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ABSTRACT

Whether the Earth’s mantle has a chondritic 8°°Fe (deviation in °Fe/**Fe from the
IRMM-014 standard in parts per thousand) value or not remains under debate. The
current view is that the observed average 6°°Fe of mid-ocean ridge basalts (MORB)
cannot be explained by partial melting of mantle source with chondritic value alone. Here,
we report Fe isotope compositions on 29 MORB glasses sampled along a flowline
traverse across the East Pacific Rise (EPR) axis at 10°30°N. These glasses show large
MgO variation (1.8 to 7.4 wt.%) that forms a compositional continuum resulting from
varying extent of fractional crystallization, which is accompanied by systematic Fe
isotopic variation. Fractional crystallization modeling suggests that early crystallization
of olivine, pyroxene and plagioclase gives rise to an iron enrichment trend and an
increase in 6°°Fe. Once Fe-Ti oxides appear on the liquidus and begin to crystallize, the
FeO! and TiO, contents of the residual melt decrease rapidly, which lead to a slight
decrease in &°°Fe. These observations indicate that significant Fe isotope fractionation
can indeed take place during MORB melt evolution. Hence, 5°°Fe values of variably
evolved MORB melts do not represent those of primary MORB melts and thus cannot be
used to infer mantle source Fe isotope compositions. Importantly, 8°°Fe values of primary
MORB melts after correction for the effect of fractional crystallization can be well
reproduced by mantle melting. Therefore, our study supports the idea that the Fe isotope
composition of the accessible Earth is close to be chondritic. We note that conclusion
would assume that the core, which takes up ~ 90% of the Earth’s Fe, must have a

chondritic Fe isotope composition.
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1. INTRODUCTION

The Fe isotope composition of the bulk silicate Earth (BSE) has been the subject of
debate for ~20 years see review by Dauphas et al. (2017). For instance, the average 3°°Fe
value of mid-ocean ridge basalts (MORB), oceanic island basalts (OIB) and continental
basalts are ~0.1%o higher relative to chondrites (Poitrasson et al., 2004; Teng et al., 2013;
Weyer and Ionov, 2007). This was initially interpreted as resulting from Fe isotope
fractionation during iron vaporization associated with the giant Moon-forming impact
event (Poitrasson et al.,, 2004) or high-temperature and high-pressure equilibrium
fractionation between metal and silicate during core formation (Polyakov, 2009; Williams
et al., 2012). These models, however, remain debated (Elardo et al., 2019; Hin et al.,
2012; Poitrasson et al., 2009; Shahar et al., 2015). In contrast, subsequent studies of
peridotite xenoliths from different settings (Dauphas et al., 2009a; Huang et al., 2011;
Poitrasson et al., 2013; Weyer et al., 2005; Weyer and lonov, 2007; Williams et al., 2005;
Williams et al., 2004; Zhao et al., 2010; Zhao et al., 2012) and komatiites or picrites
produced by large degree of mantle melting (Dauphas et al., 2010; Hibbert et al., 2012;
McCoy-West et al., 2018; Nebel et al., 2014) showed that, despite large variation, these
rocks have 8°°Fe values on average indistinguishable from chondrites (-0.01+0.01%o;
Craddock and Dauphas, 2011). Thus, Fe isotope fractionation during partial melting of
the mantle was alternatively proposed to explain the difference in Fe isotope composition
between mantle-derived basalts and chondrites (Teng et al., 2013; Weyer and Ionov,
2007), suggesting that complex processes invoked earlier (i.e., core formation or giant
impact) may not be needed.

However, theoretical studies suggest that partial melting of mantle with chondritic
value alone is insufficient to explain the observed MORB 6°°Fe values. Dauphas et al.
(2009a) show that ~10% partial melting of mantle at 1200 °C with a ~0.3 %o 8°°Fe
fractionation between Fe?* and Fe’* and a melt with Fe3'/>Fe ratio of 0.16,
corresponding to observed MORB (Bézos and Humler, 2005; Cottrell and Kelley, 2011),
can only produce ~0.04%0 Fe isotope fractionation between MORB and their mantle
source. Furthermore, using the synchrotron Nuclear Resonant Inelastic X-ray Scattering
(NRIXS) techniques, Dauphas et al. (2014) measured the force constant of iron bonds in

olivine as well as basaltic glasses and spinels synthesized under various oxygen fugacity



conditions, and concluded that all these can only explain one-third of the difference in
3°°Fe values between MORB and the inferred mantle value (0.02+0.03%0; Weyer and
Ionov, 2007). Uncertainties in model parameters used and some yet unidentified factors
may account for the discrepancy between model predictions and observations.
Alternatively, the observed &°°Fe values of average MORB may not represent those of
primary MORB melts.

While the majority of MORB preserve a near-homogeneous iron isotope
composition (e.g., Teng et al., 2013), it has been argued that the complete range is more
diverse than expected from a single-stage melting process, implying that the effect of
source heterogeneity or magmatic evolution needs considering (Sossi et al., 2016). Based
on the weak correlation between Fe isotopes and MgO in published MORB data, Sossi et
al. (2016) argue that fractional crystallization may be important in causing Fe isotope
fractionation during MORB evolution. Although these inferences are logical, they need
testing. It should be noted that most previously studied MORB samples are from
geographically dispersed, chemically diverse settings with a narrow compositional range
(Nebel et al., 2015; Teng et al., 2013; Weyer and lonov, 2007) (Table S1), which
hampers evaluating the effect of fractional -crystallization and mantle source
heterogeneity on the observed Fe isotope compositions.

In this reason, we focus our Fe isotope study on a suite of well-characterized MORB
lavas from the East Pacific Rise (EPR) axis at 10°30°N (Fig. 1). These samples are
derived from a compositionally uniform source in terms radiogenic isotopes and
incompatible elements but span a wide compositional range in MgO (1.8 to 7.4 wt.%)
with well-defined liquid lines of descent (LLD) (Regelous et al., 1999). They are thus
best samples available for studying possible effect of magma evolution on Fe isotope

fractionation at ocean ridges.
2. GEOLOGICAL BACKGROUND AND SAMPLES

The MORB samples were collected by dredging along a flowline across the East
Pacific Rise (EPR) axis at 10°30°’N (Fig. 1b, c¢) during the Phoenix 02 (R/V Melville)
expedition (Batiza et al., 1996). Samples are from 40 dredges out to 50 km from the EPR
axis on both the Pacific and Cocos Plates (Fig. 1c¢). Most off-axis samples were dredged

from fault scarps, but closer to the ridge axis, an additional 30 samples were recovered by
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a rock-coring technique, which allowed more dense sampling (~2 samples/km?) of an
area of ~12 km? within ~3 km of the ridge axis (Regelous et al., 1999). The studied
samples are fresh glasses (quenched melts) that span a large compositional range (e.g.,
MgO and SiOy; Fig. 2), including basalts, basaltic andesites and andesites. They also
display large variations in trace element concentrations, fully consistent with varying
extents of fractional crystallization (Fig. S1) (Regelous et al., 1999). All the samples have
Sr, Nd and Pb isotope compositions that are typical of Pacific MORB and have limited
variations, reflecting their homogeneous mantle source (Regelous et al., 1999). No E-
MORB were recovered at 10°30°N, nor have any been dredged from the axis along this
segment of the EPR. As some samples reported in Regelous et al. (1999) are no longer
available, we thus select alternative samples from the same dredges. We have done new
analysis of major and trace elements for these samples. Generally, samples from the same

dredge have very similar compositions.
3. ANALYTICAL METHODS
3.1 Bulk rock Fe isotopes

Fresh basalt glass fragments were handpicked under a binocular microscope. Before
digestion for trace element and isotope analysis, samples were cleaned with Milli-Q water
for 10 min, three times, in an ultrasonic bath. The Sr-Nd-Fe isotopes were measured in
the Laboratory of Ocean Lithosphere and Mantle Dynamics, Institute of Oceanology,
Chinese Academy of Sciences (IOCAS). For Fe isotope analysis, about 5-10 mg of
samples were digested with an acid mix of Lefort aqua regia (1HCI: 3HNO3) and HF in a
15 ml PEFE beaker for 15 h, and then re-dissolved with distilled 3 mol L-! HNOj; for two
hours until complete dissolution after evaporation. Iron was subsequently purified with a
polypropylene column filled with 1 ml AG-MP-1M resin (200-400 mesh) in a HCI
medium following the procedure in Sossi et al. (2015). After purification, each sample
was doped with GSB Ni standard (an ultrapure single elemental standard solution from
the China Iron and Steel Research Institute) as an internal mass bias monitor with Ni:Fe
ratio of ~1.4:1. Iron isotopic compositions were determined by the “Ni doping” method
using a Nu plasma II multiple collector—inductively coupled plasma—mass spectrometer

(MC-ICP-MS) in wet plasma mode with medium resolution (a a mass resolution >7500).



Mass bias fractionation during the analysis was corrected using %°Ni/*3Ni similar to Zhu
et al. (2018) with the 3®Fe interference on *®Ni corrected based on *°Fe. During analysis,
every two sample solutions were bracketed with 14 ppm GSB Fe standard solution that
was also doped with the GSB Ni solution with Ni:Fe ratio of ~1.4:1. The GSB Fe
standard has been reported relative to IRMMO14 (8°°Fermmors = 0°°Fegsg + 0.729;
3 "Ferrmmors = 0°7 Fegsg + 1.073; He et al., 2015). Generally, isotopic compositions
reported here are the averages of five repeated analyses. Iron isotopic composition are
expressed in &-notation and normalized to IRMM-014 value, i.e., &Fe=
[(Fe/>*Fe)sample/(Fe/**Fe)rmm-014 - 1] X103, where i refers to mass 56 or 57. The 33°Fe
values of the USGS standard BCR-2, AGV-2, BHVO-2 and W-2a were 0.07 £ 0.04%o
(2s.d., n =9), 0.09 £ 0.06%0 (2s.d., n=10), 0.08 + 0.05%o (2s.d., n=17), 0.04 £ 0.06%0
(2s.d., n=11), respectively, consistent with the literature values within error (Craddock
and Dauphas, 2011; He et al., 2015; McCoy-West et al., 2018; Sossi et al., 2015).

For Sr-Nd isotopes, about 50mg of each sample were digested with an acid mix of
Lefort aqua regia (1HCl: 3HNOs) and HF in a 15 ml PEFE beaker for 15 h, and then re-
dissolved with distilled 3 mol L' HNO; for 2 hours until complete dissolution after

evaporation. Sr were first separated by running through Sr-Spec resin. AG resin was then

used to separate high field strength elements and rare earth elements (REEs). Nd was

separated using Ln resin. The purified Sr and Nd were diluted for analysis with Nu

plasma II MC-ICP-MS. The Sr and Nd isotope ratios were normalized to 86Sr/%Sr =

0.1194, 46Nd/'*Nd = 0.7219, respectively. Repeated analysis of NBS-987 and Jndi-1 Nd
standard run during the same period of sample analysis yielded 37Sr/3Sr = 0.710250 + 22
(20, n = 9) and '®Nd/'"*Nd=0.512110+7 (26, n = 4). Detailed methods for Sr-Nd

elemental separation and isotope analysis are given by Sun et al. (2018).
The Sr-Nd-Fe isotopic data of the studied samples and rock standards are given in

Table 1.
3.2 Glass major and trace elements

The major element, trace element and Sr-Nd-Pb isotopes of some samples from the

EPR 10°30°N have been reported in Regelous et al. (1999). In addition, new major and
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trace elements for other samples are presented in Table S2 and Table S3, respectively.
The glass major elements were analyzed using electron probe microanalyzer using
Cameca SX-50 at the University of Hawaii. To reduce systematic bias from different
laboratories, we reanalyzed the trace elements for samples that had been previously
studied (Regelous et al., 1999). The trace element analysis was done in the Laboratory of
Ocean Lithosphere and Mantle Dynamics, IOCAS, using ICP-MS (Agilent 7900)
following Chen et al. (2017). The bulk-rock trace elements of USGS reference materials
(Table S3) analyzed together with our samples agree well with reference values within

error (Jochum et al., 2016).
4. RESULTS

The new major and trace elements data of the lavas from the EPR 10°30°N show that
all the basalts and basaltic andesites samples with MgO>5 wt.% have [La/Sm]y <0.9 and
K,0/TiO, <0.15 and thus belong to N-MORB as reported by Regelous et al. (1999). In
addition, the andesite samples have [La/Sm]y and K,O/TiO, ratios of up to 1.0 and 0.6,
respectively, as resulting from fractional crystallization (Regelous et al., 1999). The iron
isotope data are given in Table 1 and are summarized in Fig. 3 together with the literature
data for comparison. The 6°°Fe values of the EPR 10°30°N lavas range from +0.05 to
+0.15 %o, overlapping the literature MORB data (Weyer and Ionov, 2007; Teng et al.,
2013; Neble et al., 2015; Fig. 3).

5. DISCUSSION

5.1 Statistical tests for the Fe isotopic composition of MORB: homogeneous or

heterogeneous?

The extensive survey of the high precision Fe isotopic composition of global MORB
by Teng et al. (2013) is an important observation, which suggests that the majority of
MORB have near-homogeneous 8°°Fe values of +0.105 £ 0.006 %o (2s.e., n = 43).
However, examination of the literature MORB data (Table S1) shows that MORB are
likely to be heterogeneous with a relatively wide range of 33¢Fe from 0.06 to 0.18 %o as
observed by Sossi et al. (2016), although they span a relatively narrow range in Mg*
[Mg/(Mg+Fe*")x100] (45 to 72). We use statistical methods to test the extent to which
the observed scatter in the literature MORB data using reduced x> (or MSWD, Mean



Square Weighted Deviation) values, similar to that of Dauphas et al. (2009b) and Teng et
al. (2013). The calculations are listed in Table 2.

The calculated MSWD value is 7.6 for the literature MORB data (n=55), which is
outside the 95% confidence interval of 0.7 tol.4 for n-1=54 degree of freedom. If samples
from our study included, the calculated MSWD is 8.1 (n=84), which is also outside the 95%
confidence interval of 0.7 tol.3 for n-1=83 degree of freedom. Thus, the dispersion in the
MORB 8°Fe values cannot be explained by the analytical uncertainties of the individual
data points. Although one cannot totally exclude inter-laboratory bias because of lacking
comparable geological reference standards in the literature, it is more likely that MORB
are heterogeneous in Fe isotopes, because (1) from single laboratory perspective, while
MORB samples span a narrow range in Mg* (0.48 to 0.67), the calculated MSWD value
from Teng et al. (2013) is 1.9, also outside the 95% confidence interval of 0.6 to1.5 for n-
1=42 degree of freedom; (2) in the case of our study, the MSWD of lavas from EPR
10°30°N is 3.8 (n=29). This value is outside the 95% confidence interval of 0.5 tol.6 for
n-1=28 degree of freedom. It has been suggested that a single stage melting process
cannot explain the complete 3°°Fe range of all MORB data (Sossi et al., 2016), indicating
that mantle source heterogeneity and/or magma evolution may play an important role in

causing the variation of MORB Fe isotopes.
5.2 The origin of Fe isotope variation of lavas from EPR 10°30°N
5.2.1 Mantle source heterogeneity

It has been suggested that mantle metasomatism can modify Fe isotopic composition
of mantle material (Weyer and Ionov, 2007; Williams et al., 2005). For example, mantle
peridotites show highly varied Fe isotope compositions, extending either towards
increasingly heavy or to extremely light values with increasing enrichments in iron,
which was interpreted by melt infiltration and kinetic Fe isotope fractionation associated
with diffusion during melt percolation (Weyer and lonov, 2007). Similarly, Williams and
Bizimis (2014) found that the range of 8°°Fe variations measured in peridotites cannot be
explained by a simple partial melting model because the most depleted peridotites have
only experienced ~10% melt extraction, which would be insufficient to impart large

isotope fractionation to the residue (the iron solid/melt partition coefficient is ~1). They



also argued that the published 8°°Fe data on mantle melting products, such as MORB and
OIB, show variation greater than predicted by melting from a 33°Fe-homogeneous mantle
(Williams and Bizimis, 2014). They thus conclude that the mantle may be heterogeneous
in its Fe isotopic composition, mirroring the distribution of pyroxenitic versus peridotitic
sources (Williams and Bizimis, 2014). Such mantle heterogeneity may be observed in
lavas in mantle-plume basalts, as previously reported on samples from the Society, Cook-
Austral and Samoan islands (Konter et al., 2016; Teng et al., 2013). However, source
heterogeneity is not likely the cause for the Fe isotopic variation in our study here,
because (1) lavas from the EPR 10°30°N show uniform mantle source composition in
terms of Sr-Nd-Pb isotopes (Reglous, et al., 1999); (2) 8°°Fe does not vary with indicators
of source enrichment, such as K,O/TiO, 87Sr/%Sr and 'Y Nd/'**Nd (Fig. 4). Notably the
high K,0/TiO;, lavas are those highly evolved ones with low MgO, TiO,, FeO and high
SiO, (Fig. 2).

5.2.2 Magma differentiation

The removal of minerals with Fe isotope compositions distinct from their host
magmas has been proposed to explain Fe isotope fractionation of igneous rocks (Foden et
al., 2015; McCoy-West et al., 2018; Peters et al., 2019; Schuessler et al., 2009; Sossi et
al., 2012; Telus et al., 2012; Teng et al., 2008). For example, Kilauea Iki lavas (Hawaii)
show increasing 3°°Fe values with decreasing MgO, starting from basalts with ~11 wt.%
MgO and ~0.1 %o 3°°Fe values to andesitic compositions with ~3% MgO and ~0.2 %o
d°°Fe (Fig. 5; Teng et al., 2008). The Red Hill intrusion (Tasmania) also displays a
systematic increase of 8°°Fe with magmatic differentiation when MgO > 1wt. % (Fig. 5).
However, it shows abrupt decrease in 6°°Fe below 1 wt% MgO, a point coincident with
the rapid depletion of FeO! (Sossi et al., 2012). Despite a compositional gap for the
“turning point”, the oceanic island basalts (OIB) from the Society Islands show similar
trend to Red Hill intrusion (Fig. 5; Teng et al., 2013). The increasing °°Fe values with
magma differentiation in Kilauea Iki, Red Hill and Society Islands samples have been
explained with fractional crystallization of Fe**-poor phases (olivine, pyroxene) in a
closed system (Teng et al., 2008; 2013; Sossi et al., 2012), whereas decrease in 8°°Fe in

the latter stages was interpreted as resulting from crystallization removal of heavy Fe-
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bearing oxide minerals (Teng et al., 2013; Sossi et al., 2012). These explanations provide
a causal relationship between Fe isotope and major element data.

Lavas from the EPR 10°30°’N in this study show trend of °°Fe against MgO
somewhat similar to Red Hill and Society Islands data (Fig. 5). As shown in Fig. 5, 83°Fe
initially displays a systematic increase with falling MgO, then slightly decrease in §3¢Fe
below ~3 wt% MgO (Stage I), which is also coincident with the rapid depletion of FeO!
and TiO, (Stage II). As previously suggested, large variations in major and trace element
concentrations in lavas from the EPR 10°30°N result from large extents of fractional
crystallization (Regelous et al., 1999). In order to match the observed major element
variations for the samples in this study, we explore the fractional crystallization models
using Petrolog3 software (Danyushevsky and Plechov, 2011) with a starting composition
of sample PH52-3. As illustrated in Fig. 2, crystallization of olivine, clinopyroxene and
plagioclase results in increase of FeO' and TiO, values and decrease of MgO value in the
remaining melt at Stage I until Fe-Ti oxide begins to crystallize at Stage II, which leads to
decrease in FeO! and TiO, with decreasing MgO in the remaining melts.

The above model may also explain their Fe isotopic variation, which can be
approximated with a Rayleigh fractionation model (Fig. 6, grey curves), using the
following equation:

5*Fe_, =& Fe

+A56 Fecrystal-melt X ln ( fFe ) ( 1 )

Where 8%Fe,,.; and 8%¢Fe, o refer to 3°°Fe values of residual and initial melt,

melt melt0

respectively;  A*Fe_ . (A *Fe,, =0 Fe,-0 Fe,)  represents Fe isotope

fractionation between the crystallized mineral assemblage and melt; fg. is the fraction of
Fe remaining in the melt, which can be calculated by fp.=F*Ceitre0/Crmelt0.e0 (Cmelt.Fe0
and Cyei0reo refer to FeO' content in residual and initial melt, respectively). F is the
fraction of melt remaining. As shown in Fig. 6, the trend of 8°°Fe vs. MgO of the EPR

10°30°N lavas at Stage I can be well modeled by olivine gabbroic fractionation with a

fractionation factor of A*Fe of -0.1 to -0.2%o, similar to fractionation factors

crystal—melt
found to account for the isotopic variation during differentiation of Kilauea Iki (Teng et

al., 2008) and Red Hill (Sossi et al., 2012).
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At stage II, crystallization of Fe-Ti oxides, i.e., complex solid solutions of magnetite
and ilmenite, results in decreasing FeO! and TiO, with decreasing MgO (Fig. 2). It has
been suggested that crystallization of magnetite or ilmenite from melt alone could
dramatically lower or enhance &°6Fe of the residual melt (Cao et al., 2019; Dauphas et al.,
2017; Sossi et al., 2012). A recent study for Fe isotopic compositions of whole rocks and
mineral separates in the Panzhihua mafic layered intrusion shows that magnetite separates
have a strikingly complementary trend with the coexisting ilmenite separates in 3°°Fe
values, yet the calculated bulk Fe-Ti oxides (magnetite+ilmenite) has a small range of
d°6Fe, identical to those for the whole rock Fe isotope compositions (Cao et al., 2019).
Their further models indicate that the effect of crystallization of Fe-Ti oxides on Fe
isotopes is controlled by magnetite/ilmenite ratios (Cao et al., 2019). As observed in Fig.

6, lavas from the EPR 10°30°N in this study slightly decrease in 3°°Fe at Stage II, which

can be well reproduced by a fractionation factor of A*Fe of ~0.03 %o. If we

Fe-Ti oxide—melt

adopt ilmenite-melt fractionation factor (A*Fe, .. ) of -0.09%o and magnetite-melt

fractionation factor (ASéFeMagneﬁt&meh) of 0.14%o, same as model parameters used by Cao et

al. (2019), we can obtain magnetite/ilmenite ratios of ~0.5.

5.3 The Fe isotope composition of primary melts parental to lavas from EPR
10°30°N

As discussed above, the Fe isotope composition of MORB can be fractionated
during magma differentiation. It is thus incorrect to use variably evolved MORB melts to
estimate the Fe isotope compositions of their primary melts and mantle sources. It has
been suggested that MORB melts corrected to Mg= 72 are in equilibrium with mantle
olivine of Fogy (Niu, 2016; Niu and O'Hara, 2008). Using a single set of correction
coefficients applicable to the global MORB dataset (Niu and O'Hara, 2008), we can
obtain the major elements of primary melt for the EPR 10°30°N lavas using samples with
MgO > 6.5 wt.% (less evolved), e.g., Mg7,=9.91+£0.09 wt.% (£1SD), Fe;,=7.7+0.14 wt.%
(£1SD). Accordingly, we can estimate the Fe isotopic composition of primary melts for
the EPR 10°30°N lavas.

We use similar models (equation 1) in Section 5.2.2 and parameters (Table S4) to

back-calculate 5°°Fe of the primary melt by following equations.
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C C xFPw ()

melt,MgO - primary melt,MgO

fr.=FxC

melt,FeO / Cprima.ry melt,FeO (3)

856Fe :8 %6 Femelt 'A56Fecrystal-melt x ln (fFC ) (4)

primary melt
Where 6°Fe e and 83°Feprimary meie refer to 3¢Fe values of residual melt and primary

melt values, respectively; A*°Fe represents Fe isotope fractionation between the

crystal-melt
crystallized mineral assemblage and melt; Cpei, Mgo and Cprimary melio.mgo refer to MgO
content in residual and initial melt, respectively; Dygo 1s partition coefficient of MgO
between crystal and melt; fg, is the fraction of Fe remaining in the melt; F is the fraction
of melt remaining.

With equations (2) to (4) combined, we have,

ln ( Cmelt,MgO J
§5F —55F ASSF y C primarymelt MgO 4 C et reo s
€ primary melt emelt - ecrystal—melt D 1 n ( )
MgO ™~ primarymelt,FeO

Here, we estimate the magnitude of A*°Fe ~-0.15%o from the trend of the our

crystal-melt
samples (see Fig. 5), a value consistent with that reported for studies of other mafic
igneous systems (Sossi et al., 2012, 2016; Teng et al., 2008). To avoid effects of
magnetite fractionation, we only use samples with MgO>4.0 wt.% to estimate the Fe
1sotopic composition of primary melt for EPR 10°30°N lavas using equation (5).

The 5°°Fe values of estimated primary melts of EPR 10°30°N lavas is 0.04 £0.01%o
(2s.e.), which is consistent with corrected value of 3°°Fe values (0.03+0.01%o, 2s.¢., n=20)
for our samples with MgO>4.0 wt.% by applying a correction method by Sossi et al.
(2016) (see Sossi et al., 2016 for a detailed outline). Notably, this value of primary melt
of EPR 10°30°N lavas is similar to the corrected primary N-MORB values (6°°Fe=0.067,
derived from 6°"Fe) by Sossi et al. (2016). It appears to be lower than published average
MORB (8°°Fe=+0.105 + 0.006%o, 2s.¢e.; Teng et al., 2013), but slightly higher than that of
chondrite and mantle peridotite (Weyer and Ionov, 2007).

Dauphas et al. (2014) measured the force constant of iron bonds using the NRIXS

synchrotron techniques in olivine as well as basaltic magmas. They used these new force
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constant results in a model of Fe isotope fractionation during partial melting and found
that MORB melt generated by 10% partial melting of mantle peridotite with Fe3*/Fetot
would have 6°°Fe values that are fractionated by +0.023+0.020%o relative to their source
rocks (Dauphas et al., 2014). If we assume a mantle source composition of 3°°Fe=+0.02
+0.03%0 (Weyer and lonov, 2007) as a starting point (similar to Weyer and Ionov, 2007;
Dauphas et al., 2009; Craddock et al., 2013), partial melting can well reproduce the
estimated primary melt of lavas from the EPR 10°30°N as well as the estimated primary
melt (°°Fe=0.067%) of global MORB by Sossi et al. (2016).

5.4 Comparison with available MORB and OIB data

Compared to OIB data on samples from Kilauea Iki and Society Islands (Teng et al.,
2013), the 8°°Fe values of the EPR 10°30°N lavas are much lower at a given MgO (Fig. 5)
or Mg# (not shown), which most likely reflects that the mantle source of EPR 10°30°N
lavas is more depleted in heavy Fe. In addition, from a global perspective, some
published MORB data, especially E-MORB, also have heavier Fe isotopes (Fig. 7). As
per the partial melting model by Dauphas et al. (2014), 10% melting of chondrite-like
mantle can produce primary melt with 3°°Fe of ~0.04%o (P1 in Fig. 7) and even very low
degree (~0.1%) melting of mantle can only generate primary melt with 3°°Fe of ~0.06%o
(P2 in Fig. 7), both of which are lower than that of average MORB. With these model
d°%Fe values of primary melt, we can further explore the effect of fractional
crystallization (see Fig. 2) on Fe isotope. The major elements of the primary melt are
estimated from lavas from the EPR 10°30°N (see above). As illustrated in Fig. 7, the

isotopically light primary melt (P1) can well reproduce the trend of 8°°Fe vs. Mg” of the

EPR 10°30°N lavas with fractionation factors of A*Fe of -0.1 to -0.2%o through

orystal—melt
magma differentiation. The isotopically heavy primary melt (P2) with even the most
extreme fractionation factor (—0.3%o) cannot explain the elevated 3°°Fe values of some E-
MORB, indicating that processes other than fractional crystallization may also affect the
Fe isotopic composition of global MORB, such as mantle heterogeneity resulting from
mantle metasomatism as discussed above (Section 5.2.1), which can elevate the 6°°Fe
mantle source values (Konter et al., 2016; Weyer and Ionov, 2007; Williams and Bizimis,

2014). For example, Samoan metasomatized peridotites have 33°Fe value up to 0.07%o
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and models show that partial melting of such metasomatized mantle with high Fe3*/Fe?*
might generate melt with high 8°°Fe value of ~0.14%o (P3) (Konter et al., 2016). An

analogous calculation shows that fractional crystallization of a similar, high &3Fe

parental magma with fractionation factors of AN Fe of -0.1 to -0.3%o0 can

crystal—melt
reproduce melts with 3°°Fe values similar to the higher value of some E-MORB (Fig. 7).
Thus, although fractional crystallization can well explain the Fe isotopic variation of
lavas from the EPR 10°30’N, a combination of processes is required to generate global

MORB data.
5.5 Implications for the Fe isotope composition of the Earth

About 90% of Earth’s Fe is in the core (McDonough, 2014), thus if there were any
Fe isotope fractionation between metal and silicate during core formation, this would
significantly fractionate Fe isotopes in Earth’s mantle. However, there has been

significant debate over whether core-mantle separation leads to Fe isotope fractionation

(Elardo et al., 2019; Hin et al., 2012; Liu et al., 2017; Poitrasson et al., 2009; Shahar et al.,

2015) . The largest fractionation between metal and silicate (A*°Fe ) reported by

metal-silicate

Shahar et al. (2015) is —0.08 £+ 0.03%o at 1-2 GPa and 1650 °C. This P-T condition is
much lower than required for the core formation at ~ 40—60 GPa and ~ 3000 K (Siebert et
al., 2013). In contrast, Poitrasson et al. (2009) and Hin et al. (2012) suggested that
fractionation was not resolvable between metal and silicate in their experiments.
Similarly, based on extensive NRIXS study, Liu et al. (2017) again found no significant
difference in iron isotope fractionation between pure iron metal and iron alloyed with ~16
wt% S at all pressures. Therefore, it seems that the fractionation between silicate and
metal at conditions relevant to the core formation may be small, but more rigorous work
is needed, both experimental and theoretical simulation, to place constraints on possible
Fe isotope fractionation during processes of core formation.

MORB are the most abundant igneous rocks on the Earth as they cover much of the
global ocean floor and continue to form along the ~60000 km long globe-encircling
ocean ridges (Crisp, 1984; Niu, 2016). Therefore, MORB can provide insights into the Fe
isotopic composition of the Earth’s mantle. However, it should be noted that actual

MORB melts display huge compositional variations in contrast to the widely referenced
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average N- and E-MORB due to MORB melt evolution (see Niu and O'Hara, 2009). Thus,
compositional averaging of MORB can conceal important variations that are in fact
revealing (Niu and Batiza, 1997). For example, average MORB show no Eu anomaly, but
actual MORB melts show both positive and negative Eu anomalies (Niu and O'Hara,
2009). In terms of Fe isotopes, it is already clear from Fig. 5 and foregoing discussion
that the systematic Fe isotopic variation with MgO in EPR 10°30°N lavas must be caused
by fractional crystallization. It follows that the average 8°°Fe of MORB can neither
represent that of primary MORB melt nor their mantle sources. Moreover, it is
inappropriate to estimate Fe isotope composition of the bulk Earth using average MORB.

In contrast, the corrected primary MORB melt and the mantle melting models in this
study support the idea that the Fe isotope composition of the depleted mantle beneath the
EPR is close to chondritic. Combined with estimated 8°°Fe values for primary melt of
global MORB by Sossi et al. (2016), we suggest that the Fe isotope composition of the
MORB mantle is most likely close to chondritic. Notably, similar fractional
crystallization and parental compositional models have been discussed for OIB by Peters
et al. (2019), who suggest that the Piton de la Fournaise parental magma has a Fe isotope
composition consistent with extraction from a roughly chondritic mantle. Collectively, it
implies that the Fe isotope composition of the accessible Earth is chondritic. Thus,
complex models such as evaporation-induced kinetic isotope fractionation during moon-
forming giant impact (Poitrasson et al., 2004) or equilibrium Fe isotope fractionation
during core formation or Fe disproportionation (Polyakov, 2009; Williams et al., 2012)
may not be needed to explain a non-chondritic mantle.

However, we should note that the general understanding is that the carbonaceous
chondrite represents the most primitive and most undifferentiated material of the solar
system with its composition similar or identical to the solar system (McSween, 1979).
The terrestrial planets, including the Earth, thus have the same chondritic composition
except for the loss of some volatile elements and late veneer addition of highly
siderophile elements (McDonough and Sun, 1995). Yet, by concluding the upper mantle
source rocks of basalts as being chondritic or chondrite-like in terms of Fe isotopes, we
are assuming bulk Earth is chondritic and the Earth’s core that takes up ~ 90% of the

Earth’s Fe must also be chondritic. The latter is a rather bold assumption inferred from ~
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10% of Earth’s Fe whose isotope compositions and fractionation remain to be better
understood. We thus emphasize that rigorous research is needed to test the implied

assumption that the Earth’s core has a chondritic Fe isotope composition.
6. CONCLUSION

We report Fe isotope data on MORB melts from the EPR at 10°30°N. Twenty-nine
MORB glasses span a wide compositional range in MgO content (1.8 to 7.4 wt.%) and
show a compositional continuum identical to simple liquid lines of descent resulting from
varying extent of fractional crystallization. The systematic Fe isotope variation of these
samples is best explained by MORB melt evolution dominated by fractional
crystallization. That is, early fractionation of olivine, pyroxene and plagioclase gives rise
to an Fe enrichment trend and an increase in 8°°Fe. In the later stage of magma evolution
when Fe-Ti oxides appear on the liquidus to crystallize, the decrease of FeO! is
accompanied by the decrease of 8°°Fe in the residue melt. This indicates that the 6°°Fe of
average MORB neither represents that of their primary melts nor reflects that of the
mantle source. On the other hand, §°°Fe of primary melts obtained after correction for the
effect of magma different can be well reproduced by partial melting of the mantle. Hence,
our study supports the idea that the Fe isotopic composition of the accessible Earth is
close to chondritic. This conclusion, however, implies an assumption that the core, which

takes up ~ 90% of the Earth’s Fe, must have chondritic Fe isotope composition.
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Figure captions

Fig. 1. (a) Simplified tectonic map of the northern EPR, indicating the study area. (b)
Simplified tectonic map of the EPR between 9° and 12°N, showing the locations of the
samples dredged/cored along flowlines across the EPR axis at 9°30°N, 10°30°N and
11°20°N during the Phoenix 02 expedition (Batiza et al., 1996). (c) Closeup positions of
samples we study from the traverse at 10°30°’N. Maps were generated in GeoMapApp
(http://www.geomapapp.org/). Plate boundaries and sample locations are after Regelous
et al. (1999).

Fig. 2. (a-c) Plots of FeO!, TiO, and SiO, vs. MgO for lavas from the EPR 10°30°N

traverse we studied (diamonds). Liquid lines of descent shown are modeled using
Petrolog3 (Danyushevsky and Plechov, 2011) with a starting composition of sample
PHS52-3, which fractionate olivine, clinopyroxene, and plagioclase at 2 kbar, using
mineral melt models of Roeder and Emslie (1970) and Danyushevsky (2001), treating
Fe?" /Fe3" as a closed system (Danyushevsky & Plechov, 2011). The H,O contents of the
initial melt is assumed to be 0.05 wt.%. (d) Model results showing a primitive MORB
melt (analog to PH-52-3) crystallizes olivine + clinopyroxene + plagioclase at Stage I
until MgO = 3.0 wt.% when Fe-Ti oxides begin to crystallize at Stage II, which leads to
rapid decrease of FeO!, TiO, and increase of SiO, in the residual melt. Ol = olivine; Cpx
= clinopyroxene; P1 = plagioclase.

Fig. 3. Histogram of our Fe isotopic data on lavas from the EPR 10°30°N traverse,
compared with the literature MORB data (Table S1) (Nebel et al., 2015; Teng et al.,
2013; Weyer and Ionov, 2007). The black vertical solid line represents the Fe isotopic

composition of the upper mantle (3°°Fe = +0.02 = 0.03%o0, Weyer and Ionov, 2007;

Dauphas et al., 2009).

Fig. 4. Plot of 6°°Fe vs. K,O/TiO; (a), #’Sr/%¢Sr (b) and **Nd/'**Nd (c) for lavas from the
EPR 10°30°N traverse. Throughout this paper error bars of 8°°Fe on individual points are
the 95% c.i. on that sample. Error bars of Sr and Nd isotopes are 2s.e..

Fig. 5. Plot of 8°°Fe vs. MgO for lavas from the EPR 10°30°N traverse. For comparison,
data from Kilauea lki (Teng et al., 2008), Societies (Teng et al., 2013), and Red Hill
(Sossi et al., 2012) are also plotted. The colored bands indicate trends of 8°°Fe variation

with magma differentiation (decreasing MgO).
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Fig. 6. Modeling of 8°¢Fe variation with magma differentiation indicator of MgO using
model results in Figure 2. Stage I: the solid grey lines represent calculated Fe isotopic
compositions of residual melts during fractional crystallization of olivine, clinopyroxene

and plagioclase by assuming a Rayleigh distillation process with average crystal-melt
fractionation factors (A56Feﬂystal_mh) of -0.1%o, -0.15%0 and -0.2%o (See text for the

detailed calculations). Stage II: the dashed grey lines represent Fe isotopic variations of

residual melts as the result of Fe-Ti oxide crystallization with A*Fe 0f 0.03%o. Ol

crystal—melt
= olivine; Cpx = clinopyroxene; Pl = plagioclase.

Fig. 7. Models illustrate potential generation of global MORB &°°Fe values because of
varying sources and processes. ~10% and ~0.1% degree of partial melting of upper
mantle with 3°°Fe of 0.02%o can generate primary melt with 8°°Fe of ~0.04%o (P1) and
~0.06%o0 (P2), respectively. Partial melting of metasomatized mantle can generate primary
melt with high 8°°Fe of ~0.14%o (P3) (cf. Konter et al., 2016). The solid lines with arrows
represent the variation of 6°°Fe vs. Mg of the residual melt as a result of fractional

crystallization of primary melt P1, P2 and P3. The fractionation factors are chosen to vary

from -0.1 to -0.3%o. The major elements of primary melts for EPR 10°30’N lavas are
Mg7»,=9.91%0.09 wt.% (£SD), Fe;,=7.7+0.14 wt.% (£SD), Al;,=16.44%0.18 wt.% (£SD),

Ti;n=1.15+0.16 wt.% (+SD), Si7»=50.44+0.25 wt.% (+SD), Ca;,=11.19+0.17 wt.% (+SD),

Na7;,=2.28+0.10 wt.% (£SD), K7,=0.06+£0.02 wt.% (£SD), P7,=0.12+0.03 wt.% (+SD),
calculated using method described in Niu and O’Hara (2008) based on samples with

MgO=26.5 wt.%. In this method, they obtained a set of polynomial regression coefficients

for each oxide based on the entire global dataset and project each sample along the
polynomial curves to Mg =72 (Niu et al., 1999; Niu and O'Hara, 2008). The fractional
crystallization models, conditions, HO content and other parameters are the same as for
models (Fig. 2) in Section 5.2.2 but for higher pressure (4kbar). The representative
sample uncertainty is 95% c.i. from replicate analyses of W-2a.

Appendix A: Correction of iron isotopes to the primary magma composition

Table captions
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Table 1. Sr-Nd-Fe isotopes of MORB glasses from East Pacific Rise at 10°30'N and rock
standards.

Table 2. Calculated reduced ¥*> (MSWD) and 95% confidence interval for MORB from
literature and this study.

Table S1. Compilation of the Fe isotopes data of MORB from literature

Table S2. Major element data for MORB glasses from East Pacific Rise at 10°30'N
Table S3. Trace element data for blank, rock standards and MORB glasses from East
Pacific Rise at 10°30'N

Table S4. Parameters used for fractional crystallization models.
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Table 1
Sr-Nd-Fe isotopes of MORB glasses from East Pacific Rise at 10°30'N and rock standards.

Sample MgO 5%Fe  2s.d. 95% c.i. 0Fe 2s.d. 95% c.i. N  ¥Sr/%Sr I43Nd/"Nd
Wt.%)  (%o) (%0)

MORB glasses from East Pacific Rise at 10°30'N

PH43-2 1.81 0.12  0.02 0.01 0.18  0.06 0.04 5 0.702609+10  0.513142+6

PHA45-2 3.25 0.10  0.05 0.03 0.17  0.03 0.02 5 0.702644+10  0.513147+6

Replicated 0.09  0.02 0.01 0.13 0.05  0.02 6

PH49-2 4.78 0.11 0.04 0.03 022  0.06 0.04 5

PH51-6 5.70 0.08  0.03 0.02 0.13 0.03  0.02 5

PH52-3 7.38 0.06  0.04 0.02 0.09 0.06 0.03 6

Replicated 0.05 0.06 0.02 0.07  0.08 0.03 11

PH54-1 6.87 0.05 0.04 0.02 0.09  0.07 0.05 5 0.702538+10  0.513163+6

PH55-1 6.36 0.06  0.03 0.02 0.11 0.08  0.05 S

PH56-3 6.71 0.10  0.04 0.03 0.13 0.09  0.05

PHS59-1 6.04 0.09  0.04 0.02 0.19  0.06 0.02 10

PH60-6 4.90 0.11 0.02 0.01 0.13 0.03  0.02 5 0.702571+12  0.513147+6

PH62-4 6.13 0.12  0.02 0.01 0.15 0.02 0.01 5

PH63-1* 5.62 0.10  0.02 0.02 0.14  0.07 0.04 5 0.702546+9

PH64-2* 5.51 0.10  0.04 0.02 0.15 0.04 0.03 5 0.702536+9 0.513140+6

PH65-1* 5.53 0.09 0.01 0.01 0.13 0.03  0.02 5 0.702531+9 0.513158+7

PH66-1 5.92 0.11 0.02 0.01 0.21 0.05 0.03 5 0.702600+12  0.513158+6

PH69-3 6.66 0.07  0.03 0.02 0.09 0.04 0.02 5

Replicated 0.09  0.04 0.02 0.12  0.06 0.04 5

PH71-7 6.06 0.06  0.02 0.01 0.11 0.04 0.02 5

PH75-1 3.64 0.10  0.03 0.02 0.11 0.07  0.04 5

PH76-3* 2.49 0.12  0.02 0.01 0.18 0.02 0.01 5 0.702530+9 0.513161+7

PH77-7 5.82 0.07  0.01 0.01 0.13 0.04 0.02 5 0.702586+12  0.513158+8

PH78-1* 2.83 0.10  0.02 0.01 0.13 0.02  0.01 5 0.702568+9 0.513166+7

PH78-2* 3.90 0.12  0.03 0.02 0.15 0.04 0.03 5 0.702549+9 0.513155+8

PH78-5 4.11 0.09  0.01 0.01 0.17  0.01 0.01 5 0.702566+9 0.513172+7

PH79-1 2.90 0.15 0.03 0.02 0.25 0.04 0.03 4 0.702592+9 0.513157+7

PH79-3 1.76 0.12  0.03 0.02 0.16  0.06 0.04 5

PH79-5 227 0.08  0.02 0.01 0.14  0.03 0.02 6

PHGC-74* 5.50 0.10  0.03 0.01 0.15 0.04  0.02 6 0.702559+9 0.513140+7

PHGC-78 5.79 0.10  0.03 0.02 0.18  0.06 0.03 5

PHGC-83 5.62 0.06  0.02 0.01 0.07  0.04 0.02 6

Rock standards

BCR-2 0.07  0.04 0.01 0.12  0.04 0.01 9 0.705040+8 0.512634+6

AGV-2 0.09  0.06 0.02 0.14  0.09 0.03 10 0.704010+8 0.512779+4

BHVO-2 0.08  0.05 0.01 0.12 0.11 0.03 17

W-2a 0.04  0.06 0.02 0.07  0.09 0.03 11

Replicated analyses are for newly digested samples. To represent measurement uncertainty both the two-standard deviation (2
s.d.) and 95% confidence interval (c.i.) of the mean for N replicate analyses of the same solution are presented. MgO and Sr-
Nd isotopes data of samples marked with asterisks is from Regelous et al. (1999), others are from this study. Error for Sr-Nd
isotopes is two-standard error for the final digits.
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Table 2 Calculated reduced x> (MSWD) and 95% confidence interval for MORB from literature

and this study.

Mean §5°Fe  2s.e. 95% c.i.
Data source N (%) (%0) MSWD Lower Upper
Literature MORB" 55 0.109 0.008 7.6 0.7 1.4
All MORB* 84 0.104 0.006 8.1 0.7 1.3
MORB (Teng et al., 2013) 43 0.105 0.006 1.9 0.6 1.5
MORB (This study) 29 0.094 0.008 3.8 0.5 1.6

*Literature MORB data is from Weyer and Ionov (2007), Teng et al. (2013) and Nebel et al. (2015).

#All MORB data is from above literature and this study.
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