
1 
 

Earth’s mantle composition revealed by mantle plumes 
 
Dominique Weis1†, Karen S. Harpp2, Lauren N. Harrison1, Maud Boyet4, Catherine Chauvel5, 
Cinzia G. Farnetani5, Valerie A. Finlayson6, Kanani K.M. Lee7, Rita Parai8, Anat Shahar9, and 
Nicole M.B. Williamson1  
 
†email: dweis@mail.ubc.ca 
 
1. Pacific Centre for Isotopic and Geochemical Research, Department of Earth, Ocean and 
Atmospheric Sciences, University of British Columbia, Vancouver, BC, Canada  
 
2. Department of Earth and Environmental Sciences, Colgate University, Hamilton, NY, USA  
 
3. U.S. Geological Survey, Menlo Park, CA, USA  
 
4. Université Clermont Auvergne, CNRS, IRD, OPGC, Laboratoire Magmas et Volcans, 
Clermont-Ferrand, France  
 
5. Université Paris Cité, Institut de Physique du Globe de Paris, CNRS, Paris, France  
 
6. Department of Geology, University of Maryland, College Park, MD, USA  
 
7. Physics Department, U.S. Coast Guard Academy, New London, CT, USA  
 
8. Department of Earth and Planetary Sciences, Washington University in St. Louis, Saint Louis, 
MO, USA  
 
9. Earth and Planets Laboratory, Carnegie Institution for Science, Washington, DC, USA  
 
  



2 
 

Abstract 

Mantle plumes can originate at depths near the core–mantle boundary (~2,800 km). As such, 
they provide invaluable information about the composition of the deep mantle, and insight into 
convection, crustal formation, crustal recycling, global heat and volatile budgets. In this Review, 
we discuss the effectiveness and challenges of using isotopic analyses of plume-generated rocks 
to infer mantle composition and its influence on geodynamics. Isotopic analyses of plume-
derived ocean island basalts, including radiogenic (Sr, Nd, Pb, Hf, W, noble gas) and stable 
isotopes, permit determination of mantle plume composition and its influence on geodynamics, 
giving insight into the composition of mantle heterogeneities, the nature and timing of early-
formed mantle reservoirs, crustal recycling processes, core–mantle interactions, and mantle 
evolution. Nevertheless, the magmatic flux, temperature, tectonic environment, and compositions 
of mantle plumes can vary. Consequently, plumes and their melts should be evaluated along a 
spectrum that acknowledges their different properties, particularly mantle flux, before making 
interpretations about Earth’s interior. Future work should focus on documenting correlations 
across elemental and isotopic data sets on the same sample powder, refining isotopic 
fractionation factors, and coordinating targeting sampling strategies, to provide insight into 
specific mantle and plume processes. This work requires collaboration across geochemical 
laboratories, as well as among geochemists, mineral physicists, seismologists, and 
geodynamicists. 
 
 
[H1] Introduction 

The mantle has an important role in many of Earth’s most dynamic systems. Comprising 
84% of the Earth’s volume, the mantle is integral to the formation of mid-ocean ridges, 
convergent margins, and intraplate volcanism, which, in turn drive the formation and recycling 
of oceanic and continental crust (White, 1985; Zindler and Hart, 1986; Hofmann, 1997; 2003; 
Labrosse et al., 2007; White, 2015). The mantle also contributes to Earth’s water and heat 
budgets through radioactive decay and thermochemical convection. Seismic wave velocity 
variations reflect differences in temperature and/or composition in the lower mantle (660–
2,890 km deep) (Davies and Davies, 2009; Tkalčić et al., 2015; Garnero, 2000; Koelemejier et 
al., 2016; Ritsema and Lekic, 2020), suggesting that the lower mantle, or part of it, is a reservoir 
for compositionally distinct material, including recycled and potentially ancient primitive 
components. Thus, understanding many fundamental Earth processes relies on documenting the 
composition and spatial heterogeneity of Earth’s mantle today and its evolution throughout 
geological time.  

 
At shallow mantle depths (<100 km), upwelling causes the upper mantle to melt through 

adiabatic decompression, leading to the generation of mid-ocean ridge basalts (MORB), an 
important source of information about the composition of the upper mantle (Gale et al., 2013). 
By contrast, mantle plumes occur in all tectonic settings (Fig. 1a), originating at different depths, 
from shallow mantle upwellings (<<660 km) (Duvernay et al., 2021) to deep sources at the core-
mantle boundary (CMB, ~2800 km) (Courtillot et al., 2003). Consequently, mantle plumes 
provide invaluable insight into the geochemistry of Earth’s deep interior. 

Once plumes rise above 1,000 km (French and Romanowicz, 2015), they form narrow, 
roughly cylindrical pipes of anomalously hot mantle that upwell and melt partially to form ocean 
island basalts (OIBs) on oceanic plates. Mantle plume melting occurs at sublithospheric depths, 
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requiring a mantle source that is either hotter than the upper mantle, or enriched in rocks and/or 
fluids that lower the solidus temperature. Thus, mantle plumes provide the heat and fertile mantle 
components necessary for intraplate magmatism and to generate OIBs (Fig. 1b). Plume-
generated oceanic islands usually sample the mantle without chemical interference from the 
continental crust or subcontinental lithospheric mantle, providing a geochemical window into the 
composition of Earth’s mantle and its evolution over time, including the sources of deeply rooted 
plumes.  
 

Previous articles have discussed progress in seismic imaging, mantle flow modelling, 
plate tectonic reconstructions, and geochemical analyses of deep mantle plumes and their roles in 
Earth processes (Koppers et al., 2021). This Review focuses on the geochemistry and 
geodynamics of deep plumes that form well-studied oceanic islands (such as, Hawai‘i, Réunion, 
Kerguelen, and Galápagos, among others). Advances in analytical techniques and isotopic 
systems are enabling the resolution and quantification of small isotopic variations in OIB 
samples. These techniques and isotopic systems are providing new perspectives on the presence, 
source, and age of heterogeneities in the deep mantle. 
 

In this Review, we discuss developments in the isotopic analysis of mantle plume-fed 
OIBs, and their effectiveness as an essential tool for documenting mantle heterogeneity (Fig. 
1b). We describe the fundamentals of mantle plumes, including their origin, physical and 
dynamical behavior, and their compositional variations, with an emphasis on contributions from 
distinct mantle reservoirs. We illustrate the utility of different isotopic systems and recent 
advances in their analysis for documenting the contributions made by subduction and crustal 
recycling to the plume source, identifying early-formed reservoirs in Earth’s mantle and their 
role in Earth evolution, and quantifying the extent of mixing of mantle reservoirs and convection. 
Lastly, we explore the importance of buoyancy flux for understanding plumes, as well as the 
need for coordinated, interdisciplinary approaches in future mantle plume research.  
 
[H1] Fundamentals of mantle plumes  

The strength of upwelling flux, the composition, and the duration of magmatic activity 
have been used to classify mantle plumes (Courtillot et al., 2003; Jackson et al., 2018; Koppers et 
al., 2021; Fig. 1a, Box 1). Primary plumes come from between 1,000 and 2,800 km depth 
(extending to the CMB) and are defined as having a seismic velocity anomaly of at least –1.5%, 
a linear and age-progressive volcanic chain, a large igneous province (LIP) at the oldest end of 
the volcanic chain, a strong magmatic flux, and high 3He/4He or other indications of 
compositions distinct from those of MORBs (Courtillot et al., 2003; Montelli et al., 2006; Boschi 
et al., 2007; King and Adam, 2014; French and Romanowicz, 2015). Primary plumes are the 
focus of this Review, and in this section we discuss their origin, flux and the influence of plate 
tectonics. 

 
[H2] Plumes origins and physical characteristics 

Most OIB-generating volcanoes are produced by plumes that originate along the edges of 
Large Low Shear Velocity Provinces (LLSVP), commonly interpreted as thermochemical piles 
at the CMB (Burke and Torsvik 2004; Thorne and Garnero, 2004; Torsvik et al., 2006; Burke et 
al., 2008; Doubrovine et al., 2016; Garnero et al., 2016). Early geodynamical models explored 
whether ancient, accumulated recycled crust could be in the source of the LLSVP (Christensen 
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and Hofmann, 1994; Brandenburg et al., 2008), whereas models developed since the early 2010s 
focus on the interplay between the recycled crust and a layer of primordial iron-rich material 
with an excess density of about 1% (Li, et al. 2014; Williams et al., 2015; Nakagawa and 
Tackley, 2014; Jones et al., 2021). Alternatively, dense and reduced mantle material could pool 
at the CMB, contributing to the formation of LLSVPs (Gu et al., 2016). Laboratory experiments 
(Davaille, 1999; Limare et al., 2015) and numerical simulations can reproduce the formation of 
large thermo-chemical plumes observed in tomographic models (French and Romanowicz, 
2014). In some models, both the LLSVP and the ambient mantle supply material to plumes rising 
from the boundary between them (Fourel et al., 2017). 

Also detected at the CMB, Ultra-Low Velocity Zones (ULVZs) are characterized by 
strong reductions in S-wave (~30%) and P-wave (10%) velocities, which are best explained by a 
~10% density increase in the material (Thorne and Garnero, 2004; McNamara, 2019). The 
ULVZs are 10–40 km high regions that extend laterally for up to ~1,000 km along the CMB 
(Cottaar and Romanowicz, 2012). Models for the origin of ULVZs consider the effects of core–
mantle reactions (Knittle and Jeanloz, 1989), as well as the presence of dense silicate melt 
(Williams and Garnero, 1996), relics of banded iron formations subducted 2–3 Ga ago (Dobson 
and Brodholt, 2005), or zones of iron-enriched post-perovskite (Mao et al., 2006). It is possible 
that ULVZs could host geochemical signatures distinct from the rest of the mantle, including 
records of early differentiation or diffusion across the CMB (Mundl-Petermeier et al., 2020; 
Yoshino et al., 2020). The high density of ULVZs inhibits their convective stirring, and only the 
most vigorous plumes can entrain thin tendrils of ULVZ material by viscous coupling (Williams 
et al., 2015). 

Mineral physics research has explored ways in which mantle heterogeneity can affect 
phase relations, density, and elastic moduli through changes in bulk composition (Lee et al., 
2004; Ricolleau et al., 2010; Dorfman et al., 2013), water content (Litasov and Ohtani, 2007; 
Zhou et al., 2022), and redox state (Gu et al., 2016, Creasy et al., 2020). Although accessory 
phases can vary in type and abundance, the dominant phase in the lower mantle is bridgmanite, a 
Mg-silicate perovskite (Tschauner et al., 2014). The strength of bridgmanite’s structure could 
encourage the formation of narrow channels of upwelling and downwelling, thereby stabilizing 
deep-rooted mantle upwellings from near the CMB (Ballmer et al., 2017). 

Geochemical research on mantle plumes reveals complex spatial variations in the 
composition of OIBs (Fig. 2). The best-studied example is Hawai‘i, where the distinct isotopic 
compositions of Loa- and Kea-trend volcanoes indicate a bilateral compositional asymmetry, or 
compositional stripes in the plume (Abouchami et al., 2005). Specifically, the southwestern Loa 
chain consists of more enriched material, and the northeastern Kea chain has more depleted 
signatures. It has been proposed that the Loa chain is sourced in the Pacific LLSVP and Kea 
lavas are supplied by the ambient lower mantle (Weis et al. 2011, Nobre-Silva et al., 2013a; 
Williamson et al., 2019), which reflects the plume’s location along the northern boundary of the 
Pacific LLSVP. The compositionally distinct materials from the LLSVP and the lower mantle 
only mix minimally between the CMB and the surface, where they are expressed as distinct 
signatures in erupted lavas (Kerr and Mériaux, 2004; Farnetani and Hofmann, 2009; Weis et al., 
2011). Similar bilateral compositional patterns have been recognized in other LLSVP-sourced 
plumes, including the Samoan, Galápagos, Easter, and Marquesas Islands in the Pacific (Weis et 
al., 2011; Huang et al., 2011; Chauvel et al., 2012; Payne et al., 2013; Harpp et al., 2014; Harpp 
and Weis, 2020), and, in the Atlantic at the western edge of the African LLSVP, Tristan and 
Gough (Rohde et al., 2013). 
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This proposed plume origin (Weis et al., 2011) has led to additional nuances and 
suggestions for plume models. In the Marquesas, the sizes of compositional heterogeneities in 
the plume are much smaller than in Hawai’i and are generated from much lower degree of partial 
melting plumelets that originate from a large dome structure in the mantle, under Polynesia 
(Chauvel et al., 2012). Rather than originating at the LLSVP–lower mantle interface, a drifting 
Hawaiian plume has become anchored on the LLSVP, resulting in the entrainment of LLSVP 
material after that event (Harrison et al. 2017). This model would explain the abrupt increase in 
plume flux along the Hawaiian chain after the bend in its path. The compositional zonation in 
Hawai‘i could also reflect a major change in absolute plate motion (Jones et al. 2017).  
 
[H2] Buoyancy flux of plumes 

The strength, or buoyancy flux, of a mantle plume influences the partial melting regime 
of its corresponding oceanic island system (Schilling, 1991). Tholeiitic and alkalic basalts are 
produced by higher or lower degrees of partial melting, respectively. Thus, whether tholeiitic or 
alkalic basalts dominate an oceanic island provides insight into the buoyancy flux and the mantle 
potential temperature of a plume system. For example, the Hawaiian chain represents a rare 
occurrence of high-volume magmatism that produces tholeiitic basalts over 85 Myr. Other 
examples include Réunion, Iceland, Galápagos, and Easter Islands (Sleep, 1990; King and 
Adam, 2014), systems that also have elevated buoyancy flux and/or mantle potential temperature 
(Schilling, 1991; White et al., 1993; Kingsley et al., 1998; 2007; Jackson and Dasgupta, 2008; 
Jackson et al., 2017). Iceland is the only oceanic island that follows a silica-saturated tholeiitic 
evolution trend (Supplementary Fig. 1; Gale et al., 2013). Alkalic lavas, formed from lower 
degrees of partial melting, dominate some plumes with intermediate fluxes, such as the Cook–
Austral chain (Jackson et al., 2020b) and Society Islands (Duncan et al., 1986) (Fig. 1a). 
Generally, however, most intraplate oceanic volcanoes produce dominantly alkalic melts (Haase 
et al., 2019), suggesting that a high degree of partial melting might be uncommon in some 
mantle plumes, at least during the Cenozoic.  

Furthermore, plume strength could be increased by proximity to an LLSVP, as proposed 
for Hawai‘i (Harrison et al., 2017; Harrison and Weis, 2018). The volume of magma produced 
along the Hawaiian chain has increased by almost an order of magnitude over the last 45 Myr, 
which contrasts with the predicted decrease through time according to mantle plume models 
(Richards et al., 1989; Wessel, 2016; Weis et al., 2020). Moreover, the highest-flux plumes, 
including Hawai‘i, overlie mega-ULVZ structures at the CMB (Cottaar and Romanowicz, 2012), 
implying that lower mantle structures, the strength of a plume, its temperature, and its melting 
conditions could all be linked (Harrison et al., 2017).  

 
[H2] Influence of plate motion and plate boundaries 

The compositional structure of a plume is recorded by its volcanoes in different ways 
depending on the lithospheric thickness, proximity to a spreading ridge, plate motion vectors, 
and the geometry of the compositional structure within the plume conduit itself. Lithospheric 
thickness can influence the depth and degree of melting, spreading ridges can re-direct upper 
mantle flow, and the direction of plate motion relative to the compositional cross-section of the 
plume determines how plume compositions are expressed at the surface. For example, since ~3–
6 Ma at Hawai‘i, both the LLSVP boundary and current Pacific plate motion vector (Wessel and 
Kroenke, 2009) have been oriented along NW-trending strikes, which yields two parallel chains 
of compositionally distinct volcanoes (Weis et al., 2011; Farnetani et al., 2012). By contrast, in 
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the Galápagos, the orientation of the LLSVP boundary is oblique to plate motion, resulting in 
early erupted, enriched material from the LLSVP being buried beneath younger, more depleted 
material from the ambient mantle (Harpp and Weis, 2020). Additionally, shifts in plate motion 
direction could shear mantle plume stems and generate ephemeral changes in the spatial 
distribution of erupted, compositionally distinct material (Jones et al., 2017).  

When plumes interact with adjacent spreading centers, plume material can be 
incorporated into the return flow of the ridge, which increases the entrainment of depleted upper 
mantle into plume-generated lavas as observed in the Azores, Galápagos, and Cretaceous-age 
Hawaiian eruptions, among other near-ridge plumes (White et al., 1993; Harpp and White, 2001; 
Harrison et al., 2020). The near-zero lithospheric thickness of ridge-proximal plumes could also 
increase plume melting and affect the magmatic architecture of ocean islands formed near the 
ridge (Weis and Frey, 2002; Regelous et al., 2003; Harpp and Geist, 2018). Near-ridge plumes, 
including Iceland, Galápagos, Kerguelen, and Easter produce abundant tholeiitic lavas that 
require higher degrees of partial melting than other mantle plumes (White et al., 1993; Kingsley 
et al., 1998, 2007; Ito et al., 1996; Schilling, 1991; Weis and Frey, 2002). In plumes near 
subduction zones, additional crustal flexure of the plate could generate melt and/or encourage the 
entrainment of upper mantle material, as proposed for Samoa (Konter and Jackson, 2012; 
Jackson et al., 2014) and for volcanism that cannot be plume-related in the Emperor Seamounts 
near the Aleutian Arc (Kerr et al., 2005).  
 
[H1] Oceanic island volcanism 

Owing to the lack of interactions with continental material, ocean islands with deep 
plume sources provide the most direct view and best representation of lower mantle 
compositions (Harrison et al., 2017; Weis et al., 2020).  

 
[H2] A geochemical overview of OIBs 

Oceanic island volcanoes feature a variety of volcanic rock types, including picro-basalts, 
rhyolites, basanites, phonolites, and trachytes (Supplementary Fig.1). Nevertheless, the 
dominant rock type is basalt. This Review focuses on shield-stage basaltic magmas that form 
lavas with tholeiitic or alkalic compositions because they have experienced the least 
differentiation and contamination en route to the surface. Another approach to studying mantle 
heterogeneity is to analyze melt inclusions, which enables the detection of smaller isotope 
heterogeneities than is possible with bulk analysis of erupted lavas (Saal et al., 2005; Stracke et 
al., 2019). Melt inclusions sample geochemical variations on the scale of 20–30 m, capturing 
different aspects of the magmatic system than either whole-rock or mineral phase analysis. They 
represent a snapshot of melt pockets that existed prior to melt amalgamation, magma mixing, and 
substantial fractional crystallization. Melt inclusion analyses are analytically challenging and 
vulnerable to many processes that disturb or distort the composition of the post-entrapment 
melts, generating data less representative than whole rock or mineral-phase analysis because of 
inclusions’ small size. Therefore, this Review focuses exclusively on isotopic analyses of rock 
samples that integrate the composition of melts generated by large mantle volumes (many km3) 
(Rudge et al., 2013) (Box 2).  

The compositional diversity of OIBs (especially compared with the relative homogeneity 
of MORBs; Hofmann, 1997; Gale et al., 2013) reflects the lower degree of partial melting of 
OIBs compared to MORBs. However, melting systematics can only explain a small fraction of 
the observed compositional variations (Hofmann, 1997; White, 2010). Characteristic features of 
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major and trace element compositional variations in OIBs include the enrichment of light rare 
earth elements (REEs) compared with the primitive mantle (which refers to the composition of 
Earth’s mantle soon after core formation), depletion in heavy REEs relative to middle and light 
REEs, and near-constant ratios of the most incompatible elements (left side of Supplementary 
Fig 2; Hofmann et al., 1986; Newsom et al., 1986; Willbold and Stracke, 2006; incompatible 
elements are those whose charge or ionic radius is too large to substitute into mantle minerals; 
some of the most incompatible elements in mantle lithologies include Ce, Nb, Zr, U, Th, Ta, La, 
Sm, Pb). The REE patterns of OIBs suggest that most OIB melts are generated primarily in the 
garnet stability field (>80 km depth) (Gast, 1968), which reflects the higher (100-200°C) mantle 
temperatures of plumes (Putirka et al., 2007). In contrast, most MORBs begin melting at 
shallower levels where garnet is no longer stable (<80 km), inducing no substantial middle to 
heavy REE fractionation in the generated magmas. 

 
In some cases, the concentrations of major element oxides and trace elements correlate 

with the dominant isotopic trends displayed by OIBs (Jackson and Dasgupta, 2008; Jackson et 
al., 2012). Variations in major and trace elements are typically generated by different processes 
(such as the degree of melting and magmatic differentiation) from those that produce variations 
in isotopic compositions (for example, compositional differences in time-integrated mantle 
sources). Thus, correlations between major and trace element concentrations  and isotopic 
compositions in OIB might reflect mixtures of compositionally distinct sources melting to 
variable extents and/or the fact that the compositionally distinct materials in the mantle differ in 
their major and trace element signatures as well as their isotopic compositions (Rudge et al., 
2013).  
 
[H2] OIB isotopic mantle end-members  

Radiogenic isotope ratios in ocean island lavas vary within a field constrained by a 
minimum of four end-member isotopic compositions (HIMU, high U/Pb ratio (μ); EM-I, 
enriched mantle I; EM-II, enriched mantle II; and DMM, Depleted MORB Mantle White, 1985; 
Zindler and Hart, 1986; Hart et al., 1992; Hofmann, 1997; Fig. 2). Most ocean island chains 
define mixing arrays in bivariate isotope plots that extend between one of the three end-member 
compositions and a single, focal area within the mantle field in Sr–Nd–Pb(–Hf) isotopic space 
(Fig. 2 and Supplementary Figs. 6–9; Zindler et al., 1982; White, 1985; Zindler and Hart, 
1986; Hart et al., 1992; Stracke et al., 2005; White, 2015). The focal area is proposed to be a fifth 
composition, known variably as PREMA (PREvalent MAntle; Zindler and Hart, 1986), FOZO 
(Focus Zone; Hart et al., 1992), C (Common component; Hanan and Graham, 1996), or PHEM 
(Primitive HElium Mantle; Farley et al., 1992) (Fig. 3a,b).  

The five compositional end-members define the known range of isotopic compositions in 
OIBs, and thus in the mantle sampled by plumes. Except for PREMA, these end-members are 
chemically and isotopically distinct from each other and are thought to come from separate 
chemical reservoirs in the mantle, resulting from processes generating unique chemical 
signatures that evolved over time. This section considers the geochemical signatures of these 
mantle reservoirs (Supplementary Table 1), their origins, and the insights they provide into the 
composition and evolution of the mantle. 
 
[H3] The HIMU endmember 
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The HIMU mantle end-member is named for its high U/Pb (commonly referred as μ) 
source ratio (Zindler and Hart, 1986). The extreme U/Pb ratios required to generate HIMU Pb 
isotopic signatures (Fig. 2a) indicate that the original mantle source had high initial U/Pb (μ) and 
Th/Pb (ω) (Chauvel et al., 1992). The mechanism that is most often used to explain the removal 
of Pb required for the HIMU signature to occur is the dehydration of ancient, subducted oceanic 
crust, which is then stored in the mantle for 1.5–2 billion years before being incorporated into 
mantle plumes (Hofmann and White, 1982; White, 1985; Zindler and Hart, 1986; Chauvel et al., 
1992, 1997; Stracke et al., 2005; Kelley et al., 2005). Alternative explanations include the 
addition to the plume source of carbonatitic silicate melts from recycled oceanic crust (Dasgupta 
et al., 2007; Jackson and Dasgupta, 2008), ancient carbonate-metasomatized sub-continental 
lithospheric mantle (Weiss et al., 2016; Homrighausen et al., 2018), or recycled Archean marine 
carbonates (Castillo, 2015). Of the major mantle end-members sampled by plumes, HIMU has 
limited distribution, is the least voluminous (Figs. 1 & 3a,b), and is the dominant component in 
only a few small ocean islands mostly in the Pacific ocean (such as, Cook–Austral, St. Helena, 
Mangai, Tubuai, Rurutu). 
 
[H3] Enriched mantle end-members  

On the basis of OIB isotopic systematics, two distinct enriched mantle end-members 
(EM-I and EM-II) can be identified (Zindler and Hart 1986). There is little consensus on the 
origin of the EM-I end-member (Eisele et al., 2002; Cordier et al., 2021), however hypotheses 
include the subduction and recycling of various near-surficial and surficial materials (Hoffman 
and White, 1982; Chauvel et al, 1992), including delaminated subcontinental lithosphere (Boyet 
et al., 2019), depleted MORB material (Weis et al., 1989) and/or pelagic sediments (Blichert-
Toft et al., 1999) or Archean carbonates (Garapić et al., 2015; Delavault et al., 2016; Wang et al., 
2018), which are incorporated into the deep mantle. By contrast, the EM-II reservoir exhibits 
contributions from continental crust materials (Zindler and Hart, 1986; Weaver, 1991; Chauvel et 
al., 1992; White and Duncan, 1996; Jackson et al., 2007; Jackson and Dasgupta, 2008), although 
alternative models have been proposed, including the incorporation of ancient metasomatized 
oceanic lithosphere into the EM-II reservoir (Workman et al., 2004). The EM-I (Kerguelen, 
Heard, Pitcairn, Tristan–Gough, Hawai‘i) and EM-II (Marquesas, Society, Samoan Islands) end-
members dominate OIB-producing systems and are important contributors to the buoyancy flux 
of many plumes (Figs. 1 & 3a,b). 
 
[H3] The prevalent mantle 

Most OIB isotopic arrays, especially major mantle plumes, have one end-member 
anchored at the center of the global isotopic OIB data field, the intermediate area defined as 
PREMA (Zindler and Hart, 1986). The PREMA reservoir represents the average ambient lower 
mantle (Figs. 2 & 3 b) and is compositionally distinct from the upper mantle. The high 3He/4He 
ratios relative to MORB (Hanan and Graham, 1996) suggest that PREMA samples a less 
degassed reservoir than other parts of the mantle (Class and Goldstein, 2005; Gonnermann and 
Mukhopadhyay, 2009). PREMA might represent primitive mantle if that reservoir has non-
chondritic Sm/Nd, Nb/U, and Ce/Pb (Nobre-Silva et al., 2013a; White, 2015, Hofmann et al., 
2022). Alternatively, the PREMA reservoir could be a well-mixed combination of a less-
processed, less-degassed mantle with recycled components (Zindler and Hart, 1986; Stracke et 
al., 2006; Parai et al., 2019). Hawai‘i, Iceland, and the Galápagos all exhibit substantial PREMA 
contributions (Nobre-Silva et al., 2013a; Harpp and Weis, 2020).  
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[H3] The depleted mantle source in OIBs 

The major and trace element characteristics of strongly depleted OIB lavas 
(Supplementary Figs. 1–5) are consistent with a mantle source that has a multimillion-year long 
history of melt extraction and is therefore depleted in the most incompatible trace elements 
(Salters and Stracke, 2004). Although the depleted component in OIBs is easily masked by 
mixing with melts from enriched heterogeneities in the mantle source, analysis of melt inclusions 
that record contributions from depleted melts prior to magma mixing and homogenization show 
that it is a component of some Azores lavas (Genske et al., 2019). Rare, depleted signatures in 
Hawaiian lavas and xenoliths also support a depleted component in mantle plumes (Frey et al., 
2005; Bizimis et al., 2005; DeFelice et al., 2019). In Iceland, the Azores, and the Galápagos, the 
depleted signature is attributed to their near-ridge settings, where higher degrees of mantle 
melting occur under a thin lithosphere (White et al., 1976; Schilling et al., 1982; Humphris et al., 
1985; Hart et al., 1992; Moreira et al., 1999; Harpp and Weis, 2020). 

 
Uncertainty persists regarding the origin of depleted mantle compositions in OIB (Hart et 

al., 1992; Harrison et al., 2020; Stracke et al, 2022), leading to several potential hypotheses. 
First, these compositions could comprise a large proportion of the lower mantle meaning that the 
DMM or an early-enriched reservoir could be a major matrix component in mantle plumes 
(Hofmann et al., 2022). Second, they could represent the melting of an entrained sheath of 
depleted upper mantle material. Last, they could reflect large degrees of melting of the plume 
source, as expected underneath thin lithosphere. In contrast, multi-variate statistical data analysis 
suggests that the apparent overlap of MORB–OIB data trends in 2D isotope ratio diagrams does 
not translate consistently to multi-dimensional isotope data space (Stracke et al., 2022). 
Therefore, the compositional variations displayed by MORB–OIB could be controlled by 
smaller-scale, regional domains, rather than a limited number of global-scale reservoirs (Stracke 
et al., 2022). Such differences in the interpreted magnitude and dynamics of compositional 
reservoirs highlights the need for a more nuanced understanding of these important parts of the 
mantle and their roles in mantle plumes. 
 
[H1] Subduction and mantle heterogeneity 

 Early in the development of mantle plume theory, plumes were thought to be supplied 
exclusively by the primitive lower mantle and depleted upper mantle (Allègre, 1982). On the 
basis of geochemical data, the idea that the source of OIBs might contain ancient oceanic crust 
was proposed in the 1980s (Hofmann and White, 1982). This hypothesis posits that oceanic 
plates are recycled via subduction into the lower mantle, where they are subsequently sampled 
by plumes; this proposed cycle of downwelling and upwelling provided an important step 
forward in understanding mantle plumes and their role in the global plate tectonic system. 
Geochemical evidence acquired since the hypothesis was proposed has confirmed that recycled 
oceanic crust contributes to ocean island mantle sources (White, 1985; Zindler and Hart, 1986; 
Chauvel et al., 1992, 1997; Stracke et al., 2005; Kelley et al., 2005). Consistent with the 
recycling model, seismic data (Fukao and Obayashi, 2013) and geodynamic models (Jones et al., 
2021) document the transport of subducted plates to the lower mantle. 
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[H2] Recycled material in OIBs 

The recycled oceanic crust consists of various materials, including basaltic crust and the 
overlying sedimentary pile (Fig. 1b). Although basaltic crust has a chemical composition that is, 
within an enrichment factor, not substantially different from that of the upper mantle source, the 
composition of sedimentary material can be highly diverse. The average composition of global 
subducting sediment (GLOSS; Plank and Langmuir, 1998) is similar to that of continental crust 
but is chemically distinct from the mantle or basaltic material. Thus, even minuscule 
contributions of sediment to the source of OIBs can be detected using geochemical methods. 
Atmospheric and spallation-generated 10Be concentrations, Li, B, and Fe isotope compositions, 
as well as U-series disequilibrium measurements demonstrate that sediments survive subduction 
processing to mantle depths (Morris et al., 2002; Turner et al., 2003; Deschamps et al., 2010; 
Tang et al., 2014; Smith et al., 2021), confirming that the inclusion of recycled sediments in the 
mantle plume source is a viable model to account for some of the heterogeneities. Consequently, 
to understand mantle plumes and their sources fully, it is essential to document the geochemical 
composition of the subducted oceanic crust and the associated sediments that are transported into 
the lower mantle. 

As sediment and oceanic crust are subducted into the mantle, they undergo distinct 
compositional changes. Specifically, subducted material is dehydrated or melts and it loses a 
large proportion of the fluid-mobile elements (such as, Li, B and Cs), while retaining refractory 
elements such as REE and high field strength elements (Porter and White, 2009; Ryan and 
Chauvel, 2014; Turner and Langmuir, 2022). These changes enable the identification and 
quantification of the contributions of recycled oceanic crust and sediment to mantle sources 
(Chauvel et al., 2008; Porter and White, 2009). 

The presence of sediments in the OIB source could explain some of the specific trace 
element characteristics of EM-I and EM-II basalts. The two canonical ratios, Ce/Pb and Nb/U, 
generally have constant values in all mantle-derived magmas (25 ± 5 for Ce/Pb and 47 ± 10 for 
Nb/U; Hofmann et al., 1986; Hofmann et al., 2022). In EM-I and EM-II OIBs (Supplementary 
Fig. 4), these ratios deviate from their universal mantle values towards lower values typical of 
continental crust (3.7 for Ce/Pb and 4.4 for Nb/U; Chauvel et al.,1992; White and Duncan, 1996; 
Rudnick and Gao, 2003; Jackson et al., 2007; Cordier et al., 2021), providing some constraints 
on the origin of isotopic enrichment in the OIB source. 

 
[H2] Characterization of recycled material in the mantle 

Radiogenic isotopes are more effective than trace elements for detecting and quantifying 
sedimentary material in OIB sources. For example, 6% sediment in the mantle source shifts the 
Sr isotopic composition of Samoan basalts from 0.704 to ~0.720; such high values have not been 
measured in any other OIB to date (Jackson et al., 2007). Most EM-II basalts have much less 
radiogenic Sr isotopic ratios than Samoan lavas, corresponding to a sediment contribution of 
<2% in their sources. Nevertheless, most OIBs with radiogenic Sr coupled to unradiogenic Nd 
and Hf must originate from a source that contains some recycled sedimentary material (Stracke, 
2012).  
 The most common model used to explain the coupling of unradiogenic Sr isotopic ratios 
with highly radiogenic Pb isotopic signatures observed in HIMU basalts (Fig. 2d and 
Supplementary Fig. 9) is the presence of old (~2 Ga) oceanic crust in the source that has lost 
some of its Pb during subduction. This interpretation is supported by the elevated Ce/Pb of most 
HIMU basalts (typically >30; Cordier et al., 2021), which reflects the loss of Pb to subduction 
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fluids. Furthermore, the relationship between the Nd and Hf isotopic ratios in OIBs (Fig. 2c and 
Supplementary Fig. 8) requires that mantle plume sources include contributions from recycled 
basalts and sediments with ages ranging from Archean to present-day (Vervoort et al., 1999; 
Blichert-Toft et al., 1999; Chauvel et al., 2008). 

Heavy noble gas (Ne, Ar, Kr, Xe) isotopic ratios in mantle rocks are also sensitive tracers 
of subducted material. Atmospheric heavy noble gases, which have distinctive elemental ratios 
and isotopic compositions, are incorporated into the mantle through subduction (Holland and 
Ballentine, 2006; Mukhopadhyay, 2012; Tucker et al., 2012; Parai et al., 2012; Péron et al., 
2021; Parai, 2022); however, this regassing transport is likely to have been inefficient prior to 
2.5 Ga (Parai and Mukhopadhyay, 2018; Péron and Moreira, 2018). Once they have been 
corrected to account for shallow post-eruptive atmospheric contamination, the Xe isotopic 
signatures of OIB mantle sources are dominated by regassed atmospheric Xe (Parai et al., 2019). 
This observation clearly shows that there is surface-derived material in the OIB mantle source 
because the atmospheric Xe isotopic signature reflects sources and processes that are distinct 
from mantle Xe (Caffee et al., 1999; Avice and Marty, 2020). Likewise, Kr isotopes in Iceland 
and Galápagos samples indicate strong regassing of atmospheric Kr (Péron et al., 2021). 
Regassed atmospheric signatures are present even in samples with high 3He/4He and primitive, 
solar-like Ne isotopes (Mukhopadhyay, 2012; Pető et al., 2013; Péron et al., 2021). 

The oceanic crust also carries distinctive signatures from the surface into the mantle. For 
example, Li is incorporated into oceanic crust during hydrothermal alteration and 
serpentinization. Of the stable isotope systems commonly used in the geosciences, Li has the 
largest relative mass difference between its two isotopes (6Li and 7Li). As such, low temperature, 
aqueous processes result in extreme fractionation (Tomascak, 2004; Tang et al., 2014; Penniston-
Dorland et al., 2017) and, consequently, Li isotopes can trace processes that involve fluid 
mobilization, such as subduction (Fig. 2 e,f). During the subduction process, Li is transported to 
the mantle wedge as oceanic slabs are dewatered and metamorphosed (Bouman et al., 2004; 
Deschamps et al., 2010). Variations in Li isotopic values (δ7Li > 4; Li isotopes are measured as 
the ratio of 7Li to 6Li, which is normalized to the ratio of a NIST Li carbonate standard; that 
value is then scaled up by a factor of 1000 to yield the δ7Li value) consistent with subduction 
alteration have been measured in some OIBs from Hawai‘i, Cook–Austral, St. Helena, and 
Azores (Chen and Frey, 2003; Vlastélic et al., 2009; Krienitz et al., 2012; Harrison et al., 2015), 
providing evidence for the recycling of subduction-altered material into the OIB source. By 
contrast, MORBs exhibit a relatively uniform Li isotopic composition (δ7Li = 3.5 ± 1.0‰; 
Marschall et al., 2017; Penniston-Dorland et al., 2017). There is also a measurable difference 
between the Li isotopic compositions of HIMU OIB (δ7Li = 2.5–8.5‰) and EM-I OIB 
(δ7Li = 0.5–4.5‰), which reflects the diversity of subducted components that contribute to these 
mantle reservoirs (Krienitz et al., 2012; Harrison et al., 2015). 

Isotopic systems with large natural fractionations can provide good estimates of the type 
of subducted surface material present in OIB sources. For example, stable isotopes of thallium 
(205Tl and 203Tl) are fractionated up to 35 epsilon units (ε205Tl is the deviation in parts per ten 
thousand of 205Tl/ 203Tl relative to a reference value), and exhibit large concentration contrasts 
between geochemical reservoirs. Pelagic sediments have ε205Tl and Tl concentrations [Tl] up to 
+5 and 1000 ng g–1, respectively (Rehkämper et al., 2002); low-temperature altered oceanic crust 
has ε205Tl and [Tl] as low as –15 and 5–50 ng g–1, respectively (Nielsen et al., 2006a); and for the 
mantle ε205Tl = –2 ± 0.5 and [Tl] <1 ng g–1 (Nielsen et al., 2017). OIBs exhibit a wide range of 
ε205Tl values (–6.4 to +6.6; Brett et al., 2021). Elevated ε205Tl (up to +4) in Hawaiian tholeiites 
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have been attributed to recycled subducted sediment in the plume source (Nielsen et al., 2006b; 
Williamson et al., 2021), potentially sampled from the ambient mantle on the periphery of the 
Pacific LLSVP (Williamson et al., 2021). Conversely, low ε205Tl (down to –10) in lavas from St. 
Helena can be attributed to altered oceanic crust in their source and in the HIMU mantle 
reservoir (Blusztajn et al., 2018). In some cases, however, the Tl isotopic composition of OIB is 
ambiguous, requiring careful consideration when interpreting results and using this isotopic 
system as a mantle tracer (Brett et al., 2021; Williamson et al., 2021). 

Subducted material also carries information about previous redox conditions at Earth’s 
surface. In specific circumstances, such as the extreme surface conditions during the Archean 
prior to the great oxygenation event at ~2.5–2.4 Ga (Farquhar et al., 2007), mass-independent 
fractionation of stable isotopes such as S can occur creating isotopic anomalies. These signatures 
are then incorporated into sedimentary materials, and basalts at the surface. For example, 
negative S isotopic anomalies have been detected in lavas from Mangaia (Cabral et al., 2013; 
Dottin III et al., 2020) and in basalts from Pitcairn (Delavault et al., 2016). These observations 
indicate that the HIMU (Mangaia) and EM-I (Pitcairn) mantle sources include material that was 
present at Earth’s surface during the Archean, either in the form of Archean basaltic crust for 
Mangaia or Archean sedimentary material for Pitcairn.  

Isotopic tracers that enable the characterization of recycled material in the OIB mantle 
source continue to be developed. For example, Ce is redox-sensitive (Elderfield, 1988). 
Therefore, measurements of the long-lived 138La–138Ce system can constrain the timing of 
pelagic sediment recycling into the mantle because no Ce anomalies are expected in water 
columns before the great oxygenation event at ~2.5–2.4 Ga (Israel et al., 2020; Boyet et al., 
2021). Collectively, many isotopic and trace element systems (Box 2, Fig. 1b and 
Supplementary Figs. 2–5) indicate that material that was previously at the surface of the Earth 
is present in the source of OIBs. However, not all isotopic characteristics of OIB can be 
explained by recycling surficial material into the plume source alone. Additional types of 
material must be present and the influence of several large-scale processes must also be 
considered, including the physical proximity of plumes to LLSVPs, the depth and source of 
plume magmatism, and core–mantle interactions. 

 
[H1] Early-formed reservoirs  

The OIB mantle source is a heterogeneous mixture of recycled surface materials, deep 
mantle material that separated early (>4.45 Ga) and experienced less degassing than the upper 
mantle, and potentially distinct remnant materials that formed early in Earth’s history. 
Determining the age and the nature of early-formed materials is important for understanding the 
structure and dynamics of the lower mantle, especially given the spatial correlation of major 
mantle plumes with LLSVPs and ULVZs (Burke and Torsvik 2004; Torsvik et al., 2006; 
Doubrovine et al., 2016; Cottaar et al., 2022; Hernlund and McNamara, 2015).  

 
[H2] Tracing early-formed reservoirs 

Processes such as metal–silicate differentiation, magma ocean crystallization, and 
degassing of volatiles during energetic accretionary impacts influenced the geochemistry of the 
interior of the early Earth by fractionating groups of elements with different properties from each 
other. Because these events only occurred for relatively short periods close to 4.5 Ga, the best 
tools to understand them and track their contributions to the OIB mantle are short-lived 
radionuclide systems, such as 182Hf–182W, 146Sm–142Nd, 129I–129Xe, and 244Pu–131-136Xe, with 
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half-lives between <10 Ma and ~100 Ma. Variations in the radiogenic products of some short-
lived isotope systems are small in (such as μ142Nd ~15 and μ182W ~30 ppm, where the notation 
indicates deviations in parts per million relative to the terrestrial reference), making them 
difficult to detect (Fig. 4, Touboul et al., 2012b; Horan et al., 2018; Box 3). Volatile elements 
pose additional challenges, owing to the loss of magmatic gas from samples and atmospheric 
contamination during and after eruption. Nevertheless, progress has been made measuring 
μ142Nd, μ182W, and 129Xe/130Xe variations in OIBs, as well as interpreting the importance of 
these anomalies for mantle history and dynamics.  

Trace element abundances and their ratios are also powerful tools for quantifying 
fractionation processes in the early Earth. For example, mass balance calculations using (Nb, 
Ta)/U and 143Nd/144Nd isotope ratios (Hofmann et al., 2022) demonstrate that continental crust 
and present-day depleted mantle could not have originated from the primitive mantle as 
previously thought (Jacobsen and Wasserburg, 1979; O’Nions et al., 1979; DePaolo, 1980). This 
conclusion is supported by the delicate measurement of a radiogenic excess of 142Nd 
(+7.9 ± 1.9 ppm) in the mantle relative to its building blocks (Frossard et al., 2022; Johnston et 
al., 2022). Therefore, the Earth’s mantle could be slightly depleted in incompatible elements and 
characterized by higher Sm/Nd than chondrites. The Sm/Nd fractionation could be inherited 
from the accretion stage when Earth’s protocrust, enriched in incompatible elements and formed 
in planetesimals, was lost to space during collisional events (Frossard et al., 2022), removing the 
need for an early enriched reservoir to have been preserved in the deep mantle (Boyet and 
Carlson, 2005). 

Many stable isotope ratios of major elements can also preserve early-formed isotopic 
signatures because their values were not reset on a global scale (Box 2). Stable isotope 
fractionation has been constrained through high pressure–temperature experiments that simulate 
early differentiation events (Shahar et al., 2017) to predict the isotopic signatures in mantle 
sources, and determine stable isotope fractionation factors that enable distinguishing potential 
stable isotopic heterogeneities of early-formed reservoirs.  

 
[H2] Terrestrial magma ocean relics 

Small 142Nd anomalies measured in some OIBs (–8 to +6 ppm; Fig. 4a) from Réunion (Peters et 
al., 2018) and Samoa (Horan et al., 2018) suggest that early-formed reservoirs might be 
preserved in the deepest part of the mantle. Owing to the short half-life of 146Sm (~103 Ma), the 
variations measured in 142Nd/144Nd must reflect the Sm/Nd fractionation that took place during 
the first few hundred million years of Earth’s history. Both Sm and Nd are lithophile REEs and 
were excluded from the metal phase during core–mantle differentiation (Faure et al., 2021); 
therefore, early fractionation of Sm/Nd must have occurred exclusively through silicate 
differentiation, providing evidence for the crystallization of a terrestrial magma ocean. Most 
OIBs are also characterized by negative 182W anomalies (182W down to –25 ppm) (Mundl et al., 
2017; Mundl-Petermeier et al., 2019; Peters et al., 2021), which could also represent the remnant 
of an early terrestrial magma ocean (Fig. 4b). However, core–mantle interactions could affect the 
182W signal, making it difficult to interpret (Rizo et al., 2019; Mundl-Petermeier et al., 2020). 

The short-lived 129I–129Xe system provides additional support for the preservation of 
early-formed isotopic heterogeneity (measured as 129Xe/130Xe; 129Xe is produced by the decay of 
short-lived 129I, and 130Xe is not radiogenic). Mantle Xe isotope compositions can be broken 
down into component contributions from accretion (chondritic Xe), radioactive decay, and 
atmospheric regassing (Caffee et al., 1999; Parai et al., 2019). Limited measurements of mantle-
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derived samples from OIBs and MORBs (Moreira et al., 1998; Mukhopadhyay, 2012; Parai et 
al., 2012; Tucker et al., 2012; Parai and Mukhopadhyay, 2015; Peron and Moreira, 2018; Parai 
and Mukhopadhyay, 2021; Peron et al., 2021), as well as back-arc basin basalts (Peto et al., 
2013), volcanic and continental well gases (Caracausi et al., 2016; Bekaert et al., 2019) yield 
precise estimates of mantle source Xe compositions, corrected for shallow atmospheric 
contamination. Ratios of 129Xe/130Xe from Iceland, (Mukhopadhyay, 2012), the Rochambeau 
Rift sampling Samoa (Peto et al., 2013), and Galápagos (Péron et al., 2021) are low compared to 
those of the depleted mantle (Holland and Ballentine, 2006; Tucker et al., 2012; Parai et al., 
2012). Differential incorporation of atmospheric Xe with low 129Xe/130Xe into the OIB mantle 
cannot account for these OIB 129Xe/130Xe signatures (Fig. 4c,d). Thus, a low I/Xe ratio must 
have been established in the OIB mantle within the first ~100 Myr of Earth’s history, and its 
signature preserved despite ~4.45 Gyr of convection (Mukhopadhyay, 2012). The low I/Xe ratio 
could reflect inefficient degassing of the deeper parts of the magma ocean, or low I abundances 
in the early-accreted materials. 

The paired I–Pu–Xe decay system provides additional insight into early magma ocean 
history. Initially, catastrophic outgassing would have transported Xe out of the terrestrial magma 
ocean. After closure the products of 129I decay and 244Pu fission would have been retained in the 
silicate Earth. Because 129I and 244Pu decay at different rates, the 129Xe*/136XePu ratio (where the 
star indicates radiogenic 129Xe produced by 129I decay, and the subscript denotes 136Xe from Pu-
fission; Mukhopadhyay, 2012) can be used to calculate a closure age that marks the end of open 
system magma ocean outgassing (Wetherill, 1975). The Iceland and Samoan Rochambeau Rift 
samples exhibit low 129Xe*/136XePu ratios compared to the MORB mantle. If the whole mantle 
had an initially homogeneous I/Pu ratio, then low 129Xe*/136XePu ratios in OIBs would indicate a 
late closure age for the OIB mantle relative to the MORB mantle, because less of the shorter-
lived 129I would remain at the onset of Xe retention in the mantle. A more realistic scenario 
might be that the mantle had an initially heterogeneous I/Pu, and regions of low I/Pu reflect the 
limited accretion of volatile-rich materials into the OIB mantle (Mukhopadhyay, 2012; Caracausi 
et al., 2016; Parai et al., 2019). A relatively dry OIB mantle could have contributed to inefficient 
mixing in both the terrestrial magma ocean and the solid mantle throughout Earth history (Parai, 
2022). Thus, the OIB I–Pu–Xe signature not only records the heterogeneity of the early mantle, 
but also provides insight into the mechanisms that preserve heterogeneities formed during the 
early magma ocean stage. 
 
[H2] The effect of the core on the OIB source  

 Early core formation and its subsequent evolution have likely had an important role in 
controlling radiogenic and stable isotope variations in OIBs. The Earth's metallic core physically 
separated from the mantle during the first few tens of million years of Earth’s history (Kleine et 
al., 2002, Yin et al., 2022; Walker, 2014), trapping a substantial proportion of light elements 
(10% of Si, O, S, C, N, and H; McDonough, 2016; Badro et al., 2015). The incorporation of 
these light elements into the core could have changed the isotopic composition of the mantle on a 
bulk scale (Shahar et al., 2016); however, such fractionation would not generate mantle 
heterogeneities if the core formed when the entire mantle and core were in equilibrium. For 
example, whole mantle–core equilibrium (Shahar et al., 2011) has been proposed to explain the 
fractionation of the mantle in silicon isotopes relative to chondrites (Georg et al., 2007; Hin et 
al., 2017). In contrast, evidence from diamond inclusions suggests that Fe isotopic 
heterogeneities exist in Earth’s deep mantle. Cullinan-like, Large, Inclusion-Poor, Pure, 
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Irregular, and Resorbed (CLIPPIR) diamonds from Letseng, Lesotho, which originate from 
depths of 360–750 km, exhibit heavy Fe isotopic signatures (δ56Fe = 0.79–0.90‰) that lie outside 
the near-0‰ range of known mantle compositions or expected reaction products that occur at 
these depths (Smith et al., 2021). High pressure and temperature experiments suggest that core 
formation on its own cannot account for such a large shift in Fe isotopic ratios (Elardo et al., 
2019). Rather, these data provide evidence for the subduction of surface material characterized 
by light isotopic ratios into the lower mantle (Smith et al., 2021). 
 Owing to the lack of temporal control of stable isotope signatures, it is plausible that the 
Fe stable isotope fractionation observed in the mantle reflects the cumulative effects of several 
processes. These processes likely include both core–mantle differentiation and the subtle but 
systematic heterogeneity in the convecting mantle caused by billions of years of subduction. To 
identify and untangle all the possible fractionation mechanisms within the mantle, more 
experiments need to be conducted in relevant pressure, temperature, and compositional space. 
 
[H3] Core–mantle interactions 

The extremely high temperatures at the CMB can cause mantle minerals that are in direct 
contact with the liquid core to be in chemical equilibrium with that liquid. As the core cools and 
the composition of the outer core changes because of the ongoing crystallization of the inner 
core, some elements might diffuse across the CMB as they are exsolved from the liquid outer 
core. Thus, the composition of the core could be changing progressively, increasing mantle 
heterogeneity as the core evolves core (Tronnes et al., 2019). Grain-diffusion experiments found 
that siderophile elements diffuse through MgO at a high enough rate to transport those elements 
across geological length scales (tens of kilometers) over 4.5 Ga, demonstrating that grain-
boundary diffusion is an efficient pathway for core–mantle interactions (Hayden and Watson 
2007). 

Geochemical signatures of several highly siderophile elements suggest that the lower 
mantle was polluted with core material prior to being entrained into mantle plumes. The resulting 
signatures include elevated Fe/Mn ratios, such as those in Hawaiian lavas (Humayun et al., 
2004), and radiogenic Os isotope enrichments detected in several mantle plumes (Brandon et al., 
1998, 2003). Despite further investigations (Brandon et al., 2003; 2005; Ireland et al., 2011), no 
other isotopic signature indicative of element transport across the CMB was identified until high 
precision 182W measurements could be performed (Touboul et al., 2012a; 2012b; Trinquier et 
al., 2016). Small negative anomalies in 182W (–25 ppm) have been measured in OIBs (Fig. 4b; 
Mundl et al., 2017; Mundl-Petermeier et al., 2019; Rizo et al., 2019; Peters et al., 2021). In 
mantle-derived samples, μ182W shifts from positive values in Hadean–Archean samples (4.3–2.7 
Ga) to negative values in modern samples. This observation suggests that the W signature in 
OIBs could reflect a time-integrated core contribution of W to the mantle. The mechanism of the 
interaction between the outer liquid core and the mantle remains uncertain, but current work is 
focused on the exsolution of Si–Mg–Fe oxide (Rizo et al., 2019) and diffusive exchange across 
the CMB between foundered oxidized, oceanic crust and the outer core (Mundl-Petermeier et al., 
2020; Yoshino et al., 2020). 

Core–mantle interactions could also manifest in the I–Xe system. If iodine were more 
strongly siderophile than Xe at core formation pressures and temperatures (Armytage et al., 
2013; Jackson et al., 2018), the core would have had elevated I/Xe and I/Pu compared to the 
mantle. In this case, the core would supply high 129Xe/130Xe and 129Xe*/136XePu to the mantle. 
However, OIBs sample a reservoir with low 129Xe/130Xe and 129Xe*/136XePu relative to the rest of 
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the mantle suggesting that the core might have acted as a sink for lower mantle I during 
accretion, with no subsequent transfer of radiogenic Xe back to the mantle over time (Jackson et 
al., 2018). 

The core has been proposed as the source of high 3He/4He in the OIB mantle (Porcelli 
and Halliday, 2001; Bouhifd et al., 2020; Roth et al., 2019; Olson and Sharp, 2022). Negative 
μ182W anomalies are broadly associated with elevated 3He/4He (Mundl et al., 2017; Mundl-
Petermeier et al., 2019; 2020; Peters et al., 2021; Jackson et al., 2020a) in some lavas from 
Hawai‘i, Samoa, Iceland, and the Galápagos, suggesting that core contributions could supply 
both negative μ182W and high 3He/4He to material in the lower mantle. However, the highest OIB 
3He/4He ratios are associated with modest negative μ182W, and the strongest negative μ182W 
anomalies are associated with only moderate 3He/4He.  

One proposal to explain the relationship between He and W isotopes in OIB is that their 
anomalies only persist in mantle domains least affected by crustal recycling, because recycled 
crust contributions overwhelm He and W isotopic signatures from core material (Jackson et al. 
2020a). This hypothesis is consistent with Th enrichment observed in OIB samples with low 
3He/4He, as recycled crust has high Th abundances, which decays radioactively producing 4He 
(Class and Goldstein, 2005). Nevertheless, the most negative μ182W anomalies measured to date 
are accompanied by strong indications of recycling in Kr and Xe isotopic compositions at 
Fernandina Island, Galápagos (Péron et al., 2021). Similarly, there is a pronounced recycling 
signature in the Kr and Xe isotopes in Iceland (Mukhopadhyay, 2012; Péron et al., 2021), where 
some of the highest 3He/4He ratios have been detected. Additional measurements of W and noble 
gases from samples with thoroughly characterized radiogenic isotopic compositions are needed 
to resolve the relationship between core-hosted signatures, the contribution from recycled crustal 
material, and primitive mantle domains. 
 
[H2] Constraints on lower mantle seismic structures  

Variations in the 182Hf–182W, I–Pu–Xe, and 146Sm–142Nd isotopic systems in OIBs 
require that plumes sample early-formed reservoirs, likely from the deepest part of the mantle 
(Fig. 4). Although few lavas have been measured for all of these isotopic systems, the existing 
data provide insight into the nature of early-formed mantle reservoirs. The ULVZs are speculated 
to be the source of the high 3He/4He and the most negative μ182W in OIBs (Jackson et al., 2017; 
Mundl et al., 2017; Williams et al., 2019; Kim et al., 2019). If core–mantle interactions supply 
high 3He/4He and the most negative μ182W signatures (Rizo et al., 2019; Mundl-Petermeier et al., 
2020; Peters et al., 2021), then the ULVZs might have formed through interactions with the core. 
An alternative mechanism to explain variable μ182W anomalies in OIBs is early silicate 
differentiation that modified the Hf/W ratios of mantle reservoirs, which subsequently remained 
largely isolated from the rest of the convecting mantle (Touboul et al., 2012a; Brown et al., 2014; 
Puchtel et al., 2016).  

The LLSVPs, described as thermochemical piles, might contain relics of magma ocean 
crystallization that occurred after the Moon-forming giant impact (Labrosse et al., 2007; Lee et 
al., 2010 Ballmer et al., 2017; Gülcher et al., 2020). Variations in μ142Nd measured in some OIBs 
suggest that remnants of magma ocean crystallization could be preserved in the deep mantle 
(Peters et al., 2018). If the Moon-forming giant impact occurred ~4.4–4.35 Ga, as suggested by 
both terrestrial and lunar samples (Morino et al., 2017; Borg et al., 2019; Lock et al., 2020), then 
the 182Hf–182W system was already extinct. Therefore, the mantle 182W isotope composition 
would be unchanged by the collision, explaining the lack of correlation between 142Nd/144Nd and 
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182W/184W in OIB lavas (except for Réunion lavas; Peters et al., 2021). Alternatively, LLSVPs 
might have formed from the accumulation of subducted material (Brandenburg and van Keken, 
2007; Nakagawa et al., 2009) or from the sinking of dense, reduced material (Gu et al., 2016; 
Creasy et al., 2020). It is likely that LLSVPs do not result from a single process, but incorporate 
material from primordial and early events, ongoing convection, and recycled subducted material 
(McNamara, 2019; Parai et al., 2019). 
 
[H1] Mantle mixing and convection 

Linking the spatio-temporal geochemical variations of plume-derived lavas to the 
heterogeneous structure of the deep mantle requires an understanding of the internal dynamics of 
plumes which depend on their rheology, composition, and excess temperature. In a purely 
thermal plume, assuming a Newtonian rheology, the morphology is controlled by the viscosity 
contrast between the hot plume and the colder ambient mantle. If the viscosity is strongly 
temperature-dependent, the plume develops a mushroom-shape, with a large head and a narrow 
tail (Richards et al., 1989). For a constant viscosity, the plume shape is finger-like (Whitehead 
and Luther, 1975; Korenaga, 2005). Moreover, the internal flow throughout a purely thermal 
plume depends on the viscosity contrast between the hot axial part of the conduit and its colder 
periphery; the vertical velocity is largest at the plume axis and decreases exponentially with the 
square of the radial distance from the axis (Olson et al. 1993). Such a velocity profile generates 
zones with high strain rates, where passive geochemical heterogeneities get stretched into 
filaments (Kerr and Mériaux, 2004, Farnetani and Hofmann, 2009).  

The lower mantle, however, is likely to be compositionally heterogeneous, which raises 
the question of how heterogeneous material entrained by a plume is deformed during upwelling 
and how the plume morphology and flow across the conduit are modified by those 
heterogeneities. Both laboratory experiments (Davaille 1999, Kumagai et al., 2008, Limare et al., 
2019) and numerical simulations (Christensen and Hofmann, 1994, Tackley, 1998, Nakagawa 
and Tackley, 2014, Li et al., 2014, Gülcher et al., 2020, Jones et al., 2021) have explored global 
convection and plume dynamics in a heterogeneous mantle. Compositional heterogeneities are 
often simulated as dense material (Gu et al., 2016), representing either eclogitic recycled crust, 
which is denser than the surrounding pyrolitic mantle (Hirose et al. 1999), or Fe-enriched, 
relatively primordial material (Deschamps et al., 2012, Nakagawa and Tackley, 2014, Li et al., 
2014). Rheological heterogeneities are often simulated as more viscous domains (Ballmer et al., 
2017; Gülcher et al., 2020), either because of a silica enrichment (Yamazaki et al., 2000, Ballmer 
et al., 2017), an increase in the mineral grain size (Ammann et al., 2010), and/or reduced water 
content (Hirth and Kohlstedt, 1996; Karato, 2010; Parai, 2022). These studies indicate that 
variations in density and/or rheology affect convective mixing efficiency by promoting the long-
term preservation of deep mantle heterogeneities. 

 Numerical simulations of mantle plumes (Fig. 5) suggest that after 4.5 Ga of convection, 
part of the recycled oceanic crust accumulates along the core-mantle boundary and forms large 
piles, while the remainder is dispersed in the mantle as small streaks (Gülcher et al. 2021). The 
primordial material, which is intrinsically more viscous than the surrounding mantle, partially 
survives as distinct blobs, and a fraction of the ancient FeO-rich basal layer can be preserved by 
incorporation into the denser basal piles. Numerical simulations (Farnetani et al., 2018) of mantle 
plumes carrying finite size (30–40 km radius) rheological heterogeneities that are 20–30 times 
more viscous than the surrounding rocks indicate that these heterogeneities can resist stretching 
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because they rotate during their ascent through the mantle. Such material could preserve and 
transport a distinct isotopic fingerprint from the deep mantle to the surface in mantle plumes. 

For thermo-chemical plumes, the subtle balance between positive thermal buoyancy and 
negative compositional buoyancy induces oscillatory behavior (Davaille, 1999) and complex 
internal dynamics, because some parts of the conduit might sink whereas other parts ascend 
(Kumagai et al., 2008). Furthermore, the idea that isotopic zonation in the plume conduit 
preserves large-scale zonation in the mantle source region might not be accurate for thermo-
chemical plumes because, under certain conditions, compositionally denser material rises 
preferentially at the plume axis (Jones et al., 2016). However, if chemical heterogeneity is a 
passive component of lower mantle structures (that is, if it has little effect on physical parameters 
such as density), and if lower mantle structures differ from each other mainly in their thermal 
properties, then isotopic zonation could potentially be preserved in the plume conduit (Jones et 
al., 2016).  
 
[H1] Importance of mantle flux 

The Hawaiian–Emperor chain has been used as the basis for many mantle plume models 
(Morgan, 1971). However, data accumulated from ocean islands worldwide suggest that Hawai‘i 
might be the exception for plume behavior, rather than the type-model. For example, the 
Hawaiian system has the highest buoyancy flux and mantle potential temperature of any 
terrestrial plume (Fig. 1a; King and Adam, 2014; Putirka, 2008; Garcia et al., 2020), and 
younger segments of the Hawaiian chain record much higher melt flux than most other plumes 
(Putirka, 2008; Garcia et al., 2015; Wessel, 2016). Furthermore, the correlation between 
buoyancy flux, mantle potential temperature, and elevated 3He/4He supports the inference that 
the Hawaiian plume results from dynamical processes rooted in the deep mantle (Bao et al., 
2022). Thus, the extent to which the Hawaiian plume can serve as the mantle plume archetype 
should be questioned; however, its importance as an accessible and well-studied but extreme 
example of intraplate volcanism cannot be minimized.  

Instead, OIBs can be effectively evaluated using a range of variables, such as plume 
strength and temperature, source mantle composition, and melting conditions. These variables 
can be assessed across a mantle plume spectrum, based primarily on magma flux (King and 
Adam, 2014). The Hawaiian–Emperor chain defines the mantle plume end-member with the 
strongest magma production. Samoa, Iceland, and Galápagos are also classified close to the high-
production end of the spectrum. They all have high 3He/4He ratios in some of their erupted lavas, 
elevated buoyancy fluxes (Jackson et al., 2017), and slow velocity zones and an LLSVP at their 
source (Williams et al., 2019). The other end of the spectrum is represented by weaker plumes, 
with potentially shallower sources, which do not exhibit multiple mantle geochemical 
components nor have mantle potential temperatures substantially hotter than MORBs. Examples 
at this end of the spectrum include Ascension, Cobb–Eickelberg seamounts on the Juan de Fuca 
ridge, and the Bowie–Kodiak (also called Pratt–Welker) seamount chain, which have not been 
associated with a lower mantle seismic wave tomography anomaly that extends to the CMB 
(French and Romanowicz, 2015). They also have isotopic compositions that are nearly 
indistinguishable from MORBs in part owing to plume–ridge interactions (such as Bowie–
Kodiak and Cobb–Eickelberg (Hegner and Tatsumoto, 1989; Chadwick et al., 2014)), and are 
among the coolest mantle plumes (Bao et al., 2022).  

Between the strong Hawaiian-type plumes and the weak Ascension-type systems are 
those that most closely emulate the classic model, such as Louisville, Kerguelen, Caroline, 
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Easter, Réunion, and Tristan. These plumes possess a voluminous head that formed a LIP, a 
plume tail that formed an age-progressive volcanic chain, and a buoyancy flux between ~0.5–
2 Mg s–1 that wanes over time. This flux-based plume spectrum provides a systematic reference 
framework for comparing mantle plumes and plume chemistry, which will prevent inappropriate 
comparisons between vastly dissimilar systems.  

 
[H1] Summary and future perspectives 

The study of mantle plumes, their sources, and chemical heterogeneity in the mantle has 
generated important hypotheses and ideas about major mantle processes such as convection, 
recycling of crustal materials, and mantle residence times, as well as the nature of interactions 
between various reservoirs throughout the Earth system. It is no coincidence that advances in 
analytical geochemistry capabilities have occurred alongside the increasing sophistication of 
mantle plume models. The improvement in precision, sensitivity, and resolving power of mass 
spectrometers has opened areas of the Periodic Table for analysis, including small isotopic 
anomalies, short-lived isotopic systems, and small mass-dependent fractionations that reflect 
early differentiation processes, recycling of subducted material into the mantle, and evidence for 
material preserved from Earth’s earliest history.  

The focused development of new isotopic and elemental analysis methods provides 
insight into large-scale planetary processes and compositional evolution, offering opportunities 
for future discoveries. Specifically, systems such as I–Pu–Xe, 182W/184W, and 142Nd/144Nd have 
the potential to resolve core–mantle interactions, and to document the preservation and sampling 
of early-formed reservoirs in the mantle. However, laboratories rarely have the capabilities to 
analyze both rare noble gases and low-abundance W and Nd isotopes, necessitating collaborative 
efforts to generate insights from different isotopic systems on the same set of samples.  

Improved analytical precision for more commonly analyzed isotopic systems (such as, 
Nd, Pb, and Hf isotopes) is essential to continue advancing the characterization of geochemical 
components in OIBs and examining differentiation processes throughout mantle history. This 
objective includes targeting melt inclusions, where extreme compositions from melted mantle 
heterogeneities can be captured prior to melt homogenization. Future work should also focus on 
exploring correlations across elemental and isotopic data sets. A database of high temperature 
and pressure isotopic fractionation factors will be essential to understand the processes affecting 
different isotopic systems. 

Some of the greatest insights in mantle geochemistry have come from targeted sampling 
strategies, in which isotopic systems are applied to locations that are likely to carry imprints of 
specific processes. Again, such studies require collaborations between laboratories and 
researchers, both for access to the advanced analytical techniques and to avoid analyzing sample 
powders in isolation from their geological contexts.  
 Collaborations between geophysicists, geochemists, and geodynamicists are key to 
resolving important questions about how the transport of heterogeneities from Earth’s mantle 
reservoirs to the surface is controlled by partial melting, plume-lithosphere interactions, and 
plume buoyancy forces. Debate persists regarding how geochemical components are entrained, 
mixed, stretched, stalled, and melted during mantle transport and ultimately expressed in erupted 
lavas. This uncertainty propagates into the models that explain geochemical variations in erupted 
lavas, which rely on the interpretation of spatial patterns and time-integrated signatures in those 
lavas. A better understanding of mantle geodynamics, along with how lithology affects the 
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melting and mixing of magmas, is needed to provide better constraints for understanding the 
source, evolution, and preservation of geochemical heterogeneities in the mantle. 

Finally, much is still unknown about the composition of seismically imaged mantle 
heterogeneities, in both the shallow and deep mantle and how they relate to chemical 
heterogeneities (Supplementary Fig. 10). The spatial differences in OIB compositions, both 
between different plume systems and over time at individual plumes, suggest that there are 
systematic variations in mantle geochemical domains on many scales that are currently poorly 
understood. Resolving uncertainties in mantle geodynamics and melt homogenization processes 
will help to determine whether these differences reflect distinct tectonic histories. Clearly, much 
remains to be learned about mantle plumes and the composition of the Earth. It is likely that the 
greatest advances will emerge from cross-disciplinary studies in diverse fields such as 
experimental petrology, mineral physics, numerical geodynamics, seismology, and 
geochemistry. 
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Data Availability 

Figures 2 a-f, and Supplementary figures were constructed from a combined dataset of 
precompiled files for oceanic island groups from GeoRoc and several curated datasets (Weis et 
al., 2020; Harpp and Weis, 2020; Harrison et al., 2020). New data were downloaded from the 
GeoRoc geochemistry database in October 2021 and included data from Azores, Easter and Salas 
y Gomez Islands, Iceland, Kerguelen, and St Helena. Primary GeoRoc data selection criteria 
were geological setting (Ocean Island), selection of ocean island chain, type of material (whole 
rock), and type of rock (volcanic rock). GeoRoc data from the initial search were combined with 
additional data downloaded from GeoRoc in July 2020 and 2021, some of which is presented in 
ref. (Harrison et al. (2020)). These data included Samoa, Cook–Austral Islands, Pitcairn–
Gambier, Easter, Galápagos, Society, and Mauritius (see their supplementary information for a 
full list of references). New Pitcairn and Society trace element concentration and isotope 
composition data from ref. (Cordier et al. (2021)) were added to the GeoRoc compilation, along 
with data from the Galápagos from ref.(Harpp and Weis (2020)). Hawaiian-Emperor data were 
taken from ref. (Weis et al. (2020)). The total number of samples in the compiled dataset is 
19,824 and most isotopic data is post-1990. The format of each of these precompiled files was 
standardized and imported into R, a free open-source statistical computing application for 
analysis and plotting. All datasets except those downloaded in October 2021 were renormalized 
to the same standard values to ensure comparability (Weis et al., 2020). For major element and 
isotope plots, no filters were used on the dataset to assess data quality, which varied between 
labs, instrumentation, methods, and detection limits over the past forty to fifty years (much of 
this metadata is not included in the GeoRoc database, or is inconsistently included and therefore 
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difficult to apply across such a varied dataset). For trace element plots, a filter of SiO2 greater 
than 55 wt.% and total alkalis (Na2O+K2O) less than 8 wt.% was applied to remove highly silica-
undersaturated samples or lavas that were produced by anomalously low degrees of partial 
melting. This filter removes samples with heavily enriched incompatible trace element 
concentrations, which would skew the average results presented in the extended trace element 
spider diagram.  
 
Figure captions 

Figure 1: Mantle plume locations and buoyancy flux compared to major mantle structures 
and locations of potential chemical reservoirs. a | A map of the velocity anomaly (Vs/Vs) on 
a tomography slice from the lowest mantle at 2,800 km depth, extracted from the SEMUCB-
WM1 model (French and Romanowicz, 2014), generated using the SubMachine online tool 
(Hosseini et al., 2018). Red, warmer, regions indicate the seismically slow Pacific and African–
Atlantic Large Low Shear Velocity Provinces (LLSVPs); blue, cooler, indicate regions that are 
seismically faster parts of the lowermost mantle. The mean depth anomaly within a 500 km 
diameter circle around a mantle plume was calculated with the MiFil volume method, after 
filtering out small-scale features such as seamounts and islands (King and Adam, 2014). The 
MiFil volume is a proxy for the bathymetric swell generated by the underlying mantle plume, 
which is assumed to correlate with the magnitude of its flux. The circle diameters correspond to 
the magnitude of buoyancy flux defined by the key on the right of the figure. The colored circles 
correspond to plumes with geochemical data shown in Figures 2–5 and Supplementary 
Figures 1-9. The white circles indicate mantle plume sites not included in subsequent figures. 
The grey circles indicate mantle plumes without flux estimates. Note the geographic proximity of 
mantle plumes to LLSVPs and how mantle plume buoyancy flux varies globally by orders of 
magnitude. b | Schematic cross-section of the mantle illustrating major mantle structures and 
locations of potential chemical reservoirs, including a heterogeneous LLSVP (indicated by 
different shades of orange, including mantle plumes), Ultra-Low Velocity Zones (ULVZs) (red), 
and subducted oceanic lithosphere (blue) that transports recycled surface materials into the 
mantle (such as sediments shown in brown). The reservoirs are defined by isotopic and trace 
element data from plume-generated ocean island basalt. Mantle mineral assemblages are shown 
from shallower to deeper mantle depths and consist of olivine (Ol), pyroxene (Py), garnet (Gt), 
ringwoodite (Ri), bridgmanite (Bm), and ferropericlase (Fp). The insets associated with each 
reservoir list the isotopic systems that are used to identify and trace the reservoir and the 
processes (Supplementary Table 2) and the processes that can be examined using these isotopic 
systems on material associated with each reservoir. The morphologies of the plumes, LLSVPs, 
and ULVZs (whose thickness has been exaggerated to be visible at the scale of the diagram), are 
informed broadly by seismic studies (French and Romanowicz, 2015; Wamba et al., 2023) and 
geodynamic results (Farnetani and Samuel, 2005; Davaille, 1999). The slab morphologies are 
guided roughly by seismic studies (Fukao and Obayashi, 2013; Garnero and McNamara, 2008) 
and geodynamic results (Jones at al., 2021; Nakagawa and Tackley, 2014). Mantle plume 
compositions reflect contributions from multiple mantle reservoirs, including recycled crustal 
material. EM-I: enriched mantle I; EM-II: enriched mantle II; HIMU: high μ (U/Pb). 
 
Figure 2: Radiogenic and Li isotope compositions of a selection of major ocean islands. a | 
206Pb/204Pb versus 208Pb/204Pb; b | 87Sr/86Sr versus 143Nd/144Nd; c | 143Nd/144Nd versus 176Hf/177Hf; 
d | 206Pb/204Pb versus 87Sr/86Sr. Island chains are classified by their global end-members, which 
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are indicated by their colour. In all panels, the grey field outlines Indian, Atlantic, and Pacific 
mid-ocean ridge basalts (MORB). The location of end-member compositions are indicated: 
DMM, depleted MORB mantle; EM-I enriched mantle I; EM-II, enriched mantle II; HIMU, high 
μ (U/Pb); PREMA, PREvalent MAntle. e | 7Li versus 206Pb/204Pb, the grey field includes data 
for Pacific, Atlantic, and Indian mid-ocean ridge basalts (MORB) (Elliott et al., 2006, Tomascek 
et al., 2008, and Marschall et al., 2017). f | Histogram of 7Li measurements of ocean island 
basalt (OIB) (Chan et al., 2003; Kobayashi et al., 2004; Ryan and Kyle, 2004; Nishio et al., 
2005; Chan et al., 2009; Vlastélic et al., 2009; Manga et al., 2011; Schusser et al., 2011; Krientiz 
et al., 2012, Genske et al., 2014; Harrison et al., 2015). All Pb isotope values are normalized to 
the same standard values (SRM 981 value of 206Pb/204Pb =16.9405). The lines outside the plots 
are histograms of data distribution. These plots illustrate the compositional distribution of the 
major mantle endmembers sampled by OIBs, and highlight the important observation that most 
oceanic island basalts have contributions from PREMA and at least one additional end-member. 
 
Figure 3: Representations of major mantle reservoir contributions to global plume 
buoyancy flux and to mantle plumes in 2-D space. a | An estimate of the total buoyancy flux 
for each end-member (grey bars), the black thick lines indicate the median values, and the 
colored box plot indicates the distribution around the median for each mantle component (King 
and Adam 2014). n is the number of plume locations included in the flux calculations for each 
group. The color circles indicate four outliers, such as mantle plumes with buoyancy flux 
substantially higher than the rest of the plumes in their respective group. The plumes groups are 
enriched mantle I (EM-I): Meteor, Fernando de Noronha, Tasmantid, Lord Howe, Marion, 
Tristan da Cunha–Gough, Hawaiʻi–Emperor, Jan Mayen, Kerguelen, Pitcairn–Gambier, 
Rarotonga, Discovery–Shona; enriched mantle II (EM-II): St. Paul–Amsterdam, Azores, 
Marquesas, Samoa, Tahiti–Society; PREvalent MAntle (PREMA): Galápagos (also depleted 
mantle, DM), Trindade–Martin, Crozet, Bouvet, Balleny, Ascension, Comores, Reunion, Bowie–
Kodiak (or Pratt–Welker; currently erupting DM), Caroline, Easter-Salas y Gomez, Juan de Fuca 
(also known as Cobb–Eickelberg and Patton–Murray; currently erupting DM), Juan Fernandez, 
Louisville; high μ (U/Pb) (HIMU): Vema, Bermuda, Cape Verde, Rurutu–Arago, St. Helena, 
Great Meteor, Canary, Macdonald (currently erupting PREMA), Baja–Guadalupe (also known as 
Fieberling), Socorro; DM: Iceland, Madeira, San Felix; continental: Yellowstone, East Africa, 
Eifel, Darfur, Afar, Tibesti, Cameroon, Hoggar, East Australia, Raton. EM-II and DM groups 
have highest median fluxes; EM-I has the largest total flux, dominated by Hawai’i–Emperor; 
EM-I median flux is indistinguishable from PREMA and HIMU. b | The relationship between 
representative ocean island arrays and the five main mantle end-member compositions (Zindler 
and Hart 1986) in three-dimensional isotopic ratio space (87Sr/86Sr , 143Nd/144Nd , 206Pb/ 204Pb) 
(Hart et al., 1992). The horizontal line between DM and HIMU corresponds to FOZO, the focal 
zone. Of the major mantle endmembers, Enriched Mantle (EM-I and -II) contributes most to 
mantle plume flux on a global scale, whereas HIMU is the smallest source of material, regardless 
of the parameter used to represent plume flux. 
 
Figure 4: Isotopic systems used to detect early Earth reservoirs. a | μ142Nd, that is 
142Nd/144Nd in parts per million (ppm) deviation from the terrestrial standard (JNdi-1, AMES, or 
νNd-b) measured in ocean island basalt samples (Andreasen et al., 2008; Murphy et al., 2010; 
Jackson and Carlson, 2012; Burkhardt et al., 2016; Saji et al., 2016; de Leeuw et al., 2017; 
Garçon et al., 2018; Horan et al., 2018; Peters et al., 2018; Hyung and Jacobsen, 2020). Baffin 
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Island samples are included because they have the highest 3He/4He ratios measured to date 
(Stuart et al., 2003). The error bars indicate 2SE (standard error when the sample was measured 
once) or 2SD (standard deviation when samples were measured several times), the number of 
measurements is indicated near the symbol. External reproducibility (2SD) is estimated by 
repeatedly measuring a standard reference material during the same analytical session as the 
samples (light grey, ~5 ppm; dark grey, 1.1 ppm based on 10 measurements of JNdi-1 (Hyung 
and Jacobsen 2020)). Red outlines indicate values with a SD that is significant compared to 
external reproducibility (Réunion (Peters et al., 2018); Samoa (Horan et al., 2018)). b | As in a 
but for μ182W (μ 182W is 182W/184W measured in OIB samples and reported in parts per million 
deviation relative to terrestrial standard, (Alfa Aesar)) (Mundl et al., 2017; Mundl-Petermeier et 
al., 2019; Rizo et al., 2019; Peters et al., 2021). External reproducibility is ~4–5 ppm; large 
deficits measured in OIB samples can be resolved clearly. Samples from Baffin Island are not 
included because 182W results are controversial; the positive μ182W could be an analytical artifact 
(Rizo et al., 2016, Kruijer and Kleine, 2018). Small variations in extinct isotopic systems 
represent either potential contributions from early-formed material or core interactions with the 
plume source. c | 129Xe/130Xe in mantle sources for Iceland (Mukhopadhyay, 2012), the Samoa 
Rochambeau Rift (Peto et al., 2013) and the Galápagos (accumulated gas (Péron et al., 2021)). 
Error bars are 1SD following convention in the noble gas literature. The depleted mantle source 
(solid grey line) is 129Xe/130Xe = 7.8 from mid-ocean ridge basalts (MORBs) and well gases 
(Moreira et al., 1998; Holland and Ballentine, 2006; Parai et al., 2012; Tucker et al., 2012). The 
atmospheric source (dashed grey line) is 129Xe/130Xe = 6.496 (Basford et al., 1973), which is 
distinctly lower than 129Xe/130Xe determined for OIB and MORB mantle sources. Noble gas 
systematics highlight the compositional differences between the MORB and OIB mantle sources. 
d | Step-crush data with 1SD error bars are shown for Iceland, Samoa and N. Atlantic MORB 
(Moreira et al., 1998; Mukhopadhyay, 2012; Peto et al., 2013; Parai and Mukhopadhyay, 2021). 
Neither post-eruptive atmospheric contaminated mantle (illustrated by the trends toward 
atmospheric values in the step-crush data) nor incorporation of regassed atmospheric Xe into the 
mantle can explain the OIB data arrays in 129Xe/130Xe–3He/130Xe space. The low 129Xe/130Xe in 
OIB mantle sources are thus interpreted to reflect a lower I/Xe ratio during the lifetime of 129I 
compared to the upper mantle (Moreira et al., 1998; Parai and Mukhopadhyay, 2021). Short-
lived isotopic decay products indicate OIB sample early-formed reservoirs, and provide insight 
into early Earth evolution processes. Concerted efforts to measure μ142Nd, μ182W and Xe 
isotopes in the same samples are needed to better understand what processes generated these 
early-formed signatures and how they have been preserved in the mantle. 
 
Figure 5: Mantle convection simulations in two-dimensional spherical annulus geometry 
Numerical simulations of mantle plumes showing contributions of materials with distinct 
compositions (see composition triangle) initially forming a layer of thickness Dprim, the 
primordial layer thickness (1650 km in a and 1617 km in b): Basalt (blue); Harzburgite (beige); a 
bridgmanitic primordial material (dark red), which is rheologically more viscous (primordial 
lower mantle viscosity contrast λprim (100 in a and 50 in b)). B is the primordial buoyancy ratio, 
varying between 0.07-0.78 (0.28 in both panels here). The model also features an ancient FeO-
rich basal layer (magenta) with the same physical properties as basalt. The color scale bar shows 
the age of the material forming the basal piles. These models illustrate that mantle convection 
over 4.5 Gyr yields a strongly heterogeneous mantle that is capable of producing the wide range 
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of compositional variations observed in OIBs around the world. Part a and b are adapted from 
ref. (Gülcher et al., 2021), CC BY 4.0. 
 
 
Box 1: Mantle plumes and LIPs 

Geodynamic models and analog experiments indicate that when plumes begin to rise through the 
mantle, upwelling material takes the form of a mushroom, with a large, semicircular head trailed 
by a narrow tail (Richards et al., 1989; Farnetani et al., 2002; Kerr and Mériaux, 2004; Lin and 
van Keken, 2006). Initial melt production is high, owing to the large volume of the plume head. 
When the plume head melts, it produces Large Igneous Provinces (LIPs) on land (for example, 
Deccan, Siberian Traps), below sea level (such as, Shatsky, Ontong–Java, Manihiki oceanic 
plateaus), or both (Kerguelen). This LIP phase is usually brief (1-3 Myr), but can last longer and 
involves large mantle volumes. Part a of the figure shows the minimum and maximum relative 
volumes of several LIPs as cross-sections of spheres scaled to estimates of the volume of partial 
melting during their emplacement (Coffin and Eldholm, 1994). The LIP phase of plume activity 
is followed by a reduction in melt production, which yields oceanic island basalts (OIBs) sourced 
from the plume tail; this phase often lasts millions of years (White and McKenzie, 1989; Sleep, 
1990; Campbell and Griffiths, 1990; White, 1993; Kumagai et al., 2008). NAIP: North Atlantic 
Igneous Province; CRFB: Columbia River Flood Basalts. 
 
The sheer size of plume heads requires a large volume of material from the lower mantle. Indeed, 
mantle plumes are associated with low seismic velocities, reflecting the elevated temperature of 
ascending mantle material (Montelli et al., 2006; Putirka et al., 2007). As a result of findings 
from seismic studies of the lower mantle (Dziewonski and Woodhouse, 1987; Garnero, 2000; 
Masters et al., 2000; Garnero et al., 2007) mantle plume models have evolved from the classical 
mushroom-shaped, thermal model toward more complex thermo-chemical structures. The 
internal dynamics of thermo-chemical plumes reflect the interplay between positive (thermal) 
and negative (compositional) buoyancy forces. The symmetrical geometry is often lost (Tackley, 
1998; Davaille, 1999, Farnetani and Samuel, 2005) because some parts of the plume conduit sink 
(Kumagai et al., 2008) whereas others ascend slowly. 
 
The geochemical signatures of LIP phases reflect the complex relationship between 
compositional heterogeneity and the internal structures of mantle plumes. Components sampled 
by LIP melts include the plume material itself, upper mantle, and even lithospheric material. 
Such signals are often more strongly observed in LIPs emplaced on continents than in submarine 
settings. Geochemical contributions to LIPs can be identified using alteration-resistant, so-called 
immobile elements, which include Th, Ti, Yb, and Nb. During mantle melting, these elements 
behave similarly and predictably, making them useful both as proxies for common mechanisms 
that affect mantle-derived melts and for different mantle and/or crustal components (Pearce et 
al., 2021). Elevated Th/Nb ratios in LIP melts (part b of the figure) reflect increased crustal 
contamination. The TiO2/Yb ratio increases with depth of melt generation (more melting in the 
garnet region of the mantle, >80 km) (Doucet et al., 2005; Frey et al., 2002; Yang et al., 1998); 
this ratio also increases as the partial melting extent decreases, a signature frequently observed in 
the OIB (plume tail) phase, when considerably less melt is being generated than during the LIP 
stage.  
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The Kerguelen mantle plume produced a hybrid LIP, consisting of continental flood basalts in 
the early stages (>120 Ma), followed by an oceanic plateau (119-95 Ma), then a plume trail (82-
38 Ma), the Kerguelen Archipelago (30 Ma-now) and Heard Island (Frey et al., 2002). Kerguelen 
lavas preserve signatures of multiple components whose origins vary from the lower mantle to 
the crust, providing a valuable cross-section of the mantle reservoirs supplying the Kerguelen 
plume. Kerguelen melts are predominantly within the oceanic field (red circles in part b of the 
figure), overlapping with other LIP fields and extending slightly into the transitional area 
between MORB-dominant and OIB-dominant LIP melts (Weis and Frey, 2002). A few older 
samples also overlap with the EM–OIB and lithospheric fields, the latter of which is interpreted 
as crustal contamination of LIP melts, a phenomenon commonly observed in continental settings 
(Pearce et al., 2021). SZLM: Subduction Zone-Lithospheric Mantle; OPB: Ocean Plateau Basalt; 
EM: Enriched Mantle; MORB: Mid-Ocean Ridge Basalt. 
 
Box 2: An introduction to isotopes and isotopic analysis 

 
Isotopes of a chemical element have the same number of protons in their nucleus but differ in 
their number of neutrons. The relative abundance of one isotope to another is measured by a 
mass spectrometer. Isotopes can be classified on the basis of their stability and formation 
pathways. 
 
[bH1] Radiogenic isotopes 
Radioactive isotopes have unstable atomic nuclei that emit radiation and spontaneously 
transform into another isotope, the radiogenic product. Their decay rate is characterized by the 
half-life (T1/2), which is the time for half of a given amount of the parent isotope to decay. In 
geological settings, time is primarily responsible for differences in radiogenic isotopic 
compositions. Isotopes with T1/2 > 100 Myr, such as 87Rb and 147Sm, are still decaying today (see 
figure). The resulting variations in the abundances of daughter products take millions to billions 
of years to develop, and are measured relative to a stable isotope of the same element (87Sr/86Sr 
and 143Nd/144Nd) using mass spectrometry (Box 3). Such long-lived isotopic systems are used for 
geochronology and fingerprinting sources of materials. Conversely, radioactive isotopes with 
T1/2 < 100 Myr have now fully decayed and are extinct, providing information about events that 
happened very early in Earth’s history. 
 
Neodymium provides an example of differences between short and long half-life isotope 
systems, with two radiogenic isotopes (142Nd, 143Nd) produced by decay of two radioactive 
isotopes of Sm (146Sm,147Sm) with very different half-lives. Therefore, the two isotopic systems 
display isotopic variations that reflect distinct processes; the 146Sm-142Nd system tracks the 
presence of early Earth material and the 147Sm-143Nd system documents long-term source 
changes. Whereas the 147Sm-143Nd system has been analytically accessible since the 1980s, the 
variations in 142Nd due to 146Sm decay are so small that measuring 142Nd/144Nd is almost at the 
limit of analytical capabilities of modern mass spectrometers, and has only been achievable since 
2000.  
 
Unlike trace elements (defined as elements that are not structural components of major mantle 
minerals and have abundances <0.1 wt.%), radiogenic isotopic compositions are not affected by 
the degree of partial melting or the crystallization history of a melt. Therefore, radiogenic 
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isotopic ratios (such as 87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb, 4He/3He, or 177Hf/176Hf) of a basalt 
represent the composition of the material that melted to produce the basalt, providing time-
integrated information about its origin. In contrast, variations of extinct radiogenic isotopic 
systems (such as, 142Nd/144Nd, 182W/184W, 129Xe/130Xe) indicate the presence of material that 
differentiated from the rest of the mantle during accretion. 
 
[bH1] Stable Isotopes 
Isotopes with a stable nucleus have invariant isotopic abundances. Some of these isotopes, 
especially light elements, can be fractionated by physical, biological, and sometimes chemical 
processes, and are used to trace fractionation processes rather than the long-term evolution of the 
lava source. Examples include atmospheric weathering (O), groundwater interaction (H, O, C), 
sediment recycling (Li, Tl), and redox changes (Fe). 
 
[bH1] Noble Gases 
All noble gases have radiogenic and stable isotopes. For many radioactive systems 
(Supplementary Table 2), parent–daughter fractionation by gas loss within the lifetime of the 
radioactive isotope generates variations in radiogenic noble gas isotope signatures over time. For 
example, 3He is primordial, because it is a stable, non-radiogenic isotope whose abundance was 
established during accretion; any primordial isotopes lost to the atmosphere are not replaced in 
Earth’s noble gas budget. Primordial noble gas isotopes are no different from the stable, non-
radiogenic normalizing isotopes used in other decay systems (such as 204Pb). Accordingly, the 
less commonly used notation 4He/3He is consistent with radiogenic isotope convention, but 
helium isotopic ratios are usually reported as the inverse, 3He/4He. In contrast with other isotopic 
systems, however, 4He is continuously produced by radioactive decay of 235U, 238U, and 232Th. 
Unradiogenic He isotopic ratios sample reservoirs that have experienced less degassing 
(transport of gas from the mantle to the atmosphere associated with mantle processing by partial 
melting and volcanism). A less-degassed mantle reservoir has relatively high 3He/4He (or low 
4He/3He) because it has retained more of its primordial He, and the impact of radiogenic 
ingrowth of 4He is muted compared to the rest of the mantle. Furthermore, a less-degassed 
reservoir is not necessarily primordial mantle. Regassing (transport of atmospheric gases into the 
mantle via subducted slabs) of He is negligible as it is light enough to escape to the atmosphere. 
Atmospheric contamination during or after sample formation affects Ne, Ar, Kr and Xe isotopic 
compositions measured in all OIBs. Corrections are needed to determine the mantle source 
composition and assess whether regassing has affected the mantle being sampled in any given 
analysis. 
 
Box 3 Analytical precision in the determination of radiogenic isotopic ratios  

 
142Nd/144Nd and 182W/184W ratios are mainly determined using thermal-ionization mass 
spectrometry (TIMS) techniques that allow high precision analysis, but they also require 
considerable time and effort to achieve successfully. Analytical artifacts can produce small 
isotopic variations in TIMS measurements, which can be linked to factors such as isotopic ratios 
not following the exponential law (Upadhyay et al., 2008), the rate of mass fractionation being 
too high for dynamic measurements (Roth et al., 2014), mixing of different sample reservoirs on 
the filaments (Upadhyay et al., 2008, Roth et al., 2014), non-mass dependent isotopic variations 
caused by the chemical separation protocol (Garçon et al., 2018; Kruijer and Kleine, 2018; Saji 
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et al., 2016), and the need to improve the determination of O isotope composition for TIMS 
measurements of W isotope in oxide form (Trinquier et al., 2016). Deviations in the 142Nd/144Nd 
and 182W/184W systems are small; therefore, they are expressed in μ-notation (deviation in parts 
per million relative to the average ratio measured in the terrestrial standard). 
 
High precision isotopic ratio measurements reveal small differences between the terrestrial 
standards commonly used in the different laboratories (O’Neil et al., 2008; Saji et al., 2016), as 
exemplified by the variation of a few parts per million in 142Nd/144Nd ratios measured in La Jolla, 
JNdi-1, and AMES Nd. A multi-mass-step acquisition scheme enables all isotopic ratios of the 
element to be determined in dynamic mode, with subsequent application of quality-control 
criteria (Garçon et al., 2018). 
 
When publishing isotopic data, analytical uncertainty is reported as 2SD (standard deviation, 
calculated from repeated measurements of the same sample) or 2SE (standard error, where 2SE = 
2SD/√N and N is the number of measurements). The SE corresponds to the internal error when 
the sample is measured once. The scientific community has debated the significance of a 
deviation relative to its analytical precision extensively, without a clear resolution. Regardless of 
the choice of 2SD or 2SE, publications claiming high-precision isotopic measurements should 
thoroughly describe the analytical protocols used and all data associated with the measurement, 
and should also present the results for international, cross-calibrated reference standard 
materials. A rigorous analysis requires that an appropriate number of duplicate, replicate, and 
total blank measurements be performed and their results reported in the publication. 
 
To achieve high-precision isotopic OIB measurements it is important to measure only the 
original, magmatic composition of the basalt, which is achieved primarily through appropriate 
sample preparation procedures. For example, Rb–Sr, U–Pb, and stable Li isotopic systems are 
susceptible to perturbation by seawater alteration, and Tl and Pb isotopic measurements are 
sensitive to ferromanganese precipitation. These secondary products must be removed by 
physical separation and cleaning followed by careful, systematic acid leaching procedures 
(Manhès et al., 1978; Dupré and Allègre, 1980; McDonough and Chauvel, 1991; Abouchami et 
al., 2000; Weis et al., 2006, 2007; Hanano et al., 2009; Nobre Silva et al., 2009, 2010; 
Williamson et al., 2021). Finally, older OIB samples (>7–10 Ma) must be age-corrected for in-
situ decay since their eruption (Harrison et al., 2017; Harrison and Weis, 2018). Age correction 
requires measurements of the elemental parent–daughter ratio of the unleached sample. For the 
U-Th-Pb system in particular, care must be taken to estimate the primary U concentration in 
submarine OIB properly, as U is susceptible to secondary alteration. For example, primary U can 
be estimated using the Th/U of unaltered samples (Nobre Silva et al., 2013b; Harrison et al., 
2017). 
 
In OIB studies it is difficult to compare data on the same samples when measured using different 
instruments, methods, and/or analytical laboratories. These comparisons require geochemists to 
apply a normalization scheme based on published values for standards and reference materials 
(Weis et al., 2011, 2020). It is essential that the same standard and reference values are used 
otherwise spurious correlations can occur.  
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The Earth’s mantle influences many dynamic processes such as crust formation, recycling, and 
mantle convection. This Review explores modern isotopic methods used to characterize plume-
derived basalts and therefore gain insight into the mantle’s composition. 


