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Comparing Geochemical and Geodynamical Models of
Plume and Ridge Mantle Source Composition
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Joel Rodney?, and Abigail Plimmer”

!School of Earth and Environmental Sciences, Cardiff University, Cardiff, UK, 2School of Earth Sciences, University of
Bristol, Bristol, UK

Abstract We use a multidisciplinary approach to investigate how the parameter space of mantle convection
affects present-day mantle composition. We compare 22 forward geodynamical mantle circulation model
simulations against 24 variants of a geochemical inversion model of the global radiogenic isotope data set of
mantle-derived lavas. Both models are fully independent but able to output compositional parameters for the
lower mantle sampled by upwelling mantle plumes and for the upper mantle sampled by mid-oceanic ridges.
Geodynamical model results suggest an excess degree of peridotite melt-depletion AF,; = +0.4% + 0.4% and an
excess amount of recycled crust Afgc = +2.7% =+ 3.1% in plumes compared to ridges, while the geochemical
inversion returns AF; = +0.4% + 1.2% and Afgc = +1.5% £ 0.6%. Models are thus in quantitative agreement
but with opposite sensitivities, allowing to restrict their respective parameter space. Geodynamical runs show
best fits with the narrow geochemical Afyc for core-mantle boundary (CMB) temperatures of 3,400-3,800 K
and a recycled crust buoyancy number of 0.44-0.66. A dense primordial layer at the CMB also leads to a better
fit. Variants of our geochemical model show a best fit with the narrow geodynamical AF, value when early
mantle differentiation occurs in the garnet stability field. We also find that the formation of early compositional
heterogeneities is needed to fully explain the isotope range of mantle melts. Our work emphasizes the need to
correct isotopic data for the effects of non-magmatic processes in a quantitative geochemical model before
extracting the parameters relevant to a comparison with geodynamical model results.

Plain Language Summary The mantle is the solid but plastic layer that makes up most of Earth's
interior. Understanding the convection of mass and heat in the mantle is relevant to many research topics, from
plate tectonics to the habitability of terrestrial planets. In the present study, we compare the results of runs from
two fully independent numerical models of the mantle: (a) a model exploring the effect of physical mantle
parameters on the circulation of mantle material, and (b) a model calculating mantle composition from the
global geochemical data set of oceanic lavas that are melts from the mantle. Both models can quantify two key
variables of the mantle at the local scale: the proportion of mass lost from ancient melting events and the amount
of recycled material from the Earth's crust. Results from both models yield values 0.4%—2.7% higher for these
two variables in the deep mantle compared to the shallow mantle. The models are in quantitative agreement, but
each is more sensitive to one variable. This allows a cross-examination of both models' variable inputs and
narrows the uncertainty of a range of thermal, physical, and chemical parameters of the mantle.

1. Introduction
1.1. Mantle Convection Is an Open Problem

The mantle is our planet's most massive and voluminous reservoir. Material circulates within the mantle through
convection, allowing the exchange of mass and heat between Earth's surface and its deep interior. Earth's crust is
extracted from the mantle through partial melting, and crustal material is re-introduced into the mantle through
subduction (Coltice et al., 2017; Davies & Richards, 1992; Korenaga, 2018). Through time, this processing
creates thermochemical heterogeneities in the mantle and may give rise to large-scale density structures (Gar-
nero & McNamara, 2008).

Modern whole-mantle seismic imaging techniques (seismic tomography) reveal dense down-going slabs, a highly
heterogeneous lower mantle, and buoyant upwelling plumes that are the roots of most hotspots at the surface
(French & Romanowicz, 2015; Montelli et al., 2006). The mineral chemistry of mantle-derived melts suggests
systematically higher potential temperatures in mantle plumes compared to the upper mantle melting at
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mid-oceanic ridges (Bao et al., 2022; Herzberg et al., 2007; Li et al., 2025; Putirka, 2008). Likewise, the
radiogenic isotope systematics of plume-derived melts (oceanic island basalts, OIB) and mid-oceanic ridge ba-
salts (MORB) presents systematic differences, requiring plume and ridge mantle to be compositionally distinct,
and this distinction to be time-integrated (Stracke & Béguelin, 2024; Stracke et al., 2005, 2022; Zindler &
Hart, 1986). These chemical observations indicate that density gradients in the mantle are both thermal and
compositional in origin.

The density of a parcel of mantle is a key parameter of mantle convection, as it controls vertical fluxes through the
buoyant force (Westaway, 1993). In turn, mantle convection results in local density changes through cooling,
melt-extraction and crustal recycling at the crust-mantle boundary (Afonso & Schutt, 2012; Ishii et al., 2019;
Ricolleau et al., 2010). This feedback loop between the cause of mantle convection and its own effects is a critical
feature of the Earth system, as it governs the thermochemical budget of our planet. Both geodynamical and
geochemical models of mantle evolution hinge on estimating the magnitude of thermochemical processing
through time when addressing a wide range of research questions such as the extent and timing of continental
crust extraction, the origin of water and other volatiles at the surface, and Earth's early composition and processes
(Bolfan-Casanova, 2005; Cawood & Hawkesworth, 2019; Hirschmann & Kohlstedt, 2012; Kumari et al., 2016,
2019; Ohtani, 2005; Peslier et al., 2017; Walzer & Hendel, 2022; Walter & Trgnnes, 2004). The generalization of
these models to terrestrial planets is also useful for exoplanet characterization (Dorn et al., 2015; Guimond
et al., 2024; Noack & Breuer, 2014; Putirka, 2024).

Because the mantle is inaccessible for direct observation, the parameter space of mantle convection remains
relatively open. Models are limited by the lack of constraints on key parameters such as the temperature of the
core-mantle boundary, the viscosity profile of the mantle, the buoyancy number of recycled crust, and the gra-
dients in composition between the lower and upper mantle (Frost et al., 2022; Kaufmann & Lambeck, 2000;
Rudolph et al., 2020; Wang et al., 2020). These compositional gradients are of particular interest, however, as they
can link two fundamentally different classes of models: forward geodynamical mantle circulation models and
geochemical inversion models of MORB and OIB radiogenic isotope data.

1.2. Linking the Parameter Space of Geodynamical and Geochemical Models

Mantle source composition is the sum of two main processes: melt extraction and crustal recycling. Melt
extraction through partial melting causes peridotite to become more chemically depleted in heavy major elements
such as Fe and Si, thus lowering its density (Afonso & Schutt, 2012). It also causes a steep chemical depletion in
both radioactive and radiogenic trace elements (Rb, Sr, Sm, Nd, Lu, Hf, U, Th, Pb) (Salters & Stracke, 2004;
Stracke & Béguelin, 2024; Stracke & Bourdon, 2009). Crustal recycling into the mantle at subduction zones adds
dense mafic material to peridotite (high Fe and Si contents) along with a cargo of radioactive and radiogenic trace
elements (Ishii et al., 2019; Ricolleau et al., 2010; Sun & McDonough, 1989). The local magnitude of melt
extraction (= melt depletion) and crustal recycling are quantitative parameters of both geodynamical and
geochemical models. In geodynamical models, compositional density affects vertical fluxes through the buoyant
force (Mulyukova et al., 2015; Panton et al., 2023). In isotope modeling (geochemical inversions), peridotite melt
depletion and crustal recycling are directly linked to parent/daughter ratios and elemental concentrations through
solid/melt partition coefficients (oceanic crust forms through melt aggregation) (Stracke & Bourdon, 2009).

A quantification of the extent of peridotite depletion and of the amount of crustal recycling can be extracted from
the results of both classes of models at the local scale: for a parcel of mantle in geodynamical models and for a
given sample in geochemical inversions. The absolute values for these two parameters locally at the end of a full-
mantle geodynamical model run or corresponding to the multi-isotope composition of a given sample in inverse
geochemical modeling are a function of the local and global values of all other model parameters. In geo-
dynamical models, these include viscosity profiles, core-mantle thermal parametrization, and the buoyancy
number of recycled crust (Barry et al., 2017; Bower et al., 2013; Bunge et al., 1998, 2002; Davies et al., 2012;
Flament et al., 2022; Panton et al., 2025). In geochemical models, these include solid/melt partition coefficients,
the ages of processes, oceanic crust alteration, sediment addition, and dehydration (Béguelin, Stracke, et al., 2025;
Stracke et al., 2003).

In the present study, we compare the compositional results of runs from a forward geodynamical mantle circu-
lation model (Baumgardner, 1985; Panton et al., 2022, 2023; Plimmer et al., 2024) with results from a new
geochemical inversion model (presented in Section 2 of this article) that performs an inversion of the global
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MORB-OIB radiogenic isotope data set. Our geochemical model is purely chemical and treats samples indi-
vidually, ignoring the rheological and thermodynamical constraints of mantle circulation. In the geodynamical
model, particles circulate within a 3D mantle grid. Circulation, melting and incorporation of crustal material is
governed by known or assumed rheological and thermodynamical parameters but without any control over melt
chemistry (Bunge et al., 2002; van Heck et al., 2016).

Rather than comparing the absolute results of peridotite depletion and the amount of crustal recycling in the two
classes of models, we compare the relative difference between these results in the plume mantle (sampled by OIB)
and in the upper mantle sampled by MORB. This difference corresponds to the main vertical compositional
gradient in the mantle and directly scales with the compositional buoyancy of upwelling plumes, regardless of
absolute values. We investigate whether the mean relative plume—ridge differences for peridotite depletion and
the amount of recycled crust in any given geodynamical model run corresponds to its counterpart in a run of our
geochemical inversion model (all MORB and OIB). If the results match, the two parameter spaces of other
geochemical and geodynamical model variables can be simultaneously reduced.

1.3. The Need for a Quantitative Approach to MORB-OIB Geochemical Data Interpretation

In the geodynamical model, the amount of recycled crustal material and the extent of peridotite depletion can be
directly extracted from the particles situated right under the melting zones of hotspots and ridges at time = present
day. In contrast, these two parameters cannot be directly extracted from geochemical isotopic data and instead
need to be constrained in a mantle source evolution model taking into account a number of equally important
parameters such as the timing of source modification and the surface processes affecting the composition of
recycled crustal material (sediments addition, alteration, dehydration). Due to the complexity of this geochemical
problem, most geochemical studies of global OIB and/or MORB radiogenic isotope data instead focus on the
distribution of the data set itself. The overwhelming angle of study in the field is that of isotopic endmembers
bounding the data cloud, which are by extension thought of as mantle components (e.g., the DMM, EM, HIMU,
FOZO, PREMA components and the DUPAL signature) (e.g., Cai et al., 2023; Hofmann, 1997; Weis
et al., 2023). This qualitative approach is problematic as peridotite and recycled crustal materials have vastly
different incompatible element concentrations (i.e., Sr, Nd, Hf, Pb budgets) and melt productivities, causing
melting and mixing processes to obscure the signal of the actual source endmembers (Basch et al., 2025; Rudge
et al., 2013; Stracke, 2021; Stracke & Béguelin, 2024).

Quantitative radiogenic isotope models of mantle source evolution focused on the composition of individual
samples are quite rare (Béguelin, Stracke, et al., 2025; Stracke et al., 2003), with most quantitative studies only
attempting to explain the slope of a linear regression through the global multi-isotope data set (the mantle or
terrestrial array: Chauvel et al., 2008; Israel et al., 2020; Jones et al., 2019; Panton et al., 2022; Willig &
Stracke, 2019; Willig et al., 2020). In the present study, we use a quantitative mantle source model (our
geochemical inversion model), calculating the effects of chemical modifications through geological processing
from 4.57 Ga to present-day for each of thousands of samples from a global OIB and MORB compilation of
radiogenic isotope data (described below in Section 2). This approach allows deriving the crustal recycling and
peridotite depletion parameters necessary for a comparison with the geodynamical model results.

2. Description of the Geochemical Inversion Model
2.1. General Approach

We use a Monte Carlo model to calculate the radiogenic isotope signatures of random model melts generated
through depletion, recycling, and aging in a mantle source model. The isotope signature of each random model
melt is then compared to the natural MORB-OIB data set. The model parameters leading to Monte Carlo sim-
ulations that successfully match natural data are logged, allowing to examine the parameter space yielding real
individual samples. The modeling is performed in Python language (version 3.9.13), making use of the NumPy
package (version 1.21.5) (Harris et al., 2020). The array-based calculations enabled by this package allow running
5 - 10° full simulations per second (=5 - 10° different model melts) on a 2021 MacBook Pro (single-threaded
calculations). 2 - 10'° simulations can be run overnight. The pandas package (version 1.4.4) (McKinney, 2011)
and the Matplotlib package (version 3.5.2) (Hunter, 2007) were used to generate tables and figures.
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Table 1

Model Parameters Description and Input Ranges

Parameter Description Range min Range max

Parameters for the peridotite
XpM.per Proportion of the PM being depleted prior to re-homogenization 0.0 1.0
Fomper Degree of melting of the proportion of PM being depleted 0.0 0.1
DM Per Age of PM depletion and re-homogenization 2.5 Ga 4.0 Ga
Fper Degree of peridotite melt-depletion (= second depletion event) 0.0 0.1
tiper Age of melt-depletion (= second depletion event) 500 Ma 2.5 Ga
Fper Melting degree of peridotite during present-day magmatism 0.02 0.15
F, Total degree of peridotite melt-depletion: F; = Xpy; pe; © Fonmper (calculated from other inputs)

+ Faper - (1=X pmiper - FoM Per)

Parameters for the recycled mafic crust

Xpmmc
Fpmmc
Ipm.MC

FMC

fAl!

Proportion of the PM being depleted prior to re-homogenization 0.0 1.0
Degree of melting of the proportion of PM being depleted 0.0 0.1
Age of PM depletion and re-homogenization 2.5 Ga 4.0 Ga
Degree of melting leading to the mafic crust to be recycled 0.01 0.1
Extent of mafic crust alteration 0.0 1.0

Parameters for the recycled sediments

Icc

Age of the continental crust 2.5 Ga 4.0 Ga

Parameters for the recycled mafic crust + sediments (= recycled crust)

Irc
fSed
f Dhy

Jre

FRC

Age of the recycled crust 500 Ma 2.5 Ga
Mass proportion of sediments in recycled crust 0.0 0.1
Extent of dehydration of the recycled mafic crust and sediments 0.0 1.0
Mass fraction of recycled crust in modeled mantle source 0.00 0.15
Melting degree of recycled crust during present-day magmatism Fixed at 0.65

The modeled chains of events, natural data and matching criteria are discussed below, while the elemental
partitioning, isotopic growth, and the statistical treatment of successful simulations are discussed in the Text S1 of
Supporting Information S1. Note that while the geochemical model contains 18 input parameters (Table 1), only
the amount of recycled crust in the source f and the extent of peridotite depletion F, are used in our cross-model
comparison with the geodynamical model and subsequent discussion.

2.2. Modeled Chains of Events

Each individual model simulation corresponds to an entirely distinct mantle source with a composition and
history entirely independent from that of other simulations. While simulations are quantitatively distinct from
each other, they all follow an identical qualitative scenario that describes the chemical depletion of mantle
peridotite by melt extraction, the recycling of subduction-modified oceanic crust and sediments, radiogenic
isotope growth, and the fractional melting of this heterogeneous source leading to a model oceanic basalt from
4.57 Ga to today. In each simulation, two peridotite depletion events and one crustal recycling event are modeled.
Three components are modified, aged and mixed: Peridotite, mafic crust, and sediments. The sequence of
component-modifying and mixing events is detailed in Figure 1, parameter descriptions and ranges are listed in
Table 1, and model constants are detailed in Tables S1 and S2 of Supporting Information S1.

Both mafic crust and peridotite are derived from the primitive mantle (PM) of Sun and McDonough (1989) (Table
S1 in Supporting Information S1) after its depletion into a model depleted mantle (model DM). This depletion is
modeled as follows: a proportion X, of the PM is depleted with a degree of melting F,, at time #py,,, followed
by a re-homogenization of the untouched PM with the restite (re-homogenized source = (1-
Xpm) © PM + Xp, - restite) (see Table 1 for ranges). The reason for this re-homogenization is to keep
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Figure 1. Diagram of the model's logic. This sequence of events is repeated in each simulation with different numerical values
for the parameters in blue. Parameter description and ranges are in Table 1. PM, CC, GLOSS compositions, alteration
factors, dehydration factors, and melt Kd factors are treated as constants and listed in Table S1 of Supporting Information S1.
PM, Primitive mantle (Sun & McDonough, 1989); CC, Continental crust (Rudnick & Gao, 2003); GLOSS, Global
subducting sediment (Plank & Langmuir, 1998). DM, Depleted mantle (composition calculated in the model in each
simulation).

incompatible elements in the mantle source, leading to a depleted but not refractory mantle. Because this re-
homogenization occurs in a closed system, its timing has no bearing on the model. It is however set to occur
before subsequent model events. Xpng pers Fpw, pers Iom per d€note the three variables quantifying the formation of
the model DM in the chain of events leading to peridotite, while Xpy nvics Fomme Iommc denote these for the
chain of events leading to the mantle source of mafic crust. In our model setup, Xy, therefore quantifies how
primitive the mantle source remains, with low X, values corresponding to a low mass proportion of the source
affected by depletion, and thus to a more primitive source.

This depletion of the PM to yield a model DM is treated individually for each model simulation and between the
mafic crust and peridotite chains of events (Figure 1). Mantle evolution is therefore treated locally rather than
globally in the model, contrasting with more classic approaches to mantle geochemical modeling (Chauvel
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et al., 2008; Salters & Stracke, 2004; Stracke et al., 2003; Willig et al., 2020; Workman & Hart, 2005). We did
however run a number of model variants where Xpy vc = Xpu pers Fommc = Fomper a0d fpyvvc = fomper fOT
each individual simulation, reflecting a scenario where recycled mafic crust and underlying mantle lithosphere
(=peridotite) remain together during mantle convection.

Atatime 7,4p,,, a second peridotite depletion event is modeled, yielding model peridotite from its precursor model
DM with a melting degree F ., (see the peridotite chain of events in Figure 1). This modeled event allows testing
the relatively recent paradigm stating that peridotite more depleted than the classical DM of Salters and
Stracke (2004) and Workman and Hart (2005) is present in the source of oceanic basalts and affects their multi-
isotope systematics (Béguelin et al., 2019, 2025a; Bizimis et al., 2007; Byerly & Lassiter, 2014; Ferrando
et al., 2024; Salters et al., 2006; Sanfilippo et al., 2019, 2024, 2025; Sani et al., 2020, 2024; Stracke & Bégue-
lin, 2024; Stracke et al., 2019). As always, p., and F p,, take individual values in each simulation within the
ranges of Table 1. In this second depletion event, either no depletion occurs (F ., = 0) or all the local peridotitic
source sees some partial melting, as there is no “X,;” parameter (thus equivalent to “X,” = 1 in all cases). The
combined magnitude of the two depletion events affecting peridotite is described by the parameter F, with

Fd = XDM,Per : FDM,Per + FdPer : (1 - XDM,Per . FDM,Per)

1 — Xpa.per - Fom,per 18 @ mass-balance factor used to correct F ., with reference to the starting PM material (the
degree of melt-depletion F 4p,, is relative to the model DM). F; is of particular importance as it is used to compare
geochemical and geodynamical model results.

Sediments are derived from a continental crust reservoir with the parent/daughter ratios of the average continental
crust (CC) of Rudnick and Gao (2003) (Table S1 in Supporting Information S1), splitting from PM at a time 7.
At a time fgc, RC (Recycled Crust = modeled dehydrated crust + sediments) is formed. During this event,
sediments acquire the global subducting sediment (GLOSS) composition from Plank and Langmuir (1998) (Table
S1 in Supporting Information S1). The mafic crust to be recycled is derived from the corresponding model DM
(parametrized by Xpy mcs Fommes Iommc: See above for details) with a melting degree Fyc, this mafic crust is
altered with an extent of alteration f,, (see detailed alteration budget B, in Table S1 of Supporting Informa-
tion S1), altered mafic crust and sediments are mixed with a mass proportion of sediments fg.4, and this mixture is
dehydrated with an extent of dehydration fpp,, (see detailed dehydration mass loss ratios Rpy,, in Table S1 of
Supporting Information S1) (these alteration and mixing events all happen at time ;). This segment of the model
is similar to the quantitative crust recycling model presented by Stracke et al. (2003); however, again, tcc, frc,
Fyics faiw fseas @and fpny take different random values in each individual simulation within the ranges listed in
Table 1, and we do not use the composition of today's MORB as a proxy for that of recycled mafic crust. This is
because our model is used to interpret the isotopic signature of individual MORB (along with that of OIB), which
would lead to circular reasoning.

At t =0 (present day), recycled crust mixes with model peridotite (solid—solid mixing) with a mass proportion of
crust fgc. fre is of particular importance as it is used to compare geochemical and geodynamical model results.
Recycled crust and peridotite melt individually with melting degrees Fgc and Fp,, before the aggregation and
eruption of these melts (mixing proportion = fi corrected for Fge and Fp,,). frc and Fp,, take individual values
in each simulation, while Fy is 0.65 (=65%) in all simulations to avoid redundancy with f variability: for the
large degrees of melting consistent with mafic lithologies in the mantle (e.g., F > 0.2, Brunelli et al., 2018), the
melting degree and relative abundance of recycled crust in the heterogeneous mantle source have near-identical
effects on the elemental concentrations and isotope composition of aggregated melts.

2.3. Natural Data and Model Matching Criteria

The isotope data set used in the model comprises 1031 MORB and 1615 OIB samples (Figure 2). MORB were
compiled from PetDB in August 2023 (with Tectonic Setting = SPREADING _CENTER). OIB were compiled
from GEOROC in February 2024 (Location = Oceanic Island Groups). Data and references can be found in
Tables S3 and S4. The geographical distribution of samples is shown in Figure S1 of Supporting Information S1.
All samples in this data set have measured values for 87Sr/A7Sr, 1PNd/"Nd, "°Hf/\HS, 2°°Pb/**Pb,
207pp/2%4pb, and 2°*Pb/2**Pb radiogenic isotope ratios. To allow an efficient comparison of model isotope sig-
natures with natural data, we map the full natural data set in a 6-dimensional Boolean array with a resolution of
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Left plots: OIB data only

Right plots: MORB data (OIB in grey)
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Figure 2. Multi-isotope plots of the natural data used in the model. (a, b) "*Nd/'**Nd-""SHf/'7"Hf; (c, d) 2**Pb/?**Pb-2"Sr/*°Sr; (e, f) 2°°Pb/***Pb—""Pb/***Pb. Left-
hand plots show only OIB data. Right-hand plots show MORB data with OIB data grayed-out. Fields in c identify samples with affinities to traditional mantle isotopic

endmembers. SM, Sao Miguel (Azores).

1/30 of the data set range for each of the 6 isotope ratios. Any Sr—Nd-Hf-Pb—Pb-Pb isotope composition R within
the range of natural data can be translated to an index (i, iy, i», i3, iy, i5) Of this array through the following
equation (where i; is an integer):

i=(R-R,) 30/(R,_~R.)

where j = {0: ¥7Sr/¥Sr, 1: "¥Nd/'*Nd, 2: "SHf/'"7HF, 3: 2°°Pb/***Pb, 4: 2°"Pb/***Pb, 5: 2®Pb/2**Pb}, R,,,,, and

“jmin
R; max = minimum and maximum isotope composition of the natural data set for an isotope ratio j (Table S2 in

Supporting Information S1).

1,906 elements (or cells) of this array include natural samples with an average of 1.4 samples in each of these
1,906 cells. This 6-dimensional array is sparse as only 0.00026% of its elements include natural samples (total of
306 total cells in the array). If a simulated model isotope composition falls in a cell occupied by one or several
natural samples, the simulation is considered valid and the random Monte Carlo parameters leading to it are
logged. For successful simulations, the distance between model isotope composition and that of any natural
sample in the same cell is on average 1/3 of the model resolution shown in Table S2 of Supporting Information S1.
In addition, simulations are rejected if the elemental concentrations of the model final melt are significantly
higher than those of natural mantle melts, that is Sr > 1,267 pg/g, Nd > 78 pg/g, Hf > 11 pg/g, and Pb > 8.5 pg/g.

BEGUELIN ET AL.

7 of 21

85UB01 SUOLULIOD SANERID) |edl[ddke 8} Aq Pouse0B a1 SOPIME VO ‘95N JO S| 10} ARG IT8UIUO ABIA UO (SUORIPUOD-PUE-SWLBIW00™AB 1M ARR.q1BU 1 1U0//SAY) SUOIIPUOD PU. SIS | 841895 *[S5202/80/50] UO A1 T8UIIUO ABIIM KISIBAIN 141pRD AJ LSEZTO0DSE0/620T OT/I0P/LCY 3|1 Ateidiputuo'sandnBe//Sdiy woay pepeojumoq ‘g 'S202 ‘220252ST



A ﬁ l l . .
et Geochemistry, Geophysics, Geosystems 10.1029/2025GC012357

a b c d

variant QLIRS 408, Monn  #nan Moan  #agan moah  ®aean Success
00GGG b [ rw%
00GGS " ii L (;% Jm 97%
00GSG = Q m 98%
00GSS - 1 = 0. “ 98%
00SGG *.(},F - Q Cpmws -'Q_ 78%
00SGS QT " O sgm—— O 79%
00856 R 00 . g™ " Oy mm—— s O 88%
00SSS ¥ r 0 1 T O'f 88%
I~
10GGS sl ¢ LY ¢ ¢ & .()'T B " 96%
10GSG ary { imm el %) ¢ & oy ¢ O ¥ ¢ ¢ == 03%
10GSS ‘l. O s F 9 ¢ E N <> [ ¥ ’Q I 5157
10SGG i ’m- E ¢ 9 - ) 0 r i ()w 71%
108GS e e O - O x i v O 72%
e T - | Y ¢ r O ¢ o= -0 e 69%
10588 | ST Y Q¢ = 0 e - o
11GGG ¢ K ¢ & 85%
11GGS ¢ “ ‘> ¢ g‘l g‘ 85%
11656 ¢ (0] I (). [ - ¢ . m N ¢ 1 20%
16ss il ‘) r .() b Q . | & 0 I 21%
156G G Qe ' # i 63%
115G YEEOT S o k e 64%
1SSG inmm O N B - ¢ O mma ¢P 10%
1SSS s e T o T a ¢ V"R awina !0 i 1%

000 025 050 075 1.000.00 0.02 004 006 008 0100.00 002 004 006 008 010000 005  0.10 0.15
Xow, per Fowm, per Foper Fy

Figure 3. Peridotite melt-depletion results for all variants of the geochemical model. Variants are listed on the left and their success rate on the right (= percentage of data
cells with one or more matching simulation). Color saturation represents the relative distribution of results for each variant, for MORB in orange and for OIB in blue.
Diamonds show means, weighted for plume buoyancy for OIB. (a) Xpy; p,,: Proportion of the PM source being affected by melt-depletion (prior to 2.5 Ga). (b) Fpp pe,:
Degree of melt-depletion of the PM fraction affected by melt-depletion (prior to 2.5 Ga). (¢) F sp,,: Degree of melt-depletion of the PM + melt-depleted re-homogenized
source (after 2.5 Ga). (d) F,: Total degree of melt-depletion.

3. Results and Discussion of the Geochemical Inversion Model
3.1. Model Variants and Success Rates

We run the 24 model variants listed in Figure 3. For ease of identification, variant names encode their distinctive
input characteristics. Variants differ by whether the model DM of mafic crust and that of peridotite in a given
simulation are identical (if the proportion, melting degree and age of DM formation (Xpy pers Fpmper om,
rer) = Xpmmer Fommes Iommc))- This characteristic corresponds to the first character of names with O for
distinct and 1 for identical. The second variant characteristic is whether mafic crust formation corresponds in
timing and melting degree to the second peridotite depletion event (Fgpep tgper) = (Fumcs tre)- This is encoded with
the second character of names with O for independent and 1 for corresponding. Model variants also differ by
whether peridotite melting events (of melting degree Fpn pers Fommcs Fapers Fmcs Fper) Occur in the garnet or
spinel stability field. The third character of variant names denotes the stability field for the DM forming events
(G = garnet, S = spinel), the fourth character denotes the field for mafic crust formation and the second peridotite
depletion event (of magnitudes Fy;c and Fp.,), and the fifth character denotes the field for the present-day
melting of peridotite. Model variants are to be thought of as simplified endmember-type scenarios in our
exploration, likely bounding Earth mantle's true complexity.

We run 2 - 10'° Monte Carlo simulations per model variant. Model variants where DM formation occurs in the
garnet stability field (xxGxx) show much higher rates of success than the spinel case (Figure 3). The second-order
control on the success rate is whether peridotite and mafic crust DM formation are tied or not, with the untied case
(Oxxxx) showing higher rates of success. Variants where mafic crust formation corresponds to the second
peridotite depletion event (names starting with 11) show the lowest rates of success. Table S5 is a spreadsheet
containing the detailed model results for individual ocean basins (MORB) and plumes (OIB). 8 model variants
show overall success rates of >94% (i.e., >94% of isotope data cells can be modeled). In these variants, only the
Pitcairn-Gambier and Gough plumes (with EMII-type characteristics, Weis et al., 2023) pose a significant
challenge (= partial results for these plumes). 12 variants show 64%-88% success rates with the Madeira, St.
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Helena and Austral-Cook plumes (with HIMU-type characteristics) posing additional challenges. 4 variants show
rates of success <22% with most groups being challenging to model.

Peridotite depletion, mafic crust recycling and non-magmatic processes are detailed below, while the present-day
melting and trace element ratios are discussed in the Text S2 and Figures S2-S5 of Supporting Information S1.

3.2. Time-Integrated Peridotite Depletion

In variants Oxxxx, the depleted mantle yielding the peridotitic fraction of the mantle source is calculated with the
parameters Xp pers Fomper Ipm.per» and the depleted mantle yielding the source of the mafic crust is calculated
with the parameters Xpn vc» Fommcs fommc (Figure 3, Figures S6 and S7 in Supporting Information S1). As a
reminder, Xpy, is the mass fraction of the source affected by depletion, Fpy, is the degree of partial melting this
fraction experiences, and fp,, is the depletion age. This initial mantle depletion event is modeled to take place
prior to 2.5 Ga.

In variants 0xxxx, Xpp pe, Show similar values compared to Xpy; v (Figure S6 in Supporting Information S1),
however Fpyy pe, values are higher than Fpyy pc (0.05-0.10 compared to <0.03), yielding a more depleted DM for
the source of peridotite. This difference makes sense conceptually as the mafic material to be recycled in our
model is produced by a source devoid of recycled crustal material, unlike modern MORB and OIB. It therefore
ought to be more fertile than normal mantle peridotite to resolve this “chicken and egg” situation. In variants
1xxXX (Xpm.perr Fompers Iomper) = Xpmmes Fomme fommce)s this early form of mantle heterogeneity is
excluded, leading to lower model success rates (Figure 3).

An important finding of the model is the dependence of peridotite depletion results on the presence or absence of
garnet in the melting assemblage during the depletion of the PM to a model DM in the sequence of events leading
to mantle source peridotite (Xpy per» Fpm per PArameters at fpyg pe, = 4.0 Ga to 2.5 Ga). When garnet is present in
the melting assemblage of this early depletion event, Xpy; pe, and Fpy pe, Show no clear pattern between MORB
and OIB, with means at X pe, = 0.4 and Fpyyq pe, = 0.06 (Figure 3). When garnet is absent, however, MORB and
OIB results become decoupled with higher Xy pe, values for OIB (= more of the PM affected by depletion) and
higher Fpy pe, values for MORB (Figure 3).

The splitting of results for the model DM (Xpyy pe; and Fpyy pe,) between MORB and OIB in the non-garnet case
subsequently has a knock-on effect on results of the second peridotite depletion event (F jp,, at ? p,, sSee Figure 1,
Table 1, and Figure S8 in Supporting Information S1). The repartition of F ., results (Figure 3) does not depend
on the presence of garnet in the melting assemblage of this second depletion event (second letter of model variant
names), but is rather fully controlled by the presence of garnet in the melting assemblage of the previous DM-
forming event. In the garnet-bearing case, Fp.,. values show an identical repartition for MORB and OIB with
low F means between 0.02 and 0.03 (Figure 3). In the non-garnet case, however, OIB show depleted F p., values
with means of 0.05, while MORB show similar means compared to the garnet-bearing case (Figure 3).

To fully assess the extent of time-integrated peridotite depletion, we combine the two consecutive peridotite
depletion events into a single metric, the total peridotite depletion F,; (see Section 2.2 for details). Note that F,
does not include the final (third) peridotite melt-depletion event, that is, the present-day generation of MORB and
OIB melts, but rather tracks the depletion events affecting the composition and isotope signature of peridotite
entering the present-day melting zone.

In variants 00xxx and 10xxx, F; results show a similar repartition for MORB between the garnet and non-garnet
cases (means of 0.06) (Figure 3). OIB F, results are almost identical to MORB in variants 00Gxx, lower than
MORB in variants 10Gxx (means of 0.05), and higher than MORB in variants x0Sxx (means of 0.07). Variants
11xxx show F, results between 0.06 and 0.09 without a clear MORB-OIB systematic, which is likely a conse-
quence of their low success rate (Figure 3).

Lutetium has a higher solid/liquid partition coefficient Kd in the garnet-bearing melting assemblage (Table S1 in
Supporting Information S1), leading to a depleted peridotite with a more radiogenic '"SHf/'"Hf for a given
3Nd/"**Nd compared to the spinel-bearing case (Salters et al., 2011). The different choices of garnet versus
spinel stability field during the successive melt-depletion events modeled across model variants lead to drastically
distinct results systematics for F; in Nd—Hf isotope space (Figure S9 in Supporting Information S1). In most
stability field combinations, cells with a radiogenic '7®Hf/"”"Hf for a given '**Nd/'**Nd have higher F, results
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(i.e., the related model melts sample more depleted peridotite). This is the case for xxGGx, xxSGx, and xxSSx
combinations (excluding 11SSx and its low success rates). This relation becomes reversed in xxGSx combina-
tions, however, with cells with a radiogenic '7®Hf/""’Hf for a given '**Nd/'**Nd having lower F, results.

3.3. Mafic Crust Recycling and Non-Magmatic Processes

As mentioned in Section 2.2, the formation of recycled mafic crust is fully quantified in our model, departing from
the traditional approach of using modern MORB as a proxy for mafic crust composition. As a reminder, the
depletion of the mantle source of mafic crust is controlled by the variables Xpy mcs Fommes fommcs Where Xpy
mc is the mass fraction of the source affected by depletion, Fpy; v is the degree of partial melting this fraction
experiences, and tpy vc is the depletion age. Note that the degree of melting of the re-homogenized source
leading to mafic crust is denoted by Fy;c and happens later in the model (post 2.5 Ga).

We find Xpypvc has a strong control on the isotope composition of modern MORB and OIB. This parameter
corresponds to how primitive the mantle source of mafic crust is. In all model variants, Xp; pc results span the
whole input range, from Xpy; \c = 0 (= fully primitive mantle) to Xpypc = 1 (= all mantle seeing some melt
extraction of degree Fpy e at time fpyy pc), With a mean MORB value of Xy vc = 0.75 and a lower (more
primitive) mean OIB value of Xpy; vc = 0.5. High values of Xpy,; v correspond to isotopically depleted cells,
while more primitive Xpy v Values (<0.3) correspond to isotopically enriched OIB (EMII-type and Sdo Miguel-
type but not EMI-type or HIMU-type) (Figure S10 in Supporting Information S1). This parametrization of the
mantle source yielding recycled mafic crust is similar to mantle source models varying the composition of
recycled mafic crust from D-MORB to E-MORB (Gale et al., 2013). Béguelin et al. (2017) used such a model to
interpret the isotope signature of Eastern Azores with similar results (see also Elliott et al., 2007).

The source of the recycled mafic crust melts with a degree of melting Fy;c of ~0.05 (see Figure S8 in Supporting
Information S1) at time #z. Mafic crust ages occupy the younger half of the model range (see Table 1 for range)
with all #z- means < 1.5 Ga. Sdo Miguel lavas (Eastern Azores) occupy some of the only cells with a significantly
old recycled crust age ¢ (Figures S10 and S11 in Supporting Information S1). Recycled sediments are derived
from a continental crust reservoir (composition in Table 1) of age 7. The repartition of 7. results across model
variants follows that of 7, \vic (garnet vs. spinel control, see above) (see Figure S7 in Supporting Informa-
tion S1). Sediments are mixed with the mafic crust in a proportion f.4 to form recycled crust, which makes up a
proportion fr of the mantle source of each model simulation. Across all model variants, fi is the most robust
discriminator between MORB and OIB results (Figure 4). fzc values show means of ~0.03 for MORB and ~0.05
for OIB, much lower than the allowed maximum of 0.15. Values higher than 0.05 are found in enriched OIB
(EMII-type and Sdo Miguel-type, but not EMI-type and HIMU-type) (Figure 5). The proportion of sediments in
the recycled crust fg.q does not vary systematically between MORB and OIB, with only the EMI subset of OIB
samples showing values above 0.05 (Figure 5), in agreement with existing geochemical interpretations of this
type of isotopic composition (e.g., Blichert-Toft et al., 1999; Eisele et al., 2002). fy.q, however shows a clear
pattern between variants XXGXX (fgeq ~ 0.045) and xxSxxX (fs.q ~ 0.02), compensating for the effects of garnet
versus spinel stability field in Nd—Hf isotope space (Figure 5 and Figure S9 in Supporting Information S1). The
systematics of fz results in the Nd—Hf isotope space is however robust to these parameters (Figure 5).

Alteration of the mafic crust at time #z is modeled as the addition of Rb and U. Results across model variants
show this addition of U is needed to reach natural sample cells with a radiogenic 2°°Pb/***Pb for a given
207pp/2%*Pb (Figure 5). The subsequent dehydration of the mafic crust 4+ sediments mixture (also at fp ) is needed
to explain OIB samples with the most radiogenic Pb (Sao Miguel-type and HIMU-type) (Figure 5). Modeled
extents of alteration fy; and dehydration fp;,, both occupy their whole input range (Figure 4).

3.4. OIB—MORSB Relative F; and fr Results

The extent of peridotite depletion F,; and the amount of recycled crust fzc are also parameters tracked in the
geodynamical model. The F,; and fic results for MORB and OIB in the geochemical inversion model can
therefore be compared with those of plumes and ridges in geodynamical model runs. However, in the geo-
dynamical model, the absolute F; and fi values are dependent on the starting compositional mixture used (see
Text S3 in Supporting Information S1). We therefore calculate and discuss the relative offsets between mean OIB
and MORB values:
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Figure 4. Mafic crust recycling and non-magmatic processes results for all variants of the geochemical model. Variants are listed on the left and their success rate on the
right (= percentage of data cells with one or more matching simulation). Color saturation represents the relative distribution of results for each variant, for MORB in
orange and for OIB in blue. Diamonds show means, weighted for plume buoyancy for OIB. (a) fz: Mass fraction of recycled crust in modeled mantle source. (b) fg.q:
Mass proportion of sediments in recycled crust. (¢) f,: Extent of mafic crust alteration. (d) fp,,: Extent of dehydration of the recycled mafic crust and sediments.
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Values for AF, range between —0.018 and +0.024 across model variants, reflecting the mean OIB F, variations
described above. Afy values are always positive, ranging from +0.005 to +0.027 (Figure 6).

In order to integrate all the results of the geochemical inversion model, we calculate the unique inter-variant
means AF, 5™ and Afp9°°"™, These means are weighted at the success rate of each variant, yielding
AF,Sohem — 10,004 + 0.012 and Afip 7™ = 40.015 =+ 0.006.

3.5. Self-Consistency of the Geochemical Inversion Model and Validity of Assumptions

Our mantle melting parametrization is simple, using bulk melt/rock partition coefficients for peridotite and
recycled crust rather than a detailed thermodynamical calculation of melting assemblages. However, we keep
peridotite melting degrees as free parameters (for past and present-day melting) and explore the consequences of
melting in the garnet versus spinel stability field at various periods of mantle differentiation using model variants
as endmember scenarios (see details in Figure 6). This approach allows assessing the sensitivity of model results
to variable melting scenarios, a contextualization that a more deterministic model would obscure.

The geochemical model treats each sample separately, effectively considering a unique mantle for each sample.
This means that our model does not consider the binary mixing of melts from two heterogeneous mantle sources
as a potential process to explain isotope data at the local scale. We test whether our model results are equivalent to
a binary melt mixing scenario for the lavas from Sdo Miguel, Azores (Groups II and III from Elliott et al., 2007),
which are a likely example of such binary mixing (Beier et al., 2007; Béguelin et al., 2017; Elliott et al., 2007). We
find our model results for fi, F; and fz change linearly with isotope values along the Sdo Miguel trend, a pattern
fully equivalent to the binary mixing of chemically similar melts from two mantle sources with different fzc, F,,
trc values (Figure S11 in Supporting Information S1).
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Figure 5. Mafic crust recycling and non-magmatic processes results for variant 00GGG in (left) 1B3Nd/4Nd-"7oHE/' 7 HE, (center) 2°®Pb/>**Pb-2"Sr/%Sr, and (right)
206pp /294pb—207pb /2P space. For (a—c) Sres (A=) fseqs (8-1) fare and (G-1) fpy (see Figure 4 caption for spelled-out names). The median results for each modeled cell
are plotted. Gray cells have no model results. Fields in (center) highlight cells with affinities to traditional isotopic endmembers. SM, Sao Miguel (Azores). The
Extended Figure 5 Supplement (Supporting Information S2) of this article shows these plots for all 24 model variants.
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Figure 6. Results of geochemical model variants. Variant characteristics and success rates are detailed in the table. (a) Comparison of the geochemical model's AF,

values against the mean AF,“°®" value. (b) Comparison of geochemical model's Afy - values against the mean Ay

Geodyn yalue. Lozenges are individual model

variants. Associated bars show the variability among plumes with one standard deviation on each side.

On a global scale, we argue that considering an independent mantle source for each sample is reasonable as only a
fraction of the mantle is sampled by today's MORB and OIB. A geochemical model handling Earth's mantle as a
whole would need to assume the age and mass of material stored outside the mantle (oceanic and continental
crust), of mantle material too depleted to melt (harzburgite, possible “BEAMS”: Ballmer et al., 2017), and of
enriched material trapped in potential hidden reservoirs untapped by today's oceanic basalts (e.g., Murphy
et al., 2010). Making assumptions on the state and composition of the mantle outside the source of each sample
would compete with the full-mantle geodynamical model, introducing a form of circular reasoning in the present
study. Nonetheless, our model results show that the average age of continental crust formation 7 is similar to the
average depleted mantle formation ages fpy e and fpype, in all model variants (Figure S7 in Supporting
Information S1).

It is also worth examining whether the timing and extent of post 2.5 Ga peridotite depletion and mafic crust
formation are similar. This equivalence is forced by design in model variants 11xxx with (Fpe., typer) = (Fypcs
tre)- In variants 00xxx and 10xxx, the extent of peridotite depletion F ;.. and mafic crust formation Fy,- are
similar, around 5% on average. The ages of these processes however are not, with 7. ~1.6 Ga and fg ~1.0 Ga
(Figure S8 in Supporting Information S1). This inconsistency can be explained by the strong control of Pb isotope
systematics on the crust recycling age . Pb isotopes have no control on .. due to the low Pb content of
peridotite. Average t,p., values are therefore near the middle of the allowed range (see Table 1), whereas tzc
values are young in order to explain samples with a high 2°°Pb/>**Pb for a given **’Pb/?**Pb. We argue these
inconsistencies do not invalidate our model as (a) parent/daughter ratios and elemental concentrations which are a
function of the consistent F ., and Fy;c values have a greater bearing on the isotope composition of aggregated
melts than ages, and (b) ?,p., and fz values are near-identical between MORB and OIB results in any model
variant, which means inconsistencies are circumvented when focusing on OIB results relative to MORB as is
done in this study instead of focusing on absolute values.

Focusing on the relative AF; and Afg values rather than on absolute values further allows circumventing several
model assumptions on starting points and on the modeled sequence of events, as these assumptions have an
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identical bearing on the OIB and MORB results. These assumptions include starting with a PM composition,
modeling only one recycling event, assuming the recycled crust is present as recycled mafic material rather than
under the form of a metasomatic cargo (see Herzberg et al., 2014; Niu & O'Hara, 2003), using the GLOSS as the
composition of recycled sediments, and correcting the Pb and Th concentration of the PM and CC (see Text S1 in
Supporting Information S1).

4. The Forward Geodynamical Mantle Circulation Model
4.1. Model Architecture and Constants

This section presents an overview of the geodynamical model architecture. The associated data, scripts and in-
structions can be found in the code repository of the present publication (Béguelin, Panton, et al., 2025). The
geodynamical model runs presented here were run on the UK national supercomputer Archer 2 as part of the
collaborative project MC2—Mantle Circulation Constrained. More details on this project and the geodynamical
model can be found in Panton et al. (2022, 2023), Plimmer et al. (2024), and Davies et al. (2025). The numerical
geodynamical model models thermochemical convection in a spherical shell representing the mantle by solving
the conservation of mass, momentum and energy equations. It does this by solving for the mantle velocity,
pressure and temperature on a structured grid (Baumgardner, 1985; Baumgardner & Frederickson, 1985;
Bunge & Baumgardner, 1995; Bunge et al., 1995; Stegman et al., 2002; Yang & Baumgardner, 2000). The radial
resolution of the grid is 45.2 km, while the lateral resolution varies from 59.9 km at the surface to 32.7 km at the
core-mantle boundary (CMB).

The geodynamical model runs discussed here are mantle circulation models, where the surface velocity is pre-
scribed by plate motion history (Miiller et al., 2022) going from 1 Ga to present-day. The surface has an
isothermal temperature of 300 K, and the CMB is assumed to be a free-slip boundary with an isothermal tem-
perature of 3,800 K in the reference case. Phase transitions at 410 and 660 km depth have Clapeyron slopes of
+1.5 (MPa K™!) and —1.0 (MPa K™'), and density changes of 230 (kg m~>) and 380 (kg m™>) respectively.
Thermal conductivity is 4 (W m~' K1), specific heat is 1,100 (J kg™' K™"), thermal expansivity is 1.19 - 107>
(K™ t0 3.79 - 1073 (K™1), and reference viscosity is 4 - 10>' (Pa s). The initial condition for the models is
produced by first running a mantle convection model, that is, with a free-slip surface boundary condition, until the
model approaches a statistical steady-state. Then, the first plate stage velocity boundary condition is applied at the
surface for 200 Myr so that the mantle structure relates to the surface velocity boundary condition.

In the geodynamical model, composition is locally tracked on particles which are followed through the flow (van
Heck et al., 2016). The bulk composition is described by a single scalar parameter (C), which varies from C = 0
(completed depleted) to C = 0.2 (average mantle lherzolite), and C = 1 enriched (basalt). The composition is
mapped from the particles to the grid nodes to incorporate the influence of chemistry on the body force. All
geodynamical model runs discussed here are initialized with the following mixture of particles: 40% with C = 0,
50% with C = 0.2, and 10% with C = 1.

To calculate the F; and fr values corresponding to MORB and OIB in the geodynamical model, we extract the
list of particles present under ridges and plumes active in the model at present-day (see details in Text S3.1 of
Supporting Information S1). In each geodynamical model run, F,; and fi values are calculated from the C values
of populations of particles (one F,; and one f value per population):

1
Fy=02———> C*
d n—m Z !

Ly 02 -02m
fe ="

where 7 is the total number of particles in a population, and m is the number of these particles with C> 0.2, C;> °2

is the C value of an individual particle with C > 0.2, and C,<°2 s the C value of an individual particle with C < 0.2.

We then use the same equations as in Section 3.4 to calculate the geodynamical model's AF,S°®" and
AchGeOdy". Note that the mean F dOIB’Ge°dy" and fRCOIB'GeOdY“ values are weighted by the calculated buoyancy of

each plume recognized in the geodynamical model.
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Figure 7. (a) Comparison of geodynamical model Afy values against the global Afy

Geochem

model AF,; values against the global AF,
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Af, AF,

Geochem yajue (from the geochemical model). (b) Comparison of geodynamical

value (from the geodynamical model). Associated bars show the variability among modeled plumes with one standard

deviation on each side. Prim. Layer, primordial layer; Post-Bgm, post-bridgmanite.

Particles are randomly distributed in the mantle until 1 Ga (AF,5°%™ = 0 and Afr . <°®™ = 0), after which the
geodynamical model starts generating spatial heterogeneities. While the geochemical model is free to generate
older MORB-OIB differences, our results show that the well-constrained age of the recycled crust 7 is younger
than 1 Ga in most variants (Figure S8 in Supporting Information S1), suggesting that the timeline of MORB-OIB
heterogeneity is comparable in the two classes of models.

4.2. Parameter Space of Variables in Geodynamical Model Simulations

The variable parameter space of the geodynamical model explored in the present study include the temperature of
the core-mantle boundary (CMB), the buoyancy number of mafic material in the mantle, and the presence or
absence of a dense primordial layer at the CMB. An extended parameter space including the mantle viscosity
profile and core cooling will be discussed in a related publication centered on the geodynamical model results.

We run geodynamical model simulations with CMB temperatures 7\ of 3,400, 3,600, 3,800, and 4,000 K.
Runs with Ty = 4,200 K proved too unstable to yield accurate results. Mean mantle temperature is adjusted as
follows: lower mean temperature for cooler CMB temperatures and higher mean temperatures for hotter CMB
temperatures, in an attempt to keep the CMB heat flux similar to the reference case of 3,800 K.

The buoyancy number of mafic material B (dimensionless) in the lowermost mantle is given by the following

ratio:

_ py
ap AT

Where dp,, is the density difference between purely basaltic material and material with an average mantle
composition (lherzolite), a is the coefficient of thermal expansivity at the CMB, p,, is the reference density at the
CMB, and AT is the temperature difference between the CMB and surface boundaries. We run geodynamical
model simulations with B values of 0.22, 0.44, 0.66, and 0.90.

Geodynamical model runs are listed in Figure 7. We run a series of geodynamical model simulations varying
Temp at B = 0.44 and B = 0.90, and a series of geodynamical model simulations varying B at Ty = 3,800 K.
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This set of 11 geodynamical model simulations is ran twice: once with a dense primordial layer at the CMB and
once without, thus totaling 22 runs. The buoyancy number of the primordial layer is 0.9 in the runs with B = 0.9
(Figure 7), and 0.44 in all other runs. More details on primordial layer parametrization are in Panton et al. (2023).
Runs focused on T~ variations have a viscosity profile with a shallow post-bridgmanite transition (2,570 km),
whereas runs focused on B have a viscosity profile with a deep transition (2,800 km) (Figure S12 in Supporting
Information S1).

5. Integrating the Results From the Geochemical Model and Geodynamical Model
Runs

5.1. Geodynamical Model Results and Fit With the Geochemical Model

The geodynamical model runs discussed here produce between 2 and 11 mantle plumes with a mean of 7.2 for a
detection depth of 1,500 km, and 6.1 plumes for a detection depth of 2,500 km (Figure 7). In comparison, 48
plumes are identified in the Earth's mantle by Hoggard et al. (2020), with 33 of these plumes accounting for 95%
of the total buoyancy flux. According to these authors, the 8 strongest plumes on Earth account for 45% of this
total (Iceland, Afar, Hawaii, Cape Verde, Samoa, Balleny, Reunion, and Galapagos). The cumulative sum of the
total buoyancy flux from the strongest to the weakest of Earth's plumes shows good agreement with the total
buoyancy fluxes extracted from geodynamical model runs (Figure S13 in Supporting Information S1).

AF,S°D™ results across the 22 geodynamical model runs have a mean AF,“°®" = +0.004, identical to
AF Seochem (=4 (.004). The associated inter-run standard deviation for the geodynamical model is +0.004, a
much narrower range than the inter-variant standard deviation of the geochemical model, which is +0.012.
Afrc %" results across geodynamical model runs have a mean Afp "™ = +0.027 with a standard deviation
of +0.031. This value is partially controlled by outliers on the higher side, leading to a lower median of
AfpcSe°®™ = +0.019. The inter-geodynamical model runs and inter-geochemical variants standard deviation for
Afrc shows the opposite trend as for AF,,, with a narrow range for Afp "™ (=+0.006) and a wide range for
AfpcSP™ (=£0.031). The Afyp ™™ mean of 40.015 fits well within this larger range, and the geodynamical
model median is within error of the geochemical model value.

The two classes of models thus show a good fit when considering their average AF,; and Afgc results. This
correspondence is unlikely to be fortuitous as the results of both models are not random with respect to their
inputs. In the geochemical model, F, and f are a product of the inversion and occupy a small and consistent
fraction of the available ranges (Figures 3d and 4a). In the geodynamical model, trends are visible between input
values for Tyg and B and the resulting AF; and Afg (Figure 7). Rather, this fit suggests appropriate input ranges
have been chosen for both classes of models. Interestingly, the variability of AF, and Afg is opposite, with near-
constant Afy and variable AF, results in the geochemical model and with variable Afy and near-constant AF,
results in the geodynamical model.

5.2. Reducing the Parameter Space of Both Classes of Models

The matching AF,; and Afy averages of the geochemical model variants and geodynamical model runs, along
with their opposite ranges, allow connecting the parameter space of both classes of models. Geochemical model
variants can be rated based on how well their variable AF,%°*™™ match the well-defined AF,%°®™, and geo-
dynamical model runs can be rated based on how well their variable Afpc"*™ match the well-defined

Geochem
Afre :

Low CMB temperatures (3,400 and 3,600 K) lead to the best fits between Afp ™ and the Afyp "™ range
(Figure 7). The reference case of 3,800 K leads to a good fit if B = 0.66, while a high CMB temperature of 4,000 K
always lead to AfpcS°®" values outside of the Afpc"°*™™ range. A buoyancy number B = 0.22 in the geo-
dynamical model yields AfpcS°®" results of ~0, never within the range of Afp°°™™. A buoyancy number
B = 0.44 leads to a match with Afpc ™™ if the CMB temperature is < 3,800 K, but not in the reference case
(3,800 K). A buoyancy number B = 0.66 shows the best match with Afrc ™™ at this CMB temperature.
Comparison with the geochemical model thus suggests that a buoyancy number of B = 0.22 and a CMB tem-
perature of 4,000 K are unrealistic. The presence of a dense primordial layer at the CMB in the geodynamical
model leads on average to a slightly improved fit of Afpc°®" values with Afyp 2™ (Figure 7).
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Only 7 of the 24 geochemical model variants yield a AF,5°°"™ within the range of AF,%*°®" (Figure 6). These
are variants 00Gxx and variants 11GSS, 11SGG, and 11SGS. These three latter variants can be discarded due to
their relatively low success rates (only 22%—-65% of data cells can be reached by the model). In contrast, variants
00Gxx are highly successful with >97% of data cells reached by the model. These variants treat the formation of
the DM source of recycled mafic material independently from that of the DM source of peridotite and decouple
mafic crust formation from the second event of peridotite depletion. In these variants, PM melt-depletion to form
DM occurs in the garnet stability field. The parameters distinguishing the four variants from each other are
whether later melting events occur in the garnet or spinel stability field. As discussed in Section 3.2, the
parametrization of these later melting events has only a minor impact on the model results.

5.3. Geological Implications and Perspectives

Our geochemical inversion model and the forward geodynamical mantle circulation model are fully separate and
independent models, but their results are quantitatively consistent. This suggests that both modeling approaches
are valid with realistic ranges for input parameters. Our estimates of the mantle's AF; and Afg values provide a
useful theoretical basis for studies of Earth's thermochemical evolution. These values are also useful references
for studies of plumes thermochemical buoyancy, as the compositional buoyancy of an upwelling plume in the
upper mantle is a direct function of these two parameters. The presence of recycled crustal material in mantle
plumes is a longstanding and widely accepted concept in geochemistry (e.g., Hofmann & White, 1982; Weis
et al., 2023). This idea is both confirmed and quantified by our results with the geochemical model suggesting that
the plume mantle contains on average 1.5% more recycled crust compared to the ridge mantle and the geo-
dynamical model suggesting 1.9% (median result). Our results, however, also suggest that plume peridotite is
slightly more depleted than ridge mantle peridotite, on average 0.4% more depleted in both models. This finding is
at odds with the simple paradigm of enriched plumes, suggesting instead that the plume mantle is more chemically
heterogeneous than the ridge mantle, with both excesses in peridotite melt-depletion and in the amount of
recycled crust. An excess in plume peridotite depletion makes sense geologically as down-going slabs consist of
both recycled oceanic crust and melt-depleted mantle lithosphere. Importantly, the presence of melt-depleted
peridotite in mantle plumes increases their compositional buoyancy (Afonso & Schutt, 2012). The extent and
temporal variability of peridotite melt-depletion in an upwelling plume is thus a parameter relevant to its up-
welling dynamics. Depleted peridotite has indeed been invoked as a source of buoyancy for Iceland and Hawaii
(Béguelin, Stracke, et al., 2025; Sanfilippo et al., 2024; Shorttle et al., 2014).

Our integration and subsequent reduction of both models' parameter space provides additional constraints on the
thermochemical structure and history of the mantle (see Section 5.2). The success rate of geochemical model
variants and the comparison of AF,%°™*™ results with the AF,,%°°™" mean validate model variants 00Gxx. These
variants require mantle processing and heterogeneities to be relatively old, with a mantle on average more
primitive for the source of the recycled mafic material than for the rest of mantle peridotite prior to 2.5 Ga
(Sections 3.2 and 3.3). Model variants with a more homogeneous DM at 2.5 Ga can model >94% of data cells but
never match AF,5°®™ (Figure 6). Note that these old heterogeneities refer to the difference in origin between
mafic material and mantle peridotite, and not to the modern spatial heterogeneities (e.g., plume vs. ridges). Mantle
melting after 2.5 Ga must be treated separately as well, as linking mafic crust formation and peridotite depletion
provides only a relatively low model success rate (11%—-86% of cells). Our geochemical model results require DM
formation to occur in the garnet stability field to match the robust AF,%°°®" value. DM formation in the spinel
stability field leads to plume peridotite depletion in excess of what the geodynamical model results allow. This
latter finding may however need to be confirmed by future geodynamical model runs with alternative initial
compositional mixtures to further test the effect of this parameter on AF,5°™" (see discussion in Text S3 of

Supporting Information S1).

Geodyn Geochem

Comparing the variable Afgc results to the robust Afgc value suggests that the CMB temperature is
between 3,400 and 3,800 K. Our model comparison suggests that a temperature of 4,000 K can be excluded. The
buoyancy number of upwelling recycled crust must be at least 0.44 with a best fit value of 0.66. A value of 0.22
leads to Afp %" values lower than what Afy-C°°™*™ in the geochemical model allows, likely resulting from a
more efficient rate of full mantle mixing. We also find that a dense primordial layer at the CMB, as modeled in the

geodynamical model, leads to a better fit with the geochemical model.
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Our geochemical model results suggest that recycled sediments make up only around 0.1% of the MORB and OIB
mantle sources (fg.q  frc)- This parameter does however explain the EM-type compositions (see Section 3.3). In a
similar fashion, HIMU-type compositions reflect dehydration processes that only affect minute amounts of the
bulk source (see Section 3.3). Consequently, an EM-HIMU endmember mixing paradigm is irrelevant to 99.9% of
the source, and no link should be made between large scale density structures in the mantle, theorized or imaged
through seismic tomography, and the first order geometry of the MORB-OIB radiogenic isotope systematics.

The time-integrated isotopic effects of source parameters relevant to mantle density (peridotite depletion F,; and
amount of recycled crust fy ) cannot be easily dissociated from those of processes with near insignificant effects on
source density such as sediment recycling, oceanic crust alteration and dehydration. F, and fi can therefore only
be calculated from isotope systematics when non-magmatic effects have been carefully corrected. This means that
outputting radiogenic isotope systematics directly from geodynamical models using tracers (radioactive and
radiogenic isotopes) is of limited use. This is because sediment recycling, crustal alteration and dehydration cannot
be integrated currently into the model and would have to be treated separately. The opposite approach we use here
solves this issue as the full integrated parameter space linking isotope systematics to source parameters (magmatic
and non-magmatic) can be explored statistically through billions of Monte Carlo simulations, while only 10-100s
of geodynamical model runs can be produced over the course of an entire research project.

The good agreement between the compositional results of both classes of models demonstrates that our
geochemical model is indeed sensitive to the most important compositional source parameters. It is however
significantly less sensitive to chronological parameters. This is because the most chronologically sensitive isotope
ratios, 2°°Pb/***Pb, 2"Pb/***Pb, 2°®Pb/?**Pb, are also the systems depending on the most complex elemental
cycling with many uncertainties on U-Th-Pb budgets during low-temperature processes and on the storage of
these elements in the mantle. New constraints on this cycling will be key to enable a better modeling quantifi-
cation of the residence time of recycled crust in the mantle and a more systematic understanding of the ther-
mochemical evolution rate of terrestrial planets.
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