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Numerical models of Earth’s mantle dynamics that aim to comply with a variety of surface observations and/or
modern mantle structure, still predict a widely varying vigour of mantle flow which governs the long-term
evolution of mantle structure and mixing. A yet unexplored source of intrinsic information on mantle flow
characteristics are the geologically reconstructed average slab sinking rates. Here we evaluate from numerical
experiments how average slab sinking rates relate to the vigour of mantle convection and mixing. We use a
simplified mantle convection model and show that long-term mantle flow velocity and mixing is strongly sen-

sitive to slab sinking rates. Models tuned to match lower mantle average sinking rates of 10-15 mm/a, yield
lower mantle convection rates of only several mm/a. Furthermore, they reveal large unmixed regions in the mid-
mantle which preserve 25% of ‘primordial’ lower mantle material after 1000 Ma, which may explain
geochemical observations from hotspot volcanoes.

1. Introduction

Earth’s mantle is a solid-state convecting system which governs
multiple dynamic processes from deep geochemical mixing to the plate
tectonics and deformation of the cold boundary layer (e.g. Bercovici
et al. 2015). How mantle processes dynamically operate can only be
assessed by numerical modelling of the chemical-physical system as
observations of mantle dynamics are generally of an implicit kinematic
nature. Numerical experiments can be of a generic nature, or can focus
on the simulation of mantle convection models that comply with ob-
servations, e.g., reconstructed and active plate motions (Coltice et al.,
2013; Rolf et al., 2018), geochemical composition and evolution of the
Earth’s interior revealed by volcanic rocks (Yan et al., 2020), and/or
seismological observations of modern mantle structure (Ballmer et al.,
2016; Ritsema and Leki¢, 2020). This large variety of observational
constraints has, however, not led to imposing a strong constraint on the
style of mantle convection in terms of the typical flow velocity and
spatial variation, or of fast/slow geochemical mixing.

An unexplored source of information on the vigour of mantle con-
vection are the geologically reconstructed average slab sinking rates of
van der Meer et al. (2018). These slab sinking rates were determined for
the tomographically imaged tops and bottoms of slabs by dividing the
imaged depth by the geological time since subduction initiation and
cessation. Importantly, these rates combine geological dating of past
subduction with modern mantle structure and are therefore independent
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of any dynamic interpretation or assumption of mantle composition,
flow, or rheology (viscosity). The average sinking rates imply that slabs
move through zones in the mantle with different convective behavior,
from an upper mantle that permits, or drives, plate velocities, to a lower
mantle in which rates are up to an order of magnitude slower: 10-15
mm/a.

In this paper, we exploit the inferred depth variation in average slab
sinking rates to assess the typical magnitude of vertical and horizontal
slab velocity and assess the mixing behavior of Earth’s mantle. We
perform a set of numerical experiments of simplified plate tectonics in a
2D cylindrical geometry in which we vary lower mantle rheology to
obtain lithosphere subduction and slab sinking with rates that vary from
<10 to >50 mm/a. From these experiments we evaluate the first-order
correlation between slab sinking rates and bulk mantle flow. We focus
on the long-term (1000 Ma) evolution of bulk mantle flow in terms of
typical mantle velocity and the degree of mantle mixing through the
potential preservation of mantle heterogeneities.

2. Background

A key mantle property in convection models is the dynamic viscosity,
which relates the mechanical stress to the solid-state mantle flow.
Various types of observations have been used to obtain a depth-
dependant profile of mantle viscosity (Argus et al., 2021; Cizkova
et al., 2012; King, 2016; Mitrovica and Forte, 2004; Rolf et al., 2018;
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Steinberger and Calderwood, 2006) resulting in estimated radial vis-
cosity profiles which can differ by more than an order of magnitude
(Fig. 1). Within the currently accepted ranges of mantle properties,
numerical models predict semi-layered convection (Kellogg and Tur-
cotte, 1990; Waszek et al., 2021), whole mantle convection (Becker and
Faccenna, 2011; Flament et al., 2022), or a hybrid-variant with limited
interaction between the upper and lower mantle (Giilcher et al., 2020;
Waszek et al., 2021). In such models ambient mantle flow at the base of
the mantle can have different magnitudes, indicated by near-stagnant
(Bull et al., 2010) or highly mobile (Flament et al., 2022) Large Low
Shear Velocity Provinces (LLSVPs). This variety in flow magnitudes
allow for a well-mixed (Coltice and Schmalzl, 2006) or strongly het-
erogeneous mantle (Barry et al., 2017; Giilcher et al., 2021; van Keken
et al., 2002). These variations in mantle convection pattern show that
new constraints are desirable to further limit the range of possibilities
towards developing more predictive models.

In the last decade, average slab sinking rates have been inferred from
the association of geological evidence of the timing of past subduction
with large positive seismic velocity anomalies imaged in the modern
mantle by seismic tomography (Van Der Meer et al., 2010; Van der Meer
et al., 2018). Pioneering studies showed that the geological records of
subduction can be used to date the timing of subduction of imaged slab
remnants (Faccenna et al., 2003; Hafkenscheid et al., 2006; Replumaz
etal., 2004; Van der Voo et al., 1999; van Hinsbergen et al., 2005). Since
then, positive seismic wave speed anomalies in tomography have been
systematically interpreted and linked to detailed geological re-
constructions, whereby shallower (deeper) anomalies are well explained
by younger (older) subduction zones. From these correlations, a globally
consistent average slab sinking rate of 12 and 13 +/- 3 mm/a has been
calculated (Butterworth et al., 2014; Van Der Meer et al., 2010). More
recently, the comprehensive, global compilation (Van der Meer et al.,
2018) revealed how subducted lithosphere decelerates from plate mo-
tion speeds down to an average of 10-15 mm/a in the lower mantle. This
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Fig. 1. Radial viscosity profiles for the three models discussed here (solid lines)
compared to viscosity profiles as used in other studies: MiFo04 (Mitrovica and
Forte, 2004), Stb06 (Steinberger and Calderwood, 2006), Ciz12-a & -b family
(Cizkova et al., 2012), rol18 case M8 (Rolf et al., 2018), Gul21 viscous blobs
(vb) & metastable piles (msp) (Giilcher et al., 2021), Fla22 (Flament
et al., 2022).
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deceleration starts in the mantle transition zone and continues to
~1000-1500 km depth and is consistent with evidence for buckling and
thickening of slabs in the same interval (Fuston and Wu, 2021; Sigloch
and Mihalynuk, 2013; van Hinsbergen et al., 2005). These correlations
suggest that after detachment slabs sink nearly vertically, which is also
independently substantiated by statical analysis of positive seismic
anomalies and locations of paleo-subduction (Domeier et al., 2016). The
inferred sinking rates are all confined to a much narrower sinking rate
range than the <10 to >50 mm/a that we study in our experiments.

3. Methods

We performed numerical experiments in a 2D cylindrical geometry,
simulating global mantle convection during 1000 Ma of subduction
evolution. These models are used to obtain slabs varying in size and
shape and track their lower mantle sinking rates to compare with the
slab sinking rates from (Van der Meer et al., 2018). Our models are
purposely simple to solely illustrate the effect of different slab sinking
rates, obtained through different lower mantle viscosity profiles, on
mantle convection patterns.

3.1. Physical model

In our experiments, we solve the compressible flow equations of mass
(Eq. 1), momentum (Eq. 2), and energy conservation (Eq. 3) in a 2D
spherical shell. Computations were done using the finite element geo-
dynamic code ASPECT version 2.3.0 (Bangerth et al., 2021; Gassmoller
et al., 2018; Heister et al., 2017; Kronbichler et al., 2012), in which we
solve for the velocity (u), pressure (P) and temperature (T).

dp

5 T Vipu) =0 @
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»Cy (E+ u-VT) —V-(kVT) =pH+ S, + S, + S, 3

The second and third terms of the energy conservation Eq. (3) ac-
count for the advective and diffusive heat transport whereas the right-
hand side contains additional heating processes, i.e. radioactive heat
production (pH), shear heating (S;), adiabatic heating (S,) and latent
heating (S;) which are coupled to strain rate, thermal expansivity and
phase changes in the model, respectively (Schubert et al., 2001; van
Zelst et al., 2021).

We use the Isentropic Compression Approximation (ICA), the default
approximation for compressible flow in ASPECT (Gassmoller et al.,
2020). The ICA neglects the time derivative of the density in the mass
conservation equation but does compute a local adiabat based on tem-
perature, pressure, and composition, which results in the alteration of
the mass conservation to Eq. (4), where «; is the compressibility and p
the density as function of pressure, temperature, and composition
(Gassmoller et al., 2020). Composition dependant material properties
are advected through Eq. (5) using compositional fields (c;).

Veu = —kpgu 4)
% +uVe; =0 (5)

3.2. Viscous flow formulation

Flow in our model is governed by the viscous-plastic flow equations
that describe dislocation and diffusion creep and we use the Drucker-
Prager yield criterion to limit viscous stresses (Glerum et al., 2018).
Eq. (6) calculates the diffusion and dislocation creep viscosity which are
a function of the effective deviatoric strain rate (¢), pressure (P), and
temperature (T), as well as material properties defined in
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Supplementary Table 1 (Glerum et al., 2018; Karato and Wu, 1993). The
grain-size in the diffusion creep is assumed constant and therefore
incorporated in the pre-factor A. Diffusion creep is obtained by setting n
=1inEq. (6) and dislocation creep by n = 3. In the lower mantle flow is
based on diffusion creep only.

W 1 aaa  (E4PV
n" = 2A £ exp( RT ) 6)
o, = Ccos(¢) + Psin(¢) @
"= ®
. 1 1\
Nave = + ©)
Nayr— Maist
’,’L’ﬁ‘ = min(’/’plvﬂsz) (10)

In 2D the Driicker-Prager yield criterion is similar to the Mohr-
Coulomb criterion as shown in Eq. (7) (Glerum et al., 2018). The crite-
rion is parameterised by the cohesion C and angle of internal friction ¢,
where the latter has the same depth dependency as in (Ulvrova et al.,
2019). The effective viscosity is rescaled in Eq. (8) to ensure that local
stresses cannot exceed the yield stress (Glerum et al., 2018). As both the
dislocation and diffusion creep could be active simultaneously, the two
are harmonically averaged in Eq. (9) before the effective viscosity (7¢)
is calculated in Eq. (10), which is the lowest of either the plastic (") or
averaged creep viscosity ().

The flow law parameters in the upper mantle (Supplementary
Table 1) are constant in all experiments where the pressure and tem-
perature dependence of diffusion creep is based on Ulvrova et al. (2019).
This enabled us to obtain self-consistent subduction evolution
comprising initiation and cessation of subduction zones. However, in the
mantle transition zone (MTZ) we use higher depth-dependency (acti-
vation volume) for dislocation creep. We obtain a viscosity in the upper
mantle between 10%° and 10%! Pa s (Fig. 1). To evaluate the effect of
different slab sinking rates we vary the lower mantle viscosity in two
ways, creating two families of models. We either change the pre-factor
(A) or the activation volume (V) in Eq. (6), respectively between 1 -
10x10%° Pa™" 57! and 8.34 - 14.34 x 10”7 m® mol ! (Supplementary
Table 1). These values lead to lower mantle viscosities in our models
between 2 x 102 and 1 x 10** Pa s (Fig. 1 & Supplementary Fig. 1).

3.3. Setup

Both the inner and outer boundaries are free-slip boundaries, so
there is no external kinematic forcing on the model. The resulting
existing rotational null space is removed by imposing no-net-rotation of
the mantle. The boundaries have fixed temperatures of 3700 K and 300
K. Within the domain two compositional fields are defined: mantle and
continent. The mantle domain consists of three different regions sepa-
rated by the two major phase changes occurring at ~410- and ~660 km
depths. We use the geodynamic World Builder (Fraters et al., 2019) to
set the initial temperature and compositional field distribution. Similar
to Ulvrova et al., 2019, we use viscous rafts as ‘continents’ to aid with
modelling one-sided subduction systems. We use three continents of
5000, 5000 and 3000 km length, covering roughly 30% of the model
surface. To avoid subduction of the continents, we assign the viscous
rafts a reference density of 2916 kg/m°, which corresponds to a 400
kg/m?> density contrast with the reference mantle density (Lamb et al.,
2020). Furthermore, to avoid deformation of the continents, we assign
them a viscosity that equals the maximum cut-off viscosity in the model,
i.e. 6 x 10>* Pa s. We also configure three subduction zones and two
detached slabs in the initial set-up to seed the model with initial negative
buoyancy.

Material properties like thermal expansivity, thermal conductivity

Earth and Planetary Science Letters 625 (2024) 118471

and compressibility are a constant (Supplementary Table 1). We
acknowledge this may not be the case for Earth, but exploring the effects
of the depth, temperature and compositional dependencies of these
parameters is beyond the scope of this study. Through the Rayleigh
number we know that a decreasing thermal expansivity and increasing
thermal conductivity with depth would lower the vigour of mantle
convection, especially in the lowermost mantle (Tosi et al., 2013;
Guerrero et al., 2023). However, this vigour should still comply with the
inferred average slab sinking rates and therefore in our study this would
lead to mantle viscosity profiles somewhat reduced in magnitude to
establish the same goal of evaluating the accompanying convective
behavior.

The minimal resolution of the mesh in the top 370 km of the
modelled domain is ~26 km wide cells at the surface, while in the top
1370 km the minimal resolution is a cell width of about ~40 km at 1370
km depth. Besides these criteria the mesh refinement is also adaptive,
based on viscosity gradients and the velocity field, allowing for re-
finements up to 13 km wide at the surface. These higher resolutions in
the top of the domain allow for accurate modelling of plate-like motion
and the initiation of subduction.

3.4. Postprocessing

As we do not prescribe any kinematical boundary conditions in our
experiments, we can use the surface velocity of plates to evaluate plate-
like motion behavior, assessed by computing the mobility ratio M
(Fig. 2c¢), which is the ratio of surface motion to motion in the entire
domain (Eq. 11). When higher than 1, M is deemed indicative of plate-
like behavior (Tackley, 2000).

Vrms,smface
M= Vrm.x,dnmain (11)

We change the rate of slab sinking in the lower mantle by tuning the
global lower mantle viscosity (Fig. 1) which we vary by increasing/
decreasing the activation volume V, leading to a pressure dependant
viscosity increase/decrease with depth, and/or by changing the pre-
factor of the diffusion creep law A, leading to an overall shift in the
viscosity profiles to lower/higher values, see Eq. (6) and Supplementary
Table 1. Modelling 1000 Ma of ocean-ocean and ocean-continent
convergence within the cold thermal boundary layer leads multiple
subduction zones through time that result in slabs of varying size and
shape sinking to the core-mantle boundary (CMB) in each experiment
(Fig. 2).

We track the slabs during their mantle journey with passive tracers.
Slabs are automatically identified by tracers that move faster than 1
mm/a and have a local temperature that is 300 K lower than the average
temperature at depth (Figs. 2b, d and 3a). This temperature threshold is
based on estimates of the tomographic visibility of slabs using conver-
sions between seismic velocity anomalies and temperature (Goes et al.,
2004; Trampert et al., 2001). 2D-histograms of slab velocity versus
depth are constructed from the slab tracers in 5 Ma intervals (Supple-
mentary Movies 1-3). This is done separately for the lateral (Fig. 3b) and
radial (Fig. 2e) velocity components using a velocity interval of 2 mm/a
and a depth interval of 25. The resulting 200 histograms per experiment
are summed to create the accumulated distribution of lateral and radial
slab velocities during the 1000 Ma of simulated mantle convection
(Fig. 4). Our experiments show that these accumulated histograms
gradually become time-stationary. This allows to compute the
time-average of in situ slab sinking velocity V(d) at mantle depth d from
which the average slab sinking rate Vj,.(d) is obtained with Eq. (12).

Vare(d) =

Ul —

d
/ V(z)dz (12)
0

Vave(d) represents the model prediction of the average sinking rate for
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Reference model at t = 500 Ma
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Fig. 2. Results of the reference model (R) after 500 Ma of mantle convection simulation. Snapshots of the model at

t = 500 Ma are shown for the viscosity (a) and

temperature (b) within the modelled domain, showing five slabs actively subducting below the continents (pink). ¢ Solid lines indicate average surface velocity (blue)
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Fig. 4. Slab sinking rate distribution. Summation of all slab velocity distributions from the reference model (R) taken every 5 Ma (see Figs. 1e and 2b and sup-
plementary movie SM 1). The colour scale represents the percentage of all slabs (tracers) that sunk in 1000 Ma of mantle evolution. Tracers defined as slabs can be
counted in multiple time intervals. a Radial slab velocity distribution with averaged in situ radial slab velocities at each depth (red) and integrated slab sinking rate
through Eq. (12) (black). b Lateral slab velocity distribution in which positive (negative) values indicate (anti-)clockwise motion, mean lateral slab velocity at each
depth (red) and mean plus/minus a standard deviation (black) (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.).

slabs between the surface and the depth d and can directly be compared
to the kinematically inferred average slab sinking rates (Van der Meer
et al., 2018).

4. Results
4.1. Natural subduction and plate-tectonic behavior

The surface plate velocities in our experiments are self-generated and
are within typical reconstructed ranges of less than 20 cm/a (Zahirovic
et al., 2015), and generally below the 10 cm/a. The differences in
average plate motion between experiments are small and addressed in
the sections below. In all our experiments we obtain lateral plate mo-
tions that lead to converging and separation of the cold thermal
boundary layer, indicating subduction zones and mid-oceanic ridges.
Subduction under the ‘continents’ is one-sided (Fig. 2a, b) and occa-
sionally, in regions with a thin (weak) oceanic lithosphere, intra-oceanic
subduction can be two-sided. This occurs through polarity flips of the
subduction interface. As our study focusses particularly on the sinking
rates of slabs in the lower mantle, the occasional double-sided subduc-
tion of the cooled thermal boundary layer material is of no influence on
our results. Lateral slab motions in the lower mantle are smaller than
their vertical component, indicating that most slabs sink vertically after
detachment.

The initially imposed continental regions (Fig. 2a, b) can move away
and towards each other, driven by active downwelling of cold material
at subduction zones and accommodated by the formation of oceanic
ridges. Occasionally this leads to continental collision and break-up of
previously collided continents.

Our experiments show the straightforward trend that with
increasing lower mantle viscosity the average slab sinking rates Vg, ()
decrease. Therefore, we can limit the result description to three models
obtained in distinct experiments. First, the reference model
R(Ag =1x10718Pa"1s7!, V4 =12.34 x 10~ 7m3mol~!) in which the
predicted average slab sinking rates compare well with those kine-
matically reconstructed (Van der Meer et al., 2018). Second, model
M (Ag = 2x 1071°Pa~1s7!, V4 = 8.34x 1077mPmol™!) that
provides a marginal sinking rate fit and third, model

P (Ag = 1x 10718Pa~1s7!, V4 = 8.34 x 10~ "m3mol™!) that exem-
plifies models yielding a poor match to the sinking rate constraints,
with much higher sinking rates than permitted by the data. We will use
these three experiments to evaluate the effects of tuning mantle con-
vection models to slab sinking kinematics.

4.2. Reference model R

The average plate velocity along the surface of the reference model R
is between 1 and 6 cm/a with a time-averaged mobility ratio M, of 2.218
(Fig. 2¢), which is in the realm of plate-like behavior (Tackley, 2000).
The averaged surface velocity is within the typical plate motion ranges
reconstructed for the last 200 Ma (Van Der Meer et al., 2014; Zahirovic
et al., 2015). The three continents that are initialised in the setup resist
subduction and move around laterally along the surface while colliding,
diverging, and shielding parts of the subcontinental mantle from active
subduction (Supplementary Movie 4).

Slab sinking rates in the uppermost mantle are similar to subducting
plate motions, generally below 10 cm/a but occasionally reaching 20
cm/a, again similar to typically reconstructed values (Van Der Meer
et al., 2014; Zahirovic et al., 2015). Deceleration of the model slabs
starts in the MTZ and continues throughout the lower mantle (Fig. 4a).
The averaged in situ sinking velocities V(d) has a clear maximum in the
upper mantle on top of the MTZ. The first part of the lower mantle shows
in situ sinking velocities around 15 mm/a up to 1000 km depth before
gradually slowing down to 0 mm/a at the CMB (Figs. 4a and 5a). The
slab sinking rate Vg, (d) decreases from 15 mm/a at the top of the lower
mantle to 10 mm/a at the CMB which fits the kinematically recon-
structed average sinking rates of 10-15 mm/a (Van der Meer et al.,
2018).

Lateral motion of slabs in the upper mantle is mostly restricted be-
tween -20 and 20 mm/a (negative (positive) numbers indicate clockwise
(anticlockwise) motion in the model) clearly decreasing from the surface
to the 660-discontinuity (Fig. 4b). The average lateral velocity in the
lower mantle is -2 mm/a with a standard deviation of 5-8 mm/a,
dependant on depth, which comprises most (~85%) of the slab-defining
tracers (Fig. 4b). This shows that most slabs sink nearly vertically in the
reference model.
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In situ sinking velocities (V)
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Fig. 5. Profiles of in situ sinking velocities and averaged sinking rates from Eq. (11) matched with the data from Van der Meer et al. (2018). a In situ sinking velocities
calculated as depth average from the cumulative radial slab velocities (Fig. 3a— red line). b Averaged slab sinking rates (Fig. 3a— black line) integrated through Eq.
(12) (methods) compared to the slab data (Van der Meer et al., 2018) base (plus) and slab top (cross) data. The models with a good fit (model R — green), moderate fit
(model M - orange) and poor fit (model P — yellow) are shown in colour together with all other S and F models in grey. The cumulative slab velocity distributions for
all models are shown in supplementary Fig. 2 and supplementary Fig. 3 (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.).

4.3. Tuning slab sinking rates

Our experiments show that lower mantle viscosity has a small in-
fluence on surface plate motions but a first-order impact on slab sinking
rates, as exemplified by the models with a poor (P) and moderate (M) fit
to the slab sinking rates. Model P is based on a viscosity profile that is
generally of smaller amplitude in the lower mantle than the profile of
model R (Fig. 1), while the profile of model M has higher viscosities in
the top part of the lower mantle and lower values in the bottom part
(Fig. 1). Models P and M have similar averaged mobility factors
(Mp=2.215, My=2.332, resp.) as model R (M;=2.218). The spherically
averaged surface velocities in model P and M are larger than in model R,
generally between 1 and 10 cm/a. A contrast between the model pre-
dictions occurs mainly in the attained slab sinking rates. Model P results
in a poor match to the inferred slab sinking rates exemplified by the four
times larger maximum in situ sinking velocity (Fig. 6), because of the
lower mantle viscosity in model P (Fig. 1). Excess peak-velocities in
model P occur in the upper mantle and around 1000 km depth, where in
situ sinking velocities reach highest values up to 60 mm/a (Fig. 5a and
Supplementary Fig. 2). The large difference in situ velocities between
models P and R translates into a large difference in average sinking rates.
Model P has average sinking rates between 40 and 60 mm/a (Fig. 5b and
Supplementary Fig. 3), about four times higher than in model R.

Subduction in model M leads to average sinking rates in the lower
mantle that are comparable to the faster side of inferred sinking rate
values (Fig. 5b). Model M has an average lower mantle viscosity that is
only slightly increasing with depth, from ~ 1023 Pa-s in the top of the
lower mantle to ~ 2:10?Pa-s in the deep lower mantle (Supplementary
Fig. 1). The maximum in situ sinking velocity in model M is twice as large
as in the reference model R, up to 35 mm/a in the upper mantle (Fig. 5a
and Supplementary Fig. 2). The sinking velocities in the lower mantle
are, again, highest around 1000 km depth where slabs in model M sink
with a depth-averaged in situ velocity of ~18 mm/a. The average slab
sinking rates of model M are above 20 mm/a in the upper part of the
lower mantle while decreasing to 14 mm/a near the CMB (Fig. 5b).

The lateral motion of slabs in the lower mantle is directly correlated
to the sinking rates, models with slabs that sink fastest also show a
greater variability in lateral motion across the mantle. Broadly distrib-
uted lateral velocities over 100 mm/a occur in the entire lower mantle of
model P (Supplementary Fig. 2) and although the lateral average re-
mains close to the centre at ~2 - 3 mmy/a, the standard deviation is with
18-22 mm/a, varying with depth, in the lower mantle three times larger
than in the reference model R. Model M occasionally has lateral slab
velocities over 20 mm/a in the lower mantle, however, the histograms
shows a narrow distribution with standard deviations of maximum 10
mm/a (Supplementary Fig. 2).

4.4. Mantle flow and mixing

In our models, cold slabs are the main drivers of mantle flow, and
their sinking triggers hot upwellings from the lower thermal boundary
layer. Over geological time this leads to mantle mixing, the efficiency of
which depends on the vigour of mantle convection. We analyze the
overall evolution of mantle motion, as well as mixing, by tracking pre-
defined tracer clouds over time in three different ways. First, we track
how 4 circular tracer clouds at 0 Ma are dispersed through time in steps
of 250 Ma (Fig. 6a, b). Second, we investigate the positions at 0 Ma, and
at every 250 Ma, of tracers that aggregate in the same 4 circular regions
after 1000 Ma of model evolution (Fig. 6¢, d). Third, to visualize mixing
in the entire mantle, we track all initial 100.000 tracers, colour coded as
function of their radius at 0 Ma. Fig. 7a—d show all tracers at 500 Ma and
1000 Ma and Supplementary Movies 4-6 show the mantle flow and
mixing through time in steps of 5 Ma. Furthermore, we track the number
of tracers that have been entrained in the upper mantle or in the litho-
sphere (configured as the top 100 km of the modelling domain) or stayed
in the lower mantle in 1000 Ma of model evolution (Fig. 8).

The dispersion of tracers in models R and M is similar: both models
have large provinces of tracers that move in unison for the first 500 Ma
of convection. These coherently moving mantle volumes deform while
moving slowly through the lower mantle but can be dispersed and



E. van der Wiel et al.

Earth and Planetary Science Letters 625 (2024) 118471

Tracer dispersion

later motion mainly
a) e in Upper Mantle b)
¢ tracers spread through
the entire domain after
1000 Ma . o
N !
) )\
i i
T \\ W‘m }
\\ '
"‘u\ 3 upwelling /“\
S lateral motion "« %
} @ subduction RN &
Model R - Model M -
reference moderate
Tracer aggregation
c) p

-

2
9
i

Lower mantle motion in
\\ coherent zones with
minimal internal
deformation and mixing

L

Model R Model M
reference moderate
| 0 Ma 250 Ma @ 500 Ma @ 750 Ma 1000 Ma

Fig. 6. Motion of the mantle shown through individual tracers in 250 Ma steps.

Tracers that move from (disperse) or move to (aggregate) four pre-defined circles. a-b

Tracer dispersion and c-d aggregation for the Reference model (model R) with good fit to the data and models M and P with a moderate and poor fit.

stretched when a slab sinks through (Fig. 6a, b). Most lateral motion and
dispersion of these tracers occurs after their entrainment in the upper
mantle or lithosphere (Fig. 6b). Accordingly, tracers that never enter the
upper mantle undergo little dispersion in the mantle. In model R, some
tracers only moved by ~2000 km in 1000 Ma of convection (Fig. 6a),
which gives an average non-slab mantle velocity of 2 mm/a. Both model
R and M have mantle provinces that remain in the mid-mantle and that
show no or little mixing throughout the modelled 1000 Ma time period.
An increased tracer cloud stretching and dispersing is observed in Model
P, signalling stronger mixing. After 1000 Ma, tracers are mixed
throughout the mantle and are more randomly distributed over the
entire mantle domain as compared to models R and M (Fig. 6a, b).

The same holds for the aggregating tracers of model P. At 0 Ma the
tracers that will end up in the four yellow circular regions after 1000 Ma
of mantle evolution are distributed throughout the entire mantle. After
750 Ma of convection only part of those tracers have aggregated into
irregular shaped zones (Fig. 6d). This means that in the last 250 Ma
significant mantle motion must still occur to form final tracer configu-
ration of yellow circular regions.

This is entirely different in the more viscous model M, which shows a
convective vigour where many tracers at 0 Ma already form irregular
shaped closely packed clouds of tracers. Over time those tracer clouds
will further deform into their final circular shape at 1000 Ma. This shows

that their original mantle composition is being preserved (Fig. 6d), i.e.,
with limited or no mixing. In the last 500 Ma of convection in model M,
most tracers reside in the lower mantle and are within ~3000 km of
their final destination, giving a maximum non-slab lower mantle flow
rate of 6 mm/a. Model R’s convective pattern is even slower, most of the
aggregating tracers have moved coherently since 0 Ma and seem to
never enter the upper mantle and their average distance travelled is
lower than 4000 km in 1000 Ma of convection giving an averaged flow
speed of less than 4 mm/a (Fig. 6c¢).

After 500 Ma, model R has large accumulations of subducted initial
lithosphere near the CMB while the removed lithosphere at the surface
has been formed out of material that mostly originated from the initial
upper mantle (Fig. 7a). Adjacent to the piles of subducted initial litho-
sphere at the CMB, lower mantle material has started upwelling, but
most parts of the lower mantle still have retained their initial internal
structure. Model M shows similar features of lower mantle evolution,
although the upper mantle is more mixed, especially below the collided
continental keels (Fig. 7b). In contrast, after 500 Ma in Model P, the
subducted lithosphere material is much less accumulated near the CMB
and has been mixed upward by return flows leading to preservation in
slivers throughout the lower mantle, albeit near their subduction loca-
tion. And although the lower mantle is not well-mixed after 500 Ma, it
does not show the propensity of preserving large coherent areas of
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‘primordial’ mantle structure as seen in the other two models. The lower
mantle experiences more deformation and more zones of upwelling
bring material from the lowermost mantle to the surface (Figs. 7b, 8a).
18% of all tracers have been entrained in the lithosphere at least once
and 40% of the lower mantle material has remained there after 500 Ma
(Fig. 8a, b). In models M and R, these ratios are equal with 13% of tracers
that have been part of the lithosphere while more than 45% of tracers
remained in the lower mantle (Fig. 8c-f).

After 1000 Ma of subduction and convection the differences between
model P, and the models R and M have increased. Model P shows no
tendency for preservation of large regions of primordial mantle (less
than 10%, Fig. 8b) as the mantle is largely mixed and initial lithosphere
material has been stirred through the entire mantle with only a few
stretched slivers remaining (Fig. 7d, 8a and Supplementary Movie 6).
For model P, more than 40% of tracers have been part of the lithosphere
during the model evolution, indicating a high degree of mixing (Fig. 8b).
Model R contains preserved zones of mixed mantle as well as zones of
unmixed, ‘primordial’ mantle. The initially subducted lithosphere has
been pushed around near the CMB and in the lower mantle while oc-
casionally also brought back to the surface through plume-like upwell-
ings (Supplementary Movie 4). The unmixed zones preserve their

original internal structure, have varying sizes and occur at all depth in
the lower mantle (Fig. 7c, 8e). Here, about 25% of the tracers have been
preserved in the lower mantle while only 20% has been entrained in the
lithosphere (Fig. 8f). Finally, model M has a similar preservation as
model R although the preserved unmixed mantle is less abundant (only
13%, Fig. 8d), and the zones are smaller (Figs. 7d, 8c). Pockets of un-
mixed mantle can enter the upper mantle but are then fast entrained in
lateral ‘surface’ flow, like plate motions, before being mixed back into
the mantle during subduction (Supplementary Movie SM 5).

5. Discussion

Our experiments illustrate that average slab sinking rates are
strongly linked to the long-term vigour of mantle convection. Models
with lower slab sinking rates showcase a low propensity for mixing by
mantle flow such that large and slowly deforming regions in the mantle
remain unmixed after 1000 Ma of mantle evolution (Fig. 7c, 8e). Using
average slab sinking rates as an additional constraint that needs to be
matched by geodynamic models provides a promising opportunity to
advance to more ‘Earth-like’ mantle models with better determined
mantle viscosity, and mantle flow and mixing properties.
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We deliberately use simplified models and parameters because we
primarily aim to demonstrate the benefit of using the inferred average
slab sinking velocity for narrowing the range in the vigour of mantle
convection. The lower mantle viscosity of our preferred model (model R)
is on the high-end of the estimated ranges (King, 2016; Mitrovica and
Forte, 2004; Steinberger and Calderwood, 2006) but similar to other
recent geodynamic studies (Fig. 1) (Cizkova et al., 2012; Flament et al.,
2022; Giilcher et al., 2021; Rolf et al., 2018). However, most of these
studies use a decreasing thermal expansivity and increasing thermal
conductivity with depth, which both lead to a smaller density contrast
between slab and mantle and thus a gradual reduction of slab buoyancy
with depth (Tosi et al., 2013). Qualitatively, to match the inferred
sinking rates, a gradual reduction in slab buoyancy would generally
imply a gradual depth-dependant reduction of the mantle viscosities.
This may explain our higher lower mantle viscosity, roughly by a factor
2, than the first study matching slab sinking rates (Cizkova et al., 2012),
although we also assess a broader spatial and temporal spectrum of
subducted slabs than a single slab system as in Cizkova et al., 2012. We
do not expect that when the slab buoyancy is reduced, due to the
decreasing thermal expansivity and increasing thermal conductivity, the
convective vigour of our models will change, as we would tune our
preferred viscosity profile to comply to the same average sinking rates.

Other rheological simplifications in our models are that chemical or
compositional heterogeneities that are present in the Earth’s mantle are
not represented in our experiments. Our slabs have the same rheological
properties as the bulk mantle, and once the negative buoyancy that
makes our slabs sink disappears by thermal conduction, they assimilate
to the warm mantle and do not inherit any density or chemical signal as
recycled oceanic crust in the model. In reality, also thermally assimi-
lated slabs are likely still compositionally distinct from the bulk mantle
(Jones et al., 2021; Lambart et al., 2019). The same holds true for pri-
mordial mantle material, which is compositionally distinct from bulk
mantle (Jackson et al., 2021). This may be one of the reasons why
thermochemical structures, such as LLSVPs or ULVZs that are probably
not purely thermal features (Garnero et al., 2016; Koelemeijer et al.,
2017; McNamara, 2019), do not develop in our models. Nonetheless, it
is interesting to evaluate how mixing and motion behavior in our
reference model R, that is successfully tuned to slab sinking kinematics,
compares with models that address current debates on Earth’s interior
dynamics, like LLSVP stability, mantle heterogeneity, or plume dy-
namics (Arnould et al., 2020; Cao et al., 2021; Flament et al., 2022;
Giilcher et al., 2021; Jones et al., 2021; Mulyukova et al., 2015).

The fate of subducted oceanic lithosphere might be strongly con-
nected to structures in the lower mantle, as they may form thermo-
chemical piles on the CMB (Jones et al., 2021) that may overlap with or
correspond to LLSVPs or ULVZs (Ballmer et al., 2016; Dobson and
Brodholt, 2005). Our models R and M seem to preserve former slabs in
thick piles on the CMB (Fig. 7a, b). These modelled piles are strongly tied
to the convective vigour of the mantle rather than being a characteristic
feature of our slabs. For instance, in model P, with high sinking rates of
40-60 mm/a, such piles do not form (Fig. 7b). We observe that in parts
of the model without actively sinking slabs, mantle flow is minimal,
allowing preservation of more or less stagnant piles of subducted lith-
osphere, even though in our models subducted material is not compo-
sitionally distinct. We foresee that adding compositional heterogeneity
to our models may further enhance this behavior.

Because of the, purely thermal, density differences in slabs, the piles
on the CMB do move and get entrained in mantle flow, whereby mantle
flow is controlled by slab sinking and close to the CMB by horizontal slab
motion (Fig. 7c, d). In models R and M, horizontal slab motion in the
lower mantle is limited and slabs sink nearly vertically (Fig. 4b and
Supplementary Figs. 2 and 3), and thus only interact with the ambient
mantle in their direct surroundings. The average velocity of the lower-
most mantle (bulk mantle and slabs) in model R is lower than 4 mm/a,
well below the sinking rate of slabs. The slowly convecting mantle in our
models provides a straightforward explanation for the stability of
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lowermost mantle structures including the LLSVPs (Burke and Torsvik,
2004; Torsvik et al., 2010, 2014) and slab graveyard compositions
(Jackson and Macdonald, 2022) that follow from kinematic correlations.

Conversely, our model P, with higher sinking rates, also has faster
horizontal slab motions, with standard deviations around 20 mm/a,
three times higher than in model R. In that respect, the rates of sinking
and mantle flow in model P resemble those in model experiments that
were used to argue for strong horizontal motions of slabs in the mantle,
which in turn would be able to shovel lower mantle structures such as
LLSVPs along the CMB (Cao et al., 2021; Flament et al., 2022; Lin et al.,
2022; Peng and Liu, 2022). The comparison between our models P and R
suggests that tuning models to reconstructed slab sinking behavior may
strongly influence the conclusions on lower mantle mobility and hori-
zontal slab motion during sinking.

Finally, it is interesting to note that even after a billion years of
subduction and convection the mantle in our experiments tuned to slab
sinking rates preserve large blobs of unmixed, ‘primordial’ mantle.
These are in the heart of major, slow, mantle convective systems in the
lower to mid-mantle (Fig. 7c). These primordial provinces in our ex-
periments resemble structures that were proposed before as composi-
tionally distinct zones that could be more rigid (Ballmer et al., 2017;
Giilcher et al., 2020). In our experiments, provinces of subducted lith-
osphere forming piles and primordial provinces forming mid-mantle
blobs simply result from the slow bulk mantle convection rate that re-
sults from tuning the model against slab sinking. This illustrates that
much lower mantle convection rates than typically generated in nu-
merical models may explain many of the outstanding puzzles on
long-lived structural and compositional heterogeneity. Adding further
complexity to mantle convection models, such as compositional, ther-
mal and depth variations of thermal conductivity and expansivity
(Guerrero et al., 2023; Tosi et al., 2013) and compositionally dependant
viscosity in the lower mantle (Ballmer et al., 2017; Giilcher et al., 2021;
Yamazaki and Karato, 2001) may further enhance the patterns we
observe in our experiments, as the rheological contrast between
different compositions may influence the mixing behavior (Manga,
1996). Our models are based on the commonly used linear diffusion
rheology of the lower mantle. This does not include shear localization as
a local agent for mantle mixing. Propositions for nonlinear lower mantle
rheologies are few (e.g., Cordier et al. 2023; Girard et al. 2016) and how
these would impact mantle flow and mantle mixing is yet to be estab-
lished. Arguably, if shear localization would occur around sinking slabs
ten this would decouple slab sinking from the ambient mantle to a
higher degree than in our models with linear rheology and thus could
lead to a lower mixing of the ambient mantle than modelled here.

Nonetheless, our results, with a compositionally homogeneous
mantle, show that tuning geodynamic models to match the average slab
sinking rates for the last 250 Ma provides a novel avenue towards
explaining the survival of large, primordial mantle reservoirs. Further-
more, models with too high slab sinking rates might systematically
overestimate bulk mantle flow and the vigour of convection. This sug-
gests that adding new kinematic correlations between geochemistry,
seismology, and geology as constraint on mantle convection models is an
important step in improving our dynamic models and their predictive
value.

6. Conclusions

In this study, using 2D cylindrical mantle modelling, we have
explored how the recent inferred average slab sinking rates can help
narrow determining the long-term average magnitude of mantle flow
velocity and the propensity for mantle mixing. Models with low mantle
slab sinking rates of 10-15 mm/a have very limited bulk mantle motion,
of only a few mm/a, and after 1000 Ma of subduction evolution and
mantle convection these models preserve large zones of unmixed regions
in the mid-mantle. Therefore, the addition of new inferred kinematic
observations or constraints to mantle convection models can provide
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avenues to explain the magnitude and pattern of mantle convection and
the large-scale preservation of geochemical mantle reservoirs.
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