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Plenary Lectures

Monday 23 September
Location: Lecture hall building H 1

Opening Ceremony, 3:00pm - 3:45pm

Building Earth’s highest topography: lessons learned from the Indo-Asia mega-orogeny

Marin K. Clark
University of Michigan, United States of America

Insights into geodynamic processes are gained from an understanding of how topography in orogens devel-
ops. Whether created on individual fault blocks or by more distributed processes involving the deep crust
and mantle lithosphere, topographic growth reflects how continents accommodate convergent plate motion
and redistribute continental material. Wide, diffuse deformation zones and long-distance flow of crustal ma-
terial can extend high orogenic topography over great distances from the plate boundary. Nowhere on Earth
is topography related to orogenesis more dramatic in both height and breadth than the Indo-Asian conti-
nental collision. Largely resulting from nearly 50 million years of continued plate convergence since collision,
the terrain of central Asia is dominated by the broad, high Tibetan Plateau, which is surrounded by nearly
impenetrable mountains flanked by curiously low gradient plateau margins. The topographic history of the
Indo-Asian orogen continues to be an area of active study as we struggle to understand competing ideas of
how the proxy record for elevation change is interpreted and whether or not specific geodynamic processes
can be uniquely interpreted by topographic change.

Much new information about how Tibet has grown outward and upward in time has emerged in the past
decade owing to greater access to Tibet’s remote interior, new methods for understanding surface change
and large-scale integration of datasets. These details have challenged previous concepts of orogenic growth,
namely by redefining the timing and geographic extent of topographic growth and its relationship to plate
motion, crustal mass balance and surface deformation. With these new histories, exciting new questions
have emerged that highlight the role of rheology and deformation mechanisms of mega-orogens in setting
expansive high topography on Earth.

Tuesday 24 September
Location: Lecture hall building H 1

2:00pm

Fluids in the Lower Crust: Deep is Different

Craig Manning
University of California at Los Angeles (UCLA), USA

Deep fluids are important for the evolution and properties of the lower crust and upper mantle in tectonical-
ly active settings. Uncertainty about their chemistry has led past workers to use upper crustal fluids as ana-
logues. However, recent results show that fluids at >15 km differ fundamentally from shallow fluids and help
explain high-pressure metasomatism and resistivity patterns. Deep fluids are comprised of four components:
H,O, non-polar gases (chiefly CO,), salts (mostly alkali chlorides), and rock-derived solutes (dominated by
aluminosilicates and related components). The first three generally define the solvent properties of the fluid,
and models must account for observations that H,O activity may be quite low. The contrasting behavior of
H,O-gas and H,0-salt mixtures yields immiscibility in the ternary system, which can lead to separation of two
phases with fundamentally different chemical and transport properties. Thermodynamic modeling of equi-
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librium between rocks and H,O using simple ionic species known from shallow-crustal systems yields solu-
tions possessing total dissolved solids and ionic strength that are too low to be consistent with experiments
and resistivity surveys. Addition of CO, further lowers bulk solubility and conductivity. Therefore, additional
species must be present in H,0, and H,O-salt solutions likely explain much of the evidence for fluid action in
high-P settings. At low salinity, H,O-rich fluids are powerful solvents for aluminosilicate rock components that
are dissolved as previously unrecognized polymerized clusters. Experiments show that, near H20-saturated
melting, Al-Si polymers comprise >80% of solutes. The stability of these species facilitates critical critical mix-
ing in rock-H,O systems. Addition of salt (e.g., NaCl) changes solubility patterns, but aluminosilicate contents
remain high. Thermodynamic models indicate that the ionic strength of fluids with Xsalt = 0.05 to 0.4 and
equilibrated with model crustal rocks have predicted bulk conductivities of 10-1.5 to 100 S/m at porosity of
0.001. Such fluids are thus consistent with conductivity anomalies commonly observed in the lower crust
(e.g., the “G” anomaly), and are capable of the mass transfer commonly seen in metamorphic rocks exhumed
from the lower crust and subduction zones.

Wednesday 25 September
Location: Lecture hall building H 1

11:00am

50 Years Since Apollo: The Earth in the Context of Solar System Exploration

Jim Head
(Brown University, USA)

50 years ago, the Apollo lunar exploration missions began the transformation of astronomical objects, the
Moon, terrestrial planets and outer planet satellites, into objects of geologic exploration and characteriza-
tion. The Apollo missions resolved fundamental questions about the Moon (origin of the Moon-hot or cold;
origin of its craters-volcanic or impact; age and origin of the dark maria-young or old, dust or lava; origin of
basins-endogenous or exogenous; etc.). Apollo also provided a fundamental framework and paradigm for
understanding the history and evolution of the terrestrial planets, including Earth. What have we learned
about planetary formation and evolution in the ensuing five decades from this Moon-based comparative
planetology?

1) Ejecta from a large Mars-sized projectile impacting into early Earth appears to have formed the Moon.

2) Impact cratering plays a fundamental role in initial impact heating and melting to create a molten magma
ocean whose thermal and chemical evolution dictates much of subsequent history.

3) Planetary internal heating, melting and extrusion of molten rock (lava) to the surface supplies additional
volatiles to the primordial atmospheres and resurfaces significant areas.

4) Earth loses heat through plate tectonics, but smaller bodies lose heat primarily by conduction and rapidly
become “one-plate planets”.

5) Planets lose atmospheres as a function of time and Mars is a laboratory for this change, perhaps evolving
from warm and wet to today’s sub-freezing desert.

6) The current position of planets relative to their stars is not necessarily where they originated.

7) Abundant planetary environments have the ingredients for life, but life has thus far only been detected on
Earth.

8) The themes in the geological and thermal planetary evolution revealed by solar system exploration pro-
vide a basis for an improved understanding of the nature and evolution of our own Home Planet, Earth.

9) Our new neighborhood, the Solar System is but one of many dozens of exoplanetary systems and thou-
sands of exoplanets.
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10) Today astronomers and planetary scientists are teaming up to tackle fundamental questions in compar-
ative planetary systems: How can we use our knowledge about our Solar System and the characteristics and
histories of its planets and satellites to interpret the nature of exoplanets? Where does the Solar System fit
in the menagerie of exoplanetary systems? Is our Solar System typical or anomalous? What does this mean
about the future eons of Earth history?

Tuesday, 24/Sep/2019
Location: Lecture hall building H 1

8:00pm - 9:00pm Public Evening Lecture

Und dann verschwand ein Ozean — wie die geologische Geschichte der Erde unsere
Zivilisation ermoglicht

Colin Devey
GEOMAR Helmholtz Centre for Ocean Research Kiel, Germany

Wo wir leben, wie wir leben, wovon wir leben - alles wird von dem Aufbau der Erde bestimmt. Dieser Aufbau
ist im Laufe der Jahrmilliarden durch Bewegungen der tektonischen Platten zur Stande gekommen. Dabei
sind es oft Ozeanbecken, die entstehen und verschwinden und dadurch Rohstoffe, Landschaften und wetter-
beeinflissenden Gebirgen hinterlassen, die unser Leben massgeblich pragen. Im Vortrag wird darauf einge-
gangen, was wir Uber die Prozesse der Plattenbewegungen kennen, welche dieser Prozesse wir heute vor
allem in den Ozeanen beobachten kdnnen und wie sie die Erde geformt haben.
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1) Understanding Early Earth processes using novel geochemical
approaches and methods
Tuesday, 24/Sep/2019: 3:45pm - 5:30pm
1a) The Present is the Key to the Past — Reconstructing Early Earth
Environments through Modern Analogues

Session Chair: Siimeyya Eroglu (University of Miinster)
Session Chair: Harald StrauB (WWU Miinster)
Location: Schlossplatz 7 Hof: SP 7

Session Abstract

Earth’s litho-, bio-, hydro-, and atmosphere experienced major changes throughout its history, which are still
partly preserved in the rock record. The reconstruction of environmental conditions of ancient marine and
terrestrial settings is based on deciphering these rock records. A major obstacle hereby is that all of these
archives experienced diagenetic or even metamorphic overprint and, hence, do not necessarily preserve
the original (bio-)geochemical signatures. Studies on modern environments can improve our understand-
ing of formation and preservation processes of these (bio-)geochemical signatures. Thereby, settings with
a redox-stratified water column or unique parameters, e.g. high temperatures, acidity or Fe content are of
particular interest as they can serve as modern analogues of Early Earth and the Precambrian. We invite con-
tributions focusing on new insights into reconstructing Precambrian conditions based on (isotope) geochem-
ical, mineralogical, and microbiological insights of these modern analogues. Furthermore, we encourage
submissions on experimental approaches under lab conditions as well as novel applications on Precambrian
sedimentary rocks.

Lecture Presentations
3:45pm - 4:15pm Session Keynote

Stable isotope biosignatures: from modern analogue to ancient ecosystem

Paul Mason
Utrecht University, The Netherlands

Defining the nature and evolution of the early biosphere on Earth remains a major scientific challenge. Overrecent
decades, much work has been done to attempt to find robust biosignatures that can be used to interrogate the an-
cientrockrecord. Isotope fractionhas becomeawidely used toolforidentifyingthe traces of pastlifeintheabsence
of a fossil record and for tracking the evolution of redox conditions and metabolism across geological timescales.
Any reliable tracer must fulfil the two criteria of antiquity and biogenicity. These requirements are challenging to
fulfilandtheissue of biological originrequiresrobust calibration againstmodern experimental dataor field settings.
Here | review how modern data from two different stable isotope systems (S, Se) have been used for tracing past
changes in global redox conditions and microbiological evolution. Sulfur isotope fractionation has been studied
experimentally since the 1950s and is well-established for investigating sulfur-based metabolisms. Selenium iso-
topesin contrast are a very new proxy, that respond in a very different way to S during biosphere and redox evolu-
tion. Both systemsrely onawealth of datafrom modernanalogue systems for the interpretation of geological data.
Isotope fractionation has been studied in abiotic experiments as well as in a range of different microbial labora-
tory culture experiments and in situ in field sites. | will outline currently-accepted fractionation models and how
they are linked to environmental parameters such as substrate availability, temperature and type of electron
donor. | will discuss how analogous model organisms/ modern microbial consortia can be for ancient popula-
tions and review how confident we can be in interpreting the ancient record using modern data. | will conclude
by discussing the variable preservation of biogenic isotope signals into minerals and the rock record.
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4:15pm - 4:30pm

The influence of microbial sulfate reduction on the sulfur isotopic composition of CAS in
modern Mg-rich carbonates from Lagoa Vermelha and Brejo do Espinho, Brazil

Simon L. Schurr!, Vanessa Fichtner?, Harald Strauss!, Adrian Immenhauser?, Crisogono Vasconcelos?, Sabrina
Hansch?, Vera HeBeler?, Camila Areias de Oliveira®, Catia Fernandes-Barbosa:

nstitut fiir Geologie und Paldontologie, Westfélische-Wilhelms-Universitdt Miinster, Corrensstr. 24, 48149

Miinster, Germany; ?Department of Earth & Environmental Sciences, University of Kentucky, Lexington, KY 40506,
USA; 3Institute of Geology, Mineralogy and Geophysics, Ruhr-University Bochum, UniversitdtsstrafSe 150, 44801
Bochum, Germany; “Geological Institute, ETH-Ziirich, Sonneggstrasse 5, 8092 Ziirich, Switzerland; *Departamento de
Geoquimica, Universidade Federal Fluminense, RJ-24020-141 Niterdi, Brazil

Dolomite is an important carbonate archive in the early Earth’s history that allows to reconstruct the global
marine sulphur cycle through the 6°*S value of carbonate associated sulphate (CAS) and pyrite (py). However,
studies of both proxies in environments characterized by modern dolomite precipitation are limited. Here we
present &3*S data for CAS and pyrite from Mg-rich carbonate sediments of two hypersaline lagoons (Lagoa
Vermelha and Brejo do Espinho) in Brazil. Both lagoons are ideal locations to study the microbial influence
on Mg-rich carbonate precipitation with the possibility to compare archived sedimentary sulphur isotopic
compositions with the ambient porewater as well as surface water.

In Lagoa Vermelha 6*S values of sedimentary pyrite reveal a variation from 17 to 5%o0 and up to 27%. for
dissolved porewater sulphide. 6*S_,_ values at 28%. for carbonate associated sulphate are isotopically heav-
ier than the respective surface water with 20.5%.. However, 6*'S_,_ values are comparable to the porewater
sulphate 6**S composition, which is increasing from 20.5%o at the sediment surface to 28%o at 0.4m depth.
The carbonates of Brejo do Espinho display increasing 6*S_,. values from 24%. at the sediment surface to
43%o at 0.4m depth despite a constant porewater sulphate 6*S value of 23%e.. There the 63“5py data show an
average value of 12%o, comparable to porewater sulphide 6*S values of 20%eo.

Both, &*S_, and 53“5py values reveal a strong influence of microbial sulphate reduction during Mg-rich car-

bonate precipitation, which indicates the necessity of a careful assessment if ancient dolomites will be used
as a marine &*'S_, . proxy.

4:30pm - 4:45pm

The stable W isotope composition of Fe/Mn-rich sediments from the Baltic Sea

Florian Kurzweil', Martin Wille?, Olaf Dellwig?, Ronny Schoenberg®, Carsten Miinker:
IUniversitdt zu K6In, Germany; University of Bern, Switzerland, 3Leibniz-Institute for Baltic Sea Research, Rostock,
Germany; *Eberhard Karls Universitét Tiibingen, Germany

Manganese oxides represent a major sink for dissolved marine WO,* as well as for other oxyanions such as
MoO,*. During the adsorption of WO,* and MoO,* onto Mn oxides the coordination of W and Mo chang-
es from tetrahedral to octahedral. Due to the weaker bonding structure in octahedral coordination light
isotopes are preferentially adsorbed. In contrast to Mo, however, W forms these octahedral inner sphere
complexes not only on Mn oxides, but also on Fe hydroxides. Thus, changes in the W isotopic composition
of dissolved WO,* and sedimentary W are already expected, when the local marine redox potential is still
too low to form Mn oxides but already high enough to form Fe hydroxides (e.g. in oldest Superior Type iron
formations). Tungsten stable isotope measurements in Archean sediments, thus, represent an additional and
complementary redox proxy to the well-studied Mo isotope system. In comparison to Mo isotopes, tungsten
stable isotope measurements allow for a more distinct investigation of earliest and even slight changes in the
marine redox state.

We will present the first stable W isotope data of modern sapropels and Mn-rich sedimentary layers from
the Landsort Deep, Baltic Sea. The funnel-shaped sub-basin exhibits a distinct vertical stratification with
respect to O, and H,S. Due to well-documented occasional inflows of oxic waters from the North Sea, the
Landsort Deep represents an ideal setting to investigate the impact of temporally changing redox conditions
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on the geochemical cycling of W from the water column into the sediment. We observe resolvable variations
in sedimentary stable W isotope compositions with 6%/ values between 0.086 and 0.226 %o (external
reproducibility of 0.018 %o). These 6%/%W values show smooth trends with depth. Our investigation might
therefore contribute to the understanding of stable W isotope systematics in modern marine sedimentary
settings, which is required to establish stable W isotopes as a potential tracer for Early Earth environmental
reconstructions.

4:45pm - 5:00pm

Applicability of the Ge/Si ratio in BIFs as a source proxy for silica in the Early Earth’s ocean
— insights from modern marine ferromanganese oxyhydroxides

Katharina Schier?, David M. Ernst?, Dieter Garbe-Schénberg?, Michael Bau?
YJacobs University Bremen gGmbH, Germany; *Christian-Albrechts-Universitdt zu Kiel

Germanium and Si show coherent behavior in igneous and clastic rocks, but are fractionated during weath-
ering and hydrothermal water-rock interaction. This results in slightly lower Ge/Si in river waters and signif-
icantly higher Ge/Si in marine hydrothermal fluids compared to their respective source rocks. Modern sili-
ceous precipitates show little fractionation of Ge and Si relative to ambient seawater, whereas experimental
studies show preferential scavenging of Ge onto ferric hydroxides. While pure (meta)chert bands of BIFs
show low Ge/Si ratios similar to those of modern seawater, Fe-dominated bands show high Ge/Si ratios sim-
ilar to those of modern marine hydrothermal fluids. Hence, Fe-rich BIF bands are considered to have formed
during times of intense marine hydrothermal activity, while (meta)chert bands precipitated during times of
hydrothermal quiescence and dominant riverine input into the ocean. This general model, however, is based
on the fundamental assumption that no Ge-Si fractionation occurs during formation of Fe-dominated BIF
bands. Since this has recently been questioned, there is need for verification/falsification of this assumption.

As a first step, we here report results of an investigation of Ge-Si behaviour during formation of modern ma-
rine ferromanganese oxides. In situ microscale analyses by Laser Ablation High-Resolution ICP-MS of a fast
growing hydrogenetic ferromanganese crust from the Clarion-Clipperton Fracture Zone (CCZ) in the Pacific
Ocean reveal Ge/Si ratios that are an order of magnitude higher (19 x 10 to 76 x 10°°) than those of modern
seawater (1.86 x 10°%; Mortlock & Froelich, 1996), revealing preferential scavenging of Ge relative to Si during
the formation of modern marine hydrogenetic ferromanganese oxide precipitates, providing evidence from
a natural system for the preferential Ge scavenging as observed in experimental studies. Hence, Ge-Si rela-
tionships in alternating Fe- and Si-dominated BIF layers alone cannot be used as source proxy for the origin
of Siin the Early Earth’s ocean but need to be complemented by additional evidence from other geochemical
proxies.

[1] Mortlock, R.A. & Froelich, P.N. (1996), Analytica Chimica Acta 332, 277-284.

5:00pm - 5:15pm

Insights on the Archean environment from the oldest sediments on Earth

Joanna Lea Claire Brau

Ludwig Maximilians Universitdt Miinchen, Germany

Joanna Brau (Geoscience, LMU Munich) joanna.brau@min.uni-muenchen.de , Marion Gargon (Geochemistry, ETH Zu-
rich) marion.garcon at erdw.ethz.ch

The Archean age was a turning point during the early Earth evolution. Water was present on the planet
and oceans spread around the world, continents start to form. Earth starts to be geodynamically active and
eventually, life emerges. Due to recycling processes, it is hard to find evidence from this early stage. However
relics called cratons still remain at the surface of the Earth, and are disseminated all around the world. In
this study we focused on two cratons in particular, the biggest one known so far, the Superior craton located
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in Canada in the region of Saglek, and the well-known Pilbara craton located in Australia. In this project we
aim to use Archean sediments in order to found more information about the Archean environment. Know-
ing that detritic and chemical sediments are respectively products of continental weathering and seawater
precipitation, we analysed Archean detritic and chemical sediments such as: quartzites, cherts and BIF from
the Canadian and Australian cratons. In order to characterize those sample we separated Pb, HREE, Sm, Nd,
Lu, Hf elements by using geochemical processes such as chromatography. We measured trace elements with
ICP-MS and Sm-Nd isotopic ratios with a Multi collector ICP-MS NEPTUNE PLUS. We found out given their
age, (3.45 Ga for Pilbara samples and 3.4-3.6 Ga for Saglek samples), the samples are not cogenetic and some
of them have been disturbed after their formation by external events. Both batch of sediments originated
from a source mixture between two end members. BIFs and quartzites from Pilbara were formed from the
erosion mixture between old mafic and felsic crusts (4Ga), whereas Saglek BIFs derived from a mixture be-
tween two felsic crusts of about 4 and 3.4-3.6 Ga. Each chemical and detrital sediments from both locations,
record respectively the composition of seawater and continental crusts, and show that hydrothermalism was
important during the Archean period.

Poster Presentations
Mon: 1

Surviving the ferruginous Archean ocean — Assessing the potential toxicity of Fe2+ on
basal Cyanobacteria in anaerobic conditions.

Achim Jan Herrmann, Michelle M. Gehringer
Technische Universitdt Kaiserslautern, Germany

The oxygenation of early Earth’s atmosphere ~2.4 Ga ago, known as the Great Oxygenation Event (GOE) was
presumably caused by oxygenic photosynthesis from (proto-) Cyanobacteria. Previous the Archean oceans
were anoxic with high levels of Fe?* (40-120 uM Fe*"). However recent studies suggest that Fe** concentra-
tions of >100 uM are toxic to modern, marine Cyanobacteria. This would have modulated their expansion
in the ferruginous Archean oceans, necessary for the GOE. Studies to date have focused on closed systems
with elevated CO,, allowing the build-up of O,. This study investigated the potential toxicity of Fe*" on two
basal strains of cyanobacteria in an atmosphere representing the Archean, in both a closed and open culture
system.

Pseudanabaena PCC7367 and Synechococcus PCC7336, were incubated under an anoxic, elevated CO? at-
mosphere in buffered ASNIII Media with increasing Fe?** concentrations (15 uM, 120 uM and 600 uM). The
cultures were monitored for chlorophyll a and Fe?*/ Fe3* concentrations for 21 days. Additionally the produc-
tion of O, in the closed system was measured at the beginning and middle of the light cycle. Mid and late
logarithmic cultures were assessed for respiration (CTC), viability (SYTOX Green) and Fe3* precipitation using
fluorescence microscopy. Media was assessed for dissolved CO,, nitrate and phosphate content.

While the closed system controls indicated a similar Fe?* toxicity response to that seen in the literature, the
cultures grown in an open system showed interesting deviations in Fe** accumulation and growth morphol-
ogies.

This study emphasises the influence of experimental design and importance of using different strains in in-
vestigating ecological trends, especially during the period leading up to the GOE.
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Mon: 2

Triple oxygen isotope study of manganese formations as a proxy for the triple oxygen
isotope composition of Precambrian air 02

Sukanya Sengupta?, Andreas Pack?, Sebastian Viehmann?
1Department of Isotope Geology, Georg-August-Universitit-Gottingen, Germany; 2Department of Geodynamics und
Sedimentology, Universitdt Wien, Austria

The great oxidation event, recorded by the absence of mass independent fractionation of sulphur isotopes
in marine sediments, sets the time for the advent of biologically mediated free oxygen in the oceans and
the atmosphere [1]. The triple oxygen isotope composition of molecular O, in the atmosphere is a tracer for
global bio-productivity [2] and ancient pCO, in the atmosphere [3]. Here, we attempt to reconstruct the triple
isotope composition of Precambrian atmospheric O, by means of analysis of Mn-rich iron formations.

Only few lithospheric materials bear signatures of atmospheric O,. Sedimentary sulphates [3] and cosmic
spherules [4] contain oxygen originally derived from air O,. Also aqueous Mn-IV-oxides can contain a portion
of oxygen originally derived from air O, [5]. Laboratory experiments showed that 30-50% of oxygen in labo-
ratory precipitated manganese-IV-oxides derived from molecular O, dissolved in water.

We study the detrital-poor iron formation of the Neoproterozoic Urucum iron and manganese formation in
the Santa Cruz Formation, Brazil [6]. Drill core samples from neither the Mn-rich nor the Fe-rich layers have
evidence of metamorphic or hydrothermal overprints [6]. We will analyze triple oxygen isotope composi-
tions of the shallow water Mn-oxides in the Urucum Fe-Mn-formation and compare these data to modern
analogues. Our results will be discussed with respect to Precambrian pCO, and global bioproduction rates.
We will highlight the use of triple oxygen isotopes in Precambrian Mn-oxides for calculating the triple oxygen
isotope of Precambrian air O,.

[1] Farquhar et al. (2000) Science 289, 756-758; [2] Luz et al. (1999) Nature 400, 547-550; [3] Bao et al. (2008) Nature 453, 504-506; [4] Pack et al.
(2017) Nat. Comm. 8, 15702;[5] Mandernack et al. (1995) GCA 59, 4404-4425; [6] Viehmann et al. (2016) Precamb. Res. 282, 74-96.
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1b) Early Earth Processes: Constraints from the Rock Record

Tuesday, 24/Sep/2019: 9:15am - 10:00am

Session Chair: Erik E. Scherer (WWU Miinster)

Session Chair: Axel Gerdes (Goethe-University Frankfurt)
Session Chair: Armin Zeh (KIT Karlsruhe)

Location: Schlossplatz 7 Hof: SP 7

Session Abstract
The silicate Earth differentiated early in its history into a variety of mantle and crustal reservoirs. The de-
gree and style of interaction among these reservoirs is recorded in the chemical and isotopic signatures of
Archean rocks and even older minerals, offering clues to their linked evolution in the context of a changing
geodynamic setting. We encourage contributions that employ tools such as fieldwork, petrology, geochemis-
try, geochronology, and geodynamic modelling to illuminate early Earth processes ranging from the earliest
silicate differentiation, through the evolution of continents and oceans, to the onset of plate tectonics.

Lecture Presentations
9:15am - 9:45am Session Keynote

Archean lithospheric change and the start of modern-style plate tectonics

Matthijs Smit

University of British Columbia, Canada

The continental crust underwent growth and compositional maturation between 3.5 and 2.8 Ga. Ancient
sediments indicate that the crust changed from mafic to andesitic compositions [1-3]. Much of the subcon-
tinental lithospheric mantle (SCLM) stabilized during this same time period. Post-majoritic pyrope from the
SCLM, now dated by Lu-Hf chronology [4], capture the extreme asthenospheric decompression and melting
that allowed the SCLM to form. These changes had a drastic and long-lasting effect on the Earth system, and
its emerging oxygen and nutrient cycles. Nevertheless, causes and driving mechanism remain enigmatic.

A link to the development of plate tectonics has long been proposed [2,5-7]. Much of the crust made during
this time indeed comprises juvenile tonalite-trondhjemite-granodiorite (TTG) rocks, which could be consid-
ered as arc analogues. Nevertheless, magmatic differentiation of the lower crust can equally produce TTGs
[8-10] and mechanisms other than plate tectonics can explain the wide range of observations made so far [8].
The interpretation of TTGs and the implied occurrence or absence of Archean global plate tectonics remain
debated [7,11].

Boron isotope analysis—a powerful method in magmatic provenance analysis [12]—could provide the test
needed to progress in this field. We used this method in conjunction with age dating and trace-element
analysis on TTG samples from different Archean cratons. All samples show low B concentrations and 'B/'°B
values—inconsistent with arc magmatism, yet symptomatic for magmas produced by lower-crustal melting.
The data indicate that Archean TTGs did not form in subduction zones, but instead were produced by partial
melting within a thickened lithospheric pile [8,10]. This mechanism dominated crustal growth and differ-
entiation at least until 2.8 Ga. With other arc analogues lacking in the Archean rock record, it appears that
modern-style plate tectonics was the consequence, rather than the cause, of Archean lithospheric change.

[1] Konhauser et al. (2009) Nature 458, 750-753; [2] Tang et al. (2016) Science 22, 372-375; [3] Smit & Mezger (2017) Nature Geosci. 10, 788-792;
[4] Cutts et al. (in revision) Earth Planet. Sci. Lett.; [5] Dhuime et al. (2012) Science 335, 1334-1336; [6] Naeraa et al. (2012) Nature 485, 627-30;
[7] Moyen and Martin (2014) Lithos 148, 312-336; [8] Kamber (2015) Prec. Res. 258, 48-82; [9] van Kranendonk et al. (2007) Terra Nova 19, 1-38;
[10] Johnson et al. (2017) Nature 543, 239-242; [11] van Hunen & Moyen (2012) Ann. Rev. Earth Planet. Sci. 40, 195-219; [12] Ryan, J.G., Chauvel,
C. (2014) Treatise Geochem. 3, 479-508.

29



1) Understanding Early Earth processes using novel geochemical approaches and methods

9:45am - 10:00am

A new Titanium excess phase saturation thermometer for silicate melts with implications
for conditions of Archean crust formation

Alexander Wellh&duser'?3, Tracy Rushmer?, John Adam?, Gerhard Worner?
Macquarie University, Australia; °Georg August University, Germany; *Nanjing University, P.R. China

We have calibrated a new titanium excess phase (rutile, iimenite) saturation thermometer via regression with
an extensive experimental literature database of 375 experiments. Based on statistical analysis, we find tem-
perature and melt polymerisation, expressed as NBO/T (non-bridging oxygens per tetrahedral cation; Mysen
et al., 1981) significant for the solubility of Ti in silicate melts. Additional parameters, such as pressure, H,0
and Oxygen fugacity are insignificant for solubility below the liquidus. The thermometer is calibrated on
mafic to felsic compositions and over a temperature range of 675 to 1450°C. The calculated temperature is
the liquidus temperature at which a composition is saturated with a Ti excess phase. Our model results in
following solubility relation:

log,(Ti) =-2.83 £ 0.05 + 0.00241 * T + 0.00006 + 2.4 * NBO/T £ 0.1 -1.9 * (NBO/T)*2 £ 0.2

Ti concentration is given in mol%, temperature (T) in °C and NBO/T is the parameter describing melt polym-
erisation .

We apply the Ti excess phase saturation thermometer to tonalite-trondhjemite-granodiorite (TTG) composi-
tions, which are the characteristic granitoids of Archean cratons to better constrain conditions of their forma-
tion. By comparing natural TTG compositions with experimental melts that are saturated in a Ti-excess phase,
we can distinguish between TTGs that are Ti excess phase saturated from those that are undersaturated.
Less evolved compositions are more commonly undersaturated. The calculated temperatures of Ti-saturated
compositions using our new calibration are between 750 and 900°C. TTGs that are at the liquidus over this
temperature range should be hydrous melts with 10 to 15 wt% dissolved H,O. This is either due to low de-
grees of melting, fluid presence during melting and/or crystal fractionation. Undersaturated TTGs most likely
formed from higher degree melting, at higher temperatures.

The TTG database also allows us to consider the potential role the Ti-excess phases may have in controlling
their Nb and Ta depletion. We find that — contrary to expectation, all TTG are relatively depleted in Nb, i.e.
have superchondritic La/Nb ratios, irrespective of whether they are saturated in a Ti-excess phase or not. This
can be explained only if (1) the Nb depletion is inherited from the TTG source or (2) that TTGs were once Ti-
phase saturated but lost this condition by mixing with low-Ti more mafic magmas.

Mysen, B. O., Virgo, D., & Kushiro, I. (1981). The structural role of aluminium in silicate melts—a Raman spectroscopic study at 1 atmosphere.
American Mineralogist, 66(7-8), 678-701.

10:45am - 11:00am

In-situ identification of Archean high Th and U zircons in Jack Hills metasediment

Martina Menneken?, Alexander Nemchin?, Thorsten Geisler, Martin Whitehouse?
1University of Bonn, Department of Geosciences, Germany; *Curtin University, Faculty of Science and Engineering,
Perth, Australia; 3Swedish Museum of Natural History, Department of Geosciences, Stockholm, Sweden

Since the first 500 Million years of Earth’s geological history are inaccessible for direct analyses with respect
to whole rock samples, detrital zircon grains with ages of up to about 4.4 Ga from the Jack Hills greenstone
belt, in Western Australia, have been the focus of many studies. However, conclusions drawn from these
studies do not completely concur. Some data seem to indicate conditions were quite similar to conditions
found on modern Earth, while other data suggest long term isolation of the Hadean proto-crust, which can-
not be achieved with a fully operating “conveyer belt” process. Most of these studies focus solely on “zircon
concentrates”, which are obtained by crushing and processing a whole rock sample and then separating the
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detrital zircon grains. With this method a large amount of zircon grains can be obtained and analysed. How-
ever, all information related to deposition and potential alteration inside the meta-sediment is lost. Since it
has already been shown by inclusion and 60 data that some grains have been altered after deposition, we
identified and characterised 17 zircon grains in-situ, i.e., in thin sections of the Jack Hills meta-conglomerate.
Their Pb-Pb-age distribution, obtained by SIMS analyses, appears to be similar to conventionally separated
zircons with ages between 3 and > 4 Ga, indicating that they are from a similar aged source region to those
zircon grains. However, all of the zircons identified in this study have Th and U concentrations that are by a
factor of up to 100 higher than zircon grains obtained by conventional methods, typical for zircon crystals
that formed during late stages in felsic magmas, and have accordingly accumulated a significant amount of
radiation damage as shown by Raman spectroscopy. These results emphasise very stable conditions through-
out the first billion years of Earth’s history in the Yilgarn craton region, were (felsic?) material was generated
in a repeated cyclic process between 4.4 and about 3.0 Ga. More importantly, we are able to show that con-
ventional zircon separation methods, involving crushing and grinding, not only skew the results by particular-
ly losing small-sized grains, but the process of crushing and grinding also destroys information about the local
paragenesis as well as those zircons that are strongly metamict and thus less resistant against physical forces.

11:00am - 11:15am

Constraints on Earth’s Paleoarchean crustal evolution by bulk Lu-Hf isotope analysis of
single zircon grains

Alessandro Maltese?, Klaus Mezger!, Dewashish Upadhyay?, Erik Scherer?
1University of Bern, Switzerland; ?Indian Institute of Technology, Kharagpur, India; 3Westfdlische Wilhelms-Universitdit,
Miinster

Constraining the evolution of Earth’s crust-mantle system using geochemical tracers requires robust age in-
formation and high precision determination of initial radiogenic isotope ratios. In-situ isotope investigations
of individual growth zones in zircon are a common approach for obtaining U-Pb ages and initial Hf isotope
compositions for the same spot or at least for the same grain. This has the potential to more reliably constrain
the differentiation history of the silicate Earth as compared to bulk analyses of ancient whole rocks, whose
isotopic signatures 1) may be more readily disturbed and 2) may not have been set at the time given by the
U-Pb zircon (or other) age of the rock. However, in-situ methods produce gHf data of only modest precision
(21 e-unit), albeit at high spatial resolution. In particular, inaccurate corrections of Yb isobaric interference
commonly generate scatter among calculated initial Hf isotope ratios, making it difficult to distinguish among
the early terrestrial reservoirs.

An alternative approach is to select individual zircon grains from populations where the U-Pb systematics,
measured by LA-ICP-MS, are intact and the crystallization age can be well constrained. For this study on early
Archean rocks, the best preserved zircon grains were selected for determination of their bulk Hf-isotope com-
position by MC-ICP-MS after chemical purification of Hf. This yields high precision Hf isotope measurements
with uncertainties of better than 0.3 e-units. In addition, data scatter is drastically reduced as compared to
in-situ analyses. Thus, the results provide a much higher resolution for differentiation processes recorded by
early Archean rocks.

We applied this bulk Lu-Hf method to single zircon grains from TTGs of the Archean Bastar Craton, India.
The oldest sample, with an age of 3.58 Ga, yields eHf = +1.60 +£0.14. Younger samples progressively yield
lower eHf values down to eHf =-3.06 £0.18. These data are similar to Hf isotope signatures from other Pale-
oarchean terranes that imply near-chondritic reservoirs for TTGs. This, together with the global Hf isotope
record, suggests that only moderate amounts of continental crust formed by the Paleoarchean. Furthermore,
the results highlight the potential for bulk single zircon Hf analysis as an alternative to in-situ investigations.

31



1) Understanding Early Earth processes using novel geochemical approaches and methods

11:15am - 11:30am

Formation of charnockitic silicic rocks in the Archean: a case study from Coorg, S. India

Sampriti Basak®, Aitor Cambeses?, Sumit Chakraborty?

nstitut fiir Geologie, Mineralogie und Geophysik, Ruhr-Universitidt Bochum, Bochum, Germany; 2Institut fiir Geologie,
Mineralogie und Geophysik, Ruhr-Universitit Bochum, Bochum, Germany; Institut fiir Geologie, Mineralogie und
Geophysik, Ruhr-Universitédt Bochum, Bochum, Germany

Studies on Archean silica-rich rocks provides insight into the continental crust forming processes. In the
Coorg Block in S. India huge exposures of orthopyroxene bearing granitoids (enderbites) are preserved. The
enderbites and mafic granulites are spatially, compositionally and temporally related. We have used bulk
compositional data of the enderbitic and mafics rocks for thermodynamic phase equilibria modelling (Per-
ple_X software [1] with thermodynamic data from [2,3] to geochemically model different pathways for the
generation of the observed enderbitic rocks. Two processes are critical and common to all pathways: (1) To
produce a significant amount of melt (15-30 vol. %) from the mafic granulite, the presence of water (2-6 wt
%) at pressures between 6-20 kbar and a temperature range of 850°C to 1000°C is necessary to facilitate the
depression of melting point. (2) The ascent of the melt to shallower depths and crystallization, accompanied
by gradual dehydration is essential for producing Opx-bearing granitoids. We use measured geochemical data
from the rocks to show that the calculated trends are compatible with observations. The global prevalence of
these unique set of enderbitic rocks mostly to the late Archean-Proterozoic eon is possibly the consequence
of early ‘peeling off’ style of plate tectonics [4]. This geodynamic scenario provides the necessary setting for
deep burial and hydration of mafic crust to initiate melting, as well as shallow hot regions where melt could
ascend, pool, and crystallize. In special tectonic settings where these conditions are obtained, enderbitic
rocks may also be generated at later times in the history of the Earth.

[1] Connolly, J.A.D. (1990) American Journal of Science.290, 666-718; [2] Holland and Powell (2011) J. Metamorph. Geol. 29, 333-383; [3] Green
et al. (2016) J. Metamorph. Geol. 34, 845-869; [4] Chowdhury et al. (2017) Nat. Geosci. 10, p. 698

11:30am - 11:45am

182W isotope patterns in mantle derived and crustal rocks from the Pilbara Craton, NW
Australia

Jonas Tusch?, Carsten Miinker?, Mike Jansen?, Eric Hasenstab?, Chris S. Marien?, Florian Kurzweil*, Martin van
Kranendonk?
IUniversitdt zu KéIn, Germany; ?Australian Center for Astrobiology, University of New South Wales, Australia

The record of ¥2W isotope anomalies in terrestrial rocks has recently been expanded from the Archean to the
Phanerozoic. Unfortunately, most ¥2W isotope studies only provide “snapshots” of the early terrestrial rock
record and do not consider elemental W redistribution by secondary processes that would also affect ¥2W
isotope systematics. This might obscure the original W isotope composition of parental mantle sources and
can complicate the reconstruction of the secular ¥*W isotope evolution.

Here, we atttempt to assess the long-term evolution of ¥?W isotope patterns during the Archean by study-
ing mantle-derived and crustal rocks from the Pilbara Craton, NW Australia. Mantle-derived rocks provide
snapshots of the ambient mantle composition, whereas the crustal rocks provide a long-term average of
crust-mantle evolution. By combining ¥2W isotope analyses with high-precision isotope dilution measure-
ments for HFSE, U, and Th, we demonstrate the preservation of primary geochemical signatures in our sam-
ple selection, which allows for the reconstruction of the ¥W isotope composition of the ambient mantle
in NW Australia. Mantle-derived rocks from the oldest Warrawoona Group display uniform excesses and
define a mean m'*®W of +12.1 + 2.1 ppm (95% Cl). Younger rocks from the the Kelly and Soanesville groups
document that *¥2W isotope anomalies decrease between 3465 and 3340 Ma to ca +5 ppm and vanish by c.
3190 Ma. Diminishing 82W isotope anomalies in the Pilbara Craton are also archived in shales and granitoid
rocks, which provide an integration of the lithosphere. These rocks are characterized by a lower ¥?W isotope

32



1) Understanding Early Earth processes using novel geochemical approaches and methods

anomaly of + 8.0 £ 1.2 ppm (95% CI). Similar to the evolution of mantle-derived rocks, anomalies in granitoids
slightly decrease with decreasing age and are higher in less evolved rocks. The origin of elevated ¥2W isotope
compositions in Pilbara rocks, and their decline to modern mantle values, is consistent with a progressive
in-mixing of late veneer material, as previously suggested by decreasing PGE depletions in rocks from the
same lithostratigraphic units [1].

[1] Maier et al. (2009) Nature 460, 620-623.

11:45am - 12:00pm

Hafnium and Nd isotope constraints on Archean mantle-depletion processes from the
Pilbara Craton, NW Australia

Eric Hasenstab?, Jonas Tusch?, Christiane Schnabel?, Christian S. Marien?, Vera Schmitt!, Martin Van Kranendonk?,
Carsten Miinker!
1Universitdt zu Kéln, Germany; ?Australian Centre for Astrobiology

Hafnium and Nd isotope patterns of mafic to ultramafic samples have become an excellent tool for investi-
gating the depletion history of the Archean mantle. The Pilbara Craton in NW Australia is particularly suitable
for Archean mantle studies due to its weak metamorphic overprint and the long time of volcanic activity (ca.
3.6 - 2.7 Ga). Hence, we analyzed 45 basalts, komatiites and felsic rocks from the Pilbara Craton for their trace
element and their initial Hf and Nd isotope compositions.

Our Hf and Nd data are consistent with the small amount of previously published Hf and Nd data from the
Pilbara Craton [1-3]. All Paleoarchean metabasalts and komatiites are characterized by positive initial eNd(i)
(+0.2 to +2.0) and €Hf(i) values (0.0 to +4.6), suggesting that these rocks were derived from a long-term
depleted mantle reservoir. The €Hf(i) and eNd(i) values decrease with increasing crystallization age, which
is in accordance with an origin from an isolated depleted mantle domain that likely started to differentiate
in the Hadean. Furthermore, covariations between La/YbCN and €Hf(i) and eNd(i) values are observed which
imply that these melts have interacted with a second component that was isotopically more enriched, likely
reflecting crustal contamination. However, all of the studied Paleoarchean samples lack pronounced negative
Nb-Ta anomalies that would be expected if felsic crust was assimilated. Rather, AFC-modelling suggests that
mafic crust was assimilated which is also in accordance with generally low Th/Yb (0.10-0.67) ratios observed
in our samples.

Between ca. 3.35-3.25 Ga, radiogenic isotope patterns change, and €Hf(i) and eNd(i) values first decrease and
eventually increase sharply at 3.18 Ga, which is also confirmed by previously published Nd data [3]. The de-
crease in eHf(i) and eNd(i) values is best explained by a partial convective overturn of mafic crust [4] that be-
came gravitationally unstable and re-enriched the mantle. The sudden shift towards radiogenic composition
can then be explained by influx of more depleted asthenospheric material. The key implication of our study
is that mantle-crust differentiation had likely already begun in the Hadean, whereas two different processes
(crustal contamination and partial convective overturn of mafic crust) affected the composition of the basalts
and komatiites to various degrees.

[1] Smithies et al. (2007) GSWA, open file report 104, 48; [2] Gardiner et al. (2017) Precambrian Res. 297, 56-76; [3] Arndt et al. (2001) Geological
Society of America, 359-387; [4] Collins et al. (1998) J. Struct.. Geol. 20, 1405-1424.
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12:00pm - 12:15pm

PGE and Re-Os isotope systematics of 3.46 Ga meta-komatiites from the Dwalile
Greenstone Remnant, Swaziland

J. Elis Hoffmann?, Patrick Gans?, Alfred Kroner?
IFreie Universitdt Berlin, Germany; 2Universitdt Mainz, Germany

Based on the PGE abundances of high degree mantle melts, it has been proposed that chondrit-
ic material was mixed into the Earth’s mantle throughout the Archean [1]. In contrast, Eoarchean
mantle peridotites show almost the full inventory of PGE [2], suggesting either a heterogeneous
mantle or the full inclusion of late veneer by c. 3.8 Ga. Here we measured geochemically well-characterized
serpentinized meta-komatiites and meta-komatiitic basalts from the 3.46 Ga Dwalile greenstone remnant in
SW Swaziland for their Re-Os isotope composition and PGE abundances to place constraints on the PGE con-
tents of their mantle sources. Primitive mantle-normalized PGE patterns are flat and show ca. 0.3 to 2 times
depletion and enrichment compared to the primitve mantle estimate as well as a strong Re depletion. The
measured 1870s/1880s isotope compositions of mafic to ultramafic samples vary from 0.1041 to 0.5473, in-
dicating crustal contamination by older felsic crust as is also supported by Sm-Nd and Lu-Hf isotope and trace
element  systematics. The least contaminated samples vyielded initial 1870s/1880s
isotope compositions of 0.1034, close to the chondritic composition at 3.46 Ga. Meta-komatiites with prima-
ry melt-like MgO concentrations of ca. 28 wt.% yield partly lower PGE abundances than modern BSE. Howev-
er, others of these samples have strongly enriched PGE abundances, arguing heterogeneous PGE abundances
in the sources. This constrasts to the PGE inventory of the 3.48 Ga Komati Fm. and 3.5 Ga Schapenburg Fm.,
which both are in close areal proximity to the Dwalile greenstone remnant, indicating large heterogeneities
within the Palaeoarchean mantle.

12:15pm - 12:30pm

Inferences on crustal growth and mantle heterogeneity from open system models of the
Earth
Seema Kumari'?, Andreas Stracke?, Debajyoti Paul®

i1Department of Earth Sciences, Indian Institute of Technology, Kanpur, India; ?Institut fiir Mineralogie, Westfdlische
Wilhelms-Universitdt, Miinster, Germany

We use an open system geochemical model for the Earth, comprising Earth’s major silicate reservoirs (bulk
continental crust (CC), depleted upper mantle (UM), lower non-chondritic mantle (LM) and an isolated reser-
voir (IR)), to simulate the Nd-Hf isotope evolution through Earth’s history. Various crustal growth scenarios,
e.g., continuous versus episodic and early versus late crustal growth, and their effect on the evolution of the
Hf-Nd isotope systematics in the silicate reservoirs have been evaluated. The most plausible model-derived
solution is the one that produces the present—day concentrations as well as isotopic ratios in terrestrial reser-
voirs, constrained from published data. Modeling results suggest that a whole mantle that is compositionally
similar to the present—day MORB source is not consistent with observational constraints. However, a heter-
ogeneous mantle model, in which the present—day UM is ~60% of the total mantle mass and a lower non—
chondritic mantle, reproduces the estimated isotopic ratios and abundances in Earth’s silicate reservoirs.

Our results show that the mode of crustal growth strongly affects the isotopic evolution of the silicate Earth;
only an exponential crustal growth pattern satisfactorily explains the chemical and isotopic evolution of the
crust—mantle system. The exponential crustal growth model requires early differentiation of mantle to form
30% of present-day CC mass by the end of Hadean and 75% by the end of the Archean. The complementary
depletion of the UM is diminished by crustal recycling and efficient mixing in the initial 900 Myr. A primitive
composition of the LM is maintained due to limited mass exchange with other silicate reservoirs and long-
term isolation of recycled crustal material in the IR. Over time, the Ga-long isolation of recycled crustal relics
in the IR leads to a flux of isotopically different material into the LM, and may have some similarity to tran-
sient reservoirs (such as Large Low Shear Velocity Provinces) near the core-mantle boundary.

34



2) Structure and evolution of planetary bodies

2) Structure and evolution of planetary bodies

2a) Petrology, volcanism and surface processes on terrestrial bodies

Tuesday, 24/Sep/2019: 8:30am - 10:00am & 10:45am - 11:15am

Session Chair: Christian J. Renggli (Universitat Minster)

Session Chair: Andreas Markus Morlok (Westfadlische Wilhelms-Universitat Minster)
Session Chair: Iris Weber (Westfalische Wilhelms Universitat)

Location: Schloss: Aula

Session Abstract

In this session, we look for contributions from the fields of experimental petrology and volcanology, obser-
vational geology, remote sensing planetology, and the development of planetary analogue materials for the
study of rocky bodies including the Moon, Mercury, Venus, Mars, the Galilean moons of Jupiter, Titan, aster-
oids and also comets. We invite contributions from experimentalists who use laboratory based methods to
test processes in planetary interiors and on their surfaces, and results from the investigation of analogue ma-
terials to provide standards for remote observations. Remote observations from planetary missions provide
information on the scale, dynamics and relative ages of volcanic and geologic processes from bodies where
direct samples and landing missions are limited or not available. Additionally, a number of spectroscopic
methods (IR, UV, X-rays, gamma rays or neutrons) provide information on the chemistry and mineralogy of
planetary surfaces.

Lecture Presentations
8:30am - 9:00am Session Keynote

Building the volcanic crust of Mercury

Bernard Charlier!, Mikael Beuthe?, Olivier Namur?, Attilio Rivoldini?, Tim Van Hoolst?
1University of Liege, Belgium; ?Royal Observatory of Belgium, Belgium; KU Leuven, Belgium

Unique physical and chemical characteristics of Mercury have been recently revealed by measurements from
NASA’s MESSENGER spacecraft. The closest planet to our Sun is made up of a large metallic core that is par-
tially liquid, a thin mantle thought to be formed by solidification of a silicate magma ocean, and a relatively
thick crust. The crust of Mercury was built over the first billion years of the planet by intense volcanic activ-
ity. Mantle melting and emplacement of lava to the surface produced a secondary magmatic crust varying
spatially and over time in composition and mineralogy. We have made calculations of the thickness of the
crust using the MESSENGER gravity and topography data and taking into account lateral variations of crustal
density. The mineralogy at the surface translates to pore-free crustal densities of 2,800-3,150 kg.m3. Max-
imum crustal density (3,100-3,150 kg.m?3) is found in High-Mg regions that are forsterite-dominated and
plagioclase-poor. The lightest crust (2,750-2,800 kg.m3) is found in Al-rich regions such as the North Volcanic
Plain that are plagioclase-dominated. We find that the calculated local thickness of the crust is correlated
with the degree of mantle melting calculated using surface compositions obtained by X-ray spectrometry on
board MESSENGER. Low-degree melting of the mantle below the Northern Volcanic Plains produced a thin
crust while the highest melting degree in the ancient High-Mg region produced the thickest crust, excluding
mantle excavation by an impact in that region.

35



2) Structure and evolution of planetary bodies

9:00am - 9:15am

Infrared Spectroscopy of Synthetic Planetary Analogs for Mercury for the BepiColombo
Mission

Andreas Markus Morlok?, Bernard Charlier?, Christian Renggli, Stephan Klemme3, Oliver Namur?, Cristian Carli®,
Martin SohnéS, Iris Weber?, Aleksandra N. Stojic!, Maximilian Reitze?, Harald Hiesinger?, Joern Helbert’

nstitut fiir Planetologie, Westfdlische Wilhelms-Universitdt Miinster, Germany; 2University of Liege, Sart-Tilman,
Belgium; 3Institut fiir Mineralogie, Westfélische Wilhelms-Universitdt Miinster, Germany; “Department of Earth and
Environmental Sciences, KU Leuven, Leuven, Belgium; *IAPS-INAF, Rome, Italy; °Hochschule Emden/Leer, Emden,
Germany; ’Institute for Planetary Research, DLR, Berlin, Germany

The purpose of the IRIS (Infrared and Raman for Interplanetary Spectroscopy) laboratory is to produce spec-
tral data for the comparison with results from the ongoing ESA/JAXA BepiColombo mission to Mercury [1].
The mid-infrared spectrometer MERTIS (Mercury Radiometer and Thermal Infrared Spectrometer) will map
the surface mineralogy in the 7-14 um range (resolution ~ 500 meters) [2-5].

Impact cratering, lava extrusion and explosive volcanic eruptions are processes which played a central part
in the formation of the surface of Mercury [e.g. 6]. This led to the formation of glasses whose ordered micro-
structures are missing and which were rapidly quenched from high temperature melts [7].

We produce synthetic analog glasses with compositions determined by remote sensing to obtain infrared
spectra of materials, which are not available in our collections [8-10]. Furthermore, we use synthetic analog
material to investigate the gas-solid reaction between S-rich gases produced in early volcanism and in im-
pacts with silicate minerals on early Mercury and its effect on the mineralogy [11].

We measured FTIR diffuse reflectance spectra of powder size fractions 0-25 um, 25-63 um, 63-125 um, and
125-250 um. We used a Bruker Vertex 70 infrared system with a MCT detector at the IRIS laboratories at the
Institut fur Planetologie in Minster. We conducted the analyses at low pressure (10-3bar) to reduce atmos-
pheric bands from 2-18 um. For additional FTIR microscope analyses of polished thick sections, we applied a
Bruker Hyperion 1000/2000 System at the Hochschule Emden/Leer with a 250250 um sized aperture.

This work was partly supported by DLR grant 50 QW 1701 in the framework of the BepiColombo mission.

[1]Weber I. et al. (2018) 49th LPSC Abstract #1430; [2]Maturili A. (2006) Planetary and Space Science 54, 1057-1064; [3]Helbert J. and Maturilli
A. (2009) Earth and Planetary Science Letters 285, 347-354; [4]Benkhoff J. et al. (2010) Planetary and Space Science 58, 2-20; [5]Hiesinger H. et
al. (2010) Planetary and Space Science 58, 144—165; [6]Fasset C.1.(2016) Journal of Geophysical Research: Planets 121, 1900-1926; [7]Lee et al.
(2010) Journal of Geophysical Research 115 1-9; [8]Namur and Charlier (2017) Nature Geoscience 10, 9-15; [9]Namur O. et al. (2016) Earth and
Planetary Science Letters 448, 102-114; [10]Namur O. et al. (2016) Earth and Planetary Science Letters 439, 117-128; [11]Renggli C. and King P.
(2018) Rev.Min.Geochem 84, 229-255

9:15am - 9:30am

A shock recovery experiment: Tracing Spectral Fingerprints of Impact Melt, npFe and
Element Migration in Shocked Porous Materials

Aleksandra N. Stojic!, Andreas Morlok?, Martin Sohn?, Harald Hiesinger!, Tomas Kohout?, Hagen Aurich?, Iris
Weber?, Joern Helbert®

IWWU Muenster, Germany; ?Hochschule Emden/Leer, Germany; 3University of Helsinki, Finland; *Ernst - Mach Institut,
Germany; *DLR Berlin, Germany

Here we present Micro FTIR data from ongoing work on shocked olivine (San Carlos) and pyroxene (Bamble)
powders that will complement the mid-infrared database for the next ESA/JAXA mission BepiColombo to
Mercury [1,2].

Apart from “classic” mineral mixtures that will comprise the database, also Mercury’s specific surface con-
ditions and their various effects on the exposed planetary regolith have to be taken into account. This is
important, when it comes to the qualitative and quantitative interpretation of spectral information that we
will obtain from the MERTIS instrument once BepiColombo reaches the Hermean orbit. Mercury lacks a
shielding atmosphere and its peculiar magnetic field allows for cosmic radiation, solar wind and (micro-)
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meteorite impactors to hit the planetary surface to full extent in vast areas. These processes are commonly
known as space weathering (SW) [3], which is a considerable factor, altering unshielded planetary regolith
significantly. Not only in terms of structural decay of the regolith comprising minerals, melt production, solar
wind implantation and the numerous intermediate states, but also in terms of their spectral signature that
such a “re-worked” surface will give us. Considering the long exposure times, these changes (extreme dis-
crepancy of day — and night time temperatures, proton implantation, impactors, etc.) can probably obscure
characteristic mineral spectra as we know them under terrestrial conditions to the point of no recognition.
In order to interpret the awaited MERTIS data correctly and quantitatively, our intention is to incorporate
“Mercury-adjusted” analog material in our MERTIS database. We therefore conducted classic shock recovery
experiments to account for impact events that cause interstitial melt or complete melting of regolith grains.

[1] Benkhoff, J., et al., Planetary and Space Science, 58.1-2, pp. 2-20, 2010; [2] Hiesinger, H., J. Helbert, and MERTIS Co-Il. Planetary and Space
Science 58.1-2, pp. 144-165, 2010; [3] Domingue, D. L., et al., Space Science Reviews, 181.1-4, pp. 121-214, 2014.

9:30am - 9:45am

Present-day Activity of Slope Streaks on Mars

Thomas Heyer?!, Misha Kreslavsky?, Harald Hiesinger', Dennis Reiss?, Hannes Bernhardt?, Ralf Jaumann*
Hnstitut fir Planetologie, Westfalische Wilhelms-Universitat, Minster, Germany; 2Earth and Planetary Sciences,
University of California, Santa Cruz, USA; 3School of Earth and Space Exploration, Arizona State University, USA;
4German Aerospace Center (DLR), Berlin, Germany.

Slope streaks are gravity-driven dark or light-toned features that form throughout the martian year in high-al-
bedo and low-thermal inertia equatorial regions on Mars [e.g., 1, 2]. These distinctive features have never
been observed in a terrestrial environment or laboratory. However, morphologically similar features on Earth
are formed by avalanches of dry, loose snow [3] or by percolation of meltwater in the subsurface above the
ice table in the Antarctic Dry Valleys [4]. Based on diverse orbital observations, a number of mechanisms
including granular [e.g., 1] and aqueous flows [e.g., 4] have been proposed to explain their formation on
Mars. Using multi-temporal images taken by the Context Camera (CTX) [5] aboard the Mars Reconnaissance
Orbiter (MRO), we identified newly formed streaks in multiple martian years and estimated seasonal streak
formation rates at intermediate latitudes, as well as at the equator. We found seasonal variations in streak
activity in multiple consecutive martian years, including high formation rates during autumn (solar longitude
L, ~190°). During this time, slope streak activity exceeds the long-term formation rate multiple times. The
highest seasonal formation rate of 0.16% per streak per martian day was observed in the Olympus Mons
aureole in autumn (L, ~210°) of Mars year 30. In some sites, slope streak formation rate at slopes of opposite
orientation peaks at different seasons. The seasonal variations of the formation rate are inconsistent with
sporadic trigger mechanisms and revealed that changing conditions at the slopes affect the formation of
the streaks throughout the martian year. Modelled environmental parameters at the streak-bearing slopes
indicate a correlation between seasonal streak activity and surface temperature, as well as wind velocity.
Seasonal variations of streak activity could be a result of varying intensities of both dry and wet mechanisms
or could be explained by the interaction of multiple mechanisms. The strong year-to-year variability in the
seasonal cycle of slope streak formation suggests a strong effect of changing climate conditions on slope
streak formation potential and/or triggering, regardless of the specific formation mechanism.

[1] Sullivan et al. (2001) JGR, 106, 23607—-33; [2] Schorghofer and King (2011) Icarus, 216, 159-68; [3] Baratoux et al. (2006) Icarus, 183, 30—45;
[4] Kreslavsky and Head (2009) Icarus, 201, 517-27; [5] Malin et al. (2007) JGR, 112, E05S04.
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9:45am - 10:00am

A volcanic ash layer in the Miocene Nordlinger Ries impact structure (Germany):
Indication of crater fill geometry and long-term crater floor sagging

Gernot Arp?, Istvan Dunkl?, Gerald Hartmann!?, Dietmar Jung?, Volker Karius?, Réka Lukacs3, Andreas Reimer?,
Michael Wolff*, Jim Head®

1Georg-August-Universitdt Gottingen, Germany; 2Bayerisches Landesamt fiir Umwelt, Hof/Saale, Germany; 3MTA-

ELTE Volcanology Research Group, Budapest, Hungary; *Miinchshecke 1B, Siegburg, Germany; *Brown University,
Providence, USA

Since its recognition as an astrobleme, volcanic rocks were not expected to occur in the Nordlinger Ries im-
pact structure. Here, we describe for the first time a strongly altered, zeolitized volcanic ash layer composed
mostly of clinoptilolite, heulandite and buddingtonite within the 330 m thick Miocene lacustrine crater fill of
the 26-km-sized impact structure. Single grain zircon U-Pb ages of 14 Ma and trace element characteristics
of allanite crystals point to the Biikkalja Volcanic Field in the Pannonian Basin, 760 km east of the Nordlinger
Ries, as the source of the volcanic ash. The diagenetically derived zeolite-feldspar bed is intercalated in lam-
inated claystones of the soda lake stage and represents the first unequivocal stratigraphic marker bed in
this basin, traceable from marginal surface outcrops to 218 m below surface in the crater centre. Thereby, it
demonstrates a deeply bowl-shaped geometry of crater fill sediments, not explainable by sediment compac-
tion and corresponding stratigraphic backstripping alone. Since most of the laminated claystones apparently
formed at shallow water depths, the bowl-shaped geometry of the crater fill must reflect a long-term sagging
of the deeply fractured and brecciated crater floor during sedimentation. As a result, the outcrop pattern
of the lithostratigraphic crater fill units at its present erosional plain appears concentric, reminiscent of, but
genetically different from crater fills with rhythmic layering on Mars. The apparent lack of similar sagging
features in Martian lacustrine crater fills may point to a significant time lag between impact crater formation
during cold and dry phases and aquatic sedimentation for most of the asteroid impacts.

10:45am - 11:00am

Isotopic and Trace Element Geochemistry of Karliova-Varto volcanism (Eastern Turkey):
Deciphering the mantle source, crustal contributions and its tectonic controls

Ozgiir Karaoglu?, Fatma Giilmez?, Goneng Gégmengil®, Samuele Agostini*, Michele Lustrino®, Paolo Di Giuseppe®,
Piero Manetti’, Mehmet Yilmaz Savascin®

1Eskisehir Osmangazi University, Turkey; ?Institute of Geosciences, University of Mainz, Germany; *Faikbey Mescidi
Sokak, No:20, Kadikéy, Istanbul; *Istituto di Geoscienze e Georisorse, Consiglio Nazionale delle Ricerche, Pisa;
*Dipartimento di Scienze della Terra, Sapienza Universita di Roma; ®Dipartimento di Scienze della Terra, Universita
degli Studi di Pisa, Italy; ’Istituto di Geoscienze e Georisorse, Consiglio Nazionale delle Ricerche, Italy; éTunceli
Universitesi, Jeoloji Miihendisligi Béliimii, Tunceli

Eastern Anatolia High Plateau (EAHP) is characterised by numerous volcanoes produced a large volume of
lavas of Late Miocene to Quaternary in a wide compositional range, i.e. from basalts to rhyolites those of
displaying an affinity variation calcalkaline to alkaline products. The enigmatic aspect of EAHP is the absence
of widespread extension to trigger voluminous magma production, especially between late Miocene and re-
cent when magmatism reached a maximum peak. This volcanism has been interpreted as related with the in-
tense deformation of the region, following the Arabia-Eurasia collision. The complex mechanical interaction
between colliding plates resulted in the formation of Karliova Triple Junction (KTJ), which is one of the best
provinces where different mantle sources are observed under the control of complex tectonics in the world.

The early phase volcanism (~7.4-4.4 Ma) in KTJ consisting of mildly Na-alkali basalts and trachytic lavas devel-
oped along with East Anatolia Fault-related fractures. Middle phase volcanism (mostly ~3.6-2.6 Ma) charac-
terised by volcanic products consisting of basalts to rhyolites with slightly subalkaline as well as mildly Na-al-
kaline affinity, emplacing as polygenetic volcanoes along Varto Fault (the east continuum of North Anatolian
Fault Zone) and producing the most voluminous eruptions of the KTJ. Late Phase (1.96-0.5 Ma) within the
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Mus depression represented by mostly basaltic and basaltic andesitic lavas with Na-sodic alkaline affinity.

The most mafic lava samples (SiO, wt % < 52) of early phase tend to reveal similar flattened patterns with
slight enrichment of LREE relative to HREE which is evident by low La/Yb ratios on chondrite normalized REE
diagram. On the contrary, the middle and late phase samples display both flattened and concave upward
patterns resulted from enrichment in Light Rare Earth Element (LREE), although showing identical Heavy Rare
Earth Element (HREE) depletions. These difference between these two-magma compositions is more striking
in terms of Nb and Ta depletions on the primitive mantle-normalised incompatible element.

Late phase volcanic rocks are similar to coeval volcanism produced in Mus Basin and Anatolian microconti-
nent-west of KTJ, represented mostly by high**3Nd/**Nd (0.51269-0.51277) and low &’Sr/2¢Sr (0.70413-0.705)
plotting in the depleted quadrant on Sr vs. Nd isotope diagram. However, early and middle phases have sim-
ilar 8’Sr/%¢Sr (0.70426-0.706367), and *3Nd/***Nd (0.51268-0.51280) showing broader variation could result
from the combination of crystallization processes and source heterogeneity — the least differentiated vol-
canic rocks from all series mostly likely derived from an amphibole-spinel peridotitic mantle source. Possible
“garnet-facies” geochemical characters can be derived from multi-step metasomatic processes developed
within the lithospheric during the complex geodynamic history of the Eastern Anatolia. Anyhow, possible
infiltration of the deep seated metasomatic melts possibly imprints a deep-sourced character for the most
mafic volcanic rocks.

It should be noted that the Na-alkaline magma source below the KTJ, represented by the last volcanic phase,
is likely affected by the asthenosphere ascending. However, the source domain hybridization and the assim-
ilation fractional crystallization processes have completely masked the presence of this Na-Alkaline source
throughout entire eastern Turkey. The rifting process since 6 Ma appears to trigger the lithospheric thinning,
then resulting in mixing of melts derived from garnet-bearing sources with lithospheric melts and use the
tectonic pathways for magma propagation in the KTJ region.

11:00am - 11:15am

Prebiotic synthesis in volcanic discharges: exposing porous ash to volcanic gas
atmospheres

Christina Springsklee!, Thomas Steiner?, Thomas Geisberger?, Bettina Scheu?, Claudia Huber?, Wolfgang Eisenreich?,
Corrado Cimarellit, Donald Bruce Dingwell*
Ludwig Maximilian University of Munich, Germany; ?Technical University of Munich, Germany

The question about the origin of life and the emergence of the first organic molecules is still unraveled. Light-
ning has been considered as a potential energy source for the emergence of life or alternatively as a poten-
tial energy source for the synthesis for first organic molecules. One of the most prominent abiotic synthesis
experiments are the discharge experiments performed 1953 by Miller and Urey [1] under simulated reducing
atmosphere conditions. The presence of volcanic ash has been largely neglected in this early study and in
addition new theories about the composition of the Early Earth’s atmosphere have been developed.

Volcanism associated with volcanic lightning provides a possible energy source, a variety of different, includ-
ing reducing volcanic gases and possible catalysts to synthesize a variety of primitive organic molecules. Vol-
canic ash particles are known for their porosity, high surface area and high surface reactivity. During explosive
volcanic eruptions, the occurrence of volcanic lightning has frequently been observed. Recent laboratory
studies successfully recreated volcanic lightning under laboratory conditions [2,3]. As main mechanisms for
the electrification of ash particles within volcanic plumes and laboratory experiments triboelectrification and
fractoemission were identified [2,3,4]. Volcanic plumes themselves provide a high variety of volcanic gases
including, but not limited to reducing ones, and therefore may enlarge the spectrum for possibly available
gas compositions in the Early Earth exposed to volcanic lightning.

Over the last decades new theories about the composition of the Early Earth’s atmosphere have been de-
veloped. This calls for a new series of discharge experiments including more oxidizing or slightly reducing
atmosphere conditions in the presence of volcanic ash.

39



2) Structure and evolution of planetary bodies

We will present first insights from volcanic discharge experiments under different atmosphere compositions,
varying in CH,, H.,S, CO,, CO and H,O composition to mimic some first Early Earth conditions. Special focus is
given to the role of ash particles as catalysts and compartment provider and the variety and influence of gas
composition on the yield of organic compounds.

[1] Miller, S.L. (1953). A production of amino acids under possible primitive earth conditions. Science,117,528-529; [2] Cimarelli, C., Ala-
torre-lbargiliengoitia, M.A., Kueppers, U., Scheu, B. and Dingwell, D.B. (2014). Experimental generation of volcanic lightening. Geology,42,79-82;
[3] Gaudin, D. and Cimarelli, C. (2019). The electrification of volcanic jets and controlling parameters: A laboratory study. EPSL,513,69-80; [4]
James, M.R., Wilson, L., Lane, S.J., Gilbert, J.S., Mather, T.A., Harrison, R.G. and Martin, R.S. (2008). Electrical charging of volcanic plumes. Space
Science Reviews,137,399-418.

Poster Presentations
Mon: 3

Formation of sulfide phases on the surface of Mercury by reactions with reducing high
temperature gases

Christian J. Renggli?, Stephan Klemme!?, Andreas Morlok?, Iris Weber?, Harald Hiesinger?
nstitut fiir Mineralogie, Universitdt Miinster, Germany; ?Institut fiir Planetologie, Universitdt Miinster, Germany

Sulfur is abundant on the surface of Mercury with average concentrations of 4 wt. % [1]. The sulfur on Mer-
cury’s surface has likely volcanic origins and may have been redistributed by explosive eruptions and impact
events. In these processes, silicate materials were exposed to a hot S-rich gas phase at a very low oxygen
fugacity of 4-5 fO, log units below the iron-wistite (IW) buffer [2].

We conduct experiments reacting a reducing sulfur-rich gas with synthetic basalt glasses. These glasses have
compositions representative of Mercury terranes, including the high-Mg and high-Al regions, as well as the
low-Mg northern volcanic plains [3]. We expose polished glass chips to a gas mixture of CO and SO, at 800 °C
for 24 h, corresponding to a fO, of IW-2 to IW-5. This gas-solid reaction results in the formation of a coating
similar to the reaction between SO, and basaltic glasses [4]. In addition to conventional mineralogical and
chemical analysis (SEM, Raman), the resulting coatings are characterized using diffuse reflectance FTIR spec-
troscopy in the mid-infrared from 2.5-18 um. The obtained spectral data will be used to interpret remote
sensing data from the MERTIS spectrometer (Mercury Radiometer and Thermal Infrared Spectrometer) on-
board the BepiColombo (ESA/JAXA) mission to Mercury [5]. The comparison of the spectra will allow testing
of our hypothesis on high-temperature gas-solid alteration of the surface of Mercury by reduced S-rich gases.

In addition to the experiments, we conduct Gibbs free energy minimization calculations. The dominant
S-bearing gas species in a C-O-S gas mixture at Mercury conditions are CS, and COS. The rock forming min-
erals forsterite, anorthite and diopside react in such a gas phase at 800 °C and IW-5 to form the sulfides CaS
and MgsS. Similarly, Na-bearing silicates react to form Na,S and Na_S,. We suggest that proposed sulfides on
the surface of Mercury formed via gas-solid reactions.

[1] Nittler et al. (2011) Science 333, 1847-1850; [2] Zolotov M.Y. (2011) Icarus 212, 24-41; [3] Vander Kaaden et al. (2017) Icarus 285, 155-168;
[4] Renggli et al. (2018) Rev. Mineral. Geochem. 84; [5] Hiesinger et al. (2010) Planet. Space Sci. 58, 144-165.

Mon: 4

Excimer Laser Experiments on Mixed Silicates Simulating Space Weathering

Iris Weber?, Andreas Morlok?, Marcel Heeger?, Thorsten Adolphs?, Maximilian P. Reitze!, Hiesinger Harald?, Karin E.
Bauch?, Aleksandra N. Stojict, Heinrich F. Arlinghaus?, J6rn Helbert?

Westfilische Wilhelms Universitdt, Institut fiir Planetologie, 48149 Miinster, Germany; 2WWU, Physikalisches Institut,
48149 Miinster, Germany; *DLR, Institut fiir Planetenforschung, 12489 Berlin, Germany

Here we present near and mid-infrared spectra of olivine-pyroxene mineral mixtures irradiated with a pulsed

ArF UV excimer laser. Our experimental set-up simulates micrometeorite bombardment as one possible

source of space weathering [1,2]. The subdued transparency feature of the irradiated samples indicates grain
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coarsening upon irradiation. Furthermore, the obvious darkening of the irradiated sample surface might be
caused by agglutinate formation.

Petrographic and light microscope images confirmed the pure character of the sample crystals used for laser
experiments. Reflectance infrared (IR) spectra obtained of olivine (Ol), pyroxene (Px), and mixtures of olivine
and pyroxene with 70/30 and 30/70 (in weight %, grain size fractions: 63 — 125 um) were compared with data
of a spectral unmixing program for silicates of the same chemical composition. Results for these mixtures
is in good agreement with the original sample mixtures [3]. Olivine and pyroxene show typical Christiansen
Feature (CF) and Reststrahlen bands (RB) for these silicates [4]. The OI70/Px30 mixture shows a significant
blue shift of the CF. We observe a new RB shoulder at 9 um and a peak split of the original olivine RB at 10.6
um. The RB shoulder at 11.3 um morphs into a separate RB feature. The CF of the Px70/0I30 mixture shifted
to higher wavelengths similar to the former pyroxene RB at 10.4 um with a red shift to 10.5 um and a signif-
icantly higher reflectance. It is remarkable that the olivine rich mixture exhibits more of the genuine olivine
RBs than pyroxene in the pyroxene rich mixture. Results of IR investigations in vacuum on the same mineral
mixtures but on pressed powder pellets before laser irradiation show a strong transparency feature (TF). Af-
ter irradiation this TF disappears. The absence of this feature is indicative of grain coarsening. The TF could be
used as a grain size tracer. The darkening of the sample surface is possibly also an effect of agglutination [5].

This work was partly supported by DLR grant 50 QW 1701 in the framework of the BepiColombo mission.

[1] Brunetto R. et al. Icarus 180, 546-554, 2006; [2] Loeffler et al. Meteoritics & Planetary Science, 51(2), 261-275, 2016; [3] Bauch K.E. et al. LPSC
50th, #2521, 2019; [4] Salisbury J. W. in: Topics in Remote Sensing 4, 79 — 98, 1993; [5] Stojic A. et al. LPSC 49th, #2083, 2018.

Mon: 5

Mineralogy of the weigelt-scholle

Patrick Winkler
Martin-Luther-Universitdt, Germany

The ,Weigelt-Scholle” is a sedimentary block with a size of 14 x 3 m, which lays in the rhyolithic porphyr of
the small mountain Galgenberg in Halle (Saale) Germany. The Weigelt-Scholle was a interesting objekt for
many generations of scientists over 100 years. It was first discovered by Johannes Weigelt in 1906, who then
became the eponym of the Weigelt-Scholle. Other scientists such as Ernst Haase, Max Schwab und Giinter
Krumbiegel also did researches with the block in the first half of the 20*" century. They focused on the forma-
tion of the subvolcanos in Halle and the surrounding areas.

The rhyolith oft he Galgenberg takes place for 300 Ma ago, as the supercontinent Pangda began to falling
into pieces. This resulted in crustal deformations in Europe, and hot magma began to rise into the upper
continental crust. This hot magma intruded into sedimentary layers, which were formed in central europe.
During this time, central Europe was divided into two regions; The Northern Perm Basin and the Southern
Perm Basin. The todays” Galgenberg and Halle are now located, where Southern Perm Basin used to be. As
the magma rose the sedimentary layers above it got assimilated, however some parts of the layers — such as
the block of the Weigelt-Scholle - broke off and fell into the magma. The block of the Weigelt-Scholle strikes
SE-NW and has a dipangel of ca. 35° to the north. It is generally made of fine klastica like fine sandstone and
siltstone. Furthermore, it also contains tuff breccia. The content of the bachelor thesis is to take some sam-
ples and creat some thinsections to determine the mineralogy of the Weigelt-Scholle. Additionally, the thesis
aims to creat some profiles as well as to illustrates genesis of the Weigelt-Scholle.

The Weigelt-Scholle consists of three diverent lithologies.The first lithology was an arcosic sandstone with ca.
85% xenomorphic quarz, ca. 10% plagioclase and lots of exogenous inclusions. There were also orthoklases
that were sericitized, thus, a lot of opaque dispersed hematite.
The second lithology is a reddish siltstone with lots of bright reddish round inclusions. These inclusions were
once roots. In this sample, there was also a lot of dispersed hematite.
The third lithology is a red tuff with a phorphyric texture. The fourth sample is the porphyric rhyolith, which
is called Hallescher Porphyr.
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2b) High-spatial resolution studies of small-scale and complex extra-
terrestrial and terrestrial samples

Tuesday, 24/Sep/2019: 11:30am — 12:30pm & 3:45pm - 5:30pm

Session Chair: Christian Vollmer (Universitat Minster)

Session Chair: Dennis Harries (Friedrich-Schiller-Universitat Jena)
Session Chair: Julia Roszjar (Natural History Museum Vienna)
Location: Schloss: Aula

Session Abstract

Investigations of heterogeneous samples like meteorites, interplanetary dust particles, or returned mission
samples require the application of high-spatial resolution analytical techniques to minimize sample destruc-
tion and maximize contextual information. This also applies to a wide variety of terrestrial rocks and ex-
perimental analogues that document the evolution of planetary bodies (e.g., impact-generated lithologies,
shocked minerals, fluid/mineral inclusions, high-pressure/high-temperature experiments, synthetic nanoma-
terials). In this session, we welcome contributions from geo-cosmochemistry-material sciences disciplines
that make use of high-spatial resolution methods (e.g., electron microscopy, laser-ablation and secondary ion
mass spectrometry, atom probe tomography, Raman spectroscopy, and synchrotron radiation techniques)
that improve our understanding of small-scale chemical, isotopic and structural properties and processes.
Cross-disciplinary contributions giving possible new insights into old problems are particularly encouraged.

Lecture Presentations
11:30am - 12:00pm Session Keynote

Finding a piece of Earth on the Moon?

Jeremy Bellucci
Swedish Museum of Natural History, Sweden

A felsite clast in lunar breccia Apollo sample 14321 has petrographic and chemical features that are consist-
ent with formation conditions commonly assigned to both lunar and terrestrial environments. Results from
Secondary lon Mass Spectrometry trace element analyses indicate that zircon grains recovered from this
clast have positive Ce/Ce* anomalies corresponding to an oxygen fugacity +2 to +4 log units higher than that
of the lunar mantle, with crystallization temperatures of 771 + 88 to 810 + 37°C (20) that are unusually low
for lunar magmas. Additionally, Ti-in-quartz and zircon calculations indicate a pressure of crystallization of
6.9 + 1.2 kbar, corresponding to a depth of crystallization of 167 £ 27 km on the Moon. Such low-T, high- f
02, and high-P have not been observed for any other lunar clasts, are not known to exist on the Moon, and
are broadly similar to those found in terrestrial magmas. The terrestrial-like redox conditions inferred for the
parental magma of these zircon grains and other accessory minerals in the felsite contrasts with the presence
of Fe-metal, bulk clast geochemistry, and the Pb isotope composition of K-feldspar grains within the clast, all
of which are consistent with a lunar origin. The dichotomy between redox conditions recorded in the clast
necessitates a multi-stage petrogenesis. Two, currently unresolvable hypotheses for the origin and history
of the clast are allowed by these data. The first suggests that the relatively oxidizing conditions were devel-
oped in a lunar magma, possibly by fractional crystallization and enrichment of incompatible elements in a
fluid-rich, phosphate-saturated magma, at the base of the lunar crust to form the zircon grains and their host
felsite. Subsequent excavation by the Imbrium impact introduced more typical lunar features to the clast
but preserved primary chemical characteristics in zircon and some other accessory minerals. However, this
hypothesis fails to explain the high P of crystallization. Alternatively, the felsite and its zircon crystallized on
Earth at a modest depth of 19 + 3 km in the continental crust where oxidizing, low-T, fluid-rich conditions are
common. Subsequently, the clast was ejected from the Earth during a large impact, entrained in the lunar
regolith as a terrestrial meteorite with the evidence of reducing conditions introduced during its incorpora-
tion into the Imbrium ejecta and host breccia.
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12:00pm - 12:15pm

High-resolution Mg-isotope investigation of presolar silicates: New implications for the
stardust inventory of the Solar System

Jan Leitner, Peter Hoppe, Janos Kodolanyi
Max-Planck-Institute for Chemistry, Germany

A minor, but important component of primitive solar system materials are isotopically anomalous dust grains
that formed in the outflows of evolved stars or in the ejecta of stellar explosions. Silicates constitute the most
abundant type of such “presolar” dust available for single grain analyses [1]. The stellar sources of these
grains are typically identified based on the grains’ O-isotopic compositions. In this classification scheme [2],
the vast majority (~90 %) of presolar silicates with sizes of 2200 nm are attributed to low-mass (1.2-2.2 M_ )
asymptotic giant branch (AGB) stars of sub-solar to solar metallicities. An alternative source for some of these
greens could be intermediate-mass (4-8 M_ ) AGB stars experiencing hot bottom burning [3]. Most of the
remaining grains (~10 %) come from core-collapse supernovae, while a few silicates and oxides might have
formed in nova outbursts. Other than refractory phases, presolar silicates cannot be chemically extracted
from their meteoritic hosts, but have to be identified in situ by secondary ion mass spectrometry (SIMS) at
high lateral resolutions. Isotope measurements for major elements in presolar silicates other than oxygen,
e.g., magnesium, require measurements with an O~ primary ion source, which,were limited to 200-300 nm
spatial resolution. This hindered precise systematic Mg isotopic analysis of presolar silicates until recently.
The new Hyperion RF plasma O primary ion source installed on the MPIC’s Cameca NanoSIMS 50 allows
measurements of Mg-isotopes with a spatial resolution of <100 nm [4]. The isotopic composition of Mg is not
expected to be modified significantly by nucleosynthesis in low-mass AGB stars when O-rich dust forms [4];
thus, they generally represent the initial isotopic compositions of their parent stars, mainly reflecting Galactic
chemical evolution (GCE).

We found that a fraction of these presumed low-mass AGB star grains displayed large *Mg-excesses and only
small Mg excesses, incompatible with such an origin, indicating core-collapse supernovae as their sources
[5]. Additionally, we identified two >>Mg-depleted silicates that are potential pre-supernova condensates of
massive stars, and several silicate stardust grains with Mg- and O-isotopic signatures indicating formation
around intermediate-mass AGB stars.

[1] Floss C. & Haenecour P. (2016) Geochem. J. 50, 3-25; [2] Nittler L. R. et al. (1997) ApJ 483, 475-495; [3] Lugaro M. et al. (2017) Nat. Astron. 1,
0027; [4] Hoppe P. et al. (2018) ApJ 869, 47-59; [5] Leitner J. & Hoppe P. (2019) Nat Astron., in press.

12:15pm - 12:30pm

Graphite in Meteorites — Occurrence, Abundance and Origin

Jakob Storz?, Addi Bischoff!, Markus Patzek?, Surya Snata Rout?, Thomas Ludwig?, Mario Trieloff?

nstitut fiir Planetologie, WWU Miinster, 48149 Miinster, Germany; *Betriebseinheit Elektronenmikroskopie, TU
Hamburg, 21073 Hamburg, Germany; *Klaus-Tschira-Labor fiir Kosmochemie, Institut fiir Geowissenschaften,
Universitdt Heidelberg, 69120 Heidelberg, Germany

Carbon, the 4" most abundant element in our solar system, is a key element for tracing Earth’s volatile ele-
ment inventory. Meteorites, considered to be analogues for building blocks of terrestrial planets, exhibit sev-
eral carbon-bearing phases including graphite. Therefore, the characterization of meteoritic graphite and its
understanding as a carbon carrying phase is crucial. In the last decades, research on meteoritic graphite has
mainly focused on isotopically anomalous presolar grains. However, larger graphite aggregates (>5 um) were
rarely adressed in previous studies. Here, we report the results of the investigation of 130 graphite-bearing
meteorites including ureilites, enstatite chondrites, and ordinary chondrites.

Graphite, a carbon allotrope, tends to form distinct morphologies linked to specific meteorite groups. Urei-
lites, the most carbon-rich meteorites (up to 7 wt% [1]), were studied extensively accounting for 62% of all
investigated specimens. In ureilites, graphite occurs along silicate grain boundaries, whereas its preservation
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is heavily dependent upon secondary processing of the parent body. Since the nature of the ureilite parent
body (UPB) and the origin of diamond inclusions in graphite are highly controversial, the characterization of
these inclusions was of particular interest. Although, enstatite chondrites generally do not exceed bulk car-
bon contents of 0.7 wt% [1], graphite grains have been frequently reported. Graphite predominantly occurs
as subhedral to euhedral laths in association with silicate minerals and as aggregates surrounded by metal. In
unequilibrated ordinary chondrites (UOCs), the carbon content is generally below 0.6 wt% [1] with no dom-
inant carbon-bearing phase. However, well-crystallized graphite grains are present in carbon-bearing clasts
as remnants of impact processing on meteoritic parent bodies. Only recently, Bischoff et al. (2018) reported
graphite-bearing clasts having an O-isotopic compositions close to ureilitic material [2].

In conclusion, diverse graphite morphologies were reviewed, reflecting various formation mechanisms such
as crystallization from a melt or graphitization of carbonaceous matter. Additional SIMS investigations are
scheduled to further unravel the origin of these phases.

[1] Grady, M. M. & Wright, I. P. (2003) Elemental and Isotopic Abundances of Carbon and Nitrogen in Meteorites. Space Science Reviews 106,
231-248; [2] Bischoff, A., Schleiting, M., Wieler, R. & Patzek, M. (2018) Brecciation among 2280 ordinary chondrites — Constraints on the evolution
of their parent bodies. Geochimica et Cosmochimica Acta 238, 516-541.

3:45pm - 4:00pm

Xenolithic C1 Clasts and their Relation to the Host Rocks Revealed by Chromium Isotopes
and Trace Element Concentrations
Markus Patzek?, Yogita Kadlag?, Addi Bischoff!, Robbin Visser?, Harry Becker?, Timm John?

1Westfdlische Wilhelms-Universitdt, Institut fiir Planetologie Miinster, Wilhelm-Klemm-Str. 10, D-48149 Miinster,
Germany; %Freie Universitdt Berlin, Institut fiir Geologische Wissenschaften, Malteserstr. 74-100, 12249 Berlin, Germany

Xenolithic CI- and CM-like clasts can be found in various chondrite and achondrite breccias including ordi-
nary and CR chondrites as well as ureilites and HEDs [1-3]. Cl-like clasts from different host meteorites and
Cl chondrites exhibit different H and O isotope signatures as well as different S isotopic distributions of their
sulfide grains, although they have a very similar mineralogy [4-6]. Thus, these clasts are more C1 clasts rather
than CI- (Ivuna)-like clasts. We obtained Cr isotope data and trace element concentrations of one C1 clast
from the DaG 1064 ureilite (C1a) and of one from the CR chondrite Acfer 311 (C1b). Additional data on a CM-
like clast from the polymict eucrite NWA 7542 will be discussed.

The Cla clast in the ureilite show nearly chondritic REE concentrations and are enriched in **Cr (€>*Cr of 2.84
+0.12). Also considering the O and H isotope data [4,5], this material is certainly of very primitive nature. The
%4Cr value of Cla clast is clearly higher compared to similar samples from the Almahata Sitta strewnfield [7]
and may result from a heterogeneous distribution of the carrier phase of *Cr.

The C1b clast in the CR chondrite Acfer 311 is similarly enriched in >*Cr (1.43 + 0.36) when compared to CR
chondrites. Also O and H isotope data of the C1b clast indicating a genetic relationship between the clast and
its host. REE concentrations of clasts Cla and Clb are nearly chondritic showing a slightly decreasing trend
from La to Lu.

Based on petrology, O, H, and partly their Cr isotopes, CM-like clasts in HEDs are clearly related to “common”
CM chondrites. The REE data of CM-like clast NWA 7542-G show a pattern similar to those of group Il Ca,Al-
rich inclusions, which may dominate the pattern in the sample aliquot. REE and Cr isotope data of clasts
from different meteorite groups confirm the late accretion of CM and C1 parent bodies on the differentiated
asteroids.

[1] Bischoff A. et al. (1993) Geochim. et Cosmochim. Acta 57:2631-2648; [2] Zolensky M.E. et al. (1996) Meteorit. & Planet. Sci. 31:518-537; [3]
Patzek M. et al. (2018) Meteorit & Planet. Sci. 53:2519-2540; [4] Patzek M. et al. (2018) Meteorit. & Planet. Sci. 53 #6254; [5] Patzek M. et al.
(2019) LPSC, Abstract 1779; [6] Visser R. et al. (2018) Meteorit. & Planet. Sci. 53, #6190; [7] Goodrich et al. (2019) LPSC, Abstract 1312.
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4:00pm - 4:15pm

Dynamic Deformation of Meteoritic Iron in a Diamond Anvil Cell: In-situ Observation of
the e-Iron Phase Transition and the Formation of Shock Defects

Doreen Schmidt?, Dennis Harries!, Agnese Fazio!, Hanns-Peter Liermann?, Kilian Pollok?, Falko Langenhorst!
Friedrich Schiller University Jena, Institute for Geosciences, Carl-Zeiss-Promenade 10, 07745 Jena, Germany;
2Deutsches Elektronen Synchrotron (DESY), Notkestraf3e 85, 22607 Hamburg, Germany

Iron meteorites originate from differentiated asteroids and reveal insights in the processes of early core for-
mation and subsequent impacts. The latter is expected to result in phase transitions of the iron polymorphs.
These are in general studied comprehensively [1], such as the a- to e-transformation, which is known to
occur in the low temperature regime at a pressure around 13 GPa in both static and shock experiments [2,
3]. In iron meteorites, there is also textural evidence for the transformation of kamacite to the hexagonal
structured e-phase [4], but to our knowledge £-kamacite has so far not been directly detected in iron me-
teorites. In this work, we present an experimental approach to simulate the effects of impacts by dynamic
compression in a diamond anvil cell (DAC). Simultaneous in-situ synchrotron X-ray diffraction (XRD) is used to
detect the phase transitions and to unravel their mechanisms and kinetics.

Dynamic, non-hydrostatic DAC experiments were performed at room temperature at the Extreme Conditions
Beamline P02.2 at PETRA Il at DESY in Hamburg, Germany. As starting material, we used the Muonionalus-
ta iron meteorite and crushed it with a rasp to swarf. This powder was then loaded with gold for internal
pressure calibration in membrane-driven DACs. Time-resolved in-situ XRD patterns were acquired during the
compression with a rate of 17 GPa/min to a peak pressure of 60 GPa and during subsequent decompression.

The XRD pattern of the uncompressed material shows dominantly the peaks of the body-centered cubic (bcc)
kamacite and a weak signal of the face-centered cubic (fcc) taenite. During compression the formation of hex-
agonal e-iron starts at 10 GPa, which is 3 GPa lower than in other room temperature experiments on iron [2]
and even about 6 GPa lower than in experiments on natural kamacite [3]. At 15 GPa most of the kamacite is
transformed. On decompression the reverse transition begins around 25 GPa. At the final experimental pres-
sure of 10 GPa there is still a strong signal of the hexagonal e-structure. The experiments provide evidence
for a rapid transformation mechanism of kamacite. Scanning (SEM) and Transmission Electron Microscopy
(TEM) investigation are currently under way to characterize the defect microstructure of recovered samples

[1] Boehler, R. (2000) Reviews of Geophysics, 38(2): 221-245; [2] Bundy, F. (1965) Journal of Applied Physics, 36(2): 616-620; [3] Sears, D.W. et al.
(1984) Geochimica et Cosmochimica Acta, 48(2): 343-360; [4] Jaeger, R. and M. Lipschutz (1967) Nature, 213(5080): 975.

4:15pm - 4:30pm
Shock History of the Metal-rich CB Chondrite Quebrada Chimborazo (QC) 001

Tamara E. Koch?, Frank E. Brenker'?, Emilia G6tz3, Ute Kolb3#, Dave J. Prior®, Kat Lilly®, Alexander N. Krot?, Anja
Schreiber®, Martin Bizzarro’

Institute of Geosciences, Goethe University Frankfurt, Germany; 2Hawai'i Institute of Geophysics and Planetology, Uni-
versity of Hawai‘i at Manoa, USA; 3Institute of Applied Geosciences, Technische Universitdt Darmstadt, Germany; “Cen-
tre for High Resolution Electron Microscopy, Johannes Gutenberg University Mainz, Germany; *Department of Geology,
University of Otago, New Zealand; ® GFZ German Research Centre for Geosciences, Helmholtz Centre Potsdam, Germa-
ny; “Centre for Star and Planet Formation, Natural History Museum of Denmark

The Quebrada Chimborazo (QC) 001 meteorite belongs to the rare group of CB (Bencubbin type) chondrites,
metal-rich carbonaceous chondrites with mineralogical, chemical and isotopic characteristics that sharply
distinguish them from other chondrites [1]. Furthermore, most CB chondrites reached higher shock stag-
es (53—-5S4) than other carbonaceous chondrite groups and contain high-pressure phases such as wadsley-
ite, ringwoodite, majorite, majorite-pyrope solid solution, and coesite [1-5]. Previous studies described
high-pressure minerals in QC 001 and estimated P-T conditions of shock metamorphism (219 GPa and ~2100
K); similar to those predicted for the Earth’s transition zone. So far, the QC 001 meteorite is one of two geo-
logical samples which contain asimowite, the Fe-analog of wadsleyite [5]. It is likely that asimowite crystal-
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lized from a Fe-enriched melt produced by a mixture of partially molten Fe,Ni-metal and silicate at > 2000 K
215 GPa [5]. The purpose of this study is to expand the previous knowledge about the P-T conditions of the
shock event experienced by QC 001.

Transmission electron microscopy on several focused ion beam (FIB) sections from shock melted regions of
QC 001 was performed to obtain detailed high-resolution images, elemental maps and detailed chemical
analysis. For a more detailed structural characterization some high-pressure phases were investigated by
electron diffraction. Cell parameter, space group determination and crystal structure solution were conduct-
ed based on data obtained with Automated Electron Diffraction Tomography (ADT) and direct methods im-
plemented in SIR2014.

One of the FIB sections was cut from a 10x10 um-sized silicate melt droplet within the metal matrix. This
melt droplet consists mostly of wadsleyite grains with unusual high Fe-contents (Fa_, to Fa, ) associated with

ringwoodite (Fa, ), olivine (Fa,.—,,, one with Fa_ ) and pyroxene.

Another FIB section was cut from a 68x110 um-sized chondrule fragment. It consists of an assemblage of
olivine (Fa,,) and low-Ca pyroxene with interstitial garnets. The garnets have either a composition of ma-
jorite-pyrope solid solution or a composition similar to the Al-rich diopsides of this meteorite what implies
that they represent high-pressure polymorphs. The results from this study propose peak shock conditions of
~1542 GPa and ~21004200 K for QC 001.

[1] Weisberg M. K. et al. 2006. MAPS 36; [2] Weisberg M. K. et al. 2010. MAPS 45; [3] Koch T. E. et al. 2016. Ann. Meet. Met. Soc. LXXIX, Abstract
#6287; [4] Brenker F. E. et al. 2017. LPSC XLVII, Abstract #1967; [5] Bindi L. et al. 2019. Am. Min. 104.

4:30pm - 4:45pm

The incomplete amorphization of natural and experimentally shocked plagioclase
investigated by optical and electron microscopy, and various spectroscopic techniques

Lidia Pittarello?, Julia Roszjar?, Luke Daly?, Christoph Lenz*, Chutimun Chanmuang N.%, Ludovic Ferriére?, Joerg
Fritz®, Peter Chung?, Annemarie E. Pickersgill}, Martin R. Lee3, Christian Koeberl*?

1Universitdt Wien, Vienna, Austria; ?Naturhistorisches Museum, Vienna, Austria; 3School of Geographical and Earth
Sciences, University of Glasgow, United Kingdom; *Institut fiir Mineralogie und Krystallographie, Universitdt Wien,
Vienna, Austria; °Saalbau Weltraum Projekt, Heppenheim, Germany

The process of mineral amorphization in response to shock metamorphism is not yet fully constrained, espe-
cially in plagioclase, even though this mineral is quite abundant on the surface of terrestrial planets, rocky as-
teroids, and in some stony meteorites. The best opportunity to investigate the progression of amorphization
is provided in cases of incomplete transformation of crystalline plagioclase into amorphous material. In this
work, we focus on experimentally and naturally shocked plagioclase, showing incomplete amorphization.
The selected samples derive from both a shock recovery experiment, performed at 28 GPa with a troctolite,
and a shatter cone from the Manicouagan impact structure, Québec, Canada, formed in a garnet-bearing
metagranite. Apart from the incomplete amorphization, shock conditions, chemical composition, mineral
paragenesis, and shock effects are different between the two cases.

Transmitted light optical microscopy of petrographic thin sections, whenever available, provides a first eval-
uation of the distribution of amorphous domains in shocked plagioclase. Further information on the degree
of amorphization is provided by spectroscopic techniques, such as Raman spectroscopy, cathodolumines-
cence, and photoluminescence. Such spectroscopic techniques, although limited to the top few um from
the surface, allow the evaluation of shock effects in plagioclase on polished mounts without requiring the
preparation of a petrographic thin section. Similarly, electron back-scatter diffraction (EBSD), which collects
crystallographic information from the top 20-40 nm of the sample surface, provides information on the abun-
dance, distribution, and orientation of shock effects in plagioclase, but requires special sample polishing/
preparation.

The amorphization of plagioclase in the investigated experimentally shocked sample is irregularly distributed
within individual crystals and among the lithic clasts recovered after the experiment, and its occurrence is
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likely affected by (i) the crystallographic orientation of each grain with respect to the shock wave reflection in
the used experimental set up, (ii) the presence of crystal anisotropies, such as inclusions, cracks, and cleav-
age and their orientation, and (iii), the nature of neighboring phases (size, orientation, mineralogy, and cor-
responding physical properties, such as shock impedance). On the other hand, the degree of amorphization
of the naturally shocked plagioclase from the Manicouagan impact structure is controlled by the formation
of microtwins. Our observations imply that the formation of microtwins is the first response to shock com-
pression, followed by amorphization of those previously formed twins conveniently oriented with respect to
the locally scattered shock wave.

4:45pm - 5:00pm

Exploring radiation damage on near-Earth asteroid 25143 Itokawa by TEM

Dennis Harries!, Agnese Fazio?, Falko Langenhorst?, Toru Matsumoto?
Friedrich Schiller University, Jena, Germany; *Kyushu University, Fukuoka, Japan

Atmosphere-less bodies in the solar system are irradiated by energetic ions of the solar wind and solar flares
(1 keV/nucleon to 100 MeV/nucleon). Century-long exposure to this radiation and meteoroid impacts leads
to significant changes in the spectral reflectance of their surfaces, summarily referred to as space weath-
ering. In 2005 the Hayabusa spacecraft of the Japan Aerospace Exploration Agency (JAXA) touched down
of near-Earth asteroid 25143 Itokawa and collected dust-sized particles of its surface regolith. In 2010 the
spacecraft re-entered Earth’s atmosphere and the samples collected were successfully retrieved.

The Hayabusa collection has provided a unique insight into space weathering on small, dynamically evolv-
ing bodies, which contrasts with observations made on the lunar surface. Most notably, it was expected
that mineral surfaces irradiated by ions of the solar wind will become amorphous down to a few tens of
nanometres. However, using transmission electron microscopy (TEM) this has been observed consistently
only for plagioclase — olivine and pyroxenes instead develop polynanocrystalline rims with very little if any
amorphous material [1]. Also, radiation damage appears to develop at much slower rates than predicted by
numerical simulations [2]. This behaviour appears to be related to thermally driven annealing that competes
with ionization damage and the implantation of hydrogen and helium of the solar wind.

Nanophase metallic iron (npFe®) and iron sulphide (npFeS), the main agents of spectral changes during space
weathering, have been observed in rims with significant amounts of amorphous material [3]. Such chemically
distinct rims were probably produced by vapour-deposition after meteoroid impacts, which are evident by
sub-micrometre-sized craters on many Itokawa particles [4, 5]. In purely radiation damaged rims or rims of
low exposure age npFe® and npFeS appear to be largely absent. However, a large unknown is still how the
superposition of ionization damage and vapour deposition effectively alter the surfaces of regolith particles
and their spectral properties.

References: [1] Harries D. and Langenhorst F. (2014) Earth, Planets and Space 66:163; [2] Keller L.P. et al. (2016) 47th LPSC, Houston, USA, abstract
#2525; [3] Noguchi T. et al. (2014) Meteoritics & Planetary Science 49:188-214; [4] Harries D. et al. (2016) Earth and Planetary Science Letters
450:337-345; [5] Matsumoto et al. (2018) Icarus 303:22-33. JAXA is acknowledged for providing Hayabusa-returned samples. The FIB-TEM facility
at FSU Jena is supported by DFG grant LA 830/14-1.

5:00pm - 5:15pm
Nanoscale compositional segregation and structure in complex In-bearing sulfides: Results

from transmission kikuchi diffraction and atom probe tomography

Joachim Krause?, Steven M. Reddy?, William D.A. Rickard?, David W. Saxey?, Denis Fougerouse?, Matthias E. Bauer®
IHelmholtz-Zentrum Dresden-Rossendorf, Helmholtz-Institute Freiberg for Resource Technology, Germany;
2Geoscience Atom Probe, ARCF, John de Laeter Centre, Curtin University, Perth, Australia; 3TU Bergakademie Freiberg,
Institute of Mineralogy, Brennhausgasse 14, D-09599 Freiberg, Germany

Indium-bearing sphalerites from the Himmerlein skarn deposit, located in the western Erzgebirge (Germa-
ny), show complex distribution patterns of major and minor elements on a micrometer to sub-micrometer
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scale. However, with the spatial resolution of traditional analytical methods, such as SEM-based image anal-
ysis and field emission electron probe microanalysis (FE-EPMA), many features in these samples cannot be
resolved. It remains unclear whether Cu, In and Fe are in solid solution in the sphalerite or form discrete
phases.

Atom probe tomography combined with transmission kikuchi diffraction has been used to resolve the com-
positional heterogeneity and the nanostructure of these complex In-Cu-Fe-sphalerites. The obtained data
indicate a complex structure with micro- to nanometer sized, plate-shaped inclusions of chalcopyrite in the
sphalerite. In addition, a nanometer scale In-Cu-sulfide phase forms plate-like segregations in the sphalerite.
All types of segregations have similar crystal structure and record the same crystal orientation indicating that
they likely formed by exsolution.

The results indicate that complex sulfides containing cations of more than one element as minor or major
constituents may represent discrete, exsolved phases, rather than solid solutions. This heterogeneous nature
will affect the nanoscale properties of the sphalerite, which may have implications for the economic extrac-
tion of precious elements such as In. Furthermore these nanoscale properties will open up new perspectives
on formation processes of In-Cu-Fe-sphalerites, which might be relevant for other chemically complex min-
erals as well.

5:15pm - 5:30pm
Halogen analysis of sulphide minerals at the ultratrace level — first applications of the
Dresden Super-SIMS

Axel D. Renno?, Georg Rugel?, Michael Wiedenbeck?, René Ziegenriicker?

IHelmholtz-Zentrum Dresden-Rossendorf, Helmholtz Institute Freiberg for Resource Technology, Germany;
2Helmholtz-Zentrum Dresden-Rossendorf, Institute of lon Beam Physics and Materials Research; *Deutsches
GeoForschungsZentrum GFZ

The integration of an ion source having very high spatial resolution with a tandem accelerator is a long-stand-
ing concept for improving analytical selectivity and sensitivity by orders of magnitude [1]. Translating this
design concept into reality has its challenges [e.g. 2,3], meaning this approach has seldom been employed
for mineralogical and geochemical research [e.g. 4].

Supporting a strong focus on natural, metallic and mineral resources, the Helmholtz Institute Freiberg for Re-
source Technology installed a so-called Super-SIMS at the lon Beam Center at HZDR in Dresden-Rossendorf;
this highly novel tool is devoted to the characterization of minerals and ores. The secondary ion beam from
a CAMECA IMS 7f-auto is injected into the 6MV Dresden Accelerator Mass Spectrometry [5] facility, which
effectively eliminates all molecular species from the ion beam.

We will present the current status of this initiative and will report our first results from halogen determina-
tions (F, Cl, Br, 1) in both sphalerite and galena. These data demonstrate a systematic and significant change
in the counting rates of all halogens in mineralogically distinct areas of both minerals. Furthermore, we will
describe our concepts for the quantification of these data at ultratrace levels.

[1] Matteson (2008) Mass Spec Rev 27, 470-484; [2] Ender et al. (1997) NIMB 123, 575-578; [3] Fahey et al. (2016) Anal Chem 88, 7145-7153; [4]
Sie et al. (2000) NIMB 172, 228-234; [5] Rugel et al. (2016) NIMB 370, 94-100.
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Modal abundances of coarse-grained (>5 pm) components within Cl-chondrites and their
individual clasts

Julian Alfing'?, Markus Patzek!, Addi Bischoff!

nstitut fiir Planetologie, Westfilische Wilhelms-Universitét Miinster, Wilhelm-Klemm Str. 10, D-48149 Miinster,
Germany; 2Institut fiir Mineralogie, Westfdlische Wilhelms-Universitdt Miinster, Corrensstr. 24, D-48149 Miinster,
Germany

The Cl chondrites are complex breccias and their degree of brecciation among the studied rocks is decreasing
in the sequence: Orgueil > lvuna > Alais ~ Tonk. Considering the ClI chondrite bulk rocks in general, various
values for the modal abundance of matrix (95-100 vol% [1-3]) and the accompanied mineral constituents
are given. Here, we discuss the determined modal abundance of phases >5 um in the Cl chondrites Orgue-
il, Ivuna, Alais, and Tonk. If this cut-off grain-size is used to distinguish between matrix and coarse-grained
constituents, then, the modal abundance of the minor phases magnetite, pyrrhotite, carbonate, olivine, and
pyroxene is 6 vol% in total. These phases are embedded within the fine-grained, phyllosilicate-rich matrix
making up 94 vol%. The values vary slightly from meteorite to meteorite. Considering the four studied chon-
drites the most abundant phase is magnetite (4.3 vol%) followed by pyrrhotite (~1.1 vol%) and carbonates
(~0.5 vol%). Phosphate, olivine, and pyroxene are also rare constituents. However, the Cl-breccias contain
clasts with highly-variable modal abundances. Therefore, we also studied individual clasts with the highest
abundance of specific coarse-grained phases. In this respect, in Orgueil a fragment with 21.5 vol% of mag-
netite was found. We also detected a phosphate-rich fragment in the same meteorite having 31.8 vol% phos-
phate, whereas in Ivuna an individual clast with 21.5 vol% carbonates was detected. Such a heterogeneity
of Cl chondrites was earlier described (e.g. [4,5]). Thus, since the Cl-composition is used as a standard for
comparison in geochemistry, one has to consider that sufficiently large sample masses are required to obtain
a representative Cl-composition. Small aliquots with one dominating lithology may deviate significantly from
the suggested Cl-composition used as a standard.

[1] Weisberg M. K. et al. 2006. Meteorites and the Early Solar System II. Univ. of Arizona, Tucson, 19-52; [2] Scott E. R. D. and Krot A. N. 2014.
Treatise on Geochemistry (Second Edition), Elsevier, 65-137; [3] Alexander C.M. O’D. 2019. Geochim. Cosmochim. Acta 254, 277-309; [4] Endress
M. et al. 1996. Science 379, 701-703; [5] Morlok A. et al. 2006. Geochim. Cosmochim. Acta 70, 5371-5394.

Mon: 7
SORTED STONE CIRCLES ON SVALBARD — AN ANALOG STUDY FOR MARS

Sandra Buer?, Harald Hiesinger?, Dennis Reiss?, Ernst Hauber?, Andreas Johnsson3, Hannes Bernhardt*

nstitut fiir Planetologie, Westfdlische Wilhelms-Universitét, Wilhelm-Klemm-Str. 10, 48149 Miinster, Germany; *DLR-
Institut fiir Planetenforschung, Rutherfordstr. 2, 12489 Berlin, Germany; *Univ. of Gothenburg, Box 100 SE-405 30
Gothenburg, Sweden; *Arizona State University, School of Earth and Space Exploration, 550 East Tyler Mall Bateman
Physical Sciences Center F-Wing Room F506 Tempe, AZ 85287-1404, USA

Introduction: On Mars, sorted stone circles (SSC), one type of patterned ground, were observed in several lo-
cations [1-4]. Balme et al. [2] proposed that these Martian SSCs might share the same origin as SSCs on Earth,
i.e. sorting by repeated freeze-thaw cycles due to an active layer. To decipher the formation mechanisms of
SSCs on Mars, we studied analog SSCs on Earth.

Western Spitsbergen in the high-arctic archipelago of Svalbard was chosen as study area, because there are
well-developed SSCs that formed in a cold-climate environment that display a wide range of Mars-analogue
periglacial landforms [3]. The study area is located north-west of the research station Ny Alesund at the tip
of the Brgggerhalvgya peninsula called Kvadehuksletta [1].

Methods: To investigate the SSCs on Svalbard, we measured the topography (only 2016) and the soil temper-
atures, sampled vertical profiles and took areal pictures [4]. The grain size distribution, the soil moisture and
the soil organic carbon (SOC) were analyzed in the laboratory [4].
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Results: Three SSCs were examined during the field work in 2016 (16SC2 and 16SC4) and 2017 (17SC1). The
grain size analyses show that the walls (type 1) have coarser material than the inner domain (type 2—4). At
the surface, soil moisture in the fine material is higher than in the coarser walls. In the circles sampled in 2014
[1] and 2016, we do not observe a pattern of SOC values that is reminiscent of a convection-like movement
of particles in the inner domain as found by [5].

Discussion/Conclusions: We hypothesize that in fall, thawed stone circles likely freeze top-down. In such a
scenario, the cooler, drier and permeable coarser-grained walls might conduct cold air downwards, so that
the walls and the parts adjacent and beneath the walls freeze before the more wet central interior of the
SSC. If this working hypothesis is correct, a convection-like movement of soil as proposed by [5] might be an
oversimplification. Neither the distribution of grain size and soil moisture, nor the SOC strongly support a
convection-like movement.

[1] Hiesinger H. et al. (2017) LPSC 48th, Abstract #1164; [2] Balme M. R. et al. (2009) Icarus, 200, 30-38; [3] Hauber E. et al. (2011) Geol. Soc.
London Spec. Pub. 356, 111-131; [4] Buer S. et al. (2019) LPSC 50th, Abstract #2313; [5] Hallet B. and Prestrud S. (1986) Quat. Res., 26, 81-99.

Mon: 8

The Multi-Temporal Database of Planetary Image Data (MUTED): A Web-Based Tool to
Study Surface Changes and Processes on Dynamic Mars

Thomas Heyer?, Harald Hiesinger?, Dennis Reiss?, Jan Raack?, Ralf Jaumann?

nstitut fiir Planetologie, Westfdlische Wilhelms-Universitét, Miinster, Germany; °German Aerospace Center (DLR),
Berlin, Germany

The Multi-Temporal Database of Planetary Image Data (MUTED) is a web-based tool to support the identi-
fication of surface changes and time-critical processes on Mars. The database enables scientists to quickly
identify the spatial and multi-temporal coverage of orbital image data of all major Mars missions. Since the
1970s, multi-temporal spacecraft observations have revealed that the martian surface is very dynamic [e.g.,
1]. The observation of surface changes and processes, including eolian activity [e.g., 2], mass movement
activities [e.g., 3], the growth and retreat of the polar caps [e.g., 4], and crater-forming impacts [5] became
possible by the increasing number of repeated image acquisitions of the same surface areas. Today more
than one million orbital images of Mars are available [6]. This increasing number highlights the importance
of efficient and comprehensive tools for planetary image data management, search, and access. MUTED is
accessible at http:muted.wwu.de and will assist and optimize image data searches to support the analysis
and understanding of short-term, long-term, and seasonal processes on the surface and in the atmosphere
of Mars. In particular, images can be searched in temporal and spatial relation to other images on a global
scale or for a specific region of interest. Additional information, e.g., data acquisition time, the temporal and
spatial context, as well as preview images and raw data download links are available. Due to continuous data
acquisition by spacecraft, the amount of image data is steadily increasing and enables further comprehensive
analyses of martian surface changes.

[1] Sagan et al. (1972) Icarus, 17, 346-372; [2] Reiss et al. (2011) Icarus, 215, 358-369; [3] Dundas et al. (2015) Icarus, 251, 244-263; [4] Calvin et
al. (2017) Icarus, 292, 144-153; [5] Daubar et al. (2013) Icarus, 225, 506-516; [6] Heyer et al. (2018) PSS, 159, 56—65.

Mon: 9

Classification of 13 cm chondrite breccias

Sarah Lentfort, Addi Bischoff, Samuel Ebert
WWU Miinster, Germany

CM chondrites are complex impact (mostly regolith) breccias, in which lithic clasts show various degrees of
aqueous alteration. These fragments are mixed together and lithified in a fine-grained matrix; however, the
conditions of aqueous alteration are still controversial (e.g., [1-6]). In particular, this is the case considering
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the chronological relationship between aqueous alteration and brecciation. To quantify the degree of altera-
tion, different classification schemes have been suggested (e.g., [5-6]).

In this study, individual fragments of 13 CM chondrite breccias have been investigated in detail. The alter-
ation index of 90 fragments was determined based on the optical appearance and chemistry of their PCPs
using the procedure suggested by [6]. An accurate subclassification can only be performed by obtaining the
chemical composition of the PCPs considering the “Fe0”/SiO,- and S/SiO,-ratios and the SiO,, FeO, and MgO
contents. For certain clasts “FeQ”/SiO,-ratios were significantly above the values of 2.9 + 0.6 (subtype CM2.6
by [6]) and lead to the definition of some new subtypes (CM2.7-2.9). Samples free of well-defined clasts were
also classified by the analyses of PCP objects randomly distributed throughout the sample (e.g., NWA 10907).
On this basis the CM chondrites are classified as follows: LON 94101 (CM2.0-2.8, also containing Cl clasts),
ALH 85013 (CM2.0-2.8), ALHA 77306 (CM2.0-2.6), Banten (CM2.4-2.9), NWA 10907, 10908 (CM2.3-2.4), Mar-
ibo (CM2.4-2.6), Jbilet Winselwan (CM2.3-2.9), Cold Bokkeveld (CM2.0-2.8), Nogoya CM2.0-2.6), Murchison
(CM2.4-2.9), Y-791198 (CM2.4-2.8), Santa Cruz (CM2.4-2.8). The study shows that the degree of aqueous
alteration can vary from clast to clast within a single thin section and between thin sections. Consequently,
the CM subtype classification based on the most abundant fragment-type as used by [6] is not appropriate
for the classification of complex CM chondrite breccias. Therefore, an extended classification scheme from
2.0-2.9 that takes the brecciation and the degree of alteration into account is more precise and preferable.

[1] Fuchs L.H. et al. (1973) Smiths. Contrib. Earth Sci. 10:1-39; [2] Metzler K. et al. (1992) Geochim. Cosmochim. Acta 56: 2873-2897; [3] Bischoff
A. (1998) Meteoritics & Planet. Sci. 33: 1113-1122; [4] Metzler K. (2004) Meteoritics & Planet. Sci. 39:1307-1319; [5] Browning L. et al. (1996)
Geochim. Cosmochim. Acta 60: 2621-2633; [6] Rubin A.E. et al. (2007) Geochim. Cosmochim. Acta 71: 2361-2382.

Acknowledgement: We thank the DFG for support within the SFB-TRR 170 (subproject B0O5) and the Meteorite Working Group and Mike Zolensky
(both Houston) and the NIPR (Tokio) for the loan of meteorite samples.
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A Chondrule Formation Experiment Aboard the ISS: Experimental Set-up and Test
Experiments

Dominik Spahr?, Tamara E. Koch?, David Merges?, Anna A. Beck?, Oliver Christ?, Shintaro Fujita?, Philomena-T.
Genzel', Jochen Kerscher?, Miles Lindner?, Diego Menderos-Leber?, Fabian Wilde3, Wolfgang Morgenroth?, Frank E.
Brenker?, Bjorn Winkler!

1Goethe University Frankfurt, Germany; ?HackerSpace FFM e. V., Oberursel, Germany; 3Helmholtz-Zentrum
Geesthacht, HZG Outstation at DESY in Hamburg, Hamburg, Germany

The formation of chondrules is one of the most enigmatic processes in planetary science. The EXCISS experiment
(Experimental Chondrule formation aboard the ISS) was developed in order to investigate if chondrule forma-
tion via “nebular lightning” [1-5] is a viable process. At conditions of long-term micro gravity synthetic forsterite
(Mg_SiO,) particles were repeatedly exposed to electrical discharges with the aim to observe if these particles
melt and fuse under these conditions. EXCISS was launched with Cygnus NG-10 on November 17", 2018 and was
carried in December 2018 and January 2019 aboard the ISS. Here, we will present the experimental set-up of the
ISS based experiment together with the first results of the experiments in space.

The experimental set-up is mounted in a 1.5 U NanoRacks NanolLab with a size of approx. 10 x 10 x 15 cm?3.
Forsterite particles (80 — 120 um) were levitating in aglass sample chamber, filled with Ar at 100 mbar pressure,
where they were subjected to electrical arcs. The behavior of the particles in micro gravity was documented with
a video camera. We complemented these experiments by laboratory-based discharge experiments on Earth.

The experiments aboard the ISS were successfully completed. We performed about 80 arc discharges. The
video documentation shows that some dust particles initially stuck on the walls and the electrode. Fur-
thermore, many particles formed irregular shaped agglomerates levitating in the sample chamber and thus
became precursors well suited for the discharge experiments. These agglomerates were attracted by the
charged electrodes. After the discharge experiments, we observe that the arc discharges led to changes in
the particle size and shape. The capsule return is planned with SpaceX CRS17 scheduled for end of May 2019
and after sample return, we will analyze these experimental products in detail.
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[1] Whipple F. L. (1966) Science 153:54-56; [2] Horanyi, M. et al. (1995) Icarus 114:174-185; [3] Desch S. J. and Cuzzi, J. N. (2000) /carus
143:87-105; [4] Johansen A. and Okuzumi A. (2018) Astronomy & Astrophysics A31:1-22; [5] Guttler C. et al. (2008) Icarus 195:504-510.
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2c): Planetary Accretion and Impact Processes

Wednesday, 25/Sep/2019: 1:00pm - 3:00pm

Session Chair: Thomas Haber (Westfalische Wilhelms-Universitat Miinster)
Session Chair: Gregory Jude Archer (University of Miinster)

Session Chair: Emily Anne Worsham (University of Miinster)

Location: H2

Session Abstract

Impact events of all sizes were crucial for the growth of the terrestrial planets and continue shaping their sur-
faces today. Thus, studying the nature of the impactors and the effects of the impacts themselves helps us to
understand how the four terrestrial planets and related, smaller bodies (e.g., the Moon) formed and evolved.
The goal of this session is to present and discuss research on the characteristics and origin of the material
delivered to the terrestrial planets, the large-scale consequences of the addition of these materials for the
isotopic and elemental compositions of terrestrial bodies, and the impact processes themselves, including
the effects of giant impacts and the structures and materials generated by non-disruptive impacts. For this
interdisciplinary session we invite contributions from the fields of planetary sciences, geophysics, petrology,
and geochemistry.

Lecture Presentations
1:00pm - 1:15pm

The triple oxygen isotope composition of lunar rocks

Meike B. Fischer'?, Stefan T. M. Peters?, Paul Hartogh?, Andreas Pack!
1Department of Isotope Geology, Georg-August-Universitidt Géttingen, Germany; ?Department of Planets and Comets,
Max Planck Institute for Solar System Research, Germany

According to the original giant impact hypothesis the Moon formed due to a catastrophic collision of pro-
to-Earth with the impactor Theia. Debris of both bodies were thrown in the Earth’s orbit and this material
formed the Moon. In such a scenario Theia is expected to have a triple oxygen isotope composition (A’*’0O)
distinct from the proto-Earth. The Moon should also differ in its A’*’O from Earth, because the original giant
impact hypothesis implies that the Moon accreted a higher portion (70-90%) of Theia than the Earth [1-3].

The triple oxygen isotope composition of the Moon vs. Earth was investigated in several studies [4-12]. These
studies reported differences in A’’O (Moon-Earth) between 0 and 12 ppm. We reassess the composition of
lunar rocks in comparison to terrestrial rocks by means of improved high-precision ¥0/**0 and ’0/**0 meas-
urements.

Oxygen was extracted from the samples by BrF, laser fluorination and measured using a gas source stable
isotope ratio mass spectrometer (MAT 253). A new laser fluorination line was constructed and an analytical
protocol with longer measurement sessions was developed.

We present new triple oxygen isotope data on lunar rocks from 5 different Apollo missions. Mare basalts/
gabbros, anorthosites, breccias, soil, and pyroclastic glasses were studied. We analysed typical terrestrial
mantle materials for an Earth-Moon comparison.

52



2) Structure and evolution of planetary bodies
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1:15pm - 1:30pm

An outer solar system origin of the Moon-forming impactor

Thorsten Kleine, Gerrit Budde, Christoph Burkhardt
University of Miinster, Germany

The Moon is thought to have formed from debris ejected by a giant impact on the early Earth, but the ori-
gin of the impactor and whether it derives from the same or a distinct reservoir as the Earth are unknown.
The striking isotopic similarity between the Earth and Moon indicates either that the Moon largely consists
of proto-Earth material or that the Earth and Moon isotopically equilibrated in the aftermath of the giant
impact. Either way, the isotopic composition of the Moon provides no information on the nature of the im-
pactor. Here we show, however, that the isotopic composition of siderophile elements in the Earth’s mantle
allows constraining the origin of the Moon-forming impactor. This is because siderophile elements in the
present-day Earth’s mantle predominantly derive from the late stages of accretion and their isotopic compo-
sition is, therefore, strongly influenced by that of the last giant impactor. Based on the Mo isotopic dichotomy
between non-carbonaceous and carbonaceous meteorites, which represent inner and outer solar system
materials, respectively, we show that about half of the Mo in Earth’s mantle derives from outer solar system
objects. Given that most of the Mo in Earth’s mantle derives from the Moon-forming impactor, these results
imply that this impactor originally formed in the outer solar system. This object may have been scattered into
the inner solar system during the early migration and growth of Jupiter, and may have been later destabilized
during the orbital instability of the gas giant planets about 100 Ma after formation of the solar system.

1:30pm - 2:00pm Session Keynote

Mechanics and conditions for devolatilising the Moon

Paolo A. Sossi
Institute of Geochemistry and Petrology, ETH Ziirich, Sonneggstrasse 5, CH-8092, Ziirich, Switzerland

Chemical measurements of the first lunar basalts returned from the Moon revealed that, although they share
similar abundances of refractory lithophile elements with respect to terrestrial basaltic rocks, they are impover-
ished in volatile metals, such as K and Zn [1-3]. More recently, the heavy isotopic composition of these volatile
elements in lunar rocks has been cited as evidence of an evaporation process that stripped the Moon of its
volatiles [4, 5]. However, the timing, conditions and mechanisms that could have resulted in volatile depletion
of the Moon, whilst maintaining Earth’s mantle-like refractory element abundances and isotopic compositions,
remain poorly known. Here, thermodynamic calculations, based on new experimental work of the evaporation
of silicate melts, are used to predict the expected depletion patterns of moderately volatile elements due to
vaporisation. It is found that, in order to match the measured lunar volatile element abundances and isotope
compositions, rather low (= 1500 K) temperatures are required. These temperatures are far too low for the
atmosphere to have been lost by Jeans escape given escape velocities for the present-day Moon. However, be-
cause the accretion of the Moon occurred at the Earth’s Roche Limit (at 2.5 Earth radii), the strong gravitational
well of the Earth would have significantly assisted volatile escape from the Moon, in which particles are lost
when they cross its Hill sphere radius. In this case, the lunar atmosphere can escape hydrodynamically over a
period of 10* years, and the particles are re-accreted to the Earth. Volatile loss is then arrested over a similar
timescale due to j) a rapid cooling of the Moon and Ji) its outward orbital migration, which increases the Hill
sphere radius. This process is therefore akin to that occurring for double stars and star-proximal exoplanets, and
may be effective in causing the widespread volatile depletion observed in small rocky bodies.
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[1] Ringwood, A.E., & Essene, E. (1970). Science, 167, 607-610; [2] O’Hara, M. J et al. (1970). Geochim. Cosmochim. Acta Suppl., 1, 695; [3]
Wolf, R., & Anders, E. (1980). Geochim. Cosmochim. Acta Suppl, 44(12), 2111-2124; [4] Paniello, R. C., Day, J. M., & Moynier, F. (2012). Nature,
490(7420), 376-379; [5] Wang, K., & Jacobsen, S. B. (2016). Nature, 538, 487-490.

2:00pm - 2:15pm

Modeling partitioning of SVEs during Earth’s core formation

Dominik Loroch, Sebastian Hackler, Arno Rohrbach, Stephan Klemme
Universitat Miinster, Germany

That Earth’s mantle is depleted in numerous elements as a result of accretion and core-mantle differentiation
is known and intensely studied for more than four decades now. However, siderophile but volatile elements
(SVEs), potentially very important has received considerably less attention in this context. For SVEs especially
the partitioning between metal/sulfide melt and silicate melt (Dmet/slicate  psulfide/silicate) 5t core formation condi-
tions is poorly constrained, nevertheless these elements are very important for most of the core formation
models.

The hypothesis that we are testing uses the accretion of major portions of volatile elements while the core
formation was still active. This study is using new metal-silicate partitioning data for a wide range of SVEs
(S, Se, Te, Tl, Ag, As, Au, Cd, Bi, Pb, Sn, Cu, Ge, Zn, In and Ga), from internally consistent experiments, with a
focus on sulfur dependencies.

We performed high pressure (1 to 20 GPa), high temperature (1400 to 2300 °C) metal/silicate partitioning ex-
periments where we vary the sulfur content from sulfur-free to stoichiometric sulfide melt compositions. For
trace element analysis we are using a Photon Machines Analyte G2 Excimer laser (193 nm) ablation system
coupled to a Thermo Fisher Element 2 single-collector ICP-MS (LA-ICP-MS) to determine Dmet/slicate ya]yes,

We will present the results for a suite of elements, similar in terms of volatility (i.e. 50% condensation tem-
perature and depletion in the bulk silicate Earth (BSE) relative to Cl chondrite. This dataset was used to model
the compositional evolution of the BSE, the segregating metal diapirs and the Earth’s core. The data has been
compiled in a step-wise accretion model assuming continuous core formation and heterogeneous impactor
compositions.

The modeling results are showing not only the necessity of HP, HT partitioning data for most of the elements,
due to the limitations and possible extensive high errors on the extrapolation. But importantly, model out-
come is suggesting that the core formation due to metal/silicate partitioning, on its own, is not reproducing
the observed depletion trend for the PM values (c.f. [1]) for various SVEs.

[1] Lodders K. (2003) Astrophys. J. 591, 1220-1247.

2:15pm - 2:30pm

Chalcophile Element Accretion from the Late Veneer

Sebastian Hackler, Loroch Dominik, Arno Rohrbach, Stephan Klemme, Jasper Berndt
Wesfélische Wilhelms-Universitét Miinster, Institut fiir Mineralogie, Corrensstrafie 24, 48149 Miinster, Germany

The arrival of volatile elements to the Earth is one of the most important aspects for the development of
life, however, the timing of volatile delivery and its carrier materials to Earth are still poorly constrained. Pro-
cesses of accretion and core formation that established the chemical budgets of the Earth’s mantle and core
are still matter of debate. Several competing theories have been developed over the last decades. Either the
Earth accreted mostly from refractory building blocks and volatile elements were delivered late after core
formation had ceased or volatile rich material accreted during the main stages of accretion with core forma-
tion being active.

Understanding the partitioning behavior of volatile elements that are also siderophile and/or chalcophile
(S, Se, Te, Tl, Ag, Au, Cu, Bi, Sn, Cu, Ge and In) may provide key information in this regard. We tested if the
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chalcophile element concentrations in the bulk silicate Earth (In, Cd, S, Se, Sn, Te, Pb, Cu, Bi) were established
solely by a late segregation of a sulfide melt (“Hadean Matte”) or if an additionally a chondritic late veneer
event is needed.

To examine the influence of sulfur on siderophile volatile element partitioning between sulfide/metal- and
silicate melts (D*v"*! / D™et*!), we performed experiments from sulfur free to sulfur rich-melts (~¥35 wt.% S).
Partitioning experiments were carried out under various P-T-fO, conditions with a 600 t walker-type multi-an-
vil press (1-20 GPa, 1400-2100 °C). The run products were analyzed via FEG-EMPA and LA-ICP-MS.

Our results show that Te (D*“"*'= 200) is considerably more chalcophile than Se and S (D' = 50) which
implies that Te should appear more depleted in the bulk silicate Earth compared to Se and S. Commonly
referred chalcophile elements with similar volatility (In, Cd, Sn, Pb, Cu, Bi) show lower D! compared to
Dmetsil arguing for a less effective “Hadean Matte” depletion effect. We observe that various mass fractions of
different meteorites is needed during a possible late veneer event to explain the bulk silicate Earth element
abundances. Therefore, we propose, that a late sulfide segregation in combination with a late veneer event
is unable to explain the mantle concentrations of the studied elements.

2:30pm - 2:45pm

Tellurium stable isotopic constraints on the nature of late accretion

Jan L. Hellmann, Timo Hopp, Christoph Burkhardt, Thorsten Kleine
University of Miinster, Germany

Late accretion, or late veneer, is defined as the addition of broadly chondritic material to Earth’s mantle after
core formation ceased. However, the origin and nature of the late-accreted material remains controversial.
Nucleosynthetic Ru isotope anomalies for meteorites indicate that this material was most similar to enstatite
and distinct from carbonaceous chondrites [1], consistent with prior conclusions based on the Os isotope
composition of Earth’s mantle [2]. By contrast, the Se/Te ratio of Earth’s mantle is similar to that of vola-
tile-rich carbonaceous chondrites, and distinct from enstatite and ordinary chondrites [3], suggesting that
the late veneer contained some material from carbonaceous chondrites.

To resolve these disparate observations, and to better constrain the nature and origin of the late-accreted
material, we obtained mass-dependent Te isotopic data for terrestrial samples and a comprehensive set of
chondrites. Tellurium stable isotope variations may arise as a result of nebular processes, leading to distinct
isotopic compositions among chondrites, which allow to distinguish between different chondrite groups as
potential sources of the late veneer. To this end, we developed a »*Te-'?*Te double spike method for the pre-
cise measurements of Te isotope variations by multi-collector ICP-MS. The Te stable isotopic composition of
the bulk silicate Earth was precisely defined by analyses of several peridotites, which have been well charac-
terized in previous studies [e.g., 3]. Samples from the major chondrite classes display a range in Te isotopic
compositions, and combined with their Se/Te ratios only some carbonaceous chondrite group overlap with
the composition determined for the Earth’s mantle in this study. Our new data therefore indicate that the
late veneer cannot have solely consisted of enstatite chondrite-like material, but also included volatile-rich
carbonaceous chondrite-like material. When combined with the Ru and Os isotopic evidence for an enstatite
chondrite-like composition of the late veneer, our new Te isotopic data indicate that the late accretionary
assemblage was a mixture of volatile-rich carbonaceous and volatile-poor non-carbonaceous material.

[1] Fischer-Godde M. and Kleine T. (2017) Nature 541, 525-527; [2] Meisel T. et al. (2001) GCA 65, 1311-1323; [3] Wang Z. and Becker H. (2013)
Nature 499, 328-331.
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Poster Presentation
Tue: 1

A History of Outhouse Rock

Thomas Haber, Erik E. Scherer
Westfdlische Wilhelms-Universitidt Miinster, Institut fiir Mineralogie, Corrensstr. 24, D-48149 Miinster, Germany

Outhouse Rock, a boulder at the rim of North Ray Crater, records several events that are important for under-
standing the lunar impact chronology. The matrix of the boulder is a KREEP-rich impact melt rock (Apollo 16
samples 67935, -36, and -37), in which brecciated feldspathic clasts (sampled as 67915 and -55) are embed-
ded. Previous dating of the boulder matrix (Re-Os), as well as a feldspathic clast (Sm-Nd), yielded ~4.2 Ga for
both [1, 2]. However, different impactor signatures, textural characteristics, chemical compositions, and the
clast-matrix relationship itself point to the clast and the matrix recording two distinct impact events, likely of
basin-size [1, 2].

For this study, we are analysing the Lu-Hf, Sm-Nd, Rb-Sr, and Pb-Pb systematics of samples 67935 and -55
to better understand and constrain the events recorded by the boulder. For 67955, we determined a Sm-Nd
isochron date of 4202 +45 Ma (6 of 6, MSWD = 1.5), precisely confirming the 4200 £70 Ma date reported by
[2]. The Rb-Sr data of [2] for 67955 suggest a possible ~900 Ma date, which suggests a possible link to Co-
pernicus crater [3]. However, our Rb-Sr results and Sm-Nd neutron flux data indicate a more recent ejection,
consistent with an excavation of the boulder during the formation of North Ray Crater at ~50 Ma [e.g., 4].

For 67935, we obtained a Sm-Nd isochron date of 3903 +160 Ma (5 of 7, MSWD = 1.3). This is considerably
younger than the Re-Os date (4210 +130 Ma) of [1] for the same sample and coincides with the age of the
Imbrium basin impact (3.91-3.94 Ga, [5]), which has been proposed to be the source for many of the KREEP-
rich impact melt rocks at the Apollo landing sites [e.g., 6].

Overall, our data suggest that Outhouse Rock formed ~3.9 Ga (instead of ~4.2 Ga) from KREEP-rich Imbrium
ejecta melt, which incorporated ~4.2 Ga feldspathic material as clasts. The boulder most likely was excavated
to the surface by North Ray Crater.

[1] Fischer-Gédde M. and Becker H. (2012) GCA 77, 135-156; [2] Norman M. D. et al. (2016) GCA 172, 410-429; [3] Norman M. D. et al. (2007)
LPS XXXVIII, Abstract #1991; [4] Drozd R. J. (1974) GCA 38, 1625-1642; [5] Bottke W. F. and Norman M. D. (2017) Annu. Rev. Earth Planet. Sci. 45,
619-647; [6] Haskin L. A. et al. (1998) MAPS 33, 959-975.
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2e) Recent advances in lunar science

Monday, 23/Sep/2019: 11:15am - 1:00pm

Session Chair: Harald Hiesinger (Westfadlische Wilhelms-Universitat Miinster)
Location: Schloss: Aula

Session Abstract
The Moon is a fundamentally imortant object for our understanding of the solar system. In the last decade,
several space missions visited the Moon and returned information on its internal structure, thermal evolu-
tion, chemical and mineralogical composition, physical properties, and morphology in unprecedented detail.
We invite contributions that utilized these new data sets, as well as older Apollo-era data sets, to decipher
the geologic history and evolution of the Moon.

Lecture Presentations
11:15am -11:30am

Dating Lunar Surface Features With Crater Size-Frequency Distribution Measurements:
A Review

Harald Hiesinger
Westfdlische Wilhelms-Universitdt Miinster, Germany

Astronauts carefully selected samples on the Moon and characterized their geologic context. Together with
the samples of the Luna missions, they allow us to ground truth remote-sensing data of the landing sites with
samples that have been investigated in detail in terrestrial laboratories [e.g., 1]. One particularly important
outcome was the lunar chronology, which links CSFDs of the landing sites with their sample ages [e.g., 2,3].
The lunar chronology function (CF) and its extrapolation is crucial for understanding the history and evolution
of other planetary bodies. From high-resolution imagery we can determine the size-frequency distribution of
impact craters on the Moon across a wide range of diameters, i.e., the lunar production function (PF). Similar
to the CF, the PF is crucially important because it describes the expected crater size-frequency measured on
a geologic unit at a specific time [e.g., 4]. Although the CSFD dating method generally yields robust results,
several critical questions remain, including the exact shapes of the PF and CF [e.g., 5], the existence of a lunar
cataclysm [e.g., 6], whether the lunar derived PF and CF functions can be extrapolated to the asteroid belt
[e.g., 7] or the outer Solar System [e.g., 8], and on the effects of (self-)secondary cratering and target prop-
erties [e.g., 9,10].

Applying the CSFD method allowed us to better understand the volcanic record of the Moon [e.g., 11, indicat-
ing that the Moon was volcanically active for more than 3 Ga until about 1.2 Ga ago although irregular mare
patches might be as young as <100 Ma old [12] or as old as 3.5 Ga [13]. The distribution and recent ages of
lobate scarps imply that the Moon was deformed by tidal forces and shrinking within the last <100 Ma [14].
Dating impact craters yields insight into the local/regional stratigraphy by defining important stratigraphic
benchmarks.

[1] Nyquist et al., 2001, Kluwer; [2] Hartmann, 19703, Icarus 13; [3] Neukum, 1983, Habilitation, Munich; [4] Ivanov, 2001, SSR 96; [5] Robbins,
2014, EPSL 403; [6] Zellner, 2017, Orig. Life Evol. Biosph. 47; [7] Hiesinger et al., 2016, Science 33; [8] Bierhaus et al., 2018, Meteoritics 53; [9]
Zanetti et al., 2017, Icarus 298; [10] van der Bogert et al., 2017, Icarus 298; [11] Hiesinger et al., 2011, Geol. Soc. Am. Spec. Pap. 477; [12] Braden
et al, 2014, Nat. Geosci. 7; [13] Qiao et al., 2017, Geology 45; [14] Watters et al., 2015, Geology 43.
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11:30am - 11:45am

Ages of the geological events around the Apollo 17 landing site

Wajiha Igbal, Harald Hiesinger, Carolyn van der Bogert
Institut fiir Planetologie, Westfélische Wilhelms-Universitéit Miinster, Germany

The Apollo 17 landing site in Taurus Littrow valley shows a diverse geological history [1]. We used Lunar Re-
connaissance Orbiter (LRO) Narrow-Angle Camera (NAC) and Wide-Angle Camera (WAC) images, the LOLA/
SELENE merged digital terrain model (DTM), as well as Clementine, M3, and Kaguya Mineral Imager spectral
data, to produce new high-resolution geological maps around the landing site. Furthermore, we used LRO
NAC-derived DTMs and other products to measure the absolute model ages (AMAs) of the mapped geologi-
cal units using crater size-frequency distribution (CSFDs) measurements.

The geological history of the Taurus-Littrow valley can be divided into the Copernican, post-Imbrian, Imbrian,
and pre-Imbrian periods. The Copernican-aged events include the formation of the Lee-Lincoln lobate scarp,
light mantle deposit (LMD) landslides, central cluster (Cc) interpreted as secondaries from Tycho crater, and
a light debris feature called the Paint-splatter. Post-Imbrian mare basalt flows and pyroclastics fill the floor
of the valley. The overlying dark pyroclastic materials also appear to fill the troughs in the surrounding high-
lands. The extent of the flows and mantling deposits were mapped through albedo and spectral contrasts.
Patches of light Imbrian plains are also mapped in highlands. Although the highlands around the valley are
mostly covered by ejecta from Imbrium basin, the massifs probably represent the remnants of the crater wall
or ejecta material of Serenitatis basin.

We used LRO WAC and NAC data as well as Kaguya Terrain Camera data to measure CSFDs on the various ge-
ological units in the mapping area. The Copernican units mainly show AMAs from ~75 Ma to 102 Ma [2]. The
AMA for the mare basalt flows and pyroclastics cluster around ~3.70 Ga [3,4]. The Imbrian plains material
in the highlands shows an AMA of ~3.80 Ga. These measured AMAs are consistent with the Apollo 17 sam-
ple ages. The ages of the samples [5] are currently being compared with the new geological map and CSFD
measurements to test and improve the lunar cratering chronology [6], which allows the dating of unsampled
surfaces across the Moon, and is extrapolated for use on other planetary bodies.

[1] Schmitt et al (2016) Icarus 298, 2-33; [2] van der Bogert et al. (2019) LPSC 50, 1527; [3] van der Bogert et al. (2016) LPSC 47, 1616; [4] Hiesinger
et al. (2000) JGR 105, 29239-29275; [5] Stoffler et al. (2006) Rev. Min. Geochem. 60, 519-596; [6] Neukum (1983) Habil. thesis, U. of Munich.

11:45am - 12:00pm

Complex Copernican Geology at the Apollo 17 Landing Site

Carolyn H. van der Bogert?, Harald J. Hiesinger', Wajiha Igbal?, Jaclyn D. Clark?, Mark S. Robinson?, Bradley L.
Jolliff®, Timothy M. Hahn Jr.3, Thomas R. Watters*, Maria E. Banks**, Harrison H. Schmitt®

1Westfdlische Wilhelms Universitédt Miinster, Germany; *Arizona State University, USA; *Washington University in St.
Louis, USA; “Smithsonian Institution, USA; °NASA Goddard Space Flight Center; ¢University of Wisconsin-Madison, USA

The Apollo 17 landing site exhibits complex geology partly characterized by several recent features: the Lee
Lincoln lobate scarp (LLS), a light mantle deposit (LMD), and a secondary crater cluster called the Central
Cluster (CC). The latter two were previously linked to Tycho crater [e.g., 1], and exposure ages from these
features were used to calibrate the lunar cratering chronology for Tycho [2]. However, recent work dating the
LLS found an age similar to Tycho [3], raising the possibility that the LMD was instead triggered by seismic
shaking from an LLS event [1,3,4]. We review and discuss the origins and ages of these recent events.

Exposure ages of samples from the CC and LMD led [5] to conclude that both formed ~100 Ma ago. Addi-
tional exposure ages were determined for the CC and Sculptured Hills areas [6]. In sum, the results from [6]
indicated an age of ~109+4 Ma for the CC and LMD, which [6] interpreted as the age of Tycho crater.

The paucity of >~100 m diameter craters on the LLS, along with its morphological freshness, indicates that
it is young [e.g., 1,8]. CSFD measurements suggest that the last significant activity on the LLS occurred ~75
Ma ago [3,9]. CSFDs on the LMD and CC are consistent with CSFDs at Tycho crater [7]. New ages for the LMD
using recent NAC data (~¥86 Ma) match NAC measurements on Tycho ejecta (85+15/-18 Ma) [10]).
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The similarity of the CSFDs and exposure ages of samples from the CC and LMD suggest a common origin.
However, our work dating the LLS indicates it is statistically coeval with the LMD and Tycho. As such, the
spread in the exposure and CSFD ages is plausibly explained by the occurrence of multiple events ~75-110
Ma. Given that Tycho secondaries and LLS are unrelated, the question remains — which event triggered the
formation of the LMD?

[1] Lucchitta (1977) Icarus 30, 80; [2] Wolfe et al. (1975) PLPSC 6, 2463; [3] van der Bogert et al. (2012) LPSC 43, 1847;. [4] Schmitt et al. (2017)
Icarus 298, 2; [5] Arvidson et al. (1976) PLPSC 7, 2817; [6] Drozd et al. (1977) PLPSC 8, 3027; [7] K6nig (1977) PhD Thesis, Univ. Heidelberg, NASA
TM-75023; [8] Watters et al. (2010) Science 329, 936; [9] van der Bogert et al. (2018) Icarus 306, 255; [10] Hiesinger et al. (2012) JGR 117, EOOH10.

12:00pm - 12:15pm

The light plains of the lunar northern hemisphere

Claudia M. Péhler, Harald Hiesinger, Carolyn H. van der Bogert
WWU Miinster, Germany

The appearance of light plains is morphologically similar to dark mare plains. Due to the morphological simi-
larity, a volcanic origin for light plains was proposed [1]. However, the Apollo 16 mission revealed light plains
consisting mostly of impact breccias [2]. This led to several new hypotheses proposing an origin by one or
two basin-forming events or several local impact events [e.g., 3,4]. Meanwhile, other lines of evidence still
seem to support a volcanic origin [5,6]. To investigate whether light plains have common ages and/or origins,
we determined the absolute model ages (AMAs) of light plains in the northern hemisphere to expand on ex-
isting data for light plains close to the equator [7], in the southern hemisphere [8], on the northern nearside
[6], and around Orientale basin [9]. On the basis of Lunar Reconnaissance Orbiter Wide Angle Camera image
data (100 m/pixel) [10], we identified and characterized the light plains in our study area extending from the
north pole to 45°N. We performed crater size-frequency distribution (CSFD) measurements and determined
absolute model ages (AMAs) using the production and chronology functions of [11,12,13]. We carefully ex-
amined the light plains units chosen for CSFD measurements for homogenous surfaces and gave special care
to exclude secondary craters. We determined AMAs for 24 light plains occurrences. The light plains show
AMAs ranging from 3.43+0.096/-0.28 to 3.98+0.019/-0.022 Ga. We observe a peak in ages around 3.8 Ga that
could potentially correlate to the Orientale basin-forming event. The large timeframe for light plains forma-
tion excludes an origin solely by a single basin-forming event. In addition, we could not find morphological
evidence for a volcanic origin of the light plains. The results of this study are in agreement with an origin by
local impact events covering mare units and hence resulting in flat surfaces with highland like properties.

[1] Wilhelms and McCauley (1971) USGS 1-703; [2] Muehlenberger et al. (1972) Apollo 16 PSR, 6-1-6-8; [3] Head (1974) Moon 11, 327-356; [4]
Oberbeck et al. (1974) PLPSC 5, 111-136; [6] Neukum (1977) Moon 17, 383-393; [7] K6hler et al. (2000) LPSC 31, 1822; [8] Hiesinger et al. (2013)
LPSC 44, 2827; [9] Meyer et al. (2016) Icarus 273, 135-145; [10] Robinson et al. (2010) Space Sci. Rev. 150, 81-124; [11] Neukum et al. (2001) Space
Sci. Rev. 96, 55-86; [12] Hiesinger et al. (2000) JGR 105, 29239-29276; [13] Crater Analysis Working Group (1979) Icarus 37, 467-474.

12:15pm - 12:30pm

Lunar Basaltic Volcanic Eruptions: New Discoveries and Insights from Modeling and
Observations

james Head?, Lionel Wilson'?
1Brown University, United States of America; ’Lancaster University, United Kingdom

Recent advances in lunar science have revolutionized our view of basaltic magma generation, ascent and
eruption. New insights from: 1) sample analysis (discovery of increased volatile content in lunar magmas), 2)
magmatic volatiles and reactions (synthesis of the production of volatiles during magma ascent), 3) experi-
mental petrology (magma source regions and their depths), 4) theory (models of magma generation, ascent
and eruption), 5) eruption dynamics (modeling of eruptions in the lunar environment), 6) rates of extrusion
and degassing (the Moon may have had transient atmospheres for tens of millions of years): 7) observations
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(discovery and documentation of Irregular Mare Patches, IMPS, and Ring Moat Dome Structures, RMDS), 8)
chronology (interpretation of IMPs as erupting in the last 100 Ma of lunar history), have all combined to rad-
ically alter our vision of lunar basaltic volcanism. We use the basic principles of magma generation, ascent,
and eruption to examine the range of dike volumes, effusion rates, volatile species, and release patterns as
a function of time and eruption duration, subdividing eruptions into four sequential phases with specific
individual characteristics and predictions. Giant 50- to 90-km-long, 30- to 100-m-wide dikes transfer mag-
ma volumes of up to ~1,000 km3 to the lunar surface, rising from the mantle at speeds of tens of m/s, and
initially delivering magma volume fluxes of up to ~106 m3/s to the surface. The absence of an appreciable
atmospheric pressure caused eruptions to have a vigorously explosive nature, despite the low magmatic
volatile content by Earth standards. Assessment of mare basalt gas release patterns during individual erup-
tions provides the basis for predicting the effect of vesiculation processes on the structure and morphology
of associated features, subdividing typical lunar eruptions into four phases: Phase 1, dike penetrates to the
surface, transient gas release phase; Phase 2, dike base still rising, high-flux hawaiian eruptive phase; Phase
3, dike equilibration, lower flux hawaiian to strombolian transition phase; and Phase 4, dike closing, strombo-
lian vesicular flow phase. We show how these four phases of mare basalt volatile release, together with total
dike volumes, initial magma volatile content, vent configuration, and magma discharge rate, can help relate
the wide range of apparently disparate lunar volcanic features (pyroclastic mantles, small shield volcanoes,
compound flow fields, sinuous rilles, long lava flows, pyroclastic cones, summit pit craters, IMPs, and RMDS)
to a common set of eruption processes. We outline implications for the history of lunar basaltic volcanism.

12:30pm - 12:45pm

Experimental simulation of Apollo 16 “rusty rock” alteration by a fumarolic metal bearing
gas

Christian J. Renggli, Stephan Klemme
Institut fiir Mineralogie, Universitdt Miinster, Germany

The volatile rich Apollo 16 melt breccia 66095 is an exception to the otherwise volatile depleted lunar rock
record. The sample named “rusty rock” is enriched in the volatile elements S and Cl, and the moderately vol-
atile metals Zn, Cd, Pb and TI [1]. The mineralogy includes lawrencite (FeCl,), sphalerite (ZnS), troilite (FeS),
Fe metal as well as Fe-hydroxides [2]. Previous work on the isotopic composition of the “rusty rock”, including
the isotopic systems of Zn, Fe and Cl, suggests that the source of the volatile enrichment was a fumarolic gas
phase [2,3,4]. Lunar volcanic gas was reducing at 1-2 logfO, units below the iron-wistite buffer (IW) and the
primary gas species were CO, S, and H, [5].

We explore the conditions at which the “rusty rock” sulfide and chloride minerals formed and deposited
from a lunar fumarolic gas. We mixed ZnO, FeS and MgCl, in relative molar abundances of 1:1:2, pressed the
powder into a pellet and placed it in a 30 cm long evacuated silica tube [6]. We suspended the silica tube in a
vertical tube furnace for 24 h, such that the source material was at 1260 °C and the tube extended to 320 °C
at the top of the furnace. The calculated fO, of the experimental gas mixture at 1250 °C is at IW-1. After the
experiment, we quenched the silica tube and cut it in 1 cm long sections to investigate the deposited phases
using SEM/EDS.

The source materials ZnO, FeS and MgCl, decompose at 1260 °C and react to form a Fe-Zn-CI-S gas mix-
ture and refractory MgO. We observe metals deposited as sulfides and chlorides at temperatures below
700 °C. The four phases observed are FeCl,, FeS, ZnCl, and ZnS. The phases ZnS and FeCl, occur together at
500580 °C. This assemblage of ZnS and FeCl suggests that the temperature range of 500-580 °C reflects the
alteration conditions of the Apollo 16 “rusty rock”.

[1] Krahenbuhl et al. (1973) LPSC 4, 1325-1348; [2] Shearer et al. (2014) GCA 139, 411-433; [3] Day et al. (2017) PNAS 114, 9457-9551; [4] Day et
al. (2019) GCA, in press; [5] Renggli et al. (2017) GCA 206, 296-311; [6] King et al. (2018) RiMG 84
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12:45pm - 1:00pm

Origin of Granular Zircon in Lunar Impactites

Dennis M. Vanderliek’, Monika A. Kusiak?3, Richard Wirth?, Harry Becker?, Alexander Rocholl®

IFreie Universitdt Berlin, Institute for Geological Sciences, Malteserstr. 74 - 100, 12249 Berlin, Germany;
2GeoForschungs Zentrum Potsdam, Section 3.°Chemistry and Physics of Earth Matrials, Telegrafenberg 1, 14473
Potsdam, Germany; 3Polish Academy of Sciences, Institute of Geophysics, Ksiecia Janusza 64, 01-452 Warsaw, Poland;
“GeoForschungs Zentrum Potsdam, Section 3.°Interface Geochemistry, Telegrafenberg 1, 14473 Potsdam, Germany;
>GeoForschungs Zentrum Potsdam, Section 3.1 Inorganic and Isotope Geochremistry, Telegrafenberg 1, 14473
Potsdam, Germany

In Apollo 15 breccia 15455, a pristine cataclastic norite cross-cut by an impact melt vein, granular zircon
(2rSiO,) aggregates of 5 — 20 um occur in SiO,-diopside enriched domains. The latter are interpreted as rep-
resenting late stage igneous crystallization products within the norite. All zircons show a granular texture
consisting of aggregates of euhedral 1 — 2 um sized zircon neoblasts. Although these textures are important
to tie their U-Pb ages to impact heating, the formation mechanisms of these aggregates are still poorly
understood. Locally, zircons formed between SiO,and relict baddeleyite (partially recrystallized to zircon),
suggesting a reaction relationship. Using a focused ion beam, a section was cut through a granular zircon to
study the internal properties using transmission electron microscopy (TEM). The cores of the granules were
found to be amorphous whereas their rims are crystalline. Triple junctions between the granules form nearly
perfect angles of 120° and are filled with amorphous silica containing minor concentration of Mg and Fe as
analyzed by EDX analysis. The silica glass occasionally contains relict bubbles and obviously represents melt
trapped in-between the zircon neoblasts. Previous studies interpret aggregates of granular zircon neoblasts
as indicators of impact-induced recrystallization of zircon, presumably in bedrock adjacent to large impact
melt sheets [1,2]. Based on textures and petrography, the mechanism of recrystallization or new crystalliza-
tion of zircon appears to be the mobilization of silica by highly localized shock-induced (?) melting of silicates
along grain boundaries and Zr release from existing zircon and/or baddeleyite. The bubbles found in some of
the interstitial glass imply a volatile rich nature of the melt. Granular zircon aggregates appear to represent a
robust texture for identification of impact-related zircon growth. In-situU-Pb ages produced at the GFZ Pots-
dam using the CAMECA IMS 1280 HR suggest that the granules formed at ~4.2 Ga. Previous dating of granular
zircon in the same sample yield ages of ~4.3 Ga [2]. Our study supports that impact-induced localized melting
can lead to spatially confined recrystallization and complete resetting of the U-Pb system in previously exist-
ing Zr phases.

[1] Grange, M. L., Nemchin, A. A., & Pidgeon, R. T. (2013). JGR:P, 118(10), 2180-2197; [2] Crow, C. A., McKeegan, K. D., & Moser, D. E. (2017). GCA,
202, 264-284.
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Poster Presentations
Mon: 11

Exploration of Icelandic lava caves and extrapolation to a semi-permanent Lunar habitat

Marjolein Daeter!, Marc Heemskerk?, Bernard Foing'??
VU Amsterdam, The Netherlands; 2ESTEC, ESA; 3ILEWG/EuroMoonMars

For the testing and planning of Lunar missions, it is important to find terrestrial locations comparable to The
Moon. Current Moon-analogue bases, like HiSeas (Hawaii) and LunAres (Poland) rely on vast, man-made
structures. Because bringing this much material to The Moon to build a semi-permanent settlement might
not be feasible, a possible alternative is to use already existing structures in the Lunar subsurface. An exam-
ple of these structures is lava caves.

Lava caves are long stretched, cylindrical cave structures, formed by the crystallization of a layer of rock
around a lava flow. These cave systems have sporadic openings to the surface, making them relatively easy to
access. But what makes the lava caves the most convenient, is that the temperature inside the caves is rough-
ly the average surface temperature. For The Moon this would mean that the temperature is stable around
-20°C. This is much less extreme and more stable than possible temperature variations on the Lunar surface,
meaning less temperature adjustments would need to be made to create a habitable living environment.
Secondly, caves also give protection against radiation and (micro)meteorites.

The reason that lava caves in Iceland would be a good analogue site, is that the Icelandic basalts are geo-
chemically similar to basalts on The Moon. The low weathering rate on Iceland due to the cold climate also
makes the geomorphology of the caves similar to what we expect of Lunar lava caves. Furthermore, the re-
moteness of the lava caves (1.5 hour drive from Reykjavik) and the difficult weather conditions, especially in
winter, add to the suitability of this location to be a Moon-analogue site.

In September 2018, a team or researchers visited three cave systems in Iceland. The Stefanshellir lava cave
was selected for a Lunar analogue base, because of its remote location and long lava tubes. A campaign to
Iceland in August this year will cover exploration of the cave systems with drones and mapping of the sur-
rounding area. Furthermore, the first simulations of analogue Lunar missions will be conducted. This will
include equipment testing, geological and glaciological research as well as evaluation of psychological and
protocol factors.

A Moon-analogue habitat in lava caves in Iceland can be a real addition to already existing analogue-sites
because it is very possible that our first semi-permanent base will be using already existing structures in or
on the (sub)surface of The Moon, and perhaps in the future, even Mars.

Mon: 12
The ESA-JAXA-CSA-NASA Joint Study HERACLES on Returning to the Moon

Harald Hiesinger!, Markus Landgraf?, William Carey?, Yuzuru Karouji3, Tim Haltigin*, Gordon Osinski*, Urs Mall®, Ko
Hashizume’

Westfdlische Wilhelms-Universitdt Miinster, Germany; 2European Space Agency (ESA), Directorate of Human
Spaceflight and Robotic Exploration Programmes; 3Japan Aerospace Exploration Agency (JAXA), Space Exploration
System Technology Unit; “Canadian Space Agency (CSA); *University of Western Ontario, Centre for Planetary Science
and Exploration; ®Max-Planck Institut fiir Sonnensystemforschung; ’Ibaraki University, Dept. of Earth Science

Introduction: Several space agencies have recognized the scientific (and strategic) benefits of returning to
the Moon as well as the opportunities the Moon offers for testing hardware and operational procedures for
the exploration and utilization of space beyond Low Earth Orbit. In this context, the Human Enhanced Robot-
ic Architecture Capability for Lunar Exploration and Science (HEREACLES) is an ESA-led international effort
to prepare for the return of humans to the Moon and to provide opportunities for unprecedented science
utilizing the lunar Gateway. HERACLES is a joint phase-A study of the European Space Agency (ESA), the Japan
Aerospace Exploration Agency (JAXA), the Canadian Space Agency (CSA), and NASA.
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Mission Concept: The key objectives of HERACLES include: (1) Preparing the return of humans by implement-
ing, demonstrating, and certifying technologies for human lunar landing, surface operations, and return;
(2) Create opportunities for science, including sample return; (3) Gain scientific and exploration knowledge,
particularly on potential resources; and (4) Create opportunities to demonstrate and test technologies and
operational procedures for future Mars missions. HERACLES will consist of the Lunar Descent Element (LDE),
which will be provided by JAXA, the ESA-built Interface Element that will house the Canadian rover, and the
European Lunar Ascent Element (LAE) that will return the samples to the lunar Gateway. The 330 kg rover
will be powered by a radioisotope power system that will enable the rover to drive more than 100 km and
to survive lunar night. The rover will collect samples along a ~35 km long traverse from about ten individual
sampling stations and will return them to the LAE. The rover will be equipped with a suite of scientific instru-
ments that will allow us to comprehensively study the sampling locations and the context of the samples, as
well as the geology along the traverse. The international Science Definition Team (iSDT) is currently discuss-
ing an appropriate instrument suite, which will most likely include cameras, spectrometers, a laser reflector,
and potentially some geophysical instruments. During the surface mobility demonstration phase, the rover
will go on a >100 km long traverse. The iSDT is evaluating a suite of potential landing sites, guided by the rec-
ommendations of the 2007 NRC report and several subsequently published documents. The list of potential
landing sites includes the Schrodinger basin, the Moscoviense basin, Copernicus crater, Jackson crater, and
some young basalts in the Flamsteed region.

Mon: 13

Geology and ages of the landing sites: Apollo 11, Apollo 12 and Apollo 17

Wajiha Igbal, Harald Hiesinger, Carolyn van der Bogert
Institut fiir Planetologie, Westfélische Wilhelms-Universitét Miinster, Germany

The lunar cratering chronology [1,2] is widely used to derive absolute model ages (AMAs) of geological units
on the Moon [3], as well as other terrestrial planetary bodies throughout the Solar System. With new data-
sets, the accuracy of the chronology can be tested and updated via reexamination of the calibration points
from the landing sites [4,5,6], which consist of both crater size-frequency distribution measurements and
sample ages.

Using data including Lunar Reconnaissance Orbiter Camera (LRO) Narrow-angle Camera (NAC) and Wide
Angle Camera (WAC) frames, digital terrain models (DTM) derived from LOLA/SELENE merged data, as well
as spectral data collected by Clementine, M3, and Kaguya Mineral Imager, we are producing new detailed
geological maps around the Apollo landing sites. The geological units are defined via albedo, relief, and spec-
tral differences. The new geological maps were used to identify homogeneous areas with crater densities
characteristic for the sampled materials. We also used high-resolution LROC NAC and the LRO NAC-derived
DTMs, to measure crater size-frequency distributions (CSFD) and determine N(1) values (i.e. the cumulative
number of craters with diameters 21 km) for the different geological units around the landing sites.

We correlated the updated radiometric ages of well-studied Apollo samples [7] with the newly measured
N(1) values, to improve the calibration points for the lunar chronology curve [1]. We gained several calibra-
tion points representing the geological units including mare units, and crater materials around the landing
sites Apollo 11, 12, and 17. The new, improved calibration points gained from the geological units around the
landing sites supports the validity of the lunar chronology curve [1].

[1] Neukum(1983) Habil. thesis, U. of Munich; [2] Neukum et al. (2001) Space Sci. Rev. 96, 55; [3] Hiesinger, et al. (2000) JGR 105, 29239; [4] Igbal,
et al (submitted 2019) Icarus; [5] Igbal, et al (2018) LPSC 49, 1002; [6] Igbal, et al (2018) LPSC 50, 1005; [7] Stoffler, et al. (2006) RMG 60, 519.
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Mon: 14

Mare Moscoviense: A site for future lunar missions

Sascha Mikolajewski, Harald Hiesinger, Carolyn H. van der Bogert
Institut fiir Planetologie, Westfdlische Wilhelms-Universitét Miinster, Wilhelm-Klemm-Str. 10, 48149 Miinster, Germany

Introduction: Exploration of the Moon has generated increasing international interest over the last few
years. Several studies [1-11] have used multispectral data and images to gain insights into the timing and
duration of mare volcanism on the Moon. Clementine [1, 2] and Kaguya [3-5] spectral data, have been used
to document compositional differences in lunar rocks and regolith. In this work, we use recent lunar datasets
for Mare Moscoviense, on the lunar farside, to generate a new geological map and examine possible landing
locations for future missions.

Data/Methods: Within ArcGIS, we used Kaguya Mineral Maps [3], Clementine FeO and TiO2 multispectral
data [1], and Lunar Reconnaissance Orbiter Camera (LROC) datasets [7] to define morphological and com-
positional geological units within Mare Moscoviense. Using digital terrain models [8], slope maps, and LRO
Diviner rock abundance values [6], we examined possible safe landing sites and select locations for scientific
research.

Results: Inside Mare Moscoviense, there are three volcanic flows with different spectral compositions [9 and
this work]. The slope map derived from the LROC image digital elevation model indicates that the basin floor
is very flat. The rock abundance map of the targeted region indicates that the southeastern and eastern part
of the basin has the lowest abundance of rocks.

Discussion/Conclusions: On the lunar farside, mare volcanism occurs on a smaller scale than compared to
the nearside as shown by [10, 11, and this work]. The southeastern and eastern volcanic flows show the low-
est abundance of rocks compared to the other flows. The eastern flow provides access to older impact cra-
ters that may be related to the original basin floor. The evaluation of the rock abundance values also showed
that the eastern part of Mare Moscoviense is the most promising part for scientific research with respect to
lander and rover safety.

[1] Lucey et al. (1998) JGR, 103, 3679-3699; [2] Chevrel. et al. (2000) JGR. 107, NO. E12, 5132; [3] Lemelin et al. (2016) 47" LPSC #2994; [4] Morota
et al. (2009) GRL, 36, L21202; [5] Morota et al. (2011) Earth Planets Space, 63, 5-13; [6] Bandfield et al. (2011) Icarus, 116; [7] Sato et al. (2017)
Icarus, 296, 216-238; [8] Scholten et al. (2012) JGR, 117(3); [9] Kramer et al. (2008) JGR, 113; [10] Pasckert et al. (2015) Icarus, 257, 336-354; [11]
Pasckert et al. (2018) Icarus, 299, 538-562.

Mon: 15

Lunar gravity: Impact processes inform the density structure of the mare crust

Gregory A. Neumann?, Sander J. Goossens?, Ariel N. Deutsch?, James W. Head?

1Solar System Exploration Division, NASA Goddard, Greenbelt, MID, United States of America; 2CRESST, University of
Maryland Baltimore County, USA; 3Department of Earth, Environmental and Planetary Sciences, Brown University,
Providence, RI, USA

Recent improvements in Gravity Recovery and Interior Laboratory (GRAIL) modeling (Goossens et al., 2018;
2019 submitted) allow a closer look at the laterally variable density structure of the nearside lunar mare re-
gions. Spectral analyses of gravity in highland regions exhibit nearly perfect correlation with topography at
spherical harmonic degrees from 250 to beyond 900, corresponding to spatial scales < 12 km, but in most of
the nearside mare and the interior regions of the farside South Pole-Aitken basin the correlations drop off
substantially. Since these scales are only influenced by the shallow crustal density structure, we employ rel-
atively fresh impact craters in the range of 3-5 km depth and16-130 km diameter as probes of mare density.
Modeled gravity anomalies of these craters suggest an increase in density of 25-30% averaged over the crater
depths between the excavated mare flow layers and the surrounding highlands. We interpret these results in
the light of enigmatic quasi-circular gravity anomalies, in the southwestern Procellarum region for example,
that have been suggested to arise from some combination of buried craters, volcanic intrusion and/or mantle
uplift and crustal thinning.
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Mon: 16

Geological Mapping of the South Pole-Aitken Basin - A Progress Report

Claudia P6hler?, Harald Hiesinger!, Mikhail A. lvanov?, Cedric Rueckert?, Carolyn H. van der Bogert!
IWWU Miinster, Germany; *Vernadsky Institute, RAS, Russia

The South Pole-Aitken basin (SPA), situated on the lunar farside and centered at 53°S 169°W, is the largest
and oldest basin [1,2] on the Moon. Due to its morphological appearance it is argued that the SPA basin
formed within an already solidified lunar crust [3]. Therefore, the time of SPA formation gives valuable infor-
mation on the evolution of the lunar crust. The large scale of the impact led to the hypothesis of it penetrat-
ing the crust, potentially exposing lunar mantle material within the SPA [e.g., 4]. Thus, it might be possible to
observe lunar mantle material or lower crustal material excavated by the impact event [e.g., 5]. Recently, the
SPA has been the focus of several ongoing and upcoming missions [6-9]. On January 2, 2019, Chang’e 4 per-
formed the first ever soft-landing on the farside of the Moon in Von Karman crater (175.9° E and 44.8° S) [7].

This project is part of the PLANetary MAPping project, a Horizon2020-COMPET4 project, aiming to develop
a professional European network for geological mapping. In the scope of PLANMAP we are creating a geo-
logical map of the SPA based on photogeology and absolute model ages derived by crater size-frequency
distribution measurements. In the study area two major classes of landforms can be observed: (1) impact
craters and related materials and (2) plains forming material. Impact craters and their related material are
divided into further classes by different stages of degradation, allowing for relative age determinations. The
plains forming material can represent volcanic activity as well as impact cratering e.g. by emplacement of
distal ejecta from impact craters/basins. This map is an extension of the map by [8].

[1] Wilhelms (1987) USGS SP-1348, 302; [2] Hiesinger et al. (2012) LPSC 43, 2863; [3]Stuart-Alexander(1978) USGSMapl-1047,1978; [4] Melosh et
al. (2017) Geology 45, 1063-1066; [5] Yamamoto et al. (2010) Nature Geoscience 3, 533-536; [6] Hiesinger et al. (2018) LPSC 49, 2070; [7] Huang
et al. (2018) JGR 123, 1684-1700; [8] Ivanov et al. (2018) JGR 123, 2585-2612; [9] Joliff et al. (2010) LPI Cont 1595, 3072.
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3b) Tectono-Metamorphic Evolution of the Cyclades, Greece

Wednesday, 25/Sep/2019: 8:30am - 10:30am

Session Chair: Michael Brocker (WWU Miinster)
Session Chair: Paris Xypolias (University of Patras)
Location: H4

Session Abstract

The Attic-Cycladic Crystalline Belt represents a major tectonostratigraphic unit of the Hellenides and records
a complex structural and metamorphic evolution that illustrates many aspects of subduction zone metamor-
phism and the exhumation of HP/LT rocks. Many decades of intensive research have unravelled the general
geological and tectonic context, but in detail there are still significant knowledge gaps. We invite contribu-
tions focusing on the P-T-t and structural evolution of the Cyclades including the pre-subduction stratigraphy
and paleogeography, and encourage submissions that integrate new advances in micro-analytical methods
and modelling techniques.

Lecture Presentations
8:30am - 9:00am Session Keynote

Tectonic and geodynamic evolution of the Aegean region, from mantle dynamics to crustal
evolution

Laurent Jolivet
Sorbonne Université, France

The tectonic history of back-arc region is intimately linked with the dynamics of subducting slabs at depth
and associated mantle flow. The Mediterranean, and more specifically the Aegean-Anatolia region, has been
at the forefront of studies of these relations between mantle and crustal processes. Starting in the Eocene
with the subduction of oceanic and continental pieces of Apulia and construction of the Hellenic accretionary
wedge with large-scale nappes and HP-LT metamorphism, the tectonic history of this region changed drasti-
cally at the turn of the Eocene-Oligocene. The regime of subduction changed when slab retreat accelerated
and the Aegean Sea started to form by N-S extension and exhumation of MCC below the North Cycladic,
West Cycladic, and Paros-Naxos detachment systems. Just above the retreating subduction zone the Cretan
detachment exhumed the HP-LT tectonic units of Crete and the Peloponnese. At about 15 Ma, a slab tear
formed below western Anatolia and eastern Aegean, permitting a faster retreat of the Hellenic arc and fast
rotation of the Hellenides, until 8 Ma. This tear induced the emplacement of high-temperature gneiss domes
(Naxos, Mykonos, lkaria) and granitoids exactly during the same period. More recently a tear started to
form farther west, below the Corinth Rift and the Peloponnese, and the North Anatolian Fault propagated
in the Aegean Domain. The central part of the Aegean Sea and Crete were then flanked by two tears and
slab retreat accelerated once more. This evolution can be modelled numerically in 3-D and slab retreat and
associated mantle flow appear the main drivers of this evolution. An additional contribution of larger-scale
mantle convection is likely, explaining the synchronous rifting of the Gulf of Aden and Red Sea. These interac-
tions between mantle dynamics and crustal deformation have first-order consequences on the magmatic and
metallogenic evolution of the Aegean-Anatolia region and the active geothermal activity of western Anatolia.
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9:00am - 9:15am

Dating white micas in the blueschist-greenschist domain: pointless or worthwhile?

Jan Wijbrans!?, Bertram Uunk!, Manuel Alverez Paz'?, Fraukje Brouwer!
Wrije Universiteit Amsterdam, The Netherlands; ?University of Oviedo, Spain

White K-mica *°Ar/**Ar dating is a powerful tool for constraining the timing and rates of metamorphism,
deformation and exhumation. However, in the greenschist-blueschist-eclogite series dating may result in
unexpectedly wide age ranges, which are not easily reconciled with constraints from other isotopic systems.
The Cycladic Blueschist Unit (CBU) in Greece is has emerged as one of the focal areas in the discussion of the
interpretation of such HP metamorphic “°Ar/**Ar age series. Phengite multi-grain stepheating of CBU micas
has yielded undulating ‘crankshaft-shaped’ age spectra ranging between 20-60 Ma. While some studies at-
tempt to assign geological significance to ages seen in such spectra, others argue the ages are geologically
meaningless and result from an interplay of partial diffusive resetting and continued crystallization.

By taking the alternative approach of multiple single grain fusion experiments, we demonstrate that we can
guantify age heterogeneity within and between samples of variable metamorphic and overprinting grades,
contrasting deformation mechanisms and intensities of deformation. The shape of single grain fusion age
distribution patterns provide quantitative constraints on the homogeneity of samples and on the mechanism
controlling “°Ar loss. Homogeneous age populations reflect the transition from effectively open to closed
system conditions, heterogeneous populations indicate incomplete or heterogeneously acting processes. By
comparing age distributions at the rock, outcrop and island scale, the scale at which different age-popula-
tions develop can be determined.

Results show clear evidence for both homogeneous and heterogeneous age populations. In the areas that
preserve high pressure metamorphic assemblages in north Syros and north Sifnos, age results of 40-50 Ma
are remarkably similar for different rocks within an outcrop (eclogite vs blueschist vs greenschist vs marble)
while age variation occurs between different outcrops in the area. In the more pervasively overprinted do-
mains of southern Syros and southern Sifnos, different rocks in an outcrop yield marked age contrasts, where
age distributions are either heterogeneous spanning a larger part of the retrograde PT path (40-20 Ma) or
homogeneously reflect the overprint (30-20 Ma).

The multiple single grain fusion ages are interpreted to reflect an interplay of diffusive resetting and (re)
crystallisation, with variable relative contributions of these processes in the different domains and yields a
more complete inventory of ages and thus leads to a better understanding of the processes responsible for
age preservation during and after high pressure metamorphism.

9:15am - 9:30am

Extracting metamorphic time scales using fluid inclusions

Bertram Uunk, Rosanne Huybens, Boris Versteegh, Onno Postma, Fraukje Brouwer, Jan Wijbrans
Vrije Universiteit Amsterdam, The Netherlands

Metamorphic minerals trap ambient hydrous fluids in fluid inclusions. When sufficiently saline, dissolved KCl in
the inclusion fluid will produce radiogenic *“°Ar by radioactive decay, potentially allowing dating of fluid incorpo-
ration by the K/Ar system. Whilst primary fluid inclusions can date fluid incorporation during mineral growth,
secondary fluid inclusions may provide age constraints on subsequent fluid flow events affecting the mineral.

At VU Amsterdam, a new in-vacuo crushing apparatus to determine the “°Ar/**Ar age of fluid inclusions has
been designed based on previous crushers'. Gas is released by crushing mineral separates inside a crusher
tube connected to a quadrupole or multi-collector mass spectrometer. In-vacuo crushing occurs by lifting and
dropping a steel pestle using an external coil. The new crusher design allows substantially improved control
over individual crushing strokes. Step-wise crushing is achieved by increasing the number of strokes for each
analysis, progressively sampling smaller and more isolated inclusions whilst reducing the grain size. A subse-
guent stepwise heating experiment can be conducted on the crushed powder by inserting the crusher tube
into a resistance furnace.
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Garnet samples from the high pressure (HP) metamorphic Cycladic Blueschist Unit in Greece were crushed
to obtain fluid inclusion ages. In some cases, resulting fluid inclusions “°Ar/**Ar ages overlap with the age of
garnet growth as determined by Lu/Hf or Sm/Nd. This shows that the method is able to accurately date pri-
mary fluid inclusion incorporation during hosting crystal growth during peak blueschist to eclogite metamor-
phism (55-40 Ma). In other cases, fluid inclusions *°Ar/*°Ar ages postdate constraints on Lu/Hf and Sm/Nd,
instead overlapping with the age of phengite (re)crystallisation. This indicates the method is also capable of
constraining the age of fluid pulses during retrograde metamorphism, trapped as secondary fluid inclusions
in garnet.

The stepwise crushing approach shows promise as an effective tool for dating fluid inclusions in minerals
and thus provides a unique tool to actually date pulsed fluid flow during metamorphism. In HP metamorphic
rocks the only potassium-bearing mineral is phengite, which is often plagued by incomplete resetting or mul-
tiple competing stages of mineral growth, resulting in ambiguous age results. Especially in these rocks, the
method greatly expands our possibilities to accurately date metamorphic processes in the presence of fluids.

[1] Qiu, H.-N. & Wijbrans, J. R. Paleozoic ages and excess 40Ar in garnets from the Bixiling eclogite in Dabieshan, China: New insights from
40Ar/39Ar dating by stepwise crushing. Geochimica et Cosmochimica Acta 70, 2354-2370

9:30am - 9:45am

Sr and Ar diffusion systematics in polygenetic white micas from Naxos

Alexandre Jean Daniel Peillod®, Johannes Glodny?, Uwe Ring?, Alasdair Skelton?, Igor Maria Villa3*

Dept of Geological Sciences, Stockholm University, 10691 Stockholm, Sweden; 2German Research Centre for
Geosciences GFZ, Telegrafenberg, 14473 Potsdam, Germany; 2Universitdt Bern, Institut fiir Geologie, 3012 Bern,
Switzerland; “Universita di Milano Bicocca, Centro Universitario Datazioni e Archeometria, 20126 Milano, Italy

The metamorphic history of Naxos includes an Eocene blueschist event, Oligocene greenschist retrogression,
and a Miocene high-temperature (HT) overprint. Age attributions for these events are inconsistent [1-3].

To resolve the contradictions we combined electron microprobe (EPMA) characterization of the white mica
(WM) generations with multichronometry. WM samples analyzed by [2] consisted of “coarse” and “fine” sieve
fractions (500-160 um, 90-160 um). On three samples of that suite we obtained closely spaced microchemical
analyses of WM. EPMA demonstrates that all three WM samples are strongly heterogeneous, each consisting of
chemically distinct generations. This chemical disequilibrium explains [4] why Rb-Sr isochrons have MSWD >30
[2]. As in other polymetamorphic rocks [5], the two sieve sizes contain different WM generations.

Both sieve fractions of four WM samples were analyzed by 39Ar-40Ar stepheating. All eight age spectra are
hump-shaped, as expected [1]. The “fine” sieve fractions are always Cl-richer than the “coarse” ones. The HT
zone samples give linear arrays in Cl/K-age isotope correlation diagrams