
Geodynamic Controls on Mantle Differentiation and
Preservation of Long‐Term Geochemical Heterogeneity:
Focus on the Primitive Undegassed Mantle
Nicolas Récalde1 , J. Huw Davies1 , James Panton1,2 , Don Porcelli3 , and
Morten Andersen1

1School of Earth and Environmental Sciences, Cardiff University, Cardiff, UK, 2Now at Institute of Geophysics and
Meteorology, University of Cologne, Köln, Germany, 3Department of Earth Sciences, University of Oxford, Oxford, UK

Abstract The compositional evolution of the Earth's mantle is the result of mantle differentiation and
thermal evolution. Partial melting of mantle materials produces geochemical heterogeneities, allows for
degassing and depends on the thermal state of the mantle, itself governed by convection. Helium and argon
constraints suggest that the Earth's mantle is not fully degassed, implying the preservation of long‐term
heterogeneities, including the primitive undegassed mantle. While previous research has shown that the
preservation of old heterogeneities can be improved by increasing the material's density or viscosity, the role of
mantle dynamics in controlling mantle differentiation remains unclear. Therefore, using 3D spherical mantle
convection simulations tracking bulk composition and degassing, we investigate the influence of mantle
viscosity, heat‐producing elements (HPEs) enrichment and initial temperature on mantle differentiation. The
resulting preservation of primitive undegassed material is systematically analyzed. Results show that thermal
evolution (i.e., the cooling history of the mantle) is the main control of the processing history. The ability of the
mantle to release its heat, also determined by shallow conditions, governs the processing rates and the types of
material processed within melting zones. Models testing the influence of HPEs concentration and initial
temperature all reach Earth's current processing rate estimates but primitive undegassed material preservation
varies between ≈ 1% − 30% after 5 Gyr. Therefore, the processing history is crucial when studying preservation
of long‐term heterogeneities. The dispersal of the unsampled primitive material by convection allows its
temperature to converge to that of the average mantle, promoting its preservation.

Plain Language Summary Partial melting of mantle materials allows for degassing and creates
compositional heterogeneities that can be preserved for several billion years as suggested by geochemical
observations. Helium and argon data suggest that heterogeneities, potentially nearly as old as the age of the
Earth, undegassed, are preserved within the planet's interior. Previous works have shown that increasing the
viscosity or density of mantle materials can help maintaining them from melting and degassing. However, the
role of mantle convection in controlling the amount of material processed in melting zones through time (i.e., the
processing history) is unclear. Therefore, the influence of fundamental convection parameters (e.g., viscosity,
radiogenic heat input) on the processing history are investigated using 3D spherical simulations. The resulting
preservation of primitive undegassed material is systematically analyzed. Results show that the processing
history relates to the thermal evolution of the mantle and that different types of material are processed depending
on surface velocities and shallow temperatures. A preservation mechanism is the dispersal of primitive material
by convection, allowing the material's temperature to converge to that of the average mantle. Results show that
some geodynamical contexts and processing histories are more favorable to the preservation of material than
others.

1. Introduction
Mantle dynamics controls both thermal and compositional evolution of the mantle. Thus, it is key to better un-
derstand the variety of geochemical heterogeneities in the context of mantle dynamics. Mantle derived samples,
Mid‐Oceanic Ridge Basalts (MORBs) and Oceanic Island Basalts (OIBs), reveal the presence of these hetero-
geneities in trace element abundances and radiogenic isotope ratios (e.g., Sr, Nd, Hf, Pb, He, Ar, Xe, Hof-
mann, 1997, 2007). While geochemical tracers are used to characterize mantle sources (Stracke et al., 2005),
helium and argon systems provide major constraints on mantle evolution. First because of their geochemical
affinities that makes them ideal tracers, second because their radiogenic isotopes are daughters of the main Heat‐
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Producing Elements (HPEs) of the mantle (3He and 36Ar are primordial while 4He is produced by decay of
235,238U and 232Th and 40Ar by decay of 40K). Measurements of the 3He/4He ratio and 40Ar/36Ar ratio in mantle
derived samples reveal that OIBs display a more primitive (or less radiogenic) signature than MORBs (Hilton &
Porcelli, 2003; Kurz, Jenkins, & Hart, 1982; Kurz, Jenkins, Schilling, & Hart, 1982; Porcelli & Wasser-
burg, 1995). Additionally, the fact that both OIBs and MORBs 3He/4He ratios are higher than atmospheric (He is
subject to atmospheric escape, MacDonald, 1963) implies significant degassing of primordial He (Hilton &
Porcelli, 2003). Regarding Ar, about half of the 40Ar budget is seemingly still trapped in the solid Earth
(Albarède & van der Hilst, 2002; Allègre & Turcotte, 1986). Noble gases (He, Ar) therefore imply incomplete
degassing of the mantle, and require the preservation of undegassed (or not fully degassed) material (Albarède &
van der Hilst, 2002; Farley et al., 1992; Jackson et al., 2010; Mukhopadhyay & Parai, 2019). Further radiogenic
systems (short‐lived systems), for example 129I‐129Xe (Mukhopadhyay & Parai, 2019) and 146Sm‐142Nd (Bennett
et al., 2007) also require long‐term preservation of heterogeneities. A question is how is this achieved within the
convecting mantle?

The primitive mantle, whether considered as similar to the Bulk Silicate Earth (BSE) (Stracke, 2025) or as the
least evolved/processed material (Mukhopadhyay & Parai, 2019), is a candidate to host the primordial noble gases
(e.g., 3He, 36Ar) and part of the “missing” 40Ar. The preservation of the primitive mantle and other long‐term
heterogeneities is however difficult to reconcile with the geophysical understanding of the mantle. Indeed,
seismic tomography images refute layered mantle convection in favor of whole mantle convection (Albarède &
van der Hilst, 2002; van der Hilst et al., 1997), although mass transfers between the lower and the upper mantle
remain poorly constrained (French & Romanowicz, 2015; Fukao & Obayashi, 2013; Kárason & Van Der
Hilst, 2000). For that reason, the question of the survival of long‐term heterogeneities has been studied with
geodynamic models. The effects of mantle convection itself are destructive to heterogeneities, as mixing and
stirring reduces the length scale of these heterogeneities (Ferrachat & Ricard, 1998; Hoffman &McKenzie, 1985;
Kellogg & Turcotte, 1987; van Keken et al., 2002), ultimately allowing diffusive equilibration if reduced to the
meter scale. Assumptions on the physical properties of heterogeneities have been made to counter these effects of
mantle convection. For example, increased material viscosity provides good resistance against mixing and stirring
and promotes preservation (Ballmer et al., 2017; Becker et al., 1999; Gülcher et al., 2021). Moreover, multiple
geodynamic studies focus on generating basal mantle structures that are intrinsically denser than the ambient
mantle. They can be constituted of dense primordial material that is inherited from interactions between the solid
mantle and the solidifying basal magma ocean (Labrosse et al., 2007), or from the moon‐forming impact (Yuan
et al., 2023). They could also be constituted of dense recycled oceanic crust (Christensen & Hofmann, 1994;
Panton et al., 2023) or a mixture of recycled and primordial material (Gülcher et al., 2021; Jones et al., 2021).
These basal mantle structures are also called thermo‐chemical piles. The intrinsic density excess confers strong
negative buoyancy to the material, promoting its preservation by convective isolation in the lowermost mantle
(Guerrero et al., 2023; Heyn et al., 2018; M. Huang et al., 2022; Jones et al., 2021; Y. Li et al., 2022; Panton
et al., 2023; Tucker et al., 2022; Yuan et al., 2023). These studies are also motivated by the ubiquitous observation
of Large Low Shear Velocity Provinces in seismic tomography models (e.g., French & Romanowicz, 2014;
Ritsema et al., 2011; Koelemeijer et al., 2016). The observed structures are associated with mantle plumes and
intra‐plate volcanism (French & Romanowicz, 2015), making them candidates to hold the material(s) responsible
for more primitive and less degassed signatures found in OIBs.

Another process against the preservation of heterogeneity that is not mentioned as often, yet fundamental, is
mantle differentiation. It refers to the melting process that generates new heterogeneities, destroying older ones,
and allowing degassing. J. Huang and Davies (2007a, 2007b) highlighted the importance that the amount of
processing has on the preservation of heterogeneities. Estimates for Earth's recent processing rate, that is the mass
of mantle material that has had melt extracted during a period of time, are calculated using the area of oceanic
crust of a given age, assuming a thickness, a density, and a fraction of partial melting. Processing rates are difficult
to constrain and estimates vary between 4.1014 − 3.1015 kg.yr− 1 (Kellogg &Wasserburg, 1990; M. Li et al., 2016;
Nakagawa & Tackley, 2012; Phipps Morgan, 1998; Stracke, 2025; Tackley, 2015). Previous geodynamic
modeling studies focus on matching the Earth's mantle current convection vigor (by matching surface velocities
≃5 cm.yr− 1, Müller et al., 2022) and current surface heat flux (90 − 100 mW.m− 2, 40 − 50 TW, J. H. Davies &
Davies, 2010; Jaupart et al., 2015; Sammon & McDonough, 2022) to reproduce the estimated mantle processing
and melt production rate (J. Huang & Davies, 2007a; Jones et al., 2021; M. Li et al., 2016; Tucker et al., 2022).
However, the result of these models is a rather constant processing rate throughout simulation time. Supposing
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that processing rates are mostly dependent on spreading rates, c.a. the vigor of convection, and that the latter is
likely to have been higher earlier in Earth history, former studies present a lower bound to Earth processing
history. Such studies thus potentially favor the preservation of heterogeneities within the mantle. We note that no
matter what the processing history of the Earth is, it should reconcile with the atmospheric budget of 40Ar
(Allègre & Turcotte, 1986).

While the role of convective mixing (Coltice, 2005; Ferrachat & Ricard, 1998, 2001) and processing rates was
shown to be primary for preserving long‐term heterogeneities (J. Huang & Davies, 2007a, 2007b), the role of
mantle dynamics (as the driver of thermal evolution) in controlling these processing rates remains unclear. So are
the consequences of different processing histories (i.e., evolution of processing rates) on the preservation of
primitive undegassed material. In this contribution, we thus investigate the influence of mantle dynamics on the
processing history of the mantle, using 3D spherical mantle convection models in order to include accurate
mixing, especially in the upper mantle (Ferrachat & Ricard, 1998). We explore a range of parameters such as the
initial thermal state (secular heat), the convection vigor, the radiogenic heating rate and the viscosity structure,
which are determinant to Earth thermal evolution. The aim is to understand how each parameter impacts the
processing rates and the resulting preservation of geochemical heterogeneity, focusing on the primitive unde-
gassed mantle. We investigate the ability of mantle dynamics to favor the sampling of certain heterogeneities,
with the idea that a selective sampling promotes a relative preservation of other heterogeneities.

2. Materials and Methods
2.1. Geodynamic Model

The presented models use the three‐dimensional spherical mantle convection code TERRA (Baumgardner, 1985;
Bunge et al., 1997; D. R. Davies et al., 2013; van Heck et al., 2016). The governing equations for heat transfer, that
is mass, momentum and energy conservation are solved under the Boussinesq approximation, assuming
incompressibility. A regular icosahedron projected onto a sphere is used on each of the 65 radial layers (radial
spacing of 45 km, Baumgardner & Frederickson, 1985; Yang, 1997). The grid is further discretized so that the
average lateral spacing is ≈33 km at the Core Mantle Boundary (CMB) and ≈60 km at the surface (mt = 128).
The boundary conditions are free‐slip, iso‐thermal and constant with a value of 3000 K and 300 K at the CMB
and the surface, respectively. The dynamic effect of phase transitions at 410 km and 660 km depth is included in
the presented simulations. Constant parameters are reported in Table 1.

2.2. Particles and Differentiation

Particles are used to track bulk composition and trace elements to simulate thermo‐chemical convection. Bulk
composition is bound to vary between 0 and 1, which can be viewed as a level of enrichment of basaltic com-
ponents, where C = 0 is fully depleted (harzburgite) and C = 1 is fully enriched material (basalt). The average

Table 1
Parameters Common to All Presented Simulations

Symbol Parameter Value Unit

g Gravitational acceleration 10 m.s− 2

TS Surface temperature 300 K

TCMB Core‐Mantle Boundary temperature 3,000 K

ρ0 Reference density 4,500 kg.m− 3

k Thermal conductivity 4 W.m− 1K− 1

α Thermal expansivity 2.5 × 10− 5 K− 1

CP Specific heat capacity 1,100 J.kg− 1K− 1

Δρ410 Density difference for 410 phase transition 230 kg.m− 3

(∂P/∂T)410 Clapeyron Slope for 410 phase transition 1.5 MPa.K− 1

Δρ660 Density difference for 660 phase transition 380 kg.m− 3

(∂P/∂T)660 Clapeyron Slope for 660 phase transition − 1 MPa.K− 1
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mantle composition in our models is C = 0.2 (lherzolite). The bulk composition affects the density so that
enriched material is 4% denser than fully depleted material in the upper mantle and 3% denser in the lower mantle.
The “basalt barrier” effect, caused by the delayed transition to lower‐mantle mineral phases of the cold subducted
crust (Irifune & Ringwood, 1993), is modeled by making enriched composition 5% more buoyant between 660
and 750 km depth (Ono et al., 2001; G. F. Davies, 2008). We simulate melting in our simulations with a simple
solidus that is dependent on both depth (z) and bulk composition (Panton et al., 2023; Price et al., 2019; van Heck
et al., 2016), with the parametrization of Panton et al. (2022):

Tsolidus(z,C) = Tmeltsurf + zTmeltslope + (1 − C)Tmeltcomp (1)

with Tmeltsurf = 1200 K corresponding to the melting temperature of a fully enriched material at the surface,
Tmeltslope = 2.5 K.km− 1 the gradient of the solidus and Tmeltcomp = 500 K the temperature difference between the
solidi of fully depleted (C = 0) and fully enriched material (C = 1). This melting method does not affect the
temperature field and thus conserves energy, meaning that the effects of latent heat and thermal advection caused
by melt transport are neglected. This assumption could lead to underestimating the thermal cooling of a simu-
lation, particularly one with intense magmatism or when modeling early Earth thermal evolution (Xie &
Tackley, 2004).

In TERRA, melting happens at the particle level. After particles have been advected by the mantle flow, tem-
perature is interpolated from the neighboring grid nodes to the tracers (van Heck et al., 2016). The melting domain
is the region where melting is allowed, which is restricted to the uppermost 270 km of the mantle. When a
particle's temperature is higher than its solidus, the particle is depleted so that the melting temperature for the new
composition matches the particle's temperature. In other words, since the particle's temperature is not changed, the
particle's composition and thus its solidus are adjusted so that the particle will no longer produce melt at the given
pressure and temperature conditions (van Heck et al., 2016). Later on, if the particle is advected to a lower
pressure domain, it could then undergo further melting and depletion. The degree of melting (F) is calculated as
follows:

F = Cn − Cn+1 (2)

with Cn and Cn+1 being the composition of the particle before and after melting, respectively. As a consequence,
when a particle is fully depleted (C = 0), it cannot produce melt anymore. The amount of melt generated (Melt)
for a particle is thus:

Melt = Mparticle × F (3)

withMparticle being the mass of the particle and F the degree of melting. The amount of melt (Melt), which equates
to an amount of enrichment in basaltic components, is then redistributed to the uppermost particles within the
same radial column. If a particle is already fully enriched but there is still melt to emplace, another particle within
the same cell is enriched and so repeatedly until exhaustion ofMelt. When all particles of the uppermost cell are
fully enriched in basalt, the melt is emplaced in the particles of the immediately underlying cell. Thus, the depth of
melt emplacement depends on the amount of Melt and surface spreading rates. Sometimes, all of the particles
above the melting particle are already filled in enriched component (C = 1), in which case the melt is emplaced in
the producing particle, which very likely will melt again at the next time step. This limitation does not happen
frequently and is negligible in most of our simulations (figure S1 in Supporting Information S1).

Regarding trace elements, the number of atoms (Am) incorporated in the melt is computed as follows:

Am =
A0

F + (D(1 − F))
(4)

with A0 the number of atoms held by the melting particle, F the degree of melting and D the appropriate partition
coefficient. For elements like Ar that are not only highly incompatible but also have a very low silicate melt
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solubility, 90% of the Ar atoms that are within the melt are taken out of the system and added to a virtual
atmosphere.

2.3. Parameter Space and Initialization

Table 2 contains the suite of presented models and their differences. Models have a depth‐dependent viscosity
with a profile going from 1 to 30 times the reference viscosity as depth approaches the lower mantle at 660 km,
and a drop when approaching the CMB to approximate the effect of the Thermal Boundary Layer (TBL) (Figure
S2 in Supporting Information S1). At the surface, there is an increase in the viscosity to account for the litho-
sphere. The effect of the strength of the lithosphere (its viscosity) is tested with cases no_lid_visc and 10_lid_visc
as we expect it to scale the surface velocities (Table 2 and figure S2 in Supporting Information S1). Simulations
start with a homogeneous bulk composition of C = 0.2. Each of the HPEs, that is 238,235U, 232Th, 40K and other
isotopes are homogeneously distributed between particles. The HPE content is calculated according to the BSE
values of Arevalo et al. (2009) projected 4.5 Gyr ago. As the HPEs isotopes progressively decay into their
respective daughter isotopes, the amount of heat they provide decreases. As the mantle differentiates and because
of the overall incompatible nature of the HPEs, they are also concentrated in enriched material, which allows us to
make the internal heating of our simulation time and spatially dependent (van Heck et al., 2016).

Before the start of the simulation, the mantle is depleted homogeneously of its HPEs so that

XMantle = (1 − idpltd) × XBSE (5)

with Xmantle the amount of a given HPEwithin the convecting mantle at the start of the simulation, idpltd the initial
depletion factor (Table 2) and XBSE the amount of a given HPE for the BSE. We investigate this range since the
initial HPE budget of the BSE is still debated and processes such as continental crust formation would deplete the
mantle of its HPEs. Also, we want to investigate the influence of such variation since it is known that radioactive
heating has a strong influence on mantle convection (Bercovici et al., 1989). The simulated mantle of models
03_depltd, 05_depltd, and 07_depltd is initiated with 70%, 50% and 30% of the total amount of HPEs, respec-
tively. The initial thermal state is obtained with a first simulation of purely thermal convection, with constant
homogeneous radiogenic heating. Once steady‐state has been reached (i.e., approximately no temporal variation
of temperature, heat fluxes and surface velocities), the temperature, pressure and velocity fields are used to start
the main simulation, where composition and isotopes (which will dictate radiogenic heating) are initialized.
Different heating rates are applied in order to produce the three initial thermal states used as starting conditions of
the presented runs, which we distinguish by their average temperature (volume average, Table 2). This pre‐
conditioning step is important to minimize the perturbation that the initial thermal state can produce on the
dynamics of the system (first generation of upwellings and overturn) and the analyzed metrics (e.g., processing
rates).

Table 2
Presented Simulations and Varying Parameters

Run name ηref (Pa.s) Lithospheric viscosity factor Initial mantle depletion idpltd (%) Average initial temperature (K)

05_depltd 5.1021 5 50 1,950

03_depltd 5.1021 5 30 1,950

07_depltd 5.1021 5 70 1,950

1_22_visc 1.1022 5 50 1,950

3_22_visc 3.1022 5 50 1,950

no_lid_visc 5.1021 1 50 1,950

10_lid_visc 5.1021 10 50 1,950

lT_init 5.1021 5 50 1,565

hT_init 5.1021 5 50 2,211

Note. Reference viscosity is the viscosity of the upper mantle.
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3. Results
3.1. Thermal Evolution and Mantle Differentiation

Presented models test the impact of various parameters that are key to the thermal evolution of the mantle.
Amongst them, models 05_depltd, lT_init and hT_init share the same dynamic parameters but they have different
initial thermal states (Table 2). Models with suffix visc have different reference viscosities or viscosity structures
to investigate the influence of convection vigor and surface velocities on mantle differentiation. Lastly, with
models 03_depltd, 05_depltd, and 07_depltd, the initial amount of HPEs present within the convecting mantle is
varied, so that the impact of changing the amount of radiogenic heat input is tested.

3.1.1. Effects of Viscosity

Surface velocities are controlled by the vigor of convection, itself scaled by the viscosity and its structure. Models
with higher reference viscosities and a viscous lid (1_22_visc, 3_22_visc and 10_lid_visc, respectively) have a
lower Rayleigh number and tend to retain their heat, as witnessed by the evolution of their average temperature
(Figure 1a) and the reduced surface heat flux (Figure 1b). Indeed, models with higher viscosities maintain a
positive heat budget (still heating up) for longer because heat is retained and the heat provided by HPEs
(particularly 40K) accumulates (Figure 1c). We note that the effect of a viscous lid is of secondary importance in
comparison to the effects of the reference viscosity, though significant given the low contrasts investigated
(Figure 1). Conversely, with a lower reference viscosity and higher surface velocities, the mantle can get rid of its
heat more efficiently: the surface heat flux is higher (Figure 1b) and the heat budget reaches more negative values

Figure 1. Average mantle temperature (volume average) (a), surface heat flux (b), and net heat budget (c) as a function of time
for presented simulations. In panel (c), positive values mean that the mantle is heating up and negative values mean that it is
cooling.
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earlier in the simulation (Figure 1c). Temperature profiles in Figure 2b show the capability to retain heat as the
temperature of the advective zone (i.e., the zone where the advective heat flux is dominant and characterized by a
low temperature gradient) increases with reference viscosity and with the viscosity of the lid to a lesser extent.

The evolution of the average temperature within the melting domain (i.e., where the mantle can melt, the up-
permost 270 km) (Figure 2a) is similar to that of the global average temperature (Figure 1a) for all models except
case 3_22_visc. This is explained by the significant change in the thermal structure (Figure 2b). Indeed, the
thickness of the TBL (i.e., the conductive lid, characterized by a high temperature gradient) increases with the
reference viscosity. The average temperature within the melting domain is thus strongly dependent on the
thickness of the TBL. It also means that the average advection velocities are reduced when the TBL thickness is
increased (Figure 2c), causing greater residence time of material within the melting domain. Comparing case
3_22_visc to the reference (05_depltd), the average temperature of 3_22_visc, whether it is within the melting
domain or of the whole mantle, is higher than reference case (Figures 1a and 2b). However the average tem-
perature within the melting domain is closer to reference than the whole mantle average is, this is due to the
thicker TBL of 3_22_visc. The fact that the melting domain is located in the uppermost mantle has a buffering
effect on the average temperature differences between models in the melting domain. This effect is due to the
presence of the TBL with the shared surface boundary condition (TS = 300 K, Table 1).

Variations in the reference viscosity therefore produce distinct thermal evolutions, with strong differences in
average mantle temperature (Figures 1a and 2a). However, the surface heat flow values become less distinct

Figure 2. Temperature within the melting domain and surface velocity. (a) Average temperature within the melting domain
(volume average) as a function of time. (b) Temperature profiles in the uppermost mantle at 4.5 Gyr and solidii (Yellow for
C = 1, Blue for C = 0.2 and purple for theoretical C = 0 solidus). Horizontal black dashed line in (b) shows the base of the
imposed melting domain. (c) Root Mean Square surface velocity as a function of time.
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toward the end of the simulation (after 4 Gyr, Figure 1b), and also for the net heat budget (Figure 1c). The
previous observations translate into the processing rates (Figure 3a) as follows. Variations in the reference vis-
cosity cause the most distinct evolution of the processing rates, which can be attributed to the thermal evolution.
Indeed, the maximum processing rate is significantly delayed when reference viscosity is increased because of the
ability of viscous models to maintain higher average mantle temperature (Figures 2a and 3a). When the viscosity
is decreased, advection velocities are greater (resulting in lower residence time within the melting domain) and the
TBL is thinner, which promotes higher processing rates (Figure 3a). That is why, early in the simulation, when
average temperature peaks and the mantle is fertile, the processing rates of cases with low reference viscosity
reach high values. However, because these models are also more efficient at releasing their heat, their processing
rates decrease faster (Figure 3a). This effect is well illustrated by models testing the viscosity of the lid
(no_lid_visc, 05_depltd, and 10_lid_visc). The presence of a lid causes the surface velocity to drop and the
temperature to rise, proportionally to its strength (Figure 2): the processing rates are higher (Figure 3a).
Conversely, without a lid (case no_lid_visc), the average temperature is lower as surface velocities are not
restrained and processing rates decrease (Figure 3a). As the viscosity controls the amount of heat retained and
advection velocities, different patterns of processing histories (i.e., temporal evolution of processing rates) can be
produced by using different viscosities (e.g., reference viscosity and viscosity of the lid).

3.1.2. Different Thermal Evolution, Same Viscosity

The impact of the initial thermal state, tested with models 05_depltd, lT_init and hT_init, shows a great influence
on the evolution of average mantle temperature (of the whole mantle and within the melting domain), surface heat
flux and heat budget (Figures 1a–1c and 2a, respectively). The higher the initial mantle temperature the more heat
is transferred through the surface (Figure 1b). Similarly, the more the mantle is enriched in HPEs, the more
radiogenic heat is provided throughout the simulation (the net cooling is delayed or shortened by increasing or
decreasing the amount of HPEs, respectively; Figure 1c), and the higher the average temperature and surface heat
flow (Figures 1a, 1b, and 2a). The temperature of the advective zone in Figure 2 is proportional to the amount of
HPEs and average initial temperature and scales the processing rates (Figure 3b). We note that while the amount
of radiogenic heat generally scales with surface velocities, it is not the case for initial thermal states (Figure 2c).

The evolution of average temperature within the melting region is reflected in the processing rates in Figure 3b.
The processing rates of cases lT_init and hT_init (testing the influence of initial temperature) bound cases
03_depltd, 05_depltd, and 07_depltd (testing the influence of HPEs concentration) most of the time. The latter
cases show expected offsets due to the relative differences in temperature (due to various amounts of heat pro-
vided) but similar trajectories. What we notice about this class of models (group 2, Figure 3b) is that despite their
different thermal evolutions, they converge to similar values of processing rate: all reach the Earth's current
estimated range at 4 Gyr (Figure 3). As a consequence, the current range of processing rate estimates cannot be

Figure 3. Processing rates as a function of time for presented simulations. (a) Gathers models where reference viscosity and
viscosity of the lid are varied. (b) Shows models with different initial thermal states and heat‐producing elements
concentrations. The shaded area (a, b) represents the range of estimates for the current processing rate of the mantle.
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used to distinguish between models (Figure 3). For models testing the influence of initial temperature, the
convergence is also observable in temperatures and surface heat flow (Figures 1a, 1b, and 2a), illustrating the
ability of the dynamic system (driven by shared parameters, e.g. viscosity structure) to mask the influence of the
initial condition during Earth's lifespan. Therefore we show that the amount of HPEs and the initial thermal state
are determining parameters for the processing history of the mantle while they do not induce a lot of variability in
the processing rates after 4 Gyr.

3.2. Preferential Sampling Controlled by Mantle Temperature

The role of temperature is critical to the processing rates because it dictates the degree of melting and the types of
material that can melt. To visualize what material is sampled in the melting domain, we produce 2D histograms of
particles (tracers) that are about to be melted as a function of their bulk composition (C) and temperature
(Figure 4). Figure 4 panels a–c show successive time snapshots of these particles prior to melting from reference
case (model 05_depltd). Panels d and e show models lT_init and no_lid_visc at 2.5 Gyr, respectively. A first
observation is that the average temperature of the sampled particles decreases as the simulation advances
(Figures 4a–4c), as the mantle is cooling (Figure 2a). This example highlights that the temperature of the mantle
controls the range of composition that can be sampled by melting. Indeed, with a composition‐dependent solidus,
higher temperatures allow less fertile material (with a low C) to be melted, increasing the range of composition
that can possibly melt. Additionally, higher temperatures leads to further depletion of more fertile compositions,
as the temperature excess between the material's actual temperature and its solidus is greater (Figure 2b).
Therefore increasing the temperature results in more material being processed in the melting domain and more
depletion, causing the processing rate to increase. Conversely, reducing the temperature of the melting domain
restrains the range of compositions that are allowed to melt and depletion is minimized and so processing rates are
lower (case lT_init, Figure 4d). We note that melting, as it is implemented (van Heck et al., 2016), tends to
produce the two end‐member compositions extensively and much less of intermediate compositions (Figure S3 in
Supporting Information S1). Therefore, there are three dominant compositions: fully depleted (C = 0), fully

Figure 4. Normalized 2D histograms of the composition and temperature of particles prior to melting for cases 05_depltd (a–
c), lT_init (d), and 3_22_visc (e). Histogram outputs of (a–c) at 1 Gyr, 2.5 Gyr, and 4 Gyr, respectively and (d) and (e) at
2.5 Gyr. Bin count is normalized to the total number of melting particles, displayed below each histogram title. If a particle's
temperature exceeds the limit of 3,000 K imposed by the bin range, it is counted in the highest temperature bin. Each panel
shows which classes of compositions are sampled by melting (as a function of their C value) and their temperatures. For
example, (a) shows that the heterogeneities sampled by melting mostly have high temperature and are largely depleted (C< 0.2)
or highly enriched (C> 0.95).
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enriched (C = 1) and initial primitive undegassed material (C = 0.2). As fully depleted material cannot produce
melt, it cannot appear in the histograms (Figure 4).

Simultaneously, the viscosity structure of the melting domain can change the dynamics radically. The thickness of
the TBL and surface velocities both control not just the thermal structure of the shallowmantle but also the type of
material that is going to be processed. Two end‐member melting regimes arise: The “plume melting regime”
(Figures 4a and 4e), characterized by the preferential sampling of both highly enriched and depleted compositions
at high temperatures (high difference between the melting particles' temperature and their respective solidus). On
the other hand, the “decompression melting regime” (Figures 4c and 4d) is characterized by a more evenly
distributed sampling of the whole range of composition at lower temperature (low temperature excess compared
to their respective solidus). The former is favored in viscous simulations (e.g., 1_22_visc, 3_22_visc, and
10_lid_visc), where heat is retained in the mantle and the upper TBL is thicker. Such dynamical context favors
development of strong plumes that carry high temperature basaltic and harzburgitic material (Supplementary
videos SV4, SV5, and SV7, https://doi.org/10.5285/77d69231‐7748‐4145‐a5d6‐2b2a59d19cda). The “plume
melting regime” is associated with high processing rates (total count of melting particles, Figure 4). The
“decompression melting regime” is favored in least viscous simulations (e.g., late 05_depltd, no_lid_visc, and
lT_init), where material within the melting domain can be renewed frequently and fast enough, and can reach
shallow regions so that the least fertile compositions can be processed. Supplementary videos (late SV1, SV6, and
SV8, https://doi.org/10.5285/77d69231‐7748‐4145‐a5d6‐2b2a59d19cda) show that for this meting regime,
plumes are generally weaker, so their signature doesn't overprint the histogram (Figure 4).

3.3. Preservation of the Primitive Undegassed Mantle

Figure 5 displays the proportion of primitive undegassed material that has been processed/melted as a function of
time (Figure 5a) and number of mantle masses processed by melting (logarithmic scale, Figure 5b). As shown in
Figure 3, the processing history can be more or less intensive. A consequence of this is that the amount of
processing (i.e., the integral of the processing rates over the running time, here expressed in mantle masses), is
greatly affected by the parameters explored and therefore it is an important consideration for the preservation of
primitive undegassed material (i.e., material that has not been processed by melting). Understandably, preserving
the primitive mantle is easier when only one mantle mass has been processed compared to 10 or more. That is the
reason why model lT_init can preserve more than 30% of its primitive material after 5 Gyr; the processing of the
mantle, conditioned by its dynamics, favors preservation. We find that, among the models that have the same
viscosity setting (i.e., lT_init, hT_init, 03_depltd, 05_depltd, and 07_depltd), the models that have undergone the
least processing over their history perform best at preserving the primitive mantle (Figures 3 and 5a).

Figure 5. Proportion of primitive particles processed as a function of time (a) and number of equivalent Earth mantle masses
processed (b).
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However, the preservation of the primitive undegassed mantle depends upon more than the integrated amount of
processing, as shown by the pairs of models 07_depltd with no_lid_visc and hT_init with 3_22_visc. Each pair
reaches similar numbers of mantle masses processed at the end of the simulation (about 3 and 13 mantle masses,
respectively; Figure 5b) but displays different degrees of preservation of primitive material (Figure 5a). Again, we
find that the processing history is the dominant determining factor. Different patterns of processing history show
variations in the way primitive material is sampled (resulting in different slopes in Figure 5a). Specifically, lower
processing rates early in the simulation favors preservation of the primitive material (case lT_init, 3_22_visc, and
07_depltd Figures 3 and 5a). As the primitive material is heated by the HPEs it holds and receives heat from the
Core‐Mantle Boundary (CMB), the primitive material of the lower mantle is likely to become strongly buoyant
early in the simulation. As the primitive material collects in upwellings (Figure 6 and Figure S4 in Supporting
Information S1, supplementary SV1‐9, https://doi.org/10.5285/77d69231‐7748‐4145‐a5d6‐2b2a59d19cda), it
will reach the melting domain with a high temperature and therefore melt (supplementary SV1‐9, https://doi.org/

Figure 6. Visualizations showing the primitive particle concentration (PPC, i.e. the fraction of primitive undegassed particles
to the total number of particles owned by each grid node) for models testing radiogenic heat input: 03_depltd (a–d),
05_depltd (e–h), 07_depltd (i–l) and low initial temperature model lT_init (m–p) at different times: (a, e, i, m) 0.75 Gyr, (b, f,
j, n) 1.5 Gyr, (c, g, k, o) 2.5 Gyr and (d, h, l, p) 3.5 Gyr. Isocontours on panels (b, f, j) show PPC of 0.8 and isocontours of panels
(c, d, g, h, k, l) PPC of 0.5.
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10.5285/77d69231‐7748‐4145‐a5d6‐2b2a59d19cda). For that reason, the first 1.5 Gyr are critical for the pres-
ervation of primitive material. That is one of the reasons why model 07_depltd, with less HPEs, better preserves
primitive material than 03_depltd and 05_depltd. Additionally, the presence of a viscous lid and its strength cause
significant differences in the total amount of processing, but there is little difference in the amount of primitive
material preserved at the end of the simulation (Figure 5b). The presence of a strong lid (model 10_lid_visc)
induces slightly better preservation of primitive material but a higher amount of processing (about 8 mantle
masses, Figures 3a and 5).

The asymptotic character of the curves of Figure 5a shows that primitive material is not as efficiently sampled past
1.5 Gyr for most cases. It is attributed first to the availability of primitive material. As the primitive material is
processed, it becomes less abundant and less likely to be sampled by melting. Therefore, the proportion of
processed primitive material never truly reaches 1, even when the processing is very intensive, for example case
hT_init where more than 10 mantle masses have been processed by 5 Gyr (Figure 5a). Yet model lT_init illus-
trates another operating mechanism. As primitive material remains abundant throughout the simulation in this
case, the decrease in the slope of the fraction of processed primitive material (Figure 5a) is due to the thermal
evolution. Indeed, as the average mantle temperature decreases, exceeding the solidus for the primitive material
(C = 0.2) is less likely, so less primitive material is sampled (Figure 4). Visualizations in Figure 6 show the
Primitive Particle Concentration (PPC), that is the ratio of the number of primitive undegassed particles owned by
a node (grid point) to the total number of particles owned by the same node. The PPC allows us to observe the
competition between the mixing (and stirring) and the sampling of primitive material in the melting domain. For
the presented models in Figure 6, the processing rates peak within the first 1.5 Gyr, before they decrease for the
rest of the simulation (Figure 3b). The first snapshots at 0.75 Gyr (first column Figure 6), show distinct regions
where primitive material is concentrated (PPC ≃ 1) and others where it is totally absent (PPC ≃ 0). As the
simulation advances, we observe the model transitioning from that contrasted state to a more mixed state (re‐
homogenization of bulk composition Figure S5 in Supporting Information S1), where primitive material is better
distributed across the volume of the mantle. The PPC value globally decreases of course, because the primitive
material is processed but also because mechanical stirring and mixing homogenizes the PPC (Figure 6). We note
that the plumes of the presented models are quite stable throughout the simulation (limited lateral wandering,
supplementary videos SV1‐9, https://doi.org/10.5285/77d69231‐7748‐4145‐a5d6‐2b2a59d19cda), which leads
to regional differences in PPC (e.g., Figures 6g, 6k, and 6l). This dynamical behavior might favor preservation of
geochemical heterogeneities.

The primitive undifferentiated undegassed mantle, enriched in HPEs, is initially hotter than the early generated
compositional heterogeneities mainly located in the upper mantle. As the simulation advances, the primitive
undegassed material of the lower mantle is collected in upwellings (Figure 6 and Figure S4 in Supporting In-
formation S1, supplementary SV1‐9, https://doi.org/10.5285/77d69231‐7748‐4145‐a5d6‐2b2a59d19cda), which
will ultimately lead to its sampling once plumes reach the melting domain. The surviving primitive undegassed
material is scattered across the mantle volume by convective mixing, which forces its temperature to converge to
the average mantle temperature. Both sampling hot primitive undegassed material and mixing the remaining
undegassed material contribute to faster cooling of this heterogeneity. Therefore, the thermal evolution (temporal
variation of the average mantle temperature) is crucial to the survival of the primitive undegassed material.
Equally, so is the efficiency of convective mixing.

4. Discussion
The results show that processing rates are influenced by the temperature of the mantle. Most importantly, the
ability of the mantle to evacuate heat is key in determining the processing rate and its evolution. Therefore, mantle
dynamics, by dictating the thermal evolution, controls mantle differentiation. That means that the vigor of
convection, here mainly controlled by the viscosity, is determinant. If the mantle is convecting fast (high surface
velocities) and the TBL is thin, the processing rates will start high as the material within the melting domain is
renewed quickly. However, this geodynamical context also promotes an efficient cooling of the mantle, leading to
reduced processing rates as they follow the average temperature evolution (Coltice et al., 2009). Conversely, with
more sluggish convection (slower surface velocities and thicker TBL), the processing rates are not as high initially
but maintain themselves as heat is retained in the mantle (Figure 3). Also, the type of material that is sampled by
melting is controlled by mantle dynamics (i.e., sub‐ridge and plume dynamics, Figure 4). We therefore suggest
that the convective regime has great influence on the processing history and preservation of heterogeneities
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(Coltice et al., 2009; Lourenço et al., 2020; Stevenson, 2003). Based on the trends highlighted by our results, we
speculate that in the case Venus was a stagnant‐lid planet, it would have a processing history (Figure 3a) and a
melting regime (plume melting regime, Figure 4) that would favor preservation of long‐term heterogeneities.
Equally, planet size would be a major control (Stevenson, 2003). Smaller planets (e.g., Mars), with a radius half
that of the Earth, would have a stagnant lid, much less vigorous convection and would have received much less
heat during its formation, all factors promoting preservation of ancient heterogeneity.

Additionally, the actual processing history of the Earth's mantle could be more complex than in the presented
generic models, as the onset of plate tectonics (Cawood et al., 2018; Palin et al., 2020) and the associated change
of convective regime (Cawood et al., 2022; Lenardic, 2018) are still debated. We suggest that processing rates are
unlikely to have been constant through Earth history. Nonetheless, the amount of 40Ar (daughter of 40K, one of the
main HPEs with a half‐life of 1.25 Gyr) degassed into the atmosphere should agree with the processing history
(Zhang et al., 2023). Modeling the outgassing of 40Ar requires further considerations, for example the buoyancy
of recycled oceanic crust and the extraction and recycling of the continental crust (Bender et al., 2008; Guo &
Korenaga, 2020; J. Huang & Davies, 2007a, 2007b, Tucker et al., 2022), which can be investigated in further
studies. Part of the limitations of the presented models reside in the fact that they are run for 5 Gyr and that the
effects of temperature dependent viscosity are not taken into account. Potential effects could result in more
efficient cooling and mixing early in the simulation but less efficient later on, which could lead to a favorable
processing history. Another consequence is that the impact of the initial thermal state is only partially evaluated
with models lT_init and hT_init. Furthermore, the presented models probably do not capture the most realistic
dynamics, especially in the earliest stages of the simulation. We have shown that the conditions of this stage have
a strong effect on the subsequent fate of primitive undegassed material and long‐term heterogeneities (Figure 5; J.
Huang & Davies, 2007b) but it is also poorly constrained (little geological evidence). However, not considering
temperature dependent viscosity allows the analysis of the separate influence of temperature and viscosity on
processing rates (Figures 2 and 3).

Another limitation is that models lack plate‐like behavior (yield stress rheology not included, van Heck and
Tackley (2008)) and surface velocities are not quite Earth‐like. This is important to mention as the results show
significant sensitivity to surface velocity and viscosity (cases no_lid_visc, 05_depltd,and 10_lid_visc). The
presented models have weak lithospheres, which allows us to investigate a range of surface velocities but these
models display diffuse surface deformations as opposed to the narrow localized deformation of the plate‐like
mobile lid regime. It is clear that a more Earth‐like surface rheology with stronger lithosphere could have sig-
nificant influence on thermal evolution and sublithospheric mantle flow (Foley & Becker, 2009; J. Huang
et al., 2003; Xiang et al., 2025). We suspect that plate‐like behavior would further favor mixing efficiency in the
asthenospheric mantle leading to higher processing rates (at least initially) and more decompression melting.
Future studies could investigate the influence of surface rheology on the type of heterogeneities processed by
melting and mantle differentiation. Nonetheless, we take satisfaction in the fact that models with the same vis-
cosity structure (05_depltd, 03_depltd, 07_depltd, lT_init and hT_init, ηref = 5.1021 Pa.s) share similar surface
velocities (1.5 ± 0.2 cm.yr− 1 Figure 2c, bounded by viscosity induced variations; Rayleigh number of ≃108).
Moreover, this group of simulations also succeeds in converging within the range of Earth's current processing
rate estimates after 4 Gyr of simulation (Figure 3b). The weak sensitivity of late processing rates to the initial
temperature and initial HPEs concentration is surprising given the large variations imposed by the parameter
space (Table 2), yet it suggests that we, as geodynamicists, must be careful of the processing history (the amount
of processing) we impose on our models when investigating the survival of long‐term heterogeneities, as we
might impose dynamics that either favors preservation of material or its sampling. Jones et al. (2021) also
observed the influence of the amount of processing on survival of ancient heterogeneity. Accordingly, we suggest
that realistic radiogenic heating (non constant and if possible spatially heterogeneous) is crucial to improve model
accuracy and resulting interpretation of the preservation of long‐lived heterogeneities (in agreement with Panton
et al. (2023)).

The parametrization of the solidus is highly simplified in the presented models and differs from previous
experimental estimations and parametrizations (e.g., Katz et al., 2003; Yasuda et al., 1994). The choice of
parametrization affects both global processing rates and processing of specific heterogeneities (e.g., primitive
undegassed material, basaltic material) via the amount of depletion and the range of composition that can melt.
However the results analysis is mainly comparative, and because all models share the same solidus
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parametrization, it is expected that the observed trends and conclusions should remain valid. Previous mentioned
limitations can cause the model to be potentially conservative in terms of processing (e.g., low average tem-
peratures, solidus parametrization, lack of temperature dependent viscosity and plate‐like rheology). However,
the amount of processing of the majority of the models is higher compared to other studies (e.g., Jones et al., 2021;
Tucker et al., 2022). On the other hand, models do not consider heat transfer associated with melting events,
which could have a significant impact on mantle cooling, especially during the first 2 Gyr (Xie & Tackley, 2004),
potentially favoring preservation. Despite limitations, presented models suggest that mantle mixing is highly
efficient, as previously noted by Coltice (2005) and Ferrachat and Ricard (1998), preservation of primitive
undegassed material is thus challenging in most cases. This could be indicative that additional physical mech-
anisms need to be invoked (e.g., density and/or viscosity contrast) in order to explain primitive signatures and
counter the effects of mixing (for example, Ballmer et al., 2017; Gülcher et al., 2020, 2021; Jones et al., 2021).
Nonetheless, results suggest that mixing can act simultaneously against and in favor of preservation of primitive
undegassed material, as it efficiently scatters heterogeneities across the mantle and promotes cooling,
respectively.

In agreement with previous studies (J. Huang & Davies, 2007a, 2007b), we find that the “processing time” (i.e.,
the time needed to process the equivalent of one mantle mass) is key for primitive material survival. The tem-
perature and buoyancy of primitive material reach their maximum in the first 1.5 Gyr of the simulation. As the
mantle cools and the remaining primitive material is scattered across the mantle volume, the primitive undegassed
material temperature tends toward that of the average mantle; it becomes less likely to be processed. If the thermal
evolution allows it, for example case 07_depltd, lT_init, the cooling is such that the sampling of the primitive
undegassed material becomes difficult (because the solidus C = 0.2 is fixed Figure 2b). In those cases, primitive
material could only be processed in rare occurrences when the material's temperature is significantly higher than
the average mantle (typically plumes). Consequently, more undegassed signatures would appear in magmatism
that is associated with upwellings. Whether this mechanism is operating in the Earth and partly responsible for the
dichotomy between MORBs and OIBs is unclear, because of model assumptions (simplified solidus, lack of both
plate‐like behavior and decompression melting). More constraints on thermal evolution appear crucial to better
understand the fate of the primitive undegassed mantle (G. F. Davies, 2009; Herzberg et al., 2010; Kore-
naga, 2018). We remind the reader that primitive material neither had any excess density nor any excess viscosity
in the presented simulations. While the effects of density and viscosity can keep the material out of the melting
domain forming structures in the lower mantle (e.g., termo‐chemical piles, BEAMS), they would also maintain a
positive thermal anomaly of the primitive material as well as resistance against dispersing across the mantle
(Gülcher et al., 2021).

Variability exists on the value of the estimated ratios of HPEs of the BSE (e.g., the value of the K/U ratio, Arevalo
et al., 2009; McDonough & Sun, 1995; Palme & O’Neill, 2014), as the extent of depletion on Earth of the
moderately volatile element K is not tightly constrained. A lower K budget would reduce the amount of radio-
genic heat provided to the mantle (especially in the first couple Gyr of Earth history), favoring better preservation
of long‐term heterogeneities according to our results. It would also help reduce the amount of “missing 40Ar”
(Tucker et al., 2022). Accordingly, previous BSE elemental budget reconstructions advocated for significant
lower K content (Jackson & Jellinek, 2013; Lyubetskaya & Korenaga, 2007a, 2007b). Nevertheless, we suggest
that the extraction of the continental crust could be a more significative process to remove HPEs from the
convecting mantle. Due to overall incompatible behavior of HPEs, they concentrate in the continental crust
(Cawood et al., 2022; Y. Huang et al., 2013; Rudnick & Gao, 2003) so that c.a. half of the K budget is in the
continental crust. While the timing of the extraction of the continental crust is still debated (Hawkesworth
et al., 2019), more recent works by Guo and Korenaga (2023), Guo and Korenaga (2020) favor the early
extraction scenario, previously supported by Armstrong (1991). Despite uncertainties also persisting on the
continental crust's recycling and generation rates over time (Cawood et al., 2022), an early extraction coincides
with significant removal of HPEs (at a decisive time for the primitive undegassed material) that would promote a
more favorable processing history for better preservation of long‐term geochemical heterogeneities.

5. Conclusion
In this work, we investigated the role of mantle dynamics in controlling the processing rate of the mantle and the
implications for the preservation of the primitive undegassed mantle using 3D convection models. In agreement
with previous studies, we find that the amount of processing, although poorly constrained, is crucial for the
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survival of long‐term geochemical heterogeneities. Results show that thermal evolution, controlled by the ability
of the mantle to evacuate its heat, dictates the processing history of the mantle. The type of material that is
processed in the melting the melting domain is controlled by temperature and surface dynamics, suggesting strong
control of the convective regime. The current heat flow and processing rate estimates cannot be used to distin-
guish between different processing histories. However, the survival of primitive undegassed mantle is strongly
dependent on the processing history, as simulations present between ≤1% and 30% of preserved primitive ma-
terial. Its preservation is favored by reducing the total amount of processing, particularly in the first half of Earth
history. Such a situation is achieved with reduced mantle HPEs concentration, lower initial thermal state and a
more viscous lid. The surviving primitive undegassed mantle is dispersed by efficient mixing and stirring so its
temperature ultimately converges toward that of the average mantle. Therefore, the thermal evolution is key to the
survival of the primitive undegassed mantle.
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parts of the code, yet segments which have been implemented for this study are available upon request. Instead,
we provide the parameter file, the compiled executable, restart files and instructions to reproduce each simulation
of this study in the data set. Supplementary videos (SV1: 05_depltd, SV2: 03_depltd, SV3: 07_depltd, SV4:
1_22_visc, SV5: 3_22_visc, SV6: no_lid_visc, SV7: 10_lid_visc, SV8: lT_init, and SV9: hT_init) are available at
https://doi.org/10.5285/77d69231‐7748‐4145‐a5d6‐2b2a59d19cda (Récalde et al., 2025b). Left panel shows
temperature anomalies (compared to layer average) and right panel the Primitive Particle Concentration (PPC, i.e.
the fraction of primitive undegassed particles to the total number of particles owned by each grid node) through
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