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A B S T R A C T   

Basalts from the islands of Mangaia, Tubuai, Rurutu (old stage), and Raivavae (Rairua stage) in the South Pacific, 
and from St. Helena Island in the South Atlantic, are characterized by extremely radiogenic Pb isotopic com
positions (e.g., 206Pb/204Pb > 20.5). These ocean island basalts (OIBs) define the famous HIMU (high μ, where μ 
= 238U/204Pb) component in the mantle ‘zoo’, which has traditionally been thought to represent ancient recycled 
oceanic crust with highly fractionated U/Pb and Th/Pb ratios. However, recent high-precision analyses of minor 
and trace elements in olivine phenocrysts from HIMU OIBs suggest a peridotitic mantle source rather than py
roxenitic/eclogitic remnants of subducted oceanic crust. To better constrain the lithology of the HIMU source is 
crucial for further understanding the nature of the HIMU component. Here we utilize stable iron (Fe) isotopes, a 
novel tool for identifying the mantle source lithology of basalts, to further investigate the lithology of the HIMU 
source by examining classic HIMU OIBs from the Cook-Austral volcanic chain in the South Pacific. The results 
show that these OIBs have δ57Fe values varying from 0.09‰ to 0.18‰, which are similar to those of normal mid- 
ocean ridge basalts (N-MORBs, δ57Fe = 0.15 ± 0.05‰, 2SD). Quantitative calculations indicate that the 
fractional-crystallization-corrected δ57Fecorr values (0.06–0.15‰) of these basalts can well be explained by 
partial melting of garnet peridotite with δ57Fe values ranging from 0.05‰ to 0.09‰. Such low δ57Fecorr values, 
however, are difficult to be reproduced by partial melting of eclogite with a MORB-like δ57Fe value (δ57Fe =
0.15‰). Our new Fe isotope data, combined with previously reported heavy whole-rock zinc isotopes (δ66Zn =
0.38 ± 0.03‰) as well as high Mn/Fe (100Mn/Fe = 1.5–1.7) and Ca/Al (mostly >15) ratios of olivine pheno
crysts in the HIMU OIBs, further confirm that the lithology of the HIMU mantle source is carbonated peridotite.   

1. Introduction 

The significant variation of long-lived radiogenic isotope composi
tions in oceanic basalts indicates a highly heterogeneous mantle, which 
encompasses several mantle components with distinct isotopic charac
teristics: DMM (depleted MORB mantle), FOZO (focus zone; Hart et al., 
1992), EM1 (enriched mantle 1), EM2 (enriched mantle 2), and HIMU 
(high μ, where μ = 238U/204Pb) (e.g., Hanyu and Chen, 2021; Hofmann, 
1997; Stracke, 2012; White, 2015; Zindler and Hart, 1986). The classic 
HIMU component is defined by ocean island basalts (OIBs) from Cook- 
Austral islands (Mangaia, Tubuai, Old Rurutu, Old Raivavae) in the 
South Pacific and the Saint Helena (St. Helena) Island in the South 

Atlantic. This mantle component stands out for its extremely high 
206Pb/204Pb (> 20.5) and low 87Sr/86Sr (~ 0.7028) ratios. Meanwhile, 
its 208Pb/204Pb ratios are plotted beneath the northern hemisphere 
reference line (NHRL; Hart, 1984) on the 208Pb/204Pb versus 
206Pb/204Pb diagram, and the Sr-Nd-Hf isotopic compositions are pro
jected below the DMM-EM mantle array (e.g., Hanyu et al., 2014; 
Homrighausen et al., 2018; Kawabata et al., 2011; Stracke et al., 2005; 
White, 2015; Zindler and Hart, 1986). 

The origin of the HIMU component has traditionally been attributed 
to the recycling of ancient altered oceanic crust: hydrothermal alteration 
and dehydration during oceanic slab subduction produced the high U/ 
Pb and Th/Pb ratios of the subducted oceanic crust and therefore can 
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explain the extremely radiogenic Pb isotopic compositions of the HIMU 
component after long-term isolation in the lower mantle (e.g., Cabral 
et al., 2013; Chauvel et al., 1992; Hofmann and White, 1982; Kimura 
et al., 2016; Stracke, 2012; Zindler and Hart, 1986). However, some 
recent studies tend to support models in which subducted oceanic crust 
contributed to the formation of the HIMU component through an indi
rect way (e.g., Hanyu et al., 2011a; Herzberg et al., 2014; Wang et al., 
2024; Weiss et al., 2016; Zhang et al., 2022). For instance, recycled 
oceanic crust has a very high Re/Os ratio, which should lead to 
extremely high 187Os/188Os (> 1) after long-term (billions of years) 
isolated evolution (e.g., Hanyu et al., 2011a). Thus, Hanyu et al. (2011a) 
suggested that the moderately high 187Os/188Os (0.14–0.15) ratios of 
HIMU lavas cannot be directly attributed to the long-term evolution of 
recycled oceanic crust, but require the mixing of melts derived from 
subducted oceanic crust and surrounding peridotitic mantle. Addition
ally, the olivine phenocrysts in HIMU lavas have low Ni contents and 
high Mn/Fe ratios, indicating a peridotite-dominated source rather than 
pyroxenitic remnants of recycled oceanic crust (Herzberg et al., 2014). 
Herzberg et al. (2014) thus proposed that the HIMU source is predom
inantly composed of refertilized peridotite, resulting from the injection 
of silicic melts released by recycled oceanic crust into the nearby mantle 
peridotite. Furthermore, based on the trace-element compositions of 
olivine phenocrysts in HIMU lavas and the similar incompatible trace- 
element patterns between HIMU OIBs and carbonatitic melt inclusions 
in diamonds, Weiss et al. (2016) suggested that the HIMU component 
originates from carbonatite-metasomatized subcontinental lithospheric 
mantle (SCLM) linked to the subduction of ancient oceanic crust. The 
newly-reported heavy zinc isotopic compositions (δ66Zn = 0.38 ±
0.03‰) of the classic HIMU OIBs were also attributed to a carbonated 
source (Zhang et al., 2022). The formation of this source involves two 

main processes: 1) the partial melting of ancient subducted oceanic crust 
and overlying carbonates in the deep mantle, resulting in carbonate- 
bearing melts; and 2) the carbonate-bearing melts metasomatize the 
surrounding peridotite, leading to the formation of a carbonated source 
(Zhang et al., 2022). Overall, the inferred lithology of the HIMU source 
in these recent models should be refertilized/metasomatized peridotite. 
While in terms of the classic oceanic-crust-recycling model, the source 
lithology of the HIMU OIBs is expected to be eclogite or pyroxenite 
transformed from subducted oceanic crust. Therefore, further identifi
cation of the source lithology is necessary to evaluate the different 
models for the origin of the HIMU component. 

Iron stable isotopes are emerging as an effective tool for identifying 
the source lithology of OIBs (e.g., Gleeson et al., 2020; Konter et al., 
2016; Nebel et al., 2019; Shi et al., 2022; Soderman et al., 2021; Wang 
et al., 2021; Williams and Bizimis, 2014). The Fe3+-free minerals (e.g., 
olivine) prefer the lighter Fe isotopes (e.g., 54Fe) compared to minerals 
containing Fe3+ (e.g., Polyakov and Mineev, 2000; Sossi and O’Neill, 
2017), and melts derived from an olivine-dominated mantle lithology (e. 
g., peridotite) will show lower δ57Fe (δ57Fe = [(57Fe/54Fe)sample/ 
(57Fe/54Fe)IRMM-014 − 1]*1000) than those derived from a pyroxene- 
dominated lithology (e.g., pyroxenite) (e.g., Gleeson et al., 2020; 
Konter et al., 2016; Soderman et al., 2021, 2023; Williams and Bizimis, 
2014). The feasibility of using Fe isotopes to identify the source lithology 
of OIBs is also supported by the Fe isotope dataset for OIBs from the type 
localities for the EM and FOZO mantle components (Fig. 1). The FOZO- 
type OIBs from the Louisville Seamount Chain, previously thought to be 
fed by a normal peridotite source (e.g., Shi et al., 2022; Zhong et al., 
2017), exhibit Fe isotope compositions similar to N-MORBs (δ57Fe =
0.06–0.15‰; Shi et al., 2022; Fig. 1). In contrast, EM-type OIBs display 
obviously heavier Fe isotope compositions relative to N-MORBs, 

Fig. 1. Iron isotopic compositions of representative endmember OIBs. The vertical green and gray bands represent the Fe isotopic ranges for primitive mantle (δ57Fe 
= 0.05 ± 0.01 ‰, 2SE; Sossi et al., 2016) and N-MORBs (δ57Fe = 0.15 ± 0.05 ‰, 2SD;Gleeson et al., 2020; Teng et al., 2013), respectively. The Pitcairn Island/ 
seamounts are type localities for the EM1 component, while the Samoa and Society islands/seamounts are type localities for the EM2 component. The Louisville 
seamount chain sampled the FOZO component. Data sources for Fe isotopes: Louisville (Shi et al., 2022), Society (Teng et al., 2013); Samoa (Soderman et al., 2021; 
Wang et al., 2021), Pitcairn (Nebel et al., 2019; Shi et al., 2022). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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suggesting the contribution of eclogite/garnet pyroxenite in their 
mantle sources (Fig. 1) (Nebel et al., 2019; Shi et al., 2022; Soderman 
et al., 2021; Wang et al., 2021). Therefore, Fe isotopic compositions of 
HIMU OIBs are expected to provide further constraints on the litholog
ical characteristics of their source regions. 

In this study, we present new high-precision Fe isotopic data of 
classic HIMU OIBs from the Cook-Austral volcanic chain in the South 
Pacific. The results show that all the investigated HIMU lavas have 
relatively homogeneous, normal MORB-like Fe isotopic compositions 
(δ57Fe = 0.09–0.18‰), indicating a peridotitic mantle source. This 
observation, combined with previously reported elemental and isotopic 
data from the same suite of HIMU OIBs, will be utilized to further 
evaluate the origin of the HIMU mantle component. 

2. Geological background and sample description 

The investigated OIB samples in this study are from four islands 
(Mangaia, Rurutu, Tubuai, and Raivavae; Fig. 2) that are part of the 
Cook-Austral volcanic chain in the South Pacific. This ~2000 km long 

volcanic chain consists of thirteen islands and numerous seamounts 
(Fig. 2), believed to have been produced by deep-rooted mantle plumes 
(e.g., French and Romanowicz, 2015; Rose and Koppers, 2019). The 
Mangaia, Rurutu, and Tubuai islands have newly reported 40Ar/39Ar 
ages of 20.56–19.48 Ma, 13.07–12.76 Ma (older eruption), and 
10.52–10.35 Ma, respectively (Rose and Koppers, 2019). The Raivavae 
Island was built by two successive volcanic events: the Rairua-stage 
(10.6–7.4 Ma) and the Anatonu-stage (6.4–5.4 Ma) (Maury et al., 2013). 

Comprehensive petrological and geochemical analyses, including 
major and trace elements, radiogenic Sr, Nd, Pb, Hf, He, and Os isotopes, 
as well as stable Zn and Ca isotopes, of these OIBs have been well 
documented and reported elsewhere (Hanyu et al., 2011a; Hanyu and 
Kaneoka, 1997; Miyazaki et al., 2018; Wang et al., 2024; Zhang et al., 
2022). The photomicrographs of thin sections for the studied HIMU OIBs 
revealed no obvious post-eruptive alteration, except for partial idding
sitization of olivine rims in rare cases (Hanyu et al., 2011a). In addition, 
most samples display low Ba/Rb (< 20, Table S1) and K/Rb ratios (<
500, Table S1) as those of fresh OIBs (e.g., Ba/Rb < 30, K/Rb < 1000; 
Pietruszka et al., 2013), suggesting limited effects of potential alteration 

Fig. 2. (A) Topographic map showing the location of the Cook-Austral volcanic chain. (B) Topographic map of the Cook-Austral volcanic chain. The ages for 
Mangaia, Rurutu (old stage), and Tubuai are from Rose and Koppers (2019). The ages for Raivavae (Rairua stage) are from Maury et al. (2013). The topographic maps 
were generated from the GeoMapApp (http://www.geomapapp.org) (Ryan et al., 2009). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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on the chemical compositions of these samples. Most samples are clas
sified as alkaline basalts and are plotted within the fields of tephrite/ 
basanite, picrobasalt, and basalt on the total-alkali versus silica diagram 
(Fig. 3A). The Cook-Austral lavas show low SiO2 (41.34–46.90 wt%) 
contents and high CaO/Al2O3 ratios (0.79–1.47) (Figs. 3A-3B). These 
lavas display extremely high 206Pb/204Pb (20.6–21.4), intermediate 
143Nd/144Nd (0.51283–0.51292) and 176Hf/177Hf (0.28290–0.28298), 
as well as low 87Sr/86Sr (0.70277–0.70284) ratios (Hanyu et al., 2011a; 
Kawabata et al., 2011; Fig. S1). These OIBs also show relatively uniform 
and slightly lower 3He/4He ratios of 6.02–7.42 RA (Hanyu et al., 2011b; 
Hanyu and Kaneoka, 1997) compared to global MORBs (8.75 ± 2.14 RA; 
Graham, 2002). In addition, these lavas are characterized by moderately 
radiogenic 187Os/188Os (0.14–0.15; Hanyu et al., 2011a) and heavy Zn 
isotopic compositions (δ66Zn = 0.37 ± 0.03‰; Zhang et al., 2022). 

3. Analytical methods 

3.1. Iron isotope analysis 

Iron isotopic analyses were performed at the Institute of Geology and 
Geophysics, Chinese Academy of Science, using an analytical procedure 
modified from Dauphas et al. (2004). The detailed procedures can be 
found in Wang et al. (2021) and Shi et al. (2022). About 10–30 mg of 
sample powders and USGS (the United States Geological Survey) refer
ence materials were completely digested by concentrated double- 
distilled acids in the Savillex screw-top beakers, according to the 
following sequence: (i) digestion in HF-HNO3, (ii) digestion in HCl- 
HNO3 (3:1, vol/vol), and (iii) digestion in HCl. Subsequently, the clear 
solutions were dried and dissolved in 6 mol/L HCl with Fe concentration 
of 100 μg/mL for ion exchange purification. Iron purification was ach
ieved by anion exchange process in Savillex microcolumns loaded with 
2 mL of pre-cleaned Bio-Rad AG1-X8 (38–74 μm) anion resin. 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/ 

Fig. 3. Major element variations for Cook-Austral HIMU OIB samples. The data are from Hanyu et al. (2011a) and Miyazaki et al. (2018). Previously studied St. 
Helena samples with published Fe isotope data were also plotted for comparison, and the data are from Kawabata et al. (2011). (A) Total alkalis (Na2O + K2O) versus 
SiO2 diagram (after Le Bas et al., 1986). The dashed line represents the division of alkalic-tholeiitic series (MacDonald and Katsura, 1964). (B-D) CaO/Al2O3, TiO2, 
and FeOT (total iron) versus MgO contents. Three St. Helena samples with high MgO contents (> 10 wt%; marked by red circles with crosses) have chemical 
compositions close to those of St. Helena primary melts (Kawabata et al., 2011). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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L HCl were used to elute matrix elements, and then iron was eluted by 
11.5 mL of 0.4 mol/L HCl. Purified solutions were evaporated to dryness 
and diluted to 3 μg/mL Fe using the same batch of 2% HNO3 for mea
surement. After the chemical purification procedures, the Fe recovery 
was ≥99.8% for all analyzed reference materials and unknown samples. 

Iron isotopic compositions were determined on a Thermo Scientific 
Neptune MC-ICP-MS in high-resolution mode (M/ΔM > 9000 as defined 
by the peak edge width from 5 to 95% full peak height), using sample- 
standard bracketing method. 53Cr, 54Fe, 56Fe, 57Fe, 58Fe and 60Ni were 
collected by a multi-collector Faraday cup configuration of L3, L1, C, H1, 
H2 and H4, respectively. The approximate signal intensity for 56Fe was 
3–4 V/ppm, and the signal contribution from blank was typically <2 
mV. Iron isotope data are reported in δ-notation as per mil (‰) deviation 
from IRMM-014: δXFe = [(XFe/54Fe)sample/(XFe/54Fe)IRMM-014 − 1] ×
1000, where X is 56 or 57. The reported Fe isotope ratios for each sample 
are average values of multiple duplicate analyses (at least three times). 
The external reproducibility for δ57Fe is better than 0.07‰ (2SD) based 
on hundreds of replicated analyses of international standard (JMC Fe) 
and different igneous reference materials. In this study, repeated mea
surements of in-house Fe standard IGG Fe (GSB Fe, an ultrapure single 
element standard solution) and JMC Fe at different dates give averaged 
δ57Fe values of 1.08 ± 0.05‰ (2SD, n = 72) and 0.56 ± 0.02‰ (2SD, n 
= 18), respectively. These values exhibit excellent agreement with 
previously reported results (Table S2). 

3.2. Fe3+/ΣFe analysis 

The Fe3+/ΣFe ratios were determined by back titration method at the 
State Key Laboratory for Mineral Deposits Research, Nanjing University, 
following the method of Shi et al. (2022). The FeO contents were 
determined by redox titration using ammonium metavanadate. Sample 
powders were digested using 10 mL concentrated HF and 5 mL 
concentrated H2SO4. To ensure complete dissolution, the samples were 
first agitated in an ultrasonic bath for 20 min and then heated on a 
100 ◦C hotplate overnight. The solutions were then buffered by satu
rated boric acid. After this step, 10 mL H3PO4-H2SO4 mixed acids were 
added into the solutions to improve the accuracy of end-point detection. 
Finally, the solutions were titrated with 0.05 mol/L (NH4)2Fe(SO4)2 
titrant until the volume of titrant was recorded at the point of maximum 
slope of the titration curve. The volume of the spent titrant can be used 
to calculate the FeO concentration and Fe3+/ΣFe ratio. The determined 
FeO concentration (10.01 ± 0.03 wt%, 2SD, N = 4) and Fe3+/ΣFe ratio 
(0.221 ± 0.003, 2SD, N = 4) of the JB-2 reference material agree well 
with the recommended values (FeO = 9.98 wt%, Fe3+/ΣFe = 0.23; Imai 

et al., 1995). 

4. Results 

The Fe isotope data and Fe3+/ΣFe values of the studied Cook-Austral 
HIMU OIB samples are presented in Table 1 and illustrated in Fig. 4. The 
δ57Fe values of the Cook-Austral OIB samples range from 0.09 ± 0.02‰ 
to 0.18 ± 0.06‰ (2SD) and are similar to those of the relatively prim
itive St. Helena HIMU OIBs (e.g., when MgO > 10 wt%, δ57Fe values 
vary from 0.04 ± 0.04‰ to 0.19 ± 0.03‰; Zhao et al., 2022). In general, 
the primitive HIMU OIBs from both the Cook-Austral volcanic chain and 
the St. Helena Island display normal MORB-like (δ57Fe = 0.15 ± 0.05‰; 
Gleeson et al., 2020; Teng et al., 2013) Fe isotopic compositions (Fig. 4). 
The Fe3+/ΣFe ratios of the Cook-Austral OIB samples vary from 0.17 to 
0.39 (with a mean value of 0.27; Table 1), which are comparable to 
those of the high-MgO (e.g., > 10 wt%) St. Helena HIMU OIBs (Fig. 4C) 
and fall within the Fe3+/ΣFe range (0.09–0.40) observed in the least 
degassed OIB glasses globally (e.g., Brounce et al., 2022). In addition, 
there is a negative correlation between Fe3+/ΣFe ratios and MgO con
tents of all the HIMU OIBs, implying that the primary HIMU lavas may 
have a Fe3+/ΣFe ratio of ~0.2 (Fig. 4C). 

5. Discussion 

5.1. Magma differentiation 

The studied Cook-Austral OIB samples have a wide range of MgO 
contents (MgO = 6.68–21.00 wt%), indicating potential effects of frac
tional crystallization and mineral accumulation. Previous study has 
found that the three samples with very high MgO contents (> 17 wt%) 
contain some accumulated minerals, including olivine and minor cli
nopyroxene (Hanyu et al., 2011a). The remaining samples show a pos
itive correlation between MgO and CaO/Al2O3 ratios (Fig. 3B), 
suggesting that these samples have undergone fractional crystallization 
of olivine and clinopyroxene to varying degrees. This is consistent with 
the occurrence of olivine and clinopyroxene phenocrysts in these sam
ples (Hanyu et al., 2011a; Miyazaki et al., 2018). The relatively high 
MgO contents (> 6 wt%) and the lack of a positive correlation between 
MgO and TiO2 (or FeOT) (Figs. 3C-D) indicate that these samples have 
not undergone the fractionation of Fe-Ti oxides. 

Previous studies have shown that the fractional crystallization pro
cess can significantly affect the iron isotopic compositions of basaltic 
lavas: the segregation of isotopically light olivine and clinopyroxene 
(relative to melt) can lead to an increase in δ57Fe values of residual 

Table 1 
Iron isotopic compositions of ocean island basalts from the Cook-Austral volcanic chain, South Pacific.  

Sample name Location δ56Fea 2SDb δ57Fe 2SD N Fe3+/ΣFe δ57Fecorr
c 

MGA301 Mangaia 0.07 0.01 0.10 0.03 3 0.28 0.08 
MGA303–1 Mangaia 0.08 0.04 0.11 0.06 4 0.17 0.11 
MGA303–1 red Mangaia 0.09 0.02 0.13 0.04 4  0.13 
MGA307 Mangaia 0.11 0.01 0.17 0.06 3 0.24 0.15 
RRT302–1 Old Rurutu 0.08 0.01 0.12 0.03 3 0.28 0.09 
RRT304–2 Old Rurutu 0.06 0.05 0.10 0.06 4 0.20 0.07 
RRT306 Old Rurutu 0.06 0.01 0.09 0.04 4 0.23 0.06 
RRT303 Old Rurutu 0.10 0.02 0.13 0.03 3  0.13 
TBA301–1 Tubuai 0.10 0.03 0.16 0.04 4 0.32 0.13 
TBA303–3 Tubuai 0.06 0.03 0.10 0.04 4 0.29 0.09 
TBA304–5 Tubuai 0.06 0.02 0.09 0.02 4 0.25 0.09 
RAV-05 Raivavae-Rairua 0.08 0.02 0.14 0.04 3 0.39 0.10 
RAV-11 Raivavae-Rairua 0.11 0.05 0.18 0.06 4 0.34 0.12 
RAV-11 re Raivavae-Rairua 0.12 0.03 0.17 0.06 4  0.11 
RAV-20 Raivavae-Rairua 0.11 0.03 0.16 0.06 4 0.33 0.13 
RAV-34 Raivavae-Rairua 0.09 0.05 0.15 0.06 4 0.22 0.13  

a δXFe = ([XFe/54Fe]sample/[XFe/54Fe]IRMM-014 − 1) × 1000, where X = 56 or 57 and IRMM-014 is an international Fe isotope standard. 
b 2SD represents two standard deviations of N (N ≥ 3) times repetitive measurements of the same sample. 
c δ57Fecorr: Fe isotope data have been corrected for fractional crystallization (see Section 5.1 for detail). 
d “re” denotes repeating sample digestion, column chemistry and instrumental analysis. 
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melts, while the fractional crystallization of different types of Fe-Ti ox
ides can drive the residual melts towards higher or lower δ57Fe values (e. 
g., Chen et al., 2019; Chen et al., 2021; McCoy-West et al., 2018; 
Schuessler et al., 2009; Sossi et al., 2012; Teng et al., 2008; Williams 
et al., 2018; Zhao et al., 2022). In this study, all of the Cook-Austral OIB 
samples are less evolved ones (MgO > 5 wt%, Figs. 3C-D) that have not 
undergone the fractionation of Fe-Ti oxides, thus precluding the influ
ence of Fe-Ti oxide fractionation on their Fe isotopic compositions. 

In order to obtain the Fe isotopic compositions of primary magmas 
for the Cook-Austral samples, we follow the approach of Sossi et al. 
(2016) to restore the chemical compositions of each sample to its pri
mary melt compositions that are in Fe-Mg equilibrium with Fo90 mantle. 
It is worth noting that the uncertainty introduced by choosing different 
equilibrated olivine compositions (e.g., Fo90 or Fo85) is less than the 
uncertainty in applying the correction method (e.g., Sossi et al., 2016). 
We incrementally added olivines that are in Fe-Mg equilibrium with the 
melt compositions into the melts. At each incremental step, we used a 

Fe-Mg partition coefficient (KD
Fe− Mg
Ol− Melt) of 0.32 to recalculate the 

compositions of both the olivines and the melts. The δ57Fe values of 
olivines and melts were calculated based on an olivine-melt fraction
ation factor (Δ57FeOl− melt) of − 0.3 × 106/T2 (Sossi et al., 2016). This 
fractionation factor has been demonstrated to be the most reasonable 
one to reproduce the Fe isotopic evolution paths in cogenetic mafic 
magmas (e.g., Chen et al., 2019; Sossi et al., 2016; Teng et al., 2008; 
Zhao et al., 2022). Additionally, given the small difference between 
Δ57FeOl− melt (− 0.3 × 106/T2) and Δ57FeCpx− melt (− 0.25 × 106/T2; Sossi 
et al., 2012), we only corrected for olivine crystallization as in many 
previous studies (e.g., Soderman et al., 2021; Sossi et al., 2016; Wang 
et al., 2021). In order to minimize the uncertainty introduced by cor
recting the Fe isotopic compositions of different samples, this method 
has also been applied to published OIB and MORB data. 

The fractional-crystallization-corrected δ57Fecorr values of our Cook- 
Austral samples range from 0.06‰ to 0.15‰ (Table 1), which are still 
comparable to the average δ57Fecorr value of N-MORBs (0.10 ± 0.05‰, 
2SD; Gleeson et al., 2020; Teng et al., 2013). The three high-MgO (> 17 
wt%) Cook-Austral samples containing accumulated olivines show no 

Fig. 4. (A) δ57Fe versus MgO, (B) δ57Fe versus CaO/Al2O3, (C) Fe3+/ΣFe versus MgO, and (D) δ57Fe versus Fe3+/ΣFe for Cook-Austral HIMU OIB samples. Literature 
data for St. Helena samples are from Kawabata et al. (2011) and Zhao et al. (2022). The δ57Fe range for average N-MORB is calculated from the reported δ57Fe values 
in Gleeson et al. (2020) and Teng et al. (2013). The δ57Fe value (0.05 ± 0.01‰, 2SE) of the primitive mantle is from Sossi et al. (2016). The Fe3+/ΣFe values of MORB 
glasses are from Zhang et al. (2018). Three St. Helena samples with high MgO contents (> 10 wt%; marked by red circles with crosses) have chemical and Fe isotopic 
compositions close to those of St. Helena primary melts (Kawabata et al., 2011; Zhao et al., 2022). Thus, their average chemical and isotopic compositions are 
regarded as the primitive compositions of St. Helena OIBs in the following figures. According to the negative correlation between Fe3+/ΣFe ratios and MgO contents 
of the HIMU lavas, we assume that Fe3+/ΣFe of ~0.2 is close to that of primary HIMU magmas. Error bars represent 2SD (two times standard deviation) uncertainties. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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statistical δ57Fe difference compared to the other samples (Fig. 4A). 
Therefore, following Soderman et al. (2021), we will include the un
corrected δ57Fe values of these high-MgO samples in the subsequent 
figures. In addition, the δ57Fe value of the St. Helena primary magma 
was previously estimated at 0.13 ± 0.06‰ (Zhao et al., 2022), and this 
value will be used in the following discussions together with our 
calculated δ57Fecorr values for the Cook-Austral HIMU OIBs. 

5.2. Partial melting and redox conditions 

The detectable Fe isotopic difference between primary, mantle- 
derived magmas and mantle peridotite has generally been attributed 
to Fe isotope fractionation during the partial melting of the mantle (e.g., 
Chen et al., 2019; Craddock et al., 2013; Dauphas et al., 2009; Soderman 
et al., 2021; Teng et al., 2013; Weyer and Ionov, 2007; Williams et al., 
2005). This coincides with the theoretical predictions that oxidized Fe3+

tends to form shorter and more robust Fe-O bonds, and therefore prefers 
heavy Fe isotopes (e.g., Dauphas et al., 2014; Polyakov and Mineev, 
2000; Sossi and O’Neill, 2017). During partial melting of the mantle, the 
incompatible Fe3+ preferentially enters the melt, causing the heavy Fe 
isotopes to concentrate in the melt (e.g., Dauphas et al., 2009, 2014; 
Sossi and O’Neill, 2017; Williams and Bizimis, 2014). 

In order to evaluate the effects of mantle partial melting on the Fe 
isotopic compositions of basalts, we quantitively modelled the varia
tions of δ57Fe and Gd/YbN (where subscript N denotes primitive-mantle- 
normalized) values during partial melting of garnet peridotite and 
eclogite (see Tables S3–S4 for details). The calculation methods are 
modified from Wang et al. (2021) and are similar to those used in pre
vious studies (e.g., Gleeson et al., 2020; Sossi and O’Neill, 2017; Wil
liams and Bizimis, 2014). We used non-modal batch melting equations 
to calculate the concentrations of iron in the melt and residue. We 

calculated the mineral-melt Fe isotope fractionation factors (Δ57Femin

eral-melt) based on the Fe-O force constants of mantle minerals and 
basaltic melts (Dauphas et al., 2014; Sossi and O’Neill, 2017). A mass 
balance approach was utilized to calculate the δ57Fe values of melts and 
residues at each melting increment (see Tables S3–S4 for details). The 
Fe isotopic fractionation during mantle partial melting estimated by this 
method (Tables S3 and S4) shows no significant difference compared to 
that calculated by thermodynamic models (e.g., Soderman et al., 2021, 
2022). The initial δ57Fe value of the garnet peridotite was assumed to be 
equal to the primitive mantle value (0.05‰; Sossi et al., 2016). Results 
show that partial melting of such a garnet peridotite source can produce 
melts with δ57Fe values of 0.08–0.10‰ (Fig. 5A), which is close to the 
average δ57Fe value of primary N-MORBs (δ57Fecorr = 0.10 ± 0.05‰, 
2SD; e.g., Gleeson et al., 2020; Teng et al., 2013). For the melting of 
eclogite that transformed from subducted oceanic crust, we assumed the 
initial source δ57Fe value to be equal to the average value of N-MORBs 
(0.15‰; Teng et al., 2013). The calculated δ57Fe values of melts derived 
from such an eclogite source range from 0.19‰ to 0.23‰ (Fig. 5A), 
which are apparently higher than those of peridotite-derived basalts (e. 
g., N-MORB; δ57Fecorr = 0.10 ± 0.05‰, 2SD; Gleeson et al., 2020; Teng 
et al., 2013). It is noteworthy that the δ57Fecorr values of the classic 
HIMU OIBs (δ57Fecorr = 0.06–0.15‰) are consistent with those of 
peridotite-derived melts rather than eclogite-derived melts with higher 
δ57Fecorr values (Fig. 5A). This implies a peridotite-dominated mantle 
source for these OIBs. 

The redox state of the mantle source may also influence the frac
tionation of Fe isotopes during melting (e.g., Dauphas et al., 2009, 
2014). In Fig. 4C, the Fe3+/ΣFe ratios of HIMU lavas are negatively 
correlated with their MgO contents, and the high MgO samples (MgO >
10 wt%) have Fe3+/ΣFe ratios of ~0.2. Hence, we estimate that the 
Fe3+/ΣFe of the primary HIMU magmas is about 0.2. This value is 

Fig. 5. (A) δ57Fecorr versus (Gd/Yb)N for Cook-Austral HIMU OIB samples. The subscript N denotes normalized to primitive mantle value (McDonough and Sun, 
1995). The Fe isotopic compositions and trace element data of St. Helena primary magmas are from Zhao et al. (2022) and Kawabata et al. (2011), respectively. The 
Gd and Yb concentrations of Cook-Austral HIMU OIB samples are from Hanyu et al. (2011a), Miyazaki et al. (2018), and Zhang et al. (2022). The Fe isotopic 
compositions of average N-MORB and the primitive mantle are from Sossi et al. (2016). Quantitative calculations for the partial melting of garnet peridotite and 
eclogite are given in Table S3 and Table S4, respectively. (B) Calculated Fe isotope fractionation during partial melting (Δ57Femelt− source) under different source redox 
conditions. The related equations and parameters (except for the Fe3+/ΣFe value of mantle source) are the same as in Dauphas et al. (2014). Note the very small 
difference in the extent of Fe isotope fractionation during partial melting under distinct source redox conditions. The Fe3+/ΣFe range of average MORB is from Zhang 
et al. (2018). Error bars represent 2SD uncertainties. 
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slightly higher than that of MORBs (Fe3+/ΣFe = 0.14 ± 0.02; Zhang 
et al., 2018), suggesting a more oxidized mantle source for HIMU lavas 
compared to MORBs. This is consistent with previous calculations based 
on the vanadium contents of olivine phenocrysts in HIMU lavas, which 
indicate that the HIMU mantle source has a higher oxygen fugacity than 
the depleted MORB mantle (Nicklas et al., 2022). Therefore, we calcu
lated the Fe isotope fractionation (Δ57Femelt-source) during melting under 
different redox conditions (Fe3+/ΣFe ratios in the mantle source vary 
between 0.03 and 0.07), following the approach of Dauphas et al. 
(2014). The calculated results show that the assumed changes in redox 
conditions have a limited effect on Fe isotopic fractionation (Fig. 5B). 
This observation is similar to that in Sossi and O’Neill (2017): even if the 
Fe3+/ΣFe ratios in the mantle source changed from 0.021 (reduced) to 
0.051 (oxidized), the difference in Fe isotopic fractionation is <0.02‰. 
In short, even when considering the effect of slightly higher oxygen 
fugacity in the HIMU mantle source, our observation that the HIMU 
mantle source is peridotite-dominated will not change. 

5.3. Carbonated peridotite source for the classic HIMU OIBs 

The MORB-like Fe isotope compositions of classic HIMU OIBs indi
cate that their mantle source is most likely to be peridotitic, consistent 
with previous observations from the low Ni contents (mostly <2000 
ppm) and high Mn/Fe ratios (100Mn/Fe = 1.5–1.7) of olivine pheno
crysts in Mangaia and Tubuai HIMU lavas (Herzberg et al., 2014; Weiss 
et al., 2016). Such Ni contents and Mn/Fe ratios are close to those of 
olivine phenocrysts in MORBs (Sobolev et al., 2007; Fig. S2). Mean
while, in the CaO-MgO diagram advocated by Herzberg and Asimow 
(2008), the relatively primitive HIMU lavas (e.g., MgO > 9 wt%) are 
plotted in the field for peridotite-derived melts or their evolved melts 
that have only undergone olivine fractionation (Fig. S3). 

However, previous geochemical observations have suggested that 
recycled ancient oceanic crust should be an ‘ingredient’ of the HIMU 
component. For example, the moderately high 187Os/188Os (0.14–0.15) 
ratios of HIMU lavas require mixing between subducted oceanic crust- 
derived melt and the ambient mantle peridotite (Hanyu et al., 2011a). 
The low 3He/4He ratios (e.g., 5–8 RA; Hanyu and Kaneoka, 1997; Hanyu 
et al., 2011b, 2014) of HIMU OIBs also indicate contributions from 
recycled oceanic crust. Since recycled oceanic crust has higher (U +
Th)/3He ratios than the ambient mantle, it will be characterized by high 
4He contents and low 3He/4He ratios after long-term α decay of U and Th 
(e.g., Hanyu et al., 2011b, 2014; Hanyu and Kaneoka, 1997). Moreover, 
melt inclusions in olivine phenocrysts of HIMU lavas have higher Cl/K 
(~ 0.076, mean value) and Cl/Nb (~ 10.4, mean value) ratios (Hanyu 
et al., 2019) compared to N-MORBs with Cl/K of ~0.02 and Cl/Nb of ~5 
(Shimizu et al., 2016), which also requires contribution from subducted 
altered oceanic crust. Additionally, there are also some stable isotopic 
fingerprints of recycled oceanic crust in the HIMU OIBs, such as the 
moderately elevated δ7Li (up to 6.2‰; Chan et al., 2009), the mass- 
independent fractionation of sulfur isotopes (Cabral et al., 2013), and 
the generally lower ε205Tl values (down to − 9.8; Blusztajn et al., 2018). 

On the other hand, several lines of evidence support the idea that the 
HIMU mantle source may have undergone metasomatism by carbo
natite/carbonated silicate melts or may contain some recycled carbon
ates: (1) the primitive HIMU OIBs are SiO2-undersaturated and have 
high CaO contents and CaO/Al2O3 ratios (Figs. 3A-B) (Castillo, 2015; 
Dasgupta et al., 2010; Hanyu et al., 2011a; Jackson and Dasgupta, 2008; 
Kawabata et al., 2011); (2) the incompatible trace element patterns of 
HIMU OIBs are similar to those of carbonatitic melt inclusions in di
amonds (Weiss et al., 2016); (3) olivine phenocrysts in HIMU OIBs show 
obviously higher Ca/Al ratios (mean value >20) compared to those in 
MORBs (mean value <10; Sobolev et al., 2007) (Fig. S2; Weiss et al., 
2016); (4) the extremely heavy zinc isotopic compositions (δ66Zn = 0.38 
± 0.03‰) of HIMU lavas indicate that recycled surficial carbonates have 
contributed to the HIMU mantle source (Zhang et al., 2022). 

Previous studies have proposed different models to reconcile the 

peridotitic HIMU source with the observed geochemical imprints of 
ancient recycled oceanic crust and carbonate. For instance, Herzberg 
et al. (2014) proposed that recycled oceanic crust no longer exists in the 
HIMU source, while its released melts modified the geochemical com
positions of the surrounding peridotite and yielded a refertilized peri
dotite. Weiss et al. (2016) further proposed that the HIMU source is 
carbonatite-metasomatized SCLM associated with ancient oceanic crust 
subduction. Zhang et al. (2022) suggested that carbonate-bearing melts 
formed through the partial melting of subducted oceanic crust (and 
overlying carbonates) metasomatized the surrounding mantle, ulti
mately creating the carbonated peridotite source for the HIMU OIBs. 
These models have one thing in common: the recycled oceanic crust 
and/or carbonate have contributed to the generation of the HIMU 
component through an indirect way. However, a new question arises 
regarding whether the observations on Fe isotopic compositions in this 
study can be reconciled with these scenarios. 

Experimental work suggests that the descending carbonated oceanic 
crust can release carbonatitic/carbonated silicate melts at the depth of 
the mantle transition zone (MTZ) (e.g., Thomson et al., 2016; Zhang 
et al., 2020). The experimental carbonate-bearing melts in the pressure 
and temperature conditions of MTZ have FeOT (6–8 wt%; Thomson 
et al., 2016; Zhang et al., 2020) contents similar to those of the primitive 
mantle (8.03 wt%; McDonough and Sun, 1995). Since Fe in subducted 
oceanic crust is mainly hosted in silicates, the carbonate-bearing melts 
produced by the melting of subducted carbonated oceanic crust are 
expected to show similar heavy Fe isotopic compositions (e.g., 
0.21–0.23‰; Fig. 5A and Table S4) to those of modelled silicate melts 
derived from eclogite. Thus, the Fe isotopic compositions of metasom
atized peridotite formed by the addition of such carbonate-bearing melts 
into normal peridotite will be slightly elevated (Fig. 6). For example, 
modelling calculation shows that the addition of ~30% carbonate- 
bearing melts (assumed FeOT = 7 wt%, δ57Fe = 0.23‰) into a normal 
peridotite (FeOT = 8.03 wt%, McDonough and Sun, 1995; δ57Fe =
0.05‰, Sossi et al., 2016) can form a carbonated peridotite with a δ57Fe 
value of ~0.09‰. The partial melting of such a carbonated peridotite 
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(Zhao et al., 2022), Louisville (Shi et al., 2022), Kilauea Iki lava lake (Hawaii; 
Teng et al., 2008), N-MORB (δ57Fecorr = 0.10 ± 0.05‰; Gleeson et al., 2020; 
Teng et al., 2013), primitive mantle (δ57Fe = 0.05 ± 0.01‰; Sossi et al., 2016). 
Data sources for Zn isotopes: St. Helena and Louisville (Zhang et al., 2022), 
Kilauea Iki lava lake (Chen et al., 2013), N-MORBs (δ66Zn = 0.22 ± 0.04‰; Sun 
et al., 2023), primitive mantle (δ66Zn = 0.16 ± 0.06‰; Sossi et al., 2018). Error 
bars represent 2SD uncertainties. 
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can explain the slightly higher δ57Fecorr (~ 0.14‰) values of some HIMU 
lavas (Fig. 5A). Meanwhile, the partial melting of subducted oceanic 
crust (along with overlying carbonate sediments) can release carbonate- 
bearing melts with higher δ66Zn values and Zn contents than ambient 
peridotite (e.g., Wang et al., 2022; Zhang et al., 2022). Such carbonate- 
bearing melts will significantly alter the Zn isotopic compositions of the 
ambient peridotite and produce a carbonated peridotite with a high 
δ66Zn signature (e.g., 0.3‰; Zhang et al., 2022). In addition, since the 
carbonate-bearing melts released by subducted oceanic crust have MgO 
contents (generally <7.0 wt%; Thomson et al., 2016) far lower than 
mantle peridotite, their addition to peridotite has minimal impact on the 
Mg isotopic compositions of the latter (Chen et al., 2022). This explains 
the observation of MORB-like δ26Mg values (e.g., − 0.25‰; Wang et al., 
2021) in primary St. Helena HIMU lavas. In summary, the partial 
melting of a carbonated peridotite, formed by the interaction between 
carbonate-bearing melts from subducting carbonated oceanic crust (plus 
carbonate sediments) and the surrounding peridotite, can well explain 
the MORB-like Fe and Mg isotopic compositions and the distinctly heavy 
Zn isotopic signature of HIMU OIBs (Fig. 6). 

5.4. Summary and implication 

The MORB-like Fe isotopic compositions, combined with heavy 
whole-rock zinc isotopic compositions (δ66Zn = 0.37 ± 0.03‰; Zhang 
et al., 2022) and characteristic olivine phenocryst compositions (high 
Mn/Fe and Ca/Al ratios; Herzberg et al., 2014; Weiss et al., 2016) in 
these HIMU lavas, provide further evidence that the HIMU mantle 
source may consist of carbonated peridotite. In comparison, previous Fe 
isotopic studies on EM1-type OIBs from Pitcairn Island and EM2-type 
OIBs from Samoa islands/seamounts suggest that their mantle sources 
contain significant amounts of pyroxenite/eclogite transformed from 
recycled crustal materials (Nebel et al., 2019; Shi et al., 2022; Soderman 
et al., 2021; Wang et al., 2021). As a whole, the δ57Fecorr values of all 
OIBs from the type localities for the several mantle components clearly 
show a negative correlation with radiogenic Nd and Hf isotopic com
positions (Fig. 7). The combination of Fe stable isotopes and long-lived 
radiogenic isotopes in OIBs provides new insights into ancient crust- 
mantle processes and related mantle dynamics. Specifically, (1) the 
heterogeneity in radiogenic isotopic compositions of the mantle is 
closely linked to the lithological heterogeneity (e.g., Gleeson et al., 

2020; Nebel et al., 2019; Shi et al., 2022; Wang et al., 2021); and (2) the 
variable Fe isotopic compositions of OIBs can reflect the different fates of 
recycled crustal materials in the mantle. Some recycled crustal materials 
have been directly incorporated into the mantle source of geochemically 
enriched basalts, such as EM1 and EM2 OIBs, while others have indi
rectly contributed to the generation of geochemically depleted basalts, 
such as HIMU OIBs and some MORBs, through processes like 
metasomatism. 
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