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Abstract

In this cumulative dissertation isotope systematics of the redox-sensitive, chalcophile and
moderately volatile element selenium (Se) are used to place further constraints on the recycling of
chalcogens in subduction zones. Investigation of Se isotope compositions of low nanogram (ng)-
level geological samples is challenging. This is both due to difficulties regarding chemical Se
purification from sample matrices and instrumental challenges during mass spectrometric analysis.
As a result, only few Se isotope data exist so far for relatively Se-poor samples, such as subduction-
related rocks. In comparison, crustal materials such as sediments have several magnitudes higher
Se concentrations. Particularly sediments were thus already subject to several Se isotope
investigations regarding the mechanisms and the timing of Earth's atmospheric oxygenation. In
contrast, little if any work has been dedicated to employ the versatile Se isotopes to study the
connection between Earth's surface and interior evolution. By assessing the chalcophile element
cycle in subduction zones using Se isotopes, this dissertation takes first steps to close this gap.

Given the analytical challenges of Se isotope analyses and the fact that former instruments
used to determine Se isotope ratios of igneous rocks (i.e. Micromass IsoProbe — Rouxel et al., 2002,
2004) have become commercially unavailable, a new method is thus required. The first chapter of
this dissertation comprises detailed descriptions and advantages of the method developed for the
purpose of this study. The presented method allows to use a ThermoFisher Scientific®
NeptunePlus™ for accurate and precise determination of Se isotope ratios. This involves a double
spike to account for isotope fractionation and a hydride generator system for efficient sample
introduction. Injection of methane to the plasma source results in two-to three-fold Se signal
increase and background signal suppression by a factor of two. This method now allows a

systematic investigation of low ng-level geological materials.

In the second chapter, the first Se isotope data on island arc lavas from the Mariana arc
system are provided. The Se isotope signature of submarine Mariana lavas from the arc and back-
arc regions is not affected by degassing and, unlike the elemental Se budget of these lavas, is not
affected by magmatic differentiation processes. Hence, the §%¥7°Se of submarine arc lavas may
retain its source signature. This signature is likely enriched by melt-like and fluid-like subduction
components derived from the subducting Pacific crust and overlying sedimentary cover. The
Mariana samples show a tendency to become isotopically lighter from the back-arc to arc(-like)
lavas, possibly reflecting a decreasing chromatographic effect of the overlying mantle wedge and
increasing influence of a fluid-induced signature. Addition of a sediment melt-like subduction
component seems to buffer this fluid signature as observed in Mariana arc samples. The large Se
isotope compositional range of Mariana lavas is due to the complex contributions of subduction
components, but are on average isotopically lighter than the Mariana pre-subduction mantle.

Potential slab-derived contributions may be traced back to subduction recycling of isotopically light



Se input such as altered sulfide-bearing oceanic crust and modern sediments. Subduction recycling
of Se may also have had an impact on the secular Se isotope composition of the Earth’s upper
mantle given that a considerable shift to lower §%27°Se average values in sediments has been
identified due to the Neoproterozoic Oxygenation Event. Future studies might help to better
understand the interplay between Earth's atmospheric oxygenation, Se recycling and isotopic
evolution of the mantle through geological time.

In the third chapter, new Se isotope data for prograde metamorphic rocks are presented and
used to investigate the processes affecting the behavior of chalcophile elements within subducting
oceanic crust. Therefore, eclogites, serpentinized peridotites and a metapelite from the Raspas
complex, SW Ecuador, were studied. These rocks were subducted to depths of ~60 km and
subsequently exhumed as a coherent package. Eclogites have previously been identified to be
derived from typical N-type mid-ocean-ridge basalts (N-MORB) that were subject to hydrothermal
seafloor alteration. This is also inferred from isotopically light Se isotope compositions that
overlaps with those of typical hydrothermally altered basalts. Eclogites influenced by extensive
fluid-mobile element enrichment, as identified by low Ce/Pb, Ce/Rb and Ce/Cs, are characterized
by heavy Se isotope compositions that approach those of serpentinized peridotites and metapelites.
It is thus proposed that, dehydration of subducted oceanic crust and serpentinites leads to fluid
release and scavenging of chalcophile elements. Potential sources are hydrothermal sulfides within
hydrothermally altered basalt that destabilize during prograde subduction metamorphism. Extensive
interaction of slab lithologies with fluids bears the potential to relocate and re-distribute dissolved
chalcophile elements within the slab. Further, this provides a realistic mechanism for element
transfer to the overlying sub-arc mantle. This could, in principle, explain the Se isotope signature

of Mariana lavas (Chapter 2).

The results of the three chapters of this dissertation provide evidence that Se isotope
systematics are a powerful tool to unravel the link between the behavior of sulfides within
subducting oceanic crust and the subduction-related chalcophile element cycle. It is further
anticipated that new constraints can be placed on the evolution of Earth’s mantle—crust-atmosphere
system throughout geological history from the perspective of this novel redox-sensitive and

chalcophile isotope system.



Zusammenfassung

In dieser kumulativen Dissertation wird die Isotopensystematik des redox-sensitiven, chalkophilen
und moderat volatilen Elements Selen (Se) benutzt, um das Subduktions-Recycling der Chalkogene
tiefergehend zu untersuchen. Bis dato ist die Analyse der Se-lsotopenzusammensetzung von
geologischen Proben, die Se-Konzentrationen im ng pro g Bereich aufweisen, eine analytische
Herausforderung. Dies liegt an der schwierigen chemischen Aufreinigung von Selen aus
Probenmatrizen und instrumentellen Herausforderungen bei der massenspektrometrischen
Messung. Daher gibt es nur wenige Datensatze fiir geologische Probenmaterialien, die niedrige Se-
Konzentrationen aufweisen, wie etwa Proben aus dem Erdmantel. Fir krustale Proben, wie zum
Beispiel Sedimente, die einige Grélenordnungen héhere Se Konzentrationen aufweisen, gibt es
weitaus mehr Daten. Insbesondere Sedimente waren bereits Forschungsgrundlage mehrerer
Studien, die sich das redox-sensitive Verhalten von Se zu Nutze machten, um die Mechanismen
und den Zeitpunkt der Sauerstoffanreicherung in der Erdatmosphére zu untersuchen. Im Gengenteil
dazu gibt es, wenn berhaupt nur wenige Arbeiten, die die vielseitige Se-Isotopensystematik
genutzt haben, um die Verbindung von Erdoberflache und der Evolution des Erdinneren zu
untersuchen. Diese Dissertation soll einen ersten Anteil an der SchlieBung dieser Wissensliicke
leisten, indem potentielles Recycling von Se in Subduktionszonen untersucht wird.

Aufgrund der analytischen Herausforderungen und der Tatsache, dass die Analysegerate
die bei friiheren Studien verwendet wurden nicht mehr k&uflich zu erwerben sind (z.B.: Micromass
IsoProbe — Rouxel et al., 2002, 2004), war es notwendig eine neue Messmethode zu entwickeln.
Das erste Kapitel dieser Dissertation beinhaltet detaillierte Beschreibungen und Vorziige der
entwickelten Methode. Fiir die genaue und préazise Messung von Isotopenzusammensetzungen wird
ein NeptunePlus™ Massenspektrometer der Firma ThermoFisher Scientific® verwendet. Der
verwendete ‘double spike’ erlaubt die Korrektur moglicher Isotopenfraktionierungen und ein
Hydrid-Generator (HG) begunstigt die Probeneinleitung. Die Zufuhr von Methan in das Plasma
bedingt eine zwei- bis dreifache Steigerung des Se-Signals bei gleichzeitiger Unterdriickung der
Untergrundsignale um einen Faktor zwei. Die Methode ermdglicht nun die systematische

Untersuchung von Gesteinsproben mit Se-Konzentrationen im Nanogramm-Bereich.

Das zweite Kapitel stellt die ersten Se-lsotopendaten fir Inselbogenvulkanite vom
Marianen Inselbogen bereit. Die Se-Isotopensignaturen von submarinen Marianen Laven aus dem
back-arc Becken und des Inselbogens sind nicht von Entgasung und anders als die Se-
Konzentrationen dieser Gesteine, nicht von magmatischen Differenzierungsprozessen beeinflusst.
Daher kdnnte die Se-lsotopenzusammensetzung der submarinen Laven der Isotopensignatur der
Mantelquelle entsprechen. Die Se-Isotopensignatur ist wahrscheinlich durch Schmelz- und
Fluidkomponenten angereichert worden, die von der subduzierten Pazifischen Platte und

aufliegenden Sedimenten stammen. Die Proben zeigen eine Tendenz hin zu leichteren



Se-Isotopenzusammensetzungen ausgehend von den Proben des back-arc Beckens hin zu den arc-
typischen Proben. Dies liegt vermutlich in einem abnehmenden chromatographischen Effekt des
Mantelkeils und daher zunehmender Fluid-Signatur begriindet. Das Zufiihren einer Sediment-
Schmelze im Fall der arc-Proben scheint diese Fluid-Signatur abzuschwachen. Die Se-
Isotopensignatur der Marianen Laven zeigt aufgrund der komplexen Beimengungen der
verschiedenen Subduktionskomponenten eine grof’e Spannbreite. Insgesamt betrachtet ist diese
Signatur deutlich verschieden von der des Pra-Subduktionsmantels. Der Eintrag von isotopisch
leichtem Selen mittels Subduktionskomponenten kann vermutlich auf das Recycling von alterierter,
Sulfid-fuhrender ozeanischer Kruste und von modernen Sedimenten zuriickgefiihrt werden.
Subduktions-Recycling kdnnte einen Einfluss auf die zeitliche Se-lsotopenzusammensetzung des
(Oberen) Erdmantels gehabt haben, die auf der Verschiebung der Se-Isotopenszusammensetzung
von Sedimenten hin zu isotopisch leichteren Signaturen seit der neoproterozoischen
Sauerstoffanreicherung der Erdatmosphare beruht. Ein Ziel zukinftiger Selen-Studien sollte es sein,
mdgliche Beziehungen zwischen atmospharischem Sauerstoffanstieg, Se Recycling und der

isotopischen Evolution des Erdmantels tber die Erdgeschichte hinweg zu identifizieren.

Das dritte Kapitel prasentiert erste Se-lsotopendaten fur metamorphe Gesteine, die genutzt
wurden, um die Prozesse die das Verhalten chalkophiler Elemente in subduzierter ozeanischer
Kruste beeinflussen, zu untersuchen. Dazu wurde eine vom Raspas Komplex, SW Ecuador,
stammende Probensuite genutzt, die Eklogite, serpentinisierte Peridotite und einen Metapelit
umfasst. Diese Gesteine wurden bis in eine Tiefe von ~60 km subduziert und wurden anschlief3end
als strukturell-zusammengehérendes Paket exhumiert. Die Gesteine, die wéhrend der
Metamorphose zu Eklogiten wurden, stellen typische Mittelozeanische Riickenbasalte (N-MORB)
dar, die vor ihrer Versenkung in den Erdmantel unterschiedlich stark von hydrothermaler Alteration
beeinflusst wurden. Dies wurde wahrend dieser Studie anhand von leichten Se-Isotopensignaturen
bestétigt, die typisch fir hydrothermal alterierte Basalte sind. Zusétzlich zeigen Eklogite, die eine
starke Anreicherung fluid-mobiler Elemente aufweisen (niedrige Ce/Pb, Ce/Rb und Ce/Cs
Verhaltnisse), die schwersten Se-Isotopensignaturen, die denen von serpentinisierten Peridotiten
und Metapeliten &hneln. Es kann davon ausgegangen werden, dass durch Dehydration von
subduzierter ozeanischer Kruste und Serpentiniten freigesetzte Fluide in der Lage sind chalkophile
Elemente zu mobilisieren. Potentielle Quellen flr diese sind vermutlich hydrothermale Sulfide
innerhalb alterierter ozeanischer Kruste, die im Zuge sich verdndernder Druck- und
Temperaturbedingungen instabil werden. Intensive Interaktion von Gesteinen und Fluiden hat
vermutlich das Potential geloste chalkophile Elemente innerhalb der subduzierten Kruste
umzuverteilen und dartiber hinaus in den Mantelkeil abzufiihren, wobei letzteres die Se-

Isotopensignatur der Marianen Laven erkldren kdnnte (Chapter 2).



Die Ergebnisse der drei Kapitel dieser Dissertation zeigen, dass die Isotopensystematik des
redox-sensitiven und chalkophilen Elements Se ein machtiges Werkzeug darstellt, um die
Zusammenhéange zwischen dem Verhalten von Sulfiden innerhalb subduzierter ozeanischer Kruste
und dem Subduktions-Recycling der Chalkogene zu entschliisseln. Die Se-Isotopensystematik kann
genutzt werden, um die Evolution des Mantel-Kruste—Atmosphére—Systems der Erde Uber die
Erdgeschichte hinweg, nachzuvollziehen.
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Introduction

Introduction

Selenium (Se) is a chalcophile, moderately volatile as well as a redox-sensitive element with a total
of six stable isotopes ("*Se, "®Se, "’Se, "8Se, ¥Se and 82Se, the latter is considered stable due to its
long half-life). The concentration of Se within the silicate Earth (crust and mantle) is higher than
expected from metal-silicate partitioning experiments (Rose-Weston et al., 2009), which has been
interpreted to be the result of addition of Se, and other elements (e.g. the highly siderophile
elements, HSEs), via meteoritic material (late veneer hypothesis; Kimura et al., 1974) following

core-mantle differentiation.

Due to its geochemical characteristics, Se progressively attracted attention in the
geoscience community over the past decades. Several studies investigated the Se elemental and
isotope systematics of various materials to constrain Earth’s (i) volatile origin (e.g. Konig et al.,
2014; Wang and Becker, 2013), and (ii) atmospheric evolution as well as global Se cycle (Kipp et
al., 2017; Mitchell et al., 2016; Pogge von Strandmann et al., 2015; Stlieken et al., 2015a; Stiieken
et al., 2015b), the (iii) elemental distribution and isotope composition of terrestrial and
extraterrestrial materials (Dreibus et al., 1995; Johnson, 2004; Konig et al., 2012; Labidi et al.,
2018; Layton-Matthews et al., 2013; Lissner et al., 2014; Lorand et al., 2003; Marchesi et al., 2013;
Marin et al., 2001; Rouxel et al., 2004; Rouxel et al., 2002; Schilling et al., 2011; Vollstaedt et al.,
2016; Wang et al., 2013) and (iv) Se isotope fractionation during redox processes (Clark and
Johnson, 2010; Johnson and Bullen, 2003; Konig et al., 2019; Mitchell et al., 2013; Schilling et al.,
2013; Wen and Carignan, 2011; Zhu et al., 2014). Whether Se elemental systematics in mantle
rocks can be extrapolated to trace an exact late veneer component or are too obscured due to
metasomatic processes, remains a matter of debate (Konig et al., 2014; Koénig et al., 2015; Wang
and Becker, 2015). Hence, Se isotope investigations are a new approach that might help to resolve
this issue. They might further be of great value when investigating the role of subduction recycling

with respect to Se and other chalcophile elements.

Subduction of oceanic lithosphere represents the key geological process responsible for
crustal recycling and generation of continental crust via subduction-related magmatism (Fig. A).
Increasing pressure (P) and temperature (T) during subduction of crustal material including
continental and marine sediments lead to metamorphic reactions that ultimately result in
dehydration and liberation of fluids. These fluids serve as transport medium for fluid-mobile
elements, such as the large ion lithophile elements, LILE), cause element enrichments in the
overlying mantle wedge and trigger melting as it lowers the solidus of the mantle peridotite (Green,
1973; Schmidt and Poli, 2003). Island arc lavas show pronounced enrichments in fluid-mobile
elements (e.g. Perfit et al., 1980) and can thus be considered as the complementary output for these

elements in subduction zones. However, in addition to fluids, sediment- and/or slab-derived melts
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may also contribute to the geochemical budget of island arc lavas (i.e. Mariana arc lavas; Elliott et
al. (1997)) an thus emphasize the complexity of subduction zone recycling. Although, recycling of
S and other chalcophile elements in subduction zones was the focus of previous studies (e.g. Alt et
al., 1993; Evans et al., 2014; Noll Jr et al., 1996; Timm et al., 2012), many aspects remain poorly
constrained. In view of this, Se elemental and isotope systematics may provide valuable new
insights that improve our understanding of the evolution of the Earth’s crust-mantle system, the
origin and evolution of volatiles, as well as provide insights into the formation of economically

valuable ore deposits.
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Figure A (from Ribeiro et al., 2015). Schematic illustration of a subduction zone with its structural units. The sketch
shows continuous dehydration of oceanic crust due at various depths (blue arrows) and melt generation in the sub-arc
mantle that leads to arc magmatism. Black arrows indicate mantle flow in the overlying mantle.

Selenium isotope studies on igneous rocks are rare with the exception of a pioneering study
by Rouxel et al. (2002), who investigated different terrestrial igneous rocks and iron meteorites to
define the Se isotope composition of a bulk Earth reservoir. The scarcity of available Se isotope
data on igneous rocks is mainly due to low Se concentrations in mantle rocks that are at least one
order of magnitude lower compared to those of sedimentary materials (ng g* vs ug g1), hence

challenging Se purification and accurate Se isotope analysis.

This dissertation is part of the ERC project “O2RIGIN — From the origin of Earth’s volatiles
to atmospheric oxygenation”. This project aims to identify the link between exogenic and endogenic
processes of our planet, which resulted in the redox contrast between the Earth’s interior and
surface. Within the project, the aim of this PhD study was to constrain the behavior of Se in
subduction zones in order to place constraints on chalcophile element recycling and potential re-
distribution among different terrestrial reservoirs, i.e. crust and mantle. For this, well-characterized
samples of the Mariana Island arc, SW Pacific, and prograde metamorphic rocks from the Raspas

formation, SW, Ecuador were analyzed. This required an analytical method capable to yield
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accurate and precise Se isotope data of low ng-level geological materials such as mantle-derived

melts and their derivates.

Chapter 1 provides a newly developed method to determine precise and accurate Se isotope
compositions of low ng-level geological samples via the double spike approach using a hydride
generator (HG) introduction system connected to a multi-collector inductively plasma coupled mass
spectrometer (MC-ICP-MS). This became essential because (i) the majority of igneous samples are
characterized by low Se concentrations compared to several magnitude higher surface materials
such as sedimentary rocks and (ii) former instruments that were used to determine Se isotope ratios
on igneous rocks, such as the NuPlasma (Mitchell et al., 2012, Schilling et al., 2011 Zhu et al. 2014)
or the Micromass IsoProbe (i.e. Rouxel et al., 2002, 2004) are commercially not available anymore.
The method described in this chapter employs a ThermoFisher Scientific NeptunePlus that,
however, bears the disadvantage of relatively high background signals (i.e. compared to Rouxel et
al., 2002) on interference masses, such as m/z 74, 77, 78, 80 and 82 when analyzing low-ng (<15 ng)
Se solutions (i.e. Rouxel et al., 2002). This problem has been overcome because of very efficient
suppression of interference levels by methane addition (see also Floor et al., 2011), which renders
Se isotope ratio determinations on low-ng solutions in low-mass resolution mode possible. This
approach now allows a systematic Se isotope investigation of many planetary reservoirs such as the
Earth’s mantle as well as mantle-derived melts such as island arc and mid-ocean ridge lavas with
low Se concentrations (<200 ng g ). In addition to Se isotope and concentration determination,
concentrations of Te can also be obtained following a method described by Yierpan et al. (2018),
which can be used to assess potential fractionation of Se/Te during processes relevant for adequate

Se isotope interpretation.

Chapter 2 presents a combined Se isotope and Se-Te elemental study of subduction-derived
lavas from the Mariana arc system. The aim of this case study was to decipher the role of different
subduction components (fluids and melts) on the Se isotope composition of arc lavas as well as to
understand the elemental behavior of Se-Te in subduction zones. It can be shown that overall larger
Se isotope variability with a tendency to lighter compositions of lavas compared to the Mariana pre-
subduction mantle can be explained by subduction recycling of Se-bearing slab lithologies. This
might also have potential implications for the Se isotope evolution of the crust-mantle system

throughout geological time.

Chapter 3 comprises an investigation of Se isotope and Se-Te elemental systematics of
prograde metamorphic rocks from the Raspas Complex of SW Ecuador. This study was conducted
to identify potential sources of Se within the subducted slab that might explain the observed larger
isotopic variability of subduction-related lavas compared to a given pre-subduction wedge
(Chapter 2). In addition, within-slab processes responsible for the liberation of chalcophile elements

were investigated. The analyzed samples resemble metamorphosed oceanic crust (eclogites),
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abyssal mantle (serpentinized peridotites) and sediments (metapelite) that were subducted to depths
of ~60 km and subsequently exhumed without significant retrograde overprint. This sample suite
constitutes a paramount example for a structurally pristine but extensively metamorphosed slice of
oceanic lithosphere and therefore might provide valuable insights into processes during subduction
zone metamorphism. Our results indicate, that eclogites to some extent preserve the Se isotope
composition of their precursor rocks — hydrothermally altered mid-ocean-ridge basalts — and are
thus a likely source of isotopically light Se that is transferred to the source region of arc magmas
during prograde subduction. Striking correlations of LILE as well as fluid-mobile elements and Se
isotope compositions suggest that, fluids liberated from serpentinites and/or metapelites play an
important role in the mobilization of Se and other chalcophile elements from slab lithologies. This
likely is facilitated by destabilization, decomposition, re-distribution and recrystallization of

hydrothermal sulfides during temperature and pressure increase during prograde metamorphism.



A method for Se isotope analysis of low ng-level geological samples via double spike and hydride generation MC-ICP-MS

Chapter 1: A method for Se isotope analysis of low ng-level geological
samples via double spike and hydride generation MC-ICP-MS

Abstract

The isotopic signature of the chalcophile, redox-sensitive and moderately volatile element Se in
geological materials may offer valuable new insights into the origin and evolution of volatiles in
planetary systems. Here, we report a new method for Se isotope determination of low Se containing
samples relevant to the Earth’s mantle reservoir. We present a method that combines a double spike
and hydride generation sample introduction system with a ThermoFisher Scientific®
NeptunePlus™ MC-ICP-MS. The measurement routine takes advantage of methane injection in the
instrument source during measurement, resulting in enhanced Se signals and suppression of
polyatomic interferences. Purification of Se from natural samples was simplified by employing
conventional ion exchange chromatography procedures. An external reproducibility of 0.15%o (20)
on &%76Se values for measurements performed on natural samples with Se abundances down to ~5
ng is obtained. We demonstrate that our technique allows the determination of Se isotope signatures
of low Se-bearing geological materials with complex matrices such as mafic igneous rocks, which
is essential to extend the Se isotopic investigation to Se-depleted planetary reservoirs such as the

Earth’s mantle.
1.1  Introduction

Selenium (Se) is a redox-sensitive element with the valence states -1, 0, +1V, +VI and a total of six
stable isotopes ("4Se, "6Se, 7"Se, ®Se, 8Se and #2Se). The potential for Se isotopes to study low-
temperature redox processes on the Earth’s surface has been shown in various studies (Clark and
Johnson, 2010; Ellis et al., 2003; Johnson and Bullen, 2003; Johnson and Bullen, 2004; Johnson et
al., 2000; Johnson et al., 1999; Mitchell et al., 2013; Rouxel et al., 2004; Rouxel et al., 2002;
Schilling et al., 2014; Schilling et al., 2011; Schilling et al., 2013; Shore, 2011; Wen and Carignan,
2011; Zhu et al., 2014). In addition, Earth’s atmospheric redox evolution has more recently been
studied by examining the redox state of the oceans using Se isotopes in the ancient sedimentary
record (e.g. Kipp et al., 2017; Mitchell et al., 2016; Pogge von Strandmann et al., 2015; Stiieken et
al., 2015a; Wen et al., 2014, and references therein). Moreover, Se isotope systematics have been
evaluated as a possible tracer for the volatile evolution of meteoritic material and planetary
reservoirs (Vollstaedt et al., 2016a; Vollstaedt et al., 2016b). To this end low Se containing
planetary reservoirs such as the Earth’s mantle need to be more firmly constrained and require new

Se isotopic data which need to be placed in context of its elemental behavior.
In the Earth’s mantle, Se is an ultra-trace element, with typical Se content <100 ng g* in
Iherzolites (Lorand and Alard, 2010). Although small fractions of Se can be present in silicates

(Tamari et al., 1990), Se mostly is concentrated in micrometric sulfides and is accordingly
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considered chalcophile (Hattori et al., 2002; Konig et al., 2014; Lorand et al., 2013; Luguet et al.,
2004). In contrast to the highly siderophile elements (HSE, Os, Ir, Ru, Rh, Pt, Pd, Re, Au), studies
involving Se in mantle-derived rocks are still relatively rare (Alard et al., 2011; Lorand and Alard,
2010; Lorand et al., 2003; Lorand et al., 2004; Morgan, 1986), although more recent high-precision
isotope dilution studies on Se in fertile and depleted peridotites and pyroxenites have emerged
(Konig et al., 2015a; Konig et al., 2014; Konig et al., 2012; Wang and Becker, 2013; Wang et al.,
2013). These are complemented by geochemical and experimental studies on Se behavior during
mantle melting (Brenan, 2015; Lissner et al., 2014; Marchesi et al., 2013).

The Se concentration in the Earth’s mantle is estimated to be ~80 ng g~* (McDonough and
Sun, 1995; Wang and Becker, 2013). When normalized to a Cl chondrite, the Se depletion degree
is ~0.0037 x CI (Palme and O'Neill, 2003; Vollstaedt et al., 2016a), similar to but somewhat lower
than what is observed for the HSEs (Becker et al., 2006). These elements altogether show a roughly
chondritic pattern and an excess abundance in the Earth’s mantle compared to those predicted
following core-mantle differentiation (Lorand et al., 2008; Morgan et al., 2001; Walker, 2009). This
is widely explained by late accretion of chondritic material (e.g. Kimura et al., 1974; Mann et al.,
2012; Walker, 2009) shortly after core-mantle differentiation.

Due to its volatile character, Se links late accretion with the origin of other volatiles such
as e.g. S, Te, Zn but also highly volatile components like H,O, C, or N, (McDonough and Sun,
1995; Wang and Becker, 2013). Understanding the origin and evolution of Se in the Earth’s mantle-
crust-atmosphere system may thus help to constrain the origin of volatile components on Earth.
However, it remains controversial whether the Se systematics in mantle rocks allow description of
late accreted components (Wang and Becker, 2013), or metasomatic processes in the mantle (Koénig
et al., 2014; Konig et al., 2015b; Wang and Becker, 2015). A new perspective provided by the
isotopic signature of Se may help in this context. Yet analyses remain challenging because igneous
rocks contain orders of magnitudes lower Se concentrations in the range of 10 to 200 ng g* (Konig
et al., 2014; Lissner et al., 2014) compared to sediments with pg g levels of Se. Hence, an
analytical technique is needed to precisely and accurately determine the Se isotope ratio of low
abundance geological materials including igneous rocks such as basalts. Here we present a method
for Se isotope measurements of such samples with Se concentrations of few tens of nanograms,
using a double spike technique and a hydride generation introduction system on a NeptunePlus™
MC-ICP-MS.
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1.2  Materials and analytical techniques

1.2.1 Reagents and materials

All sample digestions, chemical purifications and instrumental measurements were performed at
the 1SO-5 (US FED standards class 100) clean-room facilities of the Isotope Geochemistry Group
at the University of Tlbingen, Germany. De-ionized water was further purified with a Merck
Millipore Milli-Q™ system to 18.2 MQ x cm at 25 °C. All acids used during digestion, sample
preparation and measurements were distilled from MERCK Millipore Emsure™ grade HNO3 (65 %)
and HCI (37 %) with Savillex™ DST-1000 Acid Purification Systems and diluted to required
molarities to +0.03 mol L* as checked by titration. Eichrom® ion exchange resins, beakers, vials
for centrifugation and analysis were pre-cleaned with multi-step HCI-HNO3 treatments.

Two Se standard solutions with different Se isotopic compositions were used. The Se
standard reference material SRM-3149 (Lot.-#: 100901; 10.042 + 0.051 mg ¢g*) was purchased
from the National Institute of Standards and Technology (NIST). NIST SRM-3149 is now widely
used as &-zero reference material for Se isotope measurements (Carignan and Wen, 2007). The
second standard solution used in our study is MH-495, previously used as an in-house Se solution
at the University of Urbana, Illinois and generously provided by T. M. Johnson (Johnson and
Bullen, 2004; Johnson et al., 1999). This standard solution was created from reagent-grade Se°
pellets at the University of California at Davis by Mitchell Herbel (Johnson et al., 1999) and shows
a 8%275Se isotope ratio lower than the reference value for NIST SRM-3149 by —3.04 + 0.50 %o (20,
n = 2) (Carignan and Wen, 2007) to —3.44 + 0.06 %o (20, n = 5) (Zhu et al., 2014).

For comparison to previously published Se isotope results we chose the two US Geological
Survey (USGS) shale reference materials SGR-1 and SCo-1 (e.g. Pogge von Strandmann et al.,
2014; Rouxel et al., 2002). These shales have relatively high Se concentrations (SGR-1: 3.50 £ 0.28
Mg g% SCo-1: 0.89 + 0.06 pg g 1) (Gladney and Roelandts, 1988) and comparison to other studies
is possible (Kipp et al., 2017; Mitchell et al., 2012; Pogge von Strandmann et al., 2014; Rouxel et
al., 2002; Schilling et al., 2011; Stueken et al., 2013; Stiieken et al., 2015b; Stiieken et al., 2015c;
Vollstaedt et al., 2016a). We also selected the USGS BCR-2 (~77.8 + 6.4 ng g%, 2o, n=5) (Lissner
et al., 2014), which has a factor 50 lower Se concentration compared to the USGS shales, can be
compared to data reported by Rouxel et al. (2002) and is suitable as a geological reference to

terrestrial basalts.
1.2.2 Sample digestion and Se purification

Between 10 and 1000 mg of sample powder were weighted into quartz glass vessels (15, 50 or 90
mL) and mixed with an adequate amount of the 7’Se—"“Se double spike solution. We report accuracy
tests where variable amount of in-house standard solution MH-495 was additionally admixed to

some samples (section 3.2). Depending on the sample weight 2.5 to 7.5 ml inverse aqua regia (3:1
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M ratio; conc. HNOs : conc. HCI) were added, the vessels were subsequently sealed with Teflon-
tape and placed in a high-pressure asher (HPA-S, Anton Paar, Graz). During digestion for 16 h at
220 °C and 100 bar, Se was extracted from the sample material and equilibrated with the Se double-
spike.

Several studies emphasize Se loss in the presence of HCI while evaporating at temperatures
exceeding 80 to 85 °C (Layton-Matthews et al., 2006; Pogge von Strandmann et al., 2014; Rouxel
et al., 2002; Stleken et al., 2013; Wang et al., 2013). This is because of the formation of volatile
Se-species (e.g. Stlieken et al., 2013; Vollstaedt et al., 2016a). Special care was taken during
subsequent chemical purification: Se solutions were dried down without exceeding 65 °C and re-
dissolved in concentrated HCI to convert all SeV' to Se'V (Elwaer and Hintelmann, 2008; Pogge von
Strandmann et al., 2014).

Previous studies have demonstrated that the purification of Se from a sample matrix can be
challenging in terms of quantitative recoveries from ion exchange resins and a potentially associated
mass-dependent fractionation (e.g. Pogge von Strandmann et al., 2014). Thiol cotton fibre (TCF)
or powder (TCP) is one way to separate Se from its sample matrix. This method allows recovering
>98% of the initial Se (Elwaer and Hintelmann, 2008; Rouxel et al., 2002) and has been used for
routine determination of Se concentrations of rock reference materials at low ng levels (e.g. Konig
et al., 2012; Marin et al., 2001; Yu et al., 1983). The relatively high Se yield and the additional
advantage of a simultaneous Te purification is considered a good choice for concentration analysis
(Yu et al., 1983). The use of TCF/TCP can lead to the formation of insoluble salts and organic-
derived interferences on Se masses (Pogge von Strandmann et al., 2014). Thus, TCF-/TCP-handled
samples require careful treatment with HNO3 and H.O> (K&nig et al., 2012; Pogge von Strandmann
et al., 2014; Rouxel et al., 2002). In order to test the instrumental capabilities we here describe a
simpler technique adapted from Fehr et al. (2004) and Wang et al. (2013). This involves the
combination of conventional ion exchange chromatography procedures with hydride generation.

The following procedure has been optimized for Se purification and yields.

First, the dried samples obtained after a first evaporation were dissolved with 4 mL 6
mol L™* HCI and centrifuged at 5000 rpm for 10 min. Before loading the sample solutions onto
Spectra/Chrom® Disposable MiniColumns containing 3 mL of Eichrom® AG1-X8 anion resin
(100-200 mesh), the resin was washed with 3 ml of 1 mol L' HNOs twice and conditioned with 2
x 3mL 6 mol Lt HCI. While Fe was retained as FeCls~ by the resin, Se was not adsorbed but
collected together with other matrix elements in 12 mL 6 mol L™t HCI. The collected Se-containing
solutions were evaporated to dryness at T < 65 °C. The dried down solutions were then taken up in
4ml 0.06 molL? HNO; for purification by cation exchange chromatography using
Spectra/Chrom® Disposable MiniColumns containing 3 mL of Eichrom® AG50W-X8 resin (100—
200 mesh) (e.g. Wang et al., 2013). The cation exchange resin was washed with 6 mol L™* HCI and
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H,O and conditioned with 6 mL 0.06 mol L™* HNO; before loading the samples. Se was collected
in 12 mL 0.06 mol L' HNO3 while other matrix elements were retained on the resin under these
conditions. The solutions containing Se were again dried at T <65 °C on a hotplate, re-dissolved in
2 mol L™t HCI and heated in closed beakers on a hotplate at 80 °C for several hours to achieve
complete reduction of Se"! to Se'V (Elwaer and Hintelmann, 2008; Pogge von Strandmann et al.,
2014). Typically, our total procedural blanks remain below detection limit and only in some cases
show up to 1 ng, likely mirroring randomly suboptimal HPA-S glass vial treatment. While this still
represents only <1 % of bulk Se for most samples analyzed here, multiple replicate digestions of all
samples were performed in order to verify results with different blank levels including for lower Se
containing samples. Although blanks are generally too low to determine an isotopic composition,

high reproducibility for various blank levels confirms that blanks are negligible.
1.2.3 The role of the double spike

Metallic selenium enriched in “Se and Se tracer material in metal form was obtained from
ISOFLEX. Upon dissolution in 2 mol Lt HNOs, a double spike solution with a composition of
~52% "“Se and ~47% ’Se was prepared taking the error propagation calculations after Rudge et al.
(2009) into account. After dilution, the normality of nitric acid in the double-spike solution was
0.1 mol L. Other Se isotopes account for <1% of the double spike solution as shown in Table 1.1,
which also gives a comparison to double spike compositions used in other studies. Provided that
sample and spike are well equilibrated prior to chemical purification, double spike methods have
already been demonstrated to be suitable for Se stable isotope analyses (Clark and Johnson, 2010;
Johnson et al., 1999; Pogge von Strandmann et al., 2014; Vollstaedt et al., 2016a; Zhu et al., 2008).

The spike was calibrated against the NIST SRM-3149 Se solution. Various proportions of
spike-sample ratios (fspike from 0.1 t0 0.9, n = 9) were tested. To increase the small volumes of NIST
SRM-3149 and double spike, an additional 2 mL of 2 mol L—1 were added. To achieve equilibration
the mixtures were heated at 80 °C in a closed beaker for a minimum of 2 h. The mixtures were then
dried down at 65 °C and re-dissolved in 2 mol L—1 HCI, again heated at 80 °C for 2 h to ensure that
all Se is reduced and finally measured. All measured mixtures of fsike Varying from 0.1 to 0.8 give
582/6Se within our long-term reproducibility for NIST SRM-3149 of 0.00 + 0.11%o (20, n = 350,
Tab. A.1.5) (filled circles in Fig. 1.1a). Note that the mixture with the lowest fsgike = 0.1 has a
significantly larger internal uncertainty (2 s.e error bars in Fig. 1.1a) and the mixture with the
highest fsike = 0.9 is outside of the external reproducibility of 0.11 %o given by all other mixtures
with fspike between 0.2 and 0.8. This provides a lower and upper limit of acceptable double spike-
sample ratios. Within the wide range of fsike between 0.2 and 0.8 the "“Se—""Se double spike used
in this study thus allows for accurate Se isotope measurements. A systematic shift to heavier §%27°Se
of 0.18 +0.10%0 (26, n=7) is observed for mixtures that were not allowed to equilibrate as

described above (open circles in Fig. 1.1a), but directly dried down after mixing. This may be due
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to preferential loss of light Se isotopes during evaporation, even at temperatures below 65 °C, prior
to full equilibration of standard and spike Se and emphasizes that careful treatment is crucial.
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Figure 1.1 (a) Measured 5%2"%Seyst srm-3140 @S @ function of various proportions of double spike (filled circles). The results indicate that
even significantly underspiked (fsike = 0.2) or overspiked (fspike = 0.8) standards yield accurate data. Grey box represents the long-term
average for 8%%7%Senist srm-a1a0 Of 0.00 £ 0.11%o (20, n=350). Unfilled circles show measured 5%27°Seyst srm-3149 fOr unequilibrated
mixtures of standard and double spike Se, resulting in isotopic shift towards heavier values of 0.10 to 0.60%o. Error bars are internal

errors (2 s.e.) for each measurement. For measurement data see Tab. A.1.1 (b) 8%7Seyist srw-3140 as @ function of evaporative loss of
light Se isotopes. Results indicate unpredictable loss-induced fractionation between solution and vapor even at 65 °C and thus illustrate
the requirement for double spike use in our experimental set up. Unfilled circles represent data from SSB measurements. Filled circles
represent double spike measurements (section 1.2.3). Uncertainty on data is 0.20%o (20). See section 1.2.3 for details. Measurement data

provided in Tab. A.1.2.

Based on the above observation, we further tested the possibility of Se isotope fractionation
during partial Se loss by evaporation from solutions with HCI. For this, NIST SRM-3149 solutions
were dried down at 65 °C without spike addition. The Se isotope measurements were then

performed with two different analytical approaches, one involving the sample-standard bracketing

(SSB) (Stuieken et al., 2013) and the other the double spike measuring method (e.g. Pogge von
Strandmann et al., 2014; Vollstaedt et al., 2016a). For the SSB approach a 50 ng mL™* NIST SRM-
3149 Se solution was used as the bracketing standard, yielding #2Se voltages of roughly 1.5V (using

10
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an amplifier resistor of 10! Q). Sample solutions were then prepared to match the signal intensity
of the standard within 10% intensity. Samples and standards were measured for 100 cycles each
having an integration time of 4.194s. Over the measurement session, Se in-house solution
(MH-495) was measured versus the NIST SRM-3149 standard solution. These solutions were taken
directly out the main batch and were not dried. SSB measurements yielded average §%27%Se of
-3.25+£0.03% (20, n=4), indistinguishable from our double-spike value (MH-495:
—3.27 £ 0.13 %o, 206, n = 100, Tab. A.1.4) (see section 3.1). For the SSB approach, four solutions
were processed and Se losses varying between 5 and 30% yielded 58#76Se values ranging between
0.43£0.31%0 and 1.85+0.31%0 (Fig. 1.1b, open circles) (Tab. A.1.2). For the double spike
measuring approach, five NIST SRM-3149 solutions were doped with an adequate amount of the
double spike after evaporation and prior to mass spectrometric determinations, which were
performed on ~15 ng mL* Se solutions. Evaporative Se losses between 23 and 51 % with §%2/76Se
values ranging between 2.20 = 0.20%o and 3.20 = 0.20%0 were determined by the double spike

measurements (Fig. 1.1b, filled circles).

The data of our two experiments cannot be explained by a single unidirectional fractionation
process as they do not fit a single Rayleigh evaporation function. The data rather indicate Rayleigh
distillations with variable isotopic fractionations Avapor-solution ranging between 3 and 12%o
(Fig. 1.1b). If the theoretical fractionation associated with evaporation corresponds to the square
root of the evaporated molecule masses (Richter, 2004; Young et al., 2002), the inferred
fractionations seem consistent with evaporation of pure SeCl, (fractionation Avapor-solution Of ~13%o)
and pure SeClg (fractionation Avapor-solution Of ~7%o). Future studies are needed to evaluate the exact
speciation of evaporated selenium species. The origin of evaporative loss of Se remains unclear,
but our experiments clearly demonstrate a significant loss of preferentially isotopically light Se
during evaporation of pure reference materials. However, the double spike approach inherently

corrects for such chemistry-induced fractionations.

1.2.4 Mass spectrometry (MC-ICP-MS)

1.2.4.1 Instrumental parameters and set up

Isotope measurements were conducted on a ThermoFisher Scientific® NeptunePlus™ multi-
collector inductively coupled plasma mass spectrometer linked with a CETAC® HGX 200 hydride
generator, an ESI MP2-6 peristaltic pump and an ESI SC-y DX autosampler. To obtain the highest
Se sensitivity at high front vacuum a nickel skimmer cone (H-cone) and a Ni-Jet sample cone were
employed. Daily tuning included the gas flows and torch positions. Typical parameters and settings
are listed in Table 1.2. Measured masses include interference monitors for hydrides and argon
dimers as generated in the plasma (Table 1.3). Signal intensities given in V were obtained using

amplifier resistors of 10! Q.
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1.2.4.2 Hydride generation

One of the major advantages of a hydride introduction system is the efficient transport of Se into
the plasma under dry conditions (Johnson and Bullen, 2004). The hydride generator serves as Se
signal booster and as a purification device, because exclusively hydride-forming elements (e.g. Se,
As, Ge) are effectively transferred to the plasma (Clark and Johnson, 2008). A sodium borohydride
solution is prepared by adding 1 g of NaBH, (analysis grade) to 250 mL of 18.2 MQ-grade water.
To stabilize the solution, 1 g of sodium hydroxide monohydrate is added. In our setup, constant
flows of 2 mol L™ HCI and sodium borohydride (NaBH4; 0.4% (m/m)) are mixed in a coil which
results in a steady production of hydrides throughout an entire measurement session. To this
constant hydride-generating mixture the sample is then additionally introduced in 2 mol L™t HCI

and HzSe is formed according to reaction (1) that can be ionized efficiently.
4 H3Se03(g) + 3 HCl(ag) + 3 NaBHa(ag) — 4 H2Se(g) + 3 H3BOs@g) + 3 H20 + 3NaCl(ag) Q)

Residual non-hydride forming matrix elements that remain in the sample solution after
chemical purification are fully excluded via a gas/liquid separator while hydrides are carried to the
plasma in an argon flux (Fig. 1.2). In addition to argon for the plasma and to act as the sample
carrier gas, we also introduced methane because it enhances the sensitivity for Se as shown in
previous studies (e.g. Floor et al., 2011). In our instrumental setup, an increase of the Se signal by
a factor two to three was achieved.

CETAC HGX-200 Hydride Generation and Cold Vapor System

additional gas (Ar)
~ 0.5 mL min’!

to Neptune Plus

CH, ===
~2-3 mL min’ —————
sample solution +
2M HCI1 +
NaBH, [rom
peristaltic pump

sample gas (Ar)
PTFE ~ 0.3 mL min’!
membrane

gas-liquid
separator

drain to peristaltic pump
Figure 1.2 Schematic set up of the hydride generator system.
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1.2.4.3 Analyses, interference corrections and double spike deconvolution

Instrument parameters were optimized for high Se signal intensities and low Argon dimers before
each measurement session. Typical signals on #Se of a 15 ng mL™* solution with the operating
conditions summarized in Table 1.2 are 0.5 V. Each measurement consists of 40 cycles with 4.194 s
integration time. Washout time was generally set to 4 min. All measurements of standards and
samples were bracketed by background (on-peak zero) measurements of the same batch of pure
2 mol L't HCI in which standards and samples were taken up. On-peak zeros were subtracted from
measured intensities of standards and samples. Measurements of NIST SRM-3149 standard
solutions were performed between each sample to assess potential instrumental drift. Additionally,
standard solution MH-495 was measured after every 5" sample. Following acquisition of isotope
signal intensities the data was further reduced offline. A major issue of stable Se isotope
measurements are the numerous single-mass polyatomic isobaric interferences that typically form
in plasma source mass spectrometers in the mass range of Se isotopes and interference monitors
(Table 1.3). These spectral interferences can be divided into (i) plasma induced, (ii) plasma and
analyte matrix induced and (iii) analyte and sample matrix induced.

The subtraction of on-peak zero signals determined on pure analyte matrix solutions (i.e.
2 mol L™t HCI) from sample signals adequately accounts for the small interferences of Kr and ArCI.
On-peak zero subtraction, however, does not allow accurate correction of the large ArAr
interferences due to the considerable fluctuations in the plasma energy between and within sample
runs. We typically observe “Ar*Ar* signals of 20-25 V, with variations of this signal from scan to
scan of £0.15 V due to plasma fluctuations. We therefore employed a two-step strategy for accurate
correction of Ar dimer interferences:

(1) We admixed methane to the sample Ar gas carrying the SeH, from the hydride generator
to the plasma torch (Fig.1.2). Enhancement of Se signal and suppression of polyatomic
interferences by methane addition for Se concentration and isotope ratio measurements has been
described in previous studies (Fliegel et al., 2011; Floor et al., 2011; Guo et al., 2013). We indeed
observed an approximately two- to three-fold increase in Se signal intensities and a decrease in Ar
dimer intensities by a factor of two with an addition of 2.0-3.5 mL min™ methane to the instrument.
This significantly suppressed Ar dimer signals allowed more accurate on-peak zero corrections of
polyatomic Ar interferences. Furthermore, hydride interferences (ArArH*, SeH*, GeH*, BrH",
AsH") dropped to negligible levels by methane addition making subsequent correction of hydrides
after on-peak zero subtraction unnecessary.

(2) We employed a secondary correction for Ar dimer interferences as described by Elwaer
and Hintelmann (2008), which takes plasma energy fluctuations into account. We used the 8Se
signal to predict the ®Se signal of the samples by artificially fractionating the 8Se/%°Se ratio using

the samples’ instrumental mass bias. Assuming IUPAC Se isotope composition (Berglund and
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Wieser, 2011) the 8°Se signal of the sample is estimated and subtracted from the signal measured at
m/z = 80 to estimate the excess or deficit in “*Ar*°Ar* compared to the on-peak zero measurement.
Signals of the minor Ar dimers (i.e. *Ar¥Ar ArArT, BArBArt, “CAr8Ar* and “Ar8Ar*) are
then determined relative to the calculated “>Ar*°Ar* signal considering the relative abundance of Ar
isotopes (Berglund and Wieser, 2011). For measurements on 15 ng mL™* sample solutions this
correction improves the external 26 reproducibility on 6%27°Se values by 20 to 30%. We tested the
necessity to artificially fractionate Ar isotope ratios to account for the instrumental mass bias. We
assumed that at a first order, Ar and Se are subject to equal isotope fractionations in the instrument
plasma, which per se is not entirely correct. Since this artificial fractionation of Ar isotope ratios
only resulted in shifts of 0.001 to 0.002%o for both sample and standard solutions. This therefore
means that the possible occurrence of Ar isotopic fractionation in the plasma has a negligible effect
on our Se isotope data correction. Consequently, for routine measurements, possible Ar isotopic
fractionations were ignored. The calculated ArAr interferences were arithmetically subtracted from
measured Se signal intensities.

The iterative double spike deconvolution calculations used first by Compston and Oversby
(1969) for Pb isotopes were applied to correct the measured Se isotope data with the exception that
exponential rather than linear law was used as a proxy for the instrumental mass bias. Apart from
the two spike isotopes "“Se and 7’Se, "8Se and #Se were used for the deconvolution. All isobaric
interferences (e.g. Ge correction, see below) and the fluctuations of Ar dimers were iteratively
converged within the double spike deconvolution for accurate corrections. The double spike
deconvolution yields three types of information: (i) an exponential fractionation factor (per amu)
for the instrumental mass bias, which might also include a mass-dependent Se isotope fractionation
during chemical purification of the sample. (ii) An exponential fractionation (per amu) for the
samples’ natural mass-dependent fractionation compared to NIST SMR-3149 against which the
double spike was calibrated. From this factor the samples’ natural Se isotope ratios are calculated
and can be reported in the 6-notation as the per mil difference in these ratios compared to that of
the isotopically certified reference material NIST SRM-3149. The samples’ natural isotope ratios
are calculated according to eg. (2) and can be converted to any ratio per amu as a function of the
exact masses of 82Se, "8Se and °Se (YYoung et al., 2002). (iii) The spike-to-sample ratio from which,
knowing the Se concentration of the double spike, an accurate Se concentration for the sample can

be calculated.

582/7836 = [(828e/788e)sample/(azse/7sse)NIST SRM-3149 — 1] x 1000 (2)
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1.2.4.4 Accuracy of isobaric interference correction of "“Ge on "Se

Germanium like Se forms hydrides (GeHs) leading to isobaric interferences of "“Ge on Se and
5Ge on "®Se during mass spectrometric analyses. We observed the Ge correction to be unnecessary
if the measured Ge/Se ratio is smaller than 0.0001 when measuring 15 ng mL"* sample solutions:
below this threshold, Ge signals are below 0.5 mV on mass 72 and appear to be indistinguishable
from background noise. Correcting for this signal only adds uncertainty to the internal precision of
the 5%2/76Se value without significantly changing it. At Ge/Se ratios above this threshold value, the
canonical 2Ge/"*Ge ratio of 0.7521 (Berglund and Wieser, 2011) was artificially fractionated using
the instrumental mass bias determined for Se to correct "Se from the isobaric interference of "Ge.
However, the instrumental mass bias for Se also includes the mass-dependent Se isotope

fractionation induced by the chemical purification when Se recovery is incomplete.
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Figure 1.3 Results of measurements of Se standard solution NIST SRM-3149 doped with different amounts of Ge. The constant range
of §%%76Se shows efficient correction even for Ge/Se ratios of up to 4. Grey bar represents 26 (0.08%o) of obtained §%27°Seyist srm-a149
data, whereas error bars are in-run errors (2 s.e.) of single measurements. Dashed lines indicate threshold values for correction with Se
or Ge mass bias, respectively. Unfilled symbols indicate uncorrected 8%7°Seyst srw-3140 (UNcorrected data for Ge/Se >0.0056 given in
logarithmic scale as isotopic shift is >1.3 to 1006%o).

Furthermore, the chemically induced mass-dependent isotope fractionation of Ge is likely
different from that of Se. As a result, this correction is only applied to Ge/Se ratios <0.0056. We set
this value as it still yields accurate data for Se mass bias corrected data. Above this upper threshold
value for the Ge/Se ratio (see. Fig. 1.3) for 15 ng mL* measurement solutions, signal intensities of
2Ge and ®*Ge become large enough (>2 mV on mass 72) to accurately determine the mass-

dependent instrumental mass bias and chemical fractionation of Ge assuming a canonical °Ge/"*Ge
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of 0.2823 (Berglund and Wieser, 2011). To test the accuracy of our Ge interference correction
method, 15 ng mL™* NIST SRM-3149 solutions were mixed with different amounts of a pure Ge
in-house standard solution, similar to a previous approach described by Pogge von Strandmann et
al. (2014). As illustrated in Fig. 1.3 the values of the Ge-doped NIST SRM-3149 solutions perfectly
lie within the external reproducibility for this standard of 0.00 + 0.11%o to Ge/Se ratios of up to 4
(see Tab. A.1.3), showing that this method accurately corrects any Ge interference.

1.3  Results and discussion

1.3.1 Se isotope measurements of matrix-free standard solutions

Background or “on-peak zero” (OPZ) corrections have been used in Se isotope analytical studies to
account for plasma and other instrumental interferences (e.g. Johnson, 2004; Rouxel et al., 2002;
Zhu et al., 2008). Previously performed scans on an Element 2 ICP-MS at high resolution
(m/Am = ~10,000, 5-95% peak edge width) resolved Se and ArAr peaks and observed constant
voltage on ArAr peaks regardless of whether Se was introduced in the plasma (Pogge von
Strandmann et al., 2014). This was argued to justify the use of OPZ correction. We performed Se
isotopic measurements while using the OPZ correction on our MC-ICP-MS in low (LR) and
medium resolution (MR) mode (m/Am = ~2000 vs. MR: m/Am = ~7000, respectively, 5-95% peak
edge width). The MR measurements allow crude resolution of Se and ArAr peaks but yielded
indistinguishable isotope results than in LR mode. This confirms the validity of the OPZ correction
and demonstrates that measurements in LR produce precise and accurate data as previously

suggested (Pogge von Strandmann et al., 2014).
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Figure 1.4 Long-term reproducibility of NIST SRM-3149 (8%2"Senist srm.3140: 0.00 £ 0.11%o, n = 350, Tab A.1.5) and MH-495
(8575 Senist srw-aia0: —3.27 £ 0.13%0; n = 100; Tab.A.1.4). Grey bars represent 2c uncertainties. Measurements in MR yield
indistinguishable data compared to data acquired in LR, showing that LR measurements are sufficient for precise and accurate Se isotope
data acquisition.
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Over a period of over 6 months that included LR and MR measurements, a long-term
average and reproducibility for MH-495 of §%2/76Se = —3.27 + 0.13%0 (20, n=100) is obtained
(Fig. 1.4). This is consistent with recently published values following double-spike measurements
(—3.44 £ 0.06%0; 20, n=5) (Zhu et al., 2014) and within uncertainty of an earlier study using
standard-sample bracketing measurements (—3.04 + 0.50%o, 26, n=2) (Carignan and Wen, 2007).

1.3.2 Accuracy tests

Despite a quantitative removal of matrix elements by ion exchange chromatography and hydride
generation, potential matrix effects may not be always ruled out because droplets from excess liquid
could occasionally pass the PTFE-membrane of the hydride generation system. Although negligible
voltages were observed on the masses of chloride (**Cl and *’Cl), the likely main constituent of such
droplets, we tested the effect of variable matrix/Se ratios by adapting a standard addition method
employed previously (Nielsen et al., 2004; Schumann et al., 1992; Tipper et al., 2008). Increasing
amounts of MH-495 were admixed to constant amounts of NIST SRM-3149, homogenized (see
section 2.3), re-dissolved and measured. Unresolved polyatomic interferences from the carrier
solutions and/or gases would lead to samples arbitrarily plotting off a two-component mixing line.
Here we show that mixtures remain within uncertainty of 0.20%. (20) (Fig. 1.5a), which argues
against the contribution of unresolved interferences.

In addition, we performed accuracy tests involving USGS reference material SGR-1.
Increasing amounts of SGR-1 (20 to 40 mg or 70 to 140 ng total Se) were mixed to given amounts
of standard solution MH-495. Measured and calculated Se isotope compositions remain within
uncertainty of 0.20 %o (26) and confirm that potential matrix-induced interferences are negligible
(Fig. 1.5b).

1.3.3 Exploring the minimum Se required for accurate isotope measurements

A major goal is to determine Se isotope compositions of samples with low Se concentrations such
as basalts (<200 ngg?, see below). Before this is attempted, the minimum Se required for
measurement was evaluated in a first step by analyzing 1 mL solutions of 50 to 3 ng per mL of
MH-495 standard solution (filled circles in Fig. 1.6). Measured signals on 82Se ranged from 0.1 to
1.5V and showed no correlation with §%276Se of MH-495. It is however observed that the
uncertainties vary with signal intensities: Solutions with a minimum of 15 ng mL™ concentrations
and >0.5 V on mass #2Se (lowest abundant mass measured) show internal errors of 0.04 %o (2 s.e.,
n=6) and yield an external reproducibility of 0.09 %0 (20, n=6). Solutions between 15 and
7.5 ng mL! show a higher internal error of up to 0.08%o (2 s.€., n=5) and the external reproducibility
increases to 0.12%o (20, n=5). When the 8Se signal is below 0.18 V, equivalent to solutions below
7.5 ng mL™%, the internal error increases to 0.12%o (2 s.e., n=7) and the external reproducibility

becomes >0.20%0 (20, n=7). Hence, the external reproducibility systematically changes at a
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concentration of approximately 7.5 ng mL™*. While it is desirable to measure sample solutions with
higher than 15 ng total Se, we show the instrumental capability to yield 0.24%o (206, n = 7) external
reproducibility for down to 3 ng total Se. This is similar to results of a previous study by Zhu et al.

(2008) using a different set up.
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Figure 1.5 Results for Se isotope measurements of mixtures between (a) standard solutions MH-495 and NIST SRM-3149 and (b)
increasing amounts of sample SGR-1 (20 to 40 mg or 70 to 140 ng total Se) and constant amounts of standard solution MH-495. Doped
solutions fall on a mixing line between endmembers within maximum uncertainty of 0.20%o (25), indicating no bias despite increasing
matrix over total Se and potential emergence of interferences above background. Endmember data taken from same measurement session.
For individual measurement data see Tab. A.1.6 and Tab. A.1.7.

Analogue to measurements of various amounts of MH-495 we performed tests with USGS
reference material SGR-1 (unfilled circles in Fig. 1.6). This involved the digestion of 100 mg
SGR-1 (equivalent to ~350 ng total Se, section 2.2) and dilution to various concentrations (from
50 ng mL™* to 5 ng mL™). As for standard solution MH-495, the internal errors and the external
reproducibility depend on signal intensities. Again, total Se contents with a minimum of 15 ng mL*

yield internal errors of 0.04%o (2 s.e., n=4) and an external reproducibility of 0.06%. (20, n=4),
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whereas down to 7.5 ng mL™* total Se analyzed yield internal errors of 0.07%o (2 s.e., N=4) and an
external reproducibility of 0.14 %o (20, n=4). Below 7.5 ng mL* the 8Se signal intensities are
<0.18 V and the internal error increases to 0.10 %o (2 s.e., n=6) and the external reproducibility is
>(0.14%o. This reproducibility obtained with a NeptunePlus™ instrument is similar to that previously
reported for other instruments where similarly small quantities were analyzed (5 ng total Se
analyzed with 0.25 %o (26) on 3%¥7®Se on a Micromass IsoProbe by Rouxel et al. (2002) and on a
NuPlasma by Zhu et al. (2008) (4 ng total Se analyzed with 0.10%. (20) for standard solutions MH-
495 and NIST SRM-3149 and 0.15-0.20 %o (206) for natural samples).

Measurements of USGS reference shales (SGR-1 and SCo-1) allow comparison to previous
studies (Kipp et al., 2017; Mitchell et al., 2012; Pogge von Strandmann et al., 2014; Pogge von
Strandmann et al., 2015; Rouxel et al., 2002; Schilling et al., 2011; Stueken et al., 2013; Stlieken et
al., 2015b; Stlieken et al., 2015c; Vollstaedt et al., 2016a) and have relatively high Se abundances
(SGR-1: 3.50 £ 0.28 ug g ; SCo-1: 0.89 + 0.06 ug g ) (Gladney and Roelandts, 1988).
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Figure 1.6 Results and signal-dependent external reproducibility for measurements of various dilutions of the MH-495 standard solution
(filled circles) and 100 mg digested USGS rock reference material SGR-1 (unfilled circles). Error bars represent 2 standard errors (2 s.e.)
of the individual measurements. Black dashed horizontal lines represent average value of dilutions >7.5 ng mL™ as these are
characterized by decent internal errors. Black solid horizontal lines are 26 uncertainties. Vertical dashed lines divide dilutions into <7.5
ng mL?, 7.5-15 ng mL* and >15 ng mL, which are characterized by different internal errors (2 s.e) and external reproducibility (see
section 1.3.3). For individual measurement data see Tab. A.1.8.

Both our obtained concentrations (SGR-1: 3.76 +0.32 ugg™?, 26, n=9; SCo-1:
0.84 £ 0.06 ug g%, 26, n=5) and isotopic compositions (SGR-1: —0.08 + 0.20%o, 26, n=9; SCo-1:
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—0.18 + 0.22 %o, 20, n=5) are within error of most previous studies (see Fig. 1.7) (Kipp et al., 2017;
Mitchell et al., 2012; Pogge von Strandmann et al., 2014; Rouxel et al., 2002; Savard et al., 2009;
Schilling et al., 2011, Stueken et al., 2013; Stiieken et al., 2015b; Stuieken et al., 2015c; Vollstaedt
et al., 2016a) and demonstrate full homogenization of sample with double spike Se. The USGS
SGR-1 batch (USGS SGR-1, Split 25, Position 8) used in this study may be affected by
heterogeneity. This may explain better reproducibility for repeated isotope measurements on diluted
solutions from the same sample digestion, compared to solutions from separately digested material.
Therefore, our values for samples (Fig. 1.7 and Tab. 1.4) that were obtained from separately
digested material in different measurement sessions over a period of 9 months provide a long-term

external reproducibility.
1.3.4 Selenium measurements of samples with concentrations in the ng g~* range

In order to test our method on low Se containing samples with a matrix relevant to mantle derived
rocks, USGS reference basalt BCR-2 is suitable (78 + 3.2 ng g%, 15, n=5) (Lissner et al., 2014).
For this we weighted, double-spiked and digested 300 mg of BCR-2 (equivalent to ca. 25 ng total
Se). Our batch of BCR-2 (3223) yields a Se concentration of 71 +4ngg? (1o, n=3, Tab. 1.4),
which is within uncertainty to published concentrations (Lissner et al., 2014). The isotopic data
acquired is based on measurements of 1 mL sample solution containing ca. 15 ng total Se. Our
measurement yields 3%27%Se of 0.18 + 0.03%o (26, n=3). This value is also within uncertainty to
0.24 £ 0.25%0 (20, n=n. g.) reported by Rouxel et al. (2002). It is important to note that the isotopic
composition obtained is unlikely to represent a mantle reference value as mantle processes are not
entirely understood yet. The pioneering study by Rouxel et al. (2002) reported a large variety of
different geological materials. It is also noteworthy that accurate stable Se isotope measurements
down to the lower ng level have been reported by (Zhu et al., 2008). Both groups however reported

Se isotope data from analysis on different instruments compared to a NeptunePlus™.

While Zhu et al. (2008) and further colleagues of Prof. T. Johnson at the Department of
Geology, University of Illinois at Urbana-Champaign (e.g. Mitchell et al., 2012; Schilling et al.,
2011) analyzed Se isotopes on a NuPlasma, Rouxel et al. (2002) used a Micromass IsoProbe plasma
source instrument with collision/reaction cell technology, which suppressed the formation of
polyatomic interferences down to insignificant levels. However, neither this instrument nor another
MC-ICP-MS with collision/reaction cell technology is commercially available at the present. The
ThermoFisher Scientific® NeptunePlus™ used in this study could be used in medium- or high-mass

resolution mode,
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Figure 1.7 Compiled Se isotope data for USGS shales SCo-1 and SGR-1. Filled symbols represent results from this study, combining 5
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as a strategy to resolve polyatomic interferences from monoatomic ion beams at a given m/z ratio
(Weyer and Schwieters, 2003).

Unfortunately, this technigue clips the ion beam leading to a significant decrease in ion
beam intensity to 15 % for medium- and to 8 % for high-mass resolution compared to the normal
low-mass resolution measurement mode. In medium- or high-resolution modes, it is thus impossible
to obtain accurate Se isotope compositions on analytes with lower than 15 ng total Se, even with
the efficient sample introduction to the plasma promoted by a hydride generator. At a low-mass
resolution measurement mode on the NeptunePlus™ MC-ICP-MS, however, background signals
mainly from Ar dimers are in the range of tens of mV at m/z of 74, 77, 78 and 82 and are very large
(20-25 V) at m/z of 80 (i.e. “*Ar/*°Ar*) using amplifier resistors of 10! Q. In comparison, Rouxel
et al. (2002) only report background levels on their Micromass Isoprobe at m/z = 80 to be <1 mV
(using a 10 Q amplifier resistor). Here, we report the first Se measurement method on the
ThermoFisher Scientific® NeptunePlus™ MC-ICP-MS that minimizes the problem of major
polyatomic interferences on Se isotope masses by introducing methane. Together with a hydride

generation system, this additionally increases the Se signal and thus enables the measurement of

21



Chapter 1

materials with Se concentrations in the range of 15 ng with a 26 reproducibility of ca. 0.10%. and
of 5 ng with a reproducibility of 0.20 %o. This is significant because it allows a systematic Se isotope
investigation of many planetary reservoirs such as the Earth’s mantle, which is characterized by
low Se concentrations (peridotites: ~1-150 ng g, Konig et al., 2014; MORB: 120-200 ng g %,
Lissner et al., 2014) as well as different sulfides and minerals (e.g. mantle sulfides range from 20
to 280 pug g* Se (e.g. Hattori et al., 2002).

1.4  Conclusions

(1) The method presented here allows to employ a ThermoFisher Scientific® NeptunePlus™ for
the accurate determination of Se isotope ratios. The method is based on a double spike to
account for fractionation induced during all stages of sample preparation and combines
hydride generation with the introduction of methane, which results in a two- to three-fold
Se signal increase and background suppression by a factor of two.

(2) Accurate Se isotope measurements with a reproducibility of <0.10%o (26) on 3%27%Se are
obtained on 1 mL sample solution with a total of 15 ng Se. With lower Se quantities down
to 5 ng mL™ a reproducibility of 0.20%o (26) is obtained on &%¥76Se.

(3) Our analytical approach for Se isotope analysis pushes the boundary for the investigation
of geological materials and single minerals with low Se concentrations (200 ng g™* down to
tens of ng g™) and thus allows investigating Se-depleted planetary reservoirs such as the
terrestrial mantle and other high-temperature environments by employing a commercially
available instrument, the ThermoFisher Scientific® NeptunePlus™ MC-ICP-MS. As a first
result we report a §%27%Se value of 0.18 + 0.03%o (20; n=3) for the USGS reference basalt
BCR-2. This value should not be regarded as mantle reference value as processes in the

Earth’s mantle that might produce Se isotopic fractionations cannot be ruled out.
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Chapter 2: The role of subduction recycling on the selenium isotope
signature of the mantle: Constrains from Mariana arc lavas

Abstract

Investigating the isotope systematics and behavior of selenium in subduction zones provides
valuable insights into mechanisms that contribute to chalcophile and moderately volatile element
distribution between terrestrial reservoirs. In this study, we present high-precision Se isotope and
Se-Te elemental data on subduction zone lavas from the Mariana arc system. Our results indicate
that Se-Te concentrations are unaffected by submarine degassing but are affected by magmatic
differentiation. In contrast, Se isotopes of submarine lavas are unaffected by both magmatic
differentiation and degassing and thus may preserve their magmatic source signature. Compared to
the average Se isotope composition previously obtained for mantle-derived samples
(8%2/768e=0.23+0.12%o, 2 s.d., n=5), suitable to represent the Mariana pre-subduction wedge,
Mariana lavas show a larger overall range (5%27%Se from 0.03 to —0.33%o, n=21) with a clear
tendency towards lighter Se isotope compositions. The variable Se isotope signatures within the
Mariana suite can further be attributed to different slab-derived fluid and melt-like subduction
components. This provides evidence for a significant role of subduction recycling of hydrothermal
sulfide-containing altered oceanic crust and pelagic sediments with possible implications for the Se
isotope evolution of the crust-mantle system throughout geological time.

2.1 Introduction

Constraining the behavior of elements in subduction zones provides valuable insights into their
distribution and (re)cycling between surface and igneous reservoirs throughout Earth’s evolution.
The distribution of the chalcophile and moderately volatile elements sulfur (S), selenium (Se) and
tellurium (Te) are of particular interest because they provide insights into Earth’s volatile origin
and evolution (Konig et al., 2014; Wang and Becker, 2013). Selenium and Te are ultra-trace
elements with two orders of magnitude lower abundances in Earth’s mantle compared to ClI
chondrites. Their abundances however, are still higher than expected from metal-silicate
partitioning experiments (Rose-Weston et al., 2009), which predict S, Se and Te to be very
effectively scavenged from Earth’s mantle into its core during metal core formation. This may be
reconciled with a late accretion of chondritic material (late veneer hypothesis; e.g. Kimura et al.,
1974) following core-mantle differentiation. The relative abundances of S-Se—Te in mantle rocks
believed to represent the primitive upper mantle (PUM) signature are near-chondritic, which was
interpreted as evidence for replenishment of Earth’s mantle by accretion of chondritic late veneer
material (Wang and Becker, 2013). However, this interpretation conflicts with the non-chondritic
sulfur isotopic composition of the Earth’s mantle (Labidi et al., 2013), which has been attributed to

partial incorporation of S into the Earth’s core and thus substantial pre-Late Veneer existence of
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volatiles (Labidi et al., 2016). Alternatively, the observed near-chondritic Se/Te ratios in fertile
peridotites might be the result of refertilization and thus represent secondary magmatic processes
(Harvey et al., 2015; Koénig et al., 2014; Lorand and Alard, 2010; Luguet et al., 2015). The fertile
peridotite signature for adequate representation of a PUM model composition remains therefore
controversially debated (Konig et al., 2015a; Konig et al., 2014; Konig et al., 2015b; Wang and
Becker, 2013; Wang and Becker, 2015).

Investigation of the Se isotopic composition of the Earth’s mantle offers a novel approach
to investigate the origin and evolution of volatiles. This requires firm constraints on the Se isotopic
composition of the different terrestrial reservoirs. Within this scope, the role of subduction zone
processes on the Se isotope composition of the mantle is relevant because of large concentration
and isotope differences between Earth’s mantle and crust (Jenner, 2017; Jenner et al., 2012; Lissner
et al., 2014; Rouxel et al., 2002; Yierpan et al., 2018). As in mid-ocean ridge settings, Se elemental
signatures of subduction zone lavas are affected by sulfide segregation during magma
differentiation (Brenan, 2015; Hamlyn et al., 1985; Jenner, 2017; Lissner et al., 2014) and these
processes must therefore be considered in order to adequately interpret the Se isotope composition
of arc lavas. Due to the different partitioning behavior of Se and Te in sulfides (i.e. partitioning into
distinct sulfide phases), Se-Te systematics are a valuable tracer of the relative influence of the
different sulfide populations involved during magmatic differentiation and partial melting (Brenan,
2015; Yierpan et al., 2019). Interpretation of the Se isotope composition of subduction zone lavas
therefore benefits significantly from combined Se isotope and Se-Te elemental investigations.
Recently, Kurzawa et al. (2017) and Yierpan et al. (2018) presented refined analytical techniques
for both chemical purification and high-precision analyses of Se—Te concentrations and Se isotope
compositions on samples with low total amounts of Se and Te. These analytical advancements
provide the potential to investigate the Se isotope signature of low ng Se-bearing silicate rocks in
the context of their Se-Te elemental signatures. This helps to evaluate the different petrogenetic
processes involved in mantle melt evolution and ultimately to decipher the role of subduction

recycling on the Se isotope composition of the mantle.

Studies on V, Fe and Tl isotopes (Prytulak et al., 2013; Prytulak et al., 2017; Williams et
al., 2018) have been conducted on samples from the Mariana arc system to (i) investigate the oxygen
fugacity of the mantle source (using V isotopes), to (ii) explore the interplay of sulfide saturation
and segregation as well as crystal fractionation on the isotope composition of arc lavas (Fe and V
isotopes) and to (iii) trace subduction zone inputs (using T isotopes). These studies concluded that
Fe and V isotope signatures of magmatic rocks cannot directly be used as redox proxies without
considering the influence of magmatic processes such as partial melting and differentiation. Yet,
the timing of sulfide saturation and magnetite crystallization and associated isotope fractionations

could be constrained.
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In this study we focus on a suite of well-characterized, submarine arc lavas dredged from
the Mariana subduction system (Fig. 2.1), which already have been the focus of a pioneering work
on S isotopes (Alt et al., 1993). This suite may hence provide the geochemical background for first

Se isotope constraints on chalcophile element recycling in subduction zones.
2.2  Geodynamic and geochemical context of sample materials

The Mariana arc-basin magmatic system (herein referred to as the Mariana system) extends over a
distance of 2800 km (N-S) and constitutes the southern extension of the lzu-Bonin-Mariana
subduction zone. The Mariana system is the result of westward subduction of the Pacific Plate along
the Mariana trench beneath the Philippine Sea Plate initiated in the early Eocene (e.g. Stern and
Bloomer, 1992; Stern et al., 2003). It can be subdivided into the Mariana island arc, which is an
arcuate alignment of ~40 subaerial and submarine volcanoes, and the Mariana trough, an actively

spreading back-arc basin (e.g. Pearce et al., 2005).

A total of 21 glassy samples from the submarine Mariana arc and trough sections (Fig. 2.1)
were analyzed in this study. Among these are 12 samples from the active Mariana arc. These
samples were either dredged (Fukujin, Eifuku and S. Daikoku) or collected by submersible
(Kasuga) at collection depths of ~800-2900 mbsl (Alt et al., 1993). Additionally, 9 samples from
two trough localities (18°N and 22°N) were analyzed, that were obtained by submersible or
dredging at collection depths of ~2800-3700 mbsl. The samples are mainly basalts, basaltic
andesites and andesites (Alt et al., 1993). Samples were petrographically classified into three
groups: (i) ‘glass’, (ii) ‘glassy’ and (iii) ‘microcrystalline’ (see Alt et al., 1993). Some materials
analyzed here have previously been analyzed including for S, Sr and Nd isotopes and major and
trace element systematics (Alt et al., 1993 and references therein). These studies showed that back-
arc lavas from 22°N and a single trough rock from 18°N (1846-9; Alt et al. (1993)) carry a strong
arc signature, as inferred from trace element and Sr—Nd-Pb isotope systematics, which can be
explained by addition of an arc component to a MORB mantle (e.g. Stern et al., 1990). Based on
this observation, we suggest the subdivision of the following groups among the samples analyzed:
back-arc samples at 18°N, arc-like samples at 22°N (and sample 1846-9 from 18°N) (where the
back-arc basin intersects the arc) and arc samples from submarine volcanoes (Kasuga, Fukujin,
Eifuku, S.Daikoku). These subdivisions also account for different subduction components that
comprise shallow, deep and total slab-derived contributions as expressed by Ba/Th, Th/Yb and
Ba/Yb, respectively (Pearce et al., 2005). The shallow subduction contribution results from early
dehydration of the slab and migration of fluids from the slab-mantle interface into the sub-arc
mantle wedge (arc and back-arc). Deep subduction additions are explained as sediment-derived
melt-like components (mainly arc). The flux of subduction components in not limited to vertical
transport but also includes lateral transport (Stolper and Newman, 1994 and references therein). In

previous studies, the sub-arc mantle wedge has been interpreted to act as chromatographic column
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diluting the subduction input in arc-distal areas. However, assessing these mechanisms in these arc-
distal areas is not the aim of this study and we rather focus on how the different and variable
subduction components influence the Se isotope systematics of arc-related melts.
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Figure 2.1 Locality map for the Mariana arc system and locations of samples. Analyzed samples are from submarine
seamounts (bold labels) and from two back-arc regions (shaded rectangular boxes). Modified after Alt et al. (1993 and
references therein).

2.3 Analytical techniques

2.3.1 Reagents, materials, major- and trace element analyses

Glass free of coatings and alteration was carefully handpicked from each sample, followed by
multiple washing steps in dilute HCI and distilled water and were finally ground to powder (Alt et
al., 1993). Sulfur concentrations of these samples were already published by Alt et al. (1993). In
addition to Se isotope measurements and Se—Te concentration analyses, selected samples were also
analyzed for major and trace element concentrations. All analyses were performed in the 1SO-5 (US
FED standards class 100) clean-room facilities of the Isotope Geochemistry at the University of
Tibingen, Germany. All reagents used during digestion, sample preparation and measurements
were distilled from MERCK Millipore Emsure™ grade HCI (37%) and HNO; (65%) using
Savillex™ DST-1000 Acid Purification Systems. Reagents were diluted to required molarities to

+0.03 mol L™* as checked by titration. lon exchange resins, beakers, pipette tips and centrifuge vials
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were pre-cleaned with multi-step HCI and HNO; treatments. A Merck Millipore Milli-Q™ system
was employed to further purify de-ionized water to 18.2 MQ-cm at 25 °C.

Previously determined major element data was complemented and trace elements were
measured for the entire Mariana sample suite (Alt et al., 1993) during this study using a
ThermoFisher Scientific iCAP Qc quadrupole ICP-MS housed at the Isotope Geochemistry
Laboratory at the University of Tlbingen following the analytical procedure by Albut et al. (2018).
Due to limited sample material, all major and trace element concentrations of samples were
determined together with rock reference materials AGV-2 (for major element data, n=2, Tab. A.2.1)
and BHVO-2 and BIR-1a (for trace element data, n=2 and 1, respectively, Tab. A.2.2). Analytical
precision for most analyzed trace elements is better than 2% r.s.d. except for Be, As, W and U with
analytical precisions better than 5% r.s.d. Obtained trace element concentrations of rock reference
materials match those reported by Jochum et al. (2016) (see Supplemental Information). For major
element analysis, 0.1 g of homogenized sample material was fused together with 0.5 g of
Spectromelt® to produce a fused glass bead, which was subsequently dissolved in 0.45 mol L?
HNO3 in a Teflon beaker agitated in an ultrasonic bath and diluted by addition of an internal
standard solution before final measurement. For determination of trace element concentrations, 0.02
g homogenized powder of each sample were weighted into Teflon beakers and digested at 120°C
in a mixture of concentrated HF and HNOs (5:1, v/v). After dry down, the samples were taken up
in 6 mol L* HCI and heated in closed beakers to break up existing fluoride complexes. The sample
solutions were again evaporated to dryness, converted to nitrite form and subsequently diluted with

an internal standard solution before final measurement.
2.3.2 Se concentration analyses

Pre-determination of Se concentration of an unknown sample is required in order to know the
amount of double spike to be added to the sample for precise Se isotope analysis with ideal double
spike-sample ratio of ~1:1 (Kurzawa et al., 2017). For the pre-determination of Se concentrations
via isotope dilution, we followed the procedure described by Yierpan et al. (2018). For this, we
weighed 0.02 g sample material (equivalent to 2 ng total Se assuming a Se concentration of 100 ng
g 1) in Teflon beakers, added an adequate amount of ““Se—’Se double spike and digested the mix
with an acid mixture of 5:1 (v/v) conc. HF : conc. HNO:s in closed Teflon beakers at 85°C. The
digested samples were then dried at 65°C followed by conversion, heating and dry down steps (see
Yierpan et al., 2018) in 6 mol L™* HCI before Fe was removed by means of anion exchange
chromatography. Fe-free cuts were then diluted to 0.5-1 ng mL™* Se and finally measured on the

iICAP Qc ICP-MS using hydride generation following the protocol of Yierpan et al. (2018).
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2.3.3 Se isotope and Te concentration analyses

Chemical purification of Se and Te for subsequent Se isotope and Se—Te concentration analyses
was achieved following the protocol by Yierpan et al. (2018) as it allows to simultaneously purify
Se and Te from a single sample digest with high yields. Briefly, this involves weighing sample
material equivalent to ~30 ng Se (exact Te amount uncritical) into conventional perfluoralkoxy
(PFA) beakers, adding adequate amounts of "*Se—""Se double spike (1:1; sample Se : double spike
Se) and *Te single spike (exact single spike amount less critical) and digesting the sample-spike
mixtures in an acid mixture of 5:1 (v/v) conc. HF : conc. HNOs in closed beakers on a hotplate at
85°C for 48 hours. Se and Te were purified from sample solutions by a two-step ion exchange
chromatography. In a first step, we employed an anion exchange column to remove Fe and collect
purified Te. In a second step, Se was purified using a cation exchange column to remove remaining
cations. Te concentrations were then determined by hydride generator quadrupole ICP-MS on the
iCAP Qc instrument and Se isotopes and concentrations were measured by hydride generation
multi-collector ICP-MS on the ThermoFisher Scientific NeptunePlus™ instrument of the Isotope
Geochemistry laboratory, University of Tibingen. Typical signals on 8Se (using an amplifier
resistor of 10 Q) on a 30 ng mL ™ Se solution with operating parameters similar to those reported
by Kurzawa et al. (2017) generally are 0.8-0.9 V. During Te concentration measurements on the
iCAP Qc ICP-MS using similar operating parameters to those of Yierpan et al. (2018), ~55000cps
on *Te were obtained for a Te standard solution of 0.5 ng mL . Se isotopes and Te concentrations
of samples were determined at similar signal intensities compared to those of standard solutions.
For detailed descriptions of analytical techniques employed see Kurzawa et al. (2017) and Yierpan
et al. (2018). All Se isotope compositions obtained during this study are reported relative to the
NIST-3149 Se reference solution. Measurements of the inter-laboratory standard solution MH-495
yielded an average value of 6%%76Se of —3.25+0.08%o (2s.d., =26, 30 ng mL* solutions, see Tab.
A.2.3), in agreement with previous studies (Kurzawa et al., 2017; Labidi et al., 2018; Yierpan et al.,
2018 and references therein; Yierpan et al., 2019). The external reproducibility for sample materials
was derived from two multiple digested samples (arc-like 1881-4; Kasuga 1880-3 (K2)) during
different measurement sessions and is 0.10%o (2 s.d., n=3 and n=6, respectively; see Tab. A.2.4).
All samples were measured together with the international rock reference material USGS BHVO-
2 that has been published by Yierpan et al. (2018). Further, we provide Se isotope and Se-Te
concentration data for the international rock reference materials JB-2 and JB-3 (Geological Survey
of Japan) (Tab. A.2.5 and A.2.6). Obtained Se—Te concentrations are in agreement with data
reported in the literature (see Supplemental Information). Long-term analytical reproducibility for
both Se and Te concentration determinations are ~3% r.s.d. The main advantage of the procedure
by Yierpan et al. (2018) followed here is that it yields very low blanks. Accurate isotopic

compositions of procedural blanks cannot be determined because blank levels are always
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insignificant (at background level; e.g., ~0.05 and 0.01 ng for Se and Te, respectively; see Yierpan
etal., 2019). However, Kurzawa et al. (2017) showed high accuracy for low Se-containing solutions
with various blank levels (up to 1 ng) that confirms a negligible blank contribution for a given

isotopic composition.
2.4 Results

24.1 Major and trace elements

All samples show 48 to 61 wt.% SiO, and 2 to 9 wt.% MgO (Tab. 2.1; Tab. A.2.7) and are classified
as basalts, basaltic andesites, andesites. Relative to the back-arc samples (MgO between 5 to 9
wt.%) and with the exception of the Kasuga samples, the arc samples are more differentiated
showing MgO contents of 2 to 4 wt.%. The Kasuga samples are more primitive as indicated by
lower SiO; and higher MgO contents of <55 wt.% and >5 wt.%, respectively. The samples from
S.Daikoku, Eifuku, Fukujin and both back-arc localities follow the tholeiitic fractionation trend
whereas samples from Kasuga follow calc-alkaline to shoshonitic fractionation trends (Alt et al.,
1993). In terms of major element composition samples from both back-arc localities (18°N and
22°N) are indistinguishable from each other. Our new trace element data are in accordance with
previous observations (Stern et al., 2003 and references therein) in that primitive mantle normalized
trace element diagrams (after Palme and O'Neill, 2014) for the Mariana arc and trough samples all
show marked enrichments in large ion lithophile elements and light rare earth elements such as Rb,
Ba, U, K, Pb ,Sr, La and Ce, show arc-typical relative depletions in high field strength elements
(HFSE) (e.g. Nb, Ta, Zr, Hf) and relatively low heavy rare earth element concentrations (e.g. Tb,
Er, Yb) (Fig. A.1). They share these characteristics with other arc volcanic rocks from the Mariana
arc (e.g. Elliott et al., 1997). In addition, our new trace element data are in agreement with the
previous observation (section 2.2 and references therein, e.g. Pearce et al., 2005) that the back-arc
samples are dominated by slab-derived fluid enrichment (elevated Ba/Th compared to primitive
mantle) and the arc samples additionally contain a marked sediment-melt subduction component
(similar Ba/Th but higher Th/Yb and Ba/Yb than the back-arc suite).

2.4.2 S-Se-Te concentrations

The arc samples exhibit S contents in the range of 10 to 200 pug/g. Compared to those, back-arc and
arc-like samples are characterized by higher S contents between 200-930 ug/g (Alt et al., 1993).
Selenium concentrations of back-arc samples are on average 153+55 ng g* (1 s.d., n=4), similar to
those from arc-like samples with an average of 138+42 ng g* (1 s.d., n=5) (Fig. 4a). In contrast,
the arc samples show lower Se contents with an average of 111+32 ng g* (1 s.d., n=12) (Table 1)
and can vary significantly between volcanoes and even within one individual volcano (e.g. Kasuga).

Sulfur/Selenium ratios of back-arc and arc-like samples range from 2190 to 8230 and 1450 to 5110,
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respectively (Fig. 2.3d). The arc samples show generally lower S/Se ratios in the range of 120 to
1680 (Fig. 2.3d).
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Figure 2.2 Compilation of Se isotope compositions of Mariana lavas analyzed in this study and literature data. Data for
deep-sea sediments, hydrothermal sulfides, hydrothermally altered basalts and the silicate Earth from Rouxel et al., (2002)
are averaged values. Additional data for hydrothermal sulfides from Rouxel et al. (2004). Silicate Earth value by Rouxel
et al. (2002) comprises a peridotite (PCC-1) and five basalts (BHVO-1, BCR-1, BE-N and BR). ‘basaltic lavas’ (BHVO-
2, BCR-2, BIR-1a, BE-N) from Yierpan et al. (2018). The vertical grey box indicates range of the Mariana pre-subduction
mantle value that comprises basalts without any subduction-related origin measured by Yierpan et al. (2018) and the
peridotite analyzed by Rouxel et al., (2002). PAR mantle represented by Pacific Antarctic Ridge MORBs (n=27) from
Yierpan et al. (2019). Average values for Phanerozoic and Precambrian sediments from Stiieken et al. (2015). Range of
global marine sediments from Mitchell et al., (2016) and references therein. All error bars given as 2 s.d. uncertainty, for
details see Section 2.3.3. No error bars displayed for hydrothermal sulfides as uncertainties exceed the diagram range
(instead values are given).

Tellurium concentrations of back-arc and arc-like samples show average concentrations of
4.0+2.3ng g* (1 s.d.,, n=4) and 2.4+1.5ng g* (1s.d., n=5), respectively (Fig. 2.4b). The arc
samples are characterized by Te concentrations with an average of 2.1+2.0 ng g* (1 s.d., n=12).
The Te concentrations of some arc samples (n=5, e.g. back-arc sample 1846-9) analyzed by Yi et
al. (2000) are in good agreement with those obtained in this study. The Se—Te ratios are controlled
by variable Te concentrations and are most variable within the arc samples ranging from 14 to 481.
It is noteworthy, that the Se/Te ratios of the Kasuga volcano are among the lowest of all arc samples
with typical Se/Te between 14 and 31. Two samples from Fukujin are characterized by very low Te
concentrations (<1 ng g; see Tab. 2.1) and thus have the highest Se/Te ratios (393 and 481,

respectively).
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Figure 2.3 (a) Apparent covariation of collection depth and S concentrations, (b) no indication of eruption-related
degassing of Se. (¢) No covariation of collection depth and Se isotope composition, (d) S/Se vs. Se concentrations
indicating S/Se not controlled by Se concentrations. All error bars given as 2 s.d.

2.4.3 Se isotope composition

The average §%275Se of the back-arc samples is —0.03+0.03%o (2 s.d., n=4) whereas the average
58278Se of the arc-like samples is —0.21+0.16%o (2 s.d., n=5) (Fig. 2 and 5a). The arc samples exhibit
Se isotopic compositions that average at —0.13+0.17%o (2 s.d., n=12) (Fig. 2.2 and 2.5a). The Se
isotope compositions of the samples are not related to silicate differentiation as inferred from the
absence of covariation of MgO and §%2/76Se (Fig. 2.5a). Furthermore, the 5%276Se of the samples are
unrelated to the collection depths (Fig. 2.3b).

Interestingly, the back-arc samples are isotopically heavier than the arc and arc-like
samples, which overlap in their Se isotope composition with recent Se isotope data of MORBs from
the Pacific Antarctic Ridge (PAR; Yierpan et al. (2019)). However, it is very important to note that,
Mariana samples originate from a different mantle domain than Pacific-type MORBs. Volpe et al.
(1990) concluded from Sr, Nd and Pb isotope ratios of Mariana Trough basalts (equivalent to back-

arc samples analyzed in this study), that the mantle beneath the back-arc region of the Mariana arc
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is isotopically similar to average Indian-type MORB. Most likely, this also applies to the mantle
wedge beneath the Mariana arc, similar to complex dynamics revealed for other SW Pacific arcs
(e.g. Konig et al., 2007; Schuth et al., 2011). In contrast, PAR basalts originate from the Pacific
mantle domain that is isotopically depleted compared to the Indian mantle domain (Ito et al., 1987).
Thus, the Indian mantle domain resembles an enriched mantle reservoir compared to the Pacific
mantle domain, which precludes a direct comparison of the PAR data and our Mariana data.

Given the absence of literature 5%%75Se data for the Indian mantle domain, the Mariana pre-
subduction wedge may be best represented by melts that originate from enriched reservoirs that are
isotopically heavier as indicated also by the heavier back-arc compared to arc lavas analyzed here
(Fig. 2.2). Hence, a suitable Mariana pre-subduction background is provided by the most recent
data of worldwide, non-subduction-related basalts (BHVO-2, BCR-2, BIR-1a and BE-N) by
Yierpan et al. (2018) and the reported peridotite (PCC-1) value of Rouxel et al. (2002), which yield
an average 6%2%Se of 0.23+0.12%o (2 s.d., n=5, Tab. A.2.9). Compared to this value, all Mariana
samples, including for the back-arc, show isotopically lighter Se isotope compositions (Fig. 2.2).
Note, that especially the arc and arc-like samples display a greater variability in their 53976Se (e.g.
Fig. 2.2) compared to the more homogeneous and slightly isotopically heavier back-arc lavas. We
conducted t-tests to evaluate the statistical significance of the different averages of the distinct
sample suites relative to the pre-subduction mantle. The three obtained two-tailed P values for the
back-arc, the arc-like and the arc samples each relative to the pre-subduction mantle equal t(7)=4.18,
p=0.0042, t(8)=4.92, p=0.0012 and t(15)=4.27, p=0.0007, which are all statistically very

significant.
2.5 Discussion

2.5.1 No effect of degassing on Se isotope signatures of submarine Mariana lavas

Previous work on Mariana arc lavas showed heavier S isotope signatures compared to the mantle,
which was suggested to mirror recycling of subducted sediments (Alt et al., 1993). A trend of
decreasing S contents (Fig. 2.3a) and low S concentrations in highly vesicular Mariana lavas
suggests that partial extrusive degassing of S can occur in submarine environments despite the great
pressures of overlying water columns (Alt et al., 1993; Davis et al., 1991). Considerable differences
in S concentrations of lavas erupted under submarine conditions may result from partial eruptive
degassing, the degree of crystal fractionation, different conditions and percentages of partial melting
and variations in source conditions (Davis et al., 1991). An assessment of these processes and their
role on S isotope compositions is beyond the scope of this study. Importantly, Se contents and Se
isotope compositions of our samples do not systematically change with water depths (Fig. 2.3b, ¢),
nor do Se contents correlate with Se isotope compositions (Fig. 2.5b). Moreover, Se concentrations

of our samples are independent from S as inferred from a lack of covariation between these elements
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(Fig. 2.3d) in contrast to a correlation of S/Se ratios controlled by S (not shown). Therefore,
irrespective of the process affecting S, we rule out Se loss and Se isotope fractionation due to

eruption-related degassing.

Recently, Jenner et al. (2010) reported similar Se concentrations in volcanic rocks derived
from the Manus back-arc basin (north-east of Papua New Guinea) compared to MORB and
concluded, that the Se contents remain unchanged during eruption associated degassing, which is
in accordance with our conclusion. The decoupling of Se from S in terms of their degassing potential
might be due to the fact that Se becomes oxidized only at elevated fO,, or Eh, compared to S as
earlier proposed by Jenner et al. (2010 and references therein). This implies that Se is retained

whereas S (oxidized at given Eh) is lost.
2.5.2 Magmatic differentiation

Although submarine Mariana arc lavas from the shallowest depths contain the lowest S contents
(Table 1), back-arc lavas from rather constant and great depths (>3000 mbsl) also show very
variable S contents (~200-1000 pg/g). This suggests that a process unrelated to changing water
column pressure (such as potential degassing and magmatic differentiation) also affected the S
contents of the lavas. Since all our samples show MgO contents between ~9 and 2 wt.% (Tab. 1)
the effect of magmatic differentiation and potential sulfide segregation needs to be considered when

interpreting chalcophile element concentrations and in particular potential Se isotope variations.

Geochemical evidence for sulfide segregation stems from trends of chalcophile element
concentrations (Cu, Se and Te) and V/Sc versus MgO (Fig. 2.4) (Jenner, 2017 and references
therein). Before ~7 wt.% MgO the concentrations of Se, Te (and some Cu) increase, followed by a
drop in concentrations (Fig. 2.4a-c). A different phase than sulfide has to account for the observed
changes in Se—Te—Cu concentrations, because the melt is under-saturated in sulfides at this stage of
melt differentiation (Jenner et al., 2015; Jenner et al., 2010). In the case of the platinum group
elements (PGESs), a Pt-rich alloy has been identified to be the most likely source of PGE depletion
during early stages of fractional crystallization before the magnetite crisis and segregation of
sulfides (Jenner et al., 2015; Park et al., 2013). Thus, it is likely that Se and (especially) Te are
concentrated in alloys (e.g. tellurides; Konig et al., 2015a) that crystallize from sulfide under-

saturated melts.

From ~6 to ~3 wt.% MgO, Se and Cu concentrations increase whereas Te concentrations
still decrease, which might be due to incorporation of Te into Pt-Te-alloys (Fig. 2.4b). Note, that
the observed trend seen for Cu concentrations (Fig. 2.4c) is also evident from Cu data reported in
the literature (Jenner et al., 2015; Williams et al., 2018). At ~3 wt.% MgO and contents of Cu, Se
and Te in the melt show a pronounced scatter, possibly related to appearance of sulfides, which are

not fully segregating (previously inferred by Williams et al., 2018).
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At 2.8 wt.% MgO, magnetite appears on the liquidus as inferred from the onset of
decreasing V/Sc that is accompanied with a decrease in the Fe3*/Y Fe ratio leading to a decline in
fO, (Jenner et al., 2010). At this stage sulfide becomes saturated in the melt and finally segregates,

thus scavenging Se, Te and Cu, albeit to different extents (more pronounced decrease of Cu and Te
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contents compared to Se; Fig. 2.4). This is related to a lower sulfide-silicate melt partition

coefficient of Se compared to Cu.

Whereas the exact processes responsible for the unsystematic variations in Cu, Se and Te
concentrations remain to be constrained, it is important to investigate potential correlations between
Se concentrations and an index of differentiation, such as MgO, with Se isotope variations. Previous
studies (Prytulak et al., 2017; Williams et al., 2018) involving Mariana arc lavas showed that for
both V and Fe, significant isotope fractionation is induced as a consequence of magnetite
fractionation and sulfide segregation, respectively. Both studies identified heavier isotope
compositions following the ‘magnetite-crisis’ at ~2.8 wt.% MgO, consistent with preferential

scavenging of isotopically light V and Fe into magnetite and sulfide phases.
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Figure 2.5 (a) Se isotope compositions of Mariana lavas vs. MgO contents shows no covariation with index of alteration
indicating absence of isotope fractionation during magmatic differentiation. (b) Se isotope composition of Mariana lavas
vs. Se concentrations indicates no isotope fractionation during magmatic differentiation (i.e. sulfide segregation, alloy
fractionation; see text for details).

Such a link between sulfide saturation and Se isotope fractionation is not observed in our
study. No trend between the Se isotope composition and MgO or Se is seen (Fig. 2.5a,b), which
suggests that magmatic differentiation processes significantly affect both Se and other chalcophile
element contents of the samples analyzed (Fig. 2.4), but do not result in Se isotope fractionation.
This is in agreement with observations and conclusions based on a dry magmatic suite from the
PAR (Yierpan et al., 2019). As neither degassing nor magmatic differentiation affect the Se isotope
compositions of our samples, the isotopic variations among Mariana samples, particularly
systematic differences between back-arc and arc samples are most likely related to their respective

source composition.
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2.5.3 Different subduction components and their influence on the Se isotope

composition of arc lavas

The &%76Se signatures of Mariana lavas show a relatively large range and overall lower values
compared to a rather confined range for the Mariana pre-subduction mantle, represented by basaltic
melts and peridotite from intraplate and ridge settings, but without any subduction-related origin.
Thus, 5%7°Se signatures of Mariana lavas seem indeed intrinsic to their subduction zone origin
(Fig. 2.2). The Se isotope compositions of the Mariana lavas represent that of their mantle sources
in contrast to their elemental budget that is compromised by magmatic differentiation (see section
2.5.2). Se isotopes of Mariana lavas may thus trace the slab-derived contribution and be related to
potential recycling of Se in subduction zones. Although the Mariana system is highly complex, the
natures of subduction components (i.e. fluid-like and melt-like components, see sections 2.2 and
2.4.1) added to the sub-arc mantle are broadly classified via different incompatible trace element
systematics (Pearce et al., 2005). Any covariations between these proxies of subduction components
and Se isotope compositions could therefore help to assess potential subduction recycling of Se.
Slab-derived fluids and sediment melts may influence the Se isotope compositions of Mariana lavas
to different extents. Figure 2.6a shows variable Ba/Th and Th/Yb ratios indicating that Mariana arc
lavas are affected by both subduction components as has been documented in the literature (e.g.
Elliott et al., 1997). Figure 2.6b shows the Se isotope compositions of all Mariana samples relative
to Ba/Th, indicating slab-derived fluid enrichments (termed shallow subduction component by
Pearce et al. (2005)). It can be observed that Mariana lavas all show lower §%¥75Se at somewhat
higher Ba/Th compared to the Mariana pre-subduction mantle albeit some scatter exists in the
dataset (Fig. 2.6b). Slab-derived sediment melts were termed deep subduction component by Pearce
et al. (2005) and are indicated for instance by elevated Th/Yb in arc samples. Interestingly, these
arc samples also extend to slightly heavier Se isotope compositions relative to slab-fluid dominated
back-arc and arc-like samples (Fig. 2.6¢). The influence of a sediment melt on the arc samples is
also expressed by high La/Sm ratios (Elliott, 2003), which indeed show a positive trend with §%276Se

but no trend with indicators for magmatic differentiation such as MgO contents (Fig. A.2).

Although back-arc and arc-like samples mostly overlap in their relatively low Th/Yb, they
can be distinguished based on their respective §%276Se (Fig. 2.6c). In particular, the back-arc samples
with their highest relative 6%%7Se do not match the tendencies observed for the other sample suites,
which could be attributed to their rather distinct origin within the subduction zone. Indeed, the
location of the back-arc samples lies ~350 km away from that of the arc-like samples (Fig. 2.1). In
contrast, arc and arc-like samples originate from relatively restricted areas, respectively. These two
groups however share the same subtle tendency between 58276Se and Th/Yb (Fig. 2.6c), which is in
agreement with a strong arc signature previously found in back-arc lavas from 22°N (see

section 2.2; Stern et al., 1990). The back-arc samples fall off this trend, possibly reflecting a
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different source due to the remote setting. It seems clear however, that all samples experienced slab
fluid addition revealed by increased Ba/Th and offset to lower %%7°Se compared to the pre-
subduction mantle. Again, the distinction between shallow and deep subduction contribution based
on Ba-Th-Yb systematics and the observation that sediment melts are more dominant in the arc
samples compared to the back-arc samples is entirely based on a previous classification (Pearce et
al., 2005). Reasons for a similar shallow and less pronounced deep subduction signature in back-
arc lavas may be a chromatographic effect and dilution by back-arc melts (Stolper and Newman,
1994). Overall, it seems that shallow slab fluids can explain lower §%27%Se, whereas deep-derived
sediment melts may carry a heavier Se isotope signature that raises the 5%#76Se again (i.e. buffer the
initial slab-fluid signature). Hence, slab-derived fluids and sediment melts (Fig. 2.6a, Ba/Th vs.
Th/Yb) may shift 38¥76Se in arc lavas to opposing directions, where the relative proportion of these
subduction components ultimately determines the direction of tendencies among suites. As a result,
the total subduction addition, expressed by Ba/Yb (Fig. 2.6d), may be the best approximation of a
net recycling signature (Pearce et al., 2005) that seems to produce lower overall §%276Se compared
to the Mariana pre-subduction mantle. Further studies that examine in more detail the effects of

different types of subduction components are clearly required.

Moreover, it remains to be investigated if and how a net contribution of subduction
components to arc lavas relate to the Se isotope signature of the subduction input. In the case of S,
the heavier 6*S of Mariana lavas compared to the mantle has been linked to recycling of subducted
sediments (Alt et al., 1993). Sediments in addition to altered oceanic crust containing hydrothermal
sulfides indeed show variable Se isotope compositions (e.g. Mitchell et al., 2016; Rouxel et al.,
2004; Rouxel et al., 2002). Therefore, it is necessary to assess if recycling of these materials might

in principle account for the Se isotope compositions observed in subduction zone magmas.

2.5.4 Recycling of subducted surface material as possible source for Se isotope

variability in Mariana arc lavas

Marine sediments have been the focus of numerous Se isotope studies (e.g. Mitchell et al., 2016
and references therein). So far, available data from the literature comprises shales of various ages
(Archean to present day) and depositional environments (open marine and marine basins) with
distinct conditions (euxinic, anoxic, suboxic and oxic) (Mitchell et al., 2016). Stleken et al. (2015)
identified a statistically significant shift in the Se isotope composition from predominantly positive
(0.63£0.67%o; 2 s.d., n=169) to negative (—0.28+0.88%o; 2 s.d., n=240) 5*97°Se values from
Precambrian to Phanerozoic samples (Fig. 2.2; see also Fig. 3a in Stueken et al., 2015). Taken
together, the Se isotope compositions of all these samples combined with other published §%%75Se
data (e.g. Mitchell et al., 2016) are in the range of —3 to +3%. (Fig. 2.2; see also Mitchell et al.,

2016). This suggests that not the entire Se isotope variation of all hitherto analyzed sediments
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Figure 2.6 (a) Ba/Th vs. Th/Yb indicating different proportions of slab-derived components. Se isotope composition vs.
(b) Ba/Th and (c) Th/Yb indicating the influence of slab-derived fluid and melt-like components. (d) Se isotope
composition vs. Ba/Yb demonstrates Se isotope composition as function of total subduction addition. See Section 5.3 for
details. Labelled boxes in (b) point to Se isotope compositions of deep-sea sediments (ODP 1149 Leg 185),
hydrothermally altered basalt and hydrothermal sulfides analyzed by Rouxel et al., (2002, 2004). White box indicates
Mariana pre-subduction mantle wedge value (0.23 + 0.12%o, 2 s.d., n=5, Tab. A.2.9) represented by non-subduction-
related mantle melts (basalts, Yierpan et al., 2018; peridotite, Rouxel et al., 2002) and. Ba/Th, Th/Yb and Ba/Yb ratios
for the (sub-arc) mantle taken from Gale et al. (2013). All error bars given as 2 s.d.

qualify as endmembers to constrain potential sediment recycling in a modern subduction zone
system. Instead, a narrower isotopic range of only modern sediments can be considered to begin
with. In addition to age, the depositional setting may also be critical. Isotope fractionations in low-
temperature environments can be large as inferred from laboratory experiments (Johnson and
Bullen, 2004) and the wide range of reported §%27Se of sediments (e.g. Mitchell et al., 2016; Rouxel
et al., 2002; Stlieken et al., 2015). Even these modern surface Se isotope variations exceed that
identified in Mariana lavas by far but all show average 6%76Se that are distinctly negative (Fig. 2.2).
Thus, subduction recycling of surface material may indeed account for the isotopic offset of

Mariana lavas compared to the Mariana pre-subduction mantle range.
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Deep-sea sediments of the uppermost stratigraphic section from Site 1149 ODP 129, which
are subducted beneath the 1zu-Bonin-Arc as part of the Izu-Bonin-Mariana subduction system, have
been analyzed for Se isotopes (Rouxel et al., 2002). These sediments have an average Se isotope
composition of —0.42+1.44%o (2 s.d., n=3, Rouxel et al., 2002), in agreement with input of, on
average, isotopically light Se during subduction. However, in addition to pelagic sediments,
subducted volcaniclastic turbidites have been identified as another major source of melt-like
subduction components affecting the geochemistry of arc lavas in the northern part of the Mariana
arc (Tollstrup and Gill, 2005). Moreover, isotopically light, hydrothermally altered basalt may also
contribute to an isotopically light subduction input (—1.3340.31%o, 2 s.d., n=2; Rouxel et al., 2002).
Overall, although the proportion of altered versus unaltered oceanic crust to a net subduction input
is difficult to constrain, the role of subducted sulfides needs to be considered.

Due to its chalcophile behavior Se is predominantly hosted by sulfides both in the mantle
and slab (e.g. Guo et al., 1999; Hattori et al., 2002; Konig et al., 2015a; Konig et al., 2014). Thus,
hydrothermal sulfides may constitute important subduction input material and published data show
an average Se isotope composition of —1.36+2.82%o (2 s.d., n=77; Rouxel et al., 2004; Rouxel et
al., 2002) with the most extreme values up to —4.75%o (Tab. A.2.10). This is in agreement with
recent analyses of hydrothermal pyrite minerals, albeit from a continental setting, showing a record
of 8%7Se ranging from —4.48+0.09%0 to —0.39+0.09%0 (2 s.d., n=10) with an average of
—2.734£0.09%o, altogether confirming the pronounced, isotopically light hydrothermal sulfide
signatures for Se (Konig et al., 2019). Hydrothermal sulfides together with pelagic clays may be
among the first phases to destabilize during subduction and therefore significantly contribute to
slab-derived fluid signatures. The importance of sulfides in the recycling of chalcophile elements
is supported by the observation of migrating S-bearing fluids up the subduction interface after
liberation of sulfide from sediments and altered basalt at shallower depth (Mottl et al., 2004). It has
further been suggested that S is released from magmatic sulfides in sediments and the oceanic crust
itself by extensive recrystallization during high-pressure metamorphism (Li et al., 2016), possibly
amplifying Se recycling. However, some S enters deeper parts of the subduction zone as indicated
by sulfide inclusions in garnets from eclogites that grew during prograde metamorphism (Li et al.,
2016). This sulfur might be liberated by subduction components that contribute to enrichment of
the deeper sub-arc mantle wedge. In summary, the complex combination of pelagic and
volcaniclastic sediments, altered and unaltered oceanic crust and sulfides altogether could account
for the relatively lighter Se isotope signatures of Mariana lavas compared to the pre-subduction
mantle (Fig. 2.2).

A pronounced shift in the average Se isotope composition of marine sediments before and
after ca. 550 Ma (Aprecambrian-Phanerozoic ~ 0.91%o; Stlieken et al. (2015)) was recently reported. This

shift was interpreted to be the result of increased oxidative weathering and more pronounced
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continental mobilization of Se following Earth’s second atmospheric oxygen increase ca. 550 Ma
ago (Neoproterozoic Oxygenation Event, NOE). Progressive subduction of this isotopically lighter
average Se isotope input may have had an impact on the secular Se isotope composition of the
Earth’s upper mantle after ca. 550 Ma, possibly mirroring the NOE. Such a link between stepwise
atmospheric oxygenation and mantle evolution has previously been invoked for redox-sensitive
uranium isotope systematics (Andersen et al., 2015). Subduction recycling of Se may not only
produce larger and systematic Se isotope variations in Mariana lavas compared to the Mariana pre-
subduction mantle but also, make Se isotopes a tool to investigate links between Earth’s interior

and atmospheric oxygenation throughout geological history.
2.6 Conclusions

The first case study involving stable Se isotopes in arc and back-arc lavas provides significant new
insights into the systematics of this chalcophile and moderately volatile element in subduction
zones. The Se isotope signature of submarine Mariana lavas is not affected by degassing and, unlike
the elemental Se budget, not affected by magmatic differentiation. Therefore, the §%¥7°Se of
submarine arc lavas may retain its source signature. This signature is likely enriched by melt-like
and fluid-like subduction components derived from the subducting Pacific crust and overlying
sedimentary cover. Mariana samples show a tendency to become isotopically lighter from the back-
arc to arc(-like) lavas, possibly reflecting a decreasing chromatographic effect of the overlying
mantle wedge and increasing influence of a fluid signature. Addition of a sediment melt-like
subduction component seems to buffer this fluid-induced signature as observed in Mariana arc
samples. Due to these complex contributions of subduction components, Se isotope compositions
of Mariana lavas show a larger range and are overall lighter than the pre-subduction mantle range
that comprises peridotite and non-subduction related worldwide mantle melts. Possible slab-derived
contributions may be traced back to subduction recycling of isotopically light Se input such as
modern sediments and altered sulfide-bearing oceanic crust. Subduction recycling of Se may also
have had an impact on the secular Se isotope composition of the Earth’s upper mantle, because of
a considerable shift to lighter average 6%%7°Se in sediments that was attributed to the Neoproterozoic
Oxygenation Event ca. 550 Ma ago. Further work on Se isotope systematics in arc lavas should
therefore be dedicated to the different roles of variable subduction components and the possible
links between atmospheric oxygenation, Se recycling and isotopic evolution of the mantle through

geological time.
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Chapter 3: Sulfide breakdown, within-slab redistribution and chalcophile
element recycling in subduction zones: Evidence from Se isotope
systematics of HP-LT rocks from the Raspas Complex, SW Ecuador

Abstract

The selenium (Se) isotope systematics may provide valuable insights into the behavior of Se in
subduction zones and its recycling potential. In this study, we present Se-Te elemental and Se
isotope data on prograde metamorphic rocks from the Raspas complex, SW Ecuador. These well-
characterized samples allow significant constraints on the mechanisms of Se cycling in subduction
zones. Eclogites derived from metamorphism of normal-type mid-ocean-ridge basalts (N-type
MORB) during subduction, partly preserve their light Se isotope composition (5%¥76Se up to —1.89
%o) of their precursor rocks that was imprinted during hydrothermal seafloor alteration. Striking
correlations of fluid-mobile element enrichments and progressively heavier Se isotope
compositions are observed. Eclogites with high Ce/Pb (and Ce/Rb, and Ce/Cs) that overlap that of
typical MORB, show the lightest Se isotope compositions, whereas samples which experienced
extensive fluid-mobile element enrichment (low Ce/Pb, Ce/Rb and Ce/Cs) due to fluid—rock
interaction are characterized by heavy Se isotope compositions that approach those of serpentinized
peridotites and metapelites. We propose that, fluids released from subducted oceanic crust and
serpentinites by dehydration results in scavenging of chalcophile elements from destabilizing
hydrothermal sulfides within hydrothermally altered basalt that transforms to eclogite during
prograde subduction metamorphism. Extensive fluid-rock interaction (‘flushing’) of slab
lithologies bears the potential to re-distribute dissolved chalcophile elements within the slab and
further provides a realistic means for element transfer to the overlying sub-arc mantle. This, together
with recently found isotopically light Se isotope compositions of subduction-related lavas, provides

evidence for recycling Se (and likely other chalcophile elements) in subduction zones.
3.1 Introduction

Subduction of oceanic lithosphere is a key mechanism for crust-mantle recycling on Earth.
Investigating the behavior and recycling of elements in subduction zones provides valuable
information on their distribution between the Earth’s reservoirs. Understanding the behavior of the
moderately volatile and chalcophile elements selenium (Se) and tellurium (Te) may contribute to
constrain their potential as proxies for the origin and evolution of Earth’s volatiles (Konig et al.,
2014; Wang and Becker, 2013) and economically valuable ore deposits (Hedenquist and
Lowenstern, 1994; Jenner et al., 2015; Jenner et al., 2010; Richards, 2015; Sillitoe, 1972; Timm et
al., 2012; Wilkinson, 2013) at convergent continental margins. The recycling potential of S and
chalcophile elements, such as Se and Copper (Cu), has been the focus of several studies over the
past decades (e.g. Alt et al., 1993; Evans et al., 2014; Liu et al., 2015; Timm et al., 2012). In the
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case of Cu, Stolper and Newman (1994) inferred from high Cu concentrations of Mariana arc lavas
(compared to those of the back-arc region), that Cu might have been derived from the subducted
slab. Other studies inferred that elevated Cu concentrations might be controlled by the solubility of
S in the magma or by the thickness of the overriding plate (Chiaradia, 2014; De Hoog et al., 2001a).
Recently, Jenner (2017) postulated that Cu, Au, Ag and Se might be trapped in magmatic sulfides
in the lower oceanic crust prior to subduction and therefore escape subduction zone recycling as
they are most likely transferred back into the mantle. On the contrary, chalcophile and siderophile
elements that are hosted in the upper oceanic crust however might show a greater recycling potential
(Jenner, 2017).

Regarding S, it was found that arc lavas generally show heavy §**S compositions, which
are distinctly different from those of the Earth’s mantle. It has been suggested that these heavy
isotope signatures are derived from sedimentary S, which is mobilized via subduction components
and metasomatizes the sub-arc mantle (Alt et al., 1993; De Hoog et al., 2001b; Imai et al., 1993;
Ueda and Sakai, 1984; Woodhead et al., 1987). However, some sulfur might also be transported
into the Earth’s mantle as inferred from sulfide inclusions in eclogitic diamonds (e.g. Chaussidon
et al., 1987). Another mechanism to explain heavy S signatures of arc lavas has recently been
postulated by (Lee et al., 2018). These authors concluded that primitive arc cumulates are similar
in their S isotope composition to that of the Earth’s mantle and that more evolved cumulates overlap
in their S isotope composition with those of seawater-derived sulfates. Thus, magma interaction
with pre-arc crust, enriched in metasediments, metabasalts and seawater altered oceanic crust might
be viable mechanism to produce the observed S isotope systematics. However, several studies that
investigated melt inclusions (De Hoog et al., 2001a; Métrich et al., 1999) identified the S enrichment
of the arc lava source region; likely by slab-derived sulfur fluxing into the overlying mantle wedge.
Evans et al. (2014) investigated sulfur isotope systematics of eclogite-hosted sulfides and concluded
that the subducted slab can experience sulfur addition in high fluid flux domains. This bears the
potential of remineralization, metamorphism and re-liberation of sulfur. Moreover, loss of sulfur to
ascending fluids by devolatilization likely results in sulfur loss to the subduction channel and mantle
wedge. This scenario is best described as a “leaky loop” (Evans et al., 2014). Most likely, this
scenario also resembles a conceivable mechanism for Se recycling in subduction zones, because Se

often is regarded as geochemical twin of S.

The Se isotope systematics may contribute to study chalcophile element recycling in
subduction zones from a new perspective, as Se substitutes S in sulfides (e.g. Guo et al., 1999;
Hattori et al., 2002; Lorand and Alard, 2001) and because hydrothermal sulfides show high Se
concentrations and on average light Se isotope compositions (Rouxel et al., 2004; Rouxel et al.,
2002). It has been recently shown that the Se isotope composition of Mariana lavas are more

variable than ambient mantle but with overall lighter values relative to the Mariana pre-subduction
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wedge (Kurzawa et al., 2019). This was interpreted to be due to sub-arc mantle wedge refertilization
by, on average, isotopically light Se-bearing subduction components derived from subducted deep-
sea sediments and sulfide-bearing altered oceanic crust. This may be reconciled with increasing
pressure (P) and temperature (T) conditions during subduction, which cause metamorphic reactions
within the subducted material associated with dehydration and transport of fluid-mobile elements
across the slab-mantle wedge interface (e.g. Hermann et al., 2006; Schmidt and Poli, 2003).
However, the exact mechanisms that lead to Se distribution and slab-mantle wedge transfer
including processes that occur within the uppermost lithospheric mantle, the oceanic crust and

overlying deep-sea sediments (oceanic and/or terrigenous) remain inconclusive.

Here we provide the first Se isotope data for a coherent suite of prograde high-pressure/low-
temperature (HP/LT) metamorphic rocks from the Raspas Complex, SW Ecuador. This suite
resembles a paramount example for a structurally pristine but extensively metamorphosed slice of
oceanic lithosphere obducted onto continental crust. We aim to constrain the influence of
subduction metamorphism on the Se isotope composition of different sections of obducted and
metamorphosed oceanic lithosphere (eclogites, serpentinized peridotites and metapelites) and to
reconcile our observations with Se isotope systematics of Mariana lavas to improve our

understanding of chalcophile element recycling across subduction zones.
3.2  Geological setting and sample materials

The Ecuadorian continental margin constitutes part of the Andean subduction zone where the Nazca
plate subducts beneath the South American Plate. Between the Late Jurassic and the Eocene times,
various terranes of oceanic origin have been accreted and amalgamated during subduction of
oceanic lithosphere (Arculus et al., 1999; Bosch et al., 2002; John et al., 2010 and references
therein). Tectonically, Ecuador can be subdivided into two parts that are separated by a major suture
zone dividing the eastern margin of the inter-Andean valley and the western foot of the Cordillera
Real (Gabriele et al., 2003). The eastern part is of continental origin and thought to resemble the
active continental margin during the end of the Jurassic (~140 Ma) (Gabriele et al., 2003). In
contrast, the western domain comprises magmatic bodies of oceanic origin that were added during
different subduction-accretion events since the Early Cretaceous (Gabriele et al., 2003 and
references therein). Although the Andean subduction zone currently constitutes the worldwide
longest, uninterrupted and almost linear subduction zone, the occurrence of exhumed high-
pressure/low-temperature (HP/LT) metamorphic rocks is rather limited (Halama et al., 2013 and
references therein). However, HP/LT metamorphic rocks as part of metamorphic terranes occur in
SW Ecuador and Colombia (e.g. Bosch et al., 2002; Feininger, 1982). In the case of Ecuador, these
metamorphic terranes of various metamorphic ages (Paleozoic to Cretaceous) are grouped together
as the ElI Oro Metamorphic Complex (Gabriele et al., 2003 and references therein), which is

sandwiched between continentally derived units (Tahuin Group in the South and Birone Terrane in
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the North) (Fig. 3.1). One major constituent of the EI Oro Metamorphic Complex is the Raspas
Complex, which itself comprises two high-pressure/low-temperature formations. The El Toro
formation is made up of eclogites-facies, serpentinized peridotites whereas the Raspas formation
consists of eclogites, blueschists and garnet-chloritoid-kyanite metapelites (John et al., 2010 and
references therein). Recently, the Raspas Complex has been interpreted to resemble a deeply
subducted ophiolite complex which was subject to HP/LT metamorphism during the Early
Cretaceous (as derived from K-Ar, Ar—Ar and Lu-Hf dating of mineral separates) (John et al., 2010
and references therein). Based on geochemical data, the EI Toro and Raspas formation resemble
metamorphosed depleted mid-ocean ridge basalt (MORB) mantle, MOR basalts as well as
subducted seamounts of ocean-island basaltic (OIB) origin (John et al., 2010), respectively. During
uplift and exhumation, the ophiolite sequence was subject to retrogressive greenschist-facies
metamorphism. However, this did not overprint eclogites-facies mineral assemblages. Peak
metamorphic conditions for blueschists and eclogites have been derived by geothermobarometry
yielding P-T conditions of 600+20°C and 14-16 kbar (maximum 18-20 kbar) and 600+30°C and
16-18kbar, respectively (see John et al. (2010) for details). The fact that blueschists coexist with
eclogites under similar P—T conditions has been attributed to their bulk compositional differences
(OIB vs. MORB protoliths) (John et al., 2010). In summary, metamorphic rocks from the Raspas
Complex resemble an exhumed high-pressure/low-temperature ophiolite of oceanic origin that was
subducted beneath the South American Plate during Early Cretaceous times.

In this study, we provide the first Se isotope together with Se elemental data for HP/LT
rocks. We focus in this pioneering study on 10 representative and well-characterized samples from
the Raspas Complex, that have been thoroughly analyzed including multiple re-digestions. We also
provide first high-precision Te concentration data to expand the Te database for future studies.
Among the samples are 6 eclogites and 1 metapelite from the Raspas Formation and 3 serpentinized
peridotites from the El Toro formation. Most samples have been the focus of previous studies that
investigated major- and trace element geochemistry, Sr—Nd, Lu—Hf-geochronology and Li-N-O-
isotope systematics, (e.g. Halama et al., 2010; Halama et al., 2011; John et al., 2010) to constrain
the geochemical affinity as well as conditions and timing of the HP/LT metamorphism (e.g.
Feininger, 1980; Gabriele et al., 2003; John et al., 2010). For detailed sample descriptions see (John
et al., 2010 and references therein). In the following, eclogites from the Raspas formation will be
termed MORB-type eclogites because their protoliths have been identified to be typical MOR-

basalts.
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Figure 3.1 Geological map of SW Ecuador showing structural and lithological units of the EI Oro Metamorphic Complex
(modified after Gabriele (2002)).

3.3 Analytical techniques

3.3.1 Reagents and materials

Sample preparation and measurements involved usage of reagents that were distilled from MERCK
Millipore Emsure™ grade HNO; (65%) and HCI (37%) using Savillex™ DST-1000 Acid
Purification Systems. When necessary, reagents were diluted to required molarities to £0.03 mol
Lt (checked by titration). Before usage, perfluoralkoxy (PFA) beakers, pipette tips, centrifuge vials
and ion exchange resins were cleaned with multi-step HNOs-HCI treatments. De-ionized water was
further purified to 18.2 MQ-cm (at 25°C) using a Merck Millipore Milli-Q™ system. All analyses
were performed in the 1ISO-5 (US FED standards class 100) clean-room facilities of the Isotope
Geochemistry Group at the University of Tubingen, Germany.

3.3.2 Selenium isotope and Se—Te elemental analyses

All samples were ground well below 25 pm particle size to provide powder material which can be
effectively dissolved via hotplate PFA beaker digestion and, if not fully dissolved in the case of
small garnet fragments, provide sufficient surface for near-quantitative dissolution of sulfides as
dominant Se hosts. This was also demonstrated by comparison of Se concentrations additionally
obtained for selected samples via bomb and high pressure asher digestion (SEC 47-1, SEC 50-1,
and USGS BCR-2) techniques as well as multiple hotplate PFA beaker digestions of some samples.
Pressure bomb digestions yield Se concentrations, which are not higher but even slightly lower than
concentrations obtained from table top digestions (Tab. A.3.1). Slightly lower amounts could be
explained by some volatile Se loss during the polytetrafluoroethylene (PTFE) bomb digestion.

45



Chapter 3

However, the minor BCR-2 Se loss corresponds to the difference of Se contents between bomb and
table top dissolutions. High-pressure asher digestion of sample SEC 50-1 yields a Se concentration
of 87 ng g, which is similar to concentrations obtained from table top digestions (section 3.4.2).
These results strongly suggest that quantitative dissolution of Se from sample powders, which still
might contain small <25 um garnet fragments, is achieved.

A general pre-determination of Se concentrations from a minor sample powder aliquot
identifies precise double spike amounts to be later added to the main powder aliquot for an ideal
spike-sample ratio of ~1:1 (Kurzawa et al., 2017). For pre-determination of Se concentrations we
followed the procedure described by Yierpan et al. (2018). Briefly, this involves weighting of 0.02
g sample material in perfluoralkoxy (PFA) beakers, adding of an equal amount of "“Se—""Se double
spike and digesting the mix using an acid mixture of 5:1 (v/v) conc. HF : conc. HNOs in closed
beakers at 85°C. The sample solutions were then dried at 65°C followed by multiple conversion,
heating and dry down steps (see Yierpan et al., 2018) in 6 mol L™* HCI before Fe was removed by
means of anion exchange chromatography. Fe-free cuts were then diluted to 0.5-1 ng mL™ Se and
finally measured on the iCAP Qc following the protocol by Yierpan et al. (2018).

For Se isotope and Te concentration analyses we followed the protocol by Yierpan et al.
(2018) as it allows to simultaneously purify Se and Te from a single sample digest. This protocol
has the advantage that high yields and very low blanks can be obtained. In fact, blank Se isotopic
compositions cannot be determined because in these cases signal intensities are generally too low,
i.e. below background intensities (<3 mV on m/z = 82, using a 10! Q amplifier resistor). For Se—
Te element concentration determination by iCAP Qc analysis, blank levels correspond to 0.01 and
~0.05 ng for Te and Se, respectively; see Yierpan et al. (2019). It has also been shown that, even
for low Se-containing aliquots a high reproducibility can be achieved, in accordance with
insignificant blank contribution to a sample (Kurzawa et al., 2017). Following Se concentration
predetermination, the protocol for the Se isotope and Te concentration determination analyses
comprises weighing of sample material equivalent to ~30 ng Se (exact Te amount uncritical) into
conventional PFA beakers, adding adequate amounts of “Se"’Se double spike (1:1; sample Se :
double spike Se) and *?°Te single spike (aiming for Se/Te of ca. 10, exact Te amount uncritical) and
digesting the sample-spike mixtures in an acid mixture of 5:1 (v/v) conc. HF : conc. HNOs in closed
beakers on a hotplate at 85°C for 48 hours. Se and Te were purified from sample solutions by a
two-step ion exchange chromatography. In a first step, we employed an anion exchange column to
remove Fe and collect purified Te. In a second step, Se was purified using a cation exchange column
to remove remaining cations. Te concentrations were then determined by hydride generator
quadrupole ICP-MS on the iCAP Qc instrument and Se isotopes and concentrations were then
measured by hydride generation multi-collector ICP-MS on the ThermoFisher Scientific

NeptunePlus instrument of the Isotope Geochemistry laboratory, University of Tibingen. Typical
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signals on 82Se (using an amplifier resistor of 10 Q) on a 30 ng mL Se solution with operating
parameters similar to those reported by Kurzawa et al. (2017) were generally 0.8-0.9 V. With similar
operating parameters to those of Yierpan et al. (2018), 30000 cps on 1%Te were obtained for a Te
standard solution of 0.5 ng mL-L. Se isotopes and Se-Te concentrations of samples were determined
at similar signal intensities compared to those of standard solutions. For detailed descriptions of
analytical techniques employed see Kurzawa et al. (2017) and Yierpan et al. (2018). All Se isotope
compositions obtained during this study are reported relative to the NIST-3149 Se reference
solution. Measurements of the inter-laboratory standard solution MH-495 yield an average value of
8828Se of —3.26+0.09%o (2s.d., n=19, 30 ng mL* solutions, see Tab. A.3.2), in agreement with
previous studies (Kurzawa et al., 2019; Kurzawa et al., 2017; Labidi et al., 2018; Yierpan et al.,
2018; Yierpan et al., 2019). All samples were measured together with the international rock
reference material USGS BCR-2, which yield §%27%Se of 0.14+0.15%o (2 s.d., n=4) and Se-Te
concentrations of 78 and 2.5 ng g, respectively (Table A.3.3). This in agreement with previously
published Se isotope composition and Se-Te concentration data (Kurzawa et al., 2017; Yierpan et
al., 2018; Yierpan et al., 2019). Long-term analytical reproducibility for both Se and Te
concentration determination is ~3% r.s.d. (1 s.d.). In most cases, external reproducibility for sample
materials is <0.13%o (2 s.d., n=4, SEC 43-3), as derived from multiple digested and analyzed sample

SEC 43-3 during different measurement sessions (Tab. A.3.4).
3.4  Results

3.4.1 Major and trace elements

Eclogite samples show 44 to 50 wt.% SiO», 13.5 to 15.0 wt.% Al,O3, 13.3 to 15.5 wt.% Fe,0; and
MgO contents between 6 and 10 wt.%, thus possessing tholeiitic bulk compositions (Fig. 3.1). The
protolith of the eclogites formed in a mid-ocean-ridge setting as inferred from their average N-
MORB-like Th/Yb, Nb/Yb and TiO2/Yb (see Tab 3.1) and their chondrite-normalized rare earth
element (REE) patterns (Fig. 3.3a).

Although displaying a rather wide range for their Nb/La ratio (0.5-1.0), the MORB-like
(La/Sm)n (0.50-0.65; chondrite-normalized after Boynton, 1984) rules out substantial contributions
from a subduction component (Fig. 3.4a; see Fig. 5 in John et al., 2010). Further, the Nb/Zr and
Hf/Yb ratios of the eclogites are inferred to be representative of shallow melting in a depleted
mantle source (Fig. 3.4b; see Fig. 7 in John et al., 2010). In the following, eclogites will be termed

MORB-type eclogites, because of their geochemical derivation from typical N-MORBs.
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Figure 3.2 Diagrams showing the relationship of a SiOz and MgO contents and b MgO and Al.0s and Fe203 contents
of eclogite samples, respectively.
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Figure 3.3 Chondrite-normalized rare earth element diagrams (Boynton, 1984) for a eclogites analyzed in this study. N-
type MORB composition of Hofmann (1988) is shown for comparison. b For serpentinized peridotites analyzed during

this study. For reasons of geochemical similarity, chondrite-normalized REE data of abyssal peridotites from the Bullard
and Vulcan fracture zones are shown, data from Niu (2004).

Samples of serpentinized peridotites show 40 to 41.5 wt.% SiO and overall low TiO;
(<0.05 wt.%) and Al>03 (1.34-2.37 wt.%) contents and high MgO contents (37-41 wt.%). According
to their trace element systematics (Ni, and Cr concentrations) and chondrite-normalized REE
patterns (Fig. 3.3b), the serpentinized peridotite samples are similar to abyssal peridotites and likely

represent residues of a depleted mantle source (John et al., 2010 and references therein).

3.4.2 Se-Te concentrations

MORB-type eclogites of the Raspas formation exhibit Se concentrations in the range of 36 to 144
ng gt (n=5), with the exception of sample SEC 46-1, which shows a pronounced Se depletion
(6.40 ng g!) compared to the other samples. Overall, Se concentrations of the eclogites are
generally lower compared to those of their protoliths that resemble typical N-type mid-ocean ridge
basalts and are characterized by systematically higher Se concentrations of 140 to 220 ng ¢
(Lissner et al., 2014; Yierpan et al., 2019). The Se concentrations are not the result of MORB
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3.3.2 for details.
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differentiation as inferred from the lack of correlation of Se concentrations and the MgO content
(Fig. 3.5a), which recently was observed for MORB samples from the Pacific Antarctic Ridge
(Yierpan et al., 2019). Tellurium concentrations of the MORB-type eclogites range from 2.15 to
8.55 ng g* and are thus generally higher than Te concentrations observed for N-type mid-ocean
ridge basalts (compare Lissner et al., 2014; Yierpan et al., 2019). The serpentinized peridoitites are
characterized by Se concentrations that range from 37 to 68 ng g * and thus are generally lower than
that of the primitive upper mantle (PUM) (=76 ng g*; Palme and O'Neill, 2014). Tellurium
concentrations range from 5.62 to 9.15 ng g*. Metapelite sample SEC 45-3 shows low Se-Te

concentrations of 22 and 4.03 ng g%, respectively.

3.4.3 Seisotope composition

MORB-type eclogites show very variable §%27Se between —1.89 to 0.35%. (Tab. 3.2), which
overlaps with recently reported Se isotope data for N-type MORB from the Pacific Antarctic Ridge
(PAR) (Yierpan et al., 2019) but on average is lighter compared to those. The metapelite SEC 45-
3 shows a 5%27%Se of 0.14%. and thus overlaps with the Se isotope composition range of the
serpentinized peridotites (8%275Se from 0.07 to 0.39%o) (Tab. 3.2). A lack of correlation is observed
for 8%275Se vs. Se concentrations and samples with highest Se contents already span the entire range
of Se isotope composition of the dataset (Fig. 3.5b). Positive correlations between Se isotopes and
N concentrations and N isotope compositions are less pronounced but can be deduced (Fig. A.3).
Samples SEC 44-1 and SEC 47-1 show heavy Se isotope compositions at elevated concentrations
of the large ion lithophile elements (LILE) K, Rb, Cs and other fluid-mobile elements (i.e. Pb, and
Ba) (Fig. 3.6). Likewise, these samples show higher Li concentrations and lower Ce/Li with sample
SEC 47-1 also showing the lightest Li isotope composition among the rather limited Li isotope data
of the samples (Fig. 3.7d). Interestingly, 5%?76Se negatively correlates with Ce/Pb (and other
immobile element/LILE; Ce/Rb, Ce/Cs, also Ce/N) ratios (i.e. Fig 3.7c), which is the most
characteristical feature of the dataset. Figure 3.5¢ shows that eclogites span the entire range from
highest Ce/Pb and lightest Se isotope composition to lowest Ce/Pb and heaviest Se isotope

compositions of serpentinized peridotites and the metapelite sample.

3.5 Discussion

3.5.1 Effect of hydrothermal seafloor alteration on Se isotope compositions of

subduction input material

The herein analyzed eclogites are influenced by various degrees of low-temperature hydrothermal
seafloor alteration as inferred from Sr and O-isotopes (Halama et al., 2011). Additionally,
hydrothermal seafloor alteration can be identified by steep trends in Th/U vs. U diagrams (caused

by U addition without significant addition of Th), by enrichments in KO, Rb, Cs and Pb as well as
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radiogenic Sr- and unradiogenic Nd isotope compositions (Bebout, 2007; Macgregor and Manton,
1986). The Raspas eclogites analyzed here generally show these features as identified by Halama
et al. (2010), see also Fig. A.4). Additional evidence for seafloor alteration has been suggested
based on nitrogen (N) elemental and isotopic systematics, because N isotope compositions are
shifted towards heavier values that overlap with those of altered oceanic crust from the modern
seafloor (Halama et al., 2010). The influence of variable hydrothermal seafloor alteration is further
supported by the fact that, eclogites overlap in their Se isotope compositions with those of
hydrothermally altered basalt and hydrothermal sulfides (Fig. 3.8). The latter two are characterized
by on average light 8%¥7Se values of —1.33+0.31%0 (2 s.d., n=2; Rouxel et al., 2002) and
—1.36+2.82%o0 (2 s.d., n=77; Rouxel et al., 2004; Rouxel et al., 2002), respectively (Tab. A.2.9). The
eclogites with the lowest Se isotope composition and the highest Ce/Pb could thus resemble
metamorphosed assemblages that preserve at least some Se isotope signatures resulting from

hydrothermal alteration.
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Figure 3.6 Se isotope composition of eclogites and serpentinized peridotites vs a K20 contents, b Rb, ¢ Cs and d Pb
concentrations. Samples SEC 44-1 and SEC 47-1 show pronounced enrichments in fluid-mobile elements and moreover
display the heaviest Se isotope compositions among all eclogite samples. These samples might represent extensively fluid
flushed eclogites (see section 3.5.2 for details). Uncertainty on Se isotope compositions same as in Fig. 3.5.
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Figure 3.7 Se isotope composition vs. a Ce/Rb, b Ce/Cs, ¢ Ce/Pb and d Ce/Li showing strong negative correlations for
the eclogite samples, indicating that the process responsible for enrichment of fluid-mobile elements also affected Se
isotope compositions. Note that, sample SEC 47-1, which shows the heaviest Se isotope composition among all eclogites,
also is characterized by a very negative Li isotope composition, likely being the result of kinetic isotope fraction during
diffusive transport of Li through the eclogite body. For details on this matter see Halama et al. (2011). Uncertainty on Se
isotope compositions same as in Fig. 3.5. Dashed lines in a—d represent linear correlations with correlation coefficient
(R?) of eclogite samples.

However, Se concentrations of the eclogites are very different from those of hydrothermally
altered basalt (~60 pg g?), perhaps indicating that substantial Se loss occurred without affecting
the Se isotope compositions of the studied rocks. While this would explain the absence of
correlations between Se isotope compaositions and Se concentrations, this Se loss might be the result
of complex processes within the subduction slab at different depths (see section 3.5.3). At this point
this hampers the straightforward use of Se concentrations in eclogites and suggests that Se isotopes
may be more suitable to assess the subduction input signature. The proportion of hydrothermally
altered crust to the bulk subducted oceanic lithosphere is difficult to constrain, although there is
evidence from S isotope systematics of mafic and ultramafic rocks (Ocean Drilling Program Leg
147), which implies partial or even complete hydrothermal alteration of the studied samples
(Puchelt et al., 1996). The lithospheric mantle, which was subducted along with the MORB-type
eclogites, consists of variably serpentinized peridotites (10 to 95 %), hence demonstrating the effect
of serpentinization an hydrothermal seafloor alteration processes. However, if the Se isotope

composition of the eclogites would exclusively result from low-temperature hydrothermal seafloor
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alteration, one would expect a clear correlation between extent of the alteration and Se isotopes or
at least consistently very light Se isotope compositions. Yet Se isotopes do not correlate with such
indices of alteration (e.g. Sr-isotopes, Fig. A.5). On the contrary, samples characterized by high
K20, Rb, Cs and Pb contents (Fig. 3.6) and lowest ratios of Ce to any of these elements (Fig. 3.7)
display the heaviest Se isotope compositions, in some cases even showing a subtle trend. This leads
to the assumption that the process responsible for LILE enrichment also accounts for relative
enrichment in heavy Se isotope compositions. It is hence likely that, the LILE enrichment is not
exclusively the result of hydrothermal seafloor alteration but indeed is caused by additional
processes. The “reversed” correlation between hydrothermal sulfide Se isotope composition and
classic proxies for hydrothermal seafloor alteration (Fig. 3.7) may indicate that secondary processes
obscured previous correlations between these two and are represented by the heaviest Se isotope

endmember signature of our samples.
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Figure 3.8 Compilation of Se isotope compositions of eclogites, serpentinized peridotites and the metapelite from this
study, hydrothermal sulfides (horizontal grey box), hydrothermally altered basalt (horizontal blue box) and lavas from
the Mariana Island arc. Data sources are Rouxel et al. (2002), Rouxel et al. (2004) and Kurzawa et al. (2019). All error
bars given as 2 s.d. uncertainty, see section 3.3.2. Uncertainty on Se isotope compositions of Raspas samples same as in
Fig. 3.5.

Altogether, as previously found for other geochemical and isotopic signatures, Raspas
MORB-type eclogites preserve, to some extent, previous hydrothermal alteration-related Se isotope

composition during subduction. The samples with the lightest Se isotope composition and highest
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Ce/Pb may represent this endmember signature. However, this process likely is not the last one that
affected these samples. The other endmember signature (heaviest Se isotope composition and
lowest Ce/Pb) needs to be evaluated which might provide clues about the role of superimposed,
secondary processes during subduction, such as dehydration of serpentinites, oceanic crust and

overlying sedimentary cover.
3.5.2 The role of fluids on the Se isotope signature of the total slab component

The Se isotope composition and Se elemental budget of the eclogites is rather distinct from their
protoliths (N-type MORBSs) and no correlations of Se concentration (hot shown) or Se isotope
composition with classic proxies for hydrothermal seafloor alteration are observed (Fig. A.3). It has
been suggested that the MORB-type eclogites were influenced by a non-pervasive but variable
metasomatic overprint caused by a fluid derived from dehydration of metabasalts that transformed
from blueschist into eclogites (Halama et al., 2011). This is indicated by elevated Li contents and
distinctly negative 8’Li values of the eclogites which is best explained by diffusive Li mobility
through the eclogite body and kinetic isotope fractionation (Halama et al., 2011). In the case of
nitrogen, Halama et al. (2010) found that, N concentrations and isotope compositions overlap with
those of altered oceanic crust from the modern seafloor and concluded that, additional batch or
Rayleigh devolatilization effects could have been a superimposed mechanism to explain the
observed characteristics. Based on correlations of N and trace elements such as Cs, Pb, and Ba and
their evident enrichment during subduction zone fluid-rock interaction (Bebout, 2007; John et al.,
2004), the authors additionally suggested the possibility that some eclogites (and serpentinized
peridotites) might have experienced N addition due to metasomatism during subduction-zone
metamorphism derived from a sedimentary or metasedimentary source. The involvement of the
latter is also supported by the uniformity of 8°N of the MORB-type eclogites, which has been
interpreted to result from isotopic homogenization via fluid-rock and fluid-sediment interaction
(Halama et al., 2010). However, serpentinized peridotites, which previously interacted with
sediment-derived N, were not ruled out as potential source for the N enrichment. Subduction-related
dehydration of altered and serpentinized oceanic mantle, previously enriched in incompatible
elements due to serpentinization processes (Scambelluri et al., 2001), has been identified to release
large volumes of H,O and fluid mobile elements. These fluids may have affected the fluid-mobile
element budget and Se isotope compositions as well as Se abundances of overlying metamorphic

oceanic crust, i.e. that of the MORB-type eclogites.

The eclogites show marked positive correlations of 1/Pb and Ce/Pb, 1/Rb and Ce/Rb, and
1/Cs and Ce/Cs (at fairly constant Ce concentrations) (Fig. A.6), indicating fluid-mobile element
addition by a fluid phase. This fluid addition seems to have affected the Se isotope compositions as
can be inferred from the negative correlations of §%276Se with Ce/Rb, Ce/Cs, Ce/Pb and Ce/Li (Fig.

3.7). On the contrary, Se concentrations do not correlate with any of these trace elements, nor do
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Se isotopes correlate with Ce/Se, pointing to the possibility of decoupled Se elemental and Se
isotope systematics. This hampers the use of Se concentrations in our suite for unravelling its
mobility. On the other hand, Se isotopes prove to be more useful. The MORB-type eclogite with
the highest Ce/Pb overlaps with the Ce/Pb of non-subduction related reservoirs (e.g. average
MORB, Gale et al. (2013)). This eclogite could be interpreted as a least fluid-influenced
endmember, which preserved the most pronounced hydrothermal signature. With increasing fluid
addition, the Ce/Pb (and Ce/Rb; Ce/Cs) decrease away from this mantle endmember. Note that,
samples SEC 44-1 and SEC 47-1, which show the heaviest Se isotope composition among all
eclogites, are characterized by relatively low Ce/Pb, Ce/Rb, Ce/Cs and Ce/L.i that approach those
of serpentinized peridotites and the metasediment sample. Interestingly, Pb addition by fluids was
also recognized in previous studies on eclogites (Zambezi eclogites, John et al., 2004) where it was
suggested to be derived from metasediments. Overall, our observations can be reconciled with
metasediment-affected serpentinite-derived fluids that increasingly overprint overlying eclogites
and thus may lead to both shallow and deeper partial loss of Se, as inferred from overall lower Se
concentrations of the eclogites compared to the Se budget of hydrothermally altered basalt. The
product is a mixture of isotopically light Se from hydrothermal seafloor alteration and isotopically
heavier fluids derived from serpentinite and metasediment dehydration. This would imply that,
samples SEC 44-1 and SEC 47-1 were not only significantly affected by fluid flushing but were
also entirely overprinted in their Se isotope composition which now resembles that of the
serpentinite fluid source(s). The fact that, samples SEC 44-1 and SEC 47-1 display rather distinct
Se concentrations (36 an 140 ng g, respectively) again substantiates the rather limited use of Se
concentrations, mainly because of superimposed processes that affected the protoliths to variable
extents prior to subduction. Given that eclogites have been identified to be prone to fluid flushing,
they may also provide the isotopic input signature and the source of its recycling into the sub-arc

mantle wedge.

3.5.3 Breakdown of low-T sulfides during subduction and transport via slab

components

Evidence for progressive devolatilization of the subducting plate is derived from fluid compositions
of springs across the Mariana forearc. Mottl et al. (2004) concluded that sulfate is lost at an early
stage of subduction, most likely from altered basalt and sediments at shallow depths. This early
commencing and continuous low-T sulfide breakdown due to progressive subduction also bears
potential for loss of chalcophile elements and might explain the overall lower Se concentrations of
the MORB-type eclogites compared to hydrothermally altered basalt. At the same time, our Raspas
case study also shows that eclogites may partly preserve a Se isotope composition of their pre-
subduction metasomatic overprint, tracing the survival of some low-T sulfides to greater subduction

depths. Hence, despite their early breakdown, hydrothermal sulfides therefore remain a significant
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carrier and source of Se input, like that of other chalcophile elements, into subduction zones. For
instance, in the case of a sulfide-bearing HP vein within lawsonite eclogites from the Tianshan
Orogen, dehydration of oceanic crustal metabasalts and decomposition of hydrothermal sulfides
have been suggested to result in Ca, Sr, Pb and S-bearing slab fluids (Li et al., 2013). Sulfide
breakdown during deeper subduction has generally been identified to release oxidizing fluids which
are able to transport siderophile and chalcophile elements such as Ni, Co, and As (Cruz-Uribe et
al., 2018). These fluids may infiltrate the slab-mantle interface and eventually find their way into
the sub-arc mantle, hence being incorporated into the arc magma source region (Cruz-Uribe et al.,
2018). This indicates the likely role of destabilization and decomposition of sulfides below the sub-
arc region, which plays an important role for the Se and other chalcophile element budgets of

subduction zone lavas.

The early breakdown of sulfides and their part preservation until deeper subduction need to
be reconciled. This may be done by invoking part-retention of sulfides by recrystallization processes
within the slab. The presence of typical magmatic sulfide assemblages in eclogites, overall suggests
that sulfur is not completely lost during prograde metamorphism (Evans et al., 2014). Based on
similar S isotope compositions of hydrothermal sulfides and eclogite-hosted sulfides, Evans et al.
(2014) concluded that sulfur may have moved from hydrothermal sulfides to sulfides which grew
during subduction zone metamorphism. This would involve dissolution of sulfur in a fluid phase,
its transport and recrystallization to form new sulfide minerals. Hydrothermal sulfides are subject
to HP/LT metamorphism, thereby liberating sulfur (Li et al., 2016) and probably also Se but are
also affected by extensive recrystallization. Textural evidence for recrystallization of sulfide
associated with remobilization of S during metamorphism arises from late position of pyrite in an
eclogite sample from New Caledonia (Evans et al., 2014). This implies sulfide destabilization and
dissolution of S (and probably Se) into a fluid, which can ascend through the overlying subducting
crust or sediments, where it may partly be reincorporated in secondary pyrites (Evans et al., 2014)
and may in another part be transported to the overlying mantle wedge. This near-open system sulfur
cycling within the slab, associated with breakdown and recrystallization of sulfides (Evans et al.,
2014) due to progressive subduction has been termed “leaky loop” Evans et al. (2014). A similar
process of Se mobilization and re-precipitation in secondary sulfides would then explain the rather
impossible quantification of net Se mobility during subduction. The “leaky loop” hypothesis
implies that at least some S, Se and other chalcophile elements are lost from the slab and probably
enter the overlying mantle wedge. As for S, a part-retention of Se likely occurs. The breakdown,
recrystallization and part preservation of hydrothermal sulfides remains controversial but still seem

a valid explanation to reconcile all observations (e.g. Evans et al., 2014; Li et al., 2016).

Several studies showed that, S can be subducted to depths beyond the arc and be entrapped

in eclogitic or peridotitic diamonds, as inferred from their variable S isotope composition that can
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only be explained by the S isotope budget of subducted, sulfide-bearing (metasedimentary) material
(e.g. Aulbach et al., 2012; Farquhar et al., 2002; Thomassot et al., 2009). Se concentrations in
eclogitic sulfide inclusions in diamonds (mostly pyrrhotite) have been found to vary between
several tens to hundreds of pg g with a pronounced peak at 50 pg g* (Bulanova et al., 1996).
These concentrations overlap with those of hydrothermal sulfides (Rouxel et al., 2004; Rouxel et
al., 2002), although the latter displaying rather more variable sulfide compositions (pyrite,
marcasite, chalcopyrite, sphalerite, and bornite/covelite). In general, concentrations of
hydrothermal sulfides are higher compared to sulfide inclusions in diamonds, which may indicate
that subduction zone metamorphism, recrystallization and destabilization as well as decomposition
of hydrothermal sulfides within the slab lead to considerable loss of chalcophile elements from the
subducting lithologies. Thomassot et al. (2009) found that, sulfide inclusions in Jwaneng diamonds
suggest formation at a specific point in a recrystallization sequence within a subducting slab in the
upper mantle, therefore supporting recrystallization processes within the slab at given P-T.
Altogether, this argues in favor of progressive breakdown of subducted hydrothermal sulfides and
recrystallization along with mobilization of S and other chalcophile elements. We speculate that,
continuous breakdown and recrystallization of low-T and isotopically light Se-bearing
hydrothermal sulfides occurs during subduction of altered oceanic crust. Serpentinite-derived
dehydration fluids may then readily scavenge such sulfide along with their isotopically light Se and
superimpose or ultimately overprint eclogitic sections in the subduction channel. In extreme cases
where abundant dehydration fluids are present, they may even cross the slab-mantle wedge
interface. While retaining some recrystallized sulfide in the slab for deeper subduction, this process
could at the same time contribute to element enrichment of the overlying mantle wedge and enrich

the sources of arc lavas.
3.5.4 Implications for Se isotope recycling into sources of arc magmas

It has been recently suggested that subduction components may significantly contribute to the Se
isotope composition of arc lavas (Kurzawa et al., 2019). In particular, Mariana fluid-dominated
lavas were shown to be isotopically lighter in Se compared to back-arc lavas and the Mariana
pre-subduction wedge. However, uncertainties regarding exact input signatures into the subduction
zone, due to isotopically very variable Se compositions of sediments, considerably complicate any
conclusive implication regarding the mechanism and extent of Se recycling during subduction. The
fact that eclogites analyzed in this study have been shown to preserve their pre-subduction Se
isotope composition to variable degrees is one significant new constraint. We can thus postulate
that, sulfide-bearing hydrothermally altered basalt, which transforms to eclogite during subduction,
resembles an important constituent among the inputs into subduction zones. The metapelite sample
from the Raspas Complex yields a heavy Se isotope composition, which at first contradicts with

isotopically light Se isotope compositions of deep-sea sediments from the literature (Rouxel et al.,
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2002). However, the metapelite from this study underwent the same HP/LT metamorphism and
dehydration—recrystallization reactions than the eclogites. At the same time this sample shows
lower Ce/Pb than all eclogites, almost within serpentinite values (Fig. 3.7c). Thus, the heavy Se
isotope signature might just mirror very pronounced flushing by serpentinite-derived fluids that
removed most of the isotopically light Se during breakdown of subducted low-T sulfides. In other
words, this metapelite constitutes the complement to the isotopically light input signature of
subducting sediments: a squeezed-out and hydrothermal Se-depleted but later rehydrated isotopic
endmember. The same could then account for the two isotopically heaviest eclogites, whereas
decreasing Se isotope values and increasing Ce/Pb gradually reveal the closest analogue to the pre-

subducted hydrothermally altered oceanic crust.

Based on the observations on samples from the Raspas Complex, we suggest the following
model to account for preferential light Se isotope compositions recently found in fluid-dominated
Mariana lavas: Mid-ocean ridge basalts are affected by hydrothermal seafloor alteration and
hydrothermal sulfide accumulation to variable extents but with an average light Se isotope
composition. The same, although to smaller degrees with depths, may be the case for abyssal
peridotites, which also are subject to serpentinization processes as the slab bends towards the

subduction zone (Ranero et al., 2003).

Due to progressive subduction, pressure and temperature increase occurs, which leads to continuous
breakdown of distinct phases including hydrothermal sulfides (Fig. 3.9). It is important to stress
out, that the extent of breakdown, recrystallization and re-precipitation and/or loss of elements from
hydrothermal sulfides has not yet been constrained. Serpentinite-derived fluids may migrate via
channelized fluid flow or by pervasive fluid flow (e.g. Ague, 2011; John et al., 2012; John et al.,
2004; Plumper et al., 2016; Scambelluri and Philippot, 2001; Zack and John, 2007) (Fig. 3.9),
overall bearing the potential to affect the chemical and isotopic composition of other subducted
lithologies. Indeed, zoisite veins associated with zoisite eclogites have been identified within the
Raspas Complex, most likely resembling fluid pathways and reaction products of intense fluid—rock
interaction. As hydrothermal sulfides break down, their light Se isotope budget may also be
relocated, gradually leaving isotopically light Se-depleted and increasingly flushed eclogites behind
until they almost resemble the signatures of serpentinites. Repeated Se remobilization during
flushing and Se removal from the top of the slab produces a continuous array of isotopically light
and fluid-poor vs isotopically heavier and fluid-enriched lithologies within the subduction channel.
Liberated fluid-mobile and chalcophile elements may eventually be transported into the overlying

mantle wedge and potentially fertilize the source region of arc lavas (Fig. 3.9).
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Figure 3.9 Schematic illustration of a subduction zone (not to scale), illustrating potential processes during prograde
subduction of hydrothermally altered oceanic crust and underlying serpentinized mantle. Colored circles represent
different sulfide minerals that are the result of progressive subduction zone metamorphism, element release and
recrystallization. During subduction and changing P-T conditions, dehydration reactions (e.g. blueschist to eclogite
transformation) take place which facilitate fluid release and liberation of incompatible elements (LILE) via fluid—rock
interaction into aqueous fluids. In addition, prograde metamorphism might lead to destabilization and decomposition of
hydrothermal sulfides thereby releasing siderophile and chalcophile elements that are re-distributed via fluids within slab
lithologies or eventually are fluxed into the overlying mantle wedge, where they may fertilize the source region of arc
magmas and induce melting. Sulfides that survive subduction zone metamorphism are transported into the deep mantle
as evidenced by sulfide inclusions in diamonds.

This has already been postulated for several siderophile and chalcophile elements such as
Cu, Fe, Pb, Mo, Sn, Zn, and Sb (e.g. De Hoog et al., 2001a; Konig et al., 2016; Noll Jr et al., 1996;
Sillitoe, 1972; Stolper and Newman, 1994). Metasediments, which resemble the uppermost part of
the subducted package, resemble the ultimate product of flushed slab top that has already lost most
(if not all) of its former hydrothermal sulfides with its light Se isotope composition. Isotopically
heavier Se may be brought into the sub-arc mantle at greater depths, where isotopically light Se-
depleted sediments might be prone to melting. In the absence of slab-melting, Se among S and other
chalcophile elements escapes subduction zone recycling by being transported beyond sub-arc
depths as evidenced by sulfide inclusions in diamonds.

Interestingly, samples from the Mariana back-arc and arc plot in the Se isotope vs Ce/Pb
plot between the mixing line of eclogites and serpentinized peridotites and the Mariana pre-
subduction wedge (Fig. 3.10). This may be due to mixing and thus dilution of slab-derived fluid
signatures with the mantle wedge that is proportionally higher in volume and isotopically close to
zero compared to the fluid component. In other words, the light Se isotope signature of slab fluids
is moderated by the chromatographic effect of the mantle wedge. In cases where sediment melts are
present, which is the case for some Mariana arc lavas, the overall isotopic composition is even more
moderated and some arc lavas may then not show a pronounced fluid-derived, isotopically light Se

signature.
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Figure 3.10 Se isotope vs Ce/Pb showing positions of lavas from various setting of the Mariana Island arc (back-arc, arc-
like and arc) with variable proportions of subduction components. Se isotope compositions can be explained by mixing
of isotopically light Se derived from eclogites whose precursors resemble variably hydrothermally altered basalts with
the Mariana pre-subduction wedge. For details on the Mariana pre-subduction wedge, see Kurzawa et al. (2019). Se
isotope compositions of Mariana lavas are moderated by the chromatographic effect of the proportionally higher in
volume Mariana pre-subduction wedge. Note that, only Mariana arc lavas with relatively small proportions of melt-like
subduction components (Th/Yb<1) have been plotted, because the exact mechanisms involving potential Se transfer via
melt-like subduction components is not yet properly constrained. Mariana pre-subduction wedge Ce/Pb from Gale et al.
(2013). Data of Mariana lavas from Kurzawa et al. (2019). Uncertainty on Se isotope compositions same as in Fig. 3.5.

3.6  Conclusions

The first Se isotope investigation of prograde metamorphic rocks from the Raspas complex Ecuador
allow significant constraints on the mechanisms of Se cycling in subduction zones. MORB-type
eclogites partly preserve their very light Se isotope composition (5%%76Se up to —1.89 %) of their
precursor rocks that is represented by hydrothermally altered oceanic crust. Striking correlations of
fluid-mobile element enrichments and progressively heavier Se isotope compositions are observed.
Overall, eclogites with high Ce/Pb (and Ce/Rb, and Ce/Cs) that overlap that of typical MORB, show
the lightest Se isotope compositions, whereas samples which experienced extensive fluid-mobile
element enrichment (low Ce/Pb, Ce/Rb and Ce/Cs) are characterized by heavy Se isotope
compositions that approach those of serpentinized peridotites and metapelites. We postulate that,
dehydration of serpentinites and subducted oceanic crust leads to fluid release and scavenging of
chalcophile elements from destabilizing hydrothermal sulfides within hydrothermally altered basalt

that transforms to eclogite during prograde subduction metamorphism. Flushing of slab lithologies
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bears the potential to relocate and re-distribute dissolved chalcophile elements within the slab and
further provides a reasonable mechanism for element transfer to the sub-arc mantle. This could, in
principle, explain recently observed isotopically light Se isotope compositions of Mariana lavas
(Kurzawa et al., 2019). As Se isotopes seem very powerful to assess the chalcophile element
recycling in subduction zones, further studies should be directed towards investigating subduction
metamorphism, sulfide breakdown and recrystallization in the slab and the link between the Se
isotope budget of HP/LT rocks and arc lavas from various settings.
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Outlook

Outlook

The results presented in this dissertation provide evidence for the value of the Se isotope systematic
to study subduction zone processes and place constraints on the recycling potential of chalcophile
elements between the Earth’s reservoirs, i.e. crust and mantle. Although Chapters 2 and Chapter 3
resemble case studies conducted on specific subduction zones (Mariana and Andean subduction
zones), a link between prograde subduction and recycling of isotopically variable Se via different
subduction components has been identified. However, further studies are needed to attain a common
understanding of involved processes and subduction zone recycling in general. In detail,
investigation of even more fluid-dominated subduction zones lavas (Tonga subduction zone) may
help to assess the sole role of fluids in the course of chalcophile element recycling. Further, the
influence of sedimentary Se input (marine vs continental) on the Se isotope composition of the
Earth’s mantle should be investigated, given the variable Se isotope composition of sediments
linked to redox processes following oxidation of Earth’s atmosphere. The analytical method
described in Chapter 1 now allows accurate Se isotope analysis of low ng-level Se-bearing
geological materials as well as precise determination of the Se isotope composition of micrometric
sulfide inclusions (Kdnig et al., 2019), with the potential to analyze even sulfide inclusions trapped
in diamonds. This might help to further constrain the evolution of chalcophile and moderately

volatile element systematics on Earth from the mineral and deep mantle perspective.
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Figure A.1 Extended multi-element diagram for Mariana samples. Element order modified after Williams et al. (2018)
and element concentrations normalized to primitive mantle estimates from Palme and O’Neill (2014 and references

therein).
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Figure A.2 Se isotope composition vs La/Sm ratio shows evidence for melt-like component in the Mariana arc samples
similar to what is inferred from Figure 2.6¢ and d; Se isotope composition vs Th/Yb and Ba/Yb, respectively.
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Tables

Table 1.1

Overview of Se double spike compositions used by different working groups. Bold numbers indicate spike isotopes. Data
acquisition at 1: Bristol Isotope Group, School of Earth Sciences, Bristol University, UK. 2: Institute of Geological
Sciences, University of Bern, Switzerland. 3: Department of Geology, University of Illinois at Urbana-Champaign,
Urbana. 4 (this study): Isotope Geochemistry, University of Tiibingen, Germany.

Se masses 74 76 77 78 80 82
Pogge von Strandmann et al. (2014) 7478-77-825¢ 45.89% - 0.51%  53.61% - -
Pogge von Strandmann et al. (2014)* 788276-775g - 0.14% - 15.61% - 84.25%
Vollstaedt et al. (2016227478825 62.42% - 37.56% 0.02% - 0.00%

Zhu et al. (2008)%; Schilling et al. (2011)%; Mitchell et al. (2012)° 51.20%  0.09% 48.57%  0.09%  0.03%  0.01%

This study* +7778825¢ 5229% 053% 47.12%  0.04% 0.02%  0.01%
Rudge et al. (2009) ideal composition for 47"-"885e 51.75% 48.25%
Table 1.2
Operating parameters
Parameters
RF power (W) 1200
Acceleration voltage (V) -10000
Sample cone Ni Jet
Skimmer cone Ni H-type

Ar gas flow rates (L min')

Coolant 15
Auxiliary 0.7-1.0
Sample gas 0.24-0.56
Additional gas 0.48-0.56
Methane (mL min-') 2.0-35
Analyte matrix 2mol L' HCI
NaBH, 0.4% (m/m)
Sample uptake (mL min') 0.235
conc. sample solution (ng mL™") <15
sample solution volume (mL) 1
Cycle integration time (5) 4.194
Number of cycles per analysis 40
Intensity 82Se (V) 0.5
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Table 1.3

Measured masses and associated isobaric interferences.

Cups L4 L3 L2 L1 C H1 H2 H3 H4
Masses 72 73 74 75 76 77 78 79 80 81 82 83
Selenium “Se %Se Se 8Se 805e 825e
Abundance (%) 0.87 9.36 7.63 23.78 49.61 8.73
(i) Plasma induced
Kr BKr 8OKr 82Kr 8Kr
BArEAr BArSAr OArSAr OArSEAr OAr°Ar
ArAr BArEAr
(ii) Plasma and analyte matrix induced
BArSArH BArSArH OAr®ArH OArBArH OArCArH
ArArH BArEArH
BAFSC “ARC “ArCI
ArCl BARCI BARCI
(iii) Analyte and sample matrix induced
FeO S6Felo0 SBEeli0
Nlo 58Ni160 GONilﬁo GZNilso 64Ni16o
Zno BAanﬁo SGanso 67Zn160
Se-H "SeH °SeH 7SeH 80SeH 825eH
Ge 2Ge 8Ge "“Ge “Ge
Br-H BrH 8BrH
As-H AsH
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Table 1.4
Se isotope data for USGS reference materials SGR-1, SCo-1 and BCR-2.

Sample Sample type Se (ug gY) 5%275Se (%o) 2 s.e (%0) 55278 (%o) 2 s.e (%o)

USGS SGR-1 Shale 3.70 0.09 0.04 0.06 0.03

3.63 -0.08 0.05 -0.05 0.03

3.49 -0.05 0.05 -0.03 0.03

3.84 -0.18 0.08 -0.12 0.05

3.95 -0.17 0.07 -0.11 0.05

4,03 -0.17 0.07 -0.11 0.05

3.82 0.04 0.06 0.03 0.04

3.75 -0.13 0.08 -0.08 0.05

3.66 -0.16 0.07 -0.10 0.05

medium resolution 3.72 0.03 0.03 0.02 0.02

AVERAGE 3.76 -0.08 0.06 -0.05 0.04

2s.d. 0.32 0.20 0.03 0.13 0.02

USGS SCo-1 Shale 0.88 -0.08 0.07 -0.06 0.04

0.81 -0.34 0.05 -0.22 0.03

0.85 -0.15 0.07 -0.10 0.04

0.86 -0.25 0.08 -0.16 0.05

0.83 -0.09 0.07 -0.06 0.05

AVERAGE 0.84 -0.18 0.07 -0.12 0.04

2s.d. 0.06 0.22 0.02 0.14 0.01

USGS BCR-2 Basalt 0.075 0.19 0.06 0.12 0.04

0.067 0.16 0.05 0.10 0.03

0.072 0.19 0.06 0.12 0.04

AVERAGE 0.071 0.18 0.06 0.12 0.04

2s.d. 0.008 0.03 0.01 0.02 0.01
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Table 2.1 Combined Se isotope compositions and Se-Te concentrations of Mariana samples and international rock reference materials (United States Geological Survey, USGS; Geological Survey
of Japan, GSJ).

sample location Rock SiO, MgO analyses 3%2/15Se 2sdt Se 1s.d. Te 1sd. Se/Te St
type wt.% wt.% n (%o) (%o) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)

15161 arc, Fukujin andesite 58.0 2.95 1 -0.24 0.10 102 3 157 0.05 65 50
1580 arc, Fukujin andesite 59.7 2.00 1 -0.14 0.10 7 2 0.16 <0.01 481 40
15117 arc, Fukujin andesite 60.6 1.98 1 -0.16 0.10 83 2 0.21 <0.01 393 50
15146 arc, Fukujin andesite 56.7 2.86 1 —0.08 0.10 124 4 2.04 0.06 61 30
D35-1-4 arc, Fukujin andesite 56.0 3.13 2 0.03 0.10 81 2 0.71 0.02 113 10
1880—3 (K2)* arc, Kasuga basalt 51.2 5.42 6 —0.18 0.10 119 4 4.21 0.13 28 150
18835 (P) arc, Kasuga bas. andesite 52.3 5.46 1 -0.01 0.10 87 3 6.40 0.19 14 120
1885-6 (K3) arc, Kasuga bas. andesite 54.6 5.80 2 —-0.13 0.10 66 2 2.57 0.08 25 110
1884-10 (K3) arc, Kasuga basalt 50.3 7.39 2 -0.09 0.10 142 4 4.57 0.14 31 200
D31-3-1 arc, Eifuku bas. andesite 52.7 3.49 1 -0.09 0.10 165 5 0.78 0.02 212 20
D25-3 arc, S.Daikoku bas. andesite 54.2 3.89 1 -0.25 0.10 147 4 0.79 0.02 186 50
D25-1-4 arc, S.Daikoku andesite 57.5 3.02 1 -0.16 0.10 134 4 1.58 0.05 85 60
1838-13 back—arc, 18°N bas. andesite 52.7 5.68 2 —0.03 0.10 113 3 131 0.04 86 930
1839-3 back—arc, 18°N basalt 48.5 7.68 1 —0.02 0.10 133 4 3.90 0.12 34 780
1841-18 back—arc, 18°N basalt 50.5 7.84 1 —-0.05 0.10 132 4 3.79 0.11 35 620
1846—12 back—arc, 18°N basalt 50.8 7.00 2 —0.02 0.10 234 7 7.00 0.21 33 930
1846—9 arc—like, 18°N basalt 49.7 6.95 1 —-0.16 0.10 169 5 4.70 0.14 36 370
1881—-4* arc—like, 22°N bas. andesite 53.0 6.05 3 —-0.13 0.10 74 2 1.82 0.05 41 280
D654 arc—like, 22°N bas. andesite 53.9 4.78 2 -0.25 0.10 138 4 1.07 0.03 129 200
D67-10 arc—like, 22°N basalt 49.8 8.47 1 -0.33 0.10 182 5 3.03 0.09 60 930
D68—4 arc—like, 22°N basalt 50.4 8.89 1 -0.18 0.10 125 4 1.55 0.05 81 490
USGS BHVO—2** basalt 1 0.16 0.10 166 5 141 0.42 12

GSJ IB-2 basalt 3 -0.19 0.10 153 5 3.78 0.11 40

GSJ JB-3 basalt 2 0.16 0.10 67 2 1.03 0.03 65

Se isotope data reported relative to Se reference solution NIST SRM-3149. *Samples 1881-4 and 1880-3 (K2) were used to assess external reproducibility, see table A.2.4 TUncertainty on Se
isotope compositions is conservatively set to be 0.10 %o as derived from multiple digested and analyzed samples during different measurement sessions. **BHVO-2 was analyzed together with
Mariana samples and published by Yierpan et al. (2018) with long-term BHVO-2 reproducibility of 0.18+0.10%. (2 s.d., n=8, multiple analytical sessions over 6 months). Uncertainty on Se-Te
concentrations conservatively expressed as 3% relative standard deviation. ™S concentrations from Alt et al. (1993). For reference concentration data of GSJ JB-2 and JB-3 see Tab. A.2.5.and
A.2.6. For individual Se isotope data see Tab. A.2.8.
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Table 3.1 Major and trace element data of eclogites, serpentinized peridotites and the metapelite sample from the Raspas
Complex, SW Ecuador.

Sample SEC 43-3 SEC 44-1 SEC 46-1 SEC 46-2 SEC 47-1 SEC 50-1
Rock type Eclogite Eclogite Eclogite Eclogite Eclogite Eclogite
Major elements (wt.%)

SiO; 50.17 48.67 44.08 44.88 47.49 49.57
TiO, 1.86 191 1.87 2.00 1.94 1.88
Al,O3 11.97 12.37 13.93 12.39 12.48 11.97
Fe,O3 13.3 13.75 15.48 13.77 13.87 13.30
MnO 0.23 0.19 0.24 0.21 0.23 0.19
MgO 6.65 6.00 10.09 8.72 6.01 6.72
Cao 10.67 10.84 10.87 13.41 11.15 10.48
Na,O 3.02 3.02 1.69 2.30 2.77 3.04
K20 0.07 0.48 0.16 0.11 0.51 0.07
P,0s 0.17 0.16 0.11 0.74 0.17 0.17
LOI 0.42 0 0.45 0 0.37 0.81
Total 100.45 99.86 99.75 99.63 99.58 99.85
Trace elements (pg/g)

Li 13.8 51.4 11.0 133 67.3 20.3
Sc 42.6 43.2 44.8 48 42.9 39.6
\Y% 390 389 362 431 358 329
Cr 111 211 253 252 256 144
Co 40.1 45.0 51.9 37.9 45.4 38.4
Ni 53.0 75.9 71.2 59.1 74.2 47.0
Cu 35.3 52.8 79.0 137 69.3 329
Zn 106 218 280 277 143 57.4
Ga 18.2 18.4 13.1 10.9 19.0 16.3
Rb 1.06 131 0.530 0.420 12.7 0.54
Sr 77.0 66.8 316 36.8 103 84.9
Y 46.1 45.1 49.1 46.4 48 50.5
Zr 109 110 102 104 109 119
Nb 2.40 2.03 2.19 4.26 2.09 191
Mo 0.130 0.070 0.140 0.130
Sn 0.966 0.743 1.18

Sb 0.150 0.210 0.200 0.100 0.480 1.20
Cs 0.019 0.777 0.011 0.008 0.632 0.019
Ba 21.2 79.4 6.76 211 60.9 121
La 3.75 3.70 4.08 4.40 3.71 3.72
Ce 12.7 11.6 13.6 141 11.7 124
Pr 2.28 2.17 2.53 2.46 2.18 2.32
Nd 12.6 11.9 13.9 12.9 124 12.7
Sm 4.38 4.23 511 4.28 454 4.62
Eu 157 157 171 151 157 1.59
Gd 5.90 5.70 6.74 5.60 6.12 6.34
Th 1.08 1.07 1.18 1.00 117 117
Dy 7.33 7.35 7.89 6.96 7.92 8.01
Ho 1.58 1.56 1.66 1.55 1.69 171
Er 459 4.48 4.74 4.52 4.83 4.89
m 0.688 0.668 0.713 0.679 0.712 0.727
Yb 4.60 4.49 4.83 4.54 4.80 4.89
Lu 0.674 0.654 0.723 0.678 0.709 0.73
Hf 2.85 2.89 2.86 291 3.13 3.25
Ta 0.141 0.129 0.140 0.183 0.146 0.142
w 0.170 0.450 0.300

Pb 1.50 4.06 0.646 0.566 2.90 0.738
Th 0.208 0.146 0.131 0.170 0.138 0.137
U 0.069 0.184 0.175 0.540 0.194 0.054
Nb/zr 0.02 0.02 0.02 0.04 0.02 0.02
Hf/Yb 0.62 0.64 0.59 0.64 0.65 0.66
(La/Sm)n* 0.54 0.55 0.50 0.65 0.51 0.51
Ce/Pb 8.47 2.86 211 24.9 4.03 16.8
Ce/Rb 12.0 0.9 25.7 33.6 0.9 23.0
CelCs 668 14.9 1236 1763 18.5 653
CelLi 0.920 0.226 1.24 1.06 0.174 0.611
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Table 3.1 continued

Sample SEC 35-2 SEC 36-2 SEC 40-1 SEC 45-3
Rock type serp. peridotite serp. peridotite serp. peridotite metapelite
Major elements (wt.%)

SiO, 40.49 40.24 41.54

TiO, 0.05 0.04 0.03

Al,03 2.37 1.34 1.69

Fe;05 8.02 8.23 8.64

MnO 0.12 0.12 0.13

MgO 37.26 40.43 40.75

CaO 2.48 0.28 1.85

Na,O 0.07 0.00 0.25

K20 0.01 0.00 0.01

P20s 0.01 0.01 0.00

LOI 10.01 10.06 5.67

Total 100.89 100.75 100.56

Trace elements (ug/g)

Li 0.99 1.03 2.76

Sc 16.8 10.5 11.2

\% 73.6 371 51.1

Cr 2674 2775 2344

Co 104 100 102

Ni 1957 2116 2125

Cu 4.82 2.47 20.3

Zn 50.3 43.0 423

Ga 2.10 1.56 1.72

Rb 0.215 0.071 0.200 63.1
Sr 3.53 151 1.63

Y 1.58 0.504 0.919

Zr 9.49 0.294 0.049

Nb 0.008 0.036 0.034

Mo 0.190 0.060 0.070

Sn 0.124 0.084 0.107

Sh 0.140 3.09 0.030

Cs 0.157 0.020 0.218 3.15
Ba 4.87 3.17 1.32

La 0.004 0.016 0.006

Ce 0.014 0.015 0.013 35.7
Pr 0.006 0.006 0.003

Nd 0.069 0.040 0.020

Sm 0.067 0.019 0.024

Eu 0.032 0.008 0.011

Gd 0.147 0.037 0.061

Th 0.034 0.008 0.016

Dy 0.266 0.061 0.134

Ho 0.062 0.017 0.035

Er 0.186 0.055 0.110

Tm 0.030 0.011 0.019

Yb 0.204 0.081 0.138

Lu 0.031 0.015 0.022

Hf 0.238 0.015 0.011

Ta 0.000 0.002 0.002

w 0.090 0.060 0.140

Pb 0.280 0.223 0.179 145
Th 0.001 0.001 0.001

U 0.003 0.003 0.001

Nb/zZr 0.001 0.123 0.685

Hf/Yb 117 0.19 0.08

(La/Sm)n* 0.04 0.53 0.16

CelPb 0.050 0.067 0.073 2.68
Ce/Rb 0.065 0.211 0.065 0.783
CelCs 0.089 0.750 0.060 18.1
CelLi 0.014 0.015 0.005

Italic numbers refer to average concentrations and element ratios of metasediments from the Franciscan Complex and the Western Baja Terrane; data from
Sadofsky and Bebout (2003); see Tab. A.3.6. *Normalization after Boynton (1984).
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Table 3.2 Se isotope composition and Se—Te abundances of eclogites, serpentinized peridotites and the metapelite sample
from the Raspas Complex, SW Ecuador.

sample rock type 5%/ st srmarae (%) 25.d. T(%0) analyses (nN)*  Se(ngg’) Te(ngg™") analyses (n)*
SEC 43-3 eclogite -0.53 0.13 4 106 2.15 1
SEC 44-1 eclogite 0.20 0.13 1 36 8.55 1
SEC 46-1 eclogite —0.88 0.13 2 6.40 5.54 1
SEC 46-2 eclogite —1.89 0.13 2 104 6.33 1
SEC 47-1 eclogite 0.35 0.08 4 144 6.30 2
SEC 50-1 eclogite -1.21 0.12 4 85 2.63 1
SEC 35-2 serp. peridotite 0.07 0.13 2 46 7.46 1
SEC 36-2 serp. peridotite 0.39 0.13 1 37 5.62 1
SEC 40-1 serp. peridotite 0.30 0.13 2 68 9.15 1
SEC 45-3 metapelite 0.14 0.13 1 22 4.03 1

tFor samples with n<4, external reproducibility conservatively is estimated to be 0.13 %o, as derived from multiple
digested and analyzed sample SEC 43-3 during different measurement sessions. *Total number of Se isotope and Se
concentration determinations. #Total of individual digestions for combined Se—Te concentration and Se isotope analyses.
Uncertainty on Se-Te concentrations conservatively expressed as 3% relative standard deviation. For individual
measurement data see Tab. A.3.5.

Table A.1.1

NIST SRM-3149 and various amounts of Se double spike. Well- vs less-well equilibrated standard spike mixtures.
Sample Sample type fspike 3%2%Se (%0) 55278 (%o)
NIST SRM-3149 reference solution 0.1 -0.10 -0.06
NIST SRM-3149 0.2 0.06 0.04
NIST SRM-3149 0.3 -0.07 -0.05
NIST SRM-3149 0.4 -0.02 -0.01
NIST SRM-3149 0.5 -0.01 0.00
NIST SRM-3149 0.6 -0.09 -0.06
NIST SRM-3149 0.7 -0.08 -0.06
NIST SRM-3149 0.8 0.00 0.00
NIST SRM-3149 0.9 -0.20 -0.13

well equilibrated standard-spike mixtures

Sample Sample type fopike 5%75Se (%o) 552788 e (%)
NIST SRM-3149 reference solution 0.1 0.20 0.13
NIST SRM-3149 0.2 0.16 0.11
NIST SRM-3149 0.3 0.17 0.11
NIST SRM-3149 0.4 0.23 0.15
NIST SRM-3149 05 0.11 0.07
NIST SRM-3149 0.6 0.14 0.09
NIST SRM-3149 0.7 0.23 0.15
NIST SRM-3149 0.8 0.22 0.14
NIST SRM-3149 0.9 0.59 0.39

less-well equilibrated standard-spike mixtures

Table A.1.2
Results for evaporation experiments involving Se reference solution NIST SRM-3149. SSB: Standard-sample bracketing
approach; DS: Double spike approach.

Sample Sample type method 5%278Se (%0) 5%2/75Se (%0) loss in %
NIST SRM-3149 Se reference solution SSB 0.28 0.43 5
NIST SRM-3149 SSB 0.67 1.03 10
NIST SRM-3149 SSB 0.86 1.32 14
NIST SRM-3149 SSB 1.20 1.85 31
NIST SRM-3149 DS 1.74 2.68 51
NIST SRM-3149 DS 143 2.20 37
NIST SRM-3149 DS 148 2.28 51
NIST SRM-3149 DS 2.09 3.22 33
NIST SRM-3149 DS 2.05 3.15 23
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Table A.1.3

NIST SRM-3149 + various amounts of Ge. Results before and after Ge-correction.

Sample Sample type GelSe 8%75Se (%0)  8%27%Se (%o)  2s.e.  8%7°Se (%o)uncorrected
NIST SRM-3149 Se reference solution 0.0007 0.01 0.00 0.02 0.24
NIST SRM-3149 0.0012 -0.01 -0.01 0.02 0.45
NIST SRM-3149 0.0019 0.00 0.00 0.02 0.65
NIST SRM-3149 0.0037 0.00 0.00 0.02 1.23
NIST SRM-3149 0.0067 -0.05 -0.03 0.03 1.32
NIST SRM-3149 0.0133 -0.04 -0.03 0.03 2.57
NIST SRM-3149 0.0333 -0.02 -0.01 0.04 6.85
NIST SRM-3149 0.0667 0.06 0.04 0.04 13
NIST SRM-3149 0.3333 0.02 0.02 0.04 70
NIST SRM-3149 1 -0.05 -0.03 0.05 149
NIST SRM-3149 1 0.03 0.02 0.05 221
NIST SRM-3149 2 0.03 0.02 0.05 464
NIST SRM-3149 3 0.00 0.00 0.06 723
NIST SRM-3149 4 -0.03 -0.02 0.06 1006

AVERAGE 0.00 0.00

2s.d. 0.06 0.04
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Table A.1.4
Long-term reproducibility of in-house Se reference solution MH-495.
Sample Sample type Se (ug gY) 3%/75Se (%) 55278Se (%o)
MH-495 in-house Se solution 2.08 -3.29 -2.14
MH-495 2.08 -3.26 -2.11
MH-495 2.08 -3.25 -2.11
MH-495 2.08 -3.25 2211
MH-495 2.08 -3.14 -2.04
MH-495 2.08 -3.21 -2.08
MH-495 2.08 -3.21 -2.09
MH-495 2.08 -3.29 -2.14
MH-495 2.08 -3.19 -2.07
MH-495 2.08 -3.15 -2.05
MH-495 2.08 -3.31 -2.15
MH-495 2.08 -3.31 -2.15
MH-495 2.08 -3.24 -2.10
MH-495 2.08 -3.29 -2.13
MH-495 2.08 -3.33 -2.17
MH-495 2.08 -3.20 -2.08
MH-495 2.08 -3.20 -2.08
MH-495 2.08 -3.26 -2.12
MH-495 2.08 -3.37 -2.19
MH-495 2.08 -3.31 -2.15
MH-495 2.08 -3.31 -2.15
MH-495 2.08 -3.27 -2.12
MH-495 2.08 -3.14 -2.04
MH-495 2.08 -3.20 -2.08
MH-495 2.08 -3.37 -2.19
MH-495 2.08 -3.38 -2.20
MH-495 2.08 -3.26 211
MH-495 2.08 -3.24 -2.10
MH-495 2.08 -3.21 -2.09
MH-495 2.08 -3.17 -2.06
MH-495 2.08 -3.33 -2.16
MH-495 2.08 -3.35 217
MH-495 2.08 -3.32 -2.15
MH-495 2.08 -3.33 -2.16
MH-495 2.08 -3.15 -2.05
MH-495 2.08 -3.15 -2.05
MH-495 2.08 -3.30 -2.14
MH-495 2.08 -3.29 -2.14
MH-495 2.08 -3.34 217
MH-495 2.08 -3.28 -2.13
MH-495 2.08 -3.22 -2.09
MH-495 2.08 -3.26 212
MH-495 2.08 -3.27 -2.13
MH-495 2.08 -3.30 -2.14
MH-495 2.08 -3.30 -2.14
MH-495 2.08 -3.29 -2.13
MH-495 2.08 -3.31 -2.15
MH-495 2.08 -3.38 -2.19
MH-495 2.08 -3.34 217
MH-495 2.08 -3.34 217
MH-495 2.08 -3.26 212
MH-495 2.08 -3.23 -2.10
MH-495 2.08 -3.32 -2.15
MH-495 2.08 -3.25 211
MH-495 2.08 -3.25 211
MH-495 2.08 -3.22 -2.09
MH-495 2.08 -3.37 -2.19
MH-495 2.08 -3.26 -2.12
MH-495 2.08 -3.23 -2.10
MH-495 2.08 -3.20 -2.08
MH-495 2.08 -3.27 -2.12
MH-495 2.08 -3.18 -2.07

76



Appendix

Table A.1.4 continued

Sample Sample type Se (ug gb) 5%775Se (%o) 552788 e (%)
MH-495 2.08 -3.32 -2.16
MH-495 2.08 -3.28 -2.13
MH-495 2.08 -3.18 -2.06
MH-495 2.08 -3.26 -2.11
MH-495 0.35 -3.19 -2.07
MH-495 2.08 -3.30 -2.14
MH-495 2.08 -3.32 -2.16
MH-495 2.10 -3.17 -2.06
MH-495 2.08 -3.28 -2.13
MH-495 2.08 -3.26 -2.12
MH-495 2.08 -3.19 -2.07
MH-495 2.09 -3.26 -2.12
MH-495 2.09 -3.31 -2.15
MH-495 2.09 -3.28 -2.13
MH-495 2.09 -3.28 -2.13
MH-495 2.09 -3.26 -2.12
MH-495 2.08 -3.29 -2.13
MH-495 2.09 -3.24 -2.11
MH-495 2.09 -3.29 -2.14
MH-495 2.09 -3.23 -2.10
MH-495 2.08 -3.25 -2.11
MH-495 2.09 -3.24 -2.11
MH-495 2.08 -3.22 -2.09
MH-495 2.09 -3.38 -2.19
MH-495 2.09 -3.36 -2.18
MH-495 2.08 -3.46 -2.25
MH-495 2.08 -3.20 -2.08
MH-495 2.09 -3.16 -2.05
MH-495 2.07 -3.36 -2.18
MH-495 2.07 -3.29 -2.14
MH-495 2.07 -3.28 -2.13
MH-495 2.07 -3.37 -2.19
MH-495 2.07 -3.32 -2.16
MH-495 2.07 -3.35 -2.17
MH-495 2.07 -3.26 -2.12
MH-495 2.07 -3.30 -2.15
MH-495 2.07 -3.33 -2.16
MH-495 2.07 -3.39 -2.20
MH-495 2.07 -3.29 -2.14
AVERAGE -3.27 -2.12
2s.d. 0.13 0.08
Sample type Se (ug o) 8%776Se (%o) 5%278Se (%o)
Sample
MH-495 MR 2.03 -3.25 -2.11
MH-495 2.03 -3.27 -2.13
MH-495 2.03 -3.25 -2.11
MH-495 2.03 -3.27 -2.13
MH-495 2.03 -3.23 -2.10
MH-495 2.03 -3.23 -2.10
MH-495 2.03 -3.23 -2.10
MH-495 2.03 -3.23 -2.10
MH-495 2.03 -3.24 -2.10
MH-495 2.03 -3.26 -2.12
AVERAGE 3.25 211
2s.d. 0.03 0.02
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Table A.1.5
Long-term reproducibility of Se reference solution NIST SRM-3149.
Sample Sample type Se (ug gY) 3%/75Se (%) 5%278Se (%o)
NIST SRM-3149 Se reference solution 2.196 -0.08 -0.05
NIST SRM-3149 2.196 0.04 0.02
NIST SRM-3149 2.195 0.00 0.00
NIST SRM-3149 2.195 -0.01 -0.01
NIST SRM-3149 2.194 -0.01 -0.01
NIST SRM-3149 2.194 -0.01 0.00
NIST SRM-3149 2.194 -0.01 -0.01
NIST SRM-3149 2.194 0.00 0.00
NIST SRM-3149 2.194 0.03 0.02
NIST SRM-3149 2.194 -0.03 -0.02
NIST SRM-3149 2.195 -0.03 -0.02
NIST SRM-3149 2.195 0.00 0.00
NIST SRM-3149 2.195 0.08 0.05
NIST SRM-3149 2.196 0.01 0.01
NIST SRM-3149 2.196 0.02 0.01
NIST SRM-3149 2.196 -0.05 -0.03
NIST SRM-3149 2.196 -0.05 -0.03
NIST SRM-3149 2.196 0.06 0.04
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.197 -0.01 0.00
NIST SRM-3149 2.197 0.08 0.05
NIST SRM-3149 2.196 0.10 0.07
NIST SRM-3149 2.196 -0.09 -0.06
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.196 -0.01 -0.01
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.196 0.01 0.01
NIST SRM-3149 2.196 -0.06 -0.04
NIST SRM-3149 2.194 0.00 0.00
NIST SRM-3149 2.195 0.00 0.00
NIST SRM-3149 2.198 0.00 0.00
NIST SRM-3149 2.198 -0.01 0.00
NIST SRM-3149 2.198 -0.05 -0.03
NIST SRM-3149 2.198 0.00 0.00
NIST SRM-3149 2.198 -0.04 -0.03
NIST SRM-3149 2.198 -0.03 -0.02
NIST SRM-3149 2.198 0.00 0.00
NIST SRM-3149 2.198 -0.09 -0.06
NIST SRM-3149 2.195 0.11 0.07
NIST SRM-3149 2.198 0.01 0.01
NIST SRM-3149 2.198 0.04 0.03
NIST SRM-3149 2.198 0.03 0.02
NIST SRM-3149 2.200 -0.02 -0.01
NIST SRM-3149 2.198 -0.02 -0.01
NIST SRM-3149 2.198 0.06 0.04
NIST SRM-3149 2.198 -0.06 -0.04
NIST SRM-3149 2.198 -0.12 -0.08
NIST SRM-3149 2.198 -0.03 -0.02
NIST SRM-3149 2.197 -0.09 -0.06
NIST SRM-3149 2.197 -0.02 -0.01
NIST SRM-3149 2.197 -0.02 -0.02
NIST SRM-3149 2.198 -0.05 -0.03
NIST SRM-3149 2.198 0.11 0.07
NIST SRM-3149 2.198 -0.06 -0.04
NIST SRM-3149 2.198 0.05 0.03
NIST SRM-3149 2.198 0.01 0.01
NIST SRM-3149 2.198 0.06 0.04
NIST SRM-3149 2.197 0.04 0.03
NIST SRM-3149 2.198 0.16 0.11
NIST SRM-3149 2.198 -0.12 -0.08
NIST SRM-3149 2.198 -0.07 -0.05
NIST SRM-3149 2.198 -0.03 -0.02
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Table A.1.5 continued

Sample Sample type Se (ug gb) 5°775Se (%o) 5%78Se (%o)
NIST SRM-3149 2.197 -0.03 -0.02
NIST SRM-3149 2.198 -0.07 -0.04
NIST SRM-3149 2.198 -0.07 -0.04
NIST SRM-3149 2.198 0.00 0.00
NIST SRM-3149 2.198 0.04 0.03
NIST SRM-3149 2.198 -0.04 -0.03
NIST SRM-3149 2.198 0.00 0.00
NIST SRM-3149 2.198 0.10 0.07
NIST SRM-3149 2.198 0.08 0.05
NIST SRM-3149 2.198 0.10 0.07
NIST SRM-3149 2.198 0.06 0.04
NIST SRM-3149 2.198 0.04 0.03
NIST SRM-3149 2.196 -0.13 -0.09
NIST SRM-3149 2.196 -0.10 -0.07
NIST SRM-3149 2.196 -0.08 -0.05
NIST SRM-3149 2.195 -0.04 -0.03
NIST SRM-3149 2.197 -0.05 -0.03
NIST SRM-3149 2.194 -0.05 -0.03
NIST SRM-3149 2.194 -0.13 -0.08
NIST SRM-3149 2.195 -0.05 -0.03
NIST SRM-3149 2.196 0.05 0.03
NIST SRM-3149 2.196 0.08 0.05
NIST SRM-3149 2.195 0.05 0.03
NIST SRM-3149 2.195 -0.09 -0.06
NIST SRM-3149 2.213 0.29 0.19
NIST SRM-3149 2.190 0.16 0.10
NIST SRM-3149 2.193 0.08 0.05
NIST SRM-3149 2.195 -0.02 -0.02
NIST SRM-3149 2.196 -0.02 -0.01
NIST SRM-3149 2.196 0.06 0.04
NIST SRM-3149 2.196 0.02 0.01
NIST SRM-3149 2.196 -0.03 -0.02
NIST SRM-3149 2.196 0.01 0.01
NIST SRM-3149 2.196 -0.05 -0.03
NIST SRM-3149 2.196 -0.03 -0.02
NIST SRM-3149 2.196 -0.05 -0.03
NIST SRM-3149 2.196 -0.03 -0.02
NIST SRM-3149 2.196 0.02 0.02
NIST SRM-3149 2.196 0.04 0.03
NIST SRM-3149 2.196 0.01 0.01
NIST SRM-3149 2.196 0.11 0.07
NIST SRM-3149 2.196 -0.05 -0.03
NIST SRM-3149 2.194 0.00 0.00
NIST SRM-3149 2.196 -0.05 -0.04
NIST SRM-3149 2.196 0.01 0.01
NIST SRM-3149 2.196 0.03 0.02
NIST SRM-3149 2.196 -0.05 -0.04
NIST SRM-3149 2.196 0.01 0.01
NIST SRM-3149 2.196 0.03 0.02
NIST SRM-3149 2.196 0.02 0.01
NIST SRM-3149 2.196 -0.01 -0.01
NIST SRM-3149 2.196 -0.07 -0.04
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.196 0.02 0.01
NIST SRM-3149 2.196 0.01 0.00
NIST SRM-3149 2.196 -0.02 -0.01
NIST SRM-3149 8.557 0.03 0.02
NIST SRM-3149 3.868 -0.02 -0.01
NIST SRM-3149 0.165 -0.09 -0.06
NIST SRM-3149 1.994 0.01 0.01
NIST SRM-3149 2.192 0.07 0.05
NIST SRM-3149 2.194 0.05 0.03
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Table A.1.5 continued

Sample Sample type Se (ug g?) 3%275Se (%) 552788 e (%o)
NIST SRM-3149 2.195 -0.05 -0.03
NIST SRM-3149 2.194 -0.01 0.00
NIST SRM-3149 2.195 -0.03 -0.02
NIST SRM-3149 2.195 0.01 0.01
NIST SRM-3149 2.195 -0.05 -0.03
NIST SRM-3149 2.195 -0.01 0.00
NIST SRM-3149 2.195 -0.03 -0.02
NIST SRM-3149 2.195 0.01 0.01
NIST SRM-3149 2.195 -0.03 -0.02
NIST SRM-3149 2.195 -0.05 -0.03
NIST SRM-3149 2.195 0.04 0.03
NIST SRM-3149 2.195 -0.01 -0.01
NIST SRM-3149 2.195 0.05 0.03
NIST SRM-3149 2.195 -0.02 -0.02
NIST SRM-3149 2.195 0.11 0.07
NIST SRM-3149 2.195 -0.05 -0.03
NIST SRM-3149 2.195 0.03 0.02
NIST SRM-3149 2.196 0.08 0.05
NIST SRM-3149 2.196 -0.03 -0.02
NIST SRM-3149 2.196 -0.01 -0.01
NIST SRM-3149 2.196 -0.09 -0.06
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.196 -0.03 -0.02
NIST SRM-3149 2.196 0.04 0.02
NIST SRM-3149 2.196 -0.06 -0.04
NIST SRM-3149 2.196 0.01 0.01
NIST SRM-3149 2.196 -0.02 -0.01
NIST SRM-3149 2.196 -0.01 -0.01
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.197 -0.04 -0.02
NIST SRM-3149 2.196 -0.03 -0.02
NIST SRM-3149 2.196 -0.03 -0.02
NIST SRM-3149 2.196 0.06 0.04
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.196 -0.01 -0.01
NIST SRM-3149 2.196 0.02 0.01
NIST SRM-3149 2.196 0.05 0.03
NIST SRM-3149 2.196 0.03 0.02
NIST SRM-3149 2.196 -0.01 -0.01
NIST SRM-3149 2.067 0.05 0.03
NIST SRM-3149 2.196 0.02 0.01
NIST SRM-3149 2.196 0.03 0.02
NIST SRM-3149 2.196 0.03 0.02
NIST SRM-3149 2.196 0.03 0.02
NIST SRM-3149 2.195 0.02 0.01
NIST SRM-3149 2.195 0.08 0.05
NIST SRM-3149 2.196 0.03 0.02
NIST SRM-3149 2.196 0.02 0.01
NIST SRM-3149 2.196 -0.06 -0.04
NIST SRM-3149 2.195 -0.02 -0.01
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.196 -0.06 -0.04
NIST SRM-3149 2.196 -0.02 -0.01
NIST SRM-3149 2.196 0.08 0.05
NIST SRM-3149 2.196 -0.04 -0.02
NIST SRM-3149 2.196 0.01 0.01
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.195 -0.04 -0.03
NIST SRM-3149 2.196 -0.02 -0.01
NIST SRM-3149 2.196 -0.01 -0.01
NIST SRM-3149 2.196 -0.08 -0.05
NIST SRM-3149 2.196 -0.09 -0.06
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Table A.1.5 continued

Sample Sample type Se (ug gb) 5°775Se (%o) 5%78Se (%o)
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.196 -0.05 -0.03
NIST SRM-3149 2.196 -0.07 -0.05
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.196 -0.07 -0.05
NIST SRM-3149 2.196 0.01 0.01
NIST SRM-3149 2.196 0.02 0.01
NIST SRM-3149 2.195 -0.05 -0.03
NIST SRM-3149 2.196 0.01 0.00
NIST SRM-3149 2.196 0.04 0.03
NIST SRM-3149 2.196 0.03 0.02
NIST SRM-3149 2.196 0.09 0.06
NIST SRM-3149 2.196 0.02 0.01
NIST SRM-3149 2.196 0.08 0.05
NIST SRM-3149 2.196 0.00 0.00
NIST SRM-3149 2.195 0.08 0.05
NIST SRM-3149 2.195 0.06 0.04
NIST SRM-3149 2.195 0.01 0.00
NIST SRM-3149 2.195 0.04 0.03
NIST SRM-3149 2.187 0.04 0.03
NIST SRM-3149 2.195 0.04 0.02
NIST SRM-3149 2.009 0.02 0.02
NIST SRM-3149 2.208 -0.03 -0.02
NIST SRM-3149 2.175 0.07 0.05
NIST SRM-3149 2.191 -0.11 -0.07
NIST SRM-3149 2.205 0.00 0.00
NIST SRM-3149 2.201 -0.08 -0.05
NIST SRM-3149 2.197 -0.10 -0.06
NIST SRM-3149 2.213 0.06 0.04
NIST SRM-3149 2.213 0.06 0.04
NIST SRM-3149 2.213 0.06 0.04
NIST SRM-3149 2.171 -0.10 -0.06
NIST SRM-3149 2.188 -0.03 -0.02
NIST SRM-3149 2.191 0.03 0.02
NIST SRM-3149 2.198 -0.03 -0.02
NIST SRM-3149 2.201 0.01 0.01
NIST SRM-3149 2.198 -0.04 -0.03
NIST SRM-3149 2.193 -0.01 -0.01
NIST SRM-3149 2.193 0.07 0.04
NIST SRM-3149 2.195 -0.01 -0.01
NIST SRM-3149 2.196 0.03 0.02
NIST SRM-3149 2.197 0.00 0.00
NIST SRM-3149 2.201 0.00 0.00
NIST SRM-3149 2.200 -0.04 -0.03
NIST SRM-3149 2.201 0.03 0.02
NIST SRM-3149 2.201 0.06 0.04
NIST SRM-3149 2.201 -0.04 -0.03
NIST SRM-3149 2.209 -0.02 -0.01
NIST SRM-3149 2.209 -0.06 -0.04
NIST SRM-3149 2.208 0.01 0.00
NIST SRM-3149 2.208 0.00 0.00
NIST SRM-3149 2.208 -0.06 -0.04
NIST SRM-3149 2.208 -0.12 -0.08
NIST SRM-3149 2.208 -0.05 -0.03
NIST SRM-3149 2.208 -0.06 -0.04
NIST SRM-3149 2.208 0.02 0.01
NIST SRM-3149 2.208 0.04 0.02
NIST SRM-3149 2.208 -0.01 0.00
NIST SRM-3149 2.208 -0.06 -0.04
NIST SRM-3149 2.209 0.07 0.04
NIST SRM-3149 2.208 0.00 0.00
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Table A.1.5 continued

Sample Sample type Se (ug g?) 3%275Se (%) 552788 e (%o)
NIST SRM-3149 2.209 0.05 0.03
NIST SRM-3149 2.208 0.01 0.01
NIST SRM-3149 2.208 -0.01 -0.01
NIST SRM-3149 2.208 0.01 0.01
NIST SRM-3149 2.208 0.04 0.03
NIST SRM-3149 2.208 0.03 0.02
NIST SRM-3149 2.208 0.05 0.03
NIST SRM-3149 2.208 -0.01 -0.01
NIST SRM-3149 2.208 0.05 0.03
NIST SRM-3149 2.209 0.00 0.00
NIST SRM-3149 2.209 0.02 0.01
NIST SRM-3149 2.208 0.07 0.04
NIST SRM-3149 2.208 -0.08 -0.05
NIST SRM-3149 2.208 -0.06 -0.04
NIST SRM-3149 2.208 -0.04 -0.02
NIST SRM-3149 2.208 0.05 0.03
NIST SRM-3149 2.208 -0.12 -0.08
NIST SRM-3149 2.208 0.02 0.01
NIST SRM-3149 2.208 0.01 0.00
NIST SRM-3149 2.208 0.00 0.00
NIST SRM-3149 2.208 0.01 0.01
NIST SRM-3149 2.208 0.05 0.03
NIST SRM-3149 2.209 0.00 0.00
NIST SRM-3149 2.202 0.11 0.07
NIST SRM-3149 2.203 0.01 0.00
NIST SRM-3149 2.208 -0.02 -0.01
NIST SRM-3149 2.208 0.02 0.01
NIST SRM-3149 2.208 0.03 0.02
NIST SRM-3149 2.209 0.03 0.02
NIST SRM-3149 2.208 -0.04 -0.03
NIST SRM-3149 2.208 0.06 0.04
NIST SRM-3149 2.208 0.06 0.04
NIST SRM-3149 2.209 -0.07 -0.05
NIST SRM-3149 2.208 -0.07 -0.04
NIST SRM-3149 2.208 -0.05 -0.03
NIST SRM-3149 2.208 -0.01 0.00
NIST SRM-3149 2.208 0.08 0.05
NIST SRM-3149 2.208 0.03 0.02
NIST SRM-3149 2.208 -0.14 -0.09
NIST SRM-3149 2.208 0.01 0.01
NIST SRM-3149 2.208 -0.06 -0.04
NIST SRM-3149 2.208 -0.09 -0.06
NIST SRM-3149 2.208 0.06 0.04
NIST SRM-3149 2.209 -0.03 -0.02
NIST SRM-3149 2.209 -0.07 -0.04
NIST SRM-3149 2.208 -0.10 -0.07
NIST SRM-3149 2.208 0.03 0.02
NIST SRM-3149 2.208 0.09 0.06
NIST SRM-3149 2.208 0.02 0.01
NIST SRM-3149 2.208 -0.01 0.00
NIST SRM-3149 2.208 0.06 0.04
NIST SRM-3149 2.208 0.00 0.00
NIST SRM-3149 2.208 0.08 0.05
NIST SRM-3149 2.208 0.04 0.03
NIST SRM-3149 2.208 0.11 0.07
NIST SRM-3149 2.208 -0.06 -0.04
NIST SRM-3149 2.208 -0.09 -0.06
NIST SRM-3149 2.209 -0.03 -0.02
NIST SRM-3149 2.206 0.01 0.01
NIST SRM-3149 2.209 -0.01 -0.01
NIST SRM-3149 2.209 0.00 0.00
NIST SRM-3149 2.208 0.00 0.00
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Table A.1.5 continued

Sample Sample type Se (ug gb) 5°775Se (%o) 552788 e (%)
NIST SRM-3149 2.209 0.00 0.00
NIST SRM-3149 2.209 0.00 0.00
NIST SRM-3149 2.208 -0.02 -0.01
NIST SRM-3149 2.209 0.04 0.03
NIST SRM-3149 2.209 0.02 0.01
NIST SRM-3149 2.208 -0.07 -0.04
NIST SRM-3149 2.209 0.05 0.03
NIST SRM-3149 2.209 -0.05 -0.03
NIST SRM-3149 2.209 0.03 0.02
NIST SRM-3149 2.209 0.04 0.02
NIST SRM-3149 2.208 0.04 0.03
NIST SRM-3149 2.209 -0.02 -0.01
NIST SRM-3149 2.209 0.00 0.00
NIST SRM-3149 2.209 0.12 0.08
NIST SRM-3149 2.208 -0.08 -0.05
NIST SRM-3149 2.209 0.04 0.02
NIST SRM-3149 2.208 0.04 0.03
NIST SRM-3149 2.208 0.04 0.02
NIST SRM-3149 2.208 0.04 0.02
NIST SRM-3149 2.208 0.01 0.00
NIST SRM-3149 2.208 -0.03 -0.02
NIST SRM-3149 2.208 0.01 0.01
NIST SRM-3149 2.208 0.01 0.01
NIST SRM-3149 2.208 0.00 0.00
NIST SRM-3149 2.208 0.04 0.03
NIST SRM-3149 2.208 -0.05 -0.03
NIST SRM-3149 2.208 0.06 0.04
NIST SRM-3149 2.208 -0.07 -0.04
NIST SRM-3149 2.208 0.00 0.00
NIST SRM-3149 2.208 0.00 0.00
NIST SRM-3149 2.208 0.03 0.02
NIST SRM-3149 2.208 -0.06 -0.04
NIST SRM-3149 2.208 -0.02 -0.02
NIST SRM-3149 2.208 0.01 0.01
NIST SRM-3149 2.208 -0.04 -0.03
NIST SRM-3149 2.209 -0.09 -0.06
NIST SRM-3149 2.209 -0.02 -0.01
NIST SRM-3149 2.208 -0.01 -0.01
NIST SRM-3149 2.209 0.08 0.05
NIST SRM-3149 2.209 0.07 0.04
AVERAGE 0.00 0.00
2s.d. 0.11 0.07

Sample Sample type Se (ug g™ 5%7768e (%o) 552788 e (%o)
NIST SRM-3149 MR 2.194 -0.02 -0.01
NIST SRM-3149 2.194 0.00 0.00
NIST SRM-3149 2.194 0.00 0.00
NIST SRM-3149 2.194 0.00 0.00
NIST SRM-3149 2.194 -0.03 -0.02
NIST SRM-3149 2.194 0.06 0.04
NIST SRM-3149 2.194 0.02 0.01
NIST SRM-3149 2.194 -0.01 -0.01
NIST SRM-3149 2.194 -0.01 -0.01
NIST SRM-3149 2.194 -0.02 -0.01
AVERAGE 0.00 0.00
2s.d. 0.05 0.03
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Table A.1.6

Results for mixtures of USGS SGR-1 and in-house Se reference MH-495.
Sample Sample type fse UsGs saR-1 5%75Se (%o) 55288 e (%)
USGS SGR-1 + MH-495 shale + in-house Se reference 0.94 -0.30 -0.20
USGS SGR-1 + MH-495 0.89 -0.37 -0.24
USGS SGR-1 + MH-495 0.79 -0.78 -0.50
USGS SGR-1 + MH-495 0.73 -0.76 -0.49
USGS SGR-1 + MH-495 0.57 -1.27 -0.82
USGS SGR-1 + MH-495 0.37 -1.94 -1.26
USGS SGR-1 + MH-495 0.20 -2.55 -1.66
MH-495 in-house Se reference 0.00 -3.24 -2.11
USGS SGR-1 shale 1.00 0.09 0.06

Table A.1.7

Results for mixtures of MH-495 and NIST SRM-3149.
Sample Sample type fSe NIST SRM-3149 682/7859 (%0) 082/78Se (%0)
NIST SRM-3149 + MH-495 in-house Se reference + Se reference 0.79 -0.64 -0.41
NIST SRM-3149 + MH-495 0.63 -1.10 -0.71
NIST SRM-3149 + MH-495 0.51 -1.43 -0.93
NIST SRM-3149 + MH-495 0.39 -1.90 -1.23
NIST SRM-3149 + MH-495 0.21 -2.49 -1.62
MH-495 in-house Se reference 0.00 -3.23 -2.10
NIST SRM-3149 Se reference 1.00 0.10 0.06
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Table A.1.8
Se isotope data for dilutions of MH-495 and USGS SGR-1.
Sample Sample type ng mL* measured  8%7°Se (%) 2s.e. (%o) 2Se (V)
MH-495 in-house Se reference 50 -3.19 0.033 1.477
MH-495 50 -3.23 0.025 1.462
MH-495 35 -3.15 0.038 1.030
MH-495 25 -3.17 0.044 0.736
MH-495 25 -3.24 0.040 0.727
MH-495 18 -3.26 0.055 0.528
AVERAGE -3.21 0.04
2S.D. 0.09
MH-495 13 -3.34 0.067 0.363
MH-495 13 -3.34 0.061 0.360
MH-495 12 -3.30 0.066 0.325
MH-495 10 -3.22 0.078 0.294
MH-495 8 -3.22 0.107 0.222
AVERAGE -3.29 0.08
2S.D. 0.12
MH-495 6 -3.37 0.083 0.182
MH-495 6 -3.27 0.099 0.181
MH-495 5 -3.09 0.114 0.139
MH-495 5 -3.18 0.100 0.140
MH-495 4 -3.39 0.149 0.109
MH-495 4 -3.43 0.125 0.119
MH-495 3 -3.28 0.163 0.088
AVERAGE -3.29 0.12
2S.D. 0.24
Sample Sample type ng mL* measured  8%7%Se (%) 2s.e. (%o) %Se (V)
USGS SGR-1  shale 50 -0.14 0.043 1.027
USGS SGR-1 35 -0.14 0.035 0.921
USGS SGR-1 25 -0.17 0.054 0.666
USGS SGR-1 18 -0.20 0.042 0.702
AVERAGE -0.17 0.04
2S.D. 0.06
USGS SGR-1 13 -0.17 0.088 0.314
USGS SGR-1 12 -0.22 0.049 0.398
USGS SGR-1 10 -0.13 0.065 0.246
USGS SGR-1 10 -0.29 0.074 0.345
AVERAGE -0.20 0.07
2S.D. 0.14
USGS SGR-1 7 -0.36 0.077 0.232
USGS SGR-1 6 -0.31 0.125 0.150
USGS SGR-1 6 -0.23 0.080 0.210
USGS SGR-1 5 -0.31 0.090 0.184
USGS SGR-1 5 -0.16 0.077 0.181
USGS SGR-1 5 -0.31 0.134 0.137
AVERAGE -0.28 0.10
2S.D. 0.14

Data in italics from additional measurement session. Signal intensities obtained on amplifier resistor of 10 Q.
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Table A.2.1 Major element data for USGS reference material AGV-2 acquired during this study and data from USGS.

sample AGV-2 (n=2) AGV-2 recommended¢
Major elements (wt.%)

SiO, 58.3 59.3
TiO, 1.04 1.05
Al,O3 16.9 16.9
FeOr 7.13 6.69
MnO 0.09 0.10
MgO 1.46 1.79
CaO 5.27 5.20
Na,O 411 4.19
K,0 2.45 2.88
P,0s 0.28 0.48
Total 97.0 99.9
LOI 1.30

+United States Geological Survey, Certificate of Analysis, Andesite, AGV-2

Table A.2.2 Trace element data for USGS BHVO-2 and BIR-1 acquired during this study and recommended data from
GeoReM.

BHVO-2 (n=2) BHVO-2 recommended* BIR-1 (n=1) BIR-1 recommended*

(Hg/g) (Ha/g) (Ha/g) (H9/g)

Li 45 45 3.15 3.12
Be 11 1.0 0.09 0.09
Sc 325 321 45.18 43.81
\% 316.1 314.8 323.65 318.80
Cr 3005 299.1 409.23 408.00
Co 45.4 45.3 53.49 52.80
Ni 118.4 117.9 170.19 166.10
Cu 126.3 1255 117.64 116.20
Zn 104.1 1024 70.99 67.36
Ga 20.9 21.1 15.47 15.27
Rb 9.1 9.2 0.19 0.20
Sr 394.9 394.9 108.97 108.70
Y 24.3 243 14.81 14.53
Zr 172.5 169.6 14.27 14.29
Nb 18.2 18.3 0.54 0.54
Mo 3.6 45 0.05 0.04
Ag 0.1 0.1 0.04 0.04
Cd 0.1 0.1 0.06 0.07
Sn 1.7 19 0.72 0.94
Sh 0.1 0.1 0.46 0.43
Cs 0.1 0.1 0.00 0.01
Ba 130.2 131.3 6.50 6.46
La 15.1 15.2 0.60 0.60
Ce 37.8 37.8 191 1.90
Pr 54 54 0.38 0.38
Nd 24.3 24.4 2.39 2.38
Sm 6.0 6.1 1.10 1.10
Eu 2.0 2.1 0.52 0.52
Th 0.9 0.9 0.36 0.36
Gd 6.1 6.2 1.86 1.86
Dy 5.2 52 2.52 2.54
Ho 1.0 1.0 0.58 0.58
Er 25 25 1.69 1.70
Tm 0.3 0.3 0.26 0.26
Yb 2.0 2.0 1.65 1.66
Lu 0.3 0.3 0.25 0.25
Hf 4.2 43 0.56 0.57
Ta 11 11 0.04 0.04
Tl 0.0 0.0 0.00 0.00
Pb 1.6 15 2.79 2.96
Th 1.2 1.2 0.03 0.03
U 0.4 0.4 0.01 0.01

*GeoReM preferred values; http://georem.mpch-mainz.gwdg.de/sample_query_pref.asp (09.04.2018); Jochum et al. (2016).
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Table A.2.3 The 5%2/75Se value of the inter-laboratory standard MH-495 (30 ng mL™* Se) measured together with the
samples in this study (Chapter 2).

30 ng mL " solution

3%278Se (%o) 2 s.e. (%0)*
-3.29 0.07
-3.23 0.06
-3.27 0.08
-3.30 0.04
-3.27 0.04
-3.23 0.04
-3.24 0.04
-3.15 0.05
-3.21 0.07
-3.27 0.05
-3.15 0.07
-3.24 0.07
-3.23 0.05
-3.24 0.04
-3.20 0.04
-3.28 0.05
-3.30 0.05
-3.23 0.04
-3.22 0.04
-3.22 0.04
-3.29 0.04
-3.26 0.04
-3.26 0.05
-3.27 0.04
-3.30 0.04
-3.31 0.04
Average -3.25
2s.d. 0.08
n=26

*Internal precision of a sample run during Se isotope analysis (over 40 cycles) is reported as 2 standard error (2 s.e.).

Table A.2.4 Se isotope and concentration data for multiple digested sample 1880-3 (K2) from the Kasuga seamount
measured during different measurement sessions.

sample location Rock type 3%278SeNisT srm-3140 2s.e* Se
(%0) (%) (nglg)

1880-3 (K2) arc, Kasuga basalt -0.13 0.07 123
-0.18 0.07 121

-0.14 0.08 118

-0.16 0.09 119

-0.25 0.06 114

-0.23 0.05 118

avergage -0.18 119

uncertainty (2 s.d.) 0.10 (1s.d) 4

1881-4 arc-like bas. andesite -0.07 0.07 71
-0.17 0.05 76

-0.14 0.06 76

avergage -0.13 74

uncertainty (2 s.d.) 0.10 (1s.d.) 2

*Internal precision of a sample run during Se isotope analysis (over 40 cycles) is reported as 2 standard error (2 s.e.). Uncertainty of Se concentrations
conservatively expressed as 3% r.s.d.
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Table A.2.5 Comparison of Tellurium concentrations of GSJ JB-2 and JB-3 acquired during this study with literature
data.

JB-2 (n=6) this study Terashima (2001) Hall and Pelchat (1997) Imai et al. (1995)

Te (ng/g) 3.78 4.10 3.00 4

1s.d. 0.11* 0.40 1.00 -
JB-3 (n=2) this study

Te (ng/g) 1.03 18 <1 2

1s.d. 0.03* 0.2 - -

*1.s.d. uncertainty of Se and Te concentrations acquired in this study conservatively expressed as 3% relative standard deviation.

Table A.2.6 Comparison of Selenium concentrations of GSJ JB-2 and JB-3 acquired during this study with literature data.

JB-2 (n=6) this study Imai et al. (1995) Hall and Pelchat (1997) Terashima and Imai (2000)

(ng/g) (ng/g) (ng/g) (ng/g)

Se (ng/g) 153 190 150 151

1s.d. 5* 75 2 8
JB-3 (n=2) this study

Se (ng/g) 67 69 54 51

1s.d. 2* 17 1 2

1.s.d. uncertainty of Se and Te concentrations acquired in this study conservatively expressed as 3% relative standard deviation.
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Table A.2.7 Major-, trace element and Se—Se—isotope data of Mariana lavas

Sample 1838-13 1839-3 1841-18 1846-12 1846-9 1881-4
Location BAB-18°N BAB-18°N BAB-18°N BAB-18°N BAB-18°N AL-BAB-22°N
rock type bas. andesite basalt basalt basalt basalt bas. andesite
Latitude 144°44.0'E 144°42.0E 144°43.0'E 144°41.0'E 144°41.0'E 143°15.0E
Longitude 18°12.0'N 18°16.0'N 18°13.0'N 18°20.0'N 18°20.0N 21°30.0N
SiO.  Major elements (wt.%) 52.69 48.52 50.51 50.75 49.67 53.01
TiO2 1.12 0.89 1.09 111 0.57 113
Al.03 16.69 17.42 17.40 17.30 17.45 16.33
FeOr 8.68 6.70 7.61 7.56 7.03 8.17
MnO 0.19 0.13 0.15 0.15 0.16 0.13
MgO 5.68 7.68 7.84 7.00 6.95 6.05
CaO 10.22 11.67 11.82 11.39 13.46 10.56
Na.0 3.06 2.49 2.81 2.75 2.07 2.89
K20 0.52 0.25 0.21 0.40 0.71 0.41
P20s 0.2 0.11 0.11 0.18 0.13 0.19
Total 99.05 95.86 99.55 100.17 100.13 98.87
S* (ug/g) 930 780 620 930 370 280
5%Scor (%o0) 0.9 0.9 13 1.8 0.7 0.7
Texture gl gl gl gl gl gl
Depth (mbsl) 3600 3700 3600 3600 3600 3250
Se (ug/g) 0.113 0.133 0.132 0.234 0.169 0.074
Te (ng/g) 13 3.9 3.8 7.0 4.7 1.8
S/Se 8230 5865 4697 3974 2189 3784
Se/Te 86 34 35 33 36 41
8% Senist srm-3149 (%o) —0.02 —0.02 —0.05 —0.02 —0.16 —0.13
Li Trace elements (ug/g) 6.40 4.85 4.84 5.33 6.32 5.07
Be 0.61 0.48 0.50 0.54 0.46 0.45
Sc 34.0 36.2 33.8 33.8 36.4 35.0
\% 262 220 208 224 188 256
Cr 353 309 360 284 312 74.8
Co 332 35.7 36.6 327 37.6 315
Ni 28.4 117 131 122 110 48.6
Cu 43.2 67.2 63.0 67.9 111 53.6
Zn 69.9 56.9 57.4 61.2 52.8 59.7
Ga 16.8 15.1 15.9 15.1 11.8 15.0
As 0.33 0.26 0.22 0.37 0.22 0.63
Rb 9.60 5.60 2.51 6.39 19.5 6.08
Sr 230 227 218 226 328 254
Y 229 20.2 217 21.8 12.1 18.8
Zr 107 66.1 79.8 79.5 40.1 64.8
Nb 2.95 2.20 2.83 4.83 1.33 3.13
Mo 0.48 0.56 0.47 0.69 0.19 0.51
Ag 0.09 0.20 1.25 0.06 0.05 0.25
Cd 0.10 0.08 0.09 0.09 0.06 0.08
Sn 0.74 1.15 1.45 0.77 0.46 0.64
Sh 0.02 0.02 0.01 0.01 0.02 0.03
Cs 0.15 0.09 0.04 0.10 0.12 0.12
Ba 115 51.0 26.9 60.7 47.7 103
La 7.01 4.83 4.32 5.88 7.65 6.18
Ce 16.2 119 11.6 14.2 16.3 139
Pr 2.42 1.83 1.85 2.12 2.38 1.98
Nd 114 8.92 9.11 10.1 9.94 9.05
Sm 3.25 2.69 2.79 2.95 2.15 2.53
Eu 1.20 1.02 1.05 1.10 0.76 0.96
Tb 0.66 0.58 0.60 0.62 0.36 0.53
Gd 3.92 3.35 3.56 3.65 2.28 3.07
Dy 4.18 3.67 3.86 3.91 2.21 3.37
Ho 0.91 0.79 0.86 0.84 0.47 0.74
Er 2.54 2.23 2.41 2.36 131 2.07
Tm 0.38 0.33 0.36 0.36 0.19 0.31
Yb 241 2.09 2.29 2.23 1.22 1.97
Lu 0.36 0.31 0.33 0.33 0.18 0.29
Hf 2.66 1.70 1.95 1.95 1.09 1.63
Ta 0.17 0.13 0.17 0.89 0.07 0.18
TI 0.05 0.03 0.02 0.03 0.08 0.03
Pb 121 0.99 0.71 0.91 1.36 1.36
Th 0.68 0.43 0.30 0.57 0.53 0.71
U 0.26 0.17 0.10 0.22 0.21 0.22
VI/Sc 7.7 6.1 6.1 6.6 5.2 7.3
Ba/Th 168 118 90 106 90 145
ThiYb 0.3 0.2 0.1 0.3 0.4 0.4
Ba/Yb 48 24 12 27 39 52
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Table A.2.7 continued

Sample D 65-4 D 67-10 D 68-4 15161 1580
Location AL-BAB-22°N AL-BAB-22°N AL-BAB-22°N Fukujin Fukujin
rock type bas. andesite basalt basalt andesite andesite
Latitude 143°12.0'E 143°00.0'E 143°10.0'E 143°25.2'E 143°25.2'E
Longitude 22°00.0'N 21° 54.0N 21°50.0'N 21°54.6'N 21°54.6'N
SiO2 Major elements (wt.%) 53.90 49.80 50.40 58.04 59.70
TiO2 111 111 0.84 1.27 1.10
Al,03 16.36 16.00 15.80 13.50 13.40
FeOr 8.74 7.54 7.54 10.98 8.87
MnO n.a. 0.14 0.15 n.a. 0.19
MgO 4.78 8.47 8.89 2.95 2.00
CaOo 9.01 10.80 10.30 6.80 5.14
Na.O 3.27 3.05 2.62 2.84 3.49
K20 0.56 0.27 0.54 1.40 1.48
P20s 0.14 0.13 0.14 n.a. 0.22
Total 97.87 97.31 97.22 97.78 95.59
S* (ug/g) 200 930 490 50 40
5%Scor (%o) 1.2 0.3 1.9 5 3
Texture gl gl gl gly aly
Depth (mbsl) 2840 3500 3240 1170 1170
Se (ug/g) 0.138 0.182 0.125 0.102 0.077
Te (ng/g) 11 3.0 1.6 1.6 0.2
S/Se 1449 5110 3920 490 519
Se/Te 129 60 81 65 481
8%7°Senist srm-3149 (%o) -0.24 -0.33 -0.18 -0.24 -0.14

-0.24 -0.33 -0.18 -0.24 -0.14
Li Trace elements (ug/g) 7.13 5.05 4.51 9.07 13.7
Be 0.48 0.52 0.58 0.81 0.94
Sc 35.0 334 335 38.1 28.1
Y 298 230 235 389 76.6
Cr 7.1 341 391 8.0 0.56
Co 80.9 134 120 28.0 101
Ni 11.5 143 178 10.4 1.0
Cu 66.3 53.9 61.9 182 58.5
Zn 77.7 61.6 63.6 101 105
Ga 16.9 14.8 15.1 18.3 16.0
As 0.99 0.27 0.57 4.16 4.23
Rb 5.86 3.80 7.55 25.7 30.3
Sr 237 200 275 440 360
Y 23.8 23.1 20.6 29.8 37.4
Zr 73.9 84.2 78.1 87.5 105
Nb 2.26 2.26 4.73 2.47 2.89
Mo 0.54 0.44 0.66 1.41 1.71
Ag 0.07 0.04 0.06 0.16 0.06
Cd 0.09 0.09 0.09 0.09 0.11
Sn 0.70 1.11 0.76 1.31 1.10
Sh 0.03 0.01 0.02 0.12 0.14
Cs 0.16 0.06 0.13 0.77 0.93
Ba 125 56.4 104 535 654
La 5.90 5.22 7.60 17.7 21.2
Ce 14.2 13.4 17.0 34.7 41.9
Pr 2.12 2.06 2.38 4.53 5.51
Nd 10.2 10.0 10.8 19.5 23.8
Sm 3.03 3.00 3.00 4.78 5.90
Eu 1.16 1.12 1.05 1.45 1.70
Tb 0.66 0.65 0.58 0.86 1.07
Gd 3.76 3.82 3.53 5.25 6.48
Dy 4.25 4.12 3.73 5.37 6.66
Ho 0.94 0.91 0.82 1.17 1.45
Er 2.67 2,57 2.26 3.32 4.10
m 0.40 0.38 0.34 0.51 0.63
Yb 2.57 2.40 2.21 3.31 4.03
Lu 0.39 0.36 0.33 0.49 0.61
Hf 1.94 2.05 1.92 2.49 2.97
Ta 0.20 0.31 0.38 0.11 0.23
Tl 0.03 0.02 0.03 0.10 0.12
Pb 1.61 0.91 1.28 5.72 6.89
Th 0.66 0.46 0.89 2.76 3.08
U 0.20 0.14 0.28 0.81 0.95
VISc 8.5 6.9 7.0 10.2 2.7
Ba/Th 188 122 116 194 212
ThiYb 0.3 0.2 0.4 0.8 0.8
Ba/Yb 49 23 47 162 162
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Table A.2.7 continued

Sample 15117 15146 D35-1-4 1880-3 (K2) 1883-5 (P)
Location Fukujin Fukujin Fukujin Kasuga Kasuga
rock type andesite andesite andesite basalt bas. andesite
Latitude 143°25.2'E 143°25.2'E 143°25.2'E 143°34.0E 143°41.0'E
Longitude 21°54.6'N 21°54.6'N 21°53.4'N 21°39.0'N 21°27.0N
SiO2  Major elements (wt.%) 60.60 56.70 56.00 51.18 52.26
TiO2 111 1.28 0.87 0.81 0.77
Al203 14.00 13.80 17.70 16.45 16.42
FeOr 8.92 10.29 7.60 7.94 7.21
MnO 0.19 0.18 0.15 0.13 0.13
MgO 1.98 2.86 3.13 5.42 5.46
CaO 5.32 6.99 9.02 10.59 10.46
Na.O 3.64 3.08 2.63 2.03 2.27
K20 1.47 1.29 1.25 2.42 1.61
P20s 0.24 0.15 0.18 0.43 0.29
Total 97.47 96.62 98.53 97.40 96.88
S* (ug/g) 50 30 10 150 120
5*Scor (%o) 4.7 10.3 4.4 5.1 55
Texture gly gly mx| gl gl
Depth (mbsl) 1170 1170 828 1975 2760
Se (ng/g) 0.083 0.124 0.080 0.119 0.087
Te (ng/g) 0.2 2.0 0.7 4.2 6.4
S/Se 606 242 125 1261 1379
SelTe 393 61 113 28 14
55278 Senist srm-a149 (%o) -0.16 -0.08 0.03 -0.18 -0.01

-0.16 -0.08 0.03 -0.18 -0.01
Li Trace elements (1g/g) 135 10.1 6.17 491 3.96
Be 0.93 0.75 0.76 1.76 0.96
Sc 28.8 35.2 34.3 40.7 359
Vv 81.7 402 340 280 242
Cr 0.59 11 12.9 592 705
Co 75.3 81.8 69.4 40.1 44.0
Ni 1.0 8.6 15.1 145 271
Cu 61.7 212 159 99.2 79.4
Zn 104 101 86.3 63.8 61.7
Ga 16.0 15.7 18.9 12.8 125
As 4.12 3.43 5.51 0.79 0.89
Rb 29.7 26.3 325 52.4 26.9
Sr 363 342 450 538 444
Y 36.9 29.8 27.3 19.8 16.9
Zr 102 89.5 96.4 113 74.0
Nb 2.81 2.46 2.85 3.43 3.36
Mo 1.63 1.52 1.75 112 0.78
Ag 0.06 0.95 0.15 0.11 0.06
Cd 0.10 0.10 0.09 0.10 0.08
Sn 1.19 1.34 0.91 0.61 0.84
Sb 0.13 0.14 0.18 0.03 0.03
Cs 0.90 0.84 1.03 0.63 0.40
Ba 639 544 623 276 282
La 20.7 17.0 18.5 25.0 20.1
Ce 41.0 335 35.3 47.8 375
Pr 5.42 4.39 4.52 5.89 4.63
Nd 23.3 19.2 18.9 23.6 18.6
Sm 5.77 4.84 4.53 5.18 3.94
Eu 1.68 1.43 1.34 1.66 1.23
Tb 1.05 0.92 0.79 0.73 0.55
Gd 6.43 5.56 4.90 4.99 3.73
Dy 6.54 5.72 4.89 4.00 3.17
Ho 1.43 1.26 1.07 0.77 0.65
Er 4.03 3.58 3.03 1.94 1.78
m 0.62 0.53 0.46 0.27 0.25
Yb 3.98 3.55 3.04 1.67 1.62
Lu 0.61 0.55 0.46 0.24 0.24
Hf 2.89 2.76 2.69 2.46 1.74
Ta 0.20 0.23 0.18 0.13 0.16
Tl 0.12 0.10 0.08 0.16 0.11
Pb 7.00 6.28 6.81 2.81 2.55
Th 3.03 2.55 3.32 2.67 2.65
U 0.91 0.76 0.94 1.07 0.81
VISc 2.8 11.4 9.9 6.9 6.7
Ba/Th 211 213 187 103 106
Th/Yb 0.8 0.7 11 1.6 1.6
Ba/Yb 161 153 205 166 174
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Table A.2.7 continued

Sample 1885-6 (K3) 1884-10 (K3) D 31-3-1 D 25-3 D 25-1-4
Location Kasuga Kasuga Eifuku S. Daikoku S. Daikoku
rock type bas. andesite absarokite bas. andesite bas. andesite andesite
Latitude 143°35.0'E 143°33.0'E 144°09.0E 144°05.0'E 144°05.0'E
Longitude 21°27.0N 21°23.0'N 21°25.0'N 21°03.0'N 21°03.0'N
SiO2 Major elements (wt.%) 54.60 50.29 52.70 54.20 57.50
TiO2 0.79 0.73 0.89 0.81 0.94
Al,03 16.32 14.62 18.10 16.80 15.60
FeOr 7.23 7.64 9.36 11.67 11.89
MnO n.a. n.a. 0.18 0.20 0.19
MgO 5.80 7.39 3.49 3.89 3.02
CaOo 10.25 12.11 9.39 9.02 7.24
Na.O 2.49 1.45 2.86 3.08 3.33
K20 0.98 3.25 1.35 0.73 1.06
P20s 0.20 0.56 0.22 0.13 0.16
Total 98.66 98.04 98.54 100.53 100.93
S* (ug/g) 110 200 20 50 60
5%Scor (%o) 4 0.1 4 15 1.4
Texture gl gl mx| mx| aly
Depth (mbsl) 2865 2920 1605 1440 1440
Se (ug/g) 0.066 0.142 0.165 0.147 0.134
Te (ng/g) 2.6 4.6 0.8 0.8 1.6
S/Se 1679 1408 121 340 448
Se/Te 25 31 212 186 85
8%7°Senist srm-3149 (%o) -0.12 -0.09 -0.09 -0.25 -0.16

-0.12 -0.09 -0.09 -0.25 -0.16
Li Trace elements (ug/g) 5.99 4.61 7.68 4.95 11.4
Be 0.72 2.82 0.92 0.43 0.63
Sc 315 38.9 25.7 321 28.7
Y 237 240 319 204 256
Cr 451 569 7.4 252 0.7
Co 335 48.4 58.9 34.8 80.1
Ni 136 289 10.6 114 5.0
Cu 65.4 86.2 162 63.6 166
Zn 63.9 58.6 90.6 53.5 94.8
Ga 14.2 11.0 18.3 14.8 16.3
As 0.64 0.62 1.39 0.31 3.55
Rb 18.6 723 26.1 5.28 17.0
Sr 389 557 716 211 318
Y 16.7 21.8 21.3 19.4 29.8
Zr 76.0 156 78.6 63.5 97.1
Nb 3.23 3.57 3.26 2.26 1.96
Mo 0.69 1.65 1.09 0.65 1.80
Ag 0.22 0.11 0.19 0.08 0.21
Cd 0.09 0.11 0.09 0.08 0.10
Sn 0.97 0.71 0.99 0.82 0.92
Sh 0.03 0.03 0.05 0.03 0.09
Cs 0.28 0.77 0.46 0.10 0.67
Ba 254 190 482 46.8 383
La 15.9 28.3 22.8 4.25 8.45
Ce 30.0 55.0 43.7 10.6 19.5
Pr 3.71 6.71 5.47 1.64 2.85
Nd 14.9 27.0 22.1 7.99 13.3
Sm 3.25 6.02 4.82 2.45 3.84
Eu 1.04 1.96 1.46 0.94 1.18
Tb 0.49 0.86 0.67 0.54 0.79
Gd 3.19 5.90 4,51 3.10 4.69
Dy 2.98 4.57 3.95 3.46 5.17
Ho 0.64 0.83 0.83 0.75 1.16
Er 1.82 2.03 2.30 2.12 3.36
m 0.27 0.27 0.35 0.32 0.52
Yb 1.74 1.62 2.26 2.02 3.43
Lu 0.27 0.23 0.34 0.30 0.51
Hf 1.86 3.19 2.10 1.63 2.73
Ta 0.17 0.10 0.18 0.14 0.18
Tl 0.08 0.21 0.10 0.03 0.10
Pb 2.73 2.02 4.91 1.17 4.05
Th 241 2.63 3.63 0.37 1.13
U 0.70 1.19 1.07 0.15 0.44
VISc 7.5 6.2 12.4 6.3 8.9
Ba/Th 105 72 133 126 339
ThiYb 1.4 1.6 1.6 0.2 0.3
Ba/Yb 146 117 213 23 112

Major element data in italics refer to complemented major element data during this study. All other major element data was obtained by Alt et al. (1993 and references
therein). Please note that major element totals do not comprise loss on ignition because of limited sample material. All trace element data was obtained during this study
(see text for details). *S concentration data taken from Alt et al. (1993). For location abbreviations see text. gl=glass; gly=glassy; mxl=microcrystalline.
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Table A.2.8 Individual Se isotope and Se—Te concentration data of Mariana samples and international rock reference
materials (United States Geological Survey, USGS; Geological Survey of Japan, GSJ).

sample location Rock Si0; MgO 8™Senstsrmaie 2set  Se  1sd.  Te 1sd. SeTe S
type wt% wt% (%) (%) (ng/g) (ng/g) (ng/g) (ng/g) (Hgl9)
15161 arc, Fukujin andesite 580 295 -0.24 0.07 102 3 157 0.05 65 50
1580 arc, Fukujin andesite 59.7 2.00 —-0.14 0.04 77 2 016 0.00 481 40
15117 arc, Fukujin andesite 60.6 1.98 —0.16 0.09 83 2 021 0.01 393 50
15146 arc, Fukujin andesite 56.7 2.86 —0.08 0.05 124 4 2.04 0.06 61 30
D35-1-4 arc, Fukujin andesite 56.0 3.13 0.00 0.05 79 2 071 0.02 113 10

0.06  0.08 82

18803 (K2)* arc, Kasuga basalt 512 5.42 -0.13 0.07 123 4 421 013 28 150
-0.18  0.07 121
-0.14  0.08 118
-0.16  0.09 119
-0.25  0.06 114
-0.23  0.05 118

1883—5 (P) arc, Kasuga bas. andesite 52.3 5.46 —-0.01 0.07 87 3 640 019 14 120
1885-6 (K3) arc, Kasuga bas. andesite 546 5.80 -0.15 0.08 66 2 257 0.08 25 110
-0.10  0.06 65
1884-10 (K3) arc, Kasuga basalt 50.3 7.39 -0.10  0.04 142 4 457 014 31 200
-0.08  0.05 142
D31-3-1 arc, Eifuku bas. andesite 52.7 3.49 -0.09 0.09 165 5 078 0.02 212 20
D25-3 arc, S.Daikoku  bas. andesite 542 3.89 -0.25 0.07 147 4 079 0.02 186 50
D25-1-4 arc, S.Daikoku  andesite 575 3.02 -0.16  0.05 134 4 158 0.05 85 60
1838-13 back—arc bas. andesite 52.7 5.68 -0.12  0.05 112 3 131 004 86 930
0.07  0.07 114 3
1839-3 back—arc basalt 485 7.68 -0.02  0.06 133 4 390 012 34 780
1841-18 back—arc basalt 50.5 7.84 —-0.05 0.07 132 4 379 011 35 620
184612 back—arc basalt 50.8 7.00 —-0.03 0.08 236 7 700 021 33 930
—0.01 0.05 231
1846-9 arc—like basalt 49.7  6.95 -0.16  0.08 169 5 470 014 36 370
1881-4* arc—like bas. andesite 53.0 6.05 -0.07  0.07 71 2 182 005 41 280
-0.17  0.05 76
-0.14  0.06 76
D654 arc—like bas. andesite 53.9 478 -0.31 0.04 135 4 107 003 129 200
-0.18  0.07 140
D67-10 arc—like basalt 498 847 -0.33 0.06 182 5 303 0.09 60 930
D684 arc—like basalt 50.4 8.89 -0.18  0.05 125 4 155 0.05 81 490
USGS BHVO-2** basalt 0.16  0.06 166 5 141 042 12
GSJJB—2 basalt -0.18  0.07 154 5 378 011 40
-0.18  0.07 154
-0.20  0.05 152
GSJJB-3 basalt 0.15  0.06 67 2 103 0.03 65

0.16  0.08 67
Finternal precision on a sample run (over 40 cycles) is reported as 2 standard error (2 s.e.). **BHVO-2 was analyzed together with Mariana samples and
published by Yierpan et al. (2018) with long-term BHVO-2 reproducibility of 0.1840.10%o (2 s.d., n=8, multiple analytical sessions over 6 months).
Uncertainty on Se—Te concentrations conservatively expressed as 3% relative standard deviation.
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Table A.2.9 Se isotope data from the literature representative of the Se isotope composition of the Mariana pre-subduction
mantle wedge.

Reference Sample rocktype 582/75SenisT srm-3149 (%0)
Rouxel et al. (2002) PCC-1 peridotite 0.24
Yierpan et al. (2018) BHVO-2 basalt 0.18
BCR-2 basalt 0.29

BE-N basalt 0.15

BIR-1a basalt 0.28

average 0.23

2s.d. 0.12
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Table A.2.10 Se isotope compositions of marine sediments, hydrothermally altered basalt and hydrothermal sulfides
analyzed by Rouxel et al. (2002) and (2004). Original data expressed as 5%%76Se relative to MERCK was converted to

582763e relative to SRM NIST-3149 following the approach of Carignan and Wen (2007).

Sample

8%/ everck (%0) 2 5.d. (%) 8%"8Senist srm-a149 (%0) 2 s.d. (%o0)

Marine sediments Site 1149 Leg 185

Rouxel et al. (2002)

Menez Gwen hydrothermal field
Rouxel et al. (2002)

Lucky Strike hydrothermal field
Rouxel et al. (2002)

Rainbow hydrothermal field
Rouxel et al. (2002)

Logatchev hydrothermal field
Rouxel et al. (2002)

Bairo Alto
Rouxel et al. (2004)

Helene
Rouxel et al. (2004)

1149A-10H3,140
1149A-1H1,140
1149A-4H2,140
average
2s.d.

Hydroth. altered basalt (slab)
Hydroth. altered basalt (slab)

average
2s.d.

DV-14-06 altB

DV-16-03 alt B

DV-16-03 py

DV-1-2- basalte

DV-6-2 basalte

FL-DR py

FL-DR py resampled
FL-DR cpy

FL-DR cpy resampled
FL-19-08 py/mar
FL-19-08 py/mar
FL-20-04a cpy
FL-20-04a cpy resampled
FL-20-04a cpy resampled
ALV-2605-3-1 py
ALV-2608-2-1 cpy
FL-19-05 py

FL-07-01 serp

FL-10-07 cpy

FL-10-07 bn-cv
FL-07-09 sph

FL-07-09 sph resampled
FL-06-08 cpy

FL-06-08 cpy resampled

MS-21-08-2/2A bncv
MS-21-08-2/2C cpy
MS-21-08-2/2D cpy
MS-21-08-2/2E cpy

FL-19-08
FL-19-08
FL-24-01
FL-24-01
FL-24-01 resampled
FL-24-02
FL-24-02
FL-29-02
DV-19-09
DV-19-09 resampled

-1.19
-2.07
-2.62
-1.96

1.44

-2.76
-2.98
-2.87

0.31

0.25
0.25
0.25

0.35
-0.53
-1.08
-0.42

1.44

n=3
-1.22
-1.44
-1.33

0.31

n=2

0.32
0.32
0.32

0.32
0.32

95



Appendix

Table A.2.10 continued

Sample 582/7GSBMERCK (%o) 2s.d. (%o) 582/7659N|5T SRM-3149 (%o) 2s.d. (%o)
Bairo Alto FL-19-08 -4.41 0.25 -2.87 0.32
Rouxel et al. (2004) FL-19-08 -4.34 0.25 -2.80 0.32
FL-24-01 -3.63 0.25 -2.09 0.32
FL-24-01 -2.99 0.25 -1.45 0.32
FL-24-01 resampled -1.95 0.25 -0.41 0.32
FL-24-02 -3.18 0.25 -1.64 0.32
FL-24-02 -3.6 0.25 -2.06 0.32
FL-29-02 -2.87 0.25 -1.33 0.32
Helene DV-19-09 -3.28 0.25 -1.74 0.32
Rouxel et al. (2004) DV-19-09 resampled -3.71 0.25 -2.17 0.32
Elisabeth FL-24-03 -2.68 0.25 -1.14 0.32
Rouxel et al. (2004) FL-24-03 -2.31 0.25 -0.77 0.32
FL-29-07A -3.35 0.25 -1.81 0.32
Y3 DV-01-05 -2.84 0.25 -1.30 0.32
Rouxel et al. (2004) DV-01-05 -2.77 0.25 -1.23 0.32
FL-18-04 -2.9 0.25 -1.36 0.32
FL-21-02 -2.22 0.25 -0.68 0.32
Sintra ALV-2605-3-1 -2.17 0.25 -0.63 0.32
Rouxel et al. (2004) ALV-2605-3-1 ditto -2.01 0.25 -0.47 0.32
ALV-2605-3-2 -4.24 0.25 -2.70 0.32
ALV-2605-3-2 ditto -3.90 0.25 -2.36 0.32
ALV-2606-4-1] -4.09 0.25 -2.55 0.32
ALV-2606-4-1] -3.75 0.25 -2.21 0.32
DV-09-04 -3.17 0.25 -1.63 0.32
DV-09-04 ditto -2.92 0.25 -1.38 0.32
FL-24-04 -4.28 0.25 -2.74 0.32
FL-24-04 ditto -4.64 0.25 -3.10 0.32
Eiffel Tower DV-02-01 -2.48 0.25 -0.94 0.32
Rouxel et al. (2004) DV-02-01 -4.28 0.25 -2.74 0.32
DV-02-01 ditto -4.5 0.25 -2.96 0.32
DV-2 -5.32 0.25 -3.78 0.32
DV-2 ditto -5.17 0.25 -3.63 0.32
L-20-04a -5.49 0.25 -3.95 0.32
L-20-04a resampled -6.29 0.25 -4.75 0.32
Maker US4 ALV-2608-2-1 -4.08 0.25 -2.54 0.32
Rouxel et al. (2004)

Dredged samples FL-DR-03 -1.38 0.25 0.16 0.32
Rouxel et al. (2004) FL-DR-03 resampled -1.44 0.25 0.10 0.32
FL-DR-03 -1.22 0.25 0.32 0.32
FL-DR-03 resampled -1.18 0.25 0.36 0.32
FL-DR-03-09 -1.63 0.25 -0.09 0.32
FL-DR-08 -2.39 0.25 -0.85 0.32
Inactif DV-05-07 -1.65 0.25 -0.11 0.32
Rouxel et al. (2004) DV-05-07 -1.89 0.25 -0.35 0.32
DV-03-04 -3.18 0.25 -1.64 0.32
DV-03-04 ditto -3.23 0.25 -1.69 0.32
FL-19-05 -1.94 0.25 -0.40 0.32
DV-05-02-2/2 -2.15 0.25 -0.61 0.32
FL-18-11 -1.87 0.25 -0.33 0.32
FL-18-11 ditto -1.66 0.25 -0.12 0.32

average 2.90 -1.36

2s.d. 2.82 2.82

n=77
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Table A.3.1 Compilation of Se concentrations from different sample digestion procedures (Table Top, bomb-, and high-
pressure asher digestion).

Se concentration (ng g')

Sample table top* high-pressure asher Bomb*
SEC 47-1 141 128
SEC 50-1 85 87 83
BCR-2 78 72

*Number (n) of table top digestions of all samples is n=4.*Number of bomb digestions is n=4. Sample SEC 50-1 was
digested via high-pressure once.

Table A.3.2 The §%275Se value of the inter—laboratory standard MH—495 (30 ng mL~* Se) measured together with the
samples in this study (Chapter 3).

30 ng mL " solution

3%28Se (%o) 2 s.e. (%o)*
-3.25 0.06
-3.17 0.06
—-3.30 0.05
-3.21 0.09
-3.24 0.08
-3.25 0.08
-3.29 0.04
-3.22 0.03
-3.26 0.04
-3.30 0.03
-3.17 0.03
-3.30 0.04
-3.25 0.04
-3.25 0.04
-3.22 0.04
-3.25 0.04
-3.31 0.05
-3.30 0.05
-3.33 0.05

Average —3.26
2s.d. 0.09

n=19

*Internal precision of a sample run during Se isotope analysis (over 40 cycles) is reported as 2 standard error (2 s.e.).

Table A.3.3 Se isotope and Se—Te concentration data of international rock reference material USGS (United States
Geological Survey) BCR-2.

sample rock type 55275Senist srm-3149 (%0) 2 s.e.t (%0) Se(ngg™) Te(ngg')
USGS BCR—2 basalt 0.04 0.07 79 25
0.22 0.06 78
0.15 0.05 78
0.13 0.05 77
average 0.14 78 25
uncertainty 0.15 2 0.08

Tinternal precision on a sample run (over 40 cycles) is reported as 2 standard error (2 s.e.).

Table A.3.4 Se isotope and concentration data for multiple digested sample SEC 43-3) measured during different
measurement sessions.

sample Rock type 5%278SenisT srm-3149 2s.e* Se
(%0) (%0) (ng/g)

SEC 43-3 eclogite -0.62 0.07 107
-0.53 0.06 106

-0.51 0.05 105

-0.47 0.05 106

average -0.53 106

uncertainty (2 s.d.) 0.13 (1s.d) 3

*Internal precision of a sample run during Se isotope analysis (over 40 cycles) is reported as 2 standard error (2 s.e.). Uncertainty of Se concentrations
conservatively expressed as 3% r.s.d.
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Table A.3.5 Individual Se isotope and Se—Te concentration data of samples from the Raspas complex.

sample rock type 5%2775SenisT srm-3149 (%0) 2 s.e.t (%0) Se (ngg ") Te(ngg')

SEC 43-3 eclogite -0.62 0.07 107 2.15
-0.53 0.06 106
-0.51 0.051 105
-0.47 0.049 106

average -0.53 106 2.15

uncertainty 0.13 3 0.07

SEC 44-1 eclogite 0.20 0.10 36 8.55

SEC 46-1 eclogite -0.90 0.16 6.56 5.54
-0.85 0.05 6.24

average -0.88 6.40 5.54

uncertainty 0.07 0.20 0.17

SEC 46-2 eclogite -1.81 0.09 105 6.33
-1.96 0.08 102

average -1.89 104 6.33

uncertainty 0.21 3 0.19

SEC 47-1 eclogite 0.30 0.09 144 6.19

0.37 0.09 141 6.41
0.40 0.06 138
0.34 0.06 139

average 0.35 141 6.30

uncertainty 0.08 4 0.19

SEC 50-1 eclogite -1.29 0.09 86 2.63
-1.18 0.04 86
-1.19 0.06 85
-1.16 0.05 84

average -1.21 85 2.63

uncertainty 0.12 3 0.08

SEC 35-2 serpentinized peridoitite 0.11 0.08 45 7.46
0.02 0.03 46

average 0.07 46 7.46

uncertainty 0.13 1 0.22

SEC 36-2 serpentinized peridoitite 0.39 0.10 37 5.62

SEC 40-1 serpentinized peridoitite 0.35 0.08 69 9.15
0.24 0.07 67

average 0.30 68 9.15

uncertainty 0.16 2 0.27

SEC 45-3 metapelite 0.14 0.08 22 4.03

Finternal precision on a sample run (over 40 cycles) is reported as 2 standard error (2 s.e.).
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Table A.3.6 Selected trace element data of metasediments from The Franciscan Complex and the Western Baja Terrane

(Sadofsky and Bebout, 2003).

Site Sample Ce Pb Rb Cs Ce/Pb Ce/Rb CelCs
Coast Ranges-Coastal
97-1 VD-2A 63.1 24 166 145 2.6 0.4 4.4
97-1 VD-9B 46.5 14 81 2.6 33 0.6 17.9
98-1 KWwW98-21B 58.5 22 72 1.9 2.7 0.8 30.8
98-1 KW98-1 37.3 11 78 21 34 0.5 17.8
Coast Ranges-Central
97-3 EEL4SH 55.9 16 101 5.8 35 0.6 9.6
97-3 EELAGW 29.3 15 77 31 2.0 0.4 9.5
97-4 JC-4 44.6 18 90 3.2 25 05 139
97-4 JC-5 429 11 54 39 3.9 0.8 11.0
97-5 APC5A 51.3 14 39 2.2 3.7 1.3 233
97-5 AP8-6 195 23 74 45 0.8 0.3 43
Coast Ranges-Eastern
97-6 CR-2B 34.4 14 44 24 25 0.8 143
98-5 AS2-B 15.1 15 48 1.8 1.0 0.3 8.4
97-7 ALDER2 30.8 12 48 2.6 2.6 0.6 11.8
97-8 T4 34.8 9 64 33 39 0.5 10.5
97-8 T8 48.6 22 86 5 2.2 0.6 9.7
Pacheco Pass Area
EP4 46.7 21 125 8.9 2.2 0.4 5.2
EP6 255 22 83 35 1.2 0.3 7.3
Q26F 40.4 14 0.5 29 80.8
Q38 14.3 11 58 2.2 1.3 0.2 6.5
Western Baja Terrane-ST1
585-1 415 7 35 2 5.9 1.2 20.8
585-14 229 15 65 38 15 0.4 6.0
585-83A 21.2 11 29 14 1.9 0.7 15.1
585-14B 29.7 12 50 2.3 25 0.6 129
Western Baja Terrane-ST2
585-138 39.7 11 51 1.7 3.6 0.8 234
486-105 19.5 8 106 33 24 0.2 5.9
585-71 18.2 21 36 1.7 0.9 0.5 10.7
Western Baja Terrane-ST3
585-133 29.3 8 13 0.7 3.7 23 41.9
585-121 38.3 11 15 0.6 35 2.6 63.8
585-179 34.6 9 55 1.7 38 0.6 20.4
486-130 35.6 13 35 14 2.7 1.0 25.4
average 35.7 145 63.1 3.15 2.68 0.783 18.1
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ARTICLE INFO ABSTRACT

The isotopic signature of the chalcophile, redox-sensitive and moderately volatile element Se in geological
materials may offer valuable new insights into the origin and evolution of volatiles in planetary systems. Here,
we report a new method for Se isotope determination of low Se containing samples relevant to the Earth's mantle
reservoir. We present a method that combines a double spike and hydride generation sample introduction system
with a ThermoFisher Scientific® NeptunePlus™ MC-ICP-MS. The measurement routine takes advantage of me-
thane injection in the instrument source during measurement, resulting in enhanced Se signals and suppression
of polyatomic interferences. Purification of Se from natural samples was simplified by employing conventional
ion exchange chromatography procedures. An external reproducibility of 0.15%o0 (20) on 8%%/7%Se values for
measurements performed on natural samples with Se abundances down to ~5 ng is obtained. We demonstrate
that our technique allows the determination of Se isotope signatures of low Se-bearing geological materials with
complex matrices such as mafic igneous rocks, which is essential to extend the Se isotopic investigation to Se-
depleted planetary reservoirs such as the Earth's mantle.
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1. Introduction

Selenium (Se) is a redox-sensitive element with the valence states
—1I, 0, +1V, +VI and a total of six stable isotopes ("*Se, "Se, 7’Se,
783e, 89Se and ®2Se). The potential for Se isotopes to study low-tem-
perature redox processes on the Earth's surface has been shown in
various studies (Clark and Johnson, 2010; Ellis et al., 2003; Johnson
and Bullen, 2003; Johnson and Bullen, 2004; Johnson et al., 2000;
Johnson et al., 1999; Mitchell et al., 2013; Rouxel et al., 2004; Rouxel
et al., 2002; Schilling et al., 2014; Schilling et al., 2011; Schilling et al.,
2013; Shore, 2011; Wen and Carignan, 2011; Zhu et al., 2014). In ad-
dition, Earth's atmospheric redox evolution has more recently been
studied by examining the redox state of the oceans using Se isotopes in
the ancient sedimentary record (e.g. Kipp et al., 2017; Mitchell et al.,
2016; Pogge von Strandmann et al., 2015; Stiieken et al., 2015a; Wen
et al., 2014, and references therein). Moreover, Se isotope systematics
have been evaluated as a possible tracer for the volatile evolution of
meteoritic material and planetary reservoirs (Vollstaedt et al., 2016a;
Vollstaedt et al., 2016b). To this end low Se containing planetary re-
servoirs such as the Earth's mantle need to be more firmly constrained
and require new Se isotopic data which need to be placed in context of
its elemental behavior.

In the Earth's mantle, Se is an ultra-trace element, with typical Se
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content < 100 ng g’l in lherzolites (Lorand and Alard, 2010). Al-
though small fractions of Se can be present in silicates (Tamari et al.,
1990), Se mostly is concentrated in micrometric sulfides and is ac-
cordingly considered chalcophile (Hattori et al., 2002; Konig et al.,
2014; Lorand et al., 2013; Luguet et al., 2004). In contrast to the highly
siderophile elements (HSE, Os, Ir, Ru, Rh, Pt, Pd, Re, Au), studies in-
volving Se in mantle-derived rocks are still relatively rare (Alard et al.,
2011; Lorand and Alard, 2010; Lorand et al., 2003; Lorand et al., 2004;
Morgan, 1986), although more recent high-precision isotope dilution
studies on Se in fertile and depleted peridotites and pyroxenites have
emerged (Konig et al., 2015a; Konig et al., 2014; Konig et al., 2012;
Wang and Becker, 2013; Wang et al., 2013). These are complemented
by geochemical and experimental studies on Se behavior during mantle
melting (Brenan, 2015; Lissner et al., 2014; Marchesi et al., 2013).
The Se concentration in the Earth's mantle is estimated to be
~80 ng g’1 (McDonough and Sun, 1995; Wang and Becker, 2013).
When normalized to a CI chondrite, the Se depletion degree is
~0.0037 x CI (Palme and O'Neill, 2003; Vollstaedt et al., 2016a), si-
milar to but somewhat lower than what is observed for the HSEs
(Becker et al., 2006). These elements altogether show a roughly chon-
dritic pattern and an excess abundance in the Earth's mantle compared
to those predicted following core-mantle differentiation (Lorand et al.,
2008; Morgan et al., 2001; Walker, 2009). This is widely explained by
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late accretion of chondritic material (e.g. Kimura et al., 1974; Mann
et al., 2012; Walker, 2009) shortly after core-mantle differentiation.

Due to its volatile character, Se links late accretion with the origin of
other volatiles such as e.g. S, Te, Zn but also highly volatile components
like Hy0, C, or N, (McDonough and Sun, 1995; Wang and Becker,
2013). Understanding the origin and evolution of Se in the Earth's
mantle-crust-atmosphere system may thus help to constrain the origin
of volatile components on Earth. However, it remains controversial
whether the Se systematics in mantle rocks allow description of late
accreted components (Wang and Becker, 2013), or metasomatic pro-
cesses in the mantle (Konig et al., 2014; Konig et al., 2015b; Wang and
Becker, 2015). A new perspective provided by the isotopic signature of
Se may help in this context. Yet analyses remain challenging because
igneous rocks contain orders of magnitudes lower Se concentrations in
the range of 10 to 200 ng g~ ! (Konig et al., 2014; Lissner et al., 2014)
compared to sediments with pg g~! levels of Se. Hence, an analytical
technique is needed to precisely and accurately determine the Se iso-
tope ratio of low abundance geological materials including igneous
rocks such as basalts. Here we present a method for Se isotope mea-
surements of such samples with Se concentrations of few tens of na-
nograms, using a double spike technique and a hydride generation in-
troduction system on a NeptunePlus™ MC-ICP-MS.

2. Materials and analytical techniques
2.1. Reagents and materials

All sample digestions, chemical purifications and instrumental
measurements were performed at the ISO-5 (US FED standards class
100) clean-room facilities of the Isotope Geochemistry Group at the
University of Tiibingen, Germany. De-ionized water was further pur-
ified with a Merck Millipore Milli-Q™ system to 18.2 MQ X cm at 25 °C.
All acids used during digestion, sample preparation and measurements
were distilled from MERCK Millipore Emsure™ grade HNO3 (65%) and
HCI (37%) with Savillex™ DST-1000 Acid Purification Systems and di-
luted to required molarities to + 0.03 mol L™ ! as checked by titration.
Eichrom® ion exchange resins, beakers, vials for centrifugation and
analysis were pre-cleaned with multi-step HCI-HNO; treatments.

Two Se standard solutions with different Se isotopic compositions
were used. The Se standard reference material SRM-3149 (Lot.-#:
100901; 10.042 + 0.051 mg g~ ') was purchased from the National
Institute of Standards and Technology (NIST). NIST SRM-3149 is now
widely used as 8-zero reference material for Se isotope measurements
(Carignan and Wen, 2007). The second standard solution used in our
study is MH-495, previously used as an in-house Se solution at the
University of Urbana, Illinois and generously provided by T. M.
Johnson (Johnson and Bullen, 2004; Johnson et al., 1999). This stan-
dard solution was created from reagent-grade Se° pellets at the Uni-
versity of California at Davis by Mitchell Herbel (Johnson et al., 1999)
and shows a §%%/75Se isotope ratio lower than the reference value for
NIST SRM-3149 by —3.04 + 0.50%o (20, n = 2) (Carignan and Wen,
2007) to —3.44 + 0.06%o (20, n = 5) (Zhu et al., 2014).

For comparison to previously published Se isotope results we chose
the two US Geological Survey (USGS) shale reference materials SGR-1
and SCo-1 (e.g. Pogge von Strandmann et al., 2014; Rouxel et al.,
2002). These shales have relatively high Se concentrations (SGR-1:
3.50 = 0.28ugg™ % SCo-1: 0.89 + 0.06 ugg™") (Gladney and
Roelandts, 1988) and comparison to other studies is possible (Kipp
et al., 2017; Mitchell et al., 2012; Pogge von Strandmann et al., 2014;
Rouxel et al., 2002; Schilling et al., 2011; Stiieken et al., 2013; Stiieken
et al., 2015b; Stiieken et al., 2015c; Vollstaedt et al., 2016a). We also
selected the USGS BCR-2 (~77.8 = 6.4ng g’l, 20, n = 5) (Lissner
et al., 2014), which has a factor 50 lower Se concentration compared to
the USGS shales, can be compared to data reported by Rouxel et al.
(2002) and is suitable as a geological reference to terrestrial basalts.
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2.2. Sample digestion and Se purification

Between 10 and 1000 mg of sample powder were weighted into
quartz glass vessels (15, 50 or 90 mL) and mixed with an adequate
amount of the 7*Se-"”Se double spike solution. We report accuracy tests
where variable amount of in-house standard solution MH-495 was ad-
ditionally admixed to some samples (section 3.2). Depending on the
sample weight 2.5 to 7.5 mL inverse aqua regia (3:1 M ratio; conc.
HNOg3: conc. HCl) were added, the vessels were subsequently sealed
with Teflon-tape and placed in a high-pressure asher (HPA-S, Anton
Paar, Graz). During digestion for 16 h at 220 °C and 100 bar, Se was
extracted from the sample material and equilibrated with the Se double-
spike.

Several studies emphasize Se loss in the presence of HCl while
evaporating at temperatures exceeding 80 to 85 °C (Layton-Matthews
et al., 2006; Pogge von Strandmann et al., 2014; Rouxel et al., 2002;
Stiieken et al., 2013; Wang et al., 2013). This is because of the forma-
tion of volatile Se-species (e.g. Stiieken et al., 2013; Vollstaedt et al.,
2016a). Special care was taken during subsequent chemical purifica-
tion: Se solutions were dried down without exceeding 65 °C and re-
dissolved in concentrated HCl to convert all Se¥! to Se'V (Elwaer and
Hintelmann, 2008; Pogge von Strandmann et al., 2014).

Previous studies have demonstrated that the purification of Se from
a sample matrix can be challenging in terms of quantitative recoveries
from ion exchange resins and a potentially associated mass-dependent
fractionation (e.g. Pogge von Strandmann et al., 2014). Thiol cotton
fibre (TCF) or powder (TCP) is one way to separate Se from its sample
matrix. This method allows recovering =98% of the initial Se (Elwaer
and Hintelmann, 2008; Rouxel et al., 2002) and has been used for
routine determination of Se concentrations of rock reference materials
at low ng levels (e.g. Konig et al., 2012; Marin et al., 2001; Yu et al.,
1983). The relatively high Se yield and the additional advantage of a
simultaneous Te purification is considered a good choice for con-
centration analysis (Yu et al., 1983). The use of TCF/TCP can lead to the
formation of insoluble salts and organic-derived interferences on Se
masses (Pogge von Strandmann et al., 2014). Thus, TCF-/TCP-handled
samples require careful treatment with HNO3; and H,0, (Konig et al.,
2012; Pogge von Strandmann et al., 2014; Rouxel et al., 2002). In order
to test the instrumental capabilities we here describe a simpler tech-
nique adapted from Fehr et al. (2004) and Wang et al. (2013). This
involves the combination of conventional ion exchange chromato-
graphy procedures with hydride generation. The following procedure
has been optimized for Se purification and yields.

First, the dried samples obtained after a first evaporation were
dissolved with 4 mL. 6 mol L ™! HCl and centrifuged at 5000 rpm for
10 min. Before loading the sample solutions onto Spectra/Chrom®
Disposable MiniColumns containing 3 mL of Eichrom® AG 1-X8 anion
resin (100-200 mesh), the resin was washed with 3 mL of 1 mol L™ !
HNO; twice and conditioned with 2 x 3 mL 6 mol L~ HCL. While Fe
was retained as FeCl,~ by the resin, Se was not adsorbed but collected
together with other matrix elements in 12mL 6 mol L~! HCL. The
collected Se-containing solutions were evaporated to dryness at
T <65 °C. The dried down solutions were then taken up in 4 mL
0.06 mol L.™! HNO; for purification by cation exchange chromato-
graphy using Spectra/Chrom® Disposable MiniColumns containing
3 mL of Eichrom® AG 50W-X8 resin (100-200 mesh) (e.g. Wang et al.,
2013). The cation exchange resin was washed with 6 mol L.~ HCI and
H,0 and conditioned with 6 mL 0.06 mol L~ * HNO; before loading the
samples. Se was collected in 12 mL 0.06 mol L~! HNO; while other
matrix elements were retained on the resin under these conditions. The
solutions containing Se were again dried at T <65 °C on a hotplate, re-
dissolved in 2 mol L™ HCI and heated in closed beakers on a hotplate
at 80 °C for several hours to achieve complete reduction of Se"" to Se'V
(Elwaer and Hintelmann, 2008; Pogge von Strandmann et al., 2014).
Typically our total procedural blanks remain below detection limit and
only in some cases show up to 1ng, likely mirroring randomly
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Table 1
Overview of Se double spike compositions used by different working groups.
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Se masses 74 76 77 78 80 82
Pogge von Strandmann et al. (2014)1 74-78-77-82g4 45.89% - 0.51% 53.61% - -
Pogge von Strandmann et al. (2014)* 78827677ge - 0.14% - 15.61% - 84.25%
Vollstaedt et al. (2016a)? 7477-78-82g¢ 62.42% - 37.56% 0.02% - 0.00%
Zhu et al. (2008)3; Schilling et al. (2011)3; Mitchell et al. (2012)3 51.20% 0.09% 48.57% 0.09% 0.03% 0.01%
This study* 747778-82ge 52.29% 0.53% 47.12% 0.04% 0.02% 0.01%
Rudge et al. (2009) ideal composition for 7477-78-82g0 51.75% - 48.25% - - -

Bold numbers indicate spike isotopes. Data acquisition at 1: Bristol Isotope Group, School of Earth Sciences, Bristol University, UK. 2: Institute of Geological Sciences, University of Bern,
Switzerland. 3: Department of Geology, University of Illinois at Urbana-Champaign, Urbana. 4 (this study): Isotope Geochemistry, University of Tiibingen, Germany.

suboptimal HPA-S glass vial treatment. While this still represents
only < 1% of bulk Se for most samples analyzed here, multiple re-
plicate digestions of all samples were performed in order to verify re-
sults with different blank levels including for lower Se containing
samples. Although blanks are generally too low to determine an iso-
topic composition, high reproducibility for various blank levels con-
firms that blanks are negligible.

2.3. The role of the double spike

Enriched 7*Se and ””Se tracer material in metal form was obtained
from ISOFLEX. Upon dissolution in 2molL~! HNOs, a double spike
solution with a composition of ~52% 7“Se and ~47% 7’Se was pre-
pared taking the error propagation calculations after Rudge et al.
(2009) into account. After dilution, the normality of nitric acid in the
double-spike solution was 0.1 mol L™!. Other Se isotopes account
for < 1% of the double spike solution as shown in Table 1, which also
gives a comparison to double spike compositions used in other studies.
Provided that sample and spike are well equilibrated prior to chemical
purification, double spike methods have already been demonstrated to
be suitable for Se stable isotope analyses (Clark and Johnson, 2010;
Johnson et al., 1999; Pogge von Strandmann et al., 2014; Vollstaedt
et al., 2016a; Zhu et al., 2008).

The spike was calibrated against the NIST SRM-3149 Se solution.
Various proportions of spike-sample ratios (fspike from 0.1 t0 0.9,n = 9)
were tested. To increase the small volumes of NIST SRM-3149 and
double spike, an additional 2 mL of 2 mol L™ were added. To achieve
equilibration the mixtures were heated at 80 °C in a closed beaker for a
minimum of 2 h. The mixtures were then dried down at 65 °C and re-
dissolved in 2 mol L™ ! HCI, again heated at 80 °C for 2 h to ensure that
all Se is reduced and finally measured. All measured mixtures of fg,ie
varying from 0.1 to 0.8 give 8%%/75Se within our long-term reproduci-
bility for NIST SRM-3149 of 0.00 + 0.11%o (20, n = 350) (filled cir-
cles in Fig. 1a). Note that the mixture with the lowest f,;. = 0.1 has a
significantly larger internal uncertainty (2 s.e error bars in Fig. 1a) and
the mixture with the highest fg,. = 0.9 is outside of the external re-
producibility of 0.11%o given by all other mixtures with fg,. between
0.2 and 0.8. This provides a lower and upper limit of acceptable double
spike-sample ratios. Within the wide range of f;j. between 0.2 and 0.8
the 7*Se-—7""Se double spike used in this study thus allows for accurate
Se isotope measurements. A systematic shift to heavier §%%7°Se of
0.18 + 0.10%0 (20, n = 7) is observed for mixtures that were not al-
lowed to equilibrate as described above (open circles in Fig. 1a), but
directly dried down after mixing. This may be due to preferential loss of
light Se isotopes during evaporation, even at temperatures below 65 °C,
prior to full equilibration of standard and spike Se and emphasizes that
careful treatment is crucial.

Based on the above observation, we further tested the possibility of
Se isotope fractionation during partial Se loss by evaporation from so-
lutions with HCI. For this, NIST SRM-3149 solutions were dried down at
65 °C without spike addition. The Se isotope measurements were then
performed with two different analytical approaches, one involving the
sample-standard bracketing (SSB) (Stiieken et al., 2013) and the other
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Fig. 1. (a) Measured 8°%7°Sey;st spm.3140 as a function of various proportions of double
spike (filled circles). The results indicate that even significantly underspiked (fspike = 0.2)
or overspiked (fgie = 0.8) standards yield accurate data. Grey box represents the long-
term average for 8°%7°Sexst srm.a140 Of 0.00 = 0.11%o (20, n = 350). Unfilled circles
show measured 8%%7°Seyst srm.3140 for unequilibrated mixtures of standard and double
spike Se, resulting in isotopic shift towards heavier values of 0.10 to 0.60%o. Error bars
are internal errors (2 s.e.) for each measurement. (b) 8%%7°Seyst sra.3140 as a function of
evaporative loss of light Se isotopes. Results indicate unpredictable loss-induced frac-
tionation between solution and vapor even at 65 °C and thus illustrate the requirement for
double spike use in our experimental set up. Unfilled circles represent data from SSB
measurements. Filled circles represent double spike measurements (section 2.3). Un-
certainty on data is 0.20%o (20). See section 2.3 for details.
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the double spike measuring method (e.g. Pogge von Strandmann et al.,
2014; Vollstaedt et al., 2016a). For the SSB approach a 50 ng mL~?!
NIST SRM-3149 Se solution was used as the bracketing standard,
yielding 82Se voltages of roughly 1.5V (using an amplifier resistor of
10" Q). Sample solutions were then prepared to match the signal in-
tensity of the standard within 10% intensity. Samples and standards
were measured for 100 cycles each having an integration time of
4.194 s. Over the measurement session, Se in-house solution (MH-495)
was measured versus the NIST SRM-3149 standard solution. These so-
lutions were taken directly out the main batch and were not dried. SSB
measurements yielded average 8%%7°Se of —3.25 * 0.03%o (20,
n = 4), indistinguishable from our double-spike value (MH-495:
—3.27 * 0.13%o, 20, n = 100) (see section 3.1). For the SSB ap-
proach, four solutions were processed and Se losses varying between 5
and 30% yielded 8%%/7°Se values ranging between 0.43 = 0.31%o and
1.85 * 0.31%o (Fig. 1b, open circles). For the double spike measuring
approach, five NIST SRM-3149 solutions were doped with an adequate
amount of the double spike after evaporation and prior to mass spec-
trometric determinations, which were performed on ~15ngmL~* Se
solutions. Evaporative Se losses between 23 and 51% with 8%%7°Se
values ranging between 2.20 * 0.20%o and 3.20 = 0.20%o were de-
termined by the double spike measurements (Fig. 1b, filled circles).

The data of our two experiments cannot be explained by a single
unidirectional fractionation process as they do not fit a single Rayleigh
evaporation function. The data rather indicate Rayleigh distillations
with variable isotopic fractionations Avapor-solution Tanging between 3
and 12%o (Fig. 1b). If the theoretical fractionation associated with
evaporation corresponds to the square root of the evaporated molecule
masses (Richter, 2004; Young et al., 2002), the inferred fractionations
seem consistent with evaporation of pure SeCl, (fractionation A,aper-
solution Of ~13%0) and pure SeClg (fractionation Ayapor-sotution Of ~7%0).
Future studies are needed to evaluate the exact speciation of evaporated
selenium species. The origin of evaporative loss of Se remains unclear,
but our experiments clearly demonstrate a significant loss of pre-
ferentially isotopically light Se during evaporation of pure reference
materials. However, the double spike approach inherently corrects for
such chemistry-induced fractionations.

2.4. Mass spectrometry (MC-ICP-MS)

2.4.1. Instrumental parameters and set up

Isotope measurements were conducted on a ThermoFisher
Scientific® NeptunePlus™ multi-collector inductively coupled plasma
mass spectrometer linked with a CETAC® HGX 200 hydride generator,
an ESI MP2-6 peristaltic pump and an ESI SC-u DX autosampler. To
obtain the highest Se sensitivity at high front vacuum a nickel skimmer
cone (H-cone) and a Ni-Jet sample cone were employed. Daily tuning
included the gas flows and torch positions. Typical parameters and
settings are listed in Table 2. Measured masses include interference
monitors for hydrides and argon dimers as generated in the plasma
(Table 3). Signal intensities given in V were obtained using amplifier
resistors of 10" Q.

2.4.2. Hydride generation

One of the major advantages of a hydride introduction system is the
efficient transport of Se into the plasma under dry conditions (Johnson
and Bullen, 2004). The hydride generator serves as Se signal booster
and as a purification device, because exclusively hydride-forming ele-
ments (e.g. Se, As, Ge) are effectively transferred to the plasma (Clark
and Johnson, 2008). A sodium borohydride solution is prepared by
adding 1 g of NaBH, (analysis grade) to 250 mL of 18.2 MQ-grade
water. To stabilize the solution, 1 g of sodium hydroxide monohydrate
is added. In our setup, constant flows of 2mol L™! HCl and sodium
borohydride (NaBHy4; 0.4% (m/m)) are mixed in a coil which results in
a steady production of hydrides throughout an entire measurement
session. To this constant hydride-generating mixture the sample is then
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Table 2
Operating parameters.

Parameters

RF power (W) 1200
Acceleration voltage (V) —10,000
Sample cone Ni Jet
Skimmer cone Ni H-type
Ar gas flow rates (L min~ ')

Coolant 15
Auxiliary 0.7-1.0
Sample gas 0.24-0.56
Additional gas 0.48-0.56
Methane (mL min %) 2.0-3.5
Analyte matrix 2 mol L™* HCl
NaBH, 0.4% (m/m)
Sample uptake (mL min~*) 0.235

Conc. sample solution (ng mL™!) <15

Sample solution volume (mL) 1

Cycle integration time (s) 4.194
Number of cycles per analysis 40
Intensity 52Se (V) 0.5

additionally introduced in 2 mol L~ HCl and H,Se is formed according
to reaction (1) that can be ionized efficiently.

4H2$e03(aq) +3 HCl(aq) +3 NaBH4(aq) - 4H256(g)

+3 H3BO3(aq) +3 HZO(aq) +3 NaCl(aq) (€D}

Residual non-hydride forming matrix elements that remain in the
sample solution after chemical purification are fully excluded via a gas/
liquid separator while hydrides are carried to the plasma in an argon
flux (Fig. 2). In addition to argon for the plasma and to act as the sample
carrier gas, we also introduced methane because it enhances the sen-
sitivity for Se as shown in previous studies (e.g. Floor et al., 2011). In
our instrumental setup, an increase of the Se signal by a factor two to
three was achieved.

2.4.3. Analyses, interference corrections and double spike deconvolution

Instrument parameters were optimized for high Se signal intensities
and low Argon dimers before each measurement session. Typical signals
on %2Se of a 15ng mL" solution with the operating conditions sum-
marized in Table 2 are 0.5 V. Each measurement consists of 40 cycles
with 4.194 s integration time. Washout time was generally set to 4 min.
All measurements of standards and samples were bracketed by back-
ground (on-peak zero) measurements of the same batch of pure
2 mol L™ ! HCl in which standards and samples were taken up. On-peak
zeros were subtracted from measured intensities of standards and
samples. Measurements of NIST SRM-3149 standard solutions were
performed between each sample to assess potential instrumental drift.
Additionally, standard solution MH-495 was measured after every 5"
sample. Following acquisition of isotope signal intensities the data was
further reduced offline. A major issue of stable Se isotope measurements
are the numerous single-mass polyatomic isobaric interferences that
typically form in plasma source mass spectrometers in the mass range of
Se isotopes and interference monitors (Table 3). These spectral inter-
ferences can be divided into (i) plasma induced, (ii) plasma and analyte
matrix induced and (iii) analyte and sample matrix induced.

The subtraction of on-peak zero signals determined on pure analyte
matrix solutions (i.e. 2mol L.~ HC) from sample signals adequately
accounts for the small interferences of Kr and ArCl. On-peak zero sub-
traction, however, does not allow accurate correction of the large ArAr
interferences due to the considerable fluctuations in the plasma energy
between and within sample runs. We typically observe “°Ar*°Ar* sig-
nals of 20-25V, with variations of this signal from scan to scan
of + 0.15 V due to plasma fluctuations. We therefore employed a two-
step strategy for accurate correction of Ar dimer interferences:

(1) We admixed methane to the sample Ar gas carrying the SeH,
from the hydride generator to the plasma torch (Fig. 2). Enhancement
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Table 3
Measured masses and associated isobaric interferences.

Chemical Geology 466 (2017) 219-228

Cups L4 L3 L2 L1 C H1 H2 H3 H4
Masses 72 73 74 75 76 77 78 79 80 81 82 83
Selenium 74se 76Se 77Se 78se 80ge 82ge
Abundance (%) 0.87 9.36 7.63 23.78 49.61 8.73
(i) Plasma induced
Kr 78Kr 80K_l‘ 82Kr 83Kr
36Ar35Ar 38Ar36Ar 40Ar36Ar 40Ar38Ar 4°Ar40Ar
ArAr 38Ar38Ar
(ii) Plasma and analyte matrix induced
36Ar*°ArH 38Ar*°ArH “0Ar*°ArH YOAr*®ArH “OAr*ArH
ArArH *Ar**ArH
SBAIBSCI 40Ar35Cl 40Ar37cl
ArCl 36Ar¥’cl BAr¥’cl
(iii) Analyte and sample matrix induced
FeO S6Fel®0 S8pel®0O
Nio 58NiIGO GONiIGO 62Ni160 64Ni160
7Zno 64Zn160 66Zn160 67Zn160
Se-H 74SeH 76SeH 77SeH 895eH 825eH
Ge 72Ge 73Ge 74Ge 75Ge
Br-H 7°BrH 81BrH
As-H 75AsH
additional gas (Ar) energy fluctuations into account. We used the 32Se signal to predict the
~ 0.5 mL min’! 89Se signal of the samples by artificially fractionating the 52Se/%%Se
to Neptune Plus ratio using the samples' instrumental mass bias. Assuming IUPAC Se
CH, == isotope composition (Berglund and Wieser, 2011) the 8°Se signal of the
~2-3 mL min” — sample is estimated and subtracted from the signal measured at m/
sample solution + z = 80 to estimate the excess or deficit in “°’Ar*°Ar* compared to the
2M HCI + on-peak zero measurement. Signals of the minor Ar dimers (i.e.
N.aBH‘} from 36ArOAr . BBABOALT 3BABBALT 4OAr36AL+ and “OAr3BArT) are then
petistaltic pump determined relative to the calculated *°Ar*°Ar* signal considering the
relative abundance of Ar isotopes (Berglund and Wieser, 2011). For
sample gas (Ar) 1 . . L
S 03 mL min" measurements on 15ngmL~ " sample solutions this correction im-
proves the external 20 reproducibility on §%%/7°Se values by 20 to 30%.
membrane . e s . . .
We tested the necessity to artificially fractionate Ar isotope ratios to

gas-liquid
separator

drain to peristaltic pump

Fig. 2. Schematic set up of the hydride generator system.

of Se signal and suppression of polyatomic interferences by methane
addition for Se concentration and isotope ratio measurements has been
described in previous studies (Fliegel et al., 2011; Floor et al., 2011;
Guo et al., 2013). We indeed observed an approximately two- to three-
fold increase in Se signal intensities and a decrease in Ar dimer in-
tensities by a factor of two with an addition of 2.0-3.5 mL min ™' me-
thane to the instrument. This significantly suppressed Ar dimer signals
allowed more accurate on-peak zero corrections of polyatomic Ar in-
terferences. Furthermore, hydride interferences (ArArH*, SeH™Y,
GeH*, BrH", AsH™) dropped to negligible levels by methane addition
making subsequent correction of hydrides after on-peak zero subtrac-
tion unnecessary.

(2) We employed a secondary correction for Ar dimer interferences
as described by Elwaer and Hintelmann (2008), which takes plasma
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account for the instrumental mass bias. We assumed that at a first order,
Ar and Se are subject to equal isotope fractionations in the instrument
plasma, which per se is not entirely correct. Since this artificial frac-
tionation of Ar isotope ratios only resulted in shifts of 0.001 to 0.002%o
for both sample and standard solutions. This therefore means that the
possible occurrence of Ar isotopic fractionation in the plasma has a
negligible effect on our Se isotope data correction. Consequently, for
routine measurements, possible Ar isotopic fractionations were ignored.
The calculated ArAr interferences were arithmetically subtracted from
measured Se signal intensities.

The iterative double spike deconvolution calculations used first by
Compston and Oversby (1969) for Pb isotopes were applied to correct
the measured Se isotope data with the exception that exponential rather
than linear law was used as a proxy for the instrumental mass bias.
Apart from the two spike isotopes “*Se and 7’Se, 78Se and 52Se were
used for the deconvolution. All isobaric interferences (e.g. Ge correc-
tion, see below) and the fluctuations of Ar dimers were iteratively
converged within the double spike deconvolution for accurate correc-
tions. The double spike deconvolution yields three types of information:
(i) an exponential fractionation factor (per amu) for the instrumental
mass bias, which might also include a mass-dependent Se isotope
fractionation during chemical purification of the sample. (ii) An ex-
ponential fractionation (per amu) for the samples' natural mass-de-
pendent fractionation compared to NIST SMR-3149 against which the
double spike was calibrated. From this factor the samples' natural Se
isotope ratios are calculated and can be reported in the §-notation as the
per mil difference in these ratios compared to that of the isotopically
certified reference material NIST SRM-3149. The samples' natural iso-
tope ratios are calculated according to eq. (2) and can be converted to
any ratio per amu as a function of the exact masses of 52Se, 7®Se and
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76Se (Young et al., 2002). (iii) The spike-to-sample ratio from which,
knowing the Se concentration of the double spike, an accurate Se
concentration for the sample can be calculated.

882/18Se = [(*%Se/78S)sampie/ (*28e/ "8Se)nist srm—3140 — 1] X 1000 2)

2.4.4. Accuracy of isobaric interference correction of “*Ge on 7*Se
Germanium like Se forms hydrides (GeH,) leading to isobaric in-
terferences of 7*Ge on 7*Se and 7°Ge on 7®Se during mass spectrometric
analyses. We observed the Ge correction to be unnecessary if the
measured Ge/Se ratio is smaller than 0.0001 when measuring
15ngmL~! sample solutions: below this threshold, Ge signals are
below 0.5mV on mass 72 and appear to be indistinguishable from
background noise. Correcting for this signal only adds uncertainty to
the internal precision of the 85%/7°Se value without significantly chan-
ging it. At Ge/Se ratios above this threshold value, the canonical
72Ge/”*Ge ratio of 0.7521 (Berglund and Wieser, 2011) was artificially
fractionated using the instrumental mass bias determined for Se to
correct 74Se from the isobaric interference of *Ge. However, the in-
strumental mass bias for Se also includes the mass-dependent Se isotope
fractionation induced by the chemical purification when Se recovery is
incomplete. Furthermore, the chemically induced mass-dependent iso-
tope fractionation of Ge is likely different from that of Se. As a result,
this correction is only applied to Ge/Se ratios < 0.0056. We set this
value as it still yields accurate data for Se mass bias corrected data.
Above this upper threshold value for the Ge/Se ratio (see. Fig. 3) for
15 ng mL~ ! measurement solutions, signal intensities of “>Ge and ">Ge
become large enough (> 2 mV on mass 72) to accurately determine the
mass-dependent instrumental mass bias and chemical fractionation of
Ge assuming a canonical 72Ge/”3Ge of 0.2823 (Berglund and Wieser,
2011). To test the accuracy of our Ge interference correction method,
15ngmL~! NIST SRM-3149 solutions were mixed with different
amounts of a pure Ge in-house standard solution, similar to a previous
approach described by Pogge von Strandmann et al. (2014). As illu-
strated in Fig. 3 the values of the Ge-doped NIST SRM-3149 solutions
perfectly lie within the external reproducibility for this standard of
0.00 = 0.11%o to Ge/Se ratios of up to 4, showing that this method
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accurately corrects any Ge interference.

3. Results and discussion
3.1. Se isotope measurements of matrix-free standard solutions

Background or “on-peak zero” (OPZ) corrections have been used in
Se isotope analytical studies to account for plasma and other instru-
mental interferences (e.g. Johnson, 2004; Rouxel et al., 2002; Zhu et al.,
2008). Previously performed scans on an Element 2 ICP-MS at high
resolution (m/Am = ~10,000, 5-95% peak edge width) resolved Se
and ArAr peaks and observed constant voltage on ArAr peaks regardless
of whether Se was introduced in the plasma (Pogge von Strandmann
et al., 2014). This was argued to justify the use of OPZ correction. We
performed Se isotopic measurements while using the OPZ correction on
our MC-ICP-MS in low (LR) and medium resolution (MR) mode (m/
Am = ~2000 vs. MR: m/Am = ~7000, respectively, 5-95% peak edge
width). The MR measurements allow crude resolution of Se and ArAr
peaks but yielded indistinguishable isotope results than in LR mode.
This confirms the validity of the OPZ correction and demonstrates that
measurements in LR produce precise and accurate data as previously
suggested (Pogge von Strandmann et al., 2014).

Over a period of over 6 months that included LR and MR mea-
surements, a long-term average and reproducibility for MH-495 of §%%/
76Ge = —3.27 + 0.13%o (20, n = 100) is obtained (Fig. 4). This is
consistent with recently published values following double-spike mea-
surements (—3.44 = 0.06%o; 20, n = 5) (Zhu et al., 2014) and within
uncertainty of an earlier study using standard-sample bracketing mea-
surements (—3.04 = 0.50%o, 20, n = 2) (Carignan and Wen, 2007).

3.2. Accuracy tests

Despite a quantitative removal of matrix elements by ion exchange
chromatography and hydride generation, potential matrix effects may
not be always ruled out because droplets from excess liquid could oc-
casionally pass the PTFE-membrane of the hydride generation system.
Although negligible voltages were observed on the masses of chloride

Fig. 3. Results of measurements of Se standard solution

1.4 H NIST SRM-3149 doped with different amounts of Ge. The
- no : constant range of §82/76Ge shows efficient correction even
12 L COI‘I'CCtiOIlE B-factor Se O : B—factor Ge for Ge/Se ratios of up to 4. Grey bar represents 20 (0.08%o)
: of obtained §°%/7°Seyist srm.3140 data, whereas error bars
- H are in-run errors (2 s.e.) of single measurements. Dashed
s 82/76
1.0 E 1000 log 9 SeNIST SRM-3149 0 OO lines indicate threshold values for correction with Se or Ge
? : H e) mass bias, respectively. Unfilled symbols indicate un-
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Fig. 4. Long-term reproducibility of NIST SRM-3149 (8°%7°Sexist  srm.3149:
0.00 + 0.11%, n =350) and MH-495 (8°*7°Senist srmesiaor —3.27 % 0.13%;
n = 100). Grey bars represent 20 uncertainties. Measurements in MR yield indis-
tinguishable data compared to data acquired in LR, showing that LR measurements are
sufficient for precise and accurate Se isotope data acquisition.

(®Cl and *7Cl), the likely main constituent of such droplets, we tested
the effect of variable matrix/Se ratios by adapting a standard addition
method employed previously (Nielsen et al., 2004; Schumann et al.,
1992; Tipper et al., 2008). Increasing amounts of MH-495 were ad-
mixed to constant amounts of NIST SRM-3149, homogenized (see sec-
tion 2.3), re-dissolved and measured. Unresolved polyatomic inter-
ferences from the carrier solutions and/or gases would lead to samples
arbitrarily plotting off a two-component mixing line. Here we show that
mixtures remain within uncertainty of 0.20%o (20) (Fig. 5a), which
argues against the contribution of unresolved interferences.

In addition, we performed accuracy tests involving USGS reference
material SGR-1. Increasing amounts of SGR-1 (20 to 40 mg or 70 to
140 ng total Se) were mixed to given amounts of standard solution MH-
495. Measured and calculated Se isotope compositions remain within
uncertainty of 0.20%o (20) and confirm that potential matrix-induced
interferences are negligible (Fig. 5b).

3.3. Exploring the minimum Se required for accurate isotope measurements

A major goal is to determine Se isotope compositions of samples
with low Se concentrations such as basalts (< 200 ng g_l, see below).
Before this is attempted, the minimum Se required for measurement
was evaluated in a first step by analyzing 1 mL solutions of 50 to
3ng mL? of MH-495 standard solution (filled circles in Fig. 6). Mea-
sured signals on ®2Se ranged from 0.1 to 1.5V and showed no corre-
lation with 8%%/76Se of MH-495. It is however observed that the un-
certainties vary with signal intensities: Solutions with a minimum of
15 ng mL~ ! concentrations and > 0.5 V on mass %Se (lowest abundant
mass measured) show internal errors of 0.04%o (2 s.e., n = 6) and yield
an external reproducibility of 0.09%o (20, n = 6). Solutions between 15
and 7.5 ng mL ™! show a higher internal error of up to 0.08%o (2 s.e.,
n = 5) and the external reproducibility increases to 0.12%o (20, n = 5).
When the 32Se signal is below 0.18 V, equivalent to solutions below
7.5ng mL ™!, the internal error increases to 0.12%o (2 s.e., n = 7) and
the external reproducibility becomes > 0.20%o (20, n = 7). Hence, the
external reproducibility systematically changes at a concentration of
approximately 7.5 ng mL™'. While it is desirable to measure sample
solutions with higher than 15 ng total Se, we show the instrumental
capability to yield 0.24%o (20, n = 7) external reproducibility for down
to 3 ng total Se. This is similar to results of a previous study by Zhu
et al. (2008) using a different set up.
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Fig. 5. Results for Se isotope measurements of mixtures between (a) standard solutions
MH-495 and NIST SRM-3149 and (b) increasing amounts of sample SGR-1 (20 to 40 mg or
70 to 140 ng total Se) and constant amounts of standard solution MH-495. Doped solu-
tions fall on a mixing line between endmembers within maximum uncertainty of 0.20%o
(20), indicating no bias despite increasing matrix over total Se and potential emergence of
interferences above background. Endmember data taken from same measurement session.

Analogue to measurements of various amounts of MH-495 we per-
formed tests with USGS reference material SGR-1 (unfilled circles in
Fig. 6). This involved the digestion of 100 mg SGR-1 (equivalent to
~350 ng total Se, section 2.2) and dilution to various concentrations
(from 50 ng mL 'to5 ng mL™1). As for standard solution MH-495, the
internal errors and the external reproducibility depend on signal in-
tensities. Again, total Se contents with a minimum of 15 ng mL ™" yield
internal errors of 0.04%o (2 s.e., n = 4) and an external reproducibility
of 0.06%o (20, n = 4), whereas down to 7.5 ng mL ™! total Se analyzed
yield internal errors of 0.07%o (2s.e., n = 4) and an external re-
producibility of 0.14%o (20, n = 4). Below 7.5 ng mL ™' the 52Se signal
intensities are < 0.18V and the internal error increases to 0.10%o
(2s.e., n = 6) and the external reproducibility is > 0.14%o.

This reproducibility obtained with a NeptunePlus™ instrument is
similar to that previously reported for other instruments where simi-
larly small quantities were analyzed (5ng total Se analyzed with
0.25%0 (20) on 8%%/7°Se on a Micromass IsoProbe by Rouxel et al.
(2002) and on a NuPlasma by Zhu et al. (2008) (4 ng total Se analyzed
with 0.10%o0 (20) for standard solutions MH-495 and NIST SRM-3149
and 0.15-0.20%o (20) for natural samples).

Measurements of USGS reference shales (SGR-1 and SCo-1) allow
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Fig. 6. Results and signal-dependent external reproducibility for measurements of various
dilutions of the MH-495 standard solution (filled circles) and 100 mg digested USGS rock
reference material SGR-1 (unfilled circles). Error bars represent 2 standard errors (2 s.e.)
of the individual measurements. Black dashed horizontal lines represent average value of
dilutions > 7.5 ng mL~ ! as these are characterized by decent internal errors. Black solid
horizontal lines Vertical dashed lines divide dilutions
into < 7.5ngmL™", 7.5-15ngmL™" and > 15ng mL"~ ", which are characterized by
different internal errors (2 s.e) and external reproducibility (see section 3.3).

are 20 uncertainties.

comparison to previous studies (Kipp et al., 2017; Mitchell et al., 2012;
Pogge von Strandmann et al., 2014; Pogge von Strandmann et al., 2015;
Rouxel et al., 2002; Schilling et al., 2011; Stiieken et al., 2013; Stiieken
et al., 2015b; Stiieken et al., 2015c; Vollstaedt et al., 2016a) and have
relatively high Se abundances (SGR-1: 3.50 + 0.28 ugg~'; SCo-1:
0.89 = 0.06 ug g_l) (Gladney and Roelandts, 1988).

Both our obtained concentrations (SGR-1: 3.76 + 0.32ugg™ !, 20,
n=9; SCo-1: 0.84 + 0.06 ugg™!, 20, n = 5) and isotopic composi-
tions (SGR-1: —0.08 + 0.20%o, 20, n = 9; SCo-1: —0.18 * 0.22%o,
20, n = 5) are within error of most previous studies (see Fig. 7) (Kipp
et al., 2017; Mitchell et al., 2012; Pogge von Strandmann et al., 2014;
Rouxel et al., 2002; Savard et al., 2009; Schilling et al., 2011; Stiieken
et al., 2013; Stiieken et al., 2015b; Stiieken et al., 2015c; Vollstaedt
et al,, 2016a) and demonstrate full homogenization of sample with
double spike Se. The USGS SGR-1 batch (USGS SGR-1, Split 25, Position
8) used in this study may be affected by heterogeneity. This may ex-
plain better reproducibility for repeated isotope measurements on di-
luted solutions from the same sample digestion, compared to solutions
from separately digested material. Therefore, our values for samples
(Fig. 7 and Table 4) that were obtained from separately digested ma-
terial in different measurement sessions over a period of 9 months
provide a long-term external reproducibility.

3.4. Selenium measurements of samples with concentrations in the ng g’

range

In order to test our method on low Se containing samples with a
matrix relevant to mantle derived rocks, USGS reference basalt BCR-2 is
suitable (78 + 3.2ng g’l, 1lo,n = 5) (Lissner et al., 2014). For this we
weighted, double-spiked and digested 300 mg of BCR-2 (equivalent to
ca. 25 ng total Se). Our batch of BCR-2 (3223) yields a Se concentration
of 71 + 4ngg~! (10, n = 3, Table 4), which is within uncertainty to
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Fig. 7. Compiled Se isotope data for USGS shales SCo-1 and SGR-1. Filled symbols re-
present results from this study, combining 5 analytical sessions over a period of 9 months
(SCo-1: —0.18 * 0.22%o, n = 5; SGR-1: —0.08 * 0.19%o, n = 11), providing a long-
term external reproducibility for data obtained in our study. Unfilled symbols are data
taken from the literature. All error bars indicate 20 analytical reproducibility; errors
where converted to 20 where data was given in 1o (e.g. Stiieken et al., 2013, 2015b,
2015c¢; Kipp et al., 2017). * = Data reported as 8%%/7%Se was converted to §%%/7Se.

Table 4
Se isotope and concentration data for USGS reference materials SGR-1, SCo-1 and BCR-2.

Sample  Sample Se(ugg™") 8%7%Se 2s.e (%) 8°%7%Se  2s.e (%o)
type (%o0) (%0)
USGS Shale 3.70 0.09 0.04 0.06 0.03
SG- 3.63 —0.08 0.05 —0.05 0.03
R-1 3.49 —-0.05 0.05 —-0.03 0.03
3.84 -0.18 0.08 -0.12 0.05
3.95 -0.17 0.07 -0.11 0.05
4.03 -0.17 0.07 -0.11 0.05
3.82 0.04 0.06 0.03 0.04
3.75 -0.13 0.08 —0.08 0.05
3.66 -0.16 0.07 -0.10 0.05
Medium 3.72 0.03 0.03 0.02 0.02
resolution
Average 3.76 —-0.08 0.06 —0.05 0.04
2s.d. 0.32 0.20 0.03 0.13 0.02
USGS Shale 0.88 —0.08 0.07 —0.06 0.04
SC- 0.81 —-0.34 0.05 —-0.22 0.03
o-1 0.85 -0.15 0.07 -0.10 0.04
0.86 —-0.25 0.08 —-0.16 0.05
0.83 -0.09 0.07 —0.06 0.05
Average 0.84 —0.18 0.07 —0.12 0.04
2s.d. 0.06 0.22 0.02 0.14 0.01
USGS Basalt 0.075 0.19 0.06 0.12 0.04
BC- 0.067 0.16 0.05 0.10 0.03
R-2 0.072 0.19 0.06 0.12 0.04
Average 0.071 0.18 0.06 0.12 0.04
2s.d. 0.008 0.03 0.01 0.02 0.01
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published concentrations (Lissner et al., 2014). The isotopic data ac-
quired is based on measurements of 1 mL sample solution containing
ca. 15 ng total Se. Our measurement yields 85%/75Se of 0.18 + 0.03%o
(20, n = 3). This value is also within uncertainty to 0.24 * 0.25%o
(20, n = n. g.) reported by Rouxel et al. (2002). It is important to note
that the isotopic composition obtained is unlikely to represent a mantle
reference value as mantle processes are not entirely understood yet. The
pioneering study by Rouxel et al. (2002) reported a large variety of
different geological materials. It is also noteworthy that accurate stable
Se isotope measurements down to the lower ng level have been re-
ported by (Zhu et al., 2008). Both groups however reported Se isotope
data from analysis on different instruments compared to a Neptune-
Plus™. While Zhu et al. (2008) and further colleagues of Prof. T.
Johnson at the Department of Geology, University of Illinois at Urbana-
Champaign (e.g. Mitchell et al., 2012; Schilling et al., 2011) analyzed
Se isotopes on a NuPlasma, Rouxel et al. (2002) used a Micromass
IsoProbe plasma source instrument with collision/reaction cell tech-
nology, which suppressed the formation of polyatomic interferences
down to insignificant levels. However, neither this instrument nor an-
other MC-ICP-MS with collision/reaction cell technology is commer-
cially available at the present. The ThermoFisher Scientific® Neptune-
Plus™ used in this study could be used in medium- or high-mass
resolution mode, as a strategy to resolve polyatomic interferences from
monoatomic ion beams at a given m/z ratio (Weyer and Schwieters,
2003). Unfortunately, this technique clips the ion beam leading to a
significant decrease in ion beam intensity to 15% for medium- and to
8% for high-mass resolution compared to the normal low-mass re-
solution measurement mode. In medium- or high-resolution modes, it is
thus impossible to obtain accurate Se isotope compositions on analytes
with lower than 15ng total Se, even with the efficient sample in-
troduction to the plasma promoted by a hydride generator. At a low-
mass resolution measurement mode on the NeptunePlus™ MC-ICP-MS,
however, background signals mainly from Ar dimers are in the range of
tens of mV at m/z of 74, 77, 78 and 82 and are very large (20-25 V) at
m/z of 80 (i.e. “°Ar/*°Ar™) using amplifier resistors of 10 Q. In
comparison, Rouxel et al. (2002) only report background levels on their
Micromass Isoprobe at m/z = 80 to be < 1 mV (using a 10! Q am-
plifier resistor). Here, we report the first Se measurement method on
the ThermoFisher Scientific® NeptunePlus™ MC-ICP-MS that minimizes
the problem of major polyatomic interferences on Se isotope masses by
introducing methane. Together with a hydride generation system, this
additionally increases the Se signal and thus enables the measurement
of materials with Se concentrations in the range of 15 ng with a 20
reproducibility of ca. 0.10%0 and of 5ng with a reproducibility of
0.20%o. This is significant because it allows a systematic Se isotope
investigation of many planetary reservoirs such as the Earth's mantle,
which is characterized by low Se concentrations (peridotites: ~1-
150 ng g~ ! (Konig et al., 2014); MORB: 120-200 ng g~ ! (Lissner et al.,
2014)) as well as different sulfides and minerals (e.g. mantle sulfides
range from 20 to 280 pg g~ '-Se (e.g. Hattori et al., 2002)).

4. Conclusions

(1) The method presented here allows to employ a ThermoFisher
Scientific® NeptunePlus™ for the accurate determination of Se iso-
tope ratios. The method is based on a double spike to account for
fractionation induced during all stages of sample preparation and
combines hydride generation with the introduction of methane,
which results in a two- to three-fold Se signal increase and back-
ground suppression by a factor of two.

(2) Accurate Se isotope measurements with a reproducibility
of < 0.10%o (20) on 8%2/7°Se are obtained on 1 mL sample solution
with a total of 15ng Se. With lower Se quantities down to
5ng mL~"! a reproducibility of 0.20%o (20) is obtained on 8%%/7°Se.

(3) Our analytical approach for Se isotope analysis pushes the
boundary for the investigation of geological materials and single
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minerals with low Se concentrations (200 ng g~ * down to tens of
ngg~ ') and thus allows investigating Se-depleted planetary re-
servoirs such as the terrestrial mantle and other high-temperature
environments by employing a commercially available instrument,
the ThermoFisher Scientific® NeptunePlus™ MC-ICP-MS. As a first
result we report a 852/7%Se value of 0.18 + 0.03%o (20; n = 3) for
the USGS reference basalt BCR-2. This value should not be regarded
as mantle reference value as processes in the Earth's mantle that
might produce Se isotopic fractionations cannot be ruled out.
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ARTICLE INFO ABSTRACT

Editor: Catherine Chauvel Investigating the isotope systematics and behavior of selenium in subduction zones provides valuable insights
into mechanisms that contribute to chalcophile and moderately volatile element distribution between terrestrial
reservoirs. In this study, we present high-precision Se isotope and Se-Te elemental data on subduction zone lavas
from the Mariana arc system. Our results indicate that Se-Te concentrations are unaffected by submarine de-
gassing but are affected by magmatic differentiation. In contrast, Se isotopes of submarine lavas are unaffected
by both magmatic differentiation and degassing and thus may preserve their magmatic source signature.
Compared to the average Se isotope composition previously obtained for mantle-derived samples (8%%
76Se = 0.23 * 0.12%o, 25.d., n = 5), suitable to represent the Mariana pre-subduction wedge, Mariana lavas
show a larger overall range (§%/7°Se from 0.03 to —0.33%o, n = 21) with a clear tendency towards lighter Se
isotope compositions. The variable Se isotope signatures within the Mariana suite can further be attributed to
different slab-derived fluid and melt-like subduction components. This provides evidence for a significant role of
subduction recycling of hydrothermal sulfide-containing altered oceanic crust and pelagic sediments with pos-
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sible implications for the Se isotope evolution of the crust-mantle system throughout geological time.

1. Introduction

Constraining the behavior of elements in subduction zones provides
valuable insights into their distribution and (re)cycling between surface
and igneous reservoirs throughout Earth's evolution. The distribution of
the chalcophile and moderately volatile elements sulfur (S), selenium
(Se) and tellurium (Te) are of particular interest because they provide
insights into Earth's volatile origin and evolution (Konig et al., 2014;
Wang and Becker, 2013). Selenium and Te are ultra-trace elements with
two orders of magnitude lower abundances in Earth's mantle compared
to CI chondrites. Their abundances however, are still higher than ex-
pected from metal-silicate partitioning experiments (Rose-Weston et al.,
2009), which predict S, Se and Te to be very effectively scavenged from
Earth's mantle into its core during metal core formation. This may be
reconciled with a late accretion of chondritic material (late veneer
hypothesis; e.g. Kimura et al., 1974) following core-mantle differ-
entiation. The relative abundances of S-Se-Te in mantle rocks believed
to represent the primitive upper mantle (PUM) signature are near-
chondritic, which was interpreted as evidence for replenishment of
Earth's mantle by accretion of chondritic late veneer material (Wang

* Corresponding author.
E-mail address: timon.kurzawa@uni-tuebingen.de (T. Kurzawa).

https://doi.org/10.1016/j.chemge0.2019.03.011

and Becker, 2013). However, this interpretation conflicts with the non-
chondritic sulfur isotopic composition of the Earth's mantle (Labidi
et al., 2013), which has been attributed to partial incorporation of S
into the Earth's core and thus substantial pre-Late Veneer existence of
volatiles (Labidi et al., 2016). Alternatively, the observed near-chon-
dritic Se/Te ratios in fertile peridotites might be the result of re-
fertilization and thus represent secondary magmatic processes (Harvey
et al., 2015; Konig et al., 2014; Lorand and Alard, 2010; Luguet et al.,
2015). The fertile peridotite signature for adequate representation of a
PUM model composition remains therefore controversially debated
(Konig et al., 2015a; Konig et al., 2014; Konig et al., 2015b; Wang and
Becker, 2013; Wang and Becker, 2015).

Investigation of the Se isotopic composition of the Earth's mantle
offers a novel approach to investigate the origin and evolution of vo-
latiles. This requires firm constraints on the Se isotopic composition of
the different terrestrial reservoirs. Within this scope, the role of sub-
duction zone processes on the Se isotope composition of the mantle is
relevant because of large concentration and isotope differences between
Earth's mantle and crust (Jenner, 2017; Jenner et al., 2012; Lissner
et al., 2014; Rouxel et al., 2002; Yierpan et al., 2018). As in mid-ocean
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ridge settings, Se elemental signatures of subduction zone lavas are
affected by sulfide segregation during magma differentiation (Brenan,
2015; Hamlyn et al., 1985; Jenner, 2017; Lissner et al., 2014) and these
processes must therefore be considered in order to adequately interpret
the Se isotope composition of arc lavas. Due to the different partitioning
behavior of Se and Te in sulfides (i.e. partitioning into distinct sulfide
phases), Se-Te systematics are a valuable tracer of the relative influence
of the different sulfide populations involved during magmatic differ-
entiation and partial melting (Brenan, 2015; Yierpan et al., 2019). In-
terpretation of the Se isotope composition of subduction zone lavas
therefore benefits significantly from combined Se isotope and Se-Te
elemental investigations. Recently, Kurzawa et al. (2017) and Yierpan
et al. (2018) presented refined analytical techniques for both chemical
purification and high-precision analyses of Se-Te concentrations and Se
isotope compositions on samples with low total amounts of Se and Te.
These analytical advancements provide the potential to investigate the
Se isotope signature of low ng Se-bearing silicate rocks in the context of
their Se-Te elemental signatures. This helps to evaluate the different
petrogenetic processes involved in mantle melt evolution and ulti-
mately to decipher the role of subduction recycling on the Se isotope
composition of the mantle.

Studies on V, Fe and TI isotopes (Prytulak et al., 2013; Prytulak
et al., 2017; Williams et al., 2018) have been conducted on samples
from the Mariana arc system to (i) investigate the oxygen fugacity of the
mantle source (using V isotopes), to (ii) explore the interplay of sulfide
saturation and segregation as well as crystal fractionation on the iso-
tope composition of arc lavas (Fe and V isotopes) and to (iii) trace
subduction zone inputs (using Tl isotopes). These studies concluded
that Fe and V isotope signatures of magmatic rocks cannot directly be
used as redox proxies without considering the influence of magmatic
processes such as partial melting and differentiation. Yet, the timing of
sulfide saturation and magnetite crystallization and associated isotope
fractionations could be constrained.

In this study we focus on a suite of well-characterized, submarine
arc lavas dredged from the Mariana subduction system (Fig. 1), which
already have been the focus of a pioneering work on S isotopes (Alt
et al., 1993). This suite may hence provide the geochemical background
for first Se isotope constraints on chalcophile element recycling in
subduction zones.

2. Geodynamic and geochemical context of sample materials

The Mariana arc-basin magmatic system (herein referred to as the
Mariana system) extends over a distance of 2800 km (N-S) and con-
stitutes the southern extension of the Izu-Bonin-Mariana subduction
zone. The Mariana system is the result of westward subduction of the
Pacific Plate along the Mariana trench beneath the Philippine Sea Plate
initiated in the early Eocene (e.g. Stern and Bloomer, 1992; Stern et al.,
2003). It can be subdivided into the Mariana island arc, which is an
arcuate alignment of ~40 subaerial and submarine volcanoes, and the
Mariana trough, an actively spreading back-arc basin (e.g. Pearce et al.,
2005).

A total of 21 glassy samples from the submarine Mariana arc and
trough sections (Fig. 1) were analyzed in this study. Among these are
12 samples from the active Mariana arc. These samples were either
dredged (Fukujin, Eifuku and S. Daikoku) or collected by submersible
(Kasuga) at collection depths of ~800-2900 mbsl (Alt et al., 1993).
Additionally, 9 samples from two trough localities (18°N and 22°N)
were analyzed, that were obtained by submersible or dredging at col-
lection depths of ~2800-3700 mbsl. The samples are mainly basalts,
basaltic andesites and andesites (Alt et al., 1993). Samples were pet-
rographically classified into three groups: (i) ‘glass’, (ii) ‘glassy’ and (iii)
‘microcrystalline’ (see Alt et al., 1993). Some materials analyzed here
have previously been analyzed including for S, Sr and Nd isotopes and
major and trace element systematics (Alt et al., 1993 and references
therein). These studies showed that back-arc lavas from 22°N and a
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single trough rock from 18°N (1846-9; Alt et al. (1993)) carry a strong
arc signature, as inferred from trace element and Sr-Nd-Pb isotope
systematics, which can be explained by addition of an arc component to
a MORB mantle (e.g. Stern et al., 1990). Based on this observation, we
suggest the subdivision of the following groups among the samples
analyzed: back-arc samples at 18°N, arc-like samples at 22°N (and
sample 1846-9 from 18°N) (where the back-arc basin intersects the arc)
and arc samples from submarine volcanoes (Kasuga, Fukujin, Eifuku,
S.Daikoku). These subdivisions also account for different subduction
components that comprise shallow, deep and total slab-derived con-
tributions as expressed by Ba/Th, Th/Yb and Ba/Yb, respectively
(Pearce et al., 2005). The shallow subduction contribution results from
early dehydration of the slab and migration of fluids from the slab-
mantle interface into the sub-arc mantle wedge (arc and back-arc).
Deep subduction additions are explained as sediment-derived melt-like
components (mainly arc). The flux of subduction components in not
limited to vertical transport but also includes lateral transport (Stolper
and Newman, 1994 and references therein). In previous studies, the
sub-arc mantle wedge has been interpreted to act as chromatographic
column diluting the subduction input in arc-distal areas. However, as-
sessing these mechanisms in these arc-distal areas is not the aim of this
study and we rather focus on how the different and variable subduction
components influence the Se isotope systematics of arc-related melts.

3. Analytical techniques
3.1. Reagents, materials, major- and trace element analyses

Glass free of coatings and alteration was carefully handpicked from
each sample, followed by multiple washing steps in dilute HCl and
distilled water and were finally ground to powder (Alt et al., 1993).
Sulfur concentrations of these samples were already published by Alt
et al. (1993). In addition to Se isotope measurements and Se-Te con-
centration analyses, selected samples were also analyzed for major and
trace element concentrations. All analyses were performed in the ISO-5
(US FED standards class 100) clean-room facilities of the Isotope Geo-
chemistry at the University of Tiibingen, Germany. All reagents used
during digestion, sample preparation and measurements were distilled
from MERCK Millipore Emsure™ grade HCl (37%) and HNO3 (65%)
using Savillex™ DST-1000 Acid Purification Systems. Reagents were
diluted to required molarities to + 0.03molL ™' as checked by titra-
tion. Ion exchange resins, beakers, pipette tips and centrifuge vials were
pre-cleaned with multi-step HCl and HNO; treatments. A Merck Milli-
pore Milli-Q™ system was employed to further purify de-ionized water
to 18.2 MQ-cm at 25 °C.

Previously determined major element data was complemented and
trace elements were measured for the entire Mariana sample suite (Alt
et al., 1993) during this study using a ThermoFisher Scientific iCAP Qc
quadrupole ICP-MS housed at the Isotope Geochemistry Laboratory at
the University of Tiibingen following the analytical procedure by Albut
et al. (2018). Due to limited sample material, all major and trace ele-
ment concentrations of samples were determined together with rock
reference materials AGV-2 (for major element data, n = 2) and BHVO-2
and BIR-1a (for trace element data, n = 2 and 1, respectively). Analy-
tical precision for most analyzed trace elements is better than 2% r.s.d.
except for Be, As, W and U with analytical precisions better than 5%
r.s.d. Obtained trace element concentrations of rock reference materials
match those reported by Jochum et al. (2016) (see Supplemental In-
formation). For major element analysis, 0.1 g of homogenized sample
material was fused together with 0.5g of Spectromelt® to produce a
fused glass bead, which was subsequently dissolved in 0.45molL ™!
HNOs in a Teflon beaker agitated in an ultrasonic bath and diluted by
addition of an internal standard solution before final measurement. For
determination of trace element concentrations, 0.02g homogenized
powder of each sample were weighted into Teflon beakers and digested
at 120 °C in a mixture of concentrated HF and HNO; (5:1, v/v). After
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Fig. 1. Locality map for the Mariana arc system and locations of samples. Analyzed samples are from submarine seamounts (bold labels) and from two back-arc
regions (shaded rectangular boxes). Modified after Alt et al. (1993 and references therein).

dry down, the samples were taken up in 6 mol L~ HCl and heated in
closed beakers to break up existing fluoride complexes. The sample
solutions were again evaporated to dryness, converted to nitrite form
and subsequently diluted with an internal standard solution before final
measurement.

3.2. Se concentration analyses

Pre-determination of Se concentration of an unknown sample is
required in order to know the amount of double spike to be added to the
sample for precise Se isotope analysis with ideal double spike-sample
ratio of ~1:1 (Kurzawa et al., 2017). For the pre-determination of Se
concentrations via isotope dilution, we followed the procedure de-
scribed by Yierpan et al. (2018). For this, we weighed 0.02 g sample
material (equivalent to 2ng total Se assuming a Se concentration of
100ng g~ 1) in Teflon beakers, added an adequate amount of 7*Se-""Se
double spike and digested the mix with an acid mixture of 5:1 (v/v)
conc. HF: conc. HNOj; in closed Teflon beakers at 85 °C. The digested
samples were then dried at 65 °C followed by conversion, heating and
dry down steps (see Yierpan et al., 2018) in 6 mol L™ ! HCI before Fe
was removed by means of anion exchange chromatography. Fe-free cuts

were then diluted to 0.5-1ngmL~' Se and finally measured on the
iCAP Qc ICP-MS using hydride generation following the protocol of
Yierpan et al. (2018).

3.3. Se isotope and Te concentration analyses

Chemical purification of Se and Te for subsequent Se isotope and
Se-Te concentration analyses was achieved following the protocol by
Yierpan et al. (2018) as it allows to simultaneously purify Se and Te
from a single sample digest with high yields. Briefly, this involves
weighing sample material equivalent to ~30ng Se (exact Te amount
uncritical) into conventional perfluoralkoxy (PFA) beakers, adding
adequate amounts of 7*Se-""Se double spike (1:1; sample Se: double
spike Se) and '*°Te single spike (exact single spike amount less critical)
and digesting the sample-spike mixtures in an acid mixture of 5:1 (v/v)
conc. HF: conc. HNO3 in closed beakers on a hotplate at 85 °C for 48 h.
Se and Te were purified from sample solutions by a two-step ion ex-
change chromatography. In a first step, we employed an anion ex-
change column to remove Fe and collect purified Te. In a second step,
Se was purified using a cation exchange column to remove remaining
cations. Te concentrations were then determined by hydride generator
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Combined Se isotope compositions and Se—Te concentrations of Mariana samples and international rock reference materials (United States Geological Survey, USGS;

Geological Survey of Japan, GSJ).

Sample Location Rock type Si0, MgO analyses 8%27%Se  2s.d.t Se 1s.d. Te 1s.d. Se/Te s*
wt%  wit% n (%o) (%o0) (ngg™) (ngg™" (ngg™" (mgg™H (ngg™H
15161 arc, Fukujin andesite 58.0 2.95 1 —0.24 0.10 102 3 1.57 0.05 65 50
1580 arc, Fukujin andesite 59.7 2.00 1 -0.14 0.10 77 2 0.16 < 0.01 481 40
15117 arc, Fukujin andesite 60.6 1.98 1 -0.16 0.10 83 2 0.21 < 0.01 393 50
15146 arc, Fukujin andesite 56.7 2.86 1 —0.08 0.10 124 4 2.04 0.06 61 30
D35-1-4 arc, Fukujin andesite 56.0 3.13 2 0.03 0.10 81 2 0.71 0.02 113 10
1880-3 (K2)* arc, Kasuga basalt 51.2 5.42 6 -0.18 0.10 119 4 4.21 0.13 28 150
1883-5 (P) arc, Kasuga bas. Andesite 52.3 5.46 1 —-0.01 0.10 87 3 6.40 0.19 14 120
1885-6 (K3) arc, Kasuga bas. Andesite 54.6 5.80 2 —-0.13 0.10 66 2 2.57 0.08 25 110
1884-10 (K3) arc, Kasuga basalt 50.3 7.39 2 —0.09 0.10 142 4 4.57 0.14 31 200
D31-3-1 arc, Eifuku bas. Andesite ~ 52.7 3.49 1 —0.09 0.10 165 5 0.78 0.02 212 20
D25-3 arc, S.Daikoku bas. Andesite 54.2 3.89 1 —-0.25 0.10 147 4 0.79 0.02 186 50
D25-1-4 arc, S.Daikoku andesite 57.5 3.02 1 —-0.16 0.10 134 4 1.58 0.05 85 60
1838-13 back-arc, 18°N  bas. Andesite ~ 52.7 5.68 2 —0.03 0.10 113 3 1.31 0.04 86 930
1839-3 back-arc, 18°N basalt 48.5 7.68 1 —0.02 0.10 133 4 3.90 0.12 34 780
1841-18 back-arc, 18°N  basalt 50.5 7.84 1 —0.05 0.10 132 4 3.79 0.11 35 620
1846-12 back-arc, 18°N  basalt 50.8 7.00 2 —0.02 0.10 234 7 7.00 0.21 33 930
1846-9 arc-like, 18°N basalt 49.7 6.95 1 —-0.16 0.10 169 5 4.70 0.14 36 370
1881-4* arc-like, 22°N bas. Andesite 53.0 6.05 3 —-0.13 0.10 74 2 1.82 0.05 41 280
D65-4 arc-like, 22°N bas. Andesite ~ 53.9 4.78 2 -0.25 0.10 138 4 1.07 0.03 129 200
D67-10 arc-like, 22°N basalt 49.8 8.47 1 -0.33 0.10 182 5 3.03 0.09 60 930
D68-4 arc-like, 22°N basalt 50.4 8.89 1 —-0.18 0.10 125 4 1.55 0.05 81 490
USGS BHVO-2** basalt 1 0.16 0.10 166 5 14.1 0.42 12
GSJ JB-2 basalt 3 -0.19 0.10 153 5 3.78 0.11 40
GSJ JB-3 basalt 2 0.16 0.10 67 2 1.03 0.03 65

Se isotope data reported relative to Se reference solution NIST SRM-3149. *Samples 1881-4 and 1880-3 (K2) were used to assess external reproducibility, see
Supplementary Information. +Uncertainty on Se isotope compositions is conservatively set to be 0.10%o as derived from multiple digested and analyzed samples
during different measurement sessions. **BHVO-2 was analyzed together with Mariana samples and published by Yierpan et al. (2018) with long-term BHVO-2
reproducibility of 0.18 + 0.10%o (2s.d., n = 8, multiple analytical sessions over 6 months). Uncertainty on Se-Te concentrations conservatively expressed as 3%
relative standard deviation. ™S concentrations from Alt et al. (1993). For reference concentration data of GSJ JB-2 and JB-3 see Supplementary Information.

quadrupole ICP-MS on the iCAP Qc instrument and Se isotopes and
concentrations were measured by hydride generation multi-collector
ICP-MS on the ThermoFisher Scientific NeptunePlus™ instrument of the
Isotope Geochemistry laboratory, University of Tiibingen. Typical sig-
nals on ®2Se (using an amplifier resistor of 10’ Q) on a 30 ngmL ™' Se
solution with operating parameters similar to those reported by
Kurzawa et al. (2017) generally are 0.8-0.9 V. During Te concentration
measurements on the iCAP Qc ICP-MS using similar operating para-
meters to those of Yierpan et al. (2018), ~55000cps on '**Te were
obtained for a Te standard solution of 0.5ng mL™!. Se isotopes and Te
concentrations of samples were determined at similar signal intensities
compared to those of standard solutions. For detailed descriptions of
analytical techniques employed see Kurzawa et al. (2017) and Yierpan
et al. (2018). All Se isotope compositions obtained during this study are
reported relative to the NIST-3149 Se reference solution. Measurements
of the inter-laboratory standard solution MH-495 yielded an average
value of 8%%/75Se of —3.25 + 0.08%o (2s.d., n = 26, 30ngmL ™' so-
lutions, see Supplemental Information), in agreement with previous
studies (Kurzawa et al., 2017; Labidi et al., 2018; Yierpan et al., 2019;
Yierpan et al., 2018 and references therein). The external reproduci-
bility for sample materials was derived from two multiple digested
samples (arc-like 1881-4; Kasuga 1880-3 (K2)) during different mea-
surement sessions and is 0.10%o (2s.d., n = 3 and n = 6, respectively;
Supplemental Information). All samples were measured together with
the international rock reference material USGS BHVO-2 that has been
published by Yierpan et al. (2018). Further, we provide Se isotope and
Se-Te concentration data for the international rock reference materials
JB-2 and JB-3 (Geological Survey of Japan). Obtained Se-Te con-
centrations are in agreement with data reported in the literature (see
Supplemental Information). Long-term analytical reproducibility for
both Se and Te concentration determinations are ~3% r.s.d. The main
advantage of the procedure by Yierpan et al. (2018) followed here is
that it yields very low blanks. Accurate isotopic compositions of pro-
cedural blanks cannot be determined because blank levels are always
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insignificant (at background level; e.g., ~0.05 and 0.01 ng for Se and
Te, respectively; see Yierpan et al. (2019)). However, Kurzawa et al.
(2017) showed high accuracy for low Se-containing solutions with
various blank levels (up to 1ng) that confirms a negligible blank con-
tribution for a given isotopic composition.

4. Results
4.1. Major and trace elements

All samples show 48 to 61 wt% SiO, and 2 to 9 wt% MgO (Table 1)
and are classified as basalts, basaltic andesites, andesites. Relative to
the back-arc samples (MgO between 5 and 9 wt%) and with the ex-
ception of the Kasuga samples, the arc samples are more differentiated
showing MgO contents of 2 to 4 wt%. The Kasuga samples are more
primitive as indicated by lower SiO, and higher MgO contents of <
55wt% and > 5wt%, respectively. The samples from S.Daikoku, Ei-
fuku, Fukujin and both back-arc localities follow the tholeiitic fractio-
nation trend whereas samples from Kasuga follow calc-alkaline to
shoshonitic fractionation trends (Alt et al., 1993). In terms of major
element composition samples from both back-arc localities (18°N and
22°N) are indistinguishable from each other. Our new trace element
data are in accordance with previous observations (Stern et al., 2003
and references therein) in that primitive mantle normalized trace ele-
ment diagrams (after Palme and O'Neill, 2014) for the Mariana arc and
trough samples all show marked enrichments in large ion lithophile
elements and light rare earth elements such as Rb, Ba, U, K, Pb, Sr, La
and Ce, show arc-typical relative depletions in high field strength ele-
ments (HFSE) (e.g. Nb, Ta, Zr, Hf) and relatively low heavy rare earth
element concentrations (e.g. Tb, Er, Yb) (Fig. A.1). They share these
characteristics with other arc volcanic rocks from the Mariana arc (e.g.
Elliott et al., 1997). In addition, our new trace element data are in
agreement with the previous observation (see Section 2 and references
therein, e.g Pearce et al.,, 2005) that the back-arc samples are
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dominated by slab-derived fluid enrichment (elevated Ba/Th compared
to primitive mantle) and the arc samples additionally contain a marked
sediment-melt subduction component (similar Ba/Th but higher Th/Yb
and Ba/Yb than the back-arc suite).

4.2. S-Se-Te concentrations

The arc samples exhibit S contents in the range of 10 to 200 ug g~ .
Compared to those, back-arc and arc-like samples are characterized by
higher S contents between 200 and 930 ugg ™' (Alt et al., 1993). Se-
lenium concentrations of back-arc samples are on average
153 + 55ngg ' (1s.d., n = 4), similar to those from arc-like samples
with an average of 138 + 42ng g_1 (1s.d., n = 5) (Fig. 4a). In con-
trast, the arc samples show lower Se contents with an average of
111 + 32ngg ! (1s.d, n = 12) (Table 1) and can vary significantly
between volcanoes and even within one individual volcano (e.g. Ka-
suga). Sulfur/Selenium ratios of back-arc and arc-like samples range
from 2190 to 8230 and 1450 to 5110, respectively (Fig. 3d). The arc
samples show generally lower S/Se ratios in the range of 120 to 1680
(Fig. 3d).

Tellurium concentrations of back-arc and arc-like samples show
average concentrations of 4.0 + 2.3ngg ' (Is.d, n=4) and
2.4 = 1.5ngg ! (1s.d.,n = 5), respectively (Fig. 4b). The arc samples
are characterized by Te concentrations with an average of
2.1 + 2.0ngg~! (1s.d.,, n = 12). The Te concentrations of some arc
samples (n = 5, e.g. back-arc sample 1846-9) analyzed by Vi et al.
(2000) are in good agreement with those obtained in this study. The
Se—Te ratios are controlled by variable Te concentrations and are most
variable within the arc samples ranging from 14 to 481. It is note-
worthy, that the Se/Te ratios of the Kasuga volcano are among the
lowest of all arc samples with typical Se/Te between 14 and 31. Two
samples from Fukujin are characterized by very low Te concentrations
(< 1ngg™"; see Table 1) and thus have the highest Se/Te ratios (393
and 481, respectively).

4.3. Se isotope composition

The average §%%/7°Se of the back-arc samples is —0.03 + 0.03%o
(2s.d., n = 4) whereas the average 85%/7°Se of the arc-like samples is
—0.21 = 0.16%o (2s.d., n = 5) (Figs. 2 and 5a). The arc samples ex-
hibit Se isotopic compositions that average at —0.13 + 0.17%o (2s.d.,
n = 12) (Figs. 2 and 5a). The Se isotope compositions of the samples are
not related to silicate differentiation as inferred from the absence of
covariation of MgO and 8%%/7°Se (Fig. 5a). Furthermore, the §%%/7°Se of
the samples are unrelated to the collection depths (Fig. 3b).

Interestingly, the back-arc samples are isotopically heavier than the
arc and arc-like samples, which overlap in their Se isotope composition
with recent Se isotope data of MORBs from the Pacific Antarctic Ridge
(PAR; Yierpan et al., 2019). However, it is very important to note that,
Mariana samples originate from a different mantle domain than Pacific-
type MORBs. Volpe et al. (1990) concluded from Sr, Nd and Pb isotope
ratios of Mariana Trough basalts (equivalent to back-arc samples ana-
lyzed in this study), that the mantle beneath the back-arc region of the
Mariana arc is isotopically similar to average Indian-type MORB. Most
likely, this also applies to the mantle wedge beneath the Mariana arc,
similar to complex dynamics revealed for other SW Pacific arcs (e.g.
Konig et al., 2007; Schuth et al., 2011). In contrast, PAR basalts origi-
nate from the Pacific mantle domain that is isotopically depleted
compared to the Indian mantle domain (Ito et al., 1987). Thus, the
Indian mantle domain resembles an enriched mantle reservoir com-
pared to the Pacific mantle domain, which precludes a direct compar-
ison of the PAR data and our Mariana data. Given the absence of lit-
erature 85%/7°Se data for the Indian mantle domain, the Mariana pre-
subduction wedge may be best represented by melts that originate from
enriched reservoirs that are isotopically heavier as indicated also by the
heavier back-arc compared to arc lavas analyzed here (Fig. 2). Hence, a
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suitable Mariana pre-subduction background is provided by the most
recent data of worldwide, non-subduction-related basalts (BHVO-2,
BCR-2, BIR-1a and BE-N) by Yierpan et al. (2018) and the reported
peridotite (PCC-1) value of Rouxel et al. (2002), which yield an average
8%2/75Se of 0.23 + 0.12%0 (25.d., n = 5). Compared to this value, all
Mariana samples, including for the back-arc, show isotopically lighter
Se isotope compositions (Fig. 2). Note, that especially the arc and arc-
like samples display a greater variability in their §%%7°Se (e.g. Fig. 2)
compared to the more homogeneous and slightly isotopically heavier
back-arc lavas. We conducted t-tests to evaluate the statistical sig-
nificance of the different averages of the distinct sample suites relative
to the pre-subduction mantle. The three obtained two-tailed p values for
the back-arc, the arc-like and the arc samples each relative to the pre-
subduction mantle equal t(7) = 4.18, p = 0.0042, t(8) =4.92,
p = 0.0012 and t(15) = 4.27, p = 0.0007, which are all statistically
very significant.

5. Discussion

5.1. No effect of degassing on Se isotope signatures of submarine Mariana
lavas

Previous work on Mariana arc lavas showed heavier S isotope sig-
natures compared to the mantle, which was suggested to mirror re-
cycling of subducted sediments (Alt et al., 1993). A trend of decreasing
S contents (Fig. 3a) and low S concentrations in highly vesicular
Mariana lavas suggests that partial extrusive degassing of S can occur in
submarine environments despite the great pressures of overlying water
columns (Alt et al., 1993; Davis et al., 1991). Considerable differences
in S concentrations of lavas erupted under submarine conditions may
result from partial eruptive degassing, the degree of crystal fractiona-
tion, different conditions and percentages of partial melting and var-
iations in source conditions (Davis et al., 1991). An assessment of these
processes and their role on S isotope compositions is beyond the scope
of this study. Importantly, Se contents and Se isotope compositions of
our samples do not systematically change with water depths (Fig. 3b,
c), nor do Se contents correlate with Se isotope compositions (Fig. 5b).
Moreover, Se concentrations of our samples are independent from S as
inferred from a lack of covariation between these elements (Fig. 3d) in
contrast to a correlation of S/Se ratios controlled by S (not shown).
Therefore, irrespective of the process affecting S, we rule out Se loss and
Se isotope fractionation due to eruption-related degassing.

Recently, Jenner et al. (2010) reported similar Se concentrations in
volcanic rocks derived from the Manus back-arc basin (north-east of
Papua New Guinea) compared to MORB and concluded, that the Se
contents remain unchanged during eruption associated degassing,
which is in accordance with our conclusion. The decoupling of Se from
S in terms of their degassing potential might be due to the fact that Se
becomes oxidized only at elevated fO,, or Eh, compared to S as earlier
proposed by Jenner et al. (2010 and references therein). This implies
that Se is retained whereas S (oxidized at given Eh) is lost.

5.2. Magmatic differentiation

Although submarine Mariana arc lavas from the shallowest depths
contain the lowest S contents (Table 1), back-arc lavas from rather
constant and great depths (> 3000 mbsl) also show very variable S
contents (~200-1000 pg/g ~1). This suggests that a process unrelated to
changing water column pressure (such as potential degassing and
magmatic differentiation) also affected the S contents of the lavas. Since
all our samples show MgO contents between ~9 and 2 wt% (Table 1)
the effect of magmatic differentiation and potential sulfide segregation
needs to be considered when interpreting chalcophile element con-
centrations and in particular potential Se isotope variations.

Geochemical evidence for sulfide segregation stems from trends of
chalcophile element concentrations (Cu, Se and Te) and V/Sc versus
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Fig. 2. Compilation of Se isotope compositions of Mariana
lavas analyzed in this study and literature data. Data for deep-
sea sediments, hydrothermal sulfides, hydrothermally altered
basalts and the silicate Earth from Rouxel et al., (2002) are
averaged values. Additional data for hydrothermal sulfides
from Rouxel et al. (2004). Silicate Earth value by Rouxel et al.
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MgO (Fig. 4) (Jenner, 2017 and references therein). Before ~7 wt%
MgO the concentrations of Se, Te (and some Cu) increase, followed by a
drop in concentrations (Fig. 4a-c). A different phase than sulfide has to
account for the observed changes in Se-Te-Cu concentrations, because
the melt is under-saturated in sulfides at this stage of melt differentia-
tion (Jenner et al., 2015; Jenner et al., 2010). In the case of the pla-
tinum group elements (PGEs), a Pt-rich alloy has been identified to be
the most likely source of PGE depletion during early stages of fractional
crystallization before the magnetite crisis and segregation of sulfides
(Jenner et al., 2015; Park et al., 2013). Thus, it is likely that Se and
(especially) Te are concentrated in alloys (e.g. tellurides; Konig et al.,
2015a) that crystallize from sulfide under-saturated melts.

From ~6 to ~3wt% MgO, Se and Cu concentrations increase
whereas Te concentrations still decrease, which might be due to in-
corporation of Te into Pt-Te-alloys (Fig. 4b). Note, that the observed
trend seen for Cu concentrations (Fig. 4c) is also evident from Cu data
reported in the literature (Jenner et al., 2015; Williams et al., 2018). At
~3wt% MgO and contents of Cu, Se and Te in the melt show a pro-
nounced scatter, possibly related to appearance of sulfides, which are
not fully segregating (previously inferred by Williams et al. (2018)).

At 2.8 wt% MgO, magnetite appears on the liquidus as inferred from
the onset of decreasing V/Sc that is accompanied with a decrease in the
Fe®™ /3Fe ratio leading to a decline in fO, (Jenner et al., 2010). At this
stage sulfide becomes saturated in the melt and finally segregates, thus
scavenging Se, Te and Cu, albeit to different extents (more pronounced
decrease of Cu and Te contents compared to Se; Fig. 4). This is related
to a lower sulfide-silicate melt partition coefficient of Se compared to
Cu.

Whereas the exact processes responsible for the unsystemtic varia-
tions in Cu, Se and Te concentrations remain to be constrained, it is
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important to investigate potential correlations between Se concentra-
tions and an index of differentiation, such as MgO, with Se isotope
variations. Previous studies (Prytulak et al., 2017; Williams et al., 2018)
involving Mariana arc lavas showed that for both V and Fe, significant
isotope fractionation is induced as a consequence of magnetite frac-
tionation and sulfide segregation, respectively. Both studies identified
heavier isotope compositions following the ‘magnetite-crisis’ at ~2.8 wt
% MgO, consistent with preferential scavenging of isotopically light V
and Fe into magnetite and sulfide phases.

Such a link between sulfide saturation and Se isotope fractionation
is not observed in our study. No trend between the Se isotope compo-
sition and MgO or Se is seen (Fig. 5a,b), which suggests that magmatic
differentiation processes significantly affect both Se and other chalco-
phile element contents of the samples analyzed (Fig. 4), but do not
result in Se isotope fractionation. This is in agreement with observa-
tions and conclusions based on a dry magmatic suite from the PAR
(Yierpan et al., 2019). As neither degassing nor magmatic differentia-
tion affect the Se isotope compositions of our samples, the isotopic
variations among Mariana samples, particularly systematic differences
between back-arc and arc samples are most likely related to their re-
spective source composition.

5.3. Different subduction components and their influence on the Se isotope
composition of arc lavas

The 8%%/7%Se signatures of Mariana lavas show a relatively large
range and overall lower values compared to a rather confined range for
the Mariana pre-subduction mantle, represented by basaltic melts and
peridotite from intraplate and ridge settings, but without any subduc-
tion-related origin. Thus, 8%%7°Se signatures of Mariana lavas seem
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indeed intrinsic to their subduction zone origin (Fig. 2). The Se isotope
compositions of the Mariana lavas represent that of their mantle sources
in contrast to their elemental budget that is compromised by magmatic
differentiation (see Section 5.2). Se isotopes of Mariana lavas may thus
trace the slab-derived contribution and be related to potential recycling
of Se in subduction zones. Although the Mariana system is highly
complex, the natures of subduction components (i.e. fluid-like and
melt-like components, see Sections 2 and 4.1) added to the sub-arc
mantle are broadly classified via different incompatible trace element
systematics (Pearce et al., 2005). Any covariations between these
proxies of subduction components and Se isotope compositions could
therefore help to assess potential subduction recycling of Se. Slab-de-
rived fluids and sediment melts may influence the Se isotope compo-
sitions of Mariana lavas to different extents. Fig. 6a shows variable Ba/
Th and Th/Yb ratios indicating that Mariana arc lavas are affected by
both subduction components as has been documented in the literature
(e.g. Elliott et al., 1997). Fig. 6b shows the Se isotope compositions of
all Mariana samples relative to Ba/Th, indicating slab-derived fluid
enrichments (termed shallow subduction component by Pearce et al.
(2005)). It can be observed that Mariana lavas all show lower §%%7°Se
at somewhat higher Ba/Th compared to the Mariana pre-subduction
mantle albeit some scatter exists in the dataset (Fig. 6b). Slab-derived
sediment melts were termed deep subduction component by Pearce
et al. (2005) and are indicated for instance by elevated Th/Yb in arc
samples. Interestingly, these arc samples also extend to slightly heavier
Se isotope compositions relative to slab-fluid dominated back-arc and

arc-like samples (Fig. 6¢). The influence of a sediment melt on the arc
samples is also expressed by high La/Sm ratios (Elliott, 2003), which
indeed show a positive trend with §%27%Se but no trend with indicators
for magmatic differentiation such as MgO contents (Fig. A.2).
Although back-arc and arc-like samples mostly overlap in their re-
latively low Th/Yb, they can be distinguished based on their respective
882/765e (Fig. 6¢). In particular the back-arc samples with their highest
relative 8%%7°Se do not match the tendencies observed for the other
sample suites, which could be attributed to their rather distinct origin
within the subduction zone. Indeed, the location of the back-arc sam-
ples lies ~350 km away from that of the arc-like samples (Fig. 1). In
contrast, arc and arc-like samples originate from relatively restricted
areas, respectively. These two groups however share the same subtle
tendency between §%%/7°Se and Th/Yb (Fig. 6¢), which is in agreement
with a strong arc signature previously found in back-arc lavas from
22°N (see Section 2; Stern et al. (1990)). The back-arc samples fall off
this trend, possibly reflecting a different source due to the remote set-
ting. It seems clear however, that all samples experienced slab fluid
addition revealed by increased Ba/Th and offset to lower §%%/7°Se
compared to the pre-subduction mantle. Again, the distinction between
shallow and deep subduction contribution based on Ba-Th-Yb sys-
tematics and the observation that sediment melts are more dominant in
the arc samples compared to the back-arc samples is entirely based on a
previous classification (Pearce et al., 2005). Reasons for a similar
shallow and less pronounced deep subduction signature in back-arc
lavas may be a chromatographic effect and dilution by back-arc melts
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(Stolper and Newman, 1994). Overall, it seems that shallow slab fluids
can explain lower 8%%/7%Se, whereas deep-derived sediment melts may
carry a heavier Se isotope signature that raises the §%7°Se again (i.e.
buffer the initial slab-fluid signature). Hence, slab-derived fluids and
sediment melts (Fig. 6a, Ba/Th vs. Th/Yb) may shift 85%7°Se in arc
lavas to opposing directions, where the relative proportion of these
subduction components ultimately determines the direction of ten-
dencies among suites. As a result, the total subduction addition, ex-
pressed by Ba/Yb (Fig. 6d), may be the best approximation of a net
recycling signature (Pearce et al., 2005) that seems to produce lower
overall 8%%/75Se compared to the Mariana pre-subduction mantle. Fur-
ther studies that examine in more detail the effects of different types of
subduction components are clearly required. Moreover, it remains to be
investigated if and how a net contribution of subduction components to
arc lavas relate to the Se isotope signature of the subduction input. In
the case of S, the heavier 8>S of Mariana lavas compared to the mantle
has been linked to recycling of subducted sediments (Alt et al., 1993).
Sediments in addition to altered oceanic crust containing hydrothermal
sulfides indeed show variable Se isotope compositions (e.g. Mitchell
et al., 2016; Rouxel et al., 2004; Rouxel et al., 2002). Therefore, it is
necessary to assess if recycling of these materials might in principle
account for the Se isotope compositions observed in subduction zone
magmas.

5.4. Recycling of subducted surface material as possible source for Se
isotope variability in Mariana arc lavas

Marine sediments have been the focus of numerous Se isotope stu-
dies (e.g. Mitchell et al., 2016 and references therein). So far, available
data from the literature comprises shales of various ages (Archean to
present day) and depositional environments (open marine and marine
basins) with distinct conditions (euxinic, anoxic, suboxic and oxic)
(Mitchell et al., 2016). Stiieken et al. (2015) identified a statistically
significant shift in the Se isotope composition from predominantly po-
sitive (0.63 = 0.67%o; 25.d., n = 169) to negative (—0.28 = 0.88%po;
2s.d., n = 240) 8%275Se values from Precambrian to Phanerozoic
samples (Fig. 2; see also Fig. 3a in Stiieken et al., 2015). Taken together,
the Se isotope compositions of all these samples combined with other
published 8%%/76Se data (e.g. Mitchell et al., 2016) are in the range of
—3 to +3%o (Fig. 2; see also Mitchell et al., 2016). This suggests that
not the entire Se isotope variation of all hitherto analyzed sediments
qualify as endmembers to constrain potential sediment recycling in a
modern subduction zone system. Instead, a narrower isotopic range of
only modern sediments can be considered to begin with. In addition to
age, the depositional setting may also be critical. Isotope fractionations
in low-temperature environments can be large as inferred from la-
boratory experiments (Johnson and Bullen, 2004) and the wide range of
reported 85%/75Se of sediments (e.g. Mitchell et al., 2016; Rouxel et al.,
2002; Stiieken et al., 2015). Even these modern surface Se isotope
variations exceed that identified in Mariana lavas by far but all show
average 85%/7°Se that are distinctly negative (Fig. 2). Thus, subduction
recycling of surface material may indeed account for the isotopic offset
of Mariana lavas compared to the Mariana pre-subduction mantle
range.

Deep-sea sediments of the uppermost stratigraphic section from Site
1149 ODP 129, which are subducted beneath the Izu-Bonin-Arc as part
of the Izu-Bonin-Mariana subduction system, have been analyzed for Se
isotopes (Rouxel et al., 2002). These sediments have an average Se
isotope composition of —0.42 * 1.44%o (2s.d., n = 3, Rouxel et al.,
2002), in agreement with input of, on average, isotopically light Se
during subduction. However, in addition to pelagic sediments, sub-
ducted volcaniclastic turbidites have been identified as another major
source of melt-like subduction components affecting the geochemistry
of arc lavas in the northern part of the Mariana arc (Tollstrup and Gill,
2005). Moreover, isotopically light, hydrothermally altered basalt may
also contribute to an isotopically light subduction input
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Fig. 5. (a) Se isotope compositions of Mariana lavas vs. MgO contents shows no covariation with index of alteration indicating absence of isotope fractionation during
magmatic differentiation. (b) Se isotope composition of Mariana lavas vs. Se concentrations indicates no isotope fractionation during magmatic differentiation (i.e.

sulfide segregation, alloy fractionation; see text for details).

(—=1.33 = 0.31%o, 2s.d., n = 2; Rouxel et al., 2002). Overall, although
the proportion of altered versus unaltered oceanic crust to a net sub-
duction input is difficult to constrain, the role of subducted sulfides
need to be considered.

Due to its chalcophile behavior Se is predominantly hosted by sul-
fides both in the mantle and slab (e.g. Guo et al., 1999; Hattori et al.,
2002; Konig et al., 2015a; Konig et al., 2014). Thus, hydrothermal
sulfides may constitute important subduction input material and pub-
lished data show an average Se isotope composition of
—1.36 = 2.82%0 (2s.d., n = 77; Rouxel et al., 2004; Rouxel et al.,
2002) with the most extreme values up to —4.75%o. This is in agree-
ment with recent analyses of hydrothermal pyrite minerals, albeit from
a continental setting, showing a record of §%7°Se ranging from
—4.48 = 0.09%0 to —0.39 *+ 0.09%o (2s.d., n = 10) with an average
of —2.73 = 0.09%o, altogether confirming the pronounced, iso-
topically light hydrothermal sulfide signatures for Se (Konig et al.,
2019). Hydrothermal sulfides together with pelagic clays may be
among the first phases to destabilize during subduction and therefore
significantly contribute to slab-derived fluid signatures. The importance
of sulfides in the recycling of chalcophile elements is supported by the
observation of migrating S-bearing fluids up the subduction interface
after liberation of sulfide from sediments and altered basalt at shallower
depth (Mottl et al., 2004). It has further been suggested that S is re-
leased from magmatic sulfides in sediments and the oceanic crust itself
by extensive recrystallization during high-pressure metamorphism (Li
et al., 2016), possibly amplifying Se recycling. However, some S enters
deeper parts of the subduction zone as indicated by sulfide inclusions in
garnets from eclogites that grew during prograde metamorphism (Li
et al., 2016). This sulfur might be liberated by subduction components
that contribute to enrichment of the deeper sub-arc mantle wedge. In
summary, the complex combination of pelagic and volcaniclastic sedi-
ments, altered and unaltered oceanic crust and sulfides altogether could
account for the relatively lighter Se isotope signatures of Mariana lavas
compared to the pre-subduction mantle (Fig. 2).

A pronounced shift in the average Se isotope composition of marine
sediments before and after ca. 550 Ma (Aprecambrian— Phanerozoic =
0.91%o; Stiieken et al. (2015)) was recently reported. This shift was
interpreted to be the result of increased oxidative weathering and more
pronounced continental mobilization of Se following Earth's second
atmospheric oxygen increase ca. 550 Ma ago (Neoproterozoic Oxyge-
nation Event, NOE). Progressive subduction of this isotopically lighter
average Se isotope input may have had an impact on the secular Se

isotope composition of the Earth's upper mantle after ca. 550 Ma, pos-
sibly mirroring the NOE. Such a link between stepwise atmospheric
oxygenation and mantle evolution has previously been invoked for
redox-sensitive uranium isotope systematics (Andersen et al., 2015).
Subduction recycling of Se may not only produce larger and systematic
Se isotope variations in Mariana lavas compared to the Mariana pre-
subduction mantle but also, make Se isotopes a tool to investigate links
between Earth's interior and atmospheric oxygenation throughout
geological history.

6. Conclusions

The first case study involving stable Se isotopes in arc and back-arc
lavas provides significant new insights into the systematics of this chal-
cophile and moderately volatile element in subduction zones. The Se
isotope signature of submarine Mariana lavas is not affected by degassing
and, unlike the elemental Se budget, not affected by magmatic differ-
entiation. Therefore, the §%7°Se of submarine arc lavas may retain its
source signature. This signature is likely enriched by melt-like and fluid-
like subduction components derived from the subducting Pacific crust
and overlying sedimentary cover. Mariana samples show a tendency to
become isotopically lighter from the back-arc to arc(-like) lavas, possibly
reflecting a decreasing chromatographic effect of the overlying mantle
wedge and increasing influence of a fluid signature. Addition of a sedi-
ment melt-like subduction component seems to buffer this fluid-induced
signature as observed in Mariana arc samples. Due to these complex
contributions of subduction components, Se isotope compositions of
Mariana lavas show a larger range and are overall lighter than the pre-
subduction mantle range that comprises peridotite and non-subduction
related worldwide mantle melts. Possible slab-derived contributions may
be traced back to subduction recycling of isotopically light Se input such
as modern sediments and altered sulfide-bearing oceanic -crust.
Subduction recycling of Se may also have had an impact on the secular Se
isotope composition of the Earth's upper mantle, because of a consider-
able shift to lighter average 8%*7°Se in sediments that was attributed to
the Neoproterozoic Oxygenation Event ca. 550 Ma ago. Further work on
Se isotope systematics in arc lavas should therefore be dedicated to the
different roles of variable subduction components and the possible links
between atmospheric oxygenation, Se recycling and isotopic evolution of
the mantle through geological time.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2019.03.011.
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