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Abstract

Glasses quenched from relatively undegassed ocean island magmas erupted from volcanoes at Iceland, Hawaii, the Canary
Islands, and Erebus have elevated Fe3+/ZFe ratios compared to glasses quenched from mid-ocean ridge basalts. This has
been ascribed to elevated fO, of their mantle sources, plausibly due to subducted, oxidized near-surface-derived compo-
nents in their mantle sources. The basaltic magmas from Reunion Island in the Indian ocean have Sr—Nd-Hf-Pb-Os isotopic
compositions suggesting that their mantle sources contain little or no subducted near-surface materials and contain the C/
FOZO/PREMA mantle component. To constrain the fO, of the C/FOZO/PREMA mantle component and test the link between
oxidized OIB and recycled surface-derived materials in their sources, we measured major and volatile element abundances
and Fe>*/Y Fe ratios of naturally glassy, olivine-hosted melt inclusions from Piton de La Fournaise volcano, La Reunion.
We conclude that the fO, of the mantle source of these Reunion lavas is lower than of the mantle sources of primitive, unde-
gassed magmas from Hawaii, Iceland, the Canary Islands, and Mt. Erebus, and indistinguishable from that of the Indian-
ocean upper mantle. This finding is consistent with previous suggestions that the source of Reunion lavas (and the C/FOZO/
PREMA mantle component) contains little or no recycled materials and with the suggestion that recycled oxidized materials
contribute to the high fO, of some other OIBs, especially those from incompatible-element-enriched mantle sources. Simple
mixing models between oxidized melts of EM1 and HIMU components and relatively reduced melts of DMM can explain
the isotopic compositions and Fe“/zFe ratios of lavas from Hawaii, Iceland, the Canary Islands, and Mount Erebus; this
model can be tested by study of additional OIB magmas, including those rich in the EM2 component.
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Introduction exceed those of subduction zone magmas (Fig. 1a; e.g., arc

basalts ~0.28; Brounce et al. 2014). This range in OIBs is
3+
/

Measurements of the ratio of Fe’* to total Fe (i.e., Fe
[Fe** +Fe*], or Fe**/Y Fe) in basaltic glasses from ocean
island volcanoes (OIBs—Hartley et al. 2017; Shorttle et al.
2015; Brounce et al. 2017; Helz et al. 2017; Moussallam
et al. 2014, 2016, 2019) range from low values similar to
those of mid-ocean ridge basalts (MORBs — 0.10-0.14;
Berry et al. 2018; Zhang et al. 2018) to higher values that
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sometimes recorded in samples from the same volcano, from
the same island, and/or island group (Brounce et al. 2017;
Moussallam et al. 2014; Shorttle et al. 2015; Novella et al.
2020), and even from the same eruption (Hartley et al. 2017;
Helz et al. 2017). Moreover, for any given OIB volcano,
glasses with the lowest S and H,O concentrations typically
have the lowest Fe®*/Y Fe; this correlation of Fe**/Y Fe
ratios with volatile contents has been attributed to reduc-
tion that is driven by loss of S during volcanic degassing
(Anderson and Wright 1972; Brounce et al. 2017; Carmi-
chael and Ghiorso 1986; Gaillard et al. 2011; Hartley et al.
2017; Helz et al. 2017; Moussallam et al. 2014, 2016, 2019;
Shorttle et al. 2015; Novella et al. 2020). Figure 1a shows
that the Fe**/ Y Fe ratios of the least degassed glasses range
from 0.17 in Icelandic glasses (Hartley et al. 2017; Short-
tle et al. 2015; Novella et al. 2020) to as high as 0.30 in
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glasses from the Canary Islands (Moussallam et al. 2019),
corresponding to oxygen fugacities (fO,s) between 0.4 and
2.1 orders of magnitude higher than the quartz-fayalite-mag-
netite buffer (referred to as AQFM values of + 0.4 and + 2.1).
The fO, values of undegassed Hawaiian (Fe**/Y Fe=0.18;
AQFM = +0.6; Brounce et al. 2017; Moussallam et al.
2016) and Mount Erebus (Fe**/ Y Fe=0.40; AQFM = +2.0;
Moussallam et al. 2014) glasses are between these extremes.
In contrast, as summarized in Fig. 1a, wherever they have
been sampled, MORB glasses have lower Fe3*/ ZFe ratios,
and although the exact average value is debated (ranging
from Fe3+/ZFe=O.10, Berry et al. 2018, to 0.14, Zhang
et al. 2018), there is agreement that MORBs record fO,s of
AQFM = -0.7 to+0.1 (Cottrell and Kelley 2011; O’Neill
et al. 2018; Zhang et al. 2018; Birner et al. 2018). The higher
JfO,s of relatively undegassed glasses from ocean island
basalts (OIBs) relative to MORB glasses have been inter-
preted as having been inherited from their mantle sources
and attributed to the presence of recycled surface-derived
and oxidized materials in their mantle sources (Brounce
et al. 2017; Hartley et al. 2017; Helz et al. 2017; Moussal-
lam et al. 2014, 2016, 2019; Shorttle et al. 2015; Novella
et al. 2020).

Suites of OIB magmas generally define linear arrays
in plots of radiogenic isotope ratios, and these have been
interpreted as indicating that the Earth’s mantle contains
several isotopically distinct reservoirs or components that
make variable contributions to the mantle sources of any
given suite. For example, as shown in Fig. 2, Hawaiian and
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«Fig.1 Summary of the ranges of Fe**/} Fe measured via XANES in sub-
marine pillow glass, matrix glass, and glassy inclusions hosted in minerals in
a a global collection of MORB, OIB, back-arc basin, and arc basalts, and b
Reunion island. Panel a: Circles in panel a are representations of the “most
parental” values (least degassed) in each location. The rectangles for MORB
correspond to the full range of the data and are from Cottrell and Kelley
2011, recalibrated according to Zhang et al. 2018 and Berry et al. 2018, and
the circles represent each study’s preferred average for globally representative
sample sets. The values for OIB are from Hartley et al. 2017, Shorttle et al.
2015, (Iceland), Helz et al. 2017, Moussallam et al. 2016, Brounce et al. 2017
(Hawaii), Moussallam et al. 2014 (Erebus), Moussallam et al. 2019 (Canar-
ies), and Reunion (this study, and Gaborieau et al. 2020; shown as G20 on the
figure; XANES measurements of two olivine-hosted melt inclusions from a
lava flow from Piton des Neiges, the other volcano that makes up Reunion
Island). Various arrows and averages reflect the interpretations provided by
each study. Gray downward pointing arrows indicate the extent of reduction in
Fe3+/ZFe ratios as the result of degassing, black upward point arrows indicate
the extent of oxidation in Fe**/Y Fe ratios as the result of the entrainment of
air into surface exposed lava flows. Pink downward pointing arrow indicates
the extent of reduction in Fe**/Y Fe ratios as the result of diffusive re-equi-
libration with a degassed host magma (see text). The values for the Mariana
trough are from Brounce et al. (2014) and Kelley and Cottrell (2009). The
black circle marked “a” corresponds to the average Fe3+/ZFe of subduction
influenced back-arc submarine glasses, and the circle marked “b” corresponds
to the average Fe**/Y Fe of non-subduction influenced back-arc submarine
glasses. The values for island arc basalts are from Brounce et al. (2014), Kel-
ley and Cottrell (2012), Kelley and Cottrell (2009).The circle marked “a” is
the highest Fe3+/ZFe measured via XANES in an island arc basaltic glass,
and is a single measurement from Augustine volcano (Kelley and Cottrell
(2009). The circle marked “b” is the average of the least degassed composi-
tions from the Mariana arc (Brounce et al. 2014). Panel b: This is constructed
after Pichavant et al. (2016), with olivine-liquid equilibrium constraints from
Burgisser and Bachelery (2009), bulk rock FeO and Fe,O; analyses from Bur-
gisser et al. (2015), and olivine-spinel equilibria from Burgisser et al. (2015)
and Bureau et al (1998b). The solid black line demonstrates the likely fO, of
Reunion magmas during petrogenesis summarized by Pichavant et al. (2016).
The pink box marked “this study” shows the fO, of least degassed magmas
inferred here from X ANES analyses of melt inclusions

Icelandic magmas have radiogenic isotopic ratios indicat-
ing the presence in their source regions of a component
characteristic of the “depleted” mantle sources of MORB
(DMM; Stracke 2012) plus a “less depleted” component
present in many OIB lavas variously referred to as “C”,
FOZO, and/or PREMA (Hanan and Graham 1996; Hart et al.
1992; Hauri et al. 1994; Stracke 2012; Stracke et al. 2005;
Zindler and Hart 1986). Also inferred to be present in the
sources of Hawaiian and Icelandic OIBs (Stracke 2012) are
variable amounts of isotopically distinct (and also relatively
“enriched”) mantle components with high 8’Sr/%®Sr but low
to moderate 2*°Pb/?°®Pb (labeled EM1 and EM2; Fig. 2).
Figure 2 also shows that magmas from the Canary Islands
and Mount Erebus have isotopic characteristics suggesting
mixtures of DMM and C/FOZO/PREMA in their mantle
sources, plus variable amounts of another component that is
absent in Hawaiian and Icelandic magmas, characterized by
distinctive radiogenic Pb isotope ratios (HIMU; Sims et al.
2008; Stracke 2012).
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Fig.2 Plots of radiogenic isotopic compositions of oceanic basalts
(gray circles: Paciifc and Atlantic MORB; black circles: Indian
MORB; yellow, blue, green, red circles: OIB studied via XANES;
white circles: other OIB; pink diamonds: Reunion) from the compila-
tion of Stracke et al. (2005), with Erebus isotopic compositions from
Sims et al. (2008). The approximate estimates of the isotopic com-
positions of various proposed mantle components are marked. The
proposed ranges of FOZO/PREMA/C are marked according to ref-
erence: FOZO H1 (Hart et al. 1992), FOZO H2 (Hauri et al. 1994),
FOZO S (Stracke et al. 2005), “C” H&G (Hanan and Graham, 1996).
a ¥St/%Sr versus 2°Pb/**Pb and b 2**Pb/”**Pb versus **°Pb/***Pb

Although definitive links between each isotopic component
and specific mantle source lithologies and their provenance
are debated, it has been suggested that the EM1, EM2, and
HIMU components reflect seafloor sediments, ancient oce-
anic and/or continental crust and/or lithospheric mantle, and
perhaps surface lithologies not currently present at Earth’s sur-
face, recycled into the mantle by subduction and subsequently
entrained into mantle plumes (e.g., Boyet et al. 2019; Chauvel
et al. 1992; Cordier et al. 2021; Garapic et al. 2015; Hofmann
and White 1982; Stracke et al. 2005; Zindler and Hart 1986).
The origin of the C/FOZO/PREMA component is less certain
than those of the other end members, but it has been variously
suggested that (1) it may represent portions of the mantle that
many plumes interact with to some degree, located in either
the transition zone or the lowermost mantle (Hanan and Gra-
ham 1996; Hart et al. 1992; Hauri et al. 1994; Giuliani et al.
2021); (2) it may be present or mixed into the mantle sources

of MORB (Stracke et al. 2005); (3) perhaps like the EM1,
EM2, and HIMU components, it contains recycled oceanic
crust or lithosphere (Castillo et al. 2015; Hanan and Graham
1996; Stracke et al. 2005), and/or (4) it may sample a long-
lived mantle component formed by the extraction of melt from
a chondritic mantle that contributed to the continental crust
(Giuliani et al. 2021). Whatever the ultimate origin of the iso-
topic fingerprints associated with these mantle end members,
the elevated Fe**/Y Fe ratios relative to MORBs of the least
degassed glasses at Iceland, Hawaii, the Canaries, and Mount
Erebus have led to the suggestion that the mantle components
that contribute the EM1, EM2, and HIMU isotopic charac-
teristics to their magmas may also contribute oxidized signa-
tures, perhaps acquired during exposure of these components
to oxygen- and/or H,O-rich conditions at Earth’s surface prior
to recycling into the mantle (Brounce et al. 2017; Moussallam
2016, 2019; Shorttle et al. 2015; Stolper and Keller 2018).

The Reunion hotspot, with its two volcanoes, Piton de
la Fournaise and Piton des Neiges, is relatively isotopically
homogeneous compared to the OIB discussed above: Basalts
from both volcanoes have high 2°Pb/***Pb and 2*’Pb/?**Pb at
a given 2*°Pb/*™*Pb; these characteristics define the so-called
DUPAL anomaly (Fig. 2b; Dupré and Allegre 1983; Hart
1984) that are shared among OIB and MORB lavas erupted
in the Indian Ocean. Taken together, the Pb, Sr (Fig. 2), Nd,
and Hf isotopic ratios of Reunion lavas have been used to
suggest a dominance of C/FOZO/PREMA in the mantle
sources of Reunion lavas (>90%), with only minor contri-
butions from EM1 (reflected in the DUPAL characteristic
of these lavas) and even smaller contributions from DMM
(Bosch et al. 2008). The Reunion lavas also have chondritic
Th/U (Vlastélic et al. 2006) and unradiogenic 18705/18805
isotopic ratios (Schiano et al. 2012), suggesting that their
mantle sources contain an ancient, slightly trace-element-
depleted mantle source that has been minimally influenced
by the recycling processes of plate tectonics (Hart 1984;
Schiano et al. 2012; Vlastélic et al. 2006; Jackson et al.
2020). Thus, Reunion lavas present the opportunity to study
in concentrated form the fO, of C/FOZO/PREMA without
significant complications from recycling of the EM1, EM2,
and HIMU mantle components, all of which have been
inferrred to contain such recycled and potentially oxidized
surface-derived components.

We present here measurements of the major and volatile
(H,0, S) element concentrations and Fe3+/ZFe ratios of
naturally glassy melt inclusions from the 2005 eruption of
Piton de la Fournaise on Reunion island and use the results
to infer fO, values of undegassed magmas and of the man-
tle source of this eruption. We use this fO,, in combination
with previously reported fO, constraints for Reunion island
(summarized in Fig. 1b, based on Pichavant et al. 2016), to
characterize explicitly the fO, of the widespread C/FOZO/
PREMA mantle component and compare it to fO, levels
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that have been inferred for other distinguishable mantle
components.

Sample description

The samples studied here are from the 2005 eruption of pic-
ritic lava flows in the Enclos Fouqué of Piton de la Fournaise
volcano, Reunion Island. Large (> 1 mm) olivine grains sam-
pled shortly after eruption were provided for this study by
Pascal Richet (IPGP). These samples are similar to those
described by Famin et al. (2009). The olivine grains exam-
ined in this study contain spherical-to-ovoid naturally glassy
melt inclusions ranging in size from~20 pm to~ 150 pm
in diameter, but because of analytical constraints of the
Fe-XANES measurements, melt inclusions analyzed here
are all > 100 pm in diameter. Most melt inclusions contain
vapor bubbles, and some contain spinel crystals and sulfide
blebs, though the specific melt inclusions analyzed here do
not contain spinels or sulfide blebs. Spinels and sulfides are
also present as mineral inclusions (i.e., without significant
glass; ~10-20 pm in diameter) in the olivine crystals, consist-
ent with their having been present at the time of melt inclu-
sion entrapment and not entirely crystallized from the melt
inclusions after entrapment. The olivine grains also contain
occasional melt embayments ~20 pm wide and 100-200-
pm long that do not contain vapor bubbles. Representative
photomicrographs and backscattered electron images of the
samples are available in supplementary data Tables 1, 2, 3.

Methods

Abundances of major elements, S, and Cl in the melt inclu-
sions and major elements in the olivines were measured
using the JEOL JXA-8200 electron microprobe at the Cali-
fornia Institute of Technology. Dissolved H,O and CO,
contents in studied glasses were measured via transmis-
sion FTIR at the University of California Riverside on a
Thermo-Nicolet iS50 spectrometer coupled with a Contin-
uum microscope. We measured Fe>*/Y Fe via Fe-p-X-ray
absorption near edge structure (XANES) spectroscopy at
the Advanced Photon Source, Argonne National Laboratory,
beamline 13-IDE following collection procedures described
by Brounce et al. (2017). Data are reported in Table 1. Ana-
lytical details can be found in the supplementary materials
and representative pre-edge spectra are shown in Fig. 3.

@ Springer

Results and discussion

Major and minor element compositions of melt
inclusions and embayments

The fourteen melt inclusions analyzed in this study are
hosted by olivines with compositions ranging from Fog,
to Fog,. To correct the glass analyses for post-entrapment
crystallization on the inclusion walls, values from Table 1
were corrected assuming Fe**/Mg KDOV li4=0.3 (Roeder and
Emslie 1970). We added olivine with a composition in equi-
librium with the melt inclusion back to the melt in 0.1 wt%
increments until the melt inclusion reached a composition
in equilibrium with the host olivine. The amount of olivine
added back to the melt inclusions by this correction ranged
from O to 8.5 wt%, and the corrected melt inclusion com-
positions contain 6.3-8.5 wt% MgO (Table 1). These MgO
contents (and corrected major element compositions more
broadly; Fig. 4) are comparable to those obtained by Famin
et al. (2009) on glass melt inclusions from the same lava
flow using a similar approach and to other melt inclusions
from picritic lavas sampled from older eruptions of Piton
de la Fournaise (Bureau et al. 1998a, b). We also analyzed
three glass embayments partially enclosed by olivines that
contain melt inclusions (Reunion-3, Reunion-9, and Reun-
ion-15). These embayment compositions, uncorrected for
post-entrapment olivine crystallization, contain 4.9-6.1 wt%
MgO.

The H,O contents of the studied melt inclusions range
from 0.2 to 0.7 wt%, accompanied by a smaller range in K,O
(~0.6-0.8 wt%; Fig. 4f). This would be consistent with H,O
degassing accompanied by minimal crystallization before or
during melt inclusion entrapment in host olivine or diffusive
loss of H,O from inclusions after entrapment (Le Voyer et al.
2014; Newcombe et al. 2020; Bucholz et al. 2013). As men-
tioned previously, sulfide blebs are present in some glass
inclusions in the same samples (though not in the exact melt
inclusions measured here) and as larger inclusions in the
host olivines. Sulfur abundances in the glass inclusions are
uncorrelated with H,O abundances (Fig. 6a), and—although
at best weakly correlated with FeO* (total Fe as FeO)—they
are consistent with saturation with molten Fe-rich sulfide
(Fig. 5a). Overall, these trends, combined with petrographic
observation of sulfide blebs, suggest entrapment as melt
inclusions of liquids that were saturated with a sulfide lig-
uid and that S degassing was minimal during or prior to the
time of entrapment. However, the S concentrations of the
embayments are significantly lower than those of the melt
inclusions (71-113 ppm in embayments; 858—1244 ppm
in the melt inclusions; Fig. 5a), and H,O concentrations
in the embayments were below the FTIR detection limit
(which we estimate here to be ~0.08 wt% H,O for a doubly
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Fig.3 Plots showing examples of edge-step normalized Fe-XANES
spectra from three Reunion melt inclusions (8, 15, and 16) and the
l-atm gas mixing furnace standard glass LW-0 of ref. 4. Panel (a)
shows background, pre-edge, and edge regions, panel (b) magnifies
the pre-edge region

polished, ~40 pm thick wafer based on the limit below which
it begins to be difficult to confidently distinguish signal from
noise in IR spectra; Fig. 4e, f). The significant depletion of
both H,O and S in the melt embayments relative to the melt
inclusions indicates that, in contrast to the melt inclusions,
the melt in the embayments degassed nearly to completion
upon and/or prior to eruption and emplacement of the lava
flow on the surface.

Fe3*/3Fe ratios

The Fe®*/Y Fe ratios of glass in nine melt inclusions
range from 0.094 to 0.162, a range greater than expected
based only on the reproducibility of XANES meas-
urements (+0.01, e.g., Cottrell and Kelley 2009). The
Fe**/Y Fe ratios of Reunion melt inclusions are uncorre-
lated with S contents (Figs. 5b, 6b), in contrast with pre-
vious XANES measurements of Fe**/Y Fe and S in OIB
submarine glasses (see Sect. 1 above, and Brounce et al.

2017; Hartley et al. 2017; Helz et al. 2017; Moussallam
et al. 2014, 2016, 2019; Shorttle et al. 2015; Novella et al.
2020). The Reunion glasses are also lower in Fe>*/Y Fe
value than XANES-based measurements of other unde-
gassed OIB glasses (Fig. 1a; 0.17-0.40 Fe**/Y Fe). There
is, however, a weak correlation between Fe3+/ZFe and
H,O contents for Reunion glasses (Fig. 6¢) and we con-
sider three processes that might account for this correla-
tion and the observed Fe**/ Y Fe range more generally.

Degassing

Degassing of S-rich gases is known to lead to a decrease in
the Fe**/Y Fe ratio of residual liquid under most conditions
(Anderson and Wright 1972; Brounce et al. 2017; Burgisser
and Scaillet, 2007; Candela 1986; Carmichael and Ghiorso
1986; Gaillard 2011, 2015; Hartley et al. 2017; Helz et al.
2017; Kelley and Cottrell 2012; Metrich et al. 2009; Mous-
sallam et al. 2014, 2016, 2019; Shorttle et al. 2015). One
possible explanation of our findings for Reunion glasses
is that S degassing prior to or synchronous with inclusion
entrapment (or even afterwards by degassing into vapor bub-
bles in the inclusions) generated the Fe**/Y Fe variations we
have observed. Although the inclusions we have studied do
not appear to have undergone significant amounts of S loss
by degassing (e.g., the lowest concentrations are in excess of
850 ppm S) and we observe no strong relationship between
S and Fe**/Y Fe (Figs. 5b, 6b), they do display a range in S
contents (~850-1250 ppm). Additionally, melt inclusions
from prior eruptions at Piton de la Fournaise extend the
range of observed S contents significantly (~550-1760 ppm;
Bureau et al. 1998a; Fig. 5a). Even though the inclusions
studied here have Fe**/Y Fe ratios that are uncorrelated with
S content (Fig. 6b), we can estimate the expected range in
Fe®*/Y Fe ratio that would arise by degassing alone using the
D-COMPRESS model of Burgisser et al. (2015). According
to this model, degassing to a final pressure of 1 bar of an
initial melt with Fe**/3 Fe=0.16, 0.67 wt% H,0, 1200 ppm
S, and 200 ppm CO, (i.e., values consistent with this study
and CO, reported by Famin et al. 2009, both studies of melt
inclusions from the same eruption) results in a decrease of
Fe3+/ ZFe ratio to 0.12. However, if the predictions of the
D-COMPRESS model are accurate (and it is possible that it
provides a minimum estimate of the impact of S degassing
on redox, because it assumes that oxidized S is speciated
in the melt as SO, rather than SO,*7), neither closed nor
open system degassing describes well the observed change
in Fe’*/Y Fe with decreasing H,O contents (black solid and
dashed curves, Fig. 6¢) or the lack of a correlation between
S content and Fe®*/Y Fe ratio (Fig. 6b) in the melt inclu-
sion suite measured here. We thus conclude that although
degassing may have influenced the melt inclusions we have
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studied, to the degree that the D-COMPRESS model accu-
rately captures the effects of degassing on depressurization,
such a process cannot simply explain the observed variations
in F63+/EFC (but see Sect. 4.2.3 for an alternate degassing
process that for the most part matches our observations).
Previous studies of melt inclusions from older eruptions
of Piton de la Fournaise have measured H,O contents as
high as 1.1 wt% and S contents as high as 1760 ppm S
(Bureau et al. 1998a, b; Fig. 5a, 6). Additionally, measure-
ments of fluid inclusions indicate very high CO, contents
of deeply stored magmas at Piton de la Fournaise (e.g.,> 1
wt% CO,; Boudoire et al. 2018). This raises the possibil-
ity that the liquids trapped in the melt inclusions studied
here evolved by degassing prior to entrapment from liquids
that contained higher initial concentrations of CO,, H,O
and S than observed by us in any of the melt inclusions

@ Springer

we have studied. Using D-COMPRESS, we have esti-
mated the range of possible initial values of Fe’*/Y Fe
ratios that would be required to explain partially degassed
compositions equivalent to melt inclusions studied here
(gray star and connected curves, Fig. 6) and conclude that
undegassed magmas with 1.1 wt% H,0, 200 ppm CO,,
and 1700 ppm S could have Fe**/Y Fe ratios no higher
than 0.15-0.17 to degas to a Fe**/Y Fe ratio of 0.12
and ~700 ppm S (gray star and associated black curves,
Fig. 6b, c).

Temperature dependence of homogeneous equilibrium
between Fe and S in melt

Another possibility that might in principle account for the
range in observed Fe®*/Y Fe ratios in the centers of Reunion
melt inclusions is that this ratio increases during cooling and



Contributions to Mineralogy and Petrology (2022) 177:7

Page90of18 7

1800 Th |
1400 1 | W /
_ i o o g/
E 1000 o /
= T 3 /
w 1 S X
w
600 S é‘/
— < §~
200+ 4 s o + s $
R A S i j | |
80 90 100 110 120 130 005 010 015 020
FeO* (Wt%) Fe*/sFe

2005 picrite eruption Piton de la Fournaise
@ meltinclusions (post-entrapment corrected)
¢ melt inclusions (post-entrapment uncorrected)

<& embayments

Fig.5 a S and FeO* concentrations of olivine-hosted melt inclusions
and glassy embayments. Small gray circles are MORB glasses (Jen-
ner and O’Neill, 2012). Black lines show the calculated S content of
silicate melt at sulfide saturation according to the model of O’Neill
and Mavrogenes (2002) setting aFeS equal to 0.5 and 0.6, as indi-
cated. Yellow circles are measurements of olivine-hosted melt inclu-
sions from older eruptions of Piton de la Fournaise volcano (Bureau
et al. 1998a, b). b Plot of S concentrations and Fe3+/ZFe ratios.
Small black diamonds are measured values, uncorrected for the

quenching of the melt inclusion to glass, because the elec-
tron transfer reaction 8Fe’* +S%" =8Fe*™ + S~ is driven
to the right with decreasing temperature (Nash et al. 2019).
A key prediction of this hypothesis is that the higher the
S content of the high-temperature melt, the more effec-
tive this mechanism is at increasing Fe>*/Y Fe ratio for a
given FeO* and initial Fe**/Y Fe. Assuming an initial fO,
of QFM-0.6 (calculated Fe3+/ZFe =0.120 for a glass with
the major element composition of Reunion-3 from Kress
and Carmichael 1991), 10 wt.% FeO*, total S contents rang-
ing from 850 to 1250 ppm, and that cooling begins from
1160 °C (the estimated liquidus temperature of the melt in
the center of a typical melt inclusion according to the MgO
thermometer of Helz and Thornber 1987), we calculate that
the Fe**/Y Fe ratio would increase on quenching from 0.120
to 0.122 at 850 ppm S and from 0.120 to 0.126 at 1250 ppm
S (Fig. 5b). This range of quenched Fe**/Y Fe ratios is sig-
nificantly smaller than the range observed in the Reunion
melt inclusions. This—and the fact that there is no observed
correlation between total S content and Fe**/ Fe ratio for
these inclusions (Fig. Sb)—argue against this mechanism
contributing significantly to the observed range of Fe**/ Y Fe
ratio.

Other Piton de la Fournaise eruptions

o meltinclusions
Bureau et al., 1998

® MORB, Jenner et al., 2012

effects of post-entrapment olivine crystallization on the melt inclu-
sion wall. Pink diamonds are the compositions after correction for
post-entrapment crystallization (PEC) of olivine on the melt inclu-
sion wall. Thin black lines connect the pre-PEC and post-PEC com-
positions of the same inclusions. Thick black lines show the proposed
effect of Fe-S redox coupling during quench as a function of the S
content of a melt at AQFM~0 and AQFM-0.6 according to Nash
et al. (2019)

Post-entrapment diffusion through the enclosing olivine

The final possibility that we consider is that the variation
in measured Fe®*/Y Fe ratios of the Reunion melt inclu-
sions reflects post-entrapment diffusion of metal vacancies
across the olivine host in response to a difference in fO,
between the melt inclusion and the host magma. It has been
shown that H,O contents of olivine-hosted melt inclusions
can reequilibrate with the surrounding magma by diffusion
of H* across the olivine in~ 10 s of hours and that metal
vacancies in the host olivine move at similar rates (Bucholz
et al. 2013; Gaetani et al. 2012). Consequently, suites of
variably re-equilibrated melt inclusions could record a range
of Fe’*/ Y Fe ratios and H,O concentrations due to varying
extents of H,O and metal vacancy exchange across the oli-
vine after entrapment (Bucholz et al. 2013; Gaetani et al.
2012). For example, suppose that the Reunion melt inclu-
sions were trapped at pressures higher than those at which
significant H,O and/or S degassing occurs; this would be the
case if the melt inclusions were trapped at~800 bars, the
depth of magma storage of Reunion picritic magmas (Famin
et al. 2009), since this is higher than the 330 bars at which,
according to D-COMPRESS, a model undegassed Reunion
liquid begins to degas significant quantities of H,O. The
magma containing the olivine-hosted melt inclusions could
then have ascended rapidly to a lower, near-surface pressure,

@ Springer
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Fig.6 a H,0O and S concentrations of olivine-hosted melt inclusions
and glassy embayments. The solid and dashed curves are D-COM-
PRESS (Burgisser et al. 2015) model trajectories of the expected
change in H,0 and S during degassing in a closed (solid black
curves) and open (black dashed curves) system. The stars mark the
starting composition of open and closed system trajectories. Tick
marks show the progression of pressure in bars. b Plot of Fe**/Y Fe
ratios and S concentrations of olivine-hosted melt inclusions, with

at which point the liquid fraction of the magma would have
degassed most of its H,O and S, resulting in a decrease in
SO, from AQFM =0 to —0.7. In contrast, a melt inclusion
would not have degassed on ascent nearly as extensively into
vapor bubbles as would the liquid enclosing its olivine host,
because the inclusion would have experienced a significantly
smaller decrease in pressure on ascent as it maintained an
approximately constant volume. Such a situation would give
rise to a low H,O, S, and fO, liquid outside the olivine and
a higher H,O, S, and fO, liquid inside the melt inclusion.
Because H,O, H-bearing defects, and metal vacancies can
diffuse across the host olivine, total H,O concentration and
O, in the melt inclusions can change on relatively short time
scales, ultimately taking on values near those of the degassed
enclosing liquid. In contrast, total S concentrations in the
melt inclusions would be unchanged assuming S cannot
be transported across the host olivine (Bucholz et al. 2013;
Gaetani et al. 2012; Newcombe et al. 2014; Rowe et al. 2007,
Saper and Stolper 2020).

@ Springer

the same degassing models as in panel a. ¢ Fe**/Y Fe ratios and H,0
concentrations in olivine-hosted melt inclusions. The same degassing
trajectories from panels a and b are shown. The thick pink curve is
the modeled effect of diffusive re-equilibration of H,O and Fe**/Y Fe
according to Bucholz et al. (2013), with tick marks indicating time
in hours. Approximate fO, relative to QFM is shown on the left hand
y-axis, calculated at fixed major element composition. Bolded pink
diamond has the lowest Fe**/Y Fe measured in this study, see text

The range in H,O contents and fO, recorded by Reunion
melt inclusions might thus reflect their variable extents of
transfer of H-bearing species and metal vacancies across
the olivine host, while the S contents of the inclusions
would still largely reflect the undegassed magma originally
trapped in the melt inclusions. We simulated this process
and the expected changes in H,O and Fe3+/ZFe in an ini-
tially hydrous and oxidized melt inclusion that is commu-
nicating diffusively with a relatively dry and reduced exter-
nal magma using the numerical model of Bucholz et al.
(2013). We assumed a 150 pm diameter spherical melt
inclusion enclosed in the center of a 1 mm diameter olivine
at 1100 °C; we also assumed that the melt inclusion ini-
tially contained 0.67 wt% H,O at QFM (Fe*/ Y Fe~0.16)
and that the host melt degassed from this initial com-
position to 1 bar, resulting in 0.05 wt% H,O and an fO,
of QFM-0.7 according to D-COMPRESS (equivalent to
Fe**/Y Fe ~0.120). Using the model from Bucholz et al.
(2013), shown by the pink curve in Fig. 6¢, a melt inclusion
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would approach equilibrium with the degassed external
melt with 0.05 wt% H,0 in < 200 h, by which point the
H,O in the melt inclusion would have decreased to 0.05
wt% and the Fe3+/ZFe has decreased to~0.125 (i.e., to
the values of the external melt). The modelled concentra-
tion of metal vacancies across the olivine grain becomes
nearly homogeneous after ~48 h, at which point the fO,
of the modelled melt inclusion is essentially equal to that
of the external melt and little further change in fO, (and
Fe“/ZFe) in the melt inclusion occurs. At this time, the
modelled olivine still has a gradient in H*, and so the H,0
content of the modelled inclusion continues to decrease at
roughly constant fO,; at 200 h, the model H,O content has
changed 91% of the way towards the final value of 0.05
wt%.

With the exception of the data point with the lowest
Fe**/Y Fe data point (Reunion-8, shown as the pink diamond
outlined in black in Fig. 6¢), this diffusion model describes
the melt inclusion measurements reasonably well, and
most importantly, better than the simple degassing models
described in Sect. 4.2.1 based on D-COMPRESS (shown in
Fig. 6¢ as black solid and dashed curves). Based on the obser-
vations of Bucholz et al. (2013) and Gaetani et al. (2012)
that 'H diffuses more rapidly through olivine hosts than *H
in experimentally dehydrated olivine-hosted melt inclusions,
a prediction of this explanation for the observed correlation
between Fe**/Y Fe and dissolved H,O contents of the Reun-
ion melt inclusions is these inclusions will also record a range
in D/H ratios that vary as a function of progressive diffusive
H,O0 loss from the inclusions.

As mentioned above, one melt inclusion with 0.42 wt%
H,O (Reunion-8, shown as the pink diamond outlined in
black in Figs. 4, 5, 6), has the lowest measured Fe3+/2Fe
(0.094). This sample is indistinguishable from the other
inclusions included in this study in its major or volatile ele-
ment composition, and it is unremarkable petrographically.
Although it is always possible that some amount of olivine
was included in the analytical volume, skewing the pre-edge
spectral features to result in lower calculated Fe**/3 Fe ratios
than glass measurements alone, there is no spectral evidence
for such “olivine contamination” elsewhere in the XANES
spectrum (see Brounce et al. 2014). Otherwise, we have no
testable explanation for this anomalous data point, although
it could reflect variations among inclusions in the initial
Fe**/Y Fe of the trapped liquid or equilibration with a more
reduced host liquid such that the plateau in the modeled curve
in Fig. 6¢ would be at a lower Fe**/3 Fe ratio.

In the context of the model described in this subsec-
tion and illustrated in Fig. 6¢, the samples with the high-
est H,O and Fe®*/Y Fe ratios (Reunion-4, Reunion-10,
and Reunion-15) would be most representative of the fO,
of the least degassed and/or the least re-equilibrated Reun-
ion liquids sampled in melt inclusions. These samples have

average Fe**/Y Fe=0.158 +0.005, H,0=0.69 +0.02, and
S=1090+110 ppm (Table 1), corresponding to an fO, of
AQFM = 0, similar to the summary of previous estimates of
JO, for Reunion island lavas shown in Fig. 1b (which shows
our data, that of Gaborieau et al. 2020, and previous data
summarized by Pichavant et al. 2016). It is also similar to
the average fO, reported for MORB in the Indian ocean basin
(Birner et al. 2018; Zhang et al. 2018). We emphasize, how-
ever, that we cannot rule out that even the liquids trapped
in these three inclusions have lost some CO,, H,O and S
prior to entrapment. Although we have no evidence that this
occurred, we do note again the higher H,O and S contents of
the samples of Bureau et al. 1998a, b from an earlier erup-
tion (Figs. 5a, 6a) and inferences from fluid inclusions of
elevated CO, magmas stored at depth at Piton de la Four-
naise. However, modeled degassing trajectories from such a
volatile-rich magma show that the effect on Fe**/Y Fe (and
thus on fO,) is small—i.e., to reproduce the melt inclusions
with Fe**/Y Fe ~ 0.158 with the volatile contents observed
here, the undegassed magma could not have had an fO, not
higher than AQFM =~ +0.1.

Oxygen fugacities of Reunion Island and Indian
Ocean MORB primary magmas

We present three approaches to estimating primary melt
compositions (i.e., compositions immediately after segrega-
tion of primitive melt(s) from mantle residues and prior to
crystallization-differentiation and degassing) based on our
measurements and estimates (described in the following text)
of the possible range of amounts of crystal fractionation prior
to melt entrapment in olivine.

We first incrementally added equilibrium liquidus oli-
vine back to the compositions of Reunion-4, Reunion-10,
Reunion-15 (see Sect. 4.2.3) until they reached equilibrium
with Fog, olivine (consistent with the estimated olivine in
the Reunion residual mantle source; Sobolev and Nikogosian
1994). Calculation of olivine addition was done as described
in Sect. 4.1 for the post-entrapment crystallization correc-
tion. This required 24-31 wt% olivine addition and produces
model melt compositions with 15.0-16.9 wt% MgO and
8.6-9.3 wt% CaO. The model estimate for CaO content is
lower than expected for batch melts or accumulated fractional
melts of a fertile or slightly depleted peridotitic source, sug-
gesting that crystallization of high-Ca pyroxene in addition
to olivine occurred prior to melt inclusion entrapment; this
inference is consistent with prior studies of the liquid lines
of descent of Reunion magmas (e.g., Albarede et al. 1997,
Famin et al. 2009). The model primary melts reconstructed
in this way have AQFM =-0.4 (calculated at 1 atm, 1150 °C);
this fO, is~0.4 orders of magnitude lower than those cal-
culated from measured Fe**/Y Fe. The representative pres-
sures and temperatures of melting independently estimated
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Fig.7 Plot of the Fe**/Y Fe ratios of “most parental” magmas (see
Fig. 1) versus DS"™Nd=P> of Jackson et al. (2020), an index for the
extent of the shift away from geochemically depleted mantle with
respect to Sr, Nd, and Pb isotopic compositions. The Fe>*/Y Fe ratios
of “most parental” magmas at each location are taken from the lit-
erature (see Fig. 1), Reunion constraint (this study) described in
the main text. Also shown are the calculated DSr—Nd—Pb of melts
of DMM, C/FOZO/PREMA, EM1, EM2, and HIMU from Jackson
et al. (2020), with various possible Fe**/Y Fe ratios. The Fe**/Y Fe
ratio of the FOZO component is set equal to that calculated in this
study, and MORB is set equal to that of Zhang et al. (2018). The
Fe**/Y Fe ratios of the blue, orange, and gray boxes (0.5) connected
to MORB by solid curves is the value measured for the ODP Site 801
Super Composite powder (Brounce et al. 2019), meant to represent
the Fe’*/Y Fe of bulk subducting altered oceanic crust and seafloor
sediments. The endmembers connected to MORB by dashed curves
have Fe**/Y Fe of 0.7, illustrating the impact of mixing more oxi-
dized melts on the mixing curve trajectories. Isotopic data for each
island from Stracke et al. (2005), Jackson et al. (2020), and Sims et al.
(2008)

for Reunion lavas are ~3 GPa and 1400 °C (Albarede et al.
1997; Albareéde and Tamagnan 1988; Sobolev and Nikogo-
sian 1994). The effect of increasing temperature from
1150 °C to 1400 °C on the calculation of fO, of a silicate
magma relative to the QFM buffer is small (< 0.02 log units
at 3 GPa; Brounce et al. 2017; Kress and Carmichael, 1991).
However, the effect of increasing pressure from 1 atm to 3
GPa increases the fO, of the silicate liquid by ~0.4 orders of
magnitude relative to the QFM buffer at 1400 °C. The net
result of the olivine addition calculations and projection to
the high pressures and temperatures of melting nearly cancel
one another, yielding an estimate of the fO, of a Reunion
primary melt as it separated from its source of AQFM =~
0+0.1 (the average and standard deviation of the three val-
ues calculated for Reunion-4, Reunion-10, and Reunion-15;
Fig. 7; Table 1).

We made a second estimate by adding olivine and clinopy-
roxene back to the composition of each of the same three melt

@ Springer

inclusions until equilibrium with Fog, olivine was achieved.
This calculation was implemented using Petrolog3 (Danyush-
evsky and Plechov 2011), the mineral-melt models of Roeder
and Emslie (1970) for olivine and Langmuir et al. (1992) for
high-Ca clinopyroxene, and assuming that Fe** is perfectly
incomaptible for both olivine and clinopyroxene. Equilib-
rium olivine and clinopyroxene were added to the composi-
tions of Reunion-4, Reunion-10, and Reunion-15 in propor-
tions dictated by the mineral-melt models cited above until
a melt composition in equilibrium with Fo91 olivine was
obtained. This required 20-23% pyroxene and 9-12% olivine
addition using the selected melt models, and produced melt
compositions with 13.1-14.7 wt% MgO and 12-12.2 wt%
CaO, which are consistent with the range in MgO and CaO
possible from accumulated fractional melts of a peridotitic
source mantle (Herzberg and Asimow 2008). This calcula-
tion produces primary melt compositions in equilibrium with
Foy, olivine with average AQFM = -0.2+0.1 (corrected to 3
GPa, 1400 °C, as described for the preceding model calcula-
tion; Table 1). Note that using a non-zero value for Dg,;, ¥
melt (e.g.,~0.5; Sorbadere et al. 2018) would yield a primary
magma with slightly higher fO,.

The final calculation was based on the PriMelt2 calcula-
tor (Herzberg and Asimow 2008), which is similar to the
first calculation presented above except that it simultaneously
calculates the composition of accumulated fractional melts of
a peridotitic mantle source and thus returns a parental melt
composition that is consistent with having been produced by
melting of a peridotitic mantle source. This yields modeled
primary melt compositions for the Reunion-4, Reunion-10,
and Reunion-15 melt inclusion compositions in equilibrium
with Fog, s—Foy, ¢ olivine at 1370-1430 °C and 3.0 GPa, and
AQFM = 0+0.1 at the model temperatures and pressures
(Table 1). As pointed out above and by Herzberg and Asi-
mow (2008), the PriMelt2 calculations indicate that these
reconstructed primary melts have CaO concentrations that
are too low to have segregated from high-Ca pyroxene-bear-
ing residues and, therefore, suggest that significant pyroxene
fractionation was involved in producing the melts that were
trapped as inclusions analyzed in this study.

These calculations show the insensitivity of estimates of
the fO, values of reasonable primary melts to the precise
model choice of how to correct for crystal fractionation.
Taken together, the results of these calculations suggest fO,
values for the primary liquid of the 2005 Piton de la Four-
naise eruption of AQFM = —0.2 to 0.0 at the point of its sepa-
ration from the solid residue in its source at approximately 3
GPa, 1400 °C. Assuming that the effect of partial melting on
the fO, of the melt and mantle residue is small up to~25%
melting of peridotite (e.g., Sorbadere et al. 2018; Davis and
Cottrell 2018); that the melt and residue were in equilibrium
and thus reflect the same fO, up to the point of melt segrega-
tion; and that we can approximate melting with a single stage



Contributions to Mineralogy and Petrology (2022) 177:7

Page130f18 7

of melt extraction), we take this as a reasonable estimate for
the fO, of the mantle sources of Piton de la Fournaise mag-
mas. Estimates of the fO, of the Indian upper mantle at the
pressures and temperatures of primary melt generation (1.25
GPa, 1320 °C; taken directly from Birner et al. 2018), are
similar to those for the primitive, undegassed Reunion melt
inclusions, ranging from AQFM = —-0.5 to+ 0.1, with an
ocean basin average value of AQFM = -0.1+0.1 (Fig. 7).

The estimate of the fO, of the mantle source of the 2005
Piton de la Fournaise primary liquid presented here (and
by other studies of Reunion Island lavas; see Fig. 1b and
Pichavant 2016; Gaborieau et al. 2020; Peters et al. 2019)
is significantly lower (i.e., outside of analytical uncertainty
of +£0.01 Fe**/XFe; +0.25 log units fO,) than recently pub-
lished estimates of the fO, of the mantle sources of other
ocean island lavas based on similar analytical approaches
and primary melt reconstructions (Figs. 1a, 7). Moreover,
the fO,s inferred for mantle sources of lavas from Hawaii
(AQFM = +0.5 to+0.6; Brounce et al. 2017; Helz et al.
2017; Moussallam et al. 2016), Iceland (AQFM = +0.4
to+0.5; Hartley et al. 2017; Shorttle et al. 2015; Novella
et al. 2020), Mount Erebus (AQFM = + 1.7; Moussallam
et al. 2014) and the Canaries (AQFM > +2; Moussallam
et al. 2019) are all significantly higher than the fO, esti-
mates of the upper mantle that feeds the mid-ocean ridge
system in their respective ocean basins (Moussallam et al.
2019). In contrast, the estimate of the fO, relative to QFM
of the Reunion source presented here (AQFM ~ —0.2 to 0)
cannot be distinguished from that of the Indian upper man-
tle (AQFM = -0.5 to +0.1; Birner et al. 2018; Zhang et al.
2018). This is a key result of our study, demonstrating that
not all OIB magmas record higher fO,s in their sources
than ambient upper mantle as represented by the sources of
MORBSs from the same ocean basin, contrary to the conclu-
sion of Moussallam et al. (2019).

The Reunion samples we have studied have Pb isotope
ratios resembling the so-called DUPAL anomaly and ele-
vated ¥’Sr/3°Sr relative to DMM (Bosch et al. 2008). If these
isotopic characteristics are due to the presence of oxidized
recycled materials in the sources of Reunion magmas, they
must be present in proportions too small to elevate signifi-
cantly the fO, of Reunion magmas above that of the DMM
reservoir sampled by Indian Ocean MORB. Furthermore, as
much as 60-90% of the Reunion mantle source has been sug-
gested to consist of the C/FOZO/PREMA component (Bosch
et al. 2008). To the extent that this isotopically defined man-
tle component of many OIB lavas reflects a specific mantle
lithology with a well-defined origin and history, our results
suggest that this component has an fO, of AQFM = 0 at~3
GPa and 1350 °C, not significantly different from that of
DMM at~1 GPa and 1250 °C (i.e., the dominant upper
mantle reservoir). If this is correct, it would argue against
significant contributions of oceanic crust recycled in the last

400-800 my to the C/FOZO/PREMA mantle component,
because more recently generated oceanic crust is inferred to
have become significantly oxidized during their time at or
near Earth’s surface (e.g., Lecuyer and Ricard, 1999; Stolper
and Keller 2018).

There are many factors that could influence the fO, of
a partial melt of the mantle including: the major element
composition of the source, which influences the mineralogy
and phase equilbria under both subsolidus and supersolidus
conditions as functions of P and T and could lead to varia-
tions of at least one order of magnitude in fO, (e.g., Jennings
and Holland, 2015; Stolper et al. 2020); the concentrations
and oxidation states of heterovalent elements in the source,
including not only Fe, but also H, C, S, and more (e.g., Frost
and McCammon 2008 and references therein); and the flow
of fluids through the source (e.g., Frost and McCammon
2008 and references therein). Given these and other possi-
ble factors that could influence the fO, levels of the mantle
sources of magmas, it is difficult at this time to decode the
significance of the essentially identical fO, levels of magmas
from the C/FOZO/PREMA-rich Reunion plume source (as
defined by this study and previous studies of different lavas
from Reunion island, Fig. 1b) and MORB magmas from
the global upper mantle DMM source. Given the sensitiv-
ity of fO, to so many factors, this close correspondence is
unlikely to be a coincidence, although this cannot be ruled
out. One possible explanation for this similarity is that melt
extraction = addition processes similar to those acting on
mantle corresponding to the bulk silicate earth that resulted
in the chemical composition of the DMM source—includ-
ing its fO,—also had a significant role in the generation of
the apparently widespread C/FOZO/PREMA source early in
Earth history. In this scenario, a simple explanation for the
differences between the Reunion source and the sources of
OIBs with mantle sources that record higher fO,s reflects
the larger contributions to the sources of these other OIBS
of higher fO,, recycled EMI, EMII and HIMU source com-
ponents. If this is correct, it suggests that the various shared
characteristics of Reunion and other, more oxidized OIB
magmas (i.e., at Hawaii, Iceland, Canary Islands, Erebus)—
such as elevated pressures and temperatures of melting and
larger amounts of crystal fractionation at higher average pres-
sures than typical MORBs—do not uniquely set the fO, of
OIB magmas since otherwise, Reunion magmas would be
expected to be as oxidized as Hawaiian, Icelandic, Canary
Island, and Erebus magmas.

Finally, we point out that there is substantial isotopic het-
erogeneity of the C/FOZO/PREMA component (as there is in
DMM, EM1, EM2, HIMU components as well, e.g., Stracke
et al. 2005) globally and it is possible that this extends to fO,
as well. At this time there are not to our knowledge other con-
straints on the fO, of C/FOZO/PREMA component. Addi-
tional studies of relatively undegassed magma compositions
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(including fO,) at locations that sample C/FOZO/PREMA
without significant additions of EM1, EM2, and HIMU com-
ponents (which may be very oxidized, see Sect. 4.4.) will be
necessary to assess this.

Heterogeniety in mantle source fO, and radiogenic
isotope ratios

We have emphasized that the elevated Fe>*/ZFe ratios and
inferred fO, levels of relatively undegassed glasses from
Hawaii, Iceland, the Canaries, and Mount Erebus relative to
MORB and Reunion magmas have been suggested as being
related to the presence in their mantle sources of isotopi-
cally enriched EM1 and HIMU components that are oxidized
relative to DMM (Brounce et al. 2017; Hartley et al. 2017;
Moussallam et al. 2014, 2016, 2019; Shorttle et al. 2015;
Novella et al. 2020). Although, as discussed above, many
factors can influence the fO, levels of the mantle sources of
basaltic magmas, in this final section, we extend the mod-
eling by Jackson et al. (2020) of source mixing (constrained
by variations in radiogenic isotope ratios in OIBs) to include
their Fe>*/ZFe ratios. The goal of this modeling is to evalu-
ate semi-quantitatively whether the differences in fO, esti-
mates for the Hawaiian and Icelandic sources on one hand
(AQFM ~ +0.4 to+0.6; Brounce et al. 2017; Hartley et al.
2017; Moussallam et al. 2016; Shorttle et al. 2015; Novella
et al. 2020) and for Mount Erebus and the Canary Islands on
the other (AQFM 2> +2; Moussallam 2014, 2019) are con-
sistent with the proportions of mantle end members in their
sources based on radiogenic isotopic ratios. For example,
one simple model would be that EM1, EM2, and HIMU end
members have similar major element compositions (includ-
ing Fe**/ZFe ratios), in which case they would typically have
similar fO, at a given P and T. If these end members were
mixed with other source components (e.g., DMM, EM1,
EM2, HIMU), again with major element compositions of the
enriched components assumed to be similar, then if Hawaiian
and Icelandic mantle sources contained lower proportions of
recycled surface materials relative to the sources of Mount
Erebus/Canary Islands, this could explain the lower Fe**/XFe
ratios (and lower inferred fO,s; Fig. 7) of Hawaiian/Icelandic
basaltic glasses.

We have evaluated this type of mixing model semi-quanti-
tatively using the model of Jackson et al. (2020) to constrain
the proportions of the isotopically defined (and distinguish-
able) end members in the sources of the OIBs; then, assum-
ing values for the Fe**/ZFe ratios of the isotopically defined
end members, we evaluate whether the isotopic and Fe3*/
ZFe ratios can be simulatenously satisified for the Hawai-
ian, Icelandic, Canary Islands, and Erebus OIBs given the
proportions of the end members in their sources based on
the isotopc ratios of the OIBs from Jackson et al. (2020). To
simplify this exercise, we assume that all melts of all end
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members have 11 wt% FeO* and that melts of EM1, EM2,
and HIMU all have the same Fe**/ZFe ratio, corresponding
to that of altered oceanic crust, as represented by the “Super
Composite” of seafloor sediments and altered oceanic crust
recovered from the Pacific ocean crust at ODP Site 801 (Fe**/
2Fe ~0.5, see Brounce et al. 2019). We also assume that a
partial melt of DMM has Fe**/ZFe=0.12 (Cottrell and Kel-
ley 2011; Zhang et al. 2018). We then mix the partial melt
of DMM and melts of the enriched source components in
various proportions between 0 and 1 (i.e., duplicating the
approach of Jackson et al. 2020) to generate the solid blue,
orange, and gray mixing curves shown in Fig. 7 for mixtures
of DMM with EM1, HIMU, and EM2, respectively; the DSr-
Nd-Pb parameter shown on the x-axis is defined by Jackson
et al. (2020) and is calculated for each mixing ratio (and for
each of the basalt samples shown as colored dots in Fig. 7)
using the endmember Sr and Pb concentrations and Sr/*°Sr
and 2°°Pb/29*Pb ratios of melts of EM1, HIMU, and DMM
estimated by Jackson et al. (2020).

For both Iceland and Hawaii, the estimated proportions of
EM1 in their sources based on their radiogenic isotope ratios
(DSr-Nd-Pb=0.35+0.07, DSr-Nd-Pb=0.33 +0.04, respec-
tively) are about 5% based on their radiogenic isotope ratios
based on Jackson et al. (2020); this estimate is consistent with
other estimates of the proportion of enriched components for
Hawaiian magmas on the basis of other isotope systems and
trace elements of 4-20% (Eiler et al. 1996; Hauri et al. 1996;
Sobolev et al. 2007). The proportions of the EM1 endmem-
ber in the source required to match the Fe**/ZFe ratios of
relatively undegassed Hawaiian and Icelandic glasses given
the parameters described above are~15% EM1 (based on
the tick marks on the blue curve in Fig. 7). This overlaps the
upper end of the range of estimated EM1 proportions based
on radiogenic isotopes and demonstrates that the amount of
EM1 in Hawaiian and Icelandic sources based on Fe**/XFe
and isotopic ratios are compatible.

For the Canary Islands, the estimated proportions of
HIMU in their sources are about 30% from their radiogenic
isotope ratios (DSr-Nd-Pb=0.55 +0.06) based on Jackson
et al. (2020); as for Hawaii and Iceland, this is again broadly
consistent with previous esimates of 10-35% HIMU compo-
nent in the sources of Canary Island magmas (Widom et al.
1999; Day et al. 2010). The proportions of the HIMU end
member in the source required to match the Fe**/XFe ratios
of relatively undegassed Canary Island glasses are ~40%
(based on the tick marks on the solid orange curve in Fig. 7),
again consistent with the range of estimated HIMU pro-
portions based on radiogenic isotopes. Finally, for Mount
Erebus, the estimated proportions of HIMU in the sources
from radiogenic isotopes is ~40% (DSr-Nd-Pb=0.63 +0.03)
based on Jackson et al. (2020) and 35-95% based on Phillips
et al. (2018). The proportions of the HIMU end member in
the source required to match the Fe**/XFe ratios of relatively
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undegassed Erebus glasses are 55% (based on the tick marks
on the solid orange curve in Fig. 7), consistent with the
range of estimated HIMU proportions based on radiogenic
isotopes. Given the unrealistically simple assumptions of
this mixing model, we are encouraged by the overall level
of agreement between the higher amounts of HIMU in their
sources implied by the isotopes of the Canary Islands and
Erebus samples relative to amounts of the EM1 components
implied for the sources of the Hawaii and Iceland samples
and the success of the mixing model in explaining simultane-
ously the isotopic ratios and Fe**/XFe ratios presented here
for these four OIB. We also considered the possibility that
the EM1, EM2, and HIMU end members have a higher Fe**/
XFe ratio. If we assume that partial melts of the end-member
source components have Fe3*/SFe~0.7, the fit of these sim-
ple mixing models (shown by the dashed curves in Fig. 7)
to the radiogenic isotopic compositions and estimates of the
Fe**/ZFe of the least degassed magmas at each location is
improved, but there are so many uncertainties in the model in
detail that we do not regard this improvement as significant.
For example, including the likely higher melt productivity of
the enriched components relative to DMM would produce the
same sense of change introduced by assuming a higher Fe**/
2Fe ratio in the enriched sources, and the assumptions about
the total Fe contents of the partial melts and/or the source
components would also have consequences.

Overall, however, although the mixing model coupling
radiogenic isotopic ratios and Fe**/XFe ratios depends on
many simplifying assumptions and approximations that can
be challenged, they demonstrate that the Fe**/XFe ratios in
OIB glasses from Hawaii, Iceland, the Canary Islands, and
Mt. Erebus can be explained semi-quantitatively by a simple
mixing model using proportions of DMM and EM1 or HIMU
components in their sources based on the radiogenic isotope
ratios of basaltic rocks from these OIBs. It remains to be seen
if glasses from other OIBs can be similarly explained, but this
can be readily tested with measurements of the Fe**/ZFe of
magmas whose isotopic compositions reflect significant and
variable contributions from these same endmembers—such
as St. Helena, Tubaii, Rurutu, Mangaia, and Rimatara islands
for HIMU (Stracke et al. 2003) and Tristan da Cunha, Pit-
cairn, and Kerguelen islands for EM1 (Stracke et al. 2003).
Additionally, the model predicts the behavior of the EM2
component, represented by Society, Samoa, and Marquesas
islands, for example (Stracke et al. 2003), for which Fe**/>Fe
ratios are currently unavailable.

Conclusions

Olivine-hosted melt inclusions from the 2005 Piton de la
Fournaise eruption at Reunion Island have Fe>*/ZFe ratios
that are indistinguishable from those of Indian Ocean

MORB, in contrast to the recent suggestion that all ocean
island basaltic magmas are more oxidized than MORB (e.g.,
Moussallam et al. 2019). The Fe**/ZFe ratios of these inclu-
sions correlate weakly with measured H,O concentrations
but not with S; this can be explained by incomplete diffusive
reequilibration of Fe**/ZFe and H,O of the melt inclusions
through the olivine hosts with a degassed and thus reduced
external magma. The least degassed inclusions are used to
reconstruct the fO, of the primary magmas from which they
were derived, at the mantle conditions under which they
likely equilibrated with their mantle sources; this reconstruc-
tion suggests that the mantle sources of the 2005 Piton de la
Fournaise eruption had fO, levels corresponding to AQFM-
0.1+0.1 (also indistinguishable from reconstructed MORB
primary melts). Because the mantle source of magmas at
Piton de la Fournaise are thought to consist of ~60-90% of
the C/FOZO/PREMA mantle component, this suggests the
O, of this mantle component is essentially indistinguishable
from that of DMM. This in turn may suggest that the igneous
processes that led to the well-defined and similar fO, of both
the DMM and C/FOZO/PREMA reservoirs (e.g., melt extrac-
tion and/or addition relative to initially similar reservoirs)
either did not result in major changes in fO, relative to bulk
silicate Earth and/or led to similar changes for both DMM
and C/FOZO/PREMA. Although the C/FOZO/PREMA
component present in the sources of Reunion magmas is not
oxidized relative to DMM, the sources of other OIBs with
significant contributions of EM1 and HIMU mantle compo-
nents based on available radiogenic isotopic ratios are more
oxidized than DMM based on available data. Simple semi-
quantitative mixing models couple plausibly elevated Fe*t/
XFe ratios of EM1, EM2, and HIMU components and their
radiogenic isotopic compositions to variations in their con-
tributions to the primary melts of OIB. The exact fO, levels
(and Fe**/ZFe ratios) of these reservoirs, (and that of EM2),
and whether HIMU and EM1 are similarly oxidized (as sug-
gested by Moussallam et al. 2019) or not, requires additional
analyses of glasses from oceanic volcanos in which the EM1,
EM2, and HIMU endmembers are thought to represent high
fractions of their mantle sources.
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