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Abstract

The evolution of mantle composition can be viewed as process of destruction whereby the initial chemical state is overprinted

and reworked with time. Analyses of ocean island basalts reveals that some portion of the mantle has survived this process,

retaining a chemically ‘primitive’ signature. A question that remains is how this primitive signature has survived four and half

billion years of vigorous convection. We hypothesize that some of Earth’s primitive mantle is buried within a slab graveyard at

the core-mantle boundary. We explore this possibility using high-resolution finite element models of mantle convection, in which

oceanic lithosphere is produced at zones of plate spreading and subducted at zones of plate convergence. Upon subduction,

dense oceanic crust sinks to the base of the mantle and gradually accumulates to form broad and robust thermochemical

piles. Sinking oceanic crust entrains the surrounding mantle whose composition is predominantly primitive early in the model’s

evolution. As a result, thermochemical piles are initially supplied with relatively high concentrations of primitive material

–summing up to ˜30% their total mass. The dense oceanic crust that dominates the piles resists efficient mixing and preserves

the primitive material that it is intermingled with. The significance of this process is shown to be proportional the rate of

mantle processing through time and the excess density of oceanic crust at mantle pressures and temperatures. Unlike existing

theories for the survival of Earth’s primitive mantle, this one does not require the early Earth to have anomalously high density

or large scale viscosity contrasts.
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Key Points:6

• Subducting oceanic lithopshere entrains primitive mantle as it sinks to the core-7

mantle boundary8

• Dense oceanic crust forms robust thermochemical piles that can trap and pre-9

serve primitive material over the age of the Earth10

• The mixture of primitive and recycled material may explain the co-existence of11

these signatures observed in ocean-island basalts12

• Numerical models exploiting advection of tracer data yield qualitatively spurious13

results if the approximation of the Stokes system divergence free constraint is14

not accurately satisfied pointwise15
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Abstract16

The evolution of mantle composition can be viewed as process of destruction whereby17

the initial chemical state is overprinted and reworked with time. Analyses of ocean18

island basalts reveals that some portion of the mantle has survived this process, re-19

taining a chemically ‘primitive’ signature. A question that remains is how this primitive20

signature has survived four and half billion years of vigorous convection. We hypoth-21

esize that some of Earth’s primitive mantle is buried within a slab graveyard at the22

core-mantle boundary. We explore this possibility using high-resolution finite element23

models of mantle convection, in which oceanic lithosphere is produced at zones of24

plate spreading and subducted at zones of plate convergence. Upon subduction, dense25

oceanic crust sinks to the base of the mantle and gradually accumulates to form broad26

and robust thermochemical piles. Sinking oceanic crust entrains the surrounding man-27

tle whose composition is predominantly primitive early in the model’s evolution. As a28

result, thermochemical piles are initially supplied with relatively high concentrations29

of primitive material – summing up to ∼30% their total mass. The dense oceanic crust30

that dominates the piles resists efficient mixing and preserves the primitive material31

that it is intermingled with. The significance of this process is shown to be proportional32

the rate of mantle processing through time and the excess density of oceanic crust at33

mantle pressures and temperatures. Unlike existing theories for the survival of Earth’s34

primitive mantle, this one does not require the early Earth to have anomalously high35

density or large scale viscosity contrasts.36

Keywords: geodynamics, mantle convection, primitive mantle37

Plain Language Summary38

When oceanic plates pull apart the mantle melts to form slabs of lithosphere,39

which are later recycled back into the mantle at subduction zones. This process of40

melting and subduction destroys the initial chemical signature of the mantle. Geo-41

chemical analyses reveal that some portion of the mantle has avoided this process and42

retained a chemically ‘primitive’ signature. How this material has survived vigorous43

convection for ∼4.5 Gyr is an open question. Here we propose that it may be preserved44

at the base of the mantle in large accumulations of subducted lithosphere. These accu-45

mulations are dominated by dense oceanic crust but can comprise up to 30% primitive46

material. The intermingling of oceanic crust and primitive material may explain why47

the chemical signatures of both coexist in volcanic eruptions at Earth’s surface.48

1 Introduction49

Nearly all chemical heterogeneity in the mantle is the result of geological processes50

that have altered its initial composition. The one exception is heterogeneity that exists51

because some portion of the mantle remains unaltered. This ‘primitive material’ has52

been identified by measuring noble gas concentrations of modern mantle derived rocks53

(Graham et al., 1998; Hilton et al., 1999; Kurz et al., 1982; Saal et al., 2007; Stuart et54

al., 2003). Its existence is one measure of how (in)efficiently geological processes have55

changed mantle composition over the past four and half billion years.56

The survival of primitive material in the modern mantle is a puzzle for anyone in-57

terested in Earth’s chemical evolution. Primitive material has been detected in volcanic58

rocks at geographically widespread locations, suggesting that it is a relatively prevalent59

mantle reservoir. Examples include ocean island basalts (OIBs) such as Hawaii (Kurz60

et al., 1982), Samoa (Jackson et al., 2007), Galapagos (Saal et al., 2007) and Iceland61

(Starkey et al., 2009), and large igneous provinces (LIPs) such as Baffin bay and West62

Greenland (Jackson et al., 2010). In contrast, a fundamental insight from studies of63
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mantle mixing is that at present day convective vigor large-scale heterogeneity will be64

destroyed in less than Earth’s lifetime (Hoffman & McKenzie, 1985). Moreover, such65

estimates can be considered conservative because convective vigor is likely to have66

been higher in the past due to higher radiogenic heat production.67

One possibility is that primitive material possesses physical properties that resist68

mixing by thermal convection. For example, high density suppresses thermal advection69

and promotes the segregation of material to the base of the mantle (e.g., Brandenburg70

et al., 2008; Burke et al., 2008; Christensen & Hofmann, 1994; Garnero & McNamara,71

2008; Kellogg et al., 1999; M. Li & McNamara, 2013; Sleep, 1988; Xie & Tackley,72

2004). Highly viscous rheologies do not efficiently mix by kinematically driven flows73

(Manga, 1996) and can preserve material at the core of large convective cells (Ballmer74

et al., 2017; Becker et al., 1999). Indeed, some combination of both density and vis-75

cosity excesses will be most effective in prolonging the lifespan of any mantle reservoir76

(Deschamps & Tackley, 2008; Y. Li et al., 2014; McNamara & Zhong, 2004).77

Such explanations require that early chemical differentiation on Earth endowed78

some portion of the mantle with distinct rheological and/or thermodynamic proper-79

ties. Mechanisms that could increase mantle density include core-mantle interaction80

(e.g., Deschamps et al., 2012), whereby iron-rich material from the core is added to the81

mantle, and the segregation of iron-rich cumulates during crystallization of a magma82

ocean (e.g., Labrosse et al., 2007). A crystallizing magma ocean could also produce83

silica-rich cumulates (e.g., Ballmer et al., 2017), which would be of much higher vis-84

cosity than the mantle average. Due to a lack of geological information about the early85

Earth, it remains uncertain whether such processes actually occurred, let alone caused86

the requisite change in physical properties that would ensure long-term preservation.87

A different type of chemical differentiation process, for which there is ample88

evidence, is the formation and destruction of oceanic crust. At spreading centers, where89

oceanic lithosphere is created, the mantle melts to form a thin layer of basaltic crust on90

top of a thicker layer of harzburgitic residue. At convergent zones, these components are91

subducted back into the mantle and begin to remix. At upper mantle temperatures and92

pressures, the basaltic component transforms into higher density lithologies, such as93

eclogite (Hirose et al., 1999; Irifune & Ringwood, 1993). This gives subducted oceanic94

crust an excess density with respect to the ambient mantle, which causes it to sink95

and accumulate at the core-mantle boundary (CMB). This newly formed reservoir is96

entrained by mantle plumes and returned it to the surface (Chase 1981; Hofmann and97

White 1980, 1982). Furthermore, large scale convection erodes the reservoir and mixes98

the former oceanic crust back into the ambient mantle. The dynamics of this process,99

termed crustal recycling, have been thoroughly explored using geodynamic models100

and are well understood (Brandenburg & van Keken, 2007; Brandenburg et al., 2008;101

Christensen & Hofmann, 1994; G. F. Davies, 2002; Jones et al., 2020; Ogawa, 2003;102

Nakagawa & Tackley, 2004, 2008; Xie & Tackley, 2004).103

When the argument for recycling oceanic crust was first made (Chase, 1981; Hof-104

mann & White, 1980, 1982), it was made in the context of a debate about whether the105

OIB reservoir included a substantial primitive component (e.g., DePaolo & Wasser-106

burg, 1976, 1979). Hofmann et al. (1986) concluded that it did not. Instead they107

suggested that the trace element characteristics of OIBs could be largely accounted108

for by a reservoir of ancient oceanic crust. The addition of primitive He by another109

mechanism, they noted, would be required to explain the high 3He/4He ratios of some110

OIBs. In favor of this argument is the fact that the formation and subduction of111

oceanic crust is volumetrically the most significant ongoing differentiation process on112

Earth and is therefore likely to be a dominant component of the mantle in general.113

A question that remains is how recycling oceanic crust has influenced the primitive114

mantle over the course of Earth’s history.115
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Figure 1: Computational mesh comprising 73 440 cells generated for mantle convection simulations.

This represents a resolution of 181 nodal points in the vertical direction. h is the thickness of the mantle,

2885 km, and φ is the azimuthal angle in the range 0 to π
2

. To conserve computational cost most of the

parameter space is covered using this ‘quarter’ annulus, while simulations shown in Fig. 7 and Fig. 8 were

conducted on the full spherical annulus mesh (see section 2.2 for details).

In this paper we will demonstrate that the mantle’s primitive component may116

owe its survival to the same processes of crustal recycling that explains so well the117

lithophile element abundances and isotopic compositions of OIBs (e.g., Brandenburg et118

al., 2008; Chase, 1981; Christensen & Hofmann, 1994; Hofmann & White, 1982). Using119

geodynamic models of convective mixing, we show that accumulations of oceanic crust120

at the CMB, which form large thermochemical piles, can contain high concentrations121

of primitive material (up to ∼30%) and are able to maintain these high concentrations122

over billions of years of convective mixing. How primitive material concentrates in123

accumulations of oceanic crust is broadly attributed to entrainment, and in particular124

entrainment early in Earth’s history when the mantle is predominantly primitive in125

composition. The thermochemical piles observed in our models constitute a reservoir126

that can account for the coexistence of recycled and primitive signatures in plume127

derived volcanism. The geochemical significance of such a reservoir is shown to depend128

upon the rate of mantle processing through time and the excess density of oceanic129

crust.130

2 Methods131

2.1 Model Setup and Governing Equations132

We model mantle convection in an incompressible Boussinesq fluid at infinite133

Prandtl number. In non-dimensional form, the governing equations are the conserva-134

tion of mass135

∇ · u = 0 (1)

the conservation of momentum136
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−∇P +∇ ·
(
ηε̇
)

= [RaTα(z)−RcCβ(z)]ĝ (2)

and the conservation of heat137

∂T

∂t
+ (u · ∇)T = ∇2T +Q (3)

where u is the velocity vector, P the dynamic pressure, t time, T the temperature, ĝ138

the unit vector in the direction of gravity, α the thermal expansivity, β the generalized139

chemical compressibility, C the chemical composition, η the non-dimensional dynamic140

viscosity, and Q is the volumetric internal heating. ε̇ is the strain-rate tensor141

ε̇ =
(
∇u +∇uT

)
(4)

and Ra is the thermal Rayleigh number142

Ra =
ρ0gα0∆Th3

κ0η0
(5)

where ∆T is the assumed temperature contrast across the mantle and h is the thickness143

of the mantle. ρ0, κ0, α0, and η0 are the reference values for density, thermal diffusiv-144

ity, thermal expansivity, and dynamic viscosity, respectively. Rc is the compositional145

Rayleigh number146

Rc =
ρ0gβ0∆Ch3

κ0η0
(6)

where ∆C is the chemical contrast between 1, pure basalt, and 0, pure harzburgite147

(see below). For reference values, see Table 1. The effects of hydrostatic pressure are148

included by allowing α and β to vary as a function of depth, z149

α(z) =
d

1− e−d · e
−dz (7)

β(z) =
s

1− e−s · e
−sz (8)

where d and s are constants ln(6) and ln(2), respectively.150

We assume a yield stress rheology similar to Nakagawa and Tackley (2015) and151

Tackley (2000) whereby the viscosity field η is calculated as the harmonic average152

between a linear part that depends temperature and depth, z, and a nonlinear, plastic153

part that depends on the strain rate154

η = (η−1
lin + η−1

plast)
−1. (9)

The linear part is given by155

ηlin(T, z) = η(z) exp

[
27.631

T/3.0 + 0.88

]
× (5.860 52× 10−13 ) (10)

where η(z) is a prefactor156
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Symbol Parameter Reference value Units

h Mantle thickness 2885 km

α0 Thermal expansion coefficient 3×10−5 K−1

ρ0 Density 4500 kg m−3

κ0 Thermal diffusivity 10−6 m2 s−1

∆T Temperature contrast 3000 K

Ra Rayleigh number 107

Table 1: Parameters common to all cases examined and their reference values.

η(z) =

{
1 z ≤ 670 km,

30 z > 670 km.
(11)

The plastic part is given by157

ηplast(z) = η∗ +
σY + σb(z)√

ε̇ : ε̇
(12)

where η∗ = 10−3 is a minimum plastic viscosity threshold, σY = 107 is the constant158

ductile yield stress and σb = 107 is the gradient of brittle yield stress with depth.159

2.2 Geometry and Numerical implementation160

We simulate mantle mixing in the polar-axially symmetric spherical annulus ge-
ometry (Hernlund & Tackley, 2008). We employ two domains: the full annulus Ω and
the ‘quarter’ annulus Ωquart where

Ω = {(r, θ, φ) : (r, θ, φ) ∈ (r1, r2)× {π
2
} × (0, 2π]}, (13)

Ωquart = {(r, θ, φ) : (r, θ, φ) ∈ (r1, r2)× {π
2
} × (−π/4, π/4]}. (14)

Here r, θ and φ are the radius, polar angle and azimuthal angle, respectively, and r1 =161

1.208 318 891 and r2 = r1 + 1 are the inner core and outer surface radii, respectively.162

These domains form equatorial slices of the earth. For our finite element computations163

the full and quarter annuli are subdivided into 293 760 and 73 440 triangular cells,164

respectively (Fig. 1). Both meshes have the same spatial resolution with 91 vertices165

(181 nodal points) in the radial direction.166

The velocity and pressure finite element functions are approximated using the167

standard Taylor–Hood piecewise quadratic and piecewise linear finite element pair.168

The temperature is also approximated by piecewise quadratic finite elements. Periodic169

boundary conditions are enforced on the finite element solutions at the azimuthal170

limits of the domain. At the inner core and outer surface radii the radial component of171

the velocity is set to zero. In the full annulus at each time step we solve for 1 332 163172

and 591 508 degrees of freedom in the Stokes and heat equations, respectively. In the173

quarter annulus with the same number of finite element nodes in the radial direction174

we solve for 332 973 and 147 696 degrees of freedom in the Stokes and heat equations,175

respectively.176

To conserve computational cost we run only two simulations on the full mesh,177

which aids visualization (Fig. 7 and Fig. 8). All other computations were conducted178
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Ωmelt,harzburgite

Ωmelt,basalt

φ

r

rmelt

(rdepth, φmelt − φδ
2 )(rdepth, φmelt + φδ

2 )

(a)

(b)

(c)

Figure 2: Schematic of the melting process used at the surface of the spherical annulus
model, see section 2.2 for details. Here the flow field of an upwelling is represented by
the blue streamlines. Harzburgite and basalt particles are shown as purple crosses and
orange dots, respectively. (a) The configuration of the flow field satisfies the criterion for
generation of a melt zone by eq. (15). (b) Relocating the harzburgite and basalt parti-
cles within the melt zone. (c) The same upwelling velocity configuration with the newly
melted particles in their new positions.
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Figure 3: The mass of mantle processing through melt regions as a function of scaled model time (Sec-

tion 2.4) for the two sets of melting parameters used in this study. For the low processing rate, the melt

azimuth arc width is restricted to a maximum of 0.035 or approximately 223 km arc length at the surface.

The range given for the past 200 Ma (extended back to t′=0 for comparison with model values) is calcu-

lated from the melt production rate of M. Li et al. (2016). The minimum and maximum values assume

partial melt fractions of 20% and 10%, respectively, and a crustal density of 3000 kg/km3.

on the quarter annulus since comparisons with the full annulus yielded the same qual-179

itative results.180

We exploit the components of the FEniCS project (Alnæs et al., 2015) to com-181

pute numerical approximations of the solutions of eqs. (1) to (3) combined with the182

particle add-on library LEoPart (Maljaars et al., 2020) to track chemical composition183

data. FEniCS is particularly useful for simplifying the vector calculus operations in a184

spherical coordinate system with its automatic generation of high performance code for185

finite element formulations represented by computational symbolic algebra. To solve186

the underlying linear system we use the PETSc library (Balay et al., 2019b, 2019a)187

in combination with MUMPS (Amestoy et al., 2000) for the direct factorization of188

matrices.189

2.3 Mantle compositional and melting190

Our approach to modeling mantle composition and melting follows closely that191

of Brandenburg et al. (2008). The ambient mantle is defined by a simple mechanical192

mixture of two particle types whose behavior differs upon melting. A mathematical193

description of the melting process is provided below and is illustrated in Fig. 2. We194

conceptualize the process in the following way. As packet of fluid rises beneath a melt195

region for the first time, one half of the particles are moved to the upper 12.5 km of196

the model domain to form an ‘oceanic crust’ while the other half are moved to the197

87.5 km below the crust to form a lithospheric residue. For simplicity, we refer to these198

components as ‘basalt’ and ‘harzburgite’, and the mixture of both prior to melting199

as ‘lherzolite’, despite these being lithological terms with implications that are not200

accounted for by our model. In accordance with the fact that lithospheric residue is201

seven times thicker than oceanic crust, harzburgite particles have a volume seven times202
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Figure 4: Comparison between output from reference model and measurable quantities: surface heat

flux q (red line), dimensional surface velocity usurface (black solid line) and scaled dimensional surface

velocity u′surface (black dashed line) resulting from the time scaling provided by eq. (19). q and the scaled

dimensional surface velocity of the model are comparable to Earth’s q and surface velocity in the poloidal

direction.

that of basalt particles. This is cheaper than the alternate approach of increasing the203

number of harzburgite particles by a factor of seven.204

Melt zones are generated in the computational model automatically according to205

the following procedure:206

1. Melt zone locations are determined by measurement of flow spreading at the207

domain surface exceeding a tolerance criterion208

spread(u) :=
∂uφ
∂φ

(
r2,

π
2 , φ

)
> TOLspread. (15)

Here TOLspread = 100 is the minimum flow spreading tolerance and uφ is the209

azimuthal component of the velocity field. We further prescribe that this cri-210

terion be satisfied over a minimum azimuth arc Φspread := (φspread,1, φspread,2)211

where φspread,2 − φspread,1 = 0.14 rad (corresponding to ∼ 892 km arc length at212

the surface).213

2. Given a satisfied melt zone criterion, the center of melting is positioned at the214

azimuth argument which maximizes the spread function215

φmelt = arg max
φ∈Φspread

(spread(u)) (16)

and the melt zone spans the azimuthal arc216

Φmelt =

(
φmelt −

φδ
2
, φmelt +

φδ
2

)
(17)

where φδ = 0.035 rad is the melt azimuth arc width (approximately 223 km arc217

length at the surface).218

3. We define the melt zone geometry in terms of the basalt and harzburgite com-219

ponents (Fig. 2a)220
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Ωmelt,harzburgite = (rdepth, rmelt)×Φmelt and Ωmelt,basalt = (rmelt, r2)×Φmelt. (18)

Here rdepth = r2 − 0.035 and rmelt = r2 − 0.035/8 (corresponding to depths221

of 100 km and 12.5 km, respectively) are the melt zone depth and melt zone222

melting radii, respectively.223

4. Each basalt particle in Ωmelt,harzburgite with radial and azimuthal position (rp, φp)224

is relocated to (U(rmelt, r2), φp) where U(a, b) is a random number drawn from a225

uniform random distribution between a and b. Likewise each harzburgite parti-226

cle in Ωmelt,basalt is relocated from (rp, φp) to (U(rdepth, rmelt), φp) (Fig. 2b and227

Fig. 2c).228

2.4 Time scaling, convective vigor and limitations of the yield stress rhe-229

ology230

The vigor of Earth’s convection is an important variable in studies of mantle231

mixing. Since there is no direct measure of velocity through Earth’s interior, we rely232

on surface velocities to define the vigor of convection. However, we have found there233

to be a trade-off between surface velocities and plate stability when employing the234

yield-stress formulation defined by eqs. (9) and (10): higher velocities yield lower plate235

stability and vice versa. Relatively robust plates are maintained at an average surface236

velocity of ∼0.6 cm/yr, approximately one fifth that of Earth’s (considering only the237

poloidal component). To approximate the mantle’s mixing history, assuming a constant238

present-day convective vigor, we run our models for five times the age of the Earth.239

For comparison with Earth time, post-processing plots are given in terms of a scaled240

model time, t′, based on a model-to-Earth surface velocity ratio:241

t′ =
ū

u0
t (19)

where ū is the average dimensional surface velocity of the model, u0 is Earth’s average242

surface velocity in the poloidal direction (∼3 cm/yr) and t is dimensional model time243

based on a diffusional scaling using κ0 from Table 1. The dimensional surface velocity,244

usurf, the scaled dimensional surface velocity, u′surf, and the dimensional surface heat245

flux, q, for our reference model (no compositional effects) are given in Fig. 4.246

Such an approximation cannot capture non-linear effects that scale with con-247

vective vigor but is comparable to the approach used by previous studies of simi-248

larly low convective vigor (Christensen & Hofmann, 1994; G. F. Davies, 2002; Huang249

& Davies, 2007; M. Li & McNamara, 2013). Moreover, Brandenburg and van Keken250

(2007) showed that the scaled time procedure used in Christensen and Hofmann (1994)251

is reasonable since the geochemical consequences of oceanic crust recycling at low con-252

vective vigor could be reproduced in models at full convective vigor.253

It appears that the yield-stress rheology is generally used for models that have254

surface velocities that are substantially below that of the present day Earth. While it is255

rare that direct evidence of surface velocities is provided, inspection of the top thermal256

boundary layer in several published models suggest thicknesses generally in excess of257

200 km, and sometimes 300 km, implying surface speeds only a fraction of Earth’s258

today (Bocher et al., 2018; Nakagawa et al., 2010, 2015; Tackley, 2000; Trompert &259

Hansen, 1998; Xie & Tackley, 2004). One solution may be the inclusion of continents,260

which seems to permit robust plates at Earth-like convective vigor, at least during261

continental break up (Arnould et al., 2018; Coltice et al., 2013).262

–10–
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(a) (b)

Figure 5: Example particle fields after t′≈3.5 Gyr for cases: (a) without the divergence
free correction and (b) with the divergence free correction. Basalt particles are blue and
harzburgite particles are yellow. Failing to precisely approximate the incompressibility
constraint pointwise yields simulations which convey a qualitatively spurious result, in-
cluding the settling of particles to the base of the model domain. We observe that dense
basalt particles accumulate in piles at the CMB only when the divergence free correction
is applied.

2.5 Improving the pointwise approximation of a divergence free veloc-263

ity field264

In order to mitigate tracer dispersion (cf. Sime et al., submitted) we use an265

iterated penalty method to project the velocity approximation onto a solenoidal vec-266

tor space (see, for example, Morgan & Scott, 2018), which we will refer to as the267

divergence-free correction. Thus we reduce the pointwise error in our approximation268

of mass conservation eq. (1) such that (
∫

Ω
(∇·uh)2 dx)

1
2 < 10−7 where uh is the finite269

element approximation of the velocity. We find the correction is vital to avoid spurious270

particle behavior, particularly when performing calculations over long time periods271

relevant for the Earth. To illustrate its impact an example is provided in which two272

cases are compared: Fig. 5a without the divergence free correction and Fig. 5b with273

the divergence free correction. The results diverge markedly. For instance, without the274

correction we observe artificial settling of particles to the base of the model domain275

(Fig. 5a). In contrast, when the correction is applied dense basalt particles accumulate276

at the base of the mantle to form piles (Fig. 5b) in a fashion similar to that observed277

in previous studies (Brandenburg & van Keken, 2007; Brandenburg et al., 2008; Chris-278

tensen & Hofmann, 1994). This approach of divergence-free correction is demonstrated279

in more detail in the Supplement by reproduction of one of the models of Christensen280

and Hofmann (1994) along with open source code in the repository Sime (2020).281

3 Results282

We vary two parameters across our simulation suite: the rate of mantle processing283

and the density of oceanic crust. The rates of mantle processing for our models are284

given in Fig. 3, along with an estimate for the Earth since 200 Ma. To achieve the low285

processing rate, the melt zone is restricted to a maximum 223 km arc length at the286

surface. The is no such restriction for the high processing rate. The estimate for Earth is287

calculated from the range of melt production rates determined by M. Li et al. (2016)288

assuming the average crustal density to be 3000 kg/m3 and the fraction of partial289

melting to be between 10–20%. The excess density of oceanic crust is defined as δlnρ290

= (ρB−ρL)/ρL, where ρB and ρL are the density of basalt and lherzolite, respectively.291

δlnρ is set to 0%, 4% and 6%. This choice falls within the range of experimentally292

predicted values for oceanic crust in the lower mantle (Aoki & Takahashi, 2004; Hirose293
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Figure 6: The number of primitive (yet to pass through a melt zone) particles as a function of scaled

model time (Section 2.4) for all models. The proportion of primitive particles decreases exponentially with

time. The rate of exponential decay is dependent on both the melt flux and the excess density of oceanic

crust. A small portion survive to the end of simulation time in all cases.

et al., 1999, 2005; Ricolleau et al., 2010; Ringwood & Irifune, 1988; Ringwood, 1990;294

Tsuchiya, 2011) and follows from previous studies showing the accumulation of oceanic295

crust to be substantial when δlnρ ≥ 3% (Brandenburg et al., 2008; Jones et al., 2020).296

To examine the preservation of the primitive mantle we track the melting history297

of the particles. Each particle falls into one of two categories, either primitive or pro-298

cessed. At t′ = 0, all particles are considered primitive. During simulation, should a299

primitive particle pass through a melt region, that particle becomes ‘processed’. Par-300

ticles that are yet to melt retain their original primitive designation. Let t′x be the301

current scaled model time and t′n,melt be the scaled model time since the nth particle302

last passed through a melt zone. We define the nth particle’s age303

λn = t′x − t′n,melt (20)

3.1 Decline of the primitive mantle: effects of melt flux and excess den-304

sity of oceanic crust305

Regardless of the chosen melt flux or excess density, the proportion of primitive306

particles in the mantle exponentially decays as a function of time (Fig. 6). After t′ =307

4.5 Gyr, a majority of the mantle has experienced melting. The proportion of primitive308

particles that survive increases with the excess density of oceanic crust and decreases309

with the rate of mantle processing (Fig. 6).310

To quantify the effects of compositional buoyancy we first examine a reference311

case, where oceanic crust has no excess density and thus convection is driven by thermal312

buoyancy alone. The final temperature and composition state are given in Fig. 7. The313

formation of oceanic lithosphere and its subsequent remixing leads to a marble cake314

pattern and the mantle becoming dominated by recycled material.315
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(a) (b)

Figure 7: (a) Temperature field and (b) particle field for case with δlnρ = 0% and high
melt flux. Colors in (b) correspond to the particle age, λn, defined as the duration of
scaled time since a particle last past through a melt zone (eq. (20)). As oceanic crust does
not accumulate at the CMB, broad-scale compositional structure is absent. Inset high-
lights fluid dynamic features of plume head and thinning of the lithosphere captured by
the high resolution simulation.
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(a) (b)

Figure 8: (a) Temperature field and (b) particle field for case with δlnρ = 6% and high
melt flux. Colors in (b) correspond to the particle age, λn, defined as the duration of
scaled time since a particle last past through a melt zone (eq. (20)). The excess density of
oceanic crust promotes its accumulation at the core-mantle boundary and the formation
of thermochemical piles, which consequently preserves primitive material. Inset highlights
internal structure of thermochemical piles captured by the high resolution simulation.

Introducing an excess crustal density leads to important changes in the mantle’s316

compositional structure and initiates a process of crustal recycling. The density con-317

trast causes oceanic crust to segregate from its harzburgite residue and accumulate at318

the base of the mantle to form broad thermochemical piles (Fig. 8). The cycle com-319

pletes once material inside the piles is entrained by upwellings and returned to the320

surface to form new oceanic crust.321

Significantly, models with an excess crustal density preserve more primitive ma-322

terial than the purely thermal reference case (Fig. 6). The higher the excess density,323

the greater the number of surviving primitive particles. We explore why this is the324

case in the next section.325

3.2 Primitive mantle and ancient oceanic crust in thermochemical piles326

Histograms of particle age (eq. (20)) reveal that the ambient mantle and thermo-327

chemical piles are distinct geochemical reservoirs (Fig. 9). Thermochemical piles are328

quantitatively defined by grid cells that have greater than 30% oceanic crust, and are329

part of a vertically continuous column starting at the CMB. The age distribution for330

oceanic crust (basalt particle) in the ambient mantle is skewed towards younger ages331

whereas the age distribution of oceanic crust in thermochemical piles is more random,332

often with young and old ages equally well represented. The exception to this trend333

being the case with a high mantle processing rate and δlnρ of 4% (Fig. 9g), where334

younger oceanic crust dominates the distribution. Ages younger than the time it takes335

oceanic crust to reach the CMB are naturally absent from thermochemical piles.336
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Figure 9: Histograms of particle age, λn, for basalt particles (blue) and primitive particles (red) in

the ambient mantle (left column) and thermochemical piles (right column). Thermochemical piles are

quantitatively defined by grid cells that have greater than 30% oceanic crust and are part of a vertically

continuous column starting at the CMB. Each row contains data from a single simulation. Processing rate

and δlnρ is given above each plot. Primitive particles, which have never melted, are plotted in the 4.5 Gyr

age bin. In the ambient mantle the distribution of oceanic crust ages is skewed toward younger ages, while

older ages are generally equally well represented in thermochemical piles, with the exception of (h) where

younger material has recently been added to a thermochemical pile.
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Figure 10: The concentration, by mass, of primitive particles in the ambient mantle and thermochem-

ical piles as a function of scaled model time (see Section 2.4) for (a) low mantle processing and (b) high

mantle processing. Thermochemical piles are quantitatively defined by grid cells that have greater than

30% oceanic crust, and are part of a vertically continuous column starting at the CMB. The concentration

decays exponentially in the ambient mantle but only linearly in thermochemical piles. By the end of the

simulations, thermochemical piles have a higher concentration of primitive material than the ambient

mantle. The concentration of primitive material is set to zero when the mass of thermochemical piles is

<1% of the mantle total.)

Primitive particles, that is those yet to melt, are plotted in the 4.5 Gyr age bin.337

In all cases the number of primitive particles that remain is greater than any other338

age bin of the ambient mantle distribution. The same is true for thermochemical piles339

when the excess density of oceanic crust is high (δlnρ = 6%), irrespective of the mantle340

processing rate.341

What is important to the detection of primitive material in the mantle is its342

relative abundance. In cases where the mantle processing rate is low and δlnρ = 6%343

(Fig. 10a), the concentration of primitive material in thermochemical piles, by mass, is344

around 20% by t′ = 4.5 Gyr and just a few percent less in the ambient mantle. Lowering345

δlnρ to 4% drops the concentration of primitive material to 16% in thermochemical346

piles and about the same in the ambient mantle.347

In cases where the mantle processing rate is high, the difference in primitive ma-348

terial concentration between thermochemical piles and the ambient mantle increases.349

When δlnρ = 6%, (Fig. 10b) primitive material constitutes 15% of thermochemical350

piles and just 5% of the ambient mantle. Lowering δlnρ to 4%, primitive material351

constitutes 11% of thermochemical piles and just 4% of the ambient mantle.352

Our results indicate that the dominant reservoir for primitive material in the353

mantle is time dependent. While both reservoirs lose primitive material with time,354

the decline in concentration is exponential for the ambient mantle but only linear355

for thermochemical piles. For the high mantle processing rate, the concentration of356

primitive material in thermochemical piles does not exceed the ambient mantle until357

after the first ∼1.8 Gyr (Fig. 10b). And not until after the first ∼2.3 Gyr for the low358

mantle processing rate (Fig. 10a).359

4 Discussion360

The distribution of primitive material in the modern mantle has implications for361

Earth’s chemical and dynamical evolution. We suggest primitive material may reside,362
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and be preserved within, thermochemical piles that form by the accumulation of dense363

oceanic crust at the CMB. Under this hypothesis, crustal recycling plays a critical364

role in the distribution of primitive material throughout the mantle and may explain365

the observation that many OIBs contain both primitive and recycled material. The366

significance of this process ultimately depends upon the rate of mantle processing367

through time and the excess density of oceanic crust.368

There are two aspects to the relatively high concentration of primitive material369

in thermochemical piles that must be accounted for. The first is how primitive ma-370

terial is incorporated into thermochemical piles in the first place. The second is the371

longevity of primitive material in the piles despite efficient mixing of the ambient man-372

tle. The latter is the simplest to explain: the excess density of oceanic crust provides373

negative buoyancy to thermochemical piles that allows them resist convective mixing374

and retain a higher concentration of both primitive material and ancient oceanic crust.375

This becomes clear when we consider that the concentration of primitive material in376

thermochemical piles is proportional to the density of oceanic crust (Fig. 10).377

The former has several plausible mechanisms for which we only highlight the378

potential of here. (i) Viscous coupling causes cold subducting lithosphere to entrain379

the surrounding mantle as it sinks to the CMB. (ii) As slabs warm, deform and fold,380

the surrounding mantle may become trapped between folds. (iii) Lastly, subducting381

lithosphere arriving at the CMB may trap the mantle beneath it. Each mechanism will382

most effectively capture primitive material during the early stages of Earth’s history383

when most of the mantle is yet to experience melting. The fluid dynamics of these384

processes is investigated by Griffiths and Turner (1988).385

Although our hypothesis can explain the survival of primitive material, whether386

it can account for the primitive signature found in OIBs is another question. Prim-387

itive mantle is identifiable by its noble gas content – high 3He/4He, for example –388

raising an additional problem: the thermochemical piles in our models are dominated389

by recycled material, which has been outgassed and thus contains virtually no 3He.390

This effectively reverses the scenario proposed by Li et al. (2014), who suggest that391

recycled crust is a minor component in a sea of primitive material. The question for392

our model is how a primitive noble gas signature remains detectable in OIBs. Given393

the compositional variation within thermochemical piles, we speculate that mantle394

plumes can intermittently entrain primitive material without a large recycled compo-395

nent. This would explain why many OIBs exhibit high 3He/4He (e.g. Konrad et al.,396

2018; Kurz et al., 1987) alongside distinctly recycled signatures (Hart et al., 1992; Hof-397

mann, 1997; Zindler & Hart, 1986), including some of the highest 3He/4He locations398

(Brown & Lesher, 2014; Hauri, 1996; Pietruszka et al., 2013; Shorttle & Maclennan,399

2011; Sobolev et al., 2005).400

Unlike previous explanations for the survival of a primitive reservoir, ours does401

not require early chemical differentiation of the mantle to cause large-scale variations402

in physical properties. But, as many authors have argued (Ballmer et al., 2016; Burke403

et al., 2008; Garnero & McNamara, 2008; M. Li & McNamara, 2013; McNamara &404

Zhong, 2005), early chemical differentiation may be required to explain large-scale405

variations in Earth’s seismic structure. Due to their unique seismic characteristics,406

large low-shear velocity provinces (LLSVPs) have widely been interpreted as domains407

of distinct composition. If this interpretation is correct, an early formed chemical408

reservoir could account for their existence. However, at present, one cannot reliably409

infer the composition of LLSVPs from their seismic characteristics (D. Davies et al.,410

2012, 2015; Koelemeijer et al., 2018; Lau et al., 2017; Schuberth et al., 2009). In fact,411

Jones et al. (2020) demonstrate that the size and strength of their seismic signature412

are well explained by the same accumulations of oceanic crust that we argue has413

preserved Earth’s primitive material throughout history. Thus, a more parsimonious414
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view of mantle evolution may not require large-scale physical properties variations in415

the early Earth.416

In contrast to our findings, M. Li and McNamara (2013) conclude that the ac-417

cumulation of oceanic crust at the base of the mantle is not an important dynamic418

process. Their results show that the amount of accumulation at the CMB may be419

negligible and thus unable to produce broad thermochemical structures. In their mod-420

els, oceanic crust is recycled back to the surface in mantle plumes “...at a rate equal421

to or greater than it is accumulated [at the CMB]”, despite having a relatively high422

excess density (up to 4.5%). This point of difference may be explained by a differ-423

ence of geometry and rheology. M. Li and McNamara’s (2013) use of a rectangular424

Cartesian geometry inhibits the accumulation of oceanic crust at the CMB in two425

important ways. Both are associated with the exaggerated core to surface ratio (1:1)426

of their domain. First, this kind of geometry leads to excessive internal temperatures427

when compared to the Earth and must be corrected for by reducing the internal heating428

rate (O’Farrell & Lowman, 2010; O’Farrell et al., 2013) – a point M. Li and McNamara429

(2013) make themselves and indeed correct for by setting internal heat production to430

zero. However, this correction introduces its own artifact. For internal heating acts431

to increase the excess temperature of subducting lithosphere (Bercovici et al., 1989)432

and reduce that of mantle plumes (Bunge, 2005). This skews the competition between433

accumulating oceanic crust and its entrainment by mantle plumes towards the latter.434

Secondly, any oceanic crust that reaches the CMB in a rectangular geometry is natu-435

rally spread over a distance equal to that of the surface. In more Earth-like geometries,436

where the core is a fraction of the surface area, oceanic crust is more likely to accumu-437

late and be swept together by broader convective cells (e.g. Brandenburg et al., 2008;438

Mulyukova et al., 2015; Nakagawa and Tackley, 2010; Yan et al., 2020). Finally, M. Li439

and McNamara (2013) use a viscosity that is higher overall, less temperature depen-440

dent than is adopted here, and not stress-dependent. The first two rheological aspects441

will contribute to the relatively small amount of accumulated crust at the base of their442

models, since lower viscosity enhances the segregation of dense material (Nakagawa443

& Tackley, 2014). The last rheological aspect will cause the top boundary layer to be444

sluggish due to the high viscosity there and will lead to low rates of recycling of thin445

oceanic crust in the first place.446

There are several parameters that have a particularly strong influence on mantle447

mixing that are not explored in this study: (i) variations in rheology, (ii) phase tran-448

sitions and (iii) Earth’s 3D spherical geometry. (i) The measurable effects of Earth’s449

convective vigor are limited to the velocity of tectonic plate motions and surface heat450

flow. We scale time to account for the low convective vigor of our models. However,451

further uncertainty is introduced through rheological parameters, which could be rea-452

sonably adjusted to permit a wider range of estimates for the vigor of convection and,453

thus, preservation of primitive mantle domains. (ii) Phase transitions may play an im-454

portant role in the distribution of recycled crust throughout the mantle. As previous455

studies have shown (Ballmer et al., 2015; Nakagawa et al., 2010), the phase transition456

at 660 km, depending on its thermodynamic properties, could lead to the accumula-457

tion of basaltic crust across the mantle transition zone. The effects of phase changes458

and that of compressibility in general will be explored in separate work. (iii) Finally,459

while the ‘spherical annulus’ of Hernlund and Tackley (2008) retains spherical scaling460

between CMB radius and surface radius it lacks the toroidal component inherent to461

mantle convection in a sphere. For the time being, however, 2D calculations remain462

attractive due to the required high resolution for these thermochemical convection463

simulations and time evolution over the age of the Earth.464
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5 Conclusions465

We use thermochemcial convection models to examine where and how primitive466

material is distributed throughout the mantle. We find that if subducted oceanic crust467

is sufficiently dense it will entrain and trap primitive material as it accumulates at468

the CMB. Thermochemical piles formed by this process comprise up to 30% primitive469

material and are robust enough to preserve primitive material in higher concentrations470

than the ambient mantle. Finally, the intermingling of primitive and recycled material471

in thermochemical piles is one possible explanation for the observation that primitive472

and recycled material coexist in many OIBs.473
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S1 On the importance of pointwise divergence free velocity field approx-7

imation8

Our goal in this section is to demonstrate the importance of precise approximation of9

the mass continuity equation in geodynamics simulations. We show by example that näıve10

imposition of the mass conservation constraint in the Stokes system may yield qualita-11

tively spurious results. We do this by reproduction of the numerical experiment exhibited12

in Christensen and Hofmann (1994) and also demonstrated in Brandenburg and van Keken13

(2007).14

We refer to Sime et al. (submitted) for more details regarding so-called divergence free15

approximation schemes and their importance in tracer advection. Futhermore we refer to16

Maljaars et al. (in press) for details regarding our computational implementation with the17

LEoPart library. The code used to generate the results exhibited in this section is available18

in the repository (Sime, 2020).19

S1.1 Numerical experiment20

The numerical model is composed as follows, where the physical constants imposed in21

the system are tabulated in table S1. In the computational rectangle domain Ω = (0, 4) ×22

(0, 1) we seek finite element approximations of velocity, pressure and temperature, u, p and23

T , respectively, in addition to an approximation of composition Γ by tracer data, such that:24

∂T

∂t
−∇2T + u · ∇T = Q, (S1)

−∇ · σ = (α(z)RaT − β(z)RbΓ)k̂, (S2)

∇ · u = 0. (S3)

Here t is the simulation time, Ra is the thermal Rayleigh number, Rb is the compositional25

Rayleigh number, Q is the heat source constant, k̂ = (0, 1)> is the buoyancy unit vector26

and27

σ = 2η(T )(∇u +∇u>)− pI (S4)

is the stress tensor defined in terms of the identity tensor I and viscosity28

η(T ) = η0 exp
(
−b
(
T − 1

2

)
+ c

(
z − 1

2

))
, (S5)

where η0, b and c are constants. Furthermore,29

α(z) =
d

1− e−d e
−dz, (S6)

β(z) =
s

1− e−s e
−sz, (S7)

z = 1− y, (S8)

Corresponding author: T.D. Jones, t6jones@ucsd.edu
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where d and s are prescribed constants.30

The velocity boundary conditions are imposed as follows:31

1. τ · (σ · n) = 0 and u · n = 0 on the bottom, left and right boundaries, y = 0, x = 032

and x = 4, respectively. Here τ is a unit vector lying tangential to the boundary,33

2. u = (uh,top, 0)> on the top boundary y = 1.34

Here the function utop is prescribed to be35

utop = ±u0 +
πu0

10
sin

(
πu0

5
t

)
(S9)

where36

±u0 =

{
+u0 x ≤ xc,
−u0 x > xc,

(S10)

xc = 2 + cos

(
πu0

5
t

)
(S11)

and u0 is a constant. We use a mollified Heaviside function to approximate utop by uh,top37

so to satisfy the regularity requirements of conforming finite element methods such that38

uh,top = −u0

(
2

1 + e−2k(x−xc)
− 1

)
+
πu0

10
sin

(
πu0

5
t

)
, (S12)

where k is a constant. Equation (S12) can intuitively be interpreted as a ‘smoothing’ of the39

step function equation (S10), see Figure S1 for example.40

Constant Value

Ra 5× 105

Rb 3.88× 105

η0 1
Q 2.5
b 65 536
c 64
s ln 2
d ln 6
k 10
u0 500
xm 0.08
zm 0.08
zc 0.01

Table S1: Physical and mathematical constants employed in the numerical experiment.

S1.2 Melting41

Two rectangular melting regions are defined at the top left and top right of the com-42

putational domain43

Ωmelt,left = (0.0, xm)× (1− zm, 1− zc), (S13)

Ωmelt,right = (4− xm, 4)× (1− zm, 1− zc), (S14)
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Figure S1: Boundary condition function utop and uh,top where k = 10 at simulation time
t = 0. The smoothed function uh,top adheres to the smoothness regularity requirement of
standard finite element methods.

where xm is the width of the melt zones and (zm, zc) is the depth interval of the melt zones.44

Given Np tracers in the simulation, should a tracer’s position xn = (xn, yn)>, n = 1, . . . , Np45

enter a melt zone as defined above, its y-coordinate position will be changed such that the46

tracer now resides in the melted regions47

Ωmelted,left = (0.0, xm)× (1− zc, 1), (S15)

Ωmelted,right = (4− xm, 4)× (1− zc, 1), (S16)

respectively. In essence, those particles in the melt zones have their positions changed ac-48

cording to49

xn,melted =
(
xn,U(1− zc, 1)

)> ∀xn ∈ Ωmelt,left ∪ Ωmelt,right, n = 1, . . . , Np. (S17)

Here U(a, b) is a number selected from the uniform random distribution defined on the50

interval (a, b).51

S1.3 Divergence free constraint (pointwise) correction52

A key component in modeling incompressible flow is the precise approximation of the53

continuity constraint equation (S3). Sime et al. (submitted) demonstrates the benefits of54

pointwise satisfaction of the continuity constraint (referred to as a pointwise divergence free55

velocity approximation) such that56

∇ · uh(x) = 0 ∀x ∈ Ω, (S18)

where uh is the finite element approximation of the velocity. This is achieved in Sime et57

al. (submitted) be employing the hybridized discontinuous Galerkin finite element method.58

However, in this example we will use a Taylor–Hood discretisation scheme and solve for the59

Stokes system by an iterated penalty method demonstrated in Morgan and Scott (2018). In60

this setting, although we do not satisfy equation (S18) to machine precision, we achieve a61

better approximation by orders of magnitude compared with the standard solution obtained62

by the Taylor–Hood scheme.63

In the following results section by ‘div-corrected’ we refer to the solution scheme by the64

iterated penalty method (Morgan & Scott, 2018) offering a corrected divergence free field.65

By ‘non div-corrected’ we refer to the standard solution of the Stokes system discretized by66

Taylor–Hood elements.67
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S1.4 Results68

Tracer distribution snapshots are shown in Figure S2. For direct comparison with69

Christensen and Hofmann (1994) and Brandenburg and van Keken (2007) we convert the70

time scale to dimensional time by71

t′ = tu0T , (S19)

where T = 60 Ma is the characteristic overturn time of the mantle. Clearly we see the72

formation of piles at the base of the geometry in the div-corrected scheme. In the non73

div-corrected scheme we obtain a qualitatively different result to Christensen and Hofmann74

(1994) and Brandenburg and van Keken (2007) in which piles do not form. Examining75

further we plot histograms of depth dependent tracer frequencies in Figure S4. In the non76

div-corrected scheme we see evidence of tracers ‘settling’ to the base of the geometry.77

The rate of accumulation Fs is shown in Figure S3, where78

Fs = the fraction of particles in piles at the core-mantle boundary

relative to the total number of particles in the model. (S20)

where piles are quantitatively defined by grid cells that have a particle concentration >30%79

and are part of a vertically continuous column starting at the CMB. Particle concentration80

assumes a particle volume Voln defined by81

Voln =
C ×Vol(Ω)

Np
, n = 1, . . . , Np, (S21)

where C=0.125 is the fraction of the mantle assumed to be composed of basalt, Vol(Ω) =82 ∫
Ω

dx is the total domain volume and Np is the total number of particles in the model.83

In the div-corrected case we see in Figure S3 that our computed value of Fs compares84

well with Christensen and Hofmann (1994) and Brandenburg and van Keken (2007), con-85

solidating at around Fs ≈ 0.12. However, in the non div-corrected case, the tracers sinking86

to the bottom of the geometry yield consistent growth of the Fs curve.87
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Figure S2: Snapshots of the tracer distribution in the numerical experiment at specified
dimensional times t′ (see equation (S19)). The left and right columns depict div-corrected
and non div-corrected simulations, respectively. Note the qualitative appearance of piles
only in the simulation where the div-correction has been applied.
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Figure S3: Computed functional Fs measuring the accumuluation of piles. Note that in
the non div-corrected simulation the tracer settling towards the base of the geometry yields
the spurious result of consistent growth in Fs. Employing the div-correction scheme, Fs

consolidates around approximately 0.12 (cf. Christensen & Hofmann, 1994; Brandenburg &
van Keken, 2007).
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Figure S4: Histograms of tracer frequency with depth y. Note the ‘smooth’ distribution of
tracers in the div-corrected scheme as the simulation evolves. In the non div-corrected case,
tracers rapidly sink to the base of the geometry. The inset axes show histograms of tracer
frequency at the base of the geometry in the depth interval y ∈ (0, 0.01).
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