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Abstract
Subducted oceanic crust can transform into eclogite in the upper mantle, and generate chemical heterogeneity of mantle
plumes, as recorded by elemental and radiogenic isotopic variations in oceanic island basalts (OIBs). The secondary pyroxenite produced by the reaction between eclogite-derived melt and peridotite is increasingly regarded as a major source component of OIBs, as well as peridotite. However, it remains unclear whether eclogite can be a direct source component of OIBs.
To test this possibility, we present high-precision whole-rock Fe isotopes and the chemical compositions of olivine phenocrysts from well-characterized EM1-type basalts from Pitcairn Island. The Pitcairn basalts are characterized by moderate
87
Sr/86Sr, low 143Nd/144Nd and 206Pb/204Pb isotopic ratios, and lowest d26Mg values among OIBs, suggesting a contribution
from recycled ancient crustal components (oceanic crust plus sediment). For comparison, we also report the Fe isotope compositions of FOZO-type basalts (with low 87Sr/86Sr, moderately high 143Nd/144Nd and moderate 206Pb/204Pb ratios) from the
Louisville hot spot track, which were suggested to be a typical peridotite-derived OIB. The Louisville basalts have MORB-like
d57Fe values (0.06‰–0.15‰), whereas the Pitcairn lavas have substantially heavier Fe isotopic compositions (d57Fe = 0.17‰–
0.31‰) than MORBs. Quantitative evaluations suggest that magmatic diﬀerentiation, partial melting, and elevated oxygen
fugacity in the source are insuﬃcient to generate the heavy Fe isotopic compositions of the Pitcairn basalts.
A good correlation between d57Fe and eNd(i) (or d26Mg) values in the Pitcairn basalts indicates binary mixing, and the melts
derived from the EM1 endmember have unusually heavy Fe and light Mg isotopic compositions. In order to explain the origin
of the Fe and Mg isotopic compositions, we calculated the Fe, Mg, and Nd isotopic compositions of partial melts of eclogite,
secondary pyroxenite and peridotite, respectively. The results indicate that eclogite is the only suitable candidate to generate
melts with both heavy Fe and light Mg isotopes. This inference is strengthened by the major and minor elemental compositions of olivine phenocrysts from the Pitcairn basalts, which show low Fo (73.2–82.5) and Ni contents (620–1949 ppm), and
low Mn/Fe (0.011–0.015) and Ni/(Mg/Fe) (524–1041) ratios. These characteristics are markedly diﬀerent from those of olivines from MORBs and the Koolau lavas from Hawaii, which represent phenocrysts that equilibrated with peridotite-derived
and secondary pyroxenite-derived melts, respectively. We therefore argue that eclogite is the source lithology of the EM1 endmember of the Pitcairn basalts. Binary mixing between our modelled eclogite- and peridotite-derived melts produced magmas
with relatively low Mg# value, Mg/Fe ratios and moderate Ni contents characteristics, which are preserved in the low-Fo
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Pitcairn olivines. Our results highlight that, in addition to peridotite and secondary pyroxenite, eclogite may survive in mantle
plumes at shallow depths and make a substantial contribution to the source of OIBs.
Ó 2021 Elsevier Ltd. All rights reserved.
Keywords: Eclogite; Pitcairn; EM1; Crustal recycling; Fe isotopes; Olivines

1. INTRODUCTION
Subduction transports maﬁc oceanic crust into the deep
mantle, producing signiﬁcant chemical heterogeneities in
the mantle that are reﬂected in the elemental and longlived radiogenic isotopic variability of oceanic island
basalts (OIBs; e.g., Hofmann and White, 1982; Zindler
and Hart, 1986; Weaver, 1991; Chauvel et al., 1992;
Hofmann, 1997; White, 2015). Five mantle endmembers
have been identiﬁed through the study of the isotopic compositions of OIBs and mid-ocean ridge basalts (MORBs):
DMM (the depleted MORB mantle), HIMU (high ‘l’, or
high 238U/204Pb), EM1 (enriched mantle ‘1’) and EM2 (enriched mantle ‘2’), FOZO (FOcus ZOne) (Zindler and Hart,
1986; Hart et al., 1992). High-pressure experiments have
attempted to link the chemical heterogeneity to the source
lithology of basalts, and they suggested that melting of carbonated peridotite (Dasgupta et al., 2007), carbonated
eclogite (Dasgupta et al., 2005), garnet pyroxenite
(Hirschmann et al., 2003; Kogiso et al., 2003), and hornblendite (Pilet et al., 2008) can generate the major elemental
compositions of alkali OIBs. Therefore, peridotite is not the
only source lithology of the OIBs. Comparison between the
compositions of natural rocks and experimental melts is
one of the methods of constraining the source lithologies
of OIBs (Hirschmann et al., 2003; Dasgupta et al., 2007;
Jackson and Dasgupta, 2008). Since several types of lithologies mentioned above can produce melt with similar major
elemental compositions of alkali basalts, the nonuniqueness of inferences drawn from experimental studies
poses an obstacle to understanding the source lithology of
basalts. The compositions of olivine phenocrysts are also
used to identify the source lithology of basalts. Secondary
pyroxenite is suggested to be formed by melt–rock
(Sobolev et al., 2005, 2007; Lambart et al., 2012) or melt–
melt reaction (Herzberg, 2011; Zeng et al., 2017) in the shallow mantle during the ascent of recycled crustal materials,
or solid-state reactions occurring in high-temperature
lower-mantle domains (Herzberg, 2011). Those secondary
pyroxenites formed by melt-rock reaction are proposed to
make a substantial contribution to the mantle source if
the olivines show high Ni contents and Fe/Mn ratios
(Sobolev et al., 2005, 2007; Herzberg, 2011). High Ca/Al
ratios observed in olivines are usually attributed to the
inﬂuence of carbonated components in the source (Weiss
et al., 2016). However, the crustal processing (i.e., magma
recharge and mixing) is recently proposed to signiﬁcantly
inﬂuence the concentrations of minor elements in olivine
phenocrysts (Lynn et al., 2017; Gleeson and Gibson,
2019), challenging the suitability of this approach to identify lithological variations in their source.

Iron isotopes have the potential to identify pyroxenitic
sources for OIBs. Models predict that partial melting of
peridotitic mantle should produce melt with slightly heavier
(D57Femelt-source < 0.12‰) Fe isotopic signatures relative to
their residual source rocks (Williams et al., 2009; Dauphas
et al., 2014; Williams and Bizimis, 2014; Sossi et al., 2016;
Gleeson et al., 2020; Soderman et al., 2021), consistent with
the diﬀerence in Fe isotopic compositions between mean
MORB (d57Fe = 0.16‰ ± 0.04‰; Teng et al., 2013) and
peridotitic mantle (d57Fe = 0.05‰ ± 0.04‰; Sossi et al.,
2016). However, some MORBs and OIBs cover an unusually larger range of d57Fe values (e.g., 0.07‰0.46‰ for
the EPR seamounts, Sun et al., 2020; 0.14‰0.32‰ for
the Pitcairn basalts, Nebel et al., 2019; 0.05‰0.37‰ for
the Azores basalts, Soderman et al., 2021) (Fig. 1), which
cannot be generated by partial melting of peridotite. As
inter-mineral fractionation eﬀects predict that a pyroxenerich lithology (i.e., pyroxenite) would be isotopically heavier than an olivine-dominated peridotite (Macris et al.,
2015; Sossi and O’Neill, 2017), combined with the fact that
pyroxenite xenoliths generally show heavier Fe isotopic
compositions than peridotite xenoliths (Fig. S1 in Supplementary Material I), a pyroxenitic source is invoked to
explain some elevated d57Fe values of OIBs (Konter
et al., 2016; Nebel et al., 2019; Soderman et al., 2021;
Wang et al., 2021). It is noteworthy that secondary pyroxenite is proposed to make a substantial contribution to
basalts from Koolau and Kilauea Iki in Hawaii (about
80–100% and 40%, respectively) based on the high Ni contents and Fe/Mn ratios of olivine phenocrysts (Sobolev
et al., 2005; Herzberg, 2011) and low CaO contents of
whole-rock and olivine-host melt inclusions (Ren et al.,
2005; Herzberg, 2006); however, the Fe isotopic compositions of these basalts (d57Fe = 0.12‰–0.18‰; Teng et al.,
2008, 2013) are indistinguishable from peridotite-derived
melts (average MORB d57Fe = 0.16‰ ± 0.04‰; Teng
et al., 2013) (Fig. 1). Therefore, the interpretation of the
unusually high d57Fe values of some OIBs should be further
evaluated.
Previous studies on lavas from Pitcairn Island (Eisele
et al., 2002; Wang et al., 2018) suggest the presence of
ancient recycled oceanic crust with carbonate-bearing sediments in their source based on their elevated 87Sr/86Sr,
unradiogenic Pb, Nd, and Hf isotopic compositions, and
extremely low d26Mg values (as low as –0.40‰; Wang
et al., 2018). The discovery of mass-independent fractionation for sulﬁdes contained in these basalts also supports this
proposal (Delavault et al., 2016). Therefore, Pitcairn basalts
might contain important clues on the maﬁc lithologies (secondary pyroxenite or eclogite) in the mantle source. Here
we present new Fe isotopic data for Pitcairn basalts and
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Fig. 1. (a) d57Fe versus Fe2OT3 , and (b) d57Fe versus CaO/Al2O3 ratios for oceanic basalts. The Fe isotopic compositions (the calculated mean
values with ± 95% conﬁdence interval) of MORB and peridotitic mantle are from Teng et al. (2013) and Sossi et al., (2016), respectively.
Fe2OT3 , and CaO/Al2O3 ratios of average MORB are from Gale et al. (2013). Data for Hawaii and Azores are from Teng et al. (2008, 2013)
and Soderman et al. (2021), respectively. Data for Samoa and Pitcairn basalts are from Konter et al. (2016), Soderman et al. (2021), and from
Nebel et al. (2019), respectively. Evolved samples have been excluded based on their major elements (see Supplementary Material I for details).
Error bars on d57Fe of our data represent 2SD uncertainties.

major/minor elemental data for olivine phenocrysts hosted
in these lavas, and combine them with the previously published Mg isotopic data to distinguish these two types of
maﬁc lithologies. The Fe3+/RFe ratios of these samples
are also measured in this study because they can reﬂect
the redox state of source, which might inﬂuence the Fe isotopic compositions of basaltic melts (Sossi et al., 2016; He
et al., 2019). Additionally, Sr, Nd, Pb, Hf, and Fe isotopic
compositions of Louisville basalts, which show FOZO-type
radiogenic isotopic characteristics, are also analyzed in this
study for comparison, because they are previously suggested to be derived from a peridotitic mantle based on
their trace elemental compositions (Vanderkluysen et al.,
2014) and Mg isotopic compositions (average d26Mg =
–0.34‰ to –0.31‰; Zhong et al., 2017). We argue that
eclogite rather than secondary pyroxenite is responsible for
the heavy Fe isotopic compositions of the Pitcairn basalts.
2. GEOLOGICAL BACKGROUND AND SAMPLE
DESCRIPTIONS
The Pitcairn Island and the Louisville Seamounts chain
are both located in the South Paciﬁc. The Pitcairn basalts
show elevated 87Sr/86Sr and unradiogenic isotope ratios of
Nd, Hf, and Pb (Fig. S2 in Supplementary Material I;
Wang et al., 2018; Nebel et al., 2019) that deﬁne the socalled EM1 mantle endmember (Eisele et al., 2002). We
analyzed Fe isotope compositions of eleven samples from
Pitcairn Island, including seven samples from the shieldbuilding Tedside Volcanics and four samples from latestage volcanic rocks (from the Pulawana and Adamstown
volcanics, and the Christians Cave Formation). The ages
of the Tedside and the late-stage volcanic rocks are 0.95–
0.76 and 0.67–0.45 Ma, respectively (Duncan et al., 1974).
Petrographic observations, elemental compositions, and
the Sr, Nd, Pb, Hf, and Mg isotopic compositions of the
Pitcairn samples have been reported by Wang et al.
(2018), and show that these rocks are mainly classiﬁed as
basalts and trachy-basalts.

By comparison, the Louisville basalts are characterized
by homogeneous, FOZO-like Sr, Nd, and Pb isotopic compositions (Vanderkluysen et al., 2014). The seven Louisville
samples investigated in this study were collected from drillcores at IODP sites U1372, U1373, and U1376 on the
Canopus, Rigil, and Burton seamounts. The average ages
of these seamounts are 74.2, 69.5, and 64.1 Ma, respectively
(Koppers et al., 2012). The major and trace elemental compositions of the Louisville samples are reported in Zhong
et al. (2017), and the rocks are mainly picrobasalts.
The studied Pitcairn basalts show porphyritic textures,
with olivine phenocrysts set in a groundmass of ﬁnegrained subhedral to anhedral olivine, plagioclase, and
glass (Fig. S4 in Wang et al., 2018). The olivine phenocrysts
from the Pitcairn lavas are fresh with no alteration, generally euhedral to subhedral, and rarely embayed or partly
resorbed. Most olivine phenocrysts range from 1 to 4 mm
in diameter, exhibit no chemical zoning, and contain scattered melt and mineral inclusions. The Louisville basalts
show porphyritic textures, with olivine and clinopyroxene
set in a groundmass, olivine phenocrysts have euhedral to
subhedral shape with typical grain size of 1–3 mm.
3. ANALYTICAL METHODS
Analytical methods of Sr-Nd-Pb-Hf isotopes for the
Louisville basalts are given in the Supplementary Material
I. Analytical methods of iron isotope and Fe3+/RFe for
whole-rock samples, and elemental compositions for olivine
phenocrysts are listed as follows.
3.1. Iron isotope analyses
Iron isotope analyses were performed in the Institute of
Geology and Geophysics, Chinese Academy of Science,
Beijing, using an analytical procedure similar to that of
Dauphas et al. (2004). Here we provide a brief description
of our method. In order to obtain  50 lg Fe for high precision isotopic analysis, 10 to 36 mg of sample powders and
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USGS reference materials (BHVO-2, BCR-2, and AGV-2)
were weighed. The samples were digested in Savillex
screw-top beakers using 3:2 (v/v) mixture of concentrated
HF and HNO3 for 3 days. After evaporation, samples were
again digested in concentrated acids in the following
sequence: (i) HCl-HNO3 (3:1, v/v), (ii) HCl, until they were
completely dissolved. The obtained clear sample solutions
were dried down and re-dissolved in 6 mol/L HCl with
Fe concentration of 100 ppm, in preparation for chromatographic separation. Puriﬁcation of Fe was achieved by ion
chromatography on 2 mL pre-cleaned anion resin (BioRad AG1-X8, 200  400 mesh) conditioned with  5 mL
of 6 mol/L HCl. Sample solutions were loaded in 0.5 mL
of 6 mol/L HCl (containing 50 lg Fe). Matrix elements
were eluted by 8 mL of 6 mol/L HCl (in a sequence 0.5,
0.5, 1, 2 and 4 mL) and 0.5 mL of 0.4 mol/L HCl. Less than
0.2% of the total Fe is lost during matrix elution. Iron was
eluted by 11.5 mL of 0.4 mol/L HCl, in a sequence of 0.5, 1,
2, 3, and 5 mL. Puriﬁed sample solutions were evaporated
to dryness and then diluted to 3 ppm Fe using the same
batch of 2% HNO3 for measurement.
Fe isotopic compositions were measured by samplestandard bracketing method on a Thermo Scientiﬁc
Neptune MC-ICP-MS in a high-resolution mode (M/4M
> 8000 as deﬁned by the peak edge width from 5 %95%
full peak height). A ‘‘wet” plasma, combining a quartz dual
cyclonic-spray chamber and an ESI 50 lL min1 PFA
MicroFlow Teﬂon nebulizer (Elemental Scientiﬁc Inc.,
U.S.A.), was used as introduction system. A multi-collector
Faraday cup conﬁguration of L3, L1, C, H1, H2 and H4
was used to measure 53Cr, 54Fe, 56Fe, 57Fe, 58Fe and 60Ni,
respectively. The signal intensity for 54Fe was generally about
3.5  4 V/ppm and the blank contribution to this signal was
typically < 2 mV. Fe isotopic compositions are expressed in dnotation as per mil (‰) deviation from IRMM-014: dXFe = [(XFe/54Fe) sample / (XFe/54Fe)IRMM014  1]  1000,
where X is either 56 or 57.
The long-term external precision based on replicate runs
of international Fe standards (JMC Fe) and diﬀerent
igneous rock standards is better than 0.07‰ (2SD) for
d57Fe. The internal precision on the measured 57Fe/54Fe
ratio based on at least 3 repeated runs of the same solution
during a single analytical session of this study is  ± 0.06‰
(2SD). Repeated measurements of the JMC and in-house
Fe standard IGGFe1 (GSB-1) at diﬀerent dates yielded
average d57Fe values of 0.560 ± 0.036 (2SD, n = 18) and
1.074 ± 0.048 (2SD, n = 75), respectively. These values
are consistent with published values (Table S1 in Supplementary Material II; Ohno et al., 2004; Craddock and
Dauphas, 2011; An et al., 2017). Repeated analyses of
whole-rock powders with repeating sample dissolution, column chemistry, and instrument analyses show excellent
consistency of Fe isotope data, supporting the reliability
of our data.
3.2. Fe3+/RFe analyses
Fe3+/RFe ratios were measured in the State Key Laboratory for Mineral Deposits Research, Nanjing University
using back titration method. To quantify Fe3+/RFe, the

FeO was determined by redox titration using ammonium
metavanadate. Sample powders were dissolved with
10 mL concentrated HF and 5 mL concentrated H2SO4,
the samples were agitated in an ultrasonic bath for
20 min and were kept on a hot plate at 100℃ overnight
for complete dissolution. The sample solutions were then
complexed and buﬀered by saturated boric acid. 10 mL
H3PO4-H2SO4 mixed acid solution was added into the solutions before titration. Since PO34 preferably forms a complex with Fe3+ as a ligand, a larger potential break in the
vicinity of the equivalence point can be accomplished in
PO34 environment (Whipple, 1974), thus improving the
accuracy of end-point detection. At last, the solution was
titrated by 0.05 mol/L (NH4)2Fe(SO4)2 titrant and its volume was recorded at the point of maximum slope of the
titration curve.
3.3. Major and minor elements of olivine
The major and minor elemental compositions of olivine
were analyzed on the electron probe (JEOL JXA-8230) at
the State Key Laboratory for Mineral Deposits Research,
Nanjing University, using a wavelength dispersive system
and a ZAF correction procedure. An accelerating voltage
of 15 kV and a 20nA beam current focused to 2 lm circle
were used in this study. The counting time of Si, Mg, Fe
was 20 s for peak and 10 s for background. For enhancing
the accuracy and precision of Ca and Mn, we used 60 s
counting times for peak and 30 s counting times for background. The Ni was analyzed with 90 s and 45 s counting
times for peak and background respectively. Natural and
synthetic mineral standards were used for calibration. During the measurement, the MongOl was used to monitor the
accuracy of the measurements as well as machine drift
error. 39 analyses of the MongOl show the relative standard
deviations (RSD) for SiO2, MgO, FeO, NiO, MnO, and CaO
are 0.4%, 0.7%, 1.8%, 2.4%, 6.5% and 7.4%, respectively.
4. RESULTS
The major and trace elemental, Fe3+/RFe, and Sr, Nd,
Pb, Hf isotopic data for Pitcairn and Louisville basalts
are given in Table S2 in Supplementary Material II, and
the newly reported data and the previously published data
are marked in bold type and italic, respectively. The
measured and corrected Fe isotopic compositions of the
Pitcairn and Louisville basalts are reported in Table S2 in
Supplementary Material II. The compositions of 138
olivine phenocrysts from 6 Pitcairn samples are reported
in Table S3 in Supplementary Material II.
The Pitcairn basalts in this study show heavier Fe isotopic compositions (d57Fe = 0.17‰–0.31‰) than the Louisville basalts (d57Fe = 0.06%–0.15‰), and they overlap
previously published values (0.14%–0.32%, Fig. 1; Nebel
et al., 2019). Fe3+/RFe ratios of the Pitcairn basalts range
from 0.17 to 0.52, and they are higher than the MORB
mantle (0.12 ± 0.02; Bézos and Humler, 2005). In the plots
of Fe3+/RFe vs. MgO (Fig. 2a), Pitcairn basalts show a
roughly negative correlation (Fig. 2a). Olivine phenocrysts
from the Pitcairn basalts show a wide range of Fo
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Fig. 2. a) MgO versus Fe3+/RFe and b) d57Fe versus Fe3+/RFe for the Pitcairn basalts and the Louisville basalts. Basalts from eastern China
are also shown for comparison. The Fe3+/RFe data in Fig. 2a are the measured values without the correction of fractional crystallization or
accumulation. In order to minimize the inﬂuence of fractional crystallization or accumulation, the Fe3+/RFe and d57Fe data in Fig. 2b have
been corrected by adding or subtracting the olivine, following Sossi et al. (2016). Error bars on d57Fe of our data represent 2SD uncertainties.

Fig. 3. (a) Ni versus Fo in Pitcairn olivines (Red triangles). (b) Ni/(Mg/Fe) versus Mn/Fe in Pitcairn olivines. The blue and brown areas
represent the calculated compositions of olivines in equilibrium with melts of secondary pyroxenite and peridotite, respectively (Herzberg,
2011, Sobolev et al., 2007). Olivines from Koolau and MORB are shown for comparison (Sobolev et al., 2007).

(73.2–82.5), Ni (620–1949 ppm), Mn (1541–2757 ppm) and
Ca (1294–2501 ppm) contents. The Ni, Mn and Ca contents
in these phenocrysts show good correlations with Fo contents (Fig. 3a; Mn and Ca not shown). All the olivines have
higher Ca contents than those in mantle xenoliths
(CaO < 0.1%; Thompson and Gibson, 2000).
Louisville basalts show ‘FOZO’-type isotopic signatures
(Fig. S2 in Supplementary Material I) with limited range in
the age-corrected Sr, Nd, Pb, and Hf isotopic ratios
(87Sr/86Sr(i) = 0.70330–0.70373, eNd(i) = 4.7–6.7, eHf(i) =
7.6–9.4, 206Pb/204Pb(i) = 18.716–19.396, 207Pb/204Pb(i) =
15.579–15.625, and 208Pb/204Pb(i) = 38.220–39.086). d57Fe
values of Louisville basalts (0.06‰–0.15‰) are similar to
those of fresh MORB (d57Fe = 0.16% ± 0.04%; Teng
et al., 2013), but are lower than those of Pitcairn basalts
(0.17‰–0.31‰). Variation in Fe3+/RFe ratios for Louisville basalts (0.14–0.33) is limited relative to Pitcairn basalts
(0.17–0.52).

5. DISCUSSION
5.1. Alteration and magma diﬀerentiation
Post-magmatic alteration can substantially modify the
Fe isotopic compositions of basalts (Rouxel et al., 2003),
and thus its potential eﬀect must be considered. The concentrations of ﬂuid-mobile elements (such as Th and U)
of the Pitcairn basalts and the Louisville basalts are well
correlated with those of ﬂuid-immobile elements (such as
Nb; Fig. S3 in Supplementary Material I), indicating negligible inﬂuence of alteration. Furthermore, the olivines in
these basalts are fresh, and the loss on ignition (LOI) values
of the studied samples are low (mostly < 2.0 wt.%; Table S2
in Supplementary Material II), consistent with insigniﬁcant
alteration.
Fractional crystallization and accumulation of
Fe-bearing minerals can also modify the Fe isotopic
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compositions of basaltic melts (Teng et al., 2008; Sossi
et al., 2016), depending on both the fractionating or accumulating mineral assemblages and redox state of the melt
(Dauphas et al., 2014). A log–log plot of Al2O3 vs. MgO
can be used to distinguish potential inﬂuence between fractional crystallization and accumulation because these
trends show diﬀerent slopes in this ﬁgure (Rhodes 1995;
Norman and Garcia, 1999). Similar changes in slope are
also observed in the Pitcairn and Louisville basalts
(Fig. S4a and S4b in Supplementary Material I). Those
high-MgO samples (>11 wt.% and 14 wt.% for Pitcairn
and Louisville basalts, respectively) are speculated to be
aﬀected by olivine accumulation, while other samples are
suggested to undergo fractional crystallization. To evaluate
potential eﬀect of fractional crystallization processes on the
Pitcairn basalts, we performed modelling on major elements using Petrolog3 software (Danyushevsky and
Plechov, 2011). Sample PC-15 is assumed to be the primitive melt composition because it is close to the inﬂection
point of the fractionation-accumulation trends (Fig. S4a
in Supplementary Material I). Results show that olivine,
pyroxene and Fe-Ti oxides are successively fractionated
from the melt with the decreasing MgO contents. The
low-MgO Pitcairn samples (samples with MgO < 4 wt.%)
show clear decreases in TiO2 and CaO contents with
decreasing MgO content (Fig. S4c–f in Supplementary
Material I), which is consistent with fractional crystallization of olivine, Fe-Ti oxides and clinopyroxene. Fractional
crystallization of olivine, pyroxene and ilmenite would
cause enrichment in heavy Fe isotopes in the residual
magma, whereas fractional crystallization of magnetite
would result in enrichment in light Fe isotopes in the residual magma (Chen et al., 2021; Wang et al., 2021). Therefore, the Fe isotopic compositions of the low-MgO
Pitcairn samples have been aﬀected by fractionation crystallization of multiple minerals. In the following sections,
these highly-evolved samples are excluded from the discussions about the potential source lithologies. Similar methods are also used to exclude highly-evolved samples from
Samoa and Koolau, Hawaii (Fig. S5 in Supplementary
Material I). All of the Louisville samples in this study are
only aﬀected by olivine accumulation.
Since Fe isotopic fractionation between olivine and melt
is expected to be larger than that between clinopyroxene
and melt due to diﬀerent Fe bonding environment in olivine
and clinopyroxene (Macris et al., 2015; Sossi and O’Neill,
2017), we therefore only correct for olivine crystallization,
which provides an upper limit on the fractional crystallization correction, following the method of Sossi et al. (2016).
Samples that have undergone olivine accumulation are also
corrected via this method. Since the composition of the
assumed primitive melt for the Pitcairn basalts mentioned
above is in equilibrium with mantle olivine with Fo85, the
d57Fe values of all these samples are corrected to magma
compositions in equilibrium with Fo85 olivine. By comparison, the Louisville basalts are corrected to be in equilibrium
with Fo90 olivine. The diﬀerence between the measured and
the calculated values (i.e., D57Femeasured-calculated =
d57Femeasured – d57Fecalculated) shows a negative correlation
with whole-rock Ni and MgO contents (Fig. S6 in

Supplementary Material I), suggesting this correction is
valid, as Ni and MgO are sensitive tracers for olivine fractionation. Therefore, we will use the corrected Fe isotopic compositions in the following discussion. The corrected Fe
isotopic compositions of the Louisville basalts are approximately the same as the measured compositions due to the
high MgO contents of these samples (Table S2 in Supplementary Material II). Although the corrected Fe isotopic compositions of the Pitcairn basalts (maximum d57Fecorrected =
0.30‰) are slightly diﬀerent from measured values
(D57Femeasured-calculated from –0.03‰ to 0.06‰), they are still
heavier than Louisville basalts (maximum d57Fecorrected =
0.14‰) and the mean N-MORB (d57Fecorrected-MORB =
0.10‰ ± 0.03‰; SD, n = 26; Sossi et al., 2016) that has been
corrected for fractional crystallization.
5.2. Partial melting and redox conditions
The relatively heavier Fe isotopic compositions of
basalts than those of mantle peridotite have been attributed
to the partial melting process (Weyer and Ionov, 2007;
Craddock et al., 2013; Williams and Bizimis, 2014). This
eﬀect could relate to the mild incompatibility of Fe3+ relative to Fe2+, so that melt tends to have a higher Fe3+/Fe2+
ratio than its residue during partial melting (Canil et al.,
1994). As Fe3+ is expected to have a higher d57Fe than
Fe2+, melt should be enriched in heavy Fe relative to the
solid residue (Dauphas et al., 2009; Williams et al., 2005).
To quantify the expected isotopic fractionation during partial melting, Williams and Bizimis (2014) assessed the fractionation of Fe isotopes during partial melting of spinel
lherzolite. Using their approach, we also quantitatively
evaluate the potential inﬂuence on Fe isotopes during partial melting of garnet lherzolite. We used an incremental
non-modal batch melting model with a garnet peridotite
source (Table S4 in Supplementary Material II), assuming
the initial d57Fe value of the garnet peridotite to be that
of peridotitic mantle (0.05‰; Sossi et al., 2016). The results
indicate that the d57Fe values of the melts derived from garnet peridotite are  0.1‰ higher than their mantle source
(Fig. 4a), similar to the results of spinel lherzolite melting
(Williams and Bizimis, 2014). This inference is consistent
with values measured in basalts and peridotite xenoliths
(Weyer and Ionov, 2007). The reason for the similar Fe
isotopic compositions of modelled melts from garnet
peridotite and spinel peridotite is that either garnet or
spinel accounts for a signiﬁcantly lower percentage (10%)
than olivine (>45%) in the source, and the Fe isotopic
fractionation is therefore mainly controlled by the residue
of olivine.
The d57Fe values of the modeled garnet peridotitederived melt (0.13‰–0.14‰) generally span the variability
measured in the Louisville basalts and that of average
N-MORB (d57Fecorrected-MORB = 0.10‰ ± 0.03‰; SD,
n = 26; Sossi et al., 2016). This is consistent with previous
proposals that suggested a peridotitic source for the Louisville basalts based on their FOZO-type Sr, Nd, Pb, and Hf,
and mantle-like Mg isotopic compositions (Vanderkluysen
et al., 2014; Zhong et al., 2017). However, the d57Fe value
of modeled peridotite-derived melt is lower than the
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Fig. 4. The Fe isotope fractionation during partial melting of peridotite and eclogite (a), and secondary pyroxenite (b). Aggregated melt of
eclogite I, eclogite II, and eclogite III are calculated from the same initial Fe isotopic compositions (d57Fe = 0.16‰) with diﬀerent mineral
compositions. Secondary pyroxenite I, II, and III represent pyroxenite formed by reaction between peridotite and 30% melt of eclogite I, II,
and III, respectively. Red, blue, and purple lines in (b) represent aggregated melts of secondary pyroxenite I, II, and III, for secondary
pyroxenite formed by diﬀerent degrees of reaction (10–48%) with the peridotite, respectively.

compositions of the Pitcairn lavas (d57Fe up to 0.30‰;
Fig. 4a). Partial melting of peridotite cannot explain the elevated d57Fe values of the Pitcairn basalts, and this is consistent with the results of Nebel et al. (2019) and Soderman
et al. (2021).
Partial melting of a source with an elevated Fe3+/RFe
ratio can also produce melts with higher Fe3+/RFe and usually with higher d57Fe values, since ferric Fe is enriched in
heavy isotopes compared to ferrous Fe as mentioned above
(Dauphas et al., 2014; Sossi and O’Neill, 2017). Such fractionation has been used to explain the positive correlation
between d57Fe values and Fe3+/RFe ratios of basalts from
eastern China, in which recycled carbonates were identiﬁed
as the potential oxidizing agent (He et al., 2019). Recycled
sediments, which commonly contain signiﬁcant quantities
of carbonate, have also been invoked to explain the low
d26Mg values of the Pitcairn lavas (Wang et al., 2018). To
examine the eﬀect of redox conditions on Fe isotopic fractionation, we measured the Fe3+/RFe ratios of the Pitcairn
and Louisville basalts. Our results argue that the Fe isotopic fractionation of Pitcairn basalts cannot be induced
by the source redox condition for three reasons. Firstly,
Fe3+/RFe ratios of Pitcairn basalts show a negative correlation with their MgO contents (Fig. 2a). This correlation
indicates that the variations in Fe3+/RFe for Pitcairn
basalts might be induced by the fractional crystallization
or accumulation process (Christie et al., 1986; Bézos and
Humler, 2005). To minimize their eﬀects, we calculated
the Fe3+/RFe ratios of the primary melt for those highMgO samples (MgO > 4 wt.% and > 5 wt.% for the Pitcairn
and Louisville basalts, respectively; Fig. S4 in Supplementary Material I) by adding or subtracting olivine. Additionally, because clinopyroxene contains both Fe2+ and Fe3+,
diﬀering from that the olivine only contains Fe2+ (Dyar
et al., 1989), we therefore only correct for olivine crystallization, which provides an upper limit on the fractional
crystallization correction of Fe3+/RFe. Most Pitcairn primary melts have similar Fe3+/RFe ratios (0.20–0.32) to
those of Louisville primary melts (0.14–0.34); however,

the Fe isotopic compositions between them are signiﬁcantly
diﬀerent. These observations indicate the variations in Fe
isotopes of Pitcairn and Louisville basalts are not induced
by the Fe3+/RFe ratios. Secondly, there is no obviously correlation between Fe3+/RFe ratios and d57Fe values for Pitcairn basalts (Fig. 2b), which is obviously diﬀerent from
those basalts from eastern China mentioned above. Finally,
recent results of theoretical calculation have shown that the
d57Fe of melts with high Fe3+/RFe ratios (0.25) are only
slightly heavier (within 0.03‰) than melts with low Fe3+/
RFe ratios (0.13) (Gleeson et al., 2020). The results of
Sossi and O’Neill (2017) and Wang et al. (2021) also
indicate slight increase of Fe isotopic fractionation
(d57Femeltsource < 0.02‰) even though the source
Fe3+/RFe show a signiﬁcant variation.
5.3. Secondary-pyroxenite source?
Since magma diﬀerentiation, partial melting, or an oxidized mantle source relative to the peridotitic source are
insuﬃcient to generate the heavy Fe isotopic compositions
of the Pitcairn basalts, a non-peridotitic source is implied
(Nebel et al., 2019; Soderman et al., 2021). As eclogitederived melts are inferred to have high d57Fe values because
of the increased quantity of isotopically light garnet in the
residue relative to peridotite during melting, secondary
pyroxenite formed by reactions between eclogite-derived
melt and peridotite is speculated to have a heavy Fe isotopic composition. Therefore, a secondary pyroxenite
source could explain the high d57Fe values of Pitcairn
basalts (Nebel et al., 2019). However, lavas from Koolau
and Kilauea Iki in Hawaii, which are proposed to have
originated from a source containing substantial quantities
of secondary pyroxenite (about 80–100% and 40% of contribution from secondary pyroxenite for the Koolau and
Kilauea basalts, respectively; Sobolev et al., 2005), show
MORB-like Fe isotopic compositions (d57Fe = 0.12‰–
0.18‰; Teng et al., 2008, 2013). This observation casts
doubt on the role of secondary pyroxenite as a high d57Fe

422

J.-H. Shi et al. / Geochimica et Cosmochimica Acta 318 (2022) 415–427

source. Recent modelling results also suggest that secondary pyroxenite is unlikely to be responsible for the
heavy Fe isotopic compositions of Pitcairn basalts
(Soderman et al., 2021).
The compositions of olivine phenocrysts in the Pitcairn
basalts are also inconsistent with secondary pyroxenite
source. High Ni contents in olivines from the Koolau
basalts have been explained by phenocrysts equilibrating
with melts derived from secondary pyroxenite because of
the low bulk mineral–melt distribution coeﬃcient of Ni in
such a lithology (Sobolev et al., 2005, 2007; Herzberg,
2011). By comparison, olivines from Pitcairn basalts have
signiﬁcantly lower Fo and Ni contents than those from
Koolau (Fig. 3a). One possible explanation for such lowFo olivines is that the Pitcairn lavas underwent a higher
degree of magmatic diﬀerentiation than those from Koolau,
but their sources are similar. However, such an interpretation is not favored here for three reasons. Firstly, in the plot
of Fo vs. Ni (Fig. 3a), the low-Fo olivines from Koolau
have signiﬁcantly higher Ni contents than those from Pitcairn at a given Fo value. If Pitcairn olivines are crystallized
from a more diﬀerentiated magma derived from a mantle
source resembling that of Koolau basalts, the Ni concentrations of Pitcairn olivines should be similar to Koolau olivines at a given Fo value, which is inconsistent with the
observation above. A more credible explanation is that
the Ni concentrations of primary melts from Pitcairn and
Koolau, which are in principle controlled by the source,
are diﬀerent, and therefore olivines crystallized from these
melts show diﬀerent Ni concentrations. Secondly, at a given
MgO content in basalts, the crystallized olivines from Pitcairn basalts show systematically lower Fo and Ni contents
than those from Koolau basalts (Fig. 5a–b). Such diﬀerences are more likely due to diﬀerent MgO and Ni contents
for the primary magma rather than magmatic diﬀerentiation process. This inference is supported by the high
Fe2OT3 contents of Pitcairn basalts (Fig. 1a), which favors
the crystallization of olivines with low Fo contents. Finally,
the Ni/(Mg/Fe) ratios of the Pitcairn olivines are notably
lower than those of the Koolau olivines at a given Mn/Fe

ratio (Fig. 3b). As Ni and Mg are both compatible in
olivine (Adam and Green, 2006), if the compositions of
olivines are controlled by magma diﬀerentiation, their Ni
concentrations should be well correlated with their Fo contents, and the Ni/(Mg/Fe) ratios of olivines should be unaffected (Sobolev et al., 2007). Therefore, such a marked
diﬀerence of Ni/(Mg/Fe) ratios between the Pitcairn and
Koolau olivines indicates that the primary basaltic melts
should have diﬀerent elemental ratios. It means that the
source lithology of Pitcairn and Koolau basalts should be
diﬀerent.
5.4. Eclogite source
It is generally accepted that the Koolau basalts are
derived from a secondary pyroxenitic source (Ren et al.,
2005; Sobolev et al., 2005, 2007; Herzberg 2011); however,
such a lithology cannot be the source of the Pitcairn basalts
because of the marked diﬀerences in Fe isotopic and olivine
compositions between the Pitcairn and Koolau basalts. Due
to the proposed heavy Fe isotopic compositions of lowdegree eclogite-derived melts (Nebel et al., 2019), we suggest that there was a direct contribution from eclogitic components in the mantle source of Pitcairn basalts. To test this
inference, we calculated the d57Fe values of melts derived
from eclogite, and secondary pyroxenite (Tables S5–S6 in
Supplementary Material II), respectively. First, we added
diﬀerent amounts (10%–48%) of eclogite-derived melt into
peridotite to simulate the compositions of secondary pyroxenite. Then, the Fe isotopic compositions of secondary
pyroxenite and its partial melts were calculated, using the
mineral compositions (Fig. S7 in Supplementary Material
I) suggested by Sobolev et al. (2005). We also calculated
the Fe isotopic compositions of eclogite-derived melts with
various assumed clinopyroxene/garnet ratios in the source
(cpx/grt = 6:4, 7:3 and 8:2). These assumed ratios are consistent with the calculated results based on the phase equilibria for MORB-like pyroxenite (Fig. S8 in Supplementary
Material I), following Soderman et al. (2021) via using
Perple X software (Connolly, 2005). The melting degree

Fig. 5. Fo (a) and Ni (b) contents of olivine phenocrysts versus MgO contents of whole-rock basalts. Data for Hawaii basalts are from Frey
et al. (1994) and Haskins and Garcia (2004). Data for olivines from Koolau, Hawaii are from Sobolev et al. (2007). Data for Pitcairn olivines
are measured in this study.
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of eclogite is assumed to be 30% based on the calculating
results of Perple X (20%–40% melting degree at
1450 °C – 1550 °C and 4 GPa). The initial d57Fe of eclogite
is assumed to be the average MORB (0.16‰). Results show
that the d57Fe value of secondary pyroxenite (0.08‰–0.14
‰) becomes more similar to that of eclogite (0.16‰) with
increasing degree of reaction between peridotite and eclogite melt (Table S6 in Supplementary Material II). After partial melting, melts of secondary pyroxenite (0.20‰–0.31‰)
have heavier Fe isotopic compositions than MORB
(d57Fe = 0.16‰ ± 0.04‰; Teng et al., 2013), which is consistent with the proposal that secondary pyroxenite can
explain the heavy Fe isotopic compositions of the Pitcairn
basalts (Nebel et al., 2019). Alternatively, eclogite-derived
melts can also have heavy Fe isotopic compositions, and
their d57Fe values (0.29‰–0.36‰) are slightly higher than
those of melts from secondary pyroxenite. A reason for
such slightly heavier Fe isotopic compositions of melt
derived from eclogite than melt derived from secondary
pyroxenite is that garnet preferentially retains light Fe
because of the VIII-fold coordination of Fe2+ (Sossi and
O’Neill, 2017), and the upper limit of the proportion for
garnet in the eclogitic residue (66%; Yaxley and Green,
1998) is much higher than in secondary pyroxenite (28%;
Sobolev et al., 2005).
Similar modelling of eclogite melting has also been calculated by Williams and Bizimis (2014) and Sun et al.
(2020). Our result (D57Femelt-source = 0.17‰) shows slightly
larger fractionation than Sun et al. (2020) (D57Femelt-source =
0.12‰) because the fractionation factor between garnet and
clinopyroxene (agrt-cpx = 0.99969) we have chosen is lower
than their choice (agrt-cpx = 0.99978). By comparison, the
agrt-cpx in our calculation is the same as that of Williams
and Bizimis (2014), but the initial d57Fe value of the source
is diﬀerent. In their calculation, this value is assumed to be
0.04‰, which is generally similar to that of peridotitic mantle (d57Fe = 0.05‰ ± 0.04‰; SD, n = 26; Sossi et al., 2016).
Because the eclogite in the source of Pitcairn plume is suggested to be transformed from the recycled oceanic crust
(Delavault et al., 2016; Wang et al., 2018), we therefore
choose the d57Fe value of average MORB as the initial Fe
isotopic compositions of eclogite.
Furthermore, Sossi and O’Neill (2017), Gleeson et al.
(2020), and Soderman et al. (2021) also calculated the fractionation of Fe isotopes during the melting of eclogite, and
our calculated fractionation degree is relatively larger than
their results (maximum D57Femelt-source = 0.07‰). There are
two possible factors to induce such diﬀerence: the assumed
mineral assemblage in the residual phase and the choice of
fractionation factor between garnet (or melt) and clinopyroxene. To assess the inﬂuence of these factors on the fractionation of Fe isotopes, we ﬁrstly calculated the melts
derived from the eclogite with diﬀerent mineral assemblages
(cpx:grt = 6:4, 7:3 and 8:2). When the partial melting degree
of eclogite is 30%, the diﬀerence of d57Fe among the melts
derived from sources with diﬀerent mineral proportions/
assemblages is limited (<0.07‰). By comparison, the choice
of fractionation factor during these calculations can aﬀect
the ﬁnal result more signiﬁcantly. In general, based on the
observation in natural samples, the fractionation between
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melt and clinopyroxene is limited (Weyer and Seitz,
2012), and therefore fractionation factor between melt
and clinopyroxene (amelt-cpx) is normally recommended to
be 1 (i.e., D57Femelt-cpx = 0). However, up to now, the fractionation factor between garnet and clinopyroxene (agrt-cpx)
is still in debate. The d57Fegrt-cpx measured from natural
pyroxenite xenoliths (–0.06‰ to –0.63‰; Beard and
Johnson, 2004; Williams et al., 2005, 2009) is greater than
that from theoretical results using Fe-O force constants
(–0.06‰ to –0.14‰, from 1100 °C to 1350 °C; Sossi and
O’Neill, 2017). Sossi and O’Neill (2017) argue that those
garnet with extremely light Fe isotopic compositions
(d57Fegrt < –0.20‰) may be out of equilibrium with
clinopyroxene, and therefore the calculated agrt-cpx based
on these garnets cannot be used for calculation. We note
that the calculated agrt-cpx based on other natural garnets
that are equilibrated with clinopyroxenes (d57Fegrt from
–0.17‰ to 0.29‰) ranges from 0.99994 to 0.99955, which
show a larger range than the theoretical agrt-cpx calculated
from the force constants (0.99994–0.99970; Sossi and
O’Neill, 2017). If this is true, the fractionation between
garnet and clinopyroxene during melting of eclogite
(D57Fegrt-cpx from –0.06‰ to –0.45‰) can be larger than
the estimated results based on theoretical calculation
(d57Fegrt-cpx from –0.06‰ to –0.14‰; Sossi and O’Neill,
2017; Soderman et al., 2021). Therefore, we use the agrt-cpx
(0.99969) measured from natural pyroxenite xenoliths for
our calculation in Figs. 4 and 6, following Williams and
Bizimis (2014). In fact, even if we choose the D57Fegrt-cpx
to be –0.14‰ (the maximum of the theoretical estimation),
30% melting of MORB-like eclogite can produce the melt
with a high d57Fe (0.26‰), which can also explain the Fe
isotope compositions of most Pitcairn basalts. Therefore,
we still think that eclogite is an alternative component to
account for the heavy Fe isotopic compositions of OIBs,
although more work in regard to the fractionation factor
between garnet and clinopyroxene based on the analyzed
natural minerals is clearly needed.
Moreover, Mg isotope evidence also supports an eclogitic rather than secondary pyroxenitic source for the Pitcairn
basalts. Pitcairn basalts (and the EM1 endmember) are
characterized by light Mg isotopic compositions
(d26Mg < 0.35‰, Fig. 6b; Wang et al., 2018). Such compositions have been suggested to indicate a component of
subducted carbonate-bearing sediment, although the carbonate has been exhausted by carbonate–silicate reaction
during subduction based on the low CaO/Al2O3 ratios of
the Pitcairn basalts (Fig. 1b; Wang et al., 2018). We calculated the variations in Mg isotopes during melting of peridotite, eclogite, and secondary pyroxenite (Fig. 6b;
Table S4–S6 in Supplementary Material II). One important
observation is that, even if the d26Mg of initial eclogitederived melt is extremely low (0.64‰, the Mg isotope
composition modelled for a 30% eclogite melt; Table S5
in Supplementary Material II), the secondary pyroxenite
formed by reaction between eclogite-derived melt and peridotite still has mantle-like isotopic compositions (d26Mg
from –0.24‰ to –0.23‰, Table S6 in Supplementary Material II). This is because the MgO concentration of eclogitederived melt (2.2 wt.%) is markedly lower than in ambient

424

J.-H. Shi et al. / Geochimica et Cosmochimica Acta 318 (2022) 415–427

Fig. 6. Plots showing the good correlation between d57Fe and eNd(i) (a), d57Fe and d26Mg (b). We also show the results of Fe-Mg-Nd isotope
behavior during melting of peridotite, eclogite and secondary pyroxenite (see Supplementary Material I for details). The d57Fe data for
Pitcairn and Louisville basalts in Fig. 6a has been corrected to minimize the inﬂuence of fractional crystallization or accumulation. 10%, 20%,
30%, 40%, and 48% near the four-angle stars represent the reaction degree with the peridotite during the formation of secondary pyroxenite.
The Mg isotopic composition of recycled eclogite in the source of Pitcairn basalts is assumed to be light (d26Mg = 0.6‰), following Wang
et al. (2018). The Fe isotopic composition of recycled eclogite is assumed to be the value of MORB (Teng et al., 2013). The isotopic
compositions of Pitcairn and Louisville basalts can be explained by the mixing of eclogite melt and peridotite melt. Mg isotope data of Pitcairn
basalts and Louisville basalts are from Wang et al. (2018) and Zhong et al. (2017), respectively. The Fe, Nd, and Mg isotopic compositions of
peridotitic mantle are from Sossi et al. (2016), Chauvel and Blichert-Toft (2001) and Lai et al. (2015). Other details of calculation can be seen
in Table S4–S6 in Supplementary Material II. Error bars on d57Fe and d26Mg represent 2SD uncertainties.

peridotite (assumed to be 37.9 wt.%; Sobolev et al., 2005).
As a result, the reacted pyroxenite cannot inherit the light
Mg isotopic compositions of eclogite-derived melt. Therefore, secondary pyroxenite cannot be the low-d26Mg EM1
endmember of the Pitcairn basalts. By contrast, because
eclogite inherits the light Mg isotopic compositions of the
subducted carbonate-bearing sediment and the fractionation of Mg isotopes during partial melting is limited
(Zhong et al., 2017; Stracke et al., 2018), the eclogitederived melt is reasonably inferred to be characterized by
low d26Mg, and thus can serve as the light Mg isotopic endmember of the Pitcairn lavas.
5.5. Binary mixing model
Although we speculate that eclogite is present in the
source of Pitcairn basalts, olivine cannot be crystallized
from eclogite-derived melt since such melt is generally
silica-saturated (e.g., Pertermann and Hirschmann, 2003).
This constraint can be overcome if the eclogite-derived melt
is mixed with peridotite-derived, silica-undersaturated melt.
This mixture would have moderate Ni contents as both
endmembers are not enriched in Ni. Firstly, peridotitederived melt is suggested to have low Ni contents because
of the high partition coeﬃcient of Ni in olivine (Sobolev
et al., 2005). Secondly, because eclogite has lower Ni contents than secondary pyroxenite (Gale et al., 2013;
Sobolev et al., 2007), melt from eclogite should have lower
Ni contents than melt from secondary pyroxenite. Therefore, olivine crystallized from such mixed melts is expected
to have low Ni/(Mg/Fe) ratios (Barker et al., 2014)
(Fig. 3b). Since eclogite-derived melts have very low
Mg/Fe ratios (Pertermann and Hirschmann, 2003), the
mixed melt should have a much lower Mg/Fe ratio than

peridotite-derived melt, which can explain the low-Fo
contents of olivines in the Pitcairn lavas (Fig. 3a).
The correlations between Fe isotopes and other isotopic compositions (Nd, Hf and Mg isotopes) of the Pitcairn basalts (Fig. 6; Hf isotopes vs. Fe isotopes is not
shown) provide convincing evidence for a binary mixing
process, which has also been proposed by Nebel et al.
(2019). Isotope disequilibrium during the Fe-Mg exchange
also has the chance to produce Mg-Fe isotope arrays with
a negative slope; however, such proposal cannot explain
the formation of Pitcairn basalts for two reasons. On
the one hand, diﬀusion is suggested to be very fast at a
high temperature (Richter et al., 2008; Lai et al., 2015),
and thus the negative correlation of Fe-Mg isotopes
caused by Fe-Mg exchange is diﬃcult to preserve at such
condition. On the other hand, the Fe isotopic compositions of the Pitcairn basalts are also well correlated with
Nd and Hf isotopes, indicating similar genesis for these
isotopes; but to our knowledge, diﬀusion cannot modify
the Nd and Hf isotopes of basalts. We therefore still
argue a binary mixing process to account for these correlations. The depleted endmember with high eNd values
shows peridotitic mantle-like Mg and Fe isotopic compositions, and these characteristics are similar to the isotopic
compositions of the Louisville basalts. Previous study
highlights a peridotite source for the Louisville basalts
(Zhong et al., 2017), and therefore we infer that the
source lithology of this endmember would normally be
peridotite. The EM1 endmember, with low eNd values, is
characterized by light Mg isotope and heavy Fe isotopes.
As mentioned above, eclogite is the most likely lithology
to explain these chemical characteristics. Our calculations
predict that mixing between eclogite-derived (EM1
endmember) and peridotite-derived melts in variable
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proportions can explain the observed correlations shown
by the Pitcairn basalts.
5.6. Implications
The extremely unradiogenic Pb and light Mg isotopic
compositions of the Pitcairn basalts, representing the characteristics of EM1, require that the recycled carbonatebearing sediment component was ancient (ca. 2.5 Ga),
and underwent a long-term evolution while isolated within
the deep mantle (Wang et al., 2018). The recycled crustal
materials (i.e., eclogites) were characterized by high silica
and low magnesium, and were not in chemical equilibrium
with ambient peridotitic mantle. To explain such chemical
disequilibrium, secondary pyroxenite has been invoked to
be present in the mantle source of OIBs, such as Hawaii
(Herzberg, 2006; Sobolev et al., 2005). Our data point to
an eclogitic rather than secondary pyroxenitic source for
the EM1 endmember of the Pitcairn basalts. Therefore,
the potential mechanism to (i) preserve chemical disequilibrium between eclogite and the ambient peridotite in the
mantle, and (ii) retain the characteristics of eclogitederived melt during transport to the site of mixing requires
further study.
It is possible that solid-state reaction in the hightemperature lower mantle forms the secondary pyroxenite
(Herzberg, 2011). Compared with eclogite, secondary
pyroxenite formed through reaction between eclogite and
peridotite is relatively silica-deﬁcient and in chemical equilibrium with ambient peridotite. Such pyroxenite can be
regarded as a protective shell around the ancient eclogite,
preventing reaction with ambient peridotite and providing
a mechanism for the long-term isolation of these ancient
eclogites (Kogiso et al., 2004). Subsequently, during ascent,
eclogite begins to melt deeper than peridotite because of its
lower solidus temperature (Yaxley and Green, 1998). The
released silica-saturated melt in contact with peridotite
would have formed a thin orthopyroxene-rich band (i.e.,
secondary reacted pyroxenite) that acted as a barrier,
restricting further reaction between eclogite-derived melt
and ambient peridotite (Herzberg, 2011; Yaxley and
Green, 1998). For these reasons, we propose that ancient
eclogite signature can be preserved in the mantle and then
be detected in the Pitcairn basalts.
Our ﬁnding leads us to suggest that Fe–Mg isotopes
remain useful in identifying mantle lithologies, and provide
an acute insight into the preserved recycled materials in the
mantle. In addition, the ﬁnding of an eclogitic rather than
pyroxenitic component contributing to the Pitcairn mantle
plume raises uncertainty about the estimates of the amount
of recycled crust in the source of mantle-derived melts, since
previous studies have only considered secondary pyroxenite
as the recycled crustal lithology (Sobolev et al., 2007).
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