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Subducted oceanic crust (SOC) is one of the major sources of chemical heterogeneity in Earth’s mantle. Previous
geodynamic modeling studies have shown that SOC in the lowermost mantle could segregate from subducted
slabs and accumulate on the core-mantle boundary (CMB). However, previous models are often simplified in a
variety of ways that hinder a comprehensive understanding of the dynamics of SOC in the lowermost mantle.
Here, I perform 3D high-resolution geodynamic models with single-sided subduction to study the dynamics of
SOC in the lowermost mantle, with a focus on regions beneath subduction zones outside the large-low velocity
provinces (LLVPs). I find that the ability of a thin (~10 km) SOC to segregate from the slab is greatly controlled
by the morphology of the slab. The segregation of SOC is much more efficient when the slab in the lowermost
mantle is folded backward and extends beneath the subducting plate which allows the SOC to directly face or
contact the CMB, than when the slab extends beneath the overriding plate with the SOC at the shallowest portion
of the slab. The changes of slab morphology cause strong temporal and spatial variations in the distribution of
SOC (1) at the CMB, (2) within 50 km above the CMB, and (3) at ~50-300 km above the CMB, which, together
with its variable degrees of mixing with other mantle materials, may explain the variations of seismic velocities,

density, size, shape, and distribution of seismic anomalies in the lowermost mantle outside the LLVPs.

1. Introduction

Oceanic crust is produced at mid-ocean ridges and subducted to the
deep mantle at subduction zone. Subducted oceanic crust (SOC) is one of
the major sources of chemical heterogeneities in the deep mantle (e.g.,
Hofmann and White, 1982; Christensen and Hofmann, 1994; Tolstikhin
and Hofmann, 2005; Li, 2021). The distribution and advection of SOC in
the deep mantle are important for understanding deep mantle seismic
structures, the geochemistry of volcanic rocks on Earth’s surface, deep
mantle dynamics, and Earth’s chemical evolution.

Mineral physics experiments have shown that after being trans-
formed to eclogite at ~50 km depth, the SOC becomes intrinsically
denser than pyrolite mantle at most mantle depths (except the upper-
most lower mantle where the SOC may be intrinsically less dense) (e.g.,
Ringwood and Irifune, 1988; Kesson et al., 1994; Hirose et al., 2005;
Ricolleau et al., 2010; Tsuchiya, 2011). The possibility for the SOC to
segregate and accumulate on the CMB has been explored using geo-
dynamic models (e.g., Gurnis, 1986; Christensen and Hofmann, 1994;
Brandenburg and van Keken, 2007; Davies, 2008; Tackley, 2011; Li and
McNamara, 2013; Nakagawa and Tackley, 2014). It is found that, in
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general, a thicker and denser SOC is easier to segregate from subducted
slabs and accumulate at the core-mantle boundary (CMB) (see review by
Li, 2021).

Previous geodynamic modeling studies on subducted slab dynamics
in the lowermost mantle employed several simplifications, including the
use of 2D and/or Cartesian geometry, double-sided subduction, low
convection vigor, low model resolution, simulation of comb-like cold
drippings as opposed to sheet-like strong plates, and artificial imposition
of slabs in the lower mantle as initial conditions without accounting for
continuous slab subduction. These model simplifications hinder a more
comprehensive understanding on the advection, distribution, and dy-
namics of SOC in the lowermost mantle. For example, in 2D models
(Christensen and Hofmann, 1994; Brandenburg and van Keken, 2007; Li
and McNamara, 2013), a subducted slab does not have a third dimen-
sion. As a result, the slab morphology is over-simplified, with no char-
acterization of dynamics at slab margins (i.e., in the 3rd dimension). In
Cartesian models (e.g., Christensen and Hofmann, 1994; Lowman et al.,
2004), the size and shape of thermal anomalies and chemical accumu-
lations on the CMB and perhaps the mantle dynamics are unrealistic. In
models with double-sided subduction (e.g., Li and McNamara, 2013;
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Mulyukova et al., 2015), the SOC is sandwiched by cold and strong slabs,
causing unrealistic resistance for crustal segregation. Models with low
vigor of convection overestimate the thickness of the basal thermal
boundary layer (TBL) and the size of thermal anomalies on the CMB,
which may also cause unrealistic crustal segregation in the lowermost
mantle (e.g., Christensen and Hofmann, 1994). Models with low spatial
resolution (e.g., Huang and Davies, 2007) do not capture the full dy-
namics of a thin oceanic crust. Slabs have been simulated as cold drip-
pings in some 3D spherical models (e.g., Davies and Davies, 2009; Li,
2020), which are different than the more sheet-like plates thought to
exist in the Earth. In the 3D models by Tackley (2011), a slab consisting
of a 30 km thick layer of oceanic crust on its top layer was initially
introduced in the lowermost mantle. By imposing slabs in the lower
mantle as initial condition, the results are determined and thus biased by
the initial model setup when the thermal structures and mantle flow
field are not fully developed yet (Tackley, 2011).

The distribution of subducted oceanic crust in the lowermost mantle
is closely related to observations of seismic anomalies in this depth
range. Seismic observations have revealed two large-low velocity
provinces (LLVPs) in the lowermost mantle beneath Africa and the
central Pacific Ocean (e.g., Li and Romanowicz, 1996; Grand, 2002;
Ritsema et al., 2004; Garnero et al., 2016). The LLVPs are generally
interpreted as having higher temperature and likely different composi-
tion than the surrounding mantle (see review by McNamara, 2019).
Surrounding the LLVPs are regions with generally higher-than-average
seismic velocities. It has been observed that while some subducting
slabs directly penetrate deeply into the lower mantle (e.g., Grand et al.,
1997; Fukao and Obayashi, 2013), other slabs appear to be laterally
deflected or flattened in the depth range of ~600-1000 km (Li et al.,
2008; Fukao et al., 2009; Ritsema et al., 2011; Fukao and Obayashi,
2013). However, geodynamic modeling studies have shown that the
flattened slabs may eventually sink to the deep lower mantle (e.g.,
Yoshioka and Naganoda, 2010; Cizkova and Bina, 2019; Wang and Li,
2020). Therefore, regions in the lowermost mantle outside the LLVPs are
often interpreted as being greatly influenced by ancient, relatively cold,
subducted slabs.

Importantly, the regions outside the LLVPs in the lowermost mantle
contain seismic heterogeneities with large variations in size, shape,
seismic velocities, and density, such as (1) the widespread ultra-low
velocity zones (ULVZs) that are 10s km thick and 100 s to >1000 km
long, with a S wave velocity (Vs) reduction up to 50%, a P wave velocity
(Vp) reduction up to 25%, a density increase up to 20%, and a variety of
shapes (see review by Yu and Garnero, 2018), (2) the low velocity
anomalies with moderate reduction of seismic velocities (<~10%) and a
variety of shape and size (Sun et al., 2013; He et al., 2014; Suzuki et al.,
2016; Borgeaud et al., 2017; Nelson and Grand, 2018), and (3) the
seismic scatterers that are a few km in size and widely distributed in the
lowermost 300 km of the mantle (e.g., Frost et al., 2017). The wide-
spread seismic heterogeneities in Earth’s lowermost mantle have been
summarized in several previous studies (McNamara et al., 2010; Gar-
nero et al., 2016; Yu and Garnero, 2018; McNamara, 2019; Li, 2020,
2021; Hansen et al., 2023), but their origin remains unclear, which is
critical for unveiling the mysteries about Earth’s thermal and chemical
structure, dynamics, and evolution.

Recently, I found that hot thermal anomalies can form outside the
LLVPs in subduction regions of the lowermost mantle, particularly when
the subducted slabs are thermally heterogeneous or contain gaps (Li,
2020). However, seismic anomalies outside the LLVPs may also be
caused by chemical heterogeneities. A major source of chemical het-
erogeneities in the subduction regions of the lowermost mantle is the
SOC (e.g., Christensen and Hofmann, 1994; Tackley, 2011; Jones et al.,
2020; Li, 2021; Li and McNamara, 2022; Hansen et al., 2023). In this
study, 3D high-resolution spherical models with single-sided subduction
are performed to study the dynamics and distribution of a thin SOC in
the lowermost mantle outside the LLVPs.
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2. Methods

The following dimensionless conservation equations of mass, mo-
mentum and energy are solved under the Boussinesq approximation:
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where U is the velocity, P is the dynamic pressure, 7 is the viscosity, ¢ is
the strain rate tensor, T is temperature, T is unit vector in radial direc-
tion, B; and C; are the buoyancy number and the fraction of composition
for the ith compositional component, t is time, and H is internal heating
rate. Ra, and I are the phase transition Rayleigh number and the phase
function, respectively. Eq. (1)-(3) are solved using the finite element
code CitcomCU (Zhong, 2006).

The Rayleigh number Ra is defined as:
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where p,, g, @, k and 7, and are the reference density (which is the
background mantle density), gravity acceleration, thermal expansivity,
thermal diffusivity, and reference viscosity, respectively. R is the radius
of the Earth. AT is the reference temperature which equals to the tem-
perature increase from the surface to the CMB. Note that the Rayleigh
number is defined using the radius of the Earth, which is ~11 times of
that defined using mantle thickness. The physical parameters used in
this study are summarized in Table 1.

The mantle dynamics is simulated in a regional 3D spherical-shell
model domain, covering the entire mantle depth with a non-
dimensional radius ranging from 0.55 at the CMB to 1.0 at the surface
(Fig. 1a). The model domain has a longitudinal range of 0-120°, and a
co-latitudinal range of 90-150° (or a latitudinal range of 0-60° S). There
are 384 elements in the radial direction. Since I am interested in the
lowermost mantle dynamics, the grid is gradually refined to have a
radial resolution of 5 km in the lowermost 600 km of the model domain.
There are 768 and 256 elements in the longitudinal and co-latitudinal
directions, respectively, resulting in a longitudinal resolution of ~9.5
km and a latitudinal resolution of ~14.5 km near the CMB.

Generating Earth-like plates with single-side subduction is a long-
standing challenge in geodynamic modeling experiments (e.g., King
etal., 1992; Tackley, 2000; Lowman, 2011; Crameri and Tackley, 2015).
In this study, I use similar techniques as previous work. As shown in
Fig. 1b, the top surface is divided into an overriding plate and a sub-
ducting plate. The subducting plate is defined in regions at longitudes of
60-108.5° and latitudes of —20°-0°. Outside the subducting plate is the
overriding plate. The subducting plate has a dimensionless temperature
of 0.0 and a westward angular velocity of 3 cm/yr, whereas the over-
riding plate has a dimensionless temperature of 0.6 (which is same as
initial mantle temperature) and zero velocity. The increased

Table 1
Physical parameters used in this study.

Parameters Reference value
Earth’s radius R 6371 km

CMB radius 3481 km
Reference density p, 3300 kg/m>
Gravitational acceleration g 9.8 m/s”
Thermal expansivity a 1.0x 10 °K !
Surface thermal diffusivity « 1.0 x 10°° m?%/s
Temperature change across the mantle AT 2500 K

Reference viscosity 7, 1.0x 10*' Pas
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Fig. 1. a, the computational domain. b, the surface temperature and velocity boundary conditions. The gray are show the subducting surface and the white area
shows the overriding surface. up=3.0 cm/yr is the imposed velocity for the subducting plate.

temperature of the overriding plate is to simulate the temperature at the
base of the continental lithosphere. This treatment of surface tempera-
ture boundary condition has been used before by Tan et al. (2002) and
Huang and Davies (2007), which helps decouple subducted slabs from
the overriding plate. Except the top surface, all other boundaries are
free-slip. The side boundaries are insulating and the CMB has a fixed
temperature of T=1.0 for most cases. The initial temperature is 0.6 in the
model domain with small perturbations.

A layer of oceanic crust followed by a layer of depleted lithosphere
are continuously introduced in regions beneath the subducting plate
throughout the model run. The oceanic crust consists of purely mid-
ocean ridge basalt (MORB). The depleted lithosphere is a mixture of
harzburgite and background mantle materials with the concentration of
harzburgite decreasing linearly from 100% to 0% from the top to the
bottom of the depleted lithosphere. The reducing harzburgite concen-
tration with depth simulates the decreasing degree of melting with
depth. The compositional density anomaly Ap with respect to the
background mantle is represented by a dimensionless buoyancy number
as:

Ap;
Bi _ Pi
poaAT

)

where the subscript i is varied such that B, and By, represent the buoy-
ancy numbers for MORB (or oceanic crust) and harzburgite, respec-
tively. The oceanic crust is 10 km thick, and the depleted lithosphere is
100 km thick. I use B,.=0.8 and By,= —0.16, corresponding to intrinsic
density anomalies of 2% and — 0.4%, respectively.

The compositional field is advected with tracers. I use the absolute
tracer method to simulate the advection of the compositional fields
(Tackley and King, 2003). Note that for the same model resolution, the
ratio tracer method can handle chemical diffusion better than the ab-
solute tracer method (Tackley and King, 2003). However, besides
different tracer methods, the accuracy of chemical advection is also
greatly (and is likely more) controlled by model resolution. Compared to
the ratio tracer method, the absolute tracer method requires a signifi-
cantly smaller number of tracers and allows to perform simulations with
as high resolution as possible.

Following (Tackley and King, 2003), the fraction of the ith compo-
sitional component C; in each element of the model domain is computed
by:

Ci=~+ 6

where N; is the number of tracers in the element for the ith composi-
tional component, V, is the volume of the element, and A is a constant
equal to the average volume that a tracer ‘carries’ and is defined as:
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where Vi, and Ny, are respectively the volume and the number of

elements of the entire model domain, and Ny, is the average number of

tracers per element which is 30 in this study. As found by Tackley and

King (2003), due to statistical fluctuation in N; and settling of tracers, it

is possible that one element is filled with too many tracers such that the

summation of C; is >1. In such situation, the C; is truncated to C"by:
Ci

tro__
¢ = e (8)
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All side boundaries are free-slip and insulating. To avoid the unre-
alistic accumulations of subducted oceanic crust at the side boundaries,
tracers that are advected to regions within 2° from side boundaries are
removed from the model domain. This study thus focuses on the dis-
tribution of subducted oceanic crust away from side boundaries.

The viscosity is both temperature- and depth-dependent, and in some

cases, it also depends on the presence of post-Perovskite (pPv) phase. I
use the Frank-Kamenetskii viscosity law (Frank-Kamenetskii, 1969) as:

1 =n,explA(0.6 = T)] )

where A is the dimensionless activation energy, and the prefactor 7, is
1.0 in the upper mantle and 30.0 in the lower mantle. I use A=6.91 in
hot regions with T >0.6 and A=11.51 in cold regions with T<0.6 in
most cases. The advantage of using different activation energy between
hot and cold regions is that the viscosity of subducted slabs can be varied
model-to-model without affecting the plume viscosity, which enables us
to isolate the effects of slab viscosity on the results.

Some models include the Bridgmanite (Bdg) to pPv phase transition
which is simulated by using a phase function I" defined as:

I(7) = 0.5 +0.5mnh(5) (10)
w.

where w= 0.0094 is the width of the phase transition and r is the excess

pressure which is defined as:

= rpp‘,—r—y(T—Tl,p‘,) an

where r is the radius, (rp;,=0.5762, T,;,=0.50) is a point on the phase
boundary, and y=0.12 is the Clapeyron slope equivalent to 10 MPa/K
which roughly agrees with that constrained by mineral physics studies
(Shim, 2008). The phase transition Rayleigh number is defined as:

_Apy, Ra

Ra, = 12
a pagAT 12

where Ap,,, is the density change due to the pPv phase transition. In
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models with pPv phase transition, the viscosity law is modified as:

n =n,exp[A(0.6 —T) +I'n(r,,,) ] 13
where 7, is the magnitude of the viscosity jump due to the pPv phase
transition.

3. Results

I define case 1 as the reference case. In this case, the Rayleigh
number is Ra=2 x 108, and the activation coefficient is A=11.51 in cold
regions. The model starts with a homogeneous internal temperature of
T=0.6 (with small perturbations), and a cold slab with 10-km-thick
oceanic crust on its topmost layer is consistently subducted to the
lowermost mantle.

The time evolution of the temperature and compositional fields of
case 1 is shown in Supplementary Information Movie S1. After initial
condition, the subducted slab sinks nearly vertically into the deep
mantle. As the subducted slab approaches the CMB, it is advected
laterally toward the west side boundary (Supplementary Information
Movie S1). The average non-dimensional temperature in the mantle
(excluding the top and basal TBLs), as shown in Fig. 2a, is ~0.55 with a
standard deviation of ~0.05. As shown in Fig. 2b, the average viscosity
is ~1.2 x 10%! Pasin the upper mantle (except the top TBL). It increases
to ~3.5 x 1022 at the top of the lower mantle and further increases with
depth, reaching a maximum value of about 1.2 x 10?3 Pa s at ~2700 km
depth (Fig. 2b). After that it decreases with depth (Fig. 2b). The viscosity
structure in this model generally agrees with that constrained through
geoid inversion (e.g., Steinberger and Calderwood, 2006). The depth
profile of the viscosity shows a large standard deviation (Fig. 2b)
because the viscosity in the model strongly depends on temperature. The
subducted slab reaches its maximum sinking speed of ~1.2 cm/yr in the
uppermost lower mantle and subsequently decreases with depth to ~0.3
cm/yr in the lowermost mantle (Fig. 2c), where it experiences lateral
deflection (Supplementary Information Movie S1).

At 711 Myr, the subducted slab extends laterally beneath the over-
riding plate, with the SOC located at the shallowest portions of the slab
and without making contact with the CMB (Fig. 3a-c). At this time, only
a small portion of the SOC is segregated on the CMB near the west
boundary where upwelling plumes form and the subducted slab is
warmed up.

From ~711 to 870 Myr, the most recent subducted portion of the slab
in the lowermost mantle undergoes overturning and is advected east-
ward beneath the subducting plate (Fig. 3d). The associated SOC is
gradually turned over to the deepest portions of the slab (Fig. 3f), and
some of it segregates and falls onto the CMB (Fig. 3e).

After ~870 Myr, the most recent subducted portion of the slab in the
lowermost mantle is advected toward the west boundary once again
(Fig. 3g), with SOC once again present in the shallowest portion of the
slab (Fig. 3i). In contrast, the portion of the subducted slab beneath the
subducting plate warms up, and the majority of the associated SOC
segregates onto the CMB (Fig. 3h). The region near the southern margin
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of the subducted slab in the lowermost mantle contains the largest
amount of segregated oceanic crust on the CMB (e.g., Fig. 3g). After
reaching the CMB, the SOC is advected laterally toward the side
boundaries and is eventually removed from the model domain (Sup-
plementary Information Movie S1). While migrating along the CMB, the
SOC is collected, dispersed, and shaped into a variety of different
morphology with variable degrees of mixing with the background
mantle material and subducted depleted lithosphere material (Fig. 3h,
Supplementary Information Movie S1).

I further quantify the distribution of SOC in the lowermost mantle. At
each depth, I calculate the area of regions where the fraction of SOC is
larger than 0.5, which is then divided by the area of the model domain at
that depth to obtain the areal fraction, denoted as F,. Fig. 4a presents the
depth profile of F, as a function of time for case 1. After the initial
condition at ~300 Myr, the SOC starts to reach the lowermost 300 km of
the mantle. Between ~300 and 850 Myr, the majority of SOC exists
within a depth range of approximately 100 to 300 km above the CMB.
After ~850 Myr, the SOC starts to segregate on the CMB. During
~900-1200 Myr, the SOC is mostly concentrated in the lowermost 50
km of the mantle, and as shown in Fig. 4b, the F, at the CMB increases
significantly from approximately 1% to 21% during this time (Fig. 4b).
Subsequently, the F, at the CMB decreases to around 9% (Fig. 4b) at
1400 Myr due to the ongoing removement of crustal materials at side
boundaries of the model domain.

Case 2 uses a lower activation energy of A=4.61 for cold regions
which results in reduction of viscosity contrast between slab and the
surrounding mantle. Different from case 1, the subducted slab in the
lowermost mantle keeps moving to the west of the model domain
beneath the overriding plate (Supplementary Information Movie S2.
Fig. 5a-c). As a result, the SOC always remains in the shallowest part of
the slab and never directly contacts the CMB. Only when the slab in the
lowermost mantle is warmed up near the west boundary does a small
amount of SOC segregate to the CMB (Supplementary Information
Movie S2). The majority of SOC exists within a range of approximately
50 to 300 km above the CMB (Fig. 5d), and only a maximum of 4% of
CMB area is covered by crustal materials at approximately 1100 Myr
(Fig. 5e).

Case 3 incorporates the pPv phase transition in the lowermost mantle
and there is a 100 x viscosity reduction for the pPv phase with 5,,,=0.01,
whereas other parameters are the same as case 1. The pPv phase occurs
in relatively cold regions of the lowermost mantle, leading to a signifi-
cant reduction of viscosity. This viscosity reduction causes an increase in
the slab sinking rate in the deep mantle (Fig. 2c, dashed curve) and
results in a reduced thickness of the slab compared to case 1. The slab in
the lowermost mantle is also heated up faster than in case 1. No slab
folding is observed in the lowermost mantle and the slab extends
laterally only in the west direction beneath the overriding plate with the
SOC always at the shallowest portion of the slab (Supplementary In-
formation Movie S3). Although the subducted slab in the lowermost
mantle has reduced viscosity due to the pPv phase, the SOC does not
penetrate through the slab and contacts the CMB (Fig. 6a-c). Most SOC
exists at a depth of ~50-300 km above the CMB (Fig. 6d), and there is

0 - L L L a e L B - : - > Fig. 2. Depth profiles of the average temper-
“““““ -~ ature (a) and the average viscosity (b) of the
500 7 P P \\ I mantle, and the magnitude of radial velocity
= 1000 Fo F] : b within the subducted slab (c, solid curve) for
E | case 1 at 711 Myr. The gray curves in panels
E 1500 1 o] o ,’ b (a) and (b) show the associated standard de-
53 / viations, and the dashed curve in panel (c)
© 2000 4 Fo Foo )/ [ shows the average magnitude of the radial
S/ velocity within the subducted slab in case 3 at
2500 oo oo ’ [ 1013 Myr. Subducted slabs are defined in re-
i : : ‘ . : i : gions where the non-dimensional temperature
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Fig. 3. Snapshots of temperature and composition fields for case 1 at 711 Myr (a-c), 869 Myr (d-f), and 1047 Myr (g-i). In the left column panels (a, d, g), cyan color
shows regions where the fraction of oceanic crust is larger than 0.3, blueish color shows a subducted slab by the temperature isosurface of T=0.435, orange color
shows mantle plumes as the isosurface of the temperature anomaly (after removing the lateral average temperature) at 0.15, and green color shows the CMB. The
middle column panels (b, e, h) show the fraction of SOC on the CMB. The right column panels (c, f, i) show the vertical cross-sections of the intrinsic density anomaly
at a latitude of —10°, with brown to green colors showing regions concentrated with SOC and blue color showing regions with depleted lithosphere, and gray dashed
curves showing the subducted slab as the temperature contour at T=0.435. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. Time evolution of crustal distribution in the lowermost mantle for case 1. a, areal fraction of model domain occupied by SOC, or Fg, at each depth in the
lowermost 600 km of the mantle as a function of time. b, the areal fraction or F¢ at the CMB (black) as a function of time.
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Fig. 5. a-c, same as panels (a-c) in Fig. 3 but for case 2 at 1115 Myr. d-e, the time evolution of the areal fraction of model domain occupied by SOC or F¢ in the

lowermost 600 km of the mantle (d), and the F¢ at the CMB (e) for case 2.

<1% of the CMB area covered by SOC after ~600 Myr (Fig. 6e). In
comparison to cases 1 and 2, where the SOC often concentrates at nar-
row depth ranges (Fig. 4a, 5d), the SOC in case 3 exhibits a wider depth
distribution with a relatively lower concentration (Fig. 6d), possibly due
to enhanced mixing in the lowermost mantle resulting from the presence
of the weak pPv phase.

In case 4, the buoyancy numbers of both the MORB and harzburgite
are set to zero; therefore, the SOC is only passively advected in the deep
mantle. Compared to case 1, the dynamics of the subducted slab in case 4
is not significantly affected. In Figs. 7a-c, I show a snapshot of the
temperature and composition fields of case 4 at 1050 Myr, which are
very close to those in case 1 at approximately the same time as shown in
Figs. 3g-i. The areal fraction of CMB covered by SOC in case 4 increases
linearly from 0 at ~900 Myr to a maximum of 0.15 at ~1100 Myr and
then decreases linearly with time (Fig. 7d-e), which is overall slightly
smaller than that in case 1. Similar to case 1, there are strong temporal
and spatial variations of the distribution of SOC at the CMB, within ~50
km above the CMB, and at ~50-300 km above the CMB, and the SOC on
the CMB exhibits a variety of accumulation size and shapes with a
variable degree of mixing with other mantle materials.

I also tested how the modeling results are affected by model reso-
lution. Case 5 uses a model resolution that is twice lower than that of
case 1, whereas other parameters are the same in both models. Specif-
ically, case 5 has 384, 128, and 192 elements in the longitudinal, co-
latitudinal, and radial directions, respectively, resulting in a longitudi-
nal resolution of ~19.0 km, a latitudinal resolution of ~29.0 km near
the CMB, and a radial resolution of 15.0 km. The time evolution of the
temperature and the compositional fields of case 5 is shown in Supple-
mentary Information Movie S4. Compared to case 1, case 5 shows much

greater mixing between SOC with the background material, resulting in
a lower fraction of SOC on the CMB (Fig. 8). However, both cases show
the same behaviors of a subducted slab in the lowermost mantle, which
extends laterally sometimes beneath the subducted plate and other times
beneath the overriding plate. In both cases, the SOC is more easily
segregated when the associated subducted slab is folded, resulting in the
SOC being in the deepest portion of the slab and directly facing or in
contact with the CMB. Furthermore, in both cases, the changing
morphology of the subducted slab causes strong temporal and spatial
variations in the distribution of SOC in the lowermost mantle, with
variable degrees of mixing with other mantle materials.

4. Discussion

In this study, I perform 3D high resolution models with single-sided,
asymmetric subduction to study the dynamics and distribution of SOC
beneath subduction regions in the lowermost mantle. I find that the
possibility for a thin layer of SOC to segregate from the associated
subducted slab in the lowermost mantle is greatly controlled by the
morphology of the subducted slab. After the subducted slab reaches the
lowermost mantle, if it extends laterally beneath the overriding plate,
the associated SOC occurs at the shallowest portion of the slab and is
difficult to penetrate through. In this case, the SOC mainly exists at
~50-300 km depths above the CMB until the slab is significantly
warmed up when crustal segregation is more likely. In contrast, when
the subducted slab is turned over and folded backward to beneath the
subducting plate, the SOC can either be directly advected onto the CMB
or first face the CMB and then segregate from the slab when the slab is
warmed up. In this condition, the SOC mainly occurs at the CMB or
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within ~50 km above the CMB. In models where the subducted slab in
the lowermost mantle switches between regions beneath the overriding
plate and beneath the subducting plate, the SOC shows strong temporal
changes of distribution between (1) regions at ~50-300 km above the
CMB beneath the overriding plate, and (2) regions within ~50 km from
the CMB beneath the subducting plate. Once SOC reaches the CMB, it
migrates laterally along the CMB, exhibiting strong lateral variations in
the concentration of crust and morphology of the crustal accumulation.

Ifind that the higher the viscosity contrast of the subducted slab with
respect to the surrounding lowermost mantle, the more likely that the
slab and its associated SOC will switch their distributions between re-
gions beneath subducting plate and regions beneath overriding plate. In
this study, I use the Frank-Kamenetskii approximation of the viscosity
law with a maximum activation coefficient of E=11.51 which corre-
sponds to a dimensional activation energy of ~240 kJ/mol. In labora-
tory experiments, the rheology of mantle materials is typically described
by an Arrhenius viscosity law, in which the effects of temperature on
viscosity are much more significant at lower temperatures than the
Frank-Kamenetskii viscosity law, and it has a higher activation energy
up to ~500 kJ/mol (Kohlstedt and Hansen, 2015). Therefore, if only
considering the temperature-dependence of viscosity, the viscosity
contrast of subducted slabs with respect to the background mantle in the
Earth is likely higher than that in my models. If so, the modeling results
suggest that subducted slabs in Earth’s mantle could fold and switch
between regions beneath subducting plates and regions beneath over-
riding plates, resulting in significant temporal and spatial variations in
the distribution of SOC in the subduction-influenced regions outside the
LLVPs. On the other hand, I find that the presence of weak pPv phase in
the lowermost mantle may stabilize slab dynamics and cause them to

consistently move in one direction in the lowermost mantle (Fig. 6, case
3). However, the extent to which the Bdg-pPv phase transition can cause
a viscosity reduction remains a subject of debate, as well as the
magnitude of this reduction (Hunt et al., 2009; Ammann et al., 2010;
Karato, 2010). Furthermore, my models have limited size of model
domain, so they do not consider the far-field effects from mantle con-
vection outside the model domain. The most prominent structures in
Earth’s lowermost mantle are the two LLVPs. It has been suggested that
the LLVPs (at least the one beneath Africa) may be unstable (Davaille,
1999; Yuan and Li, 2022a) and may have been rising in Earth’s most
recent history (Yuan and Li, 2022b). More work needs to be done to
study how the interaction between the LLVPs and the subducted slabs in
the lowermost mantle could affect the morphology of the subducted
slabs.

I find that, compared to slab morphology, the segregation of a thin
SOC is less affected by the intrinsic density anomaly of the SOC. The
amount of crustal segregation on the CMB is only slightly reduced after
removing the excess intrinsic density of SOC in case 4. The result in-
dicates that although the SOC may be a few percent interictally denser
than the background mantle, because the SOC is thin, its contribution to
the buoyancy field and thus on the large-scale mantle flow field remains
relatively small. Similar results have also been observed in our previous
studies using 2D models (Li and McNamara, 2013; Li et al., 2014; Li and
McNamara, 2022).

My results show that SOC at the side boundaries of the associated
subducted slab is the easiest to segregate (e.g., Fig. 3h, 7b). This feature
has been ignored in previous 2D models where the third dimension is
assumed to be of infinite length. In Earth’s mantle, the lengths of the
trenches, and thus the subducted slabs, are limited. According to my
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results, accumulations of SOC may preferentially occur at the side
margins of the subducted slabs in the lowermost mantle. In addition,
some subducted slabs contain gaps or holes (e.g., Sigloch et al., 2008;
Obayashi et al., 2009; Harris et al., 2018; Portner and Hayes, 2018). My
results suggest that segregation of SOC may preferentially occur in re-
gions where the slabs contain gaps and holes in the lowermost mantle.

In my models, the subducted slabs sink with a speed of ~0.5-1.7 cm/
yr within the 660-2500 km depth range (Fig. 2c), which is consistent
with previous estimations of the slab sinking rate of ~1.2 cm/yr based
on interpretations of seismic tomography results (van der Meer et al.,
2011). The buckling and folding behaviors of subducted slabs, as shown
in this study, are also reported in previous geodynamic modeling studies
(McNamara et al., 2002) and laboratory experiments (Loubet et al.,
2009) and are observed by seismic studies as well (Hutko et al., 2006),
suggesting that the modeling results in this study are relevant for the real
Earth. Seismic studies have revealed wide-spread small-scale heteroge-
neities in the lowermost mantle outside the LLVPs, such as ultra-low
velocity zones (ULVZs) (see review by Yu and Garnero, 2018), seismic
scatterers (Frost et al., 2017), and other low velocity structures (Sun
et al., 2013; He et al., 2014; Suzuki et al., 2016; Borgeaud et al., 2017;
Nelson and Grand, 2018). Low velocity anomalies also appear in most
global seismic tomography models, although their distribution vary
between models (as summarized in Li, 2020). Importantly, seismic
heterogeneities in the lowermost mantle outside the LLVPs show a large
variety of shape, size, seismic velocity reductions, and density. In
particular, as summarized by Yu and Garnero (2018), whereas ULVZs
are confirmed in many regions such as beneath central America and
western Pacific, there are also regions where no ULVZs are observed or,

at least, the ULVZs are too small or too thin to be observed with current
techniques. Some of these seismic heterogeneities may be caused by
temperature anomalies due to small-scale convection in the lowermost
mantle (Li, 2020). Alternatively, they could be caused by compositional
heterogeneities, especially the relatively small seismic anomalies and
the kilometer-scale seismic scatterers. My models show that the sub-
duction of even a single slab to the lowermost mantle could lead to
strong temporal and spatial variations in crustal distribution beneath the
subduction zone at the CMB, within 50 km of the CMB, and at ~50-300
km depths above the CMB. While migrating along the CMB, the SOC
mixes with other materials and takes on different shapes. Mineral
physics experiments and first-principle calculations have shown that
SOC has different seismic velocities (Stixrude and Lithgow-Bertelloni,
2012; Thomson et al., 2019; Wang et al., 2020), reduced melting tem-
perature (Andrault et al., 2014), and increased intrinsic density (e.g.,
Ringwood and Irifune, 1988; Kesson et al., 1994; Hirose et al., 2005;
Ricolleau et al., 2010; Tsuchiya, 2011) than a pyrolite background
mantle. Therefore, I infer that the temporal and spatial variations of the
distribution of SOC which has unique physical properties could cause
large variations of seismic velocities, density, morphology, and distri-
bution of the wide-spread seismic anomalies in the lowermost mantle
outside the LLVPs. This inference can be further tested by converting the
temperature and compositional fields of geodynamic models into
seismic velocities in future research.

Finally, it has been suggested that modern style plate tectonics may
have begun at ~3.0 Ga (see review by Condie, 2018). In this case, more
slab buckling and folding events may have occurred in Earth’s history
than those shown in my models. Although the subduction process in
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Earth’s most recent history may primarily affect the chemical hetero-
geneities in Earth’s lowermost mantle beneath regions of subduction
outside the LLVPs, the continuous subduction process during the past
several billions of years could bring a significant amount of SOC into
Earth’s deep mantle. Some of the SOC may accumulate as thermo-
chemical piles on the CMB, contributing to the composition of the LLVPs
(Jones et al., 2020; Li and McNamara, 2022), and some may be
entrained to shallower depths where they may mix with other compo-
sitional components (Li and McNamara, 2013) or become partially
molten in mantle plumes beneath hotspots and large-igneous provinces
(Sobolev et al., 2007; Li et al., 2014; Dannberg and Sobolev, 2015; Li,
2021).

5. Conclusion

In this study, I perform 3D high-resolution geodynamic models with
single-sided, asymmetric subduction to study the dynamics of subducted
slabs in the lowermost mantle beneath subduction regions. I find that the
morphology of a subducted slab in the lowermost mantle greatly con-
trols the ability for the associated subducted oceanic crust (SOC) to
segregate and determines its distribution. When the slab extends
beneath the overriding plate, the crust occurs at the topmost of the slab
and is difficult to penetrate through, resulting in most of the crust being
distributed at ~50-300 km above the CMB. However, when the slab is
folded backward and extends beneath the subducting plate, the crust
appears at the deepest part of the slab and can easily segregate onto the
CMB. Crustal segregation also preferentially occurs at the lateral edges
of the subducted slab in the lowermost mantle. In the lowermost mantle,
a slab with high viscosity can undergo folding and redistribution,
shifting between the region beneath the subducting plate and the region
beneath the overriding plate. While migrating along the CMB, the SOC is
shaped into accumulations with variable sizes and shapes and shows
different degrees of mixing with the background material. As a result,

the SOC shows strong temporal and spatial variations at the CMB, within
~50 km above the CMB, and at ~50-300 km above the CMB. Given that
SOC has different composition, seismic velocities, intrinsic density, and
melting temperature than the pyrolite background mantle, my results
suggest that the large variation of seismic velocities, density, size, shape,
and distribution of the wide-spread seismic heterogeneities in the
lowermost mantle outside the LLVPs may be explained by SOC.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.pepi.2023.107063.
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