesicles and plagioclase
laths. This calcite contains minor MgO, whereas the
vug-fill calcite does not. EBSD demonstrates that both
the vug-fill calcite and flow-textured calcite comprise
extremely coarse, strain-free, highly crystalline calcite.
This texture was expected for the vug-fill calcite, because hydrothermally-crystallized calcite can be coarse
in this way. However, these are not textures expected
for the impact melt domains. EBSD maps show that the
grain boundaries of the large calcite crystals clearly cut
across the flow texture, and so these grains must be a
late stage replacement texture of a precursor phase. It is
likely that the original material was unstable, possibly
glassy impact melt. Nevertheless, the different EDS
composition indicates that the recrystallization process
did not significantly alter the calcite composition.
Sample S3-769.5: This breccia sample contains hydrothermal calcite, as well as entrained fragments of
limestone rimmed by andradite. Two areas were
mapped; one map, collected with a 4 μm step size, covers the boundary between an andradite-rimmed limestone clast and hydrothermal calcite. All calcite domains have random crystallographic orientations and
distinct textures delineated by grain sizes quantified in
the EBSD maps. A large area map collected at a step
size of ~6 μm illustrates the range of carbonate textures,
including coarse to very coarse hydrothermal calcite, a
recrystallized limestone clast, a sulfide-rich limestone
clast, and vug-fill calcite within silicate impact melt
clasts. Twins visible optically in the hydrothermal calcite were indexed with EBSD. Grains within all calcite
domains have random crystallographic orientations.
XRF mapping shows that the limestone clasts, as well
as the clasts that, based on texture, were mapped as carbonate impact melt, are both low in Sr and Mn-rich,
whereas all textures identified as hydrothermal calcite
are Sr-rich and Mn-poor.
Sample S3-703A: This sample contains a cm-size
limestone clast containing recognizable fossils with a
distinctly darkened rim. XRF mapping shows that the
dark rim is enriched in Mn and depleted in Sr compared
with the clast center. Those grains in direct contact with
the breccia matrix exhibit a highly vesiculated (frothy)
texture. Within the breccia matrix, impact melt is found
as clasts of silicate glass and calcite-bearing clasts, characterized by fluidal textures. One calcite-rich clast contains a grain of reidite-bearing zircon, testifying to the
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high shock provenance (>30 GPa) of the breccia components [9]. Calcite in this clast was mapped at 8 µm
and 1 µm step sizes. The calcite grains are coarse, strainfree, twin-free and are shown to have grown across
some of the vesicles. This texture is interpreted to represent late stage calcite grain growth, likely a hydrothermal replacement of silicate glass, or a coarsened former
limestone-derived melt portion of the clast. EBSD mapping was also applied to the frothy calcite. These grains
comprise a single crystal orientation – even the frothy
central region yields strong enough EBSD patterns to
index. The vesicle-free rims yield stronger EBSD patterns and appear to be replacement rims. There is a detectable increase in MnO associated with these rims.
The crystallographic orientation of these domains is approximately syntaxial with the frothy cores. We interpret that this entire grain has recrystallized from melt,
either calcite replacing impact glass or growing directly
from melt, with the rim undergoing further recrystallization during a subsequent hydrothermal stage.
An additional EBSD and EDS map encompassed
the dark rim on the cm-size limestone clast, its unaltered
interior, as well as a portion of the adjacent breccia matrix. The clast margin comprises polygonal, low-Mn,
crystalline calcite. This is surrounded by a very finegrained high-Mn calcite domain, which appears dark in
optical photomicrographs and that has an increase in
secondary clay minerals that did not index with EBSD.
The outermost rim (mid-grey in optical images) is
coarser grained calcite compared with the black band,
but not as coarse or even-textured compared with the
clast centre. The coarsest grain sizes are present in the
impact melt clasts in the breccia matrix, which comprise
polygonal unstrained high-Mn calcite. The melt clasts
have probably undergone significant recrystallization,
probably during post-shock hydrothermal alteration that
still preserve the outlines of melt-related textures.
Conclusion: Our results demonstrate that the
geological history read from calcite texture and composition may be even more complex than previously realized. Fluidal textures in BSE images, consistent with
calcite crystallized from a molten state and therefore
convincingly attributed to impact melting, may actually
be replacement textures, revealed through EBSD mapping. This is likely due to the solubility of calcite in the
post-impact hydrothermal environment, and that many
impact products may be in metastable states that are susceptible to replacement.
References: [1] Pope et al. (1994) EPSL
128:719–725. [2] Kurosawa et al. (2012) EPSL 337:68–
76. [3] Deutsch and Langenhorst (2007) GFF 129: 155–
160. [4] Osinski et al. (2008) GSA 437:1–18. [5] Osinski
et al. (2015) EPSL 432:283–292. [6] Hörz et al. (2015)
MAPS 50:1050–1070. [7] Naumov (2005) Geofluids
5:165–184. [8] Grieve (2006) Geol. Assoc. Canada
157–160. [9] Walton et al. (2019) EPSL 515:173–186.
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SHOCK CONDITIONS EXPERIENCED BY HAUGHTON CRYSTALLINE BASEMENT ROCKS: A
COMBINED RAMAN SPECTROSCOPY AND ELECTRON BACKSCATTER DIFFRACTION STUDY OF
A SAMPLE FROM ANOMALY HILL. E. L. Walton1, N. E. Timms2, H. A. M. Jurak1 and G. R. Osinski3,
1
Department of Physical Sciences, MacEwan University, 10700 104 Ave, Edmonton, AB, T5J 4S2 (waltone5@macewan.ca). 2School of Earth and Planetary Sciences, The Institute for Geoscience Research (TIGeR), Curtin University, GPO Box U1987, Perth, WA, Australia, 3Department of Earth Sciences / Centre for Planetary Science and Exploration, University of Western Ontario, London, ON, N6A 5B7, Canada.

Introduction: Haughton is a 23-million year old
impact structure with an apparent crater diameter of
23-km, formed in mixed target rocks of the Canadian
High Arctic on Devon Island [1]. At the time of impact, the target stratigraphy comprised 1880 meters of
Lower Paleozoic sedimentary rocks unconformably
overlying granulite-facies tonalitic and granitic
gneisses of the Precambrian Canadian Shield. A location near the center of the structure, characterized by
strong negative gravimetric and positive magnetic
anomalies, has been coined “Anomaly Hill” [3]. Highly shocked lithic clasts resembling pumice are particularly abundant at this locale, including carbonate-rich
and gneiss clasts [4, 5]. In this study, a hand specimen
from Anomaly Hill was investigated using an array of
advanced analytical techniques. The goal is to constrain shock conditions experienced by Haughton crystalline basement rocks and their post-shock evolution.
Samples and Methods: A crystalline rock fragment, was collected in 1999 from Anomaly Hill by
GRO. From this hand specimen, three polished thin
sections were produced. The distribution of 24 elements over one entire thin section was mapped using a
Bruker M4 Tornado micro-XRF instrument at the University of Western Brittany. The resultant XRF maps
show the location and distribution of feldspars, quartz,
calcite, sulfides and zircon. The optical properties of
zircon grains were then observed using a petrographic
microscope, with detailed microtextures characterized
using a ZEISS Sigma 300 field emission scanning
electron microscope (FESEM) in back-scattered electron (BSE) imaging mode at the University of Alberta.
BSE images were acquired using an accelerating voltage of 20 kV. A Bruker X-ray energy dispersive spectrometer (EDS), aided in mineral identification. Those
Zr-bearing grains potentially composed of several
phases, were further characterized using micro-Raman
spectroscopy at MacEwan University using a Bruker
SENTERRA instrument. A 532 nm Ar+ laser was directed through the 100X objective lens of an optical
microscope to achieve a spot size of ~1 μm. Peak positions and intensities in the Raman spectrum were compared to natural mineral standards, and spectra made
available through the online RRUFF Raman database.

Phase and orientation maps of the 18 zircon grains
were acquired via EBSD mapping with a Tescan
MIRA3 FESEM fitted with Oxford Instruments AZtec
combined EDS-EBSD system at Curtin University.
EBSD/EDS data were collected using a Symmetry
EBSD detector and XMax 20 mm SDD EDS detector
with a specimen tilt of 70°, acceleration voltage of 20
kV and a working distance of 18.5 mm. EBSD camera
parameters were optimized for an acquisition speed of
198 Hz. EBSD data were processed using Oxford Instruments Channel 5.12 by removing isolated erroneous data points via a ‘wildspike’ filter, followed by
extrapolative infill of unindexed points using a minimum of seven nearest neighbours. Maps of EBSD pattern quality, phase, crystallographic orientation, and
pole figures were produced in Channel 5.12.
Results and Discussion: The hand specimen is
weakly foliated and highly vesiculated, composed of
K-feldspar and quartz, with minor biotite and Fe-Tioxides, and accessory zircon, apatite, Fe-sulfide and
thorite. The layered texture and mineralogy of the
sample indicate that the protolith was a granitic gneiss
from the crystalline basement.
Shock metamorphism in major and minor minerals:
Quartz and feldspar are isotropic or show very low
birefringence and appear colorless to brownish. Feldspar is highly vesiculated – it is the location and distribution of this mineral that largely determines the overall porosity of the rock (30–40 vol%). Feldspar occurs
as pure end member (K,Na)AlSi3O8 and nonstoichiometric glasses. Opaque grains of biotite are in
various stages of thermal decomposition. SiO2, interpreted as former quartz, displays a range of textures
and physical / optical properties: (1) vesiculated SiO2
glass (i.e., lechatelierite), (2) diaplectic glass and (3)
diaplectic glass containing planar deformation features
(PDFs) and (4) coesite, the high-pressure, hightemperature SiO2 polymorph. Coesite was identified by
well-defined peaks in the Raman spectrum at 270, 427,
466 and 521 cm-1. Silica glass exhibits a broad hump
centered over ~465 cm-1 in the Raman spectrum.
Coesite occurs as aggregates associated with lechatelierite, typically aligned to form stringers of micrometersize crystals.
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Shock effects in zircon: BSE imaging, EBSD, and
Raman analysis of zircon grains across the thin section
show that zircon heterogeneously records a range of
different microstructures, including: crystalline zircon
with no definitive evidence of shock, but some fracturing and limited crystal-plasticity (n = 10); poor crystallinity zircon, commonly with irregular fractures and
vesicles (n = 3); zircon bearing lamellar reidite (n = 2),
patchy and/or granular textured reidite (n = 3); and
granular textured zircon (n = 2). No evidence of planar
deformation bands, shock twins, or thermal decomposition of zircon was observed. Lamellar reidite form
thin (<1 μm wide), closely-spaced sets of roughly parallel lamellae that cross cut zircon primary growth zoning. They are identified as reidite by a broad, lowintensity peak at 608 cm-1 in Raman spectra, along
with a doublet at 816 and 862 cm-1. Peaks are accompanied by a triplet at 192, 200, and 212 cm-1, and
sharp, well-defined peaks at 344, 426, 962, and 994
cm-1, all of which are consistent with zircon. Reidite
lamellae yield poor EBSD patterns that could not be
indexed. Sub-micrometer granular reidite occurs in
poor crystallinity zircon and is spatially associated
with fractures and grain margins of highly-crystalline
zircon, and indexed well by EBSD mapping. Reidite
typically has a distinctive epitaxial crystallographic
orientation relationship with the host zircon, with one
{110}reidite aligned with (001)zircon, and the other
{110}reidite aligned with {110}zircon. These relationships
have been described elsewhere [8, 9] and are readily
explained by transformation from a single zircon orientation via multiple symmetrically equivalent pathways
resulting in broadly two orthogonal reidite orientations.
Discrete, sub-micrometer granular-textured zircon domains are spatially associated with reidite in these
grains, and predominantly define up to three mutually
orthogonal crystallographic orientation clusters. This
microstructure is best explained as neoblasts formed by
back-transformation to zircon from reidite via multiple,
symmetrically equivalent pathways [8]. This texture
has been termed FRIGN (former reidite in granular
neoblasts) by [10]. Raman spectra acquired from these
grains show mixed spectral signatures with peaks assigned to reidite and zircon.
Available experimental data shows that shock
transformation of zircon to reidite begins at ~30 GPa
and is complete by ~53 GPa [11]. Thus, it is reasoned
that zircon grains that preserve reidite or evidence of
its former presence (i.e., FRIGN zircon) experienced a
minimum shock-pressure of ~30 GPa. Reidite is also
sensitive to post-shock temperature and has been documented to revert to zircon at temperatures >1200 °C
[12]. Therefore the presence of FRIGN zircon could
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indicate that these grains reached >1200 °C. However,
the lack of any dissociation textures in zircon grains
(e.g., coronas of baddeleyite + silica glass), imply that
zircon did not reach temperatures >1673 °C [9, 13].
The remaining zircons exhibit igneous textures, some
of which possess growth zones and margins that can be
described as highly porous. These porous grains yield
Raman spectra that exhibit low intensity, broad peaks
at 344, 426, 962, and 994 cm-1. Broadened peaks in the
Raman spectrum indicates these materials are poorly
crystalline, consistent with localized radiation damage
of U-rich growth zones. Vesicles are interpreted as a
consequence of degassing from pre-existing impurityrich metamict domains during impact-related heating.
Conclusions: Based upon shock effects described
in feldspar (vesicular glass) and quartz (coesite, diaplectic glass and lechatelierite), this clast can be assigned to shock stage III [14]. Reidite has been identified in a subset of zircon grains by Raman spectroscopy and EBSD mapping. However, the heterogeneous
distribution of shock features in zircon suggests that
shock pressure and temperature conditions varied locally at the grain scale. Nevertheless, shock stage III is
associated with shock pressures ~45 GPa, with an upper limit of 60 GPa; this shock pressure range is consistent with the experimentally-determined stability of
reidite [e.g., 13]. Likewise, the formation and preservation conditions of coesite is sensitive to the pressuretemperature-time path experienced by shocked rocks.
TEM observation of coesite in suevite from the Ries
crater, have shown they form during the shock unloading path by crystallization from silica melt [15]. The
lower pressure stability range of coesite (~2–11 GPa at
elevated temperature, [16]) compared with reidite, is
consistent with coesite formation by crystallization
from shock-produced melt during decompression. The
presence of FRIGN zircon, but lack of zircon dissociation textures, indicates that temperatures locally
reached >1200 °C but did not exceed ~1673 °C.
References: [1] Osinski et al. (2005) MAPS 40,
1759–1776. [2] Osinski and Spray (2001) EPSL 194,
17–29. [4] Metzler et al., (1988) Meteoritics 23:197–
207. [5] Martinez et al., (1993) EPSL 119: 207–223.
[4] Martinez et al., (1994) EPSL 121: 559–574. [8]
Erickson et al. (2017) Contrib. Min. Pet. 172:6. [9]
Timms et al. (2017a) Earth-Sci. Rev. 165:185–202.
[10] Cavosie et al. (2018) Geology 46:891-894. [11]
Kusaba et al. (1985) EPSL 72:433–439. [12] Corfu et
al. (2003) Rev. Min. Geochem. 53:469-500. [13]
Timms et al. (2017) EPSL 477:52–58. [14] Stöffler et
al. (2018) MAPS 53:5–49. [15] Fazio et al. (2017)
MAPS 52:1437–1448. [16] Carl et al. (2018) MAPS
53:1687–1695.
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THE FATE OF A MEGA-BLOCK – INSIGHT INTO THE DYNAMICS OF RIES CRATER FORMATION.
Karl Wimmer1, Dietmar Jung2 , Kurt Kroepelin3. 1Nördlingen (karl-wimmer@t-online.de), Germany; 2Bayerisches
Landesamt für Umwelt, Hof, Germany; 3Nördlingen, Germany.
Introduction: The Ries is a complex crater with a
diameter of about 25 km. The ring-shaped area in between the inner wall with about 12 km diameter and the
outer crater rim is called the mega-block-zone [1],
since it is characterized by large blocks with sizes of up
to several kilometers. These mega-blocks are fragments
of the prae-Ries landscape and are made up of rock
material from the crystalline basement to the mostly
Jurassic, locally Neogene, surface. They were displaced radially, either sliding inward following the
collapse of the transient crater, or pushed outward by
the explosive pressure and/or the elastic response of
the depressed underground. Not too many of them were
analysed in some detail [2], [3] due to the limited
number of drillings and deep reaching outcrops.
Insight into a mega-block: By chance during the
last years one of these mega-blocks at the northwestern
crater rim was cut open by the new road B25, bypassing the village of Fremdingen. This outcrop enables a
spectacular 500 m walk through almost 50 Mio years
of earth’s history. It also gives insight into the deformations reflecting the dynamics of the mega-block’s
translation.
Description of the outcrop: The outcrop (Fig. 1)
can be nicely seen online at geoportal.bayern.de [4].
Geometry. On its curved path from south to north
the road cuts through two successive hills, separated by
a flat depression. Including the edges the width on the
road level is around 15 m. From there the batters rise
on both sides with a slope angle of about 30° to a maximum height of 11 m in the middle of the northern hill.
Together with a moderate up and down of the road this
geometry yields an asymmetric intersection pattern
with the stratigrafic beds, which additionally exhibit an
increasing inclination angle to the north.
A detailed analysis of this pattern within two sections of 60 m and 70 m length in the southern and
northern part, respectively, was undertaken in order to
quantify both the orientation and the deformation of the
mega-block. The beds were approximated by planes,
the normal vectors of which were determined in order
to derive the orientation and inclination angles. In both
sections the results are statistically compatible with a
linear development of both angles over the total length
of the outcrop, i.e. the depression in the middle is likely a surface phenomenon and no indication of a separation of the mega-block. The orientation angle varies
from about 290° in the south to 340° in the north, well
around the direction of 321° of the radial displacement
from the impact center. The inclination angle grows

from below 20° to above 50°. With these relations the
real thickness of the stratigrafic layers throughout the
mega-block can be derived.

C: geoportal.bayern.de, Bayerische Vermessungsverwaltung
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Lower Jurassic

Upper Triassic
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Fig. 1: The outcrop along the newly built road B25.
The surface height profile (insert on the left) varies
between 455 m and 471 m NN.
Geology. According to a quantitative survey by the
authors the outcrop starts with Trossingen Fm. of the
Upper Triassic in the south and ends with Impressamergel Fm. of the lowest Upper Jurassic in the north.
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Due to the depression and a crossing bridge the transition from Lower Jurassic to Middle Jurassic is not accessible and has to interpolated. The thickness data
resulting from the geometry correction after that are
given in Tab. 1.
Period

Group
Weißjura
Braunjura

JURASSIC

TRIASSIC

Formation

Distance
from
to

Thickness

Depth
from
to

Dietfurt

487

512

17,5

0

17,5

Sengenthal

477

487

7

17,5

24,5

Eisensandstein

421

477

36

24,5

60,5

60,5

150,5

Opalinuston
Jurensismergel /
Posidonienschiefer
Schwarzjura Amaltheenton

256

421

90

251

256

~2

142

251

41

152,5

193,5

Numismalismergel

141

142

0,3

193,5

193,8

Angulatensandstein

128

141

4,2

193,8

198,0

Trossingen Fm.

0

128

30

198,0

228,0

Keuper

150,5
152,5

Tab. 1: Thickness profile of the exposed formations; all
data in m. Note that there are some depositional gaps in
the lower Lower Jurassic record, especially the “Rhaetolias”-beds; the Gryphaeensandstein Fm. and the Obtususton Fm. are missing as well.
Special features. In the southermost section the
slightly inclined layers are interrupted by a 30 m long
section which is vertically displaced. Towards the
northern end, where the inclination angle reaches 50°,
the bed pattern is distorted by shear stress. The upmost
parts have been partly shifted to the north (Fig. 2).

Fig. 2: Distortion of the steep beds of Sengenthal Fm.
(right) and Impressamergel Fm. (left) by shear stress at
the eastern batter of the northern section.
Moreover, at the very northern end a puzzling
stratigrafic repetition shows, that a 40 m long section
of was sheared off the upper part of the mega-block
and, after sliding radially outward, came to rest at the
mega-block’s front end.

Fig. 3: Northern end of the mega-block with Impressamergel Fm. (right) and contact to the repeated sequence with Sengenthal Fm. (left).
Conclusion: A mega-block with about 500 m of
length and height, respectively, and with an unknown
width of up to 3 km was pushed radially towards the
crater rim, followed and accompanied by other blocks.
While ploughing through the land surface, it was decelerated by friction, causing internal shear forces.
The continuously increasing inclination angle towards the north may reflect a deformation by these
forces. Alternatively it may be caused by bending,
when the mega-block was gliding into a hypothetical
river bed.
Part of the upper layer was sheared off, slided to
the northern front of the mega-block and was added
there, repeating the sequence from Eisensandstein Fm.
to Impressamergel Fm.. This suggests that the lowest
Upper Jurassic made up the surface at the site of the
mega-block’s origin. With some more research this
may give a clue to how far the mega-block was displaced.
The thickness profile of the exposed layers as derived from the measurements and corrected for the
complex geometry is consistent with published data [5].
After all, the outcrop offers a unique insight into a
more than 200 m thick profile of the former Ries underground and an illustrative example of the fate of a
mega-block.
References:
[1] Gall, H., Müller, D. and Pohl, J. (1977) N. Jb.
Geol. Paläont, Mh. (2), 65—94, Stuttgart.
[2] Hüttner, R. (1988) Jh. Geol. L.-Amt BadenWürttemberg, 30, 231—251, Freiburg i. Brsg.
[3] Hüttner, R., Brost, E., Homilius, J. and SchmidtKaler, H. (1980) Geol. Jb., E 19: 95—117, Hannover.
[4] geoportal.bayern.de (2019) Bayerische Vermessungsverwaltung (map picture adopted July 2019).
[5] Barthel, K.W. (1957) Geol. Unters. im Ries, Geologica Bavarica, 32, Bayer. Geol. Landesamt, 1-64,
München.
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NEW SHATTER CONES FROM THE RIES CRATER – A BREAKTHROUGH BEYOND QUANTITY.
Karl Wimmer1, Günter Schweigert2, Dietmar Jung3 and Theo Simon4, 1Nördlingen (karl-wimmer@t-online.de),
Germany; 2Staatliches Museum für Naturkunde Stuttgart, Germany; 3Bayerisches Landesamt für Umwelt, Hof,
Germany; 4Gesellschaft für Naturkunde in Württemberg, Stuttgart, Germany.

Introduction: When Branco and Fraas in 1905
described shatter cones (SC) in the Steinheim crater, 40
km SW of the Ries, they expressed their surprise that
there was no record from the Ries crater [1].
Later, a number of SC were discovered in the Ries
crater; most of them come from the crystalline basement, which is exposed in several outcrops of the inner
crater wall and adjacent megablocks. SC finds within
the research drilling FBN 73 at depths around 600 m
and below prove that the crystalline underground contains abundant SC [2].
A second source of Ries SC is the Bunte Breccia,
which includes rock material from the basement to the
mostly Jurassic, locally Neogene, surface. Finds, however, are rare. A most recent discovery by G. Pösges in
the outcrop of Aumühle at the northeastern crater rim
was reported as first find of Upper Jurassic limestone
SC from the Bunte Breccia [3].
SC in Jurassic limestone were previously known as
distal ejecta into the Molasse Basin in southwest Germany and Switzerland at distances up to 180 km, e.g.
[4], [5]. They are rare as well, since only few outcrops
are known.
A breakthrough discovery in the Ries: The situation changed in August 2017, when U. Zinner discovered a hotspot of limestone SC about 1 km inside
the northern crater rim. Till today more than 1000 SC
of various sizes have been recovered from an area of
200 m x 80 m.
Characteristics of the new SC: The new SC were
initially supposed to originate from the Upper Jurassic
limestone in analogy to [3]. A closer look into the
characteristics, however, raised doubts.
Magnetic susceptibility. The quick nondestructive
test (SM30) gave values higher than most of the Upper
Jurassic limestones.
Appearance. The first finds consisted of micritic
limestone with dark grey, sometimes slightly blueish
color. Successive finds showed a broader variety of
features, like marl enriched portions with reddish violet
or greenish colour, carneolic indentations, adhering
red quartz sand, etc.
While most of the SC samples are fragments, from
small splinters up to stones of 2 kg, some came as irregular round nodules with the SC engraved into the
surface. Specimens with multiple SC in different directions indicate their formation in the high energy- density regime of the shock wave.

Thin sections. Under the microscope the SC exhibit clearly pedogenic features, like micritic clasts, pellets
and shrinkage fissures filled by cement. No traces of
fossils were found.
Accompanying finds. The SC find site is also a
hotspot of red, brown, white and blue to black cherts.
These are not visibly shocked, but their almost identical distribution suggests a closely related provenience.
Provenience of the SC: With the described features a Jurassic provenience of the SC can be ruled out.
Especially the pedogenic nature, the intergrowth of
limestone and carneol and the coexistence with chert
point to Upper Triassic (Keuper), somewhere in between Hassberge Fm. and Trossingen Fm. (Karnian to
Rhaetian). In that period the Ries was located close to
the eastern margin of the flat Germanic Basin. Most of
the time it was supplied with sand and clay in which
periodically limestone beds and nodules and/or chert
were locally segregated. Due to variations of the relief
on small scale, there is no chance to find an exact
match for the destroyed Ries underground. However,
the overall picture derived from drill data by
Haunschild [6] and samples from outcrops in the northern Ries vicinity suggest the highest probability for an
origin in the Löwenstein Fm. (Norian).
Conclusion: The new Ries SC originate from limestone beds within the Keuper sandstone section. A likely scenario is that they were transported in a big (~100
m) block from 300 m depth in the vicinity of the inner
wall over more than 5 km to the north. Future sampling
of the spot might help to strengthen this hypothesis.
Even in comparison with the smaller but much
more productive twin crater Steinheim the discovery
marks a milestone not just on the quantity scale.
Acknowledgement:
Special thanks go to H. Haunschild, Munich, for his
expertise and enlightening discussion and to U. Zinner,
Nördlingen, for deliberately sharing his discovery.
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Effects of impact conditions on matter probed by TEM. R. Wirth1, 1Helmholtz Center Potsdam German Research Center for Geosciences GFZ, 3.5 Surface Geochemistry, Telegrafenberg, 14473 Potsdam, Germany, e-mail:
wirth@gfz-potsdam.de

An impact of a large cosmic body results – beside
macroscopic effects - also in microscopically or even
nanometer-sized effects on matter. These effects can
be studied ideally with transmission electron microscopy (TEM) because TEM provides chemical and
structural information from the same object. Focused
Ion Beam (FIB) sample preparation allows preparing
electron transparent thin foils from exactly the location
we are interested in. At GFZ Potsdam we currently
operate a state-of the art HELIOS system for FIB sample preparation and a TECNAI F20 with field emission
gun (FEG) electron source. In the near future a probe
corrected high-resolution TEM (Titan Themis) will be
operational. These system are available for the scientific community.
Popigai Meteor Crater (Russia)[1]. Here we studied the surface morphology and structural types of natural impact diamonds applying SEM, FIB-TEM and
transmission Kikuchi diffraction (TKD). These diamonds are paramorphoses after graphite. The (0001)
surface morphology reflects their phase composition
and the structural relationship of their constituting
phases. Growth and etch figures together with the elements of crystal symmetry of lonsdaleite and diamond
are developed on these surfaces. Two types of structural relations between graphite, lonsdaleite, and diamond
in the paramorphoses are observed: the first type
(0001) graphite is parallel to (1010) lonsdaleite and
parallel to (111) diamond; the second type (0001)
graphite is parallel to (1010) lonsdaleite and parallel to
(112) diamond.
Tunguska (Russia)[2]. Diamond-lonsdalite-graphite
micro samples collected from peat after the 1908 Tunguska blast were studied with SEM, TEM, Nano-SIMS
and synchrotron techniques. The observed HP carbon
allotropes contain nano-inclusions of troilite, teanite
and schreibersite. Carbon isotope studies with NanoSIMS from two TEM foils showed δ13C.−16.071.9‰
and δ13C.−15.272.1‰, suggesting δ13C.−15.672‰ as
an average characteristic of the carbon reservoir. The
observations together suggest the studied samples are
meteorite remnants.
Organic carbon species in martian meteorites [3].
Interactions between spinel-group minerals, sulfides
and brine in martian meteorites Tissint, Nakhla and
NWA 1950 enable the electrochemical reduction of
aqueous CO2 to organic molecules.
Silicate liquid immiscibility in impact melts [4]. Sil-

icate emulsions in impact glasses and impact melt
rocks from different locations as well as experimentally generated impact glasses were studied (Wabar, Saudi Arabia); Kamil (Egypt); Barringer (USA); Tenoumer (Mauretania). The major result from that study
was that silicate impact melts of different composition, cooling rate and crystallization history unmix
rapidly during cooling. Silicate liquid immiscibility is
a very common process in the evolution of impact
melts.
Carbon-bearing phases in shock-induced melt zones of
the Elga meteorite [5]. Mineralogy and texture of
shock-induced melt veinlets and melt pockets in silicate inclusions in the Elga IIE iron meteorite have been
studied by EMPA, SEM, Raman and TEM. Two different events could be discriminated in the history of
that meteorite. The earlier event was a collision of a
metallic projectile with a silicate target resulting in
partial melting and recrystallization of the silicate.
Schreibersite and oxide rims formed between metal
and silicate. The later impact produced melt pockets in
the silicate inclusions associated with fragmentation of
the rims. Some fragments were displaced into the melt
pockets. These fragments show carbon-bearing phases
such as siderite and amorphous carbon. The fact that
the carbon-bearing fragments are spatially constrained
to shock breccia and melt zones indicates that these
fragments are genetically related to the impact process
and that their carbon-bearing phases are of cosmic
origin.
These examples demonstrate the capabilities and the
ability of modern TEM and sample preparation in
combination with other techniques for studies in the
field of meteorites and impacts.
References: [1] Kvasnytsya V. and Wirth R.
(2013) Diamond and Related Materials, 32, 7-16. [2]
Kvasnytsya V. et al. (2013) Planetary and Space Science, 84, 131-140. [3] Steele A. et al. (2018) Science
Advances, 4, eaat5118. [4] Hamann, C. et al. (2017)
Meteoritics
&
Planetary
Science,
doi:
10.1111/maps.12907. [5] Khisina N.R. et al. (2017)
Geochemistry International, 55, 317-329.
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THE GOAL TO PUT HUMANS ON THE MOON BY 2024 SHOULD SPUR FIELD STUDIES OF
TERRESTRIAL IMPACT SITES
S. P. Wright, Planetary Science Institute, Tucson, AZ, USA; swright@psi.edu
By 2024, NASA intends to return humans to the
Moon, and most likely its south pole. These astronauts
will most likely encounter impact breccias along with
regolith composed of impact breccia. A goal of any
landed mission is to determine the geologic history of
the landing site. It is suggested here that impact melts
and glasses (Figure 1) can provide a key stage of the
local geologic history with the collection of impact
melts and/or glasses from pristine or reworked ejecta.
These can be dated for insight into the age of the impact
event that produced the ejecta or is superpositionally
older than local regolith development.
Figure 2. Whereas gullies are not a lunar analog, they
provide a vertical view of ejecta akin to smaller impacts
expected within larger lunar ejecta blankets.

Figure 1. Impact melts (black clast) are not easily
found amidst hundreds of clasts in a suevite ejecta layer.
Combining human and rover studies has been
suggested as a way to cover more ground in a second
direction. Ejecta and various ejecta facies (i.e., gullies
and ejecta lobes in Figures 2 and 3) provide a terrain not
often sampled by either. A goal of exploring suevite
(glass-bearing) ejecta would be to sample impact melts
or impact glasses.
“Spiking” outcrops to make field sites more like
the intended planetary surface under study may be the
answer. Organic topsoil, grass, and scrub brush is prevalent on the uppermost surface of the ejecta of Lonar
crater, India (Figures 1 through 4). With the permission
of the Department of Forest of Maharashtra state, these
could be removed so the ejecta would appear more pristine. A rough, hummocky surface of impact breccia
(Figure 4) could then be explored by humans and rovers,
along with their instruments and rover engineering. The
objective would be to determine the shock level, protolith, and alteration of breccia clasts and matrices
to interpret between pristine and reworked ejecta.
This can used to make decisions on sample collection.

Figure 3. Steep ejecta lobes will have to be scaled by
astronauts or rovers. Man for scale as in Figure 2.

Figure 4. The subsurface of Lonar ejecta provides
more information than the uppermost soil and grasses.
Can these be stripped away for analog fieldwork?
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LA BARDA NEGRA, NEUQUEN, ARGENTINA - NOT AN IMPACT CRATER
S.P. Wright1 and J.R.
2 1
2
Michalski , Planetary Science Institute, Tucson, AZ, USA, Department of Earth Sciences, Hong Kong University,
Hong Kong; swright@psi.edu
Summary: Field investigations of a reported impact
site in basalt revealed that the crater was most likely created due to one or more water-lava interactions.
Introduction: From Landsat remote sensing, a
crater in Meseta de la Barda Negra region of the
Neuquen province of Argentina was suggested to be a
possible impact site [1,2]. A local author (Garrido) of a
previous abstract [2] decided to visit the site with SPW
to investigate.

Figure 1. Google Earth image of La Barda Negra crater
showing 1.5 km diameter crater within a mesa of 8.3 Ma
Zapala Basalt. All white within the crater, including the
largest deposit in the center, is carbonate.
Field Observations: Rim: The crater rim does not
have an uplift as seen in other impact sites (Figures 2
and 3).

Figure 2. The rim (man for scale) of the crater
appears to be the most recent lava flow. The carbonate
“dot” in Figure 1 can be seen in the background or crater
floor in Figures 2 and 3, respectively.

Figure 3. The north rim as seen from the south. There
is not a definitive uplift of strata composing the rim,
though this may be negligible in eroded impact sites.
Impact craters are one explosion emanating from a
single point. However, La Barda Negra shows evidence
of multiple vents/eruptions and episodes. Talus in certain regions is stained red and/or yellow indicating these
basalts originated close to the vent. There is no catastrophic pattern to ejecta rocks in the manner of impact
breccias, as some clasts in the ejecta should be from the
underlying ash and carbonate formations. These formations are well-preserved and horizontal as the lowest
strata over the southern half of the crater, with basalt
conformably overlying these two strata.
Shatter cones were suggested by previous authors
[1,2]. However, within the crater floor, a basaltic dike
was found with ventifacts on the basalt or possibly
where olivine phenocrysts had chemically and physically weathered out of the host basalt rock.
Ejecta: Satellite images (Figures 1 and 5) suggest
that there could be ejecta, but this was found to be varnished desert pavement not allowing vegetation to grow
in patches (Figure 4).

Figure 4. Desert pavement with varnish makes up
patches outside the crater. The southern rim can be seen
in the distance as it is higher than the flat-lying northern
rim.
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Appearance: Meteor Crater is squarish in appearance due to the presence of scissor faults that run
throughout the sedimentary rocks of the Colorado Plateau (Permian-Triassic). But basalt does not fault in this
manner – hence, Lonar Crater, Martian and lunar impact
craters in basalt are circular. There did not appear to be
any faults in the corners of La Barda Negra.
Context of the region from remote sensing:
Where looking at a larger view of the region with
ASTER VNIR data (Figure 5), it is suggested that water-lava interactions may have created the crater, as described in the caption of Figure 5 below.
Conclusion: La Barda Negra has a complicated volcanic origin from multiple water-rock interactions and
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episodes. While the exact cause and origin of La Barda
Negra is not well-constrained here, evidence does not
point to a meteorite impact.
References: [1] Rocca, M.C.L. (2004) 67th Meeting
of the Meteoritical Society, #5002. [2] A.C. Ocampo
et al. (2005) 68th Meeting of the Meteoritical Society,
#5005.
Acknowledgements: Alberto Garrido of Zapala
generously drove SPW to Meseta de la Barda Negra.
SPW thanks Mario Vesconi of Resistencia and Maximiliano Rocca [1] of Buenos Aires for their great enthusiasm of Argentine craters. William Cassidy allowed
SPW a week off from his graduate student work at
Campo del Cielo to investigate La Barda Negra.

Figure 5. An ASTER VNIR image of 1.5 km La Barda Negra, with unfortunate line errors in the middle
of the image, shows paleochannels 3 to 4 km north of the present day river that is south of the basaltic mesa.
The river is highlighted by red representing NIR and vegetation along its banks, and flows from west to east.
With the paleochannels likely originating from the direction of the crater and a basaltic cone that is directly
southwest of the crater, including a pass in between two basaltic mesas, we interpret that the stream was
diverted south by volcanic activity, and likely the crater itself represents repeated explosions of water-lava
interactions.
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GEOLOGICAL CHARACTERIZATION OF THE SÃO MIGUEL DO TAPUIO IMPACT STRUCTURE,
PIAUÍ - BRAZIL. N. Zeitoum1, A. P. Crósta1 and A. M. Góes2, 1Institute of Geosciences, University of Campinas,
Brazil (nah.zeitoum@gmail.com), 2Institute of Geosciences, University of São Paulo, Brazil.
Introduction: São Miguel do Tapuio (SMT) impact structure is located in the eastern portion of the
Parnaíba Basin, in the State of Piauí, Brazil. It is a circular structure of about 20 km in diameter exhibiting a
raised rim, concentric inner rings and a central elevation core, formed in sedimentary rocks of the Serra
Grande and Canindé groups. Several studies have been
made since the 1970s trying to interpret the potential
origin of this structure. Only recently a field survey led
to the confirmation of the impact origin of SMT by
finding diagnostic shock features in quartz [1]. These
features comprise abundant occurrences of planar features (PFs), ample detection of feather features (FFs)
and some rare findings of planar deformation features
(PDFs). With these data, SMT structure has become
the eighth confirmed impact structure in Brazil and the
second largest impact crater known of South America.
However, such evidence results from a preliminary
investigation of few rock samples collected by the authors in 2017, which still require further detailed analysis. In this context, the purpose of this project is to describe petrographically the samples collected by [1], in
order to identify, in addition to the diagnostic features,
other deformations indicative of the impact. Although
not diagnostic, such characteristics are important because they may reveal transformations that sedimentary
rocks have experienced as a result of the impact.
Results and discussion: The analyzes of the samples were based on the petrography sedimentary classification of [2] and [3], and the deformation features
were investigated according to the criteria proposed by
[4]. Thirteen thin sections of samples collected near the
central core of the structure were analyzed using optical microscopy. In general, intensely to moderately
fractured breccias, and moderately to slightly fractured
sandstones were identified. The breccias have strongly
fragmented quartz grains, sometimes with powdery
texture filling in the framework of the rock, suggesting
origin by comminution processes. Healed fractures
were also identified in quartz grains. The sandstones
exhibit little grain fracturing, which could result either
from very low impact pressure regimes, or by common
diagenetic processes (Fig. 1).
Three thin sections from a sample of breccia
showed shock features (PFs, FFs and PDFs; Fig. 2).
These features represent pressures between 2 and
25GPa that can only be produced in crustal rocks as a
result of large impacts [4].
Conclusions: According to the results, shock deformed rocks consist of quartz breccias and present

shock features (PF, FF and PDF). Besides shock deformation, these rocks exhibit intense fracturing, grain
comminution and healed fractures. The sandstones
samples analyzed appear to be less affected by impact
deformation, although clearly showing unusual fracturing when compared to similar rocks from outside SMT.
It is interesting to note the heterogeneity between
rocks that are little and very deformed, and that occur
spatially close to each other. These characteristics,
together with the relatively rare occurrences of highpressure shock deformation features (e.g., PDFs) in
general, demonstrate the geological complexity of
SMT, suggesting an advanced stage of erosion of this
structure.
References: [1] Crósta A. P. et al. (2018) Congr. Bras. Geol.,
Abstract #4665. [2] Dott R. H. (1964) Journal of Sedimentary Research, 34(3), 625-632. [3] Folk R. L. (1980) Hemphill Publishing
Company. [4] French B. M. and Koeberl C. (2010) Earth-Science
Reviews, 98(1-2), 123-170.
Acknowledgements: N. Zeitoum acknowledges Fundação de
Amparo à Pesquisa do Estado de São Paulo (FAPESP) for a grant.

Figure 1. a) Poorly sorted quartz breccia; b) Fragmented quartz in
poorly sorted quartz breccia; c) Healed fractures in quartz of breccia;
d) Fractured quartz in sandstone.

Figure 2. Shock features. a) PFs and FFs; b) PFs; c) and d) PDFs.
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RETENTION OF IMPACTOR MATERIAL ON THE MOON DURING LATE ACCRETION. M. –H.
Zhu1,2, N. Artemieva3,2, K. Wünnemann2,4, A. Morbidelli5, Qing-Zhu Yin6, H. Becker4, 1Space Science Institute,
Macau University of Science and Technology, Macau (mhzhu@must.edu.mo); 2Museum für Naturkunde, Berlin,
Germany (kai.wuennemann@mfn.berlin); 3Planetary Science Institute, Tucson, USA; 4Institute of Geological Sciences, Planetary Sciences and Remote Sensing, Freie Universität Berlin, Germany 5University of Nice– Sophia
Antipolis, CNRS, Observatoire de la Côte d’Azur, Nice, France; 6Department of Earth and Planetary Sciences,
University of California at Davis, Davis, CA, USA
pactor retention ratio f is parameterized as a function
of impactor size, angle and velocity and subsequently
used in Monte Carlo simulations of the impactor flux
on the Moon assuming a size-frequency distribution
of impactors hitting the Moon after [1].
Results: Our simulations show a significant variation of impactor retention ratios on the Moon (see Fig.
1). A high angle impact delivers more impactor material than a low angle impact; large impactors deliver
proportionally less material than small ones. The retention ratio decreases exponentially with increasing
diameter ratio (x) between impactor and the Moon for
impacts with fixed velocity and angle (see Fig. 1).
1

0.5

Impactor retention ratio, f

Introduction: After its formation, the Moon has
experienced a violent bombardment history, as witnessed by its intensely cratered surface. However, the
detailed timing and mass accretion rate remain major
issues of debate [1,2]. In addition, the mass fractions
of highly siderophile elements (HSEs) in the lunar
crust and mantle provide significant constraints on the
Moon’s impact history [3-7]. Owing to strong affinities to metal relative to silicates, HSEs preferably
partitioned into the lunar core, leaving the early silicate Moon strongly depleted in HSEs. Late-arriving
impactors, with HSE abundances similar to chondritic
meteorites [e.g. 3], have replenished the lunar mantle
HSE content before the formation of lunar crust [5-7].
After the solidification of a thick lunar crust it became
increasingly difficult for impactors to penetrate into
the mantle. As a consequence chondritic impactor
material was mixed into “pristine” lunar crust, originally characterized by extremely low HSE abundances [7]. Perplexingly, the total mass accreted late to the
Moon is about two orders of magnitude smaller than
that of Earth as inferred from HSEs in Earth’s mantle
when gravitational focusing is taken into account [e.g.
2,8,9]. Several conflicting scenarios have been proposed to reconcile the different mass fractions of impacting objects accreted to Earth and Moon after their
formation. Previous models assumed a high impactor
retention ratio f (the fraction of impactor mass retained on the target) for the Moon. Here [11], we performed a series of impact simulations to quantify f at
a range of conditions. These results and the lunar cratering record were combined in a Monte Carlo procedure to compute the mass accreted into Moon’s crust
and mantle, between the presumed formation age of
the Moon at 4.50 Ga [10] and today [11].
Methods: We carried out a suite of simulations of
impacts on the Moon with the iSALE-3D shock physics code [12] and varied the impactor diameter (10560 km) the impact angle (20°-80°) and velocity (10,
15, 20 km/s). We used a resolution of 20 cells per
projectile radius (CPPR) and the analytic equation of
state (ANEOS) for iron (core) and dunite (mantle).
For each individual impact simulation, we determine
the amount of impactor material that escapes from the
lunar gravity field and the amount of material that is
retained on the Moon. The resulting so-called im-
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Fig.1: The distribution of impactor retention ratio (f) as a
function of the diameter ratio between the impactor and the
Moon for the case of impacts with velocity (v) of 15 km s-1
as example.

A key result of the Monte Carlo simulations is that
the average retention ratio varies as a function of the
time when the Moon began to accrete the exotic material (see Fig. 2). If late accretion started early, more
large-size impactors led to a lower average retention
ratio because large impacts deliver a smaller fraction
of impactor material to the Moon (see Fig. 1). The
average retention ratio integrated over the Moon’s
impact history since 4.46 Ga, the time when the crust
was formed, is ~ 0.20 (see Fig. 2), about 3 times low-
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er than the range of 0.5-0.6 that was frequently asy [2,8].
sumed previously

Fig. 2: The average impactor retention ratio as a function
of the time for the total accreted mass (green squares) .

Our results indicate that, to match the HSE budgets of the lunar crust and mantle [4,7], the retention of
HSEs should have started 4.35 billion years ago, when
most of the lunar magma ocean was solidified. Mass
accreted before this time must have lost its HSEs to
the lunar core, presumably during lunar mantle crystallization. The combination of a low impactorretention ratio and a late retention of HSEs in the lunar mantle provides a realistic explanation for the
apparent deficit of the Moon’s late-accreted mass relative to that of the Earth.
In addition, our results suggest that the impactors
should have produced ~ 300 basins (D > 300 km) during the lunar impact history: ~ 200 basins before 4.35
Gyr, ~ 90 basins between 4.35 Gyr and 4.15 Gyr, and
~20 basins from 4.15 Gyr to the present day. This
number is ~ 3-8 times higher than the estimated number basins (~40-90) [e.g. 13]. However, impacts that
occurred before 4.35 Gyr, failed to produce longlasting structures because of the low viscosity of the
warm crust and mantle. In addition, owning to the
viscous relaxation of the target, basins formed just
after LMO solidification (~ 4.35 Gyr) can exist for ~
100 Ma at most [14]. Consequently, about 45 of the
90 basins that formed between 4.35 Gyr and 4.15 Gyr
(~ 200 Ma) were probably erased, whereas the other
half relaxed to some extents. Basins formed after 4.15
Gyr were preserved and remain detectable to the present day. Therefore, according to our model and the
basin retention and degradation processes [e.g. 14,
15], only 45-75 basins in total should be visible, in
agreement with the number of basins (~40-90) observed or inferred on the lunar surface [e.g.13]. These
basins are the only remnants of the heavy bombardment history of the Moon.

Fig. 3 The cumulative impactor mass hitting (blue) and
accreting (purple) on the Moon since different starting time
(x axis, since 4.5 Ga to 3.5 Ga) to the present-day; the cumulative mass accreted to the crust (orange) and the mantle
(green) of the Moon are estimated separately. Each data
point represents the average value from the Monte Carlo
modeling. The horizontal black and green lines represent
the mass accreted to the Moon (2.20 x 1019 kg) and mantle
(1.70 x 1019 kg) as inferred from HSEs [4], respectively,
whereas the horizontal brown lines mark the lower (0.45 x
1019 kg) and upper (1.0 x 1019 kg) limits for the mass accreted to the lunar crust as inferred from HSEs [7]. The
vertical black line represents the time of 4.35 Ga when the
masses added to the crust and mantle from the Monte Carlo
simulation reach the values (horizontal lines) estimated
from the HSEs.
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