The Stable Chromium Isotope Signatures of Earth’s
Silicate Reservoirs:

Probing the Deep Earth through Time

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tubingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
M. Sc. Johanna Luise Wagner

aus Duisburg

Tubingen
2023



Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der

Eberhard Karls Universitat Tubingen.

Tag der mundlichen Qualifikation: 05.05.2023
Dekan: Prof. Dr. Thilo Stehle
1. Berichterstatter/-in: Prof. Dr. Ronny Schoenberg

2. Berichterstatter/-in: Prof. Dr. Stefan Weyer



Abstract

Chromium is a lithophile, compatible, multivalent element. Its geochemical be-
havior during partial mantle melting and magmatic differentiation is controlled by
temperature and pressure of melting, source mineralogical composition, and oxygen
fugacity. Based on the redox sensitive character of Cr, stable Cr isotopic variability
may provide insights into the redox conditions of magmatic systems. Decoding the
processes driving stable Cr isotopic fractionation is a prerequisite in order to under-
stand the Cr isotopic variability imprinted in the geological rock record of the deep
Earth. By studying the Cr and Fe isotopic compositions of mantle derived rocks
and melts this thesis aims at deciphering stable Cr isotope signatures of various ter-
restrial silicate reservoirs to give insights into the processes controlling Cr isotopic
fractionation.

At first, two Archean komatiite-tholeiite suites from the Barberton greenstone belt
(3.5-3.22 Ga) and Belingwe greenstone Belt (2.9-2.7 Ga) were chosen to be investi-
gated. Komatiites are generated by high degrees of partial mantle melting and thus
provide insights into the stable Cr isotopic composition of bulk silicate Earth. Based
on the average stable Cr isotopic composition of komatiites only, it was shown that
the Cr isotope value of bulk silicate Earth is -0.12 +0.06 %o. This value agrees very
well with previous estimates, paving the way for subsequent investigations of Cr
isotopic variations of different terrestrial mantle reservoirs. Additionally, the large
range of MgO contents in these rock suites enables the investigation of the effect
of variable degrees of mineral crystallization on Cr isotopic variability. Fractional
crystallization of Cr-bearing minerals, such as clinopyroxene and Cr-spinel, drives
the residual melt towards lighter Cr isotopic compositions. In contrast, crystalliza-
tion and accumulation of olivine has negligible effect on the Cr isotope compositions
as shown by the invariant Cr isotope signature of komatiites. Based on the distinct
sensitivity of stable Fe isotopes to fractional crystallization of olivine, clinopyroxene
and spinel, the coupled investigation of the Cr-Fe isotope proxy can be used to dis-
tinguish these mineral phases during fractional crystallization.

To further investigate the effect of magmatic processes at modern terrestrial man-
tle conditions Cr and Fe isotopic compositions of basaltic glasses from the East-
Pacific Rise, Pacific-Antarctic Ridge, and one sample from the Mid-Atlantic Ridge
were measured. These samples represent normal mid-ocean ridge basalts depict-
ing a typical depleted upper mantle signature in radiogenic Sr-Nd-Pb and trace
element compositions. Magmatic differentiation involving a typical crystallization
assemblages of plagioclase, olivine, clinopyroxene and Fe-Ti oxides induces no mea-
surable Cr isotopic fractionation. Normal mid-ocean ridge basalts reveal a small
range between -0.278 to -0.186 %o with an average Cr isotopic composition of -
0.237 £ 0.050 %o significantly offset towards lower values compared to bulk silicate



Earth. Forward modeling using a phase equilibria-based mantle melting model and
published mineral-melt fractionation factors is applied to investigate Cr isotopic
fractionation during partial melting of peridotite at mid-ocean ridge melting condi-
tions. It shows that Cr isotopic fractionation between a peridotite source and the
melt is up to 0.07 %o during partial melting in the spinel-stability field. In agree-
ment with the recently proposed source mineralogical control on stable Cr isotopic
variability involving pyroxenite source components, the low Cr isotopic signature
of mid-ocean ridge basalts suggests pyroxene-rich components in the melt source
region and highlights stable Cr isotopes as a tracer for mantle source lithological
heterogeneities.

Chapter 4 provides the Cr and Fe isotopic compositions of 45 intraplate basalts from
five different localities to further investigate the effect of source mineralogical com-
positions associated with mantle source heterogeneities on the Cr isotope variability.
These samples include ocean island basalts and continental intraplate basalts and
represent variable mantle sources as defined by the range of radiogenic Sr-Nd-Pb
isotopic compositions of these samples. The observed trends between stable Cr iso-
topic compositions and indices of magmatic differentiation for most ocean island
basalts are in conflict with expected trends for fractional crystallization based on
published mineral-melt fractionation factors. In contrast, Doros intrusive basalts
display Cr isotopic fractionation trends mirroring those of the Barberton komatiite-
tholeiite suite. This suggests that factors like temperature and pressure of melting,
which are distinct for Archean vs. modern mantle melting regimes, do not control
stable Cr isotopic fractionation. Instead, correlations of stable Cr signatures with
radiogenic Sr and Nd isotope compositions in ocean island basalts indicate that the
composition of the mantle source is a key mechanism controlling Cr isotope vari-
ability. Therein, samples displaying a HIMU- and PREMA-like mantle signature in
radiogenic Sr-Nd-Pb isotope space show lighter Cr and heavier Fe isotopic composi-
tions compared to bulk silicate Earth. This is tentatively explained by incorporation
of recycled oceanic crust components carrying a mid-ocean ridge-like stable Cr and
Fe isotopic signature, and which are possibly present as pyroxenite lithologies. In
contrast, ocean island basalts with EM2 isotopic affinties from French Polynesia
show heavier Cr and lighter Fe isotopic signatures with increasing radiogenic Sr iso-
topic compositions. Combined with the observed correlations between stable Cr and
Fe isotopic compositions with trace element ratios indicative for carbonate metaso-
matism for these samples, it is hypothesized that EM2 basalts originated from a
carbonated source, which imprints its elevated Cr isotopic composition on the melt.
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Zusammenfassung

Chrom ist ein lithophiles, kompatibles, mehrwertiges Element. Sein geochemisches
Verhalten wéihrend der partiellen Aufschmelzung des Mantels und der magmatischen
Differenzierung wird von der Temperatur und dem Druck wahrend der Schmelzbil-
dung, der mineralogischen Zusammensetzung der Quelle und der Sauerstofffugazitat
gesteuert. Aufgrund des redox-empfindlichen Verhaltens von Chrom kann die Vari-
abilitat der stabilen Cr-Isotope Aufschluss iiber die Redox-Bedingungen magma-
tischer Systeme geben. Die Entschliisselung der Prozesse, welche die stabile Cr-
Isotopenfraktionierung steuern, ist eine Voraussetzung fiir das Verstandnis der Cr
Isotopenvariabilitat, welche in den geologischen Gesteinsaufzeichnungen der tiefen
Erde aufgezeichnet ist. Durch die Untersuchung der stabilen Cr und Fe Isotopen-
zusammensetzungen von aus dem Erdmantel stammenden Gesteinen und Schmelzen
sollen in dieser Arbeit die stabilen Cr-Isotopensignaturen verschiedener terrestrischer
silikatisch Mantelreservoire entschliisselt werden, um somit einen Einblick in die
Prozesse zu erhalten, die die stabile Cr-Isotopenfraktionierung steuern.

Zunachst wurden zwei archaische aus Komatiiten und Tholeiiten bestehenden Gesteins-
abfolgen aus dem Barberton Griinsteingiirtel (3,5-3,22 Ga) und und dem Belingwe
Griinsteingiirtel (2,9-2,7 Ga) untersucht. Komatiite werden durch hohe partielle
Aufschmelzgrade des Mantels gebildet und kénnen somit einen Einblick in die sta-
bile Cr Isotopenzusammensetzung der gesamten silikatischen Erde bieten. Basierend
auf der durchschnittlichen stabilen Cr Isotopenzusammensetzung der Komatiite
kann gezeigt werden, dass der Cr-Isotopenwert der gesamten silikatischen Erde -
0,12+ 0,06 %o betriagt. Dieser Wert stimmt sehr gut mit fritheren Schéatzungen
iiberein und ebnete somit den Weg fiir die folgenden Untersuchungen der Cr-Isotopen-
variationen verschiedener terrestrischer Mantelreservoire. Dariiber hinaus erméglicht
die grofle Variation des MgO-Gehalts in diesen Gesteinsabfolgen, die Auswirkungen
eines hohen Differenzierungsgrades auf die Cr-Isotopenvariabilitat zu untersuchen.
Fraktionierte Kristallisation von Cr-haltigen Mineralen wie Klinopyroxen und Cr-
Spinell fiihrt zu einer leichteren Cr Isotopenzusammensetzung der Restschmelze. Im
Gegensatz dazu hat die Kristallisation und Akkumulation von Olivin vernachlassigbare
Auswirkungen auf die Cr Isotopenzusammensetzung, wie die unveranderliche Cr-
Isotopensignatur von Komatiiten zeigt. Aufgrund der unterschiedlichen Empfind-
lichkeit der Fe-Isotope gegentiber der fraktionierten Kristallisation von Olivin, Klinopy-
roxen und Spinell kann die gekoppelte Untersuchung des Cr-Fe Isotopen-Proxys zur
Unterscheidung dieser Mineralphasen wahrend der fraktionierten Kristallisation ver-
wendet werden.

Um die Auswirkungen magmatischer Prozesse unter rezenten Bedingungen wahrend
des partiellen Aufschmelzens des Mantels zu untersuchen, wurden die Cr und Fe
Isotopenzusammensetzungen basaltischer Glaser vom Ostpazifischen Riicken, dem

III



Pazifisch-Antarktischen Riicken und einer Probe vom Mittelatlantischen Riicken
gemessen. Bei diesen Proben handelt es sich um normale Ozeanriickenbasalte, die
eine flir sie typische Signatur des verarmten oberen Mantels im Hinblick auf ihre
radiogene Sr-Nd-Pb sowie Spurenelement-Zusammensetzungen aufweisen. Die mag-
matische Differenzierung mit einer typischen Kristallisationsabfolge von Plagioklas,
Olivin, Klinopyroxen und Fe-Ti-Oxiden fiihrt zu keiner messbaren Cr-Isotopenvariation.
Die normalen Ozeanriickenbasalte weisen eine kleine Spanne zwischen -0,278 und
-0,186 %o auf, welche mit einer durchschnittlichen Cr Isotopenzusammensetzung
von -0,237 4+0,050 %o deutlich von der gesamten silikatischen Erde abweicht. Eine
Vorwartsmodellierung unter Verwendung eines auf Phasengleichgewichten basieren-
den Schmelzmodells und verdffentlichter Fraktionierungsfaktoren fiir Mineral und
Schmelze wird angewendet, um die Cr-Isotopenfraktionierung wahrend der par-
tiellen Aufschmelzung von Peridotit unter den Bedingungen, die an mittelozeanis-
chen Riicken vorherrschen, zu untersuchen. Diese zeigt, dass die stabile Cr-Isotopen-
fraktionierung zwischen dem aufzuschmelzenden Peridotit und der Schmelze bis zu
0,07 %o im Spinell-Stabilitatsfeld betragt. In Ubereinstimmung mit der kiirzlich
vorgeschlagenen Idee, dass die mineralogische Zusammensetzung der Quelle, beson-
ders im Hinblick auf Pyroxenit, eine entscheidenen Rolle fiir die Variabilitat der sta-
bilen Cr-Isotope in der Schmelze spielen kann, deutet die niedrige Cr-Isotopensignatur
der ozeanischen Riickenbasalte auf eine pyroxenreiche Komponenten in der Quelle
hin und hebt die stabilen Cr-Isotope als Indikator fiir lithologische Heterogenitaten
im Mantel hervor.

Kapitel 4 enthéalt die Cr und Fe Isotopenzusammensetzungen von 45 Intraplatten-
basalten aus fiinf verschiedenen Lokalitdten, um die Auswirkungen der mineralo-
gischen Zusammensetzung der Quelle in Verbindung mit Mantelheterogenitaten auf
die Cr-Isotopenvariabilitat weiter zu untersuchen. Diese Proben umfassen Ozeanin-
selbasalte und kontinentale Intraplattenbasalte und repréasentieren basierend auf der
variablen radiogene Sr-Nd-Pb Isotopenzusammensetzung verschiedene Mantelquellen.
Die beobachteten Trends zwischen den stabilen Cr Isotopenzusammensetzungen
und Indizes der magmatischen Differenzierung fiir die meisten Ozeaninselbasalte
stehen im Widerspruch zu den erwarteten Trends fiir die fraktionierte Kristalli-
sation auf der Grundlage der verdffentlichten Mineral-Schmelze Fraktionierungs-
faktoren. Im Gegensatz dazu zeigen die Intrusivbasalte vom Doros Complex Cr
Isotopentrends, die denen der Komatiit-Tholeiit Gesteinsabfolge vom Barberton
Grinsteingiirtel ahneln. Dies deutet darauf hin, dass Faktoren wie Temperatur
und Druck, vorherrschend wahrend der partiellen Auschmelzung, nicht die Cr-
[sotopenfraktionierung steuern, da diese Faktoren sich fiir archaische und rezente
Schmelzbildung im Mantel generell unterscheiden. Stattdessen deuten die Korrela-
tionen zwischen stabilen Cr-Signaturen und radiogenen Sr und Nd Isotopenzusam-
mensetzungen in Ozeaninselbasalten darauf hin, dass die Zusammensetzung der
Mantelquelle ein Schliisselmechanismus zur Steuerung der Cr-Isotopenvariabilitat
ist. Proben, die im radiogenen Sr-Nd-Pb Isotopenraum eine HIMU- und PREMA-
ahnliche Mantelsignatur aufweisen, haben eine leichtere Cr- und schwerere Fe-Isotopen-
zusammensetzung im Vergleich zur gesamten silikatischen Erde. Dies wird ver-
suchsweise durch die Inkorporation von recyklierten ozeanischen Krustenkomponen-
ten erklart, die eine stabile Cr- und Fe-Isotopenzusammensetzung dhnlich der mit-
telozeanischen Riickenbasalte tragen und moglicherweise als Pyroxenit-Lithologien
vorliegen. Im Gegensatz dazu weisen Ozeaninselbasalte aus Franzosisch-Polynesien
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mit einer EM2-Mantelsignatur schwerere Cr und leichtere Fe Isotopensignaturen mit
zunehmenden radiogenen Sr-Isotopenzusammensetzungen auf. In Verbindung mit
den beobachteten Korrelationen zwischen stabilen Cr und Fe Isotopenzusammenset-
zungen und Spurenelementverhaltnissen, die bei diesen Proben auf Metasomatismus
durch eine karbonisierte Schmelze hindeuten, wird die Hypothese aufgestellt, dass
die EM2-Basalte aus einer karbonisierten Mantelquelle stammen, welche ihre erhohte
Cr-Isotopensignatur auf die Schmelze iibertragt.
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Chapter 1

Introduction

Metal stable isotopes are a proven, powerful instrument for tracing a variety of geo-
logical and geochemical processes. Applications of metal stable isotopes encompass
constraining Earth’s core formation conditions (Shahar and Young, 2020), Earth’s
continental crust build-up (McCoy-West et al., 2019), and Earth’s oceans’ redox
conditions (Anbar and Rouxel, 2007). In short, metal stable isotopes contribute to
a fundamental understanding of Earth’s evolution.

Variations of stable chromium (Cr) isotopes have been used in studies as diverse as
characterizing the solar system’s building blocks (Rotaru et al., 1992), identifying
anthropogenic chromate pollution (Berna et al., 2010; Ellis et al., 2002; Wanner et
al., 2012), and acting as a paleo redox tracer for the oxygenation of the Earth’s
atmosphere (Cole et al., 2016; Crowe et al., 2013; Frei et al., 2009; Gilleaudeau et
al., 2016; Planavsky et al., 2014).

On Earth’s surface stable Cr isotope fractionation is mainly mediated by partial
redox reactions between the two most common redox states of chromium, Cré* and
Cr3*. Tracing and quantifying chromate (CrO4*) released to the environment by
the pigmenting, automotive or steel industries has been a critical use of stable Cr iso-
topes due to the highly toxic and carcinogenic behavior of Cr®" (Berna et al., 2010;
Ellis et al., 2004; Izbicki et al., 2008). Stable Cr isotopes helped create chromate
remediation from the environment by permeable reactive barriers or natural atten-
uation in groundwater aquifers (Basu and Johnson, 2012; Blowes, 2002). Cr isotope
variations in early Earth’s sediments, again mediated by partial redox reactions be-
tween Cr%* and Cr®*, have been attributed to the existence of free atmospheric
oxygen before the Great Oxidation Event at ~2.45 Ga (e.g., Crowe et al., 2013; Frei
et al., 2009), although the exact cause of these variations is debated (Albut et al.,
2018; Babechuk et al., 2017; Babechuk et al., 2019). Nevertheless, it is accepted
that redox reactions mediate isotope fractionation (Schauble et al., 2004).

The level of oxygen in Earth’s interior, or oxygen fugacity (fO3), for different ter-
restrial silicate reservoirs may in principle be detected by metal stable isotope frac-
tionations mediated by redox reactions. For example, an early study investigating
high-temperature stable iron (Fe) isotopes fractionation, found a correlation be-
tween stable Fe isotopic compositions and the fO, signature of spinel (Williams et
al., 2004). In high-temperature, magmatic environments Cr exists as Cr?* and Cr**
(e.g., Berry et al., 2006; Berry and O’Neill, 2004; Li et al., 1995), and may thus
be used as a potential proxy for fOs. Stable Cr isotopic fractionation is expected
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due to differences in bonding environments of Cr?* and Cr*" (Sharp, 2007) and the
resulting variable partitioning behavior of Cr** and Cr3* between melt and different
silicate minerals (e.g., Mallmann and O’Neill, 2009). Difficulties in constraining the
fO9 with stable Cr isotopes arise from Cr isotopic fractionation that occur during
magma generation, wherein subsequent magmatic differentiation potentially masks
the stable isotope source signal and thus the recorded fO,, as has been shown previ-
ously for stable Fe isotopes (e.g., Schuessler et al., 2009; Weyer et al., 2005; Williams
et al., 2005).

The pioneering study of stable Cr isotopes by Schoenberg et al. (2008) investi-
gating mantle-derived rocks suggested an overall narrow range of -0.124 4 0.101 %o,
termed Earth’s igneous inventory and considered indistinguishable from the com-
piled average §°3/°2Cr (ordinary and carbonaceous) chondrite value (6°%/°2Cr = -
0.119 + 0.045 %o, 2SD, n=18; Schoenberg et al., 2016; 6°3/°2Cr = -0.115 + 0.043 %o,
25D, n=10; Bonnand et al., 2016b). Studied mantle-derived rocks by Schoenberg
et al. (2008) were from various tectonic settings and thus display a variety of
sources and/or differentiation histories (i.e., xenoliths, ultramafic rocks and cumu-
lates, oceanic basalts, and one granite; Schoenberg et al., 2008). Therefore, further
investigation regarding the variability of Cr isotopic compositions of different ter-
restrial reservoirs and the possible refinement of the bulk silicate Earth (BSE) value
were needed (Jerram et al., 2020; Sossi et al., 2018; Xia et al., 2017). Systematic
differences in Cr isotopic compositions of mantle-derived terrestrial rocks (Schoen-
berg et al., 2016; Xia et al., 2017) as well as inter-mineral Cr isotope variations in
silicate minerals (Shen et al., 2018) gave rise to investigations of the effect of mag-
matic processes such as fractional crystallization and partial melting on Cr isotope
fractionation under extra-terrestrial (Bonnand and Halliday, 2018; Bonnand et al.,
2016a; Bonnand et al., 2016b; Schoenberg et al., 2016; Sossi et al., 2018; Zhu et
al., 2019) and terrestrial mantle conditions (Bai et al., 2019; Bonnand et al., 2020b;
Chen et al., 2019a; Jerram et al., 2020; Ma et al., 2022; Shen et al., 2020). Moreover,
considerable Cr isotope variations in mantle peridotites and xenoliths indicate the
possible influence of metasomatism or refertilization on Cr isotopic composition of
these samples and may thus cause some Cr isotope heterogeneity within the mantle
(Farkas et al., 2013; Jerram et al., 2022; Xia et al., 2017). Based on the mineralog-
ical control on Cr isotope fractionation, it was recently proposed that the Cr (and
Fe) isotope signature of basalts may be used to trace pyroxenite-bearing mantle
sources (Soderman et al., 2022). So far, only three only three studies have investi-
gated the Cr isotope variations of unaltered Phanerozoic oceanic basalts (Bonnand
et al., 2020b; Ma et al., 2022; Shen et al., 2020), which give supporting evidence
that the observed variations are related to source processes such as melt degree or
mantle fO, (Bonnand et al., 2020b; Shen et al., 2020). However, it remains unclear
to which degree specifically Cr isotope, but also Fe isotope variations may record
mantle source heterogeneity. The use of Cr isotopes as a tracer for fO, or source het-
erogeneity clearly requires an understanding of processes causing stable Cr isotope
fractionation. Thus, this thesis aims for a better understanding of the cause and
extent of Cr isotope fractionation in high-temperature environments, with special
focus on characterizing different silicate reservoirs of Earth in order to improve our
knowledge regarding the influence of source heterogeneities on Cr isotope variations
of mantle-derived rocks.

Among transition metals, Cr and Fe, share many geochemical features, making
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them a promising isotope couple for investigation. As knowledge about the behav-
ior and fractionation processes of Fe isotopes in high-temperature systems continues
to grow, research conducted on Fe isotopes over the past two decades made it a
well characterized system (see reviews by Dauphas et al., 2017 and Johnson et al.,
2020). In contrast, studies of Cr isotope systematics in high-temperature environ-
ments are scarce. Improvement of analytical protocols for high-precision stable Cr
isotope measurements via thermal ionization mass spectrometry (TIMS) and multi
collector inductively coupled plasma mass spectrometry (MC-ICP-MS) using the
double spike method led to resolving small variations in Cr isotope fractionation
resulting from magmatic processes (Schiller et al., 2014; Schoenberg et al., 2016;
Schoenberg et al., 2008; Trinquier et al., 2008). However, more studies are needed
that 1) investigate the specific processes, during which Cr isotopes may fractionate
in magmatic systems, in order to 2) characterize and identify variations between
different geochemical reservoirs of the deep Earth. Both are an important step to-
wards developing Cr isotopes as redox tracer in high-temperature systems and also
use them as a complementary/additional tracer for identifying source lithologies by
coupled Cr-Fe proxy studies (Soderman et al., 2021).

1.1 Non-traditional metal stable isotope system-
atics

The theory and principles underlying stable isotope variations are grounded in the
early investigations of the traditional stable isotopes of the elements H, C, N, O, and
S since the 1930s (e.g., Urey and Greiff, 1935). Improving measurement techniques,
in particular MC-ICP-MS, have expanded the field of stable isotope research to
novel stable isotope systems of elements such as Li, Si, Mg, Ca, Fe, Cr, Mo, Ni, Sr
and more, also called non-traditional stable isotopes (Johnson et al., 2004). Both
traditional and non-traditional stable isotopes underlie the same principles of mass-
dependent isotope fractionation and are shortly described in the following Section
1.1.1 This thesis focuses on the stable isotope systems of Cr and Fe during high-
temperature, magmatic processes, of which the elemental and isotopic systematics
are introduced in Sections 1.1.2 and 1.1.3.

1.1.1 Principles of mass-dependent stable isotope fraction-
ation

Stable isotopic variations may arise from a variety of processes, in which isotopes of
a specific element are fractionated based on physicochemical properties varying with
different masses (Bigeleisen and Mayer, 1947; Schauble, 2004; Urey, 1947). These
isotope variations are usually referred to in the d-notation, which is the isotope ratio
measured relative to a standard and expressed in ‘per mil’ [%o]. The d-notation is
calculated as follows:

Rsam e
Ssampte = =2 _ 1 % 1000 (1.1)
Rstandard

where R is commonly the ratio of the heavy to the lighter isotope.
Mass-dependent stable isotope variations may arise from kinetic or equilibrium pro-
cesses and the magnitude of isotopic fractionation between two phases A and B, for
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example melt and solid, can be described by the fractionation factor a:

dA—_B — — (12)

For small isotopic variations, such as usually encountered for transition metal iso-
topes at high-temperature, the difference between two phases expressed in d-values
can be expressed as A and relates to a as follows:

Asp =04 — 05~ 1000 x Ina (1.3)

Stable isotope fractionation between two phases is based on the differences in bond
strength of an element and its isotopes within a molecule. Differences in bond
strength arise from different translational, vibrational, and rotational motion ener-
gies of atoms with different masses affecting their zero point energy (ZPE) (Urey,
1947). The ZPE is lower for molecules with heavier isotopes, which translates into
stronger bonds as a higher dissociation energy is needed (Figure 1.1). This mass de-
pendence of bond strengths can lead to both equilibrium and kinetic isotope effects.
Kinetic (non-equilibrium) fractionation is driven by higher velocities of lighter iso-
topes, which are thus enriched in the product compared to the residue of processes
such as diffusion or evaporation (Richter et al., 2009; Richter et al., 2003). Kinetic
isotope fractionation is considered a uni-directional, incomplete process and can pro-
duce relatively large isotope effects compared to equilibrium isotope fractionation
(Schauble et al., 2004).

At equilibrium, stable isotope fractionation follows laws of equilibrium thermody-
namics. Equilibrium conditions usually occur in closed systems, but can also be
attained during open system processes. Therein, the heavy isotopes prefer the
stronger bonds, which relates to higher oxidation states of the element, low coordina-
tion number, low-spin electronic configuration and highly covalent bonds (Bigeleisen
and Mayer, 1947; Schauble, 2004). In addition to the mass dependence of isotopic
fractionation (decreasing with increasing atomic mass, and thereby decreasing rela-
tive mass difference between isotopes of a specific element), the magnitude of stable
isotope fractionation is also related to temperature and decreases with increasing
temperature (~1/T?; Bigeleisen and Mayer, 1947; Urey, 1947). Recent advances in
the sensitivity of analytical mass spectrometry enabled the detection of these small,
but systematic variations in stable isotopic compositions of various heavy, multiva-
lent elements, such as Cr and Fe, in high-temperature, magmatic systems, of which
a short introduction is given in the following.
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Nuclear separation

A + B (dissociated)
A

— Bond strength
(dissociation energy)
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Figure 1.1: The bond strength between two atoms (A and B) is dependent on their zero point
energy (ZPE). The lower the ZPE (here *AB), the higher the energy needed to dissociate these
atoms, hence the stronger the bond. Lower ZPE is achieved by incorporating heavier isotopes (x
>y). From Anbar and Rouxel, 2007.

1.1.2 Chromium
1.1.2.1 Chromium elemental systematics

Chromium is named after the greek word chroma for colour. This hints at one of
the main properties of the element, namely its occurrence in various oxidation states
(Cr? to Crf%). The main oxidation states on Earth’s surface are Cr®" (purple) and
Cr3* (green), whereas in high-temperature, magmatic environments Cr also exists
as Cr*T (blue). The existence of Cr*™ in the terrestrial mantle has been postulated
since the 1970s (Burns, 1970, 1975b; Schreiber and Haskin, 1976), and mainly in-
ferred from mineral-melt partitioning studies (Barnes, 1998; Li et al., 1995; Roeder
and Reynolds, 1991). These works have been built on by later experimental studies
that have fuelled the topic of the multivalence of Cr in silicate melts (Berry et al.,
2021a; Berry et al., 2021b; Berry et al., 2006; Berry and O’Neill, 2004; Hanson and
Jones, 1998; Jollands et al., 2018; Mallmann and O’Neill, 2009; Sutton et al., 1993).
In Earth’s mantle Cr is considered a lithophile trace element (Goldschmidt, 1937).
However, under the prevalent conditions during core formation, i.e. strongly reduc-
ing fOs (higher pressure/temperature), Cr is siderophile/chalcophile (e.g., Siebert
et al., 2011; Wood et al., 2008), which may explain the relative depletion of Cr in
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the BSE (2,500 ug g™!; Salters and Stracke, 2004) compared to the estimated Cr con-
centration in Earth’s core (7790 ugg™; Allegre et al., 1995) (see also Section 1.1.2.3
for a stable Cr isotope perspective). A viable alternative explanation for the relative
depletion of Cr in the silicate mantle is the evaporative loss of Cr during Earth’s
accretion (Drake et al., 1989; Walter et al., 2000) based on the moderate volatility
of Cr (Lodders, 2003; McDonough and Sun, 1995; Palme and O’Neill, 2014), which
increases with increasing fO, by stabilizing oxidized gaseous species of Cr (O’Neill,
1991; Sossi et al., 2018). These observations imply that the partitioning behav-
ior of Cr is dependent on fO,, temperature, pressure, and composition of the two
phases involved. Under conditions prevailing during present day mantle melting,
Cr behaves compatible and is thus depleted in the crust (~331 ugg™! in mid-ocean
ridge basalt (MORB); White and Klein, 2014; ~92 ugg™! in the continental crust;
Rudnick and Gao, 2014) compared to the terrestrial mantle.

Element partitioning is dependent on the size and charge of an element (Cr?t =
0.80 A and Cr*t = 0.615 A; Figure 1.2b; Shannon, 1976). In the case of transition
metals, partitioning into the crystal lattice is also influenced by the variable crys-
tal field stabilization energies (CFSE) of reduced and oxidized species, influencing
their bonding environment. Differences in CFSE for transition metals and the ef-
fect on elemental distribution in the mantle, largely introduced by Burns (1970), is
mediated by incompletely filled d-orbitals. Therein, Cr?>" and Cr3* have an elec-
tron configuration of [Ar]3d*4s® and [Ar]3d34s®, respectively. Crystal field theory
predicts that in the case of Cr3* in octahedral coordination, all three electrons of
the d-orbitals occupy the three electron orbitals within the lower energy level (ta,
group), which results in a particularly high CFSE. For Cr?>", with the presence of
four electrons in the d-orbitals, the energetically favourable solution is to place the
electrons across the lower (to, group) and higher (e, group) energy levels, resulting
in a lower octahedral CFSE compared to Cr3*. Based on this non-ideal electron
configuration of Cr?*, distortion of its environments is predicted in order to yield
a higher stabilization energy by further splitting the electron orbitals according to
the Jahn-Teller Theorem (Burns, 1975a). For Cr*" and Cr®* the CFSE in tetra-
hedral coordination is lower compared to octahedral CFSE, resulting in an overall
preference for octahedral coordination. The compatibility of Cr in these minerals
depends on the type and composition of each phase (e.g., inverse vs. normal spinel
structure) and is described in more detail in Section 1.1.2.2. In general, chromium
is very compatible in silicate phases such as spinel, pyroxene, garnet yielding a bulk
distribution coefficient (D¥! = C®/C!) >> 1 during partial melting of peridotite.
The significant implications for the latter considerations are, however, that Cr will
show variable partitioning behavior depending on its redox state.

1.1.2.2 Chromium partitioning in terrestrial mantle minerals and sili-
cate melts

In spinel Cr is largely considered to be incorporated as Cr3* in octahedral coordi-
nation due to its high CFSE (Burns, 1975a), whereas Cr?" is non-preferred due to
the absence of distorted sites in the spinel structure. However, the compatibility of
Cr?" in spinel may depend on the structural properties of spinel (i.e., normal vs.
inverse spinel). Normal spinel has a general formula of WAIB,0y, in which the
tetrahedral A and octahedral B sites accommodate divalent and trivalent cations,
respectively. Chromite (Fe?*Cr3t0,) is an example for the normal spinel group,
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in which Cr®* is highly compatible in the octahedral site with Dspinel/melt 7100
(Liu and O’Neill, 2004). In the inverse spinel group, half of the trivalent B cations
occupy the tetrahedral sites, whereas the divalent A cations are partitioned into
the octahedral B site, such as in magnetite (Fe3*%l(Fe?* Fe+)0,). Although,
Cr partitioning into spinel is also dependent on the Cr concentrations of the melt
(Barnes, 1998; Murck and Campbell, 1986), it can be anticipated that Cr parti-
tioning as Cr3* is limited in magnetite compared to chromite based on the lower
availability of octahedral sites (Roeder and Reynolds, 1991). In clinopyroxene and
orthopyroxene Cr®* can easily substitute into the octahedral M1 site, whereas Cr?*
can substitute into the larger and slightly distorted M2 site. In clinopyroxene (and
orthopyroxene) Cr?* is substantially more compatible (Deliropyroxene/melt g 79 com-
pared to Cr?* (Delimopyroxene/melt 0 65) (Mallmann and O’Neill, 2009). Moreover,
partitioning of Cr*" in clinopyroxene has been shown to be dependent on compo-
sition, as Cr is more compatible in augite compared to pigeonite, due to charge
balance constraints (Mallmann and O’Neill, 2009; Papike et al., 2005; Papike et
al., 2016). In olivine, Cr?* can easily substitute for octahedral coordinated Mg?*
in distorted M2 sites, whereas substitution of Cr®* into the smaller octahedrally
coordinated M1 site is accounted for by charge vacancies or coupled substitution
of AI¥T with Si** (Burns, 1975a; Hanson and Jones, 1998; Jollands et al., 2018;
Papike et al., 2005). The compatibility of Cr*" and Cr*" in olivine were shown to
be similar (DOvine/melt — (. 85) (Bell et al., 2014; Hanson and Jones, 1998; Mall-
mann and O’Neill, 2009). Chromium is also compatible in garnet with partition
coefficients varying with the composition of garnet. The Ca-Cr and Mg-Cr garnet
endmembers, uvarovite (CazCrySizO1s) and knorringite (MgszCraSizO12) are highly
enriched in Cr, but in general rare in occurrence and relatively unstable at mantle
conditions (Liu and O’Neill, 2004). Peridotitic garnets mostly consist of pyrope
(75 %; MgsAlySiz012), grossular (10 %; CagAlySizO42) and almandine components
(15 %; Fe3t AlySizO1,) (Wood et al., 2013). Substitution of Cr in these garnets usu-
ally occurs with the octahedral coordinated AI** (Figowy et al., 2020; Wood et al.,
2013) and experimental studies indicate that Cr in garnet remains as Cr*" over a
wide range of fOy (Righter et al., 2011). Compared to peridotitic garnets, eclogitic
garnets have lower Cr contents and consist of an increasing almandine and grossular
component, which can be directly related to the mafic origin of eclogites roughly
resembling bulk compositions of basalt (van Westrenen et al., 2001; Wood et al.,
2013).

In the lower mantle Cr is incompatible in Ca-perovskite and Mg-perovskite with
pperovskite/melt 5 hroaching one (Corgne et al., 2005), whereas Cr is compatible
in (ferro)-periclase ((Mg,Fe)O; GeBmann and Rubie, 1998; Ohtani and Yurimoto,
1996). Trivalent Cr is predicted to remain in octahedral coordination in ferroper-
iclase and perovskite based on its large CFSE (Burns, 1975a). In contrast, Cr?"
is predicted to favour the larger distorted [7]- to [12]- coordinated sites of lower
mantle phases (Burns, 1975a). Although Cr is predominantly present as Cr3*, the
presence of Cr?* has been shown for ferropericlase inclusions in lower mantle dia-
monds (Odake et al., 2008) and for experimentally synthesized (ferro)periclase and
perovskite (Eeckhout et al., 2007; Kagi et al., 2013). Although possibly affected
by analytical difficulties, the Cr** /Crya ratio in ferropericlase has been shown to
range between ~0.07 and ~0.12 (Eeckhout et al., 2007; Kagi et al., 2013), but can be
up to ~0.4 in Fe-free periclase with Cr?* suggested to be present in [6]-coordinated
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sites (Eeckhout et al., 2007). On the other hand, perovskite was shown to have
Cr?* /Crigtal of ~0.7 with Cr?T present in the [12]-coordinated site (Eeckhout et al.,

2007).
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Figure 1.2: a) The relative oxygen fugacity conditions (log units relative to FMQ), fayalite-
magnetite-quartz buffer) are shown for different planetary reservoirs. Also shown are valence
state transition ranges for various multivalent elements. Elements discussed in this chapter are Cr
and Fe and are marked in red. Also shown are reference lines for oxygen fugacity buffers, such
as IW (Fe-FeO), NNO (Ni-NiO), and HM (hematite-magnetite) (modified after Mallmann et al.,
2021); b) Ionic raddi for different redox states of multivalent elements in octahedral coordination
with relevant elements discussed in this chapter marked in red (modified after Papike et al., 2005).

Experimental studies have shown that in silicate melts Cr can exist as Cré*, Cr?*,
and Cr*" (Berry et al., 2006; Berry and O’Neill, 2004). The occurrence of Cr%" in
silicate melts is limited to highly oxidizing conditions (Berry et al., 2006; Berry and
O’Neill, 2004), whereas Cr?* and Cr®" are the main oxidation states under repre-
sentative terrestrial magmatic conditions (Figure 1.2; Berry et al., 2006; Mallmann
et al., 2021; Papike et al., 2005). Although the determination of Cr*" is complicated
by the electron exchange reaction Cr** + Fe?t = Cr®* 4 Fe?T upon cooling, the
existence of Cr?* in basaltic melts has been determined by in-situ X-ray absorption
near-edge structure (XANES) spectroscopy (Berry et al., 2021b; Berry et al., 2006).
This study also demonstrated the dependence of melt Cr*™/Croa 0n fOs, in which
Cr?" /Criptal ~0.5 at AFMQ = -1.6 (Berry et al., 2006). In addition to the depen-
dence on fO,, Cr?*/Cria is dependent on temperature, pressure and composition
of the melt (Berry et al., 2021b; Li et al., 1995). Therein, the melt Cr** /Crygtal
increases with increasing temperature and decreasing fO, (Berry et al., 2006; Li et
al., 1995), but significantly decreases with increasing pressure (Berry et al., 2021b).
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As Cr** is expected in distorted sites due to the Jahn-Teller effect, the decreas-
ing Cr*" /Cryoa1 with increasing pressure was attributed to the general increase of
regular octahedral sites in melts with increasing pressure (Berry et al., 2021b). At
lower pressures coordination freedom in a melt allows for the presence of Cr?* in the
preferred distorted coordination. This may result in a Cr?"/Cra ratio of 0.35 in a
basaltic melt at crustal pressures, but Cr?*/Crya of zero at ~2 GPa corresponding
to a depth of ~60km (Berry et al., 2021b). Berry et al. (2021b) note that this
pressure dependence of Cr?t/Cry,a should not be extrapolated above 4.5 GPa.
Overall, the behavior of Cr is very different depending on the redox state. Namely,
in upper mantle silicate phases Cr®" behaves mostly compatibly except for olivine
and Cr?* behaves moderately incompatibly. These differences in partitioning influ-
ences stable Cr isotope fractionation between minerals and melts. Generally, heavier
isotopes prefer the stronger bonds, which occur with higher oxidation state and at
lower coordination numbers. These isotope effects arising from variable partitioning
of Cr?* and Cr3* with different coordination environments are described in detail
for minerals such as olivine, spinel and pyroxene in Chapter 2 (Section 2.5.3.2) of
this thesis.

1.1.2.3 High-temperature stable Cr isotope systematics

Chromium has four stable isotopes *°Cr, 2Cr, 53Cr, and **Cr, with natural abun-
dances of 4.35 %, 83.79 %, 9.50 %, and 2.36 %, respectively. **Cr is the decay product
of the now extinct ®*Mn (half-life of 3.7 Ma), and is used to study early-solar sys-
tem processes (e.g., Moynier et al., 2007; Trinquier et al., 2008). Stable chromium
isotope variations are reported as d-values (see also Eq. 1.1) relative to the NIST
(National Institute of Standards and Technology) SRM979, and will henceforth re-
ferred to as §°%/%2Cr.

As discussed above, it is clear that variable partitioning of Cr?** and Cr3* between
mineral phases and melt may induce Cr isotopic fractionation during magmatic pro-
cesses. The first study investigating stable Cr isotope variations of high-temperature
terrestrial rocks by Schoenberg et al. (2008) reported an average §°%/°2Cr value of
-0.124 +0.101 %o for rocks from various origins, i.e., ultramafic rocks and cumulates,
xenoliths, oceanic basalts, and one granite, which was termed the Earth’s igneous
inventory. This value was mainly proposed as a reference for low-temperature Cr iso-
tope studies. The average (ordinary and carbonaceous) chondrite value (6°%/%2Cr =
-0.119 + 0.045 %o, n=18; Schoenberg et al., 2016; §°3/52Cr = -0.115 + 0.043 %0, n=10;
Bonnand et al., 2016b) was found to be indistinguishable from the igneous inventory
suggesting that core formation did not impart any resolvable Cr isotope fractiona-
tion onto the silicate portion of the Earth (Bonnand et al., 2016b; Schoenberg et
al., 2016). This was supported by metal-silicate experiments showing no resolvable
Cr isotope fractionation during conditions of Earth’s core formation (Bonnand et
al., 2016b). Considerably lower 6°¥/°2Cr values for chondrites were later found to
be the result of analytical difficulties (Moynier et al., 2011). During the course
of this project and shortly before, three studies investigating high-temperature Cr
isotope systematics aimed at refining the 6°3/°2Cr of the BSE and gave values of
-0.14 £ 0.12 %o based on peridotites (Xia et al., 2017), -0.11 £ 0.06 %o based on peri-
dotites and komatiites (Sossi et al., 2018), and -0.12 £ 0.04 %o based on komatiites
(Jerram et al., 2020).

The slightly higher Cr isotope signature of chromites compared to the igneous inven-
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tory reported by Farkas et al. (2013) (-0.079 £ 0.129 %o; n=42) and Schoenberg et
al. (2008) (-0.082 £ 0.058 %o; n=12) points toward small inter-mineral stable Cr iso-
topic fractionations. Additionally, ab-initio calculations predict a higher 6°3/52Cr for
spinel compared to Cr metal, Cr-bearing sulphides, or olivine (Moynier et al., 2011).
By focusing on silicate mantle minerals, ionic model calculations predict decreasing
6°3/°2Cr in the order of spinel > clinopyroxene > orthopyroxene > olivine (Shen et
al., 2018). A later study by Bonnand et al. (2020a) experimentally confirmed that
Cr-spinel exhibits a heavier Cr isotopic composition compared to silicate melt.
Mass dependent stable Cr isotopic fractionation caused by magmatic differentiation
was first observed in lunar rocks, in which Cr-spinel crystallization drives the resid-
ual magma towards lower §°*/°2Cr values (Bonnand et al., 2016a). Similar trends
of §%3/52Cr correlating positively with indices of magmatic differentiation were seen
in differentiated meteorites (HED achondrites; Bonnand et al., 2016a; Schoenberg
et al., 2016). The heavy isotope signature of iron meteorites was explained by the
fractional crystallization of an isotopically light sulphide phase, i.e. daubréelite
(Bonnand and Halliday, 2018). In contrast to the interpretation of Bonnand et al.
(2016a), the light 6°3/°2Cr of lunar basalts can be explained by evaporative loss of
heavy isotopes associated with the gaseous species CrOy () during the Moon forming
impact under oxidizing conditions (Sossi et al., 2018). Recently, experimentally de-
termined fractionation factors between silicate melt and a gaseous phase show that
during kinetically driven degassing light Cr isotopes are enriched in the gas phase
(Klemme et al., 2022).

The continuously increasing number of studies on terrestrial mantle rocks show that
the silicate mantle exhibits a considerable range in §°*/°2Cr (Jerram et al., 2020;
Schoenberg et al., 2016; Schoenberg et al., 2008; Shen et al., 2015; Shen et al.,
2018; Xia et al., 2017). Fresh peridotites, bearing no indication of metasomatism,
display increasing 6°3/°2Cr values with increasing melt depletion, interpreted as the
result of the preferential partitioning of the light isotope into the melt (Xia et al.,
2017). Based on an extensive §°*/52Cr dataset of mantle minerals presented by Shen
et al. (2018), the authors used the resulting inter-mineral isotopic fractionations
to model the behavior of Cr isotopes during partial melting. The latter study and
subsequently published partial melting models showed that the melt would be in-
deed isotopically lighter compared to the residue (Jerram et al., 2020; Shen et al.,
2018; Shen et al., 2020). Yet, it remains an open question if isotopic fractionation
increases (Shen et al., 2018) or decreases (Jerram et al., 2020; Shen et al., 2020) with
increasing melt degree. Additionally, the effect of partial melting on the §°3/°2Cr
of the residue remains enigmatic as the increase in 6°%/°2Cr with increasing melt
depletion in peridotites (Xia et al., 2017) contrasts theoretical calculations indicat-
ing no significant change in 6°*/°2Cr of the residual peridotite (Jerram et al., 2020).
The negligible effect in the latter model can be largely explained by mass balance
considerations. Based on the compatible behavior of Cr during partial melting of
peridotite, a large fraction of Cr remains in the residuum.

So far, studies investigating oceanic basalts are scarce and restricted to two ocean
island basalt (OIB) locations (Hawaiian Islands and Fangataufa atoll, French Poly-
nesia). Both studies observed §°%/°2Cr variations caused by fractional crystallization
of Cr-spinel, which dominates the Cr-budget and drives the residual melt towards
lower 6°*/%2Cr (Bonnand et al., 2020b; Shen et al., 2020). The parental magmas of
the different localities were estimated to be slightly lower than the BSE caused by
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partial melting at variable redox conditions (variable Cr** /Criy,) (Bonnand et al.,
2020b; Shen et al., 2020). Most recently, a study investigated MORBs from vari-
ous ocean basins (Ma et al., 2022). These authors interpreted the observed positive
trend between 6°%/°2Cr and MgO as the result of fractional crystallization. Although
the light 6°%/°2Cr imparted by fractional crystallization agrees with observations of
OIBs, the authors applied the same fractional crystallization model for all their
samples despite clearly not following the same liquid lines of descent (for further
discussion see Chapter 3 of this thesis).

The large §°%/°2Cr variations of mantle peridotites and mantle derived xenoliths
were attributed to metasomatism of silicate or carbonatitic melts inducing a shift
to heavy §°*/°2Cr and suggested an at least locally heterogeneous mantle (Jerram
et al., 2022; Xia et al., 2017). Pyroxenitic veins exhibit a very light §°3/°2Cr sig-
nature, which has been explained by kinetic effects (Jerram et al., 2022; Xia et al.,
2017). Most recently, using model calculations, applied to multiple isotope systems,
to evaluate the effects of pyroxenitic contributions during mantle melting on the
stable isotopic composition of basalts showed that Cr isotopes can be used as trac-
ers for source lithologies such as pyroxenites (Soderman et al., 2022). The model
predicts these melts to exhibit a lower 6°/°2Cr compared to melts from pure peri-
dotite sources (Soderman et al., 2022). Nonetheless, the extent to which the mantle
is heterogeneous, and if this heterogeneity is reflected by basalts erupting on the
surface remains rather enigmatic. Moreover, the effect of the variety of recycled
components with variable Cr isotopic compositions is so far unresolved (e.g., heav-
ily serpentinized peridotites with 6°/°2Cr of up to +1.23 %o, Farkas et al., 2013;
carbonated peridotite, Jerram et al., 2022, and oceanic crust, Chapter 3; Ma et al.,
2022).

1.1.3 Iron

1.1.3.1 Iron elemental systematics

Iron is the second most abundant element on Earth (Palme and O’Neill, 2014) and
fourth most abundant element in Earth’s mantle and crust (Palme and O’Neill,
2014; Rudnick and Gao, 2014). Of special interest is that Fe is the most abun-
dant multivalent transition metal and will thus control the overall fO, of silicate
melts (Cicconi et al., 2020). Depending on the redox environment, Fe behaves as
a siderophile (Feg) and is enriched in the core, or as a lithophile (Fe*™ and Fe?™),
in which it forms a range of silicates and oxides at higher oxygen levels. At fOs of
AFMQ >1, Fe** /Fe?T = 0.5 (Figure 1.2a) whereas under common fO, for Earth’s
mantle conditions (fO; = AFMQ +1) Fe** /Fepa = 0.15 (e.g., Bézos and Humler,
2005). As a major element, Fe is a common constituent in most mantle minerals.
Olivine largely incorporates Fe?t, whereas pyroxenes, garnet, and spinel variably
incorporate Fe?* and Fe3* into their crystal lattices. Based on crystal field theory,
Fe?* acquires only small octahedral CFSE, whereas Fe?* has an octahedral CFSE
of zero (Burns, 1970). This may result in a slight preference of Fe?" for octahedral
sites, whereas no preference for octahedral or tetrahedral coordination is predicted
for Fe?™ (Burns, 1970). Based on ionic radius and charge, olivine incorporates Fe?"
(0.78 A) into its octahedral sites, whereas Fe?* (0.645 A) is considered to be negligi-
ble (Figure 1.2b; Shannon, 1976). Similarly, orthopyroxenes only incorporate minor
amounts of Fe3* (0.2 to 0.6 wt. % FeyO3; Woodland and Koch, 2003; Yaxley et al.,
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2012), whereas Fe?* is regularly partitioned into the octahedral coordinated sites
(i.e., endmember ferrosilit Fe,SipOg) and is thus highly compatible in orthopyroxene,
in agreement with experimental studies (e.g., Mallmann and O’Neill, 2009). Iron
partitioning into clinopyroxene has been shown to be complex, as it depends on the
melt composition controlling the composition of pyroxenes (McCanta et al., 2004).
Whereas Fe?" is easily incorporated into clinopyroxenes based on its ionic radius
and charge, Fe3* incorporation is often charge balanced by the coupled substitution
of AI** or Nat (Papike et al., 2005). As the spinel structure (MAFIB,0,) is quite
adjustable, partitioning of Fe?* and Fe3* is also variable. In Cr-spinel, Fe?* parti-
tions into the tetrahedral coordinated site. For Fe-Ti oxides, ulvospinel incorporates
Fe? in its tetrahedral A- and octahedral B-site, whereas magnetite preferentially
incorporates Fe3t into its tetrahedral coordinated A-site and Fe?* and Fe3* into its
octahedral-coordinated B-site. Most garnet varieties ([8]A3[6]B2813012) incorporate
Fe?™ in their [8]-coordinated A-site along with Ca and Mg. In contrast, Fe*T is
usually partitioned into garnet at its octahedral B site with andradite as an end-
member (CagFe3"SisOy5). During partial melting Fe?* is thought to behave more
incompatibly than Fe?T (Canil et al., 1994; O’Neill et al., 1993), leading to an Fe3*
enrichment in the melt. In silicate melts, X-ray absorption studies indicate that
Fe?* prefers the higher coordination compared to Fe*™ (Cicconi et al., 2020; Wilke
et al., 2004). Moreover, the stabilization of Fe3* or Fe?" in silicate melts depends
on melt composition. Increasing melt basicity (i.e., increasing network modifiers
such as Na and K) favours the oxidized species, so that for example trachytic melts
exhibit a higher Fe?" /Fea ratio compared to basaltic melts (Cicconi et al., 2020;
Kress and Carmichael, 1991).

1.1.3.2 High-temperature stable Fe isotope systematics

Iron has four stable isotopes **Fe, 56Fe, >"Fe, and °®Fe with natural abundances of
5.845%, 91.754 %, 2.119 %, and 0.282 %, respectively. As discussed above, the pres-
ence of Fe?t and Fe3* in silicate melts and redox exchange reactions during magmatic
processes are expected to lead to measurable variations in iron isotopic compositions
given as d-values (see also Eq. 1.1), relative to reference material IRMM-014, hence-
forth referred to as 6°9/°*Fe. Among stable transition metal isotope systems, stable
Fe isotopes are probably the most well-studied, with most recent reviews specifi-
cally on iron isotope geochemistry given by Dauphas et al. (2017) and Johnson et
al. (2020). The following paragraphs are a relatively brief overview on the behavior
of Fe isotope in high-temperature systems.

Although first investigations on the Fe isotopic composition of igneous rocks could
not identify significant variations (Beard and Johnson, 1999), subsequent analytical
improvements (e.g., Schoenberg and von Blanckenburg, 2005) led to the resolution
of small Fe isotope variations within planetary and silicate Earth reservoirs, includ-
ing inter-mineral isotope differences (e.g., Beard and Johnson, 2004; Schoenberg and
von Blanckenburg, 2006; Weyer et al., 2005; Williams et al., 2004; Williams et al.,
2005; Zhu et al., 2002). Various studies investigated the Fe isotopic composition of
the BSE and yielded §°6/5Fe of 4-0.015 4 0.018 %o (2SD, n=11; Weyer et al., 2005)
or 0.02+0.03 %0 (Weyer and lonov, 2007) based on terrestrial peridotites from di-
verse tectonic settings, +0.025 +0.025 %o based on abyssal peridotites (Craddock et
al., 2013), or -0.08 +0.033 %o based on the 90 Ma Gorgona komatiite suite (Hibbert
et al., 2012). These estimates overlap within error, and are indistinguishable from
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the average chondrite 6°%/°*Fe value of -0.011 #+0.106 %o compiled by Johnson et al.
(2020) suggesting negligible Fe isotope fractionation during core formation (Weyer
et al., 2007, Weyer et al., 2005; Weyer and Tonov, 2007). Bulk rock as well as
mineral analyses of mantle peridotites can be highly variable in §°%/°*Fe, which has
been attributed to kinetic processes associated with metasomatism and melt perco-
lation (Poitrasson et al., 2013; Weyer and Ionov, 2007). At equilibrium, 6°6/>*Fe of
silicate mantle minerals increase from olivine, garnet < pyroxene < spinel (Macris
et al., 2015; Weyer and Ionov, 2007; Williams and Bizimis, 2014; Williams et al.,
2004; Williams et al., 2005), broadly in agreement with ionic modeling (Macris et
al., 2015; Young et al., 2015). Non-metasomatized peridotites have been shown to
correlate with indices of melt extraction, during which the §°9/°*Fe of the resid-
ual peridotite decreases with increasing melt depletion (Weyer and Ionov, 2007;
Williams et al., 2005). Based on this observation and the heavier average §°%/°*Fe
of basalts (40.107 £ 0.055 %o; n=119; compiled from Chen et al., 2019b; Richter et
al., 2021; Teng et al., 2013; Weyer and lonov, 2007) compared to peridotites, it was
suggested that partial melting fractionates Fe isotopes.

The magnitude of Fe isotopic fractionation is suggested to be dependent on Fe3" /Fegotal
of the source and melt, the degree of melting, and the source lithology (Dauphas
et al., 2009). With increasing partial melting degrees Fe isotopic fractionation de-
creases (Dauphas et al., 2009; Williams and Bizimis, 2014; Williams et al., 2009;
Williams et al., 2005), in agreement with the on average lower §°¢/°*Fe of large-
degree mantle melts such as Archean komatiites (Dauphas et al., 2010; Hibbert et
al., 2012; Nebel et al., 2014). Ocean islands basalts are more variable, extending to-
wards higher §°6/54Fe values (up to 40.34 %o for Samoan lavas, (Konter et al., 2016),
whereas the majority of OIBs has §°/5*Fe between 0.00 and +0.2 %o (McCoy-West
et al., 2018; Nebel et al., 2019; Peters et al., 2019; Schuessler et al., 2009; Soderman
et al., 2021; Teng et al., 2008; Teng et al., 2013; Weyer and Ionov, 2007). The
higher §°9/54Fe variability of OIBs has been frequently attributed towards a litho-
logical heterogeneous source consisting of peridotite and pyroxenites. Pyroxenites
have been shown to exhibit heavier Fe isotopic compositions compared to peridotites
(Macris et al., 2015; Williams and Bizimis, 2014). Combining mineral-specific frac-
tionation factors with a source signature that is initially isotopically heavier than
pure peridotite may thus contribute to the heavier and more heterogeneous §°6/>*Fe
of basalts sampling these sources. Theoretical calculations using a thermodynami-
cal melting model combined with equilibrium fractionation factors showed that Fe
isotopes may trace pyroxenitic components driving the §°9/°*Fe of basalts towards
heavier 6°%/°4Fe in MORB sources and OIB sources (Gleeson et al., 2020; Soderman
et al., 2021; Soderman et al., 2022; Williams and Bizimis, 2014). An additional
process influencing Fe isotopic composition of basalts is fractional crystallization,
driving 6°6/5*Fe of the residual melt towards heavier values due to the incorporation
of light Fe isotopes into olivine and pyroxenes (Schuessler et al., 2009; Sossi et al.,
2012; Teng et al., 2008; Williams et al., 2018). Iron isotopic fractionation during
fractional crystallization is dependent on the mineral assemblage, e.g. magnetite
or Cr-spinel crystallization would impart a lower §°%/°*Fe onto the residual melt
(McCoy-West et al., 2018; Sossi et al., 2012; Williams et al., 2018). Moreover, in
highly differentiated igneous rocks 6°¢/*Fe may increase up to 40.3 %o, proposed
to be due to e.g., fluid exsolution during fractional crystallization (Heimann et al.,
2008; Telus et al., 2012; Zambardi et al., 2014).

13



Chapter 1

1.2 Scope of this thesis

As shown in the previous sections several factors can influence stable Cr (and Fe)
isotopic fractionations. Mediated by the prevailing fO,, the variable abundances
and structural associations of Cr*™ and Cr3* (as well as Fe** and Fe3") between
melts and minerals likely result in Cr isotopic fractionations during magmatic pro-
cesses, similar to what is observed for Fe isotopes.

Although the numbers of studies concerning the behavior of Cr isotopes during high-
temperature processes have increased, it remains an open question to what extent
Cr isotopes fractionate during magmatic processes. Thus, a better understanding
of Cr isotopic fractionation during magmatic processes is needed to develop stable
Cr isotopes as a tracer for mantle fOs.

This thesis is separated into three main chapters (Chapter 2, 3, and 4), which aim to
improve our understanding of stable isotope fractionation under high-temperature
conditions. Thereby, different reservoirs of the Earth are explored by investigating
mantle derived melts generated at variable conditions and encompassing Archean
komatiites and basalt as well as Phanerozoic basalts from a variety of petrogenetic
settings including mid-ocean ridges and intraplate volcanism.

Chapter 2 investigates two komatiite-tholeiite suites from Archean Greenstone
belts, i.e., the 3.5 Ga Barberton greenstone belt (South Africa and Eswatini) and
the 2.9-2.7 Ga Belingwe greenstone belt (Zimbabwe), to evaluate the influence of
magmatic processes operating during the Archean before revising the Cr isotope
value of the BSE. Using komatiites to constrain the Cr isotope BSE value is partic-
ular helpful as large degrees of melting at very high temperatures minimize isotope
fractionation during partial melting. Moreover, as komatiite-tholeiite suites from the
Archean are typically affected by magmatic differentiation and post-magmatic alter-
ation, the influence of these processes on Cr isotope fractionation will be discussed
in detail. This work is published in Chemical Geology (Wagner, L. J., Kleinhanns,
I. C., Weber, N., Babechuk, M. G., Hofmann, A., Schoenberg, R. 2021. Coupled
stable chromium and iron isotopic fractionation tracing magmatic mineral crystal-
lization in Archean komatiite-tholeiite suites. Chemical Geology, 576, 120121).
Chapter 3 evaluates the effect of partial melting and fractional crystallization dur-
ing typical fast spreading mid-ocean ridge basalts genesis to constrain the effect of
modern terrestrial mantle melting conditions on Cr isotope variations. This chapter
focuses on modeling Cr isotopic behavior during partial melting at a mid-ocean ridge
setting based on phase equilibria mantle melting models using MELTS. The results
show that melting of peridotitic upper depleted mantle produces a melt enriched in
light Cr isotopes. However, based on the overall lower Cr isotopic composition of
MORBSs compared to the model the results are subsequently evaluated in the light
of source mineralogical constraints of mid-ocean ridge basalts providing compelling
evidence for a pyroxene-rich source sampled by mid-ocean ridge basalts. This chap-
ter has been submitted to Geochimica et Cosmochimica Acta.

Chapter 4 aims to improve our understanding of the controlling processes lead-
ing to the observed Cr isotope variations of ocean island basalts and continental
intraplate basalts. Fe isotopes have been used extensively to constrain source min-
eralogical effects, whereas Cr has recently been proposed to trace pyroxenitic source
compositions. However, the investigation of Cr isotope systematics of ocean island
basalts is so far limited to two locations in the Pacific Ocean (Fangataufa atoll,
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French Polynesia (Bonnand et al., 2020b) and Hawaii (Shen et al., 2020)). The
focus of this study lies on the effect of mantle source heterogeneity on Cr isotope
systematics by studying intraplate basalt suites encompassing a variety of mantle
source compositions as defined by radiogenic isotope systematics.
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Chapter 2

Coupled stable chromium and iron
isotopic fractionation tracing
magmatic mineral crystallization
in Archean komatiite-tholeiite
suites

Abstract

Chromium exists in the two oxidation states Cr?>* and Cr3* during high-temperature
magmatic processes and changes in Cr redox are often associated with stable isotopic
fractionation. Thus, the stable chromium isotope compositions of mantle-derived
magmas bear the potential to trace the oxidation states of their mantle sources as
well as any post melting changes in Cr redox (e.g. during magmatic differentiation),
in a manner similar to magmatic stable Fe isotopic fractionation. However, these
stable isotope fractionation effects are less understood for Cr relative to Fe. Komati-
ites and tholeiitic basalts represent a wide range of mantle-derived partial melts with
variable fractional crystallization of phases with different affinity for Cr?>* and Cr3*.
Thus, they offer potential archives to better understand high-temperature Cr iso-
tope fractionation processes and mantle redox.

Here, we report major and trace elements as well as coupled stable Cr and Fe
isotope compositions of two well-characterized Archean komatiite-tholeiite suites
from the Barberton Greenstone Belt, South Africa and Eswatini, and Belingwe
Greenstone Belt, Zimbabwe. The sample suites range in MgO concentrations from
3.85 to 34.33wt. %, which allows investigation of the impact of large degrees of
magmatic differentiation in a komatiite-basalt system. Whole-rock §°%/°2Crgraoro
and 0°%**Ferryvmors values range from -0.39040.016 to -0.061+0.016 %o and -
0.014 £0.018 to +0.192 £ 0.018 %o, respectively. The komatiites have a very nar-
row range in their Cr isotopic composition with an average 6°%/°2Crgpaorg value of
-0.122 +0.050 %o (2SD; n=21), which supports previous estimates of the bulk sili-
cate Earth §°%/52Crggaorg value. However, high-Mg tholeiites and basaltic andesites
exhibit significantly lighter 6°%/52Crggmore and heavier 6°6/°*Fergymnors values than
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komatiites. These variations can be linked to crystallization and accumulation of
mineral phases observed from fractionation trends of the two Archean komatiite-
tholeiite suites. In detail, during crystallization and accumulation of olivine the
Cr isotope compositions of komatiites stay invariant, whereas at the onset of Cr-
bearing spinel and pyroxene crystallization the Cr isotope signatures of komatiitic
basalts, high-Mg tholeiites and basaltic andesites become progressively lighter, which
is attributed to the preferential incorporation of isotopically heavier Cr3* in these
mineral phases. The gradual increase of 6°6/5*Fergymnors with increasing magmatic
differentiation, does not allow identifying the crystallization of particular mineral
phases using Fe isotopes alone. Ultimately, this study demonstrates the power of
combining stable Cr and Fe isotopic analyses to examine the effects of fractional
crystallization on modifying melt source values and thus to ensure accurate mantle
redox estimations.

2.1 Introduction

Stable isotopes of redox-sensitive transition metals applied to high-temperature mag-
matic systems are potential proxies of the prevailing oxygen fugacity (fOs) during
magmatic processes (i.e., Dauphas et al., 2009; Prytulak et al., 2016; Shen et al.,
2020; Weyer and lonov, 2007; Williams et al., 2004; Williams et al., 2005). These
proxies are grounded in theoretical ab initio calculations of bond strengths between
two phases at isotopic equilibrium, which predict that heavier isotopes generally
prefer the phase with the higher valence state and/or lower coordination number
(Ottonello and Zuccolini, 2005; Schauble et al., 2004).

Among all multivalent stable metal isotope systems applied to study high-temperature
magmatic systems so far, the processes and magnitude of fractionation between sta-
ble Fe isotopes are arguably the best understood (e.g. Dauphas et al., 2017). Pre-
vious studies have invoked a direct relationship between changing f(O, and mass-
dependent Fe isotope fractionation in magmatic systems (Dauphas et al., 2009;
Williams et al., 2004; Williams et al., 2005), but many other magmatic processes
may also cause Fe isotope fractionation between different phases and reservoirs. For
example, partial mantle melting may enrich the magma in heavy Fe isotopes (mid-
ocean ridge basalt (MORB) 6°%/%4Fe ~+0.1 %o; for definition of §°6/**Fe see equation
2.4) compared to the original mantle reservoir with a chondritic Fe isotopic signa-
ture (0°%/54Fe of ~0 %o; see Dauphas et al., 2009; Poitrasson et al., 2004; Schoenberg
and von Blanckenburg, 2005; Schoenberg and von Blanckenburg, 2006; Schuessler
et al., 2009; Weyer et al., 2005; Weyer and Ionov, 2007; Williams et al., 2004).
Subsequent magmatic differentiation may further fractionate Fe isotopes depending
on the associated fractional assemblage (Chen et al., 2019; Poitrasson and Freydier,
2005; Schoenberg et al., 2009; Schoenberg and von Blanckenburg, 2006; Schuessler
et al., 2009; Sossi et al., 2012; Williams et al., 2018).

Interest in the application of stable Cr isotopes to study high-temperature mag-
matic systems has increased in recent years (Bonnand et al., 2020; Bonnand et al.,
2016; Schoenberg et al., 2016; Schoenberg et al., 2008; Shen et al., 2015; Shen et al.,
2018; Shen et al., 2020; Xia et al., 2017). On Earth the predominant redox state of
the compatible element Cr in igneous minerals and rocks is Cr3*. However, studies
based on experimental data by Berry and O’Neill (2004), Berry et al. (2006) and
Papike et al. (2016) confirmed findings of earlier studies that Cr?>* may also play a
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significant role in magmatic (basaltic) melts and their crystallization products (An-
gel et al., 1989; Burns, 1975a; Schreiber and Haskin, 1976). An important result
from the aforementioned experimental studies is that the Cr?*/SCr ratios of the
melt depend on melt composition and significantly increase with decreasing fO, and
increasing temperature (Berry et al., 2006; Papike et al., 2016). According to crystal
field theory Cr3* has a strong preference for octahedral sites, such as the B-site in
normal spinel (A%**B3T0,), whereas Cr?* preferentially occupies slightly distorted
octahedral crystal lattice sites, such as the M; site in olivine (M7 M3+ SiO,; Burns,
1975a). Recently, analyses of mineral separates of peridotite xenoliths revealed de-
creasing 6°3/°2Cr values (see equation 2.1), in the order spinel >pyroxene >olivine
in accordance with ionic modeling (Shen et al., 2018). As such, changes in Cr oxi-
dation states between mantle peridotites and partial melts as well as differences in
bonding environments between minerals and melt may bear the potential for Cr iso-
tope fractionation during magmatic processes such as partial melting and fractional
crystallization. However, Schoenberg et al. (2008) reported relatively homogenous
§°3/52Cr values for mantle rocks and their derivatives (i.e., restites, partial melts
and cumulates) with an average of -0.124 +0.101 %o, defined as igneous inventory.
Nevertheless, small but significant variations between chromites and the igneous in-
ventory (Farkas et al., 2013; Schoenberg et al., 2008), small variations of §°/°2Cr in
peridotites correlating with indices of melt differentiation (Schoenberg et al., 2016;
Xia et al., 2017), and heavy isotope-depleted mafic intrusive rocks (Babechuk et al.,
2019) have been observed. All of these evidences hint at stable Cr isotope fraction-
ation during high-temperature processes such as different degrees of partial melting
or fractional crystallization. Recent studies on ocean island basalts (OIB) (Bonnand
et al., 2020; Shen et al., 2020) and komatiitic sample suites (Jerram et al., 2020)
confirmed Cr isotope fractionation at mantle fO, and temperature conditions. Nev-
ertheless, several details of high-temperature stable Cr isotopic fractionation remain
poorly understood whereby especially the influence of certain mineral phases has yet
to be investigated in more detail. Ideal archives to examine the impact on the Fe-Cr
isotope systems during high-degree melting processes and magmatic fractionation
are komatiite-tholeiite sequences to devise a more complete understanding of the
controlling mineral phases.

In this study, we applied the combination of stable Cr and Fe isotope systematics to
well-studied komatiite-tholeiite suites from the 3.55-3.22 Ga Barberton Greenstone
Belt (BaGB) (Figure 2.1a-b), South Africa and Eswatini (Coetzee, 2014; Robin-
Popieul et al., 2012; Schneider et al., 2019), and the 2.9-2.7 Ga Belingwe Greenstone
Belt (BeGB) (Figure 2.1c), Zimbabwe (Bolhar, 2001; Bolhar et al., 2003; Nisbet
et al., 1987; Nisbet et al., 1977; Shimizu et al., 2005). Olivine, Cr-bearing spinel
and pyroxene, the major phases that crystallize from komatiitic melts, contain Cr
and Fe at significant concentrations. Similar ionic radii at identical charges al-
lows substitution of Cr?* (0.80 A) with Fe?t (0.78 A) and Cr** (0.62 A) with Fe*
(0.65A) in octahedral coordination in the crystal lattice of these minerals (Shan-
non, 1976), which is likely to induce isotopic fractionation between melt and min-
erals. The wide range of MgO concentrations (3.85 to 34.33 wt. %) in our BaGB
and BeGB komatiite-tholeiite dataset indicates large degrees of magmatic differ-
entiation and a wide range from cumulate dominated to residual melt dominated
rocks, which further enhances the range in Cr and Fe substitution between miner-
als and melt, potentially increasing the extent of isotopic fractionation. This study
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specifically addresses the stable Cr and Fe isotopic fractionation that is induced dur-
ing the differentiation of high-degree ultramafic melts across the transitions of only
olivine crystallization (typically with MgO >20wt. %), to the combined crystalliza-
tion of olivine, Cr-bearing spinel, pyroxene, and plagioclase (typically with MgO
<15wt. %). We particularly concentrate on (i) the overall Cr and Fe isotope vari-
ations observed in such complex komatiite-tholeiite suites as the ones of the BaGB
and BeGB, (ii) the potential influence of secondary alteration, crustal assimilation
and degree of partial melting on the observed Cr and Fe isotope variations and (iii)
the effects of crystallizing minerals (i.e., ‘active’ minerals) on the Cr and Fe isotopic
compositions of the whole rocks along the complex magmatic evolution of the BaGB
and BeGB komatiite-tholeiite suites.

2.2 Geological overview and samples

2.2.1 General aspects of komatiite-tholeiite suites

Two major types of komatiites have been identified based on their chemical com-
positions: Al-depleted and Al-undepleted (Nesbitt et al., 1979). The formation of
these has been ascribed to large degrees of partial melting at high pressures and
high melting temperatures (Green et al., 1975; Herzberg, 1992; Nisbet et al., 1993)
suggesting a plume origin for komatiites (Arndt, 1986; Bickle, 1993; Campbell et
al., 1989; Sun and Nesbitt, 1978).

Aluminum-depleted komatiites are characterized by low Al,O3/TiO,, low incompat-
ible trace element concentrations and relative depletion of the heavy rare earth ele-
ments (REE) marked by low primitive mantle (PM) normalized (Gd/Yb)py (Figure
2.2b) indicative for melting of a garnet-bearing source (Nesbitt et al.; 1979; Ohtani
et al., 1989; Walter, 1998). In combination with (La/Sm)py ratios of ~1, these
chemical compositions indicate moderate to high degrees of partial melting (~30 %)
of a primitive source at high pressures (>7 GPa) with garnet as a residual phase
(Robin-Popieul et al., 2012; Sossi et al., 2016). Aluminum-undepleted komatiites,
depicted by higher Al,O3/TiOs (see also higher absolute abundances of Al;O3; Fig-
ure 2.3a), flat and unfractionated (Gd/Yb)pm (Figure 2.2b) and slightly depleted
light REE (LREE) (Figure 2.4b) are interpreted to be derived from melting of a
moderately depleted source at lower pressures (<7 GPa) at which garnet is absent
or completely exhausted due to even higher degrees of partial melting (~40 %) (Sossi
et al., 2016).

Komatiites are always associated with basalts, but the genetic relationship between
them remains a subject of debate (Arndt et al., 2008). Different models have been
proposed for the generation of basalts associated with these plume-derived komati-
ites: 1) formation by fractional crystallization of a komatiitic parental melt (Jochum
et al., 1991; Waterton et al., 2020; Xie et al., 1993); 2) formation by lower melting
degrees within the same plume (Campbell et al., 1989; Dostal and Mueller, 2013)
or 3) formation by moderate degrees of melting within the upper ambient mantle
(Herzberg et al., 2010; Jochum et al., 1991). Irrespective of these different formation
models, there is general consensus about the influence of certain mineral phases at
certain evolutionary stages of these melts, which is important for our study to allow
the characterization of isotopic Fe-Cr fingerprints for specific mineral phases. It is
not the goal of this study to use stable Cr and Fe isotope compositions of whole
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Figure 2.1: a) Geological map of the Barberton Greenstone Belt and surrounding granitic terrain
(modified after Hofmann (2005) and Kamo and Davis (1994)). Inset b) shows the drill core location
of BARB-1 (red star) and outcrop sample locations (red circles); ¢) Geological map of the Belingwe
Greenstone Belt with surrounding granitic terrain (modified after Hofmann and Kusky (2004) and

Martin et al. (1993)).

rocks to enhance the understanding of the highly disputed petrogenetic evolution of
these complex melt systems and their products.

2.2.2 Barberton Greenstone Belt

The 3.55 to 3.22 Ga old Barberton Greenstone Belt (BaGB) in South Africa and
Eswatini, located at the eastern part of the Kaapvaal Craton (Figure 2.1a), rep-
resents one of the oldest and well-preserved supracrustal volcano-sedimentary se-
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quences and includes the type locality for komatiites (Viljoen and Viljoen, 1969).
The BaGB consist of lithologies of the Barberton Supergroup including the pre-
dominantly volcanic Onverwacht Group (3.55-3.26 Ga), the volcano-sedimentary Fig
Tree Group (3.26-3.22 Ga) and the terrigenous clastic Moodies Group (3.22 Ga; Arm-
strong et al., 1990; Heubeck et al., 2013; Heubeck and Lowe, 1994; Kamo and Davis,
1994; Lowe and Byerly, 1999; Lowe and Byerly, 2007). The Onverwacht Group
mainly consists of mafic to ultramafic volcanic rocks with minor felsic volcanic and
volcaniclastic rocks and chert. The Komati Fault separates the amphibolite-facies
Sandspruit and Theespruit formations from the overlying greenschist-facies Komati,
Hooggenoeg, Kromberg and Mendon formations (Lowe, 1994; Lowe and Byerly,
2007).

Rock samples studied here originate from the Komati Formation (3,482 +5Ma,
SHRIMP U-Pb single-grain zircon; Armstrong et al., 1990), which importantly con-
sists of one continuous sequence of submarine volcanic rocks as indicated by the
absence of interlayered sediments (Dann, 2000; Viljoen and Viljoen, 1969). It is
divided into the Lower Komati (mainly komatiites with minor basalts and komati-
itic basalt) and Upper Komati member (mainly pillow basalts and minor komatiite;
Dann, 2000). The Komati Formation underwent greenschist facies metamorphism
at temperatures of up to 520° C and pressures of up to 4 kbar (Cloete, 1999; Xie et
al., 1997).

Formation of BaGB komatiites of the Komati Fm has been attributed to melting of
an anhydrous mantle plume (e.g. Chavagnac, 2004; Schneider et al. 2019; Robin-
Popieul et al. 2012, Puchtel et al. 2013). Based on parallel trace element pattern
(compare Figure 2.4), similar elemental anomalies and similar e H f and e Nd isotope
values of komatiites, komatiitic basalts, and high Mg-tholeiites, a common mantle
source may be inferred (Schneider et al. 2019). Slight differences in (Gd/Yb)pm
ratios between komatiites ((Gd/Yb)py = 1.4) and komatiitic basalts and high-Mg
tholeiites ((Gd/Yb)pym = 1.2) may indicate lower depths of melting and thus deriva-
tion by lower melting degrees within the same source (Schneider et al., 2019).
Samples from the BaGB were obtained from the International Continental Scientific
Drilling Program (ICDP) drill core BARB-1 (see Figure 2.1a-b), which is stored at
the University of Johannesburg (South Africa). Drill core BARB-1 intersected the
Lower Komati member and yielded a continuous sequence of differentiated komatiite
flows, massive komatiite and komatiitic basalt flows, late stage crystallized gabbro
as well as intrusive gabbro and basalt. The upper part of the drill core is a thick
differentiated komatiitic flow, referred to as a tumulus unit, representing an inflated
and internally strongly differentiated flow (olivine cumulate to pyroxenite/gabbro)
produced by resurgence of magma within the same flow (Blichert-Toft et al., 2015;
Coetzee, 2014; see also Dann, 2001 for detailed description). In this study, two of
the 18 drill core samples are from the tumulus unit (60.70 and 66.70). The other
16 samples cover multiple massive and differentiated komatiitic flows, including cu-
mulate and olivine spinifex textured komatiites, as well as massive komatiitic basalt
and basalt flows. Additionally, three outcrop samples were taken from the Komati
Formation (see Figure 2.1b and Table 2.3 for sample location).
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Figure 2.2: Classification diagrams for Barberton and Belingwe komatiites and associated ko-
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gram after Jensen (1976); b) Al;O3/TiO2 vs. (Gd/Yb)pym for classification of Al-depleted and
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symbols refer to BaGB and BeGB samples, respectively.

2.2.3 Belingwe Greenstone Belt

The 2.9 to 2.7 Ga old Belingwe Greenstone Belt (BeGB), Zimbabwe, is located on
the south-eastern part of the Zimbabwe Craton (Figure 2.1c). It consists of the
Lower Greenstones (Mtshingwe Group) and the Upper Greenstones (Ngezi Group).
The Lower Greenstones unconformably overlie the 3.5 Ga old Shabani Gneiss Com-
plex (Bickle et al., 1975; Nisbet et al., 1977) and consist of a series of volcanic units
and chemical and clastic sedimentary formations. These are from bottom to top:
The Hokonui Formation (mafic to felsic volcanic to volcaniclastic lithotypes), the
Bend Formation (komatiites, basalts, iron formations) and the Koodoovale Forma-
tion (shales, conglomerates) in the west and the Brookland Formation (sedimentary
rocks, komatiites, basalts) in the east (Hofmann and Kusky, 2004). The Lower
Greenstones range in age from 2,904 9 Ma (Hokonui Formation; SHRIMP U-Pb
single zircon; Wilson et al., 1995) to 2,831 + 6 Ma (Koodoovale Formation; SHRIMP
U-Pb single-grain zircon; Wilson et al., 1995). Metamorphic overprint ranges from
lower greenschist facies to amphibolite facies in the vicinity of granitoids (Orpen et
al., 1993). The Upper Greenstones unconformably overlie the Shabani gneiss com-
plex as well as the Lower Greenstones (Bickle et al., 1975), and consist of sedimen-
tary units of the Manjeri Formation (clastic sedimentary succession) and Cheshire
Formation (shallow marine carbonates) enclosing the volcanic units of the Reliance
Formation and the Zeederbergs Formation (Nisbet et al., 1977). The Reliance For-
mation predominantly consists of komatiite and komatiitic and tholeiitic basalt and
transitions into the Zeederbergs Formation, comprising mainly tholeiitic basalt and
basaltic andesite, without any distinctive interruption of the magmatic succession
(Bickle et al., 1975; Nisbet et al., 1977; Scholey, 1992). A komatiitic basalt of the
Reliance Formation yielded an age of 2,692 +9 Ma (Pb-Pb on whole rock; Chauvel
et al., 1993), while Re-Os dating of whole-rock komatiites as well as olivine and
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chromite separates revealed an age of 2,689+ 16 Ma (Puchtel et al., 2009). The
metamorphic overprint in the Upper Greenstones is extremely low and ranges from
subgreenschist to greenschist facies and only locally reaches amphibolite facies (Mar-
tin, 1978).

The relationship between Lower and Upper Greenstones is still a matter of debate as
field evidence shows sheared tectonic contacts between these two units (Blenkinsop
et al., 1993; Bolhar et al., 2003; Dirks et al., 1999; Hofmann and Dirks, 2003; Hunter
et al., 1998; Kusky et al., 1994). Consequently, a common magmatic origin of the
BeGB Lower and Upper Greenstones is disputed. Within each stratigraphic unit a
LREE-depleted and LREE-enriched group can be discriminated. Similar major and
trace element systematics within each group suggest at least very similar petroge-
netic processes being involved for each group (Bolhar et al., 2003). For the BeGB
LREE-depleted samples (Figure 2.4b) major and trace element modelling showed
that high-Mg tholeiites from the Zeederbergs Formation and komatiitic basalts from
the Reliance F'm can be derived by fractional crystallization of a komatiite parental
magma from the Reliance Formation with minor crustal assimilation of 1-2% (Bol-
har, 2001; Brake, 1996; Shimizu et al., 2005). The LREE-enriched samples of the
BeGB (Figure 2.4b), however, cannot be derived by simple fractional crystallization
and require higher degrees (5 to 30 %) of assimilation of continental crust and/or
lithospheric components and approximately 70 % fractional crystallization (Bolhar
et al., 2003; Shimizu et al., 2005).

Samples from the BeGB are from from the Lower (Bend, Hokonui and Brookland
Formations) and Upper Greenstones (Reliance and Zeederberg Formations) and were
originally collected for the studies of Bolhar et al. (2003) and Bolhar (2001).

2.3 Methods

Sample selection for the BaGB was based on the petrographic drill core log (Coetzee,
2014) and on-site determinations of Mg, Fe, and Si contents using a portable X-Ray
Fluorescence (pXRF) device on rock surfaces to maximize variation in magmatic
differentiation (i.e., large spread in MgO content). A comparison of pXRF data and
instrumental wavelength dispersive XRF data obtained on fused glass beads at the
University of Tuebingen is given in the Supplementary Table A.1.1 and Supplemen-
tary Figure A.1.1. Additionally, three outcrop samples were taken from the Komati
Formation (see Figure 2.1b and Table 2.3 for sample location). Samples were cut
using a diamond-coated saw and crushed to chips with a hydraulic press. Final pow-
dering occurred in an agate ball mill to prevent any contamination from metal. All
major and trace element contents as well as stable Fe and Cr isotope compositions
for BaGB samples were obtained at the Isotope Geochemistry laboratories of the
University of Tuebingen.

Except for one sample (K-1), major element compositions for BeGB samples are
from the studies of Bolhar (2001) and Bolhar et al. (2003), and reported again in
this study for completeness of the dataset. Trace element concentrations as well
as stable Fe and Cr isotope compositions were obtained at the Tuebingen Isotope
Geochemistry laboratory on powders (pulverized in agate ball mill) from rock chips
prepared by Bolhar et al. (2003). All major and trace element data for BaGB and
BeGB are reported in Tables 2.1 and 2.2, respectively, and stable Fe and Cr isotope
data are given in Table 2.3.
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2.3. Methods Chapter 2

2.3.1 Major elements

An aliquot of 1.5 g of powdered sample was mixed with 7.5 g of Merck Spectromelt
A12, melted at 1,200° C and quenched to a glass bead. Analyses were performed
with a wavelength dispersive Bruker AXS S4 Pioneer XRF spectrometer (Rh-tube at
4kW) with 32 standardized samples at the University of Tuebingen. Matrix effects
were corrected for using the standard Spectra software provided by Bruker AXS.
To complement the determination of major constituents, loss on ignition (LOI) was
determined on a separate aliquot of 1 g that was heated to 1,000° C for 1 hour. To
allow for comparison of all samples all major oxides are recalculated to a volatile-
free basis. United States Geological Survey (USGS) reference material BHVO-2 was
analyzed to allow for quality control, and results from this study reproduce the cer-
tified USGS values well (Supplementary Table A.1.2).

The determination of the ferrous iron content is based on a standard colorimet-
ric titration technique (Goldich, 1984; Maxwell, 1968) and the detailed procedure is
given in Babechuk et al. (2019). USGS reference material BIR-1a yielded a FeO con-
centration of 7.95+ 0.20 wt. % (1SD, n=10), which reproduces well with the value of
8.25 £ 0.42wt. % (1SD, n=8) determined by Babechuk et al. (2019) and those com-
piled in previous studies (e.g., Saikkonen and Rautiainen, 1993). For the reference
material from the International Association of Geoanalysts (IAG) OKUM (= OPY-
1 ultramafic rock; Kane, 2015) the obtained FeO concentration of 8.21 +0.13 wt. %
(1SD, n=6) lies well within the average of 8.47+0.46 wt. % (1SD, n=11) reported
by Webb et al. (2007). Single measurements of reference materials are reported in
the Supplementary Table A.1.3. Full procedural blanks were <0.02 wt. % FeO.

2.3.2 Trace element and isotope composition

To ensure complete sample digestion and especially complete dissolution of the re-
fractory Cr-rich spinel phase, closed bomb digestions were carried out. For these, 20
to 30 mg of powdered samples were combined with a 3:1 mixture of HF (~27 M)-
HNOj3 (~14.5 M) and heated to 200° C in an oven for four days (96 hours). Following
evaporation, samples were re-dissolved in 0.5 mL 6 M HCI and heated to 200° C
for one day to ensure complete destruction of fluorides. Subsequent evaporation
of the sample solutions was followed by the removal of any excess Cl” by repeated
evaporation to incipient dryness with HNOj3 (65 %). The sample residues were re-
dissolved in 1 mL 5 M HNOj; and a stock solution (2% HNOj;) with a nominal
dilution factor of ~1,000 was created gravimetrically. To minimize the effects of
possible sample heterogeneity, determination of trace element concentrations as well
as Cr and Fe isotope compositions were measured on individual aliquots originating
from the same stock solution following the detailed protocol described by Babechuk
et al. (2019).

2.3.2.1 Trace elements

Determination of trace element concentration is based on a method originally de-
scribed by Eggins et al. (1997) and incorporating subsequent modifications (Albut
et al., 2018; Babechuk et al., 2010; Kamber et al., 2005), with measurement via so-
lution quadrupole ICP-MS (S-Q-ICP-MS) on a ThermoFisher Scientific iCAP-Qc.
This study followed the most recent method adaptation described in detail by Albut
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et al. (2018).

In brief, prepared stock solutions (Section 2.3.2) were further diluted to a nominal,
gravimetric dilution factor of 10,000 to 15,000, yielding a final 2 % HNO3 solution
ready for measurement. To account for sensitivity and instrumental drift, an inter-
nal standard carrying °Li, In, Re and Bi was added to procedural blanks, calibration
standards, quality control reference materials, sample unknowns and external drift
monitor samples. Drift-corrected instrument intensities were further corrected for
procedural and instrumental background and analytical interferences (e.g. poly-
atomic and doubly charged species) as described elsewhere (e.g., Ulrich et al.,2010).
External calibration was carried out using the averaged intensities at three different
dilution factors of the natural USGS reference material W-2a (applying the preferred
calibrant concentration values given in Supplementary Table A.1.4). A combination
of independent USGS reference materials AGV-2, BIR-1a and BHVO-2 were mea-
sured throughout the duration of the study to provide a monitor of method precision
and accuracy with data for BHVO-2 and BIR-1a reported in Supplementary Table
A.1.4. The mean concentrations determined for each reference material agree well
with previous studies applying the same method (i.e., better than 5%) and with
GeoReM preferred values, and the 1 r.s.d suggest a full method precision for mafic-
to-andesite volcanic rocks better than 5% for all of the key elements in this study
(e.g., Cr, REE, high field strength elements (HFSE)).

2.3.2.2 Stable Cr and Fe isotope analyses

All stable Cr and Fe isotope data reported in this study were performed on the Ther-
moFisher Scientific NeptunePlus multicollector inductively coupled plasma mass
spectrometer (MC-ICP-MS) housed at the Isotope Geochemistry facilities of the
University of Tuebingen using measuring protocols previously published in Schoen-
berg et al. (2008) and Schoenberg et al. (2016) for Cr and Eroglu et al. (2018), Wu
et al. (2017) and Swanner et al. (2015) for Fe.

For Cr isotope determinations aliquots corresponding to 2 to 3 ug of Cr were taken
from the dissolved sample stock solutions prepared for trace element analyses and
mixed with adequate amounts of the *°Cr — **Cr double spike to yield 1:1 sam-
ple to spike Cr ratios. Purification of sample Cr was achieved using a three-step
chromatographic separation described in detail in previous work (Schoenberg et al.,
2016; Wille et al., 2018). Samples were introduced to the mass spectrometer us-
ing an Aridus II desolvating nebulizer and concentrations of measurement solutions
varied between 150 to 200 ng g from session to session. Measurements were per-
formed in static mode to simultaneously detect all stable Cr isotope beams as well
as T+, 50V + and 5 Fet to monitor and correct isobaric interferences of °Ti* and
0y + on 0Cr* and **Fet on **Cr*. The use of the medium resolution mode — the
resolving power M/AM with AM defined as the mass difference between 95 and
5% beam intensities (Weyer and Schwieters, 2003) was always between 6,000-8,000
for Cr — allowed to resolve any polyatomic interferences such as “°Ar'2C* on 52Cr™,
VArEN* on *Crt and °Art0O7* on °Fet. Single measurements consisted of 90
to 120 cycles with 4.2 s integration time. Background intensities were corrected by
subtraction of on-peak-zero measurements of pure carrier solutions (i.e., average of
intensities detected before and after each individual sample unknown) from signals
of sample unknowns. Double spike deconvolution assuming exponential fractiona-
tion allowed correction of instrumental mass bias and chemical isotopic fractionation
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induced by chromatographic Cr purification (Schoenberg et al., 2008). Each sample
was determined five times (except samples 315.55 and 315.91 with n=2) as separate
measurement including individual background corrections to improve the precision
of each sample’s measured Cr isotopic composition. The five measurements were
neither always performed within the same measurement session nor from the same
dilution aliquot of a sample’s stock solution. All stable Cr isotope data are reported
in the d-notation relative to NIST SRM979 as:

(53 C’fr‘/52 CT) sample

§93/5201 _
SRM9I79 (53CT/520T)SRM979

—1 (2.1)

hereafter referred to as §°/°2Cr. The data are expressed as per mil (%o) difference
by multiplication with a factor of 1,000.
The isotopic fractionation factor o observed for a process between two reservoirs is

defined as:

(53 CT/52 Cr)reservoirA
_B= 2.2
ta-p (530T/520T>T6867”7)0iTB ( )

And the isotopic fractionation ¢ is expressed accordingly as:

£30rs_p = (aa_p — 1) x 1000 (2.3)

Over the combined analytical sessions for this study the compiled §°3/°2Cr values of
NIST SRMO979 and in-house Merck Cr(III) standard solutions are 0.000 £ 0.017 %o
(2SD; n=89) and -0.430 £ 0.020 %0 (2SD; n=68), respectively. These values are in
excellent agreement with previous studies (Albut et al., 2018; Babechuk et al., 2018;
Schoenberg et al., 2016; Schoenberg et al., 2008; Zink et al., 2010). The long-
term reproducibility of ¢°%/52Cr values for single measurements of NIST SRM979
and Cr(IIT) since May 2014 is 0.000 £ 0.022 %0 (2SD; n=469) and -0.429 + 0.023 %o
(2SD; n=292), respectively. Accuracy of natural sample materials was assessed by
measuring the USGS rock reference materials BHVO-2 and BIR-1a along with sam-
ple unknowns, and which yielded 6°3/°2Cr values of -0.145 4 0.023 %o (2SD; n=90,
10 digests) and -0.149 £ 0.025 %o (2SD; n=86, 9 digests), respectively. These values
are in good agreement with previously reported values in the literature (D’Arcy et
al., 2016; Li et al., 2016; Sossi et al., 2018; Xia et al., 2017). Following the approach
of Schuessler et al. (2009) pooling of all data of the international reference material
BHVO-2 into averages of 5 measurements yields a §°%/°2Cr value of -0.145 %o with
a pooled two standard deviation reproducibility (henceforth denoted as 2SD* to
distinguish from the 2SD for single analyses) of + 0.016 %o (n=18, Supplementary
Table A.1.5). Since nearly all samples of this study have been repeatedly measured
5 times, this pooled 2SD* for BHVO-2 is a reliable estimate for the external repro-
ducibility of repeated measurements (with n=>5) of natural samples and is therefore
the uncertainty used in plots of this study. Total procedural blanks were 2 to 8 ng,
contributing less than 0.26 % to the recovered amount of Cr, and were thus deemed
negligible.

For Fe isotope analysis an aliquot corresponding to 15ug Fe was taken from the
prepared stock solution, mixed with a °” Fe — % Fe double spike to yield 1:1 sample-
to-spike Fe ratios. Fe purification included a one-step anion exchange chromatog-
raphy (Schoenberg and von Blanckenburg, 2005). For MC-ICP-MS measurements
samples were introduced as solutions of 2.5 ug g™ Fe in 0.3 M HNOj3 via a dual-glass
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spray chamber and a PFA pneumatic nebulizer. The instrument was operated in
static mode to simultaneously detect all Fe isotopes and the >2Cr* and ° Ni* mon-
itors to correct for isobaric interferences of **Cr* on ®Fe® and *®Ni* on 58Fet.
Medium-resolution mode with a resolving power M/AM of 6,000-8,000 (Weyer and
Schwieters, 2003) enabled the discrimination of polyatomic interferences such as
0 Ap 120+ on 207+, OAPUN+ on M Fet, 90 Ar180+ on O Fet 0 ArT0+ on 5 Fet,
and °Ar807* on *®Fe*. Individual Fe isotope measurements consisted of 90-120
cycles with an integration time of 4.2 s. Background signals were corrected for by
subtraction of on-peak-zero measurements on the pure 0.3 M HNOj carrier solution
before and after each sample and standard measurement. Double-spike deconvolu-
tion was carried out based on a method by Compston and Oversby (1969) assuming
an exponential mass fractionation law. The Fe isotopic composition of each sample
was measured 5 times to improve the measurement precision. All Fe isotope com-
positions are reported in d-notation relative to the standard IRMMO014 according to
equation 2.4 and multiplied by 1,000 to display variations in per mil differences:

(56F€/54F6)8ample

(56F6/54F€)1RMM014

henceforth referred to as 6°6/5*Fe. Over the course of this study IRMM-014 yielded a
§°6/54Fe value of 0.000 +0.029 %o (2SD, n=66) matching the long-term reproducibil-
ity of 0.000 £ 0.036 %o (2SD, n=215) of the Isotope Geochemistry laboratory of Tue-
bingen since 2015. The in-house standards Han-Fe and Tueb-Fe gave §°/5*Fe values
of 4+0.290 £ 0.036 %0 (2SD, n=25) and -0.378 £ 0.032 %0 (2SD, n=16), respectively,
being in excellent agreement with previous studies (Babechuk et al., 2019; Eroglu
et al., 2018; Kurzweil et al., 2016; Swanner et al., 2015; Wu et al., 2017) and the
long-term reproducibility of +0.289 £ 0.037 %o (2SD, n=104) and -0.377 £ 0.041 %o
(2SD, n=67), respectively. Furthermore, analytical accuracy was determined by
measuring USGS reference materials BHVO-2 and BIR-1a, which were run together
with processed samples, and yielded a 6°6/>*Fe of 4-0.111 4 0.030 %o (2SD; n=9, two
digests) and +0.053 +0.011 %o (2SD, n=>5, one digest), respectively, agreeing very
well with published values (e.g., Barrat et al., 2015; Craddock and Dauphas, 2011;
Millet et al., 2012; Nebel et al., 2015). Similar to Cr isotope determinations, pooled
averages of five single measurements of the Tueb-Fe standard resulted in a pooled
2SD* external reproducibility of + 0.018 %o (n=13; Supplementary Table A.1.6),
which is the uncertainty used in all plots displaying stable Fe isotope compositions.
Procedural blanks were <2.7 ng, contributing less than 0.02% to the processed
amount of sample Fe and thus considered to be negligible.

(556/54F61RMM014 = — 1 (24)
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2.4. Results Chapter 2

Table 2.3: Iron and Cr isotopic compositions of Barberton and Belingwe igneous rocks.

Sample ID Formation Lithology 5%6/54Fe [%o] 2SD  n  §%%/52Cr %] 2SD n
BARB-1 Barberton greenstone belt
66.70 Komati Komatiite 0.192 + 0.047 5 -0.094 + 0.026 5
109.22 Komati Komatiite 0.085 + 0.019 5 -0.112 + 0.019 5
242.47 Komati Komatiite 0.029 + 0.018 3 -0.115 + 0.020 5
255.50 Komati Komatiite 0.029 + 0.009 5 -0.118 + 0.013 5
261.02 Komati Komatiite 0.015 + 0.031 5 -0.124 + 0.028 5
290.65 Komati Komatiite 0.038 + 0.030 5 -0.129 + 0.012 5
342.57 Komati Komatiite 0.066 + 0.046 4 -0.114 + 0.006 5
345.29 Komati Komatiite 0.024 + 0.022 4 -0.115 + 0.016 5
360.23 Komati Komatiite 0.015 + 0.012 5 -0.130 + 0.019 5
372.13 Komati Komatiite 0.045 + 0.026 5 -0.126 + 0.017 5
60.70 Komati Komatiitic basalt 0.162 + 0.032 5 -0.173 + 0.020 5
229.40 Komati Komatiitic basalt 0.077 + 0.055 5 -0.100 + 0.013 5
240.66 Komati Komatiitic basalt 0.071 + 0.028 5 -0.115 + 0.012 5
262.00 Komati Komatiitic basalt 0.083 + 0.024 5 -0.061 + 0.005 5
221.64 Komati High-Mg tholeiite 0.094 + 0.023 5 -0.204 + 0.035 5
269.65 Komati High-Mg tholeiite 0.053 + 0.036 5 -0.204 + 0.013 5
315.55 Komati Basaltic andesite 0.123 + 0.021 5 -0.243 + 0.005 2
315.91 Komati Basaltic andesite 0.129 + 0.031 5 -0.233 + 0.026 2
Outcrop
BGB-002* Komati High-Mg tholeiite 0.087 + 0.032 5 -0.172 + 0.027 5
BGB-003P Komati Komatiitic basalt 0.061 + 0.018 5 -0.140 + 0.027 5
BGB-004¢ Komati Komatiitic basalt 0.111 + 0.015 5 -0.230 + 0.011 5
Belingwe greenstone belt
Z-1 Zeederbergs High-Mg tholeiite 0.055 + 0.019 5 -0.196 + 0.015 5
Z-4 Zeederbergs High-Mg tholeiite 0.052 + 0.046 5 -0.180 + 0.022 5
Z-18 Zeederbergs High-Mg tholeiite -0.009 + 0.043 5 -0.390 + 0.015 5
Z-9 Zeederbergs Komatiitic basalt 0.095 + 0.032 5 -0.124 + 0.019 5
K-1 Reliance Komatiitic basalt 0.012 + 0.027 5 -0.170 + 0.045 5
TS-2 Reliance Komatiitic basalt
K-4 Reliance Komatiite 0.032 + 0.031 5 -0.136 + 0.015 5
K-6 Reliance Komatiite 0.026 + 0.024 5 -0.130 + 0.019 5
K-7 Reliance Komatiite
K-9 Reliance Komatiite 0.025 + 0.018 5 -0.129 + 0.029 5
TS-4 Reliance Komatiite 0.091 + 0015 5
TS-8 Reliance Komatiite 0.035 + 0.011 5 -0.106 + 0.025 5
Br-5 Brookland Komatiitic basalt 0.046 + 0.020 5 -0.109 + 0.018 5
Br-1 Brookland  Komatiite 0.067 + 0.025 5 -0.124 + 0.026 5
Br-2 Brookland ~ Komatiite 0.050 + 0.024 5 -0.128 + 0.020 5
H-12 Hokonui Komatiitic basalt 0.059 + 0.031 5 -0.198 + 0.009 5
H-6 Hokonui Komatiite 0.054 + 0.015 5 -0.189 + 0.021 5
H-8 Hokonui Komatiite 0.063 + 0.024 5 -0.111 + 0.020 5
B-12 Bend Komatiite -0.014 + 0.036 5 -0.169 + 0.030 5
B-13 Bend Komatiite 0.055 + 0.022 5 -0.062 + 0.018 5
B-8 Bend Komatiite 0.029 + 0.019 5 -0.107 + 0.018 5

Sample ID of Barberton samples correspond to depths of BARB-1 drill core in m. Sampling locations of * BGB-002:
S 25° 58’ 25.0, E 030° 49’ 36.4; > BGB-003: S 25° 58’ 17.8, E 030° 50’ 10.7; ¢ BGB-004: S 25° 58’ 15.2, E 030°

51’ 47.1. Uncertainties of isotopic compositions are given as two standard deviations (2SD) of replicate
measurements 1.

2.4 Results

2.4.1 Major Elements

Barberton samples range in geochemical composition (according to Jensen (1976))
from komatiite, komatiitic basalt to high-Mg tholeiitic basalt and basaltic andesite
(Figure 2.2a) and agree very well to compositions presented in former studies (Fig-
ure 2.3; Coetzee, 2014; Jahn et al., 1982; Puchtel et al., 2013; Robin-Popieul et
al., 2012; Schneider et al., 2019). MgO concentrations of samples in this study
range from 3.85 to 31.01 wt. % MgO (Table 2.1, Figure 2.3, 2.5a), but values up to
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45 wt. % MgO have been reported. Al,O3 and TiO, concentrations range from 3.06
to 16.36 wt. % and 0.36 to 1.31 wt. %, respectively, and both increase with decreasing
MgO concentrations (Figure 2.3). Exceptions are the two basaltic andesites, which
show lower TiOs concentration compared to high-Mg tholeiites. Chromium and Ni
concentrations range from 34.88 to 2681 pug ¢! and from 13.81 to 1596 g g™t respec-
tively, and overall decrease with decreasing MgO. Barberton komatiites have small
variation in AlyO3/TiO, ranging between 8.40 and 10.63 characterizing them as be-
ing Al-depleted (Figure 2.2b). Associated komatiitic basalts and high-Mg tholeiites
display higher variability in Al,O3/TiO5 of 10.14 to 16.27. Exceptions are the two
basaltic andesites (315.55 and 315.91) displaying Al;O3/TiO5 of 20.71 and 22.33,
respectively.

Belingwe samples vary in composition similar to the BaGB suite and include ko-
matiites, komatiitic basalt and high-Mg tholeiitic basalts (Figure 2.2a) with MgO
contents ranging between 8.24 to 34.33 wt. % (Table , Figure 2.3, 2.5a) corresponding
also to chemical compositions presented by earlier publications (Bolhar, 2001; Bolhar
et al., 2003; Nisbet et al., 1987; Nisbet et al., 1977; Shimizu et al., 2005). Al,O3 and
TiO, concentrations range from 3.75 to 15.46 wt. % and 0.15 to 1.58 wt. %, respec-
tively, and both increase with decreasing MgO concentrations similar to BaGB sam-
ples (Figure 2.3). Chromium and Ni concentrations range from 141 to 3468 g g™ and
from 110 to 1634 pug g™, respectively, and decrease overall with decreasing MgO (Fig-
ure 2.3). Belingwe komatiites and associated rocks are classified as Al-undepleted
komatiites with Al;O3/TiOs ranging between 15.10 and 30.32, except for sample Z-9
displaying an Al,O3/TiO, of 5.22 (Figure 2.2b) and thus showing larger variation
than BaGB samples. A subset of samples covering the whole range of degrees of melt
differentiation (MgO from 8.24 to 34.33 wt. %) was analyzed for their Fe*" /¥ Fe ra-
tios and revealed high and constant ratios of 0.74 to 0.81, except for cumulate sample

B-8 (Fe?t /Y Fe =0.44).

2.4.2 Trace Elements

Komatiites, komatiitic basalts and high-Mg tholeiites from the BaGB sample suite
show strikingly homogenous and flat primitive mantle (PM) normalized trace el-
ement patterns agreeing well with literature data (Figure 2.4a; Chavagnac, 2004;
Puchtel et al., 2013; Robin-Popieul et al., 2012; Schneider et al., 2019; Sossi et
al., 2016). Komatiites display trace element patterns that are up to three times
enriched relative to PM (values after Palme and O’Neill, 2003) with slightly posi-
tive Nb anomalies (Nb/Nb* =1.06 to 1.73; Nb/Nb* = Nbpy; /(0.5 x (Thpy+Lap));
modified from Schneider et al., 2019) and negative Ti anomalies (Ti/Ti* =0.67 to
0.92; Ti/Ti* =Tipp/0.5 X (Gdpy+Tbpy)). All komatiites display slightly LREE-
depleted patterns with (La/Sm)py of 0.43 to 0.99. Komatiitic basalts and high-Mg
tholeiites show higher enrichment in trace elements of up to eight times relative
to PM and flat to variable LREE abundances, respectively. Both these rock types
display small positive Nb anomalies (Nb/Nb* =1.03 to 1.34, except samples BGB-
002 =0.94 and BGB-004 =0.92). Komatiitic basalts show negative Ti anomalies
(Ti/Ti* of 0.70 to 0.91) reminiscent to komatiites and high-Mg tholeiites, however,
show slightly positive Ti anomalies (Ti/Ti* =1.03 to 1.17). In general, BaGB sam-
ples show depletions of heavy REE (HREE) relative to middle REE (MREE) with
(Gd/YDb)py of 1.29 to 1.58 (Figure 2.2b). However, two high-Mg tholeiites as well
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Figure 2.3: MgO variation diagrams for some major and trace elements for BaGB and BeGB
samples. Blue dashed lines indicate a change of slope in variation diagrams and indicating the
onset of Cr-spinel, pyroxene, and plagioclase crystallization from 20 to 15wt. % MgO onwards.
Above 20wt. % MgO komatiites are controlled by olivine fractionation/accumulation only. For
symbol reference see Figure 2.2. Literature data for Barberton: Coetzee (2014); Jahn et al. (1982);
Puchtel et al. (2013); Robin-Popieul et al. (2012); Schneider et al. (2019); Sossi et al. (2016).
Literature data for Belingwe: Bolhar (2001); Nisbet et al. (1977); Nisbet et al. (1987); Shimizu et
al. (2005); Sossi et al. (2016).

as one komatiitic basalt have lower (Gd/Yb)py (269 and outcrop samples BGB-002
and BGB-004) coinciding with higher Al,O3/TiO5 of up to 16.27. The two basaltic
andesites display enrichments of Th-U and LREE of up to 40-fold relative to PM,
and strong depletions of Nb (Nb/Nb* =0.34) and Ti (Ti/Ti* =0.52 to 0.56) (Figure
2.4a) resulting in low (Nb/Th)py of 0.30 to 0.31 (Figure 2.8d).

In general, the BeGB suite shows a more variable trace element pattern rela-
tive to PM compared to the BaGB suite (Figure 2.4b). As previously reported by
Bolhar et al. (2003) LREE-enriched and LREE-depleted samples can be discrimi-
nated within each stratigraphic unit. LREE-depleted samples display trace element
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Figure 2.4: Primitive mantle (PM) normalized trace element pattern of a) the Barberton sample
suite and b) the Belingwe sample suite. Literature data are shown as grey fields and derived from
Chavagnac (2004); Schneider et al. (2019); Robin-Popieul et al. (2012); Puchtel et al. (2013) for
Barberton and from Shimizu et al. (2005) and Bolhar et al. (2003) for the Belingwe Greenstone
Belt. Primitive mantle values after Palme and O’Neill (2003).

patterns that are up to two times enriched relative to PM and mainly consist of ko-
matiites with minor komatiitic basalts and high-Mg tholeiites. All LREE-depleted
samples show positively sloping LREE with (La/Sm)py of 0.63 to 0.90 and flat
HREE with (Gd/Yb)py between 0.81 and 1.24 (Figure 2.2b, Figure 2.4b). The
LREE-enriched sample group with (La/Sm)py between 1.62 to 3.33 is characterized
by high abundances of highly incompatible elements (up to 50 times PM) with more
crustal-type multi-element pattern evidenced by enrichments of Th and U combined
with distinct negative Nb (Nb/Nb* =0.18 to 0.51) and Ti (Ti/Ti* =0.58 to 0.93)
anomalies (Figure 2.4b). These samples can further be depicted by low (Nb/Th)pm
ratios ranging between 0.16 to 0.42 (Figure 2.8d). Two enriched samples (Br-5 and
Z-9) additionally display peculiar high (Gd/Yb)py rather resembling Al-depleted
komatiites (Figure 2.2b).
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2.4.3 Stable chromium and iron isotope compositions

Barberton komatiites cluster around a narrow range with ¢°3/52Cr values between
-0.094 %o and -0.130 %o with an average value of -0.118 +0.021 %o (2SD; n=10) (Ta-
ble 2.3 and Figure 2.5a-d). Chromium isotopic compositions of Barberton komati-
ites reported by Sossi et al. (2018) agree well with our results (Figure 2.5a-d). The
§93/52Cr of komatiitic basalt, high-Mg tholeiites and basaltic andesites are in general
more variable and range between -0.061 and -0.243 %o (average of -0.171 £ 0.120 %o,
n=11). There is, however, a general trend to lighter °*/°2Cr values of komati-
itic basalts and high-Mg tholeiites with decreasing MgO, Cr and Ni and increasing
Al,O3 concentrations (Figure 2.5a-d). The two LREE-enriched basaltic andesites
display the lightest 6°3/52Cr values of -0.243 and -0.233 %o, respectively. Stable Fe
isotope compositions of BaGB komatiites range between +0.015 to +0.085 %o in
§°6/%1Fe (Figure 2.5e-h), with the exception of sample 66.70, which has a §°%/°*Fe
of +0.192 %o. Komatiitic basalts and high-Mg tholeiites become slightly heavier in
their Fe isotope composition with §°6/°*Fe between +0.053 %o to +0.162 %o showing
weak correlations with decreasing MgO and Cr content. However, no correlation of
§°6/%4Fe with total iron content, also an indicator of magma differentiation (Schoen-
berg and von Blanckenburg, 2006; Schuessler et al., 2009), is observed. Furthermore,
LREE-enriched basaltic andesites with the lowest MgO contents of all BaGB rocks
exhibit isotopically heavy §°%/°*Fe values of +0.123 and +0.129 %s.

Stable Cr and Fe isotope compositions of BeGB samples show similar trends as
BaGB samples albeit with higher scatter (Figure 2.5). Belingwe komatiites have
an average 6°/°2Cr value of -0.127 4 0.066 %o (2SD, n=11) (Table 2.3). Komati-
itic basalts and high-Mg tholeiites show a higher variation, but similar to BaGB
samples, a broad trend of decreasing 6°3/°2Cr values with decreasing MgO and Cr
is observed (Figure 2.5a-d). Similar to BaGB samples, BeGB samples show only
weak correlations in 6°%/°*Fe with decreasing MgO, Cr and Ni contents as well as
increasing Al,O3 contents (Figure 2.5e-h).

2.5 Discussion

2.5.1 Alteration and crustal assimilation

Although both BaGB and BeGB are well known as sites of well-preserved rocks, all
of the studied samples have experienced post-magmatic alteration to various extents.
Element mobility during post-magmatic processes may influence the chemical and
isotopic composition of rocks and minerals (e.g., (Arndt et al., 1989; Lahaye and
Arndt, 1996; Lahaye et al., 1995; Polat and Hofmann, 2003; Polat et al., 2002) and
it is therefore important to evaluate the effects of alteration on (isotope) geochemi-
cal data. Post-magmatic processes for the BaGB and BeGB may involve low-grade
metamorphic overprint and hydrothermal fluid infiltration caused by seafloor alter-
ation (Brake, 1996; Hofmann and Harris, 2008; Lahaye et al., 1995; Puchtel et al.,
2013).
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Figure 2.5: a-d) Chromium isotope compositions (6°3/52Cr) and e-h) iron isotope compositions
(6°6/54Fe) versus major and trace element concentrations. Uncertainties on §°/°2Cr and §°9/54Fe
correspond to a 2SD of 0.016 %o and 0.018 %o, respectively, which is the pooled 2SD* of repeated
measurements of reference material BHVO-2 (§°3/52Cr) and standard material Tueb-Fe (§°6/54Fe).
This uncertainty is shown as a bar for reference in all panels. For symbol description see Figure 2.2.
The shaded grey area in a-d corresponds to the (553/520r) average value for BSE of -0.12 + 0.06 %o

is study). a-d) also show literature data with associated 2SD of Sossi et al. (2018): open dia-
monds: Belingwe Greenstone Belt and filled black diamonds: Barberton Greenstone Belt. Vertical
dashed lines correspond to 15 to 20 wt. % MgO indicating a change in the fractionating assemblage
(see Figure 2.3).
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2.5.1.1 The effect of alteration on major and trace element concentra-
tions

Generally, rocks with high abundance of olivine are more susceptible to alteration
(Arndt, 2008) as is evident from the high degree of serpentinization of komatiites,
which is mirrored by LOI of up to 9.96 wt. % (Figure 2.8a). Consistently, less Mg-
rich rocks (i.e., less abundant in olivine) have lower LOI values and more often
preserve fresh pyroxene crystal cores. The majority of studied samples have LOI
values less than 6 wt. % (Table 2.1, 2.2 and Figure 2.8a). Samples of the BaGB
generally show complete serpentinization and chloritization in thin sections with
primary phases being replaced by secondary phases, but nonetheless preserve mag-
matic textures (Figure 2.6). Serpentinization of komatiites is evident by the light
green to colorless appearance of olivine pseudomorphs and green to green-brownish
colored groundmass in plane polarized light (Figure 2.6a). Oxides (magnetite/Cr-
bearing spinel) cluster along olivine plates. The matrix is made up of devitrified
glass completely altered to an assemblage of plumose to fan-shaped serpentine and
chlorite/actinolite. Komatiitic basalts are depicted by high degrees of chloritization
and actinolite alteration. Komatiitic basalts often show twinned pyroxene crys-
tals completely altered to chlorite sitting in a matrix altered to actinolite/tremolite
(Figure 2.6¢, d). Cr-bearing spinel and/or magnetite are concentrated within the
pyroxene crystals. High-Mg tholeiites and basaltic andesites (Figure 2.6e-h) are
characterized by the appearance of olivine altered to serpentine, pyroxene altered to
actinolite and relatively unaltered plagioclase. Opaque phases, perhaps Cr-bearing
spinel and/or magnetite are disseminated throughout the fine-grained matrix.
Systematic and well-defined correlations of REE and HFSE with the immobile ele-
ment Zr (0.93 >R? >0.75; only Sm is shown, Figure 2.7a) are indicative of primary
geochemical signatures of these element groups during low-grade metamorphism and
alteration. Correlations of MgO with Zr contents show good correlations with R? of
0.74 for the BaGB suite and R? of 0.41 for the BeGB suite (Figure 2.7b). Chromium
vs. Zr contents show similarly good correlations with R? of 0.61 for the BaGB suite
and Ry of 0.23 for the BeGB suite (Figure 2.7¢). The lower Ry for MgO and Cr can
at least partially be attributed to the compatible behavior of these elements. The
incompatible behavior of the redox-sensitive transition metal V can be observed by
the positive correlation with Zr contents in both suites. Excluding the two basaltic
andesites, BaGB samples display a good correlation with Ry of 0.76, but the BeGB
suite is less well correlated with a Ry of 0.32 (Figure 2.7c). Vanadium variations in
the BeGB suite can be attributed to variable enrichments by crustal assimilation in
the LREE-enriched group (Figure 2.4; Bolhar et al., 2003). In FesO3 vs. Zr space no
clear correlation for the BaGB or BeGB rock suite is observed. However, komatiites,
which experienced the highest degree of serpentinization, display relatively narrow
range of Fe,O3 contents while komatiitic basalts, high-Mg tholeiites and basaltic an-
desites show very variable Fe;O3 contents with increasing Zr concentration. Fe,Og
contents in the BeGB suite is equally variable in Mg-rich and Mg-poor rocks (Figure
2.7d).
The mobility of Cr is strongly dependent on the oxidation state. Hexavalent chromium
is soluble and therefore mobile, whereas Cr3* is commonly regarded as insoluble and
immobile. In contrast, experimental and observational studies have shown that Cr3*
can be soluble in Cl- and C-rich aqueous solutions at upper lithospheric mantle and
crustal conditions (Babechuk et al., 2017; Huang et al., 2019; Klein-BenDavid et al.,
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Olivine
spinifex

Figure 2.6: Thin section pictures of selected Barberton samples. Sample 109.22, a) plane-polarized
light and b) cross-polarized light. Parallel plate-like olivine crystals altered to serpentine and
chlorite sit in a feathery matrix of serpentine. Sample 229.40, c¢) plane-polarized light and d) cross-
polarized light. Twinned pyroxenes altered to actinolite and chlorite sit in a fine-grained matrix
altered to actinolite/tremolite. Sample BGB-002, e) plane-polarized light and f) cross-polarized
light. Sample 315.55, g) plane-polarized light and h) cross-polarized light. Both, BGB-002 and
315.55 are characterized by relatively fresh plagioclase. Pyroxenes are altered to actinolite/chlorite,
whereas the groundmass consists of serpentine minerals. In e) and f) opaque phases (Cr-spinel
gr(l)d/ or magnetite) are disseminated throughout the fine-grained matrix.
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2011; McClain and Maher, 2016; Watenphul et al., 2014). However, we emphasize
that the typical magmatic signatures observed in MgO variation diagrams (Figure
2.3) suggest minor, if any, mobilization of immobile major and trace elements during
postmagmatic processes. This is furthermore supported by coherent trace element
patterns (Figure 2.4) and the absence of coupled SiOs and KO enrichments with
NayO, Sr and Y depletions (Table 2.1, 2.2), which are indicators for Archean seafloor
alteration processes (Hofmann and Harris, 2008).

2.5.1.2 The effect of alteration on Cr and Fe isotopic compositions

The concentration of Cr shows negligible evidence for alteration-induced mobility, as
discussed above, but the isotopic composition of Cr deserves special attention due to
the documented fractionation effects accompanying serpentinization and other forms
of fluid-rock alteration. For example, it has been shown that hydration and serpen-
tinization can strongly alter (ultra )mafic samples towards much higher §°3/°2Cr
values (Farkas et al., 2013; Wang et al., 2016) than that of the igneous inventory of
-0.124 £0.101 %o (Schoenberg et al., 2008) (Figure 2.8a, b), with no clear correlation
between §°%/°2Cr values and Cr contents (Farkas et al., 2013). Chromium isotope
data of this study, however, exclusively trend towards more negative §°3/°2Cr values
compared to the igneous inventory for both, the BaGB and BeGB suites of rocks
(compare with Figure 2.5a-d), suggesting a different process responsible for the ob-
served Cr isotope fractionation. The absence of a correlation between §°*/°2Cr and
LOI (Figure 2.8a) and the uniform §°¥/°2Cr signatures of komatiites (Figure 2.5a-d)
— especially those of the BaGB — displaying the largest degrees of serpentinization
(highest and variable degrees of LOI, Figure 2.8), support the robustness of original
§53/52Cr signatures during post-magmatic alteration for the samples studied here.
Furthermore, the absence of correlations between §°*/°2Cr values and other indices
of seafloor alteration and metamorphism, e.g. increasing KoO concentrations (Hof-
mann and Harris, 2008) in komatiites (Figure 2.8¢c) or Sr/Sr* (not shown), supports
that Cr isotopes of the BaGB and BeGB komatiite-tholeiite suites are not fraction-
ated during serpentinization and greenschist metamorphic overprint.

The reason for the very light Cr isotopic composition of -0.390 %o in §°%/52Cr for
one sample from the BeGB (high-Mg tholeiite Z-18) is unclear. We have tested
all possible secondary alteration mechanisms (e.g., serpentinization, seafloor alter-
ation, albitization), but find no coherent explanation for the extraordinary negative
§53/52Cr value. Iron, as a major element, may behave relatively resistant to alteration
processes, but also has been shown to be mobilized during post-magmatic alteration
processes (e.g., Arndt et al., 1989). The poor correlations of Fe;O3 with Zr (Figure
2.7d) might indeed indicate small-scale iron mobility. Associated kinetic isotope
fractionation during fluid-rock interaction of serpentinizing fluids could therefore al-
ter the original 6°/5*Fe values of komatiites, with a preferential loss of light isotopes
by the alteration process (Dauphas et al., 2010; Rouxel et al., 2003). However,
this would result in a negative correlation of §°6/°*Fe values with total Fe,O3 con-
centrations (Hibbert et al., 2012), which is not observed for the BeGB and BaGB
komatiite-tholeiite suites. Such fluid alteration processes may also be depicted by
negative correlations of 6°6/°4Fe values with Fe,O3/TiO; ratios as demonstrated for
altered MORBs by Rouxel et al. (2003). The weak negative correlation between
§°6/%4Fe values and Fe,O3/TiO, ratios observed for the BaGB and BeGB suites
(Table 2.1, 2.2, 2.3), can however be attributed to the differentiation of the komati-
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itic magmas, since the decrease of Fe;O3/TiO4 is controlled by an increase in TiOy
concentrations while Fe,O3 contents remain constant. During serpentinization, a
process that includes the formation of magnetite, Fe?* becomes oxidized to Fe3*,
which would lead to a decrease in the whole rock Fe*" /Y Fe ratios (Dauphas et
al. 2010). The consistently high Fe** /3 Fe ratios between 0.74 and 0.81 of BeGB
samples suggest that oxidation of Fe*™ due to serpentinization is minor in at least
the BeGB suite of rocks and that associated Fe isotopic fractionation is negligible.
As the original silicate mineralogy of Barberton samples has not been preserved as
well as that of Belingwe samples, higher degrees of Fe oxidation might be expected.
As mentioned above, komatiites with high abundance of olivine would be most af-
fected by serpentinization. However, Barberton komatiites display a relatively small
range in Fe,O3 contents between 11.75 and 13.62 wt. %. Additionally, Fe speciation
of BaGB komatiitic basalts by Cloete (1999) show similarly high Fe?T /Y Fe ratios
between 0.76 and 0.9 than rocks of the BeGB komatiite-tholeiite suite. An excep-
tion is komatiite sample 66.70 from the BaGB, which displays an exceptionally high
§°6/54Fe value of +0.192 %o. High CaO concentration of this sample combined with
abundant serpentine veining indicates stronger alteration compared to other BaGB
samples with similar MgO (Figure 2.3, 2.5e-h, Table 2.1) possibly affecting its Fe
isotopic composition.

2.5.1.3 The effect of crustal assimilation on Cr and Fe isotopic compo-
sitions

During the ascent of komatiitic magma through the lithosphere and crust, assimila-
tion of crustal material might potentially obscure their primitive Cr and Fe isotopic
signatures. The two basaltic andesites from the BaGB show enrichments of Th-U
and LREE combined with negative anomalies of Nb and Ti (Figure 2.4) poten-
tially indicating crustal contamination. In general, BaGB samples show no signs
of crustal contamination and, consistently, exhibit positive Nb anomalies with high
(Nb/Th)pm (Figure 2.8d) agreeing well with former studies (Puchtel et al., 2013;
Robin-Popieul et al., 2012; Schneider et al., 2019). However, variable degrees of
assimilation of crustal/lithospheric material of up to 30 % have been used to explain
the trace element enriched pattern of some of the BeGB samples, and is consis-
tent with the inferred continental emplacement and associated interaction with pre-
existing Archean crust (Bolhar et al., 2003; Shimizu et al., 2005). Nevertheless, the
BeGB komatiite-tholeiite suite does not show a correlation of §°*/52Cr and §°%/%4Fe
with indices of crustal assimilation such as (Nb/Th)py (Figure 2.8d), (La/YDb)py,
(Nb/La)py or Nb/U (not shown). Assimilation of crustal/lithospheric material is
expected to have a minor to negligible impact on the bulk §°%/°2Cr signature of
the ascending komatiitic magma, because of the expected similarity in the stable
Cr isotopic compositions of assimilated crust and komatiitic magma, and the large
difference in Cr concentrations between komatiitic magma (>453 ug g Cr for sam-
ples of this study) and continental crust (continental crust =92 g g'; Rudnick and
Gao, 2003; Archean Continental Crust =162 ugg'; Rudnick and Fountain, 1995).
Discrimination between crustal assimilation and fractional crystallization in regard
to the Fe isotopic composition of basaltic/komatiitic melt is complicated because
both processes lead towards heavier values of §°%/°*Fe. Barberton samples are not
influenced by assimilation, except for the two LREE-enriched basaltic andesites.
However, the trends observed for Barberton and Belingwe, the latter including sam-
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ples having experienced considerable assimilation, are very similar in magnitude
suggesting that the influence of crustal assimilation on the §°%/°*Fe is minor (Figure
2.5¢-h).
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Figure 2.7: Element vs. Zr concentration plots of BaGB and BeGB samples.

2.5.2 The effect of partial melting on Cr and Fe isotopic
evolution of komatiitic melts

Iron isotopes are known to be fractionated during partial melting with the heavier
Fe isotopes preferentially entering the melt (Weyer et al., 2005; Weyer and lonov,
2007; Williams et al., 2004; Williams et al., 2005). This effect has been attributed
to the incompatible behavior of Fe?*, with the heavier isotopes preferentially being
associated with Fe?T-complexes.

Chromium concentrations and Cr?*/SCr ratios of mafic melts are dependent on
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temperature, pressure, prevailing fO; and bulk composition of the melt (Berry
et al., 2006; Hanson and Jones, 1998; Papike et al., 2016; Schreiber and Haskin,
1976). At low fOs (e.g., iron-wuestite (IW) redox buffer) and high temperatures,
the Cr content and Cr?* /S Cr ratio in the melt will be higher than at higher fO,
(e.g., fayalite-magnetite-quartz (FMQ) redox buffer) and lower temperatures (De-
lano, 2001; Murck and Campbell, 1986; Schreiber and Haskin, 1976). Furthermore,
experimental data show that under conditions relevant for komatiite generation, i.e.
eruption temperatures of up to 1,600° C (Herzberg, 1992; Nisbet et al., 1993) and
fO9 of FMQ £ 1 log units (Asafov et al., 2018; Canil, 1997; Nicklas et al., 2018),
the Cr**/SCr ratio in basaltic melts may vary from 0.60 (FMQ -1 log unit) to
0.30 (FMQ +1 log unit). Therefore, Cr*" represents a significant oxidation state
in partial melts at terrestrial mantle fOs conditions (Berry et al., 2006; Papike et
al., 2016). Consequently, partial melting may lead to the enrichment of light Cr
isotopes in the melt in accordance with a negative trend of §°%/°2Cr vs. Al,Os in
restitic peridotites observed by Xia et al. (2017). Independent of the magnitude
of the Cr isotopic fractionation & during melting, high degree melts (i.e., komatiitic
melts) can approximate the Cr isotopic composition of the source (Section 2.5.4),
while lower degrees of partial melting (i.e., generating basaltic melt compositions)
could lead to a difference in the Cr isotopic composition between melt and source
with the melt having lower 6°3/°2Cr values than the source.

2.5.3 Effects of crystal fractionation on the Cr and Fe iso-
topic evolution of komatiitic melts

Fractional crystallization of minerals with an isotopically light or heavy Fe isotope
signature is known to effectively modify the Fe isotope composition of the resid-
ual melt (Schuessler et al., 2009; Sossi et al., 2012; Teng et al., 2008; Williams
et al., 2018). Recent studies showed that fractional crystallization of spinel and
pyroxene in OIBs can also affect the Cr isotopic composition of the residual melt
driving it towards lighter 6°*/°2Cr values (Bonnand et al., 2020; Shen et al., 2020).
In contrast, Jerram et al. (2020) observed an increase of §°*/52Cr values during
komatiitic melt evolution, which these authors attributed to the fractional crystal-
lization of olivine. For samples, for which minor crustal assimilation is observed (see
above), MgO variation diagrams and coherent trace element patterns of BaGB and
BeGB komatiite-tholeiite suites indicate that olivine, Cr-bearing spinel, pyroxene,
and plagioclase are the main driving phases of magmatic differentiation of these
ancient crustal segments (Figure 2.3; Bolhar et al., 2003; Coetzee, 2014; Schneider
et al., 2019). These diagrams, however, may be somewhat misleading in that the
observed trends do not reflect the continuous evolution of a single parental melt
but represent the complexity between interacting processes such as different de-
grees of partial melting, crystal fractionation and/or accumulation, magma mixing
and minor crustal assimilation within each individual sample. As samples from the
BaGB and BeGB are derived from numerous flows (massive and differentiated) the
observed variations in chemical composition on MgO variation diagrams need to
be taken as an average of the evolution of numerous batches of parental melts of
similar composition. Nevertheless, the BaGB and BeGB MgO variation diagrams
still reveal which mineral phases are actively controlling the chemical composition of
whole rock samples by fractional crystallization and/or accumulation. As the scope
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of this study is to interpret the variations of Cr and Fe stable isotopes in the light of
bonding environment in crystals, a brief summary of the activity of certain minerals
in the komatiitic-tholeiitic suites is provided.
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Figure 2.8: Chromium isotope variations (6°*/°2Cr) as a function of different alteration and crustal
assimilation indices, such as a) §°3/°2Cr vs. Loss on ignition (LOI), b) §°3/52Cr vs. Cr concentra-
tion, ¢) §°%/°2Cr vs. K5O concentrations and d) 6°3/52Cr vs. (Nb/Th)py. Normalizing values for
primitive mantle (PM) are after Palme and O’Neill (2003). In addition, a) and b) show literature
data of Wang et al. (2016) (open black circles) and/or Farkas et al. (2013) (open black squares),
which present ultramafic rocks with variable degree of aqueous and chemical alteration. Please
note the change in scale of the y-axis in ¢) and d). Grey shaded area in a)-d) represents the BSE
range of -0.12 4 0.06 %o (this study). Symbols for BaGB and BeGB komatiite-tholeiite suites are
as used in Figure 2.2.

2.5.3.1 Active (i.e., crystallizing and/or accumulating) mineral phases
along MgO trends

The whole-rock chemical compositions of BaGB and BeGB komatiite-tholeiite suites
displayed on MgQO variation diagrams are in excellent agreement with literature data
(Figure 2.3). Previous studies determined the composition of the parental melt of
komatiites from the Komati Formation (BaGB) and the Reliance Formation (BeGB)
and suggested MgO concentrations of 26 - 29 wt. % and 24.5 - 27.5 wt. %, respectively.
We adopt these ranges in MgO concentrations for the approximate composition of
the parental melts of BaGB and BeGB komatiites for the respective rock suites stud-
ied here (Figure 2.3). Komatiites with comparable MgO concentrations therefore
approximate liquid compositions (sample 109.22 for the BaGB and samples K6, K7
and TS-4 for the BeGB). The positive correlation of Ni with MgO (Figure 2.3b) and
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negative correlations of Al,O3 and TiO, with MgO (Figure 2.3a, ¢) indicates olivine
fractionation for komatiites with MgO smaller than their parental melts and olivine
accumulation for komatiites with MgO greater than their parental melts (Figure
2.3a). The accumulation of olivine is in agreement with petrographic observations
showing cumulus olivine in thin sections of BaGB samples 360.23 and 372.13 (MgO
of 31.01 and 29.54 wt. %, respectively). The flat to slightly negative trend of Cr
vs. MgO (Figure 2.3d) suggests that olivine fractionation in komatiites has little
influence on the Cr budget (testifying to the moderately compatible behavior of Cr
in olivine), and reflects that olivine is the sole cumulus phase in komatiites with
MgO higher than their respective parental melts (Barnes, 1998). Another phase
that might be active at high-Mg contents and thus might accompany early olivine
crystallization is Cr-bearing spinel. Chromium-spinel crystallization is controlled by
temperature and fO, and experimental studies have shown that a komatiite magma
with Fo93 olivine control, fractionating along the FMQ buffer, starts to crystallize
Cr-bearing spinel at ~24 wt. % MgO (Barnes, 1998; Murck and Campbell, 1986).
However, BaGB komatiites in this study exhibit a maximum Cr concentration at
20.71 wt. % MgO (Figure 2.3c). Importantly, none of the samples plot at high MgO
and high Cr contents, indicating the lack of combined olivine and Cr-bearing spinel
accumulation (Barnes, 1998).

A change of the fractional assemblage in BaGB and BeGB suites can be inferred
from a change in slope in Al;O3, TiO2, Cr and Ni vs. MgO at 15 to 20 wt. % MgO
content indicating the co-crystallization of Cr-bearing spinel, pyroxene and minor
olivine (Figure 2.3; Blichert-Toft et al., 2015; Bolhar et al., 2003; Coetzee, 2014;
Nisbet et al., 1987; Nisbet et al., 1977; Schneider et al., 2019; Shimizu et al., 2005).
Strongly decreasing Cr concentrations below 15 to 20 wt. % MgO are the result of
Cr-bearing spinel and pyroxene crystallization. The onset of pyroxene crystalliza-
tion is further inferred from a change in the slope in CaO vs. MgO space at 20 wt. %
MgO and a subsequent decrease of CaO contents below MgO of 15wt. % (Figure
2.3e). Komatiitic basalts are characterized by abundant pyroxene and the apparent
early crystallization of pyroxene can be partially attributed to pyroxene accumu-
lation in these high MgO komatiitic basalts (Arndt et al., 2008; Arndt and Fleet,
1979). High-Mg tholeiites show high Al,O3 and TiO, contents indicating the ab-
sence of appreciable plagioclase or Fe-Ti oxide fractionation (Figure 2.3a, c¢). The
high Al;O3 contents are the result of plagioclase accumulation, which, together with
pyroxene, is the most abundant phase observed in thin sections of BaGB high-Mg
tholeiites (Figure 2.6e-f). The BaGB enriched basaltic andesites show also enrich-
ments in Al,Os, agreeing well with the observed cumulus plagioclase (Figure 2.6g-h).
However, in contrast to the later crystallizing phases of Cr-bearing spinel and pyrox-
ene, relative to olivine, fractionating or accumulating plagioclase can be neglected
regarding Cr and Fe element partitioning and therefore also for interpreting Cr and
Fe isotopic variations.

2.5.3.2 Theoretical effects of olivine-spinel-pyroxene crystal fractiona-
tion on residual melt Cr and Fe isotope composition

In the following, we will discuss potential effects of crystallization and/or accumu-
lation of the major phases (olivine, Cr-bearing spinel and pyroxene) in a komatiitic
melt system on the Cr and Fe isotope signatures of whole rocks on the basis of
crystal field theory and the data of natural rocks obtained for this study.
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Olivine: Crystal field theory predicts a particular high octahedral crystal field stabi-
lization energy (CFSE) for Cr®*, whereas Cr*™ has a lower octahedral site preference
and favors slightly distorted crystal lattice sites (Jahn-Teller theorem; Burns (1970);
Burns (1975a)). Olivine with the general formula M;* M} SiO, offers tetragonally
distorted octahedral positions, My, and trigonally distorted octahedral positions,
My, with M; being smaller than M,. Olivine would therefore prefer Cr?* (0.80 A)
over Cr3* (0.62 A) inducing no charge imbalance. Moreover, Cr** is potentially
distributed equally between M; and M, accommodating the Jahn-Teller distortion
criterion (slightly higher CFSE) on the M; site and the size criterion on the My
site (Burns, 1975a; Burns, 1975b; Li et al., 1995). Thus, olivine will preferentially
incorporate the isotopically light Cr, which is in agreement with ionic modelling
predicting olivine to be lighter than spinel and pyroxene when in equilibrium (Shen
et al., 2018) (Figure 2.9a).

Similarly, olivine preferentially incorporates Fe?* (0.76 A) over Fe** (0.64 A) with
a slight preference of Fe*™ for the olivine My site (Burns, 1970). The preferential
incorporation of the isotopically light Fe?" into olivine is in agreement with ionic
modelling (Macris et al., 2015; Young et al., 2015) as well as a lighter Fe isotopic
composition of olivine separates compared to their respective komatiitic whole-rocks
(Dauphas et al., 2010; Hibbert et al., 2012) or compared to other mantle minerals
such as spinel, garnet and pyroxene in peridotitic xenoliths (Williams et al., 2005).
However, it has been shown that also Mg-Fe diffusion processes based on compo-
sitional gradients between olivine and coexisting melt can drive §°%/°*Fe in olivine
towards lighter Fe isotope compositions compared to the corresponding whole rock
(Dauphas et al., 2010; Teng et al., 2011).

In summary, crystal field theory and ionic modelling (Macris et al., 2015; Shen et
al., 2018; Young et al., 2015) predict fractional crystallization of olivine to drive the
residual melt towards both higher 6°3/°2Cr and higher §°%/°*Fe values (see Figure
2.9a).

Cr-Spinel: Cr-spinel, with the general formula A** Byt O,, exhibits a normal spinel
structure and therefore offers two octahedral sites (B-site) generally occupied by
trivalent ions and one tetrahedral site (A-site) generally occupied by divalent ions.
Due to its large octahedral CFSE Cr3* is incorporated into the octahedral B site,
while Cr?" does not fit into the tetrahedral A site (Burns, 1975a) leading to the
crystallization of isotopically heavy Cr-spinel. Thus, fractional crystallization of Cr-
spinel is expected to lead to the removal of heavy Cr isotopes driving the residual
melt towards lower §°%/°2Cr values (Figure 2.9a). This is in agreement with stud-
ies on lunar mare and ocean islands basalts (Bonnand et al., 2020; Bonnand et al.,
2016; Shen et al., 2020) as well as ab initio (Moynier et al., 2011) and ionic modeling
(Shen et al., 2018). This observation, however, is in disagreement with the study
of Jerram et al. (2020), who did not find a difference in 6°*/52Cr values between
chromite separates and their host komatiites.
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Figure 2.9: Chromium isotope compositions (§°3/°2Cr) vs. Fe isotope compositions (6°%/>4Fe). a)
Expected change in Fe and Cr isotope compositions by different fractionating phases from a melt
composition (m.) is indicated by arrows. Major controlling phases are given next to the arrows. See
text for further discussion. b) §°3/52Cr vs. §°6/54Fe for the BaGB and BeGB komatiite-tholeiite
suites. Symbols are as used in Figure 2.2.

The structure of Cr-spinel implies that Fe?T is tetrahedrally coordinated despite its
usual preference for octahedral crystal lattice sites. An experimental study by Sossi
and O’Neill (2017) showed that the lower coordination of Fe?* in Cr-spinel leads to
the enrichment of the heavy Fe isotopes in Cr-spinel despite incorporating the re-
duced Fe species, which is in agreement with ionic modelling by Macris et al. (2015).
The incorporation of Fe3™ would even enhance the effect of removing isotopically
heavy Fe from the melt during Cr-spinel crystallization. These observations are
consistent with, on average, 0.09 %o heavier 6°6/>*Fe of spinel separates compared to
associated komatiitic whole-rock samples and olivine separates (Hibbert et al., 2012)
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as well as on average heavier 6°%/*Fe compositions in spinel compared to whole-rock
Fe isotopic compositions of peridotites (Williams et al., 2005). Additionally, picrites
(high-Mg lavas) from Baffin Island show decreasing 6°%/**Fe with magmatic differ-
entiation during combined fractionation of Cr-spinel and olivine, thus supporting
the postulation that Cr-spinel rather incorporates heavy Fe leaving behind an iso-
topically lighter melt (McCoy-West et al., 2018). The removal of heavy Fe and
Cr isotopes during the crystallization of Cr-spinel would thus lead to a decrease in
§°3/52Cr and §°%/5*Fe values in the residual melt (Figure 2.9a).

Pyroxene: Pyroxene with the general formula Mf +’(3+)M22+’(1+)Sz’206 offers, simi-
larly to olivine, two energetically different M-sites, with M; <Mj. M-sites are usually
occupied by one divalent ion each or one monovalent ion (My) and one trivalent ion
(M;). Additionally, the M; sites are octahedrally coordinated, while the M, sites
are octahedrally to hexahedrally coordinated and considerably distorted (Angel et
al., 1989; Burns, 1970). The distorted M, site thus offers Cr** to be incorporated
into pyroxene, while the smaller Cr®* ion preferentially partitions into the smaller
and more regular octahedrally coordinated M; crystal lattice site. The partitioning
of Cr*" into pyroxene, however, must be accompanied by coupled substitutions to
balance charges. Experimental studies showed that substantial amounts of Cr?* can
be incorporated into pyroxene under reducing conditions (Angel et al., 1989; Li et
al., 1995), which is further corroborated by ionic modelling predicting inter-mineral
equilibrium fractionation, with pyroxene having lighter Cr isotopic composition than
spinel (Shen et al., 2018). However, no Cr** was detected by X-ray adsorption near-
edge structure (XANES) spectroscopy in pyroxenes from mantle xenoliths (Shen et
al., 2018) as well as lunar and martian basalts (Karner et al., 2007; Sutton et al.,
1993). As already noted by Berry et al. (2006) the absence of Cr?* can be the result
of the electron exchange reaction Fe3™ + Cr*" = Fe*t + Cr3* due to the presence
of Fe3* in basaltic melts during cooling from mantle temperatures to their equilibra-
tion temperatures. Pyroxenes equilibrated under more reducing conditions than the
terrestrial mantle, i.e. iron-wuestite (IW) £ 1 log units, showed increasing D¢, (py-
roxene/melt) with increasing fO,, which was attributed to a higher compatibility of
Cr3* relative to Cr?* in pyroxene. Additionally, D¢, seems to be dependent not only
on fOs, but also on mineral composition with Cr being more compatible in high-Ca
pyroxene (augite) compared to low-Ca pyroxenes (pigeonite), which was attributed
to the higher availability of elements needed for coupled substitutions (e.g. Na or
Al) (Karner et al., 2007; Papike et al., 2016). Pyroxene compositions in komatiites
are usually regarded as relatively Al-rich (Cameron and Papike, 1981; Nisbet et al.,
1977), which in turn could indicate the importance for the coupled substitutions
of the MICr3+-4AI3+ pair in komatiitic pyroxenes, which is known to be a common
substitution couple in pyroxene at terrestrial mantle conditions (FMQ £ 1 log unit)
(Karner et al., 2007; Papike et al., 2005). Hence, the fractionation of Cr¥*-bearing
pyroxene might be more probable and would thus leave a lighter residual melt (Fig-
ure 2.9a).

Both M-sites in pyroxene offer Fe** to acquire octahedral CFSE, but the energy gain
is larger for the distorted M site (Burns, 1970). In Ca-pyroxene the majority of My
sites is occupied by the larger Ca2+ ion, whereas Fe?* would be incorporated into
the smaller and octahedral M; site (Macris et al., 2015). Fe3* acquires zero octa-
hedral CFSE in both M-sites in pyroxene, therefore probably preferring the smaller
M; site (size criterion). However, due to the overall low energy acquirement of
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Fe?" during partitioning into solid minerals (Orgel, 1966), Fe3* is usually regarded
as incompatible until magnetite becomes saturated when higher SiO, contents are
reached. Additionally, as the silicate melt offers both octahedral and tetrahedral
sites, the partitioning of Fe?* into the octahedrally to hexahedrally coordinated M;
and My pyroxene sites suggest the preferential incorporation of the isotopically light
Fe into pyroxene relative to the melt (Figure 2.9a). This is in agreement with ionic
modelling predicting Fe?*-bearing pyroxenes to be similar in §°%/*Fe compared to
olivine (Macris et al., 2015).

2.5.3.3 Observed trends — mineral control on Cr and Fe isotope compo-
sitions

The large MgO variation from ~34 to ~4wt.% of the BaGB and BeGB sample
suites gives the opportunity to investigate Cr and Fe isotopic fractionation during
magmatic differentiation. MgO variation diagrams (Figure 2.3) illustrate a changing
fractional assemblage from only olivine (fractionation and accumulation) in samples
with MgO >20wt. % to the combined crystallization of olivine, Cr-bearing spinel,
pyroxene, and plagioclase in samples with MgO <20 wt. % (Section 2.5.3.1), seem-
ingly correlating with shifts in Cr isotopic composition (Figure 2.5).

Overall, the BaGB komatiite-tholeiite suite shows increasing 6°6/°*Fe and decreasing
§°3/52Cr with indices of magmatic differentiation (Figures 2.5 and 2.9). The BeGB
komatiite-tholeiite suite is characterized by a larger scatter in 6°¢/°*Fe and 6°%/52Cr
values compared to those of the BaGB, with 6°%/°*Fe values not clearly showing any
trend while the §°3/52Cr values also decrease with ongoing magmatic differentiation
(Figure 2.5).

In detail, during fractionation and accumulation of olivine BaGB komatiites show
invariant §°%/°2Cr (Figure 2.5a-d) although the removal of isotopically light Cr?*-
bearing olivine would predict the §°%/52Cr of the residual melt to increase (see above;
Jerram et al. 2020). However, even though olivine in komatiitic melts can contain
up to 0.2wt. % Cr (Nisbet et al., 1987; Puchtel et al., 2013; Renner et al., 1994),
the partition coefficient D¢, between olivine and melt is < 1 and the crystallization
of olivine leads to a small relative enrichment of Cr in the residual melt as indi-
cated by the slightly negative trend of Cr with MgO above 20 wt. % MgO (Figure
2.3b). The constant §°%/°2Cr above 20 wt. % MgO shows that olivine fractionation
or accumulation for the BaGB suites of rocks has no effect on the §°3/°2Cr values of
the residual melt (Figure 2.5b). Belingwe komatiites (MgO >20wt. %) display more
variable 6°¥/°2Cr and do not show such clear trends in §°/52Cr vs. MgO, Al,O5, Cr
and Ni space (Figure 2.5). We attribute this to the fact that BeGB komatiites do
not represent one continuous sequence and thus have possibly different parental melt
compositions. However, major element systematics indicate that the same phases
as observed for the Barberton suite are actively controlling the whole rock compo-
sitions of Belingwe samples, namely olivine followed by olivine 4+ Cr-bearing spinel
+ pyroxene (Figure 2.3).

There is a general increase in 6°6/°*Fe values from -0.014 to +0.091 %o with de-
creasing MgO, Ni and Cr and increasing Al,O3 of the BaGB and BeGB komati-
ites being consistent with fractionation and accumulation of isotopically light Fe?*-
bearing olivine and studies on mantle peridotites and komatiites from Gorgona Is-
land (Colombia, 89 Ma) and Vetreny (Baltic Shield, 2.4 Ga) (Figure 2.5e-h; Hibbert
et al., 2012; Weyer and Ionov, 2007; Williams et al., 2004; Williams et al., 2005). As
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such, olivine fractionation or accumulation influences the Fe?* /Y Fe ratio but seems
not to significantly change the Cr*T/SCr ratio of the residual melt, thus driving
it towards higher 6°%/°*Fe values while not influencing its 6°3/°2Cr signature (Figure
2.9Db).

A change of the fractional assemblage can be inferred from changes in slope in MgO
variation diagrams with Al,O3, CaO, Cr, Ni at MgO <20wt. % (Figure 2.3, Sec-
tion 2.5.3.1). The Cr isotopic compositions of BaGB and BeGB komatiitic basalts,
high-Mg tholeiites and basaltic andesites appear to correlate with these changes in
major and trace element variations as the §°%/°2Cr compositions shift to lower val-
ues at MgO concentrations <20 wt. % (Figure 2.5). Ab initio calculations presented
by Moynier et al. (2011) show that at temperatures of 1,200° C equilibrium iso-
tope fractionation e”>C7r(magnesiochromite—olivine) between Cr®*-bearing chromite and
olivine are 0.18 %o for Cr** occupying the M; site and 0.14 %o for Cr?** occupying
the My site in olivine. The size and mode of these calculated stable Cr isotope
effects are consistent with our data, which also imply that Cr3*-bearing spinel is
isotopically heavier than olivine and whole rock komatiitic basalts are up to 0.12 %o
lower in 6°%/52Cr than komatiites. Although Cr-bearing spinel is an accessory min-
eral within komatiitic suites, it is the most important Cr carrier with 30 to 54 wt. %
of Cry03 (Jerram et al., 2020; Nisbet et al., 1977). Therefore, even small amounts
of Cr-bearing spinel crystallization can affect the 6°3/52Cr signature of the residual
melt. Furthermore, magmatic differentiation in the BaGB and BeGB komatiitic-
tholeiite suites is additionally governed by pyroxene fractionation or accumulation
(Figure 2.3a-c, e), which can contain up to 1.15wt. % Cr (Renner et al., 1994) and
on average ~0.4wt. % Cr for Belingwe and Barberton pyroxenes (Bickle et al., 1975;
Nisbet et al., 1987; Nisbet et al., 1977; Parman et al., 1997; Parman et al., 2003;
Renner et al., 1994; Shimizu et al., 2005). The incorporation of isotopically light
Cr?T into pyroxene would lead to a heavier Cr isotopic signature in the residual
magma, therefore competing with the effects of Cr-bearing spinel crystallization.
However, based on Al-rich pyroxene compositions in komatiites the incorporation of
Cr3* might be more favorable to balance charges. Moreover, as mentioned above,
Cr3* exhibits a large preference for octahedral sites (high octahedral CFSE) and
discriminates against tetrahedral sites (low tetrahedral CFSE) resulting in a high
octahedral site preference energy (Orgel, 1966). The discrepancy for Cr’*" to enter
tetrahedral or octahedral sites is much lower, resulting in an overall lower octahedral
site preference energy. As a silicate melt offers octahedral and tetrahedral sites, but
the availability of octahedral sites decreases with increasing melt evolution, Cr*"
might partition more readily into the octahedral M; site in pyroxene with increas-
ing melt evolution. The overall decrease in §°¥/°2Cr with decreasing MgO contents
(Figure 2.5a) is in accordance with recent observations from OIB, which also show
a decrease in 6°*/52Cr during combined olivine, Cr-bearing spinel and pyroxene frac-
tional crystallization (Bonnand et al. 2020, Shen et al. 2020). The accumulation of
Cr?T-bearing pyroxene in some high-Mg komatiitic basalts could however modify the
§93/52Cr evolution towards higher values. Figure 2.9 shows that Cr-bearing spinel
and Cr3*-bearing pyroxene fractionation dominate over olivine and Cr**-bearing
pyroxene regarding the Cr-budget.

Barberton and Belingwe samples with less than 20wt. % MgO show increasing
§°6/54Fe with decreasing MgO concentrations, suggesting that combined Cr-bearing
spinel and pyroxene fractionation leads toward overall heavier 6°%/°*Fe in the resid-
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ual magma (Figure 2.5e-h). This is supported by the statistical difference in §°%/%*Fe
between the two groups evaluated by a two-tailed Student t-test. As the sole crys-
tallization of Cr-bearing spinel (FeO = ~20 wt. %; Nisbet et al. (1977)) would result
towards lighter §°%/5*Fe in the residual magma, pyroxene (Fe = ~7wt. %; (Bickle
et al., 1975; Nisbet et al., 1987; Nisbet et al., 1977; Parman et al., 1997; Parman
et al., 2003; Renner et al., 1994; Shimizu et al., 2005)) is largely incorporating the
light Fe?* isotopes and dominates the Fe isotope composition overall. Figure 2.9
shows that with the combination of 6°%/°2Cr and 6°6/°*Fe most samples <20 wt. %
MgO lie along a trend of Cr3*-Fe**-bearing pyroxene fractionation. This, firstly,
demonstrates the combined crystallization of Cr-bearing spinel and pyroxene, but
also signals the predominance of Cr-bearing spinel (CrsO3 = 30 to 50 wt. %) com-
pared to pyroxene (CraO3 = ~0.4wt. %) on the Cr budget leading towards overall
lighter 6°¥/°2Cr during melt evolution and the dominance of pyroxene on the Fe
isotope budget leading towards overall heavier §°6/°*Fe during melt evolution.

2.5.4 The Cr isotope composition of the Bulk Silicate Earth

Knowledge of bulk Earth’s (BE) and bulk silicate Earth’s (BSE) Cr isotopic compo-
sitions are fundamental for understanding potential fractionation processes for Cr
isotopes between and within terrestrial igneous reservoirs. Schoenberg et al. (2008)
were the first to show that the variation in Cr isotopic compositions of ultramafic
(including cumulates) to felsic igneous rocks with 6°%/°2Cr =-0.124 £ 0.101 %o is very
limited. The intention of these authors to determine the Cr isotopic range of igneous
rocks was (1) to assess potential Cr isotopic fractionation during intra-crustal differ-
entiation processes and (2) to provide a weathering background §°3/°2Cr signature
for low-temperature Cr redox studies (Babechuk et al., 2017; Babechuk et al., 2019;
Frei et al., 2009; Wille et al., 2018). Schoenberg et al. (2008) therefore dubbed this
range in 6°/°2Cr as the ‘igneous inventory’ rather than the BSE value.

Komatiites with their extremely high melting temperatures of >1500° C compared
to ~1300-1400° C for modern mid-ocean ridge basalts (Lee et al., 2009) are likely to
be an excellent proxy for the Cr isotope composition of the BSE, because equilibrium
isotope fractionation decreases with increasing temperature (« is directly propor-
tional to 1/T?). Furthermore, the high degrees of partial mantle melting of up to
35 % for komatiitic melts significantly diminishes the difference in 6°¥/°2Cr values
between mantle source and melt. Following this logic, recent studies have turned
to komatiites (Jerram et al., 2020) or a combination of komatiites and peridotites
(Sossi et al., 2018) to examine the §°%/°2Cr signature of the BSE and compare the
signature to the igneous inventory reported by Schoenberg et al. (2008) and other
estimates of the BSE derived from mantle peridotites (Xia et al., 2017). The existing
BSE §°3/52Cr estimates based on the Cr isotopic composition of komatiites are at
-0.11£0.06 %o (Sossi et al., 2018) and -0.124+0.04 %o (Jerram et al., 2020).

Here we follow suit in further assessing the BSE §°*/°2Cr value using the komatiite
data reported in this work, which includes the use of a pooled Cr stable isotopic mea-
surement approach to each sample (n=5), which reduces analytical scatter (Section
2.3.2.2). The average §°*/°2Cr value for all 21 komatiite samples from the BaGB
and BeGB suites from this study is -0.122 +0.050 %0 (2 SD). The two suites of
samples, with MgO concentrations ranging from 19.08-34.33 wt. %, represent com-
positions only controlled by the fractionation and accumulation of olivine, which
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observations from this study suggest does not induce any Cr isotopic fractionation
(Section 2.5.3.3). Although the Belingwe and Barberton komatiite-tholeiite suites
show similar Cr isotope systematics during differentiation, the Belingwe komatiites
display a significantly larger overall scatter in §°*/°2Cr values. The reason for this is
unclear, but it is noted that the BeGB sample suite is not derived from one parental
melt and §°/52Cr variations of komatiites might reflect small differences in initial
source compositions. This value agrees well with the previously reported BSE esti-
mate of Jerram et al. (2020) with 6°3/°2Cr =-0.12 +0.04 %o, which was calculated
using the weighted averages of komatiite data from five different localities, three of
which reported by these authors themselves and two more published by (Sossi et
al., 2018). Combining all single komatiite stable Cr isotopic data reported in our
study with previously reported ones (Jerram et al., 2020; Sossi et al., 2018) gives
a composite komatiite-based BSE §°3/°2Cr value of -0.1240.06 %o (2 SD; n=>52).
This value agrees well with previously published ones (Jerram et al., 2020; Sossi et
al., 2018) and indicates the robustness of estimating the BSE §°*/°2Cr value using
komatiites.

2.6 Conclusions

The impact of large degrees of magmatic differentiation (MgO = ~4 to ~34 wt. %) on
stable Cr and Fe isotopic compositions has been investigated in Archean komatiites-
tholeiite suites from the Barberton Greenstone Belt, South Africa and Eswatini, and
the Belingwe Greenstone Belt, Zimbabwe. In total, 21 samples from the Barberton
Greenstone Belt and 21 samples from the Belingwe Greenstone Belt, including ko-
matiites, komatiitic basalts, high Mg-tholeiites and basaltic andesites, were analyzed
for their major and trace element concentrations as well as stable Cr and Fe isotopic
compositions.

From major and trace element data combined with stable Cr and Fe isotopic sys-
tematics we conclude that:

e Serpentinization does not seem to affect the stable Cr and Fe isotopic com-
positions of BaGB and BeGB komatiites, which display the highest influence
from this alteration process (i.e. highest LOI) of all BaGB and BeGB rocks.

e Significant Fe and Cr isotopic variations are observed for the BaGB and BeGB
komatiite tholeiites whole-rock suite. §°%/°2Cr and §°0/5*Fe vary systematically
with MgO, Al;O3, Cr and Ni contents, which can be linked to magmatic
processes, such as crystal fractionation being responsible for these variations
observed in BaGB and BeGB komatiite-basalt suites.

e Significant amounts of Cr*™ (up to 2000 ugg™) can be incorporated into the
olivine crystal structure, and thus in theory olivine crystallization depletes the
residual melt in light Cr isotopes. Increasing Cr concentrations with decreasing
MgO contents (up to 20 wt. %) for the BaGB and BeGB komatiites, however,
indicate that Cr still behaves incompatibly during fractional crystallization
of olivine. Furthermore, olivine fractionation does not influence the stable
Cr isotopic composition of the melt, as indicated by the constant §°3/°2Cr
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signatures of komatiites. Cr-bearing spinel and pyroxene crystallization, on
the other hand, preferentially remove heavy Cr isotopes from the melt, leading
to the observed decrease of §°%/°2Cr values of the residual liquid with ongoing
melt differentiation.

e The combination of stable Cr and Fe isotope analyses may allow for the dis-
tinction between olivine, Cr-bearing spinel and pyroxene fractionations during
melt differentiation. Further testing of these coupled trajectories in various
magmatic systems will help to improve our understanding of the Cr (and pos-
sibly Fe) isotopic fractionation during magmatic differentiation.

e Studies investigating low-temperature redox of Earth-surface reservoirs should
use the igneous inventory of -0.124 4 0.101 %o in §°%/52Cr (Schoenberg et al.,
2008) as a baseline, because this compilation encloses the full range of po-
tential magmatic bedrock compositions during weathering processes. For
high-temperature geo- and cosmochemical studies we suggest to use the BSE
6%3/2Cr value of 0.1240.04 %o reported by Jerram et al. (2020), which is
based on the weighted averages of Cr isotopic data from different komatiite
localities. Alternatively, one may use the more conservative BSE §°%/°2Cr es-
timate of -0.12 £ 0.06 %o, reflecting the mean of all single komatiite stable Cr
isotopic data published so far (Jerram et al. (2020); Sossi et al. (2018); this
study).
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Chapter 3

Consistently light stable chromium
isotopic compositions in mid-ocean
ridge basalts: Implications for the
mantle source composition

Abstract

Stable isotopes of chromium (Cr) and iron (Fe), both multivalent elements in sili-
cate melts, are valuable proxies of redox conditions in magmatic systems. Partial
melting and fractional crystallization were identified as the dominant fractionation
processes for Cr and Fe isotopes in high-temperature reservoirs that can lead to
small but detectable isotope variations in igneous rocks. More recently, however,
the source mineralogy was suggested to additionally play an important role, since
small but measurable differences in the stable Cr and Fe isotopic compositions of
source rock minerals and non-modal partial melting may influence the magnitude
of Cr and Fe isotopic fractionation during partial melting and thus the Cr and Fe
isotopic composition of the originating melt.

With the aim to investigate the role of magmatic processes and the source Cr
and Fe isotope signatures on the isotope composition of these transition metals
in normal mid-ocean ridge basalt (N-MORB), we analyzed 21 well-characterized
MORB glasses from the southern East-Pacific Rise, Pacific-Antarctic Ridge and
Mid-Atlantic Ridge. The Cr isotope compositions of N-MORBs show a narrow
range from -0.278 to -0.186 %o in 6°*/°2Cr (i.e., difference of a sample’s **Cr/*2Cr
ratio relative to the international reference material NIST SRM979), with an aver-
age value of -0.237 £ 0.050 %o (2SD; n=19). As such, the average N-MORB §°*/°2Cr
value is significantly lower than that of Bulk Silicate Earth of -0.12 4+0.06 %o and
the Cr isotope compositions that have been observed for most ocean island basalts
ranging from ~ -0.23 to 0.00 %o. Iron isotopic compositions of these MORBs range
from +0.032 to +0.137 %o and are within the range of previously published MORB
data. The lack of correlations between N-MORB Cr isotope signatures and indices
of magmatic differentiation suggests a negligible control of this process on Cr sta-
ble isotopes. Partial melting modeling using pMELTS provides evidence that the
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significant offset towards lower §°/2Cr values of N-MORBs cannot be produced by
decompression partial melting of a lherzolithic source such as the depleted upper
mantle alone. Instead, we suggest that the lower 6°3/°2Cr values of MORBs could
be linked to intrinsic small-scale >3Cr-depleted pyroxene-rich domains in the upper
mantle that influence the melt’s Cr isotopic budget during partial melting.

3.1 Introduction

The stable isotopic composition of multivalent elements, such as chromium (Cr)
and iron (Fe), in magmatic rocks may provide valuable insight into the prevail-
ing oxygen fugacity (fOs) of silicate reservoirs within our planet Earth (Dauphas
et al., 2009; Shen et al., 2020; Williams et al., 2005). Chromium is a minor ele-
ment in the upper mantle with an average concentration of 2500 ug g™ (Salters and
Stracke, 2004), and with spinel and pyroxene as the major Cr-bearing phases (Liu
and O’Neill, 2004; Mallmann and O’Neill, 2009). As a compatible element with
a bulk partition coefficient > 1 for typical upper mantle compositions (Liu and
O’Neill, 2004), Cr concentrations of primary melts vary little over a relatively large
range of melting degrees (Zou, 2007). Under terrestrial mantle conditions, it has
been experimentally demonstrated that Cr occurs as trivalent (Cr*T) and divalent
(Cr?T) species in silicate melts (Berry et al., 2006). However, the presence of Cr?*
in mantle minerals is based on theoretical models, and so far, its existence has only
been confirmed in olivine due to the presence of Fe3* and the electron exchange
reaction Cr?T + Fe3t = Fe** + Cr3T upon cooling (Berry and O’Neill, 2004; Shen
et al., 2018). The relative proportions of Cr?>" and Cr*" in the melt, expressed as
Cr*t | Cripta Tatio (Cripq = Cr*T + Cr®T), depend on fO,, pressure, temperature
as well as melt composition, particularly the ratio of non-bridging oxygen to tetra-
hedral cations (known as NBO/T) and melt basicity (Berry et al., 2021b; Berry et
al., 2006; O’Neill and Berry, 2021). As theory predicts that heavy isotopes favor
stronger bonds associated with the higher oxidation state (e.g., Schauble, 2004), the
stable Cr isotope compositions (§°/52Cr; reported as the deviation of >3Cr/>?Cr rel-
ative to NIST SRM979; Equation 3.1) of igneous rocks, bear the potential to trace
the prevailing fO, of the associated magmatic system.

Igneous processes such as partial melting or fractional crystallization may further
influence the Cr isotopic composition of magmatic rocks. Studies on natural samples
and theoretical predictions indicate that partial melting may fractionate stable Cr
isotopes, generating lower §°%/°2Cr values in the melt compared to its source (Bon-
nand et al., 2020b; Shen et al., 2018; Shen et al., 2020; Xia et al., 2017). It has been
argued that light Cr isotopes preferentially enter the melt based on the less com-
patible behavior of Cr?* compared to Cr3*, again, governed by the weaker bonding
of the reduced Cr?* species. However, based on the overall compatible behavior of
Cr during igneous processes and mass balance considerations, partial melting will
most likely not produce any resolvable increase of 6°3/°2Cr in the residue (Jerram
et al., 2022). The magnitude of isotope fractionation during partial melting may
change with melting degree and the Cr*" /Crypq of the source (Shen et al., 2018;
Shen et al., 2020) and a decrease in Cr isotopic fractionation with increasing degree
of melting is proposed (Jerram et al., 2022; Shen et al., 2020). At equilibrium and
mantle conditions under which Cr?* is present, inter-mineral isotope fractionations
show an increase in §°*/°2Cr in the order of olivine < orthopyroxene < clinopyrox-
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ene < spinel (Shen et al., 2018). A melt in equilibrium with peridotite is inferred
to be isotopically light compared to the source rock composition based on mass
balance considerations, in which spinel controls the Cr budget and is isotopically
heavy relative to a silicate melt (Berry et al., 2021a; Shen et al., 2020). Thus, Cr
isotopic fractionation during partial melting driven by mineral-melt specific frac-
tionations may depend additionally on the melting and residual assemblages and
the associated Cr fractions involved. Jerram et al. (2022), for example, proposed
a difference in the magnitude of Cr isotopic fractionation during melting of garnet-
vs. spinel-bearing peridotite. Moreover, a multi-element approach by Soderman et
al. (2022) demonstrated that stable isotope systems such as Mg, Ca, Cr and Fe can
potentially be sensitive tracers for source lithology. These authors modeled partial
melting of pyroxenitic or mixed peridotite-pyroxenite sources and showed that this
process could generate basalts with §°%/°2Cr values significantly lower than that of
their sources.

Fractional crystallization, similar to partial melting, can also result in small Cr iso-
tope fractionation as proposed for different suites of terrestrial mafic to ultramafic
igneous rocks (Bonnand et al., 2020b; Jerram et al., 2020; Shen et al., 2020; Wagner
et al., 2021). These isotopic variations are mainly induced through variable parti-
tioning behavior of Cr?* and Cr?* between the melt and the crystallizing mineral
phases and the associated change in the Cr coordination environment affecting bond
strengths, but can also be caused by kinetic processes such as diffusion (Bai et al.,
2019; Bonnand et al., 2020b; Shen et al., 2020; Wagner et al., 2021). As such, ionic
model calculations for spinel and clinopyroxene, in addition to ab-initio calculations
and experimental studies for spinel, have shown that these minerals preferentially
incorporate Cr®* over Cr?*, leading to a preferential removal of the heavy isotopes
from the melt during fractional crystallization (Berry et al., 2021a; Bonnand et
al., 2020a; Moynier et al., 2011; Shen et al., 2018). In contrast, similar partition-
ing behavior of Cr?" and Cr*T into olivine (Mallmann and O’Neill, 2009), yet an
associated difference in bond strengths in olivine compared to the melt should theo-
retically lead to the preferential removal of the light Cr isotopes (Berry et al., 2021a;
Shen et al., 2020). Similarly, stable Fe isotopes (6°6/°Fe; reported as the deviation
of %Fe/*'Fe relative to IRMM-014; Equation 3.4) are fractionated during magma
differentiation with olivine and clinopyroxene removing the light Fe isotopes that
are associated with Fe?* species from the melt, whereas oxides such as magnetite
or spinel preferentially incorporate the heavy Fe isotopes (Shahar et al., 2008; Teng
et al., 2008; Williams et al., 2005). Consequently, coupled stable isotope systems
can be used to distinguish between different crystallizing phases as already shown
for stable Fe-V isotopes in an oceanic arc setting (Williams et al., 2018) and stable
Cr-Fe isotopes in two Archean komatiite-tholeiite suites (Wagner et al., 2021).
Although recent analytical advances have improved our knowledge of the stable Cr
isotope system in high-temperature reservoirs, only a few studies are available for
mantle derived rocks. Thus, to which extent the different modern Earth’s mantle
silicate reservoirs show resolvable Cr isotopic differences diverging from the Bulk
Silicate Earth (BSE) value remains to be further investigated. Currently, the Cr
isotope value for BSE has been constrained by a number of studies based on ko-
matiites (Jerram et al., 2020; Wagner et al., 2021), peridotites (Xia et al., 2017),
or a combination of both (Sossi et al., 2018) and yield similar values within un-
certainties (e.g., -0.12 4+0.06 %o0; Wagner et al., 2021). Hence, the Cr isotope BSE
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composition is indistinguishable from the combined average 6°%/°2Cr composition
of ordinary and carbonaceous chondrites (-0.119 4 0.045 %o, n=18; Schoenberg et
al., 2016; and -0.115 +0.043 %o, n=10; Bonnand et al., 2016). Considerable §°*/52Cr
variations have been observed for mantle xenoliths, in which pyroxenite veins exhibit
very light 6°3/52Cr values of up to -1.36 %o, advocating for small-scale Cr isotopic
mantle heterogeneities in the lithospheric mantle (Jerram et al., 2022; Xia et al.,
2017). Studies of Phanerozoic ocean island basalts (OIB), including Fangataufa
atoll (French Polynesia; 6°%/°2Cr = -0.226 to -0.169 %o; Bonnand et al., 2020b) and
three different Hawaiian volcanoes 6°3/°2Cr = -0.21 to 0.00 %o; Shen et al., 2020),
show slightly lower §°%/52Cr values compared to BSE. These values were inferred to
result from partial melting, followed by fractional crystallization that acted towards
a 0°3/52Cr decrease of the melt with increasing degree of magmatic differentiation
(Bonnand et al., 2020b; Shen et al., 2020). Much less is known about the Cr isotope
systematics of mid-ocean ridge basalts (MORB) with a single recent study point-
ing to light 6°¥/°2Cr compositions (-0.27 to -0.07 %o; Ma et al., 2022) compared to
the BSE. The 6%%/52Cr variations of these MORBs from various ocean basins show
a correlation with MgO contents, which was interpreted as the result of fractional
crystallization (Ma et al., 2022).

To explore in depth the Cr isotope fractionation during MORB petrogenesis, in-
cluding setting-specific attributions, and expand our understanding of Cr isotopes
as tracers of mantle source composition, thereby elucidating the Cr isotope hetero-
geneity of silicate reservoirs of the Earth, we present stable Cr and Fe isotope compo-
sitions for 21 fresh MORB glasses collected from different divergent plate boundaries.
These samples show mostly geochemical characteristics typical for normal MORB
(N-MORB) and are derived from ridge sections with varying spreading rates ranging
from superfast- to slow-spreading, including the southern East-Pacific Rise (EPR),
the Pacific-Antarctic Ridge (PAR) and one sample from the Mid-Atlantic Ridge
(MAR). Since the EPR and PAR MORBs represent a continuous suite generated
under similar conditions of melt supply and subsequent fractional crystallization
(Standish and Sims, 2010), they are excellent targets for investigating the effect
of fractional crystallization on their §°/52Cr variations. Moreover, these MORBs
erupted on-axis, thus providing insights into the §°%/52Cr variations of the Pacific
upper mantle and its intrinsic heterogeneity.

3.2 Geological overview and samples

Samples from the EPR were collected during the GEOMETEP (Geothermal Metal-
logenesis East Pacific) cruises between 7° to 29° S and are described in detail by Bach
et al. (1994). The southern EPR belongs to the superfast-spreading class of mid-
ocean ridges with full spreading rates > 150 mm/yr and is interrupted by the Easter
Microplate, extending from 23 to 28°S and flanked by two hotspot tracks (Sinton et
al., 1991). Major elements are available for all EPR samples of this study, whereas
REE and Sr, Nd, Pb isotope data are available for a sub-set of these samples (Bach
et al., 1994). All samples are fresh glassy rinds of on-axis basaltic lava flows with
MgO concentrations typical for MORB varying between 4.87 and 9.00 wt. % (Figure
3.2, Table 3.1). With the exception of sample G412G, all EPR MORBs display
N-MORB compositions (defined by (La/Sm)py < 1) with (La/Sm)py from 0.39
to 0.90 (normalized to Primitive Mantle (PM); Palme and O’Neill, 2014). Sample
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Figure 3.1: a) M3Nd/!*4Nd vs. 87Sr/86Sr and b) 87Sr/%6Sr vs. 296Pb/204Pb for mid-ocean ridge
basalts (MORB) from this study as well as literature data for Pacific (orange), Atlantic (blue)
and Indian (black) MORB compositions from Stracke (2012). Also shown are radiogenic isotope
compositions for MORBs as used in Ma et al. (2022): East-Pacific Rise MORBs (open circles)
represent Pacific MORB and Carlsberg ridge (open triangles) and Southwest Indian Ridge (cross)
MORBS both represent Indian-type MORB. 87Sr/86Sr and '*3Nd/!#4Nd are reported by Ma et al.
(2022), and where available, 2°Pb/204Pb ratios are from (Chen et al., 2017). Radiogenic isotope
compositions for one sample from the Southwest Indian ridge are from Standish (2006). DM =
Deplete mantle, PREMA = Prevalent mantle, EM1 = enriched mantle 1 and EM2 = enriched
mantle 2. The stippled arrow indicates the approximate array of compositions for DM-PREMA
after Stracke (2012).

G412G displays a transitional MORB (T-MORB; defined by 1 < (La/Sm)py < 1.7;
Sun et al., 1979) composition with (La/Sm)py of 1.01 and an elevated KoO/TiOq
ratio at moderately evolved MgO concentrations of 7.05 wt. % (Supplementary Table
B.4.2).

The PAR is the southern continuation of the EPR. PAR glasses were collected dur-
ing two cruises PACANTARCTIC 1 (PAC1T; 56° to 66°S; Vlastelic et al., 2000) and
PACANTARCTIC 2 (PAC2; 53° to 41°S; Hamelin et al., 2010). The total spread-
ing rate along the PAR increases from south to north. The southern ridge seg-
ment represented by PAC1 samples displays full spreading rates of 54 to 74 mm/yr
(intermediate-spreading ridge; Vlastelic et al., 2000) and the northern ridge seg-
ment represented by PAC2 samples displays full spreading rates of 92 to 100 mm/yr
(fast-spreading ridge; Hamelin et al., 2010). Major and trace element (including
Cl) concentrations as well as radiogenic Sr, Nd, Pb and stable S isotope compo-
sitions are available for all samples (Hamelin et al., 2010; Hamelin et al., 2011;
Labidi et al., 2014; Vlastelic et al., 2000; Yierpan et al., 2019). Apart from sample
PAC2-Dr27-1, all PAR samples represent on-axis erupted magmas with N-MORB
compositions ((La/Sm)py of 0.60 to 0.98). Sample PAC2-Dr27-1 displays the most
evolved composition with MgO content of 4.52wt. %, accordingly high alkali con-
tent, and (La/Sm)py of 1.25, thus representing T-MORB composition following the
definition by Sun et al. (1979). This sample originated from a seamount ridge tran-
sition zone with less robust melt supply and possibly limited mixing, thus, resulting
in different trace element and radiogenic isotope compositions compared to PAR N-
MORBs (Figure 3.1; Hamelin et al., 2010). In general, the MgO content varies from
4.52 to 8.57wt. %, with three samples diverging from the typical early tholeiitic Fe
enrichment indicating fractionation of titanomagnetite (Figure 3.2c; Labidi et al.,
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Figure 3.2: Major element variations of mid-ocean ridge basalts (MORBs) from the East-Pacific
Rise (EPR), Pacific-Antarctic Ridge (PAR) and Mid-Atlantic Ridge (MAR) in this study. a) Cr vs.
MgO concentrations; b) CaO vs. MgO concentration; ¢) FeOyota vs. MgO and d) Al;O3 vs. MgO
concentrations. Stippled lines indicate a change of the fractional assemblage in MORBs from the
EPR and PAR from olivine + plagioclase for samples with MgO > 8 wt. % to olivine + plagioclase
+ clinopyroxene for samples 5 wt. % < MgO < 8wt. % and to Fe-Ti oxides for samples with MgO
< 5wt. % Plg = plagioclase and cpx = clinopyroxene. Also shown are MORB compositions from
the EPR (open circles) representing Pacific-type MORB, from the northern and southern MAR
representing Atlantic-type MORB and from the Carlsberg ridge (open triangles) and Southwest
Indian Ridge (cross) both representing Indian-type MORB from Ma et al. (2022). We note here
that the indicated fractional assemblages are representative for EPR and PAR samples from this
study and not necessarily for MORBs from Ma et al. (2022).

2014; Yierpan et al., 2019).

Samples from each ridge section, PAR and EPR, plot along similar liquid lines of
descent that indicate an overall uniform mantle source regarding their major element
composition (Figure 3.2; Bach et al., 1994; Hamelin et al., 2010). Radiogenic Sr-
Nd-Pb isotope compositions of PAR and EPR samples of this study lie within the
range of previously published MORBs representative of the Pacific upper mantle,
which form binary trends between the depleted mantle (DM) and the prevalent
mantle (PREMA) in 3Nd/1Nd vs. 8Sr/®%6Sr (Figure 3.1a) and 37Sr/%Sr vs.
206p /204Ph space (Figure 3.1b). This trend is generally interpreted as a mixture
between DM and small amounts of a recycled oceanic crustal component (Stracke,
2012; Stracke et al., 2005) that changes progressively with a maximum contribution
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of the recycled component at ~ 38°S, as shown by a statistical approach using
Sr-Nd-Phb-Hf isotope compositions of samples covering the PAR and southern EPR
ridge sections (Hamelin et al., 2011). Small amounts of ancient enriched material are
responsible for relatively less radiogenic Nd and more radiogenic Sr and Pb isotope
compositions between ~ 16° and 21°S (Bach et al., 1994; Mahoney et al., 1994; Niu
et al., 1996). The origin of T-MORBs along the EPR, represented by sample G412G
in this study, is attributed to cyclic mixing of a two-component mantle involving
recently formed K-enriched mantle heterogeneities (Bach et al., 1994).

Sample 267ROV-5 was originally collected on-board the R/V Meteor during the
expedition M78/2 in 2009 to the slow-spreading southern MAR between 5° and
11°S (Seifert and Party, 2009), displaying a total spreading rate of ~ 32mm/yr
(DeMets et al., 1990). The ridge section exhibits a typical slow-spreading ridge
morphology and sample 267TROV-5 is derived from a pronounced axial high within a
deep, central axial rift valley at 4°48’S (Haase et al., 2007; Seifert and Party, 2009).
The sample location is characterized by fresh, unsedimented pillow lavas indicating
recent volcanic activity (Haase et al., 2007). Geochemical studies of MORBs from
the southern MAR (4° 48’ to 11°S) revealed a heterogeneous mantle (Hoernle et al.,
2011; Paulick et al., 2010). Therein, MORBs from 4°48’ to 7°35" S, closest to the
sample location of sample 267ROV-5, reflect the most depleted radiogenic isotope
compositions and strong LREE depletions with (La/Sm)py of ~ 0.5 to 0.75, which
was attributed to a common depleted mantle component (Hoernle et al., 2011). In
contrast, trends formed by most southern Atlantic or Indian MORBs have been
shown to deviate towards enriched mantle (EM1) components (Figure 3.1; Dupré
and Allegre, 1983; Stracke, 2012; White, 2015).

3.3 Methods

The complete set of new and published major element, trace element and radiogenic
isotope compositions are given in Supplementary Tables B.4.1 and B.4.2. For sample
267ROV-5, major and trace element and radiogenic Sr-Nd isotope compositions were
determined at the Isotope Geochemistry laboratories of the University of Tuebingen
and are further outlined in Appendix B and given together with published data in
the Supplementary Table B.4.1.

3.3.1 Cr and Fe isotope compositions

Basalt glasses were repeatedly cleaned ultrasonically with M(Q water, handpicked
under a microscope, and ground to fine powders in an agate mill as described in
Bach et al. (1994) and Yierpan et al. (2019). Subsequently, samples were digested
in closed 15 mL Savillex PFA beakers using concentrated HF:HNO3 mixtures on
hotplates at 120° C. The samples were then dried down and repeatedly dissolved in
6 M HCI until clear of precipitates. Aliquots for stable Cr and Fe isotope analyses
were taken from one common digest.

All stable Cr and Fe isotope data reported in this study were obtained on a Ther-
moFisher Scientific NeptunePlus multicollector inductively coupled plasma mass
spectrometer (MC-ICP-MS) housed at the Isotope Geochemistry facilities of the
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University of Tuebingen. Detailed descriptions of the Cr and Fe purification meth-
ods are given in previous studies (Schoenberg et al., 2016; Wagner et al., 2021) and
details on the analytical accuracy and reproducibility are given in Appendix B.

All stable Cr isotope data are reported in the d-notation relative to NIST SRM979

as:
(53 C{T/52 Cr) sample

(53OT/520T)SRM979

hereafter referred to as §°3/°2Cr. The data are expressed as per mil (%o) difference
by multiplication with a factor of 1000.
The isotopic fractionation factor o observed for a process between two reservoirs is

defined as:

553/520rSRM979 = —1 (31)

(53 CT/52 CT)T‘@SETUOiTA
_B= .2
da-b (53CT/5QCT>reservoirB (3 )

and the isotopic difference A between two reservoirs is expressed accordingly as:

APBCra_p = 6%/2Cr, — 6%/°2Crg & (s — 1) x 1000 (3.3)

All Fe isotope compositions are reported in d-notation relative to the standard
IRMM-014 according to equation 3.4 and multiplied by 1000 to display variations
in per mil differences:

(56F6/54F€)8ample

(56F6/54F6>1RMM014

556/54F€]RMM014 = —1 (34)

henceforth referred to as §°9/54Fe.

3.4 Results

Chemical compositions of EPR and PAR MORBs have been described in detail
in previous studies (Bach et al., 1994; Hamelin et al., 2010; Hamelin et al., 2011;
Vlastelic et al., 2000) and are reported in Supplementary Tables B.4.1 and B.4.2 for
completeness of the dataset. For this reason, only major element, trace element and
radiogenic isotope compositions of MAR sample 267TROV-5 are described shortly
in the following. Sample 267TROV-5 displays major element compositions typical
for MORBs with a relatively primitive MgO concentration of 8.37 wt. %, KyO of
0.05wt. % and TiOy of 1.17wt. % (Figure 3.2, Supplementary Table B.4.1). The
N-MORB-like (La/Sm)py; ratio of 0.51 mirrors low trace element concentrations on
normalized REE patterns compared to EPR and PAR MORBES, as well as average
N-MORB (Figure B.1.1; Yierpan et al. (2019) and Bach et al. (1994)). In radiogenic
Nd vs. Sr isotope space, 267TROV-5 lies near the upper end of the Atlantic MORB
array (Figure 3.1a and Supplementary Table B.4.1). The depleted trace element
and radiogenic isotope signature is in accordance with the compositions derived for
samples from the southern MAR at 4°48’S published by Hoernle et al. (2011).

3.4.1 Cr and Fe isotopic composition of MORB glasses

All §%3/52Cr and §°9/°4Fe data are presented in Table 3.1. Stable Cr isotopic com-
positions of all N-MORBs analyzed in this study range from -0.278 to -0.186 %o,
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Figure 3.3: Compilation of Cr isotope compositions of MORBs from this study and Ma et al.
(2022). Also shown are literature data of one granite (i.e., rock reference material GS-N; Schoenberg
et al., 2016; Schoenberg et al., 2008), one tonalite (Berger and Frei, 2014) as well as oceanic basalts
from different localities such as Hawaii (Shen et al., 2020), Fangataufa (French Polynesia; Bonnand
et al., 2020b) and altered oceanic crust (Wang et al., 2016). For comparison, komatiite data (green
open circles) defining the Cr isotope value of the Bulk Silicate Earth (BSE) of -0.12 4 0.06 %o
(indicated by the grey field; Wagner et al., 2021) and Cr isotope compositions of ordinary and
carbonaceous chondrites published by Schoenberg et al. (2016) and Bonnand et al. (2016) are also
shown. Error bars for MORBs in this study display the 2SD external reproducibility for pooled
(6%3/52Cr = £0.016 %o and 6°6/54Fe = 4 0.015 %o) or single measurements (6°%/52Cr = +0.023 %o
and 6°0/%4Fe = +0.038 %o; Table 3.1) of standard reference materials BHVO-2 (§°3/52Cr) and
Tueb-Fe (6°6/54Fe); see Appendix B for details.

spanning Cr contents ranging from 20 to 411 ugg! (Figures 3.2a, 3.3 and 3.4a, b).
The §°¥/52Cr values of the EPR N-MORB glasses range from -0.202 to -0.278 %o with
an average of -0.242 £0.047 %o (2SD, n=12). Sample G412G (T-MORB composi-
tion) exhibits a 6°%/°2Cr value of -0.085 4 0.024 %o (2SD, n=9; three digests), and
shows a resolvable offset to the average §°%/°2Cr of the EPR N-MORBs. The PAR
N-MORB glasses display §°¥/°2Cr values ranging from -0.186 to -0.258 %o, with an
average of -0.225 £ 0.058 %o (2SD, n=6), which is identical within uncertainty to the
average 0°%/°2Cr value of EPR N-MORBs. The southern and northern sections of
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the PAR (PAC1 and PAC2) are identical within uncertainty displaying averages of
-0.217 +£0.074 %o (2SD, n=3) and -0.221 +0.061 %o (2SD, n=4), respectively. The
most evolved PAR sample (PAC2-Dr27-1; MgO = 4.52wt. %) exhibits a §°%/%2Cr
value of -0.185 +0.011 %o (2SE, n=1), representing the heaviest §°*/52Cr within the
PAR suite. The N-MORB from the slow-spreading MAR (267ROV-5) displays a
§°3/52Cr value of -0.242 +0.010 %o (2SD, n=7, two digests), identical within uncer-
tainty to EPR and PAR average §°/52Cr values. The Cr isotope compositions of
fresh MORB glasses from this study match very well the recently reported 6°3/°2Cr
values for MORBs ranging from -0.27 to -0.14 %o (n=24; Ma et al., 2022), in par-
ticular for MORBs from the EPR and MAR. Ma et al. (2022) observed a group of
EPR MORBs with §°/52Cr values between -0.10 to -0.07 %o (n=4). Interestingly,
our dataset validates the observed §°%/°2Cr bimodality of EPR MORBs (Ma et al.,
2022), in which T-MORB sample G412G displays a similar §°3/°2Cr value within
uncertainty (-0.085 +0.024 %o; 2SD, n=9, 3 digests). Furthermore, the Cr isotope
compositions of fresh MORB glasses from this study overlap with previously re-
ported §°%/52Cr values for altered oceanic crust from ODP hole 771 ranging from
-0.23 to -0.07 %o (Figure 3.3; Wang et al., 2016).

All N-MORBs (i.e., T-MORB samples G412G and PAC2-Dr27-1 are excluded)
show a significant offset towards lighter 6°3/°2Cr values with an average of -0.237
4 0.050 %o (2SD, n=19) when compared to the komatiite-based §°*/°2Cr BSE value
of -0.12 +0.06 %o (Wagner et al., 2021) and §°3/°2Cr values of ordinary and car-
bonaceous chondrites of -0.119 +0.045 %o (n=18; Schoenberg et al., 2016) and -0.115
+0.043 %o (n=10; Bonnand et al., 2016). MORBs exhibit lighter §°3/°2Cr than OIBs
from Mauna Kea and Kilauea Iki, Hawaii, but overlap with basalts from Koolau,
Hawaii, and Fangataufa island ranging from -0.21 to -0.17 %o and from -0.226 to
-0.169 %o, respectively (Figure 3.3; Bonnand et al., 2020b; Shen et al., 2020).
Stable Fe isotopic compositions of EPR N-MORBs range from +0.032 to +0.123 %o
and for PAR N-MORBs from +0.076 to +0.137 %o (Figure 3.4c, d). The average
§°6/54Fe of the EPR N-MORBs (+0.086 =+ 0.065 %o; 2SD, n=12) is identical within
uncertainty to the average 0°%/°*Fe of the PAR N-MORBs (+0.102 =+ 0.042 %o; 2SD,
n=6). Similarly, the average 0°%/°*Fe of the two PAR sections are indistinguish-
able: +0.093 +0.060 %o (2SD, n=4) for the northern section and +0.105 +0.011 %o
(2SD, n=3) for the southern section. MORB glasses from the EPR and PAR with T-
MORB compositions show indistinguishable §°%/*Fe values compared to N-MORBs:
+0.088 %0 and +0.072 %o, respectively. The MAR N-MORB (267ROV-5) displays a
§°6/54Fe of +0.051 %o. The range observed for all MORBs in this study (from +0.032
to +0.137 %o; n=21) is largely identical to previously published MORB data (rang-
ing from +0.050 to 4+0.190 %o; average §°%/5*Fe = 40.107 £ 0.055 %0; 2SD, n=119;
Chen et al., 2019; Richter et al., 2021; Teng et al., 2013; Weyer and lonov, 2007)
and systematically heavier than the BSE §°%/%4Fe value of ~ +0.02 £ 0.03 %o (Weyer
and Ionov, 2007).

3.5 Discussion

Fresh MORB glasses investigated in this study show significantly lighter §°%/°2Cr
values than BSE (Figures 3.3, 3.4a, b; Jerram et al., 2020; Sossi et al., 2018; Wagner
et al., 2021; Xia et al., 2017). Multiple processes may lead to the observed deviation,
including partial melting and magmatic differentiation, which are discussed in the
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following sections. Low-temperature seafloor alteration can be ruled out for EPR
samples due to the fresh state of the volcanic glasses investigated here. In contrast,
PAR glasses have been shown to be influenced by hydrothermal brines as well as
assimilation of altered crust (comprising sulfides) leading to an increase in Cl/K
ratios and §34S, respectively (Clog et al., 2013; Labidi et al., 2014). The effect of
both processes on D/H ratios as well as stable Mo and Se isotopes is negligible
(Bezard et al., 2016; Clog et al., 2013; Yierpan et al., 2019) and, as discussed in the
Supplementary Material (Appendix B), does not affect stable Cr or Fe isotopes.

3.5.1 Potential effect of magmatic differentiation

Investigation of fresh glasses enables us to evaluate the role of fractional crystal-
lization on Cr and Fe isotopes as they represent quenched melts and are unaffected
by potential phenocryst accumulation. In particular, basalts from the superfast-
spreading to intermediate-spreading ridges of the EPR and PAR are well suited to
test the effect of fractional crystallization on the §°/°2Cr of MORBs as they are
characterized by a robust melt supply beneath the axial high into shallow melt
lenses within a crystal mush (e.g., Herzberg, 2004; Sinton and Detrick, 1992).
Thus, MORBs generated at fast-spreading ridges are generally thought to produce a
broader range of compositions by fractional crystallization with a larger proportion
of evolved liquids than in slow-spreading ridges (Rubin and Sinton, 2007). This is
indeed evident from the wide range of MgO concentrations of EPR and PAR glasses
(4.87 to 9.00 and 4.52 to 8.57wt. %, respectively; Figure 3.2), which display well-
defined liquid lines of descent that are consistent with shallow level fractionation of
olivine, plagioclase and clinopyroxene (Bach et al., 1994), typical for MORB mag-
mas (Bryan, 1983). Furthermore, the PAR suite offers the unique opportunity to
investigate the impact of Fe-Ti oxide crystallization, which only forms late in the
MORRB crystallizing sequence and is exemplified in three PAR samples (Figure 3.2;
Hamelin et al., 2010; Labidi et al., 2014; Yierpan et al., 2019). In detail, olivine
and plagioclase fractionation are evident from the decrease of Ni and Al,O3 with
decreasing MgO (Figure 3.2d), respectively (Bach et al., 1994; Hamelin et al., 2010;
Vlastelic et al., 2000). Clinopyroxene joins the fractionating assemblage at ~ 8 wt. %
MgO as shown by the decrease in CaO content (Figure 3.2b) and CaO/Al,O3 ra-
tios, especially visible for the EPR sample suite (Bach et al., 1994; Sinton et al.,
1991). The steep positive correlation between Cr and MgO indicates the compatible
behavior of Cr, which partitions into crystallizing clinopyroxene and possibly Cr-
spinel before the melts reach Fe-Ti oxide saturation (at MgO < 5 wt. %; Figure 3.2a).
Cr-spinel usually crystallizes very early during differentiation, commonly alongside
olivine. Experimental studies have shown that at low pressure, Cr-spinel disappears
as a liquidus phase when clinopyroxene joins the crystallizing assemblage (Feig et
al., 2010; Hill and Roeder, 1974). The PAR samples with MgO < 5wt.% have
experienced titanomagnetite fractionation, as evidenced by a pronounced decrease
in TiOy and FeOyya contents (Figure 3.2¢; Hamelin et al., 2010; Labidi et al., 2014;
Vlastelic et al., 2000; Yierpan et al., 2019).

The effect of magmatic differentiation on the §°%/>*Fe is well-known and attributed to
differences in bond strengths between silicate melts and minerals (Schauble, 2004).
Generally, the incorporation of the isotopically light Fe?" into olivine and clinopy-
roxene is expected to increase Fe?* in the residual melt and thus, result in a melt
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(28D; Wagner et al., 2021). Also shown are 6°3/°2Cr data of MORBs published by Ma et al. (2022)
with the same symbols as used in Figures 3.1-3.3. In c¢) and d) the BSE §56/54Fe range as indicated
by the grey field and equal to +0.02 + 0.03 %o (Weyer and Ionov, 2007), whereas the light blue field
indicates the §°6/54Fe range for mid-ocean ridge basalts compiled from the literature and equal to
+0.107 £0.055 %0 (n=119; Chen et al., 2019; Richter et al., 2021; Teng et al., 2013; Weyer and
Tonov, 2007). Literature MORB 6°¢/4Fe values with corresponding 2SD reproducibility are shown
in ¢) as black (Teng et al., 2013), grey (Chen et al., 2019) and light grey circles (Richter et al.,
2021). The inferred fractional crystallization assemblages for EPR and PAR MORBs from this
study is indicated on top of each panel. Stippled lines in a) and c) at 8wt. % MgO indicate the
change of the crystallizing phase assemblage from olivine + plagioclase to olivine + plagioclase +
clinopyroxene. This change corresponds to ~320 ugg™! Cr content in b) and d) taken from Figure
3.2a. Stippled lines in a) and c¢) at 5wt. % MgO and in b) and d) at ~20 ugg' Cr indicate the
onset of Fe-Ti oxide crystallization for, in particular, the three most differentiated PAR samples.
Note the increasing Cr content during Fe-Ti oxide crystallization in Figure 3.2a. Error bars on
Cr and Fe isotope measurements for MORBSs in this study as in Figure 3.3 (see Appendix B for
details). Plg = plagioclase, cpx = clinopyroxene.

with higher 6°6/>4Fe values. The effect of Fe-Ti oxide fractionation on the §°%/>*Fe of
the residual melt depends on the composition of the oxides. If the crystallizing Fe-Ti
oxide is mineralogically close to magnetite, §°%/>*Fe of the residual melt should de-
crease (Shahar et al., 2008), as shown for MORBs from the EPR at 10°30’ N (Chen
et al., 2019). By contrast, the fractionation of ulvospinel-rich titanomagnetite can
increase the 6°%/°*Fe of the residual melt (Schuessler et al., 2009). Consistent with
the fractionation caused by crystallization of Mg-Fe silicates, the most primitive
MORBs display the lowest §°6/>Fe (Figure 3.4c, d). However, there is no tight
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trend of increasing 6°0/°*Fe values with decreasing MgO contents within the EPR
MORBSs, and the PAR MORBs affected by clinopyroxene or Fe-Ti oxide cannot
be distinguished within uncertainty. The lack of a clear fractional crystallization-
related signature in Fe isotopes agrees with the rather uniform §°%/°*Fe variations
for global MORBEs irrespective of the degree of magmatic differentiation as reported
by Teng et al. (2013).

The impact of magmatic differentiation on §°¥/°2Cr of MORBs derived from a con-
tinuous ridge and displaying similar liquid lines of descent in major element variation
diagrams (Bach et al., 1994; Hamelin et al., 2010; Mahoney et al., 1994; Vlastelic
et al., 2000), has not yet been investigated in detail. The average 6°%/°2Cr val-
ues of samples in this study possibly affected by Cr-spinel crystallization (8 wt. % <
MgO wt. % < 9wt. %) and samples affected by clinopyroxene crystallization (5 wt. %
< MgO < 8wt. %) are identical within uncertainties (-0.240 + 0.046 %o, n=6, and
-0.219 4+0.108 %o, n=10, respectively; Figure 3.4a). If T-MORB G412G with a
MgO content of 7.05 wt. % is excluded from the average 6°3/52Cr, a much lower vari-
ability for samples with MgO contents between 5 and 8 wt. % is obtained (§°%/°2Cr
= -0.233 £0.058 %0, n=9). The relatively heavy Cr isotopic composition of this
sample compared to the rest of N-MORBSs in this study is similar to a group of
EPR MORBSs recently published by Ma et al. (2022) displaying an average °*/°2Cr
of -0.09 £0.03 %o (2SD, n=4) (Figures 3.3, 3.4). This apparent bimodal §°3/°2Cr
distribution within EPR-MORBs is further discussed in Section 3.5.4. In general,
the absence of systematic correlations between §°%/°2Cr and MgO or Cr contents
indicates that fractional crystallization has a negligible control on the §°3/52Cr vari-
ations of EPR and PAR MORBs. Although theory predicts lower §°%/°2Cr values
for olivine compared to the melt (Berry et al., 2021a; Shen et al., 2020), measure-
ments of Archean komatiitic rock suites have shown that large ranges of olivine
accumulation or fractionation do not induce any §°/°2Cr variations (Wagner et al.,
2021). The overall lower Cr concentration in olivine in mafic systems and the uni-
form 6°3/°2Cr observed during MORB differentiation for a range of MgO contents
between 4.52 and 9.00 wt. % in this study support the negligible impact of olivine-
induced Cr isotopic fractionation.

The limited effect of clinopyroxene and Cr-spinel crystallization during MORB dif-
ferentiation on the 6°3/°2Cr reported here (Figure 3.4a, b) needs to be further ex-
plored, as it contrasts with recent studies. Observations from Archean komatiitic
rocks suites (Wagner et al., 2021), OIBs from Fangataufa (Bonnand et al., 2020b),
Kilauea Iki lava lake, Hawaii (Shen et al., 2020), and recently MORBs from various
ocean basins (Ma et al., 2022), showed a general decrease in 6°*/°2Cr with decreas-
ing MgO, which was attributed to the crystallization of isotopically heavy Cr-spinel
dominating the Cr budget. However, the extent of Cr-spinel crystallization is much
higher (e.g., up to 5% in Fangataufa basalts; Bonnand et al., 2020b) in these sam-
ples when compared to MORBs as indicated from their MgO content ranges (e.g.,
from ~ 8 to 18 wt. % for komatiitic basalts or from ~ 8 to 11.5wt. % for Hawaiian
basalts). In fact, the absence of negative correlations between §°3/°2Cr and MgO or
Cr contents argues for the negligible amounts of Cr-spinel on the liquidus of EPR
and PAR MORBs for the range of MgO contents of samples from this study. Hence,
variations in Cr concentrations are rather attributed to clinopyroxene crystallization.
These observations are similar to those emerging from cumulate rocks resulting from
magmatic differentiation of MORB such as gabbros (olivine, plagioclase and clinopy-
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roxene) or troctolites (olivine and plagioclase). Whereas the former generally have
low modal Cr-spinel abundance (White and Klein, 2014), the latter often contain
Cr-spinel but rarely occur in the lower oceanic crust (Hekinian et al., 1993; MacLeod
et al., 2017; Perk et al., 2007). It is noteworthy, that two samples from the slow-
spreading Carlsberg Ridge (MgO = 9.56 to 9.57wt. %) and one sample from the
ultraslow-spreading Southwest Indian Ridge (SWIR; MgO = 9.07 wt. %) reported
by Ma et al. (2022) exhibit 6°*/52Cr values in the BSE range (Figures 3.4a, b). Ma
et al. (2022) interpreted these samples to represent the 6°*/%2Cr value of the parental
melt of all MORBs in their study. Compared to the lower §°*/°2Cr of MORBs from
ridge segments with slow- to fast-spreading rates (i.e., Carlsberg Ridge, MAR and
EPR; Ma et al., 2022), the resulting trend with MgO was used as evidence of a frac-
tional crystallization control on 6°3/°2Cr for global MORBs (i.e., MORBs derived
from various ocean basins). As noted above the three samples largely defining this
trend are, however, derived from the Carlsberg Ridge and SWIR, both sampling an
Indian-type MORB mantle source that potentially influences the 6°3/°2Cr of these
samples (see also Section 3.5.4). Moreover, our most primitive EPR MORB (sam-
ple G128G, MgO = 9.00 wt. % and Mg# = 0.65; calculated on molar oxide basis)
displays a §°%/52Cr value of -0.253 %o, significantly lower than the sample from the
ultraslow-spreading SWIR with a §°%/°2Cr value of -0.17 %o at very similar MgO
content of 9.07 wt. % (Figure 3.4a; Ma et al., 2022). These contrasting values may
suggest that a fractional crystallization control on §°*/2Cr during MORB differenti-
ation, proposed to induce a decrease in §°¥/°2Cr with increasing degree of magmatic
differentiation, may not be globally encountered as recently suggested by Ma et al.
(2022).

For the EPR glasses with MgO concentrations < 7.5 wt. %, the proportions of crys-
tallizing liquidus phases have been shown to vary little, and, as augitic pyroxene
makes up 40 % of the crystallizing phases by mass (Bach et al., 1994), this indicates
that clinopyroxene crystallization dominates the Cr budget of the EPR MORBs. On
the other hand, the impact of pyroxene crystallization on the 6°%/52Cr of MORBs
may be composition-dependent. The crystallization of Al-rich pyroxenes, typically
observed for komatiitic suites, enhances the partitioning of Cr3* into the crystal lat-
tice due to charge balance effects (Mallmann and O’Neill, 2009; Papike et al., 2005),
contributing to the overall decrease in §°%/°2Cr with decreasing MgO observed in
komatiitic basalts (Wagner et al., 2021). However, pyroxenes crystallizing at low
pressures from MORB magmas are commonly Ca-pyroxenes and augitic in compo-
sition, so the substitution of Cr** for Ca®" in the 6-8 coordinated M2 site may be
prevalent (Shen et al., 2018). Nevertheless, as Cr** is approximately one order of
magnitude less compatible in pyroxenes than Cr3*, experimentally determined at
1300° C and 1bar (Mallmann and O’Neill, 2009), Cr isotopic fractionation due to
the incorporation of Cr?* into pyroxene is rather limited. This also agrees with cal-
culated isotopic differences between clinopyroxene and melt of +0.046 %o in 6°3/52Cr
(Shen et al., 2018).

So far, pressure-dependent Cr isotope fractionation during clinopyroxene fractional
crystallization has not been confirmed experimentally. However, this process may ac-
count for the variations between §°%/°2Cr and MgO observed for MORBs from differ-
ent ridges, as different average crystallizing pressures are inferred for fast-spreading
compared to slow-spreading ridges. For example, crustal pressures corresponding to
~ 0.2 GPa were inferred for the EPR (Bach et al., 1994) compared to crystalliza-
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tion pressures ranging from 0.4 to 0.8 GPa for the slow-spreading Carlsberg Ridge
(Zong et al., 2020). Furthermore, differences in crystallizing pressures may involve
different liquid lines of descent, as exemplified by the contrasting modeled fractional
assemblages of the EPR suite provided by Bach et al. (1994) (Figure 3.2) compared
to the one modeled by Ma et al. (2022). In the latter, the most primitive MORB
from the slow-spreading Carlsberg Ridge was set as a parental melt from which
spinel and clinopyroxene were the first phases to crystallize, followed by plagioclase
and then olivine (Ma et al., 2022).

Finally, compared to the most primitive samples from all three ridge sections, the
PAR samples affected by Fe-Ti oxide crystallization cannot be distinguished in
§°3/%2Cr within uncertainty. The characteristic decrease of Fe and Ti contents is
accompanied by an increase in Cr (Figure 3.2a), Al,O3 (Figure 3.2d), and SiOs
content (not shown). Sample PAC1-Dr10-1g, which exhibits the highest degree of
Fe-Ti oxide fractionation, shows the highest Cr content of all samples with MgO
< 5wt. %, indicating that Cr does not partition heavily into Fe-Ti oxides and is in
agreement with compositions reported for Fe-Ti oxides typical for MORBs (Barnes
and Roeder, 2001).

Ultimately, MORB differentiation is likely more complex than simple closed-system
fractional crystallization and may instead be controlled by magma recharge, mixing,
and subsequent crystallization processes, in addition to melt-rock reactions induced
by replenishment and porous flow of melt through a crystal mush (Coogan and
Dosso, 2016; Lissenberg and MacLeod, 2016). Indeed, when plotted versus Zr, the
Cr concentrations of EPR MORBs (not shown) do not display the tight hyperbolic
trend predicted for fractional crystallization but instead display considerable scatter,
which could point to mixing or other open-system processes (Bach et al., 1994). It
should be further noted that EPR MORBSs represent derivatives of similar, primary
magmas at various stages of differentiation along similar liquid lines of descent (Bach
et al., 1994). Therefore, mixing of magmas at various stages of differentiation might
mask a systematic relationship between MgO and 6°3/°2Cr. However, we would like
to reiterate that the most primitive sample in our study (G128G; MgO = 9.00 wt. %)
displays one of the lowest 6°3/52Cr value of -0.253 %o and thus suggests that neither
fractional crystallization nor mixing can account for the light Cr isotope signature.
Here, we propose that the consistently light §°%/°2Cr signature of MORBs in this
study over a large range of MgO concentrations points at a source-related process
that controls the Cr isotope composition of MORBs.

3.5.2 Influence of partial melting of a lherzolitic source on
§%3/52Cr of MORBs

Chromium isotopic fractionation during partial melting has been predicted by model
calculations, where light Cr isotopes are preferentially incorporated into the melt
(Shen et al., 2018; Shen et al., 2020). These variations would be dependent on
the fO, of the source and the degree of partial melting (Shen et al., 2018; Shen
et al., 2020), similar to predictions made for Fe isotopic fractionation (Dauphas et
al., 2009). Partial melting was proposed to explain Cr isotopic variations of OIBs
(Bonnand et al., 2020b) and peridotites (Xia et al., 2017). However, theoretical cal-
culations indicate that the partial melting induced §°*/2Cr variations in the source
are currently below the detection limit (Jerram et al., 2022).

92



3.5. Discussion Chapter 3

The 6°3/°2Cr data of all N-MORBs from three different ridge sections (MAR, EPR
and PAR) yield an average of -0.237 +0.050 %o (2SD; n=19), which is below the
BSE Cr isotopic value of -0.12 4+0.06 %o (Figure 3.3; Wagner et al., 2021) and as
such, supports preferential enrichment of the light Cr isotopes in a resulting partial
mantle melt. In general, MORBs are generated via decompression partial melting
of a depleted peridotite source at ~ 1350°C and depths < 60 km, corresponding
to pressures < 2GPa in the spinel stability field (Lee et al., 2009). The major
host minerals for Cr in the MORB source are spinel, clinopyroxene and orthopy-
roxene (Mallmann and O’Neill, 2009). Although the modal abundance of spinel is
low, its high Cr concentration makes it a mineral phase as crucial as clino- and or-
thopyroxene in controlling the Cr budget during partial melting. Furthermore, the
non-modal nature of partial peridotite melting, with clinopyroxene being preferen-
tially consumed (Hirschmann et al., 1998), makes the mineral-melt specific isotopic
fractionation critical for the resulting Cr isotopic compositions of residual peridotites
and corresponding melts.

Consequently, a non-modal melting model in the spinel-stability field is applied
to quantify the effect of partial melting during MORB genesis on the Cr isotopic
composition of the melt and to test if it can account for the lower 6°3/52Cr value of
MORBSs compared to the BSE. For this, a simplified model of isothermal decompres-
sion melting (1350° C and starting pressures of 2.0 GPa) using the thermodynamic
model pMELTS (Ghiorso et al., 2002) was applied to a source with a DM-like start-
ing composition (Salters and Stracke, 2004). The resulting mineral modes were used
to calculate Cr concentrations of the melt and residue and, ultimately, the Cr iso-
topic compositions of the melt during batch and accumulated fractional melting for
melting degrees from 1 to 20 %. Partition coefficients between minerals and melt
were assumed to be constant with ongoing melting (Mallmann and O’Neill, 2009).
The Cr isotope composition of the source was set at 6°*/°2Cr = -0.12 %o (Wagner et
al., 2021). The equilibrium mineral-melt isotopic differences (A*/°2CT inerat—meit)
are from Shen et al. (2020) for a melt Cr?T/Cripq ratio of 0.55, and from Berry
et al. (2021a) for a melt Cr*T/Criyq ratio of 0.50 determined for temperatures
of 1150° C. As mantle melting usually occurs at higher temperatures (1350° C; see
above), the calculated isotopic fractionations (see below) represent upper estimates.
The calculated isotopic difference between source and melt (A%/2C7T oy ce—mert) de-
creases with increasing degree of melting and is thus highest at low melting degrees
(i.e., ~ 0.08%0 at 1% melting using mineral-melt isotopic differences of Berry et
al. (2021a) (Figure 3.5a). This is in agreement with previous model results (Jerram
et al., 2022; Shen et al., 2020) as well as 6°3/°2Cr compositions of natural samples
representing low- and high-degree partial melts (Bonnand et al., 2020b; Jerram et
al., 2020; Wagner et al., 2021). The magnitude of A%/*2C7,yco—merr Obtained here
is comparable to that of Jerram et al. (2022), but larger than model results at sim-
ilar fO, conditions presented by Shen et al. (2020). Considering that Cr*" /Crypsa
ratios between 0.15 and 0.35 may be more realistic for MORB melts (Berry et al.,
2021a), the modeled Cr isotopic fractionation during partial melting calculated in
this study using A%/%2CTinerai—mer: deduced from a melt Cr?* /Cryppq of 0.55 and
0.50 (see above) represents an upper limit. The applied model is sensitive to source
modal composition and Cr isotopic differences between minerals and melt due to the
non-modal nature of partial melting. Hence, the greater Cr isotope fractionation
during partial melting using mineral-melt isotopic differences by Berry et al. (2021a)
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can be attributed to the larger A%/°207 inermerr and A%2CT inopyrovene—mel: COM=
pared to estimates given by Shen et al. (2020) (Figure 3.5a, Supplementary Table

B.3.1).
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Figure 3.5: a) The modeled bulk isotopic differences between source and melt

(A53/52C7 yrce—mert) varies with melting degree F. A%/52C7 . co—merr are modeled using
AS3/52C i erai—mert by Shen et al. (2020) and Berry et al. (2021a) and are shown in light blue
and dark blue, respectively. Only slight differences are seen between different melting models of
batch and aggregated fractional melting within the first 20 % of partial melting due to the compat-
ible behavior of Cr; b) Modeled chromium isotopic compositions (6°%/°2Cr) of the melt are shown
with varying melt degree. §°%/52Cr increases with increasing degree of melting and approaches
the starting composition of -0.12 +0.06 %o representing the Bulk Silicate Earth (BSE) §°3/52Cr
value (Wagner et al., 2021). Melting degree for MORBs from this study with MgO > 5wt. % are
calculated after Niu and Batiza (1991). Sample PAC1-Dr06-g from the Pacific-Antarctic Ridge fits
on the trend of the partial melting model, whereas the majority of MORBs is significantly lighter
compared to the modeled §°3/°2Cr. A more detailed outline of the partial melting model is given

in Appendix B.

Except for the PAR sample PAC1-Dr06-g, most of the analyzed MORBs display
significantly lower 6°3/°2Cr values than the model predicts (Figure 3.5b). In this
context, the slightly lower §°/52Cr of OIBs compared to the BSE (Figure 3.3) have
been interpreted to result from a combination of low-degree melting (Bonnand et al.,
2020b) and more reducing melting conditions (Koolau, Hawaii; Shen et al., 2020).
Due to their higher degrees of melting, this interpretation is difficult to reconcile
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with the lower 6°%/52Cr of MORBs compared to OIBs, suggesting an additional pro-
cess that influences the Cr isotope composition of MORB and OIB melts other than
partial melting.

The strong sensitivity to modal composition and associated mineral-melt fraction-
ations, make the source mineralogy a key mediator of Cr isotope fractionation.
Theoretical calculations by Jerram et al. (2022) showed that melting of garnet peri-
dotite should generate heavier melts compared to spinel peridotite. Also, recent
experimental studies report a strong effect of pressure on the Cr?"/Cryq ratio of
partial melts, which decreases with increasing melting pressure and is zero at depths
> 60 km (Berry et al., 2021b). In this context, our non-modal melting model of a
spinel lherzolite at low pressures could account for a A%/°2CT ce—men Of ~ 0.08 %o
at 1% melting degree. However, the isotopic difference between the inferred source
and MORBs (A%/2C7urce—mert) is on average 0.117 %o (up to 0.158 %o), and thus
by ~ 0.05 %o larger than the modeled A%/52C7T, gy ee—mere Of only ~ 0.066 %o for an
average MORB melting degree (F = 18 %) and under the model parameters outlined
above.

3.5.3 Light 6°%/52Cr as a result of mantle heterogeneity

As discussed in the previous sections, the offset of MORBs towards lower §%3/52Cr
values compared to the BSE value and other basaltic suites investigated so far re-
quires a process other than fractional crystallization (Section 3.5.1) or partial melting
of a pure lherzolitic source (Section 3.5.2).

One way to lower the 6°%/52Cr values of the melt is to lower the 6°3/52Cr of the
source. Based on the compatible behavior of Cr and the resulting Cr depletion in
melts relative to the source, large amounts of Cr would be required to be extracted
during partial melting to significantly impact the 6°*/°2Cr of the source based on
mass balance considerations. This is supported by model results suggesting that
melting degrees of up to 20% do not significantly alter the 6°3/°2Cr of the source
(Jerram et al., 2022), while large degree melts such as komatiites (Jerram et al.,
2020; Sossi et al., 2018; Wagner et al., 2021) are equal to §°/°2Cr of chondrites
(Bonnand et al., 2016; Schoenberg et al., 2016) and thus are representative of the
BSE (Figure 3.3). Given that the light Cr isotopes are preferentially incorporated
into a silicate melt, melt depletion would in fact result in an increase in 6°*/°2Cr in
the residual source. Therefore, lowering the MORB source §°*/°2Cr value by long-
term melt depletion seems unlikely.

The large variations of 6°3/52Cr reported in mantle xenoliths, including pyroxenite,
suggest a certain, small-scale §°3/°2Cr mantle heterogeneity (Jerram et al., 2022;
Xia et al., 2017). A chemically and isotopically heterogeneous mantle has been
proposed previously as part of the MORB source and has often been ascribed to a
depleted peridotite source admixed with a pyroxenite component representing recy-
cled oceanic crust (Allegre and Turcotte, 1986; Hamelin et al., 2011; Soderman et al.,
2021; Soderman et al., 2022; Stracke, 2012; Stracke and Bourdon, 2009; Yang et al.,
2020). Likewise, a lower stable Mo isotope composition of MORB compared to BSE
has recently been attributed to oceanic crust recycling generating an upper mantle
heterogeneity (Hin et al., 2022). A pyroxenite component in the MORB source will
contribute significantly to the generation of primary melts and impact their §°3/52Cr
due to its lower solidus and higher melt productivity compared to a pure peridotite
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source (Lambart et al., 2016 and references therein). Although the available pyrox-
enite Cr isotope data are from pyroxenites formed by melt-peridotite interaction and
thus do not represent recycled oceanic crust, their isotopic variations with 6°3/52Cr
values ranging from -1.36 %o to -0.05 %o (Jerram et al., 2022; Xia et al., 2017) sug-
gest that mantle pyroxenites could be an additional/alternative source of light Cr
isotopes, even in the source of MORBs. Moreover, a comprehensive equilibrium
melting model exploring multiple isotope systems (Mg-Ca-V-Cr-Fe) showed that a
pyroxenite component in the MORB source would significantly decrease 6°3/52Cr
and increase §°9/°*Fe in the resulting melt compared to a pure peridotite source
(Soderman et al., 2022). These calculations are based on mineral-melt specific frac-
tionation factors, but also assume that the pyroxenite component exhibits an already
fractionated isotopic composition compared to BSE, which is lower for §°3/°2Cr and
higher for §°9/°*Fe, as it is expected to be derived from recycled MORB.

Similar to stable Cr isotopes, the Fe isotopic composition of MORB is offset from
the BSE value (0°%/%*Fe = ~ +0.02 4 0.03 %o; Weyer and Ionov, 2007). The con-
sistently heavier Fe isotope compositions of MORB have been mainly attributed to
partial melting and fractional crystallization (Sossi et al., 2016; Weyer and Ionov,
2007; Williams et al., 2005). However, even after correction for fractional crystal-
lization (Sossi et al., 2016), some MORB samples show a wide range of Fe isotope
compositions that mantle melting models cannot explain (Soderman et al., 2022).
Based on a quantitative model (combining thermodynamically self-consistent man-
tle melting and equilibrium isotope fractionation models), Soderman et al. (2022)
show that the range of Fe isotope ratios of MORBs, in addition to Mg and possibly
Cr isotope ratios, could be derived from equilibrium isotope fractionation during
partial melting of a MORB source with a contribution of a pyroxenite component.
These authors, however, also point out that disequilibrium and/or low-temperature
processes may also be required to explain all the available stable isotopic data. We
note here that some EPR MORBs and the MAR MORB display §°%/%*Fe values that
plot at the lower end of previously published MORBs (Figure 3.4c, d), whereas the
remaining samples show 6°6/°*Fe values typical for N-MORB.

Despite the lack of published MORB data at the time, Soderman et al. (2022)
predicted that partial melting of a source consisting of peridotite mixed with 40 %
pyroxenite at potential temperatures of 1300° C could generate a melt with 6°3/°2Cr
values that are up to 0.04 %o lower than pure lherzolithic peridotite melts. Although
this offset could balance the isotopic difference between our peridotite melting model
and the §°/52Cr measured in MORBs (Section 3.5.2), the proportion of pyroxenite
is exceptionally high compared to estimates based on major and trace element com-
positions ranging between 2 and 17 % (Lambart et al., 2016 and references therein).
However, if the pyroxenite component in the MORB source has as light Cr isotope
signature as that reported in pyroxenite veins (Jerram et al., 2022; Xia et al., 2017),
no such high fractions of pyroxenite contribution would be needed to lower §°3/°2Cr
of the melt. A two-endmember mass balance calculation between the MORB PAC1-
Dr06-g straddling the melting model (Section 3.5.2, Figure 3.5b) and two exemplary
pyroxenites with 6°%/°2Cr of -1.36 %o and -0.77 %o (Xia et al., 2017) suggest that 1
to 2% of pyroxenite mixed with the MORB melt is sufficient to account for the low
6°3/52Cr values of MORBs in this study. Mixing with the pyroxenite P6 (§°%/52Cr =
-0.35 %o; Jerram et al., 2022) would increase the pyroxenite component to ~ 20 %.
More Cr isotope data for different pyroxenites lithologies are required to explore
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further the type and magnitude of pyroxenite admixture in the source of MORBs.

3.5.4 Local vs. global signature of light §°3/52Cr of MORB

The light Cr isotopic compositions displayed by MORBs in this study are mostly de-
rived from mid-ocean ridges representative of the sub-Pacific mantle domain (EPR
and PAR). Although the MAR sample 267ROV-5 displays similarly low §°%/°2Cr,
as most of the recently published MORB data covering the Pacific-, Atlantic and
Indian-type mantle (Ma et al., 2022), further investigation is needed to determine
whether this light Cr isotope signature corresponds to a global §°*/2Cr signature.
Based on radiogenic Sr-Nd-Hf-Pb isotope compositions, MORBs from the EPR and
PAR are derived from a heterogeneous Pacific mantle consisting of variable amounts
of recycled oceanic crust within a depleted mantle (Hamelin et al., 2011). A similar
heterogeneous mantle has been proposed as the source for Atlantic MORBs (Debaille
et al., 2006; Donnelly et al., 2004; Dosso et al., 1999; Hoernle et al., 2011; Paulick
et al., 2010; Stracke et al., 2005) and is supported by the general array formed
by Atlantic and Pacific MORBs between DM and PREMA (Figure 3.1; Stracke,
2012). In contrast, Indian-type MORBs show arrays in radiogenic isotope space,
which deviate towards more radiogenic Sr isotopic compositions, indicative of an
EM component (Figure 3.1; Dupré and Allegre, 1983; Escrig et al., 2004; Hamelin
et al., 1986; Hanan et al., 2004; Hart, 1984; Nauret et al., 2006). When comparing
the §°3/°2Cr data of Pacific MORBs from this study (southern EPR and PAR) and
those presented by Ma et al. (2022), it becomes evident that the Pacific MORBs
display a homogenous 6°%/52Cr, which is lighter than the BSE. Similar observations
are made for Atlantic MORBs (sample 267ROV-5, this study) which, together with
Atlantic MORBs from Ma et al. (2022) including two samples from the northern
MAR, are indistinguishable from Pacific MORBs.

However, MORBs from the SWIR and Carlsberg Ridge, so far the only represen-
tative samples for Indian-type MORB, extend towards higher §°%/°2Cr positioned
in the BSE range (Figures 3.3 and 3.4a, b; Ma et al., 2022). It is noteworthy that
these samples with §°3/°2Cr values from -0.17 %o to -0.14 %o also display high MgO
concentrations (9.07 to 9.57 wt. %, n=3; Figure 3.4a, b), and the most primitive
sample (MgO = 9.57wt. %) was used as the parental melt for the fractional crys-
tallization model in the study by Ma et al. (2022). This Cr isotopic signature is
slightly higher than that of Pacific and Atlantic MORBs and mostly higher than
the values predicted by < 10 % partial melting of a homogenous peridotitic source
(Figure 3.5). A study featuring three identical Carlsberg Ridge samples (CRO1-1,
CR02-1, CR03-1) to the ones used by Ma et al. (2022) has identified a heterogeneous
source for Carlsberg Ridge MORBs and, based on radiogenic Sr-Nd-Pb isotopic com-
positions, suggested that this source consists of DM and a upper continental crust
component (Chen et al., 2017). Moreover, except for sample CR03-1 (Ma et al.,
2022), MORBs from the Carlsberg Ridge display a correlation between §°3/°2Cr and
87Sr /86Sr, which can be taken as evidence for a source-related process controlling the
§93/52Cr of Carlsberg Ridge MORBs. We thus suggest that the source of Carlsberg
Ridge MORBs exhibits an initially heavier 6°3/°2Cr, which may be related to the
EM component distributed within the Indian MORB source mantle (e.g., Hamelin
et al., 1986).

The four EPR MORBSs reported by Ma et al. (2022) with an average 6°*/°2Cr of -0.09
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+0.03 %o (2SD, n=4) and derived from 3.10983°S; 102.54462° W (Chen et al., 2020)
are remarkably similar to the 6°3/°2Cr of T-MORB G412G from this study (-0.85
+0.024 %o0; n=9, 3 digests) and suggest a non-arbitrary process that accounts for the
relatively high §°%/°2Cr values. However, the high K/Ti ratio of T-MORB G412G
(= 0.14) that has been attributed to a K-rich source heterogeneity and inferred for
many T-MORBs from the EPR (Bach et al., 1994; Mahoney et al., 1994; Sinton et
al., 1991) is in contrast to the low K/Ti (< 0.08) of the four EPR MORBs reported
by Ma et al. (2022). Furthermore, MORBs from 3.1°S have been explained by a
highly depleted mantle component within a heterogeneous mantle (Li et al., 2020).
Therefore, the cause for the observed local 6°3/°2Cr bimodality in EPR MORBs
remains ambiguous and requires further examination of MORBs with endmember
chemical compositions.

3.6 Conclusions

In this study, we show that the Cr isotope composition of N-MORB glasses, with
an average of -0.237 £+ 0.050 %o (n=19), displays a significant offset compared to the
§53/52Cr BSE value of -0.12 £ 0.06 %o. Variations in §°¥/°2Cr within the sample set
cannot be attributed to fractional crystallization- or alteration-induced isotopic frac-
tionation. In addition, conducted models show that the clear offset towards lower
values cannot be produced by decompression partial melting of a source alike the de-
pleted mantle. Based the proposed sensitivity of stable Cr isotopes to source miner-
alogy, especially in the presence of pyroxenites (Soderman et al., 2022), plus the low
§93/52Cr values of down to -1.36 %o of pyroxenitic veins in lithospheric mantle xeno-
liths (Jerram et al., 2022; Xia et al., 2017), we suggest that the lower §°*/°2Cr values
of MORBs may be linked to partial melting of a source with intrinsic small-scale
heterogeneities in the form of pyroxene-rich domains. This is further supported by
the variable §°9/°*Fe values of MORBs, which extend towards higher §°9/%4Fe values
than expected for melting of a homogenous peridotite shown by previously published
melting models and have been explained by a pyroxenite component (Soderman et
al., 2022).
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Chapter 4

Heterogeneous Cr and Fe isotope
compositions of Earth’s silicate
mantle: Constraints from
intraplate basalts

Abstract

Differentiation and recycling during the evolution of planet Earth has led to a hetero-
geneous terrestrial mantle. Ocean island basalts (OIB) representing mantle partial
melts provide a window into the deep mantle and radiogenic isotope compositions
are traditionally applied as a tracer for identifying and characterizing the sampled
mantle heterogeneities. While mid-ocean ridge basalts (MORB) are traditionally
thought to sample the upper depleted mantle, OIBs and their deep-rooted conti-
nental counterparts display mixing signatures between the depleted mantle and at
least three enriched endmember compositions. Stable chromium (Cr) and iron (Fe)
isotope ratios have been invoked recently as a tracer for source lithologies potentially
associated with mantle heterogeneities, yet a large stable Cr isotope dataset encom-
passing these variable mantle source compositions is missing. Here we report stable
Cr and Fe isotope compositions of in total 45 intraplate basalts, including ocean
island basalts (n=27) and continental intraplate basalts (n=18). These samples are
representative for variable enriched signatures in radiogenic Sr-Nd-Pb isotope space
encompassing prevalent mantle, high-y, and enriched mantle 1 and 2 compositions.
The Cr isotope compositions of intraplate basalts range from -0.227 to -0.094 %o
in §%/52Cr (i.e., difference of a sample’s **Cr/>2Cr ratio relative to the interna-
tional reference material NIST SRM979) extending from MORB-like values towards
the Cr isotope composition of bulk silicate Earth of -0.12 4+ 0.06 %o, although the
majority of intraplate basalts is indistinguishable from the BSE range. Excluding
samples affected by fractional crystallization, 6°*/°2Cr values of intraplate basalts
correlate with radiogenic Sr and Nd isotopic compositions and highlight the role
of source heterogeneity on the Cr isotope compositions of basalts sampling the
non-depleted mantle. Thereby, sources with more radiogenic Sr and less radio-
genic Nd isotope compositions show higher 6°3/°2Cr (continental crust/lithospheric
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mantle/sediments), whereas basalts with radiogenic isotopic affinities of high-u or
prevalent mantle sources show lower §°*/52Cr in line with incorporation of oceanic
crust with a MORB-like Cr isotope composition. For two locations such as Lo’ihi
seamount and Vogelsberg volcano there is compelling evidence that the low §°3/°2Cr
is derived from melting pyroxene-rich lithologies, whereas pyroxenite contributions
for Vogelsberg basanites probably originate from the lithospheric mantle, which has
been previously modified by subduction zone processes. Moreover, strong correla-
tions between stable Cr and Fe isotopic compositions with radiogenic Sr signatures
and trace element ratios such as Nb/La and La/Yb suggest a carbonated source for
EM2-related basalts from French Polynesia imprinting their higher source §°%/%2Cr
on the melt.

4.1 Introduction

The heterogeneous nature of Earth’s mantle is traditionally inferred from incompat-
ible trace element and radiogenic isotope compositions and reflects to some extent
the interior evolution of a tectonically active planet over time. Oceanic basalts are
the most informative tracers of the Earth’s mantle composition as their geochem-
istry mirrors that of their source, namely the possible geochemical imprint of a
thick overlying crust is avoided. Thereby, mid-ocean ridge basalts (MORB) sample
the depleted mantle (DM), and ocean island basalts (OIB) are thought to sample
primarily variable enriched mantle components, which are referred to as enriched
mantle 1 (EM1), enriched mantle 2 (EM2) and high-x (HIMU, p being defined as
p = (38U/%Pb); Hofmann, 1997; Stracke, 2012; White, 2015). Additionally, a
mantle component with a range of radiogenic isotopic compositions extending from
enriched MORBs towards more radiogenic Pb isotope compositions has been called
the Prevalent Mantle (PREMA) and represents enriched compositions along a DM-
PREMA array (Stracke, 2012; Stracke et al., 2005; Zindler and Hart, 1986). The
main driver of this large-scale element cycling is thought to be subduction recycling,
which re-introduces oceanic as well as continental lithosphere along with related sed-
iments back into the mantle. However, the exact nature and proportions of these
enriched components in the sources of oceanic basalts has been a long-standing de-
bate and the connection to related lithological heterogeneity in the mantle is still
shadowed by contrasting results from major and trace element as well radiogenic
isotope proxies (Allegre and Turcotte, 1986; Herzberg, 2011; Hofmann, 1997; Hof-
mann and White, 1982; Sobolev et al., 2007; Sobolev et al., 2005; Stracke et al.,
2005).

Recently, an increasing number of non-traditional stable isotope systems such as Fe,
Mg, Ca and Cr, have been used to investigate mantle heterogeneity with special
application towards tracing different source lithologies (Gleeson et al., 2020; Kang
et al., 2019; Konter et al., 2016; Soderman et al., 2022; Stracke et al., 2018; Williams
and Bizimis, 2014). Based on theoretical models using phase equilibria Soderman et
al. (2022) showed that stable Cr isotopes, reported in %o units as §°%/52Cr (§°%/52Cr
= (Cr/*?Creample)/ (**Cr/**Crsrmore )-1; Equation 4.1), and stable Fe isotopes, re-
ported in %o units as §°%/°*Fe (6°%/°*Fe = (°*°Fe/**Fecample)/(*°Fe/*Ferrmmora)-1;
Equation 4.2), are especially useful for identifying pyroxenite components in the
melt source regions. For Fe isotopes, identifying lithological heterogeneity has been
inferred from mineral-specific equilibrium isotope fractionation factors of mantle
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minerals during partial melting such as pyroxene and olivine, resulting in greater
isotopic fractionation during partial melting of pyroxenite compared to peridotite
(Soderman et al., 2021; Williams and Bizimis, 2014). Additionally, pyroxenite com-
ponents have been constrained to exhibit a higher §°9/°*Fe than peridotite, which
contributes to the heavy Fe isotope signature of a pyroxenite-derived melts (Williams
and Bizimis, 2014). Similarly, model calculations showed that greater Cr isotope
fractionation is induced by partial melting of pyroxenite than for peridotite litholo-
gies (Soderman et al., 2022). Assuming that pyroxenite formation is related to
recycling of oceanic crust, pyroxenitic components may have a MORB-like 6°3/°2Cr
signature, which recently has been shown to be consistently light (§°3/°2Cr = -
0.0237 £ 0.050 %o, Chapter 3; and Ma et al., 2022) compared to the bulk silicate
Earth (BSE, 6°%/°2Cr = -0.12 4+ 0.06 %o; Wagner et al., 2021). On the other hand,
pyroxenitic lithologies unrelated to oceanic crust recycling exhibit even lighter Cr
isotope composition of down to -1.36 %o (Jerram et al., 2022; Xia et al., 2017).
Independent of the formation mechanism, it is anticipated that the presence of py-
roxenite components in the melt source of OIBs results in lighter 6°%/52Cr of the
melt compared to homogenous peridotite-derived melt. So far, the range observed
for §°/52Cr in OIBs overlaps with the value for BSE and extends towards slightly
lower values (Bonnand et al., 2020b; Shen et al., 2020).

Tracing recycled components in the source regions of OIBs are potentially bedev-
illed by high Cr concentrations in the mantle. Estimated Cr concentrations of the
mantle vary within a small range depending on the used model. Therein, Cr con-
centrations of the primitive mantle (PM) range between 2520 and 2620 ug g™ (Mc-
Donough and Sun, 1995; Palme and O’Neill, 2014) and of the upper DM between
2,500 £1000 ug g (Salters and Stracke, 2004) and 2688 to 3900 ugg?' (Workman
and Hart, 2005). In contrast, the continental crust and global subducting sed-
iments (GLOSS) display low Cr concentration with 92 ugg™! (Rudnick and Gao,
2014) and 68 ugg! (Plank, 2014), respectively. The upper oceanic crust (estimated
from MORB) has comparatively elevated Cr contents with averaged values ranging
between 249 to 326 ugg™! (Arevalo Jr and McDonough, 2010; Gale et al., 2013).
Combined with the contrasting light Cr isotope composition of normal MORBs
(N-MORBs) with an average §°*/°2Cr value of —0.237 +0.050%0 (Chapter 3), sub-
duction recycling of oceanic crust back into the mantle may be traced by the stable
Cr isotope composition of OIBs.

In general, and similar to Fe occurring as Fe?* and Fe3* under terrestrial conditions,
Cr is a compatible, redox sensitive, transition metal. In terrestrial magmatic sys-
tems, Cr is present as Cr** and Cr3* (Berry and O’Neill, 2004; Berry et al., 2021b;
Berry et al., 2006; O'Neill and Berry, 2021), whereas Cr®" and Cr®" are the major
oxidation states in terrestrial surface environments (Bartlett and James, 1988; El-
derfield, 1970). For mantle minerals, it has been shown that §°*/°2Cr increases in
the order of 553/52cr01ivine < 553/52crc1inopyr0xene S 653/52cr0rthopyroxene < 553/520rspine1
at equilibrium (Shen et al., 2018b), bearing in mind that the Cr concentrations of
theses phases are variable and thus have a different impact on Cr isotope fractiona-
tion during magmatic processes. During melting, Cr?* behaves more incompatible
than Cr*™ (Mallmann and O’Neill, 2009), which preferentially drives the light Cr
isotopes into the melt (Chapter 3; Jerram et al., 2022; Shen et al., 2018b; Shen
et al., 2020; Xia et al., 2017). Moreover, based on model calculations it has been
suggested that melting a spinel-bearing peridotite imparts a relatively greater Cr
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isotope fractionation compared to melting a garnet-bearing peridotite (Jerram et al.,
2022), which is largely associated to Cr®T-bearing spinel controlling the Cr budget.
In general, considerable §°*/°2Cr variations have been reported for subcontinental
lithospheric mantle xenoliths suggesting Cr isotopic mantle heterogeneities at least
to some extent (Jerram et al., 2022; Xia et al., 2017).

Magmatic differentiation has been shown to affect §°¥/°2Cr in various magmatic
suites, such as Phanerozoic OIBs (Bonnand et al., 2020b; Shen et al., 2020) and
Archean komatiitic suites (Jerram et al., 2020; Wagner et al., 2021). The in-
vestigation of MORBs has led to contradictory observations, in which Ma et al.
(2022) suggested that fractional crystallization induces Cr isotope fractionation lead-
ing towards lower 6°%/°2Cr with increasing degree of magmatic differentiation. On
the other hand, a continuous MORB suite from the East-Pacific Rise and Pacific-
Antarctic Ridge did not show a relationship between §°/52Cr and MgO, advocating
that fractional crystallization plays a subordinate role in controlling §°*/°2Cr vari-
ability (Chapter 3). Hence, it is important to screen 6°3/°2Cr variations carefully
for effects of magmatic differentiation prior to interpreting any potential source sig-
nal. Previous studies investigating different OIBs, i.e., volcanoes of the Hawaiian-
Emperor seamount chain (Koolau, Mauna Kea, Kilauea; Shen et al., 2020) as well as
Fangataufa atoll (French Polynesia; Bonnand et al., 2020b) (Figure 4.1), observed
Cr isotopic fractionation during magmatic differentiation. Therein, accumulation
of olivine + Cr-spinel lead towards higher 6°*/°2Cr and fractional crystallization of
olivine + spinel (Kilauea) or olivine + clinopyroxene + spinel (Fangataufa atoll)
lead to lower 6°%/52Cr values with increasing magmatic differentiation. This effect
is deduced from the preferential incorporation of heavy Cr isotopes into clinopy-
roxene and spinel, which together control the Cr budget relative to olivine based
on mass balance considerations. Moreover, the lower §°%/°2Cr of Koolau basalts has
been attributed to partial melting under slightly more reducing conditions compared
to melting conditions of Mauna Kea and Kilauea basalts and may also be associ-
ated with recycling of altered oceanic crust (Shen et al., 2020). At the same time,
Bonnand et al. (2020b) observed a negative correlation of eNd with §°%/%2Cr in
Fangataufa volcanic rocks with HIMU-like radiogenic isotope compositions, which
they ascribed to the effect of low degree melting preferentially sampling the more
fertile component carrying a lower eNd signature.

Although these studies provided first insights into the §°%/°2Cr variability of OIBs,
this study aims on providing a more comprehensive view on the possible impact of
source heterogeneity on 6°3/52Cr. Following, new stable Cr and Fe isotope data for
45 intraplate basalts encompassing OIBs and continental intraplate basalts are pre-
sented. These samples display considerable variability in their radiogenic Sr-Nd-Pb
isotope composition and are thus good targets to illuminate the impact of source
heterogeneity on the melt §°%/°2Cr. Moreover, it will be tested, if Cr isotopes may
be used as a tracer for lithologically distinct mantle source components.

4.2 Geological settings and samples

Ocean island basalt samples are derived from French Polynesia (Schiller, 2019),
Piton de la Fournaise (Réunion) and Lo’ihi seamount (Hawaii). Continental in-
traplate settings include volcanic rocks from the Vogelsberg volcano (Germany;
Bogaard and Woérner, 2003) and mafic intrusive rocks from the Doros Complex
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(Namibia; Owen-Smith and Ashwal, 2015a, b; Owen-Smith et al., 2017) (Figure
4.1). As shown in Figure 4.2, these rock suites represent various isotopic signa-
tures including HIMU (French Polynesia), enriched mantle EM1 (Doros Complex,
French Polynesia) and EM2 (French Polynesia) as well as the ubiquitously present
mantle signature of PREMA. PREMA is characterized by a range of isotopic com-
positions displaying enriched signatures in a variably depleted mantle, and defining
an array between DM and HIMU in Pb isotope space, which is referred to as the
DM-PREMA array (Stracke, 2012; Stracke et al., 2005). In this study, one sam-
ple from Rurutu Island (French Polynesia) represents PREMA compositions (i.e.,
Austral-Cook-PREMA; Stracke, 2012), whereas one sample from the EM1-related
Pitcairn-Gambier island chain (French Polynesia) and all Vogelsberg volcanics show
high affinities with PREMA in Sr-Nd-Pb radiogenic isotope space. The Hawaiian
plume is generally thought to be related to EM1, whereas a specific Lo’ihi compo-
nent has been identified based on its radiogenic Pb (Abouchami et al., 2005) and
He isotopic signature (*He/*He up to 32 Ra; Kurz et al., 1983). High *He/*He ra-
tios are taken as evidence for the contribution of a primordial undegassed reservoir,
possibly entrained from the lower mantle. Compositions of La Réunion lavas show
typical DUPAL signature, named after Dupré and Allegre (1983), which denotes
high 2%Pb/?%Ph and 2*"Pb/?™Pb at a given °Pb/?*Pb (Hart, 1984). This en-
riched mantle component is characteristic for lavas erupted in the Indian Ocean and
thought to be related to an EM1 component (e.g., White, 2015). However, an EM1
contribution in La Réunion lavas is regarded to be small and the Réunion hotspot
is typically considered to represent a deep and possibly ancient primitive source,
which is free of subduction components (Gleeson and Gibson, 2019; Peters et al.,
2018; Vlastélic et al., 2006).

In general, samples are alkaline to tholeiitic in composition (Figure 4.3) and have
MgO contents > 7.5wt. % (exceptions are two samples from Lo’ihi, two samples
from La Réunion, one sample from Rurutu Island, and three samples from the
Doros Complex having MgO < 7.5 wt. %). Accordingly, samples mostly experienced
fractional crystallization of olivine (+ Cr-spinel) and clinopyroxene. Details on the
geological background of each locality and the samples are given in Section 4.2.1
to 4.2.5, also including a short description of the chemical composition of samples
from French Polynesia (Schiller, 2019), Vogelsberg volcano (Bogaard and Wérner,
2003) and Doros intrusive rocks (Owen-Smith and Ashwal, 2015a; Owen-Smith et
al., 2017). New chemical compositions for samples from Piton de la Fournaise, La
Réunion, and Lo’ihi, Hawaii, are described in the Result Section 4.4 as these are
published for the first time.

4.2.1 Piton de la Fournaise, La Réunion

All samples studied here are from the active volcano Piton de la Fournaise, at which
volcanic activity started ~527ka ago (Albarede et al., 1997). Samples include pe-
ripheral and central eruptions. The volcanic island La Réunion, is situated in the
Indian Ocean east of Madagascar and is considered to be related to the hotspot
track that originates in western India and initially formed the Deccan flood basalt
province at ~65Ma (Duncan et al., 1989). La Réunion is built on late Cretaceous
to Paleocene oceanic crust and rises 7km above the ocean floor. The seismic Moho
discontinuity is thought to be located 10-13km below sea level (Fontaine et al.,
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Figure 4.1: Compilation of a) stable Cr isotope compositions (§°3/52Cr) and b) stable Fe isotope
compositions ((556/ 4Fe) of intraplate basalts presented in this study. Also shown are §%3/52Cr and
§56/54Fe for mid-ocean ridge basalts (MORBs; Chapter 3) and komatiites (Chapter 2; (Wagner et
al., 2021). The grey field indicates the estimated range for bulk silicate Earth (BSE) for §°3/52Cr
of -0.12 4+ 0.06 %o (Wagner et al., 2021) and 6°6/5*Fe of +0.02 +0.03 %o (Weyer and Tonov, 2007).
The light blue fields indicate the average N-MORB 6°3/52Cr value (-0.237 = 0.050 %o; Chapter
3) and 6°0/%4Fe value (4-0.107 4 0.055 %o; compiled from Chen et al., 2019; Richter et al., 2021;
Teng et al., 2013; Weyer and Ionov, 2007). Literature §°3/52Cr data in a) include OIBs (Bonnand
et al., 2020b; Shen et al., 2020), MORBs (Ma et al., 2022) and altered oceanic crust (Wang
et al., 2016). Cr isotope data of chondrites (Bonnand et al., 2016; Schoenberg et al., 2016),
one granite (reference material GS-N, Schoenberg et al., 2016; Schoenberg et al., 2008) and one
tonalite (554 Ma, Madagascar; Berger and Frei, 2014) are also shown for comparison. Error bars
show the 2SD external reproducibility of 4 0.022 %o for °3/52Cr and =+ 0.038 %o for §96/54Fe and
based on the long-term reproducibility of single measurements of BHVO-2 (§°3/52Cr) and Tueb-Fe
(656/54Fe). AbG = Abnormal Group basalts, SSB = steady state basalts.

2015). At the crust-mantle interface a jump in seismic wave velocity indicates the
presence of a <3km thick layer of dense material resembling ultramafic magmatic
underplating (Fontaine et al., 2015). Most of the volcanic activity of Piton de la
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Fournaise is confined to its central cone (Enclos Fouqué), whereas less activity is
attributed to peripheral eruptions along the major rift zones, located in the NE,
SE and NW (i.e., NERZ, SERZ, NWRZ; Lénat et al., 2012; Michon et al., 2015;
Villeneuve and Bachelery, 2006). The central cone is thought to be fed by a central
magma plumbing system composed of multiple reservoirs at variable depths within
the crust, indicated by shallow seismic activity (Boivin and Bachelery, 2009; Michon
et al., 2015). The central magma plumbing system may also feed peripheral erup-
tions along the mostly aseismic NE and SE rift zones by shallow lateral migration
(Michon et al., 2015), which is supported by similar chemical and mineralogical lava
compositions (Boivin and Bachelery, 2009; Boudoire et al., 2019). Deep seismicity
(> 11 km below sea level) beneath the NW rift zone indicates that eruptions forming
adventive cones on the NW rift zone have a deeper origin and bypass the crustal
plumbing system (Michon et al., 2015).

Based on geochemical characteristics of transitional basalts from Piton de la Four-
naise three major groups have been identified: 1) Cotectic basalts (or steady-
state basalt, SSB) with MgO content between 6-7wt. % and high CaO/Al,O3 ra-
tios of ~0.8; 2) picritic (olivine-rich) basalts with MgO contents up to 30 wt. %,
which formed by olivine accumulation within a SSB-type magma; and 3) abnormal
group basalts (AbG), which are characterized by slightly more alkaline compositions
(higher K5O content) and lower CaO/Al,O3 ratios (< 0.8) at higher MgO contents
(8-10 wt. %) and were linked to deep-level fractional crystallization of clinopyroxene
(Albarede et al., 1997; Boivin and Bachelery, 2009; Salaiin et al., 2010). Moreover,
a detailed study of basalts erupted in the peripheral area showed that the NW rift
zone comprises two types of AbG basalts: olivine-bearing and clinopyroxene-bearing
basalts, each of which were linked to a characteristic multi-depth differentiation
(Boudoire et al., 2019). In detail, olivine-bearing basalts are proposed to be gener-
ated by a polybaric evolution process starting with a primary melt at 8 to 10 kbar,
at which stage fractionating phases include olivine and clinopyroxene. Following
ascent, the now more evolved magma (after ca. 4% olivine and 12 % clinopyroxene
fractionation; Boudoire et al., 2019) ponds within the proposed underplating layer
between 3.9 and 4.2 kbar, during which it experiences clinopyroxene resorption and
contamination by low-degree melts from cumulate dunites and wehrlites as indicated
by incompatible trace element enrichment (Boudoire et al., 2019). The plume re-
lated to La Réunion volcanism has been shown to be relatively homogeneous over
time and represents a deep isolated mantle reservoir with Hadean origin carrying a
moderately high *He/*He signature (12.9 0.4 Ry; 2SD; Graham et al., 1990; Peters
et al., 2018; Vlastélic et al., 2006). Limited heterogeneity of radiogenic Sr-Nd-Pb
isotope compositions reported for Piton de la Fournaise lavas (e.g., Bosch et al.,
2008; Valer et al., 2017; Vlastélic et al., 2009) has been attributed to ~10 % partial
melting of a PM-like source, and limited degrees of crustal contamination (Fretzdorff
and Haase, 2002; Pietruszka et al., 2009; Valer et al., 2017).

Samples in this study cover a range of subaerial eruption events, including prehistoric
and historic eruptions (precise age data are not available), and encompass central
eruptions and associated peripheral eruptions within the NE and SE rift zones, as
well as peripheral eruptions along the NW rift zone (Table 4.1). Samples are aphyric
to olivine-phyric, whereas olivines vary in size and abundance. Major element anal-
yses for all ten samples and trace element analyses for 8 out of 10 samples have been
carried out at the Geochemistry laboratories of the University of Goettingen and
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are presented in the Result Section 4.4 as well as in Supplementary Table C.2.6.
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Figure 4.2: Radiogenic Sr, Nd and Pb isotope data for intraplate basalts determined in this
study (La Réunion and Lo’ihi seamount) and from the literature (Vogelsberg volcano; Bogaard
and Worner, 2003; French Polynesia; Schiller, 2019; Doros Complex; Owen-Smith et al., 2017)
highlighting the different mantle components. Pb isotope data for Lo’ihi samples are not available,
but indicated by the red eclipse in b)-e) using the compilation for L&’ihi basalts by Stracke (2012).
Also shown are mid-ocean ridge basalts from the East-Pacific Rise and Pacific-Antarctic Ridge
(Chapter 3) and in a) OIBs from Fangataufa (Bonnand et al., 2020b). Literature data for oceanic
basalts in grey are from the compilation given in Stracke (2012). PREMA as defined by Stracke
et al. (2005) and Stracke (2012). AbG = Abnormal Group basalts, SSB = steady state basalts.

4.2.2 Lo’ihi, Hawaii

Lo’ihi seamount is located 35km southeast of Big Island of Hawaii and represents
the youngest volcano of the Hawaiian-Emperor hotspot track. The active volcano
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rises 3 to bkm from 105 Ma old Pacific oceanic crust (Garcia et al., 2006) and its
summit is located 960 m below sea level (Rouxel et al., 2018). Main geological fea-
tures involve a northern and southern rift zone as well as three pit craters located
on the summit platform (Garcia et al., 2006). Lo’ihi seamount is considered the
type example of the early plume-related growth phase of ocean island volcanoes. It
is thought to represent the transition between the pre-shield stage and shield stage
as magma compositions range between alkaline to tholeiitic (Moore et al., 1982).
The general evolution from alkaline to tholeiitic magma compositions is thought to
be marked by the transition between small degree melting in the peripheral regions
of the plume conduit (early stages) and higher degrees of melting as temperatures
increase as the volcano moves towards the centre of the plume (later stages) (Garcia
et al., 1995). However, coeval alkaline and tholeiitic magmas were observed near the
summit (Garcia et al., 1993). Partial melting degrees are estimated to vary between
6 to 10% of a common, mostly peridotitic, slightly heterogeneous source (Garcia
et al., 1995). In general, Hawaiian lavas tap a source varying greatly in Sr and Nd
isotope compositions extending from MORB-like compositions towards EM1-like
compositions and are further distinguished based on their Pb isotope composition
defining Loa- and Kea-trend lavas (e.g., Abouchami et al., 2005). The distinct iso-
topic compositions of Lo’ihi lavas have been attributed to the Loa-trend of Hawaiian
volcanoes, which are marked by high 2°8Pb/29Pb at given 2°°Pb /2%Pb compared to
Kea-trend lavas (Abouchami et al., 2005; Hanyu et al., 2001). Additionally, Lo’ihi
lavas are characterized by high 3He/*He of 20.0 to 32.2 R (Kurz et al., 1983), and
anomalous p'%?W (-9.7 to -18.4; Mundl et al., 2017) indicating a deep mantle origin,
possibly related to a large low shear velocity province (LLSVP; Weis et al., 2011;
Weis et al., 2020) or an ultralow-velocity zone (ULVZ; Mundl et al., 2017).

4.2.2.1 Petrography of Lo’ihi whole rock samples

Based on their petrography Lo’ihi whole-rock samples in this study can be divided
into two types: Highly olivine-phyric basalts (Transitional basalts; Figure C.2.1)
and sparsely olivine-phyric to aphyric basalts (Tholeiitic basalt, Figure C.2.2, Table
4.1), similar to what has been observed by Garcia et al. (1995). Vesicularity in
highly olivine-phyric samples ranges from vesicle-rich in samples J2-244-1-R2 and
J2-309-R1 to vesicle-free in sample J2-246-R3D and J2-307-R2C. Highly olivine-
phyric basalts contain large olivine phenocrysts, which are also incorporated in the
glassy rinds. Cr-spinel was not observed as a phenocryst phase, but is an abundant
microphenocryst and also occurs as inclusions in olivines as observed under the bin-
oclular. Sparsely olivine-phyric to aphyric basalts are usually massive with vesicles
<~10% (e.g., Figure C.2.2B).

4.2.3 French Polynesia

The islands of French Polynesia are located in the South Pacific Ocean and are
grouped in different island chains belonging to the South Pacific Superswell. Sam-
ples investigated in this study are derived from the Austral islands (Rurutu, Tubuai),
Gambier islands (Mangareva), Marquesas islands (Nuku Hiva) and Society islands
(Huahine). Rurutu and Tubuai are part of the northeast alignment of the Austral
islands and are associated with the Cook-Austral island chain. At Rurutu two dif-
ferent volcanic stages were identified, one at 13 to 10.8 Ma and a younger stage at
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Figure 4.3: Total alkalis vs. silica (TAS) diagram after Le Bas et al. (1986). Note that intrusive
rocks from the Doros complex are not classified as basalts and picrobasalts, but as their intrusive
counterparts, which is based on their mineralogic compositions (see text for classifications; after
Owen-Smith and Ashwal, 2015b). Compositions of Lo’ihi samples are from in-situ electron mi-
croprobe analyses (EPMA; Section 4.3.1.1). Discriminating lines for subdivision of alkaline and
sub-alkalic rocks are after Macdonald and Katsura (1964) and Irvine and Baragar (1971). AbG =
Abnormal Group basalts, SSB = steady state basalts, BOM= basal olivine melagabbro, MOG =
massive olivine gabbro, cpx = clinopyroxene.

1.8 to 1.1 Ma, whereas volcanic activity at Tubuai started at ~12 Ma (Chauvel et al.,
1997). The Gambier islands (Mangareva) are associated with the Gambier-Pitcairn
island chain and volcanic activity has been dated to range between ~7.1 Ma and
5.8 Ma (Caroff et al., 1993). Volcanic activity on Nuku Hiva started ~4.0 Ma ago
(Desonie et al., 1993), whereas the sample from Huahine (Society islands) represents
the youngest volcanic activity with 2.58 Ma (Duncan and McDougall, 1976). The
underlying Pacific plate varies in age between ~29 to ~82Ma (Dupuy et al., 1993).
Erupted lavas are known for their heterogeneous radiogenic isotope compositions
and are interpreted to relate to different mantle components in the sources feeding
the volcanism of French Polynesian islands linked to the so-called South Pacific Iso-
topic and Thermal Anomaly (SOPITA; Hart, 1984; Staudigel et al., 1991).

Samples in this study have been analyzed for major and trace element as well as
radiogenic isotope compositions by Schiller (2019) and are, for completeness of the
dataset, presented in Table C.2.8 and described shortly in the following. French
Polynesian samples consist of fresh subaerial lavas (LOI < 1.21 wt. %; Schiller, 2019)
with mostly transitional to alkaline compositions (Figure 4.3). SiOs and MgO con-
tents range between 41.90 to 46.99 wt. % and 6.08 to 17.80wt. % (Figure 4.3 and
4.4), respectively, thus representing picrites, basanites/tephrites, basalts as well as
one trachybasalt (Figure 4.3). The presence of olivine, Ti-augite and magnetite
phases and the large range of MgO concentrations indicate magmatic differentiation
and/or olivine accumulation to some scale (Schiller, 2019). However, the samples do
not display clear fractional crystallization trends in most MgO variation diagrams,
which may be due to the variable source and/or initial melt compositions for each
island. However, the absence of plagioclase and presence of olivine fractionation is
indicated by increasing Al,O3 and decreasing Ni and Cr concentrations with decreas-

116



4.2. Geological settings and samples Chapter 4

ing MgO, respectively (Figure 4.4c-¢). Most samples with MgO contents < 11 wt.%
display CaO/Al;O3 ratios < 0.8 indicating the onset of clinopyroxene fractionation
in line with decreasing Sc/Yb ratios (Figure 4.4a-b). High MgO contents > 10 wt. %
and relatively low Sc concentrations (not shown) may be due to accumulation of
olivine, although primary magmas in OIB settings can have up to 16 wt. % MgO
(Norman and Garcia, 1999). However, high CaO/Al,O3 of these samples cannot
be achieved by olivine accumulation only and thus may be an indicator of an ad-
ditional source effect (Figure 4.4a, b). Primitive mantle normalized trace element
patterns (normalizing values after Palme and O’Neill, 2014) show that French Poly-
nesian samples have negatively sloping patterns with highly incompatible elements
enriched relative to the rare earth elements (REE), typical for intra-plate basalts
(Figure 4.5a). All samples show near parallel REE patterns with (Gd/Yb)py > 1
indicating the presence of residual garnet (Schiller, 2019). Interestingly, samples
with HIMU affinity in radiogenic isotope space, show distinct trace element normal-
ized patterns compared to samples with EM affinity. In detail, HIMU samples show
negative K and Sr as well as a pronounced negative Zr and Hf and positive Th-U, Nb
anomalies and Nd anomalies. In contrast, samples wit EM-type radiogenic isotope
compositions display slightly negative Th-U anomalies, less pronounced positive Nd
and Nb anomalies and no Zr-Hf anomalies (Figure 4.5a).

Radiogenic isotope compositions are highly heterogeneous for samples from French
Polynesia and in agreement with literature data (Figure 4.2; Schiller, 2019; Stracke,
2012). Two samples from Tubuai represent HIMU-type compositions with highly
radiogenic 2°Pb/2%Ph, 207Ph/2MPh and 2%Pb/?°'Pb ratios (Figure 4.2d, e). In
contrast, the tephrite from Rurutu Island (FP2RU2) shows radiogenic isotope com-
positions typical for the younger volcanic stage at Rurutu with lower radiogenic
Pb, but higher Sr isotopic compositions compared to Tubuai (Figure 4.2c; Chau-
vel et al., 1997), also defined as Austral-Cook-PREMA signature (Stracke, 2012;
Stracke et al., 2005). The EM2 component is represented by the alkali basalts
from the islands of Nuku Hiva (Marquesas islands) and Huahine (Society islands)
with 87Sr/80Sr > 0.704521 (Figure 4.2a, c). It should be noted, however, that in
208p /204Ph vs. 206Ph /294Ph isotope space Society and Marquesas samples display
lower 28Pb /2%4Ph ratios than expected for EM2-like compositions (Schiller, 2019).
Sample FP15GA7 from Mangareva Island is a transitional to tholeiitic basalt and
plots close to PREMA compositions in radiogenic isotope space (Figure 4.2¢) over-
lapping with low 87Sr/86Sr compositions of the characteristic hotspot-specific mantle
array of the Gambier-Pitcairn island chain trending towards EM1 mantle composi-
tions (Stracke et al., 2005).

4.2.4 Vogelsberg, Germany

The Vogelsberg volcano is located to the east of the Rhenish Massif and belongs
to the Cenozoic Central European Volcanic Province (CEVP). Samples analyzed in
this study are from the study of Bogaard and Worner (2003) and range in compo-
sition from basanites to alkali basalts (Figure 4.3). They are derived from the two
youngest volcanic stages: stage III (alkali basalts and basanites; 16.6 to 14.7 Ma,
10Ar-39Ar age dating; Bogaard, 2000) and stage IT (alkali basalt VB96-40; minimum
age ~16.7 Ma, °Ar-3 Ar age dating; Bogaard, 2000). Included are also four outcrop
samples (alkali basalts and basanites). For detailed descriptions see Bogaard and
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Figure 4.4: Major element variations for ocean island basalts from Piton de la Fournaise (Réunion)
and French Polynesia. a) Réunion Abnormal Group (AbG) basalts can be easily distinguished from
picrites and steady-state basalts (SSB) based on their low CaO/AlyO3 ratios < 0.8 at relatively
high MgO contents compared to SSB basalts. The parental melt of Réunion basalts has been sug-
gested to have ~10wt. % MgO (Boudoire et al., 2019). Picrites (MgO > 10wt. %) and SSB (MgO
< 10wt. %) are mostly controlled by accumulation and fractional crystallization of olivine, respec-
tively, based on their constant CaO/AlyO3 ratios at variable MgO contents. Lower CaO/Al2O3
ratios of AbG basalts are generated from clinopyroxene fractionation, which is also suggested for
some French Polynesia samples; b) Fractional crystallization of clinopyroxene is also evident from
decreasing Sc/YDb ratios at low CaO/Al;O3 displayed by AbG basalts and some French Polynesia
samples; c¢) Plagioclase fractionation is negligible as indicated by continuously increasing AlaOs
with decreasing MgO; d) Ni vs. MgO and e) Cr vs. MgO variations indicate olivine (£ Cr-spinel)
accumulation for samples with MgO > 10wt. % and olivine (& Cr spinel) 4 clinopyroxene frac-
tionation for samples with MgO < 10wt. %. Cpx= clinopyroxene.
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Worner (2003). Chemical alteration is considered to be of minor influence and over-
all coherent variations for major and trace elements testify the immobile behavior of
elements other than the alkali elements. Furthermore, basanites and alkali basalts
are devoid of crustal contamination (Bogaard and Worner, 2003). In general, high
Mg#, Cr and Ni concentrations of all samples indicates their primitive composition,
whereas the common occurrence of mantle xenoliths in basanites suggest these rocks
to be near-primary melts. Basanites have higher MgO (13.5 to 12.1 wt. %) and lower
SiOq concentrations (42.0 to 44.0 wt. %) than alkali basalts with MgO and SiO; be-
tween 11.1 to 9.9wt. % and 45.7 to 46.9 wt. %, respectively (Figure 4.3 and S5).
Based on decreasing Ni, Cr and Sc contents with decreasing MgO, and increasing
Al,O3 with decreasing MgO alkali basalts are thought to be affected by fractional
crystallization of olivine and clinopyroxene (Figure C.2.7). The lower incompatible
trace element abundances on PM-normalized trace element patterns of alkali basalts
compared to basanites argue against a relationship through fractional crystallization
of a basanitic parental melt (Figure 4.5b). In contrast, trace element partial melt-
ing models indicate that primitive alkali basalts are generated by higher degrees of
partial melting (~10%) compared to basanites (2 to 6 %) within the garnet-spinel
transition zone (Figure 4.12; Bogaard and Wérner, 2003).

Basanites and alkali basalts are highly enriched in incompatible trace elements rel-
ative to PM and depict negatively sloping trace element patterns reminiscent of
normalized OIB trace element patterns (Figure 4.5) and are characterized by posi-
tive Nb-Ta anomaly, slight depletions in Th-U, Zr-Hf and Ti and strong depletions
in K. Based on the presence of mantle xenoliths and the homogeneous radiogenic Sr-
Nd-Pb isotope compositions, Bogaard and Worner (2003) proposed that the source
of basanites and alkali basalts is dominated by an asthenospheric component closely
matching the composition of the European Asthenospheric Reservoir (EAR; Cebria
and Wilson, 1995) and PREMA (Stracke, 2012) (Figure 4.2). Additionally, melt-
ing within a hydrated amphibole-bearing metasomatized lithospheric mantle has
been suggested based on the strong depletions in K, indicating residual, hydrous
K-bearing phases (Bogaard and Wérner, 2003; Jung et al., 2011). The metasomatic
overprint of the lithospheric mantle beneath the CEVP has been linked to subduc-
tion recycling during the Variscan orogeny (Lustrino and Wilson, 2007; Wilson and
Downes, 1991). Moreover, in order to combine OIB-like radiogenic Sr-Nd-Hf-Os-Pb
isotope compositions with lithospheric K-depleted signatures a multi-stage melting
model in the presences of hydrous phlogopite-amphibole-bearing pyroxenite- and /or
carbonatite-veins was proposed (Jung et al., 2011; Pfander et al., 2012).

4.2.5 Doros complex, Namibia

The 130 Ma Doros complex is a shallow-level layered mafic intrusion within the
Damaraland Intrusive Suite. It is associated with the Parana-Etendeka Large Ig-
neous Province (Botha and Hodgson, 1976; Marsh et al., 2008), in which magmatism
has been attributed to the earliest impingement of the Tristan mantle plume subse-
quently creating the Tristan-Gough hotspot track (Renne et al., 1996). Its geology,
stratigraphy, petrography and geochemistry has been described in detail in previ-
ous studies providing also detailed descriptions of samples from this study (Owen-
Smith and Ashwal, 2015a, b; Owen-Smith et al., 2017) and is therefore only shortly
described below. The Doros Complex consists of three zones comprising olivine-
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rich melagabbros (Lower Zone), more plagioclase-rich olivine gabbros (Intermediate
Zone) and a series of mineralogically variable foliated gabbros (Upper Zone). These
units are thought to be derived from multiple, small-volume, crystal-bearing magma
pulses emplaced as sill-like bodies with an estimated depth of intrusion of 1.5km
(Owen-Smith and Ashwal, 2015a).

Samples from this study exclusively originate from the lower stratigraphic units,
i.e., the basal olivine melagabbro (BOM) and the overlying massive olivine gabbro
(MOG) (Figure 4.3 and C.2.8). Additionally, one clinopyroxene-cumulate from the
upper foliated gabbros is included (TOD-77; this sample displays MgO of ~10 wt. %
and markedly lower Al,O3 content, in line with > 65 % cumulus clinopyroxene; Fig-
ure C.2.8a). Consistently, MgO contents of Doros samples in this study range from
4.17 to 21.26 wt. %, where high MgO contents (> 15wt. %) reflect the high propor-
tions of olivine accumulation in BOM. Massive olivine gabbros are characterized
by small positive Eu-anomalies (Eu/Eu*) and positive Ba and Sr spikes on PM
normalized trace element patterns reflecting an increase in cumulus plagioclase up-
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Figure 4.5: Trace element patterns normalized to primitive mantle (PM) values (Palme and O’Neill,
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c¢) denotes compiled trace element data for Lo’ihi glasses (Garcia et al., 1995; Garcia et al., 1993;
Garcia et al., 1998).
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stratigraphy (Figure 4.5d). All samples show uniform REE patterns as well as
extended trace element patterns with slight light REE (LREE) enrichments. More-
over, based on the absence of orthopyroxene and relatively depleted and homoge-
neous Sr-Nd-Pb isotope compositions crustal contamination is considered negligible
(Owen-Smith and Ashwal, 2015a; Owen-Smith et al., 2017). Excluding one sam-
ple, which has been affected by hydrothermal alteration (TOD-40) initial radiogenic
isotope compositions show a narrow range (M3Nd/"Nd = 0.512669 to 0.512799,
87Sr /86Sr = 0.704115 to 0.704449, 2°°Pb/?Ph = 17.996 to 18.142; Figure 4.2).
Accordingly, Sr-Nd-Pb isotope signatures have been attributed to a mixture of 60
to 80 % of depleted shallow asthenospheric mantle component and 20-40 % of an
enriched deeper mantle component (EM1), free of lithospheric mantle contribution
(Owen-Smith et al., 2017).

4.3 Methods

Major and trace element as well as radiogenic Sr, Nd and Pb isotope compositions
for samples from the Doros Complex and Vogelsberg volcano have been reported
previously (Owen-Smith and Ashwal 2015a; Owen-Smith et al. 2017 and Bogaard
and Worner, 2003; respectively). French Polynesia samples were fully characterized
by Schiller (2019) for major and trace element as well as radiogenic Sr, Nd and
Pb isotope compositions performed at the Isotope Geochemistry laboratories of the
University of Tuebingen, and therefore follow protocols given below.

Major element compositions for all Réunion samples and trace element compositions
for 8 out of 10 Réunion samples were analyzed at the University of Goettingen and
the data are described in Section 4.4.1.1 and 4.4.2.1, respectively. Réunion samples
REU14-45 and REU14-48, together with samples REU14-31 and REU14-32 used for
quality reference, were analyzed for their trace element compositions at the Univer-
sity of Tuebingen after protocols given in Section 4.3.2.1 (Figure C.2.9. Radiogenic
Sr, Nd and Pb isotope compositions for Réunion samples were performed at the
University of Tuebingen after protocols described in Section 4.3.2.2 and 4.3.2.3.
All samples, but glassy basalts from Lo’ihi, Hawaii, were provided as powders. Lo’ihi
glass chips were removed from basalt blocks, repeatedly cleaned with MQ water, and
carefully handpicked under a binocular to avoid alteration and minimize the effects
of phenocrysts incorporation (Figure C.2.3). These glassy chips were then used for
determination of major (Section 4.3.1) and trace element concentrations (Section
4.3.2.1) as well as radiogenic Sr-Nd (Section 4.3.2.2) and stable Cr and Fe isotope
compositions (Section 4.3.2.4) carried out at the University of Tuebingen.

All stable Cr and Fe isotope data were obtained at the Isotope Geochemistry facili-
ties of the University of Tuebingen as described in 3.2.4 and are reported in Table
4.1. The complete set of all published and newly acquired data are reported in
Appendix C (Supplementary Tables C.2.6 to C.2.10).

4.3.1 Major element compositions

A subset of four Lo’ihi samples were analyzed for their major element composi-
tions using two different methods, electron probe micro analysis (EPMA) and solu-
tion quadrupole inductively coupled plasma mass spectrometer (Q-ICP-MS; Table
C.2.7). These four samples include both petrographic types, highly olivine-phyric
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(samples J2-307-R2C, J2-246-R3D) and sparsely olivine-phyric basalts (samples J2-
243-1C-R6 and J2-243-1B-R3).

4.3.1.1 Electron probe micro analyses

Major element compositions were determined using an electron probe micro ana-
lyzer JEOL JXA-8230 in wavelength-dispersive mode with an accelerating voltage
of 15kV and a beam current of 20nA at the University of Tuebingen. The re-
ported values, described in further detail in Section 4.4.1.2, are averages of three
spot analyses of at least 5 glass chips per sample using a 20 um beam size. Major and
minor/trace element oxides included in the measurement protocol were SiOy, AlO3,
CaO, MgO, NayO, K50, FeO, TiOy, MnO, Ba, Cl, F and SrO. Concentrations of
SrO and F were always below the detection limit. Backscattered electron image
was used to check for the presence and mineralogy of microphenocrysts (Figures
C.2.4 to C.2.6). Scanning electron microscopy (SEM) was used to analyse mineral
compositions (Section 4.4.1.2.1).

We note that analyses oxide totals are below 100 %, ranging from 97.52 to 98.03 %.
It could be assumed that the missing fractions present volatiles (H,O + COy), but
this might be an overestimation of volatile content in Lo’ihi glasses. Schipper et
al. (2010) investigated lapilli deposits of so-called ‘poseidic’ eruptions and measured
H,O and CO, contents ranging from ~0.3 to 0.8 wt. % and ~0 to 500 ugg™?, re-
spectively. Dixon and Clague (2001), however, observed higher volatile contents of
up to 1.55wt. % in Lo’ihi glasses. On the other hand, P,Oj5, and the presences of
Fe as Fe;O3 are not included in the measurement protocol, although presumably
displaying relevant constituents in Lo’ihi glasses (Section 4.4.1.2).

4.3.1.2 Solution quadrupole ICP-MS

All Lo’ihi glasses were analyzed for their major element compositions using a Ther-
moFisher Scientific iCap-Qc Q-ICP-MS. Measurements were performed based on
a method previously published in Albut et al. (2018) and similar to the protocol
outlined for trace element analyses (Section 4.3.2.1). Adequate aliquots were taken
from the same sample stock solution as prepared for trace element and isotopic
composition analyses (Section 4.3.2) and diluted to a nominal, gravimetric dilution
factor of ~100,000 yielding a 2% HNO3 solution ready for measurement. Exter-
nal calibration was carried out by measuring different dilutions of USGS reference
material W-2a. Method precision and accuracy was checked by measuring USGS
reference materials AGV-2, BHVO-2 and BIR-1a. Due to the HF-HNOj digestion
procedure used in this method and the subsequent evaporative loss of SiFy, SiOs
concentrations may only be approximated by normalizing to 100. Based on un-
certainties over constituents, which were not included in the measurement method
performed via EPMA (e.g., volatile content; Section 4.3.1.1), this approach may be
rather inaccurate. In general, averaged major element concentrations of reference
materials measured over the course of this study agree well with recommended val-
ues (Table C.2.1), and suggest a general method precision of <2 % RSD. We note
that KoO and P,0O5 show higher uncertainties in USGS reference material BIR-1a
compared to BHVO-2, which is attributed to their very low concentrations in refer-
ence material BIR-1a. Moreover, a comparison of major element data for mid-ocean
ridge basalt 267ROV-5 determined by Q-ICP-MS and standard x-ray fluorescence
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(XRF) show good agreement (Table C.2.1).

4.3.2 Trace element and isotope compositions

For samples from Lo’ihi, 60 to 90 mg of the handpicked glassy chips (Figure C.2.3)
were grinded by hand to fine powders in an agate mortar, which was carefully cleaned
between samples using MQ water and then low molar HCL. Sample powders were
digested in closed Savillex PFA beakers using adequate amounts of concentrated
HF (~27M):HNOj (~14.5 M) mixtures and heated to 120° C for four days on a hot-
plate. Following evaporation, samples were re-dissolved in 6 M HCI and heated to
120° C for one day to ensure complete destruction of fluorides. Subsequent removal
of any excess Cl was achieved by repeated evaporation to incipient dryness with
HNOj3 (65 %). The sample residue was re-dissolved in 1 mL 5M HNOj and a stock
solution (2% HNOj) with a nominal dilution factor of ~1,000 was created gravi-
metrically. All analyses, including Cr and Fe isotope analyses, were determined on
individual aliquots from the same digest following a protocol described in Babechuk
et al. (2019).

For samples from the Vogelsberg volcano, Doros Complex, French Polynesia and
Réunion 30 mg of rock powder was digested via closed bomb digestion after a proto-
col described in Wagner et al. (2021) and aliquots for stable Cr and Fe analyses were
taken from the dissolved sample solution. Additionally, an aliquot from four Réunion
samples (REU14-31, REU14-32, REU14-45, REU14-48) was taken for trace element
analyses (Section 4.3.2.1) enabling the possibility to compare the trace element data
obtained from the University Tuebingen to the trace element data analyzed in the
facilities of the University Goettingen (Figure C.2.9 and Table C.2.3). As for Lo’ihi
samples, all analyses were determined on individual aliquots from the same digest
following a protocol described in Babechuk et al. (2019).

4.3.2.1 Trace element compositions

Trace element determinations were performed via solution Q-ICP-MS on a Ther-
moFisher Scientific iCAP-Qc housed at the Isotope Geochemistry facilities of the
University of Tuebingen applying a method adopted from Albut et al. (2018) and
previously described in Wagner et al. (2021). In brief, prepared stock solutions (Sec-
tion 4.3.2) were further diluted to a nominal, gravimetric dilution factor of ~10,000
yielding a final 2% HNOj3 solution ready for measurement. Sensitivity and instru-
mental drift were corrected for by adding an internal standard (°Li, In, Re and
Bi) to procedural blanks, calibration standards, quality control reference materi-
als, sample unknowns and external drift monitor samples. External calibration was
carried out using the averaged intensities at three different dilution factors of the
natural USGS reference material W-2a. A combination of independent USGS ref-
erence materials AGV-2, BIR-1a and BHVO-2 were measured to provide a monitor
of method precision and accuracy. Mean trace element concentrations for reference
material BIR-1a and BHVO-2, which underwent the same geochemical procedure,
agree well with previous studies applying the same method (i.e., better than 5 %),
and the 1 r.s.d suggest a full method precision better than 5% (Table C.2.2). Com-
parison of trace element data for samples REU14-31 and REU14-32 analyzed at
the University Tuebingen and the University of Goettingen show good agreement
on PM-normalized trace element patterns (Figure C.2.9, Table C.2.3). However, Zr
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and Hf concentrations are lower in samples measured in the facilities of the Univer-
sity of Tuebingen compared to the University of Goettingen.

4.3.2.2 Radiogenic Sr and Nd isotopes

Determination of Sr and Nd isotope compositions were performed using a thermal
ionization mass spectrometry (TIMS) at the University of Tuebingen following a
protocol described in Wagner et al. (under review; Appendix B, Chapter 3). For
Réunion samples, 20 mg of whole-rock powder was digested on a hotplate as de-
scribed for Lo’ihi samples in Section 4.3.2. For Lo’ihi samples an adequate aliquot
was taken from the prepared stock solutions (Section 4.3.2) and converted to chloride
form. Separation of Sr and Nd from the sample matrix was achieved by ion-exchange
procedures and measured on a Finnigan MAT 262. Total procedural blanks were
< 183 pg for Sr and <22 pg for Nd contributing less than 0.1 % to the total pro-
cessed Sr and Nd, and thus deemed negligible. A ®¥Sr/%Sr ratio of 8.375209 and
exponential law were used to correct for mass fractionation. During the course of this
study, measurements of NBS SRM 987 yielded an ®7Sr/%0Sr of 0.710262 =+ 0.000020
(2SD; n=12), which is in good agreement with the long-term reproducibility of
0.710251 £ 0.000019 (2SD; n=334). Analytical accuracy was assessed by measuring
USGS rock reference materials BHVO-2 and BIR-1a, which gave 87Sr/®Sr ratios of
0.703497 4+0.000010 (2SD, n=2, two digests) and 0.703115 +0.000010 (2SE, n=1;
Table C.2.4), respectively, agreeing well with literature data (Fourny et al., 2016;
Weis et al., 2006). A 116Nd/"4Nd ratio of 0.7219 and the exponential law were
used to correct for analytical mass fractionation. Epsilon Nd values were calculated
using a present-day *3Nd /M Ndcyyr of 0.512630 (Bouvier et al., 2008). Repeated
measurements of the LaJolla Nd and J-Ndi standards gave *3Nd/4Nd ratios of
0.511817 +0.000016 (2SD; n=14) and 0.512073 £ 0.000020 (2SD; n=18), respec-
tively. These values are in good agreement with the long-term reproducibility of
0.511830 +0.000041 (2SD; n=172) and 0.512075 £ 0.000073 (2SD; n=71), respec-
tively. Rock reference materials BHVO-2 and BIR-1a were measured to provide a
monitor for method accuracy and yielded #3Nd/!44Nd ratios of 0.512918 = 0.000020
(2SD, n=2, two digests) and 0.513030 4+ 0.000011 (2SE, n=1; Table C.2.4), respec-
tively, which are in good agreement with previously reported values (Li et al., 2007;
Raczek et al., 2003).

4.3.2.3 Radiogenic Pb isotope compositions

Pb isotope compositions of Réunion samples were determined on 50 mg of sample
powder digested on a hotplate using the protocol described in Section 4.3.2. Purifica-
tion of Pb was achieved by ion-exchange chromatography using anion exchange resin
AG1-X8 and measurements were carried out on a ThermoFisher Scientific Neptune-
Plus multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS)
housed at the Isotope Geochemistry laboratories of the University of Tuebingen.
Samples were introduced as solutions of ~200ngg™! Pb via an Aridus II desolvat-
ing nebulizer. Mass fractionation correction was performed using the Tl-doping
method, in which the 2%°T1/2%T1 was artificially adjusted to 2.388077 to reach the
correct 2°Pbh/2%Ph value for NBS 981 of 16.941 as proposed by Collerson et al.
(2002). Consequently, repeated measurement of the standard material NBS 981
yielded mean ratios of 2°Pb/?%Ph = 16.9410 +50 (n=13), 2°"Pb/?*Pb = 14.4985
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+75 (n=13) and ?%Pb/?"Pb = 36.7210 +£89 (n=13). Mean ratios obtained for
standard material NBS 982 were 2°Pb/?%Ph = 36.7496 +36 (n=6), **"Pb/?%Ph
= 17.1642 £+ 26 (n=6) and 2*Pb/?**Pb = 36.7522 + 28 (n=6). These values are in
excellent agreement with previously reported values (Collerson et al., 2002; White et
al., 2000). Analytical accuracy was assessed by measuring USGS reference material
BHVO-2 yielding 2°Pb/2%Pb = 18.681 +289 (n=1), 2"Pb/?*Pb = 15.536 + 315
(n=1) and 2%Pb/?"Pb = 38.260 + 358 (n=1), which are in good agreement with
previously reported values (Fourny et al., 2016; Weis et al., 2006; Woodhead and
Hergt, 2000; Wu et al., 2017). Total procedural blanks were 11 pgg? contributing
less than 0.5 % to the total processed Pb and thus deemed negligible.

4.3.2.4 Stable Cr and Fe isotope compositions

Analyses of stable Cr and Fe isotope compositions were carried out on a Ther-
moFisher Scientific NeptunePlus MC-ICP-MS at the University of Tuebingen. Chem-
ical purification and measurement protocols for Cr and Fe were carried out after
protocols previously described in Wagner et al. (2021). For Cr and Fe isotope
determinations aliquots corresponding to 2 ug Cr and 15 ug Fe, respectively, were
taken from the prepared sample stock solutions (Lo’ihi) or dissolved bomb digest
sample solutions (Réunion, French Polynesia, Vogelsberg and Doros Complex; Sec-
tion 4.3.2) such as described in Babechuk et al. (2019). Cr and Fe isotope analyses
for all samples were always performed on the same sample digest.

Cr isotope compositions are reported in d-notation relative to NIST SRM979 and
expressed in %o by multiplication with a factor of 1000:

(53 C’T/S2 CT) sample

553/52 Cr _

—1 (4.1)

henceforth referred to as §°%/°2Cr.

Over the course of this study, repeated measurements of NIST SRM979, with a long-
term reproducibility of 0.000 #+0.021 %o (2SD; n=594), yielded an average §°*/%2Cr
value of 0.000 +0.021 %o (2SD; n=75). In-house standard Merck Cr(III), displaying
a long-term reproducibility of -0.430 +0.023 %o (2SD; n=372), yielded an aver-
age 6°3/°2Cr value of -0.430 4+ 0.024 %o (2SD; n=46). Accuracy of natural sample
materials was assessed by measuring the USGS rock reference materials BHVO-2
and BIR-1a along with sample unknowns, which yielded 6°%/°2Cr values of -0.140
+0.016 %o (2SD; n=11, 5 digests) and -0.155 £ 0.028 %o (2SD; n=13, 6 digests), re-
spectively, and are thus in excellent agreement with the long-term averages of -0.144
+0.022 %o (2SD; n=103, 17 digests) and -0.150 £ 0.025 %o (2SD; n=100, 16 digests),
respectively. As most samples were measured one time only, external reproducibility
of sample unknowns is represented by long-term reproducibility of single measure-
ments of natural rock reference material BHVO-2, which is equal to £ 0.022 %o and
used in all plots displaying §°*/°2Cr values. Total procedural blanks were usually
contributing < 0.5 % to the amount of Cr processed (see Appendix C for details on
Cr blank contribution).

Fe isotope compositions are reported in in d-notation relative to NIST IRMM-014
and expressed in %o:

(56F€/54F6)5ample

(3 Fe/5Fe)rrammora

556/54F6]RMM014 = —1 (42)
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henceforth referred to as 6°%/°*Fe.

During the course of this study multiple measurements of IRMM-014 gave an average
value of 0.000 + 0.035 %o (2SD; n=25) in agreement with long-term reproducibility of
0.000 +0.035 %o (2SD; n=299). Similarly, the compiled values of in-house standards
HanFe and TuebFe gave an average of +0.301 +0.043 %o (2SD; n=14) and -0.378
+0.022 %0 (2SD; n=3) agreeing well with the long-term reproducibility achieved
in our lab of +0.289 +0.039 %o (2SD; n=131) and -0.377 +0.038 %o (2SD; n=96),
respectively, and values given in previous studies (Babechuk et al., 2019; Kurzweil
et al., 2016; Wu et al., 2017). Method accuracy was determined by measuring rock
reference materials BHVO-2 (40.122 +0.057 %o, 2SD; n=6, 5 digests) and BIR-1a
(40.077 £ 0.051 %o, 2SD; n=7, 6 digests) yielding consistent results with the long-
term average obtained during the course of this PhD project (+0.110 =+ 0.042 %o,
2SD; n=21, 9 digests and +0.067 +0.042 %o, 2SD; n=14, 8 digests, respectively;
Table C.2.5) and values given in the literature (McCoy-West et al. 2018; Williams
et al. 2021; Weyer and Ionov 2007). External reproducibility of Fe isotope mea-
surements is assessed by the long-term reproducibility of single measurements of
standard material TuebFe, which is equal to +0.038 %o and used in all plots dis-
playing §°/5*Fe values. Total procedural blanks were always lower than 0.05 % of
the total processed Fe and thus deemed negligible.

4.4 Results

4.4.1 Major element compositions
4.4.1.1 Piton de la Fournaise, La Réunion

In this study, Réunion samples vary in MgO concentrations from 7.19 to 25.94 wt. %
(Figure 4.4) encompassing the three compositional groups typical for La Réunion
lavas, which are steady-state basalts (SSB), picrites and abnormal group (AbQG)
basalts. Overall, geochemical compositions agree well with the literature data (e.g.,
Albarede et al., 1997; Boudoire et al., 2019; Salaiin et al., 2010). Two samples
erupted within the central area represent SSB with low MgO contents of 7.19 and
7.76 wt. %, K50 contents < 0.78 wt. % and CaO/Al,O3 ratios of 0.79 and 0.81 (Fig-
ure 4.4a, Table 4.1). Samples with picritic compositions have high MgO contents
between 15.42 and 25.94 wt. % at similar CaO/Al,O3 ratios and are derived from the
central area and associated SERZ or NERZ as well as from the peripheral NWRZ
(Table 4.1). Abnormal group basalts are represented by four samples, which have
MgO contents between 8.97 and 9.99 wt. %, K,O contents > 0.8 wt. % and markedly
lower CaO/Al,O3 ratios between 0.63 and 0.73 (Figure 4.4a). All AbG basalts were
exclusively sampled within the NWRZ. In accordance with previous studies, SSB
and picrites are transitional in character (Upton and Wadsworth, 1966), whereas
AbG basalts display a mildly alkaline affinity (Figure 4.3; Boudoire et al., 2019;
Salaiin et al., 2010). Abnormal Group basalts REU14-45, REU14-67 and REU14-
76 are olivine-bearing, whereas AbG basalt REU14-48 is aphyric. It is important
to note, however, that none of the AbG basalts in this study are clinopyroxene-
bearing basalts. Based on the presence of olivines, low CaO/Al,Oj3 ratios, low SiOy
contents and alkaline enrichments as well as sampling locations within the NWRZ,
AbG basalts in this study are similar to “olivine-bearing basalts” from peripheral
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eruptions reported in Boudoire et al. (2019) (see also Section 4.2.1 and 4.4.2.1).

4.4.1.2 Lo’ihi, Hawaii
4.4.1.2.1 Mineralogy

Sparsely olivine-phyric basalts Sample J2-243-1C-R6 (Figure C.2.4) carries
abundant olivine microphenocrysts. Microphenocrysts of clinopyroxene and Cr-
spinel (< 30 pum) are less abundant. Where present, simultaneous growth of clinopy-
roxene with generally augitic composition and Cr-spinel (34-41 wt. % CryO3) is ob-
served, but Cr-spinel can also occur as inclusions in olivine. Sometimes clinopy-
roxene growth structure indicates that further crystallization was terminated by
quenching. Very small sulfide crystals/melt droplets (<10 pm) are frequently ob-
served throughout the glass matrix.

Sample J2-243-1B-R3 contains microphenocrysts of olivine, clinopyroxene and Cr-
spinel, whereas the latter occurs also as inclusions in olivine. Clinopyroxene and Cr-
spinels display Cr,O3 contents ranging from 0.99 to 1.04 wt. % and ~41 to 46 wt. %,
respectively.

Highly olivine-phyric basalts Sample J2-307-R2 (Figure C.2.6) consists of ho-
mogeneous glass with minor presence of clinopyroxene and olivine microphenocrysts
(10 pm). Olivine microphenocrysts are sometimes idiomorphic. Clinopyroxene phe-
nocrysts are augitic in composition with 0.72 to 0.97 wt. % CryO3 and can be up to
80 pum in size. Very small sulfide droplets (< 1 um) are frequently observed, whereas
the individual occurrence of a large sulfide melt droplet (< 150 ym) is unique. Cr-
spinel is present as inclusions in olivine or associated with sulfides with variable
Cry03 contents ranging between 24 and 39.48 wt. %.

Sample J2-246-R3D (Figure C.2.5) appears similar compared to sample J2-307-R2
with the glass matrix carrying idiomorphic olivine microphenocrysts (< 150 pym),
pyroxenes (<50 pum) with CryO3 contents ranging between 0.36 to 0.45wt. % and
very small sulphide droplets (< 1 um). Pyroxene grows on surfaces of olivine, which
indicates that olivine is the first phase to crystallize followed by clinopyroxene. Cr-
spinel is overall rare in occurrence and usually < 10 um. It is observed as inclusions
in olivines as well in association with sulfide or clinopyroxene and can be up to 50
pum (33wt. % CraOz). One glass chip contains Cr-spinel (28 wt. % CryO3) present as
skeletal crystals (< 10 pm) indicating non-equilibrium and fast growth.

Generally, Cr contents of Cr-spinel measured in this study agree well with previ-
ously reported Cr contents ranging between 41 and 48 wt. % within tholeiitic or
alkali basalts (Garcia et al., 1995). Chromium contents in clinopyroxenes also agree
well with previously reported values although the literature data show a larger vari-
ability with Cr contents ranging between 0.1 to 1.1 wt. % (Garcia et al., 1995).

4.4.1.2.2 Glass composition (EPMA and Q-ICP-MS)

Major element compositions of Lo’ihi glasses determined in-situ (EPMA) and
via solution Q-ICP-MS are displayed in MgO variations diagrams and compared to
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available literature data covering the two alternate methods in Figure 4.6 (Table
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Figure 4.6: Major element vs. MgO shown for transitional and tholeiitic basalts from Lo&’ihi,
Hawaii, as determined from two alternate methods, i.e., EPMA (circles) and Q-ICP-MS (squares).
a) the sub-set of four Lo’ihi samples that were analyzed for major element compositions by both
methods are connected by curved arrows. Compiled literature data for glass compositions de-
termined by EPMA (grey circles; Garcia et al., 1995; Garcia et al., 1993; Garcia et al., 1998;
Hawkins and Melchior, 1983; Pietruszka et al., 2011; Yi et al., 2000) and whole-rock compositions
determined by XRF (grey squares; Frey and Clague, 1983; Garcia et al., 1995; Garcia et al., 1998;
Hawkins and Melchior, 1983) are shown for comparison.
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C.2.7)(Garcia et al., 1995; Garcia et al., 1993; Garcia et al., 1998; Hawkins and
Melchior, 1983; Pietruszka et al., 2011).

The subset of four samples from Lo’ihi analyzed for their major element compositions
using in-situ EPMA show very homogeneous glass compositions, especially within
their two petrographic groups (Figure 4.3). In the total alkalis vs. silica (TAS) di-
agram sparsely olivine-phyric basalts display tholeiitic compositions, whereas glass
compositions of highly olivine-phyric basalts display a transitional composition with
mild alkaline affinity (Figure 4.3). Hereinafter, the terms tholeiitic and transitional
basalts will be used to distinguish between the two groups. Concentrations of MgO
range between 6.47 and 7.28 wt. % and overlap well with literature data of Lo’ihi
glasses determined via EPMA (Figure 4.6). Transitional basalts have lower MgO
(6.47 to 6.66 wt. %) and SiOy contents (47.77 to 47.90 wt. %) compared to tholeiitic
samples (~7.28 and ~48 wt. %, respectively; Figure 4.6). Lower CaO concentrations
and higher K5O, Al;O3 and TiO, concentrations at lower MgO abundances in tran-
sitional basalts may suggest a higher degree of differentiation compared to the melt
compositions of tholeiitic samples (Figure 4.6a, c, e). However, lower SiOy contents
of transitional basalts (Figure 4.3) are in contrast with a higher degree of differen-
tiation. In general, high CaO concentrations of transitional and tholeiitic basalts
(11.34 to 11.44 and 12.16 to 12.18 wt. %, respectively; Figure 4.6b) and resulting
higher CaO/Al,O3 ratios between 0.81 and 0.96 (Figure 4.6d) are in agreement
with higher CaO contents of Lo’ihi basalts compared to other Hawaiian volcanoes
(Jackson et al., 2012).

It is noteworthy, that the major element compositions determined via solution Q-
ICP-MS are not entirely consistent with glass compositions determined by EPMA
(Figure 4.6). Tholeiitic and transitional basalts have higher MgO contents (8.33
to 9.20 wt. %) compared to in-situ analyses of the same samples (Figure 4.6a). As
Q-ICP-MS analyses were performed on dissolved glasses, this offset in MgO contents
(and also other major elements such as TiO,, Al;O3) may be due to the incorporation
of olivine microphenocrysts in the analyzed powders compared to the ‘pure’ glass
compositions analyzed via EPMA. The transitional (highly olivine-phyric) basalts
may additionally be affected by incorporation of Cr-spinel microphenocrysts, as
shown by the unusual high Cr contents ranging from 969 to 3917 ug g (Figure 4.6f).
This may be supported by petrographic observations that Cr-spinel frequently oc-
curs as inclusions in olivine, but cannot be unambiguously demonstrated based on
the four samples described above. In general, samples analyzed via Q-ICP-MS ex-
tend towards higher MgO contents and fill the gap between the majority of published
glass compositions with MgO contents < 8wt. % (EPMA; Figure 4.6) and sample
187-1 (MgO = 9.68 wt. %; EPMA) taken from the literature (Garcia et al., 1995).
Furthermore, these samples overlap well with published whole-rock data analyzed
by x-ray fluorescence (XRF) (Frey and Clague, 1983; Garcia et al., 1995; Garcia et
al., 1998; Hawkins and Melchior, 1983), although whole-rock MgO concentrations
from the literature are as high as 25wt. % (Figure 4.6). Two samples, J2-241-2-
R9 and J2-316-R1, display MgO concentrations < 8 wt. % and are accompanied by
low concentrations of compatible trace elements such as Cr and Ni (217-317 ugg™
and 87.9-115 ug gt, respectively), which is well within the range of previously pub-
lished values (Figure 4.6d, ). Generally, Lo’ihi glass compositions fit the trend in
MgO variation diagrams defined by previously published data (Figure 4.6): TiO,
and Al,O3 and KyO increase with decreasing MgO (Figure 4.6a, ¢, e). For sam-
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ples with MgO >8wt. %, invariant CaO/Al,O3 ratios and low Sc contents indicate
olivine control, whereas samples with <8wt. % MgO show decreasing CaO and Sc
concentrations and CaO/Al,O3 ratios with decreasing MgO indicating fractional
crystallization of clinopyroxene (Figure 4.6b, d).

Despite the fact that relatively high MgO and Cr contents may be due to incor-
poration of microphenocrysts of olivine and Cr-spinel, the two petrographic groups
have distinct compositional characteristics as already indicated by EPMA of pure
glass compositions. These differences cannot be reconciled with microphenocrysts
incorporation in transitional basalts alone. In detail, at similar MgO contents, tran-
sitional basalts have higher TiOy, V, K;O and slightly higher AlyO3 contents and
lower FeO, Sc, CaO contents and CaO/Al,O3 ratios. Although, olivine incorpora-
tion may lower CaO and Sc content (similar to an olivine accumulation trend), it
cannot account for the higher K5O contents in transitional basalts as higher propor-
tion of olivine incorporation would only mute this signal. Although we note, that
major element abundances of individual samples may be affected to different extents
by incorporation of olivine microphenocrysts, we suggest that higher alkali contents
in transitional (highly olivine-phyric) basalts are a primary feature. This is further
supported by EPMA, which show the same systematic variations in major element
compositions within the two petrographic groups. Moreover, ratios of CaO/Al;O3
should not be affected by olivine incorporation or removal, indicating that the gen-
erally lower CaO/Al,O3 of transitional basalts may be attributed to a higher degree
of clinopyroxene fractionation or alternatively mirror variable source compositions
for the two petrographic groups.

4.4.2 'Trace element compositions
4.4.2.1 Piton de la Fournaise, La Réunion

Trace element patterns of Réunion lavas are roughly parallel and represent typical
OIB compositions with enriched incompatible trace elements relative to PM (Figure
4.5¢; PM normalizing values from Palme and O’Neill, 2014). Picritic (olivine-rich)
basalts show lowest trace element concentrations that continuously increase towards
SSB basalts, which is in agreement with fractional crystallization/accumulation of
olivine. All samples are characterized by negative Sr and positive Th-U anoma-
lies on PM normalized trace element patterns. The apparent depletion of Sr can-
not be explained by plagioclase fractionation since Eu/Eu* of ~1 (Fu/FEu* =
Eupyr/(Smpyr x Gdpar)®?) indicates this process to be negligible. Abnormal Group
basalts show similar or higher incompatible trace element concentrations, also shown
by higher Th/Yb, (Ce/Yb)pym and (Sm/Yb)py, compared to SSB basalts (compare
Figure 4.5), in which AbG basalt REU14-76 shows the highest incompatible ele-
ment enrichment. Generally, AbG basalts show higher Ni and Cr, but lower Sc
concentrations compared to SSB basalts (Figure 4.4d-e). As Sc is compatible in
clinopyroxene, low Sc contents and especially decreasing Sc/Yb with decreasing
Ca0/AlyO3 ratios record clinopyroxene fractionation in these samples in agreement
with previous studies (Figure 4.4a-b; Boudoire et al., 2019; Pichavant et al., 2016).
The enrichment of incompatible trace element concentrations, such as Th, low Sc
contents and CaO/Al,O3 ratios < 0.75 point towards an apparent resemblance with
‘olivine-bearing basalts’, shown to be associated with the NWRZ (Boudoire et al.,
2019).
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4.4.2.2 Lo’ihi, Hawaii

Lo’ihi glasses show very homogeneous PM normalized trace element patterns with
maximum enrichment of 35x PM (Figure 4.5¢). With decreasing incompatibility
PM-normalized concentrations decrease as typical for OIB. All samples are enriched
in highly incompatible trace elements and LREE with (Ce/Yb)py between 3.79 and
5.99 and (La/Yb)py between 3.90 and 6.55. In agreement with published trace
element abundances for Lo’ihi, all samples are characterized by depletions in Th
and U as well as small positive anomalies in Ti and Nb and the absence of K- and
Eu-depletions (Garcia et al., 1995; Garcia et al., 1998). Notably, transitional basalts
are more enriched in incompatible trace elements ((La/Yb)py = 5.62 to 6.28) than
tholeiitic basalts ((La/Yb)pm = 3 to 5), which together with lower MgO contents of
transitional basalts based on EPMA may be the result of fractional crystallization.
However, lower SiOy contents of transitional basalts compared to tholeiitic basalts
are in contrast with a fractional crystallization control (Figure 4.3).

All Lo'ihi glasses exhibit Eu/Eu* ratios ~1, indicating the absence of plagioclase
fractionation. Moreover, they show fractionated (Gd/Yb)py > 2, indicating melt-
ing in the presence of garnet (Figure 4.11). In agreement with previous observa-
tions (Garcia et al., 1995), the linear correlation between La/Yb vs. La/Sm sug-
gests variable degrees of partial melting of a common source (not shown). Lo’ihi
glasses display Zr/Nb ratios in the range from 7.4 to 9.5, similar to Zr/Nb ratios
in Réunion lavas and thus lower than MORB, which has typically Zr/Nb >20. In
Zr/Nb vs. Nb space, Lo’ihi transitional basalts show higher Nb concentrations at
lower Zr/Nb in agreement with lower melting degrees generating transitional basalts.
However, these trends may also be generated by melting of a slightly heterogeneous
source, which is supported by radiogenic Sr isotope compositions presented in Sec-
tion 4.4.3.2. Moreover, transitional and tholeiitic basalts show distinct ratios of
highly incompatible elements, such as Ce/Pb, La/Ce or Ba/Rb, whereas Nb/U ra-
tios overlap for Lo’ihi transitional and tholeiitic basalts.

4.4.3 Radiogenic Sr-Nd-Pb isotope compositions
4.4.3.1 Piton de la Fournaise, La Réunion

Radiogenic Sr, Nd and Pb isotope compositions of Réunion whole-rock samples are
generally consistent with literature data reported for central and peripheral erup-
tions (Bosch et al., 2008; Boudoire et al., 2019; Pietruszka et al., 2009) with 87Sr /8¢Sy
and 3Nd /1Nd ranging from 0.704154 to 0.704253 and from 0.512810 to 0.512861,
respectively (Figure 4.2a). One exception is AbG basalt REU14-76 displaying the
highest 87Sr/%¢Sr (0.704317) and lowest 3Nd /1Nd (0.512717), which is outside the
range reported for AbG basalts by Boudoire et al. (2019). This sample has possibly
been subject to contamination and will be excluded from further discussion. Picrites
and SSBs overlap in their 87Sr/%Sr and **Nd/!*Nd with AbG basalts, and AbG
basalts show both most depleted and enriched isotopic compositions. Pb isotopic
compositions are very homogeneous with 2°°Pb/2%4Ph between 18.867 and 18.974,
20TPh /2MPh of 15.596 to 15.608 and 2°Pb /2%Pb ranging from 38.974 to 39.057 (Fig-
ure 4.2b-e) and are in agreement with literature data (e.g., Vlastélic et al., 2009).
Moreover, when excluding sample REU14-76, no or only weak (R*=0.21) corre-
lations between 37Sr/®6Sr and incompatible trace element ratios, such as Th/Yb,
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(Sm/Yb)pym and (Ce/Yb)py are observed.

4.4.3.2 Lo’ihi, Hawaii

Lo’ihi glasses are very homogeneous in their radiogenic 87Sr/®Sr and *3Nd/"Nd
isotope compositions and display a narrow range varying between 0.703518 and
0.703634 and between 0.512877 and 0.512935, respectively (Figure 4.2a-c). They
are thus in very good agreement with previously reported data for Lo’ihi ranging
from 0.703350 to 0.703700 and from 0.512880 to 0.513064 for Sr and Nd isotope
signatures, respectively (compilation by Stracke (2012)). Lo’ihi transitional glasses
have on average higher 87Sr/86Sr ratios compared to tholeiitic glasses, whereas both
groups overlap in their Nd isotope compositions, and as such may be an indicator for
a slightly heterogeneous source. When compared to Hawaiian lavas in general, which
extend from MORB towards EM1 compositions, Lo’ihi glasses display intermediate
compositions. Pb isotope ratios for Lo’ihi are not yet available for samples from this
study, but literature data is indicated in Figure 4.2 based on the compilation by
Stracke (2012). Previous studies have shown that Lo’ihi basalts extend from Mauna
Loa-like Pb isotope compositions towards higher 2°°Pb/?**Pb and 2°*Pb/?*‘Pb ra-
tios, and are distinguished from the Kea-trend by distinctly higher 2°Pb/?'Pb at
a given 2%°Ph /2%Ph (Abouchami et al., 2005; Weis et al., 2020).

4.4.4 Stable Cr and Fe isotope compositions

Cr isotope compositions of continental and oceanic intraplate basalts in this study
range from 6°3/°2Cr values of -0.227 to -0.094 %o (Figure 4.1). With an average
6°3/52Cr of -0.15240.070 %o (2SD; n=45) intraplate basalts are heavier compared
to N-MORB (average 6°3/°2Cr= -0.237 & 0.050 %o, 2SD; n=19; Chapter 3), display a
slightly larger variation compared to N-MORB, and in contrast to N-MORB overlap
with the BSE value of -0.12 +0.06 %o (Wagner et al., 2021). The range of §°3/°2Cr
reported for intraplate basalts in this study agrees well with available OIB §%3/52Cr
values ranging from ~-0.23 to 0.00 %o (Figure 4.1; Bonnand et al., 2020b; Shen et
al., 2020).

In detail, Vogelsberg volcanic rocks display the lowest average 6°%/52Cr of -0.184
+0.047 %o (2SD; n=11), whereas alkali basalts exhibit a higher average §°*/°2Cr
of -0.164 40.020 %o (2SD; n=>5) than basanites with an average 6°3/°2Cr of -0.201
+0.033 %0 (2SD; n=6). Réunion samples range from -0.168 to -0.098 %o with an av-
erage 0°%/°2Cr of -0.144 + 0.044 %o (2SD; n=10). Doros mafic intrusive rocks display
a 6°3/52Cr range between -0.186 and -0.107 %o with an average of -0.134 4 0.056 %o
(2SD; n=7). Both French Polynesia basalts and Lo’ihi glasses display a large range of
§°3/52Cr with averages of -0.151 £ 0.059 %o (2SD; n=7) and -0.138 4 0.090 %o (2SD;
n=10), respectively. The average 6°*/°2Cr of French Polynesian samples with HIMU-
or PREMA-affinity (-0.155 =+ 0.080 %o, 2SD; n=4) compared to samples with EM2-
affinity (-0.145 +0.022 %o, 2SD; n=3) cannot be distinguished within uncertainty.
We note, however, that samples from French Polynesia with HIMU- or PREMA-
affinity display the lowest (FP5TU1, §°/52Cr = -0.214 %¢) and highest §°%/°2Cr
value (FP2RU2, §°3/°2Cr = -0.125 %o) within the French Polynesia suite. For Lo’ihi
glasses, the average 6°%/°2Cr of transitional basalts with -0.17240.080 %o (2SD;
n=5) cannot be distinguished from the average 6°*/°2Cr of tholeiitic basalts with -
0.104 £ 0.013 %o (2SD; n=>5) within uncertainty. However, whereas tholeiitic basalts

132



Chapter 4

4.4. Results

abod jrou uo panuuo;)

T 9200 ¢IT0 67 067 T ¢10°0 €eT0- M 0L7°¢0 TGT S (0LE 9T ST ¢INH esed TNH9cdA
T L¢0°0 T1ST°0 16°GGG T G100 SY1°0- M (LL6760 07T S (068°¢S .80 ¢INH Jreseq AR, SOANVCdA
T 92¢0°0 GL0°0 09°CLC ¢ 600°0 SY1°0- M (09G°8¢ . ¥ET S .C9¢°20 .£2  TINA/VINHUJ Heseq LVOSTdA
T 1,500 960°0 cS7691 ¢ ¢c0°0 LET0- M (0CS'8¢ 671 S (£€0°C¢ .£C NINIH eseqoIdid 7NIL8dA
T 9200 erTo €L'ELT S 0700 V1¢0- M €09°LC 671 S (EVE1C .EC NINTH eseqold TNILSdA
T 76070 LeT°0 80°¢ S 610°0 Ger0- M (09L°6T .TIGT S (0€9°6C .CC VINHYd ojryday, cNyvcdda
o0189UM)0J YoULT
T L¢0°0 ¢IT°0 16°CSSC T 910°0 ¥¢1°0- - - - Heseq ‘suedf, D-¢d-L0g-¢r
T Gc00 8IT0 L¥°026¢ T 8100 L3030 - - - eseq ‘sued], TH-606-¢r
T ¢c0°0 910 61°70¢ T 0200 ¢ST0- - - - Heseq sued], TH-91¢-¢r
T 120°0 LTT°0 81°66¢ T LT0°0 80T 0- - - - IO T, 64-C-1v¢¢l
T 1200 7v10 87'¢I0T T 610°0 761°0- - - - Heseq ‘suedf, asya-9gvec-cr
T 9¢0°0 ¢IT°0 L7696 T 8T0°0 09T°0- - - - eseq ‘suedf, ca-1-vvecr
T 92¢0°0 2200 ¥V oSy T 910°0 ¢0T°0- - - - OHI_OY T, 0cH-r1-¢vc-acr
T 0¢0°0 ¢60°0 1V°GLY T 610°0 ¥01°0- - - - IO T, 9g-D1-¢¥¢c-cr
T ¥¢0°0 Y110 6G°CTY T LT0°0 01T 0- - - - IOTOY T, P eU-d1-6Ve-or
T 9200 GL0°0 ¢c1ecs T LT0°0 ¥60°0- - - - OH_IOY T, cH-vi-gvear
QUDMDE 11, 0
Ggc00 GeT o0 €T LLE T 710°0 ¥81°0- . 107°07 -GS S (LT ET L1C 7ZAMN Heseq HIV 9,71 NHY
T 8¢0°0 T0T°0 08" CVv T 7100 8GT°0- o (689°8¢ .9G S (G19°CT .1¢ 7ZAMN Heseq HAV L2971 NHY
T 9¢0°0 790°0 97'8CL1 S 0€0°0 61T°0- d V9LV 96 S JCL Gl L1¢ [eryus)y QYLIdI] LG-71 NHY
T ¥20°0 8600 €6°8G¢ T T10°0 €aT1°0- o 67e6e 96 S (I€6°0T .1¢ 7ZdMN Heseq DAV 8771 NHY
T 9200 €010 LE'CIS T ¢10°0 ¥91°0- o (L8CTVE 96 S 8V6'11 .1¢ 7ZdMN Heseq DAV ST-71 NHY
T ¥¢0°0 €¢T0 0.°80¢ S T10°0 Y1 0- o LV0'8Y 96 S (9G0'ST .1¢ VAICE ass 9¢-71T NHY
T Gco'0 €e1°0 9L %S¢ ¢ G000 860°0- o LL6°LY LGS S 68TV L1IC [eryus) ass €e71 NHY
T Gz00 680°0 LT°96C1 T 010°0 cero- d 0C¥ 8V .9G S (GLTET LTIC VAIIGI 9JLIdL] ce vl NHY
T L2800 990°0 GE'GIGT T 0100 €aT1°0- d &7 67 .96 S V960 .1¢C VAIIGI RN | 1671 NHY
T Lc0°0 22070 81°¢L8 T G100 89T°0- o 096°8¢ .96 S (GVE'TT L1C 7ZdMN LI 8¢¥T NHY
HLUOLUNIY
[ =uj (%] SIN-dDI-DIN [ =uj [0%] UoI3ed0T]
U {S¢/dse 9dy¢/9¢9 T-m 8] 1 u  9Sz/dse D ze/ecf opnjisuory opnjiyer| /SO1IS1I9)0RIRT) od4q spoy ardureg

"TOALS oI Suo1yeso] surjdures Jo $93euIpIood
o[qe[reae I "Apnjys siyy ul so[dures [[e 10 uomrnyp odojost Aq poimboe sUOIIRIIUSOUOD I) Ym apisduole suorisoduwod o1dojost 9 pur I) 9[qels :I°F 9[qe],

133



=
m oueoxo1Adourd = xd/) ‘0Iqqe3 SUIAI[O SAISSRA
oat = HOJN ‘o1qqese[eu dUIAT[O [eseq = NOI "0T°¢'D 9[qe], Ur uaald suoryisodurod o1dojost oTHeSoIpel PUe JUITWIOP 9081} “yuowao Jolepy
. “AToAryoadsar ‘sodures dorojno pue
M 9100 [[LIp 10§ suoryedo[ pue syjdop Surjdures ore UGAIS OS[Y “6'g" O[qEL Ul UAAIS suorjsodurod 51dojost JTUaFOIpel PUe JUUA[S 90eI)} ‘YUl J0ley |
‘suorjisodurod 01dojost
qJ-PN-IS 21uo301pel U0 paseq Sjuouoduiod S[IUR 918 UOAIS OS[Y ‘R°¢'D 9[qR], Ul UoAIS suorsoduod 91dojost o1ua30Ipel pue JUoW[o 99.I) ‘Yuawere Ioley ,
L' PIqEBL Ul UdALd suoryisodurod 91dojost dIuFoIper pue JUIUIA[S 9dBI} ‘YU I0[RIN ¢
‘(a10Z 9511 9s9m T[IION) ZHAMN S [[oM Se (9U0z 9JiI 9sed [IN0S) ZYHS pue (9U0z JiI e [1I0N)
ZMHAN ‘TeIuad 9°T ‘Suoryeso] uoljdie aIe UoAIS 0S|y "9°g ) 9[qe], Ul uaAld suonisoduwod o1dojost oTuaSoIper pur JUoUIo[d 90RI) ‘Juatale Jo[eI
T 6200 2200 88'866 ! €10°0 LeT°0- - - - oyernumo xdp LL-dOL
T 0€0°0 0€T°0 LLTVE T €100 9810~ - - - DON 1.-dOL
T 8¢0°0 8ET°0 T7°988 T 010°0 Pa1°0- - - - DON V89-dOL
T 8¢0°0 860°0 00°L7LT ! 71070 611°0- - B - Nod €9-dO.L
1 1200 8TT°0 19°T¢y 1 71070 8€T1°0- - B B DON €7-doL
1 Gco'0 9.0°0 08°0c.LT 1 €10°0 0TT°0- - - - Nod 07-doL
T Gc00 €200 0c°LEST T ¢10°0 L0T°0- - - - Nod 66-dOL
JLapdwoy) soio(q
T G200 9.1°0 ¢S 19¢€ T €10°0 891°0- - - [EISHERRIS| eseq ey €0T-L6dA
! 1200 G110 ¢€c0¢ ! ¢10°0 6L1°0- - B WIRYULLIO eseq ey ¢0T-L6dA
1 8¢0°0 410 86°99€ 1 ¢10°0 091°0- - - 6¢C eseq ey 07-96dA
T 7200 6€T°0 60°4¢9 T 11070 a1 0- - - v$79 eseq ey 8T-96dA
T ¢c00 €S1°0 L9°60¢ T ¢10°0 LGT°0- - - 16°GS eseq ey 9T-96dA
T 8¢0°0 691°0 G¢'8¢S T ¢10°0 60¢°0- - - 810quelI0 ojuesey T0T-L69A
! G200 ¢0c°0 G0°L6V ! €10°0 91¢0- - - umjsimey, ojueseq 00T-L6dA
1 9¢0°0 061°0 88°G¥¥ 1 010°0 61¢°0- - - 7] ojuesey 9¢-96dA
1 L3200 9.1°0 9¢°06¥ ! €100 8LT°0- - - T°LL ojrueseyd €C96dA
T G200 c91°0 16°9%¥ T ¥10°0 061°0- - - 8867 ojiuesey PI-96dA
T ¢c00 0c1°0 8G°L9¢ T ¢10°0 €61°0- - - 98°0¢ ojuesey 80-96dA
u?we&mg\»
-— T 9¢0°0 891°0 ¥8°LG8 T 910°0 G610~ M (£2G9°LG 08T S (GGCLY 9T ¢INH ojuesey ¢1HleddA
® I =ujt %] SIN-dDI-DIN I =ujt [°%] uoneo
+~
= U HST/AST  Odpe/ocd 188 1D w HSE/ASE  IDze/ecl opnjduory apnaner] /so1)sTI9g0RIRY)) ad Ay ooy ardureg
% abod snowaad woif panuruo) — 1°F dqr],

134



4.5. Discussion Chapter 4

display a narrow range in 6°%/52Cr, Lo’ihi transitional basalts extend towards sig-
nificantly lower 6°3/°2Cr, and are thus comparable to §°%/°2Cr values of Vogelsberg
basanites and MORBs. The effect of olivine and Cr-spinel incorporation as the cause
for the observed §°%/52Cr signatures in Lo’ihi samples is discussed in section 4.5.1.1.
Stable Fe isotopic compositions of intraplate basalts range from §°%/°*Fe values of
40.058 to +0.202 %o, higher than the §°9/>*Fe BSE value of +0.02 4 0.03 %o (Weyer
and Ionov, 2007). The 6°6/>4Fe values of intraplate basalts in this study thus overlap
with the average 6°%/°4Fe value of MORB (+0.107 & 0.055 %o, 2SD; n=119; Figure
4.1; Chen et al., 2019; Richter et al., 2021; Teng et al., 2013; Weyer and Ionov, 2007)
and extend towards higher values in agreement with literature data (Soderman et al.,
2021; Soderman et al., 2022; Teng et al., 2008; Teng et al., 2013; Weyer and Ionov,
2007). In detail, 6°6/>*Fe of intrusive basalts from the Doros complex (Namibia) and
Réunion range from 40.058 to +0.138 %o and +0.064 to +0.135 %o, respectively. To-
gether they display the lowest §°/5Fe averages with 4-0.096 4 0.064 %o (2SD; n=7)
and +0.099 +0.052 %o (2SD; n=10), respectively. Low 6°6/**Fe values for Réunion
lavas are in agreement with previously published data (Peters et al., 2019). Samples
from Lo'ihi (Hawaii) show similar §°%/5Fe values ranging from +0.075 to +0.146 %o
with an average of +0.111 £0.048 %o (2SD, n=10). They thus overlap with previ-
ously reported data, but extend towards higher §°%/>*Fe values compared to the range
reported by Teng et al. (2013) (+0.05 to +0.09 %o, n=4). Lo’ihi transitional basalts
cannot be distinguished within uncertainty from Lo’ihi tholeiitic basalts, but tend
towards heavier values with an average 6°6/°Fe of 4+0.127 +0.034 %o (2SD; n="5)
compared to +0.096 £ 0.040 %o (2SD; n=5). Samples from French Polynesia extend
towards slightly higher §°%/*Fe values ranging from +0.075 to +0.168 %o displaying
an average of +0.124 4+0.065 %o (2SD; n=7), which is in the range of previously
published data for French Polynesia (Teng et al., 2013). Moreover, the average
§°6/54Fe value for samples from French Polynesia with HIMU- or PREMA-affinity
(+0.110 £0.060 %o, 2SD; n=4) cannot be distinguished within uncertainty from
those with EM2-affinity (40.144 +0.058 %o, 2SD; n=3), although the latter trend
towards heavier 6°6/°Fe values. Basanites from the Vogelsberg volcano are on av-
erage higher (+0.170 £ 0.057 %o, 2SD; n=6) than alkali basalts (+0.147 4 0.044 %o,
2SD; n=5), thus representing the heaviest Fe isotope compositions in this study
and are comparable to rejuvenated samples from Samoa at similar MgO contents.
However, Samoan samples extent to overall higher §°%/°4Fe values of up to +0.3 %o
(Konter et al., 2016).

4.5 Discussion

In order to use stable Cr and Fe isotope compositions of basalts to evaluate source
characteristics and ultimately trace different source lithologies or recycled compo-
nents, the isotopic fractionation during processes that may alter the §°%/°2Cr and
§°6/54Fe source signatures need to be addressed. Therefore, OIBs and continental
intraplate basalts will be screened for stable Cr and Fe isotopic fractionation associ-
ated with fractional crystallization (Section 4.5.1). The influence of partial melting
of a heterogeneous source will be addressed subsequently in order to evaluate po-
tential 6°3/°2Cr and §°0/%4Fe source signatures (Section 4.5.2).
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4.5.1 Fractional crystallization

As evidenced by their compositional variability (MgO = 8 to 21 wt. %), OIBs, con-
tinental intraplate basalts of the Vogelsberg volcano, and intrusive basalts from the
Doros complex have experienced variable differentiation histories that may have in-
fluenced the Cr and Fe isotope compositions to variable degrees and are discussed
in detail in the following.

4.5.1.1 Ocean island basalts

The major crystallizing phases in OIBs are typically olivine and clinopyroxene with
minor plagioclase fractionation as exemplified by the continuous increase in AloO3
with decreasing MgO and the absence of Eu anomalies (Eu/Eu* ~ 1) in Réunion,
Lo’ihi and French Polynesia samples (Figure 4.4c, 4.5a, c, e, 4.6e). Samples from
Réunion have been shown to exhibit typical fractionation trends of olivine accumu-
lation for picrites with MgO > 10 wt. %, and olivine fractional crystallization for SSB
basalts with <10wt. % MgO as indicated by constant CaO/Al,O3 ratios of ~0.8
and continuously increasing Al,O3 concentrations (Figure 4.4a, ¢). Abnormal group
basalts displaying CaO/Al,Oj ratios of < 0.8 (Figure 4.4a) are additionally affected
by deep-level fractional crystallization of clinopyroxene (<6 to 4 kbar, Boudoire et
al., 2019), which is in agreement with the mild alkali enrichment (Figure 4.3), low
Sc contents (Table C.2.6), and low Sc/Yb ratios (Figure 4.4b; Boudoire et al., 2019).
Although Réunion basalts display an overall small range in §°%/%4Fe at variable MgO
contents, the tendency towards heavier 6°6/°*Fe values with decreasing MgO is in
good agreement with fractional crystallization of olivine and clinopyroxene driving
the residual melt towards higher §°9/%4Fe as has been observed previously for Kilauea
Iki lava lake basalts (Figure 4.7a; Teng et al., 2008). Similarly, the accumulation
of olivine has been shown to lead to a decrease in 6°%/**Fe in Kilauea Iki lava lake
basalts (Teng et al., 2008). Here, Réunion picrites lie on the olivine accumulation
trend of decreasing 6°%/°*Fe with increasing MgO as defined by Kilauea Iki lavas
(Figure 4.7a). Discriminating the effects of olivine and clinopyroxene crystallization
on §°6/%4Fe, can be achieved by plotting 6°%/°*Fe vs. CaO/Al,O5 and Sc/Yb ratios
(Figure 4.8a, c). Therein, increasing §°*/°*Fe with decreasing CaO/Al,O3 (Figure
4.8a) and Sc/Yb (Figure 4.8c) indicates clinopyroxene control, whereas increasing
or decreasing 0°%/°*Fe at constant CaO/Al,Oj ratios indicate olivine crystallization
and accumulation, respectively. Hence, the slightly higher 6°%/*Fe values at constant
Ca0/AlyO3 observed for the two Réunion SSB basalts can be mainly attributed to
olivine crystallization. On the other hand, Réunion AbG basalts and samples from
French Polynesia with CaO/Al,O3 ratios < 0.8 show slightly increasing 6°6/>Fe with
decreasing CaO/Al,O5 and Sc/Yb ratios suggesting that some of the §°6/5Fe vari-
ations seen in these samples may be due to clinopyroxene fractionation, although
variations are small (Figure 4.8a). One EM2-type sample (FP27HU2) from French
Polynesia has high CaO/Al,O3, but low Sc/Yb (Figure 4.4b) and shifts on an appar-
ent clinopyroxene fractionation trend (Figure 4.8c). In general, the observed trends
for French Polynesian samples are in agreement with a previous study investigating
the effect of magmatic differentiation on §°6/>*Fe for samples from Society and Cook
Austral islands (not shown here; Teng et al., 2013).

Based on theoretical calculations and natural data of minerals in mantle xenoliths,
it has been suggested that §°¥/52Cr increases from §°3/2Crgjivine < 6°¥/°2Crpyroxene <
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Figure 4.7: Fe and Cr isotopic compositions vs. a) and b) MgO and ¢) and d) Cr contents of
ocean island basalts from French Polynesia, Réunion and Lo’ihi. Kilauea Iki lava lake basalts are
shown for comparison for which Fe and Cr isotope compositions are from Teng et al. (2008) and
Shen et al. (2020), respectively. Kilauea fractional assemblage: Olivine + Cr-spinel accumulation
for samples with MgO > 11.5wt. %; Olivine + Cr-spinel fractionation for samples with MgO <
11.5wt. %; Clinopyroxene starts to crystallize at MgO < 7.5wt. % (Shen et al., 2020). Arrows
indicate the direction of isotopic fractionation during mineral crystallization and accumulation as
suggested by theoretical calculations and trends of Kilauea Iki samples (Shen et al., 2018b; Shen
et al., 2020; Teng et al., 2008). Errors on §°6/>*Fe and §°3/52Cr as in Figure 4.1. Ol = olivine,
Cpx = clinopyroxene, AbG = abnormal Group basalts, SSB= steady state basalts.

6%3/52Crgpinal (Shen et al., 2018b). Compared to a silicate melt, pyroxene and spinel
are predicted to be isotopically heavy, whereas olivine is predicted to incorporate
preferentially light Cr isotopes (Berry et al., 2021a; Shen et al., 2020). So far, stud-
ies on OIB suites from Fangataufa and Hawaii have shown that §°3/52Cr generally
decreases with increasing magmatic differentiation (Bonnand et al., 2020b; Shen et
al., 2020). This decrease in 6°3/°2Cr has been mainly attributed to the crystallization
of Cr-spinel, which preferentially incorporates Cr3* and thus the heavy Cr isotopes,
and based on mass balance considerations dominates the Cr-budget.

Here, Réunion picrites that have been affected by olivine accumulation (MgO =
15.42 to 25.94wt. %) show slightly increasing 6°3/°2Cr with increasing MgO and Cr
(Figure 4.7b, d). The observed weak trends of §°*/°2Cr with MgO (R2?=0.58) and
Cr concentrations (R?=0.57) are similar to those observed for Kilauea Iki Lava lake
basalts, that have been attributed to the concurrent accumulation of olivine and
Cr-spinel (Figure 4.7b, d; Shen et al., 2020). In contrast, komatiites show con-
stant 6°%/°2Cr over large degrees of olivine accumulation (and crystallization) (see
also Figure 4.10b, d, f; Wagner et al., 2021). This may suggest that in addition
to olivine, Cr-spinel accumulation is prevalent for Réunion picrites, which in turn
dominates the Cr budget and thus leads to slightly increasing §°/52Cr with increas-
ing MgO. Moreover, olivine accumulation in Réunion picrites has been ascribed to a
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xenocrystic origin (Albarede et al., 1997) and may thus contribute to some variation
in §%3/52Cr whole-rock compositions.

Analogous to §°/5*Fe, samples from Réunion and French Polynesia give the op-
portunity to discriminate for the effects of clinopyroxene and olivine crystallization
on §°3/°2Cr. Compared to the average °*/°2Cr of -0.136 =+ 0.050 %o (2SD; n=6) for
Réunion picrites and SSBs, AbG basalts display a restricted range in 6°%/52Cr with
an average of -0.157 +0.011 %o (2SD; n=4), that is indistinguishable within uncer-
tainty. However, the on average lower §°%/°2Cr value of AbG basalts compared to
picrites and SSB would be in agreement with theoretical predictions that clinopy-
roxene preferentially incorporates the heavy Cr isotopes compared to a silicate melt
(Shen et al., 2020). On the other hand, slightly increasing to invariant 6°*/°2Cr values
with decreasing CaO/Al;,O3 ratios within AbG basalts and of samples from French
Polynesia with CaO/Al,O3 < 0.8 are in contrast with clinopyroxene preferentially
removing the heavy Cr isotopes from the melt (Figure 4.8b, d). Noteworthy, vari-
ations of 6°3/°2Cr within AbG basalts and French Polynesian basalts are small and
mostly defined by sample FP2RU2 from French Polynesia with MgO of 6.08 wt. %.
Negligible effect of fractional crystallization on §°¥/°2Cr has been recently observed
for MORBs from the East-Pacific Rise and Pacific-Antarctic Ridge, which reflect
different degrees of fractional crystallization of olivine + plagioclase 4 clinopyrox-
enes at low pressures (Chapter 3). Moreover, it has been suggested that low pressure
clinopyroxene fractionation could lead towards higher 6°3/°2Cr in the residual melt
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Figure 4.8: Fe and Cr isotopic compositions vs. a) and ¢) CaO/Al;O3 ratios and b) and d) Sc/Yb
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(Ma et al., 2022). However, Réunion AbG basalts experienced clinopyroxene frac-
tionation at high pressures (e.g., Boudoire et al., 2019). It has been shown that an
increase in crystallization depth leads towards higher Al contents in [4]-coordination
in clinopyroxene (Adam and Green, 1994; Boudoire et al., 2019; Pichavant et al.,
2016), which in turn increases the compatibility of Cr** due to charge balance ef-
fects (Karner et al., 2007; Papike et al., 2005; Papike et al., 2016). Hence, fractional
crystallization of Al-rich clinopyroxenes, frequently occurring in komatiites, lead to-
wards a decrease in 6°%/°2Cr with increasing degree of differentiation as has been
observed for komatiitic basalts from the Barberton Greenstone Belt (Wagner et al.,
2021). This is in contrast to the invariant §°%/°2Cr with decreasing CaO/Al,O3
and Sc/Yb for AbG basalts and French Polynesia samples. AbG basalts may addi-
tionally be affected by clinopyroxene resorption and contamination of small degree
melts (<5%) from dunitic or wehrlitic cumulates during ponding at intermediate
depths, supposedly within the underplating layer (Boudoire et al., 2019). Based on
the assumption that clinopyroxene crystals exhibit a higher 6°3/°2Cr compared to
the melt at equilibrium, clinopyroxene resorption would result in an increase of both
6°3/°2Cr and CaO/Al,O3, thus resulting in a positive correlation between §°%/°2Cr
and CaO/Al,O3, which is not observed.

Interestingly, the two types of Lo’ihi glasses display two distinct groups in Cr and Fe
isotopic compositions. Transitional basalts display low §°%/°2Cr and high 6°0/%Fe,
whereas tholeiitic glasses display high 6°3/°2Cr and low §°¢/°*Fe (Figure 4.1). As
described in Section 4.3.1.2 and 4.4.1.2 transitional and tholeiitic glasses display
higher MgO abundances in Q-ICP-MS analyses compared to in-situ analyses via
EPMA attributed to olivine incorporation, which may thus affect the 6°3/52Cr and
§°0/%4Fe. Incorporation of solely olivine should lead towards negative correlations
between both §°%/°2Cr and §°9/5*Fe and MgO, which is not observed. Although
the sample with highest MgO and Ni contents (J2-309-R1) displays the lightest
§°3/52Cr, the wide range of §°/°2Cr (and §°%/°*Fe) values are accompanied by a
relatively small range in MgO abundances, which suggest overall limited olivine in-
corporation/accumulation (Figure 4.7a-b). Following, these small degrees of olivine
incorporation should have negligible effect on the Cr isotopic compositions based
on the commonly incompatible behavior of Cr in olivine (Mallmann and O’Neill,
2009). Similarly, Cr-spinel incorporation, which may play a role for Lo’ihi transi-
tional basalts (based on high Cr contents; Figure 4.6f), should increase the §°3/2Cr
and decrease §°%/°*Fe with increasing Cr as exemplified by the combined Cr-spinel
and olivine accumulation trends of Kilauea Iki lava lake basalts (Shen et al., 2020;
Teng et al., 2008). However, these relationships are not observed for Lo’ihi glasses
(Figure 4.7c-d). Moreover, it could be argued that lower Sc/Yb and CaO/Al,Og
ratios of transitional basalts than observed for tholeiitic basalts may signal higher
degrees of clinopyroxene fractionation (e.g., Figure 4.6d). This interpretation would
be in line with the overall higher 6°%/>*Fe and lower 6°3/°2Cr of transitional basalts
compared to tholeiitic basalts (Figure 4.8c, d). Additionally, the magnitude of Fe
isotopic fractionation from tholeiitic to transitional Lo’ihi glasses is similar to the
increase in 0°%/°*Fe from Réunion picrites to Réunion AbG basalts (Figure 4.8a, c)
and supports clinopyroxene control on the Fe isotopic composition of these sam-
ples. However, the large range of 6°3/°2Cr values at very similar CaO/Al,O5 and
Sc/YD ratios observed for transitional basalts may point to an additional process
influencing 6°%/52Cr of transitional Lo’ihi glasses.
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Figure 4.9: Fe and Cr isotopic compositions vs. major and trace element concentrations for Vogels-
berg basanites and alkali basalts. In contrast to the expected trends for fractional crystallization
of clinopyroxene as indicated by stippled arrows, alkali basalts exhibit higher 6°%/52Cr and lower
§56/54Fe. The isotopic range for Bulk Silicate Earth (BSE) is indicated by the grey field (§°6/54Fe;
Weyer and Ionov, 2007; 6°3/52Cr; Wagner et al., 2021). Errors on §°6/54Fe and 6°3/°2Cr as in
Figure 4.1. Major and trace elements from Bogaard and Worner (2003). Cpx = clinopyroxene.

4.5.1.2 Vogelsberg, Germany

Vogelsberg basanites with an average §°3/°2Cr of -0.201 £0.033 %o (2SD; n=6) lie
outside the range of the §°¥/°2Cr BSE value of -0.12 £ 0.06 %o and also show lower
§93/52Cr compared to Vogelsberg alkali basalts having an average §°%/°2Cr of -0.164
+0.033 %o (2SD; n=>5; Figure 4.1a). The opposite is observed for stable Fe isotopes,
in which basanites display a higher average 6°6/**Fe (+0.170 4 0.057 %0, 2SD; n=6)
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compared to alkali basalts (+0.147 4 0.044 %o; 2SD, n=>5; Figure 4.1b).

The Vogelsberg volcanic suite comprises near-primary basanites and alkali basalts
and major element variations indicate typical differentiation trends of olivine and
Ti-rich clinopyroxene as major fractionating phases (Figure C.2.7; Bogaard and
Worner, 2003). Two samples VB96-08 and VB96-16 display elevated FesO3 con-
tents and correspondingly low FeO contents, indicating the oxidation of Fe, which,
however did not result Fe loss as indicated by similarly high FeOyoa contents (Fig-
ure C.2.7). Eu/Eu* ratios close to 1 denote the absence of plagioclase fractionation
(Figure 4.5b) and therefore suggest that fractional crystallization probably occurred
at depths > 15km (possibly at the crust-mantle boundary; Bogaard and Worner,
2003). In comparison to near-primary basanites, alkali basalts experienced a higher
degree of olivine and clinopyroxene fractionation as indicated by their overall lower
MgO and Ni and higher Al,O3 (Figure C.2.7) and SiO, contents (not shown) (Bo-
gaard and Worner, 2003). Clinopyroxene fractionation is particularly important
in alkali basalts as evident from decreasing Sc with decreasing MgO concentrations,
whereas the opposite is observed for basanites (Figure C.2.7f). Despite the relatively
good correlations of §°*/52Cr and §°%/%*Fe with MgO (Figure 4.9a-b), the observed
trends are opposite to what has been observed previously in ultramafic-mafic sys-
tems, where §°3/°2Cr is generally lowest in most evolved samples (Bonnand et al.,
2020b; Shen et al., 2020; Wagner et al., 2021) and 6°6/>*Fe increases with increasing
crystallization of olivine and pyroxene (Schuessler et al., 2009; Sossi et al., 2012;
Teng et al., 2008; Teng et al., 2013). As discussed in Section 4.5.1.1 high-pressure
clinopyroxene fractionation is predicted to result in lower 6°%/52Cr with increasing
fractionation (mainly based on the preferential incorporation of the substitution
couple AI3*-Cr3* in clinopyroxene at high pressure; Karner et al., 2007; Papike et
al., 2016), similar to theoretically calculated heavy §°%/52Cr of pyroxene (Shen et
al., 2018b). However, this is inconsistent with the observed trends. We note that
the slight decrease of §°*/°2Cr vs. MgO in the most evolved alkali basalts (MgO
<10wt. %) may be due to clinopyroxene fractionation, which is also evident from
decreasing 6°*/°2Cr with decreasing Sc content (Figure 4.9b, f). However, in gen-
eral the more primitive samples of the Vogelsberg suite, display the heavy §°6/>*Fe
and light §°%/°2Cr (Figure 4.9), and thus preclude crystal fractionation as the cause
for the observed stable isotopic signatures. It is thus suggested that °3/52Cr and
§°6/54Fe systematics of basanites and alkali basalts are primarily controlled by partial
melting and/or source composition.

4.5.1.3 Doros complex, Namibia

The composition of the intrusive rocks from the shallow-level Doros intrusive com-
plex are affected by both fractional crystallization and crystal accumulation. As
described in detail by Owen-Smith and Ashwal (2015b), the main mineralogy of
the lower stratigraphic rocks consists of olivine, plagioclase, calcic clinopyroxene
and titanomagnetite, whereas Cr-spinel has not been observed. Mineral analyses
of Fe-Ti oxides in the BOM and MOG show that these are relatively Ti-poor (15
to 38 % ulvospinel content), with ilmenite-rich lamellae formed by oxy exsolution
(non-primary ilmenite; Owen-Smith and Ashwal, 2015b). The Cr content of Fe-
Ti oxides are highest in BOM (up to 7wt. %) and decreases from BOM to MOG
(Owen-Smith and Ashwal, 2015b). The high MgO contents of BOM reflect olivine
accumulation (30 to 60 %), whereas MOG are dominated by plagioclase accumu-
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lation (45 to 60 %), the latter being indicated by the steep increase of AlyO3 for
samples with MgO <10wt. % (Figure C.2.8a; Owen-Smith and Ashwal, 2015b).
Together, both units display an upward differentiation trend supported by more
evolved olivine compositions of BOM (Forzs) than MOG (Fogz) (Owen-Smith and
Ashwal, 2015a). In general, this upward differentiation trend is accompanied by
increasing 6°%/°*Fe and decreasing §°%/52Cr from BOM to MOG (Figure 4.10). The
effect of olivine accumulation on whole-rock 6°6/5*Fe has been discussed in detail by
previous studies (e.g., Teng et al., 2008) and is generally thought to decrease the
§°6/%4Fe due to the preferential incorporation of light Fe isotopes into olivine. This
is in agreement with the slight decrease of §°6/°Fe with increasing MgO and Ni
contents for Doros intrusive rocks, although §°%/°*Fe variations are less pronounced
compared to Kilauea Iki basalts or komatiites from the Barberton Greenstone Belt
(Figure 4.10a, c¢). Theoretical calculations showed that olivine also preferentially
incorporates the light Cr isotopes (Berry et al., 2021a; Moynier et al., 2011; Shen et
al., 2018b). However, based on invariant 6°3/°2Cr of komatiites, which display large
amounts of olivine crystallization and accumulation (Wagner et al., 2021), olivine
has been shown to have negligible control on §°*/52Cr during fractionation and ac-
cumulation at terrestrial mantle conditions (Figure 4.10b). In cases, where olivine
accumulation is accompanied by Cr-spinel accumulation an increase of §°%/°2Cr with
increasing MgO has been observed (e.g., Réunion picrites, Section 4.5.1.1; Kilauea
Iki basalts, Shen et al., 2020). Invariant §°*/°2Cr with decreasing MgO and Ni con-
tents in Doros rocks with MgO > 15 wt. % (Figure 4.10b, d) support the observations
made from komatiitic rocks and are in line with Cr-free olivine and absence of Cr-
spinel observed for BOMs of the Doros suite (Owen-Smith and Ashwal, 2015b).

Fractionating minerals in Doros rocks include clinopyroxene and Fe-Ti oxides (Owen-
Smith and Ashwal, 2015a). Similar to olivine, clinopyroxene is generally thought to
incorporate light Fe?* resulting in a low §°%/°*Fe compared to their host rock (e.g.,
Weyer and lonov, 2007; Williams et al., 2005). Thus, fractional crystallization of
clinopyroxene has been suggested to lead towards higher §°%/°*Fe with increasing
differentiation (e.g., Teng et al., 2008; Teng et al., 2013). Theoretical calculations
show that clinopyroxene preferentially incorporates the heavy Cr isotopes (Shen
et al., 2018b) displaying an isotopic difference between clinopyroxene and melt of
+0.046 %0 when at equilibrium (Shen et al., 2020). The effect of fractional crystal-
lization of Fe-Ti oxides with the general formula ¥/ A1B,O4 on §°9/*Fe is dependent
on Fe-Ti oxide compositions. Fe-Ti oxides such as magnetite and ulvospinel belong
to the inverse spinel group, in which half of the B cations partition into the tetra-
hedrally coordinated A site (e.g., magnetite with Fe3*(0l(Fe?*Fe3+)0,). In detail,
magnetite has been shown to lead towards a decrease in §°/>Fe (Shahar et al., 2008;
Sossi et al., 2012), whereas the fractionation of ulvospinel (Fe?*0l(Fe?* Ti*+)0,)
has been shown to increase the §°6/5*Fe of the residual magma with increasing dif-
ferentiation (Schuessler et al., 2009). Similarly, solid solutions along the hematite-
ilmenite mixing line specifically fractionate Fe isotopes, i.e., ilmenite preferentially
incorporates the light Fe isotopes, whereas hematite preferentially incorporates the
heavy Fe isotopes (Polyakov et al., 2007; Polyakov and Mineev, 2000). In contrast
to Cr-spinel (Berry et al., 2021a; Bonnand et al., 2020a; Moynier et al., 2011; Shen
et al., 2018b), there are no experimental data or theoretical predictions concerning
Cr isotopic fractionations between Fe-Ti oxides and melt. Moreover, a systematic
change of §°3/52Cr with Fe-Ti oxide fractionation could not be resolved in a re-
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Figure 4.10: Fe and Cr isotopic compositions vs. a) and b) MgO, c) and d) Ni, and e) and f)
Cr contents for intrusive rocks from the Doros complex. Also shown are Réunion basalts (this
study), komatiites from the ~3.5 Ga Barberton Greenstone Belt (Wagner et al., 2021) and Kilauea
Iki lava lake basalts (6°%/52Cr, Shen et al., 2020; 6°6/5*Fe, Teng et al., 2008). Errors on §°6/%*Fe
and §53/52Cr as in Figure 4.1. BOM= basal olivine melagabbro; MOG = massive olivine gabbro,
Cpx = clinopyroxene.

cently investigated MORB suite of the Pacific-Antarctic Ridge and was ascribed
to relatively low Cr contents in MORB-like Fe-Ti oxides (Chapter 3). The inverse
structure of magnetite offers only one trivalent site in octahedral coordination (e.g.,
W Fe3+16](Fe?*Cr3t)0,) and based on the strong octahedral site preference of Cr*+
(Burns, 1975) limits its partitioning into magnetite compared to normal Cr-spinel.
As Cr?* is generally thought to prefer distorted crystal lattice sites its partitioning
into spinel minerals in general is thought to be negligible (Moynier et al., 2011;
Shen et al., 2018b). Therefore, the Cr isotopic composition of Fe-Ti oxides would
be expected to be heavier compared to the melt, but the magnitude of isotopic frac-
tionation may be smaller based on the overall lower compatibility of Cr in Fe-Ti
oxides compared to Cr-spinel.

In order to explain the overall trend towards higher §°¢/°*Fe and lower 6°3/°2Cr with
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decreasing MgO contents multiple scenarios can be envisaged applying to the Doros
intrusive rocks. Firstly, as outlined above the evolution towards higher §°%/>*Fe and
lower 6°3/°2Cr can be attributed towards a continuously evolving basaltic magma,
in which crystallization of olivine, clinopyroxene and ulvospinel lead to an increase
in 6°9/%4Fe such as observed for Kilauea Iki basalts (Figure 4.10). On the other
hand, increasing magnetite component would preferentially remove the heavy iso-
topes from the residual melt (Sossi et al., 2012), and correspondingly mask the
overall increase in °%/°*Fe. Regarding 6°%/°2Cr, clinopyroxene and Fe-Ti oxide crys-
tallization would still dominate the Cr budget based on mass balance considerations
and thus lead towards the overall decrease in §°/52Cr during combined crystalliza-
tion of olivine, clinopyroxene and Fe-Ti oxides similar to observations made from
Kilauea Iki basalts (Figure 4.10b, d, f). Secondly, both, fractionation and accu-
mulation, play a role in Doros intrusive rocks. The main accumulating phase for
samples < 15wt. % MgO is plagioclase, whereas Fe-Ti oxide accumulation is in-
significant for both BOM and MOG (Owen-Smith and Ashwal, 2015a). Plagioclase
accumulation in MOG is evident by small positive Eu anomalies (Eu/Eu*) and pro-
nounced peaks of Sr in PM-normalized trace element patterns (Figure 4.5d). Neither
6°6/5%4Fe nor §°3/°2Cr correlate clearly with Eu/Eu* (not shown), which is expected
based on extremely low partition coefficients of both Cr and Fe in plagioclase (e.g.,
Déﬁmhit@/ melt — 0.01; Leitzke et al., 2016). Thus, the effect of plagioclase ac-
cumulation is negligible for §°¢/°*Fe and 6°%/°2Cr. Accumulation of clinopyroxene
would lead towards an overall smaller bulk isotopic fractionation between melt and
crystals, and thus may obscure the variations observed for §°¢/%4Fe and §°¥/°2Cr in
samples with MgO content < 15wt. % compared to a pure fractional crystallization
trend. Due to the difficulty of estimating the exact proportion of accumulating and
fractionating phases, further exploration is inhibited. The clinopyroxene cumulate
TOD-77 with ~60 % of cumulus clinopyroxene, however, fits roughly on the trend
defined by BOM and MOG in 6°6/**Fe and 6°3/°2Cr vs. MgO space (Figure 4.10).
Moreover, the continuously increase of 6°6/%*Fe with increasing magmatic differen-
tiation is in contrast with previous studies of layered mafic intrusions such as the
Bushveld Complex (Bilenker et al., 2016) and Baima intrusion, China (Chen et al.,
2014; Liu et al., 2014), in which no systematic variations of §°%/5*Fe with increasing
magmatic differentiation were observed.

The magnitude of isotopic fractionation during melt differentiation depends on many
variables including temperature, pressure, oxygen fugacity, melt composition and
associated mineral chemistry, and amount of fractionating or accumulating phases.
Although slow cooling may lead to large isotopic differences between different min-
eral phases through diffusion such as shown for 6°6/>'Fe (e.g., Kilauea Iki lava lake;
Teng et al., 2011) and 6°*/°2Cr (e.g., Stillwater complex; Bai et al., 2019) the isotopic
composition of whole-rocks may still reflect isotopic fractionation due to progressive
magmatic differentiation (Teng et al., 2008). Despite the difficulties of assessing the
effect of accumulating and fractionating mineral phases on the §°%/°*Fe and §°3/°2Cr
in the intrusive rocks of the Doros complex, we note that there is striking resem-
blance of §°9/4Fe and §°¥/°2Cr with indicators of magmatic differentiation between
the Doros intrusive rocks compared to those observed in volcanic systems such as
the historic Kilauea Iki lava lake (Shen et al., 2020; Teng et al., 2008) and the
~3.5 Ga komatiite-tholeiite suite from the Barberton Greenstone Belt (Figure 4.10)
(Wagner et al., 2021). Moreover, Doros intrusive rocks show §°¢/°Fe values com-
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parable to Réunion samples (Figure 4.10). Similar to Doros rocks, komatiitic rocks
from the Barberton greenstone belt are variably affected by accumulation of olivine
(with MgO > 18 wt. %), whereas Barberton rocks with MgO < 18 wt. % are affected
by fractionation and accumulation of clinopyroxene and subsequently plagioclase
(Wagner et al., 2021). The similarities of §°%/°*Fe and §°3/°2Cr evolution within
the three locations are remarkable as they are not only different in their age, but
also in size and related timescales of crystallization as well as mode and conditions
of magma emplacement (e.g., open vs. closed magmatic systems). Overall, de-
spite differences in melting regimes of Archean and modern magmatic systems (e.g.,
pressure and temperature of melting, degree of melting and hence parental magma
composition) the striking resemblance of the komatiite-tholeiite suite compared to
the Doros intrusive rocks suggests that these differences do not primarily control
Cr, and possibly Fe, isotope fractionation.

4.5.2 Partial melting of a heterogeneous mantle

As shown above and in previous studies, fractional crystallization can fractionate
Cr isotopes (e.g., Bonnand et al., 2020b; Jerram et al., 2020; Shen et al., 2020;
Wagner et al., 2021). Some of the lower §°%/52Cr values of samples in this study,
such as the Doros massive olivine gabbros, can be attributed to fractional crystal-
lization (Section 4.5.1.3). However, the low §°%/°2Cr values of Vogelsberg basanites,
Lo’ihi transitional basalts or one HIMU-type basalt from French Polynesia are not
in accordance with fractional crystallization control (Section 4.5.1.1 and 4.5.1.2). In
order to minimize the effects of fractional crystallization the following discussion on
partial melting and source effects will be based on samples with MgO > 7.5 wt. %, as
the effect of fractional crystallization on §°*/52Cr has been observed to be strongest
in samples with MgO < 7.24wt. % (Doros suite). This filtering approach is simi-
lar to that used in Soderman et al. (2022) who applied a filtering of 7.2wt. % <
MgO < 16 wt. % to further avoid cumulates. In detail, the filtering approach used
in this study applies to three samples of the Doros suite, one SSB from Piton de la
Fournaise, one Lo’ihi transitional basalt and the PREMA-type sample from Rurutu
Island (FP2RU2).

4.5.2.1 The effect of melting of garnet- vs. spinel-bearing peridotite

Compared to MORBs with an average §°/°2Cr value of -0.237 4 0.050 %o (2SD;
Chapter 3), OIBs extend from BSE-like values or slightly heavier (average §°%/52Cr
of -0.104 +0.013 %o for Lo’ihi tholeiitic basalts, 25D; n=>5) towards 6°3/°2Cr values
as low as -0.227 £ 0.018 %o (2SE; Lo’ihi transitional basalt J2-309-R1). During par-
tial melting of the mantle, the silicate melt is enriched in the heavier Fe and lighter
Cr isotopes. Hence, the melt exhibits a higher §°¢/5*Fe (Dauphas et al., 2009; Weyer
and Tonov, 2007; Williams et al., 2005) and lower 6°*/°2Cr (Shen et al., 2018b; Shen
et al., 2020; Xia et al., 2017) compared to the source. Thereby, the isotopic frac-
tionation is thought to be greatest at small degrees of melting, and with increasing
melting degree the §°9/°*Fe and §°%/52Cr values of the melts approach that of their
source (Dauphas et al., 2009; Jerram et al., 2022; Chapter 3). As OIBs are generally
thought to be generated at lower degrees of melting (~10%) compared to MORBs
(~20%), they should, in theory, exhibit lower 6°*/°2Cr and higher §°6/>'Fe values
than MORBs. However, for 6°3/52Cr the opposite is observed and the overall higher
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§53/52Cr of OIBs compared to MORBs cannot be reconciled by different degrees of
partial melting of a homogeneous source.

In contrast to MORBs, which are mostly generated in the stability field of spinel,
melting of OIBs occurs at greater depths and higher pressures in the garnet stability
field. This is shown by (Gd/Yb)py > 2 for all samples in this study (Figure 4.11;
PM normalizing values after Palme and O’Neill, 2014)). The sensitivity of stable
Fe isotopes to lithological variations, i.e., garnet- vs. spinel-bearing peridotite, has
been proposed previously (Gleeson et al., 2020; Konter et al., 2016; Soderman et al.,
2021; Soderman et al., 2022; Sossi and O’Neill, 2017; Williams and Bizimis, 2014)
and recently also invoked for stable Cr isotopes by theoretical calculations (Jerram

et al., 2022).
For Fe, experimental work determining equilibrium fractionation factors and natu-
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Figure 4.11: a) Cr isotopic compositions (§°3/°2Cr) and b) Fe isotope compositions (6°6/54Fe)
vs. (Gd/Yb)pm to illustrate the influence of garnet during partial melting of OIBs compared
to MORBs (Chapter 3). (Gd/Yb)pm ratios of ~1 are consistent with melting in the presence
of spinel, whereas (Gd/Yb)pny ratios > 2 highlight melting in the garnet stability field. Shaded
area is supposed to illustrate qualitatively the increasing influence of garnet. The higher §°3/52Cr
and higher 6°9/54Fe compared to MORB is qualitatively consistent with partial melting models
(indicated by the stippled arrow) which suggest greater Fe isotopic fractionation and lower Cr
isotopic fractionation from the BSE during partial melting when compared to melting in the spinel
stability field. Estimates for §°3/52Cr and 6°¢/5*Fe BSE values as used in Figure 4.1. Errors on

§%3/52Cr and §°/%4Fe as used in 4.1.

ral data showed that garnets preferentially incorporate the light Fe isotopes (Beard
and Johnson, 2004; Sossi and O’Neill, 2017; Williams and Bizimis, 2014; Williams
et al., 2009; Williams et al., 2005), which can be largely attributed to the differences
in coordination environment of Fe? changing from [4]- to [6]-coordinated in spinel,
[6]-coordinated in pyroxene and olivine to [8]-coordinated Fe** in garnet (Sossi and
O’Neill, 2017; Young et al., 2015). Hence, the retention of light Fe isotope in garnet
has been proposed to result in a greater Fe isotopic fractionation during melting
of garnet peridotite compared to spinel-bearing peridotite. Assuming a BSE-like
§°6/54Fe for both lithologies, i.e., identical isotopic starting composition, the iso-
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topic differences between a melt generated by partial melting of a garnet-bearing
peridotite compared to a spinel-bearing peridotite are small (< ~0.01 %o at 10 %
melt degree; Gleeson et al., 2020; Sossi and O’Neill, 2017). Moreover, considering a
BSE-like 6°6/4Fe source composition modeling results by Sossi and O’Neill (2017)
show a melt generated by 1% melting of a garnet-peridotite would exhibit a §°%/%*Fe
of ~0.07 %o. Therefore, the on average higher §°9/5*Fe values of OIBs in this study
compared to MORBs are qualitatively in agreement with differences in the degree
and depth of melting (Figure 4.11). However, the §°6/>Fe variations within single
OIB rock suites are too large and the absolute 6°6/°*Fe values of OIBs are too high
to be generated by lower melting degrees and the presence of garnet alone, which
has been also highlighted by previous studies (e.g., Gleeson et al., 2020; Soderman
et al., 2021; Sossi and O’Neill, 2017).

The effect of garnet on §°¥/°2Cr during mantle melting is less well studied and
§%3/52Cr data on garnet separates are sparse. So far, mineral analyses of two gar-
net pyroxenites showed that garnets have consistently lower 6°3/°2Cr compared to
coexisting clinopyroxene (Shen et al., 2015), which may indicate substantial incorpo-
ration of light Cr isotopes into garnet. However, variable isotopic differences between
the two clinopyroxene-garnet pairs suggest disequilibrium (Shen et al., 2015). Be-
sides, garnet pyroxenites are not representative for garnet-peridotite melting. In
particular, garnet pyroxenites studied by Shen et al. (2015) are derived from a sub-
arc mantle being affected by a variety of complex processes, such as metasomatism
by fluids and melts from the subducted slab (Shen et al., 2018a). Metasomatism
especially by melts has been shown to promote 6°%/°2Cr disequilibrium between
minerals and melts (Jerram et al., 2022; Xia et al., 2017) and may thus account
for the light 6°%/°2Cr of garnet in these particular samples. On the other hand,
the Cr isotopic composition of garnet-bearing peridotites derived from subcontinen-
tal lithospheric mantle show a considerable range between -0.35 and +0.03 %o (Xia
et al., 2017). However, these samples have experienced variable degrees of melt
extraction and metasomatism (Xia et al., 2017). Moreover, a recent study by Jer-
ram et al. (2022) revealed no systematic difference in §°*/°2Cr between spinel- and
garnet-bearing lherzolites, with the latter displaying a 6°3/°2Cr range between -0.17
and -0.08 %o. Nevertheless, based on a similar approach used by Sossi and O’Neill
(2017), model calculations by Jerram et al. (2022) suggest lower Cr isotopic frac-
tionation (A%/52Crypurcemert) during melting of garnet peridotite compared to spinel
peridotite, which in theory should result in higher 6°3/52Cr values of OIBs compared
to MORBs. These authors use the same potential energies to calculate 6°3/°2Cr of
garnet as used for olivine and spinel, because Cr3* occurs in octahedral coordina-
tion in all these minerals. This is supported by experimental data, which showed
that garnet preferentially incorporates Cr3* over Cr?* over a wide range of oxygen
fugacities (AIW-2 to ATW+9; Righter et al., 2011). The overall heavier §°*/°2Cr of
OIBs compared to MORBSs, thereby creating an overall positive relationship between
§°3/52Cr and (Gd/Yb)py defined by the MORB-OIB array, can thus be qualitatively
explained by garnet in the source of OIBs (Figure 4.11a). However, calculated Cr
isotopic compositions of garnet peridotite melts are only ~0.02 %o heavier than melts
generated by partial melting of spinel-peridotite (Jerram et al., 2022). This is in
agreement with the indistinguishable 6°3/°2Cr of Al-depleted komatiites compared to
Al-undepleted komatiites (Wagner et al., 2021; Chapter 2). Therefore, the observed
range for OIBs from §°%/°2Cr of -0.227 4+ 0.018 %o (transitional basalt J2-309-R1,
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Figure 4.12: a) Variations of (Dy/Yb)pym vs. (La/Yb)pym for Vogelsberg basanites and alkali
basalts show that basanites are generated at lower partial melting degrees than alkali basalts in
the garnet-spinel transition zone. Modeled melting curves are from Bogaard and Woerner (2003).
Tick marks with numbers indicate the degree of melting in %; b) Basanites and alkali basalts
follow a trend of decreasing §°9/%*Fe with decreasing (La/Yb)py in line with partial melting
control; ¢) §°3/52Cr increase with decreasing (La/Yb)py. Comparison with literature §°3/52Cr
data from Fangataufa Island, in which high-K and low-K basalts display low- and high-degree
melts, respectively (Bonnand et al. 2020), show a similar trend supporting the proposed partial
melting control for this dataset. Errors on §°%/52Cr and §°9/5Fe as used in Figure 4.1.
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Lo’ihi) to -0.094 4+ 0.017 %o (tholeiitic basalt J2-243-1A-R2, Lo’ihi) and the differ-
ence between the average 6°3/°2Cr of MORBs (-0.237 4 0.050 %o, 2SD, n=19; Chap-
ter 3) compared to average 6°3/°2Cr of OIBs (-0.153 £ 0.072 %o, 25D, n=39) may not
fully be accounted by melting induced Cr isotopic fractionation of garnet vs. spinel
bearing peridotite. Moreover, the absence of positive correlations between §°3/°2Cr
and (Gd/Yb)pym within each volcano or island group suggests that garnet does not
exert a primary control on §°%/52Cr.

In particular, Vogelsberg basanites and alkali basalts display a negative correlation
between 6°%/°2Cr and (Gd/Yb)py. Trace element modeling showed that Vogels-
berg volcanic rocks were generated within the garnet-spinel transition zone, whereas
basanites are generated at lower melting degrees compared to alkali basalts (Figure
4.12a; Bogaard and Woérner, 2003). Moreover, low SiO, saturation in primitive mag-
mas indicate higher melting pressures, which suggests that basanites are generated
at higher average melting depths compared to alkali basalts and is in agreement
with observations from alkaline volcanic rocks from the Siebengebirge (Jung et al.,
2012; Kolb et al., 2012). Thus, slightly higher (Gd/Yb)py ratios (Figure 4.11), high
Ca0O/Al,O3 and V/Sc ratios (not shown) in basanites compared to alkali basalts
point to a higher influence of garnet. However, the lower §°%/52Cr of basanites com-
pared to alkali basalts is in conflict with garnet peridotite melting controlling the
§°3/°2Cr in the light of model calculations by Jerram et al. (2022). Hence, a dif-
ferent process may control the 6°3/°2Cr of the Vogelsberg suite and possibly OIBs
in general. Although, the positive correlations between §°6/*Fe and (Gd/Yb)pwy
(and V/Sc) ratios are in agreement with melting within a continuous spectrum of
decreasing garnet control from Vogelsberg basanites to alkali basalts (Figure 4.11b),
the observed §°%/°4Fe variations within the Vogelsberg rock suite of ~0.086 %o are
much greater than can be accounted for by partial melting of garnet peridotite alone
as indicated by theoretical partial melting model calculations (Gleeson et al., 2020;
Soderman et al., 2021; Sossi and O’Neill, 2017).

In summary, the lighter §°¥/°2Cr and heavier §°%/°*Fe compositions of OIBs com-
pared to MORBs and the BSE value are in agreement with the general behavior
of Cr and Fe isotopes during partial melting of garnet-peridotite. However, the ob-
served isotopic variation is much greater than predicted by melting models published
so far (For Cr: Jerram et al., 2022; for Fe: Gleeson et al., 2020; Sossi and O’Neill,
2017). As suggested for Fe isotopes in previous studies (Gleeson et al., 2020; Konter
et al., 2016; Nebel et al., 2019; Soderman et al., 2021; Sossi and O’Neill, 2017; Teng
et al., 2013; Williams and Bizimis, 2014), the large variations of 6°3/°2Cr in OIBs
may be explained by melting of a lithological heterogeneous source.

4.5.2.2 Tracing the oceanic crust

Although the on average higher §°%/°2Cr values of OIBs compared to MORB are
qualitatively consistent with partial melting of garnet peridotite compared to melt-
ing in the spinel stability field, the §°*/°2Cr of OIBs show a greater variation than is
anticipated by current melting models (Jerram et al., 2022). Following, a litholog-
ically heterogeneous mantle with possibly including heterogencous 6°%/52Cr source
compositions, may cause the observed 6°3/°2Cr range in OIBs. This is in principle
supported by the large range of §°3/°2Cr exhibited by (subcontinental) lithospheric
mantle xenoliths (Jerram et al., 2022; Xia et al., 2017).

A heterogeneous mantle has been traditionally inferred from the diverse composi-
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tions of oceanic basalts in radiogenic isotope space (Sr-Nd-Hf-Pb; Hofmann, 1997;
White et al., 2000) and linked to the recycling of crustal components. The different
components are referred to as the depleted mantle, EM1, EM2, HIMU and PREMA
and also exhibit specific characteristic in major element and trace element composi-
tions suggesting varying origins of these crustal components (Jackson and Dasgupta,
2008; Jackson et al., 2012; Willbold and Stracke, 2006). Therein, recycling of crustal
components such as oceanic crust is mostly associated with the HIMU and PREMA
components whereas EM1 and EM2 are associated with an additional continentally
derived component (e.g., Stracke, 2012; Stracke et al., 2005; Willbold and Stracke,
2006).

Moreover, this compositional diversity has often been linked to a lithological hetero-
geneity, encompassing variously depleted peridotite lithologies as well as enriched
mafic and ultramafic lithologies such as eclogite or pyroxenite. Eclogite, the high-P
and low-T derivate of basalt, is formed during subduction of oceanic crust. This
eclogite may undergo partial melting during subduction or during later ascent in
a plume and form a range of pyroxenite compositions by reacting with ambient
peridotite (e.g., silica-excess and silica-deficient pyroxenite, respectively; Lambart
et al., 2016). In addition, low degree melts of peridotite that metasomatize the
ambient mantle may form pyroxenite lithologies or crystallize as pyroxenitic veins
near or within the lithosphere and may thus be unrelated to recycling of oceanic
crust (Downes, 2007; Halliday et al., 1995).

Stable Fe isotopes have been used previously to identify recycled source material
(Gleeson et al., 2020; Konter et al., 2016; Nebel et al., 2019; Soderman et al., 2021;
Williams and Bizimis, 2014), and have been linked to relatively high §°¢/5*Fe in OIBs
or MORBs. The sensitivity of stable Fe isotopes is mainly based on mineral-specific
fractionation factors of pyroxene enhancing the magnitude of isotopic fractiona-
tion. Thereby, higher melt §°6/5*Fe values are generated, if pyroxenites are present
in the source compared to melting of peridotite (Soderman et al., 2021; Williams
and Bizimis, 2014). Similarly, partial melting of eclogites leads to higher §°%/**Fe
in the melt due to preferential melting of pyroxene and retention of light Fe iso-
topes in garnet (Sossi and O’Neill, 2017). Moreover, this effect is enhanced, if the
pyroxene-rich lithology or eclogite has a crustal origin and thus presumably carries
a higher 6°6/%*Fe signature than pure peridotite with a BSE-like signature of 4+0.02
+0.03 %0 (Weyer and Ionov, 2007). In this context, pyroxenite or eclogite compo-
nents exhibit a §°%/°*Fe signature represented by average MORB (§°%/%*Fe = +0.107
+0.055 %o, 2SD; compiled from Chen et al., 2019; Richter et al., 2021; Weyer and
Ionov, 2007). More recently, mineralogical control on stable isotope fractionation
of various non-traditional isotope systems (Fe-Mg-Ca-V-Cr) during partial melting
have been explored by theoretical phase equilibria calculations by Soderman et al.
(2022). Therein, stable Cr and Fe isotopes emerge as a lithological tracer, especially
for pyroxenites, in the source of basalts. Similar to Fe isotopes, the sensitivity of
stable Cr isotopes to different lithologies is based on mineral-specific fractionation
factors during melting (Berry et al., 2021a; Shen et al., 2018a). The combination
of relatively high Cr concentrations and positive isotopic differences between source
and melt (A*/°2Crguee-mete; Shen et al., 2020) make clinopyroxene, together with
spinel, crucial mineral phases during partial melting. Additionally, a pyroxenite
component representing recycled oceanic crust has a presumably lower §°%/°2Cr than
peridotite with a BSE-like composition of §°*/52Cr = -0.12 £ 0.06 %o, as suggested
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by the recently discovered low §°%/°2Cr of MORBs (Ma et al., 2022; Chapter 3)
with an §°3/°2Cr average of -0.237 4+ 0.050 %o (2SD; Chapter 3). Thus, a pyroxenitic
component contributing to the melt will enhance the bulk magnitude of Cr isotopic
fractionation and result in overall lower melt 6°3/°2Cr compared to melting of a pure
peridotitic source (Soderman et al., 2022). However, Cr isotope data for natural
pyroxenite lithologies are scarce. For example, two garnet pyroxenites from the
sub-arc mantle exhibit variable bulk 6°3/°2Cr of -0.10 4 0.04 %o and -0.20 4 0.05 %o
and relatively low Cr concentrations of 194 ugg™' and 164 ugg™, respectively (Shen
et al., 2015). Furthermore, significant 6°3/°2Cr variations for subcontinental litho-
spheric mantle xenoliths have been observed, in which pyroxenitic veins formed from
trapped melt were shown to exhibit exceptional light 6°%/52Cr as a result of kinetic
diffusion processes (Jerram et al., 2022; Xia et al., 2017). Although these samples
may not be directly representative for pyroxenites derived from subduction induced
crustal recycling, the variable but predominantly light 6°3/°2Cr values hint at possi-
ble complex behavior of Cr isotopes involved in pyroxenite formation.

Combining radiogenic isotopes evidencing crustal components in the source of OIBs
with stable Fe isotopes showed that both proxies often correlate, which was inter-
preted to indicate a mixing relationship of different source components with variable
§°6/54Fe (Gleeson et al., 2020; Nebel et al., 2019; Soderman et al., 2021; Sun et al.,
2020; Zhong et al., 2021). Therein, the high §°*/°*Fe component was attributed to
pyroxenite/eclogite having a crustal origin. Similarly, positive correlations between
radiogenic 1**Nd/*4Nd ratios and 6°¥/°2Cr values in basalts from Fangataufa Island
(French Polynesia) suggest an enriched component with a low §°*/%2Cr in the source
of these basalts, although this interpretation is potentially masked by high degrees
of fractional crystallization and varying degrees of partial melting (Figure 4.13b;
Bonnand et al., 2020b).

Here, the observed correlations of 87Sr/%6Sr and *3Nd/™4Nd ratios with §°%/%2Cr
between MORB and OIB may indeed reflect a simple mixing relationship between
mantle components exhibiting different §°%/°2Cr and sampled by oceanic basalts
(Figure 4.13). Therein, MORBs represent one mixing endmember, whereas OIBs
with more radiogenic ®7Sr/®6Sr isotopic signatures trend towards BSE-like §°%/52Cr.
Interestingly, OIBs with HIMU- or PREMA-affinity (i.e., samples from Austral is-
lands and sample FP15GA7 from Mangareva Island (French Polynesia), Vogels-
berg basanites, transitional Lo’ihi glasses and literature data for Fangataufa Island
(French Polynesia); Bonnand et al., 2020b) show lower §°*/°2Cr values compared to
the 6°3/°2Cr BSE value. As PREMA and HIMU mantle components are suggested
to contain recycled oceanic crust of variable age, the low 6°*/°2Cr may be the result
of mixing of MORB-like 6°%/°2Cr into the melting sources of the aforementioned
samples and possibly present as lithologies with “different physico-chemically prop-
erties” (pyroxenite/eclogite) as suggested for the PREMA component in particular
(Stracke, 2012).

When compared with the trend observed for Cr isotopes, Fe isotopic compositions
do not correlate as well with 87Sr/%¢Sr or 1*3Nd/!*4Nd ratios (Figure 4.13c, d). How-
ever, relatively high 6°¢/°*Fe values of the Vogelsberg suite, one HIMU sample from
French Polynesia or Lo’ihi transitional glasses support the general model of recycled
crustal components present as isotopically heavier pyroxenite/eclogite in the source
of OIBs leading towards higher melt 6°6/>'Fe values (Gleeson et al., 2020; Nebel
et al., 2019; Soderman et al., 2021; Williams and Bizimis, 2014). Consistently,
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Réunion basalts, which are derived from a peridotite source considered to be free
of recycled materials (e.g., Gleeson and Gibson, 2019), display BSE-like §°%/52Cr
and §°/°*Fe values (Figure 4.13). In contrast to the observed positive relationship
between 6°%/°2Cr and eNd for Fangataufa basalts (Bonnand et al., 2020b), no such
trend is observed for OIBs in general or individual OIB suites in this study. Except
for EM2 related basalts from French Polynesia, this may be ascribed to the small
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Figure 4.13: Cr and Fe isotopic composition vs. radiogenic Sr and Nd isotope compositions.
Samples representative for HIMU- and PREMA-type OIBs exhibit relatively low §°%/°2Cr and
high §°6/4Fe in line with recycling of oceanic crust with a MORB-like isotope composition in
the source of these OIBs, possibly present as pyroxenitic lithologies. Decreasing 6°%/54Fe with
increasing radiogenic Sr isotope compositions is in contrast with pyroxenititc components, but
suggest a carbonated mantle sampled by EM2 associated basalts from French Polynesia controlling
the Fe isotope compositions. Conclusively, the increase in §°3/52Cr with 87Sr/®6Sr ratios for these
samples suggests that carbonated mantle metasomatism causes high 6°3/52Cr. Data for Fangataufa
OIBs from Bonnand et al. (2020b). BSE-values for 6°3/52Cr from Wagner et al. (2021), for §°6/>4Fe
from Weyer and Ionov (2007), and for radiogenic Sr and Nd isotope compositions from DePaolo
and Wasserburg (1976) and Bouvier et al. (2008), respectively. Errors on §°3/52Cr and §°/54Fe
as used in Figure 4.1.
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spread in radiogenic isotope compositions within each OIB suite (e.g., Réunion,
Lo’ihi, or Doros complex). EM2 related basalts from French Polynesia show a rel-
atively large spread in radiogenic Sr and Nd (Figure 4.13) and to lesser extent Pb
(not shown). Interestingly, radiogenic isotopic compositions of these samples show
strong correlations with §°*/52Cr and §°%/°4Fe, the origin of which is discussed in the
following.

4.5.2.2.1 Constraints from Vogelsberg basanites and alkali basalts Based
on radiogenic Sr-Nd-Pb isotope and trace element compositions the source of basan-
ites and alkali basalts include both asthenospheric and lithospheric components (Bo-
gaard and Worner, 2003), whereas source characteristics of both have been related
to the subduction related recycling during the Variscan orogeny (e.g., Wilson and
Downes, 1991). The asthenospheric component with a Sr-Nd-Pb composition similar
to the EAR and PREMA (Figure 4.2), suggests the presence of recycled oceanic crust
(Stracke, 2012; Stracke et al., 2005; Wérner et al., 1986). Moreover, the importance
of residual eclogite has been suggested for alkaline lavas from the Siebengebirge Vol-
canic Field based on high Zr/Hf (Kolb et al., 2012). High Zr/Hf ratios in OIBs and
continental intraplate basalts have been ascribed to a two-stage melting process, in
which high Zr/Hf is initially generated during subduction involving slab-melting of
eclogite. In a second stage, the eclogite becomes incorporated into the source of alka-
line basalts imparting its high Zr/Hf to primary alkaline melts (Klemme et al., 2002;
Kolb et al., 2012; Pfander et al., 2007). Basanites from the Vogelsberg display Zr/Hf
ratios ranging between 43 to 48, which are higher than observed for alkali basalts
(Zr/Hf = 42 to 44) and the chondritic value of 34.2 (Figure 4.14; Miinker et al.,
2003). Fractionation of Zr/Hf ratios towards higher values may also be achieved by
fractional crystallization of clinopyroxene as well as carbonatite metasomatism. As
described in Section 4.5.1.2 clinopyroxene crystallization as the cause for high Zr/Hf
is unlikely based on the fact that basanites represent near primary melts. Addition-
ally, Sc contents increase with decreasing MgO within basanites, thus, indicating
minor clinopyroxene crystallization (Figure C.2.7). Carbonatite-like metasomatism
of the source has been shown to also increase Nb/Ta ratios of volcanic rocks above
the range typically observed for MORBs (Nb/Ta = 11.5 to 16.6; Biichl et al., 2002)
as shown for Etna volcanic rocks with Nb/Ta ratios between ~21 to ~25 (Bragagni
et al., 2022) or continental basalts from Central Germany, including Vogelsberg,
Eifel and Rhon, with Nb/Ta ratios of up to 19.1 (Pfander et al., 2012). Based on
the comparably low Nb/Ta ratios of Vogelsberg basanites and alkali basalts ranging
between 14.3 and 15.9 (one sample with Nb/Ta of 18.1), carbonatite metasomatism
as the cause for high Zr/Hf ratios in Vogelsberg rocks is considered unlikely. In
agreement with observations made by Kolb et al. (2012), decreasing Zr/Hf with
decreasing MgO (Figure 4.14) can thus be interpreted as a decreasing influence of
eclogitic components from basanites to alkali basalt, and is also supported by higher
(Gd/YDb)py in basanites (Figure 4.11). This is corroborated by the fact that these
phases have a lower solidus and contribute more readily at initial stages of melting
becoming more diluted with increasing degree of melting (Kolb et al., 2012). The
combination of high Zr/Hf and on average higher 6°%/°*Fe values of basanites com-
pared to alkali basalts are thus in agreement with the presence of recycled crust (as
eclogite) in the mantle source (Figure 4.14c; Soderman et al., 2021; Sossi and O’Neill,
2017). A similar effect can be observed for §°*/°2Cr with basanites exhibiting lower
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6°3/52Cr values than alkali basalts (Figure 4.14a) indicating that an eclogitic com-
ponent in the source may lead towards lower §°%/52Cr in the melt. This observation
is in agreement with model calculations showing that melting of a source consisting
of peridotite and eclogitic pyroxenite (silica-excess pyroxenite, G2) generates lower
melt §°/52Cr compared to melting of a pure peridotitic source (Soderman et al.,
2022). The correlation between §°/°2Cr and (Gd/Yb)py; ratios may thus be inter-
preted in the light of recycled oceanic crust present as eclogite (Figure 4.11).
Although the homogeneous radiogenic Sr-Nd-Pb isotope compositions of basanites
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Figure 4.14: a) Cr and c) Fe isotopic compositions vs. Zr/Hf ratios for all OIBs in this study.
Of special interest are Vogelsberg basanites, which have higher Zr/Hf (43-48) than alkali basalts
(42-44), and can be attributed to eclogite in the source of basanites possibly leading towards higher
Fe and lower Cr isotope values (see text for more discussion). EM2 related basalts from French
Polynesia also show high Zr/Hf ratios likewise suggesting an eclogitic component. b) Cr and d) Fe
isotope compositions vs. K/K* (representing the negative K-anomaly observed on PM-normalized
trace element patterns; Figure 4.5; see text for calculation) showing that a lithospheric hydrous
component, consisting of pyroxenite-rich layers or veins and K-bearing phases, contribute to the
high §%6/5%4Fe and low §°3/52Cr of Vogelsberg basalts. We note that highly incompatible trace
element compositions (e.g., Zr/Hf ratios) of Doros samples need to be taken with caution as they
represent intrusive rocks. BSE value for §°3/52Cr and §°9/4Fe after Wagner et al. (2021) and
Weyer and Ionov (2007), respectively. Zr/Hf ratio of BSE in a) and c) after Miinker et al. (2003).
Errors on 6°%/52Cr and §°6/54Fe as used in Figure 4.1.
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and alkali basalts highlight the predominance of an asthenospheric source compo-
nent, a lithospheric component cannot be neglected based on the strong K-depletions
on PM normalized trace element patterns (Figure 4.5d), which can also be expressed
as K/K* (K/K* = Kpy/(Upar x Nbppr)®®; normalizing values after Palme and
O’Neill, 2014). The precipitation of hydrous K-bearing clinopyroxenite layers or
veins preceding partial melting during Cenozoic magmatism has been linked to the
Variscan orogeny leading to a metasomatized subcontinental lithospheric mantle be-
neath the CEVP (Jung et al., 2011). A decrease in K/K* ratios with decreasing
MgO (not shown) thus suggest a decreasing influence of the lithospheric contribution
with increasing degree of melting represented by alkali basalt and is in agreement
with observations made for alkali basalts from other localities of the CEVP (Kolb et
al., 2012). Following, the trend between K/K* and §°/52Cr observed for Vogelsberg
volcanic rocks suggests that increasing lithospheric mantle contributions may lead
towards lower melt §°3/%2Cr as observed for basanites (Figure 4.14b). The nega-
tive trend between 6°%/%*Fe and K/K* supports the possible effect of metasomatized
lithospheric mantle contribution to result in heavy melt 6°%/>*Fe. This is supported
by general observations made for subcontinental mantle xenoliths, in which the for-
mation of secondary clinopyroxenes by melt-rock reactions has been shown to drive
the §°0/54Fe towards higher values (Weyer and Ionov, 2007). The heavy §°%/%Fe
of Vogelsberg basanites compared to alkali basalt may thus be readily explained
by melting a metasomatized source containing secondary clinopyroxene such as has
been proposed to be present beneath the CEVP and mantle source region of the Vo-
gelsberg volcano (Bogaard and Wérner, 2003; Hartmann and Wedepohl, 1990; Jung
et al., 2011). So far, only one sample exhibiting secondary clinopyroxene formed
by melt-rock reaction has been measured for its Cr isotope composition and reveals
a relatively heavy 6°3/°2Cr of -0.06 %o compared to the BSE value (Jerram et al.,
2022). On the other hand, clinopyroxenite and websterite veins formed by trapped
melt within lithospheric mantle xenoliths show variable §°%/52Cr ranging between
-1.39 to -0.05 %o (Jerram et al., 2022; Xia et al., 2017), and may thus contribute to
the low 6°3/°2Cr observed for Vogelsberg basanites.

Although melting of eclogite lenses and pyroxenite veins within the subcontinental
lithospheric mantle can both explain the shift towards lower §°*/52Cr and higher
§56/5%4Fe of Vogelsberg rocks suite, the distinction between the two remains enig-
matic. Based on the absence of clear correlations between §°%/°2Cr and §°%/*Fe
with radiogenic isotope (and also Zr/Hf ratios) within the Vogelsberg rock suite,
but comparable well-defined trends with K/K* (Figure 4.14b-d), the latter model is
preferred for the origin of heavy §°%/°*Fe and light 6°3/°2Cr of Vogelsberg rocks. We
note that one Vogelsberg basanite (VB96-08) plots towards lower §°/5Fe diverging
from the observed trends in Figure 4.13b. This sample has elevated Fe;Os con-
tents, similar to a Vogelsberg alkali basalt (VB96-16), which however does not show
anomalous 6°%/%*Fe. Although the oxidation of Fe?t to Fe3* could indeed affect the
isotopic composition of the two samples, both samples have FeOyu. contents indi-
cating negligible Fe loss, which in turn may impede significant isotopic fractionation
(Figure C.2.7).
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4.5.2.2.2 Constraints from Lo’ihi, Hawaii Compositional heterogeneity of
the Hawaiian plume has been the subject of many geochemical studies investigating
the major, trace and isotope compositions of Hawaiian lavas (Abouchami et al., 2005;
Hauri, 1996; Jackson et al., 2012; Lassiter and Hauri, 1998). Especially, the pres-
ence of enriched mafic to ultramafic lithologies (eclogite/pyroxenite) contributing to
the composition of Hawaiian lavas is debated (Herzberg, 2011; Putirka et al., 2011;
Sobolev et al., 2007; Sobolev et al., 2005). Therein, most compositional characteris-
tics can be explained by three components, i.e., Lo’ihi, Kea and Koolau (Jackson et
al., 2012). The Koolau component has been suggested to be influenced by a mafic
SiOg-rich component (eclogite) in order to explain the high SiOy contents and low
CaO contents together with relatively enriched radiogenic isotope signatures. Al-
though a mafic component may be present in the source for Kea dominated lavas,
the source has been proposed to consist predominantly of depleted peridotite. For
Lo’ihi, contrasting observations suggest either a predominantly peridotitic source
(Sobolev et al., 2005) or a mixture of peridotite and a SiOs-poor mafic component
(silica-deficient pyroxenite; Herzberg, 2011; Jackson et al., 2012). In this study,
two geochemically distinct groups can be distinguished within Lo’ihi lavas based
on petrography, major and trace element compositions as well as stable Cr and Fe
isotope compositions. Transitional glasses exhibit 6°3/°2Cr values extending from a
BSE-like value of -0.124 +0.016 %o (2SE; n=1) towards §°*/°2Cr values as low as
-0.227 +0.018 %0 (2SE; n=1) displaying an average 0°*/°2Cr of -0.176 +0.089 %o
(2SD; n=4 after filtering). Interestingly, these samples display high §°%/5*Fe values
with an average 0°%/*Fe of +0.122 +0.030 %o (2SD; n=4 after filtering). In con-
trast, tholeiitic Lo’ihi glasses display a high 6°%/°2Cr average of -0.104 +0.013 %o
(2SD; n=5) and are associated with low §°6/*Fe values displaying a §°6/>*Fe aver-
age of +0.096 +0.040 %o (2SD; n=>5) (Figure 4.1). It has been suggested that the
compositional differences in major and trace element compositions between alkali
and tholeiitic basalts are generated by different degrees of partial melting (Garcia
et al., 1995; Garcia et al., 1993). However, partial melting alone cannot generate
the large spread in 6°%/52Cr and §°6/**Fe observed for Lo'ihi glasses (Section 4.5.2.1).
Although both groups are overlapping in 6°3/°2Cr and §°%/**Fe within uncertainty,
the observed contrasting stable Cr and Fe isotope compositions of the two groups are
alike to Vogelsberg basanites (low 6°*/52Cr and high 6°%/°*Fe) and alkali basalts (high
6°3/52Cr and low 6°%/°*Fe) and may therefore display local source heterogeneities.

In general, high CaO, TiOy concentrations and CaO/Al;O3 ratios and low SiO,
concentrations of Lo’ihi glasses in this study support the presence of an enriched
pyroxenitic lithology in the source of Lo’ihi lavas (Figure 4.5b-d; Jackson et al.,
2012; Prytulak and Elliott, 2007). Based on these features a hybrid mixture of
a silica-deficient pyroxenite and peridotite is favoured over a silica-excess eclogite
component (Jackson et al., 2012). Based on model calculations by Soderman et
al. (2022) the observed low 6°3/°2Cr and high §°6/**Fe of Lo’ihi transitional glasses
compared to Lo’ihi tholeiitic glasses suggests a pyroxene-rich component in Lo’ihi
transitional glasses. In this context, Lo’ihi tholeiitic glasses would sample a source
with smaller contributions from a pyroxenite component, and hence display more
BSE-like 6°3/52Cr and 6°6/°*Fe. As for the Vogelsberg suite, low 6°%/°2Cr and high
§°6/54Fe of transitional basalts may be derived from pyroxene-rich lithologies incor-
porated in the lithospheric mantle and possibly present as veins or dykes, or from
within the plume source, enclosing recycled components present as eclogitic or py-
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roxenitic lithologies. In contrast to the Vogelsberg suite, the absence of negative K-
anomalies on PM-normalized trace element patterns does not support a lithospheric
imprint neither on transitional nor tholeiitic Lo’ihi glasses (Figure 4.5¢). Moreover,
according to Jackson et al. (2012), melt-rock reaction within the lithospheric mantle
results in high SiO, and CaO/Al,O3 of the melt as pyroxene is dissolved and olivine
is precipitated. However, the opposite is observed for transitional Lo’ihi glasses,
which display both lower SiOy (Figure 4.3) and CaO/Al,O3 compared to tholei-
itic Lo’ihi glasses (Figure 4.6d). Therefore, low §°*/52Cr and high §°¢/5*Fe of Lo’ihi
transitional glasses is suggested to be caused by mixing of variable proportions of
a low-Si0y mafic component, for example a silica-deficient pyroxenite melt, with a
peridotite-derived melt. This is further supported by higher TiO, contents of Lo’ihi
transitional glasses compared to tholeiitic glasses (Figure 4.5¢) proposed to mirror
the contribution of an enriched pyroxenitic component (Prytulak and Elliott, 2007).
In contrast, Lo’ihi tholeiitic glasses may simply sample a pure peridotitic source,
which has been previously suggested for Lo’ihi lavas based on petrologic models
(Herzberg, 2011; Putirka et al., 2011). A homogeneous peridotitic source for tholei-
itic glasses would also be in agreement with the observed lower average §°%/%4Fe
value compared to Lo’ihi transitional glasses as well as exhibiting 6°6/°*Fe values
similar to those of the peridotite sourced Réunion lavas with an average of 4+0.095
+0.048 %o (2SD; n=9 after filtering).

High *He/“He (R up to 32.2; Kurz et al., 1983; Mundl et al., 2017) in Lo’ihi lavas
suggest a primordial, undegassed, lower mantle component. Although Réunion lavas
have been shown to exhibit *He/*He higher than MORB, they only show moder-
ately high 3He/*He (Ra up to 17; Jackson et al., 2020) compared to Lo'ihi lavas
(White, 2010). As Réunion samples exhibit BSE-like §°%/°2Cr values, this may ten-
tatively suggest that the high->He*He component is not anomalous in its 6°3/°2Cr
composition and that low §°¥/°2Cr in transitional Lo’ihi lavas are indeed due to py-
roxenitic components in the melt source. On the other hand, lower mantle phases
may contain significant amounts of Cr?* (Eeckhout et al., 2007; Kagi et al., 2013;
Odake et al., 2008) possibly indicating a low §°*/%2Cr reservoir in the lower mantle.
The absence of He isotope data for, in particular, these samples preclude detailed
investigations of the effect of the high-*He/*He lower mantle component on the Cr
isotopic composition of OIBs. Recently, the combination of *He/*He ratios and
the short-lived '82Hf-'82\W isotope system (i.e., u'%*W) has been used extensively
to constrain this lower mantle component and further investigations involving these
isotope systems coupled with stable Cr and Fe isotopes may provide further clues
to this debate (Jackson et al., 2020; Mundl et al., 2017; Mundl-Petermeier et al.,
2020; Mundl-Petermeier et al., 2019; Rizo et al., 2019; Williams et al., 2021).

4.5.2.2.3 Constraints from French Polynesia Ocean island basalts from
French Polynesia are known to be highly heterogeneous sampling a source with
different components encompassing HIMU, EM2, EM1 and PREMA. The French
Polynesian samples in this study have typical HIMU and EM2 signatures, whereas
sample FP15GAT7 from the EM1 related Gambier island chain plots close to the
PREMA field in Sr-Nd-Pb isotope space (Figure 4.2). Sample FP2RU2 from Ru-
rutu Island showing the typical Austral-PREMA isotopic signature was excluded
based on its relatively low MgO contents.

In this study, two samples from Austral islands (i.e., Tubuai) show very variable

157



Chapter 4 4.5. Discussion

0.30 0.00

a b
0.25 -0.05
Carbonated
§0.20 2010 < ‘ mantle melting
20.15 0 2
o 5 -0.15
% 0.10 @ g
2 % -0.20 ] =B
“ 0.05 Carbonated «©
1 mantle melting = o ®n k =
0.00 increas.ing deg.ree -0.25 increasing degree
of partial melting < of partial melting
-0.05 T s S S B S -0.30 MR B A A B S A A S S S A A B A A SR i
0 10 (La/Yb) 20 30 0 5 10 L /%) 20 25 30
La/Y a
030 i 0.00 il
C IL [ d
C Carbonated [
0.25 C mantle -0.05 r Carbonated
C melting r mantle melting
2020 f 2-0.10 F
= E .
g g r ' |
0015 [ 5-0.15 F m
&+ g E o
2010 [ T % -020 F i
- A At : I : DD@
0.05 [ N il 025 f
0_00'....|....|....|.... _0.30_||||I||||I||||l||||
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Nb/La Nb/La
0.30 0.00 r
L increasing e + <«—increasing f
[ infl £ [ influence of
0.25 r Icr:ml:.ienn::t; crust -0.05 r continental crust
£020 f 2-0.10 [ A Eﬁﬂ
s 2 C 0
gf_o 15 b @O o 453 NG -0.15 I Carbonated M iy
Iy F (1] iﬂ| 2 [ mantle melting |
£ 010 f ONN) 4 me o -020 | 0@0
[ Carbonated % [ DO
[ mantle A A%X) ¢ N @ o
0.05 [ melting <@ -0.25 o o
0_00'|.||||||||.|||||||| _0.30:....|....|....|....
0 5 10 15 20 0 5 10 15 20
Nb/Th Nb/Th
Ocean island basalts Literature data
[l A French Polynesia (HIMU & EM-associated) PP MORB (Chapter 3)
@ O O Reunion (AbG basalts, SSB, picrites) East-Pacific Rise, Pacific-Antarctic Ridge

[l B Loihi, Hawaii (transitional & tholeiitic basalts) ® OIB, high-K basalts, low-K basalts
Continental intraplate basalts (Fangataufa, Bonnand et al,, 2020)
[l [ Vogelsberg, Germany (basanites & alkali basalts)

A Doros Complex, Etendeka

Figure 4.15: a) and b) Fe and Cr isotopic compositions vs. (La/Yb)py. Arrows indicate that with
increasing degree of partial melting (La/Yb)pn decreases. Fe isotopic compositions are in general
agreement with partial melting control, although variations are too large to be generated from a
homogenous source. For Cr isotopes, MORBs are offset from the general trend towards BSE like
values. Moreover EM2-associated basalts from French Polynesia show opposite trends associated
with carbonated mantle melting. Open circles in b. represent basalts from Fangataufa by Bonnand
et al. (2020). Normalizing values from Palme and O’Neill (2004); ¢) and d) Decreasing Nb/La
ratios with decreasing Fe isotope and increasing Cr isotope compositions showing the effect of
carbonated mantle melting of EM2 associated basalts in particular. e) and f) Fe and Cr isotopic
compositions of Nb/Th as an indicator for crustal influence. We note that the incompatible element
compositions of Doros samples need to be taken with caution as they represent intrusive rocks. All
samples but EM2 related basalts are shown in transparent to highlight the observed trends.
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Cr and Fe isotope compositions, which is in contrast with their homogeneous ma-
jor, trace and radiogenic compositions showing typical HIMU characteristics (Fig-
ure 4.2, 4.4 and 4.6). The HIMU mantle component is commonly associated with
ancient subducted oceanic crust based on the extremely high 2°°Pb/2%Ph derived
from an initially high amount of 233U, which has evolved over >2 Ga (Chauvel et
al.; 1992; Dupuy et al., 1993; Hart, 1984; Hofmann and White, 1982). During
subduction oceanic crust transforms into eclogite or pyroxenite, which may thus
inherit the lower 6°3/°2Cr and heavier 6°%/°*Fe of MORB. In the case of HIMU sam-
ples in this study, relatively high CaO contents, low SiOy (not shown) and high
CaO/AlyO3 ratios (Figure 4.4a) support the presence of a silica-deficient mafic (py-
roxenitic) component in the source, which would be in agreement with previous
studies (Chauvel et al., 1992; Jackson and Dasgupta, 2008; Jackson et al., 2012; Ko-
giso et al., 2003; Kogiso et al., 1997). However, only sample FP5TU1 (*%Pb/2Pb
= 21.094; Figure 4.2) exhibits a 6°%/°2Cr value significantly lower than the BSE
range (-0.214 +0.040 %o, 2SD; n=3, one digest) accompanied by a comparable high
§°6/51Fe value of 4+0.142 +0.026 %o (2SE; n=1; Figure 4.13). Together this may
support a contribution of pyroxenite derived from recycled crust generating the low
Cr and heavy Fe isotope compositions in this sample (Soderman et al., 2022). In
contrast, HIMU sample FP8TU4 (?°Pb/?%Pb = 21.080; Figure 4.2) displays com-
parable high 6°%/°2Cr (-0.137 4+0.022 %o, 2SD; n=3, one digest) and lower §°%/°*Fe
(+0.096 4 0.027 %0; 2SE, n=1). The BSE like 6°3/°2Cr of this sample is not easily
explained, but it is suggested to be due to local §°3/52Cr heterogeneity of the source.
This may be related to different formation mechanisms for the HIMU component.
For example, the HIMU source of Tubuai Island has been inferred to be influenced
by carbonated fluids (Hauri et al., 1993), which has been also suggested to have
affected the source of the younger volcanic stage of Rurutu lavas (sample FP2RU2)
(Chauvel et al., 1992). We note here that sample FP2RU2, which was initially not
considered based on possible fractional crystallization effects, also displays a higher
§53/52Cr than expected for PREMA associated basalts.

In general, the EM2 component has been attributed to a continental origin based
on its high 87Sr/%Sr ratios, for example continental crust or continental crust de-
rived sediments (Jackson et al., 2007; White, 2015). Additionally, the relatively high
Pb isotopic compositions of EM2 basalts also indicate the contribution of oceanic
crust, which together is commonly interpreted as subducted recycled oceanic crust
with terrigenous sediments as the cause for the EM2 radiogenic isotopic signature
(Weaver, 1991; Willbold and Stracke, 2006). Here, EM2 associated samples display
relatively high SiO5 and low FeOya contents, in agreement with the contribution of
a silica-excess eclogite (Jackson et al., 2012). This is further supported by relatively
high Zr/Hf ratios indicating the presence of eclogite (Figure 4.14a, ¢; Pfander et al.,
2007). Moreover, EM2-type samples show typical low Ce/Pb, Nb/Th and Nb/Ba
ratios indicating a recycled component of continental origin (Willbold and Stracke,
2006).

Interestingly, EM2 related basalts show increasing §°*/52Cr and decreasing §°%/%*Fe
with increasing 87Sr/®6Sr (Figure 4.13a, ¢). The negative correlation between §°6/54Fe
and 87Sr/%Sr is in contrast with a recycled component present as pyroxenite or eclog-
ite causing these variations (Nebel et al., 2019; Soderman et al., 2021; Williams and
Bizimis, 2014). Moreover, the relatively high §°3/°2Cr for EM2 basalts suggest minor
incorporation of MORB-like ¢°3/52Cr values as they seem to converge towards the
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6°3/°2Cr BSE value (Figure 4.13). Although published 6°%/°2Cr analyses of highly
differentiated high-Si rocks are scarce, §°*/°2Cr values of -0.164 =+ 0.037 %o (2SD,
n=2; granite GS-N; Schoenberg et al., 2016; Schoenberg et al., 2008) and -0.14
+0.03 %o (2SE; 554 Ma tonalite; Berger and Frei, 2014) may be taken as represen-
tative values for 0°%/°2Cr of continental crust (Figure 4.1). Recycled continental
crust, or thereof derived sediments, in the source of EM2 basalts would thus have a
negligible effect due to the similarity of isotopic compositions when compared to the
§°3/52Cr BSE value. Moreover, the Cr content of continental crust is low (~82 ugg™*;
Rudnick and Gao, 2014), thus suggesting a minor influence of continental material
on the §°¥/%2Cr of basalts sampling EM2 components. It is noteworthy that BSE-
like signatures of EM-like OIBs do not exclude eclogitic components derived from
subducted sediments or continental crust in their source, but this signature may
not surface in Cr isotopes based on mass balance considerations. To further under-
stand the contribution of EM-like components in OIBs, a detailed study of 6°3/52Cr
of the continental crust is needed. The strong correlations of §°*/°2Cr and §°9/%*Fe
with radiogenic isotope compositions suggest a source process controlling stable Cr
and Fe isotopes. This is supported by very good correlations (R*>0.90) of §°%/%2Cr
and 6°%/°'Fe with (La/Yb)py (Figure 4.15a, b), Zr/Nb (not shown), Th/Nb (Fig-
ure 4.15¢, f) and slightly less well correlations with Nb/La for these three samples
(R2>0.75; Figure 4.15¢, d). Based on the typically low §°6/>*Fe (-0.5 to 0 %o) of car-
bonatite melts (Johnson et al., 2010), decreasing 6°6/**Fe with increasing %7Sr/%¢Sr
may indicate melting of a carbonated source generating the low 6°6/5*Fe and high
87Sr /86Sr for EM2 basalts. Melt source regions metasomatized by carbonated melts
have been shown to have low Nb/La (Ionov et al., 1993). Positive correlations be-
tween Nb/La and 6°%/°*Fe, thus further support a carbonated source for EM2 related
basalts (Figure 4.15¢, d). We note however, that Nb/La ratios are not fractionated
relative to other OIBs in this study. A carbonated peridotite source as the ori-
gin for EM2 related basalts has been highlighted recently by Adams et al. (2021)
and evidence for carbonatite metasomatism for Tubuai in particular has been con-
strained from trace element analysis in xenoliths (Hauri et al., 1993). Moreover, high
§96/647n values detected in these samples (pers. comm. C. Rosca) are in agreement
with carbonated peridotite melting in general (Beunon et al., 2020). So far, there
have been no studies on the Cr isotope composition of carbonatite melts. However,
Jerram et al. (2022) observed an increase in §°/°2Cr with increasing (La/Yb)y
for mantle xenoliths that have been affected by carbonatite metasomatism, during
which Cr isotopic fractionation is mostly driven by a chemical gradient between
ambient peridotite and carbonatite melts. Hence, subsequent melting of these high
§53/52Cr mantle regions affected by carbonatite metasomatism would imprint its iso-
tope composition and may thus lead to the observed relationships between 6°%/52Cr
and Nb/La and (La/Yb)pym (Figure 4.15).

4.6 Conclusions

In this study 45 OIBs and continental intraplate basalts from various locations en-
compassing a range of mantle components identified by radiogenic Sr-Nd-Pb isotope
compositions were analyzed for ¢°%/52Cr and ¢6°/5*Fe. Concluding remarks can be
summarized as follows:
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e The effect of fractional crystallization on stable Cr isotope fractionation is
variable and calls for careful examination. For OIBs, large degrees of olivine
+ Cr-spinel accumulation may lead towards increasing §°*/°2Cr with increasing
MgO as seen for picrites from Piton de la Fournaise, La Réunion. Fractional
crystallization of olivine and clinopyroxene, however, has no systematic effect
on the 6°%/52Cr, which is in contrast to 6°%/°*Fe values that follow trends as
previously suggested. The greatest effect of magmatic differentiations can be
seen for Doros intrusive rocks which show remarkable similar trends compared
to the 3.5 Ga Barberton komatiite-tholeiite suite and the recently erupted
Kilauea Iki lava lake suite. This tentatively suggest that neither temperature
or pressure of melting, which are distinct in modern and Archean melting
regimes, control stable Cr isotope fractionation.

e Despite filtering samples for possible effects of fractional crystallization the
range of §°*/°2Cr recorded in intraplate basalts remains too large to be caused
by melting of a homogeneous garnet-bearing peridotite.

e Correlations between radiogenic Sr and Nd isotope compositions with §°3/52Cr
suggest that Cr isotope composition of intraplate basalts are controlled by
source compositions. Basalts representing HIMU- or PREMA-type mantle
components, based on radiogenic isotope compositions, have on average lower
§93/52Cr compared to basalts sampling a source free of recycled material,
namely Réunion displaying BSE-like §°3/°2Cr values.

e The low §°%/°2Cr of HIMU and/or PREMA-type OIBs is suggested to be de-
rived from recycled oceanic crust present in the source of these samples and
implies that the low §°%/52Cr signature of oceanic crust, which is recycled back
into the mantle and sampled by deep-rooted plume derived melts, is preserved.
If these source components are present as lithologically distinct components
such as pyroxenite or eclogite in the mantle source of OIBs remains enigmatic.
However, combined major element, trace element and radiogenic isotope com-
positions with stable Cr and Fe isotope compositions provide compelling ev-
idence for pyroxenitic source components in the melt sources of Vogelsberg
basanites and Lo’ihi transitional basalts. Moreover, there is strong evidence
that the low 6°%/°2Cr of Vogelsberg basanites is due to melting of pyroxene-
rich lithologies incorporated during melting of lithospheric mantle components
previously modified by subduction zone processes.

e Using Cr isotope compositions of OIBs to trace continental components are
limited based on mass balance considerations, and may be the cause for the
convergence of EM related basalts from French Polynesia towards BSE-like
values.

e EM2-type basalts from French Polynesia, known to have a continental derived
source component, show strong trends between 6°/°2Cr and incompatible trace
element ratios such as Nb/La, Nb/Th and La/Yb and radiogenic Sr isotope
compositions. Accompanied by strong correlations of decreasing 6°/5*Fe with
increasing radiogenic 87Sr/%9Sr ratios, it is suggested that EM2 basalts sample
a source metasomatized by carbonate melts. This is in agreement with the
recently proposed effect of carbonatite metasomatism on ¢°%/°2Cr, which is
suggested to imprint a high 6°3/52Cr onto the metasomatized peridotite. Thus,
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it is proposed here that in the case of EM2 basalts from French Polynesia
the strong correlations between 6°*/°2Cr and radiogenic 7Sr/56Sr are due to
melting of a carbonated source imprinting its relatively high §°*/°2Cr on the
melt.
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Chapter 5

Summary and Outlook

5.1 Summary

This thesis has shown that stable Cr isotopic compositions of basalts from different
tectonic settings (MORB/OIB) show significant variability reflecting the influence of
a combination of magmatic processes and source chemical and mineralogical compo-
sitions. The investigation of two komatiite-tholeiite suites from the 3.55 to 3.22 Ga
Barberton Greenstone Belt (South Africa and Eswatini) and the 2.9 to 2.7 Ga Bel-
ingwe Greenstone Belt (Zimbabwe) highlighted the effect of fractional crystallization
on Cr isotope systematics under terrestrial mantle conditions. Therein, the com-
bination of Fe and Cr isotope systematics showed that the Cr-Fe isotope proxy
provides valuable insights into magmatic differentiation by tracing the crystallizing
phases olivine, Cr-spinel, and/or pyroxene. Moreover, based on the investigated ko-
matiites, which represent large degree mantle melts of up to ~30 %, the Cr isotopic
composition of the BSE was determined to be -0.12 40.06 %o, identical to previous
estimates and thus stressing its robustness.

To explore the impact of magmatic processes on the Cr isotopic compositions of
modern basalts, mid-ocean ridge basalts were analyzed and found to be consistently
lighter than the Cr isotope value of the BSE. The effect of fractional crystallization in
typical MORB suites were found to be negligible, as no significant Cr isotopic varia-
tions over a large range of MgO contents from 4.52 to 9.00 wt. % could be identified.
A theoretical partial melting model using thermodynamical constraints from the
software MELTS combined with published mineral-melt fractionation factors con-
strained Cr isotopic fractionation during partial melting in a mid-ocean ridge setting
to an upper estimate of ~ 0.07 %o. The considerably lower Cr isotopic composition
of MORBs is attributed to a pyroxene-rich lithology in addition to peridotite in
the MORB melt source, which is in accordance with the slightly heavier stable Fe
isotopic composition of MORBs. This supported recent model approaches showing
that Cr and Fe isotopes may be used as a tracer for source lithology.

To explore the influence of variable source compositions and possibly different source
lithologies on stable Cr isotope compositions of basalts 45 intraplate basalts were
studied. These samples include ocean island basalts and continental intraplate
basalts encompassing variable sources of Earth’s heterogeneous mantle inferred from
radiogenic Sr-Nd-Pb isotopic compositions. A well-defined correlation between sta-
ble Cr and radiogenic Sr and Nd isotopic compositions reveal that stable Cr isotope
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variability is most probably controlled by source compositions. Therein, basalts
carrying a radiogenic isotope signature akin to prevalent mantle (PREMA) or high-
p (HIMU) show lower Cr isotopic compositions than the BSE value indicative of
recycling of oceanic crust possibly present as pyroxenitic components. In accor-
dance, basalts from La Réunion, representing a source with no influence of crustal
recycling, show higher Cr isotopic compositions closer to the BSE value. Samples
from French Polynesia representing an EM2-type mantle source, display positive and
negative correlations of Sr isotope signatures with stable Cr and Fe isotopic compo-
sitions, respectively, thereby providing strong evidence that a carbonated mantle is
contributing to EM2-type basalts.

5.2 Outlook

Considerable Cr isotope fractionation during magmatic differentiation has been
shown for two komatiite-tholeiite suites in this study and for ocean island basalts
in previous studies (Bonnand et al., 2020b; Shen et al., 2020). Yet, studies inves-
tigating Cr isotopic fractionation during fractional crystallization in highly evolved
melts are scarce and published values encompass one granite (Schoenberg et al.,
2016; Schoenberg et al., 2008) and one tonalite (Berger and Frei, 2014). Inves-
tigating highly differentiated high-Si rocks may provide additional constraints on
Cr isotope fractionation during fractional crystallization involving variable mineral
assemblages, which may include Cr-bearing phases such as rutile, amphibole, and
Fe-Ti oxides, all of which are unexplored to date. A better understanding of the Cr
isotopic composition of the continental crust will also aid the investigation of using
Cr isotopes as a tracer for recycled more evolved components in the mantle.
Moreover, using Cr isotopes as a tracer for recycled components is based on the
assumption that the Cr isotope signature of the recycled component is preserved
during subduction-recycling back into the mantle. However, it needs to be evalu-
ated whether processes such as dehydration, high-pressure metamorphism, and in
some cases slab melting are associated with Cr isotope fractionation. A detailed
study investigating a comprehensive island arc basalt suite may indirectly trace the
effects of these processes on Cr isotopic compositions. An ideal suite for investigat-
ing subduction processes would be the Izu-Bonin fore-arc suite comprising fore-arc
basalts followed stratigraphically by boninites. These two contrasting lithologies are
closely related in space and time and allow for the evaluation of the effect of subduc-
tion components changing from slab melting to fluid fluxed melting on the Cr isotope
compositions of these melts. Additionally, exploring fore-arc basalts and boninites
from the Izu Bonin fore-arc may provide insights into the behavior of Cr isotopes
during progressive melt depletion and thus be able to provide an alternative view on
the contrasting results obtained so far from theoretical calculations (Jerram et al.,
2022) vs. natural data (Xia et al., 2017). The effect of subduction zone processes on
Cr isotopes may be elucidated by the combination of arc lavas with a well-studied
suite of rocks representing the subducting slab, such as low temperature-high pres-
sure metamorphic derivates of oceanic crust (i.e., blueschists and eclogites found in
western Alps ophiolites or Syros Island, Greece).

Last but not least, the understanding of the extent and magnitude of Cr isotope
fractionation during magmatic processes may be advanced substantially by exper-
imental studies carried out under controlled temperature, pressure and fO, condi-
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tions. So far, Cr isotope fractionation between silicate melt and metal (Bonnand
et al., 2016b) and silicate melt and Cr-spinel (Bonnand et al. 2020) were investi-
gated, but experimentally determined Cr isotope fractionation between silicate melt
and other silicate minerals such as orthopyroxene, clinopyroxene, olivine, and gar-
net are not conducted yet. The derived isotope fractionation factors may further
help to understand Cr isotope fractionation during partial melting and fractional
crystallization. In the light of this study, the effect of pressure and composition
on Cr isotopic fractionation during clinopyroxene fractionation would be of special
interest. Moreover, as the available data on garnet-melt fractionation factors are
limited, experiments involving garnet may give valuable insights into Cr isotope
fractionation during melting of garnet-bearing vs. spinel-bearing peridotite, and by
extension also of garnet-pyroxenite and eclogite melting.

Overall, each of these proposed topics have significant potential to contribute to the
further understanding of stable Cr isotopic cycle of the deep Earth.
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Appendix A

Appendix Chapter 2
Coupled stable chromium and iron isotopic fractionation
tracing magmatic mineral crystallization in Archean

komatiite-tholeiite suites

A.1 Supplementary Figures and Tables
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Figure A.1.1: Comparison of major element data derived from a portable x-ray fluorescence (pXRF)
device at the University of Johannesburg (UJ; South Africa) and a instrumental wavelength disper-
sive Bruker AXS S4 Pioneer x-ray fluorescence (XRF) spectrometer at the University of Tuebingen
(UT; Germany). Deviations of concentration data are inferred to be caused by the coarse-grained
whole-rock surface when using pXRF, which is avoided when analyzing fused glass beads using the
conventional XRF method at the University of Tuebingen.
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Appendix A

Table A.1.2: Mean XRF abundance data (wt. %) and uncertainty (fr.s.d) of United States Ge-
ological Survey (USGS) rock powder reference material BHVO-2 measured at the University of
Tuebingen (UT) over the course of this study and compared with recommended values.

BHVO-2
UT USGS

wt. % bias % RSD %
SiOy 4947 0.9 49.9 0.6
TiOy = 2.82 3.2 2.73 0.04
Al,Oz  13.43 0.5 13.5 0.2
Fe,O5  11.94 2.9 12.3 0.2
MnO @ 0.21

MgO = 7.45 3.0 7.23 0.12
CaO | 11.29 1.0 11.4 0.2
Na,O | 2.28 2.5 2.22 0.08
K5O 0.52 0.4 0.52 0.01
P,O5 = 0.27 1.5 0.27 0.02
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Table A.1.3: FeO concentrations (wt. %) of single measurements along with mean FeO concentra-
tions (wt. %) and uncertainties (+1SD) of United States Geological Survey (USGS) rock powder
reference material BIR-1a and International Association of Geoanalysts (IAG) reference material
OKUM (= OPY-1) measured at the University of Tuebingen over the course of this study and
compared with literature and recommended values.

Sample FeO [wt. %] 1SD
BIR1-100-1 8.03
BIR1-150-1 8.13
BIR1-100-2 7.69
BIR1-150-2 8.20
BIR1-100-3 7.69
BIR1-150-3 8.16
BIR1-100-4 7.73
BIR1-150-4 8.04
BIR1-100-5 7.78
BIR1-150-5 8.04
Average 7.95 + 0.20
Literature® 8.25 + 0.42
OKUM-100-1 8.24
OKUM-150-1 8.42
OKUM-100-2 8.05
OKUM-150-2 8.16
OKUM-100-3 8.11
OKUM-150-3 8.27
Average 8.21 + 0.13
Certified® 8.47 + 0.46

aValue from Babechuk et al. 2019.

Precambrian Research, 323.
bValue from Webb et al. 2007.

GeoPT20. TAG Report.
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Appendix B

Appendix Chapter 3

Consistently light stable chromium isotopic compositions in
mid-ocean ridge basalts: Implications for the mantle source
composition

B.1 Methods

Major and trace elements as well as radiogenic Sr and Nd compositions for sam-
ple 267ROV-5 from the Mid-Atlantic Ridge (MAR) were analyzed at the Isotope
Geochemistry laboratories of the University of Tuebingen and were determined as
described below (Section B.1.1 and B.1.2). All samples in this study were analyzed
for their Cr and Fe isotopic compositions and information about analytical precision
and reproducibility are given in Section B.1.3.

B.1.1 Major elements

An aliquot of 1.5 g of powdered sample was mixed with 7.5 g of Merck Spectromelt
A12, melted at 1200° C and quenched to a glass bead. Analyses were performed
with a wavelength dispersive Bruker AXS S4 Pioneer XRF spectrometer (Rh-tube
at 4kW) with 32 standardized samples at the University of Tuebingen. Matrix ef-
fects were corrected using the standard Spectra software provided by Bruker AXS.
To complement the determination of major constituents, loss on ignition (LOI) was
determined on a separate aliquot of 1g that was heated to 1000° C for 1 hour.

B.1.2 Trace elements and radiogenic Sr and Nd isotopes

For determination of trace element and radiogenic Sr and Nd isotope composi-
tions, 30 mg of sample powder were mixed with 2ml HF (~27M) and 0.4 ml HNO;
(~14.5M) and heated in closed Savillex vials to 120° C on a hotplate for four days.
Following evaporation, the sample was re-dissolved in 2mL 6 M HCI and heated to
120° C for one day to ensure complete destruction of fluorides. Subsequent evap-
oration of the sample solution was followed by the removal of any excess Cl” by
repeated evaporation to incipient dryness with HNOj3 (65%). The sample residue
was re-dissolved in 1 mL 5 M HNOj and a stock solution (2 % HNO3) with a nominal
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dilution factor of ~1000 was created gravimetrically.

B.1.2.1 Trace elements

Determination of trace element concentration is based on a method originally de-
scribed by Eggins et al. (1997) and incorporating subsequent modifications (Albut
et al., 2018; Babechuk et al., 2010; Kamber et al., 2005), with measurement via so-
lution quadrupole ICP-MS (S-Q-ICP-MS) on a ThermoFisher Scientific iCAP-Qc.
This study followed the most recent method adaptation by Wagner et al. (2021) and
is described in detail by Albut et al. (2018). In brief, prepared stock solutions (Sec-
tion B.1.2) were further diluted to a nominal, gravimetric dilution factor of 10000
to 15000, yielding a final 2 % HNOj solution ready for measurement. To account
for sensitivity and instrumental drift, an internal standard carrying °Li, In, Re and
Bi was added to procedural blanks, calibration standards, quality control reference
materials, sample unknowns and external drift monitor samples. Drift-corrected
instrument intensities were further corrected for procedural and instrumental back-
ground and analytical interferences (e.g., polyatomic and doubly charged species)
as described elsewhere (e.g., Ulrich et al., 2010). External calibration was carried
out using the averaged intensities at three different dilution factors of the natural
USGS reference material W-2a. A combination of independent USGS reference ma-
terials AGV-2, BIR-1a and BHVO-2 were measured to provide a monitor of method
precision and accuracy. Mean trace element concentrations for reference material
BIR-1a and BHVO-2, which underwent the same geochemical procedure as sample
267ROV-5, agree well with previous studies applying the same method (i.e., better
than 5 %), and the 1r.s.d suggest a full method precision better than 5 %. Primitive
mantle (PM) normalized rare earth element (REE) pattern of sample 267ROV-5
are shown in Figure B.1.1 (normalizing values from Palme and O’Neill, 2014) and
compared to already published REE abundances of EPR and PAR samples used in
this study (Bach et al., 1994; Yierpan et al., 2019) as well as to average REE abun-
dances of normal mid-ocean ridge basalt (N-MORB), depleted MORB and enriched
MORB (Gale et al., 2013).

B.1.2.2 Radiogenic Sr and Nd isotopes

Sample 267ROV-5 was analyzed for its Sr and Nd isotope composition via ion-
exchange chromatography and TIMS (FinniganMAT 262). An adequate aliquot
was taken from the prepared stock solution (Section B.1.2) and converted to chlo-
ride form and subsequently dissolved in 1ml of 2.5 M HCI. In brief, Sr and light rare
earth elements were separated using BioRad cation exchange resin AG 50W-X8 and
subsequent Sr purification was carried out using Eichrom Sr spec resin. Purification
of Nd was achieved by using Eichrom Ln resin. Total procedural blanks were < 55 pg
for Sr and < 8pg for Nd.

Sr separates were loaded on a Re single filaments and isotope ratio measurements
were performed in automatic dynamic mode. A ®Sr/80Sr ratio of 8.375209 and ex-
ponential law were used to correct for mass fractionation. Repeated measurement
of NBS SRM 987 yielded an 87Sr/8¢Sr of 0.710265 +0.000018 (2SD; n=6), which is
in good agreement with the long-term reproducibility of 0.710251 +0.000019 (2SD;
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100

r Pacific-Antarctic Ridge East-Pacific Rise

R E-MORB

Mid-Atlantic Ridge
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Figure B.1.1: Rare earth element (REE) patterns normalized to Primitive Manlte (PM) abundances
from Palme and O’Neill (2014) for samples from the Pacific-Antarctic Ridge (PAR; Yierpan et al.,
2019), East-Pacific Rise (EPR, Bach et al., 1994) and Mid-Atlantic Ridge (this study). Also shown
are averages of PM-normalized REE concentrations of enriched MORB (E-MORB), normal MORB
(N-MORB) and depleted MORB (D-MORB) by Gale et al. (2013). The grey field denotes the
range of PM-normalized REE compositions from the PAR and southern EPR as compiled by Gale
et al. (2013).

n=334). Accuracy was checked through digestion of rock reference standard materi-
als BHVO-2 and BIR-1a, which gave ¥7Sr/®Sr ratios of 0.703493 +0.000010 (2SE)
and 0.703115 £0.000010 (2SE), respectively.

Nd was loaded as phosphate on Re double filaments and measured in manual
static multiple collector mode. Analytical mass fractionation was corrected with
M6Nd /1Nd of 0.7219 using exponential law. eNd values were calculated using
M3Nd /"M Ndggur of 0.512630 (Bouvier et al., 2008). Repeated measurements of the
LaJolla Nd and J-Ndi standards gave **Nd/!Nd ratios of 0.511817 +0.000024
(2SD; n=5) and 0.512075 +0.000022 (2SD; n=8), respectively. These values are
in good agreement with the long-term reproducibility of 0.511830 + 0.000041 (2SD;
n=173) and 0.512075 +0.000073 (2SD; n=71), respectively. Standard rock refer-
ence material BHVO-2 and BIR-1a were measured to check for accuracy and yielded
values of 0.512911 +0.000023 and 0.513030 £ 0.000011 (2SE), respectively.

B.1.3 Cr and Fe isotope compositions

Over the combined analytical sessions for this study, the compiled §°%/°2Cr values of
NIST SRM979 and in-house Merck Cr(III) standard solutions are 0.000 =+ 0.018 %o
(2SD; n=84) and -0.428 £ 0.019 %o (2SD; n=49), respectively. These values are in
excellent agreement with previous studies (Albut et al., 2018; Babechuk et al., 2018;
Schoenberg et al., 2016; Schoenberg et al., 2008; Wagner et al., 2021; Zink et al.,
2010). The long-term reproducibility of §°*/52Cr values for single measurements of
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NIST SRM979 and Cr(III) of our laboratory since May 2014 is 0.000 % 0.020 %o
(2SD; n=526) and -0.429 +0.023 %o (2SD; n=338), respectively. Accuracy of natu-
ral sample materials was assessed by measuring the USGS rock reference materials
BHVO-2 and BIR-1a along with sample unknowns, which yielded §°%/°2Cr values of
-0.142 +0.012 %o (2SD; n=8, 3 digests) and -0.151 £ 0.015 %o (2SD; n=8, 3 digests),
respectively, and are in excellent agreement with the long-term averages of -0.144
+0.023 %o (2SD; n=96, 14 digests) and -0.150 £ 0.025 %o (2SD; n=94, 13 digests),
respectively. These values are in good agreement with previously reported values
(D’Arcy et al., 2016; Li et al., 2016; Sossi et al., 2018; Xia et al., 2017). For most
samples, the Cr isotope composition was determined at least five times from at least
two digests from the same sample powder (Table 3.1). For these samples, accuracy
was assessed by pooled 25D based on replicate measurements of standard reference
material BHVO-2, which equals +£0.016 %o and has been described in detail by
Wagner et al. (2021). The reported uncertainty of sample unknowns analyzed once
equals the long-term reproducibility of single measurements of natural reference ma-
terial BHVO-2 of 4 0.023 %o. Full procedural blanks were < 8.6 ng, contributing less
than 0.5 % to the recovered amount of Cr, and were thus deemed negligible.

For Fe isotope analyses, IRMM-014 yielded a §°%/°*Fe value of 0.000 % 0.032 %o
(2SD, n=21) throughout this study matching the long-term reproducibility of 0.000
+0.035 %0 (2SD, n=299) of our laboratory since 2015. The in-house standards Han-
Fe and Tueb-Fe gave §°%/5*Fe values of 40.283 40.051 %o (2SD, n=8) and -0.379
+0.056 %o (2SD, n=5), respectively, being in excellent agreement with previous
studies (Babechuk et al., 2019; Eroglu et al., 2018; Swanner et al., 2015; Wagner et
al., 2021; Wu et al., 2017) and the long-term reproducibility of +0.289 +0.039 %o
(2SD, n=131) and -0.377 £ 0.038 %o (2SD, n=96), respectively. Furthermore, ana-
lytical accuracy was determined by measuring USGS reference materials BHVO-2
and BIR-1a, which were run together with processed samples, and yielded a §°9/%4Fe
of +0.099 +0.034 %o (2SD; n=6, two digest) and +0.065 £ 0.025 %o (2SD, n=2, one
digest), respectively, agreeing well with published values (e.g., Barrat et al., 2015;
Craddock et al., 2013; Millet et al., 2012; Nebel et al., 2015). The external repro-
ducibility for samples from this study measured one time is equal to the long-term
reproducibility of single measurements of the in-house Tueb-Fe standard solution
equal to 0.038 %o. For samples that have been measured multiple times, their ac-
curacy is assessed by the pooled 2SD of five single measurements of Tueb-Fe, equal
to £0.015 %o. Procedural blanks were < 1.93 ng, contributing less than ~0.01 % to
the processed amount of sample Fe and thus considered negligible.

B.2 Influence of seafloor alteration on ¢°3/°2Cr and
§°%/54Fe of mid-ocean ridge basalts

The original Fe and Cr isotope signatures of MORBs may potentially be altered by
non-magmatic processes such as hydrothermal fluid assimilation during and/or after
storage in crustal magma chambers and post-eruptive seawater alteration. Samples
in this study exhibit low H,O contents ranging from 0.1 to 0.48 wt. % and from 0.18
to 0.78 wt. % for East-Pacific Rise (EPR) and Pacific-Antarctic Ridge (PAR) glasses,
respectively (Bach et al., 1994; Clog et al., 2013). The MORB sample from the MAR
displays a comparable low value with combined HyO and COy content (determined
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as LOI at 1200° C) of 0.73 wt. %. These HyO contents are within the typical range
for MORB (H,O = 2300 +3500/-1600 ug g!) and as discussed by Clog et al. (2013),
are primarily controlled by igneous processes in the PAR suite. Furthermore, al-
teration by seawater is not likely to be responsible for the shift of MORBs towards
lighter §°3/°2Cr values compared to Bulk Silicate Earth (BSE) value (§°%/52Cr = 0.12
+0.06 %o; Wagner et al., 2021) due to very low Cr contents and generally positive
§93/52Cr values for modern seawater of 64 to 1102 ng kg™ and 0.412 to 1.55 %o, re-
spectively (Bonnand et al., 2013; Scheiderich et al., 2015). Moreover, Farkas et al.
(2013) observed an increase towards heavy 6°*/°2Cr in hydrothermally altered ultra-
mafic samples, which is opposite to the overall light §°3/°2Cr of MORBs in this study.
This is in accordance with the lack of a correlation between HyO concentrations and
§°3/52Cr values for all MORB glasses in this study (Figure B.2.1a). Despite this
evidence for limited alteration, the PAR MORBs have been shown to be affected
by contamination of Cl-rich brines and assimilation of hydrothermal sulfides during
low-P magmatic differentiation and transport through the oceanic crust (Clog et al.,
2013; Labidi et al., 2014). Evidence for the influence of Cl-rich fluids for some of the
PAR MORBES is provided by higher C1/K ratios than that of average MORB (Cl/K
< 0.08; Michael and Cornell, 1998), whereas hydrothermal sulfide assimilation leads
to §%4S values higher than -0.5 %o compared to average PAR MORB (§31S = -0.89
+0.11 %o; n=28; Figure B.2.2a; Clog et al., 2013; Labidi et al., 2014). Although Cr
present as Cr3* is generally regarded as insoluble and immobile, recent experiments
simulating crustal and upper mantle conditions (T >400° C; P > 0.3 GPa) indicated
Cr3* mobility in Cl-rich fluids (Klein-BenDavid et al., 2011; Spandler et al., 2011;
Watenphul et al., 2014). Moreover, alteration by oxidizing fluids may oxidize Cr3*
to Cr%F, which is highly soluble and mobile. The apparent correlation between
Cl/K ratios and Cr concentrations (Figure B.2.2b) may indicate Cr loss during
increasing magma-fluid interaction, which in turn may induce Cr isotope fraction-
ation. However, while samples with the highest Cl contamination (PAC-Dr10-1g
and PAC-Dr20-1) display the lowest §°3/°2Cr, the difference in Cr isotopic composi-
tions of these samples to uncontaminated ones is analytically not resolvable (Figure
B.2.2c). Additionally, the average 4°*/°2Cr of these two samples (6°%/°2Cr = -0.256
+0.006 %o; 2SD) is well within the average 6°*/°2Cr of all N-MORBSs, including EPR
and MAR MORBs, from this study (§°/52Cr = -0.237 4 0.050 %o; 2SD, n=19). Loss
of Cr during alteration has been observed for serpentinized ultramafic peridotites
(Wang et al., 2016; Xia et al., 2017) and the 1.85 Ga Flin Flon paleosol (Babechuk
et al., 2017). Although the nature of Cr isotope fractionation remains a matter of
debate, in both cases, Cr loss was associated with an increase in §°%/°2Cr. Moreover,
as noted by previous studies (Clog et al., 2013; Labidi et al., 2014), Cl contam-
ination increases with increasing magmatic differentiation due to longer residence
times in crustal magma chambers for more differentiated samples. The correlation
of Cr with Cl/K may therefore reflect magmatic differentiation instead of Cr loss
during interaction with Cl-rich fluids (Figure B.2.2b, ¢). Furthermore, limited Cr
isotope variation during mild alteration of upper oceanic basaltic crust from ODP
Hole 504, covering alteration temperatures from < 150 to > 500° C and varying re-
dox conditions (oxidative vs. non-oxidative), point to a negligible effect of alteration
on the §°3/°2Cr of basaltic oceanic crust (Wang et al., 2016). The similarity of the
average 6°3/°2Cr of evidently altered oceanic crust (-0.18 £ 0.1 %o; Wang et al. 2016)
compared to the average §°%/°2Cr of N-MORBs (-0.237 4 0.050 %) further support
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this notion (Figure 3.3 in Chapter 3). Thus, the light 6°*/°2Cr values of MORBs
compared to the BSE cannot be explained by interaction with hydrothermal fluids.
Additionally, some PAR MORBs (n=3) were exposed to hydrothermal sulfide as-
similation indicated by a relative increase of 3*S abundance (63S >-0.5%o; Fig-
ure B.2.2a; Labidi et al., 2014). However, no systematic shift towards higher or
lower values is observed in samples with a similar degree of sulfide assimilation (i.e.,
PAC1-Dr10 1g displays a 6**Sy.ctp and 6°%/52Cr values of -0.14 %o and -0.258 %o,
respectively, whereas sample PAC2-Dr27-1 has a 6**Sy.crp value of -0.1 %o and a
§°3/52Cr value of -0.185 %o; Figure B.2.2d). Sulfide deposits within the oceanic crust
originate from sulfate reduction by the interaction of seawater sulfate with ferrous
iron-bearing minerals. This process has been proposed to trigger efficient Cr removal
from hydrothermal fluids, imparting a heavy Cr isotope signature on serpentinized
peridotites (Farkas et al., 2013; Wang et al., 2016). So far, §°/52Cr analyses of
volcanogenic massive sulfides are not available and prevent further evaluation of the
impact of sulfide assimilation on our MORB 6°%/52Cr values.

Iron mobilization during seafloor alteration results in the preferential loss of light
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Figure B.2.1: a) Cr isotope compositions (6°3/52Cr) vs. HoO content in samples from the Pacific-
Antarctic Ridge and the East-Pacific Rise. Sample 267ROV-5 displays HoO + COg content. b)
Fe isotope compositions (§°6/%4Fe) vs. Ko0/TiO ratios.
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Fe isotopes, being partly responsible for the shift towards lower 6°6/5*Fe in hy-
drothermal fluids compared to the residual igneous rock. In particular, high- and
low-temperature fluids from basaltic hosted systems display a restricted §°6/°*Fe
range from -0.67 to -0.21 %o (Beard et al., 2003; Bennett et al., 2009; Rouxel et
al., 2008; Sharma et al., 2001), whereas the altered basalts show §°%/°*Fe values of
up to +1.36 %o (Rouxel et al., 2003). These high 6°6/>*Fe values in altered basalts
are associated with extensive leaching of Fe from the rock. Iron loss is not ob-
served in basaltic glasses from this study, which display high FeOy. contents of
8.6 to 14.13wt. % (Figure 3.2c in Chapter 3). Moreover, altered oceanic basalts are
highly oxidized with Fe3*/YFe ratios (XFe = Fe*" + Fe3") reaching up to 0.86,
which is mainly associated with the removal of soluble Fe?™ by fluids (Rouxel et
al., 2003). EPR basalts display Fe**/SFe ratio of 0.15 (Bach et al., 1994), more
comparable to the Fe*™ /Y Fe ratio of 0.07 of unaltered basalts (Christie et al., 1986)
than to the average Fe?' /SFe ratio of altered oceanic crust of 0.55 (Rouxel et al.,
2003; Staudigel et al., 1996). Due to the high FeOyya content of MORBs, the Fe
isotope signature should be resistant to minor loss of Fe, which is in accordance
with 6°6/%4Fe values observed for MORBs in this study well within the range for
non-altered MORBs reported in the literature (Figure 3.4c in Chapter 3; Chen et
al., 2019; Richter et al., 2021; Teng et al., 2013) and similar §°%/**Fe values within
uncertainty for non-altered vs. altered samples within this study (Figure B.2.2e).
High 0°9/%4Fe values of altered oceanic crust are often associated with enrichment
in K50 due to the precipitation of secondary K-rich minerals (Rouxel et al., 2003).
However, samples that show a K-enrichment, as indicated by high KoO/TiOs ratios,
cannot be distinguished in §°*/%*Fe values from those with low K,0/TiO, (Figure
B.2.1b). Similarly, the samples affected most by hydrothermal sulfide assimilation
(634S >-0.5%0) exhibit similar §°%/5*Fe values within uncertainty compared to un-
contaminated samples (6**S <-0.5 %o; Figure B.2.2f). Hydrothermal sulfides have
been shown to exhibit lighter or similar §°6/°*Fe compared to the hydrothermal flu-
ids from which they precipitated (Rouxel et al., 2003; Rouxel et al., 2004; Rouxel
et al., 2008; Sharma et al., 2001), indicating that hydrothermal sulfide assimilation
cannot be responsible for the high §°%/°*Fe in the most contaminated compared to
uncontaminated samples and at maximum mute the high 6°%/**Fe of the most con-
taminated samples. The similar range in §°9/°*Fe values of EPR and MAR MORBs
compared to PAR MORBSs suggests that similar processes are also unlikely to have
affected 6°0/5*Fe values of EPR and MAR MORBs.

B.3 Modeling Cr isotope fractionation during non-
modal partial melting

To investigate the behavior of Cr isotopes during partial melting beneath mid-ocean
ridges, we used a simplified model of isothermal decompression melting using the
thermodynamic model pMELTS (Ghiorso et al., 2002) and the Excel-based GUI
(Gualda and Ghiorso, 2015) with the update of April 2018. As a starting composi-
tion of the mantle source, we used the major element composition of the depleted
mantle (DM) with a nominal water content of 0.0116 wt. % H.O by Salters and
Stracke (2004), excluding MnO and NiO as these components are not calibrated
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Figure B.2.2: a) Sulfur isotope compositions (§24S) vs. Cl/K ratios for PAR glasses. PAR samples,
which are not affected by hydrothermal fluid assimilation, are shown in red, whereas samples that
were shown to be affected by hydrothermal sulfide assimilation (§34S >-0.5 %o) are shown in yellow
(Labidi et al., 2014); b) Cr concentrations vs. Cl/K ratios, whereas decreasing Cr concentrations
with increasing Cl/K ratios is interpreted as the result of magmatic differentiation; c¢) Cr isotope
compositions (6°3/52Cr) vs. Cl/K ratios show that the samples affected most by fluid assimilation
are within the range observed for all N-MORBs from the PAR, EPR and MAR (this study) as
denoted by the red field; ¢) Sulfide assimilation does not affect §93/52Cr of MORBS, as average
§93/52Cr values of contaminated samples cannot be distinguished from uncontaminated samples
within uncertainty; e) Fe isotope compositions (6°6/54Fe) vs. C1/K ratios showing no clear trend
with increasing fluid contamination; f) §°6/54Fe vs. §°*S. Hydrothermal fluid assimilation would
drive §°6/54Fe of MORBs towards lower 6°¢/°4Fe and lower 434S, which cannot be observed.

within pMELTS. Equilibration and mantle redox conditions were calculated around
the Fayalite-Magnetite-Quartz (FMQ) mineral redox buffer at AFMQ +0.2 shown
by O’Neill et al. (2018) to be relatively constant over the range of MORB melt-
ing conditions. The model starts with melting within the spinel stability field at
2 GPa. Decompression melting is simulated by releasing pressure in 0.1 kbar steps
until 0.9 GPa at constant temperatures of 1350° C, which is close to the mean po-
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tential temperature at a mid-ocean ridge setting (Herzberg et al., 2007; Lee et al.,
2009). In general, the model follows the known behavior of incongruent non-modal
melting, including preferential clinopyroxene consumption and olivine crystalliza-
tion at low pressures. Exhaustion of clinopyroxene is achieved at ~23 % of partial
melting in accordance with previous models (Hirschmann et al., 1998). A limitation
of pMELTS is that it considers Cr only in spinel and excludes Cr in mantle phases
such as olivine, clinopyroxene and orthopyroxene, which may thus overestimate the
stability of spinel during melting. Computed non-modal melting models presented
in this study apply the modal residual mineralogy based on pMELTS to calculate
Cr bulk partition coefficients (Dpantie-mers) for each melting increment. Based on
changing modal mineralogy of the source with increasing degree of partial melting,
D mantle-melt @lso varies with the partial melting degree. Partition coefficients between
mineral and melt (Dpineralmers) Were compiled from Mallmann and O’Neill (2009)
and Shen et al. (2018) and were assumed to be constant (Table B.3.1). Considering
both oxidation states of Cr, bulk Dyineral-mels Were calculated for Cr? /Crigpa = 0.15
according to:

Cr?t Cr3t

Ttotal C'Ttoml
Different melting models were considered, such as 1) batch melting (Equation B.2
and 2) aggregated fractional melting (Equation B.3; Shaw, 1970). Batch melting
can be expressed by:

Dm'meralfmelt —
Cr

DCr2+ X (Bl)

- F + Dmantle—melt X (1 _ F)

o (B.2)

where Cp, represents the concentration of Cr in the liquid, Cy represents the Cr
concentration in the initial source, F the melt degree, and Dyantiemerr the Cr bulk
partition coefficient. Accordingly, the aggregated fractional melt is expressed by:

_ Co x [1—(1— F)m] (B.3)

Cr
Due to the compatible behavior of Cr during partial mantle melting, Cr concen-
trations are rather insensitive to the first 20 % of partial melting as well as to the
melting model. In order to evaluate 6°3/52Cr of the melt with varying degrees of par-
tial melting, the bulk isotopic difference between source and melt (A53/ 2l source-melt )
was calculated using the Cr content of the bulk source and the modal abundance of
each mineral alongside with its Cr concentration at each melt increment, according
to the following equation:

MMinerall

53/52 _ 53/52
A / Crsourcefmelt - CCT,Minerall X x A / CTMinerallfmelt—i_

CTCT,SO’U,TC@ (B 4)
MMineralX

53/52
OCT,MineralX X x A / CrMineralX—melt+[---]

CTCr,source

where M is the modal abundance of the mineral and Cc;source and Cy Mineralx are
the Cr concentrations in the bulk source and mineral, respectively (modified from
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Chen et al. (2021); Figure 3.5a in Chapter 3). Two different sets of mineral-melt
isotopic differences (A%/°2Crpineraimert) Were used: 1) Shen et al. (2020) and 2)
Berry et al. (2021a). The data sets are based on a melt Cr?"T/Crya ratio of 0.55
(Shen et al., 2020) and 0.50 (Berry et al., 2021a) and temperatures of 1150°C.
Berry et al. (2021a) proposed a systematic shift of 0.03 %o for AP/52Cr Lvinemels and
AB/P2Crinelmert- For this study, we assume this constant shift also applies to the
isotopic difference between clinopyroxene and melt to present a coherent dataset
yvielding a A®/52Crqpemer of 0.072 %0 (Table B.3.1). Moreover, based on similar
§73/52Cr ¢y and §°3/52Cr,,,, of equilibrated mineral pairs from mantle xenoliths and
ionic model calculations, which predict §°%/ P2Crepx < 553/ %2Cropx (Shen et al., 2018),
each dataset treats A%/52Cr pymers equal to A%/52Cry mer. Since mineral-melt frac-
tionations are expected to decrease with temperature (~1/T2), A%/52Crpineralmelt
in this model are upper estimates as melting at temperatures of 1350 °C is expected.
In the model presented here, no temperature correction has been applied.

Table B.3.1: Partition coefficients and A53/ 52CT mineral-mels for olivine, orthopyroxene, clinopyrox-
ene and spinel used for the non-modal batch and aggregated fractional melting models.

Olivine  Orthopyroxene Clinopyroxene Spinel

Duineratmers (Cr*+t)™  0.85 3.52 12.6 220
D ineral-melt (Cr2+)* 0.85 0.843 0.587 0
Blﬂk Dmineral—meItT
Cr2+/Ctota1=O.15 0.85 3.12 10.80 187
AE’3/52Crmineral—melti
Shen et al. (2020) -0.086 0.046 0.046 0.063

53/52 . i
AP Clmineralametr’ ) 5 0.076 0.076 0.087

Berry et al. (2021a)

*Partition coefficients for olivine, orthopyroxene and clinopyroxene compiled from Mallman
and O’Neill (2009) and for spinel from the Supplementary Information of Shen et al. (2018).
"Bulk Diinerar-mel for Cr is calculated for Cr2+ /Criotal of 0.15 following Equation B.1, which
represents an estimate for partial melting beneath a mid-ocean ridge (Berry et al., 2021Db).
tA53/ 92CTmineral-melt are compiled from Shen et al. (2020) and Berry et al. (2021a), whereas
the constant shift of 0.03 %o shown for spinel and olivine (Berry et al., 2021a) between the

two datasets is applied to clinopyroxene and marked in italic (see also text).

The Cr bulk isotopic difference between source and melt changes with each melt-
ing increment, as it is governed by the changing modal mineralogy and hence, Cr
concentrations of the source. The differences between model results for the two dif-
ferent data sets of Shen et al. (2020) and Berry et al. (2021a) can be attributed to
larger isotopic differences for pyroxene and spinel reported by Berry et al. (2021a)
compared to the values from Shen et al. (2020), sequestering the heavy Cr3* in
the source to larger amounts, and thus leading to overall larger isotopic differences
between source and melt.

Ultimately, the §°/52Cr of the melt for batch and aggregated fractional melting
models were calculated based on mass balance according to Equation B.5 (modified
from Chen et al. (2021)):
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F
—) X A53/520rsourcefmelt <B5)

53/52 53/52
o / Crmelt =0 / Crsource - (1 - CCT,melt X
CCr,source

using the corresponding calculated Cr concentration of the melt (Cey merr) and AP/2Cr e melt
at each melting increment taken from Equation B.4 and the Cr concentration of the

source. The starting composition of the source was set to Ccysource = 2500 g gl

(Salters and Stracke, 2004) and 6°%/°2Cr = -0.12%c (Wagner et al., 2021). The

modeled 6°3/°2Cr of the melt is lowest at low degrees of melting and increases with
increasing degree of F in agreement with previous model results by Shen et al. (2020)

and Jerram et al. (2022) (Figure 3.5b in Chapter 3). §°3/°2Cr varies by 0.016 %o

within the first 20 % of melting and shows limited variation for batch and aggregated
fractional in accordance with the compatible behavior of Cr.

References

Albut, G., Babechuk, M.G., Kleinhanns, I.C., Benger, M., Beukes, N.J., Stein-
hilber, B., Smith, A.J.B., Kruger, S.J. and Schoenberg, R. 2018. Modern rather
than Mesoarchaean oxidative weathering responsible for the heavy stable Cr isotopic
signatures of the 2.95 Ga old Ijzermijn iron formation (South Africa). Geochim.
Cosmochim. Ac. 228, 157-189.

Babechuk, M.G., Kamber, B.S., Greig, A., Canil, D. and Kodolanyi, J. 2010. The
behavior of tungsten during mantle melting revisited with implications for planetary
differentiation time scales. Geochim. Cosmochim. Ac. 74, 1448-1470.

Babechuk, M.G., Kleinhanns, I.C., Reitter, E. and Schoenberg, R. 2018. Kinetic
stable Cr isotopic fractionation between aqueous Cr(III)-Cl-H2O complexes at 25° C:
Implications for Cr(III) mobility and isotopic variations in modern and ancient nat-
ural systems. Geochim. Cosmochim. Ac. 222, 383-405.

Babechuk, M.G., Kleinhanns, [.C. and Schoenberg, R. 2017. Chromium geochem-
istry of the ca. 1.85 Ga Flin Flon paleosol. Geobiology. 15, 30-50.

Babechuk, M.G., Weimar, N.E., Kleinhanns, I.C., Eroglu, S., Swanner, E.D., Kenny,
G.G., Kamber, B.S. and Schoenberg, R. 2019. Pervasively anoxic surface conditions

at the onset of the Great Oxidation Event: New multi-proxy constraints from the
Cooper Lake paleosol. Precambrian Res. 323, 126-163.

Bach, W., Hegner, E., Erzinger, J. and Satir, M. 1994. Chemical and isotopic
variations along the superfast spreading East Pacific Rise from 6 to 30°S. Contrib.
Mineral. Petrol. 116, 365-380.

Barrat, J.A., Rouxel, O., Wang, K., Moynier, F., Yamaguchi, A., Bischoff, A. and
Langlade, J. 2015. Early stages of core segregation recorded by Fe isotopes in an
asteroidal mantle. Earth Planet. Sc. Lett. 419, 93-100.

205



Appendix B

Beard, B.L., Johnson, C.M., Von Damm, K.L. and Poulson, R.L. 2003. Iron isotope
constraints on Fe cycling and mass balance in oxygenated Earth oceans. Geology.
31, 629-632.

Bennett, S.A., Rouxel, O., Schmidt, K., Garbe-Schonberg, D., Statham, P.J. and
German, C.R. 2009. Iron isotope fractionation in a buoyant hydrothermal plume,
5°S Mid-Atlantic Ridge. Geochim. Cosmochim. Ac. 73, 5619-5634.

Berry, A.J., Miller, L.A., O’Neill, H.S.C. and Foran, G.J. 2021a. The coordination of
Cr?* in silicate glasses and implications for mineral-melt fractionation of Cr isotopes.
Chem. Geol. 586, 120483.

Berry, A.J., O'Neill, H.S.C. and Foran, G.J. 2021b. The effects of temperature and
pressure on the oxidation state of chromium in silicate melts. Contrib. Mineral.
Petrol. 176, 40.

Bonnand, P., James, R.H., Parkinson, I.J., Connelly, D.P. and Fairchild, I.J. 2013.
The chromium isotopic composition of seawater and marine carbonates. Earth
Planet. Sc. Lett. 382, 10-20.

Bouvier, A., Vervoort, J.D. and Patchett, P.J. 2008. The Lu—Hf and Sm—Nd isotopic
composition of CHUR: constraints from unequilibrated chondrites and implications
for the bulk composition of terrestrial planets. Earth Planet. Sc. Lett. 273, 48-57.

Chen, S., Niu, Y.L., Guo, P.Y., Gong, H.M., Sun, P., Xue, Q.Q., Duan, M. and
Wang, X.H. 2019. Iron isotope fractionation during mid-ocean ridge basalt (MORB)
evolution: Evidence from lavas on the East Pacific Rise at 10°30’ N and its impli-
cations. Geochim. Cosmochim. Ac. 267, 227-239.

Chen, Y.H., Niu, Y.L., Duan, M., Gong, H.M. and Guo, P.Y. 2021. Fractional
crystallization causes the iron isotope contrast between mid-ocean ridge basalts and
abyssal peridotites. Commun. Earth Environ. 2, 65.

Christie, D.M., Carmichael, [.S.E. and Langmuir, C.H. 1986. Oxidations-states of
midocean ridge basalt glasses. Earth Planet. Sc. Lett. 79, 397-411.

Clog, M., Aubaud, C., Cartigny, P. and Dosso, L. 2013. The hydrogen isotopic
composition and water content of southern Pacific MORB: A reassessment of the
D/H ratio of the depleted mantle reservoir. Earth Planet. Sc. Lett. 381, 156-165.

Craddock, P.R., Warren, J.M. and Dauphas, N. 2013. Abyssal peridotites reveal the
near-chondritic Fe isotopic composition of the Earth. Earth Planet. Sc. Lett. 365,
63-76.

D’Arcy, J., Babechuk, M.G., Dossing, L.N., Gaucher, C. and Frei, R. 2016. Processes
controlling the chromium isotopic composition of river water: Constraints from
basaltic river catchments. Geochim. Cosmochim. Ac. 186, 296-315.

Eggins, S.M., Woodhead, J.D., Kinsley, L.P.J., Mortimer, G.E., Sylvester, P., Mc-
Culloch, M.T., Hergt, J.M. and Handler, M.R. 1997. A simple method for the
precise determination of >40 trace elements in geological samples by ICPMS using
enriched isotope internal standardisation. Chem. Geol. 134, 311-326.

Eroglu, S., Schoenberg, R., Pascarelli, S., Beukes, N.J., Kleinhanns, I.C. and Swan-
ner, E.D. 2018. Open ocean vs. continetally-derived iron cycles along the Neoarchean

206



Appendix B

Campbellrand-Malmani carbonate platform, South Africa. Am. J. Sci. 318, 367-
408.

Farkas, J., Chrastny, V., Novak, M., Cadkova, E., Pasava, J., Chakrabarti, R.,
Jacobsen, S.B., Ackerman, L. and Bullen, T.D. 2013. Chromium isotope variations
(6°3/°2C7r) in mantle-derived sources and their weathering products: Implications
for environmental studies and the evolution of §°¥/°2Cr in the Earth’s mantle over
geologic time. Geochim. Cosmochim. Ac. 123, 74-92.

Gale, A., Dalton, C.A., Langmuir, C.H., Su, Y.J. and Schilling, J.G. 2013. The mean
composition of ocean ridge basalts. Geochem. Geophys. Geosyst. 14, 489-518.

Ghiorso, M.S., Hirschmann, M.M., Reiners, P.W. and Kress, V.C. 2002. The
pMELTS: A revision of MELTS for improved calculation of phase relations and ma-
jor element partitioning related to partial melting of the mantle to 3 GPa. Geochem.
Geophys. Geosyst. 3, 5, 1-36.

Gualda, G.A.R. and Ghiorso, M.S. 2015. MELTS-Excel: A Microsoft Excel-based
MELTS interface for research and teaching of magma properties and evolution.
Geochem. Geophys. Geosyst. 16, 315-324.

Herzberg, C., Asimow, P.D., Arndt, N., Niu, Y.L., Lesher, C.M., Fitton, J.G.,
Cheadle, M.J. and Saunders, A.D. 2007. Temperatures in ambient mantle and
plumes: Constraints from basalts, picrites, and komatiites. Geochem. Geophys.
Geosyst. 8, Q02006.

Hirschmann, M.M., Ghiorso, M.S., Wasylenki, L.E., Asimow, P.D. and Stolper,
E.M. 1998. Calculation of peridotite partial melting from thermodynamic models
of minerals and melts. 1. Review of methods and comparison with experiments. J.
Petrol. 39, 1091-1115.

Jerram, M., Bonnand, P., Harvey, J., Tonov, D. and Halliday, A.N. 2022. Stable
chromium isotopic variations in peridotite mantle xenoliths: Metasomatism versus
partial melting. Geochim. Cosmochim. Ac. 317, 138-154.

Kamber, B.S., Greig, A. and Collerson, K.D. 2005. A new estimate for the compo-
sition of weathered young upper continental crust from alluvial sediments, Queens-
land, Australia. Geochim. Cosmochim. Ac. 69, 1041-1058.

Klein-BenDavid, O., Pettke, T. and Kessel, R. 2011. Chromium mobility in hydrous
fluids at upper mantle conditions. Lithos. 125, 122-130.

Labidi, J., Cartigny, P., Hamelin, C., Moreira, M. and Dosso, L. 2014. Sulfur isotope
budget (328, 335, 31S and 3°S) in Pacific-Antarctic ridge basalts: A record of mantle

source heterogeneity and hydrothermal sulfide assimilation. Geochim. Cosmochim.
Ac. 133, 47-67.

Lee, C.T.A., Luffi, P., Plank, T., Dalton, H. and Leeman, W.P. 2009. Constraints
on the depths and temperatures of basaltic magma generation on Earth and other

terrestrial planets using new thermobarometers for mafic magmas. Earth Planet.
Sc. Lett. 279, 20-33.

Li, C.F., Feng, L.J., Wang, X.C., Chu, Z.Y., Guoa, J.H. and Wilde, S.A. 2016.
Precise measurement of Cr isotope ratios using a highly sensitive NbyOg5 emitter by

207



Appendix B

thermal ionization mass spectrometry and an improved procedure for separating Cr
from geological materials. J. Anal. Atom. Spectrom. 31, 2375-2383.

Mallmann, G. and O’Neill, H.S.C. 2009. The Crystal/Melt Partitioning of V dur-
ing Mantle Melting as a Function of Oxygen Fugacity Compared with some other
Elements (Al, P, Ca, Sc, Ti, Cr, Fe, Ga, Y, Zr and Nb). J. Petrol. 50, 1765-1794.

Michael, P.J. and Cornell, W.C. 1998. Influence of spreading rate and magma supply
on crystallization and assimilation beneath mid-ocean ridges: Evidence from chlorine
and major element chemistry of mid-ocean ridge basalts. J. Geophys. Res.-Sol. Ea.
103, 18325-18356.

Millet, M.A., Baker, J.A. and Payne, C.E. 2012. Ultra-precise stable Fe isotope
measurements by high resolution multiple-collector inductively coupled plasma mass
spectrometry with a *"Fe-**Fe double spike. Chem. Geol. 304, 18-25.

Nebel, O., Sossi, P.A., Benard, A., Wille, M., Vroon, P.Z. and Arculus, R.J. 2015.
Redox-variability and controls in subduction zones from an iron-isotope perspective.
Earth Planet. Sc. Lett. 432, 142-151.

O’Neill, H.S.C., Berry, A.J. and Mallmann, G. 2018. The oxidation state of iron in
Mid-Ocean Ridge Basaltic (MORB) glasses: Implications for their petrogenesis and
oxygen fugacities. Earth Planet. Sc. Lett. 504, 152-162.

Palme, H. and O’Neill, H.S.C. 2014. Cosmochemical Estimates of Mantle Composi-
tion., in: Turekian, K., Holland, H. (Eds.), Treatise on Geochemistry, 2 ed. Elsevier,
pp- 1-39.

Richter, M., Nebel, O., Schwindinger, M., Nebel-Jacobsen, Y. and Dick, H.J.B. 2021.
Competing effects of spreading rate, crystal fractionation and source variability on
Fe isotope systematics in mid-ocean ridge lavas. Sci. Rep. 11, 4123.

Rouxel, O., Dobbek, N., Ludden, J. and Fouquet, Y. 2003. Iron isotope fractionation
during oceanic crust alteration. Chem. Geol. 202, 155-182.

Rouxel, O., Fouquet, Y. and Ludden, J.N. 2004. Subsurface processes at the Lucky
Strike hydrothermal field, Mid-Atlantic Ridge: Evidence from sulfur, selenium, and
iron isotopes. Geochim. Cosmochim. Ac. 68, 2295-2311.

Rouxel, O., Shanks, W.C., Bach, W. and Edwards, K.J. 2008. Integrated Fe- and
S-isotope study of seafloor hydrothermal vents at East Pacific rise 9-10° N. Chem.
Geol. 252, 214-227.

Salters, V.J.M. and Stracke, A. 2004. Composition of the depleted mantle. Geochem.
Geophys. Geosyst. 5, Q05B07.

Scheiderich, K., Amini, M., Holmden, C. and Francois, R. 2015. Global variability of
chromium isotopes in seawater demonstrated by Pacific, Atlantic, and Arctic Ocean
samples. Earth Planet. Sc. Lett. 423, 87-97.

Schoenberg, R., Merdian, A., Holmden, C., Kleinhanns, I.C., Hassler, K., Wille, M.
and Reitter, E. 2016. The stable Cr isotopic compositions of chondrites and silicate
planetary reservoirs. Geochim. Cosmochim. Ac. 183, 14-30.

Schoenberg, R., Zink, S., Staubwasser, M. and von Blanckenburg, F. 2008. The

208



Appendix B

stable Cr isotope inventory of solid Earth reservoirs determined by double spike
MC-ICP-MS. Chem. Geol. 249, 294-306.

Sharma, M., Polizzotto, M. and Anbar, A.D. 2001. Iron isotopes in hot springs
along the Juan de Fuca Ridge. Earth Planet. Sc. Lett. 194, 39-51.

Shaw, D.M. 1970. Trace element fractionation during anatexis. Geochim. Cos-
mochim. Ac. 34, 237-243.

Shen, J., Qin, L.P., Fang, Z.Y., Zhang, Y.N., Liu, J., Liu, W., Wang, F.Y., Xiao,
Y., Yu, H.M. and Wei, S.Q. 2018. High-temperature inter-mineral Cr isotope frac-
tionation: A comparison of ionic model predictions and experimental investigations
of mantle xenoliths from the North China Craton. Earth Planet. Sc. Lett. 499,
278-290.

Shen, J., Xia, J.X., Qin, L.P., Carlson, R.W., Huang, S.C., Helz, R.T. and Mock,
T.D. 2020. Stable chromium isotope fractionation during magmatic differentia-

tion: Insights from Hawaiian basalts and implications for planetary redox conditions.
Geochim. Cosmochim. Ac. 278, 289-304.

Sossi, P.A., Moynier, F. and van Zuilen, K. 2018. Volatile loss following cooling and
accretion of the Moon revealed by chromium isotopes. Proc. Natl. Acad. Sci. 115,
10920-10925.

Spandler, C., Pettke, T. and Rubatto, D. 2011. Internal and External Fluid Sources
for Eclogite-facies Veins in the Monviso Meta-ophiolite, Western Alps: Implications
for Fluid Flow in Subduction Zones. J. Petrol. 52, 1207-1236.

Staudigel, H., Plank, T., White, B. and Schmincke, H.-U. 1996. Geochemical fluxes
during seafloor alteration of the basaltic upper oceanic crust: DSDP Sites 417 and
418. Washington DC American Geophysical Union Geophysical Monograph Series.
96, 19-38.

Swanner, E.D., Wu, W.F., Schoenberg, R., Byrne, J., Michel, F.M., Pan, Y.X. and
Kappler, A. 2015. Fractionation of Fe isotopes during Fe(II) oxidation by a marine
photoferrotroph is controlled by the formation of organic Fe-complexes and colloidal
Fe fractions. Geochim. Cosmochim. Ac. 165, 44-61.

Teng, F.Z., Dauphas, N., Huang, S.C. and Marty, B. 2013. Iron isotopic systematics
of oceanic basalts. Geochim. Cosmochim. Ac. 107, 12-26.

Ulrich, T., Kamber, B.S., Woodhead, J.D. and Spencer, L.A. 2010. Long-Term
Observations of Isotope Ratio Accuracy and Reproducibility Using Quadrupole ICP-
MS. Geostand. Geoanal. Res. 34, 161-174.

Wagner, L.J., Kleinhanns, I.C., Weber, N., Babechuk, M.G., Hofmann, A. and
Schoenberg, R. 2021. Coupled stable chromium and iron isotopic fractionation trac-
ing magmatic mineral crystallization in Archean komatiite-tholeiite suites. Chem.
Geol. 576, 120121.

Wang, X.L., Planavsky, N.J., Reinhard, C.T., Zou, H.J., Ague, J.J., Wu, Y.B., Gill,
B.C., Schwarzenbach, E.M. and Peucker-Ehrenbrink, B. 2016. Chromium isotope
fractionation during subduction-related metamorphism, black shale weathering, and
hydrothermal alteration. Chem. Geol. 423, 19-33.

209



Appendix B

Watenphul, A., Schmidt, C. and Jahn, S. 2014. Cr(III) solubility in aqueous fluids
at high pressures and temperatures. Geochim. Cosmochim. Ac. 126, 212-227.

Wu, W.F., Swanner, E.D., Kleinhanns, I.C., Schoenberg, R., Pan, Y.X. and Kappler,
A. 2017. Fe isotope fractionation during Fe(II) oxidation by the marine photofer-
rotroph Rhodovulum iodosum in the presence of Si - Implications for Precambrian
iron formation deposition. Geochim. Cosmochim. Ac. 211, 307-321.

Xia, J.X., Qin, L.P., Shen, J., Carlson, R.W., Tonov, D.A. and Mock, T.D. 2017.
Chromium isotope heterogeneity in the mantle. FEarth Planet. Sc. Lett. 464,
103-115.

Yierpan, A., Konig, S., Labidi, J. and Schoenberg, R. 2019. Selenium isotope and
S-Se-Te elemental systematics along the Pacific-Antarctic ridge: Role of mantle
processes. Geochim. Cosmochim. Ac. 249, 199-224.

Zink, S., Schoenberg, R. and Staubwasser, M. 2010. Isotopic fractionation and reac-
tion kinetics between Cr(III) and Cr(VI) in aqueous media. Geochim. Cosmochim.
Ac. 74, 5729-5745.

B.4 Supplementary data

210



Appendix B

abod jrou uo panuuo;)

810 8ro £8°0 8L LG 0 ea0 €L°0 +O°H
Zee)
7o 9t 0 gro 7e0 01°0 ‘0°%d
60°0 £6°0 6e0 810 Y all] aro 80°0 €00 01
L9°¢ LEE 76 7Le gre 98°¢ £6°¢ 69°C 0O%N
LIT 08°8 GE6 o1 6S°8 907 61T 61T o®D
[ a8t 097 @59 £8°'7 £6°9 LG8 LE'8 OSIN
810 920 780 ee0 120 080 9I°0 61°0 OUuN
029
mOm@ﬁ.H
aL6 I'rr 8ar Ier 801 arr 09°8 19°'8 LOad
0LGT 06°G1 06°8T G961 e 66°6T £G°GT T°GT OV
LT 9I°€ 96 8e°¢ 69’1 80 7er LT'T COLL
167 867 g Ig 667 896G 016 L0 raliig ¢O1S
(% -am) syusuraye Jolen
660788 769°8¢ 991°88 730°8¢ 89678 L86°LE £60°8¢ Adypoz/Ad g0z
£66°GT 686G 01 ¢r 70661 01661 G05°G1 86761 Adpoe/9d 20z
IL9°8T LI 6T 67L°8T 76981 cer8r 70681 L6181 Adpoz/Ad g0z
&L 19 I ) 08 (Y¥/4) °H,/°H¢
CEIE8E 0 7606820 916820 GETESE 0 67168270 0LTESE 0 JH 1/ Ho,
SOTEIS 0 GEOETS 0 g60816°0 8608160 grisIs o 9ZIETC 0 LITEIS 0 €GTE1S0 PNyp1/PNept
G9re0L0 &r9goL 0 §6780L°0 7663040 sLreoL o 20560140 90760L°0 ¥G130.L°0 1S95/1S, g
sodojost otus3oipey
4 65€C 17¥7% 78.% 61€C Jh4¢rd 9.5¢ L86T (1squr) yyda(q Surdpoi(y
F0CTTT (GG 0C.ETT 869711 OFGLIT 00,871 9°CT.ECT (8°CGTLT 0€€°CT.01 (M) epnysuor]
08T {G6°01.8F 86°€V.67 8'86,0¢ F€G.LG 795,09 8'TETF9 J9T°8%.70 (S) epnyyer]
dIOIN-N dYO0IN-L GIOIN-N GIOIN-N GIOIN-N GIOIN-N dYOIN-N  dYOIN-N odAT,
[-864A2OVd  122d9d-¢DVd  1-064d¢OVd 8z-60Hd¢OVd ST-01dd-1DVd 8-904d-TOVd 3-€0AD-TOVd $-AOULIT ordureg

“josejep oY} Jo ssouajo[duiod I0J urede USAIS oIe Apnjs

STy ul pauturogep suorisoduwod 91dojost o pue ID) o[qels "([SUI) [oA9] 8IS MO[O( I UT WAALS oxe stydop 4Surpal( o8pry omoIejuy-ogyned o) woly (GHON-T)
GYOIN Teuorysuer) pue (GUOIN-N) GHOIN [*WIOU I0] 2InjeIa)l] o1} wolj pafiduod suoryisodurod adojost o1ue30Ipel pue a[qe)s St [[om S8 JUaUIae 90RI) pue Ioleur
)M 1970809 APNIs ST} Ul PAUTULINISD G-A(HL97Z o[dwes 10} suoryisoduwod adojost pN-IS JTUsSOoIpel pue JUSWSe 9oeI) pue lolfew jo uoryeridwio)) :1°F'g 9[qel,

211



Appendix B

abod 1ToU U0 PaNULUOY)

LTy 90° 1T 9rEr 80°L L8 0T 98°9 GLE aR'¢ PO
8§81 798¢ L0°8 oL 68'% 8G°T 50T 70T ny
98°8 788 9I°071 are 8re 79° QL@ 19C wg
776 £6°08 86°88 ge¢I 78°Le 99°61 08 1¢°2 PN
LT It 9 LE9 20°¢ z9°¢ 7¢g [ 0e'T id
68°6 19°6F 70°88 9GS 0898 [ 716 012 9D
L0°8 L LT aLer 069 061 897 86°% AN e
a5°L 776 £9°8¢ 3868 1Ly ¢TI 676 209 eq
L0070 G800 LE0°0 76070 290°0 gr10°0 600°0 20070 D
080°0 1700 G300 71070 G300 I70°0 600°0 G00°0 qas
66°0 6L°¢ L3 861 ¢rg 86T 88°0 19°0 ug
010 13°0 330 Gro 13°0 g0 60°0 60°0 PD
62°0 a1 L6°0 ¢ro 60°T 86°0 61°0 ¥1°0 O
e8¢ 99°1¢ 8607 869 9881 LG°E gre 91T qN
98 698 are arr 8§28 a6T 9L 9 1z
6¢ 99 z8 54 L9 54 ¢e Qg A
Lar OLT 981 EIT rar LOT zer V1T IS
860 ¢re aLe 73 0L°¢ 60T 180 0S°0 qQua
91 §¢ ae eI 61 67 qr a1 e
¢l (195 081 701 66 001 89 ) uy,
89 68 07 LY 67 08 G9 08 ny
rer I 08 §9 62 L sel 6. IN
97 I 98 ar I &y I 57 oD
13 8 8¢ £91 901 e8¢ 954 61€ D
474 rIy 068 168 LIg GLE 19% 781 A
7288 9687 Gerer 0696 T £986 Ieter Q&L 636¥ L
0r 88 98 ar a8 17 88 ¥ Bl
070 081 71 39°0 96°T 09°0 860 9%¢°0 og
766 0rII 9I'IT ¢rg 911 68°L 88 €e'g a1
(;-8 817) syuswis[e G0RA],
I-8€MA-¢DOVd  T-L24d-cDVd T-06Hd-cOVd 8z-504d-cOVd ST-0THA-TOVd S-90Ud-TOVd S-€0AD-TOVd S-AOHLIT o[dureg

abod snowaud woif panuruo)) — 1% g 9[qe],

212



Appendix B

abod 1ToU U0 PaNULUOY)

9T60L LG610T 785G6 ¥89.8 90528 L6078 10629 61229 (18 81) a1

T T T T I T T T u
920°0 ¥20°0 €200 620°0 ze00 720°0 6200 0£0°0 T =u 10 JSz/dSe
980°0 zL00 LET0 920°0 601°0 901°0 860°0 160°0 (09) VIONNMIO] /0@
cog zr ot 68°GS GGT 80T 81¢ 8¢ €0¢ ;8 81) 1

I I 9 I I I I L u
110°0 1100 ¥10°0 0100 110°0 110°0 110°0 0100 T =u 10§ 4Sz/dSE

LET0" G8T0- ¥$2°0- L0Z°0- 86T 0~ 9810~ 8020~ cve 0~ (0%) BX6THSID /000
sodojost a[qel}s

61°0 el L0 61°0 760 680 90°0 /1O

Irr Lot SLIT 363 §918 063 88 (18 81) 1D

98 T 0$ L 68 S7 ar ({8 8u) ps 1
rrer GGLT 06671 66861 Lot 1681 966 (18 81) g

60°0 £0°0 §0°0 7070 80°0 G0°0 010 ({8 8u) ps1
are 91’1 891 st 89 19°1 61°€ (1.8 8u) o,

s 4 4 y g & I (;838u) pst
081 613 561 9ILT oLt LLT 96T (-8 8u) og
90°0 Lo 70 §1°0 LE0 60°0 G0°0 700 n
&0 T £9°0 LE0 101 g0 9I°0 L0°0 UL
760 9I'l 180 760 101 LT o 760 160 qd
800°0 L3070 910°0 010°0 980°0 600°0 L00°0 900°0 L
300 §8°0 SI°0 90°0 rro 60°0 60°0 z6°0 M
910 981 §9°0 66°0 aLo £8°0 SI o 90°0 ey,
£8°¢ §L°9 rrs r8€ £G°L LEE a6°7 6L1 JH
970 ro°'1 181 §L°0 80T §9°0 860 070 ny
§T°¢ IT'L §6°8 78 a5l ser LS°E oLe qA
67°0 ary 8&°1 9L°0 SI°T 69°0 070 €70 ur,
63°§ LY 066 rIg Ll 19°F oL 18T 1
SI°T £9°¢ 78 181 0L°g G9°1 G6°0 10°T oH
98°6 7eer 7061 GI'8 6681 LE L s 9y £a
08°0 067 35 581 LS'T eIy L9°0 0.0 qL

I-8CUACOVd  T-LeHAeOVd 1-064A-¢OVd S-S0MAcOVd ST-0THA-TOVA 8-90MA-TOVd S-€0AD-TOVd S$-AOULIG o[dureg

abod snowoud wolf ponuguoy) — 1'% g 9[qRL,

213



FCT-66T ‘67C OV TWIYDOWSO)) "WIYI09Y) *Sass9001d o[jueur Jo 9]0y

:9GPLI DI)DIRIUY -OYIDRJ S} SUO[R SOIIRUWIIISAS [RIUSWII[S 9],-0G-§ pue 9d0l0osI WNIUS[S ‘G107 “Y ‘SIoquUeoydg pur ‘' ‘Ipiqer] g S0y 'y ‘uedrar x
"9€63-GT6Z ‘G0T "Bl '10S-"s9Y 'sAqdodn) [ g ,99 PUR § ,9G UNIMIOG OFPIY d1OIBIUY -0YTOR S, :0FPLl Jurpeards sjerpoutojur

ue JO SOIJRWR)SAS [eorway)) “000¢ "D ‘IPSUl[jog pue T ‘uolof N ‘Uyog [ ‘Mes[qnojy ‘" ‘Ier) (I ‘uerue[sy H ‘ynesnog ‘T ‘0sso( ‘T ‘OeISe[A

(0T)gg ‘s10139T YDIRaSAY [edIsATdoar) (S,5 TF—,G'¢G) @SplI o1joIejuy-oyoed o) uo sedojost wmieH *(800g) "H ‘SeaIpu) pue " ‘0sso "V N ‘BIDIOIN

LO-LF ‘€ET OV TWIYOOWSO)) WIYD0AE) "UOIJR[IMUISSE 9PY[NS [RULISYIOIPAY puR A}10USF0I9187 90IN0S J[JURUL JO PIOISI Y S eseq

O8PLI DIJOIRIUY -OYIRJ UL (Sge PUR Spe ‘See ‘Sze) 305pnq 9d0jost ymg HTOZ 71 ‘0SSO PuB "\ “BIOIOIN D) ‘UIPWR “J ‘AuSnre) “f ‘Ipiqe]
'TIT-FCT ‘20€ 190 08 “peur[d yarey ‘senbruyos) [eorsije)s pue eyep o1dojost moN

:08p1Y oyed o) Jo Aeijrod [ROTWLYD09Y) "TT0E “A TN ‘SRWOL, PUR "JY ‘AYSISOY A ‘RIRIOIN g g ‘Uweuey ‘T ‘0sso( ‘) ‘Urouey

"€0E0TT ‘L& 1T 'soy shydoon)

'S ,€G 0} T WOIJ 93PTY O110IRIUY dyRJ 9y} Suore sodojost JH-PN-IS "0T0Z "H ‘SeeIpu() pue "y ' ‘yerreq g ‘Uruey ‘' ‘0sso(] ‘") ‘UlPUWeH
"G9T-9GT ‘TQE "1 OG "1oUR[J YIIer "IOAISSAI d[JuRU Paja1dop o1} Jo o1l [ /(I U} JO JUSTSSISseal

V (GYOIN 2U4neJ WIBYINO0S JO JUIU0D Iojem pue uorjsoduod o1dojost ueSoIpAY oy, ‘€107 1 ‘08so(] pur ‘g ‘Ausnre)) “H ‘pneqny “J\ ‘801D
IST-TAT ‘€GF "1397T "0 "10ue[d YRy ‘sifeseq o93pry wesd()-pIN Jo uorsoduiod o1dojost o[qe)s WnuapgqA[ou

9} WO SUIDADAI [RISIID PUR $9559001d dIyRWSRW JO S109[0 oY, ‘9T(g "I, ‘OUPR[M PUR "y L) ‘exosuualg ) Ulewrl N ‘@PPON-IoYdsiq Y ‘plezog

(9T0%) ‘Te 1@ piezeg wolj aIe ejep adojost oIy o[qels {(610g) ‘T8 1o uedislx woIj aIe vyep adojost oG o[qeIS

puR SUOIIRIIUOOUOD 9, Pue oS {(FT0Z) ‘TR 10 IpIqer] wolj are ejep 9dojosl § 9[qe)s pue SUOIIRIIUOOUO0D [ Pue § (110Z ‘0T0Z) TR 10 Ul[Puel]

pue (00g) ‘& 10 eIION ‘(000g) ‘Te 20 JI[9ISe[A WOy oIe eyep odojost oruelorpey] ({(610g) & 0 uedIolf WOIJ oI Byep JUoWo[o odel], (£10g) e 10
8op woy syuejuod OCH ((010g) ‘T8 1° urpuwel pue (0007) ‘T 10 d[[9ISe[\ WO} ejep jusws[e Jolew pue syidep SulSpalp :03pry o1oIejuy-ojoed
"sjueweInseOW SIN-JOI-DIN WO SUOIJRIFUSOUO)) |

"D ,00gT 9B 9N[RA UOTHTUST WO $SO] SJuasaIdor G-A (Y LIE JO TUI0d OCH

"SOI[e)T Ul UMOTS 9I8 BJeDP 9INJRIANI [[V :9ION

90°0 500 200 §0°0 (0%) PS¢
SI0- §I°0- Gro- ea0- (0%) VETENHSON o0
200 80°0 010 70°0 £0°0 G0°0 a0°0 P(°%) Ps T
arr- 071°0- 09°0 SL°0- r1°0- 68°0- aL0- (095) LADAG, 0
60°0 60°0 60°0 60°0 60°0 60°0 60°0 (°%) PS¢
9I°0- 71°0- ¢r0- 90°0- 7370~ 08°0- 61°0- (0%) 6viE WdSag, /o0
[-8€UA-COVd  1-L6Ud-¢DVd T1-004d-¢OVd 82-C0Md-cOVd ST1-0THd-TOVd 38-90Ud-TDVd S-€0AD-TOVd S-AOYULIT o[dureg

Appendix B

abod snowaud woif panuruo)) — 1% g 9[qe],

214



abod jrou uo panuVU0))

T
({-8 817) syuowidpe V0RA],
160 760 LI0 630 £6°0 120 LI°0 £2°0 680 8r0 82°0 ee0 01°0 «O%H
§0°0 70°0 £0°0 70°0 G0°0 G0°0 70°0 70°0 G0°0 G0°0 70°0 90°0 §0°0 0D
130 180 170 710 080 I70 I70 gro gro 88°0 LI0 Gro L0°0 f0td
08°0 910 80°0 gro rT0 L0°0 60°0 80°0 80°0 §6°0 rT0 L0°0 £0°0 0%
88°¢ 10°¢ 69°¢ aLe z8°% 67°¢ I7g &re z9°¢ 61°8 68°¢ 6L°¢ 8I'g O%eN
grIr 001 ger LTI 901 0Er 0eI Igr LTI 16°8 gIr gIr Ler o®D
S04 76°¢ L0°8 69°L 179 00°8 LIS 28 G& ) L8 19°9 67°L 006 O3IN
080 780 LI0 810 zg°0 810 810 61°0 080 L30 2z°0 1é°0 910 OUN
98°8 &Ir 784 oL'8 901 778 £6°8 aL8 §8°6 LET 701 786 80°8 024
[ G9°g 671 sLT gre aL'r grr I 781 ILe &re LE°E G9°0 £0%y
grIr LET 8I'6 §01 eI 001 186 001 601 191 98I I 99°8 Loag
071 g6l 961 LT [ 671 161 9'7I grr s 86l I'rr 961 OV
781 £6°¢ 88T [ LE¢ 971 88T 8rr z9°'T 91’8 00°% 081 §6°0 ¢OLL
808 908 667 70 708 G 08 708 008 108 L6t 667 gIs 609 tO1S
(% *1m) syuewa[e Jolen

g60°81 G6°LE 997°LE  LSLE 66718 TELLE  96G°86 5188 £60°86  LIGLE  650°8§ 889°L& Adypoz/9d g0z

967°61 96761 grer G6G°6I  @gerer  LSYer  98¢°6I  10SSI 7661 §06°6¢I  6IGGI 96761 Adpoz/9d 10z

99681 Irser 790°8T  SSI'ST  GS0°ST  GLE'ST  6I9°8T 16981  T09S8I  1gs 8T 699°81 7581 Adpoz/Ad g0z

(V4/4) °H;/°Hg

FH,, 1/,

SICICO GOISIS0 LIZEISO 9088IS0 80GSIS0 9SIEIS0 IISIS O LITSISO 608160 TIISIGO SGISISO E61ET1S0 PNyp1/PNepr

2LIZ0L"0 SGE9EOL°0 TSEE0L°0 TITG0L0 TIF30L0 T16S20L°0 8§O0LEOL 0 &F980L°0 &LYE0L0 GISE0L0 69S30L 0 Gere0L 0 1S0e/1S 5

sodojost orua3oipey

LILG 0rLe 8656 LE9G La9¢ 719 1596 019¢ 00%e 0886 5861 r9Le £00&  (1squ) myde Sursparq
&V LV.LOT TV LV.LOT OV €V.0TT 6L°8C.CIT (06'9G.CTT (TOC0.ETT OTFOLTT FITTETT (T9EVITT FC6G.CTT .0V 9ITETT (GLITVIT LLOETTT (M) opnyrsuory

69°€C.L0 (TLE€CLO FV'CGIT (CT'69.ET (6EIV.GT (6€9CIT (TGCVIT 6EECLT (SGEI6C 9T GTV.8F 80°9V.LC FV'6C.TC (G€69.6C (S) epmynger]
JHOW-L d4ON-N dHOIN-N ddOIN-N GHONW-N dHOIN-N dHOIW-N dHOIW-N d4ON-N dHOIW-N dON-N d4ON-N dHON-N odAT,
DCIPD  DLOFD  DILED DEVED  DPCED  DO6IED  DTIED  DL8ED  DPITH  D8ICH  DEVEO  D8YID  D8CID ordureg

“195R)RD o1} JO ssouajedurod I0J ureSe UeAlS aIe APNIS ST} I0] paururiaep suorisodurod o1dojost o pue 1) o[qel§ “([SqUI) [9A9] ©aS MO[aq UI UT USALS aIe stjdep
SUISPaI(] "0INIRISI] ) WOIJ $9sse[3 9FPIY oyeJ-1ser I10J suoiisoduiod o1dojost J1ua30Ipel Sk [[om Sk JUowe[e 9orl) pue Iolew Jo uonjendwo)) :z'§ g 9[qR],



abod 1ToU U0 PINULIUOY)

&I ¢9°1 68°0 30°T LT o1 I gri 79°¢ 980 OH
79 98 97 26 L8 I¢ [ LG ar 4 £q
qL

97 ¢9 L& & &9 oy Iy ¢r 6 &8 PO
LY 97 z6°0 I'7 91 I I gri 97°¢ g8°0 ngy
6°€ rr 7 6% gt ¢ 97 6¢ L9 8T wg
ar 7T Ll 6 7T 9% 88 56 Ge 67 PN
iq

61 61 01 ar 8I &6 ar g 88 rr 3D
z9 Lt 7z zs ars ¢z 87 Is ¢6 I'r Cla |
egq

D

qs

ug

PD
O

qN

¢er 991 96 801 7971 101 06 66 9071 £82 9871 96 1z
Iy 08 8z §8 08 s 08 &8 98 7L 0f L& Jeri A
Irr OIr1 8§81 611 66 66 801 a01 001 grr §a1 g6 GL g
qQu

LT 03 91 91 ST 971 91 LT LT 03 ST 91 e
101 [ 4 [ 98 GIT a8 6L 98 16 091 LOT LOT 89 uy,
no

GG &8 26 28 A G6 G6 79 G9 [ &% 19 801 IN
& &7 7y Y4 [ 97 67 7¢ 8¢ 98 gy oD

661 L ¢Ig 183 671 688 L63 £98 ¢Ig 78 98T 6LT 76¢ D
A

INR

IS

GG 0 810 og

DZIFD  DL0FD  DILED  DHEFEH  HDHICED  DEILH  HTICH  DI8ZH  HDHPIZH  D/STH  HEPTH  DSFID  DLTIH opdureg

abod snowa.d wolf panunuoy) — gy g olqe],



“SYUOWDINSLIUW SIN-JD[-DIN WOIJ SUOIJRIYUSIUO)) |
(F66T) ‘Te 30 yoeqg woij aIe vyep odojost oruaforper pue 9del) ‘Iolew ‘syjdep Surdparp ‘suor)eoo] o[dureg "SOe)T UI UMOTYS IR BIRP 9INJRINI [V :9ION

0LT¢8

Gc00

880°0
691

¥¢0°0
G80°0-

005T

LG0
g'g

7

ver00T
T
€200
290°0
L6°€C
9
610°0
8L¢°0-

00sT

6£€69
T
€200
€400
yee
L
¥¢0°0
¢ee 0"

0007

170
97

6'G

1767.
T
€200
960°0
16¢
L
€¢0°0
20¢°0-

0087

67°0
g

GE

€9€€6
T
1¢0°0
1¢1°0
€0T
8
€10°0
1ve0-

ooLT

8L0
g

GG

€EETL
!
¥c0°0
¢€0°0
8¢E
L
1200
8¥¢'0-

0017

6680
T
Gc00
970°0
¢Le
L
¥20°0
¢Le0-

00gT

¢ro
6

G'&

10962
g
G200
611°0
0ce
L
G10°0
64¢°0-

00gT

g0
s

g

L208.
g
Ge00
011°0
V8T
9
1¢0°0
ere0-

00&T

Iso
&8

L&

GT980T
g
LT10°0
€¢10
G¥°0¢
g
900°0
¢0¢°0-

0005

Tr
99

9L

L2900T
g
170°0
901°0
6486
L
0200
€620~

00571

¥60¢8
g
9¢0°0
001°0
€81
L
¢100
8¥¢°0-

00&T

68€¢9
g
L€0°0
G¥0°0
1Ty
L
0200
€6¢°0-

006

el
96

8a

(8 91) o
u
I = 10 §Sz/AST
(095) VIONINMIO ¢ /000
ZH-w arf) 1)
u
[ =u 10§ 4Se/dSe
(09) GLONHSIY /e
sodojost o[qels
/1O
(18 9) 1D
(13 50) P T
(13 9) §
(1.8 8u) P |
({8 8u) a,
(0.5 5) ps 1
(;-8 1) ag
n
4L
qd
L
M
BL
H
ng
qA
wr,
I

DCIvD

DLOTD

DILED

DEVED

DVeeED

D6IED

DCIED

DL8TD

DPITH

DB8GCH

DEVCO  O8/PTID  D8CID

ordureg

abod snowoud woif ponuguoy) — 7'y g 9[qRL



Appendix B

218



Appendix C

Appendix Chapter 4
Heterogeneous Cr and Fe isotope compositions of Earth’s
silicate mantle: Constraints from intraplate basalts

C.1 Cr isotope measurements

Due to a failing MQ system at the day of chemical separation of Cr from the ma-
trix, blank contribution for one batch of Réunion and French Polynesian samples
was exceptional high and contributed 2 % of the total processed Cr (i.e., 40 ng
Cr blank contribution on 2000 ng processed Cr). Following, a second aliquot from
the prepared stock solution was taken and chemically purified via the three-column
chromatography again, with standard blank contribution of 8 ng. This Cr cut was
measured two times in two separate measurement sessions and compared with the
high blank Cr cut in Figure C.2.10. Although it should be noted that low blanks
are a prerequisite for successful Cr isotope data in this case repeated measurements
show that samples with high blanks reproduce within external reproducibility of
+0.022 %o. Only one measurement of sample REU-14-57 with high blank contri-
bution seems to be offset, although still within reproducibility, compared to the
two replicate measurements of REU-14-57 with low blank contribution. However,
this variability may be due to analytical variability as replicate measurements for
samples FP5TU1 and FP2RU2 indicate. Both times, replicates with low blanks
are offset compared to the other two replicate measurements including the replicate
with high blank contribution. However, in general all replicate measurements are
indistinguishable within the reported reproducibility.

C.2 Supplementary Figures and Tables
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Figure C.2.1: Highly olivine-bearing samples from L&’ihi, Hawaii: a) J2-246-R3D; b) J2-309-R1-B
from the low -temperature hydrothermal site called Ula Nui at the southern rift zone; c¢) J2-307-
R2-C. All three samples show large olivine phenocrysts in the whole-rock matrix and within the
quenched glass. Variable, but in general thin, sediment covers are also observed. All samples are
approximately 7 cm in size.
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J2-243-1A-R2

J2-243-1C-R6

Figure C.2.2: Sparsley olivine-bearing to aphyric samples from Lo’ihi, Hawaii: a) J2-243-1A-R2 —
mostly aphyric matrix with some plagioclase phenocrysts visible, thin glassy crust on top of fresh
basalt within Fe oxidation seen on surface. Sample is 15 cm in size with photo showing a 10
cm wide sample section; b) J2-243-1C-R6 - view of the very fresh quenched glass. Sample is 7
cm in size; ¢) J2-243-1B-R3 - pillow structured basalt with relatively thick quenched glassy crust.
Sample is 5cm in size; d) J2-243-1C-R6 - view of aphyric fine-grained matrix of pillow basalt.
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Figure C.2.3: Selection of handpicked and cleaned glass chips of L&’ihi basalts. Individual glass
chips are 0.5 to 1 mm wide. A) J2-309-R1 and B) J2-307-R2-C, both highly olivine-phyric basalts.
In A. olivine phenocryst is visible in the center piece. C) J2-243-1B-R3, D) J2-243-1J-R20, E)
J2-243-1C-R6, F) J2-241-2-R9, C. to F. represent sparsley olivine-phyric to aphyric basalts.
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Olivine

Cr-spinel

o

— 100um UNI-Tue 3/3/2021 — 100pm UNI-Tue 3/3/2021
15.0kV COMPO NOR WD 11.1lmm 10:50:12 15. 0KV COMPO NOR WD 11.lmm 11:09:29

Olivine with %

Cr-spinel inclusions

Olivine Wwith
Cr-spinel inclusions
Cr-spinel
Glass Olivine

—_— 100um UNI-Tue 3/3/2021 — 10pm UNI-Tue 3/4/2021
15.0kV COMPO NOR WD 11.1lmm 10:57:43 X 1,100 15.0kV COMPO NOR WD 11.2mm 08:53:46

Olivine

Cf'Spme| — 100um UNI-Tue 3/3/2021
15.0kV COMPO NOR WD 11.1mm 11:26:21

Figure C.2.4: Backscattered electron images of glass chips of sample J2-243-1C-R6. A) Relatively
homogenous glass with Cr-spinel and Clinopyroxene (Cpx) microphenocrysts indicating concurrent
growth; B) Homogenous glass with large, idiomorphic, unzoned olivine microphenocryst and small
sulfide droplet; C) Glass chip with many olivine microphenocrysts with Cr-spinel inclusions. White
rectangle represents zoom-in shown in D) Cr-spinel inclusion present in olivine. Melt is present in
between Cr-spinel crystals, which was not replaced by olivine growth based on good adhesion of
the melt to the Cr-spinel crystal. E) Olivine microphenocryst as well as Cr-spinel microphenocryst
surrounded by incipient Cpx growth indicating rapid quenching.
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Cpx

Olivine

- A y
15.0kV COMPO B 15.0kV COMPO NOR

Cr-spinel

A0

Sulfide

e 100um UNI-Tue 3/3/2021 —_— 10um UNI-Tue 3/3/2021
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VS
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15.0kV COMPO  NOR WD 11.1lmm 10:41:54

Figure C.2.5: Backscattered electron images of glass chips of sample J2-246-R3D. A) Relative het-
erogeneous glass chip with large idiomorphic olivine microphenocrysts adjacent to clinopyroxenes
(Cpx) and smaller olivine microphenocrysts with Cr-spinel inclusions shown as a zoom-in in B)
Olivine microphenocrysts with melt and Cr-spinel inclusion. Cpx microphenocrysts are zoned; C)
Glass chip with large Cpx microphenocryst in left corner and skeletal Cr-spinel and sulfide sur-
ronded by Cpx microphenocrysts shown in more detail in D) Skeletal habitus of Cr-spinel indicates
fast growth and heterogenous nucleation probably caused by quenching; E) Glass chip with olivine,
gizg and large Cr-spinel microphenocrysts. Cpx is homogenous and does not show zoning. More

il is shown in F) Small olivine microphenocrysts are often zoned; G) Cpx microphenocryst
grew on surface of olivine microphenocryst indicating a crystallization sequence of olivine followed
by Cpx.
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4

Olivine

— 100um UNI-Tue 3/3/2021 — 100um UNI-Tue 3/3/2021
15.0kV COMPO NOR WD 11.1mm 09:07:36 15.0kV COMPO NOR WD 11.1lmm 09:00:45

y
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Cpx

v

15.0kV :4?0 No:;om U‘:;-’f:n‘m:/éézgflos 15 (mmo NO;OOW U‘:;-’f:clmr-:/gg221105
Figure C.2.6: Backscattered electron images of glass chips of sample J2-307-R2C. A) Large id-
iomorphic olivine microphenocryst with Cr-spinel inclusions; B) Large and smaller sulfide droplets
adjacent to Cpx microphenocrysts with augitic composition. C) Glass chip with olivine and Cpx
microphenocrysts not indicating any particular crystallization sequence; D) Sulfide and Cpx mi-
crophenocrysts. Stains in A.-D. from acetone used for surface cleaning before analyses.
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Figure C.2.7: a) - f) Major element variations for Vogelsberg volcanics from (Bogaard and Wérner,

2003).

Alkali basalts have overall lower MgO (and SiOs) contents compared to near-primary

basanites, which indicates greater fractionation of phases such as olivine (Ol) and Ti-rich augite
(Ti-augite or Cpx) in alkali basalts (Bogaard and Woerner, 2003) indicated by arrows. h) Two
samples have elevated FesO3 and low FeO (not shown), but show negligible total FeO loss in g).
These two samples are highlighted by red eclipse in a) to h) and also Figures 4.14 and 4.15.
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Figure C.2.8: Major element variations for Doros Complex intrusive rocks, i.e., basal olivine
melagabbros and massive olivine gabbros and one clinopyroxene cumulate. Also shown are major
element variations of Piton de la Fournaise basalts, Réunion as well as the komatiite-tholeiite suite
from the Barberton greenstone belt (Wagner et al., 2021; Chapter 3). Also shown are Kilauea
Iki lava lake samples used by Shen et al. (2020) for Cr isotopic meaurements with major element
variations from Helz (1987). Major elements for Doros Complex intrusives from Owen-Smith and
Ashwal (2015).
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Figure C.2.9: Comparison of Primitive Mantle (PM)-normalized trace element patterns for two
samples, REU-14-31 and REU-14-32, measured at the University of Goettingen (UG) and Univer-
sity of Tuebingen (UT). Primitive Mantle values after Palme and O’Neill (2014).
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Figure C.2.10: Compilation of single measurements for samples, which experienced high blank
contribution (highlighted in red for each sample), compared to a replicate with low blank contri-
bution measured two times in two different sessions. Samples with unusual high blank cannot be
distinguished within the long-term reproducibility of 4 0.022 %o represented by the error bars for

each measurement.
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Appendix C

Table C.2.3: Mean Q-ICP-MS abundance data (ugg™) for two samples from Reunion (REU-14-31
and REU-14-32) measured at the University of Tuebingen (UT) and at the University of Goettingen
(UG). Reproducibility is shown as the ratio of the two values measured at each laboratory.

Sample REU-14-31 REU-14-32
Source UT uG UT/UG UT UG UT/UG
pg gt ratio ratio

Li 3.993 4.44 0.90 4.266 4.73 0.90
Be 0.714 0.802
Sc 23.32  28.96 0.81 24.51  30.98 0.79
Ti 10250 11960
\Y% 209.8 228.8
Cr 1554 1292

Co 95.46  94.34 1.01 85.48  84.82 1.01
Ni 772.1 751.55 1.03 644.9 649.71 0.99
Cu 63.66  74.76 0.85 68.72  81.71 0.84
Zn 100.9 101.84 0.99 104.0  107.99 0.96
Ga 12.89 12.4 1.04 14.89 14.5 1.03
Rb 12.63 13.31 0.95 13.05 13.75 0.95
Sr 230.6 265.3

Y 16.36 19.3 0.85 19.03  22.42 0.85
Zr 119.8 156.61 0.76 140.8  183.3 0.77
Nb 16.21  18.42 0.88 17.25  19.46 0.89
Mo 1.044 1.077

Cd 0.083 0.06 1.38 0.095 0.08 1.19
Sn 1.240 1.27 0.98 1.455 1.54 0.94
Sb 0.05 0.06 0.87 0.056 0.06 0.93
Cs 0.183 0.18 1.01 0.191 0.2 0.96
Ba 95.38  93.33 1.02 102.0  99.62 1.02
La 13.77  14.72 0.94 14.81 15.8 0.94
Ce 30.79  32.08 0.96 33.72 3517 0.96
Pr 4.033 4.24 0.95 4.491 4.75 0.95
Nd 17.01  17.95 0.95 19.38  20.51 0.94
Sm 4.011 4.2 0.96 4.648 4.91 0.95
Eu 1.317 1.38 0.95 1.529 1.62 0.94
Th 0.605 0.65 0.93 0.715 0.76 0.94
Gd 3.981 4.31 0.92 4.681 5.04 0.93
Dy 3.432 3.77 0.91 4.001 4.43 0.90
Ho 0.662 0.72 0.92 0.772 0.83 0.93
Er 1.684 1.85 0.91 1.947 2.1 0.93
Tm 0.231 0.24 0.96 0.265 0.27 0.98
Yb 1.357 1.51 0.90 1.538 1.71 0.90
Lu 0.190 0.21 0.91 0.213 0.23 0.92
Hf 2.952 3.86 0.76 3.454 4.51 0.77
Ta 1.007 1.09 0.92 1.069 1.17 0.91

W 0.326 0.310
Tl 0.023 0.021
Pb 1.047 0.8 1.31 1.126 0.87 1.29
Th 1.674 1.9 0.88 1.690 1.93 0.88
U 0.430 0.46 0.93 0.450 0.48 0.94
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Table C.2.4: Radiogenic Sr and Nd isotope composition of rock reference materials BHVO-2 and
BIR-1a measured during the course of this study. The average and 2SD is given for BHVO-2,
which has been measured two times on two separate digests.

Rock standard 8Sr/%Sr  2SE - M3Nd/'Nd 2SE

BHVO-2 0.703500 11 0.512925 16
0.703493 10 0.512911

Average (2SD) 0.703497 10 0.512918 20

BIR-1a 0.703115 10 0.513030 11
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Table C.2.5: Compilation of rock reference materials BHVO-2 and BIR-1a measured since 2018 at
the University of Tuebingen. Single runs consist of 90 to 120 cycles with 4.2 s integration time.

In-run precision is reported as 2SE and reproducibility of all measurements of each sample is given
as 2SD.

digest # run # Sample 0°%/5*Ferrnvors [00o] 2 SE  %6Fe [V]

1 1 BHVO-2 0.120 0.019 10.67
1 2 BHVO-2 0.112 0.022 8.93
1 3 BHVO-2 0.089 0.024 8.98
1 4 BHVO-2 0.133 0.022 11.13
2 1 BHVO-2 0.115 0.018 12.42
2 2 BHVO-2 0.084 0.016 12.67
2 3 BHVO-2 0.120 0.018 12.43
2 4 BHVO-2 0.112 0.016 12.45
2 ) BHVO-2 0.110 0.017 12.49
3 1 BHVO-2 0.087 0.025 8.240
3 2 BHVO-2 0.088 0.028 8.53
3 3 BHVO-2 0.102 0.026 8.20
3 4 BHVO-2 0.094 0.022 8.20
3 ) BHVO-2 0.089 0.029 8.18
4 1 BHVO-2 0.131 0.022 10.64
) 1 BHVO-2 0.104 0.025 7.29
6 1 BHVO-2 0.153 0.028 8.56
7 1 BHVO-2 0.075 0.028 7.97
) 1 BHVO-2 0.122 0.025 8.12
8 1 BHVO-2 0.136 0.025 5.75
9 1 BHVO-2 0.141 0.026 5.56
1 1 BIR-1a 0.054 0.018 11.88
1 2 BIR-1a 0.051 0.016 11.99
1 3 BIR-1a 0.045 0.017 11.93
1 4 BIR-1a 0.057 0.017 11.86
1 5 BIR-1a 0.059 0.017 11.57
2 1 BIR-1a 0.074 0.023 8.53
2 2 BIR-1a 0.056 0.026 8.64
3 1 BIR-1a 0.090 0.020 10.17
3 1 BIR-1a 0.058 0.025 9.67
4 1 BIR-1a 0.041 0.024 8.37
) 1 BIR-1a 0.117 0.027 8.74
6 1 BIR-1a 0.063 0.028 5.63
7 1 BIR-1a 0.080 0.026 5.72
8 1 BIR-1a 0.091 0.028 5.68
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1.1

1.2

2.1

2.2

The bond strength between two atoms (A and B) is dependent on
their zero point energy (ZPE). The lower the ZPE (here *AB), the
higher the energy needed to dissociate these atoms, hence the stronger
the bond. Lower ZPE is achieved by incorporating heavier isotopes
(x >y). From Anbar and Rouxel, 2007. . . . . .. ... ... .. ...

a) The relative oxygen fugacity conditions (log units relative to FMQ),
fayalite-magnetite-quartz buffer) are shown for different planetary
reservoirs. Also shown are valence state transition ranges for vari-
ous multivalent elements. Elements discussed in this chapter are Cr
and Fe and are marked in red. Also shown are reference lines for
oxygen fugacity buffers, such as IW (Fe-FeO), NNO (Ni-NiO), and
HM (hematite-magnetite) (modified after Mallmann et al., 2021); b)
Ionic raddi for different redox states of multivalent elements in octa-
hedral coordination with relevant elements discussed in this chapter
marked in red (modified after Papike et al., 2005). . . . . . . ... ..

a) Geological map of the Barberton Greenstone Belt and surrounding
granitic terrain (modified after Hofmann (2005) and Kamo and Davis
(1994)). Inset b) shows the drill core location of BARB-1 (red star)
and outcrop sample locations (red circles); ¢) Geological map of the
Belingwe Greenstone Belt with surrounding granitic terrain (modified
after Hofmann and Kusky (2004) and Martin et al. (1993)). . . . . .

Classification diagrams for Barberton and Belingwe komatiites and
associated komatiitic basalts, high-Mg tholeiites and basaltic andesites
with a) (Feit+Ti)-Al-Mg cation diagram after Jensen (1976); b)
Al,O3/TiOg vs. (Gd/Yb)pum for classification of Al-depleted and Al-
undepleted komatiites; normalizing values from Palme and O’Neill
(2003). Filled and open symbols refer to BaGB and BeGB samples,
respectively. . . . . . .. L
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2.3
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2.5

2.6

2.7

MgO variation diagrams for some major and trace elements for BaGB
and BeGB samples. Blue dashed lines indicate a change of slope in
variation diagrams and indicating the onset of Cr-spinel, pyroxene,
and plagioclase crystallization from 20 to 15wt. % MgO onwards.
Above 20wt. % MgO komatiites are controlled by olivine fraction-
ation/accumulation only. For symbol reference see Figure 2.2. Liter-
ature data for Barberton: Coetzee (2014); Jahn et al. (1982); Puchtel
et al. (2013); Robin-Popieul et al. (2012); Schneider et al. (2019);
Sossi et al. (2016). Literature data for Belingwe: Bolhar (2001); Nis-
bet et al. (1977); Nisbet et al. (1987); Shimizu et al. (2005); Sossi et
al. (2016). . . . .

Primitive mantle (PM) normalized trace element pattern of a) the
Barberton sample suite and b) the Belingwe sample suite. Literature
data are shown as grey fields and derived from Chavagnac (2004);
Schneider et al. (2019); Robin-Popieul et al. (2012); Puchtel et al.
(2013) for Barberton and from Shimizu et al. (2005) and Bolhar et
al. (2003) for the Belingwe Greenstone Belt. Primitive mantle values
after Palme and O'Neill (2003). . . . . ... ... ... ... .. ...

a-d) Chromium isotope compositions (§°3/°2Cr) and e-h) iron iso-
tope compositions (6°6/>4Fe) versus major and trace element concen-
trations. Uncertainties on 6°/°2Cr and 6°%/%*Fe correspond to a 2SD
of 0.016 %o and 0.018 %o, respectively, which is the pooled 2SD* of
repeated measurements of reference material BHVO-2 (6°%/%2Cr) and
standard material Tueb-Fe (6°6/>*Fe). This uncertainty is shown as
a bar for reference in all panels. For symbol description see Figure
2.2. The shaded grey area in a-d corresponds to the (§°%/°2Cr) average
value for BSE of -0.12 £ 0.06 %o (this study). a-d) also show literature
data with associated 25D of Sossi et al. (2018): open diamonds: Bel-
ingwe Greenstone Belt and filled black diamonds: Barberton Green-
stone Belt. Vertical dashed lines correspond to 15 to 20 wt. % MgO
indicating a change in the fractionating assemblage (see Figure 2.3). .

Thin section pictures of selected Barberton samples. Sample 109.22,
a) plane-polarized light and b) cross-polarized light. Parallel plate-
like olivine crystals altered to serpentine and chlorite sit in a feath-
ery matrix of serpentine. Sample 229.40, c) plane-polarized light
and d) cross-polarized light. Twinned pyroxenes altered to acti-
nolite and chlorite sit in a fine-grained matrix altered to actino-
lite/tremolite. Sample BGB-002, e) plane-polarized light and f)
cross-polarized light. Sample 315.55, g) plane-polarized light and
h) cross-polarized light. Both, BGB-002 and 315.55 are character-
ized by relatively fresh plagioclase. Pyroxenes are altered to actino-
lite/chlorite, whereas the groundmass consists of serpentine minerals.
In e) and f) opaque phases (Cr-spinel and/or magnetite) are dissem-
inated throughout the fine-grained matrix. . . . . . .. .. ... ...

Element vs. Zr concentration plots of BaGB and BeGB samples. . . .
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3.1

Chromium isotope variations (§°3/52Cr) as a function of different al-
teration and crustal assimilation indices, such as a) §°3/°2Cr vs. Loss
on ignition (LOI), b) 6°*/°2Cr vs. Cr concentration, ¢) §°3/°2Cr vs.
KO concentrations and d) 6°*/°2Cr vs. (Nb/Th)py. Normalizing
values for primitive mantle (PM) are after Palme and O’Neill (2003).
In addition, a) and b) show literature data of Wang et al. (2016) (open
black circles) and/or Farkas et al. (2013) (open black squares), which
present ultramafic rocks with variable degree of aqueous and chemical
alteration. Please note the change in scale of the y-axis in ¢) and d).
Grey shaded area in a)-d) represents the BSE range of -0.12 + 0.06 %o
(this study). Symbols for BaGB and BeGB komatiite-tholeiite suites
are as used in Figure 2.2. . . . . . .. ..o

Chromium isotope compositions (6°*/52Cr) vs. Fe isotope composi-
tions (6°6/°4Fe). a) Expected change in Fe and Cr isotope composi-
tions by different fractionating phases from a melt composition (m,)
is indicated by arrows. Major controlling phases are given next to the
arrows. See text for further discussion. b) §°¥/52Cr vs. §°/%4Fe for
the BaGB and BeGB komatiite-tholeiite suites. Symbols are as used
in Figure 2.2. . . . . ..o Lo

a) M3Nd/MNd vs. ¥7Sr/%0Sr and b) 87Sr/%6Sr vs. 206Pb/2%4Pb for
mid-ocean ridge basalts (MORB) from this study as well as literature
data for Pacific (orange), Atlantic (blue) and Indian (black) MORB
compositions from Stracke (2012). Also shown are radiogenic isotope
compositions for MORBs as used in Ma et al. (2022): East-Pacific
Rise MORBs (open circles) represent Pacific MORB and Carlsberg
ridge (open triangles) and Southwest Indian Ridge (cross) MORBs
both represent Indian-type MORB. 87Sr/®6Sr and *3Nd/Nd are
reported by Ma et al. (2022), and where available, 2°Pb/291Ph ratios
are from (Chen et al., 2017). Radiogenic isotope compositions for
one sample from the Southwest Indian ridge are from Standish (2006).
DM = Deplete mantle, PREMA = Prevalent mantle, EM1 = enriched
mantle 1 and EM2 = enriched mantle 2. The stippled arrow indicates
the approximate array of compositions for DM-PREMA after Stracke
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3.2

3.3

Major element variations of mid-ocean ridge basalts (MORBs) from
the East-Pacific Rise (EPR), Pacific-Antarctic Ridge (PAR) and Mid-
Atlantic Ridge (MAR) in this study. a) Cr vs. MgO concentrations;
b) CaO vs. MgO concentration; ¢) FeOyopa vs. MgO and d) Al,O3
vs. MgO concentrations. Stippled lines indicate a change of the
fractional assemblage in MORBs from the EPR and PAR from olivine
+ plagioclase for samples with MgO > 8 wt. % to olivine + plagioclase
+ clinopyroxene for samples 5wt. % < MgO < 8wt. % and to Fe-Ti
oxides for samples with MgO < 5wt. % Plg = plagioclase and cpx =
clinopyroxene. Also shown are MORB compositions from the EPR
(open circles) representing Pacific-type MORB, from the northern
and southern MAR representing Atlantic-type MORB and from the
Carlsberg ridge (open triangles) and Southwest Indian Ridge (cross)
both representing Indian-type MORB from Ma et al. (2022). We
note here that the indicated fractional assemblages are representative
for EPR and PAR samples from this study and not necessarily for
MORBs from Ma et al. (2022). . . . ... ... ... .. .......

Compilation of Cr isotope compositions of MORBs from this study
and Ma et al. (2022). Also shown are literature data of one granite
(i.e., rock reference material GS-N; Schoenberg et al., 2016; Schoen-
berg et al., 2008), one tonalite (Berger and Frei, 2014) as well as
oceanic basalts from different localities such as Hawaii (Shen et al.,
2020), Fangataufa (French Polynesia; Bonnand et al., 2020b) and al-
tered oceanic crust (Wang et al., 2016). For comparison, komati-
ite data (green open circles) defining the Cr isotope value of the
Bulk Silicate Earth (BSE) of -0.12 +0.06 %o (indicated by the grey
field; Wagner et al., 2021) and Cr isotope compositions of ordinary
and carbonaceous chondrites published by Schoenberg et al. (2016)
and Bonnand et al. (2016) are also shown. Error bars for MORBs
in this study display the 2SD external reproducibility for pooled
(6%3/52Cr = 4 0.016 %o and 6°%/°*Fe = +0.015 %) or single measure-
ments (6°%/°2Cr = +0.023 %o and 6°9/>*Fe = =+ 0.038 %o; Table 3.1) of

standard reference materials BHVO-2 (6°*/52Cr) and Tueb-Fe (§°¢/54Fe);

see Appendix B for details. . . . . . . ... ..o
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3.4

3.5

Stable Cr isotope compositions (§°3/°2Cr) vs. a) MgO and b) Cr
concentrations as well as stable Fe isotope compositions (§°0/%4Fe)
vs. ¢) MgO and d) Cr concentrations. In a) and b) the Bulk Silicate
Earth (BSE) 6°3/°2Cr range is indicated by the grey field and equal to
-0.12 4 0.06 %0 (2SD; Wagner et al., 2021). Also shown are §°3/°2Cr
data of MORBs published by Ma et al. (2022) with the same sym-
bols as used in Figures 3.1-3.3. In c) and d) the BSE §°%/5*Fe range
as indicated by the grey field and equal to +0.02 £+0.03 %o (Weyer
and Tonov, 2007), whereas the light blue field indicates the §°%/°*Fe
range for mid-ocean ridge basalts compiled from the literature and
equal to +0.107 +0.055 %0 (n=119; Chen et al., 2019; Richter et al.,
2021; Teng et al., 2013; Weyer and lonov, 2007). Literature MORB
§°6/%4Fe values with corresponding 2SD reproducibility are shown in
c) as black (Teng et al., 2013), grey (Chen et al., 2019) and light grey
circles (Richter et al., 2021). The inferred fractional crystallization
assemblages for EPR and PAR MORBs from this study is indicated
on top of each panel. Stippled lines in a) and c) at 8wt. % MgO
indicate the change of the crystallizing phase assemblage from olivine
+ plagioclase to olivine + plagioclase + clinopyroxene. This change
corresponds to ~320 ug g Cr content in b) and d) taken from Figure
3.2a. Stippled lines in a) and c) at 5wt. % MgO and in b) and d) at
~20 pge! Cr indicate the onset of Fe-Ti oxide crystallization for, in
particular, the three most differentiated PAR samples. Note the in-
creasing Cr content during Fe-Ti oxide crystallization in Figure 3.2a.
Error bars on Cr and Fe isotope measurements for MORBs in this
study as in Figure 3.3 (see Appendix B for details). Plg = plagioclase,
cpx = clinopyroxene. . . . . . . ...

a) The modeled bulk isotopic differences between source and melt
(A%3/2C7 rce—mert) Varies with melting degree F. A%/52C7 e meit
are modeled using A®/°2C7 inerai—merr by Shen et al. (2020) and
Berry et al. (2021a) and are shown in light blue and dark blue,
respectively. Only slight differences are seen between different melt-
ing models of batch and aggregated fractional melting within the first
20 % of partial melting due to the compatible behavior of Cr; b) Mod-
eled chromium isotopic compositions (6°*/°2Cr) of the melt are shown
with varying melt degree. §°%/°2Cr increases with increasing degree of
melting and approaches the starting composition of -0.12 + 0.06 %o
representing the Bulk Silicate Earth (BSE) §°%/52Cr value (Wagner
et al., 2021). Melting degree for MORBs from this study with MgO
> 5wt. % are calculated after Niu and Batiza (1991). Sample PACI-
Dr06-g from the Pacific-Antarctic Ridge fits on the trend of the par-
tial melting model, whereas the majority of MORBs is significantly
lighter compared to the modeled §°/52Cr. A more detailed outline of
the partial melting model is given in Appendix B. . . . . . .. .. ..
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4.1

4.2

4.3

Compilation of a) stable Cr isotope compositions (§°%/°2Cr) and b)
stable Fe isotope compositions (§°%/5Fe) of intraplate basalts pre-
sented in this study. Also shown are 6°3/°2Cr and §°6/5*Fe for mid-
ocean ridge basalts (MORBs; Chapter 3) and komatiites (Chapter 2;
(Wagner et al., 2021). The grey field indicates the estimated range
for bulk silicate Earth (BSE) for 6°3/°2Cr of -0.12 £0.06 %0 (Wagner
et al., 2021) and 6°%/5*Fe of +0.02 +0.03 %o (Weyer and Ionov, 2007).
The light blue fields indicate the average N-MORB §°%/2Cr value (-
0.237 £ 0.050 %o; Chapter 3) and §°%/°*Fe value (4-0.107 % 0.055 %o;
compiled from Chen et al., 2019; Richter et al., 2021; Teng et al.,
2013; Weyer and Ionov, 2007). Literature 6°*/°2Cr data in a) include
OIBs (Bonnand et al., 2020b; Shen et al., 2020), MORBs (Ma et al.,
2022) and altered oceanic crust (Wang et al., 2016). Cr isotope data of
chondrites (Bonnand et al., 2016; Schoenberg et al., 2016), one granite
(reference material GS-N, Schoenberg et al., 2016; Schoenberg et al.,
2008) and one tonalite (554 Ma, Madagascar; Berger and Frei, 2014)
are also shown for comparison. Error bars show the 25D external
reproducibility of +0.022 %o for §°%/52Cr and =+ 0.038 %o for §°9/%4Fe
and based on the long-term reproducibility of single measurements of
BHVO-2 (6°%/52Cr) and Tueb-Fe (§°/°*Fe). AbG = Abnormal Group
basalts, SSB = steady state basalts. . . . . . .. ... ... ... ...

Radiogenic Sr, Nd and Pb isotope data for intraplate basalts deter-
mined in this study (La Réunion and Lo’ihi seamount) and from the
literature (Vogelsberg volcano; Bogaard and Woérner, 2003; French
Polynesia; Schiller, 2019; Doros Complex; Owen-Smith et al., 2017)
highlighting the different mantle components. Pb isotope data for
Lo’ihi samples are not available, but indicated by the red eclipse in
b)-e) using the compilation for Lo’ihi basalts by Stracke (2012). Also
shown are mid-ocean ridge basalts from the East-Pacific Rise and
Pacific-Antarctic Ridge (Chapter 3) and in a) OIBs from Fangataufa
(Bonnand et al., 2020b). Literature data for oceanic basalts in grey
are from the compilation given in Stracke (2012). PREMA as defined
by Stracke et al. (2005) and Stracke (2012). AbG = Abnormal Group
basalts, SSB = steady state basalts. . . . . . .. ... ... ... ...

Total alkalis vs. silica (TAS) diagram after Le Bas et al. (1986).
Note that intrusive rocks from the Doros complex are not classified
as basalts and picrobasalts, but as their intrusive counterparts, which
is based on their mineralogic compositions (see text for classifications;
after Owen-Smith and Ashwal, 2015b). Compositions of Lo’ihi sam-
ples are from in-situ electron microprobe analyses (EPMA; Section
4.3.1.1). Discriminating lines for subdivision of alkaline and sub-
alkalic rocks are after Macdonald and Katsura (1964) and Irvine and
Baragar (1971). AbG = Abnormal Group basalts, SSB = steady state
basalts, BOM= basal olivine melagabbro, MOG = massive olivine
gabbro, cpx = clinopyroxene. . . . . .. ... ...
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Major element variations for ocean island basalts from Piton de la
Fournaise (Réunion) and French Polynesia. a) Réunion Abnormal
Group (AbG) basalts can be easily distinguished from picrites and
steady-state basalts (SSB) based on their low CaO/Al, O3 ratios < 0.8
at relatively high MgO contents compared to SSB basalts. The
parental melt of Réunion basalts has been suggested to have ~10 wt. %
MgO (Boudoire et al., 2019). Picrites (MgO > 10wt. %) and SSB
(MgO < 10wt. %) are mostly controlled by accumulation and frac-
tional crystallization of olivine, respectively, based on their constant
CaO/AlyO3 ratios at variable MgO contents. Lower CaO/Al;O3 ra-
tios of AbG basalts are generated from clinopyroxene fractionation,
which is also suggested for some French Polynesia samples; b) Frac-
tional crystallization of clinopyroxene is also evident from decreasing
Sc/Yb ratios at low CaO/Aly O3 displayed by AbG basalts and some
French Polynesia samples; ¢) Plagioclase fractionation is negligible as
indicated by continuously increasing AlyO3 with decreasing MgO; d)
Ni vs. MgO and e) Cr vs. MgO variations indicate olivine (£ Cr-
spinel) accumulation for samples with MgO > 10wt. % and olivine
(£ Cr spinel) + clinopyroxene fractionation for samples with MgO
<10wt. %. Cpx= clinopyroxene. . . . . . . . . .. . ... ... ....

Trace element patterns normalized to primitive mantle (PM) values
(Palme and O’Neill, 2014). Ocean island basalts in a) French Poly-
nesia (Schiller, 2019); c¢) Lo’ihi, Hawaii; e) Piton de la Fournaise,
Réunion; Continental intraplate basalts in b) Vogelsberg volcano,
Germany (Bogaard and Worner, 2003); d) Doros Complex, Namibia
(Owen-Smith and Ashwal, 2015a). Grey field in ¢) denotes compiled
trace element data for Lo’ihi glasses (Garcia et al., 1995; Garcia et
al., 1993; Garcia et al., 1998). . . . . . . . . . ... L.

Major element vs. MgO shown for transitional and tholeiitic basalts
from Lo’ihi, Hawaii, as determined from two alternate methods, i.e.,
EPMA (circles) and Q-ICP-MS (squares). a) the sub-set of four Lo’ihi
samples that were analyzed for major element compositions by both
methods are connected by curved arrows. Compiled literature data
for glass compositions determined by EPMA (grey circles; Garcia
et al., 1995; Garcia et al., 1993; Garcia et al., 1998; Hawkins and
Melchior, 1983; Pietruszka et al., 2011; Yi et al., 2000) and whole-rock
compositions determined by XRF (grey squares; Frey and Clague,
1983; Garcia et al., 1995; Garcia et al., 1998; Hawkins and Melchior,
1983) are shown for comparison. . . . . . ... ... L.
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4.7

4.8

4.9

4.10

Fe and Cr isotopic compositions vs. a) and b) MgO and c) and d)
Cr contents of ocean island basalts from French Polynesia, Réunion
and Lo’ihi. Kilauea Iki lava lake basalts are shown for comparison
for which Fe and Cr isotope compositions are from Teng et al. (2008)
and Shen et al. (2020), respectively. Kilauea fractional assemblage:
Olivine + Cr-spinel accumulation for samples with MgO > 11.5 wt. %;
Olivine + Cr-spinel fractionation for samples with MgO < 11.5 wt. %;
Clinopyroxene starts to crystallize at MgO < 7.5wt. % (Shen et al.,
2020). Arrows indicate the direction of isotopic fractionation during
mineral crystallization and accumulation as suggested by theoretical
calculations and trends of Kilauea Iki samples (Shen et al., 2018b;
Shen et al., 2020; Teng et al., 2008). Errors on 6°6/*'Fe and §°*/°2Cr
as in Figure 4.1. Ol = olivine, Cpx = clinopyroxene, AbG = abnormal
Group basalts, SSB= steady state basalts. . . . . .. ... ... ...

Fe and Cr isotopic compositions vs. a) and ¢) CaO/Al;,O3 ratios and
b) and d) Sc/Yb ratios, both used as indicators for clinopyroxene
crystallization of ocean island basalts from French Polynesia, Réunion
and Lo’ihi. Arrows indicate the direction of Fe and Cr isotopic frac-
tionation induced by mineral crystallization based on theoretical cal-
culations and previous works (e.g., Berry et al., 2021a; Bonnand et
al., 2020a; Shen et al., 2018b; Shen et al., 2020; Teng et al., 2008;
Teng et al., 2013). Errors on 6°6/>*Fe and §°/°2Cr as in Figure 4.1.
Ol = olivine, Cpx = clinopyroxene, AbG = abnormal Group basalts,
SSB= steady state basalts. . . . . . .. ... ...

Fe and Cr isotopic compositions vs. major and trace element concen-
trations for Vogelsberg basanites and alkali basalts. In contrast to the
expected trends for fractional crystallization of clinopyroxene as in-
dicated by stippled arrows, alkali basalts exhibit higher §°*/2Cr and
lower 0°%/°*Fe. The isotopic range for Bulk Silicate Earth (BSE) is
indicated by the grey field (6°%/>*Fe; Weyer and Ionov, 2007; §°3/52Cr;
Wagner et al., 2021). Errors on §°%/5Fe and 6°%/°2Cr as in Figure 4.1.
Major and trace elements from Bogaard and Worner (2003). Cpx =
clinopyroxene. . . . . . . ...

Fe and Cr isotopic compositions vs. a) and b) MgO, c¢) and d)
Ni, and e) and f) Cr contents for intrusive rocks from the Doros
complex. Also shown are Réunion basalts (this study), komatiites
from the ~3.5 Ga Barberton Greenstone Belt (Wagner et al., 2021)
and Kilauea Iki lava lake basalts (6°3/°2Cr, Shen et al., 2020; §°6/>1Fe,
Teng et al., 2008). Errors on 6°6/*'Fe and §°/°2Cr as in Figure 4.1.
BOM= basal olivine melagabbro; MOG = massive olivine gabbro,
Cpx = clinopyroxene. . . . . . . . . . . . ...
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a) Cr isotopic compositions (6°*/°2Cr) and b) Fe isotope composi-
tions (0°/%4Fe) vs. (Gd/Yb)py to illustrate the influence of garnet
during partial melting of OIBs compared to MORBs (Chapter 3).
(Gd/YDb)pym ratios of ~1 are consistent with melting in the presence of
spinel, whereas (Gd/Yb)py ratios > 2 highlight melting in the garnet
stability field. Shaded area is supposed to illustrate qualitatively the
increasing influence of garnet. The higher §°%/2Cr and higher 6°9/*Fe
compared to MORB is qualitatively consistent with partial melting
models (indicated by the stippled arrow) which suggest greater Fe
isotopic fractionation and lower Cr isotopic fractionation from the
BSE during partial melting when compared to melting in the spinel
stability field. Estimates for 6°2/52Cr and §°6/5*Fe BSE values as used
in Figure 4.1. Errors on 6°/°2Cr and §°/°*Fe as used in 4.1. . . . . .

a) Variations of (Dy/Yb)pym vs. (La/Yb)py for Vogelsberg basan-
ites and alkali basalts show that basanites are generated at lower
partial melting degrees than alkali basalts in the garnet-spinel tran-
sition zone. Modeled melting curves are from Bogaard and Woerner
(2003). Tick marks with numbers indicate the degree of melting in %;
b) Basanites and alkali basalts follow a trend of decreasing §°%/%*Fe
with decreasing (La/Yb)py in line with partial melting control; c)
§°3/°2Cr increase with decreasing (La/Yb)py. Comparison with liter-
ature 6°/52Cr data from Fangataufa Island, in which high-K and low-
K basalts display low- and high-degree melts, respectively (Bonnand
et al. 2020), show a similar trend supporting the proposed partial
melting control for this dataset. Errors on ¢°3/52Cr and §°%/°‘Fe as
used in Figure 4.1. . . . . . . . ...

Cr and Fe isotopic composition vs. radiogenic Sr and Nd isotope
compositions. Samples representative for HIMU- and PREMA-type
OIBs exhibit relatively low §°*/°2Cr and high 6°6/°*Fe in line with re-
cycling of oceanic crust with a MORB-like isotope composition in the
source of these OIBs, possibly present as pyroxenitic lithologies. De-
creasing 6°%/°4Fe with increasing radiogenic Sr isotope compositions is
in contrast with pyroxenititc components, but suggest a carbonated
mantle sampled by EM2 associated basalts from French Polynesia
controlling the Fe isotope compositions. Conclusively, the increase
in §°3/52Cr with 87Sr/®6Sr ratios for these samples suggests that car-
bonated mantle metasomatism causes high 6°3/°2Cr. Data for Fan-
gataufa OIBs from Bonnand et al. (2020b). BSE-values for §°*/°2Cr
from Wagner et al. (2021), for §°%/5*Fe from Weyer and Ionov (2007),
and for radiogenic Sr and Nd isotope compositions from DePaolo and
Wasserburg (1976) and Bouvier et al. (2008), respectively. Errors on
§%3/52Cr and §°%/°*Fe as used in Figure 4.1. . . . . . . .. .. .. ...
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4.14

4.15

a) Cr and c) Fe isotopic compositions vs. Zr/Hf ratios for all OIBs in
this study. Of special interest are Vogelsberg basanites, which have
higher Zr /Hf (43-48) than alkali basalts (42-44), and can be attributed
to eclogite in the source of basanites possibly leading towards higher
Fe and lower Cr isotope values (see text for more discussion). EM2
related basalts from French Polynesia also show high Zr/Hf ratios
likewise suggesting an eclogitic component. b) Cr and d) Fe iso-
tope compositions vs. K/K* (representing the negative K-anomaly
observed on PM-normalized trace element patterns; Figure 4.5; see
text for calculation) showing that a lithospheric hydrous component,
consisting of pyroxenite-rich layers or veins and K-bearing phases,
contribute to the high 6°6/%Fe and low §°%/52Cr of Vogelsberg basalts.
We note that highly incompatible trace element compositions (e.g.,
Zr /Hf ratios) of Doros samples need to be taken with caution as they
represent intrusive rocks. BSE value for §°%/°2Cr and §°9/%‘Fe af-
ter Wagner et al. (2021) and Weyer and Ionov (2007), respectively.
Zr /Hf ratio of BSE in a) and c) after Miinker et al. (2003). Errors
on §°/52Cr and §°/5*Fe as used in Figure 4.1. . . . . . .. ... ...

a) and b) Fe and Cr isotopic compositions vs. (La/Yb)py. Arrows
indicate that with increasing degree of partial melting (La/Yb)py de-
creases. Fe isotopic compositions are in general agreement with par-
tial melting control, although variations are too large to be generated
from a homogenous source. For Cr isotopes, MORBs are offset from
the general trend towards BSE like values. Moreover EM2-associated
basalts from French Polynesia show opposite trends associated with
carbonated mantle melting. Open circles in b. represent basalts from
Fangataufa by Bonnand et al. (2020). Normalizing values from Palme
and O’Neill (2004); ¢) and d) Decreasing Nb/La ratios with decreas-
ing Fe isotope and increasing Cr isotope compositions showing the
effect of carbonated mantle melting of EM2 associated basalts in par-
ticular. e) and f) Fe and Cr isotopic compositions of Nb/Th as an
indicator for crustal influence. We note that the incompatible element
compositions of Doros samples need to be taken with caution as they
represent intrusive rocks. All samples but EM2 related basalts are
shown in transparent to highlight the observed trends. . . . . . . ..

A.1.1Comparison of major element data derived from a portable x-ray

fluorescence (pXRF) device at the University of Johannesburg (UJ;
South Africa) and a instrumental wavelength dispersive Bruker AXS
S4 Pioneer x-ray fluorescence (XRF) spectrometer at the University
of Tuebingen (UT; Germany). Deviations of concentration data are
inferred to be caused by the coarse-grained whole-rock surface when
using pXRF, which is avoided when analyzing fused glass beads using
the conventional XRF method at the University of Tuebingen.

. 181
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B.1.1Rare earth element (REE) patterns normalized to Primitive Manlte
(PM) abundances from Palme and O’Neill (2014) for samples from the
Pacific-Antarctic Ridge (PAR; Yierpan et al., 2019), East-Pacific Rise
(EPR, Bach et al., 1994) and Mid-Atlantic Ridge (this study). Also
shown are averages of PM-normalized REE concentrations of enriched
MORB (E-MORB), normal MORB (N-MORB) and depleted MORB
(D-MORB) by Gale et al. (2013). The grey field denotes the range of
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B.2.1a) Cr isotope compositions (6°*/°2Cr) vs. H,O content in samples
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B.2.2a) Sulfur isotope compositions (6*1S) vs. Cl/K ratios for PAR glasses.
PAR samples, which are not affected by hydrothermal fluid assimi-
lation, are shown in red, whereas samples that were shown to be af-
fected by hydrothermal sulfide assimilation (634S >-0.5 %) are shown
in yellow (Labidi et al., 2014); b) Cr concentrations vs. Cl/K ratios,
whereas decreasing Cr concentrations with increasing Cl/K ratios is
interpreted as the result of magmatic differentiation; c¢) Cr isotope
compositions (6°%/°2Cr) vs. Cl/K ratios show that the samples af-
fected most by fluid assimilation are within the range observed for
all N-MORBs from the PAR, EPR and MAR (this study) as denoted
by the red field; c) Sulfide assimilation does not affect §°3/°2Cr of
MORBEs, as average 6°/°2Cr values of contaminated samples cannot
be distinguished from uncontaminated samples within uncertainty; e)
Fe isotope compositions (6°6/*4Fe) vs. Cl/K ratios showing no clear
trend with increasing fluid contamination; f) 6°6/*4Fe vs. §%'S. Hy-
drothermal fluid assimilation would drive 6°6/5*Fe of MORBs towards
lower 6°0/4Fe and lower §**S, which cannot be observed. . . . . . .. 202

C.2.1Highly olivine-bearing samples from Lo’thi, Hawaii: a) J2-246-R3D;
b) J2-309-R1-B from the low -temperature hydrothermal site called
Ula Nui at the southern rift zone; ¢) J2-307-R2-C. All three samples
show large olivine phenocrysts in the whole-rock matrix and within
the quenched glass. Variable, but in general thin, sediment covers are
also observed. All samples are approximately 7 ¢cm in size. . . . . . . 220

C.2.2Sparsley olivine-bearing to aphyric samples from Lo’ihi, Hawaii: a)
J2-243-1A-R2 — mostly aphyric matrix with some plagioclase phe-
nocrysts visible, thin glassy crust on top of fresh basalt within Fe
oxidation seen on surface. Sample is 15 c¢m in size with photo show-
ing a 10 cm wide sample section; b) J2-243-1C-R6 - view of the
very fresh quenched glass. Sample is 7 cm in size; ¢) J2-243-1B-R3
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C.2.3Selection of handpicked and cleaned glass chips of Lo’ihi basalts. In-

dividual glass chips are 0.5 to 1 mm wide. A) J2-309-R1 and B)
J2-307-R2-C, both highly olivine-phyric basalts. In A. olivine phe-
nocryst is visible in the center piece. C) J2-243-1B-R3, D) J2-243-1J-
R20, E) J2-243-1C-R6, F) J2-241-2-R9, C. to F. represent sparsley
olivine-phyric to aphyric basalts. . . . . . . . . ... .. .. ... ...

C.2.4Backscattered electron images of glass chips of sample J2-243-1C-

R6. A) Relatively homogenous glass with Cr-spinel and Clinopyrox-
ene (Cpx) microphenocrysts indicating concurrent growth; B) Ho-
mogenous glass with large, idiomorphic, unzoned olivine microphe-
nocryst and small sulfide droplet; C) Glass chip with many olivine
microphenocrysts with Cr-spinel inclusions. White rectangle repre-
sents zoom-in shown in D) Cr-spinel inclusion present in olivine. Melt
is present in between Cr-spinel crystals, which was not replaced by
olivine growth based on good adhesion of the melt to the Cr-spinel
crystal. E) Olivine microphenocryst as well as Cr-spinel microphe-

nocryst surrounded by incipient Cpx growth indicating rapid quenching.223

C.2.5Backscattered electron images of glass chips of sample J2-246-R3D.

A) Relative heterogeneous glass chip with large idiomorphic olivine
microphenocrysts adjacent to clinopyroxenes (Cpx) and smaller olivine
microphenocrysts with Cr-spinel inclusions shown as a zoom-in in B)
Olivine microphenocrysts with melt and Cr-spinel inclusion. Cpx
microphenocrysts are zoned; C) Glass chip with large Cpx microphe-
nocryst in left corner and skeletal Cr-spinel and sulfide surronded by
Cpx microphenocrysts shown in more detail in D) Skeletal habitus
of Cr-spinel indicates fast growth and heterogenous nucleation prob-
ably caused by quenching; E) Glass chip with olivine, Cpx and large
Cr-spinel microphenocrysts. Cpx is homogenous and does not show
zoning. More detail is shown in F) Small olivine microphenocrysts
are often zoned; G) Cpx microphenocryst grew on surface of olivine
microphenocryst indicating a crystallization sequence of olivine fol-
lowed by Cpx. . . . . . . . . .

C.2.6Backscattered electron images of glass chips of sample J2-307-R2C.

A) Large idiomorphic olivine microphenocryst with Cr-spinel inclu-
sions; B) Large and smaller sulfide droplets adjacent to Cpx mi-
crophenocrysts with augitic composition. C) Glass chip with olivine
and Cpx microphenocrysts not indicating any particular crystalliza-
tion sequence; D) Sulfide and Cpx microphenocrysts. Stains in A.-D.
from acetone used for surface cleaning before analyses. . . . . . . ..

C.2.7a) - f) Major element variations for Vogelsberg volcanics from (Bo-

gaard and Worner, 2003). Alkali basalts have overall lower MgO (and
SiO3) contents compared to near-primary basanites, which indicates
greater fractionation of phases such as olivine (Ol) and Ti-rich augite
(Ti-augite or Cpx) in alkali basalts (Bogaard and Woerner, 2003) in-
dicated by arrows. h) Two samples have elevated Fe,O3 and low FeO
(not shown), but show negligible total FeO loss in g). These two
samples are highlighted by red eclipse in a) to h) and also Figures
414 and 4.15. . . .o
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C.2.8Major element variations for Doros Complex intrusive rocks, i.e.,
basal olivine melagabbros and massive olivine gabbros and one clinopy-
roxene cumulate. Also shown are major element variations of Piton
de la Fournaise basalts, Réunion as well as the komatiite-tholeiite
suite from the Barberton greenstone belt (Wagner et al., 2021; Chap-
ter 3). Also shown are Kilauea Iki lava lake samples used by Shen et
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C.2.1Qompilation of single measurements for samples, which experienced
high blank contribution (highlighted in red for each sample), com-
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