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Abstract 

Geochemically enriched signatures in global oceanic basalts have long indicated a heterogeneous 

mantle source, but the role of lithologic heterogeneity in producing mantle partial melts, 

particularly fertile pyroxenite rocks, remains unclear. Uranium-series disequilibria in basalts are 

particularly sensitive to the increased garnet mode and melting rates of pyroxenite rocks, making 

the system a useful indicator of mantle lithologic heterogeneity in the melt region for oceanic 

basalts. Here we summarize evidence for the presence and importance of pyroxenite rocks in the 

upper mantle and their role in melt generation of mid-ocean ridge basalts and ocean island 

basalts, with a synthesis of U-series disequilibrium systematics in oceanic basalts and 

implications for global lithologic heterogeneity of the upper mantle. We further synthesize the 

melt modeling approaches for the interpretation of U-series disequilibria in basalts and 

demonstrate the use of numerical solution models for time-dependent reactive porous flow and 

dynamic melting during decompression of a two-lithology mantle in thermal equilibrium. Our 

model outcomes corroborate prior interpretations in favor of reactive porous flow and two-

porosity transport for relatively homogeneous, peridotite-dominated mantle regimes, and further 

supports contributions of pyroxenite partial melts to aggregated melts in order to reproduce the 

heterogeneous global basalt data. To most accurately predict the conditions of melting by 

comparison with measured data, two-lithology melting calculations should carefully consider the 

role of thermal equilibrium, mineral/melt partitioning, non-linear variations in mineral modes, 

and degree of melting during the melting process.  
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1. INTRODUCTION 

The lithologic makeup of the Earth’s mantle remains a fundamental question in geoscience, with 

major implications for chemical planetary evolution and the nature of chemical exchanges and 

dynamic forcings between the mantle and the crust. Lithologic heterogeneity in the mantle, 

especially the presence of mafic lithologies such as eclogite and pyroxenite, could play an 

important role in the generation of basaltic ocean crust at both divergent tectonic settings and 

oceanic hotspots, which together constitute the overwhelming majority of magmatic and volcanic 

activity on Earth (e.g., Allègre et al., 1984; Chase, 1981; Hirschmann and Stolper, 1996; 

Hofmann, 1997; Zindler et al., 1984). Understanding the nature and role of those heterogeneities 

is thus crucial for achieving a greater understanding of mantle dynamics, mantle chemical 

evolution, oceanic crust genesis, and plate tectonics. 

Much has been accomplished since Allegre and Condomines (1982) proposed that U-series 

isotopes could be used to detect the influence of mafic mantle lithologies on the generation of 

oceanic basalts (e.g., Elkins et al., 2016; Koornneef et al., 2012; Prytulak and Elliott, 2009; 

Prytulak et al., 2014; Russo et al., 2009; Turner et al., 2015; Waters et al., 2011). These 

developments are largely owed to the particular sensitivity of U-series isotope systems to garnet 

mode and mantle fertility, both effective tracers of source lithology (e.g., Elkins et al., 2014; 

2016; Hirschmann and Stolper, 1996; Koornneef et al., 2012; Pertermann and Hirschmann, 

2003a; Prytulak and Elliott, 2009). The technique has been particularly effective when coupled 

with major element, trace element, and/or radiogenic isotope data, which help to identify long-

lived compositional variations in the mantle domain (e.g., Elkins et al., 2014; 2016; Koornneef et 

al., 2012; Prytulak and Elliott, 2009; Waters et al., 2011). While there are limitations to the U-

series disequilibrium technique, the current state of study is encouraging and suggests a 
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promising avenue forward for investigating lithologic heterogeneity in the mantle source of 

recently erupted oceanic basalts. On the whole, results from U-series isotope measurements and 

modeling broadly support the presence and important melting role of pyroxenite in the sub-

oceanic mantle. 

This paper discusses our current understanding of U-series detection of lithologic source 

heterogeneity in oceanic basalts, with an aim to review and synthesize the developments of 

recent decades, and to offer suggestions for future directions in the study of mantle lithologic 

heterogeneity and its implications. The specific questions addressed by this review are two-fold: 

1) how are U-series isotopes a useful tool for investigating the nature and magnitude of mantle 

lithologic heterogeneity? and 2) how has this technique helped our understanding of mantle 

makeup and melt generation processes to date, and where might the geochemical community 

best concentrate its future efforts? Below, we address these questions through a synthesis of 

recent research, including a fresh look at lithologically-focused melting models to interpret U-

series geochemical data. 

Due to our primary focus on mantle lithologies and to limit the scope of this review, we do not 

address the possible impacts of volatile content on melting and U-series isotopes here, and the 

reader is referred to studies that have considered this question for further analysis (e.g., Asimow 

et al., 2004; Bourdon et al., 1996a; 2005; 2006; Reagan et al., 2017; Turner et al., 1997). 

Likewise, we focus on lithologies contributing to partial melting and basalt genesis, and do not 

address what nonetheless clearly constitutes an important dimension of mantle heterogeneity and 

of the chemical evolution of the mantle, namely refractory lithologies such as dunites and 

harzburgites (Rampone and Hofmann, 2012; Warren, 2016, and references therein). 
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2. A LITHOLOGICALLY HETEROGENEOUS MANTLE 

2.1. The nature of mantle heterogeneity 

Studies of mid-ocean ridge and hotspot volcanism have long called for heterogeneous source  

regions (Hofmann, 1997, 2007, and references therein). While the presence of chemical 

heterogeneity is not contested, ongoing debate has centered on the lithologic hosts for this 

heterogeneity in the mantle (e.g., Chazot et al., 2005; Constantin et al., 1995; Dantas et al., 2007; 

Hébert et al., 2001; Hirschmann and Stolper, 1996; Kempton and Stephens, 1997; Rampone and 

Borghini, 2008; van Acken et al., 2008; Warren et al., 2009). The two main schools of thought 

suggest that: (1) chemical heterogeneity is hosted in olivine-poor, pyroxene-rich mafic 

lithologies, i.e. “pyroxenites” (e.g., (Hirschmann and Stolper, 1996), which, based on lithological 

proportions in orogenic massifs, may constitute 2 to 5% of the Earth’s upper mantle; or (2) 

chemical heterogeneity is hosted in (metasomatized) peridotites and no lithological heterogeneity 

is required (e.g., Prytulak and Elliott, 2009; Stracke et al., 1999). 

The large compositional variability of pyroxenites in both major and trace elements obscures 

how influential these lithological heterogeneities can be in generating oceanic basalts, 

contributing to the ongoing debate. Pyroxenites range from basaltic to ultramafic compositions 

(Kogiso et al., 2004; Lambart et al., 2013) and present rare earth element (REE) patterns either 

broadly parallel to normal MORB or exhibiting strong fractionation, with low HREE 

concentrations and/or significant LREE-enrichment (Downes, 2007). Radiogenic isotope 

signatures of observed mantle pyroxenites likewise extend towards multiple mantle end-

members, suggesting diverse origins (e.g., Day et al., 2009; Medaris et al., 1995; Varas-Reus et 

al., 2018; Xu, 2002).  
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The potential presence of diverse mantle lithologies has broad implications for the chemical 

evolution of the Earth’s mantle. In the simplest scenarios, pyroxenites are inferred to originate by 

plate tectonic recycling: subducted crust enters the convecting mantle, metamorphoses to high-

density eclogite rock, and is eventually returned to the shallow upper mantle by mantle 

convection or deep-seated mantle plumes, either as upwelling “plums” or mechanically stirred 

veins (e.g., Halliday et al., 1995; Kellogg and Turcotte, 1990; Phipps Morgan, 2001; van Keken 

et al., 2002; White and Hofmann, 1982). More refined models incorporate subduction recycling 

of the underlying oceanic lithosphere (Kerr et al., 1995), consider more diverse subducted 

lithologies (e.g., Herzberg, 2010), and evaluate the chemical changes rocks may experience 

during subduction, such as dehydration reactions and fluid loss (e.g., Kogiso et al., 2003) or early 

melting events (e.g., McDonough, 1991). Delamination of underplated continental basalts can 

also act as an additional source of mafic rocks in the mantle (e.g., Elkins-Tanton and Foulger, 

2005; Jull and Kelemen, 2001; Kay and Kay, 1993; Lee and Anderson, 2015). This complex set 

of scenarios underscores the importance and likelihood of a highly heterogeneous source. 

Empirical (e.g., Brunelli et al., 2005; Dick et al., 2010; Godard et al., 2008; Hellebrand et al., 

2002; Seyler et al., 2007) and experimental (e.g., Lambart et al., 2012; Lundstrom et al., 2000; 

Sobolev et al., 2007; Yaxley and Green, 1998) observations further suggest that additional 

processes (mechanical mixing, chemical hybridization, melt impregnation, or melt 

metasomatism) may generate and modify pyroxenites in the mantle, leading to predictions for 

additional variability that can be expected in the mantle source. Such sources further complicate 

our picture of the mantle, and it remains unclear how important this degree of heterogeneity 

would be during melting and mixing of melts from a broad mantle zone. 

2.2. Partial melting in a lithologically heterogeneous mantle 
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The debate around the role of mantle pyroxenite in generating oceanic basalts centers on 

determining the degree to which the presence of a small amount of fusible lithology impacts the 

quantity and composition of resulting partial melts under typical mantle conditions. Since the 

2000s, numerous experimental studies have investigated the melting behavior of pyroxenite in an 

effort to address this question (Lambart et al., 2013, and references therein). Notably, most 

pyroxenite compositions referenced in the literature have lower solidus temperatures and shorter 

melting intervals (i.e., the difference in temperature between solidus and liquidus) than those of 

peridotite rocks: approximately 75% of observed pyroxenite compositions have solidus 

temperatures as much as 50-150ºC below those of peridotites in the mantle, and melting intervals 

range from ~150ºC in some pyroxenites to as much as 400-500ºC in peridotite rocks 

(Hirschmann and Stolper, 1996; Lambart et al., 2016). As a result, pyroxenite melting is 

expected to initiate deeper and be more productive than peridotite melting under similar 

conditions, and thus to have a disproportionate impact on the compositions of basalts (e.g., 

Hirschmann and Stolper, 1996; Sleep, 1984). Furthermore, a small pyroxenite fraction within an 

ambient peridotitic mantle experiences enhanced melting due to heat exchange below the 

peridotite solidus (e.g., Hirschmann and Stolper, 1996; Phipps Morgan, 2001; Sleep, 1984; 

Stolper and Asimow, 2007; Stracke and Bourdon, 2009), further reinforcing the impact of 

pyroxenite melting. To further complicate matters, solidus depths and melting intervals, as well 

as the chemical compositions of resulting partial melts, are potentially affected by composition 

and mineralogy of the source rock, including garnet mode, alkali and Ti contents, Mg number, 

and vacancies in clinopyroxene (Kogiso et al., 2004a; Lambart et al., 2016; Pertermann and 

Hirschmann, 2003a; Rosenthal et al., 2014; 2018). In particular, pyroxenite partial melts are 

expected to have high Fe and Ti contents, highly variable CaO/Al2O3 ratios and SiO2 contents, 
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and distinct trace element ratios (Ba/Th, La/Nb, Sr/Nd) compared to peridotite partial melts 

(Hirschmann et al., 2003; Kogiso et al., 2003, 2004a; Lambart et al., 2009, 2013; Prytulak and 

Elliott, 2007; Spandler et al., 2017; Stracke and Bourdon, 2009). 

Predicting the outcomes of pyroxenite melting relies on accurate calculations for those processes, 

but forward melt model calculations of decompression melting in a heterogeneous mantle must 

also assume a particular melting regime. The two most common scenarios for geochemical 

models in the literature consider each lithology either in both thermal and chemical isolation 

(e.g., Koornneef et al., 2012; Natland, 1989; Prinzhofer et al., 1989; Zhang et al., 2012) or in 

thermal equilibrium, but chemically isolated (e.g., Borghini et al., 2017; Brunelli et al., 2018; 

Hirschmann and Stolper, 1996; Rudge et al., 2013; Sims et al., 2013), two scenarios that can be 

expressed in terms of length-scale of heterogeneity. The case of thermal isolation corresponds to 

the presence of a large-scale heterogeneity (>10 km), consistent with geophysical observations 

(e.g., Ishii and Tromp, 1999; Kaneshima and Helffrich, 1999), while the thermal equilibrium 

case corresponds to shorter length scales (kilometer-sized or smaller), consistent with several 

recent studies (e.g., Harvey et al., 2006; Liu and Liang, 2017; Liu et al., 2008; Shorttle and 

Maclennan, 2011; Warren and Shirey, 2012).  

For the thermal equilibrium scenario, energy exchange has been usually approximated using a 

thermal regime in which the pressure-temperature path is controlled by adiabatic melting of 

dominant peridotite rocks (e.g., Hirschmann and Stolper, 1996; Lambart et al., 2009). Recently, 

Lambart (2017) instead considered the effects of full thermal energy exchange between 

pyroxenite and peridotite source rocks by imposing Phipps-Morgan’s (2001) model for energy 

exchange between lithologies, together with Lambart et al.’s (2016) parameterization of 

pyroxenite experimental outcomes to assess pyroxenite melt fractions. Much like predictions by 
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Hirschmann and Stolper (1996), Pertermann and Hirschmann (2003a), and others, Lambart’s 

(2017) approach illustrated that prior to peridotite melting, pyroxenites with deeper solidi follow 

a superadiabatic pressure-temperature path because they draw heat from the ambient peridotite. 

A key difference in the outcomes of melting with full thermal exchange is slowing or stopping of 

pyroxenite melting when the peridotite solidus is reached, due to the shallower P/T slope of the 

pyroxenite solidus than that of the peridotite; this effect is enhanced when larger quantities of 

pyroxenite are present. This outcome agrees with predictions by Sobolev et al. (2005) and Phipps 

Morgan (2001) that, contrary to previous assumptions, pyroxenites may not fully melt during 

mantle upwelling. The revised melting paths produce significant differences in trace element 

compositions for mixtures of melts derived from the two lithologies (Lambart, 2017). 

Beyond the most simple melt modeling outcomes, the mode of melt transport and extraction in a 

multi-lithologic mantle may further impact the composition of erupted basalts (e.g., Ito and 

Mahoney, 2005a; Ito and Mahoney, 2005b; Stracke and Bourdon, 2009, and references therein). 

Indeed, evidence from Os isotopes suggests the participation of mafic lithologies in oceanic 

basalt genesis (e.g., Hauri and Hart, 1993; Lassiter et al., 2000; Schiano et al., 1997), but 

importantly, melting of pyroxenite to produce oceanic basalts may require rapid transport of 

magma from the source to the surface in order to preserve the radiogenic signature of the 

pyroxenite (Kogiso et al., 2004b). With rapid transport, heterogeneities as small as 0.1 to 1 m in 

diameter may be sufficiently large to segregate partial melts without reequilibrating or freezing 

(Kogiso et al., 2004b) and thus impact final basalt compositions significantly. Recent energy-

constrained modeling calculations (Hewitt, 2010; Katz and Weatherley, 2012; Weatherley and 

Katz, 2012) have further advanced previous suggestions that lithologic heterogeneity in a 

melting regime may produce reaction infiltration instabilities leading to channelized flow (e.g., 
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Aharonov et al., 1997; Daines and Kohlstedt, 1994; Kelemen et al., 1997; Spiegelman et al., 

2001), which in turn would influence magma mixing, basalt compositions, and the efficiency of 

melt extraction, making such heterogeneities potentially highly consequential to mantle and 

crustal dynamics. Weatherley and Katz (2012), in particular, observed that over a wide range of 

parameters, lithologic heterogeneity consistently causes high-porosity channels to form in the 

upwelling mantle, strongly influencing magma transport dynamics. Further tests by Weatherley 

and Katz (2016) have confirmed that channel formation appears robust for different sizes, 

shapes, abundances, distributions, and compositional ranges of fusible heterogeneities. In their 

models, channels form immediately after crossing the solidus of the lower productivity, ambient 

peridotite rocks (Weatherley and Katz, 2016), in good agreement with previous expectations 

(Lundstrom, 2000; Mallik and Dasgupta, 2012; Spiegelman and Kelemen, 2003); the channels 

are thereafter protected by cool sheaths that maintain channel stability throughout the melt zone 

(Pertermann and Hirschmann, 2003a; Weatherley and Katz, 2012). If correct, the findings 

summarized above would support a key and central role for pyroxenite in producing oceanic 

crust through its influence on melt generation and magma transport processes. 

2.3. Constraints on mantle lithologies from basalt geochemistry 

The compositions of oceanic basalts themselves provide important clues to the nature of the 

mantle melt source, but as basalts represent mixtures of melts from a complex and potentially 

large melting regime, interpreting their chemistry requires careful analysis, and work to-date has 

provided conflicting results. The major element, trace element, and radiogenic isotope 

compositions of oceanic basalts have previously been studied to investigate the presence and 

importance of lithological heterogeneities in the upper mantle (e.g., Hirschmann et al., 2003; Le 

Roux et al., 2002; Shorttle et al., 2014; Stracke and Bourdon, 2009). For major element 
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compositions, these interpretations have, in part, been premised on comparisons of basalt 

compositions with experimental results for peridotite and pyroxenite melting under mantle 

temperature and pressure conditions. Low CaO and high SiO2 and NiO contents of Hawaiian 

tholeiites have been interpreted to indicate partial melt contributions from hybrid secondary 

pyroxenite (Herzberg, 2006; Sobolev et al., 2005), i.e., olivine-free garnet pyroxenite formed 

through the chemical reaction of eclogite-derived partial melts with peridotite rocks (Sobolev et 

al., 2005; Yaxley and Green, 1998). Partial melts derived from silica-deficient pyroxenites are 

less silicic and more alkaline than peridotite melts (Hirschmann et al., 2003; Kogiso et al., 2003; 

Lambart et al., 2009), leading Hirschmann et al. (2003) to further suggest that silica-deficient 

pyroxenite may contribute to the genesis of alkali basalts from ocean island settings. Low SiO2 

concentrations coupled with high FeO contents in MORB have also been suggested as an 

indicator of pyroxenite in the mantle source (Lambart et al., 2009, 2013). 

Transition element (e.g., Ti, Mn, Fe, Co, Ni, Zn) concentrations in magmas have been recently 

used as additional indicators of mantle source mineralogy (e.g., Davis et al., 2013; Herzberg, 

2010; Humayun et al., 2004; Le Roux et al., 2010, 2011; Prytulak and Elliott, 2007; Qin and 

Humayun, 2008; Sobolev et al., 2005, 2007), though the reliability of this approach is debated 

(Matzen et al., 2017). Experimental partition coefficients for pyroxenitic compositions have also 

shown that the mineral compositions themselves, especially clinopyroxene and garnet, can affect 

the major and trace element composition of partial melts (e.g., Elkins et al., 2008; Pertermann 

and Hirschmann, 2003a; Spandler et al., 2017). Finally, Ba/Th, La/Nb, Sr/Nd, Ba/Ta, Nb/Zr, rare 

earth element ratios, TiO2 contents, Hf isotope ratios and other geochemical indicators have been 

invoked to suggest the presence (or absence) of pyroxenite in the melt regime for a number of 

locations, such as the Azores, Hawaii, Tristan da Cunha, and Iceland (e.g., Hofmann and White, 
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1982; Lassiter et al., 2000; Prytulak and Elliott, 2007; Salters and Dick, 2002; Shorttle et al., 

2014; Stracke and Bourdon, 2009). 

It is typically expected that pyroxenite-derived melts present incompatible element enrichment 

and time-integrated long-lived radiogenic isotope signatures of such enrichments (e.g., high 

87Sr/86Sr, and 187Os/186Os and low 143Nd/144Nd and 176Hf/177Hf ratios) (Blichert-Toft et al., 1999; 

Millet et al., 2008; Salters and Dick, 2002; Schiano et al., 1997; Sobolev et al., 2008), although 

in some locations, pyroxenite sources have been suggested to accompany more complex isotopic 

patterns, such as low 207Pb/204Pb with elevated 87Sr/86Sr and SiO2 content in Koolau lavas (Hauri, 

1996). For this reason, the contribution of of mantle pyroxenite in the melt regime is generally 

expected to correlate with some enrichment in radiogenic isotope signatures. However, a number 

of studies have demonstrated that partial melting of a heterogeneous mantle, variations in melt 

transport, and magma chamber process may either fail to produce or actively obscure 

straightforward patterns of basalt geochemistry (e.g., Coogan and O’Hara, 2015; Lissenberg and 

MacLeod, 2016; Lissenberg et al., 2013; Maclennan, 2008; O’Hara, 1977; Rubin et al., 2009; 

Rudge et al., 2013). Melt flow variations (e.g., Spiegelman and Kelemen, 2003), melt-rock 

reaction (Lissenberg et al., 2013), and magma mixing (Rudge et al., 2013) can also create 

significant variability in trace element abundances in basalt. Importantly, Rudge et al (2013) 

demonstrated that isotopic trends defined by oceanic lavas do not necessarily point toward the 

isotopic ratio of the mantle source. Magma chamber processes can also obscure primary basalt 

geochemistry (Maclennan, 2008; Rubin et al., 2009; Rudge et al., 2013), and open-system 

magma chamber cycling could significantly affect the trace element composition of mantle-

derived basalts (O'Neill and Jenner, 2012). These complications with the method of using the 

major element, trace element, and radiogenic isotope compositions of basalts to identify 
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heterogeneity in the melt regime are further compounded by ambiguity concerning the true host 

lithology that is associated with trace element and isotopic enrichment, by potentially large 

variations in the ages of source components and resulting impacts on radiogenic isotopic 

ingrowth (e.g., Lambart, 2017; Stracke et al., 2003a), and by the significant range of potential 

types of pyroxenite and associated residual minerals during the melting process (and resulting 

effects on melting behavior) (Lambart et al., 2016). As a result, the true role of pyroxenite in 

generating oceanic basalts continues to be contested. 

While subject to its own limitations, as explored below, the addition of U-series isotopic 

disequilibrium analysis to the arsenal of geochemical tools has proven useful, as the system is 

particularly sensitive to melt productivity and its impact on melting rate, rather than principally 

to source composition. Where young, fresh basalts are available, U-series disequilibrium data 

have, at least in some cases, fingerprinted rapid melting due to enhanced source fertility, 

suggesting the presence of pyroxenite in the melt source (e.g., Elkins et al., 2014, 2016; 

Koornneef et al., 2012; Prytulak and Elliott, 2009; Russo et al., 2009; Waters et al., 2011). 

3. PRINCIPLES OF U-SERIES DISEQUILIBRIA IN PARTIAL MELTING REGIMES 

The U-series decay system consists of radioactive nuclides that decay from one of three initial 

parents (238U, 235U, or 232Th) to ultimately stable daughter radionuclides (206Pb, 207Pb, and 208Pb) 

via a series of intermediate radioactive daughters with a range of half-lives (Figure S1). In the 

absence of a perturbation, the U-series isotope decay chain reaches a state of secular equilibrium 

where all the nuclide activities (=N) are equal. Chemical fractionations between elements such 

as U, Th, or Pa disrupt secular equilibrium, leading to an excess or deficit of a given nuclide 

relative to equilibrium. It takes approximately five half-lives of the shorter-lived daughter 
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nuclide for the system to again reach equilibrium. This isotopic disequilibrium is measured using 

activity ratios such as (230Th/238U) and (231Pa/235U). The system is sensitive not only to the 

magnitude and sense of chemical fractionations, such as those that occur during partial melting, 

but also to the timescales over which such fractionations occur, which are controlled by factors 

such as melt fertility, porosity, and permeability effects on melt transport, and solid mantle 

upwelling rates (e.g., McKenzie, 1985; Spiegelman and Elliott, 1993; Williams and Gill, 1989). 

Uranium-series studies of melting and melt extraction have particularly focused on disequilibria 

between the nuclides 238U-230Th-226Ra and 235U-231Pa, because their half-lives are particularly 

relevant to the timescales of melting and melt transport (e.g., Bourdon et al., 2003). The reader is 

referred to Figure S1, and to the summary by Bourdon et al. (2003) and references therein for 

further information about U-series isotope radioactive decay and the basic equations governing 

secular equilibrium and nuclide behavior. 

As discussed above, major element, trace element, and radiogenic isotope compositions of 

oceanic basalts have long indicated a heterogeneous mantle source, but the lithologic nature of 

that source has been unclear. Uranium-series isotopes have proven to be advantageous in this 

regard, due to their great sensitivity to lithologic type and melting rates. 

3.1. Overview of magma generation and transport effects on U-series isotopes 

Because the U-series nuclides are all highly incompatible, they mostly fractionate from each 

other only at very small degrees of melting (<1%). Uranium is, however less incompatible than 

Th in garnet; hence, the presence of garnet during melting generates elevated (230Th/238U) 

activity ratios (> 1) in partial melts and makes isotopic disequilibrium between 230Th and 238U a 

sensitive indicator of garnet in the source residue (e.g., Beattie, 1993; Blundy and Wood, 2003; 
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Elkins et al., 2008; Hauri et al., 1994b; La Tourette et al., 1993). In the absence of garnet, 

clinopyroxene largely controls U and Th partitioning in typical mantle rocks. While aluminous 

clinopyroxene found in peridotites at pressures approaching the garnet stability field can have 

DU/DTh > 1, garnet-free lithologies dominantly produce melts with lower (230Th/238U) (≤ 1) (e.g., 

Blundy and Wood, 2003, and references therein). As a result, (230Th/238U) ratios are sensitive to 

the mineralogic makeup and lithology of the source rock for basaltic partial melts, and thus can 

provide information about the lithologies present in basaltic melt sources. 

Early research also identified a possible relationship between (230Th/232Th) activity ratios, 

87Sr/86Sr ratios, and Th/U ratios (e.g., Allègre and Condomines, 1982; Ben Othman and Allègre, 

1990; Chabaux and Allègre, 1994; Condomines et al., 1981), thought to reflect source 

heterogeneity. An increasing and more precise global data set, together with melting models that 

account for the long residence time of U in the melting residue (e.g., Williams and Gill, 1989) 

have demonstrated that (230Th/232Th) variations in oceanic basalts can be produced without 

necessarily requiring source heterogeneity, due to the accumulated effects of melting gradually 

over time, thereby adding complexity to investigations of source type. This possibility must be 

addressed if the U-series disequilibrium method is to be used to effectively address source 

lithology questions. Here we briefly explore inferences drawn from melting models regarding the 

generation of partial melts by a homogeneous source, in order to better fingerprint indicators of 

mantle heterogeneity. The reader is referred to the Supplementary Information for additional 

summaries about each of the models. 

The “dynamic melting” models of McKenzie (1985a) and Williams and Gill (1989) considered 

radioactive decay and ingrowth within the U-series decay chains, while melting occurred in a 

near-fractional scenario with a fixed matrix porosity (Figure 1a). In such a model, melting takes 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 16 

place during decompression in a vertical section of upwelling mantle (Figure 1a). Uranium-series 

disequilibria arise when parent and daughter nuclides have different residence times in the 

melting column, i.e., when their bulk partition coefficients are different in instantaneous partial 

melts, such as in garnet (e.g., Blundy and Wood, 2003). The extent of U-Th disequilibria in the 

aggregated melts is thus sensitive to source mineralogy, particularly the garnet mode; but also to 

the overall melting rate. Hence, 238U-230Th disequilibria can be created from a homogeneous 

mantle source, with the largest 230Th excesses produced by slow upwelling (corresponding to low 

melting rate) in the garnet stability field and by the deepest onset of melting (i.e., highest mantle 

potential temperature) (e.g., Elliott, 1997; Sims et al., 1999). However, to preserve the U-series 

disequilibria observed in basalt (see below), the dynamic melting mechanism must also 

correspond to rapid, channelized transport of melts, without further exchange with unmelted rock 

material after magma segregation. 

Spiegelman and Elliott (1993) suggested an alternative model with chemical equilibrium 

continuously achieved throughout the process of melt production and migration through a 

permeable, porous rock matrix (Figure 1b). Their model, which we refer to here as “reactive 

porous flow” (RPF) melting, resembles chromatographic melt transport scenarios (e.g., Bickle 

and McKenzie, 1987; Navon and Stolper, 1987; Ribe, 1985), envisioned as a percolating, 

capillary-like network with slow travel times and thus sufficient opportunity for equilibrium 

melt-rock chemical interactions to occur, producing chromatographic effects. Their model also 

incorporates residence time effects on the ingrowth of continuously fractionating U-series 

nuclides. Notably, RPF models alleviate the most extreme transport rate requirements imposed 

by dynamic melting models. Because RPF melting produces significant isotopic disequilibrium 

throughout the melting process, even to very shallow depths, it presents an alternative 
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explanation for high (226Ra/230Th) ratios observed in basalts (e.g., Lundstrom et al., 1995; Sims et 

al., 2002; Spiegelman and Elliott, 1993). 

The two models thus explore opposing extremes of chemical interaction (complete equilibrium 

for the former and disequilibrium during transport for the latter), with different implications for 

the nature of mantle melting, melt transport, and dynamics. A number of researchers have 

suggested that the natural mantle environment is likely a combination or intermediate between 

these mechanistic extremes (e.g., Jull et al., 2002; Sims et al., 2002; Spiegelman and Kenyon, 

1992; Weatherley and Katz, 2012, 2016), and the two model scenarios thus present a useful 

framework for modeling and understanding mantle behavior and the generation of oceanic crust.  

While these models focus on melting of homogeneous peridotitic mantle, considering and 

understanding their usage is critical to investigating questions about heterogeneous source 

melting and its effects on U-series isotope disequilibria, as explored further below. 

3.2. Effects of mantle heterogeneity on U-series isotopes 

The modeling efforts explored above focused on the effects of melting an initially homogeneous 

mantle source that experiences progressive melt depletion effects, thereby generating a 

heterogeneous source during melting (after e.g., Goldstein et al., 1991; Rubin and Macdougall, 

1992; Williams and Gill, 1989). However, the mantle producing oceanic basalts is itself 

geochemically and lithologically heterogeneous prior to the inception of melting, and mantle 

pyroxenite rocks have been directly invoked to account for U-series disequilibria in basalts in 

numerous other settings. For instance, Lundstrom et al. (1998b) specifically invoked the effects 

of heterogeneous source melting and mixing for MORB, but did not consider lithologic effects 

on the melting process – largely because the melting behavior of mafic lithologies under mantle 
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conditions were, at the time, poorly constrained. Lundstrom et al. (1999) also invoked melt 

fertility variations to explain the formation of channels by reactive infiltration instabilities and 

processes and predict their impacts on U-series disequilibria. Waters et al. (2011) further 

suggested that, in some cases, the U-series isotopic data arrays observed require both progressive 

melt depletion with differential transport and source heterogeneity effects. The influence of 

lithologic heterogeneity in the source on U-series isotope disequilibrium is thus potentially 

important and warrants closer consideration. 

Forward models for U-series isotopes in basalts that aim to investigate the likelihood of 

lithologic variability in the melting regime must draw on additional constraints from mineralogy, 

U and Th mineral/melt partitioning, solidus depth, melting interval, and productivity of mafic 

source lithologies (Elkins et al., 2011, 2014, 2016; Koornneef et al., 2012; Prytulak and Elliott, 

2009; Prytulak et al., 2014; Russo et al., 2009; Waters et al., 2011). These models appear notably 

sensitive to the effects of enhanced pyroxenite melting rates, particularly when shorter lived 

isotopes like 231Pa and 226Ra are considered. Although 238U-230Th disequilibria are sensitive to 

the garnet mode of relatively garnet-rich mafic mantle lithologies, alone they can be ambiguous 

when trying to distinguish deep melting of garnet lherzolite from the melting of garnet 

pyroxenite rocks, which can occur across a broad range of mantle depths (Kogiso et al., 2004a; 

Lambart et al., 2013). This limitation makes the combination of 230Th-226Ra or 235U-231Pa 

disequilibria with 238U-230Th disequilibria a useful approach for identifying pyroxenite melting. 

In fact, high (230Th/238U) combined with low (226Ra/230Th) can be explained either 1) by melting 

in the presence of garnet (or perhaps high pressure aluminous clinopyroxene) followed by rapid 

channelized transport (e.g., Stracke et al., 2006); 2) by shallow peridotite melting in a RPF or 

two-porosity melt regime (Sims et al., 2002), as described above; or 3) by rapid melting of a 
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garnet-bearing but relatively shallow lithology, such as a pyroxenite (e.g., Elkins et al., 2016). 

Such scenario is illustrated in Figure 2. Similar patterns of high (230Th/238U) and low age-

constrained (231Pa/235U) in some MORB appear even more difficult to explain without rapid 

melting of pyroxenite rocks: the longer half-life of 231Pa causes isotopic disequilibria produced 

during melting to be better preserved during transport than 226Ra excesses (Fig. 3c), and forward 

modeling calculations suggest that high melting rates due to enhanced upwelling of peridotite are 

insufficient to explain the particularly low 231Pa excesses observed in some young basalts. The 

rapid melting rates of garnet-bearing pyroxenites are notably capable of generating these patterns 

of disequilibria (e.g., Elkins et al., 2011; Turner et al., 2015). To explore these patterns further, 

below we summarize the observations of U-series isotopes in oceanic basalts to-date, and offer 

and updated synthesis and interpretation for their origins, including updated melt modeling 

techniques for U-series disequilibria that consider lithologic heterogeneity in the melt source. 

4. URANIUM-SERIES ISOTOPES IN OCEANIC BASALTS 

Most of the U-series disequilibrium research into oceanic basalts has incorporated some of the 

considerations described above and used approaches designed to investigate poorly constrained 

questions about basalt generation by partial melting, extraction, mixing, and transport in the 

mantle. In particular, many studies since the early 2000s have focused on more accurately 

predicting the U-series isotope compositions of basalts produced by time-dependent partial 

melting, using updated constraints on mineral/melt partitioning, melt productivity, melt transport 

and extraction timing, and melt mixing processes (e.g., Bourdon et al., 2006; Elkins et al., 2014; 

Prytulak et al., 2014; Russo et al., 2009; Sims et al., 2008; Stracke et al., 2006; Turner et al., 

2015; Waters et al., 2011). That research has also occasionally addressed source heterogeneity 

directly. With the summary below, we primarily aim to explore the following questions: 1) What 
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is the value of U-series isotope disequilibria to understanding the role of pyroxenite in basalt 

generation? and 2) What do we know about magma transport with regards to pyroxenite melting 

in the mantle? 

4.1. Mid-ocean ridge basalts 

Figure 3 shows global MORB data for U-series isotopes, compiled from the global literature and 

filtered for data quality and age constraints (see Table S1 and Supplementary Information). 

Global MORB samples mostly exhibit (230Th/238U) > 1.0, indicating melting occurs in the 

presence of garnet or high-pressure clinopyroxene with bulk rock partition coefficients of DU > 

DTh (e.g., Blundy and Wood, 2003). In mantle melting dominated by a single lithology, 

(226Ra/230Th) is expected to be sensitive to variations in residual melt porosity (e.g., Sims et al., 

1999), as well as aging after melt segregation, such as in magma chambers, during channelized 

melt transport through the mantle and lithosphere, and after eruption (Condomines et al., 2003; 

Cooper et al., 2003; Koornneef et al., 2012; Rubin et al., 2005; Saal and Van Orman, 2004; Sims 

et al., 2003, 2008), although most of the samples included here are constrained for eruption age 

(Figures 3-4). (226Ra/230Th) and (230Th/238U) are broadly negatively correlated in age-constrained, 

unaltered global MORB, particularly for ridges away from hotspots (Figure 1b). Basalts from 

hotspot-adjacent ridges, as well as specific areas with independent geochemical evidence for 

particularly enriched, heterogeneous mantle (Elkins et al., 2014) have lower (226Ra/230Th) ratios, 

similar to those of OIB, as addressed in greater detail below. No systematic global relationship is 

observed between (231Pa/235U) and (230Th/238U) (Figure 1c). 

Interpretations for the negative (226Ra/230Th) versus (230Th/238U) array have focused on two-

porosity flow and progressive melt depletion of a relatively homogeneous mantle source (e.g., 
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Elkins et al., 2011; Sims et al., 2002), i.e. the ongoing evolution of melts derived from a source 

that is progressively depleted in incompatible elements by continuous melting over time. For 

example, similar to observations of Sims et al. (2002) for 9ºN EPR MORB, Elkins et al. (2011) 

demonstrated that U-series isotopic compositions in MORB from the southern Kolbeinsey Ridge, 

with their particularly depleted Nd isotope signatures, moderately high (230Th/238U), and high 

(231Pa/235U) and (226Ra/230Th), can be explained by garnet lherzolite melting without lithologic 

source heterogeneity. 

However, characteristics of U-series isotopes in MORB from numerous regions (i.e., high 230Th 

excess and low 226Ra and 231Pa excesses), coupled with additional geochemical evidence (e.g., 

enriched radiogenic isotopes, characteristic trace element ratios), more strongly favor lithological 

heterogeneity in the local mantle source (e.g., Rubin and Macdougall, 1992), as shown by the 

following examples. Lundstrom et al. (1998b) favored pyroxenite veins in the melt source to 

explain 238U-230Th and 235U-231Pa disequilibria in basalts from the Mid-Atlantic Ridge at 33ºS, 

and Lundstrom et al. (1999) suggested that U-series disequilibria from the Siquieros Transform 

and Lamont seamounts are products of channelized flow caused by reactive infiltration during 

melting of heterogeneous, enriched domains. Russo et al. (2009) likewise used forward model 

calculations invoking a small fraction of pyroxenite veins to explain Southeast Indian Ridge 

basalt compositions. They tested both RPF and dynamic melting models and proposed 

lithological heterogeneity as the best explanation for local variations in both U-series isotopic 

disequilibria and in axial depth (a proxy for crustal thickness and thus total magma supply to the 

ridge). Waters et al. (2011) conducted similar calculations to demonstrate that E-MORB from the 

EPR are best explained by a combination of 1) channelized transport and two-porosity flow with 

progressive source depletion, and 2) mixing of melts from a lithologically heterogeneous source. 
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Dynamic melt model calculations from Turner et al. (2015) also favor lithological heterogeneity 

beneath the Mid-Atlantic Ridge at 5-11ºS. Elkins et al. (2011, 2014, 2016) further demonstrated 

from both RPF and dynamic melting models that mixing of pyroxenite-derived and peridotite-

derived melts is necessary to explain basalt compositions from specific areas along the North 

Atlantic ridge system, particularly low age-constrained low (226Ra/230Th) and (231Pa/235U) ratios 

combined with high (230Th/238U). In fact, melting of peridotite at any upwelling rate tested failed 

to produce sufficiently high 230Th or sufficiently low 226Ra and 231Pa excesses to explain 

observations from the Northern Kolbeinsey Ridge in particular, while pyroxenite melting, thanks 

to their elevated melting rates, closely approached the observed data (Elkins et al., 2011, 2016). 

In brief, the observations and modeling results summarized above suggest that models for U-

series disequilibrium in MORB can effectively differentiate between rapid melting due to fast 

upwelling and melting of more fusible mafic lithologies. As explored above, we broadly expect 

both that partial melting of a second, more fertile lithology generates high-porosity channels, and 

that the geochemical signatures of such pyroxenite melts are preserved during disequilibrium 

(fractional or near-fractional) transport along channels (e.g., Faul, 2001; Weatherley and Katz, 

2012, 2016), (Figure 2). However, two-porosity and reactive infiltration instability models have 

indicated that in the presence of melt channels, some magma is simultaneously transported via 

reactive flow in adjacent low-porosity zones (Jull et al., 2002), and that such melts may not 

segregate efficiently into adjacent channels due to cold sheath effects (Weatherley and Katz, 

2016). As a result, while some of the peridotite partial melt in a two-lithology region beneath 

mid-ocean ridges may enter rapid transport channels, effectively experiencing dynamic melting, 

we can reasonably expect a detectable portion of the peridotite melt to experience an RPF 
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process instead, much like the single-lithology, two-porosity flow suggested for MORB in more 

homogeneous settings (Sims et al., 2002; Waters et al., 2011). 

4.2. Ocean island basalts and hotspot-ridge interaction settings 

Broadly, the study of ocean island magmatism attempts to investigate the presence and 

characteristics of deep-seated mantle plumes as the principal drivers of global intraplate hotspot 

volcanism, and to better understand the origin and role of long-term geochemical heterogeneity 

in the mantle. The well-documented geochemical variations observed in global OIB suggest that 

hotspot partial melting regimes might sample a more diverse mantle source than divergent 

boundaries. However, the lithologic makeup of the global OIB source mantle is also widely 

debated. Uranium-series disequilibria offer a useful additional method for further investigating 

the question of lithologic heterogeneity in mantle plumes and the source regions for hotspot 

volcanism. 

Uranium-series isotope measurements from ridge settings adjacent to hotspots are included in 

Figure 3, and global U-series isotopic data for OIB are shown in Figure 4. Overall, OIB and 

hotspot-adjacent ridge basalts have lower 226Ra and 231Pa excesses than MORB, along with 

relatively high (230Th/238U) and lower (i.e., more enriched) U/Th ratios (expressed as 

(238U/232Th)) (Figures 3a, 4a; Table S1). These patterns generally favor high melting rates in the 

presence of residual garnet (e.g., Bourdon et al., 1998, 2006; Pickett and Murrell, 1997; Sims et 

al., 1999). These isotopic compositions may mainly reflect elevated mantle potential 

temperatures, causing a higher proportion of melting to occur in the garnet peridotite stability 

field (e.g., Bourdon et al., 1996b) and the enhanced, “active” upwelling of a mantle plume (i.e., 

solid upwelling rates on the order of meters per year; Hauri et al., 1994a; Kelemen et al., 1997); 
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alternatively, they could indicate a higher abundance of highly fusible garnet pyroxenite in the 

melt zone (e.g., Hirschmann and Stolper, 1996). Deconvolving these two effects is particularly 

important when interpreting OIB data to explore the petrogenetic and geodynamical questions 

described above. Both processes are likely involved in OIB genesis but, in some cases, the U-

series disequilibria may be dominated by one of the two processes (e.g., Bourdon et al., 1998, 

2005; Elkins et al., 2016; Prytulak and Elliott, 2009; Sims et al., 1999, 2008; Turner et al., 1997). 

Moreover, to meaningfully investigate mantle lithologies involved during partial melting at 

ocean island settings, modeling of partial melting must also incorporate a number of additional 

factors specific to this geologic setting. Mid-ocean ridge settings are envisioned using two-

dimensional, triangular mixing regimes (e.g., Langmuir et al., 1992), with thin to nonexistent 

lithosphere and oceanic crustal thicknesses up to ~6-7 km but considerably thinner at the ridge 

crest (e.g., Bown and White, 1994) In contrast, modeling of partial melting beneath ocean islands 

is typically addressed using one-dimentional melting columns, and assuming that OIB typically 

erupt through thickened seafloor crust overlying comparatively thick mantle lithosphere that 

effectively truncates the mantle melting regime (e.g., Bourdon and Sims, 2003; Niu et al., 2011; 

Olson, 1988; Ribe, 1988; Sims and Hart, 2006). Due to their mostly subaerial exposures, and 

historical records, many ocean island basalts are age-constrained by historic data and 

stratigraphy, making initial 230Th-226Ra and 235U-231Pa disequilibria at eruption well-

characterized (see Figure 4, and references therein). However, passing through thicker crust and 

lithosphere can result in greater degrees of crustal assimilation, as observed at certain Azores 

islands, Reunion, Iceland, and the Canaries (Bourdon et al., 1998; Claude-Ivanaj et al., 1998; 

Koornneef et al., 2012; Lundstrom, 2003; Pietruszka et al., 2009; Prytulak et al., 2014; Turner et 

al., 2017). 
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Taking the above considerations into account, U-series disequilibrium studies of OIB have 

provided extensive evidence for mantle upwelling rate variations at ocean island settings, with or 

without involvement of a second lithology. Where expected upwelling rates and melting rates are 

particularly high, such as Hawaii, residence times of U-series nuclides in the melting column are 

low, and thus ingrowth is limited and melting can approach time-independent melting outcomes 

(Elliott, 1997; Sims et al., 1995, 1999). In locations with slower upwelling, the effects of 

daughter nuclide ingrowth during melting become more significant. Bourdon et al. (2006) 

calculated U-series disequilibria in partial melts using solid mantle upwelling rates predicted 

from the estimated buoyancy fluxes for a range of global hotspots, and compared their results 

with (230Th/238U) and (231Pa/235U) observed in OIB. They observed global negative correlations 

between measured (230Th/238U) or (231Pa/235U) ratios and buoyancy fluxes at ocean islands. Based 

on their modeling results, they suggested that both upwelling velocity and mantle potential 

temperature at hotspots influences U-series disequilibria in partial melts, in support of a mantle 

plume origin for ocean island settings. However, they did not call for source lithologic 

heterogeneity to explain their global observations. Likewise, in the Azores, both enhanced 

upwelling and compositional heterogeneity have been suggested as factors involved in basalt 

generation, but studies have overall not supported pyroxenite rocks as the primary hosts for that 

heterogeneity, instead suggesting either hybridized/refertilized peridotites or a water-rich source 

(Bourdon et al., 2005; Claude-Ivanaj et al., 2001; Prytulak and Elliott, 2009; Prytulak et al., 

2014; Turner et al., 1997). 

It is important to be able to distinguish upwelling variations from the enhanced melting rate 

effects of a highly fusible source beneath oceanic hotspots. Contradictory interpretations of the 

lithologic nature of the Hawaiian mantle help to illustrate the difficulties in this task: Sims et al. 
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(1999) observed a positive correlation between (231Pa/235U) and (230Th/238U) in Hawaiian lavas, 

which they modeled using both dynamic and RPF models and interpreted to reflect decreasing 

upwelling rates with increasing distance from the center of the hotspot. Stracke et al. (1999) 

further suggested that the contribution of pyroxenite melting could not explain the correlations 

between 238U-230Th disequilibria and radiogenic isotopes in Hawaiian basalts. Additionally, 

Phillips et al. (2016) measured U-series disequilibria in basanites from Haleakala at the trailing 

end of the Hawaiian hotspot, and suggested that the heterogeneous mantle source they observed 

was best explained by non-pyroxenite heterogeneities. Stracke et al. (1999)’s modeling, 

however, tested whether Hawaiian basalts are representative of a single magmatic series, with 

magma mixing along a single melting column. The observed correlations between 238U-230Th 

disequilibria and radiogenic isotopes could alternatively be explained by spatial variations in the 

plume source: Mauna Loa is centered on the plume and, hence, overlies a zone with a higher 

mantle potential temperature than Haleakala, leading to higher mantle buoyancy and potentially 

allowing a larger proportion of pyroxenite in the source (Sobolev et al., 2005) and a higher 

melting degree for both peridotite and pyroxenite. The mantle source of Haleakala could contain 

a much smaller quantity of such lithological heterogeneities. This alternative explanation is 

supported by Pietruszka et al. (2001), who measured 238U-230Th-226Ra disequilibria in historic 

samples from Kilauea, and found a better fit to low (226Ra/230Th) ratios and small variations over 

time by modeling the effects of melting a lithologically heterogeneous source with both dynamic 

and RPF model calculations. Hence, we suggest that variations in U-series disequilibria in 

Hawaiian basalts and overall magma production cannot be explained solely by the contribution 

of pyroxenite rocks to a single melting regime, but that radial distribution of both mantle 
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potential temperatures and the amount of pyroxenite in the source can impact localized magma 

generation over time. 

Variations in U-series disequilibria due to changes in upwelling rate have been observed in other 

locations, similarly indicating a radial distribution in upwelling rates and thereby offering 

additional support for mantle plume models: Kokfelt et al. (2005) suggested that mantle 

upwelling is greater towards the plume center in the Galapagos, and various studies of U-series 

isotopes in Icelandic basalts have also called for faster upwelling near the hotspot center (Kokfelt 

et al., 2003; Koornneef et al., 2012; Peate et al., 2001; Sigmarsson and Steinthórsson, 2007; 

Stracke and Bourdon, 2003b, 2003c, 2009; Turner et al., 2016). Again, in these studies, 

lithological heterogeneity was further invoked to explain the compositional data. While Kokfelt 

et al. (2005) did not specifically test for a pyroxenite source, studies focused on Icelandic basalts 

have explicitly considered two-lithology pyroxenite and peridotite melting variations. Finally, 

additional geochemical evidence, such as trace element enrichment and radiogenic isotopic 

signatures, coupled with U-series disequilibria, has more explicitly supported the presence of 

lithological heterogeneity in the mantle source (e.g., Elkins et al., 2016; Gurenko et al., 2009; 

Koornneef et al., 2012; Lundstrom et al., 2003; Sigmarsson et al., 1998). 

As discussed above, U-series disequilibria have been instrumental for exploring both enhanced 

upwelling and source heterogeneity in generating OIB, but suggested explanations for the precise 

nature of that heterogeneity (e.g., refertilized peridotite, MORB-like eclogite, olivine-bearing 

pyroxenite, amphibole-bearing veins) have varied. This range in proposed scenarios is partly the 

product of changes or improvements in constraints on pyroxenite and peridotite melting and in 

melt modeling methods over time (for example, the measurement of more appropriate partition 

coefficients for mafic lithologies; e.g., Elkins et al., 2008; Pertermann and Hirschmann, 2003b; 
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Pertermann et al., 2004), as well as simply the range of modeling choices available and potential 

for non-unique results. In essence, some hotspots may overlie mantle plumes that entrain a 

higher proportion or more fertile composition of pyroxenite rocks than others; and in some 

plumes, disparate lithologies may become more efficiently homogenized or mixed by 

hybridization processes than in others. Uranium-series isotope studies, as a method, have overall 

been successful at identifying these variations, though they are most effective when combined 

with trace element and radiogenic isotope data to fully explore the nature of a particular hotspot 

and its heterogeneous origins, and when the choice of melt models used is thoughtful and well-

informed. On the whole, it appears that lithologic heterogeneity does play a role in the origin of 

many hotspots. Furthermore, both rapid melting rates, and the need to extract melts from a 

regime hosting a high degree of heterogeneity, may more strongly favor dynamic, channelized 

melt transport over porous flow scenarios for hotspots. 

4.3. Outstanding questions 

Uranium-series isotopic disequilibria in oceanic basalts are produced by factors that vary on a 

global scale: upwelling rates, mixing efficiency, transport regimes, mantle temperature, and the 

amount and nature of heterogeneities. The relative importance and nature of pyroxenitic 

lithologies in the global mantle melt regime remains uncertain, and methods to test for 

pyroxenitic melting can be complex and insufficiently constrained. Nonetheless, decades of 

research have produced genuine constraints, and there is potential to better answer questions 

about oceanic basalt production by better aligning modeling methods with current 

interdisciplinary understanding. Uranium-series disequilibria in young, unaltered basalts are thus 

a promising tool in the geochemical arsenal for investigating and detecting mantle heterogeneity. 
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In a few cases, the interpretation of U-series disequilibria has beneficially drawn from 

thermodynamic models and melt parameterizations produced by the geochemical and petrologic 

communities, such as pMELTS (Ghiorso et al., 2002). While limited by the uncertainties in 

partition coefficient measurements, more appropriate measurements now exist for a range of 

pyroxenite mineral compositions than were available 20 years ago (e.g., Elkins et al., 2008; 

Pertermann and Hirschmann, 2003b; Pertermann et al., 2004; Spandler et al., 2017). Published 

methods for continuous numerical solutions also exist for both dynamic and RPF model 

scenarios (Bourdon et al., 2005; Spiegelman, 2000; Zou and Zindler, 2000). To demonstrate one 

useful approach, below we test new forward modeling calculations of U-series isotopes during 

partial melting of a bi-lithologic mantle, and compare our results to the global oceanic basalt U-

series data set (Figures 3-4; Table S1). Our primary goals with the models selected are 1) to 

suggest a family of modeling methods that the geochemistry community can access for future 

research, and 2) to produce initial melt modeling results that both synthesize and build on the U-

series disequilibrium modeling efforts of recent decades. 

A number of outstanding questions about oceanic basalt petrogenesis are directly relevant to the 

subject of mantle lithologic composition, and we target and explore some of them below. For 

instance, to what extent is partial melting of pyroxenite necessary to explain oceanic basalt 

compositions? How are basaltic partial melts likely transported through the mantle, and how 

much is that transport style related to source heterogeneity? How much do changes in melt 

productivity and partitioning behavior during the melt process affect basalt compositions? 

5. URANIUM-SERIES AS A TOOL FOR DETECTING MANTLE HETEROGENEITY 

5.1. Melting model rationale 
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Time-dependent forward modeling of the U-series disequilibria produced during partial melting 

is the main technique used to interpret measured disequilibria in marine basalts, but the method 

has known limitations. It is necessary to be aware of these limitations prior to interpreting melt 

modeling results. Sims et al. (1999; 2002), Pietruszka et al. (2001), Bourdon and Sims (2003), 

Prytulak et al. (2014), Williams and Gill (1989) and Elkins et al. (2008), among others, 

documented the particularly high degree to which model outcomes are sensitive to very small 

changes in bulk U and Th partition coefficients – changes significantly smaller than the 

uncertainties involved in the measurement and calculation of both mineral/melt partition 

coefficients and hypothesized bulk rock mineral modes (Lundstrom et al., 2000). Moreover, 

partition coefficients for U and Th in mantle minerals significantly depend on mineral 

composition (e.g., Elkins et al., 2008). Thus, a poor choice of values used in a model calculation 

could be both inappropriate and highly consequential for model outcomes (e.g., Elkins et al., 

2008). For example, the use of clinopyroxene and garnet U and Th partition coefficients from 

peridotite melting experiments to calculate bulk rock partition coefficients for a typical MORB-

like eclogite can result in erroneous predictions for (230Th/238U) in basaltic partial melts (e.g., 

Stracke et al. (1999) versus Elkins et al. (2016)). Where possible, we thus have limited our 

choices of partition coefficients (Table 1) to sources with the following experimental 

characteristics: 1) researchers used similar starting material compositions to our lithology of 

interest (i.e., fertile peridotite, eclogite, or olivine-bearing pyroxenite); 2) measurements were 

made for experiments that reached equilibrium at an appropriate pressure to simulate mantle 

melting conditions; 3) wherever possible, experimental runs were chosen where multi-phase 

solids grew together (e.g., clinopyroxene and garnet that crystallized together in equilibrium, 

rather than selecting clinopyroxene values from one experiment and garnet from another); and 4) 
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researchers conducted experiments using assemblages that limited the range of oxygen fugacity 

conditions, such as a graphite capsule. One-atmosphere experiments of crystallizing basaltic 

liquids were thus avoided, as were conditions that may have increased the oxidation state of U 

and thus reduced the mineral/melt partition coefficients of U. In a few cases, exceptions were 

made for partitioning behavior in spinel and plagioclase due to a relative dearth of experimental 

measurements (see Table 1 for further details). 

Both dynamic and RPF modeling techniques also require additional input parameters that can 

result in a range of non-unique solutions (e.g., solidus depths, permeability variations, upwelling 

rates, matrix porosity, etc.). Between these sources of uncertainty in model output and 

interpretation – and not even considering issues like melt productivity estimates or the amount 

and type(s) of pyroxenite in the source regions (e.g., Hauri et al., 1994b) – it is unwise to use 

such melting models to attempt to quantitatively match precise maximum residual melt porosities 

or solid mantle upwelling rates to measured basalt compositions without drawing on additional 

information or using comparative approaches. However, with additional evidence such as 

radiogenic isotope compositions, buoyancy flux estimates of mantle upwelling rates at hotspots, 

and geochemical indicators of local mantle temperature, greater accuracy may be possible. We 

thus encourage a comprehensive approach to analytical studies of U-series in oceanic basalts, 

incorporating a complete geochemical data set wherever possible and thoughtfully choosing 

appropriate melt modeling methods. 

Below, we aim to prioritize key advancements in forward modeling of U-series disequilibria 

during partial melting. Recent calculations for two-lithology melting scenarios have incorporated 

thermodynamic predictions from models such as pMELTS (Ghiorso et al., 2002), but for the 

most part, this has not been fully integrated with past U-series disequilibrium calculations and 
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we add that effort here. Previous U-series work has also used models that consider variable 

partition coefficients, but typically not variable productivities for each lithology during melting 

(e.g., Stracke and Bourdon, 2009; Stracke et al., 2003b, 2003c). We note that such productivity 

variations are likely important for both peridotite and pyroxenite lithologies (e.g., Asimow et al., 

2001; Hirschmann and Stolper, 1996; Pertermann and Hirschmann, 2003a). While numerical 

solutions for U-series disequilibria in RPF melting models have been used previously to consider 

variable productivities during melting (Elkins et al., 2011, 2014, 2016; Koornneef et al., 2012; 

Russo et al., 2009; Waters et al., 2011), the constraints available at the time for pyroxenite and 

two-lithology melt productivity were limited. Numerical solutions for U-series isotopes in 

dynamic melting have also permitted consideration of variable productivities, but again, with 

limited constraints at the time, and using fixed bulk partition coefficients throughout the melting 

column (Bourdon et al., 2005). 

Here we integrate calculated information gathered from pMELTS (Ghiorso et al., 2002), Melt-

PX (Lambart et al., 2016), thermal exchange models for two-lithology melting (Lambart, 2017), 

and continuous one-dimensional numerical solutions for both RPF and dynamic melting that 

permit both bulk partition coefficients and melt productivities to vary non-linearly (after 

Bourdon et al., 2005; Spiegelman, 2000). To limit our effort to an initial demonstration and test 

of the method, we avoid calculating the effects of factors that are particularly poorly constrained 

(such as the dependence of mineral/melt partition coefficients on residual mineral compositions, 

two-porosity melting regimes, and the role of reactive infiltration instabilities in generating and 

preserving channelized flow). However, our models capture many of the major factors expected 

to influence U-series during partial melting, i.e. variations in trace element partitioning, transport 

mechanisms, and time scales of melting. We further note that the inclusion of both RPF and 
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dynamic melting models effectively presents the “end member” melt transport scenarios 

envisioned by two-porosity models, though we do not assess magma mixing in such an 

environment, as this topic has been extensively addressed elsewhere (e.g., Jull et al., 2002; 

Weatherley and Katz, 2012). In the interest of limiting the scenarios used here to simpler initial 

test conditions, we also have omitted more complex mixing and summing schemes (such as 

triangular melt regimes for mid-ocean ridge settings after Langmuir et al. (1992) or statistical 

mixing models after Rudge et al. (2013)), as well as volatile effects on melting, a range of 

different lithospheric thicknesses that truncate melt columns, decay during time elapsed while 

segregated dynamic partial melts travel along melt channels, and scenarios with different 

quantities of pyroxenite in the melt source. We consider all of these scenarios to be interesting 

potential future directions for further study. 

5.2. Implications for marine basalt generation from a lithologically heterogeneous source 

5.2.1. Melt-PX calculations 

To calculate the melt fraction and the mineral modes along the melting column, we followed an 

approach similar to Lambart (2017) to test several scenarios of broad relevance to MORB and 

OIB generation. We first used the Melt-PX calculator (Lambart et al., 2016) to model the 

decompression melting of a two component (pyroxenite and peridotite) mantle containing 10% 

pyroxenite and 90% peridotite rocks. Results from the Melt-PX calculations included the 

temperatures (T) and predicted melt fractions (F) for both pyroxenite and peridotite rocks as a 

function of pressure (P) (see Table S2). After Lambart (2017), we considered two cases: (1) the 

two lithologies are in thermal equilibrium but chemically isolated, and (2) the two lithologies are 

isolated both chemically and thermally, to determine whether thermal equilibration has a notable 
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effect on U-series isotope outcomes during partial melting, as it does for trace element models 

(Lambart, 2017). Calculations were performed for two different pyroxenite compositions 

(MIX1G and Gb-108) and at two different mantle potential temperatures (Tp = 1300 and 

1550 °C). MIX1G is a silica-deficient pyroxenite with a composition close to the average of 

natural pyroxenites referenced in the literature (Hirschmann et al., 2003), while Gb-108 is a 

silica-excess pyroxenite with the composition of a natural olivine gabbro (Yaxley and Sobolev, 

2007). The peridotite composition used here and for the subsequent pMELTS calculations (see 

below) matches the depleted “DM” composition from Salters and Stracke (2004). Initial 

clinopyroxene modes for the peridotite were determined for the DM composition using the 

fraction of clinopyroxene predicted by pMELTS (Ghiorso et al., 2002) at the pressure that the 

peridotite crosses its solidus (i.e., 20 wt.% at  ~4.5 GPa for Tp = 1550ºC and 18 wt.% at 1.8 GPa 

for Tp = 1300°C) (Table S2). 

5.2.2. pMELTS approach 

Following the Melt-PX calculations, we used pMELTS (Ghiorso et al., 2002) with the 

alphaMELTS front-end (Smith and Asimow, 2005) to calculate equilibrium residual phase 

assemblages along the adiabatic decompression paths determined from Melt-PX. For each P-F 

condition, we calculated the residual mineral phase assemblage using isobaric batch melting 

only; Lambart (2017) previously showed that the chosen pMELTS melting regime (continuous, 

fractional, or batch) does not significantly affect the phase assemblage, and consequently will not 

significantly affect the bulk partition coefficients for each pressure increment. For each lithologic 

component, an initial pMELTS run was performed using the pressure calculated with Melt-PX 

where F = 0.5%. Subsequent runs were performed at pressure steps of 0.01 GPa. In each 

pMELTS run, we used the following approach: (1) calculations were made at ƒO2 = FMQ – 1 
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(i.e. the fayalite-magnetite-quartz buffer minus one log unit); (2) Cr2O3 and MnO were omitted 

from the calculations, because pMELTS is not calibrated for MnO and Cr2O3 in solid phases, 

leading to erroneous results for these elements (these elements were not included in the pyroxene 

and garnet calibrations for pMELTS) (Asimow et al., 1995); and (3) we used the old garnet 

calibration model. This choice was made because in the absence of chromium, the new garnet 

model strongly overestimates the stability range for garnet (see Figure 1 in Lambart et al., 2016). 

Bulk partition coefficients for each lithology were then calculated using the residual mineral 

modes at each pressure step determined using pMELTS, with the fixed mineral/melt partition 

coefficients shown in Table 1 for each lithologic type. Due to the overall lack of constraints on 

the effects of mineral composition on mineral/melt partition coefficients for the minerals and 

elements in question, we did not attempt to calculate partition coefficient values using mineral 

compositions here. We note that this can potentially create a discontinuous change in bulk rock 

partition coefficients for peridotite lithologies at garnet-out, not only because garnet is absent but 

because clinopyroxene partition coefficient values change at the transition. This effect neglects 

the possibility of more gradual changes to the bulk partition coefficients due to changes in 

clinopyroxene composition leading up to the moment garnet disappears from the assemblage. 

Until more robust compositional constraints are available for calculating the U and Th partition 

coefficients of clinopyroxene based on mineral composition, however, we consider this approach 

the best available option. 

5.2.3. Dynamic melting calculations of 238U-230Th-226Ra and 235U-231Pa disequilibria 

The dynamic melting calculations are based on the equations of McKenzie (1985) that were later 

modified by Richardson and McKenzie (1994) to include non-modal melting and variable 
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partition coefficients (their equations 10 and 11). We numerically integrated these equations 

using the MATLAB software and performed calculations for constant solid upwelling rates and 

melt porosity values along a one-dimensional melt column. The initial conditions for integration 

corresponded to a batch melt with a degree of melting equal to the matrix porosity, and the 

equations were integrated up to a depth corresponding to the base of the lithosphere (dlithos). The 

bulk partition coefficients and degree of melting (and hence the melting rate) as a function of 

depth and pressure were drawn from the results of the calculations outlined in Sections 5.2.1 and 

5.2.2. 

To determine the U-series isotope disequilibria in the instantaneous partial melts, we determined 

a best-fit formula for the degree of melting as a function of pressure; this formula was then used 

to calculate the melting rate and degree of melting at each pressure step. For the peridotite 

scenarios, the degree of melting F was fitted using the polynomial function: 

                  (1) 

where aper and bper are the best-fit polynomial coefficients for each peridotite melting scenario. 

The melting rate was then calculated with the following equation:  

     
  

  
      (2) 

where W is the solid upwelling rate, z is the vertical depth coordinate, and s is the density of the 

solid matrix. This equation can be further modified if one considers that 

              (3) 

The melting rate can then be estimated as: 
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      (4) 

For the pyroxenite melting scenarios, a non-linear, logarithmic formula was determined to 

produce the best fit: 

                   (5) 

where apx and bpx are the best-fit coefficients for each scenario, given the degree of melting as a 

function of pressure from the Melt-PX calculations described above. 

Hence: 

  

      
          (6) 

  

  
            (7) 

The unit of the melting rate is commonly in kg/m3/yr., but here was converted to melt fraction 

per unit time to be consistent with the definition of Richardson and McKenzie (1994), using the 

following equation: 

            (8) 

The melt compositions were then integrated over each melting column using a trapezoidal rule 

adapted for uneven step spacing. 

5.2.4. Reactive porous flow calculations of 238U-230Th-226Ra and 235U-231Pa disequilibria 

Reactive porous flow melting calculations were conducted in parallel with dynamic melting 

calculations to allow for direct comparison of results. For RPF model calculations, we used the 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 38 

UserCalc calculator of Spiegelman (2000), a tool that determines U-series isotope disequilibria 

for a one-dimensional melt column experiencing chromatographic porous flow after Spiegelman 

and Elliott (1993). All initial activity ratios had a value of 1.0 (i.e., the mantle source started in 

secular equilibrium prior to melting), the permeability exponent was fixed at a value of 2, and 

permeability did not change with depth (see Spiegelman, 2000). As with dynamic melting, for 

each lithology and scenario tested, the degree of melting and bulk partition coefficients were 

tabulated as a function of depth using results from Sections 5.2.1 and 5.2.2, and were then used 

as inputs for the RPF model. Both degrees of melting and mineral modes (used to calculate bulk 

partition coefficients) were drawn from the results of the calculations described above, after 

Lambart (2017), with mineral/melt partition coefficients for each lithology drawn from Table 1. 

5.2.5. Modeling outcomes 

Here we discuss and highlight the primary outcomes and key findings from our models. (A more 

detailed presentation of our results can be found in the Supplementary Information.) We used 

dynamic and RPF models to determine (230Th/238U), (226Ra/230Th), and (231Pa/235U) activity ratios 

for partial melts produced along one-dimensional upwelling melting columns, for each of the 

lithologies and scenarios described above. We tested a range of solid mantle upwelling velocities 

and maximum residual melt porosities. Melting was stopped at a final pressure of either 0.5 GPa 

to simulate mid-ocean ridge environments, or 2.0 GPa to simulate an ocean island setting 

overlying thicker oceanic lithosphere, after Hole and Millett (2016). In Figure 7, we show 

highlights of these results that help to illustrate our main findings. The resulting melt 

compositions from the top of each melt column for each lithology are further shown in Figures 

S3-S12. As in previous studies, in general higher U-series isotope disequilibria are usually 

produced when upwelling rates are low and the maximum residual melt porosity is small, but 
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there is significant variation among the scenarios tested here, and a few outcomes that notably 

differ from prior studies, as discussed below. 

Dynamic melting outcomes for peridotite melting were remarkably consistent for a given 

potential temperature, across all scenarios (Figures S3-S4, S8-S12). Depending on upwelling rate 

and maximum residual porosity, final (230Th/238U) ratios in peridotite partial melts have a very 

limited range, from secular equilibrium (1.0) to just under 6% 230Th excess relative to 238U for a 

mantle potential temperature of 1300ºC, and just over 3% 230Th excess for a mantle potential 

temperature of 1550ºC. (226Ra/230Th) ratios range up to 3.3 for both temperature scenarios, and 

(231Pa/235U) up to a maximum of 5.5. Reactive porous flow melting produced similar results for 

peridotite partial melts with potential temperatures of 1300ºC, but the range of (230Th/238U) 

achieved at higher potential temperatures was notably larger than for dynamic melts (ranging 

from a 230Th deficit of 5% up to (230Th/238U) = 1.2) (Figures S5-S6). Scenarios with a deeper 

final melting pressure of 2.0 GPa were overall similar to final pressures of 0.5 GPa, except that 

230Th deficits were not observed (Figures S7-S8). The most extreme (226Ra/230Th) ratios 

determined for RPF melting of peridotite ranged up to notably high values of ~7, with 

(231Pa/235U) up to ~9. 

Dynamic melting of pyroxenites also produced relatively consistent results across thermal 

equilibrium versus isolation scenarios, and for all final melting depths. On the whole, however, 

pyroxenite partial melts have a much broader range of activity ratios than peridotites (Figures 

S3-S4). Melting of either pyroxenite type produced (230Th/238U) between 1.0 and ~1.4 for all 

temperatures. Predicted (226Ra/230Th) and (231Pa/235U) ratios for pyroxenite melting ranged up to 

even more extreme values than peridotite partial melts (~9 and ~14, respectively). The 

consistency of our dynamic melting outcomes, even for different pyroxenite lithologies with 
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distinct modal mineralogy and bulk partition coefficients, indicates that the dynamic melting 

results are only moderately sensitive to the choice of partition coefficients. 

Reactive porous flow melting of pyroxenite produced the most variable outcomes for the 

scenarios tested, suggesting the RPF model is far more sensitive to moderate changes in D values 

than dynamic melting (Figures S5-S6). At a mantle potential temperature of 1300ºC, Gb-108 

partial melts exhibited (230Th/238U) ratios between 1.03 and 1.6 in thermal equilibrium with 

peridotite, and between 0.95 and 1.4 in thermal isolation; (226Ra/230Th) ratios between 0.7 and 3 

in thermal equilibrium and 0.35 to 1 in thermal isolation; and (231Pa/235U) from 1.03 to 10.7 in 

thermal equilibrium and 1.3 to 9.5 in thermal isolation. Melting of MIX1G likewise produced 

highly variable, but notably different results, with (230Th/238U) of ~1 to ~1.3 in both scenarios, 

(226Ra/230Th) of 2 to 24 in thermal equilibrium and more moderately high 1.1 to 10 in thermal 

isolation, and (231Pa/235U) of 1.25 to 19 in thermal equilibrium and 1.5 to 23 in thermal isolation. 

With the RPF model, thermal equilibration thus produced notably different outcomes for 

pyroxenite melt compositions. This effect was most detectable for the potential temperatures and 

pyroxenite lithologies where the impact of thermal equilibration on the degree of melting was 

greatest, e.g. Tp = 1550ºC and Gb-108 pyroxenite. The most extreme disequilibrium values are 

also associated with particularly high porosities and slow upwelling rates. We note that 

especially high (226Ra/230Th) ratios in basalts similar to those modeled here may be logical 

outcomes in some circumstances, such as arc-related melting; for example, especially large 226Ra 

excesses have been observed in some Tonga basalts (Turner et al., 2000). 

6. DISCUSSION 
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Prior research has suggested that near-fractional, dynamic melting of peridotite is sufficient to 

explain most of the observed isotope disequilibria in MORB (e.g., Stracke et al., 2006). Our 

modeling results do not corroborate this suggestion. Dynamic melts of peridotite, shown in 

Figures S3-S4 and S8-S10, fail to produce most of the compositions observed in global MORB, 

an outcome that is mostly insensitive to changes in the melting scenario. The relative 

insensitivity of the model matches expectations, since near-fractional melting is mainly sensitive 

to initial melting conditions in the deepest part of the melt column (e.g., McKenzie, 1985; 

Williams and Gill, 1989). Changes such as an increase in the final pressure of melting, or 

continuous thermal reequilibration between two lithologies, thus have little impact on the 

aggregated melt composition. In summary, our dynamic melting models produce a notably 

restricted range of (230Th/238U) ratios in peridotite partial melts, across all conditions tested. This 

is different from prior findings (e.g., Stracke et al., 2006), where dynamic melting calculations 

for peridotite source rocks have produced sufficiently high (230Th/238U) to explain most oceanic 

basalts, and thus warrants further explanation. Some of those prior studies similarly considered 

the effects of changing partition coefficients during the melt process, using incremental 

calculations (e.g., Stracke et al., 2003c). Models like dynamic melting may indeed be sensitive to 

the choice of partition coefficients (e.g., Elkins et al., 2008; Pertermann and Hirschmann, 2003a; 

Sims et al., 2002), and prior work has tested a range of values based on the experimental data 

thought to be the most appropriate at the time; but our precise choice of mineral/melt partition 

coefficient values (Table 1) and initial peridotite mineral modes (Table S2) can only explain 

moderate differences in final (230Th/238U) ratios, and not the restricted range of our results. 

Indeed, and as noted above, the similarity in outcomes for our pyroxenite dynamic melting 

calculations, even across different lithologies with distinct mineral/melt partition coefficients and 
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mineral modes, suggests our dynamic melting results have only limited sensitivity to bulk 

partitioning properties. We instead interpret the particularly low and consistent (230Th/238U) in 

our peridotite dynamic melting results as primarily a product of varying melt productivity during 

the early melting process in the dynamic melting environment, as this constitutes the most 

significant difference between our methods and prior research. That is, while initial, very low-

degree melting steps must produce significant (230Th/238U) in an instantaneous melt, the 

thermodynamically-constrained productivity variations predicted by Melt-PX (Lambart et al., 

2016) result in far more immediate dilution of the aggregated liquid by instantaneous liquids 

with lower (230Th/238U), due to the rapidly increasing melting rate early in the melting process. 

We consider this outcome to be a significant finding that argues against purely dynamic melting 

of peridotite mantle to explain the vast majority of global oceanic basalts, which largely have 

higher (230Th/238U) than our model outcomes. While near-fractional melting and channelized 

melt transport likely play an important role during mantle melting (e.g., Kelemen et al., 1997), it 

thus cannot be the only melting and melt transport regime involved in most settings. In a 

relatively homogeneous mantle dominated by peridotite melting, the best remaining explanations 

for high (230Th/238U) ratios in basalts are 1) RPF melting at even slower upwelling rates (e.g., < 1 

cm/yr.) (Figures S5-S6); and 2) two-porosity flow, where efficient extraction of deeper melts 

with high (230Th/238U) occurs via channelized flow (roughly equivalent to a dynamic melt), while 

magmas with low (230Th/238U) can be explained by shallower extraction along a lower-porosity, 

RPF pathway. This finding agrees with prior work (e.g., Jull et al., 2002; Sims et al., 2002). In 

regions with independent geochemical evidence for greater mantle heterogeneity (e.g., varying 

radiogenic isotope ratios) or high upwelling rates, however, our model results further support an 
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alternate source of high (230Th/238U) that is of greater interest to the questions investigated here, 

namely pyroxenite melting within a lithologically heterogeneous mantle source region. 

Although all model results are shared in Figures S3-S12 for completeness, we logically constrain 

our results for pyroxenite involvement in mantle melting based on expected external limitations. 

As noted above, thermal equilibration with ambient peridotite can affect the U-series 

disequilibria produced during partial melting, and we expect such equilibration to largely occur 

except for the largest-diameter heterogeneities in the mantle (> 1 km) (Kogiso et al., 2004b). As 

such, we can consider the effects of thermally isolated melting of pyroxenite under typical 

mantle conditions as less likely. We also assume that near-fractional, efficient extraction and 

transport via channelized flow is the dominant mechanism for pyroxenite partial melting in a 

dominantly peridotitic mantle. Partial melting of pyroxenite heterogeneities is likely to form high 

porosity channels in which pyroxenite melts can be efficiently segregated and rapidly transported 

to the surface (e.g., Weatherley and Katz, 2012), as thermal diffusion from peridotite to 

pyroxenite-rich channels prevents melting and efficient drainage of rocks adjacent to channels. 

Pyroxenite partial melts that do travel by porous flow would likely react with surrounding 

peridotite and freeze (e.g., Lambart et al., 2012; Yaxley and Green, 1998), producing hybridized 

rocks. Hence, extracted partial melts of pyroxenite should be dominantly the product of dynamic 

melting and channelized transport, while partial melts of peridotite are more likely to experience 

porous flow, per the discussion above. This expectation is supported by significant mismatches 

observed between some of our RPF modeling outcomes for pyroxenite melting and the global 

oceanic basalt data set. In particular, we calculated large 226Ra deficits relative to 230Th in RPF 

melts of Gb-108, due to the predicted presence of stable plagioclase in silica-rich eclogite under 
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mantle conditions and resulting relatively high bulk Ra partition coefficients. Such deficits are 

generally not observed in MORB or OIB (Figures 3-4, Table S1). 

Figure 7a-b shows a restricted set of model outcomes likely to resemble melt generation in a 

MORB setting, focusing on solid mantle upwelling rates between 1 and 10 cm/yr. To simulate 

the likely different transport mechanisms expected for depleted, mostly peridotite-derived and 

enriched, pyroxenite-derived partial melts in a two-lithology melting regime, we show low-

porosity (0.1 to 0.5 %) RPF peridotite melts in blue with higher-porosity (0.5 to 1.0 %) dynamic 

melts of the two pyroxenite lithologies in red (Gb-108) and maroon (MIX1G). All model results 

shown in Figure 7 also assume thermal equilibrium between chemically isolated heterogeneous 

lithologies. We restrict peridotite melting to porous flow scenarios due to the restricted range of 

dynamic melts observed above, as well as the likelihood of two porosity transport in a 

lithologically heterogeneous mantle. A range of mixtures of melts derived from the peridotite 

and pyroxenite fields is possible, and could readily explain the majority of the observed MORB 

data, shown in gray. 

The highest (230Th/238U) and lowest (231Pa/235U) disequilibrium values observed in MORB are 

less well explained, however, particularly considering the relative insensitivity of the dynamic 

melting results to changes in bulk mineralogy and partition coefficients (Figure 7b). In fact, none 

of our calculated melt compositions for Tp = 1300ºC can fully explain the most extreme observed 

basalts in Figure 7b. One scenario that could generate magmas in this field is increasing the time 

of melt extraction after segregation into a disequilibrium melt channel, e.g. after Stracke et al. 

(2006), which could moderately reduce the (231Pa/235U) ratio but would have little effect on 

(230Th/238U). In a number of locations, however, the aging expected to occur during transport or 

storage has been insufficient to explain systematically low (226Ra/230Th) or (231Pa/235U) in 
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measured basalts (e.g., Jan Mayen Island; Elkins et al., 2016). Alternatively, the basalts with 

particularly high (230Th/238U) and low (231Pa/235U) may derive from regions with locally hotter 

mantle potential temperatures, causing them to more closely resemble hotspot-derived basalts. 

For OIB scenarios, we similarly restricted the model outcomes we considered relevant in Figure 

7c-d, but for a higher mantle potential temperature of 1550ºC, solid mantle upwelling rates of 5 

to 50 cm/yr., and a final melting pressure of 2.0 GPa to simulate thicker oceanic lithosphere for 

all model scenarios. Although again, mixtures between peridotite and pyroxenite partial melts 

could generate much of the observed data, here the mismatch in (231Pa/235U) vs. (230Th/238U) 

between model outcomes and measured basalts is greater than it was for MORB. While 

segregated magma must travel from the base of the lithosphere at 2.0 GPa to the surface in this 

scenario, allowing for greater decay during transport, the mismatch is large enough to make this 

a less satisfactory explanation. However, unlike at the lower potential temperatures in Figure 7b, 

under hotter conditions there is a greater range of possible model outcomes for pyroxenite 

melting (Figures S3-S12), some of which could generate magmas with sufficiently high 

(230Th/238U) and sufficiently low (231Pa/235U) to explain the observed data. For example, if a 

small portion of pyroxenitic partial melts were in fact transported by reactive porous flow, or if 

some pyroxenite heterogeneities were sufficiently large to remain thermally isolated during 

melting, much of the mismatch could be overcome. 

While our preliminary modeling outcomes neither exhaust all possible scenarios, nor provide a 

perfect fit to the global oceanic basalt data set, they are encouraging. In particular, they 

demonstrate that pure peridotite melting is insufficient to generate the vast majority of global 

oceanic basalts, and show that at least a small contribution of partial melts from pyroxenitic 

lithologies is likely. However, we judge it unlikely that most mantle melting regimes are 
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dominated by a purely pyroxenitic source, even if that source is the product of hybridization, as 

suggested by Sobolev et al. (2005). Instead, we favor variable extents of mixing of the partial 

melts produced by a range of lithologic types and melting processes. In such a scenario, the 

relatively high trace element content of enriched pyroxenites allows the pyroxenite melts to more 

strongly influence the resulting composition of the aggregate than the proportion of pyroxenite in 

the source region would suggest (e.g., Sims et al., 2013; Stracke et al., 1999). Such magma 

mixing processes could produce a large range of aggregated melt compositions, depending on the 

precise pyroxenite composition, pyroxenite abundance, thermal conditions, channel density, and 

upwelling rate of the mantle regime. In some regions (e.g., 9-10ºN EPR; Sims et al., 2002), 

pyroxenite presence is limited in size and abundance, such that compositions may effectively 

mimic the melting of a homogeneous source, with limited channel production and a stronger 

influence by porous flow processes. In others (e.g., Jan Mayen Island; Elkins et al., 2016b), 

larger and/or more abundant pyroxenite heterogeneities strongly influence the formation and 

density of channels, alongside a range of porous-flow or dynamic melting processes within the 

dominant peridotite rocks. We believe this model largely explains the global production of OIB 

and MORB and corroborates the majority of oceanic basalt U-series disequilibrium data from the 

literature, although more exotic or unusual conditions may persist in limited regions. Our 

updated and synthesized modeling results generally support a widespread and important role for 

pyroxenite melting in most mantle melting regimes. 

7. CONCLUSIONS 

Based on our synthesis of U-series disequilibrium analysis in basalts and its efficacy as a 

technique for investigating mantle lithologic heterogeneity, we can address the two questions 

posed in the introduction to this paper: 
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1) How are U-series isotopes a useful tool for investigating the nature and magnitude of mantle 

lithologic heterogeneity? 

Uranium-series isotopic disequilibria remain the primary source of information about the 

timescales of partial melting in the mantle, which is in turn the main mechanism whereby new 

oceanic crust is formed on Earth; as such, they continue to be a key approach for understanding 

how processes like plate tectonics, mantle convection, and large scale chemical recycling 

interact. Thus, U-series isotopes remain a necessary and relevant method for evaluating the 

igneous petrogenesis of young, fresh lavas. In addition, the synthesis of forward modeling 

techniques demonstrated here corroborates recent studies suggesting that U-series disequilibrium 

analysis is a sensitive indicator of the involvement of pyroxenite in mantle melting, in ways that 

differ from other geochemical indicators of lithologic variations in the melt source. Those 

indicators based on our synthesis of modeling efforts, broadly support a widespread role for 

pyroxenite in most upper mantle melting regimes. 

2) How has this technique helped our understanding of mantle makeup and melt generation to-

date, and where might the geochemical community best concentrate its future efforts? 

The range of U-series isotope disequilibria observed in global oceanic basalts, particularly when 

considered with additional geochemical indicators of heterogeneity, generally supports the 

involvement of pyroxenite in the partial melting of the sub-oceanic mantle. Additionally, while 

pyroxenite melting should be largely dominated by dynamic melting processes and channelized 

melt transport, reactive porous flow and two-porosity transport regimes for peridotite melt are 

likely necessary to fully explain U series isotope systematics, with or without local heterogeneity 

effects. 
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When assessing the nature of the partial melting process using forward melting model 

calculations, non-linear variations in melt productivity during the melting process, continuous 

changes in partition coefficients due to changing mineral modes, and thermal equilibration 

between melting pyroxenites and ambient mantle peridotite rocks should all be taken into 

account; though thermal equilibration likely plays a more minor role, in light of the dominantly 

dynamic melting of pyroxenites, which is relatively insensitive to such effects. The presence of 

lithospheric lids beneath hotspots should also be considered for peridotite melting by RPF, where 

such lids can have a notable effect. We generally encourage researchers to evaluate both RPF 

and dynamic melting of peridotite, and to utilize available numerical solutions for both models to 

most accurately assess the competing effects of the variables listed above. 
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Figure Captions 

Figure 1. Conceptual diagram illustrating time-dependent melting scenarios for an upwelling 

mantle column experiencing a. dynamic melting and b. RPF processes (after McKenzie, 1985; 
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Spiegelman and Elliott, 1993; Williams and Gill, 1989). Red specks indicate small degrees of 

melt residing in the pore space of the host rock, while red lines and small red arrows indicate 

magma flow paths. Flow paths for dynamic melting are illustrated with thick red lines to indicate 

the presence of high-porosity, dunite channels of some finite width, while RPF flow paths follow 

low-porosity grain boundaries. 

Figure 2. Conceptual illustration for a two-lithology, two-porosity melting regime, showing an 

upwelling mantle column containing zones of fertile pyroxenite rock (brown ellipses) with a 

deeper onset of melting than ambient peridotite. Pyroxenite melting is initially shown with dark 

melt droplets, followed by the initiation of channels by reactive infiltration instabilities rooted in 

pyroxenite zones. Ambient peridotite rocks begin melting upon crossing the shallower peridotite 

solidus, with small melt fractions shown as pale droplets which coalesce to travel by porous flow 

along grain boundaries. While some peridotite partial melt may enter the larger melt channels 

and thereby be transported more rapidly via disequilibrium flow, the fraction that does so is 

unconstrained in this scenario. 

Figure 3. a. (230Th/232Th) vs. (238U/232Th) “equiline” diagram after Allègre (1968); b. 

(226Ra/230Th) vs. (230Th/238U) diagram; and c. (231Pa/235U) vs. (230Th/238U) diagram showing 

global MORB mass spectrometry data (Bourdon et al., 1996a, 2000; Cooper et al., 2003; Elkins 

et al., 2011, 2014, 2016; Goldstein et al., 1989, 1992, 1993; Kokfelt et al., 2003; Lundstrom et 

al., 1995, 1998a, 1999; Peate et al., 2001; Reagan et al., 2017; Rubin et al., 2005; Russo et al., 

2009; Sims et al., 2002; Standish and Sims, 2010; Tepley et al., 2004; Turner et al., 2015, 2016; 

Waters et al., 2011, 2013). In the equiline diagram, (238U/232Th) is proportional to U/Th 

elemental ratios, and systems in secular equilibrium have (230Th/238U) = 1.0, placing them on the 

equiline. All data have been filtered to omit samples with evidence for significant alteration due 
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to interaction with seawater or seawater-derived materials, based on (234U/238U) ≠ 1.00 with a 

filtering criterion of ± 1% (see Table S1 and Supplementary Information), and to omit those with 

no U isotope data constraints. Data for samples with known age constraints within one-half-life 

of the daughter nuclide in the pairs shown (see Table S1 and Supplementary Information) are 

illustrated with black outlines, while other data points that lack such constraints are outlined in 

gray. The measured disequilibria for data points without such age indicators are considered 

minimum values, as U-series disequilibria could have been reduced by age decay since eruption. 

Global OIB data after Figure 4 are shown as red fields. 

Figure 4. a. (230Th/232Th) vs. (238U/232Th) “equiline” diagram; b. (226Ra/230Th) vs. (230Th/238U) 

diagram; and c. (231Pa/235U) vs. (230Th/238U) diagram showing global ocean island basalt mass 

spectrometry data (Cohen and O'Nions, 1993; Elkins et al., 2016; Kokfelt et al., 2003; Koornneef 

et al., 2012; Peate et al., 2001; Pietruszka et al., 2001, 2009; Prytulak and Elliott, 2009; Prytulak 

et al., 2014; Reagan et al., 2017; Rubin et al., 2005; Sims and Hart, 2006; Sims et al., 1995, 

1999, 2008; Stracke et al., 2003c, 2006; Turner et al., 2016) (see Table S1 and Supplementary 

Information). Global MORB data from Figure 3 are shown as blue fields. Filtering criteria and 

age constraints are as in Figure 3. 

Figure 5. a. P-T diagram illustrating one set of model calculations from Melt-PX and pMELTS 

from this study, showing solidus conditions and adiabatic melting paths for peridotite and 

coexisting Gb-108 pyroxenite under thermal equilibrium (TE) and thermally isolated (I) 

conditions at Tp = 1550ºC. b. P-F diagram for the same set of calculations, illustrating the effects 

of thermal isolation versus equilibration on melt productivity. 
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Figure 6. Modes of minerals present with depth during melting for the same set of model 

calculations as shown in Figure 5. Modes are shown for a. Gb-108 in thermal equilibrium, b. Gb-

108 in thermal isolation, c. peridotite in thermal equilibrium, and d. peridotite in thermal 

isolation. 

Figure 7. Summary highlighting key results of melt modeling calculations for peridotite (blue 

fields), Gb-108 pyroxenite (red fields), and MIX1G pyroxenite lithologies (maroon fields). a. 

(226Ra/230Th) and b. (231Pa/235U) vs. (230Th/238U) for scenarios relevant to MORB melt 

generation, with mantle potential temperature of 1300ºC and a final melting pressure of 0.5 GPa. 

All model results shown assume full thermal equilibrium between coexisting lithologies. 

Peridotite melting results cover a range of solid mantle upwelling rates from 1 to 10 cm/yr. and 

residual melt porosities of 0.1 to 0.5 % for RPF melting, while pyroxenite melting calculations 

used the same solid mantle upwelling rates with higher porosities of 0.5 to 1.0 % in a dynamic 

melting scenario. Global MORB data after Figure 3 are shown in gray. c. (226Ra/230Th) and d. 

(231Pa/235U) vs. (230Th/238U) for OIB melting at a mantle potential temperature of 1550ºC and 

final melting pressure of 2.0 GPa. Model scenarios shown are similar to those in panels (a) and 

(b), except solid mantle upwelling rates are restricted to 5 to 50 cm/yr. Global OIB data after 

Figure 4 are shown in gray. 

Figure S1. a. 238U decay series. The final decay product of the series is 206Pb. b. 235U decay 

series, with the final decay product of 207Pb. The decay chains result from successive radioactive 

decay of intermediate nuclides in the series. Colored numbers indicate the half-lives of the 

corresponding nuclides (after Faure and Mensing, 2005). c. Diagram illustrating changes in 

parent-daughter activity ratios for the nuclides discussed in this review. Activity ratios decay 

over different timescales as a result of the differing half-lives of the daughter nuclides shown. 
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Figure S2. (231Pa/235U) vs. 176Hf/177Hf data for Iceland, with selected sample data and dynamic 

melting model calculations after Koornneef et al. (2012). One set of calculated binary mixtures 

between chemically and thermally isolated melts of depleted peridotite and enriched pyroxenite 

sources is also shown (Koornneef et al., 2012). Tick marks for peridotite and pyroxenite melts 

indicate the calculated composition of each partial melt at a given pressure of melting along a 

single 1D column. Tick marks along the dashed binary mixing line indicate the proportions of 

melt contributed from each source for a single calculated extraction depth of 0.9 GPa. Based on 

the limited 176Hf/177Hf isotopic range observed in the selected Icelandic basalts, the proportion of 

melt contributed by partial melting of the pyroxenite source can be quantitatively constrained to 

less than 10% (Koornneef et al., 2012). Given an assumed pyroxenite composition and melt 

fertility, it is possible to further constrain the percentage of pyroxenite present in the unmelted 

Icelandic source region. 

Figure S3. Gridded results of time-dependent dynamic melting model calculations, for Tp = 

1300ºC, final melting pressure of 0.5 GPa, and peridotite and pyroxenite in thermal equilibrium, 

across a range of solid mantle upwelling (W; solid lines) and maximum residual melt porosity 

() values (dashed lines). Data fields indicate global MORB data after Figure 3. Panels show 

results for a. (226Ra/230Th) and b. (231Pa/235U) vs. (230Th/238U) in partial melts of peridotite in 

thermal equilibrium with Gb-108 pyroxenite, c. (226Ra/230Th) and d. (231Pa/235U) vs. (230Th/238U) 

in partial melts of Gb-108 pyroxenite, e. (226Ra/230Th) and f. (231Pa/235U) vs. (230Th/238U) in 

partial melts of peridotite in thermal equilibrium with MIX-1G pyroxenite, and g. (226Ra/230Th) 

and h. (231Pa/235U) vs. (230Th/238U) in partial melts of MIX-1G pyroxenite. 

Figure S4. Gridded results of time-dependent dynamic melting model calculations, for Tp = 

1550ºC, final melting pressure of 0.5 GPa, and peridotite and pyroxenite in thermal equilibrium, 
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across a range of solid mantle upwelling (W) and maximum residual melt porosity () values and 

with panels as in Figure S3. Data fields indicate global OIB data after Figure 4. 

Figure S5. Gridded results of time-dependent RPF melting calculations, for Tp = 1300ºC, final 

melting pressure of 0.5 GPa, and peridotite and pyroxenite in thermal equilibrium, across a range 

of solid mantle upwelling (W) and maximum residual melt porosity () values and with panels 

and fields as in Figure S3. 

Figure S6. Gridded results of time-dependent RPF melting calculations, for Tp = 1550ºC, final 

melting pressure of 0.5 GPa, and peridotite and pyroxenite in thermal equilibrium, across a range 

of solid mantle upwelling (W) and maximum residual melt porosity () values and with panels 

and fields as in Figure S4. 

Figure S7. Gridded results of time-dependent RPF melting calculations, for Tp = 1550ºC, final 

melting pressure of 2.0 GPa, and peridotite and pyroxenite in thermal equilibrium, across a range 

of solid mantle upwelling (W) and maximum residual melt porosity () values and with panels 

and fields as in Figure S4. 

Figure S8. Gridded results of time-dependent dynamic melting calculations, for Tp = 1550ºC, 

final melting pressure of 2.0 GPa, and peridotite and pyroxenite in thermal equilibrium, across a 

range of solid mantle upwelling (W) and maximum residual melt porosity () values and with 

panels and fields as in Figure S4. 

Figure S9. Gridded results of time-dependent dynamic melting model calculations, for Tp = 

1300ºC, final melting pressure of 0.5 GPa, and thermally isolated peridotite and pyroxenite, 

across a range of solid mantle upwelling (W) and maximum residual melt porosity () values. 
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Data fields are as in Figure S3. Panels show results for a. (226Ra/230Th) and b. (231Pa/235U) vs. 

(230Th/238U) in partial melts of peridotite, c. (226Ra/230Th) and d. (231Pa/235U) vs. (230Th/238U) in 

partial melts of Gb-108 pyroxenite, and e. (226Ra/230Th) and f. (231Pa/235U) vs. (230Th/238U) in 

partial melts of MIX-1G pyroxenite. 

Figure S10. Gridded results of time-dependent dynamic melting model calculations, for Tp = 

1550ºC, final melting pressure of 0.5 GPa, and thermally isolated peridotite and pyroxenite, 

across a range of solid mantle upwelling (W) and maximum residual melt porosity () values and 

with panels and fields as in Figure S4. 

Figure S11. Gridded results of time-dependent RPF melting model calculations, for Tp = 1300ºC, 

final melting pressure of 0.5 GPa, and thermally isolated peridotite and pyroxenite, across a 

range of solid mantle upwelling (W) and maximum residual melt porosity () values and with 

panels and fields as in Figure S3. 

Figure S12. Gridded results of time-dependent RPF melting model calculations, for Tp = 1550ºC, 

final melting pressure of 0.5 GPa, and thermally isolated peridotite and pyroxenite, across a 

range of solid mantle upwelling (W) and maximum residual melt porosity () values and with 

panels and fields as in Figure S4. 

List of Tables 

Table 1. Fixed mineral/melt partition coefficients used to calculate bulk rock partition 

coefficients in model calculations for this study. 

Table S1. Compiled and synthesized global oceanic basalt database of published mass 

spectrometry data for U-series isotopes. See Supplementary Information for additional details. 
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Table S2. Results of Melt-PX model calculations used to determine inputs for dynamic and RPF 

forward melting models, as described in the text. 
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Table 1. Fixed mineral/melt partition coefficients (Di) used to calculate bulk rock partition 
coefficients in model calculations for this study. 
Lithology Phase DU DTh DPa * DRa * Source 

       Garnet peridotite Garnet 0.038 0.017 0.00001 0.00001 RD 1097-5 experiment, Salters et al. (2002) 
 Clinopyroxene 0.003 0.004 0.00001 0.00001 RD 1097-5 experiment, Salters et al. (2002) 
 Olivine 0.00005 0.00047 0.00001 0.00001 RD 1097-5 experiment, Salters et al. (2002) 
 Orthopyroxene 0.0078 0.0086 0.00001 0.00001 TM0500-3 experiment, Salters et al. (2002) 
 Spinel 0.012 0.0024 0.00001 0.00001 Lunar basalt, Klemme et al. (2006) 
       
Spinel peridotite Clinopyroxene 0.008 0.007 0.00001 0.00001 TM 1094-9 experiment, Salters and Longhi 

(1998) 
 Olivine 0.00005 0.00047 0.00001 0.00001 RD 1097-5 experiment, Salters et al. (2002) 
 Orthopyroxene 0.0024 0.0027 0.00001 0.00001 RD 1097-2 experiment, Salters et al. (2002) 
 Plagioclase 0.0006 0.0034 0.00001 0.02000 DU, DTh calculated after Blundy and Wood 

(2003); DRa from Fabbrizio et al. (2009) 
 Spinel 0.012 0.0024 0.00001 0.00001 Lunar basalt, Klemme et al. (2006) 
       
Gb-108 pyroxenite ** Garnet 0.02405 0.00415 0.00001 0.00001 A343 experiment, Pertermann et al. (2004) 
 Clinopyroxene 0.0041 0.0032 0.00001 0.00001 A343 experiment, Pertermann et al. (2004) 
 Olivine 0.00005 0.00047 0.00001 0.00001 RD 1097-5 experiment, Salters et al. (2002) 
 Plagioclase 0.0006 0.0034 0.00001 0.02000 DU, DTh calculated after Blundy and Wood 

(2003); DRa from Fabbrizio et al. (2009) 
 Spinel 0.046 0.016 0.00001 0.00001 Maximum measured, Elkins et al. (2008) 
       
MIX1G pyroxenite Garnet 0.013 0.0032 0.00001 0.00001 Experimental results, Elkins et al. (2008) 
 Clinopyroxene 0.017 0.015 0.00001 0.00001 Experimental results, Elkins et al. (2008) 
 Olivine 0.00005 0.00047 0.00001 0.00001 RD 1097-5 experiment, Salters et al. (2002) 
 Spinel 0.046 0.016 0.00001 0.00001 Maximum measured, Elkins et al. (2008) 
 Orthopyroxene 0.0078 0.0086 0.00001 0.00001 TM0500-3 experiment, Salters et al. (2002) 
 Plagioclase 0.0006 0.0034 0.00001 0.02000 DU, DTh calculated after Blundy and Wood 

(2003); DRa from Fabbrizio et al. (2009) 
* By convention, DPa and DRa are set equal to very small values (1 x 10-5) for most minerals, 
except DRa in plagioclase. 
** There are no published partitioning data for U, Th, Ra, or Pa in quartz, kyanite, or coesite, and 
the mineral/melt partition coefficients in these minerals are expected to be extremely low. To 
simplify the calculations in this paper, the Di values for these three minerals are assumed to be 
zero. 
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Article highlights for Testing pyroxenite versus peridotite sources for marine basalts using U-
series isotopes: 
 

 Global oceanic basalts record mantle lithologic heterogeneity 
 U-series disequilibria detect mineralogy and melting rate of peridotite, pyroxenite 
 Two-lithology dynamic and porous flow melting models support mantle pyroxenite 
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