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Abstract The concept that oceanic lithosphere mechanically limits upwelling and decompression melting
of mantle plumes is known as the lid effect and is backed up by observations of ocean island basalt (OIB)
geochemistry. Nevertheless, in a recent companion study on OIB geochemistry, several additional factors were
identified that further influence OIB compositions including a melt‐flux filter, whereby plumes with small melt
fluxes progressively fail to be sampled in regions of thicker lithosphere. Here, we use 3‐D coupled geochemical‐
geodynamical simulations of decompression melting in a single‐lithology mantle plume to predict basalt trace
element concentrations for comparison with observations. In addition to supporting the role of the lid effect and
melt‐flux filter, our models demonstrate that, if it is possible to extract local melts from across the melting
domain without complete homogenization, much of the spread in OIB geochemistry observed at individual
ocean islands can be reproduced using a single source lithology. Nevertheless, we also find that an OIB source
composed solely of primitive mantle contains insufficient rare earth element enrichment, necessitating a
recycled crustal component.

Plain Language Summary Many of the world's volcanic islands are formed by mantle plumes—
regions of hot, buoyant rock that rise from deep within Earth's mantle. As plumes ascend to the upper mantle,
they partially melt due to decreasing pressure. However, their ascent is limited by the lithosphere—Earth's cold,
rigid outer shell—which controls the melting pressure and influences the composition of magma produced. In
our previous work, we quantified how lithospheric thickness affects the geochemistry of ocean island basalts—
volcanic rocks that often erupt far from tectonic boundaries. Building on those results, here we use numerical
simulations to model melting in mantle plumes and compare results with observations. Our study shows that,
under older and thicker oceanic lithosphere, only the hottest plumes generate enough magma to create volcanic
seamounts or islands. Furthermore, the observed diversity of OIB compositions in the same volcanic system can
be reproduced without necessarily invoking multiple different plume lithologies. Finally, our results suggest
that recycled components contribute to the mantle source of OIBs. This outcome suggests that material
subducted into Earth's mantle millions of years ago can resurface in volcanic eruptions, offering a glimpse into
the planet's deep recycling processes.

1. Introduction
A significant portion of Earth's intra‐plate volcanic activity marks the surface expression of mantle plumes: hot,
buoyant regions of rock that rise from the core‐mantle boundary (CMB) toward the surface, undergoing
decompression melting in the uppermost mantle (e.g., Davies & Davies, 2009; Davies, Goes, & Sambridge, 2015;
French & Romanowicz, 2015; Griffiths & Campbell, 1990, 1991; Koppers et al., 2021; Morgan, 1971;
Sleep, 2006). Voluminous plume heads drive the formation of large igneous provinces through massive volcanic
activity, while plume tails generate smaller but longer‐lasting volcanic chains, such as those associated with
OIBs (e.g., Campbell et al., 1989; Duncan & Richards, 1991; M. A. Richards et al., 1989; R. White &
McKenzie, 1989).

Due to its mechanical strength, the lithosphere—Earth's rigid outermost shell—is difficult to deform, even under
the influence of mantle plumes (e.g., Burov & Gerya, 2014; Burov et al., 2007; Campbell, 2007; Davies,
Rawlinson, et al., 2015). The base of the lithosphere acts as a barrier to plume ascent, with its thickness controlling
the pressure at which decompression melting ceases—a phenomenon known as the lid effect (e.g., Humphreys &
Niu, 2009; Niu et al., 2011). This process has been investigated at both regional and global scales, with growing
evidence that OIBs erupting onto thicker lithosphere bear geochemical signatures indicative of higher average
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melting pressures (e.g., Dasgupta et al., 2010; Ellam, 1992; Gibson & Geist, 2010; Hole & Millett, 2016;
Niu, 2021; Watson & McKenzie, 1991).

In a companion study (Jiang et al., 2024), we employed a probabilistic Bayesian framework to quantitatively
evaluate the observed relationship between OIB geochemistry and lithospheric thickness. For basalt composi-
tions, we compiled a database of geochemical analyses that were filtered and corrected for the effects of frac-
tionation. For lithospheric thickness estimates (treated as a proxy for thickness of the mechanical boundary layer),
we used recent theoretical models of oceanic cooling and observational constraints derived from surface‐wave
tomography (F. D. Richards, Hoggard, Crosby, et al., 2020; F. D. Richards, Hoggard, White, & Ghelich-
khan, 2020; Hoggard, Czarnota, et al., 2020), both of which define the lithosphere‐asthenosphere boundary
(LAB) via the depth of the 1175°C isotherm. This approach provided robust evidence for a correlation between
OIB geochemistry and lithospheric thickness, consistent with the lid effect hypothesis.

A number of different geochemical variables were assessed, such as major and trace element concentrations and
the λ rare earth element (REE) coefficients of O’Neill (2016), where λ0 corresponds to the logarithmic mean REE
concentration, λ1 is the light rare earth element (LREE) enrichment relative to heavy rare earth element (HREE),
and λ2 is the curvature of REE patterns. Each variable was found to exhibit different sensitivities to lithospheric
thickness (Figure 1). Some, such as SiO2, Al2O3, FeO, Lu, Yb, and λ2, showed constant or linear trends, indi-
cating either no apparent sensitivity or a straightforward lid effect. In contrast, others, including La, Th, λ0, and λ1,
displayed bi‐linear trends with a clear inflection point at a lithospheric thickness of ∼55 km, suggesting a more
nuanced lid effect. In particular, bi‐linear trends were identified for highly incompatible elements including Th
and La, with concentrations increasing alongside lithospheric thickness up to ∼55 km, after which they remain
nearly constant. This behavior led to the following interpretations:

1. The lid effect. For lithospheric thicknesses less than ∼55 km, OIBs exhibit a decline in the average degree of
melting (F) and an increase in the average melting pressure with increasing lithospheric thickness (McKen-
zie & Bickle, 1988). In this regime, the lid effect dominates, while plume excess temperatures and source
lithologies play a secondary role in controlling melt production.

2. The melt‐flux filter. For lithospheric thicknesses greater than ∼55 km, the degree of melting (F) appears to
stabilize despite increasing lithospheric thickness. Since theoretical models predict a continuous decrease in F
with increasing thickness, this effect must be counteracted by a sampling bias that favors plumes with higher
melt fluxes that generate sufficient melt volumes for extraction through thick lithosphere. Such an effect could
arise from preferential sampling of hotter plumes beneath thicker lithosphere, a process we previously termed
the temperature effect.

3. Plume‐driven lithospheric thinning. For lithospheric thicknesses exceeding ∼55 km, plume‐driven thinning or
thermal rejuvenation could further contribute to the stabilization of F (Ballmer et al., 2011; Crough, 1978;
Watson & McKenzie, 1991), complementing the effects of the melt‐flux filter. Supporting evidence for this
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D. Rhodri Davies Figure 1. Schematic summary of observed relationship between geochemical variables in OIBs and lithospheric thickness.

(a) SiO2, Al2O3, Yb, Lu, and λ2 linearly decrease with increasing lithospheric thickness. Note that the slopes for Yb and Lu
are consistently low, often near zero, with trends that can sometimes be considered constant. (b) FeO, linearly increases with
increasing lithospheric thickness. (c) La, Th, λ0, and λ0 first increase with increasing lithospheric thickness before stabilizing
beyond a thickness of ∼55 km (denoted by the dashed vertical line).
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process comes from observed discrepancies between the seismically derived lithospheric thickness at the sites
of major hotspots and the thickness that would be expected from empirical cooling models that do not account
for plume‐induced thinning.

A further consideration involves the factors driving the observed variation in OIB compositions within individual
ocean islands. Isotopic signatures provide strong evidence for a multi‐lithology plume source incorporating
recycled oceanic material (e.g., Chauvel et al., 2008; Halldórsson et al., 2016; Jackson et al., 2007; Sobolev
et al., 2007; Soderman et al., 2024; Weaver, 1991), and this mixture of sources has been invoked as a significant
contributor to OIB compositional variability. Nevertheless, Jiang et al. (2024) proposed that much of this vari-
ability could instead potentially be explained by considering the melting dynamics of a single‐lithology plume.
Specifically, variations in the composition of primary magmas generated in different regions of the melting
domain could account for the major and trace element diversity observed in OIBs, provided that melts are
extracted to the surface without undergoing complete homogenization or equilibration. Jiang et al. (2024) also
acknowledged that magma chamber processes, such as recharge and mixing, likely further shape the composi-
tional spectrum (e.g., Borisova et al., 2017; Gleeson & Gibson, 2019).

This study builds on our previous work (Jiang et al., 2024) by utilizing coupled geochemical and geodynamical
simulations of peridotitic decompression melting in mantle plumes. Our primary aim is to evaluate the effec-
tiveness of the key interpretations outlined above in accounting for observed trends in OIB geochemistry. While
numerous studies have explored the dynamics of mantle plumes (e.g., Ballmer et al., 2011; Dannberg & Sobo-
lev, 2015; Davies & Davies, 2009; Farnetani & Hofmann, 2010; Jones et al., 2017; Koppers et al., 2021; Lin &
van Keken, 2005; Wang & Li, 2021), assessed how they sample mantle heterogeneity (e.g., Brandenburg
et al., 2008; Farnetani et al., 2018; Jones et al., 2017, 2019), and investigated how plumes drive surface mag-
matism (e.g., Ballmer et al., 2011; Duvernay et al., 2022; Jones et al., 2017; Ribe & Christensen, 1999; Wang &
Li, 2021), few have systematically connected melting region characteristics and magma composition to litho-
spheric thickness and plume excess temperature. To address this knowledge gap, we establish the following
objectives:

1. To predict trace element trends as a function of lithospheric thickness and compare them with observational
data;

2. To quantify the impact of plume excess temperature and associatedmelt‐flux filter beneath thicker lithosphere;
3. To simulate the effects of plume‐induced thinning or thermal rejuvenation of the overlying lithosphere;
4. To analyze the compositional variability in instantaneous magma compositions within a single‐lithology

plume;
5. To assess the requirement for different lithologies in the OIB source.

By addressing these objectives, we aim to provide new insights into the geochemical evolution of OIBs and the
interplay between mantle plume dynamics, lithospheric structure, and melt generation processes. The paper is
organized as follows: Section 2 outlines our numerical approach, including the mantle plume simulation setup and
the methods used to model partial melting and track melt composition. In Section 3, we present results from a
reference case, analyze the sensitivity of melt diagnostics to variations in excess temperature and lithospheric
thickness across a broad parameter space, and compare synthetically predicted geochemical trends with observed
OIB data. Finally, in Section 4, we use insights from our geodynamical simulations to evaluate the validity of the
interpretations introduced above.

2. Methods
We examine the dynamics of melting in upwelling mantle plumes using coupled geochemical‐geodynamical
simulations. We employ Fluidity, a combined finite element, control‐volume computational modeling frame-
work (e.g., Davies et al., 2011; S. C. Kramer et al., 2012), in which anisotropic, unstructured meshes are adapted
in parallel and on the fly to enhance resolution in dynamically significant areas (e.g., Davies et al., 2007).
Fluidity has been extensively validated for mantle convection simulations against analytical and empirical
benchmark solutions (e.g., Davies et al., 2011; S. C. Kramer et al., 2012; Le Voci et al., 2014; Tosi et al., 2015; S.
C. Kramer et al., 2021). Here, we couple Fluidity to BDD21—a numerical framework that calculates peridotite
melting, melt chemistry, and magmatic differentiation (Ball et al., 2022; Duvernay et al., 2024)—to determine
how plume excess temperature and overlying lithospheric thickness modulate the geochemical characteristics of
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OIBs. We systematically explore the sensitivity of our results across a wide parameter space, focusing on the
resulting degree of melting, melting rate, volumetric melt production rate, and trace element concentrations.

2.1. Simulation Setup

Within a 3‐D Cartesian domain of dimensions 3470 × 3470 × 2890 km (x : y : z) and adaptive mesh size between
2.5 and 300 km, we solve the incompressible mantle convection equations, formulated under the Boussinesq
approximation, governing conservation of mass, momentum, and energy

∇ ⋅ u = 0, (1)

∇ ⋅ τ = ∇p − ρg, (2)

∂T
∂t
+ u ⋅∇T = κ∇2T + H, (3)

where u is the velocity vector, τ is the deviatoric stress tensor, p is the pressure, ρ is the density, g is the grav-
itational acceleration, T is the temperature, t is the time, κ is the thermal diffusivity, and H is the temperature
source term accounting for both internal heating and the latent heat of fusion.

To alleviate computational costs associated with simulating plume‐lithosphere interaction in 3‐D, we simulate
only one quarter of the rising plume under the assumption of rotational symmetry (Figure 2). We explore a range
of lithospheric thicknesses and set the initial temperature condition using an error function according to

T(z) =

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Tsurf + (Tm − Tsurf) erf(
h − z
2

̅̅̅̅̅̅
κtlt

√ ) if z> z0

TCMB − (TCMB − Tm) erf(
z

2
̅̅̅̅̅̅
κta

√ ) if z≤ z0

(4)

Figure 2. Model setup for the reference simulation ΔT500_LT56 with TCMB = 2073 K (i.e., 500 K excess temperature at
core‐mantle boundary with respect to ambient mantle). (a) 3‐D perspective view showing initial temperature field on the two
symmetric boundary planes (i.e., on x = 0 and y = 0). The black dashed line marks the upper‐to‐lower mantle transition at
660 km beneath the surface, and the small black box shows the location of the 800 km × 800 km zoomed‐in region. (b) Same as
(a) for the initial effective viscosity field. (c–d) Snapshots of the temperature and effective viscosity fields when the plume
enters the upper mantle and the lithospheric thickness is reset according to Equation 4 with tlt = 20 Myr.
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where Tsurf is the surface temperature, TCMB is the CMB temperature, Tm is the ambient mantle temperature, z is
the height above the CMB, z0 is the height of the entire lower mantle, h is the thickness of the whole mantle, and tlt
and ta are artificial ages that are constant across all cases and are used to setup the initial thermal boundary layers.
Note that, unless explicitly otherwise mentioned, all temperatures referred to are potential temperatures. Away
from the plume and thermal boundary layers, T(z) remains nearly constant throughout the mantle (i.e.,
T(z) ≈ Tm). We initiate a mantle plume at the CMB by perturbing the initial temperature within a radius of
200 km (d0) from the plume center (Figure 2a) according to

T(z) = TCMB − (TCMB − Tm) erf(
z

2
̅̅̅̅̅̅̅̅̅
Cκta

√ ) if z≤ z0 and d < d0, (5)

where d =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2

√
is the horizontal distance to the axis of rotational symmetry and

C = (− 5 × 10− 11) d2 + 3. (6)

Mechanical boundary conditions at the upper, lower, and symmetric boundary planes (i.e., on x = 0 and y = 0)
prevent normal flow, and no vertical flow (i.e., vz = 0) is imposed on the remaining two vertical sides. Tem-
perature boundary conditions are set to 273 K at the surface of the domain and either 1873, 1973, 2073, or 2173 K
at the domain's base, with the latter controlling the resulting plume excess temperature (which is inherently
smaller than the excess temperature at the CMB). All other boundaries are treated as insulating (i.e., ∂T

∂n = 0,
where n is the normal vector).

Our simulations contain two distinct materials that are tracked by material volume fraction fields (e.g., Garel
et al., 2014; Wilson, 2009)—a 10 km‐thick crustal layer of reference density 2,900 kg m− 3 and an underlying
mantle of reference density 3,300 kg m− 3. Three deformation mechanisms are generally considered: (a) plastic
deformation (defined using the Byerlee yield‐stress law for brittle materials); (b) diffusion creep; and (c)
dislocation creep. For each mechanism, the corresponding viscosity is calculated according to

μplas =
min{Cc + fcP, τmax}

2ϵ̇
, (7)

μdiff = A− 1diff exp(
Ediff + PVdiff

RTa
), (8)

μdisl = A−
1
n

dislϵ̇
1− n
n exp(

Edisl + PVdisl

nRTa
), (9)

where Cc is the surface yield strength, fc is the friction coefficient, P is the lithostatic pressure, τmax is the
maximum yield strength, ϵ̇ is the second invariant of the strain‐rate tensor, A is the viscous creep prefactor, E is the
activation energy controlling the temperature‐dependence of viscosity, V is the activation volume controlling its
pressure dependence, R is the molar gas constant, Ta is the temperature (which includes the effect of adiabatic
compression), and n is the stress exponent in the dislocation creep regime. For diffusion creep, it has long been
recognized that there is a viscosity increase between the upper and lower mantle (e.g., Hager et al., 1985), and we
therefore include a viscosity transition in the depth range of 660 ± 60 km. Over that region, Adiff , Ediff , and Vdiff
vary from upper‐ to lower‐mantle values (e.g., Nakada et al., 2018) according to

Atrans
diff = exp(

lnAUM
diff + lnALM

diff
2

+
lnAUM

diff − lnALM
diff

2
tanh

z − z0
σ

), (10)

Etrans
diff =

EUM
diff + ELM

diff
2

+
EUM
diff − ELM

diff
2

tanh
z − z0
σ

, (11)

V trans
diff =

VUM
diff + VLM

diff
2

+
VUM
diff − VLM

diff
2

tanh
z − z0
σ

, (12)
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where superscripts UM and LM denote, respectively, upper‐mantle and lower‐mantle parameters, and σ is a
depth‐scaling factor (set to 20 km). The effective viscosity, μ, of the full material is given by

μ = (
1

μplas
+

1
μdisl

+
1

μdiff
)

− 1

(13)

and is shown in Figure 2b. It is important to note that only plastic deformation is permitted within the crust (i.e.,
dislocation and diffusion creep are neglected). The average viscosity at the interface between crust and mantle is
calculated through a geometric mean of the overlying and underlying effective viscosities. In the upper mantle,
using the physical constants listed in Table 1, we find that dislocation creep is mostly restricted to within the
plume, where temperatures and stresses are highest. Dislocation creep does not manifest in the lower mantle.

Under the specified initial conditions, boundary conditions, and choice of material properties (Table 1), plumes
generally require ∼100 Myr to develop and ascend through the mantle, from the CMB to the uppermost mantle.
During this period, the lithosphere undergoes significant cooling and thickening due to surface‐driven conductive
heat loss. To enable analysis of plume‐lithosphere interactions at lithospheric thicknesses representative of
modern oceanic basins, we reset the thermal structure of the upper mantle above∼300 kmwhen the plume head is
about to reach this depth (Figure 2c). Specifically, we replace tlt with a representative initial lithospheric age ti in
Equation 4. In our simulations, we define the base of the lithosphere as the 1448 K (i.e., 1175°C) temperature
isosurface, adjusted for adiabatic compression using a temperature gradient of 0.4 K ⋅ km− 1.

2.2. Tracking Partial Melting

To quantify partial melting and track associated changes in melt composition through space and time, we couple
the BDD21 peridotite melting and melt chemistry framework (Ball et al., 2022; Duvernay et al., 2024) to
Lagrangian particle advection within Fluidity (Mathews, 2021). Starting at the point when upper‐mantle tem-
peratures are reset, particles are initialized within the plume in the upper mantle (Figure 2c). In each particle, melt
and residual solid form a closed system, such that melt is not extracted (i.e., we do not model two‐phase flow).
They are advected upwards via mantle flow and new particles are continually initialized as more plume material
enters the upper mantle. At each time step, particles query their interpolated coordinates and temperature from the
underlying finite element mesh, update the temperature to account for adiabatic compression, and pass these
values to BDD21. These parameters are used in BDD21 to estimate peridotite mineralogy, partial melting,
element partition coefficients, and trace element concentrations in both the generated magma and residual
peridotite. Each particle tracks the evolution of its corresponding mineralogy, melting, and instantaneous melt
chemistry, such that its past history is used to inform subsequent predictions.

Partial melting commences once a particle crosses the solidus and continues as long as the calculated degree of
melting, F, surpasses the highest degree of melting previously recorded by this particle, Fmax. The instantaneous
melting rate, M, is calculated by dividing the increment in F by the time step, Δt, such that

M = max(
F − Fmax

Δt
, 0). (14)

The only feedback of melting on simulation dynamics is through absorption of latent heat (i.e., melting does not
affect the buoyancy or viscosity of solid material). Absorption of latent heat is modeled using thermodynamic
considerations developed by McKenzie (1984) and modified by Duvernay et al. (2021) to account for deviations
from adiabatic processes—the resulting decrease in temperature is fed back to the finite element nodes as a source
term in the energy equation. Composition‐ and porosity‐induced melt buoyancy and melt re‐freezing are
neglected. Knowing F and M, residual solid and instantaneous melt compositions for each particle are updated
according to the fractional melting formulation of R. S. White et al. (1992), which leverages previous works on
element partitioning (e.g., Shaw, 1979; C. Sun & Liang, 2013; Wood & Blundy, 2014). All liquid concentrations
remain null in the absence of melting and, if a given element is exhausted in the residual solid, its instantaneous
liquid concentration is set to zero. For all simulations examined herein, we assume a constant water content of
200 ppm in the source, in line with estimates for typical plumes beneath oceanic lithosphere (e.g., Asimow &
Langmuir, 2003; Wallace, 1998). While we acknowledge that water concentrations vary in the mantle (e.g.,
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Table 1
Physical Parameters Used in Geodynamical Simulations and Definitions of Plume‐Related Diagnostics

Parameter Symbol Value Units

Crust reference density ρc 2.9×103 kg ⋅m− 3

Mantle reference density ρm 3.3×103 kg ⋅m− 3

Gravitational acceleration g 9.81 m ⋅ s− 2

Thermal expansion coefficient α 3×10− 5 K− 1

Molar gas constant R 8.3145 J ⋅ K− 1mol− 1

Thermal diffusivity κ 1×10− 6 m2 ⋅ s− 1

Entropy of fusion ΔS 407 J ⋅ kg− 1K− 1

Lower‐mantle thickness z0 2230 km

Whole mantle thickness hCMB 2890 km

Ambient mantle temperature Tm 1573 K

Surface temperature Tsurf 273 K

Core‐mantle boundary temperature TCMB K

Excess temperature at CMB ΔTCMB K

Artificial initial lithospheric age tlt 10 Myr

Artificial initial age at CMB ta 100 Myr

Radioactive temperature source Hr 4×10− 15 K ⋅ s− 1

Upper‐mantle adiabatic gradient ϕUM 0.4 K ⋅ km− 1

Lower‐mantle adiabatic gradient ϕLM 0.3 K ⋅ km− 1

Maximum viscosity μmax 5×1023 Pa ⋅ s

Minimum viscosity μmin 1×1018 Pa ⋅ s

Depth‐scale factor σ 20 km

Plastic deformation

Crust surface yield strength Cc 1×108 Pa

Crust friction coefficient fc 5×10− 1 –

Maximum yield strength τmax 1×1010 Pa

Mantle surface yield strength Cm 2×106 Pa

Mantle friction coefficient fm 2×10− 1 –

Upper‐mantle diffusion creep

Activation energy EUM
diff 268 kJ ⋅mol− 1

Activation volume VUM
diff 3.8×10− 6 m3 ⋅mol− 1

Prefactor AUM
diff 3.1×10− 11 Pa− 1 ⋅ s− 1

Lower‐mantle diffusion creep

Activation energy ELM
diff 180 kJ ⋅mol− 1

Activation volume VLM
diff 1.4×10− 6 m3 ⋅mol− 1

Prefactor ALM
diff 1.5×10− 16 Pa− 1 ⋅ s− 1

Mantle dislocation creep

Activation energy Edisl 530 kJ ⋅mol− 1

Activation volume Vdisl 1.4×10− 5 m3 ⋅mol− 1

Prefactor Adisl 5×10− 16 Pa− n ⋅ s− 1

Exponent n 3.5 –

Plume diagnostics Eq. no.

Buoyancy flux Qb Equation 15 Mg ⋅ s− 1

Volumetric melt production rate Vm Equation 16 km3 ⋅Myr− 1
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Bolfan‐Casanova, 2005), water only affects melt generation in our simulations and varying it from 0 to 200 ppm
does not significantly alter the geochemical trends presented.

2.3. Plume‐Related Diagnostics

To quantify plume vigor, as a post‐processing step, we compute the buoyancy flux, Qb, at each timestep using

Qb = 4∫∫
D
uzαΔTρm dS, (15)

where uz is the vertical velocity, α is the thermal expansion coefficient, ΔT is the excess temperature, andD is the
plume cross‐sectional area within a horizontal plane at 660 km depth, which we demarcate based on where excess
temperatures are at least 50 K above ambient mantle at that depth. The leading factor of four accounts for the fact
that we are only simulating one quarter of the plume. We note that Qb in Equation 15 represents a mass flux,
although we retain the “buoyancy flux” terminology for consistency with existing literature. In addition, the
volumetric melt production rate, Vm, at each timestep is calculated using

Vm = 4∭ ΩM dV, (16)

where Ω represents the integration domain. The average temperature of all melts produced at a given timestep,
Tmelt, is obtained by integrating the corresponding temperature (excluding the effects of adiabatic decompression)
on particles, weighted by their individual melting rates

Tmelt =
4∭ ΩTM dV

Vm
. (17)

The average excess temperature is therefore defined as

ΔTmelt = Tmelt − Tm. (18)

In a similar manner, the average degree of melting, F, is calculated using

F =
4∭ Ω FM dV

Vm
, (19)

and the average concentration of each trace element in the primary melt, cl, is calculated using

Table 1
Continued

Parameter Symbol Value Units

Average temperature of melts Tmelt Equation 17 K

Average excess temperature of melts ΔTmelt Equation 18 K

Average degree of melting F Equation 19 –

Average concentration of trace element in melt cl Equation 20 ppm

Initial lithospheric age at re‐initialization ti Myr

Initial lithospheric thickness hi km

Lithospheric thickness above conduit hc Equation 21 km

Reference lithospheric thickness hr Equation 21 km

Lithospheric thickness difference Δh Equation 21 km
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cl =
4∭ ΩclM dV

Vm
. (20)

Since these diagnostics are weighted by M, they incorporate a greater contribution from regions with higher
melting rates, which are anticipated to dominate the signature of erupted lavas. Note that, in all equations and
unless otherwise specified, Ω encompasses the entire melting region (i.e., whereM > 0). When obtaining average
trace‐element concentrations, however, we have also considered the following two additional strategies to define
Ω: (a) integrate only those particles that generate melts within a 50 km or 100 km radius from the plume axis; and
(b) integrate only those particles generating melts within a distance dmax of the plume axis that is delimited by the
furthest away particle with a maximummelting‐rate of either 0.1 or 0.05Myr− 1. For the latter strategy, dmax varies
from case to case and, for some cases, is zero due to insufficient melting (see Table S1 in Supporting Infor-
mation S1). Such selection strategies are motivated by two‐phase flow models of mid‐ocean ridge dynamics that
suggest melts are only focused into the ridge axis if they are generated within a horizontal distance of ∼60 km of
the spreading center (e.g., Keller et al., 2017; Sim et al., 2020). We consider it important to determine the
sensitivity of our melt‐related diagnostics to these choices, but the simulation outcomes turn out to be insensitive
to imposing these melt‐focusing restrictions—a result that is consistent with the fact that the majority of plume
melting occurs within the core of the conduit.

2.4. Individual Cases Examined

We begin by examining a reference simulation labeled ΔT500_LT56, where the naming convention denotes
ΔTCMB = 500 K and the initial lithospheric thickness, hi = 56 km. To investigate the sensitivity of results to both
plume excess temperature and lithospheric thickness, we analyze an additional 15 cases, systematically varying
ΔTCMB from 300 to 600 K in increments of 100 K, and hi from 15 to 120 km in increments of ∼30–40 km. A
summary of all cases is provided in Figure 3.

Figure 3. Cases examined, defined by their respective values of plume excess temperature at the core‐mantle boundary
(CMB), ΔTCMB, and initial lithospheric thickness, hi. Corresponding CMB temperatures (TCMB) and equivalent initial
oceanic lithospheric ages (ti) are also indicated. The reference case ΔT500_LT56 is highlighted in gray.
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3. Results
3.1. Reference Case

We begin by describing the spatio‐temporal evolution of the flow regime, thermal structure, and melting di-
agnostics for the ΔT500_LT56 reference simulation (Figure 4). Shortly after model initiation, a plume head forms
above the thermal boundary layer and ascends through the mantle, underlain by a trailing feeder conduit (Figures
S1a–S1e in Supporting Information S1). As the plume head rises, its width increases during lower‐mantle ascent,

Figure 4. Snapshots of the plume geometry and melting characteristics for the reference case, ΔT500_LT56, at t = 8 Myr
(i.e., 8 Myr after the lithospheric structure was reinitialized). (a) Temperature isosurfaces of the plume, ranging from 1673 to
1973 K at intervals of 60 K. The lithosphere is shown as a gray block, and the lithosphere‐asthenosphere boundary (LAB) is
represented by the first underlying isosurface (1448 K). The small black cube with 300 km sides delimits the plume‐head
region illustrated in all other panels. (b) Blow up of the plume melting region with isosurfaces overlain by particles colored
by the degree of melting, F. Only particles with melting rate M > 0 are shown, illustrating that the top of the melting region
does not fully extend to the LAB, but is separated by a prominent gap. Dashed horizontal lines mark depths of 100 and 200 km
beneath the surface. (c) Same except particles are colored by melting rate, M. (d–f) Same except particles are colored by
instantaneous liquid concentrations of La, Gd, and Lu (i.e., a representative light, middle, and heavy rare earth element,
respectively).
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before narrowing significantly upon entering the lower‐viscosity upper mantle (Figures S1f–S1h in Supporting
Information S1). In the upper mantle, the plume ascends rapidly and, upon interaction with the lithosphere,
spreads radially beneath the LAB (Figure 4a). Over time, this spreading forms a low‐viscosity asthenospheric
channel, fed by rapidly ascending material from the plume tail, which continues to narrow within the upper
mantle. Eventually, the system evolves to a stage where melting is confined to the center of the plume tail (Figure
S2 in Supporting Information S1). It is at this point that we focus our analyses.

To identify an appropriate simulation time for investigating and comparing melt diagnostics across models, we
analyze temporal changes in plume characteristics during the first 8Myr following the resetting of the lithospheric
thermal structure (green bold solid line in Figure 5). This resetting typically precedes the onset of magma pro-
duction by 0.02–0.15 Myr. For the reference case, the buoyancy flux, Qb, initially increases rapidly until 0.5 Myr
as the plume head arrives, then gradually declines asymptotically until∼6Myr as the plume head spreads out and
wanes, with the maximum Qb roughly corresponding to the start of plume‐head spreading (Figure 5a). Simulated
values of Qb are generally higher than observational estimates (Hoggard, Parnell‐Turner, &White, 2020; King &
Adam, 2014; Sleep, 1990), which we discuss in Section 4.5. The average excess temperature of melts, ΔTmelt,
initially drops rapidly because initial melts are all generated close to the solidus where temperatures are high, but
as melting progresses, more melts from shallower, cooler regions start to contribute (Figure 5b). ΔTmelt subse-
quently rebounds as the plume head continues to spread out and wane and the contribution of low‐degree, low‐
temperature melt pockets near the edges of the plume head drops. After 2 Myr, these melt pockets vanish and the
melting region becomes predominantly fed by ascending plume‐tail material. This transition stabilizes the melting
region, as indicated by the steady behavior of ΔTmelt and average degree of melting (F, Figures 5b and 5c).

Figure 5. Temporal variation of selected model diagnostics for simulations across a range of plume excess temperatures,
ΔTCMB, and initial lithospheric thicknesses. Bold line = reference case, ΔT500_LT56. (a) Buoyancy flux, Qb, at the lower‐
to‐upper mantle boundary (660 km depth). (b) Average excess temperature of melts, ΔTmelt, within the melting region. (c) Same
for average degree of melting, F. (d) Volumetric melt production rate, Vm, across the full melting region.
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Weighting by the melting rate (M) emphasizes high‐productivity regions at the conduit center while minimizing
the influence of lower‐productivity melt pockets within the spreading plume‐head, aligning more closely with the
volumetric distribution of erupted basalts. Following establishment of the melting region, F increases initially,
then tracks ΔTmelt from∼2Myr onwards, approaching a quasi‐steady state as temperatures stabilize. However, an
absolute steady state is never reached due to conductive lithospheric thickening and transient instabilities in the
lower thermal boundary layer. Consistent with these trends, the volumetric melt production rate first rises and
then falls as melting transitions from the plume head to the plume tail before stabilizing (Figure 5d). In the
reference case, melt production reaches a peak of 2 × 106 km3 Myr− 1 in the plume head and stabilizes within a
range of 0.5–1.0 × 106 km3 Myr− 1 in the plume tail.

These results indicate that ∼8 Myr after resetting of the lithospheric temperature structure is an optimal and
appropriate time‐frame for investigating the causes of observed trends in OIB chemistry. This choice of timing is
supported by the following: (a) plume‐head melting has waned—by this point, melting associated with the plume‐
head has diminished, and all melts are generated within the plume tail (Figure 5 and Figure S2 in Supporting
Information S1); (b) stabilization of key features—plume temperatures beneath the lithosphere, the shape of the
melt region, and melt diagnostics have reached a relatively stable state (Figure 5); and (c) avoidance of further
lithospheric thickening—beyond this time, conductive thickening of the lithosphere reduces the range of litho-
spheric thicknesses available for analysis, limiting the scope of the investigation. For the remainder of this study,
unless otherwise stated, simulation times are reported relative to the resetting of the lithospheric thermal structure
and model diagnostics are evaluated at 8 Myr.

Figure 4 provides a snapshot at t = 8 Myr, illustrating the degree of melting, melting rate, and selected REE
concentration of instantaneous melts across the model domain. Complementary 3‐D views of mineral modal
abundances in the residue are shown in Figure S3 in Supporting Information S1. In Figure 6, these quantities are
averaged as a function of depth within a 20 km‐radius quarter‐cylinder centered on the plume axis.

The melting region is thinnest at its base, where melting is confined to the hotter central core of the conduit. As
plume material rises and pressure decreases, melting occurs at lower temperatures, causing the melt region to
expand horizontally and adopt an inverted conical shape (Figure 4b). The melting rateM is highest at the center of
the plume and decreases radially toward the margins (Figure 4c), reflecting variations in the rate of change in F
along flow trajectories, which are governed by regional temperature and pressure gradients.

Notably, the melting region does not extend to the base of the lithosphere, leaving a prominent gap between the
top of the melting region and the LAB (Figures 4b and 4c). This gap indicates a negative F gradient along the flow
trajectories in this zone, preventing the generation of new melts (Figure S4 in Supporting Information S1). The
negative gradient arises from a significant temperature drop near the LAB, where heat transfer transitions from
convective to conductive. This temperature decrease counteracts and surpasses the decompression effect that
typically facilitates melting, effectively limiting melt production in this region.

Instantaneous REE concentrations in melts (i.e., concentrations produced at a specific time) are strongly influ-
enced by the degree of melting (F) and the garnet‐to‐spinel transition. La, as a highly incompatible LREE, reaches
peak concentration in the melt just above the solidus and is rapidly exhausted as melting progresses (Figures 4d
and 6c). Similarly, Gd, a middle rare earth element shows a decrease in melt concentration with increasing F,
although more gradually than La due to its lower incompatability (Figures 4e and 6d).

In contrast, Lu (a HREE) exhibits a distinct behavior. In the reference simulation, melting begins in the garnet
stability field and ends in the garnet‐to‐spinel transition zone, where both spinel and garnet are present in the
residue. Because Lu is compatible in garnet, its initial concentration in the melt remains relatively low and stable.
As pressure decreases, garnet is progressively replaced by orthopyroxene, reducing the bulk partition coefficient
of Lu in the residual peridotite. This shift forces more Lu into the melt, causing a steady increase in its con-
centration (Figure 6 and Figure S3 in Supporting Information S1). A pronounced rise in Lu concentration occurs
as garnet approaches exhaustion (Figures 4f and 6e). During this process, clinopyroxene melts progressively
(Figure 6h), and the modal abundance of olivine increases as melting intensifies (Figure 6f). Spinel begins to form
at ∼90 km depth but remains a minor phase, achieving a maximum modal abundance of ∼1% and persisting as a
minor component after melting ceases (Figure 6i).
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3.2. Sensitivity of Melting to Excess Temperature and Lid Thickness

3.2.1. Melt Region Geometry, Degree of Melting, and Melting Rate

We now explore how model diagnostics vary with plume excess temperature and lid thickness. In general,
melting‐region diagnostics stabilize after ∼6 Myr, reaching quasi‐steady‐state values at 8 Myr. Their temporal
evolution, shown in Figure 5, reflects the interplay between plume buoyancy flux and lithospheric thickening. The
initial drop in ΔTmelt occurs across all cases at the onset of melting, with stabilization taking longer in cases with
thinner lithosphere due to the higher rate of lithospheric thickening (Figure 5b). After the transition to plume tail
melting, ΔTmelt continues to decrease for cases with lower excess temperatures and thicker lithosphere (e.g., cases
ΔT400_LT95 and ΔT400_LT120), while higher excess temperatures generally yield more stable values. Trends
for F closely follow those of ΔTmelt (Figure 5c). An exception occurs in the ΔT600_LT120 case, where F
gradually increases due to significant lithospheric thinning induced by the plume. Melt production rates within the
plume tail generally decline over time as the lithosphere thickens (Figure 5d), with this decrease being more
pronounced in cases with lower ΔTCMB and initially thicker lithosphere. In these scenarios, insufficient heat
supply from the plume cannot offset conductive heat loss to the surface. Across all cases examined, volumetric
melt production rates range from zero to just over 1 million km3 Myr− 1.

Figure 6. Depth‐averaged melting and compositional parameters for the ΔT500_LT56 reference simulation at t = 8 Myr.
(a) Degree of melting, F, averaged over a 20 km‐radius quarter‐cylinder centered on the plume axis. (b) Same for melting
rate,M. (c–e) Same for La, Gd, and Lu concentrations in melts. (f–j) Same for mineral modal abundances in the residual solid.
Ol = olivine; Opx = orthopyroxene; Cpx = clinopyroxene; Spl = spinel; Grt = garnet.
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To further illustrate the sensitivity of melt region geometry and variations in F andM to plume excess temperature
and lid thickness, we present cross‐sections for all 16 cases in Figure 7. Note that the lithospheric thickness above
the plume center, hc (indicated in the lower‐left corner of each panel and delineated by white lines), differs from
its initial value hi due to time‐dependent conductive heat loss and plume‐lithosphere interactions.

At the reference lithospheric thickness (i.e., hi =56 km), increasing ΔTCMB leads to a deeper onset of melting,
particularly in the hotter central core of the plume, while narrowing the melting region. This results in a transition
from a disk‐like to an inverted conical geometry, accompanied by an increase in both F andM (second column in

Figure 7. The degree of melting (F, left) and melting rate (M, right) in the melting region, at 8 Myr after the resetting of the
lithospheric thermal structure, for plumes with different excess temperatures and initial lithospheric thicknesses. Initial
lithospheric thicknesses (hi) are labeled above each column, and ΔTCMB is labeled to the left of each row. Buoyancy flux
(Qb) and lithospheric thickness above the plume center (hc) is shown in the lower‐left corner of each panel. Each plume's
highest excess temperature before melting (ΔTpl) and the average excess temperature of all melts (ΔTmelt) are labeled in the
lower‐right corner of each panel. The white line delineates the lithosphere‐asthenosphere boundary, approximated via the
1448 K (1175°C) isotherm (adiabatic compression included; F. D. Richards, Hoggard, Crosby, et al., 2020). Our reference case
ΔT500_LT56 is shown in panel (j), while other cases are shown in panels (a–i) and (k–p). Note that, in order to better highlight
variations in F and M, the color bars have corresponding values that do not linearly increase.
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Figure 7). At the reference excess temperature (i.e., ΔTCMB = 500 K), increasing lithospheric thickness restricts
the shallowest depth of plume melting but has minimal impact on the deepest melting depth, as the solidus re-
mains below even the thickest lithosphere examined (third row in Figure 7 and yellow diamonds in Figure 8a).
With increasing lithospheric thicknesses, the melting region flattens, resulting in an overall decrease in both F and
M. Across all cases, the highest F occurs at the lowest pressure while M peaks at the central core of the plume.

In addition to these general observations, several notable trends in melting diagnostics are evident across the
examined parameter space:

1. When ΔTCMB is limited to 300 K, corresponding to ΔTpl ≤ 130 K, melting occurs only beneath lithosphere
thinner than ∼75 km.

2. Substantial melting beneath lithosphere thicker than 100 km is possible only when ΔTCMB ≥ 500 K, corre-
sponding to ΔTpl ≥ 250 K.

3. At a given TCMB, the maximum melting depth remains constant regardless of lithospheric thickness, causing
the average melting depth (weighted by melting rate) to increase more slowly than the corresponding reference
lithospheric thickness (Figure 8a).

4. The average excess temperature of melts (ΔTmelt) represents only 30%–70% (Figure 7) of the imposed CMB
excess temperature (ΔTCMB) . This reduction occurs because the plume cools during ascent and latent heat is
absorbed during melting. For plumes with the same hi, the increase in ΔTmelt is significantly smaller than the
corresponding increase in ΔTCMB.

5. ΔTmelt increases with both ΔTCMB and lithospheric thickness (Figures 7 and 8b). Higher ΔTCMB leads to
increased melt production, despite thermal rejuvenation of the lithosphere and latent heat absorption providing
a modulating effect. Thicker lithosphere elevates ΔTmelt by increasing the average melting pressure and
reducing melt production rates.

Figure 8. Characteristic melt diagnostics at 8 Myr after resetting the lithospheric thermal structure as a function of plume
excess temperature and overlying lithospheric thickness. (a) Depth range of the melting region as a function of reference
lithospheric thickness, hr. Symbol = mean melting depth, weighted by M; error bars = maximum and minimum depths of
melting. (b) Same for the average, minimum, and maximum excess temperature of melts, ΔTmelt. (c) Same for the perturbation
in lithospheric thickness, Δh. (d) Same for the size of the gap between the top of the melting region and base of the lithosphere.
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6. At a given ΔTCMB, the range of individual excess melt temperatures narrows as lithospheric thickness in-
creases. Conversely, for a fixed lithospheric thickness, increasing ΔTCMB broadens this range (Figure 8b).

3.2.2. Impact on Lithospheric Thickness

Plume‐lithosphere interaction induces both spatial and temporal variations in lithospheric thickness. Thinning
occurs through two main mechanisms: mechanical displacement, where the upwelling plume pushes aside
lithospheric material, and thermal rejuvenation, where conductive heat transfer from the hot plume counteracts
diffusive thickening. There is no net horizontal motion of the lithosphere with respect to the plume conduit in our
simulations, resulting in the greatest thinning directly above the plume center (Figures 4a and 7) and the thickest
lithosphere at the furthest distances from the plume.

To quantify the plume's impact on lithospheric thickness, we compare the thickness above the plume conduit, hc,
with a reference lithospheric thickness, hr, defined as the average thickness within a region spanning (x,
y) = (1,500 km, 1,500 km) to (2,000 km, 2,000 km), ensuring it is distal from both the plume and simulation
boundaries. The metric, Δh, quantifies the deviation between the expected lithospheric evolution in the absence of
a plume and the actual lithospheric thickness above the plume conduit. It is calculated as:

Δh = hr − hc. (21)

For a fixed CMB temperature anomaly, ΔTCMB, Δh increases with initial lithospheric thickness hi (Figure 8c).
Older, thicker lithosphere contains a more substantial low‐viscosity region near its base, making it more sus-
ceptible to deflection and deformation by an upwelling plume. As seen from the streamlines in Figure 7, litho-
spheric thickness modifies the underlying flow field and associated melting trajectories, creating a larger gap
between the top of the melting column and the LAB (Figure 8d). These effects counteract one another in
determining the shallowest melting depths. For ΔTCMB = 300 K, the two processes roughly balance, but for
hotter plumes, lithospheric deflection dominates, reducing the rate at which shallow melting depths increase with
lithospheric thickness. This suggests that plume‐driven lithospheric modification can partially counteract the
expected lid effect in thicker lithosphere.

For a fixed value of initial lithospheric thickness, increasing ΔTCMB intensifies lithospheric thinning (Figure 8c).
Hotter plume material more effectively transfers heat to the lithosphere and induces greater mechanical
displacement due to increased buoyancy. As a result, lithospheric thickness above the plume center decreases
with higher ΔTCMB. However, the gap between the melting region and the overlying lithosphere remains largely
unchanged by ΔTCMB (Figure 8d). Across all cases, the largest lithospheric thickness perturbation of 36 km
(∼20%) is observed in the ΔT600_LT120 case.

3.3. Geochemical Trends

Having explored the sensitivity of melt‐region characteristics across our parameter space, we now assess their
impact on the predicted geochemical diagnostics of plume‐derived melts and compare our numerical predictions
with OIB observations. Figure 9 illustrates the La, Gd, and Lu concentrations, as well as λ0, λ1, and λ2 values, for
all instantaneous melts generated throughout the entire melting region, weighted by their melting rateM. Average
trace element concentrations are presented with error bars indicating the 10th and 90th percentiles, as percentiles
are more appropriate than standard deviations for these data that do not follow a Gaussian distribution. However,
we do not evaluate the range of REE pattern shape coefficients (λi) in the same way, as these coefficients do not
systematically correlate with melt composition. Specifically, averaging two groups of melts produces interme-
diate element concentrations, but does not necessarily yield intermediate λ values, especially for λ1 and λ2. This is
because the λi coefficients capture specific aspects of the REE pattern shape that can be non‐linear and inde-
pendent of the averaging process. Additionally, we remind the reader that the observational dataset from Jiang
et al. (2024) comprises carefully selected OIB samples that have been corrected for olivine fractional crystalli-
zation to a common MgO content of 16 wt.%. This adjustment approximates parental magma compositions in
equilibrium with mantle peridotites, ensuring a valid comparison with our simulation results.

Before presenting the geochemical trends from our numerical simulations, we reiterate (see Section 2.2) that the
results remain consistent regardless of whether low‐degree melts generated far from the plume axis are included
or excluded from the integration (Figures S5–S8 in Supporting Information S1). This robustness suggests that

Geochemistry, Geophysics, Geosystems 10.1029/2024GC012123

JIANG ET AL. 16 of 27

 15252027, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

C
012123 by A

ustralian N
ational U

niversity, W
iley O

nline L
ibrary on [17/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



processes such as melt focusing or the incomplete extraction of small distal melt pockets have minimal influence
on average melt compositions and their variability. Therefore, in the following sections, we focus on results
obtained by integrating all melts across the melting domain.

3.3.1. Comparison With Observations

Overall, our simulations predict geochemical trends that align with many aspects of observed OIB data, though
some notable exceptions arise.

LREEs: Highly incompatible elements, such as La, increase in concentration with thicker lithospheric lids due to
lower melting degrees (F) and higher average melting pressures (Figures 9a and 10). This prediction range aligns
with observations from our companion study, which show that La concentrations in OIBs rise with increasing
lithospheric thickness up to ∼55 km. However, beyond this threshold, observed values plateau, suggesting no
further decrease in F (Jiang et al., 2024). In contrast, our simulations predict a continuous decrease in F with
increasing lithospheric thickness, without stabilization (Figure 10). This discrepancy indicates that while the
geodynamical models behave as expected theoretically, they do not fully capture observed trends. To reconcile
this, Jiang et al. (2024) proposed the melt‐flux filter hypothesis, where plumes with lower melt fluxes (e.g., those
with lower excess temperatures) are not sampled in thicker lithosphere. Simulating this effect by excluding cases

Figure 9. Compositional characteristics of instantaneous melts produced at 8 Myr after resetting the lithospheric thermal
structure for plumes with a range of excess temperatures and overlying lithospheric thicknesses and a primitive mantle
source. (a) Symbols= La concentrations (i.e., a light rare earth element). Averaged across the entire melting region, weighted
by melting rate; error bars= 10th and 90th percentiles; open symbols= cases that have average degree of melting less than 2%
(i.e., limiting their likelihood of being extracted to the surface and increasing their chance of being “filtered out”, thereby
illustrating the effect of a melt‐flux filter); gray dots = composition of ocean island basalt samples corrected for effects of
fractional crystallization back to a parental magma with MgO = 16 wt.% (Jiang et al., 2024); gray lines = best‐fitting trends to
these data using lithospheric thickness estimates derived from basin‐specific plate‐cooling models (Jiang et al., 2024). (b) Same
for Gd (i.e., a middle rare earth element). (c) Same for Lu (i.e., a heavy rare earth element). (d–f) Same for λ0, λ1, and λ2.
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with average melting degrees below 2%—a threshold for successful melt extraction—yields a close match to
observed F trends (solid symbols in Figures 9a and 10). This hypothesis and its implications are further explored
in Section 4.1.

MREEs: Moderately incompatible elements, such as Gd, show limited sensitivity to plume temperature and
lithospheric thickness, remaining approximately constant across all cases, with minor dilution under thinner
lithosphere (Figure 9b). However, this trend does not fully capture the observed bi‐linear relationship described
by Jiang et al. (2024), even when incorporating the melt‐flux filter. Additionally, simulated Gd concentrations are
systematically underestimated compared to observations.

HREEs: HREEs, such as Lu, behave differently due to their compatibility in garnet, which is stable at high
pressure and lowmelting degrees. Simulated Lu concentrations decrease with increasing lithospheric thickness up
to ∼70 km, before stabilizing (Figure 9c). This two‐domain behavior contrasts with the observed trend, where Lu
concentrations decrease continuously, albeit with a very low gradient (Jiang et al., 2024). However, applying the
melt‐flux filter can generate a gradient similar to observations, though overall concentrations remain systemat-
ically underestimated.

REE pattern shape coefficients: Predictions for λ coefficients align reasonably well with observations when the
melt‐flux filter is applied (solid symbols in Figure 9d–9f). λ0, the logarithmic mean REE concentration, remains
nearly constant with increasing lithospheric thickness, consistent with the observed plateau above ∼55 km.
However, the increase in λ0 at lower lithospheric thicknesses is not captured, as our simulation does not resolve
melting beneath lithosphere thinner than ∼40 km. Simulations also slightly underestimate observed λ0 values. λ1,
which reflects LREE enrichment relative to HREEs, increases significantly with lithospheric thickness before
stabilizing beyond a threshold, consistent with observations. λ2, which represents the curvature of the REE
pattern, steadily decreases, with the decrease‐increase trend predicted in single‐temperature cases disappearing

Figure 10. Average degree of melting across the entire melt region weighted by melting rate, F, as a function of plume excess
temperature and reference lithospheric thickness. Error bars= 10th and 90th percentiles; open symbols without face colors are
as in Figure 9, showing cases that have average degree of melting less than 2%; gray shades = potential region where degree of
melting is too low for extraction to surface, thereby illustrating the effect of melt‐flux filter; purple line = average degree of
melting F as a function of lithospheric thickness inferred from the bi‐linear La concentration trend observed in global ocean
island basalt samples (Jiang et al., 2024). This estimate is based on the La concentration ratio between the mantle source and the
sample, assuming a fractional melting process.
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when the melt‐flux filter is applied. While λ2 is influenced by various factors, including melting degree and
mineral assemblage, the overall trends are well captured, though absolute λ2 values remain underestimated.

3.3.2. Melt Variability Across Melting Domain

In addition to average compositions, we also examine the range of elemental concentrations in instantaneous
melts across the melting domain (error bars in Figures 9a–9c), revealing that: (a) La concentrations display broad
variability across all combinations of plume temperature and lithospheric thickness; (b) Gd and Lu exhibit
narrower ranges, though variability increases with plume temperature and is modulated by lithospheric thickness.
In particular, Lu variability is enhanced beneath thinner lithosphere due to partitioning shifts near the garnet‐
spinel transition. These findings underscore the ability of a single plume to generate diverse melt composi-
tions, especially under conditions of high plume temperatures and thin lithosphere. The implications of this
variability for geochemical trends are further explored in Section 4.2.

4. Discussion
In this discussion, we systematically revisit each of the hypothesized behaviors introduced in Section 1,
emphasizing key simulation results and performing additional tests where necessary to reinforce our
interpretations.

4.1. Evidence for a Melt‐Flux Filter

The melt‐flux filter hypothesis, a generalization of the temperature effect hypothesis proposed by Jiang
et al. (2024), implies a systematic bias whereby plumes with lower melt fluxes are progressively not sampled
beneath thicker lithosphere. Our geodynamical simulations support this hypothesis, demonstrating that: (a) for
lithosphere thinner than ∼55 km, plumes with a broad range of volumetric melt fluxes produce melts compatible
with observations (Figure 10); (b) as lithosphere thickens beyond ∼55 km, plumes with lower melt flux are no
longer reflected in the geochemical observations, likely because they generate insufficient melt volumes for
extraction to the surface (Figures 7 and 10); and (c) older lithosphere experiences more efficient plume‐driven
thinning, meaning the actual lithospheric thickness above plumes is lower than predicted from seafloor age
and theoretical plate‐cooling models, with larger discrepancies for older seafloor. Our models highlight the key
role of thermal rejuvenation in modulating oceanic lithospheric thickness and the depth‐extent of plume melting
(e.g., Li et al., 2004, Section 3.2.2).

Our simulations also allow us to assess the relative importance of plume excess temperature and lithospheric
thinning. Results indicate that lithospheric thinning alone cannot explain the near‐constant trend in observed F
(∼3%; Figure 10) once the mechanical boundary layer thickness exceeds ∼55 km. Although our simulations
show that plume‐induced lithospheric thinning is more efficient in older lithosphere, minimum and average
melting pressures still systematically increase with lithospheric thickness at constant excess temperature, albeit
more gradually than expected from theoretical cooling models (Section 3.2.2). This discrepancy arises partly due
to the gap between the LAB and the top of the melting region, which we identify here for the first time. This gap
forms as plume material is redirected and cooled near the LAB, counteracting decompression and generating a
negative F gradient that inhibits further melt production. Notably, the gap is more pronounced beneath older
lithosphere (Figure 8d). Thus, while lithospheric thinning contributes to stabilizing the degree of melting, our
results indicate that the primary control is the sampling of plumes with progressively higher melt fluxes. This
behavior is essential for explaining observed OIB trace element trends, including the near‐constant λ1 trend
beyond∼55 km and the continuously decreasing λ2 trend (Figures 9h and 9i). More effective lithospheric thinning
under thicker lithosphere may provide an additional contribution to trends of highly incompatible elements and
the associated degree of melting.

Our results suggest that the observed∼55 km transition depth identified by Jiang et al. (2024) does not represent a
sharp shift in melting properties. Instead, it reflects a systematic filtering process: when the LAB depth is less than
55 km (corresponding to a minimum melting depth of ∼75 km after accounting for the gap between the top of the
melting column and the LAB), pressures are low enough for all plumes to generate extensive melting. However,
for lithosphere thicker than this threshold, plumes with lower melt fluxes generate insufficient melt volumes,
effectively filtering themselves out as they are unlikely to drive surface volcanism. Comparison of simulations to
observations suggests that a minimummelting degree of ∼2% represents a plausible threshold for melts to escape
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the mantle and erupt (Figure 10), aligning well with previous estimates (Schmeling, 2006; Sizova et al., 2015).
While plume excess temperature is the primary control of melt flux in our simulations and is also expected to be
the dominant variable on Earth, we note that plume size and source lithology may also play a role in influencing
melt fluxes and the depth extent of melting.

Finally, a sampling bias in OIB databases may further reinforce the observational evidence for a melt‐flux filter.
Low‐degree melts erupting through older, thicker lithosphere will likely form small‐volume seamounts in deep
water, making them less accessible for sampling and thus under‐represented in global datasets.

4.2. Compositional Diversity of Melts Within a Single‐Lithology Plume

Jiang et al. (2024) demonstrated a significant spread in observed OIB major element compositions that covary
with both one another and trace elements, even for samples from the same ocean island and in places with thin
lithosphere. For example, Icelandic basalts display a broad range of compositions, previously attributed to
lithological heterogeneity in the melt source region and variations in magma evolution processes (e.g., Momme
et al., 2003; Niu, 2021; Shorttle & Maclennan, 2011; Shorttle et al., 2014). However, Jiang et al. (2024) inter-
preted these trends as evidence that erupted basalts preserve high‐pressure melting signatures from deeper parts of
the melt domain, suggesting that melts from from different depths can reach the surface without extensive mixing
and homogenization (e.g., Farnetani & Hofmann, 2010; Matthews et al., 2016; Sigmarsson & Stein-
thórsson, 2007). While variations in source lithology will produce a spread in major elements, it remains unclear
how much of the observed compositional spread can be explained solely by melt sampling across the melting
domain within a plume of a single lithology.

Although our coupled geochemical‐geodynamical framework does not explicitly track variations in major
element compositions of instantaneous melts, it allows us to assess trace element variability. To investigate this,
we use the ΔT400_LT15 simulation at 6 Myr, which mimics melting conditions beneath Iceland. This case
features a lithospheric thickness of ∼30 km and a maximum plume excess temperature just below the melting
domain of ΔTpl ≈ 180 K, consistent with observational estimates of Icelandic lithospheric thickness 20–30 km
(e.g., Foulger et al., 2003; R. White et al., 1996) and plume excess temperature estimates of ∼160 K (e.g.,
Matthews et al., 2016; Shorttle et al., 2014; R. White et al., 1995).

Our results reveal that La concentrations exceed 35 ppm in the deepest melts and steadily decrease as melting
progresses, eventually reaching zero (Figure 11). Across this deep‐to‐shallow melting sequence, λ0 and λ1 values
also decrease from 3.0 to 1.0 and from 20 to − 10, respectively. In contrast, Lu concentrations remain low and
relatively stable in the deep melts formed within the garnet stability field, where Lu remains compatible. At
shallower depths, within the spinel stability field, Lu concentrations begin to increase; however, by this stage, La
has already been exhausted from the source. Ultimately, both La and Lu are depleted at the shallowest depths,

Figure 11. Predicted range of possible melt compositions within a single ocean island, compared to observations at Iceland.
(a) λ0 versus La (a light rare earth element) concentration. Blue squares = histogram of instantaneous melt compositions
weighted by melt production rate for the ΔT400_LT15 simulation (chosen to be representative of Iceland) and a plume source
composed of primitive mantle—darker blue areas indicate a higher volume of that simulated melt composition; blue
cross = composition obtained by perfect homogenization of all instantaneous melts; green circles = observed Icelandic ocean
island basalt samples following filtering and correction for fractional crystallization (Jiang et al., 2024). (b) Same for λ1.
(c) Same for Lu (a heavy rare earth element).
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forming a cluster of melts in the simulation with negligible concentrations of either element. This depletion is
represented as a dense, small patch in the lower‐left corner of Figure 11c.

Although our simulations do not account for the subsequent processes of magma mixing, extraction and chamber
evolution (e.g., Momme et al., 2003; Shorttle & Maclennan, 2011), the overall variability and distribution of
instantaneous melts within the plume region are broadly consistent with observed Icelandic trace element
chemistry (Figure 11). We also notice that observations do not display the most extreme values of La and Lu
predicted in our simulations, which are likely associated with low volume melts from the very base and top of the
melting region. These melts may experience some level of dilution by more voluminous melts from the central
melting region, or become entrapped within the mantle.

Our findings suggest that much of the trace element diversity observed at single ocean islands, such as Iceland,
can arise from local sampling of melts across the melting domain, even within a plume composed of a single
lithology. Similar mechanisms of melt separation have been independently proposed to explain Icelandic (e.g.,
Nicholson & Latin, 1992) and Hawaiian OIB geochemistry (e.g., Farnetani & Hofmann, 2010; Sen et al., 2005).
Furthermore, the observed compositional diversity indicates that melts from different depths do not undergo
complete mixing. If mixing were fully efficient, the resulting compositions would converge toward the blue
crosses in Figure 11, representing averaged melt compositions. Instead, our results support a scenario in which
individual melts can preserve their depth‐dependent geochemical signatures during ascent and eruption.

4.3. Evidence for a Recycled Component in the Plume Source

A recurring feature of our geochemical predictions, even when accounting for local melt sampling, is the un-
derestimation of observed REE concentrations, particularly for HREEs (Figure 9a–9d). This discrepancy is
difficult to reconcile with a source composed purely of primitive mantle, prompting consideration of variations in
source composition. Geochemical observations (e.g., Chauvel et al., 2008; Halldórsson et al., 2016; Hofmann &
White, 1982; Jackson et al., 2007; Shorttle & Maclennan, 2011; Shorttle et al., 2014; Sobolev et al., 2007;
Weaver, 1991) and geodynamical models (e.g., Christensen & Hofmann, 1994; Jones et al., 2016, 2021; F. D.
Richards et al., 2023) suggest that the OIB source region likely contains 2%–20% recycled material. Since
recycled components are more trace‐element enriched than primitive mantle peridotites (e.g., Kogiso et al., 1998),
their incorporation would naturally elevate the trace element concentrations in plume‐derived melts.

Our simulations do not capture multi‐component melting under variable pressure‐temperature conditions (e.g.,
Shorttle et al., 2014) or reactions between basaltic melts and surrounding peridotite to form pyroxenites (e.g.,
Kogiso et al., 1998; Mallik &Dasgupta, 2012; Nebel et al., 2019; Yaxley &Green, 1998). To explore the potential
influence of source heterogeneity, we consider a simplified case in which we modify the trace element
composition of our source by adding either 10 wt.% N‐type basalts (S.‐S. Sun & McDonough, 1989) or 20 wt.%
gabbros (Niu & O’Hara, 2003) into the primitive mantle peridotite, without considering changes to the resulting
mineral assemblage (Figure S9 in Supporting Information S1). Despite these simplifications, this approach yields
an improved match between predicted and observed trace element concentrations while maintaining agreement
with REE shape coefficients (Figures S10 and S11 in Supporting Information S1). Since basalts and gabbros have
lower solidus temperatures than primitive mantle peridotite (Kogiso et al., 1998), they begin melting earlier,
suggesting that our calculations likely provide an upper bound on the fraction of recycled material in the OIB
source.

4.4. Melt Production Rates Versus Observed Eruptive Rates

The volumetric melt production rates of our simulations, ranging from 5 × 103 to 2 × 106 km3 Myr− 1,
encompass the observed eruptive rates for primary plumes, which are estimated at 104 to 105 km3 Myr− 1 (e.g.,
Duvernay et al., 2021; R. S.White, 1993). It is important to note that production rates represent an upper bound on
eruptive rates, as some fraction of the generated melt does not reach the surface (e.g., Delaney & Pollard, 1982).
For example, simulations with ΔTCMB values of 400 and 500 K and initial lithospheric thicknesses of 56 and
95 km bracket the conditions expected for Hawaii. These cases produce peak excess temperatures beneath the
melting region of 179–258 K and volumetric melt production rates consistent with independent estimates of
magma generation (e.g., 1.4 × 105–3.5 × 105 km3 Myr− 1; Farnetani & Hofmann, 2010; Robinson &
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Eakins, 2006; R. S. White, 1993). The alignment of our simulated melt production rates with observed eruptive
rates on Earth is both encouraging and supportive of the validity of our analyses.

4.5. Limitations and Uncertainties

In general, our simulation predictions are consistent with observed OIB trends, subject to the interpretations and
caveats outlined in the previous sections. However, these results must be considered in the context of several
limitations:

1. Plume excess temperature and melt region geometry. Our simulations assume an incompressible mantle and
thus neglect adiabatic effects which cause temperature decreases during plume ascent (e.g., Leng &
Zhong, 2008). A compressible mantle would also alter plume geometry, potentially impacting the shape of the
melting region (Leng & Gurnis, 2012). Additionally, our initial conditions neglect non‐adiabatic effects from
internal heating. In an internally heated mantle, high upwelling velocities shorten the convective timescale
relative to the ambient mantle, causing the plume to rise along a near‐adiabatic gradient while the surrounding
mantle undergoes non‐adiabatic cooling. This reduces the temperature contrast between the plume and
adjacent mantle, potentially modifying melting behavior (e.g., Bunge, 2005).

2. Limitations in lithospheric and plate dynamics. Our models face challenges in simulating thin lithosphere due
to conductive thickening during plume stabilization, which restricts scenarios with lithospheric thicknesses
below ∼40 km. Realistically capturing plume‐lithosphere interactions in such settings would require incor-
porating mid‐ocean ridge spreading. Additionally, our simulations neglect relative plate motion, meaning the
plume continuously interacts with the same lithospheric region. In reality, plate motion significantly influences
plume morphology and lithospheric thinning, leading to dynamic feedbacks (e.g., Cande & Stegman, 2011;
Iaffaldano et al., 2018; Jones et al., 2017; Ribe & Christensen, 1999). For instance, the African plate remains
relatively stationary in the hotspot reference frame, while the Pacific plate moves rapidly over the underlying
mantle. Future studies should integrate tectonic motion to better capture the full range of plume‐lithosphere
interactions.

3. Simulated plume buoyancy flux. Our simulations produced buoyancy fluxes 2–3 times higher than observed
estimates (e.g., Hoggard, Parnell‐Turner, & White, 2020; King & Adam, 2014). Reducing the flux was
challenging due to the need to obtain a critical thermal boundary layer thickness before plume ascent, which
was difficult to modify within the constraints of our computationally expensive 3‐D simulations. Tests using 2‐
D simulations indicate that shrinking Qb by reducing the volumetric flux has minimal impact on geochemical
trends, since the geometry and degree of melting remained largely unchanged (Figures S12 and S13 in
Supporting Information S1), but does reduce both melt production rates and volumes. However, if Qb is
instead varied by changing plume excess temperature, both melt volumes and compositions are altered (since
the degree of melting changes; Figure S14 in Supporting Information S1). Since our simulations yield realistic
melt region excess temperatures and lithospheric thicknesses, these results imply that decreasingQb will likely
preserve the simulated geochemical trends and only result in an equivalent reduction in melt production rates
and volumes (i.e., the former scenario). As noted in our first limitation, fully compressible 3‐D simulations,
which account for the increase in plume excess temperatures with depth, are needed to confirm these findings.

4. Focus on geochemical analyses at a specific time point. We analyzed our simulations at 8 Myr after resetting
of the lithospheric thermal structure (Section 3.1). However, plume fluxes vary over time (e.g., Lin & Van
Keken, 2006), and our findings—based on a single snapshot—should be interpreted with these temporal
fluctuations in mind.

5. Uncertainties in rheological behavior. The mechanical properties of the lithosphere and asthenosphere are
critical in shaping plume evolution and lithosphere interaction (e.g., Burov & Guillou‐Frottier, 2005; Burov
et al., 2007; Sembroni et al., 2017; Wang & Li, 2021), but these properties are poorly constrained, introducing
uncertainty into melting inferences.

6. Lack of multi‐component melting model to evaluate source variation. By solely changing bulk element
compositions, we found that incorporating recycled components into the source improves the match between
predicted and observed trace element concentrations and REE shape coefficients. However, properly deter-
mining melt compositions for a source composed of mixed lithologies requires more sophisticated modeling
and better petrological experimental constraints (e.g., Shorttle et al., 2014). Furthermore, we examined only
fractional melting rather than batch melting, which may produce different F composition estimates (e.g., Plank
et al., 1995).
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7. Absence of post‐melting processes.Our models do not account for processes such as melt movement (i.e., two‐
phase flow), reactive transport, magma mixing, tapping, crystallization, and recharge in crustal chambers (e.g.,
Borisova et al., 2017; Duvernay et al., 2024; Gleeson & Gibson, 2019). Since we compare our results to a
fractionation‐corrected OIB dataset (Jiang et al., 2024), our predictions are expected to closely approximate
mantle‐equilibrated compositions. However, these un‐modeled processes likely introduce additional
complexity to observed OIB chemistry.

5. Conclusions
We have used coupled geochemical‐geodynamical simulations of peridotite melting in upwelling plumes to
explore key geodynamic processes that shape observed trends in OIB geochemistry (Jiang et al., 2024).

First, our simulations support the role of a lid effect, where thicker lithosphere in older ocean basins acts as a
mechanical barrier that limits the depth of shallow decompression melting. Additionally, they reveal a 10–30 km
gap between the base of the lithospheric lid and the top of the melting region, formed as flow is redirected laterally
beneath the LAB and cools. Simulation results also suggest that thermal rejuvenation of the lithosphere by a
plume is more pronounced beneath thicker lithosphere and in the presence of hotter plumes.

Second, our simulations show that a melt‐flux filter, whereby plumes with larger melt fluxes (primarily from
higher excess temperatures) are preferentially sampled in thicker lithosphere, can explain the observed stabili-
zation in melt fractions beyond a critical thickness of∼55 km. Our results suggest that a minimummelting degree
of ∼2% is required for successful melt extraction. This effect is further amplified by plume‐driven lithospheric
thinning, which becomes more effective with increasing lithospheric age.

Third, our simulations demonstrate that much of the observed trace element variability at individual ocean islands
can be reproduced by local sampling of melts from across the melting domain, even in a single‐lithology plume.
This finding suggests that some high‐pressure melts may ascend to the surface without being fully diluted by
shallow melts, preserving deeper melting signatures in erupted basalts.

Finally, we find that observed REE concentrations in OIBs are consistently more enriched than predictions from a
purely primitive mantle source. Incorporating a recycled oceanic component, either basalt or gabbro, improves
the fit between model predictions and observations, supporting the idea that the OIB mantle source contains
recycled crustal material.

In summary, these findings highlight the power of integrating geodynamic plume melting models with basalt
geochemistry to investigate spatio‐temporal variations in lithospheric architecture and mantle dynamics. The
approach provides key insights into Earth's geodynamic evolution and mantle recycling processes, shedding light
on earlier stages of the planet's history.

Data Availability Statement
The Fluidity computational modeling framework is at https://fluidityproject.github.io, with the version used
herein archived at (S. Kramer et al., 2023). Figures have been prepared using Matplotlib (Hunter, 2007) and
PyVista (Sullivan & Kaszynski, 2019). OIB geochemistry data are compiled in Jiang (2024b). Simulation set‐up
files are stored in Zenodo (Jiang, 2024a).
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