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Subducted oceanic crust is one of the major sources of compositional heterogeneity in Earth’s mantle.
It has been proposed that subducted oceanic crust may accumulate at the bottom of the Earth’s mantle
and cause the seismically-observed, Large Low Shear Velocity Provinces (LLSVPs). Testing this hypothesis
requires a better understanding of the morphology of the crustal accumulations in the lowermost mantle.
Here, through geodynamic modeling experiments, we find that thick subducted oceanic crust could
accumulate into thermochemical piles with a height up to ~1000 km above the core-mantle boundary

Keywords: (CMB), and the crustal accumulations typically have chemically fuzzy top boundaries and stratified
oceanic crust interiors. As the oceanic crust thins with mantle cooling, it becomes more difficult to accumulate on
LLSVPs the CMB, and the previous crustal accumulations gradually become smaller in size and gain sharp top
morphology boundaries and relatively homogeneous interiors. Our results suggest that if the present-day LLSVPs are

lowermost mantle mainly caused by the accumulations of subducted oceanic crust, they may be produced in the early

hotter Earth when subducted oceanic crust may be thicker, and they may start with chemically fuzzy
top boundaries and stratified interiors and gradually develop into chemically sharper top boundaries and
more homogenized interiors.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Formed at mid-oceanic ridges by partial melting, the oceanic
crust has different composition than the pyrolitic mantle in terms
of both major and trace elements (Langmuir et al., 1992). Oceanic
crust is subducted to the deep mantle at subduction zones and
becomes one of the major sources of the compositional hetero-
geneity in the Earth’s deep mantle. After transformed into eclogite,
subducted oceanic crust becomes intrinsically denser than the py-
rolitic mantle at most mantle depths except in the uppermost
lower mantle (e.g., Hirose et al., 2005; Kesson et al., 1994; Ring-
wood and Irifune, 1988). Recent high-temperature-pressure exper-
iments by (Ko et al., 2020) showed that, despite its higher MgO
content, Archean oceanic crust at depths >~800 km depth has
a similar (or slight lower) positive intrinsic density anomaly with
respect to pyrolite than the intrinsic density anomaly of modern
oceanic crust. Due to its increased intrinsic density, a significant
amount of subducted oceanic crust may accumulate at the bottom
of the mantle (e.g., Brandenburg et al., 2008; Brandenburg and van
Keken, 2007; Christensen and Hofmann, 1994; Davies, 2008; Mu-
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lyukova et al., 2015; Nakagawa and Tackley, 2005; Nakagawa and
Tackley, 2010, 2014, 2015; Nakagawa et al., 2010; Ogawa, 2003).
Seismic observations have revealed two large-low shear veloc-
ity provinces (LLSVPs) in the lowermost mantle, one beneath Africa
and the other beneath Pacific Oceans (see a review paper by Gar-
nero et al., 2016 for more information). The LLSVPs are among the
largest structures in the lowermost mantle, which may greatly af-
fect the CMB heat flux (Li et al, 2018; Nakagawa and Tackley,
2005; Nakagawa and Tackley, 2010, 2014), the formation of mantle
plumes and surface intraplate volcanism (e.g., Li and Zhong, 2017;
Torsvik et al., 2010), and perhaps the surface plate motion as well
(Trim et al., 2014). One hypothesis is that the LLSVPs are caused
by accumulations of subducted oceanic crust (e.g., Christensen and
Hofmann, 1994; Garnero et al., 2016; Jones et al., 2020; Thomson
et al,, 2019). This hypothesis provides a key to understand both
the origin of the largest seismic structures in Earth’s mantle and
the dynamics and evolution of the subducted oceanic crust.
However, verification of the hypothesis that the LLSVPs are
caused by subducted oceanic crust remains challenging. Mineral
physics experiments and theoretical analyses have been conducted
to measure or estimate the seismic velocities of oceanic crust un-
der lowermost mantle conditions, but the results are controversial:
whereas (Deschamps et al., 2012) and (Wang et al., 2020) con-
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cluded that the seismic velocities of LLSVPs cannot be explained by
subducted oceanic crust, (Thomson et al.,, 2019) and (Jones et al.,
2020) reached the opposite conclusion. If the LLSVPs are caused by
subducted oceanic crust, they may be intrinsically denser than the
surrounding mantle. However, the density of the LLSVPs remains
a matter of debate (e.g., Koelemeijer et al., 2017; Lau et al,, 2017)
and separating the chemical and thermal effects on the density of
LLSVPs is also challenging (e.g., Deschamps et al., 2012). Geochem-
ical observations have suggested that the source of Ocean-island
basalts (OIBs) often contains recycled oceanic crust (e.g., Cabral et
al., 2013; Sobolev et al., 2011), together with other compositional
components such as primitive materials and depleted mantle ma-
terials (e.g., Hofmann, 1997). The OIBs are often interpreted as
caused by mantle plumes which have been suggested to prefer-
entially origin from the margins of LLSVPs (e.g., Li and Zhong,
2017; Torsvik et al., 2010). Therefore, the hypothetical crustal ori-
gin of LLSVPs seems to be consistent with geochemical observa-
tions. However, mantle plumes may also sample subducted oceanic
crust from outside the LLSVPs (Li, 2021; Li et al.,, 2014a) and the
observation of recycled oceanic crust in OIB sources is not suffi-
cient to conclude that the LLSVPs are caused by subducted oceanic
crust.

This study examines the morphology of the accumulations of
subducted oceanic crust in the lowermost mantle, which helps un-
derstand the observed features of the LLSVPs and test whether the
LLSVPs are caused by subducted oceanic crust. It has been found
that the ability for the subducted oceanic crust to accumulate
on the CMB strongly depends on the thickness of the subducted
oceanic crust, with a thicker subducted oceanic crust more likely
to accumulate on the CMB than a thinner one (e.g., Christensen
and Hofmann, 1994; Davies, 2008; Li and McNamara, 2013). In ad-
dition, the crustal accumulations often exhibit a chemically fuzzy
top boundary where crustal materials are typically mixed with a
large amount of intrinsically less dense background mantle mate-
rials (e.g., Brandenburg et al., 2008; Brandenburg and van Keken,
2007; Christensen and Hofmann, 1994; Davies, 2008; Mulyukova
et al., 2015; Nakagawa and Tackley, 2005; Nakagawa and Tackley,
2010, 2014, 2015; Nakagawa et al., 2010; Ogawa, 2003). However,
melt production rate at mid-ocean ridge is significantly controlled
by uppermost mantle temperature (e.g., Langmuir et al., 1992; Li
et al, 2016; McKenzie and Bickle, 1988), and the oceanic crust
may be much thicker in the past when the mantle was hotter (e.g.,
McKenzie and Bickle, 1988). It remains unclear how the morphol-
ogy of crustal accumulations evolves with the cooling of Earth’s
mantle. Here, we perform geodynamic modeling experiments to
investigate this problem.

2. Methods

The following non-dimensional conservation equations are
solved under the Boussinesq approximation using the finite ele-
ment CitcomCU code (Zhong, 2006):

V.U =0, 1)

_Vp+v.(r]é)=§_3|:Ra(T—ZBiC,')+Rapl_‘i|f’, (2)

oT
E+(7~V)T=V2T+Q, 3)

where, U is the velocity, P is the dynamic pressure, n is the vis-
cosity, € is the strain rate, Ra is the Rayleigh number, T is the
temperature, B; and C; are the buoyancy number and the frac-
tion of the ith composition, respectively; Rap and I' are the phase
transition Rayleigh number and the phase function, respectively; 7
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Table 1
Definition of symbols and their values.
Parameters Symbol Value
Earth’s radius Re 6371 km
Mantle thickness D 2890 km
Reference density Lo 3300 kg/m3
Thermal expansivity 1x107> K1
Thermal diffusivity K 1x 1076 m?/s
Gravitational acceleration g 9.8 m/s?
Reference temperature AT 3000 K
Reference viscosity No
Non-dimensional temperature T
Non-dimensional internal heating rate Q
Thickness of oceanic crust H¢
Buoyancy number of oceanic crust Bc
Thickness of depleted lithosphere H;
Buoyancy number of depleted B;
lithosphere
Effective buoyancy ratio of an Beff
element
Background mantle temperature at T300
300 km
Transit time t*
Areal fraction of the model domain Fq
that is occupied by PCA elements
The ratio of crustal content in PCA Rn
elements relative to the total crustal
content
The average effective buoyancy ratio Epm
from all PCA elements
The standard deviation of effective Effcda
buoyancy ratio from all PCA elements
The average age of crustal tracers pr

within PCA elements

is the unit vector in radial direction, t is the time, Q is the inter-
nal heat generation rate, and & = D/R,, with D the thickness of
Earth’s mantle and R, the Earth’s radius.

The Rayleigh number is defined as:

3
Ra = M, (4)
Nok
where po, g, @, AT, 1o and « are, respectively, the reference den-
sity (which is the intrinsic density of the background mantle in
this study), the gravitational acceleration, the thermal expansivity,
the reference temperature (which is the temperature difference be-
tween CMB and surface in this study), the reference viscosity at
temperature, and the thermal diffusivity. The symbols and values
of physical parameters used in this study are provided in Table 1.

The phase transition Rayleigh number is defined as:

Rap = ﬂRa, (5)
Pox AT
where Ap, is the density change of the phase transition.

The whole mantle dynamics is modeled in a 2D spherical annu-
lus geometry (Hernlund and Tackley, 2008), and the model setup is
similar to our previous work (Li and McNamara, 2018). The model
domain is divided into 3840 and 256 elements in lateral and radial
direction, respectively. The grid is gradually refined in the radial
direction towards the top and the bottom, resulting in 3 km and 6
km resolution on the top 6 km and bottom 600 km, respectively.
Both the top surface and the CMB are free-slip. The models are
both internally and basally heated, with an internal heating rate
of Q =60 for most cases that lead to an internal heating ratio of
50-80%. Isothermal temperature boundary conditions are applied
at the surface (T =0) and the CMB (T =1).
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We employed a Rayleigh number of Ra = 5 x 107 for most cases.
The viscosity is given by n = n,exp[A(0.6 — T)], where A is the
activation coefficient and we use A =9.21 for most cases, which
allows a maximum viscosity contrast of 10* due to changes of
temperature, and 7, is 1.0 in the upper mantle (from 0-660 km
depth) and 50.0 in the lower mantle (from 660 km to the CMB).
Mineral physics studies have suggested that the Bridgmanite to
post-Perovskite (pPv) phase transition may lead to 10-1000 times
viscosity reduction (Ammann et al., 2010; Hunt et al., 2009). We
include this phase transition in some models. The phase function
for the pPv phase transition is defined as:

F(n)=0.5+0.5tanh<%>, (6)

where w = 0.0047 (or 30 km) is the dimensionless width of the
phase transition and 7 is the excess pressure which is defined as:

nzd—dppv—V(T_Tppv)v (7)

where d is depth, T is temperature, y = 0.1747 (with a dimen-
sional value of 12 MPa/K) is the Clayperon slope, and dpp, = 0.4328
(or 2700 km when scaled with the radius of the Earth) is the depth
for the phase transition at temperature of Tppy = 0.473 (which is
equivalent to a dimensional temperature of ~2640 K when scaled
with a reference temperature of AT =3000 K and adding back the
adiabatic temperature increase at 2700 km depth with a gradient
of 0.35 K/km and surface temperature of 273 K).

Our models contain three different compositional components:
background mantle material, oceanic crust, and depleted litho-
sphere material. The composition field is simulated using the ratio
tracer method (Tackley and King, 2003) with ~40 million tracers
(e.g., ~40 tracers per element on average). Initially, the entire com-
putational domain is randomly filled with tracers that represent
the background mantle material. When tracers are advected up-
wards and cross the bottoms of the oceanic crust or the depleted
lithosphere, they are changed into crustal or depleted lithospheric
type of tracers, respectively. The depleted lithosphere is kept at 9
times thicker than the oceanic crust, assuming an average of 10%
partial melting (e.g., Langmuir et al., 1992). The buoyancy numbers
for the oceanic crust (B.) and the depleted lithosphere material
(B;) are defined as:

A

o= P (8)
Poa AT
A

=P 9)
Poa AT

where Ap. and Ap; are, respectively, the intrinsic density anoma-
lies of the oceanic crust and the depleted lithosphere material
with respect to the background mantle material. We use a buoy-
ancy number of B, = 0.8 for most cases, which is equivalent to
a ~2.4% intrinsic density anomaly that is about in the middle of
the range of ~1-5% at most mantle depths as constrained in min-
eral physical experiments (e.g., Hirose et al.,, 2005; Kesson et al.,
1994; Ko et al., 2020; Ringwood and Irifune, 1988), but cases with
a different B, are also performed. The buoyancy number of the de-
pleted lithosphere is set to be related to that of the oceanic crust
by B; = 0.0 — B:/9.0. Like (Li et al., 2017), the effective intrinsic
density anomaly of each element is calculated by averaging the
densities of each component, leading to an effective buoyancy ra-
tio:

e _ 2i(8pi* G

10
paAp (10)
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where C; is the fraction of the ith compositional component in the
element.

The main goal of this study is to test how the morphology of
accumulations of subducted oceanic crust evolves with the cool-
ing of mantle (and the resulted thinning of oceanic crust). There-
fore, our models start with a relatively hot mantle that generally
cools with time. To obtain a proper temperature initial condition,
we first perform a lower resolution (with 1280 x 128 elements)
isochemical calculation with an initial temperature of T = 0.72
everywhere. We calculate the average background mantle temper-
ature at 300 km, T3q9, by averaging the temperature in all regions
at this depth excluding the relatively cold regions with T < Tgye,
where Tge is the horizontally averaged temperature (similar to
Zhong, 2006 and Li et al., 2018). After the T3p9 of this lower res-
olution model decreases to T ~0.62 (or ~1860 K when scaled by
AT = 3000 K), the temperature field is interpolated to higher reso-
lution (3840 x 256 elements) and is used as the initial temperature
condition for cases presented in this study.

The thickness of oceanic crust generated at the surface, He, is
related to T3p09 by

He = 6.0 + 340 x (T390 — 0.52), (11)

which leads to a linear decrease of Hc from 40 km for T3p9 = 0.62
or 1860 K to 6 km for T3gp = 0.52 or 1560 K, consistent with
the estimations of (McKenzie and Bickle, 1988). Similar equation
as Eq. (11) has been used to calculate the thickness of oceanic
crust generated by fertile (undepleted) mantle as a function of
upper mantle temperature by (Davies, 2008). However, the actual
thickness of oceanic crust used in the models of (Davies, 2008) is
~3-6 km and does not decrease with mantle cooling. This thin
crust is caused by that the production of oceanic crust in (Davies,
2008) is simulated by moving crustal tracers from a melting zone
in the uppermost mantle to a thin crustal layer, but the upper
mantle in the models of (Davies, 2008) is often depleted of crustal
tracers. In contrast with (Davies, 2008), we assume that the thick-
ness of oceanic crust is to the first order controlled by uppermost
mantle temperature, and do not consider the effects of chemical
heterogeneities which are not well understood (e.g., Langmuir et
al., 1992). For comparison, two models with a fixed thickness of
oceanic crust are performed. It should also be pointed out that
our models do not generate self-consistent sustainable Earth-like
asymmetric plate subduction which is a grand challenge in geo-
dynamic modeling experiments. In our models, the oceanic crust
produced at the surface is first advected to convergent regions of
the uppermost mantle where it forms small crustal accumulations
from which a portion of crustal materials are advected to the deep
mantle (e.g., Fig. 1). This mechanism of subducting oceanic crust to
the deep mantle is greatly controlled by the lithosphere viscosity
which depends on temperature. Because the lithosphere temper-
ature does not change with time due to the fixed temperature
boundary condition on the top surface, the time evolution of the
thickness of subducted oceanic crust in the deep mantle is to the
first order determined by that of the oceanic crust generated at the
surface.

Another consequence of not capturing Earth-like subduction in
our models is that the surface velocity is relatively small (~0.7
cm/yr for cases with Ra=5 x 107 and ~0.3 cm/yr for cases with
Ra=1 x 107). As a result, the time it takes for an oceanic crust
to sink from surface to deep mantle is much longer than that for
the real Earth that has a present-day average plate velocity of ~5
cm/yr. To better scale with the real Earth, we follow previous stud-
ies (e.g., Christensen and Hofmann, 1994; Li and McNamara, 2013,
2018) and present the elapsed time of dynamic processes in terms
of transit time, t*, which is defined as:
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case 3
t*=7.9
He=13km §
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Fig. 1. Snapshots of compositional fields (represented by the effective buoyancy ratio) for case 1 (a, b), case 2 (c,d) and case 3 (e-h). H. and t* in each panel are the thickness

of oceanic crust and the transit time, respectively.

t
*_1 =(+"\ At
t_so/u(t)dt, (12)

where t is the non-dimensional time, u(t’) is the average surface
velocity at non-dimensional time t’, and & is defined previously in
equation (2). One transit time is defined as the time a slab takes
to sink from the surface to the CMB. To relate transit time to geo-
logical timescale, previous studies often assume that 1 transit time
is equivalent to 60 Myr (e.g., Christensen and Hofmann, 1994; Li
and McNamara, 2013). All cases are run for more than 20 transit
times. For reference, the dimensional time calculated using a dif-
fusion time scale (by multiplying the non-dimensional time with
Rg /k) is plotted against the transit time in Supplementary Infor-
mation Figure S1.

3. Results

Table 2 lists the parameters for all cases used in this study.
We first show the results of cases 1-2 with constant thickness of
oceanic crust. In case 1, the oceanic crust has a constant thick-
ness of 6 km and a buoyancy number of B, = 0.8 (or ~2.4%
denser than the background mantle materials). After the subducted
oceanic crust reaches the lowermost mantle, most of it is viscously
entrained up and stirred into the background mantle (Figs. 1a-b).
We find that it is difficult for a thin oceanic crust to accumulate
on the CMB, which confirms the conclusions in our previous stud-
ies (Li and McNamara, 2013) in which models were performed in
2D Cartesian geometry.

Case 2 has the same parameters as Case 1, except that the
oceanic crust has a constant thickness of 30 km. Compared to case
1, the subducted oceanic crust is thicker and easier to accumu-
late on the CMB, and it makes large piles of crustal accumulations
(hereinafter referred to as PCAs) in the lowermost mantle. The
PCAs are characterized by chemically fuzzy top boundaries where
the crustal material is mixed with a large amount of other in-
trinsically less dense materials (e.g., depleted lithosphere material
and background mantle material). The concentration of crustal ma-
terial within the PCAs also generally increases with depth (e.g.,
higher crustal concentration leads to larger effective buoyancy ra-
tio) (Figs. 1c-d).

In case 3, the thickness of oceanic crust generated at the sur-
face deceases with uppermost mantle temperature according to

Table 2
Cases used in this study and their parameters.
Case Ra A Q Bc Hc weak pPv
1 5e7 9.21 60 0.8 6 km no
2 5e7 9.21 60 0.8 30 km no
3 5e7 9.21 60 0.8 T-dependent no
4 5e7 9.21 60 0.6 T-dependent no
5 5e7 491* 60 0.8 T-dependent no
6 5e7 9.21 60 0.8 T-dependent yes
7 le7 9.21 30 0.8 T-dependent no

Ra: Rayleigh number; A: activation parameter for temperature-dependent viscosity;
Q: internal heating rate; B.: buoyancy number for oceanic crust; Hc: thickness of
oceanic crust. The thickness of oceanic crust for cases 3-7 is temperature dependent
following Eq. (11). *: A =4.91 in the lower mantle and 9.21 in the upper mantle
for case 5.

Eq. (11), whereas other parameters are the same as cases 1-2.
Figs. 1e-h shows a time series of snapshots for the composition
field of case 3. Large PCAs form on the CMB at early times when
the subducted oceanic crust is thick, with chemically fuzzy top
boundaries (Figs. 1e-f). The intrinsic density anomaly (as repre-
sented by B%) of the PCAs also generally increases with depth
(Figs. 1e-f). However, as the oceanic crust becomes thinner, the
top boundaries of the PCAs gradually become sharper. The internal
density anomaly of the PCAs also gradually become more homoge-
neous (Figs. 1g-h).

Fig. 2 shows the zoomed-in views of the composition and tem-
perature fields of a PCA for case 3 at t* = 7.9 (Figs. 2a-b) and
t* = 20.0 (Figs. 2c-d). The PCA reaches a height of ~1000 km
above the CMB. At t* = 7.9, the top boundary of the PCA is
chemically fuzzy, with materials being advected across the tops of
the PCA (Fig. 2a). The PCA also has a layered internal structure
with the intrinsic density anomaly generally increasing with depth
(Fig. 2a) and its upper portion much cooler than the lower por-
tion (Fig. 2b). At t* = 20.0, the PCA has sharp boundaries (Fig. 2¢)
where the component of the mantle flow velocities normal to the
PCA’s margins almost vanishes (Fig. 2d), and only a thin trace of
crustal materials is entrained out from the top of the PCA (Fig. 2c).
Circular convection pattern develops within the PCA (Fig. 2d) and
the intrinsic density anomaly and the temperature of the PCA be-
come much more homogeneous (Figs. 2c-d).

To further quantify the results, we define each element of the
model domain as a PCA element if it has an average temperature
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Fig. 2. The composition field (a, ¢) and the temperature field (b, d) zoomed-in at regions outlined by the white boxes in Fig. 1f at t* =7.9 (a, b) and Fig. 1h at t* =20.0 (c,
d) for case 3. The composition field is represented by the effective buoyancy ratio. The black contours the temperature field show temperature isotherms at 0.9, 0.8, 0.7, 0.6
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Fig. 3. The time evolution of the thickness of oceanic crust (or He, black curve) together with the areal fraction of the model domain occupied by PCAs, or F, (a), the ratio
of the number of crustal tracers in PCAs relative to the total number of crustal tracers in the model domain, or R, (b), the average effective buoyancy ratio in PCA elements,

td

or §pca, and the standard deviation, or §;m (c), and the average age crustal tracers in PCAs, or Kpm (d), for case 3. Kpm is only shown at t* > 2.0 when the area of PCAs is

significant (shown in panel a).

T > 0.5 and an effective buoyancy ratio B > 0.3 (e.g., containing
a significant concentration of subducted oceanic crust). We cal-
culate the time evolution of (1) the areal fraction of the model
domain that is occupied by PCA elements, or F, (Fig. 3a), (2) the
ratio between the number of crustal tracers in PCA elements and
the total number of crustal tracers in the model domain, or R;
(Fig. 3b), and (3) the average of the effective buoyancy ratio from

all PCA elements, or Epca, and the standard deviation, Eifi, (Fig. 3¢).

The age of each crustal tracer at each timestep is computed us-
ing the elapsed time at this timestep minus the time when the
crustal tracer is initially changed from other types of tracers and
introduced to the model domain. The average age of crustal trac-
ers within PCA elements is calculated, which is denoted as me
(Fig. 3d). For convenience, we refer the accumulation rate to the
rate by which subducted oceanic crust accumulates into PCAs, and
we refer the entrainment rate to that by which materials from the
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Fig. 4. The time evolution of the thickness of oceanic crust, or Hc (), the areal fraction of the model domain occupied by PCAs, or Fq (b), the ratio of the number of crustal
tracers in PCAs relative to the total number of crustal tracers in the model domain, or R, (c¢), and the average age of PCAs, or Ay (d), for cases 1-7.

PCAs are entrained and stirred into the background mantle. We
summarize the symbols used in this study in Table 1.

As shown in Fig. 3a, F4 in case 3 first increases with time when
the oceanic crust is thicker than ~10 km before t* ~9.0. After that,
Fa decreases with time while the oceanic crust thins, indicating
that the entrainment rate is higher than the accumulation rate.
The time evolution of R, closely follows that of F,, which first in-
creases to a maximum value of ~0.4 at t* ~9.0 and then decreases
linearly to ~0.3 at t* = 20.0 (Fig. 3b).

As shown in Fig. 3c, Epca is 0.0 at t* = 0.0 because initially
there is no subducted oceanic crust in the mantle. Shortly after
the initial condition, Fpm quickly reaches a maximum value of
~0.6. The smaller value of Epm than B; = 0.8 is because the in-
trinsically less dense background mantle materials and depleted
lithospheric materials are stirred into the PCAs. This stirring pro-
cess occurs throughout the model run, and because of it, Epm
generally decreases with time. The standard deviation of the av-
erage effective buoyancy ratio within PCA elements, or Effi, also
gradually decreases with time (gray regions in Fig. 3c), indicating
that the compositional components (background mantle, oceanic
crust, and depleted lithosphere) within the PCAs are more evenly
mixed as time goes by. The increasing degree of mixing with time
is in accordant with the development of internal convection within
the PCAs (e.g., Fig. 2d). As shown in Fig. 3d, Apc in case 3 increases
with time with a higher rate at later stages of the calculation
than at earlier stages, indicating that newly formed oceanic crust
is more difficult to accumulate into PCAs at the later stages.

We perform additional cases to investigate how the morphol-
ogy of PCAs is affected by the intrinsic density of oceanic crust,
the degree of temperature dependence of viscosity, the presence of
weak pPv phase in the lowermost mantle, and the vigor of man-
tle convection (Table 2). Fig. 4 compares the time evolution of H.
(Fig. 4a), F, (Fig. 4b), R, (Fig. 4c), and me (Fig. 4d) for all cases.
Compared to case 3, case 4 has a lower buoyancy number of the
oceanic crust of B = 0.6 (or ~1.8% denser than the background
mantle materials). The results of case 4 are shown by the red
curves in Fig. 4. In case 4, H. generally decreases with time to ~20
km at t* ~ 10.0 and then remains relatively stable. F; and R, first
increase to maximum values at t* ~ 5.0 and then decreases with
time. Although the oceanic crust is thicker than case 3, the re-
duced buoyancy number makes the subducted oceanic crust more
difficult to accumulate into PCAs and more importantly, makes the
PCAs less stable and easier to be stirred into the background man-
tle. As a result, both F; and R, are smaller than case 3. The time
evolution of Kpca first follows similar trend as that in case 3 until
t* ~12.0, then cha become much smaller than case 3.

In case 5, the activation coefficient for the temperature-
dependent viscosity is reduced to A =4.91 in the lower mantle
but is kept the same as case 3 in the upper mantle to obtain simi-
lar viscosity in the lithosphere and surface mobility as case 3. The
results of case 5 are shown by the blue curves in Fig. 4. In case 5,
the H. first deceases with similar rate as case 3 until t* ~16.0 af-
ter which it increases with time. The increase of H. at later stages
of the calculation is because as the PCA area decreases, their ther-
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mal insulation effects on the core are less significant, which results
in increases of CMB heat flux and mantle temperature (e.g., Li and
McNamara, 2018). However, the thickening of the oceanic crust at
the late stages of the calculation does not lead to more crustal ac-
cumulations: whereas F; and R, reach similar peak values than
case 3 at t* ~4.0, they decrease with a much higher speed after-
ward than that in case 3. Like case 4, cha in case 5 first increases
with time with similar rate as in case 3 until t* ~16.0 after which
it becomes relatively stable for ~2 transit times and then quickly
decreases with time.

In case 6, we employ a 500x reduction of viscosity and 1% den-
sity increase due to the pPv phase transition. The results of case 6
are shown by the purple curves in Fig. 4. In case 6, H. first de-
creases with time until t* ~ 12.0 then increases with time. F, and
R, reach higher maximum values than case 3 at t* ~ 7.0-10.0,
and then decrease with higher rates than case 3. Like case 4 and
case 5, Kpcu in case 6 first increases with the same rate as case
3 until t* ~13.0 after which the rate of increase is significantly
reduced and eventually becomes negative (e.g., the PCAs are get-
ting younger). The reduction of the rate of increase for cha in
cases 4-6 during the late stages of the model run are likely caused
by the rapid entrainment of materials from old PCAs to the back-
ground mantle and, to a less extent, the addition of relatively
younger subducted oceanic crust to the PCAs.

In case 7, we use a 5x lower Rayleigh number than case 3.
We also employ a lower internal heating rate of Q=30 to obtain a
similar upper mantle temperature as in case 3, because the mantle
temperature is inversely proportional to Rayleigh number in mod-
els with internal heating (O’Farrell and Lowman, 2010). The results
of case 7 are shown by the orange curves in Fig. 4. The time evolu-
tion of H in case 7 is similar to that in case 3. Compared to case
3, less amount of oceanic crust is generated in case 7 (Supplemen-
tary Information Figure S2). However, because case 7 has higher
Ry (or rate of crustal segregation), its F, (or area of PCAs) is simi-
lar to case 3. Case 7 also has slightly larger me (e.g., older PCAs)
than case 3.

For comparison, Fig. 4 also shows Fg, R, and cha for case 1
(thin gray curves) and case 2 (thick gray curves) that have constant
H. of 6 km and 30 km, respectively. In case 1, F, continuously
increases to only ~0.01 after 20.0 transit times, and it is much
smaller than other cases. R, in case 1 is also much smaller than
other cases except near the end of the model run when R, in
cases 4 and 5 decreases to similar values as case 1. cha in case
1 is much smaller than other cases, indicating that the PCAs in
case 1 are continuously refreshed. In case 2, both F; and R, keep
increasing with time and reach much higher values at t* = 20.0
than other cases. The PCAs in case 5 are younger than that in case
3 because newly formed crustal materials are continually added to
the PCAs in case 5. An interesting finding is that whereas the to-
tal number of crustal tracers first increases quickly with time and
then becomes stable for cases 3-7 in which the crustal thickness
generally decreases with time, the total number of crustal trac-
ers in cases 1-2 (with constant crustal thickness) keeps increasing
with time throughout the model run (Supplementary Information
Figure S2).

Like Figs. 1e-h for case 3, Fig. 5 shows snapshots of the com-
positional fields for cases 4-7. One common feature in cases 3-7
is that large PCAs form when the oceanic crust is thick, and they
show chemically fuzzy top boundaries and layered internal struc-
tures. As the oceanic crust becomes thinner, it is also more dif-
ficult to accumulate on the CMB. In addition, the PCAs gradually
gain sharp boundaries and more homogeneous interiors. At early
stages of the calculations, the accumulations of subducted oceanic
crust often form connected, stratified layers on the CMB. As time
goes by, they are pushed by mantle convection into spatially iso-
lated thermochemical piles. The change in morphology and inter-
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nal structures of the PCAs occurs gradually, and some PCAs develop
sharp boundaries sooner than others (e.g., Fig. 5e). Even a single
isolated PCA can have chemically sharp top boundaries in some
parts and fuzzy top boundaries in other parts (e.g., Fig. 5h).

4. Discussion

Here, we show that a thick subducted oceanic crust in the early
hotter mantle could accumulate into large piles of crustal accumu-
lations, or PCAs, in the lowermost mantle with chemically fuzzy
top boundaries and stratified interiors, and the size of PCAs gen-
erally increases with time to a height up to ~1000 km above the
CMB. These phenomena have been observed in previous geody-
namic modeling studies as well (e.g., Brandenburg et al., 2008;
Christensen and Hofmann, 1994; Davies, 2008; Mulyukova et al.,
2015; Nakagawa and Tackley, 2005; Nakagawa and Tackley, 2010,
2014, 2015; Nakagawa et al., 2010; Ogawa, 2003). A new finding of
this study is that as mantle cools and oceanic crust becomes thin-
ner, the subducted oceanic crust is more difficult to accumulate
in the lowermost mantle. In addition, the previous formed PCAs
gradually develop into sharp top boundaries and relatively more
homogeneous interiors, and the size of PCAs typically decreases
with time due to the entrainment of materials from PCAs to the
background mantle.

We find that the morphology of PCAs and its speed of evolu-
tion are significantly controlled by the thickness and the intrinsic
density anomaly of subducted oceanic crust, the lowermost man-
tle viscosity, and the vigor of convection. As shown in Fig. 4c,
whereas ratio of crustal content in PCA elements relative to the
total crustal content, R,, increases from 0.0 to similar peak values
of ~0.34-0.39 after ~4-5 transit times in cases 4-6 and case 3,
it decreases to ~0.09, ~0.08 and ~0.14 at 20.0 transit times for
cases 4, 5, and 6, respectively, which is much lower than that in
case 3 which is ~0.29. These results indicate that cases 4-6 have
similar accumulation rate than case 3 during the early stages of
the calculations when the subducted oceanic crust is thick, but
much higher entrainment rate than case 3 after the subducted
oceanic crust becomes thinner and more difficult to accumulate
in the lowermost mantle. The similar accumulation rate among
cases 3-6 may be because they have similar thickness of oceanic
crust during the early stages of the model run, which is a ma-
jor factor that controls the accumulation rate. However, by using
lower buoyancy number of oceanic crust in case 4 or smaller acti-
vation energy for the temperature-dependence of viscosity in case
5, or by including weak pPv phase in case 6, the PCAs are eas-
ier to be stirred into the background mantle by convection flows.
These results are consistent with the study of (Christensen and
Hofmann, 1994) who showed that the ratio of crustal content
in PCAs relative to the total crustal content increases with the
buoyancy number of oceanic crust and the degree of temperature-
dependence of viscosity, and are consistent with the study of (Li
et al., 2014b) who found that weak pPv reduces the stability of
thermochemical piles in the lowermost mantle. These results also
suggest that by further increasing (decreasing) the buoyancy num-
ber of oceanic crust and the degree of temperature-dependence of
viscosity would increase (decrease) the amount of crustal segrega-
tion and the stability and the overall size of PCAs in the lowermost
mantle.

We also found that R, decreases with the increase of Rayleigh
number by comparing the results of case 7 and case 3 (Fig. 4c),
which is consistent with the study of (Christensen and Hofmann,
1994). This may be because by increasing the Rayleigh number,
the thickness of oceanic crust that is subducted to the deep man-
tle becomes thinner and as explained by Christensen and Hofmann
(1994), the basal thermal boundary layer (TBL) also becomes thin-
ner which causes less amount of subducted oceanic crust to enter
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Fig. 5. Snapshots of compositional fields (represented by the effective buoyancy ratio) for case 4 (a-c), case 5 (d-f), case 6 (g-i) and case 7 (j-1). Hc and t* in each panel are

the thickness of oceanic crust and the transit time, respectively.

the basal TBL to segregate. However, it should also be pointed out
that other studies have also found the size of crustal accumula-
tions increases with Rayleigh number (e.g., Brandenburg and van
Keken, 2007; Nakagawa and Tackley, 2014). The effects of Rayleigh
number on the segregation of subducted oceanic crust in the low-
ermost mantle are discussed in more details in (Li, 2021). Besides
its effect on the efficiency of crustal segregation, higher Rayleigh
number (which means more vigor of convection) generally leads
to faster morphologic change of PCAs when measured by diffu-
sive time scale (Supplementary Information Figure S1). Because the
speed of the morphologic change of PCAs is significantly affected
by model parameters (e.g., crustal thickness and density, mantle
viscosity) that remains not well constrained for the real Earth and
because our models are not meant to capture all complexities of
the real Earth (e.g., the process of generating plate subduction) that
remains not well known, it is difficult to reach a clear-cut con-
clusion about how much subducted oceanic crust remains in the
present-day Earth’s lowermost mantle and whether the present-

day crustal accumulations, if there is any, have chemically fuzzy or
sharp top boundaries.

However, as shown in Figs. 4 and 5, all cases 3-7 show the
same trends for the time evolution of the size, the sharpness of
top boundaries, and the internal structures of PCAs. These results
may remain valid when including additional model complexities if
the thickness of oceanic crust is to the first order proportional to
uppermost mantle temperature which decreases with time. Firstly,
the oceanic crust is likely enriched in heat producing elements
(HPEs) than the background mantle, and by including this com-
plexity in our models would increase the temperature and thus
buoyancy of PCAs. The effect of adding HPEs to oceanic crust may
therefore be like that of choosing a lower buoyancy number for
the oceanic crust which, as shown in case 4, does not change
the overall trend of the morphologic evolution of PCAs. Secondly,
due to larger extent of partial melting beneath mid-ocean ridges,
the oceanic crust produced in the early Earth may have more
MgO content than that produced at the present-day. However, re-
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cently high-temperature-pressure experiments by (Ko et al., 2020)
showed that the intrinsic density anomaly of Archean oceanic crust
relative to pyrolite at > ~800 km depth in the lower mantle is
similar to (or only ~0.008 g/cm? lower than) the intrinsic den-
sity anomaly of modern oceanic crust. Therefore, by including a
time dependence of composition and density of oceanic crust in
our models may not significantly affect our results. Similarly, the
thickness and composition of the depleted lithosphere may change
with the degree of partial melting. The depleted lithosphere can
be viewed as a layer containing a mixture of background man-
tle materials and intrinsically less dense Harzburgite (e.g., Ring-
wood and Irifune, 1988). Because the magnitude of the intrin-
sic density anomaly of Harzburgite is much smaller than that of
oceanic crust (e.g., Ringwood and Irifune, 1988) and because most
parts of the depleted lithosphere only contains a small portion of
Harzburgite (e.g., Ringwood and Irifune, 1988), the average magni-
tude of the intrinsic density anomaly of the depleted lithosphere
is likely much smaller than that of oceanic crust. Therefore, we
do not expect adding more complexities to simulate the changes
of thickness and buoyancy number of the depleted lithosphere
would significantly affect our results. Thirdly, Davies (2008) found
that phase transformation at 660 km depth may cause subducted
oceanic crust in the early Earth to temporarily accumulate at the
base of the transition zone before sinking to the lowermost mantle.
This mechanism of ‘basalt barrier’ may lead to episodic increase of
PCA area in the early stages of the calculation but may not alter
the overall trend of the morphologic change of PCAs as shown in
Figs. 4 and 5.

The evolving morphology of the crustal accumulations in the
lowermost mantle provides new understandings on the morphol-
ogy of the seismically-observed LLSVPs. Seismic observations have
suggested that the shear-wave velocity (V) of the LLSVPs de-
creases with depth (e.g., He et al., 2006; Ritsema et al., 2011; Wen,
2001). This negative gradients of Vs within LLSVPs have been pre-
viously proposed to be caused by an increasing degree of partial
melting with depth (He et al, 2006; Wen, 2001), or composi-
tional layering of primordial materials and subducted oceanic crust
(Ballmer et al., 2016). Here, we show that thermochemical piles
formed purely by the accumulations of subducted oceanic crust
can also exhibit layered structures, with both the temperature
anomaly (with respect to the surrounding mantle) and the intrin-
sic density of the piles increase with depth (Figs. 2a, b), which may
explain the decrease of Vg with depth within the LLSVPs. Similar
conclusion has been reached recently by (Jones et al., 2020) who
converted the temperature and compositional fields in the models
of (Brandenburg et al, 2008) into seismic velocities which they
found are comparable to that of the LLSVPs in the tomography
model of S40RTS (Ritsema et al., 2011). One caveat found in our
study is that the interiors of PCAs can gradually become more ho-
mogeneous, and it remains difficult to conclude whether the depth
dependence of V of the present-day LLSVPs can be solely ex-
plained by the accumulation of subducted oceanic crust.

Sharp tops of the LLSVPs have been reported locally, e.g., at the
western edges of the Africa LLSVP (Sun and Miller, 2013) and the
northern edges of the Pacific LLSVP (Zhao et al., 2015). We show
that some crustal accumulations may gain sharp top boundaries
sooner than others (Fig. 5), indicating that it is not unlikely that
other regions of the LLSVPs may have more fuzzy top boundaries.
To confirm this possibility requires further seismic observations
at other regions of the LLSVPs. Nevertheless, if the LLSVPs were
later found to have sharp top boundaries everywhere, it does not
exclude the possibility that the LLSVPs are caused by the accumu-
lation of subducted oceanic crust. In such case, the majority of the
LLSVPs may be produced in the early Earth when the mantle may
be hotter, and the oceanic crust was much thicker than present-
day, and they may have gradually gained sharp tops through time.
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Geochemical observations have shown recycled oceanic crust
with ages ranging from Archean time (Cabral et al, 2013) to ge-
ologically recent (Sobolev et al., 2011) in the sources of OIBs. Our
results suggest that crustal accumulations may be dominated by
relatively old subducted oceanic crust (e.g., Fig. 4). Whereas rela-
tively old crustal materials can be entrained into mantle plumes
from these crustal accumulations, young subducted oceanic crust
is more likely to be directly entrained up by mantle plumes with-
out accumulating in the lowermost mantle (e.g., Li, 2021; Li et al,,
2014a). The entrainment of subducted oceanic crust with variable
ages by mantle plumes to the uppermost mantle may explain the
vastly different ages of recycled oceanic crust in the OIB sources.

5. Conclusion

Here, we perform thermochemical geodynamic calculations to
study the morphological evolution of accumulations of subducted
oceanic crust in the lowermost mantle. In our models, the oceanic
crust thins with the cooling of uppermost mantle. We find that the
size of the crustal accumulations first increases with time when
the oceanic crust is thick. However, materials from the crustal ac-
cumulations are entrained into the surrounding mantle throughout
the model run. As mantle cools and the oceanic crust becomes
thinner, the subducted oceanic crust becomes more difficult to
accumulate on the CMB; consequently, the size of the crustal ac-
cumulations decreases. In addition, the crustal accumulations often
start with chemically fuzzy top boundaries and stratified interi-
ors when the oceanic crust is thick, and then gradually gain sharp
boundaries and more homogeneous internal structures as oceanic
crust thins. If the LLSVPs are mainly caused by the accumulations
of subducted oceanic crust, most parts of them may be produced
in the early Earth when the mantle was hotter, and the oceanic
crust was thicker. They may start with chemically fuzzy top bound-
aries and stratified interiors and gradually develop into sharper top
boundaries and more homogeneous interiors.
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