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Abstract Earth's core-mantle boundary (CMB) shows a complex structure with various seismic anomalies
such as the large low shear-wave velocity provinces (LLSVPs) and ultra-low velocity zones (ULVZs). As
these structures are possibly induced by chemically distinct material forming a layer above the CMB, models
of mantle convection made ad hoc assumptions to simulate the dynamics of this layer. In particular, density
and mass were prescribed. Both conditions are critical for the dynamics but hardly constrained. Core-mantle
interaction is considered as one possible origin for this dense layer. For example, diffusion-controlled
enrichment of iron has been proposed. We here apply a chemical gradient between the mantle and the denser
core to analyze the penetration of dense material into the mantle. As such, we employ 2D Cartesian models
where a thermochemical layer at the base of the mantle develops self-consistently by a diffusive chemical
influx. Our simulations indicate that chemical diffusion is strongly affected by the convective mantle flow.
This convection-assisted diffusion yields a compositional influx mainly in the areas where slabs spread over
the bottom boundary and sweep dense material aside to form accumulations with rising plumes atop. Like for
a prescribed dense layer this process leads to chemically distinct piles, which are typically smaller (therefore
more suited to explain ULVZs) but more persistent due to the constant chemical influx. Combining the influx
scenario with the primordial layer can possibly explain the simultaneous existence of LLSVPs and ULVZs
along with the observation of a core-like isotopic composition in the mantle.

Plain Language Summary The core-mantle boundary (CMB) shows a complex structure.
Seismologists have observed features that are possibly denser than their surroundings. These structures form
from a dense layer above the CMB. Therefore typical mantle convection models have assumed an initial dense
basal layer. The thickness and density of this prescribed layer are crucial but hardly constrained. Here we
investigate core-mantle interaction as one possible origin for this layer and employ 2D Cartesian models of
mantle convection that consider a diffusive chemical gradient between the iron-rich core and the silicate mantle.
Our simulations show that the diffusive influx is coupled to the convective mantle flow. Convection-assisted
diffusion gives a larger influx beneath slabs spreading over the CMB. Additionally, as in the models with a
prescribed layer, the rising plumes pull dense material up and form piles. In this study, however, the constant
chemical influx leads to piles existing for longer times. The piles are typically smaller but can maybe in
combination with a primordial layer explain different seismologically observed structures and the presence

of core material in the mantle.

1. Introduction

The deep Earth is of particular interest because on the one hand the presence of a large variety of thermal and
chemical structures in the lowermost mantle has been reported (e.g., Garnero, 2000; Garnero & McNamara, 2008;
Lay, 2015; McNamara, 2019) and on the other hand the core-mantle boundary (CMB) marks a special transition
where solid silicate rocks of the mantle interact with the underlying iron-rich liquid of the outer core (cf. Dehant
et al., 2022; Garnero et al., 2016; Lay et al., 1998; Rizo et al., 2019; and references therein).

The most prominent structures are the two large regions antipodally located beneath the central Pacific and
Africa (e.g., Dziewonski, 1984; Grand et al., 1997; Romanowicz, 2001). These large low shear-velocity provinces
(LLSVPs), occupying approximately up to 8% of the total mantle volume (Cottaar & Lekic, 2016), are character-
ized by their low seismic velocities (e.g., Hernlund & Houser, 2008; Wen, 2001). Additional smaller structures,
the ultra-low velocity zones (ULVZs), have also been observed (e.g., Garnero et al., 1989). It has been proposed
that both structures might be related as the ULVZs often occur at the edges of the LLSVPs (cf. McNamara, 2019).
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The seismically observed (locally) sharp boundaries of the LLSVPs (Gleeson et al., 2021) and their stabil-
ity in space and time has led to the thought that both structures might be of chemical nature (e.g., Forte &
Mitrovica, 2001; Ishii & Tromp, 1999; Ni & Helmberger, 2003; Sun et al., 2009; Wicks et al., 2010) but this is
still debated (Koelemeijer, 2020). For example, the larger reduction in S-wave velocity than in P-wave velocity for
the ULVZs could also be an indication of partial melt (Rost et al., 2005). However, if the ULVZs are purely ther-
mal structures, they should be located within the piles (where the hottest regions are) rather than at their edges,
so that partial melt alone will also be insufficient (cf. Bull et al., 2009; McNamara, 2019).

Due to the various interpretations different modeling approaches have been considered, such as thermal plumes
(e.g., Schubert et al., 2004; Stein et al., 2020) or thermochemical piles (e.g., Kellogg et al., 1999; McNamara &
Zhong, 2005; Steinberger & Torsvik, 2012; Stein et al., 2020).

Thermochemical models have shown that a chemically heavier (dense) layer forms hot and dense piles under
the influence of the convective flow in the mantle (e.g., Davaille, 1999; Gurnis, 1986; Hansen & Yuen, 1988;
Jellinek & Manga, 2004; Langemeyer et al., 2020; Lassak et al., 2010; Steinberger & Torsvik, 2012; Trim &
Lowman, 2016). The dense material is swept away from subducted regions and accumulates into piles below
the rising plumes (e.g., McNamara & Zhong, 2005; Stein et al., 2020). Additionally, plumes at the edges of
the piles were observed (e.g., Heyn et al., 2018; Mulyukova et al., 2015), which have been associated with
volcanic hotspots typically found at the edges of LLSVPs (Garnero et al., 2016; Steinberger & Torsvik, 2012),
and that may manifest themselves at the surface as eruption sites of large igneous provinces (LIPs) and kimber-
lites (Torsvik et al., 2006). McNamara et al. (2010) report that small, denser structures (ULVZs) usually reside at
the edges of the large compositional reservoirs (LLSVPs) and as a portion of the dense material is entrained by
the rising currents (e.g., McNamara et al., 2010; Tan & Gurnis, 2007), this might be an explanation for the differ-
ent chemical reservoirs associated with the ocean island basalts (OIBs) and mid-ocean ridge basalts (Jellinek &
Manga, 2004; Kellogg et al., 1999; Lay et al., 1998). For example, isotope signatures of core material in some
OIBs may hint at the penetration of liquid iron from the core into the mantle explaining thus also the higher
density of ULVZs (Rizo et al., 2019).

Regarding the origin of dense material in the deep mantle, there are various assumptions (e.g., Trgnnes
et al., 2019). Subducted and segregated oceanic crust that accumulates above the CMB (e.g., Brandenburg and
van Keken, 2007; Frost & Rost, 2014; Jones et al., 2020; M. Li & McNamara, 2013; Mulyukova et al., 2015;
Niu, 2018; Tackley, 2011) has been considered, but M. Li and McNamara (2013) suggested that the present-day
subducted oceanic crust is not thick enough (i.e., it does not have enough negative buoyancy) and will rather
be mixed into the ambient material than to form massive stable structures at the LLSVPs. M. Li et al. (2014)
and Gleeson et al. (2021) argue that only ~10% of subducted crust can be stored in the LLSVPs and that rather
more than one process is responsible for the formation of these structures. Further possible origins for a deep
dense layer (see also review of Dehant et al. (2022) and references therein) are iron-rich accumulations from
(a) a primordial layer of the early Earth, possibly as remnant of the crystallization after the magma ocean phase
following the Moon-forming giant impact (Deschamps et al., 2012; Labrosse et al., 2007; Laneuville et al., 2018;
Lee et al., 2010; Solomatov, 2015) or (b) the interaction between core and mantle material in which iron-rich core
material enters the lower mantle (Buffett et al., 2000; Hayden & Watson, 2007; Knittle & Jeanloz, 1991; Mao
et al., 2006; Otsuka & Karato, 2012; Petford et al., 2005).

The observed abundance of highly siderophile elements (HSE) in the Earth's mantle (i.e., elements that tend
to form alloys with iron and are therefore mostly concentrated in the Earth's core) could be an indication for
metal-silicate interaction at the CMB (Brandon et al., 1998; Walker & Walker, 2005). Additionally, a '*?W varia-
bility is seen as a strong evidence for core-mantle interaction (e.g., Mundl et al., 2017). The moderately siderophile
element tungsten will have partioned into the Earth's core during metal-silicate segregation, Hafnium, however,
is a strongly lithophile element and therefore concentrates in the silicate. After segregation the short-lived '82Hf
decays to '®?W explaining the enrichment of '¥?W in Earth's modern mantle compared to chondritic meteorites
(Rizo et al., 2019). The core will retain the tungsten isotopic composition at the time of formation, that is, a
depletion in "2W (Brandon & Walker, 2003; Kleine et al., 2009). As the tungsten concentration in the core is
also assumed to be much larger than in the mantle, '$?W deficits (detectable in the '®?W/'8W ratio) in OIBs are
considered as evidence for a chemical interaction at the CMB (Brandon & Walker, 2005; Rizo et al., 2019; and
references therein).
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Various experimental studies have also shown that core-mantle exchange can take place. For example, in the
study of Hayden and Watson (2007) the grain-boundary diffusion of core elements through the polycrystal-
line MgO (periclase) of mantle rock is reported: the large atoms of core metals (that cannot diffusive through
the mantle rock crystals) are able to move along the surfaces formed between adjacent grains of rock crystals.
Furthermore, Hayden and Watson (2007) find that the diffusivities are high enough to transport siderophile
elements tens of kilometers up into the mantle in a billion years. Likewise Mao et al. (2006) argue that diffu-
sive processes at the CMB lead to the formation of iron-enriched post-perovskite that in the presence of mantle
convection can rise higher into the mantle. Otsuka and Karato (2012) hypothesize that diffusion (maybe with the
exception of grain-boundary diffusion for some elements) could be too slow. Further, they argue that infiltration
either due to a pressure gradient where slabs cause topographic lows in the CMB (Kanda & Stevenson, 2006) or
due to a capillary mechanism (Poirier & Le Mouél, 1992) will only explain iron penetration of 100 m or less into
the mantle. Their experimental observations instead suggest that a morphological instability leads to iron-rich
regions 50-100 km above the CMB. This instability is caused by the chemical potential gradient between the
oxygen under-saturated core (which is predominantly composed of iron-rich metal) and (Mg, Fe)O crystals in
the mantle.

Here we numerically address the possibility of a diffusive transport of dense material across the CMB. Employ-
ing a diffusive chemical influx at the bottom boundary of our model domain we are able to parametrize the
entrainment of dense material into the mantle. We analyze how the material is entrained and if the mechanism
is sufficient to explain large structures at the base of the mantle. Therefore we compare our results to models
following the typical approach of an initially prescribed layer that represents a remnant of the magma ocean. In
the latter models a no flux bottom boundary is employed that does not account for any core-mantle interaction.
We discuss the evolutionary path of both systems and compare the modeled pile structures.

2. Model

The non-dimensional conservation equations for mass, composition, temperature and momentum for an incom-
pressible Boussinesq fluid with infinite Prandtl number are given as:

V-v=0, e8]
‘;—fw.vc-Lievzc:o, ()
%+U-VT—V2T=H+HE-C, A3)
—Vp+V-0+ Ra(T — BC)e, =0, 4)
with the equation of state:
p = poll + aAT(BC —T)] (5)

where v = (u, w) is the velocity vector,  is the time, p is the dynamic pressure, 6 is the stress tensor, e, is the unity
vector in z-direction, p is the density (with p, defined at the surface), a is the thermal expansion coefficient, AT is
the super-adiabatic temperature difference across the domain, and C and T are the chemical and thermal compo-
nent, respectively. H is the nondimensional heating rate (cf. Stein et al., 2013) and H_ is a composition-dependent
heating rate that only acts where the composition C is non-zero, that is, heating has its strongest effect within the
piles (cf. Deschamps & Tackley, 2008; Kellogg et al., 1999; Y. Li et al., 2019). Both parameters are set to zero
throughout most of the study and are only considered when analyzing the effect of flow parameters on the piles.

The thermal Rayleigh number, the buoyancy number and the Lewis number are defined as:

ATd? A
Ra=2P82"0 g 2P .-k
KrHo apoAT Kc

with the gravitational acceleration, g, the mantle thickness, d, and the density difference (at surface temperature)
between the compositionally distinct material and its surrounding, Ap. x;, and k. are the thermal and chemical
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Figure 1. Boundary and initial conditions for (a) a system with an a-priori
prescribed dense basal layer (i.e., no flux bottom boundary) and (b) for a
system which applies a chemical influx from the core. In the influx case

we either use a depleted mantle as initial chemical field (C; = 0) or a stably
stratified system with C; = (1—z) (right figure). The left figures show the
initial temperature field (7; = 0.5). In both scenarios reflective side conditions
for the temperature and composition are assumed and free slip velocity
boundary conditions with the velocity components « and w.

diffusivity and 7, is the dynamic viscosity at the surface. As the Rayleigh
number uses 7,, it is defined at the top boundary and increases with depth
due to the temperature dependence of the viscosity. The buoyancy number
describes the density contrast between the dense and the surrounding mate-
rial. For reference values taken from Trim et al. (2014), that is, AT = 2500 K,
a=12-10"K"!, and p, = 3,300 kg/m?, a buoyancy number of B = 1 yields
a density contrast Ap of 99 kg/m? which corresponds to 3% of the reference
density.

The dynamic viscosity is a function of temperature, composition, depth and
stress (cf. Stein et al., 2004) in the form of:

"= a7 ©
with a temperature-, depth- and composition-dependent part:
npr = exp[—(n Apr)T + (In An,)(1 — z) + (In Anc)C| %)
and a stress dependence:
ne =n* +oy/E ®)

to allow for rigidly moving plates. Plate motion was shown to be necessary
for the formation of piles, because a simple stagnant lid surface only causes
a flat dense basal layer in response (Trim et al., 2014). Furthermore, we will
show in this work, that the subducting slabs reaching the base of the system
are important for a strong chemical influx from the core. In Equation 7, A,
An, and Ay, are the viscosity contrasts due to temperature 7, composition C
and height z. In Equation 8, n* is the plastic viscosity, o, the yield stress and
E the second invariant of the strain-rate tensor.

Dependencies such as a composition-dependent viscosity have been discussed
in earlier studies (e.g., Stein et al., 2020) and have been considered in
particular relevant for the stability of thermochemical structures (e.g., Heyn
et al., 2018). Here, we focus on the mechanism of core-mantle interaction
by a chemical influx and therefore mostly apply a rather simple rheological
approach, but we additionally present some results of further dependencies to
show their effect on the pile structure. Another parameter that has therefore
been considered is a depth-dependent thermal expansivity:

3
_ W
«(2) = (m(l—z)+1> ©)

with  the expansivity at the surface and m the factor of depth dependence (Stein et al., 2004).

We employ plaatjes which uses a finite-volume method for spatial discretization and the Crank-Nicolson method
for temporal discretization. The equations are solved iteratively using the multigrid method with SIMPLER as

smoother (Tosi et al., 2015).

2.1. Model Setup

Special attention has to be paid to the model setup. As first-order parametrization of a diffusive chemical influx

at the base of the system, we use Dirichlet boundary conditions for the composition.

Figure 1 summarizes the initial and boundary conditions for our simulations as compared to the typically used

model setup (Figure 1a). The latter simulations apply no flux composition conditions (Neumann condition:

dC/oz = 0) as top and bottom boundary and the initial compositional field is given by a layer of dense material
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(C =1) at the bottom of an otherwise depleted system (C; = 0). The excess density and volume of this dense
layer are arbitrarily chosen (e.g., Heyn et al., 2018; Langemeyer et al., 2020; Lassak et al., 2010; McNamara &
Zhong, 2005; Stein et al., 2020; Trim & Lowman, 2016) and will be varied throughout this study. We refer to this
kind of setting as the no flux cases (or primordial layer scenario).

Here, we propose a different setting (labeled influx cases) in which piles develop from a self-consistently formed
dense layer. Figure 1b shows the changed top and bottom boundary for the composition field in red (C = 0 and
C = 1, respectively). The isochemical bottom condition allows for an influx of compositionally dense material
from below. In this way we do not have to prescribe an a-priori dense layer. Instead we consider two extreme
initial conditions. In the one scenario the initial condition is a fully depleted system (C; = 0). In a second scenario
we consider a linear starting profile (C; = [1 — z]) to approximate the stable compositional stratification after the
magma ocean phase (e.g., Zaranek & Parmentier, 2004). In this way we can analyze the core-mantle interaction
in a mantle that is already chemically enriched toward the CMB. In the Supporting Information we also present
the result of an in-between scenario which has a thin dense basal layer (cf. Ballmer et al., 2017) but otherwise
depleted mantle as initial condition (see Figure S1 in Supporting Information S1).

In all simulations the boundary conditions for the temperature are isothermal at the top and bottom and reflect-
ing at the sides. All boundaries are free slip and impermeable. An initial temperature of T, = 0.5 is applied. For
comparison, an influx case in which the initial field is given by a hot interior (T; = 0.92) is presented in Figure
S1 in Supporting Information S1. We find the same evolutionary path as for the reference cases discussed here
showing the robustness of the mechanism against initial conditions.

The input parameters of the reference model simulations are: a surface Rayleigh number of 104, a buoyancy
number of B = 1, a Lewis number of Le = 10, viscosity contrasts due to temperature of Az, = 10° and composi-
tion of An. = 1, and due to depth of A, = 1. The effective viscosity is n* = 1072 and the yield stress is o, = 4.
This gives a basal Rayleigh number of about 10°. There is no variation in thermal expansivity with depth and
no internal heating. It was shown that internal heating in Cartesian models lead to too high mean temperatures
(because of the CMB being as large as the surface boundary) and can thus be neglected in order to better fit the
mean temperatures of sherical shell models (O’Farrell & Lowman, 2010). Influx case 1 considers the initially
depleted mantle and influx case 2 starts from the initially linear composition profile. For comparison, we present
the results of two calculations considering the no flux condition with an initially prescribed dense basal layer (see
no flux case 1 and no flux case 2 in Supporting Information). All the other parameters are the same as for the
reference influx cases discussed here.

All simulations have been performed in a 2D box of aspect ratio 4 with a resolution of 512 X 256. Additionally,
a grid refinement toward the upper and lower boundary has been applied to ensure that the fine structures at the
lower boundary are resolved.

3. Results
3.1. Mechanism of Convection-Assisted Diffusion

The general behavior of influx case 1 (with an initially depleted compositional field) that allows for a chemical
influx from the core is shown in Figure 2. The snapshots of the color-coded temperature and composition fields
(Figures 2a and 2b, respectively) display the temporal evolution from top to bottom. In Figure 2c¢ the correspond-
ing depth profiles of the composition field are visible.

Time step t = 0 shows the initial temperature and the initially depleted composition field, which results in a
depth-profile being zero over the whole depth with an increase only over the bottom boundary where chemical
diffusion (C = 1) is given.

Att=0.0011 we can see the first instabilities occurring in the temperature field. The subducting cold slab at the
right boundary of the system sweeps the plumes at the base to the left. Consequently, the surface plate moves
from the left to the right (Figure S2 in Supporting Information S1 displays the surface mobility for this simula-
tion revealing steady plate motion over time). The composition field displays finer chemical instabilities at the
exact same positions of the plumes. Like in typical pile simulations (cf. no flux case 1 in Supporting Informa-
tion S1 (Figure S3)) we observe that dense material is entrained by the rising plumes. As such, a thin dense layer
beneath sinking thermal currents and a thickened dense layer beneath rising thermal currents is observed which
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Figure 2. Influx case 1: (a) Snapshots of the temperature and (b) composition field for different time steps with (c) corresponding depth profiles of the composition.
(d) Temporal evolution of the average heat flux (thermal Nusselt number), the average composition and the basal diffusive flux of the composition dC/dz (=chemical
Nusselt number times Lewis number). The dots mark the time points of the snapshots. (e) Temporal evolution of the average density computed from the equation of
state showing the density increase dp of about 48 kg/m? over modeled time.

is similar to the observation in no flux simulations with a prescribed dense layer (e.g., Lassak et al., 2010; Stein
et al., 2020). In this study, however, initially a depleted mantle was assumed and the dense material is naturally
obtained by the diffusive influx at the CMB, which we will discuss in more detail in the following figures.

With time, more dense material is located in the mantle which leads to broader piles at # = 0.0039. The compo-
sition profiles show that dense material penetrating the mantle from the core rises upwards. For r = 0.0039 the
profile displays that the composition in the deep mantle (z < 0.2) is increased compared to earlier time steps.
Due to entrainment by plumes dense material is carried upwards in the following time steps, so that for the time
t = 0.131 the profile shows a composition value of about 0.55 over the whole domain.

The average composition in the mantle (red line in Figure 2d) initially increases strongly with time, but only very
slowly after t = 0.131 where C > 0.5. Consequently, as the composition in the system increases, the chemical
gradient over the bottom boundary is affected. Here we plot the chemical Nusselt number times Lewis number,
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Figure 3. (a) Magnification of the lowermost 30% of the temperature (left) and composition field (right) at the
non-dimensional time ¢ = 0.000943 for influx case 1 (vertical axis is extended by a factor of 7). (b) Corresponding horizontal
profiles of the composition (red lines), the total advective flux wT + wC (left) and the compositional diffusive flux dC/dz
(right) at the base of the model domain.

that is, the diffusive influx is 10 times superelevated to plot it in the same range as the heat flux (Figure 2d). The
chemical influx (green line in Figure 2d) is high at # = 0 (due to the depleted mantle) but strongly decreases as the
average composition increases and a dense basal layer is formed. At 7 ~ 0.02 the influx again increases because at
this point the convective flow becomes stronger. The average non-dimensional heat flux over time, also displayed
in Figure 2d (black line), shows that the strength of convection increases until about r = 0.131 (~30 Gyrs). After
this time the system is still strongly time-dependent but in a statistically stationary state. The strongly convecting
system is characterized by thin plumes (cf. snapshots for r = 0.131). Additionally, at this time point we observe
that the pile extent is considerably reduced. This agrees with the findings of McNamara and Zhong (2005) that
the thermochemical structures are less wide for smaller density contrasts. As the background composition in our
simulation has increased with time, the compositional contrast between piles and ambient material is reduced at
later times. The increase in density can be seen in Figure 2e. Here we display the evolution of the volume-averaged
density that has been computed from the equation of state (Equation 5) considering the temperature and compo-
sition fields. Like for the volume-averaged composition we find that the density first increases strongly with time
until at approximately # = 0.131 where an almost constant value is reached. The change in average density over
time due to the influx of core material is 6p = 48 k—ﬁ, that is, a 1.45% density increase compared to the reference
density. Note, that this is the value for the entire siglulation, that is, when the steady state is reached. Considering
the age of the Earth, we find that the change in density is only about §p = 10% (~0.3%). At this time point of
about 4 Gyrs the chemical structures are still vast.

Overall, we observe the same behavior as in previous no flux cases (e.g., Lassak et al., 2010; cf. also the Support-
ing Information showing a simulation with the same parameters as influx case 1 but with a no flux condition)
with the exception that here a dense layer at the base of the mantle forms self-consistently due to the basal chem-
ical boundary condition (C = 1). As the layer formation is controlled by the chemical gradient over the CMB,
not only the composition distribution but also the convective flow within the mantle plays an essential role. The
subducting slabs sweep the dense layer aside causing a larger chemical gradient and the rising plumes entrain
dense material forming dense accumulations that give a smaller chemical gradient. We analyze the impact of
convective flow parameters further in the following section.

First we consider the basic mechanism. The temperature and composition field for an early time step of influx
case 1 is shown in Figure 3. Here, the first instabilities start to form but the same behavior is observed throughout
modeled time. At the right boundary of the model domain (distance x = 4) the thermal boundary layer (red area
in left part of Figure 3a) is strongly thinned due to a cold downwelling at this position. A hot rising plume starts
to form at approximately x = 3 and two smaller instabilities are visible at x = 0 and x ~ 0.75. In these locations
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where the thermal boundary layer is thicker also a thicker chemical boundary layer (green area in the right part of
Figure 3a) is observed. Likewise the dense layer is thinned where the sinking slab spreads over the boundary layer
(at x = 4). As such, the horizontal profiles in the left part of Figure 3b also show the clear correlation of the total
advective flux (F, = wT + wC) and the composition C. The composition is high in the location of an upwelling
flow represented by a positive advective flux (e.g., x = 0 and x = 3) and the composition is low at the position of
a strong downflow with a negative advective flux (x = 4). As in earlier studies with the no flux condition (e.g.,
Steinberger & Torsvik, 2012), we thus observe that the dense material is entrained by the convective flow and
pulled up to form piles whereas the dense layer is strongly thinned beneath subducting slabs.

The right part of Figure 3b again displays the composition (red line), but now along with the diffusive chemical
influx (black line). The diffusive chemical flux dC/dz is computed at the base of the system and thus represents
the in- and outflux over the CMB. A clear anticorrelation is observed, which is a natural consequence of the fixed
composition of C = 1 at the bottom boundary (this is analogous to the relation between the heat flux and the
temperature, cf. Langemeyer et al., 2022). The locations characterized by a high value of the composition field
at the base of the mantle reveal a low chemical gradient (e.g., x = 3) while the locations with a low value of the
composition field at the base of the mantle show a high gradient (e.g., x = 0.5 and x = 4). In this way, the chemical
influx is also strongly coupled to the convective flow. As the dense material accumulates below upwellings, the
high composition here diminishes the chemical influx but at places of a strong downwelling the chemical influx
is high. The same result is observed at later times in the system, but with the stronger convection in the mantle the
chemical influx is higher than for the early stage (cf. Figure 2d).

The effect of fluid dynamical parameters on the chemical influx is investigated more closely in the next section.

3.2. Parameter Study on the Chemical Influx and the Pile Structure

In a first step we analyze the mechanism of core-mantle interaction for varying Lewis, Rayleigh and buoyancy
numbers. Here we relate the bottom chemical Nusselt number (=l d—c, i.e., the diffusive influx scaled with the
compositional diffusivity) with the RMS-velocity (which like the heat flux in Figure 2d is a measure for the
strength of convection).

Obviously the Lewis number Le has a profound impact on the system as the compositional diffusivity determines
the influx. Compared to the thermal diffusivity the chemical diffusivity is considered to be very low for iron-
rich core material (e.g., Bouffard et al., 2019; Otsuka & Karato, 2012) and even lower in the mantle (Hansen &
Yuen, 1988). In Figures 4a and 4b we therefore investigate an increasing Lewis number (i.e., decreasing chemical
diffusivity). While there is no change in the steady state RMS-velocity, the Nusselt number strongly decreases
due to the inverse of the Lewis number as prefactor.

In Figures 4c and 4d we present the behavior of influx cases with varying Rayleigh numbers. Increasing the
Rayleigh number leads to a stronger diffusive influx at the base of the system (Figure 4c). This stronger diffusive
influx correlates with the increase in the strength of convection (Figure 4d). Likewise we find that a reduction in
buoyancy number gives an increase in the chemical influx (Figure 4¢) and the strength of convection (Figure 4f).
The snapshots of the composition field in Figures 4g and 4h show vast chemical structures for low Rayleigh
numbers which hinder the influx over a wide range of the CMB (by reducing the chemical gradient in these areas)
plus an insufficient entrainment of dense material to greater heights, while the high Rayleigh number case shows
finer structures. Additionally, for a high Rayleigh number the strong convection carries more dense material
high into the mantle. The thinner structures therefore also give off more dense material allowing for a higher
influx at the CMB. We thus find that convection promotes the influx and refer to this process as advection- or
convection-assisted diffusion.

A similar behavior was observed for influx case 1 with time (cf. Figure 2). As dense material is entrained high
into the mantle, the density contrast between the piles and the ambient mantle and thus the buoyancy number
(restoring force) is reduced. Therefore the convective strength increases with time and we obtain a higher compo-
sitional influx (Figure 2d). We have also seen the thinning of the rising plumes (Figure 2a), which consequently
affects the pile structure (Figure 2b).

In Figure 5a we plot the distribution of the piles for influx case 1 at time 7 = 0.0011 together with that at r = 0.131.
Here, we can clearly see that the piles at later times are smaller and thinner. We therefore further analyzed
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Snapshots of the composition field for two Rayleigh numbers (black isoline: C = 0.15).
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Figure 5. (a) Influx case 1: pile distribution for two time points. (b) and (c)

Temporal evolution of the pile volume and average height for influx case 1 and

no flux cases as a comparison. In the no flux cases the volume of the initial
dense layer is varied from 3% (no flux case 1) to 15% (no flux case 2). The

pile height is spatially averaged for each time, so that the local peaks in panel

(a) are not represented in Figure (c).

the temporal evolution of the pile volume and height for influx case 1 and
compare it to cases with the same parameters but no flux composition bound-
ary conditions (Figures 5b and 5¢). A pile volume of 5% means that 5% of
the model domain is covered by dense material (where dense material having
a composition value C > 15% of the average composition is counted as pile).
The pile height represents the spatially averaged height for each time step,
thus single thin and high piles as seen in Figure 4h are not reflected.

We find that the evolution of the pile volume and pile height largely show
the same picture. In every case the values first increase until they reach a
maximum (this is when the dense layer is deformed and piles up). However,
we observe that the model simulation with an influx of dense material (influx
case 1) gives piles that exist over a longer time period (Figures 5b and 5c).
For no flux boundary conditions the piles vanish as the dense material from
the initially prescribed layer is entrained but there is no further influx of
dense material. A larger volume of the initially prescribed layer in the no flux
cases extends the time before the piles vanish but still falls below the time
limit where the influx cases reach a steady pile volume. For example, for an
initial layer that covers 15% of the modeled mantle volume the no flux case
(no flux case 2) has piles for the period of ~8 Gyrs while the influx case 1 at
this time has piles that still cover ~7% of the mantle volume and also has piles
for more than 60 Gyrs. Within the life time of the Earth (r < 5 Gyrs) all simu-
lations have reached their maximum pile size. The piles in the no flux cases
have a time-averaged height of 150-550 km for the cases with the 3% to the
15% initial dense volume, respectively (Figure 5c). However, only the cases
with a 10% and 15% volume still have piles at 4 Gyrs. Increasing the Lewis
number also extends the survival time of the piles, so that also the initially
thin layer case shows piles over the life time of the Earth, however, at the
same time reducing the pile height considerably (cf. Figures S4e and S5e in
Supporting Information S1). For the influx case the maximum volume of the
piles is up to 8% and the average height up to 150 km. For this parameter set
(i.e., Rayleigh number of 10* and Le = 10) we find that the values roughly
match those of the no flux scenario with the 3%-5% initial primordial layer.

As seen before, the convective mantle flow also plays an essential role for the
pile distribution. On the one hand we observed that piles accumulate beneath
plumes, and as thermal structures become thinner with increasing strength of
convection this affects the pile volume. On the other hand we observed that
stronger convection promotes the chemical diffusion and also the entrain-
ment of dense material to higher depths. We therefore investigated the simu-
lations with varying fluid dynamical parameters with respect to the modeled
pile behavior (Figure 6). The results are very similar to those of the no flux
scenarios with an initial dense layer (cf. Figures S4 and S5 in Supporting
Information S1).

An increase in the Lewis number dramatically decreases the piles' size, that
is, pile volume and height (Figure 6a). The low chemical diffusivity only

allows for a small basal chemical influx and also for little entrainment of dense material upwards. For the pile

volume we observe that all simulations converge to a value of ~1% and for the pile height to roughly 20 km.

However, we again observe that the convective flow also strongly affects the piles' size. A low Rayleigh number

(Figure 6b) and/or a high buoyancy number (Figure 6c) yield a rise in pile volume and height as in both cases

the strength of convection is reduced, which leads to broader plumes and following from this to larger piles. For

example, for the Rayleigh number of Ra = 103 the maximum pile volume is almost 20% and the maximum pile

height about 700 km. For this Rayleigh number the values exceed those of the pimordial layer case with a 3%

volume (maximum pile volume of ~6% and height of ~500 km) but more match those of the initial 15% volume

(maximum pile volume of about 25% and height of 900 km; Figures S4 and S5 in Supporting Information S1).
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Figure 6. Influx case 1: Temporal evolution of the pile structure for different (a) Lewis numbers (Ra = 10, B = 1), (b) Rayleigh numbers (B = 1, Le = 10), (¢)
buoyancy numbers (Ra = 10% Le = 10), and (d) other parameters (Ra = 10%, B = 1, Le = 10). For further parameters see reference case (influx case 1). Here H1 stands
for a heating mode of H = 1, HIC for a composition-dependent heating of H. = 1, EtaC for a composition-dependent viscosity with a viscosity contrast of Ay, = 102,
alpha for a model calculation with a thermal expansion coefficient that increases by a factor of 2 with depth, and ref for the reference case shown in Figure 2. The left
figures show the pile volume and the right figures the average pile height at each time step. The dashed vertical lines highlight the time of 4 Gyrs.
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We find that piles cover almost the complete bottom layer for a mildly convecting system (cf. also Figure 4g).
Additionally, entrainment is strongly reduced so that over modeled time we do not observe a decrease in pile
volume or height for the high buoyancy numbers (here for B =2 and 5, i.e., density contrasts of 6% or larger). It
seems that the pile volume remains constant or only diminishes very slowly. This is consistent with the findings of
Mulyukova et al. (2015) who show that the growth rates of piles appear to be constant for large buoyancy ratios,
while the growth rate seems to decline with time for low buoyancy numbers. In our B = 0.6 case we find that
during the life time of the Earth, the pile size has already declined considerably, while the higher buoyancy ratio
simulations show a constant or even increasing pile size (Figure 6¢). This is also in agreement with, for exam-
ple, Olson and Kincaid (1991) and Huang and Davies (2006), who find that high buoyancy ratios promote the
survival time of dense accumulations. McNamara and Zhong (2005), Y. Li et al. (2014b), and Trim et al. (2020)
also observe that thermochemical structures are wider and flatter for high buoyancy numbers. Increasing the
buoyancy number (or likewise reducing the Rayleigh number) further would finally result in a conductive layer
covering the entire bottom boundary. Entrainment then only occurs by diffusion which is much slower than by
convection. Consequently, the density of this layer remains high for a long time and only decreases slowly, so that
the influx of more core material is strongly reduced.

Finally, in Figure 6d we also present some simulations in which we varied additional pile-controlling parame-
ters. A viscosity that depends on the chemical component (here a viscosity contrast of Ay = 10 yellow line)
does not give a largely different picture than the reference case (red line). This seems different in the primordial
layer scenario (Figures S4f and S5f in Supporting Information S1) but can be explained by the amount of dense
material present. As we have seen before, the pile size in the reference case of the influx scenario is rather small,
thus there is less material on which the composition-dependent viscosity can act. However, a depth-dependent
thermal expansivity (mm = 0.3 which leads to a decrease with depth by a factor of 2, green line) seems to have a
stronger stabilizing effect on the piles. The pile volume is temporally stable and also increased compared to the
reference case. Likewise the pile height is increased from 30 km in the reference case to 90 km for the simulation
with a depth-dependent expansion coefficient @. The general behavior for these two simulations is understand-
able when comparing them to our other results. Increasing viscosity with depth by a composition dependence
as well as reducing the thermal expansion coefficient with depth both lead to a reduction in the lower Rayleigh
number. The results are therefore similar to reducing the Rayleigh number or increasing the buoyancy number.
The composition-dependent viscosity, however, only has an effect where the composition field is high and is thus
limited to a smaller area. Therefore the effect is smaller than for the thermal expansivity. An even larger effect
is observed for the simulations which allow for internal heating. Both simulations show an increase in the pile
volume and height. The average pile height, for example, in the steady state is ~170 km for the model calculation
in which a compositionally dependent heating was assumed (H = 1, blue line) and slightly higher (~250 km)
for the case with an overall heating of H = 1 (black line). This is probably due to a decrease in the temperature
jump AT in the lower part of the model geometry as the interior temperature is increased. This again reduces the
bottom Rayleigh number. The impact of the heating modes in the primordial layer scenario cases is less than for
the influx case, which might be due to the convection-assisted diffusion. As we have seen before an increase in
Rayleigh number more strongly affects the piles' size in the influx scenario than in the primordial layer scenario.
The effect of these parameters, however, has to be investigated more closely in a further study, in particular their
influence on pile structure and stability. Here, we concentrate on the mechanism of core-mantle interaction where
these single simulations have shown that the mechanism is still valid.

Core-mantle interaction is therefore a viable mechanism that might account for the presence of some core material
in the mantle that could also reach the surface at ocean islands. The existence of the large seismically observed
structures might, though, be difficult to explain solely by this process if realistic parameters are employed. There-
fore we also present the combination of two relevant scenarios as a possible explanation for the observations on
Earth.

3.3. Combination of the Primordial Layer and Core-Mantle Interaction

Here we present a case in which the lower mantle is already enriched due to remnants of the magma ocean phase
(e.g., Ballmer et al., 2017). In Figure 7 we show a model calculation (influx case 2) which has an initially linear
composition stratification but otherwise the same configuration as influx case 1. The overall model behavior
for both cases is very similar. At the location of the plumes, dense material is accumulating (z = 0.00228). The
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Figure 7. Model simulation with an initially stratified compositional field and an additional compositional influx at the bottom boundary (influx case 2). (a)
Temperature and (b) composition fields at different times and (c) corresponding depth-profiles of the composition. Temporal evolution of (d) the heat flux (thermal
Nusselt number), composition and diffusive influx, and of (e) the pile volume for influx case 2 with the linear starting condition in the composition (red line) compared
to the pile volume for influx case 1 with a depleted mantle (black line).
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composition-depth profile shows a first deviation from the initial linear stratification (at heights z < 0.25). As
the hot plumes are now denser than the plumes in influx case 1, they do not rise as high and the dense material
widely accumulates in the lower half of the model domain. An internal thermochemical boundary layer is formed
(at t = 0.00856). The depth profile of the composition shows a clear step at the height of about 0.4. This layering
behavior is also known from models with a no flux condition at the bottom boundary but a thick prescribed dense
basal layer (cf. Figure S6 in Supporting Information S1). Small-scale instabilities form at this interior boundary
and just as infiltration of dense material by the diffusive influx occurs at the bottom of the model domain, it is
also present at the interior boundary. Therefore dense material is also slowly transported into the upper half of
the box. The instabilities become stronger and at t = 0.02679 the layering breaks up leaving large-scale thermo-
chemical structures (t = 0.04498) before thermochemical mixing finally leads to a homogeneous temperature and
composition distribution (with an average composition of C =~ 0.5) with small plumes and piles (r = 0.06134).
This final stage resembles that obtained in influx case 1.

Due to the higher initial composition in influx case 2 (note that the average composition in Figure 7d starts at
C = 0.5), the averaged non-dimensional heat flux (black line) and chemical influx (green line) in Figure 7d
initially reveal low values. As the lower layer starts to break-up (between the time panels of 7 ~ 0.02 and 0.05) the
fluxes increase and finally reach a statistically steady state, revealing a vigorously convecting system. Again the
mechanism of convection-assisted diffusion becomes visible by the diffusive influx following the same trend as
the heat flux. The averaged composition (red line) shows an increase at the beginning, like seen for influx case
1, but during the time of layer break-up (¢ =~ 0.02 and 0.05) the composition remains almost constant at C = 0.55
until a further composition increase is observed after the break-up. At the non-dimensional time of ¢ ~ 0.12 an
almost steady composition of C = 0.58 is reached. This value is the same as in influx case 1 which, however, was
reached later as the system of influx case 1 was initially depleted. The increase in density over the whole model
time for this case is lower than for influx case 1 (here 6p ~ 10%; ~0.3% of the reference mantle density) due to
dense primordial material being present in the mantle, which gives an increased initial density.

In Figure 7e we display the temporal evolution of the pile volume (red line) and compare this to influx case 1 that
initially considered a depleted mantle (black line). In influx case 2, which has the linear composition stratification
as initial condition, more dense material is present and as such the pile volume reaches higher values (volume
>40% of the mantle). This is when we observe the layering. During the break-up phase (t & 10-15 Gyrs) the
pile volume decreases considerably, which is also clearly visible when comparing the composition snapshots at
t = 0.04498 and ¢ = 0.06134. In the final state both influx cases yield almost the same pile volume of approxi-
mately 1%.

Considering the age of the Earth, this parameter set would place the Earth in the layering phase. However, the
initial linear profile will rather be an extreme case. Ballmer et al. (2017) suggest a more exponential function.
Combining the influx scenario with a thinner primordial layer on the one hand reduces the layer thickness and on
the other hand does not give such an extensive layering phase (Figure S1 in Supporting Information S1).

4. Discussion

OIBs, which are regarded as the surface expression of deep mantle plumes, are geochemically distinct from
samples of Archean terranes (e.g., Rizo et al., 2019). These deeply rooted plumes might have their origin in
chemical structures in the D” region, where variations in seismic velocities are observed and which are often
attributed to the accumulation of dense material, possibly the enrichment of iron arising from core-mantle inter-
actions (e.g., Mao et al., 2006; Otsuka & Karato, 2012; Petford et al., 2005). Besides core-mantle interaction,
material stemming from recycled crustal components (e.g., Brandon & Walker, 2005; Rizo et al., 2019) or a
dense primordial layer resulting from early metal-silicate fractionation during the magma ocean phase after the
Moon-forming giant impact (e.g., Deschamps et al., 2012; Labrosse et al., 2007; Laneuville et al., 2018; Lee
et al., 2010; Solomatov, 2015) have been considered to explain the geochemical structures of large low seimic
velocity provinces (LLSVPs) and ULVZs at the CMB. In previous mantle convection studies an initially dense
basal layer was prescribed (e.g., Davaille, 1999; Gurnis, 1986; Hansen & Yuen, 1988; Heyn et al., 2018; Jellinek
& Manga, 2004; Langemeyer et al., 2020; Lassak et al., 2007, 2010; Steinberger & Torsvik, 2012; Trim &
Lowman, 2016), but the excess density and volume of this layer are uncertain.

In order to explain the observed tungsten (182W) deficits in OIBs, that is, an isotopic composition similar to that
of the core, (e.g., Rizo et al., 2019) and the abundance of HSE in the Earth's mantle a number of core-mantle
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interaction processes have been proposed from laboratory experiments (Hayden & Watson, 2007; Kanda &
Stevenson, 2006; Otsuka & Karato, 2012; Poirier & Le Mouél, 1992). Some of them have, however, been consid-
ered to be insufficient because the diffusive mechanism is too slow and would only lead to iron penetration of
only a few km into the mantle (Otsuka & Karato, 2012).

We numerically analyzed the possibility of infiltration of iron-rich material by chemical diffusion and compare
the resulting structures to those that originate from the primordial layer scenario. Therefore we employed a ther-
mochemical mantle convection model.

As calculations in a spherical geometry are computationally very demanding we limited our study to a 2D Carte-
sian geometry. In this way we were able to perform an extensive parameter study in order to analyze the system
behavior. Furthermore, we used a wide box with an aspect ratio of 4 to minimize boundary effects. Earlier studies
have shown that a change from the Cartesian geometry with reflecting boundaries to a cylindrical geometry with
periodic boundaries results in the same system behavior with only an increase in plate mobility (e.g., Zhong and
Gurnis, 1997). Consequently, we assume that our results will not be altered when transferred to a spherical geom-
etry apart from maybe a reduction in spatial pile stability.

For simplicity we have also neglected the impact of phase transitions within the mantle. In particular, the trans-
formation from bridgmanite to post-perovskite (ppv) a few hundred kilometers above the CMB (e.g., Kuwayama
et al., 2022) can explain some seismic observations, such as the D”-discontinuity (e.g., Murakami et al., 2004;
Oganov & Ono, 2004) or ULVZs (Mao et al., 2006). Y. Li et al. (2014a) and Nakagawa and Tackley (2011)
analyzed the effect of low-viscosity ppv and observe that cold slabs spread more vastly above the CMB and more
dense material is entrained in upwellings, which we have shown both promotes the infiltration of dense core
material. Mao et al. (2006) consider diffusive processes at the CMB of importance for the formation of iron-rich
post-perovskite and show that a ppv silicate phase, that contains up to 40 mol% FeSiO,, leads to seismic wave
velocities as observed in ULVZs. However, while Mao et al. (2006) consider ULVZs being made up by solid
iron-rich ppv, the possibility of ULVZs being partially molten was also discussed (e.g., Trgnnes et al., 2019). In
their review, Trgnnes et al. (2019) assume that ULVZs consist of only a low degree of iron-rich metallic liquids
(largely derived by subducted oceanic crust) in a perovskite-dominated matrix (largely bridgmanite MgSiO, and
some Ca-perovskite CaSiO,), so that further studies could take a two-phase flow into account. Nonetheless, they
conclude that at present (after the basal magma ocean has solidified) a reduced core-mantle exchange could occur
via the partially molten ULVZs.

Here, we investigated diffusion-controlled infiltration of dense solid material by considering a diffusive chemical
influx at the lower model boundary of a thermochemical mantle convection model. Typical models of the primor-
dial layer scenario consider the tracer approach (e.g., Langemeyer et al., 2022; Lassak et al., 2010), but we have
shown that the same behavior is obtained in the field approach (Stein et al., 2020 and Supporting Information).
We therefore employed a Dirichlet condition as bottom boundary condition (Figure 1) using the field approach,
which allows for the investigation of a varying Lewis number. In this way estimations of more realistic values
can be made. As the Lewis number describes the chemical diffusion its value is critical for this influx scenario.
While a Lewis number of infinity is applied in the tracer approach, in the case of the field approach a numerical
reasonable Lewis number is below the realistic value. For example, the Lewis number is considered to be maybe
even as large as 10" in the Earth's mantle (Kellogg & Turcotte, 1987). Here, we assume that core material infil-
trates the mantle. Therefore, in the influx scenario we follow assumptions of Hayden and Watson (2007), Otsuka
and Karato (2012), Bouffard et al. (2019), and Meyer et al. (2019) where the chemical diffusivity could be in the

range of 107° ” (amounting to a Lewis number of only 10%) for iron or HSE.

The comparison of the results from the influx scenario to those of the primordial layer scenario (with no basal
influx) shows that both scenarios give a qualitatively similar behavior. In the primordial layer scenario we have
a prescribed dense layer while it is self-consistently growing in the core-mantle interaction scenario. Subducting
slabs push the (growing or prescribed) dense layer to the side and the dense material accumulates beneath the
hot rising currents forming dense piles (e.g., McNamara & Zhong, 2005; McNamara et al., 2010; Steinberger &
Torsvik, 2012; Stein et al., 2020). Where the slabs reach the CMB the thermochemical boundary layer is thinner
(Figure 2) and in the influx scenario this leads to a stronger chemical gradient over the boundary than beneath
dense piles (Figure 3). Thus the infiltration of dense core material largely occurs at the position of slabs. This
is similar to the infiltration by suction due to a pressure gradient at CMB depressions described by Kanda and
Stevenson (2006).
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The amount of material accumulating depends on the compositional gradient between the mantle and the core
and as such we observe that the convection in the mantle has a profound impact. Not only is the largest influx
observed at the subduction zones but also the fluid dynamical parameters play an essential role (Figure 4). We
identify the process of convection-assisted diffusion.

The primordial dense layer scenario (with the no flux condition) and the forming dense layer scenario (due to
the chemical influx) only differ in the size and longevity of the modeled piles. Due to the low compositional
influx the growing layer is rather thin, thus giving only relatively small piles. However, the piles in the growing
layer scenario increase more strongly with increasing strength of convection than the piles in the primordial layer
scenario. We find that the pile size in the influx scenario with an Earth-like Rayleigh number of 108 resembles
that of the primordial layer scenario with an initial dense layer of 3%—5% of the modeled mantle volume. The
size of the piles in the primordial layer scenario also strongly depends on the initial thickness of the dense
basal layer. To match the LLSVPs on Earth, which are assumed to have a height of about 100s of kilometers
(McNamara, 2019) and a volume of 8% of the Earth's mantle volume (Cottaar & Lekic, 2016), our results suggest
that an initial dense layer of about 10% of the Earth's mantle volume seems reasonable. For example, for our
reference case with a Rayleigh number in the realistic range of about 108 in the mid-mantle and a density contrast
of 3%, the modeled piles reach a maximum height of about 270 km (and pile volume of ~4%) for an initial layer
thickness of 3% and 570 km (volume of ~25%) for a 15% volume layer. The scenario of core-mantle interaction
leads to a maximum pile height of 230 km (pile volume of ~9%) (Figure 5). The smaller pile height in the influx
scenario thus suggests that these modeled piles are more suited to explain the smaller ULVZs rather than the two
large LLSVPs observed in the Earth. The latter are better explained by the primordial layer scenario.

As mentioned above, due to the convection-assisted diffusion the choice of parameters has a huge impact on the
modeled piles. While the Rayleigh number in our given example is in a realistic range for the Earth's mantle, the
Lewis number is too low. This low value promotes the chemical diffusion more strongly than is realistic. In a
systematic parameter study on the effect of the Lewis number, we find that the pile height decreases from about
270 km (Le = 10) to 100 km (Le = o) (pile volume from 4% to 3.5%) in the primordial layer scenario with a 3%
layer volume (Figure S5 in Supporting Information S1) and from 230 km (Le = 10) to 80 km (Le = 500) (pile
volume from 7% to 0.9%) in the influx scenario (Figure 6). The decrease in pile volume is even stronger for the
influx case than for the primordial layer case, because for the primordial layer scenario the lower chemical diffu-
sion (higher Lewis number) only diminishes the entrainment of dense material by plumes. The piles thus erode
more slowly when increasing the Lewis number. The same holds for the influx scenario but here the low chemical
diffusivity (high Lewis number) also considerably reduces the influx. Extrapolating our influx results to more
realistic Lewis numbers of the order of 103 or 10* (penetration of iron from the core) suggests a modeled pile
height of roughly 10 km which is at the lower end of the assumed pile height of ULVZs and supports the thought
that diffusion is a too weak process to explain the ULVZs (Otsuka & Karato, 2012).

However, in this work we showed that the diffusion process is strongly assisted by convection. In a vigorously
convecting mantle the accumulation of dense material by diffusion is much faster and entrainment is more effi-
cient. Consequently, the modeled piles are relatively small. In weakly convecting systems the penetration and
entrainment of dense material is slower so that vast pile structures form (e.g., Figures 4g and 4h). For example,
we find that increasing the buoyancy number also decreases the chemical influx (Figure 4e) as the strength of
convection decreases (Figure 4f). Varying the buoyancy number from B = 0.6 to 5 (i.e., density differences from
1.8% to 15%) leads to an increase in the maximum pile height in our reference case from ~150 km to more than
300 km (maximum pile volume from 5.5% to 30%). Similarly, additional convection controlling parameters affect
the pile size. In particular, the additional internal heating as well as the depth-dependent expansion coefficient,
which both reduce the effective Rayleigh number, again give vast piles which are stable for longer times. For
example, the reference case with an additional internal heating of H = 1 (i.e., ~80% internal heating) increases
the pile volume from 9% to 20% and the maximum height from 230 to 830 km. Therefore convection parameters
can possibly compensate for the low chemical influx at more realistic high Lewis numbers.

But also the chosen model geometry will play an important role. To minimize computation time we employed
2D Cartesian models for our parameter study. In this way we possibly exaggerate the pile size due to the unre-
alistically large bottom boundary. However, as our results show that infiltration occurs mostly beneath cold
subducted slabs, the larger volume of the cold top boundary in spherical geometries might even increase the
chemical influx. Linear downwellings have been reported in some spherical shell models when plate motion
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is present, in particular the temperature-dependent viscosity seems to strengthen the cold linear downwellings
(Zhong et al., 2000). Also, the work of Langemeyer et al. (2022) shows slabs buckling at the CMB, giving large
areas in which the dense material is pushed aside. This seems to be even more pronounced for an increased
contrast in composition-dependent viscosity. Likewise the consideration of low-viscosity post-perovskite leads to
cold slabs vastly spreading above the CMB (Y. Li et al., 2014a; Nakagawa & Tackley, 2011). Future works will
have to reveal how large these effects really are, but we do not expect an alteration of the general observation, that
is, the penetration of dense core material into the mantle.

Closely related to the pile size is their survival time. Typically larger modeled piles exist longer, so that the
piles in the primordial layer scenario are more persistent the greater the volume of the initial dense layer. In
the core-mantle interaction scenario the piles exist even longer due to the constant basal influx that balances
the entrainment.

As the survival time of piles also depends on entrainment, the life time of piles is strongly dependent on the
convection. Olson and Kincaid (1991) and Tackley (2011) discuss that the stability of chemical structures
depends on the ratio of entrainment (destabilizing thermal buoyancy) to enrichment (stabilizing compositional
buoyancy). As mentioned above, a higher Rayleigh number promotes entrainment and thus reduces the survival
time, but a higher Lewis number prevents entrainment. Using the tracer approach with the infinite Lewis number
(i.e., a negligible chemical diffusion) shows that piles in the no flux cases also do not vanish during the life time
of the Earth (Figure S5 in Supporting Information S1). The stability of piles has greatly been discussed (e.g.,
Jellinek & Manga, 2004; Mulyukova et al., 2015; Tan et al., 2011; Trim et al., 2020) and similar to our results
it was found that dense dome-like structures survive for more than 3 Gyrs if assuming a high density contrast
to prevent erosion by entrainment and mixing in the mantle (e.g., McNamara et al., 2010; Tan et al., 2011).
Koelemeijer (2020), however, argues that the excess density to preserve structures in numerical models is typi-
cally larger than predicted by seismological observations. In our model setup the chemical influx allows for
temporal stability also at low buoyancy ratios.

Besides the temporal stability additionally a spatial stability of the structures was discussed. For example, Tan
et al. (2011) observed moving structures, which we also see in both our scenarios. However, it has been suggested
from the reconstructions of eruption sites of LIPs and kimberlites that there is little movement of thermochemical
structures in the last 300 Myr (e.g., Torsvik et al., 2006). We have already observed that piles are strongly coupled
to the style of convection, so that a weak convective flow with almost stationary and wide plumes will also lead
to broad, temporally and spatially chemical structures. In a future study it has to be investigated if and for how
long our long-lived piles are stable in space. In particular a composition-dependent viscosity has been argued to
stabilize piles spatially (e.g., Heyn et al., 2018). Our test cases with a mild composition-dependent viscosity did
not confirm this result, maybe due to a too low composition-dependent viscosity contrast. In particular for the
influx scenario with the smaller piles we did not observe a difference to the reference case, but a more thorough
study on various fluid dynamical and rheological parameters with respect to pile stability is needed. For example,
a more realistic pressure-dependent viscosity of A, = 30 (e.g., Stein et al., 2004) could help to stabilize the piles
more effectively as the increased viscosity not only acts within the piles but in the entire lower mantle.

Finally, assuming that a more realistic Lewis number would only give modeled pile heights of roughly 10 km,
the additional internal heating and depth-dependent expansivity could play a role that leads to pile heights
of up to 100 km. This is still very low when compared to LLSVPs but well in the assumed range of ULVZs
(~5-40 km high with a density increase of about 10%; Cottaar & Romanowicz, 2012; McNamara et al., 2010;
Rost et al., 2006). In contrast, our primordial layer scenario gives larger structures and will thus more likely
explain the large LLSVPs if a thick initial layer (~10% of the mantle volume) is assumed. Therefore a combina-
tion of both scenarios seems most reasonable. The core material, that penetrates the mantle mainly beneath slabs,
is pushed to the plumes where also the large piles reside, which form from the primordial dense layer. In this
way the large LLSVPs and the smaller but denser ULVZs could maybe be established simultaneously. Possibly
this also explains the proposed portion of core material in the mantle and the observed chemical signatures of
OIBs as discussed in Torsvik et al. (2006). The mixing within the mantle needs to be analyzed in detail in future
studies to find out if indeed enough entrained material reaches the surface to match the measurements at OIBs.
Additionally the combination of scenarios using different chemical components will show if the simultaneous
existence of ULVZs and LLSVPs can be obtained, or maybe subducted slabs will also have to be added (cf.
Trgnnes et al., 2019).
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S. Summary

The observed '32W deficits in ocean-island basalts (e.g., Rizo et al., 2019) show an excursion toward the core's
tungsten isotopic composition (Kleine et al., 2009), so that an exchange between core and mantle material may
occur (e.g., Hayden & Watson, 2007).

Applying a diffusive chemical influx at the base of thermochemical mantle convection models, we observe the
self-consistent formation of a compositionally dense layer. Like in the scenario of a prescribed primordial dense
layer, pile-like structures evolve from this layer. At the places where a cold downwelling slab sweeps dense accu-
mulations aside and thins the thermochemical boundary layer, a higher chemical gradient is obtained than below
the plume-pile complexes. Additionally, for strongly convecting systems we observe both that the dense material
more quickly penetrates the mantle and that the piles erode faster due to entrainment of dense material to greater
height. As penetration and entrainment is strongly controlled by the convective flow, the limiting effect of the
very low chemical diffusivity (high Lewis number), can partly be overcome by the process of convection-assisted
diffusion.

Nevertheless, the modeled piles forming in the influx scenario are generally smaller than for the primordial layer
scenario. Therefore the primordial layer seems more suited to explain the large LLSVPs, while the smaller and
denser ULVZs might be generated by iron-rich core material penetrating the mantle. The combination of the
influx and primordial layer scenario can maybe explain the presence of various heterogeneities at the CMB as
well as some core material in the mantle. In both scenarios we find that the dense material is swept to plumes, so
maybe this can explain why ULVZs often reside at the edges of LLSVPs. Furthermore the infiltrated core mate-
rial in our models is entrained by the convective upwellings, so that we also observe denser material at shallower
depths.

Data Availability Statement

The code plaatjes used in this study predates open-source licensing and is not freely available. For replica-
bility the numerical methods of the code are described in detail in Trompert and Hansen (1996), https://doi.
org/10.1080/03091929608208968 and Tosi et al. (2015), https://doi.org/10.1002/2015GC005807. In the latter
reference the code has also been benchmarked against several other (partly open-source) mantle convection codes.
All data supporting the findings of this study are available in Stein and Hansen (2023): Replication Data for:
Formation of Thermochemical Heterogeneities by Core-Mantle Interaction, https://doi.org/10.35003/JENOA4T.
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