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Two large areas of anomalously low seismic velocities are visible in all tomographic models of the
lowermost mantle. Depending on the density structure of these Large Low Shear Velocity Provinces
(LLSVPs), the core-mantle boundary (CMB) will deform upwards or downwards due to isostatic and
dynamic topography, the latter being sensitive to the viscosity structure of the lowermost mantle.
Heterogeneities in the viscosity structure, although difficult to constrain, might be especially important
if the LLSVPs are thermochemical piles with elevated intrinsic viscosity as suggested by mineral physics.
Based on numerical models, we identify a short-wavelength (about 80-120 km wide, up to a few km
deep) topographic depression that forms around the pile edges if the pile is more viscous than the
surrounding mantle. The depression forms when a wedge of thermal boundary layer material becomes
compressed against the viscous pile, and is enhanced by relative uplift of the CMB beneath the pile
by plumes rising above it. The depth and asymmetry of the depression constrain the magnitude of the
viscosity contrast between pile and the surrounding mantle. Furthermore, (periodic) plume initiation and
pile collapse at the pile margin systematically modify the characteristic depression, with a maximum in
asymmetry and depth at the time of plume initiation. Core-reflected waves or scattered energy may be

used to detect this topographic signature of stiff thermochemical piles at the base of the mantle.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction One way to discriminate between thermal and thermochemi-
cal structures is via their density anomaly relative to the ambient
mantle, which is negative for thermal upwellings and neutral to
positive in the case of thermochemical piles. Estimated densities
of LLSVPs from normal mode data and Earth’s solid tides range
from neutral or even slightly reduced density (Koelemeijer et al.,
2017) to a density excess of 0.5-1% and 1-1.5% in the lowermost
300-400 km and 150-200 km above the CMB, respectively (Lau
et al, 2017). These estimates include both the effect of thermal
expansion and a potential compositional density increase. More-

Although the presence of a dominant degree-2 structure in
seismic velocities of the lowermost mantle (Fig. 1) is well estab-
lished (e.g., Dziewonski et al., 2010), the origins, and therefore the
properties, of the Large Low Shear Velocity Provinces (LLSVPs) are
still under debate (e.g., McNamara and Zhong, 2004; Davies et al.,
2012; Li et al., 2014; Mulyukova et al,, 2015; Trennes et al., 2019).
Some studies suggest a purely thermal origin of the observed ve-
locity anomalies (e.g., Schuberth et al., 2012; Davies et al., 2012),
while most geodynamic models include thermochemical piles of

dense material to explain the observations (e.g., McNamara and
Zhong, 2004; Li et al., 2014; Mulyukova et al., 2015). Seismic ob-
servations, such as sharp and steep boundaries, are often used to
support the hypothesis of a chemical origin of the LLSVPs (see re-
view by McNamara, 2019, and references therein), yet they can
possibly also be explained by strong temperature gradients (Schu-
berth et al., 2012; Davies et al., 2012).
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over, there are two possible candidate materials for thermochem-
ical piles with different properties: dense and presumably viscous
primordial iron-rich bridgmanite (Williams et al,, 2015; Heyn et
al., 2018; Trennes et al., 2019), or recycled oceanic crust (Li and
McNamara, 2013; Mulyukova et al., 2015). Because basaltic mate-
rial has higher bulk modulus than peridotite, its intrinsic density
excess will decrease with increasing depth through the lower man-
tle, leading to the suggestion of a composite LLSVP structure with
a dense basal layer beneath a more unstable accumulation of re-
cycled oceanic crust (Ballmer et al., 2016; Torsvik et al., 2016;
Tronnes et al., 2019).
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Fig. 1. Tomography model SMEAN (Becker and Boschi, 2002) at 2800 km depth, showing the two LLSVPs and the circumpolar belt of subducted material surrounding them.
The deep-rooted plumes, identified by French and Romanowicz (2015), are plotted as circles. Seven of them show bilateral zonation with enriched (red) and depleted (yellow)
trends oriented towards and away from the LLSVP interiors, respectively (Harpp et al., 2014; Torsvik et al., 2016, and references therein). Lateral flow towards the LLSVPs
is indicated by thick arrows, with local flow towards rising plumes shown as small black arrows. The likely presence of post-bridgmanite in the cool circumpolar belt (blue
areas) is expected to reduce the viscosity by 3-4 orders of magnitude (Ammann et al., 2010). This mineralogically-based viscosity decrease will be superimposed on the
effect of thermal viscosity reduction in the lowermost mantle, potentially erasing any “memory” of distinct slabs and facililating the lateral spreading of the cold material.
The resulting flow towards the LLSVPs will likely be almost evenly distributed, and directed roughly perpendicular to the LLSVP margins (large arrows). At plume roots, flow
will be locally focussed, increasing the average regional flow rate in the vincinity of rising or forming plumes. Thus, a 2-D spherical annulus geometry (90-degree section,
Fig. 2) oriented perpendicular to the circumpolar belt should capture this pile-ward flow along the CMB, and it may underestimate the localized flow towards the pile in the
locations of plumes. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

The viscosity of these lithologies will presumably be strongly
reduced if post-bridgmanite is present (Ammann et al., 2010). In
a recent study based on seismic data, Koelemeijer et al. (2018) in-
ferred that post-bridgmanite is present at about 300 km above the
CMB even in the areas of LLSVPs. This is consistent with mineral
physics data suggesting that post-bridgmanite may be composi-
tionally stabilized in basaltic material even for higher tempera-
tures, including the conditions that may be expected in the unsta-
ble upper part of (composite) LLSVPs (Trgnnes et al.,, 2019). Con-
sequently, as compositionally distinct pile material can exhibit a
range of different excess densities, discrimination between thermal
and thermochemical LLSVPs based only on density is not straight-
forward. Details about the viscosity structure in the lowermost
mantle would, together with density estimates, provide important
insight into the thermal vs. thermochemical nature of the LLSVPs.
Unfortunately, we have no direct way of measuring viscosity in the
lowermost mantle.

The presence of two thermochemical piles at the base of the
mantle should affect flow patterns in the deep Earth. Conrad et al.
(2013) have shown that there has been persistent upwelling above
the LLSVP regions for at least 250 Myr. This stable upwelling is
consistent with a stable pattern of downwelling flow within the
circumpolar belt of subducted slabs, which drives lateral flow ra-
dially towards the LLSVPs (Fig. 1). This flow is also consistent with
the reconstructed eruption sites of Large Igneous Provinces (LIPs)
and kimberlites, both related to deep-rooted mantle plumes, which
have been shown to cluster around the margins of the LLSVPs
(Torsvik et al., 2016; Doubrovine et al., 2016), although the correla-
tion has been questioned (e.g., Austermann et al., 2014). This prox-
imity of plumes to the LLSVP margins can be explained by mantle
flow along the CMB towards the pile. The flow is forced upwards

at the edges of dense piles Fig. 1, triggering plumes (Steinberger
and Torsvik, 2012; Torsvik et al., 2016; Heyn et al., 2018, 2020).

These density and flow patterns induce steady long-wavelength
topography on the CMB. In particular, the isostatic load due to
mass (e.g. dense piles) and the dynamic pressure associated with
sinking or rising flow exert radial stresses on the boundary be-
tween the mantle and the liquid outer core. The amplitude of the
resulting deflection depends on the density and viscosity of the
material, as well as its velocity. As for the Earth’s surface, these
stresses are expressed as dynamic topography, with positive topog-
raphy being associated with light material and rising flow (Fig. 2c),
while dense sinking material causes depressions (Lassak et al.,
2007; Steinberger and Holme, 2008; Yoshida, 2008; Deschamps et
al., 2017). Consequently, core-mantle boundary topography can be
used as a proxy to investigate flow in the lowermost mantle as
well as certain material properties such as the viscosity and den-
sity structures of a (potentially) thermochemical pile (Lassak et al.,
2007, 2010; Deschamps et al., 2017).

Core-mantle boundary topography may also impact core flow
and the Earth’s dynamo. It has been suggested that the topogra-
phy of the CMB may cause a torque in core flow and thus result
in exchange of angular momentum between the mantle and the
core (Le Mouél et al., 2006; Roberts and Aurnou, 2012; Ding and
Chao, 2018; Glane and Buffett, 2018; Burmann and Noir, 2018).
This exchange, potentially strengthened by the presence of stable
stratification of the outer core (Glane and Buffett, 2018), has been
invoked to explain periodic changes in length-of-day (Roberts and
Aurnou, 2012; Ding and Chao, 2018; Glane and Buffett, 2018). Pro-
files of seismic velocities and geochemical data both indicate that
a light stagnant layer (the E’-layer) may indeed be present within
Earth’s outer core (e.g. review by Trennes et al, 2019, and ref-
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Fig. 2. Initial condition of (a) the compositional field and (b) the temperature field. White arrows in (a) indicate the velocity boundary condition, while the yellow line in (b)
marks the outline of the pile for a composition value of C = 0.8. The general pattern of core-mantle boundary topography obtained for this type of model is shown in (c),
with the line color indicating the area underneath the pile (red) and outside the pile (blue). Depressions are observed beneath the slab at 0° longitude due to the sinking
flow, and beneath the dense pile. The area around the pile margin is uplifted due to rising flow. Topographic amplitudes, especially the depth of depression beneath the
downwelling, strongly depend on the slab viscosity and might therefore be overestimated (see discussion in section 6.2), while the overall topographic patterns should be

robust.

erences therein), potentially making CMB topography even more
important. Furthermore, it has been suggested that CMB topog-
raphy affects convective flow in the outer core, thereby causing
secular variations in Earth’s magnetic field (Roberts and Aurnou,
2012).

There are several estimates of CMB topography derived from
seismology (e.g., Tanaka, 2010; Koelemeijer et al., 2012; Schlaphorst
et al,, 2015; Colombi et al., 2014) and various geodynamic studies
(Lassak et al., 2007; Steinberger and Holme, 2008; Yoshida, 2008;
Lassak et al., 2010; Soldati et al., 2012; Deschamps et al., 2017;
Deschamps and Li, 2019). Global maps of CMB topography up to
spherical harmonic degree 4 can be obtained with normal modes
(Koelemeijer et al., 2012) or body wave data (e.g., Tanaka, 2010),
but both amplitudes and patterns of topography vary significantly
between different studies due to trade-offs between CMB topog-
raphy and the mantle’s density and velocity structure (see e.g.
Tanaka, 2010, and references therein). Geodynamic studies have

shown that low spherical harmonic degrees cannot distinguish be-
tween positive buoyancy-related topography generated by thermal
plume clusters or thermochemical LLSVPs with less than 1.5% in-
trinsic density excess, whereas piles with excess density higher
than 1.8-2% cause a depression of the CMB (Lassak et al., 2007;
Steinberger and Holme, 2008; Yoshida, 2008; Lassak et al., 2010;
Deschamps et al, 2017; Deschamps and Li, 2019). In addition,
there are a few regional studies that use core-reflected waves for
structures with wavelengths around 100 km (e.g., Restivo and Helf-
frich, 2006; Wu et al., 2014; Gassner et al., 2015; Schlaphorst et al.,
2015; Mancinelli and Shearer, 2016; Shen et al., 2016). More re-
cently, Mancinelli and Shearer (2016) obtained topography of even
shorter length scales of approximately 7 km by analysing scattered
energy. Yet, since observations of short-wavelength CMB topogra-
phy are sparse, no systematic pattern of structures smaller than
about 300 km has been detected yet.
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In this study, we present numerical models to predict short-
wavelength topography, showing that topographic length scales of
about 100 km are sensitive to a potential viscosity contrast be-
tween thermochemical piles and the ambient mantle. Thus, mea-
surements of short-wavelength topography at the CMB may con-
strain the thermal or thermochemical nature of LLSVPs. Moreover,
it may allow for the identification of plumes at early stages.

2. Model setup

Our numerical models are run with the finite element code AS-
PECT (Kronbichler et al., 2012; Heister et al., 2017; He et al., 2017;
Bangerth et al., 2018, 2019; Liu and King, 2019) in a 2-D spherical
geometry. Equations describing the conservation of mass, energy
and momentum are solved under the Boussinesq approximation.
In general, the setup is similar to Heyn et al. (2018), and parame-
ters are chosen so that the reference Rayleigh number, describing
the vigor of convection via the definition

ATd?
Rg= X824 (1)
K

is equal to 107. Parameters in equation (1) are thermal expansiv-
ity o, density p, temperature drop across the mantle AT, grav-
itational acceleration g, mantle thickness d, reference viscosity 7
and thermal diffusivity «. Our domain is chosen as a quarter of
an annulus along the equator with a grid that is adaptively re-
fined based on the compositon and viscosity gradients after every
10 time steps of the calculation. Moreover, we performed runs for
which cells are additionally refined in the lowermost mantle close
to the core-mantle boundary, such that the CMB is sampled equally
everywhere. The effective resolution in regular models varies be-
tween about 7x11 km and 80x90 km (lateral x radial), while our
resolution tests have smallest cells of about 1.4 km at the CMB
(see discussion further down). A constant uniform velocity bound-
ary condition of 1.48 cm/year is imposed on the surface to force
a single-plate degree-2 flow structure (Fig. 2a, comparable to ob-
servations from seismic tomography as shown in Fig. 1), while all
other boundaries are free-slip. All parameters characterizing the
general setup are given in Table 1.

Core-mantle boundary topography is derived from radial stresses
calculated along the interface between mantle and core as bench-
marked for ASPECT by Liu and King (2019) via the relation

h— Orr
gApcvs’

with h being the CMB topography, o, the radial component of the
stress, and Apcpp the density difference between core and ambi-
ent mantle, which is set to 4400 % based on PREM (Dziewonski
and Anderson, 1981). To ensure that our imposed plate velocity
does not affect the core-mantle boundary topography, we also per-
formed tests in which we replaced the surface velocity boundary
condition by a free slip condition after a while. Since we have
no slab weaking mechanism, subduction in these models slowed
down and finally stopped completely, thereby changing the mode
of convection. However, during the transition phase, the observed
dynamic topography does not change significantly until subduction
stops, and the lateral thermal boundary layer (TBL) flow towards
the pile ceases. Thus, we conclude that our choice of imposed sur-
face velocity boundary condition does not affect the predicted CMB
topography.

Our system is heated from below and from within by uniform
internal heating (Table 1). Piles of dense material are represented
by a compositional field that is advected with the discontinuous

(2)

Table 1

Characteristic parameters used in our thermochemical calculations. We convert ex-
cess densities into B (equation (3)) by assuming a 3300 K temperature drop across
the mantle, which includes both the 2300 K superadiabatic temperature drop that
we have in our models with the Boussinesq approximation, and an adiabatic tem-
perature increase of 1000 K. Furthermore, although we assume a constant value of
a =3.0-107> for the whole mantle within the models, we use a more realistic
CMB thermal expansivity of & =1.0-10~> at the CMB for conversion to B (Tackley,
2012). Based on that, we obtain buoyancy numbers comparable to previous studies
(e.g., McNamara and Zhong, 2004; Mulyukova et al., 2015; Heyn et al., 2018). We
also use the full temperature drop of 3300 K to calculate Ra, which is set to 107.
Within ASPECT, we use thermal conductivity k and specific heat capacity cp instead
of the thermal diffusivity «, but they can be converted via k = ﬁ. In our models,

we set k equal to 1.0-107¢ [m?/s].

Parameter Symbol Value [Unit]
Gravitational acceleration g 9.81 [m/s?]

Mantle thickness d 2890 [km]
Reference density (upper mantle) ] 3340 [kg/m3]
Reference viscosity n 7.83-10%! [Pa:s]
Thermal conductivity k 4.01 [W/K-m]
Specific heat cp 1200 [kg-m?/(K-s2)]
Thermal expansivity o 3.0-107° [1/K]
Chemical excess density Apc 198.396 — 330.66 [kg/m?]
Buoyancy ratio (eq. (3)) B 0.6-1.0[]
Rayleigh number Ra 107 [ ]

Internal heating rate H 9.46 - 1013 [W/kg]
Imposed surface velocity Vsurf 1.48 [cm/yr]
Compositional viscosity contrast nc 1-20[]

Thermal viscosity contrast AT 2.3-7500 [ |
Temperature drop across mantle AT 2300 [K]

Density difference core-to-mantle Apcm 4400 [kg/m?]

Table 2

Parameters defining the viscosity profiles for different thermal viscosity contrasts
nat. We use steps at depths of 299 km, 410 km, and 660 km for the activation
energy Ej,, the temperature offset T;, and the viscosity prefactor no. In the table,
values are sorted by increasing depth.

nar - Mo Ey Ty

23 5 05 25 5 1 1 1 1 0.02 04 0.6 0.7
330 5 05 25 5 1 1 1 1 0.02 015 015 015
1700 5 05 25 5 1 1 1 1 0.02 012 012 012
7500 5 05 25 5 12 12 12 12 002 012 012 012

Galerkin method (He et al., 2017). A density contrast between ther-
mochemical piles and regular mantle is prescribed via the buoy-
ancy ratio

_ Apc
apAT’

(3)

with Apc being the density difference due to composition.
Similar to Heyn et al. (2018), our viscosity depends on temper-
ature, depth and composition, given by

n(z, T,C) =no(@nar(z, T)exp[Clnnc]
Ey(2) _ Ey(2)
T*+Ty2) 14T,

with the non-dimensionalised temperature T*, that is cut off be-
tween values of 0 and 1. Non-dimensionalisation is done using the
reference values of T* =0 and T* =1 for the surface and the
CMB temperature, respectively. The dependence on depth is imple-
mented as steps of the viscosity prefactor 7o, the non-dimensional
activation energy E; and the non-dimensional temperature offset
T, (Table 2). nc is the temperature-independent intrinsic viscosity
contrast between the pile and the ambient mantle due to com-
position, varying between 1 and 100, while C is the composition
value between 0 and 1. nar is the thermal viscosity contrast and
describes the maximum potential viscosity variations due to tem-
perature in the lower mantle, which we vary in the range 2.3 to

=10(2) exp [ +Cln ﬂc] (4)
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Table 3

Overview of the models we analysed in this study. For each combination of B and
nar indicated by +, we used the values n¢ =1,2,3,5,8,10, 15, 20,50 and 100,
while combinations marked with — have not been tested.

5 At 23 330 1700 7500
0.6 - + - -
0.8 + + + +
1.0 - + - -

7500. These values are at the lower end of the range often used
in geodynamic studies (e.g., Li et al., 2014), but may be consistent
with geoid constraints (Yang and Gurnis, 2016). All combinations
of B, nar and n¢ used in this study are listed in Table 3.

To achieve a better comparison between parameters and to
avoid highly variable topography during pile formation, all mod-
els begin from the same reference case of a fully-developed system
with degree-2 structure (see Figs. 2a and 2b). We obtain this ini-
tial condition by running a model with the reference values of
B =0.8, nar =330 and n¢ =6 for 6.5 Gyr, starting with a 125 km
thick dense basal layer (as described in Heyn et al. (2018)). This
results in a pile with a volume of about 1.75% of the mantle (ap-
proximately 77% of the original layer mass, Fig. 2b), and removes
topographic variations due to different initial pile masses. Although
such a setup means that models require some time to adjust to
the changed parameters, the uniform mass and volume of the ini-
tial condition enables us to expand our investigation of the effects
of density and viscosity towards pile configurations that would be
unstable otherwise. To overcome the limitation of adjustment time
and to get better constraints on how topography changes when
plumes interact with the pile, we run our models for 2.5 Gyr. Since
this study is focussed on the investigation of short-wavelength to-
pographic patterns for present-day lower mantle structure (Fig. 1),
neither pile formation processes nor the potentially overestimated
absolute amplitudes of CMB topography in Fig. 2c are significant,
as discussed in section 6.2.

3. Characteristic topography for higher intrinsic pile viscosity

For models without an elevated intrinsic pile viscosity, the CMB
topography shows depressions beneath the subducting slab and
beneath the dense pile, while the CMB at the pile margin is up-
lited and shows strong positive topography (Fig. 2c). This reflects
the general flow pattern of sinking flow beneath the slab and ris-
ing hot flow at the pile margin, with isostatic adjustment for the
dense pile itself. Relative (and also absolute) topography ampli-
tudes depend on the thermal viscosity contrast nar, since increas-
ing the temperature-dependence of viscosity makes slabs stronger
and thus increases the coupling between mantle flow and the
CMB. As a consequence, the depression beneath the slab gets more
pronounced with increasing nar, while the pile depression gets
smaller. The latter is, however, more likely related to pile thick-
ness and density than it is to viscosity (as discussed later in more
detail). Increasing the pile excess density (B) or the pile viscos-
ity (n¢) increases the pile depression, while topography beneath
the slab is not affected. These observations are in good agreement
with previous studies (Lassak et al., 2007, 2010; Deschamps et al.,
2017) and also fit the pattern of long-wavelength CMB topography
detected by body waves or normal modes reasonably well (Tanaka,
2010; Soldati et al., 2012).

Although the long-wavelength pattern of topography is not sig-
nificantly affected by the presence of a compositional viscosity
contrast (in good agreement with Deschamps et al. (2017)), we
observe strong differences at shorter length scales. Fig. 3 com-
pares the topography for a model with B = 0.8, nar = 330 and
nc =1 (Fig. 3a, left panels) with nc = 10 (Fig. 3b, right panels),

the former being the same parameters as for the representative
long-wavelength topography in Fig. 2c. Yet, as can be seen in
the topographic profile in Fig. 3 (right), the core-mantle boundary
shows a clear depression next to the pile edge that is approxi-
mately 80-120 km wide (measured from the top of the plateau
outside the pile to the maximum beneath the pile edge, 1° cor-
responds to 61 km at the CMB) and a peak that marks the edge
itself. We observe these features only if the pile has a higher in-
trinsic viscosity than the surrounding hot thermal boundary layer,
otherwise the topography near the pile margin is smooth. The am-
plitude of the depression (about 2-3 km) is smaller than that of the
long-wavelength elevation associated with rising flow at the pile
margin (compare the elevation at 40-60° longitude in Fig. 2c). Con-
sequently, the overall topography remains positive and the depres-
sion is not visible at low spherical harmonic degrees. Neither long-
wavelength nor short-wavelength topography are changed signifi-
cantly within our resolution tests (compare Figs. 3g and 3h with
1.4 km resolution to Figs. 3a and 3b with 7 km resolution), only
the amplitudes of the small-scale topographic feature and its sym-
metry are slightly modified as we capture their slopes more accu-
rately.

A reduced density of hot TBL material and uplift due to rising
flow explain the long-wavelength topographic high near the pile,
and thus also the local peaks of the short-wavelength topography.
For more viscous (stiffer) piles, the uplift of the CMB is asymmetric
and more pronounced beneath the pile margin due to increased
coupling between the mantle and the CMB. However, the origin
of the small-scale depression outside the pile margin can only be
partially explained by the relative uplift of the pile margin, and is
not related to density differences in the lower mantle, since the
material from which plumes are sourced is hot and therefore light.

Yet, the distribution of lateral gradients for the velocity component

parallel to the CMB (%‘j’) changes significantly in the presence of

a stiff pile with n¢ > 1 (compare Figs. 3c-f). While the gradient is
distributed over a broad area with its maximum about 0.3 degree
from the pile edge in the case of nc =1 (Fig. 3c), a higher pile
viscosity nc¢ = 10 focusses the stress in a localized area just outside
the pile margin, with hardly any velocity gradient within the pile
itself (Fig. 3d). Consequently, compression associated with velocity
gradients in lateral TBL flow becomes concentrated in a narrow
area outside a high-viscosity pile, causing radial stress towards the
CMB, expressed as a depression.

4. How small-scale topography relates to the plume cycle

Since short-wavelength CMB topography is related to flow com-
pression at the pile margin, it is strongly time-dependent and
changes according to the positions of plumes and the dynamics
of piles. In order to relate observations obtained with seismol-
ogy to the dynamics of plume interactions with the LLSVPs, we
need to understand how the CMB topography changes with time
during the formation of plumes. Fig. 4 shows the evolution of sev-
eral topographic characteristics for the models discussed above as
a function of time (left: B = 0.8, nar =330 and n¢ = 1, right:
B = 0.8, nat =330 and 7n¢ = 10). These are: (1) the maximum
slab depression, (2) the average pile depression, excluding elevated
parts of the CMB beneath the pile, (3) the highest point outside
the pile, i.e. the “plume-side plateau” (PSP), (4) the lowest point
next to the pile, i.e. the “circum-pile depression” (CPD), and (5) the
highest point inside the pile, i.e. the “pile-edge maximum” (PEM).
In case of n¢ =1, points (4) and (5) occur at adjacent nodes of the
mesh, thus the topographic difference between the two is mesh-
dependent. As can be seen, the maximum slab depression does not
change much with time, while the three points defining the short-
wavelength depression show a quasi-periodic behaviour, although
slightly shifted in time for piles with increased intrinsic viscosity.
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Fig. 3. CMB topography near the pile edge (panels (a), (b)) and its associated lateral velocity gradient (panels (c)-(f)) for models with B =0.8, nat =330 and n¢ =1 (left) or
nc = 10 (right). The position and length of the profiles are indicated by white lines in (e) and (f). As can be seen in (b), there is a characteristic short-wavelength topography
related to an increased pile viscosity. This topographic pattern is observed for all values of n¢ > 1, although depth of the depression and the peak at the pile margin increase
with pile viscosity. The depression is caused both by a relative uplift of the pile-edge maximum (compared to the plume-side plateau, see definitions in Fig. 4), and a wedge
of TBL material that gets compressed against the pile. The latter results from the lateral gradients of the velocity component parallel to the CMB (%") shown in (c) and (d)
along the CMB, and in (e) and (f) as points at cell centres. While the gradient in the left panel (case nc = 1) spreads into the pile, a stiffer pile exhibits almost no velocity
gradient. The lowermost row shows the topography obtained for the same set of parameters, but uses a resolution of up to 1.4 km to verify that the observed topography is
not an artifact of resolution. Apart from details of the slopes, there is no change in topography for our resolution test.
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edge is caused by the initiation of plumes and their interaction with the pile.

This reflects the periodic generation of plumes at the pile mar-
gin (Heyn et al., 2020), which is caused by a local collapse of the
thickened pile edge associated with a reduction of plume pull for
fading or laterally moving plumes (Fig. 5). This pile collapse is also
reflected in the periodicity of the average pile depression, which
shows a minimum approximately every time the pile collapses, al-
though the amplitudes are rather small compared to variations at
the pile margin (Fig. 4).

An example of how the topography around the pile margin
and its associated velocity gradient evolve during a plume cycle
is shown in Fig. 5. For each step, the figure is divided into the to-
pography around the pile edge and the lateral gradient of vy (the
velocity component along the CMB). Velocity gradients are calcu-
lated at the cell centres of the respective mesh and are represented
as points, thus also indicating the actual mesh resolution. As mesh
resolution is refined based on gradients in composition and viscos-
ity, it allows us to identify the pile outlines and the plumes. For
orientation, the outline of the pile is also indicated as black line in
the velocity gradient field. When comparing the velocity gradients
over time, we can clearly see that their magnitude varies signifi-
cantly, while the sign is preserved throughout the whole cycle.

When a plume rises at the pile margin (Fig. 5a), it drags ma-
terial towards the pile while compressing the pile laterally and lo-

cally increasing the pile thickness. Yet, since the stiffer pile moves
much slower than the hot ambient mantle, we get a velocity gradi-
ent and thus compression at the pile edge. Part of this compressed
ambient mantle material can escape upwards in the plume, but
we are left with a wedge of hot mantle that is trapped against
the steep pile edge. When the plume moves towards the top of
the pile (Figs. 5b-c), it excerts less drag on the hot thermal bound-
ary layer, while the pile edge moves along the CMB in the same
direction as the lateral TBL flow, and pile area is reduced. This
reduces the velocity gradient, and the topographic depression be-
comes less pronounced. The gradient is then a minimum at the
time when the pile edge reaches its maximum thickness and the
lateral motion of the pile margin ceases (Fig. 5c, see also Heyn et
al. (2020)). At this time, the plume has lost its connection to the
thermal boundary layer, and the velocity towards the pile within
the TBL decreases. The smaller velocity gradient is also reflected
in the topographic depression of the CMB next to the pile, which
reaches a minimum in amplitude, while the adjacent topographic
maxima become more symmetric.

As the pile collapses and expands along the CMB (Figs. 5d-e),
it pushes the hot TBL material against the prevailing flow along
the CMB towards the pile, induced by the sinking slab, and con-
siderably increases the velocity gradient just outside the stiff pile
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Fig. 5. CMB topography and lateral velocity gradients of v, during a cycle of plume initiation and growth. A plume being pushed towards the pile interior increases the local
pile edge thickness, while pulling the pile margin along the TBL in the flow direction, thereby reducing the lateral velocity gradient and the topographic depression (panels
(a)-(c)). As soon as the upward plume pull decreases and no longer supports the thickened pile, the pile edge starts to collapse and spread along the CMB in a direction
opposite to the TBL flow (panels (c) to (e)). This increases compression in the TBL wedge significantly, which amplifies CMB topography. It also thickens the lower thermal

boundary layer, triggering a new plume (e). When the plume starts to rise, the lateral pile edge motion stops, the velocity gradients and CMB topography start to decrease
(f), and the cycle starts anew.
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(Fig. 5d). As long as the plume is not fully developed (Fig. 5e), only
a small portion of the compressed material can escape upwards,
and a large and asymmetric depression develops outside the pile.
As soon as the plume starts to rise (Fig. 5f), the lateral pile edge
motion comes to a halt and the compression becomes weaker. The
cycle repeats itself for every plume, and since both the symmetry
and amplitude of the circum-pile depression vary along this cycle,
they might be used as indicators for the current stage of the plume
cycle.

5. The effect of varying density and viscosity contrasts

For long wavelengths, our predicted dynamic CMB topography,
and its principal dependence on the viscosity structure of the
lower mantle and the density of the pile, agree well with previ-
ous studies (e.g., Lassak et al., 2007, 2010; Deschamps et al., 2017).
Yet, since a higher value of nat in our models does not reduce the
TBL viscosity (equation (4)), the elevation of the CMB associated
with rising flow is not reduced either. The implications of this are
discussed later.

In the following section, we focus on the characteristic short-
wavelength topography at pile margins. Since this CMB topography
is superimposed on the long-wavelength component, we use rela-
tive topography between the three characteristic points (Fig. 4) to
describe our observations as a function of pile and TBL properties.
Apart from determining whether there is a valley-shaped circum-
pile depression or not, the lowermost mantle viscosity structure
and pile density are expected to have different effects on the depth
and symmetry of the characteristic topography, since they influ-
ence different parts of the topographic pattern. Thus, observations
of this topography (e.g., from seismology) could place useful con-
straints on these viscosity variations.

5.1. Time-averaged topography

The compositional viscosity contrast n¢ has a strong impact on
relative topography, both in terms of the depth of the depression
and the asymmetry of the peaks. Especially for n¢ < 30, the de-
pression and the peaks become more pronounced (Figs. 6a-d) and
asymmetric (Figs. 6e-f) with increasing 7. The latter can be ex-
plained by increased coupling between the stiff pile and the CMB
for larger values of n¢ (Lassak et al., 2007, 2010; Deschamps et al.,
2017). In contrast, the increased relative topography between the
plume-side plateau (PSP) and the depression (CPD) in Figs. 6¢-d
occurs because stiffer piles focus more of the lateral velocity gra-
dient into the compressed TBL wedge, thus increasing the stresses
there. Relative topography values close to zero in Figs. 6a-b or
negative values in Figs. 6e-f show the absence of characteristic
short-wavelength topography for piles that are not more viscous
than their surroundings. By contrast, the plume-side plateau is al-
ways more elevated than the “depression” due to our definition
(Fig. 4 left panels).

The effect of thermal viscosity contrasts is a bit more ambigu-
ous than that of nc¢. As can be seen in Fig. 6 (left), increased
temperature-dependence nar (indicated by line color) reduces the
depth of the depression relative to both peaks (Figs. 6a and 6c),
and makes the structure more symmetric by reducing the ele-
vation difference between the two topographic maxima (Fig. 6e).
Yet, changes are minor compared to the influence of the pile vis-
cosity (nc, x-axis). The observed decrease in relative topography
between the characteristic points of the short-wavelength topog-
raphy is related to an increase in plume strength caused by fewer
plumes forming in a given time period for increasing nar. Less
frequent plume formation gives the lower thermal boundary layer
more time to grow and results in stronger plumes. This effect is

most pronounced outside the pile (plume-side plateau and depres-
sion) because stronger plumes also increase the pile edge thickness
more, partly compensating the increased upward pull (via isostatic
compensation). Increased lateral viscosity variations above the TBL
for larger values of nar are not important for CMB topography.

Increasing the pile density generally reduces the elevation of
the CMB beneath the pile. This is expressed in the reduced relative
topography between the pile-edge maximum and the plume-side
plateau (Fig. 6f), making the characteristic topography more sym-
metric. Yet, the difference between the pile-edge maximum and
the depression (Fig. 6b) is hardly affected, indicating that the de-
pression must become deeper (which it does relative to the plume-
side plateau, see Fig. 6d). Thus, a denser pile focusses stresses in a
wedge of TBL material next to the pile margin, similar to the effect
of nc, although significantly smaller in amplitude.

5.2. Topography variations during the plume cycle

As shown in Fig. 5, the symmetry and depth of the characteris-
tic depression vary significantly during the plume cycle in response
to plume initiation and pile collapse (Heyn et al., 2020). Similar to
the time-averaged topography discussed above, these variations in
symmetry and depth depend on B, n¢ and nar (Fig. 7), and may
thus give additional constraints on the structure of the lowermost
mantle. In order to quantify these, we calculate the minima and
maxima of relative topography within each cycle of initiation and
fading of plumes, and average the obtained values by the num-
ber of observed plume cycles. However, the maxima and minima
of relative topography do not necessarily occur at the same time
within the plume cycle, but may be slightly delayed relative to
each other (compare Fig. 4).

As can be seen, neither the thermal viscosity contrast (Fig. 7a)
nor the pile density (Fig. 7b) have any significant impact on the
minima and maxima of relative topography during the plume cy-
cle. Increasing B or nar reduces the amplitude of topography vari-
ations slightly. For nar, this reflects the effect of increased plume
strength, which is more pronounced outside the dense pile, while
an increased pile density B damps the motion of the pile-edge
maximum. Since the plume-side plateau and the circum-pile de-
pression are in both cases affected in the same way, the range of
differential topography between these points is almost constant.

In contrast, increasing 7nc, especially for n¢ < 30, leads to sig-
nificant increases in relative topographies, with the strongest in-
crease observed for the relative topography between the pile-edge
maximum and the circum-pile depression (Fig. 7c, PEM-CPD). This
reflects the combined effects of increased focussing of stresses dur-
ing the plume cycle (plume-side plateau vs depression, Fig. 7c,
PSP-CPD), and a stronger vertical motion of the pile-edge maxi-
mum for stiffer piles (pile-edge maximum vs plume-side plateau,
Fig. 7c, PEM-PSP). As a consequence, a stronger compositional
viscosity contrast considerably increases the variations in depth
and asymmetry of the characteristic short-wavelength topography,
while pile density and thermal viscosity contrasts have negligible
effects.

6. Discussion
6.1. Observations of CMB topography

Up to now, there have been few seismic observations of short-
wavelength core-mantle boundary topography, but the number of
observations has been increasing in recent years due to improve-
ments in equipment and methodology (Restivo and Helffrich, 2006;
Wu et al, 2014; Gassner et al., 2015; Schlaphorst et al, 2015;
Mancinelli and Shearer, 2016; Shen et al., 2016). Schlaphorst et
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Fig. 6. Time-averaged relative topography between different points defining the characteristic topography at the pile margin as a function of n¢ and nar for B =0.8 (left)
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never reaches zero. The data can be found in the Supporting Information, Table S1.
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al. (2015) give an overview of studies using body waves to inves-
tigate CMB topography, most of which investigate length scales of
about 100-1000 km, and their resulting topography magnitudes.
The shortage of observations of small-scale topography and the
large variability in patterns and magnitudes of current CMB to-
pography maps are caused by several factors: (1) the resolution of
body waves and normal mode data limit most methods to topogra-
phy length scales of > 100 km (Koelemeijer et al., 2012; Soldati et
al., 2013; Schlaphorst et al., 2015), although there are a few studies
that infer smaller wavelengths based on PKP and PKKP precursors
(see e.g., Schlaphorst et al., 2015; Mancinelli and Shearer, 2016,
and references therein); (2) there is a trade-off in normal mode or
traveltime data between topography and other parameters such as
density above and below the CMB or the seismic velocity structure,
which makes interpretation of data non-unique (Steinberger and
Holme, 2008; Koelemeijer et al., 2012); (3) for core-reflected waves
(e.g. PcP and ScP), which have a maximum resolution of about
100 km, both data processing, data quality and available source-
receiver combinations limit the applications (Colombi et al., 2014;
Wu et al,, 2014; Shen et al., 2016). With the current methods, core
diffracted waves, such as Pgjff can be even more problematic and
may not be useful to investigate CMB topography of short- to inter-
mediate length scales (Colombi et al., 2014). As a consequence, we
currently have only limited long-wavelength data (Tanaka, 2010;

Soldati et al, 2012) and a few regional studies (Wu et al., 2014;
Gassner et al., 2015; Schlaphorst et al., 2015; Shen et al.,, 2016).
Although there is no systematic study of CMB topography around
or beneath the LLSVP structures to which we could compare our
predictions, advances in seismic data coverage may provide the ba-
sis for a more detailed CMB topography in the future.

The length scale of approximately 80-120 km for our predicted
topography is comparable to the maximum lateral resolution of
about 100 km obtained for core-reflected waves, such as ScP and
PcP (Wu et al., 2014; Schlaphorst et al., 2015; Shen et al., 2016).
Yet, focussing or defocussing effects of CMB depressions or eleva-
tions on core-reflected waves may enable us to detect topography
on even slightly smaller topographic length scales of about 60 km
(Wu et al.,, 2014; Shen et al., 2016). By applying this method to
Earth, Wu et al. (2014) and Shen et al. (2016) have detected topog-
raphy with length scales between 140 and 350 km and amplitudes
up to 6 km beneath Alaska and Japan. Moreover, Mancinelli and
Shearer (2016) recently used scattered energy to infer globally ran-
dom core-mantle boundary topography of about 400 m amplitude
and lateral scales down to about 7 km, which would be sufficient
to investigate structures of the length scales predicted by our mod-
els. However, data processing of this type of signal is still in its
early stages, making a direct comparison to observations currently
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unfeasible (Mancinelli and Shearer, 2016), but potentially possible
in the future.

6.2. Model limitations

Taking into account differences in our viscosity law, our results
for long-wavelenth topography agree well with previous studies
(Lassak et al., 2007, 2010; Deschamps et al., 2017; Deschamps and
Li, 2019) with respect to the dependence of long-wavelength CMB
topography on viscosity contrasts and density. However, in con-
trast to e.g. Deschamps et al. (2017), our viscosity law (Eq. (4))
results in the same viscosity of high-temperature plumes for all
values of nar. Thus, our viscosity law allows us to isolate the im-
pact of plume strength on CMB topography, which is otherwise
masked by the dominant effect of topography reduction due to
lower plume viscosities. In our models, the change in thermal vis-
cosity contrast has the strongest effect on the viscosity of cold
material, and therefore has a tendency to overestimate the depth
of long-wavelength depressions beneath the slabs, e.g. compared
to Deschamps et al. (2017). Thus, we may over- or underestimate
some amplitudes, while the background topographic pattern at
long-wavelengths, and the structure and time-dependence of the
short-wavelength topography, should be robust.

It has been shown that the presence of post-bridgmanite with
a viscosity 3-4 orders of magnitude below that of bridgmanite
(Ammann et al., 2010) can reduce the depression induced by the
sinking slab considerably (Yoshida, 2008; Deschamps and Li, 2019).
This effect may be necessary to make geodynamic predictions con-
sistent with the CMB topography amplitudes inferred from seis-
mology (Yoshida, 2008; Soldati et al., 2013), which vary between
a few hundred meters and a few kilometers (e.g., Tanaka, 2010;
Soldati et al., 2012; Wu et al,, 2014; Schlaphorst et al.,, 2015).
For the short-wavelength topography, the effect of weak post-
bridgmanite should depend on its distribution. If post-bridgmanite
is stable only in cold areas outside the LLSVPs, i.e. subducted slabs
(Torsvik et al., 2016), our observed topographic pattern may be-
come more asymmetric due to a viscosity decrease outside the
pile and a stronger focussing of stresses into the TBL wedge.
Such a scenario would correspond to an increase in the compo-
sitional viscosity contrast in our models. The potential presence
of (basaltic) post-bridgmanitic thermochemical LLSVP piles might
eliminate or greatly reduce compositional viscosity contrasts be-
tween piles and TBL material, causing reduced topography at pile
margins. In the case of composite LLSVPs with a stable bridg-
manitic base layer (about 200 km thick) with overlying less sta-
ble low-viscosity basaltic material (about 100 km thick), the basal
layer would act as the high-viscosity pile that we investigated in
most of the models here. The latter scenario has been suggested
by Trennes et al. (2019), based on available mineral physics data
and seismic evidence for the post-bridgmanite distribution (Koele-
meijer et al., 2018).

Our use of a uniform starting model with a fully-developed pile
for all different combinations of parameters B, nar and n¢ has
several implications. As pointed out above, models need about 50-
200 Myr to adjust to the modified condition, including changes
in pile morphology (thickness and CMB area coverage) and the
plume cycle. As a consequence, relative topography amplitudes ad-
just as well, while the general topographic pattern does not change
during the adjustment time. Since we take averages over 2.5 Gyr,
including several plume cycles with natural variations in them-
selves, this adjustment time does not significantly influence our
conclusions. However, this kind of setup enables us to ignore the
potential effect of a variable and rather unconstrained pile den-
sity and viscosity that we would get as an initial condition after
pile formation with different parameters. Although certain combi-
nations of low buoyancy number and small compositional viscosity

contrast may not lead to stable degree-2 piles when starting with
a basal layer (e.g. Li et al., 2014; Heyn et al., 2018), these combina-
tions may still be possible, although less likely, within Earth. Since
stability of thermochemical piles also depends on the deformation
history of the dense material, piles may be stable for an extended
range of parameters if pile formation does not include a phase of
strong deformation (see Heyn et al. (2018)). Another possibility is
a reduction of the excess density and viscosity of stable piles after
their formation via the entrainment of ambient mantle or recy-
cled oceanic crust into the piles, both of which have lower density
and viscosity than the bridgmanitic material we assume in this
work. Although the general topographic pattern is not expected to
change between stable and metastable piles, uncertainties in pile
density and viscosity due to heterogeneities (especially along the
pile boundary) may make observations more difficult to interpret.

6.3. Manifestation on Earth

Since our models are 2-D, they do not account for 3-D effects,
for example an uneven distribution of plumes and non-uniform
lateral TBL flow towards the pile margins (Fig. 1). Both factors will
affect the symmetry and the amplitude of the topographic features
along the LLSVP margin, similar to the variations observed dur-
ing the plume cycle. A reduced lateral flow, e.g. along sections of
the LLSVP margins in between plumes, may result in a smaller and
more symmetric short-wavelength CMB topography. In contrast, lo-
cally increased and focussed TBL flow towards the roots of plumes
(Fig. 1) should cause more pronounced CMB topography, especially
at the sites of plume generation. Yet, as long as there is lateral TBL
flow towards the piles, a pile with higher intrinsic viscosity should
focus stresses into a compressed TBL wedge all along its margins
and thus be surrounded by a topographic depression.

Accumulation of stresses at sharp rheological boundaries, as
we observe for thermochemical piles with high intrinsic viscos-
ity, may also play a role at the Earth’s surface. Rolf and Tackley
(2011) studied the influence of continents, or more specifically stiff
and stable cratons, on subduction and plate behaviour. Their re-
sults show that the presence of sharp viscosity gradients at craton
margins focusses stresses and facilitates plate yielding and thus
subduction initiation. Although Rolf and Tackley (2011) did not
convert these stresses to topography, the underlying process is the
same, showing its importance for convective dynamics in different
parts of the mantle system. In both cases, the overall topography
is likely dominated by flow-related longer-wavelength processes,
which may render it difficult to detect features related to compo-
sitional viscosity differences. Yet, compared to the complexity of
crustal structures and subduction zone dynamics that may mask
the circum-cratonic stress signal, the overall structure of the low-
ermost mantle should be simpler, despite the presence of ultra-low
velocity zones (McNamara, 2019). Thus, we would expect to ob-
serve a valley with variable depth around the periphery of the
LLSVPs if they are indeed thermochemical piles with elevated vis-
cosity.

Patches of ultra-low velocity zones (ULVZs) have been detected
seismically, and seem to be associated with LLSVPs, potentially
clustering predominantly at pile margins and plume roots (see e.g.,
review by McNamara, 2019). Similar to the case of LLSVPs, neither
the origin nor the density or viscosity of these ULVZ patches are
known. Consequently, it is difficult to estimate their effect on our
predicted short-wavelength topography. The ULVZs may deepen
the circum-pile depression, or prevent its formation, depending
on their viscosity and density structure. Furthermore, the depres-
sion may help to focus and localize the ULVZ material into distinct
patches, keeping most of the material trapped along the margins
of the LLSVPs. Yet, independent of the influence of ULVZs on the



B.H. Heyn et al. / Earth and Planetary Science Letters 543 (2020) 116358 13

short-wavelength CMB topography, we may be able to detect the
circum-pile depression in areas where no ULVZ has been observed.

7. Conclusions

Our high resolution thermochemical convection models predict
a characteristic short-wavelength topographic depression of about
80-120 km width surrounding the LLSVPs. The depth of this de-
pression depends on the compositional viscosity contrast between
the ambient mantle and the pile. Rising plume flow pulls the CMB
outside the pile margin upwards, and this effect is more pro-
nounced beneath a high-viscosity pile (¢ > 1) due to increased
coupling between mantle flow and the boundary. This causes rela-
tive uplift of the pile-edge maximum compared to the plume-side
plateau. Moreover, a wedge of TBL material becomes compressed
against a stiff pile and pushes the CMB downwards at the pile
edge.

Since the relative amplitude of the depression is small (about
2-4 km in amplitude and 80-120 km wide), this feature is invisi-
ble in long-wavelength topography of the CMB and requires high-
resolution seismic data. Yet, the valley, if it can be observed, signi-
fies the presence of a compositional viscosity contrast between the
LLSVPs and the ambient mantle. The size and symmetry of this to-
pographic structure impose further constraints on the magnitude
of compositional viscosity increase, and, to a smaller extent, also
on the thermal viscosity contrasts and pile density. The larger the
viscosity contrast between pile and mantle, the more pronounced
and asymmetric this topography becomes, while increased density
or a higher thermal viscosity contrast have the opposite (although
considerably smaller) effect. However, the amplitude of relative to-
pography also responds to the (periodic) generation of plumes at
the pile edge, with the most prominent (and asymmetric) depres-
sion being observed at the time of plume initiation. Consequently,
short-wavelength dynamic topography may help to identify regions
of active plume generation.
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