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Uranium-series disequilibria in MORB, revisited: A systematic numerical
approach to partial melting of a heterogeneous mantle
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β The University of Utah, Department of Geology and Geophysics, 115S 1460E, Salt Lake City, UT 84112, USA.

ABSTRACT
We present computational modeling outcomes for bilithologic (peridotite and pyroxenite) mantle melting in divergent environ-
ments, considering equilibrium and disequilibrium porous flow melting of 0–50 % pyroxenite in thermal equilibrium with peri-
dotite, potential temperatures of 1300 and 1400 °C, upwelling rates from 1–50 cm yr−1, maximum porosities of 0.1–2.0 %, and
four compositions that span pyroxenite melting behavior. Basalt-like pyroxenites (G2) uniquely produce low (226Ra/230Th) and
(231Pa/235U) with high (230Th/238U), but quantities greater than ~10 % produce anomalously thick crust, restricting their global
abundance. Silica-deficient pyroxenite (M7-16 and MIX1G) melts are more moderate, but require chemical re-equilibration during
transport to resemble global basalts, while hybrid lithologies (KG1) produce melts similar to those of peridotites. Uranium-series
disequilibria in partial melts can also be decoupled from trace elements by radioactive decay in two-dimensional regimes. The
mantle must thus contain multiple types of pyroxenite on a global scale, with melts traveling by complex networks and experi-
encing heterogeneous extents of chemical re-equilibration.

KEYWORDS: Mid-ocean ridge basalt; Pyroxenite; Modeling; U-series.

1 INTRODUCTION
Partial melting of the convecting and decompressing man-
tle is the dominant mechanism of magma production on
Earth, and is responsible for generating the majority of the
planet’s volcanic activity. Our understanding of the man-
tle melting process—which drives the formation of oceanic
crust—is nonetheless incomplete, and a number of fundamen-
tal questions remain unresolved. One is the role that mul-
tiple lithologies residing in the decompressing mantle might
have in generating partial melts and, thus, oceanic crust [e.g.
Hirschmann and Stolper 1996]. Although volumetrically mi-
nor compared to the dominant ultramafic rocks, recycled and
reworked mafic lithologies may play an outsized role in gen-
erating oceanic magmas due to their distinct melting behavior
[e.g. Hirschmann and Stolper 1996; Kogiso et al. 2004; Stracke
et al. 2006; Stracke and Bourdon 2009; Lambart et al. 2013].
One reason for that incomplete understanding is that geo-
chemical indicators of mantle melting, as recorded in basaltic
lavas extracted from that mantle, are relatively ambiguous re-
garding the lithologic types involved in the partial melting
process [e.g. Hirschmann and Stolper 1996; Stracke and Bour-
don 2009; Mallik et al. 2021; Lang and Lambart 2022]. Partial
melting is a prolonged and progressive process that occurs
over a significant depth range [e.g. Asimow et al. 1995], and
the magmas thus produced are mixed and homogenized to an
unknown degree prior to emplacement: processes which ob-
scure subtle lithologic melting signals [e.g. Stracke and Bour-
don 2009; Rudge et al. 2013]. First-row transition elements
(such as Ni and Mn contents in basalt and olivine phenocrysts
[e.g. Sobolev et al. 2005; Herzberg 2011]) and non-traditional
stable isotopes (including δ57Fe and δ26Mg [e.g. Soderman et
al. 2024]) have been suggested as potential tracers for pyrox-
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enite rocks in mantle sources, but the types and quantities of
the pyroxenite material present in the upper mantle remain
unclear [e.g. Soderman et al. 2021; Yu and Langmuir 2023].
Thus, although the trace element and radiogenic isotope com-
positions of mid-ocean ridge basalt (MORB) lavas indicate that
the mantle is chemically heterogeneous over long time- and
length-scales [e.g. Hirschmann and Stolper 1996; Kogiso et al.
2004; Rudge et al. 2013], the lithologic characteristics of those
heterogeneities are less clearly constrained.
Uranium-series isotopic disequilibria record different in-
formation about the mantle melting regime than traditional
chemical concentration and radiogenic isotopic data. The U-
series decay chains are sensitive not only to trace element
abundances and partitioning in the presence of residual miner-
als, but also to the timescales of melting and melt-rock chem-
ical interactions during magma transport [e.g. McKenzie 1985;
Williams and Gill 1989]. The system is notably sensitive to
melting rates, in addition to the expected controls on trace el-
ement partitioning (i.e. the source rock’s residual mineralogy
during melting) [e.g. Williams and Gill 1989]. In fact, U-series
disequilibria remain the only geochemical measurements that
directly record timing information about mantle melting, mak-
ing the data a useful complement to traditional major element,
trace element, and radiogenic isotope geochemistry.
Mafic rocks like pyroxenites melt at overall faster rates and
with different residual mineralogy than ultramafic peridotites,
and are thus predicted to generate lavas with detectable geo-
chemical signatures [e.g. Hirschmann and Stolper 1996; Pert-
ermann et al. 2004; Stracke et al. 2006; Yang et al. 2019]. Dur-
ing decompression along a given mantle adiabat, a pyroxenite
source rock should thus produce partial melts with composi-
tions that are distinct from peridotitic melts, and past work
suggests this difference is detectable for U-series disequilib-
ria [e.g. Stracke et al. 2006; Prytulak and Elliott 2009; Russo
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et al. 2009; Koornneef et al. 2012; Elkins et al. 2019]. However,
due to the complexity of the system, the U-series approach re-
quires the comparison of measured data with complex, time-
dependent, progressive melting models, and interpretation of
measured results can be muddled by difficulties interpreting
non-unique and overlapping model outcomes. Recent work
by Elkins et al. [2019, 2023], among others [e.g. Stracke et al.
2006; Prytulak and Elliott 2009; Waters et al. 2011], suggests
that it is nonetheless possible to place constraints on the man-
tle melting process of a heterogeneous mantle. For instance,
the authors showed that the range of U-series isotope disequi-
libria observed in global oceanic basalts, particularly when
only plausible scenarios for mid-ocean ridge and ocean island
melting environments are considered (e.g. faster upwelling at
most hotspot settings than beneath passively upwelling diver-
gent regions), supports the involvement of pyroxenite in the
partial melting of the sub-oceanic mantle [Elkins et al. 2019;
2023]. While the progressive melting regime in the mantle
is likely highly complex, involving multiple sizes and spatial
distributions of heterogeneous materials in various states of
chemical exchange and three-dimensional multiphase flow,
new model developments by Elkins and Spiegelman [2021]
have provided expanded tools that additionally incorporate
chemical equilibration rates in steady-state melting calcula-
tions, which may provide new insights.

To more thoroughly investigate the role of heterogeneous
melting in magma generation in mid-ocean ridge settings, here
we present the results of a systematic study of bi-lithologic
(peridotite + pyroxenite) melting in adiabatically decompress-
ing mantle regimes. We have conducted this work using
a range of porous flow models, from full chemical equili-
bration during melting and melt transport (i.e. equilibrium
porous flow, after Spiegelman and Elliott [1993] and Spiegel-
man [2000]) to complete disequilibrium transport (using the
new methods of Elkins and Spiegelman [2021]). To capture
much of the different pyroxenite melting behavior that is pos-
sible in the mantle, we also considered four distinct pyrox-
enitic lithologies (i.e. G2, KG1, M7-16, and MIX1G; Supple-
mentary Material 1 Table S1) that span the compositional and
mineralogical range and melting behaviors exhibited by py-
roxenite rocks. Each pyroxenite coexists with ambient mantle
peridotite (Depleted Mantle, DM [Salters and Stracke 2004]) in
abundances ranging from 1 to 50 % of the solid mantle source,
and for mantle potential temperatures of 1300 and 1400 °C
(Table 1). For each scenario, we also computed outcomes over
a range of solid mantle upwelling rates and maximum residual
melt porosities in a compacting medium, after Spiegelman and
Elliott [1993], Spiegelman [2000], and Elkins and Spiegelman
[2021]. As explored further below, we additionally tracked a
number of other variables in selected test cases, including ag-
ing of the extracted, pooled magma during lithospheric ascent,
the effects of heterogeneous melting on trace element ratios,
and the effects of integration over a triangular melting regime
with different magma transport rates. Altogether, we synthe-
size the outcomes of approximately 10,000 model calculations,
and use them to assess the sensitivity of U-series disequilibria
to a series of factors (i.e. mantle temperature, pyroxenite type,
pyroxenite abundance, magma transport mechanisms, aging

during transport, and two-dimensional melt pooling) in the
melting process beneath the global mid-ocean ridge system.

2 BACKGROUND
Olivine-poor, pyroxene-rich mafic lithologies, hereafter called
“pyroxenites” [after, e.g. Hirschmann and Stolper 1996], consti-
tute a minor (likely ~2–5 % on average) but important lithol-
ogy in the upper mantle, and span a broad range of com-
positions [e.g. Kogiso et al. 2004; Lambart et al. 2013] that
likely reflect diverse lithological origins [e.g. Downes 2007].
In their review of the phase relations of pyroxenites at high
pressures, Kogiso et al. [2004] highlight the influence of the
thermal barrier defined by the aluminous pyroxene phase
plane (Ca-Tschermak’s molecule–diopside–enstatite) on par-
tial melt compositions. All stoichiometric garnets and pyrox-
enes plot on this plane; as a result, when garnet and py-
roxene are the major residual phases, the divide is stable
and delineates two fundamental types of pyroxenites with
distinct melting and crystallization paths: silica-deficient py-
roxenites (with subsolidus assemblages that include olivine ±
orthopyroxene ± spinel), and silica-excess pyroxenites (with
subsolidus assemblages that include minor quartz or coesite,
rutile, and plagioclase). However, because partial melt compo-
sitions are also strongly influenced by minor elements, Lam-
bart et al. [2013] demonstrated that melts produced by pyrox-
enite melting occupy a progressive or continuous range from
liquids derived from the most silica-excess compositions to
those from the most silica-deficient types, rather than distinct
poopulations with a sharp compositional divide. As the silica-
excess/deficient terminology has been widely adopted by the
petrologic community for pyroxenites, here we also use this
classification.
Most pyroxenites have lower solidus temperatures and nar-
rower melting intervals than peridotites, suggesting they could
contribute an outsized portion to mixed mantle melts. How-
ever, the range of compositions (and mineralogy) grouped un-
der the term “pyroxenite” covers a large range of melting be-
haviors, including some more closely resembling peridotite
melting behavior [Lambart et al. 2016]. The four pyroxenite
compositions used in our models were selected to span the
melting behaviors observed in pyroxenitic rocks [Lambart et
al. 2016]. G2, a silica-excess pyroxenite resembling an aver-
age basaltic composition, after Pertermann and Hirschmann
[2003a,b], presents the lowest solidus temperatures among the
four pyroxenites. M7-16, a natural, iron-rich, silica-deficient
clinopyroxenite from Beni Bousera [Lambart et al. 2009; 2013],
displays a very narrow melting interval. KG1 is a silica-
deficient hybrid lithology calculated as the mixture between a
MORB composition and a peridotite, after Kogiso et al. [1998],
and shows similar solidus temperatures to peridotite but a
slightly higher melt productivity. Finally, MIX1G, a silica-
deficient pyroxenite produced by a mixture of two natural
pyroxenites from the Balmuccia massif chosen to approximate
an average mantle pyroxenite composition, after Hirschmann
et al. [2003] and Kogiso et al. [2003], exhibits melting behav-
ior intermediate between KG1 and M7-16. The melting char-
acteristics of a multi-lithologic, heterogeneous mantle source
introduces additional complexity, as coexisting lithologies can
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Table 1: Model run matrix for this study. Uranium-series activity ratios were determined in partial melts for all of the scenarios
listed, for solid mantle upwelling rates (W0) ranging from 0.5 to 50 cm yr–1, maximum residual mass porosities (φ0) of 0.1 to
2.0 %, and chemical equilibrium, chemical disequilibrium, and intermediate transport models, with Damköhler numbers (Da) of
infinity, 0, and 0.1, respectively.

Tp PLithos Pyroxenite Pyroxenite Peridotite Tp PLithos Pyroxenite Pyroxenite Peridotite
(°C) (kbar) type % % (°C) (kbar) type % %

1300 5.1 G2 1 99 1400 5.1 G2 1 99
1300 5.1 G2 5 95 1400 5.1 G2 5 95
1300∗ 5.1 G2 10 90 1400∗ 5.1 G2 10 90
1300 5.1 G2 20 80 1400 5.1 G2 20 80
1300 5.1 G2 50 50 1400 5.1 G2 50 50

1300 5.1 KG1 1 99 1400 5.1 KG1 1 99
1300 5.1 KG1 5 95 1400 5.1 KG1 5 95
1300 5.1 KG1 10 90 1400 5.1 KG1 10 90
1300 5.1 KG1 20 80 1400 5.1 KG1 20 80
1300 5.1 KG1 50 50 1400 5.1 KG1 50 50

1300 5.1 M7-16 1 99 1400 5.1 M7-16 1 99
1300 5.1 M7-16 5 95 1400 5.1 M7-16 5 95
1300 5.1 M7-16 10 90 1400∗ 5.1 M7-16 10 90
1300 5.1 M7-16 20 80 1400 5.1 M7-16 20 80
1300 5.1 M7-16 50 50 1400 5.1 M7-16 50 50

1300 5.1 MIX1G 1 99 1400 5.1 MIX1G 1 99
1300 5.1 MIX1G 5 95 1400 5.1 MIX1G 5 95
1300∗,a–c, 5.1 MIX1G 10 90 1400∗,b 5.1 MIX1G 10 90
1300 5.1 MIX1G 20 80 1400 5.1 MIX1G 20 80
1300 5.1 MIX1G 50 50 1400 5.1 MIX1G 50 50

1200c 5.1 none 0 100
1200c 2.2 none 0 100
1300c 5.1 none 0 100
1300c 2.2 none 0 100
1400 5.1 none 0 100
1400 3.3 none 0 100
a In addition to the default conditions, the effects of radioactive decay due to aging during lithospheric transport of
extracted magma were determined, using a transport rate of 15 m yr–1.
b In addition to default conditions, the effects of integration over a two-dimensional, triangular melting regime were
determined for an upwelling rate of 3 cm yr–1, a residual maximum porosity of 0.8 %, and extracted magma
transport rates between 1 and 100,000 cm yr–1.
c Additional calculations were conducted for these scenarios using alternative U and Th partitioning after Sun et al.
[2017] and Krein et al. [2020].

∗ Stable trace element concentrations were additionally determined for selected scenarios, as described in the text.

exchange heat and thereby affect the melting behavior and
productivity of their neighbors, in a manner that depends on
the proportions and energy budgets of each rock type [e.g.
Stolper and Asimow 2007; Lambart et al. 2016].

The global geochemical dataset for MORBs includes a large
number of major element, trace element, and long-lived ra-
diogenic isotope compositions, as well as a smaller (but globe-
spanning) U-series disequilibrium dataset [e.g. Gale et al. 2013;
2014; Elkins et al. 2019] (Figure 1). Among these and other
oceanic basalt data, a variety of major element and trace el-

ement characteristics have been proposed as possible indica-
tors of pyroxenite melting in the mantle, including low SiO2
coupled with high FeO [Lambart et al. 2009; 2013], high TiO2
contents [Prytulak and Elliott 2007], and a variety of elemental
ratios (e.g. Mn/Fe, Zn/Fe, Ge/Si, Ba/Th, La/Nb, Sr/Nd, Ba/Ta,
Nb/Zr) [e.g. Stracke and Bourdon 2009; Le Roux et al. 2010;
Yang et al. 2019; Yang et al. 2020; Lang and Lambart 2022].
The transition metal contents, such as Ni and Mn, in olivine
phenocrysts from oceanic basalts, have also been interpreted
to indicate melting of mafic (pyroxenitic) mantle lithologies
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Table 2: Default mineral/melt partition coefficients (Di) used to calculate bulk rock partition coefficients in model calculations
for this study.

Lithology Phase DU DTh DPa∗ DRa ∗ Reference

Garnet peridotite, Garnet 0.038 0.017 0.00001 0.00001 RD 1097-5 experiment [Salters et al. 2002]
KG1 pyroxenite Clinopyroxene 0.0030 0.0040 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]
Pigeonite 0.00050 0.00018 0.00001 0.00001 W&P 122-1 experiment [Landwehr et al. 2001]
Spinel 0.012 0.0024 0.00001 0.00001 Lunar basalt [Klemme et al. 2006]

Spinel peridotite Clinopyroxene 0.0080 0.0070 0.00001 0.00001 TM 1094-9 experiment [Salters and Longhi 1999]
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]
Plagioclasea 0.0006 0.0034 0.00001 0.02000 DU, DTh calculated after Blundy [2003];

DRa from Fabbrizio et al. [2009]
Pigeonite 0.0005 0.00018 0.00001 0.00001 W&P 122-1 experiment [Landwehr et al. 2001]
Spinel 0.012 0.0024 0.00001 0.00001 Lunar basalt [Klemme et al. 2006]

G2 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]
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 [2003];

DRa from Fabbrizio et al. [2009]
Pigeonite 0.0096 0.010 0.00001 0.00001 18 experiment [van Westrenen et al. 1999]
Spinel 0.046 0.016 0.00001 0.00001 Maximum measured [Elkins et al. 2008]

MIX1G, M7-16 Garnet 0.013 0.0032 0.00001 0.00001 Experimental results [Elkins et al. 2008]
pyroxenite 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]
Plagioclasea 0.0006 0.0034 0.00001 0.02000 DU, DTh calculated after Blundy [2003];

DRa from Fabbrizio et al. [2009]
Pigeonite 0.0096 0.010 0.00001 0.00001 Experiment 18 [van Westrenen et al. 1999]

a Additional calculations were performed for a few peridotite and MIX1G melting scenarios (see text, Table 1) using alternative
DU and DTh values for plagioclase of 0.07 and 0.022, respectively, after Sun et al. [2017] and Krein et al. [2020].

∗ By convention, DPa and DRa are set equal to very small values (1 × 10–5) for most mantle minerals, except DRa in plagioclase.
∗∗ There are no published partitioning data for U, Th, Ra, or Pa in the minerals quartz, kyanite, and 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.

that may have lacked residual olivine during the melting pro-
cess [e.g. Sobolev et al. 2005; Herzberg 2011]. Similar work on,
e.g. olivine-hosted melt inclusions support suggestions for a
widely heterogeneous upper mantle that includes distributed
pyroxenitic or hybridized material in the asthenosphere be-
neath divergent boundaries [e.g. Kamenetsky et al. 1998; Wan-
less et al. 2014]. Likewise, although radiogenic isotope compo-
sitions may record more complex origins that could become
decoupled from source lithology, it is expected that many py-
roxenites have time-integrated isotope signatures that record
incompatible element enrichment over long timescales, i.e.
high 87Sr/86Sr, 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb,
and low 143Nd/144Nd and 176Hf/177Hf, due to their posited
recycled origins [e.g. Schiano et al. 1997; Blichert-Toft et al.
1999; Salters et al. 2002; Millet et al. 2008; Sobolev et al.
2008]. More recently, there has been a growing interest in non-
traditional stable isotopes for further deciphering the origins

of erupted basalts. However, increasing analytical precision
and a deeper understanding of isotopic fractionation between
mantle minerals and melts are needed to effectively use these
novel isotopes [e.g. Soderman et al. 2021; 2022, and references
therein].
Uranium-series isotopes record trace element fractionations
between decay chain nuclides that occur over timescales sim-
ilar to the half-lives of those nuclides. In a partial melting pro-
cess, prolonged residence times in the two-phase (liquid and
solid) system can enhance nuclide fractionations due to linked
decay effects within the decay chain [e.g. Williams and Gill
1989; Bourdon 2003]. The U-series isotope system is thus es-
pecially sensitive 1) to trace element fractionations (controlled
by melt fractions and residual mineralogy) and 2) to the in-
teraction times between the decompressing solid matrix and
the migrating magmatic fluid (controlled, in turn, by the solid
mantle upwelling rate, the melting rate or productivity of the
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Figure 1: [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 [Goldstein et al. 1989; 1992;
1993; Lundstrom et al. 1995; Bourdon et al. 1996; Lundstrom
et al. 1998; 1999; Bourdon et al. 2000; Peate et al. 2001; Sims
et al. 2002; Cooper et al. 2003; Kokfelt et al. 2003; Tepley III
et al. 2004; Rubin et al. 2005; Russo et al. 2009; Standish and
Sims 2010; Elkins et al. 2011; Waters et al. 2011; Waters et al.
2013; Elkins et al. 2014; Turner et al. 2015; Elkins et al. 2016b;
Turner et al. 2016; Reagan et al. 2017]. Similar to Elkins et al.
[2019], the data shown have been filtered to omit samples with
evidence for significant alteration due to interaction with sea-
water or seawater-derived materials, based on (234U/238U) ≠
1.00 with a filtering criterion of ± 1 %, and to omit those with no
U isotope data constraints. Data for samples with known age
constraints are illustrated with black outlines, while other data
points that lack such constraints are outlined in gray.

rock itself, and the porosity and permeability of the system,
which influence magma ascent rates). As pyroxenite rocks
have distinct mineralogy, melting depths, and melt productiv-
ity characteristics from peridotites, the disequilibria generated
between U-series nuclides by pyroxenite melting is likewise
expected to be distinct [e.g. Stracke et al. 2006; Prytulak and
Elliott 2009; Russo et al. 2009; Koornneef et al. 2012].
In particular, U is less incompatible than Th in garnet, pro-
ducing (230Th/238U) activity ratios greater than 1 in partial
melts of rocks containing residual garnet [Beattie 1993; La-
Tourrette et al. 1993]. Clinopyroxene, on the other hand, has
a partitioning ratio 𝐷mineral/meltU /𝐷mineral/meltTh closer to unity;
though at moderately low mantle pressures where clinopy-
roxene is relatively poor in aluminum, Th is somewhat less
incompatible than U, potentially generating (230Th/238U) ≤
1 in shallow partial melts [e.g. Blundy 2003, and references
therein]. Most MORB that are unaffected by post-eruptive de-
cay or by low-temperature chemical weathering reactions (i.e.
young, unaltered lavas) have measured (230Th/238U) > 1 (see
data compilations from, e.g. Lundstrom [2003], Stracke et al.
[2006], and Elkins et al. [2019], and references therein), sug-
gesting melting initiates in the garnet stability field, which in
turn suggests depth and temperature limits on upper mantle
conditions for a peridotite source. For pyroxenite rocks, how-
ever, garnet is stable at the solidus over a broader depth range
and to lower pressures (down to 1.7 GPa Lambart et al. [2013]
than in peridotites (> 2.5–3 GPa [e.g. Kinzler 1997]). Hence,
if mantle melting is multilithologic and incorporates garnet-
bearing mafic source rocks, evidence for residual garnet in the
melting zone does not clearly constrain the melting depth (or,
by extension, the local mantle temperature) [e.g. Hirschmann
and Stolper 1996]. Other U-series nuclides may provide addi-
tional insight into the lithologic makeup of the melting regime,
where the highly incompatible behavior of elements like Pa
and Ra record ongoing chemical fractionation during melting,
balanced against the intermediate half-life of 231Pa (32.8 ka)
and very short half-life of 226Ra (1600 years). The accelerated
melting rates of some pyroxenitic lithologies may in fact lower
(231Pa/235U) and (226Ra/230Th) ratios in partial melts due to
reduced residence times [e.g. Elkins et al. 2019, and references
therein].
Prior modeling efforts that have attempted to better pre-
dict peridotite and pyroxenite melting effects on basalt U-
series compositions have largely focused on steady-state, one-
dimensional solutions to two-phase (liquid and solid) trans-
port and radioactive decay, and have employed a combina-
tion of techniques: 1) reactive porous flow models that track
progressive melting over time, while assuming full chemi-
cal equilibrium between solid and liquid at all depths [after
Spiegelman and Elliott 1993], and 2) classic dynamic melting
after McKenzie [1985] and Richardson and McKenzie [1994],
with a fixed critical melt porosity threshold and pure dise-
quilibrium chemical transport for melt fractions beyond that
threshold. These two models have long represented concep-
tual “end member” approaches to progressive melt tracking,
where porous flow has largely been used to address progres-
sive chemical equilibrium melting with accompanying chro-
matographic effects, and dynamic melting simulates a near-
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fractional scenario. There are, however, other differences be-
tween the two approaches; for instance, while both models
consider radioactive decay of U-series nuclides over time in a
progressively decompressing system, porous flow models fur-
ther consider solid compaction and variable melt porosities
with depth. Because near-fractional dynamic melting mod-
els strip trace elements out of the solid matrix very efficiently,
calculated aggregated melt compositions tend to be dominated
by those fractions generated in the deep melting regime; but
preserving short-lived isotopic disequilibria like (226Ra/230Th)
from the deeper mantle to eruption then requires rapid magma
transport rates as high as 50–500 meters per year over much
of the melting regime [e.g. Stracke et al. 2006]. Efforts to more
fully characterize dynamic melting outcomes by Stracke et al.
[2006] have also suggested additional relationships that may
be difficult to explain, such as systematic changes in the solid
upwelling rates within a triangular melting regime, or an ap-
parent lack of correlation between residual mantle porosity
and associated magma flow rates.
On the other hand, the reactive porous flow calculator of
Spiegelman [2000], based on the model of Spiegelman and El-
liott [1993], assumes instantaneous chemical equilibration be-
tween the migrating magma and solid matrix, which is un-
likely to always occur, even in some low-porosity regions ex-
periencing slow capillary flow [e.g. Spiegelman and Kenyon
1992; Iwamori 1993; Kelemen et al. 1997]. It is instead likely
that the natural melting environment is more complex, con-
sisting of a range of chemical equilibration conditions and
pathways that incorporate aspects of both classical models
[e.g. Jull et al. 2002; Sims et al. 2002; Spiegelman and Kele-
men 2003]. Nonetheless, none of these modeling approaches
to the melting environment have been systematically explored
for U-series disequilibria from a lithologically heterogeneous
mantle.
Stracke et al. [2006] did conduct systematic dynamic melt-
ing tests of mantle melting in oceanic settings using an in-
cremental melting model that incorporated magma transport
time, and their study incorporated one set of results for py-
roxenite + peridotite bilithologic melting for comparison with
peridotite calculations. Their results suggested that certain
observed compositions in the global oceanic basalt dataset—
particularly elevated (231Pa/235U) and (226Ra/230Th) with low
(230Th/238U)—are difficult to produce by peridotite melting,
and may be better explained by melting of a mantle con-
taining small quantities of recycled mafic rocks. Their re-
sults also suggested that it is possible to generate partial
melts with the opposite sense of U-series disequilibria—that is,
low (231Pa/235U) and (226Ra/230Th) with high (230Th/238U)—
if residual porosities are high and both solid upwelling and
magma transport are very slow. We note that 1) such compo-
sitions are typically observed in enriched MORB and at hot-
pots or in mid-ocean ridge environments near hotspots, where
upwelling rates are expected to be higher, and 2) it may be dif-
ficult to mechanistically explain why the extracted fluid would
migrate slowly despite the presence of high residual porosi-
ties during melting. Stracke and Bourdon [2009] determined
mantle trace element abundances using a series of dynamic
melting calculations for a pyroxenite-bearing melt source, and

similarly suggested that mafic lithologies may be involved in
partial melting for much of the oceanic basalt dataset. Their
study was limited to near-fractional transport regimes, as-
sumed that the decompressing and melting peridotite and py-
roxenite lithologies remained thermally isolated and did not
exchange heat, and considered relatively high mantle poten-
tial temperatures of 1400 °C.
In more recent work, Elkins et al. [2019] conducted bilitho-
logic melting calculations for two types of pyroxenite (Gb108,
a silica-excess pyroxenite, and MIX1G, a silica-deficient py-
roxenite composition), both present as 10 % of the solid
source mantle with 90 % peridotite. Their modeling con-
sidered the petrologic modeling results from a series of one-
dimensional melting columns, using mineral modes and liquid
abundances predicted by the Melt-PX [Lambart et al. 2016]
and pMELTS models [Ghiorso et al. 2002] after the methods
of Lambart [2017], for an average mantle potential temper-
ature (Tp) of 1300 °C to simulate mid-ocean ridge environ-
ments. Their calculations permitted non-linear changes in
both melt productivity and bulk trace element partitioning
with depth during adiabatic decompression, and determined
the expected (230Th/238U), (226Ra/230Th), and (231Pa/235U)
activity ratios in basalts sampled at the base of the oceanic
lithosphere. The U-series melt transport models used in that
study were selected to capture the expected end member melt-
ing processes, namely equilibrium porous flow and classical
dynamic melting, using formulations from Spiegelman and El-
liott [1993], Spiegelman [2000], and Richardson and McKenzie
[1994]. Along with corrected dynamic melting outcomes from
Elkins et al. [2023], their results suggested that neither dynamic
nor equilibrium porous flow melting of a pure peridotitic
source rock can fully replicate observed global basalt composi-
tions at mantle potential temperatures of 1300 °C, particularly
the elevated (230Th/238U) ratios observed in many MORBs,
and including compositions with high (230Th/238U) and low
age-constrained (226Ra/230Th) and (231Pa/235U). Again, no
single melting scenario from that study can fully replicate
the observed MORB ranges at 1300 °C, but their results also
suggested that pyroxenite melting may be better able explain
some of those geochemical ranges than peridotite alone.
Here we explore bilithologic melting scenarios in greater
detail, to address gaps in prior work, with the objective of
better constraining the potential impacts of pyroxenite melting
on U-series disequilibria in a heterogeneous mantle. With our
series of calculations, we hope to more thoroughly explain
the possible origins of global oceanic basalts from mid-ocean
ridge environments. We also opt for disequilibrium transport
models that consider compaction and variable porosity flow,
in an effort to simulate fractional and near-fractional melting
environments more realistically, and compare those outcomes
to more traditional dynamic melting.

3 MODELING APPROACH
The degree of chemical disequilibrium between a melt and the
solid matrix during decompression melting can be described
by a Damköhler number (Da), a unitless ratio between the
chemical reaction rate (e.g. the rate of exchange between the
migrating solid and its reacting partial melt) and the rate of
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a physical process, in this case the physical transport rate of
the system. Spiegelman and Elliott [1993] assumed an infinite
Damköhler number (Da = ∞) to model equilibrium porous
flow. Here we also present predicted U-series disequilibria in
partial melts for porous flow calculations with Da = 0 (repre-
senting a transport scenario where the coexisting liquid and
solid are in pure disequilibrium, i.e. a fractional melt extrac-
tion model) and Da = 0.1, a near-fractional, intermediate sce-
nario. Da = 0.1 corresponds to one-dimensional decompres-
sion melting in which physical transport is ten times faster
than the chemical equilibration rate, which inhibits the abil-
ity of the two-phase (solid and liquid) system to fully reach
chemical equilibrium during ascent. This reaction rate-limited
approach, after the methods of Elkins and Spiegelman [2021],
resembles the mechanistic concept behind dynamic melting
[McKenzie 1985], except that the limited chemical interaction
between the liquid and solid is controlled by the rate of equi-
libration itself, rather than by the fixed, critical melt porosity
threshold, within which pure chemical equilibrium is locally
achieved. That is, because all of the liquid is migrating along
the same permeable network, there is no fraction that remains
trapped in the pore space long enough to fully achieve equi-
librium, but also continuously produces an instantaneous ex-
tracted melt, as in traditional dynamic melting. In disequi-
librium porous flow, the mass fraction of the melt-filled pore
space is determined over the full range of melting depths, us-
ing a simplified Darcy’s Law function with a scaled perme-
ability rate; this porosity fraction influences the differential
liquid transport rate relative to the solid in the compacting
solid medium [Spiegelman and Elliott 1993; Spiegelman 2000].
The modeling approach used here thus may more closely ap-
proximate how a decompressing and melting solid is likely
to physically and chemically behave [Spiegelman and Elliott
1993; Elkins and Spiegelman 2021], albeit still in a simplified,
one-dimensional and steady-state environment.

Aside from the incorporation of lower Damköhler num-
bers and thus chemical disequilibrium transport, our approach
mimics that of Elkins et al. [2019] in calculating the melting be-
havior and resulting U-series disequilibria in partial melts re-
sulting from adiabatic decompression of coexisting peridotite
and pyroxenite in the mantle (see Supplementary Material
3 Data Object S1). We consider four types of mantle pyrox-
enite (Table 1, Supplementary Material 1 Table S1): G2 [Pert-
ermann and Hirschmann 2003a; b], KG1 [Kogiso et al. 1998],
M7-16 [Lambart et al. 2009; 2013], and MIX1G [Hirschmann
et al. 2003; Kogiso et al. 2003]. To model the melting behav-
ior of the coexisting peridotite, we used the Depleted Mantle
(DM) composition from [Salters and Stracke 2004]. The ini-
tial 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. The calculated mineralogi-
cal assemblages for each lithology at the solidus and for each
potential temperature are presented in Supplementary Mate-
rial 2 Figure S1A, and the solidus curves of all five modeled
(pyroxenite and peridotite) compositions are shown in Sup-
plementary Material 2 Figure S1B. Each melting run assumes
an initial subsolidus source that contains between 0 and 50 %

pyroxenite in an otherwise peridotitic mantle, in order to cap-
ture a wide range of possible scenarios for mantle melting
in many settings. Each run also uses a given mantle po-
tential temperature (Tp) of either 1300 or 1400 °C, and a fi-
nal melting pressure of 5 kbar to represent average oceanic
lithospheric thickness. Following the results of Krein et al.
[2020], we further tested the effect of low potential tempera-
tures (Tp = 1200 °C) on melting of a pure peridotitic mantle
(see Section 5.3.3 below). We selected this temperature range
to bracket typical mid-ocean ridge settings overlying passive
upwelling regimes, i.e. regions mostly unaffected by proxim-
ity to major hotspots, which may have significantly elevated
temperatures. The choice of 5 kbar for the final pressure of
melting is based on the average oceanic lithospheric thickness
at oceanic spreading centers, with the assumption that at rel-
atively low pressure, the main magma transport mechanism
may be dominated by rapid transport in dikes or porous chan-
nels due to rheological and thermal changes associated with
the transition from a convective regime at depth to one domi-
nated by conductive cooling [e.g. Niu and Hékinian 1997]. For
selected peridotite runs, we also tested a thinner lithospheric
lid (2–3 kbar; Table 1). These U-series disequilibrium mod-
els also require two additional input parameters: for the one-
dimensional, solid mantle upwelling rate (𝑊0) we considered
a range from 0.5 to 50 cm yr−1; and we tested maximum (i.e.
“reference”) mass porosity values (φ0) from 0.1 to 2 %. The
scaled permeability value of Spiegelman [2000] (kr) was not
considered here, and was fixed at a reference value of 1.0 for
all calculations, which assumes a constant permeability rela-
tionship with porosity.
For each run scenario, U-series disequilibrium melting
models require stepwise inputs for the degree of melting
(𝐹 (𝑧)) and for the solid/liquid partition coefficients for each of
the elements considered—DU(z), DTh(z), DRa(z) and DPa(z)—
each of which is a function of depth (𝑧); these variables are
then interpolated over the model domain to solve for the melt
composition. Because mineral/melt partition coefficients for U,
Th, Ra, and Pa are not well characterized for all possible min-
eral compositions in mantle lithologies, we used fixed min-
eral/melt partition coefficients from the most appropriate ex-
perimental data available, along with predicted mineral modes
from petrologic models to calculate bulk rock Di values as a
function of depth, for all lithologies (see Table 2).
Petrologic constraints on 𝐹 (𝑧) and on mineral modes with
depth were determined using methods after Lambart [2017]
and Elkins et al. [2019] for coexisting peridotite and pyroxenite
lithologies. This approach uses the model Melt-PX [Lambart
et al. 2016], a semi-empirical model calibrated using experi-
mentally determined phase relationships for pyroxenites. We
used this model to determine the degree of melting with pres-
sure for coexisting peridotite and pyroxenite lithologies, while
assuming the two rock types exchange heat and are in ther-
mal equilibration but maintain chemical disequilibrium dur-
ing melting (see Supplementary Material 3 Data Object S1).
The thermodynamic model pMELTS [Ghiorso et al. 2002] can
produce unrealistic results when used to determine melt frac-
tions for both peridotites and pyroxenites, but for a given melt
fraction and pressure, the model typically predicts the stable
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residual minerals and modes for each lithology with greater
success [e.g. Lambart 2017]. Our approach thus uses a com-
bination of empirical experimental constraints and thermody-
namic modeling: at a given depth and Tp, Melt-PX predicts
the percentage of liquid that is generated by each coexisting
lithology along an adiabatic decompression path, and pMELTS
is then used to determine the stable solid mineral assemblage
for each lithology at the same pressure and melt fraction. Us-
ing this approach, we can determine how residual mineralogy
evolves for each compositionally isolated lithology during the
progressive melting process. Further details of the computa-
tional steps for this method were presented in Lambart [2017],
and the mineralogical and melt fraction results of all of our
petrologic calculations are provided in Supplementary Mate-
rial 4 Data Object S2 for reference. The predicted mineral
modes were then used to generate bulk rock 𝐷solid/melt

𝑖
par-

tition coefficients as functions of depth (z), and the necessary
input data tables were generated for each scenario using the
pyUserCalc model template [Elkins and Spiegelman 2021].
Based on our results from the approach described above,
a series of follow-up tests for select runs were conducted, as
explored in further detail below and listed in Table 1. To
keep the scope of this study manageable, for these additional
analyses we focused only on an average pyroxenite quantity
of 10 % in the solid source, and intermediate input values of
mantle upwelling rates W0 = 3 cm yr−1 and φ0 = 0.8 %, all
for only selected runs (i.e. lithologies and potential tempera-
tures) of particular interest. For these, coexisting selected trace
element abundances were determined. We focused on G2,
MIX1G, and, for potential temperatures of 1400 °C only, M7-
16 pyroxenites. We selected these results for additional testing
because the U-series outcomes spanned reasonable ranges that
overlapped with global MORBs, and we additionally focused
on trace element ratios that have been suggested as possible
indicators of pyroxenite melting in the literature [e.g. Stracke
and Bourdon 2009; Shorttle et al. 2014; Lambart 2017], partic-
ularly Nb/Zr, Ba/Th, and La/Nb. For our trace element cal-
culations, we assumed initial concentrations similar to Salters
and Stracke [2004] DM estimates for our peridotite source, and
used the EM2 composition suggested byWorkman et al. [2004]
for our pyroxenites (Supplementary Material 1 Table S2), with
trace element partitioning as in Supplementary Material 1 Ta-
ble S3. Finally, we also considered the impacts on U-series
disequilibria of aging during magma ascent through the litho-
sphere, and of melt pooling by integration over a triangular
melting regime [after, e.g. Langmuir et al. 1992; Asimow 2001]
for a range of extracted melt transport rates. Further details
of these analyses are explored below.

4 RESULTS

4.1 Pure peridotite melting

In our calculations, peridotite melting produces notably low
(230Th/238U) in partial melts at both Tp = 1300 °C and
1400 °C, and largely regardless of the melt transport model
used or melting conditions (Figure 2 and Supplementary Mate-
rial 5 Data Object S3); follow-up model calculations that tested
lower (shallower) final melting pressures (2–3 kbar) to simu-

(230Th/238U) (230Th/238U)

(22
6 R

a/
23

0 T
h)

(23
1 P

a/
23

5 U
)

1.0 1.2 1.4 1.6 1.8
1.0

2.0

3.0

4.0

5.0

1.0 1.2 1.4 1.6 1.8
1.0

2.0

3.0

4.0

5.0
A B

Isolated Peridotite Melting

Tp = 1200 ºC, Equilibrium transport
Tp = 1200 ºC, Scaled transport
Tp = 1200 ºC, Disequilibrium transport

Tp = 1300 ºC, Equilibrium transport
Tp = 1300 ºC, Scaled transport
Tp = 1300 ºC, Disequilibrium transport

Tp = 1400 ºC, Equilibrium transport
Tp = 1400 ºC, Scaled transport
Tp = 1400 ºC, Disequilibrium transport

Tp = 1200 ºC, Equilibrium transport
Tp = 1200 ºC, Scaled transport
Tp = 1200 ºC, Disequilibrium transport

Tp = 1300 ºC, Equilibrium transport
Tp = 1300 ºC, Scaled transport
Tp = 1300 ºC, Disequilibrium transport

Standard partitioning Alternative partitioning

Plithos =  5 kilobars
Plithos =  2-3 kilobars (see text)

Global MORB

Tp = 1400 ºC, Equilibrium transport
Tp = 1400 ºC, Scaled transport
Tp = 1400 ºC, Disequilibrium transport

Figure 2: Representative results for pure peridotite melting,
showing [A] (226Ra/230Th) and [B] (231Pa/235U) vs. (230Th/238U)
in partial melts. Results shown have a solid mantle upwelling
rate (W0) of 3 cm yr−1 and a residual maximum porosity (φ0) of
0.8 %, final melting pressures of 5 kbar as well as alternative
lower values (symbols with ×’s; see text for further explana-
tion), potential temperatures of 1300 and 1400 °C, and both de-
fault and alternative proposed partition coefficients (see text).
Global MORB compositions are shown using small data points
for comparison, after Figure 1.

late thinner overlying lithosphere did not significantly change
these outcomes (Figure 2). A broader range of (226Ra/230Th)
and (231Pa/235U) can be produced by changing the melting
conditions, particularly by lowering the maximum residual
porosity; but we observe that varying the solid upwelling rate
does not produce significant changes in the calculated activity
ratios for peridotite partial melts.
The above findings corroborate prior work by Elkins et
al. [2019, 2023] using equilibrium porous flow melting, and
are similar to their lower temperature (Tp = 1300 °C) dy-
namic melting model outcomes (including the corrected re-
sults of Elkins et al. [2023]). We note that our more restricted
(230Th/238U) outcomes do differ from some prior outcomes
for dynamic melting in the literature [e.g. Stracke et al. 2006].
The main differences are: 1) we considered variable melt pro-
ductivities with depth, with an increasing degree of melting
in a given pressure interval as the process continues, similar
to predictions of e.g. Asimow [2001], although for dynamic
melting the impact of such variations is expected to be lim-
ited; and 2) we used the disequilibrium porous flow model
after Elkins and Spiegelman [2021] (see Supplementary Mate-
rial 3 Data Object S1), which approaches fractional melting as
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Da → 0 but does not assume a trapped liquid fraction, and
determines magma migration rates using variable porosities
and permeable flow constrained by Darcy’s Law.

4.2 Bi-lithologic melting outcomes
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Figure 4: Modeled [A] (226Ra/230Th) and [B] (231Pa/235U) vs.
(230Th/238U) in partial melt compositions for Tp = 1300 °C, and
[C] (226Ra/230Th) and [D] (231Pa/235U) vs. (230Th/238U) compo-
sitions for Tp = 1400 °C, for partial melts of G2 pyroxenite and
coexisting peridotite at a final melting pressure of 5 kbar, as
well as mass-balanced binary melt mixtures (see text, Supple-
mentary Material 1 Table S4), Calculated results are shown for
G2 pyroxenite abundances in the solid source of 1 to 50 % and
a range of magma transport models, all for a representative
set of results using a solid mantle upwelling of 3 cm yr−1 and
a residual maximum porosity of 0.8 %. Global MORB data are
shown for comparison, after Figure 1 and Figure 2.

In our bi-lithologic melting scenarios, the overall impacts of
changing reference φ0 and W0 values largely match expec-
tations from prior studies [e.g. Spiegelman and Elliott 1993;
Bourdon et al. 1996; Lundstrom et al. 1999; Sims et al. 1999;
Elkins et al. 2011; Waters et al. 2011; Elkins et al. 2016a], for
both the peridotitic and pyroxenitic aggregated partial melts.
In addition to the results shown in Figure 3, the full plotted
outcomes for all of our U-series calculations are included in
Supplementary Material 5 Data Object S3. Broadly, decreas-
ing the reference porosity (φ0) increases the residence time of
the magma in the melt column by decreasing the permeabil-
ity, and thus the fluid transport velocity; a lower porosity thus
generally enhances chemical interactions and isotopic disequi-

libria in the melt, due to more prolonged ingrowth. Although
the influence of porosity on a longer-lived isotope like 230Th is
limited, the impact of increased residence time due to slower
fluid transport notably enhances the disequilibrium between
shorter-lived isotopes (231Pa and, especially, 226Ra) and their
respective radioactive parents. In other words, lower φ0 gen-
erally produces higher (226Ra/230Th) and (231Pa/235U) ratios,
consistent with the literature.
Decreasing the solid upwelling rate (W0) likewise increases
residence times, but its impact differs from that of lowering the
melt-filled reference porosity. When the source rock’s resid-
ual mineralogy has a relatively large fractionating effect on
the U-series nuclides (e.g. the effect of high garnet mode on
U and Th fractionation), slower upwelling notably enhances
(230Th/238U) activity ratios in partial melts; and in a system
where such mineralogy persists for a greater extent of the
melt column, the impact of decreasing W0 is even greater.
In other words, in comparison to peridotite partial melts, par-
tial melts derived from garnet-rich pyroxenites have notably
higher (230Th/238U) ratios with decreasing upwelling rate, be-
cause garnet is both more abundant and stable over a larger
range of pressures in this rock type. There is a similar impact
on (231Pa/235U) because of the very incompatible nature and
intermediate half-life of 231Pa, producing positive correlations
in model outcomes between (231Pa/235U) and (230Th/238U) in
some pyroxenite melting outcomes, while short-lived 226Ra is
far less affected by the upwelling rate.
Similar to our outcomes for pure peridotite melting in Fig-
ure 2, and even considering the variations due to W0 and
φ0 described above, the peridotite partial melts in our bilitho-
logic tests overall exhibit very little variation in (230Th/238U)
and only a limited range of (226Ra/230Th) and (231Pa/235U).
Outcomes for peridotite-derived melts also appear quite in-
sensitive to the types and fractions of coexisting pyroxenite
in the mantle source. In other words, the effects of thermal
exchange between lithologies on the isotopic composition of
peridotite melts is limited, even with a high (50 %) fraction
of pyroxenite in the source. On the other hand, the type and
amount of pyroxenite has a detectable influence on the re-
sulting pyroxenite partial melt compositions, as summarized
further below.
The G2 pyroxenite is an eclogitic, relatively high-SiO2 com-
position that melts relatively rapidly and with a significantly
colder solidus (corresponding to a deeper melt column ini-
tiation) than peridotite rocks [Pertermann and Hirschmann
2003b]. Its rapid melting rate produces partial melts with rela-
tively low disequilibria for short-lived nuclides: model results
for pyroxenite melting have notably low (226Ra/230Th) and
a wide range of (231Pa/235U) that extends to relatively low
values (Figure 3, Supplementary Material 5 Data Object S3).
In addition, the range of 231Pa behavior produced is heav-
ily influenced by the melt transport model and the amount
of G2 pyroxenite in the source. There is also a wide range
of (230Th/238U) in the melting outcomes, reflecting the dual
impacts of garnet stability and modes on model outcomes.
In Figure 4, we further consider the compositions of simple,
mass-balanced, binary mixtures of coexisting G2 pyroxenite
and peridotite partial melts, for a range of pyroxenite fractions
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and melt transport scenarios, all while holding W0 and φ0
constant at intermediate values of 3 cm yr−1 and 0.8 %, respec-
tively. Although this mixing approach is a simple, first-order
approach (for instance, there is no guarantee that the transport
pathways for pyroxenite and peridotite melts would have the
same porosity, or that all of the partial melts would be ex-
tracted and mixed with the same efficiency), it is nonetheless
illustrative when considering melt mixtures that might occur,
and how they could be affected by mass balance weightings.
Because pyroxenite and peridotite have strongly contrasting
melt productivities over the course of the melting process, the
quantity of pyroxenite in the initial solid source exerts a strong
control on the compositions of the resulting mixtures. That
is, scenarios with 50 % pyroxenite result in mixed aggregated
melt compositions that are heavily dominated by the pyrox-
enite melt composition, not only because pyroxenites contain
a greater quantity of trace elements, but simply because that
lithology contributes an outsize proportion of magma to the
binary mixture (that is, systematically greater than the 50 % it
occupies in the solid, unmelted source). As a result, our cal-
culated magma products span a wide range in (230Th/238U)
when the G2 and peridotite partial melts are mixed, even for
such restricted scenarios (Supplementary Material 1 Table S4,
Figure 4).
Both single-lithology partial melts and the calculated mass-
balanced binary mixtures (Figure 5) for a mantle source con-
taining KG1 have notably different U-series disequilibrium
characteristics from G2 scenarios. KG1 is a hybrid pyrox-
enite composition with relatively low SiO2 content and that
more closely mimics the melting behavior and mineral as-
semblage of a peridotite; there is thus a narrower range of
(230Th/238U) in the predicted KG1 partial melts than we ob-
serve in the G2 melts. That said, KG1 generates partial melts
with distinct characteristics from peridotite melts, such as par-
ticularly high (231Pa/235U). We note that the (231Pa/235U) pro-
duced by some model runs (particularly chemical disequilib-
rium transport scenarios) is unrealistic: such high activity ra-
tios are never observed in natural oceanic basalts (Figure 1).
While the (226Ra/230Th) ratios in our KG1 partial melts are
lower and more plausibly within the range of observedMORB,
they lack some of the corresponding (230Th/238U) ratios ob-
served in both natural MORB and our calculated G2 melts (see
Supplementary Material 5 Data Object S3).
The pyroxenite M7-16 represents a comparatively Fe-rich,
Si-poor composition, with comparably higher melt fertility
and a steeper solidus curve than KG1. The outcomes of melt-
ing scenarios with M7-16 thus appear to share some character-
istics with both G2 and KG1 results (Figure 6). (226Ra/230Th)
in M7-16 partial melts is relatively low and spans a limited
range that strongly depends on the melt transport model and
pyroxenite fraction; but compared to KG1, M7-16 partial melts
also exhibit a somewhat wider range of (230Th/238U), bet-
ter approaching some observed MORB compositions. As in
previous scenarios, the weighted melt mixtures in Figure 6
are again heavily dependent on initial pyroxenite abundance
in the source, and this weighting effect limits the range of
(230Th/238U) in our predicted melt mixtures; however, the cal-
culated outcomes do overlap with observed MORB, suggest-
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Figure 5: Modeled [A] (226Ra/230Th) and [B] (231Pa/235U) vs.
(230Th/238U) in partial melt compositions for Tp = 1300 °C, and
[C] (226Ra/230Th) and [D] (231Pa/235U) vs. (230Th/238U) compo-
sitions for Tp = 1400 °C, for partial melts of KG1 pyroxenite and
coexisting peridotite at a final melting pressure of 5 kbar, as
well as mass-balanced binary melt mixtures (see text, Supple-
mentary Material 1 Table S4), Calculated results are shown for
KG1 pyroxenite abundances in the solid source of 1 to 50 % and
a range of magma transport models, all for a representative
set of results using a solid mantle upwelling of 3 cm yr−1 and
a residual maximum porosity of 0.8 %. Global MORB data are
shown for comparison, after Figure 1 and Figure 2.

ing they are reasonable outcomes. Finally, the choice of melt
transport regime produces significantly different outcomes for
this lithology: while M7-16 partial melts produced by chem-
ical disequilibrium transport scenarios exhibit a very wide
range of (231Pa/235U) that spans to unrealistically high val-
ues, the equilibrium porous flow melts are less extreme. In
summary, despite the fact that M7-16 melting scenarios are
unable to explain the lowest (231Pa/238U) ratios observed in
MORB, and some tested outcomes do not agree with observed
values, many of the results can plausibly reproduce portions
of the natural ranges in measured oceanic basalts.
The final lithology we considered is MIX1G, a silica-
deficient garnet pyroxenite with a solidus curve similar to
the KG1 solidus, but a higher melt productivity and a min-
eral assemblage more similar to M7-16. Results obtained with
MIX1G are similar to those for M7-16, with a moderate range
in (230Th/238U) in binary melt mixtures that strongly depend
on the pyroxenite abundance; a limited range of (226Ra/230Th)
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Figure 6: Modeled [A] (226Ra/230Th) and [B] (231Pa/235U) vs.
(230Th/238U) in partial melt compositions for Tp = 1300 °C, and
[C] (226Ra/230Th) and [D] (231Pa/235U) vs. (230Th/238U) compo-
sitions for Tp = 1400 °C, for partial melts of M7-16 pyroxenite
and coexisting peridotite at a final melting pressure of 5 kbar,
as well as mass-balanced binary melt mixtures (see text, Sup-
plementary Material 1 Table S4), Calculated results are shown
forM7-16 pyroxenite abundances in the solid source of 1 to 50%
and a range of magma transport models, all for a representa-
tive set of results using a solid mantle upwelling of 3 cm yr−1

and a residual maximum porosity of 0.8 %. Global MORB data
are shown for comparison, after Figure 1 and Figure 2.

that includes some plausibly low values; and a wide range of
(231Pa/235U), with equilibrium transport results producing a
much better fit with the observed MORB compositions than
disequilibrium transport.

5 DISCUSSION

5.1 Sensitivity of magma compositions to melting variables

Although even this large number of model calculations can-
not span all possible melting scenarios for the upper mantle,
our systematic tests do reveal some constraints on the circum-
stances of mantle melting beneath mid-ocean ridge settings.
For one, we can identify circumstances which are unable to
reproduce observed MORB compositions at all, and thereby
limit the range of plausible scenarios. We can then further
evaluate the most important factors influencing melt compo-
sitions.
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Figure 7: Modeled [A] (226Ra/230Th) and [B] (231Pa/235U) vs.
(230Th/238U) in partial melt compositions for Tp = 1300 °C, and
[C] (226Ra/230Th) and [D] (231Pa/235U) vs. (230Th/238U) compo-
sitions for Tp = 1400 °C, for partial melts of MIX1G pyroxenite
and coexisting peridotite at a final melting pressure of 5 kbar,
as well as mass-balanced binary melt mixtures (see text, Sup-
plementary Material 1 Table S4), Calculated results are shown
for MIX1G pyroxenite abundances in the solid source of 1 to
50 % and a range of magma transport models, all for a rep-
resentative set of results using a solid mantle upwelling of 3
cm yr−1 and a residual maximum porosity of 0.8 %. Global
MORB data are shown for comparison, after Figures 1 and
2. The outcome of radioactive decay on (226Ra/230Th) during
1,024 years of magma transport through the lithosphere is also
shown for comparison.

5.1.1 Pyroxenite type

Here, we first discuss the effects of pyroxenite source com-
position on melts derived from coexisting peridotites and py-
roxenites. We then address the effects of binary mixing be-
tween the partial melts of those lithologies, in the context of
the pyroxenite composition. Additional complexities related
to magma mixing are addressed further in the next section,
which considers variations in pyroxenite quantity.
The type and composition of pyroxenite present in the
melting regime exert a major control over the U-series dis-
equilibrium compositions of partial melts derived from that
regime, due to significant variations in residual mineralogy,
melting rates, and melting temperatures among pyroxenite
rocks. Many of those variations in melting behavior were ex-
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plored by Lambart et al. [2013, 2016]. Broadly, more silica-
rich, eclogitic pyroxenites (such as G2) have deeper solidi and
melt faster along an adiabatic path than either peridotites or
silica-deficient pyroxenites (like MIX1G), making them more
productive and thus generating more magma during decom-
pression melting (Supplementary Material 2 Figure S1). Silica-
excess pyroxenites also host stable garnet for much of the
melting regime, and may contain other, less well-constrained
minerals for U-series behavior during melting, such as quartz
(or one of its polymorphs), kyanite, or feldspars. Our mod-
eled results using pMELTS [Ghiorso et al. 2002] do predict the
presence of accessory minerals like kyanite in some of our
calculated runs, such as for G2 melting, and we believe this
predicted outcome is realistic, since kyanite is an observed and
predicted phase in some high-pressure and high-temperature
eclogite assemblages [e.g. Tilley 1936; Spear 1995]. We note,
however, that kyanite is absent from the G2 mineral assem-
blage at Tp = 1400 °C, and the small fraction (< 0.5 wt %;
Supplementary Material 2 Figure S1) present on the solidus at
Tp = 1300 °C is fully consumed within the first kilobar of up-
welling. Silica-deficient pyroxenites, on the other hand, have
expected melting behavior and residual mineralogy that more
closely resembles peridotites (e.g. stable olivine in the partial
melting residue).
In the presence of ambient peridotite, pyroxenite lithologies
are also heated above their own adiabat while below the peri-
dotite solidus, which enhances early melting [e.g. Hirschmann
and Stolper 1996], but those high melting rates are then sup-
pressed or significantly reduced after peridotite melting initi-
ates, due to the generally shallower melting slopes of pyrox-
enites [Lambart et al. 2016; Lambart 2017]. The difference
between peridotite and pyroxenite solidus depths, which in
our model simulations is in turn controlled by the pyroxenite
composition, thus also plays a role in partial melt composi-
tions.
In our melting tests, we observe significantly different par-
tial melting outcomes not only between peridotites and py-
roxenites, but among the different types of pyroxenite. Some
pyroxenite partial melting results, particularly for silica-excess
G2 pyroxenite, span a notably broad range in (230Th/238U)
along with low (226Ra/230Th) and variable (231Pa/235U).
Results for other pyroxenite types have less pronounced
(230Th/238U) ranges, and some (e.g. pure KG1 and M7-
16 melts) exhibit problematically high (226Ra/230Th) and/or
(231Pa/235U) that do not resemble observed MORB, particu-
larly for chemical disequilibriummelting. However, many cal-
culated pyroxenite partial melts do have the moderately high
(230Th/238U) required by many MORB, suggesting that small
amounts of pyroxenite may be widely distributed in the man-
tle and may indeed influence MORB compositions on a global
basis, as suggested by, e.g. Stracke et al. [2006] and Elkins et
al. [2019]. Likewise, our outcomes expand upon the more lim-
ited tests in Elkins et al. [2019], but broadly confirm those re-
sults, particularly in support of the observation that peridotite
melts alone cannot easily reproduce the high (230Th/238U),
low (226Ra/230Th), and low (231Pa/235U) observed in some
MORB, while pyroxenite partial melts span far broader ranges.
The best matches to global MORB ranges were produced by

binary mixing of peridotitic melts with partial melts produced
by fertile G2, M7-16, and, for certain MORB compositions,
MIX1G: all garnet-rich pyroxenite lithologies with high melt
productivities. In comparison, KG1, a lithology that has been
proposed as a potential mantle source component for MORBs
[e.g. Lambart et al. 2019] and Icelandic basalts [e.g. Shorttle and
Maclennan 2011; Lambart 2017; Hole 2018], produces overall
similar disequilibria to peridotites in (230Th/238U) (i.e. too
low). However, a higher potential temperature, as expected
beneath Iceland, may produce larger isotopic disequilibria by
melting of KG1. Alternatively, using a Monte Carlo approach,
Brown et al. [2020] suggested that the pyroxenite component
beneath Iceland is significantly more enriched in the most in-
compatible elements (e.g. Rb to Ce) than previously assumed,
which would potentially support the involvement of a more
fertile pyroxenitic lithology than KG1, assuming trace element
abundances are coupled with lithologic major element com-
positions in the Icelandic mantle source.
Altogether, for the temperatures and conditions considered
here, no single pyroxenite lithology (or even binary melt mix-
tures from a single pyroxenite composition) can fully repro-
duce all possible MORB compositions in the global dataset.
For instance, our tested scenarios with G2 in the source are
only capable of producing the highest (230Th/238U) and lowest
(226Ra/230Th) observed in MORB, (i.e. the most extreme com-
positions in the negative (230Th/238U)-(226Ra/230Th) global
data array [e.g. Sims et al. 2002]), many of which were sam-
pled adjacent to oceanic hotspots (Figure 4). However, more
moderate MORB compositions are better reproduced by bi-
nary mixtures between peridotite partial melts and melts of
M7-16 or MIX1G (Figure 6, 7). (231Pa/235U), meanwhile, is
more strongly influenced by the degree of chemical equilibra-
tion during magma transport (see Section 5.1.4 below) than
by pyroxenite composition alone. Hence, our results support
a global working model in which the mantle source of MORB
is populated by a range of recycled mafic rock types.

5.1.2 Pyroxenite abundance

Where varying the pyroxenite composition produces a wide
variety of U-series outcomes in partial melts, the amount of
pyroxenite in the unmelted mantle source has a more subtle
impact on melt compositions. As explored by Lambart et al.
[2016], both the composition and the fraction of pyroxenite in
the solid, decompressing source can influence the melting P-
T paths of coexisting lithologies, due to the exchange of heat
between lithologies and changes to their latent heat budgets.
Briefly, the onset of peridotite melting causes a reduction in
adjacent pyroxenite melt productivity, and that productivity
reduction is greatest for 1) pyroxenites with shallow solidus
curves in P-T space and 2) the smallest pyroxenite quanti-
ties. That is, with a higher proportion of peridotite, a greater
quantity of latent heat is consumed by the peridotite once it
begins melting, which reduces or even stalls simultaneous py-
roxenitic melting by scavenging heat from the neighboring
pyroxenite rocks. These heat exchange effects can have a no-
table impact on the respective magma productivity from the
two lithologies, without necessarily greatly affecting the total
magma production [Stolper and Asimow 2007; Lambart 2017].
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Although this complex heat effect can impact the total de-
grees of melting achieved by coexisting peridotites and py-
roxenites, its impact on U-series disequilibria in peridotite
partial melts appears relatively small (see Supplementary Ma-
terial 5 Data Object S3). In detail, because the mineralogy
present in the peridotite residue during progressive partial
melting changes little as the coexisting quantity of pyroxen-
ite is changed, the resulting change in U-series disequilibria
in the aggregated peridotite melt is also small. The peridotite
melt compositions we calculated are thus highly insensitive to
the pyroxenite fraction in the source. Pyroxenite melt com-
positions, on the other hand, vary more significantly with the
initial pyroxenite fraction—e.g. (230Th/238U) in partial melts
increases with greater pyroxenite abundance—though most
such changes are still relatively small.
While the impact of pyroxenite quantity on partial melt
compositions is relatively small, because the total melt bud-
gets are strongly affected by the quantity of each lithology in
the source, the pyroxenite source abundance has a far more
pronounced impact on the compositions of mass balanced bi-
narymixtures of partial melts from the two coexisting litholo-
gies. That is, if there is more pyroxenite in the solid source,
the pyroxenite ultimately contributes a higher proportion of
melt to the aggregated mixture, both because the rock type is
present in greater quantities and because pyroxenite is more
productive overall. The impact of this simple mass balance
effect on the compositions of binary melt mixtures can in fact
be quite large, causing resulting binary melt mixtures to span
wide ranges of U-series disequilibria and trace element com-
positions (Figures 4–7). While we do not plausibly expect the
decompressing upper mantle to contain 50 % pyroxenite on
a large scale, making our maximum proportion an extreme
scenario, we cannot exclude the possibility that locally, high
proportions of pyroxenite in the melt zone will melt readily at
even moderate potential temperatures, and so may preferen-
tially impact MORB compositions at such locations. Variations
in the pyroxenite quantity in the source could thus help to ex-
plain the origins of enriched MORB by melting of increased
quantities of pyroxenite.

5.1.3 Mantle temperature

We can also identify systematic differences in partial melting
outcomes with changes in mantle potential temperature (Tp),
and compare our calculated results to measured basalt com-
positions along with proposed proxies for mantle temperature
(e.g. oceanic crustal thickness, which is a product of total over-
all melting beneath the ridge axis [Klein and Langmuir 1987;
Bourdon et al. 1996]). Overall, results for our calculated melt
compositions are relatively similar at Tp = 1300 and 1400 °C,
with overlapping outcomes. However, in a warmer mantle, all
lithologies tested here contain stable garnet over an expanded
depth range, which permits more prolonged melting in the
presence of residual garnet. As a result, higher Tp produces
expanded (230Th/238U) ranges in partial melt compositions
for all lithologies, a scenario that may apply to ridge settings
experiencing hotspot influence, but which are still dominated
by the passive mantle upwelling characteristic of divergent
settings. By affecting solidus pressures and thus the depth of
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Figure 8: [A] Global MORB data after Figure 1, and [B], [C] mod-
eling results for (230Th/238U) and axial depth after Bourdon
et al. [1996], showing partial melt compositions for pure peri-
dotite and peridotite-pyroxenite weighted melt mixtures from
this study. Modeling results shown use a solid mantle up-
welling rate of 3 cm yr−1, a residual maximum porosity of 0.8 %,
and a mantle potential temperatures of [B] 1300 °C and [C]
1400 °C. Symbols for different peridotite and pyroxenite com-
positions and magma transport models are similar to those in
Figure 4–7, except for simplicity, only mass balanced mixing
compositions are shown for pyroxenite scenarios. Additional
results for pure peridotite melting at Tp = 1200 °C are included
in panel [B] for comparison, with outcomes using alternative U
and Th partition coefficients illustrated with hexagon symbols
(see text for discussion).

the melting regime, higher temperatures also enhance the total
quantity and proportion of garnet-bearing pyroxenite partial
melts that are contributed to weighted melt mixtures, which
likewise produce enhanced (230Th/238U) in our binary melt
mixtures (Figures 4–7). Both of these garnet signature effects
(that is, deeper melting overall, and enhanced pyroxenite con-
tributions to melt mixtures) could help to explain the relatively
high (230Th/238U) observed in mid-ocean ridge settings close
to hotspots, where both the mantle temperature and the py-
roxenite abundance may be relatively high [e.g. Koornneef et
al. 2012].
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Productive melting regimes, whether due to higher potential
temperatures or larger quantities of fertile pyroxenites, should
generate a high magma flux to the ridge axis and thus pro-
duce thickened oceanic crust. Oceanic crustal thickness is
inversely related to the seafloor depth, such that axial sam-
pling depth can be used as a rough proxy for thickness [e.g.
Klein and Langmuir 1987]. We calculated crustal thicknesses
and axial depths for weighted mixtures of partial melts from
coexisting pyroxenite and peridotite rocks, considering repre-
sentative model scenarios with average solid mantle upwelling
rates of 3 cm yr−1 and maximum residual porosity values of
0.8 %. We determined crustal thicknesses given the total quan-
tity of melt produced over a 1D melting column for the two
melting lithologies, assuming a 15 % density contrast between
mantle and oceanic crust and full melt extraction to form the
crust. We calculated the seafloor depth for a given crustal
thickness using a simple isostatic model with 200 km compen-
sation depth, dynamic support of the surrounding plate, and a
typical ocean density profile as a reference column, with 7 km
crustal thickness, 3 km of ocean water, and underlying layers
and densities after Lin et al. [1990]. The results of these calcu-
lations are shown in Figure 8 and included in Supplementary
Material 1 Table S4.
Overall, increasing the mantle potential temperature of a
peridotitic mantle from 1300 to 1400 °C results in limited
thickening of the crust. However, for the limited scenarios
tested here, a 100 °C temperature range can explain neither
the lowest nor the highest axial depths observed at mid-ocean
ridges, and, as described in the previous section, produces only
a limited range in isotopic disequilibria.
In our models, adding pyroxenite to the source always re-
sults in an increase in predicted crustal thickness, though the
magnitude of crustal thickening depends highly on the pyrox-
enite composition and its corresponding melt fertility. Due
to its especially high melt productivity and deep solidus, our
G2 melting and mixing scenarios span the greatest range of
possible outcomes and extend to significant subaerial thicken-
ing, particularly at Tp = 1400 °C and for eclogite-rich scenar-
ios. While this may suggest that high temperatures and high
quantities of silica-excess, eclogitic pyroxenite could help to
explain the most thickened oceanic crust, most outcomes in-
volving G2 produce unrealistic crustal thicknesses compared
to typical global ridges, so a G2-rich mantle source is a poor fit
for most other ridge settings. Considering the high expected
density of eclogites and accompanying difficulties in sustain-
ing mantle decompression, we also do not necessarily expect
most upwelling mantle to contain extremely high proportions
of eclogitic material.
Scenarios for other pyroxenite types tested, such as KG1
and MIX1G, produce partial melt volumes that correspond to
much of the observed MORB dataset for axial depth, though
the selected results shown for these lithologies lack sufficiently
high (230Th/238U) to explain the full dataset. Outcomes for the
composition M7-16 span a somewhat broader compositional
range, but still fail to explain the highest (230Th/238U) results
for regions with thin crust and deep ridge axes. In fact, none
of the results shown reproduce the thinnest crust and deepest
ridge axes; this is likely because we have limited the scenarios

shown to upwelling rates of 3 cm yr−1 and 10 % pyroxen-
ite in the source; we have thus neglected ultraslow spread-
ing settings where thin crust likely overlies thick, cold mantle
lithosphere. Indeed, while the current global dataset overall
exhibits enough scatter to suggest a lack of simple relation-
ship between crustal thickness and (230Th/238U), the deep-
est ridge settings in Figure 8 do correspond to relatively low-
(230Th/238U) basalts from the Gakkel and Southwest Indian
Ridges, both ultraslow-spreading centers. A decrease in man-
tle potential temperature in those settings would decrease the
total magmatic productivity and the resulting crustal thick-
ness. Ultraslow divergence rates also permit more conduc-
tive cooling at the surface, which is expected to thicken the
overlying lithospheric layer and truncate the melting regime
at greater depths [Montési et al. 2011], which would likewise
reduce magma production and crustal thickness.
Although even more exhaustive modeling calculations of
extreme settings (such as ultraslow ridges) were beyond a rea-
sonable scope for our study, we suspect that a wider range
of upwelling rates, residual melt porosities, mantle tempera-
tures, and lithospheric thicknesses could explain the observed
ranges of axial depths and isotopic compositions in MORBs
even more closely. Overall, while our results highlight the fact
that large abundances of highly fertile eclogite in the mantle
source would produce unrealistic crustal thickening for most
spreading centers, they are otherwise consistent with a litho-
logically and thermally heterogeneous mantle source for most
MORBs. Alternative scenarios suggested in the recent litera-
ture [e.g. Krein et al. 2020], such as melting of cold, peridotitic
asthenosphere with stable feldspar, are explored further be-
low.

5.1.4 Magma transport regime
Two-phase porous flow
The model outcomes synthesized above include results
from all three of the reactive porous flow magma transport
models tested here, from equilibrium to pure disequilibrium
reactive transport, but we observe that the choice of transport
model itself has a major role in partial melting outcomes, par-
ticularly for certain pyroxenite compositions. Debate persists
among geochemists regarding the degree of chemical equili-
bration that likely occurs between migrating magmas and de-
compressing host mantle rocks [e.g. Spiegelman and Kenyon
1992; Aharonov et al. 1997; Kelemen et al. 1997; Spiegelman
et al. 2001; Jull et al. 2002; Sims et al. 2002; Kogiso et al. 2004;
Stracke and Bourdon 2009; Hewitt 2010; Katz and Weather-
ley 2012; Weatherley and Katz 2012], and our outcomes shed
additional light on that discussion.
Fluid dynamics and flow models suggest that magma likely
migrates through a decompressing rock matrix in a variety
of ways, spanning a range of degrees of chemical equilibra-
tion [e.g. Spiegelman and Kenyon 1992; Spiegelman et al.
2001; Weatherley and Katz 2012]. Some magma may mi-
grate along small-scale, low-porosity networks, which permit
greater chemical exchange and thus may approach equilib-
rium porous flow due to slower flow rates; while other partial
melts could experience more rapid (but still restricted), higher-
porosity migration along permeable channels, approaching a
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“fractional,” chemical disequilibrium style of transport. Like-
wise, two-porosity models cover a broad, but more poorly
constrained range of scenarios than we have examined here,
and have been previously invoked to simulate heterogeneous,
two-dimensional flow beneath areas like the East Pacific Rise
(EPR), where young basalts reproduce much of the negative
(230Th/238U)-(226Ra/230Th) array (Figure 1) without obvious
local source heterogeneity, and thus may be better explained
by complex flow in a multi-porosity regime than by hetero-
geneous source effects [Lundstrom 2000; Jull et al. 2002; Sims
et al. 2002]. While heterogeneous source melting may also
contribute to magma production for other data locations in-
cluded in the negative array [e.g. Stracke et al. 2006; Waters
et al. 2011], a range of melt transport regimes likely still exists
in the melt zone for global MORB [e.g. Liang 2008; Liang and
Parmentier 2010; Katz and Weatherley 2012; Weatherley and
Katz 2012; Elkins et al. 2019]. The potential impact of trans-
port mechanisms in a heterogeneous mantle on resulting melt
compositions thus remains complex and difficult to decipher.
Our systematic testing of porous flow models suggests that
certain combinations of pyroxenite type and melt transport
style simply cannot reproduce observed MORB compositions.
For example, a silica-deficient, relatively low fertility pyrox-
enite (e.g. KG1) that melts fractionally or nearly fraction-
ally appears to produce magmas with unrealistically high
(231Pa/235U) that have never been observed in natural sam-
ples. Outcomes for disequilibrium transport melting of
MIX1G and M7-16 are similar, exhibiting excessive 231Pa ex-
cesses relative to parent 235U. Equilibrium porous flow melts
(and the resulting peridotite-pyroxenite melt mixtures) for all
three pyroxenite lithologies, on the other hand, extend to
less extreme (231Pa/235U) while maintaining moderately high
(230Th/238U), more similar to many MORBs (Figures 5–7).
While silica-excess G2 overall exhibits some similar melt-
ing behavior to the other three pyroxenite lithologies, G2
melting appears distinct in several ways (Figure 4). Partial
melts of this lithology, as well as the resulting binary mixtures
with partial melts of accompanying peridotite, span a broad
range for most calculated activity ratios. Regardless of the
melt transport scenario, all G2 partial melts and binary melt
mixtures have remarkably low (226Ra/230Th) along with vari-
able (230Th/238U), similar to the most geochemically enriched
MORB compositions in the global dataset. For (231Pa/235U),
while some results are too high to be realistic, some dis-
equilibrium or partial disequilibrium melting outcomes are
low enough to overlap the global MORB field, especially at
Tp = 1400 °C. Similar to other pyroxenite melts, though, the
lowest (231Pa/235U) for a given (230Th/238U) are outcomes of
equilibrium porous flowmelting, and only equilibrium scenar-
ios reproduced the most extreme low (231Pa/235U) and high
(230Th/238U) observed in some MORBs. That said, even ne-
glecting buoyancy arguments, the crustal thickness constraints
described above likely limit the abundance of G2-like rocks in
the melt regime to under ~10 % for typical oceanic settings,
especially at high potential temperatures.
Overall, our modeling results suggest that while some dis-
equilibrium melt transport likely plays a global role, low
(226Ra/230Th) and (231Pa/235U) compositions measured in

age-constrained MORBs may require not only the melting
of pyroxenite, but also 1) partial melting of small amounts
of silica-excess pyroxenites for the most extreme enriched
compositions, and particularly, 2) greater degrees of chemi-
cal equilibration during melting and magma transport than
previously supposed. We suggest this is the case with the nec-
essary caveat that our model does not incorporate the effects
of more complex magma mixing and sampling processes that
can affect the composition of final aggregated magmas, such as
depth-dependent pooling and sampling scenarios proposed by
Koornneef et al. [2012] and Rudge et al. [2013]. While beyond
the scope of this study, additional testing of magma pooling
and mixing effects would likely be illustrative.
Comparison with dynamic melting
Dynamic melting after McKenzie [1985] has previously been
invoked to explain mantle melting and the global basalt
dataset, most systematically and comprehensively by Stracke
et al. [2006], who incorporated magma transport rates after
melt extraction as an additional variable in their calculations.
Elkins et al. [2019, 2023] also used dynamic melting to simulate
high-porosity, channelized flow and efficient melt extraction
in a heterogeneous mantle. Here, we used a new dynamic
melting Python tool developed by Elkins et al. [2023], which
incorporates methods from Richardson and McKenzie [1994],
Bourdon et al. [2005], and Elkins et al. [2019], and we further
incorporated the integration of instantaneous dynamic melts
with variable magma extraction rates similar to the incremen-
tal computational approach of Stracke et al. [2006]. We have
used this model to conduct a series of comparison tests be-
tween traditional dynamic melting with magma transport and
our porous flow models (Supplementary Material 3 Data Ob-
ject S1, Supplementary Material 5 Data Object S3). Below, we
discuss the main differences between the two models’ out-
comes.
As described above, the primary computational differences
between traditional dynamic melting and our disequilibrium
porous flow approach lie in the determination of residual melt
porosities and magma transport rates. In the dynamic melting
model, melts are extracted either instantaneously [e.g. McKen-
zie 1985; Richardson and McKenzie 1994; Zou and Zindler
2000] or with a constant, user-defined transport rate (e.g. as in
Stracke et al. [2006], and in this study), and always upon reach-
ing a fixed, threshold or critical melt porosity. Melt fractions
below the critical porosity threshold are assumed to continu-
ously achieve full chemical equilibrium with the solid matrix,
while those that are extracted are fractionally removed and
aggregated with no further chemical exchange. Instantaneous
melts are thus similar to instantaneous batch melt increments,
which are then removed from the system and aggregated. The
disequilibrium porous flowmodel after Spiegelman and Elliott
[1993] and Elkins and Spiegelman [2021], on the other hand,
does not utilize a threshold porosity to define magma perme-
ability, flow, or chemical reactivity. Magmas instead continu-
ously react with the solid matrix based on differential trans-
port and reactivity rates; and the magma transport rate itself
is controlled by a steadily increasing porosity and permeabil-
ity function that considers compaction during upwelling and
decompression, using Darcy’s Law for two-phase flow. Criti-

Presses universitaires de �rasbourg Page 700

https://doi.org/10.30909/vol.07.02.685715
https://doi.org/10.30909/vol.07.02.685715


VOLC

V

NIC

V

7(2): 685–715. https://doi.org/10.30909/vol.07.02.685715

(22
6 R

a/
23

0 T
h)

(230Th/238U)

(23
1 P

a/
23

5 U
)

(230Th/238U)

(22
6 R

a/
23

0 T
h)

(230Th/238U)

(23
1 P

a/
23

5 U
)

(230Th/238U)

(22
6 R

a/
23

0 T
h)

(230Th/238U)

(23
1 P

a/
23

5 U
)

(230Th/238U)

(22
6 R

a/
23

0 T
h)

(230Th/238U)

(23
1 P

a/
23

5 U
)

(230Th/238U)

T p =
 1

30
0 

ºC
T p =

 1
40

0 
ºC

MIX1G PyroxenitePeridotite
A B

C D

4

2

8

6

4

2

8

6

4

2

4

2

1.0 1.2 1.4 1.0 1.2 1.4 1.0 1.2 1.4 1.0 1.2 1.4

4

2

8

6

4

2

8

6

4

2

4

2

1.0 1.2 1.4 1.0 1.2 1.4 1.0 1.2 1.4 1.0 1.2 1.4

5 5

55

3

3

3

3

1

1

1

1

W = 0.5 cm/yr.
W = 1.0 cm/yr.
W = 2.0 cm/yr.

W = 5.0 cm/yr.
W = 10 cm/yr.
W = 20 cm/yr.

W = 50 cm/yr.
φ = 0.001
φ = 0.002

φ = 0.005
φ = 0.01
φ = 0.02

Global MORB

Dynamic melting

Figure 9: (226Ra/230Th) and (231Pa/235U) vs. (230Th/238U) gridded dynamic melting model results for the solid mantle upwelling
rates (W) and residual threshold porosity values (φ) listed, with an extracted magma transport rate of 10 m yr–1, and showing
coexisting [A] 90 % peridotite and [B] 10 % MIX1G pyroxenite partial melt compositions for Tp = 1300 °C, and [C] 90 % peridotite
and [D] 10 % MIX1G pyroxenite partial melt compositions for Tp = 1400 °C. Global MORB shown for comparison after Figure 1.

cally, this means that there is no underlying assumption that
chemical equilibrium must necessarily be reached, even for
a low, melt-filled porosity fraction. The disequilibrium melt-
ing formula thus reduces to true fractional melting for sta-
ble (non-radioactive) elements, but incorporates a rate-scaled
back-reaction term for partial equilibration with the solid ma-
trix in the case of slower transport.

To more carefully evaluate these model differences, Fig-
ure 9 shows a summary of outcomes for dynamic melting of
10 % MIX1G and 90 % peridotite at 1300 and 1400 °C, using
the same solid mantle upwelling rates and threshold porosity
values as the solid upwelling rates and maximum or reference
porosity values in our porous flow calculations. We addition-
ally tested a range of constant magma transport rates for the
extracted, aggregated melt, from extremely slow (1 cm yr−1)
to effectively near-instantaneous extraction (1 × 106 cm yr−1)
(Supplementary Material 5 Data Object S3), similar to the in-
cremental computational approach of Stracke et al. [2006]. Fig-
ure 9 shows the outcomes for a moderately fast magma trans-
port rate of 10 m yr−1, which is similar to the transport rates
suggested by Stracke et al. [2006] for MORBs. The calculated

dynamic peridotite melt compositions for Tp = 1300 °C have
very restricted (230Th/238U), similar to the outcomes for peri-
dotite porous flow melting and the findings of Elkins et al.
[2019]. Dynamic melting of peridotite at Tp = 1400 °C, on
the other hand, produces a broader range of outcomes up to
(230Th/238U) ~1.2, as well as a moderate range of (231Pa/235U),
and a positive correlation between those two activity ratios.
Similar to prior findings, however, we found that it was
not possible to preserve (226Ra/230Th) in extracted dynamic
melts, even with these moderately rapid extraction rates of
10 m yr−1.
Dynamic melting of MIX1G pyroxenite also produces mod-
erately different outcomes from our porous flow scenarios.
At Tp = 1300 °C, dynamic melting calculations more eas-
ily achieve elevated (230Th/238U) and realistically moderate
(231Pa/235U) and (226Ra/230Th) than disequilibrium porous
flow melting, and can also generate the positive (231Pa/235U)
vs. (230Th/238U) correlation seen in the peridotite partial melts
and previously observed by Stracke et al. [2006]. In fact, the
overall ranges produced by dynamic melting most closely cor-
respond to our equilibrium porous flow outcomes rather than
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oceanic lithosphere

peridotite solidus

pyroxenite solidus

magma transport along top of 
triangular regime

magma transport through
lithospheric cap

Figure 11: Cartoon illustrating a bilithologic triangular melting
regime beneath mid-ocean ridges, after Langmuir et al. [1992]
and showing paths along which extracted melts may experi-
ence radioactive decay during transport. Melting calculations
terminate at final melting pressures of 5 kbar, and experience
pure radioactive decay during the final 5 kbar of transport.
The integrated two-dimensionalmelt compositions for the peri-
dotite (green) and pyroxenite (tan) melting regions are then
computed for a series of vertical streamlines within the appro-
priate melting triangle, followed by a radioactive decay interval
as magma parcels are transported along the top of the triangu-
lar regime and then pool at the central ridge axis.

our results for disequilibrium transport (see more detailed out-
comes in Supplementary Material 5 Data Object S3). Our
calculated outcomes for dynamic melting are similar at ele-
vated Tp = 1400 °C, but the moderately fast extraction rates
of 10 m yr−1 shown in Figure 9 again fail to preserve the 226Ra
excesses relative to 230Th that are observed in most MORBs,
perhaps because of the deeper onset of melting and corre-
spondingly longer transport distances for magma extraction.

While dynamic melting of peridotite and pyroxenite can
for certain circumstances more readily reproduce some char-
acteristics of MORBs, we find that the ability to reproduce the
observed data with dynamic melts nonetheless relies heavily
on extracted magma transport rates, which must be extremely
rapid to preserve (226Ra/230Th) > 1.0. It appears that in many
cases, magma extraction must be essentially independent of
the rest of the melting regime and mechanics, particularly its
residual porosity, a requirement that may not be reasonable,
since magmatic flow rates are related to fluid permeability
[e.g. Spiegelman and Kenyon 1992]. That is, for dynamic-
style melting to be the best mechanism to explain most global
MORBs, magma extraction rates must be quite high, have spe-
cific values, and importantly, must vary in ways that appear
possibly coincidental and unrelated to the physical regime.
As an alternative to this bimodal system that experiences ei-
ther pure chemical equilibration (for a melt fraction that re-
sides semi-permanently within a trapped pore space) or pure
chemical disequilibrium (for an extracted fraction), we assert
that the model of disequilibrium porous follow model devel-
oped by Elkins and Spiegelman [2021] offers a more realistic
approach by considering continuous chemical reactivity that
scales with physical transport rates. We thus favor our more
restricted results for porous flow regimes, and suggest these
newer results may place additional limits on the lithologies,
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Figure 12: Two-dimensional modeling outcomes for scenar-
ios considering a 10 % MIX1G pyroxenite + 90 % peridotite
mantle source with a 3 cm yr−1 solid mantle upwelling rate
and 0.8 % maximum residual porosity, with panels after Fig-
ure 7. The partial melt compositions shown illustrate the ef-
fects of two-dimensional integration (see text), with extracted
magma transport rates from 1 to 100,000 cm yr−1 along the
top surface of the triangular melting regime (as illustrated in
Figure 11). One-dimensional results from Figure 7 are shown
for comparison. Magma transport rates are labeled for both
peridotite (blue) and pyroxenite (brown shades) at appropriate
tick locations along each melt transport trajectory, and for all
three transport models tested. Overall, two-dimensional inte-
gration with very rapid transport generally enhances isotopic
disequilibria, particularly for (226Ra/230Th) ratios, while very
slow transport reduces disequilibria due to radioactive decay.

potential temperatures, and transport mechanisms present in
the mantle asthenosphere.

5.2 Trace element compositions of bilithologic partial melts

Results from our trace element calculations are shown in a se-
ries of panels in Figure 10 and Supplementary Material 1 Ta-
ble S4, along with representative MORB data from the East
Pacific Rise (EPR), Juan de Fuca-Gorda, and northern Mid-
Atlantic Ridge systems [Sims et al. 2002; Elkins et al. 2011;
2014; 2016a; b; Scott et al. 2018]. Although datasets that in-
clude both U-series disequilibria and trace element compo-
sitions are relatively limited, the global dataset shown here
spans broad ranges in spreading rate, axial depth, and radio-
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genic isotope compositions observed in global MORB, making
it reasonably representative of global systematics.
Because of the limited scenarios tested and shown here,
we do not fully reproduce all the characteristics of the overall
MORB dataset. Since highly incompatible element ratios are
not strongly affected by progressive melting [Stracke and Bour-
don 2009], some settings also likely require different source
trace element initial concentrations than we used in our pre-
liminary tests. For instance, the unusually high Ba/Th ra-
tios observed in some MORB from places like the Knipovich,
Mohns, and Juan de Fuca Ridges may be attributed to en-
riched lithologies similar to those suggested for the source of
Icelandic basalts [e.g. Brown et al. 2020]. On the other end,
some EPR basalts and lavas from 85° E along the Eastern Vol-
canic Zone (EVZ) of the Gakkel Ridge have high (226Ra/230Th)
and very depleted incompatible element ratios (i.e. low Nb/Zr
and Ba/Th, and La/Nb>1) that are difficult to reconcile with
our modeling results in other ways. For both localities, the
trace element ratios point toward a depleted (and peridotitic)
source. Sims et al. [2002] observed that the broad measured
range in (226Ra/230Th) and (230Th/238U) in EPR basalts forms
a negative array in otherwise homogeneous EPR N-MORB,
and suggested sampling of progressive melts from different
depths in a two-porosity melting regime can explain the ob-
served data without the involvement of mantle heterogeneity
effects. In this scenario, high (226Ra/230Th) represents melts
extracted from relatively shallow depths. Coupled with the
observed variations in La/Nb, these EPR basalts may thus
record various degrees of depletion of the residual mantle
recorded at the top of the melting column. The Gakkel Ridge,
on the other hand, represents the global end member in ultra-
slow spreading ridges, and is expected to overlie anomalously
thick oceanic lithosphere for a ridge axis [Montési and Behn
2007]. Elkins et al. [2014] noted that it would be difficult to
preserve such high 226Ra excesses relative to 230Th in mag-
mas during transport through thick lithosphere, and suggested
melt-rock interactions may also play a greater role for these
lavas, a scenario we cannot readily test here.
Aside from the discrepancies described above, our mod-
eling results suggest that the presence of pyroxenite in the
source could produce relatively enriched trace element signa-
tures (high Nb/Zr and Ba/Th and low La/Nb ratios) in partial
melts. [Stracke and Bourdon 2009], who conducted extensive
trace element modeling calculations for dynamic melting of a
bilithologic mantle, also observed that, at least for relatively
high potential temperatures (Tp = 1400 °C), moderately in-
compatible trace element ratios in oceanic basalts may gen-
erally indicate the involvement of mantle pyroxenite in the
global mantle melting regime. Some trace element compu-
tations have further shown that at low degrees of peridotite
melting (i.e. near the peridotite solidus), mixed peridotite-
pyroxenite melts can present particularly elevated Ba/Th and
Nb/Zr [e.g. Stracke and Bourdon 2009; Lambart 2017].
On the other hand, because pyroxenitic lithologies usually
undergo much higher degrees of melting than ambient peri-
dotite, some pyroxenite partial melts may not ultimately be
as enriched (and may even be more depleted) in incompat-
ible trace elements than coexisting peridotite partial melts,

due to dilution effects at higher melt fractions [e.g. Lambart
et al. 2009]. Such a dilution effect is notably visible in our
outcomes for binary mixing involving G2, where, despite the
pyroxenite-derived melt representing 41 % of the mixture (see
Supplementary Material 1 Table S4), the melt mixture itself
has a Nb/Zr ratio closer to the pure peridotite melt than the
pure pyroxenite melt. In fact, on the whole, our computed
binary melt mixtures are generally unable to produce the full
range of observed trace element ratios in MORB, even though
pure pyroxenite melting spans a far greater range.

As above, we attribute much of this mismatch to the more
limited scenarios computed within the scope of this study,
but it is complex to predict what factors could improve out-
comes and thus plausibly explain global MORB data. While
the range of enriched trace element signatures observed could
be interpreted to suggest a higher proportion of pyroxenite in
the mantle source than the scenarios shown in Figure 10, and
that might compensate for the dilution effects of high degrees
of pyroxenite melting, such a scenario may also produce un-
realistic crustal thicknesses—particularly for G2 melting (Fig-
ure 8). It is, however, possible that some of the observed range
can be explained by the presence of higher quantities of less
fertile (e.g. silica-deficient) pyroxenite with trace element en-
richment.

Alternatively, as suggested above for other MORB, the trace
element compositions of pyroxenite components present in
the source may differ from EM2, i.e. by being significantly
more enriched in very incompatible elements. However, to
approach the highest Nb/Zr ratios in Figure 10A–10F, the py-
roxenite component would need to be at least two orders of
magnitude more enriched in Nb and Zr than EM2, which is
again relatively unlikely. We instead suggest a combination
of factors may be necessary, where some pyroxenite sources
are moderately more trace element enriched than we have
assumed and are also more abundant than 10 % of the solid
source.

Finally, the trace element compositions of enriched MORBs
could be disproportionately influenced by melts derived from
pyroxenites, either because these melts were preferentially
preserved during magma transport by flow in chemically iso-
lated channels [Lambart et al. 2012; Weatherley and Katz 2012;
Lambart et al. 2019], and/or as a result of isolated fractional
crystallization effects that result in a higher degree of crystal-
lization for peridotite melt than pyroxenite melt [Neave et al.
2019]. While possible, such a scenario requires additional melt
sampling variations than what we are able to test here, e.g.
preferential sampling from certain melt flow paths or depths
[e.g. Katz and Weatherley 2012; Weatherley and Katz 2012;
Rudge et al. 2013].

5.3 Additional factors in MORB generation

To address further questions raised by the analysis above, we
have conducted several supplementary calculations using our
10 % MIX1G partial melting results as a representative, inter-
mediate test dataset, aiming primarily to observe how sensi-
tive our model outcomes are to additional factors of interest.
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5.3.1 Lithospheric transport effects
The results discussed above predict the maximum isotopic
disequilibria produced in partial melts at the base of the litho-
sphere, and do not consider aging or further chemical in-
teractions that may occur before eruption and emplacement.
While this type of model assumes steady-state, paired solid
and liquid transport, and thus cannot realistically calculate
the impacts of melt-rock chemical interactions during litho-
spheric transport (and indeed, that consideration is complex
enough to justify its own, separate study), it is comparably
straightforward to consider the impacts of simple aging and
isotopic decay after magma separation from the melt regime.
For a lithospheric layer that truncates the melting regime at
a final melting pressure of 5 kbar, a rapid transport rate of
15 m yr−1 corresponds to a total transport time of 1024 years.
As expected, ~1000 years of radioactive decay has little im-
pact on any the U-series nuclides considered here except for
226Ra, with its comparatively short half-life of 1600 years. Fig-
ure 7 graphically illustrates the impact of 1024 years of ra-
dioactive decay on (226Ra/230Th) ratios for a representative
MIX1G partial melt composition. From this illustration, we
note that while aging during lithospheric transport or stor-
age could potentially help to explain some MORB composi-
tions with relatively high (230Th/238U) and (231Pa/235U), but
with low, age-constrained (226Ra/230Th), especially if trans-
port is slower, such compositions are not typical: low, age-
constrained (226Ra/230Th) in ridge lavas is typically accompa-
nied by similarly low (231Pa/235U) (e.g. Knipovich and Mohns
Ridge MORB [Elkins et al. 2014]; Figure 1). Low (231Pa/235U)
cannot as readily be explained by short periods of radioactive
decay during magma transport or storage, due to the longer
half-life of 231Pa. Limited aging prior to eruption (whether
during transport or crustal storage) is thus theoretically a plau-
sible explanation for low (226Ra/230Th) compositions, but it
does not fully explain most observed MORB compositions,
particularly for definitively young basalts with eruptive age
constraints for (226Ra/230Th) disequilibria.

5.3.2 Triangular melting regimes
Although far more computationally approachable, the melt
regime beneath mid-ocean ridges is not likely to truly resem-
ble a one-dimensional melting column; magmas beneath di-
vergent boundaries are instead likely aggregated over an ap-
proximately triangular regime due to mantle convection and
corner flow, after Langmuir et al. [1992]. Although true two-
dimensional flow is more complex than the one-dimensional
modeling approach used here, we can approximate two-
dimensional effects using a simplified “streamline” integration,
as explored by Asimow [2001] and others [e.g. McKenzie and
Bickle 1988; Richardson and McKenzie 1994]. To accomplish
this, we have developed an additional Python calculation tool
that calculates two-dimensional streamline integration for a
simple triangular melting regime, using outcomes from the
pyUserCalc porous flow melting model used here [Elkins and
Spiegelman 2021] (see Supplementary Material 3 Data Object
S1 and Appendix A).
Specifically, our two-dimensional calculator integrates
porous flow melting along a one-dimensional column, plus

a second path segment where the separated magma migrates
along the top of the triangle and experiences simple radioac-
tive decay during transport (Figure 11; see Appendix A), sim-
ulating pooling of melts at the ridge axis. For U-series disequi-
libria, the magma transport interval after melt segregation can
play an important role in melt compositions, because magma
parcels that travel for a long time after separation from the
melting regime will experience sufficient radioactive decay
to detectably reduce their isotopic disequilibria. This effect
is particularly pronounced for nuclides with relatively short
half-lives (like 226Ra). Our two-dimensional integration model
thus tests a range of lithospheric transport rates for magma
extracted from each streamline, producing melting outcomes
from very slow to essentially instantaneous transport (which
latter scenario is most similar to the integration approach of
Richardson and McKenzie [1994] for dynamic melts). Our ap-
proach most closely resembles the incremental dynamic melt-
ing model with transport rates of Stracke et al. [2006], who
tested a wide range of magma transport rates as high as 50 to
500 meters per year, but here it is applied to porous flow melt-
ing scenarios. The outcomes for representative 10 % MIX1G
+ 90 % peridotite melting scenarios are shown in Figure 12.
Figure 12 illustrates that variable magma transport rates
from the outer edges of the melting regime to the ridge axis
can explain much of the range in (226Ra/230Th) observed in
the global MORB dataset (Figure 1). However, if transport rate
alone accounts for much of this range, then transport rates
must vary tremendously along the global ridge system: high
(226Ra/230Th) requires unrealistically high magma transport
rates of 10,000–100,000 cm yr−1 (100–1000 m yr−1) for pyrox-
enite melts. Figure 1 illustrates that the range in (226Ra/230Th)
is more restricted within each spreading center, however, sug-
gesting that more modest variations in magma extraction rates
could play a role in producing local ranges. Very rapid magma
transport in two-dimensional scenarios generally enhances
isotopic disequilibrium in the aggregated melt, because the
process more effectively samples deep melts extracted from
the outer edges of the triangular regime, and such efficient ex-
traction permits those isotopic disequilibria to survive trans-
port. For (231Pa/235U), which is less sensitive to decay than
226Ra, more modestly rapid magma transport rates of 100–
1000 cm yr−1 are necessary to preserve the disequilibria in
pyroxenite partial melts, while similarly fast rates can enhance
disequilibria in peridotite melts.
Slow magma transport after separation, on the other hand,
causes most integrated melt compositions to approach lower
(226Ra/230Th) and (231Pa/235U), which for peridotite melting
also approaches the one-dimensional case. This effect likely
occurs because deep partial melts lose much of their iso-
topic disequilibrium signatures during transport. That said,
these slow-transport, integrated compositions are not actu-
ally the same as the one-dimensional results, and for certain
scenarios—e.g. (231Pa/235U) in MIX1G melts—are in fact no-
tably different. Even with slow extracted magma transport
rates, deep magma parcels with trace element budgets from
the outer corners of the triangular regime do in fact still reach
the ridge axis and aggregate. These deep parcels simply ap-
proach secular equilibrium for one or more U-series nuclide
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pairs due to their long travel intervals, more effectively diluting
the aggregated isotopic disequilibrium signatures of the pooled
melts. That said, the observed compositional differences be-
tween one-dimensional melting and a two-dimensional sce-
nario with very slow transport are mostly small for peridotites
and for (226Ra/230Th), suggesting slow transport may decou-
ple some U-series disequilibria from other melt signatures
(such as aggregated, stable trace elements). This outcome also
resembles predictions of prior work [Reagan and Sims 2001;
Stracke et al. 2006].
We further note that geodynamic considerations suggest it
would be difficult for melts from the outermost corners of a tri-
angular regime to migrate and pool at the ridge axis, such that
smaller total masses of magma (and fewer vertical “stream-
lines”) should be incorporated. This reduced magma quantity
may impact both magma compositions and overall budgets
(and, thus, crustal thicknesses and axial depths) [e.g. Montési et
al. 2011]. Such an effect would likewise systematically reduce
absolute predicted crustal thicknesses such as those shown
in Figure 8, but not the relative scale of our results (that is,
which scenarios produce thicker crust and which are thin-
ner); and inefficient or incomplete pooling may also slightly
reduce the influence of very deep melts incorporated into two-
dimensional melt aggregates, even if magma transport is rapid.
That said, we do not expect the loss of melts from the out-
ermost triangle corners to significantly change our predicted
melt compositions.

5.3.3 Effects of residual plagioclase in mantle lithologies

Recent work by Krein et al. [2020] sheds doubt on some as-
sumptions about the nature of mantle melting, instead sup-
porting suppositions that the mantle is, in fact, relatively cold
overall, with typical potential temperatures of ~1200 °C, and
thus MORB melting may not normally initiate in the garnet
stability field for peridotitic lithologies. Rather, Krein et al.
[2020] suggest that basalt geochemical signatures previously
attributed to the presence of residual garnet in their source
may instead be more readily explained by progressive melt-
ing of shallow, plagioclase-bearing lherzolite rocks. In part,
they note that traditional indicators of residual garnet in the
melt source, such as low heavy rare earth element/light rare
element ratios, are in fact unclear for typical MORB and may
suggest garnet is absent during melting.
Additional evidence suggested by Krein et al. [2020] relies
on new interpretations of observed U-series disequilibria in
global MORB, and in particular, on U-series modeling calcula-
tions that reproduce much of that global dataset, particularly
relatively high measured (230Th/238U) that were previously
attributed to the effects of residual garnet on trace element
residence times during the melting process [e.g. Sims et al.
1999; 2002; Prytulak and Elliott 2009; Elkins et al. 2011; Wa-
ters et al. 2011]. Specifically, Krein et al. [2020] note that re-
cent, preliminary experimental measurements of U and Th
partitioning between melt and anorthite-rich plagioclase sug-
gest a more major role for residual plagioclase in the shallow
melting regime [Sun et al. 2017]. However, the role of plagio-
clase in the melt regime of MORB is poorly constrained by
melting models overall, and the work of Krein et al. [2020] did

not explore all possible scenarios to further test their working
model.
The suggestion that plagioclase peridotite melting in a rel-
atively cold, upwelling mantle can more successfully repro-
duce the high (230Th/238U) observed in MORB than hotter,
deeper (garnet-bearing) peridotite melting scenarios deserves
further examination. We have thus conducted additional tests
to explore whether and how well the plagioclase lherzolite
melting scenario works to reproduce U-series disequilibria in
global MORB, using a lower mantle potential temperature of
1200 °C and the newer Sun et al. [2017] plagioclase/melt par-
tition coefficients. We also considered a range of lithospheric
thicknesses, because all but the thinnest oceanic lithosphere
may impact the availability of stable peridotitic plagioclase in
the decompressing mantle.
The outcomes of our calculations (Figure 2, Supplemen-
tary Material 5 Data Object S3) suggest that a colder mantle
underlying thin lithosphere that preserves plagioclase in the
upwelling regime can indeed generate part of the observed
MORB dataset, similar to the findings of Krein et al. [2020].
However, the circumstances under which this occurs appear
considerably limited in both mantle temperatures and final
melting pressures: because the lithosphere must be thin to
permit the presence of residual plagioclase in the source, this
lower-temperature scenario must be limited to settings with
faster spreading rates and thin lithosphere. However, as the
thickness of the lithosphere beneath spreading centers (far
from any hotspots) is expected to increase with decreasing
mantle temperature [Shen and Forsyth 1995; Montési et al.
2011], a low Tp scenario with residual peridotitic plagioclase
is unlikely to be able to explain the full global dataset shown
in Figure 1. Instead, we posit that both the presence of resid-
ual garnet, potentially in pyroxenitic lithologies, and warmer
melting must in fact be both involved in some settings be-
neath the global divergent oceanic ridge system. While the
rare earth element patterns discussed by Krein et al. [2020]
remain ambiguous regarding the presence of residual garnet
in a peridotitic mantle, we also note that pyroxenites may be
highly variable in their initial trace element concentrations [e.g.
Downes 2007], making it difficult to separate the effects of ini-
tial composition versus residual mineralogy on trace elements
during melting of a heterogeneous source.

5.4 Global generation of MORB by partial melting of a multi-
lithologic mantle

Our computational approach suggests that the generation of
magma beneath divergent mid-ocean ridge settings cannot be
easily explained by a single, one-size-fits-all scenario. While
homogeneous, progressive peridotitic melting can produce
some observed compositions, other basalts appear to require
a decompressing melt source containing one or more mafic
lithologies, in addition to peridotitic rocks. Likewise, no sin-
gle lithologic pairing can produce all observed MORB compo-
sitions at Tp = 1300–1400 °C; and neither can plagioclase-
bearing peridotites at 1200 °C. To summarize our primary
findings above, we observe the best fits between global MORB
compositions and calculated melts produced by decompres-
sion of a solid source containing highly productive garnet

Presses universitaires de �rasbourg Page 706

https://doi.org/10.30909/vol.07.02.685715
https://doi.org/10.30909/vol.07.02.685715


VOLC

V

NIC

V

7(2): 685–715. https://doi.org/10.30909/vol.07.02.685715

pyroxenite. Depending on local basalt compositions, the
dominant pyroxenite compositions involved in mantle melt-
ing range from average recycled basalt with a silica-excess
composition (G2), to average pyroxenite with a silica-deficient
composition (MIX1G), or to an alternative silica-deficient py-
roxenite with lower Mg # (M7-16). That is, the convecting
mantle is lithologically heterogeneous in a broad sense, with
recycled material spanning a wide range of chemical com-
positions. This is consistent with predictions for the fate of
recycled material, from subduction through convection and
ultimately to the mantle melt regime: Herzberg [2011] showed
that a large range of mantle compositions may be generated
by solid-state and melt-rock reactions throughout the recy-
cling and convection process. Our study demonstrates that
the resulting lithological diversity is in fact required to explain
global MORB compositions, in contrast with previous studies,
which have found pyroxenite contributions to MORB ambigu-
ous using major elements, because pyroxenite and peridotite
produce similar melting reactions [e.g. Lambart et al. 2009;
Borghini et al. 2017]. Trace element concentrations and ra-
tios have been used to argue in favor of pyroxenite contri-
butions to MORB petrogenesis [e.g. Hirschmann and Stolper
1996; Kimura and Kawabata 2015; Yang et al. 2020], but the
types and quantities of pyroxenitic components required to
explain observed trace element compositions are not well-
constrained.
There are also limits on the role pyroxenite can play: while
high quantities of productive pyroxenite rocks in the solid
source can disproportionately impact the compositions of re-
sulting aggregated melt mixtures, producing a wide range of
outcomes that spans much of the global MORB dataset, ob-
served oceanic crustal thicknesses limit how large those quan-
tities are likely to be, especially for the most fertile, silica-
excess pyroxenites and the highest mantle temperatures.
The modes of melting of the mantle and of magma trans-
port are also highly heterogeneous, with an apparent greater
contribution from melts that are relatively chemically equili-
brated with the decompressing matrix than previously sug-
gested. Protactinium activities, in particular, favor a greater
degree of equilibrium magma transport, as chemical disequi-
librium melting can produce implausibly high (231Pa/235U) in
pyroxenite partial melts, even when pyroxenite melting ap-
pears necessary to explain the observed (230Th/238U) and
(226Ra/230Th) ratios. Thus, our assessment of the role of
chemical equilibration during melting and magma transport
suggests that heterogeneous modes of transport are necessary
to produce the global dataset: both disequilibrium and equi-
librium flow are required to explain the full range of observed
data, particularly for melting of pyroxenites and the genera-
tion of MORBwith high (230Th/238U) and low age-constrained
(226Ra/230Th) and (231Pa/235U). Additionally, while partial
melts generated by decompressing convection beneath mid-
ocean ridges are likely pooled across an approximately two-
dimensional regime, which should proportionally increase the
contributions of deep melts to the aggregated mixture (i.e. in-
creasing (230Th/238U) in basalts), U-series disequilibria may
become decoupled from trace element compositions in melt
aggregates by the time intervals required for magma transport

to the ridge axis, making two-dimensional effects on U-series
disequilibria difficult to detect.
While the above findings are consistent with our exten-
sive modeling tests, and those findings persist throughout our
computed results, the modeling we have conducted in this
study is still, necessarily, far more simplistic than the actual
three-dimensional convection, melting, and multi-phase flow
regime likely present in the Earth’s mantle. For one, solid-
state and melt-rock reactions can produce significant changes
to the composition and mineralogy of lithologies present in
the convecting mantle [e.g. Herzberg 2011]. To a first order,
by tracing model melt outputs for a range of lithologic compo-
sitions that span known pyroxenite melting behavior, we can
examine the ultimate effects of such reactions on melting. In
addition, the petrologic models used here account for modal
heterogeneity that develops during progressive melting of a
chemically isolated lithology.
However, our approach cannot directly track melt-rock re-
actions or mechanical stirring effects that occur during mantle
upwelling in a more spatially variable regime. In order for
mafic plums or veins in the asthenosphere to produce ther-
mally equilibrated but chemically isolated partial melts, as
computed here, the diameters of those heterogeneities likely
need to be on the order of ~1 to 10 km, since smaller ma-
terials may chemically re-equilibrate with their surround-
ings more extensively [e.g. Shorttle and Maclennan 2011; Liu
and Liang 2017], while larger materials may remain more
thermally isolated, not exchanging heat with ambient peri-
dotite [e.g. Ishii and Tromp 1999; Kaneshima and Helffrich
1999]. However, while thermal equilibration impacts the
melting rates and overall productivities of coexisting litholo-
gies [Hirschmann and Stolper 1996; Phipps Morgan 2001],
our past findings have demonstrated that thermally isolated
pyroxenite-peridotite melting produces comparable outcomes
for U-series disequilibria to thermally equilibrated regimes
[Elkins et al. 2019; 2023], so we expect that our interpretations
could be applied even to larger heterogeneities.
Likewise, our two-dimensional modeling assumes a sim-
ple vertical streamline flow mechanism for melt generation,
similar to past studies of triangular regimes [e.g. Langmuir
et al. 1992; Asimow 2001], as well as simple aggregation of
magma parcels once the top of the triangular regime has been
reached, rather than the likely more complex flow paths and
melt-rock interaction possibilities that may exist in a two-
or three-dimensional upwelling environment [e.g. Spiegelman
and Kelemen 2003; Sim et al. 2020]. The steady-state assump-
tion embedded in the porous flow modeling approach also
necessarily neglects the effects of discrete heterogeneities that
may enter and exit the melting regime over time. Assum-
ing a steady influx of chemically isolated, mafic material does,
however, reasonably simulate an end member scenario that is
rich in pyroxenite, and likely provides a useful upper bound
on unmixed melt compositions produced by decompressing
pyroxenites.
We thus consider our findings to be reasonably robust. We
also note that the additional complexities described above
(true two- or three-dimensional flow, hybridization by metaso-
matism and mechanical stirring, melt-rock chemical interac-
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tions, and heterogeneous material of different sizes and distri-
butions) are largely too poorly constrained to model more ac-
curately with current constraints. As a general principle, sim-
plified modeling approaches can provide useful benchmarks
and bounds on the extent of underlying variation that likely
exists in the unseen input regime (in this case, the convect-
ing mantle), particularly for a sensitivity analysis that isolates
important input parameters and evaluates their impacts on
a range of modeled outcomes, as we have conducted here.
We thus propose that our findings are sufficiently thorough
to present a unified model for the convecting upper mantle,
one that calls for distributed heterogeneity across a variety of
length scales and across much of ultramafic to mafic com-
positional space, and that requires a complex, heterogeneous
magma transport network in decompressing regimes.

6 CONCLUSIONS
Decades of persistent efforts in measuring and attempting to
interpret the origins of oceanic basalts using U-series dise-
quilibria have raised questions about the usefulness of the
method, because the required melting computations are com-
plex and produce overlapping, sometimes non-unique out-
comes. We observe, however, that even for a broad range
of melt transport models, from full chemical equilibrium to
disequilibrium transport, persistent patterns in melting out-
comes emerge. The U-series approach remains the only tech-
nique available to gather timing information about magmatic
processes in the mantle, so we consider that even somewhat
indirect interpretations remain valuable.
Systematic testing of U-series disequilibrium outcomes for
bilithologic melting scenarios beneath mid-ocean ridge set-
tings suggest that:

1) The asthenospheric mantle is broadly compositionally
heterogeneous in a lithologic sense, containing not only peri-
dotitic rocks, but a range of multiple types of pyroxenite.
While homogeneous peridotite melting can produce some
MORB compositions, it is unable to fully reproduce the global
dataset. Eclogitic, silica-rich pyroxenite zones are uniquely
able to produce low (226Ra/230Th), low (231Pa/235U), high
(230Th/238U) compositions, while hybrid or silica-deficient
pyroxenites can produce more moderate outcomes.

2) Variations in pyroxenite quantity exert the strongest con-
trol over the composition of mass-balanced binary mixtures
between peridotite and pyroxenite partial melts in bilithologic
regimes. High pyroxenite quantities also generate anoma-
lously thick crust, particularly for silica-excess pyroxenites,
which restricts their abundance in most settings to under 10 %.

3) While melting of mantle containing silica-deficient
and hybrid pyroxenite compositions are the only scenar-
ios that produced moderately high (230Th/238U) and inter-
mediate (226Ra/230Th) and (231Pa/235U), chemical disequi-
librium melting of these lithologies generates unrealistically
high (231Pa/235U), suggesting chemical equilibriummelt trans-
port also plays an important role. Overall, our outcomes fa-
vor a greater role for chemical equilibration during melting
and magma transport than previous work, suggesting a wide

range of magma transport rates are necessary to fully explain
the global dataset. We take this to mean the mantle melt-
ing regime is highly heterogeneous not only in composition,
but in melt transport mechanisms, encompassing a range of
transport rates and chemical equilibration levels. Relatedly,
some local variations in melt composition could be produced
by two-dimensional melt aggregation with a range of ex-
tracted magma transport rates, particularly for (226Ra/230Th)
and (231Pa/235U).

4) Uranium-series disequilibria in partial melts can likewise
be decoupled from trace element compositions by variations
in magma transport rates in two-dimensional flow regimes.
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APPENDIX A
Streamline integration of Uranium-series disequilibria in partial
melts

A simplified two-dimensional integration approach to par-
tial melting, as illustrated in Figure 11, has previously been
explored by a number of authors [e.g. Klein and Langmuir
1987; McKenzie and Bickle 1988; Plank and Langmuir 1992;
Richardson and McKenzie 1994; Plank et al. 1995]. The ap-
proach assumes simple streamlines of vertical flow in a steady-
state melting regime, which are aggregated in two dimensions
along the top of the triangle defined by decompression in con-
vecting cells beneath mid-ocean ridges [Langmuir et al. 1992,
and references therein]. Asimow [2001] have summarized prior
explorations of this approach in some detail that we will not
reproduce here, except to present the McKenzie and Bickle
[1988] approach to calculating average concentrations in par-
tial melts from an integrated triangular regime:

𝑐
𝑓

𝑖
=

∫ 𝑧

0 𝑐
𝑓

𝑖
(𝑧)𝐹 (𝑧)𝑑𝑧∫ 𝑧

0 𝐹 (𝑧)𝑑𝑧
, (A1)

where 𝑐 𝑓

𝑖
is the average melt concentration of element i over

the entire triangular regime, z is the height in the melting
column, 𝑐 𝑓

𝑖
(𝑧) is the melt concentration at z, and F(z) is the

degree of melting at z.
The approach of Elkins and Spiegelman [2021] for porous
flow melting computes the natural log of the concentrations
of U-series nuclides in the partial melt; this is because for very
small values (such as trace element abundances), the logs of
those values are more stable in numerical calculations. Thus,
the values computed by the numerical solution model are:

𝑈
𝑓

𝑖
(𝑧) = ln

(
𝑐
𝑓

𝑖
(𝑧)/𝑐0𝑖

)
. (A2)
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Given results for a one-dimensional melting calculation
with depth using the porous flow model, and known initial
concentrations 𝑐0

𝑖
, the concentrations 𝑐 𝑓

𝑖
(𝑧) for each nuclide

can then be determined from 𝑈
𝑓

𝑖
(𝑧) model results. Likewise,

the original model inputs include values for 𝐹 (𝑧), the degree
of melting at each depth. It should thus be relatively straight-
forward to compute average nuclide concentrations integrated
over the full depth of the melting regime, using the method in
Equation A1.
However, the computation is more complex due to the fact
that after each partial melt parcel reaches the top of the de-
compressing triangular regime, it must leave the melting re-
gion and travel along the diagonal upper surface by litho-
spheric transport, until it is aggregated at the center beneath
the mid-ocean ridge axis. For stable elements, as considered
by Asimow [2001] and references therein, this transport time
is inconsequential; not so for U-series disequilibria, which will
necessarily experience radioactive decay during transport. It
is this effect that can result in a decoupling between trace el-
ement concentration and U-series disequilibria. The values
to be integrated are thus not simply the outcomes of partial
melting along the one-dimensional, decompressing melt col-
umn; they must include an additional, second step of simple
radioactive decay over a time interval controlled by the length
of their travel path and a transport rate. In other words, while
a parcel of melt in the center of the melting regime may up-
well through the full height assumed by the one-dimensional
column model, parcels located toward the sides cease melting
at progressively greater depths with distance from the center,
and then must travel longer and longer distances before they
are aggregated.
Figure 11 thus illustrates that each melting parcel 1) rises
and experiences progressive melting over time, generating iso-
topic disequilibria in both the solid and liquid; then 2) sub-
sequently, the liquid is extracted and migrates along the top
surface of the triangle without additional melting, for a spe-
cific period of time. In reality, the transport time interval may
be controlled by porous or channelized migration rates along
the base of or perhaps within the mantle lithosphere. This
transport time is poorly constrained, but, if slow, it could sig-
nificantly decrease U-series disequilibria in melts from the lat-
eral edges of the melting regime, especially for nuclides with

short half-lives like 226Ra. In our model, the time interval of
decay for a given parcel is determined using an explicitly de-
fined lithospheric transport rate, with a simple geometric rule
for determining the path length along the upper surface of the
triangle as a function of the corner angle, θ.
Radioactive decay during the second stage of magma trans-
port is determined using standard radioactive decay equations
for U-series nuclides, e.g. after Zou [2007]:

238U = 238U0𝑒−λ238𝑡 (A3)

230Th =

230Th0𝑒−λ230𝑡 +
λ238

λ230 − λ238
238U0

(
𝑒−λ238𝑡 − 𝑒−λ230𝑡

)
(A4)

226Ra =

226Ra0𝑒−λ226𝑡 +
λ230

λ226 − λ230
230Th0

(
𝑒−λ230𝑡 − 𝑒−λ226𝑡

)
+

λ230λ238
λ230 − λ238

238U0
[
𝑒−λ238𝑡 − 𝑒−λ226𝑡

λ226 − λ238
− 𝑒−λ230𝑡 − 𝑒−λ226𝑡

λ226 − λ238

]
where the values for t are computed at z using the magma
extraction path length (based on z and q) and the extracted
magma transport rate. The resulting nuclide concentration
values are then integrated over depth, after which they can be
used to compute activity ratios in the aggregated melt.
The integration calculation described here relies on the ba-
sic assumption that all melts can be gathered efficiently to the
ridge axis, where they are pooled and aggregated, although the
top of the melting column may typically be truncated by the
presence of cold lithosphere which terminates melting. Also,
melts produced by streamlines in the outermost corners of the
melting regime may not be efficiently aggregated, and may in-
stead be ‘lost’ in the surrounding mantle without reaching the
center [e.g. Montési et al. 2011]. And finally, decompression of
the asthenosphere is not actually composed of perfect vertical
streamlines; this model, as in all triangular streamline integra-
tions of partial melts, necessarily neglects lateral flow.
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