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Abstract

This work is a study of rock varnishes collected from different locations worldwide and from several
environments. The focus was set on the microanalytical investigation of i) the geochemistry of different varnishes and
adjacent collected mineral dust, ii) the structures of different varnishes, and iii) signs for a definite proof for a biogenic
compound necessary for the formation of rock varnish. To this end, a combination of different cutting-edge analytical
techniques was utilized to investigate the rock varnishes.

Rock varnish is a black, micrometer thin, sedimentary crust on top of rock surfaces. It occurs on almost all
lithologies and can be found for instance in deserts, in caves, on mountains and plateaus, in large cities, Antarctica, at
waterfronts, and possibly even on Mars. Rock varnish consists of a mixture of dust grains as its main component, and a
Mn-rich matrix material as cement component. A biogenic contribution to the genesis has been suggested. Rock
varnish is a phenomenon that has defied more than 200 years of intermittent scientific examination.

Methods and instruments used in this study were amongst others fs/ns LA-ICP-MS, fs LA-MC-ICP-MS, solution
ICP-MS, portable XRF, stationary XRF, EPMA, NanoSIMS, FIB- and Microtome-slicing, STXM-NEXAFS, SEM,
Raman spectroscopy, EDX, XRD, and TEM. More than 150 individual rock samples were investigated for their
chemical composition by fs LA-ICP-MS, and on each sample about 10-30 measurements were conducted to obtain
enough statistical accuracy since the crusts are very inhomogeneous. On the basis of the results, several samples were
selected that were additionally investigated by other methods mentioned above, to receive further information about,
e.g., nano- and microstructures, element distributions, in-situ oxidation state distributions, and isotope ratios. Mineral
dust samples were collected and investigated by fs LA-ICP-MS and XRD, due to their role as potential element and
material source for rock varnish. Additionally, STXM-NEXAFS measurements, Raman spectroscopy, extensive PCR,
gPCR, and NGS studies, EPR measurements, light microscopic investigations, 8°C measurements, as well as
fluorescence microscopy analyses on DAPI, DRAQS, and OsO, fixed thin sections were performed in the search for
proof of a biogenic genesis of rock varnish.

It was found that rock varnishes from disparate environments differ, and that the term rock varnish can thus be
subdivided and categorized. It was possible to analyze the trace element composition of the microstructure of varnish
without contamination from the host rock. Images of nano- and microstructures were obtained for a large set of
varnishes and for varnishes from different environments. It was furthermore possible to determine and locate Mn
oxidation states at the nanometer scale within single samples and by this show the reduction of the manganese matrix
around cavities, a sign for previous redox reactions. The results indicate that the airborne dust is the major contributor
to the genesis of varnishes found in deserts, vehicle emissions the main source of varnish on facades in urban areas,
and water the source of crusts within river splash zones. No indicator for a possible biogenic origin was found in any
varnish sample, even though a large variety of tests was performed. However, one would expect to find organisms
capable of oxidizing Mn, at least in the most recently formed layers, or on the surface of rock varnish. Thus, an
abiogenic genesis of rock varnish seems most plausible. In addition to the measurements, technical developments were
made, such as the development of a new microanalytical reference material for Mn-rich rocks, a calibration for
portable XRF measurements of thin Mn-rich coatings, and a measurement technique that allows the measurement of
femtogram amounts of powdered material (such as dust) with high precision and accuracy. By providing these
technical developments and a broad variety of information about different varnish types, as well as details about
individual samples, significant cornerstones are now given on the basis of which future investigations can proceed with

the aim to disclose the secret of the genesis of rock varnish.






Zusammenfassung

In dieser Arbeit wurden Wiistenlackproben von verschiedenen Gebieten dieser Erde und aus unterschiedlichen
Umgebungen untersucht. Der Schwerpunkt lag auf der mikroanalytischen Erforschung der i) Geochemie der
Wiistenlacke und des unter den Gesteinen gesammelten Mineralstaubs, ii) Strukturen innerhalb der Wiistenlacke und
iii) der Suche nach einem eindeutigen Beweis fiir eine biogene Komponente die zur Entstehung von Wiistenlack
beitridgt. Um dieses Ziel zu erreichen, wurden mehrere Methoden, die dem neuesten Stand der Technik entsprechen,
miteinander kombiniert, um die weltweit gesammelten Wiistenlacke zu untersuchen.

Wiistenlack ist eine schwarze, Mikrometer diinne, sedimentire Kruste auf Gesteinsoberflichen. Sie kann auf
nahezu allen Gesteinstypen beobachtet werden und ist beispielsweise in Wiisten, in Hohlen, auf Bergen und Plateaus,
sowie in groferen Stddten, der Antarktis, in der Spritzwasserzone von Fliissen und vermutlich selbst auf dem Mars zu
finden. Wiistenlack besteht aus einer Mischung von Mineralstaub als Hauptkomponente, und einer manganreichen
Matrix welche die Partikel zusammenhilt. Eine zur Entstehung beitragende biogene Komponente wird diskutiert.
Wiistenlack ist ein Phianomen, welches sich seit mehr als 200 Jahren episodischen wissenschaftlichen Untersuchungen
widersetzt hat.

Die in dieser Arbeit verwendete Messinstrumente waren unter anderem fs/ns LA-ICP-MS, fs LA-MC-ICP-MS,
Losungs-ICP-MS, tragbare RFA, stationdre RFA, EMS, NanoSIMS, FIB- und Mikrotom-Schnitte, STXM-NEXAFS,
REM, Raman-Spektroskopie, EDX, Rontgenbeugung und TEM. Mehr als 150 Wiistenlackproben wurden mit fs LA-
ICP-MS auf ihre chemische Zusammensetzung untersucht, und auf jeder Probe wurden 10-30 Einzelmessungen
durchgefiihrt, um eine gute statistische Genauigkeit zu erhalten, da diese Krusten sehr inhomogen sind. Anhand der
Messergebnisse wurden einzelne Proben ausgewihlt, welche zusétzlich mit anderen oben erwihnten Messmethoden
untersucht wurden, um zusitzliche Informationen, beispielsweise zu Nano- und Mikrostrukturen, Elementverteilungen,
in-situ Oxidationsstufenverteilungen und zu Isotopenverhiltnissen zu gewinnen. Mineralstaubproben wurden ebenfalls
gesammelt und mit Rontgenbeugung und fs LA-ICP-MS aufgrund ihrer Rolle als mogliche Material- und
Elementquelle fiir Wiistenlack untersucht. Zusitzliche STXM-NEXAFS Messungen, Raman-Spektroskopie,
umfangreiche PCR, qPCR und NGS Studien, EPR Messungen, lichtmikroskopische Untersuchungen, 8'°C Messungen,
sowie fluoreszenzmikroskopische Analysen von DAPI, DRAQS5 und OsO, fixierten Diinnschliffen wurden
durchgefiihrt, auf der Suche nach einem Beweis fiir eine biogene Genese von Wiistenlack.

Es war moglich festzustellen, dass sich Wiistenlacke aus verschiedenen Umgebungen unterscheiden und dass der
Begriff daher weiter unterteilt und kategorisiert werden muss. Die Spurenelementzusammensetzung der Mikrostruktur
von Wiistenlack wurde ohne Kontamination durch das darunter befindliche Gestein ermittelt. Abbildungen von Nano-
und Mikrostrukturen wurden fiir eine groe Menge von Wiistenlackproben, die in unterschiedlichen Umgebungen
gesammelt worden waren, bereitgestellt. Es war zusitzlich moglich, Mn-Oxidationsstufen im Nanometerbereich in
einzelnen Proben in-situ zu ermitteln und zu lokalisieren. Hiermit konnte gezeigt werden, dass die Matrix in der
Umgebung von Hohlrdumen oft reduziert wurde, was einen Hinweis auf vorherige Redoxreaktionen darstellt. Auch
war es moglich zu zeigen, dass hauptséchlich die feinkornige Staubfraktion (<50 um) zur Genese von Wiistenlacken in
Wiisten beitrdgt, Fahrzeugemissionen die Hauptquelle fiir Krusten in Stadtgebieten sind und dass Wasser die
Elementquelle von Krusten in Spritzwasserzonen ist. In keiner Wiistenlackprobe wurde ein Hinweis auf eine mogliche
biogene Genese gefunden, obwohl eine groBle Vielfalt von Tests durchgefiihrt wurde. Es wire jedoch zu erwarten
Organismen in den jiingsten Lagen, oder zumindest auf der Wiistenlack Oberfldchen, zu finden, welche imstande sind
Mn zu oxidieren. Daher erscheint eine abiogene Genese von Wiistenlack am plausibelsten. Zusitzlich zu den
Messungen wurden auch technische Entwicklungen gemacht, wie beispielsweise die Entwicklung eines neuen
Referenzmaterials fiir mikroanalytische Messungen von Mn-reichen Gesteinen, eine Kalibration fiir tragbare RFA-
Messungen von diinnen Mn-reichen Lagen, und die Entwicklung einer Messtechnik, welche es erlaubt,
Staubprobenmengen (z.B. Mineralstaub) im Femtogrammbereich mit hoher Prizision und Genauigkeit zu messen.
Durch das Bereitstellen der technischen Entwicklungen und der grofen Vielfalt an Informationen, sowohl iiber
unterschiedliche Wiistenlacktypen als auch Details iiber einzelne Proben, wurden wichtige Grundsteine fiir zukiinftige
Untersuchungen geschaffen, welche mit dem Ziel, das Geheimnis der Entstehung des Wiistenlacks zu liiften,

fortfahren konnen.
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Abbreviations and Their Definitions

AMS: accelerator mass spectrometry

AOS: average oxidation states

BSE: backscattered electron

CR-IRMS: Continuous Flow - Isotope Ratio Mass Spectrometer
DAPI: 4',6-diamidino-2-phenylindole

EPMA: electron probe microanalysis

EPR: electron paramagnetic resonance

FIB: focused ion beam

FT-IR spectroscopy: Fourier transformed-infrared spectroscopy
GFS: gas exchange fluorescence system for photosynthesis
GIS: geographic information system

fs/ns LA-ICP-MS: femtosecond/nanosecond laser ablation-inductively coupled plasma-mass spectrometry
ICP-MS: inductively coupled plasma-mass spectrometry
IDL: interactive data language

LacLike: Laccases-like

Mn**-L: Mn**-ligand complex

Mn oxyhydroxide: manganese oxides and hydroxides

Mn biooxide: biogenic Mn oxides and hydroxides

MCEF: microcolonial fungi

MCO: multicopper oxidases

MRM: microanalytical reference material

NanoSIMS: nanoscale secondary ion mass spectrometry
NGS: next-generation sequencing

OD: optical density

O-layer: octahedral coordinated layer

OSA: order sorting aperture

OSL.: optically stimulated luminescence

OTU: operational taxonomic unit

PCR: polymerase chain reaction

PM: particulate matter

PMT: performance photomultiplier

PSL: polystyrene latex spheres

gPCR: quantitative PCR

REE: rare earth element

REM: Raster Elektronenmikroskop

RFA: Rontenfluoreszenzanalyse

RM: reference material

SEM: scanning electron microscopy

STXM-NEXAFS: scanning transmission X-ray microscopy — near edge X-ray absorption fine structure spectroscopy
T-layer: tetrahedral coordinated layer

TEM: transmission electron microscopy

Thin-section: 30-35 um

Thick-section: about 70 um

UCC: upper continental crust

Ultra-thin section: 100-200 nm

VCR: varnish cation ratio

VML: varnish microlamination

XRD: X-ray diffraction

XRF: X-ray fluorescence

ZP: zone plate
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1  Introduction and Motivation

1.1  History

Rock varnish is a material of interest for scientists from several research fields. Its examina-
tion requires a combination of geological, geomorphological, chemical, mineralogical, and bio-
logical fundamental research. The open questions of main interest are its formation mechanisms,
and following from this, its application for regional paleoclimate reconstruction, dating of ar-
chaeological artifacts (e.g., stone tools, petroglyphs, and geoglyphs), surface stability determina-
tions (e.g., requirements related to the disposal of nuclear and toxic waste), and the general dating
of landscapes and surfaces. Rock varnish has been a subject captivating scientists forasmuch as
200 years. The first written record was published in Alexander von Humboldt’s “Reisen in die
Aequinoktial-Gegenden des neuen Kontinents” (Von Humboldt and Bonpland, 1819). Von Hum-
boldt reports black crusts, which he presumed to be Mn- and Fe-oxide rich and which he ob-
served at the cataracts of the Orinoco River, where water splashed and moistened rocks (Fig. 1).
He estimated a coating thickness of about 0.6 mm. According to his assumptions, the elements
were introduced by water as chemically dissolved substances, and the host rock was not the ele-
ment source or even affected by the coating. Von Humboldt mentions that the varnish occurrence

is not limited to the Orinoco River, on the contrary, he stated that it is a worldwide phenomenon.

The observations reported by him were neither disproved until now, nor are they out of date.
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lieB, der das Nilthal, die Kuste des rothen Meeres und den
Berg Sinai bereist hat, so zeigte mir der gelehrte Geolog, da$
das Urgebirgsgestein bei den kleinen Katarakten von Syene,
gerade wie das am Orinoco, eine glinzende, schwarzgraue, fast
bleifarbige Oberflache hat; manche Bruchstucke sehen aus wie
mit Theer uberzogen. Erst neuerlich, bei der unglucklichen
Expedition des Capitan Tuckey, fiel dieselbe Erschemung
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und HERRMANN, bis zu 15 und 20 Procent vor. Die Homblende
enthalt zudem Kohle, wie auch der lydische Stein und der
Kieselschiefer. Bildet sich nun diese schwarze Rinde durch eine
langsame Zersetzung des Granits unter dem doppelten Einflup
der Feuchtigkeit und der Sonne der Tropen, wie soll man es
erkliren, daB die Oxyde sich so gleichformig tber die ganze
Oberflache des Gesteins verbreiten, daf um einen Glimmer- und

englischen Naturforschern an den Yellalas und
Klippen) auf, welche den Congo- oder Zaireflub verstopfen
Dr. KONIG hat im britischen Museum neben Syenite vom Congo
Granite von Atures gestellt, die emer Suite von Gebirgsarten
entnommen sind, die Bonpland und ich dem Prasidenten der
Londoner koniglichen Gesellschaft oberreicht hatten. »Diese
Handsticke,« sagt Konig, »sehen beide aus wie Meteorsteine;
bei beiden Gebirgsarten, bei der vom Orinoco wie bei der
afrikanischen, besteht die schwarze Rinde, nach der Analyse von
Children, aus Eisen- und Manganoxyd.«

Nach emigen Versuchen, die ich in Mexico in Verbindung

‘davon hiegt als tber dem Feldspath
und dem milchigten Quarz? Der eisenschilssige Sandstein, der
Granit, der Marmor, die aschfarbig, zuweilen braun werden
haben ein ganz anderes Aussehen Der Glanz und die gleiche
Dicke der Rinde lassen vielmehr vermuthen, daB der Stoff ein
Niederschlag aus dem Wasser des Orinoco ist, das in die Spalten
des Gesteins gedrungen. Geht man von dieser Voraussetzung aus,
5o fragt man sich, ob jene Oxyde im FluB nur suspendirt sind, wie
e PR o hemisch
ausgelost? Der ersteren Annahme widerspricht der Umstand.
daB die Rinde vollig homogen ist und neben den Oxyden weder

noch sich darin finden. Man mu

mit del Rio gemacht, kam ich auf die Ve 2. das Gestein
von Atures, welches das Papier, in das es eingeschlagen ist
schwarz farbt, mochte auBer dem Manganoxyd Kohle und
uberkohlensaures Exsen enthalten. Am Orinoco sind 40-50 Fuff
dicke Granitmassen gleichformig mit diesen Oxyden uberzogen
und so dunn diese Rinden erscheinen, enthalten sie doch ganz
ansehnliche Mengen Eisen und Mangan, da sie tber eine
Quadratmeile Flache haben

Es ist zu bemerken, daB alle diese Erscheinungen von Farbung
des Gesteins bis jetzt nur 1 der heiBen Zone beobachtet worden
sind, an Flussen, deren Temperatur gewohalich 24-28 Grad
betrigt und die nicht uber Sandstein oder Kalkstein, sondem
uber Granit, Gnei und Homblendegestemn laufen. Der Quarz
und der Feldspath enthalten kaum 5-6 Tausendtheile Eisen-
und Manganoxyd; dagegen im Glimmer und in der Homblende
kommen diese Oxyde, besonders das Eisenoxyd, nach KLAPROTH

daher annehmen, daB chemische Auflosung vorliegt, und die
Vorgange, die wir taglich in unsem Laboratorien beobachten,
widersprechen dieser Voraussetzung durchaus nicht. Das Wasser
grofer Fltisse enthalt Kohlensaure, und wire es auch ganz rein, so
konnte es doch immer in sehr groBen Mengen einige Theilchen
Metalloxyd oder Hydrat auflosen, wenn dieselben auch fur
unaufloslich gelten. Im Nilschlamm. also im Niederschlag der im
FluB suspendirten Stoffe, findet sich kein Mangan: er enthalt aber
nach Reynaults Analyse 6 Procent Eisenoxyd und seine Anfangs
schwarze Farbe wird beim Trocknen und durch die Einwirkung
der Luft gelbbraun. Von diesem Schlamm kann also die schwarze
Rinde an den Felsen von Syene nicht herrahren. Auf meine Bitte
hat BERZELIUS diese Rinde untersucht; er fand dann Eisen und
Mangan, wie in der auf den Graniten vom Orinoco und Congo.
Der beruhmte Chemuker ist der Ansicht, die Oxyde werden von
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den Flussen micht dem Boden entzogen, fiber den sie laufen
sie kommen 1hnen vielmehr aus ihren untenrdischen Quellen zu
und sie schlagen dieselben auf das Gestein nieder, wie durch
Camentation, m Folge eigenthamlicher Affinitaten, vielleicht
durch Emnwirkung des Kahi im Feldspath Nur durch einen
langen Aufenthalt an den Katarakten des Orinoco, des Nil und
des Congoflusses und durch genaue Beobachtung der Umstinde
unter denen die Farbung auftritt, kann die Frage, die uns hier
beschaftigt hat, ganz zur Entscheidung gebracht werden. Ist die
E g von der B des Gesteins 2
Ich beschranke mich auf die allgemeine Bemerkung, daf weder
Granitmassen, die weit vom alten Bett des Orinoco liegen, aber in
der Regenzeit abwechselnd befeuchtet und von der Sonne erhitzt
werden, noch der Granit, der von den braunlichen Wassern des
Rio Negro bespult wird, auerlich den Meteorsteinen ahalich
werden. Die Indianer sagen, ndie Felsen seyen nur da schwarz
wo das Wasser wei 1st.« Sie sollten vielleicht weiter sagen
»wo das Wasser eine grofe Geschwindigkeit erlangt hat und
gegen das Gestein am Ufer anprallt « Die Camentation scheint
zu erklaren, warum die Rinde so dann bleibt

Ob der 1n den Missionen am Ormoco herrschende Glaube,
daB 1n der Nahe des kahlen Gesteins, besonders der Felsmassen
mit einer Rinde von Kohle, Eisen- und Manganoxyd die Luft
ungesund sey, grundlos ist, weib ich nicht zu sagen. In der heifen
Zone werden noch mehr als anderswo die krankheiterregenden
Ursachen vom Volke willkuhrlich gehauft. Man scheut sich dort
1m Freien zu schlafen, wenn emnem der Vollmond s Gesicht
schiene; ebenso halt man es fiir bedenklich, sich nahe am Flusse
auf Granit zu lagem, und man erzahit viele Falle, wo Leute
nach einer auf dem schwarzen kahlen Gestein zugebrachten
Nacht Morgens mit emem starken Fieberanfall erwacht sind
Wir schenkten nun zwar dieser Behauptung der Missionare
und der Eingeborenen nicht unbedingt Glauben, mieden aber
doch die laxas negras und lagerten uns auf mit weifem Sand
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bedeckten Uferstrecken, wenn wir keine Baume fanden, um
unsere Hangematten zu befestigen. In Carichana will man
das Dorf abbrechen und verlegen, nur um von den schwarzen
Felsen wegzukommen, von emem Ort, wo auf einer Strecke
von mehr als 10,000 Quadrattoisen die Bodenflache aus kahlem

; besteht. Aus ahalich den, die den Physikem
in Europa als bloBe Einbildungen erscheinen miissen, versetzten
die Jesuiten Olmo, Fomen und Mellis ein Dorf der Jaruros
an drei verschiedene Punkte zwischen dem Raudal von Tabaje
und dem Rio Anaveni. Ich glaubte diese Dinge, ganz wie
sie mir zu Ohren gekommen, anfihren zu mossen, da wir so
gut wie gar nicht wissen, was eigentlich die Gasgemenge sind.
wodurch die Luft ungesund wird. LaBt sich annehmen, daB
unter dem Einfluf starker Hitze und bestandiger Feuchtigkeit die
schwarze Rinde des Gesteins auf die umgebende Luft einwirkt
und Miasmen, ternire Verbindungen von Kohlenstoff. Stickstoff
und Wasserstoff erzeugt? Ich zweifle daran. Der Granit am
Orinoco enthalt allerdings haufig Homblende, und praktische
Bergleute wissen wohl, daB die schlimmsten Schwaden sich in
Stollen bilden, die durch Syenit und Homblendestein getrieben
werden.  Aber im Freien, wo die Luft durch die kleinen
Stromungen fortwahrend emeuert wird, kann die Wirkung nicht
dieselbe seyn wie in einer Grube.

Wahsscheinlich ist es nur deBhalb gefahrlich, auf den /avas
negras zu schlafen, weil das Gestein bei Nacht eine sehr hohe
Temperatur behalt. Ich fand dieselbe ber Tag 48°, wihrend
die Luft i Schatten 29°7 warm war, bei Nacht zeigte der
‘Thermometer, an das Gestein gelegt, 36°, die Luft nur 26°. Wenn
die Warmeanhanfung in den Gesteinsmassen zum Stillstand
gekommen 1st, so haben diese Massen zu denselben Stunden
immer wieder ungefahr dieselbe Temperatur. Den UeberschuB
von Warme, den sie bei Tag bekommen, verlieren sie in der
Nacht durch die Strahlung, deren Starke von der Beschaffenhest
der Oberfliche des strahlenden Korpers, von der Anordnung

Figure 1: Excerpt of Alexander von Humboldt’s book “Reise in die Aquinoktialgegenden des neuen Kontinents” (Humboldt,

1859).

Charles Darwin described rock varnish close to San Salvador in Brazil in 1832 (Darwin,
1840). He referred to Alexander von Humboldt’s observations of rock varnish at the Orinoco
River and set his observations of black crusts in relation to them. His descriptions portray an ex-

tremely thin coating, which occurs within the limits of the tidal action. However, samples that



were collected in Brazil in the course of this thesis, from black varnish within the tidal zone,
proved to be Mn-free and of biological origin (cyanobacteria). Since no exact locations are given
in Darwin’s publication, one can only make the assumption that Darwin observed cyanobacteria-
covered rocks. Following the description by Darwin, investigations of rock varnish were pub-
lished from 1876 (Loew, 1876) continuously until today, which provides a tremendous amount of
publications, which, unfortunately, are not always in agreement with each other.

Over the years the rock varnish investigations focused on desert varnish, the rock varnish type
only found in arid regions. This material is a worldwide phenomenon, easily detected in vegeta-
tion-poor areas. Additionally, it was proposed that desert varnish might be a potential paleocli-
mate archive for arid environments (Broecker and Liu, 2001; Dorn, 1984). Most current-day pub-
lications on the subject describe desert varnish. However, varnishes from stream sides (Darwin,
1840; Krinsley et al., 2012; Von Humboldt and Bonpland, 1819), alpine sites (Krinsley et al.,
2009; Wang et al., 2011; Zhou et al., 2000), Antarctic environments (Dorn et al., 1992; Glasby et
al., 1981; Johnston et al., 1984; Krinsley et al., 1995), urban areas (Grissom et al., 2014; Griiner,
2011; Livingston et al., 2016; Uchida et al., 2016; Vicenzi, 2016), cold environments (Dorn et al.,
1992; Douglas, 1987; Whalley et al., 1990), cave locations (Frierdich et al., 2011; Miller et al.,
2012; Saiz-Jimenez et al., 2012; Spilde et al., 2002; White et al., 2009), or even extraterrestrial
sites (DiGregorio, 2001; Lanza et al., 2012; Lanza et al., 2015; Perry and Kolb, 2004b; Perry and
Sephton, 2006) are also under investigation. To encompass all varnishes, the term “rock varnish”
was introduced. It is problematic that literature data of rock varnishes, from different regions and
environments, are used equivalently by some scientists describing the phenomenon. This is mis-
guiding and might result in false evaluations. In this thesis, varnishes from different regions and
environments are described in detail (appendix B.2 and B.4). Structures, chemical compositions,
element distributions, and Mn oxidation states were investigated (appendix B.2 and B.4). Fur-
thermore, the dust fraction (Otter et al., in preparation), the Mn- and Fe-rich matrix, and the po-
tential biogenic contribution (Long-Yan et al., in preparation) to the genesis were examined. Ur-
ban rock varnishes were examined in detail (appendix B.5) and technical developments were

made to facilitate rock varnish research in the future (appendix B.1 and B.3).

1.2 Description of Rock Varnish

“So much has been said about desert varnish that one wonders if there is anything else that
can be said about the topic without repetition of old ideas.” (Perry and Kolb, 2004a). This could
not have been summarized more accurately, however, an introductory synthesis will be given in
this thesis. It aims to highlight all factors: past research, the mineralogy, geology, and biology,
which needs to be known to understand this highly controversial topic, which has been studied
for a surprisingly long time without coming to a final conclusion. Furthermore, difficulties with

dating this material will be discussed, as well as its applicability as a paleoclimate proxy, and the
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two main methods used in the course of this thesis will be introduced for further understanding of
the manuscripts in the appendix.

Rock varnish is an up to 200-250 um thick (Broecker and Liu, 2001) hard (Mohs hardness
about 6.6; Perry and Kolb, 2004a), and resistant (Oberlander, 1994) coating, which grows on
rocks, independent of their lithology (Engel and Sharp, 1958; Oberlander, 1994) as a sediment
and not as a weathering rind (Engel and Sharp, 1958; Goldsmith et al., 2014; Potter and
Rossman, 1977; Potter and Rossman, 1979; Thiagarajan and Lee, 2004). It has been observed on
limestones and marble in humid environments, but is best developed on durable silicate rocks
(Oberlander, 1994). Arid desert rock varnish pebbles collected from the ground, with direct con-
tact to the soil, usually reveal a Fe-rich, red reversal surface on their underside, and in direct con-
tact to soil a shiny Mn-rich ground-line band (Engel and Sharp, 1958; Potter and Rossman, 1977;
Reneau, 1993a). The varnish growth rate must exceed the host rock erosion rate to enable the
formation. Estimates of the growth rate of rock varnish vary generally between 1 and 40 pm per
1000 years (Liu and Broecker, 2000; Spilde et al., 2013), but it is thought to be conceivably faster
in non-arid environments. Growth rates seem to depend on the humidity of the environment, with
slower growth rates for desert climates (Krinsley et al., 2012; Oberlander, 1994). However, the
growth rate values published by different authors vary significantly. Rates as high as 639 um per
1000 years were reported (Spilde et al., 2013), which were calculated from the varnish accumula-
tion subsequent to the accumulation of a layer with assumed anthropogenic Pb enrichment, which
grew during a 61 years long smelting period in the early 20" century. Since the genesis of rock
varnish is not understood, none of the values published can be disproved or confirmed. However,
whether the growth mechanisms of the different reported crusts are similar is still a matter of de-
bate. It is likely that different growth rates and thicknesses represent varnishes from different
environments and origins. This is the reason why rock varnish types (I — V) were introduced in
this thesis (appendix, B.4) to start a categorization of this subject.

Rock varnish coatings are commonly shiny black, and though they are usually only microme-
ters in diameter, they are fully opaque. They appear on rock surfaces, frequently distributed as
large patches (in the range of centimeters to meters in diameter), on certain outcrops, or on spe-
cific geomorphic features. The material is thought to accumulate over thousands of years (Liu
and Broecker, 2008a) as a sediment, and thus layer by layer.

The definition of rock varnish implies that the material consists of approximately 60-80%
mineral dust (Oberlander, 1994), including a large clay mineral fraction (Thiagarajan and Lee,
2004), and major amounts of Mn oxyhydroxides as matrix material. Potter and Rossman (1977)
found in their rock varnish samples a clay mineral fraction of even more than 70% of the total
volume. While the clay mineral fraction was found to consist mainly of illite, montmorillonite, or
mixed-layer illite-montmorillonite, small amounts of kaolinite, and, in some instances, chlorite

(Potter and Rossman, 1979), the Mn oxyhydroxides were reported to usually contain hollandite,
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todorokite, birnessite, buserite, poorly crystallized phyllomanganates of unspecified type, and
Mn-Fe-spinel (Garvie et al., 2008). A lack of dust would classify the material as heavy metal skin
or Mn-dendrite, a lack of manganese as iron skin, and a lack of matrix material as dust film
(Dorn, 2009; Potter and Rossman, 1979).

The third component of rock varnish, which is still under heavy discussion, are suggested
potential biogenic contributions (Dorn and Oberlander, 1981b; Grote and Krumbein, 1992;
Krumbein and Jens, 1981; Kuhlman et al., 2006b). Biogenic Mn oxidation is a fast process com-
pared to abiogenic oxidation. However, the assumption that only biogenic Mn oxidation gener-
ates varnish growth would raise the question why some varnishes grow only nanometers per dec-

ade, and why remains of casts are scarce.

1.3 Theories of Rock Varnish Genesis

It is commonly accepted that mineral dust is one of the major components and element source
providers of varnish. Mineral dust gets leached in low-pH waters such as rain and dew, H" ions
are adsorbed, and subsequently cations, such as Mn, are released during this process. Manganese
oxyhydroxides precipitate by (a)biogenic Mn oxidation, and the released elements are adsorbed
mainly by available Mn oxyhydroxides. The abiogenic formation theory claims that the mecha-
nism of Mn oxidation is a pH value increase when rain or dew get in contact with the already
present varnish coating, alkali and alkaline earth metal bearing minerals, or clay minerals from
the host rock. A large fraction of the remaining leached dust gets removed from the surface by
water or wind, and only a minor fraction of the accumulated dust particles, which settled on ex-
posed rock surfaces, are cemented allowing the formation of rock varnish. The genesis of the Mn-
rich cement is highly controversial. The source of the high Mn mass fractions (up to 40% MnO)
in varnish seems to be leached mineral dust (average mineral dust about 0.1% MnO) (Scheuvens
et al., 2013). Nevertheless, the mechanism to oxidize mobile Mn>* to immobile Mn4+, and to se-
lectively scavenge Mn over Fe, allows only a very narrow pH and E;, range.

There are four main theories, which have been suggested for the process of a Mn-rich crust
development: I) Abiogenic precipitation with leaching of minerals under well-defined pH (5.7)
and E; (0.8) conditions in rainwater or dew, to allow geochemical fractionation of Mn
(Thiagarajan and Lee, 2004). At these pH and E; conditions Mn is more soluble than Fe. The
dissolved Mn content is enhanced relative to the dissolved Fe content. Following increases in the
pH values up to 8.5 can oxidize the enriched amounts of Mn to immobile oxyhydroxides. How-
ever, this process is slow and the question remains why varnish covers only certain patches and
not large areas. The process might be accelerated and partially controlled by autocatalysis. II)
Biologically induced growth. Mineralization in this scenario is the result of interactions between
biological membranes/cell surfaces and the inorganic environment, changing the direct environ-

mental conditions to induce mineralization (Wang and Miiller, 2009; Wang et al., 2011). III) Bio-
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logically controlled mineralization during which cellular activities direct the initial nucleation of
the inorganic deposition. This is followed by the growth of a mineral product with a biologically
directed morphology (Wang and Miiller, 2009; Wang et al., 2011). IV) A combination of the pro-

cesses described above.
1.4 Rock Varnish Components

1.4.1 Mineral Dust

The current hypotheses about the rock varnish formation claim that the source of the enriched
elements in varnish is mainly dust, which gets leached in rain water or dew (Fig. 2). Furthermore,
the major component of rock varnish is fine-grained mineral dust incorporated in a Mn-rich ma-
trix. Consequently, there are two dust fractions in this model, one which gets leached and subse-

quently removed by wind or water, and one that gets incorporated into the varnish coating.

1.4.1.1 Phyllosilicates
Mineral dust is not only important as an element contributor, but also as incorporated materi-

al, representing about 70% of the varnish fraction in most varnishes. The most important compo-
nent of the dust fraction are clay minerals, due to their (de)sorption and swelling potential. The
definition of clay minerals is either particles smaller than two micrometers, also called the “clay
fraction”, but it can also be used as a chemically defined term for phyllosilicates, not being re-
stricted to a certain size range. The term clay minerals will be used in the following correspond-
ing to the second definition. In general all phyllosﬂlcates low and high temperature types, can be

" considered to be formed from stacked atomic
= planes parallel to the (001) face (Velde and
Meunier, 2008). The minerals are composed of a
combination of two types of sheet structures. One
structure are tetrahedral sheets (T-sheets), which
are composed of SiO4‘F or AlO45 " tetrahedra linked
\ by sharing 3 of 4 vertices (Velde and Meunier,
2008). The second type are octahedral sheets (O-
sheets), in which AI’*, Fe’*, Fe**, or Mg**cations

Figure 2: Dust accumulation on a rock varnish covered exhibit a six-fold coordination when they are bound
horizontal surface in the Sahara region. Dust accumu-
lates preferentially in microbasins. (Image credit: B.

Macholdt) sharing their six vertices. Clay minerals are com-

to O> or OH  anions. The octahedra are linked by

posed essentially of Si, O, Al or Mg, or both, and water. Iron substitutes Al and Mg in varying
degrees, and appreciable quantities of K, Na, and Ca are frequently present (Velde and Meunier,
2008). Within a structure, T- and O-sheets can be linked to each other. A linkage between the two



sheet types, forming a layer, results in deformation of the sheets, since their a- and b-dimensions
differ significantly. Thus, they have an offset in space along the c-axis. There are two types of
layers: layers with 1:1 (T-O) and 2:1 (T-O-T) ratios. The main clay minerals found in rock var-
nish are illite (K,H30)(Al, Mg, Fe),(Si, Al)40,0[(OH),, H,O]; 2:1 type), montmorillonite ((Na,
Ca)o3(Al, Mg),Si4019[(OH),*nH,0]; 2:1 type), and small amounts of kaolinite (Al,Si,05[(OH)4],
1:1 type) (Potter and Rossman, 1979).

If negative charges are present, such as in 2:1 layers, interlayer cations are incorporated to
compensate for them. Most of the interlayer cations are exchangeable with those of the solution
in contact to the crystallites. Cations incorporated into the interlayer sheets are much more varied
than those in tetrahedral and octahedral sheets, since the large-sized interlayer sites are able to
house cations with large radii, such as Sr**, Ba**, K*, Rb*, or Cs* (Velde and Meunier, 2008).
Cations can even be adsorbed in their hydrated state in the interlayer zone or into hexagonal va-
cancies, where water molecules form a shell around the cation (Velde and Meunier, 2008).

In addition to incorporation, substitution of cations within a layer is common. It can be either
a homovalent substitution of cations of the same valence state (e.g., Fe’" for Al3+), or a heterova-
lent substitution of cations of different valence states (e.g., Fe?* for AI’") (Velde and Meunier,
2008). The latter results in an additional negative charge. One very common heterovalent substi-
tution is Si'** by AP’ in the tetrahedral layers. Hence, negative charges and changes of the sym-
metry of the tetrahedral sheet are common.

The strong cohesion between the Mn oxyhydroxide matrix and the clay minerals in rock var-
nish might be a result of the similarities of the phyllomanganates and phyllosilicates. “The prima-
ry importance of clays to varnish formation may be their active influence on oxide deposition.
Besides adsorption of Mn and Fe from solution, the clays may directly influence the Mn-oxide
mineralogy. The hexagonal arrangement of the oxygens in either the tetrahedral or the octahedral
layers of the clay minerals could form a suitable template for crystallization of the layered struc-
tures of birnessite. The average O-O distance of the tetrahedral layer is 3.00 A in illite--
montmorillonite mixed-layered clays, which differs only 3.4% from the 2.90 A distance of the
hexagonally close-packed oxygens in birnessite.” (Potter and Rossman, 1979). Furthermore, clay
minerals, especially 2:1 sheet clays, such as illite or bentonite, fix relatively large amounts of Mn,
depending on the pH and E, conditions (Reddy and Perkins, 1974). The amount increases with
increasing pH and Ej; conditions (Reddy and Perkins, 1974). Manganese does not substitute for
Al or Si in this case, since no structural changes occur after absorption (Reddy and Perkins,
1974), and Mn is not absorbed in the interlayer sites of the clay minerals, since this would require
a basal spacing of 14 A or more (Potter and Rossman, 1977). It seems very likely that the oxides
are present mainly as external coatings (Potter and Rossman, 1977). “In this way the clay and
oxide phases may be mutually dependent: the clay depending on the oxides for resistance to ero-

sion; the oxides depending on the clay for transport and deposition. This would explain why nei-
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ther pure clay nor pure ferromanganese oxide coatings are associated with desert varnish.” (Potter
and Rossman, 1977).

Unfortunately, due to the characteristics of clay minerals, it is likely that the large clay frac-
tion, e.g., of illite or montmorillonite, swells when being wet. Repeated swelling and contracting
during wet and dry phases can induce textural changes of the matrix material and structures of
rock varnish, even if it is already incorporated into the rock varnish matrix (Garvie et al., 2008).
Taking this into account, it is very unlikely that varnishes older than the Quaternary can be found,
since continuous swelling and contracting, or long exposure to water such as groundwater, would

probably dissolve or recrystallize rock varnish (Garvie et al., 2008).

1.4.1.2 Cation Leaching from Phyllosilicates
Cations incorporated in interlayer sheets of clay minerals can be mobilized under low pH

condition, when they get released and exchanged by H" ions. Within the mixture of different cat-
ions, Mn®" and Fe®" are available. These elements are present in their reduced states due to the
low pH conditions e.g., of acidic rain water, dew, or fog. The two elements become immobilized
when they are oxidized. The oxidation could occur due to an increase of the pH value, by oxida-
tion by strong oxidants such as Mn oxyhydroxides (autocatalysis), due to the presence of alkali
and alkaline earth metal containing minerals, or by biogenic oxidation. The oxidation mecha-
nisms of Mn in rock varnish remain unclear. Manganese, the main matrix element in rock var-
nish, is discussed in detail in the following chapter (chapter 1.4.2). Most of the dust, along with
insoluble (e.g., high field strength elements (HFSEs)) and easily dissolved elements without high
adsorption potential (e.g., Rb, Cs), are removed by wind or drained from the rocks by water, leav-
ing behind elements with high adsorption potential and high particle reactivity (e.g., Co, Ni, Pb,
Ce) (Thiagarajan and Lee, 2004). Clay minerals and Mn oxyhydroxides, which are great ad- and
absorbers, scavenge these elements and become enriched (Thiagarajan and Lee, 2004). Thus,
rock varnish has a Rb and Cs depletion and a Co, Ce, Ni, and Pb enrichment. Furthermore, the
element enrichment is an indicator that water has to be removed from the system by runoff or
wind and not by evaporation. Evaporation could not explain the equilibrium partitioning between
water and Mn/Fe oxyhydroxides, as well as the depletion of highly soluble elements such as Rb
and Cs (Thiagarajan and Lee, 2004).

An indicator for the involvement of atmospheric particles in the rock varnish formation is the
positive Ce-anomaly, which can be observed in almost all rare earth element (REE)-patterns of
varnishes (appendix, B.2 and B.4). Prior to its oxidation by Mn oxyhydroxides, Ce must be avail-
able in its reduced state, otherwise no positive Ce-anomaly would evolve in varnish. Previous
oxidation would precipitate CeO; in the water phase and remove it as an insoluble component
from the system by wind or water, together with the larger portion of the mineral dust fraction.

Furthermore, oxygen isotope ratios ("70/'°0) in varnish samples are more similar to those found



in mineral dust, rather than to the values found in nearby surface soils (Bao et al., 2001). This
indicates that the varnish sources are not necessarily locally derived. Lead-rich horizons (Dorn et
al., 2012; Nowinski et al., 2010; Spilde et al., 2013) and unusual element enrichments in varnish,
such as Hg, szo, me, 137Cs, and 23%23-20py, (Fleisher et al., 1999a; Hoar et al., 2011; Hodge et
al., 2005; Nowinski et al., 2012; Nowinski et al., 2013; NowinsKki et al., 2010), are further evi-
dence for an atmospheric source of varnish, since these elements were released to the atmosphere
by nuclear weapon testing, coal-fired power plants, and smelters. The use of varnish as passive
environmental monitor of atmospheric pollution was suggested, which might help to detect
sources of natural or anthropogenic air pollution (Nowinski et al., 2012; Nowinski et al., 2013;
Nowinski et al., 2010).

1.4.2 Manganese Oxyhydroxides

More important than the dust component is the matrix,
even though it represents a smaller fraction of the overall
rock varnish composition. Manganese oxyhydroxides pro-

vide the distinctive physical characteristics to rock varnish,

such as the major sorption capabilities, the black color, and
the puzzling genesis with unclear accumulation mecha-
nisms. Manganese in rock varnish is of specific interest,
since this element has unique qualities. In nature it exists
in three different oxidation states: Mn2+, Mn3+, and Mn4+,
where Mn”" is usually mobile, while Mn** is immobile.
Iron often occurs in combination with Mn, since the two
elements have several characteristics in common. Howev-

. . . . . 2+
er, Fe exists in nature only in two oxidation states (Fe”,

Fe’"), enabling Mn to develop several additional properties

Figure 3: Varnish covered canyon in the Sahara
region. Varnish covers are especially thick on
erals in the Earth’s crust (such as e.g., in rust, ferrihydrite major water discharge pathways (circle 1), and

X . thin or lacking below overhanging rock surfaces
in creeks, and laterite) and Fe has an abundance of 5.04% (circle 2). (image credit: B. Macholdt)

and mineral phases. Iron oxyhydroxides are common min-

FeOr (Rudnick and Gao, 2003) in the upper continental
crust (UCC). Manganese is a geological minor element with an abundance of 0.1% MnO in the
UCC (Rudnick and Gao, 2003). It is usually available in reduced or partially oxidized valence
states in geological materials (e.g., rhodocrosite (MnCO3), hausmannite (Mn30O4), or manganite
(y-MnOOH)).

The Mn-accumulation in rock varnish might resemble that of Mn-nodules in the ocean (Bau-
man, 1976; Wang et al., 2011), however, the ion-transport medium and the Mn sources are

known for the ocean, while they are under discussion for terrestrial environments. Nonetheless, it
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is quite certain that water, such as dew or rain, contributes to the formation of rock varnish (Fig.
3) (Goldsmith et al., 2012; Goldsmith et al., 2014; Northup et al., 2010a; Thiagarajan and Lee,
2004). Interestingly, the most frequently reported growth rate of varnish (1-40 um/1000 years) is
of about the same order of magnitude as that of average deep sea Mn-nodules (a few mm per mil-
lion years) (Bau et al., 2014). However, while Mn nodules grow undisturbed over a larger time
range, terrestrial rock varnish is exposed to weathering and changes of geological settings.

Unlike in terrestrial environments, seawater in coastal fjords and hemipelagic waters was
found to contain mainly Mn®" ions as mobile manganese fraction. In oxic and suboxic water envi-
ronments, soluble Mn3+—ligand (Mn3+—L) complexes are common, which form an intermediate
between Mn*" and Mn** (Oldham et al., 2017). These Mn’**-L complexes are mobile and stable in
water (Oldham et al., 2017). They can form via several different reactions, involving surface ca-
talysis (Davies and Morgan, 1989), bacterial mediation (Tebo et al., 1997), or in-situ ligand-
promoted oxidation or reduction (Duckworth and Sposito, 2005). The complexes compete with
Fe’* for available ligands, however, Mn’*-L complexes bind more strongly to the same ligands
than Fe’* (Luther, 2010), and could thus affect the bioavailability of Fe’* (Oldham et al., 2017).
Since Mn”*-L complexes do not form colloids, in contrast to Fe**-L complexes, they have a high-
er mobility than Fe’'-L complexes and can be transported over longer distances (Oldham et al.,
2017). The complexes can donate or accept electrons and can thus be easily oxidized to MnOy in
the oxic zone (Oldham et al., 2017). They are thus possible sources for Mn-rich crusts which
form in river splash zones.

Manganese oxyhydroxides can be broken down into octahedra, composed of a Mn ion sur-
rounded by six oxygen atoms. The only exceptions are hausmannite (Mn** Mn’*,0,), which has a
spinel-like structure with Mn>" in the tetrahedral and Mn>" in the octahedral sites, and bixbyite
((Mn, Fe),0s3; Post, 1999). These two minerals are typically found in hydrothermal or metamor-
phic deposits (Post, 1999). Out of the octahedra described above, more than 30 known Mn oxy-
hydroxides can be assembled, which can be subdivided into chain- or tunnel structure and layer
structure types (Post, 1999). “The tunnel Mn oxides are constructed of single, double, or triple
chains of edge-sharing MnOg octahedra, and the chains share corners with each other to produce
frameworks that have tunnels with square or rectangular cross sections.” (Post, 1999).

Unfortunately, the crystal structures are quite similar for several of the Mn oxyhydroxides. In
many cases it is necessary to combine powder X-ray diffraction studies with other techniques,
such as transmission electron microscopy (Tebo et al. 2005), IR spectroscopy, and electron mi-
croprobe analysis (Post, 1993; Post, 1999), to identify the mineral. Despite the fact that Mn oxy-
hydroxides have been extensively studied for the past several decades, the details of their mineral
structures are still poorly understood (Feng et al., 2007), and there are several phases for which
even the basic crystal structures are not known (Mc Kenzie, 1989; Post, 1993; Post, 1999). To

allow the investigation of mineral phases, interactions, structures, surface properties, origination
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mechanisms, environmental geochemical behaviors, or adsorption properties, it is necessary to
synthesize minerals (Feng et al., 2007). However, single-phased Mn oxides are not easy to syn-
thesize due to their non-stoichiometric composition, various species, and close formation condi-
tions (Feng et al., 2007).

The most commonly reported Mn oxyhydroxides in rock varnish are the phyllomanganates
(layer-types) birnessite ((Na, Ca, Mn2+)Mn7014*2.8H20) and buserite ((Na, Mn)Mn3 O; *nH,0),
and the tectomanganates (tunnel-types) todorokite ((Ca, Na, K)X(Mn4+, Mn3+, Mg)sO12*3-
4.5H,0) and hollandite (Bax(Mn**, Mn**)sO16) (Burns and Burns, 1977; Post, 1999). While bir-
nessite has an interlayer space of about 7 A, and therefore incorporates a single layer of water
molecules and e.g., Na®, buserite has an interlayer space of about 10 A, allowing the incorpora-
tion of a double layer of water molecules and cations such as Mg** (Atkins et al., 2014). Upon
drying, buserite collapses to the typical 7 A birnessite spacing (Post, 1999). Cations such as Ni*",
Mg%, Ca®*, and Co™" tend to stabilize the buserite structure against collapse (Giovanoli and Bur-
ki, 1975; Paterson et al., 1986). Birnessite is available with triclinic and hexagonal symmetry.
The hexagonal form shows well-ordered vacancies and mainly Mn** (Atkins et al., 2014). It is
reported that hexagonal birnessite can transform to triclinic birnessite via a topotactic transfor-
mation depending on the pH value, with hexagonal birnessite being the low pH modification
(Manceau et al., 2002). Todorokite can evolve from birnessite during diagenesis or mild hydro-
thermal conditions (Atkins et al., 2014). Large amounts of absorbed transition metals hinder the
transformation from the phyllomanganate birnessite to the tectomanganate todorokite, which
takes place via kinking of layers and subsequent Ostwald ripening (Atkins et al., 2014). While
Cu2+, for instance, does not retard the transformation due to its Jahn-Teller distortion, Ni2" does
so significantly, until it is finally lost to solution when the transformation takes place (Atkins et
al., 2014). The, often secondary, todorokite is able to host Ba®" within its tunnel structure when it
is observed in terrestrial surroundings, while it usually hosts Mg2+ in seawater. Hence, the high
Ni and Ba amounts observed within rock varnish indicate the presence of a mixture of phyllo-
and tectomanganates. Todorokite is the main tectomanganate found in nature, and is often report-
ed in manganese nodules (Post, 1999). It is constructed of double chains of edge-sharing MnOg
octahedra, but they are linked in such a way as to form tunnels with square cross sections, meas-
uring three octahedra on a side (Post, 1999), which is about 10*10 A (Atkins et al., 2014). Hol-
landite exhibits a tunnel with two octahedra linked together on each side of the tunnel (Post,
1999), and has thus a smaller cation capacity. Its tunnel sites are partially filled with large uni- or
divalent cations, and, in some cases, water molecules (Post, 1999).

All manganese oxyhydroxides are element scavengers, and consequently often used as filter
materials (Iannicelli, 1992; Stiiben, 2007). They belong to the most widely studied nanosized
metal oxides, together with iron oxides, aluminium oxides, and titanium oxides, for the adsorp-

tion of heavy metals from aqueous systems (Hua et al., 2012). Due to their great sorption poten-
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tial and the preference of the absorption of certain elements in specific Mn oxyhydroxides, a
vague discrimination between mineral phases on behalf of element availability is possible. Of
several Mn oxyhydroxide minerals tested, birnessite exhibited the largest adsorption capacity for
the tested heavy metals Pb*", Cu®*, Co**, Cd**, and Zn**, while hausmannite revealed the smallest
one (Feng et al., 2007). Barium, a very large atom (radius Ba**~ 2.5 A) is, on the contrary, mostly
restricted to inner-tunnel sites of tectomanganates.

The high absorption capacity of Mn oxyhydroxides is based on their negative charge, which
can be observed in all Mn minerals. As discussed for clay minerals, Mn oxyhydroxides are also
prone to homo- and heterovalent substitution, interlayer, and inner-tunnel adsorption. The ad- and
absorption of Mn oxyhydroxides is especially high, since heterovalent cation substitution is very
common (e.g., Co’* for Mn*"), Mn*" is often exchanged by Mn of lower valence states, Mn va-
cancies are common, and oxygen atoms at the surface are not shared (Manceau et al., 2002).
Since Mn oxyhydroxides are often nanocrystalline, large surface areas provide high charges due
to non-bound oxygen atoms. Potter and Rossman (1979) reported, on basis of IR spectra, well-
ordered birnessite as main Mn oxyhydroxide in rock varnish. Since the same samples are X-ray
amorphous, the particle sizes of the minerals are below 0.1 um (Potter and Rossman, 1979).

As compensation for these negative charges, Mn oxyhydroxides can either react by the uptake
of protons (e.g., OH as substitution for 0%), or by the absorption of alkali, alkaline earth, and
transition metal cations in the interlayer space on well-defined crystallographic sites between two
layers, or into a tunnel site of tectomanganates (Manceau et al., 2002). A first sorption on the
surface takes place e.g., via vacant sites within a MnO, layer (hexagonal birnessite) or by form-
ing surface complexes on edge sites of MnO; layers (triclinic birnessite) (Peacock and Sherman,
2007). Sorbed elements, such as Ni in birnessite, can transform from surface complexation to
structural incorporation (Peacock and Sherman, 2007). This incorporation is quite important as a
potential irreversible sink for elements (Peacock and Sherman, 2007). Manganese oxyhydroxides
are furthermore one of the strongest naturally occurring oxidants, oxidation states can thus
change, e.g., subsequent to degrading organic matter. Since biogenic reduction of Fe oxyhydrox-
ides is a frequent phenomenon in nature, Mn** is able to subsequently oxidize Fe via a redox re-
action, becoming reduced in an otherwise oxic environment due to this property (Lovley, 1992).

The average oxidation state of typical (arid desert) rock varnish samples lies in the range be-
tween +3.76 and +3.93 (Potter and Rossman, 1979). This is quite common for several Mn oxy-
hydroxides. Feng et al. (2007) report average Mn oxidation states (AOS) for birnessite,
todorokite, and cryptomelane being +3.96, +3.82, and +3.90, respectively. Hence, Mn** oxyhy-
droxides are usually nonstoichiometric, and thermally induced “electron hopping” between Mn>*
and Mn*" is possible. It is generated by optically induced charge-transfer (Sherman, 2005). This

34/4+

might account for the opacity of Mn minerals with high oxidation states (Mn™"""). They are often

black in color, denoting absorption in the visible and near-infrared, while Mn oxyhydroxides with
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low oxidation states (Mn>"*"

) tend to be lighter colored (Sherman, 2005). This photon absorption
is based on the splitting of the d-orbital of Mn*" in the imposed crystal field. The brownish color
of some varnishes is a result of the mixture of black Mn oxyhydroxides and orange-red Fe oxy-
hydroxides (Oberlander, 1994).

However, this optically induced charge-transfer is based on energies significantly smaller
than those of the band gaps also present in Mn oxyhydroxides. These account for the photoelec-
trochemistry of Mn*" oxides (O(2p)—Mn(3d) orbital) (Sherman, 2005). The photoreductive
properties of semi-conducting Mn oxyhydroxides allow the oxidation of organic matter and water
due to electron loss to the electron hole developed within the Mn oxyhydroxide during the reloca-
tion of one electron from the valence to the conduction band (Kwon et al., 2009). Organic ligands
are nevertheless more effective hole scavengers than water (Sherman, 2005), which is unfortu-
nate for the identification of organic material within the rock varnish matrix. The reaction

MnO, + hv + RCOOH (carboxylic acid) + 3H* -» Mn?* + C0, + 2H,0 + R™
and furthermore
2R* 4+ 2H,0 - 2RH + H,0,

is likely to take place (Sherman, 2005). Another result of photoreduction is the dissolution of
the Mn oxyhydroxide by reducing Mn** to Mn’" and further to Mn**. In most cases the released
Mn?" is re-adsorbed to the Mn oxyhydroxide surface instead of being released into the surround-
ing water.

In conclusion, the rock varnish matrix is of major interest because of three points:

I) Manganese and iron behave very similar, which becomes apparent when one studies their
transitions in pH-Ej diagrams (Skinner and Fitzpatrick, 1992). Even though the Fe mass fraction
in varnish is high (around 5-10%), it is only enriched by a factor of 2-3 relative to the UCC, while
Mn is enriched by a factor of 40-400. The only possibilities to chemically enrich Mn by such a
factor, without enriching Fe simultaneously by the same factor, is by moving in certain small pH
and Ej; ranges, enabling exclusively Mn dissolution and subsequent precipitation (Thiagarajan
and Lee, 2004), by the presence of significantly higher Mn mass fractions in the source material,
or by biogenic accumulation and oxidation. The questions remain: how do these pH and Ej, rang-
es arise, and why do they only occur on certain patches, outcrops, or areas? Might autocatalysis
be important for the patch-like distributed precipitation of Mn oxyhydroxides? Which source
could provide significantly higher Mn than Fe mass fractions? Is the oxidation of Mn possibly of
biogenic origin, which would eliminate the problem of generating perfect pH and E;, conditions?

II) Some varnishes contain alternating Mn- and Fe-rich layers. How do they develop, and how
reliable are they as paleoclimate archives?

III) Manganese oxyhydroxides have high ad- and absorption potentials, higher than those of
clay minerals, and are one of the strongest naturally occurring oxidants. Thus, rock varnishes, just

as Mn nodules, are great trace element and transition metal sinks. This is not of economic inter-
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est, since varnish is too thin to be of importance for mining, but Pb-, Po-, Hg-, and Pu-rich hori-
zons are of interest, since they can be utilized as cross-correlation features to assign time periods
to these horizons. The authenticity of petroglyphs engraved in rock varnish can be checked by
searching for Pb peaks within the new developed varnish crust (Dorn et al., 2012). This is possi-
ble, since Pb°" is the cation with the highest uptake preference, regarding e.g., Pb2+, Cd2+, Zn2+,
and T12+, which gets absorbed even at very low pH levels. At pH 2 almost 70%, at pH 3 90%, and
at pH 6 almost 100% of Pb get absorbed for small Pb amounts in solution (Gadde and Laitinen,
1974). Feng et al. (2007) state that birnessite, cryptomelane and todorokite show the greatest ab-
sorption capacity on Pb>* among their tested heavy metals (Pb2+, Cu2+, C02+, Cd2+, and Zn2+). Ina
solution containing several cations, Pb gets absorbed first. If a Mn oxyhydroxide absorbed other
cations from a Pb-free solution and is charge-neutral by that, it will release those in exchange for
a Pb”™" uptake when this element is later added to the system (Gadde and Laitinen, 1974). This
property of Mn oxyhydroxides allows to interpret the presence or absence of Pb-rich layers as
actual indicators for the availability of Pb in the atmosphere. This Pb uptake is true for almost all

Mn oxyhydroxides.

1.4.3  Organic Compounds

The oxidation of Mn*" to Mn*" requires certain narrow environmental conditions over a long
time period if happening solely by abiogenic chemical precipitation. The oxidation could occur
much faster and under a larger range of conditions, if it was biologically induced or controlled.
The question why Mn is enriched over Fe would be solved and the occurrence as patches or iso-
lated areas could be explained. It was proven that organisms are capable of oxidizing manganese,
but it cannot be fully understood why, since the advantage for the organisms is uncertain up to

2+/3+
to

now (Tebo et al., 2005). However, there are several ideas why bacteria might oxidize Mn
Mn**. It could be a protective mechanism, since by oxidizing Mn2+(aq) to MnO; oxyhydroxide
minerals, bacteria can encrust themselves to become shielded against UV radiation, predation,
viral attacks, or heavy metal toxicity (Tebo et al., 2005). Another theory is that bacteria precipi-
tate Mn oxyhydroxides to obtain an available potential redox substance. Manganese4+ oxyhy-
droxides are capable of oxidizing refractory organic matter and degrading humic substances oxi-
datively to lower molecular weight compounds that can be used as substrates for microbial
growth (Sunda and Kieber, 1994). Manganese*" oxyhydroxides might thus be stored as available
electron acceptors, e.g., for future carbon oxidation (Spiro et al., 2009; Tebo et al., 1997).

Several authors list the commonly found cauliflower-like or stromatolitic microstructure of
rock varnish as an indicator for a biogenic formation (Krinsley, 1998; Krinsley et al., 2009; Nagy
et al., 1991; Perry and Adams, 1978; Raymond et al., 1993). This microstructure, however, was
proven to be also producible abiogenically from colloids (McLoughlin et al., 2008). These abio-

genic stromatolites, so-called “Taylor stromatolites”, are formed in a turbulent flow regime with
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low particle concentrations of high viscosity. A greater particle flux, lower viscosities, and higher
impact velocities cause the spreading and merging of the particles and the formation of laminae
(McLoughlin et al., 2008). Both features, stromatolite-like structures and laminae, are commonly
found within rock varnish. The Taylor stromatolites were produced with spray paint by
McLoughlin et al. (2008), which resembles a sediment suspended within a carrier phase (coloring
pigment in liquid phase vs. dust particles within a water droplet) distributed by wind.

McLoughlin et al. (2008) state that an abiogenic formation of the stromatolite structures does
not negate the fact that biological material, such as spores or amino acid derivatives, which may
be passively entombed within such laminated structures, are an important archive of information
regarding past environments and biological processes. This is an important statement, which
summarizes the main challenge to prove whether rock varnish has a biogenic or abiogenic for-
mation history. The main question is “are the organisms entombed by chance, or responsible for
the formation?”. In this thesis it was tried to consider this question by searching for live or func-
tional groups entombed within the crusts (by Scanning transmission X-ray absorption microsco-
py-near edge X-ray absorption fine structure spectroscopy (STXM-NEXAFS)), reveal if the or-
ganisms found are actually capable to oxidize Mn (by polymerase chain reaction (PCR) anal-
yses), and check if the same organisms are present on all rock varnish samples investigated.

Organisms oxidize Mn** by two one-electron transfers, where Mn’" does not occur as a solid
intermediate (Tebo et al., 2004). Since these Mn bio-oxides, usually hexagonal birnessite, there-
fore originally contain only Mn**, they have large numbers of layer site vacancies (15-50%) to
prevent an initial charge of the mineral. Smaller particle sizes, usually nanocrystals, are further
common characteristics of Mn bio-oxides. Based on this, Kim et al. (2011) interpreted a full elec-
tron paramagnetic resonance (EPR) dataset. These measurements were conducted to categorize
Mn-rich geological materials on behalf of resonance peaks of these materials with unpaired elec-
trons. The width, size, and occurrence of these peaks at a certain magnetic field strength depend
on the distance of one atom to the next neighboring atom (here Mn) and its oxidation state. The
linewidth of the resonance peaks was observed to reveal a fundamental difference between bio-
genic and abiogenic Mn oxyhydroxides. Kim et al. (2011) explain the observed narrow linewidth
of their Mn bio-oxides by large numbers of layer site vacancies present, small particle sizes, and
the absence or low abundance (0-5%) of Mn’". During this study, EPR measurements were per-
formed for several samples, discovering that these rock varnishes consist of a mixture of hexago-
nal birnessite and other Mn oxyhydroxide phases (appendix B.4).

Manganese oxidizing bacteria and fungal communities are well known (Bromfield and David,
1976; Cahyani et al., 2007; De la Torre and Gomez-Alarcon, 1994; Francis and Tebo, 2001; Spi-
ro et al., 2009; Toner et al., 2005; Villalobos et al., 2005) and were thoroughly examined for their
possible contribution to the rock varnish genesis by several authors (Dorn, 1984; Northup et al.,
2010b; Parchert et al., 2012; Perry et al., 2003; Staley et al., 1992; Taylor-George et al., 1983).
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Publications are available that report the observation of bacteria, algae, lichen, and fungi in and
on rock varnishes, several of them capable of Mn oxidation under laboratory conditions (Dorn,
1984; Dorn and Oberlander, 1981b; Krumbein and Jens, 1981; Kuhlman et al., 2006a; Kuhlman
et al., 2007; Northup et al., 2010b; Parchert et al., 2012; Raymond et al., 1993; Staley et al., 1992;
Taylor-George et al., 1983). Heterotrophic organisms that do not show carbon fixation were
found in varnish (Taylor-George et al., 1983). Other authors state that they see clear evidence for
photosynthetic activity of endolithic “microbial solution fronts” in all of their varnishes collected
from several environments and continents (Krumbein and Jens, 1981). Some authors report only
gram-positive bacteria (Perry and Kolb, 2004a), while others report the exclusive occurrence of
gram-negative bacteria in their varnishes (Dorn and Oberlander, 1981b). Publications can also be
found which report the finding of microcolonial fungi (MCFs) at all sampling sites of rock var-
nish samples, and claim that MCFs may play a crucial role in the rock varnish formation
(Parchert et al., 2012; Taylor-George et al., 1983). In addition, publications are available about
biological finds in rock varnish, which are cited quite often as evidence for a biogenic formation
of varnish, but which do not indicate if the crusts which were investigated contain elevated
amounts of Mn, and therefore fulfill the definition of rock varnish (Esposito et al., 2015; Leb-
edeva and Shishkov, 2016; Nowinski et al., 2010; Perry and Sephton, 2008; Wang et al., 2011).
Two experiments were conducted which report successfully reproduced varnish-like crusts from
organisms collected on natural rock varnishes (Dorn and Oberlander, 1981a; Krumbein and Jens,
1981). These two experiments are often cited as proof for the biogenic formation of rock varnish
crusts.

However, the mineralogy of the crusts grown by Krumbein and Jens (1981) was not exam-
ined, leaving the question open whether varnish was actually formed or not (Perry and Kolb,
2004a). It has been criticized that the generated crusts visually did not resemble real varnish
crusts. Krumbein and Jens (1981) investigated the initial natural varnish crusts and found that the
number of microorganisms which are able to precipitate Mn and Fe, in relation to the total num-
ber of isolates, was not higher in the varnish crusts than in additionally investigated soil environ-
ments.

Dorn and Oberlander (1981b) provide no further details about their successful varnish cultur-
ing conditions, such as exact time, temperature, and exposition to light. The crusts grown by them
contained only minor amounts of Mn and were relatively soft with Mohs hardness of 2.5. The
organisms found by Dorn and Oberlander (1981b), which they claimed to be responsible for the
Mn oxidation, led to a controversy later on. There was doubt if the observed Metallogenium is an
actual organism (Gregory et al., 1980; Klaveness, 1977), and it was criticized that previous re-
ports of this organism were solely from aquatic habitats and their sediments (Taylor-George et
al., 1983). The organisms reported by Dorn and Oberlander (1981b) were found in no other var-

nish samples later on. “Unfortunately, it was not possible to further characterize the isolates of
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Dorn and Oberlander, or to confirm their results by repeating their laboratory studies, because
cultures of their Metallogenium-like and Pedomicrobium-like bacteria have not been maintained
(R. Dorn, personal communication).” (Taylor-George et al., 1983).

A third varnish crust growth experiment, taking about two years, was conducted by Palmer,
Adams, and Staley. They also used organisms collected from natural rock varnishes. This exper-
iment was unsuccessful, since no varnish-like crusts developed. The experiment was not pub-
lished (Perry and Kolb, 2004a). To summarize, none of the experiments cited could reproduce the
natural conditions under which rock varnish forms (Staley et al., 1992). One reason for this might
be that cultivation of microbes from extreme environments is difficult, due to the difficulty of
reproducing the proper conditions required for growth in the laboratory (Kuhlman et al., 2008).

To complete this section, one also has to mention the authors who saw no evidence for bio-
genic contributions during their rock varnish studies, such as Goldsmith et al. (2014), Perry et al.
(2006), Potter and Rossman (1977), Smith and Whalley (1988), Smith and Whalley (1989),
Thiagarajan and Lee (2004), and Wayne et al. (2006). However, there is only one reported exper-
iment by Elvidge and Moore (1979), which claims successful abiogenic rock varnish growth in a
laboratory. Measurements of 8 °Fe from natural soil and rock varnish samples indicated that at
least the iron in rock varnish precipitated via inorganic processes (Perry and Kolb, 2004a).

Since we can find a large variety of theories in the extensive pool of rock varnish publica-
tions, and the theories clearly disagree with each other, we tried to find evidence in our samples,
which represent a large collection from several environments, ages, and continents. Staley et al.
(1992) stated that ”If microorganisms are the causative agents of desert varnish, they would be
expected to be found in all varnishes that are actively formed.”. Until now, however, there seems
to be no one single organism or group of organisms present in a set of different rock varnish
samples (Northup et al., 2010b; Perry and Kolb, 2004a).

1.5 Dating Rock Varnish

The history of rock varnish dating spans about 35 years by now. First rock varnish dating at-
tempts were made using varnish thickness as age index (Hayden, 1976; Oberlander, 1994). How-
ever, this proved to be unreliable, since varnish is thinner on smoother substrates and thicker over
irregular dust- and moisture-trapping substrates. Varnishes that are obviously young are often
surprisingly thick, suggesting a rapid rate of accretion until surfaces are smoothed, after which
accumulation seems to proceed much more slowly (Oberlander, 1994). Finally, on many rock
surfaces varnish accretion is periodically interrupted by surface scaling, aeolian abrasion, or cor-
rosion by organic acids associated with fungi or lichens (Oberlander, 1994).

Attempts have been made to determine the absolute age of rock varnishes using U-series da-
ting (300.000 years for varnish collected in Utah) (Knauss and Ku, 1980). However, Fleisher et
al. (1999b) investigated rock varnish for its U and Th mass fractions and found that the two ele-
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ments are not separated from each other. Thus, the authors could not use *°Th dating to constrain
the ages of layers within the varnish. The absence of a closed system and the large amount of
detritus within varnish also indicate that this dating method is not suitable for rock varnish.

Potter (1979) determined that there is too little organic matter in rock varnish to date it by
conventional radiocarbon analysis. He also tested palaecomagnetic dating, but found that the mag-
netic signal was too weak to be of use (Oberlander, 1994). Dorn and Oberlander (1981a) suggest-
ed that the relative ages of rock varnish films could be estimated semi-quantitatively by compari-
son of the proportions of relatively mobile and immobile elements incorporated in varnish films.
This suggested the use of the ratio (Ca + K)/Ti as a leaching index, later termed the varnish cation
ratio or VCR (Dorn, 1983). “The premise of cation-ratio dating is that with time the leachable
cations in varnishes, such as Na, Mg, K, and Ca, are gradually replaced by and/or depleted rela-
tive to less mobile cations, such as Ti. The decreasing cation ratio of Na+Mg+K+Ca:Ti, or any
component thereof (e.g., Ca:Ti) provides an indication of the length of time that the varnish has
been exposed to cation leaching” (Dorn, 1983).

Age determinations by VCR, based on curves calibrated using the chemistry of varnishes
found on dated volcanic rocks (the calibration varnishes included tephra layers with high Ti mass
fractions), were routinely used by geomorphologists and archaeologists for several years. A tre-
mendous number of papers was published using this method (e.g., Loendorf, 1991; Wells and
McFadden, 1987; Whitney et al., 1988). In the course of VCR dating, to validate the results and
to resolve problems of late Pleistocene and Holocene age determinations, Dorn et al. (1989) in-
troduced accelerator mass spectrometry (AMS) to the varnish field, in order to obtain radiocarbon
dates of organic matter embedded beneath or within basal varnish layers, thus constraining the
ages of the rock substrates. The organic matter was supposed to consist of varnish organisms,
pollen, and plant debris embedded in the accreting clays and oxides, composing varnish films.
Dorn et al. (1989) achieved excellent agreement at a large number of test sites between rock var-
nish AMS '"*C dates and dates measured or inferred by other means. The varnish dates measured
by "*C dating were commonly about 10% younger than controls, which was interpreted as the
consequence of the expected lag in colonization by varnish-generating organisms (Oberlander,
1994). The procedure has been extended to the dating of petroglyphs, artifacts, moraines, geo-
glyphs (e.g., the Nazca lines), landforms, alluvial fan segments, and lava flows. In all instances
the published AMS 'C dates corresponded strikingly with age estimates by other methods. This
seems remarkable, considering the difficulty of stripping varnish from large surfaces (0.5 m?)
removing material up to a specified depth (the upper 90% of the upper varnish material) first with
a sharp-pointed hand-held tool (Oberlander, 1994).

After several years of research and application, it turned out that VCR dating is not a reliable
dating tool. Basal rock varnish was no more leached than recently accreted varnish in many cas-

es, calibration curves were not reproducible, chemical analyses contradicted the fundamental as-
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sumptions of the method, results were disturbed by detritus, leaching did not always occur
through the dense matrix, three times older varnish was found within petroglyphs compared to
the age of the surrounding varnish, and many other disagreements were found (Bierman and
Gillespie, 1994; Bierman et al., 1991; Dragovich, 1988b; Oberlander, 1994; Reneau and
Raymond, 1991; Watchman, 1992; Watchman, 2000). A huge number of papers published about
VCR dating of rock varnishes, from several continents, and reports about the interpretations
based on these unreliable dates, remained published and were not re-evaluated. It complicates
rock varnish research today, since each paper has to be read with care. “The emphasis for dating
rock varnishes now shifted from using cations to carbon leaving a huge pile of literature and
dates that must be re-evaluated. This daunting task leaves the researcher in a quandary: either to
accept all the previous cation-ratio dating results and disregard the criticisms or to critically re-
view the literature pertaining to their region realizing the likelihood and extent of the problems
and uncertainties they face” (Watchman, 2000).

However, after only a few years of Hc dating of varnish, questions concerning the age deter-
minations of rock varnish by AMS were raised by Reneau et al. (1991). Authors questioned the
sampling technique (Oberlander, 1994) and the unknown carbon sources (windblown diatoms,
charcoal, lichen, fiber, graphite) (Watchman, 2000), while others presumed CO, contamination in
a system open for cation leaching (Staley et al., 1992). Dragovich (2000) found ages which were
younger at the rock/varnish interface than in the overlying varnish, which would be a reversal of
expected stratigraphic relations. This observation was previously also made by Watchman
(1993). As possible explanations for the inconsistent ages, the presence of organic material, such
as bacteria, which could be introduced to lower layers via cracks could be named. Other possible
explanations are the presence of deposited older recycled organic material, the dissolution of var-
nish by acids produced by organisms, the non-simultaneous growth of varnish on a single sur-
face, host rock weathering and exfoliation, and the absence of a closed system (Dragovich, 2000).
Based on this data, Dragovich (2000) suggested the potential absence of a link between an organ-
ic carbon age and the varnish deposition. Criticism of AMS "*C dating became more frequent
(Bednarik, 2002; Dragovich, 1988b; Oberlander, 1994; Watchman, 2000) and finally basis of a
large dispute (Beck et al., 1998; Dalton, 1998; Malakoff, 1998; Malakoff, 1999; Whitley, 2009;
Whitley, 2012; Whitley, 2013).

From then on almost no '*C and VCR dating was conducted anymore, since the methods both
proved to be unreliable. The dispute caused a tremendous decline of the number of papers pub-
lished on the subject of rock varnish. As part of a settlement following the conflict about AMS
dating, “...a disclosure agreement [was made] which has prevented all of the parties involved
from discussing the controversy subsequently. One unfortunate outcome of the resulting legally
imposed silence, however, is that none of the parties have been able to correct the published sci-
entific record.” (Whitley, 2013). For future dating attempts of rock varnish, Watchman (2000)
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recommends cosmogenic isotope and luminescence methods as innovative directions. Other op-
tions are using the knowledge about the age of the underlying rock, such as the age of in-situ
formed volcanic outcrops with original aa- or pahoehoe lava structures (Liu, 2004), archaeologi-
cal artifacts (Goldsmith et al., 2012; Liu and Broecker, 2007; Zerboni, 2008), petroglyphs
(Dietzel et al., 2008), well-dated outcrops (Liu and Broecker, 2008a; Liu and Broecker, 2013;
Liu, 2004), or meteorite finds with known terrestrial ages (Lee and Bland, 2003). Since the onset
of the varnish formation post-dates the age of the outcrop or rock, the maximum age of the rock
varnish crust can be evaluated. Unfortunately, it is not known by how much time the rock varnish
growth post-dates the rock age. Since weathering rinds on the host rock below varnish crusts are
common, it is likely that rocks can be exposed for long time periods before becoming varnish-
covered. An additional minimum age of the varnish can be quantified if carbonate deposits cover

rock varnish crusts (Dragovich, 1988a), which is unfortunately very rare.

1.6  Potential Paleoclimate Proxy — A New Correlative Dating Approach

Mineral dust is a mixture of clay minerals and other mineral particles, usually with small
grain sizes (nm to um range) and low densities of the grains. Higher wind speed can mobilize
larger sized particles, transport fine particles for longer ranges, and
carry them to greater heights. Depending on the vegetation density
and distribution of aridity, different dust components and sources
can be mobilized, on diverse dust pathways, and with different
compositions (e.g., desiccated shelf and lake sediments during cold
periods, such as evaporites and calciferous particles).

The dust load of the atmosphere depends on the amount of ex-
posed terrestrial surface and the wind strengths, and thus on the
Desert varnish from Saud Arabia climate. Cold climate exposes more terrestrial surfaces, especially

former continental shelf regions, which are subsequently available

10 pm

Figure 4: Element distribution map ~ for erosion by wind and weathering, since the sea level is lower
measured by STXM. Green colored
areas are Fe-rich, red colored areas

Mn-rich. mate, and the climate regulates the dust flux and input. Mineral

and dense vegetation is rare. Dust has a great impact on the cli-

dust is the major component of varnish, and each layer of varnish is thought to represent dust of a
certain time period and accordingly climate.

The growth of the rock varnish matrix seems to happen with time, from the underlying host
rock upwards, like a sedimentary sequence. Similar to sedimentary sequences, some varnishes
show alternating compositions, depending on the conditions during growth. This layered growth
is the basis on which paleoclimate studies are conducted on the material.

Varnish microlamination (VML) dating, which is a correlative dating approach, is discussed
and used by several authors (Baied and Somonte, 2013; Dorn, 1988; Liu and Dorn, 1996;
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Zerboni, 2008). A full rock varnish master-chronology has been established by Liu and his
coworkers for the western drylands of the USA, dating back 300000 years (Liu and Broecker,
2013). The idea that microlaminations, which are laminations of different color and chemical
composition within varnish, might be paleoclimate indicators, was proposed by Dorn and Ober-
lander (1981a). Black, opaque Mn-rich layers, and orange to yellow Mn-poor layers sandwiched
in between were described as early as 1978 (Perry and Adams, 1978) (layers are shown in Fig. 4).
Dorn (1984) suggested to use Mn:Fe ratios to assign values to the layers. He proposed that Mn-
rich layers represent wet climate periods, while Mn-poor layers represent dryer climate episodes.
It is presumed, but has not yet been proven, that greater rainfall results in higher MnO; contents
of varnish (Broecker and Liu, 2001), generating a chemical oscillation in varnish based on
changes between arid and semi-arid (or subhumid) climates in Holocene and Pleistocene time
(Oberlander, 1994). This change of composition can be due to varying Mn accumulation rates
due to different moisture availabilities and/or leaching potentials at constant dust flux, it could be
the result of the varying deposition of aeolian mineral dust at constant Mn accumulation rates, or
a result of a falloff in Mn fixation by organisms. Thus, it was proposed that rock varnish micro-
chemical laminations provide a terrestrial palaecoclimatic record analogous to the oceanic oxygen
1sotope record (Dorn, 1984; Oberlander, 1994).

Dorn’s former PhD student, Tanzhuo Liu, worked on the subject of microlaminations and
produced thousands of ultra-thin-sections (5-10 um) of varnish to investigate them (Liu, 2003).
He asserted that the best laminations can be found in microbasins, which are 1-3 mm wide and <1
mm deep, varnish-filled microdepressions on rock surfaces (Liu and Broecker, 2008a). Further-
more, he established the use of the BaO % content as absolute value for climate signals (Liu and
Broecker, 2007; Liu and Broecker, 2008a; Liu and Broecker, 2008b; Liu and Broecker, 2013; Liu
et al., 2013; Liu, 2003; Liu et al., 2000). Barium occurs in rock varnish together with Mn, but as
the MnO, content rises, the ratio of BaO to MnO, rises simultaneously. As a consequence, the
BaO concentration has a higher signal-to-noise ratio than the MnO, concentration (Broecker and
Liu, 2001). Barium oxide has the advantage that common mineral dust contains only minor
amounts of Ba-rich minerals (e.g., in barite, BaSO,), while other elements, which are often corre-
lated with Mn, such as Ca, are incorporated in numerous dust minerals (e.g., calcite, CaCOs, or
anorthite, CaAl,Si,0g). These Mn:Fe and Ba:Fe ratio sequences from the drylands of western
USA have been thoroughly matched to §'*0 (%) sequences of ice core records (Liu and Broeck-
er, 2008a) and climate records obtained from stable oxygen isotope analyses of marine foraminif-
era in North Atlantic deep sea sediments (Broecker and Denton, 1989; Liu and Broecker, 2007)
to obtain a local paleoclimate proxy.

However, this relatively new correlative dating method has not remained safe from criticism,
since growth can be interrupted by surface scaling, the layer sequence is different for almost eve-

ry microbasin on a single rock, it is not known if varnish growth stops for a certain time and
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starts again, having a hiatus which is not identifiable, and varnishes show indicators for continu-
ing adjustment to changing environmental conditions (Dragovich, 1988b; Garvie et al., 2008;
Goldsmith et al., 2012; Goldsmith et al., 2014; Reneau, 1993a; Reneau et al., 1992). Varnishes
show postdepositional mineralogical, chemical, and structural changes activated by liquid water,
and alteration by dissolution of Mn minerals occurs possibly through the reduction by organic
matter (Garvie et al., 2008; Krinsley et al., 2013; Krinsley et al., 2012). Aeolian abrasion or cor-
rosion by organic acids associated with fungi or lichens are factors which could additionally re-
move varnish layers (Oberlander, 1994), as well as deep burial under reducing conditions (Dra-
govich, 1988a). Many problems which hamper VCR and Hc dating of varnish (chapter 1.5) are
also applicable to VML dating. Furthermore, this correlative dating is based on the knowledge of
the onset of the varnish growth, and presumes continuous growth from then on. The host rock age
is taken, and 60-200 years are subtracted for the delayed start of the varnish accumulation, alt-
hough the initiation period may vary between environments and rock types (Dorn et al., 1988).
The difference is used as the maximum age of the varnish sequence. However, even though one
knows the age of the underlying rock, one does not necessarily know the beginning of the varnish
formation, since it is not unusual that the varnish crusts grow on deeply weathered rock crusts,
which most certainly predate the onset of the varnish growth. Reneau (1993b) stated that on dif-
ferent rocks with known similar Holocene ages, the varnish development on the surfaces can
show significant variability over distances as small as 1 km. He explains this with local variations
in aeolian sediment flux. He furthermore concludes from his data that varnish loss has occurred
in his study site, since Holocene outcrops show thicker and Mn-richer varnish than Pleistocene
outcrops (Reneau, 1993a).

The uppermost Mn-poor layer observed in rock varnishes from today’s arid deserts is inter-
preted as proof for the applicability of VML dating for paleoclimate research. However, the Mn-
poor uppermost layer was present in all samples collected along a rainfall transect during a study
by Goldsmith et al. (2012). No correlation was observed between a GIS rainfall model and the
average Mn content in the uppermost layer. The youngest Mn-poor sheet is rather interpreted as
leaching horizon, whereas at a depth of 5-10 um the “active layer” is present in which the varnish
formation takes place by pH and Ej, shifts (Goldsmith et al., 2014). Goldsmith et al. (2014) pro-
pose that surface wetting leads to Mn mobilization, downward leaching, and deposition as insol-
uble Mn oxyhydroxide at a depth of 5-10 um. Concluding with a quote from Oberlander (1994):
“The basic premises underlying the use of rock varnish for both age determination and palaeoen-
vironmental research have come into question and will remain in doubt pending future substan-

tive findings concerning varnish-forming processes.”
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1.7  Measurement Techniques Used

The two methods which proved to provide the most extensive and revealing results during
this thesis were femtosecond laser ablation-inductively coupled plasma-mass spectrometry (LA-
ICP-MS) and STXM-NEXAFS. Both methods have the advantages of high spatial resolution.
While laser ablation ICP-MS is a well-established method in geosciences, STXM-NEXAFS was
more recently utilized to gain new knowledge from geological samples. In the following, only
these two techniques will be explained in detail, even though several different instrumental (ns
LA-ICP-MS, fs LA-multicollector-ICP-MS (fs LA-MC-ICP-MS), solution ICP-MS, portable
XREF, stationary XRF, GFS, PCR, NanoSIMS, SEM, Raman spectroscopy, EPR, TEM, EDX, and
EPMA), microscopical (polarization microscopy, light microscopy, and fluorescence microsco-
py), and preparation techniques (thin section preparation, thick section preparation, FIB-slicing,
microtome slicing, and abrasion using an electric combination tool) were applied during this the-

sis, some of which provided valuable additional results.

1.7.1 Femtosecond Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry

Laser ablation ICP-MS is a highly sensitive analytical technique, which is well-established in
geosciences, especially for high-resolution in-situ measurements of trace elements. It handles
small sample quantities of material and requires no chemical treatment in advance, which reduces
the possibilities for contamination and sample loss (Ferndndez et al., 2007; Hergenroder et al.,
2006). While nanosecond laser ablation has been applied for rock varnish investigations before
(Nowinski et al., 2010; Wayne et al., 2006; Wayne et al., 2004), 200 nm femtosecond laser abla-
tion is a new technique, which has not yet been applied to varnish research. This method was
used in this thesis, since it fulfills the requirements needed for high resolution measurements on
thick-sections, such as almost matrix independent measurements. This is important for materials
such as rock varnish, which, until recently, lacked a matrix-matched reference material (appendix
B.3).

The unknown thicknesses of the varnish crusts produce uncertainties for the interpretation of
depth profiles which cannot be retraced. To avoid this problem, measurements were conducted on
cross sections prepared as thick sections (70 um). Using these, it was possible to examine the
samples for their crust thickness and ablation trajectory, prior, during, and subsequent to each
measurement, by light microscopy.

During laser ablation, material gets ablated by a laser system from a solid material. In this
thesis a laser with pulses in the femtosecond range and with a wavelength of 200 nm was used for
most measurements. The femtosecond laser is of specific interest, since this device allows an
almost matrix independent calibration, and elemental and isotopic fractionation effects are signif-

icantly reduced (Jochum et al., 2014; Poitrasson et al., 2003). This is especially important for
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materials with unknown matrices and changing compositions, such as rock varnish. The femto-
second laser has the advantages of producing a very hot electron gas, which does not disturb the
adjacent lattice in the structures of the samples at the end of the pulse, and the heat-affected zone
shrinks significantly (Margetic et al., 2000). Thus, it has a higher spatial resolution and sensitivi-
ty, as well as a higher efficiency than the commonly used nanosecond laser (Fernidndez et al.,
2007; Zeng et al., 2005). Furthermore, this resolution, together with a smaller particle-size distri-
bution, provides a better precision and accuracy of fs LA-ICP-MS results compared to ns LA-
ICP-MS results (Fernandez et al., 2007). During the measurements the liquid state is skipped,
turning the sample directly from solid state into plasma, enhancing the measurement potential of
volatile elements, such as Zn and Pb (Jochum et al., 2014). The in-situ measurements save time,
minimize the sample material needed for one analysis, compared to solution ICP-MS, and allow a
match between structures and element distributions, which is especially important for microscale
structures, such as those found within rock varnish. Currently, there is a variety of fs lasers with
different wavelengths available, coupled to ICP-MS instruments. The advantage of using a wave-
length of 200 nm is the production of smaller particle sizes and hence a higher ionization poten-
tial (Guillong and Giinther, 2002; Giinther et al., 1997), a higher absorption potential by minerals
in general, and especially an improvement of absorption by transparent minerals (Jeffries et al.,
1998). However, UV laser light is a challenge to the design of optical systems, especially when it
is combined with high quality visual observation, as it is necessary for LA-ICP-MS measure-
ments (Giinther et al., 1997).

The particles ablated in a cell filled with a He atmosphere are discharged from the sample cell
by an additional He gas flow. The aerosol, mixed with Ar gas to trigger the plasma torch, is in-
troduced into the inductively coupled plasma for the ionization process (6000-7000 K). A high-
voltage spark is applied to the mixed gas flow by an intense electromagnetic field produced by
radio frequency (RF) oscillation (power 750-1500 W, frequency 24-40 MHz). Electrons are
stripped from Ar atoms, starting a chain-reaction of collision-induced ionization, powered by free
electrons accelerated in the magnetic field. Particles ablated from the sample change from solid
state to an excited gaseous form, and de-excite into a ground state atom. By collision with elec-
trons set free from Ar atoms, which were multiplied by the chain reaction, the ground state atoms
are ionized.

These ions are introduced through (usually Ni) cones into the interface. They pass through a
first cone (sampler cone) with an orifice of 0.8-1.2 mm and a second cone (skinner cone) with an
opening of only 0.4-0.8 mm. The main challenge is to lead the ions from atmospheric pressure
(760 Torr) into the MS analyzer region (10 Torr). Only about one out of a million ions produced
in the plasma reaches the detector, due to the bottleneck of the cones and the following ion optics.

Fractionation can occur here or during laser ablation.
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The ion optics, a system of electromagnetic lenses, convey a maximum number of positively
charged ions from the plasma into the following mass separation devices. It separates the neutral
and negatively charged ions from the positive ones, focuses the ion beam, and pulls the ions from
the interface. In the double-focusing sector-field ICP-MS, a magnetic field, followed by an elec-
trostatic analyzer (ESA), is positioned behind the ion optics (reverse Nier-Johnson geometry).
This geometry allows the decoupling of the electric field of the ESA from any electric field of the
RF generator, as well as an increase of abundance sensitivity.

The kinetic energy spread is only a few eV when the ion beam exits the interface and enters

the mass analyzer system:
Eyin = =mv? = zU

where m is the mass, v the velocity, z the particles charge, and U the voltage. The ions are
subsequently, in the double-focusing sector field, separated by their mass-to-charge ratios on ba-
sis of the Lorentz force law:

F=z(E+¥xB)

where E is the electric field strength and B the magnetic field. The magnetic field focuses the
ions with diverging angles of motion from the entrance slit and passes them to the ESA, which
focuses them onto the exit slit behind which the detector is positioned. In the magnetic sector
field, the Lorentz force for a magnetic field equals the centrifugal force in an orbit:

muv?

F=zvXB=
r

where r is the radius. Combining this process with an electric field following the magnetic
field, a specific ratio can be calculated, and different mass-to-charge ratios can be scanned
through by choosing U and B in the electric and magnetic field sectors:
1 |2Um

"TB|z

The cascading multiplier detector creates an electric signal from each arriving ion. The posi-
tively charged ions hit the copper-beryllium detector material, which is negatively charged. This
material releases electrons, which hit the detector surface again, and the cascade effect is repeated
several times. The electrons released by the ion impact are converted into electric pulses. The
signal can either be measured in the counting or in the analog mode, depending on the amount of
ions detected. While digital counting of the ions provides a higher sensitivity, the analog mode,
which measures the voltage produced, reduces the sensitivity but extends the concentration range
for which ion signals can be measured.

To obtain quantitative data, reference materials are measured in addition to the unknown

samples. “A reference material is a material, sufficiently homogeneous and stable with reference
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to specified properties, which has been established to be fit for its intended use in measurement or
in examination of nominal properties” (VIM, 2004). Since no suitable homogeneous reference
material (RM) for the microanalysis of Mn-rich materials existed up to now, a new RM was de-
veloped for rock varnish during this thesis. The extensive description can be found in B.3 in the
appendix and in Jochum et al. (2016). The new reference material was investigated in detail for
its homogeneity and was thoroughly compared to available Mn-rich RMs and homogeneous glass
RMs during this thesis (appendix B.3).

1.7.2  Scanning Transmission X-Ray Microscopy—Near Edge Absorption Fine Structure Spec-

troscopy

This technique has only recently started to be used in geoscience. It is known to extract new
knowledge from geochemical samples with high spatial and temporal resolutions. As requirement
to apply STXM-NEXAFS, the samples need to be transparent for light in the energy range of
interest, since this method measures transmitted light. To prepare varnish samples thin enough,
without the destruction of structures or a contamination by processing, FIB slices were prepared,
cutting a piece of rock out of the sample by removing atom by atom from the surface with a Ga"
ion beam. Subsequent to a first thinning of the samples (30 x 50 um), they are fixed on a TEM
grid by a Pt droplet, and final thinning is conducted to create thicknesses of about 100-200 nm.
The TEM grid is mounted on a sample holder, which gets introduced into the STXM instrument.
To receive a high resolution (down to about 30 nm) during STXM measurements, a light beam is
focused on the surface of the transparent sample and the focused beam is scanned over a certain
area of interest. The area and the resolution can be chosen on basis of the question.

Since the measurements are based on X-ray absorption, a tunable X-ray source is necessary.

To receive a high energy and high

, spatial resolution for a wide range of
Storage ring ) ]
energies, a synchrotron source is
used. Soft X-rays are preferred,
which results in low radiation dam-
Monochromator age by light with a high penetration
depth. Soft X-rays have a photon

energy of about 100-2000 eV, or a

wavelength of 0.6-10 nm (Solomon
Figure 5: Sketch of a STXM microscope. OSA: order sorting aperture,

which filters the positive first diffraction order. ZP: zone plate, which et al" 2012)' This is in the range of
focuses the beam. PMT: high performance photomultiplier, which oper- inner-shell electron binding energies
ates as detector. . .
of low-Z elements. The technique is
thus especially useful to investigate organic materials, but also L-shell absorption of high-Z ele-

ments. Two synchrotron facilities and their microscopes were used for the STXM-NEXAFS
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measurements in this thesis. One is the X-ray microscope at beamline 5.3.2.2 at the Advanced
Light Source, Berkeley, CA, USA, with a bending magnet source. The other instrument is the
MAXYMUS microscope at beamline UE46-PGM-2 at the synchrotron BESSY II, Helmholtz-
Zentrum Berlin, Germany, which utilizes an undulator. Using a bending magnet, the brightness of
the light is about four orders of magnitude lower than using an undulator. Lower brightness re-
sults in lower count rates.

To acquire useful information in a reasonable time span, a high photon flux on a small spot is
required. Small spots are produced by a zone plate lens, which is introduced into the optical path
between the monochromator and the sample. The zone plate is an achromatic lens with a focal
length proportional to the photon energy. An additional device is installed between the zone plate
and the sample, the order sorting aperture (OSA). It filters the light in order to transmit only the
positive first diffraction order (Fig. 5).

The measurement chamber at the ALS is filled with a He atmosphere previous to measuring,
while at BESSY II measurements are conducted in vacuum. Comparing He or vacuum to an air
atmosphere, one receives a higher amount of photons at the sample surface due to the lower ab-
sorption, and smaller interferometer drifts because of the lower index of refraction for the former.
The advantage of He over vacuum is the permanent cooling of the motors and other electronics in
the measurement chamber (Kilcoyne et al., 2003).

The resulting images are energy-specific. Possible energies at which measurements can be
conducted are 250 — 800 eV at the ALS and 120 — 1900 eV at BESSY II. To obtain an element
distribution map for a certain element, a scan at a lower or significantly higher energy than the
adsorption edge energy must be conducted, which is not influenced by absorption by another el-
ement. This energy represents the underground or blank. An additional scan at the energy of
greatest adsorption by electrons of the atom of interest in the K, L, or M shell is necessary. These
images, subtracted from each other, provide an element map for a certain element. The resulting
maps are usually expressed by their optical density (OD) or extinction, given by the Lambert-

Beer law:

1
0D =1g(2) = u(E)pd
t

where Ij is the intensity of the incident light, I; is the intensity of the transmitted light, p is the
absorption coefficient of the material as function of the energy (E), p is the density, and d the
sample thickness.

Image sequences at many energy values (so-called stacks) produce 3D matrices where each
pixel contains information about the adsorption of all energies measured at this point. The ad-
sorption spectra can be extracted from any pixel or group of pixels of a stack, subsequent to sub-
tracting the background signal, or signal of the incident light, for each energy setting which was

measured simultaneously. In addition to element occurrences and distributions, the adsorption
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also contains information about binding situations and oxidation states, expressed as the exact
energies of the absorption edges.

The detector converts incoming X-rays to visible light via a phosphorus screen. The generated
visible photons are counted by a high performance photomultiplier (PMT) with count capabilities
in the tens of MHz. For calibration, the characteristic pi resonance peak at 285.2 eV was meas-
ured on polystyrene latex spheres (PSLs) prior to each measurement session. The data were eval-
uated with the Interactive Data Language (IDL) widget “Analysis of X-ray microscopy Images
and Spectra” (aXis2000) and IGOR Pro. Subsequently, cluster analyses were conducted utilizing
the software Mantis-2.1.01.

Radiation induced damage has to be taken into consideration. Transformation of Mn oxida-
tion states is not unlikely, utilizing a focused soft X-ray beam for STXM measurements, since a
very small sample area is subject to a large photon flux (Beetz and Jacobsen, 2003). The radiation
damage is interpreted for instance as X-ray induced photoreduction, where the organic carbon
present in the sample provides the electrons (Ross et al., 2001). This might explain the observed
decrease of the COOH' resonance peak at 288.5 eV, to form RCOs3, absorbing at 290.2 eV. This
suggests the breaking of carboxyl groups and the resulting formation of carbonate within the
sample. Braun et al. (2009) proposed a scenario where the COOH™ groups react with oxygen radi-
cals to form an organo-carbonate and water (2COOH" + (30)2' > 2CO32‘ + H,0 ). These two
reactions might not only be accountable for the presence of CO32', but also for the lack of func-
tional groups, other than carboxylic groups and aromatic n-bonding, found within the varnish

samples investigated during this thesis.
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2 Results and Discussion

2.1  Sampling Sites Investigated

Varnishes from different regions all over the world and different environments were collected
and studied (Fig. 6):
Arid desert regions
Anza-Borrego Desert, CA, USA*
Mojave Desert, CA, USA*
Jubbah, An Nafud, Saudi Arabia*
Yatib, An Nafud, Saudi Arabia*
Sde Boker, Negev, Israel*
Azougui, Sahara, Mauritania
Semi-arid desert regions
Knersvlakte, South Africa*
Chihuahuan Desert, TX, USA
Sonoran Desert, AZ, USA
Urban sandstone buildings
Smithsonian Institute, Washington D.C., USA
Freiburger Miinster, Freiburg, Germany
River splash zones
Adirondack Raquette River, NY, USA
Erie Barge Canal, NY, USA
Fissure precipitate
Baja California, Puerto Escondido, Mexico**
Cave varnish

Herbstlabyrinth, Breitscheid, Germany**

In addition, dust samples were collected near varnish samples from the regions asterisked
above (*), which were additionally investigated as potential sources of the varnish element en-
richments and also as varnish major components.

Some samples, marked above with two asterisks (**), were investigated with several tech-
niques, but are not described in the following results, since they do not fit into the context of

subaerial rock varnish.
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Rock varnish can be categorized into five types:
Type I): Arid desert varnish
Type II): Semi-arid desert varnish
Type III): Semi-arid desert varnish with special growth forms
Type IV): Urban varnish
Type V): River splash zone varnish

Further descriptions of sampling locations and varnish types can be found in the appendix (B.2
and B.4).
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Figure 6: Sampling locations of varnishes used for the categorization of rock varnish types.
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2.2 Results of the Rock Varnish Investigations

Each component of varnish was investigated throughout this thesis to obtain an understand-
ing of this complex material. It is important to confirm or disprove the assumption that all var-
nishes are similar and can be interchangeably used for comparison. Missing data from one kind
of rock varnish is often completed with the dataset from another kind of rock varnish. A typical
example is that as evidence for life in typical desert varnish, authors publish the finding of cells
in (Mn-rich) crusts from non-arid environments, such as from river splash zones (Krinsley et al.,
2009; Krinsley et al., 2012). To prevent future misunderstandings, a classification by geochemi-
cal and structural features into different varnish types was proposed (appendix, B.4). To this end,
the dust component, the Mn-rich matrix, structures and element distributions, as well as biogenic
components were investigated throughout this thesis. The following chapters (2.2.1-2.2.4) will be
kept rather short, since detailed information is provided in the manuscripts in the appendix. The
last chapter about the search for organisms will be more detailed, since this dataset has not been

published yet.

2.2.1  Structure Investigations by Imaging

“The cross-sectional texture of rock varnish varies
considerably with the scale of analysis and technique
used to image a sample. Each jump in resolution results in
new insight, with the current state-of-the-art resting at the
nanoscale” (Krinsley et al., 2013). The examination of
internal structures of rock varnish is of specific interest to
advance the understanding of micrometer and nanometer

sized features and, by this, the accumulation processes.

While macroscopic observations were reported starting
Figure 7: Dust fraction within rock varnish

crusts. A and B show a diatom fragment which about 200 years ago (VOIl Humboldt and Bonpland’
was integrated into the rock varnish matrix,
while C, D, and E show nicely stacked clay min-
erals. Images A, B, and C were obtained by SEM,  ferences, cauliflower-like growth structures, stromatolitic
while images D and E are STXM element distri-
bution maps of the elements Al and Si, which
were measured at the BESSY Il. Allimages were - rock, cracks, cavities, dust particle sizes and shapes, and
obtained from South African rock varnish sam-

ples. dust particle “nests”, can only be visualized by modern

1819), microscopic features, such as layers, density dif-

features, case hardening, particles torn off the underlying

and state-of-the-art techniques. Furthermore, one can discriminate between microfossils, such as
diatoms, which were introduced with the dust fraction (Fig. 7 A and B), and mineral dust such as
clay minerals (Fig. 7 C, D, and E).
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In this thesis, instruments and techniques, such as polarization microscopy, light microscopy,
STXM-NEXAFS, backscattered electron (BSE) microscopy, and SEM imaging, were used to
visualize these nano- and microfeatures (appendix, B.2 and B.4).

Rock varnish structures can be grouped into four categories:

o Structures with sedimentary layering, which occur mainly in local microbasins or de-
pressions within the rock surface (Fig. 8 b)

o Stromatolitic structured varnish with upwards growing and outwards branching chan-
nels (Raymond et al., 1993)

o Dense varnish showing almost no structure variations such as layers or cavities (Fig. 7
®)

o Cavity-rich varnish showing a porous matrix and large amounts of angular mineral
particles. Individual cavities can be found either seemingly randomly distributed with-
in the matrix, or preferentially associated with dust mineral grains, or nests of angular
dust minerals (Fig. 11 A)

Varnishes showing these strongly diverging features have been used interchangeably for the
description of rock varnish, and thus discussions and arguments about the validity of the different
descriptions have been going on for decades. Hence, it is necessary to describe the nano- and
micrometer structures of the samples, as well as to study the chemical composition, to allow
comparison to equivalent materials. We proposed a categorization of rock varnish into five dif-
ferent types, based on structures, element distributions, and element compositions. The definition

of each type is available in the appendix (B.4).

2.2.2  Investigations of the Manganese-Rich Matrix

The matrix, generally in combination with the incorporated dust grains, was investigated in
detail. Several measurement techniques were required to cover different scales and demands.
While a portable XRF was mainly used to conduct in-situ research on facades (appendix B.5) and
outcrops, as well as for a first overview over the manganese presence, an EPMA and a LA-ICP-
MS were used for high resolution (2 pm vs. 10-40 um) measurements of different elements (ma-

jor elements vs. trace elements).

2.2.2.1 Portable X-Ray Fluorescence
To investigate the chemical composition of the sampled varnishes, MnO mass fractions, or

Mn K-a counts per second, were obtained by a portable XRF, to receive rough approximates of
the Mn abundance as first indicator whether the crust was varnish or not, and furthermore to
evaluate how thick the crust might approximately be. It was used as an in-situ method to deter-
mine if black crusts observed on the facade of the Freiburger Miinster contain Mn (appendix

B.5), and to evaluate the amounts, or surface densities, of the Mn found. Crusts which turned out
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to be sufficiently Mn-rich were subsequently investigated by additional high-resolution meas-

urements.

2.2.2.2 Electron Probe Microanalysis
Electron probe microanalyzer investigations were conducted to obtain the major element

composition and the composition of the pure Mn-rich matrix between larger dust minerals (spa-
tial resolution 2 pm). The major element abundances determined by EPMA were further used to
identify a potential internal standard element for LA-ICP-MS analyses, and to obtain the exact
mass fractions of this internal standard element. Moreover, simultaneous to element composition
determinations, backscattered electron (BSE) images were produced of the samples (appendix
B.2). As first evidence that mineral dust is a major contributor to varnish, fs LA-ICP-MS meas-
urement results were combined with EPMA data. A MnO; vs. SiO, plot displays clearly, that the
Mn-free endmembers of rock varnish fall into the range of average dust compositions (appendix,
B.2).

2.2.2.3 Femtosecond Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry
A femtosecond LA-ICP-MS was used to obtain accurate and precise data of trace element

contents, with a spatial resolution of 10-40 um. Measurements were conducted as line scans on
thick-section cross-sections through the rock varnish sequence. This allows the examination of
the ablated lines before, during, and subsequent to the measurements. It limits the risk of simulta-
neous ablation of rock varnish and substrate, which was problematic in previous LA-ICP-MS
studies of rock varnish (Wayne et al., 2006; Wayne et al., 2004). The enrichment of several ele-
ments was observed. Most prominent are high Mn, Ba, Zn, Pb, Co, Cu, N1, Y, U, and REE mass
fractions in most varnishes (appendix, B.2 and B.4). The enrichment differs between different
varnish types, even though one type might represent samples from several different continents,
and different types might be collected within one country. This indicates that not only the dust
source composition differs, but either the integration mechanisms, the leaching mechanisms of
dust, ligand presences, the source type (such as mineral dust for Type I varnish, anthropogenic
particulate matter (PM) for Type IV varnish, or river water for Type V varnish), the mineralogy
of the Mn-rich matrix, or a combination of them. Many other factors are of importance concern-
ing the sorption of trace elements, such as the ionic strength, pH and E; conditions of the solu-
tion, as well as the radii, oxidation states, and coordination forms of the elements available.
Moreover, clay minerals incorporated in rock varnish, representing a large fraction of the materi-
al, also contribute to the ad- and absorbing processes, due to their high sorption potential. How-
ever, this contribution is considerably lower than that of Mn oxyhydroxides. Thus, it is challeng-

ing to distinguish which factor contributes to what extent.
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2.2.2.4 Scanning Transmission X-Ray Microscopy — Near Edge X-Ray Absorption Fine Structure Spec-
troscopy
Scanning transmission X-ray microscopy-NEXAFS was used to obtain element distribution

maps (appendix B.2 and B.4), especially of low-Z elements, such as carbon, oxygen, and nitro-
gen, to search for functional groups, and to identify the oxidation states of Mn in-situ. Interesting-
ly, cluster analyses (conducted by the program Mantis) identified areas of different Mn oxidation
states within single varnish samples (Fig. 10). This might be an indicator for an initial patchwork
made of different Mn oxyhydroxide phases, but it is more likely an indicator for recrystallization,
redox reactions, or ionic substitution subsequent to a first crystallization process forming the ma-
trix. Oxidation states found in the rims of cavities were lower than in the matrix distant from cav-
ities. This could indicate that the Mn oxyhydroxides have oxidized material, such as organic mat-
ter, via redox reactions. The organic matter could have been previously deposited together with
the mineral dust fraction; or it could represent remains of organisms involved in the varnish for-
mation. Manganese oxidation states and functional groups will be discussed in detail in chapter
2.2.5.2.

2.2.3  Sources of Rock Varnish

The major source of rock (or desert) varnish is known to be mineral dust (Otter et al., in prep-
aration). However, detailed studies on the Freiburger Miinster (appendix B.5) showed that this is
not valid for all rock varnish types. The source for the elements observed within the crusts at the
Miinster (Type IV varnish) turned out to be most likely anthropogenic released PM or, more spe-
cific, emissions from vehicles (appendix B.5). A further type of varnish (Type V) seems to obtain
its elements from river water (appendix B.4). Only mineral dust will be discussed in the follow-

ing, since it satisfies the definition of rock varnish.

2.2.3.1 Mineral Dust
To allow a comparison of the chemical composition of varnish to the dust fraction, which is

thought to be a main contributor to the varnish formation, dust, or soil, collected adjacent to sev-
eral varnishes was investigated. These investigations were made to identify the process behind
the leaching-and-precipitation mechanism, and to determine if the process is identical for all rock
varnishes. Loose mineral dust grains were analyzed as fine (<50 pm) and coarse (=50 pm) frac-
tion. The comparison of varnish and dust measurements revealed a correlation between the chem-
ical composition of varnish and the dust, as shown in Otter et al. (in preparation). The correlation
1s highest for fine grained dust (<50 um) (Otter et al., in preparation), which is reasonable, since
this fraction is easily incorporated due to greater adhesion. It has a higher relative surface area
available for leaching processes, and the clay mineral fraction is usually significantly higher in
the fine fraction of mineral dust. It was also observed that the enrichment of REEs in varnish,

compared to corresponding dust, is high for Type I varnish and low for the Type III varnishes
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investigated. The degree of the dust contribution to the varnish genesis seems to depend on the
type of varnish, and thus on the formation processes, which we propose differ for the diverse var-
nish types. The exact mineral composition of the fine fraction of several mineral dust samples
was investigated by X-ray diffraction (XRD) (Otter et al., in preparation).

The dust provenance contributing to the varnish formation can change over the centuries or
millenia, the time span needed for the varnish accumulation. A changing provenance often coin-
cides with changing Pb isotope signatures. High resolution in-situ Pb isotope measurements by fs
LA-MC-ICP-MS were conducted in the search for indicators for provenance changes. Small
changes of Pb ratios over the profiles were observed, but they were all in the range of the rela-
tively large measurement errors. Unfortunately, as it turned out later, no layered varnishes were
investigated, since the one Type I varnish sample was chosen for the final measurements, which

does not reveal these structures (appendix B.4).

2.2.4  Technical Developments

Rock varnish is a material that has been investigated for an exceptionally long time, but the
instrumentations available for the investigations have changed. Current-day techniques provide
the opportunity to go down to the nanoscale and to study minimal amounts, which was unthinka-
ble 200 years ago when von Humboldt studied rock varnish. However, changing instruments re-
quire different measurement techniques and calibration standards. These are available for routine
investigations, but usually do not fit the needs for rock varnish research. Due to this lack, new

developments were made in order to bridge these gaps.

2.2.4.1 FeMnOx-1 — A New Microanalytical Reference Material for the Analysis of Rock Varnish
Comparative measurement techniques, such as for instance LA-ICP-MS, require reference

materials (RMs) to obtain quantitative data. Since major and trace element mass fractions of the
rock varnishes investigated during this thesis were determined by LA-ICP-MS, one has to take
into account that a suitable microanalytical RM (MRM) is required. Several RMs are available
for microanalyses, but all have low Fe and/or Mn mass fractions (e.g., NIST 610 and GSE-1G),
while rock RMs with high Mn and Fe mass fractions are, in contrast, not suitable for microa-
nalyses because of sample heterogeneities (e.g., JMn-1, FeMn-1, NOD-P-1, and NOD-A-1). This
was investigated in detail during this thesis (appendix, B.3). On behalf of the results, a new
MRM, FeMnOx-1, was produced in collaboration with USGS. It was closely studied and com-
pared to already available materials (appendix, B.3). In this thesis, the new material FeMnOx-1
was thoroughly tested for its homogeneity by fs and ns LA-ICP-MS, and the element composition
was determined by stationary XRF, solution ICP-MS, and ICP-AES. The investigations of the
exact element mass fractions, determined by several methods and at different institutions, are

given in Jochum et al. (2016). This allows future researchers to use this MRM as a homogeneous,
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well-examined RM to conduct high-resolution microanalytical measurements. Using this new
reference material for LA-ICP-MS measurements of rock varnish, smaller spot sizes and shal-
lower ablation depths can be chosen, increasing the resolution for future applications, and matrix-

matched analyses can be conducted.

2.2.4.2 Portable X-Ray Fluorescence — In-situ Analyses of the Surface Density of Manganese
As a further project, a calibration was developed to allow the quantification of MnO mass

fraction results, or Mn K-a counts per second, of rock varnish crust measurements obtained by a
portable XRF. Rock varnish samples were cut into squares and the varnished surface was deter-
mined using the software ImageJ. The varnished surface was dissolved by 0.02 M hydroxylamine
hydrochloride, and the exact amount of Mn removed from the specific surface was determined by
solution ICP-MS. These values, combined with results obtained from a Mn standard from Mi-
cromatterTM, were fitted to obtain a calibration curve, which allows the conversion from mass
fractions, or counts, to Mn surface densities (ug cm™). This permits a semi-quantitative evalua-
tion of the results obtained by in-situ portable XRF measurements of thin layers of varnish. The
procedure was developed and applied to measurements at the Freiburger Miinster, where urban

varnish was investigated in cooperation with the Miinsterbauverein Freiburg (appendix B.5).

2.2.4.3 Mineral Dust — Requiring only Femtogram Amounts of Material
All mineral dust measurements conducted during this thesis (appendix B.2 and B.4, Otter et

al., in preparation, and Long-Yan et al., in preparation) are based on a protocol developed for this
purpose during this thesis (appendix, B.1). This method allows to measure small dust amounts,
down to femtograms, by fs LA-ICP-MS, obtaining sufficiently accurate and precise data. Dust
collected on varnished surfaces can be investigated in-situ, without possible contamination by
processing. Rare and chemically distinct minerals, such as zircons (Zr(Si04)), can be localized by
this protocol, and the amount of individual grains can be counted and located for further studies if

required (appendix, B.1).

2.2.5 The Search for Life in Rock Varnish

The biogenic formation of rock varnish is highly controversial in the literature. For this rea-
son, we tried to find evidence for a biogenic formation in our rock varnish samples, which repre-
sent a large collection from several environments and continents, and of various ages. Different
varnish types were investigated with several methods, in search for a potential biogenic for-
mation. Methods such as for instance imaging by BSE, SEM, or light microscopy, fixation and
staining, STXM-NEXAFS, EPR spectroscopy, as well as PCR and qPCR were used to fulfill this
task.
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2.2.5.1 Imaging Micro- and Nanostructures - Scanning Electron Microscopy, Backscattered Electron
Imaging, Scanning Transmission X-Ray Microscopy, and Light Microscopy
Investigating varnish samples by SEM, nodules, which are possibly accumulates of nanocrys-

talline mineral particles, were found on several varnish surfaces (Fig. 8 h, 1). Nanocrystalline Mn
oxyhydroxides might be indicators for a biogenic origin, but they might also have formed by pre-
cipitation of colloids from a supersaturated gel. A stromatolitic inner microstructure can be ob-

served in both, varnishes and colloidal precipitated gels (McLoughlin et al., 2008).
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Figure 8: Images a, ¢, e, and g are taken from McLoughlin et al. (2008) and show Taylor stromatolites, while b, d, f, h, and i are
rock varnish images. Figures a and b show laminated structures with wavy layers in between (b is an EPMA backscattered elec-
tron image of sample CA13 DV1, the dashed lines mark the varnish boundaries). Figures c and d show cuts at an angle through
the upwards and outwards branching nodules (d is an EPMA backscattered electron image of sample 1S13 V3, the dashed lines
mark the varnish boundaries). Figures e and f show discontinuous laminated structures suddenly disappearing (f is a microscopy
image of sample 1S13 V3, 100 times enlarged). Figures g, h, and i are nodules on the surface of a varnish (h and i are light mi-
croscopy images; i is an image of sample TX FD4, 50 times enlarged, i is an image of sample AR14 2a, 50 times enlarged).

The stromatolitic microstructures found within varnish, and the nodules on the surface of var-
nish, are very similar to structures observed in synthetic stromatolites, so-called Taylor stromato-
lites, which formed by the accretion of colloids in a turbulent air flow (McLoughlin et al., 2008).

Figure 8 shows Taylor stromatolites and rock varnish for microstructure comparison. The
South African semi-arid desert varnish (Type III) shows additional microcolonial fungi (MCFs)
growing on the varnish surface (Fig. 9 A, B). Similar MCFs were observed on varnish coatings
before (Dragovich, 1993; Perry and Sephton, 2008; Staley et al., 1982; Stewart-Perry, 1979).
However, it is unclear if these fungi are directly involved in the varnish formation (Parchert et al.,
2012; Perry and Kolb, 2004a; Taylor-George et al., 1983), or if they rather cause the dissolution
of varnish due to their production of organic acids. The dissolution theory is supported by the fact
that MCFs are usually found within pits in varnish surfaces (Dorn, 1986; Staley et al., 1982; Tay-
lor-George et al., 1983). From our data, we can only conclude that some biological activity post-
dates the Mn-deposition. We did not find any evidence for MCFs entombed within the varnish
structure, neither by imaging, nor by 8'*C measurements (see chapter 2.2.5.6). One rock varnish

sample showed hyphae on the varnished surface (Fig. 9 C), a finding also reported before for
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desert varnish (Staley et al., 1982; Taylor-George et al., 1983), urban rock varnish (Vicenzi,
2016), humid environment varnish (Krinsley et al., 2009), and river splash zone varnish (Krinsley
et al., 2012) surfaces. We found stacked layers in the 100 nm range in several rock varnishes, but
no structures which could definitely account for former bacteria cells with about 1 pm in diame-
ter. The cavities within the stacked layers are at most 0.5 um in diameter. Furthermore, the nicely
stacked layers show no indication for deformation after cavity collapses of former bacterial cells.
However, it cannot be excluded that remobilization of Mn from encrusted cell walls, and re-
precipitation of the Mn oxyhydroxides as thin layers destroyed all evidence for former biominer-
alization (Krinsley et al., 1995). Non-stacked varnishes also showed no definite features which
could have formerly been cell structures. Ellipsoidal cavities are present which are about 1 um in
diameter. They might be an indicator for Mn oxyhydroxide growth around organisms, but this

cannot be proven with the current methods at hand.
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Figure 9: A) Microcolonial fungi on top of a rock varnish surface from a South African varnish sample

(SA13 mM-f). B) Close up of microcolonial fungi on a South African sample (SA14 09a). C) Hyphae on

the surface of an arid desert varnish sample (1S13V1, Negev Desert, Israel). Arrows point towards

fungal colonies and hyphae.

2.2.5.2 Functional Groups and Mn Oxidation States - Scanning Transmission X-Ray Microscopy — Near
Edge X-Ray Absorption Fine Structure Spectroscopy
The theory of a biogenic formation was additionally tested by investigating the samples by

STXM-NEXAFS. Unfortunately, the amount of organic material within the varnishes is low,
some varnishes contain no carbon at all, and nitrogen was found in none of the crusts. The only
functional groups found were carboxyl groups (288.5 eV; (C=0)OH’, C 1s-n* c-0), aromatic n
bonding (285 eV; R(C=C)R, C 1s-n* c=¢), and carbonate (290.2 eV; CO32') (Fig. 10). A reason
for this might be that manganese is a strong electron acceptor and degrades organic matter by
photocatalyzed reactions (Sunda et al., 1983). Additionally, bacteria capable to oxidize manga-
nese might degrade organic matter by reducing Mn to make carbon available to them (Spiro et
al., 2009; Tebo et al., 1997). Moreover, we cannot exclude that radiation damage occurred during
FIB slicing and subsequent imaging by SEM, or that the organic material got "grilled" in the hot
desert sun while the varnish was exposed to the environment. The occurrence of carbonate in the

spectra might be explained by the reaction:
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Figure 10: Resonance peaks of carbon at 285 eV and 288.5 eV.
Absorption at 290.2 eV indicates the presence of CO32' and
the two absorption edges at 297.3 and 300 eV mark the pres-
ence of potassium. Type V varnish, collected from river splash
zones, shows the lack of K in the spectrum. This is due to the
fact that this varnish has almost no dust contributing to the
varnish matrix. Type IV varnish, urban varnish, shows low K
amounts as well.

2C00H™ + (30)*™ = 3C03*™ + H,0

as proposed by Braun et al. (2009) for
sample measurements by EELS and NEXAFS
in an O, atmosphere. This reaction could also
have taken place in the course of the sample
preparation and imaging of our samples, and is
an indicator for radiation damage. Photoreduc-
tion might have happened during the accretion
of the varnish, but also during the STXM
measurements, where the photon beam pro-
vides the necessary energy to cross the band
gap. The radiation damage is in this case inter-
preted as X-ray induced photoreduction, where
organic carbon present in the sample provides
the electrons (Ross et al., 2001). Grilled mate-

rial might be a result of the high (up to 57 °C; Furnace Creek, Death Valley) temperatures of arid

desert environments (Roof and Callagan, 2003). Direct solar radiation on varnished rocks can

even increase the temperature of the crust itself to at least 66 °C (Engel and Sharp, 1958). The

small variety of functional groups found might thus be based on the loss of functional groups due

to oxidation.

Using STXM-NEXAFS, we were also able to show that Mn is available in its reduced forms

(Mn**/Mn’") around cavities within a South African and Texan varnish sample (Type II and III),

which could be a hint for previously degraded organic matter. When organic matter degrades, the

pH value decreases, reducing sur-
rounding materials, such as Mn and
Fe. When Mn oxyhydroxide itself
oxidizes organic matter, it likewise
changes into its reduced state. Other
microbacteria present might have also
utilized Mn*" to oxidize refractory
organic matter and degrade humic
substances oxidatively to lower mo-
lecular weight compounds, which they

were then able to subsequently use as
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Figure 11: Manganese oxidation states surrounding cavities. A thin Mn?*
rim (D; purple in C) is lined with a thick rim of material showing a combi-
nation of Mn** and Mn*' (E and F; blue and red in C). Only in the middle

part, at the most protected places, Mn™ (G; orange and light blue in C) is

still present, probably representing the primary oxidation state of the

substrates for growth. The reduction

process can thus happen with and

matrix material. The colors of the sample plots in D-G correspond to the
color code of the cluster analysis in C. C is the cluster analysis of image B,
which is the marked excerpt of image A.
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without direct involvement of bacteria. It could either be an indicator for former organisms grow-
ing on or within varnish, which could act as carbon source, but enclosed organic material could
also have been delivered together with the dust fraction. Manganese within the varnish matrix
further away from the cavities is available as Mn*", indicating that the reduction rims only line
the cavities (Fig. 11). These observations are in accordance with those made by Krinsley et al.
(2013), who found structures they explained with reduction of Mn around cavities and subse-

quent remobilization of this element, producing, amongst others, the case hardening.

2.2.5.3 Visualization of DNA, Nuclei, and Lipids - DAPI, DRAQS, and OsO, Fixation

Figure 12: Four images on the left: Lichen cross sections fixed with OsO,. Bright fluorescence can be observed (OP-6683820
TexasRed: Ay yitation = 560 NM, Aqnission = 630 nm). Four images on the right: Rock varnish. No fluorescence can be observed.
Lichen and rock varnish were collected adjacent to each other in the Negev Desert, Israel. The scale bar represents 50 um.

Protocols, such as DAPI and DRAQS, were used in search for fluorescence of DNA and nu-
clei. Furthermore, OsO, fixed thin sections were investigated by fluorescence microscopy like-
wise. However, it was impossible to find any evidence for life within the varnish crusts (Fig. 12).
Additionally measured lichen samples prepared by OsO; fixation clearly indicated the biogenic
origin of the material (Fig. 12). Thus, the fixation itself did not influence the measurement out-

come.

2.2.5.4 From Lichen to Varnish: Heating and Watering of Desert Inhabitants — Gas Exchange Fluores-
cence Measurements of Photosynthesis and Light Microscopy
An initial thought at the beginning of this thesis was that rock varnish could be formed by li-

chen. This thought was based on the finding of lichen in immediate vicinity to rock varnish
crusts. An experiment with the aim to activate lichen, collected adjacent to rock varnishes, to
precipitate Mn or varnish-like crusts, was unsuccessful. The experiment was conducted by heat-
ing and feeding the lichen with artificial rainwater, using a recipe from Johansson et al. (2011).
Several cycles of heating, drying, and watering of the lichen produced nothing similar to rock
varnish crusts or Mn precipitates. Gas exchange fluorescence measurements (GFS) for photosyn-

thesis were conducted before and after the experiment. It revealed that the lichen were alive at the
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beginning of the experiment, but did not survive the proce-
dure. Cross-sections through samples of lichen grown on top

of rock varnish crusts, imaged by light microscopy, further-

rock particles, mineral dust, more indicate that lichen rather destroy rock varnish than

varnish crust

create it (Fig. 13). This finding is consistent with the obser-
' vations of other authors (Dorn and Oberlander, 1982; Dra-
govich, 1987; Dragovich, 1988a; Krumbein and Jens, 1981).

2.2.5.5 Proving the Presence of Hexagonal Birnessite - Electron
Paramagnetic Resonance Spectroscopy
Electron paramagnetic resonance spectroscopy was con-

Figure 13: Lichen (right) growing on top of a
rock varnish surface, which developed on a
silicified limestone (left). The rock varnish — medium linewidths of their manganese resonance peaks (im-
crust was removed from the rock surface in . . . .

the course of the lichen growth. ages are provided in appendix, B.4). This suggests, after the

ducted on five rock varnish samples, revealing narrow to

categorization from Kim et al. (2011), a former biogenic origin of these Mn oxyhydroxides, and a
later recrystallization, which sparsely broadened the linewidth. However, the interpretation by
Kim et al. (2011) is currently under review. It is criticized that lab bacteria were investigated, and
no “real world” bacteria. Furthermore, it is criticized that Fe was not taken into account in these
studies, even though its contribution might result in changes of the peak shape. Timothy Raub
and Stefan Farsang, from the University of St Andrews, investigated a set of 60 natural Mn oxy-
hydroxides under these aspects, and disagree with the interpretation by Kim et al. (2011). Unfor-
tunately, their results have not been published yet. Considering the mineralogy of Mn oxyhydrox-
ides, the arguments brought up by Kim et al. (2011) for a biogenic formation is the description of
pure hexagonal birnessite. The EPR measurements conducted during this thesis thus indicate that
hexagonal birnessite is one of the Mn oxyhydroxide phases present, probably in combination
with secondarily formed todorokite, which broadens the linewidth. This is unfortunately no evi-
dence for a biogenic formation, since hexagonal birnessite might have also formed abiogenically,
such as in Mn dendrites (McKeown and Post, 2001). On the contrary, other Mn oxyhydroxides,
such as hollandite, can in addition be formed biogenically (White et al., 2009).

2.2.5.6 5" °C Measurements - Nanoscale Secondary Ion Mass Spectrometry and Continuous Flow - Iso-
tope Ratio Mass Spectrometer
Two rock varnish samples were investigated by NanoSIMS to obtain in-situ 8'°C results. The

samples used (one from California, Type I varnish, and one from South Africa, Type III varnish)
were prepared with a focused ion beam (FIB) to obtain cross sections through the samples with-
out carbon contamination by an epoxy. Unfortunately, the results are inconclusive, since the
amount of carbon in the samples is too low to obtain an error small enough for a definite conclu-

sion. Furthermore, due to the lack of a suitable reference material for NanoSIMS measurements
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of rock varnish, a SiC standard from Jena was used, providing an additional uncertainty. Our
813CVPDB measurements of two rock varnish samples by NanoSIMS revealed values of -27.3 %o
(£ 4.6) for the South African varnish and -22.0 %o (£ 4.5) for the Californian varnish. These val-
ues agree with previously reported 8'°C values of varnish samples, which fall in the range be-
tween -23.3 to -31.2 %o (no reported errors) (Zerboni, 2008). These results show a signature
which could originate from C3 and CAM land plants, bacteria, marine organisms, sediments, and
sediment compounds, oxalate, coal, as well as several inorganic carbonate and bicarbonate
sources (Coplen et al., 2002). Both signatures measured during this work do not exclude bacteria
as carbon source (-31.1 to -24.6 %o), but the carbon signature of the Californian sample is too
high to originate from fungi, which plot in the range from -40.1 to -30.6 %0 (Kohl et al., 2015).
Additional measurements of rock varnish powders, removed from the host rock with an electric
combination tool WCT 160 (WorkZone, Hamburg, Germany) under sterile conditions, using au-
toclaved polishing heads, were made with a Continuous Flow - Isotope Ratio Mass Spectrometer
(CR-IRMS). However, these measurements remained inconclusive as well, since the carbon
amount within the sample material was too low, although amounts about five times higher were

used than typically utilized when carbonates are measured.

2.2.5.7 In the Search for Operational Taxonomic Units and Manganese Oxidizing Organisms — (quantita-
tive) Polymerase Chain Reactions
In addition to imaging, carbon distribution mapping, functional group determinations, lichen

growth experiments, EPR investigations, staining experiments, and fluorescence microscopy, a
Sanger sequencing study involving PCR and cloning of the PCR fragments into a plasmid were
conducted. Several operational taxonomic units (OTUs) were found in five rock varnish samples.
The varnishes were removed from the host rock with an electric combination tool WCT 160
(WorkZone, Hamburg, Germany) under sterile conditions, using autoclaved polishing heads. Ad-
ditionally, one soil sample from underneath the rocks was investigated. The samples were col-
lected from several different environments (Anza-Borrego Desert, CA, USA; Negev Desert, Isra-
el; Knersvlakte, South Africa; Herbstlabyrinth, cave, Germany). All samples were frozen almost
the entire time subsequent to their collection. No enrichment of an OTU was consistently found
in all varnish samples, which could be an indicator for a similar formation process. To obtain
additional information, quantitative PCR (qPCR) analyses (Fig. 14) and Next-Generation Se-
quencing (NGS) were conducted. For this study, a set of three rock varnishes and corresponding
soils from the Anza-Borrego Desert, CA, USA was investigated. The varnish crusts were re-
moved on a sterile working bench with previously autoclaved instruments. The qPCR results
showed enrichment in cyanobacterial DNA in rock varnish compared to the soil samples (Fig. 14
A). Manganese ions are found in cyanobacterial photosystem proteins, and might thus explain the
enrichment of these taxa on rock varnish. No significant difference was observed for laccases-

like multi copper oxidase enzymes from Actinobacteria (LacLike). The superfamily of mul-
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ticopper oxidases (MCO) is a widely distributed protein fami-
ly among pro- and eukaryotes. Together with many other
mechanisms, MCO-type enzymes play an integral role in the
Mn*" oxidation in diverse species (Tebo et al., 2005). How-
ever, within one “soil-varnish set”, the total amount of La-
cLike was not found to be statistically higher in the varnish
samples than in the soil samples (Fig. 14 B). Utilizing NGS,
some phyla (e.g., Actinobacteria, Proteobacteria, cyanobacte-
ria) were detected to be significantly increased in some var-
nish samples compared to soil samples. Furthermore, some
families being able to bind Mn ions were found to be enriched
within the rock varnish samples compared to the soil samples
(e.g., Geodermatophilaceae and Rhodobacteraceae). Never-
theless, the differences between rock varnish and soil might
be due to exploitive communities, advantageous species that
are using the Mn-enriched layer. Due to the lack of findings
of larger amounts of organic carbon within the varnish matrix
using other techniques, it is probable that the organic com-

pounds found are mainly located on the surface of the coat-
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Figure 14: A: enrichment in cyanobacteri-
al DNA in rock varnish and soil samples
normalized to the amount of total bacte-
ria. B: amount of laccases found within
varnish and corresponding soil normal-
ized to the amount of total bacteria. The
image was provided by Naama Long-Yan
and will be published soon (Long-Yan et
al., in preparation).

ing, supporting the presence of advantageous organisms. Most importantly, no evidence was

found for the presence of Mn oxidizing genes, which are necessary in order for the Mn crusts to

precipitate, and thus for the rock varnish to form. To conclude, no evidence or prove for a bio-

genic contribution to the formation of rock varnish was found in any of the varnish samples, even

though a large variety of tests were conducted in this study.
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3  Conclusions

This thesis is a comparative study of rock varnishes from locations worldwide as well as of
the relationship between mineral dust and rock varnish. All samples were investigated using the
same methods, hence the results obtained from different varnishes collected from different envi-
ronments are directly comparable. Structures, element compositions, and element distributions
were investigated using different measurement techniques. In addition, developments for future
measurements were made and published in the course of this thesis. Their aim is to facilitate and
advance measurements in relation to rock varnish in the future.

The analyses of rock varnishes showed that they can be subdivided by “fingerprint” character-
istics. Categorization is an important topic since the term “rock varnish” is used too broadly by
several authors and thus fails to take into account necessary distinctions. By discussing the inves-
tigated samples as different types, one can state that there are crusts which seem to form biogeni-
cally (cave varnish), others which seem to form abiogenically (Mn dendrites, fissure and fracture
crusts, and we propose also desert varnish (Type I) and urban facade crusts (Type 1V)), and that
there are Mn-rich crusts the geneses of which are still not yet understood (e.g., river splash zone
varnish (Type V), Mn nodules, and Mn-covered pebbles in rivers).

Furthermore, this study revealed that small-sized mineral dust appears to be the main source
of desert varnish. The contribution of dust to varnish chemistry is, however, different for different
types of rock varnish, a result confirming the findings of our matrix investigations. Vehicle emis-
sions seem to be the major source of Mn-rich crusts on facades in urban, while for Mn-rich crusts
which formed in river splash zones, water was found to be the element-providing source. This
raises the question whether all crusts currently encompassed by the term rock varnish actually fit
the definition, and where the line should be drawn.

The development of natural Mn-rich crusts is very strongly influenced by water. The implica-
tion that Mn-rich layers in rock varnishes from desert environments represent wet conditions and
Mn-poor layers, in contrast, dry conditions, is reasonable. However, it was found in this thesis
that this layer sequence is only present in varnishes accumulated in desert environments (Type I).
Unfortunately, the impossibility to date varnish, the lack of information about the onset of the
crust growth, possible occasional accumulation stops, growth rates, and past dissolution or exfo-
liation processes pose a problem for the application of varnish as a paleoclimate archive. One
might consider these questions to be important enough to address them before using the layer
sequences, or manganese contents, as paleoclimate archives, and before applying this proxy to
worldwide locations.

In the course of this thesis, oxidation states were localized in-situ within the microstructures
of rock varnishes. They indicate that redox reactions previously had taken place along cavities

within the structure. The “fossilized” redox reactions are one indicator for past reworking of the
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immensely active minerals combined in this ancient material. Case hardening, which was ob-
served in several varnishes in the course of this study, is another indicator for reworking by man-
ganese remobilization and thus matrix reorganization. Since rock varnish consists of a large
amount of clay minerals, which are known to be very (re)active, as well as Mn oxyhydroxides,
which are known to be amongst the strongest occurring natural oxidizers and element scavengers,
it is very complex, or even impossible, to prove which features are primary and which secondary.

Even though a large amount of publications about biological findings in rock varnish have
been published in the past, we were not able to confirm them on the basis of our investigations.
No observation was made which could prove a biogenic origin of rock varnish, and the absence
of manganese oxidizing genes and similar OTU's within different rock varnishes indicates an
abiogenic genesis of the varnishes investigated. However, since clay minerals and Mn oxyhy-
droxides are amongst the most reactive natural minerals, it cannot be ultimately proved that for-
mer organic compounds were not oxidized and destroyed. Furthermore, former biogenic struc-
tures could have been erased by reworking of the matrix of the crust. Since desert varnish is an
ancient microcrust, a large surface is exposed and available for potential reactions to take place.
The great age of the crusts provides enough time to rework the material, maybe even more than
once. Contradicting this assumption is the absence of Mn oxidizing organisms in the most recent-
ly formed layers and on current rock varnish surfaces. Thus, the data strongly support an abiogen-

ic origin of rock varnish.
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Atmospheric dust has a substantial impact on climate, and climate in turn affects the dust flux and origin. Know-
ing its composition helps to determine dust sources and climate processes. We have therefore determined 46
major and trace elements in dust samples, using in-situ 200 nm-femtosecond laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS). Very small test portions of 4-7 ug were enough to enable analyses
down to detection limits of femtograms and ng g~ !, respectively. The data agree within 40 to 15% with the
reference values for test portions of 1 to 100 pg, respectively. The femtosecond laser results are compared to
those obtained using a 213 nm nanosecond laser, which show the advantages of the femtosecond laser, such
as the ability to use non-matrix-matched calibration, reliable measurements of volatile elements, and smaller
quantities of material ablation with similar results for the repeatability. The technique is especially useful
for measurements of small amounts of dust on filters, and for 2D-distribution maps of selected elements to iden-
tify minerals or contamination. To demonstrate the applicability, five dust samples from Niger and Chad,
in the Sahara zone, were analyzed. The samples are characterized by enrichment in light REEs and a distinct Eu
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anomaly, with surface soils as their source.
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1. Introduction

For paleoclimatology, tephrochronology, and environmental geolo-
gy, dust analysis is an important research field. Dust affects the climate
indirectly as well as directly. It acts as a nucleus for clouds droplets and
ice particles, and can reflect and absorb radiation from the sun and from
the Earth (e.g., Andreae and Rosenfeld, 2008). In particular, the arid
Sahara and the semiarid Sahel of Africa are the most important
dust sources of the global dust budget. They provide 58% of the total
global dust emission and 62% of the total global dust load in the atmo-
sphere (Tanaka and Chiba, 2006). This dust has a substantial impact
on human health (Giannadaki et al., 2014). It also provides essential
nutrients to the ocean and therefore affects marine biological productiv-
ity and, through this, the climate (Maher et al., 2010). Its impact reaches
far beyond North Africa, due to frequent long-range transports across
the Atlantic Ocean, the Mediterranean Sea and the Red Sea (Goudie
and Middleton, 2001). To identify the origin of dust, major and trace
elements are investigated and compared to dust samples from different
regions (Rea, 1994; Scheuvens et al.,, 2013). Trace elements are of partic-
ular interest, since they are, compared to major elements, less affected
by weathering processes (Taylor and McLennan, 1985). Especially the

* Corresponding author. Tel.: +49 6131 305 6705.
E-mail address: d.macholdt@mpic.de (D.S. Macholdt).
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rare-earth elements (REEs) are highly immobile during these processes,
with the exception of Eu and Ce for some redox environments. For this
purpose different analytical techniques have been used, e.g., proton-
induced X-ray emission (PIXE: Marino et al., 2008; Lucarelli et al.,
2010), thermal ionization mass spectrometry (TIMS: Grousset et al.,
1998; Meyer et al., 2001; Abouchami and Zabel, 2003; Skonieczny
etal, 2011), inductively coupled plasma-atomic emission spectroscopy
(ICP-AES: Schwikowski et al., 1995; Moreno et al., 2006; Castillo et al.,
2008), inductively coupled plasma-mass spectrometry (ICP-MS: Ganor
et al., 1991; Meyer et al., 2001; Moreno et al., 2006; Castillo et al.,
2008), X-ray fluorescence spectroscopy (XRF: Sterling et al., 2000),
atomic absorption spectroscopy (AAS: Adedokun et al., 1989; Ganor
et al.,, 1991), instrumental neutron activation analysis (INAA: Ganor
et al,, 1991), X-ray diffraction (XRD: Rea, 1994; Moreno et al., 2006),
scanning electron microscopy with energy-dispersive X-ray analysis
(SEM-EDX: Laskin et al., 2006; Moreno et al., 2006) and scanning trans-
mission X-ray microscopy-near edge X-ray absorption fine structure
spectroscopy (STXM-NEXAFS: Moffet, 2011). Detailed information on
detection limits and sample amounts needed are given by Formenti
et al. (2011). PIXE is a method used for minimum sample material,
but the measurement accuracy is limited for inhomogeneous samples
with heterogeneous matrices (Pavicevi¢ and Amthauer, 2000) and
elemental distribution maps are not possible. With PIXE, samples of
1-2 pg cm™ 2 (Lucarelli et al,, 2010) can be analyzed down to ng cm ™2
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(Marino et al., 2008). Individual dust particles in the size of micrometers
can also be analyzed with PIXE, as well as by other single-particle tech-
niques such as SEM-EDX or STXM-NEXAFS. In contrast, TIMS delivers
high precision trace element results, but usually requires 20-50 mg
of material (Grousset et al., 1998; Abouchami and Zabel, 2003;
Skonieczny et al,, 2011).

For the analysis of dust, a multi-element analysis method with
good sensitivity and reasonable measurement accuracy is required. It
should be able to handle small sample quantities, since the sample
material is usually limited due to the small amount found on dust
filters or in cores. Laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) has so far scarcely been used for dust analysis
(Abouchami et al., 2013), although it meets most of these requirements,
e.g., through in-situ measurements of 46 major and trace elements with
high detection power and without sample dissolution. Until now, there
has been no report on femtosecond (fs) LA-ICP-MS analysis, which
allows a matrix-independent calibration (Poitrasson et al., 2003;
Shaheen et al., 2012; Velasquez et al., 2012; Jochum et al., 2014),
performed on dust samples. The aim of this paper is to establish this
new fs LA-ICP-MS technique for the analysis of small quantities of dust
samples, and to compare it to conventional nanosecond (ns) LA-ICP-MS.

2. Analytical
2.1. Samples

Five samples of natural dust, which had been collected in September
2010 in the Sahara zone from dust deposits in Chad and Niger
(Abouchami et al.,, 2013), were used for this work. The “Harmattan
Dust” (H) came from near Niamey, Niger (13° 29.492' N 2° 10.189’ E),
and was accumulated during a single wintertime dust event. This red-
dish, very finely grained (10-100 pm) dust contains a visible amount
of organic matter, such as microscopic grass particles. It looks very
similar to the “MIT radar site Dust” (R) from the same location, which
was accumulated during several wet and dry seasons. The “Faya Largeau
Dust” (FL) from Chad (17° 56.113’ N 19° 06.743' E) has a gray color and
different grain sizes. It contains bigger grains (mm range) in a matrix of
a finely grained material (<100 pm), very similar to “Mao Dust” (M)
from Chad (14° 07.704’ N 15° 18.753’ E). The “Nguimi Police Station
Dust” (N) from Niger (14° 15.175’ N 13° 06.878’ E) has a gray color
and is finely grained (<100 um) without bigger grains. Relatively large
amounts (~mg) of these samples have been previously analyzed for
major and trace element mass fractions in fused samples by EMPA and
ns LA-ICP-MS, respectively (Abouchami et al., 2013).

In addition to the dust samples, powdered rock reference materials
with particle sizes below 74 um were analyzed to ensure the measure-
ment accuracy of the analysis: W-1 (diabase) and BCR-2 (basalt) from
the U.S. Geological Survey (USGS), a powdered T1-G (diorite glass)
from the MPI-DING, and JG-1a (granodiorite) from the Geological Sur-
vey of Japan (GSJ) (details of these samples can be found in the GeoReM
database http://georem.mpch-mainz.gwdg.de). The silicate reference
glasses NIST SRM 612 (Jochum et al., 2011; NIST, 2012) and GSD-1G
(Jochum et al., 2007; GeoReM preferred values) were used for calibra-
tion purposes.

2.2. Sample preparation

All samples were mounted, without grain size sorting, on a double-
sided adhesive tape, which was affixed to an iridium strip. Iridium
was chosen since this noble metal is not present in dust, and therefore
possible contamination from the strip can generally be easily distin-
guished from dust sample material. LA-ICP-MS analyses of the strip
and tape show that the mass fractions of most elements are close to
the detection limits of 0.001-0.01 pg g~ '. Significant exceptions are
listed in Table 1. In geological materials, most of these elements are
much more abundant (>factor of 10-10,000, see Fig. 1), reducing the

Table 1

Analytical results for the tape and strip combination.
Mg <300 pug g~
Al <400 pg g~ !
Si <5000 ug g~ !
Ca <2000 g g~ !
Cr <10ugg!
Fe <40pg g !
Zn <3000 pg g~ '
Sr <Spgg !
Ba <Spgg !
Others 0.001-0.1 pg g~ !
I 1-100 pg g !

2 Ir is the major component of the strip.

impact of the background on the measurement. Only Zn has such high
values in the tape (up to 3000 pg g~ ), that it cannot be reliably mea-
sured in the dust samples.

Two different techniques were performed:

(1) Determination of mass fractions of trace elements by covering
the whole surface of the tape (about 0.01-0.2 cm?) with sample
amounts of about 100-800 pg. Subsequent measurements can
be conducted either of parts of the prepared area to test the
homogeneity of the dust samples collected, or of the whole
surface area in order to determine element amounts per area.

(2) Element mapping for the identification and localization of pm-
sized minerals by scanning the tape and examining selected
elements of interest.

2.3. Mass spectrometer and lasers

Measurements were carried out at the Max Planck Institute for
Chemistry, Mainz, Germany. A combination of a ThermoFisher Ele-
ment2 single-collector sector-field ICP-mass spectrometer and an
Electro Scientific Industries (ESI) fs laser ablation system, NWR-Femto
with a wavelength of 200 nm, producing laser pulses at 150 fs, was
used (Jochum et al., 2014). In addition, a New Wave UP213 Nd:YAG
laser ablation system with a wavelength of 213 nm, producing laser
pulses of 5 ns, was coupled to the Element2 ICP-MS (Jochum et al.,
2007). Important parameters of the ICP-MS and the lasers are listed in
Tables 2 and 3. Laser ablation was conducted in a He atmosphere. This
carrier gas was mixed with an Ar gas flow to transport the aerosol gen-
erated by laser ablation. The washout time was 45 s, and the blank count
rate was determined prior to each ablation for ca. 21 s. The ion intensi-
ties were determined in the low mass resolution mode with flat top
peaks. Thirty-eight trace elements and 8 major elements were deter-
mined by measuring 36 times all selected elements per line scan; the
measuring time for one element cycle (time per pass) was about 1.6 s.
One analysis consisted of the average of three line scans.

Measurements of parts of the prepared sample were made at a
relatively high scan speed of 30 um s~ ', since scan speeds less than
30 um s~ ! have the disadvantage of significant ablation of the adhesive
tape and the Ir strip. The measurements of the large surface areas for el-
ement mapping, with less distributed sample material, were conducted
with an even higher speed of 80 um s~ to avoid contamination by the
tape and strip, since the sample amounts were significantly smaller. 78
line scans were performed at 80 um s~ ! for sample BCR-2, 72 for sample
H, and 47 for sample FL.

2.4. Evaluation of data

The major element Si was taken as internal standard, since the back-
ground from the tape and Ir strip is about two orders of magnitude
lower than the average Si content in dust (for comparison Tables 1
and 6). Since the Si content is generally not known, we estimated it by
measuring the isotope ion intensities of 2°Mg, 27Al, 2°Si, 3P, “3Ca, “°Tj,
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Fig. 1. Analytical data for dust sample H and detection limits of the fs LA-ICP-MS technique. Measurements were performed with a spot size of 65 um, and a scan speed of 30 pm s~ .

1

Elements are arranged according to decreasing mass fractions in the dust sample. The femtogram amounts are calculated based on a test portion of 4 yg.

55Mn and >’Fe of the major elements by LA-ICP-MS, and assuming a
total oxide content of 95% m m™ !, a procedure which is similar to that
of Liu et al. (2008). The mass fractions of the major elements, including
Si, agree within about 5-10% with the reference values, as demonstrated
by the analysis of the reference materials W-1, BCR-2 and T1-G. The dust
samples analyzed in this work give values for SiO, concentrations
between 53 and 72% m m™ !, which are similar to the range found for
other dust analyses (Moreno et al, 2006; Castillo et al., 2008).

The mass fraction of an element of interest, EL (mfg, ), was calculated

by:

mfy = CsiRisi(Asi/A;) (Ms;/M;)(1/RSF) = mf yncorrecea (1/RSF) M
where Cg; is the mass fraction of the internal standard Si in pg g~ ', and
R;si is the ratio of counts of the isotope of interest, i, of the element EL, to
those of the isotope 29 of the internal standard element Si. The values
Asi and A; are the isotope abundances of 2°Si and the isotope of interest
of element EL, Mg; and M; the relative atomic masses of the internal
standard element Si and the element EL, respectively. RSF is the relative
sensitivity factor, which is defined by the ratio of the uncorrected mass
fraction, mfyncorrected, t0 the “true” value of the reference material. The
RSFs for the different elements were determined from the analysis of
the certified NIST SRM 612 reference glass assuming no matrix effect
during the fs LA-ICP-MS analysis (Jochum et al., 2011; NIST, 2012).
Due to the low concentrations of Fe and Ti (about 50 pg g~ ') in this
reference material, which are much lower than those in the average

Table 2
Operating parameters used for the fs and ns laser ablation systems.
NWR-Femto UP213

Laser type Ti:Sapphire Nd:YAG

Wavelength [nm] 200 213

Pulse length 150 fs 5ns

Energy density [J cm—2] 0.8 10

Spot size used [um] 65 110

Pulse repetition rate used [Hz] 50 10

Scanning time [s] 60 60

Scanning speed [um s~ '] 30 30 and 80, respectively

Table 3
Operating parameters of the Element2 ICP-MS.

rf power [W] 1270
Cool gas flow rate [| min™'] 15
Auxiliary gas flow rate [| min—'] 1
Carrier gas (Ar) flow rate [l min~'] 0.8
Carrier gas (He) flow rate [| min™'] 0.7
Sample time [s] 0.002
Samples per peak 100
Mass window [%] 10
Time per pass [s] 16
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dust (Moreno et al, 2006; Castillo et al., 2008), we determined the
RSFs for these elements from the GSD-1G reference glass, which has a
basaltic composition with high Fe (9.3% m m~') and Ti (0.8% m m~!)
amounts (GeoReM database http://georem.mpch-mainz.gwdg.de).

Data reduction was conducted by a programmed routine in
Microsoft Excel (Jochum et al., 2007), where outliers and unusual ion
intensities were rejected.

3. Results
3.1. Repeatability

We determined the repeatability (expressed as RSD) of our analyses
by using test portions between 1 and 200 pg. Fig. 2 shows that the RSD
values are dependent on the test portion and the inhomogeneity of the
sample. As expected, there is a decrease of the RSD values with increas-
ing test portion masses. Both fs and ns data lie on the same curve,
but dust analysis using fs LA-ICP-MS has the advantage that it can be
performed on smaller sample quantities than using ns LA-ICP-MS. A rea-
sonably good repeatability of 10-25% can be achieved for test portions
of 1-10 pg (Fig. 2). The repeatability is even better (RSD = 5-10%) for
test portions >10 pg. The reason for the relatively high uncertainty
is that the test portions are very small compared to the about 100 mg
sample amount proposed for an inhomogeneous rock powder with
accessory minerals (Ingamells and Switzer, 1973). The RSD values for

60
fs LA ns LA
A H (dust) A
® BCR-2
50 (rock powder) [
" T1-G
(glass powder)
40
[m]
@ 0 4
24 .
] & o
20—, $
]
10
olesss L P

Test portion (ug)

Fig. 2. Dependency of the repeatability (expressed as RSD in %) of fs LA-ICP-MS on the test
portion. Data were obtained from the investigation of V, Tb, Yb and U, for which the
same symbols were chosen, in dust sample H, the rock reference material BCR-2, and
the powdered reference glass T1-G. Both fs and ns data have almost the same trend.
Because of smaller amounts ablated at low fluence, dust analysis using fs LA-ICP-MS
can be performed on smaller sample quantities than using ns LA-ICP-MS. The powdered
reference glass T1-G shows lower RSD values because of the more homogeneous distribu-
tion of elements in glass samples.
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the powdered homogeneous T1-G reference glass are lower than those
for the inhomogeneous dust samples (Fig. 2).

3.2. Detection limit

The detection limit, DL, is defined as the smallest mass fraction
that can be distinguished from the background signal at a specified
confidence level (Potts, 2012), here defined as three times the standard
deviation of the blank values of the measurements. The detection limits
are mainly dependent on the isotopic abundance, the elemental sensi-
tivity, the blank of the element of interest, and the operating parameters
used (e.g., spot size and scan speed). The DLs range between about
0.1 and 1000 pg g~ ! for major elements (Fig. 1) and between 0.3
and 10,000 ng g~ ' for trace elements (Fig. 1 and Table 4). The DLs
for the absolute amounts of the trace elements vary between about 1
and 40,000 fg (Table 4).

Converted to absolute amounts, the detection limits would be
1-10 fg for Tb, Ho, Tm, Lu, Hf and U, 10-100 fg for Y, Zr, Nb, Mo, Sb,
Cs, Pr, Sm, Eu, Dy, Er, Yb, Ta, W, Tl, Pb, Bi and Th, 100-1000 fg for V,
Cu, Ga, Rb, La, Ce, Nd, and Gd and >1000 fg for Cr, Ni, Ge, Sr, Sn and Ba.

3.3. Measurement accuracy

To evaluate the quality of the measurements, the overall analytical
uncertainty at the 95% confidence level was determined. This term
includes the “true” value within a probability of 95% and is defined by
the closeness of the agreement between a measured value and the
true value of a quantity (Potts, 2012).

The relative analytical uncertainty, Ug (e, is calculated by:

U —k 2 2 2 2 2 2 1/2
EL, rel = K* uEL/SL sample, rel + uEL/Si NIST 612, rel + Us; rel T URy, rel T Unx, rel T U, rel

2)

where k = 2 is the coverage factor. The term Ugysi, sample, rel iS the
relative uncertainty of the measured mass fraction ratio of the element
EL to the internal standard element Si. This term includes the sample
heterogeneity, which is large for small amounts of dust (RSE up to
20% for test portions of 1 pg). The term Ugys; nist 612, rel iS the relative
uncertainty of the measured mass fraction ratio of the element EL to
the internal standard element Si in the certified reference material

Table 4

Detection limits of fs LA-ICP-MS (spot size = 65 um; scan speed = 30 um s~ !) for a test
portion of 4 pig. Data were evaluated from blank measurements of the tape without sam-
ple material.

[ngg™'] [pe] [ngg™'] [fe]

v 80 03 La 100 400

cr 10,000 40 ce 100 400

Ni 2000 8 Pr 10 40

Cu 70 028 Nd 40 160

Ga 200 038 Sm 10 40

Ge 400 16 Eu 8 32

Rb 30 0.12 Gd 50 200

St 3000 12 Tb 1 4

Y 10 0.04 Dy 20 80
Zr 10 0.04 Ho 09 32

Nb 4 0016 Er 6 24
Mo 9 0.036 m 03 12

sn 500 2 Yb 5 20

sb 4 0016 Lu 2 8

Cs 10 0.04 Hf 2 8

Ba 2000 8 Ta 3 12

w 5 20

Tl 20 80

Pb 20 80

Bi 7 28

Th 3 12

u 1 4

NIST SRM 612. This value is low (RSE ~ 1-5%) since the number of refer-
ence measurements is high.

The relative uncertainty of the internal standard element Si, us; rel, iS
assumed to be around 7%, as explained in Section 2.4. The term Ugy, re|
describes the relative uncertainty of the certified values of NIST SRM
612 for an element, which is between 0.2% and 10% (Jochum et al.,
2011). The relative contribution of the matrix to the uncertainty, uyx,
rel, 1S not detectable for the fs LA-ICP-MS used, and therefore smaller
than the measurement error. It is set as 2%, a value derived from
Jochum et al. (2014) for the same instrument.

To calculate the overall relative uncertainty at the 95% confidence
level for the absolute mass values of an element, the possible errors
during the weighing of the sample in (uy, re1) have to be considered in
addition. It is a further summand in Eq. (2), which is 0 for calculations
of the overall relative uncertainty for mass fractions. The uncertainty
due to weighing is about 10% for sample amounts in the ug range,
using a Sartorius model 1712 balance.

Typical overall relative uncertainties of mass fractions and absolute
masses at the 95% confidence level are listed in Table 5 for different
test portions. Table 6 shows the uncertainties of each element from all
measured dust samples, Appendix A (supplementary data) contains
the values for the reference samples.

To test the measurement accuracy determined using Eq. (2), we
compared our results for the powdered rock reference materials T1-G,
W-1, and BCR-2 (Appendix A) with the reference values (Jochum
et al., 2005; GeoReM database http://georem.mpch-mainz.gwdg.de).
This resulted in relative overall analytical uncertainty values, Ugy, rel, Of
about 15% for BCR-2, W-1, and T1-G (see Appendix A). The deviation
of the LA-ICP-MS values from the reference values is about 25% for
test portions between 4 and 21 pg (see Fig. 3). No significant difference
can be seen between the femtosecond and the nanosecond laser results.
There are some outliers, such as for Mo, which are especially obvious for
BCR-2. The Mo values of the BCR-2 sample that diverge from the refer-
ence value are caused by a heterogeneous distribution of this element
due to contamination during the pulverization process of this rock refer-
ence material by the USGS (Jochum and Nohl, 2008; Borisova et al.,
2010) (Fig. 4d). The homogeneity of elements in the pulverized glass
reference material T1-G is better than that in the rock reference mate-
rials, which is shown by RSD values of about 12% for both fs and ns
lasers. The deviations of some elements, e.g., Cu, Zr, Hf, and Pb in the
rock powders are relatively high, which may be caused by a heteroge-
neous distribution of accessory minerals (e.g., zircon) or micrometer-
size mineral inclusions in the powdered reference glass T1-G (for het-
erogeneities in reference materials see Borisova et al., 2010).

The average deviation of 25% agrees well with the reproducibility
of the LA-ICP-MS measurements of 25%, demonstrating that the term,
UgL/si, sample, rel, Which includes the uncertainty due to the sample
heterogeneity at extremely low test portions, is the most important
term for the overall analytical uncertainty in Eq. (2).

Table 5
Relative overall analytical uncertainties (in %) for mass fractions (a) and absolute amounts
(b) using different test portions. For abbreviations of the uncertainty terms see Eq. (2).

Test portion [ug] 1 10 50 100

Uncertainty [%]

a) Mass fractions

UEL/Si, sample, rel 20 10 5 3
Us;, rel 7 7 7 7
UEL/Si NIST 612, rel 1 1 1 1
URy, rel 2 2 2 2
Unx rel 2 2 2 2
UEL rel 40 25 20 15
b) Absolute amounts

UEL rel 40 25 20 15
U, rel 10 10 10 10
UeL, rel 45 35 30 25
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Fig. 3. Comparison of the fs and ns LA-ICP-MS analytical data for the reference materials T1-G, W-1, and BCR-2 with the reference values. Mo in BCR-2 differs significantly due to contam-

ination during the sample preparation by the provider (see Fig. 4d).

4. Discussion
4.1. Mass fractions

To illustrate the geochemical character of the dust samples, the
analytical results are presented in Table 6 and Fig. 5. In Fig. 5, the mass
fractions of selected trace elements are normalized to those of the prim-
itive mantle and arranged according to their degree of incompatibility,
to allow a comparison of results with different orders of magnitude

a) H(dust)

lon intensity (10% cps)

3
Length (mm)

C) FL(dust)

Zr

-

lon intensity (108 cps)
o N ~ [«)] (o] o

(values from Hofmann, 1988). It is conspicuous that samples H and R
from Niamey in Niger are very similar. This is an indicator for similar
dust provenances, although sample H is wintertime dust, while R was
accumulated during several dry and wet seasons during which the
dust source could have been changing. The trace element abundances
in the samples from Niamey differ from the dust samples collected in
the other regions. As shown by their higher Al and Fe content, these
samples are more typical for the clay-rich Central Sahara and Sahel
dust sources, whereas the other samples represent more the Lake

b) H(dust)

20 T e

16 -

lon intensity (108 cps)

lon intensity (107 cps)

Fig. 4. lon intensities of Zr, Hf and Mo, determined by fs LA-ICP-MS (spot size = 65 um, scan speed = 80 um s~ '). a) Distribution of Zr-rich particles in sample H with a high abundance
of Hf at the same locations (b). b) Distribution of Hf-rich particles in sample H with a high abundance of Zr at the same locations (a). ¢) Distribution of Zr-rich particles in sample FL.

d) Distribution of the Mo-contamination in BCR-2.
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Fig. 5. Element abundances normalized to the values for the primitive mantle (Hofmann,
1988). Also included are values for the upper continental crust (Rudnick and Gao, 2003).
Displayed are the mass fractions for the five dust samples analyzed. For comparison, the
values of the two previously published dust samples H and FL (Abouchami et al., 2013)
are also plotted. Large discrepancies are found for Pb, Zr, and Hf (as explained in the
text). The elements are arranged according to their degree of incompatibility.

Chad/Bodélé dust source, with high Si and lower Al and Fe. The normal-
ized trace-element patterns (Fig. 5) also reveal additional, significant
compositional differences between the samples R and H, and the sam-
ples FL, N and M. The most striking differences are in the abundances
of Pb, Nd, Zr and Ti. These differences can only be explained by their dif-
fering sampling locations, and thus dust origins, for locations further
apart. Comparing the compositions of these dusts to published data
from different African dust sources, we find that samples FL, M and N
agree with data from the Bodélé region in Chad (data for comparison
from Castillo et al,, 2008), while samples H and R from Niger have a dif-
fering average composition.

The dust samples FL and H have been analyzed previously by anoth-
er LA-ICP-MS technique, which included a fusing process (Abouchami
et al., 2013). The FL values agree well, within about 15%, a value that
is similar to the relative overall analytical uncertainty of the mass frac-
tions. However, exceptions are the Zr and Hf values, which are a factor
of 10-100 higher in the fused samples (Abouchami et al., 2013), while
Pb is about a factor of 10 lower. The high Zr and Hf values can be
explained by a high number of high HFSE bearing minerals, such as
zircons, in sample FL (displayed in Fig. 4c). We suggest that these grains
failed to melt during the fusing process and falsified the results for Zr
and Hf. The low Pb values can be explained by a loss of the volatile ele-
ment Pb during the fusing process at high temperatures of >1300 °C
(Stoll et al., 2008). This Pb loss is displayed clearly for both fused sam-
ples (Fig. 5). Our analytical data for nearly all elements in sample H dis-
agree with the previously measured data (Abouchami et al., 2013) as
shown in Fig. 5. The reason for this is unclear and cannot be explained
by the sampling process and the mass spectrometric measurements.

The REE patterns of the different dust samples are very similar (Fig. 6),
smooth, enriched in light REEs, and with distinct Eu anomalies, however
with different enrichments. The trace element patterns compared to the
upper continental crust (Fig. 5) confirm that upper continental crust
material is the source of the dust samples probed.
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Fig. 6. Chondrite-normalized REE mass fractions of the dust samples. The patterns for the
different dust samples are very similar, enriched in light REEs and depleted in Eu. Samples
R and H, which were sampled at the same locality, have significantly higher REE contents
than the other three dust samples.

4.2. Absolute values

We converted the mass fraction data of Table 6 into ng cm ™2
units to allow comparisons (e.g., Marino et al., 2008; Lucarelli et al.,
2010), by taking the sample mass and ablated area into account. As
Table 4 shows, we were able to detect mass area densities of down to
1 ng cm™2. Fig. 1 and Table 4 show the detection limits, which reveal
that we are able to determine even lower concentrations, between 0.3
and 10,000 ng g~ .

4.3. Mapping

Since dust filters can have as little as a few tenths to hundreds of
micrograms of dust material distributed on a large surface, we tested
small sample quantities per area, and investigated whether 2D element
distribution mappings of dust on filters are possible. Mapping is a pow-
erful tool to detect and evaluate grains of quite different compositions
in the dust samples. Minerals, e.g. zircon, which are characterized by
high HFSE contents, can easily be detected by localizing values that
are considerably higher than the matrix levels, where those elements
occur as trace elements.

For this mapping procedure we used a series of line scans, where the
number and the scanning length were chosen to cover the entire area of
the sample. Fig. 7 shows the low penetration depth of the laser into the
dust minerals, which does not exceed a few micrometers. Furthermore
it visualizes the closeness of adjacent line scans and the distribution of
the mineral grains on the tape. We were able to map the total dust com-
position of an amount of about 1000 pg cm ™2 of dust by scanning the
whole sample, giving a detection limit of a few pg g~ ' or ng cm ™2 for
most trace elements. The count rates of the scans can be used to create
2D element distribution maps. As mentioned above, high HFSE bearing
minerals are of particular interest and can be easily detected. In sample
H, three large Zr- and Hf-rich minerals, which could be zircons, were
located by high ion intensities (cps) of Zr (600 times the average
count rate) and Hf (340 times the average count rate) (Fig. 4a and b).
The higher abundance of Zr-rich minerals in sample FL could be visual-
ized as well (Fig. 4c), facilitating the interpretation of the differing Zr
and Hf values measured previously (Abouchami et al., 2013) in compar-
ison to our values. It should be kept in mind that the size of the peaks in
Fig. 4a-d is dependent not only on the mass fraction of the element,
but also on the amount of sample ablated. Mapping is therefore suitable
for identifying minerals, but not for quantitative analysis.

5. Conclusions

We developed a new, highly sensitive in-situ technique for the
simultaneous determination of 46 major and trace elements in dust
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Fig. 7. Line scans on sample BCR-2, visualized with a scanning electron microscope after
vapor coating with carbon. A scanning speed of 80 um s~ ! was used. This picture shows
the low penetration depth of the laser into the dust minerals, which does not exceed a

few um.

samples, without any chemical treatment of the samples. The sample
preparation is simple and fast (about 10 min per sample). Mass spectro-
metric measurements, using a new 200-nm-femtosecond laser, are also
fast and take only a few minutes per sample. One of the major advan-
tages of this technique is its high sensitivity. The mass fractions and
total amounts of the trace elements can be determined down to detec-
tion limits of ng g~ ' and femtograms, respectively. The overall analyti-
cal uncertainty, using this technique, is about 15-25% for dust quantities
of 100- to 200 pg, with a precision (RSD) of about 15%. It is also possible
to perform 2D mappings with the femtosecond LA-ICP-MS. It is particu-
larly easy to detect high HFSE bearing minerals and other minerals that
have elements as major components, which are usually only found as
traces in the matrix. The newly developed technique can be applied
for in-situ measurements of small amounts of dust on dust collecting
filters or samples from surfaces using adhesive tape.

Five dust samples from different collection sites in the Sahara region
were investigated in order to verify the technique. For the few samples
examined in this study from locations in Niger and Chad, we were able
to distinguish between samples from the clay-rich Central Sahara and
Sahel dust sources and samples from the Lake Chad/Bodélé dust source.
Dust samples H and R, collected at the same location in Niger, show
many similarities regarding the trace element and REE patterns, while
dust samples FL, N and M (where N and M are sampled at locations
not far from each other) have quite similar REE and trace element
patterns. All measured dust samples exhibit similar REE patterns with
depleted HREE (Gdn/Yby = 2.6-2.9) and negative Eu anomalies,
which are typical features of the upper continental crust, a source that
is also confirmed by the trace element patterns. This fast in-situ analysis
of dust can therefore help to extend the amount of data from sampled
dust and dust sources, and enable provenance analysis for samples
from large and important dust-producing areas, such as the Sahara
region. The femtosecond LA-ICP-MS technique described in this manu-
script provides a convenient approach for quick data collection, which
can help to trace collected dust to its origin.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2014.06.001.
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A wide range of analytical techniques were used to investigate rock varnish from different locations (Negev,
[srael; Knersvlakte, South Africa; Death Valley and Mojave Desert, California): a 200 nm-femtosecond laser
ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS), an electron probe microanalyzer
(EPMA), focused ion beam (FIB) slicing, and scanning transmission X-ray microscopy-near edge X-ray absorp-
tion fine structure spectroscopy (STXM-NEXAFS). This combination enables comprehensive high-spatial-
resolution analysis of rock varnish. Femtosecond LA-ICP-MS and EPMA were used for quantitative determination
of element concentrations. In-situ measurements were conducted on thick and thin sections with a resolution of
Desert varnish 10-40 um and 2 um, respectively. The results demonstrate that some elements, such as Mn, Co, Pb, Ni, and Cu, are
Femtosecond LA-ICP-MS highly enriched in varnish relative to the upper continental crust (up to a factor of 100). The varnish composition
EPMA is not influenced by the composition of the underlying rock, which is witnessed by plots of MnO, vs. SiO, con-
STXM-NEXAFS tents. Furthermore, the Mn-free end members fall in the range of average dust compositions.

FIB slicing The varnishes from the various locations show distinct differences in some elemental ratios, in particular Mn/Fe
(0.3-25.1), Mn/Ba (4-170), Ni/Co (0.03-1.8) and Pb/Ni (0.4-23). The rare earth element (REE) patterns vary
with Lay/Yby = 3.5-12 and different degrees of Ce anomalies (Ce/Ce* = 1.5-5.3).

To study the internal structure of the varnish, 100-200 nm thick FIB slices were prepared and mappings of Fe, Mn,
N, CO37, Ca, C, and Si at the nm scale performed. Banded internal structures of Mn, Fe and organic C were ob-
served in the Israeli and Californian samples, however, no Fe-rich layers are present in the South African rock var-
nish samples. Furthermore, cavities were found that are partly filled by C, Fe, and Mn rich material. Internal
structures are different for varnish from different locations, which might reflect different types of genesis. The re-
sults of the combined microanalytical techniques give important detailed insights towards unraveling the genesis
of rock varnish.

Keywords:
Rock varnish

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The genesis of rock varnish has been a matter of debate since 1812,
when Alexander von Humboldt first observed it at the cataracts of the
Orinoco River (Von Humboldt and Bonpland, 1819, Dorn et al., 2012a).
Meanwhile, similar rock varnishes have been observed in a wide variety
of terrestrial environments and there have been quite a number of stud-
ies discussing the origin of these coatings. Both biological and inorganic
processes, as well as a combination of both, have been suggested.

* Corresponding author at: P.O. Box 3060, 55020 Mainz, Germany.
E-mail address: d.macholdt@mpic.de (D.S. Macholdt).
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Rock varnish is a black, sometimes red or brown, shiny layer on rock
surfaces, present on slowly weathering rocks, independent of their li-
thology (Engel and Sharp, 1958). The main components of varnish are
poorly crystallized Mn oxides (usually hollandite-todorokite, birnessite
and buserite, poorly crystallized phyllomanganates of unspecified types,
and Mn-Fe spinel), poorly crystallized Fe oxides (e.g., hematite, Fe,03),
and clay minerals (Potter and Rossman, 1979; Garvie et al., 2008). The
clay mineral fraction in varnish, reaching up to 70% of the varnish vol-
ume (Thiagarajan and Lee, 2004) is most likely introduced by the atmo-
spheric deposition of dust (Thiagarajan and Lee, 2004), whereas the
origin and precipitation of Mn are not yet fully understood.

Manganese has an abundance of 0.1% (as Mn oxide, MnO) in the
upper continental crust, while it is enriched up to 40% (as MnO,) in
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rock varnish (Rudnick and Gao, 2003). Therefore, it has to be prefer-
entially reduced and dissolved from dust, and re-precipitated by ox-
idation for the formation of varnish. One suggestion is a chemical
reduction and precipitation under the pH (5.7) and Eh (~0.8) condi-
tions of rainwater (Thiagarajan and Lee, 2004). The second hypothe-
sis is biological reduction by Mn reducing bacteria (Perry and Kolb,
2004). Si0, is also found in large amounts in varnish, as a component
of the clay mineral fraction and as silica glaze, and has been sug-
gested to be involved in varnish formation (Perry et al., 2006;
Wang et al., 2011). Varnish grows in almost every type of terrestrial
weathering environment (Krinsley et al., 2009; Krinsley et al., 2012),
but distinctive varnishes are found in arid to semi-arid desert cli-
mates. Desert varnish is of specific interest, since it has been sug-
gested as a possible paleoclimate archive (Perry and Adams, 1978;
Liu and Dorn, 1996). Since there are almost no climate archives pres-
entin deserts, especially beyond the range of 1*C dating, rock varnish
might be an important tool in bridging this gap (Broecker and Liu,
2001). An understanding of its genesis is therefore required.

Estimates of the growth rate of rock varnish vary between 1 and
640 um per 1000 a (Liu and Broecker, 2000; Spilde et al., 2013), with
its maximum thickness rarely exceeding about 250 pm (Northup et al.,
2010). The growth rates seem to depend on the humidity of the envi-
ronment, with slower growth rates for desert climates (Krinsley et al.,
2012).

Many studies on varnish and its composition have been pub-
lished (Reneau et al., 1992; Thiagarajan and Lee, 2004; Dorn, 2008;
Goldsmith et al., 2014) with differing techniques. Detailed informa-
tion on used techniques are provided by. Krinsley et al. (2013).
However, only a few studies examined the major element distribu-
tion in combination with trace element measurements at the um to
nm scale.

Since varnish is a micrometer-scale, thin crust, the aim of this paper
is to combine different microanalytical techniques to investigate sam-
ples from different locations, USA, Israel and South Africa, at pm to nm
scales. Each technique provides additional and complementary infor-
mation for understanding the structures within rock varnish:

- a femtosecond laser ablation-inductively coupled plasma-mass
spectrometer (fs LA-ICP-MS) with a spatial resolution of 10-40 um
provides precise and accurate determination of major, and in partic-
ular, trace element concentrations,

- an electron probe microanalyzer (EPMA) yields major element mea-
surements at a scale of a few micrometers,
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- scanning transmission X-ray microscopy-near edge X-ray adsorp-
tion fine structure spectroscopy (STXM-NEXAFS), using focused
ion beam (FIB) milled ultra-thin sections, contributes element distri-
bution mappings at the nanometer scale.

2. Analytical methods
2.1. Samples

Rock samples covered with varnish were collected at different
sampling sites in the Mojave Desert (California, USA, Fig. 1a), the
Negev Desert (Israel, Fig. 1b), and the Knersvlakte (South Africa,
Fig. 1c) during several field campaigns from 2010 to 2014. The
Mojave and Negev deserts have arid climates, while the Knersvlakte
is a semi-arid desert. Varnish samples were chosen in the field, giv-
ing preference to darker coatings which would therefore presumably
have a thicker varnish crust. All rocks from California and South
Africa were taken from the ground, and therefore consist of pebbles
and small rocks (a few to tens of centimeters) which had direct con-
tact to the underlying soil. The Israeli samples were collected as frag-
ments or chips from larger boulders (Table 1) and were subdivided
into those with a macroscopical botryoidal surface structure, and
those with a smooth and flat surface. The South African samples,
mostly pebbles of a few cm, had a black, shiny varnish crust with me-
tallic luster on their tops and a slightly duller tinge on the bottom
sides. The top and bottom sides of the rocks were often not fully
enclosed by the varnish, which appears to have grown from the
rock-soil-atmosphere contact upwards and downwards at the rock
surface. Neighboring varnish samples partially had lichen growing
on top. Most Californian samples were varnish-covered on their at-
mosphere facing side. The soil-facing side was usually covered by
an orange-red coating. No preferred growth direction or starting
point of varnish growth was observed.

Table 1 lists the specimens used for analysis together with informa-
tion about the sampling location, the underlying rock type, and the var-
nish thickness

2.2. Sample preparation
Thick sections (about 70 pm thick) were prepared for EPMA and

fs LA-ICP-MS measurements. For the EPMA measurements, the
thick sections were polished, in contrast to the samples for the fs
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Fig. 1. Sampling locations of rock varnish, a) Mojave Desert, California, USA, b) Negev Desert, Israel, ¢) Knersvlakte, South Africa.
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Table 1
Varnish samples with information about their sampling location, underlying rock type, and maximum varnish thickness.
Sample Country Location Rock type GPS coordinates Max. varnish ~ Sampling Lamination
name thickness
IS13v1? Israel Negev Desert, Quartz-rimmed 30°52/25.13"N, 34°47'3.8"E 130 um Chip of a horizontal top of a Yes
Sde Boker limestone boulder about 25 cm above
the ground
1S13V2a? Israel Negev Desert, Quartz-rimmed 30°52/25.13"N, 34°47'3.8"E 160 um Chip of a boulder about 50 cm ~ Yes
Sde Boker limestone above the ground
1S13V3? Israel Negev Desert, Quartz-rimmed 30°52'25.13"N, 34°47'3.8"E 250 pm Chip of a boulder about 30 cm  Yes
Sde Boker limestone above the ground
1S13 v4? Israel Negev Desert, Quartz-rimmed 30°52'25.13"N, 34°47'3.8"E 110 pm From the ground Yes
Sde Boker limestone
CA13 SWS1®  California, USA  Mojave Desert, Dacite with sperulites ~ 34°44/28.62"N, 117°4'10.14"W 60 pm From the ground Yes
Stoddard Wells
South
CA13 SWW1P  California, USA  Mojave Desert, Dacite with sperulites ~ 34°45'13.8"N, 117°03'58.8"W 55 um From the ground Yes
Stoddard Wells
West
CA13 SWW3P  California, USA  Mojave Desert, Dacite with sperulites  34°45'13.8"N, 117°03'58.8"W 50 um From the ground Yes
Stoddard Wells
West
CA13 SWW4P  (California, USA  Mojave Desert, Impure quartzite 34°46'19.74"N, 117°03'28.86"W 140 pm From the ground Yes
Stoddard Wells
West
CA13 DV1P California, USA  Death Valley Foid bearing andesite ~ 36°21/16.798"N, 116°38'39"W 110 pm From the ground Yes
CA13 SCH45"  California, USA Mojave Desert, Foid bearing andesite ~ 36°11'51.3"N, 116°22'27.6"W 50 pm From the ground yes
S of Death Valley
Junction
CA13 SS2° California, USA  Mojave Desert, Impure quartzite 35°36'55"N, 116°38/39"W 70 pm From the ground Yes
Salt Spring
CA WS-18°¢ California, USA  Death Valley Weathered magmatite 150 pm Yes
CA14]C-8° California, USA  Death Valley, Spotted slate 36°05'49.87"N, 116°51’30.32"W 80 um From the ground Yes
Johnson Canyon
CA14DV11®  California, USA Death Valley, Basanite 36°51'31"N, 117°15'59"W 60 um From the ground Yes
near Scotty's
Castle
SA10 #4* South Africa Knersvlakte Quartzite 31°16'45.2"S, 18°35'42.6"E 180 um From the ground No
SA10 #8° South Africa Knersvlakte Quartzite 31°16'45.2"S, 18°35'42.6"E 180 um From the ground No
SA10 #9° South Africa Knersvlakte Quartzite 31°16'45.2"S, 18°35'42.6"E 80 pm From the ground No
SA10 #12° South Africa Knersvlakte Quartzite 31°16'45.2"S, 18°35'42.6"E 300 um From the ground No
SA13 mM-d*  South Africa Knersvlakte Quartzite 31°16'55.41"S, 18°35'17.8"E 120 pm From the ground No
SA13 mM-f* South Africa Knersvlakte Quartzite 31°16'55.41"S, 18°35’17.8"E 250 pm From the ground No

2 Samples were provided and collected by Bettina Weber.
> Samples were provided and collected by Meinrat O. Andreae.
¢ Sample was provided by Tanzhuo Liu.

LA-ICP-MS determination of major and trace elements, where
polishing was avoided to exclude trace-element contamination
from the polishing material. The roughness of the unpolished sur-
faces can be neglected for fs LA-ICP-MS measurements because the
pre-ablation step produced almost flat surfaces. Thin sections (25-
30 um) were prepared to determine the lithology of the underlying
rocks. The varnish coatings were cut perpendicular to their layers
(Fig. 2a), whereby cross-sections through the sedimentation
sequence were exposed, similar to the procedure described by

0.25cm

Reneau et al. (1992). All thin and thick sections were prepared in
an enclosing resin prior to thinning.

FIB slices, similar to those produced of rock varnish by Krinsley et al.
(2013), were milled to sizes of about 50 x 30 pm and thicknesses of
about 100-200 nm to perform X-ray micro-spectroscopy in transmis-
sion mode. For this purpose, micro-basins, which contain thicker var-
nish, were selected by microscopy (Fig. 2b), located by scanning
electron microscopy (SEM) (Fig. 2¢), and milled by a Ga™ ion beam
(Fig. 2d).

Fig. 2. Sample preparation, a) CA14]JC-8 sample, cut perpendicular to the varnish coating, b) Example of a micro-basin chosen on CA14 JC-8 for FIB preparation, ¢) FIB sampling location and
area marked for Pt deposition and ion beam sputtering on sample SA13 mM-f, d) SA13 mM-f after FIB preparation, before liftout and thinning.

76



60 D.S. Macholdt et al. / Chemical Geology 411 (2015) 57-68

2.3. Imaging

A Leica DM RX polarizing microscope was used for the investigation
of the varnish structure in thick sections and to observe ablated line
scans subsequent to the analysis (Fig. 3). The underlying rocks and the
approximate thicknesses of the varnish layers were determined by
thin sections with a polarizing microscope. Pictures were taken of
each thin and thick section, interesting sites were chosen and line
scans were then performed on the thick sections with the fs LA-ICP-
MS on these selected sites. Fig. 3 demonstrates the measurement proce-
dure on a detailed image of two line scans, 40 um and 10 pm wide,
which were produced by fs LA-ICP-MS. Objectives from 1.6 to 100
were used for internal structure examinations (1-10 um range) of var-
nish. Back-scattered electron images were recorded by EPMA, to visual-
ize the samples by variations in back-scattering intensity resulting from
differing atomic numbers, Z, displaying internal structures. Further-
more, prepared FIB slices were imaged by SEM, to allow the comparison
of structures and element distribution by STXM-NEXAFS.

2.4. Femtosecond laser ablation-inductively coupled plasma-mass
spectrometry

Measurements were carried out at the Max Planck Institute for
Chemistry (Mainz, Germany). A combination of a ThermoFisher Ele-
ment 2 single-collector sector-field ICP-mass spectrometer and an ESI
fs laser ablation system NWRFemto with a wavelength of 200 nm, pro-
ducing laser pulses at 150 fs, was used. The fs LA-ICP-MS is especially
suitable for the analysis of small sample amounts (Macholdt et al.,
2014) and has the advantage of an almost matrix-independent calibra-
tion (Jochum et al., 2014). Important parameters of the ICP-MS and the
lasers are listed in Tables 2 and 3. Laser ablation was conducted in a New
Wave Large Format Cell in a He atmosphere. This carrier gas was mixed
with an Ar gas flow to transport the aerosols generated by ablation. The
washout time was about 30 s and the blank count rate was determined
prior to each ablation for about 15 s.

A new ThermoFisher medium mass resolution mode (2000) with
flat top peaks was chosen for all measurements, since in this way
many oxides and molecules from Ar, O, and the major compounds of
varnish produced in the plasma can be separated from the ions, giving
an improvement of the signal to blank ratio for many elements.

After pre-ablation, each sample was scanned along a profile from the
underlying rock through the varnish into the embedding resin. The
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Fig. 3. Thick (~70 um) section of sample IS13 V2a imaged by microscopy with tracks from
two LA-ICP-MS line scans (40 um and 10 um wide lines). The image shows the results of
the measurements along the narrower scan line. The graphs are not to scale to allow com-
parison. The factors with which the element abundances were multiplied are 2 for Mn, 300
for Co, and 500 for V.

Table 2
Operating parameters used for the fs laser ablation system.
NWRFemto
Laser type Ti:sapphire
Wavelength [nm] 200
Pulse length [fs] 150
Energy density [J cm~2] 0.8
Spot size [um] 10 (fast scan), 40 (slow scan)
Pulse repetition rate [Hz] 50
Scan time [s] 250, 350

Scan speed [um s~ '] 1 (slow scan), 5 (fast scan)

varnish region was defined by high (>2%) MnO, abundances. Measure-
ments with exceptionally low count rates for all elements, an indicator
for holes and cracks, were excluded. To obtain a representative bulk
analysis for the varnish, the concentration for each measurement was
averaged over the profile from the underlying rock contact to the
resin. Bulk analyses were performed for the major elements (Na, Mg,
Al Si, P, K, Ca, Ti, Mn, Fe) and 24 trace elements (isotopes used are listed
in Appendix A) with a scan speed of 1 um s~ !, a spot size of 40 um and a
time per pass of about 0.8 s, using a combination of magnetic and elec-
trical scan modes. Adjacent to these measurements, higher resolved
profile measurements of the “neighboring” elements with similar atom-
ic masses, V, Cr, Mn, Fe, Co, Ni, and Cu, could be performed using solely
the fast electrical scan mode. In this case, a scan speed of 5 um s~ ! and a
spot size of 10 um were chosen. Since no suitable micro-analytical var-
nish reference material exists, the homogeneous GSE-1G glass (GeoReM
database http://georem.mpch-mainz.gwdg.de) with high trace element
contents (ca. 500 ug g~ 1) and a basaltic matrix with 12.7% FeO and
590 ug g~ ' Mn was used for calibration. It is applicable due to the nearly
matrix-independent calibration for fs LA-ICP-MS.

The element concentrations were determined by measuring the ion
intensities of the elements of interest using Al as the internal standard
(analogous to Goldsmith et al. (2014)). This element was measured by
EPMA on three to nine varnish samples from each location, analyzing
11-16 spots per sample. For further correction, a total oxide content of
about 95% was assumed, which was obtained from the EPMA results
of the samples. However, the concentrations of the higher-resolved pro-
file measurements by fast electrical scans are less precise, since no inter-
nal standard with constant amounts throughout the profiles was
available and no total oxide content could be assumed.

The concentration of an element of interest, EL, (mfi; ) was calculat-
ed by a procedure described in Jochum et al. (2007). The precision
(RSD) of the fs LA-ICP-MS data, determined by three independent anal-
yses of the homogeneous GSE-1G glass, was about 3%. However, due to
the large sample heterogeneity, it was much higher for the bulk varnish
analyses, determined by 12-30 independent analyses on each sample at
different locations, and varied between 25 and 80%. The measurement
accuracy, defined as the overall analytical uncertainty at the 95% confi-
dence level, is listed for each element in Appendix A. It was about 35%
for most elements. The detection limits, DLs (defined as three times
the standard deviation of the blank values), are listed in Table 4. The
DLs ranged between <0.01-1100 pg g~ ! and 1-26 pg g~ ! using spot

Table 3

Operating parameters of the Element2 ICP-MS.
rf power [W] 1270
Cooling gas flow rate [l min~'] 15
Auxiliary gas flow rate [| min~!] 1
Carrier gas (Ar) flow rate [ min~—!] 0.8
Carrier gas (He) flow rate [| min~—!] 0.7
Sample time [s] 0.002
Samples per peak 25
Mass window [%] 40
Time per pass [s] 0.2 (fast scan), 1.4 (slow scan)

Mass resolution 2000
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Table 4

Detection limits of the fs LA-ICP-MS analysis. Data were evaluated from blank measure-
ments without sample material (DL = three times the variability of the blank). A: spot
size = 40 um; scan speed = 1 um s~ ! (slow line scan); B: spot size = 10 pum; scan
speed = 5 um s~ ! (fast line scan).

A B
lhgg'] [ngg™] lugg']
Na 150 La 7 \% 1
Mg 25 Ce 80 Cr 5
Al 160 Pr 16 Mn 5
Si 1100 Nd 80 Fe 30
P 70 Sm <0.01 Co 1
K 50 Eu <0.01 Ni 20
Ca 320 Gd 55 Cu 5
Ti 7 Tb 13
Mn 20 Dy <0.01
Fe 90 Ho <0.01
Co 1 Er <0.01
Ni 40 Tm <0.01
Rb 08 Yb <0.01
Sr 0.7 Lu <0.01
Y 03 Pb 60
Cs 0.8 Th 5
Ba 0.4 ] 5

sizes of 40 um and 10 um and scan speeds of 1 um s~ ! and 5 pm s~ !, re-

spectively (Table 4).
2.5. Electron probe microanalysis

Quantitative measurements of major element concentrations were
conducted at the Institute of Geosciences at the Johannes Gutenberg
University (Mainz, Germany) using a JEOL JXA-8200 electron micro-
probe. The samples were diamond-polished, cleaned with petrol ether
in an ultrasonic bath and kept dry in a vacuum furnace before being
coated with ~20 nm of thermally evaporated carbon. The microprobe
was operated at an accelerating voltage of 15 kV, a beam current of
12 nA and a beam diameter of 2 pm. Five wavelength dispersive X-ray
spectrometers (WDS) were used to measure Ko lines of Mn, Na, Al, Cr,
Fe, Mg, Ti, K, Ca, and Si with peak counting times of 20 s. Natural and
synthetic phases (NaAlSi;Og, Al,03, Cry03, Fe;,03, MgO, MnTiOs,
KAISi5Og and CaSiO3) were utilized as reference materials and for in-
strument stability monitoring. For data correction the Phi-rho-z method
based on the CITZAF correction (Armstrong, 1991) was applied.

2.6. Scanning transmission X-ray microscopy-near edge X-ray adsorption
fine structure spectroscopy and focused ion beam sputtering

Focused ion beam (FIB) sputtering (milling) was performed at the
Max Planck Institute for Polymer Research (Mainz, Germany) using a
Nova600Nanolab FIB dual-beam instrument of FEI. Simultaneous SEM
microscopy was used to carefully determine and monitor the site of
milling. Selected micro-basins were used for the preparation of the
50 x 30 um FIB slices. The samples were sputtered with Pt using Baltec
MEDO020 sputtering equipment to avoid charging effects during
electron- and ion radiation, and to acquire a stable image. Subsequent
to sputtering the whole sample with a 50 nm thick Pt coating, prepara-
tion sites were coated with an additional Pt layer, about 2 pm thick,
using beam-induced Pt deposition from a metallo-organic precursor
gas (1 nA at 30 kV). Milling was performed by Ga*t-ion sputtering
with a resolution of about 10 nm. In a first milling step (20 nA, 30 kV),
two trenches on both sides of the Pt deposition were created, followed
by a second milling step at lower beam currents (7 nA and 5 nA at
30 kV) to receive flat surfaces of the pre-thinned, about 1 pm thick, la-
mella. After liftout, the samples were transferred to a TEM grid and
were attached onto it with a small Pt spot. Stepwise thinning and
polishing at further reduced ion beam currents (1 nA and 0.5 nA at
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30 kV) produced lamellae with thicknesses of about 100-200 nm.
These thin slices and the transfer onto a TEM grid are necessary for mea-
surements by the STXM.

The STXM-NEXAFS analysis was conducted using two X-ray micro-
scopes: (i) the X-ray microscope at beamline 5.3.2.2 (Kilcoyne et al.,
2003) at the Advanced Light Source, Berkeley, CA, USA and (ii) the
MAXYMUS microscope at beamline UE46-PGM-2 (Follath et al., 2010)
at the synchrotron BESSY I, Helmholtz-Zentrum Berlin, Germany.
Both STXM instruments are equipped with a high energy resolving grat-
ing (resolving power at the carbon K-edge: ALS E/AE < 5000; BESSY II: E/
AE < 8000), a Fresnel zone plate, providing a spatial resolution of about
30 nm, and phosphor-coated Lucite photomultiplier tubes for the detec-
tion of transmitted photons. In this study, STXM elemental maps of cer-
tain elements of interest (i.e., Fe, Mn, Ca, and C) are presented, which
have been recorded as images at discrete energies. Data were evaluated
with the Interactive Data Language (IDL) widget “Analysis of X-ray mi-
croscopy Images and Spectra” (aXis2000) and the overlay images
(Fig. 10) produced by Adobe Photoshop CS6.

3. Results and discussion
3.1. Imaging

Microscopic investigations revealed that the maximum thicknesses
of the coatings, deposited on different underlying rock types varied be-
tween 50 and 300 um (see Table 1). They also show that the varnish
covers topographical highs of the sample surfaces, but is thicker in the
micro-basins (Liu and Broecker, 2013). The varnish material fills cracks
and fissures, intruding into the underlying rocks.

Internal structures of the varnish coatings were studied for compar-
ison and characterization. Since these structures are um to nm in size,
they were visualized by the highly resolving techniques of SEM, using
backscattered electron (BSE) images on FIB slices, and EPMA, on thin
sections. In the microscopic view, cross sections of the South African
varnishes revealed stromatolitic structures (Fig. 4a), rock varnish fea-
tures observed before (Perry and Adams, 1978). Mineral grains up to
70 um in size and cavities were identified within the South African var-
nish coating SA13 mM-f (Fig. 4b). Furthermore, up to 10 pm large min-
eral detritus, enveloped in depressions between protrusions of the
stromatolitic features, were observed, similar to those described by
Perry and Adams (1978) and Dorn et al. (2013) in detail. The underlying
rocks of the South African samples are quartzite pebbles. The rocks un-
derneath the varnish coatings collected in Israel are limestones with sig-
nificant amounts of diatom fossils and varying amounts of quartz
minerals. At the surface, in direct contact with the varnish, the calcite
had been dissolved, leaving a SiO, rich, insoluble matrix. The Israeli var-
nish has an orange to black and brown color and shows cauliflower
shaped internal structures (Fig. 4a). Mineral grains, which are only a
few micrometers in size, are incorporated in the varnish coatings 1S13
V3 and V1. Close to the contact with the coating, cavities are present
within the varnish and the underlying rock (Fig. 4c, d). These cavities
and mineral grains can also be observed in the Californian varnish coat-
ing CA14 JC-8 (Fig. 4f). The Californian coatings are dark brown and
have smooth surfaces. Sample CA13 DV1 displays a wavy internal var-
nish structure in contact with the underlying rock, which is covered
by flat deposits (Fig. 4e). The interpretation provided by Reneau et al.
(1992), who suggested a higher trapping efficiency and higher accretion
rates for rougher, lower surfaces, which decrease to the top, producing
smoother surfaces over time, seems suitable to these observations.
The Californian samples exhibit multiple underlying rock types,
magmatites, metamorphites, and sediments (see Table 1). All varnish
coatings contain cavities and cracks, but while the cavities are <0.5 pm
for the Israeli and Californian samples, they can be up to 1 um large in
the South African samples. However, it cannot be excluded that the
cracks are partially preparation artifacts.
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Fig.4.a), c), e): Backscattered electron (BSE) images of varnish thick sections, revealing structures with differing average atomic numbers, Z, a) SA13 mM-f, ¢) IS13 V3, e) CA13 DV1. All BSE
images were taken by an EPMA with an accelerating voltage of 15 kV and a beam current of 12 nA. Images b), d), f) are SEM images of FIB slices, revealing topographic structures, such as
cracks, holes, and mineral inclusions, with b) SA13 mM-f, d) IS13 V1, and f) CA14 JC-8. All SEM images were produced by an FIB instrument with an accelerating voltage between 2 and
5 kV. All FIB slices had been coated on their top side by Pt, which is imaged as a light line on top of the samples and the gray matrix above. Rock-to-varnish and varnish-to-Pt boundaries are

marked by white, dashed lines.

3.2. Major and trace element determination by fs LA-ICP-MS

3.2.1. Bulk analysis of major and trace elements

Appendix A shows the average analytical results for each sample.
Some characteristic element enrichments are plotted in Fig. 5, where
the values are normalized to those of the upper continental crust
(Rudnick and Gao, 2003) and arranged approximately according to de-
creasing enrichments in the varnish samples. In addition to the high Mn
concentrations, Pb, Co, Ce, Ni, and Ba are also enriched in all varnish
samples. High Ba values have also been observed by Garvie et al.
(2008). Barium is known to be capable of incorporation into manganese
oxihydroxide structures, e.g., in hollandite (Post, 1999). The high en-
richment of Ni, Co, and Pb is presumably due to the high adsorption po-
tential of the Mn oxihydroxides (Thiagarajan and Lee, 2004). The source
of these elements might be dust that was leached by rain or dew

(Thiagarajan and Lee, 2004). An atmospheric contribution to the var-
nish genesis was previously verified for Pb, Hg (Nowinski et al., 2010;
Nowinski et al., 2013), and 2'°Po (Hodge et al., 2005) enrichments in
the outer varnish layers, elements that were emitted by nuclear testing
sites, coal-fired power plants and smelters. The enrichments in Ce, also
observed in the REE patterns as positive Ce anomalies (Fig. 6), may be
caused by the change from a REE-leaching reducing environment
(Ce3*) to an oxidizing environment (Ce® ™) where Ce(IV) can precipi-
tate or be adsorbed to 6-MnO, or Fe oxihydroxides (Ohta and Kawabe,
2001). It strengthens the hypothesis of an aqueous atmospheric deposi-
tion as a source of these elements, previously suggested for varnish
samples from the Mojave Desert and Death Valley (Thiagarajan and
Lee, 2004), it might be an indicator for direct oxidation of Ce by
birnessite (Post, 1999) or for the role of Mn-oxides as repositories of
trace elements presumably derived from atmospheric aerosols (Garvie
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et al., 2008). A positive correlation between Mn and Ce was observed for
all Californian and Israeli varnish samples. However, no correlation was
present for any South African varnish sample.

The element abundances agree well with literature values of rock
varnish (Fig. 5, gray shaded area) published for California (Thiagarajan
and Lee, 2004), Utah (Wayne et al., 2006), Nevada (Wayne et al., 2006)
and Israel (Goldsmith et al., 2014). However, not all element values
were provided by the manuscripts, hindering a direct comparison. The
enrichments of most elements are similar, with some exceptions, such
as Ti, Al, and Mg, for which few literature values are provided in these
manuscripts. The differences between the Israeli and the Californian
samples of this work are mostly restricted to the elements Ni and Pb,
while the South African samples differ from the other locations with re-
gard to several elements, such as Mn, Co, Ce, and Ba (Fig. 5). The Califor-
nian samples were subdivided into two groups, California A (CA WS-18,
CA13 SS2, CA13 SCH45, CA13 DV1) and California B (CA13 SWS1, CA13
SWW1, CA13 SWW3, CA13 SWW4), depending on their major and
trace element composition (see Appendix A). Interestingly, no chemical
difference can be seen between the Israeli samples that showed different
macroscopical surface structures (smooth and botryoidal). The REE re-
sults (Fig. 6) were normalized to a chondritic composition, and display
positive Ce and negative Eu anomalies in all samples. The REE patterns
of the samples from Israel and California are very similar, enriched in
light REE (Lan/Yby = 11-12) and with significant positive Ce anomalies
(Ce/Ce* = 2.1-5.3). The South African samples have significantly lower
light REE contents (Lan/Yby = ~3.5) and less positive Ce anomalies
(Ce/Ce* = ~1.5) than the other samples. The negative Eu anomaly is of
about the same order for all samples (Eu/Eu* = 0.6-0.7). The ratios
of Mn/Fe (3.1-25.1 South Africa, 0.4-0.6 Israel, 0.3-1.2 California A
and 0.9-2 California B), Mn/Ba (112-170 South Africa, 5-9.9 Israel,
12-28 California A and 4-11 California B), Ni/Co (0.03-2.1 South
Africa, 1.1-1.8 Israel, 0.4-0.7 California A and 0.2-0.4 California
B) and Pb/Ni (1.1-1.3 South Africa, 0.4-0.8 Israel, 4-13 California A,
and 4-23 California B) exhibit strong variations between different
locations. Fig. 7 demonstrates that these ratios are suitable for
distinguishing between the locations of the varnish samples analyzed
in this work. Possible reasons for these differences might be differing
genesis, but also diverging dust source compositions, ages, climates,
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Fig. 5. Element abundances normalized to the values for the upper continental crust
(Rudnick and Gao, 2003). Displayed are the enrichment factors of selected elements in
the varnish. Elements are arranged approximately according to decreasing enrichment
in the varnish samples. The differences between the Israeli samples and the Californian
samples are most striking for the elements Ni and Pb, while the South African samples de-
viate for several elements, such as Mn, Co, Ce, and Ba. Within the Californian samples one
can distinguish between the mean results of the samples CA WS-18, CA13 SS2, CA13
SCH45 and, CA13 DV1 (California A) and those of the samples CA13 SWS1, CA13 SWW1,
CA13 SWW3 and CA13 SWWH4 (California B). The gray shaded area represents the range
of literature rock varnish values (Thiagarajan and Lee, 2004; Wayne et al., 2006; Goldsmith
etal, 2014).
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Fig. 6. Chondrite-normalized REE concentrations in the varnish samples. The patterns
show a distinct positive Ce anomaly and a negative Eu anomaly. The samples from Israel
and California are very similar, enriched in light REE (Lan/Yby = 11-12) and with a signif-
icant positive Ce anomaly (Ce/Ce* = 2.1-5.3). The South African samples have lower light
REE enrichments with Lay/Yby = ~3.5 and less positive Ce anomalies (Ce/Ce* = ~1.5)
than the other samples. The negative Eu anomaly is similar for all samples (Eu/Eu* =
0.6-0.7).

rain or dew amounts or pH conditions during their growth, or even a
combination of them (Engel and Sharp, 1958; Broecker and Liu, 2001).

Literature rock varnish element ratios from California, Nevada and
Utah (Thiagarajan and Lee, 2004; Wayne et al., 2006) fall into the
range of the Californian and Israeli rock varnish ratios from our studies.
Interestingly, literature element ratios falling into the range of this stud-
ies Israeli rock varnish samples are without exception samples collected
in the Cima volcanic field in the Mojave Desert (Thiagarajan and Lee,
2004). Literature values from the Death Valley (Thiagarajan and Lee,
2004), Nevada (Wayne et al., 2006) and Utah (Wayne et al., 2006)
plot in the fields of this studies Californian rock varnish element ratios.

3.2.2. Profiles

Profile patterns of Mn and Fe within varnish have been used by some
authors as paleoclimate reconstruction tools (Liu and Dorn, 1996),
where Mn rich (25-45% MnO) layers are interpreted as wet periods,
Mn poor layers (5-15% MnO) as dry periods, and layers containing
moderate amounts of Mn (15-25% MnO) as periods of climatic
transition between extremely dry and extremely wet conditions
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Fig. 7. Pb/Ni vs. Mn/Ba values for the three sampling locations. The data for the different
sampling locations plot well separated from each other and can therefore be easily distin-
guished. The gray shaded area represents the range of literature rock varnish values
(Thiagarajan and Lee, 2004, Wayne et al., 2006).
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(Dorn, 1984; Liu and Broecker, 2013). However, these layers are
extremely thin and only longer wet or dry periods can be detected
by fs LA-ICP-MS with its spatial resolution of 10 pum.

Therefore, 7 to 15 high resolution MnO, and Fe,03 profile mea-
surements were conducted on each varnish thick section (Fig. 3).
The profile patterns vary within each sample, a variation that might
be influenced by the deposition process, but also by sample inhomo-
geneities, such as thickness differences, cavities, and mineral grain
inclusions (see Fig. 4). Although there is a large scatter in the profile
measurements, it is insignificant compared to the differences be-
tween the three sampling locations. This is shown in Fig. 8, where
for each location one profile is plotted, representing a “typical” pro-
file of the location (Fig. 8a, b, d). Most of the measured values of
rock and resin are left out for clarity. Fig. 8 ¢ shows the values for
the MnO,/Fe,05 ratios, which differ significantly for the different lo-
cations. Typically ratios are <1 for Californian and Israeli samples for
most parts of the profiles, and 10-200 for the South African samples,
with variations within the profiles.

The typical Californian profile (Fig. 8b) shows a high Fe abundance
(about 20%) close to the underlying rock, with MnO, concentrations of
about 2%. About 20 pm closer to the rim, or varnish surface, the MnO,
and Fe,03 amounts rise, forming small plateaus with about 4% MnO,
and 45% Fe,03 (no. 1 in Fig. 8b). About 5 pm further outward the
Fe,03 concentration rises to 50% and the MnO, concentration increases
significantly to 25% (no. 2 in Fig. 8b). At the outer rim of the varnish,
MnO, and Fe,03 have approximately the same abundance, with high
Fe,03 and MnO, concentrations of up to 50% (no. 3 in Fig. 8b).

The Israeli samples (Fig. 8c) show variations of the MnO, values with
significant peaks for Mn and Fe. They reveal a higher total value of Fe,03
throughout the profiles than the Californian samples. Manganese and Fe
show common highs for some peaks, but for others, especially in the
youngest and oldest varnish layers, Fe is enriched without a simulta-
neous Mn enrichment at the same location. The South African profiles
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(Fig. 8a) show significantly higher abundances of MnO, compared to
Fe,0s. The MnO,/Fe;05 ratios are about 40 (Fig. 8d), and for some sam-
ples even up to 180 (not displayed). These profiles show no recurring
peaks at the same distances from the rim that could be used as
paleoclimate indicators. The profile patterns here might mostly depend
on mineral inclusions and cavities, both of which are highly abundant in
the South African samples (Fig. 4a, b). These South African rock varnish
samples show therefore no internal Mn-Fe-rich VMLs (varnish
microlaminations).

3.3. Major element analysis by electron probe microanalysis

The spatial resolution of the electron probe microanalysis is higher
(~2 pm) than that of the fs LA-ICP-MS (10-40 pm). Since solid and ho-
mogeneous areas with few mineral grains or cavities were analyzed
by EPMA, the results represent the composition of areas containing
more cementing material, which is enriched in MnO,. The data, there-
fore, show significantly higher MnO, values than those obtained by fs
LA-ICP-MS (Fig. 9, Table 5). However, the values of both analytical
methods from the same varnish sample lie on the same trend line in a
MnO, vs. SiO, plot. These plots suggest linear mixing series between
Mn/Fe oxide-rich components and Mn-free silicate end members for
each sample. The correlation lines converge towards a similar SiO, con-
tent for the Mn-free end members, in the range of average dust compo-
sitions (50-75%, Moreno et al., 2006; Castillo et al., 2008). The individual
end member values may be characteristic for the composition of the
dust involved (Fig. 9). This value is lower for the Israeli samples
(about 50% SiO,) than for the South African and Californian varnish
samples (about 60-65% SiO,). A reason for this difference might be a
SiO,-poor dust composition of the Israeli varnish source. Recent Israeli
dust has SiO, amounts of about 38% (Goldsmith et al., 2014), while re-
cent air-borne material from the Coxcomb Mountains has much higher
SiO, values of approximately 51% (Engel and Sharp, 1958). There is no
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a), b), and c). All measurements were performed by fs LA-ICP-MS with a scan speed of 5 um s~ and a spot size of 10 um.
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indication for a relationship between the SiO, content of the end mem-
ber and the SiO, value of the underlying rock (Fig. 9), in contrast to the
conclusions stated by Engel and Sharp (1958). This is especially obvious
for the samples IS13 V1 and SA13 mM-f, where the quartzite in contact
with the coating has a composition of almost 100% SiO,.

3.4. Element distribution maps

For each location, one or two samples were prepared as ultra-thin
FIB slices to analyze the distribution of certain elements and molecules
(i.e., Mn, Fe, Ca, and CO3 ™) in the varnish at the nm scale by STXM-
NEXAFS. Since the NEXAFS spectra at the X-ray absorption edge are spe-
cific to functional groups and bonding states, C-, N-, and O-NEXAFS
spectra were measured in addition. These elements and their bonding
types can be indicators of a biological origin. A systematic investigation
of the NEXAFS spectroscopy will be the focus of a future study. An or-
ganic carbon signal was detected in all samples, but no significant N
was found in any mapped area. This might be an indicator for the ab-
sence of living matter, but N might also have been leached by water in
strongly decomposed biological matter, or it might even be present in
concentrations below the detection limit of STXM (1-3 mol% in humic
substances in soil). CaCO3 was excluded as a possible C-phase by selec-
tive measurements of CO3~ for each sample.

Fig. 10a displays the enrichment of Fe and Mn in a cross section
through the varnish layer of the Israeli sample IS13 V1. Manganese
and Fe show distinctive layers throughout the coating (at scales of
about 100-500 nm), running parallel to the rock surface. This feature
can be interpreted as an indicator for the sedimentary origin of the coat-
ing and the thin layers are similar to those observed by Liu and Broecker
(2013), which were used for paleoclimate reconstruction. Some larger
Ca-containing mineral grains (~500 nm) are mapped in sample IS13
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of the manganese free end member and that of the rock in contact to the varnish is evident.
All plots converge towards SiO, values in the range of average dust compositions (Moreno
et al,, 2006; Castillo et al., 2008).
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V1 (Fig. 10a), whereas cavities are rare in this sample. The dense struc-
ture of the Israeli sample is pervaded by cracks and fissures compared to
varnish from other locations (Fig. 10b, c). Carbon in the Israeli sample
IS13 V1 is mostly present as a lining of cavities underneath the varnish
crust in the underlying rock, and along the cracks and fissures within
the varnish (Fig. 10d). This feature is distinct from the samples collected
in California (Fig. 10e) and South Africa (Fig. 10f), where carbon occurs
in layers or chaotic patterns.

The cavities in the underlying rock of sample IS13 V1 also show lin-
ings of Mn and Fe, and similar cavities were also observed in the Califor-
nian FIB slice, with similar element abundances (Fig. 10 g). These
cavities are of specific interest, since they occur in a quartz rich lime-
stone (IS13 V1), as well as in a basaltic rock (CA14 DV11). Their genesis
might be similar to the submicron deposited Mn-Fe skins described by
Garvie et al. (2008), subsequent to mineral decay in the less stable un-
derlying rocks (Dorn et al., 2013), and is referred to as case hardening
(Dorn, 2008).

The Californian samples display homogeneously distributed cavities
inside the varnish (Fig. 10c) similar to those observed by Krinsley et al.
(2013). In sample CA14 JC-8, Fe-containing minerals were mapped in
some of these cavities which were a few hundred nanometers in size
and are displayed as green areas (Fig. 10c). In the varnish FIB samples
CA14 JC-8 and CA14 DV11, Mn and Fe show distinct layers parallel to
the rock surface (Fig. 10c and g), similar to the layering previously ob-
served in a FIB slices of a Death Valley sample (Krinsley et al., 2013)
and furthermore used as paleoclimate reconstruction tools (Perry and
Adams, 1978). A carbon-rich band, ~1 pm thick, is evident in the ultra-
thin section of sample CA14 JC-8 (Fig. 10c, e). In the lower part of this
sample, C is present as thin (~100 nm) rippled layers or chaotic struc-
tures (Fig. 10e). These bands are layers with higher abundances of or-
ganics, which could be residues of organisms that grew on the former
varnish surfaces, as proposed by Wang et al. (2011), or organic-rich
dust that was deposited with the sedimentation process, and that was
incorporated during the varnish genesis.

The South African sample SA13 mM-f contains numerous large (up
to 5 um long) mineral grains, many of them containing Fe (Fig. 10b,
h). Large cavities of several um are irregularly distributed throughout
the sample. Structures defined by elevated Fe and Mn contents are pres-
ent, but seem to be mainly an effect of density variations rather than
compositional differences. Calcium is enriched in the upper part of the
FIB slice as layers, following a cauliflower-like structure (Fig. 10 h) sim-
ilar to those observed in rock varnish FIB slices before (Krinsley et al.,
2013). Carbon is present throughout the sample, but is especially
enriched in the lining of cavities (Fig. 10f). A possible interpretation is
that the cavities were formerly filled by organic material that decayed
leaving cavities with organic C signatures at their rims.

3.5. Structures at the nm to um scale

The combination of different analytical techniques at different scales
demonstrates considerable variability within the coatings. The tech-
niques used were the fs LA-ICP-MS with 10-40 um spatial resolution,
the EPMA with 2 pm resolution, and the STXM-NEXAFS with a resolu-
tion of about 30 nm. Layerings in the Israeli and Californian rock varnish
samples can be observed at each scale, with the thinnest detected Mn
layers in the 100-500 nm range. These layers have similar extensions
to those observed by Liu and Broecker (2013), who interpreted them
as indicators for climate fluctuations and as a paleoclimate reconstruc-
tion tool for the Quaternary period. A layer of 100-500 nm thickness
could represent an age interval of about 100-500 years, assuming a
growth rate of 1 um per 1000 a. These intervals are in the range of typ-
ical climate fluctuations during the Holocene.

The Israeli and Californian samples seem very similar regarding their
elemental composition at the 10-40 pum scale, but differ for selected el-
emental abundances, such as Ni and Pb (Fig. 7). The Californian samples
can furthermore be subdivided into California A and B, based on their
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Table 5
Concentrations of major elements in the varnishes, obtained by EPMA measurements.

Na,0 Si0, K,0 TiO, Fe,05 Al,04 MgO Ca0 Cry05 MnO,
SA10 #4 [wt %] 0.97 17.40 2.32 0.20 4.69 8.29 1.06 0.60 0.04 54.09
RSD [%] 28 46 15 52 52 39 24 13 59 23
SA10 #8 [wt %] 1.47 9.52 3.51 0.07 2.58 4.27 0.88 0.38 0.05 71.51
RSD [%] 9 40 11 71 45 41 32 19 76 11
SA13 mM-d [wt %] 0.83 10.29 244 0.11 3.52 5.95 1.99 1.58 0.04 60.07
RSD [%] 23 59 14 77 56 57 15 16 47 21
SA13 mM-f [wt %] 0.96 14.35 3.73 0.05 2.24 3.39 0.82 0.43 0.03 68.50
RSD [%] 29 52 13 68 50 49 38 34 87 15.12
Average South Africa [wt %] 0.91 12.29 3.05 0.10 3.01 5.73 1.26 1.11 0.03 63.56
RSD [%] 33 30 21 46 29 32 42 51 36 12
CA13 SWW1 [wt %] 037 33.32 1.92 0.44 10.80 19.56 2.16 0.84 0.04 18.04
RSD [%] 50 4 12 24 14 3 9 13 36 13
CA13 SWW3 [wt %] 0.29 30.22 1.81 0.44 12.25 19.58 2.21 117 0.04 19.46
RSD [%] 28 5 10 22 19 4 8 17 77 16
CA13 SS2 [wt %] 0.30 31.52 1.95 0.50 20.82 17.34 2.84 122 0.02 10.46
RSD [%] 21 32 48 43 93 27 29 27 87 60
CA13 DV1 [wt %] 0.44 28.78 1.70 0.58 15.69 19.15 2.19 1.18 0.04 16.90
RSD [%] 35 14 12 29 36 8 16 31 63 46
Average California [wt %] 0.31 27.89 1.65 0.51 14.18 18.19 2.12 1.15 0.04 19.27
RSD [%] 25 19 19 12 27 10 23 13 21 34
IS13 V1 [wt %] 0.25 39.01 1.67 0.74 12.68 20.13 2.53 1.30 0.04 9.67
RSD [%] 18 6 8 25 11 9 7 16 50 32
1S13 V2a [wt %] 0.26 35.97 1.61 0.72 14.02 19.69 2.38 1.58 0.05 9.00
RSD [%] 40 8 10 35 9 4 10 14 55 28
IS13 V3 [wt %] 0.22 32.80 134 0.63 10.13 17.40 2.99 1.88 0.04 17.11
RSD [%] 25 9 15 54 18 9 7 21 57 36
Average Israel [wt %] 0.24 35.93 1.54 0.70 12.28 19.08 2.63 1.59 0.04 11.92
RSD [%] 10 9 11 8 16 8 12 18 9 38

elemental abundances. Interestingly, these two groups were collected
from two differing sampling areas within California, which are located
120-250 km apart from each other (see Table 1). An explanation
might therefore be a slightly different composition of the varnish dust
source. Nevertheless, all Californian samples have significantly higher
Pb concentrations than the samples from Israel and South Africa
(about 10 times more). The explanation therefore might be a larger Pb
input by human activity in this area, for example from the previous
use of leaded gasoline or from power plants (Nowinski et al., 2010;
Dorn et al., 2012b).

By combining EPMA with its 2 pm spatial resolution, and fs LA-ICP-
MS, each analyzed varnish coating can be extrapolated back to a manga-
nese free end member, which differs for the various sampling locations.
Furthermore, future fs LA-ICP-MS measurements provide the possibility
to add compositional variations to areas of a given climate. Adding
STXM-NEXAFS at the nm scale, layers in the nm range can also be ob-
served, and C abundances and speciation can be detected and
characterized.

4. Conclusions

Rock varnishes show chemical and structural features at the um to
nm scale. The most striking ones are layerings, mineral grain inclusions,
and cavities within the varnish. Internal layerings in the 100-500 nm
range within the coatings are defined by differing Mn, Fe, and C abun-
dances. Cavities lined by Mn, Fe, and C rich material were found in the
underlying rocks of the Californian and Israeli samples, close to and in
contact with the varnish coating. The South African samples differ
from those from the other analyzed locations at all scales, based on ele-
mental ratios and internal structures without Mn and Fe layering, larger
mineral grains, and bigger cavities than the other samples.

The SiO, contents of the Mn free end members are independent of
the composition of the underlying rock. The SiO, concentrations in
these Mn free end members are similar to those in dust from different
locations, with 50-75% SiO, (Moreno et al., 2006; Castillo et al., 2008).
The Israeli end member is at the lower end of the range (about 50%)
and the Californian and South African end members are in the middle
of the range of dust values (about 60%).

The analyzed coatings from different regions can be distinguished by
their elemental ratios. The Californian samples can be further separated
into two sub-regions that are about 120-250 km apart. Bulk analyses of
the coatings show that of the major elements, only Mn and Fe are
enriched in comparison to the upper continental crust (Rudnick and
Gao, 2003), whereas many trace elements, such as Pb, Co, Ni, Ba, the
REEs, U, Th, and Y, are significantly enriched. These enrichments occur
in all samples, but differ in their magnitude. Ratio plots of Pb/Ni vs.
Mn/Ba show similarities within one sampling location and significant
differences between the various regions. The MnO,/Fe,05 ratios show
significant differences (a factor of 10 to 100) between the South
African varnish samples and those collected in Israel and California.
However, a significant positive Ce anomaly was detected in all samples,
which might be an indicator for a direct atmospheric deposition of the
REEs, and therefore an atmospheric contribution to the origin of all var-
nish coatings analyzed. A positive correlation between Ce and Mn was
observed for the Israeli and Californian varnish samples, though no cor-
relation was found concerning the South African rock varnish samples.

Carbon was found in every analyzed FIB sample, but in the Israeli
sample it was found solely along cracks and fissures. In this sample
the carbon could have been introduced subsequent to the varnish gen-
esis, unlike in the other samples, where C was detected as layers or cav-
ity linings. The C signatures, analyzed by STXM-NEXAFS, are dominated
by carboxylate functionalities and are therefore indicators of a biological
contribution to the varnish composition. Whether these organic contri-
butions triggered the varnish growth, or if the availability of a solid and
stable inorganic crust allowed organisms to accrete, or if the organic
material was incorporated from particles with an atmospheric origin
cannot be determined up to now.

Profile plots of the varnish measurements perpendicular to its
growth direction display nicely the transition metal variations within
the varnish. Such profiles display internal features, such as layerings
within the varnish, and may be used for paleoclimate reconstruction
(Dorn, 1984; Liu and Broecker, 2013). The profiles vary within one loca-
tion and even within one rock, and differ significantly between different
sampling countries.

The differences in structure and chemical composition found in our
samples suggest at least two different groups of the analyzed varnish,
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Fig. 10. FIB slices with element maps to display the elemental distribution. Color keys for the multi-element maps: red: Mn; green: Fe; blue: C; yellow: Ca. a) FIB slice of IS13 V1 with
mapped varnish area and cavity fillings. b) FIB slice of SA13 mM-f with selected mapped areas. h) Map of the whole FIB-prepared varnish SA13 mM-f. ¢) FIB slice of CA14 JC-8 with selected
mapped area. g) FIB-prepared varnish sample CA14 DV11 with mapped cavity filling and thin varnish. d), e), f) C-maps of the samples, C mapped in blue. d) sample IS13 V1, e) sample CA14
JC-8, f) sample SA13 mM-f. The Pt coating on top of the samples (displayed in the FIB slices as a light colored cover with a gray topping) shows C enrichments that are not related to the
varnish but to the metallo-organic Pt precursor.
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one represented by the South African samples, the other by the
Californian and Israeli samples. One may even distinguish three catego-
ries, where the Israeli samples represent a third, carbon-poor category.
Further investigations are necessary to see whether the differences ob-
served here can be generalized to other regions, and how they can be
used to resolve the enigma of the formation of rock varnishes.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2015.06.023.
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Appendix A

Table A: Results of fs LA-ICP-MS measurements of all samples. Measurements were conducted with 40 um spot sizes, 1

-1
um s~ scan speed, and all results are averaged values of each sample.

CA WS18 CADV1 CA SCH45
Ug, Ug, Ug,
Element | Isotope used | mass fraction RSD mass fraction RSD g mass fraction RSD

(g g™l [%]  [%] (g g™l [%] [%] [ugg™] [%] [%]

Na 3Na 1914 42 34 7784 31 24 7694 70 55
Mg Mg 13267 24 22 24267 54 35 42658 49 39
Al Z7p| 116581 11 17 87366 24 20 63702 43 35
Si 295 124600 9 17 168434 11 17 189302 24 23
P 3p 23808 15 42 10857 54 50 4138 83 74
K 39K 15839 13 18 12392 30 23 9583 61 48
Ca 43Ca 19492 25 24 25277 80 49 42269 74 58
Ti 47T 5911 59 45 6618 68 43 6623 71 56
Mn 55Mn 116592 11 17 78293 35 25 57149 62 49
Fe 57Fe 100441 12 18 114588 30 23 113292 63 50
Co *Co 553 13 18 447 33 24 385 54 44
Ni 50N 252 20 21 191 38 28 264 41 34
Rb 85Rb 96 20 21 78 26 21 64 61 48
Sr 88Sr 1350 29 26 374 23 20 516 54 44
Y 89y 273 17 20 271 33 24 199 53 43
Cs 133Cs 9 14 19 11 29 23 7 66 52
Ba 1384 8527 17 19 2745 35 25 3879 65 51
La 3913 535 14 18 479 33 24 448 62 49
Ce 140Ce 2756 15 19 2451 35 25 1922 71 56
Pr 4pr 123 16 19 108 34 25 96 64 50
Nd 143Nd 469 16 18 427 35 25 363 62 49
Sm 147Sm 90 14 18 85 33 24 68 58 46
Eu S1Eu 17 17 19 15 32 24 12 53 43
Gd 57Gd 76 14 18 79 34 24 58 59 47
Th 159Th 11 17 19 11 34 25 8 54 43
Dy 161Dy 63 18 19 66 33 24 50 57 45
Ho 65Ho 12 16 19 13 32 24 9 59 47
Er 167y 42 17 23 42 31 23 27 57 45
Tm 169Tm 5 17 19 5 32 24 4 57 45
Yb 73Yb 29 18 19 30 32 24 23 60 47
Lu 5Ly 4 18 19 5 30 23 3 57 45
Pb 208p}, 946 15 18 1383 44 30 3286 91 71
Th 232Th 153 10 17 177 31 24 135 135 103
u 238 52 10 17 36 28 22 25 69 54
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Table A continued

CA SS2 CA SWwW1 CA SWW3
Ug, Ug, Ug,
Element | Isotope used | mass fraction RSD mass fraction RSD g mass fraction RSD

(hg g™l [%]  [%] [ug g™ [%]  [%] [ug g™ [%]  [%]

Na BNa 8389 36 28 12951 27 26 24006 67 69
Mg Mg 22602 35 27 6292 43 36 6239 28 32
Al 2Z7A| 94016 11 16 83621 23 23 76446 21 26
Si 295 190993 10 16 258067 22 22 242669 22 27
P 3p 6414 31 45 3253 31 46 5694 34 50
K 39K 28357 45 33 18278 16 19 14387 44 46
Ca *3Ca 10114 29 25 17265 44 36 13057 27 31
Ti 47Ti 7303 107 73 1786 44 38 2556 21 27
Mn Mn 52693 44 33 53466 59 47 83191 50 52
Fe 57Fe 109461 22 20 50091 37 32 41807 30 34
Co *Co 293 39 30 686 52 42 877 41 44
Ni 60N 160 28 24 118 51 41 168 62 64
Rb 8Rb 155 31 25 90 24 23 72 35 38
Sr 88Sr 363 24 21 217 58 46 365 56 58
Y 89y 182 52 38 243 50 41 88 79 80
Cs 133Cs 17 86 59 4 40 34 4 41 44
Ba 13883 4434 27 23 5909 90 69 8076 52 54
La 391 5 348 57 41 291 48 39 227 68 69
Ce 140Ce 1667 42 31 1303 45 37 1550 45 47
Pr 41pyr 80 55 39 65 40 34 45 76 77
Nd 143Nd 302 55 39 254 42 35 169 72 74
Sm 147Sm 58 55 39 67 39 33 32 74 75
Eu 51Ey 11 42 31 7 55 44 7 64 66
Gd 57Gd 50 55 39 63 41 34 27 81 83
Th 59T 7 53 38 10 39 33 4 77 79
Dy 161Dy 46 51 37 57 42 35 22 77 79
Ho 185Ho 9 52 37 11 46 38 4 84 85
Er 167Er 30 52 39 29 53 44 12 77 78
Tm 189Tm 4 55 39 3 46 38 2 78 79
Yb 73Yb 26 66 46 18 61 48 11 62 64
Lu 75y 4 71 49 2 38 32 2 52 54
Pb 208pp 2099 46 34 1439 87 67 3223 30 34
Th 232Th 95 38 29 82 43 36 43 42 45
U 38 39 49 36 20 32 29 13 59 61
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Table A continued

CA SWwW4 CA SWS1 ISV1

Ug, Ug, Ug,

Element | Isotope used | mass fraction RSD mass fraction RSD g mass fraction RSD
(hg g™l [%]  [%] [ug g™ [%]  [%] [ug g™ [%]  [%]
Na BNa 8765 26 29 25576 56 52 5206 47 33
Mg Mg 10343 44 42 5258 36 35 14754 12 13
Al 2Z7A| 65715 47 44 78972 17 21 88706 12 13
Si 295 224318 29 30 266817 17 21 233399 14 14
P 3p 23770 72 76 2565 52 60 4243 31 M
K 39K 11350 39 38 35647 52 49 12595 7 1
Ca *3Ca 35586 27 29 12299 42 40 15955 26 20
Ti 47Ti 2760 77 71 4193 109 99 4784 25 21
Mn Mn 75570 42 40 36215 31 31 50628 57 40
Fe 57Fe 52455 71 65 40153 140 126 81468 17 15
Co *Co 621 45 43 214 43 41 382 31 23
Ni 60N 225 57 53 118 47 45 449 26 20
Rb 8Rb 68 46 44 92 36 36 80 7 11
Sr 88Gr 257 28 29 224 19 22 367 63 43
Y 89y 125 88 80 51 56 52 127 33 25
Cs 133Cs 5 52 50 4 19 22 5 13 14
Ba 13883 6877 30 31 8970 23 25 5173 90 61
La 39 4 301 85 77 131 37 36 178 35 25
Ce 140Ce 2061 45 43 565 39 38 912 27 21
Pr 41pyr 56 88 80 33 38 37 43 31 23
Nd 143Nd 213 85 78 133 47 44 177 34 25
Sm 147Sm 40 78 71 24 55 51 37 27 21
Eu SEy 8 82 75 5 117 106 8 30 23
Gd 57Gd 35 78 71 18 54 51 34 31 23
Th 59T 4 77 71 2 66 61 5 33 24
Dy 161Dy 26 81 74 13 58 53 28 32 23
Ho 85Ho 5 81 74 2 44 42 5 32 23
Er 167y 19 81 74 7 36 37 15 31 23
Tm 189Tm 2 67 62 1 34 33 2 30 22
Yb 73Yb 12 71 65 6 36 35 13 25 20
Lu 75y 2 82 75 1 49 46 2 27 21
Pb 208pp 1680 122 110 301 59 55 339 31 23
Th 232Th 39 8 79 21 36 36 19 31 23
u 38 19 106 97 8 27 28 5 18 17
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Table A continued

ISV2a ISVva SA #4
Ug, Ug, Ug,
Element | Isotope used | mass fraction RSD mass fraction RSD g mass fraction RSD

(hg g™l [%]  [%] [ug g™ [%] [%] [ug g™ [%]  [%]

Na BNa 7025 59 54 3609 46 35 7266 26 26
Mg Mg 11557 28 27 11375 52 38 10421 20 24
Al Z7A| 74413 29 28 63468 49 36 46179 28 26
Si 295 250056 15 17 250049 20 18 122129 37 29
P 3p 5435 41 52 4409 35 48 3887 29 58
K 39K 10277 29 27 10168 62 45 20842 18 24
Ca *3Ca 15762 16 18 12780 28 23 15935 24 25
Ti AT 6265 41 39 8492 64 47 3688 83 49
Mn Mn 41958 11 14 48220 31 24 285341 23 25
Fe 57Fe 85519 29 28 98859 39 30 42345 33 28
Co *Co 352 17 19 432 27 22 1627 30 27
Ni 60N 392 13 16 683 38 29 504 18 24
Rb 8Rb 57 25 25 53 58 42 90 23 25
Sr 88Sr 426 34 32 524 36 27 921 22 24
Y 89y 145 39 37 151 37 29 83 11 23
Cs 133Cs 4 29 28 4 56 41 6 32 28
Ba 3883 4612 55 50 8923 48 36 1888 37 29
La 39 3 227 46 42 296 40 30 49 30 27
Ce 140Ce 977 27 26 1102 20 17 171 35 28
Pr 41py 52 42 39 63 36 28 16 21 24
Nd 143Nd 209 42 39 254 38 28 79 18 24
Sm 147Sm 42 36 33 48 35 27 18 19 24
Eu SEy 10 37 34 11 29 24 3 19 24
Gd 57Gd 39 38 35 46 29 23 21 16 23
Th 59T 5 38 36 6 36 27 3 19 24
Dy 161Dy 32 34 32 35 31 24 18 17 23
Ho 185Ho 6 33 31 7 36 27 3 18 23
Er 167y 16 33 32 17 37 28 12 16 23
Tm 189Tm 2 31 30 2 42 31 1 28 26
Yb 73Yb 13 38 35 14 31 24 20 24
Lu 7Ly 2 31 29 2 38 29 1 41 30
Pb 208pp 354 26 25 473 56 43 198 55 36
Th 232Th 20 31 30 27 32 25 23 35 28
u 38 9 44 41 7 47 37 4 45 32
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Table A continued

SA #8 SA #9 SA #12

Ug, Ug, Ug,

Element | Isotope used | mass fraction RSD mass fraction RSD g mass fraction RSD
(hg g™l [%]  [%] [ug g™ [%] [%] [ug g™ [%]  [%]
Na BNa 10074 37 32 8735 37 40 6082 19 25
Mg Mg 9027 50 37 7755 49 49 6051 36 29
Al Z7A| 39380 41 33 37134 41 43 22543 19 24
Si 295 153391 31 29 239841 17 27 84145 58 37
P 3p 3522 30 46 3129 25 50 2466 33 57
K 39K 23039 32 29 15243 35 38 24205 17 24
Ca *3Ca 12223 38 32 13609 24 31 6710 85 49
Ti 47T 2176 53 39 2167 62 60 1581 179 95
Mn >Mn 262416 36 31 158371 32 36 402063 11 23
Fe 57Fe 33390 41 33 30792 49 49 18862 26 26
Co *Co 1340 39 32 1042 38 40 3527 29 27
Ni 60N 315 34 30 277 53 52 123 52 35
Rb 8Rb 90 42 33 79 57 55 49 15 23
Sr 88gy 738 36 31 527 32 36 372 54 35
Y 89y 108 60 42 79 12 25 70 8 50
Cs 133Cs 5 38 32 5 48 48 3 14 24
Ba 13883 1351 39 32 969 24 30 1245 54 35
La 39 3 47 57 41 44 19 28 20 36 29
Ce 140Ce 136 31 29 120 36 38 119 17 24
Pr 41py 16 35 30 13 22 29 9 28 26
Nd 143Nd 80 26 27 67 26 32 52 28 26
Sm 47Sm 22 21 25 18 16 26 16 24 25
Eu SEy 5 31 29 4 23 30 3 27 26
Gd 57Gd 28 29 28 23 16 26 16 28 28
Th 59T 4 31 29 3 25 31 3 27 26
Dy 161Dy 24 35 30 19 20 28 16 29 26
Ho 185Ho 5 36 30 4 12 24 3 27 26
Er 167Ey 16 60 43 13 12 24 8 24 25
Tm 165Tm 2 57 41 1 28 33 1 25 25
Yb 73Yb 10 52 38 28 33 6 25 25
Lu 75y 2 61 42 1 25 31 1 19 24
Pb 208pp 142 60 42 218 73 68 146 158 85
Th 232Th 14 39 32 15 46 47 10 52 35
u 38 6 24 27 4 31 36 5 43 32
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Table A continued

SA mM-d SA mM-f

Ug, Ug,

Element | Isotope used | mass fraction RSD mass fraction RSD g
(hg g™l [%]  [%] [ug g™ [%] [%]
Na BNa 10874 65 58 8467 54 44
Mg Mg 7898 44 42 9868 34 32
Al Z7A| 36202 59 53 61274 29 30
Si 295 235476 22 28 159831 26 29
P 3p 2894 27 50 4609 17 46
K 39K 14465 35 36 22006 18 25
Ca *3Ca 11649 34 35 8057 44 38
Ti 47T 1961 65 58 3564 46 40
Mn >Mn 161339 75 65 197990 29 30
Fe 57Fe 36387 59 53 68228 25 28
Co *Co 840 67 59 1319 24 28
Ni 60N 786 64 57 2021 61 48
Rb 8Rb 66 51 47 104 39 35
Sr 88gy 709 40 39 911 44 38
Y 89y 46 35 36 71 46 39
Cs 133Cs 5 68 59 7 30 31
Ba 13883 1084 36 37 1954 13 23
La 39 4 47 59 53 50 44 38
Ce 140Ce 145 40 39 225 52 43
Pr 41py 12 17 26 17 46 39
Nd 143Nd 53 26 30 79 50 41
Sm 147Sm 13 32 34 21 46 39
Eu SEy 3 39 39 4 43 37
Gd 57Gd 14 35 36 22 46 39
Tb 59Tb 2 44 42 3 45 38
Dy 161Dy 14 34 35 18 39 35
Ho 185Ho 2 39 38 3 42 37
Er 167Ey 7 51 48 12 43 38
Tm 189Tm 1 30 32 1 33 32
Yb 73Yb 7 73 63 8 38 34
Lu 75y 1 48 45 1 34 32
Pb 208pp 234 56 50 259 30 31
Th 232Th 17 41 40 24 40 36
U 38 5 33 35 8 33 32
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Manganese- and iron-rich materials are of major
geoscientific and economic interest, many of which
contain microscopic features that provide valuable infor-
mation. To obtain accurate results, a homogeneous
microanalytical reference material for calibration is
needed. Several researchers have used the Mn- and Fe-
rich RMs, JMn-1, NOD-A-1, NOD-P-1 and FeMn-1, for
this purpose; therefore, they were tested in this study to
determine their suitability for microanalysis. Their homo-
geneity was investigated by laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) with two
different types of lasers (nano- and femtosecond), with
spot and line scan analyses and with different operating
parameters, such as spot size, pulse repetition rate and
fluence. As the established manganese nodule RMs
revealed inhomogeneities for picogram to microgram test
portions, we dlso investigated the new synthetic Fe- and
Mn-rich RM, FeMnOx-1. FeMnOx-1 was found to be
homogeneous for large (o 40 pm: 2% RSD repeatability)
and small (e 8-10 pm: 10% RSD repeatability) spot
sizes. This homogeneity is in the range of the homoge-
neous NIST SRM 610 and GSE-1G reference glasses.
Furthermore, FeMnOx-1 revealed a large-scale homo-
geneity within uncertainties of a few per cent, using test
portions in the ng range, when measuring four individual
mounts of this material.

Keywords: laser ablation-inductively coupled plasma-mass
spectrometry, microanalysis, reference materials, rock vamish,
manganese rich, homogeneity, measurement accuracy.
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Les matériaux riches en manganése et en fer sont
économiquement et scientifiquement d'un intéret
majeur. Certaines caractéristiques microscopiques, pour
beaucoup de ces matériaux, foumissent des informa-
tions précieuses. L'exactitude des résultats micro-analy-
tiques passe par l'étalonnage des mesures au moyen
d'un matériau de référence suffisamment homogéne. A
cette fin plusieurs chercheurs ont ufilisé les matériaux
de référence riches en Mn et en Fe JMn-1, NOD-A-1,
NOD-P-1 et FeMn-1. Ces matériaux ont été testes,
dans le cadre de cette étude, afin de déterminer leur
aptitude a I'étalonnage de ces microanalyses. Leur
homogénéité a été étudiée par ablation laser et
spectrométrie de masse a plasma induit couplé (LA-
ICP-MS); avec deux types de laser différents (nano- et
femto-seconde), et par analyse point par point et par
balayage linéaire. Différents paramétres de fonction-
nement ont été testés (la taille du spot, le taux de
répétition des impulsions et la fluence). Comme les
matériaux de référence & base de nodules de Mn
avaient révélé des inhomogénéités pour des portions
d'essais variant du picogramme au microgramme, nous
avons également étudié le nouveau matériau de
référence synthétique riche en Mn et en Fe, FeMnOx-1.
FeMnOx-1 s'est révélé étre homogeéne pour de larges
(diameétre de 40 um: 2% RSD répétabilité) et petites
(diameétre de 8-10 um: 10% RSD répétabilité) tailles
de spot. Cette homogénéité est dans la gamme de
celles des verres de références homogénes NIST SRM
610 et GSE-1G. En outre, FeMnOx-1 a révélé une
homogénéité a grande échelle avec des incertitudes de
quelques pour cent, en utilisant des portions d’essais de
l'ordre du ng, lors de mesures sur quatre échantillons
distincts de ce matériau.

Mots-clés : ablation laser et spectrométrie de masse &
plasma induit couplé, microanalyse, matériaux de référence,
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roches vemissées riche en manganése, homogénéité,
exactitude de mesure.

A large number of natural geological samples require
microanalytical techniques for high-resolution analyses of
micrometre-sized structures. An example of this is rock
vamish, a naturally occuring sediment that may bear
palaeoclimate information covering several tens of thou-
sands of years in layered sequences with thicknesses of
only up to 250 pm in total (Dom 2009). Rock vamish is a
Mn- and Fe-rich material that requires an equally Mn- and
Fe-enriched reference material for most microanalytical
techniques. Especially for small ablation rates and small
spot sizes, high Mn and Fe mass fractions are preferable to
allow shallow ablation depths with low sample consump-
tion and therefore high spatial resolution. However, Mn-
and Fe-rich microanalytical reference materials (RMs) are
needed not only for rock varnish research. For other
scientific investigations, such as ferromanganese crust,
manganese nodule and manganese dendrite research,
or even for economic applications, Mn-rich microanalytical
RMs are important for calibration. An abundant literature
on Mn- and Fe-rich materials has been published, but no
suitable and matrix-matched microanalytical RM exists so
far to calibrate the analytical data from microanalytical
techniques (Garbe-Schénberg and McMurtry 1994, Hoff-
mann et al. 1997).

To overcome this limitation, several investigations have
been performed previously, using nodule powders of the
RMs NOD-A-1 and NOD-P-1 that were processed into
pressed pellets for the purpose of these studies. The RMs
were then used as microanalytical RMs for LAJICP-MS
investigations of Mn-rich materials (Garbe-Schénberg and
McMurtry 1994, Axelsson et al. 2002, Hlawatsch et al
2002), assuming a sufficient homogeneity. Furthermore, the
homogeneous NIST SRM 61X and USGS GSE-1G glasses
were used for calibration of Mn-rich materials (Hlawatsch
et al 2002, Huelin et al 2006, Wayne et al. 2006, Xu
et al. 2007, Nowinski et al. 2010, Macholdt et al 2015),
although these samples have low Mn and/or Fe contents.

Experiments on the suitability of laser ablation (LA) spot
analyses on pressed manganese nodule powders (VS
537390, VS 5374-90, VS 5375-90) have been conducted
previously by Hoffmann et al. (1997). The authors gave an
overview over the number of measurements that they had
performed on the specific nodules to be usable as RMs.
However, the chosen crater diameter of 500 pum is not
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suitable for highly spafially resolved analyses of structures in
the nanometre- to low-micrometre range. Furthermore,
Hirata et al. (2013) investigated the manganese nodule
JMn-1 as pressed powder pellet with a newly tested dilution
and correction method. They concluded that accurate results
could be obtained for fiteen elements tested. However, they
too used a relatively large spot size of 100 pm, which is also
not suitable for high-resolution measurements.

The aim of this study was to investigate the four
manganese nodule RMs FeMn-1, NOD-P-1, JMn-1 and
NOD-A-1 for their suitability as microanalytical RMs for high-
resolution measurements of Mn- and Fe-rich materials by LA-
ICP-MS. This was achieved by varying operating parameters
such as fluence, pulse repetition rate and spot diameter (8-
40 pm) to defermine measurement precision, sensitivity and
homogeneity. In addifion, the newly produced FeMnOx-1
powder reference material, designed by the USGS in
collaboration with the Max Planck Institute for Chemistry,
was investigated to characterise its homogeneity for different
test portions and to confirm its suitability as future calibration
material. The results are compared to the homogeneous
GSE-1G and NIST SRM 610 glasses, using a 213-nm
nanosecond and 200-nm femtosecond laser. An altemative
would have been a pressed nodule powder pellet with
smaller grain diameters (about 1 pm), as produced by
Garbe-Schénberg and Miller (2014). However, these
materials have low trace element mass fractions, which lead
to higher uncertainties. Especially when applying small
ablation rates and small spot sizes, high Mn and Fe mass
fractions are preferable to allow shallow ablation depths
and therefore high spatial resolution.

Analytical procedures

Samples

Four different Mn- and Fe-rich natural nodule RMs were
investigated: the IAG sample FeMn-1 (Webb et al. 2008),
the USGS samples NOD-A-1 and NOD-P-1 (Flanagan and
Gotffried 1980), as well as the GSJ sample JMn-1
(Terashima et al. 1995). The powder RMs were pressed
(4 1, 15 min, evacuated press, resin and additive free) to
produce pellets suitable for LAICP-MS measurements.
Element content, colour and hardness of these pressed
pellets are similar to natural samples such as manganese
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nodules (Garbe-Schonberg and McMuriry 1994) or rock
vamish. The samples were not dried prior to pressing, as LA-
ICP-MS measurements are performed under atmospheric
pressure, where evaporating H,O cannot inferfere with any
vacuum (Hirata et al 2013). In addition, the synthetic RM
FeMnOx-1 (Jochum et al 2016) was investigated. This
material was designed to become a microanalytical RM for
the calibration of microanalytical techniques. The FeMnOx-1
material was prepared using a USGS-developed co-
precipitation procedure that has proved to be an efficient
method to develop customised microanalytical reference
materials with a specific set of major and trace element mass
fractions. Major and minor elements that required mass
fractions of > 1000 mg kg™ in the final product were
prepared from nitrate and chloride salts. Notable exceptions
were Na, K and Si, for which the solutions were produced
from hydroxide or phosphate salis. The Zr solution was
prepared from a sulfate salt. Pellets were produced by the
USGS.

In addition to the pressed powder pellets, glass RMs with
high frace element confents were cmc1|yseo|: the synthetic
NIST SRM 610 silicate glass (Jochum et al. 2011) and the
GSE-1G basdltic glass (USGS; GeoReM database 2015,
preferred values). Both glasses were used for calibration
purposes, even though they suffer from low Mn (NIST SRM
610, GSE-1G) and Fe (NIST SRM 610) mass fractions.

Mass spectrometer and lasers

Analyses were performed at the Max Planck Institute for
Chemistry, Mainz, Germany, using a combination of a
ThermoFisher Element2 single-collector sector-field ICP-MS
and two different types of lasers: an Electro Scientific
Industries (ESI) femtosecond laser ablation system, NWR-
Femto200 operating at a wavelength of 200 nm (Jochum
et al 2014, Macholdt et al 2015) and a New Wave
UP213 NdYAG nanosecond laser ablation system with a

Table 1.
Operating parameters used for the fs and ns laser
ablation systems

NWRFemto200 UP213
Laser type Ti:Sapphire Nd:YAG
Wavelength 200 nm 213 nm
Pulse length 150 fs 5ns
Energy density 0.14-034 J cm™ 0.1-9.3 Jem™?
Spot size used 10, 20, 40 pm 8, 15, 40 pm
Pulse repetition rate 10, 50, 100 Hz 5,10, 20 Hz
Scanning time spots 30s 45s
Scanning time lines [s] | 45 (1 um s™), 45 (1 pm's™),
30 (5 ums") 30 (5 ums™)
Scanning speed lines | 1,5 pm s™' 1,5ums"!
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Table 2.

Operating parameters of the Element2 ICP-MS

if power 1260 W (ns laser),
1040 W (fs laser)

Cool gas flow rate 15 | min”!

Auxiliary gas flow rate 1 ' min”!

Carrier gas (Ar) flow rate 0.8 | min™'

Carrier gas (He) flow rate 0.7 I min™!

Sample time 0002 s

Samples per peak 25

Mass window 40%

Time per pass 1.6s

Mass resolution mode 2000

Washout time 30s

Blank count rate 15

wavelength of 213 nm. Important parameters of the ICP-MS
and lasers are listed in Tables 1 and 2. Operating
parameters such as spot size, line scan speed and energy
density were adjusted to determine the precision and
measurement accuracy. Pre-ablation was conducted prior
to each line scan measurement with a scan speed of 80 um
5. Conceming the spot measurements, the first few values of
each measurement were rejected to avoid incorrect results
due to surface contamination.

Laser ablation was conducted in a large format cell
under a He atmosphere. The carrier gas was mixed with an
Ar gas flow prior to entering the plasma torch. The ion
intensities were determined at a medium mass resolution of
2000 with flat top peaks to separate molecules from ions of
interest, for example of “CAr'*N'H" from >*Mn, which is
especially important for the Mn-poor reference glasses.
Twenty-nine trace elements and ten major elements were
measured, and one analysis consisted of three separate spot
or line analyses.

Data evaluation

The major element Al was used as the intemnal
standard element, as it is known to be hardly affected by
fractionation and mass load effects, and is generally used
as an internal standard for rock vamish research due fo its
nearly uniform distribution in this material (Wayne et al.
2006, Goldsmith et al. 2014). The mass fraction of an
element of interest, EL, (mfg) was calculated from its ion
count rate by:

mfer = CaRiag (A /A) (Ma/Mi) (1/RSF) = mbyncor (1/RSF)
(1)

where Cy is the mass fraction of the interal standard Al in
mg kg™, and Ry is the ratio of the count rates of the isotope
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of interest, i, of the element EL to those of the interal
standard isotope 2’Al. The values Ay and A, are the isotope
abundances of the intemal standard element, which is 1 for
27, and the isotope of interest of element EL, My and M,
the relative atomic masses of the internal standard element
Al and the element EL respectively. The relative sensitivity
factor (RSF) is defined by the ratio of the uncorrected mass
fraction, mf,ncor to the reference value of the RM. The RSFs of
the different elements were determined from the analyses of
the certified NIST SRM 610 reference g|oss (Jochum et al
2011). As the low amount of Fe and K in the NIST SRM 610
glass (458 mg kg' and 623 mg kg, respectively)
provides low precision of the RSF values of these elements,
especially for the fs laser measurements with its lower
sensitivity, the RSFs of Fe and K were defermined from the
non-certified, but well-characterised GSE-1G  reference
glass, which has a basaltic composition with high Fe and
KoO amounts (9.8 g/100 g, and 2.6 g/100 g, respec-
tively; GeoReM database 2015). The mean RSF values
obtained from the NIST SRM 610 and GSE-1G analyses
were used to calculate the corresponding element mass
fractions for the samples. Data reduction was conducted by
a routine progrommed in Microsoft Excel, where outlier
values were rejected. Outliers were defined for each analysis
as values deviating more than 100% from the median. To
provide a reasonable comparison, only data of elements
with mass fractions of > 100 mg kg”' are presented.

Therefore, twenty-two elements of the manganese nodules
and thitytwo elements of the new FeMnOx-1 were
measured and are presented in this manuscript. As no
published literature values are yet available for the
FeMnOx-1, the abundance of the internal standard element
Al was calculated by averaging the values of three
independent XRF measurements and one ICP-MS/OES
measurement, resulting in an Al,O3 mass fraction of 369 g/
100 g with an RSD of 4% (Jochum et al. 2016).

The measured element compositions obtained from line
and spot analyses of the pressed nodule powders are
provided in Table S1, the preliminary mass fractions deter-
mined by LA-ICP-MS of the new FeMnOx-1 in Table S2. Final
results for calibration are provided in Table S5. These data
were obtained from analyses of seven laboratories with five
different analytical techniques (Jochum et al 2016).

Results and discussion

Detection limit

The detection limit, DL is defined as the smallest mass
fraction that can be distinguished from the background signal
at a specified confidence level (Potts 2012). It is calculated as
three times the standard deviation of the blank values of the
measurements and is mainly dependent on the isotopic

' Detection limits:
105 . * @ spots, 0.32 J cm?, fs laser
< $ % b O spots, 8 J cm?, ns laser
10¢ ‘_;‘ $ L4 !. . B lines, 0.34 Jcm? 1 ym s, fs laser
3 2
E PR R .: . = o O lines, 9.1Jcm?, 1 pym s™, ns laser
= ns] ® " L 2 e
o Pim e i S .
-~ ign ‘ . 2
] .... 04 a
g’ 102 [ * $a (]
- E s *
g ] ﬁl-l-. (L a A s : g
g 10" - o Bt %4y .
‘g E =] o Q.. .... : g 4 Y
] 9¢ ° B * ]
2 1004 ol -
g ELL T %
2 1 g af o b Reference values:
10 P e '
= g 4 JMn-1
Ql. * NOD-A-1
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Figure 1. Detection limits obtained with four different laser settings and reference mass fractions of four natural Mn

nodule powders for comparison. Elements are arranged according to decreasing detection limits, to allow a better

overview. All measurements were performed with 40 pm spot diameter and 10 and 50 Hz pulse repetition rate for

ns and fs laser measurements, respectively. The DLs for most elements plot significantly below the mass fractions

present in the pressed nodule powder pellets. The detection limits from Tm onwards lie off the scale of the diagram.

[Colour figure can be viewed at wileyonlinelibrary.coml.
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abundance of an element, the elemental sensitivity, the
molecular interferences of the gas blank of the element of
interest, and the operating parameters (e.g, spot size, mass
resolution and scan speed). The DLs shown in Figure 1 were
calculated for spot and line measurements with 40 pm spot
size, 10 and 50 Hz, respectively, and for ns and fs laser
ablation using a mass resolution of 2000. The DLs ranged
between about 0.2 and 10000 mg kg™ for major elements
and between about < 001 and 20 mg kg™ for trace
elements (Table S3). Nearly all element mass fractions in the
samples are much higher (factor of about 10-10000) than
the respective DLs (Figure 1). Exceptions are Rb, Cs and Zn,

where the abundances in the nodules are similar to the DLs
(Figure 1). Ofthese three elements, only Zn has mass fractions
of more than 100 mg kg™ in the samples. For smaller spot
sizes and lower energy densities, the DLs increase, as the ion
intensities decrease due to lower ablation depths.

Measurement precision

An important aspect for microanalytical RMs is the
measurement precision, expressed as % RSD, which is
dependent on the homogeneity at the micrometre scale,
spot size, fluence and the pulse repetition rate.

100 T T
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90 (a) SpOtS © FeMn-1 ns laser [
® JMn-1 fs laser
80 © JMn-1 ns laser [
® NOD-A-1 fs laser
70 O NOD-A-1 ns laser|-|
@ NOD-P-1 fs laser
60 © NOD-P-1 ns laser]| |
a O
& 50 e
°\° L 4 ° o
40 o
o *
*
30 . o | e ° J
,— o *
20 * °
\ Lo .
10 4> oo s
o L o
0 o o P
100 T T
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80 © JMn-1ns laser ||
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70 © NOD-A-1 ns laser| |
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Figure 2. Small-scale homogeneity expressed as repeatability or RSD values, which was calculated from three
independent measurements, about 15 pm apart from each other. The shaded field marks the GSE-1G and NIST SRM
610 values. Plotted are the values for the elements Mg, Mn, Fe, Sr, Ba, Ce and U to cover a large range and
important elements. Figure 2a shows the spot measurements (fs laser: @ 40 pm, 50 Hz and 0.32 J cm™Z; ns laser: ©
40 pm, 10 Hz and 8 J cm™2), Figure 2b the line measurements (fs laser: @ 40 pum, 50 Hz, 1 pms™' and 0.34 J em™%;
ns laser: @ 40 pm, 10 Hz, 1 pum s”' and 9.1 J cm™2). The Mn nodule powders have RSD values significantly above
those of the homogeneous reference glasses NIST SRM 610 and GSE-1G. An overview over the RSD values for each

element can be found in Table S4. [Colour figure can be viewed at wileyonlinelibrary.coml.
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Figure 3. Large-scale homogeneity (a) expressed as RSD of three individual measurements. The measurements were

performed on four individual pressed powder pellets. The shaded field marks the repeatability field of GSE-1G and
NIST SRM 610 RSD. The measurements were performed with @ 40 um, 10 Hz, 12 Jem 2 and 1 pm s scan speed for
lines conducting ns LA, and @ 40 pm, 50 Hz, 0.16 Jcm™2 and 1 pm s™' scan speed for lines conducting fs LA. Plot (b)

refers to the mean repeatability of four different pressed powder pellets. Large discrepancies can be observed for ns

LA data of Zn and Pb, caused by fractionation occurring during nanosecond laser measurements. Femtosecond laser

data showed no discrepancies for these elements. The measurement parameters are the same as in (a). [Colour

figure can be viewed at wileyonlinelibrary.com].

Homogeneity: To determine the homogeneity of the
RMs, the repeatability or RSDs calculated from three indepen-
dent measurements are plotted as a function of the average
count rates in Figures 2 and 3. This allows comparison of
elements with different abundances and of lasers with different
ablafion volumes. Small-scale homogeneity was tested by
investigating the homogeneity within a single pellet of the
material about 40 pm apart from each other (fest portion
about 170 ng for ns LA and 20 ng for fs LA), while the large-
scale homogeneity was determined by the variation or RSDs
between fourindependent pellets on four different mounts (fest
portion about 500 ng for ns LA and 60 ng for fs LA).
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Small scale: Using 40 pm spot size, the measurement
repeatability (RSD) for fs and ns LA measurements of the
pressed nodule powders are significantly higher than the
RSD values of the glasses (average pellet RSDs of dll
elements measured: 11-14% for ns and fs line analyses,
and 12-25% for ns and fs spot analyses, respectively).
Exemplary RSDs for certain elements are shown in Figure 2.
In comparison, the repeatability of the pressed FeMnOx-1
powder is in the range of the reference glasses (average
FeMnOx-1 RSDs of all elements measured on a single pellet:
2.3% for ns and fs line analyses, and 2.1-10% for ns and fs
spot analyses, respectively; Figure 3a), indicating a small-
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Figure 4. Average homogeneity, expressed as RSD values, of
all samples tested. Line measurements (10 and 50 Hz pulse
repetition rate or ns and fs laser measurements, respectively)
show a deviation from literature values of about 10% with
slightly lower (about 1%) deviations for ns laser measurements.
The RSD values of GSE-1G, NIST SRM 610 and FeMnOx-1 are
significantly lower than those of the pressed nodule powders.
Due to higher count rates, ns laser data showed significantly
lower RSD values than fs laser-produced data for most of the
samples. [Colour figure can be viewed at wileyonlinelibrary.

coml.

scale homogeneity similar to that of the homogeneous
reference glasses. Manganese nodule RMs, in contrast, are
inhomogeneous for small test portions of < 1 pg.

Large scale: Due to the significant inhomogeneity of
the pressed nodule powders, observed when conducting
measurements with 40 pum spot sizes (Figure 2), the large-
scale homogeneity of these materials was not fested.
However, this was studied for the new FeMnOx-1 sample
(Figure 3ay), which is homogeneous with respect to the smalll
scale. The mean RSD value of all investigated element mass
fractions is about 3% for fs line measurements and,
excluding Zn and Pb due to occuring fractionation in ns
LA (Figure 3b), about 4% performing ns LA spot and line
0no|yses (Figure 3b). An overview of the homogeneiiy for the
different RMs tested is given in Figure 4. All values shown in
Figure 2 are provided in Table S4.

Fluence: The magnitude of fluence affects the ablation
volume and therefore the depth resolution of measurements.
The range of fluence that was used for laser ablation with
the two lasers in this study, using 40 pm spot diameter, is
plotted in Figure 5.

Figure 5 shows that the repeatability of line scan
measurements is less dependent on the fluence, due to a
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sufficiently large test portion for the majority of tested fluences
(> 20 ng). The spot analyses of the manganese nodule RMs
show significantly higher RSD values than the glasses, but this
might also be an effect of the inhomogeneity of the samples for
the fest portions used. A significant difference in the repeata-
bility (about 5% RSD for the homogeneous glasses) can be
observed between ns and fs laser ablation for spot analyses,
while almost no difference between the lasers was observed
for line scans, even though the test portions are much higher
(8.5 times) for the former. The reason for the sharp increase of
the RSD values of fs laser spot analyses is the fast count rate
drop of spot measurements when the fluence is reduced, due
to the limited ablation depth of this laser system.

Spot size: To receive a high spafial resolution of
micrometre-sized features, the spot size should be chosen
as small as possible. As line scans were found to produce
data with good measurement precision, the line width
dictates the spatial resolution in lateral directions and the
scan speed the overlapping area and therefore the spatial
resolution into depth. Three spot sizes were tested for each
laser, 10, 20 and 40 um for fs LA and 8, 15 and 40 pm for
ns LA (Table 1).

As expected, the repeatability, expressed as RSD, gets
worse with decreasing spot sizes (Figure 6), with no
significant difference between fs and ns measurements.
The homogeneous glasses GSE-1G and NIST SRM 610 as
well as the new FeMnOx-1 powder pellet produce equally
good results for spot sizes of 40 pm (2% RSD) down to
about 8 um (10% RSD for ns LA of FeMnOx-1). However, it
has to be taken into account that more material is ablated
from the powder pellets than from the glasses, using similar
operating parameters. The best repeatability or lowest RSDs
of 1-2% are obtained with 40 pum spot size conducting ns
laser ablation line measurements (Figure 6a) and ns laser
spot measurements (Figure 6b) of the microanalytical RM
glasses and the FeMnOx-1.

Pulse repetition rate: The pulse repetition rate (PRR) was
not found to have a significant effect on the precision. Higher
PRRs produce higher count rates. As the repeatability (RSD) is
dependent on the ion count rate (Figures 2, 3), the RSDs
decrease with increasing PRRs but the influence is not strong
enough to significantly influence the measurement precision.

Measurement accuracy

The measurement accuracy is the closeness of agreement
between a measured quantity value and a true quantity
value of a measurand (VIM3-SO 2012). Accurate data are
characterised by a low overall analytical uncertainty, U. There
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Figure 5. Repeatability expressed as RSDs of measurements with low and high fluence and with two different lasers
(@ 40 pm): (a) shows that line measurements conducted with 1 pm s! scan speed are almost energy independent,

2, using fs laser ablation. No significant

from 0.12 to 8.8 J cm™2, using ns laser ablation, and 0.3 to 0.33 J cm"
difference can be observed between ns and fs laser repeatability nor RSDs. (b) shows that the spot measurement
repeatability has a significant dependency on energy density and thereby test portion. High energy densities
provide RSDs of 5-30%. Smaller energy densities than 0.23 J cm™2 provide RSDs of up to 70%. Only the
homogeneous RM glasses GSE-1G and NIST SRM 610 show RSDs of 1-20% for spots measurements of all energy
densities, with the exception of the 0.14 J cm™? fs laser ablation energy density, where the average RSD value rises

to 30% for NIST SRM 610. [Colour figure can be viewed at wileyonlinelibrary.com].

are several factors oﬁecﬂng U, such as the uncertainty of the reference value, Ursh wolver of the somp|e of interest has a
reference values of the calibration material (Ugysed): the maijor influence on the measurement accuracy.

relative sensitivity factor, RSF, uncertainty (ugs), the measure-

ment of the samp|e (Umeasuremem)r the uncertainty of the U=k \/ZURN\usedQ + URSF2 + Umeosurement2 + UAINISTélOQ
intemal standard element, Al, of the calibration material +UA|somp|e2+Uref.volue2)

(uamas 610) and the uncertainty of the intemal standard )
element value, Al, of the sample (Unsample) The measure-

ments were conducted with 40 pm spot size and maximum where k is the coverage factor. In Figure 7, deviations from
energy densities (Table 1), as both, spots and line scans. In reference values are plotted individually for each element in
addition to this overall uncertainty, the uncertainty of the the four pressed nodule powders and the new FeMnOx-1.
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Figure 6. Repeatability expressed as RSDs of measurements with small and large (O 8-40 um) spot sizes and with

two different lasers. (a) shows that line measurements conducted with 1 pm s™' scan speed show a decreasing

repeatability or increasing RSDs for the nodule pellets from about 10% to 40% RSD, when the spot size is reduced

from 40 to 8 pm, but no significant difference between fs and ns results could be observed. The homogeneous

glasses and FeMnOx-1 produce equally good results of < 10% RSDs for spot sizes down to 8—-10 pm, respectively.

Spot measurements, shown in (b), show that the homogeneous glasses and FeMnOx-1 produce low RSD values (10%

RSD for FeMnOx-1) for spots of only 8 um diameter by ns LA. Regarding the pressed powder pellets, the

repeatability decreases with decreasing spot diameters: 6 40 pm: up to 20% RSD, @ 15 pm: up to 25% RSD, and ©

8 pm: up to 50% RSD by ns LA spot measurements. Femtosecond spot measurements produce higher RSDs due to

significantly lower test portions for all RMs. [Colour figure can be viewed at wileyonlinelibrary.coml.

The mass fractions obtained by line scans fall within an
average deviation of about 15% from the literature value
(Figure 7a). Line scan analyses of sample FeMn-1 yield an
average deviation from literature values of only 7%,
probably due to the well-established reference values

provided (Webb et al 2008).

Spot measurements are less accurate, especially for
200 nm fs laser ablation with its low fluence and shallow
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ablation depths and, therefore, its low count rates and test
portions (Figure 7b), which is why ns lasers are still applied
preferentially.

Conclusions

Four Mn-rich nodule RMs, JMn-1, FeMn-1, NOD-A-1
and NOD-P-1, measured as epoxy-free pressed pellets,
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Figure 7. Measurement accuracy expressed as deviation from literature values for the twenty-three measured

elements of the pressed powder RMs. (a) shows that laser ablation measurements performing line scans (fs laser: @
40 pm, 50 Hz, 1 pm s and 0.34 J ecm™2(0.16 J cm™2 for FeMnOx-1); ns laser: @ 40 pm, 10 Hz, 1 pm s’ and 9.1 J
ecm2 (12 J ecm™? for FeMnOx-1) lie within 20-30% from the literature value. The largest deviations can be observed
for the elements Zn, Cs, Ba and Pb, for both fs and ns laser ablation. (b) shows that spot measurements (fs laser: ©
40 pm, 50 Hz and 0.32 J em™2 (0.16 J em™2 for FeMnOx-1); ns laser: @ 40 pm, 10 Hz and 8 J em™2 (12 J cm2 for

FeMnOx-1) of the nodules display larger deviations, especially for fs laser ablation with its low count rates and test

portions. [Colour figure can be viewed at wileyonlinelibrary.com].

were fested for their suitability as microanalytical refer-
ence materials for the analysis of vamish and other Mn-
rich samples. Line ablations with a spot size of 40 pm
and a scan speed of 1 um s' proved o gve a
measurement precision of about 10% RSD and an
average deviation from literature values of about 15%
for 160 and 20 ng fest portions, for ns and fs LA
respectively. The high Mn and Fe mass fractions in the
nodule materials are suitable to calibrate Mn- and Fe-rich
materials, such as rock vamish. The disadvantage of the
Mn-rich nodule RMs is the heterogeneity of small test
portions, consisting of a few hundred picograms to
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nanograms consumed by fs, and nanograms to micro-
grams consumed by ns LAICP-MS, respectively. Inhomo-
geneities on the micrometre scale due to large grain sizes
produce low precision and limited accurate data for small
test portions.

Additionally, the materials suffer from low trace element
mass fractions. Small spot sizes (8=10 pm) and low energy
densities (about 0.1 J cm™), however, are necessary for
highly spafially resolved measurements. There is no signifi-
cant difference in the degree of inhomogeneity of the four
nodule powders tested.



We found that the new FeMnOx-1 is a suitable
microanalytical RM for the calibration of microanalytical
measurements, as it has high Mn and Fe mass fractions
and high (> 100 mg kg™") trace element contents of the
elements of interest. The high Mn, Fe, and trace element
mass fractions qualify it as possible calibration material for
a matrix-matched calibration of, for exomp|e, rock vamish.
This work shows that the preferred values of this material
are accurate enough tfo receive a measurement accuracy
in the range of other wellknown Mn-rich reference
materials and that it is sufficiently homogeneous for high
precision analyses with spot sizes down to 8 pm.
FeMnOx-1 is therefore applicable as a future calibration
material for Mn-rich materials using microanalytical tech-

niques.
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Table S1: Results of the natural nodule powders

s = standard deviation

FeMn-1

Spots

Lines 1 ums™

40 um, 10 (ns laser) - 50 (fs laser) Hz

fslaser, 0.31]cm™ | nslaser,9.35]cm™ | fslaser,0.33] cm™ | nslaser,8.8] cm™ | Lit. values
Isotope measured | [ugg’] s [ng '] s [ngg'] s [ng g?] s [ngg’]

Na 23Na 22197 7539 28025 1398 26573 6489 20202 1884
Mg Mg 16291 3717 18549 587 14343 4452 15252 905 16987
Si 29si 35645 897 43575 2008 45059 3560 39088 930 49081
P 31p 5646 7589 1932 145 1722 322 1399 126 1536
K 39K 12587 1018 8266 2307 7725 598

Ca *3Ca 29409 22050 22236 339 17331 2766 18519 2320 17871
Ti 47T 1311 402 1753 19 1399 255 1607 66 1731
\Y sty 457 104 596 18 430 73 442 56 469
Cr 53Cr 95 126 16 6 544 837 26 27
Mn 5*Mn 340539 85534 418428 16618 309431 83418 330659 38154 343750
Fe 57Fe 67117 19296 68658 1964 69643 2405 71076 4378 60756
Co %Co 480 156 623 25 500 65 509 20 475
Ni 6ONi 15354 2952 16318 847 13943 3957 12515 1047 13100
Cu 63Cu 6809 1394 7175 501 6878 2294 5553 580 5957
Zn %7Zn 1542 396 2339 391 2814 1027 1363 147 1845
Rb 85Rb 12 4 17 1 14 2 12 0 13
Sr 88Sr 721 262 831 29 641 119 676 68 683
Y 8%y 179 200 74 2 63 10 65 8 69
Zr 0Zr 306 88 357 318 56 346 36 325
Cs 133Cs 0.82 0.27 1.2 0.1 0.90 0.09 0.82 0.06 0.85
Ba 137Ba 2322 201 3175 214 2469 299 2391 568 3158
La 39La 107 86 77 2 64 10 69 7 68
Ce 140Ce 99 29 131 1 103 24 116 12 110
Pr 141py 23 18 17 1 13 2 15 2 14
Nd 143Nd 102 91 75 3 61 8 64 7 63
Sm 47Sm 22 17 17 1 14 2 14 2 14
Eu 151Ey 5.3 3.8 4.4 0.1 3.6 0.5 3.8 0.5 3.8
Gd 157Gd 25 17 19 1 16 2 16 3 16
Tb 159Th 4.1 2.8 2.9 0.1 2.4 0.4 2.6 0.4 2.5
Dy 161py 33 28 18 1 15 2 16 2 16
Ho 165Ho 6.4 6.1 3.9 0.1 33 0.4 3.6 0.5 3.4
Er 167Er 19 13 12 0 9.6 1.6 11 1 9.8
Tm 169Tm 1.9 0.1 1.6 0.2 1.7 0.2 1.5
Yb 173yb 19.8 18.9 11.9 0.2 9.8 1.8 11.2 1.4 10
Lu 75Lu 33 2.4 1.9 0.0 1.5 0.2 1.6 0.2 1.6
Pb 208p, 155 33 199 16 149 24 147 24 127
Th 32T 7.2 2.5 7.6 0.5 7.3 1.9 7.2 0.9 6.9
U 238 5.6 2.5 5.4 0.1 3.6 0.6 4.4 0.4 4.4
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Table S1 continued

JMn-1
Spots Lines 1 ums™
40 pm, 10 (ns laser) - 50 (fs laser) Hz
fs laser, 0.31 ] cm™ | nslaser,9.35]cm™ | fslaser,0.33]cm™ | nslaser,8.8] cm™ | Lit. values
Isotope measured | [pgg?] s [ngg'] s [ngg'] s [ngg’] s [ngg’]

Na %Na 15895 4931 27259 3951 24259 2271 21417 2044 20751
Mg Z5Mg 17597 7024 17101 658 16307 555 17710 1284 18784
Si 295i 42371 7294 66890 4943 65004 1713 52062 3460 65950
P 31p 1263 233 3035 628 2442 333 2085 111 2335
K 39K 11537 487 7688 522 8797 649 7837.1
Ca *3Ca 15755 5121 23874 5086 24111 1226 21784 1872 20791
Ti *7Ti 5057 3010 7287 2103 6012 822 5721 497 6360
\Y sty 355 68 541 129 458 47 435 46 428
Cr S3Cr 42 29 11 1.5 8 17 5 0.81 26.6
Mn 5*Mn 266796 137397 274121 38299 250677 22294 284621 46971 256282.1
Fe 57Fe 76529 18592 123353 39501 123194 14248 104497 3416 100713
Co *9Co 1351 619 2112 454 1792 175 1740 150 1732
Ni ONj 18477 11105 12316 995 13586 1294 14252 3596 12632
Cu 83Cu 14849 9926 9649 1308 11050 847 11013 1718 11132
Zn 57Zn 1234 763 1729 63 1728 171 1387 187 1068
Rb 85Rb 8 3.6 15 2.3 12 0.14 12 0.80 11
Sr 88gr 642 191 935 225 812 67 854 81 792
Y 8%y 70 17 126 16 110 11 105 48 111
Zr 0Zr 231 35 451 146 404 31 367 11 344
Cs 133Cs 0.86 0.46 0.5 0.01 0.33 0.11 0.41 0.01 0.604
Ba 37Ba 1851 840 1694 188 1485 53 1554 193 1714
La 392 72 21 149 61 123 7.5 124 1.3 122
Ce 0Ce 145 25 388 171 292 21 273 53 277
Pr 141py 19 6.0 39 15 31 1.8 31 0.31 31
Nd 143Nd 82 13 157 68 133 7.6 129 1.1 137
Sm 47Sm 17 1.9 37 15 32 2.0 31 0.79 30
Eu 151Ey 4.6 2.5 9.3 4.1 7.4 0.64 7.3 0.16 7.58
Gd 157Gd 16 28 38 15 31 32 31 0.81 30
Tb 159Th 3.0 0.58 5.6 23 4.8 0.36 4.8 0.20 4.8
Dy 161py 19 2.1 33 14 29 2.8 29 0.35 28
Ho 165Ho 4.0 1.9 6.5 2.7 5.5 0.62 5.7 0.16 5.8
Er 167Er 11 4.2 19 7.9 15.7 1.3 16 0.31 14.6
Tm 169Tm 29 1.1 23 0.21 24 0.06 21
Yb 173Yb 9.9 2.0 17.4 6.6 14.3 2.0 14.6 0.21 13.8
Lu 75Lu 1.7 0.37 2.6 1.0 2.1 0.20 2.2 0.07 21
Pb 208pp 403 64 869 264 603 106 565 17 430
Th 232Th 6.9 17 17.7 8.5 13.8 2.3 13.6 0.51 11.7
0] 238y 4.1 2.4 7.0 2.5 5.3 0.41 5.7 0.60 5.0

107




Table S1 continued

Nod A-1
Spots Lines 1 yms™
40 pm, 10 (ns laser) - 50 (fs laser) Hz
fslaser,0.31]Jcm™ | nslaser,9.35Jcm™ | fslaser,0.33]Jcm™ | nslaser,8.8]cm™ | Lit. values
Isotope measured | [pgg!’] s [ngg?] s [ngg?] s [ngg’] s [ngg]

Na %3Na 4641 407 7527 1275 8588 1035 5189 724 7419
Mg Mg 24001 1934 26343 2615 27111 1616 22830 871 28703
Si 295i 14522 1581 14050 1943 14278 2346 15515 2259 17808
P 31p 4013 624 5074 1090 5453 335 3553 105 6110
K 39K 6459 584 4536 271 3901 134 4981.2
Ca *3Ca 103322 34443 79876 43652 105676 39210 95879 44266 110064
Ti *7Ti 2526 410 2585 407 2901 82 2094 426 3177
\Y sty 541 51 622 81 615 85 443 57 770
Cr SCr 35 11 22 37 25 7.2 58 55

Mn 55Mn 146692 9378 180136 24141 176120 23503 130307 | 31327 185105.5
Fe 57Fe 120964 13103 105169 12844 127461 19765 96741 6637 109106
Co 59Co 3437 98 3028 587 3237 527 1978 690 3110
Ni SONj 5225 559 6501 701 6788 771 4597 1439 6360
Cu 53Cu 895 266 1085 11 1212 162 770 227 1100
Zn 87Zn 440 131 690 45 660 55 457 109 590
Rb 85Rb 7 17 11 25 11 26 12 33

Sr 885r 1242 105 1276 340 1294 147 920 122 1750
Y 8%y 105 25 88 8.5 121 24 98 35

Zr 90Zr 288 48 270 14 326 46 230 31

Cs 133Cs 0.56 0.13 0.7 0.16 0.63 0.23 0.79 0.28

Ba 137Ba 1266 194 1426 200 1506 196 997 266 1670
La 1392 122 24 98 8.2 117 9.1 97 26 120
Ce 140Cce 772 82 755 154 767 126 567 116 730
Pr 141pr 29 32 21 1.7 25 2.1 22 87

Nd M3Nd 111 23 84 2.7 106 11 93 40 94
Sm 147Sm 24 3.7 18 1.0 24 17 22 10 21
Eu 151Ey 6.0 0.6 4.6 016 5.7 1.0 5.4 25 5
Gd 157Gd 24 42 21 1.9 25 37 23 10 26
Tb 59Th 4.2 0.7 31 0.16 3.8 0.24 35 1.4

Dy 161py 27 10 19 0.54 24 2.1 21 7.8 23
Ho 165Ho 5.1 0.9 4.0 0.26 5.1 0.39 44 16

Er 167Er 19 12 12 1.2 14.9 1.0 13 42 12.0
Tm 169Tm 1.9 0.05 2.2 0.09 1.9 0.46

Yb 173Yb 13.3 32 11.8 1.4 14.4 1.0 11.8 2.6 14
Lu 75Lu 2.2 0.31 1.9 017 2.3 0.01 1.8 0.33 2.2
Pb 208pp 1013 195 1097 169 1170 118 688 214 846
Th 232Th 23.6 4.0 20.4 2.1 23.0 4.3 18.5 2.9

U 238 7.1 1.9 74 1.4 7.3 0.75 5.4 0.76
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Table S1 continued

Nod P-1
Spots Lines 1 ums™
40 pm, 10 (ns laser) - 50 (fs laser) Hz
fslaser, 0.31Jcm™ | nslaser, 9.35] cm™ fslaser,0.33]cm™? | nslaser,8.8] cm™ | Lit.values
Isotope measured | [ugg!] s [ngeg] s [ngg'] s [ng g s [ngg]

Na 23Na 9985 1375 14925 854 16231 1636 12266 404 16321.8
Mg Mg 13818 2626 19970 1101 18483 2314 16634 850 19899
Si 295i 50739 1304 56790 1481 51888 5364 55423 3594 64969
P 31p 1309 230 2332 17 1710 317 1771 144 2008
K 39K 14351 570 9015 1060 9957 126 9962.4
Ca *3Ca 15151 1110 27086 5449 19648 2857 20085 1115 22156
Ti *7Ti 1962 255 2992 195 2134 429 2549 185 2998
\Y sty 381 52 574 20 454 81 446 5.9 570
Cr S3Cr 24 43 16 1.6 16 8.8 29 15

Mn 55Mn 204664 33130 310672 16116 292640 38180 269261 11725 291212
Fe 5’Fe 56903 10615 66401 2959 58769 11425 62409 6553 58050
Co 59Co 2009 386 2523 86 2060 407 2151 59 2240
Ni SONj 10763 2366 14422 609 13494 737 12206 978 13400
Cu 53Cu 8577 1646 11110 685 13377 1631 10101 854 11500
Zn 7Zn 1489 359 2119 190 2860 402 1489 114 1600
Rb 85Rb 18 24 33 1.7 24 2.1 27 0.19

Sr 88gr 483 47 695 11 603 75 601 8 680
Y 8%y 65 15 96 33 77 19 83 53

Zr 90Zr 216 40 294 21 248 44 272 44

Cs 133Cs 0.79 0.18 2.6 0.14 1.74 0.19 1.95 0.07

Ba 137Ba 1820 259 2494 170 2280 513 2067 134 3350
La 1392 89 29 116 2.3 96 23 103 8.8 104
Ce 140Ce 281 86 388 18 270 59 309 26 290
Pr 141pr 27 7.0 34 0.46 27 58 30 14

Nd 3Nd 109 34 143 2.5 118 24 127 6.9 120
Sm 147Sm 27 53 34 0.94 29 5.3 31 2.1 30
Eu 151Ey 6.1 15 8.5 0.38 7.0 16 7.6 0.39 7.5
Gd 157Gd 26 25 33 032 28 54 29 20 28
Tb 159Th 3.3 0.25 4.8 0.16 4.2 0.86 44 0.22

Dy 161py 22 4.1 28 1.0 24 45 26 1.5 27
Ho 165Ho 3.9 0.93 5.2 0.08 4.4 0.82 4.8 0.31

Er 167Er 13 14 15 0.34 12.2 2.7 13 1.0 12.0
Tm 169Tm 23 0.05 1.9 0.39 2.0 0.09

Yb 173Yh 11.6 1.8 13.8 0.28 12.4 2.0 12.6 0.69 13
Lu 75Lu 1.9 0.33 2.0 0.05 1.7 0.42 1.9 0.16 1.8
Pb 208pp, 548 135 619 24 511 97 466 21 560
Th 232Th 14.8 5.8 17.8 1.6 14.3 3.1 151 1.3

U 238y 3.4 0.7 4.9 0.29 4.1 1.0 4.0 0.09
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Table S2: FeMnOx-1 preliminary mass fractions

Abbreviations: RSD = relative standard deviation [%] obtained from three line scans; U = uncertainty [%]

FeMnOx-1
line scan 1 pm s, 40 um spot size
fs LA-ICP-MS ns LA-ICP-MS
0.34J cm™ fluence 9.3 J cm? fluence
Isotope
measured [g/100 g] RSD [%] U %] [g/100 g] RSD [%] U [%]
Si0, 29g; 20.7 2.8 7.5 21.2 1.7 4.2
Al203 27A] 3.69 3.3 3.69 3.3
Fe,0s(t) 57Fe 8.82 2.8 7.8 10.0 1.9 7.4
MnO SSMn 247 24 6.3 26.9 1.9 6.6
MgO 25Mg 0.55 2.3 11 0.63 1.3 12
Ca0 #3Ca 4.39 3.0 5.3 4.49 4.4 45
NazO 23N\, 1.08 3.2 5.7 1.18 4.1 5.2
K20 39K 4.49 2.3 7.1 5.25 2.9 6.9
TiO2 7Ty 0.29 2.6 6.5 0.35 2.6 13
P,0s 31p 0.053 8.4 15 0.064 9.4 34
Cr203 s3Cr 0.160 2.4 6.3 0.213 1.0 9.0
NiO SONj 0.319 2.5 5.2 0.330 1.8 12
[mg kg'1] [mg kg_l]

Ba 137, 4880 4.6 6.0 4721 3.7 9.3
Ce 14004 591 4.8 5.3 559 47 7.4
Co 59Co 2.8 3.6 7.0 2.8 7.5 7.1
Cr s3( 1122 2.4 6.3 1442 1.0 9.0
Cs 133¢g 40 3.8 11 60 5.4 11
Cu 53Cu 11 3.6 9.0 7.6 81 16
Dy te1py 553 6.3 4.6 498 3.3 7.2
Er 167Ey 571 6.7 5.2 503 34 8.5
Eu 151g, 506 5.1 3.9 492 3.4 10
Gd 157G4 527 4.9 4.6 484 3.3 10
Ho 165K 531 6.7 5.3 469 3.5 8.4
La 1391 641 4.2 4.0 566 4.4 7.7
Lu 751y 584 5.2 5.4 485 4.0 8.4
Nd 143Nq 574 4.1 3.8 542 3.8 8.7
Ni 60 2480 2.5 5.2 2584 1.8 12
Pb 208p} 1640 11 8.1 2297 3.7 9.3
Pr 1a1py 636 4.7 3.9 585 4.1 8.3
Rb 85R 3.65 2.5 5.1 4.94 11 6.7
Sm 147G 537 3.9 4.6 499 3.9 7.6
Sr 88gy 2170 3.7 3.6 2157 3.1 7.5
Tb 1597} 531 5.8 5.2 462 3.5 9.2
Th 232 516 4.9 4.5 430 5.2 6.3
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Tm

Yb
Zn
Zr

169'1‘1,1.1
238U
51V
89Y

173Yb
%7Zn

9OZr

567
538
198

568
1710
1268

6.4
5.0
4.1
3.8
3.8
21
3.0

5.1
8.0
7.2
10
4.8
12
4.8

488
531
222
0.9
488
1818
1101

3.1
3.7
2.2
53
3.7
4.3
2.8

7.9
7.8
5.1
11
8.3
11
6.2
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Table S3: Detection limits

Detection Limits

|

Spots Lines 1 yms™
40 um, 10 (ns laser) - 50 (fs laser) Hz
fslaser, 0.31] cm™ | nslaser,9.35] cm™ | fslaser, 0.33] cm™ | nslaser, 8.8] cm™
Isotope measured [uge™ [uge™ [ug g™ g™
Na 23Na 904 32 87 27
Mg 25\g 269 11 27 10
Al 2771 194 8 18 8
Si 295i 9782 344 862 312
P 31p 305 10 22 7
39K 1546 59 108 42
Ca *3Ca 4629 161 410 147
Ti 47Ti 63 2.4 5.4 2.2
\ sty 8.1 0.31 0.7 0.26
Cr S3Cr 4.7 0.24 0.49 0.21
Mn 5Mn 36 1.8 3.6 1.6
Fe 57Fe 218 6.9 19 6.8
Co *9Co 5.0 0.18 0.42 0.15
Ni 5ONi 149 5.5 13 4.8
Cu 53Cu 34 1.2 26 1.0
Zn 57Zn 406 12 29 6.9
[ngg™ [ngg™] [ngg™] [ngg™
Rb 85Rb 16770 583 1314 483
Sr 88Sr 4371 154 336 129
Y 89y 253 7 17 6
Zr 07r 644 17 43 15
Cs 133Cg 6887 271 521 207
Ba 137Ba 3286 121 225 89
La 13914 464 12 27 11
Ce 140Ce <0.01 <0.01 <0.01 <0.01
Pr 141pp <0.01 <0.01 <0.01 <0.01
Nd 143Nd <0.01 <0.01 <0.01 <0.01
Sm 147Sm <0.01 <0.01 <0.01 <0.01
Eu 151y <0.01 <0.01 <0.01 <0.01
Gd 157Gd <0.01 <0.01 <0.01 <0.01
Tb 159Tp <0.01 <0.01 <0.01 <0.01
Dy 1e1py <0.01 <0.01 <0.01 <0.01
Ho 165Ho 139 6 10 5
Er 167Er <0.01 <0.01 <0.01 <0.01
Tm 169Tm 36 56 30
Yb 173yh <0.01 <0.01 <0.01 <0.01
Lu 175Lu <0.01 <0.01 <0.01 <0.01
Pb 208pp 1644 82 101 55
Th 232Th <0.01 <0.01 <0.01 <0.01
U 238y <0.01 <0.01 <0.01 <0.01
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Table S4: Count rates and RSD values in Figure 2

Abbreviations: RSD = relative standard deviation [%] obtained from three line or spot scans, respectively

Mg Mn Fe Sr Ba Ce U
Spot measurements
fs LA
NIST SRM 610 cps | 927 17733 398 26048 4247 23289 54592
RSD | 8 6 22 4 14 6 4
GSE-1G cps | 50370 25383 84599 26151 4792 26817 60203
RSD | 0.8 4 2 3 14 3 7
JMn-1 cps | 158523 | 43200900 186145 | 128165 | 64702 26949 2149
RSD | 40 51 24 30 45 17 58
FeMn-1 cps | 207155 | 78249900 230530 | 202547 | 115790 | 28013 3576
RSD | 23 25 29 36 9 29 46
NOD-A-1 cps | 269159 | 31323900 416076 | 324939 | 61711 217405 | 4567
RSD | 8 6 11 8 15 11 27
NOD-P-1 cps | 120997 | 31090800 130869 | 91752 59954 51644 1435
RSD | 19 16 19 10 14 31 32
ns LA
NIST SRM 610 cps | 32650 511396 13271 1030810 | 151337 | 1079860 | 1446540
RSD | 2 3 4 0.4 1.0 0.7 2
GSE-1G cps | 1379710 | 665187 2689410 | 923876 | 168031 | 1139740 | 1676730
RSD | 0.4 1.2 0.6 0.9 1.0 0.9 2
JMn-1 cps | 2044870 | 505365000 | 5367600 | 2853220 | 884173 | 1410280 | 33989
RSD | 4 14 32 24 11 44 35
FeMn-1 cps | 3299340 | 1127070000 | 4554300 | 3879420 | 2651720 | 758792 | 40489
RSD | 3 4 3 4 7 0.6 2
NOD-A-1 cps | 5330850 | 554139000 | 7559280 | 8509830 | 1243090 | 4599390 | 57817
RSD | 10 13 12 27 14 20 19
NOD-P-1 cps | 3302370 | 787275000 | 4144380 | 3019740 | 1863940 | 2040630 | 33813
RSD | 6 5 4 2 7 5 6
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Table S4 continued

Mg ‘ Mn Fe Sr Ba Ce u
Line measurements, 1 um st
fs LA
NIST SRM 610 cps | 8498 156248 3422 280710 | 48547 325018 | 635413
RSD | 3 1.0 3 2 0.9 4 2
GSE-1G cps | 534053 | 285488 966951 | 363928 | 68335 443177 | 837056
RSD | 2 5 6 2 3 4 5
JMn-1 cps | 573371 | 157686000 | 1351580 | 814216 | 293558 | 381782 | 13253
RSD | 3 9 12 8 4 7 8
FeMn-1 cps | 741502 | 287360000 | 1174690 | 964683 | 803229 | 216770 | 13870
RSD | 31 27 3 19 12 24 17
NOD-A-1 cps | 1407220 | 166246000 | 2122810 | 1965970 | 447159 | 1529860 | 27291
RSD | 6 13 16 11 13 16 10
NOD-P-1 cps | 872748 | 248134000 | 858984 | 814483 | 650828 | 484035 | 13970
RSD | 13 13 19 12 22 22 24
ns LA
NIST SRM 610 cps | 31632 496973 13352 1063470 | 174908 | 1220000 | 1873800
RSD | 2 2 5 3 4 3 2
GSE-1G cps | 1369760 | 664870 2713390 | 883816 | 164508 | 1152400 | 1823630
RSD | 0.6 1.2 0.9 1.8 1.0 13 0.1
JMn-1 cps | 1933330 | 482238000 | 3933930 | 2659680 | 934788 | 1106090 | 34773
RSD | 7 17 3 9 12 2 10
FeMn-1 cps | 2359210 | 790648000 | 3790780 | 2992380 | 2284860 | 670411 | 37084
RSD | 6 12 6 10 24 11 9
NOD-A-1 cps | 3896590 | 349296000 | 5735760 | 4521660 | 945567 | 3641220 | 51507
RSD | 4 24 7 13 27 21 14
NOD-P-1 cps | 2222850 | 564571000 | 2887540 | 2288780 | 1538570 | 1556360 | 30306
RSD | 5 4 11 14 6 8 2
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Table S5: Preferred values of FeMnOx-1 (further information and values
of each measurement are provided in Jochum et al., submitted)

[g/100 g] s
Si02 209 0.6
Al;O3 3.69 0.08
Fe203(t) 8.88 0.47
MnO 26.6 1.3
MgO 0.54 0.1
Ca0 4.03 0.21
Naz0 0.96 0.13
K,0 3.89 0.56
TiO2 0.38 0.04
P20s 0.066 0.009
LOI 25.6
[mg kg™]
Ba 5392 497
Ce 630 39
Cr 1172 134
Cs 46 11
Dy 568 34
Er 548 40
Eu 537 25
Gd 535 27
Hf 632 29
Ho 543 33
La 666 43
Lu 576 41
Nd 616 40
Ni 2399 142
Pb 1624 280
Pr 660 33
Rb 4.5 0.5
Sm 565 34
Sr 2278 140
Tb 538 33
Th 534 40
Tm 569 37
547 17
\% 209 20
Yb 565 37
Zn 1508 153
7r 1314 95
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ARTICLE INFO ABSTRACT

Keywords: We investigated rock varnishes collected from several locations and environments worldwide by a broad range of
Rock varnish microanalytical techniques. These techniques were selected to address the challenges posed by the chemical and
Varnish types structural complexity within the micrometer- to nanometer-sized structures in these geological materials.
fDeE:\rtIg;rl\r;[l;h Femtosecond laser ablation-inductively coupled plasma-mass spectrometry (fs LA-ICP-MS), scanning transmis-
s LA-ICP-

sion X-ray microscopy-near edge X-ray adsorption fine structure spectroscopy (STXM-NEXAFS) in combination

EPR . . . . . .
SEM with scanning electron microscopy (SEM) of focused ion beam (FIB) ultra-thin (100-200 nm) sections,
STXM-NEXAFS conventional and polarization microscopy, as well as electron paramagnetic resonance (EPR) measurements

Categorization were used to obtain information about these rock varnishes.

Rock varnishes from different environments, which cannot readily be distinguished based on their
macroscopic appearance, differ significantly in their constituent elemental mass fractions, e.g., of Mn, Fe, Ni,
Co, Ba, and Pb, and their rare earth element (REE) patterns. Structural characteristics such as the particle sizes of
embedded dust grains, internal structures such as layers of Mn-, Fe-, and Ca -rich material, and structures such as
cavities varied between varnishes from different environments and regions in the world. The EPR spectra were
consistent with aged biogenic Mn oxides in all samples, but showed subtle differences between samples of
different origin.

Our observations allow us to separate rock varnishes into different types, with differences that might be
indicators of distinct geneses. Five different types of rock varnish could be distinguished, Type I-V, of which only
Type I might be used as potential paleoclimate archive. Each varnish type has specific characteristics in terms of
their elemental composition, element distribution, and structures. The combination of element ratios (Mn/Ba,
Al/Ni, Mn/REY, Mn/Ce, Mn/Pb, Lay/Yby, and Ce/Ce*), total REE contents, and structures can be used to
separate the different types of rock varnish from each other.

1. Introduction Rossman, 1979). The clay mineral fraction, which is thought to be
derived from dust, represents up to 70% of the varnish volume

Rock varnishes are black layers of unknown geneses, occurring on (Thiagarajan and Lee, 2004) and is cemented together by a nanocrystal-
rock surfaces of slowly weathering rocks, independent of the lithology line matrix of Mn- and Fe-oxides and hydroxides. The origin and
of the underlying rock (Engel and Sharp, 1958). They consist of poorly precipitation of the Mn-rich matrix material is not fully understood, but
crystallized Mn and Fe oxides, as well as clay minerals (Potter and airborne dust, from which Mn and other constituents of the varnish are

* Corresponding author at: P.O. Box 3060, 55020 Mainz, Germany.
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leached and reprecipitated before the dust particles are removed again
by wind erosion, is considered the most likely element source (Hodge
et al., 2005; Nowinski et al., 2013; Thiagarajan and Lee, 2004). While
the upper continental crust has a mass fraction of about 0.1% MnO
(Rudnick and Gao, 2003), varnish is strongly enriched (40-200 times)
in this element. Rock varnish deposited in the form of a layered
sediment is potentially applicable as paleoclimate archive (Dorn, 1984).

The first description of rock varnish was written in 1812 by the so-
called father of rock varnish, Alexander von Humboldt (Dorn, 2008;
Von Humboldt and Bonpland, 1819), who observed it in the splash zone
at the cataracts of the Orinoco River. He was aware that similar rock
varnishes can be found in a wide variety of terrestrial environments.
Currently, biological and abiotic processes, as well as a combination of
both, have been suggested for the genesis of rock varnish, but definite
proof has eluded the research community so far (Dorn, 2009).

There are three main theories how varnish forms (Dorn, 2008): I)
Abiogenic leaching from Mn-bearing minerals under well-defined pH
(5.7) and Eh (0.8) conditions in rainwater or dew to geochemically
fractionate Mn (Thiagarajan and Lee, 2004). At these pH and Eh
conditions, Mn is more soluble than Fe and consequently the dissolved
Mn content is enhanced relative to the dissolved Fe content. Following
increases in pH up to ~8.5 can oxidize and enrich Mn without a
simultaneous enrichment of Fe. However, this process is very slow and
the question remains why varnish covers only certain patches and not
large areas. II) Biologically induced or controlled varnish growth. Here,
the Mn oxyhydroxide mineralization is either the result of interactions
between biological membrane/cell surfaces and the inorganic environ-
ment, or cellular activities provide the initial nucleation of the Mn
oxyhydroxides, followed by growth of the mineral product (Northup
et al., 2010; Perry et al., 2004; Perry and Kolb, 2004; Perry et al., 2005).
Biogenic Mn oxidation is a fast process compared to abiogenic oxida-
tion, which raises the question why some varnishes grow only
nanometers per decade. III) A combination of the processes described
above.

The general structure of Mn oxides and hydroxides, called Mn
oxyhydroxides for simplification, are octahedrally coordinated Mn ions,
which have the ability to be stacked in several different ways and build
sheet, chain, and tunnel structures. Which oxyhydroxide mineral forms
depends on several factors, such as pH, Eh, temperature, biological
mediation, and cation availability (Tebo et al., 2004). Biologically
mediated Mn oxyhydroxides are called Mn bio-oxides in the following
chapters. Manganese minerals, which are often quite small or even
nanocrystalline, are known for their large surface areas and negative
charges due to non-shared oxygen atoms at the surfaces. Vacancies,
reduced valence states of Mn, or isomorphic substitution of lower
valence state elements for Mn add additional negative charge, which
can be balanced by cation absorption. These structural properties make
manganese oxyhydroxides well-known but poorly understood ad- and
absorbants.

Estimates of the growth rate of rock varnish vary between 1 and
40 um per 1000 a (Liu and Broecker, 2000; Spilde et al., 2013) but
growth might be much faster in non-arid environments. The growth
rate seems to depend on the humidity of the environment, with slower
growth rates for desert climates (Krinsley et al., 2012). The maximum
thickness of rock varnish is about 250 um (Northup et al., 2010), but
the values are controversial. Commonly found thicknesses are in the
range of 50 pm (Raymond et al., 1993). Rock varnish is thought to be
suitable as correlative dating tool for desert environments, usable
beyond ¢ dating (Broecker and Liu, 2001). Unfortunately, no direct
dating of rock varnish has yet been successful (Watchman, 2000), but
an upper age limit can be given if the exposure age of the host rock or
varnished surface is known (Lee and Bland, 2003).

Many studies on varnish and its chemical composition have been
published (Dorn, 2008; Goldsmith et al., 2014; Reneau et al., 1992;
Thiagarajan and Lee, 2004), and most publications describe arid desert
varnish. However, some authors also discuss samples from more humid
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areas (Krinsley et al., 2012), urban areas (Vicenzi et al., 2016), cold
environments (Dorn et al., 1992), cave samples (Spilde et al., 2002), or
even extraterrestrial sites (DiGregorio, 2001; Lanza et al., 2012; Perry
and Sephton, 2006). All of these samples fall under the term “rock
varnish”. However, it is problematic that data from all types of
varnishes, independent of region and environment, are used indiscrimi-
nately to explain a phenomenon that might originate from different
formation processes. This might result in incorrect conclusions and
therefore prevent us from gaining an insight into a mystery that has
puzzled scientists since over 200 years. In this study we therefore
compare typical arid desert varnish, which can be useful for future
regional paleoclimate reconstruction (Dorn, 1984), to varnishes from
several regions and environments worldwide.

We approached the categorization into different varnish types by
using several microanalytical techniques. Femtosecond LA-ICP-MS was
used to provide major-, minor-, and trace element information to gain a
geochemical “varnish fingerprint”, STXM-NEXAFS was chosen to
visualize nanostructures and element distributions on FIB milled
ultra-thin sections (100-200 nm), electron paramagnetic resonance
(EPR) spectroscopy was applied to investigate the Mn oxyhydroxide
matrix, and SEM of FIB slices was utilized to visualize cavities and
layered and disordered nanostructures.

In EPR spectroscopy, species with unpaired electrons immersed in a
magnetic field can absorb energy from microwave radiation.
5>Manganese and >’Fe in rock varnish are magnetically active and are
the main contributors to the EPR signals, which are characterized by an
unstructured and broad peak and linewidth. Kim et al. (2011) proposed
that manganese bio-oxides produce EPR spectral signatures different
from those formed by abiogenic and synthetic processes. In their study,
they observed a considerably narrower linewidth (< 560 G) for
biogenic samples than for abiogenic Mn oxide minerals, which have a
2-6 times broader (> 1200 G) linewidth. These narrow linewidths of
Mn bio-oxide minerals are unique for pure Mn oxides, since they are
usually only observed for highly diluted samples, e.g., 0.5% m m™~ ' Mn
ions supported on alumina (Kijlstra et al., 1997). Kim et al. (2011)
explained the narrow linewidths with high amounts of layer site
vacancies (15-50%), small particle sizes, and the absence or lack
(0-5%) of Mn®* in Mn bio-oxides. Furthermore, they investigated rock
varnish to see into which category, biogenic or abiogenic it falls, and
observed an intermediate linewidth between 600 and 1200 G for their
samples. This was explained by an originally biogenic origin, followed
by an abiogenic transformation from birnessite to todorokite during
aging processes, a common transformation process based on observa-
tions from Mn nodules by Tebo et al. (2005). Biogenic layered Mn
oxides may partially transform to tunnel structure minerals and/or
acquire cations with aging, filling up vacancies (Tebo et al., 2004). Kim
et al. (2011) chose for their investigations a rock varnish sample from
Four Buttes, Mojave Desert, CA, USA. In our paper, we interpret our
EPR dataset on basis of their observations and interpretation.

2. Samples
Several different environments were studied (Fig. 1):

1. Arid desert environments in California (Kohl et al., 2015), Maur-
itania, and Saudi Arabia. These samples are compared to previously
investigated arid desert varnishes from California and Israel
(Macholdt et al., 2015). In California, the additional samples studied
were collected in the Anza Borrego desert (part of the Colorado
desert) and in Johnson Canyon in the Mojave Desert, the driest
desert in North America. In Saudi Arabia, they were collected near
Jubbah and on Jebel Yatib, both in the An Nafud desert. In
Mauritania, samples were taken in a canyon northwest of Azougui,
in the Sahara region. The previously studied samples had been
collected from different locations in the Mojave Desert and Sde
Boker in the Negev Desert in Israel. All of these samples will be
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Fig. 1. Sampling locations of rock varnish. Yellow stars: Type I varnish; green stars: Type II varnish; red stars: Type III varnish; purple stars: Type IV varnish; blue stars: Type V varnish.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

assigned to the term Type I varnish in the following.

2. Semi-arid desert environments in the Chihuahuan Desert, Texas, and
the Sonoran Desert, Arizona. This type of varnish, in the following
called Type II, differs from Type III varnish by its typical rock
varnish appearance, i.e., full coverage of the rock surfaces. It covers
larger surfaces on the top and sides of rock outcrops, without visible
growth directions. It differs from typical arid desert varnishes (Type
I) by its mostly thicker crusts and the growth features without
detectable layering.

3. Semi-arid desert or coastal desert environments in the Knersvlakte,
South Africa. Previously collected and investigated samples from
South Africa (Macholdt et al., 2015) will be referred to as SA-1 in
the following text, the new samples as SA-2. This type of varnish,
called Type III in the following, differs from the Type II semi-arid
desert varnish (described above) by its growth direction and
appearance. The South African samples grew on host rock pebbles
with diameters of a few centimeters. The pebbles occur in round
patches of about 1-10 m diameter that are conspicuously colored
dark black to brown. The pebbles in the middle of the patches show
a black varnish crust with metallic luster on their top and a slightly
duller tinge on the subsoil part and sides, the pebbles closer to the
rim were dull brown. The top and bottom sides of the rocks were
often not fully enclosed by the varnish, which appears to have
grown from the rock-soil-atmosphere contact upwards and down-
wards on the rock surface, and therefore also within the subsoil.

4. Urban environments with varnishes on sandstone buildings, e.g.,
varnish from the Smithsonian Castle, Washington, D.C., USA
(Vicenzi et al,, 2016) and the Freiburger Miinster, Freiburg,
Germany. This varnish seems to grow preferentially on sandstone
buildings. At the Freiburger Miinster, Mn-rich varnish was found up
to a height of about 7 m, whereas all black patches above this height
were significantly less Mn-rich and are probably soot or fungi
covered areas. This varnish will be called Type IV in the following.

5. River splash zones, e.g., from the Erie Barge Canal, close to
Middleport, and the Adirondack Raquette River, close to South
Colton. Both sampling sites are located in New York State, USA
(Krinsley et al., 2012), an area with about 1028 mm of annual
precipitation. The rock varnish sample from Erie Barge canal is
<100 years old. These varnishes will be called Type V varnish in
the following.

All rock varnish samples from California and South Africa were
taken from the ground, and have therefore pebbles and small rocks (a

few to tens of centimeters) as host rocks, which had direct contact with
the underlying soil. The Israeli, Texan, Arizonian, Mauritanian, and
Saudi Arabian samples were collected as fragments or chips from larger
boulders or outcrops (meters in diameter). Type IV varnish from the
Freiburger Miinster was collected as a mm-size chip from the minster's
wall, at a height of about 0.5m from the ground. The Smithsonian
Castle varnish was taken from the castle wall at a height of about 2 m.
Type V varnishes were taken from boulders within the river splash
zone.

We performed fs LA-ICP-MS measurements on 9-16 different spots
on each sample. For the FIB and SEM investigations, three samples from
California (2 x Death Valley, 1 X Johnson Canyon; Type I varnish),
four samples from South Africa (2 X SA-1, 2 X SA-2; Type III varnish),
one sample from Israel (Type I varnish), two samples from Saudi Arabia
(1 X Jubbah, 1 x Yatib; Type I varnish), one sample from NY state (Erie
Barge Canal; Type V varnish), two urban varnish samples (1 X
Smithsonian Castle, 1 X Freiburger Miinster; Type IV varnish), and
one sample from Texas (Type II varnish) were chosen. Table 1 lists the
specimens used for the analyses together with information about the
sampling locations, and Fig. F in the Appendix shows exemplary
outcrop conditions and sample images.

Soil dust samples were collected underneath or adjacent to Type I
varnished rocks in the Anza Borrego Desert and the Mojave Desert (CA,
USA) and in Jubbah and Jebel Yatib (An Nafud desert, Saudi Arabia)
using a stainless steel spoon. Furthermore, dust grains accumulated on
top of varnished rocks were collected in Sde Boker (Negev, Israel). For
comparison with Type III varnish, we collected dust underneath
varnished rocks in the Knersvlakte, South Africa.

2.1. Sample preparation

Thick sections (about 70 um thick) were prepared for fs LA-ICP-MS
measurements. To exclude trace element contamination from the
polishing material, we avoided polishing of the samples. The roughness
of the unpolished surfaces can be neglected for fs LA-ICP-MS measure-
ments, since a pre-ablation step prior to each measurement produced
almost flat surfaces and potential biases from remaining roughness
were corrected by using Al as internal standard element. The varnish
coatings were cut perpendicular to the rock surfaces, whereby cross-
sections through the sedimentation sequence of the varnishes were
exposed, similar to the procedure described by Reneau et al. (1992). All
thick section samples were enclosed by resin (EpoxiCure™ 2 Resin and
Hardener from Buehler) prior to thinning.
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For measurements of desert dust composition, we sieved the
samples with a 50 pym sieve. Grains < 50 pm were directly mounted
on double-adhesive tape and mineral grains > 50 pym were ground to
grain sizes < 100 pm prior to mounting. These mounts were measured
as line-ablations by fs LA-ICP-MS.

For analysis by scanning transmission X-ray micro-spectroscopy
(STXM), we selected suitable sample areas by a combination of
microscopy and scanning electron microscopy (SEM). Ultra-thin FIB
slices, comparable to those produced from rock varnish by Krinsley
et al. (2013), were milled to sizes of about 50 X 30 um and thicknesses
of about 100-200 nm. Furthermore, SEM images of the ultra-thin
sections were used for structure investigations.

The EPR spectroscopy measurements were carried out on varnish
powders of five samples (CA-JC, CA-AB, AR-Y, SA-2, IS). The powders
were produced by taking off the upper layer of varnish from the host
rock using a dremel™ mechanical abrasion instrument. We collected ca.
1 g of material from each sample and used 11 mg for the actual
analyses. The material was prepared on filters, which were used for
both room temperature (RT) and 90 K experiments.

3. Analytical methods
3.1. Imaging and underlying rock identification

A Leica DM RX polarizing microscope was used for investigations of
varnish structures in thick sections (about 70 pm) and to check ablated
line scans by LA-ICP-MS subsequent to the analysis. The host rock types
were determined based on thin section observations via polarization
microscopy. During the FIB slice preparation, slices were visualized by
SEM. These SEM images give insights into the nanometer structures,
growth features, and grain- and -cavity-distributions within the
varnishes.

3.2. Femtosecond laser ablation-inductively coupled plasma-mass
spectrometry

We carried out the fs-LA-ICP-MS measurements using the
ThermoFisher Element 2 single-collector sector-field ICP-mass spectro-
meter combined with an ESI 200nm fs laser ablation system
NWRFemto at the Max Planck Institute for Chemistry (Mainz,
Germany). Important parameters of the ICP-MS and the laser are listed
in Tables 2 and 3. Laser ablation was conducted in a New Wave Large
Format Cell in a He atmosphere. This carrier gas was mixed with an Ar
gas flow to transport the aerosols generated by ablation to the ICP-MS.

All measurements were conducted in medium mass resolution mode
(2000) with flat top peaks, since in this way many oxides and molecules
produced from Ar and O in the plasma can be separated from the atomic
ions, e.g., “°Ar’*N'H" can be separated from **Mn, giving an improve-
ment of the signal to blank ratio for many elements.

After pre-ablation, each sample was scanned along a profile from
the underlying rock through the varnish into the embedding resin. To

Table 2
Operating parameters used for the fs laser ablation system.

NWRFemto
Laser type Ti:Sapphire
Wavelength [nm] 200
Pulse length [fs] 150
Energy density [J cm ™ 2] 0.3
Spot size [um] 40
Pulse repetition rate [Hz] 50
Scan time [s] 350
Scan speed [um s~ '] 1
Warmup and blank measurement [s] 15
Washout [s] 30
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Table 3
Operating parameters of the Element2 ICP-MS.

rf power [W] 1270
Cooling gas flow rate [I min~ '] 15
Auxiliary gas flow rate [1 min~ '] 1
Carrier gas (Ar) flow rate [ min~ '] 0.8
Carrier gas (He) flow rate [1 min~'] 0.7
Sample time [s] 0.002
Samples per peak 25
Mass window [%] 40
Time per pass [s] 1.4
Mass resolution 2000

Measuring type Both; E-scan and counting mode

define the varnish region, we chose a threshold value of = 2% MnO,,
since lower values are usually mixtures of varnish and host rock. At the
varnish-rock interface, the Mn signal drops abruptly to values below 2%
MnO,. To obtain a representative bulk analysis for the varnishes, the
concentrations of each element were averaged over the full varnish
profile between the host rock contact and the resin. Bulk analyses were
performed for the major elements (Na, Mg, Al Si, P, K, Ca, Ti, Mn, and
Fe) and 30 trace elements (isotopes used and all measurement results
are listed in Table 1 of the Appendix). The element concentrations were
determined by measuring the ion intensities of the elements of interest
using Al as the internal standard element, analogous to Goldsmith et al.
(2014). Since no suitable microanalytical varnish reference material
existed until recently (Jochum et al., 2016; Macholdt et al., 2016), the
homogeneous GSE-1G glass (GeoReM database http://georem.mpch-
mainz.gwdg.de) was used for calibration. This was possible, since fs LA-
ICP-MS allows nearly matrix-independent calibration (Jochum et al.,
2014). To normalize the data, the oxides of the major elements (NayO,
MgO, Al,03, SiO5, P;0s, K;0, CaO, TiO,, MnO,, and Fe;O3) were
assumed to add up to 98% m m~ '. By this method, the procedure is
reproducible and easily recalculated if future measurements can
provide the exact amount of water and organics within the rock
varnish.

Furthermore, dust collected under or adjacent to the varnish
samples was measured by fs LA-ICP-MS. The method, detection limits,
measurement parameters, and tape blanks are described in detail in
Macholdt et al. (2014). The dust grains and the powder reference
material T1-G (GeoReM database http://georem.mpch-mainz.gwdg.de)
were mounted on double-adhesive tape, which was attached to a pure
Ir-strip prior to measuring.

3.3. Electron paramagnetic resonance analysis

The EPR measurements were carried out with a CW-EPR
(Continuous Wave) model EMX-plus (Bruker) at the Max Planck
Institute for Chemistry (Mainz, Germany). The powdered rock varnish
material was prepared on a Teflon membrane filter (Merck Millipore,
reference number JVWP04700), which was folded and inserted into a
glass tube prior to introducing it in the EPR instrument. For the
experiments at 90 K, the system was cooled by a liquid nitrogen vapor
stream. The temperature was carefully monitored by the EPR software
and an additional thermometer for verification. The frequency used was
9.837440 GHz for room temperature experiments (RT, about 293 K)
and 9.418697 GHz for 90 K measurements, the magnetic field was
scanned from 0 to 6000 G. For each sample and temperature, the EPR
spectra were recorded at eleven different microwave radiation powers,
sweeping between 0.22 and 224 mW to study the saturation behavior of
the signal. Further instrumental parameters were: modulation ampli-
tude, 3.0 G; modulation frequency, 100 kHz; conversion time, 30 ms;
time constant, 0.01 ms; sweep time, 300 s; number of scans, 1.
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3.4. Scanning transmission X-ray microscopy-near edge X-ray adsorption
fine structure spectroscopy and focused ion beam sputtering

Focused ion beam (FIB) sputtering (milling) was performed at the
Max Planck Institute for Polymer Research (Mainz, Germany) using a
Nova600Nanolab FIB dual-beam instrument of FEI. Simultaneously,
SEM microscopy was applied to carefully determine and monitor the
site of milling. Micro-basins were located by microscopy and used for
the preparation of the 50 x 30 um FIB slices. The entire samples were
sputtered with 50 nm of Pt using a Baltec MED020 sputtering equip-
ment. The selected preparation sites were coated with an additional,
approximately 2 um thick Pt layer using beam-induced Pt deposition
from a metallo-organic precursor gas (1 nA at 30 kV). Milling was
performed by Ga™ -ion sputtering with a resolution of about 10 nm. In a
first milling step (20 nA, 30 kV), two trenches on both sides of the Pt
deposition were created, followed by a second milling step at lower
beam currents (7 nA and 5 nA at 30 kV) to obtain flat surfaces of the
pre-thinned, about 1 pm thick, lamella. The thinned samples were lifted
out and transferred to a TEM grid onto which they were attached with
Pt. Stepwise thinning and polishing (1 nA and 0.5nA at 30kV)
produced FIB slices with thicknesses of about 100-200 nm. These
ultra-thin sections and the transfer onto a TEM grid are necessary for
transmission measurements by STXM-NEXAFS.

The STXM-NEXAFS analyses were conducted using soft X-ray
synchrotron light and two X-ray microscopes: I) the instrument at
beamline 5.3.2.2 (Kilcoyne et al., 2003) at the Advanced Light Source
(Berkeley, CA, USA, and II) the MAXYMUS microscope at beamline
UE46-PGM-2 (Follath et al.,, 2010) at the synchrotron BESSY II,
Helmholtz-Zentrum Berlin, Germany (Table 4). Both STXM instruments
are equipped with a high energy resolving grating (resolving power at
the carbon K-edge: ALS E/AE =< 5000; BESSY II: E/AE < 8000), a
Fresnel zone plate, providing a spatial resolution of about 30 nm, and
phosphor-coated Lucite photomultiplier tubes for the detection of
transmitted photons. At the ALS, the measurement chamber was filled
with a He atmosphere prior to measuring, whereas at BESSY the
measurements were conducted in a vacuum. In this study, STXM-
NEXAFS elemental maps of Fe, Mn, and Ca are presented, which were
recorded as images produced at discrete energies. For calibration, the
characteristic pi resonance peak at 285.2 eV was measured before each
measurement session. The data were evaluated with the Interactive
Data Language (IDL) widget “Analysis of X-ray microscopy Images and
Spectra” (aXis2000) and IGOR Pro.

4. Results
4.1. Scanning electron microscopy images and structures

Significantly denser packing and smaller dust grains can be ob-
served in layered varnishes (Fig. 2 A, B) compared to unstructured ones
(Fig. 2 C-H). These fine-grained layers were only found in Type I
varnishes. However, at the contact from matrix and dust to the
underlying rock, the layered varnish structure becomes disordered
and cavities are present. The rock at the rock-varnish interface appears
to have broken up prior or contemporaneous to growing or depositing.
Either these rock fragments were broken off and dragged upwards until

Table 4
Synchrotron facilities used and their beamlines.

Synchrotron Location Beamline Source Energy
light source range [eV]
Advanced light Berkeley, 5.3.2.2 Bending 250-780
source (ALS)  California Magnet
Bessy II Berlin, MAXYMUS, Undulator 150-1900
Germany beamline UE46-
PGM-2
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they were incorporated into the structure (Fig. 2 B, arrow), or the
underlying rock was dissolved after evolving a varnish cover, and the
developing crack system was filled up by unstructured varnish material
(Fig. 2 A, arrow). However, not all Type I varnishes show layers. Some
Type I varnishes show stromatolite-like features. Furthermore, the
Saudi Arabian varnish from Jubbah, collected only 110 km away from
the arid desert varnish location at Jebel Yatib, shows a disordered
structure with large (up to 1 um), sometimes angular, mineral frag-
ments (Fig. 2 E, arrow). This structure is very similar to those observed
in Type II, III, and IV varnishes, which show no plane layers parallel to
the underlying rock, but exhibit large angular cavities and mineral
grains. These cavities seem to be the result of loose packing and fast
growth around the grains (Fig. 2 C-F, I), since angular mineral grains
are found to be wedged in several samples, providing large openings.
Sheets of matrix material often bend around mineral dust clusters and
thereby incorporate them into their botryoidal structure (Fig. 2 C, E).
The ellipsoidal cavities (about 1 pm in diameter) might be an indicator
for Mn oxyhydroxide growth around organisms, but this cannot be
proven with the current methods at hand.

The structures of the two Type IV varnishes seem to differ
significantly from each other, even though they were both sampled
from sandstone buildings. The sample from the Smithsonian Castles
western facade (SC) shows a disordered structure with large particles
and cavities (Fig. 2 F), while the Freiburger Miinster (FM) sample shows
parallel layers with almost no cavities, incorporating large (~1 pum)
round features that are overgrown by layers, resulting in a partially
botryoidal structure (Fig. 1 H). The Type V varnish structure resembles
the Type III varnish structure, but no mineral grains can be observed in
the SEM images of the former (Fig. 2 G).

Fig. 3 shows close-up reflected light microscopy images (B-(A-D))
and transmission light polarization microscopy images (B-(E, F)), which
were taken to explain the differences between the SEM appearance of
AR-Y (Fig. 2 B) and AR-J (Fig. 2 E). Larger mineral grains and a
significant topography can be observed in the Saudi Arabian sample
from Jubbah, which are absent in the varnish sample collected at Jebel
Yatib. The large quartz grains, the high porosity, and the sparsity of the
calcite matrix of the sandstone of sample AR-J result in a high
topography where varnish only fills up the interspaces (Fig. 3 C).
Material might be washed into these areas and larger dust grains can
become caught without the potential to be blown away after leaching.
This varnish does not cover the whole surface, and quartz minerals stick
out (Fig. 3 B). This is dissimilar to the sample AR-Y, which is fully
covered by varnish (Fig. 3 C). Both sandstone host rocks have a CaCOs-
rich cement. However, according to polarization microscopy (Fig. 3 E,
F), the sandstone AR-Y has much smaller quartz grains than AR-J, and
therefore no similarly steep topography can arise. Furthermore, the
sandstone AR-J has a larger percentage of pore volume, and the matrix
material is rare. The large minerals, the pore space, and the sparsity of
the matrix material result in a brittle cohesion of sample AR-J, due to
the high quartz grain/cement ratio, and also in superelevation of the
surface topography. The lack of layers is not due to a vertical sample
exposure, since similar layering was found covering a non-horizontal
sample collected at Jebel Yatib (Figs. A and B in the Appendix).

4.2. Major and trace element determination by fs LA-ICP-MS

Femtosecond LA-ICP-MS is a reliable tool to measure major and
trace element concentrations. In this work, 39 element mass fractions
were measured for each rock varnish. From each sampling site, one to
nine varnish samples were investigated, depending on the sample
material available, and on each sample nine to fifteen microbasins
were analyzed to obtain average element compositions. To allow a
better overview, Fig. 4 shows the range in which the typical arid desert
varnish samples plot as gray shaded field. Only Type I varnish plots
within this range for the elements analyzed. However, Type II varnishes
only diverge for the transition metals, Cu, Co, and Cr. The other varnish
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Fig. 2. SEM images of five ultra-thin (100-200 nm) transections. All SEM images were produced by an FIB instrument with an accelerating voltage between 2 and 5 kV. A) Type I varnish,
Saudi Arabia (AR14 Y1), B) Type I varnish, California (CA WS18), C) close-up of D), D) Type III varnish, South Africa (SA13 mM-f), E) Type I varnish, Saudi Arabia (AR14 J1), F) Type IV
varnish, Washington D.C. (SC, castle west facade). G) Type V varnish, NY State (E Canal), H) Type IV varnish, Germany (FM), and I) Type II varnish, Texas (TX). All FIB slices had been
coated on their top side by Pt. Host rock-to-varnish and varnish-to-Pt boundaries are marked by white, dashed lines.

types differ from this field concerning several elements. Some element
mass fractions, such as for Ce, are even more than ten times lower for
some varnishes. Concerning Ba, none of the rock varnishes besides Type
I and II plot within the gray shaded range. This is also expressed in
Fig. 5, showing that most Type I varnish measurements plot on the x-
axis (Mn/Ba) at lower values than the majority of the other varnishes.
Our results show that different rock varnish types can be separated from
each other based on their chemical composition (Figs. 2-5), and only
Type I and II varnishes are not easily distinguishable.

Of the rock varnishes plotted in Fig. 4, only Type II varnish has
equally high Ce mass fractions as Type I. This can be explained with
Fig. 6 a, where Mn is plotted versus Ce. A clear positive correlation
between Mn and Ce can be observed for all Type I and II varnishes.
However, the correlation is less pronounced and scatters considerably

ﬁ“

N AR T T <
DalBM & Win VA

for Type II. All other rock varnishes (Type III, IV, and V) show no
significant correlation between the mass fractions of Mn and Ce and are
generally low in Ce. Of all rock varnishes, only Type IV shows
extremely high Pb concentrations (0.2-1.4%; Fig. 6 b). No correlation
between the Mn and Pb mass fraction can be observed. The Pb
concentrations reflect its abundance in urban areas, since Pb gets
readily incorporated into Mn oxyhydroxides (Feng et al., 2007).

Fig. 7 shows an REE plot for all rock varnish types. A clear
discrimination can be made between Type I and II varnish and the
other rock varnishes by the combination of Ce enrichment (arid: Ce/
Ce* = 1.5-3.8), enrichment in light REE (arid: Lay/Yby = 10.4-12.9),
the negative Eu anomaly (arid: Eu/Eu* = 0.6-0.7), and the overall REE
mass fraction (arid: 3200-11,200 ug g~ ).

We also investigated dust collected adjacent to the varnish samples,

Fig. 3. Microscope images of two Saudi Arabian varnishes. A), C), E): Type I varnish from Jebel Yatib (AR14 Y1), B), D), F): Type I varnish from Jubbah (AR14 J1). Images A), B), C), and
D) were taken as reflected light images from the surfaces of the varnishes with a conventional binocular microscope, images E), F) are transmission light polarization microscope images
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Fig. 4. Chemical composition of different varnishes from different regions, sorted by their
average mass fractions. The gray shaded area is the plotting area of Type I varnish. All
Type I varnishes plot within this relatively narrow field, while none of the other varnishes
falls within this field for all elements. Only Type II varnish matches Type I varnish for
most elements (exceptions are the transition metals Co, Cu, and Cr). Color code: Yellow:
Type I varnish; green: Type II varnish; red: Type III varnish; purple: Type IV varnish; blue:
Type V varnish. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

since this dust is thought to be the major source for the enriched
elements. Detailed studies on the dust component are to be published
by Otter et al. (in preparation). The REE patterns (Fig. C in the
Appendix) show that Type I varnish is strongly enriched compared to
the adjacent, fine grained dust, even though the fine grained dust is
already more than two times enriched compared to the coarse grained
(> 50 um) dust (Otter et al., in preparation). The dust does not show a
positive Ce anomaly, but the Lay/Yby ratio is similar for all dust
samples, and similar to that of the varnishes. There is almost no
enrichment in REEs in varnish SA-2 compared to the adjacent dust, but
a small positive Ce anomaly can still be observed in the varnish.

Comparing varnish and dust ratios shows that a fractionation factor
exists, which is identical for all Type I varnishes. It matches the fine
fraction (< 50 um) of arid desert mineral dust to the associated rock
varnish (Fig. D in the Appendix). This factor is 9 for the Mn/Ba ratio
and 0.2 for the Al/Ni ratio. It is not possible to match all coarse-grained
arid desert dusts to the corresponding rock varnishes using the same
factor for all samples. This is not surprising, since it is likely that only
the fine-grained particles are responsible for the varnish accumulation.
However, mineral dust from the semi-arid desert cannot be matched to
the corresponding Type III varnish using the same factor. To match the
fine fraction to the varnish for this rock varnish type, a factor of about
16 for the Mn/Ba ratio and 0.06 for the Al/Ni ratio is needed.

4.3. Matrix material investigations by electron paramagnetic resonance
spectroscopy

We investigated rock varnishes of Type I and III from five locations
(SA10 #9a, CA14 JC1, IS13 V2, AR14 Y1, CA13 AB2-2; Fig. 8) and
compared the results to EPR measurements from a Type IV varnish from
the Smithsonian Castle measured and published recently (Livingston
et al, 2016). Fig. 8 shows RT and 90 K measurements at low
(0.22-0.23 mW) power settings. Spectra at high power setting
(209-225 mW) are plotted in Fig. E of the Appendix. All samples show
similar resonance peaks. They exhibit the Fe®** resonance at about
1500 G, which became more pronounced at lower temperatures. The
typical peak related to Mn oxyhydroxide appears at about 3300 G. The
broad linewidth of the signal can be attributed to the spin-spin
interaction due to the high concentrations of paramagnetic centers in
local domains that give rise to a strong exchange interaction, as
described by Kim et al. (2011). The signal was slightly broader for
the lower temperature (90 K) measurements, indicating the absence of
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Mn? *-Mn?* isolated pairs (Kim et al., 2011). The fine six-line patterns
due to highly dispersed Mn? ™" at low concentrations (Kim et al., 2011)
appeared in the low-power spectra of the IS, CA-AB, CA-JC, and SA-2
samples at 90 K on the main resonance peak flank (Fig. 8 B). The
measured spectra resemble the spectrum of the Type IV rock varnish
presented by Livingston et al. (2016) and measured at 77 K, 10 mW,
and 9.38 GHz, close to the settings for the spectra plotted in Fig. 8 B.

All samples fall into the category of intermediate linewidths (about
800-1100 G) and are therefore indicators for an aged Mn bio-oxide or
partially transformed hexagonal birnessite. However, there are several
differences between them. Sample CA-AB shows an initial rise of the
signal, similar to that of all other samples, followed by a strong decline
with increasing magnetic field. Also sample SA-2 shows a much broader
peak shoulder and a lower peak amplitude at RT than the samples IS
and CA. This pattern changes with decreasing temperature settings,
resulting in a similar spectrum at 90 K, compared to the other samples.
These phenomena could be attributed to the presence of domains with
ferrimagnetic or antiferromagnetic properties that induce a complex
behavior in response to the application of an external magnetic field
and to the temperature change.

4.4. Element distribution maps by scanning transmission X-ray microscopy

The element distribution maps at the nm scale were obtained by
STXM-NEXAFS. These measurements were additionally used for oxida-
tion state determinations (Fe2™/3*, Mn?*/3+/4%) and for the deter-
mination of functional groups and moieties of carbon. In this work, only
STXM-NEXAFS maps of Mn, Fe, and Ca are shown, emphasizing the
presence or absence of layered structures in varnishes from different
environments. Figs. 7, 8, 9, and 10 show the different varnish types.
Only the typical Type I varnish sample reveals continuous and
horizontal Mn-, Fe-, and Ca-rich layers. Calcium occurring together
with Mn in rock varnish was previously described by Raymond et al.
(1993), an observation that is confirmed by our data. Calcium often
shows sharper features in all varnishes than Mn. In contrast to Mn, Ca
and Fe are also present at higher amounts in mineral dust particles.
While Type L, III, and V varnishes show Fe-rich layers, Type II and IV
varnishes show only Fe-rich minerals and areas instead of layers. Type
III varnish can be subdivided into two appearance groups: a) dense,
homogenous varnish without cavities (Fig. 11-1), and b) cavity-rich
varnish, which shows some botryoidal, cauliflower-like Mn-sheets,
interspersed by areas containing nests of larger mineral particles
(Fig. 11-2). Type II varnish shows areas that are Fe-rich and Mn-poor,
but no layering is observable. Large, rounded mineral grains and
elongated clay minerals are integrated into the varnish matrix
(Fig. 10-1). Manganese and Ca are especially enriched at the contacts
between mineral grains and matrix and along the rims of cavities
(Fig. 10-2). Type IV varnish FM (Fig. 12-2) shows Fe-rich particles
almost exclusively at the host rock - varnish boundary, where they
might have acted as nucleation particles for Mn oxyhydroxide mineral
growth (Burns and Brown, 1972).

5. Discussion

5.1. Element distribution, element composition, absorption properties, and
structures

5.1.1. Dust contribution

Our results show that the chemistry of different rock varnishes is
quite diverse. However, the element composition of Type I varnish does
not vary significantly among the worldwide sampling locations. The
similar element mass fractions might be interpreted as the result of dust
sources of similar element compositions. However, this would be
surprising, given that the samples were collected on several different
continents with presumably different dust compositions. On the other
hand, the widely differing plotting clusters for the disparate rock
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varnish types cannot be explained only by varying dust compositions,
since these show much smaller differences, as shown in Fig. D in the
Appendix. Rather, it is probable that different formation processes are
responsible or that different Mn oxyhydroxides are present.

5.1.2. Ba, Ni, and Pb

A likely explanation for the observed similarities and dissimilarities
is the existence of similar or different Mn oxyhydroxide crystal
structures or growth conditions, such as the pH ranges. For Mn
oxyhydroxides with different crystallographic structures, the surface
chemical properties, such as the adsorption and desorption capacity of
heavy metals, differ significantly from each other (Feng et al., 2007; Li
et al., 2004; Pan et al., 2004). This can result in the preferred sorption
of certain positively charged elements such as e.g., Ni*>* or Ba® *. These
two elements are of particular interest, since their incorporation into
Mn oxyhydroxides is different. While Ba is a large ion (diameter
Ba®* ~ 2.5 A) that can only occupy large vacant positions, such as
intra-tunnel sites, the transition metal, Ni (diameter Ni2* ~ 1.49 [c\),

can be incorporated in tunnels, between sheets, or even as substitute for
Mn (diameter Mn?*/4+ ~ 1.6/1.4 A).

Large atoms, such as Ba and Pb, are thought to destroy sheet
structures and stabilize or promote tunnel structures (Tebo et al., 2004).
The high amount of large cations observed in arid desert varnish
indicates that pure birnessite is not the prevalent Mn oxyhydroxide
phase, but that either partially aged and transformed (e.g., sheet
structure to tunnel structure) minerals such as hollandite (Ba,(Mn* ™,
Mn® *)g0,6) are abundant as well, which is also in agreement with our
EPR investigations. Another explanation could be that an initial mixture
of birnessite with other tunnel Mn oxides existed, as suggested by
McKeown and Post (2001). Fig. 5 shows that the Ba mass fraction is
strongly enriched only in Type I and II varnishes, while the enrichment
for Pb, also a large cation (diameter Pb** ~ 2.4 R), is highest in Type
IV varnishes (Fig. 6 b). A reason for this behavior might be the
differences in Pb availability in the surrounding environment, since
Pb is highly abundant in urban areas and along roadsides (Lytle et al.,
1995), as reflected in the high enrichment in the urban varnishes

127



D.S. Macholdt et al.

Chemical Geology 459 (2017) 91-118

E 4500 ; v CA-DV
| } A CA-MD
4000 <4 CA-JC
. > CA-AB
3500 o IS
- o MT
3000 ¢ AR-Y
E ¢ AR-J
< 2500 e TXFD
o & AZAC
= 2000 ® SA-1
@ ] ¢ SA-2
© 1500 e SC
] ¢ FM
1000 + e RRiver
A ¢ E Canal
500 ] Typel
i Type ll
0d ) ip ooty o ootew yp
0 100000 200000 300000 400000 500000
-1
Mn [ug 9]
B| v CADV
14000 7 A CA-MD
1 4 cAC
12000 > CA-AB
| o s
10000 - / * ARY
| ¢ AR-J
— o MT
o 9000 95 ® TXFD
2 1 / © AZAC
o 6000 2 oy
& 1 %/ ® SA2
4000 ® sC
] WVZ,?Q ® M
v .
2000 - L8 0@@ ® R River
] 09 |o @@ e ‘ 4 ECanal
0 i I o Type IV
0 100000 200000 300000 400000 500000
Mn [ug g”]
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(Figs. 2 and 4b). Lead is the element most readily incorporated into Mn
oxyhydroxides over a wide range of pH conditions (Feng et al., 2007).

Further factors accounting for the large differences between Pb
enrichments of different varnish types might be different pH conditions
or ligand abundances. Lead also forms more stable and larger com-
plexes in the presence of ligands of longer hydrocarbon chains. This
decreases the adsorption potential, since the complexes are too large to
be introduced into interlayer sites (Abollino et al., 2003). Lead can be
bound as hydroxy complex on the external basic surfaces of clay
minerals (Rybicka et al., 1995) or Mn oxyhydroxides (Feng et al.,
2007). It competes with H* ions with decreasing pH, since H* can
rapidly exchange for the Pb ion (Rybicka et al., 1995), as well as for
other ions.

5.1.3. Trace element enrichment behavior

As shown in Fig. 4, many cations, such as Pb, Co, Ce, Ba, Y, Ni, U,
Th, Fe, and Sr, are highly enriched in rock varnish. Fig. 4 also shows
that Type I and II varnishes have much higher adsorption potentials
than the other varnishes. The different adsorption behavior might be an

indicator for another mode of origin, since, for example, biogenic and
non-biogenic Mn oxides differ in their sorption behavior. Bio-oxides
have structurally less Mn®*, since they are generated by two one-
electron transfers from Mn2* over Mn®* to Mn**, where Mn®* is a
non-solid intermediate and exists only in solution (Tebo et al., 2004).
Available Mn®* will be generated secondarily when the Mn oxyhydr-
oxide functions as electron acceptor, i.e., as oxidant. The sorption of Mn
bio-oxides occurs primarily at vacancies, which are common in the
usually poorly crystalline Mn bio-oxides, or on biofilms or bacterial
sheaths, which are produced by the organisms during the precipitation
(Tebo et al., 2004). Furthermore, biogenic oxides are usually actively
growing in the presence of contaminant metal ions (Tebo et al., 2004)
and therefore the cation enrichment is often higher in bio-oxides than
in abiogenic Mn oxyhydroxides. However, the clay mineral fraction in
rock varnish, deposited and incorporated earlier, might also contribute
to the element sorption of, e.g., Pb, Cd, Cu, Ni, and Zn (Rybicka et al.,
1995). Type II varnish element enrichments are very similar to those of
Type I varnishes. The exceptions, Co, Cu, and Cr, might be results of
either different growth mechanisms, but more likely reflect sources
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Fig. 7. Rare earth element patterns normalized to a chondritic composition (Evensen
et al., 1978). All Type L, II, and III varnishes show a positive Ce anomaly. All Type I and II
varnishes show a significant enrichment of light REEs (LREEs) relative to heavy REEs
(HREEs). Type V and IV varnish show all the possibilities: positive, negative, and no Ce
enrichment. Color code: Yellow: Type I varnish; green: Type II varnish; red: Type III
varnish; purple: Type IV varnish; blue: Type V varnish. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

with different transition metal contents.

5.1.4. Rare earth elements

The high positive Ce anomaly shown in Fig. 7 might be an indicator
for the growth rate of the varnishes (Bau et al., 2014). Cerium,
dissimilar to the other REEs whose highest oxidation state is REE* 3,
is the only REE that can also be found at a higher positive valence state
(Ce* ™). Manganese oxides are one of the strongest naturally occurring
oxidants and participate in a wide range of redox reactions. Manganese
oxyhydroxides function for instance as electron acceptors for the
oxidation of Ce:

Ce(gag) + MHOZ(S) + 2H20(1) = CCOZ(S) + MnO(OH)(s) + 3H+(aq)
(Ohta and Kawabe, 2001) or

2Ce(sag) + MHOZ(S) + 2H20(l) = 2Ce02(s) + Mn2+(aq) + 4H+(aq)
(Ohta and Kawabe, 2001).

By this process, the Mn oxyhydroxide gains additional negative
charge, which can be balanced by further adsorption of cations. The
generated Ce*™ can precipitate as insoluble cerium dioxide (CeO,),
explaining the enrichment of Ce compared to the other REEs, which are
only enriched by the process of sorption, where they are in competition
with other ions.

The plot Ce vs. Mn (Fig. 6 a) shows the increase of Ce for different
Mn mass fractions for Type I and II varnish. The faster the varnish
grows, the less Ce can be precipitated on the uppermost layer, since the
Ce accumulation depends on the Ce availability over a certain time
period (Bau et al., 2014). The Ce anomaly is of specific interest, since it
can be compared to the enrichment of the other REEs, which are not
enriched by the same process. Since we do not understand the genesis of
rock varnishes, we do not know how much enrichment to expect for
other elements relative to, e.g., the dust component. However, for Ce,
the REE pattern can be used for direct comparison. Fig. 6 a) thus
indicates a higher growth rate for most of the Type II varnishes
compared to Type I varnish. Furthermore, while Type I varnishes are
highly enriched in REEs relative to their dust sources, Type III varnishes
seem to have only a very low enrichment in comparison to the adjacent
mineral dust (Fig. D in the Appendix). This observation is in agreement
with the lack of an increase of Ce for higher Mn mass fractions (Fig. 6
a).

5.1.5. Al/Ni vs Mn/Ba ratios

Since Al is distributed fairly homogeneously in rock varnish
(Goldsmith et al., 2014) and Ba occurs together with Mn (Raymond
et al., 1993), we chose a plot of the Al/Ni vs the Mn/Ba ratios for a
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comparison of the different varnish types (Fig. 5 a). Additionally, we
chose Mn/REY (REEs and Y) vs. Mn/Ba since we can express the
enrichment of the elements Ba and the REY independent of the Mn mass
fractions (Fig. 5 b). All these elements are mainly enriched within the
Mn-rich phase. Fig. 5 shows that the varnishes from similar environ-
ments plot together in discrete fields, distinguishing the various varnish
types. Only the two Type V varnish samples plot apart from one
another, even though they were collected from a similar environment
(river splash) and from locations not far apart. This can be explained if
their primary ion source is river water with significantly differing ion
abundances, rather than mineral dust with a composition close to the
UCC. The cation availability is presumably different for the large
natural Adirondack River and the small man-made Erie Canal. The
Type I and III varnishes plot in well-separated fields, while Type IV
varnish intercepts other varnish fields. It can be separated by its Pb
content (Fig. 6 b). Type I and II varnish show considerable overlap in
this plot, while they differ in other features, such as crust thickness and
the absence of layering.

5.1.6. Manganese-rich mineral matrix

To investigate the role of the crystal structures of the Mn oxyhydr-
oxides in the matrix material of Type I and III varnish, we studied EPR
spectra of several rock varnish samples. The spectra were also
compared to a spectrum of sample SC (Livingston et al., 2016), a Type
IV varnish, and they were all considered in the context of the biogenic-
abiogenic plot published by Kim et al. (2011). We found that all
investigated samples fall within the range of materials formed origin-
ally as Mn bio-oxides, based on the interpretation by Kim et al. (2011).
Beyond this overall finding, we observed some differences between
samples. The varnishes investigated can be subdivided into three
categories: Type I varnish samples CA-JC, IS, and AR-Y show an EPR
pattern similar to that of sample SC, which is a Type IV varnish. One
Type I varnish, sample CA-AB, shows a lower absorption peak. It is
unclear if this is the result of a different composition and mineralogy, or
if other factors are involved, such as more host rock material within the
varnish powder, due to rock abrasion during the sample preparation.
Type III varnish reveals a significantly different absorption peak shape,
comparing high and low T absorption (Fig. 8). This is typical for a
saturated sample. It is therefore conceivable, that this sample has a
higher abundance of layer site vacancies, and therefore a lower number
of close neighbors, which suggests a higher fraction of hexagonal
birnessite, or a more recent genesis with less time for transformation
processes. This observation is also true, but less distinct, for sample CA-
AB, a Type I varnish. Large numbers of abundant layer site vacancies,
small particle sizes, and the absence or lack (0-5%) of Mn®* might
account for a higher probability for a biogenic origin, but hexagonal
birnessite might also have formed abiotically.

5.1.7. Manganese- and iron-layering

The observations by STXM-NEXAFS give new insights into the
application of rock varnish as local paleoclimate archive. The absence
of parallel continuous layers of Fe and Mn in varnishes other than Type
I exclude them from becoming a paleoclimate archive using the
established method of Mn-, Ba-, and Fe-layer correlation (Dorn,
1984). This paleoclimate reconstruction technique is based on the
assumption that Mn- and Ba-rich layers represent wet climates and Fe-
rich layers dry climates (Broecker and Liu, 2001).

The reason for the lack of layers in the arid desert varnish sample
AR-J is most probably the loose, CaCO3-rich cement of the underlying
rock in combination with the relatively large quartz grains. These
prevent a fully closed varnish coating due to superelevation of the
topography and may also cause further movement, disordering, and
rearrangement of possibly former existing layers. Therefore, the full
cover of the host rock by varnish, as well as the type of underlying rock,
have to be considered when searching for potential paleoclimate
archives.
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Fig. 8. Electron paramagnetic resonance spectra of five rock varnish samples (SA10 #9a, CA14 JC1, IS13 V2, AR14 Y1, CA13 AB2-2). A) spectra measured at room temperature (about
293 K) and with 0.23 mW. B) spectra measured at 90 K and with 0.22 mW. In all spectra, a Fe®> * peak can be observed at about 1500 G on the flank of the relatively narrow (5601200 G)

Mn absorption peak.

5.1.8. Calcium

In all rock varnishes investigated, Ca occurs together with Mn,
probably due to the ability of Mn oxyhydroxides to adsorb and
incorporate Ca. This was suggested by Raymond et al. (1993), who
had come to this conclusion on the basis of a positive correlation
between Mn and Ca in their bulk varnish samples. Our microanalytical
techniques allowed us to demonstrate this relationship more specifi-
cally by showing a high abundance of Mn and Ca at the same sites
within the samples. The STXM-NEXAFS element maps proved that Ca
and Mn are distributed similarly in the varnish, and that Ca is
incorporated into the Mn-rich matrix and does not occur as separate
mineral phases. Calcium can be adsorbed into inter-tunnel and inter-
sheet sites, it can replace Mn in octahedral sites, or fill vacant
octahedral sites in Mn oxyhydroxides. Therefore, in addition to the
option of applying Mn/Fe and Ba/Fe as paleoclimate proxies, Ca/Fe
layering within Type I varnishes might be suitable as well, since the Ca-
layers seem to be more pronounced than the Mn-layers, based on the
STXM-NEXAFS observations in this work (Figs. 9, 10, 11, and 12).

5.1.9. Stromatolitic features

Manganese stromatolites were described from a cave in Spain by
Lozano and Rossi (2012) and Rossi et al. (2010). A commonality of
some of the varnishes investigated here with these cave Mn stromato-
lites are the structures observed, such as dendritic layers that branch
upward and outward (Rossi et al., 2010). This description is especially
applicable to Fig. 2 F, and was also observed in Type II varnish.
However, the cave stromatolites had dimensions in the cm range, with
lamination thicknesses of 1-5um (Rossi et al., 2010), while in our
samples the structures have an overall thickness of only a few
micrometers. Type I varnish reveals laminated and stromatolitic
features. This combination resembles the so-called Taylor stromatolites
described by McLoughlin et al. (2008), who produced these structures
non-biogenically. They form by the accretion of colloids in a turbulent
air flow (McLoughlin et al., 2008).

5.2. Different types of rock varnish

Based on microanalytical studies, our study shows that the term
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Fig. 9. Element distribution maps obtained by scanning transmission X-ray microscopy. Maps and images of Type I varnish, sample CA14 JC-8. Scale bar represents 1.3 pm, image a) was
taken at 293 eV, b) is an overlay of Fe (red), Mn (green), and Ca (blue), c) is an overview image, d) a Mn map, e) a Ca map, and f) a Fe map. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

“rock varnish” requires further classification into different types,
related to their formation environment, microstructure, and chemical
composition (Table 5). We propose to subdivide rock varnish into Types
I-V. Typical characteristics of each type are provided in Table 5, and
additional images of each type and environmental surrounding can be
found in Fig. F of the Appendix.

5.2.1. Type I varnish

Type I varnish can be found in arid deserts and usually shows fine-
grained laminated structures (Fig. 2 A, B), with small (1-10 nm)
mineral dust particles. Some crusts reveal additional cauliflower-like
structures. Superelevated structures within the host rock surface
hamper the formation of layers (Fig. 2 E). Alternating Mn- and Fe-rich
layers, continuous and parallel to the host rock surface, might reflect
paleoclimate fluctuations. These layers were only clearly observable in
Type I varnish (Fig. 9). The thickest varnish and best-defined layerings
are observable in microbasins, i.e., small depressions on horizontal rock
surfaces. Next to Mn-rich layers, a second layering can be observed,
which seems to result from varying amounts of mineral grains with
different element compositions. These layers probably represent differ-
ent dust fluxes and sources. Type I varnish has a distinct element
composition, with high REE (Ce/Ce* = 1.5-3.8, Lay/Yby = 10.4-12.9,
Eu/Eu* = 0.6-0.7, total REE mass fraction 3200-11,200 ug g~ ') and
high Ba mass fractions. Cerium mass fractions are positively correlated
with Mn mass fractions (Fig. 6 a), and all samples show a positive Ce
anomaly (Fig. 7). Type I varnish shows EPR spectra that indicate the
abundance of hexagonal birnessite, which aged and transformed with
time (Fig. 8). The varnish coating is highly enriched in REEs compared
to mineral dust collected nearby (Fig. C, Appendix).

5.2.2. Type II varnish
Type II varnishes, collected in semi-arid deserts, have larger Fe-rich
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areas and large, rounded mineral particles (Fig. 2 I). They often show
upwards and outwards branching structures on the pm scale within the
profile, and no Mn layering is detectable at the 100 nm to pm scale. The
surfaces of these varnishes often reveal nodules grown on top of the
exceptionally thick crusts (up to 500 pm thick Mn-rich crusts). Manga-
nese, Fe, and Ca form rims around grains and cavities (Fig. 10-2). Rims
lining cavities might be an evidence for either mineralization from a
fluid, or dissolution and re-precipitation around a former feature, such
as a microbial cell. The element composition of Type II varnish is close
to that of Type I varnish (Fig. 4), but diverges for some elements, such
as Co, Cu, and Cr. A strong positive correlation exists between Ce and
Mn (Fig. 6 a), Ce is highly enriched (Fig. 4), and a positive Ce anomaly
was found in all samples (Fig. 7). The Ce vs Mn plot scatters more than
that of Type I varnish, and the Ce enrichment is lower for many
samples. This indicates a higher growth rate for some Type II varnishes
than for Type I varnishes. A fast growth is also indicated by the large
particles within the matrix (Fig. 2 I).

5.2.3. Type I varnish

Type III varnish, found in a semi-arid desert, shows cavities and
large (1-3 um) angular mineral grains within a Mn-rich matrix (Fig. 2
C, D). Iron is abundant in mineral grains (Fig. 11), in some cases also
contributing to the matrix composition, showing features following the
botryoidal Mn-layers. Type III varnish shows two distinct internal
structures: The first kind of Type III varnish contains large amounts
of ellipsoidal cavities within the varnish matrix (Fig. 11-2). Wavy
layering of the Mn-rich matrix can be observed, interspersed by chaotic
structures with large minerals, mineral grain “nests”, and cavities
(Fig. 2 C, D). The second kind has a dense Mn-rich matrix, lacking
features such as layers or cavities (Fig. 11-1). These two different kinds
of varnish features, both found within the same type of varnish, seem to
correlate with their position in the sampling site. Structureless, dense
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Fig. 10. Element distribution maps obtained by scanning transmission X-ray microscopy. Maps and images of Type II varnish. All images were obtained from sample TX FD 1. Scale bar
represents 3 um, Fig. 10-1 are overview images, Fig. 10-2 are close-up maps. Image a) of Fig. 10-1 was taken at 530.5 eV, b) is an overlay of Fe (red), Mn (green), and Ca (blue), c) is an
overview image, d) a Mn map, e) a Ca map, and f) a Fe map. Image a) of Fig. 10-2 was taken at 642 eV, b) is an overlay of Fe (red), Mn (green), and Ca (blue), c) is an overview image, d) a
Mn map, e) a Ca map, and f) a Fe map. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

varnish coatings were found on pebbles in the middle of varnish material, were collected on pebbles at the edges of the varnish patches.
patches. They are shiny black in appearance, with a strong luster. The It is likely that the difference in appearance is an aging phenomenon,
cavity-rich varnishes, showing botryoidal mats of Mn- and Ca-rich and that the structures change over time. This interpretation is in
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Fig. 11. Element distribution maps obtained by scanning transmission X-ray microscopy. Maps and images of Type III varnishes. Images of Fig. 11-1 show sample SA 14 09a, images of
Fig. 11-2 sample SA13 mM-f. Fig. 11-1: Scale bar represents 4 um, image a) was taken at 349 eV, b) is an overlay of Fe (red), Mn (green), and Ca (blue), c) is an overview image, d) a Mn
map, e) a Ca map, and f) a Fe map. Fig. 11-2: Scale bar represents 4 um, image a) was taken at 342 eV, b) is an overlay of Fe (red), Mn (green), and Ca (blue), c) is an overview image, d) a
Mn map, e) a Ca map, and f) a Fe map. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Element distribution maps obtained by scanning transmission X-ray microscopy. Images and maps of Type IV and V varnishes. Images of Fig. 12-1 show sample SC (Type IV),
images of Fig. 12-2 sample FM (Type IV), images of Fig. 12-3 show sample E Canal (Type V). Fig. 12-1: Scale bar represents 2.9 pm, image a) was taken at 637 eV, b) is an overlay of Fe
(red), Mn (green), and Ca (blue), c) is an overview image, d) a Mn map, e) a Ca map, and f) a Fe map. Fig. 12-2: Scale bar represents 4 um, image a) was taken at 530.5 €V, b) is an overlay
of Fe (red), Mn (green), and Ca (blue), c) is an overview image, d) a Mn map, e) a Ca map, and f) a Fe map. Fig. 12-3: Scale bar represents 3.6 pm, image a) was taken at 525 eV, b) is an

overlay of Fe (red), Mn (green), and Ca (blue), c) is an overview image, d) a Mn map, e) a Ca map, and f) a Fe map. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 5
Categorization of varnish types by structures and chemical composition.
Environment Structures Ce Ba Mn Pb Ce/Ce* Lan/Yby Total REEs

Type I Arid deserts Mat-like layers, intermitted by mineral nests ++ + +++ ++ ++ +++ +++ +++
Type I Semi-arid to arid deserts No layers ++ + + 4+ + 4+ ++ 4+ S+ 4+ F o+
Type III Semi-arid deserts No layers + + ++ + + - +
Type IV Urban areas No layers - + + +4++ - + -
Type V River splash zones Discontinuous layers - + — — — — +
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agreement with the increase of cavities within the matrix from the
varnish-rock contact up to the top of the aged varnish crusts (Fig. 11-1).
Type III varnish has very high Mn mass fractions (about 40%) and very
low Ba and Pb values. It can be distinguished from Type I, II, and V by
its Al/Ni vs. Mn/Ba plotting field, and from Type IV by the Pb vs. Mn
diagram (Fig. 6 b). The varnish grows from the soil-atmosphere-rock
contact upwards and downwards on the pebbles, and grows therefore
partially subsoil. All samples show a positive Ce anomaly. This varnish
has very low enrichment of REEs relative to mineral dust from the
adjacent soil, the highest enrichment was observed for Ce (Fig. C,
Appendix). Based on EPR measurements, a high fraction of hexagonal
birnessite was found, which might indicate an originally biological
genesis for this varnish type, with a more recent formation than for
Type I varnish (Fig. 8).

5.2.4. Type IV varnish

Type IV varnish collected from urban building facades shows
structures differing from all other varnish types, and differing for the
two samples within this one type. The two samples investigated seem to
have similar fast growth rates (um per a few decades), environmental
surroundings (city areas), and host rock substrates (sandstone). They
both appear as patches on building facades. However, the structures
observed within ultra-thin sections are dissimilar. In the sample from
the Freiburger Miinster (FM, Fig. 2 H) we observed thick, round
features that are encased by the Mn-rich matrix, resulting in a
botryoidal structure. A layering was observed in SEM images of this
sample (FM), but the layers are not based on differences in the Mn
abundance (Fig. 12-2). The other sample (Smithsonian Castle (SC),
Fig. 2 F) showed a structureless matrix with a high abundance of small,
angular mineral grains and cavities, and finger-like upwards branching
nodes building the upper varnish surface. Type IV varnishes show Fe
enrichment only in mineral grains (Fig. 10-1, 10-2). Even though their
structures differ significantly, the chemical composition of both samples
show very high Pb (0.2-1.4%) and very low Fe mass fractions. Type IV
can be distinguished from Type I and II by the Ce vs. Mn diagram (Fig. 6
a), and from Type IIl and V by the Pb vs. Mn plot (Fig. 6 b). The samples
showed a mixture of positive, absent, and negative Ce anomalies
(Fig. 7).

5.2.5. Type V varnish

Type V varnish, formed in river splash zones and first described by
von Humboldt, can be black or dull brown in color. Discontinuous
layers of Mn, Fe, and Ca are observable, however, they are not parallel
to the rock surface (Fig. 12-3). No major amounts of mineral particles
were observed in this type, in contrast to all other types of rock
varnishes. The element source of Type V varnish is presumably river
water, based on different plotting fields of samples collected at river
sites not far apart (Fig. 5). Due to this source, much lower Th, Cs, Rb,
and Ti mass fractions were observed compared to other varnishes.
Furthermore, major elements are significantly depleted relative to the
UCC (Fig. 4). The samples showed a mixture of positive, absent, and
negative Ce anomalies (Fig. 7). Type V varnishes have low Mn mass
fractions (3-8%) and grow rapidly (tens to hundreds of years to
thicknesses of about 5um) within river splash zones. They can be
distinguished from Type L, II, and III varnishes by the Al/Ni vs. Mn/Ba
plotting field (Fig. 5 a), and from Type IV by the Pb vs. Mn diagram
(Fig. 6 b).

5.2.6. Importance of categorization

Since a large number of publications used rock varnishes as
paleoclimate archives (Baied and Somonte, 2013; Dorn, 1988; Liu
and Broecker, 2007, 2008a, 2008b, 2013; Liu et al., 2013; Liu, 2003;
Liu et al., 2000; Zerboni, 2008), it is important to understand that only
Type I varnish is suitable to this task. However, Type I varnish cannot
only be used as paleoclimate archives based on element composition
changes between layers, it can also be used to macroscopically detect
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age differences between different petroglyph and geoglyph engravings
(Bednarik, 2009; Black et al., 2017; Eisenberg-Degen and Rosen, 2013;
Whitley et al., 1984), to reconstruct desert pavement evolution
(McFadden et al., 1989), or to retrace geomorphic processes in arid
landscapes by remote sensing (Farr and Chadwick, 1996; Gillespie
et al., 1984). Likewise, other rock varnish types might be utilized
applying these relative age controls, but more information about
formation rates and coloring needs to be collected beforehand for these
varnishes. Nevertheless, they can already provide other important
information. Type IV varnish, for example, might be an appropriate
tool to monitor heavy metal air pollution in urban areas, while Type V
varnish might inform about heavy metal pollution in river systems.

6. Conclusions

Based on microanalytical studies, we show that the term “rock
varnish” needs to be subdivided into more specific categories. Here, we
propose to subdivide rock varnish into five types. The combination of
“fingerprint” ratios (Mn/Ba, Al/Ni, Mn/REY, Mn/Ce, Mn/Pb, Lay/Yby,
and Ce/Ce*), total REE contents, internal features, element distribution,
and element composition can be used to distinguish the potential
paleoclimate archive Type I varnish from other rock varnishes
(Table 5). An original composition of hexagonal birnessite is suggested
for all Type L, III, and IV varnishes, based on EPR measurements, with a
higher fraction of birnessite, or a lower amount of transformations by
aging, for Type III varnish.

A high Ce/Ce* ratio and high REE enrichments are good indicators
for slowly growing varnishes that had a long accumulation time and are
therefore likely to be good paleoclimate archives representing long time
periods (Bau et al., 2014). We found these varnishes only in arid and
semi-arid deserts so far. However, not all varnishes falling into the
category Type I can be used as potential paleoclimate archive, as
samples showing steep topographies of the host rock surface are
inapplicable. It is clear from Alexander von Humboldt's description
that the first rock varnish recorded in the literature > 200 years ago
was a river splash varnish, presumably of Type V, and therefore quite
different from the dry rock varnishes that became the focus of later
studies. The differing chemical composition and structures suggest
different geneses for the different varnish types. This would also explain
the mystery of the large reported differences in growth rate and
thickness of rock varnishes described in the literature, as well as the
dissent about the biogenic or abiotic origin of rock varnishes.
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Appendix A

Fig. A. Secondary electron microscopy (SEM) images of a varnish sample from Saudi Arabia, Yatib, collected from an almost vertical surface. Fig. C a) is an backscattered electron image,
Fig. C b) is an EDX mapping of the element Mn. Layers are observable in both images.

Fig. B. Close up of marked area in Fig. C b).
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Fig. C. CI chondrite normalized rare earth element patterns of varnish and fine sieved (< 50 pm) dust samples. Type I varnishes (yellow) show a significant enrichment of REEs relative to
adjacent collected dust. Type III varnish (red) shows only a very small enrichment.
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Fig. D. Al/Ni vs. Mn/Ba ratio plot for dust fine fractions (< 50 pm) and dust coarse fractions (= 50 um, milled) from dust collected adjacent to varnish. Al/Ni and Mn/Ba dust ratios were

multiplied by fractionation factors of 0.2, and 9, respectively. The colored fields are the ranges where the corresponding rock varnishes plot for each equally colored dust sample. Purple,
pink, green, orange, and brown fields: Type I varnishes; red colored field: Type III varnish.
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Fig. E. Electron paramagnetic resonance spectra of five rock varnish samples. A) spectra measured at RT (293 K) and with 210 mW. B) spectra measured at 90 K and with 224 mW. In all
spectra, a Fe>* peak can be observed at about 1500 G on the flank of the relatively narrow (560-1200 G) Mn absorption peak.
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PEEE
Type IV varnish

Type V varnish

ik

Fig. F. Different varnish types from a collection site at a distance to close-up images. Images a, b, and c represent Type I varnish, images d, e, and f Type II varnish, images g, h, and i Type
III varnish, images j, k, and 1 Type IV varnish, and images m, n, and o Type V varnish. Images m and n were taken from the publication by Krinsley et al. (2012), from whom the samples
were obtained. Image a, d, g, j, and m show the geomorphic context, images b, e, h, k, and n were taken at about 1 m distance, and images c, f, i, 1, and o are close-up views of individual
samples. All images are only representatives for a certain Type. The Type I varnishes shown are samples from the Mojave Desert, Type II varnishes are represented by Texan samples, Type
III varnishes are South African samples (SA-2), Type IV varnishes are shown on the example of the Freiburger Miinster, Germany, and the Type V varnishes shown are samples from the
Erie Barge Canal region. All Type V varnish samples were provided by Barry E. DiGregorio.

Table 1
fs ICP-MS results of all samples, including the relative standard deviation (RSD).
CA-DV CA-JC
Element Isotope CA14 DV10 CA14 DV11 CA14 DV12 CA14 JC1 CA14 JC4 CA14 JC9 CA14 JC8

used
[ugg™'1 RSD [ugg "1 RSD [ugg 'l RSD [ugg '] RSD [ugg 1 RSD [ugg 'l RSD [ugg 'l RSD
[%] [%] [%] [%] [%] [%] [%]
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Na Na?® 3996 9 6251 53 12,626 33 3279 23 4912 47 11,871 40 874 39
Mg Mg® 12,833 19 15,117 31 12,913 24 19,636 24 14,493 29 10,978 20 15,085 22
Al Al% 99,401 12 101,653 9 90,414 12 111,806 5 90,491 18 111,871 10 78,465 17
Si Si%? 154,146 10 149,495 12 172,347 16 167,231 17 195,085 16 198,256 10 223,625 14
P p3! 7720 24 19,627 26 12,977 18 7693 28 6237 17 5354 23 13,065 27
K K3° 20,263 29 16,500 14 17,214 29 19,360 24 13,369 39 29,317 32 10,641 20
Ca Ca*® 11,573 24 22,460 37 37,534 25 13,695 26 10,519 21 7769 15 30,748 36
Ti Ti 3712 33 5423 24 3435 18 6166 40 3054 38 4208 35 7039 44
% Vol 227 18 180 17 157 32 208 11 165 19 157 15 454 38
Cr cr’s 66 38 59 33 40 26 78 21 59 30 58 9 118 16
Mn Mn>® 141,238 26 123,935 24 120,168 26 88,468 41 95,997 16 83,034 30 69,117 21
Fe Fe” 91,031 29 92667 14 71,724 20 99,729 20 82939 23 73501 15 79,626 11
Co Co>® 684 24 404 18 444 16 394 30 435 22 330 22 567 24
Ni Ni®® 372 23 225 32 214 16 328 20 250 22 223 8 523 21
Cu cu®® 370 32 141 26 145 21 267 27 229 16 239 43 299 17
Zn Zn%” 761 36 440 23 368 23 367 23 311 23 233 8 819 25
Rb RbH%® 124 20 103 27 99 17 134 21 88 36 182 42 61 14
Sr Sr88 732 30 745 24 1391 17 543 42 666 29 392 27 745 34
Y Vi 518 30 162 21 154 25 253 26 237 20 236 36 203 22
Zr Zr° 290 17 356 15 299 24 286 14 273 35 224 29 243 8
Cs Cs'32 14 27 11 35 91 27 13 14 86 30.5 9.1 35 4.2 11.2
Ba Bal3® 9826 30 7265 28 9953 20 8072 49 5369 34 3653 30 7334 18
La La'®® 1089 29 305 30 317 28 491 28 495 18 445 28 309 24
Ce Cel?0 3297 18 2010 34 1856 27 1751 28 2048 25 1817 23 1064 21
Pr pri#! 224 26 72 32 73 31 104 28 106 20 94 33 73 22
Nd Nd'#® 891 26 276 30 282 31 404 28 396 19 380 28 305 22
Sm sm'¥” 172 24 54 29 52 30 78 28 76 22 75 26 60 21
Eu Eu!®! 32 24 10 27 10 25 14 27 14 23 13 29 13 20
Gd Gas’ 164 26 47 26 47 27 70 27 67 24 71 28 55 22
Tb Th'>? 22 21 6.7 25 6.4 29 10 27 10 24 10 36 7.7 20.8
Dy Dy'é! 124 22 39 23 38 26 59 27 60 26 57 34 46 22
Ho Ho'%® 25 25 7.7 24 6.9 23 12 24 12 26 11 21 8.6 20.2
Er Er'®” 71 23 23 23 21 28 34 22 34 25 35 22 27 22
Tm Tm!®® 8.9 19 2.9 23 2.7 30 4.7 23 4.3 29.6 4.4 23 3.0 23.2
Yb Ybl73 58 16 17 22 17 28 28 22 27 25 28 26 18 21
Lu Lu'”® 8.2 16 2.6 21 2.6 27 4.4 19 4.1 25.0 4.0 28 2.7 22.1
Pb Pb208 3651 22 761 23 463 33 558 24 1342 36 1781 16 278 20
Th Th2%2 281 36 120 25 107 25 80 33 128 28 121 38 34 30
U u2ss 36 22 25 20 17 27 38 24 53 34 23 12 13 22
CA-AB IS SA-1
Element Isotope CA13 ABD-2 CA13 ABD-3 CA13 ABD-5 IS13 V3 SA10 #10 SA10 #11
used
[ugg~ 'l RSD [ugg~ 'l RSD [ugg~ 'l RSD [ugg~ 'l RSD [ugg~'1 RSD [ugg~ '] RSD
[%] [%] [%] [%] [%] [%]
Na Na?® 2149 41 593 52 937 35 2857 18 11,940 44 5049 14
Mg Mg?® 17,303 24 43533 45 29,954 35 15,895 20 7442 30 9087 14
Al A% 84,668 21 109,732 26 84,811 21 96,228 16 37,580 18 33,637 14
Si Si2° 222,301 17 195,011 18 196,353 5 211,422 19 182,893 32 142,189 20
P p3! 6021 31 789 24 4276 22 2920 23 3174 27 2878 17
K K3 13,193 50 71,939 10 11,671 35 13,060 15 18,728 35 24,969 15
Ca ca*® 23,241 36 3134 28 39,192 44 17,387 14 17,590 18 14,417 6
Ti Ti"” 5239 51 10,343 45 4433 24 4936 23 1770 41 2007 24
\% Vol 146 41 309 36 400 14 275 12 84 25 73 14
Cr cr 8.2 53.8 197 56 140 36 146 12 44 32 51 15
Mn Mn®>® 31,187 37 21,823 19 71,898 34 83,123 31 202,776 42 309,039 12
Fe Fe®” 96,513 33 98,189 43 100,235 16 90,403 14 35,077 31 28,462 22
Co Co®® 276 41 115 28 395 32 699 23 1308 47 1596 19
Ni Ni®° 113 42 175 40 274 22 513 30 268 32 286 24
Cu cu®® 120 26 93 20 325 32 189 25 151 28 90 22
Zn Zn®” 256 31 283 39 449 35 429 13 533 29 659 19
Rb RbH® 77 39 350 34 70 28 78 14 76 20 97 12
Sr Sr88 265 40 225 30 478 33 574 23 946 30 611 29
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Y Y% 61 32 13 23 158 28 171 21 108 31 79 18
Zr Zr° 60 47 29 32 85 19 270 13 92 22 67 20
Cs Cs'33 7.1 42.4 33 34 7.3 24 4.6 17 3.8 21 6.0 35
Ba Ba'%® 2721 31 12,806 34 9290 39 8986 26 1379 36 861 34
La La'® 94 31 74 31 274 33 235 21 45 25 25 21
Ce Cel?0 900 47 273 20 1118 46 1608 23 109 31 79 20
Pr pri#t 25 38 12 34 60 27 62 20 17 18 12 30
Nd Nd4® 93 39 35 32 232 26 253 21 87 11 68 28
Sm Sm'4” 18 34 6.7 35.2 45 25 54 20 25 14 20 28
Eu Eu!®! 41 33.7 2.0 22.0 10 24 12 21 5.4 21 4.6 27
Gd Gd'®” 16 33 7.0 34.4 50 26 51 20 30 26 23 21
Tb Tb'>° 2.8 42.8 0.9 28.8 6.3 24 7.0 20 4.9 26 3.4 20
Dy Dy'®! 15 34 4.7 30.1 36 24 42 22 26 28 19 22
Ho Ho'®® 2.7 34.1 0.91 2497 6.6 26 7.9 19 5.3 30 3.8 21
Er Er'®” 10 40 2.3 31.4 18 26 23 20 17 35 11 20
Tm Tm'%° 1.2 43.4 0.33 36.32 2.3 23 3.0 20 1.9 32 1.4 22
Yb Yb73 8.6 39.3 1.9 31.5 15 18 18 19 12 31 8.3 23
Lu Lu'7® 1.1 29.7 0.29 38.00 2.2 23 2.7 19 1.9 28 1.2 25
Pb Pb28 1075 41 582 33 1252 41 491 32 103 36 55 32
Th Th?32 8.3 39.3 6.2 29.5 24 26 27 25 16 31 13 33
§] U238 14 39 3.3 32.3 22 34 5.7 15 5.3 33 4.7 20
SC FM MT SA-2
Element Isotope Livingston FM965 MT SA14 DV05a SA14 DVO5b SA14 DV09a SA14 DV09b
used
[ugg™'1 RSD [ugg 'l RSD [ugg 'l RSD [ugg '] RSD [ugg '] RSD [ugg '] RSD [ugg 'l RSD
[%] [%] [%] [%] [%] [%] [%]
Na Na2® 3197 69 1839 42 717 37 1311 15 1146 18 1632 16 1104 32
Mg Mg?® 12,070 20 3515 34 14,025 7 4451 33 10,082 18 7190 32 12,428 17
Al A% 28,811 31 43563 26 93871 5 24,936 21 57,552 21 47,351 28 49,493 25
Si i 261,636 26 252,571 18 204,608 5 168,961 40 193,074 21 212,219 33 149,422 29
P p3! 357 20 25868 50 6798 21 3729 33 4154 19 4410 38 2939 11
K K3 5339 21 20,445 26 25800 6 28,141 38 31,064 21 23,034 32 27,144 15
Ca Ca*® 18,030 40 20,114 28 20,985 14 5295 33 5573 25 6514 28 12,644 17
Ti Ti*” 3077 41 1545 23 6465 11 881 27 3052 32 1340 44 3260 45
\% Vol 248 38 83 37 194 6 66 23 129 20 109 41 107 26
Cr crs 82 38 64 22 110 10 33 20 75 24 80 39 74 28
Mn Mn®® 80,650 41 77,108 39 84,442 11 286,141 32 195,456 28 219,989 25 259,669 32
Fe Fe7 41,345 39 29,124 30 84,010 10 18,290 20 48,982 19 55637 33 43,414 25
Co Co>® 187 17 525 71 731 14 1993 35 1471 18 991 23 733 17
Ni Ni®° 114 33 286 39 311 15 80 33 451 32 381 29 921 27
Cu Ccu®® 1177 55 328 28 178 8 91 31 271 31 305 39 350 41
Zn Zn®” 326 43 5000 36 2697 14 87 38 286 29 228 17 582 24
Rb RbH® 40 31 83 31 134 7 49 16 122 28 68 26 82 20
Sr Sr88 349 36 510 28 560 22 430 25 447 28 603 50 706 17
Y Y8 15 17 17 28 133 13 44 22 142 21 33 35 43 17
Zr Zr*° 36 26 35 38 168 18 34 28 137 27 90 31 91 34
Cs Cst®3 2.2 28 11 23 8.5 7 2.8 19 7.5 28 5.1 24 5.3 26
Ba Ba!®® 2537 28 1747 27 11,245 19 634 32 1473 35 832 53 987 25
La La'®® 41 42 20 51 204 15 25 16 62 33 21 31 36 34
Ce Cel?0 157 35 42 33 851 12 102 15 214 32 83 26 115 30
Pr pri# 6.2 44 5.3 48 57 13 9 16 20 27 8 39 12 26
Nd Nd'#® 30 42 20 41 230 15 45 21 107 27 37 38 53 25
Sm sm'¥” 4.6 22 46 36 47 12 12 24 31 29 10 34 14 23
Eu Eu!®! 1.2 54 1.1 28 11 14 2.4 26 6.1 26 2.2 35 2.9 19
Gd Gd's” 4.2 27 4.9 23 43 14 12 24 31 24 12 21 14 20
Tb Th!>° 0.70 34 0.73 37 53 12 1.9 29 5.1 25 1.6 20 2.2 21
Dy Dy'é! 3.3 39 44 37 29 10 10 29 30 23 10 36 12 20
Ho Ho'®®>  0.58 41 0.81 31 5.4 9 2.0 26 5.8 21 1.9 32 23 21
Er Er'®” 2.4 38 2.4 30 14 10 5.1 23 17 20 5.4 30 6.7 21
Tm Tm'®®  0.45 45  0.31 29 1.8 11 0.70 24 22 22 073 36  0.84 27
Yb Yb73 2.5 33 2.2 39 11 9 3.9 24 13 24 4.8 25 5.6 19
Lu Lu'”® 0.34 42 0.28 39 1.5 10 0.60 17 2.0 19 0.68 20 0.86 28

140



D.S. Macholdt et al. Chemical Geology 459 (2017) 91-118

Pb pb208 2762 24 8299 30 312 25 36 50 105 38 107 38 88 30
Th Th2%2 10 45 7.0 34 21 19 7.3 22 22 25 16 28 17 28
8] u2s8 3.4 47 3.3 23 12 11 2.6 32 7.1 25 10 37 5.1 24

AR-Y
Element Isotope AR14 Y5-3 AR14 Y4a AR14 Y3 AR14 Y2b AR14 Y2a AR14 Y1

used
[ugg™'1 RSD [ugg~ 'l RSD [ugg~'1 RSD [ugg~'1 RSD [ugg~'1 RSD [ugg~ 'l RSD
[%] [%] [%] [%] [%] [%]

Na NaZ 374 24 381 59 485 41 482 21 590 25 198 33
Mg Mg 18,441 19 7597 39 8887 40 12,180 35 5588 36 7950 48
Al Al% 101,429 9 47,063 25 83,164 35 69,475 25 63,915 43 80,198 29
Si Si%? 193,070 10 278,634 12 245,347 21 258,207 26 293,946 19 275,291 19
P p3! 8050 11 7931 29 21,096 44 6550 29 6310 35 9638 36
K K% 12,648 17 5726 31 5862 46 9922 33 5084 41 6843 44
Ca ca*? 13,979 24 20,745 25 33,491 47 11,437 37 9202 26 10,965 35
Ti Ti*” 7052 23 3243 45 2725 30 3706 27 2204 36 2856 54
Y Vol 267 11 189 33 170 37 235 34 208 35 169 33
Cr cr’s 134 13 62 36 65 37 108 29 67 43 66 44
Mn Mn®>® 80,700 21 49,700 64 50,234 42 41,654 19 47,755 43 43,227 49
Fe Fe” 104,729 12 60,066 35 52,641 37 70,527 22 53,060 32 56,718 44
Co Co*>® 625 20 579 5 267 26 377 38 433 43 528 42
Ni Ni®° 801 18 313 48 484 46 400 44 362 32 375 36
Cu Ccu®® 285 12 214 39 156 41 147 42 138 35 132 31
Zn Zn%’ 1143 13 540 42 781 41 288 43 217 34 226 16
Rb Rb%® 73 19 30 38 32 47 55 33 29 42 37 45
Sr Sr88 586 21 908 19 685 31 332 44 435 45 308 44
Y Y& 319 15 183 29 250 36 158 29 151 35 172 29
Zr Zr*° 333 18 258 22 163 34 226 24 196 26 216 21
Cs Cs'33 6.4 19 2.8 32 2.5 42 3.9 27 2.5 42 3.5 32
Ba Bal3® 4787 21 8683 39 6231 38 2229 35 2290 46 2078 41
La La'®® 472 14 372 20 324 25 209 35 207 36 208 29
Ce Cel#0 1401 22 1433 28 702 26 990 23 677 38 968 35
Pr pri4t 110 15 86 24 73 25 52 33 50 32 53 28
Nd Nd'4® 449 16 354 23 307 26 213 32 208 31 223 28
Sm Sm!'¥” 90 16 70 26 60 24 48 30 49 35 51 36
Eu Eu!™! 19 15 14 22 14 26 9 33 10 34 11 27
Gd Gats’ 82 15 61 18 59 26 40 25 42 34 45 30
Tb Th!>® 11 15 8.3 24 7.9 27 5.4 26 6.4 34 6.4 31
Dy Dy'¢! 67 15 37 47 45 29 34 30 37 31 38 28
Ho Ho'®® 13 16 7.1 37 9.0 27 6.7 28 6.8 32 6.9 24
Er Er'®” 35 14 18 35 32 34 18 25 23 35 23 29
Tm Tm!%® 4.7 16 2.4 22 3.1 33 2.2 19 2.5 31 2.1 25
Yb Ybl73 30 14 18 24 19 32 15 23 15 33 14 27
Lu Lu'7® 4.4 17 2.9 21 2.6 26 2.1 25 2.3 31 2.1 24
Pb pb208 312 25 626 23 312 43 250 29 228 33 191 36
Th Th2%2 43 17 38 48 21 40 25 28 27 23 34 25
U u2ss 21 16 7.1 41 17 34 11 22 12 31 13 33

AR-J
Element Isotope AR14J2-4 AR14 J2-3 AR14 J2-2 AR14 J2 AR14 J1 AR14 Jla

used
lugg™'1 RSD  [ugg 'l RSD  [ugg 'l RSD  [ugg 'l RSD  [ugg 'l RSD  [pgg '] RSD
[%] [%] [%] [%] [%] [%]

Na Na?® 443 20 499 24 734 47 846 39 273 38 408 32
Mg Mg?® 13,627 29 17,878 27 16,365 32 14,947 22 11,022 35 18,689 21
Al A% 66,167 46 87,870 19 64,398 22 78,201 17 68,222 32 90,252 25
Si Si%? 186,855 5 227,918 18 249,522 22 228,107 14 268,399 19 266,314 17
P p3! 24537 1 14,349 38 14,676 51 12,608 27 15,274 39 8554 28
K K3° 11,263 4 12,410 25 10,566 32 10,351 20 10,375 40 13,415 32
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Ca ca*® 40,814 16 33,798 37 26,332 35 29,809 36 18,317 37 8257 45
Ti TiY 5631 13 5571 32 3938 31 6637 44 4381 37 6677 24
\% Vol 186 55 233 19 209 25 435 38 193 29 163 25
Cr cr 88 46 113 24 99 19 117 16 93 37 116 28
Mn Mn®>® 67,552 54 54,303 15 49,295 37 67,731 21 48,351 46 33916 29
Fe Fe®” 63,960 52 74,003 17 61,379 28 77,730 11 58,363 31 66,414 23
Co Co®>® 524 48 383 16 381 16 563 24 341 47 251 42
Ni Ni®° 588 39 610 34 438 36 489 21 427 30 321 34
Cu cu®® 136 56 187 16 180 32 279 17 129 44 168 31
Zn Zn®” 1006 26 774 35 653 34 793 25 588 47 474 25
Rb RbH® 57 53 76 27 63 29 60 14 60 35 69 32
Sr Sr88 687 39 734 20 700 36 749 34 460 35 234 33

Y Y% 192 49 189 16 167 28 200 22 157 25 114 30
Zr Zr*° 182 55 221 19 216 31 242 8 202 38 180 24
Cs Cs'33 4.5 47 6.5 32 5.1 29 4.2 11 4.3 32 5.6 21
Ba Ba'3® 6535 48 3958 29 5862 44 7482 18 4920 57 1931 30
La La'® 327 42 277 15 260 29 304 24 217 25 128 30
Ce Cel?0 1134 42 808 17 778 16 1066 21 691 30 387 48
Pr pri#t 78 45 65 14 58 32 72 22 50 30 31 34
Nd Nd4® 313 46 270 13 239 32 300 22 206 29 131 32
Sm Sm'4” 62 45 53 12 46 33 59 21 41 30 28 31
Eu Eu!>! 14 45 12 11 10 30 13 20 8.8 29 6.3 33
Gd Gd'®” 64 44 51 11 45 30 55 22 39 29 27 33
Tb Tb!>® 7.9 50 6.8 11 5.7 33 7.6 21 5.1 30 3.8 36
Dy Dy'¢! 46 50 39 13 34 31 45 22 30 32 23 33
Ho Ho'®® 8.2 51 7.8 10 6.5 32 8.5 20 5.9 28 4.7 33
Er Er'¢” 21 51 25 10 20 31 26 22 15 28 13 32
Tm Tm'%° 3.0 47 2.6 15 2.3 34 3.0 23 2.0 32 1.7 31
Yb Yb73 18 51 17 14 14 32 17 21 13 30 11 31
Lu Lu'7® 2.6 41 2.4 17 2.0 34 2.7 22 2.0 33 1.6 33
Pb Pb28 478 4 376 25 434 34 291 20 156 19 102 48
Th Th?32 37 31 22 24 24 39 35 30 21 40 19 25
§] U238 11 38 16 23 13 18 13 22 12 15 11 33

TX FD
Element Isotope TXFD 1 TX FD 2 TX FD 3 TX FD 4 TXFD 5 TX FD 6 TX FD 7
used
[ugg™'1 RSD [ugg~ '] RSD [ugg™ 'l RSD [ugg 'l RSD [ugg 'l RSD [ugg '] RSD [ugg '] RSD
[%] [%] [%] [%] [%] [%] [%]

Na Na?® 3668 36 1059 26 403 16 1962 39 5039 23 5776 45 4198 36
Mg Mg?® 6408 26 8978 26 8034 17 6532 32 2720 40 6775 45 3447 47
Al Al% 80,849 18 40,675 19 89,833 11 69,068 30 75923 9 72,262 29 82208 17
Si Si%° 200,653 14 62,855 17 120,040 12 171,717 11 244,737 13 230,105 18 241,112 22
P p3! 4821 43 2953 7 9608 21 6571 30 4611 40 2212 48 5563 39
K K3 32,085 17 10,344 23 15,091 12 27,352 26 40,288 20 25638 32 32,824 37
Ca Ca*® 13,090 30 17,731 21 12,370 20 9003 24 4601 32 10,248 40 3732 31
Ti Ti 3224 37 1155 27 5250 23 4879 39 5613 52 5145 29 3486 35
\% Vol 24 35 352 11 123 16 50 46 36 39 114 33 52 43
Cr cre 7.5 37 47 36 45 18 33 29 5 67 23 37 19 37
Mn Mn®® 109,688 32 402,117 6 203,053 20 145,729 17 48,148 34 43269 50 57,031 49
Fe Fe7 65,938 43 38903 15 99,958 20 114,244 23 76,479 26 135430 45 65987 34
Co Co>® 77 36 50 24 469 17 28 51 76 43 118 54 129 44
Ni Ni®° 48 32 132 22 176 18 59 35 48 46 59 39 27 13
Cu cu®® 47 42 231 14 124 21 90 22 35 33 63 39 44 34
Zn Zn®” 4364 23 741 15 2144 28 728 42 914 18 1148 40 933 45
Rb RbH®® 178 15 30 21 94 15 188 22 152 13 174 33 174 32
Sr Sré8 375 29 1797 23 431 21 315 22 91 25 127 45 137 38
Y Y8 159 26 62 13 105 10 95 42 154 22 145 24 123 42
Zr Zr° 308 47 1161 29 379 22 1076 53 2193 46 1359 34 536 48
Cs Cst33 4.3 29 3 26 10 15 12 17 4 31 6 40 5.8 40
Ba Ba'®® 2711 32 39,724 11 10,419 21 9884 23 1141 52 3907 43 1804 57
La La'®® 132 22 208 12 185 13 112 43 206 29 234 38 159 37
Ce Cel?0 1229 32 2910 22 1622 12 993 31 593 30 1419 49 799 29
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Pr pri# 31 25 43 14 48 11 27 46 43 29 53 36 39 33
Nd Nd'#® 118 28 168 12 193 12 122 42 179 29 204 33 149 34
Sm sm'¥” 25 25 35 13 41 16 27 44 37 36 40 35 29 29
Eu Eu!®! 2.5 29 1.7 15 6.2 13 2.7 45 3.4 35 3.3 38 2.6 44
Gd Gas’ 26 27 27 14 36 20 34 26 34 21 33 33 29 36
Tb Th!>® 3.9 24 34 20 49 15 3.6 39 46 21 4.8 30 4.2 37
Dy Dy'®* 26 23 21 22 29 19 23 43 30 26 32 24 28 40
Ho Ho'%® 5.1 23 35 13 5.4 21 4.2 42 6.0 25 6.3 23 5.7 40
Er Er'®” 16 28 8 10 14 12 14 24 20 24 20 21 16 36
Tm Tm!®® 24 33 1.2 10 2.1 11 2.2 41 3.0 30 3.0 31 2.2 33
Yb Yb73 17 38 8 8 14 21 15 46 16 25 21 23 15 31
Lu Lu'”® 2.3 40 1.3 15 2.0 21 2.2 44 2.5 13 3.0 24 2.4 31
Pb Pb2® 505 33 242 42 1133 36 40 49 259 32 1019 34 706 41
Th Th2%2 29 37 13 40 66 16 24 38 32 37 38 30 44 31
8] u2ss 4.8 36 5.4 11 7.3 23 49 40 4.4 32 6.1 26 8.8 32
R River E Canal AZ AC
Element Isotope used R River E Canal AZ AC
lngg™ 'l RSD [%] lugg 'l RSD [%] lhgg 'l RSD [%]
Na Na23 2217 33 183 26 2771 28
Mg Mg?® 7381 25 5748 32 10,360 19
Al A% 43,671 11 15,203 31 83,323 15
Si Si%? 193,715 11 332,471 14 176,003 18
P p3! 11,946 23 3284 24 20,120 20
K K3° 7718 27 4509 33 20,368 24
Ca Ca*® 36,012 26 18,895 31 16,400 26
Ti Ti 1098 23 444 35 3868 24
\Y% vl 122 20 42 32 104 19
Cr cre 35 16 15 34 29 24
Mn Mn>® 30,078 18 81,067 34 133,323 33
Fe Fe®’ 229,473 10 16,306 31 76,860 22
Co Co®® 31 18 103 33 690 27
Ni Ni®° 80 32 782 34 171 24
Cu cu®® 526 37 600 27 724 31
Zn Zn®%’ 1114 22 1603 23 1249 33
Rb Rb®® 22 23 18 34 96 23
Sr Sr88 272 36 369 28 571 23
Y Y80 153 13 40 24 113 20
Zr Zr° 26 24 34 22 235 26
Cs Cs'33 1.2 34 0.74 28 16 26
Ba Ba'®® 1500 31 2021 36 9973 34
La La'®® 103 13 26 27 215 26
Ce Cel40 137 15 73 39 1425 32
Pr pri4 26 13 8.9 34 55 25
Nd Nd'4® 120 14 39 33 200 25
Sm Sm!'¥” 27 15 8.9 27 39 21
Eu Eu'®! 3.5 14 2.4 33 7.5 21.6
Gd Gd'™” 29 15 10 27 34 22
Tb Th!%° 3.9 14 1.6 32 4.8 22
Dy Dy'¢! 25 13 8.5 29 28 23
Ho Ho'®® 5.2 13 1.6 27 5.1 21
Er Er'®” 16 14 4.5 36 16 21
Tm Tm!%° 2.2 13 0.51 22 1.9 22
Yb Yb!7® 14 16 3.4 24 13 23
Lu Lu'7® 2.2 17 0.57 27 1.9 22
Pb Pb208 182 17 311 42 1988 39
Th Th?32 6.7 15 2.8 29 58 30
U u2s 1.7 27 1.8 30 5.2 28
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Abstract

Black manganese-rich crusts show a worldwide abundance on fagades of historical buildings. In this study
they were exemplarily studied on the fagade of the Freiburger Miinster (Freiburg Minster), Germany, and
measured in-situ by portable X-ray fluorescence (XRF). The XRF was calibrated to allow the conversion from
apparent mass fractions to Mn surface density (Mn amount per area), since portable XRF mass fraction meas-
urements from thin layers violate the assumption of a homogeneous measurement volume. Additionally, 200
nm femtosecond laser ablation-inductively coupled plasma-mass spectrometry (fs LA-ICP-MS) measurements,
scanning transmission X-ray microscopy-near edge X-ray absorption fine structure spectroscopy (STXM-
NEXAFS), Raman spectroscopy, and imaging by light microscopy were conducted to obtain further insight into
the crust material, such as biogenic contributions, element distributions, trace element compositions, and

available functional groups.

Crusts appear as black patches distributed in many places on the minster’s facade, but Mn-rich crusts (with
a Mn surface density >150 ug cm’z) are restricted to a maximum height of about 7 m. The only exceptions are
those developed on the Renaissance-Vorhalle (Renaissance portico) at a height of about 7.7 m, a part of the
facade, which had been cleaned and painted with a silicon resin as recently as 2003. These crusts thus accumu-
lated over a period of only 12 years. Yet, they are exceptionally Mn-rich with a surface density of 1360 ug cm?,

and therefore require an accumulation rate of about 100 pg cm”? Mn per year.

Trace element analyses support the theory that vehicle emissions are responsible for most of the Mn sup-
ply. Lead, barium, and zinc correlate with manganese, indicating element sources such as tire material, brake
pads, and resuspended road dust. Microscopical investigations show no organisms on the Mn-rich crusts. In
contrast, Mn-free black crusts sampled at greater heights (>8 m) exhibited fungal and cyanobacterial encrusta-
tion. Carbon-rich spots were found by STXM-NEXAFS underneath one of the Mn-rich crusts. However, these
carbon occurrences originate from soot and polycyclic aromatic hydrocarbons (PAHs) deposited on top of the
crust, rather than from organisms responsible for the crusts formation, as shown by STXM-NEXAFS and Raman
spectroscopic measurements. Our results suggest that the crusts develop abiogenically, with vehicle emissions

as dominant element sources.
Keywords:

manganese crusts; portable XRF; Freiburger Miinster; rock varnish; vehicle emission; manganese deposition

mechanisms

1. Introduction

Historic buildings and monuments in urban areas often show extensive dark or black discolorations, which
affect their aesthetic appeal and whose restauration can have considerable economic implications (Newby et
al., 1991). Up to recently, most of these blackened areas were thought to be formed by the accumulation of
soot, which on carbonate building materials is often incorporated into a matrix of gypsum. The main source of
the soot can be traced back to fossil fuel combustion, which depending on the time and place concerned may
be dominated by coal burning, diesel engines, and other activities (Bonazza et al., 2007a; Bonazza et al., 2005;
Brimblecombe and Grossi, 2009; De Oliveira et al., 2011; Grossi and Brimblecombe, 2002; Grossi and Brim-
blecombe, 2008; Pio et al., 1998; Ruffolo et al., 2015; Saiz-Jiménez and Hermosin, 2004).
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Figure 1: The Freiburger Munster (Frelburg Minster), Freiburg, Germany.
The minster, which was built from around 1200 to 1513, is a well-known
cathedral belonging to the Freiburg archdiocese. (Image credit: Von Oberth,
CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=1158443)

The gypsum layer develops due to the sulfur dioxide (SO,) released in the course of fossil fuel combustion,
which can either react directly with the carbonate material or after its oxidation to sulfuric acid in the atmos-
phere (Bonazza et al., 2005; Brimblecombe and Grossi, 2009; Grossi and Brimblecombe, 2002; Ruffolo et al.,
2015). Colored organic compounds incorporated into the coatings can result in brownish or yellowish discolora-
tions (Bonazza et al., 2007a; Brimblecombe and Grossi, 2009; Grossi and Brimblecombe, 2008). More recently,
the growth of cyanobacteria (Bonazza et al., 2007b; Uchida et al., 2016), bacteria (Miller et al., 2012), and fungi
(De Oliveira et al., 2011; Gorbushina et al., 1993; Saiz-Jimenez et al., 2012; Viles and Gorbushina, 2003) was
also implicated in the discoloration of exposed stone materials.

However, in the last few years it was found that some black crusts are actually Mn-rich coatings (Grissom
et al., 2014; Griiner, 2011; Livingston et al., 2016; Uchida et al., 2016; Vicenzi, 2016) with an as yet unknown
genesis. These black crusts in urban open areas lack identifiable biogenic structures (Grissom et al., 2014; Liv-
ingston et al., 2016; Vicenzi, 2016) and are thus dissimilar to Mn-rich crusts found in cave environments, which
were often found to be of biogenic origin (Frierdich et al., 2011; Miller et al., 2012; Saiz-Jimenez et al., 2012;
White et al., 2009). Manganese-rich coatings on facades of buildings of historical interest are often found on
siliceous stones, such as quartz-based sandstones, in contrast to the soot-rich crusts on limestones, marbles, or
calcareous sandstones (Bonazza et al., 2007a; Bonazza et al., 2005; Brimblecombe and Grossi, 2009; Grossi and

Brimblecombe, 2002; Grossi and Brimblecombe, 2008). Grossi and Brimblecombe (2002) report that quartz-
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based sandstones behave differently from limestones and marbles, since they are resistant to sulfur-based
acids in the air and they “tend to become dirtier in rain-washed areas than in sheltered areas”.

Such Mn-rich coatings were described for the Freiburger Minster, Freiburg, Germany (Fig. 1) by Griiner
(2011). They had also been observed on several other buildings of historical interest, such as at the church in
Stodtlen, Germany (Griiner, 2011), the Smithsonian Institute in Washington D.C., USA (Grissom et al., 2014;
Livingston et al., 2016; Vicenzi, 2016), and the Khmer temples in Cambodia (Uchida et al., 2016), indicating the
worldwide abundance of these crusts. Manganese-rich crusts on historical buildings are not only found on
sandstone building blocks, but also on laterites and bricks (Uchida et al., 2016). No systematic association has
been observed between the surface roughness of the building blocks and crust development, neither on the
Freiburger Minster, nor on the Smithsonian Castle (Vicenzi, 2016). Furthermore, the patches are most abun-
dant on the building blocks themselves, and only to a lesser extent on the mortar between them. The crusts
seem to start growing on the sandstone and only cover the mortar in cases when the crusts span several
blocks, an observation also made at the Smithsonian Institute (Vicenzi, 2016).

As these patches disfigure the appearance of the buildings, attempts were sometimes made to seal and
protect the building blocks by painting them with various coatings or sealants. At the Freiburger Minster, es-
pecially manganese-rich crusts have been found on the Renaissance-Vorhalle which was built in 1620. This
addition to the minster was painted with a hydrophobic, diffusion-open silicon resin paint during restauration
work in 2003 (Griiner, 2011), which might have created conditions particularly suitable for Mn-crust growth.
Another part of the minster, the Schopfungsportal (creation portal), was painted with a pore-closing silicic acid
ester on several areas. Black crusts grew at these locations within only about four years. The Schépfungsportal
is of specific interest because of existing photographic documentation spanning the last 100 years. It appears
that the applied coatings have actually facilitated the growth of the black crusts, hence it is of importance to

understand their genesis and formation mechanisms before considering further restoration measures.

This study aims to investigate the chemical composition of these coatings, their distribution on the cathe-
dral surfaces, their formation mechanisms, and the source of the Mn at the example of the Freiburger Minster.
The minster, which was built from around 1200 until 1513, is a well-known cathedral belonging to the Freiburg
archdiocese. Black crusts at the minster were investigated and mapped up to a height of about 30 m. Their
chemical composition was obtained using a portable XRF, a non-destructive technique very suitable for historic
buildings and artefacts. In addition, we investigated two samples by optical microscopy, 200 nm fs LA-ICP-MS,
Raman spectroscopy, and STXM-NEXAFS, to obtain major and trace element compositions, reveal structures,
determine the presence of organisms, and investigate carbon functional groups and carbon abundances within

the crusts.

2. Material and methods

The Freiburger Minster was investigated at different sites and heights (Fig. 2). Measurements were taken
at the Joch 12 S at the Chor (0.5 m height), at the Sterngalerie-Nische south-side (1.5 m height), below the
Renaissance-Vorhalle (no silicone resin paint, about 1.5 m height), and at the Schépfungsportal north-side (2 m
height), at the south/east Facade of the “Sterngalerie am Hauptturm” (1.5 m height), at the pillar 2/3 north-
side Sockelbereich (1.5 m height), at the Strebepfeiler 13/14 S (7 m height), at the Renaissance-Vorhalle (south-
side) on the gallery (about 7.7 m height), at the Strebepfeiler 14/155(5m, 7 m, 11 m, 15m, 17 m, 19 m, and
21 m height), at the Joch 15 N on the Kapellenpfeiler (13 m height), at the Hochchorpfeiler 11/12 N (13 m
height), at the Strebepfeiler 10/11 N (13 m height), at the Hochchorwand Joch 13 (13 m and 25 m height), at
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the southern Hahnenturm (28 m height), at the Sterngalerie east-side (28 m height), and at the Hauptturm (30

m height).

=i |
QoA iy
T

puvar— . \ T e
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Figure 2: The South Facade of the Freiburger Miinster (a), a cross section (b), and the
Haupttum (c). Marked in red are the main locations where measurements were con-
ducted. (Image credits: Freiburger Miinsterbauverein)

Additionally, the building stones were investigated using samples of clean, unexposed rocks to obtain their

Mn content (Table 1). The materials from different quarries used as building block resources were Loret-

toberger, Heimbacher/Tannenbacher, Schweinstatter, Pfinztéler, Pfaffenweiler, Neckartaler, Fischbacher, and

Almendsberger sandstone (Fig. 3, Table 1). The sources of some sandstones are not known, one of them a ref-

erence sample called AA1, as well as the sandstone used to build “Chor Nord” and “Turm S-W” (Table 1).

Table 1: Portable XRF measurements of the building blocks from several different quarries. The numbers in the first
column correspond to the numbers in Fig. 2.

# on image

Quarries and descriptions

MnO [%]

1

2
3()
3 (b)
3(0)

O© 00 N o v

13 (a)
13 (b)
14
15
16
17

AA1

Above Schopfungsportal 0-4.1
Lorettoberger 0-1.3 light colored side
Lorettoberger 0-1.3 dark red side
Lorettoberger 0-1.3 brown vein
Lorettoberger 0-1.5

Lorettoberger 0-1.9
Heimbacher/Tannenbacher 0-3.2
Heimbacher/Tannenbacher 0-3.1
Heimbacher/Tannenbacher 0-2.2
Heimbacher/Tannenbacher 0-2.1
Schweinstétter

Pfinztéler S 1.1

Pfaffenweiler 0-5.1

Neckartéler A 12.2

Neckartéler A 12.1 on clay filled puddle
Fischbacher 0-7.1

Almensberger A 2.3

Chor Nord

Turm S-W

<0.015
0.088
0.042
<0.015
0.041
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
0.074
<0.015
0.047
<0.015
0.134
0.035
<0.015
<0.015
<0.015
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18 Yellow Tennenbacher, medieval 0.032

18 17 16

Figure 3: Sandstone samples from the different quarries that were
used as sources for the building materials for the Freiburger Miinster
during its construction and restoration. The numbers correspond to
the measurement results in Table 1.

A portable XRF (Thermo Fisher Scientific Niton XL3) was used to investigate the black patches on the Frei-
burger Minster, especially for the MnO content and the patch distribution. Similar instruments have been used
previously for this type of measurements because of their portability and non-destructive operation (Livingston
et al,, 2016; Uchida et al., 2016; Vicenzi, 2016). Measurements were conducted in the “mining” mode, and
measurements with each filter were integrated for 20 s. The instrument is equipped with an X-ray source with
an energy of 50 keV, a silver anode, and has a spot size of 8 mm. For quality control, the reference material

TILL-4 (GeoReM database http://georem.mpch-mainz.gwdg.de) was measured before and after each XRF

measurement sequence, as well as between each sample for the calibration curve measurements. A total of
one hundred measurements were made on various parts of the Freiburger Miinster. The results directly de-
rived from the measurements on the uncoated sandstones are valid as measure of the Mn concentration in the
rock, since sandstones are relatively homogeneous. However, the measurements on the black crusts had to be
calibrated differently, since X-rays are produced and scattered back from different depths. Many authors pro-
vide the measurement results of thin layers as they were read directly from their portable XRF instrument (Liv-
ingston et al., 2016; Uchida et al., 2016). Nevertheless, these authors also state that their numbers are not
actual concentrations, but provide relative estimates suitable for comparison only (Uchida et al., 2016; Vicenzi,
2016). The depth from which information can be retrieved depends on the atomic number of the element of
interest, as well as on the composition of the matrix material, which is in this case the crust and a certain depth
of the rock behind it.
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Figure 4: Calibration curve produced by linear fit to obtain Mn surface densi-
ties (masses per area) from measurements by portable XRF. The four blue
squares are measurements from leaching experiments using rock varnish
crusts. The red symbols represent the measurements obtained from a Mn
standard foil produced by Micromatter™ in air (hexagon), with a quartzitic
background material (circle), and with a basaltic background material (tri-
angle). The measurement of the foil in air was excluded from the fit since it
does not represent the conditions of a Mn-crust on a host rock.

To obtain a calibration curve appropriate for the Mn coatings, we used four Mn-covered rock samples (rock
varnishes from California). Squares cut from these rocks were used to obtain crust-covered surfaces between
4.38 and 6.25 cm?. The exact surface areas were determined utilizing the software Imagel. The Mn-rich crusts
were measured by portable XRF on 21 different spots on each rock used for calibration, since the thickness of
the crust varies across the rock surface. An average value was taken for the calibration. Additionally, the under-

lying rocks on the backside of the squares were measured to obtain the MnO contents of the host rocks.

The crusts were dissolved off the rock surface by treatment with 0.02 M hydroxylamine hydrochloride at a
pH of 2.5 and a temperature of 70°C. The solution was evaporated and the procedure repeated several times
until XRF measurements on the formerly MnO-covered surface gave values similar to those of the host rock.
The solution was heated until the dissolved crust material precipitated, the precipitate was weighed and dis-
solved in 2% HNOs. This solution was measured by ICP-MS (Agilent 7900 ICP-MS) for its Mn content, with Rh as
internal standard element. The reference materials BHVO-2 and BCR-2 (GeoReM database

http://georem.mpch-mainz.gwdg.de) were additionally measured for quality control. The Mn surface density

(i.e., the amount of Mn per surface area) was calculated using the sample surface area and mass of Mn in the
sample obtained from the dilution factor and the Mn mass fractions measured by ICP-MS. In addition to the
calibration values derived by this method, we also used a standard foil from Micromatter™ with a Mn loading
of 104.7 pg cm™. The Mn K-a count rate (peak height) obtained by the XRF from this standard foil, showed
significant differences depending on whether it was measured in air or with a rock slice (basalt or quartzite)
behind it (Fig. 4). We consider the values obtained with the rock backings as the most appropriate for our
measurements on Mn crusts. Plotting the Mn surface density against the Mn K-a count rate of the four rock
varnish samples and the standard foil with the rock backings, we obtained a calibration curve (Fig. 4). Our re-
sults are in accordance with previously published numbers of 150-300 ug cm™ Mn on varnish crusts measured
by Reneau (1993).
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Figure 5: Plot of the peak height of Mn K-a versus the apparent Mn concen-
tration reported by the portable XRF.

Since the portable XRF reports its results in the form of an apparent concentration rather than as count
rates, we evaluated the relationship between count rate and reported concentration (Fig. 5). We found that as
long as long as the host rock matrix is more or less the same (sandstone in our case), the correlation is excel-
lent, and the apparent concentrations can be used for convenience to convert the XRF measurements into
surface densities. On the other hand, our measurements with the standard foil indicated a significant influence
of the host rock matrix. Calibrations using host rocks similar to the samples, and use of the count rates ob-

tained from the spectra, are required for accurate results.

In one sample, J12SC, taken from Joch 12S at the Chor at 0.5 m height, 39 elements were measured by a
200 nm fs LA-ICP-MS (a ThermoFisher Element 2 single-collector sector-field ICP-mass spectrometer combined
with an ESI 200 nm fs laser ablation system NWRFemto) to obtain accurate mass fractions of major and trace
elements with low detection limits. As reference materials, GSE-1G and NIST 610 (GeoReM database

http://georem.mpch-mainz.gwdg.de) were chosen. Laser ablation was conducted in a New Wave Large Format

Cell in a He atmosphere. All measurements were conducted in medium mass resolution mode (2000) with flat-
top peaks. The sample was introduced as thick-section (70 um) of the cross section of the crust. After pre-
ablation the sample was scanned via line scans along a profile from the underlying rock through the varnish
into the embedding resin. To normalize the data, the oxides of the major elements (Na,0, MgO, Al,O;, SiO,,
P,0s, K,0, Ca0, TiO,, Mn0O,, and Fe,0;) were assumed to add up to 98 %. By this method, the procedure is
reproducible and easily recalculated if future measurements are able to provide the exact amount of water and

organics within the crusts.

Furthermore, sample J12SC and reference compounds were investigated by STXM-NEXAFS with the X-ray
microscope at beamline 5.3.2.2 at the synchrotron Advanced Light Source (ALS), Berkeley, CA, USA, and with
the MAXYMUS microscope at the synchrotron BESSY Il, Helmholtz-Zentrum Berlin, Germany, to obtain element
distribution maps and to study the functional groups of the carbon distributed within the sample. A description
of the STXM-NEXAFS technique can be found in Moffet (2011). Since STXM-NEXAFS is a transmission light
method and requires samples of a thickness of about 100 nm, focused ion beam (FIB) sputtering (milling) was
performed at the Max Planck Institute for Polymer Research (Mainz, Germany) using a Nova600Nanolab FIB

dual-beam instrument of FEI to prepare an ultra-thin section of the sample (50 um x 30 um x 150 nm). Details
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on the X-ray microscopes can be found in Kilcoyne et al. (2003) as well as Weigand (2014) and Follath et al.

(2010). The STXM measurement and sample handling techniques are described in Péhlker et al. (2012).

The same sample was used to conduct conventional Raman spectroscopy. Raman spectra were obtained
using a Bruker Senterra Instrument at the Max Planck Institute for Polymer Research (Mainz, Germany). The
measurements were made with a 785 nm laser and an objective of 50x magnification. The spot size was about
2 um, 2 acquisitions were chosen, and an aperture of 5 x 1000 um. The spectral range from 0-3500 cm ™ was
measured with a resolution of 3-5 cm™. The power was increased from 1 mW, over 10 mW, up to 25 mW, and
exposure times between 90 and 180 s were chosen, using the settings published by Sadezky et al. (2005) for
orientation. Since the sample was very thin (100-200 nm), the high power settings eventually destroyed the
sample. To validate the data, additional measurements were conducted on an unprocessed piece of sample
J12SC, with 10 mW, an objective of 20x magnification, and a spot size of about 4 um. The same bands were
detected at the same wavenumbers, indicating that the bands were not produced by degradation of the sam-
ple material by the laser. Baseline correction was performed with the software OPUS 7.5 Senterra E. A concave
rubberband correction with 10 iterations for 64 baseline points was conducted. Uncorrected raw spectra are

provided in Fig. A of the appendix.

3. Results and discussion

3.1.Sandstones as possible source of Mn

Measurements were conducted to obtain an overview over the Mn abundances in the materials used for
the construction of the minster (sandstones) (Table 1) and the presence of Mn in the crusts on the minster’s
facade (Table 2). Several bare sandstones were measured at the facade, as well as freshly-cut sandstone sur-
faces from several quarries that had been used as sources for the sandstone blocks of the minster. The sand-
stone matrix measurements revealed MnO mass fractions between <0.015% (below the detection limit) and
0.088%. Small clay lenses (up to 1 cm in diameter) within one sandstone sample had MnO mass fractions up to
0.134% Mn.

Table 2: Portable XRF measurements of the Freiburger Miinster facade. Several measurements were taken at each loca-
tion, only the highest values are given.

maximal XRF percentages

Location received (% MnO) peak height Mn-Ka | Mn per area [ug cm™] | height above ground [m]
J12SC, Joch 12 S-Chor 3.36 148.76 595 0.5
S-E Facade Sterngalerie am Hauptturm <0.015 n.d. n.a. 1.5
Pillar 2/3 north-side Sockelbereich 3.36 156.19 631 1.5
Sterngalerie niche, south-side 0.027 2.88 n.a. 1.5
Below the Renaissance Vorhalle 3.45 149.91 600 1.5
Schopfungsportal north-side 2.62 114 425 2
Strebepfeiler 14/15 S 1.43 63.73 180 5
Strebepfeiler 14/15 S 1.52 66.77 195 7
Strebpfeiler 13/14 S 1.55 74.81 234 7
Rennaissance-Vorhalle 6.98 305.3 1357 7.7
Strebepfeiler 14/15 S <0.015 n.d. n.a. 11
Joch 15 N, Kapellpfeiler <0.015 n.d. n.a. 13
Hochchorpfeiler 11/12 N <0.015 n.d. n.a. 13
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Strebepfeiler 10/11 N <0.015 n.d. n.a.
Strebepfeiler 14/15 S <0.015 n.d. n.a.
Strebepfeiler 14/15 S, west-side of column <0.015 n.d. n.a.
Strebepfeiler 14/15 S, east-side of column <0.015 n.d. n.a.
Top of the Strebepfeiler 14/15 S <0.015 n.d. n.a.
Strebepfeiler 14/15 S towards Hochchor <0.015 n.d. n.a.
Hochchorwand, Joch 13 0.821 36.48 48
Hochchorwand, Joch 13 0.206 10.52 n.a.
Along the facade of the Miinster <0.015 n.d. n.a.
Southern Hahnenturm inner side 0.028 3.46 n.a.
Southern Hahnenturm outer side <0.015 n.d. n.a.
Sterngalerie east-side 0.038 3.4 n.a.
Hauptturm <0.015 n.d. n.a.

Figure 6: Light microscopy of material from the Freiburger Miinster. A) dark brown to black stains on rocks originating
from soot, Mn-, and Fe accumulation (631 ug cm? Mn); no fungal hyphae or cellular pigments are visible. B) orange,
carotenoid-like and brown pigments within cell-like structures on the same sample. Images A and B were taken from a
sample from Joch 12 S am Chor (J12SC), at 0.5 m height (Fig. 7 d, Table 3). C) cyanobacteria (arrow) on rocks originating
from the “Sterngalerie” (Mn amount below the detection limit). D) brown fungal cells and hyphae originating from the
“Sterngalerie”.

The black patches at the minster’s facade were measured from 0.5 m to about 30 m height. Manganese-
rich patches (> 150 ug cm"z) were only found up to a height of 7 m. The exception were especially Mn-rich

patches at the Renaissance-Vorhalle (Renaissance portico) at a height of about 7.7 m, a supplement to the
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minster, which had been painted during restauration work (2003) with a silicon resin. Visually similar black
patches were found at greater heights, but they all lacked high Mn mass fractions. They either showed elevated
amounts of CaO (~20%) and S (~6%), or biological encrustations. While high Ca and S mass fractions of black
patches indicate a gypsum crust (CaSO,*2H,0) which captured soot particles, the organisms found were identi-
fied as black fungi and cyanobacteria (Fig. 6 C-D). Black fungi (De Oliveira et al., 2011; Gorbushina et al., 1993;
Saiz-Jimenez et al., 2012; Viles and Gorbushina, 2003), cyanobacteria (Bonazza et al., 2007b; Uchida et al.,
2016), and black gypsum crusts (Bonazza et al., 2005; Brimblecombe and Grossi, 2009; Grossi and Brim-
blecombe, 2002; Ruffolo et al., 2015) have been previously observed forming black crusts on rock surfaces. It
cannot be distinguished by macroscopic features if the black patches are soot, fungi, or Mn-rich crust, but they

do clearly show different chemical compositions (Fig. 7).

e

0 pgem2Mn 195 pgcm? Mn

Lo, / i 5
0pgem? Mn iy spgcmn

Figure 7: Measurement spots and measured Mn surface densities. One cannot distinguish visually if the black patches are
soot, fungi, or Mn-rich crusts. Sample J12SC was taken from the area shown in d).

Previous authors had discussed whether the Mn-rich crusts on facades might obtain their elements by
leaching of the underlying sandstone, transport through the sandstones pore systems, and deposition at the
surface (Griner, 2011). Most sandstones used to build the minster have MnO amounts below the detection
limit of the portable XRF used (0.015% MnO). Thus, to obtain enough Mn to form a crust of 3.36% MnO (J12SC)
from a sandstone with <0.015% MnO, transport of all available Mn present in the sandstone from a depth of at
least 5 cm to the surface would be necessary. This depth is indeed in the range where capillary rise can occur in
porous sandstones (Tsunazawa et al., 2016). However, no Mn-lined fissures are observable in cross sections
and the crusts seem to be continuous layers and not predominantly abundant close to pore systems or intrud-
ing the rock surface similar to weathering crusts (Fig. 8 a, j). The patch distribution could be explained by prox-

imity to areas with higher porosity, however, the height limitation of Mn-rich patches to below 7 m, the leach-
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ing process within the sandstones, and the preferred accumulation of Mn* over Fe*" could not be explained. It
is not clear how Mn should be mobilized within the sandstones, which would require low pH or reducing condi-
tions, and which processes would allow the precipitation and oxidation of Mn®* to immobile Mn** at the rock
surface. Another good indicator that this process is probably not the main driving force behind the develop-
ment of the crusts is the fast and preferential growth on top of sealing paints that had been applied on the

sandstone surfaces.
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Figure 8: Element maps of Mn (a) and C (b) obtained by STXM—NEXAFS measurements.
Cluster analyses of the range of energy in which carbon absorbs (260-305 eV) show two C-
rich clusters (c, d), with strong absorption bands (e, f) indicating the presence of soot. These
two clusters show that the carbon from underneath the Mn-rich crust shows the same func-
tional groups as the carbon deposited on top of the crust and might therefore only be intro-
duced below the Mn-layer through cavities. The carbon clustering was conducted for the
area marked by a red box in (a, b). Fig. 7 (g) is a structure overview image at the Mn pre-
edge (530.5 eV) and (h) an overview at the absorption energy of Mn (641 eV).

3.2.Vehicle emissions as potential sources of Mn

Another possible source of Mn is pollution by traffic or similar sources, which could explain the accelera-
tion of crust growth in recent times. Motor vehicles are known to be a major source of particulate matter and
contribute strongly to the distribution of metal-containing particles in urban air (Schauer et al., 2006). The
abundance of Mn in air masses in larger German cities is about 20 ng m'3, based on Vallero (2014) and Martin

Shafer (personal communications, 2016). Since the addition of Mn to gasoline was restricted in Germany to 6
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mg I by January 2011, and to 2 mg " by January 2014, according to § 3 (5) of the Kraftstoffverordnung 2012,
Mn gasoline additives are not a significant source of Mn to air in Germany. However, other traffic related
sources are relevant. An average car produces 10-200 ug km™ Mn per km driven (particles <10 um), most of
which is released by wearing down and evaporation of brake material (0.1-0.17 % of the dust produced by
brake material <10 um is Mn), to a lesser extent from resuspended road dust (up to 700 pg g':l of the resus-
pended road dust is Mn), and only marginally from tailpipe emissions (22-74 ug g'1 of the tailpipe emission is
Mn) (Schauer et al., 2006). Regarding the particle size distribution, information diverges. While Schauer et al.
(2006) state that Mn-rich particles are most abundant in the size range between 1-10 um, with the highest
mass abundance between 1-1.8 um, Birmili et al. (2006) found during their studies that particles <0.5 um and
>1.5 um are the main Mn contributors in the fine and coarse particulate matter (PM) size ranges. They inter-
pret the observed spread across all size ranges as indicator for the existence of several different source mecha-
nisms.

Since mechanically generated particles are relatively coarse in size, normal grinding of brake material can-
not be the sole mechanism of brake wear emission (Schauer et al., 2006). Since brake pads are made of organ-
ometallic material (Rogge et al., 1993), friction-heated surfaces of brake pads and rotors are most likely to also
contribute to the PM production by volatilization and condensation of the material (Garg et al., 2000; Sanders
et al., 2002). Tire material does not contribute to Mn emissions, but it releases Zn in relatively large amounts
(Schauer et al., 2006). The high Zn mass fractions (5000 pg g”) in the crusts measured on the Freiburger Miin-
ster are thus an additional indicator for vehicles as PM sources (Table 3). Other traffic-related elements of high

abundance in the crusts on the Freiburger Miinster are Pb (8300 pg g™) and Ba (1750 ug g*) (Table 3).

Table 3: Results from 200 nm fs LA-ICP-MS measurements of sample J12SC (taken from Joch 12 S at the Chor at 0.5 m
height; Fig. 4 d, Table 3).

Element | Isotope used Sample J12SC Element | Isotope used Sample J12SC
lugg’] RSD [%] lugg’] RSD [%]
Na Na” 1840 42 Cs cs'® 11 23
Mg Mg 3520 34 Ba Ba'*® 1750 27
Al A 43563 26 La La™ 20 51
Si si” 253000 18 Ce ce' 42 33
P p* 25900 50 Pr pritt 5.3 48
K K* 20400 26 Nd Nd'* 20 41
Ca ca® 20100 28 Sm sm' 4.6 36
Ti Ti¥ 1550 23 Eu Eu™ 1.1 28
Y v 83 37 Gd Gd"™’ 4.9 23
cr cr? 64 22 Tb o™’ 0.73 37
Mn Mn®® 77100 39 Dy Dy 4.4 37
Fe Fe”’ 29100 30 Ho Ho'®® 0.81 31
Co co” 525 71 Er Er'®’ 2.4 30
Ni Ni® 286 39 Tm Tm'™ 0.31 29
Cu c® 328 28 Yb Yb'” 2.2 39
Zn zn®’ 5000 36 Lu L' 0.28 39
Rb Rb®® 83 31 Pb PH*® 8300 30
Sr sr¥ 510 28 Th Th** 7 34
Y v 17 28 U U 33 23
zr yige 35 38
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Brake pad wear is also the dominant contributor to Ba in urban air, since barium sulfate is a major compo-
nent of them. Barium sulfate is used as stable filler that accounts for up to 40% of the brake pad weight (Blau,
2001). Unlike U.S. American and Japanese vehicles, European vehicles’ brake linings are usually low-steel or
NAO materials due to higher performance requirements (Birmili et al., 2006). They consist of steel (0-20 %), Cu
(16%-22%), Al,05 (0-2.5%), Fe,05 (0-10%), ZnS (5-6%), BaSO, (10%-16%), and organic binding materials, accord-
ing to the “Bremsenhandbuch” (brake handbook) (Breuer and Bill, 2006). The largest Ba mass fractions can be
found in PM >10 um, since they form by mechanical abrasion (Schauer et al., 2006). Barium was found to have

an abundance of about 3.5-17.1 ng m™ in urban air (Schauer et al., 2006).

Lead can be emitted from several sources, including fuel and motor oil combustion, brake wear, and re-
suspension of enriched road dust (Cadle et al., 1997; Garg et al., 2000; Young et al., 2002), among which resus-
pended road dust predominates (Schauer et al., 2006). A major fraction of the Pb in road dust still has its
source in industrial and tailpipe emissions from the time before the phase-out of leaded gasoline, but also from
Pb wheel weights that are lost from vehicle wheels and get pulverized by traffic (Root, 2000). Since tetraethyl
lead, the former organometallic additive to gasoline, tended to oxidize and damage valves, spark plugs, and
combustion chambers, brominated and chlorinated organics were added as scavengers (Robert, 1984). These
compounds convert Pb oxides to volatile halide salts which exit through the tailpipe (Nriagu, 1990). Since these
compounds are resistant to degradation, they are still common in the environment despite the lead phase-out
(Oudijk, 2010). Nowadays, Pb concentrations of 1-9 ng m™ were measured in urban air in Milwaukee and
Waukesha, WI, USA and Denver, CO, USA (Schauer et al., 2006). The agreement of the main inorganic particu-
late matter released by vehicles and the main enrichments of elements within the crusts suggests that vehicle
emissions are indeed good candidates for the sources of the Mn, Ba, Pb, and Zn observed on the Freiburger

Miinster.

3.3.Manganese leaching and distribution

Manganese produced and released through the processes described above has an average leachable frac-
tion of 90% (at 37°C, pH ~7.4, and leaching for 8 h) (Schauer et al., 2006). For comparison, Fe has only a leacha-
ble fraction of 10-25%, which is in agreement with the enrichment of Mn over Fe in the minster’s crusts, even
though the elements generally behave quite similar. Barium and Pb have a leachable fraction of about 25%,
and Cu, Zn, and Sb 50-60% (Schauer et al., 2006). While Janssen et al. (1997) also found a solubility of 91% for
Mn in a weak acidic solution, Espinosa et al. (2002) and Birmili et al. (2006) determined a solubility of 10-40 %
in a pH-neutral water solution. However, since rain tends to be slightly acidic, it is likely that most of the Mn in
aerosols is soluble in urban environments. Leaching and redeposition of aerosol Mn is thus a plausible mecha-
nism for the enrichment of Mn on the facade of the Freiburger Miinster. An explanation for the decrease of Mn
with height can be the vertical distribution of vehicle emissions. The highest exhaust fume amounts are report-
ed close to the ground, rapidly decreasing at greater heights (DePaul and Sheih, 1985). The exact height up to
which vehicle movements influence the flow and turbulence of air masses, and by this the distribution of vehi-
cle emissions, depends on the width and height of the street canyons within a city, as well as on wind speed,
tree density, and other factors. Turbulent air masses, responsible for the distribution of the vehicle emissions,
are reported to reach up to 7 to 12 m (DePaul and Sheih, 1985; Qin and Kot, 1993). This relation between the
concentration of heavy metals in black crusts and the distribution height of vehicular traffic emissions was
observed before by Ruffolo et al. (2015).

The limitation of the Mn-rich patches to sandstone buildings, while not affecting houses that are close by,
has puzzled authors before (Vicenzi, 2016). One possible explanation is the availability of alkali and alkaline

earth metal containing minerals within sandstones, which increase the pH value. The rough surface, which
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prevents water from draining and has a tendency to remain cold and delay evaporation or even initiate con-
densation of water, could also contribute. The discolorations on the facade of the Freiburger Miinster show a
patchy shape, often starting in the middle of the sandstone blocks. This is in agreement with the observation
that during warmer days, condensation can occur preferentially in the middle of the sandstone blocks where
the material is surrounded by rock in five of six directions. Rock surfaces are known to be favorable sites for
condensation from the atmosphere (Duvdevani, 1949; Duvdevani, 1953), providing an additional water source
that is not available to the rest of the sandstone block. Furthermore, clay layers are abundant within sand-
stones, containing minerals that store water in their interlayer sites. The water film deposited on the rock sur-
face will initially have slightly to strongly acidic pH values, similar to the pH value of rain or fog in urban areas.
Upon deposition, the pH value of the water film increases due to the exposition to alkali and alkaline earth
metal containing minerals within the sandstone. Furthermore, protons can be absorbed by clay minerals, re-

leasing cations to the water film, increasing the pH value of the solution.

A Pourbaix diagram (E,-pH diagram) can be utilized to determine the conditions needed for the oxidation
from Mn”* to Mn*". Increasing the pH value from 6 (rain water) to about 8-9 (addition of alkaline paint, alkaline
catalysts from paint, or alkali and alkaline earth oxides or carbonates) shifts the system from the stability field
of mobile dissolved Mn*" into the stability field of immobile solid y-MnOOH(s) or 6-MnO,(s) (Brookins, 2012;
Takeno, 2005). Thus, a phase boundary is crossed in the Pourbaix diagram and the immobile Mn™** phase is
thermodynamically favored. However, Mn** can persist metastably in solution for years in the absence of cata-
lysts or biogenic oxidation. Nevertheless, when water evaporates, the Mn activity increases and the solid Mn
stability field, or range of conditions where Mn*" is stable, shifts towards lower pH and E,, conditions (Hem,
1963). Thus, the transformation from Mn”* to Mn*', even in the absence of a catalyst, becomes more likely
(Martin, 2005). Manganese4+ can then precipitate and form stable, immobile Mn oxyhydroxide phases. Since
each sandstone block at the minster is different concerning its mineral distribution and content, this could
result in the observed, seemingly randomly distributed, crust-free and crust-covered rock surfaces. To confirm

this assumption, chemical and mineralogical analyses of the sandstones themselves need to be made.

The oxidation might not only take place as homogeneous oxidation, as described above, but also as heter-
ogeneous oxidation, e.g., when it is catalyzed by a metal oxide surface. These surfaces can either be those of
foreign minerals, but in the case of manganese, autocatalysis can also contribute significantly, e.g., Mn”" can
produce additional MnOOH on an MnOOH surface (Martin, 2005). The system catalyzes itself, the reaction rate
increases as the reaction proceeds, and the occurrence of Mn as patches can become explainable by this pro-
cess. Manganese oxidation can also be catalyzed by bacteria, fungi, and other organisms; however, microor-
ganisms (fungi and cyanobacteria) were only found in Mn-poor regions at the Freiburger Minster (Fig. 6 C-D).
No microorganisms could be verified on the Mn-rich patches (Fig. 6 A-B). Most Mn-rich crusts developed in
areas that have a high water throughput. This indicates that water, or rather particles dissolved or leached in
water, are a probable source for the Mn mass fractions, a theory also proposed by Livingston et al. (2016) for
urban Mn crusts. However, the patches observed below the Renaissance-Vorhalle can only obtain splash water
or condensed water as sources, since they are not directly exposed to rain, indicating the importance of splash

and condensation water deposition.

3.4.Wet vs. dry deposition mechanisms

Air pollutants are deposited or transferred to materials surfaces through two mechanisms referred to as
“wet” and “dry” deposition (Everett et al., 1988). Wet deposition occurs when pollutants are brought down
dissolved in rainwater, whereas dry deposition refers to processes through which a pollutant deposits directly

on surfaces (Grossi and Brimblecombe, 2002). Dry deposition happens all the time, while wet deposition is due
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to precipitation and consequently is an intermittent event with both spatial and temporal variations (Grossi
and Brimblecombe, 2002). To calculate the dry deposition rate of Mn at the Freiburger Miinster, the absolute
abundance of Mn in air masses around Freiburg is of importance. This Mn abundance was reported to be about
20 ng m” in larger German cities, based on Vallero (2014) and Martin Shafer (personal communications, 2016).
The dry deposition rate also depends on the dry deposition velocity, which depends on the particle size, shape,
aggregation, density, the Reynolds number of the flow, and the surface roughness of the deposition material
(Pesava et al., 1999; Sehmel, 1980). Since the minster’s walls are highly structured by blocks of stone, orna-
ments, and sculptures, the flow over these surfaces does not form a simple turbulent boundary layer (Pesava et
al., 1999). To understand dry deposition velocities on sandstone facades, one has to consider the rough surface
with complex geometry creating a separated boundary layer (Pesava et al., 1999). The dry deposition is higher
for rough sandstone surfaces than for smooth surfaces (Pesava et al., 1999; Sehmel, 1980), and the deposition
velocity depends on the orientation, structure, and location of the surface. Edges and corners have higher dep-
osition rates than surfaces in the middle of the building. On average, the deposition rate of particles with about
0.6 — 0.8 um mean diameters on cubic sandstone features with 0.2 mm roughness height are in the range of
0.03-0.14 cm s™ with an average of about 0.05 cm st (Pesava et al., 1999). Flat surfaces produce significantly
lower deposition velocities (about 0.005 cm s'l) and the deposition speed increases rapidly for a surface rough-
ness of >0.15 mm (Pesava et al., 1999). Using these values and an average Mn concentration of 20 ng m>, the
dry deposition rate for Mn at the Freiburger Miinster can be calculated to be in the range of 19 - 88 ng ecm?a’,
depending on the exact position of the sandstone square. However, these values were calculated for particle
sizes in the range between 0.1 and 1 um, where the deposition velocity is lowest and only a weak function of
the particle size (Guha, 1997). Since Mn-rich particles released by vehicular traffic are up to 1.8 um in size,
these numbers are probably underestimations of the actual deposition velocity. Still, using the values above, it
would take about 1360 - 6300 years to grow a crust of 120 ug cm? solely by dry deposition, indicating that wet
deposition must play an important role.

To obtain the wet deposition rate, we use the wet scavenging ratio of about 10° for Ca (concentration in
rain divided by the concentration in air) (Hicks (2005) and the average annual precipitation in Germany (about
1000 mm). This provides wet deposition rates of about 2 ug cm” a™ and the crust’s accumulation would thus
take about 60 years. This calculated value is significantly higher than the Mn wet deposition value calculated by
Conko et al. (2004) for Reston, Virginia, USA. They found Mn wet deposition rates of 0.2 ug cm?a™. However,
these values were calculated based on measurements in Reston in 1998, a suburb of Washington D.C. The
reported Mn abundance at the Washington monument (city center of Washington D.C.) was only about 2 ng m’
*in 1992 and 2.5 ng m~in 1993 (Wallace and Slonecker, 1997), about a ten times lower than the Mn abun-
dance in air reported from large German cities. The calculated wet deposition rate of about 2 ug em?atin
Freiburg can hence be considered as reasonable.

However, even wet deposition values are almost too low to explain the crust accumulation at the minster,
requiring some 60 years for the buildup of a crust with 120 ug cm’® of Mn. Since both wet and dry deposition
take place in parallel, the deposition rates can be added up, and additional condensed water on sandstones
and clay mineral incorporations in the sandstone can slightly increase the dry deposition rates. Deposition of
soluble materials occurs more readily on moist surfaces (Grossi and Brimblecombe, 2002), and clay minerals
are able to fix relatively large amounts of Mn, depending on the pH and Eh conditions (Reddy and Perkins,
1974). It seems very likely that manganese oxides are mainly absorbed as external coatings onto typical clay
minerals such as illite and bentonite (Potter and Rossman, 1977). Therefore, autocatalysis, in combination with
wet and dry deposition, the abundance of clay minerals, and regular condensation of water at the stone sur-

faces, are factors that can contribute to explaining the crust’s accumulation.
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3.5.Trace elements and organics in the crusts

The LA-ICP-MS results revealed that elements easily scavenged by Mn oxyhydroxides are enriched in the
black crusts (Table 3). Their composition is similar to that of common rock varnish, but reveals several differ-
ences, e.g., lower Ce and Fe mass fractions and significantly higher Mn values. Especially interesting is the lack
of the positive Ce anomaly that is usually associated with Mn oxyhydroxides, such as rock varnish. Since Ce is
the only rare earth element (REE) that can be oxidized from ce* to Ce4+, it is often found enriched in Mn-rich
crusts, resulting in a positive Ce anomaly (Ohta and Kawabe, 2001; Thiagarajan and Lee, 2004). Measurements
of urban air in Madrid, Spain (0.76 ng m> Ce) revealed positive Ce anomalies (Ce*=1.27) (Moreno et al., 2013).
Cerium is thought to be enriched in air due to vehicle emissions from catalytic converters (Moreno et al., 2013)
and from cerium oxide-based diesel fuel additives (Park et al., 2008). However, if Ce is abundant in PM in its
oxidized form (Ce0,), it is insoluble and will not become enriched by scavenging processes of Mn oxyhydrox-
ides. The lack of a positive Ce anomaly in the crusts at the minster might thus be due to the rapid accumulation

of the crusts in addition to the PM containing primarily insoluble Ce*".
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Figure 9: Scanning transmission X-ray microscopy-NEXAFS spectra of sample J12SC. The spectrum of the sample (red)
corresponds well with a mixture of soot and PAH, based on literature data. The bacillus subtilis spectrum (green), meas-
ured in addition, does not agree with the spectrum obtained from the minster’s wall.

Element maps of Mn obtained by STXM—NEXAFS measurements (Fig. 8 a) show that the black crust has an
additional coating of a carbon- and nitrogen-rich substance, presumably organic matter (Fig. 8 b). Underneath
the Mn-coating, two additional spots of C-rich material can be observed (Fig. 8 b). The carbon underneath the
crust has no direct contact to the Mn crust, and the spots are too small to possibly be bacterial cells (<< 1 um).
Cluster analysis of the STXM-NEXAFS energy stack scans was conducted. It was used to determine if the carbon
material underneath the crusts is similar to the organic layer on top of the crust. The results show two similar
C-rich clusters (Fig. 8 ¢, d) with sharp and strong absorption edges of several different functional groups (Fig. 8
e, f). These two clusters reveal that the carbon from underneath the Mn-rich crust has the same functional
groups as the carbon on top of the crust (Fig. 8 d, f) and the two C-rich spots could thus have been introduced
into the Mn-layer through an open cavity system. Resonance peaks of carbon were found at 284.7 eV (qui-
nones), 285.4 eV (aromatic carbon), 286.3 eV (aryl, vinyl-keto), 287.65 eV (aliphatic group), and 288.85 (car-
boxyl group), showing the broad range of different moieties within the material (Cody et al., 2008; Lehmann et
al., 2005). One spectrum of bacillus subtilis was plotted in addition in Fig. 9, to illustrate that the spectrum does
not agree with those of bacteria. Additionally plotted are soot (Hopkins et al., 2007; Obst et al., 2011) and poly-

cyclic aromatic hydrocarbon (Braun et al., 2007; Solomon et al., 2009) spectra for comparison, which indicate
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that the carbon fraction of sample J12SC is a mixture of soot and different polyaromatic compounds (Fig. 9).
The presence of bacteria or fungi, which could be responsible for the growth, can thus be excluded. Raman
spectroscopic measurements of the material also indicate the substance to be a soot-like material (bands at
1314 cm™ and 1586 cm™), and also exclude the abundance of bacteria or fungi (Fig. 10). The C-rich crust on the
FIB-prepared sample J12SC shows distinct soot bands (Patel et al., 2012; Sadezky et al., 2005; Sahoo and
Kandasubramanian, 2014), which increase with increasing power settings. The additionally measured unpro-
cessed sample J12SC shows a mixture of soot and birnessite bands (Freitas et al., 2013; Gui et al., 2015; Julien
and Massot, 2002). Birnessite is a Mn oxyhydroxide phase that is typical of terrestrial Mn-rich crusts, and thus
not unexpected in this context. The mixture of both materials results from the measurements perpendicular to
the surface, probing into both the C-rich and Mn-rich layer. We hence conclude that this carbon is not directly
involved in the crusts genesis, and that no indicator for a biogenic genesis was found. Whether the Mn-rich

layer is still growing under the thick carbon-rich crust cannot be clarified.
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Figure 10: Raman spectra of sample J12SC measured with different power settings. The power was in-
creased from 1 mW up to 25 mW. To confirm that the spectrum was not produced by degradation of the
thin sample (thickness of 100-200 nm), a spectrum of the unprocessed rock surface was taken. This spec-
trum shows the same soot-like bands (1314 cm™, 1586 cm'l), as well as additional dominating birnessite
bands (577 cm™, 649 cm'l) of the Mn-crust underneath the C-rich crust.

3.6.Renaissance-Vorhalle
At the Freiburger Minster, manganese-rich (> 150 ug cm‘z) patches are only found up to a height of about

7 m, with decreasing amounts at higher elevations. This makes the Renaissance-Vorhalle an exception, with
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exceptionally high Mn mass fractions at a height of about 7.7 m. One difference between the Renaissance-

Vorhalle and the rest of the Miinster is that it was painted with a hydrophobic, diffusion-open silicon resin

Figure 11: The Renaissance-Vorhalle during a rain-event (a) and a close-up view of a Mn-rich crust (b). Black crusts and
biogenic material develop at surfaces which get wet and remain wet in spite of the hydrophobic silicon resin paint. One
can presume that the paint is too thin on these surfaces, or that fissures or cracks allow water to intrude between the
paint and the rock.

paint (Fa. Remmers) during its restauration in 2003. This paint permits diffusion of water through the paint to
the air/paint surface, where it can slowly evaporate. When this paint develops fissures or cracks, water can
intrude between the paint and the sandstone. The approximate locations of fissures and cracks can be detect-
ed by observing the rocks after a rain event (Fig. 11). The rocks under and around these cracks stay wet, while
other surfaces dry quickly, due to the hydrophobic character of this paint. It can be observed that the Mn-rich
crusts, as well as organic growth, develop preferentially on top of these wet surfaces (Fig. 11). Since the paint
has a pH value of about 8-9, Mn**, which is mobile and stable under slightly acidic conditions such as in rain
within urban areas, might start precipitating under oxic conditions. If surfaces that are supplied with water (by
diffusion of rainwater through the paint), have an alkaline pH value, and get an additional supply of Mn*" from
atmospheric aerosols, the precipitation of Mn oxyhydroxide crusts could start. The steady supply of small
amounts of water over a long time period through a diffusion-open paint could explain the faster accumulation
of the crusts even at these high elevations. Since the water underneath the paint moves around structures
protruding out on vertical surfaces, these structures remain initially uncovered by the crusts (Fig. 12 a) until the
crust is too thick elsewhere to allow diffusion. As a consequence, the paint covering the protruding structures
gets subsequently activated and crusts can start to develop on these surfaces as well (Fig. 12 b). Crusts can
continue growing by autocatalysis, even if the water supply by the paint is stopped due to sealing by a crust,
until the crusted areas start to exfoliate from the rock together with the paint itself (Fig. 12 c). Crusts with 1360
ug cm™ Mn were measured on top of the silicon resin, which had grown in the period between 2003 and 2015.
This suggests an accumulation rate of about 100 pg cm?a™. These high Mn accumulation rates are not explain-
able by usual dry or wet deposition and condensation, being about 50 times higher than expected. Even a fast-
er and more frequent precipitation, as described above, does not satisfactorily solve the question about the
Mn source for this high accumulation rate, and we can offer no explanation for the mechanism producing these

extremely fast-growing crusts.
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Figure 12: Stone carving at the Renaissance-Vorhalle photographically documented over a time period of three years, a)
2012, b) 2015, c) 2016. The crust develops rapidly with time, overgrowing higher elevated structures (marked in b). When
the crust becomes too thick, exfoliation follows (marked in c). (Image credits: Freiburger Miinsterbauverein)

3.7.Schopfungsportal

Of interest is also the Schopfungsportal (Fig. 13) because of an existing photographic documentation span-
ning the last 100 years (Fig. 13). One black patch (lower yellow circle on the left side of the Portal, Fig. 13 g)
developed in a time period of < 100 years, between about 1913 and 2007. Two additional black crusts at the
Schopfungsportal (upper yellow circles on the left side of the Portal, Fig. 13 e and f) developed within no more
than four years (between 2007 and 2011). This observation indicates that the development of these patches is
very fast as well. An explanation for the two new patches could be the painting of the Schépfungsportal be-
tween 2005 and 2007 during the restauration. In contrast to the paint used for the Renaissance-Vorhalle, which
is hydrophobic and diffusion-open, this coating was used to seal pore systems and is intended to be closed to
water diffusion. A silicic acid ester (Si(OR),) was applied to the surface to preserve it (Si(OC,Hs), + 4 H,O - SiO,
-n H,0 + 4 C,HsOH). However, to allow the reaction from the intermediate SiOH-HOSi to an amorphous silica
gel consisting of SiO, and water to proceed fast enough, an alkaline catalyst is added to initiate the hydrolysis.
When the vapors produced by the reactions exit the system, the volume of the paint changes. At areas where
the coating is exceptionally thick, a system of fissures evolves. This is the area where rainwater can enter and
remain for a longer time period. This Mn-enriched rainwater in combination with the alkaline catalyst can re-
sult in the oxidation of Mn by alkalization of the system and precipitation of Mn oxyhydroxides. The final prod-

uct can be the rapid development of the two new patches observed at the Schopfungsportal.

168



392 pg cm? Mn

425 pg cm?Mn

. 11 | 26/11/2015
12/10/2007 : . I

Figure 13: The Schopfungsportal of the Freiburger Miinster, photographed over a period of more than 100 years: The
development of black crusts can be monitored. Black crusts are marked by yellow circles. In Fig. 13 f, measured Mn sur-
face densities are also shown. (Image credit Fig. 13 a: Landesamt fuer Denkmalpflege im RP Stuttgart; image credit Fig. 13
b: Miinsterbauverein Freiburg; image credits Figs. 13 c and d: J. Quatmann, restorer)

4. Conclusion
Most of the patches found at the facade of the Freiburger Minster at a height of >7 m are Mn-free. They

seem to originate more likely from soot or biopigments of black fungi (Fig. 6) than from Mn accumulation. In
contrast, almost all black patches at heights up to 7 m revealed high mass fractions of Mn. The enrichment
within the patches with high Mn amounts is unlikely to originate from the sandstone building blocks and at-
mospheric deposition of Mn is favored as possible element source of Mn. Vehicle emissions with their high Mn,
Pb, Zn, and Ba mass fractions are very likely the metal sources for the airborne particles. This is in agreement

with the high amounts of the trace elements Pb, Ba, and Zn found within the crusts.

We used a portable XRF to obtain Mn surface densities in pug cm™. Thus, an approximate growth rate can
be calculated for the crusts on the minster. Calculations strongly indicate wet deposition as major Mn deposi-
tion mechanism, in combination with dry deposition, condensed water, and clay mineral interaction. Manga-
nese from vehicle sources has a leachable fraction of about 90%, allowing the high Mn enrichment found with-
in the crusts. The oxidation from mobile Mn®* to immobile Mn** appears to happen abiogenically, via pH shifts

from acidic rain to alkaline conditions caused by the alkali and earth alkaline containing minerals and clay min-

169



erals in sandstones. Biogenic oxidation can be excluded as factor in the Mn precipitation at the Freiburger
Minster. No evidence for organisms was found, neither by light microscopy nor in the course of the search for
functional groups and remains of bacterial structures by X-ray microspectroscopy. Raman spectroscopic inves-

tigations support the finding of a soot-like material as only present form of organics in the crust.

The height limitation to about 7 m of Mn-rich crusts might be due to the height up to which vehicle emis-
sions and movements dominate the pollutant levels, and to the flow and turbulence of air masses. The element
composition of the minster’s crusts is similar to that of common rock varnishes, however, the source materials
and formation mechanism seem to differ. While rock varnish has a major contribution to its formation by dep-
osition and leaching of mineral dust, the minster’s crusts seem to be dominated by anthropogenic emissions

and, if at all, only marginally influenced by natural dust minerals.

On the Schopfungsportal and the Renaissance-Vorhalle, the crusts are especially thick. Since the crusts on
the Renaissance-Vorhalle grew on top of a resin applied in 2003, an accumulation rate of more than 100 ug
cm™ a™ can be estimated, assuming a uniform growth from 2003 until 2015. Alkaline additives to coloring and
pore-space-sealing agents might have contributed to this phenomenon, but we cannot satisfactorily explain

these extremely high Mn growth rates on this part of the building.

In conclusion, black patches on building facades, until to now usually interpreted as soot or biopigments,
seem to be often Mn-rich deposits. Three different kinds of Mn-rich patches were observed on the Freiburger
Miinster: 1) thin Mn-rich crusts on vertical surfaces, 2) relatively thick crusts, which grew rapidly, on the Schop-
fungsportal, and 3) especially fast growing and thick crusts, which show exfoliation due to the underlying silicon
resin layer, at the Renaissance-Vorhalle. Black, Mn-rich crusts have been found on several buildings tested for
such patches at locations distributed worldwide. This indicates that the phenomenon is more common than
expected until recently, and further investigations are of scientific interest as well as of great importance for

monument conservation and restoration.
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Figure A: Raw spectra of all Raman measurements plotted in Fig. 10. For the baseline correction, the spectra from 80- 300
cm™ were cut in order to allow a reasonable background subtraction.
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